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We report TiO2 branched nanostructure photoelectrodes for dye-sensitized solar cells (DSSCs). The
TiO2 branch-type nanoparticle is synthesized bymeans of a seedingmethodwithTiO2 nanowire as a seed.
During the seedingprocess, theTiO2nanostructure is evolved fromananowire (NW) tonanobranch (NB)
shape. It is also found that rutile TiO2-NB shows such a three-dimensional structure with branches grown
along backbones of rutile TiO2-NW as confirmed by high-resolution transmission electron microscopy
(HR-TEM) andX-ray diffraction (XRD) analysis. In photocurrent-voltagemeasurements, short-circuit
current density, and cell efficiency of TiO2-NW and TiO2-NB increase from 6.25 to 12.18 mA/cm2 and
increase from 2.6 to 4.3%, respectively, due to both increased specific surface area and roughness factor.

Introduction

Titanium oxide (TiO2) has been an attractive material
for a variety of applications such as dye-sensitized solar
cells (DSSCs),1,2 photocatalysts,3,4 sensors,5 splitting of
water,6 lithium ion batteries,7 and direct methanol fuel
cells (DMFCs).8,9 TiO2 exists in crystal structures such as
anatase, rutile and brookite. However, in particular, the
rutile phase has some advantages over the anatase phase
such as higher chemical stability, higher refractive index,
and cheaper cost of production.10,11

Dye-sensitized solar cells have been attractive, because
of the low cost and relatively high conversion efficiency,
in the followng fields dye as the injection of the photo-
excited electron, liquid electrolytes such as I-/I3

- redox
couples, counter electrodes for iodine reduction and
nanocrystalline TiO2 photoelectrode. Especially, the
photoelectrode consists of TiO2 nanoparticles on a trans-
parent conducting glass to achieve a high specific surface
area for adsorption of dye molecules. However, the low
diffusion coefficients of TiO2 particles can be understood

by the hypothesis of electron traps in the porous elec-
trode. The defects in the porous TiO2 electrode could act
as electron trap sites resulting from interconnection be-
tween nanoparticles. Thus, it is expected that one-dimen-
sional structures such as nanowires, nanorods, or nano-
tubes in comparison with spherical nanoparticles can
result in an improved electron transport during the solar
energy conversion process.12-15

Among the one-dimensional nanostructures, the nano-
wire electrode shows particular properties such as rapid
electron collection of carriers and charge transport as-
sisted by its one-dimensional structure.16-18 However,
the one-dimensional nanostructure electrode has a ten-
dency to lie in the plane of the film, which is not favorable
in an optimum arrangement for an electron extraction.
Accordingly, many research groups have reported
branched nanostructures prepared by means of the va-
por-liquid-solid (VLS) growth method and wet chemi-
cal process.19-24
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Herein, we synthesized TiO2 nanowires via a hydro-
thermal method without any surfactant and template.
The TiO2 photoelectrode with branch-type nanostructure
for dye-sensitized solar cells was achieved using a seeding
method with TiO2 nanowires as seeds. The structural and
photoelectrochemical properties of the TiO2 nanowire
and nanobranch electrodes were characterized using
high-resolution transmission electron microscopy (HR-
TEM) and fast Fourier transform (FFT), X-ray diffrac-
tion (XRD) analysis, Brunauer-Emmett-Teller (BET)
analysis, and photocurrent-voltage measurement.

Experimental Section

For the TiO2 nanowire electrode (TiO2-NW), 8 mL of

titanium(IV) isopropoxide (TTIP (97%), Aldrich) was dropped

(0.16 μL/s) in 40 mL of 10 M hydrochloric acid (HCl (35%),

Aldrich) with constant stirring at 25 �C for 1 h and then kept at

120 �C for 24 h. 25 After the hydrothermal process, the resulting

precipitates were cooled to room temperature, washed several

times with ethanol and distilled water, and then precipitated

using a centrifuge at 8000 rpm. The white TiO2 powders (1.686

g) were obtained after drying in a 50 �C oven. The TiO2

nanobranch electrode (TiO2-NB) was synthesized by means of

a seeding method with TiO2-nanowires as seeds. The seed-

solution (12 wt %) containing TiO2 nanowires was injected in

30mLof 0.5MHClwith constant stirring at 25 �Cand then kept

constant for 15 min. After that, 2 mL of TTIP as precursor was

dropped (0.16 μL/s) in mixture solution, kept constant for 1 h,

and kept at 95 �C for 4 h. The resulting precipitates were cooled

to 25 �C, washed several times with ethanol and distilled water,

and precipitated using centrifuge at 8000 rpm. The white TiO2

powders (0.189 g) were obtained after drying in a 50 �C oven.

