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a b s t r a c t

ZnO film with a novel bilayer structure, which consists of ZnO nanowire (ZnO NW) arrays as under-
layer and polydisperse ZnO nanocrystallite aggregates (ZnO NCAs) as overlayer, is fabricated and studied
as dye-sensitized solar-cell (DSSC) photoanode. Results indicate that such a configuration of the ZnO
nanocrystallite aggregates on the ZnO nanowire arrays (ZnO-(NCAs/NWs)) can significantly improve the
efficiency of the DSSC due to its fast electron transport, relatively high surface area and enhanced light-
eywords:
inc oxide
anowire
anocrystallite
hotoanode

scattering capability. The short-circuit current density (Jsc) and the energy-conversion efficiency (�) of
the DSSC based on the ZnO-(NCAs/NWs) photoanode are estimated and the values are 9.19 mA cm−2

and 3.02%, respectively, which are much better than those of the cells formed only by the ZnO NWs
(Jsc = 4.02 mA cm−2, � = 1.04%) or the ZnO NCAs (Jsc = 7.14 mA cm−2, � = 2.56%) photoanode. Moreover, the
electron transport properties of the DSSC based on the ZnO-(NCAs/NWs) photoanode are also discussed.
olar cell

. Introduction

Dye-sensitized solar cells (DSSCs) have been considered as a
romising alternative to conventional solid-state semiconductor
olar cells due to their low fabrication cost and relatively high
onversion efficiency [1–3]. A very important configuration part
f DSSCs is the photoanode film. As one knows, nanocrystalline
iO2 thin film with a porous nature is primary photoanode mate-
ial for DSSCs due to its large surface area, which is favorable for
dsorption of the dye molecules [4–6]. Up to the present, the high-
st conversion efficiency of such DSSCs has been achieved over
1% [7]. However, a further increase in conversion efficiency has
een limited due to the recombination between electrons and
ither the oxidized dye molecules or electron-accepting species in
he electrolyte during the charge transport process. Thus, a key
oint for developing DSSCs with higher conversion efficiency is
ow to overcome a competition between generation and recom-
ination of the photoexcited carriers. One alternative way is to
mploy one-dimensional nanostructures such as ZnO nanowires
ZnO NWs) or TiO2 nanotubes (TiO2 NTs), which are expected to
rovide a high efficient channel for the rapid collection of the

hotogenerated electrons so as to reduce the charge recombina-
ion [8–11]. However, such one-dimensional nanostructures seem
o have insufficient surface area for the adsorption of the dye

∗ Corresponding author. Tel.: +86 29 82668679; fax: +86 29 82668794.
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molecules [12,13]. Alternatively, another effective way is to build
a light scattering layer to enhance the photocapture of the illu-
mination light [14]. For example, a photoanode thin film, which
consists of the monodisperse or polydisperse ZnO nanocrystallite
aggregates as reported in Refs. [15,16], is expected not only to
improve the adsorption of the dye molecules but also to enhance
the absorption of the illumination light.

In this paper, we report what we believe to be the first study
on the fabrication and characterization of the ZnO-based photoan-
ode film with a novel bilayer structure which composes of the ZnO
NW arrays as an underlayer and the polydisperse ZnO NCAs as an
overlayer. The main purpose of the ZnO NW arrays is to collect
photogenerated electrons and reduce the charge recombination,
while the polydisperse ZnO NCAs is used as a light-scattering layer
not only to improve the adsorption of the dye molecules, but also
to enhance the absorption of the illumination light. Thus, as com-
pared with that of the DSSC formed by only the ZnO NW arrays or
the ZnO NCAs photoanode film, the overall solar-to-electric energy
conversion efficiency (�) of the fabricated DSSCs based on the ZnO-
(NCAs/NWs) bilayer structure as the photoanode film is expected
to be improved and enhanced effectively.

