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Abstract: Zinc oxide (ZnO) hollow spheres are gaining attention due to their exceptional
properties and potential applications in various fields. This study investigates the impact of
different zinc precursors Zinc Chloride (ZnCl;), Zinc Nitrate [Zn(NOs3),], and Zinc Acetate
[Zn(CH3CO0),] on the hydrothermal synthesis of ZnO hollow spheres. A comprehensive set
of characterization techniques, including Field Emission Scanning Electron Microscopy (FE-
SEM), X-ray Diffraction (XRD), Thermogravimetric analysis (TGA), and Brunauer-Emmett-
Teller (BET) analysis, was utilized to assess the structural and morphological features of the
synthesized materials. Our findings demonstrate that all samples exhibit a high degree of
crystallinity with a wurtzite structure, and crystallite sizes range between 34 to 91 nm. Among
the different precursors, ZnO derived from Zinc Nitrate showed markedly higher porosity and
a well-defined mesoporous structure than those obtained from Zinc Acetate and Zinc Chloride.
This research underscores the significance of precursor selection in optimizing the properties
of ZnO hollow spheres, ultimately contributing to advancements in the design and application
of ZnO-based nanomaterials.
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1. Introduction

Zinc oxide (ZnO) stands out as a versatile material with applications in diverse
fields like photocatalysis and sensors due to its unique properties [1]. Among various
ZnO nanostructures, hollow spheres hold particular promise for these applications.
Their high surface area, tunable pore structure, and enhanced light harvesting
capabilities make them ideal candidates [2,3].

The hydrothermal method offers a simple and cost-effective approach for
synthesizing ZnO hollow spheres with controlled morphologies [4]. However, a
crucial factor influencing the final product is the choice of Zinc precursor. The
precursor significantly impacts the formation process, ultimately affecting the
structure and properties of the resulting ZnO hollow spheres [5]. Despite extensive
research on ZnO nanostructures, a systematic understanding of how different
precursors influence the synthesis of ZnO hollow spheres via hydrothermal methods
remains limited. While the relationship between morphology and performance is
established, the precise mechanisms governing ZnO nanostructure growth and their
correlation with morphology require further investigation, particularly for
hydrothermal synthesis using different precursors [6]. To investigate this further, our
research explores the effects of various zinc precursors (Acetate, Chloride, and
Nitrate) on the structural and morphological characteristics of hydrothermally
synthesized zinc oxide hollow spheres. By elucidating the role of precursors, we aim
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to contribute to the advancement of ZnO-based nanomaterial design and its targeted
application development [7,8].

2. Experimental section

2.1. Materials

All solvents and reagents were used as received from commercial suppliers
without any further purification. Zinc Nitrate anhydrous (Zn(NOs)2, 99.99% purity,
(Mr = 189.36 g/mol) Sigma Aldrich), Zinc Acetate anhydrous (ZnAcz, Zn(CzHs02)2,
99.98%, (Mr = 183.48 g/mol), Sigma Aldrich), Zinc Chloride (ZnCl,, > 99%, (Mr =
136.28 g/mol) Alfa Aesar, Germany), D-Glucose (CsH1206, 99.95% Sigma Aldrich),
ethanol (EtOH, 100%, Molar Chemicals, Hungary) and Ultrapure water was used to
prepare aqueous solutions for the chemical synthesis and all the experiments.

2.2. Synthesis of ZnO hollow spheres

This study employed a hydrothermal method to synthesize ZnO hollow spheres
using various Zinc precursors. Zinc Chloride (ZC), Zinc Nitrate (ZN), and Zinc
Acetate (ZA) served as the Zinc source, while glucose (CsH120s H20, 99.5%) acted
as the carbonaceous source. Table 1 details the specific quantities of materials used
for each precursor combination [9]. The ratio of Zinc precursors to glucose was
considered as 1/2. A typical synthesis involved dissolving a specified amount of the
chosen zinc precursor in deionized water under stirring to create a clear solution.
Subsequently, glucose was introduced dropwise to initiate the hydrothermal reaction.
The synthesized mixture was subsequently transferred to a 100 mL Teflon-lined
stainless-steel autoclave and heated in a muffle furnace at 180 °C for 20 h. Upon
cooling to ambient temperature, the product was collected. The resulting black
precipitate was subjected to a thorough washing process using both distilled water and
ethanol. Following synthesis, the black precipitate was dried in a vacuum oven at 80 °C
for 5 h and finally calcined at 550 °C for 2 h. The detailed steps for preparing the ZnO
hollow spheres are illustrated in the scheme of Figure 1 [5,10,11].

