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In this study, the effect of morphology and defect density of ZnO nanostructures on photovoltaic per-
formance and electron transport properties of Dye-sensitized solar cells (DSSCs) have been investigated
by using highly stable electrolytes which consist of high boiling organic solvents and a mixture of ionic
liquids with relatively low viscosity. Two different ZnO nanoarrays with rod and sheet morphologies
were fabricated and assembled for photovoltaic and electron transport study of the DSSCs. A photo-
luminescence spectra study indicated that nanosheets had more defect density compared to nanorods,
which resulted in a lower open circuit photovoltage. Electrochemical impedance spectroscopy (EIS) and
dye absorption amount analysis further explained the high short-circuit current density (Jsc) of the DSSC
with ZnO nanosheet structure based on the dye-loading amount, effective electron lifetime and electron
density.

& 2015 Elsevier Ltd. All rights reserved.ий
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1. Introduction

DSSCs based on nanostructured metal oxides have attracted
great attention of researchers in the recent years [1–3]. Prepara-
tion technologies of DSSCs are much easier and cheaper than that
of solar cells based on p–n junction [4]. The efficiency of DSSCs has
reached a value of more than 10% [5], and the efficiency of or-
ganic–inorganic perovskite solar cells, which are also based on
metal oxides, has exceeded 15% [6].

One of the key components of the DSSCs is a metal oxide
semiconductor photoelectrode which performs a double function:
(1) It is a scaffold with a large specific surface needed for the dye
loading, and (2) at the same time it is an electron transport ma-
terial [1]. Most studies focus on nanostructured TiO2 as photo-
electrode of DSSCs. The TiO2-based DSSC has shown the highest
efficiency so far.

ZnO nanostructures are alternative material as a photoelec-
trode of DSSC. The bandgap and the conduction band edge posi-
tion of ZnO is approximately the same as that of TiO2 [7–14].
However so far, the efficiency of DSSCs based on ZnO nanos-
tructures is lower than one based on TiO2. The efficiency of DSSCs
based on multilayer assembly of ZnO nanowire arrays has reached
7% [15].
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Several reports suggest that dye adsorption is the major pro-
blem in ZnO-based DSSCs [16–18]. DSSCs with high dye loading
tend to be inefficient, whereas cells with lower dye loading show
good quantum efficiencies. These problems are mainly related to
the high acidity of the carboxylic acid binding groups of the dyes
that can lead to dissolution of ZnO and precipitation of dye-Zn2þ

complexes, leading to a poor overall electron injection efficiency of
the dye [18].

According to Guillén et al. [19], the majority of studies re-
garding ZnO-based DSSCs have been focused on searching for
suitable dyes for ZnO. However, in comparison with TiO2, less
detailed studies of electron transport and recombination have
been carried out on DSSCs based on ZnO nanostructures.

In this paper, we studied the effect of morphology of low-di-
mensional ZnO nanostructures (nanorods and nanosheets) and its
defect density on the photovoltaic and electron transport proper-
ties. ZnO nanorods and nanosheets were synthesized by hydro-
thermal and electrochemical deposition methods, respectively.
Nanorods and nanosheets are nanocrystals with wurtzite crystal
structure and have high specific surface. A contribution of crystal
face (0001), which is a polar plane, is prevailing for nanosheets.
This is the reason why these two nanostructures are of great in-
terest as there is possibility to evaluate the influence of polar
plane, defect density, and morphology of these nanostructures on
photovoltaic and electron transport properties. In this work, the
effect of morphology and defect density of ZnO nanostructures on
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photovoltaic performance and electron transport properties of
DSSCs have been investigated in presence of the highly stable
electrolytes (including the high boiling organic solvent and a
mixture of ionic liquids with relatively low viscosity) using the
following approaches: photoluminescence study, electrochemical
impedance spectroscopy, analysis of dye-loading amount in the
photoelectrodes in parallel with solar cell performance
measurement.
Fig. 1. Schematic cross-sectional image of DSSC based on ZnO nanostructures.

