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Tailoring the nano-morphology and nano-architecture of titanium dioxide (TiO2) is the most important
task in the third generation solar cells (Dye sensitized solar cells/Quantum dot sensitized solar cells) (DSSCs/
QDSSCs). In this article we present complete study of surfactant free synthesis of TiO2 nanostructures by a
simple and promising hydrothermal route. The plethora of nanostructures like nanoparticles clusters, 1D
tetragonal nanorods, 3D dendrites containing nanorods having ,30 nm diameter and 3D hollow urchin
like have been synthesized. These nanostructures possess effective large surface area and thus useful in
DSSCs. In the present work, 7.16% power conversion efficiency has been demonstrated for 3D dendritic
hollow urchin like morphology. Our synthetic strategy provides an effective solution for surfactant free
synthesis of efficient TiO2 nanoarchitectures.

A
fter the discovery of photoelectrochemical properties of nanostructured titanium oxide (TiO2), it is
recognized as one of most promising wide band gap semiconducting materials for photocatalysis, dye/
quantum dot sensitized solar cells (DSSCs/QDSSCs) and lithium ion batteries1–6. The DSSC is a molecular

approach to photovoltaic solar energy conversion technology. This is one of the emerging photovoltaic tech-
nologies that offer the potential to reduce the cost of photovoltaic electricity production. During the past two
decades, nanoporous polycrystalline titania has been extensively used in DSSCs, which demonstrated to be a
promising alternative to silicon based solar cells due to their relatively high solar-to-electric power conversion
efficiency at low cost. The transportation of electrons through TiO2 film and effective dye loading are the most
important parameters in DSSCs. These two parameters depend upon the surface topography of the photoanode,
surface area, grain boundaries between two nanostructures and porosity of the photoanodes. Hence, the tailoring
nanomorphology of photoanode is a key factor in the DSSCs application2.

TiO2 mainly occurs in three main crystal phases: anatase, rutile and brookite. However, synthesis of one/three
dimensional (1D/3D) growth of any one of these nanostructures is a difficult task. Recently many attempts have
been made to tackle this problem using strong acid reaction7, ionic liquid surfactant mediator8, dissolve and grow
process9. Recently, D.-B. Kuang et al. have developed a new oriented hierarchical single crystalline anatase TiO2

nanowire arrays, tri-functional spheres consisting nanorods and hierarchical nanowire trunks by hydrothermal
process10–12. C. Lin et al. reported porous rutile TiO2 nanorod arrays etching process13. However till now there is
no substantial work on surfactant free hydrothermal process for synthesis of nanostructured TiO2 using Titanium
butoxide (Ti(OC4H9)4) (TBT) precursor. On the other hand 1D nanostructures provide slow recombination rate,
fast electron transport and effective light scattering ability within the nanostructures. The 3D nanostructure like
nanoflowers14, hierarchical microspheres15,16 functioning high specific surface area results in an effective dye
adsorptive and light-scattering layer. To achieve this we have developed surfactant free hydrothermal synthesis
route for 1D as well as 3D TiO2 nanostructures with well-defined shape and size. Such novel 1D nanorods arrays
with 3D dendrites and hollow urchin provide not only effective surface area but are also helpful for effective light
harvesting in DSSCs. The present study is focused on the effect of temperature on hydrolysis of TBT precursor for
tuning of TiO2 nanomorphology and its DSSCs performance discussed systematically. The key innovation in the
present study is to demonstrate surfactant free tuning of the nanomorphology of TiO2 nanostructures by a
controlled single step hydrothermal process at various system temperatures. The TBT was controlled hydrolyzed
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in hydrochloric acid and distilled water (151 v:v). The reaction tem-
perature was varied from 100uC to 190uC and growth mechanism is
studied systematically. Finally these nanostructures were used for
DSSCs application.

Results
Figure 1 shows typical FESEM images of TiO2 nanostructures syn-
thesized at different reaction temperatures. The reaction time was
3 h for each sample deposition. Figure 1 (a) show the FESEM images

Figure 1 | Exotic Nanostructures of hydrothermally grown 1D/3D TiO2 at different hydrolysis conditions. (a) T100, (b) T110, (c) T120, (d) T130,

(e) T140, (f) T150, (g) T160, (h) T170, (i) T180 and (j) T190. The images on right hand show their respective highly magnified FESEM micrographs.

