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ABSTRACT: A one-step, catalyst- and seed-layer-free growth process is used to
control the morphology of ZnO nanotubes and nanorods by modifying the electrolyte
conductivity in an amperometric electrodeposition technique. This method does not
require the use of O2 bubbling or any etching step. ZnO nanotubes with high surface
areas are found to form in less conductive electrolytes with monovalent anions (Cl−,
NO3

−, ClO4
−), and nanorods with smaller surface areas are produced in more

conductive electrolytes with divalent anions (SO4
2−, C2O4

2−), all mixed with ZnCl2 at
80 °C. Our conductance measurements of the electrolytes confirm the important effect
of the supporting electrolyte on controlling the observed morphologies and further
suggest that ion diffusion in the electrolyte plays a key role in the growth mechanism of
ZnO nanotubes and nanorods. In particular, ion diffusion in a more conducting
electrolyte supported by divalent anions facilitates growth in the [0001] and [10−11]
directions, with preferential growth in the [0001] direction therefore favoring one-
dimensional or nanorod growth. On the other hand, in a less conducting electrolyte
supported by monovalent anions, ion diffusion is sufficiently slow, which facilitates growth in the [0001] and [10−11] directions
but with a higher contribution in the [10−11] direction due to termination of the (0001) plane by anion adsorption, leading to
growth of the perimeter walls of the nanotubes. Furthermore, we demonstrate that the as-prepared ZnO nanotubes can be used
as an effective photoanode material in a typical dye-sensitized solar cell application.

1. INTRODUCTION

Over the past two decades, the synthesis of nanostructured
materials and their morphology control have remained one of
the most active research areas with applications in many fields.
Zinc oxide (ZnO) is one of the most promising n-type
transparent semiconducting materials with a large direct band
gap (3.37 eV) and a large exciton binding energy (60 meV) at
room temperature. ZnO is also a biosafe and biocompatible
material.1 Furthermore, ZnO is widely known for its diverse
and versatile morphologies, including nanowires and nano-
rods,2,3 nanotubes,4 nanobelts,1 nanorings and nanobows,5

nanohelixes,6 nanosprings,7 nanowalls,8 nanodisks,9 and nano-
propellers.10 Among these diverse ZnO nanostructures, nano-
tubes are particularly interesting. Nanotubes are often classified
as a one-dimensional object similar to nanowires and
nanorods,11 but the side walls making up the hexagonal
cross-sectional shape of the nanotubes may be regarded as two-
dimensional objects similar to the nanowalls and nanodisks.12

This unique structure with not only large outer but also large
inner surface areas, along with its optical transparency and
direct band gap, make ZnO nanotubes an excellent nanoma-
terial for solar cell and other applications.
Several solution-based methods, including electrochemical

and hydrothermal methods, have been used to synthesize ZnO
nanotubes.13−22 High-temperature methods such as chemical
and physical vapor deposition have also been employed for

fabricating low-dimensional nanostructured ZnO materi-
als.23−26 In contrast to the solution-based methods, vapor
deposition is often limited by the types of compatible substrates
and by the cost of large-scale production. Electrodeposition
offers a simpler approach under lower-temperature conditions
to producing ZnO nanostructured materials for many
applications. In addition to low-temperature processing, the
other advantages of electrodeposition are low equipment cost,
scalability, and facile and precise control of nanostructural
morphology.8,11,12 The general electrochemical growth in an
aqueous solution is well understood in terms of a two-step
mechanism: Zn(OH)2 formation from Zn2+ and OH− followed
by dehydration of Zn(OH)2 to ZnO.27−29 The catalyst-induced
growth of a variety of ZnO nanostructures on inexpensive
substrates including indium tin oxide (ITO) coated glass or
plastics by electrodeposition has already been established,30−32

and their use has also been demonstrated in photovoltaic
applications.33−35 Recently, our group has demonstrated one-
step, catalyst- and seed-layer-free electrochemical synthesis of
ZnO nanostructures of both two-dimensional or 2D (nanowalls
and nanodisks) and one-dimensional or 1D (nanospikes,
nanobelts, nanopillars, nanowires) on ITO-glass sub-
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strates.11,12,36 In these electrochemical approaches, the
supporting electrolyte is primarily used to increase the
conductivity to a sufficient level to allow the deposition to
proceed. Only one work has reported the effect of anions (Cl−,
NO3

