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A ZnO nanorod/nanoparticle hierarchical structure
synthesized through a facile in situmethod for dye-
sensitized solar cells†

Rui Gao,a Yixiu Cui,a Xiaojiang Liu,a Liduo Wang*b and Guozhong Cao*cd

A novel ZnO nanorod/nanoparticle (NR/NP) hierarchical structure on a zinc foil has been fabricated through

a chemical bath deposition method. When used as a flexible photoanode for DSSCs, such a structure

demonstrated enhanced dye-loading and electron lifetime as compared to the NR structure. It also

retarded the charge recombination while maintaining the electron diffusion length of the NR structure.

As a result, the power conversion efficiency of the DSSCs based on the NR/NP structure increased from

1.35% to 3.63% with a 169% enhancement as compared to that based on ZnO NRs.
1. Introduction

Since the breakthrough in power conversion efficiency reported
in 1991,1 dye-sensitized solar cells (DSSCs) have been consid-
ered as an alternative to the conventional silicon based solar
cells due to their lower cost and easier fabrication as well as low
sensitivity to the incident angle and the intensity of light. By
2011, a high power conversion efficiency of 12.3% was ach-
ieved,2 which is close to the efficiency of commercial silicon
solar cells. Much attention has been focused on efficiency
enhancement and stability improvement of DSSCs.3 Besides
TiO2, ZnO has been widely and intensively studied as a photo-
anode for DSSCs in recent years4 due to its easier synthesis and
higher electron mobility.5 A high conversion efficiency of 7.5%
was achieved in 2011.6 Furthermore, ZnO DSSCs based on
quasi-solid electrolytes also exhibited high conversion effi-
ciency,7–9 which is up to 6.46%.10

Flexible DSSCs have attracted signicant interest because of
their lightweight, low cost roll-to-roll production and potential
applications in powering mobile electronic products. Until now,
two kinds of exible substrates have been used, metal sheets11

and polymer substrates.12 Compared to polymer substrates,
metal sheets have lower resistance, and are easier for making
exible DSSC devices.11,13 However, DSSC devices based on
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metal sheets exhibit much lower conversion efficiency than that
based on FTO glass.14,15 As a result, much study has been done
to enhance the efficiency of such types of DSSCs.16,17

Due to its high electronmobility, ZnOwith ordered structures,
especially one-dimensional nanostructures, was considered as an
ideal structure for photoanodes.18–21 ZnO nanotubes and nano-
rods have been synthesized and they are used to fabricate DSSCs
with high conversion efficiency. However, the 1-D structures have
a much smaller surface area for dye adsorption when compared
with nanoparticles, resulting in a lower photocurrent and effi-
ciency. Constructing hierarchical morphologies based on 1-D
structures and nanoparticles turns out to be an effective way to
improve the surface area signicantly.22 Cao et al. developed
nanoparticles and nanorod array hybrid photoanodes and
achieved a 4.24% conversion efficiency.23 Recently, a ZnO nano-
rod–nanoparticle hierarchical structure has been used in DSSCs,
which showed a high conversion efficiency of 7.14%.24 However,
the synthesis method used needs high temperature,25 which
increases the power consumption and cost.26 The direct precipi-
tation process27,28 is an efficient way to synthesize ZnO with
specic shapes at low temperature.29,30 Herein, we report an in
situ precipitation method31 to synthesize nanoowers composed
of nanorods (NR) on the zinc foil which could be used as exible
photoanodes for DSSCs.32 Compared with other routes such as
electrochemical deposition, physical/chemical vapor deposition
or hydrothermal methods, this method features simpler opera-
tion and lower cost, and is more ideal for industrial production.
To improve the performance of DSSCs based on such photo-
anodes, a nanorod/nanoparticle (NR/NP) hierarchical structure
has been fabricated by a chemical bath deposition (CBD)method
in a Zn(OAc)2$2H2O methanolic solution. The ZnO NR/NP
composite photoanode fabricated combines the high electron
transport abilities and large dye absorption areas, thereby
signicantly increasing the conversion efficiency of DSSCs based
on exible photoanodes.
J. Mater. Chem. A, 2014, 2, 4765–4770 | 4765



Fig. 1 SEM images of different ZnO films on the zinc foil obtained by
the precipitation method at different temperatures (a and b) 20 �C,
(c and d) 40 �C and (e and f) 60 �C.