Table 1
Photovoltaic performances of DSSCs consisting of the nanorod and nanosheet ar-
rays of ZnO and with electrolyte 1.

JSC, mА/сm2 VOC, V FF

DSSС based on the nanorod array 0.68 0.66 0.52
DSSC based on the nanosheet array 3.72 0.37 0.36
2. Experimental

2.1. Preparation of ZnO nanorods

2.1.1. Preparation of ZnO seed layers
ZnO seed layers were prepared by the sol–gel spin coating

fabrication process [20]. Zinc acetate dehydrate [(Zn
(CH3COO)2 �2H2O, Sigma Aldrich)] was dissolved in the mixed
solution of monoethanolamine (C2H7NO, Sigma-Aldrich) and iso-
propyl alcohol. The concentrations of both zinc acetate dehydrate
and monoethanolamine in the resulting solution are 0.5 M. The
coating solution was spin-coated onto ITO substrates at 3000 rpm
for 5 times. The ITO substrates were subsequently annealed at
400 °C in air for 30 min in order to convert zinc acetate to ZnO.

2.1.2. Hydrothermal deposition
ZnO nanorods were prepared in our lab according to hydro-

thermal approach. ZnO nanorods were grown by vertically placing
the ZnO-seeded ITO substrates in solutions with 25 mM Zn(NO3)2
(Sigma-Aldrich) and 25 mM hexamethylenetetramine (C6H12N4,
Sigma-Aldrich) at 90 °C for 10 h. In order to obtain a constant
nanorod array growth rate, the solutions were refreshed during
the reaction period (solution turnover time 2 h). Subsequently, the
substrates were washed with water/ethanol and annealed at
400 °C for 30 min to remove any residual organics.

2.2. Preparation of ZnO nanosheets

The ZnO nanosheets were fabricated by the electrochemical
deposition of the arrays of hexagonal Zn5(OH)8Cl2 nanosheets,
followed by a pyrolytic transformation of Zn5(OH)8Cl2 into ZnO
nanosheets. The arrays of hexagonal Zn5(OH)8Cl2 nanosheet were
electrodeposited on ITO in the aqueous electrolyte of 0.05 M Zn
(NO3)2 and 0.1 M KCl with a three-electrode electrochemical
configuration. In brief, an ITO substrate, a graphite electrode, and a
saturated Ag/AgCl electrode were used as the working electrode,
the counter electrode, and the reference electrode, respectively.
The electrodeposition was performed at �1.1 V and 50 °C for
30 min. Upon thermal treatment at 400 °C in air, the obtained
Zn5(OH)8Cl2 nanosheets were converted into ZnO nanosheets via
solid-state crystal phase transformation, without altering the
hexagonal sheetlike shape.

2.3. Assembly of DSSC

The ZnO-based photoanodes, each with an active surface area
of 0.2 cm2, were dyed by immersing them in a dry ethanol solution
containing 0.5 mM of N719 (Solaronix) at 50 °C for 1 h. An ITO
substrate coated with Pt was used as the counter electrode. Pt coat
was prepared by electrodeposition methods on ITO that can be
found elsewhere [21,22]. The DSSC was fabricated by placing the
Pt-coated counter electrode over the dyed ZnO-based photoanode
separated by a 25 mm thick thermoplastic sealing spacer (Meltonix
1170-25, Solaronix) that determines the thickness of the electro-
lyte layer. The internal space of cell was filled with a highly stable
liquid electrolyte. It used two different electrolytes: (1)-Iodolyte
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Z-150 (Solaronix; Redox couple: iodide/tri-iodide; redox con-
centration: 150 mM; additives: ionic liquid, alkylbenzimidazole,
thiocyanate; solvent: 3-methoxypropionitrile) and (2)-Mosalyte
TDE-250 (Solaronix; Redox couple: Iodide/tri-iodide; redox con-
tent: iodine/ionic liquid [1/24, 160 mM]; notable additive: alkyl-
benzimidazoleIonic; liquid content: 1-ethyl-3-methylimidazolium
iodide; 1,3-dimethylimidazolium iodide; 1-ethyl-3- methylimida-
zolium tetracyanoborate). Iodolyte Z-150 and Mosalyte TDE-250
further in this paper will be called electrolyte 1 and electrolyte 2,
respectively. Schematic cross-sectional image of DSSC based on
ZnO nanostructures is shown in Fig. 1.

