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Abstract In this work, we have synthesized Zinc oxide
(ZnO) tripods and used its thin film as photoanode in dye-
sensitized solar cells. SEM micrographs of the as-prepared
sample of ZnO confirmed tripod-like morphology consist-
ing of three cylindrical arms with well-defined ends, joined
at a common core. The prepared sample of ZnO tripods was
further characterized by EDX, XRD, UV-VIS, and FTIR.
The dye N719-sensitized solar cell fabricated with photo-
anode of ZnO prepared in this work provided the open-
circuit photo voltage (V,.)=0.558 V, short-circuit photocur-
rent (J5.)=6.368 mAcm™, fill factor (FF)=0.50, and total
conversion efficiency (17)=0.88 % under full light illumination
(intensity 200 mWcem 2). When cell was illuminated by vis-
ible light (150 mW/em?), V,.=0.546 V, J,.=4.437 mA/cm?,
FF=0.54, and n=0.88 % were obtained.
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Introduction

Zinc oxide (ZnO) is distinguished for its multiple properties
like semiconducting, piezoelectric or pyroelectric proper-
ties, wear resistance, microwave absorption, etc. With
hexagonal wurtzite structure, ZnO has a wideband gap
(Eg=3.3 V) and higher exciton binding energy ex £i,=
60 meV at room temperature compared to other wideband
emission materials [1, 2] such as ZnSe (£,=2.7 eV, ex E,=
20 meV) and GaN (£,=3.4 eV, ex E£,=21 meV). ZnO have
been extensively studied because of its potential applica-
tions in various fields such as gas sensor, solar cells,
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photodetectors, light emitting diodes [3-9], and laser sys-
tems, etc. An important advantage of ZnO over TiO; is that
it can be synthesized by applying a wide range of synthesis
techniques [10-13] to obtain a great variety of different
morphologies and nanostructures. Various chemical and
physical methods have been applied for creating ZnO
nanostructures. For instance, high temperature vapor—
liquid—solid growth with the use of catalysts, pulsed laser
deposition, electrochemical deposition in porous mem-
branes, metal vapor transport using Zn sources, physical
vapor transport using ZnO and graphite powders, chemical
vapor deposition using zinc acetylacetonate hydrate, thermal
oxidation of ZnS, metalorganic chemical vapor deposition,
aqueous chemical growth, and sol-gel have been reported
among other techniques [14-24]. During the past few years,
attention has been focused on one-dimensional (1D) nano-
structure materials, such as nanowires and nanorods, due to
their fundamental importance and wide range of potential
applications in nano devices [25, 26]. Various methods have
been developed for the preparation of 1D nanostructure
in order to obtain nanowires or nanorods of the desired
materials [27-32].

The 1D ZnO nanostructures are of interest for their appli-
cations in dye-sensitized solar cells (DSSCs) [33] and also
because they exhibit significantly improved electron trans-
port compared to that in porous films. One-dimensional
ZnO nanostructures were prepared by several groups, some
of which are discussed here. Yan et al. synthesized ZnO
tetrapods using a chemical vapor transport and condensation
system in which Zn powder was used as Zn source [34]. Liu
et al. prepared ZnO tetrapods, nanotetraspikes, and nano-
wires using aqueous solution of KOH and Zn foil [35].
Zhong et al. prepared ZnO tetrapods in a horizontal tube
furnace by evaporating Zinc at 950 °C in the flow of humid
argon gas [36]. Chen et al. [37] prepared tetrapods of ZnO
by annealing Zn foil at higher temperature. Unlike these
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methods, in the present work, one-dimensional ZnO with
tripod-like morphology has been synthesized in a horizontal
tube furnace by heating dried zinc oxide paste at 550 °C in
the stream of hydrogen gas. From these ZnO tripods,
thin films have been prepared and used as photoanode
in DSSCs.

