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Organic Template-Free Synthesis of Mesoporous ZnO
Microparticles by Sol-Gel Method and Low-Temperature
Hydrothermal Treatment
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Mesoporous zinc oxide microparticles were synthesized by the sol-gel method, followed by hydrothermal treatment at three
different temperatures (100°C, 120°C, and 140°C), confirming that the method is fast, simple, reproducible, and ecological. To
carry out the synthesis of the samples, zinc acetate was used as a precursor and sodium hydroxide as a precipitating agent.
From the results obtained, the sample that shows the highest mesoporosity was the one synthesized at a hydrothermal
treatment temperature of 140°C, obtaining an average particle size of 5 μm and a pore diameter of 1.7 nm. The importance of
the results obtained was that mesoporous xerogel microparticles were obtained without using any type of organic template.

1. Introduction

Mesoporous materials are quite useful and can be used in var-
ious areas of our life because they have a crystalline structure
and physicochemical properties with the ability to adsorb
and interact with ions, atoms, and molecules on their surface.
Techniques and methods have been developed to synthesize
mesoporous materials with a defined structure and morphol-
ogies [1–5]. However, the techniques developed so far are
expensive, since they use surfactant molecular molds in solu-
tion, as well as ion block copolymers when it comes to Santa
Barbara Amorphous (SBA), in addition to using temperatures
above 150°C during hydrothermal treatment.

ZnO is considered nontoxic to living beings. It is a
well-studied transparent wide band-gap semiconductor ðEg
= 3:37 eVÞ with a large exciton binding energy (~60meV)
that presents potential applications in solar cells, antibacterial
methods, sensing, photocatalysis and optical [6–13]. There
is currently little information on the successful preparation

of ZnO mesoporous microparticles without the use of some
type of organic template.

This research explores the synthesis technique without
using some type of organic template or block copolymer,
using the sol-gel method with a hydrothermal treatment
temperature lower than and equal to 140°C, which reduces
the cost and energy used.

2. Materials and Methods

In general, two solutions were prepared; the first one was
obtained by dissolving 0.02mol of zinc acetate dihydrate in
18mL of distilled water (S1). The second solution was
obtained by dissolving 0.02mol sodium hydroxide in
1.2mol distilled water (S2). Later, the two solutions were
mixed, S2 (approximately 0.05mL/10 s) was added to S1,
which was kept under constant stirring at 350 rpm at room
temperature, while S2 was added.

Hindawi
Journal of Nanomaterials
Volume 2022, Article ID 7155557, 8 pages
https://doi.org/10.1155/2022/7155557

https://orcid.org/0000-0001-8011-6713
https://orcid.org/0000-0002-9709-8790
https://orcid.org/0000-0001-6751-6042
https://orcid.org/0000-0003-1971-4030
https://orcid.org/0000-0002-9013-5835
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7155557


Once S2 was added to S1, the xerogel obtained was stir-
red at 500 rpm for 30min at room temperature. The molar
ratio was ðzinc acetate : NaOH : H2OÞ = ð1 : 1 : 120Þ. Sub-
sequently, the xerogel was subjected to hydrothermal treat-
ment at three different temperatures of 100°C, 120°C, and
140°C for 24 h. The samples were identified as AZn100,
AZn120, and AZn140, respectively. After hydrothermal
treatment, the samples were washed with distilled water
and centrifuged at 12,000 rpm for 5min. Finally, the result-
ing ZnO powder microparticles were dried at 80°C for 24 h
to then be ground in a mortar. It was necessary to calcine
the powders at 560°C for 1 h to eliminate organic traces.

2.1. Characterization. X-ray diffraction analysis of the sam-
ples was performed using a Bruker D8 Advance X-ray dif-
fractometer employing CuKα radiation (λ = 1:54178 Å) at a
scanning speed of 0.02°/0.6 s. A FEG JEOL JSM 7600 field
emission scanning electron microscope with an attached
EDS detector was used to analyze the surface morphology
and chemical composition of the samples. A FEG TEM Tec-
nai F20 microscope operating at 200 kV was used to analyze
the structural characteristics of the crystallized samples. The
analysis of the particle size was carried out in BIC 90 PLUS
equipment. Nitrogen (N2) adsorption-desorption isotherms
were obtained using a Nova Touch LX1 (pore size and sur-
face area analyzer).

