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Abstract: ZnO nanostructures have been fabricated using electrodeposition method without any additive reagent and nucleation-layer.
The influences of the applied voltage, temperature, electrolyte concentration, and time on the nanostructures of ZnO have been investigated
using cyclic voltammety (CV), X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM). The result shows that the 1-dimensional
(1D) nanostructures tend to be formed at lower voltage and electrolyte concentration, while 2-dimentional (2D) nanostructures can be

easily obtained at higher voltage and concentration. Although increasing temperature is helpful to grow 1D nanostructures, but excessive
high temperature will destroy the ZnO nanostructures because of the high solubility of ZnO. Furthermore, we reveal the mechanism of the
formation of ZnO nanostructures mainly depends on the competition between the hydroxylation and dehydration reaction. Our work is
helpful for developing the photocatalytic and photodetection applications using different ZnO nanostructures.
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1. INTRODUCTION

Zinc Oxide (ZnO) is a promising semiconductor with a direct
wide bandgap (3.37¢V) and large exciton energy (60mV)[1],
which can be used in many optoelectronic devices, such as ultravi-
olet (UV) light-emitting diodes[2], photodetectors[3], gas sen-
sors[4] and solar cells[5-7]. Till now, many different ZnO
nanostructures including 1D nanostructures (nanocolumns|1,8],
nanowires[9,10], nanotubes[11], nanorods[12]) and 2D nanostruc-
tures (nanoplates[13], nanoflowers[14], nanorings[15]) have been
successfully synthesized using various methods. The reported
optoelectronic properties of ZnO are strongly dependent on its
growth condition because of the exposure of different crystal fac-
ets. For example, the {0001} polar facet can improve the photo-

catalytic property[16] and the {01 TO} surface can be used to fabri-
cate the ultrafast laser diode[17]. In general, the formation of dif-
ferent nanostructures is mainly determined by the ZnO growth
along different crystal directions. The 1D nanostructures tend to be
grown along the c-axis, whereas vertical to the c-axis for the 2D
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nanostructures[18]. The growth of the ZnO crystal naturally shows

a anisotropic growth rate with V[0001] >V[01 T()] >V[1000][19].
Therefore, the ZnO crystals often exist as 1D nanostructures elon-
gate along the c-axis by using the ordinary growth methods. How-
ever, with the increase of the nanorod length, the polar surface of
the grown ZnO in 1D nanostructures would be continuously re-
duced because of the intrinsic crystal growth principle. Polar sur-
face can serve as an active site for the photocatalytic reaction.
Therefore, compared with the 2D nanostructures, the 1D
nanostructures can reduce their photocatalytic properties[1] with
the lengths increasing. But the large surface-to-volume ratio of
ZnO 1D nanostructures can present high photosensitivity due to
more surface trap states[3]. So synthesizing different ZnO
nanostructures in controllable way is important for different photo-
catalytic and photodetector device applications.

Previously, 1D and 2D ZnO nanostructures have been synthe-
sized using different technologies, including vapor-liquid-solid
(VLS)[20], chemical vapor deposition (CVD)[21], molecule beam
epitaxy (MBE)[22], metal organic chemical vapor deposition
(MOCVD)[23], spray pyrolysis[24] and pulsed-laser deposi-
tion[25]. But these methods are often implemented either using
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Figure 1. Schematic illustration of ZnO electrodeposition setup a) and the formation process of ZnO b).

complicated instruments, noble catalysts, or at high temperatures
which result in a high cost for the ZnO fabrication. Electrodeposi-
tion has been reported as an efficient method, which can grow ZnO
at low temperature, with large-scale fabrication and low
cost[26,27].

