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Abstract

In this article, we grew zinc oxide (ZnO) samples with different morphologies, e.g. film, nanowire and nanosheet, with electrochemical
deposition (ECD) by controlling the precursor concentration and the growth mechanism was also discussed. The morphology influence on the
photovoltaic conversion efficiency of the dye-sensitized solar cells (DSSC) assembled with different ZnO photoanodes was investigated by
measuring current density—voltage (J-V) curve, quantum efficiency (QE) spectrum and electrochemical impedance spectrum (EIS). It was found
that the DSSC constructed with ZnO nanowire array as photoanode can absorb more dye, improve the photon utilization rate and provide rapid
collection channels for the photoexcited carriers. Therefore, the photovoltaic conversion efficiency of ZnO nanowire DSSC was improved.

© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: D. ZnO; Electrochemical deposition; Morphology of photoanodes; Dye-sensitized solar cell

1. Introduction

With economic development and the rapid growth of popula-
tion, there came out more violent conflicts among energy,
environment and population. The global focus has switched to
developing green renewable energy, among which the most
promising one is solar energy. The commercial silicon solar cells
with high production costs as well as a more complicated
preparation process has limited its efficiency and a wide range
of civil application [1,2]. As a consequence, an alternative way for
solar cell [3,4] is to develop new materials and assembling
methods for cheap solar cells. As one of the third-generation solar
cells, dye-sensitized solar cell (DSSC) has attained wide attention
due to its low production cost and flexible production methods. In
the dye-sensitized solar cells, the potoanodes play a vital role in the
conversion process of light into electrical energy. ZnO is a kind of
n-type semiconductor with a direct band gap of 3.37 eV and has
been found to have the similar energy band structure and physical

*Corresponding author at: Shandong Provincial Key Lab of Preparation and
Measurement of Building Materials, University of Jinan, Jinan 250022, China.
Tel.: +86 531 89736292; fax: +86 531 87974453.

E-mail address: mse_caobq@ujn.edu.cn (B. Cao).

properties with TiO,, which has acted as the frequently used
material for DSSC photoanodes, while its electron mobility is
higher by 2-3 orders of magnitude [5] which will help improve the
efficiency of photo-generated electron transfer and reduce the
electron recombination probability [6]. Therefore, ZnO is expected
to exhibit faster electron transport with reducing the loss of
recombination.

It is reported that ZnO nanostructure shows a variety of different
morphologies, such as nanoparticle [7], nanowire [8], nanosheet
[9], nanoflower [10] and nano-wall [11], and it has demonstrated
many interesting applications for various types of optoelectronic
devices. The preparation methods of ZnO nanostructures include
hydrothermal growth [12], sputtering [13], spray pyrolysis [14],
sol—gel [15], chemical vapor deposition [16] and electrochemical
deposition (ECD) [17]. In the past years, different ZnO nanos-
tructures grown with ECD was adopted as photoanodes in DSSCs.
Wang et al. [18] has proved the dyed ZnO film showed well-
structured photovoltage response in the visible range which made it
potentially applicable in DSSCs. One dimensional ZnO nanos-
tructures based DSSC has been extensively investigated because
the direct electrical pathways for photocarriers and big surface area
for more dye could enhance the cell efficiency [19]. Hsu et al.
fabricated a DSSC with nanorods prepared with vapor deposition
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method achieving a light-harvesting efficiency of 0.22% [20].
Meng et al. grew ZnO nanorod/nanoparticle composite anode by
surface attachment and electrochemical deposition and achieved a
light-harvesting efficiency of 1.66% [21]. Although the electro-
chemical deposition is widely used in the synthesis of ZnO due to
its mild reaction conditions, the controlled growth of a variety of
Zn0 nanostructures for device applications remains to be an open
challenge.

In this paper, we grew ZnO samples showing three different
morphologies, e.g. film, nanowire and nanosheet, by control-
ling the precursor concentration on the FTO-glass with ECD
method. Then DSSCs are constructed with ZnO of different
morphologies as photoanodes. Finally, the influence of the
different morphologies of ZnO nanostructures on the DSSC
performance was investigated by measuring the cell current
density—voltage curve (J-V), quantum efficiency (QE) and
electrochemical impedance spectrum. It was demonstrated that
the cell efficiency of the DSSC assembled with ZnO nanowires
was much higher than that of ZnO film and nanosheets.

2. Experimental section
2.1. ZnO nanostructure growth and DSSC assembly

In our work, three-electrode -electrochemical deposition is
applied for the synthesis of ZnO samples. The FTO-glass substrate
acts as the working electrode, a zinc plate plays as a counter
electrode, and saturated Ag/AgCl electrode is chosen as a reference
electrode. Zn(NOs), - 6H,O of different concentrations are selected
as electrolyte. Prepared samples are annealed at 500 °C for 30 min
through a rapid annealing process.

