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Structural Characterisation of Grown InSe:Mn
Semiconductors and Effect of Doped
Manganese

Blyutillen InSe:Mn Yariiletkenlerin Yapisal Karakterizasyonu
ve Katkilanan Manganezin EtKkisi

Abstract

Scientific studies on binary semiconductors have been going on for half a century. The growth
and research of semiconductors have contributed greatly to the advancement of
semiconductor technology. Indium and selenium were synthesized from elements in
stoichiometric ratios and doped with manganese. InSe and InSe:Mn single crystals were
successfully grown by the Bridgman/Stockbarger crystal growth method. Since the surfaces
of the grown samples do not contain contamination, chemical contamination was not caused
by chemical treatment. Since the grown semiconductors have a layered structure, the
samples were easily prepared for characteristic analyses along the 001 planes. The structure
of the InSe and InSe:Mn semiconductors was analysed using x-ray diffractometers and
energy dispersive X-ray techniques. An important study has been carried out on the
structural properties of the grown InSe and InSe:Mn semiconductors. The hexagonal
structure of the InSe semiconductor with lattice parameters a=b =4.025Aand c= 16.732 A
was confirmed with the help of X-ray diffraction. llI-VI semiconductors are used in visible and
infrared light-emitting diodes, infrared detectors, converters, amplifiers, optical parameter
oscillators, and far infrared generator.

Keywords: Crystal Growth, InSe, InSe:Mn, Bridgman/Stockbarger Method, Structural
Characterisation.

Oz

ikili yariiletkenler iizerine yapilan bilimsel calismalar yarim asirdir devam etmektedir.
Yariiletkenlerin, buyutilmesi ve arastirilmasi yariiletken teknolojisinin ilerlemesine blyik
katki saglamistir. indiyum ve selenyum elementlerden stokiyometrik oranlarda
sentezlenmis ve manganez katkilanmistir. InSe ve InSe:Mn tek kristalleri,
Bridgman/Stockbarger kristal blyitme yontemiyle basariyla buyttalmustir. Buyltilen
numunelerin ylizeyleri kontaminasyon icermediginden kimyasal isleme tabi tutulmayarak
kimyasal kirlenmeye sebep olunmamistir. Blyutiilen yariiletkenler tabakall bir yapiya
sahip oldugundan, numuneler kolayca (001) diizlemleri boyunca karakteristik analizler icin
hazirlanmistir. InSe ve InSe:Mn yari iletkenlerinin yapisi X-1sini difraktometresi ve eneriji
dagihmh X-isini teknikleri kullanilarak analiz edilmistir. Blyutlilen InSe ve InSe:Mn
yariiletkenlerin yapisal Ozellikleri Uzerine 6nemli bir c¢alisma yapilmistir. InSe
yariiletkeninin a = b= 4.025 A ve ¢ = 16.732 A kafes parametrelerine sahip olan altigen
yapisi, X-isint kirtnimi yardimiyla dogrulanmistir. 1ll-VI yariiletkenler, gortndr ve kizilotesi
1stk yayan diyotlarda, kizilotesi detektorlerde, donustiricillerde, yikselteclerde, optik
parametreli osilatorlerde ve uzak kizil6tesi jeneratorlerde kullanilmaktadir.

Anahtar Kelimeler: Kristal Blyitme, InSe, InSe:Mn, Bridgman/Stockbarger Yontemi,
Yapisal Karakterizasyon
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Introduction

In recent years, solid and thin films grown by various growth techniques have attracted great interest in producing
technological devices and solar cells. Various deposition techniques are employed for preparing thin films, including vacuum
evaporation (El-Sayed, 2003), flash evaporation (Julien et al., 1990), chemical vapor deposition (Park et. al., 2003), and van
der Waals epitaxy (Lang et. al., 1996). Among these methods, the electrodeposition technique stands out as an inexpensive,
simple, and low-temperature option capable of producing high-quality films for device applications such as heterojunction
devices and switching devices.

InSe single crystals have been grown by the Bridgman-Stockbarger method, starting from stoichiometric and non-
stoichiometric melts (De Blasi et. al., 1982). Semiconductors grown by the Bridgman/Stockbarger technique usually belong
to the b and g modifications. Their unit cells crystallize in a hexagonal and rhombohedral structure (Camassel et. al., 1978;
Glrbulak 2004). InSe belongs to a large class of layered semiconductors in which a prototype of covalent or ionic forces
extends in two dimensions instead of being three-dimensionally bonded as in group IlI-VI or lll-V semiconductors (El-Moiz et
al., 1993).

There are few studies available on the impurity levels in p-type InSe, with only group Il elements Zn and Cd being used as
dopants. Investigations into the impurity levels in Zn and Cd-doped InSe have employed deep-level transient spectroscopy
(DLTS), photoluminescence (PL), and Hall-effect measurements. The 1.17 eV emission band observed in the Zn-doped sample
can be explained by a self-activated luminescence process, which is described by a configurational coordinate model (Ikari
et. al., 1981). llI-VI dilute magnetic semiconductors are formed by bonding a group Il element to a group VI element and
replacing some group Il atoms with transition metal atoms. These transition metal atoms impart magnetic moments to the
sample. lll-VI dilute magnetic semiconductors are of great interest for electro-optical applications due to their high nonlinear
optical properties. In InSe with 1.25 at % Mn, two magnetic subsystems containing Mn ions inside ionic-covalent layers and
inside the interlayer van-der-Waals gap were discovered (Suhre et al., 1997; Errandonea et al., 1999; Watanabe et al., 2003;
Slyn’ko et al., 2005a; Slyn’ko et al., 2005b).

For different studies, single crystals were grown by the Bridgman method from a non-stoichiometric melt with the
composition Iny 03Se0.97. INndium monoselenide single crystals were combined with magnesium from the vapor phase. Electron
concentration, electron Hall mobility, anisotropic electrical conductivity, and thermoelectric power of the InSe
semiconductor were measured as a function of temperature (Zaslonkin et al., 2006). The crystals have a g-polytype structure
and n-type conductivity. In indium monoselenide, the interatomic bond between the layers is ionic-covalent, while the layers
are connected by weak van der Waals forces (Kovalyuk et al., 2009). Different studies have been carried out with doped and
undoped InSe semiconductors (Kaminskii, 2009; Boledzyuk et al., 2014; Ertap et al., 2019; Sang et al., 2019; Emir et al., 2024).

The aim of this research is to grow pure and doped InSe semiconductors by a modified Bridgman-Stockbarger method.
On the other hand, to determine the structural changes induced by the doped manganese (Mn) element in the InSe
compound.

Growth and Structural Characterization

The Bridgman-Stockbarger method is a growth technique widely used in the growth of semiconductors. The Bridgman-
Stockbarger method is an improved version of the Bridgman method. The Bridgman-Stockbarger method involves cooling a
molten alloy very slowly to form a single crystal. As the alloy solidifies, the temperature gradient within the furnace is used
to promote controlled crystallization. The sample to be grown is placed in a crucible, usually made of graphite, alumina, or
quartz materials that can withstand high temperatures. The vertical temperature gradient of the furnace is determined by
the semiconductor to be grown. Growth furnaces usually have two zones. The upper zone is hotter and keeps the material
melting, while the lower zone is cooler. The growth furnace heats the elements above the melting point. The temperature
of the furnace is gradually reduced. During the formation of the compound, it is very important to control the sensitivity of
the temperature change and the cooling rate. It provides a controlled solidification front that moves slowly from the bottom
of the to the top. This causes the melting material to solidify from bottom to top. The slow cooling process helps to reduce
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impurities and defects in the crystal.

Considering the studies (Shih et. al., 1986; Girbulak, 2024), it was decided to grow InSe and InSe:Mn crystals using a single
ampoule. Indium and selenium are prepared in ratios obtained by stoichiometric calculations. The lower end of the growth
ampoule is shaped to be oval according to the layered structure, and the elements (In, Se, and Mn) are placed inside the
bulb. The air in the growth ampoule is reduced to 10 Torr, and the end of the ampoule is sealed under vacuum. Movement
up and down in the horizontal growth furnace is required to ensure homogeneity of the ampoule, InSe, and InSe:Mn-doped
(0.003) mixture. InSe and InSe:Mn semiconductors were grown by a modified Bridgman-Stockbarger method under specified
conditions.

It is very important that binary compounds are grown and the grown semiconductor is of a quality that can be used in
scientific studies. In general, the Bridgman-Stockbarger method is a fundamental technique in materials science and
engineering. It plays a critical role in the development of high-quality semiconductors for various scientific applications.

The crystal growth process was started after the pre-reaction process of the crystal growth process was completed in
approximately 52 hours. It was thought that the In, Se, and Mn mixture would increase the vapor pressure of selenium by
chemical reaction as a result of thermal conductivity. The lower and upper zone temperatures of the growth furnace were
increased to 640 °C within 30 hours. It was kept at 640 °C for 15 hours. Since the exothermic chemical reaction between the
elements In, Se, and Mn continues at 640-650 °C, a long period of time is needed to eliminate the risks such as ampoule
explosion and cracking. Again, the alloy was heated to 1050 °C in 25 hours and kept for 12 hours. To ensure homogeneous
distribution of In, Se, and Mn, the mixture was agitated by moving the growth furnace up and down at an angle of about 50°
for 10 hours. The growth furnace was fixed at an angle of 65-70° to the horizontal.

The temperature in both zones of the crystal growth furnace was first kept constant at 1050 °C for 20 hours. Then the
temperature was reduced to 750 °C for 80 hours. The upper zone temperature of the growth furnace was kept constant at
750 °C for 48 hours. It was reduced to 600 °C for 70 hours, 250 °C for 50 hours and 30 °C for 15 hours. The oven bottom zone
temperature was reduced to 600 °C in 48 hours, 450 °C in 70 hours, 250 °C in 50 hours, 30 °C in 15 hours, and the growth
process was terminated. Thus, using the same environment and the same growth temperature program, the InSe and
InSe:Mn semiconductor pre-reaction processes and growth processes were completed in approximately 17 days and 19
hours, including the reaction.

At the end of the growth process, the compounds were removed from the growth furnace. In order to prevent any strain
or deformation of the compound in the ampoule, it was removed from the ampoules with the help of a suitable cutter. The
compounds should be kept in a very clean environment to prevent external contamination of the samples (Glrbulak, 1997;
Gurbulak, 2024). This process is very important for the use of semiconductors in structural, optical, electrical, and magnetic
applications.

Experimental results

In the crystal growth laboratory, the modified Bridgman-Stockbarger method was used to grow InSe and InSe:Mn solid
compounds. The first basic step in obtaining high-quality binary crystals is to ensure that the basic elements in the structure
are of 6N purity. Indium, selenium, manganese doped (0.03%) elements were precisely weighed on a five-digit balance to
grow InSe single crystals.

Basic indium and selenium elements were obtained with a purity of about 99.999%, and the growth of InSe and InSe:Mn
semiconductors was attempted. The stoichiometric ratios of the basic InSe compound were determined to be 52% indium
and 48% selenium. The total mass of the chemical elements was determined to be about 50 grams. InSe crystals were grown
in our crystal laboratories using a modified horizontal Bridgman-Stockbarger method. Since the sample ingots have a layered
structure, they were easily separated from the layers with plastic tweezers in thicknesses of 50 — 60 mm for use in the study.
Photographic views of the InSe:Mn solid crystals grown in Figure 1 are given.

As can be seen from the photographic appearance of the InSe:Mn crystals grown in Figure 1, they have a high quality and
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shiny surface that is very suitable for structural analysis. The effect of Mn doping on the InSe compound is seen.

. a

]H Ubixgereel}

Figure 1. The photographic appearance of InSe:Mn bulk crystals

Experimental results

An important study has been conducted on the structural properties of InSe and InSe:Mn semiconductors grown with the
modified Bridgman/Stockbarger technique. It belongs to the family of layered binary semiconductors known as InSe and
InSe:Mn compounds. While the bonding in InSe is predominantly covalent between Se atoms and metal cations, weaker van
der Waals forces also exist between adjacent layers. Covalent bonding between layers provides stability to the crystal
structure, while weaker interlayer interactions allow easy separation along planes. The InSe semiconductor, characterized by
anisotropic properties, was examined using X-ray diffraction with a wavelength of 0.154049 nm to determine its crystalline
structure. The resulting single crystals were not subjected to any additional annealing. Samples were prepared from InSe and
InSe:Mn binary semiconductors with shiny and smooth surfaces. The crystal structure of these samples has been
characterized. As a result of the analysis, it was found that the InSe semiconductor has a hexagonal structure with lattice
parameters a = b =4.025 A and ¢ = 16.732 A. The crystal structure was found to be hexagonal, which coincides with the study
by Viswanathan et. al. (2005). Many scientists have grown InSe single crystals using the Bridgman method and the Bridgman-
Stockbarger method and carried out structural analyzes of semiconductors. It is concluded that the grown crystal has a
hexagonal structure (Chevy et. al., 1977; Imai et. al., 1981; De Blasi et. al., 1982). XRD analysis of the sample phase
composition showed that the hexagonal phase with reduced lattice constants a = 4.0026 A and ¢ = 16.634 A is the main phase
of InSe (P63/mmc) (Lashkarev et. al., 2007).

X-ray diffraction (XRD) is an important technique used to analyze crystal structures and crystal structural changes. It is
used to determine the atomic arrangement of crystal structures. Bragg's Law is expressed by the formula 2d sinB = nA. X-rays
are sent to a sample of crystal. The diffraction pattern resulting from the refraction of these rays by the crystal is analyzed.
Diffraction patterns usually appear as peaks. The positions of these peaks provide information about the crystal structure in
the sample. The crystallization of microstructures formed at different growth stages was analysed using XRD. The XRD spectra
of the InSe and InSe:Mn semiconductors are given in Figure 2. Interplane distance was obtained from dhqXRD data. The 6-26
scan data corresponding to (002), (004), (006), and (008) (0012) and (0014) diffraction planes of the InSe:Mn semiconductor
were 11.20°, 21.92°, 32.95°, 44.08°, 68.07°, and 81.42°, respectively. Although the intensities of the XRD spectra of the
InSe:Mn binary compounds increased compared to the spectra of the InSe compound, no noticeable new peaks were formed
due to impurities.

As shown in Figure 2, the XRD peaks in the Mn-doped samples are sharper than those in the undoped sample. The increase
in sharpness may be due to the reduction of impurities in the pure material through Mn doping. This can be expected due to
the contribution of Mn atoms in InSe. It shows that n-InSe single crystals contain many impurities, which are eliminated by
doping with Mn. The doping process can remove impurities between layers and is thought to neutralize existing impurities
by forming complexes.
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Figure 2. The effect of doping the Mn element on the InSe semiconductor on the peak intensity

If the percentage of Mn dopant ratio is appropriate, the XRD spectra of InSe single crystals increase and become sharper.
For doping levels above 0.03 at. %, Mn atoms are predominantly localized between layered packings and can form localized
states. In this way, charge carriers recombine intensively. This situation was observed in the study.

Some properties of the grown InSe:Mn compound were realized by interpreting the data taken and calculated with the
help of XRD technique. Considering the (004) diffraction plane of the InSe:Mn semiconductor and using the given equations
(Williamson, 1956; Cullity, 1972); crystal size (Dexp) = 895.75 (A), dislocation density (&) = 4.35x10* (lin2m?), residual strain
(8)=1.27x10%* (lin/m?) values were found. It was carried out with the help of high-resolution X-ray diffraction (XRD) data to
detect the perfection of the as-grown single crystal.