2. Experimental

The ZnO NW arrays were self-assembly grown on a ZnO seed layer. The ZnO

seed layer and the ZnO NW arrays were fabricated by the sol–gel technique and
the chemical bath deposition method, respectively. Zn(CH3COO)2·2H2O was first
dissolved in a 2-methoxyethanol-monoethanolamine (MEA)-deionized water solu-
tion at room temperature. The molar ratio of the MEA to deionized water and zinc
acetate was kept at 1 and 0.5, respectively, and the concentration of zinc acetate was

dx.doi.org/10.1016/j.jallcom.2011.04.053
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wxque@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.04.053
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impedance spectra (EIS) were performed with a CS350 electrochemical worksta-
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ig. 1. Schematic representation of the DSSC based on the ZnO-(NCAs/NWs) pho-
oanode.

.75 mol L−1. The resultant solution was stirred at 60 ◦C for 30 min to yield a clear and
omogeneous solution, which is used as the coating solution [17]. The gel thin film
as deposited by a spin-coating process at 3000 rev/min for 20 s on fluorine-doped

in oxide (FTO) glass substrate. The coated film sample was then dried at 200 ◦C for
0 min and further annealed at 500 ◦C for another 1 hour in an electric furnace in
ir, thus the ZnO seed layer can be obtained with the coated film being decomposed
nd oxidized by the heat treatment [18]. Vertically aligned ZnO NW arrays from the
anocrystal seeds were self-assembly grown by immersing the ZnO seed layer sam-
le in a mixed aqueous solution of Zn(NO ) of 0.04 mol L−1 and NaOH of 0.8 mol L−1
3 2

t 80 ◦C for 1 h, and followed the samples were washed by deionized water and dried
t 80 ◦C in air.

Polydisperse ZnO NCAs were synthesized by a hydrolysis of zinc salt in polyol
edium at 180 ◦C, which is similar to the method as reported in the Ref. [19]. Typi-

ig. 2. SEM images of the ZnO NW arrays and the ZnO-(NCAs/NWs) films, (a) top-view
nO-(NCAs/NWs) film and (d) cross-section of the ZnO-(NCAs/NWs) film.
mpounds 509 (2011) 7421–7426

cally, Zn(CH3COO)2·2H2O (0.01 mol) was added to diethylene glycol (DEG, 100 mL)
with a vigorous stirring. The mixture was then heated in an oil bath and kept it
at 130 ◦C for 30 min, so that the Zn(CH3COO)2·2H2O was completely dissolved, fol-
lowed the solution was rapidly heated to 180 ◦C and kept 15 min to yield milk-white
colloidal solution. The obtained colloidal solution was sequentially concentrated by
as follow three steps: (1) centrifugally separating the aggregates from the solvent,
(2) removing the supernatant, and (3) dispersing the precipitate in ethanol (5 mL).
Thus, the obtained ZnO NCAs was deposited on ZnO NWs by using a screen printing
method. After the sample being dried, it was annealed at 500 ◦C for 2 h to remove any
residual organic components from the ZnO surface and thus enhance the interfacial
combination between the ZnO NCAs and the ZnO NWs.

The fabricated ZnO-(NCAs/NWs) photoanode film with the bilayer structure
was then sensitized by immersing it into 0.3 mmol L−1 ethanol solution of the
RuL2(NCS)2:2TBA (L = 2,2′-bipyridyl-4,4′-dicarboxylic acid) (commercially known
as N719 dye) for about 20 min. The sensitization time was strictly controlled and lim-
ited to avoid the dissolution of the surface Zn atoms and the formation of Zn2+/dye
complexes, which might block the electron transport from the dye to semiconduc-
tor [15]. Followed the as-fabricated photoanode film was rinsed with ethanol to
remove the additional dye molecules, which are adsorbed on the surface of the pho-
toanode film. The electrolyte in our study was a liquid admixture containing lithium
iodide of 0.5 mol L−1, iodine of 0.05 mol L−1, and 4-tert-butylpyridine in acetonitrile
of 0.5 mol L−1. Finally, the DSSC device based on the photoanode film with the ZnO-
(NCAs/NWs) bilayer structure was assembled as shown in Fig. 1. During the assembly
procedures, the active area of the resulting cell exposed in light was approximately
1.0 cm2 (1 cm × 1 cm).

