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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been regarded as
promising devices for energy applications because of their
advantages of low cost, ease of manufacture, and use of low
toxicitymaterials.1,2 The photoelectrode inDSSC, which is based
on mesoporous wide-band gap semiconductor nanocrystalline
films sensitized by a monolayer of dye molecules, represents the
heart of the device. A very important feature provided by the
mesoporous nanocrystalline films is the high internal surface area
(1000�2000 times the area of a flat/smooth electrode), which
ensures sufficient dye loading for the photoelectrode and thus
good light harvesting efficiency for the cell. To date, the DSSC
with power conversion efficiency over 11% has been achieved
with 20 nm titanium dioxide (TiO2) nanocrystalline film sensi-
tized by ruthenium-based dyes.3,4 Nevertheless, the present
benchmark power conversion efficiency obtained by researchers
is still too low in comparison to the theoretical value (32%)
predicted for a single junction cell.5 It has been demonstrated
that the trap-detrap diffusion process of electron transport in
mesoporous nanocrystalline film, mainly caused by the defects in
the nanocrystalline film, is a major limiting factor for achieving
higher power conversion efficiency.6�9 Replacing the mesopor-
ous nanocrystalline films with one-dimensional (1D) zinc oxide
(ZnO) nanostructures, such as nanowire arrays10 or nanotube
arrays,11 is considered to be an effective way to tackle this issue,

not only because 1D ZnO nanostructures can afford a direct
conduction pathway for the photogenerated electron, but also
because they exhibit much more higher electronic mobility
(200�1000 cm2 V�1 s�1) than TiO2 nanostructures (0.1�
4.0 cm2 V�1 s�1), which would be favorable for rapid electron
transport in photoelectrode with reduced recombination loss.12�14

The power conversion efficiencies of the 1D ZnO nanostructure-
based devices, however, are restricted to a relatively low level by
the low light harvesting efficiency, which is the result of low
internal surface area provided by 1D nanostructure photoelec-
trodes. Thus hierarchical ZnO nanostructures combining multi-
scale configurations, such as dendritic nanowires,15,16 tetrapod-
like nanostructures,17 nanoflower structures,18 and nanowire-
nanosheet architectures,19 are introduced, aimed at enlarging internal
surface area of the photoelectrode while keeping high electron
transport efficiency. For example, Jiang et al. fabricated a
hierarchical ZnO nanoflower DSSC with a power conversion
efficiency of 1.9% via hydrothermal approach, which is the
highest efficiency in ZnO nanowire-based DSSCs.18 Cheng
et al. also reported a hierarchical branched ZnO nanowire
photoelectrode by hydrothermal method, which exhibited an
improved efficiency of 1.5% compared to the DSSC fabricated
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with 1D ZnO nanowires.20 Xu et al. synthesized a hierarchical
ZnO nanowire-nanosheet architectures by an electrochemical-
hydrothermal process. The DSSC based on such hierarchical
nanostructure exhibited a high power conversion efficiency of
4.8%, which is nearly twice as high as that of nanosheet DSSC.19

Accordingly, hierarchical ZnO nanostructures might be a good
candidate material for the photoelectrode in DSSC.

Hierarchical ZnO nanostructures can be synthesized by a
variety ofmethods, such as chemical-vapor-deposition (CVD),15,16,21

thermal evaporation,22�24 hydrothermal synthesis,18,20,25 and
electrodeposition process.26 Low-temperature process, high
growth rate, ease of production on large-area substrate, and
convenient operation are some of the advantages offered by
electrodeposition, which are significant for further industrial
applications. Electrodeposition of ZnO nanostructures is gen-
erally based on the generation of OH� ions at the surface of
working electrode by electrochemical reduction of precursors
such as O2,

27 NO3
�,28 and H2O2

29 in Zn2+ aqueous solution.
During the deposition process, OH� ions are produced in terms
of eqs 1, 2, or 3 after certain potential is applied. Then Zn2+ ions
in the vicinity of working electrode react with OH� ions,
resulting in formation of zinc hydroxide (Zn(OH)2) (eq 4).
Finally, ZnO is produced by dehydration of Zn(OH)2 (eq 5).

O2 + 2H2O + 4e� f 4OH� ð1Þ

NO3
� + H2O + 2e� f NO2

� + 2OH� ð2Þ

H2O2 + 2e
� f 2OH� ð3Þ

Zn2+ + 2OH� f ZnðOHÞ2 ð4Þ

ZnðOHÞ2 f ZnO + H2O ð5Þ
The morphology of the as-synthesized ZnO nanodeposits
strongly depends on the experimental conditions, particularly
the Zn2+concentration, which might change the reaction rate of
the hydroxylation (eq 4) and dehydration (eq 5), thereby
enabling modifying the growth behavior of ZnO nano-
deposits.27,30 In the electrolyte containing a low concentration
of Zn2+, the dehydration reaction is faster than the hydroxylation
one.27,30 Thus, Zn(OH)2 can be converted into ZnO as soon as
it is produced, leading to formation of 1D ZnO nanostructures
(e.g., nanorods, nanowires, or nanopillars) because of the
anisotropic growth along the [0001] direction of the hexagonal
wurtzite structure.27,30�35 However, the formation of ZnO
produced by dehydration of Zn(OH)2 could be delayed because
of the relatively faster hydroxylation reaction in the case of
high Zn2+ concentration. As a result, the growth along [0001]
direction might be replaced by other preferred growth direction,
such as [0110] or [1010],20,36 which can give rise to formation of
2D nanostructures (e.g., nanosheets or nanowalls).27,30 Accord-
ingly, hierarchical ZnO nanostructures could be obtained by
designing a multistep electrodeposition process, in which the Zn2+

concentrations in different steps are adjusted in order to obtain
ZnO nanodeposits with desired morphologies.26