Table 1. Raw materials and conditions for the hydrothermal synthesis of ZnO
nanostructures.

Code of material ~ Chemical formula Zinc salt Precursors D-glucose deionized water
ZC (Zinc Chloride) ZnCl2 0.1 mol (13.62 g) 409 (0.2mol) 60
ZN (Zinc Nitrate) ~ Zn(NOa): 0.1 mol (18.94 g) 409 (0.2mol) 60

ZA (Zinc Acetate)  Zn(CH3COz2)2 0.1 mol (18.34 g) 409 (0.2mol) 60
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Figure 1. Schematic of progresses for the preparation of hollow sphere ZnO.
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2.3. Characterization

The crystalline phases of the synthesized ZnO hollow spheres were identified
using X-ray diffraction (XRD) analysis with Fe-Ka radiation source (4 = 0.1937 nm)
operated at 40 kV and 150 mA at a scanning step of 0.05 in the 20 range 20-80_. The
surface morphology and sizes of the hollow ZnO microspheres were observed by field-
emission scanning electron microscopy (FE-SEM, MIRA3TESCAN-XMU with an
accelerating voltage of 20 kV) with energy-dispersive spectra. This technique provides
high-resolution images, allowing for detailed observation of the surface features and
particle size distribution of the ZnO hollow spheres. To understand the thermal
decomposition behavior and crystallization process of the as-prepared powders,
thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG)
were performed using a thermogravimetric analyzer (SDT 2960, TA Instruments, New
Castle, DE) under atmospheric air. The analysis was conducted over a temperature
range of 40 to 600 °C with a heating rate of 10 °C/min. Typically, a sample weight 10
mg was used for the tests to ensure measurable changes, while the analysis utilized
ceramic crucibles due to their high-temperature stability and inertness. This technique
provides information about the weight loss associated with the decomposition of
organic residues and the formation of the final ZnO phase.

Functional groups present in the ZnO hollow spheres were identified through
Fourier transform infrared (FT-IR) spectroscopy Jasco Model 4100 Japan FT-IR
spectra of ZnO . was recorded between 400 and 4000 cm™ using a resolution of 4
cm™L. This technique provides valuable information about the chemical composition
and bonding environment within the material.

Finally, the pore size distribution and specific surface area of the synthesized
ZnO hollow spheres were determined using nitrogen gas adsorption-desorption
isotherms measured with a Micromeritics ASAP 2020 Brunauer-Emmett-Teller (BET)
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surface area analyzer. This analysis enables the characterization of the material’s
porosity, a crucial factor in various applications such as catalysis and adsorption.

3. Results and discussion

3.1. FT-IR spectroscopy

FT-IR spectroscopy was employed in the range of 400-4000 cm™! to investigate
the presence of organic residues and their influence on the properties of the ZnO
hollow spheres. Figure 2 presents the FT-IR spectra of samples prepared using
different precursors (ZC, ZN, ZA) and calcined at 550 °C. The broad peak observed
between 3250 and 3650 cm™! in all samples is attributed to the O-H stretching
vibration of adsorbed water molecules on the surface of the ZnO hollow spheres. These
peaks indicate the presence of surface hydroxyl groups and adsorbed water molecules,
which are commonly observed in metal oxide materials. Additionally, the peak at
around 1650 cm™! can be assigned to the bending vibration of CO-O bonds. The
characteristic peaks for ZnO are observed at 400 cm™' and 570 cm™!. These strong
absorption bands correspond to the stretching vibrations of the Zn-O bond in the
wurtzite hexagonal structure of ZnO. The presence of these peaks confirms the
successful formation of the ZnO phase in the synthesized hollow spheres [10].
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Figure 2. FT-IR spectra of ZnO hollow spheres synthesis with different precursors.

3.2. X-ray diffraction (XRD)

The crystal structures of the synthesized ZnO hollow spheres were investigated
using X-ray diffraction (XRD) analysis. Figure 3 presents the XRD patterns of the
samples prepared using different precursors (ZC, ZN, ZA).

