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Electrosynthesis of zinc oxide has been performed in track etched polymer membranes to yield nanorods
of defined diameter and controlled length. The electrodeposition process involves two steps: (i)
electroreduction of either hydrogen peroxide or nitrate ions to alter the local pH within the pores and (ii)
precipitation of the metal oxide within the pores. Synthesis at 22°C via the reduction of hydrogen peroxide
yielded polycrystalline zinc oxide nanorods. When deposition was performed at 90°C, using the reduction
of nitrate to control the local pH, zinc oxide nanorods which displayed the same growth direction along
their entire length were obtained. The length of all as-grown rods increased with the integrated charge
passed. The growth direction of the ZnO rods obtained at the higher temperature was unusual, being
perpendicular to the (101h1) plane.

Introduction

Templated synthesis has been employed widely to prepare
solids of defined dimension.1-3 Several techniques of forming
materials in templates have been developed, including
chemical vapor deposition (CVD),4 sol-gel deposition,5 in
situ polymerization,6 and electrochemical deposition.7 The
latter, in which the template is adhered to an electrode
surface, offers simple and precise control of the dimension
of the as-formed structures, owing to the facts that (i) the
material propagates, continuously through the template from
the base electrode, and (ii) that the amount of solid deposited
is proportional to the current passed. Direct templated
electrodeposition has been employed to form nanomaterials
of metals, conducting polymers, and semiconductors.8,9 A
variety of templates have been used in electrodeposition
studies, with porous anodic aluminum oxide or nuclear track
etched polymer membranes being the matrixes of choice for
preparation of nanorods. In this paper, we provide a first
illustration of the way in which electrochemistry can be
employed to manage the pH within the pores of a template
and demonstrate the controlled growth of continuous crystal-
line metal oxide nanorods.

ZnO is a wide band gap (3.37 eV) semiconductor with a
large exciton binding energy (60 meV). One-dimensional
ZnO nanostructures have been attracting intense scientific

interest as these materials exhibit near-UV emission,10 UV
absorption,11 and field-emission capabilities.12 A number of
physical and chemical techniques have been developed to
fabricate one-dimensional ZnO nanostructures. High-tem-
perature thermal evaporation,13,14CVD,15,16and pulsed laser
deposition17-19 have been used to produce high-quality ZnO
nanorods and nanowires; such procedures require rigid
conditions and expensive reactors. ZnO nanorods and
nanowires have also been prepared by wet chemical methods
such as hydrothermal processes19-21 and expitaxial elec-
trodeposition.22 Here we introduce a widely applicable and
straightforward alternate strategy where ZnO nanorods of
defined length can be generated by immersing an electrode
coated with a track etched polymer membrane into an
electrolyte containing zinc ions and then electrochemically
changing the local pH; zinc oxide nanorods of defined length
can be achieved. Hydrogen peroxide and nitrate ions have
been employed as the electroactive species that, when
reduced, result in a local pH change at the electrode interface
and the precipitation of zinc oxide.

Experimental Section

In a typical synthesis, ZnO nanorods were fabricated by
electrodeposition into a nuclear track etch polycarbonate membrane
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(Whatman, Inc.). The rated membrane thickness, nominal pore size,
and pore density were respectively 6µm, 50 nm, and 6× 108 pores/
cm2. One side of the polycarbonate membrane was first coated with
a 50 nm thick layer of gold, by high-vacuum evaporation, to serve
as a working electrode. The electrical contact was made to the
membrane working electrode using aluminum foil. A platinum mesh
was used as the counter electrode, and an Ag/AgCl (3 M KCl)
electrode was used as the reference electrode. Electrosynthesis was
performed under potentiostatic control using an Eco Chemie
µAUTOLAB instrument. Electrosynthesis of ZnO was performed
in electrolytes containing zinc ions and either hydrogen peroxide
or nitrate ions as the electrochemical hydroxide precursor. The two
aqueous (Elgestat water,>18 MΩ cm) plating solutions were 5
mM ZnSO4, 5 mM H2O2, and 0.1 M Na2SO4 as the supporting
electrolyte and 0.01 M Zn(NO3)2. The deposition when using
peroxide as the precursor was performed at 22°C at a fixed potential
of -0.2 V. Electrosynthesis in the presence of nitrate was carried
out at 90°C at a constant potential of-0.7 V.

Following deposition the gold backing used as the working
electrode was mechanically removed, and the membrane was rinsed
three times in deionized water, for 10 min each time. The nanorods
were released by dissolving the polycarbonate membrane in
dichloromethane. The suspension was centrifuged at∼3000 rpm,
and the rods were washed three times with dichloromethane and
finally suspended in 0.5 cm3 of dichloromethane.

