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Abstract
ZnO nanostructures with different morphologies were prepared by a simple hydrothermal synthesis employing only 
Zn(NO3)2·6H2O and NaOH as raw materials. The crystalline phase, morphology, and structures of ZnO nanomaterials were 
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy 
(TEM). The results display that the particle-like, flower-like, and pencil-like ZnO nanostructures can be obtained by changing 
the amount of NaOH added for hydrothermal synthesis. The growth mechanism of different morphological ZnO products 
was obviously different, and the morphologies of ZnO transformed from particles and flowers to rods with the increase 
in the amount of added NaOH. The band gap  (Eg) values of ZnO samples with different morphologies calculated using 
Kubelka–Munk formalism were 3.32, 3.29, 3.26 and 3.26 eV, respectively. The photoluminescence (PL) spectra exhibit that 
the different morphological ZnO nanostructures have four similar emission peaks at approximately 361, 384–389, 420, and 
486 nm at room temperature. The photocatalytic performance of varying ZnO nanostructures was researched by degrading 
methylene blue (MB) under irradiation of UV light, and the degradation efficiency of all ZnO samples for MB reached more 
than 99% within 100 min.
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1 Introduction

In recent years, the development of the printing and dyeing 
industry and the use of organic dyes have brought colors to 
our life. At the same time, refractory organic pollutants in 
industrial wastewater have caused severe pollution to soil 
and water resources, which not only destroy the natural envi-
ronment, but also threaten human health [1–5]. To eliminate 
the environmental pollution caused by organic dye wastewa-
ter, various technologies and methods are formed and used 
in the treatment of organic dye wastewater [6–10]. Com-
pared with traditional treatment technology, photocatalytic 
treatment is a very effective method to solve the problem of 
organic dye pollution with the advantages of environmental 
protection, economy, and high efficiency [11, 12].

As a typical n-type semiconductor material, zinc oxide 
(ZnO) is widely applied as catalyst support, adsorbent, pho-
tocatalyst, battery material, sensors, and so on, because of 
its width band gap (3.37 eV) and exciton binding energy 
(60 meV), high thermal conductivity, high electron mobility, 
and good thermal and chemical stability [13–19]. As every-
one knows, the morphology and structure of materials have 
a very important impact on the optical, physical, chemical, 
and electrical properties, and their application. Therefore, 
to enhance various performances, many methods and means 
have been employed to synthesize and prepare ZnO materi-
als with different morphologies and structures. For exam-
ple, Pál et al. prepared flower-, prism- and raspberry-like 
ZnO particles via a template-free hydrothermal synthesis 
at different temperatures from 60 to 90℃ [20]. Zhang et al. 
obtained different ZnO nanostructures, including nanorods, 
nanoparticles, and mixtures of them, by changing the qual-
ity of NaOH and adding NaF in the process of hydrothermal 
synthesis [21]. Arellano-Cortaza et al. synthesized different 
morphological ZnO nanoparticles from a chemical process 
under the action of microwave and different pH values [22]. 
In addition, Lin et al. made use of Zn(CH3COO)2·2H2O, 
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hexamethylenetetramine (HMTA), NaOH, and poly(vinyl 
pyrrolidone) (PVP) as sources to produce ZnO nanostruc-
tures with different morphologies, using a domestic micro-
wave under 200 W power for 15 min [23]. Bao et al. utilized 
an ethylene glycol-assisted sonochemical method for synthe-
sizing bouquet-like, twin sphere-like, and sphere-like ZnO 
nanostructures by controlling the alkaline medium, reaction 
pH and ultrasound time [24]. The above researches show that 
various methods and technologies can be used to realize the 
controlled synthesis of ZnO materials with different struc-
tures and morphologies by changing the experimental condi-
tions. However, finding a simple, economical and effective 
method is still the focus of current research.