(k) Photograph of a hollow platanus seed found in the nature that mimics the nanostructures of T190 sample. (Image Credit: Dr. Sawanta S. Mali).
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of TiO2 synthesized at 100uC (T100) on the FTO coated conducting
substrate. The compact TiO2 nanoparticles clusters are deposited on
entire surface of the FTO substrate. The particle sizes of the depos-
ited nanoparticles were found to be 25–35 nm. Figure 1 (b) show
FESEM images of TiO2 sample at 110uC (T110), revealing tapered
nanorods having 180 nm diameter. However, the highly magnified
image shows that these large size nanorods are made up from
agglomeration of number of small nanorods (pillars). Therefore we
have decided to increase the hydrothermal system temperature.
Figure 1 (c) show FESEM images of TiO2 nanorods deposited at
120uC designated as T120. Uniform distribution of vertically aligned
nanorods covered throughout the substrate. Figure 1 (d) show the
sample morphology deposited at 130uC (T130). The previously
agglomerated nanorods start separating into much smaller (25–
35 nm) nanorods. Figure 1 (e) shows FESEM image of T140 sample.
There are no drastic changes observed for T140 sample except small
inter-nanostructure spacing. However T150 sample shows excellent
inter-nanostructure separation between two bunches of nanorods
(Figure 1 (f)). These nanorods are covered uniformly over entire
surface having tetragonal shape with square top facets. Notably these
tetragonal nanorods are vertically aligned to the FTO substrate
(Please check electronic Supporting Information Figure S1 and
Figure S2). The cross sectional FESEM image shows TiO2 nanorods
were uniformly distributed and aligned vertically to the FTO sub-
strate. The thickness of deposited sample is ,6.6 mm throughout
surface. The inset shows highly magnified FESEM image of selected
area that reveals bunch of aligned nanorods. The TiO2 nanorod and
FTO interface is very smooth, which is beneficial for effective flow of
electrons.

It is well known that the nanorods are tetragonal in shape with
square top facets, the expected growth habit for the tetragonal crystal
structure. Similar morphology has been observed by E. Hosono et al.
and Z. L. Wang et al.17,9 by hydrolysis of the TiCl3 in NaCl solvent at
200uC and Ti foil surface etching process in strong acidic concen-
trated HCl solution on carbon nanofiber for ,18 h respectively.
Moreover, S. A. Berhe et al.18 also reported similar morphology by
hydrolysis of titanium alkoxide in HCl solution by two consecutive
6 h growths on seed coated MoO2 substrate. Here we could obtain
same bundles of enclosing a few or several nanorods in relatively less
time, using surfactant free solution and seed free substrate. The
sample deposited at 160uC (i.e. Sample-T160) shows novel nano-
flower like morphology having bunch of aligned nanorods. The dia-
meter of such flower is about 3 mm as shown Figure 1 (g). However,
T170 sample shows well distributed TiO2 nanoflowers over the sub-
strate as shown in Figure 1 (h). The image on right hand side shows
clearly these nanorods containing bunch of aligned nanorods. The
cross section FESEM images shows the dendrites are tapered and
centered at the core of the nanoflower (Please check supporting
information Figure S3). These nanorods are single crystalline in
nature confirmed by spotted SAED pattern19–21.

E. Hosono et al.17 and recently Z. L. Wang et al.9 discussed the
recrystallization process i.e. dissolve and grow process of TiO2 nano-
structures by hydrothermal process. The hydrolysis reaction in
strong acidic media can be explained as follows:

2Tiz6HCl?2TiCl3z3H2 gð Þ ð1Þ

Ti3zzH2O?TiOH2zzHz ð2Þ

TiOH2zzO{
2 ?Ti IVð Þ{oxo specieszO{

2 ?TiO2 ð3Þ

The XRD pattern of the TiO2 sample deposited onto FTO substrate is
shown in Figure S4 (Supporting Information Figure S4). The
reflection peaks can be readily indexed to pure rutile TiO2. The other
peaks are originated from FTO substrate. The proposed formation of
1D nanorods growth is as follows:

