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In the course of the research, the effect of competing ions (Na+) on multisorption (Cs+, Sr2+) by composite sorbents based on natural 
and synthetic zeolites under static conditions was studied. It was found that the maximum concentration of competing ions (0.4 g of 
NaCl per 100 ml of solution) leads to a decrease in cesium sorption by 20%, and strontium sorption decreases by 10%. At the same 
time, high rates of sorption of cesium and strontium are preserved. Thus, for a composite sorbent (clinoptilolite -30%: zeolite 
NaX - 70%), the sorption of cesium was 67.9%, and the sorption of strontium was 87.6%. The analytical technique was developed on 
the basis of the PIXE (Proton Induced X-ray Emission) method and made it possible to qualitatively and quantitatively determine the 
content of isotopes. The work was performed at the analytical nuclear-physical complex "Sokil". The energy range of the electrostatic 
accelerator is 200-2000 keV. The complex made it possible to carry out all the main methods of analysis using ion beams. The targets 
were placed in the exit, at the Chamber for PIXE. To carry out measurements, a vacuum with a pressure of 10-4 Pa was created in the 
chamber. To excite the atoms of cesium, strontium, a proton beam with an energy of Ер≈1400 keV was used. The characteristic X-ray 
radiation of the L-series of cesium atoms and K-series of strontium atoms was recorded by two detectors: XR-100CR Si-PIN X-Ray 
and Ge(HP). The sorption coefficient (Sorption, %) was used as a quantitative characteristic of the interaction of sorbents with cesium, 
strontium. 
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One of the main problems in the further development of nuclear energy is the management of radioactive waste. 

Radioactive waste is divided by activity (high activity, medium activity, low activity), by physical state (solid, liquid and 
gaseous). A significant part of radioactive waste is liquid radioactive waste. Thus, in 2020, 8783 m3 of liquid radioactive 
waste was accumulated at Ukrainian NPPs [1,2]. For the purification and subsequent processing of liquid radioactive 
waste, thermal, sorption, and membrane methods are used, and they also include filtration, coprecipitation and coagulation 
of sediments and suspensions, ion exchange, osmosis and reverse osmosis, electrodialysis, and evaporation of solutions 
[3–8]. The most promising is the sorption method, which includes various directions of sorption. When choosing a sorbent 
for purification of liquid radioactive sorbents, the following factors are taken into account: sorption efficiency, structural 
stability (radiation resistance, chemical resistance, and thermal stability), cost, and production conditions [9]. 

Numerous studies have shown the effectiveness of natural ion-exchange sorbents in experiments. This group 
includes bentonite, vermiculite and clinoptilolite. When using them, it must be taken into account that natural sorbents 
are characterized by a narrow spectrum of sorbed radionuclides. The most effective use of clinoptilolite is for sorption of 
cesium. In this case, it should be taken into account that, depending on the deposit and the depth of occurrence, the 
composition of the exchange ions of the zeolite and the content of crystalline water may change. A change in these factors 
can have a significant effect on the sorption properties of the zeolite.  

Synthetic zeolites are distinguished by a stable composition of exchange ions, which is set during the synthesis 
process. As well as a more developed structure with a large number of exchange centers. This is due to the predominance 
of Al ions in the structure of synthetic zeolites. Al ions are the basis for the formation of an excess negative charge. The 
negative charge is formed due to the interaction with the fourth O atom, which is included in the tetrahedral structure of 
the zeolite [10-12]. 

Therefore, the most promising is the use of composite sorbents, which include a natural component and a synthetic 
component in their composition. Such a composition significantly expands the list of sorbed radionuclides. The most 
promising is the composition based on natural zeolite (clinoptilolite) and synthetic zeolite. 

When conducting model experiments on the sorption of radionuclides from liquid radioactive waste, the following 
factors must be taken into account: a complex radionuclide composition and the presence of competing ions. 

In the work published earlier, the processes of multisorption on clinoptilolite and composite sorbent based on zeolites 
were considered, but the effect of competing ions on sorption processes was not considered in this work [13]. 

The issues of studying of sorption Cs+ and Sr2+ are very relevant and are reflected in modern publications [14-18]. 
Therefore, in this work, multisorption (Cs+, Sr2+) by sorbents in the presence of an increasing content of competing 

ions (Na+) was considered. 
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MATERIALS AND METHODS 
Research objects 

Nitric acid salts CsNO3 and Sr(NO3)2 served as sources of cesium and strontium ions. 100 ml of a solution containing 
Cs+ ions (0.02 g CsNO3 per 100 mL solution) and Sr2+ ions (0.02 g Sr(NO3)2 per 100 mL solution) was prepared. Taking 
into account the fact that the interaction of Sr2+ with CO3

2- forms a poorly soluble compound, NaCl was used as a source 
of competing ions. This made it possible to consider the influence of sorption processes competing without harm. When 
considering the influence of competing ions, different concentrations of NaCl in the test solution were considered: 0.02 g 
of NaCl per 100 mL of solution; 0.04 g NaCl per 100 ml solution; 0.2 g NaCl per 100 mL solution; 0.4 g NaCl per 100 ml 
solution. 

Natural zeolite (clinoptilolite) and synthetic NaX zeolite in the following compositions were used as the composite 
sorbents considered in the work: 

1. clinoptilolite - 100% : zeolite NaX - 0%; 
2. clinoptilolite - 50%: zeolite NaX - 50%; 
3. clinoptilolite - 25%: zeolite NaX - 75%. 
The choice of compositions 2 and 3 is due to the studies conducted earlier [19]. These studies made it possible to 

determine the optimal compositions based on natural and synthetic zeolites. 
 

Sorption experiment (sorption) 
Sorption was carried out under static conditions using sorbent fractions of 0.1 mm. The weight of the sorbent used 

in the experiment was 0.1 g. A weighed portion of the sorbent was placed in 20 mL of the test solution. Periodically, the 
solution with the sorbent was forcibly mixed. 

The experiment lasted 24 hours with periodic sampling. Sorption equilibrium in the zeolite-cesium system occurs 
within 1 hour. The increase in the time of the experiment was carried out taking into account the time of onset of sorption 
equilibrium in the zeolite-strontium system, which occurs within 24 hours [20]. 
 

Targets preparation 
The targets were prepared on a carbon substrate. The carbon substrate was prepared from carbon rods. The carbon 

substrate had a length of 10.00 mm and a thickness of 2.00 mm. 
A solution in an amount of 0.05 mL containing a mixture of isotopes (cesium, strontium) was deposited on a carbon 

substrate and dried by heating to 35°C. 
The targets prepared in this way were preserved after the initial use and could be subjected to further studies under 

the conditions given below [20-22]. 
 

ANALYTICAL PART OF THE EXPERIMENT 
The analytical part of the work was performed on the analytical nuclear-physical complex "Sokol" [20-22].  The 

energy range of the electrostatic accelerator is 200-2000 keV. The complex made it possible to carry out all the main 
methods of analysis using ion beams. The complex made it possible to irradiate the objects under study with singly and 
doubly charged gas ions from hydrogen to xenon. The complex had 5 outputs, on which various nuclear physics 
techniques were implemented: an output for recording characteristic X-ray emission (the Chamber for PIXE (Proton 
Induced X-ray Emission)); the beam exit to atmosphere; the output for the determination of Rutherford backscattering 
(the Chamber RBS); the Nuclear Microbeam and the ion irradiation channel.  

The targets were placed in the exit, at the Chamber for PIXE. To carry out measurements, a vacuum with a pressure 
of 10-4 Pa was created in the chamber. To excite the atoms of cesium, strontium, a proton beam with an energy of 
Ер≈1400 keV was used. This energy made it possible to excite the characteristic X-ray radiation of the L-series of cesium 
atoms and the K-series of strontium atoms. The characteristic X-ray radiation was measured using XR-100CR Si-PIN 
X-Ray detector with an energy distribution of 155 eV along the 6.4 keV line.  The detector was placed at a distance of 
7 cm from the target, at an angle of 135 ° to the proton beam, outside the window with beryllium foil 25 μm thick. 
XR-100CR Si-PIN X-Ray the detector was equipped with a Ø 1.5 mm collimator and a 56 μm thick mylar 
absorber [20-22]. The choice of the collimator and absorber took place taking into account the parameters of the detector 
when measuring the dead time and the intensity of the characteristic X-ray radiation. 

The characteristic X-ray radiation of the K series of strontium atoms was recorded by two detectors: XR-100CR 
Si-PIN X-Ray and Ge(HP). The second detector was used to increase the detection efficiency of the K-series radiation of 
strontium atoms (14.164 keV). 