Fig. 2 I–V curves under 100mWcm�2 illumination of DSSCs based on
ZnO obtained by the precipitation method at different temperatures.
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2. Experimental

An alkaline zincate solution was prepared by dropping 20 mL
0.125 M aqueous solution of Zn(NO3)2$6H2O into 20 mL 1.0 M
aqueous solution of KOH under stirring. The growth of ZnO
nanorod assembled nanoowers was achieved by suspending a
clean zinc foil (Alfa Aesar, 99.9%, 0.25 mm thick) upside down
in 40 mL zincate solution and sealing the system in a beaker.
The zinc foil was feathered by sanding and then cleaned
through ultrasonic vibration in pure ethanol before use. Aer
reaction at 40 �C for 4 h, the zinc foil was taken out and rinsed
with de-ionized water. The second process consisted of trans-
ferring the zinc foil obtained in the last process into a 20 mL
glass bottle containing 0.01 M Zn(OAc)2$2H2O methanolic
solution, and heating at 40 �C for 12 h.

The ZnO photoanode was sintered at 350 �C, then sensitized
in 0.3 mM N719 absolute ethanol solution for 60 min, followed
by cleaning with absolute ethanol. The electrolyte is a liquid
admixture containing 0.5 M tetrabutylammonium iodide, 0.1 M
lithium iodide, 0.1 M iodine, and 0.5 M 4-tert-butylpyridine in
acetonitrile. A transparent platinized conductive glass was used
as the counter electrode, which was bought from Dyesol Ltd.
directly. When assembling the back-illuminated DSSCs, the
electrolyte was sandwiched between a sensitized ZnO on the
zinc foil and a counter electrode with two clips. A 60 mm thick
adhesive tape was used to separate the photoanode and the
counter electrode. The illumination was from the direction of
the counter electrode.

The UV-Vis reectance absorption spectra were measured
using a Hitachi U-3010 spectroscope. The morphologies of the
ZnO lms were characterized by SEM (JSM 7401). Photocurrent–
voltage (I–V), dark current measurements, monochromatic
incident photon-to-electron conversion efficiency (IPCE), elec-
trochemical impedance spectroscopy (EIS) and the intensity
modulated photovoltage/photocurrent spectrum (IMVS/IMPS)
were investigated using a ZAHNER CIMPS electrochemical
workstation.

3. Results and discussion

Different ZnO structures have been fabricated on a zinc foil
through a precipitation method at different temperatures.
Fig. 1(a) and (b) show that as the reaction proceeds at a lower
temperature (20 �C), the precipitation is difficult to occur,
forming a disordered nanoparticle structure. As the reaction
temperature was increased to 40 �C, nanorod assembled nano-
owers (NFs) were obtained on the zinc foil, which are shown in
Fig. 1(c) and (d). The size of the NFs is about 1–1.5 mm. As the
reaction temperature was further increased to 60 �C, part of ZnO
nanorods turned into nanosheets. At the same time, the size of
the NFs also increased to about 3 mm, as seen in Fig. 1(e) and (f).
The formation process of hierarchical structures is shown in
Fig. 1(c) and (e) which is similar to that reported in ref. 7.