Initially Ti species from TBT precursor start to react with H1 ions
from concentrated solution. It is well known that Ti31 species are not
stable in an aqueous solution, therefore TiOH21 species are formed
by hydrolysis of Ti31 species. According to the ‘‘dissolve and grow
method9,15,17 TiOH21 is oxidized to Ti(IV) by reaction with dissolved
oxygen. The Ti(IV) complex ions are thus used as the growth units.
The formation mechanism of the rutile TiO2 NRs may be described
as follows: For rutile TiO2, a TiO6 octahedron forms first by bonding
of a Ti atom and six oxygen atoms. The TiO6 octahedron then shares
a pair of opposite edges with the next octahedron, forming a chain-
like structure. Because the growth rate of the different crystal faces
depends on the numbers of corners and edges of the coordination
polyhedra available, the growth of rutile NRs follows the sequence
(110) , (100) , (101) , (001)17,22–24. Thus, rutile TiO2 NRs along
[001] direction are formed. The nanorods are single crystalline, as
evidenced by the sharp spotted SAED pattern of a nanorod examined
along the [110] zone axis. The chemical stoichiometry of the nanor-
ods was further examined with X-ray photoelectron spectroscopy
(XPS) and the atomic ratio of Ti to O was found to be ,152
(Please check electronic Supporting Information, Figure S5).

Figure 1 (i) show the FESEM images of T180 sample. The deposited
samples exhibit 3D dendritic TiO2 nanostructures containing nanor-
ods. These dendritic microspheres are ,7.5 mm in diameter.
Interestingly the highly magnified image shows uniform distribution
of tetragonal nanorods of ,25–35 nm diameter. Similar morpho-
logy has been reported by J. H. Kim et al.25,26 with a composition of
100H2O:7HCl:0.03CTAB:0.05 0.01TTIP (where CTAB: Cetyl
trimethylammonium bromide, TTIP: Titanium tetraixopropoxide)
as a solution composition for 20 h hydrothermal process. In our case,
after increasing the hydrothermal system temperature it is observed
that the 3D dendritic nanostructured microspheres open at the outer
surface (Figure 1 (j)). Such novel hollow urchin nanostructures have
1 mm diameter. This 3D dendritic hollow urchin structure may have
formed due to selected surface etching of Ti species in strong acid
medium at relatively higher temperature7. A magnified FESEM
image of the sample in Figure 1 (j) shows that these 3D dendrites
mimics the hollow platanus seed (Figure 1 (k)), with diameters of
1 mm and numerous nanorods (,30 nm) compactly growing
around their surfaces.

The crystallinity of deposited samples was confirmed by SAED,
TEM and HRTEM characterizations. Figure 2 show the TEM, SAED
patterns and HRTEM images of selected TiO2 samples: (a–e) Sample
deposited at 140uC (T140). (f–j) sample deposited at 160uC (T160) and
(k–o) sample deposited at 190uC (T190). The T140 sample exhibits the
nanorods with tapered morphology (Fig. 2(a)). The agglomerated
tetragonal nanorods are separated at the upper side (head) while
lower side (tail) is compact in nature. The highly magnified image
of the tail (Figure 2 (b)) reveals bundles of tiny nanorods. The dia-
meter of the tail side is ,80 nm.

Figure 2 (c) shows highly magnified TEM image of upper side
(head) of the tetragonal nanorods. It is clear that the nanorods are
separated at the head side with ,30 nm diameter of each nanorod.
Moreover, these nanorods are single crystalline as confirmed by their
SAED pattern (Figure 2 (d)). The clear lattice fringes of the single
nanorod of the T140 sample is observed to be single crystalline along
their entire length. The interplanar spacing obtained from the
HRTEM lattice fringes along d110 5 0.32 nm between the adjacent
lattice fringes perpendicular to the rod axis can be assigned to the
rutile TiO2 (110). The lattice spacing of d001 5 0.29 nm along
the longitudinal axis direction pertains to the d-spacing of rutile
TiO2 (001) crystal planes14. Figure 2 (f–j) presents the TEM images
of T160 sample. These images are almost similar to sample T140

however the separation of the upper side is slight higher. Also similar
lattice spacings along [110] and [001] directions have been observed.
Figure 2 (k–o) shows the TEM images of the T190 sample. The SAED
pattern shows single crystalline nature of the 3D hollow urchin like
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morphology of the sample (T190). The growth direction of the tet-
ragonal nanorods in the 3D TiO2 dendrites were in [001] direction,
which is the same as for the 1D vertically grown nanorods. The
exposed surfaces of the nanorods were {110} facets25. Interestingly
it is observed that the crystallinity of the T190 sample is better than
other samples.

