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ABSTRACT

The synthesis of nano-oxides is an important field of nanotechnology, as these materials possess unique
properties and applications. Several methods have been developed for synthesizing nano-oxides, each
offering advantages and disadvantages depending on the desired material characteristics. Solar energy
focused on solar reactors can be utilized for nano-oxide elaboration, offering a sustainable and
environmentally friendly approach. The current article presents the research carried out for the
elaboration of pure and doped nanostructured zinc oxides using solar energy. The morphostructural
characteristics were determined by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and
the Brunauer-Emmett-Teller method. The attenuated total reflectance Fourier transform infrared
spectroscopy confirmed the synthesis of pure and doped nanostructured ZnO. The optical properties were
highlighted by UV-VIS Spectroscopy. The research points out that crystallite sizes vary between 37 and 51
nm due to the influence of doping metal. The morphology associated with these particles is predominantly
whiskers with elongated parts between 0.18 and 1.4 um. Doping with Fe, Si, Yb, and Ce causes a wider
band gap compared to pure ZnO nanoparticles. As solar energy becomes more accessible and efficient,
solar-driven synthesis of pure and doped ZnO is poised to be a crucial factor in shaping the future of
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material science and technology.
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I.  INTRODUCTION

Solar energy is a sustainable energy source, offering several
advantages over conventional energy sources like fossil fuels.
Solar energy is derived from the sun's radiant energy, a
virtually limitless resource. Unlike fossil fuels, which are finite
and will be eventually depleted, solar energy can be harnessed
indefinitely [1]. Solar energy can be harnessed in various
forms, from rooftop solar panels to large-scale solar farms,
making it adaptable to different locations and power
requirements [2]. This versatility allows for the integration of
solar energy into various energy systems. The field of solar
synthesis, which utilizes solar energy to produce materials, has
witnessed significant advancements in recent years, leading to
the development of novel materials with unique properties and
broader applications [3, 4]. These advancements hold immense
potential for enhancing the performance and sustainability of
solar energy technologies [5]. One notable area of innovation
lies in the synthesis of nanomaterials utilizing solar energy.
Solar energy offers several advantages over traditional
synthesis methods, including:

e Sustainability: Solar energy is a renewable, clean, and
abundant energy source [6], making it a more sustainable
approach to nanomaterial synthesis compared to energy-
intensive methods that rely on fossil fuels or hazardous
chemicals [7].

e Efficiency: Solar-driven synthesis processes can be more
efficient than conventional methods in terms of energy
consumption and waste generation [8, 9].

e Control over size and shape: Solar energy can be used to
control the size and shape of nanomaterials more precisely,
leading to enhanced properties and applications [10].

e Green chemistry: Solar-based synthesis methods can
minimize the use of hazardous chemicals and solvents,
reducing the environmental impact of nanomaterials
production [11-14].

Solar synthesis techniques enable the production of these
nanomaterials with high purity and crystallinity, enhancing
their photocatalytic activity. Solar synthesis methods can be
employed to synthesize materials with controlled size,
morphology, and surface chemistry, tailoring their properties
for specific applications [15-23]. In addition to the synthesis of
nanomaterials, solar synthesis has also been explored to
produce other materials such as Bil.7Pb0.3Sr2Ca(n-1)Cu,Oy, (n
= 3+5) ceramics [4].

The choice of the synthesis method depends on the desired
specific properties of the nano-oxide, such as particle size,
morphology, composition, and crystallinity. ZnO doped
nanoparticles can be synthesized using various methods,
including sol-gel, co-precipitation, hydrothermal, green
synthesis, and Chemical Vapor Deposition (CVD) [24-27]. The
choice of thre synthesis method depends on the desired particle
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size, morphology, and doping level. For instance, sol-gel
methods are well-suited for obtaining uniform and small-sized
ZnO NP (nanoparticles), while hydrothermal synthesis can
produce larger particles with high crystallinity.

The use of solar energy for pure and doped ZnO
nanostructured powder synthesis is an emerging field with the
potential to revolutionize the way we produce nanomaterials
for various applications. Pure ZnO, Zn,  AlO, Zn,In,O, Zn,.
xC0,0, Zn, Biy, metallic Zn nanophases, nanophases of Si and
SiOy, CuO and Mn-doped CuO,as well as pure TiO, and Fe, Co
or Mn-doped TiO, have been prepared by this method [10, 18].
Processing in a solar reactor has the advantages of giving a
physical approach rather a chemical one with the strength of
the absence of solvent contamination and the uniformity of
nanoparticle distribution.