Herein, we only used Zn(NO3)2·6H2O and NaOH as raw 
materials to prepare ZnO nanomaterials through a simple 
hydrothermal method. The particle-like, flower-like and 
pencil-like ZnO nanostructures were obtained by control-
ling the amount of NaOH added for hydrothermal synthesis. 
The growth mechanism of ZnO nanostructures with different 
morphologies has been briefly discussed. The optical prop-
erties of ZnO nanostructures were measured by UV–Vis dif-
fuse reflectance spectra (UV–Vis DRS) and PL spectra. The 
photocatalytic performance of ZnO nanomaterials with dif-
ferent morphologies was studied by the degradation of MB 
in simulant wastewater under the irradiation of UV light.

2  Experimental procedure

2.1  Materials and reagents

Zn(NO3)2·6H2O (zinc nitrate hexahydrate) and NaOH 
(sodium hydroxide) were bought from Tianjin Ruijinte 
Chemical Co., Ltd., China. Absolute ethanol  (C2H5OH) 
was procured from Tianjin Aopusheng Chemical Co., Ltd., 
China. They were of analytical grade and were used directly 
without further purification. Deionized water used through-
out the experiment was prepared by an ultrapure water sys-
tem (UPH-1-40L, Ultrapure Technology Co., Ltd., Chengdu, 
China).

2.2  Synthesis of ZnO nanostructures

In a typical preparation process, 0.005  mol of 
Zn(NO3)2·6H2O was dissolved in 10 mL of deionized water 
in a beaker under magnetic stirring. In another beaker, 
0.010 mol of NaOH was dissolved in deionized water of 
10  mL. Then, the NaOH solution was slowly added to 
Zn(NO3)2 solution under stirring. After stirring for 0.5 h, 
the solution was transferred to a polytetrafluoroethylene-
lined autoclave (25 mL) and kept at 120℃ for 24 h. After 
cooling to normal temperature, the white ZnO sample was 
obtained by centrifugal washing with deionized water and 

absolute ethanol several times and drying at 80℃ for 12 h. 
Under the same other conditions, other ZnO samples were 
also produced by changing the amount of NaOH (0.015, 
0.020, and 0.025 mol) added for hydrothermal synthesis. 
According to the amount of NaOH added in the preparation 
process, four ZnO samples are defined as ZnO-1, ZnO-2, 
ZnO-3, and ZnO-4.

2.3  Characterization

The chemical composition of the product was characterized 
by X-ray powder diffraction (XRD, Rigaku D/max2500VPC) 
using CuKα radiation (λ = 0.15418 nm). The morphology 
and structure of ZnO samples were measured by scanning 
electron microscope (SEM, JSM-5610LV) and transmission 
electron microscope (TEM, JEM-1230). UV–Vis diffuse 
reflectance spectra (UV–Vis DRS) of ZnO samples were 
recorded on a UV–Vis–NIR spectrometer (SolidSpec-3700, 
Shimadzu) using  BaSO4 as the background. The photolumi-
nescence (PL) spectroscopy was measured by an LS-55 fluo-
rescence spectrometer with an Xe lamp at room temperature.

2.4  Photocatalytic measurements

The photocatalytic properties of ZnO nanomaterials with 
different morphologies were studied by degrading MB in an 
aqueous solution under UV irradiation. In the experiment, 
30 mg of ZnO samples was added to quartz tubes contain-
ing 50 mL of 10 mg/L MB solution. Before irradiation, they 
were kept away from light for 40 min in a multi-position 
photochemical reactor (CEL-LAB500E, Beijing Zhongjiao 
Jinyuan Technology Co., Ltd, China) to ensure the adsorp-
tion balance between ZnO and MB. Then, the photocatalytic 
degradation of MB was carried out under the irradiation of 
350 W high-pressure Hg lamps (centered at 365 nm) for 
100 min under magnetic stirring. During the degradation 
process, 3 mL of MB solution was taken every 20 min for 
centrifugation, and the absorbance test was conducted on 
a UNICO UV-7200 spectrophotometer at λmax = 664 nm. 
The photocatalytic degradation efficiency was calculated 
by using the absorbance of MB at different times.