The nanostructure electrodes synthesized were characterized

by field-emission transmission electron microscopy (FE-TEM)

using a Philips F20 system operating at 200 kV. The FE-TEM

samples were prepared by placing a drop of the nanostructure

suspension in ethanol on a carbon-coated copper grid. Structur-

al analysis of the nanostructures was carried out by an X-ray

diffraction (XRD) method using a Rigaku diffractometer

equipped with a Cu KR radiation source of λ = 0.15418 nm

with aNi filter. The tube current was 100mAwith a tube voltage

of 40 kV. The 2θ between 20� and 60�was explored at a scan rate
of 4�/min. The surface area and porosity of the TiO2-NW and

TiO2-NB electrodes were analyzed by a nitrogen adsorption

measurement (Micromeritics ASAP 2020 adsorption analyzer).

To characterize photoelectrochemical properties of the TiO2-

NW and the TiO2-NB, dye-sensitized solar cells were fabricated

by a conventional method. The TiO2 powders were pasted on

F-doped SnO2 (FTO) coated glass using doctor-blade method,

followed by sintering at 450 �C for 30 min in air, resulting in

∼7 μm thick film. The TiO2 coated films were immersed in a

solution of Ru 535 dye (N3, Solaronix Co. Ltd.) above 12 h. The

dye-adsorbed TiO2 electrodes with an active area of

0.16 cm2 were fabricated into the sandwich-type cell using

thermal adhesive films (Serlyn, 60 μm) with Pt deposited by a

sputtering method as a counter electrode. The inner space was

filled up with a liquid electrolyte involving 0.5 M LiI, 0.05M I2,

and 0.5M tert-butyl pyridine inmethoxypropionitrile (MPN) as

a redox arbiter. Photocurrent-voltage curves were obtained

Figure 1. (a andb)Typical field-emission transmissionelectronmicroscopy (FE-TEM) images ofTiO2-NWpreparedbyahydrothermalmethod. (c)High-
resolutionTEMimageof theTiO2-NWrepresenting single-crystalline faces.The inset is the fastFourier transform (FFT)pattern. (d) Schematic illustration
of the rutile TiO2-NW growth habit.

(25) Oh, J.-K.; Lee, J.-K; Kim, S. J.; Park, K.-W. J. Ind. Eng. Chem.
2009, 15(2), 270–274.
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using a 150 W xenon lamp (Sun 2000 Series Solar Simulators

model 11000 source units) that was simulated AM 1.5 G solar

(1 Sun condition) irradiance with an intensity of 100 mW/cm2.

Results and Discussion

Figure 1 shows typical TEM images of TiO2 nanopar-
ticles obtained by means of a hydrothermal method. The
as-synthesized TiO2 nanoparticles exhibit one-dimen-
sional nanowire structures (TiO2-NW). The diameter
and length of the TiO2-NWs are ∼8.6 and ∼127.6 nm
(Figure 1a and b), respectively. The phase and crystal
structure of the TiO2-NWs are confirmed by the lattice
image of Figure 1c. The distance between lattice fringes is
assigned to (110) and (001) of the rutile TiO2 phase. The
crystalline distances are exactly consistent with d110 =
3.2 Å and d001 = 2.9 Å of the tetragonal rutile TiO2

phase,10,15,26 suggesting that the TiO2-NWs are grown
along [001] axis. The inset of the Figure 1c shows fast
the Fourier transform (FFT) pattern of the TiO2-NW,
which represents a single crystal of the rutile TiO2-NW.
As shown in Figure 1d, it is also confirmed that the

d-spacings of the (110) and (001) planes in the rutile
TiO2-NWs are 3.2 and 2.9 Å, respectively.
The direction of the crystal face with the corner of the

coordination polyhedron occurring at the interface is
favorable for a fast growth rate. Furthermore, the direc-
tion of the crystal face with the edge of the coordination
polyhedron occurs at the interface the second fastest, and
the direction of the crystal face with the face of the
coordination polyhedron occurs at the interface, the

Figure 2. (a and b) FE-TEM images of TiO2-NB synthesized by a seeding method. (c) HR-TEM image of the TiO2-NB. The inset is the FFT pattern.
(d) Schematic illustration of the formation of the rutile TiO2-NB. (e) FE-TEM images of the TiO2-NB tilted by (30�.

Figure 3. X-ray diffraction (XRD) patterns of TiO2-NW and TiO2-NB.

