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Research Highlights:

e Successful synthesis of CuO NPs using extracts from dried, finely ground Moringa Oleifera as the reducing/capping agent

e The green synthesize CuO NPs displayed supercapacitive behavior.

e The reflection spectra demonstrate that the material exhibits low reflectance properties in the medium ultraviolet region.

. Good absorbance and low band gap energy values (Eg = 2.5 eV).

e Potential application to supercapacitor and other energy storage
In this study, we describe the environmentally friendly synthesis of copper oxide (CuO) and its subsequent characterization for use in
supercapacitors. Using extracts from dried, finely ground Moringa Oleifera as the reducing/capping agent, we created the CuO NP.
The produced NPs were then examined using X-ray Diffractometer (XRD), Ultraviolet-Visible spectroscopy, energy dispersive
spectroscopy (EDS), and scanning electron microscopy (SEM). Electrochemical analysis techniques like cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) review were utilized to look at the electrochemical behavior of CuO-based electrodes.
The analysis that followed determined that the green synthesize CuO NPs displayed supercapacitive behavior. This suggests that the
synthesized CuO NPs will naturally encourage application as supercapacitive electrodes because it has been found that NPs absorbance
varies linearly with NPs concentration, the 0.6 moles of CuO NPs produced the highest absorbance reading of 0.35 at 398 nm.
The reflection spectra demonstrate that the material exhibits low reflectance properties in the medium ultraviolet region. However, as
the spectra move toward the visible light region, the reflectance rises to its maximum value of 16 percent in the short ultraviolet region.
The calculated crystallite sizes are as follows: 0.2 mols CuO NP, 0.3 mols CuO NP, 0.4 mols CuO NP, 0.5 mols CuO NP, and 0.6 mols
CuO NP at 43.14 nm, 43.68 nm, 24.23 nm, 5.70 nm, and 12.87 nm, respectively, where Average D =25.93 nm is the average crystalline
size across all samples. the emergence of cubic grains that resemble nanorods with tube-like holes, SEM images demonstrate that CuO
NPs can be distinguished from one another as seen in 0.2 mole CuO NPs.
Keywords: CuO NPs; Supercapacitors; Energy storage; Moringa oleifera; Cyclic voltammetry
PACS: 81.07.Wx, 82.47.Uv, 84.60.Ve, 43.30.Ky, 29.20.D

1. INTRODUCTION

The growing interest in electrochemical energy storage technologies, in particular fuel cells, super-capacitors, and
batteries, promising to displacing the non-renewable systems of energy storage devices currently in vogue, is a direct
result of the rising demand for renewable and environmentally friendly supply of energy and energy storage devices.
Supercapacitors, one of the energy storage technologies currently in use, have been found to offer higher power and
energy density than secondary batteries and conventional capacitors, respectively [1, 2]. These characteristics make them
acceptable and advantageous for use in array of industries, from electronic consumer products to hybrid electrified
vehicles [3].

Due to their rich redox chemical valences for use in pseudo-capacitive batteries, transition metals, and metallic
oxides have drawn significant attention in the search for materials with good potential for electrochemical energy storage
devices. Copper oxides have been regarded as the most alluring among these metallic oxides over time because of their
numerous, established uses, such as in the fields of catalysis, gas sensors, anti-fungal/anti-microbial research, and
batteries [4]. Overall, it is favorable and preferable due to its enticingly high capacitance, brilliant electrochemical
performance, environmentally friendly nature, and affordable raw material costs [5-7].

According to its two valences, copper exists naturally in two oxide forms: cupric or copper II oxide (CuO) and
cuprous or copper (II) oxide (CuO). Several methods have reportedly been used to prepare CuO and Cu,O electrodes for
supercapacitors [8—12]. Various CuO nanostructures, including nanorods, nanoflakes, nanowires, nanospheres,
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nanoplatelets, nanoribbons, nanoflowers, micro-roses, micro-wool, flowers, willow-leaves, and dandelion-like CuO
microspheres, have also been prepared using these various techniques [13—25].These nanostructures, as well as other
properties like particle/grain size, superficial zone, aperture volume, and lucidity, which are governed by the strategy of
deposition and specifications in particular pH, concentration of precursor materials, temperature etc., are extremely
important for the electrochemical functioning of CuO-based electrodes as well as other electrode materials [26-28].

In this study, we present findings regarding the structure and characteristics of CuO NPs produced from Moringa
oleifera using a green synthesis method. CuO NPs are produced using conventional methods as well, but studies have
shown that green synthesis techniques are more effective at producing NPs that are low cost, adept at being characterized,
and less likely to fail [29]. The use of plant extracts, fungi, bacteria, and yeast as reductants, capping, and reinforcing
agents during the fabrication of the nanoparticles emphasizes the green synthesis method of producing metal oxide NPs,
which ultimately strengthens biocompatibility and widespread production [30,31]. The great diversity of plants allows
for the possibility of obtaining variations in nanoparticle size, shape, and morphology for a wide range of applications,
production cost and time, and the presence of metabolites substances like polyphenols, phenolic acids, sugars, proteins,
terpenoids and alkaloids which contribute to the bio-reduction and stabilization of the metal ions into nanoparticles make
plant extracts the most promising of all these different types. [32-34]

Solvents, stabilizing or capping agents, and reducing agents are the three factors that are typically taken into account
and studied when thinking about green synthesis methods. [35]. The green synthesis method is primarily regarded as
environmentally friendly because it uses water or ethanol to dissolve the metal-ion precursors instead of organic solvents
that might leave toxic residues behind after the synthesis process. Furthermore, since research has demonstrated that
biomolecules can function as capping and reducing agents, the use of some complex chemicals that were previously
employed to convert metallic salts to pure metals has been eliminated. [36]

The Moringa oleifera, is a very quickly growing, drought-resistant tree that is indigenous to India [37]. It is a member
of the moringacea family. Researchers have become interested in moringa Oleifera primarily because it is a rich source of
striking, potent phytochemicals. The Moringa Oleifera has demonstrated great potential in several applications, including
medicine, biodiesel production, water purification, and food production, due to the presence of these phytochemicals, which
include vitamins, natural sugars, alkaloids, minerals, organic acids, phenolic acids, phytosterols and flavonoids [38].

Even though few studies are already reported on the use of extracts from Moringa oleifera leaf acting as efficient
reducing as well as capping agents for the biosynthesis of copper nanoparticles, for this study we investigated for the first
time the uses of these nanoparticles produced using this method in supercapacitors and electrochemical energy storage
devices.

CuO nanoparticles were produced and examined using a novel sol-gel process by Aparna Y, et al. They found that these
particles could be used as superconductors, monitors, storage devices, and solar power transmission. Due to their cleanliness,
lack of impurities, and well-organized shape, copper oxide nanoparticles make excellent catalysts for chemical reactions [45].

Due to the fascinating dimension-dependent chemical and physical properties of CuO in comparison to micrometer-
sized particles, nanostructured materials provide a versatile range that can be used in a variety of situations [46]. Researchers
have used bacteria like Streptococcus pyogenes, Pseudomonas aeruginosa, E. coli, and Staphylococcus aureus to examine
the antibacterial properties of copper nanoparticles. The highest inhibition zone was discovered when they used the disk
diffusion tests of nanoparticles dispersed in mycelial growth to investigate the bactericidal effects of copper nanoparticles.
Escherichia coli and Staphylococcus aureus were both inhibited by copper nanoparticles, with inhibitory activities of 14
mm and 10 mm, respectively, in E. coli and Staphylococcus aureus. It was found that the type of nanoparticle can affect
how susceptible bacteria are to it.

Gold and silver nanoparticles are now used in the printing of responsive global frameworks, according to Deng D, et al
[47]. Copper nanoparticles are a substitute as a result of their modest cost and excellent electro conductivity. Notwithstanding,
a significant obstacle in their use as conductive inks is the spontaneous oxidation of copper nanoparticles. According to the
paper, the antioxidative copper composites were simply mixed with a lactonic acid ethanol solution before being deposited on
glass slides. It has been proven that lactonic acid can react with nearby copper oxides so as to give rise to copper carboxylate,
and eventually reduced by heating with nitrogen at a temperature of 200°C to copper. Due to CuO's intriguing characteristics,
SF Shaffiey and his colleagues synthesized it and assessed its bactericidal abilities. CuO, a transition metal oxide, is among the
most crucial. It is used in many different technological applications, including photosensitive devices, gas sensors, and critical
temperature superconductors, to name a few. It has recently been looked into as an antibacterial agent for various bacteria. The
process depends on the straightforward interaction of copper sulfate and de-ionized water, which is devoid of dangerous
solvents, organics, and amines. Its bactericidal activity was evaluated against Aeromonas hydrophila ATCC 7966T bacteria.
CuO nanoparticles have a great deal of potential as an antibacterial agent against A. hydrophila, claims this study [48].

The supercapacitive properties of CuO-based electrodes were explored via electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD).

2. EXPERIMENTAL DETAILS
50 g of ground air-dried Moringa oleifera leaves were immersed in 500 ml of distilled water and heated between 60
and 700°C. After allowing the extracts to cool at room temperature, they were filtered twice with filter paper (Whatman
No.1 filter paper).
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30 ml of the extracts were added to the CuSO4-5H>O solution after 1.59 g of CuSO4-5H,0 was added to 50 ml of
water and vigorously stirred until a solution was formed. When extracts are added, the solution's color abruptly changes
from the copper salt solution's pale blue to dark green precipitates, which may be an indication that nanoparticles have
formed. The solution was heated until it formed a brown paste, which was then transferred to a crucible and dried at
100°C for an hour before being annealed at 400°C for two hours. The powder, which was a darkish brown color, was then
kept and used in subsequent research. The process was repeated for the following amounts of CuO NPs: 2.39 g,3.19 g,
3.99 g, and 4.78 g, which correspond to 0.3 mols, 0.4 mols, 0.5 moles, and 0.6 moles, respectively.

While structural analyses were accomplished by utilizing an X-ray diffractometer, the surface morphology of the
respective formed CuO NPs was investigated using the image obtained from scanning electron microscopy (SEM) (XRD).
Measurements were made using the CuO-based electrode which is the working electrode, platinum as the counter
electrodes, while the Ag/AgCl electrode is the reference electrode in 1M KOH electrolyte so as to scrutinize the
supercapacitor rendition of the CuO NPs.

Moringa tree
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Figure 1. Pictorial diagram of the experimental Procedure

3. RESULTS AND DISCUSSIONS
3.1. XRD analysis
Figure 2 displays the copper oxide nanoparticles' XRD pattern. The pattern showed diffraction peaks at 34.9°, 43.3°,
50.5°, and 74.1°, respectively, which corresponded to reflections from planes; (222), (110), (200), and (311). The inter-
atomic distance between the atoms and the crystallite size of the CuO NPs were determined through analysis.

26000

24000 1 0.6 moles CuO NP

22000 l I l lm "I
20000

18000 0.5 moles Cﬁ NW “
1600045 4 moles CuO NPs l I
14000

12000
10000
8000
6000

4000
2000 0.2 moles CuO NPD |
0

10 20 30 40 50 60 70 80

Intensity (a.u)

0.3 moles CuO NP

20 degree

Figure 2. X-Ray Diffraction partner of the synthesized CuO NPs

The crystallite size D (nm) was calculated from the XRD data by employing the Debye Scherrer formula [39]:

KA
b= Beos(6) (1)
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where K is the Scherrer constant, which ranges from 0.68 to 2.08, and D is the crystallite size. Its value has been
determined to be 0.94 for spherical crystallites with cubic symmetry. Where CuKa= 1.5406 A is the X-ray wavelength,
B connoting line broadening about FWHM measured in radians, while 6 in degrees connotes Bragg's angle.

The calculated crystallite sizes are 0.2 mols CuO NP, 0.3 mols CuO NP, 0.4 mols CuO NP, 0.5 mols CuO NP, and
0.6 mols CuO NP, respectively, at 43.14 nm, 43.68 nm, 24.23 nm, 5.70 nm, and 12.87 nm, where Average D =25.93 nm
is the average crystalline size across all the samples.The interplanar spacing was also obtained using Bragg’s Law given
as:

ni
Ahra = 555 2
The Scherrer's constant remains unchanged, and n stands for the number of fringes. After combining all the data for
different peak values, the interatomic spacing's mean value was determined to be 3.7755 A.

3.2. SEM analysis
The surface morphologies of the synthesized CuO NPs at various concentrations were thoroughly examined using
SEM images. The initial stages in the formation of the microstructure include nucleation, a surface heterogeneous
reaction, particle accumulation, followed by organizing itself to much larger particles. The development of nanorod-like
grains with cubic shapes and tube-like holes, as was seen in 0.2 mole CuO NPs, distinguishes CuO NPs across the board,
according to the SEM images. A strong candidate for use in supercapacitors, this morphology also suggests high porosity
and offers a reactive surface that is helpful for ion transport. [40]

University of Cape Town

Figure 3. SEM images of the synthesized CuO NPs for 0.2 mols, 0.3 mols, 0.4 mols, 0.5 mols, and 0.6 mols
corresponding to a, b, ¢, d, and e respectively.

3.3. EDS analysis
In order to ascertain the elemental configuration of the examined CuO NPs, an EDS method is used. EDS analysis
revealed the presence of Cu and also revealed the presence of S, suggesting that the precursor was a bluestone (CuSO4)

3.4. Optical analysis of the synthesized CuO NPs
UV spectroscopy was used to obtain the optical studies of the various sample concentrations, which are listed as
0.2 mols, 0.3 mols, 0.4 mols, 0.5 mols, and 0.6 mols. These studies are discussed further below. A plot of absorbance
versus wavelength in Figure 5 (a) demonstrates that the 0.2 moles of CuO NPs absorb very little in the short-wavelength
ultraviolet region, with a minimum value of 0.0635 at 328 nm. Finally, the NPs' absorbance gradually increased until it
reached a maximum value of 0.183 at 384 nm in the medium ultraviolet region. The 0.6 moles of CuO NPs produced the
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highest absorbance reading of 0.35 at 398 nm because it is observed that NPs absorbance varies linearly with NPs
concentration. However, this is in agreement with the theoretical predictions of the Beer-Lambert law, which states that
the amount of absorption is proportional to the concentration of the absorber. In general, it is significant to note that this
material's low absorbance properties, as compared to lithium-ion batteries, make it a good choice for use in
supercapacitors as energy storage devices and in the pursuit of environmentally friendly forms of energy supply.
Figure 5 (b), The transmittance spectra convey that the absorbance spectra have an inverse relationship. The NPs with the
highest concentration, 0.6 mol, corresponds to the lowest percentage transmittance in Figure 5 (b), while the NPs'
absorbance value is at its highest. The 0.2 mols CuO NPs, on the other hand, exhibit greater radiation transmission in the
short-wavelength ultraviolet region, as shown in Figure 5 (b). Eventually getting to its maximum, of 86.5 percent at
323 nm. This percentage transmittance value slightly drops to a minimum percentage value of 66 percent at 390 nm. The
samples' high transmittance characteristics in the visible light and short-wavelength ultraviolet regions demonstrate their
suitability for both passive and active solar technology. Figure 5 (¢), The material has low reflectance characteristics in
the medium ultraviolet region, as shown by the reflection spectra. The reflectance, however, increases to its maximum
value of 16 percent in the short ultraviolent region as the spectra moves toward the visible light region. In the region of
visible light, a continuous spectrum is seen as the spectra slightly decreases from the maximum to about 15%.

Figure 4. EDS spectrum of the synthesized CuO NPs
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Figure 5. Spectra of (a) Absorbance, (b) transmittance, and (c) reflectance of the synthesized CuO NPs

The distance between an electron's valence band and conduction band is depicted in Figure 6(a), and this distance is
known as the band gap or energy gap.
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Figure 6. Spectra of (a) Absorption coefficient square and (b) absorption coefficient of the synthesized CuO NPs
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An important factor in determining a material's electrical conductivity is the energy band gap, outlining an energy range
where electronic state cannot exist. If the atom's valence band is filled and the conduction band is extremely empty, electrons
cannot move through the material. On the contrast, if there is electron transfer from the valence to the conduction band,
current can flow [19]. The average band gap of the CuO NPs across all samples, as seen in the Tauc plot in Figure 6 (a), was
2.5 eV. All of the prepared samples have a high light absorption coefficient in the ultraviolet and visible light region,
indicating an increase in the likelihood of direct transitions occurring, as shown in Figure 6 (b), which is the plot of absorption
coefficient against photon energy. Additionally, it was observed that the absorption coefficient gradually rises as photon
energy rises, which is related to the interactions between the incident electrons and the electrons in the CuO NPs.

