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H I G H L I G H T S

� Novel nanostructures of ZnF(OH)
nanoplates decorated ZnF(OH) nanor-
ods were fabricated.

� The above mentioned novel architec-
tures have never been reported.

� Porous ZnO nanostructures were
obtained by calcining the obtained
ZnF(OH) ones.

� Rhombus-shaped ZnO nanorods and
complex ZnO nanostructures were
used in solar cells.

� The complex ZnO nanostructures
show superior photoelectric conver-
sion performance.

G R A P H I C A L A B S T R A C T

ZnF(OH) nanoplates decorated ZnF(OH) nanorods were fabricated. Hierarchical porous ZnO were
obtained by calcining the obtained nanostructures. The yielded ZnO shows superior photoelectric
conversion performance.
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a b s t r a c t

Novel nanostructures of ZnF(OH) nanoplates decorated rhombus-shaped ZnF(OH) nanorods were
fabricated. The obtained precursors were transformed by calcination to porous hierarchical ZnO
nanostructures with the original morphologies retained. Field emission scanning electron microscope
images exhibit that the nanoplates are grown in the interstices between the nanorods and on the top of
the nanorods. The structure and composition of the obtained products have been confirmed by
transmission electron microscope and X-ray diffraction measurements. The obtained ZnO nanostructures
have been successfully used in solar cells. The light-to-electricity conversion results show that the
complex nanostructures exhibit a power conversion efficiency of 1.36% with a photoelectrode thickness
of 4.2 mm, which is comparable to those based on 40 mm vertically aligned hexagonal-shaped ZnO
nanowire array photoelectrodes. These results indicate that the synthesized ZnO nanoplate decorated
rhombus-shaped ZnO nanorod nanostructures are more suitable for application as a photoelectrode in
solar cells.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Development and utilization of new energy is an important
approach to cope with energy shortage. As a new generation solar

cell, dye-sensitized solar cells (DSCs) have aroused more and more
interest for its advantages of non-toxicity, ease of fabrication and
cost-effectiveness. However, the overall efficiency of DSCs has
been lower than silicon-based solar cells. More research is being
done to improve the efficiency of DSCs [1–18]. Among the variety
of photoelectrode materials used in DSCs, the synthesis and
application of ZnO nanostructures in solar cells have attracted
much attention due to their abundance on earth, eco-friendliness
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and feasibility for fabrication [1–8]. As we all know, the morphol-
ogy and surface area of nanostructure play an important role in
determining the efficiency of the solar cells. Therefore, much effort
has been directed toward the design and synthesis of novel ZnO
nanostructures with high surface area for improving the perfor-
mance of solar cells.

Upto now, ZnO nanostructures with various morphologies includ-
ing nanowires [9–13], nanorods [14], nanotubes [15], nanosheets
[16], nanoflowers [17] and nanotetrapods [18] have been synthesized
and applied in DSCs. Among the above mentioned various nanos-
tructures, the synthesis and application of ZnO nanowires in solar
cells are of great interest due to the fact that the nanowire has been
shown to provide a direct conduction pathway for the photogener-
ated electrons [9–13]. Recently, the synthesis of rhombus-shaped
porous ZnO nanorods has been realized [19–22]. The rhombus-
shaped nanorod based DSCs have demonstrated improved photo-
electric conversion performance compared with the conventional
hexagonal-shaped ZnO nanowire counterpart [21,22]. Actually, the
efficiency of the solar cells based on rhombus-shaped nanorods can
be further improved if the synthesis of more complex nanostructures
can be realized. Thus, it still remains a significant challenge to
optimize the structural design that may greatly improve the overall
efficiency of the solar cells.