Herein we introduce a designed two-step electrodeposition
process to synthesize hierarchical ZnO nanorod-nanosheet
structures on indium tin oxide (ITO) substrate for application
in DSSC. The two-step synthesis process consists of the electro-
deposition of primary ZnO nanosheet arrays on ITO substrate
and the electrochemical growth of secondary ZnO nanorods on

the backbone of the primary nanosheets. The formation mecha-
nism of the hierarchical nanostructure is discussed in detail. The
DSSC based on the synthesized hierarchical nanostructure
exhibits improved power conversion efficiency compared to
the DSSC constructed with bare ZnO nanosheets, which can
be ascribed to the enlargement of internal surface area within
the photoelectrode, caused by the introduction of the secondary
nanorods. We also perform a study to determine the optimum
geometric dimensions of the hierarchical ZnO nanostructure
photoelectrode through adjusting the preparation conditions of
the two-step deposition process. By using the optimized pre-
paration conditions, the DSSC with an open-circuit voltage of
0.74 V and an overall power conversion efficiency of 3.12% is
achieved.

2. EXPERIMENTAL DETAILS

2.1. Preparation of ZnO Nanosheet Arrays and Hierarch-
ical ZnO Nanorod-Nanosheet Structures. All reagents were
analytical grade and used without further purification. All aqueous
solutions were prepared using double distilled water. Electrodeposition
of ZnOnanostructures was performedwith an electrochemical analytical
instrument (CHI 760C) in a standard three electrodes system. Pt spiral
wire and saturated calomel electrode (SCE) served as counter electrode
and reference electrode, respectively. Electrolytes were 0.05 M Zn-
(NO3)2 and 1 mMZnCl2 aqueous solution (bubbling with saturated O2

during the reaction process) respectively for the first- and second-step
deposition process and 0.1 M KCl was introduced into these two
electrolytes as supporting electrolyte. The electrochemical cell was held
at different temperatures and the applied potential was maintained at
�1.0 V vs SCE for both the first- and second-step deposition process.
Hierarchical ZnO nanorod-nanosheet structures were synthesized by a
two-step electrodeposition process. First, ZnO/Zn5(OH)8Cl2H2O nano-
sheet arrays were electrodeposited on ITO substrate (10 Ω cm�2,
Nippon Sheet Glass) in the electrolyte of 0.05MZn(NO3)2. Prior to the
depositions, the ITO substrate was cleaned ultrasonically 10 min in
acetone, 10 min in ethanol and then rinsed with distilled water. Second,
the as-synthesized ZnO/Zn5(OH)8Cl2H2O nanosheets were annealed
in the air at 400 �C for 10 min to produce ZnO nanosheet arrays by
decomposition of Zn5(OH)8Cl2H2O. Hierarchical ZnO nanorod-
nanosheet structures were finally obtained by using the ZnO nanosheet
arrays as working electrode for the second-step deposition process in the
electrolyte of 1 mM ZnCl2 (bubbling with saturated O2).
2.2. Photoelectrochemical Measurement. The fabrication of

ZnO nanostructure-based DSSCs were performed as follows: photo-
electrodes of DSSCs were prepared by immersing the ZnO nanodepo-
sits on ITO substrates into an ethanolic solution of 0.3 mM cis-
bis(isothiocyanato)bis(2,20-bipyridyl-4,40-dicarboxylato)-ruthenium-
(II) bis-tetrabutylammonium (N719, Solaronix) at 60 �C for 90 min.
Then the samples were rinsed with ethanol to remove excess dye
adsorbed. The sensitized electrodes were sandwiched together with
thermally platinized FTO counter electrodes separated by about 50 μm
thick spacers. The area of active electrode was 0.12 cm2. The internal
space of the two electrodes was filled with an electrolyte of 0.1 M LiI,
0.5 M 1,2-dimethyl-3-propylimidazoliumiodide, 0.03 M I2, and 0.5 M tert-
butylpyridine in 3-methoxypropionitrile by capillary action. The photo-
current�voltage (J�V) characteristics of the cells were studied using an
AM 1.5 G simulated sunlight system (100 mW cm�2) (Newport
Corporation) with an electrochemical instrument (CHI 760C).
2.3. Characterization. The morphology and dimension of the