−, CH3COO
−) on the electrodeposition of ZnO nanowires

in a primary electrolyte with the same anions as the supporting
electrolyte.37 In particular, Elias et al. showed that the
adsorption of different anions on the ZnO surface could lead
to nanowires with different diameters because these anions
affect the O2 reduction rate in the formation of Zn(OH)2 and
the subsequent dehydration of Zn(OH)2 to ZnO.
In the present work, we employ supporting electrolytes with

different anions at constant pH and investigate the importance
of electrolyte conductivity as a means to control the different
morphologies of the electrodeposits (nanorods vs nanotubes).
We successfully produce ZnO nanotubes on ITO-glass, for the
first time, by delicately manipulating the electrolyte con-
ductivity. To date, there are a very limited number of studies on
electrochemical synthesis of ZnO nanotubes. These methods
require external O2 bubbling,

14 or two-step selective dissolution
of ZnO nanorods,15 or a self-etching process involving over 2 h
of deposition.38 Our method offers a direct, facile, catalyst- and
seed-layer-free procedure, without the need for O2 bubbling or
any etching to produce the ZnO nanotubes. We further
demonstrate the efficacy of these ZnO nanotubes as an active
photoanode material in a dye-sensitized solar cell (DSSC)
application.

2. EXPERIMENTAL DETAILS
ZnO nanostructures were electrodeposited on ITO-glass
substrates at 70, 80, and 90 °C in an aqueous solution (20
mL) of 0.5 mM ZnCl2 mixed with a 0.1 M supporting
electrolyte, at a constant pH (5−6). Three different supporting
electrolytes with monovalent anions, including KCl, KNO3, and
KClO4, and two supporting electrolytes with divalent anions,
K2SO4 and K2C2O4, were used for nanotube and nanorod
synthesis, respectively. The pH and conductivity of the
electrolyte solutions were measured by using an Orion 4-Star
Plus pH/conductivity dual meter. We employed a three-
electrode electrochemical cell, with an ITO-glass working
electrode, a Ag/AgCl reference electrode, and a Pt-wire counter
electrode. An amperometry technique was conducted at −1.0 V
vs Ag/AgCl for different deposition times in an electrochemical
workstation (CH Instruments 1140). After deposition, the
nanodeposits were rinsed thoroughly in filtered deionized water
and stored in a nitrogen atmosphere to dry for at least 24 h
prior to characterization.
The surface morphologies of ZnO nanostructured films were

examined by using helium ion microscopy (HIM) in a Zeiss
Orion Plus microscope and field-emission scanning electron
microscopy (SEM) in a LEO FESEM 1530 microscope. The
corresponding crystal structures were characterized by glancing-
incidence X-ray diffraction (XRD) using a PANalytical X’Pert
Pro MRD diffractometer with Cu Kα radiation (1.54 Å) at an
incidence angle ω of 0.6°. Transmission electron microscopy
(TEM) measurements were performed on ZnO nanotubes and
nanorods transferred onto holey carbon grids in a FEI Tecnai
F20 microscope operated at 200 kV. The surface compositions
of the ZnO nanodeposits were analyzed by X-ray photoelectron
spectroscopy (XPS) using a Thermo-VG Scientific ESCALab
250 Microprobe with a monochromatic Al Kα source (1486.6
eV). In addition, using our ZnO nanotubes as the photoanode
material, we constructed a typical DSSC device. The current−

voltage characteristics were analyzed using a solar cell I−V
measurement system (PV Measurements IV5) equipped with a
class ABA solar simulator and an Air Mass (AM) 1.5 global
spectral filter.