In this paper, a novel porous structure of ZnO nanoplates
decorated rhombus-shaped ZnO nanorods has been synthesized by
a facile hydrothermal method combined with subsequent calcina-
tions. The unique morphology of the novel nanostructures has the
advantage of possessing large surface area. For potential applications,
such hierarchical nanostructures should exhibit excellent perfor-
mance in solar cells, photocatalysis, and gas sensors. To the best of
our knowledge, such a novel ZnO architecture obtained via a simple
and low-cost chemical method used in developing solar cells has
never been reported. During the synthesis process, hierarchical
nanostructures consisting of rhombus-shaped ZnF(OH) nanorods
and ZnF(OH) nanoplates were firstly synthesized. After calcination,
the synthesis of hierarchical porous ZnO nanostructures consisting of
rhombus-shaped ZnO nanorods and ZnO nanoplates can be realized.
Interestingly, the novel architecture consists of mesoporous ZnO
nanoplates which are interconnected with each other to form a
macro-porous network. Benefiting from the porous structures as well
as enhanced dye loading of the photoelectrodes, DSC based on such
photoelectrode exhibits a power conversion efficiency (PCE) of 1.36%
with a photoelectrode thickness of 4.2 mm, which is comparable to
those based on 40 mm vertically aligned hexagonal-shaped ZnO
nanowire array photoelectrode, as previously reported in Ref. [11].

2. Experimental details

2.1. Synthesis of ZnO nanostructures with various morphologies

FTO glass substrates were alternately cleaned ultrasonically in
deionized water and absolute ethanol for 10 min each. The total
cleaning process was repeated two times. A layer of ZnO seed was
formed on the substrate using a sol–gel dip coating method,
followed by thermal decomposition at 500 1C for 60 min. The
ZnO sol used here was Zn(CH3COO)2 (0.3 M) in a mixed solvent of
ethanol and ethanolamine. The seeded substrate was placed in an
aqueous solution containing 0.03 M Zn(NO3)2 �6H2O and 0.3 M
NH4F, which was sealed in a Teflon-lined stainless steel autoclave
and maintained at 120 1C. The detailed synthesis conditions for
nanostructures of various morphologies (film nos. 1–4) were
described in Table 1.

In order to clearly demonstrate the growth process of the nano-
structures, similar growth conditions were adopted except for that
the growth time was set as 2, 5 and 8 h (film nos. 1–3 in Table 1).

In order to increase the thickness of the nanostructures grown on
FTO substrate, a two-step growth process was also used. Step one,
ZnF(OH) nanorod arrays on FTO substrate was synthesized by
immersing the seeded FTO substrate in the above mentioned
solution for 2 h (film no. 1). Step two, the step-one prepared sample
was immersed in a fresh growth solution for another 14 h (film no.
4). After the reaction, the FTO substrates with nanostructures grown
on them were taken out and rinsed with deionized water for several
times to remove any residual chemicals absorbed on the surfaces of
the nanostructures. Finally, all the obtained products were calcinated
at 500 1C for 2 h in a furnace to transform the obtained products to
ZnO. During the calcination process, the furnace should be put in a
high efficient fume hood because poisonous HF will be produced
during this process.

2.2. Structural characterization

During the morphology characterization, a focused ion beam
(FIB; Auriga 60) was used for cross-sectional sample preparation.
The morphology and structure of the obtained nanostructures
were characterized using a Field emission scanning electron
microscope (FESEM; JEOL JSM-7400F OR Auriga 60) and a trans-
mission electron microscope (TEM; JEOL JEM-2010F). X-ray dif-
fraction (XRD) was carried out on a Rigaku D-Max B diffractometer
equipped with a Cu Kα source (λ¼1.5406 Å).

2.3. Fabrication and photovoltaic measurement of DSCs

Before being assembled into DSCs, the FTO substrates with ZnO
nanostructures grown on themwere transferred into a 0.5 mM N719
dye solution in anhydrous ethanol for 2.5 h for dye loading. FTO with
a layer of sputtered Pt was used as the counter-electrodes. The dye-
sensitized photoelectrodes and counter-electrodes were then sepa-
rated by a spacer (25 μm in thickness) and pressed with clamps. The
electrolyte of 0.6 M tetra-butylammonium iodide, 0.1 M lithium
iodide, 0.1 M iodine, and 0.5 M 4-tert-butylpyridine in acetonitrile
was introduced into the two electrodes by a plastic dropper and
capillary action. An oriel solar simulator was used as a white light
source. The intensity of the incident light was calibrated to be
100 mW cm�2 by a S1787 Hamamatsu silicon cell. The photocur-
rent–photovoltage curves were measured using a computer-
controlled Keithley 2400 source meter by varying the external load
voltage. A mask with an aperture area of 0.125 cm2 was employed
during the measurements for the calibration of the cell area.