The structural properties of the fabricated photoanode films were characterized
by the X-ray diffraction (XRD) using a D/max-2400 X-ray diffraction spectrome-
ter (Rigaku) with Cu K� radiation and operated at 40 kV and 100 mA from 20 to
70◦ , and the scanning speed was 15◦ min−1 at a step of 0.02◦ . The morphological
properties of the fabricated photoanode films were observed by a JEOL JSM-7000F
field-emission scanning electron microscopy (FE-SEM). The optical reflectivity spec-
tra were measured by a V-570 spectrophotometer (Jasco). The electrochemical
tion (CorrTest) under illumination with 100 mW cm−2. The photovoltaic behaviors
were also measured by using a digital source meter (Keithley Instruments Inc.,
Model 2400) under an illumination of a solar simulator at one sun (AM 1.5,
100 mW cm−2).

of the ZnO NW arrays, (b) cross-section of the ZnO NW arrays, (c) top-view of the
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. Results and discussion

Fig. 2 shows SEM images of the ZnO NW arrays and the
nO-(NCAs/NWs) films. Fig. 2(a) and (b) are the top-view and cross-
ection of the ZnO NW arrays and Fig. 2(c) and (d) are the top-view
nd cross-section of the ZnO-(NCAs/NWs) film. It can be clearly
bserved from Fig. 2(a) and (b) that vertically aligned ZnO NW
rrays grown on FTO glass show an acicular morphology, and the
verage length and diameter of the ZnO NWs are around 3 �m and
00 nm, respectively. It can be also observed from Fig. 2(c) that
he polydisperse ZnO NCAs particles are spherical in shape and the
iameter of the spheres is about between 100 nm and 1 �m. It is
oteworthy that the ZnO sphere is composed of the ZnO nanocrys-
allites, which indicates that the ZnO sphere has a high surface area
nd surface roughness. Thus those ZnO spheres with a large size can
ct as efficient light scattering centers, while those ZnO spheres
ith a small size provide the photoanode films with a necessary
orous structure and a large internal surface area. Fig. 2(d) shows
hat the thickness of the ZnO-(NCAs/NWs) photoanode is about
0 �m. It can be concluded based on above these results that the
nO NCAs overlayer corresponds to the light scattering layer, which
ot only enhances the photocapture efficiency but also improves
he adsorption of the dye molecules.

Fig. 3 shows the XRD patterns of the ZnO-(NCAs/NWs) pho-
oanode film and the ZnO NWs arrays. It can be seen for the
nO-(NCAs/NWs) photoanode film that besides the two peaks at
2 0 0) and (2 1 1) from the crystal orientation of SnO2 due to the FTO
ubstrate, all other peaks can be assigned to wurtzite hexagonal-
haped ZnO with a space group P63mc (Joint Committee on Powder
iffraction Standards (JCPDS) card file 36-1451), which correspond

o (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0) and (1 0 3) planes of the ZnO.
t is observed that the (0 0 2) peak in intensity is much higher than
hose of other peaks, which is due to the ZnO NW arrays layer below
he ZnO NCAs layer. It is also noted from the XRD pattern of the
nO NW arrays as shown in Fig. 3 that the ZnO NW arrays have a
rystalline structure and their c-axis orientation is perpendicular to
he substrate. Based on the Scherer equation [20], the nanocrystal
ize of the primary nanoparticles is estimated. Typically, the resul-
ant ZnO NCAs is about 20 nm in diameter after a heat treatment of
00 ◦C, which is coincident with that obtained by the SEM image as

hown in the inset of Fig. 2(c).

The reflectivity spectra of the photoanode films, which are fab-
icated by using N719-sensitized ZnO NW arrays, ZnO NCAs and
nO-(NCAs/NWs), respectively, are examined as shown in Fig. 4.

Fig. 3. XRD patterns of the ZnO-(NCAs/NWs) film and the ZnO NW arrays.
Fig. 4. Reflectance spectra of the ZnO NW arrays, the ZnO NCAs and the ZnO-
(NCAs/NWs) films adsorbed with N719 dye molecules.

