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This study employed various polyol solvents to synthesize zinc oxide polycrystalline nanostructures in the form of fibers (1D),
rhombic flakes (2D), and spheres (3D). The synthetic process primarily involved the use of zinc acetate dihydrate in polyol
solutions, which were used to derive precursors of zinc alkoxides. Following hydrolysis at 160◦C, the zinc alkoxide particles self-
assembled into polycrystalline nanostructures with different morphologies. Following calcination at 500◦C for 1 h, polycrystalline
ZnO with good crystallinity was obtained. FE-SEM explored variations in surface morphology; XRD was used to analyze the
crystalline structures and crystallinity of the products, which were confirmed as ZnO wurtzite structures. FE-TEM verified that
the ZnO nanostructures were polycrystalline. Furthermore, we employed TGA/DSC to observe the phase transition. According to
the results of property analyses, we proposed models of the relevant formation mechanisms. Finally, various ZnO structures were
applied in the degradation of methylene blue to compare their photocatalytic efficiency.

1. Introduction

In recent years, zinc oxide (ZnO) has become the subject
of much research due to its excellent attributes as an II–
VI semiconductor [1, 2]. At room temperature, it possesses
a wide direct band gap (3.37 eV) as well as a high exciton
binding energy of approximately 60 meV [3]. By contrast, the
free exciton binding energy of GaN is only 26 meV. Greater
exciton binding energy enhances the light emission efficiency
of excitons at room temperature [4], the mechanism of which
can be applied in photoelectric conversion components, solar
cells, UV lasers, piezoelectric and thermoelectric materials,
nanometer photocatalysts, and gas sensors. Furthermore,
ZnO has high thermal stability and UV absorption but
does not absorb visible light, enabling its use in transparent
conductive components. As well as titanium dioxide, ZnO is
also an effective photocatalyst.

The application of ZnO nanostructures in nanodevices
has attracted considerable attention in the last few years,
leading to studies on various forms of syntheses. For
example, many studies have conducted cylindrical, linear,

and tubular forms of one-dimensional syntheses [5–9];
research on two-dimensional nanostructures is relatively rare
[10–13]; more complex three-dimensional nanostructures
are composed of low-dimensional nanostructures [14, 15].

Currently, there are many methods to fabricate ZnO
nanostructures or microstructures. Oxidation of zinc vapor
[16] involves placing metal zinc powder into a crucible and
heating it in a furnace; at 419.53◦C, the powder melts into
liquid state before evaporating into zinc vapor. Oxygen is
introduced to react with the zinc vapor and form needle-
shaped crystal whiskers of ZnO. Chemical vapor deposition
(CVD) [17] is another approach that utilizes energy sources
such as heat, plasma discharge, or UV irradiation to enable
chemical reactions of vapor substances on the heated surface
of a solid, where the stable solid products of the reaction
are deposited. The vapor-liquid-solid method (VLS) [18,
19] is the most common process for the fabrication of
ZnO nanostructures. High temperatures are required to
vaporize or decompose ZnO growth sources; a catalyst and
the resulting zinc vapor then produce an alloy with a low
melting point. Zinc precipitates from the supersaturated
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Figure 1: Procedure of the experiment.
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Figure 2: Various surface morphologies of synthesized ZnO: (a1), (b1), and (c1) ZnO gel solutions dried at 160◦C; (a2), (b2), and (c2)
samples calcinated at 500◦C.
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Figure 3: XRD graphs of ZnO fibers, ZnO spheres, and ZnO flakes following (a) drying at 160◦C and (b) calcination at 500◦C.
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Figure 4: SAED graphs and FE-TEM images of ZnO fibers: (a1), (a2), and (a3) samples dried at 160◦C; (b1), (b2), and (b3) samples
calcinated at 500◦C.
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Figure 5: SAED graphs and FE-TEM images of ZnO flakes: (a1) and (a2) samples dried at 160◦C; (b1) and (b2) samples calcinated at 500◦C.

alloy before merging with atmospheric oxygen to form ZnO
nanowires. The ZnO nanowires synthesized via the VLS
method are generally monocrystalline, the diameter of which
is determined by the particle size of the catalyst. Finally,
the template-based method [20] employs methods such as
electroplating, CVD, and the sol-gel method to grow the
desired substance in the holes of a porous alumina substrate,
the growth template. The ZnO nanostructures obtained from
this method are polycrystalline.