The electrochemical synthesis of ZnO is normally carried out in
an aqueous solution containing the Zn** ions and precursor of OH".
Firstly, the precursor is reduced to OH™ electrochemically, which
will react with Zn*" to form the Zn(OH), precipitation. Then, the
Zn(OH), will dehydrate to the final product of ZnO[8]. In previous
work, almost all of the ZnO nanostructures grown by electrodeposi-
tion process need to use the additive reagents and pretreatments on
the substrate. And it proved that the ZnO nanostrutures have been
strongly influenced by the additive reagents[28,29], type of sub-
strates[1,9] and pretreatments on the substrate[7,10], etc[30,31].
For example, Mohammad et al.[8] reported that the 1D ZnO
nanostructures had been successfully synthesized with tunable
diameters and lengths by controlling the electrolytic parameters
after the deposition of a seed layer. Bin Fang et al.[14] synthesized
the 1D ZnO nanostructures with different sizes using KCl as addi-
tive reagent. However, most studies on the electrodeposition only
focused on the 1D nanostructures, few work has been done on the
2D nanostructures synthesis using the electrodeposition process.
Although the 1D nanostructures can have large surface to volume
ratio which result in the high photoresponsivity, the 2D nanostruc-
tures can increase the polar surface and improve the photocatalytic
property. Moreover, the additive reagents and pretreatments on the
substrate are indispensable in most electrodeposition fabrication
work, which will make the process more complicated. In addition,
the mechanism between the different nanostructures and growth
conditions has not been clarified and more precise control in the
electrodeposition process need to be explored to fabricate the ZnO
nanostructures in a controllable way.

In this study, without any pretreatment and additive regent, dif-
ferent ZnO nanostructures have been successfully synthesized in-
cluding nanowires, nanospikes and nanoplates. Our results show
that at the lower voltage and electrolytic concentration, 1-
dimensional (1D) ZnO nanostructures is formed, while at the high-
er voltage and concentration, 2-dimentional (2D) nanostructures are
mainly obtained. In addition, higher temperature is helpful to grow
1D ZnO nanostructures, but excessive high temperature will de-
stroy the ZnO nanostructure because of the high solubility of ZnO.

Furthermore, we investigate the formation mechanism for different
ZnO nanostructures and find that the formation of ZnO nanostruc-
ture mainly depends on the competition between the hydroxylation
and dehydration. Our work shows a controllable way to grow dif-
ferent ZnO nanostructures without any additive reagents and pre-
treatments on the substrate, which is important for developing ZnO
based photocatalysts and photodetector devices.

2. EXPERIMENTAL

All the chemical reagents used in our experiment were of analyt-
ic grade without any further purification. The electrodeposition
system was carried out in a three-clectrode system using chi660e
electrochemical workstation as power source, as shown in figure 1-
a. The Zn(NOs), was used as electrolyte without any additive rea-
gent. Except for cleaning, no further pretreatment was performed to
the silicon substrate, and the counter electrode was a Pt filament
with an area of 2.0x2.0 cm® A saturated calomel electrode (SCE)
was used as the reference electrode. The atmosphere temperature
was controlled by an electro-thermostatic water cabinet.

Before the electrodeposition process, the substrate was ultrasoni-
cally rinsed in acetone and ethanol separately for fifteen minutes to
remove the organic pollutants on the surface. Then, the substrate
was cleaned by deionized water to wipe off the residual organic
reagents. During the electrodeposition process, we carefully inves-
tigated how the applied voltage, temperature, time, and concentra-
tion of Zn(NO;), impact the growth of ZnO nanostructures. After
the electrodeposition process, the obtained ZnO nanostructures on
the substrate were rinsed using deionized water and dried in a dry-
ing cabinet at 60 °C.

The electrodeposition process and cyclic votalmmety (CV) curve
were carried out by the CHI660e potansiostat/galvanostat. Scan-
ning electron microscopy (SEM) (Hitachi S4800) was used to ex-
amine the surface nanostructures of the samples. Crystal structure
of the nanostructures was characterized using a Bruker D8 X-ray
diffractometer equipped with Cu Ka line (A = 0.15419 nm) radia-
tion.