We tested the photovoltaic performance of DSSCs based on
different ZnO structures obtained at different reaction temper-
atures which are shown in Fig. 1. As shown in Fig. 2, the device
based on ZnO NR assembled nanoowers synthesized at 40 �C
4766 | J. Mater. Chem. A, 2014, 2, 4765–4770
showed the highest Voc, Jsc and conversion efficiency, which was
1.35% under 100 mW cm�2 illumination. It could be explained
that the NR assembled nanoowers combined efficient dye-
loading and good electron transport. When the reaction
temperature is as low as 20 �C, disordered ZnO nanoparticles
are formed. The nanoparticles could not adsorb dye molecules
efficiently, thus the photocurrent is rather low. As the reaction
temperature is increased to 60 �C, the dye-loading capacity of
the ZnO photoanode could become lower than that obtained at
40 �C as the nanosheet assembled nanoowers are much larger
than the NR assembled sample, which could cause a decrease in
the specic surface area. The veried Voc and FF with different
morphologies of ZnO could be explained as follows. At a
This journal is © The Royal Society of Chemistry 2014
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reaction temperature of 20 �C, we obtained a disordered struc-
ture, which has poor electron transport in the ZnO lm. Thus
the charge recombination increased. Compared to the sample
obtained at 60 �C, the 40 �C sample has a smaller sized nano-
ower structure, which could cause a better connection between
different nanoowers. Furthermore, the 40 �C sample with a
1-D structure exhibits better electron transport than the 2-D
structure of the 60 �C sample. As a result, the possibility of
charge recombination is smaller than that for the 60 �C sample.
As a result, the Voc, Jsc and FF of the 60 �C sample all decreased
compared to the 40 �C sample.

The growth of ZnO on a zinc foil could be represented by the
following reactions31

Zn + 2H2O + 2OH� / Zn(OH)4
2� + H2 (1)

Zn(OH)4
2� / ZnO + H2O + 2OH� (2)

At rst, the dissolution of Zn atoms into the solution caused
a concentration gradient of zincate ions, and then NR arrays are
formed on the zinc foil (see Fig. S1†) during the precipitation
reaction in a short time at 40 �C, which is the same as that
reported in ref. 28. When the precipitation process continued,
more and more ZnO particles deposited onto the zinc foil. The
NR arrays could strengthen the connection of the zinc foil and
ZnO precipitated on it, which could benet electron transfer
from ZnO to the zinc foil.

As shown in Fig. 3, the HRTEM image revealed that the NRs
are a single crystal. According to the features of the diffraction
pattern, the preferential growth direction of the ZnO NRs is [001].
The displayed lattice spacing of 0.26 nm corresponds to the
lattice spacing of the ZnO (002) plane, which also indicates that
the [001] direction is the preferential growth direction.33 During
the process of ZnO nanocrystal growth, the dissolution of Zn
atoms into the solution caused a concentration gradient of zin-
cate ions from the bottom to the top of NRs. As a result, the
growing rates along the ZnO (001) planes decreased from the
nanocrystal roots to the tips and nally NRs shown in Fig. 1(c)
and (d) and Fig. 3 were formed. This could be explained by the
fact that the excess OH� anions retarded the growth of other
facets. This result also is in accordance with that in ref. 31.
However, the effect of the concentration gradient was weakened
by increasing the reaction temperature as it could cause a much
faster growth of ZnO nanocrystals. Thus as the reaction temper-
ature increased to 60 �C, besides the [001] direction, ZnO growth
Fig. 3 HRTEM images of ZnO NR assembled nanoflowers on the zinc
foil fabricated at 40 �C during the precipitation process in the alkaline
solution.

This journal is © The Royal Society of Chemistry 2014
in the [100] direction started to appear, forming the nanoowers
composed of nanosheets as shown in Fig. 1(e) and (f).

As shown in Fig. 2, the 40 �C sample exhibited the highest
efficiency of 1.35% of the three different samples. However, one
key challenge in using such a 1D nanostructure in DSSCs is
their relatively lower specic surface area compared to nano-
particles, resulting in insufficient dye adsorption and, there-
fore, low light-harvesting efficiency. Hierarchical morphologies
consisting of 1-D nanorods and 0-D nanoparticles would offer
an effective way to synergistically combine the high specic
surface area with easy and fast charge transfer. Thus we fabri-
cate such a hierarchical structure of ZnO NRs/NPs through a
chemical bath deposition method in Zn(OAc)2$2H2O meth-
anolic solution.

As shown in Fig. 4(a) and (b), aer being treated in
Zn(OAc)2$2H2O methanolic solution, nanoparticles were
formed and attached onto the NRs. The surface of NRs became
much rougher, which indicated that the surface area increased.
As shown in Fig. 4(c) and (d), the HRTEM images reveal nano-
particles attached on the NRs and the NPs were about 10 nm in
diameter. The attachment process of NPs on the NRs and
sensitization are illustrated in Scheme 1. The increased surface
area enhanced the amount of dye loaded. Table 1 compares the
dye-loading amount in ZnO NRs with that in NRs/NPs and
shows an increase from 89 nmol cm�2 to 162 nmol cm�2, with
an 86.2% relative enhancement. A large dye adsorption amount
would capture more photons, resulting in a larger IPCE and Jsc,
and thus improving the power conversion efficiency of DSSCs.