These sharp diffraction peaks, in good agreement with the standard ZnO
reference pattern, indicate the high purity and good crystallinity of the ZnO phase in
all samples. All samples exhibited diffraction peaks at 40< 43< 45< 61< 74< 82< 89°
and 91< which can be readily indexed to the (100), (002), (101), (102), (110), (103),
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and (112) crystal planes of the hexagonal wurtzite structure of ZnO (Reference code:
01-076-0704) [12].
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Figure 3. XRD pattern of the ZnO thin film prepared by different precursor
materials.

The crystallite size of the ZnO hollow spheres was estimated using Scherrer’s
equation. Based on the full width at half maximum (FWHM) of the (101) peak in the
XRD patterns. The calculated crystallite sizes are summarized in Table 2. The results
indicate that the choice of precursor influences the crystallite size of the ZnO hollow
spheres, with values ranging from 39 to 91 nm [13].

Table 2. Crystal size, lattice parameters of the samples with different precursors.

Lattice parameter

Zinc precursors Pos. [2Th.] FWHM Left [2Th.] Crystallite size (nm) cla

a c
Zinc Chloride (ZC) 46.051450 0.669120 48 3.2660 5.1988 1.5917
Zinc Nitrate (ZN) 45.820390 0.944640 34 3.2562 5.1969 1.5960
Zinc Acetate (ZA) 45.986160 0.354240 91 3.2548 5.2139 1.6019

Furthermore, the lattice parameters (a, ¢) and the c/a ratio were determined for
each sample and are presented in Table 2, further confirming the successful formation
of the desired crystalline phase [14].

3.3. Thermal behavior

The thermal decomposition behavior of the ZnO precursor powders (ZC, ZN, and
ZA) was investigated using thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTG). These analyses were employed to determine the
material’s thermal stability and guide the selection of the calcination temperature.
Figure 4 presents the TG and DTG curves for the different precursors. The TG curve
indicates a gradual weight loss for all samples in the temperature range of 40-600 °C.
The residual weight percentages at 600 °C were approximately, 20%, 20%, and 38%
for Zinc Chloride, Zinc Nitrate, and Zinc Acetate, respectively. The quantitative
reduction in mass during decomposition is presented in Table 3 [15]. The high
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percentage of precipitation of zinc oxide particles in the Zinc Acetate precursor is
related to the growth of irregularly shaped crystals that did not form a hallow sphere
and grew as a single crystal. Also, in the FE-SEM images of Figure 5, these particles
can be identified as See clearly.

Table 3. Thermal analysis corresponding to the TGA, TG and DTG curves.

Zinc precursors Exothermic region (°C) Maximum Temperature Peak (°C) Weight loss %
Zinc Chloride (ZC) 200-460 458 80
Zinc Nitrate (ZN) 200-450 436 80
Zinc Acetate (ZA) 200-440 413 65
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Figure 4. (a) TG; (b) DTG analysis of ZnO hollow sphere that synthesis by different
precursors.
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Figure 5. FE-SEM and EDS images of ZnO hollow sphere that synthesis by different precursors.

Two prominent peaks are observed in the DTG curves, located around 300 °C
and 440 °C. The first peak can be attributed to the desorption of water molecules
physically adsorbed on the precursor surfaces. The second, more significant peak at
around 440 °C corresponds to the decomposition of residual carbon species that might
be physically or chemically bound to the precursor materials.

A significant weight loss is observed in the temperature range of 320-460 °C,
coinciding with the DTG peak at 440 °C. This suggests the decomposition of organic
moieties present in the precursors. The TG curve plateaus above 460 °C, indicating
minimal further weight loss. This implies that at this temperature, the residual organic
components from the precursors are nearly completely decomposed.

These findings suggest that a calcination temperature above 460 °C is necessary
to ensure the complete removal of organic residues and achieve the desired final
product composition [16].
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3.4. Morphological analysis

Figure 5 shows FE-SEM images of distinct morphologies of ZnO hollow spheres
synthesized using different precursors. ZnO samples derived from Zinc Chloride and
Zinc Nitrate exhibited well-defined hollow spherical structures with smooth surfaces.
In contrast, ZnO synthesized from Zinc Acetate displayed irregular morphologies with
partial aggregation and the presence of smaller nanoparticles. Also, we can see
nanoparticles that have not turned into hallow spheres and they have grown in the form
of rods. This has led to the amount of weight percentage produced in Zinc Acetate
precursor being higher than others. It can also be seen in Figure 5 that the diameter of
ZnO hallow spheres synthesized for Zinc Nitrate precursor is in the range of 500 nm,
while the diameter of hallow spheres synthesized for Zinc Chloride and Zinc Acetate
precursors is in the range of 700 nm. EDS analysis for all three types of precursors
shows that Zinc oxide is well synthesized and does not contain any impurities.