Energy dispersive X-ray spectrometry (EDX) is an analytical device that can be integrated with an electron microscope.
EDX is widely used in many research fields. By measuring the characteristic x-rays of InSe and InSe:Mn semiconductors with
the help of EDX, the percentage ratios of the elements in the sample were determined. Energy dispersive x-ray spectrometry
data of the Mn-doped InSe semiconductor is given in Figure 3. According to EDX results, InSe and InSe:Mn, In = 55.89%, Se =
38.86% and O = 5.25%, respectively, and InSe:Mn, In = 58.04%, Se = 37.47% and O = Contains 4.49%. The EDX spectrum of
the InSe crystal was found to be close to that of the InSe:Mn crystals. The compositions of these samples were characterized
by EDX. It has been determined that the Mn effect creates a more homogeneous and high-quality structure in the InSe crystal.
It has been observed that the grown InSe and InSe:Mn semiconductors have high quality stoichiometric ratios and
homogeneous surfaces. These values are very close to the expected values, and in addition to the formation of some In or
Se bonds with O, the effect of added Mn was also observed. Results similar to those obtained from EDX analyzes have been
observed in many studies.

This study presents some results of systematic studies. InSe and InSe:Mn single crystals were grown under high vacuum.
Single crystals of InSe and InSe:Mn were grown under a high vacuum condition. The structural characterization of these
crystals was attempted using X-ray diffraction (XRD) measurements and X energy-dispersive X-ray spectroscopy (EDX). Single
crystals of InSe and InSe:Mn were grown using the modified Bridgman-Stockbarger method. The structure and melting points
of these InSe and InSe:Mn binary compounds have been determined. The grown samples are shiny and layered and crystallize
in hexagonal structures. Interest in the growth and characterization of such derived layered compounds has increased in
recent years. Hot probe techniques revealed that both undoped and Mn doped InSe samples are n-type semiconductors.
Doping with Mn can change the crystal structure and lead to a new appearance.
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Figure 3. EDX data of InSe:Mn crystal grown at room temperature
Conclusion

An important study has been carried out on the structural properties of the grown InSe and InSe:Mn single crystals.The
hexagonal structure of the InSe semiconductor with lattice parameters a = b = 4.025 A and ¢ = 16.732 A was confirmed with
the help of X-ray diffraction. Doped InSe single crystals were grown by the Bridgman method using Mn-containing In-Se
alloys. Samples were taken from the ingot and annealed at 595 K for 70 hours. Mn content was determined by X-ray
fluorescence analysis. It has been shown that the impurity is distributed unevenly throughout the nugget and the Mn
concentration increases at the tip.

XRD investigation of the sample phase composition was conducted, and it was found that the hexagonal phase InSe
(P63/mmc) with lattice constants a = b = 4.0026 A and ¢ = 16.634 A was the main phase (Lashkarev et. al., 2007). As is known,
b-InSe crystallizes in the hexagonal lattice defined as the D%} space symmetry group. The lattice constants are a = b = 4.048
A, and c=16.930 A (Man et. al., 1979). Eight atoms in the unit cell of b-InSe belong to two layers with the Se-In-In-Se structure.
This study's results are consistent with those of numerous other studies.

InSe are layered IlI-VI semiconductors. Each of the structures consists of regularly stacked layers consisting of four atomic
planes tightly connected according to the Se-In-Se structure. These structures exhibit strong bonding within the layers and
very weak bonding between them. Due to this configuration, crystals of these compounds have high polarizability and optical
uniformity, with a naturally mirror-smooth surface. The doping of the layered InSe binary compound with manganese may
have led to the formation of an ordered atomic structure. Moreover, the complexation of manganese with impurities in the
compound may improve the quality of the InSe semiconductor. Carrying out the procedure of a long-term growth program
may have led to the arrangement of layers consisting of indium and selenium atomic planes and may have contributed to a
more homogeneous formation of the layers.

When added to semiconductors, manganese alters their optical, magnetic, and electronic properties, enabling controlled
optimization of these materials. Manganese-doped semiconductors exhibit magnetic and electronic properties. Ideal for use
in magnetic memory and spin-based electronic devices. Manganese can alter semiconductors' band structure and carrier
density, leading to phenomena such as magnetic phase transitions at low temperatures. These properties significantly affect
critical parameters of the material, such as magnetic resistance, and offer great potential for advanced technology
applications (Boledzyuk et al., 2014; Sang et al., 2019; Emir et al., 2024). This study and subsequent studies aim to reveal
some of these properties.
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Research Article Arastirma Makalesi

Synthesis, FT-IR, DFT and in silico
Antibacterial Activity Studies of Silver Nitrate
Complex of Chlorzoxazone

Chlorzoxazone Molekiliniin Gumus Nitrat Bilesiginin
Sentezlenmesi, FT-IR, DFT ve in silico Antibakteriyel
Calismalari

Abstract

In this study, it was aimed to produce a new potential antibacterial agent using
Chlorzoxazone and silver nitrate. Within the scope of the study, CZX.AgNOs structure
was synthesized by chemical synthesis methods. The structure was experimentally
characterized by FT-IR and elemental analysis. In addition, the optimized structure and
vibration frequencies were obtained by the DFT method. After characterization, ADME
and toxicity parameters of the new molecule were revealed using in silico methods. In
order to determine the antibacterial effect of the molecule, molecular docking studies
were performed on gram+ Staphylococcus aureus bacteria, and the data were
compared with the frequently used antibiotic clindamycin. The results revealed the
ADME, toxicity, and antibacterial effect of the new compound CZX.AgNOs is quite
superior.

Keywords: Silver Nitrate, Chlorzoxazone, Molecular Spectroscopy, DFT, Molecular
Docking, in silico ADMET prediction

Oz

Bu calismada, Klorzoksazon ve gimdis nitrat kullanilarak yeni bir potansiyel
antibakteriyel ajan Uretilmesi amaclanmistir. Calisma kapsaminda, CZX.AgNOs yapisi
kimyasal sentez yontemleri ile sentezlenmistir. Olusan yapi, FT-IR ve elementel analiz
metotlari ile deneysel olarak karakterize edilmistir. Ayrica, optimize edilmis yapi ve
titresim frekanslari DFT ile elde edilmistir. Karakterizasyon isleminin ardindan,
molektlin  ADME ve toksisite parametreleri in silico yontemler kullanilarak
belirlenmistir.  Molekilin antibakteriyel etkisini belirlemek amaciyla, gram+
Staphylococcus aureus bakterisi Gzerinde molekiler kenetleme calismalari yapilmis ve
veriler, siklikla kullanilan antibiyotik klindamisin ile karsilastirilmistir. Sonuglar, yeni
bilesik CZX.AgNOs'lin ADME, toksisite ve antibakteriyel etkisinin oldukca Ustiin oldugunu
ortaya koymustur.

Anahtar Kelimeler: GUmuUs Nitrat, Klorzoksazon,
Molekuler Yerlestirme, in silico ADMET tahmini

Molekuler Spektroskopi, DFT,
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Introduction

Chlorzoxazone (CZX) is an effective muscle relaxant to treat muscle spasms and the resulting pain and discomfort. Its
relaxant effect on skeletal muscles was discovered in the late 1950s (Stewart et al., 1987). CZX shows this effect by blocking
signals to the brain and causing muscle relaxation (Bai & Ma, 2020; Megalamani et al., 2023). It also has therapeutic effects
on systemic mastocytosis, conjunctivitis, and ulcerative colitis (Tang et al.,2015). When a detailed examination is made,
although many studies have been conducted on CZX recently (Bai & Ma, 2020; Skrejborg et al.,2020; Deng et al., 2020;
Creteanu et al., 2024), to the best of our knowledge, there has yet to be a study on the silver metal complexes of CZX. This
study aimed to produce and characterize the AgNOs; metal compound of CZX. Silver nitrate is an odorless, white solid
inorganic silver salt with the chemical formula AgNOs. Although Albert Magnus first described it in the 13™ century, it was
frequently used in the treatment of cuts and wounds due to its antiseptic properties in Roman and ancient Greek
civilizations. Today, with this feature, it is used in the treatment of warts and also to prevent eye diseases caused by the
Neisseria gonorrhoeae bacteria in newborn babies (Bilkan et al., 2016). In addition to its antibacterial properties, silver
nitrate injection therapy has a long history of use in urology (Sekito et al., 2022). Due to its medical and pharmacological
importance, the production of new molecular structures containing silver nitrate has gained significant importance in the
last ten years. In this context, in 2023, Aveledo et al. conducted studies on silver nitrate using the Calvet calorimeter
(Aveledo et al.,, 2023). Gutmanska et al. obtained new silver compounds containing 1,4-dicyanobenzene and 3-
cyanopyridine (Gutmanska et al., 2022). Pereira et al. conducted toxicity studies on silver nitrate and other silver materials
(Pereira et al., 2023). Eady et al. studied Salmonella detection using SERS spectroscopy on silver nitrate nanoparticles (Eady
et al., 2023). Recently, Karan and Erenler synthesized silver nanoparticles using antioxidant-effective potato varieties (Karan
& Erenler, 2024). In this study, it was aimed to produce a new compound containing AgNOs; and CZX due to their stated
medical and pharmacological importance. CZX.AgNOs; structure was produced using CZX and AgNOs. The structure of the
compound was characterized by FT-IR and molecular modeling. Pharmacokinetic parameters and toxicity profiles of the
compound were determined. In addition, in order to determine the antibacterial activity, binding conditions of
Staphylococcus aureus bacteria with tyrosyl-tRNA synthetase (PDB ID: 1J1)) receptor were revealed. The obtained results
were compared with the results of the well-known antibiotic clindamycin, and it was found that the newly produced
compound has excellent antibacterial agent potential.

Experimental and Computational Procedures

CZX and AgNOs were supplied by Sigma-Aldrich for the production of the compound. Since it has poor water solubility,
two mmol CZX was dissolved in 5 ml ether. One mmol AgNO3 was dissolved in 3 ml pure water. Both solutions were stirred
at room temperature for 10 min and added to each other. The final mixture was stirred at 300 K for 5 min, and the
precipitate formed was collected using filter paper. The collected material was dried in a sterile oven and stored at +4 °C for
analysis. CHNS analyses were performed with varioMICRO CHNS analyzer. FT-IR recordings were performed with Bruker
FRA 106/S Spectrometer. In the theoretical studies section, the Gaussview program was used to draw all three-dimensional
compounds (Dennington et al.,, 2008). The drawings were optimized with Gaussian (Frisch et al., 2010), and physical,
chemical, spectroscopic, and electronic properties were determined. Potential Energy Distributions for each vibration
mode were obtained with the VEDA4 program (Jamrdz, 2004). Protox 3.0 to predict the toxicities of the compounds
(Banerjee et al., 2024) was used. The PreADMET webserver was utilized to determine the ADME parameters of the
compounds (Seul, 2004). Molegro Virtual Docker program was used (Bitencourt et al., 2019) in docking analyses. In the
calculations, DFT/6-311++G(d,p) was used for CZX, and LanL2DZ was used for CZX.AgNOs;. Corrections were made by
multiplying the vibration frequencies with scale factors 0.9982 for CZX and 0.9668 for silver nitrate complexes. CHN
analyses results for CZX.AgNOs: found H(1.47%), C(32.89%), N(1.63%); calc H(1.58%), C(33.04%), N(1.58%).
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Results and Discussion

Three-Dimensional Structure and Geometrical Parameters

The stable geometry of a molecular structure plays a fundamental role in determining many physical and chemical
parameters of the molecule. The smallest changes in structural parameters directly affect characteristic properties,
especially vibration frequencies. Therefore, the first step before working on molecular systems is to obtain a three-
dimensional optimized structure. For this purpose, in this study, the three-dimensional structures of CZX and CZX.AgNOs
molecules were optimized with DFT, and the results are shown in Figure 1.

Figure 1. Optimized molecular structures of CZX and CZX.AgNOs
As seen in Figure 1, the silver atom is bonded with two CZX molecules. As expected, chemical bonding occurred
between the nitrogen atoms of the CZX molecule and the silver atom. The calculated parameters of the three-dimensional

geometry and the experimental parameters of the CZX molecule are shown in Table 1 (Selected).

Table 1. Selected important geometric parameters of the structures (,& and ).

CzX CZX.AgNO3 CzX CZX.AgNO3

Parameters
Calc. Exp.* Calc. Parameters Calc. | Exp.* Calc.
1C-2C 1.385 | 1.393 1.421 6C-120 1.376 | 1.391 1.386
1C-11N 1.390 | 1.387 1.372 3c-10cl 1.758 | 1.738 1.799
11N-14C 1.384 1.352 1.415 5C-6C 1.377 | 1.380 1.385
14C-150 1.196 | 1.204 1.225 12N-15Ag - - 2.160
14C-120 1.392 | 1.378 1.465 15Ag-300 - 2.384 2.316
1C-11N-14C | 110.60 | 110.74 107.74 15Ag-310 - - 2.799
1C-6C-120 109.61 | 108.44 108.92 2C-12N-15Ag - - 129.92
6C-120-14C | 108.27 | 107.83 105.78 13C-12N-15Ag - - 117.83
120-14C-11N | 106.34 | 107.54 108.49 12N-15Ag-300 - - 91.39
120-14C-150 | 124.23 | 122.04 121.94 12N-15Ag-310 - - 104.78
150-14C-11N | 129.43 | 130.55 129.57 300-32N-310 - - 116.82

*Data were taken from Ref (Bilkan et al., 2016)
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As seen in the table, all geometric parameters calculated with DFT are in good agreement with the experimental data
taken from the literature (ide & Topag, 1997). Especially for CZX, the parameters between the atoms in the aromatic ring
were calculated with minor deviations. While the length between 1C-2C atoms was 1.393 A experimentally, it was
calculated as 1.385 A with DFT. There is only a 0.008 A difference between the two. Another parameter, 1C-11N bond
length, was calculated as 1.390 A, and its experimental value is 1.387 A. The deviation is 0.003 A. Similar results are seen
for all other bond lengths. The highest deviation is between 0.02 A and 3C-10Cl atoms, well below the acceptable limit of
0.1 A. The N-Ag bond length is calculated as 2.16 A. It is known from the literature that the experimental value is 2.39 A
(Bilkan et al., 2016). In this case, it has been shown that the optimized structure obtained with DFT approaches the
experimental values very well. The agreement between the experimental and calculated parameters is also seen in the
bond angles. There are deviations of 1-2° in the bond angles between atom:s.

Vibrational Modes Analyses

Fourier Transform Infrared Spectroscopy (FT-IR) is a very useful method that allows the characterization of molecular
structures by determining the vibration frequencies and intensities of a molecular structure. The method is frequently used
in obtaining the structures of biologically active agents. In this study, the FT-IR spectrum for the CZX.AgNOs; compound
produced was recorded with ATR and is given in Figure 2. Experimental IR vibration modes for CZX were taken from the
literature (Gnanasambandan et al., 2014).

