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Hedgehog-like hierarchical ZnO needle-clusters, three-dimensional (3-D) ZnO flowers and one-
dimensional (1-D) ZnO needles have been synthesised via a facile hydrothermal method. These samples
with different morphologies and microstructures were used to fabricate photoelectrodes for dye-sensitized

10 solar cells (DSSCs). Out of the three samples, current-voltage (I-V) curve measurements show that
DSSCs with hedgehog-like ZnO needle-clusters display the best photoelectrochemical performance
which can be attributed to enhanced light harvesting and faster reaction kinetics resulting from the unique
morphology. The UV-vis absorption and diffused reflectance spectra indicate that hedgehog-like ZnO
needle-clusters show higher light harvesting abilities due to high UV absorption, stronger light scattering,

15 as well as a high surface area. Electrochemical impendence spectroscopy (EIS), intensity-modulated
photocurrent spectroscopy (IMPS), and intensity-modulated voltage spectroscopy (IMVS) further
demonstrate that hedgehog-like ZnO needle-clusters provide superior electron transfer kinetics: fast
electron transfer and long electron lifetimes with suppressed recombination. The ZnO needle-clusters
obtained not only provide a 3-D matrix but also avoid extensive grain boundary formation. The

20 discoveries from this work are important for the design of efficient photoanode materials with optimum
structures for DSSCs.

constructing unique properties for DSSCs. Furthermore, previous
1. Introduction reports have indicated the lifetime of electrons in ZnO electrodes
is much longer than in those made from TiO,, and the use of ZnO
as the photoanode can effectively reduce the recombination rate
so of the electrons.*® To date, much research has been devoted to the
synthesis of ZnO nanomaterials with diverse morphologies and
structures for use as photoanodes, such as zero-dimensional (0-D)
nanoparticles,””** one-dimensional (1-D) nanostructures,*** and
three dimensional (3-D) nanoarchitectures.***°
ss  Morphology features of ZnO such as orientation and size,
obviously have a crucial effect on the electron transfer processes
in the semiconductor electrode. For conventional photoelectrode
films made from ZnO particles®’*’ the high surface area provided
is adequate for dye loading, but the numerous grain boundaries
60 existing between the nanocrystalline particles block the electron
transport. 1-D ZnO nanostructures have a relatively small number
of grain boundaries which reduces the grain boundary effect so
the photoanode can provide a direct conduction pathway for rapid
electron transport.*”** However, it is difficult for the liquid
os electrolyte to penetrate into 1-D ZnO owing to the relatively low
surface area with intact surface, which usually leads to a large
interface charge-transfer resistance in 1-D nanostructured
material-based electrode films. In addition, the low surface area
of 1-D nanostructure reduces dye loading and light harvesting.
70 Therefore, the energy conversion efficiencies of 1-D ZnO DSSCs
usually remain at relatively low levels.

Dye-sensitized solar cells (DSSCs) have received considerable
attention as a promising cost-effective alternative to conventional
silicon semiconductor solar cells.'” The efficiency-determining
component of DSSCs is the semiconductor photoanode due to the
competition between electron separation and recombination
accompanying many electron transfer processes.®'* This depends
on the nature, morphology and structure of the nanocrystalline
30 semiconductor oxide.!"'" DSSCs with nanostructured TiO,
electrodes have been investigated extensively.'®?? Until now the
most successful DSSCs, with photoelectric conversion
efficiencies of over 12%, have been reported using porous TiO,
nanoparticle films,” which is based on extensive research
focusing on TiO, photoanodes.”**® Simultaneously, much of the
current research focuses on using a series of other wide-band-gap
semiconductor materials as potential alternatives to TiO,.%
Among these metal oxides, ZnO has been considered a prime
photoelectrode material candidate due to its similar electronic
band (3.37 eV) structure to TiO,, higher electron mobility (10
em® V' s) and comparable electron injection efficiency.** In
addition, ZnO exhibits a diverse range of morphologies due to
the ease of crystallization and controllable anisotropic growth
compared with TiO,*® These properties of ZnO could be
45 generated in a wide variety of nano morphologies, consequently
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In this paper, a simple hydrothermal method is used to
fabricate 1-D ZnO needles, 3-D ZnO flowers and 3-D hedgehog-
like ZnO needle-clusters, respectively. Charge transfer kinetics of
the different morphologies is investigated and contrasted.
Compared with ZnO needles and ZnO flowers, hedgehog-like
ZnO needle-clusters show the superior kinetical features: fast
electron transfer and long electron lifetime. For DSSC
applications such hedgehog-like structures show enhanced
photoelectrochemical properties.