3. RESULTS AND DISCUSSION
3.1. Morphology and Crystallography. Figure 1a and 1b

compares the HIM images of ZnO nanorods and nanotubes

obtained by electrodeposition at −1.0 V (vs Ag/AgCl) for 1 h
at 80 °C in an electrolyte solution of 0.5 mM ZnCl2 mixed with
0.1 M K2SO4 and 0.1 M KCl, respectively. The insets show
close-up views of the top of the respective single nanostruc-
tures. Both the nanotubes and nanorods are found to be
uniformly distributed and near-monosized and have similar
length (1.0−1.5 μm) and average diameters of 150 and 75 nm,
respectively. The cross sections of the nanotubes and nanorods
show a hexagonal structure, consistent with the wurzite crystal
structure of ZnO, and their surfaces appear rough. We further
employed HIM to ion-mill a nanotube at a slower scan rate
with a higher ion current (2.2 pA for ion-milling vs 0.5 pA for
imaging) for 0, 180, and 480 s (Figure 1c−e, respectively), to
examine the hole depth along the ZnO nanotube. The etching
of nanotube indicates that the hole extends to the bottom of
the nanotube, and the tube formation appears to begin in the
early stage of growth. While these nanostructures are randomly
oriented, a majority lie near-horizontally with respect to the
substrate. Interestingly, the areal density of the deposited
nanotubes is considerably lower than that of the nanorods.
Given that our deposition conditions are identical except for
the nature of the supporting electrolytes, the supporting
electrolytes therefore affect not only the formation of
nanotubes and nanorods but also their numbers of nucleation
sites. In separate experiments, we have repeated the deposition
under the same conditions but with different supporting
electrolytes of other monovalent anions (NO3

−, ClO4
−) and a

divalent anion (C2O4
2−). Deposition with monovalent

supporting electrolytes gives nanotubes, while that with divalent
supporting electrolytes leads to nanorods, all with similar
respective morphologies and areal densities as shown in Figure
1.
To investigate the underlying mechanism that drives the

observed differences in morphology and nucleation density of
the nanotubes and nanorods, we perform conductance
measurements for the aforementioned electrolytes in a

Figure 1. HIM images of (a) ZnO nanorods and (b) nanotubes
electrodeposited on ITO-glass substrates at −1.0 V (vs Ag/AgCl) for 1
h at 80 °C in a 0.5 mM ZnCl2 solution mixed with 0.1 M KCl and 0.1
M K2SO4, respectively. (c−e) Ion milling of a ZnO nanotube for 0,
180, and 480 s, respectively, to depict its hole depth.
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constant-pH acidic condition at room temperature. Equivalent
conductance values are found to be similar for all supporting
electrolytes with monovalent anions: Cl− (62.8 S cm2 mol−1),
ClO4

− (59.1 S cm2 mol−1), and NO3
− (59.2 S cm2 mol−1).

However, considerably larger equivalent conductance values are
observed for supporting electrolytes with divalent anions:
SO4

2− (207.6 S cm2 mol−1) and C2O4
2− (207.4 S cm2 mol−1).

This result indicates that the differences in ion diffusion (as
reflected by the conductance values) have significant effects on
the morphologies of the electrodeposits and their nucleation
densities; i.e., less conducting electrolytes with monovalent
anions give rise to less densely distributed nanotubes, while
more conducting electrolytes with divalent anions produce
more densely packed nanorods. Our observation is in good
agreement with our cyclic voltammetric and amperometric
results for ZnO nanotubes and nanorods (not shown). These
results confirm that the current is controlled by the nature and
kinetics of the ion diffusion, both of which are strongly
influenced by the state of the cathode surface and the
adsorption of different anions on the ZnO surface. In other
words, the highly conducting media enhance the diffusion of
Zn2+ ions to the cathode surface and build up the (0001) plane,
resulting in 1D nanorod growth. In contrast, less conducting
media hinder the ion diffusion and, together with the
termination of the (0001) plane due to adsorption of
monovalent anions, lead to the nanotube growth.
We have also studied the effects of deposition time and