II. MATERIALS AND METHODS

Solar energy can be used to evaporate metal oxide
precursors, leading to the formation of nanoparticles. The
method is simple, scalable, and energy efficient, making it
suitable for production of nano-oxide powders. The sun can be
used to heat solid precursors in specially designed solar
reactors. Such reactors are built in the CNRS-PROMES
laboratory, UPR 8521, a member of the CNRS (French
National Centre for Scientific Research) [28]. The acquired
research uses as precursors micrometric oxides, easily procured
commercially (Sigma Aldrich, p.a.). Doping was achieved for
each dopant element through mechanosynthesis starting from
metal oxides MO, (M=Mg, Fe, Si, Ce, Yb), in a proportion of
0.1%, in weight percentage. Inside the solar reactor, the pure
and doped ZnO in the form of tablets, is placed on a
continuously cooled support. The solar energy captured by
mirrors, located on the laboratory's 1% level, is directed to a
spherical mirror, on the 6" level of the laboratory [28].

B
Dual Cooling
‘ System

3 axis Laser
Positioning System

Pressure Control
System

Reference pressure

2 uﬁﬂ
A

Shutter system for concentrated solar
radiation

Global Positioning
System

Fig. 1. Production of nanostructured powders in the reactor.
The role of the mirror is to concentrate the solar energy,

directed towards the raw tablet. Before the experiment starts,

the position of the tablet is verified with a laser beam.

Concentrated energy from mirror produces ultra-fast (2-3 min)
evaporation. The evaporated particles are driven, due to the
pressure in the reactor, to a nanoporous ceramic filter. Their
rapid condensation on filter leads to the formation of
nanostructured powders. The quantity of elaborated powders
depends on the vapor pressure of the material. When the vapor
pressure on the top of the melted material is low, the
nanopowder quantity is less than 10 g/hour at flux higher than
1 kW/m?). It is one of the reasons why when larger quantities
are needed, a requirement is to associate ball milling with solar
elaboration. The entire reactor is semi-automated. The position
of the sun and its trajectory are obtained based on the Global
Positioning System (GPS) and positioning maps. The Solar
Tracker System positions the concentrator plane mirrors, on the
laboratory level, to obtain the maximum available solar flux.
The target in the center of the reactor core is positioned with
the support of the 3 axis Laser Positioning System. The
Pressure Control System (implemented with a controlled
vacuum pump) maintains the desired pressure in the reactor.
The Shutter system is activated by means of an electric motor
to assure the solar flux on the spheric mirror. The process
parameters are detailed in Table L.

TABLE L. PROCESS PARAMETERS

Sample Solar flux (W/mz) Pressure (mbar)

NP/ZnO 950 300
NP/Mg/ZnO 924 300
NP/Fe/ZnO 750 300
NP/Si/ZnO 910 300
NP/Yb/ZnO 924 300
NP/Ce/ZnO 800 300

The purity of phase is determined by XRD using a Rigaku
Ultima IV diffractometer, in Bragg—Brentano geometry. The
acquisition parameters were: CuKoa radiation (45 kV, A =0.154
A°, and 40 mA) and a D/teX Ultra one-dimensional detector
with graphite monochromator. SEM by Hitachi SU 8230
Electron Microscope allowed identifying the morphologies.
The ATR-FTIR spectra of all powders were recorded with a
multireflexion ATR sensor of Bruker Fourier transmission
infrared spectrometer, Tensor 27, in the range of 300 to 4000
cm’, at 4 cm™ resolution. This method is particularly well-
suited for analyzing nanoparticles, as it eliminates the need for
sample preparation and allows for in situ studies. The powders
were analyzed with Micromeritics® TriStar II Plus in a
nitrogen atmosphere (absorption-desorption isotherms at 77 K)
to determine the specific surface area. The moisture content of
the samples was removed by degassing/drying at 300°C for
approximately 3 hours before analysis. The optical properties
of the particles were studied using UV-Visible spectroscopy by
Ocean Optics HR2000+.