3. Results and discussion

3.1. Morphology and structure of the as-grown Zn(OH)F nanorod
arrays

Fig. 1(a) shows the XRD patterns of the 2 h grown nanostruc-
tures on the FTO substrate (the detailed growth conditions were
described in the film no. 1 in Table 1). The peaks marked with solid

Table 1
Preparation conditions for various nanostructure films 1–4.

Films Substrates used for
nanostructure growth

Zn
(NO3)2 �6H2O
(M)

NH4F
(M)

Temperature
(1C)

Time
(hr)

No. 1 ZnO seeded FTO 0.03 0.3 120 2
No. 2 ZnO seeded FTO 0.03 0.3 120 5
No. 3 ZnO seeded FTO 0.03 0.3 120 8
No. 4 Film no. 1 0.03 0.3 120 14
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circles are consistent with those of orthorhombic Zn(OH)F [Joint
Committee for Powder Diffraction Standards (JCPDS) no. 32-1469].
The other peaks marked with solid triangle are arising from the
FTO substrate. No other peaks were detected, implying the
absence of any impurities in the ZnF(OH) nanorod array film.

Fig. 1(b)–(d) shows the typical morphology of the as-
synthesized ZnF(OH) nanorod arrays on FTO substrate. As can be
seen in Fig. 1(b), a high density of ZnF(OH) nanorods were grown
on the FTO substrate. A high-magnification SEM image of the
nanorod array demonstrated in Fig. 1(c) clearly shows that the
obtained nanorods have a clear-cut rhombic contour with edge
lengths ranging from tens of nanometers to hundreds of nan-
ometers. The cross-sectional SEM image of the Zn(OH)F nanorods
array grown on FTO in Fig. 1(d) reveals good alignment of the
nanorod array with a thickness of about 2 μm. The following
reactions are involved during the formation of the preferentially
oriented Zn(OH)F nanorod array:

Zn2þþF�2ZnFþ (1)

ZnFþþOH�2Zn(OH)F (2)

As described in Table 1, ZnO seeded FTO was used for Zn(OH)F
nanorod array growth. The ZnO seed layer used here will facilitate
the growth of Zn(OH)F nanorod on FTO substrate. During the
experimental process, we found that there was no Zn(OH)F
nanorod array growth on FTO if bare FTO substrates were used
for nanostructure deposition.

Although the density of the nanorods is very high, there are
large interstices between the nanorods, as demonstrated by the
arrows shown in Fig. 1(c) and (d). If the interstices between the
ZnF(OH) nanorods can be filled by the other nanostructures, the
surface area of this kind of nanostructure would be increased. As
we all know, large surface area of a photoelectrode is one of the
critical factors and plays a pivotal role in determining the photo-
voltaic performance of DSCs. It is therefore interesting to synthe-
size complex nanostructures made of rhombus-shaped nanorods

and the other nanostructures. Recently, there are some reports on
the synthesis and application of Zn(OH)F nanostructures or ZnO
nanostructures transformed from Zn(OH)F [19–32]. However, to
best of our knowledge, the synthesis of nanostructures composed
by Zn(OH)F nanorods and nanoplates has never been reported. The
synthesized Zn(OH)F nanostructures can be transformed into
porous ZnO nanostructures by heat treatment. The obtained ZnO
nanostructures should have improved performance when used in
DSCs due to the porosity of the yielded nanostructures.

3.2. Morphology and structure of the Zn(OH)F nanoplates decorated
Zn(OH)F nanorod nanostructures

Fig. 2(a) and (b) shows the FESEM images of the products
grown for 5 h on the FTO substrate. It clearly shows that except for
some plate-like nanostructures grown on the surfaces of the
nanorods, the morphology of Zn(OH)F nanorods does not change
too much. This may be due the lack of Zn2þ ions in the solution. It
is reported that the synthesis of Zn(OH)F nanorods can be finished
within 1 h in a mixed solution consisting of 0.05 M Zn(NO3)2 and
0.2 M NH4F [22]. In our experiment, a lower concentration of Zn
(NO3)2 and a higher concentration of NH4F was used (the detailed
growth condition was described in the film no. 2 in Table 1).
During the nanorod growth process, the concentration of the Zn2þ

ions will decrease rapidly due to the low concentration of Zn
(NO3)2 in the solution (Eqs. (1) and (2)). The lower concentration
of Zn2þ ions in the solution can not provide enough Zn2þ ions for
Zn(OH)F nanorod growth. As a result, the synthesis of Zn(OH)F
nanoplate on the surfaces of the nanorods was realized, as
represented in Fig. 2(a) and (b).

