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Branched ZnO nanowires have been fabricated on conductive glass substrates via a solvothermal method for
dye-sensitized solar cells (DSCs). The 1D branched nanostructures can afford a direct conduction pathway
instead of interparticle hops while using nanoparticles. Furthermore, the short-circuit current density and the
energy conversion efficiency of the branched ZnO nanowire DSCs are 4.27 mA/cm? and 1.51%, which are
twice as high as the bare ZnO nanowire ones. The improvement was a consequence of the enlargement of the
internal surface area within the photoelectrode and allowed us to achieve higher dye adsorption to significantly

enhance the performance of the DSCs.

I. Introduction

Dye-sensitized solar cells (DSCs) have exhibited solar energy-
conversion efficiency of over 10% and remain one of the most
promising candidates, as they possess advantages of being
flexible, inexpensive, and easier to manufacture than brittle
silicon solar cells.!> A very important feature of DSCs is the
photoelectrode, which includes mesoporous wide-bandgap oxide
semiconductor films with an enormous internal surface area,
typically a thousand times larger than those of bulk films.3~3
To date, the highest solar-to-electric conversion efficiency has
been achieved with films that consist of 20 nm TiO, nanocrys-
tallites sensitized by ruthenium-based dyes.! ZnO is a versatile,
wide-bandgap semiconductor and has recently been reported
as an alternative for DSCs because ZnO offers a large direct
band gap of 3.37 eV, which is similar to TiO, and has very
high electron mobility, which is about 155 cm?> V=1 s~ for high-
quality thin film.® ZnO also can be tailored to various nano-
structures as compared to TiO,, which provides a promising
means for improving the performance of the photoelectrode in
DSCs.”

Competition between the generation and recombination of
photoexcited carriers in DSCs is a main bottleneck for developing
higher conversion efficiency. 1D nanostructures, such as nano-
wires® 10 and nanotubes'' 13 have been extensively used, as the
aim is expected to significantly improve the electron transport
efficiency in the photoelectrode films by providing a direct
conduction pathway for the rapid collection of photogenerated
electrons and, therefore, reduce the number of interparticle hops.
Furthermore, the immersion of a sensitizer into an array of
nanowires with vertical pores should prove easier than the more
tortuous pores of a nanoparticle film. However, insufficient internal
surface area of those 1D nanostructures limits the energy conversion
efficiency at a relatively low level, for example, 1.5% for ZnO
nanowires® and 4.7% for TiO, nanotubes.'? Another approach to
overcome the problem was the incorporation of nanoparticles
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with original 1D nanostructures.'®!> The nanowires/nanopar-
ticles composite was mainly ascribed to enrich the light
harvesting without sacrificing the electron-transport efficiency.
Even so, the excess electron hoping through the interparticle
barriers might still reveal the chance of charge recombination.
In this regard, the nanostructures of tiny hierarchical nanobuild-
ing units into larger organized conformations and geometrical
architectures are intensely desirable from both the structural
design and proposed application points of view. On the basis
of the chemical vapor deposition (CVD), Suh et al.'® and Baxter
and Aydil!” have presented the dendritic ZnO nanowires and
their efficiencies of about 0.5%. The relative low-energy
conversion for the early reports was due to insufficient surface
area of the branched ZnO nanowires. On the other hand, Kar
and Santra'® recently fabricated the paint-brush-like ZnO
nanostructures from the solvothermal approach and predicted
the self-assembled hierarchical nanostructures could be ap-
propriate not only in multiport contact probes but also are
suitable for dye-sensitized solar cell applications because of their
large surface areas. Moreover, Jiang et al.!” reported the ZnO-
nanoflower photoanode via a hydrothermal method and had the
1.9% efficiency in DSCs for which was the highest efficiency
in ZnO nanowire-based DSCs to date. Accordingly, aqueous
solution method is one of the remarkable approaches to fabricate
functional and dense hierarchical ZnO nanostructures such as
the photoelectrode in DSCs from the low cost and mass
production requirements.