2.4. Measurements

The surface morphology of obtained nanostructures was char-
acterized on a field-emission scanning electron microscope (FES-
EM MIRA-3, Tescan). The luminescence spectrum of ZnO nanos-
tructures was measured on a highly sensitive fiber-optic spectro-
photometer AvaSpec-2048 at room temperature; photoexcitation
of samples was performed by the third harmonic of a neodymium
laser LCS-DTL-374QT (λ¼355 nm, τ¼7 ns, E¼5 mJ). The absorp-
tion spectrum was measured by the spectrophotometer (AvaSpec-
2048) at room temperature after the dye molecules were desorbed
from ZnO nanostructures in 0.1 mol/L NaOH solution of water and
ethanol (50:50, v/v). The photocurrent–voltage characteristics
were measured using a Source Meter instrument (Keithley 2400)
by irradiating with simulated solar light, that is, AM 1.5 100 mW/
cm2 (PET Photo Emission Tech., Inc). The cell active area was
0.2 cm2. The impedance of the cells was measured by using an
impedance meter (Z-500PRO, Elins). All impedance measurements
were performed under a bias light illumination of 100 mW/cm2

from a simulated solar light (PET Photo Emission Tech., Inc) at
open circuit condition. Impedance measurement of cells was re-
corded in a frequency range from 0.05 Hz to 200 kHz with an AC
amplitude of 10 mV.
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3. Result and discussion

Photovoltaic properties of the DSSC cells with nanorod and
nanosheet arrays were measured and listed in Table 1. Fig. 2 shows
the SEM images of nanorod and nanosheet arrays obtained by
hydrothermal and electrochemical methods, respectively. Fig. 3
shows current–voltage characteristics of DSSCs consisting of the
newly synthesized ZnO nanostructures and electrolyte 1.

As shown in Fig. 3 and Table 1, it is found that the short-circuit



Fig. 2. SEM images of arrays of ZnO nanorod (on the left) and nanosheet (on the right). The insets are cross sectional images of nanostructures.
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Fig. 3. Current–voltage characteristic of DSSCs based on the ZnO nanorod and
nanosheet arrays.
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Fig. 4. UV–vis absorption spectra of dyes desorbed from ZnO nanostructures.
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Fig. 5. The normalized PL spectra of nanosheet and nanorod arrays of ZnO. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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current density (Jsc) of the nanosheet array (NSh cell) cell is almost
5–6 times more than Jsc of the nanorod array (NR cell) -based cell.
However, the open circuit voltage (VOC) of NSh cell is almost two
times lower than Uoc of NR cell and the fill factor (FF) NSh cell is
significantly lower than FF of NR cell.

Since the same dye was used, the large contrast between Jsc of
the two cells is most likely because these two structures have the
different surface areas and different light scattering properties.
Obviously, the nanosheet structure has a feature size comparable
to the light wavelength, which may generate stronger light scat-
tering and increase the current density, however, for determina-
tion of the influence of light scattering properties needs further
investigations. However, it is also possible that photoexcited
electrons inject more efficiently from the dye molecules into ZnO
through the polar face of ZnO, which has the extremely large
contribution to the total surface areas of the nanosheet array. As
mentioned above, the poor electron injection from the dye into
ZnO is the main challenge of DSSCs based on ZnO. The absorption
of desorbed dye molecules in the NaOH solution is shown in the
Fig. 4. It is clearly seen from the dye absorption spectrum that the
dye absorption amount loaded on nanosheet array are significantly
larger than that on nanorod array. This result indirectly implies
that surface area of nanosheet array is larger than that of nanorod
array.