Ge(HP) the detector was based on an ultrapure germanium crystal with a crystal thickness of 8.5 mm and a sensitive 
surface area of 25 mm2. When working with a Ge (HP) detector, the SBS-75 pulse signal board was used as a 
spectrometric amplifier, a multichannel amplitude analyzer, and a spectrometric pulse accumulator. 
 

RESULTS AND DISCUSSION 
The sorption coefficient (Sorption, %) was used as a quantitative characteristic of the interaction of sorbents with 

cesium, strontium, and was calculated by the formula (1): 
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 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛, % = (   )∙ % (1) 

where Co and Ceq are the initial and equilibrium concentration of the solution, mg/ml. 
The obtained results are presented in Tables 1-3. 
For clinoptilolite, the effect of competing ions in small amounts (0.02 g of NaCl per 100 ml of solution; 0.04 g of 

NaCl per 100 mL of solution) does not lead to a significant decrease in the sorption of cesium and strontium (Table.1). 
An increase in the content of competing ions (0.2 g NaCl per 100 mL of solution; 0.4 g NaCl per 100 mL of solution) 
leads to a decrease in the sorption of cesium and strontium by ~20%.  

For composite sorbent № 2, an unusual effect of competing ions was observed. This is due to the introduction of 
NaX zeolite into the composition of the sorbent. At low concentrations of competing ions (0.02 g of NaCl per 100 mL of 
solution; 0.04 g of NaCl per 100 mL of solution), an increase in the sorption of cesium and strontium by 40% was observed 
during the first hour of sorption. However, by the time the sorption equilibrium was reached (24 hours), the change in 
sorption did not exceed 5% (Table 2).  
Table 1. Sorption coefficients of cesium and strontium from a mixture of solution by clinoptilolite under static conditions in the 
presence of competing ions 

Sorption 
time, h 

Competing 
compound 

The number of competing 
compounds per 100 mL of 

solution, g.

Cesium sorption 
coefficients, % 

Strontium 
sorption 

coefficients, %
1 - - 86.0 38.0 
6 - - 97.7 38.0 

24 - - 97.8 53.3 
1 Sodium chloride 0.02 81.5 28.5 
6 Sodium chloride 0.02 93.7 34.6 

24 Sodium chloride 0.02 94.5 50.8 
1 Sodium chloride 0.04 73.1 12.0 
6 Sodium chloride 0.04 91.6 29.7 

24 Sodium chloride 0.04 94.4 50.3 
1 Sodium chloride 0.2 50.0 8.5 
6 Sodium chloride 0.2 80.6 35.0 

24 Sodium chloride 0.2 81.8 43.9 
1 Sodium chloride 0.4 35.4 5.7 
6 Sodium chloride 0.4 61.4 8.5 

24 Sodium chloride 0.4 75.4 34.6 

Table 2. Sorption coefficients of cesium and strontium from a mixture of solution by a composite sorbent 50/50 under static conditions 
in the presence of competing ions 

Sorption 
time, h 

Competing 
compound

The number of competing compounds 
per 100 mL of solution, g.

Cesium sorption 
coefficients, % 

Strontium sorption 
coefficients, %

1 - - 24.3 13.6
6 - - 76.3 76.8
24 - - 89.1 93.7
1 Sodium chloride 0.02 63.9 50.0
6 Sodium chloride 0.02 87.6 90.9
24 Sodium chloride 0.02 88.9 93.6
1 Sodium chloride 0.04 66.1 49.4
6 Sodium chloride 0.04 86.7 86.0
24 Sodium chloride 0.04 88.0 88.4
1 Sodium chloride 0.2 33.7 35.4
6 Sodium chloride 0.2 68.2 76.6
24 Sodium chloride 0.2 79.3 86.5
1 Sodium chloride 0.4 26.0 28.5
6 Sodium chloride 0.4 61.5 73.3
24 Sodium chloride 0.4 64.3 85.4

 
An increase in the content of competing ions (0.2 g NaCl per 100 mL of solution; 0.4 g NaCl per 100 mL of solution) 

leads to a decrease in cesium sorption by ~20%, while strontium sorption decreased by ~10%. 
For composite sorbent № 3, an unusual effect of competing ions was also observed. This is due to the introduction 

of NaX zeolite into the composition of the sorbent. At low concentrations of competing ions (0.02 g of NaCl per 100 mL 
of solution; 0.04 g of NaCl per 100 mL of solution), an increase in the sorption of cesium and strontium by 30% - 35% 
was observed during the first hour of sorption. However, by the time the sorption equilibrium was reached (24 hours), the 
change in sorption did not exceed 2 - 3% (Table 3).  

An increase in the content of competing ions (0.2 g NaCl per 100 mL of solution; 0.4 g NaCl per 100 mL of solution) 
leads to a decrease in cesium sorption by ~20%, while strontium sorption decreased by ~10%. 
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The results obtained indicate that the introduction of a high content of competing ions into the solution (0.4 g of 
NaCl per 100 mL of solution) leads to a decrease in the sorption of cesium by clinoptilolite and composite sorbents 
by 20%.  
Table 3. Sorption coefficients of cesium and strontium from a mixture of solution by a composite sorbent 30/70 under static conditions 
in the presence of competing ions 

Sorption 
time, h 

Competing 
compound 

The number of competing 
compounds per 100 mL of 

solution, gr.

Cesium sorption 
coefficients, % 

Strontium 
sorption 

coefficients, %
1 - - 27.8 27.1 
6 - - 81.2 94.7 

24 - - 87.3 95.8 
1 Sodium chloride 0.02 55.2 66.9 
6 Sodium chloride 0.02 84.7 98.1 

24 Sodium chloride 0.02 85.5 98.1 
1 Sodium chloride 0.04 59.3 63.9 
6 Sodium chloride 0.04 83.6 95.4 

24 Sodium chloride 0.04 84.6 97.8 
1 Sodium chloride 0.2 31.4 45.6 
6 Sodium chloride 0.2 52.9 82.6 

24 Sodium chloride 0.2 69.5 89.6 
1 Sodium chloride 0.4 27.5 35.3 
6 Sodium chloride 0.4 48.2 61.8 

24 Sodium chloride 0.4 67.9 87.6 
 

 The inclusion of synthetic zeolite in the composition of the composite sorbent significantly changes the situation of 
sorption of strontium in the presence of competing ions (0.4 g of NaCl per 100 mL of solution). Thus, for clinoptilolite, 
strontium sorption decreases by 20%, while for composite sorbents, the presence of competing ions (0.4 g NaCl per 
100 mL of solution) leads to a decrease in strontium sorption by only 10%.  
 

CONCLUSIONS 
The results obtained indicate that during multisorption (cesium, strontium), clinoptilolite exhibits high sorption 

properties for cesium (Ks - 97.8%), and strontium sorption is only 53.3%. 
At the same time, composite sorbents exhibit higher strontium sorption (Ks (50/50) - 93.4%, Ks (30/70) - 95.8%). 

And the sorption of cesium decreases slightly (Ks (50/50) - 89.1%, Ks (30/70) - 87.3%). This fact significantly expands 
the use of composite sorbents based on zeolites. 

The concentration of competing ions in a solution significantly affects multisorption. At the maximum concentration 
of competing ions (0.4 g of NaCl per 100 ml of solution), cesium sorption decreases by 20%, and strontium sorption by 10%. 

At the same time, high rates of sorption of cesium and strontium are preserved. So, for a composite sorbent 
(clinoptilolite - 50%: zeolite NaX - 50%), the sorption of cesium was 64.3%, and the sorption of strontium was 85.4%. 
For the composite sorbent (clinoptilolite - 30%: zeolite NaX - 70%), the cesium sorption was 67.9%, and the strontium 
sorption was 87.6%. 