As shown in Fig. 5(a) Table 1 shows the photovoltaic
performance of DSSCs based on ZnO NR and NR/NP photo-
anodes. The short-circuit current density (Jsc) of the device
based on NR is 4.88 mA cm�2. As the ZnO NR/NP photoanode is
applied, the Jsc increases to 9.40 mA cm�2, enhancing 92.6%
compared to ZnO NRs. As discussed above, the increased
photocurrent density is due to much larger dye-loading in the
NR/NP structure. Besides increasing Jsc, the NR/NP structure
Fig. 4 (a and b) SEM images of ZnO nanoflower composed of
nanorod/nanoparticles. (c and d) HRTEM images of ZnO nanorods/
nanoparticles grown in 0.01 M Zn(OAc)2$2H2O methanolic solution
heated at 40 �C for 12 h.

J. Mater. Chem. A, 2014, 2, 4765–4770 | 4767



Scheme 1 Schematic illustration of nanoparticle deposition on the
nanorods and sensitizing processes.

Table 1 Photovoltaic parameters of DSSCs based on ZnO NR and NR/
NP photoanodes

Samples Jsc/mA cm2 Voc/V FF% PCE/%
Dye-loading/
nmol cm�2

NRs 4.88 0.64 43.2 1.35 89
NRs/NPs 9.40 0.64 60.4 3.63 162

Fig. 5 (a) I–V curves (b) IPCE of DSSCs based on ZnONRs and the NR/
NP photoanode under 100 mW cm�2 illumination. The dark current
curves are also added in (a).
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also improved the FF of DSSCs compared to the device based on
ZnO NRs. As shown in Fig. 5(a) and Table 1 the FF increased
from 43.2% to 60.4% as the ZnO NR structure turned into the
NR/NP structure. At the same time, the Voc value did not change
during the NP deposition process. As a result, compared to
4768 | J. Mater. Chem. A, 2014, 2, 4765–4770
DSSCs based on ZnO NRs, the conversion efficiency of those
based on the NR/NP hierarchical structure increased from
1.35% to 3.63%, showing a signicant enhancement of 169%,
which is high for ZnO DSSCs based on exible metal foil pho-
toanode. The performance stability of DSSCs based on the
exible photoanode during bending is also good. As shown in
Fig. S3,† though the Jsc and Voc decrease a little aer bending,
the conversion efficiency is almost maintained the same as that
before bending.

As shown in Fig. 5(a), the dark current also decreased as the
ZnO NR structure changed to the NR/NP hierarchical structure,
indicating a weaker back reaction in devices based on such a
photoanode.

As shown in Fig. 5(b), compared to the DSSC device based on
the ZnO NR photoanode, the IPCE of the DSSCs based on the
ZnO NR/NP photoanode increased signicantly, which is about
two times that of the former. The enhancement of IPCE is
considered to be caused by the increased dye-loading amount as
the ZnO NR structure changed to the NR/NP hierarchical
structure, which is shown in Table 1. Hence, such a hierarchical
ZnO photoanode would maximize the use of solar light, which
enhances the light harvesting efficiency and Jsc of DSSCs.

To further investigate the electron transport and recom-
bination properties of these two different structures, we
tested EIS and IMVS/IMPS of DSSC devices based on ZnO NR
and NR/NP photoanodes. As shown in Fig. 6(a), in the
frequency range of 105 Hz to 103 Hz, the impedance associ-
ated with the charge transfer process occurring at the Pt
electrode/electrolyte interface is determined, which is char-
acterized by the charge transfer resistance (R1) and the
capacitance (CPE1). In the middle frequency range of 103 Hz
to 100 Hz, the impedance related to the charge recombination
process at the TiO2/dye/electrolyte interface can be described
by R2 and CPE2. And in the low frequency range of 0.1–10 Hz,
the Warburg diffusion impedance (Zw) within the electrolyte
will be estimated. The sheet resistance (Rs) of the substrate,
the charge transfer resistance of the counter electrode (R1)
and the charge transfer resistance (R2) were analyzed using
Z-view soware using an equivalent circuit shown in the inset
of Fig. 6(a).