II. RESULTS AND DISCUTION

A. Structural Characterization

The crystallinity and the phases of the as-elaborated pure
and doped samples were investigated by XRD. Phase analysis
of the nanoparticles was conducted in the 20 range of [25-
101°] at a step of 0.05° and a scan speed of 2°/min. The ICDD
PDF4+ 2022 database was used for crystalline phase
identification [29-34]. The patterns are shown in Figures 3-5.

www.etasr.com

Schiopu et al.: Characterization of Pure and Doped ZnO Nanostructured Powders elaborated in Solar ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 2, 2024, 13502-13510 13505

The diffraction peaks indicate that the particles of pure and Mg,
Fe, Si, and Yb-doped ZnO powders present only ZnO peaks
corresponding to the P63mc space group [34]. No other impure
phases were obtained.
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Fig. 2. XRD patterns of the: pure and Mg- and Fe-doped ZnO.

Only in the Ce-doped sample CeO, phase, the 225: Fm-3m
space group is identified in the XRD spectrum, as shown in
Figure 4. The crystallite mean size is determined with Whole-
Powder-Pattern Fitting (WPPF) using PdxI2. Elaboration using
solar energy leads to obtaining pure and doped nanometric
particles with dimensions smaller than 60 nm.

The crustal structure parameters space group, average
crystallite size D (nm), cell parameters a and c (A), cell volume
\" (A3), and unit cell volume u (A) are also determined from
XRD data (Table II).

The lattice parameters for commercial ZnO are 3.253 A,
5.210A, and 47.73A3, respectively. The difference in lattice
parameters of pure and doped ZnO nanostructured powders
elaborated by solar energy is attributed to the strain induced by
the nanoparticle's surface. The surface of a nanoparticle is
curved, and this curvature creates a strain field that alters the
bond lengths between atoms. As a result, the lattice parameters
of ZnO nanoparticles are slightly smaller than those of bulk
ZnO. This suggests that the crystal structure of pure and doped

ZnO nanostructured powders is relatively robust and does not
change significantly under solar synthesis conditions when
solar flow varies, and the pressure is constant [35]. The smaller
particle size of ZnO nanostructures allows more active sites for
pollutant adsorption and decomposition, making them
attractive for water, soil, and air purification applications. It can
be deduced that the synthesis of ZnO pure and doped
nanostructured powders is successfully achieved using
concentrated solar energy in the solar reactor.
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Fig. 3. XRD patterns of pure and Si-doped ZnO.
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Fig. 4. XRD patterns of pure and Yb- and Ce-doped ZnO.

TABLEIL  STRUCTURAL DATA FROM XRD PATTERNS
Space D a c \ u

Sample Phase gowp  |om | &) | A | | @) | @

NP/ZnO S1.16 | 3.2523 | 5.2106 | 1.6021 | 47.73 | 3.6274
NP/Mg/ZnO 44.14 | 32515 | 5.2093 | 1.6021 | 47.697 | 3.6266
NP/Fe/ZnO | 100% ZnO | 186:P63mc | 47.94 | 3.2520 | 5.2105 | 1.6022 | 47.722 | 3.6272
NP/S/ZnO 3771 | 3.2517 | 5.2094 | 16021 | 47.703 | 3.6267
NP/Yb/ZnO 4942 | 32517 | 5.2099 | 1.6022 | 47.708 | 3.6269

P/Celz 96.98% ZnO | 186 : P63me 3.2526 | 5.2109 | 1.6020 | 47.742 | 3.6277
NP/Ce/ZnO [~ 070 CeO | 225 Fm-3m 5425 | 5.425 | NA | 159.66 | 5.4250

B. Morphological Characterization

distribution of particle

sizes in ZnO

micrometric particles

Polyhedral ZnO nanoparticles are observed in micrometric
powders, as shown in Figure 5. After solar radiation, the
morphology of the nanoparticles is influenced by the method of
concentrating solar energy, becoming pellets and whiskers,
illustrated in Figure 6. The graphical representation of the

exhibits a bimodal distribution while for ZnO nanoparticles is
monomodal.

The morphology of Mg-ZnO doped powders from Figure 7
presents a nanorod form, densely packed together, with a
length that varies between 0.18 and 1.1 pm. This micrograph
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shows the highly crystalline and uniform nature of the Mg-
doped ZnO nanoparticles elaborated with solar energy. The
particle size histogram reveals that the most common length for
Mg-ZnO doped nanoparticles lies between 0.38 and 0.61 pm.