The atoms of the medium continuously absorb and re-emit light particles as it passes through it, slowing down the
light's speed over time. Since refractive index and wavelength are inversely proportional, light moves more slowly as the
refractive index increases. According to the theoretical prediction, the refractive index gradually decreases as the photon
energy increases as seen in the spectra. In Figure 7 (a) the maximum refractive index for the 0.2 mol CuO NPs was
reached; however, this value slightly decreased as the photon energy of the incident radiation increased toward the visible
light and near-infrared regions. The extinction coefficient is a measurement of how strongly a substance absorbs light at
any given fixed wavelength. It measures how electromagnetic waves are dampened when they enter a medium. The
following formula relates the extinction coefficient to the absorption coefficient:

Aa
= 3)

The maximum extinction coefficient for all samples of CuO NPs was found at E = 4.32 eV in the ultraviolent region
according to Figure 7(b), with a proportional increase as sample concentration increased. The optical conductivity of the
CuO NPs reveals that the optical conductivity of the CuO NPs increases as the photon energy increases as seen in
Figure 7 (c).
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Figure 7. Spectra of (a) Refractive index, (b) extinction coefficient, and (c) optical conductivity of the synthesized CuO NPs

The imaginary component of the dielectric constant describes a material's capacity to permanently absorb energy from
a time-varying electric field, while the real component describes a material's capacity to interact with an electric field (store
and remit energy) without doing so. This suggests that a high imaginary part dielectric constant absorbs a lot of energy.

The Dielectric constant and refractive index of the material is related via the equation;

£ =n?

®)

The maxima and minima of the electromagnetic radiation spectrum occur in the same energy region when the real
dielectric against photon energy and the imaginary dielectric constant plots are compared.
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The maximum value was obtained for the 0.2 mols CuO NPs in the ultraviolet region at g, and &; equivalent to 5.58
and 0.0687, respectively, at the same value for Photo energy equal to 4.42 e¢V. Moving forward, it was also noted that a
direct relationship existed between the two terms of the dielectric constant and the sample concentration, with the 0.6 mol
CuO NPs sample providing the highest values of & and &1 0of 6.98 and 0.1504 respectively at the same photon energy,
which in this case decreased slightly to 4.25 eV.

3.5. Electrochemical impedance spectroscopy studies (EIS)

An EIS study was conducted to scrutinize the interrelation between the surface electronic properties of the electrolyte
(1M KOH) and the CuO-based NPs electrodes, and also to verify their diverse reaction kinetics and resistances. The EIS
measurements were assessed using frequency ranges from 1.0 Hz — 100.0 kHz.0.2 mols CuO-based NPs and 0.3 moles
CuO-based NPs electrodes have unvarying electrolytic resistance (Re) together with working electrode’s resistance (Rw)
respectively as 13.0 Q and 0.9 Q, 0.4 mols CuO-based NPs and 0.5 moles CuO-based NPs electrodes have unvarying
electrolytic resistance (Re) as the working electrode’s resistance (Rw) of 12.0 Q and 0.8 €, respectively, while 0.6mols
of CuO NPs have its electrolytic resistance (Re) as 12.0 Q whereas its working electrode’s resistance (Rw) is 0.7Q. This
suggests that the CuO-based NPs electrodes offer great interfacial area.
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Z7 Q)
- (Q)
-z

=

T T T T T T T T T T T T T T
100 150 200 0 5 10 15 20 % 30 500 1000 1500 2000 2500 3000
') z(q) 7' Q)

B
E

=—0.5mols CuO NPs ——0.6mols CuO NPs

Figure 9. EIS Nyquist plot for the
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3.6. Cyclic voltammetry (CV)

The utilization of a cyclic voltammetry was to understand capacitive behavior exhibited by the electrode which is a
result of the convenience of the CuO-based NPs electrode to the 1M KOH electrolyte. The different concentrations of the
CuO-based NPs electrodes were recorded at the same scan rate of 10 mV/s.

From the plot, the very sharp peaks of the CV curves are due to redox reactions occurring during the process which
is consistent with the Cu?* to Cu’ reduction process and Cu* to Cu?" oxidation process [45]. From our CV curve, the
specific capacitance of the different concentrations of CuO-based electrodes was all calculated using this
equation [41-44];

_ J1av
Cs = mSAV (©)

Given that [ IdV is gotten by incorporating the area under the CV curve, where specific capacitance is connoted as
Cs, the current is given as I, voltage as V, the scan rate is given as S, and M as the active mass of the different
concentrations of the CuO NPs electrode. The specific capacitance of the different CuO NPs gave 176 Fg! for 0.2 mols
CuO NP, 181 Fg'! for 0.3 mols, 322 Fg™! for 0.4mols, 328 Fg! for 0.5mols and 212 Fg™! for 0.6 mols. The high specific
capacitance that is gotten could be credited to the rapid transportation of charges during intercalation between the CuO
NPs electrode and the 1M KOH electrolyte.
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of the different concentrations of CuO-
based NPs electrode

3.7. Galvanostatic charge discharge (GCD)

We also conducted the galvanostatic charge-discharge (GCD) estimation in an unchanged electrolyte environment
with the CV. From the GCD curves, it could be observed that the material exhibits pseudo-capacitive performance. From
the GCD, the specific capacitance was calculated using this equation [41-44];

_ Ity
S 4

(M

Given that the specific capacitance is connoted as Cs, the current is given as I, while the time of discharge is given
as td. For the denominator, m is the active mass of the CuO-based electrode given as m, while the voltage is given as V.
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In conclusion, due to the rising interest and demand for supercapacitors as energy storage devices when compared
to lithium-ion batteries and the quest for an environmentally friendly form of energy supply, we successfully synthesized
CuO NPs using an environmentally friendly, cost-effective, and simple approach; which is green synthesis as against the
conventional chemical methods used. The low band gap values of 2.5 ¢V and the resultant electrochemical analysis test
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results carried out on the different samples establish the fact that the synthesized CuO NPs exhibited supercapacitive

prop

erties, hence can be used in supercapacitor and other energy storage applications.
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3EJIEHAMA CUHTE3 HAHOYACTHHOK OKCHJY MIII 3 BAKOPUCTAHHSAM POCJIMHA MORINGA OLEIFERA
TA MOI'0 MOJAJIBILIA XAPAKTEPU3ALIS 1JI1 BAKOPUCTAHHA Y HAKOIIMUYBAYAX EHEPITi
ImocoGome JI. Ixion?, Ensin Y. Ono?, Aruec K. Hxesne**, bonaBentypa K. Adop?,
B.C.H. O6iTTe?, M. Maa3za®“4, ®agian I. Ezema®P-ed
“@axynvmem @izuxu ma acmponomii, Yuieepcumem Hizepii, Hcyxka, 410001, wmam Enyey, Hicepis
bA@ppurancora mepesica nanonayx (NANOAFNET) Hayionanvnuii docrionuyvxuii gpond iThemba LABS, 1 Cmapa @op-poyo,
Comepcem Becm, 3axiona Kancoka nposinyis, Comepcem Becm, Ilisoenna Agppuxa
¢Aghpuxancevra kagheopa nanonayx/nanomexnonozii FOHECKO-UNISA, Konedoic nicisouniomux 0ocnioxncens,
Vuieepcumem ITieoennoi Agppuxu (UNISA, xpebem Maknenex, P.O. Box 392, IIpemopis, Ilieoenna Apppura
44 hpuranceoruii yenmp nepedosozo 00ceioy Oas cmitikoi enepeemuxu ma enepeemuunozo poseumxy (ACE-SPED),
Yuisepcumem Hieepii, Hcykka
¢@axynomem ¢izuxu, Yuisepcumem wmamy Konopado, @opm-Konninz, CLLIA

OCHOBHI MOMEHTH JOCIIKEHHS:

* Venimanii cuaTe3 HaHouacTHHOK CuO 3 BUKOPHUCTAHHSAM €KCTPAKTIiB BHCYIIEHOI, IpiOHO monpionenoi Moringa Oleifera six
BiZITHOBHHKA/3aKpHBAIOYOT0 areHTa

* 3eneHi cuHTe30BaHi HaHoYacTHHKY CuO IPOJEMOHCTPYBAIN CYIIEPEMHICHY ITOBEAIHKY.

o CnekTpu BiIOMTTSI [OEMOHCTPYIOTh, LIO MaTepial [EMOHCTPYE HH3bKi BJIACTUBOCTI BifIOMBaHHS B CEPEAHBOMY
yabTpadioneToBoMy Jiana3oHi.

» Xopomra abcopOris Ta HU3bKI 3HaUeHHS eHeprii 3a0opoHenoi 3004 (Eg = 2,5 eB).

* [ToreHmiliHe 3acTOCYBaHHS IS CYIIEPKOHIEHCATOPIB Ta IHIIMX HAKOMUYyBadiB €HEepTii
VY 1mpoMy IOCHIIKEHHI MU OIHMCYEMO EKOJIOTIYHO YHCTHH cuHTe3 okcuay Mini (CuO) i iforo monanblly XapaKTEpPHUCTUKY JUIS
BUKOPHCTAHHS B CYIEPKOHJEHCATOpaX. BHKOPHCTOBYIOUM EKCTpakTH BHCYIIEHOI, ApiOHO moxpidHeHoi Moringa Oleifera sx
BiJTHOBJItOBaYa/0yIoKyr04oro arenra, mu cteopwin CuO Hanouacturku (HY). Otpumani HY motiM mocmimkyBaiu 3a J0IOMOTO0
penTreHiBebkoro quppakromerpa (XRD), ynabsrpadioneToBo-BuIuMMOi cIEKTpocKoIil, eHeproaucnepciinoi cniekrpockomnii (EDS) i
cKaHyro4ol enekTpoHHoi Mikpockomii (SEM). Metonu enekTpoxiMidHOro aHaiidy, Taki sk nukiidHa Bojbramnepometpis (CV) i
crektpockortis enekrpoximiuroro onopy (EIS), 6ynu BUKopucTaHi Aj1ss BUBYCHHS eIEKTPOXIMIYHOT OBEIIHKY €JIEKTPO/IiB Ha OCHOBI
CuO. Hacrymuuii aHami3 BH3HAuYHB, II0 3ejleHI cuHTe30BaHi HaHO4YacTHHKM CuO JEMOHCTPYIOTH CYIEpEMHICHY moBeaiHKy. Lle
CBIUUTH PO T€, IO CHHTe30BaHI HaHoYacTHHKH CuQO NPHPOAHUM UYHUHOM 320X0UyBATUMYTH 3aCTOCYBAaHHS K CYNEPEMHICHUX
CJIEKTPO/IiB, OCKLTBKH OYJI0 BUSABIICHO, 1[0 TOTJIMHAHHS HAHOYACTHHOK 3MIHIOETHCS JIIHIITHO 3aJI€)KHO BiJl KOHLICHTPALlil HAHOYAaCTHHOK,
0,6 monp HaHoyacTHHOK CuO mano HaiiBumui nokasHuk normHaHHSA 0,35 mpu 398 M. CriekTpu BiOUTTS NEMOHCTPYIOTH, IO
Marepiall IeMOHCTPY€ HU3bKI BIACTHBOCTI BIJOUTTS B CEpeHBOMY yIbTpadioneToBoMy Aiarma3zoHi. OJHAK, KON CIIEKTP PyXaeThes 10
obyiacTi BHIUMOTO CBiTJIA, KOC(IUiEHT BIIOWTTS 3pOCTae O MAaKCUMAIBHOTO 3HaueHHs 16% y KOpPOTKOMY yibTpadioneToBoMy
niama3oni. Po3paxoBani po3mipu kpuctaiitis Taki: 0,2 moas CuO NP, 0,3 mone CuO NP, 0,4 mone CuO NP, 0,5 mone CuO NP i
0,6 mose CuO NP npu 43,14 um, 43,68 um, 24,23 um, 5,70 um i 12,87 um, BinnosiaHo, ge Average D = 25,93 M € cepeHiMm po3mipom
KpHCTaTiB Juisl BCix 3paskiB. [TosBa KyOiYHMX 3epeH, sKi HarajayioTh HaHOCTPWXKHI 3 TpyGuacTumu otBopamu, SEM-300pakeHHs
IeMOHCTpPYI0Th, o HY CuO MoxHa BiAPI3HUTH OHA Bix OAHOL, K e BUIHO y Ha 0,2 moias HY CuO.
KurouoBi cinoBa: nanouacmunxu CuQO; cynepkonoencamopu, nakonuwysay enepeii; Moringa oleifera; yukniuna 6onemamnepomempis
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More than half of the energy used in total comes in the form of heat energy. An essential environmental protection technique to
increase energy efficiency is learning how to employ thermal energy storage (TES) technology to fully use intermittent and unstable
heat, such as solar heat utilization and industrial waste heat. Sensible heat storage, latent heat storage, and thermochemical heat
storage are all types of thermal energy storage. This work describes the creation of ZrO2/SiC-H20 nanofluids and their characteristics
for use in energy storage applications. Results reveal that increasing the concentration of ZrO2/SiC NPs from 0.3 gm/L to 1.2 gm/L at
photon wavelength (=380nm) increased absorbance by roughly 83.7% and reduced transmittance by 81.2%. Additionally, when
ZrO2/SiC NP concentrations rise, the absorbance rises as well, indicating improved nanofluid dispersion. Additionally, when the
concentration of ZrO2/SiC NPs reached 1.2gm/L, the electrical conductivity of ZrO2/SiC- H20 nanofluids improved by nearly 74%,
and the melting time reduced with an increase in the concentration of ZrO/SiC nanoparticles.

Keywords: Energy storage,; nanofluids, transmittance; absorbance,; melting

PACS: 61.25.he, 61.46.-w, 44.35.-c, 47.57.Ng, 84.60.-h

1. Introduction

As heat transfer fluids, conventional fluids like water, motor oil, and ethylene glycol are often utilized. Other
conventional fluids include methanol. The poor heat transfer performance of these typical fluids impedes both the
performance increase and the compactness of heat exchangers, despite the fact that a variety of methods are used to
improve heat transfer. Increasing the rate of heat transmission may be accomplished by the use of a method that
involves the use of solid particles as an additive that is suspended within the base fluid. To enhance the heat transfer
properties of traditional fluids, the most important concept is to increase the thermal conductivity of the fluid. It is
anticipated that the thermal conductivity of a base fluid may be improved by suspending metallic solid tiny particles
inside the base fluid. This is due to the fact that the thermal conductivity of a solid metal is higher than that of a base
fluid. For a good number of years now [1-10], people have been aware of the fact that the suspension of solid
particles, such as those measuring millimeters or micrometers in size, may increase the thermal conductivity of
typical fluids. [Such particles] The thermophysical parameters of a nanofluid, including its density, viscosity, thermal
conductivity, and specific heat capacity, have a significant impact on the flow and heat transfer performance of the
nanofluid. Enhancing or degrading the thermophysical characteristics of a nanofluid is one method that is being used
in a number of different activities with the goal of improving the performance of nanofluids. For example, it is
generally known that the majority of metallic nanoparticles have a much better thermal conductivity compared to
traditional heat transfer fluids (HTFs) such as water and ethylene glycol. This finding has been backed up by
extensive research. Organic particles, such as those manufactured from rice husk or wood, on the other hand, have a
lower density and a lower heat conductivity than traditional HTFs. Therefore, the concept of attempting to improve
the thermal conductivity of nanofluids by adding metallic particles and reducing the viscosity of traditional HTFs by
adding organic particles is an innovative one [11-16].

Rocha et al. [17] studied water-based nanofluids of Al,O3; and ZrO, with relation to their potentially useful uses in
heat transfer. Dispersed solutions of mentioned nanofluids were created with three distinct concentrations (0.01% vol.,
0.05% vol., and 0.1% vol.) using commercial nanofluids. These concentrations were 0.01% vol., 0.05% vol., and 0.1%
vol. Experiments conducted by Shajahan et al. [18] evaluated the thermal hydraulic performance of ZrO,, a water-based
nanofluid with varying volume concentrations of 0.1%, 0.25%, and 0.5%, and staggered conical strip inserts with three
different twist ratios of 2.5, 3.5, and 4.5 in forward and backward flow patterns under a fully developed laminar flow
regime of 050 Iph through a horizontal test pipe section with a Using a mechanical dispersion approach to construct a
shape-stable composite phase change material for thermal energy storage, Song et al. [19] enhanced the specific heat
capacity and thermal conductivity of molten salt. This allowed for the material to have a higher thermal capacity.
Nitrate (NaNOs), which has a greater phase change latent heat, was selected to be coupled with a variety of
nanoparticles (SiO», SiO>+Ti0;) in order to enhance its specific heat capacity. Expanded graphite (EG) was used as a
carrier matrix in order to improve its thermal conductivity. In this research, we discuss the synthesis of ZrO,/SiC-H,O

7 Cite as: A. Hashim, F.L. Rashid, N. Al-Huda Al-Aaraji, and B.H. Rabee, East Eur. J. Phys. 1, 173 (2023), https://doi.org/10.26565/2312-4334-2023-1-21
© A. Hashim, F.L. Rashid, N. Al-Huda Al-Aaraji, B.H. Rabee, 2023
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nanofluids as well as their characteristics for usage in applications involving energy storage. There are several studies
on SiC doped different materials to employ in various biomedical, electronics and sensors applications[20-27].

