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Well-aligned ZnO nanotubular arrays (NTs) and nano rod-like arrays (NRs) were controllably fabricated on glass substrates through a facile
hydrothermal method, and the prepared ZnO nanoarrays could be easily retrieved in the photodegradation of organic pollutants because ZnO is
“growing” on the substrates. The morphology of ZnO nanoarrays could be governed by the cooling process and reaction time during the
preparation. ZnO NTs tend to be formed by natural cooling, while ZnO NRs are apt to be constructed by sudden cooling. Furthermore,
with the proceeding of the reaction, the ZnO nanoarrays display headless-pyramid configuration gradually. The ZnO nanoarrays prepared
at 90 ºC for 4 h show excellent photocatalytic activity. In the presence of the prepared ZnO NTs and NRs, the degradation rate of
methylene blue (MB) is up to 96.8% and 94.1% after 1 h UV irradiation, respectively. The better photocatalytic performance of ZnO NTs
is ascribed to the highly ordered array and large specific surface area which could promote the transfer of photo-generated electrons and
restrain the recombination of electron-hole pairs. The well-aligned ZnO nanoarrays in this study could be fabricated on different
substrates. Moreover, they could potentially serve as excellent photocatalysts in waste water treatment.
1. Introduction: In recent years, environmental pollution and
energy shortage have become two major global issues.
Semiconductor oxide photocatalytic materials with great
application prospect in resolving these two issues attract extensive
attention in the world [1–3]. Photocatalysis, as a kind of ‘green
technology’ to degrade the organic matter by photocatalytic
oxidation reaction, open a new door for the elimination of organic
pollutants in wastewater [1, 4, 5]. Up to date, ZnO has been
regarded as an excellent photocatalytic material due to its high
photosensitivity, non-toxic nature, non-secondary pollution and
low selectivity of pollutants [6–10]. Especially, the interest in the
fabrication of one-dimensional ZnO nanoarrays, such as nanowires
[11], nanoneedles [12], nanorods [13] and nanotubes [14], is
driven because of their exceptional properties and potential
applications in elimination of environment pollutants.
However, when ZnO is employed as the photocatalyst for organic

pollutant degradation, three aspects should be considered: (i) al-
though the photocatalytic property of ZnO nanoparticles has been
reported in lots of literature, there are still many disadvantages for
these nanoparticles, such as aggregation, deactivation and non-
recycle, which limit their application in photocatalytic technology
[15]; (ii) ZnO is a wide bandgap II–VI compound with 3.37 eV
direct bandgap and 60 meV free-exciton excitation energy at
room temperature. Therefore, the band edge absorption threshold
does not allow the utilisation of visible light [16]; (iii) the electron
transfer step plays a vital role in the degradation of dyes. It has been
found that the fast recombination of photoexcited electrons and
holes in semiconductor adversely affects the photocatalytic effi-
ciency [17]. Taking the above three aspects into account, how to
set up a stable photocatalytic system with high catalytic efficiency,
rapid responsibility to visible light, pollution-free, as well as easily
retrievable characteristics will be of great importance.
It is reported that highly ordered arrays could lead to a remark-

able decrease in the e−/h+ recombination [18] compared with the
random nanostructures, which will result in the enhancement of
photocatalytic activity. ZnO NTs with a larger specific surface
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area and high adsorption capacity, are expected to display a high
photocatalytic activity. Furthermore, the ZnO NTs growing on sub-
strates could be retrieved easily, which will extend their applica-
tions. Therefore, ZnO nanoarrays on different substrates,
especially ZnO nanotubular arrays, become a kind of promising
photocatalytic materials. Up to now, the principal techniques used
for growing ZnO nanoarrays include template-assisted growth
[19], noble metal catalytic growth [20], chemical and physical
vapour deposition [21], sol–gel method [22] and hydrothermal
method [23]. Among these techniques, hydrothermal synthesis is
a simple and effective means to prepare nanoarrays on substrates.
In this Letter, the well-aligned ZnO NTs and NRs on indium tin
oxide (ITO) substrate are controllably fabricated at a relatively
low temperature (90°C), and their photocatalytic performances
have been evaluated as well.

2. Experimental method: All reagents were of analytical grade
and used without further purification in this work. ITO glasses
(3.5 × 2 cm) were used as substrates.