2. Experimental
2.1 Sample preparation and characterization

ZnO needles: an alkaline aqueous solution (1 M, 15 ml) was
added to zinc nitrate solution (0.04 M, 25 ml) and stirred. After
stirring for 2 h, the resulting solution was transferred to a Teflon-
lined autoclave and heated to 100 °C for 5 h. The hot solid
product was recovered and rinsed with distilled water.

ZnO flowers: alkaline aqueous solution (1 M, 15 ml) was added
to zinc nitrate solution (0.04 M, 25 ml) with stirring. After
stirring for 5 minutes, the resulting solution was transferred to a
Teflon-lined autoclave immediately and then heated to 100 °C for
5 h. The hot solid product was recovered and rinsed with distilled
water.

Hedgehog-like ZnO needle-clusters: alkaline aqueous solution
(0.2 M, 15 ml) was added to zinc nitrate solution (0.04 M, 25 ml)
with stirring for 5 minutes. The resulting solution was then
transferred to a Teflon-lined autoclave immediately and heated to
100 °C for 5 h. The hot solid product was recovered and rinsed
with distilled water.

Characterization: The structure and morphology of the final
products was measured by X-ray diffraction (XRD, Rigaku
D/max-2500) and scanning electron microscopy (SEM,
HITACHI, S-3500N). Transmission electron microscopy (TEM)
was performed on a JEM-2100 instrument. A dilute ethanol
suspension of as-prepared samples was prepared via an ultrasonic
dispersion and dropped onto a copper grid covered with a carbon
film to make a specimen for TEM. N, adsorption data was
measured using a NOVA 2000e (Quan-tachrome) instrument, and
the specific surface area was evalu-ated by the BET method. UV-
absorption spectra were recorded on a UV 2450
spectrophotometer.

vis

2.2 Photoelectrical performance

The as-prepared materials were mixed with ethanol and stirred to
obtain a fluid suspension. A film was made by the doctor blade
method on fluorine-doped tin oxide (FTO) conductive glass
(LOF, TEC-15, 15 Q/square). After calcination in air for 30
minutes at 500 °C, the films were soaked in an ethanol based
solution of N-719 dye for about 3 h. The dye-adsorbed ZnO
electrode was assembled using clamps into a sandwich-type cell
with a counter electrode (platinum sputtered FTO glass). A drop
of electrolyte solution (0.5 M Lil + 0.05 M I, and 0.5 M 4-tert-
butylpyridine in acetonitrile) was introduced into the clamped
electrodes. The active electrode area empolyed was
approximately 0.25 cm’. Photocurrent-voltage (I-V) curves were
measured at a Zahner CIMPS-2 electrochemical workstation
using a Trusttech CHF-XM-500W source under simulated Sun

85

90

illumination (Global AM 1.5, 100 mW/cm?). Electrochemical
impedance spectra (EIS) were collected using a Zahner CIMPS-2
electrochemical workstation. A perturbation of 10 mV was
applied and data were collected from 100 kHz to 0.1 Hz.
Intensity-modulated photovoltage spectroscopy (IMVS) and
intensity-modulated photocurrent spectroscopy (IMPS) were
carried out using a Zahner CIMPS-2 system. The lamp-house was
fitted with a blue light emitting diode (LED) (470 nm) driven by
a PP210 (Zahner) frequency response analyser. The LED
provided both the dc and ac components of the illumination. The
ac component of the current to the LED generated a modulation
(10%) superimposed on the dc light intensity with a frequency
range from 1000 Hz to 0.01 Hz for IMPS and IMVS.

2.3 UV-vis performance

The UV-vis absorbance and reflectance spectra were measured
using a Shimadzu UV-2450 spectrophotometer. The ZnO films
were calcined in air for 30 minutes at 500 °C. Then the films
together with the FTO was used to measure the UV absorption
and reflectance. To test the UV absorption and reflectance with
dye N-719, the films (calcined) were soaked in an ethanol-based
solution of N-719 dye for 3 h before testing.

3. Results and discussion

O;Sii‘m

SEM-KING

Fig. 1 SEM images of ZnO needles ((a), (b)), ZnO flowers ((c), (d)) and
hedgehog-like ZnO needle-clusters ((e), (f)) obtained after calcination at
500 °C.