products were characterized by scanning electron microscope (SEM;
Hitachi S4800) operated at 10 kV. The crystal structure of the products
was examined by X-ray diffraction (XRD;D/MAX-PC 2500 with CuKR
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radiation and a normal θ-2θ scan). Further structural analysis of the
nanodeposits was carried out using transmission electron microscope
(TEM; Tecnai F30) operated at 200 kV. The surface composition of the
as-synthesized nanodeposits was analyzed by X-ray photoelectron
spectroscopy (XPS; Kratos AXIS-Ultra) with a monochromatic Al KR
X-ray source (1486.7 eV). The thermal decomposition behavior of the
ZnO/Zn5(OH)8Cl2H2O nanodeposits synthesized by first-step deposi-
tion process was examined by thermogravimetry-differential thermal
analysis (TGA-DTA-DSC; TA Instruments Q600SDT) with a heating
rate of 10 �C min�1 in a static air atmosphere. The dye adsorption
capacity of the photoelectrodes was determined as follows: the sensi-
tized ZnO nanostructure photoelectrodes (1 cm2) were separately
immersed into a 0.1 M NaOH water�ethanol (with volume ratio of
1:1) solution (10 mL), which could result in desorption of dye molecule
(N719) from the photoelectrode. The absorbance of the resulting
solution was then analyzed with UV�vis spectrophotometer (XinMao
UV7502PCS). The adsorbed amount of dye was determined by the
molar extinction coefficient of 1.41 � 104 L mol�1 cm�1 at 515 nm for
N719 as reported previously.37,38

3. RESULTS AND DISCUSSION

3.1. Preparation of Hierarchical ZnO Nanorod-Nanosheet
Structures and Their Photovoltaic Properties. SEM images of
ZnO nanostructures synthesized by electrodeposition approach
are presented in Figure 1a-c. It can be seen from Figure 1a that
sheetlike nanodeposits are produced from the electrolyte of
0.05 M Zn(NO3)2. There are diffraction features for both ZnO
(JCPDS: 01�080�0074) and Zn5(OH)8Cl2H2O (JCPDS:
00�007�0455) shown in XRD pattern (Figure 2a), indicating
that thenanodeposits are compoundofZnOandZn5(OH)8Cl2H2O.
This is in agreement with the EDS spectrum (Figure 1d), in
which an obvious Cl peak can be observed. The formation of
Zn5(OH)8Cl2H2O can be attributed to the high concentra-
tion of Zn2+ in electrolyte, which gives rise to the large ionic
products ([Zn2+][OH�]2 or [Zn2+][OH�]x[Cl�]y) in solu-
tion and hence the precipitation of Zn(OH)2 (eq 4) or zinc
hydroxylchloride compounds (Zn(OH)xCly) (eq 6) in the
as-synthesized nanodeposits, as demonstrated by Peulon and
co-workers.27

Zn2+ + xOH� + yCl� f ZnðOHÞxCly ð6Þ

After annealing in the air at 400 �C for 10 min, the intensity of Cl
peak in EDS spectrum is weakened (Figure 1e) because of the
pyrolysis of Zn5(OH)8Cl2H2O (eq 7).

Zn5ðOHÞ8Cl2H2O f 5ZnO + 4H2O v + 2HCl v ð7Þ
From XRD pattern shown in Figure 2b, it is clear that the ZnO/
Zn5(OH)8Cl2H2O nanosheets are almost converted into ZnO
nanosheets. The results of XPS analysis presented in Figure 3
provide an additional evidence of this conversion. Figure 3a
compares the O 1s XPS spectra of the ZnO/Zn5(OH)8Cl2H2O
nanosheets before and after annealing treatment, from which a
shift in O 1s binding energy can be found. The higher O 1s
binding energy (531.6 eV) is assigned to the hydroxyl groups
located at the surface of the nanosheets,39�42 suggesting the
presence of Zn5(OH)8Cl2H2O in the nanodeposits. Since the
oxygen atoms in the oxide are more negatively charged than
those in the M�OH species, the O 1s binding energy for ZnO
nanosheets that are obtained by annealing ZnO/Zn5(OH)8-
Cl2H2O nanosheets decreases to 530.4 eV, which agrees well to
the values obtained by other researchers.39�41,43,44 The lower O
1s binding energy for the hierarchical ZnO nanorod-nanosheets

Figure 1. SEM images of ZnOnanostructures synthesized by electrodeposition process: (a) ZnO/Zn5(OH)8Cl2H2Onanosheet arrays, (b) ZnOnanosheet
arrays obtained by annealing the ZnO/Zn5(OH)8Cl2H2O nanosheet arrays, (c) hierarchical ZnOnanorod-nanosheet structures. (d�f) Corresponding EDS
spectra for (a), (b), and (c), respectively. Electrodeposition conditions of the ZnO/Zn5(OH)8Cl2H2O nanosheet arrays: T = 70 �C, CZn

2+ = 0.05 M
(Zn(NO3)2), E = �1.0 V, t = 1 h. Electrodeposition conditions of the hierarchical ZnO nanorod-nanosheet structures, first-step deposition: T1 = 70 �C,
CZn

2+ = 0.05 M (Zn(NO3)2), E1 = �1.0 V, t1 = 1 h; second-step deposition: T2 = 80 �C, CZn
2+ = 1 mM (ZnCl2), E2 = �1.0 V, t2 = 1 h.