Transmittance
1

‘ W\

4000 3750 3500 3250 3000 2000 1750 1500 1250 1000 750 500

Wavenumbers (cm’™)

Figure 2. Calculated and recorded mid-IR spectra of CZX.AgNO3
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When Figure 2 is examined, it is seen that the recorded and calculated IR modes for the compound are in good agreement
with each other. The number of vibrational modes of a compound with N atoms is given by 3N-6. CZX has fifteen atoms and
thus thirty-nine fundamental vibrational modes, while CZX.AgNOs has 33 atoms and 93 fundamental vibrational modes.
Some important vibrational modes calculated by DFT, together with those obtained experimentally, are given in Table 2.
Calculations were performed with the basis set 6-311++G(d,p) for CZX and the basis set LANL2DZ for AgNQs. The calculated
modes were scaled with the scaling factors 0.9668 and 0.9612 to obtain better agreement with the experimental ones.

Table 2. The calculated and experimental selected vibrational modes of CZX and CZX.AgNOs

czX CZX.AgNOs
Mode | Exp. Calculated Exp. Calculated PED (%)
IR* Freq. | IR IR Freq. lir
32 | 592s | 577 |1.54| 571m | 530 | 0.97 Scee (11)
38 - - - 593w | 609 | 0.03 Sono (76)+Von(13)
39 - - - 596w | 618 | 0.43 Sono (85)
40 639m | 591 | 0.18 | 622w | 658 | 1.67 | Vcic(16)+6ccc (14)+Vcc(10)
42 - - - 668w | 679 | 0.22 | Ocnag (15)+6ccc (11)+Vc(10)
46 751w | 735 [ 0.84| 705m | 695 | 0.96 Fonoc(64)
50 - - - 719sh | 758 | 2.96 | bocc(24)+6ccc (24)+6cnag (10)
51 842s 837 | 2.37 | 802m 813 2.47 Mhcen(46)+Thccc(44)
54 920s | 900 |5.77 | 849w | 848 | 14.04 | 6ccc (24)+Voc(22)+6cnag (10)
56 868w | 852 | 0.08 | 867w | 877 | 2.37 Mheee(78)
59 - - - 914m | 904 | 2.03 Von(93)
63 959vs | 920 | 0.06 | 950s 984 | 19.66 Vnc(54)
65 | 1061m | 1054 | 2.38 | 1029w | 1031 | 4.76 | Vcc(35)+ Once (17)+Vec(13)
66 - - - 1106w | 1115 | 26.47 Von(79)+ Sono(14)
68 | 1147s | 1132 | 2.42 | 1149m | 1136 | 1.18 Srcc(48)+Vec(14)
70 | 1102m | 1080 | 2.14 | 1254w | 1196 | 3.09 Voc(38)
73 | 1230w | 1230 | 0.59 | 1257m | 1292 | 19.21 | Vnc(32)+ Shce (15)+Vec(12)
75 - - - - 1337 | 15.10 Von(83)
76 1295s | 1269 | 3.84 | 1362w | 1346 | 48.89 Vec(24)
79 | 1456m | 1457 | 1.05 | 1453sh | 1417 | 16.65 Shcc(39)+6¢cc(10)
81 - 1352 | 1.31 | 1482s | 1432 | 2.37 Vee(36)+61cc(26)
84 1616s | 1621 | 2.97 | 1622m | 1584 | 100.0 Vee(51)
86 | 1764vs | 1843 1%0' 1778vs | 1667 | 21.38 Voc(81)
93 | 3082w | 3149 | 0.04 | 3118w | 3163 | 0.28 Vcu(98)

C-H stretching vibration is observed in the range of 3100-3200 cm™. C-H stretching vibrations were obtained at 3149 and
3163 cm™ wave numbers for the compounds examined in this study. Carboxyl-containing molecules generally show intense
bands around 1700-1800 cm™ due to the intense observation of C-O vibrations. Since CZX contains a carboxyl group, the
most intense vibration mode was calculated at 1843 cm™ and was observed experimentally at 1764 cm™. The reason for
the difference is that the calculations were obtained for a single molecule in the gas phase, while the experimental results
were recorded for n mol of molecules. The modes calculated at 609, 618, and 679 cm™ for CZX.AgNOs were not observed in
CZX. These modes are due to the internal vibrations of AgNOs; and ligand-metal bonds. These results and CHN analyses
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prove that the structure produced from chemical synthesis is compatible with the theoretically modeled 2-1 bonded
CZX.AgNOQOs structure.

Pharmacokinetic Properties and Toxicity Profile of CZX.AgNO3

The absorption, distribution, metabolism and elimination (ADME) processes of a drug are called pharmacokinetic
parameters and provide crucial preliminary information, especially in determining the effectiveness of pharmacological
agents in the body. Biological activity can be estimated with high accuracy by examining the functional groups of
compounds and comparing them with experienced drugs. In this study, ADME parameters for the CZX.AgNOs; compound
were obtained by in silico methods and compared with those of clindamycin, one of the essential antibiotics. The results
are shown in Table 3.

Table 3. Some important in silico ADME parameters of clindamycin and CZX.AgNOs

ID clindamycin CZX.AgNO;
BBB (Corain/ Cblood) 0.09 1.08
Caco-2 (nm/sec) 20.43 33.47
HIA (%) 84.30 100.00
MDCK (nm/sec) 0.55 0.35
Plasma Protein Binding (%) 33.65 78.77
Pure water solubility mg/L 700.3 2084.4
Skin Permeability (cm/hour) -4.27 -3.07

BBB, one of the parameters in the table, represents the blood-brain barrier permeability. It is known as the ratio of the
intracranial concentration of a drug to its concentration in plasma. A value greater than two indicates that drugs may
significantly affect the central nervous system (CNS). As can be seen from the table, both compounds have a weak effect on
the CNS. The Caco-2 and MDCK parameters represent the intestinal epithelial barrier and kidney cell line, respectively, and
represent the number of molecules absorbed per second in nanomoles. While the Caco-2 absorption of clindamycin and
CZX.AgNOs is at a medium level; the MDCK absorption is low. Another important ADME parameter is the HIA value. This
parameter, known as Human Intestinal Absorption, gives the absorption percentage from the small intestine. Accordingly,
while clindamycin is absorbed by 84.30%, CZX.AgNO3 is absorbed by 100% from the small intestine. Plasma protein binding
rate gives the binding rates of drugs to proteins known as plasma proteins, such as albumin, fibrinogen, and globulin. The
higher the binding rate, the lower the drug's effectiveness. However, a binding rate below 90% is considered sufficient for
the effectiveness of drugs. In this context, it can be said that the PPB rate of CZX.AgNOs is sufficient. In Table 4, in silico
predicted toxicity profiles of the compounds were given.

The LD50 value (Lethal Dose 50) is the amount of toxic substance that causes the survival of a population to decrease to
50%. As the LD50 value increases, the toxicity decreases. Therefore, it is seen that CZX.AgNOs has lower toxicity compared
to clindamycin. In addition, the toxicity class was determined as 4 for clindamycin, while it was found as 5 for CZX.AgNOs.
However, there are cases where the toxic effects of both compounds are active and inactive. For example, clindamycin has
toxic effects on the immune system, while CZX.AgNOs has toxic effects on the liver. This is one of the important situations
that should be considered in the research of the compound as a drug.
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Table 4. The in silico predicted toxicity parameters of clindamycin and CZX.AgNOs; compounds

ID clindamycin CZX.AgNO;
Predicted LDso (mg/kg) 1095 2161
Predicted Toxicity Class 4 ST;?::/!; 5 Maz:lzlroa\:/r:(:m i
Probability Prediction Probability Prediction

Hepatotoxicity 0.65 Inactive 0.51 Active

Immunotoxicity 0.84 Active 0.95 Inactive

Cytotoxicity 0.73 Inactive 0.69 Inactive

Carcinogenicity 0.63 Inactive 0.56 Inactive

Mutagenicity 0.73 Inactive 0.55 Inactive

Neurotoxicity 0.81 Inactive 0.64 Active

Nephrotoxicity 0.51 Active 0.58 Active

Respiratory toxicity 0.78 Active 0.51 Active

Cardiotoxicity 0.73 Inactive 0.62 Inactive

Investigation of Antibacterial Activity

Molecular docking is, in general terms, a macromolecular simulation method used to determine the interaction of a
molecule with a target receptor. It is generally used to examine the therapeutic effects of a drug on a disease. After the
interaction, a binding score is obtained and this score is directly proportional to the binding efficiency. This binding is
mostly based on the inhibition of the protein that is the causative agent of the disease. The degenerations caused by the
binding in the structure of the protein stop the proteins from performing their specialized function, and thus, the
therapeutic effect occurs. In this study, the antibacterial effect was investigated by comparing the binding affinities of
CZX.AgNOs and clindamycin (as positive control) with the tyrosyl-tRNA synthetase (PDB ID: 1Jl)) receptor enzyme of
Staphylococcus aureus bacteria. Staphylococcus aureus (S. aureus) causes some serious infections, such as endocarditis,
and has significant lethal effects. The binding scores and other relevant parameters obtained as a result of docking
operations are given in Table 5.

As seen in the table, CZX.AgNOs performed eight hydrogen bonds with the target receptor. In these bindings, the
molecule acted as a hydrogen acceptor and interacted with the amino acids Gly193, GIn196, GIn174, Tyrl70 (two bonds),
and Asp40 (three bonds) of the protein. The MolDock score of the binding was obtained as -152.123, and a significant
portion of the total binding energy originated from steric hindrance (PLP) energy. The binding score for clindamycin was
obtained as -127.065. This result confirms that the CZX.AgNOs; molecule binds to the relevant receptor better than the
positive control clindamycin. The bindings for both molecular structures are given in Figure 3.
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Table 5. The interaction parameters between clindamycin, CZX.AgNO3 and the target protein

Parameters clindamycin CZX.AgNO:
MolDock Score -127.065 -152.123
Rerank Score -112.459 -116.705
Hydrogen Bonding energy -3.44782 7256
(kcal/mol)
Steric Hindrance Energy (PLP) -141.458 -136.016
Steric Hindrance Energy 45523 -45 835

(LJ12-6)

Electrostatic Interaction Energy
Short range

Electrostatic Interaction Energy
Long range

Amino acid-drug bonding
(bond length: A, bond energy:
kcal/mol)

Tyr170(0)-ligand(O-H)
b.l.:2.81-b.e.:-2.50
Asp40(0)-ligand(O-H)
b.l.:2.46-b.e.:-0.74
Thr75(0-H)-ligand(O)
b.l.:3.00-b.e.:-2.50
Asp40(0)-ligand(O-H)
b.l.:3.17-b.e.:-2.16

Gly193(N-H)-ligand(O) b.l.:2.76-b.e.:-2.50
GIn196(N-H)-ligand(N) b.l.:3.49-b.e.:-0.53
GIn174(N-H)-ligand(O) b.l.:2.89-b.e.:-2.50
Tyr170(0-H)-ligand(O) b.l.:2.76-b.e.:-2.50
Tyr170(0-H)-ligand(O) b.l.:2.83-b.e.:-1.34
Asp40(0-H)-ligand(0O) b.l.:3.12-b.e.:-1.92
Asp40(0-H)-ligand(0O) b.l.:2.97-b.e.:-0.84
Asp40(N-H)-ligand(N) b.l.:3.46-b.e.:-0.68
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Figure 3. The three-dimensional molecular docking structures and interaction parameters of 1J1J protein with clindamycin

and CZX.AgNOs
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Figures 3a and 3b represent the binding positions of the compounds to amino acids of the target receptor on a near
scale. Figures 3c and 3d show that both compounds (clindamycin and CZX.AgNQs) bind to the same active sites of the
target protein—however, CZX.AgNO; has a superior binding score (-25.058 kcal/mol) than clindamycin. These results
support that the potential antibacterial agent may exhibit similar binding properties to clindamycin and, thus, therapeutic
effects.

Conclusion

In this study, a new potential antibacterial agent CZX.AgNOs; was synthesized. The synthesized structure was
characterized using experimental and theoretical methods. ADME and toxicity profiles of the molecule were determined in
silico. In addition, the antibacterial activity of the molecule was carried out by molecular docking analyses. The obtained
results were compared with the positive control group clindamycin and the following results were obtained:

e The geometrical structure studies show that the optimized structure obtained with DFT approaches the
experimental values very well.

e CHN analyses reveal that the structure produced from chemical synthesis is compatible with the theoretically
modeled 2-1 bonded CZX.AgNOs structure.

e ADME results show that CZX.AgNOs has a weak effect on the CNS. Moreover, CZX.AgNOs is absorbed 100% by the
human intestinal system.

e jn silico studies reveal that new compound CZX.AgNOs has lower toxicity compared to conventional drug
clindamycin.

e Molecular docking results support the CZX.AgNO3; may has antibacterial effect because it exhibits similar binding
properties to clindamycin.
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Research Article Arastirma Makalesi

Investigation of Photo-Electrical Properties in
(Fe;03-G)/n-Si Device

(Fe,03-G)/n-Si Cihazinda Foto-Elektriksel Ozelliklerin
incelenmesi

Abstract

This study focuses on synthesizing iron oxide-graphene (o-Fe203-G) composite
materials and evaluating their performance in devices constructed on n-type silicon
(n-Si) semiconductors under dark and illuminated conditions. Key electrical
parameters such as the ideality factor (n = 2.59), barrier height (®, = 0.74 eV), and
series resistance (Rs = 70 kQ) were determined using Thermionic Emission (TE) and
Norde methods from |-V measurements taken in the dark. The device's
photoelectrical properties were further examined under illumination, revealing that
the Fe,0s-G/n-Si device exhibits self-powered behavior, operating without an
external power source. The device achieved a maximum ON/OFF ratio of 32496, a
specific detectivity (D*) of 26.6 Jones at 0 V, and a maximum responsivity (R) of 98
mAW™? at -2 V. These results highlight the device's potential for efficient
photodetection, particularly in self-powered applications.

Keywords: |-V characteristicc Norde method, Photosensitive device, Micro-emulsion
method

0z

Bu ¢alisma, demir oksit-grafen (a-Fe;03-G) kompozit malzemelerin sentezlenmesine
ve bunlarin n-tipi silisyum (n-Si) vyariiletkeni ile olusturulan cihazlardaki
performanslarinin hem karanlik hem de aydinlik kosullardaki degerlendirilmesine
odaklanmaktadir. idealite faktorii (n= 2,59), bariyer yiiksekligi (@5 = 0,74 eV) ve seri
direng (Rs = 70 kQ) gibi elektriksel parametreler karanlikta alinan |-V 6l¢imlerinden
Termiyonik Emisyon (TE) ve Norde yontemleri kullanilarak belirlenmistir. Cihazin
fotoelektrik ozellikleri aydinlatma altinda da incelenmis ve Fe,03-G/n-Si cihazinin
harici bir glic kaynagl olmadan c¢alisarak kendi kendine glic saglama davranisi
sergiledigi ortaya ¢cikmistir. Aygit, 0 V'ta maksimum ON/OFF oranina (32496), spesifik
dedektiviteye (D* 26,6 Jones) ve -2 V'ta da maksimum duyarliliga (R, 98 mAW)
ulasmistir. Bu sonuglar, cihazin 6zellikle kendi kendine gli¢ saglayan uygulamalarda
verimli isik algilama potansiyeline sahip oldugunu vurgulamaktadir.