Prior to use, ITO glasses were ultrasonically cleaned in acetone,
isopropyl alcohol, ethanol and distilled water for 15 min, respect-
ively, and then were washed with deionised water three times to
remove any residual solution and dried under nitrogen flow.

2.1. Preparation of ZnO seed membrane: As a typical procedure,
0.1 g polyvinylpyrrolidone was dissolved in absolute ethanol
(8 ml) with magnetic stirring for 1 h. The obtained solution was
dropwise added to zinc nitrate hexahydrate solution (Zn
(NO3)2·6H2O, 2.98 g in 2 ml deionised water) with continuous
stirring for 8–10 h. Then, the solution was placed at room
temperature more than 48 h to form ZnO seed solution. ZnO seed
membrane was fabricated on clean substrates by dip-coating
method, followed by annealing at 400°C for 1 h in air.

2.2. Growth of ZnO nanoarrays: The growth of ZnO nanoarrays
was carried out by immersing the nanoseeds-attached substrates
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into equimolar (50 mmol l−1) solution of Zn(NO3)2 and
hexamethyl-enetetramine (HMT). The growth solutions were
transferred and sealed in Teflon-lined stainless steel autoclaves of
20 ml, in which the substrates with ZnO seed layers were vertically
placed. The autoclaves were heated to 90°C with a heating rate of
1°C min−1 and kept for different time, followed by cooling the
autoclaves down to room temperature naturally and suddenly,
respectively. Then, the obtained ZnO nanoarrays were thoroughly
rinsed with distilled water and dried in air. Based on this, ZnO
NTs obtained under 90°C for 4 h with natural and sudden cooling
way were labelled as ZnO NTs-4-N and ZnO NRs-4-S,
respectively. Accordingly, ZnO NTs obtained under 90°C for 8 h
with natural and sudden cooling way were named as ZnO
NTs-8-N and ZnO NRs-8-S, respectively.

2.3. Characterisation: X-ray diffraction (XRD) was carried out
using a Rigaku-Ultima IV diffractometer with Cu-Kα radiation
(λ = 0.15405 nm) at a scanning speed of 8° min−1 ranging from
20° to 80°. The morphologies of ZnO nanoarrays were
characterised by a Rigaku-S4800 scanning electron microscope
(SEM, Tokyo, Japan). UV–visible diffuse reflectance spectra were
recorded with an America Agilent Cary 5000 spectrophotometer
range from 200 to 800 nm. The photoluminescence (PL)
spectra were performed using a FluoroMax-4P fluorescence
phosphorescence thermoluminescence spectrometer (Horiba, Japan).

The electrochemical impedance spectra (EIS) measurements
were carried out on a Parstat Mc electrochemical workstation
(Ametek Company, America) by using three-electrode system.
The quartz electrolytic cell was filled with 0.1 mol l−1 Na2SO4 elec-
trolyte. An CLS-002 UV lamp (8 W, the strongest emission at 254
nm) was used as the light source. The ZnO nanoarrays grown on
ITO glasses were used as working electrodes. The counter and ref-
erence electrodes were a platinum sheet and saturated calomel elec-
trode, respectively. The impedance spectra were recorded over the
frequency range of 0.05–105 Hz.

The photocatalytic activities of ZnO NTs-4-N and ZnO NRs-4-S
were evaluated by the degradation of methylene blue (MB) solu-
tion, which is usually used to investigate photocatalytic activities
[4, 5, 15, 24], by using a 500 W mercury lamp in an annular type
UV photoreactor (Bilong Biological Technology Company Ltd,
Xi’an, China). Prior to ultraviolet irradiation, the samples were
immersed in 20 ml MB solution (4 mg l−1), and then the solution
was magnetically stirred in dark for 30 min to ensure an establish-
ment of an adsorption–desorption equilibrium of MB. The degrad-
ation of MB solution was monitored by a Hach-Dr 5000 UV–visible
spectrophotometer periodically and the absorption of the MB
solution at 664 nm was recorded as a function of irritation time.
Fig. 1 SEM images of
a and b ZnO NTs-4-N
c and d ZnO NRs-4-S
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3. Results and discussion: First, the growth mechanism of
prepared ZnO nanoarrays is investigated. The formation of ZnO
crystal seed mainly comprises two steps: nucleation and growth.
Seed-mediated synthesis of ZnO not only provides homogeneous
nucleation centre, but induces the growth of nanoarrays to be well
ordered, more closely arranged and vertical to the substrate [25].
In the process of growth, Zn(NO3)2 and HMT are used as sources
of zinc ion (Zn2+) and hydroxide ions (OH̶), respectively. With
the increase of growth temperature, ammonia generates from the
decomposition of HMT and Zn(OH)2 occurs. As the proceeding
of the reaction and the further increase of the reaction
temperature, more ZnO nuclei form on the substrate, and
gradually ZnO film grows from the nuclei. The chemical reaction
can be represented as follows