Figure 2. XRD patterns of (a) ZnO/Zn5(OH)8Cl2H2O nanosheet
arrays, (b) ZnO nanosheet arrays, and (c) hierarchical ZnO nanorod-
nanosheet structures.
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demonstrates that the surface of the synthesized hierarchical
nanostructures mainly consists of ZnO, suggesting the faster
formation rate of ZnO (eq 5) in the second-step deposition
process. The Cl 2p XPS spectra of the synthesized nanodeposits
(Figure 3b) presents an evident variation in Cl features for the
nanosheets before and after annealing treatment, which is
consistent with the EDS results shown in Figure 1d and e.
Moreover, because of the decomposition of Zn5(OH)8Cl2H2O,
the original smooth surface of the nanosheets becomes rougher,
with lots of asperities formed on the surface of the ZnO
nanosheets (Figure 4a). These asperities possess high surface
energy and hence could serve as active centers for nucleation of
ZnO. During the second-step deposition process, ZnO nuclei
prefer to nucleate on these active centers and then grow up into
1D nanorods because of the anisotropic growth along [0001] dir-
ection in the electrolyte containing low Zn2+ concentration.27,30�35

Hierarchical ZnO nanorod-nanosheet structures are finally pro-
duced with the increase in the length of the secondary nanorods,
as presented in Figures 1c and 4b.
Further structural characterizations of the as-synthesized

nanodeposits were performed with TEM. Figure 5a displays a
lower-magnification TEM image of the ZnO/Zn5(OH)8Cl2H2O
nanosheets synthesized by the first-step deposition process. The
lattice spacing measured from the corresponding high revolu-
tion TEM (HRTEM) is 0.28 nm (Figure 5b), which is in
good agreement with the (0110) crystal planes of wurtzite
ZnO, indicating that the nanosheets grow along the [0110]

crystallographic direction. The inset of Figure 5b shows the
selected-area electron diffraction (SAED) pattern of the nano-
sheets, which demonstrates the crystalline nature of the na-
nosheets and confirms the [0110] growth direction of the
nanosheets. Figure 5c displays a TEM image of the hierarchical
ZnO nanorod-nanosheet structures synthesized by the two-step
deposition process, the inset of which shows a secondary ZnO
nanorod in the hierarchical nanostructure. The HRTEM image

Figure 3. (a) O 1s and (b) Cl 2p XPS spectra of ZnO/Zn5-
(OH)8Cl2H2O nanosheet arrays, ZnO nanosheet arrays, and hierarch-
ical ZnO nanorod-nanosheet structures.

Figure 4. High-magnification SEM images of (a) ZnO nanosheets and
(b) hierarchical ZnO nanorod-nanosheet structures.

Figure 5. (a) TEM image of ZnO/Zn5(OH)8Cl2H2O nanosheet, (b)
HRTEM image of a section of ZnO/Zn5(OH)8Cl2H2O nanosheet, the
inset of (b) shows the corresponding SAED pattern of the nanosheet,
(c) TEM image of the hierarchical ZnO nanorod-nanosheet structure,
(d) HRTEM image of a secondary ZnO nanorod in the hierarchical
nanostructure, the inset of (d) shows the corresponding SAED pattern
of the nanorod.
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of the ZnO nanorod shown in Figure 5d reveals a lattice spacing
of 0.26 nm, which corresponds well to the interplanar distance of
the (0001) crystal planes in wurtzite ZnO, suggesting that the
secondary nanorods grow along the [0001] direction. The
corresponding SAED pattern (inset of Figure 5d) also demon-
strates the preferred [0001] growth direction and the single-
crystalline nature of the secondary nanorods.
To confirm the role of annealing treatment of the electro-

deposited ZnO/Zn5(OH)8Cl2H2O nanosheets in synthesiz-
ing the hierarchical nanorod-nanosheet structures, ZnO/Zn5-
(OH)8Cl2H2O nanosheets produced by first-step deposition
process was directly used as working electrode in second-step
deposition process without any annealing treatment. SEM image
of the resulting nanodeposits is presented in Figure 6a. It is found
that no nanorod-nanosheet structures are formed after the
second-step deposition process. The primary nanosheets retain
their original morphology, whereas there are some ZnO nano-
rods with diameter of ∼200 nm deposited on substrate. The
corresponding EDS spectrum (Figure 6b) and XRD pattern
(Figure 7) indicate that the as-synthesized nanodeposits are still
composed of ZnO (JCPDS: 01�080�0074) and Zn5-
(OH)8Cl2H2O (JCPDS: 00�007�0455). Due to the lack of
active centers, which can be produced by decomposition of
Zn5(OH)8Cl2H2O, the potential barrier for nucleation of ZnO
on the surface of ZnO/Zn5(OH)8Cl2H2O nanosheets is larger
than that on the ITO surface. Thus ZnO nanorods prefer to

originate from ITO substrate during the second-step deposition
process. Consequently, no hierarchical nanorod-nanosheet
structures are produced. This phenomenon demonstrates that
the annealing treatment of the primary ZnO/Zn5(OH)8Cl2H2O
nanosheets, which allows the formation of active centers for ZnO
nucleation, is crucial for synthesizing the hierarchical nanorod-
nanosheet structures.
The photovoltaic properties of the DSSCs constructed with

hierarchical ZnO nanorod-nanosheet structures and bare ZnO
nanosheet arrays are presented in Figure 8 and Table 1. Figure 8
gives the compared photocurrent�voltage (J�V) characteristics
of these two DSSCs with AM 1.5 G illumination at 100
mW cm�2 from a xenon lamp. The short-circuit current density
(Jsc), the open-circuit voltage (Voc), the fill factor (FF), and the
overall power conversion efficiency (η) deduced from the J�V
curves are summarized in Table 1. It is found that the DSSC
consisting of hierarchical ZnO nanorod-nanosheet structures
exhibits improved device performance, as compared to the bare
ZnO nanosheet DSSC. The improvement is mainly attributed to
the enlargement of internal surface area within the hierarchical
nanostructure photoelectrode. From the SEM image shown in
Figure 4b, it is clear that the introduction of the secondary ZnO
nanorods substantially enlarges the internal surface area of the

