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Abstract Oriented ZnO nanorods were fabricated in a two-
step approach, including the synthesis of seed layer on
different substrates and the growth of ZnO nanorods in
aqueous solutions of zinc nitrate and hexamethylenetet-
ramine at low temperature. The effects of seed layer
synthesized by different methods, sol-gel method and
electrochemical deposition method, on the orientation
and morphologies of ZnO nanorods were compared in
detail. The optimal parameters for the growth of highly
oriented ZnO nanorod arrays were found and the forming
mechanism was also disclosed. Furthermore, as an
application of the ZnO nanorod film, dye-sensitized solar
cells based on it were successfully fabricated. The cell
performances of ZnO nanorods grown on ED-ZnO seed
layer deposited at =700 mV were higher than those with
SG-ZnO seed layer due to good nanostructure.

Keywords ZnO - Nanorods - Seed layer - Electrochemical
deposition - Sol-gel
Introduction

ZnO has a large direct band gap (3.37 eV), excellent
chemical and thermal stability, and the electrical properties
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of a [I-VI semiconductor possessing large exaction binding
energy (60 meV). It has been recognized as one of the
promising nanomaterials in a broad range of high-
technology applications, e.g., surface acoustic wave device
[1], chemical sensor [2], photonic crystals [3], light-
emitting diodes [4], varistors [5], and photoanode films of
solar cell [6, 7]. Recent research has demonstrated that the
creation of ZnO nanostructures in highly oriented and
ordered arrays is of crucial important for the development
of novel devices [8]. Hitherto, various techniques have been
successful in creating highly oriented ZnO nanorods such
as radio frequency magnetron sputtering [9], metalorganic
chemical vapor deposition [10], spray pyrolysis [11], and
pulsed laser deposition [12]. However, many of them
require harsh reaction conditions such as high temperature
and low or high pressure, which seriously restricts the
large-scale production of this material.

Recently, solution methods have been demonstrated as
low-cost, moderate methods to fabricate ZnO nanorods. For
example, Vayssieres et al. reported the fabrication of highly
oriented ZnO nanorods with diameters of 100-200 nm via
an aqueous solution method in a constant equimolar of zinc
nitrate hexahydrate (Zn(NO3),:6H,0) and hexamethylene-
tetramine (CgH[2Ny4) at 95°C [13]. Later, Boyle et al.
developed a two-step approach and synthesized oriented
ZnO nanorods on a prepared ZnO film as a seed layer in
aqueous solutions of zinc acetate (Zn(CH3COO),-2H,0)
and CgH{,Ny4 [14]. Recently, Jin Z G et al. studied well-
aligned ZnO nanorods, which were also synthesized via
two-step approach by using inorganic binary composition,
i.e., zinc nitrate and ammonia or sodium hydroxide as
precursors [15—17]. During the two-step approach, the ZnO
seed layer played an important role in the oriented growth,
which was usually synthesized by sol-gel method in aqueous
solutions of Zn(CH;C0O0),-2H,0 and CH;0OCH,CH,OH. In
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our research, oriented ZnO nanorods were also fabricated in
a two-step approach, including the synthesis of seed layer on
different substrates and the growth of ZnO nanorods in
aqueous solutions of zinc nitrate (Zn(NOs),6H,O) and
hexamethylenetetramine (CgH{,N4) at low temperature.
Most importantly, the effects of seed layer synthesized by
different methods, sol-gel method (SG) and electrochemical
deposition method (ED), on the orientation and morpholo-
gies of ZnO nanorods were compared in detail. The optimal
parameters for the growth of highly oriented ZnO nanorod
arrays were found and the forming mechanism was also
disclosed. Furthermore, as an application of the ZnO nano-
rod film, dye-sensitized solar cells (DSSCs) based on it were
successfully fabricated and the cell performances were
characterized.

Experiment
Preparation of ZnO seed layers
Sol—gel method (SG)

Firstly, two kinds of substrates—bare glass substrates and
indium tin oxide (ITO) conducting glass substrates—were
used, which were cleaned ultrasonically with acetone, iso-
propyl alcohol, and ethanol absolute for 15 min, respectively.
Secondly, zinc acetate dehydrate (Zn(CH3;COO),-2H,0) was
dissolved in a mixed solution of 2-methoxyethanol and
NH,CH,CH,OH (MEA) at room temperature. The molar
ratio of MEA to zinc acetate was 1:1 and the concentration
of zinc acetate was 0.375 M. The seed solution was stirred at
50°C for 2 h until yielding a clear and homogeneous
solution. Thirdly, ZnO films were coated on the clean
substrates by dipping into the seed solution and withdrawing
them at the rate of 1 mm/s at room temperature and then
dried at 100°C in oven. The foregoing dip-coating process
was repeated three times and the coated substrates were
eventually heat treated at 400°C for 1 h so as to obtain ZnO
crystalline seed layers.