Frecvency

o 02
Panck sz (om)

Fig. 5. SEM micrography of ZnO nanoparticle commercial powders
and particle size histogram.
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SEM micrography of ZnO nanopowders and particle size
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Fig. 7. SEM micrography and particle size histogram of
NP/Mg/ZnO nanopowders.

Fe-doped ZnO nanoparticles have a specific morphology
for synthesis with solar energy. Figure 8 highlights the
formation of tetrapods with a uniform distribution of the length
of the whiskers up to 1 um. The same way of formation of
tetrapods is also observed in Figure 9, in which the
morphologies of the NP/Si/ZnO particles are presented. In
addition to these, there are also a few almost spherical particles
not totally elongated in tetrapods. Figure 10 demonstrates the
uniform formation of tetrapod Yb-doped ZnO particles with
elongated whiskers, characterized by lengths between 0.06 and
14 ym. The length size histogram presents a monomodal
distribution. The morphologies change in the case of
NP/Ce/ZnO due to the presence of the 2 phases ZnO and CeO,.

Figure 11 shows a mixture of spherical and tetrapodic
morphologies.

Frecvency

Partcke sze (um)

Fig. 8.
NP/Fe/ZnO nanopowders.

SEM micrography and particle size histogram of

Frecvency
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Fig. 9. SEM micrography and particle size histogram of NP/Si/ZnO
nanopowders.
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Fig. 10. SEM micrography and particle size
NP/Yb/ZnO nanopowders.

histogram  of

Frecvency

Particee sze (um)
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Fig. 11.  SEM micrography and particle size histogram of NP/ce/ZnO
nanopowders.
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C. Surface Area

The surface area of nanoparticles, determined by BET
method, and their lattice parameters are closely related. The
specific surface area of the doped nanoparticles increases
depending on the dopant element type, as shown in Table III.
For dopants with a higher atomic radius the surface area
increases accordingly. This trend can be explained by the fact
that the atomic radius decreases from left to right across a
period (Mg/160 pm; Fe/124 pm: Zn/133 pm; Si/114 pmy;
Ce/182 pm; Yb/160 pm). Also, the influence of lattice
parameters on surface area is particularly evident in
nanoparticles with high aspect ratios, such as nanowhiskers.
These structures exhibit a large surface area due to their
elongated shape and relatively small cross-sectional area.

TABLE III. SURFACE CHARACTERISTICS OF PURE AND
DOPED ZnO NANOPARTICLES
Surface | Total pore Nanoparticle Max. pore
Sample area volume |average size (BET) volume
(m2/g) (cm3/ 2) nm (cm3/ 2)
NP/ZnO 4.0618 0.003975 263.3127 0.002327
NP/Mg/ZnO | 11.494 0.016832 93.0503 0.004769
NP/Fe/ZnO | 12.5207 0.016345 85.4197 0.004530
NP/Si/ZnO | 16.0099 0.026692 66.4331 0.005919
NP/Yb/ZnO | 21.6544 0.025043 49.3903 0.005459
NP/Ce/ZnO | 14.9353 0.020634 71.6102 0.004837

As the lattice parameters of pure and doped ZnO
nanoparticles decrease (as shown in Table III), their surface
area increases rapidly due to the large surface-to-volume ratio,
because the atoms in the crystal lattice are packed more tightly
together, which reduces the spacing between them and
increases surface area. Smaller ZnO nanoparticles have a
higher surface area and are more reactive. Additionally, the
increased surface area allows for more efficient charge
separation, which is essential for the photocatalytic process.
Thus, ZnO nanostructures elaborated by solar energy can have
enhanced photocatalytic activity compared to bulk ZnO. This
increase in surface area can have a significant impact on the
properties of nanoparticles, including their reactivity, catalytic
activity, and optical properties [36].