From the above discussion the possible growth mechanism of
nanoparticles-to-nanorods-to-3D dendrite microspheres-to-3D hol-
low urchin-like architectures is represented in Figure 3. Here we have
used strong acid approach for the synthesis of 1D and 3D nano-
structures. It is well known that the equal volume of HCl:H2O is
beneficial for the synthesis of aligned TiO2 nanorods7,21. In our pro-
cedure we have kept HCl:H2O (151 v:v) fixed throughout the experi-
ments. The concentrated HCl constraint on the hydrolysis of the
TiO2 precursor results in 1D TiO2 nanorods. The growth of oriented
TiO2 nanorods requires slow hydrolysis of TBT in a fairly strong
acidic aqueous medium. However the system temperature also plays
a key role in the complete hydrolysis of titanium precursor. At 100uC
(T100) insufficient system temperature causes creation of clusters of
nanoparticles. When the FTO substrates were immersed in the reac-
tion solutions, titanium precursor would condense on the FTO sur-
face and growth of TiO2 seeds starts26. At 130uC (T100 sample), pillars
of aligned nanorods are formed due to controlled hydrolysis. The
increase rate of hydrolysis facilitates rapid formation of nanorods
that causes 3D growth of bunch of nanorods, at 160uC (T160) and
170uC (T170). However, drastic modification has been observed
for T180 sample. The 3D spherical dendrites of diameter ,7.5 mm
containing nanorods of size ,30 nm have been formed. Similar

microstructures have been synthesized by J. H. Kim et al.25. using
100H2O:7HCl:0.03CTAB:0.05TTIP. Here authors have used CTAB
as a surfactant and concluded that the surfactant is helpful for the
aligned growth of TiO2 nanorods. However it is also concluded that
such common surfactants are not playing major role in the tuning
and reproducibility of nanomorphology7.

At 190uC, the sufficiently high temperature causes formation of
3D hollow urchin like morphology due to higher surface energy. The
low magnified FESEM image shows uniformity of the hollow urchin
structure. (Supporting information Figure S6).

Further the statistical distribution of nanorod diameter of 3D
dendritic sample is estimated. Figure 4 shows a statistical histogram
of the diameter distribution of the hydrothermally grown 3D TiO2

dendrites. The inset shows the selected area for this measurement.
It is clear that the large numbers of 1D nanorods are in the range of
25–30 nm.

The DSSC based on 3D nanostructures like nanoflowers8, hier-
archical microspheres9,10 result in high surface area and susequently
enable effective dye adsorptiion. Recently Z. Sun et al. demonstrated
nanowire/dendritic 3D nanostructures useful for effectively light
harvesting in DSSCs. These 1D-3D nanostructures show 7.2%
photon conversion efficiency (PCE). Therefore, 3D nanostructures
combined with 1D nanostructures has opened a new approach
towards efficient DSSCs27. Therefore we have decided to use such
1D/3D nanostructure in well-known DSSC application. The DSSC
devices in this study were fabricated by following standard proced-
ure10. The N-719 dye was used for sensitization and Pt/FTO was used
as a counter electrode. The samples show good solar cell properties

Figure 2 | Transmission Electron Microscopic (TEM) images, selective area diffraction (SAED) patterns and high resolution transmission electron

microscopic images (HRTEM) of selected TiO2 samples: (a–e) Sample deposited at 140uC (T140). (f–j) sample deposited at 160uC (T160) and (k–o) sample

deposited at 190uC (T190).

www.nature.com/scientificreports
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Figure 3 | FESEM images of the nanostructured TiO2 obtained at different temperature from 1006C to 1906C. The figures on right hand show their
corresponding possible growth mechanism.

www.nature.com/scientificreports
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under 100 mW/cm2 AM 1.5 illumination and the results are sum-
marized in Table 1.

Figure 5 shows the J-V curves of TiO2 sample based on different
morphologies. For nanoparticle T100 sample based DSSC cell short-
circuit current density (JSC), open-circuit voltage (VOC), fill factor
(FF), and efficiency (g) were JSC 5 7.85 mAcm22, Voc 5 0.587 V, FF
5 48.2, and g 5 2.34%, respectively. DSSC device based of T110

sample shows JSC 5 9.42 mAcm22, VOC 5 0.589 V, FF 5 54, and
g 5 2.99%. Sample T120 shows 3.86% conversion efficiency with
9.53 mAcm22 Jsc and 0.599 VOC respectively. Interestingly it was
found that the current density (9.79 mAcm22) as well as efficiency
(4.11%) of the T130 sample is larger than nanoparticulate clusters and
compact nanorods pillars. This may be due to higher surface area
beneficial for effective dye loading. The T140 sample shows slightly
higher 4.14% conversion efficiency. The T150 sample shows VOC 5