To fabricate DSSCs, the dyed ZnO photoanodes were limited to
about 0.6 x 0.6 cm® by removing extra with a blade. The annealed
ZnO samples were immersed in 0.5 mM (BuyN),[Ru(4,4'-
(COOH)-2,2,-bipyridine),(NCS),] (N719 dye) ethanol solution
for 24 h to absorb dye. A 25 pm thick hot-melt sealing gasket
(Surlyn1702) frame was sandwiched between the dye-sensitized
electrode and platinized FTO counter electrode. The sandwiched
structures were symmetrically clamped with two binder clips to
keep the pressure balance. They were heated in drying baker at
90 °C for 3 min, and then removed the binder clips after cooling to
the room temperature. A solution consisting of 0.05M L, 0.5 M
Lil, 0.5 M 4-tertbutylpyridine and 0.3 M DMPII in acetonitrile was
introduced into the cell by vacuum backfilling [22]. The opening
was immediately sealed with the cover glass.

2.2. Sample characterizations

Morphology studies of grown ZnO nanostructures have been
performed with a field emission scanning electron microscope (FE-
SEM, Quanta 250, FEI). X-ray diffraction (XRD, D8-Advance,
Bruker) was used to examine the crystal structure of the ZnO
photoanodes. The diffused reflectance and transmittance spectra
were measured with UV-vis—NIR spectrophotometer (UV-3600,
Shimadzu) equipped with an integrating sphere. Photovoltaic
measurements were recorded employing a Keithley 2612A
source/meter under simulated sunlight (AM 1.5, 100 mW cm72,

San-Ei). The QE measurement was carried out using a QEX 10
system (PV Measurement). A reference Si photodiode calibrated
for spectral response was used for the monochromatic power—
density calibration. Electrochemical impedance spectra (EIS) of
fully assembled DSSC was measured in the dark at the cell open-
circuit voltage applied forward bias using a Zahner Zennium
electrochemical workstation. The spectra were scanned in a
frequency range of 1-100 mHz with an perturbation voltage of
10 mV.

3. Results and discussion
3.1. Structural analysis of ZnO nanostructures

Fig. 1 shows the SEM images of ZnO samples prepared by
electrochemical deposition when the precursor concentration is
different. The other ECD conditions were all set the same, e.g.
growth time of 1h, deposition temperature of 80 °C, and
applied current density of 0.3 mA cm ™2 It was found that
ZnO samples with different morphologies can be grown by
varying the concentration of zinc nitrate precursor. When the
precursor concentration was 0.05 M, quasi-aligned ZnO nano-
wires can be grown on the FTO-glass substrates, as shown in
Fig. 1(a) and (b). When the concentration was increased to
0.1 M, dense ZnO film was observed, as shown in Fig. 1(c).
While, interconnected two-dimensional ZnO nanosheets were
obtained, as shown in Fig. 1(d), when the precursor concen-
tration was further increased to 0.3 M.

Fig. 2 shows the XRD patterns of three ZnO samples with
different morphologies as shown in Fig. 1. It is shown that,
compared with the standard PDF card (JCPDS 36-1451), all
the peaks can be ascribed to ZnO characteristic diffraction
peaks with a hexagonal wurtzite structure except for the weak
diffraction peaks with asterisks from the FTO-glass substrates.
The (002) diffraction peak of ZnO nanowires is of the
maximum intensity, indicating that ZnO nanowire growth
orientation of the c-axis is obvious. The diffraction peaks of
ZnO nanosheets showed weak intensity, while the underlying
FTO film has stronger diffraction peaks as can be seen in
Fig. 1(d). This indicates ZnO nanosheets were relatively sparse
and part of FTO is uncovered with nanosheets. The XRD
peaks of the ZnO film almost show similar intensity, indicating
the film is composed of nanocrystals with random orientation
along the three typical directions of (100), (101) and (001),
which is consistent with the SEM image of Fig. 1(c).

For electrochemical deposition, ZnO nanostructures are
synthesized based on the following chemical reactions [23]:

Zn(NO3), »Zn*T +2NO;3 ~

NO3;~ +H,O0+2¢e~ -NO, ™ +20H™
Zn’* +20H~ —Zn(OH),
Zn(OH), -»ZnO+H,0

Reduction of the nitrate (NO3; to NO5 ) in mild acid
solution of Zn>™, which results in an increase of the pH value
near the electrode surface is crucial [24]. With increasing
concentration of OH™, Zn(OH), will form and deposit on
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Fig. 1. SEM images of ZnO nanostructures grown by ECD showing different morphologies, (a) nanowire, (b) cross-sectional SEM image of nanowire, (c) film, and

(d) nanosheets.
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Fig. 2. XRD patterns of different ZnO samples grown on FTO-glass substrate.
Vertical lines are PDF card (JCPDS 36-1451) of ZnO.