temperature on the growth of nanorods and nanotubes. Our
results for the nanorods have been reported elsewhere.8 For
nanotubes (Figure 2a−c), increasing the deposition time while
maintaining the same deposition temperature increases the
areal density but reduces their average length. These results
suggest that the nucleation rate is faster than the growth rate,
which reflects a progressive nucleation growth mechanism. For
the same deposition time (60 min, Figure 2d−f), reducing the
deposition temperature from 80 °C (Figure 2e) to 70 °C
(Figure 2d) appears to decrease the average length slightly and
increase the areal density. On the other hand, increasing the
deposition temperature to 90 °C (Figure 2f) produces
clustering of nanotubes over a smaller number of nucleation
sites (i.e., a lower density) but with an average length similar to

that of the nanotubes grown at 80 °C. This suggests that the
kinetics of the hydroxide formation affect the length of the ZnO
nanotubes and their nucleation morphologies (i.e., singles vs
clusters). These vertically oriented nanotube flowers, with 50−
100 nm in diameter and 1.0−1.2 μm in length for individual
nanotubes, are excellent candidates as photoanode materials for
solar cell applications.39

Figure 3a compares the glancing-incidence XRD patterns of
electrodeposited ZnO nanotubes and nanorods obtained with
different supporting electrolytes of monovalent (NO3

−, Cl−,
ClO4

−) and divalent anions (SO4
2−, C2O4

2−). Despite the
intense XRD peaks from the ITO substrate, we observe weaker
XRD features due to the ZnO nanotubes and nanorods. These

Figure 2. SEM images of ZnO nanotubes electrodeposited on ITO-glass substrates at −1.0 V (vs Ag/AgCl) in a 0.5 mM ZnCl2 solution mixed with
0.1 M KCl at 80 °C for (a) 30, (b) 120, and (c) 150 min, and at (d) 70, (e) 80, and (f) 90 °C for 60 min.

Figure 3. (a) Glancing-incidence XRD patterns, (b, c) SEM images,
(d) growth models, and (e, f) TEM images, with the corresponding
selected area electron diffraction patterns shown in insets, for as-
electrodeposited ZnO nanotubes and nanorods obtained with
supporting electrolytes with, respectively, monovalent (NO3

−, Cl−,
ClO4

−) and divalent anions (SO4
2−, C2O4

2−).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp312321t | J. Phys. Chem. C 2013, 117, 6794−67996796



weaker XRD features are consistent with the hexagonal wurzite
structure in the reference pattern for ZnO powder (JCPDS 01-
076-0704). In particular, the features at 31.7°, 34.4°, 36.2°, and
56.5° are assigned, respectively, to the ZnO (100), (002),
(101), and (110) planes, consistent with the most prominent
XRD features in the reference powder spectrum. Among the
four aforementioned ZnO features, the (0001) feature is the
strongest for the nanorods, while the (0001) and (10−11)
features for the nanotubes are found to have very similar
intensities. In our early work on 2D and 1D ZnO
nanostructures, we also observe that the most intense ZnO
feature corresponds to the (10−11) plane for the 2D
nanostructures (nanowalls and nanodisks) and to the (0001)
plane for the 1D nanostructure (nanowires).8 The similarity in
intensity found for the (0001) and (10−11) features for the
nanotubes therefore suggests that the nanotubes exhibit 2D-like
characteristics similar to the nanowalls, which could be
attributed to the nanotube walls. On the other hand, the
nanorods effectively follow the 1D growth, characteristics of the
nanopillars reported earlier.8 The intensity ratio of the (0001)
to (10−11) features for the nanorods (1.3) is larger than that
for the nanotubes (0.9), which is consistent with the larger
component of the (0001) plane for the nanorods than the
nanotubes (with hollow center). However, the intensity ratio of
the (0001) to (10−11) features for the nanotubes (0.9) is
found to be discernibly larger than that for the nanowalls (0.5),
suggesting that there is a relatively larger contribution to the
(0001) feature for the nanotubes than that for the nanowalls.
This could be explained by our proposed “blind nanotube”
model, as illustrated in Figure 3d. In this growth model,
initiation of ZnO growth begins by stacking hexagonal disks in
the [0001] direction (i.e., perpendicular to the substrate)
producing nanorods. As the growth continues in the less
conducting electrolytes with monovalent anions, the termi-
nation rate of the (0001) plane could become faster than the
Zn(OH)2 formation rate. This produces growth with a higher
contribution in the (10−11) plane, which leads to the
formation of ZnO hexagonal rings. Stacking of these hexagonal
rings eventually produces the blind nanotube. On the other
hand, the termination rates of the (0001) plane in the more
conducting electrolytes with divalent anions are not sufficiently
fast to overtake the Zn(OH)2 formation rate. The growth
therefore remains in the [0001] direction, forming the ZnO
nanorods. The presence of these hexagonal disk-like and ring-
like nanostructures is quite evident from the corresponding
SEM images of nanotubes (Figure 3b) and nanorods (Figure
3c). Furthermore, our model is also consistent with our TEM
measurements, along with their respective selected area
electron diffraction (SAED) patterns, for a typical ZnO
nanotube and a nanorod, as shown in Figure 3e and 3f,
respectively. In particular, the SAED patterns for both nanotube
and nanorod reveal a growth direction perpendicular to the
(002) plane, i.e., along their respective length in the [0001]
direction. The different growth orientations in the (100),
(002), (101), and (110) planes in both nanotubes and
nanorods are also found to be in good agreement with our
XRD results (Figure 3a).
3.2. Composition. Chemical-state compositions are also