0.610 V, JSC 5 12.59 mAcm22, FF 5 61.1 and g 5 4.93%. While the
3D TiO2 nanoflower sample shows drastic enhancement in power
conversion efficiency. These 3D nanoflowers (Sample-T160) exhibit
g 5 5.16% with VOC 5 0.609 V, JSC 5 13.22 mAcm22 and FF 5

60.9. This enhancement is due to effective light scattering between
the 3D flowers. Further T170 sample shows slightly higher efficiency
(5.32%). However, the 3D dendritic urchin samples (T180 and T190

hollow urchin) exhibit drastic enhancement in current density from
12.83 mAcm22 to 12.98 mAcm22 and 17.17 mAcm22 respectively.
The power conversion efficiency of the T190 sample is 7.16% with
VOC 5 0.612 V and FF 5 64.7. This morphology offers higher sur-
face area and unique morphology that facilitates scattering of light
and effective light harvesting.

The incident-photon-to-current conversion efficiency (IPCE)
spectra would offer detailed information on the effective light har-
vesting capability of the DSSCs based on TiO2 samples. Figure 6
shows the IPCE spectra as a function of wavelength for T100 ( )
and T190 ( ) samples. The IPCE spectrum of N719-Dye loaded T190

device shows maximum absorption at approximately 535 nm, which
is attributed to the contribution of effective dye loading. The 3D
dendritic hollow urchin sample exhibits 83% IPCE at 535 nm while
T100 sample shows only ,42% IPCE. The T190 sample shows a higher
IPCE from 350 nm to 700 nm wavelength range than T100 sample,
which correlate well with increased photocurrent density values.

Figure 4 | Statistical histogram displays the diameter distribution of the TiO2 nanorods in opal urchin dendrite. Inset shows the selected area for the

nanorods diameter measurement.

Table 1 | Solar cell parameters obtained from TiO2 samples depos-
ited at different temperatures recorded under illumination of simu-
lated solar light (100 mW cm22, AM 1.5 G)

Sample Voc (V) Jsc (mAcm22) FF (%) g (%)

T100 0.587 7.85 48.2 2.34
T110 0.589 9.42 54.0 2.99
T120 0.599 9.53 64.3 3.86
T130 0.608 9.79 65.5 4.11
T140 0.613 10.15 63.0 4.14
T150 0.610 12.59 61.1 4.93
T160 0.609 13.22 60.9 5.16
T170 0.610 12.83 64.5 5.32
T180 0.617 12.98 65.0 5.43
T190 0.612 17.17 64.7 7.16

Figure 5 | J-V curves of hydrothermally grown TiO2 samples at different
temperatures.

www.nature.com/scientificreports
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The Jsc values have been estimated by using following IPCE
equation28

JSC

�
mAcm{2~

hc
q

ðl2

l1

Pinl|EQEl|dl

l
ð4Þ

where h is Planck’s constant (Js21), c is the speed of light in vacuum
(ms21), and l1 and l2 (nm) are the limits of the active spectrum of the
device. P incident photon flux density at wavelength l. The external
quantum efficiency (EQE) of the hydrothermally grown TiO2 nano-
structures devices are defined as the ratio of the collected electrons to
the incident photons. The above equation can be modified as follows

JSC

�
mAcm{2~

ðl2

l1
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1:99|10{16
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IPCEl

100
|
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Solving above integration of both the IPCE spectra with the AM1.5 G
solar photon flux yields a current density of 8.42 mAcm22 and
17.97 mAcm22 for T100 and T190 samples respectively, which is in
well agreement with the measured photocurrent density from J-V
curves.

Overall, the enhancement of power conversion efficiency for the
3D dendrites and 3D dendritic hollow urchin like nanostructures
compared with other nanoparticulate, nanorods, nanoflowers could
be attributed to the excellent surface area, effective dye loading,
effective light scattering and harvesting into the 3D nanostructures.