It is pertinent to elaborate a little further why we chose to
synthesize tripods instead of tetrapods or other branched
structures. Our attempt was to synthesize one-dimensional
ZnO nanostructures which could significantly reduce the
numerous electron-hopping interjunction existing in the po-
rous films consisting of spherical grain type nanoparticles.
Tripods are likely to meet this requirement because their
branches equip them with the ability to form mechanically
robust network films for easy transport of injected electrons
from the excited dye molecules to the substrate (fluorine-
doped tin oxide (FTO)) through this network. However, thin
film consisting of tripods would have smaller surface area as
compared to that of a film composed of spherical grain type
particles. Thin films composed of tetrapods or other
branched structures, though, may still be better for the
electron transport but the effective surface area is likely to
reduce further which may have adverse effect on dye loading
on the surface of the film. Hence, tripod structure is a good
compromise to have a network for easy electron transport
without reducing the surface area to a greater extent.

Experimental
Materials

All the chemicals, ZnO (99.9 %), sodium hydroxide, lithium
hydroxide, 1-butanol, and Lil were purchased from Sigma-
Aldrich and have been used without further purification.
N719 dye and 60 pum thick heat shrinkable sealing sheet

Fig. 1 (a) Schematic diagram a
of the experimental setup used
for synthesizing ZnO tripods
using H; as carrier gas and (b)
schematic presentation of
two-step process expected to
be involved in the growth of
ZnO tripod

Carrier gas —>
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(SX 1170-60) were purchased from Solaronix. Molecular
iodine (I,) was purchased from BDH Chemicals Pvt. Ltd,
India. FTO-coated glass substrates (thickness=2.2 mm and
surface resistance 15 €)/0) obtained from Pilkington, USA,
were used for making ZnO thin films.

Preparation of tripod-like ZnO powder and its thin film

The experimental setup used for the preparation of ZnO
tripods is shown schematically in Fig. la. The expected
process of evolution of ZnO tripods from ZnO microspheres
are shown in Fig. 1b [38-40]. In a typical synthesis process,
0.5 g of high purity ZnO was pretreated with 0.12 g NaOH
and 0.25 g LiOH H,0 and thoroughly mixed. The mixture
was then placed in the central region of the digitally con-
trolled horizontal tube furnace. Hydrogen carrier gas was
then introduced into the tube at a continuous but slow flow
rate while the temperature of the furnace was maintained at
550 °C for 3.5 h. To obtain an accurate estimation of the
growth temperature, the temperature gradient of the tube
furnace was calibrated using inbuilt thermocouple. The re-
action of ZnO with alkali results in [Zn(OH),]*~ ion which
changes first to Zn(OH), and on subsequent heating process,
Zn(OH), is converted into ZnO clusters. At a high temper-
ature of 550 °C, nucleation centers are formed on ZnO
surface. With increasing heating time (3.5 h), the structure
of ZnO crystals gradually transforms into its thermodynam-
ically preferred configuration, which could be pod like.
For preparing thin films of ZnO tripods, 0.3 g of ZnO
tripods sample was first mixed in 8 mL of 1-butanol to form
a sufficiently viscous paste. The paste prepared with other
proportions of ZnO and 1-butanol or with the use of other
solvents like methanol, ethanol, and surfactant triton-X did
not give satisfactory result (adherent and uniform films).
The doctor’s blade technique was employed to spread the
paste onto a conductive glass substrate. Prior to deposition,
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Scheme 1 Schematic
diagram of sandwich-type
dye-sensitized solar cell

N719
Dye

AR — FTO0 substrate

Dye-coated ZnO layer — < FTO substrate

substrate was ultrasonically cleaned and kept in an oven at
80 °C for 30 min. Substrates were covered on all edges with
adhesive tape to control the thickness of the ZnO film and to
provide noncoated areas for electrical contact. After drying
them in vacuum oven at room temperature, the films (~6 pm
thickness) were immersed overnight in 0.1 mM ethanol
solution of N719 dye for its adsorption onto surface of
ZnO thin film. Platinum counter electrode was prepared by
deposition of Pt catalyst T/SP paste (purchased from
Solaronix SA) on another conductive glass by screen printing
method and annealed at 400 °C for half an hour in air.