In the present work, we fabricated the treelike branched ZnO
nanowire structures via a simple solvothermal method. The 1D
secondary branches directly attached to the main ZnO nanowire
backbone could simultaneously afford a direct conduction
pathway and achieve the higher dye adsorption to significantly
enhance the overall efficiency of the DSCs.

II. Experimental Section

Synthesis of Branched ZnO Nanowire Arrays. The branched
ZnO nanowires were fabricated from a modified aqueous
solution method similar to Law et al.® First, the arrays of ZnO
nanowires were synthesized on seeded fluorine-doped tin oxide
(FTO) substrates (10 € per square, Nippon Sheet Glass) by
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Figure 1. (a) The schematic growth procedure from the original ZnO nanowires to the branched ZnO nanowires, (b) before and (c) after recoating
a seed layer of the original ZnO nanowires obtained from a solvothermal method, and (d) the branched ZnO nanowires after second growth; scale

bar, 1 um.

immersing the seeded substrates in aqueous solutions containing
0.08 M zinc nitrate hydrate (98%, Riedel-deHaén), 0.08 M
hexamethylenetetramine (99%, Showa), and 12 mM polyeth-
ylenimine (branched, low molecular weight, Aldrich) at 95 °C
for 10 h. Second, the ZnO nanowires substrate obtained from
the first step were recoated with seed layers of ZnO nanoparticles
by dip-coating in a 0.005 M zinc acetate dihydrate (Zn(OAc),)
(99%, Riedel-deHaén) in ethanol. Then the branched nanowires
were grown by immersing the seeded ZnO nanowires in aqueous
solutions containing 0.02 M zinc nitrate hydrate, 0.02 M
hexamethylenetetramine, and 3 mM polyethylenimine at 95 °C
for 5 h. The branched ZnO nanowires were finally rinsed with
deionized water and baked in air at 450 °C for 30 min to remove
any residual organics.

Cell Fabrication and Characterization. Solar cells were
prepared by immersing the branched ZnO nanowires on
conductive glass substrates into a solution of 0.5 mM cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthe-
nium(II) bis-tetrabutylammonium (N719, Solaronix) in acetonitrile/
tert-butanol (1:1) for 20 min, and the films were then rinsed
with acetonitrile. The sensitized electrodes were sandwiched
together with thermally platinized FTO counter electrodes
separated by 25 um thick hot-melt spacers (Surlyn, Dupont).
The internal space of the cell was filled with an electrolyte
solution (0.1 M Lil, 0.5 M 1,2-dimethyl-3-propylimidazolium
iodide, 0.03 M I, and 0.5 M tert-butylpyridine in acetonitrile).
The area of active electrode was typically 0.28 cm?. Efficiencies
for solar energy conversion and ac impedance spectroscopy were
immediately evaluated under AM 1.5 simulated sunlight (Ya-
mashita Denso, YSS-100A) with an electrochemical analyzer
(Autolab, PGSTAT3). The light power was calibrated with a
set of neutral density filters using a silicon photodiode (BS-
520, Bunko Keiki).

Instrumentation. The morphologies and dimensions were
characterized using a JEOL-6500 field emission scanning
electron microscope (FESEM) operated at 5 KeV. The advanced
microstructures of ZnO nanostructures were analyzed using
JEOL JEM-2100F field emission transmission electron micro-
scope (FETEM) operated at 200 KeV. The phases were
characterized using a Bede D1 thin film X-ray diffractometer
(TFXRD). Raman spectroscopy was carried out using a
frequency-doubled Yb:YAG laser (A= 515 nm) on a Jobin-Yvon

T64000 microspectrometer with a 1800 grooves/mm grating in
a backscattering configuration. Dye loading was determined by
detaching the dye from the ZnO photoelectrode surface with
0.1 M NaOH solution and measuring the optical absorbance
with a Hitachi U-2800 UV—vis spectrophotometer.