Figure 6. (a) SEM image of ZnO/Zn5(OH)8Cl2H2O nanodeposits
synthesized by two-step electrodeposition process in absence of annealing
treatment, (b) EDS spectrum of the ZnO/Zn5(OH)8Cl2H2O nano-
deposits. Electrodeposition conditions of theZnO/Zn5(OH)8Cl2H2Onano-
deposits, first-step deposition: T1 = 70 �C, CZn

2+ = 0.05M (Zn(NO3)2),
E1 =�1.0 V, t1= 1 h; second-step deposition: T2 = 80 �C, CZn

2+ = 1 mM
(ZnCl2), E2 = �1.0 V, t2 = 1 h.

Figure 7. XRD patterns of ZnO/Zn5(OH)8Cl2H2O nanodeposits
synthesized by two-step electrodeposition process in absence of anneal-
ing treatment.

Figure 8. Photocurrent�voltage curves of DSSCs based on (a) hier-
archical ZnO nanorod-nanosheet structures and (b) bare ZnO nano-
sheet arrays.
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hierarchical nanostructure film, resulting in enhanced dye load-
ing of the photoelectrode (Table 1) and thus increasing the
short-circuit current density from 5.72 to 8.82 mA cm�2. Mean-
while, the improvements in open-circuit voltage (from 0.68 to
0.72 V) and fill factor (from 0.32 to 0.37) are achieved as well
(Table 1), probably because of the formation of ZnO nanorods
on the ITO surface that is not covered by the primary nanosheets,
which could play a role of buffer layer and thus enabling reducing
the probability of charge recombination at the interface between
the ITO substrate and the electrolyte. This is in consistent with
the results of Jiang et al.18 and Cheng et al.,20 in which the
improvements in open-circuit voltage and fill factor were also
obtained by the introduction of the tiny secondary nanorods on
the large primary nanowire backbones. Because of the improve-
ments in working current, open-circuit voltage and fill factor, the
hierarchical nanostructure DSSC reaches an overall power con-
version efficiency of 2.37%, which is almost twice as high as that
of the nanosheet one (1.24%).
3.2. Influence of the Composition of ZnO/Zn5(OH)8Cl2H2O

Nanosheets on the Morphology of the Synthesized Hier-
archical Nanostructure Photoelectrodes and Their Photo-
voltaic Properties. It has been demonstrated that the presence
of Zn5(OH)8Cl2H2O in primary ZnO/Zn5(OH)8Cl2H2O na-
nosheets, which can give rise to the formation of active centers
for ZnO nucleation by annealing treatment, plays an important
role in synthesizing the hierarchical nanorod-nanosheet struc-
tures. Since the formations of ZnO (eq 4 and 5) and

Zn5(OH)8Cl2H2O (eq 6) strongly depend on temperature,
first-step deposition temperature was adjusted to 50, 60, 70,
and 80 �C, respectively, to investigate its influence on the
composition of ZnO/Zn5(OH)8Cl2H2O nanosheets. SEM
images of the as-synthesized ZnO/Zn5(OH)8Cl2H2O nanosheet
arrays are presented in Figure 9. The XRD analysis (Figure 10)
indicates that the composition of the as-synthesized nanodepo-
sits varies with the temperature. The features in the XRD pattern
for the nanosheets electrodeposited at 50 �C correspond well to
Zn5(OH)8Cl2H2O (JCPDS 00�007�0455) (Figure 10a), sug-
gesting the large amount of Zn5(OH)8Cl2H2O in the nanode-
posits. This further implies that the Zn2+ ions in electrolyte prefer
to form Zn5(OH)8Cl2H2O (eq 6) because of the restriction of
dehydration of Zn(OH)2 (eq 5) in the case of low deposition
temperature. However, the dehydration reaction is gradually
enhanced with the temperature, which can result in the enhance-
ment in the growth rate of ZnO, and thereby increasing the
amount of ZnO in the synthesized nanodeposits. From the XRD
patterns shown in Figure 10b, c, and d, it is found that the
diffraction features of ZnO (JCPDS: 01�080�0074) are gra-
dually enhanced with the temperature increasing from 60 to
80 �C, demonstrating the variation in amount of ZnO in the
synthesized ZnO/Zn5(OH)8Cl2H2O nanodeposits.
According to eq 7, after annealing in the air at high tempera-

ture, there would be a weight loss in ZnO/Zn5(OH)8Cl2H2O
nanodeposits due to decomposition of Zn5(OH)8Cl2H2O.
Thus the variation in composition of ZnO/Zn5(OH)8Cl2H2O
nanosheets synthesized at different temperatures can be further
confirmed by the thermal decomposition behavior of the
samples. The TGA curve shown in Figure 11a indicates that
the weight loss of the ZnO/Zn5(OH)8Cl2H2O nanosheets
electrodeposited at 50 �C is about 25%, which agrees well to
the theoretical value of Zn5(OH)8Cl2H2O (26.27%), suggest-
ing that the products are basically composed of Zn5-
(OH)8Cl2H2O. Increasing the deposition temperature gives
rise to a decrease in weight loss (Figure 11b�d), which can be
ascribed to the increased amount of ZnO in the synthesized
nanodeposits. For the ZnO/Zn5(OH)8Cl2H2O nanosheets
electrodeposited at 80 �C, the weight loss is just half as
much as that of the nanosheets electrodeposited at 50 �C
(Figure 11d), implying the large amount of ZnO formed at high
temperature, which is consistent with the XRD analysis shown
in Figure 10d.

