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Abstract

At present, most of the methods for preparing ZnO nanotubes are chemical etching 
of ZnO nanorods, which is inefficient and takes a long time. In this paper, ZnO 
nanotubes were successfully prepared by galvanostatic etching. Nanotubes prepared 
by galvanostatic etching only took 1/6 of the time of chemical etching. The ZnO 
nanotubes obtained by two different methods were tested by XRD and SEM. It is 
found that the crystal structure and crystallinity of the ZnO nanotubes obtained by 
galvanostatic etching are unchanged, and the internal corrosion of the nanotubes 
by galvanostatic etching is more thorough and has a larger specific surface area. In 
the tests of UV-vis spectrophotometry, fluorescence spectra and electrochemical 
performance test, the optical properties and electrochemical performance of ZnO 
nanotubes obtained by galvanostatic etching are better than those obtained by 
chemical etching. Because the ZnO nanotubes obtained by galvanostatic etching 
have larger specific surface area, better optical properties and better electrochemical 
performance, they have a greater application prospect in sensors and ultraviolet 
light detectors.
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1. Introduction

ZnO is a wide band gap semiconductor, the 
band gap width is about 3.37 eV, the electron bind-
ing energy at room temperature is 60 meV [1], and 
generally presents a hexagonal wurtzite structure. 
ZnO semiconductor materials have good physical 
properties (conductivity, piezoelectricity, photo-
electricity, etc.) and chemical properties (stabili-
ty, gas sensitivity, etc.) [2‒5], so they have widely 
used in optoelectronics [6], solar cells [7‒8], sen-
sors [9], field emission [10], piezoelectric [11] and 
catalysis [12], etc. So far, the synthesis methods 
of preparing ZnO nanomaterials have made great 
progress, mainly including the vapor deposition 
method [13‒14], template method [15‒16] and hy-
drothermal method [17‒18]. The products synthe-
sized by these methods have good crystallization, 
high purity, and controllable particle size, but these 
methods have more or fewer disadvantages that are 

difficult to overcome, such as the harsh prepara-
tion conditions of the vapor deposition method (re-
quires high temperature, a certain gas atmosphere 
or high vacuum). In addition, the instrument is ex-
pensive, time-consuming to operate, the template 
method is less independent (need to be used with 
other methods), and the hydrothermal method has 
a long preparation cycle. Therefore, it is necessary 
to find a preparation method that can overcome 
the above disadvantages and is easy to produce 
on a large scale. Compared with other methods, 
galvanostatic deposition technology has many ad-
vantages, such as mild reaction conditions, simple 
equipment, high deposition rate, environmentally 
friendly one friendliness, and controllable morphol-
ogy [19‒24]. It has been widely used in the prepa-
ration of one-dimensional ZnO nanorod arrays.

Among ZnO nanomaterials, nanotubes have be-
come a research hotspot in recent years, because 
nanotubes not only have a special hollow structure 
but also have the advantage of large surface area 
compared with nanorods and nanowires, which 
can greatly improve the application efficiency in 
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sensors, solar cells, photoelectronics and other as-
pects. At present, the methods of preparing ZnO 
nanotubes are mostly alkali chemical etching 
[25‒27]. Although alkali chemical etching can 
etch ZnO nanocolumns into tubes, the etching ef-
ficiency is too low, and it takes a lot of time to 
completely etch to the bottom of the nanotubes. In 
this paper, ZnO nanotubes were prepared by gal-
vanostatic etching for the first time. Galvanostatic 
corrosion can not only improve the etching effect 
but also greatly shorten the etching time. At the 
same time, the etching intensity is strong enough 
to directly etch the bottom of the nanotubes, thus 
increasing the surface area of the nanotubes to a 
greater extent, which can improve the optical and 
photoelectrochemical properties of nanotubes and 
get a certain improvement in the sensor, ultraviolet 
light detector, solar cell.