As the reaction time goes on (8 h as shown in the film no. 3 in
Table 1), more and more nanoplates will grow on the surfaces of
the nanorods, as shown in Fig. 3(a) and (b). Interestingly, the
nanoplates are interconnected with each other to form a macro-
porous network. Benefiting from the favorable porous structure as
well as the large surface area of the synthesized nanostructures,
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Fig. 1. (a) XRD pattern, (b) low- (c) high-magnification top-view SEM image and (d) cross-section SEM image of the Zn(OH)F nanorod arrays. This sample is corresponding to
the film no. 1 described in Table 1.
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the obtained nanostructures may have potential applications in
DSCs, gas sensors, and photocatalysis. The XRD pattern of the
novel nanostructure is shown in Fig. 3(c), which is very similar to
that demonstrated in Fig. 1(a), indicating the synthesized novel
nanostructures are pure Zn(OH)F.

In order to further investigate the microstructures of the
hierarchical nanostructures, the FIB technique was used for
cross-sectional sample preparation. As we all know, FIB sample
preparation can provide a smooth cross-sectional surface particu-
larly at the interface of different materials. The SEM image of

200nm 200nm 

Fig. 2. (a) Low- and (b) high-magnification SEM images of the obtained rhombus-shaped Zn(OH)F nanorods with nanoplates grown on their surfaces. This sample is
corresponding to the film no. 2 described in Table 1.

400nm 1 μm 15 30 45 60 75

In
te

ns
ity

 (a
. u

.)

2θ   (degree)

(4
00

)

(2
11

)

(1
10

)

(2
01

)
(0

20
)

(3
11

)

(5
11

) (0
02

)
(1

12
)

(3
12

)
800nm 800nm 400nm

400nm

Glass

ZnF(OH) nanostructures

FTO

Fig. 3. (a) Top-view, (b) cross-section SEM images and (c) XRD pattern of Zn(OH)F nanoplates decorated rhombus-shaped Zn(OH)F nanorods which are corresponding to the
film no. 3 described in Table 1. (d)–(f) Cross-section SEM images of the FIB-prepared sample. (g) STEM image, (h) TEM image and (i) HRTEM image of the nanoplates
decorated nanorods.
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the cross-sectional surface is shown in Fig. 3(d). The results clearly
demonstrate three discrete regions: glass, FTO layer, and the Zn
(OH)F nanostructure layer. From the Zn(OH)F nanostructure layer,
one can see that Zn(OH)F nanoplates were grown in the interstices
among the nanorods forming a porous nanostructure. In order to
reveal the morphologies of nanorods and nanoplates clearly, a
probe was used to destroy the smooth cross-sectional surface. The
broken area is indicated by an arrow shown in Fig. 3(e). From the
high-magnification SEM image of the area represented in Fig. 3(f),
one can clearly see that the complex nanostructure layer is
composed of nanorods and nanoplates. Compared with the nanos-
tructure shown in Fig. 1(d), the surface area of the complex
nanostructure demonstrated in Fig. 3(f) should be increased due
to the growth of nanoplate on the surface of the nanorod.

In order to investigate the microstructures of obtained pro-
ducts, TEM analysis was carried out. Fig. 3(g) and (h) shows the
STEM and TEM image of a Zn(OH)F nanorod with the nanoplate
grown on its surface, respectively. From these figures, one can
clearly see that nanoplates grow on the surface of the nanorod.
Fig. 3(i) shows the high-resolution TEM (HRTEM) image of the
nanoplate indicated by the rectangle in Fig. 3(h). From this figure,
it clearly exhibits that the nanoplate is composed of nanocrystal-
line grains with different orientations, indicating the polycrystal-
line nature of the nanoplate.