To assemble the cell, a U-shaped frame of hot-melt sheet
(SX1170-60, 50 um thick, Solaronix) was put over the
photoelectrode for keeping the space between the electrodes
for cell electrolyte and also for sealing the cell assembly
(schematically shown in Scheme 1). The counter electrode
was then placed over and sealed with the photoanode by
heating the assembly at ~80 °C. The electrolyte solution
composed of Lil (0.5 M), I, (0.05 M) in propylene carbonate
was introduced into the cell by capillary action and then sealed
properly. Propylene carbonate is frequently used in many
electrochemical investigations because of its wide potential
window. Furthermore, its donor number, dielectric constant,
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Fig. 2 XRD pattern of the ZnO tripod-like nanostructure
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and boiling point are higher than acetonitrile which are likely
to improve the cell outputs (particularly V. due to higher
donor number) and there would be lesser chance of evapora-
tion of the solvent (due to high boiling point). In addition to
this, it was already reported in our earlier publication [40] that
cell performance was better with the use of propylene carbon-
ate than acetonitrile. Because of these reasons, propylene
carbonate was used as the medium of cell electrolyte.

Characterization equipments

The scanning electron microscopy (SEM) images of ZnO
sample were recorded soon after its preparation using a field
emission scanning electron microscopy (quanta200 FEG)
and analysis of elemental composition was done by Energy
Dispersive x-ray analysis (EDX). The crystallinity of tripod-
shaped ZnO was determined using X-ray diffraction mea-
surement (XRD, Model 3000, Seifert, Germany). The ab-
sorption studies of the samples were carried out by
Shimadzu UV-1700 spectrophotometer. Photocurrent poten-
tial measurements were made using a bipotentiostat (model
no. AFRDEA4E, Pine Instrument Company, USA) and a
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Fig. 3 EDX spectrum of the nanorod showing its constituents
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computer controlled e-corder (model no. 201, eDAQ, Aus-
tralia). A 150 W xenon arc lamp (lamp housing model no.
66057 and power supply model no. 68752, Oriel Corpora-
tion, USA) equipped with an infrared (IR) filter (water filter)
was used as a light source for the illumination of photo-
electrodes during photoelectrochemical measurements.

The semiconductor electrode was illuminated after pass-
ing the collimated light beam through a 6 in-long water
column (to filter IR part of light) and condensing it with
the help of fused silica lenses (Oriel Corporation, USA).

Fig. 4 SEM images of
as-prepared ZnO sample taken
at different magnifications:[a]
x2,000; [b] x5,000; [c]
x10,000; [d] x20,000; and [e]
x30,000

@ Springer

This IR-filtered light is referred to as “white light” in the
text. Whenever required, the UV part of the white light was
cut off by using a long-pass filter (model no. 51280, Oriel
Corporation, USA) and the resultant light obtained in this
way is referred to as “visible light.” The monochromatic
light was obtained with the use of a monochromator (Oriel
model no. 77250 equipped with model no. 7798 grating)
and short-circuit photocurrent obtained under monochro-
matic light illumination was measured with the help of a
digital multimeter (Philips model no. 2525).
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Methodology

The cell output parameters, namely, total conversion efficiency
(n) and fill factor (FF) of the cell, were determined by using
current—potential curve (J-¥) obtained under illumination with
white light (200 mW/cm?) and visible light (150 mW/cm?).
The maximum power P, was determined from current—
potential curve by choosing a point on the curve corresponding
to which the product of the current (J,,.x) and potential gives
the maximum value (Vj,,). The fill factor and overall  were
then calculated from the following equations:

Jmax (A em™2) X Vipax (V)

%) = 100 1
n(oh) = e (1)
FF — Jmax X Vmax (2)

'-]SC X VOC

where [, is the power of incident light.