3  Results and discussion

X-ray diffraction (XRD) is the primary method to study the 
chemical composition and crystal phase of samples. XRD 
patterns of the samples obtained with different NaOH addi-
tion amounts in hydrothermal synthesis are shown in Fig. 1. 
It can be seen from XRD patterns that the four samples have 
the same diffraction peaks, which correspond to the charac-
teristic diffraction peaks of hexagonal wurtzite ZnO struc-
ture. Some diffraction peaks at about 31.9°, 34.7°, 36.5°, 
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47.8°, 56.9°, 63.1° and 68.3° belong to the (100), (002), 
(101), (102), (110), (103) and (112) crystal planes of hex-
agonal ZnO [25–27]. The sharp and narrow diffraction peaks 
show that ZnO has a good crystal structure. According to 
the XRD data, the calculated lattice constants of four ZnO 
samples are shown in Table 1. As seen from Table 1, the 
lattice constants of the prepared ZnO samples are consist-
ent with the standard value (a = 3.25 Å and c = 5.21 Å) of 
hexagonal ZnO lattice constant (JCPDS No. 36–1451) [25, 
28]. No diffraction peaks of other substances were seen in 
the XRD, indicating that the obtained ZnO samples were 
of high purity. In addition, the intensity and width of the 
diffraction peak of ZnO do not change significantly with 
the amount of NaOH added in the preparation process. The 
XRD results show that the amount of NaOH added has no 
obvious effect on the crystalline phase of ZnO during the 
hydrothermal synthesis.

The morphology and structure of the ZnO samples were 
characterized by SEM and TEM. Figure 2 shows the SEM 
and TEM images of ZnO sample (ZnO-1) obtained on add-
ing 0.010 mol of NaOH in hydrothermal synthesis. The SEM 
image (as shown in Fig. 2a) shows that the sample is mainly 
composed of particle-like ZnO. It can be clearly seen from 
the high magnification SEM image (Fig. 2b) that the shape 
and size of ZnO particles are irregular and inhomogeneous. 

The TEM image (Fig. 2c) further exhibits that the ZnO sam-
ple has an irregular particle-like structure, and the size of 
the ZnO particles are between 100 and 500 nm. The TEM 
image of a typical irregular ZnO particle is shown in Fig. 2d. 
As shown in the TEM image, this particle consists of many 
smaller irregular nanoparticles with rough surface structure. 
The SEM and TEM images of ZnO-2 obtained by hydro-
thermal synthesis with 0.015 mol of NaOH are shown in 
Fig. 3. Figure 3a indicates the SEM image of the overall 
morphology of ZnO-2. It clearly shows that the obtained 
ZnO is composed of a large number of flower-like particle 
structures about 1–3 µm in size. The magnified SEM image 
of ZnO-2 in Fig. 3b reveals that the flower-like ZnO particles 
have a 3D hierarchical structure and are mainly composed of 
nanorods and a small amount of nanosheets. The diameter 
and length of nanorods are 50–100 nm and 500–800 nm, 
respectively, and the nanosheets have about 50–80 nm thick-
ness. They are interspersed with each other in the particle 
to form a flower-like particle structure. The TEM image of 
ZnO-2 is proved in Fig. 3c, demonstrating that the sample 
has very well-defined flower-like ZnO particles with sharp 
raised surfaces. Figure 3d shows a TEM image of a typi-
cal flower-like ZnO particle with a size of about 2.3 µm. 
The surface of the ZnO flower has a tip protrusion structure, 
completely different from the surface structure (rough sur-
face structure) of ZnO-1 (see Fig. 2d). This may be caused 
by the further growth of rough surface particles under the 
action of excess NaOH.