3.3. Morphology and structure of the calcinated products

The main attempt in the present work is to synthesize ZnO
complex nanostructures with a large surface area for solar cell
application. By calcining the obtained Zn(OH)F nanostructure
precursor, ZnO nanoplates decorated rhombus-shaped ZnO nanor-
ods can be obtained. The XRD pattern of the calcined film was
shown in Fig. 4(a). It can be seen that all the diffraction peaks can
be assigned to the hexagonal wurtzite structure of ZnO [JCPDS no.
36-1451]. This indicates that the as-grown Zn(OH)F nanorods and

nanoplates can be transformed into a pure ZnO phase by subse-
quent calcining. The following chemical reaction takes place
during this process:

Zn(OH)F-ZnOþHF (3)

Fig. 4(b) and (c) represents the FESEM images of the calcined
products with different magnification. From the low magnification
image of Fig. 4(b), it can be seen that the film has a similar
thickness compared with that shown in Fig. 3(b). From the high
magnification image of Fig. 4(c) and the top view SEM image
shown in the inset of Fig. 4(b), one can see that no significant
morphology changes can be observed after calcination.

Further structural information of the calcinated products is
given by TEM analyses. The TEM images under different magnifi-
cations are shown in Fig. 4(d)–(f). The HRTEM image in Fig. 4
(f) and its corresponding fast Fourier transform (FFT) pattern
shown in the inset confirm there are some misorientations and
defects in the porous nanostructure. From the high magnification
TEM images of Fig. 4(e) and (f), one can see that some pores are
embedded in the calcinated nanostructures, as indicated by the
arrows shown in the two images. The porous morphology of the
obtained products should originate from the release of HF during
the decomposition of ZnF(OH), as expressed in Eq. (3). This
interesting morphology is favorable for DSC applications. The
obtained novel structure may also find potential applications in
photocatalysis and gas sensors due to the fact that the existence of
a porous surface enhances the photocatalytic activity and sensi-
tivity of gas sensor [23].

3.4. Solar cell applications of the obtained ZnO nanostructures

The ZnO nanoplate decorated rhombus-shaped ZnO nanorod
nanostructures (Fig. 4(b)) was introduced to DSC application and
its performance was compared with that of the rhombus-shaped
ZnO nanorod (calcining the products shown in Fig. 1(b)) based
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Fig. 4. (a) XRD pattern, (b) Low- and (c) high-magnification cross-section SEM image of the calcined products. The inset in Fig. (b) shows the top view SEM image of the
calcined sample. (d) Low- and (e) high-magnification TEM images of the calcined sample. (f) HRTEM image of the calcined sample with the FFT pattern shown in the inset.
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DSC. Fig. 5 shows the photocurrent density (J)-voltage (V) char-
acteristics of the DSCs. The corresponding physical values includ-
ing short circuit current (JSC), open circuit voltage (VOC), fill factor
(FF) and light to electricity conversion efficiency (η), are

summarized in Table 2. From Fig. 5 and Table 2, it is obvious that
the solar cell constructed with the photoelectrode of ZnO nano-
plate decorated rhombus-shaped ZnO nanorod exhibited a con-
version efficiency of 0.85%, which is 77% higher than that of the
nanorod-based DSC (0.48%). Comparing the parameters shown in
Table 2 carefully, one can easily realize that the value of JSC has an
obvious increase, while VOC and FF show little change. The increase
in the short-circuit current density (from 2.16 to 3.83 mA cm�2) is
mainly due to the increase in the surface area of the photoelec-
trode by depositing nanoplates in the interstices between the
nanorods and on the top of the nanorods (Fig. 3(a) and (f)).

It is noteworthy that the film thickness of the photoelectrode
used here is only 2 μm. It is reported that the efficiency of the DSC
composed of hexagonal-shaped ZnO nanowire arrays increases
with increasing the length of nanowires [10,11]. Qiu et al. reported
that an overall efficiency as high as 1.3% was achieved with a
nanowire array length of 40 μm [11]. In order to increase the
length of the nanostructures on FTO substrates, a two-step growth
process was adopted in our experimental process. The detailed
growth condition of the step-one prepared sample has been listed
in Table 1. In this step, the synthesis of highly ordered Zn(OH)F
nanowire arrays on FTO substrate can be realized, as demonstrated
in Fig. 1(c) and (d). In the second step, the step-one prepared
sample was immersed in a fresh solution containing 0.03 M Zn
(NO3)2 �6H2O and 0.3 M NH4F, which was sealed in a Teflon-lined
stainless steel autoclave and maintained at 120 1C for 14 h. During
this process, the synthesis of nanoplate decorated nanorod nanos-
tructures with increased thickness can be obtained.