The short-circuit photocurrent (Jpnoto) of the dye-
sensitized cell was measured as a function of the wavelength
of monochromatic light (1) used for the illumination of the
DSSC. From these values of Jyhoto (A/cmz) and the intensity
of the corresponding monochromatic light, 7,on0 (W/cmz),
the incident photon to current conversion efficiency (IPCE)
was calculated at each excitation wavelength (4, expressed
in nm) using the following equation:

1 ’ 240 Jphotu

IPCE (%) ===~

x 100 (3)

Results and discussion
XRD and EDX analysis

Figure 2 shows the x-ray diffraction (XRD) pattern of
tripod-like ZnO confirming the hexagonal crystal structure
of ZnO. It exhibits diffraction peaks at (100), (002), (101),
(102), (110), (103), (200), (112), and (201) with the peak
(101) having the highest intensity. All these diffraction
peaks are in agreement with the reported data in JCPDS
card no. 36-1451 for hexagonal wurtzite phase of zinc oxide
[35]. EDX measurement was made on an individual nano-
rod arm of ZnO tripod and the result is shown in Fig. 3
wherein the peaks of Zn and O indicate that the nanostruc-
ture is without any impurity.

Surface morphology

The SEM images of as-prepared ZnO sample taken at differ-
ent magnifications are shown in Fig. 4. It reveals that phase
transition from ZnO grain particles to tripod-like ZnO nano-
structures takes place during annealing. Highly magnified
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Fig. 5 UV-Vis absorption spectra of bare thin film of ZnO tripods [a]
and dye N719-coated ZnO thin film [b]. The curve [¢] shows the IPCE
as a function of the wavelength of incident monochromatic light

SEM image shown in Fig. 4d (%20,000) exhibits mostly
tripod-like structure. From Fig. 4e (x30,000), rough measure-
ment of the size of the tripod-like nanostructures can be made.
It is observed that it has thin arms less than a micron in length
where as the diameter of each rod is about~500 nm. Hence,
from SEM micrographs, it can be concluded that synthesized
ZnO particles have tripod-like structure with uniform arm
length and diameter which suggests that each arm grows
preferentially along the crystal c-axis as suggested by
Liu et al. [39].

Optical properties

Figure 5 (curve a) shows the absorption spectrum of the thin
film of ZnO tripods. The absorption peak of ZnO tripods is
around A=373 nm (~3.33 eV), which is ascribed to the
ground excitonic state. The observed ground state exciton
energy (3.33 eV) is slightly red shifted compared to the free
exciton energy in the bulk (3.37 eV). In comparison to that
of bare thin film of ZnO tripods (curve a in Fig. 5), the
spectral response of dye N719-coated ZnO film was greatly
enhanced in the visible region (curve b in Fig. 5).

FTO/ (ZnO-T+ Dye) Electrolyte Platinum/FTO

Fig. 6 Schematically showing the possible electron transport pathways
across the dye-sensitized solar cell
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Fig. 7 Current—potential (J-V) a

curves for dye-sensitized solar
cell illuminated by (a) white
light and (b) visible light of
different intensities

— 200 mWicm2
— 126.2mWicm2
79.6 mWicm2

-600 -500 -400 -300 -200
Potential (mV)

The short-circuit photocurrent (Jpnoto) of the dye-
sensitized cell was measured as a function of the wavelength
of monochromatic light (1) used for the illumination of the
semiconductor electrode. The IPCE spectrum (action
spectra) thus obtained is shown as curve c in Fig. 5. The
IPCE value for the present system was found to be 30 % at
the characteristic wavelength of the dye (A,.x=535 nm).

Photovoltaic characteristics

Relative to thin film prepared from colloidal ZnO obtained
from sol-gel method, electron transport is expected to be
much easier in thin films composed of arrays of nanorod
because latter case electrons can easily move from one arm
to another arm of the tripod array (Fig. 6). The tripod-like
structured thin film should exhibit better charge transport
than nanoparticle films for the reason that the characteristic
symmetrically branched structure of the nanotripods ensures
that at least one of its three arms roughly points to the
direction perpendicular to the conductive glass substrate.
Therefore, the average number of inter junctions across
which photo-injected electrons in the tripod-like film need
to pass along the perpendicular direction in order to be
collected at the anode has more chances [37].