Dopamine, an important catecholamine, is a 
neurotransmitter [28]. All brain processes are af-
fected by dopamine, which has a huge impact on 
sleep [29], memory [30], lust [31]. When the con-
centration of dopamine in the body is too high, 
dopamine harms the human body, causing Par-
kinson’s disease, heart disease and schizophrenia. 
Therefore, it is necessary to detect and control 
the concentration of dopamine in the human body 
to protect human health. At present, the reported 
methods for detecting dopamine include fluores-
cence, high performance liquid chromatography 
[32], and chemiluminescence [33]. But these meth-
ods have the shortcoming of low sensitivity and 
complicated operation. An electrochemical sensor 
is a kind of chemical sensor that depends on elec-
trochemical detection technology. It is widely used 
in the detection of chemical substances. It uses the 
electrode as the conversion element, the modified 
biomaterial on the electrode as the sensitive ele-
ment to react with the analyte, and converts the 
received signal into an identifiable signal through 
the system of the electrochemical analysis device, 
to realize the purpose of detection. Electrochemi-
cal sensors have become one of the most important 
detection methods in the field of drug analysis be-
cause of their small equipment and real-time mon-
itoring. In addition, electrochemical sensors are 
also used in immunoassay, biosensors and other re-
search fields. Zinc oxide nanotubes with three-di-
mensional structures have a large specific surface 
areas, which is beneficial to ion exchange and ex-
cellent electrochemical performance. Although 
nanoscale zinc oxides have been improving, they 
have been limited in the field of electrochemical 

sensors due to their low electrical conductivity. In 
this paper, by spraying gold on the surface of zinc 
oxide nanotubes, the gold/zinc oxide composite 
material was obtained, which greatly increased the 
electrical conductivity of the material.

2. Materials and methods

2.1. Materials

Phosphate buffer (PBS) was acquired from Phy-
gene Biotechnology Co Ltd. The concentration of 
PBS is 0.01 mol/L and the pH value of PBS is about 
7.1. Zinc nitrate hexahydrate (Zn(NO3)2, hexam-
ethylene tetramine (C6H12N4) and potassium hy-
droxide (KOH) were purchased from Sinopharma-
ceuticals Chemical Reagents Co., Ltd. Dopamine 
hydrochloride was purchased from Suzhou Freeze 
Detection Technology Co., Ltd. In this experiment, 
the electrochemical workstation of Jiangsu Dong-
hua Instrument Co., Ltd. (model is DH7000) and 
the three-electrode system are used as the test in-
struments. Among them, the counter electrode in 
the three-electrode system uses a platinum sheet, 
the reference electrode uses the standard Ag/AgCl 
electrode (filled with saturated KNO3 solution), 
and the working electrode is ITO conductive glass 
(5 cm × 1 cm × 1 mm, resistance for 6‒8 Ω).

2.2. Preparation of ZnO nanorods

First of all, 0.01mol/L zinc nitrate solution was 
prepared and electrodeposited with a three-elec-
trode system for 60 s under constant potential 
-0.1V to prepare the ZnO seed layer, which was 
rinsed washed with ultra-pure water and put into 
the oven to dry. Then 0.02 mol/L Zn(NO3)2 and 
0.02 mol/L C6H12N4 were mixed to prepare 100 mL 
of mixed solution. The dried ZnO seed layer was 
deposited in a three-electrode system of 1.25 mA 
under constant current for 5400 s. After the depo-
sition was completed, the prepared film was rinsed 
washed with ultra-pure water and put into the oven 
to dry to obtain ZnO nanorods.

2.3. Preparation of ZnO nanotubes by chemical 
etching

Weigh 2.02 g of KOH into a beaker, add 100 mL 
of ultra-pure water, and stir well. Then, the pre-
pared ZnO nanorods were placed in potassium 
hydroxide solution and etched in a water bath at 
80 °C for 60 min. The obtained sample is rinsed 
with ethanol and put into the oven to dry.
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2.4. Preparation of ZnO nanotubes by galvanos-
tatic etching

Weigh 2.02 g of KOH into a beaker and add 
100 mL of ultra-pure water to make a solution. 
The prepared ZnO nanorods were placed in the 
solution and etched at 20 mA constant current for 
10 min using the three-electrode system. The 
etched samples were washed clean with ethanol 
and dried in the oven.