It can be seen that there is a similar peak-valley approximately
at 530 nm in the three curves due to the absorption of the N719
dye molecules. The reflectivity of the ZnO NCAs photoanode film
is equivalent with that of the ZnO-(NCAs/NWs) photoanode film,
while the ZnO NW arrays photoanode film exhibits an apparently
lower reflectivity than other two photoanode films. In addition,
a dye-loading examination of the three photoanodes was mea-
sured to determine the absorption amount of the dye molecules
on the photoanodes in our experiment. The experimental method
is as follows, the three kinds of the N719 sensitized photoanodes
were immersed in 0.1 M NaOH aqueous to desorb the dye. A cali-
brated N719/NaOH/H2O solution was prepared to obtain the molar
absorption coefficient at 500 nm. The concentration of the des-
orbed dye, which is determined by UV–Vis spectroscopy, was used
to calculate the dye amount of the photoanodes. As a result, the
dye amount absorbed on ZnO NW arrays, ZnO NCAs and ZnO-
(NCAs/NWs) are 8.9, 42.5 and 36.7 nmoL cm−2, respectively. These
results indicate that the ZnO NCAs layer adsorbs more N719 dye
molecules than the ZnO NW arrays layer, that is, the ZnO NCAs layer
has a higher-scattering ability and can adsorb more dye molecules
than the ZnO NW arrays layer, which enhances the capture and
utilization efficiency of the illumination light.

The electrochemical impedance spectra (EIS) technique has
been widely employed to investigate the kinetics of electrochemi-
cal and photo electrochemical process occurring in DSSCs, lithium
cells and super-capacitors [21–27]. The impedance spectra of
the DSSCs based on the ZnO NW arrays, ZnO NCAs and ZnO-
(NCAs/NWs) photoanodes under light illumination were measured
in a range from 0.1 Hz to 100 kHz at the open circuit voltage as
shown in Fig. 5(a).

Two semicircles, including a small one at a high frequency and
a large one at a low frequency, can be clearly observed from the
Nyquist plots of EIS spectra as shown in Fig. 5(a). It can be seen
that the small semicircle fits to the charge transfer at the inter-
faces of the redox electrolyte/Pt counter electrode [21,23]. The large
semicircle in the low-frequency region fits to the charge transport
at the ZnO/dye/electrolyte interface [25]. After the data being fit-
ted by a proper equivalent circuit [28], the derived parameters are
presented in Table 1. They include that the reaction rate constant
for the loss of the electrons (Keff = 2�fmax), the lifetime of an elec-
tron (� = 1/K ), the impedance of the electron transport in ZnO (R ),
eff t

the impedance of the electron recombination with the electrolyte
(Rc) and the ZnO film thickness (LF). The effective diffusion coeffi-
cient (Deff) and the diffusion length (Ln) are calculated by using the
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based on the ZnO NCAs, it can be found that the Jsc and � are obvi-
ously higher than those of the DSSC based on the ZnO NW arrays
due to the larger surface area of the ZnO NCAs photoanode, but

Table 2
Photovoltaic parameters of the as-fabricated DSSCs.

−2

T
P

ig. 5. (a) EIS spectra of the DSSCs based on the ZnO NW arrays, the ZnO NCAs
nd the ZnO-(NCAs/NWs) photoanodes. (b) Simplified kinetic model of the reaction
aths in the ZnO-based DSSCs.

ollowing equations [29,30]:

eff =
(

Rc

Rt

)(
L2

F

�

)
(1)

n =
√

�Deff (2)

The electron transit time (t) through the ZnO films can be
btained by the following equation [31]:

t

�
= Rt

Rc
(3)

Considering the electrons diffuse forward and recombine with
he electrolyte, the electron collecting rate at the FTO substrate is

hen as follows:

1
�cc

= 1
t

− 1
�

(4)

able 1
roperties of the electronic transportation and recombination.