the cathode electrode. The deposited Zn(OH), will subse-
quently be decomposed and ZnO grow on the substrate at a
moderate high temperature of 80 °C. In fact, the nucleation and
growth process of the ZnO are controlled by several ECD
parameters, including cathodic potentials, electrolyte, and
cathodic substrates. In our work, all ECD parameters are fixed

except the precursor concentration. Moreover, it is well known
that ZnO is a polar crystal and produces positively Zn>™-
terminated (0001) and negatively 0>~ -terminated (000— 1)
polar surfaces, which induces a net dipole moment along the c-
axis [25]. Generally, their growth directions are perpendicular
to high surface energy planes [26]. The surface energy of the
polar (0001) planes is higher than that of nonpolar (01 — 10)
and (2—1—10) planes. So, preferential growth along the
c-axis is energetically favorable [27]. In other words, (0001)-
oriented ZnO nuclei will grow faster.

When the concentration of the precursor solution is low, the
(001)-oriented ZnO nuclei grow rapidly along the c-axis
direction in thermodynamic equilibrium. As a result, the
ZnO sample obtained at precursor of 0.05 M was constituted
by the (001)-oriented ZnO nanowires, as shown in Fig. 1(a and
b). When the concentration of the precursor was increased, the
growth rate ratio of ZnO along the c-axis and the a-axis
direction was changed. Thus the ZnO film with random
oriented crystallites is formed. However, if the precursor
solution is too high, the formation of the two-dimensional
ZnO nanosheets is another completely different growth beha-
vior from ZnO nanowire array or film. Illy et al. [28] and
Zarebska et al. [29] also observed two-dimensional ZnO
nanosheets in the ECD process by using zinc metal sheet as
the substrate. The growth of such two-dimensional nanosheets
was attributed to the minor surface energy difference between
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one-dimensional and two-dimensional crystal growth modes
under suitable conditions. However, in this experiment, we
believe that this unique two-dimensional ZnO nanosheets
growth is a rapid non-equilibrium growth mode [30,31] caused
by the high concentration of precursor solution.

3.2. Optical properties of different photoanodes

Fig. 3(a) shows the optical reflectance spectra of different ZnO
samples without dye and Fig. 3(b) is the transmittance spectra of
the corresponding samples sensitized with N719 dye for 24 h.
From Fig. 3(a) we can see that in the visible range the reflectivity
of nanowires, nanosheets and film decreased in turn. It means ZnO
nanowire array reflects light more effectively and, therefore, can
capture more sunlight after dye adsorption. Accordingly, the
transmittance of ZnO nanowires in Fig. 3(b) is the lowest. The
reflection spectra together with the absorption data indicate that
the absorption of ZnO nanowires is relatively strong after
absorbing the dye in comparison with ZnO nanosheet and film
samples. The significant absorption peak at the wavelength of
530 nm in Fig. 3(b) is the typical absorption of N719 dye. So, the
Zn0O nanowire-based solar cells could be expected to be of more
dye loading and light harvesting.
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Fig. 3. (a) The reflectance spectra of different ZnO samples without dye, (b)
the corresponding transmittance spectra of ZnO samples after sensitization with
N719 dye.

3.3. The performance of different DSSC

The current—voltage characteristic curves of DSSCs assembled
with three different ZnO anodes under simulated AM 1.5 light are
shown in Fig. 4(a) and the corresponding open circuit voltage
(Voc), short circuit current density (Jsc), fill factor (FF) and the
photovoltaic conversion efficiency (1) are shown in Table 1. As
can be seen from the above, with the same cell assembly process,
these four characteristic parameters of ZnO nanowire DSSC are
the highest, followed by ZnO nanosheet cell, and the film cell is
the minimum. Theoretically, the DSSC open circuit voltage (Voc)
is the difference between the quasi-Fermi level (Eg) of semi-
conductor anode and the Nernst redox potential (Ey) of the
electrolyte, e.g. Voc=Er— En.

However, there exists shunt resistance in the solar cell. For
DSSCs prepared with different ZnO anodes, the shunt resistance
increases with the increasing of ZnO anode surface area because
the available area between ZnO anode and the electrolyte becomes
large. The shunt resistance can reduce the cell leakage current and
also increase the open-circuit voltage. So, the nanowire-based
DSSC exhibits the biggest Jg. and V,.. In DSSC, series resistor
(Rg) also exists and, when the current is not zero, there will be a
voltage drop (IRs) in the output terminal of the cell. Therefore, the
influence of series resistance on the filling factor is very significant.
One-dimensional single crystal ZnO nanowire provides a more
direct electronic transmission channel, and the series resistance is
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Fig. 4. Photovoltaic performance of DSSCs fabricated using different ZnO
photoanodes: (a) current density—voltage (J-V) curve; (b) QE spectrum.
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Table 1
Photovoltaic performance data of different ZnO DSSCs derived from Fig. 4(a).