2.5. Preparation of gold/zinc oxide composites

The gold was sprayed on the ZnO nanoarray 
with a gold spray apparatus, the gold spraying time 
was 120 s, the current size was 2 mA, the gold/ZnO 
nanorods were obtained, and the gold/ZnO nano-
tubes were obtained by two different methods.

2.6. Characterizations

The composition and crystal structure of the 
samples were analyzed by X-ray diffraction (XRD, 
Brook D8 Advance). The diffractometer’s radia-
tion source used a Cu target, which was intended 
to set the voltage and current inside the tube to 
40 kV and 20 mA respectively, with a scanning 
range of 20° to 80°.

Scanning electron microscopy (SEM, FEI Quan-
ta 250FEG) was used to characterize the micro-
scopic morphology of the samples. Because our 
samples are semiconductors and have conductivity 
itself, it is not necessary to spray gold before test-
ing. FL3-TCSPC fluorescent spectrometer was used 
for the fluorescence spectrum analysis of ZnO sam-
ples. The excitation wavelength was 325 nm, and 
the measured wavelength range was 350‒600 nm.

UV-Vis spectrophotometer (UV-Vis, Per-
kin-Elmer Lambda 950) was used to measure the 
light absorption capacity of the sample in a certain 
band and the test results against the background 
of barium sulfate were used as the standard base-
line. During the test, the surface baseline was first 
scanned, and then the sample was placed on the 
barium sulfate substrate for scanning at a wave-
length range of 300‒600 nm.

2.7. Electrochemical test 

The electrochemical performance of the sensor 
was tested through the electrochemical workstation 
provided by Donghua Instrument Company, which 
includes electrochemical impedance spectroscopy 
(EIS) and differential pulse voltammetry (DPV). 
EIS was performed on the sample in a potassium 

chloride solution to investigate the resistance and 
charge transfer rate of the sample. Before the EIS 
test, the open circuit potential of the sample was 
measured and the frequency speed was set at 1 ~ 
100000 Hz. As for DPV, the main parameters are 
set as follows: pulse width is 60 ms, the amplitude 
is 50 mV, sweep potential range is −0.15V~0.45V.

3. Results and discussion

3.1. X-ray diffraction analysis

Figure 1 shows the X-ray diffraction patterns of 
ZnO nanorods, ZnO nanotubes etched by chemical 
etching and ZnO nanotubes prepared by galvanos-
tatic etching. It is not hard to see from the picture, 
there are several characteristics of diffraction peak, 
at 31.8° and 34.4° and 36.2° and 62.9°on the ZnO 
samples, respectively corresponding crystal face 
(100), (002), (101), (103), and all of the angle and 
intensity peak with the standard PDF (JCPDS: 36-
1451) card is consistent, and with the six-party re-
ported in the literature of the ZnO diffraction peak 
corresponding to [36]. This indicates that we have 
successfully prepared ZnO nanorod arrays and 
nanotube arrays with hexagonal wurtzite structures. 
At the position of 2θ about 34.4°, corresponding to 
the crystal plane of (002), there is a ZnO diffraction 
peak with the strongest intensity, which is higher 
than other diffraction peaks, and the half-width 
peak is the smallest. It means that the ZnO of the 
two prepared structures have the best orientation 
here, which is in accordance with the ZnO nanoar-
ray growing perpendicular to the conductive glass 
in the SEM figure below. In addition, there are no 
other heteropeaks in the X-ray diffraction pattern, 
which indicates that the prepared ZnO nanomateri-
als have high purity and crystallinity.

 

Fig. 1. X-ray diffraction analysis of two kinds of ZnO 
nanostructures.
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Compared with ZnO nanorods, the peak posi-
tion and strength of ZnO nanotubes prepared by 
chemical etching and galvanostatic etching are un-
changed, indicating that the prepared ZnO nano-
tubes have the same hexagonal wurtzite structure as 
the nanorods, and have high purity and crystallinity.