Anahtar Kelimeler: |-V karakteristigi, Norde metodu, Isiga duyarh cihaz, Mikro-
emdlsiyon yontemi
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Introduction

Photodetectors are essential optical devices that transform light into electrical signals (Ramakrishnan et al., 2023; Talebi
& Eshghi, 2023). Self-powered photodetectors, which do not require an external power source, have become highly
significant in the field of optoelectronics (Kim et al., 2024). Their appeal lies in their high performance, low production costs,
and stability. The selection of suitable materials and fabrication techniques is crucial to achieving these benefits (Sarkar &
Kumar, 2024).

Metal oxide nanoparticles (MO NPs), particularly iron oxide, play a vital role in optoelectronic technology (Saleem et al.,
2023). Iron oxide exists in several forms, including hematite (a-Fe,03), maghemite (y-Fe»0s), and magnetite (Fes04) (Can et
al., 2012). Among them, hematite is known for its stability and suitable band gap for visible light absorption, making it an
excellent candidate for photodetector applications (Ghobadi et al., 2019). The inclusion of a-Fe,0s3 in photodetectors
enhances their photoresponse and stability due to its excellent chemical stability, high absorption coefficient, and
environmentally friendly nature (Wang et al., 2023).

The synthesis of a-Fe;03 NPs can be achieved through various methods, with the microemulsion method being particularly
effective (Han et al., 2011; Muhajir et al., 2019). This method involves creating a microemulsion—a mixture of water, oil, and
surfactant—to produce NPs with controlled size and morphology (Li & Park, 1998). The microemulsion technique offers
advantages such as simplicity, low cost, and the ability to produce uniform NPs, which are essential for consistent
optoelectronic device performance.

Incorporating graphene into composites with MO NPs, such as a-Fe,0s, brings additional benefits (Sun et al., 2015; Lu et
al., 2019). Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, is known for its exceptional electrical
conductivity, mechanical strength, and high surface area (Yurtcan & Das, 2018; Das & Yurtcan, 2022). When combined with
a-Fe,03 NPs, graphene enhances the charge transport properties, increases the surface area for light absorption, and
improves the overall stability of the composite (Alan et al., 2018; Idisi et al., 2023). These enhancements lead to higher
sensitivity, faster response times, and greater efficiency in photodetectors.

In this study, we synthesized a-Fe;0s-graphene (Fe;0s-G) composite materials and fabricated them into thin films on n-
type silicon wafers to investigate their impact on device performance. The primary electrical parameters were determined
using the Thermionic Emission (TE) theory and the Norde method, which provided insights into the barrier height, ideality
factor, and series resistance of the devices. Furthermore, we evaluated the optoelectronic performance of the Fe;0s-G
composite-based devices by measuring key characteristics such as the ON/OFF ratio, responsivity (R), and specific detectivity
(D*) under white light illumination. By systematically analyzing the electrical and optoelectronic parameters, this study
provides a detailed understanding of the potential advantages and limitations of Fe,03-G composites in photodetector
applications.

Experimental Procedure
Materials

Iron (1) chloride (FeCls), sourced from the Merck Company, was used as the precursor in this study. The surfactant dioctyl
sulfosuccinate sodium salt (AOT), along with 1-butanol, n-heptane, and sodium hydroxide (NaOH), were acquired from
Sigma-Aldrich Company in analytical grade. Graphene was supplied by the Nanografi Company (Tirkiye). Additionally, during
the device fabrication process, an n-type silicon substrate with a resistivity between 1 and 10 Qcm, a thickness of about 280
pum, and a (100) orientation was used. The surface of the silicon substrate underwent a thorough cleaning procedure.

Material Synthesis

a-Fe>03; material was produced using the microemulsion technique, as documented in prior research (Bozkurt, 2020). This
technique was chosen for its effectiveness in generating NPs with uniform size and morphology, which are essential for
achieving consistent performance in device applications. Following the synthesis of a-Fe,03 NPs, a mixture of graphene and
a-Fe;0; NPs was prepared in a mortar to form the Fe;0s-G composite. This was achieved using a 1:0.5 weight ratio,
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thoroughly grinding the components in the mortar until a homogeneous mixture was obtained.
Device Fabrication

Initially, the n-type Si substrate was cleaned using the established “Radio Corporation of America (RCA) chemical cleaning
processes” (GUllu et al., 2008). Subsequently, a layer of pure aluminum (approximately 120 nm thick) was evaporated onto
the unpolished surface of the n-Si wafer at a pressure of 2x10°® Torr. The wafer was then annealed at 450 °C for 10 minutes
in a nitrogen atmosphere to prevent oxidation on the polished surface. In the next step, the Fe,03-G composite was dissolved
in a water/ethanol mixture and applied to the polished surface of the n-Si wafer using the spin coating technique at 1500
rpm, forming a film layer. The coated wafer was left to dry at room temperature overnight. For electrical measurements,
gold (Au) dot contacts (with an area of 7.85 x 10 cm?) were evaporated onto the Fe;0s-G film using the same system
employed for the Al back contact. The device design is illustrated in Figure 1. The electrical and photoelectrical properties of
the Fe,03-G/n-Si device were examined by using a Keithley sourcemeter at room temperature under both ambient conditions
and 1 sunlight intensity.

Light Source

Fe,0;-G/n-Si
n-Si SMU

Al

Figure 1. Schematic illustration of the prepared device architecture

Additionally, an Au/n-Si/Al device without Fe,03-G NPs was also fabricated for comparison. This allowed for a detailed
assessment of how integrating Fe,05-G affected the device's electrical properties.

Results and Discussion
Some Physical Properties of the Fe;0s;-G Material

The crystal structure of the Fe,0s-G composite was examined through X-ray diffraction (XRD) using a Rigaku Miniflex
diffractometer equipped with a Cu Ka radiation source (A = 1.5406 A). The XRD pattern displayed distinct peaks corresponding
to a-Fe,03, confirming the presence of hematite (a-Fe>03) NPs within the composite material (Bozkurt, 2020), as shown in
Figure 2. However, the absence of diffraction peaks for the crystalline phase of graphene could be attributed to the limited
amount of graphene mixed with the a-Fe,03 NPs. This lack of peaks may also result from a significant number of a-Fe,03; NPs
overlapping on the surface of the graphene (Gao et al., 2022), obscuring the detection of its characteristic peaks in the XRD
analysis.

To examine the surface morphology and elemental composition of the Fe,03-G/n-Si structure, SEM and EDS analyses were
conducted, as shown in Figure 3. The SEM image reveals a granular texture with irregularly shaped particles, indicating a
distinct morphology compared to the previously reported plain Fe;Os structure (Bozkurt, 2020). The incorporation of
graphene likely contributes to this altered morphology, promoting the formation of a more interconnected and porous
network.
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Figure 2. XRD pattern of Fe;05-G material

Fe203-G Element Weight % Atomic %
CK 6.09 1372
0K 3358 56.8
SiK 0.53 051
FeK 59.8 23.98
£
=
¢ =
&
E
- } 0 2 4 6 8 10
DAYTAM
i ) s 5 1 Energy (keV)

Figure 3. SEM image and the EDS spectrum of Fe,0s-G/n-Si structure

Additionally, the EDS analysis confirmed the presence of Fe, C, O, and Si elements in the structure. The slight detection of
Si is attributed to the underlying silicon substrate, while the pronounced C peaks confirm the successful incorporation of
graphene. The Fe and O peaks correspond to the Fe;0; component, further validating the composition of the composite
structure. The EDS results highlight the effective integration of graphene into the Fe,0s; matrix, contributing to the material's

unique properties.

A UV-Vis absorption analysis was performed to evaluate the optical properties of the Fe;03-G composite. The absorbance
spectrum exhibited a wide range of absorption from approximately 300 to 800 nm, indicating strong light absorption across
the visible spectrum, which is characteristic of Fe,0s-based materials. To determine the band gap, the Tauc plot was
employed, and the band gap energy was calculated to be around 2 eV. This value is consistent with the band gaps typically
reported in the literature for Fe20s-G composites, which generally fall between 1.9 and 2.2 eV (Abdel-Salam et al., 2022; Idisi
et al., 2023), confirming the effectiveness of the composite for optoelectronic and photocatalytic applications. The result
aligns well with the expected electronic properties, indicating successful synthesis and integration of the materials.
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Figure 4. UV-Vis spectra of Fe;03-G composite: Inset shows the Tauc plot of the material

Electro-Optical Properties of the Fe,0;-G/n-Si Device Structure

In this study, the devices' current-voltage (I-V) responses were evaluated under two distinct conditions: first, in a dark
environment to establish baseline characteristics, and second, under an illumination condition (a visible light source with an
intensity of 100 mW/cm?, equivalent to 1 sun intensity).

Figure 5 shows the I-V curves of the reference (Au/n-Si/Al) and Fe,0s-G/n-Si devices in a dark environment. Both devices
exhibit excellent rectifying characteristics with an exponential increase in the forward bias region. The fundamental principles
of thermionic emission (TE) theory can be utilized to evaluate the electrical parameters of this kind of diode (Orhan et al.,

2020; Das et al., 2021). According to the thermionic emission (TE) theory, the relationship between current (I) and voltage
(V) is described as follows (Gupta et al., 2009):

I =1 [exp (s—:T) - 1] (1)
with
Iy = AA*T?exp(—q®, /kT) (2)
where lo represents the reverse bias saturation current, g is the electronic charge, Vis the applied voltage, n is the ideality
factor of the diode, k is the Boltzmann constant, T is the temperature in Kelvin, A is the diode area (7.85x103cm?), and A" is

the Richardson constant (112 A/cm?K? for n-Si), and @ is the barrier height (Aydogan et al., 2010).

By rearranging the above equations, the @, and the n can be calculated using the following formulas:

__ kT AA*T?

®, = 7ln( - ) (3)
-4,

n=rr (dln 1) (4)

The ideality factors (n) for the fabricated diodes were found to be 2.03 for the reference device and 2.59 for the Fe,0s-
G/n-Si device. These values, being greater than one, suggest that both diodes exhibit non-ideal behavior. This non-ideal
behavior can be attributed to several factors, including significant surface leakage currents, a high density of recombination
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Figure 5. I-V characteristics of the reference and the Fe;03-G/n-Si devices

centers within the depletion region, a high density of interface states, and increased series resistance (Middya et al., 2014;
Yildirnm & Das, 2023). These factors collectively contribute to deviations from the ideal diode behavior, affecting the overall

performance of the devices. Additionally, the barrier heights for both devices were determined to be 0.74 eV. The obtained
results were tabulated in Table 1.

Table 1. Main electrical parameters of the reference and Fe;03-G/n-Si devices at dark ambient

Reference device Fe,0s3-G/n-Si
TE method Norde TE method Norde
lo n O, (ev) o, Rs lo n O, (eV) O, (eV) Rs
(x108 A) (eV) (kQ) (x108 A) (kQ)
2.49 2.03 0.74 0.74 490 3.27 2.59 0.74 0.74 70

The elevated ideality factor and the downward concavity observed in the forward bias |-V characteristics at high applied
voltages suggest that series resistance (R;s) significantly impacts the device's performance. To address this, Norde developed

a method for estimating both the R; and the @, of diodes (Norde, 1979). Norde’s approach involves using a specific function,
which can be expressed as follows (Norde, 1979):

=L () 2

where yis an integer greater than the n from the TE theory and the @, can be derived from the Norde function using the
following formula (Norde, 1979):

Vmin _ H

D), = F(Vmin) + Y q

(6)

where Vi, refers to the minimum forward biased value in Norde’s function, F(V). Additionally, the R value can be
determined from Norde’s functions as follows (Norde, 1979):

R.= kT (y—n) (7)
ql

where [ is the current value that corresponds to the minimum value of Norde’s function. Figure 6 presents the variation
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Figure 6. F(V) versus V plots for the reference and the Fe;03-G/n-Si devices

of Norde’s function with the applied voltage for the manufactured devices. Additionally, Table 1 provides the calculated
values for the Rs and @,. The results indicate that the @, values derived from both traditional |-V analysis and the Norde
approximation are identical. On the other hand, the R; value of the Fe,0s-G/n-Si device is found to be lower than that of the
reference device. This can be attributed to several factors. Firstly, the incorporation of Fe,03 and graphene likely enhances
the electrical conductivity and charge carrier mobility within the device. Graphene, known for its excellent electrical
properties, provides a conductive pathway that reduces resistance. Additionally, the Fe,O3 NPs may facilitate better contact
at the interfaces, improving the overall efficiency of charge transfer. This synergistic effect between Fe,0; and graphene
likely contributes to the reduced R;, thereby enhancing the device's performance.

Furthermore, the |-V characteristics of the Fe,03-G/n-Si device were analyzed under illumination to investigate their
photoelectrical properties, as illustrated in Figure 7. The figure demonstrates that illumination significantly increased the
dark current in the negative bias region while having minimal impact on the current in the positive bias region. In photodiodes
and photodetectors, this type of |-V characteristic is commonly observed. This behavior therefore suggests that the fabricated
device has the potential to be used as an effective photodetector. The high current observed under reverse bias is due to the
formation of photogenerated electron-hole pairs and their separation by the internal electric field in the depletion region,
which enhances carrier drift and thus increases the photocurrent. Additionally, it is evident that the Fe,0s-G/n-Si device
demonstrates self-powered behavior, meaning it operates without the need for an external power source.

The ON/OFF ratio of a heterojunction photodetector indicates the device's responsiveness to incident light (Yildirnm &
Das, 2023). It is a crucial parameter that reflects the difference between the photocurrent generated when the device is
illuminated (ON state) and the dark current when no light is present (OFF state). A high ON/OFF ratio is desirable as it signifies
strong light sensitivity and effective suppression of dark current, leading to better detection accuracy. This ratio also provides
insights into the signal-to-noise ratio of the device, which is vital for applications requiring precise light detection. Figure 8
and Table 2 show the variation of the ON/OFF ratio of the Fe,03-G/n-Si device as a function of applied voltage. As light
intensity increases, the ON/OFF ratio of the device improves, reflecting enhanced sensitivity to light. Conversely, the ratio
decreases with increasing applied voltage. Specifically, the highest ON/OFF ratio is achieved at 0 V, indicating optimal
performance at this voltage. In contrast, the ratio diminishes at -2 V, suggesting that higher reverse bias reduces the device's
effectiveness in distinguishing between light and dark states. This behavior underscores the importance of optimizing the
applied voltage to balance the device's sensitivity and performance.
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Figure 8. Variation of the ON/OFF ratio of the Fe,03-G/n-Si device as a function of applied voltage

Table 2. ON/OFF ratios of the Fe;0s-G/n-Si device for different applied voltages

ON/OFF Ratio
Device Ambient ov - 0.5V -1v -15V -2V
Fe,03-G/n-Si Day light 1334 4.9 3.4 3.1 3.6
1 Sun 32496 93.7 52.6 38.1 30.3

The efficiency of a photodetector in responding to incident light is characterized by its responsivity (R). Responsivity
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guantifies the photodetector's capability to convert light into electrical signals under specific bias and illumination conditions.
It is defined as follows (Erdogan et al., 2022; Das, 2022):

R(A/W) = 12t (8)
Pin

where Jphis the current density generated by the device and P;, is the total power of the light incident on the device. Figure
9 and Table 3 illustrate how the responsivity of the Fe,03-G/n-Si device changes with varying applied voltage. The results
indicate that the responsivity of the Fe,03-G/n-Si device improves as the reverse bias voltage increases. Specifically, the
responsivity is lowest at 0 V, where the device shows minimal sensitivity to light. In contrast, the responsivity reaches its
highest value at -2 V, suggesting that the device becomes more efficient in converting incident light into electrical signals
under higher reverse bias conditions. This behavior highlights the device's enhanced performance with increased reverse
bias, which likely improves the separation and collection of photogenerated carriers, thereby increasing the overall
responsivity.