Regardless of monocrystalline or polycrystalline results,
most methods for producing ZnO structures require high
temperatures or high costs. This study proposes a low-cost
sol-gel method to fabricate various forms of ZnO structures.
This novel process is fast and can be completed at lower
temperatures. Moreover, the photocatalytic effect of the fiber
ZnO structures produced with ethylene glycol as the solvent
is superior to that of commercial ZnO.

2. Experiment Methods

2.1. Synthesis. All of the chemicals employed in this study
were of analytical grade and required no further purification.

This study employed three alcohols as solvents in the sol-gel
method to fabricate various ZnO nanostructures: ethylene
glycol (EG), glycerol (G), and diethylene glycol (DEG).
The structural, physical, and optical properties of the ZnO
products generated from the three solvents were compared.

The synthesis was divided into three processes: solution
preparation, heating to promote hydrolysis, and heat treat-
ment of the products.

The steps involved in the synthesis are as follows.

(1) 0.1 M of zinc acetate dihydrate (Zn(CH3COO)2·
2H2O) is placed in a 250 mL round-bottom flask.

(2) 100 mL of the solvent (EG, G, or DEG) is added to
the flask.

(3) The round-bottom flask is equipped with a reflux
apparatus and placed in an oil bath, where the
solution is heated and stirred.

(4) The solution is heated at a rate of 1◦C/min. When
the temperature approaches 160◦C, the clear solution
becomes milky white. The temperature of the solu-
tion is maintained at 160◦C for 1 h.



Journal of Nanotechnology 5

  

100

80

60

40

20

0

0 100 200 300 400 500 600 700

0.5

0

−0.5

−1

−1.5

−2

−2.5

−3

306.31◦C

152.11◦C

Exo

T
G

 (
%

)

Temperature (◦C)

D
SC

 (
m

W
/m

g)

(a) Fibers

D
SC

 (
m

W
/m

g)

100

80

60

40

20

0

0 100 200 300 400 500 600 700

0.5

0

−0.5

−1

−1.5

−2

−2.5

−3

365.51◦C

230.18◦C

Exo

T
G

 (
%

)

Temperature (◦C)

(b) Flakes

D
SC

 (
m

W
/m

g)

100

80

60

40

20

0

0 100 200 300 400 500 600 700

0.2

0

285.81◦C

194.66◦C

Exo

T
G

 (
%

)

Temperature (◦C)

−0.2

−0.4

−0.6

−0.8

−1

−1.2

−1.4

(c) Spheres

Figure 6: TGA/DSC graphs of the precursor of various ZnO structures: (a) fibers, (b) flakes, and (c) spheres.

(5) The milky white solution is dripped onto silicon sub-
strates and dried on a hot plate at 160◦C, forming one
sample type. For the other sample type, the solution
is placed in a high-temperature furnace and heated
to 500◦C at a rate of 5◦C/min under atmospheric
conditions. The temperature is maintained for 1 h,
and the sample is taken out once its temperature
cools to room temperature.

The experimental procedure is illustrated in Figure 1.

2.2. Property Analysis. Field emission scanning electron
microscopy (FE-SEM, JEOL JSM7500F) was performed on
the sample dried at 160◦C and the sample calcinated at
500◦C to explore their surface morphology. High-resolution
X-ray diffraction (HR-XRD, PHILIPS X’PERT Pro MPD)
was employed to analyze the structural properties of the
samples, and the phase transition during the synthetic
process was observed using simultaneous thermogravimetric
analyzer and differential scanning calorimeter (TGA/DSC,
TA Instruments-SDT 2960). A field emission transmission
electron microscope (FE-TEM JEOL JEM-2100F) was used
to observe the appearance and crystalline structure.

2.3. Photocatalytic Activity Test. Three different morpholo-
gies of synthesized ZnO were compared with commercial
ZnO. Samples were placed in methylene blue solutions and
exposed to UV-C light for an hour. The absorption values
of the samples were measured every 20 min using UV-visible
spectroscopy (JASCO V-630).

