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Abstract-Zinc oxide (ZnO) nanoparticles have been fabricated
via the coprecipitation method, where their structural, magnetic,
and thermal features have been scrutinized in tandem with their
optical peculiarities. The structural characteristics have been
inspected through the X-ray diffraction patterns, particle size
distribution, “transmission electron microscopy TEM,” BET
analysis, and “Fourier transform Infrared spectroscopy FTIR,”
which confirm the nanostructure of the ZnO particles. The BET
analysis confirms the mesoporous nature of the ZnO
nanoparticles. The magnetic properties have been investigated
by the “vibrating sample magnetometer VSM”. The hysteresis
(M-H) loop ensures the paramagnetic behavior of the ZnO
nanoparticles. The measured thermal conductivity of the ZnO
equals 0.2901 W/mK. The very low thermal conductivity value
for the ZnO nanoparticles makes it an attractive contender for
thermoelectric power applications. UV-vis Diffuse reflectance
spectroscopy has been exploited to study the optical properties.
The nano ZnO direct and indirect band gap energy determined
using Tauc’s relation are 3.29 and 3.09 eV, respectively. The
optical properties, high porosity, and specific surface area of the
prepared nanosized ZnO particles make it a promising candidate
for photocatalytic application.

Keywords-ZnO nanoparticles, BET analysis,
properties, UV-vis DRS, thermal conductivity.
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I.  INTRODUCTION

Recently, metal oxides characterized by distinctive
magnetic, ferroelectric, dielectric, conductive, and optical
peculiarities have allured considerable attentiveness to be
utilized in various device applications. The considerably
broad bandgap (3.37 eV), high exciton binding energy (60
meV), and high electron mobility of zinc oxide (ZnO) have
made it a popular metal oxide in recent years [1]. It is widely
employed in many applications, such as solar cells,
photocatalysts, field-effect transistors, light-emitting diodes,
sensors, etc. It is also considered an II-VI n-type
semiconductor crystalline material, and it can be found in
three different phases, including wurtzite, rock salt, and zinc
blend. Due to its ionicity being precisely at the boundary
between covalent and ionic materials, wurtzite is more
immutable than other phases.

One of the reported potential thermoelectric materials is

zinc oxide (Zn0O). It exhibits exceptional mechanical, thermal,

and chemical immutability, corrosion  resistance,
degradability, and ease of production and doping. Moreover,
ZnO is an affordable, safe, and low-toxic substance. As
mentioned before, thermoelectric materials are of great

importance, so in this work, nanoparticles of ZnO which are
promising thermoelectric candidates with an extremely low
thermal conductivity than reported, have been fabricated

[l. EXPERIMENTAL TECHNIQUES

A. Preparation of nanocrystalline ZnO

The chemical co-precipitation approach, frequently
employed due to its simplicity and effective control over grain
size, was utilized to create the nanostructure ZnO sample. In
this method, the desired amounts, according to the
stoichiometric ratio, of Zn(NO3).6H,O and NaOH were
weighed and dissolved independently in distilled water. Then,
the zinc nitrate solution was stirred continuously for around
15 minutes before adding the sodium hydroxide solution
dropwise to it till the pH of the mixture reached 13. After then,
the mixture was left at 90 °C for an hour to consummate the
reaction. Finally, the resulting precipitates were washed
several times to remove unwanted contaminants before being
dried for 24 hours in a drying oven at 80°C and pulverized
into a fine powder. The steps of the nano ZnO sample are
shown in Fig. 1.

NaOH Dist lei ater

f u

Drying for 24 h

Grounding @ 210 Powder

Figure 1: The preparation steps of ZnO nanoparticles.

B. Characterization techniques

X-ray Diffraction (XRD) model “XPERT- PRO-
PANalytical-Netherland” was used to assess the sample’s
structure at room temperature RT. The target was CuK, and
the incident radiation's wavelength was 1.5406 A. Using the
instrument’s software “XRD Panalytical X'PERT PRO,” the
average crystallite size D311 of the sample was calculated from
the full width at half maximum (FWHM) of the strongest
reflection of the plane (311). Depending on the Williamson-
Hall approach, the above software evaluated the microstrain
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and average crystallite size [23]. Instrumental broadening
corrections have been made using an X-ray profile fitting of
highly crystalline standard reference material (Silicon SRM
640e approved by NIST) in order to eliminate the measuring
inaccuracies brought on by the instrument. Together with
illustrating the particle size distribution (PSD) in the sample,
the particle size analyzer PSA model “BECKMAN
COULTER” has also been utilized to examine the
nanostructure of the sample and determine its average particle
sizes. The laser beam's incidence angles have been measured
at two different angles (10.9° and 15.4°). The specifics of this
measurement have already been covered [6]. The (FTIR)
spectra were captured using the “Bruker FT-IR TENSOR 27”-
with a resolution of 4 cm™ and a wave number range of 200
to 4000 cm™,