The morphology of the ZnO samples prepared can be clearly seen
in the SEM images obtained which show 1-D needles, 3-D
hierarchical flowers and 3-D hedgehog-like needle-clusters. As
shown in Fig. 1a and 1b, the polyagonal structure can be clearly
observed from the prismatic shape of the needles. The needles
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show a diameter of around 0.2-0.4 um and a length of 4-5 pm. It
is obviously illustrated in Fig. 1c and Fig. 1d that the ZnO
flowers are formed by the accumulation of several triangular
shaped ‘petals’. The petals have sharp tips with wide bases which
s are connected to each other in flower-like morphologies, with the
base of each petal connected at the centre of the flower. The
typical diameter of a single flower is around 2-5pum. The
hedgehog-like hierarchical ZnO needle-clusters (Fig. 1e and Fig.
1f) are similar to the flowers, in which each individual ZnO
10 needle-cluster is composed of well-aligned bundles of needles
with spines originating from a single point. It should be noted that
the diameter of a ZnO needle-cluster is about 4-6 pm, which is
larger than the diameter of a flower. In theory, a larger crystalline
grain is helpful for rapid transport of electrons.'® The varieties of
15 ZnO nano/micromorphologies can be influenced by the synthesis
process, alkaline concentration and selective adsorption of
additives. In terms of needles and flowers, the stirring processes
is largely responsible for the morphology evolution of ZnO.
During the stirring process, ZnO particles form first. Then small
20 particles through nucleation, followed by crystal growth to form
larger needles. With a shorter stirring time, ZnO particles tend to
generate and accumulate faster. Then these particles will
agglomerate together to form flowers. In terms of hedgehog-like
ZnO needle-clusters, low concentration of alkali accelerates the
»s formation and growth of ZnO needles.
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Fig. 2 XRD patterns of different ZnO nanomaterials.

30 The XRD patterns of the as-prepared samples are shown in
Fig. 2 to demonstrate the crystallographic structures. As shown,
all the diffraction peaks of the samples can be indexed to the
hexagonal wurtzite structure of ZnO (PDF NO.36-1451) with unit
cell constants of a=3.252 A and ¢=5.213 A. No characteristic

35 peaks of other impurities were detected in the patterns, suggesting
that only single-phase ZnO was formed. Additionally, the strong
peak intensities indicate a high quality of crystallization. Using
the obtained XRD data, we obtain the lattice parameters for ZnO
needles as a = 3.2538 and ¢ = 5.2098, ZnO flowers as a = 3.2543

40 and ¢ = 5.2088, hedgehog-like ZnO needle-clusters as a = 3.2528
and ¢ = 5.2063.

45

Fig. 3 TEM micrographs of ZnO needles (a, b), ZnO-flowers (c, d) and
hedgehog-like hierarchical ZnO needle-clusters (e, f).

Transmission electron microscopy (TEM) observations give
so further insight into crystalline structure of the prepared ZnO
samples (Fig. 3). As shown in Fig. 3a, the tops of the ZnO
needles display a prism shape, which is attributed to the fast
growth along the ¢ axis direction. The crystal lattice fringes are
clearly detected and the average distance between adjacent lattice
planes is 2.6 A, which corresponds to the interplanar spacing of
the (001) crystal planes in wurtzite ZnO. The corresponding
SAED pattern (Figure S1a) of the ZnO needle can be indexed to
the wurtzite structure of hexagonal ZnO and indicates its single-
crystalline nature and its growth direction along [0001]. As seen
60 from high resolution TEM (HRTEM), the “petals” of the ZnO

flowers are accumulated by randomly oriented ZnO nanoparticles,
which act as rudiment of hexagonal structure. The lattice spacing
is 2.8 A corresponding to the interplanar spacing of the (100)
crystal planes of hexagonal ZnO (Fig. 3d). The corresponding
os SAED pattern (Figure S1b) corroborate the existence of the
congregate ZnO nanoparticles. The hedgehog-like ZnO needle-
clusters are formed with Zn(OH),*” accumulated on the (001)
positive surface of ZnO. Each ZnO needle is a single crystal
which grows preferentially along a c-axis, and the needles grow
70 from a common junction point which is beneficial for the electron

w
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transport. The fringe spacing measured from a HRTEM image of
an individual needle is 2.6 A, which corresponds well to the
interplanar spacing of the (001) crystal planes in wurtzite ZnO.
Select-area electron diffraction (SAED) (Figure Slc) further

s confirmes the each ZnO needle is preferentially oriented in the ¢
axis direction with the single-crystal wurtzite structure.