3. RESULTS AND DISCUSSION

There are three stages to form ZnO nanostructures during the
cathodic electrodeposition process in zinc nitrate electrolyte. As
illustrated in figure 1-b, firstly, the NO; ions acquire electrons
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Figure 2. a) Cyclic voltammetry scans obtained during the formation of ZnO on the Si substrate using sweeping rate of Vb=10mV/s b)
XRD patterns of ZnO generated at different voltages, stars (*) represent for the impurity of Zn(NO;),, diamonds (¢) represent for the impu-
rity of Zn(OH)2. SEM images of ZnO grown on the Si substrate at different voltages are illustrated in ¢) -1.2V, d) -1.3V, e) -1.4V.

from cathode and are reduced to NO,", which generate the OH™ ions
in the electrolyte (Reaction (1)). The generated OH™ ions will com-
bine with Zn*" ions and form an intermediate products of Zn(OH),
precipitations (Reaction (2)). Due to heat convection, diffusion of
ions, and deregulation movement among molecules and ions in
solution, the ZnO products are finally obtained by a dehydration
process of Zn(OH), (Reaction (3)). The whole reaction process can
be generally expressed as Reaction (4).

NO; + H,0 + 2¢— NO, + 20H )
Zn**+20H —Zn(OH), )
Zn(OH),—ZnO+H,0 (3)
Zn*" + NO; + 2e— ZnO + NO, 4)

During the ZnO electrodeposition process, all the parameters,
such as temperature, voltage, Zn(NOs), concentration and time can
change the ZnO nanostructures due to their influence on the chang-
es of reaction rate, ions mobility and reactants concentration.
Hence, we carried out experiments under different conditions to
investigate the influence of the growth condition on the morpholo-
gy of ZnO nanostructures during the electrodeposition process.

3.1. The influence of the applied voltage

The influence of the applied voltage on the ZnO nanostructures
was studied in 0.1mol/L Zn(NOs),, directly on the Si substrate at 20
°C. The cyclic voltammetry (CV) method which scanned cathodi-
cally 10 mV/s was performed over the potential range from 0 V and
-2V, as shown in figure 2 a).

An obvious current droop is located at -1.3 V which corresponds
to the beginning of the reduction of NOs". This potential is more
negative than the thermodynamically value of -0.46V[32]. This
retardation is mainly due to the potential difference between the

negatively charged surface and the Zn®>" concentration close to the
cathode. An additional anodic peak (E=-0.45V) was observed dur-
ing the backward scan, which suggests the formation of metallic
zinc on the cathode[33]. Because an obvious dropdown of the cur-
rent density which represent the initiation of electrodeposition of
ZnO occurred at about -1.2 V, three different voltages of -1.2 V, -
1.3 V, and -1.4 V were selected as the voltage parameters to inves-
tigate the influence of applied voltage on the nanostructures of
ZnO.

Figure 2 b) shows the XRD patterns at different voltages. At -1.2
V, the products were composed of mixtures contained Zn(OH),,
Zn(NOs), and ZnO with low crystallinity. At -1.3 V, the crystal
quality of the products becomes better and the peak at the (0002)
crystal facet starts to appear. Increasing the voltage to -1.4 V, the
crystallinity gets even higher and the crystal growth direction starts
to grow along the (107 1) which results in the 2D nanosheet struc-
ture. The corresponding SEM images are shown in figure 2 c-e).
The nanostructures of the ZnO tend to be nanowires at -1.2 V, ad-
hesive thick plates at -1.3 V and nanosheet structure at -1.4 V,
which are consistent with the XRD results.