Additionally, using the “Lake Shore 7410 model” VSM
with a maximum applied magnetic field of about 20 kG,
measurements of the sample’s M-H loop and magnetization
have been made at RT. Thermal properties of the sample,
including thermal conductivity Ks, thermal diffusivity as, and
specific heat capacity Cp, were obtained using a constant
thermal analyzer “Hot Disk TPS 500”. UV-vis DRS was used
to determine the bandgap energy of the prepared ZnO sample
by the “V-700 UV/VIS/NIR” spectrophotometer.

I1l. RESULTS AND DISCUSSION
A.  Structural Analysis

The XRD patterns show some well-defined peaks at Miller
Indices (1100, 2002, 3101, 4102, 5110, 6103, 8112), as manifested
in Fig. 2, that support the development of hexagonal close packing
(HCP) wurtzite ZnO that belongs to space group P63mc. Table. 1
shows the structural parameters a and c, crystallite size Dxrp, X-ray
density px, measured density pm, porosity P as well as the specific
surface area S, and microstrain n. These structural characteristics
were computed using the relationships made clear in earlier research
work [2].

The structural parameters a and ¢ of the HCP of the ZnO
are calculated using the Miller Indices (h, k, 1) of the XRD
high-intensity peaks and the corresponding d-spacing
according to the following equation [3]:
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Figure 2: The XRD pattern of the prepared ZnO nanoparticles

Table 1: The structural parameters of the ZnO nanoparticles.

Sample a c Dxrp Px Pm P S ]
A A nm | glem® | glem® | % | m¥g | %
Zn0 325 | 5207 | 216 5.68 2.6 52 | 49 | 06
[k
[t
(g)Zn0
1 7 # 2 il 5l ] L] % B
azs{m) irea]
Figure 3: the PSD of the ZnO nanoparticles.
Figure 4: TEM image of the prepared ZnO nanoparticles.
Table 2: PSD and TEM size of the sample.
Dwmax (nm) Dpsa (nm) Drem (nm)
Sample
60i=10.9° 0i=15.4° average average
Zn0O 131 3.7 67.35 39.8

The existence of non-uniform lattice distortions, faulting,
dislocations, antiphase domain borders, grain surface
relaxation, and solid solution inhomogeneity as causes of
microstrain are well documented in the literature. The
examined samples' positive values reveal the tensile strain in
their crystal lattices [4], [5].

Fig. 3 demonstrates the PSD of the prepared ZnO sample,
recorded at two angles of 10.910 and 15.410, as mentioned
above. Meanwhile, Table 2 shows the DMAX value at both
measured angles and the resultant average particle sizes Dpsa.
The obtained result confirms the nano nature of the prepared
Zn0.

The agglomerated irregular-shaped ZnO nanoparticles are
observed in Fig. 4, while Table 2 displays the ZnO's average
particle size Drem, determined using the Image J software
program. The Drem value agrees with that previously obtained
through the PSD and XRD results.

The hysteresis loop of the adsorption-desorption for the
ZnO is shown in Fig. 5, and the obtained parameters are
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tabulated in Table 3, where the mesoporous nature of the ZnO

Table 5: The VSM-deduced parameters

nanoparticles is confirmed. Also, the FTIR spectrum of ZnO
is shown in Fig. 6, where a broad, intense peak is noticed at v,
=406 cm, allocated to the Zn-O bond’s stretching vibrations

[6].

Table 3: BET parameters of ZnO.