2. MATERIALS AND METHODS

Zirconium oxide nanoparticles (also known as ZrO, NPs) and silicon carbide nanoparticles (also known as SiC NPs)
were used in this study. Various concentrations of ZrO,/SiC NPs were used during the synthesis of the ZrO,/SiC-H,O
nanofluids. These concentrations include 0.3 gm/L, 0.6 gm/L, 0.9 gm/L, and 1.2 gm/L. The optical and electrical
properties of ZrO,/SiC-H,O nanofluids were investigated in this research. Using a double beam spectrophotometer
(Shimadzu, UV-18000A), the optical characteristics of ZrO,/SiC-H,O nanofluids were analyzed throughout a
wavelength range of (200-1000) nm. In the process of storing thermal energy, it is necessary to do an analysis of the
melting properties of ZrO,/SiC-H,O nanofluids while the system is being heated. The ZrO,/SiC-H,O nanofluids were
utilized as the heat transfer fluid. The temperature of the heat transfer fluid may be changed from 40°C to 100°C using a
stirrer, and a digital device was used to measure the temperature of the ZrO,/SiC-H,O nanofluids as they were being
heated.

3. RESULTS AND DISCUSSION
Figures 1 and 2 show, at varying concentrations of ZrO,/SiC NPs, the behavior of the absorbance and
transmittance spectra of ZrO,/SiC-H,O nanofluids with photon wavelength. According to the figures, increasing the
concentration of ZrO,/SiC NPs from 0.3 gm/L to 1.2 gm/L at photon wavelengths (380nm) resulted in an increase in
absorbance of about 83.7% and a decrease in transmittance of 81.2%. This behavior can be useful in solar collectors,
heating systems, and cooling systems. The absorbance, which indicates greater nanofluid dispersion, will increase as
ZrO,/SiC NP concentrations rise [28].
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The relationship between the concentration of ZrO,/SiC nanoparticles and the electrical conductivity (EC) of
Zr0,/SiC-H>0 nanofluids is shown in Figure 3. When the concentration of ZrO,/SiC NPs reached 1.2 gm/L, an increase
in electrical conductivity of ZrO,/SiC-H,O nanofluids occurred that was about 74% higher than before. The reason for
this is because the increased electrical conductivity of nanofluids is due, in large part, to the surface charges of
nanoparticles [29].
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The curves of melting for ZrO,/SiC-H,O nanofluids are shown in Figure 4. When there was a greater
concentration of ZrO,/SiC nanoparticles, the melting time was cut down significantly. Increases in thermal conductivity
lead to increases in heat transmission, which in turn lead to reductions in melting times for ZrO,/SiC-H,O nanofluids
that are used for energy storage [30-35]. The decrease in melting time reached 41.2% when the concentration of
ZrO,/SiC NPs rose from 0.3 gm/L to 1.2gm/L after 15 minutes. This is one of the reasons why ZrO,/SiC-H,O
nanofluids may be beneficial in a variety of heating and cooling industries.

4. CONCLUSIONS

This study focuses on the creation and use of ZrO,/SiC-H>O nanofluids for energy storage. The conclusions that
may be drawn from this are as follows:

1. With an increase in ZrO,/SiC NP concentrations from 0.3 gm/L to 1.2 gm/L at photon wavelength (=380nm),
the absorbance increased by about 83.7% and the transmittance decreased by 81.2%. 2. The increase in ZrO,/SiC NP
concentrations will increase the absorbance, which refers to the better nanofluid dispersion.

3. When the concentration of ZrO,/SiC NPs reached 1.2 gm/L, the electrical conductivity of ZrO,/SiC-H,O
nanofluids improved by nearly 74%.

4. As the concentration of ZrO,/SiC nanoparticles increased, the melting time reduced.

5. When the concentration of ZrO,/SiC NPs increases from 0.3 gm/L to 1.2 gm/L after 15 minutes, the decrease in
melting time reaches 41.2%.

Acknowledgment
This publication was supported by the Deanship of Al-Mustagbal University College, Babylon, Iraq.

ORCID IDs
Ahmed Hashim, https://orcid.org/0000-0002-0778-1159; ®Farhan Lafta Rashid, https://orcid.org/0000-0002-7609-6585
Noor Al-Huda Al-Aaraji, https://orcid.org/0000-0002-5117-2983

REFERENCES

[1] V. Sridhara, and L.N. Satapathy, “AlxOs-based nanofluids: a review”, Nanoscale Research Letters,6, 456 (2011).
https://doi.org/10.1186/1556-276X-6-456

[2] S.Lee, U.-S. Choi, S. Li, and J.A. Eastan, “Measuring thermal conductivity of fluids containing oxide nanoparticles”, ASME J.
Heat Transfer,121, 280 (1999). https://doi.org/10.1115/1.2825978

[31 A. Hashim, F.L. Rashid, Z. Al-Ramadan, and M.H. Abdul-Allah, “Characterization of (PVA-BaSO4. 5 H20) Composites”,
Diyala Journal for Pure Science, 8, Part 1-3, 296-302 (2012). https://www.iasj.net/iasj/pdf/a5577c17b8b8e701

[4] A.M. Hashim, F.L. Rashid, and [.K. Fayyadh, “Preparation of Nanofluid (A1203-water) for Energy Storage”, IOSR Journal of
Applied Chemistry, 5(3), 48-49 (2013). https://www.readcube.com/articles/10.9790%2F5736-0534849

[5] A.G. Hadi, F. Lafta, A. Hashim, H. Hakim, A.I.Q. Al-Zuheiry, S.R. Salman, and H. Ahmed, “Study the Effect of Barium
Sulphate on Optical Properties of Polyvinyl Alcohol (PVA)”, Universal Journal of Materials Science, 1(2), 52-55 (2013).
https://www.hrpub.org/download/201309/ujms.2013.010207.pdf

[6] Z.H. Obaid, F.L. Rashid, M.A. Habeeb, A. Hashim, and A. Hadi, “Synthesis of New Biomaterial Composite for Thermal
Energy Storage and Release”, Journal of Chemical and Pharmaceutical Sciences, 10(1), 1-4 (2017).
http://www.jchps.com/issues/Volume%2010_Issue%203/20171025_064723_1021016.pdf

[71 H.N. Obaid, M.A. Habeeb, F.L. Rashid, and A. Hashim, “Thermal energy storage by nanofluids”, Journal of Engineering and
Applied Sciences, 8(5), 143-145 (2014). http://docsdrive.com/pdfs/medwelljournals/jeasci/2013/143-145.pdf

[8] F.L. Rashid, A. Hadi, A.A. Abid, and A. Hashim, “Solar energy storage and release application of water-phase change material
(SnO2-TaC) and (SnO>-SiC) nanoparticles system”, International Journal of Advances in Applied Sciences, 8(2), 154-156
(2019). http://doi.org/10.11591/ijaas.v8.i2.pp154-156

[9] F.L. Rashid, and A. Hashim, “Recent Review on Nanofluid/ Nanocomposites for Solar Energy Storage”, International Journal
of Scientific Research and Engineering Development, 3(4),780-789 (2020). http://www.ijsred.com/volume3/issue4/IJSRED-
V314P9%4.pdf

[10] F.L. Rashid, and A. Hashim, “Development of Phase Change Materials/Nanoparticles for Thermal Energy Storage”,
International ~ Journal of  Scientific Research and  Engineering Development, 3(4), 790-799  (2020).
http://www.ijsred.com/volume3/issue4/[JSRED-V3I4P95.pdf

[11] J.L.T. Chen, A.N. Oumer, and A.A. Azizuddin, “A review on thermo-physical properties of bio, non-bio and hybrid nanofluids”,
Journal of Mechanical Engineering and Sciences, 13(4), 5875-5904 (2019). https://doi.org/10.15282/jmes.13.4.2019.12.04

[12] M. Ahmadi, H. Elmongy, T. Madrakian, and M. Abdel-Rehim, “Nanomaterials as sorbents for sample preparation in
bioanalysis: A review”, Analytica Chimica Acta, 958, 1-21 (2017). https://doi.org/10.1016/j.aca.2016.11.062

[13] S.Izadi, T. Armaghani, R. Ghasemiasl, A.J. Chamkha, and M. Molana, “A comprehensive review on mixed convection of nanofluids
in various shapes of enclosures”, Powder Technology, 343, 880-907 (2019). https://doi.org/10.1016/j.powtec.2018.11.006

[14] W.H. Azmi, SN.M. Zainon, K.A. Hamid, and R. Mamat, “A review on thermo-physical properties and heat transfer
applications of single and hybrid metal oxide nanofluids”, Journal of Mechanical Engineering and Sciences, 13, 5182-5211
(2019). https://doi.org/10.15282/jmes.13.2.2019.28.0425

[15] A.J. Chamkha, M. Molana, A. Rahnama, and F. Ghadami, “On the nanofluids applications in microchannels: A comprehensive
review”, Powder Technology, 332, 287322 (2018). https://doi.org/10.1016/j.powtec.2018.03.044

[16] M. Molana, “On the Nanofluids Application in the Automotive Radiator to Reach the Enhanced Thermal Performance: A
Review”, American Journal of Heat and Mass Transfer, 4, 168—187 (2017).



176
EEJP. 1 (2023) Ahmed Hashim, Farhan Lafta Rashid, et al.

[17] M.S. Rocha, E.L.L. Cabral, G. Sabundjian, H. Yoriyaz, A.C.S. Lima, A.B. Junior, A.C. Prado, et al, “Caracterization of Physical
Properties of Ai2O3 and ZrO> Nanofluids for Heat Transfer Applications”, in: International Nuclear Atlantic Conference - INAC
(S@o Paulo, Brazil, 2015). http://repositorio.ipen.br/bitstream/handle/123456789/25147/21137.pdf?sequence=1&isAllowed=y

[18] M.IL Shajahan, J.J. Michael, M. Arulprakasajothi, S. Suresh, E.A. Nasr, and H.M.A. Hussein, “Effect of Conical Strip Inserts
and ZrOz/DI-Water Nanofluid on Heat Transfer Augmentation: An Experimental Study”, Energies, 13, 4554 (2020).
https://doi.org/10.3390/en13174554

[19] W. Song, Y. Lu, Z. Fan, and Y. Wu, “Preparation and Thermophysical Properties of Sodium Nitrate/Nanoparticle/Expanded
Graphite Composite Heat Storage Material”, Frontiers in Energy Research, 10, (2022). https://doi.org/10.3389/fenrg.2022.878747

[20] H. Ahmed, A. Hashim, and H.M. Abduljalil, “Determination of Optical Parameters of Films Of PVA/TiO2/SiC and PVA/MgO/SiC
Nanocomposites for Optoelectronics and UV-Detectors, Ukr. J. Phys. 65(6), (2020). https://doi.org/10.15407/ujpe65.6.533

[21] A. Hashim, “Fabrication and characteristics of flexible, lightweight, and low-cost pressure sensors based on PVA/SiO./SiC
nanostructures”, J Mater Sci: Mater Electron 32, 2796-2804 (2021). https://doi.org/10.1007/s10854-020-05032-9.

[22] A. Hashim, H. Abduljalil, and H. Ahmed, “Analysis of Optical, Electronic and Spectroscopic properties of (Biopolymer-SiC)
Nanocomposites for Electronics Applications”, Egypt. J. Chem. 62, (2019). https://doi.org/10.21608/EJCHEM.2019.7154.1590

[23] H. Ahmed, and A. Hashim, “Structural, Optical and Electronic Properties of Silicon Carbide Doped PVA/NiO for Low-Cost
Electronics Applications”, Silicon, 13, 1509 (2020). https://doi.org/10.1007/s12633-020-00543-w

[24] H. Ahmed, and A. Hashim, Geometry Optimization, Optical and Electronic Characteristics of Novel PVA/PEO/SiC Structure
for Electronics Applications, Silicon, 13, 2639 (2020). https://doi.org/10.1007/s12633-020-00620-0

[25] N.A.H. Al-Aaraji, A. Hashim, A. Hadi, and H.M. Abduljalil, “Effect of Silicon Carbide Nanoparticles Addition on Structural
and Dielectric Characteristics of PVA/CuO Nanostructures for Electronics Devices”, Silicon, 14, 4699 (2022).
https://doi.org/10.1007/s12633-021-01265-3

[26] A. Hashim, H.M. Abduljalil, and H. Ahmed, “Fabrication and Characterization of (PVA-Ti02)1-x/SiCx Nanocomposites for
Biomedical Applications”, Egypt. J. Chem. 63(1), (2020). https://doi.org/10.21608/EJCHEM.2019.10712.1695

[27] H. Ahmed, A. Hashim, and H.M. Abduljalil, “Analysis of Structural, Electrical and Electronic Properties of (Polymer
Nanocomposites/ Silicon Carbide) for Antibacterial Application”, Egypt. J. Chem. 62(4), 1167-1176, (2019).
https://doi.org/10.21608/EJCHEM.2019.6241.1522

[28] A. Arifutzzaman, A.F. Ismail, I.I. Yaacob, M.Z. Alam, and A.A. Khan, “Stability investigation of water based exfoliated
grapheneNanofluids”, IOP Conf. Series: Materials Science and Engineering, 488, (2019), https://doi.org/10.1088/1757-
899X/488/1/012002

[29] M. Hadadian, E.K. Goharshadi, and A. Youssefi, “Electrical conductivity, thermal conductivity,and rheological properties of
graphene oxide-basednanofluids”, J.Nanopart. Res. 16, (2014). https://doi.org/10.1007/s11051-014-2788-1

[30] A.Hadi, F.L. Rashid, H.Q. Hussein, and A. Hashim, “Novel of water with (CeO2-WC) and (SiC-WC) nanoparticles systems for
energy storage and release applications”, IOP Conference Series: Materials Science and Engineering, 518(3), (2019).
https://doi.org/10.1088/1757-899X/518/3/032059

[31] F.L. Rashid, A. Hadi, N.H. Al-Garah, and A. Hashim, “Novel Phase Change Materials, MgO Nanoparticles, and Water Based
Nanofluids for Thermal Energy Storage and Biomedical Applications”, International Journal of Pharmaceutical and
Phytopharmacological Research, 8(1), (2018). https://eijppr.com/2KsaVdO

[32] N.H. Al-Garah, F.L. Rashid, A. Hadi, and A. Hashim, “Synthesis and Characterization of Novel (Organic—Inorganic)
Nanofluids for Antibacterial, Antifungal and Heat Transfer Applications”, Journal of Bionanoscience, 12, (2018).
https://doi.org/10.1166/jbns.2018.1538

[33] F.L. Rashid, S.M. Talib, A. Hadi, and A. Hashim, “Novel of thermal energy storage and release: water/(SnO2-TaC) and
water/(SnO>—SiC) nanofluids for environmental applications”, IOP Conf. Series: Materials Science and Engineering, 454,
012113 (2018). https://doi.org/10.1088/1757-899X/454/1/012113

[34] A.S. Shareef, F.L. Rashid, A. Hadi, and A. Hashim, “Water-Polyethylene Glycol/(SiC-WC) and (CeO2-WC)Nanofluids for
Saving Solar Energy”, International Journal of Scientific & Technology Research, 8(11), (2019) .https://www.ijstr.org/final-
print/nov2019/Water-polyethylene-Glycol-sic-wc-And-ceo2-wenanofluids-For-Saving-Solar-Energy-.pdf

[35] A. Hashim, and A. Hadi, “Synthesis and characterization of novel piezoelectric and energy storage nanocomposites:
biodegradable materials—magnesium oxide nanoparticles”, Ukrainian Journal of Physics, 62(12), 1050-1056 (2017).
https://doi.org/10.15407/ujpe62.12.1050

OTPUMAHHSA TA BJJACTHBOCTI HAHOPIJIMH ZrO-/SiC-H20 AJIA BUKOPUCTAHHSA
Y HAKOIMUYYBAYAX EHEPI I
Axmen Xamum?, @apxan Japra Pamua®, Hyp Ans-Xyna Anb-Aapanki, Baxaa X. Pa6i?
4Jlenapmamenm @izuxu, oceimuiil Koaeoxc yucmux Hayk, Basunoncokuil ynisepcumem, Basunon, Ipax
bVuisepcumem Kepbanu, inoicenepruii xonedac, gpaxyromem nagmosoi inocenepii, Ipax
“/lenapmamenm meduurnoi Qizuxu, Koneoic yHisepcumemy Anv-Mycmaxban, Basunon, Ipax