Samples for scanning electron microscopy (SEM) studies were
prepared by drop casting the as-prepared suspension onto either
indium tin oxide glass or silicon; to permit accurate determination
of particle dimensions, no metal was deposited onto the as-deposited
layers. SEM images were obtained using a JEOL JSM-6330FEG
microscope operated at 10 kV. Transmission electron microscopy
(TEM) images were recorded on a JEOL JEM-1200EX microscope
operated at 120 kV. High-resolution transmission electron micros-
copy (HR-TEM) images were acquired on JEOL JEM-2010EX
microscope at 200 kV.

Results

1. Hydrogen Peroxide as the Electrochemical Source
of Hydroxide Ions. On reduction of an aqueous hydrogen

Figure 2. Experimental and theoretical relationships between the average
length of ZnO nanorods prepared at 22°C and integrated charge passed
during electrosynthesis. The vertical bars represent the full width at half-
maximum of the Gaussian fit to the size histogram. The theoretical length
was calculated assuming that all hydroxide ions produced by H2O2 reduction
led to the formation of ZnO, and the nanorods have the same density as
crystalline ZnO.

Figure 3. TEM image of ZnO nanorods prepared at 22°C with an
integrated charge passed of 0.1 C and the corresponding SAED pattern.

Figure 1. FE-SEM images of electrosynthesized ZnO nanorods prepared at 22°C using hydrogen peroxide as the hydroxide precursor with integrated
charges of (a) 0.01 C; (b) 0.02 C, (c) 0.05 C; and (d) 0.1 C. The insets show histograms of the length distribution of each sample; Gaussian fits to the data
are displayed.
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peroxide solution in the presence of zinc ions the following
two reactions occur:

resulting in an overall deposition process of23,24

Reduction of hydrogen peroxide on the surface of the
working electrode leads to the production of hydroxide ions
and, hence, an increase in the local pH in the membrane
channels. The increase of the local pH results in the formation
of ZnO particles from zinc ions; that is, ZnO particles
precipitate on the working electrode. ZnO nanorods develop
because of the mass transport of zinc ions and hydrogen
peroxide from bulk solution to the working electrode at the
base of the membrane channels.

Field-emission scanning electron microscopy (FE-SEM)
images of ZnO nanorods prepared at 22°C by the electro-
chemical reduction of hydrogen peroxide, 5 mM, in the
presence of zinc ions, 5 mM, at a track etched polymer
membrane modified electrode are displayed in Figure 1. The
diameter of the ZnO nanorods is 100( 20 nm. Statistical
analysis of the length distributions of the ZnO nanorods, inset
in the FE-SEM images, yields the average lengths〈l〉 of 0.80,
1.45, 2.23, and 2.90µm for integrated charges of 0.01, 0.02,
0.05, and 0.1 C, respectively. The length distributions fit well
to Gaussian curves, as shown. The length dispersivity results
from the intersection of membrane channels,1 nonuniform
pore size, and particle damage in centrifugation. The graph

in Figure 2 demonstrates the relationship between〈l〉 and
the integrated charge passed. The theory line shows the
expected rod length if it is assumed that all electrons
participate in reaction 3 and the rods have the same density
as crystalline zinc oxide. In contrast to direct electro-
deposition the length of the rods is not directly proportional
to the charge passed because not all the hydrogen peroxide
reduced forms ZnO. Nevertheless, the correlation indicates
that the deposition charge can offer control of the length of
ZnO nanorods formed.

Figure 3 shows a TEM image of ZnO nanorods grown at
22 °C in a solution containing hydrogen peroxide as the
hydroxide precursor. The selected-area electron diffraction
(SAED) pattern indicates that the as-prepared ZnO nanorods
grown at this temperature are polycrystalline. To achieve
greater crystallinity ZnO nanorods, higher preparation tem-
peratures must be employed.

(23) Pauporte´, T.; Lincot, D. J. Electrochem. Soc.2001, 148, C310.
(24) Pauporte´, T.; Lincot, D. J. Electroanal. Chem.2001, 517, 54.

Figure 4. FE-SEM images of electrosynthesized ZnO nanorods prepared at 90°C using nitrate ions as the hydroxide precursor with integrated charges of
(a) 0.05 C; (b) 0.1 C; (c) 0.2 C; and (d) 0.5 C. The insets show histograms of the length distribution of each sample; Gaussian fits to the data are displayed.