III. Results and Discussion

The formation mechanism of the branched ZnO nanowires
is illustrated in part a of Figure 1 and its corresponding FESEM
images in parts b—d of Figure 1. Part b of Figure 1 shows the
bare ZnO nanowires with a slight vertical off-alignment were
grown perpendicularly on the FTO substrate using a solvother-
mal method. Through the precoating process on the ZnO
nanowires, little crystalline nanopaticles with a diameter of
10—20 nm were formed on the backbone nanowires, as shown
in part ¢ of Figure 1. After the second growth step, radial
secondary ZnO branches emanated from the seeds, as shown
in part d of Figure 1. Figure 2 presents the large-scale and
magnified FESEM micrographs of branched ZnO arrays. The
branched ZnO nanostructures were fabricated over the entire
substrate with a density of backbone nanowire about 7 x 103
cm 2. The backbone nanowires have length and diameter in
the range of 7—8 um and 150—250 nm, respectively, whereas
the secondary branches have length and diameter ranging from
100—300 nm and 20—50 nm, respectively. The branched ZnO
nanowires can be fabricated by the infiltration of moderate
concentrated Zn(OAc); solution into interstitial voids between
backbone ZnO nanowires. However, the secondary branches
were not produced on the surface of each ZnO backbone. The
lack of uniformity of secondary branches can be interpreted as
the results of rough dip-coating processes that cause nonuniform
infiltration and finally lead to randomly disturbed seed layers
upon the backbone ZnO nanowires. Moreover, in some condi-
tions, the seed layers hardly infiltrate into the deep side-wall of
original ZnO nanowires during the immersion but left as
coverage upon the ZnO nanowires (Supporting Information,
Figure S1). Those failed conditions would mostly occur when
using more concentrated Zn(OAc); solution and also when the
substrates were heated during dip-coating. The fast crystalliza-
tion would lead the aggregation of ZnO seed layers and
consequently blocked the infiltration of subsequent aqueous
solutions.
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Figure 2. (a) Low- and (b) high-magnification FESEM images of the
branched ZnO nanowires after second growth; scale bar, 1 um.

Further structural characterizations of the branched ZnO
nanowires were performed with TEM. Unlike the other reports
of comblike ZnO nanostructures, which demonstrated the
monolithically single-crystalline relationship between the branches
and backbone nanowires,?>?! in the present mechanism, the
secondary ZnO branches were fabricated merely on the ZnO
seeds regardless of the coordinate crystal relationship. Part a of
Figure 3 displays the secondary ZnO branches, which were
grown on the side walls of nanowire backbones with different
radial angles. The evidence confirmed the secondary ZnO
branches were not the derivatives of ZnO nanowires but
definitely originated from the small crystallite ZnO seeds via
our precoating process. The magnified intersection area of ZnO
branch and nanowire was shown in part b of Figure 3. Parts ¢
and d of Figure 3 show the corresponding nanobeam diffraction
(NBD) of the secondary ZnO branch and select-area electron
diffraction (SAED) of the ZnO nanowire backbone, respectively.
The diffraction patterns confirmed the each ZnO nanostructure
was preferentially oriented in the ¢ axis direction with the single-
crystal wurtzite structure even though the two components of
ZnO nanostructures were not fabricated simultaneously.