/

—MB— needle

—0O— flower ()
—®— hedgehog-like [ )
needle-cluster ()

Photocurrent Density / mA cm’

Voltage / V

Fig. 4 -V curves for DSSCs using different ZnO nanomaterials.
10 Illumination intensity of 100 mW/cm?® with Global AM 1.5 and an active
area of 0.25 cm? are applied.

Table 1 Detailed photovoltaic parameters of DSSCs made of different
ZnO nanomaterials calcined at 500 °C.

Jsc Voc SBET
Sample FF Z
P (mA/em?) (V) (%) (m’/g)
needle 1.16 059 034 024 10
flower 3.76 0.58 0.39 0.85 21
hedgehog-lik
edgehog-like ) 0583 050 222 25

needle-cluster

Fig. 4 shows the I-V curves of the corresponding DSSCs and
Table 1 summarizes the measured and calculated values obtained.
The short circuit current density (J;.) and open circuit voltage (V)
of the ZnO needle DSSCs are 1.16 mA/cm’ and 0.596 V,

20 respectively. The conversion efficiency is only about 0.24 %.
Compared to the needle DSSC, J,. of the ZnO flower and
hedgehog-like ZnO needle-cluster DSSCs are increased
significantly, at 3.76 mA/cm® and 7.62 mA/cn’, respectively. V,,
of the three DSSCs are almost identical. The conversion

25 efficiency of the ZnO flower DSSC is about 0.85%, while a
2.22% efficiency is obtained for the hedgehog-like ZnO needle-
cluster DSSC, which is about 3 times higher than the ZnO flower
DSSC and 10 times higher than the ZnO needle DSSC. Acrroding
to the BET results in Table 1, the specific surface areas of the

3 ZnO flowers (21 m%g) and hedgehog-like ZnO needle-clusters
(25 m?/g) are larger than that of the ZnO needles (10 m%g). The
increased surface area would help adsorb more dye molecules to
increase the light harvesting ability. The hedgehog-like ZnO
needle-cluster DSSC shows a better fill factor (FF) (50 %) than

35 that of the ZnO needle DSSC (34%), which may be attributed to
the reduced recombination of charges at the interface between the
hedgehog-like ZnO needle-cluster and 1715 electrolyte.*
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Fig. 5 (a) Optical absorption spectra of N-719 dye-sensitized ZnO
electrodes; (b) UV-vis diffused reflectance spectra of different ZnO
nanomaterials; (c) the UV reflectance spectra of ZnO nanomaterials after
dye adsorption.

Fig. 5a shows the optical absorption spectra of N-719 dye-
sensitized ZnO electrodes. The observed peak around 535 nm
corresponds to the absorption of dye N-719. Dye adsorbed
hedgehog-like ZnO needle-clusters and ZnO flowers show higher
absorption than ZnO needles, which indicate adsorbing a
relatively larger amount of N-719. This is in agreement with the
BET and the I-V results. Higher light scattering ability is another
way to improve the light harvesting efficiency. The UV-vis
reflectance spectra of the samples are given in Fig. Sb. Obviously,
the reflectance spectrum of the hedgehog-like ZnO needle-
clusters is higher than that of ZnO flowers and ZnO needles,
indicating the hedgehog-like ZnO needle-clusters have a higher
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light scattering ability than the other two structures. Taking
account into the close relationship between morphology and light
scattering, it could be attribute to the unique morphology. *'-**
The hedgehog-like ZnO needle-clusters could effectively enhance
s the optical path length by multiple scattering and may lead to a
photon localization effect that comes from confined light
scattering. Therefore, more incident photons could be captured
for useful transport. **** Higher light scattering could maximize
the use of solar light thus improving the light harvesting
10 efficiency ** ***° which would increase the short current density
to some extent. Generally, both the higher dye loading and light
scattering ability of the hedgehog-like ZnO needle-cluster
contributes to the higher photocurrent density and power
conversion efficiency. After dye adsorption, the reflectance of the
15 ZnO film decreases drastically in the short wavelength ranging
from 360 to 600 nm (Fig. 6¢), which is mainly attributed to light
absorption by the dye molecules. In the long wavelength region,
the dye-adsorbed hedgehog-like ZnO needle-clusters film still
remained a substantially higher reflectance than the dye-adsorbed
20 ZnO needles, which suggests a higher short current density.