3.2. Microstructure analysis

Figure 2 is shown are scanning electron micros-
copy images of ZnO nanorods, ZnO nanotubes by 
chemical etching, and ZnO nanotubes by galvanos-
tatic etching respectively. According to the overall 
morphology of ZnO nanorods, the ZnO nanorods 
prepared in this experiment grow uniformly and 
neatly perpendicular to the substrate. Moreover, 
ZnO nanorods have regular hexagonal morpholo-
gy, with smooth surfaces and sides. The diameter 
of nanorods is about 500 nm. The inner diameter 
of ZnO nanotubes prepared by chemical etching 
is about 250 nm, and the wall thickness is about 
125 nm. The inner diameter of ZnO nanotubes pre-
pared by chemical corrosion is about 250 nm and 
the wall thickness is about 125 nm. In contrast, the 
ZnO nanotubes prepared by galvanostatic etching 
have an inner diameter of about 300 nm and a wall 
thickness of about 100 nm. The inner diameter of 
ZnO nanotubes prepared by galvanostatic etching 
is slightly larger than that of nanotubes prepared 
by chemical etching. At the same time, it can be 
seen from the SEM picture that the diameter of the 
nozzle position of the ZnO nanotubes obtained by 
chemical etching is larger than that of the inside 

of the tube, while the ZnO nanotubes obtained by 
electrochemical etching are almost the same from 
top to bottom. Therefore, the structure and specific 
surface area of ZnO nanotubes obtained by electro-
chemical etching are better than those obtained by 
chemical etching.

The ZnO nanorod array is etched into a nanotube 
array at a certain temperature, rather than the entire 
rod body being etched. The reason is that the axis 
position of the ZnO nanorod array is relatively weak 
and preferentially has an etched position. Since no 
auxiliary reagent is added in the solution, the phe-
nomenon that the axis position of the nanorods is 
preferentially corroded is related to the character-
istics of the ZnO nanorods. First of all, the {0001} 
plane of ZnO hexagonal prism nanorods have high 
surface energy and is metastable, so etching will 
preferentially start from the metastable surface of 
ZnO. Secondly, there are many defects in the axis 
of the zinc oxide hexagonal prism nanorods, which 
makes it easy to be etched [34]. After energizing, 
the following reactions take place in the electro-
lyte. The anode ZnO reacts with OH-, loses two 
electrons and obtains       and oxygen at the 
same time. The metastable surface at the center of 
the ZnO hexagonal prism nanorods is the priori-
ty for etching. The water at the cathode is gaining 
four electrons, forming OH- and hydrogen. The 
specific equation is as follows:

 
Fig. 2. Scanning electron microscope images of ZnOs with different structures: (a-b) is ZnO nanorods; (c-d) is ZnO 
nanotubes by chemical etching; (e-f) is ZnO nanotubes by galvanostatic etching.
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The general equation is as follows:

 22
2
2 O2H2ZnO4OH2ZnO ++→+ −−

Under the action of the current, the anode ZnO 
and OH- in the solution react quickly, and the cath-
ode generates hydroxide ions at the same time. 
Then the OH- ions flow to the anode continuously 
and continue to react with ZnO, accelerating the 
etching of ZnO metastable surface. The schematic 
diagram of the reaction principle of the working 
electrode is shown in Fig. 3.

3.3. Fluorescence spectral analysis

Fluorescence spectra of the three samples are 
shown in Fig. 4. The ultraviolet emission peak of 
ZnO nanorods appears at 380 nm, while the fluo-
rescence intensity of the nanotubes increased and 
the emission wavelength in the ultraviolet region 
shifted to about 392 nm. The reason why the flu-
orescence intensity of ZnO nanotubes is higher 
than that of nanorods is that ZnO nanotubes have a 
larger specific surface area, which can absorb more 
ultraviolet light and emit stronger fluorescence. It 
can be seen from the figure that the fluorescence 
intensity of ZnO nanotubes obtained by galvanos-
tatic corrosion is stronger than that obtained by 
chemical corrosion, which proves from the side 
that the nanotubes obtained by galvanostatic cor-
rosion have a larger specific surface area. Ultravi-
olet excitation is are commonly referred to as the 
near band edge emission, is due to the annihilation 
of the excitons, namely exciton and exciton oc-
curred in the process of collision gets free exciton 
reorganization to the light. In addition, the visible 
emission band, between 450 and 600 nm is known 
as defect-related emission [35]. The three samples 