3. Results and Discussion

3.1. Surface Morphology. From FE-SEM observations, this
study determined that the application of zinc acetate dihy-
drate as a solute in conjunction with EG, G, and DEG as
solvents in sol-gel reactions enables the formation of ZnO
with varying morphologies. Figure 2 presents the various
types of ZnO that can be obtained from ZnAc with various
polyols and heat treatments. Using EG, G, and DEG as the
solvents resulted in fiber structures (Figures 2(a1) and 2(a2)),
flake structures (Figures 2(b1) and 2(b2)), and spherical
structures (Figures 2(c1) and 2(c2)), respectively. All of the
samples with gel solutions synthesized at 160◦C and then
dried on a hot plate at 160◦C presented a smooth micro-
morphology (Figures 2(a1), 2(b1), and 2(c1)). The samples
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Figure 7: Formation mechanisms of ZnO fibers (1D), ZnO flakes (2D), and ZnO spheres (3D). Color code: blue: carbon, white: hydrogen,
red: oxygen, and grey: zinc.

calcinated in air at 500◦C remained unchanged in shape
but exhibited rougher surfaces with additional holes and
cracks (Figures 2(a2), 2(b2), and 2(c2)), which were due to
the conversion of the larger zinc alkoxide particles into the
smaller ZnO crystals.

3.2. Structural Properties. Figure 3 shows the XRD graphs
of the three types of zinc compound dried at 160◦C and
calcinated at 500◦C. The graphs of the samples dried at
160◦C were compared with JCPDS files, of which no files
were found to be identical to the ZnO flakes and fibers.
No similar graphs were found in the literature either. We
speculate that the two XRD graphs are consistent with the
crystal structure of zinc alkoxides. The spherical structures
dried at 160◦C are consistent with ZnO structures, as
shown in Figure 3(a). This indicates that using DEG as the
solvent can hydrolyze ZnAc into ZnO at lower temperatures.
Regarding the three samples calcinated at 500◦C, the XRD

graphs were recognized as identical to nos. 36-1451 in the
JCPDS files, namely, wurtzite structures (Figure 3(b)).

Figure 4 shows the appearance and crystalline structure
of the zinc compounds observed by FE-TEM. Figure 4(a1)
shows the ZnO fibers synthesized at 160◦C; Figure 4(a2) is
a partial enlargement of Figure 4(a1). Figure 4(a3) is the
selected area electron diffraction (SAED) graph of the ZnO
fibers; some crystals, speculated as ZnO fiber structures,
are already apparent. Figure 4(b1) is an image of the
ZnO fibers calcinated at 500◦C; Figure 4(b2) is a partial
enlargement of Figure 4(b1). Figure 4(b3) exhibits the SAED
graph following calcinations, revealing superior crystallinity
to that in Figure 4(a3). Figures 5(a1) and 5(a2) are the SAED
graphs of the ZnO flakes synthesized at 160◦C, and Figures
5(b1) and 5(b2) are the SAED graphs of the calcinated ZnO
flakes. Figures 4 and 5 demonstrate that the number of holes
and cracks increases when zinc alkoxide turns into ZnO
during calcination. Moreover, the crystallinity improves, and
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Figure 8: Comparison of photocatalytic effects of various ZnO
structures.

polycrystalline structures form, which correspond with the
XDR graphs.

The precursor solutions of the three different morpholo-
gies of ZnO were further analyzed by TGA/DSC to inves-
tigate the influence of the heat treatment on the samples.
Figure 6 presents the results of the TGA/DSC analysis.
Each sample exhibited a distinct endothermic peak followed
by a marked loss in weight at the lower temperatures
of 152.11◦C, 230.18◦C, and 194.66◦C, respectively. The
endothermic peaks and weight loss are primarily caused by
the vaporization of the alcohols in the solution, leaving zinc
alkoxide behind. Furthermore, the three different surface
morphologies of ZnO showed exothermic peaks at 306.31◦C,
365.51◦C, and 285.81◦C, respectively, indicating the pyrolysis
of zinc alkoxide and the energy required for it to sinter into
ZnO. As seen in Figure 6, spherical structures require the
least amount of energy to be converted into ZnO, thereby
explaining the reason why the spherical sample is capable of
forming crystalline ZnO structures at a lower temperature.