D. Optical Characterization

Optical properties were determined for all developed
nanoparticles. The UV-VIS spectra are shown in Figure 12.
The Tauc plot method was used to energy bandgap
determination. The Tauc plot is obtained by plotting the
absorption coefficient vs. the square root of E (energy band
gap). The bandgap was determined from the intercept of the
linear fit with the absorption coefficient axis. The band gap of
pure and doped ZnO nanopowders elaborated on solar reactor
was determined by extrapolating the linear region of the energy
gap from Figure 13. The determined energy gap of ZnO
nanoparticles is typically 2.83 eV, depending on the size and
morphology of the nanoparticles [39]. Doping ZnO with Mg
and Si can slightly increase the band gap, resulting in a small
blue shift of the absorption band. However, the effect is much
smaller than for Fe doping. Doping ZnO with Fe increases the
band gap at 3.14 eV, resulting in a small blue shift of the
absorption band. This can be attributed to the formation of Fe-
related defect states within the band gap, which emit more

photons. Doping ZnO with Yb increases the band gap at 3.06
eV while doping ZnO with Ce grows the band gap at 3.00 eV,
resulting in a small blue shift of the absorption band.
Absorbance depends on the type of nanoparticle and
corresponds to each dopant.

ﬁ_NP-CeIZnO- 374.7nm

‘gNP-Fe/ZnO- 373.78 nm

ﬁ_NP-ZnO- 37\4.7 nm
\ A

\V/ \

m%Yb/ZnO- 374.7n

NP-MQQOA 373.78 nm

NP-Si/ZnQx372.86 nm

Absorbance [%]

050+

\»E

300 400 500 600
Wavelenght [nm)

Fig. 12.  UV-Vis spectra of pure and doped ZnO powders.

The values of optical energy, absorbance, and wavelengths,
determined from the UV-VIS spectra, are summarized in Table
Iv.

TABLEIV. OPTICAL CHARACTERISTICS OF NP/ZNO
Sample Eg Wavelength | A max Dopant
(ev) (nm) (%) atomic radius (pm)

NP/ZnO 2.99 375.62 2.54 133
NP/Mg/ZnO | 2.83 374.7 1.17 160
NP/Fe/ZnO 3.04 373.78 0.82 124
NP/Si/ZnO 3.14 373.78 1.61 114
NP/Yb/ZnO | 3.02 372.86 0.71 160
NP/Ce/ZnO | 3.06 373.32 0.89 182

A smaller lattice parameter of doped ZnO nanoparticles
corresponds to a wider band gap, which means that solar
elaborated nanoparticles absorb light at a shorter wavelength.
When the ZnO particles become smaller, the quantum
confinement restricts the movement of electrons between VB
and CB, increasing the band gap. The surface effects and the
elongated form of particles dominate the behavior. This can be
beneficial for applications such as photocatalysis, where ZnO
nanoparticles are used to break down organic molecules using
light energy and for ultraviolet light detection [37-43]. The
surface area and lattice parameters of solar synthesized ZnO
nanoparticles are interconnected properties that have a
profound impact on their overall properties. As research in this
field continues to advance, we can expect to see even more
innovative materials emerge, further propelling the growth of
the solar energy industry.
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Fig. 13.  Energy band gap spectra of pure and doped ZnO powders.

IV. CONCLUSIONS

Among all methods of ZnO nanoparticle elaboration, solar-
evaporation offers advantages such as energy efficiency,
environmental friendliness, and the ability to synthesize nano-
oxides with tailored properties, making them promising
approaches for sustainable nano-oxide production. The novelty
of solar synthesis lies in its ability to address environmental
concerns, reduce costs, enhance control over material
properties, promote sustainable manufacturing practices, and
enable the discovery of novel materials with transformative
applications.

The tetrapod morphology (provided by SEM) of pure and
doped ZnO nanometric particle (from XRD) synthesis by solar
energy can significantly influence their properties and
applications. For instance, these nanoparticles are suitable for
gas sensors and field-effect transistors due to their high surface
area (demonstrated by BET). Having a larger proportion of
atoms or molecules on their surfaces leads to enhanced
interactions with their surroundings. By analyzing the ATR-
FTIR spectrum of Mg-, Fe-, Si-, Yb-, and Ce-doped ZnO
nanoparticles, researchers can gain insights into the structural
doping effects. Tetrapod type morphology observed to have
been formed by solar synthesis exhibits unique optical
properties demonstrated by UV-VIS analysis. Thus, we can
state that these nano-oxides can be used in various sensing and
photonic applications.

As solar energy becomes more accessible and efficient,
solar-driven synthesis of pure and doped ZnO is poised to be a

crucial factor in shaping the future of materials science and
technology. Therefore, understanding and controlling the
structure and morphology of ZnO nanoparticles is crucial for
optimizing their performance in various applications.
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