Table 1. Photovoltaic Properties of DSSCs Based on Hier-
archical ZnO Nanorod-Nanosheet Structures (sample a) and
Bare ZnO Nanosheet Arrays (sample b)a

ZnO

DSSCs

Jsc
(mA cm�2) Voc (V) FF η (%)

amount of adsorbed

dye (� 10�8 mol cm�2)

sample a 8.82 0.72 0.37 2.37 4.11

sample b 5.72 0.68 0.32 1.24 2.85
aThe error is(5%.Electrodeposition conditions of the ZnO nanosheet
arrays: T = 70 �C, CZn

2+ = 0.05 M (Zn(NO3)2), E = �1.0 V, t = 1 h.
Electrodeposition conditions of the hierarchical ZnO nanorod-
nanosheet structures, first-step deposition: T1 = 70 �C, CZn

2+ = 0.05 M
(Zn(NO3)2), E1 =�1.0 V, t1 = 1 h; second-step deposition: T2 = 80 �C,
CZn

2+ = 1 mM (ZnCl2), E2 = �1.0 V, t2 = 1 h

Figure 9. SEM images of ZnO/Zn5(OH)8Cl2H2O nanosheet arrays
electrodeposited at different temperatures (T): (a) 50, (b) 60, (c) 70,
and (d) 80 �C. Other electrodeposition conditions: CZn

2+ = 0.05 M
(Zn(NO3)2), E = �1.0 V, t = 1 h.

Figure 10. XRD patterns of ZnO/Zn5(OH)8Cl2H2O nanosheet arrays
electrodeposited at different temperatures (T): (a) 50, (b) 60, (c) 70,
and (d) 80 �C.
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Figure 12 presents the SEM images of ZnO nanosheet arrays
obtained by annealing ZnO/Zn5(OH)8Cl2H2O nanosheet ar-
rays that are synthesized at different temperatures (Figure 9). It
can be seen that the surface of the ZnO nanosheets electro-
deposited at low temperature appears to be rougher than that of
the nanosheets electrodeposited at high temperature. This can be
ascribed to the different weight loss of ZnO/Zn5(OH)8Cl2H2O
nanosheets after annealing treatment (Figure 11), which deter-
mines the amount of asperities formed on the surface of the ZnO
nanosheets (Figure 12). The difference in the amount of
asperities can thus determine the density of the secondary
ZnO nanorods in the synthesized hierarchical nanostructures,
which is presented in Figure 13.When the growth temperature of
the primary ZnO/Zn5(OH)8Cl2H2O nanosheets is lower than
60 �C, the as-synthesized secondary nanorods almost merge with
one another due to the high growth density (Figure 13a and b),
which is caused by the large amount of active centers (asperities)
on the primary nanosheet surface (Figure 12a and b). With the
temperature of the first-step deposition process increasing to
70 �C, the amount of independent secondary nanorods increases
(Figure 13c), mainly because of the decreased amount of active
centers (asperities) (Figure 12c). However, as the growth
temperature of the primary nanosheets further increases to
80 �C, there are lots of primary nanosheets which are not

Figure 11. TGA curves of ZnO/Zn5(OH)8Cl2H2O nanosheets elec-
trodeposited at different temperatures (T): (a) 50, (b) 60, (c) 70, and
(d) 80 �C.

Figure 12. SEM images of ZnO nanosheets obtained by annealing the
ZnO/Zn5(OH)8Cl2H2O nanosheets electrodeposited at different tem-
peratures (T): (a) 50, (b) 60, (c) 70, and (d) 80 �C.

Figure 13. SEM images of hierarchical ZnO nanorod-nanosheet struc-
tures synthesized by two-step deposition process with different first-step
deposition temperatures (T1): (a) 50, (b) 60, (c) 70, and (d) 80 �C.
Other electrodeposition conditions, first-step deposition: CZn

2+ =
0.05 M (Zn(NO3)2), E1 = �1.0 V, t1 = 1 h; second-step deposition:
T2 = 80 �C, CZn

2+ = 1 mM (ZnCl2), E2 = �1.0 V, t2 = 1 h.

Figure 14. Photocurrent�voltage curves of DSSCs based on ZnO
nanorod-nanosheet structures synthesized by two-step deposition
process with different first-step deposition temperatures (T1): (a) 50,
(b) 60, (c) 70, and (d) 80 �C.