The results obtained confirm the effectiveness of using composite sorbents based on natural and synthetic zeolites 
for the purification of liquid radioactive waste. 
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ВПЛИВ КОНКУРУЮЧИХ ІОНІВ НА МУЛЬТИСОРБЦІЮ (Cs+, Sr2+) КОМПОЗИЦІЙНИМИ СОРБЕНТАМИ 

НА ОСНОВІ ПРИРОДНОГО ТА СИНТЕТИЧНИХ ЦЕОЛІТІВ 
О.Ю. Лонін, В.В. Левенець, О.П. Омельник, А.О. Щур 

Національний науковий центр «Харківський фізико-технічний інститут» 
вул. Академічна, 1, 61108, Харків, Україна 

У ході досліджень вивчався вплив конкуруючих іонів (Na+) на мультисорбцію (Cs+, Sr2+) композиційними сорбентами на 
основі природних і синтетичних цеолітів у статичних умовах. Встановлено, що максимальна концентрація конкуруючих іонів 
(0,4 г NaCl на 100 мл розчину) призводить до зниження сорбції цезію на 20%, а сорбції стронцію – на 10%. При цьому 
зберігаються високі показники сорбції цезію та стронцію. Так, для композиційного сорбенту (кліноптилоліт – 30%: цеоліт 
NaX – 70%) сорбція цезію становила 67,9%, а сорбція стронцію – 87,6%. Аналітична методика була розроблена на основі 
методу PIXE (Індуковане протонами рентгенівське випромінювання) і дозволила якісно та кількісно визначати вміст ізотопів. 
Робота була виконана на аналітичному ядерно-фізичному комплексі «Сокіл». Енергетичний діапазон електростатичного 
прискорювача 200-2000 кеВ. Комплекс дозволяв проводити всі основні методи аналізу за допомогою іонних пучків. Мішені 
розміщувалися на виході, в камері для PIXE. Для проведення вимірювань в камері створювався вакуум з тиском 10-4 Па. Для 
збудження атомів цезію, стронцію використовувався пучок протонів з енергією Ер≈1400 кеВ. Характеристичне рентгенівське 
випромінювання L-серії атомів цезію та K-серії атомів стронцію реєструвалося двома детекторами: XR-100CR Si-PIN X-Ray 
та Ge(HP). Як кількісну характеристику взаємодії сорбентів з цезієм, стронцієм використовували коефіцієнт сорбції 
(Sorption, %). 
Ключові слова: цезій; стронцій; рідкі радіоактивні відходи; цеоліти; статична сорбція 
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The extraordinary radiation resistance of single crystals and ceramics of magnesium-aluminum spinel to neutron irradiation is known, 
but the mechanisms that provide it are not yet fully understood. Irradiation of crystals with fast electrons creates defects partially similar 
to defects in neutron irradiation. The difference in the destructive effect is the significant level of ionization during electron irradiation. 
Therefore, to compare the results of irradiation by different sources, it is necessary to determine the parameters of radiation defects. 
One of them is the conditions of radiation damage recovery.  When irradiating the crystals with electrons with an energy of 12.5 MeV 
to a fluence of 6.8∙1016 eV/cm2, the concentration of defects such as F-centers 2.6∙1016 cm-3 and V-centers 3∙1017 cm-3 was obtained. 
TSL and optical absorption spectroscopy methods were used to determine the state of radiation defects in crystals during annealing. 
Since annealing at temperatures above 900 K leads to complete discoloration of all optically active centers, therefore, to determine the 
effect of annealing at higher temperatures, the crystals after annealing were irradiated with ultraviolet light. At temperatures above 
900 K, cationic disorder begins to increase, but annealing at 1010 K for 30 minutes was not enough to completely restore the damage 
to the crystal lattice created by electron irradiation. This is expected, given the characteristic relaxation time of cation disorder, which 
reaches 1000 hours at this temperature.  However, increasing the annealing temperature to 1050 K, in addition to the recovery of 
radiation defects, creates a noticeable additional difference in TSL, probably due to the formation of complexes from residual F-centers. 
However, determining the difference between irradiated and non-irradiated crystals gives a difference in the concentration of F-centers 
less than 1015 cm-3. 
Keywords: Spinel; Electron Irradiation; Radiation Defects; Annealing; Thermoluminescence 
PACS: 61.80.Fe; 78.60.Kn; 61.72.jn 
 

INTRODUCTION 
Magnesium-aluminum spinel (MgAl2O4) is an extremely resistant to ion and neutron irradiation insulator with a 

wide bandgap. Crystals and ceramics can withstand neutron irradiation at moderate fluxes up to fluences of 
2.49∙1023 n/cm2 without appreciable change in sample size [1]. Although the optical and dielectric properties of spinel are 
very sensitive to ionizing irradiation [2] ceramics and spinel powders are considered for use [3] and are used [4] under 
conditions of powerful gamma, neutron and ion irradiation. Doses and levels of damage of 249 d.p.a., which were 
achieved at the FFTF reactor, are unattainable for other irradiation devices, except for ion irradiation, but it has its 
disadvantages related to the small depth of ion penetration. If the thin damaged layer can still be dealt with by experimental 
methods [5], there remains the implantation of ions that are not an element of the crystal and the temperature peaks when 
using heavy ions. 

Irradiation by electrons compared to neutron irradiation is much more accessible. And because of the relatively small 
interaction cross-section of fast electrons, unlike ion irradiation, it makes it possible to obtain a practically uniform 
distribution of defects over the thickness of the samples. But the consequence is a relatively low rate of defect creation, 
which usually does not exceed one defect per electron. In addition, the beam current during irradiation is limited by the 
power of ionization losses of electrons in the crystal. The fact that the electrons predominantly (more than 99%) spend 
their energy on ionization and only a small fraction on defect creation is a feature to be taken into account when comparing 
experiments with different irradiation sources [6]. 

One of the characteristics of radiation defects is their destruction temperature. Since Schottky defects are the 
dominant type for spinel [7], the creation of Frenkel pairs during irradiation creates a complex set of pairs of defects of 
both types, some of which recombine during irradiation, preventing the creation of large complexes of defects and 
dislocations [8]. For neutron irradiated crystals, the temperature of the beginning of vacancy mobility and dislocation 
destruction is about 1000 K [9]. The trap depth for the vacancy mobility is determined as 2±0.7 eV. 

Annealing of optically active centers in crystals allows the comparison of optical and ESR spectral data [10], but 
both techniques dealt with an electron bound to the defect rather than to the defect itself. In [11] annealing of spinel single 
crystals after electron irradiation at only 900 K resulted in complete bleaching of the radiation-induced absorption. In 
work [12] it is shown that after annealing to 750 K all optically active centers in the crystals after neutron irradiation are 
destroyed, but a significant concentration of defects remains. Therefore, elucidation of conditions and possibility of 
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restoration of damages of crystals after irradiation by relativistic electrons has both fundamental and applied importance 
concerning possibility of prolongation of use of crystals in radiation conditions and reuse of crystals in experiments on 
irradiation. 

 
EXPERIMENTAL DETAILS 

Electron irradiation was performed on an M-30 microtron at Institute of Electron Physics of NAS of Ukraine [13] 
with an electron energy of 12.5 MeV and a current density of 3 μA/cm2 up to a fluence of 6.8·1016 e/cm2. The sample was 
glued with thermal grease KTP-19 on an aluminum plate with a thickness of 2 mm and located at a distance of 5 cm from 
the exit window of the accelerator. With addition of intense air blowing, this ensured that the temperature of the sample 
during irradiation did not exceed 20°C. 

Measurements of the curves of thermostimulated luminescence (TSL) induced by heating samples at a rate of 0.5 K/s 
up to 575 K were performed after the half hour delay to partial decay of phosphorescence. The integral 
thermoluminescence yields were performed using a FEU-106 photoelectron multiplier (spectral response 180-800 nm) 
operating in the photon count mode. 

Before TSL measurements (except for electron irradiated sample) samples were irradiated with UV lamp DDS-30 
(analogue of L2(D)2) for filling electron and hole traps. Distance between lamp and samples was 50 mm. 

High-temperature annealing was carried out in a tubular quartz furnace insulated from the ends with fireclay. The 
temperature of the samples was controlled by a chromel-alumel thermocouple located in the sample holder. Cooling from 
the maximum temperature to 200°C took place in the furnace for an hour, and then in the open air. 

Optical absorption was measured in the range 1.2–6.4 eV using a single beam spectrophotometer SF-46 with manual 
correction of residual phosphorescence.  

 
RESULTS AND DISCUSSION 

The optical absorption spectra of single crystals before and after irradiation with electrons with energy of 12.5 MeV 
and fluence of 6.8∙1016 cm-2 are shown in Fig. 1. As can be seen, the spectrum shows two well-known absorption bands 
at 3 eV - hole centers on cation vacancies and 5.3 eV - F-centers. The integrated glow curve of this sample is also quite 
typical for nominally pure spinel single crystals of stoichiometric composition (Fig.2). It contains one high-intensity broad 
maximum at 500 K which is very similar to the TSL curve after gamma irradiation [14,15]. In neutron-irradiated crystals, 
the spinel light curve has weak peaks at 440, 490 K and a prominent peak at 630 K [16]. This difference could be caused 
by the high level of ionization during electron and gamma irradiation. 

Figure. 1. Optical absorption spectra of MgAl2O4 single crystal 
before and after irradiation with 12.5 MeV electrons to fluence 
6.8∙1016 e/cm2 

Figure. 2. TSL glow curve of MgAl2O4 single crystal irradiated 
with 12.5 MeV electrons to fluence 6.8∙1016 e/cm2 

As a result of annealing to 575 K, the absorption spectrum of the crystal partially discolored. The spectra of radiation 
stimulated absorption after irradiation and annealing are shown in Fig. 3. Also, thin lines show the decomposition of the 
spectra into separate bands according to [17]. As can be seen, partial annealing caused 50% loss of absorption of 
V-centers, and almost complete decolorization of F+ and F-centers. Since an annealing at a temperature of at least 970 K 
is required to fully restore the absorption spectrum, the sample irradiated by electrons was annealed at 1010 K for 30 min. 