 

Fig. 3. Schematic diagram of the preparation of ZnO nanotubes by galvanostatic etching.

all have a weak green light emission peak in the 
visible region, with a central wavelength of about 
537 nm, which is caused by the internal defects 
of ZnO. The crystal defects induced energy levels 
within the bandgap of ZnO allows the emission of 
visible light after relaxation of electron-hole pairs 
in the ground state.

3.4. UV–vis spectrophotometry

The UV-Vis images of ZnO with two different 
nanostructures are shown in Fig. 5. It can be seen 
from Fig. 5 that both of the two nanostructures of 
ZnO have a certain light absorption capacity in the 
ultraviolet region, and their UV absorption band 
is in the range of 300‒380 nm, while their light 
absorption capacity is weak in the visible region. 
By comparing the ultraviolet absorbance regions 
of ZnO nanorods and nanotubes, ZnO nanotubes 
have better light absorption ability in the ultravio-
let region than ZnO nanorods, because ZnO nano-
tubes had a larger specific surface area, their light 

 
Fig. 4. Fluorescence spectra of ZnOs with different 
structures.
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absorption ability was also stronger. Comparing 
the two different etching methods of ZnO nano-
tubes light absorption ability, the photoabsorption 
of ZnO nanotubes by galvanostatic etching is bet-
ter than that of alkali-etched ZnO nanotubes in the 
ultraviolet region. It is also reflected from the side 
that alkali etching strength is insufficient, chemical 
corrosion of ZnO nanotubes and galvanostatic cor-
rosion of ZnO nanotubes etching effect is better, 
and has a more specific surface area.

3.5 Electrochemical test

In order to improve the electrical conductivity 
of the sensor, a layer of gold was sprayed on the 
zinc oxide substrate. EIS test was performed on the 
gold-sprayed zinc oxide, as shown in Fig. 6. The 
semicircular of the sample test curve in EIS direct-
ly reflects the charge transfer resistance, and the 
smaller the semicircular arc radius is, the smaller 
the charge transfer resistance of the corresponding 
sample is. From the Fig. 6, it can be found that 
the semi-circular arc radius of Au/ZnO nanorods is 
significantly larger than that of Au/ZnO nanotubes, 
which indicates that the charge transfer resistance 
of Au/ZnO nanotubes is significantly smaller than 
that of Au/ZnO nanorods. The semi-arc radius 
of the galvanostatic etched Au/ZnO nanotubes is 
smaller than that of the chemically etched Au/ZnO 
nanotubes, indicating that the charge transfer re-
sistance of the galvanostatic etched nanotubes is 
smaller than that of the nanotubes by chemical 
etching.

Figure 7 shows the DPV test of different con-
centrations of dopamine hydrochloride by Au/
ZnO nanorods, Au/ZnO nanotubes prepared by 

 

Fig. 5. UV-Vis absorption spectroscopy of ZnOs with 
different structures.