Table 2. Photovoltaic Properties of DSSCs Based on Hier-
archical ZnO Nanorod-Nanosheet Structures Synthesized by
Two-Step Deposition Process with Different First-Step De-
position Temperaturesa

ZnO

DSSCs

Jsc
(mA cm�2) Voc (V) FF η (%)

amount of adsorbed

dye (� 10�8 mol cm�2)

sample a 7.89 0.73 0.34 1.92 3.63

sample b 8.56 0.72 0.33 2.05 3.76

sample c 8.82 0.72 0.37 2.37 4.11

sample d 7.33 0.73 0.34 1.81 3.54
aThe error is(5%. Growth temperatures of the first-step deposition
process (T1): sample a, 50 �C, sample b, 60 �C; sample c, 70 �C; and
sample d, 80 �C. Other electrodeposition conditions, first-step
deposition: CZn

2+ = 0.05 M (Zn(NO3)2), E1 = �1.0 V, t1 = 1 h;
second-step deposition: T2 = 80 �C, CZn

2+ = 1 mM (ZnCl2), E2 =
�1.0 V, t2 = 1 h.
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covered by secondary nanorods shown in hierarchical nanostruc-
ture (Figure 13d). This can be attributed to the large amount of
ZnO formed in primary ZnO/Zn5(OH)8Cl2H2O nanosheets.
For the ZnO/Zn5(OH)8Cl2H2O nanosheets that are mainly
composed of ZnO, few asperities can be formed after annealing
treatment because of the low weight loss (Figure 11d), as shown
in Figure 12d. Thus few ZnO nanorods can be produced during
the second-step deposition process, leading to much area of
primary nanosheets exposed in the synthesized hierarchical
nanostructure.
The photovoltaic properties of the DSSCs constructed with

the hierarchical ZnO nanorod-nanosheet structures whose SEM
images are shown in Figure 13 vary dramatically, which is
presented in Figure 14 and Table 2. The variation might be
ascribed to the difference in the morphology of the secondary
nanorods, which can therefore influence the internal surface area
of the photoelectrodes. Although the introduction of secondary
nanorods can increase the internal surface area of the hierarchical
nanostructure photoelectrode when compared to the nanosheet
one, the increasing extents are of difference for the nanostruc-
tures with different densities of the secondary nanorods
(Figure 13). From Figure 13a and b, it can be seen that the
increase in internal surface area is limited due to the large amount
of secondary nanorods merging with one another. Thus the dye
loading of the photoelectrode is restricted to the low level
(3.63�3.76 � 10�8 mol cm�2), leading to the low short-circuit
current densities (Figure 14a and b) and hence the low power
conversion efficiencies (1.92% and 2.05%). Because of the

relatively large internal surface area, which is mainly caused by
the increased amount of independent secondary nanorods in
hierarchical nanorod-nanosheet structures (Figure 13c), the
power conversion efficiency of the DSSC increases to 2.37%
(Figure 14c and sample c in Table 2). However, for the
photoelectrode whose SEM image is shown in Figure 13d, the
increase in internal surface area is considerably restrained due to
the lack of secondary nanorods in hierarchical nanostructure,
which results in the low dye loading (3.54� 10�8 mol cm�2) and
hence the low short-circuit current density (7.33 mA cm�2)
(Figure 14d sample d in Table 2). Consequently, the power
conversion efficiency of the DSSC is reduced to 1.81%.
3.3. Influence of the Second-Step Deposition Time on the

Morphology of the Synthesized Hierarchical Nanostructure
Photoelectrodes and Their Photovoltaic Properties. To
further investigate the influence of the morphology of secondary
ZnO nanorods on the DSSC performance, second-step deposi-
tion time was adjusted to 0.5, 1, and 2 h respectively while other
parameters of the two-step deposition process were kept con-
stant. The resulting SEM images are presented in Figure 15. It
can be seen from Figure 15a and b that, with increasing this
parameter from 0.5 to 1 h, there is an obvious increase in the
length of the secondary nanorods, which can enlarge the internal
surface area of the hierarchical nanostructure film and hence
enhancing the dye loading of the photoelectrode. As a result,
improvement in short-circuit current density is achieved
(Figure 16), leading to the increase in power conversion
efficiency (from 1.89 to 2.37%) (sample a and b in Table 3).
However, as the time of the second-step deposition process
increases to 2 h, the increase in the length of the secondary
nanorods is not obvious, whereas lots of the secondary nanorods
merge with one another due to the lateral growth of ZnO
nanorods (Figure 15c). This variation in geometric size of the

Figure 15. SEM images of ZnO nanorod-nanosheet structures synthesized by two-step deposition process with different second-step deposition times
(t2): (a) 0.5, (b) 1, and (c) 2 h. Other electrodeposition conditions, first-step deposition: T1 = 70 �C,CZn

2+ = 0.05M (Zn(NO3)2), E1 =�1.0 V, t1 = 1 h;
second-step deposition: T2 = 80 �C, CZn

2+ = 1 mM (ZnCl2), E2 = �1.0 V.

Figure 16. Photocurrent�voltage curves of DSSCs based on hierarch-
ical ZnO nanorod-nanosheet structures synthesized by two-step deposi-
tion process with different second-step deposition times (t2): (a) 0.5,
(b) 1, and (c) 2 h.

Table 3. Photovoltaic Properties of DSSCs Based on Hier-
archical ZnO Nanorod-Nanosheet Structures Synthesized by
Two-Step Deposition Process with Different Second-Step
Deposition Timesa

ZnO

DSSCs

Jsc
(mA cm�2) Voc (V) FF η (%)

amount of adsorbed

dye (� 10�8 mol cm�2)

sample a 7.43 0.74 0.34 1.89 3.65

sample b 8.82 0.72 0.37 2.37 4.11

sample c 8.68 0.73 0.37 2.32 3.98
aThe error is(5%. Growth times of the second-step deposition process
(t2): sample a, 0.5 h; sample b, 1 h; and sample c, 2 h. Other electro-
deposition conditions, first-step deposition: T1 = 70 �C, CZn