3.3. Formation Mechanism. Due to the heating, the ZnAc
within the solution undergoes hydrolysis forming acetate
ions and zinc ions. With the abundance of electrons in
the oxygen atoms, the hydroxyl groups (–OH) of alcohol
molecules bond with the zinc ions. The resulting alkoxides
are such as shown in (1)–(3). Figure 7 presents the bonding
processes for ZnO fiber structures, sheet structures, and
spherical structures. When using EG as the solvent, the two
sides of the zinc ions form ionic bonds with the oxygen ions,
which link to more ions and form long fiber-like structures
(Figure 7(a)).

With G as the solvent, the glycerol possesses three
hydroxyl groups that can react with the zinc ions. Because
the electronic configuration of the zinc ions is [Ar]3d10,
4s and 4p merge into an empty sp3 orbital, which further

forms coordinate covalent bonds with the oxygen ions in the
alkoxy groups created by the glycerol. Under the conditions
enabling the formation of coordinate covalent bonds with
minimal three-dimensional obstacles, simulation showed the
resulting sheet structures exhibited in (Figure 7(b)).

The reaction principles under the circumstances with
DEG as the solvent are similar to those with glycerol. Due
to the longer molecular structures of DEG and in consid-
eration of conditions enabling the formation of coordinate
covalent bonds with minimal three-dimensional obstacles,
3D structures are more probable (Figure 7(c)). These 3D
structures form sphere colloid particles, which further cluster
into larger spherical structures. As observed in microscopic
images shown in Figure 2, the spherical structures are in fact
clusters of smaller spherical structures:

Zn(CH3COO)2 + HO–CH2CH2–OH

−→ Zn2+ · −O–CH2CH2–O− + 2CH3COO− + 2H+ (1)

3
2

Zn(CH3COO)2 + HO–CH2CHOHCH2–OH

−→ 3
2

Zn2+ · −O–CH2CHOHCH2 –O−

+ 3CH3COO− + 3H+

(2)

Zn(CH3COO)2 + HO–CH2CH2OCH2CH2–OH

−→ Zn2+ · −O–CH2CH2OCH2CH2 –O−

+ 2CH3COO− + 2H+.

(3)

3.4. Photocatalytic Activity Test. 4 mL of 5 ppm methylene
blue solution was respectively added to 0.1 g of the three
types of ZnO and commercial ZnO, followed by irradiation
with 254 nm UV light. The degradation rate of ZnO fibers
as the catalyst was the highest (Figure 8); after 10 minutes,
the concentration of methylene blue reduced by 50%. The
concentrations of the methylene blue solutions added to the
ZnO sheets, ZnO spheres, and commercial ZnO were still
approximately 90%. The degradation rates from the highest
to the lowest were ZnO fibers > ZnO sheets > commercial
ZnO > ZnO spheres.

4. Conclusion

This study employed the sol-gel method to synthesize ZnO
polycrystalline nanostructures using ZnAc as the solute and
various polyols as solvents (EG, G, and DEG). Zinc alkoxide
crystals of varying morphologies were successfully fabricated
at 160◦C. The EG, G, and DEG solvents synthesized fiber-
like nanostructures, rhombic flakes, and spherical particles,
respectively. The surface morphology of the samples dried
at 160◦C was smooth. By contrast, the samples calcinated
at 500◦C in air gained sufficient energy to enable pyrolysis
of the zinc alkoxide and sintering into the smaller ZnO
molecules. Consequently, a considerable number of cracks
and holes appeared, which, however, had no effect on
the overall morphology. The XRD graphs and FE-TEM
images mutually verify the increase in crystallinity following
calcination as well as the polycrystalline structures of ZnO.
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By the results, we proposed models of the relevant formation
mechanisms taking into account ionic bonding and three-
dimensional obstacles. A photocatalyst activity test was
performed on the synthetic products and the commercial
ZnO. The results indicate that the catalytic effect of ZnO
fibers was the most effective.
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