Discussion
We have developed a novel and facile approach for exotic nano-
structures of TiO2 by simple, cost effective and surfactant free hydro-
thermal route for the first time using tetrabutyl titanate (TBT)
precursor. The nano-morphologies were tuned from clusters of
nanoparticles to 1D tetragonal nanorods pillars to 3D dendrites to
3D dendritic hollow urchin architectures by controlling preparative
parameters. The deposited samples show different nanostructures
containing nanorod assembly with average ,30 nm in diameter.
This unique morphology has been created with an adequate com-
bination of temperature and precursor medium. Based on these 3D
dendrites and 3D dendritic hollow urchin containing bunch of
aligned nanorod with 30 nm diameter show 5.32% and 7.16%

conversion efficiency respectively, which is much higher than clus-
ters of nanoparticles as well as nanorods pillars. Such type of hybrid
nanostructured assembly will be also helpful for photocatalysis,
lithium ion batteries, QDSSCS, hybrid polymer solar cell (HPSC),
and efficient flexible dye sensitized solar cell. This approach may
pave the way to synthesize better and efficient TiO2 electrodes for
respective applications at low cost.

Methods
In a typical synthesis process, 0.5 ml Titanium (IV) butoxide (C16H36O4Ti) (Aldrich,
97%) (TBT) was dissolved in equal volume of concentrated HCl (37% Sigma Aldrich)
and distilled water by magnetic stirring. The clear and transparent solution was
transferred into a Teflon-lined stainless steel autoclave with a total volume of 25 mL.
The fluorine doped tin oxide (FTO) coated glass substrate was then immersed into the
solution parallel to the Teflon wall. The sealed autoclave was then kept in a furnace for
3 h at different temperatures. After synthesis, the autoclave was cooled to room
temperature naturally. In the present investigation, the hydrothermal synthesis was
conducted at various temperatures from 100uC to 190uC. The deposited samples were
designated as T100, T110, T120, T130, T140, T150, T160, T170, T180, and T190 for 100uC,
110uC, 120uC, 130uC, 140uC, 150uC, 160uC, 170uC, 180uC and 190uC respectively.
The TiO2 deposited FTO substrate was taken out, rinsed with deionized water and
allowed to dry in an oven for 30 min. The fresh hydrothermal solution was prepared
before each experiment. The surface morphology of the samples were recorded by a
field emission scanning electron microscope (FESEM; S-4700, Hitachi).
Transmission electron microscopy (TEM) micrographs, selected area electron dif-
fraction (SAED) pattern and high-resolution transmission electron microscopy
(HRTEM) images were obtained by TECNAI F20 Philips operated at 200 KV. The
TEM sample was prepared by drop casting of ethanolic dispersion of TiO2 samples
onto a carbon coated Cu grid. The X-ray diffraction (XRD) measurements were
carried out using a D/MAX Uitima III XRD spectrometer (Rigaku, Japan) with Cu Ka
line of 1.5410 Å. The elemental information regarding the deposited TiO2 sample was
analyzed using an X-ray photoelectron spectrometer (XPS) (VG Multilab 2000-
Thermo Scientific, USA, K-Alpha) with a multi-channel detector, which can endure
high photonic energies from 0.1 to 3 keV.

The deposited photoelectrodes were further treated with aqueous TiCl4 solution
followed by annealing at 450uC. The TiCl4 treated TiO2 photoelectrodes were sub-
sequently soaked in ethanolic 0.5 mM N719 dye (Dyesol) solution at room temper-
ature for 24 h and then washed carefully in ethanol. A compact and sealed dye
sensitized solar cell (DSSC) was fabricated using a standard two electrode config-
uration, comprising dye loaded Glass/FTO/TiO2 (with an active surface area of
0.25 cm2) as the photoanode and platinum coated FTO as the counter electrode,
which is sealed with the working electrode using a thermoplastic (,1 mm). The Pt/
FTO counter electrodes were prepared by commercial Pt-paste (Solaronix) using
doctor blade technique. The deposited Pt/FTO substrate annealed at 450uC for
30 min in air. The iodide-based electrolyte (Dyesol) was used as the redox electrolyte
and injected into the interelectrode space from the counter electrode side through a

Figure 6 | Incident photon-to-current conversion efficiency (IPCE) spectra of T100 ( ) nanoparticulate and T190 ( ) 3D dendritic hollow urchin
samples.
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pre-drilled hole. The cells were illuminated using a solar simulator at AM 1.5 G for
10 s, where the light intensity was adjusted with an NREL-calibrated Si solar cell with
a KG-5 filter to 1 sun intensity (100 mW cm22). The incident-photon-to-current
conversion efficiency (IPCE) spectra were measured as a function of wavelength from
300 nm to 1200 nm on the basis of a Spectral Products DK240 monochromator.
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