3.5. Surface properties

The specific surface area, pore size distribution, and specific pore volume of the
calcined ZnO hollow spheres prepared from different precursors were determined
using nitrogen adsorption-desorption isotherms measured with a Brunauer-Emmett-
Teller (BET) surface area analyzer. Figure 6 presents the nitrogen adsorption and
desorption isotherms, along with the pore size distribution of ZnO hollow structures
synthesized from different precursors. The nitrogen adsorption shows a type Il
isotherm with a hysteresis loop, indicating the presence of mesopores (2-50 nm) and
macropores (> 50 nm). Adsorption for ZnO synthesized from zinc nitrate is
approximately ten times higher than from zinc acetate and five times higher than from
zinc chloride, suggesting more mesopores in the zinc nitrate sample, as corroborated
by FE-SEM images. The BJH plot reveals a bimodal pore size distribution, with zinc
acetate showing peaks at 2-4 nm (micropores), while Zinc chloride shows a pore size
distribution graph with two prominent peaks in the range of 8 to 10, indicating the
presence of mesoporous. The zinc nitrate sample demonstrates a wide distribution
from 1 to 100 nm, with peaks at 15 and 24 nm, indicating a well-developed porous
structure and significantly larger pore volumes compared to the other precursors
[15,17].

Table 4 summarizes the physical parameters of the synthesized samples, showing
that zinc nitrate and zinc chloride samples have higher specific surface areas and more
uniform structures than those from zinc acetate. The increased porosity of ZnO hollow
spheres primarily stems from their hollow morphology and the effective removal of
template species during hydrothermal synthesis. Samples derived from Zinc Chloride
and Zinc Nitrate exhibited a higher specific surface area and well-defined mesoporous
structure compared to those synthesized from Zinc Acetate. The superior porosity of
ZnO hollow spheres obtained from Zinc Chloride and Zinc Nitrate precursor can be
attributed to the well-defined hollow morphology and efficient removal of template
species during hydrothermal synthesis [18,19].
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Figure 6. Nitrogen adsorption isotherm and pore size distribution curve (inset) of the samples synthesis by different

precursors characterized by BET & BJH techniques.

Table 4. Specific surface area, mean pore diameter, pore volume of the sample’s synthesis with different precursors.

Material

Specific surface area (m?g™)

Mean pore diameter [nm]

Pore volume (cm3-g™1)

Zinc Chloride (ZC)
Zinc Nitrate (ZN)
Zinc Acetate (ZA)

48.829
35.722
18.271

161.75
72.69
121

1.445
0.333
0.1477

4. Conclusion

Hydrothermal synthesis successfully produced ZnO hollow spheres using all
three precursors (Zinc Nitrate, Zinc Acetate, and Zinc Chloride).
*  Field-emission scanning electron microscopy (FE-SEM) images revealed greater

uniformity in hollow spheres synthesized with Zinc Chloride and Zinc Nitrate

compared to Zinc Acetate.
e Thermogravimetric analysis (TGA) analysis indicated a higher production
efficiency of ZnO using the Zinc Acetate precursor. However, this method
resulted in irregular and rod-shaped particles with incomplete conversion to

hollow spheres.

*  The thermogravimetric analysis (TGA) curve displayed two exothermic peaks
around 300 °C and 440 °C. These peaks likely correspond to the evaporation of
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adsorbed water molecules from the ZnO surface, the removal of organic content
and impurities from the lattice, and the conversion of Zn(OH), to ZnO.

*  The specific surface area, average diameter, and void volume of the hollow
spheres decreased in the order of Zinc Chloride, Zinc Nitrate, and Zinc Acetate
precursors.

* Notably, Zinc Nitrate and Zinc Chloride precursors yielded well-defined hollow
spheres with high surface area and porosity. This makes them promising
candidates for various applications requiring tailored nanostructured ZnO
materials.
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