Figure 4 shows the SEM and TEM images of ZnO-3 and 
ZnO-4 obtained via hydrothermal synthesis with 0.020 mol 
and 0.025 mol NaOH, respectively. The low-magnification 
SEM image of ZnO-3 is shown in Fig. 4a. It can be seen from 
SEM image that the morphology of ZnO-3 is uniformity with 
high yield. The high-magnification SEM images (Fig. 4b) of 
ZnO-3 further show that it is composed of a large number of 
rods with a pencil-like structure, and the length and diameter 
of pencil-like ZnO rods are 1–2 µm and 100–250 nm, respec-
tively. Figure 4c shows the TEM image of ZnO-3, indicating 
pencil-like ZnO rods. The TEM image (Fig. 4d) of a typical 
ZnO rod confirms the pencil-like structure with about 120 nm 
and 1.6 µm diameter and length. From the SEM and TEM 
images (Figs. 2, 3 and 4) of ZnO-1, ZnO-2 and ZnO-3, it can 
be found that the amount of NaOH added has an important 
effect on the morphology and structure of ZnO samples. With 
the increase in the addition amount of NaOH in hydrother-
mal synthesis, the morphology of ZnO samples changes from 
particle-like and flower-like to pencil-like structures. Figure 4e 
shows the TEM image of ZnO-4 obtained by hydrothermal 
synthesis with 0.025 mol NaOH. As clearly seen from the 
TEM image, the morphology of the ZnO-4 sample is still regu-
lar and has a uniform pencil-like structure. The TEM image 
(Fig. 4f) of a complete pencil-like ZnO rod shows that the 
diameter and length are about 150 nm and 2 µm, respectively. 
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Fig. 1  XRD patterns of ZnO nanostructures obtained via hydrother-
mal synthesis with different amounts of added NaOH: a 0.010 mol; b 
0.015 mol; c 0.020 mol; d 0.025 mol

Table 1  The lattice constants (a, c) of ZnO samples with different 
morphologies

Samples ZnO-1 ZnO-2 ZnO-3 ZnO-4

The lattice constants (Å) a 3.24 3.23 3.22 3.22
c 5.21 5.20 5.19 5.18
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These results show that the morphology and structure of ZnO 
do not change significantly when the amount of NaOH added 
is further increased in hydrothermal synthesis.

To study the growth mechanism of ZnO nanostructures 
with different morphologies, the possible chemical reaction 
process throughout the experiment can be described as follows 
[16, 29–31]:

(1)Zn
(

NO3

)

2
⋅ 6H2O → Zn

2+ + 2NO
−
3
+ 6H2O,

(2)NaOH → OH
− + Na

+
,

(3)2OH
− + Zn

2+
→ Zn(OH)2,

(4)2OH
− + Zn(OH)2 → Zn(OH)2−

4
,

(5)Zn(OH)2 → ZnO + H2O,

(6)Zn(OH)2−
4

→ ZnO + H2O + 2OH
−
.

The above equations show that the content of  OH− ion plays 
a very important role in the chemical reaction and the forma-
tion and crystal growth of ZnO nuclei. According to the pre-
sent experimental results (SEM and TEM results) and analysis, 
the reasonable growth process of ZnO nanostructures with dif-
ferent morphologies is shown in Fig. 5. When Zn(NO3)2·6H2O 
and NaOH were dissolved in deionized water,  Zn2+ ions and 
 OH− ions were obtained through Eq. (1) and Eq. (2), respec-
tively. Then, when NaOH solution was added to Zn(NO3)2 
solution, different precursors of ZnO nuclei are formed with 
different contents of NaOH in NaOH solution. The growth 
modes of ZnO nanostructures with different morphologies 
might relate to ZnO nuclei formed from different precursors. 
When the molar ratio of  OH− to  Zn2+ is 2:1 (0.010 molar 
 OH−, 0.005 molar  Zn2+) in solution, the Zn(OH)2 precursors 
were synthesized as in Eq. (3) with the stoichiometric ratio. In 
the initial stage of hydrothermal synthesis, many ZnO nuclei 
(represented by black dots ●) are formed through the thermal 
decomposition of Zn(OH)2 precursors [as shown in Eq. (4)] 
at 120°. With the extension of hydrothermal synthesis time 
(24 h), particle-like ZnO nanostructures were obtained through 
the crystal nucleus growth and particles agglomeration in a 
neutral environment (pH 7). When the molar ratio of  OH− to 