A significant impact on the cell photovoltage has the defect
density of the semiconductor. Defects can be electron traps and
can lower the concentration of the injected electron in the con-
duction band of the semiconductor. The photovoltage of the cell
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 corresponds to the increase of the quasi-Fermi level of the semi-

conductor, EFn, under a constant illumination with respect to the
dark value, EF0, which equals the electrolyte redox energy [23]. The
quasi-Fermi level of the semiconductor depends on the electron
concentration in the conduction band, n, and given by the fol-
lowing equation [23]:

V E E e k T e
n
n

/ / lnOC Fn F0 B
0

= − = ( )

Here kBT is the thermal energy, e is the positive elementary
charge, and n0 is the concentration in the dark. Clearly, the trap-
ping has a major impact on the VOC generated by a constant
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Fig. 7. Nyquist plots of DSSCs performed under illumination at the applied bias of
Voc. The solid lines are the fitting results from the equivalent circuit model of ZnO
DSSCs. The inset is Bode phase plots.
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illumination. Therefore, the low value of VOC of NSh in comparison
with VOC of NR cell may be related to the effect of defects.

The photoluminescence (PL) properties of nanosheets and na-
norods have been investigated to qualitatively evaluate their
crystallinity. Fig. 5 shows the PL spectra of nanosheets (red line)
and nanorods (black line). For the two samples, a sharp emission
peak at 380 nm and a broad band with two peaks centered at
546 nm and 576 nm were observed. The UV emission can be at-
tributed to recombination of the free excitons or near band edge
emission of the wide band-gap ZnO [23,24]. The visible light
emission, relating to defects, is generally assigned to oxygen va-
cancies or zinc interstitials [25,26]. From comparison of the two
lines, it can be observed that the black line exhibits a very strong
UV emission and a negligible visible emission, while the red line
shows a relatively strong visible emission. Their ratios of UV/
visible emissions are 7.7 and 0.17 under our current measurement
conditions, respectively. This result indicates that the nanosheets
have much more defect density, or it is due to the different dis-
order or defects located at different crystal planes [27,28].

In the DSSCs based on TiO2 films, the majority of the photo-
injected electrons are located in trap states in the nanostructured
TiO2 film [29,30], leading to a trapped electron density that greatly
exceeds the conduction electron density. These electrons must be
released thermally to the conduction band before they can reach
the interface and transfer to I3-ions. These trapping and detrapping
transport models of photoinjected electrons have been confirmed
by the data of electrical impedance spectroscopy (EIS), intensity-
modulated photovoltage spectroscopy (IMVS) and photovoltage
decay measurements [29–31].

Electrochemical impedance spectroscopy (EIS) was used to
further examine the influence of morphology and a defect density
of these ZnO nanostructures on electron transport properties of
the cells. General transmission line model of ZnO nanostructured
DSSCs, as shown on Fig. 6, based on the diffusion–recombination
model proposed by Bisquert [32] is applied to analyze the electron
transport properties in the cells. The Nyquist plots for impedance
data of the NSh and NR cells and the fitting results are shown in
Fig. 7 and Table 2 respectively. The electron transport parameters
of the ZnO nanostructured cells were estimated from the Nyquist
plots according to the procedure demonstrated by Adachi et al.
[33]. It is shown in Table 2 that the electron densities at the steady
state (ns) in the conduction band of NSh-ZnO cell is approximately
3–4 times larger than that of NR- ZnO cell. This result implies that
larger number of electrons is injected in NSh, which are consistent
with high JSC. Moreover, For NSh-ZnO cell, the effective electron
lifetime (τeff) in NSh is higher than τeff in NR (see the inset in
Fig. 5b). According to Bisquert et al. [34,35], the electron diffusion
length (Ln¼(D*τeff)½ is found to vary with electron density and
proportional to (τeff)1/2. The collection diffusion length, Lc, de-
termines the short circuit current of a solar cell which is illumi-
nated with light of near-bandgap wavelength [36,37]. Therefore,
the high electron density and longer electron life time in NSh-ZnO
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Fig. 6. General transmission line model of ZnO nanostructures-based DSSCs.
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cell are to some degree explain the high short circuit current of the
cell.