Electrochemical deposition method (ED)

Other ZnO seed layers were prepared by cathodic electro-
chemical deposition in zinc nitrate (Zn(NOs),-6H,0)
aqueous solution. Electrochemical measurement was per-
formed by a potentiostat/galvanostat (TD3691, Tianjin
Zhonghuan Co., Ltd., China) in a standard three-electrode
cell configuration. The treated ITO glass substrates (active
area of 1.5x2.0 cm? exposed to electrolyte) were used as
working electrode (cathode), a large area Pt foil as counter
electrode, and an Ag/AgCl electrode (KCl saturated) as
the reference electrode. In this system, the concentration
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of zinc nitrate was 0.1 M and the deposition potentials
were —700, —1,100, and —1,400 mV, respectively. The
deposition time was 60 s and the deposition temperature
was maintained at 70°C by a thermostat.

Growth of ZnO nanorod arrays

The substrates with and without ZnO seed layer were immersed
in an aqueous solution of zinc nitrate (Zn(NOs),"6H,0) and
hexamethylenetetramine (CgH;,N4). The concentration of
zinc nitrate was 0.1 M and the molar ratio of C4H;,N4 to
Zn(NO;), was 1:1. After the whole growth system was heated
to 95°C and held for 4 h, a thin film was obviously grown on
the substrate, which would later be thoroughly rinsed with
distilled water to remove any residual salts or amino complex,
and to be dried in air at room temperature.

Assembly of ZnO dye-sensitized solar cells

The ZnO nanorod films were used as photoanodes in
DSSCs, sensitized in a 0.05 mM ethanol solution of
ruthenium(II)cis-di(thiocyano) bis(2,2'-bypyridyl-4,4'cdi-
carboxylic acid) (N3) dyes for at least 12 h at 60°C. The
excess unanchored dyes were rinsed off using absolute
ethanol and dried in air, then covered with platinum sheet
as counter electrodes. The internal space of the cell was
filled with liquid electrolyte (0.5 M Lil, 0.05 M 1)
dissolved in acetonitrile by capillary action.

Characterization

The morphology of the films was observed using a
PHILIPS XL-30 environment scanning electron micros-
copy (ESEM). X-ray diffraction (XRD) patterns of the
seed layer and grown film were examined with a Rigaku
D/max-2500 using Cu Ko radiation (A=0.154059 nm).
Optical transmittance of photoanode films was examined
by DU-8B UV/VIS double-beam spectrophotometer. Pho-
tocurrent of the ZnO DSSCs was measured under
irradiation of a xenon lamp (80 mW cm ?) with global
AML.5 condition, and photocurrent—voltage curves of the
ZnO DSSCs were obtained using a potentiostat (TD3691,
Tianjin Zhonghuan).

Results and discussion

Based on the typical precipitation of crystals from a saturated
solution, ZnO nanorods were formed on the substrate surface
by an aqueous solution method in our experiment. Due to the
polarity of wurtzite ZnO crystals, its polar surface is either
positively charged or negatively charged. Then ZnO has a
dipole moment along (001) polar direction. Moreover, the
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optimized {001} surface has roughly a 60% higher cleavage
energy than the non-polar {100} and {110} faces. These
properties suggest that the c-axis is the fastest growth
direction and the ZnO {001} has the highest energy of the
low-index surface [13, 18]. In our research, Zn(NOs), was
used as source of zinc and CgH;,N, as source of OH . When
CgH 2Ny was added to the solution and mixed together, no
precipitate occurred. With the increasing temperature,
CgH,Ny began to decompose into ammonia, and then Zn
(OH), appeared. Subsequently, ZnO nuclei formed and
gradually aggregated on the substrate surface, and thus the
nuclei grew up and ZnO film was produced on the substrate.
This process can be represented by the following reactions:

(CH,)¢Ny4 + 6H,0 = 6HCHO + NHj; (1)
NH; + HO«—NH, " + OH~ (2)
20H- + Zn*" == Zn(OH), (3)
Zn(OH), = ZnO(, + H,0 (4)

Effects of substrates and seed layers on ZnO nanorods

Figure 1 shows the SEM images of ZnO nanorods
fabricated on different substrates including bare glass,
bare ITO, seed-layer-covered glass, and seed-layer-