The formation of the ZnO nanostructures in the electrodeposition
is mainly composed of two processes, hydroxylation and dehydra-
tion, as illustrated by the reactions (2) and (3). The higher voltage
applied to the cathode can enhance the reduction reaction of the
NO; in the electrolyte, which will generate more OH™ ions to the
cathode. Meanwhile, the more negatively charged cathode can
attract more Zn>" in the electrolyte near the cathode, which will
accelerate the formation of Zn(OH),. The more OH™ and Zn*" will
lead to a relative higher hydroxylation reaction speed. When the
dehydration rate (Kgeayar) is slower than the hydroxylation rate
(Knydrox) (Kdedyar <Knyarox), the ZnO will form in 2D nanostructures
(nanoplates or nanosheets structure). On the contrary, lower voltage
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Figure 3. a) Cyclic voltammetry scans obtained during the formation of ZnO on Si substrate at different temperatures using sweeping rate
of Vb=10mV/s, b) XRD patterns of ZnO generated at different temperatures.

will reduce the reduction reaction and attract less Zn*" around the
cathode, which would make the dehydration rate higher than hy-
droxylation rate (Knydrox<Kdedayar), and result in the formation of the
1D nanostructures (nanowire).

3.2. The influence of the temperature

Different bath temperatures at 20, 40, 60 and 80°C were used to
investigate the influence of temperature on the growth ZnO
nanostructures. In the whole process, the Zn(NO3), concentration
of the solution was 0.1 mol/L and the current density was fixed at
10* pA. Figure 3 a) shows the CV curves at different temperatures.
The anodic peak for the reduction reaction of Zn*" to metal Zn
shifts backward and finally disappears with increasing the tempera-
ture.

The backward shift is mainly because the increase of the temper-
ature which will enhance the reduction of the NO;™ and generate
more OH™ indirectly. These OH™ ions react with the Zn*" directly
and consequently break the chemical balance of generation of metal
Zn, which make less Zn?* be reduced to metal Zn and finally the
reduction vanish.

Figure 3 b) shows the XRD patterns of ZnO deposited at differ-
ent temperatures. The strong diffraction peak assigned to the ZnO
(0002) can be clearly observed at higher deposition temperature,
indicating the growth direction along c-axis (1D nanostructure).
However, the (107 1) crystal facet at low temperature is stronger
than high temperature, indicating the growth direction vertical to
the c-axis (2D nanostructure). This trend measured by XRD pat-
terns can also be confirmed by the SEM images, as shown in Fig-
ure 4. At temperature 20 °C, the ZnO electrodeposited on the Si
substrate is a cluster of nanoplates (2D) constructed in porous qua-

si-columns with sharper peak at (1071) in the XRD patterns.

When the temperature increased to 40 °C, the nanoplates (2D) grew
larger perpendicular to the substrate which corresponds to a little

sharp peak of (1071)in XRD patterns. Afterwards, the 2D
nanostructures disappeared and transformed to nanospike (1D
nanostructure) with a small peak (1011) in the XRD patterns.
With the temperature further increasing to 80°C, an aggregation of
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Figure 4. SEM of ZnO grown on the Si substrate at different tem-
peratures, a) 20 °C, b) 40 °C, ¢) 60 °C, d) 80 °C.

ZnO nanoparticles started to form without any obvious nanostruc-
ture. This is mainly due to the high-solubility of ZnO in the electro-
lyte at high temperatures.

The strong impact of the temperature on the morphology of the
ZnO nanostructures is mainly due to the different dehydration reac-
tion rate at different temperatures. According to Arrhenius formula

k= Axe %" (where K is the reaction rate constant, A is a constant,
E, represents the reaction activation energy, R represents the molar
gas constant and T represents the temperature), the dehydration
reaction accelerates rapidly with the increase of the temperature.
Therefore at lower temperatures, the dehydration reaction is slower.
It makes the hydration reaction rate higher than dehydration reac-
tion rate Knyarox™Kdeayar, Which will lead to the formation of 2D
nanostructures. While with the temperature increasing, when the
relative reaction rate becomes as Knyarox<Kdedyar, the ZnO crystal will
grow along the [0001] direction and result in the 1D nanostruc-
tures.
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Figure 5. a) XRD patterns of ZnO generated at different Zn(NOs), concentration, b) Cyclic voltammetry scans obtained during the for-
mation of ZnO on Si substrate at different Zn(NO3), concentration using sweeping rate of Vb=10mV/s.