(26) Wang, D.; Choi, D.; Yang, Z.; Viswanathan, V. V.; Nie, Z.; Wang,
C.; Song, Y.; Zhang, J.-G.; Liu, J. Chem. Mater. 2008, 20(10),
3435–3442.
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slowest. The order of growth rate of rutile TiO2 structure
isVÆ110æ<VÆ100æ<VÆ101æ<VÆ001æ<VÆ111æ. Accordingly,
the {001} and {111} faces disappear while {110}, {100},
and {101} faces are easily exposed during the growth
process,18 which are consistent with the TEM image and
FFT pattern in Figure 1c.
Figure 2a and b show the TEM images of TiO2 nano-

particles obtained by a seeding method using TiO2-NWs
as seeds (Figure 1). The TiO2 nanoparticles seem to be a
three-dimensional structure with branches (TiO2-NB)
grown along backbones of the TiO2-NWs. The diameter
and length of the TiO2-NBs are ∼20 and ∼150 nm,
respectively. As shown in Figure 2c of the high-resolution
TEM image of the TiO2-NB, the branches are exposed to
the (101) plane of d=2.5 Å. The branches were grown to
the one-dimensional structure along [001] axis. The back-
bone of the TiO2-NWs was exposed to (110) plane
corresponding to d-spacing of 3.2 Å. The FFT pattern
of the inset in the Figure 2c indicates the (101) and (110)
plane of rutile phases, which the (001) is tilted 33�with the
(101) and perpendicular to the (110). The schematic
illustration of the formation of TiO2-NB structures,
based on the FE-TEM results, is presented in Figure 2d.
The nucleation precursors in hydrochloric acid solution
migrate into the TiO2-NWs as seeds, where nucleation
occurs at energetically favorable sites. It is likely that, as
observed in the Figure 2c, the nucleus is grown in the
branch shape with rutile phase and is not more favorable
for the backbone growth of the TiO2-NW. To character-
ize and confirm three-dimensional nanostructure of the
TiO2-NB, as shown in Figure 2e of FE-TEM images,
the TiO2-NB was rotated with the angle of (30�. The
termsþ30� (TiO2-NB(þ30�)) and-30� (TiO2-NB(-30�))
indicate right and left rotation of the centered image

(TiO2-NB(0�)) of the TiO2-NB, respectively. In the case
of the tilt from 0� to þ30�, the branches marked as 1, 2,
and 7 of the TiO2-NB(0�) clearly appear as shown in 10, 20,
and 70 of the TiO2-NB(þ30�). The branch marked as 3
moves at the left as shown in 30 of the TiO2-NB(þ30�)
whereas the branchmarked as 6 disappears. In the case of
the tilt from 0� to-30�, the branchesmarked as 1 and 2 of
the TiO2-NB(0�) disappear as shown in 100 and 200 of the
TiO2-NB(-30�) whereas the branches marked as 4 and 6
of the TiO2-NB(0�) remarkably appear as shown in 400

and 600 of the TiO2-NB(-30�). As a result, from the TEM
analysis, it is evident that the branches of the TiO2-NB are
three-dimensionally grown along the backbone of the
TiO2-NW.
Figure 3 shows XRD patterns of the TiO2-NW and

TiO2-NB representing the rutile phase with tetragonal
crystal structure (a= b=0.452 nm, c=0.294 nm, space
groupP42/mnm). For the TiO2-NW, since the growth rate
on the (101) is faster than that on the (110), as already
observed in Figure 1, the peak intensity of the (101) is
even higher than the (110). However, according to the
reference (JCPDS No. 88-1175) of the TiO2 rutile phase,
the intensity ratio of principal planes such as (110), (101),
and (100) is 100, 50, and 60, respectively. On the other
hand, the TiO2-NB shows the similar intensity ratio of the
principal XRD peaks to that of the reference in compar-
ison with the TiO2-NW. This also represents that the
branches with rutile phase in the TiO2-NB are formed
along the (110) rather than the (101) in agreementwith the
TEM data of Figure 2.
Typically, a one-dimensional structure such as the

TiO2-NW is favorable for an electronic conduction
and unfavorable for photonic penetration due to the
difficulty of vertical arrangement of the NW. In addition,

Figure 4. Nitrogen adsorption-desorption isotherm curves of (a) TiO2-NB and (b) TiO2-NW, respectively.