Samples Keff (s−1) � (s) t (s) Rt (�)

ZnO NWs 54.32 0.0184 3.42e-4 6.26
ZnO NCAs 88.30 0.0113 2.11e-3 15.42
ZnO-(NCAs/NWs) 68.95 0.0145 1.61e-3 10.41
Fig. 6. J-V curves of the DSSCs based on the ZnO NW arrays, the ZnO NCAs and the
ZnO-(NCAs/NWs) photoanodes.

where �cc is the time constant of the electron collection. Thus, the
electron collecting efficiency can be written as [21]:

�cc = 1/�cc

1/t
= 1 − t

�
(5)

Fig. 5(b) shows a simplified kinetic model for the reaction paths
in the ZnO-based DSSCs. It can be seen that there are three reaction
paths in the ZnO-based DSSCs: (1) electrons are injected into the
ZnO conduction band from the excited dye molecules under illumi-
nation, (2) only a single trap level is assumed, and the rate constant,
k1, for the trapping of the conduction band electrons is much faster
than k2 for the detrapping of the electrons, and (3) trapped elec-
trons are lost by the recombination with I3− at a rate of kr, and
this kind of second-order reaction rate is assumed with respect to
electrons for the recombination.

Fig. 6 shows the photocurrent density-photovoltaic perfor-
mances of the DSSCs under the AM 1.5 sunlight illumination
(100 mW cm−2) and the data are summarized in Table 2. From the
analysis of EIS and photovoltaic parameters, it can be seen that the
DSSC based on the ZnO NW arrays exhibits the longest � and high-
est �cc in the three DSSCs, which indicates that the ZnO NW arrays
have high charge transport efficiency and low recombination rate.
It is also noted from Table 2 that the short-circuit current density
(Jsc) and energy-conversion efficiency (�) of the DSSC based on the
ZnO NW arrays are lowest in all three DSSCs due to insufficient
surface area of the ZnO NWs to adsorb dye molecules. For the DSSC
Samples Voc (mV) Jsc (mA cm ) FF � (%)

ZnO NWs 636.9 4.02 0.408 1.04
ZnO NCAs 645.2 7.14 0.556 2.56
ZnO-(NCAs/NWs) 666.1 9.19 0.492 3.02

Rc (�) Deff (cm2 s−1) LF (�m) Ln (�m) �cc (%)

336.84 2.63e-2 3 22 98.1
82.53 4.73e-2 10 23.1 81.3
94.19 6.24e-2 10 30.1 88.9
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ts � and Keff are the shortest and highest in the three DSSCs. It is
robably related to that the electrons trapping (k1) at the bound-
ry of the ZnO nanocrystal and the electrons recombination (kr) at
he ZnO/electrolyte interface. As compared the parameters of the
SSCs based on the ZnO NCAs and the ZnO-(NCAs/NWs), the ZnO-

NCAs/NWs) DSSC has lower Rt, longer �, Ln and shorter t, indicating
hat the ZnO-(NCAs/NWs) DSSC has better charge transfer perfor-

ance than that of the ZnO NCAs DSSC. It is probably related to that
he ZnO NW arrays act as a direct pathway for rapid charge trans-
er to reduce the electron trapping (k1) at the boundary of the ZnO
anocrystal. It is also worthy to note that for the ZnO-(NCAs/NWs)
hotoanode, the dye molecules are mainly adsorbed by the ZnO
CAs layer and the bottom of the ZnO NCAs layer is firmly con-
ected with the upper part of the ZnO NWs. That is to say, the high
urface conductivity of the polar face at the top of the ZnO NWs
32,33] can favor the electrons transport from the ZnO NCAs to the
nO NWs due to less diffusive hindrance, thus probably lead to the
eduction of the electron trapping at the interface between the ZnO
Ws and the ZnO NCAs. In addition, because of the acicular mor-
hology of the ZnO NWs, the ZnO NCAs can contact not only at the
op but also at the side surface of the ZnO NWs, which leads to
hat the contact interface between the ZnO NCAs and the ZnO NWs
n the ZnO-(NCAs/NWs) photoanode is larger than that between
he ZnO NCAs and the ZnO thin film (block layer) in the ZnO NCAs
hotoanode. Above these indicate that the ZnO-(NCAs/NWs) pho-
oanode not only has larger contact interface, but also can provide
aster and more direct electron transport paths than the ZnO NCAs
hotoanode, leading to that more electrons can pass through the