Binblire MOMOBUHY CIIOKMBAHOI eHepril B LIJIOMY HaJXOOWUTh y (OpMi TEIUIOBOI eHeprii. BaXMBoIO TEXHIKOIO 3aXHCTy HABKOJIMIIHBOIO
CEepeIOBHILA JUIS MiZBHUIICHHS eHEeproe)eKTHBHOCTI € BUBUCHHS TOTO, SIK BUKOPHCTOBYBAaTH TEXHOJIOTiI0 HAKOIMYEHHS TEIUIOBOI €Heprii
(TES) st mOBHOrO BHKOPHUCTAHHS IEPEPHBYACTOrO Ta HECTAOUIHHOTO TeIIa, TAKOro SIK YTHJII3allisi COHSYHOTO TeIUla Ta Teruia
MPOMHCIIOBHX BiZIXO/iB. BiquyTHe HakomuueHHs Teruia, 30epiraHHs MPUXOBAHOIO TEIlla Ta TePMOXIMIUHE HAKOIMYCHHS TeIUla — Le Bl
BUIM HAKOIMYCHHS TEIUTOBOi eHeprii. Y mil poOoTi omucyersest cTBopeHHs HaHo(moiniB ZrO2/SiC-H20 Ta ixHI XapaKTepuCTHKU I
BUKOPHUCTAHHS B IporpamMax 30epiranss eHeprii. Pe3ynpraTti mokasyroTs, o 301UTbIIeHHs] KOHIEeHTpallii HaHodacTHHOK ZrO2/SiC 3 0,3 /1
1o 1,2 v/n npu nosxuHi XBwii ¢orona (=380 HM) 30UIBIIINIO NOITIMHAHHS NPUOIHM3HO Ha 83,7% 1 3MEHIIIIO IPOIYCKHY 3[aTHICTH Ha
81,2%. Kpim Toro, xomn koHueHtparis ZrQ2/SiC HaHOYaCTHHOK 3pOCTa€, TOTIIMHAHHS TaKOK 3pPOCTA€, M0 BKA3ye HA IMOKpAIICHY
qcrepciro Hanoduoinie. Kpim Toro, ko koHieHTpariss HaHodacTuHok ZrO2/SiC mocsirna 1,2 1/, eneKTponpoBiIHICTh HAHO(IIFOIIiB
Zr02/SiC-H20 nokparnimiacs Maibke Ha 74%, a yac MIaBICHHS CKOPOTHBCS 31 301TbIICHHSIM KOHIICHTpAaLlii HaHo4YacTHHOK ZrO2/SiC.
KarodoBi cnoBa: naxonuuysau enepeii; nanoghnioiou; nponyckanns, no2nuHanHs, NiaeneHHs
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Today, one of the most significant and widely used engineering fields is heat transfer science. Saving energy and increasing efficiency
are crucial given the need for energy management. Numerous sectors, including the cooling of machinery in power plants, the car
industry, electronic equipment, and heat exchangers, heavily rely on fluid heat transfer. Improved design and functionality of thermal
systems are made possible by increased heat transfer rate by fluids. This study presents the production, characteristics, and potential
uses of PEG/MgO/SiC-H20 nanofluids as superior heat transfer media. Results indicate that when the quantity of MgO/SiC
nanoparticles increased, the melting time reduced. Additionally, when the MgO/SiC NP concentration increased from 3 to 12 weight
percent after 15 minutes, the reduction in melting time reached 65.5%. Additionally, when the concentration of MgO/SiC NPs was
increased from 3 weight percent to 12 weight percent at photon wavelength (A=400 nm), the electrical conductivity of
PEG/MgO/SiC-H20 nanofluids increased by about 30.6%. At the same time, the absorbance increased by about 66.4% and the
transmittance decreased by 58.8%.

Keywords: Heat transfer, applications; nanofluids; saving energy; energy management

PACS: 64.75.Cd, 74.20.De, 78.66.Li, 78.66.Qn.

1. INTRODUCTION

Nanofluids have a lot of promise in a variety of disciplines, including solar applications where they can boost solar
water heaters' heat-transfer coefficients or increase the capacity of thermal energy storage systems, and refrigeration
where they can boost refrigeration systems' efficiency. Nanofluids have a lot of promise, but they aren't often used as
refrigerants or heat-transfer fluids (HTFs). However, during the last ten years, the application of nanofluids in solar heat
collectors has gained popularity [1-7]. One of the biggest obstacles to efficient heating or cooling is creating ideal
operating conditions. These systems' primary function is to accelerate the pace of heat or cold transmission via the use of
cutting-edge working fluids. However, when the use of transfer fluids is taken into account, a number of important
operating and maintenance requirements must be satisfied. The two categories of criteria known as physicochemical and
thermal properties define heat transfer fluids (HTFs), which are extensively employed in several industrial and consumer
applications. The most crucial physicochemical variables are kinematic viscosity, flash point, and pour point. The flow
in the system is determined by viscosity, and to guarantee that temperature gradients between the heat carrier and the heat
transfer surface are sufficiently minimal, a turbulent flow that has a Reynolds number exceeding 2100 in linear channels
with circular cross sections must be present [8—14].

Current developments in the research of nanofluids, including manufacturing techniques, the mechanism of
stability evaluation, stability enhancement procedures, thermophysical characteristics, and characterization of
nanofluids, were described by Ouabouch et al. in their article [15]. Additionally, the variables affecting thermophysical
characteristics were investigated. The evolution of the correlations utilized to forecast the thermophysical
characteristics of the dispersion was reported by Ali et al. [16]. Additionally, it evaluates how these sophisticated
working fluids affect nuclear reactor systems, air conditioning and refrigeration systems, and parabolic trough solar
collectors. The existing scientific knowledge gap is then presented to establish future research trajectories. The poor
thermal conductivity of the CuO/water nanofluid, which was caused by the spherical form of the CuO nanoparticles,
was addressed by Nfawa et al. [17] by adding a tiny quantity of magnesium oxide (MgO) nanoparticles to the nanofluid.
The thermal conductivity of a novel CuO-MgO/water hybrid nanofluid has been investigated at various volume
concentrations (0.125-1.25%) of 80 % CuO and 20% MgO nanoparticles suspended in water at various ranges of
temperatures from 25 to 50°C. The production, stability, and thermal conductivity of the MWCNTs-SiC/Water-EG
hybrid nanofluid were examined by Kakavandi and Akbari [18]. The nanoparticles were characterized using X-ray
diffraction (XRD) and scanning electron microscopy (SEM) techniques. DLS test was used to track nanofluid stability.
The DLS data showed that nanoparticles were present in the nanofluid. SiC and its nanocomposites are important in
fields of sensors, biomedical and electronics [19-29]. The synthesis, characteristics, and uses of PEG/MgO/SiC-H,O
nanofluids as superior heat transfer medium is discussed in this work.

7 Cite as: F.L. Rashid, A. Hashim, N. Al-Huda Al-Aaraji, and A. Hadid, East Eur. J. Phys. 1, 177 (2023), https://doi.org/10.26565/2312-4334-2023-1-22
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2. MATERIALS AND METHODS

The following materials were employed in this study: polyethylene glycol (PEG), magnesium oxide nanoparticles
(MgO NPs), and silicon carbide nanoparticles (SiC NPs). In 50 ml of distilled water, 1 g of PEG was dissolved. The
PEG/MgO/SiC-H,O nanofluids were created using MgO/SiC NPs at concentrations of 3%, 6%, 9%, and 12%.
PEG/MgO/SiC-H,O nanofluids' optical and electrical properties were investigated. Using a double beam
spectrophotometer (Shimadzu, UV-18000A) with a 200-1100 nm wavelength range, the optical characteristics of
PEG/MgO/SiC-H>0 nanofluids were examined. The analysis of the PEG/MgO/SiC-H»O nanofluids' melting properties
throughout the heating process is part of the thermal energy storage. PEG/MgO/SiC-H,0 nanofluids, whose temperature
can be adjusted from 35°C to 100°C with a stirrer, were utilized as the heat transfer fluid. A digital device was used to
measure the temperature of the nanofluids as they heated.

3.RESULTS AND DISCUSSION
Figures 1 and 2 show, at different concentrations of MgO/SiC NPs, the behavior of the absorbance and transmittance
spectra of PEG/MgO/SiC-H,0 nanofluids with photon wavelength. According to the figures, increasing the concentration
of MgO/SiC NPs from 3 weight percent to 12 weight percent at photon wavelengths (A=400nm) resulted in an increase
in absorbance of approximately 66.4% and a decrease in transmittance of 58.8%. This behavior can be useful in solar
collectors, heating and cooling systems. MgO/SiC NP concentration increases will result in higher absorbance, which
indicates improved nanofluid dispersion [30].
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Figure 1. Behavior of absorbance spectra of PEG/MgO/SiC-  Figure 2. Behavior of transmittance spectra of PEG/MgO/SiC-
H20 nanofluids with photon wavelength for various H20 nanofluids with photon wavelength for various
concentrations of MgO/SiC NPs concentrations of MgO/SiC NPs

The electrical conductivity (EC) of PEG/MgO/SiC-H,0 nanofluids varies with concentrations of MgO/SiC NPs, as
shown in Fig. 3. When the concentration of MgO/SiC NPs rose to 12 weight percent, the electrical conductivity of
PEG/MgO/SiC-H,O nanofluids improved by roughly 30.6%. The rationale is that the electrical conductivity of the
nanofluids depends significantly on the surface charges of nanoparticles [31].

The melting curves of PEG/MgO/SiC-H,O nanofluids are shown in Fig. 4. As the concentration of MgO/SiC
nanoparticles increased, the melting time decreased. PEG/MgO/SiC-H,0 nanofluids' decreased melting time for energy
storage is connected to improved thermal conductivity, which increases heat transfer[32-39]. When the amount of
MgO/SiC NPs increases from 3 weight percent to 12 weight percent within 15 minutes, the melting time is reduced by
65.5%, making the PEG/MgO/SiC-H>0 nanofluids beneficial in a variety of heating and cooling sectors.
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4.CONCLUSIONS

The category of HTFs that is now increasing and evolving the fastest is nanofluids. Their advantageous qualities
include the variety of base fluids and integrated nanoparticles, which results in a composition that can be adjusted based
on the need. From this research, the following findings might be made:

1. As the quantities of MgO/SiC nanoparticles increased, the melting time reduced.

2. When the MgO/SiC NP concentration increased from 3 weight percent to 12 weight percent after 15 minutes, the
reduction in melting time reached 65.5%.

3. When the concentration of MgO/SiC NPs rose to 12 weight percent, the electrical conductivity of PEG/MgO/SiC-
H>0 nanofluids improved by around 30.6%.

4. The concentration of MgO/SiC NPs was raised from 3 weight percent to 12 weight percent at photon wavelength
(A=400nm), resulting in an increase in absorbance of about 66.4% and a reduction in transmittance of 58.8%.
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HAHOPIIMHHU PEG/MgO/SiC-H:0 SIK YYJOBE TEIIVIOITEPEJAIOYE CEPEJIOBUIIIE:
CHUHTE3, BTACTUBOCTI TA 3ACTOCYBAHHS
®apxan Jlapra Pamma?, Axmen Xamim®, Hyp Aan-Xyna Aab-Aapamkic, Acinb Xaait
“Vuisepcumem Kepbanu, inscenepnuii koneoorc, gpaxynrbmem nagmosoi indicenepii, Ipax
bDaxyrvmem izuxu, Oceimuiii konedorc wucmux nayx, Basunoncoxuii ynisepcumem, Basunon, Ipax
cDaxynomem meduunoi gizuxu, xonedsic ynieepcumemy Ano-Mycmakban, Basunon, Ipax
4Tenapmamenm xepamixu ma 6ydieenvnux mamepianie, Koneooic inocenepii mamepianis, Basunoncokuil ynigepcumem, Ipax
Croroati oziHi€I0 3 HAWOUIBLI 3HAYYLIMX 1 IIMPOKO BUKOPUCTOBYBAHHX Tally3eil TEXHIKH € HayKa Mpo TEII0OOMiH. 3 Orjsigy Ha
notpedy B eHEProMeHeKMEHTI eKOHOMisl SHeprii Ta MiJABUIICHHsS e(SKTUBHOCTI € HAA3BHYAHO BaXKIMBHUMHU. YHCICHHI CEKTODH,
BKIIIOYAIOYH OXOJNO/DKCHHS MAIlMH Ha CJIEeKTPOCTAHIIAX, aBTOMOOUIbHY IPOMHCIIOBICTh, €JIEKTPOHHE OONaJHAHHSA Ta
TEIUIOOOMIHHHMKH, 3HAYHOIO MIipOI0 MOKJIAJAal0TECS Ha TEIIO00MiH pinmHOo. Ilokpamenuil 1u3aifH i QyHKIIOHANBHICTD TETIOBUX
CHCTEM CTaJli MOXJIMBHUMH 3aBISKH IIJBHINEHIH MIBHAKOCTI TEIUIONEpeAadi pimnHamMu. Y IbOMY MOCITIDKCHHI IPEACTaBICHO
BHUPOOHHUIITBO, XapaKTEPUCTUKH Ta MOTeHHilHe BukopucraHHs HaHopmoiniB PEG/MgO/SiC-H20 sk kpamoro TermiooOMiHHOTO
cepenoBuia. Pe3yibraTi OKa3yoTh, 1110 KOJIM KibKicTh HaHOuacTHHOK MgO/SiC 361bL1y€eThes, Yac IIaBjieHHs 3MeHIyeTbes. Kpim
Toro, ko konuentpauist MgO/SiC NP 36inpummnacst 3 3 1o 12 MacoBuX BiICOTKIB yepe3 15 XBHIIMH, CKOPOUCHHS Yacy IIaBJICHHS
nocsirae 65,5%. Kpim Toro, konu xoHueHTparis HaHouacTuHok MgO/SiC Oyuna 30unblieHa 3 3 BaroBMx BiICOTKIB 10 12 BaroBux
BiZICOTKIB Ha oBXuHI XxBuii A=400 HM, enexrponposiaHicts Hanodoinie PEG/MgO/SiC H20 3pocna npubnusso Ha 30,6 %. Y Toit
K€ Jac MOTIMHAHHSA 3p0cio mpubnm3Ho Ha 66,4 %, a mpoIrycKHa 34aTHICTE 3MeHIIIIacs Ha 58,8 %.
Ki11040Bi ci10Ba: meniooOMmin,; 3acmocy8ants; HaHoGA0ioU, eHepeo30epedcetHs,; eHepeoMEeHeOHNCMEHM
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Heat is transferred to the storage medium during the charging phase of thermal energy storage (TES), and then released during the
discharging phase. It may be used for industrial operations like metallurgical transformations or solar power facilities. Heat is stored
in materials that alter temperature, phase, or chemical composition in sensible, latent, and thermochemical media, respectively. Optimal
heat storage has a long history. This study investigates the optical and electrical properties of MgO/SiC-H20 nanofluids for applications
including thermal energy storage. Results indicate that when MgO/SiC NP concentrations were raised to 1.2 gm/L, absorbance rose by
approximately 66.9% and transmittance by about 54%. Additionally, the increase in MgO/SiC NP concentration will raise absorbance,
which indicates improved nanofluid dispersion. Additionally, when MgO/SiC nanoparticle concentrations approach 1.2 gm/L, the
electrical conductivity of nanofluids increases by roughly 49.2%, and the melting time reduces as the concentration of MgO/SiC
nanoparticles rises.

Keywords: Optical characteristics, electrical characteristics, nanofluid, energy storage

PACS: 47.35.Pq, 78.66.Li, 78.66.Sq, 78.67.Bf

1. INTRODUCTION

The enhanced thermal conductivity for a nanofluid containing copper in pump oil caused initial interest in nanofluids
as potential heat transfer fluids to spike, but this interest was later dashed after numerous research groups tested a variety of
available combinations of fluids and nanoparticles, primarily at room temperature. The bulk of the tests were done on water-
based fluids, which are among nature's finest at heat transmission because they have a good balance of high thermal
conductivity and low viscosity. The narrow temperature range of operation, high vapor pressure, and strong corrosiveness
of water are some drawbacks [1-5]. By processing and creating materials with average crystallite sizes below 100 nm, or
nanomaterials, nanotechnology opens up a new field of study. Quantum dots, carbon nanotubes, nanocomposites, and
nanocrystalline materials are only a few examples of the variety of substances that fall under the umbrella term
"nanomaterials" [6]. Chemical heat, latent heat, and sensible heat are the three components that make up the thermal energy
storage. Storage of thermal energy at the temperature of the solid-to-liquid phase transition is the foundation of latent heat
storage systems. This ability's essential function is to choose an exact (PCM) for a precise application based primarily on the
temperature of that material's melting range (change of phase) (PCM). Because of the right characteristics of paraffin, such
as stability, noncorrosiveness, and nontoxicity, it may be regarded as a great alternative for PCM use. The low heat
conductivity of paraffin is a drawback to utilizing it as PCM. According to definitions given by experts [7-12], thermal
energy storage is the temporary storing of thermal energy at any temperature (i.e., both low and high).