3. Results

The X-ray diffraction pattern is shown in Figure 1. All XRD
patterns for ZnO showed diffraction peaks corresponding to
the (100), (002), (101), (102), (110), (103), (200), (112),
(201), and (004) crystallographic planes and can be indexed
to the Wurtzite hexagonal ZnO structure (ICSD#65119)
belonging to the P63mc space group. It can be seen that no
peaks corresponding to any other materials or elements were
observed in the samples. The strong broadening of diffrac-
tion lines for the ZnO nanopowders would be caused by
the small size of the crystallites with imperfections within
the crystalline lattice (stacking faults, vacancies, dislocations,
and others). Similar results at synthesizing ZnO nanopow-
ders by sol-gel route were determined by W L. de Almeida
et al. [14]. Our results agree too with those obtained by Zi-
Neng et al. [15], observing that when the temperature of
the hydrothermal treatment increases, the ZnO microparti-
cles present a preferential orientation in the c-axis, improv-
ing their crystallinity since the activation energy is
adequate so that the atoms obtain more energy when the
temperature increases. This allows the atoms with less sur-
face energy to be transported to the best energy point of
the crystal lattice, initiating the melting process in the crys-
tallites, forming larger grains, and leading to the minimiza-
tion of oxygen defects at the grain boundaries.

Figure 2 shows the micrographs of the scanning electron
microscopy (SEM) analysis, in which agglomerated hexago-
nal microparticles with well-defined grain boundaries can be
observed. V. Koutu et al. [16] noted that particle growth is
determined by the concentration and subsequent reaction
between the precipitating agent and the solution precursor.

In our case, the molar ratio of reagent concentrations was
1 : 1, which leads us to think that the reaction of zinc acetate
and sodium hydroxide in solution induces accelerated
growth as the temperature of the hydrothermal treatment
increases, as shown see in Figures 2(a)–2(c).

Along with this, the formation of mesopores in the ZnO
microparticles is attributed to the following reactions:

Zn CH3COOð Þ2 + 2NaOH⟶ Zn OHð Þ2 + 2 CH3COOð ÞNa
ð1Þ

In Equation (1), the reaction between zinc acetate salt
and sodium hydroxide is carried out by replacing elements
in order to form zinc hydroxide (gel) and sodium acetate
in the solution.

Zn OHð Þ2 + 2H2O⟶ Zn2+ + 2 OHð Þ− + 2H2O ð2Þ

Zn2+ + 2OH− + 2H2O⟶ Zn OHð Þ2−4 + 2H+ ð3Þ
In Equation (3), the Ostwald maturation process [14] is

performed during the hydrothermal treatment, between the
zinc hydroxide particles and the hydroxyl ions OH-, to give
rise to the hydroxylated species Zn ðOHÞ2−4 .

Zn OHð Þ2−4 = ZnO +H2O + 2 OHð Þ− ð4Þ

Lastly, in Equation (4), the displacement of (OH)- free
radicals is done so that the zinc oxide formation can occur.

The CH3 and OH- groups dissociate from each other,
being transported out of the sample by distilled water during
washing and by thermal decomposition after calcination,
which opens a path for mesopores to form on the surface
of ZnO particles, as seen in Figures 2(g)–2(i). Figures 2(d)–
2(f) show the EDS spectra where only oxygen and zinc sig-
nals are detected, and the EDS map shows the uniform dis-
tribution of oxygen and zinc over the ZnO mesopores, as
shown in Figures 2(g)–2(i).
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Figure 1: XRD patterns for mesoporous samples of ZnO in
different temperatures, 100°C (AZN100), 120°C (AZN120), and
140°C (AZN140).
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Figure 2: Continued.

3Journal of Nanomaterials



Zn

Zn

Zn

0
0 2 4 6

(keV)
8 10

10000

20000

30000

C
ou

nt
s

40000

50000

O

(e)

Zn

Zn

Zn

0
0 2 4 6

(keV)
8 10

10000

20000

30000C
ou

nt
s

40000

50000

60000

O

(f)

(g) (h)

(i)

Figure 2: (a–c) FE-SEM images of ZnO microparticles, (d–f) EDS spectrum, and (g–i) EDS maps of mesoporous AZN100, AZN120, and
AZN140 samples, respectively.