2+ = 0.05 M
(Zn(NO3)2), E1 =�1.0 V, t1 = 1 h; second-step deposition: T2 = 80 �C,
CZn

2+ = 1 mM (ZnCl2), E2 = �1.0 V.
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secondary nanorods might cause the decrease in internal surface
area of the photoelectrode and thus the slight decline in power
conversion efficiency (2.32%), which is demonstrated in
Figure 16c and Table 3 (sample c).
3.4. Influence of the First-Step Deposition Time on the

Morphology of the Synthesized Hierarchical Nanostructure
Photoelectrodes and Their Photovoltaic Properties. The
influence of the film thickness of hierarchical ZnO nanostruc-
tures on DSSC performance was investigated by adjusting the
time of the first-step deposition process. The cross-sectional
SEM images of the primary ZnO/Zn5(OH)8Cl2H2O nanosheet
arrays synthesized at deposition time of 1, 2, and 4 h are
presented in Figure 17a�c, whereas Figure 17d�f show the
corresponding cross-sectional SEM images of the hierarchical
ZnO nanorod-nanosheet structures synthesized by two-step
deposition process with different first-step deposition times
(1, 2, and 4 h). Figure 17 indicates that the film thickness of the
hierarchical nanostructure is mainly determined by the time of
the first-step deposition process. Increasing the first-step deposi-
tion time gives rise to an increase in film thickness, from 3�4 μm
at 1 h to 6�7 μm at 4 h, which can consequently influence the
DSSC performance, as shown in Figure 18 and Table 4. Because

of the enlargement of internal surface area, caused by the increase
in film thickness, better dye loading of the hierarchical nano-
structure photoelectrode is achieved, which accordingly in-
creases the short-current density and the power conversion
efficiency of the corresponding DSSC. Furthermore, by using
the hierarchical ZnO nanorod-nanosheet structures with thick-
ness of ∼7 μm as photoelectrode (Figure 17f), the DSSC with
power conversion efficiency of 3.12% and open circuit voltage as
high as 0.74 V is achieved successfully.

4. CONCLUSION

In summary, we present a simple two-step electrodeposition
process to synthesize hierarchical ZnO nanorod-nanosheet
structures on ITO substrate. It has been demonstrated that the
presence of Zn5(OH)8Cl2H2O in the primary nanosheets, which
can allow the formation of active centers for ZnO nucleation by
annealing treatment, is crucial for synthesizing the hierarchical
nanorod-nanosheet structures. The DSSC based on the synthe-
sized hierarchical nanostructures exhibits improved device per-
formance compared to the DSSC consisting of bare ZnO
nanosheet arrays, which is mainly attributed to the enlargement
of internal surface area within the photoelectrode, caused by the
introduction of the secondary ZnO nanorods. Moreover, the
morphology of the hierarchical nanostructure can be changed by
adjusting the preparation conditions of the two-step deposition
process, and the DSSCs consisting of the hierarchical ZnO

Figure 17. Cross-sectional SEM images of ZnO/Zn5(OH)8Cl2H2O nanosheet arrays with different growth times (t): (a) 1, (b) 2, (c) 4 h, and
hierarchical ZnO nanorod-nanosheet structures synthesized by two-step deposition process with different first-step deposition times (t1): (d) 1, (e) 2,
(f) 4 h. Other electrodeposition conditions of the ZnO/Zn5(OH)8Cl2H2O nanosheet arrays: T = 70 �C, CZn

2+ = 0.05 M (Zn(NO3)2), E = �1.0 V,
Other electrodeposition conditions of the hierarchical ZnO nanorod-nanosheet structures, first-step deposition: T1 = 70 �C, CZn

2+ = 0.05 M
(Zn(NO3)2), E1 = �1.0 V; second-step deposition: T2 = 80 �C, CZn

2+ = 1 mM (ZnCl2), E2 = �1.0 V, t2 = 1 h.

Figure 18. Photocurrent�voltage curves of DSSCs based on ZnO
nanorod-nanosheet structures with different film thicknesses.

Table 4. Photovoltaic Properties of DSSCs Based on ZnO
Nanorod-Nanosheet Structures with Different Film Thicknessesa

ZnO

DSSCs Jsc (mA cm�2) Voc (V) FF η (%)

amount of adsorbed

dye (� 10�8 mol cm�2)

sample a 8.82 0.72 0.37 2.37 4.11

sample b 9.41 0.72 0.38 2.62 4.54

sample c 10.85 0.74 0.38 3.12 5.46
aThe error is (5%. Growth times of the first-step deposition process
(t1): sample a, 1 h; sample b, 2 h; and sample c, 4 h. Other
electrodeposition conditions, first-step deposition: T1 = 70 �C, CZn

2+ =
0.05 M (Zn(NO3)2), E1 =�1.0 V; second-step deposition: T2 = 80 �C,
CZn

2+ = 1 mM (ZnCl2), E2 = �1.0 V, t2 = 1 h.



2367 dx.doi.org/10.1021/am2002789 |ACS Appl. Mater. Interfaces 2011, 3, 2358–2367

ACS Applied Materials & Interfaces RESEARCH ARTICLE

nanostructures with different geometric sizes exhibit different
photovoltaic properties. By fine-turning the preparation condi-
tions, hierarchical ZnO nanostructure DSSC with power con-
version efficiency of 3.12% and open circuit voltage of 0.74 V is
successfully produced.
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