CH2

( )
6N4 + 6H2O � 6HCHO+ NH3 (1)

NH3 + H2O ↔ NH+
4 + OH− (2)

2OH− + Zn2+ � Zn OH( )2 (3)

Zn OH( )2 � ZnO s( ) + H2O (4)

ZnO+ 2OH− � ZnO2−
2 + H2O (5)

At first, the reaction is positive and can continuously form ZnO
nanorod arrays (4). However, with the gradual decrease of the
reactants concentration, the dissolution effect of the reaction
gradually dominates and the generated ZnO is dissolved slowly
(5) [26, 27]. ZnO, as a polar crystal, is divided into polar surface
and non-polar surface. On the tops of the nanorods, (0001) plane
is a polar surface with higher surface energy that is more easily
dissolved. When the reaction time is prolonged, the polar surface
(0001) dissolves quickly in the c-axis and continuously erodes to
form the nanotubes [27].

Fig. 1 shows the SEM of ZnO NTs and NRs. Figs. 1a and b are
the ZnO NTs-4-N images, which display that ZnO NTs were suc-
cessfully fabricated and vertically grown on the substrate under
90°C for 4 h with natural cooling, and the average outer diameter
is about 125 nm and inner diameter is about 100 nm. Figs. 1c and
d are the images of ZnO NRs-4-S obtained under 90°C for 4 h
with sudden cooling after heating completed, which indicates that
the sudden cooling results in ZnO NRs. The average diameter of
ZnO NRs-4-S is about 120 nm.

Fig. 2 shows the morphologies of ZnO NTs-8-N and ZnO
NRs-8-S which were prepared at 90°C for 8 h with natural
cooling way and sudden cooling way, respectively. It can be seen
Fig. 2 SEM images of
a and b ZnO NTs-8-N
c and d ZnO NRs-8-S

Micro & Nano Letters, 2017, Vol. 12, Iss. 7, pp. 461–465
doi: 10.1049/mnl.2016.0819



from Figs. 2a and b that average outer diameter of ZnO NTs-8-N is
about 250 nm, and the inner diameter is about 160 nm. On the con-
trary, the average diameter of ZnO NRs-8-S, which were obtained
with sudden cooling, is about 140 nm (Figs. 2c and d ).
Compared with ZnO nanotubes and nanorods prepared at 90°C

for 4 h, ZnO nanoarrays, either ZnO NTs-8-N or ZnO NRs-8-S
obtained at 90°C for 8 h, display headless-pyramid configuration,
which might be attributed to the decrease of Zn2+ concentration
in solution with the reaction proceeding and ZnO growing.
Furthermore, ZnO NTs could be obtained when the autoclaves

were cooled naturally, such as ZnO NTs-4-N and ZnO
NTs-8-N. However, ZnO NRs were achieved with sudden cooling,
like as ZnONRs-4-S and ZnONRs-8-S.When the reaction tempera-
ture decreases suddenly, the potential kinetic energy of Zn2+ and
OH̶ forming ZnO crystals becomes weak in solution. Meanwhile,
the decomposition of HMT stops and no ammonia generates
which leads to the decrease of OH− concentration in solution. The
generation of ZnO is restrained based on (3) and (4).
Simultaneously, according to (5) and the description in growth
mechanism, the ZnO NTs could not be formed through the dissol-
ution of the polar surface (0001) of ZnO crystal. It is also suggested
that the precursor solutions with lower concentration of OH− ions are
not able to produce ZnO NTs via selective self-etching at low tem-
perature [28].
The XRD patterns of ZnO NTs-4-N and ZnO NRs-4-S are shown