Pore . .
SgeT . Pore sizex10 Porosity
Sample (/) diameter (c g) %
0
’ (nm) g
Zn0O 11.52 32.131 9.25 53
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Figure 6: FTIR spectrum of the ZnO nanoparticles.
Table 4: The IR-deduced parameters
v3 V2 Vth Ewn J(x10%)
e cm? cm? cm? eV Hz
ZnO 255 406 774 0.0962 2.60

Moreover, this spectrum is exploited in obtaining the
intrinsic lattice vibration vi1, in addition to the threshold
wavenumber and the threshold energy of electron transition,
calculated by the equation mentioned in the following

Ms He M K1 Ls Sq
Sample | emu/g G emulg | erg/G | Erglg | MdMs
Zn0O 0.023 150 0.0003 4 8.94 0.015
Magnetization M (emu/g)
0.02] /i.r"
A
0.01 ‘.'..l'
20000 ~10000 @ U% 10000 20000
[ )
/./' '-r'..-om- Applied Field, H, (Gauss)
.// -0.02

Figure 7: VSM loop of the ZnO nanoparticles

B. Magnetic Properties

The room temperature hysteresis loop of the nano ZnQO is
presented in Fig. 7, and its magnetic properties are listed in
Table 5. The sample demonstrates paramagnetic behavior
with considerably small saturation Ms and remanent M;
magnetization. Besides, low coercivity, magnetic losses Ls,
and squareness Sq are detected.

Grain size, measured density, porosity, strain, morphology,
saturation magnetization, and magneto-crystalline anisotropy
are the competing elements that influence the behavior of He
[8]-[10]. The following equation relates the final two
elements to coercivity [11]:

_ 0.96K;
=

@

c

C. Thermal Properties

Designing a range of microwave devices that operate at
high power levels requires understanding the thermal
properties of metal oxide materials. These characteristics
include as, Ks, and Cp. The equation in the following reference
[12] establishes a correlation between these thermal
characteristics.

Compared to the values reported in the literature
(6.0W/mK) by Correia et al. [1] and (49.0W/mK) by Sulaiman
et al. [13], ZnO demonstrates poor thermal conductivity. It is
important to note that one of the main challenges to ZnO's use
in thermoelectric applications is its high thermal conductivity.
The findings of this study (see Table. 6) refer that the prepared
ZnO nanoparticles have the potential to get around this
problem, making ZnO an attractive contender for various uses.

Table 6: The thermal parameters of the sample.

reference [7]. Also, the charge carrier's jump rate J for
migration between lattice vacancies is listed in Table 4.

Sample b % Co
P (W/mK) (mm?s) (MIIM*K)
Zno 0.2901 0.3720 0.7798
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Table 7: The optical parameters of the ZnO nanoparticles

Sample A (nm) Direct Eq (eV) Indirect Eq (eV)
ZnO 348 3.27 3.09
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Figure 8: The DRS of the ZnO nanoparticles.

D. Optical Properties

The optical characteristics of the produced ZnO
nanoparticles were examined using UV-vis diffuse reflectance
spectroscopy recorded across the scope of 190-2500 nm at
room temperature. The DRS is preferable to UV-vis
absorbance spectroscopy for analyzing powdered samples
because it causes less scattering [14]. The sample's UV-vis
diffused reflection spectra are shown in Fig. 8, and the
sample's measured reflection band ranges from 212 to 441 nm,
as indicated in Table 7.

Moreover, using the spectrum data, the nano ZnO direct
and indirect band gap energy, which were determined using
Tauc’s relation [15], are displayed in Table 7. The values of
its direct and indirect band gap energy are coincidental with
the values reported in the literature [16], [17]. Taucs plots for
the direct and indirect bandgap are illustrated in Fig. 9 (a and
b).
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Figure 9: (a) direct bandgap and (b) the indirect band gap Taucs plot.

V. CONCLUSION

Nano ZnO has been synthesized via the coprecipitation
method. The prepared sample demonstrated nano-size nature
according to the XRD, PSD, and TEM. Also, the BET analysis
confirmed that ZnO has mesoporous particles. The VSM
confirmed the paramagnetic behavior of the prepared ZnO.
Moreover, the thermal properties reward the validity of the
prepared ZnO for being utilized in thermoelectric applications
due to its remarkably low thermal conductivity. Finally, the
band gap of the produced ZnO nanoparticles agreed with the
reported value in the literature, which makes it a viable choice
as a photocatalytic material for pollutant degradation due to
its optical characteristics, high porosity, and specific surface
area.
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