Fig. 2  SEM (a, b) and TEM (c, d) images of particle-like ZnO sample (ZnO-1)
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 Zn2+ increases to 3:1 (0.015 molar  OH−, 0.005 molar  Zn2+), 
the Zn(OH)2 and Zn(OH)4

2− precursors were generated via 
Eq. (3) and Eq. (4). At hydrothermal synthesis temperature 
(120°), two kinds of ZnO nuclei with different surface struc-
tures and properties (marked with black dots ● and red dots 
●) were produced from the thermal decomposition of different 
precursors (Zn(OH)2 and Zn(OH)4

2−) as shown in Eq. (5) and 
Eq. (6), respectively. At the same time,  OH− ions are also gen-
erated as shown in Eq. (6), which makes the hydrothermal syn-
thesis environment strong alkaline (pH > 13). Then, the crystal 
nuclei from Zn(OH)2 precursor grow into ZnO particles with 
the reaction time. In the meantime, other ZnO nuclei from the 
Zn(OH)4

2− precursor (marked with red dots ●) with  OH− ions 
adsorbed on the surface grow into pencil-like ZnO rods in 
the particles along the C-axis direction in a strong alkaline 
environment [32, 33]. During the growth of ZnO particles and 
rods, they are interspersed with each other to form a flower-
like ZnO structure, as shown in Fig. 3. When the molar ratio 
of  OH− to  Zn2+ is further expanded to 4:1 and 5:1 (0.020 and 
0.025 molar  OH−, 0.005 molar  Zn2+), only Zn(OH)4

2− precur-
sors were obtained via the reactions in Eq. (3) and Eq. (4) at 
room temperature. At 120°, the ZnO nuclei (marked with red 
dots ●) were produced from Zn(OH)4

2− precursor by Eq. (6), 

and  OH− ions were also obtained. In an alkaline environment 
(pH > 13), pencil-like ZnO rods were prepared from the crys-
tal growth of the ZnO nuclei at the C-axis direction with the 
extension of the time of hydrothermal synthesis [32, 33]. In 
short, the amount of NaOH added has an important effect on 
the structure of ZnO in the present experiments, and the mor-
phology of ZnO nanostructures changes significantly from 
particles and flowers to rods with the increase of molar ratio 
of  OH− to  Zn2+ in the hydrothermal synthesis.

The optical energy band gap  (Eg) of ZnO nanostructures 
was studied by UV–Vis diffuse reflectance spectra. Figure 6 
shows the UV–Vis diffuse reflectance spectra of all the ZnO 
samples with different morphologies at room temperature 
from 300 to 800 nm. From Fig. 6, it can be found that all the 
ZnO samples have strong reflection above 400 nm, which is 
consistent with previous reports [34]. The Eg of the prepared 
ZnO samples can be calculated according to Kubelka–Munk 
(K–M) function using the following equations [34–36]:

(7)F(R) = (1 − R)2∕2R,

(8)(F(R)h�)2 = B(h� − Eg),

Fig. 3  SEM (a, b) and TEM (c, d) images of flower-like ZnO sample (ZnO-2)
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where F(R) is the Kubelka–Munk function, R is the reflec-
tance of the sample, Eg is the band gap energy of the sample, 
hν is the photon energy and B is a proportionality constant. 
Figure 7 shows the plot of [F(R)hν]2 versus photon energy of 
all the ZnO samples. The Eg values of all the ZnO samples 
calculated by diffuse reflectance using Kubelka–Munk for-
malism is shown in Table 2. As seen in Table 2, the Eg val-
ues of ZnO samples with different morphologies were 3.32, 

3.29, 3.26 and 3.26, respectively. The Eg of ZnO samples 
has an obvious decrease with the morphology changes from 
nanoparticles  to nanorods. In addition, the Eg of all the ZnO 
nanostructures has also an obvious decrease compared with 
that of the bulk ZnO sample (Eg = 3.37 eV). The decrease of 
Eg may be related to the quantum confinement effect, crystal 
defect structure and material morphology. 