Zw accounts for a nite length Warburg diffusion while CPE
represents the constant phase element. As shown in Fig. 6(a)
and Table 2, the cells based on ZnO NRs and NRs/NPs showed
similar values of Rs and R1. Compared to cells based on ZnO
NRs, the charge recombination resistance of the cells based on
ZnO NRs/NPs increased from 105 U to 178 U, indicating that
charge recombination is more difficult. Thus the back reaction
was decreased. The result also is in accordance with the results
of dark current measurements shown in Fig. 6(b).

The weakened charge recombination could be explained by
two reasons. At rst, the connection could be improved during
the nanoparticle deposition process, which connects several
NFs together. As a result, it is easier for electrons to be collected
by the zinc foil substrate, decreasing the possibility of charge
recombination. Besides, during the NP deposition, the surface
defect states could be passivated, thereby decreasing the charge
recombination.
This journal is © The Royal Society of Chemistry 2014



Fig. 6 (a) Nyquist plots under dark conditions with�0.8 V bias voltage
(b) electron collection time and lifetime obtained from IMPS and IMVS
characterization respectively (c) electron diffusion coefficient Dn and
(d) the electron diffusion length Ln as a function of light intensity for
DSSCs based on ZnO NR and NR/NP photoanodes.

Table 2 The resistance fitted from the electrochemical impedance
spectra of DSSCs based on ZnO NR and NR/NP photoanodes

Samples Rs/U R1/U R2/U

NRs 28.4 5.6 105
NRs/NPs 23.2 6.3 178

This journal is © The Royal Society of Chemistry 2014
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Fig. 6(b) shows the time constants of electron transport (sc)
and electron lifetime (sr) as a function of light intensity,
showing that all time constants decrease with increasing light
intensity. The ZnO NR/NP anode showed a longer electron
lifetime than NRs, which is due to its weaker charge recom-
bination than the NR anode. On the other hand, the transport
time (obtained from IMPS measurement) of a ZnO NR/NP
based cell is longer than that of a NR based cell which could
be attributed to the presence of numerous boundaries
between the ZnO nanorod and nanoparticle branches
according to the HRTEM results shown in Fig. 3. As the
electron transport time of the ZnO NR/NP structure is larger,
its electron diffusion coefficient (Dn) is smaller than that of
ZnO NRs which is calculated by the equation Dn ¼ L2/2.35sc,
and is shown in Fig. 6(c).34 The results of IMVS and IMPS
also could be explained by a dominant surface diffusion
hypothesis.35

The electron diffusion length (Ln ¼ (Dnsr)
0.5) suggests

whether the injected electrons can be transported to the
external circuit which inuences the Jsc and PCE.36 Fig. 6(d)
represents the Ln of DSSCs based on ZnO NR and NR/NP
structures, which is the same for both i.e. about 36 mm,
almost without any differences, indicating that Ln had
been maintained while changing from the NR structure to the
NR/NP structure. This result is better than that reported
before. As a result, we fabricated our lm with such a thick-
ness (about 38 mm) to maximize the conversion efficiency of
DSSCs (see Fig. S2†). The maintained Ln also enables the
NR/NP structure to increase the photocurrent and FF and
maintain the Voc, thus enhancing the conversion efficiency
signicantly.
4. Conclusions

A novel ZnO NR/NP hierarchically structured lm on a zinc foil
has been fabricated through a facile chemical bath deposition
method at low temperature. Such ZnO NR/NP hierarchically
structured lms demonstrated enhanced dye-loading and
electron life time when used as photoanodes as compared to
ZnO NRs. It also retarded the charge recombination and
maintained the electron diffusion length of NRs. As a result, it
increased the conversion efficiency of the DSSCs with a signif-
icant 169% relative enhancement compared to that based on
ZnO NRs.
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