3.3. The influence of the Zn(NQO3), concentration

The influence of the Zn(NOs), concentration on the nanostruc-
tures of ZnO was investigated using four different Zn(NO;), con-
centrations at 0.01, 0.05, 0.1 and 0.5 mol/L. Other parameters dur-
ing the electrodeposition were kept constant. The applied current in
the solution was 1x10* yA, the temperature used in the electrolytic
bath was 50°C and the electrodeposition time was set as 900 s.
Figure 5 a) shows the CV curves for the electrodeposition with
different Zn(NO;), concentrations. At the lowest concentration of
0.01 mol/L, the CV curve has a backward peak, which represents
the reduction reaction of the Zn>" to metal Zn. When the concentra-
tion becomes higher, the reduction peak disappears and only two
smooth forward and backward scan curves are left. This is mainly
because that the higher concentration of Zn(NOs), can generate
more NO5™ ions, which will in turn improve the reduction of NO;
to NO,". At the same time, lots of OH" ions are produced through
the process, which enhance the recombination of Zn*" and OH.
The chemical potential for Zn*" ions to generate Zn(OH), increases
with increasing the Zn(NOs), concentration, therefore, the reaction
of the reduction of Zn>* to metal Zn becomes weaker. Finally, the
reduction peak for Zn>* to metal Zn disappeared as the rapid in-
crease of OH". Figure 5 b) shows the XRD patterns of the ZnO
generated on different concentrations. All the peaks related to the
ZnO become weaker and many impurities’ peaks appear with in-
creasing the electrolyte concentration.

Figure 6 shows the SEM figures of the ZnO synthesized at dif-
ferent concentrations. At the concentration of 0.01 mol/L Zn(NO3),
solution (figure 6a), the generated ZnO particles shows a formation
of nanospikes arranged in globular bunches (1D). When the con-
centrations increased to 0.05 mol/L, the morphology of ZnO depos-
ited on the substrate turned to nanoplates (2D) perpendicular to the
substrate. With the Zn(NOs), concentration further increased to
0.5mol/L, there was no obvious variation among the SEM images
of the generated ZnO. But the thicknesses of the ZnO nanoplates
became thicker with increasing the concentration of the Zn(NOs),
solution. The increased thickness indicates that the higher concen-
tration of Zn*" and NO;™ can help the growth of 2D nanostructures.
It is mainly because the formation of 2D nanostructures will re-

Figure 6. SEM of ZnO grown on the Si substrate at different
Zn(NOsj), concentrations, a) 0.01 mol/L, b) 0.05 mol/L, c) 0.1
mol/L, d) 0.5 mol/L.

strain the growth direction of ZnO and make the nanostructure
inclined to grow vertical to the grown 2D nanostructure which
increase the thickness of the nanoplates.

At the higher concentration of Zn(NO3),, more Zn*'can be
generated in the electrolyte which would accelerate the formation
of Zn(OH),. The hydroxylation reaction is faster than the dehydra-
tion process. As discussed above, at a higher concentration of
Zn(NOs), electrolyte, the solution will be more favorable to gener-
ate Zn(OH), particles and the dehydration reaction cannot fulfill
completely in the process. But in a lower concentration of
Zn(NOs), solution, the generated Zn(OH), particles can be dehy-
drated more sufficiently for the growth of ZnO. The dehydration
rate has a great influence on the nanostructure of ZnO. For exam-
ple, the fast dehydration reaction can effectively help the column
formation for ZnO, otherwise the relative slow dehydration would
form the nanoplates.
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Figure 7. SEM of ZnO grown on the Si substrate at different time,
a) 15 min, b) 30 min, c) 60 min, d) 120 min.