chemical etching and Au/ZnO nanotubes etched 
by constant current. The concentration of dopa-
mine hydrochloride was 0.1 μM, 0.5 μM, 1 μM, 
2 μM, 4 μM, 8 μM, 10 μM, 20 μM, 50 μM, and 100 
μM respectively. Compared with ZnO nanorods, 
ZnO nanotubes have lower charge transfer resis-
tance, and the sensitivity of Au/ZnO nanotubes 
electrodes to dopamine is about 2.1~3.4 times 
higher than that of Au/ZnO nanorods. Figure 7 
(A), (C) and (E) shows the DPV test of Au/ZnO 
nanorod electrode, Au/ZnO nanotube electrode 
prepared by chemical etching and Au/ZnO nano-
tube electrode prepared by galvanostatic etching 
in 0.1‒100 μM dopamine hydrochloride. As can 
be seen from the figure, the characteristic peak 
of Au/ZnO electrode has a peak at about 0.7 V. 
Figure 7(B), (D) and (F) show the linear relation-
ship between dopamine concentration and peak 
DPV current of Au/ZnO electrode. As can be seen 
from the figure, when the concentration of dopa-
mine hydrochloride is between 0.1‒10 μM, there 
is a linear relationship between the concentration 
and the peak current. When the concentration is 
between 10‒100 μM, there is another linear rela-
tionship between the concentration and the peak 
current. The specific equations are shown in the 
figure. The slope of these lines is the sensitivity 
of the sensor. Obviously, the sensitivity of the 
nanotube electrode is much higher than that of the 
nanorod electrode, because nanotubes have better 
electrical conductivity. At the same time, the sen-
sitivity of the electrodes prepared by galvanostatic 
etching is higher than that prepared by chemical 
etching, which also shows that the specific surface 
area of the ZnO nanotubes prepared by galvanos-
tatic etching is larger than that of the nanotubes 

 

Fig. 6. EIS of Au/ZnO nanoroad, Au/ZnO nanotube by 
chemical etching, Au/ZnO nanotube by electrochemical 
etching.
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Fig. 7. (A) ‒ DPV test of Au/ZnO nanorods in different concentrations of dopamine hydrochloride solution (B) ‒ 
Linear diagram of the DPV oxidation peak current of Au/ZnO nanorods in different concentrations of dopamine 
hydrochloride solutions (C) ‒ DPV test of Au/ZnO nanotubes by chemical etching in different concentrations of 
dopamine hydrochloride solution (D) ‒ Linear diagram of the DPV oxidation peak current of Au/ZnO nanotubes by 
chemical etching in different concentrations of dopamine hydrochloride solutions (E) ‒ DPV test of Au/ZnO nanotubes 
by electrochemical etching in different concentrations of dopamine hydrochloride solution (F) ‒ Linear diagram of 
the DPV oxidation peak current of Au/ZnO nanotubes by electrochemical etching in different concentrations of 
dopamine hydrochloride solutions.

prepared by chemical etching, and the electrical 
conductivity of the ZnO nanotubes prepared by 
galvanostatic etching is better.

4. Conclusion

This article uses the galvanostatic etching meth-
od to prepare zinc oxide nanotubes for the first 

time. The obtained ZnO nanostructures are hex-
agonal prisms with hexagonal crystal structure, 
neatly arranged, the diameter of the nanotubes is 
about 500 nm, and the diameter of the tube is about 
300 nm. Optical performance tests show that, com-
pared with zinc oxide nanotubes obtained by chem-
ical etching, nanotubes obtained by galvanostatic 
corrosion have better absorption and fluorescence 
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properties in the ultraviolet region because of their 
larger specific surface area. The charge transfer 
resistance of the ZnO nanotube array is smaller 
than that of the ZnO nanorod array, and the charge 
transfer resistance of the nanotube array obtained 
by constant current etching is lower than that of the 
nanotube obtained by chemical etching. It can be 
shown that the zinc oxide nanotubes obtained by 
constant current etching have higher charge sep-
aration and transfer efficiency, can effectively re-
duce the charge transfer resistance of the electrode. 
The DPV of dopamine hydrochloride proves that 
zinc oxide can be successfully applied to the sensor 
field, and the sensitivity of the nanotubes is better 
than that of the nanorods. The sensitivity of the gal-
vanostatic zinc oxide nanotubes is better than that 
of the chemically etched nanotubes. Because of its 
better optical performance and photoelectrochemi-
cal performance, ZnO prepared by constant current 
etching has great application prospects in sensors, 
ultraviolet light detectors, and solar panels.
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