H2O2 + 2e- f 2OH- (1)

Zn2+ + 2OH- f ZnO + H2O (2)

Zn2+ + H2O2 + 2e- f ZnO + H2O (3)

Figure 5. Experimental and theoretical (refer to Figure 2) relationships
between the average length of ZnO nanorods prepared at 90°C and the
integrated charge passed during electrosynthesis. The vertical bars represent
the full width at half-maximum of the Gaussian fit to the size histogram.
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2. Nitrate Ions as the Electrochemical Source of
Hydroxide. Rapid decomposition at high temperatures
precludes the use of hydrogen peroxide at high temperatures.
However, nitrate ions may be employed as an electrochemi-
cal hydroxide source at high temperatures. On the reduction
of nitrate in the presence of zinc ions the following two
reactions occur:

resulting in an overall deposition process of25,26

As in the case of hydrogen peroxide the mechanism involves,

first, an increase of pH, in this case due to the reduction of
nitrate ions, and second the precipitation of zinc oxide. A
FE-SEM image of the ZnO nanorods fabricated at 90°C
using nitrate ions as the electrochemical hydroxide precursor
is shown in Figure 4. The diameter of the nanorods is in the
range of 120( 40 nm, a 20% increase in rod diameter for
the higher reaction temperature. Statistical analysis of the
length distributions of the ZnO nanorods, inset in the FE-
SEM images, yields the average lengths〈l〉 of 0.85, 1.43,
1.82, and 3.24µm for integrated charges of 0.05, 0.1, 0.2,
and 0.5 C, respectively. The graph in Figure 5 demonstrates
the relationship between〈l〉 and the integrated charge passed.
Further structural analysis was performed using TEM and
HR-TEM. Three representative TEM images of single ZnO

(25) Izaki, M.; Omi, T.Appl. Phys. Lett.1996, 68, 2439.
(26) Izaki, M.; Omi, T.J. Electrochem. Soc.1996, 143, L53.

Figure 6. (a-c) TEM image of single ZnO nanorods and the corresponding SAED patterns along three zone axes; (d) configuration of the three electron
beam directions for imaging the nanorods; and (e) HR-TEM image of a region of a ZnO nanorod (the region is indicated by the white box shown in the
inset).

NO3
- + H2O + 2e- f NO2

- + 2OH- (4)

Zn2+ + 2OH- f ZnO + H2O (5)

Zn2+ + NO3
- + 2e- f ZnO + NO2

- (6)
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rods and the corresponding SAED patterns are displayed in
Figure 6a-c. The diffraction patterns indicate that ZnO rods
have a wurtzite structure. When recording the SAED patterns
the incident beam was perpendicular to the nanorods. Thus,
the fact that only the (101h1) is common to all three suggests
that the ZnO growth direction is perpendicular to the (101h1)
plane. Figure 6d displays the electron beam directions for
imaging the nanorods along the [112h3h], [011h1h], and [57h23h]
zone axes, respectively. A HR-TEM image of a single ZnO
rod is shown in Figure 6e. Identical planes were observed
along the entire rod, that is, each rod displays characteristics
of a single crystal. The measured plane spacing (∼0.243 nm)
is characteristic of the (011h1) planes of wurtzite zinc oxide.
The measured angle (∼53°) between the (011h1) plane and
the plane perpendicular to the growth direction is consistent
with the literature value (52.19°) for the angle between (011h1)
and (101h1), confirming that the growth direction of the ZnO
nanorods is perpendicular to (101h1). It is of note that this
growth direction differs from that normally observed for ZnO
nanorods obtained by wet chemical methods. Despite the fact
that the nonpolar surfaces exhibit lower energy27 it is usual
for ZnO rods to grow along thec axis with the crystal
morphology dominated by the polar (0001) surface. It has
been demonstrated27,28that in the initial stages of deposition
thin layers of hexagonal Zn3O3 rings are formed which favor

bulk deposition along thec axis. Film growth perpendicular
to the (101h1) direction has been observed for ZnO growth
on sodium chloride crystals; the alignment was rationalized
in terms of epitaxy.29

Conclusions

In summary, it has been shown that ZnO nanorods may
be fabricated in porous polycarbonate membranes via an
electrosynthesis route. The width of the nanorods is con-
strained by the uniform diameter of the membrane channels.
The length of the polycrystalline rods grown at 22°C can
be controlled by the integrated charge passed during deposi-
tion. Single-crystal ZnO nanorods have been prepared at 90
°C using nitrate ions as hydroxide precursors. The growth
direction of the ZnO rods grown at the higher temperature
is perpendicular to the plane (101h1). It is anticipated that
the methodology detailed above may be extended to a range
of metal oxides.
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