To analyze the results of such annealing, the crystal after slow cooling was irradiated with UV light for 30 min. and 
after an additional 30 min. the thermoluminescence was measured (see Fig. 4). For comparison, the thermal luminescence 
curve of the crystal without electron irradiation and annealing is also shown. It can be seen that the first peak at 410 K is 
almost the same, but at higher temperature (peak at 650-700 K) the crystal irradiated by electrons has much more intense 
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luminescence. In order to return the crystal to the initial state, an additional annealing was carried out at a temperature of 
1050 K. This significantly reduced the intensity of the high-temperature maximum and it became even smaller than the 
corresponding maximum in the initial crystal. But it caused a shift of the first maximum towards higher temperatures. 
To further verify the effect of irradiation and annealing on the crystal state, both samples were irradiated with UV light 
after annealing at 1050 K. Fig. 5 shows the absorbance for both samples, where it can be seen that the absorbance 
(concentration of optically active centers) due to hole centers on cation vacancies and anti-structure defects is identical. 
There is a very weak difference in the absorption of electron-type optically active centers: antisite defects and anion 
vacancies. 

Figure. 3. Optical absorption spectra of MgAl2O4 single crystal 
irradiated with 12.5 MeV electrons to fluence 6.8∙1016 e/cm2 and 
after annealing to 575 K during TSL measurement 

Figure. 4. TSL glow curve of UV irradiated MgAl2O4 single 
crystals: unirradiated and irradiated with 12.5 MeV electrons to 
fluence 6.8∙1016 e/cm2 and annealed to different temperatures 
during 30 min 

It is shown in more detail in Fig. 6 in the form of difference of absorption spectra of two crystals (with and without 
irradiation) in the same state. It can be seen that the effect of electron irradiation after annealing to 1050 K on the formation 
of optically active centers is very weak both for the annealed state and after UV irradiation. 

Figure 5. UV induced optical absorption spectra of MgAl2O4 
single crystal with and without irradiation with 12.5 MeV 
electrons to fluence 6.8∙1016 e/cm2 and annealing at 1050 K for 
30 min 

Figure 6. Difference optical spectra of irradiated and 
unirradiated MgAl2O4 crystals after annealing to 1050 K and 
subsequent UV irradiation 

The difference between irradiated and non-irradiated crystals is small, slightly exceeding the measurement error of 
the spectrophotometer. Only one very weak band corresponding to F+-centers can be approximately identified in the 
spectra, but their concentration determined by the Smakula formula [18] does not exceed 1.5∙1014 cm-3. Absence of 
differences in induced absorption spectra in the region of maxima corresponding to antisite defects indicates that although 
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the annealing temperature exceeded the threshold of cation mobility and increasing of inversion the changes in TSL glow 
curve (Fig. 4) are rather related to the formation of complexes from residual defects. 

 
CONCLUSIONS  

Sequential annealing of defects in MgAl2O4 single crystals after 12.5 MeV electron irradiation was carried out. 
It was found that 30 min. of annealing at 1010 K was not sufficient for the complete recovery of radiation defects.  
Additional annealing at 1050 K of MgAl2O4 single crystals irradiated with intermediate fluence electrons practically 
restores the crystal state to the initial level.  

It is also shown that annealing at 1050 K for 30 min., besides the restoration of defects, introduces noticeable 
changes in the crystal, which may be associated with an increase in inversion. However, the residual difference in 
F-centers concentration at 1.5∙1014 cm-3 rather indicates the formation of complexes from residual defects. Therefore, the 
optimization of the annealing process with respect to temperature, duration and cooling regime requires further 
investigation. 
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МОНІТОРИНГ ВІДНОВЛЕННЯ РАДІАЦІЙНИХ ДЕФЕКТІВ В MgAl2O4 ПРИ ВІДПАЛІ 
МЕТОДОМ ОПТИЧНОЇ СПЕКТРОСКОПІЇ 

Юрій Г. Казарінова,b, Іван Г. Мегелаc, Оксана М. Попc 
aХарківський національний університет імені В.Н. Каразіна, Харків, Україна 
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cІнститут електронної фізики НАН України, Ужгород, Україна 

Відома надзвичайна радіаційна стійкість монокристалів і кераміки магнієво-алюмінієвої шпінелі до нейтронного 
опромінення, але механізми, які її забезпечують, ще остаточно не з'ясовані. Опромінення кристалів швидкими електронами 
створює дефекти, частково подібні до дефектів при нейтронному опроміненні. Відмінність у руйнівній дії полягає в значному 
рівні іонізації при електронному опроміненні. Тому, для порівняння результатів опромінення різними джерелами необхідно 
визначати параметри радіаційних дефектів. Одним з них є температурні умови відновлення радіаційних пошкоджень. При 
опроміненні кристалів електронами з енергією 12,5 МеВ до флюенсу 6,8∙1016 е/см2 отримано концентрацію дефектів типу 
F-центрів 2,6∙1016 см-3 та V-центрів 3∙1017 см-3. Для визначення стану радіаційних дефектів у кристалах під час відпалу 
використовувались методи ТСЛ та оптичної абсорбційної спектроскопії. Оскільки відпал при температурах вище 900 К 
призводить до повного знебарвлення всіх оптично активних центрів, тому для визначення впливу відпалу при більш високих 
температурах кристали після відпалу опромінювали ультрафіолетовим світлом. При температурах вище 900 К починає 
зростати катіонне невпорядкування, але відпалу при 1010 К протягом 30 хвилин виявилося недостатньо для повного 
відновлення пошкоджень кристалічної гратки, створених електронним опроміненням. Це очікувано, враховуючи характерний 
час релаксації катіонного невпорядкування, який при цій температурі сягає 1000 годин. Однак підвищення температури 
відпалу до 1050 К, окрім відновлення радіаційних дефектів, створює помітну додаткову різницю в ТСЛ, ймовірно, за рахунок 
утворення комплексів із залишкових F-центрів. Однак визначення різниці між опроміненими і неопроміненими кристалами 
методом оптичної спектрофотометрії дає різницю в концентрації F-центрів менше за 1015 см-3. 
Ключові слова: шпінель; електронне опромінення; радіаційні дефекти; відпал; термолюмінесценція 
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The enriched thermal mechanisms and progressive of nanomaterial has enthused scientists to give devotion to this area in current days. 
The versatile and synthesizing utilization of such particles embrace energy production, solar systems, heating and cooling monitoring 
processes, renewable energy systems, cancer treatments, hybrid-powered motors and Nano electronics. Furthermore, in this era of 
biotechnology and bioengineering, the bio convection of Nano fluids provides for some enthralling applications, such as enzymes, 
biosensors and biofuels. With such magnetic applications and attentions. A mathematical model is presented for evaluating the 
electrical conducting Williamson nano fluid with heat and mass transfer over a porous stretched sheet in the existence of bioconvection. 
The bioconvection of swimming microorganisms, thermal radiation, thermal conductivity and Arrhenius energy are new facets of this 
investigation. The higher order non-linear governing partial differential equations (PDEs) are solved by applying appropriate similarity 
variables and resulting couple of ordinary differential equations (ODEs) is produced. The developing set of ODEs is solved numerically 
by utilizing well known shooting technique with ND solve command in Wolfram MATHEMATICA and compare the result with pvb4c 
code in MATLAB. The graphs for different physical quantities of interest together with non-dimension velocity, temperature, 
concentration and density of micro-organisms profiles are discovered for involving parameters like magnetic parameter, Brownian 
motion, Rayleigh number, Peclet number, Bioconvective Lewis number, parameter of thermophoresis and buoyancy ratio parameter. 
The influence of numerous parameters on flow and heat transfer characteristics are debated. 
Keywords: Activation energy; Williamson Nano fluids; Chemical reaction; Thermal Radiation; Shooting method; Extending sheet; 
Thermal conductivity 
PACS: 47.10.-g, 47.10.A-, 47.10.ad 
 