determined for typical ZnO nanotubes and nanorods obtained
with supporting electrolytes of Cl− and SO4

2− anions,
respectively. Their corresponding depth-profiling XPS spectra
shown in Figure 4 are found to be similar. Evidently, the Zn
2p3/2 feature observed near 1022.3 eV corresponds to the Zn2+

oxidation state, consistent with ZnO. Further sputtering does
not change the binding energy position of the Zn 2p3/2 feature
but gradually reduces its intensity as shown in Figure 4a and 4d.
On the other hand, as shown in Figure 4b and 4e, the two O 1s
features found at 530.7 and 532.0 eV upon light sputtering of
60 s could be attributed to ZnO and to OH− adsorbed on ZnO,
respectively, which is in good accord with the literature.40

Additional sputtering evidently reduces the ZnO O 1s
component without discernible reduction to the adsorbed
OH− O 1s component, indicating that OH− adsorbed primarily
on the perimeter of the ZnO nanostructures, as illustrated in
Figure 4f. To investigate the importance of the termination
effect provided by the anions, we also measure the Cl 2p and S
2p spectra for the respective nanotube and nanorod samples.
For the nanotube sample, the presence of a weak but
discernible Cl 2p feature (Figure 4c) confirms the termi-
nation of Cl− ions in the growth mechanism for the nanotubes,
as similarly found for other 2D ZnO nanostructures (e.g., nano-
walls). The adsorption of Cl− ions preferentially on the
ZnO(0001) plane leads to a higher contribution in the (10−
11) plane, effectively producing 2D growth of the hexagonal
ring as illustrated in Figure 4f. However, for the nanorod
sample, the absence of S 2p (or Cl 2p) intensity for the as-
deposited sample indicates that termination by such an anion
SO4

2− (or Cl−) does not occur for the 1D ZnO nanostructure
growth, again consistent with earlier studies found for, e.g.,
nanowires.8

3.3. Growth Mechanism. The electrochemical deposition
of ZnO nanostructured materials from a ZnCl2 solution with
different supporting electrolytes is well understood according to
the following reaction mechanism.41 Following the dissolution
of ZnCl2: ZnCl2(aq) → Zn2+(aq) + 2Cl−(aq), formation of the
hydroxide ions can proceed via the following reaction:

+ → ↑ +− −2H O(l) 2e H 2OH (aq)2 2 (1)

Zn(OH)2 is then formed from the Zn2+ and the hydroxide ions,
following the reaction:

+ →+ −Zn (aq) 2OH (aq) Zn(OH) (s) slow2
2 (2)