Table 1. Characteristics of as-Synthesized TiO2-NB and TiO2-NW Powders

samples porosity (%)a BET (m2/g) pore size (nm) dye uptake (cm-2)b roughness factor (μm-1)c

TiO2-NB 47.2 108.5 8.9 2.9 � 109 240.6
TiO2-NW 15 33.6 6.1 4.5 � 108 120

aThe porosity of these samples was calculated by the following equation:27 porosity (P) = Vp/(F-1 þ Vp) where Vp = the specific cumulative pore
volume (cm3/g) and F-1= the inverse of the density of rutile TiO2 (F-1=0.238 cm3/g). bDye uptake per unit geometric area (0.2 cm2) is calculated by the
dissolution of dye adsorbedTiO2 film in the 1MNaOHsolutionwith an extinction coefficient of ε=14800M-1 cm-1 at 534 nm (N3dye) usingUV-vis
spectroscopy. cThe roughness factor per unit film thickness is calculated using the following equation:27,28 roughness factor (R)= F(1-P)Swhere F=
the density of rutile TiO2 (F = 4.2 g/cm3), P = the porosity of the sample, and S = the specific surface area (m2/g).
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compared to typical spherical nanoparticles, the dye
adsorption site in the TiO2-NW is reduced resulting in a
decreased photocurrent density.19-21 Thus, it is expected
that the TiO2-NB with branched nanostructures could
exhibit such an increased specific surface area for an
improved photocurrent harvest efficiency. To character-
ize surface area, porosity, and roughness factor of the
nanostructured TiO2, the Brunauer-Emmett-Teller
(BET) curves were obtained using the TiO2-NW and
TiO2-NB as shown in Figure 4. As summarized in
Table 1, the BET specific surface area of the TiO2-NB is
108.5 m2/g and is much larger than that of the TiO2-NW
(33.6 m2/g). The roughness factor, defined as units of
surface area per micrometer of the film thickness, of the
TiO2-NB is 240.6 and larger than 120 μm-1 of the TiO2-
NW. It is likely that the increased surface area and
roughness factor of the TiO2-NB could result in the high
dye uptake of the TiO2 photoanode layer improving a
charge harvesting efficiency. Also, as shown in Figure 4,
the initial rise in the curve is due to adsorbing molecules
interacting with the most energetic regions of the solid
surface and then with the less energetic regions.27-31

Thus, it is expected that the amount of chemisorptions

of dye molecules on the TiO2-NB could be higher than
that of the TiO2-NW. As presented in the Table 1, the dye
uptake of the TiO2-NB is 2.9� 109 cm-2 andmuch larger
than 4.5 � 108 cm-2 of the TiO2-NW.
To analyze and compare photoelectrochemical proper-

ties of the TiO2 nanostructures in dye-sensitized solar
cells, as shown in Figure 5, photocurrent-voltage curves
were obtained using the TiO2-NW and TiO2-NB as
photoelectrodes. The open-circuit voltage (Voc) of the
TiO2 electrodes is almost similar due to the rutile phase of
both the nanostructures. As indicated in Table 2, short-
circuit current density (Jsc) and cell efficiency (η) of TiO2-
NW and TiO2-NB increase from 6.25 to 12.18 mA/cm2

and from 2.6 to 4.3%, respectively. The improved Jsc and
η of the TiO2-NB might be due to both increased specific
surface area and roughness factor as already indicated in
the BET analysis of the Figure 4 and Table 1. However, in
contrast, it is likely that the fill-factor of the TiO2-NB
with grain boundaries caused by branches is lower than
that of the TiO2-NW with single crystalline structure.

Conclusions

In summary, the TiO2 branched nanoparticle (TiO2-
NB) is synthesized by means of a seeding method with a
TiO2 nanowire (TiO2-NW) as a seed. The as-synthesized
TiO2-NB shows a three-dimensional branched structure
grown along the backbones of the TiO2 nanowire result-
ing in both high specific surface area and thus improved
charge harvesting efficiency. In terms of the photoelec-
trochemical properties of TiO2-NB with such a three-
dimensional nanostructure, both improved short-circuit
current density and cell efficiency would be due to in-
creased specific surface area and roughness factor in
comparison with the TiO2-NW.
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Figure 5. Photocurrent-voltage curves measured using TiO2-NB (9)
and TiO2-NW (O) as photoelectrodes.

Table 2. Comparison of Parameters of the Dye-Sensitized Solar Cell

(DSSC) Based on TiO2-NB and TiO2-NWa

samples Voc (V) Jsc (mA/cm2) FF η (%)

TiO2-NB 0.69 12.18 0.51 4.3
TiO2-NW 0.70 6.25 0.58 2.6

aThe Jsc,Voc, FF, and η are short circuit current density, open circuit
voltage, fill factor, and efficiency in the DSSC, respectively.
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