Specific detectivity (D*) is another crucial performance metric for photodiodes. It quantifies the ability of a photodiode
to detect weak optical signals while minimizing noise. It is defined by the following equation (Xiong et al., 2024; Alshareefi &
Al-Nafiey, 2024):

" RAl/Z

= Jeata ©)

here, q represents the electronic charge, and A denotes the active junction area of the diode. The unit of D* is cmHzY?W-
1, commonly referred to as Jones. The calculated D* values for the fabricated device are presented in Table 4 and illustrated
in Figure 10.

Fe,0,-G/n-Si

Responsivity (mAW )

-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Voltage (V)

Figure 9. Variation of the responsivity of the Fe,03-G/n-Si device as a function of applied voltage

Table 3. Variation in responsivity of the Fe,0s-G/n-Si device with different applied voltages

Responsivity (R) (mAW-")
Device Ambient ov - 0.5V -1V -15V -2V
Fe>03-G/n-Si 1 Sun 70 78 85 91 98
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Figure 10. Dependence of D* on applied voltage for the Fe,03-G/n-Si device

Table 4. Variation in D* of the Fe,03-G/n-Si device with different applied voltages

Specific Detectivity (D*) (x10'° (Jones)
Device Ambient ov -0.5V -1V -1.5V -2V
Fe;03-G/n-Si 1 Sun 26.6 16.9 1.17 1.03 0.95

The higher the D* value, the better the photodetector is at distinguishing the signal from the noise, making it more
sensitive to weak light signals. This metric is particularly important in applications where detecting faint or low-intensity light
is critical. The results show that the highest D* value is achieved at 0 V, and it decreases as the reverse bias voltage increases.
This behavior can be understood by considering the factors that influence D*. At 0 V, the dark current (I4) is relatively low,
which minimizes the noise in the device. Since D* is inversely proportional to the square root of the dark current (/4), a lower
dark current leads to a higher D*, indicating better sensitivity and noise performance. However, as the reverse bias voltage
increases, the dark current typically increases due to enhanced carrier generation within the depletion region of the
photodiode. This increase in dark current contributes to higher noise levels (shot noise), which reduces D*. Consequently,
the device becomes less sensitive to weak light signals under higher reverse bias conditions. In summary, the decrease in D*
with increasing reverse bias voltage is due to the rise in dark current, which introduces more noise and diminishes the
photodiode's ability to detect low-intensity light efficiently.

Conclusion

In this study, Fe,03-G composite material was successfully synthesized as an interlayer on n-Si substrates, and its effect
on device performance was evaluated through |-V measurements. The structural and optical properties of the Fe,03-G
composite material were investigated through XRD, SEM/EDS, and UV-Vis spectroscopy. The obtained results confirmed that
the Fe;03-G composite materials were successfully synthesized. The data from XRD, SEM/EDS, and UV-Vis analyses clearly
indicated the proper formation of the composite structure, along with its expected physical and optical properties.
Additionally, to provide a comprehensive analysis of the electrical properties, both the Fe,0s-G/n-Si device and a reference
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device were fabricated for comparison purposes. Both the Fe;03-G/n-Si device and the reference device exhibited good
rectifying characteristics, indicating their potential effectiveness in electronic applications. Key electrical parameters were
determined using various methods, reinforcing the reliability of the findings. Under illumination at 1 sunlight intensity, the
Fe,0s5-G/n-Si device exhibited notable photoelectrical properties, particularly its self-powered behavior, which enables
operation without an external power source. This feature demonstrates strong potential for developing efficient, self-
powered photodetectors. The ability to function in remote or off-grid locations is particularly beneficial for applications such
as environmental monitoring, remote sensing, and wearable electronics. By eliminating the need for external power, these
devices also reduce maintenance costs and enhance sustainability, making them ideal for low-power and autonomous
technologies.
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Research Article Arastirma Makalesi

Dosimetric Investigation of Acetaminophen
Drug Raw Materials by Electron
Paramgangnetic Resonance Spectroscopy

Acetaminophen ilac Hammaddelerinin Elektron
Paramanyetik Rezonans Spektroskopisi ile Dozimetrik
incelenmesi

Abstract

In this study, powdered crystals of paracetamol, a drug active ingredient known for its
use in alleviating postoperative pain and as an adjuvant in chemotherapy for cancer
patients, were exposed to gamma radiation. The paramagnetic defects induced by the
radiation were thoroughly investigated using Electron Paramagnetic Resonance (EPR)
spectroscopy. The suitability of the drug sample for use as a dosimetric material, radical
extinction data, saturation information occurring at microwave power values and
parameters related to dose-response data were investigated at room temperature. No
EPR signal was observed in the sample which was not exposed to gamma radiation.
Spectroscopic properties generated as a result of radiation were determined via
spectrum simulation.

Keywords: Dosimetry, Gamma Radiation, Drug sample, EPR, Radical, Irradiation.

Oz

Bu calismada, ameliyat sonrasi agrilarin hafifletiimesi ve kanser hastalarinda
kemoterapi tedavisinde destekleyici olarak kullanildigl bilinen parasetamoliin toz
kristalleri gama radyasyonuna maruz birakilmistir. Radyasyon sonucu olusan
paramanyetik bozukluk, Elektron Paramanyetik Rezonans (EPR) spektroskopisi
kullanilarak detayl bir sekilde incelenmistir. Ornegin dozimetrik malzeme olarak
kullanima uygunlugu, radikal sénim bilgileri, mikrodalga glic degerlerinde doyum
bilgileri ve doz-cevap egrisi oda sicakliginda arastirilmistir. Gama radyasyonuna maruz
birakilmayan 6rnekte EPR sinyali gozlenmemistir. Spektrum similasyonu (benzetisimi)
yapilarak isinlama sonucunda ortaya ¢ikan spektroskopik 6zellikleri belirlenmistir.

Anahtar Kelimeler: Dozimetri, Gama radyasyonu, ilag 6rnegi, EPR, Radikal, Isinlama.
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Introduction

Studies using EPR spectroscopy, a branch of atomic and molecular physics, can be used to detect free radicals formed in
active pharmaceutical ingredients by ionising radiation and to obtain data on the dispersion of a single electron on the
molecule (Abbar et al., 2011; Akbalik, 2016; Ghasemi & Bagheri, 2019; Basly & Bernand, 1997; Basly et al., 1997; Bhat et al.,
2011; Damian, 2003; Fincur et al., 2021; Gibella et al., 1993; Jeon et al., 2021; Osawa et al., 2019; Polat & Korkmaz, 2006;
Proelss et al., 1978; Smyth et al., 2006). The results of EPR spectroscopy studies of irradiated drug samples have shown EPR
spectroscopy to be a highly effective method for characterising irradiation-induced free radicals (Basly & Bernand, 1997;
Basly et al., 1997; Gibella et al., 1993; Damian, 2003; Polat & Korkmaz, 2006). The molecular formula of Acetaminophen drug
is CH3CONHCgH4OH. Its chemical formula is N-acetyl-4-aminophenol and its molecular weight is 151.163 g/mol. Table 1 shows
the information of Acetaminophen drug sample.

Table 1. Chemical structure, ring formula, molecular weight and chemical structure of Acetaminophen drug sample

0 OH

)LN
N

2D chemical structure of Acetaminophen powder crystals

H3C

Ring Formula CH3CONHCgH,OH
Molecular Weight 151.163 g/mol
Chemical Name Acetaminophen

The maximum radiation dose that can be used for drug samples accepted by Pharmacopeia (USP XXII, BP 1993) is selected
as 25 kGy. During the experimental studies, the Acetaminophen drug sample was irradiated at doses of 1, 5, 10, 15, and 20
kGy and their spectra were recorded. The current study aims to determine the spectral properties of free radicals formed in
the Acetaminophen drug sample irradiated with y-rays and to determine whether they can be used as an example for normal
and/or accidental dosimetry by creating dose-response curves as a result of EPR examination at room temperature. In
addition, EPR is also used in accident dosimetry.
Material and Method

Irradiations at all doses were carried out with a Cobalt-60 gamma source having an activity of 370.000 curies and a dose
rate of 2 kGy/hr at the Industrial Irradiation Facility of Saraykdy Nuclear Research Center SANAEM, now known as TENMAK,
located in Kahramankazan district affiliated to the Turkish Atomic Energy Authority. The products to be irradiated in the
gamma irradiation facilities in the experimental field are processed in sample packages dosimeters are placed in the product
boxes and process control is performed. The samples used in the current study were prepared in a 2 ml Eppendorf tube,
placed in the unit, and irradiated. Six prepared samples were irradiated at doses of 1 kGy, 5 kGy, 10 kGy, 15 kGy, and 20 kGy
respectively on different dates. Even though Acetaminophen is generally used in the treatment of moderate pain, it is also
known to be used to reduce the severity of post operative pain and for chemotherapy in cancer patients. The powder samples
of the active pharmaceutical ingredient were placed in an Eppendorf tube with no treatment, and EPR spectra were recorded
under various spectrometer operating conditions (Bruker e-scan X-band EPR spectrometer: center magnetic field 349 mT,
scan range 10 mT, microwave power ~0.1 mW, microwave frequency 9.8 GH, receiver gain 3.17x10%, modulation frequency
86 kHz, modulation amplitude 2 G). All spectra measurements were recorded at room temperature.
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Results
Unirradiated and irradiated samples

Except for gammairradiation, no other physical or chemical treatment was performed on the Acetaminophen drug sample
used in the present study. EPR spectra were recorded after the Acetaminophen drug sample was irradiated with y-rays at
certain dose levels. The untreated Acetaminophen sample was irradiated and EPR spectra were recorded. While no EPR signal
was observed in the unirradiated Acetaminophen sample, it was recorded that the irradiated Acetaminophen sample gave
an EPR spectrum. At this stage, no resonance signal was observed in the Acetaminophen sample before irradiation, while the
observation of a significant resonance signal after irradiation gave information about the formation of unpaired electrons in
the sample by irradiation. The spectrum shows an EPR spectrum dispersed on an area of 20 mT. Through the simulation
program, the excess fine structure constant was calculated as a=1.1494 mT and the line width as 3.26 mT. The simulation of
irradiated Acetaminophen was obtained using Mc Kelvey software. It was observed that no EPR signal was obtained in the
unirradiated sample. Figure 1(a) shows the resonance signals in the irradiated samples from low to high doses that become
more significant and stronger depending on the dose value. When Figure 1(a) was examined, the EPR spectrum is seen with
an approximate g value of 2.0040. Figure 1(b) shows the spectrum irradiated at a dose of 20 kGy. Figure 1(c) shows the
simulation spectrum of the sample irradiated at 20 kGy dose.

a) . 1 kGy
i 5 KGry
1 10 kGy

15 kGy

il 20 kGy

T T T
3158 120 325 130 335 140

Magnetic Field (mT)

b) J'I\

Magnetic Fields (mT)

Figure 1a. Spectra obtained from irradiated Acetaminophen drug sample. 1b. EPR spectrum of acetaminophen
drug sample at 20 kGy dose. 1c. The closest simulation spectrum of the Acetaminophen drug sample obtained at
a dose of 20 kGy
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Change of EPR signal intensity with microwave power

In this section of the study, EPR spectra of Acetaminophen drug samples irradiated at 10 kGy dose value were recorded
at different microwave power values in the range of 0.01-0.1-2-3-4-6-8, and 15 mW. Table 2 shows the microwave power
PY2(mW)¥2 and the resonance signal intensity. Origin 6.0 program was used to calculate the resonance signal intensity and
the signal intensities were calculated by determining the strong peaks from peak to peak in the spectrum produced using
numerical values with the program. Accordingly, the corresponding resonant signal intensity deviates from linearity and
reaches saturation at approximately 8 mW power value.

Table 2 Microwave Power PY2(mW)*?and resonance signal intensity.
Values of the resonance signal intensity of the Acetaminophen sample depending on the square root of the applied
microwave power.

Microwave Power 0.1 0.15 2 3 4 6 8 15
Pl/Z(mw)l/Z
Central Resonance 17.02 28.167 43.464 46.8 48.44 48.74 50 49.38

Signal Intensity (a.u.)

Figure 2 shows the variation of the microwave power of Acetaminophen drug depending on the signal intensity, and
Figure 3 shows the spectra of the irradiated Acetaminophen drug sample obtained at 0.1-...-15 mW microwave area values.

-
R"=0.9737
2500 — -
e
I/
32000 /
S u
©
-
2 1500
7]
c
0]
=
— 1000
©
c 4 L]
2
o) 500
i L}
0 T T T T T T T T 1
0 2 4 6 8 10 12 14 16

Microwave Power (mW)
Figure 2. Variation of microwave power of Acetaminophen drug with signal intensity.
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Figure 3. Spectra of irradiated Acetaminophen drug sample obtained different microwave power
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Dose-response curve of Acetaminophen sample

In this section, examinations were conducted to determine the dosimetric potential of the Acetaminophen drug
sample. The most appropriate mathematical functions that can describe the dose-dependent variations of the resonance
signal intensity results were determined by the mathematical functions given in the graph. Figure 4 shows the dose-
dependent variations in the resonance signal intensity of the irradiated samples.
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Figure 4. Variation of the signal intensity of irradiated Acetaminophen sample depending on the radiation dose applied

Table 3. Parameter values and coefficients of concordance calculated for three different mathematical functions tested
using resonance signal intensity (1) values.

Function Parameters I
A 5.172
| = a+DlIn(x)
(Logarithmic) B 41.396
c
R? 0.9671
A 13.977
| = a+bD+cD? B 66.077
(Polynomial) C 0.304
R? 0.9737
96.09
|=aD" B 0.8749
(Exponential)
R? 0.9039

Allthough the radiation dose applied to the sample increased, no significant change was observed in the g value and EPR
spectrum form of the sample. However, as shown in Figure 4, as the amount of radiation absorbed by the sample increased,
there is a significant increase in the intensity of the EPR resonance signal obtained. Where | is the resonance signal intensity
measured from the EPR spectrum of the sample and D is the radiation dose applied to the sample. The values shown as
squares in Figure 4 show the experimental results. The mathematical functions closest to the experimental results were
tested. The most appropriate mathematical functions to describe the dose-dependent changes of the resonance signal
intensity findings were determined by trying the mathematical functions given in Table 3. For example, it was found that the
dose-response curve was compatible with logarithmic, polynomial, and exponential functions. The best fit of the
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experimental results was determined by the biggest value of R2=0.9737. One of the necessary conditions for a material to be
used dosimetrically is that the dose-response curve should be linear. When the table was analyzed, it was determined that
the curve obtained showed the best fit with the polynomial function I=a+bD+cD?2. As the acetaminophen sample showed
linearity, it is considered that it can be used as a dosimetric material.