New kind of nanocomposites created by Hazim et al. [13] might be regarded promising materials for a variety of
electrical and optical applications, including solar cells, sensors, electronics gates, transistors, lenses, lasers, etc. Different
quantities of polymethylmethacrylate (PMMA), aluminum oxide (Al,O3) nanoparticles, and silver (Ag) nanoparticles
were used to create the nanocomposites. An outline of the development of the usage of nanofluids in several applications
was provided by Tawfik [14]. In accordance with this contribution, further research on the fundamentals and applications
of nanofluids is urgently needed in order to comprehend the physical processes involved in employing nanofluids and to
investigate many facets of their uses. Rasheed et al [15] thorough comparison of hybrid nanofluids and traditional forms
of nanofluids provided a thorough grasp of the benefits of the latter. According to the findings that have been made public,
hybrid nanofluids with improved thermal characteristics hold out hope for improved solar thermal PV/T system
performance.

Verma and others [16] presented a clear and succinct review that concentrated on the mechanism and function of
the optical characteristics of nanomaterials in enhancing absorptance or extinction coefficients from the solar spectrum.
Polyvinyl alcohol (PVA), polyethylene oxide (PEO), and copper oxide (CuO) nanocomposites were created by Hashim
et al. [17] and their structural and optical characteristics for use as humidity sensors were explored. Several studies on
nanocomposites of SiC doped organic material to utilize in many applications such as biomedical, electronics and sensors
[18-27]. In this research, MgO/SiC-H,O nanofluids are prepared, and their optical and electrical characteristics are studied
for applications in thermal energy storage.
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2. MATERIALS AND METHODS

Silicon carbide and magnesium oxide nanoparticles (MgO NPs) were the materials employed in this study (SiC
NPs). The nanofluids were made using MgO/SiC NPs at varied concentrations of 0.3 gm/L, 0.6 gm/L, 0.9 gm/L, and 1.2
gm/L. Researchers looked at the optical and electrical characteristics of MgO/SiC-H,O nanofluids. Shimadzu's
UV-18000A double beam spectrophotometer is used to test the optical characteristics of MgO/SiC-H,O nanofluids from
200 to 1000 nm. Analyzing the MgO/SiC-H,O nanofluids' melting properties throughout the heating process is part of
the thermal energy storage. The MgO/SiC-H,O nanofluids, whose temperature can be adjusted from 40°C to 100°C with
a stirrer, were utilized as the heat transfer fluid. A digital device was used to monitor the temperature of the nanofluids
while they were being heated.

3. RESULTS AND DISCUSSION

Figures 1 and 2 show, at various concentrations of MgO/SiC NPs, the absorbance and transmittance spectra of
MgO/SiC-H,0 nanofluids with photon wavelength. By increasing the concentration of MgO/SiC NPs to 1.2gm/L, these
figures showed that the absorbance rose by approximately 66.9% and the transmittance reduced by around 54%. The
MgO/SiC-H,0 nanofluids have a greater absorption at UV spectrum, making them potentially useful in a variety of
renewable energy areas, including solar collectors, energy storage, and heating and cooling systems. Increased
absorbance, which corresponds to enhanced nanofluid dispersion, will be caused by an increase in MgO/SiC NP
concentration [28].

3 ] —+—0.3gmiL 0.8
1 —=—0.6 gm/L o
2.5 ——0.9 gm/L -7
1.2 gmiL 0.6 ]
2 B
= s S S S A s 0.5 ]
z N W o f"i %
K g
g £ 04 -
2 £
S 2 03}
2 s ——0.3gmiL
< L 4
0.2 - —=—0.6gm/L
——0.9 gmiL
0.1 4
1.2gmiL
0 : , ; . o
200 400 600 800 1000 0 T r r )
200 400 600 800 1000

Wavelength(nm) Wavelength(nm)

Figure 1. Absorbance spectra of MgO/SiC-H20 nanofluids Figure 2. Transmittance spectra of MgO/SiC-H20 nanofluids
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The association between MgO/SiC NP concentrations and electrical conductivity of MgO/SiC-H,O nanofluids is
shown in Fig. 3. Due to an increase in the quantity of charge carriers[29,30], the electrical conductivity of nanofluids
increases by roughly 49.2% when the concentration of MgO/SiC NPs reaches 1.2 gm/L.

The melting curves of the MgO/SiC-H,0 nanofluids are shown in Fig. 4. As the quantities of MgO/SiC nanoparticles
increase, the melting time reduces. Due to improved thermal conductivity, MgO/SiC-H,O nanofluids may melt more
quickly in energy storage applications, increasing heat transmission [31-39]. When the concentration of MgO/SiC NPs
increases from 0.3 gm/L to 1.2 gm/L within 15 min, the gain in melting time reaches 45%. As a result of this behavior,
MgO/SiC-H,0 nanofluids may be thought of as a key for heating and cooling systems.
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nanofluids with concentrations of MgO/SiC NPs.
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4. CONCLUSION

This study examines the optical and electrical properties of MgO/SiC-H,O nanofluids for applications in thermal
energy storage. This research allows us to reach the following conclusions:

1. When the concentration of MgO/SiC NPs was raised to 1.2 gm/L, the absorbance rose by approximately 66.9%
and the transmittance by about 54%.

2. As the MgO/SiC NP concentration increases, the absorbance rises, indicating improved nanofluid dispersion.

3. When the concentration of MgO/SiC NPs increased to 1.2 gm/L, the electrical conductivity of nanofluids
increased by roughly 49.2%.

4. As the concentration of MgO/SiC nanoparticles increases, the melting time reduces.

5. When the concentration of MgO/SiC NPs increases from 0.3 gm/L to 1.2 gm/L after 15 minutes, the gain in
melting time reaches 45%.
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JOCJIIPKEHHSA OIITUYHUX TA EJIEKTPUYHUX XAPAKTEPUCTHK HAHOPIJIMHU MgO/SiC-H20
JJIsI 3SBEPITAHHSI TEILIOBOI EHEPTTI
®apxan Jlagra Pamna?, Axmen Xammum®, M.X. A66act, Aciab Xazgi¢
“Vuigepcumem Kepbanu, Inocenepnuii konedoc, /lenapmamenm nagpmosoi indcenepii, Ipax
bDaxyrvmem izuxu, Oceimuiii konedorc wucmux nayx, Basunoncoxuii ynisepcumem, Basunon, Ipax
‘Kagheopa meouunoi hisuxu, Yrieepcumemcokuii konedoc Ano-Mycmaxban, Basunon, Ipax
dKagedpa xepamixu ma 6yoieenvrux mamepiaiis, Koneodic indicenepii mamepianis, Basunoncokuil yniepcumem, Ipax
Terno mepenaeTbCs HAKONMYYBaJbHOMY CepeNoBHILy min 4ac ¢asu 3apsaku HakomuuyBaua TermoBoi eneprii (TES), a mortim
BUINAETBCS M uac (asu po3psaakd. MOro MoXHa BMKOPHCTOBYBATH I NPOMHCIOBHX OIEpAIii, TAKHX SK MeTamypriiui
MEPETBOPEHHsI 200 COHMYHI eNeKkTpocTaHilii. Temno 30epiraeThcs B MaTepialiaX, siKi 3MiHIOIOTh TEMIIEPATYPY, Pa3y ado XiMIUHUIA CKIa
BIZINIOBIZIHO y UyTJIMBOMY, JJATEHTHOMY Ta TEPMOXIMIYHOMY cepefoBumax. OnruManbHe 30epiraHHs Telula Mae JOBTY icTopito. Y
ILOMY JOCIIIKEHHI ONMCAHO AOCTIIPKSHHS ONTHYHUX 1 eeKTPUYHUX BiIacTuBocTel HaHOQuoiniB MgO/SiC-H20 st 3actocyBaHs,
BKITIOYAI04H 30epiraHHs TeIIoBoi eHeprii. Pe3ynpTaTi mokasyroTs, mo ko koHnenTpamii MgO/SiC NP 6ynu migsumeni o 1,2 r/m,
abcopbuis 3pocma mpubIM3HO HA 66,9 %, a mpomyckHa 3xaTHiCTs npuOMM3HO Ha 54 %. Kpim TOro, 30inbIIEHHS KOHIEHTpALil
HanoyacTHOK MgO/SiC 306inbIIUTh MOTJIMHAHHS, 10 BKa3y€ Ha MMOKpauleHy aucrepcito Hano¢uoinis. Takox, Konu KOHLEHTpaLil
HaHoyacTHHOK MgO/SiC HabnmxawoTbest 10 1,2 1/11, enekTponpoBiaHicT HaHO(UIIOIAIB 301mbLIy€eThCs PHOIU3HO Ha 49,2 %, a yac
TUIABJICHHS CKOPOYYETHCSI 31 301IbIICHHAM KOHIeHTpawil HanoyacTuHOK MgO/SiC.
Kuro4oBi ciioBa: onmuuni xapakxmepucmuxu, el1eKmpuyHi XapaKmepucmuKu, HaHOPiOUHA, HAKONUYEHHS eHepail
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Polymeric nanocomposites have drawn a lot of interest when it comes to innovative materials because of their enhanced optical,
electrical, and magnetic properties. These materials have a high rising modulus, are flame resistant, and may also halt oxidation and
agglomeration. These improvements in properties are related to interactions between nanoparticles and polymers. The addition of
nanoparticles to polymers prolongs their life, changes their surface via passivation defect levels, and provides low cost, simple device
manufacture, as well as adjustable electrical and optical properties. This study examines the properties and potential uses of
nanofluids made from inorganic nanostructures doped with PEG. The results demonstrate that when the concentration of ZrO2/SiC
NPs increased to 12wt%, the electrical conductivity of nanofluids increased by roughly 43.6%. Additionally, when the concentration
of ZrO»/SiC nanoparticles increases, the melting time reduces. Additionally, when the concentration of ZrO2/SiC NPs increases from
3 weight percent to 12 weight percent within 15 minutes, the growth of melting time reaches 51.2%, and the absorbance increases by
approximately 80.3% while transmittance decreases by about 82.5%.

Keywords: nanocomposites; inorganic nanostructures; PEG, energy storage

PACS: 68.03.Kn, 78.66.Li, 78.66.Nk, 82.35.Np.

1. INTRODUCTION

The past few years have witnessed a huge increase in interest in nanotechnology since miniaturization and
nanomaterials are often predicted to be the key to a sustainable future. In this regard, a significant portion of the
scientific community is currently concentrating on a very difficult and pertinent research area, which is the synthesis of
novel nanostructured hybrid materials capable of absorbing the photonic energy from sunlight with the intention of
converting it into electrical or chemical energy. Whereas, substantial study on the use of solar energy has been sparked
by rising worries about energy and environmental issues. Among these, several methods for employing semiconductor
photocatalysts to degrade organic dyes and/or produce photocatalytic hydrogen for fuel cells are investigated [1-4].
While electrical features are designed to know conveyance of the fee widespread presence in these compounds, optical
qualities are intended to be anti-reflective, getting polarization characters and greater reflection. The dopant addition
will customize the polymer matrix-based polymers' electrical and optical characteristics. Additionally, the outstanding
qualities of inorganic compounds, such as thermal resistance, heat strength, and high strength, can be combined with the
advantages of polymer fabrics, such as nice moldability, high power, and durability, to create composite materials,
which require high strength and chemical resistance. The electrical, magnetic, mechanical, optical, and thermal
properties of nanofillers can be enhanced by incorporating organic and inorganic materials into their structures.
Nanofillers can be used in a wide range of applications, such as the production of tissue, filters, catalysis, scaffolds,
wound dressing, and sensors [5—11].

Phase change materials (PCMs) based on poly(ethylene glycol) 400 gmoll and nano-enhanced by either carbon
black (CB), a raw graphite/diamond nano mixture (G/D-r), a purified graphite/diamond nano mixture (G/D-p), or nano-
Diamond nano powders with purity grades of 87% or 97% were presented by Cabaleiro et al (nD87 and nD97,
respectively). In order to create PEG/MgCaCOs as a ss-PCM, MgO-CaCO; matrices were first constructed and
examined by Zahir et al. [13]. PEG-5MgCaCO; (P-5-MCC), PEG-10MgCaCOs (P-10-MCC), and PEG-15MgCaCOs3
samples were detected in the samples (P-15-MCC). A technique for the manufacture of gelatin-stabilized copper oxide
nanoparticles was created by Gvozdenko et al. [14]. The process of synthesis used direct chemical precipitation. For the
manufacture of copper oxide, copper sulfate, chloride, and acetate were employed as precursors. As a stabilizer, gelatin
was utilized. It was discovered that only when copper acetate was utilized as a precursor would monophase copper
oxide II develop. The addition of SiCto polymers has many applications in various approaches like electronics
sensors and biomedical [15-21]. This study examines the properties and potential uses of nanofluids made from
inorganic nanostructures doped with PEG.

2. MATERIALS AND METHODS
This study made use of polyethylene glycol (PEG), zirconium oxide nanoparticles (ZrO, NPs), and silicon carbide
nanoparticles as its raw materials (SiC NPs). After dissolving 1 gram of PEG in 50 milliliters of distilled water, we were

7 Cite as: A. Hashim, F.L. Rashid, M.H. Abbas, B.H. Rabee, East Eur. J. Phys. 1, 185 (2023), https://doi.org/10.26565/2312-4334-2023-1-24
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able to create the PEG-H2O fluid. The various concentrations of ZrO,/SiC NPs that were used in the fabrication of the
nanofluids are 3%, 6%, 9%, and 12%. PEG/ZrO,/SiC-H,O nanofluids had their optical and electrical characteristics
investigated as part of this study. The double beam spectrophotometer (Shimadzu, UV-18000A) with a wavelength
range of (200-1000) nm is used to analyze the optical characteristics of the PEG/ZrO,/SiC-H,O nanofluids. The
technique of assessing the melting features of PEG/ZrO,/SiC-H,0O nanofluids during the heating process is included in
the thermal energy storage. The PEG/ZrO,/SiC-H,0 nanofluids were used as the heat transfer fluid. The temperature of
the heat transfer fluid can be varied from 35 degrees Celsius to 100 degrees Celsius using a stirrer, and a digital device
was used to measure the temperature of the PEG/ZrO,/SiC-H,O nanofluids while they were being heated.

3.RESULTS AND DISCUSSION

For various concentrations of ZrO,/SiC NPs, the absorbance and transmittance spectra of PEG/ZrO,/SiC-H,O
nanofluids are shown in Figs. 1 and 2, respectively. These graphs showed that when ZrO,/SiC NP concentrations
climbed from 3 weight percent to 12 weight percent, absorbance increased by around 80.3% and transmittance reduced
by about 82.5%. The PEG/ZrO,/SiC-H,O nanofluids exhibit increased UV absorption, making them potential
nanofluids for use in a variety of renewable areas, including solar collectors, energy storage, and heating and cooling
systems. The absorbance, which alludes to greater nanofluid dispersion, will grow when ZrO,/SiC NP concentration
rises [22].
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The association between the concentrations of ZrO,/SiC NPs and the electrical conductivity of PEG/ZrO,/SiC-
H,O nanofluids is shown in Fig. 3. When ZrO,/SiC NP concentrations approach 12 weight percent, the electrical
conductivity of nanofluids increases by roughly 43.6%, which is caused by an increase in the number of charge
carriers[23]. The melting curves of PEG/ZrO,/SiC-H>O nanofluids are shown in Fig. 4. As the concentration of
Zr0,/SiC nanoparticles increases, the melting time reduces. PEG/ZrO,/SiC-H,0O nanofluids' reduced melting time for
energy storage applications is owing to improved thermal conductivity, which increases heat transfer[24—32]. When the
concentration of ZrO,/SiC NPs increases from 3 weight percent to 12 weight percent within 15 minutes, the increment
in melting time reaches 51.2%. As a result of this behavior, PEG/ZrO,/SiC-H,0O nanofluids may be thought of as a key
for heating and cooling systems.
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4.CONCLUSIONS

Because of its simpler construction process and ability to easily control the properties of polymer electrolytes by
altering the blended polymer composition, polymeric blends may have a more beneficial impact. The following list of
potential consequences follows:

1.When the concentration of ZrO,/SiC NPs increased to 12 weight percent, the electrical conductivity of
nanofluids increased by around 43.6%.

2. As the concentration of ZrO,/SiC nanoparticles increases, the melting time reduces.

3. When the concentration of ZrO,/SiC NPs increases from 3 weight percent to 12 weight percent within 15
minutes, the increment in melting time reaches 51.2%.

4. As the concentration of ZrO,/SiC NPs rose from 3 weight percent to 12 weight percent, the absorbance
increased by approximately 80.3% and the transmittance dropped by about 82.5%.