ZnO samples Voc (V) Jsc (mA cm™?) FF (%) n (%)
Film 0.4495 0.1855 17.88 0.018
Nanosheet 0.5536 0.2501 22.01 0.025
Nanowire 0.6688 1.5743 30.12 0.320

relatively small during electron transfer process. The resulting
voltage drop across the solar cell is small and, therefore, the FF of
Zn0O nanowires DSSC is also the largest.

Fig. 4(b) shows the corresponding QE spectrum of three
ZnO DSSCs shown in Fig. 4(a). The maximum of QE in the
visible region is located at about 530 nm. This is approxi-
mately consistent with the expected maximum based on the
accompanying absorption spectrum for the N719 dye (with
local maxima at 390 and 535 nm), both corresponding to a
metal-to-ligand charge transfer transition. The quantum effi-
ciency of ZnO nanowires DSSC is much larger than the others,
which is the reason for larger short-circuit current density of
ZnO nanowires DSSC. This is mainly due to the different
morphologies of the ZnO photoanodes.

The specific surface area of ZnO nanowires and nanosheets are
greater than that of the dense ZnO film and they are able to
absorb more dye. Meanwhile, as the sample surface of nanowires
and nanosheets are rough, the diffuse light scattering can improve
the utilization of photons. Therefore, the quantum efficiency at the
same wavelength of ZnO nanowire and nanosheet cells show
higher values and the photocurrent density is bigger. Moreover,
the QE of ZnO nanowires DSSC is still much higher than the
corresponding nanosheets DSSC. The one-dimensional ZnO
nanowires provide direct pathways which can reduce the
possibility of charge recombination during interparticle percola-
tion. So, the photo-generated carriers transport more easily. The
higher short-circuit current density is the main reason for the
nanowire DSSC efficiency improvement.

To further study the transport process of photo-carriers in
solar cells, the EIS spectrum of the three different DSSCs were
measured, as shown in Fig. 5. The semicircular curve shows
the dark reaction impedance caused by electron transport in
Zn0O and electron transmission from the ZnO conduction band
to the I3 ions in the electrolyte [32]. As can be seen from
Fig. 5, the radius of the semicircular curve of ZnO film and
ZnO nanosheet cells are much larger than that of ZnO
nanowire cell, which indicates that the impedances of ZnO
film and nanosheet DSSCs are much larger than that of the
ZnO nanowires.

The photo-generated electrons from the dye can be injected
into the ZnO photoanode and collected by the conductive
substrate electrode. Besides the transport resistance of photo-
anode itself, such photoexcited carriers can also recombine
with the excited dye. The finally collected electrons for
photocurrent are the result of such competition between the
transport and recombination. Single-crystal nanowires can
provide more direct paths for electron transport from injection

a

40000 - = ZnoO film
® ZnO nanosheets

35000

30000 -
25000 - - e
20000 -
15000 ~

impedance -Z"/(Ohm)

10000 - o "

5000 -

T T T T
0 20000 40000 60000 80000

impedance Z'/(Ohm)

4 ZnO nanaowire

600 -
500 + A A

400 + A
300 + P “

200 +

impedance -Z"/(Ohm)

A
A
A
A
100 + 4
i A
0 T T T T
0 500 1000 1500 2000
impedance Z'/(Ohm)

Fig. 5. EIS curves of different DSSC assembled with ZnO nanostructures.

to collection [33]. So the recombination reduced when photo-
electrons injected into the nanowire photoanode. Compared
with the ZnO film and nanosheet DSSCs, the scattering and
trapping of the electrons at the photoanode grain boundaries
reduce significantly and the opportunity of recombination
between electron and excited dye is also smaller. Therefore,
the ZnO nanowire-based DSSC shows smaller impedance and
has bigger open-circuit voltage, which both enhances the
photovoltaic efficiency.

4. Conclusions

In summary, ZnO nanowire, nanosheet, and film were
grown with electrochemical deposition by just changing the
concentration of the precursor solution. The formation of ZnO
nanowire arrays was the result of the rapid growth along the
(001)-direction for the c-axis oriented nuclei in thermodynamic
equilibrium, while the ZnO film and nanosheets were the result
of the growth in the non-equilibrium. The different types of
ZnO nanostructures grown on conductive substrates were used
as photoanodes for DSSCs. The photovoltaic performance of
DSSCs showed that ZnO nanowire has a large specific surface
area to absorb a large amount of dye. The enhanced scattering
of nanowire arrays can improve the utilization of light and
provide direct paths for the collection of photoexcited carriers.
So the ZnO nanowires DSSC show the highest photoelectric
conversion efficiency. However, the efficiency is still low, and
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it has a long way for us to go to optimize the structure of ZnO
photoanodes.
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