INTRODUCTION 
Due to its enormous applications, the mass and heat transfer of boundary layer flow of non-Newtonian fluids through 

permeable medium due to a extending plate is of significant interest to researchers, engineers and scientists. Some good 
illustrations of its utilizations are the cooling of nuclear reactors, pipe industry, thinning of copper wire, annealing, solar 
collection, extraction of metals and extrusion process. The quick and convoluted process in tiny devices and gigantic 
machinery have generated a large problem of thermal discrepancy. Various additional approaches, like as fans and fins 
are utilized, but their utility is limited due to the enormous size. Maripala and Kishan [1] considered the effect of chemical 
diffusion and solar radiation on magneto un-steady flow and heat transport of nanofluid through a porous shrinking plate. 
Their outcome shows that the energy distribution diminishes with boosted in the suction parameter while nano 
concentration distribution rise. Over stretched surfaces, the effect of mixed convective mass and heat transport of MHD 
nanoparticles inserted in permeable sheet. Thermal boundary layer and energy profile diminish when the Prandtl number 
and dimensionless mass free convection parameter grow, according to their findings investigated by [2-8]. In 1995, Choi 
[9] proposed that nano-sized particles dispersed in a base fluid, dubbed nanofluid, have a higher heat transfer capacity 
than fluids lacking nano-sized particles. The present and prospective utilization of nano-sized particles in fluids is 
discussed by [10]. A single model cannot account for non-Newtonian fluid features. Also, the fundamental Naiver-Stokes 
equations cannot explain the rheological features of non-Newtonian fluids. A ample models have been established to 
address this issue. The rheological models that were proposed like Carreau, Ellis, power law, Cross and Williamson fluid 
model, etc. The Williamson fluid model is an example of a non-Newtonian fluid (liquid/gas) model with shear retreating 
behaviour, and it was predicted by Williamson [11]. Investigations [12–16] might be mentioned as current inquiries into 
the flow of magneto Williamson fluid.  

The minimal quantity of strength required by chemical reactants to tolerate a significance chemical diffusion is 
known as activation energy. Bestman [17] investigated the inspiration of heat transfer and energy activation on Natural 
convection boundary layer through porous plate. Hamid et al. [18] explore the effect of chemical diffusion on time 
depended flow of electrical conducting Williamson nanofluid in the occurrence of Arrhenius energy. Anuradha and 
Sasikala [19] examined the effect of energy activation and binary chemical reaction on magneto flow of nanofluid through 
porous shrinking plate with convective flow. Dhlamini et al. [20] established the mathematical model for mixed 
convective nanofluid flow in the existence of chemical diffusion and energy with convective boundary conditions. 
Awad et al. [21] scrutinized the insinuation of Arrhenius energy and binary chemical diffusion on rotating flow of time 
in depended nanofluid in the occurrence of energy activation. Mustafa [22] and Huang [23] also looked into the effect of 
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Arrhenius energy on electrical conducting flow of nanoparticle passing through a both permeable horizontal and vertical 
cylinder. Many researchers like [24–27] describes additional research on the influence of energy activation on MHD flow 
of non-Newtonian fluids under various geometries. Their figures show that the concentration of nanoparticles rises with 
rise in activation energy as well.  

The sensation of alive microorganisms deeper than water swimming upward in suspensions is known as 
bioconvection. Bioconvection have significance utilization in biotechnology and biological systems such as enzyme 
biosensors, purify cultures and living cells [28]. Through a horizontal tube, Raees et al. [29] investigated an time depended 
flow of magnetized bioconvective nanofluid containing swimming gyrotactic microorganisms. The bioconvective flow 
of MHD magnetized nano fluid with mass and heat transfer with swimming microorganisms across a rounded vertical 
cone was quantitatively discovered by Siddiqa et al. [30]. Abbasi et al. [31] described in detail the bioconvection stream 
of viscoelastic nanoparticles caused by motile microorganisms passing through a turning extending disc with convective 
boundary condition and zero mass flux as well as prominent parameters' inspirations on Nusselt number, temperature, 
local density, velocity and Sherwood number. Chu et al. [32] analyzed the impact of stream of bioconvection on electrical 
conducted fluid over extending plate with chemical reaction, Brownian motion, thermophoresis diffusion, activation 
energy and significance of motile microorganisms are taken into account. The consequences of a nonlinear thermal 
radiation and magnetic field on bioconvective magnetized nanofluid flow via the upper surface of a paraboloid of 
revolution were studied by Makinde et al. [33]. Henda et al. [34] looked considered the magnetic bioconvection flow of 
time depended fluid past through nonlinear expanding cylinder with a heat source, nonlinear thermal radiation and 
Arrhenius energy. This investigation illustrates the electrical conducting flow of Williamson nanofluid flow having the 
insertion of swimming microorganisms through a stretchy sheet. The influence of energy activation, chemical reaction 
parameter, Buoyant force, and thermal conduction is also a part of this study. The effect of gravitational body forces is 
also taken under attention in this analysis. The shooting method has been applied to compute the numerical outcomes. 
Furthermore, a graphical illustration of numerous prominent parameters are also presented in this research. 
 

PROBLEM STATEMENT 
Steady two-dimensional inviscid flow of magneto Williamson nanofluid with thermal radiation and Arrhenius 

energy embedded in a permeable stretchable plate is considered in the occurrence of swimming microorganism and 
thermal conductivity. The fluids flow owing to a extending sheet with non-zero mass flux. Because of the stretched sheet, 
it is expected that the flow will behave linearly. Here 𝑢 and 𝑣 are the part of velocity along 𝑥 and 𝑦 directions. Our 
mathematical problem characterizes the fundamental equations of mass conservation, equation of flow, temperature 
equation, nanofluid concentration equation and motile density equation in Cartesian coordinates. The mathematical highly 
nonlinear governing equations for the stated problems are given below [35-36]: 
 
The equation of mass conservation 
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          C C as y   . 
The Equation of Density of microorganism 

 c
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Subjected to 
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In these governing equations the component of velocity u and v are assumed in x and y direction respectively, f  

is the density of base fluid,   is the viscosity,    is the electrical intensity, k  is the absorption constant,   the volume 

expansion coefficient, g  is gravity, p  density of microorganisms particles,  represents the volume of the 
microorganism, n  is the concentration of the microorganism in the fluid T  is temperature of nanofluid,   is thermal 
diffusivity,   fc  heat capacity of liquid,   pc  effective heat capacity of nanoparticles, rq  is radiative heat flux, cW  is 

the maximum cell swimming speed, BD  for Brownian diffusivity, TD  for thermophoretic diffusion coefficient, ck  
chemical reaction parameter and mD  is the diffusivity of microorganisms. 
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 represents the Arrhenius expression. The temperature dependent thermal 

conductivity is expressed as 
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According to radiative heat flux theory 
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where *k  stands for absorption coefficient and *  denotes Stefan Boltzman Constant. Using expansion of Talyer’s 
series about T  we get 

 4 3 44 3T T T T   . (8) 

The utilization of Eqs. (11-12) in (4), we have 
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Let us implement the following similarity approaches, to transform partial differential equations (PDEs) to Ordinary 
differential equations (ODEs) [30-31]: 
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where ( , )x y  is the stream line function defined as yu   and ,xv    which tropically fulfills the equation of mass 
conservation and   is the similarity variable. Equations (02) – (05) reduce to 
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Boundary condition becomes: 
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The physical quantities of interest are defined as 
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where 
1

2Re x = w
xU   is the local Reynolds number.  

 
NUMERICAL TECHNIQUE 

In a daily life many mathematical models of equations are highly nonlinear differential equation. We knew that exact 
solution of extremely nonlinear differential equations is not usually possible. In case of boundary value problem, the 
shooting method is one of best and well know scheme among all other methods. Another characteristic of current method 
is to find boundary conditions by utilizing initial approximations. This procedure is straightforward sensitive and free 
from error or complexity. 
 

CODE OF VALIDATION 
Table 1 provides a critical study of the current findings of −𝜃′(0) and −𝜑′(0 for the different value of 𝑁𝑏 (Brownian

 motion parameter) utilizing the bvp4c package in MATLAB. The critical study of these numerical findings in Table 1 
reveals that the scheme is valid, M = 0.5, 𝜆 = 0.1, 𝛾 = 0, Nc = σ = 0.3, Sc = Pe = Le = 0.2 and Pr = 7. The assessment of 
outcomes in Table 1 shows the astonishingly considerable compositions of the current inquiry with the bvp4c (MATLAB) 
results, which motivates the investigator to tackle this problem with changes of nonlinear thermal radiation and chemical 
diffusion effects using a well-known shooting approach. 
Table. 1. Comparison of −𝜃′(0) and −𝜑′(0) with different value of 𝑁𝑏. 