Further, in our study, we used a highly stable electrolyte based
on a mixture of ionic liquids with relatively low viscosity (elec-
trolyte 2). Fig. 8 and Table 3 show current–voltage characteristics
and photovoltaic performance of DSSC based on ZnO nanosheet
array and electrolyte 2. For comparison, the data for DSSC based on
ZnO nanosheet and electrolyte 1 also are shown.

As shown in Fig. 8 and Table 3, UOC of the cell with the elec-
trolyte 2 is virtually 1.5 times higher than that of the cell with
electrolyte 1. On contrary, JSC of the cell with electrolyte 2 is rela-
tively lower than that of the cell with electrolyte 1. The variation of
VOC is either related to the recombination losses or the energy
difference between conduction band edge of ZnO and the standard
redox potential of I3

−/I- [38]. Fig. 9 shows the mid-frequency range
of EIS spectra (Bode phase plots) of the NSh cell with electrolyte 2
(blue curve) and the NSh cell with electrolyte 1 (red curve). Peaks
of the blue and red curves are nearly at the same frequency. This
indicates that the effective electron lifetime and the recombina-
tion rate constant in cells with these different electrolytes differ
insignificantly. Therefore, the difference between photovoltage of
these cells is negligible due to the recombination losses and the
energy difference between conduction band edge of ZnO and the
standard redox potential of I3

−/I� , which are determined by nature
of the electrolytes used.
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4. Conclusion

In this study we have investigated the properties of DSSСs with
ZnO nanorod and nanosheet arrays. The nanosheets have a larger
defect structure than the nanorods, which was confirmed by a
relatively strong visible/defect emission. DSSC short circuit current
based on nanosheet has been 5–6 times larger than that based on
nanorods. This result is explained by the two studies; One is the
more dye loading on nanosheet arrays confirmed by UV–vis ab-
sorption spectra of desorbed dye molecules; The other is high
electron density and effective life time in the NSh-ZnO cell. The
effective electron lifetime in nanosheets is approximately two
times larger than that in nanorods. However, we do not exclude
the possibility that the electron photoinjection from the dye mo-
lecules into ZnO more effectively occurs through the ZnO polar
plane (0001), which makes the dominant contribution to the
surface area of the nanosheets, unlike the nanorods. The photo-
voltage of DSSC with the nanorod array has been almost two times
more than that of the cell with nanosheet array. It can be related to
the high electron trap density in nanosheet, which can lower the
electron quasi-Fermi level. DSSC consisting of the nanosheet array
and an electrolyte, which is made of a mixture of ionic liquids of



Table 2
Electron transport properties of ZnO nanostructures estimated by EIS analyses.

Thickness, mm Rw, Ω Rk, Ω Rk/Rw keff, s�1 τeff, ms ns, cm�3

NSh DSSC 4.2 35 152 4.34 254 3.94 4.86�1016

NR DSSC 3.3 7 85 12.14 271 3.69 1.39�1016
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Fig. 8. Current–voltage characteristic DSSCs based on the ZnO nanosheet arrays
with different electrolytes.

Table 3
Photovoltaic performance of DSSCs based on the ZnO nanosheet arrays with dif-
ferent electrolytes.

JSC, mА/сm2 VOC, V FF

DSSC based on ZnO nanosheet and electrolyte 2 3.57 0.52 0.45
DSSC based on ZnO nanosheet and electrolyte 1 3.72 0.37 0.36
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Fig. 9. Phase of EIS spectra of cell with the two different electrolytes. (For inter-
pretation of the references to color in this figure, the reader is referred to the web
version of this article.)
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relatively low viscosity, has shown improved values of the pho-
tovoltage and efficiency that is explained by influence of nature of
electrolytes on the energy difference between conduction band
edge of ZnO and redox standard potential of the redox couples.
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