Fig. 1 SEM images of ZnO
nanorods on different substrates.
a Bare glass; b ITO; ¢ glass
coated with SG-ZnO seed layer;
d ITO coated with SG-ZnO
seed layer

covered ITO. And the ZnO seed layers were all prepared
by sol—gel method. It is noticed that the nanorods can be
obtained on all the substrates including glass and ITO
conducting glass. However, the coverage density of ZnO
nanorods grown on the substrates covered with ZnO seed
layer (Fig. lc and d) is significantly greater than that for
the nanorods grown on bare substrates (Fig. la and b),
whether the substrate is glass or ITO conducting glass.
The nanorod morphology may greatly depend on the
property of the substrate surface, which is the key factor
for chemical adsorption. For example, the space on rough
surface can serve as nucleation sites for nanorod growth
[19], which plays an important role in the initial growth.
The surface of the bare substrates is smoother than that of
the substrates coated with seed layer; thus, the number of
ZnO nuclei formed in the initial stage on the bare
substrates is so small that the formation of nanorod arrays
can be unfavorably affected. On the other hand, as shown
in Fig. 1, the ZnO nanorods on bare substrates are bigger
than those of substrates coated with ZnO seed layer, for
the reason of the poor ZnO nuclei and the speedy growth
of ZnO nanorods from the less nuclei sites. Moreover, it
can also be seen that ZnO nanorods grown on ITO
substrate coated with ZnO seed layer are better aligned
than those grown on glass substrate coated with the same
seed layer (Fig. 1c and d). It is known that the SnO, on the
surface of ITO conducting glass are wurtzite structure and
their lattices match well with ZnO, which will benefit the
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Fig. 2 XRD patterns of ZnO nanorods on different substrates. a Bare
glass; b ITO; ¢ glass coated with SG-ZnO seed layer; d ITO coated
with SG-ZnO seed layer

epitaxial growth of nanorods on seed layer and result in
the high alignment.

Figure 2 exhibits XRD patterns of the ZnO nanorods
grown on the above substrates, which shows that all the
diffraction peaks can be indexed to the hexagonal wurtzite
structure. In comparison with standard powder diffraction
pattern (PDF#65-3411), the very strong (002) peak reveals
that c-axis is the fastest growth direction and film presents
rod structure, which agrees well with the SEM results. The
c-axis growth and rod structure of ZnO film is attributed to

Fig. 3 SEM images of ZnO
nanorods and seed layers pre-
pared by SG and ED. a, ¢ Sol-
gel method; b, d electrochemical
deposition method
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the nature of the ZnO polar surface. Whenever ZnO
surface is positively or negatively charged, the polar
surface will always try to attract opposite ions (OH  or
Zn*"), and this newly formed surface will in turn attract
other charged ions to cover the surface again. Repeatedly,
ZnO nanorods form and grow layer by layer leading to the
good c-axis orientation. However, there is a broad hump in
Fig. 2a and some diffraction peaks in Fig. 2b due to the
amorphous glass and ITO conducting glass substrate,
confirming the low density of nuclei and small thickness
on the bare glasses as shown in Fig. 1a and b.

Figure 3 compares the nanorod arrays grown on
different ZnO seed layers prepared by sol-gel and
electrochemical deposition method on ITO conducting
glass substrate. It can be seen that the alignment and
coverage density of ZnO nanorods arrays grown on the
ITO substrate covered with ED-ZnO seed layer deposited
at =700 mV (Fig. 3b) is significantly greater than that for
the nanorod arrays grown on ITO substrate covered with
SG-ZnO seed layer (Fig. 3a). Moreover, the diameter
distribution of ZnO nanorods by ED (Fig. 3b) is
significantly more uniform than that by SG (Fig. 3a). To
understand the reason behind this, we should note the
important role played by ZnO seed layer during the
nanorod growth. For example, size distribution of nano-
rods could be greatly affected by the uniformity of surface
roughness because this roughness acts as nucleation sites
for nanorods [19]. From the SEM measurement results
shown in Fig. 3c and d, we can see that ED-ZnO seed
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Fig. 4 SEM images of ZnO
nanorods grown on SG and ED
seed layers. a Sol-gel method;

b electrochemical deposition
method

layer is composed of small columns with a uniform size
distribution. These small columns naturally serve as nuclei
sites for growth of ZnO nanorods (Fig. 3b). Figure 3c
shows that the surface of SG-ZnO seed layer does not
have uniform column size distribution compared to that of
ED-ZnO seed layer, which in turn leads to larger
distribution of nanorod diameters on the SG-ZnO seed
layer.