Part a of Figure 4 shows the 6—26 X-ray diffraction patterns
of ZnO nanostructures, which corresponds to the presence of
hexagonal wurzite crystallites with cell constants of a = 3.251
A and ¢ = 5.208 A. The strong {0001} diffraction family of
ZnO indicates that the nanowires are moderately oriented in
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the ¢ axis direction. No excess peaks were detected, which
indicates that all of the precursors have been completely
decomposed. Because the wurtzite structure of ZnO belongs to
the space group C¢,(P6smc), one primitive cell includes two
formula units, with all of the atoms occupying 2b sites of
symmetry Cs,. Group theory predicts the existence of the
following optic modes: A; + 2B, + E;| + 2E; at the I point of
the Brillouin zone; B; (low) and B; (high) modes are normally
silent; Ay, E;, and E; modes are Raman active; and A; and E|
also are infrared active. Thus, A; and E; are split into
longitudinal (LO) and transverse (TO) optical components. Part
b of Figure 4 shows a Raman spectrum of the branched ZnO
nanowires, which was taken with an accumulation time of 120 s
from a 5 um spot size excited by a frequency-doubled Yb:YAG
laser (A = 515 nm). As we can see, the remarkable E, (low)
and E, (high) mode of ZnO are located at 98 and 438 cm™!,
respectively. The peak at 332 cm™! can be assigned to the
second-order Raman scattering arising from zone-boundary
phonons 2-E>(M) of ZnO. The weak and almost invisible signal
around 581 cm™! is contributed to the superimposition of A;(LO)
and E;(LO). No substrate signals appeared because of the
penetration limitation of 515 nm laser light. The good crystalline
quality of ZnO nanostructures confirmed above ensure that the
photoelectrode can offer good electronic conductivity and avoid
the electron trapping within the structural defects.

Part a of Figure 5 shows the compared photocurrent—voltage
(J—V) characteristics for solar cells, constructed using the bare
7ZnO nanowires and the branched ZnO nanowires, with AM 1.5
illumination at 100 mW/cm? from a xenon lamp. The short-
circuit current density (Jy) and the overall light conversion
efficiency of the branched ZnO nanowire DSCs were 4.27 mA/
cm? and 1.51%, respectively, which are almost twice higher
than that of the bare ZnO nanowires. Table 1 summarizes the
measured and calculated values obtained from each J—V curve.
One factor for the increment in short-circuit current density
would be the enhanced photon absorption associated with the
presence of enlargement of internal surface area resulting in
sufficient dye-loading. Although the length and density of ZnO
structures exhibit the disadvantage compared with previous
studies,® the overall efficiency can achieve almost the same value
via utilizing the extra secondary nanobranches. The values of
fill factor (FF) for ZnO DSCs are general lower than those using
TiO; nanoparticles (0.6—0.7). This is attributed to recombination
between photoexcited carriers in the photoanodes and tri-iodide
ions in the electrolyte. A slightly different value in the bare
ZnO nanowire and branched ZnO nanowire DSCs revealed
almost the same interfacial recombination, which was evidenced
by the equivalent value of the shunt resistance Ry, = (dV/dIl)y=o
from the [—V curves under illumination. The series resistance
R=(dV/ dI);=( for branched ZnO nanowire DSCs (25.64 Qcm?)
was significantly lower than the bare ZnO nanowire ones (46.13
Qcm?) and was previously explained association with the dye
loading but not the nanowire length.!”