5. The increase in ZrO,/SiC NP concentration will result in a higher absorbance, which indicates improved
nanofluid dispersion.
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NPUT'OTYBAHHSA HAHOPIJIMH 3 HEOPTAHIYHUX HAHOCTPYKTYPJIIETOBAHUX IIET:
XAPAKTEPUCTHUKM TA 3ACTOCYBAHHSI /111 3BEPITAHHS EHEPITI
Axmen Xamum?, @apxan Jlapra Pauma®, M.X. A66ac, Baxaa X. Pa6i®
“@akynomem ¢hizuxu, OceimHill Ko1OHC YUCmMUX Hayk, Basunonucokuil ynisepcumem, Basuion, Ipak
bVuisepcumem Kepbanu, inoicenepruii xonedaic, gpaxyromem naghmosoi inocenepii, Ipax

“Kaghedpa meduunoi ¢hizuxu, konedc ynisepcumemy Anv-Mycmaxban, Basuion, Ipax
[MoniMepHi HAHOKOMITO3UTH BUKJIMKAIOTh BEIUKHUH IHTEpEeC, KOJIM MOBA 3aXOAUTh PO iHHOBALiHI MaTepiany dyepe3 IXHi MOKpalieHi
OINTHYHI, €JIEKTPUYHI Ta MarHiTHI BiactuBocti. L{i Marepiaan MalOTh BUCOKHH MOMYJb 3pOCTaHHS, BOTHECTiHKI, a TAKOX MOXYTh
3YNUHUTH OKHUCICHHS Ta ariomepauito. L[i mokpaiieHHs BIAacTHBOCTEH IIOB’si3aHi i3 B3a€MOMIEI0 MK HAaHOYACTHHKAMU Ta
nosiMepaMu. JlojaBaHHsT HAHOYACTHHOK 0 MOJTIMEPiB MOJOBKYE X KUTTS, 3MIHIOE TXHIO TIOBEPXHIO uepe3 piBHI JedeKTiB macuparil
Ta 3abe3nevye HU3bKY BapTiCTh, MPOCTE BHUTOTOBJICHHS MPUCTPOIB, @ TAKOXK PETYIbOBaHI €NEKTPHYHI Ta ONTHYHI BIACTHUBOCTi. Y
LBOMY JIOCIHIPKEHHI PO3TJISIAIOTHECS BIACTUBOCTI Ta MOTEHIIMHE BUKOPUCTAHHA HAHO(DIIOINIB, BHTOTOBICHHX 3 HEOPraHIYHUX
HaHOCTPYKTYD, JieroBanux PEG. Pe3ynbraTti JeMOHCTPYIOTH, IO KOJIM KOHIEHTpamis HaHoyacTHHOK ZrO2/SiC 3pocna o 12 mac.%,
SJICKTPOIIPOBIIHICTs HAaHOQUIIOINIB 3pocia mpubmm3Ho Ha 43,6 %. KpiMm Toro, xomm KoHIEHTpamis HaHodacTmHOK ZrO2/SiC
301TBIIYETHCS, Yac TUIABJICHHS CKOpPOUyeThes. KpiM TOro, Koiu KoHIEHTpallis HaHodacTUHOK ZrO2/SiC 3611bIIyeThes 3 3 BaroBux
BIZICOTKIB 0 12 BaroBUX BiJCOTKIB MPOTArOM 15 XBWIHMH, 30UIbIICHHS dYacy IUIaBlieHHsA pgocsrae 51,2 %, a MOrIMHAHHS
30iblIyeThes npubinsHo Ha 80,3 %, TOAI K MPOIYCKHA 34aTHICTh 3MEHIIY€EThCS PUOIU3HO Ha 82,5 %.
KurouoBi ciioBa: nanoxomnosumu,; neopeaniuni nanocmpykmypu, IIEL; 30epieanns enepeii
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In the research electrochemical deposition technique was use in deposition of undoped SrS and doped SrS with silver were 0.01 mol
of thioacetamide (C2HsNS), 0.1 mol of strontium chloride hexahydrate (SrCl2-6H20), and 0.01 mol of silver nitrate (AgNO3) were
utilized as the cationic, anionic, and dopant concentrations. The XRD spectra of the SrS and SrS doped silver showed prominent
crystalline peaks at angles 0 26.69°, 37.97°, 51.39°, and 65.56° for StS and 26.42°,33.42°,37.98°, and 51.32° for SrS/Ag, respectively,
with corresponding diffraction planes (111), (112), (200), and (211). However, the diffraction pattern shows that the peak intensity
increases as the deposition voltage increases. The undoped SrS material morphology has a clove-like substance with precipitate; the
large nano grain on the substrate's surface exhibits photon absorption but shows no traces of pinholes. When doped SrS is deposited at
various precursor voltages, it forms uniform surfaces devoid of pinholes. The cell also penetrates the substrate being used for the
deposition, as seen by the elemental makeup of the films. It was observed that SrS/Ag at 10V and 12V had little precipitate on the
surfaces; this is because a carbon electrode was utilized, which tends to react with electrolyte at low voltages but does not do so at
14 V. The films show that when the deposition voltage increased, the electrical resistivity decreased from 1.42x10° to 1.37x10° Q-m
and the thickness decreased from 125.02 to 123.025 nm. This further led to an increase in conductivity from 7.04x10% to 7.29x108 S/m.
It was discovered that the absorbance decreases as the electromagnetic radiation's wavelength grows and the deposition voltage rises.
According to research done on the deposited material, its energy bandgap lies between 1.55 and 2.51 eV.

Keywords: Undoped SrS; bandgap energy; XRD; SEM; EDX

PACS: 42.55.Rz, 42.70.Qs, 87.64.Dz, 78.70.Dm, 83.85.Hf

1. INTRODUCTION

The current century has seen a fast increase in the need for non-stop, renewable energy sources and energy storage
technologies [1]. Growing interest in solar cells and photovoltaic devices, which can replace and, if possible, outperform the
inefficient systems of energy storage devices currently in vogue, is a result of the pressing demand for effective energy
storage devices [2]. As a result, nano scientists and engineers have been working diligently over the years to create some
trustworthy wide-bandgap metal chalcogenide that will lower the risk of exposure to harmful elements while also reducing
the overall shortfall of energy consumption [3]. Transition metals have gained significant interest in the search for materials
with strong potentials for electrochemical energy storage devices [4—7], as evidenced by the sharp rise in the number of
studies on these metals in recent years [8]. Their stronger redox chemical valences for use in photovoltaic solar cells are one
important factor that could have caused this. Due to their numerous existing applications, the SrS metal has been viewed as
the most appealing over time. A substance with intriguing physical, chemical, and optoelectronic applications is strontium
sulphide semiconductor. Materials made of strontium sulphide are used in anti-reflection coatings, temperature controllers
in satellites, microelectronic devices, photoconductors, magnetic sensors, gas sensors, solar cells, interference filters,
superconducting films, infrared (IR) detectors, polarizers, decorating, and anti-corrosive coatings [8—11].

In each of these applications, a semiconductor-based optoelectronic device is an essential part of the system. One of
the key advantages of semiconductor devices is their compact design. A typical edge-emitting laser, for instance, measures
roughly 500x250x100 m>. A single wafer can be used to manufacture thousands of these devices. As a result, these
coherent radiation sources are incredibly tiny even when packaged [15]. Gas lasers, for example, cannot be compared to
semiconductor lasers in terms of size, modulation rates, application variety, or power consumption. Furthermore,
semiconductor devices can be specifically tailored to meet the requirements of a given application by simply altering the
composition of the several layers that make up the structure [16]. Out of all the purposes mentioned above, the usage of
semiconductor devices in telecommunications has the biggest impact on how people live today. The extensive research
and development that went into developing semiconductor devices for light emission and detection is what gave rise to
these capabilities [17].
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Optical communications led to improvements in optoelectronics, such as the development of avalanche photodiodes,
vertical-cavity surface-emitting lasers, semiconductor optical amplifiers, and optical modulators. Carrier-photon
interactions are researched in the context of designing efficient and high-performance emitters and detectors. We
suggested talking about how different metal dopants, the concentration of precursors, the temperature of precursors, and
the voltage of the deposition with a time constant can change the semiconductor band structure to improve device
attributes. Optoelectronic devices are widely used in a variety of applications nowadays and are widely available. Some
of the parts of these devices include photo-detectors, optical amplifiers, and optical modulators, in addition to sources
like light-emitting diodes (LEDs) and laser diodes. With the aid of these tools, photons may be produced, modulated,
detected, and switched just like electrons in an electrical circuit [18].

Wide-gap semiconductors are necessary for modern optoelectronics because of their higher conductivity and
transparency, according to Masaya et al. in (2021) [19]. The development of high-performance transparent electronic
devices is significantly constrained by the major technological drawbacks of p-type transparent conducting materials,
despite the fact that n-type TCMs have had tremendous success. In the current study, we hypothesize that the hybrid
functional approach can produce transparent ambipolar conducting in SrS. A newly developed and incredibly effective
electroluminescent phosphor material, Sey-Shing, (2019) SrS/Cu, was produced [20]. The EL characteristics of SrS/Cu
can be varied by altering the co-dopant material. True blue is displayed by SrS/Cu devices that have been co-doped with
Ag, but cyan is displayed by SrS/Cu thin film EL devices that have only been singly doped, with varying between 0.27
and 0.32 SrS/Cu, Ag has a significantly higher luminous efficiency than existing blue EL phosphors like (SrCa)Ga2S4/Ce
and blue filtered SrS/Ce, ranging from 0.15 to 0.24 Im/W, when the hue is matched. It is projected that the color and
brightness performance of the following generation of color TFEL displays will improve once SrS/Cu, Ag is put into
production. The SrS/Ce phosphor was produced through solid-state diffusion, according to Vijay et al. in 2020 [21].
Powder X-ray diffraction, transmission electron microscopy, thermogravimetric analysis, and photoluminescence spectra
were used to assess the product's properties. Photoluminescence spectra were also used to check the product's optical
properties. Thermoluminescence and electron spin resonance investigations have also been conducted on the SrS/Ce
phosphor. The broad TL glow curve exhibits three unique peaks, two of which are strong peaks at 137 and 275°C and
one of which is a shoulder at 362°C. There are two defect centers visible at ambient temperature. One of them has an
isotropic g-value of 2.0039, indicating that it belongs to a F+ center. There may be a connection between the F+ center
and the 137°C TL peak.

Numerous research teams have reported their success in growing thin films using a range of techniques, including
spray pyrolysis, solvothermal synthesis, ion beam assisted coating, chemical bath deposition, DC magnetron sputtering,
spray pyrolysis, vacuum evaporation, thermal evaporation, SILAR, molecular beam epitaxy, and electrodeposition. In the
current experiment, SrS and SrS/Ag material was deposited at room temperature using the electrodeposition approach
since it offers comparative advantages over other methods in terms of economy, convenience, and ability to deposit vast
regions of films [15-21]. It is extensively used to deposit different metal chalcogenides and is regularly employed with
electrically conductive materials such conductive polymers, alloys, and metals. On the surface of the substrate,
homogeneous deposits are produced by managing the rate at which precipitates emerge from the solution. Simple growth
control in terms of thickness, rate of deposition, and film quality is additionally made possible by modifying the pH,
temperature, deposition voltage and concentration of the solution bath. Dopants attempt to change the electrical, optical,
and electronic properties of semiconducting materials [12-14].

Silver was used as a dopant to increase the conductivity of the material by reducing the energy needed for electrons
to go from the valence band to the conduction band. The investigation's findings present materials that are suitable for
usage in optoelectronic and solar cell applications.

2. EXPERIMENTAL DETAIL

Chemicals that have been evaluated analytically are purchased and used without further purification. FTO
conductive glass served as the substrate. The substrates underwent acetone and methanol immersion, distilled water
washing, and a 30-minute treatment with an ultrasonic bath in acetone. After being cleansed in distilled water, they were
baked to dry. Thioacetamide (C,HsNS), 0.1 mol of strontium chloride hexahydrate (SrCI12.6H20), and 0.01 mol of silver
nitrate (AgNO3) were utilized as the cationic, anionic, and dopant concentrations. The films were deposited using the
electrochemical deposition process. The electrochemical apparatus had a bath that included distilled water, 20 ml of each
cationic and anionic precursor, and a 100 ml beaker. The cathode and anode materials were fluorine-doped tin oxide and
carbon, and direct current voltage was generated by the power supply. The chamber has three electrode configurations: a
working electrode, an electrode made of silver-silver chloride (Ag/AgCl), which serves as the reference electrode, and
platinum mesh as the positive electrode. For all depositions, the fluorine-doped tin oxide substrate was positioned
perpendicular to the chamber, including the counter and reference electrodes. For 10 seconds, the synthesis was conducted
at a potentiostat setting of 200 mV against SCE. As a result, the synthesized films were cleaned and dried. The target
materials, which consist of equal amounts (20 ml) of strontium chloride, thioacetamide, and 10 ml of silver nitrate
solutions, were metered into the beakers during the deposition process. After the syntheses, the films were heated and
annealed for 30 minutes to remove concentrated tensions under a variable voltage supply of 10V to 14V. By adding 10 ml
of 0.01 mol of silver nitrate to the electrochemical bath, the silver nitrate dopant was introduced. The samples were
collected at pH levels of 7.0 and room temperature. Scanning electron microscopy, DW-XRD 2700A X-ray diffractometer



191
Influence of Deposition Voltage on Strontium Sulphide Doped Silver for Optoelectronic... EEJP. 1 (2023)

with Cu-Ka line (A = 1.54184 A) in 260 range from 10° - 80°, a four-point probe (Model T345), and a UV-1800 visible
spectrophotometer was used to characterize the prepared SrS and SrS/Ag films for their surface morphological, structural,
elemental, electrical, and optical properties.

3. RESULTS AND DISCUSSION
3.1. XRD study of SrS and SrS doped silver at various deposition voltages for optoelectronic application

L e S1S/Ac 14V The XRD spectra of the SrS and SrS doped silver thin films
1920 |- 9 %] in Figure 1 showed prominent crystalline peaks at angles of
1a40 |- ] 26.69°, 37.97°, 51.39°, and 65.56° for SrS and 26.42°, 33.42°,

37.98°, and 51.32° for SrS/Ag, respectively, with corresponding
diffraction planes (111), (112), (200), and (211).
i e However, the diffraction pattern shows that the peak
—— SrS/Ag 12V . . . .. .

= intensity increases as the deposition voltage increases. Cell
shrinkage may result from interstitial cation or solvent molecule
removal, a rise in the precursor molecules' deposition voltage, or
both. The crystallite of SrS and SrS doped silver thin films was
identified using Debye Scherrer's formula;

960 B

KA
" Bcos(9) M
B |iprilstine- Where @ is Bragg’s angle, B is FWHM, 4 is the X-ray
-~ wavelength, K = 0.94, and D is the crystallite size.
1890 ~ S ] Important factors like crystallite size and d-spacing are
1260 - \r N Al summarized in Table 1. As the deposition voltage rises, the size
630 | . of SrS and SrS-doped silver crystallites also rises. Due to the
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2 theta (degree)

restriction of crystallite motion at the interface between the
dopant and host crystallite brought on by stress generation, the

doped SrS has a smaller value of crystallite size than the
Figure 1. XRD spectrum undoped SrS.

N

Table 1. Structural parameters of SrS and SrS/Ag

Samole 20 d (spacing) Lattice ) (bi) Grain %fi‘s’i"ta“‘;“

P (degree) A constant () FWHM Size(D) nm I Y
ines/m

SIS pristine 26.6971 33360 5.7781 01851 111 7.6958 5.1445
37.9741 23672 47345 01851 112 7.9188 49700

51.3944 1.7762 3.5524 0.1851 200 8.3100 4.8648

65.5611 1.4225 3.1809 0.1851 211 8.9066 4.3940

SrS/Ag 10V 26.4226 3.3700 5.8371 0.3840 111 3.7089 2.2143
33.5574 2.6680 5.3361 0.3840 112 3.7713 2.1417

37.9823 2.3667 4.7335 0.3840 200 3.8186 2.0890

51.3258 1.7784 3.9767 0.3840 211 4.0060 1.8982

SrS/Ag 12V 26.4226 3.3700 5.8371 0.4136 111 3.4433 2.2148
33.5574 2.6680 5.3361 0.4136 112 3.5013 2.1421

37.9823 2.3667 4.7335 0.4136 200 3.5452 2.0894

51.3258 1.7784 3.9767 0.4136 211 3.7191 1.8986

SrS/Ag 14V 26.4226 3.3700 5.8371 0.3616 111 3.9384 1.9639
33.5574 2.6680 5.3361 0.3616 112 4.0046 1.8994

37.9823 2.3667 4.7335 0.3616 200 4.0549 1.8527

51.3258 1.7784 3.9767 0.3616 211 4.2538 1.6835

3.2. Surface morphology of SrS and SrS doped silver at various deposition voltages for optoelectronic application

The surface morphology of undoped and doped SrS materials is shown in Figure 2. The undoped SrS material
morphology can be seen in the micrograph as clove-like substance with precipitate; the large nano grain on the substrate's
surface exhibits photon absorption but shows no traces of pinholes.