Fig. 6 shows the electrochemical impedance spectra (EIS) of
the three different DSSCs. As is shown, there are two semicircles
on the EIS plots, of which the one in the low frequency region
shows a bigger radius than the other one in the higher frequency

»s region. The large semicircles in the lower frequency region are
assigned to the charge-transfer process occurring at the
ZnO/dye/electrolyte interface (R.) and the small semicircles in
the higher frequency region correspond to the resistance of the
Pt/redox (I/1y) interface charge transfer (Rm).zg’s""57 The Ry

30 values of the three different structures are very close, and are
much small compared to the corresponding R, values. The
charge-transfer resistance at the ZnO/dye/electrolyte interface
(Ryy) for the three DSSCs is clearly different, showing the order:
ZnO needle > ZnO flower >hedgehog-like ZnO needle-cluster.

35 This means the charge transfer processes have a different rate:
ZnO needle < ZnO flower <hedgehog-like ZnO needle-cluster.

This order is in agreement with the photoelectrochemical
performance for the corresponding DSSCs. Furthermore, the
fitting results based on the equivalent circuit (Fig. 6, inset)™ are

40 summarized in Table 2. Generally, the three ZnO structures have
a similar Pt/redox (I/Iy") interface charge transfer resistance, of

400

300 | r—
o) B needle
> O  flower
N 200 | ® hedgehog-like needle-cluster

100

o
0 100 200 300 400
Z'l Q
4s Fig. 6 Nyquist plots of the DSSCs made of different ZnO

nanomaterials.The inset shows the equivalent circuit for the impedance
spectrum. Rs: serial resistance; Rpt: charge-transfer resistance of Pt
electrode; Ret: charge-transfer resistance of photoanode; CPE: a constant
phase element.

around 40 Q.However, the charge-transfer resistance of
hedgehog-like ZnO needle-clusters is much lower than that of
ZnO needles and ZnO flowers. This can be attributed to not only
the relative high surface area, but also to the fact that the liquid
electrolyte can easily interpenetrate the structure of the hedgehog-
like ZnO needle-clusters compared to the ZnO needles. In general,
the hedgehog-like ZnO needle-clusters used as photoanode
materials can provide a lower charge-transfer resistance than the
other two structures. This could be an important factor for the
improvement of the photoelectrochemical performance.

IMPS and IMVS were used to further investigate the electron
transport and recombination processes as shown in Fig. 7. The
electron transport time (74) and the recombination time (t,, also
electron lifetime) can be estimated from the IMPS and IMVS
plots, %2 respectively. As listed in Table 2, the electron
65 transport time (t4) in ZnO flowers is longer than those in ZnO

needles and hedgehog-like ZnO needle-clusters, which results

from much grain interfaces existing in ZnO flowers. However,

the ZnO needles and hedgehog-like ZnO needle-clusters are

single crystals and oriented along the c axis direction which
70 shows fewer defects, providing a direct and effective conduction

%

Table 2 Fitted data from EIS spectra and detailed IMPS/IMVS parameters for DSSCs made of different ZnO nanomaterials calcined at 500 °C.

R, () Ry (Q) 7, (ms) 7, (ms) D, (cm’/s) L, (pm)
)
needle 39 347 4.62 179 2.16x10 623
a 39 255 6.4 354 1.56x10™ 74.4
ower
hedgehog-like needle- 40 169 4.62 740 2.16x10™ 126.6

cluster

This journal is © The Royal Society of Chemistry [year]
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pathway for rapid electron transport. The electron lifetime
corresponding to hedgehog-like ZnO needle-clusters is obviously
longer than ZnO needles and ZnO flowers. A longer electron

lifetime indicates that a lower recombination possiblity in
hedgehog-like hierarchical ZnO needle-clusters,
beneficial for high performance DSSCs. As reported previously,
the interface recombination loss in ZnO-based DSSCs is mostly

w

due to the uncovered oxide surface without dye molecules
anchored.” Once the oxide makes contact with the electrolyte, the
10 probability of charge recombination between electrons in the

oxide and holes in the electrolyte will increase. For ZnO needles, 3
the gaps (pores) located in the bottom of the film will be very
small and the molecular dye will not easily reach into some of
these regions, leading to inefficient dye loading and increasing

15 the probability of surface recombination. Additionally, the
accumulation of Zn?'/dye aggregate in the small pores will 4