Fig. 6(a)–(c) shows the SEM images of the obtained nanostruc-
tures. From the cross-sectional SEM image demonstrated in Fig. 6(a),
one can see that nanorods are decorated by nanoplates and the
thickness of the nanostructures on FTO is about 4.2 μm. Fig. 6(b) and
(c) shows the top-view SEM images of the obtained nanostructures.
It is obvious that large-area and high density of nanoplates have been
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Fig. 6. (a) Cross-section SEM image, (b) low- and (c) high-magnification top-view SEM images of Zn(OH)F nanoplates decorated rhombus-shaped Zn(OH)F nanorods. This
sample is corresponding to the film no. 4 described in Table 1. (d) Photocurrent-photovoltage characteristics of DSCs based on ZnO nanoplates decorated rhombus-shaped
ZnO nanorods with a film thickness of 4.2 μm.

Table 2
Photovoltaic parameters of the DSCs using rhombus-shaped ZnO nanorod arrays
(photoelectrode no.1), ZnO nanoplates decorated rhombus-shaped ZnO nanorods
with a film thickness of 2 μm (photoelectrode no.2) and 4.2 μm (photoelectrode
no.3).

Photoelectrodes Calcining the film shown
in Table 1

JSC
(mA cm�2)

VOC

(mV)
Fill
factor

η

(%)

No. 1 Film No. 1 2.16 0.60 0.37 0.48
No. 2 Film No. 3 3.83 0.58 0.38 0.85
No. 3 Film No. 4 5.43 0.60 0.42 1.36
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Fig. 5. Photocurrent–photovoltage characteristics of DSCs based on rhombus-
shaped ZnO nanorod arrays (Photoelectrode no. 1) and ZnO nanoplates decorated
rhombus-shaped ZnO nanorods (Photoelectrode no. 2).
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grown on the top of the nanorods. According to the above discussion,
ZnO nanoplate decorated nanorods can be obtained by calcinations.
After calcining, the yielded nanostructures were also used in solar
cells. The resulting J–V curve is provided in Fig. 6(d). In order to
facilitate the comparison and analysis, the corresponding physical
values, such as JSC, VOC, FF and η have also been summarized in
Table 2. From Table 2, one can see that increasing the thickness of the
nanostructures on FTO leads to a significant increase in JSC compared
with photoelectrode no. 2. When the thickness of the nanostructure
increases from 2 to 4.2 mm, JSC increases from 3.83 to 5.43 mA cm�2.
The increase in the JSC comes from the enlarged surface area in the
thickened nanostructures on FTO. The increased surface area of the
photoelectrode would result in enhanced dye loading. As a result, the
light harvesting in the thickened nanostructure would increase, so
would, the short-circuit current density and overall efficiency of the
solar cell.

4. Conclusions

In conclusion, rhombus-shaped ZnO nanorod arrays and a
novel porous structure of ZnO nanoplates decorated rhombus-
shaped ZnO nanorods have been synthesized by a facile hydro-
thermal method combined with subsequent calcinations. The
growth of nanoplates in the interstices between the nanorods
and on the top of nanorods is considered for surface area
enhancement. A preliminarily conversion efficiency of 1.36% is
achieved with a 4.2 μm thick photoelectrode of ZnO nanoplate
decorated rhombus-shaped ZnO nanorod array, which is compar-
able to those based on 40 mm vertically aligned hexagonal-shaped
ZnO nanowire array counterpart, indicating the synthesized
nanostructures are more suitable for application as photoelectrode
in DSCs. By optimizing the thickness and architecture of nanos-
tructures, higher conversion efficiency could be expected in the
future. More importantly, the synthesized nanostructures are also
expected to be used in gas sensors and photocatalysis for
improved performance where a large surface area is required.
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