When doped SrS is deposited at various precursor voltages, it forms uniform surfaces devoid of pinholes. The cell
also penetrates the substrate being used for the deposition, as seen by the elemental makeup of the films. It was observed
that SrS/Ag at 10V and 12V had little precipitate on the surfaces; this is because a carbon electrode was utilized, which
tends to react with electrolyte at low voltages but does not do so at 14 V. In contrast to other nanoparticles, the SrS/Ag at
14 V is devoid of precipitation, and the nanoparticle is clearer. The material that was deposited will make a good candidate
for photovoltaic and other applications due to its surface shape. The elemental composition of StS that has not been doped
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and SrS that has been doped with silver is shown in Figure 3 and Table 2. The spectrum clearly demonstrates that Sr, S,
and Ag were present on the substrate, and the presence of other elements on the spectrum is due to the use of the FTO
substrate, which contains additional elements, as the substrate for the deposition.

SM: RESOLUTION SEM MAG: 100 kx L MIRA3 TESCAN
View fisid: 2.08 pm WD: 4.98 mm 500 nm
Det: In-Beam SE | Date(mvaly): 1011222 University of Cape Town

SrS/Ag 14V

SEM MAG: 100 kx| MIRAS TESCAN
WD: 4.94 mm 500 nm 1 o8 :

Date(midiy): 10112722 sity of Cape Town

Figure 2. SEM micrograph of SRS/Ag
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Figure 3. SrS and SrS/Ag EDX plots

Table 2. EDX spectra atomic weight percentages of the constituent elements.

Strontium Sulphide Strontium Sulphide doped Silver
Component Atomic Weight (%) Component Atomic Weight (%)

Strontium 54.07 Strontium 58.30
Sulphide 24.01 Sulphide 19.08
Silicon 12.01 Silicon 10.0
Calcium 6.99 Calcium 3.60
Oxygen 3.01 Oxygen 2.00

- - Silver 7.02
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3.3. Electrical study of SrS and SrS/Ag for optoelectronic application

The electrical analysis of silver-doped and undoped SrS is shown in Figure 3 and Table 3. The films show that when
the deposition voltage increased, the electrical resistivity decreased from 1.42x10° to 1.37x10° Q'm and the thickness
decreased from 125.02 to 123.025 nm. This further led to an increase in conductivity from 7.04x10% to 7.29x108 S/m.
Low resistance and high conductivity of the material will be useful for optoelectronic applications. As sheet thickness is
reduced, resistivity declines and conductivity increase, as seen in Figure 4 (a). Synthesized films are a preferable option
for photovoltaic and solar cell applications. Plots of resistivity and conductivity versus deposition voltage are shown.
Figure 4 (b) shows that resistivity increases while conductivity decreases.

Table 3. Electrical properties of SrS and SrS doped silver at various deposition voltages for optoelectronic application

Films Thickness, t Resistivity, Conductivity,
(nm) (Q'm) (S/m)
SrS 125.02 1.32x10° 7.57x108
SrS/Ag 10V 124.10 1.42x10° 7.04x108
SrS/Ag 12V 123.11 1.39x10° 7.19x108
SrS/Ag 14V 123.05 1.37x10° 7.29x108
142 P 142 K
140 R K
z = _/
= L H
£ 138 = 138
< B
= 136+ = 1361
» Foe r
o s
134 134 .
Ly F
132 L, 1321 L5
20 M5 40 145 1250 B S 0 M 2 B
Thickness (nm) Deposition voltage (volt)

Figure 4. (a) resistivity and conductivity Vs thickness (b) resistivity and conductivity Vs deposition voltage

3.4. Optical study of SrS and SrS/Ag material deposited at the different voltages for optoelectronic application

Plots of the absorbance, transmittance, and reflectance of silver-doped SrS and undoped SrS are shown in Figure 5
for various deposition voltages between 10 and 14 volts. It is extremely obvious from Figure 5(a) that as light passes
through the film and into the cells, the light is absorbed, making the material suitable for optoelectronic application. The
SrS that was not doped had the maximum absorbance because it absorbed lighter than others. It was discovered that the
absorbance decreases as the electromagnetic radiation's wavelength grows and the deposition voltage rises. Figure 5(b)
shows that the undoped SrS has the lowest transmittance in the spectra while the doped SrS with silver deposited at 14 V
has the highest transmittance in the spectra as the transmittance increases with increase in the deposition voltage and a
corresponding increase in the wavelength of electromagnetic radiation. The reflectance of the material placed at various
voltages is shown in Figure 5(c). Deposition voltage has a significant impact on SrS films because it causes a drop in the
reflectance of SrS that has been doped with silver. A better material for optoelectronic applications is that which was
deposited using 12V since it has the maximum reflectance.
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Figure 5. (a) absorbance, (b) transmittance, and (c) reflectance Vs wavelength
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The plot of (hv)2 as a function of hv as shown in Figure 6 was used to determine the energy bandgap for undoped
SrS and doped SrS deposited at various deposition voltages. According to research done on the deposited material, its
energy bandgap lies between 1.55 and 2.51 eV. Due to the influence of the silver dopant on SrS, which was simulated as
a substitutional dopant in its lattice location, it was determined that the bandgap energy for doped decreased from 2.10 to
2.51 eV. This doped material will be a promising material for optoelectronic and other applications because of the energy

bandgap it displays.

5.0

—SrS ‘pristine
45 1——3SrS/Ag 10 V|
40— SrSIAg 12V

=——SrS/Ag 14V

(athv)? x 10%(cm/eV)?

1155 eV
2106V
2.31eV
251 eV

hv (eV)

Figure 6. absorption coefficient square Vs photon energy

Plots of refractive index for undoped and doped SrS
deposited at wvarious deposition voltages are shown in
Figure 7 (a). There was a rise in the refractive index of both
doped and undoped material, as seen in the refractive index
Vs hv spectra. It was observed from the spectra that an increase
in the deposition voltage caused a reduction in the material's
refractive index, and a decrease in the deposition voltage
determined the usual scattering behavior of the films. For all of
the produced films in Figure 7 (b), the coefficient of extinction
increases as the photon energy increases. When compared to the
films created at 12V and 14V, the undoped and doped SrS
deposited with 10V certified high coefficient of extinction
values. This rise in coefficient absorption can be coupled with
a decline in transmission and an increase in the extinction value
for the material with lower deposition voltage. The graph of the
optical conductivity of doped and undoped SrS is shown in

Figure 7 (c). Due to the high absorbance value of the synthesized material, which will eventually function as a superior
material for optoelectronic applications, all the films recorded a moderate optical conductivity.
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Figure 7. (a) refractive index, (b) extinction coefficient, (c) optical conductivity Vs photon energy

The doped and undoped SrS deposited at various deposition voltages are shown in Figure 8.
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Figure 8. (a) real and (b) imaginary dielectric constant Vs photon energy

The dielectric loss demonstrates the loss of electrical energy in the form of thermal energy, whereas the dielectric
constant shows how well dielectric materials store electrical energy (see Figure 8). Permittivity develops into a complex
variable with real and made-up components in many modern fields. The real part (r) determines the level of polarization,
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whereas the imaginary part (i) is related to dielectric losses. R's value rises as polarization does. The frequency has an
effect on the dielectric constant. As frequency rises, the value declines because polarization mechanisms can no longer
keep up with the fast-changing field. The amount of energy that has been used or consumed is represented by the
imaginary component, which is always positive. As photon radiation increased, the actual portion of the material deposited
rose dramatically, as shown in the spectra. The material is a strong candidate for optoelectronic applications since the real
and imaginary properties of dielectric materials were improved by a deposition voltage.

4. CONCLUSIONS

We have successfully deposited undoped SrS and doped SrS with silver via electrochemical deposition technique.
The XRD spectra of the SrS and SrS doped silver showed prominent crystalline peaks at angles of 26.69°,37.97°, 51.39°,
and 65.56° for StS and 26.42°, 33.42°,37.98°, and 51.32° for SrS/Ag, respectively, with corresponding diffraction planes
(111), (112), (200), and (211). However, the diffraction pattern shows that the peak intensity increases as the deposition
voltage increases. As the deposition voltage rises, the size of SrS and SrS-doped silver crystallites also rises. Due to the
restriction of crystallite motion at the interface between the dopant and host crystallite brought on by stress generation,
the doped SrS has a smaller value of crystallite size than the undoped SrS. The undoped SrS material morphology can be
seen in the micrograph as clove-like substance with precipitate; the large nano grain on the substrate's surface exhibits
photon absorption but shows no traces of pinholes. When doped SrS is deposited at various precursor voltages, it forms
uniform surfaces devoid of pinholes. The cell also penetrates the substrate being used for the deposition, as seen by the
elemental makeup of the films. It was observed that SrS/Ag at 10V and 12 V had little precipitate on the surfaces; this is
because a carbon electrode was utilized, which tends to react with electrolyte at low voltages but does not do so at 14 V.
The films show that when the deposition voltage increased, the electrical resistivity decreased from 1.42x10° to
1.37x10° Q'm and the thickness decreased from 125.02 to 123.025 nm. This further led to an increase in conductivity
from 7.04x10% to 7.29%10% S/m. It was discovered that the absorbance decreases as the electromagnetic radiation's
wavelength grows and the deposition voltage rises. The undoped SrS has the lowest transmittance in the spectra while the
doped SrS with silver deposited at 14V has the highest transmittance in the spectra as the transmittance increases with
increase in the deposition voltage and a corresponding increase in the wavelength of electromagnetic radiation. According
to research done on the deposited material, its energy bandgap lies between 1.55 and 2.51 eV. Due to the influence of the
silver dopant on SrS, which was simulated as a substitutional dopant in its lattice location, it was determined that the
bandgap energy for doped decreased from 2.10 to 2.51 eV.
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BILIUB HAIIPYTHM OCAI)KEHHS HA JTETOBAHMIA CPIBJIOM CYJIb®1J] CTPOHIIIIO
JUISI OITOEJEKTPOHHOTI'O 3ACTOCYBAHHSA
Ilaka O. Camyean™d, M. Jlaroerxa-e6i ®pank®, E.IT. Orepoxso®, Apryp Exnexno?, Ix.T. [xkumpanr€, Imocooome JI. Ixion®
4Bi00in Haykosux 1a00pamopHux mexronoziil, Yuisepcumem wmamy [Henvma, Abpaxa, wmam [Jenoma, Hieepis
bMiscnapoonuii incmumym mypuzmy ma cocmunnocmi, Henazoa, wumam Batienca, Hizepia
c@eodepanvuuil ynisepcumem Hagpmosux pecypcie, Epgypyn, wmam [envma, Hicepisn
Kageopa ¢izuxu, Yuieepcumem wmamy Jenoma, Abpaxa, wmam Jenoma, Hizepis
c@edepanvruii ynisepcumem Jloxooxci, Hicepis
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VY nocniTHUIBKIA METOHIII eTeKTPOXIMIYHOTO OCa/KEHHSI BUKOPHUCTOBYBaJIM HeneroBanuii StS i neroanwuii SrS cpibiaom: 0,01 monb
tioarieramigy (C2HsNS), 0,1 mosp rexcarigpary xnopuay crponuito (SrCl2,6H20) i 0,01 monb HiTpaTy cpibia (AgNO3) koHLeHTpaii
KaTiOHIB, aHIOHIB 1 T0oMaHTiB. PEHTreHiBChKi CIIeKTpH cpibiia, JeroBanoro SrS Ta SrS, mokas3aiu HOMITHI KPUCTATIYHI KK HiJ KyTaMu
26,69°, 37,97°, 51,39° Ta 65,56° mna SrS ta 26,42°, 33,42°, 37,98° ta 51,32° ans SrS/Ag BiINOBIAHO , 3 BiANOBITHUMH ILIOMIWHAMUA
mudpakmii (111), (112), (200) i (211). Ognak mudpakniiina KapTHHA ITOKA3ye, MO0 MiKOBAa IHTEHCHBHICTH 3pOCTaE 31 301IBIICHHM
HaIpyTH oca/pkeHHs. Mopdororist HenmeroBaHoro marepiaiy SrS Mae TBO3IUKOINONIOHY PEYOBHHY 3 0CaJOM; BeJIHKE HAHO3EPHO Ha
MOBEPXHI MIJIKIIAJAKN JEMOHCTpPY€ MOTJIMHAHHS ()OTOHIB, ajie He Ma€ CJIiiB TOUKOBUX 0TBOPIB. Koy ieroBanmit SrS ocamxyeThes mpu
PI3HMX TOYATKOBUX HANPYTax, BiH yTBOPIOE OJHOPIHI OBEpXHi 63 TOYKOBHX OTBOPIB. KitiTnHA Takox MpoHUKae B cyOcTpar, skuit
BUKOPUCTOBYETHCS AJIsl OCAIKSHHSI, SIK BUAHO 3 €IEMEHTHOTO CKJIay IUTiBoK. Bymo momiueHo, o SrS/Ag mpu 10 B i 12 B mano ocany
Ha HOBEPXHX; L€ MOSCHIOETHCSA THM, 1110 BUKOPUCTOBYBABCS BYTUIBHUI €IEKTPOJ], SKUH Mae TEHJCHIII0 PearyBaTu 3 eJIeKTPOIIITOM
MIpHU HU3BKiH Hampysi, ane He pearye mpu 14 B. [niBku moka3yoTh, M0 KOJIK HANpyra OCAKCHHS 3pOCia, MUTOMHN €JICKTPHYHHAN
omip 3menmmmBes 3 1,42x10% 1o 1,37x10° Om-M, a ToBmuHa 3MeHmmnaca 3 125,02 xo 123,025 um. Ile 101aTKOBO IIPU3BENO JIO
30uTbIIeHHS TpoBigHOCTI 3 7,04x108 1o 7,29x108 Cm/M. Byno BUsIBIIEHO, IO MOTJIMHAHHS 3MCHIIYETHCS 31 30UTBIICHHSIM JIOBXKHHU
XBHJII €JIEKTPOMArHiTHOTO BHIIPOMIHIOBAHHS Ta IiJBHUINEHHSM HAIPyTW OCAPKEHHs. 3TiNHO 3 TOCTIKCHHSIMH, IPOBEICHUMHU Ha
0Ca/DKCHOMY MaTepiali, HOro MMpruHa 3a00pOHEHOT 30HH CTaHOBUTH Bif 1,55 mo 2,51 eB.
KurwuoBi cinoBa: nenecosanuil SrS; saboponena zona; XRD; SEM; EDX
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A theoretical study on the thymoquinone compound has been performed through two theoretical methods, DFT/B3LYP and HF with
6-31G, 6-31G(d,p) and 6-31++G(d,p) basis sets using Gaussian 09 program. Some theoretical properties, like vibrational and electronic
properties especially UV-Vis and FT-IR spectra, of the title compound were analyzed and then compared with available experimental
data. The calculated harmonic vibrational frequencies have been scaled with standard scaling factors 0.9 and 0.965 for HF and
DFT/B3LYP, respectively and then compared with available experimental FT-IR spectrum. Furthermore, the statistical analysis was
investigated to evaluate the performance of both the HF and DFT methods, including root mean square error (RMSE), mean absolute
error (MAE) and mean percentage error (MPE). According to the assigned vibrational modes of the title compound, it could be
concluded that the DFT/B3LYP method with 6-31++G(d,p) basis set had the best agreement with experimental data. UV-Vis absorption
spectra, excitation energies, maximum absorption wavelength, electronic transitions and oscillator strengths of the title compound were
calculated by time dependent density functional theory (TD-DFT) method using the same basis set and compared with available
experimental data. The results showed the best performer was HF method with 6-31G basis set.

Keywords: Thymoquinone; DFT; HF; UV-Vis; FT-IR; TD-DFT

PACS: 87.10.-¢, 31.15.A-, 31.15.aj, 31.15.E-, 31.15.ee, 31.15.eg

Nigella sativa L. (Ranunculaceae), better known as black seed or black cumin, is cultivated in many countries of the
world in East Africa, the Middle East, Mediterranean countries, South Asia, etc. [1]. 2-isopropyl-
5-methyl-1,4-benzoquinone called as thymoquinone is an organic compound with the formula C;oH;20- and its geometric
structure with the labeling of atoms are given in Figure 1.