Recently, electrochemical impedance spectroscopy (EIS)
measurement has been widely performed to investigate elec-
tronic and ionic processes in DSCs.?2728 The Nyquist plots of
the impedance data for bare and branched ZnO nanowire DSCs
were performed by applying a 10 mV ac signal over the
frequency range of 1072 to 10° Hz under illumination at the
applied bias of V., as shown in part b of Figure 5. Some interior
parameters of the devices with a thickness of Lg can be derived
by well fitting the impedance data of the Nyquist plots to
expressions based on the modified equivalent circuit of nanowire
DSCs suggested by Wu et al.?6?7 In fact, the concrete equivalent
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Figure 3. (a) TEM image of a single branched ZnO nanowire, (b) the magnified intersection area of ZnO branch and nanowire, and (c and d) the
corresponding nanobeam diffraction (NBD) and select-area electron diffraction (SAED) for the secondary ZnO branch and the ZnO nanowire
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Figure 4. (a) 6—260 XRD profiles of A, the branched ZnO nanowires;
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and C, fluorine-doped tin oxide substrate only. (b) Raman spectra of
the branched ZnO nanowires, using a frequency-doubled Yb:YAG laser
(A= 515 nm).
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circuit might be more complex in the operation of the DSC
devices. Mora-Seré et al. have recently reported a negative
capacitance for different types of solar cells, that is, an inductive
behavior that comes from the conductivity modulation of the
electrolyte by injected electrons from the photoelectrode when
providing high forward bias with low frequency.?* Hence, the
impedance data obtained at different applied potentials cannot
be fitted with a single equivalent circuit. An essential component
such as an inductive response was suggested to be considered
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Figure 5. (a) Current density against voltage (J-V) characteristics and
(b) Nyquist plots of the bare ZnO nanowires and the branched ZnO
nanowire DSCs. The solid lines in (b) are the fitting results based on
the equivalent circuit model (modified from ref 23) as shown in the
inset. ry, is the transport resistance of the electrons in the ZnO electrode;
r is the charge-transfer resistance of the charge recombination between
electrons in the ZnO electrode and I3~ in the electrolyte; The thickness
Lr of all anodes are about 8 um; C, = (c.Lg) is the chemical capacitance
of the ZnO electrode; R, is a series resistance for the transport resistance
of FTO and all resistances out of the cell; Zy is the impedance of
diffusion of I3~ in the electrolyte; Rp, and Cp are the charge-transfer
resistance and the interfacial capacitance at the counter electrode
(platinized FTO glass) /electrolyte interface, respectively; Rrro and Crro
are the charge-transfer resistance and the interfacial capacitance at the
exposed FTO/electrolyte interface, respectively; Rrz and Cgz are the
resistance and the capacitance at the FTO/ZnO contact, respectively.
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TABLE 1: Performances and Electron Transport Properties of the Bare ZnO Nanowire and the Branched ZnO Nanowire
DSCs Determined by Photocurrent Density—Voltage (J-V) Characteristics and Electrochemical Impedance Spectroscopy (EIS)

Analysis
ZnO DSCs Jie (mA/cm?) Voe (V) FF kegr (s71) Tett (8) R (Q) Ry (Q) Deir (cm?/s)
bare nanowires 2.37 0.636 0.498 38.31 0.026 92.12 3.63 6.23 x 107
branched nanowires 4.27 0.675 0.522 26.31 0.038 86.85 3.36 435 x 1074

in series with a recombination resistance. To avoid the unneces-
sary interference from the inductive behavior, we presently
ignored the low-frequency part of impedance data. The fitted
results were also listed in Table 1, which include the first-order
reaction rate constant for the loss of electrons (k.ff), the electron
lifetime (7 = 1/kefr), the electron transport resistance (Ry = rwLr)
and the charge transfer resistance related to recombination of
electron at the ZnO/electrolyte interface (Rx = r/Lr). We found
Ry and Ry, are quite similar for both DSCs in this present work,
which indicated the same interfacial recombination and equal
crystallinity for either bare ZnO nanowires or branched ZnO
nanostructures. On the contrary, kerr in the branched ZnO
nanowire DSCs was smaller than the bare nanowire ones to
cause the smaller effective diffusion length?® (Degr = (Ry/
Rw)Li%kesr) in branched ZnO nanowire DSCs. Because ke is
related to reaction rate, the electron lifetime (7err = 1/ketr) could
be prolonged by the additional transport distance between
branches and conductive electrode.

In general, the current density for DSCs is determined by
the initial number of photogenerated carriers, the electron
injection efficiency from dye molecules to semiconductor, and
the recombination rate between the injected electrons and
oxidized dye or redox species in the electrolyte. On the basis
of the assumption of the same injection efficiency and recom-
bination rate for the given ZnO DSCs systems, it is reasonable
that the initial number of photogenerated carriers may be
significantly affected by the variation in the light-harvesting
capability of differently structured photoanodes. Figure 6
displays the wavelength distribution of incident monochromatic
photon to current conversion efficiency (IPCE). The photocur-
rent peaks occurring at approximately 400 nm were due to direct
light harvesting by ZnO semiconductor, in which the photoge-
nerated electrons diffused through ZnO and the holes in the
valence band were replenished directly by charge transfer from
the I37/1" electrolyte.!” The maxima of IPCE at approximately
525 nm are contributed by the dye absorption, corresponding
to the visible #,—u* metal-to-ligand charge transfer (MLCT).
The IPCE obtained for the branched ZnO nanowire DSCs was