in Fig. 3. It is found that both samples present the typical XRD dif-
fraction character of wurtzite structure of ZnO, which are in good
agreement with the standard card (JCPDS Card No. 36-1451). No
other diffraction peaks are found, which demonstrates that the
products are pure. The intensity of (002) peak is the strongest and
sharpest in all of the peaks, which indicates there is a strong
preferred growth orientation along the c-axis [29]. It is also noted
that the (002) peaks of NTs and NRs arrays are account for domin-
ant position. However, the strength of the former is weaker than that
of the latter obviously, which is due to the apical dissolution of
nanotube (002) crystal plane. The XRD results are consistent with
the growth mechanism of ZnO arrays.
The photocatalytic activities of ZnO NTs-4-N and ZnO NRs-4-S

were investigated through monitoring the concentration of MB so-
lution within 60 min under UV light irradiation. The result is shown
in Fig. 4. It is found that the MB solution is nearly not degraded
under UV irradiation in the absence of ZnO catalysts (Fig. 4a).
However, the presence of the synthesised ZnO NTs-4-N and ZnO
NRs-4-S accelerates MB degradation greatly and the degradation
results are shown in Figs. 4b and c. Obviously, ZnO NTs-4-N exhi-
bits higher photocatalytic activity than ZnO NRs-4-S. With the ex-
tension of UV exposure, the intensity of the absorption peak at 664
nm gradually decreases, which indicates that MB is degraded under
Fig. 3 XRD of
a ZnO NTs-4-N
b ZnO NRs-4-S
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UV irradiation. The degradation efficiency is defined as (C0−C)/C0,
where C0 and C are the initial concentration of MB solution and that
during the reaction, respectively. After UV irradiation for 1 h, the
degradation of MB is only about 3.0% in the absence of any photo-
catalyst, however, the degradation efficiency of MB is up to 96.8
and 94.1% by employing ZnO NTs-4-N and ZnO NRs-4-S as the
photocatalyst, respectively (Fig. 4d ). The ZnO NTs-4-N shows a
little higher degradation efficiency compared with ZnO NRs-4-S,
which could attribute to a large surface area [30]. The degradation
of MB solution could be considered as a first-order reaction by
linear transformation of the following equation [31]

− Kt = ln
C

C0

( )
(6)

where K is the corresponding degradation rate constant, and t is the
reaction time. Fig. 4e shows the linear relationship between ln(C/
C0) and t of photodegradation of MB aqueous solution without or
with different photocatalysts, in which the slope is the photodegra-
dation rate constant. The photodegradation rate constants K are cal-
culated to be 0.054 and 0.044 min−1 for ZnO NTs-4-N and ZnO
NRs-4-S, respectively, which indicates that the photodegradation
rate of MB solution with ZnO NTs-4-N is about 1.2 times of that
with ZnO NRs-4-S.

The possible photocatalytic mechanism is proposed. At first, the
ZnO NTs-4-N and ZnO NRs-4-S absorb photons with energies
equal to or larger than their bandgap energies, and generate holes
(h+) in the valence band and electrons (e−) in the conduction
band. The photo-induced electrons react with oxygen (O2) and
holes react with water (H2O) or hydroxyl groups (OH

−) to generate
superoxide radical (· O−

2 ) and hydroxyl radical (·OH) which are
involved in the photocatalytic oxidation reaction. The superoxide
radical (· O−

2 ) could be transformed into hydroxyl radical (·OH)
Fig. 4 Change in the degradation of MB
a–c The change in the degradation of MB without catalyst, with ZnO NTs-4-
N and ZnO NRs-4-S, respectively
d Degradation curves of MB without catalyst and with ZnO NTs-4-N and
ZnO NRs-4-S
e First-order plots for the photocatalytic degradation of MB using ZnO
NTs-4-N and ZnO NRs-4-S
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Fig. 5 EIS response of ZnO NRs-4-S (a, a′) and ZnO NTs-4-N (b, b′) under
UV light irradiation and in dark

Fig. 7 PL spectra of ZnO NTs-4-N and ZnO NRs-4-S with 345 nm excitation
wavelength
a PL spectra of ZnO NTs-4-N
b PL spectra of ZnO NRs-4-S
after the multistep reduction [32], which could degrade MB mole-
cules [33].