Parameter bvp4c Present [ND solve] bvp4c Present [ND solve] 𝑵𝒃 −𝜃′(0) −𝜑′(0) 
0.1 1.15531 1.15531 0.71015 0.71015 
0.2 0.82268 0.82268 0.42569 0.42569 
0.3 0.56502 0.56502 0.22570 0.22570 
0.4 0.37419 0.37419 0.09421 0.09421 
0.5 0.23917 0.23917 0.01730 0.01730 
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RESULTS AND DISCUSSIONS 

Where this section is equipped to explore the act of non-dimensional velocity profile  'f  , energy profile 𝜃(𝜂), 
nanofluid concentration profile 𝜙(𝜂) and density 𝜒(𝜂) under the influence of several prominent parameters like chemical 
diffusion parameter  , temperature difference  , mixed convection parameter ' , energy activation E , thermal 
Radiation Rd , buoyancy ratio parameter Nr , porosity parameter 1K , Prandtl number rP , Nc  Rayleigh number, 
microorganism concentration difference  , Brownian motion Nb , heat generation/absorption coefficients  , 
thermophoresis parameters Nt , bioconvection Lewis number Le , Harman number M  and Peclet number Pe . Fig. 1 is 
demonstrated to assess the influence of Hartman number M  on the velocity function  'f  . Figure 1 depicts that the 

supplementing values of M  causes retardation in the velocity profile Lorentz forces that are resistive forces are included 
in Hartman number. As M  boost up, the Lorentz force enhanced causing in resistance of the flow of liquid as a result of 
velocities decline. The effect of Williamson parameter We  against velocity distribution is plotted in Fig. 2 the increment 
in We  decreases the fluid speed  'f  , it is due to occurrence of buoyancy forces. An inverse relation between stretching 𝜆 and velocity field  'f   is obtained by Fig. 3, an increment in values of 𝜆 decreases the curve of  'f  . Inspiration 
of Mixed convection Parameter on velocity distribution is plotted in Figure (4). It shows that increase the value of Mixed 
convection parameter decease velocity curve; it is expected to existence of buoyancy forces. A reverse relation between 𝑁𝑟 and  'f   is obtained by Fig. (5), an increment in values of 𝑁𝑟 as a result decreases the curve of velocity component 

 'f   same impact shows for 𝑁𝑐 and porosity 𝐾 are delegated in figures (6-7). Fig. 8 illustrates the change of 

thermophoresis parameter Nt  on temperature distribution. The figure depicts that     is the increasing functions of 
thermophoresis parameter for some growing values of Nt . The increasing value of Nt  results to raises the thermal 
conductivity of liquid. The heavy-duty thermal conductivity liquid comprises advanced temperature field    . In 
thermophoresis, tiny particles of fluid are dragged from hot surface to cold. Thus, caused by departure of many tiny 
particles from hot surface temperature rises. Fig. 9 indicates the conduct of temperature profile with respect to parametric 
values of diffusivity ratio Nb. When a gradual increment is done in the morals of diffusivity ratio Nb, deceleration is 
obtained in the temperature function. Fig. 9 shows the consequence of shrinking parameter 𝜆 on temperature profile. The 
decrease in the principles of 𝜆 in the stretching case resulted in reducing the temperature contour 𝜃(𝜂). Figure (10-11) 
describes the prominence of porosity parameter 𝐾 and heat generation/absorption parameter on temperature field    . 

The enhancement in 𝐾 and ∆ results in much convective heat transfer and concentration rate. Henceforth rise in the 
distribution for temperature of fluid. Temperature distribution of nanoparticles is enhanced because of the high temperature. 
The influence of Prandtl number on temperature field     illustrated in figure (12). Temperature of nanoparticles drop 

because of enhancement in Pr . Prandtl number is termed as ratio among thermal conductivity of fluid and thermal diffusivity 
of a fluid. In consequence, minimum value of Prandtl number consequences in the maximum thermal diffusivity while this 
causes lesser boundary layer thickness and temperature. Figure (13) demonstrates the impact of thermal radiation 𝑅𝑑 on 
temperature field. These figures depict that     is the increasing functions of radiation parameter for some growing values 
of 𝑅𝑑. Fig. 14 displays the effect of stretching or shrinking sheet parameter on concentration profile. On increasing values 
of 𝜆 , a decreasing behavior of concentration is obtained. The Impact of chemical diffusion on concentration profile is shown 
on Figures (15). The curve of concentration distribution is increased as value of 𝛾 increased.  

Figure (16) illustrates the influence of thermophoresis parameter Nt  on concentration field. These figures depict that 
    is the increasing functions of thermophoresis parameter for some growing values of Nt . The increasing value of Nt  

results to raises the thermal conductivity of liquid. The heavy-duty thermal conductivity liquid comprises advanced 
concentration profile    . In thermophoresis, tiny particles of fluid are dragged from hot surface to cold. Thus, caused by 
departure of many tiny particles from hot surface temperature rises and this high temperature points to an increment in the 
concentration. The concentration profile grows faster and once a minor change, it falloffs. The description for significance 
of Brownian motion parameter Nb  on temperature field of nanoparticles is explored in Figure (17). In Fig. (18), diffusivity 
ratio parameter Nb is depicted to show its behavior on concentration profile. A significant downfall in the curve of 
concentration profile is obtained when gradual increase is done in diffusivity ratio parameter Nb. The Impact of 𝐿𝑒 on 
concentration profile is shown on figures (19). The curve of concentration distribution is increased as value of 𝐿𝑒 increased. 
Fig (20) denotes the consequences of parameter 𝐸 called energy activation parameter on concentration profile    . By 
enhancing the values of 𝐸 concentration profile boosted up. Fig (21) represents the effects of parameter 𝜎 called 
microorganism concentration difference on density profile    . By enhancing the values of 𝜎 density profile retarded. 

From Figure (22), it is demonstrated that within the increment in bio-convection Peclet number Pe , the density     is 
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retarded. Here the extreme rapidity of cell-swimming is enriched by raise the value of Pe . This advanced rapidity of cell-
swimming is accountable in the lesser performance of    . The graph of Schmidt number Sc on motile density field is 
displayed in Fig. 23. Density function of motile microorganisms is decreased for gradual increase in Schmidt number. 

Figure 1. Influence of 𝑀 on velocity field Figure 2. Inspiration of 𝑊𝑒 on velocity variable 

Figure 3. Effect of Stretching parameter on velocity function Figure 4. Impact of Mixed convection Parameter on velocity 
Distribution 

Figure 5. Change of 𝑁𝑟 on velocity Distribution Figure 6. Change of 𝑁𝑐 on velocity Distribution 

Figure 7. Influence of 𝐾 on velocity Distribution Figure 8. Influence of 𝑁𝑡 on Energy Distribution 
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Figure 9. Change of 𝑁𝑏 on Energy Distribution Figure 10. Impact of stretching parameter on Energy field 

Figure 11. Influence of permeable parameter on Energy field Figure 12. variation of Heat on Energy Distribution 

Figure 13. variation of 𝑃𝑟 on Energy profile Figure 14. Influence of 𝑅𝑑 on Energy function 

Figure 15. Impact of stretching parameter on Concentration 
Distribution 

Figure 16. Influence of Chemical Reaction on Concentration 
Distribution 
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Figure 17. Influence of 𝑁𝑡 on Concentration variable Figure 18. Variation of 𝑁𝑏 on Concentration field 

Figure 19. Influence of 𝐿𝑒 on Concentration Distribution Figure 20. Influence of 𝐸 on Concentration field 

Figure 21. Influence of Microorganism rotation on Density field Figure 22. Variation of 𝑃𝑒 on Density field 

Figure 23. Influence of 𝑆𝑐 on Density Distribution 
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Table 2. Nusselt number, local Sherwood number and density number at the stretching walls using ND solve command in Mathematica. 