It is a derivative of benzoquinone by placement of an isopropyl and
methyl groups on carbon 2 and carbon 5, respectively. Thymoquinone (TQ)
is an important component of Nigella sativa seed and commercial seed oils,
TQ is the main active constituent of black seed oil [2]. Thymoquinone, the

E main component of black cumin seeds, has been identified from ethanol

' extract [3]. As first suggested and extracted by El-Dakhakhny in 1965 [4].

ap Black cumin seeds along with the active ingredient thymoquinone are mainly

used for medicinal purposes [5]. With this together, this medicinal plant is

effective against cancer of the kidneys, lungs, prostate and liver in the blood

Figure 1. Molecular structure of  system [6]. Also, Nigella sativa gives powerful benefits to many inflammatory

Thymoquinone compound along with  cancers such as the liver [7]. N. Sativa oil is considered one of the beneficial

numbering of atoms oils for human health, thanks to the antioxidant, anti-inflammatory,

anti-bacterial activities of these oils, and its active effect on the immune system [8-12].Nigella sativa (black cumin) seeds

are also used in traditional medicine to treat a wide range of diseases including diarrhea and asthma [13].Various other

studies revealed that the pharmacological activity of Nigella sativa is mainly due to its oil constituent, that are rich in
thymoquinone and about 30—48 % of the total content[14].

The main goal of this work was to validate the chemical model that best describes the electronic and spectroscopic
properties of TQ molecule. Hence, both Density Functional Theory (DFT) and Hartree-Fock (HF) methods with several
basis sets were selected to calculate the electronic and spectroscopic properties, which were compared with experimental
results. Furthermore, we checked the relative performance of DFT/B3LYP and HF methods for comparison, at the different
6-31G, 6-31G(d,p), and 6-31++(d,p) levels through statistical study for thymoquinone molecule.

COMPUTATIONAL DETAILS
In this work, all the calculations for Thymoquinone (TQ) molecule were carried at Hartree-Fock (HF) [15] and
Density Functional Theory (DFT) using Becke’s three-parameter hybrid method [16] with the Lee, Yang, and Parr
correlation functional [17] (B3LYP) level with the several basis sets (6-31G, 6-31G(d, p), 6-31++G(d, p)) using the
Gaussian 09 W package [18] program for simulation of FTIR and UV-Vis spectra of the title molecule.
Gauss-View 5.0 [19] molecular visualization program, a graphical interface was used to assign the vibrational modes for
motions observed against fundamental frequencies. The geometrical optimizations, followed by a frequency calculation

7 Cite as: S.M.A. Ridha, Z.T. Ghaleb, and A.M. Ghaleb, East Eur. J. Phys. 1, 197 (2023), https://doi.org/10.26565/2312-4334-2023-1-26
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for the Thymoquinone molecule has been done, using the same basis sets at different level theories and no imaginary
wavenumbers were obtained, so the structure is at the minimum energy state. In order to improve the computed values to
be in agreement with the observed experimental values, it was necessary to scale down the calculated harmonic
frequencies. Hence, the vibrational frequencies calculated at HF and DFT/B3LYP methods were scaled by 0.90 and
0.965 [20], respectively. The theoretical vibrational wave numbers were also plotted with the results obtained by different
levels frequency calculations and compared with the experimental IR spectrum.

Simulated Ultraviolet- Visible (UV-Vis) absorption spectra, electronic transition, vertical excitation energies and oscillator
strengths for the optimized (TQ) molecule were computed at different levels in each method by the Time Dependent - Density
Functional Theory (TD-DFT) using the same basis sets, then compared with the experimental UV-Vis spectrum.

RESULTS AND DISCUSSION
Vibrational Frequencies

Vibration frequencies calculated by HF and DFT/B3LYP with the several basis sets (6-31G, 6-311G(d,p),
6-31++G(d, p)) for the title compound are listed in Table 1. The calculated spectra by DFT/B3LYP method are in a better
agreement than HF method with the experimental one. A general better performance of DFT/B3LYP versus HF at
6-31++G(d, p) basis set can be quantitatively characterized by using the calculated mean percentage error (MPE), mean
absolute error (MAE), and root mean square error (RMSE) between the calculated and observed vibrational frequencies
are presented in Table2, also histograms of the errors are shown in Figures 2 and 3. It is not surprising that the HF
frequencies are in poor agreement with the experimental vibrational modes compared to the other theoretical DFT/B3LYP
method. This expectation is due to the neglect of electron correlation in HF calculations. After scaling, the HF calculations
are in much better agreement, showing a noticeable decrease in the RMSE, MAE and MPE of around 146-151 cm’!,
137-145 cm™ and 9-11 cm’!, respectively. Also, as shown in Table2, the effect scaling factor on the errors in the HF
frequencies where the agreement for un-scaled frequencies is strongly skewed toward overestimation. In contrast to HF
method, the errors for DFT/B3LYP are shown in Table 2, show that the calculated vibrational frequencies are closer to
the experimental ones than the HF method at all basis sets used in this study. As we noted the DFT/B3LYP method at
6-31++ G(d, p) basis set is the most successful procedure for predicting vibrational frequencies in agreement with
experimental fundamentals. All methods show an improved errors from scaled IR data. The effect of scaling factor and
basis sets on the errors is evident from Figures 2-3, where the histograms for DFT/B3LYP and HF methods show a
noticeable improvement using scaling factor and high levels of basis sets.

The (IR) infrared spectrum of the title compound (TQ) has been previously reported [21]. The spectra obtained from
scaled HF and DFT/B3LYP methods at different basis sets are shown in Figure 4. After we were applied the scale factor
for HF and DFT/B3LYP methods, we observed a good agreement between the experimental and the calculated values.
These results indicate that the DFT/B3LYP calculation at 6-31++G(d, p) basis set approximate the observed vibrational
modes much better than the HF results. Therefore, the theoretical calculations will be discussed with the experimental
results based on the DFT/B3LYP method at the basis set 6-31++ G(d,p). The small deviation between experimental and
calculated vibrational modes can be come from the theoretical calculations belong to gaseous phase and experimental
results belong to solid phase.

The characteristic strong band due to carbonyl group stretching of a cyclohexadiene was observed near 1655cm™and
the respective calculated band is assigned at 1659 cm™!, which is supported by previous studies with values of (1648 cm™)
and (1661cm™) for thymoquinone and 1,4 benzoquinone, respectively [21,22]. In the methyl groups, three observed bands
occur at 2878, 2928, and 2970 cm™'; bands 2878 and 2928 cm! attributed to symmetric stretching and the band at
2970 cm™ arises from asymmetric stretching, and the value previously reported [21] was 2969 cm™' while computations
predicts these modes at 2930, 2933, and 3001 cm’'. Also, two types of bending vibrations can be observed in the methyl
groups, one of them is a symmetric bending vibration that includes in phase bending and the other anti-symmetric bending
vibration which includes out-of-phase bending of C-H bonds. The symmetrical bending vibration (6;CH3) occurs near
1360 cm™ (calculated 1360 cm'), the anti-symmetrical bending vibrations (6,,CH3) near 1437 cm(calculated
1431 cm™) and 1461 cm™!(calculate 1463 cm™) and the values previously reported [23] were 1375 cm™! and 1450 cm! for
the anti-symmetrical and symmetrical bending vibrations, respectively.

The weak band observed at wavenumber 3050 cm™ was attributed to C-H stretching vibration in the vinyl
C-H (C=C-H groups) and respective calculated band at 3080 cm™ which had previously been reported [22] at
3058 cm!.The out-of-plane bending bands of the vinyl( two C-H groups) are observed at 808 cm™ and 871 cm™!
(calculated 846 and 907 cm™), 783 and 832 cm’! for y-Trepinene [24]. These two bands are partially mixed with the
rocking motion of the methyl groups linked to the ring. In the spectral range region (1300-1000 cm™), the bands observed
at 1024 cm™! which is due to the stretching C3yine — C(CH3), bond ( calculated 999 ¢cm™), 1104 cm™!, 1180 cm™ and
1247 cm™! (in plane bending of the vinyl C-H (C = C-H groups); calculated 1110, 1197 and 1218 cm™!, respectively) and
1304 cm™ for the (C-C)ing stretching band ( calculated 1325 cm™). The recognition of C=C stretching band is an
exceptionally troublesome task, since the strong C=0 stretching band in title compound is present in this frequency range.
The C=C stretching band in 1,4-cyclohexadiene has been observed at wavenumber 1640 cm 'which contains no methyl
and isopropyl substituents, while in y-Trepinene [24] at 1670 cm™! which contains no oxygen atoms substituent; however,
the medium band observed at 1615 cm™ belong to C=C stretching band while the calculated value appeared at 1604 cm™.
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Table 2. Mean percentage error (MPE), mean absolute error (MAE) and root mean square error (RMSE) from experimental
fundamentals with different basis sets

Method Basis Set MPE % MAE RMSE
Un-scaled Scaled Un-scaled Scaled Un-scaled Scaled
HF 6-31G 14.04 332 181.61 37.09 198.22 47

6 —31G(d,p) 12.81 3.05 171.08 34.25 191.42 44.61

6 —31++ G(d,p) 12.53 2.95 167.3 29.59 187 41.22

DFT/B3LYP 6-31G 5.71 3 75.46 35.25 89.66 40.86
6 —31G(d,p) 4.56 2.29 64.8 23.73 78.98 28.25

6 —31++ G(d,p) 4.28 2.18 60.45 21.64 74.65 26.28

= MAE ®RMSE
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Figure 2. Histogram of RMSE and MAE of the title Figure 3. Histogram of MPE of the title compound for the un-scaled
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Figure 4. Experimental (from ref [25]) and calculated (scaled) IR spectra of the title compound

UV-Visible absorption spectra
The UV-Visible absorption spectra analysis of Thymoquinone compound have been studied by theoretical
calculations under the same optimization conditions that were previously mentioned in this article. The calculated results
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including the maximum absorption wavelengths (Amax), Oscillator strengths (f), molecular orbitals undergoing transitions,
vertical excitation energy, the major contributions, and the experimental wavelength are shown in the Table 3 and the
UV-Visible spectra of the title compound as obtained from TD-DFT method at several basis sets with experimental
spectrum are shown in Figure 5. According the results obtained in the UV-Visible theoretical spectra, the theoretical
model that appear the best agreement, is HF method with 6-31G basis set that estimates the Amax about 249 nm in relation
to the 254 nm experimental maximum absorption wave length reported by M.S. Igbal, et al. [14]. It is seen from Table 4,
calculations performed at HF/6-31G method in best agreement with the experimental result compared to the DFT/B3LYP
method and other basis sets. The electronic transition is represented as a result of the contribution of the highest occupied
molecular orbital to the lowest unoccupied molecular orbital (HOMO—LUMO) with the absorption wavelength, which
implies the transfer of electron density as (r — ©*) transition with 91% donating.This electronic absorption is mainly
described at the maximum absorption wavelength249 nm by electronic excitation from HOMO to LUMO and corresponds
to the transition from the ground state to the first excited state. The maximum absorption peak (Amax) optimized by
HF/6-31G level reduces the error to 5 nmro While for the rest of the basis sets, especially for the DFT method, the
difference is large. These outcomes demonstrate it is not necessary that the same computational method for all
calculations, for example, IR and UV-Vis spectra, agree with the experimental results.

Table 3. The experimental and calculated maximum absorption wavelength (Amax) excitation energies and oscillator strengths of the
title compound.

Basis The calculated with The calculated with
sets TD-DFT/-HF in gas phase TD-DFT/B3LYP in gas phase
wavelength | Energy Osc. Major Transition wavelength Energy Osc. Major Transiti
Amax(nm) (ev) Strenght Contribution Amax(nm) (ev) Strenght Contribution on
6-31G 249.39 4.9608 0.0008 HOMO->LUMO Tt 372.74 3.3263 0.0004 HOMO-2->LUMO | m - *
90.9% 97.3%
6-31G(d,p) 240.82 5.1483 0.0007 HOMO->LUMO Tt 356.6 3.4768 0.0004 | HOMO -2->LUMO |7 - *
93.5% 97.8%
6-31G++(d,p) 245.83 5.0434 0.0007 HOMO->LUMO -t 357.53 3.4678 0.0005 | HOMO -2->LUMO | @ - *
92.6% 96.9%
Experimental ™ |254 nm

DFT/6-31G

DFT/6-31G(d,p) / \\
DFT/6-31++G(d,p) \

HF/6-31++G(d,p)

HF/6-31G(d,p)
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Figure 5. Experimental (from reference [14]) and calculated UV-Vis spectra of the title compound

CONCLUSION
In this study, the FT-IR and UV-Vis spectra of the compound thymoquinone (TQ) have been calculated by two
chemical models DFT/B3LYP and HF using 6-31G, 6-31G(d,p) and 6-31++G(d,p) basis sets and compared with
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experimental results. Also, the present study aims to explore the performances two chemical models regarding statistical
analysis of IR vibrational frequencies for the title compound, using root mean square error (RMSE), mean absolute error
(MAE) and mean percentage error (MPE) calculations to give numerical estimates of these performances. The performed
statistical analysis between computed and experimental vibrational frequencies showed the best performance of
DFT/B3LYP method, especially with large basis sets. The DFT/B3LYP method with 6-31++G(d,p) basis set for
predicting vibrational frequencies was the most successful procedure. Furthermore, it was found the theoretical scaled
vibrational frequencies by DFT/B3LYP method with 6-31++G(d,p) basis set showed good agreement with the
experimental data. Although DFT/B3LYP performs well for vibrational frequencies, it is less efficient for UV-Visible
spectrum, where the best results were obtained for the maximum absorption wavelength through the HF method with the
basis set 6-31G. These outcomes demonstrate it is not necessary that the same computational method for all calculations,
for example, IR, UV-Visand NMR spectra, agree with the experimental results.
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OBYUCJIIOBAJIBHE JOCJIIKEHHS IR TA UV-VIS CIIEKTPIB 2-130ITPOILJI-S-METH L-1,4-BEH30XIHOHY
3A JOIIOMOI'OIO METOJIB DFT TA HF
Canax MLA. Pinxa?, 3axpa Taai6 ['ane6®, A6ayaxani Mipaau Tane6?
“Jlenapmamenm ¢hizuxu Haykosoeo konedoicy, Kipkykcovroeo ynisepcumemy, Kipkyx, Ipax
b lenapmamenm ximii naykoeozo xonedicy Kipxyxcvkozo ynieepcumemy, Kipxyk, Ipax

IIpoBeneHO TeOpeTHYHE AOCTIIKCHHS CIOJTYKH THMOXIHOHY 3a JOIOMOroro JBOX Teopetwynux meroni, DFT/B3LYP i HF 3
6azoBumu Habopamu 6-31G, 6-31G(d,p) i 6-31++G(d,p) 3 Bukopuctanusm nporpamu [ayccian 09. Jlesiki TeopeTHUHI BIACTHBOCTI,
Taki sk BiOpauiiiHi Ta eneKTpoHHI BiactuBOCTi, ocobnuBo UV-vis ta IR-crektpu, Oyiau mpoaHamizoBaHi, a TMOTIM MOpPIBHsHI 3
JOCTYIHHMH €KCIIepUMEHTAaJIbHUMH JaHUMH. Po3paxoBaHi 4acTOTH TapMOHIHHHX KOJNWBaHb Oynu MacmTaboBaHi 31 CTaHAAPTHUMHU
koedimienramu macmradysanas 0,9 1 0,965 xnst HF 1 DFT/B3LYP BiamoBigHo, a moTiM MOpiBHSAHI 3 HASSBHUM €KCIIEPUMEHTATBHIM
cnekrpoMm FT-IR. Kpim Toro, Oyio JOCHIIKEHO CTATUCTUYHUI aHai3 1 oninku epexruBHOCTi MetoniB HF i DFT, Bxirouaroun
cepenubokBaspaTnaHy noMmiky (RMSE), cepemnro abcomorny nommnky (MAE) i cepennio mommiky y Bigcorkax (MPE).
BinmnosingHo 10 Mpu3HaYeHUX BiOpaliiHUX peXUMIB CIIOTYKH, MOXHA 3p0OMTH BUCHOBOK, 1110 MeToy DFT/B3LYP 3 6a30BuM Habopom
6-31++G(d,p) MaB Halkpalry y3roJKCHICTh 3 €KCIEPUMCHTAILHIUMHU NaHUMH. CIEKTPU MOTIUHAHHS B Y D-BHIUMOMY Jiana3oHi,
eHepril 30y PKeHHs, MAKCUMaJIbHY JIOBXXHHY XBUJII IOTJIMHAHHS, €IEKTPOHHI NEPEXO/IM Ta CHIIM OCLMIIATOPIB 3a3HAUCHOT B 3ar0JIOBKY
CIIOJIYKH PO3paxOBYBaJI METOIOM 3alIeKHOI Bix 4acy teopil ¢yHkuionany minsHocTi (TD-DFT) 3 BHKOpHCTaHHSIM TOTO Camoro
6a30Boro HaboOpy Ta MOPiBHIOBAIIN 3 HASIBHIMH €KCIIEPUMEHTAIBHUMHE JaHUMH. Pe3ynpTaTy noKkas3aiH, o HafiKpammM pe3yIbTaToM
o0yB BU-meTox i3 6a30BUM Habopom 6-31G.

KumrwuoBsi cinoBa: mumoxinon; DFT; HF; UV-Vis; FT-IR; TD-DFT