Extinction findings of gamma irradiated Acetaminophen drug

After acetaminophen was irradiated with 20 kGy, the EPR spectra were recorded at regular intervals in a dark environment
at room temperature and kept airtight. Figure 5 shows the variation of the central resonance signal intensity calculated from
the spectra obtained over a period of 145 days after gamma irradiation of the sample depending on the dwell time. The
regions with a black square in the figure show the peak-to-peak signal values exposed in the spectrum. When the EPR spectra
were examined during this process, a decrease in the resonance signal of the sample was observed proportional to the
elapsed time, and when the change in the peak-to-peak signal values was examined, it was found that the decrease in the
extinction kinetics was 18% on the 30 day, the extinction kinetics reached 30% on the 53" day, and the decrease in the
extinction kinetics was 70% in the measurement taken on the 145 day.
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Figure 5. The central resonance signal intensity was calculated from the spectra obtained over 145 days.

The resonance signal obtained from irradiation in irradiated drugs should be testable throughout the shelf life of the
sample. Although the resonance signal can be measured weakly, in the spectrum taken at the end of the 145" day in the
Acetaminophen sample, it showed that even at the end of the 145" day, the irradiated Acetaminophen sample can be
differentiated from the unirradiated sample using the EPR spectrometry method. Also, it was found that there was no
significant change in the g-value measurements during this period. Figure 5 shows the variation of the resonance signal
intensity of the irradiated Acetaminophen sample depending on the dwell time.
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Conclusion

Acetaminophen, which is widely used in the USA, Canada, Japan, South Korea, and Colombia, is a medication commonly
used to reduce the severity of post-operative pain and in anthracycline chemotherapy for cancer patients, although it is also
used to treat moderate pain. Anthracyclines, used in cancer treatment, are known for their wide application in the treatment
of various types of cancer, including leukemia, breast cancer, uterine cancer, and lung cancer (Ghasemi & Bagheri, 2019).
The EPR spectrum of Acetaminophen drug sample irradiated with gamma rays was observed. It was determined that the
form revealed in the spectrum did not change depending on the applied dose variation, and the signal strength increased in
the spectrum. In Acetaminophen sample, it was observed that at approximately 8 mW power, the resonance signal intensity
deviated from linearity and saturated. The mathematical functions closest to the experimental results were tested with the
dose response study. The most appropriate mathematical functions that can describe the dose-dependent variations of
experimental resonance signal intensity findings were tried. For example, it was determined that the dose-response curve
was highly compatible with linear, exponential, and polynomial functions. The smallest value of the best fit of the
experimental results was determined with R>=0.9737. Acetaminophen spectrum simulation was performed by evaluating the
extinction results at room temperature. It was concluded that the theoretical spectrum created by using the calculated
theoretical spectroscopic parameter values was in good fit with the experimental spectrum and was appropriate and
successful in terms of evaluating the results.

The absence of EPR signal in the Acetaminophen drug sample before irradiation and the dose-response curve showing
linearity in a wide range are positive results in dosimetric terms. When the EPR spectra were examined in the extinction
spectra, a decrease in the resonance signal of the sample proportional to the elapsed time was observed, and when the
change in peak-to-peak signal values was examined by origin 6.0 program, it was observed that the decrease in extinction
kinetics on the 30™ day was 18%, the extinction kinetics reached 30% on the 53™ day, and the decrease in extinction kinetics
in the measurement taken on the 145" day was 70%. According to these results, it can be said that if the Acetaminophen
drug sample irradiated at a dose of 20 kGy is used for dosimetric purposes, no disadvantage can be stated when the
measurement is made within two days following the irradiation process.
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Lityum iyon Pillerin Tarihten Bugiine Gelisimi ve
Son Teknolojide Gelinen Nokta

Development of Lithium lon Batteries From the History of
Batteries to the Present and the Latest Technology Statement

Oz

Bu derleme makalesi, lityum iyon pillerin antik ¢aglardan glinlimize kadar olan tarihsel
gelisimini, c¢alisma prensiplerini, avantajlarini, dezavantajlarini ve gelecekteki
potansiyelini incelemektedir. Lityum iyon piller, yiksek enerji yogunlugu, uzun ¢evrim
omri ve diisik kendi kendine desarj orani gibi avantajlari sayesinde tasinabilir elektronik
cihazlardan elektrikli araclara ve yenilenebilir enerji depolama sistemlerine kadar cesitli
alanlarda kullaniimaktadir. Bu teknolojinin gelecegi, malzeme bilimi, pil tasarimi ve
Uretim slireclerindeki yeniliklerle sekillenecektir. Kati hal piller, lityum-sulfir piller ve
sodyum-iyon piller gibi alternatif teknolojiler de gelecekte enerji depolama alaninda
onemli bir rol oynayabilir.

Anahtar Kelimeler: Lityum iyon piller, enerji depolama sistemleri, yenilenebilir enerji, batarya
teknolojileri.

Abstract

This review article examines the historical development of lithium-ion batteries from
antiquity to the present day and their working principles, advantages, disadvantages, and
future potential. Lithium-ion batteries are used in various areas, from portable electronic
devices to electric vehicles and renewable energy storage systems, thanks to their
advantages such as high energy density, long cycle life, and low self-discharge rate.
Innovations in materials science, battery design, and manufacturing processes will shape
the future of this technology. Alternative technologies such as solid-state batteries,
lithium-sulfur batteries, and sodium-ion batteries may also play an important role in the
field of energy storage in the future.

Keywords: Lithium-ion batteries, energy storage systems, renewable energy, battery
technologies.
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Giris

Modern diinyanin hizla artan eneriji talebi, yeni ve verimli enerji depolama ¢éziimlerinin gelistiriimesini kaginilmaz hale
getirmistir. Bu arayista, lityum iyon piller ylksek enerji yogunlugu, uzun ¢evrim 6mru ve hafiflikleri gibi 6zellikleriyle 6ne ¢ikan
bir teknoloji olarak karsimiza ¢ikmaktadir (Armand & Tarascon, 2008). Tasinabilir elektronik cihazlardan elektrikli araglara ve
yenilenebilir enerji depolama sistemlerine kadar genis bir yelpazede kullanilan lityum iyon piller, enerji depolama
teknolojilerinde devrim yaratmistir ve yasam tarzimizi derinden etkilemistir (Goodenough & Park, 2013).

Lityum iyon pillerinin bu denli yayginlasmasinin ardinda yatan temel etkenlerden biri, sundugu benzersiz avantajlardir.
Li, herhangi bir element arasinda en distk indirgeme potansiyeline sahiptir ve Li bazl pillerin miimkiin olan en yiliksek hiicre
potansiyeline sahip olmasini saglar (M. Li vd., 2018). Ayrica, Li ticlincli en hafif elementtir ve herhangi bir tek yikli iyonun en
kiiclik iyonik yaricaplarindan birine sahiptir (Winter vd., 2018). Bu faktérler, Li bazh pillerin yiksek gravimetrik ve hacimsel
kapasiteye ve gilic yogunluguna sahip olmasini saglar (Nitta vd., 2015). Buna ek olarak, distik kendi kendine desarj oranlari,
cihazlarin sarj edilmeden daha uzun siire bekletilebilmesini saglar. Bu 6zellikler, lityum iyon pillerini 6zellikle tasinabilir
elektronik cihazlar ve elektrikli araglar gibi uygulamalar icin ideal bir secenek haline getirir.

Tum piller katot ve anottan olusan iki elektrot ve bu elektrotlari iyonik olarak birlestiren elektrolitten olusur. Her iki
elektrot kimyasal yapilarindan kaynaklanan kimyasal potansiyel farkina sahiptirler ve bu sayede elektrotlar bir dis devre ile
baglandiginda elektronlarin akisi saglanir ve bu sayede pil sarj ve desarj edilebilir. Pillerin igerisindeki bu bilesenlerin 6zellikleri
pillerin calisma voltajlari, kapasiteleri veya calisma émiirleri gibi bircok dnemli dzelligi belirler. Ornegin katot olarak LiNiO,
bilesigi kullanilan bir Li-iyon pilde kapasite 200 mAh/g (Dong vd., 2024) iken LiFePO, olan bir pilde yaklasik 150 mAh/g
(Abdelaal & Alkhedher, 2024) olarak olgilir. Bu nedenle pillerde kullanilan bilesenler segilirken bunlarin fiziksel ve kimyasal
ozellikleri gz 6nlinde bulundurulmalidir.

Lityum iyon pillerinin yaygin kullanimi, beraberinde bazi zorluklari da getirmektedir. Ornegin pil iretiminde kullanilan
hammaddeler giderek tiikenmekte ve bunun sonucunda maliyet artisi yasanmaktadir (Orangi vd., 2024). Buna ek olarak
bilesenlerin oksidasyona egilimli olmasi sonucu kimyasal reaksiyonlar sonucunda yanma veya patlama riski tasimasi ortadaki
diger problemlerden biridir (Chombo & Laoonual, 2020). Elektrolit bilesenlerinin gelistirilmesi, elektrotta kullanilan
malzemelerin diisik maliyetlilerle degistiriimesi sentez yontemlerinin gelistirilmesi gibi calismalar bu problemlerin ¢6zimii
icin bulunan yollardan bazilaridir. Ornegin Ahmed ve arastirma grubu katot malzemesi sentezi igin yeni bir teknik olan es-
¢Okertme yontemini kullanarak LiNii;sMni3C01/30; katot materyalinin Gretim maliyetini yaklasik olarak %19 oraninda
azalttigini rapor etmistir (Ahmed vd., 2017).

Bu derleme makalesi, lityum iyon pillerinin ¢cok yonll bir incelemesini sunmayi amacglamaktadir. Tarihsel gelisiminden
baslayarak, calisma prensipleri, avantajlari, dezavantajlari ve gelecekteki potansiyelleri detayl bir sekilde ele alinacaktir.
Ayrica, lityum iyon pillerin geri dontstim ve stirdirilebilirlik konulari da incelenecek ve bu teknolojinin gelecekteki yoniine
1sik tutulacaktir.

1. Pillerin Tarihsel Geligimi

Elektrokimyasal enerji depolama kavrami, antik ¢aglara kadar uzanmaktadir. Mezopotamya'da MO 250 - MS 640 yillar
arasinda yapildigi tahmin edilen Bagdat Pili, bu alandaki en eski 6rneklerden biridir (Lu & Anariba, 2014). Bir kil kap, bir bakir
tip ve bir demir gubuktan olusan bu gizemli alet, elektro kaplama veya tibbi amaglar icin kullanilmis olabilecegi
disinilmektedir. Her ne kadar islevi tam olarak anlasiimasa da Bagdat Pili, insanhgin elektrigi anlama ve kullanma
yolculugunda 6nemli bir kilometre tasidir ve glinimuz pil teknolojilerinin temelini olusturan elektrokimyasal prensiplerin
antik ¢caglarda dahi bilindigini géstermektedir.

Modern pil teknolojisinin dogusu, 1800 yilinda Alessandro Volta'nin volta pilini icat etmesiyle gerceklesmistir. Volta,
¢inko ve bakir diskleri tuzlu suya batirilmis bezlerle ayirarak bir dizi elektrokimyasal hiicre olusturmus ve bu sayede siirekli
elektrik akimi tretebilen bir diizenek gelistirmistir (Cecchini & Pelosi, 1992). Volta pili, elektrik alaninda bir devrim yaratarak,
elektrikli telgraf, elektroliz ve elektrikli aydinlatma gibi yeni teknolojilerin gelismesine zemin hazirlamistir. Ayrica, Volta'nin
calismalari, elektrokimya alanindaki arastirmalari hizlandirmis ve daha gelismis pil teknolojilerinin gelistirilmesine yol
agmistir.

19. yuzyil, pil teknolojilerinde 6nemli ilerlemelerin kaydedildigi bir donem olmustur. 1836 yilinda John Frederic Daniell
tarafindan icat edilen Daniell pili, volta piline gére daha kararh bir voltaj saglamistir (Yuan vd., 2024). 1859 yilinda ise Gaston
Planté tarafindan gelistirilen kursun-asit pil, sarj edilebilir olmasi 6zelligiyle 6ne ¢ikmis ve giinimiizde hala otomotiv
sektoérinde yaygin olarak kullaniimaktadir. Bu donemde gelistirilen diger 6nemli pil teknolojileri arasinda Georges Leclanché
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tarafindan 1866 yilinda icat edilen Leclanché pili ve Carl Gassner tarafindan 1886 yilinda gelistirilen ¢inko-karbon pil
bulunmaktadir (Kordesch & Taucher-Mautner, 2009). Bu piller, tasinabilir elektrikli cihazlarin gelisimine katkida bulunmus ve
glnlik yasamda elektrigin kullanimini yayginlastirmistir.

20. yuzyil, tasinabilir elektronik cihazlarin ve elektrikli araglarin gelismesiyle birlikte daha gelismis pil sistemlerine olan
ihtiyaci artirmistir. Bu donemde nikel-kadmiyum (NiCd) (Tsai & Chan, 2013), nikel-metal hidrit (NiMH; Arya & Verma, 2020)
ve lityum iyon piller gibi yeni pil teknolojileri ortaya ¢cikmistir. Lityum iyon piller, ilk olarak 1970'lerde Stanley Whittingham'in
calismalariyla arastirilmaya baslanmis (Crabtree vd., 2015; Whittingham, 1974)ve 1991 yilinda Sony tarafindan ticari olarak
piyasaya slrulerek tasinabilir elektronik cihazlar ve daha sonra elektrikli araglar icin vazgecilmez bir enerji kaynagi haline
gelmistir (Mizushima vd., 1980). Bu donemde pil teknolojilerindeki gelismeler, elektronik cihazlarin minyatirlestirilmesi ve
performanslarinin artirilmasinda énemli rol oynamistir.

GuUnlUmuzde ise lityum iyon pil teknolojisi, bas dondiricl bir hizla ilerlemeye devam etmekte ve enerji depolama
alaninda sinirlari zorlamaktadir. Giinimizde, lityum iyon piller, akilli telefonlar ve dizistl bilgisayarlar gibi gtinlik hayatta
kullandigimiz elektronik cihazlardan, elektrikli araglara ve yenilenebilir enerji depolama sistemlerine kadar genis bir yelpazede
karsimiza ¢itkmaktadir. Bu hizli gelisim, farkh ihtiyaglara cevap verebilen gesitli lityum iyon pil kimyalarinin ortaya ¢ikmasini
saglamistir. Ornegin, tasinabilir elektronik cihazlarda agirlikh olarak lityum kobalt oksit (LiCoO,) katotlu piller kullanilirken (Lyu
vd., 2021), elektrikli araglarda daha ylksek enerji yogunlugu ve giivenlik saglayan lityum demir fosfat (LiFePQO4)(Zhu & Chen,
2020)ve lityum nikel mangan kobalt oksit (NMC) katotlu piller tercih edilmektedir (Iturrondobeitia vd., 2017). Bunun yani sira,
lityum iyon piller, riizgar, glines jeotermal gibi yenilenebilir enerji kaynaklarinin Grettigi enerjiyi depolama, elektrikli araglar,
portatif elektronik cihazlar gibi ¢ok genis alanlarda kullanilmaktadir (Kim vd., 2020). Lityum iyon pillerin bu denli
yayginlasmasi, teknolojinin sundugu yiksek enerji yogunlugu, uzun ¢evrim émri ve tasarim esnekligi gibi avantajlarin bir
sonucudur. Ancak, bu teknolojinin maliyet, glivenlik ve strdirulebilirlik gibi zorluklari asarak gelecekte de enerji depolama
alanindaki lider konumunu koruyabilmesi icin arastirma ve gelistirme c¢alismalarina devam edilmesi gerekmektedir.