EIS has been proven to be effective in the investigation of the
separation efficiency of electron–hole pairs and the nature of
carrier transport processes [34]. The photocatalytic degradation of
MB could be explained as an electrochemical oxidation reaction
in which reactants supply electrons to an anode. Fig. 5 shows EIS
response of ZnO NTs-4-N and ZnO NRs-4-S with and without
UV light irradiation (λ = 254 nm). The radio of the arc on the EIS
Nyquist plot reflects the reaction rate occurring on the surface of
the electrode and the electrode resistance in the solid-state interface
layer. As shown in Fig. 5, the EIS radio of ZnO NTs-4-N electrode
is less than that of the ZnO NRs-4-S electrode either under UV ir-
radiation or in dark, which indicates ZnO NTs-4-N possesses
smaller charge-transfer resistance and capacitive reactance than
ZnO NTs-4-S. That is to say, there is a more effective separation
of photo-generated e−/h+ pairs and a faster interfacial charge trans-
fer as the photocatalyst is ZnO NTs-4-N. The electron transfer rate
from electrolyte to the electrode surface is enhanced in ZnO NTs,
which could be attributed to its large specific surface area. The
photo-generated electrons could easily flow to the bulk electrode
along the longitudinal direction of ZnO NTs that will reduce the
probability of e−/h+ recombination. Simultaneously, the large
number of holes on the surface could promote electron moving to
electrode, which will result in an enhancement in the photocatalytic
rate. Therefore, both the highly ordered array and large specific
surface area could suppress e−/h+ recombination, and thereby a
highly effective photocatalyst will be achieved [35].

To understand the high photocatalytic performance of ZnO
NTs-4-N and ZnO NTs-4-S, their UV–visible diffuse reflectance
spectra were also observed. Fig. 6a shows that ZnO NTs-4-N and
ZnO NTs-4-S both have the weak absorption in the wavelength
ranges from visible light to near infrared and the strong absorption
at the wavelength <400 nm. It can be seen that the ultraviolet
Fig. 6 UV–visible spectra and plots of (Ahν)1/2 against energy (hν) of ZnO
NTs-4-N and ZnO NRs-4-S
a UV–visible spectra
b Plots of (Ahν) 1/2 against energy (hν)
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absorption of ZnO NTs-4-N is weaker than that of ZnO NTs-4-S,
however, its absorption of visible light is increased. A plot of
(Ahν)1/2 against energy (hν) shown in Fig. 6b is used to estimate
the optical bandgap of ZnO nanoarrays, from which the bandgaps
of 2.98 eV (ZnO NTs-4-N) and 3.01 eV (ZnO NTs-4-S) could be
obtained, respectively. These bandgaps are smaller than the well-
known bandgap of 3.37 eV for bulk ZnO. The lower bandgaps
make them easier to form photo-induced electrons and holes,
which facilitates the electron transfer in the process of photodegra-
dation of dye molecules [14]. As a result, it can be concluded that
the lower bandgap of ZnO NTs-4-N in our work contributes to its
more effective photocatalytic activity.

PL spectra of ZnO NTs-4-N and ZnO NTs-4-S were surveyed at
room temperature with 325 nm excitation wavelength and shown in
Fig. 7, which exhibit different features depending on their morph-
ologies. It can be seen that at almost the same position, ZnO
NTs-4-N and ZnO NTs-4-S have an UV emission peak (∼403
nm) and two blue emission peaks (∼450 and 468 nm). However,
the relative intensity of UV emission decreases and that of blue
emission increases when the morphology changes from NTs to
NRs. The UV emission, which corresponds to the near band edge
emission, is known to originate from the exciton recombination
[36]. Larger specific surface area and smaller bandgap of ZnO
NTs-4-N may easily generate photo-induced e−/h+ pairs [18, 28].
Therefore, ZnO NTs-4-N shows a stronger emission in 403 nm
than ZnO NTs-4-S. The PL result further demonstrates their photo-
catalytic activity.

4. Conclusion: In conclusion, the well-aligned ZnO nanotubular
and nano rod-like arrays were successfully prepared in a
controllable mode based on a simple hydrothermal process. The
cooling way of hydrothermal synthesis has an important effect on
the morphology of nanoarrays. Natural cooling tends to produce
nanotubes and the sudden cooling could result in nanorods. The
obtained ZnO nanoarrays show excellent photocatalytic activity,
especially the ZnO nanotubes because the highly ordered array
and large specific surface area could increase the transfer of
photo-generated electrons and restrain the recombination of
electron–hole pairs. It is reasonable to expect that these
well-aligned ZnO nanoarrays proposed in our Letter could be
fabricated on different substrates, and will be able to serve as
promising photocatalytic material to degrade the organic
pollutants in water because of their easily retrievable feature.
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