nterface between the ZnO NCAs and the ZnO NWs with less diffu-
ive hindrance and lower recombination. Thus, the DSSC based on
he ZnO-(NCAs/NWs) has higher Rc and lower Keff than that of the
SSC based on the ZnO NCAs, indicating that the ZnO-(NCAs/NWs)
hotoanode has less electron recombination (kr) than the ZnO NCAs
hotoanode at the ZnO/electrolyte interface. As a result, the ZnO
Ws array underlayer of the ZnO-(NCAs/NWs) photoanode not
nly collects electrons from the ZnO NCAs overlayer effectively and
ransports electrons with less diffusive hindrance but also reduces
he electron recombination at the ZnO/electrolyte interface. Thus,
he �cc of the DSSC based on the ZnO-(NCAs/NWs) is much higher
han that of the DSSC based on only the ZnO NCAs. Due to the better
lectron transport properties and larger surface area, the Jsc and �
f the DSSC based on the ZnO-(NCAs/NWs) are much higher than
hose of the DSSCs based on the ZnO NCAs or the ZnO NW arrays.

According to above results obtained from the SEM, XRD, reflec-
ivity, EIS and J-V analysis, the model of the electrons transport
nd the light path of the DSSC based on the ZnO-(NCAs/NWs)
an be further understood as shown in Fig. 7, which suggests that
here are two injection paths for the photoelectrons from the N719
ye molecules to the ZnO-(NCAs/NWs) photoanode. One possible
ath is that the photoelectrons generated from the dye molecules
dsorbed on the surface of the ZnO NWs inject into the ZnO NWs
irectly, and thus the electrons can be effectively collected and
ransferred through the ZnO NWs due to less trapping and lower
ecombination. Another possible path is that the photoelectrons
enerated from the dye molecules adsorbed on the surfaces of the
nO NCAs first transports to the ZnO NCAs and then diffuses to the
nO NWs. It is noteworthy that while the photoelectrons diffuse
rom the ZnO NCAs to the ZnO NWs, the polar face at the top of
he ZnO NWs can collect and transport electrons to the inner of the
nO NWs effectively due to its high surface conductivity. Further-
ore, because of the acicular morphology of the ZnO NWs, the ZnO
CAs can contact not only at the top but also at the side surface

f the ZnO NWs, leading to that the contact interface between the
nO NCAs and the ZnO NWs in the ZnO-(NCAs/NWs) photoanode
s larger than that between the ZnO NCAs and the ZnO thin film in
he ZnO NCAs photoanode, thus, more electrons can pass through
Fig. 7. Schematic representation of the electron transport and the light path in the
DSSC based on the ZnO-(NCAs/NWs) photoanode.

the interface between the ZnO NCAs and ZnO NWs with less dif-
fusive hindrance and lower recombination. Obviously, this kind of
electron transfer mode can reduce not only the electron trapping
but also recombination at the interface between the ZnO NCAs and
the ZnO NWs, and this is also an effective way to improve the con-
version efficiency of the cells. On the other hand, the large surface
area of the ZnO NCAs can adsorb more dye molecules and the differ-
ent sizes of the ZnO NCAs can increase the length of the light path
to enhance light utilization efficiency. It can be concluded based on
above analysis and discussion that the ZnO NW arrays layer is favor-
able for collecting and transporting electrons, and the ZnO NCAs
layer is favorable for adsorbing dye molecules and scattering light,
thus the ZnO-(NCAs/NWs) bilayer photoanode film possesses the
both advantages of the ZnO NW arrays and the ZnO NCAs.

4. Conclusions

In summary, the ZnO-(NCAs/NWs) photoanode film, which
consists of the ZnO NW arrays as an underlayer and the poly-
disperse ZnO NCAs film as an overlayer, has been successfully
fabricated to promote the performance of the as-fabricated DSSCs.
The bilayer structure photoanode film has been confirmed to pos-
sess bi-functional characters, namely efficient transfer of the charge
carriers and enhancement of the light absorption. Results indicate
that the � of the DSSC based on the ZnO-(NCAs/NWs) bi-layer struc-
ture is obviously enhanced and achieves up to a value of 3.02%, far
higher than ∼1.04% of the DSSC fabricated by only the ZnO NW
arrays and ∼2.56% of the DSSC fabricated by only the ZnO NCAs.
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