𝐌 𝛌 𝝈 𝑷𝒆 𝑺 𝐏𝐫 𝐍𝐛 𝐍𝐜 γ 𝐋𝐞 𝑆𝑐 
−𝟏 𝑵𝒖𝑹𝒆 𝟐 𝒙 

−𝟏 𝑺𝒙𝑹𝒆 𝟐 𝒙 

−𝟏 𝑵𝒏𝒙𝑹𝒆 𝟐 𝒙 
 
 

1.0 

0.3 0.2 2.0 1 1.0 0.3 0.3 0.1 0.4 0.4 1.16659 0.56552 4.32923 

2.0       1.15123 0.40950 3.21537
3.0       1.07338 0.16075 1.04172

 0.2      0.17512 0.45780 2.94381
 0.6      0.17228 0.44645 2.85185
 0.8      0.16902 0.41387 2.74916
  0.5     1.13333 0.40568 1.36869
  0.9     1.13333 0.40570 1.41039
  1.3     1.13333 0.40570 1.45210
   1.0    1.13733 0.22030 0.43075
   1.5    1.13733 0.22030 0.47950

 2.0 1.13733 0.22030 0.52876
1 2.16131 1.43887 4.26398
2 2.16042 1.43678 4.24719
3 2.15951 1.43469 4.22999

1.0 0.45077 0.00966 -0.74797
2.0 0.68383 -0.08266 -1.23763
3.0 0.84725 -0.07903 -1.04744

1 1.15746 0.43021 3.19426
2 0.82402 0.90844 7.04756
3 0.56577 1.04348 8.14001

0.5 1.15742 0.43021 3.19438
1 0.95049 0.10051 0.67048
1.5 0.86338 0.02481 0.16697

0.1 1.15752 0.43031 3.19430
0.5 1.05198 0.48546 3.63174
1.0 0.99724 0.51466 3.86424

0.5 1.08467 0.35129 2.43540
1.0 0.93459 0.66762 5.01487
1.5 0.83409 0.97854 7.05759

1 0.82405 0.90852 7.04755
2 0.89141 0.75773 5.85983
3 0.92656 0.68164 5.26339

 
CONCLUSION 

The major findings are given below: 
 The flow speed distribution improves with mixed convection parameter 𝜆′. and diminishes with Harman number 𝑀 . 
 Energy distribution increased for thermophoresis 𝑁𝑡, Brownian motion parameters 𝑁𝑏 and radiation parameter 𝑅𝑑. 
 Concentration enhanced with activation energy 𝐸, thermal radiation 𝑅𝑑 and buoyancy ratio number 𝑁𝑟. 
 The motile microorganism distribution and recced with Picklet number 𝑃𝑒, bio convection Lewis number 𝐿𝑒 and 

Schmidt number 𝑆𝑐 and increased with bioconvection Rayleigh number. 
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ВПЛИВ ЕНЕРГІЇ АРРЕНІУСА ТА СОНЯЧНОГО ВИПРОМІНЮВАННЯ НА ЕЛЕКТРОПРОВІДНІСТЬ 

НАНОРІДИНИ ВІЛЬЯМСОНА З ПЛАВАЮЧИМ МІКРООРГАНІЗМОМ: 
ЗАВЕРШЕННЯ МОДЕЛІ БУОНДЖОРНО 

Мухаммaд Джавад 
Департамент математики, Фейсалабадський університет, Файсалабад 38000, Пакистан 

Збагачені термічні механізми та прогресивність наноматеріалів спонукали вчених присвятити себе цій галузі в наші дні. 
Універсальне та синтезуюче використання таких частинок охоплює виробництво енергії, сонячні системи, процеси 
моніторингу опалення та охолодження, системи відновлюваної енергії, лікування раку, гібридні двигуни та наноелектроніку. 
Крім того, в цю еру біотехнології та біоінженерії біоконвекція нанорідин забезпечує деякі захоплюючі застосування, такі як 
ферменти, біосенсори та біопаливо. Представлено математичну модель для оцінки електропровідності нанорідини 
Вільямсона з тепло- та масообміном через пористий розтягнутий лист за наявності біоконвекції. Біоконвекція плаваючих 
мікроорганізмів, теплове випромінювання, теплопровідність і енергія Арреніуса є новими аспектами цього дослідження. 
Нелінійні керуючі диференціальні рівняння з частинними похідними (PDE) вищого порядку розв’язуються шляхом 
застосування відповідних змінних подібності, і в результаті створюється пара звичайних диференціальних рівнянь (ODE). 
Розроблений набір ODE розв’язується чисельно за допомогою добре відомої техніки зйомки за допомогою команди ND solve 
у Wolfram MATHEMATICA та порівнюється з результатом коду pvb4c у MATLAB. Отримані графіки для різних фізичних 
величин, що представляють інтерес, разом із безрозмірними профілями швидкості, температури, концентрації та щільності 
мікроорганізмів для включення таких параметрів, як магнітний параметр, броунівський рух, число Релея, число Пекле, 
біоконвективне число Льюїса, параметр термофорезу і параметра коефіцієнта плавучості. Обговорюється вплив численних 
параметрів на характеристики потоку та теплообміну. 
Ключові слова: енергія активації; нанорідини Вільямсона; хімічна реакція; теплове випромінювання; метод стрільби; лист, 
що розширюється; теплопровідність 
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This paper demonstrates the synthesis of NixCd1-xS (x=0.8,0.6,0.4,0.2) nanoparticles by microwave-assisted chemical precipitation 
method. The prepared samples were characterized by XRD, EDAX, SEM, UV-VIS, and PL spectroscopy. The energy-dispersive x-
ray analysis confirms the existence of Nickel, Cadmium and Sulphur in proper ratios. The DC electrical resistances were measured in 
the temperature range of 300 K-500 K. The temperature resistance curves of all the samples show phase transitions above a particular 
temperature. The UV and PL spectra of all the samples were compared and studied. 
Keywords: nanoparticles; chemical precipitation; phase transition; electrical; optical; bandgap 
PACS: 81.07.-b, 05.70.-a, 81.20.Fw, 61.05.C-, 78.20.-e, 68.37.-d, 81.07.-b, 88.40.H-, 87.64.Ee 
 

1. INTRODUCTION 
Nickel Sulphide Nanoparticles are important members of the transition metal sulphide nanomaterials, which also 

include Ni3S2, Ni4S3, Ni6S5, Ni7S6, Ni9S8, Ni3S4, and NiS [1]. Nickel Sulphide nanoparticles have attracted much interest 
because of their novel physical, optical, and electrical properties [2]. Nickel Sulphide nanoparticles have potential 
applications in rechargeable lithium batteries [3, 4], solar cells [5, 6], catalyst devices [7, 8], and image processing devices 
[9, 10]. Due to the variety of applications, different synthesis methods, such as the solvothermal method [7], the 
sonochemical method [8], the hydrothermal method [9], and microwave irradiation [10], were used to prepare the NiS 
nanoparticles. 

Cadmium Sulphide (CdS) is an important II-VI semiconductor with a direct band gap of 2.4 eV at room temperature 
and many excellent physical and chemical properties [11]. Due to its wide band gap, it has been used in many applications 
such as field effect transistors [12], solar cells [13], light-emitting diodes [14], photocatalysis [15], photographic 
developers [16], and biological sensors [17]. Various methods have been used to synthesize CdS nanoparticles, such as 
sol-gel [18], aqueous precipitation [19], hydrothermal [20], sonochemical [21], and microwave heating [22]. 

Phase transitions in Nickel Sulphide nanoparticles were already studied by varying the thermal annealing 
temperature [23]. Phase transitions in Cadmium Sulphide nanoparticles have already been reported by varying pressure, 
modifying the bath temperature, and varying annealing temperatures [24–30]. NixCd1-x S (x = 0.8,0.6,0.4 and 0.2) 
nanoparticles have both the applications of Nickel Sulphide nanoparticles and Cadmium Sulphide nanoparticles. 
M. Elango and D. Nataraj studied synthesis and characterization of Nickel doped Cadmium Sulphide (CdS:Ni2+) 
nanoparticles[31]. D. Wu and F. Wang synthesized NiS/CdS nanocomposite by hydrothermal process and studied their 
photocatalytic performance [32]. Photocatalytic Activity of Pure and Nickel Doped Cadmium Sulphide Nanoparticles 
were synthesized by co-Precipitation Method [33]. 

In the present study, we synthesized NixCd1-xS (x= 0.8,0.6,0.4 and 0.2) nanoparticles by microwave assisted 
chemical precipitation and studied their phase transition through DC electrical resistance measurements at various 
temperatures. When compared to conventional heating, microwave irradiation can shorten the reaction time. The optical 
properties of the samples were compared using the UV and PL spectra of the samples. 

 
2. EXPERIMENTAL DETAILS 

2.1. Synthesis of NixCd1-x S (x= 0.8,0.6,0.4 and 0.2) nanoparticles 
by microwave assisted chemical precipitation method 

NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles were created using Nickel acetate, Cadmium acetate, and Sodium 
Sulphide. Separately, Nickel acetate and Cadmium acetate were dissolved in 20 ml of distilled water and then mixed 
together. The Sodium Sulphide solution obtained by dissolving 6.14 g of Sodium Sulphide in 40 ml of distilled water was 
added in drops to the above solution after effective stirring for 3 hours and kept undisturbed for one day. After complete 
precipitation, the precipitates were filtered out separately, washed thoroughly with deionized water several times, and 
kept in a microwaveoven. The solution was then subjected to microwave irradiation of 800 W for 20 minutes for efficient 
heating. The nanoparticles thus obtained were then cooled to room temperature. Finally, the nanoparticles were annealed 
at 1000C for one hour to get the pure NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles. The collected NixCd1-xS 
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(x = 0.8, 0.6, 0.4, and 0.2) nanoparticles were used for various characterizations. Table 1 shows the amount of precursor 
materials used to dissolve in 40 ml of distilled water.  
Table 1. The amount of precursor materials taken to dissolve in 40 ml distilled water. 