Current—potential characteristics

The J-Vof N719-sensitized ZnO-based DSSC was recorded
under illumination with white light and visible light of

Table 1 Cell output parameters derived from J-J curves (Fig. 8a and b)

Type of light Intensity Joe mA/ecm?) Voo (mV) FF  1(%)
(mW/cm?)

White light 200.0 6.368 558 0.50 0.88
126.2 4.018 558 0.50 0.88

79.6 2.535 558 0.50 0.88

Visible light 150.0 4.437 546 0.54 0.88
94.6 2.800 546 0.54 0.88

59.7 1.766 546 0.54 0.88
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different intensities and the results are shown in Fig. 7.
Under illumination with white light of 200 mW/cm? inten-
sity [Fig. 7a], the open-circuit cell voltage (V,.)=558 mV,
short-circuit current J,.=6.368 mA/cm?, FF=0.50, and
1n=0.88 % were observed. When cell was illuminated
with visible light (150 mW/cm?) [Fig. 7b], the V.=
546 mV, J,,=4.437 mA/em®, FF=0.54, and 1=0.88 %
were observed. Actual illuminated area of the working
electrode was 0.19 cm?. Since white light consists of
UV part also (in addition to visible light), with the use
of such light, both ZnO and dye would be excited and
contribute to photocurrent. To obtain the photocurrent
solely due to sensitizing dye, experiments were con-
ducted under visible light illumination. So, the photo-
current shown in Fig. 7b can exclusively be ascribed to
sensitization by dye. With the variation in intensity of
light (white or visible), the J,. was found to vary almost
proportionally while V., FF, and n remained almost
unchanged (Table 1).

The overall performance of the DSSC fabricated with
photoanode of ZnO synthesized during present work was
satisfactory in terms of V., Jy., and FF, though conversion
efficiency was low. This may be due to poor adherence of
thin film on FTO-coated glass substrate (since film was not
annealed) and small active surface area of the film (due to
bigger particle size of the tripods) leading to poor adsorption
of dye on ZnO surface structure.
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Fig. 8 The stability of photocurrent on prolong operation of the cell
under illumination by [A] white light (200 mW/cm? and [B] visible
light (150 mW/cm?)
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Stability of the photocurrent on prolong operation of the cell

The stability of the photocurrent on prolong operation (for a
few hours) of the DSSC was studied and result is shown in
Fig. 8. The dye-sensitized solar cell was illuminated with
desired light and the short-circuit photocurrent was
monitored for 6 h of continuous operation of the cell
and the results are shown in Fig. 8. After 6 h of
continuous illumination of the cell, not much reduction
in photocurrent was observed particularly under visible
light illumination.

Conclusion

In this work, ZnO with tripod-like nanostructures was pre-
pared by employing a novel method and the same was used
to make thin-film photoanodes. This electrode, sensitized
with N719 dye, was in turn used in DSSC configuration to
assess the quality of the tripod-like ZnO prepared during this
work. With such cell under illumination with white light
(200 mW/em?), J,.=6.368 mA/cm?, V,.=558 mV, FF=
0.50, and 1=0.88 % were obtained. Under visible light
illumination (150 mW/cm?), Jy.=4.437 mA/cm?, V,.=
546 mV, FF=0.54, and 1=0.88 % were achieved. The Jy.
and total conversion efficiency obtained in present investi-
gation are not very encouraging in comparison to those
reported by others [38]. This might be due to poor adherence
of the ZnO film and large size of ZnO tripods synthesized.
To increase the adherence of the film on the substrate,
annealing at higher temperatures and the use of some
binders can be tried but care needs to taken to keep the
tripod structure intact. Furthermore, the particle size can
possibly be reduced by hastening the reaction (allowing
lesser time to grow the tripods) using some catalyst. These
possibilities are being explored.
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