In order to investigate the reproducibility of the
results, the nanorods grown on different ZnO seed layers
prepared by sol-gel and electrochemical deposition
method on ITO conducting glass substrate are prepared
repeatedly at the same experiment parameters and the
SEM images are shown in Fig. 4. Fortunately, similar
morphologies are obtained by strictly controlling experi-
ment conditions.

Except the preparation method of seed layer, it is also
found that some operation parameters, such as sol concentra-
tion, heat-treated temperature, and deposition potential, all
play an important role in the highly oriented ZnO nanorod
array growth. For example, the effect of deposition potential
on the ED seed layer and ZnO nanorods is shown in Fig. 5.
The orientation and uniformity of the nanorods grown on the
ED-ZnO seed layer deposited at =700 mV (Fig. 5d) is better
than those at —1,100 and —1,140 mV (Fig. 5e and f). The
reason may be that, during the electrochemical deposition
reaction, ZnO thin films with different structure and
morphology can be obtained by controlling the deposition
potential. Figure Sa—c shows the morphologies of ED-ZnO
seed layers at =700, —1,100, and —1,400 mV, respectively.
The corresponding X-ray diffraction patterns of the deposited
films are given in Fig. 6. From Figs. 5a and 6, the ZnO film

Fig. 5 SEM images of ZnO nanorods and deposited seed layers in different deposition potentials. a, d =700 mV; b, e —1,100 mV; ¢, f —1,400 mV
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Fig. 6 XRD patterns of ZnO films in different deposition potentials

deposited at =700 mV is a hexagonal column structure in
a good (002) orientation. However, for the films prepared
at —1,100 and —1,400 mV, the (002) preferred orientation
is weaker and (100) and (101) become stronger. The
morphology of the film is compact, yet includes a few
big crystals (Fig. 5b and c). In conclusion, the seed
surface deposited at =700 mV has evenly distributed
crystallites, (002) preferred orientation, and few defects;
the density of resultant nanorods is high and ZnO
nanorods stand completely perpendicular onto substrates,
while the domain like big crystals form on the seed
surfaces prepared at —1,100 and —1,400 mV and
corresponding nanorods incline to a different extent.
These results indicate that the (002) preferred orientation
and uniform crystallite distribution cause higher density of
nuclei on the seed surface and the rods exhibit in a
perpendicular fashion.

100
(a) --ZnO nanorods (SG)

s¢ 801 (b)--ZnO nanorods (ED)
E 60
[ 1 a)
g
E 401 b)
"
8
= 20

0 v ] v T v 1 v ] v
300 400 500 600 700 800
Wavelength /nm

Fig. 7 Optical transmittance spectra of ZnO nanorod films
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Table 1 Parameters of ZnO dye-sensitized solar cells with different
ZnO nanorod films

Photoanode film Voe mV)  Jg. (mA cmfz) FF (%) 1 (%)
Nanorods (SG) 395 3.23 57 0.9
Nanorods (ED) 442 3.75 62 1.3

The properties of as-prepared ZnO nanorods

The transmittance spectra of the as-prepared ZnO nanorods
grown on the ITO substrate covered with ED-ZnO seed
layer deposited at =700 mV and SG-ZnO seed layer are
shown in Fig. 7. From these, it can be seen that the optical
transmittance decreases with the decrease of wavelength,
but still keep above 50% optical transmittances beyond the
wavelength of 500 nm. And the ED-nanorod film has lower
values of transmittance than that of SG one. This could be
attributed to the enhancement of the coverage density for
the ED-nanorod film.

The above ED-nanorod and SG-nanorod films are used
as photoanodes in DSSCs and their photoelectrochemical
properties are listed in Table 1. The higher conversion
efficiency (1.3%) for DSSCs based on ED-nanorod film can
be ascribed to its special nanostructure, i.e., good align-
ments and higher coverage density. Well-aligned single
crystal nanorods can provide faster electron transportation
channels and higher coverage density with larger surface
area will benefit the dyes adsorbing to improve the light
harvest efficiency.

Conclusions

In conclusion, oriented ZnO nanorods were fabricated in
a two-step approach, including the synthesis of seed
layer on different substrates and the growth of ZnO
nanorods in aqueous solutions. The effects of seed layer
synthesized by different methods, sol-gel method (SG)
and electrochemical deposition method, on the orienta-
tion and morphologies of ZnO nanorods were compared
in detail. Seed layers on different substrates function as
the growth template which can control the ZnO nanorod
growth direction and density. ZnO nanorods grown on
the ITO substrate covered with ED-ZnO seed layer
deposited at =700 mV shows higher photoelectrochem-
ical properties than those with SG-ZnO seed layer due to
good alignment and greater coverage density. The
formation mechanism was also disclosed in detail.
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