However, the conditions
hedgehog-like ZnO needle-clusters are very different. This
special formation produces more large gaps for dye reaching, so

20 the recombination in this case would be effectively suppressed.

increase recombination.®>%*
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30 where d is the layer thickness of the ZnO structure and 14 is the
which is electron transport time. The electron diffusion length can be
calculated from the layer thickness, electron transport time and
electron lifetime:

The calculated results are listed in Table 3. The condition and
number of boundaries among the ZnO structures and the surfaces
influence the diffusion coefficient. ZnO flowers composed of
nanopartices show more boundaries than
hedgehog-like ZnO needle-clusters, which indicate a lower
electron diffusion coefficient. The electron diffusion length

ZnO needles and

with demonstrates the competition between the electron back-reaction

4

@

and the collection of electrons by diffusion to the substrate
contact, which is an important factor for DSSCs. To efficiently
collect photogenerated electrons at the back-contact, L, should be
greater than the film thickness. As shown in Table 3, the L,

values of the three ZnO structures are well above the film
thickness of 10 um, indicating high efficiencies as most photo-
generated electrons are collected at the back contact, especialy for
the hedgehog-like hierarchical ZnO needle-clusters in which L,

so value can reach up to 126.6 pm.

As described above, the hedgehog-like ZnO needle-clusters
used in DSSCs provide not only low charge-transfer resistance
but also long electron lifetimes, and benifits from the structural

features of the one-dimensional
hierarchical structures. A proposed model of electron transfer in

w
a

ZnO with hedgehog-like

the hedgehog-like ZnO needle-clusters is shown in Fig. 8. The
electrons injected into the ZnO needles are transfered along the
one-dimensional axis, and then collected at the bottom of the
hedgehog-like hierarchical ZnO needle-clusters, from which they

6

S

could rapidly transported to the FTO substrate or another

hedgehog-like ZnO needle-clusters. Obviously, the resistance of
the ZnO needle-clusters is reduced greatly due to the small grain
size and high surface area, compared to ZnO needles and ZnO
flowers as shown in Fig. 6, which could also indicate that the

6:

a5

electron transport time and electron lifetime are similar to those

for the needles as shown in Fig. 5. The single crystal and c axis
oriented hedgehog-like ZnO needle-clusters show less defects
which could provide a direct and effective conduction pathway
for rapid electron transport, the same as ZnO needles. Moreover,

7

S

the special structure of hedgehog-like ZnO needle-clusters

produces more large gaps for dye reaching, and further
effectively suppresses recombination compared to ZnO needles.
Therefore, the hedgehog-like hierarchical ZnO needle-clusters
show superior electron transfer kinetics: fast electron transfer and

75 long life times with suppressed recombination.

Fig. 7. Short-circuit IMPS response (a) and IMVS response (b) of dye-

25 sensitized cells with different ZnO nanomaterials.

The electron diffusion coefficient can be estimated from the

relation:

6 | Journal Name, [year], [vol], 00—00
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Fig. 8. Schematic diagram of the dye-sensitized solar cell with hedgehog-
like hierarchical ZnO needle-clusters as the photoanode on FTO, showing
the processes involved in current generation.

Conclusions

In conclusion, three forms of ZnO nanomaterials have been
successfully synthesized by an optimized facile hydrothermal
method, of these the hedgehog-like hierarchical ZnO needle-
clusters show superior photoelectrochemical properties compared
to the other two. The photovoltaic conversion efficiency of the
ZnO needle-cluster DSSCs can reach up to 2.2% which is 10
times higher than the ZnO needle DSSCs. The good
photoelectrochemical properties are attributed to strong light
scatting, diffuse reflection and high surface area to enhace light
harvesting. Additionally, the electrolyte can easily infiltrate into
ZnO needle-clusters to reduce charge transfer resistance. The
ZnO needle-cluster shows superior electron transfer kinetics: fast
electron transfer and long lifetimes with suppressed
recombination. This result is important for the design of efficient
photoanode materials with optimum structures for DSSCs.
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Owinng to their unique morphology hedgehog-like ZnO needle-clusters show enhanced
photovoltaic conversion efficiencies and superior electron transfer kinetics: fast electron
transfer and long lifetimes with suppressed recombination.
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Fig. S1 SAED pattern of ZnO needles (a), ZnO-flowers (b) and hedgehog-like
hierarchical ZnO needle-clusters (c).