Figure 4. XPS spectra of Zn 2p3/2, O 1s, and Cl 2p regions collected
for the as-prepared (a−c) ZnO nanotubes and (d, e) nanorods,
respectively, and upon sputtering for 60, 900, 1800, and 3000 s. (f)
Schematic diagram of the chlorine termination effect on the as-
prepared ZnO nanotubes and nanorods on ITO-glass.
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Finally, the dehydration reaction of Zn(OH)2 leads to
production of ZnO:

→ +Zn(OH) ZnO(s) H O(l) fast2 2 (3)

It is well-known that two-dimensional nanostructures of ZnO
(e.g., nanowalls) are due to preferential adsorption of Cl− (or
any appropriate anion) on the (0001) plane, which leads to
termination of growth in this direction and a higher
contribution in the (10−11) plane. Furthermore, the Zn(OH)2
generation must be sufficiently slow to expose the effect of
growth termination in the (0001) plane leading to 2D
nanostructures. For example, for a ZnCl2 electrolyte concen-
tration of 50 mM, the Cl− adsorption rate on the (0001) plane
is higher than the ZnO growth rate on the same plane, which
results in the formation of 2D nanowalls. On the other hand,
for a sufficiently low ZnCl2 electrolyte concentration (5 mM),
the Cl− adsorption rate on the (0001) plane becomes
insufficient to overcome the ZnO growth rate on the same
plane, which leads to the formation of 1D nanorods
(Supporting Information, Figure S1). For an even lower
ZnCl2 electrolyte concentration (0.5 mM), we show in Figure 1
that it is possible to obtain 1D nanorods and “pseudo 2D”
nanotubes. By employing supporting electrolytes with the
appropriate concentration to manipulate the overall electrolyte
conductivity, we could achieve a fine balance between the
Zn(OH)2 generation rate and the Cl− adsorption rate to create
the pseudo 2D structure as exhibited by the nanotubes. Because
the electrolytes contain the same amounts of Zn2+ and K+

cations for all the depositions in the present work, the
difference in the conductivity must come from differences in
the anions of the supporting electrolytes. The limiting ion
conductivity in water at 298 K (values given in parentheses) for
the anions of our supporting electrolytes follow the order:
ClO4

− (6.73 mS m2 mol−1) < NO3
− (7.14 mS m2 mol−1) < Cl−

(7.63 mS m2 mol−1) < C2O4
2− (14.82 mS m2 mol−1) < SO4

2−

anions (15.96 mS m2 mol−1).42,43 A highly conducting
electrolyte is expected to enhance the diffusion of Zn2+ and
therefore lead to a higher Zn(OH)2 generation and
subsequently a higher ZnO deposition. If the conductivity is
sufficiently high to attain a higher ZnO growth rate than the
Cl− adsorption rate (as in the divalent anion case), then we
obtain the expected 1D nanorod formation. However, if the
conductivity is barely sufficient such that the ZnO growth rate
is slightly lower than the Cl− adsorption rate (as in the
monovalent anion case), then the pseudo 2D nanotube
formation would occur.
It is of interest to compare the present work with that of Elias

et al., who reported the control of average diameters of
nanowires by changing the electrolytes with anions Cl−, SO4

2−,
and CH3COO

−.37 They suggested that the different adsorption
rates of these anions (on the ZnO surface) result in different
Zn(OH)2 generation rates, which in turn affect the diameters of
the nanowires. In the present work, our primary electrolyte is
ZnCl2 with the same concentrations for all the studies, and we
only change the supporting electrolytes. We therefore expect
that the adsorption rate of the Cl− anions is much more
important than those anions from the supporting electrolytes.
This is in contrast to the work of Elias et al., who selected both
primary and supporting electrolytes to provide the same anions.
The effect observed by Elias et al. cannot therefore be used to
account for the differences in the morphologies between the
nanorods and nanotubes.