3.4. The influence of time

The deposition time on the morphologies of the ZnO nanostruc-
tures has also been examined with fixed Zn(NO3), concentration of
0.1 mol/L, applied current 1x10™* A and bath temperature of 60 °C.

Figure 7 shows the SEM nanostructures electrodeposited at dif-
ferent time. Firstly, the morphology of ZnO is non-uniform nano-
plates (2D) on the substrate. With the electrodepostion time in-
creased to 30 min, the image of ZnO nanostructure exhibits a thick-
er ZnO wall with a rough surface. After the electrodeposition pro-
cess for 60 min, the nanostructure of ZnO becomes bunches of ZnO
clusters with nanorods (1D) and no further changes observed.

During the electrodeposition process, 2D ZnO nanostructures
starts to grow on the substrate under 0.1mol/L Zn(NOs), concentra-
tion. With continuing the deposition time, the 2D nanostructures
have electrodeposited between the nucleation to a large scale and
cover up all the substrate. However, as the crystal continue to grow,
the crystal growth based on the 2D nanostructures would limit the
growth direction parallel the 2D facet and grow vertical to the sub-
strate. Therefore, as the time further increasing, the ZnO grows

perpendicular to the 2D nanostructures which will lead to the 1D
nanostructures. The 1D ZnO growth starts from the bunches of
ZnO nanowires to distributed nanowires which probably because
the internal strain of the ZnO nanowires.

From above, different electrodeposition conditions have distinct
influence on the nanostructure of ZnO. In general, the ZnO intends
to grow along [0001] direction naturally during the electrodeposion
process, which results in 1D nanostructures. However, the hydrox-
ylation of Zn** will overcome the ZnO preferred growth direction

and grow along [10;0] direction, which will result in 2D nanostruc-
ture. Therefore, these two reactions compete with each other to
determine the final ZnO nanostructure in the electrodeposition
process. When there are lots of OH™ and Zn*" ions generated at the
cathode, which will lead to a relative higher hydroxylation rate than
the dehydration rate (Khygrox>Kacayar). On the contrary, less OH™ and
Zn*" around the cathode would allow the faster dehydration rate
(Knydrox<Kdedyar). When Knygrox>Kdedyar, 2D nanostructures are inclined
to grow but when Knygrox<Kdeayar, 1D nanostructures will be formed,
as illustrated in Figure 8. Therefore, at low voltage or using lower
Zn(NO;), concentration, less OH™ and Zn*" will generate at the
cathode, which would result in 1D ZnO nanostructure. But using a
high voltage or a high electrolyte concentration will allow to grow
ZnO in 2D nanostructure.

4. CONCLUSION

Electrodeposition is a promising synthesis method to deposit
ZnO with different nanostructures. By adjusting the voltage, tem-
perature, Zn(NOs), concentrations in the process, ZnO with con-
trollable nanostructures were successfully synthesized without any
reagents and pretreatments on the substrate. The results show that
the ZnO is inclined to form 1D nanostructure under lower electro-
lyte concentration or lower voltage. On the contrary, 2D nanostruc-
ture will be obtained under high electrolyte concentration or high
voltage. Using high deposition temperature will lead to the for-
mation of ZnO nanostructures from the 2D to 1D nanostructure.
But the excessive higher temperature will make a condenser
nanostructure because of the higher solubility in the electrolyte.
The key factor to determine the nanostructure during the electro-
deposition process is the competition between the hydroxylation
and dehydration mechanism. When the Kyyarox™>Kgcayar, the ZnO pre-

OH- OH
v v v ' . ' .
)
OH . OH / more OH- 2D nanostructure
substrate
L —
e —
\ OH- . OH-
. =]
substrate
less OH- 1D nanostructure

Figure 8. The mechanism for ZnO formation with different morphologies.
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fer to grow in 2D nanostructure. Otherwise, the 1D nanostructure
will be formed.
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