The PL property of the different morphological ZnO sam-
ples was carried out with a 325 nm of excitation wavelength. 

Fig. 4  SEM (a, b) and TEM (c, d) images of pencil-like ZnO sample (ZnO-3), and TEM (e, f) images of pencil-like ZnO sample (ZnO-4)
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The PL spectra of the four ZnO samples are shown in Fig. 8. 
It can be clearly found from PL spectra that all ZnO samples 
exhibit four similar emission peaks marked at about 361, 
384–389, 420 and 486 nm. The two ultraviolet (UV) peaks at 
about 361 and 384 (or 389, 389, and 386) nm are related to 
the near band edge emission of ZnO materials, which is due 
to the direct recombination of conduction band electrons and 
valence band holes [37, 38]. In addition, compared with the 
emission peak of particle-like ZnO nanostructures at 384 nm 
and that of flower-like and pencil-like ZnO nanostructures 
also have a red-shift of 5–2 nm (at 389 and 386 nm). This 
may be due to the different morphology, structure and parti-
cle sizes of ZnO samples. The weak emission peaks at 420 
and 486 nm may be attributed to the transition from the ion-
ized charged oxygen vacancy level to the valence band [39, 
40]. The UV–Vis and PL spectra prove that the prepared 
ZnO nanomaterials have excellent optical properties. There-
fore, they can be widely used in the field of photocatalysis 
as photocatalysts.

It is well known that the morphology, structure and spe-
cific surface area have important effects on the photocatalytic 

performance of the materials [41, 42]. Methylene blue 
(MB) solution was used to simulate organic dye wastewa-
ter to study the photocatalytic performance of the prepared 
ZnO nanostructures with different morphologies. Figure 9 
exhibits the photocatalytic efficiency curves of ZnO with 
different morphologies for photocatalytic degradation of 
MB in an aqueous solution under UV irradiation. The black 
dotted line on the left side of the figure indicates the time 
required for the ZnO sample to adsorb MB to reach equilib-
rium, and the maximum adsorption efficiency of four ZnO 
samples for MB was about 17.4% after 40 min. This shows 
that the adsorption capacity of ZnO samples for MB is not 
significant. The photocatalytic results showed that only a 
small amount of MB (about 17.2%) was degraded under UV 
irradiation after 100 min without photocatalyst, as shown 
in Fig. 9a. In contrast, the degradation rates of MB were 
obviously improved when ZnO samples were used as pho-
tocatalysts in the MB aqueous solution. From Fig. 9b–e, it 
can be seen that the degradation rates of MB by ZnO sam-
ples with different morphology and structure are more than 
99% within 60 min, and the maximum degradation rate of 
flower-like ZnO nanostructure can reach 99.5% (Fig. 9c) 
after 100 min of UV irradiation. The results of the photocat-
alytic experiment show that the prepared ZnO samples have 
very high photocatalytic degradation efficiency for MB. The 
mechanism of photocatalytic degradation of organic dyes by 
ZnO catalysts is described as follows. The electrons on the 
valence band (VB) are excited to the conduction band (CB) 
to form electron–hole pairs  (e−–h+) when the light shines 
on the surface of ZnO nanomaterials [Eq. (9)]. The holes 
 (h+) have strong oxidation and can oxidize hydroxyl ions 
 (OH−) and water molecules  (H2O) adsorbed on the surface 
of ZnO nanomaterials into strong oxidants—hydroxyl radi-
cals (OH·) [Eq. (10) and (11)]. The excited electrons  (e−) in 
the CB react with oxygen  (O2) adsorbed on the ZnO surface 
and form superoxide radicals  (O2

−·) [Eq. (12)]. Then, they 
(OH· and  O2

−) degrade the organic dye molecules (MB) on 
the surface of ZnO photocatalysts into harmless compounds, 
such as carbon dioxide  (CO2) and water  (H2O) [Eq. (13) and 
(14)] [41, 43, 44].