4 Journal of Nanomaterials



Figure 3 shows that the desorption isotherm differs from
the adsorption isotherm, in the relative pressure (P/P0)
range of 0.30–0.99 for the mesoporous particles of the
AZN100, AZN120, and AZN140 samples, respectively. The
hysteresis can be explained by the connection and expansion
of the pore size distribution that occurs within mesoporous
materials.

According to results obtained by Yazhi Wang et al. [17]
and V. Koutu et al. [16], the sol-gel method produced a
homogeneous phase with micrometric grain size and a small
increase in surface area, with a wide range of size distribu-
tion and pore volume, as can be seen in the enlarged image
of Figure 2(h).

Table 1 shows the summary of the results obtained by
BET analysis. The diameter of the pores is 3.4, 3.9, and
1.7 nm for the AZN100, AZN120, and AZN140 samples,
respectively; on other hand, the size of the microparticles
was 5μm, which makes the mesopores of size and small vol-
ume. The temperature of the hydrothermal treatment

directly influenced the formation of the mesopores, being
the temperature of 120°C the one that presented the best
results, and as can be seen in the enlarged image of
Figure 2(h), such temperature promoted the distribution of
the pore volume in the microparticles, as can be seen in
the enlarged images of Figures 2(g)–2(i).

Table 1: Results obtained through BET analysis.

Sample
Surface

area (m2/g)
Pore diameter

(nm)
Pore volume

(cc/g)

Treatment
temperature

(°C)

AZN
100

40 ± 3 1:7 ± 0:1 0.01 100

AZN
120

4 ± 1 2 ± 0:1 0.01 120

AZN
140

21 ± 0:5 1:7 ± 0:1 0.01 140
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Figure 3: Physisorption isotherms of mesoporous ZnO: (a) AZN100, (b) AZN120, and (c) AZN 140.
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Figure 4: Continued.
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Figures 4(a), 4(e), and 4(i) show the top view of the
transmission electron microscopy analysis of the AZN100,
AZN120, and AZN140 samples, respectively. Figures 4(b),

4(f), and 4(j) show the mesoporous structure of the samples
AZN100, AZN120, and AZN140, where the dark areas indi-
cate the mesopores. The high-resolution transmission

(g) (h)

(i) (j)

(k) (l)

Figure 4: (a, e, i) TEM images of the hexagonal ZnO matrix prism for AZN100, AZN120, and AZN140, respectively; (b, f, j) HRTEM images
of mesoporous ZnO for AZN100, AZN120, and AZN140, respectively; (c, g, k) HRTEM images of mesoporous ZnO nanocrystals for
AZN100, AZN120, and AZN140, respectively; (d, h, l) HRTEM FFT pattern images for AZN100, AZN120, and AZN140, respectively.
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electron microscopy image is shown in Figures 4(c), 4(g),
and 4(k) for samples AZN100, AZN120, and AZN140. They
show interatomic distances of 0.28 nm, 0.26 nm, and 0.19 nm
that correspond to the crystallographic planes (1 0 0), (0 0
2), and (1 0 1) of ZnO. According to the work carried out
by S. Bhattacharyya et al. [18], it is mentioned that the
microstructure of ZnO is structurally uniform within itself,
as observed in Figures 4(b), 4(f), and 4(j). It can also be seen
that in Figures 4(d), 4(h), and 4(l), the FFT patterns show
the characteristic planes of the wurtzite-type hexagonal
structure.

4. Conclusions

Mesoporous ZnO microparticles were synthesized using the
sol-gel method, with temperatures of 100°C, 120°C, and
140°C. No type of organic template was used for the forma-
tion of the mesopores, obtaining an increase in the surface
area of the microparticles. The sample that shows the highest
mesoporosity was the one synthesized at a hydrothermal
treatment temperature of 140°C, with a surface area of
21m [2]/g and a pore diameter of 1.7 nm. The influence of
temperature was important because it internally modified
the crystalline structure of the microparticles, in combina-
tion with the precursor, the precipitant, and the water. It
was also corroborated that the hydrothermal treatment tem-
perature causes an increase in the grain size, and the larger
grains translate into a better crystallization of the sample.
A simple, faster, ecological, and reproducible route for the
synthesis of inexpensive mesoporous ZnO hexagonal micro-
particles and extend the method for the preparation of other
materials.
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