2. Li-iyon Pillerin Calisma Prensibi

Lityum iyon piller, lityum iyonlarinin anot ve katot arasinda tersinir bir sekilde hareket etmesi prensibiyle calisir (Sekil
1). Sarj islemi sirasinda, harici bir giic kaynagi tarafindan saglanan elektrik enerijisi, lityum iyonlarinin anottan ayrilip elektrolit
aracihgiyla katoda go¢ etmesine neden olur. Katotta, lityum iyonlari katot malzemesinin kristal yapisina yerlesir. Desarj islemi
sirasinda ise, katotta depolanan lityum iyonlari tekrar elektrolit araciligiyla anota geri déner ve anot malzemesine yerlesir
(Chawla vd., 2019) . Bu iyon hareketi, pilin dis devresinde elektron akisina sebep olur ve bdylece elektrik enerjisi Uretilir.
Lityum iyonlarinin anot ve katot arasinda bu sekilde ileri geri hareketi, pilin tekrar tekrar sarj edilip desarj edilmesini saglar.
Pilin voltaji ise, kullanilan anot ve katot malzemelerinin elektrokimyasal potansiyelleri arasindaki farka baghdir.
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Sekil 1. Lityum iyon pillerin bilesenleri ve ¢galisma mekanizmasi.
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Lityum iyon pillerin temel bilesenleri; anot, katot, elektrolit ve ayiricidir.

Anot, pilin negatif elektrotudur ve genellikle grafit gibi karbon bazli malzemelerden yapilir. Anotun gorevi, lityum
iyonlarini desarj sirasinda depolamak ve sarj sirasinda serbest birakmaktir. Bazi yaygin kullanilan anot materyalleri ve fiziksel
ozellikleri Tablo 1’de gorilmektedir.

Tablo 1. Farkli anot malzemelerinin enerji yogunlugu ve karsilik gelen ortalama voltajt.

Ozgiil Kapasite Raporlanan Ortalama Gerilim
Malzeme (mAhg™) Do6ngii Omri (V) Kaynak
Grafit (G) 372 >1000 0,1 (Cenvd., 2018)
Silisyum Bazli
(Si) 4200 100-200 0,4 (Marino vd., 2012)
Fosfor Bazli (P) 2595 - 0,8 (Aslam vd., 2021)
Lityum Metal (Li) 3860 300 0,0 (Choi vd., 2020)
Titanyum Dioksit
Bazl 335 - 1,7 (Luovd., 2012)

Katot, pilin pozitif elektrotudur ve genellikle lityum kobalt oksit (LiCoO,), lityum mangan oksit (LiMn204) veya lityum
demir fosfat (LiFePO,) gibi lityum iceren metal oksitlerden yapilir. Katot, sarj sirasinda lityum iyonlarini depolar ve desarj
sirasinda serbest birakir. Yaygin kullanilan bazi katot materyalleri ve fiziksel 6zellikleri Tablo 2’de goriilmektedir.

Tablo 2. Li iyon bataryalarda en sik kullanilan katot malzemeleri ve bazi fiziksel 6zellikleri (Costa vd., 2019).

Kristal Sistemi/Uzay Grubu Ozgiil Kapasite  Tipik Voltaj Arahig

Katot Aktif Malzemesi (Nokta Grubu) (mAh-g™) (V)
LiCoO, Ortorombik/R3m [Ca,] 274 2,5-4,45
LiFePO, Ortorombik/Pnma [D,"] 170 2,5-4,2
LiMn,04 Kibik/Fd3m [O"] 148 3,0-4,3
LiNiO, Trigonal/R3m [Cs,] 275 3,0-4,3
LiNi;-xCox0, (0.2 £ x < 0.5) Rhombohedral/R3m [Cay] ~275 3,5-4,3
LiNii/3Mn1/3C04/302 Rhombohedral/R3m [Cay] 278 2,3-4,3
LiNio.sMn1.50, Trigonal/R3m [Cs,] 147 3,5-4,9

Elektrolit, Lityum-iyon pil performansini etkileyen 6nemli faktérlerden biridir. Son dénemde, o6zellikle disik
sicakliklarda calisan piller igin 6zel olarak tasarlanmis elektrolitler Gizerine yogunlasilmis arastirmalar bulunmaktadir (Das vd.,
2023). Sivi elektrolitler, LIB'lerde en yaygin kullanilan elektrolit tlirlidir. Ancak dusik sicakliklarda, viskozite artisl, iyon
iletkenliginin dismesi ve kati elektrolit ara ylzey (SEl) olusumu gibi sorunlarla karsilasilir. Bu durum, pilin i¢ direncini
ylkselterek performansini distrir. Bu nedenle, disik sicakliklarda galisan LIB'ler igin uygun elektrolit miihendisligi
calismalari oldukg¢a 6nemlidir.

Sivi elektrolitler genellikle i¢ ana bilesenden olusur: lityum tuzu, ¢6zlicli ve katki maddeleri. Cozlicu, elektrolitin temel
bilesenidir ve genellikle dietil karbonat (DEC), dimetil karbonat (DMC), etilen karbonat (EC), propilen karbonat (PC) ve vinil
karbonat (VC) gibi organik karbonatlardan olusur. Disik sicakliklarda daha iyi performans elde etmek icin, metil asetat (MA),
metil propiyonat (MP), etil asetat (EA) ve propil asetat (PA) gibi daha diisiik donma noktal esterler gibi alternatif ¢oziciler
arastiriimaktadir (Haregewoin vd., 2016).

Journal of Anatolian Physics and Astronomy



87

Elektrolitlerde kullanilan farkli tuzlar ve ¢6zlcli karisimlarinin pil performanslarini etkiledigi yapilan ¢alismalar
sonucunda rapor edilmistir. Ornegin 1M LiPF6 tuzunun igerisinde ¢6ziindiigii Fluoroethylene karbonat (FEC), DMC, EC ve EMC
¢ozucllerinin farkli kombinasyonlari LiNigsC0o2Mng 30, (NCM523) katot materyali ve Si/Gr anot materyali olarak kullanilan
bir pilde elektrolit olarak denenmis ve FEC:DMC karisiminin diger karisimlara gore daha yliksek kapasite sagladigi rapor
edilmistir (Zhao vd., 2021).

Ayiricl, anot ve katot arasinda fiziksel bir bariyer olusturarak kisa devreyi 6nlerken, lityum iyonlarinin gegisine izin verir.
Ayiricinin gbzenekli yapisi, iyonlarin serbestce hareket etmesini saglarken, elektronik iletkenligi engelleyerek pilin glivenligini
saglar (S. S. Zhang, 2007). Bu dort bilesen, birlikte ¢calisarak lityum iyon pilinin enerji depolama ve bosaltma fonksiyonlarini
yerine getirmesini saglar.

3. Li-iyon Bataryalarin Avantaj ve Dezavantajlari

Lityum iyon piller, glinimiizde enerji depolama alaninda en yaygin kullanilan teknolojilerden biri haline gelmistir. Bu
popilerligin ardinda yatan sebep, diger pil tlirlerine gére sundugu ¢ok sayida avantajdir. Bu avantajlar, lityum iyon pillerini
tasinabilir elektronik cihazlardan elektrikli araglara ve yenilenebilir enerji depolama sistemlerine kadar genis bir uygulama
yelpazesi icin ideal bir segenek haline getirir. Lityum iyon pillerin avantaj ve dezavantajlari Tablo 3’de gorilmektedir.

Lityum iyon pillerinin en dnemli avantajlarindan biri, yliksek enerji yogunlugudur. Bu, belirli bir agirhk veya hacim igin
diger pil tiirlerine gore daha fazla enerji depolayabildikleri anlamina gelir. Yiksek enerji yogunlugu, daha kigiik ve hafif pillerin
uretilmesini saglar, bu da 6zellikle tasinabilir elektronik cihazlar ve elektrikli araglar icin &nemlidir. Ornegin, bir lityum iyon
pil, ayni agirliktaki bir kursun-asit pile gére yaklasik t¢ kat daha fazla enerji depolayabilir. Bu sayede, akilli telefonlar ve dizlisti
bilgisayarlar gibi cihazlar daha uzun siire sarj edilmeden kullanilabilir ve elektrikli araclar daha uzun mesafeler kat edebilir
(Niu vd., 2024).

Lityum iyon pillerin bir diger 6nemli avantaji, uzun ¢evrim émridr. Bir pilin gevrim 6mr, pilin kag kez sarj edilip desarj
edilebileceginin bir élctsadir. Lityum iyon piller, diger pil tirlerine gore daha uzun ¢evrim émriine sahiptir, bu da pillerin
daha uzun siire dayanmasini saglar (J. Zhang vd., 2024). Ornegin, bir lityum iyon pil, tipik olarak bir kursun-asit pile gére gok
daha uzun doéngiilerde calisabilir (Dufo-Lépez vd., 2021). Bu, lityum iyon pillerin daha az siklikla degistirilmesi gerektigi
anlamina gelir, bu da hem maliyet tasarrufu saglar hem de cevresel etkiyi azaltir.

Bunlarin yani sira, lityum iyon pillerin disik kendi kendine desarj orani da 6nemli bir avantajdir. Kendi kendine desarj,
pillerin kullanilmadiklari zamanlarda bile enerji kaybetme egilimidir (Babu, 2024). Lityum iyon piller, diger pil tlrlerine gore
cok daha disuk bir kendi kendine desarj oranina sahiptir, bu da pillerin daha uzun sire sarjh kalmasini saglar (Dunn vd., 2011;
Larcher & Tarascon, 2014). Bu 6zellik, lityum iyon pillerini, uzun siire kullanilmayan cihazlar veya acil durum gtic kaynaklari
icin ideal bir secenek haline getirir.

Son olarak, lityum iyon piller hafiza etkisinden etkilenmezler. Hafiza etkisi, pillerin tam olarak desarj edilmeden sarj
edilmeleri durumunda kapasitelerinin azalmasidir (Ventosa vd., 2016). Lityum iyon pillerde bu sorun yasanmaz, bu da pillerin
herhangi bir zamanda sarj edilebilmesini ve performanslarinin etkilenmemesini saglar (Sasaki vd., 2013).

Tim bu avantajlar, lityum iyon pillerini gliniimiizde enerji depolama alaninda lider konuma getirmistir. Teknolojinin
strekli gelismesiyle birlikte, lityum iyon pillerin gelecekte daha da yayginlasmasi ve daha da gelismis 6zelliklere sahip olmasi
beklenmektedir.

Lityum iyon piller, enerji depolama alaninda devrim yaratmis ve bircok avantaj sunmalarina ragmen, bazi dezavantajlara
da sahiptirler. Bu dezavantajlar, 6zellikle maliyet, glivenlik ve ¢evresel etki gibi konularda yogunlasmaktadir.

Lityum iyon pillerin en 6nemli dezavantajlarindan biri, ylksek maliyetleridir. Diger pil tirlerine kiyasla, lityum iyon
pillerin iiretimi daha pahalidir. Bu durum, lityum iyon pillerin kullanildigi Griinlerin fiyatlarini da etkilemektedir. Ornegin,
elektrikli araglarin yiiksek maliyetinin énemli bir kismi, lityum iyon pillere atfedilebilir. Ayrica, lityum iyon pillerin dmri
sinirlidir ve belirli bir siire sonra degistirilmeleri gerekir. Bu da ek bir maliyet unsuru olusturur. Maliyetlerin disUrilmesi,
lityum iyon pillerin daha yaygin olarak kullanilabilmesi icin dnemli bir hedeftir ve bu alanda arastirmalar devam etmektedir.

Bir diger 6nemli dezavantaj ise giivenlik konusudur. Lityum iyon piller, asiri sarj, asiri desarj, asiri isinma veya fiziksel
hasar gibi durumlarda giivenlik sorunlari olusturabilir (Chombo & Laoonual, 2020). Bu durumlar, pilin asiri Isinmasina, alev
almasina ve hatta patlamasina neden olabilir. Bu nedenle, lityum iyon pillerin kullanimi sirasinda dikkatli olunmasi ve giivenlik
onlemlerinin alinmasi 6nemlidir (Gandoman vd., 2019; Liang vd., 2020). Pil yonetim sistemleri, bu tir riskleri azaltmak igin
tasarlanmistir ve pilin giivenli bir sekilde ¢alismasini saglar (Ramkumar vd., 2022).

Lityum iyon pillerin cevresel etkisi de gz ardi edilmemesi gereken bir konudur. Lityum iyon pillerin Gretimi, lityum,

Journal of Anatolian Physics and Astronomy



88

kobalt ve nikel gibi hammaddelerin ¢ikarilmasini ve islenmesini gerektirir. Bu siirecler, cevresel sorunlara yol agabilir. Ayrica,
lityum iyon pillerin geri déniisimii de zorlu bir siiregtir ve cevreye zarar verebilecek atiklar olusturabilir. Ornegin pirometaluriji
adi verilen bir yontemle yiksek sicakliklarda islenmis metallerin geri kazanimi hedeflenmektedir. Ancak yliksek sicakliklarda
elektrolit ve baglayici malzemelerin yanmasi sirasinda toksik gazlarin salinmasi ¢evre icin tehlike arz edebilmektedir (Pigtek
vd., 2021). Li-iyon bataryalarin bilesenleri icin bu yontem sirasinda daha az zararh olan hidrometalurji ydontemi genel olarak
yayginlasmaya baslamistir (Harper vd., 2019). Lityum iyon pillerin ¢evresel etkisini azaltmak icin, geri donistiim siireclerinin
gelistirilmesi ve daha cevre dostu malzemelerin kullaniimasi 6nemlidir (Pigtek vd., 2021).

Son olarak, lityum iyon pillerin performansi sicakliga bagli olarak degisebilir. Dislik sicakliklarda, pilin kapasitesi ve
performansi azalabilir. Yiiksek sicakliklarda ise, pilin 6mri kisalabilir ve glivenlik sorunlari ortaya ¢ikabilir. Bu nedenle, lityum
iyon pillerin optimum sicaklik araliginda kullanilmasi énemlidir. Ornegin yiikseltilmis sicaklikta déngii sirasinda LiB'nin
maksimum sarj depolama kapasitesinin artan bozulma oraninin, esas olarak elektrotlardaki bozulmalarla iliskili oldugu ve
ylkseltilmis sicaklikta LiCoO, katodunun bozulmasinin grafit anodundan daha buiyik oldugu bulunmustur (Leng vd., 2015).

Lityum iyon pillerin avantajlari ve dezavantajlari g6z 6nilinde bulundurularak, belirli bir uygulama i¢in en uygun pil
teknolojisinin secilmesi 6nemlidir. Teknolojinin sirekli gelismesiyle birlikte, lityum iyon pillerin dezavantajlarinin azaltilmasi
ve performanslarinin artirilmasi beklenmektedir.

Tablo 3. Li-iyon pillerin avantaj ve dezavantajlari (El Kharbachi vd., 2020; Nitta vd., 2015).