N719 —O— Branched ZnO NWs
—0— Zn0 NWs

IPCE (%)

oL S8 8nann,
400 450 500 550 600 650 700 TS(:I
Wavelength (nm)

Figure 6. Incident monochromatic photon to current conversion
efficiency (IPCE) of the bare ZnO nanowire and the branched ZnO
nanowire DSCs.

almost 1.5 times that of the bare ZnO nanowire. The improve-
ment in the IPCE suggested that the high-energy conversion
efficiency results predominantly from sufficient dye-loading by
branched ZnO nanowires, which enlarged internal surface area
within the photoelectrode. The dye loading of the photoelec-
trodes was measured to determine the surface concentration of
dye molecules adsorbed on different ZnO nanostructures (Sup-
porting Information, Figure S2). The concentration of dye in
the branched ZnO nanowire electrode was found to be 2.9 x
1072 mol/cm™2 as measured from dye-desorption experiments,
which is almost 40% higher than the obtained value of 2.1 x
107° mol/cm™? for the bare ZnO nanowire electrode. It is
important to note that the dye loading of the branched ZnO
nanowires was not twice as high as the value of the bare ZnO
nanowires, even though the current density and energy conver-
sion efficiency of the branched ZnO nanowire DSCs are twice
as high as the bare ZnO nanowire ones. The different could be
ascribed to the insufficient internal surface of the bare ZnO
nanowires and the excess dye, which resulted in the formation
of Zn>*/dye complexes instead of the effective chemical bonding
between ZnO and dye moleculars.? The shorter immersion time
for deficient chemical-stability ZnO electrode as compared with
TiO, electrode have recently been reported in detail by Chou
et al.’® Therefore, the excess immersion time for the insufficient
internal surface of bare ZnO nanowires could not achieve more
dye loading but seriously deteriorate the performance of DSCs.

The concept of the branched nanostructures is anticipated to
be applicable to other semiconductor photoelectrodes in
organic—inorganic nanocomposite solar cells and branched
heterojunction nanostructures for future applications. Although
the secondary branches had nonuniform distribution, the branches
emanated from partial ZnO nanowires because of the simple
dip-coating process, and they still can offer greater effective
surface area for dye adsorption than the bare nanowires. For
optimization of the filling factor of the ZnO nanostructures, the
dc or radio frequency magnetron sputtering and atomic layer
deposition might be a great benefit to the precoating processes.
Further improvement of energy conversion efficiency could be
implemented through adjusting denser and longer branches to
fill the interstitial voids between backbone nanowires, which
will substantially improve light harvesting and the current
density.

IV. Conclusion

In summary, branched ZnO nanowires have been fabricated
on FTO substrates using a solvothermal method for DSCs. The
short-circuit current density and the overall light-conversion
efficiency of the branched ZnO nanowire DSCs were almost
twice as high as the bare ZnO nanowire ones. The improvement
can be explained in association with the enlargement of the
internal surface area within the photoelectrode without increas-
ing interparticle hops. In addition, the sufficient dye-loading in
branched ZnO nanowire DSCs was further evidenced from the
lower series resistance Ry = (dV/dl);=p and dye-desorption
measurement. The branched ZnO nanowires significantly en-
hanced IPCE spectra as compared with the bare ZnO nanowires.
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Therefore, the concept of these 1D branched nanostructures
could simultaneously afford a direct conduction pathway and
achieve higher dye adsorption to significantly enhance the
overall energy conversion efficiency of the DSCs.
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