Another plausible contributing factor to the mechanism is the
common ion effect, which could possibly be operative for our
KCl supporting electrolyte. In this case, the increase in the Cl−

(due to the KCl supporting electrolyte) causes an increase in
the Zn2+ production that leads to more Zn(OH)2 generation.
At the same time, the adsorption rate of Cl− is also expected to
increase while maintaining the fine balance such that the ZnO
growth rate is slightly lower than the Cl− adsorption rate. To
further investigate the common ion effect hypothesis, we
prepare, in a separate experiment, different concentrations of
the KCl supporting electrolyte. We observe that ZnO
nanotubes can be produced when the KCl concentration is
increased to 3.5 M (from 0.1 M). However, when KCl
concentration goes above 4 M (with an equivalent conductivity
of 193.5 mS m2 mol−1), only ZnO nanorods are obtained,
which suggests that the common ion effect does not play a
dominant role. This result instead confirms our earlier
hypothesis that the electrolyte conductivity has a more
prominent effect on the morphologies of the ZnO nanostruc-
tures.

3.4. Application to Dye-Sensitized Solar Cell. ZnO has
been demonstrated as the n-type semiconductor material for
general photovoltaic applications.44,45 Indeed, with its excellent
optical transparency, a wide direct bandgap, high electron
mobility, and electron diffusion coefficient, ZnO offers better
characteristics than TiO2 for constructing DSSCs.46,47 ZnO
nanotubes provide an obvious advantage due to their higher
surface area for DSSC application (with both inside surface and
outside surface) than other 1D nanostructured materials such
as nanorods (with just outside surface). The present work
demonstrates that it is possible to control the diameter (100−
200 nm) and length (1−1.5 μm) of the ZnO nanotubes with a
narrow size distribution by electrodeposition, therefore
producing an optimized size regime for DSSC application. In
the present work, we prepare a DSSC using a standard
procedure.44 The working electrode is obtained by soaking the
as-prepared ZnO nanotubes (supported on an ITO-glass
substrate) in a 0.3 mM solution of commercial dye (Z907,
purchased from Solarnix) for 12 h, while a Pt thin film (200 nm
thick) sputter-deposited on the ITO-glass substrate is used as
the counter electrode. A redox couple electrolyte (I/I−3) is then
sandwiched between the working and counter electrodes.
Under AM1.5 illumination, our DSSC exhibits a typical short
circuit current density (Jsc) of 11.51 mA cm−2, an open circuit
voltage (Voc) of 687.75 mV, a fill factor (FF) of 22%, and an
overall photon conversion efficiency (PCE) of 1.6% (Support-
ing Information, Figure S2). This efficiency is comparable to
the performance of DSSCs based on ZnO nanotubes deposited
by the ALD technique (1.6%)48 and by the two-step procedure
(electrodeposition followed by chemical etching) (1.18%).49

The lower efficiency found in the latter work could be due to
the defects created along the nanotubes during the etching
process, which leads to less efficient dye loading.
A recent review paper indicates that different morphologies

of ZnO-based DSSCs with different dyes can show efficiencies
ranging from 1.5 to 7.5%.47 Further modifications may be
possible for enhancing the porosity and roughness of the ZnO
nanotube surface to improve the dye loading. For example,
annealing is found to not just improve the crystallinity but also
enhance the material porosity, as shown in our earlier study on
ZnO nanowalls. In particular, the postannealed nanowalls
appear to become perforated with distinct nanograins as part of
the nanowall frame.50 Upon annealing, the perforated
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morphology expected of these ZnO nanotubes could
significantly enhance the performance of the photoanode in
DSSCs because of their larger surface area available for
absorbing the dye sensitizer. Further control of the aeral
density and dimension of the ZnO nanotubes would allow us to
optimize the performance of ZnO-based DSSCs.

4. CONCLUSIONS
ZnO nanotubes have been synthesized on ITO-glass substrates
for the first time by using a one-step, catalyst- and seed-layer-
free electrodeposition method without O2 bubbling or any
etching. We show that the morphology of the ZnO
nanostructures (i.e., nanotubes vs nanorods) can be controlled
by varying the supporting electrolyte with different anions. As
finely controlled by manipulating the supporting electrolytes
with different anions, solution conductivity is found to play a
more prominent role in producing the nanotube morphology.
We also illustrate that these ZnO nanotubes could be used as
active photoanode materials in DSSCs that offer respectable
efficiency.
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