Fig. 5  Schematic illustration 
of the formation mechanism of 
ZnO nanostructures with differ-
ent morphologies
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Fig. 6  UV–Vis diffuse reflectance spectra of ZnO samples with dif-
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(9)ZnO + h� → ZnO
(

e− + h
+
)

,

(10)h
+ + H2O → OH ⋅ + H

+
,

(11)h
+ + OH

−
→ OH⋅,

(12)2e
− + O2 → O

−
2
⋅,

(13)O
−
2
⋅ +MB → CO2 + H2O,
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Fig. 7  Kubelka–Munk function versus photon energy plots of all the ZnO samples

Table 2  The optical band gap (Eg) of ZnO samples calculated by dif-
fuse reflectance using the Kubelka–Munk formalism

Samples ZnO-1 ZnO-2 ZnO-3 ZnO-4

Band gap energy, Eg (eV) 3.32 3.29 3.26 3.26
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Fig. 8  Photoluminescence spectra of ZnO nanostructures with differ-
ent morphologies at room temperature
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At the same time, we also compared the photocatalytic 
performance of ZnO nanomaterials for MB obtained in this 
experiment with that of ZnO nanomaterials obtained by 
other technologies, as shown in Table 3. As can be seen 

(14)OH ⋅ +MB → CO2 + H2O.

from Table 3, all the ZnO samples with different morpholo-
gies obtained in this work showed better photocatalytic 
activity as compared to that of the literature. Therefore, the 
prepared ZnO nanostructures with different morphologies 
can be widely used to treat the organic dye wastewater by 
photocatalytic degradation and show excellent photocata-
lytic performance.

4  Conclusions

The particle-like, flower-like, and pencil-like ZnO nano-
structures were fabricated by controlling the amount of 
NaOH added for hydrothermal synthesis. With the increase 
of the amount of NaOH, the growth process of ZnO nano-
structures with different morphologies is obviously dif-
ferent from particles, flowers or rods. The Eg of ZnO 
samples calculated by UV–Vis diffuse reflectance using 
Kubelka–Munk formalism has an obvious decrease from 
3.32 to 3.26 eV with the morphology changes from nano-
particles to nanorods. The ZnO samples have similar PL 
emission peaks at about 361, 384–389, 420 and 486 nm at 
room temperature. The prepared ZnO nanomaterials show 
excellent photocatalytic degradation efficiency for methylene 
blue, and the maximum degradation efficiency can reach 
99.5% within 100 min.
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Fig. 9  Photocatalytic degradation curves of methylene blue (MB) 
under UV light a without catalysts, b with particle-like ZnO, c with 
flower-like ZnO, and d, e with pencil-like ZnO nanorods

Table 3  The comparison of the 
photocatalytic performance of 
ZnO nanomaterials obtained by 
different technologies

Synthesis method Sample morphology UV irradiation 
time (min)

Degradation 
rate (%)

References

Microwave irradiation Spherical nanostructures 240 78% [43]
Hydrothermal synthesis Nanoplate clusters 60 99.7% [45]

Nanorods 60 63%
Hydrothermal synthesis Nanorods 120 12.3% [46]

Nanoparticles 120 25.2%
Sol–gel method Nanoparticles 210 92.7% [41]
Coprecipitation Nanoparticles 360 79% [47]
Green synthesis Nanoparticles 210 98.6% [48]
Solvothermal approach Polyprisms 50 94.1% [49]

Spindle-shape structures 50 69.6%
Spray pyrolysis Thin films 120 82.1% [50]
Hydrothermal synthesis Nanoflowers 100 99.5% This work

Nanorods 100 99.1%
Nanoparticles 100 99.4%
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