Avantajlar Dezavantajlar

e Kapall hiicre olmasi ve bakim e Fiyati (Talebin artmasiyla fiyat
gerektirmemesi azalmaktadir)

e Uzun omdrld olmasi (300 — 500 e Yiiksek sicakliklarda bozulmasi
cevrim) e  Koruyucu devre ihtiyacinin olusu

e Genis calisma sicakhk arahgi (-20 e Asiri sarj sonucunda kapasite kaybi
ila 60°C arasl) veya termal bozulma

e Uzun raf 6mri (2 -3 yil)

e (Cabuk sarj olabilme kabiliyeti

e Yiksek desarj kapasitesi

e Yiksek enerji verimi (%98)

o Yiksek spesifik enerji ve enerji
yogunlugu

e Hafiza etkisinin olmayisi

4. Li-iyon Pillerin Uygulama Alanlan

Lityum iyon piller, ylksek enerji yogunlugu, uzun ¢evrim émri ve distk kendi kendine desarj orani gibi avantajlari
sayesinde ginimizde c¢ok cesitli alanlarda kullaniimaktadir. Tasinabilir elektronik cihazlardan elektrikli araclara ve
yenilenebilir enerji depolama sistemlerine kadar, lityum iyon piller modern yasamin vazgecilmez bir pargasi haline gelmistir.

Tasinabilir Elektronik Cihazlar: Lityum iyon piller, akilli telefonlar, tabletler, dizlisti bilgisayarlar, dijital kameralar,
giyilebilir teknolojiler ve diger bir¢ok tasinabilir elektronik cihazda yaygin olarak kullanilmaktadir. Bu cihazlarda lityum iyon
pillerin tercih edilmesinin temel nedeni, kiiclik boyutlari, hafiflikleri ve yliksek enerji kapasiteleridir. Bu sayede, cihazlar daha
uzun sire sarj edilmeden kullanilabilir ve daha kompakt tasarimlar elde edilebilir.

Elektrikli Araglar: Lityum iyon piller, elektrikli araglarin (EA) gelisiminde kritik bir rol oynamaktadir. Elektrikli arabalar,
hibrit arabalar, elektrikli bisikletler, elektrikli scooterlar ve elektrikli otobusler gibi bircok EA tiirlinde lityum iyon piller
kullanilmaktadir. Lityum iyon pillerin ylksek enerji yogunlugu, EA'larin daha uzun menziller kat etmesini saglar. Ayrica, hizh
sarj edilebilme 6zelligi ve uzun gevrim 6mrd, EA'larin glinlik kullanim igin daha pratik hale gelmesine katkida bulunur.

Yenilenebilir Enerji Depolama: Lityum iyon piller, glines enerijisi ve riizgar enerjisi gibi yenilenebilir enerji kaynaklarinin
depolanmasinda da énemli bir rol oynamaktadir. Glines panelleri ve riizgar tirbinleri tarafindan Uretilen enerji, lityum iyon
pillerde depolanarak daha sonra kullanilabilir. Bu, yenilenebilir enerji kaynaklarinin strekliligini ve giivenilirligini artirir ve
enerji sebekesinin dengesini saglar. Ayrica, evlerde ve isyerlerinde kullanilan glines enerjisi sistemlerinde de lityum iyon piller
tercih edilmektedir.
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Diger Uygulama Alanlari: Lityum iyon piller, yukarida belirtilen alanlarin yani sira bircok farkli sektorde de
kullanilmaktadir. Bunlar arasinda:
Endiistriyel ekipmanlar: Forkliftler, elektrikli el aletleri ve diger endistriyel ekipmanlar
Tibbi cihazlar: Kalp pilleri, defibrilatorler ve insiilin pompalari
Havacilik ve uzay: Uydular, ugaklar ve insansiz hava araglari
Askeri uygulamalar: Haberlesme cihazlari, gece goris sistemleri ve insansiz hava araglari

Lityum iyon pillerin uygulama alanlari stirekli olarak genislemekte ve yeni teknolojilerin gelistirilmesiyle birlikte daha da
yayginlasmasi beklenmektedir.

5. Li-iyon Pillerin Gelecegi

Lityum iyon piller, glinimiizde enerji depolama alaninda baskin teknoloji olsa da strekli gelisen ihtiyaclar ve teknolojik
ilerlemeler, bu alanda yeni arayislara yol agmaktadir. Gelecekte lityum iyon pillerin daha da geliserek enerji depolama
¢Oziimlerindeki yerini korumasi ve yeni uygulama alanlarinda kullanilmasi beklenmektedir. Bu gelisim, malzeme bilimi, pil
tasarimi ve Uretim sireglerindeki yeniliklerle miimkin olacaktir.

Malzeme bilimi alanindaki arastirmalar, lityum iyon pillerin enerji yogunlugunu, giivenligini ve émrin{ artirmaya
odaklanmaktadir. Katot malzemelerinde lityum-nikel-mangan-kobalt oksit (NMC) ve lityum demir fosfat (LFP) gibi yeni nesil
malzemelerin kullanimi yayginlasirken ¢cok genis yiizey alanlarina sahip olan metal-organik yapilar (MOF’lar; 700 — 2500 m?/g)
gibi materyaller yeni katot malzemeleri olarak karsimiza ¢ikmaktadir (Kaushik vd., 2024). Bu malzemeler geleneksel katotlara
kiyasla gesitli avantajlar sunmaktadir. MOF'lar ¢ok genis bir spesifik ylizey alanina sahip oldukga gozenekli bir yapiya sahiptir,
bu da lityum iyonlarinin sarj ve desarj sirasinda elektrotun igine ve disina hareket etmesi icin gelismis verimlilik anlamina gelir.
Bu da hem lityum iyonlarini depolamak i¢in daha yliksek kapasite hem de daha hizli sarj oranlari saglar (Q. Wang vd., 2015).

Anot malzemeleri arasinda silikon (4200 mAh/g teorik kapasite; McDowell vd., 2013; Ozanam & Rosso, 2016) ve grafen
(744 mAh/g teorik kapasite) gibi yliksek kapasiteli malzemeler tzerinde calismalar devam etmektedir (Yu vd., 2022; Zubi vd.,
2018). Grafitin eksfoliyasyon uriinii olan grafen, sp? hibridizasyonuna sahip, tstiin mekanik, termal ve elektriksel dzellikler
ortaya koyan bir tir iki boyutlu tek katmanli karbon malzemedir (Guo vd., 2021). Dahasi, kristal grafende lityumlasmanin
grafen tabakalarinin iki tarafinda gerceklestigi kanitlanmistir, bu da teorik lityum depolama kapasitesinin grafitin iki kat
oldugu anlamina gelmektedir (Rajkamal & Thapa, 2019).

Lityum iyon pillerde enerji yogunlugunu artirmak amaciyla yiiksek voltajli katot malzemeleri kullanimi, sivi elektrolitin
ylksek voltaj kosullarinda bozunmasi ve giivenlik endiseleri nedeniyle sinirli kalmaktadir (Moradi vd., 2023). Bu dogrultuda,
kati hal elektrolitleri, yliksek termal kararlilik, genis elektrokimyasal kararlilik penceresi ve sizdirmazlik gibi tGstiin 6zellikleriyle
glvenli ve ylksek performansli piller icin umut verici bir alternatif sunar (Yue vd., 2016). Yiksek iyonik iletkenlik ve distk
elektronik iletkenlik sayesinde hizl sarj yetenegi de bu teknolojinin 6nemli avantajlari arasindadir (Lanjan vd., 2020).

Pil tasarimindaki yenilikler de lityum iyon pillerin gelecegini sekillendirecek énemli bir faktérdiir. U¢ boyutlu pil yapilari,
daha yiksek enerji yogunlugu ve daha hizli sarj saglayarak ozellikle elektrikli araglar ve tasinabilir elektronik cihazlar igin
onemli avantajlar sunabilir. Ayrica, mikro olgekli piller, giyilebilir teknolojiler, tibbi implantlar ve sensorler gibi kiiclik 6lgekli
cihazlarda kullanim igin yeni olanaklar yaratabilir. Uretim siireglerindeki gelismeler, lityum iyon pillerin maliyetini diisiirerek
daha erisilebilir hale gelmesini saglayabilir. Otomasyon ve yapay zeka gibi teknolojilerin liretim siireclerine entegrasyonu,
verimliligi artirarak maliyetleri disurebilir ve Gretim hizini artirabilir. Ayrica, geri donlisim teknolojilerindeki gelismeler,
lityum iyon pillerin ¢evresel etkisini azaltarak siirdiirilebilirligini artirabilir.

Lityum iyon pillerin gelecegi, bu teknolojinin sinirlarini zorlayan ve yeni ufuklar agan sirekli arastirmalar ve
gelistirmelerle sekillenecektir. Enerji depolama alanindaki artan talebin karsilanmasi ve yeni teknolojilerin gelistirilmesi,
lityum iyon pillerin gelecekte de 6nemli bir rol oynayacagini géstermektedir.

6. Lityum iyon Pillerin Otesinde

Lityum iyon piller, glinimizde enerji depolama alaninda énemli bir yer tutsa da arastirmacilar stirekli olarak daha iyi
performans, glvenlik ve strdirilebilirlik sunabilecek yeni pil teknolojileri gelistirmek icin calismaktadir. Bu ¢alismalar, lityum
iyvon pillerin sinirlamalarini asmayi ve gelecekteki enerji ihtiyaclarini karsilamayi hedeflemektedir. iste lityum iyon pillerin
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otesinde umut vadeden bazi pil teknolojileri:

a. Kati Hal Piller:

Kati hal piller, geleneksel lityum iyon pillerdeki sivi elektrolitin yerine kati bir elektrolit kullanir (Schmaltz vd., 2023). Bu,
pilin glivenligini dnemli 6l¢lide artirir, ¢linkli yanici sivi elektrolitlerin neden olabilecegi yangin riskini ortadan kaldirir. Ayrica,
kati hal elektrolitleri daha yliksek enerji yogunluguna olanak tanir ve pilin émriint uzatabilir. Kati hal piller, elektrikli araglar,
tasinabilir elektronik cihazlar ve enerji depolama sistemleri gibi ¢esitli uygulamalar i¢in gelecek vadeden bir teknoloji olarak
kabul edilmektedir (Bates vd., 2022).

b. Lityum-Siilfiir Piller:

Lityum-sulfar piller, lityum iyon pillere gére daha yilksek teorik enerji yogunluguna sahiptir. Bu, ayni agirlikta veya
hacimde daha fazla enerji depolayabilecekleri anlamina gelir. Lityum-silfir piller, 6zellikle elektrikli havacilik ve uzay
arastirmalari gibi agirhgin 6nemli bir faktor oldugu uygulamalar igin cazip bir segenektir. Ancak, lityum-silfir pillerin cevrim
Oomri ve performansinin iyilestirilmesi icin hala bazi zorluklarin Gstesinden gelinmesi gerekmektedir (Bi vd., 2023; Castillo vd.,
2023; Fanvd., 2018).

c. Sodyum-iyon Piller:

Sodyum-iyon piller, lityum iyon pillerle benzer bir calisma prensibine sahiptir, ancak lityum yerine sodyum kullanir.
Sodyum, lityuma gore daha bol ve daha ucuz bir elementtir, bu da sodyum-iyon pillerin daha diisiik maliyetli olmasini saglar.
Sodyume-iyon piller, 6zellikle bliyik 6lcekli enerji depolama sistemleri ve elektrikli araglar icin potansiyel bir alternatif olarak
gorilmektedir (Y. Wang vd., 2019).

d. Metal-Hava Piller:

Metal-hava piller, metal anot ve hava katodu kullanir. Bu, cok yliksek teorik enerji yogunluguna sahip pillerin Gretilmesini
saglar. Lityum-hava ve ¢inko-hava pilleri gibi metal-hava pilleri, 6zellikle elektrikli araclar icin uzun menzil saglayabilir. Ancak,
metal-hava pillerinin pratik uygulamalarda kullanilabilmesi icin cevrim 6mr, verimlilik ve maliyet gibi konularda iyilestirmeler
yapilmasi gerekmektedir (T. Li vd., 2023; Olabi vd., 2021; Rahman vd., 2013).

e. Redoks Akis Pilleri:

Redoks akis pilleri, enerjiyi kimyasal olarak depolanan sivi elektrolitlerde depolar. Bu piller, biyilk o6lgekli ener;ji
depolama uygulamalari i¢in uygundur ve uzun omurlidir. Ayrica, redoks akis pilleri glivenlidir ve ¢evre dostudur (Pan &
Wang, 2015; Weber vd., 2011).

Bu teknolojilerin yani sira, strekli olarak yeni pil kimyalari ve tasarimlari arastirilmaktadir. Gelecekte, bu yeni pil
teknolojilerinin lityum iyon pillerin yerini almasi veya lityum iyon pillerle birlikte kullanilmasi beklenmektedir. Hangi
teknolojinin 6n plana ¢ikacagi, performans, maliyet, glivenlik ve surdurilebilirlik gibi faktorlere bagl olacaktir.

Sonug

Lityum iyon piller, tasinabilir elektronik cihazlardan elektrikli araglara ve yenilenebilir enerji depolama sistemlerine kadar
genis bir uygulama yelpazesinde devrim yaratarak modern yasamin vazgecilmez bir pargasi haline gelmistir. Bu makalede,
lityum iyon pillerin tarihsel gelisiminden baslayarak, ¢alisma prensipleri, avantajlari, dezavantajlari ve gelecekteki potansiyeli
detayli bir sekilde incelenmistir.

Bagdat Pili gibi antik dénem 6rneklerinden Alessandro Volta'nin volta piline ve glinimuzdeki gelismis lityum iyon pillere
kadar uzanan tarihsel yolculuk, pil teknolojilerinin insanlik icin dnemini ve strekli gelisimini gozler 6niine sermektedir. Lityum
iyon pillerin ylksek enerji yogunlugu, uzun ¢cevrim omri ve diisiik kendi kendine desarj orani gibi avantajlari, onlari diger pil
teknolojilerine gore 6ne ¢ikarmaktadir. Ancak, maliyet, glivenlik ve gevresel etki gibi dezavantajlarin da goz ardi edilmemesi
gerekmektedir.

Lityum iyon pil teknolojisi stirekli olarak gelismekte ve gelecekte daha da iyi performans, glvenlik ve surdirulebilirlik
saglamasi beklenmektedir. Yeni malzemelerin kesfi, pil tasariminin optimize edilmesi ve akilli pil yonetim sistemlerinin
gelistirilmesi, bu alanda yapilan ¢alismalara 6rnek olarak verilebilir. Kati hal piller, lityum-sulfir piller ve sodyume-iyon piller
gibi alternatif teknolojiler de gelecekte enerji depolama alaninda 6nemli bir rol oynayabilir.
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Sonug olarak, lityum iyon piller, enerji depolama alaninda énemli bir yere sahip olmaya devam edecek ve teknolojik
gelismelerle birlikte daha da yayginlasacaktir. Lityum iyon pillerinin dezavantajlarinin giderilmesi icin yapilacak bilimsel
calismalar bu pillerin daha yaygin hale gelmesine ve 6ne ¢ikmasina yol acacaktir. Bu teknolojinin gelecekteki potansiyeli,
arastirma ve gelistirme ¢alismalarina devam edilmesiyle daha da ortaya cikacaktir.
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