Sl no Composition Nickel acetate Cadmium acetate 
1 Ni0.8Cd0.2S 3.91gm 1.06gm
2 Ni0.6Cd0.4S 2.93gm 2.13gm
3 Ni0.4Cd0.6S 1.95gm 3.19gm
4 Ni0.2Cd0.8S 0.9gm 4.26gm

 
2.2. Instrumentation 

X-ray diffraction (XRD) patterns of the synthesized sample were recorded on a powder X-ray diffractometer with 
Cu Kα radiation (λ = 1.54 Å) with 2θ ranging from angles 10°- 80°. The surface morphology of the samples has been 
studied using a TESCAN VEGA3 SBH scanning electron microscope. The elemental compositions were identified using 
an energy dispersed X-ray analysis setup attached to the scanning electron microscope. The optical absorption spectra of 
the synthesized nanoparticles were recorded on a UV-visible spectrometer in the wave length range of 200–900 nm. 
Photoluminescence measurements were performed on a Varian Cary Eclipse photoluminescence spectrophotometer in 
the range 300-650 nm. A compressed collection of nanoparticles (pellets) was obtained by applying a high pressure of 
10 tons/cm2. The resistance of the pellet form of the samples was measured using a four-probe technique. 

 
3. RESULT AND DISCUSSION 

Figure 1 shows the XRD patterns of NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles synthesized by microwave-
assisted chemical precipitation method. The respective EDAX images shown in Figure 2 confirm their compositions. 

a) b) 

c) d) 

Figure 1. Indexed XRD patterns of NixCd1-xS nanoparticles 
a) Ni0.8Cd0.2S nanoparticles, b) Ni0.6Cd0.4S nanoparticles, c) Ni0.4Cd0.6S nanoparticles, d) Ni0.2Cd0.8S nanoparticles
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a) b) 

 
c) d) 

Figure 2. EDAX images of NixCd1-xS nanoparticles
a) Ni0.8Cd0.2S nanoparticles, b) Ni0.6Cd0.4S nanoparticles, c) Ni0.4Cd0.6S nanoparticles, d) Ni0.2Cd0.8S nanoparticles 

Figure 3 shows the SEM images of synthesized NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2). SEM images show the uniform 
distribution of nanoparticles. Table 2 gives the composition, structure at room temperature, lattice parameters, and particle 
size of the synthesized samples. As the composition of Cd increases, the particle size decreases. The mixture at room 
temperature reveals the structure of any one of its components [34,35]. Structural studies clearly indicates that by suitably 
adjusting the composition, the nanoparticles can be synthesized with either orthorhombic phase or cubic phases and with 
desired particle size. 

 

a) b) c) d) 

Figure 3. SEM images of synthesized NixCd1-xS nanoparticles 
a) Ni0.8Cd0.2S nanoparticles, b) Ni0.6Cd0.4S nanoparticles c) Ni0.4Cd0.6S nanoparticles d) Ni0.2Cd0.8S nanoparticles
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Table2. The samples, structure at room temperature, particle size and lattice constants of NixCd1-x S (X= 0.8,0.6,0.4,0.2) nanoparticles 

The samples Structure at room temperature Particle size Lattice constants 
Ni0.8Cd0.2S nanoparticles Orthorhombic structure 44nm a=9.29Å, b=11.12Å, c=9.39Å
Ni0.6Cd0.4S nanoparticles Orthorhombic structure 37nm a=9.20, b=11.10Å, c=9.29Å
Ni0.4Cd0.6S nanoparticles Cubic structure 14nm a=b=c=5.8Å 
Ni0.2Cd0.8S nanoparticles Cubic structure 5nm a=b=c=5.68Å 

3.1. Electrical studies of NixCd1-xS (x = 0.8, 0.6, 0.4, 0.2) nanoparticles synthesized by microwave-assisted 
chemical precipitation method 

Resistance variations with temperature of NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles (300K-500K) are shown 
in Figure 4 respectively. Table.3 lists the compositions, their behaviour at room temperature, order of resistance, possible 
transition temperatures, and their behaviour after phase transition. By varying the composition of Nickel and Cadmium, 
it is possible to synthesize nanoparticles with the desired resistance and electrical behavior. The electrical properties of 
the sample can also be changed according to the table by increasing the temperature. This change in electrical property is 
due to phase transition [36]. 
Table 3. Composition, behavior of the sample at room temperature, order of resistance, possible transition temperatures, behavior of 
the sample after phase transition of NixCd1-x S(x = 0.8, 0.6, 0.4, 0.2) nanoparticles 

Sl.NO Compositions 
Behaviour of the 
sample at room 

temperature

Order of 
resistance 

Possible transition 
temperatures 

Behaviour of the 
sample after phase 

transition
1 Ni0.8Cd0.2S Semiconductor 108 Ohm >353K Conductor
2 Ni0.6Cd0.4S insulator 109 Ohm >353K Semiconductor
3 Ni0.4Cd0.6S Semiconductor 106 Ohm >373K Insulator
4 Ni0.2Cd0.8S Semiconductor 106 Ohm >363K Insulator

 
a) b) 

c) d) 
Figure 4. Variation of resistance with temperature of NixCd1-xS nanoparticles 

a) Ni0.8Cd0.2S, b) Ni0.6Cd0.4S, c) Ni0.4Cd0.6S, d) Ni0.2Cd0.8S
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3.2. Optical studies of NixCd1-xS (x = 0.8, 0.6, 0.4, 0.2) nanoparticles synthesized by microwave-assisted 
chemical precipitation method 

UV studies. The optical absorption spectra of NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles are shown in Figure 5. 
The optical absorption spectrum of Ni0.8Cd0.2S nanoparticles shows one more absorption edge near 900nm (Fig. 5a). As 
more and more Cd is incorporated, this absorption edge goes on decreasing and disappears in the Ni0.2Cd0.8S nanoparticles 
mixture. 

a) b) 

c) d) 

Figure 5. Optical absorption Spectrum of NixCd1-xS nanoparticles 
a) Ni0.8Cd0.2S nanoparticles, b) of Ni0.6Cd0.4S nanoparticles, c) Ni0.4Cd0.6S nanoparticles, d) Ni0.2Cd0.8S nanoparticles 

The tauc’s plots of NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles are shown in Figure 6. By replacing 20% of 
Ni by Cd in the NiS nanoparticles the bandgap energy shifts from 3.5 eV to 2.2 eV, ie the bandgap energy of CdS [37]. 
Hence by incorporating Cd in NiS nanoparticles the bandgap energy can be reduced to a large extent, and also the 
absorption shifts from UV to visible region. Hence it can be used as light-sensitive materials. The compositions and 
bandgap energy of NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles are tabulated in Table 4. When more Cd 
is incorporated, the band gap decreases. 

Table4. The sample, bandgap of NixCd1-xS (x = 0.8, 0.6, 0.4,0.2) nanoparticles 

Samples Bandgap 

Ni0.8Cd0.2 S 2 eV 
Ni0.6Cd0.4cS 1.9 eV 
Ni0.4Cd0.6cS 1.85 eV 
Ni0.2Cd0.8 S 1.8 eV 

 



151
Structural, Electrical and Optical Studies of NixCd1-xS (x = 0.8, 0.6, 0.4 and 0.2) Nanoparticle...          EEJP. 1 (2023)

  
a b 

  
c d 

Figure 6. Tauc’s plot of NixCd1-xS nanoparticles 
a) Ni0.8Cd0.2S nanoparticles, b) of Ni0.6Cd0.4S nanoparticles, c) Ni0.4Cd0.6S nanoparticles, d) Ni0.2Cd0.8S nanoparticles 

PL Studies. The PL emission spectra of NixCd1-xS nanoparticles (x = 0.8, 0.6, 0.4, and 0.2) are shown in Figure 7. As the 
composition of Cd increases, the emission spectrum shifts towards the higher wavelength, i.e., towards the emission 
wavelength of pure CdS [38]. From the luminous spectroscopy (Figure 7), it has been found that the emission peak shifts 
from 440 nm to 470 nm (close to the emission peak of CdS) [39]. when more Cd is incorporated. Figure 8 depicts the 
variation of peak positions with composition of NixCd1-xS nanoparticles (x = 0.8, 0.6, 0.4, and 0.2). Because this variation is 
linear, NixCd1-xS(x = 0.8, 0.6, 0.4, and 0.2) nanoparticles can be tuned to emit different wavelengths in the range 
440 nm – 470 nm by varying the Cd composition, and the sample composition can also be identified from the graph by 
observing the emission peak. 

Figure 7. Pl emission spectra of NixCd1-xS (x = 0.8,0.6,0.4,0.2) 
nanoparticles 

Figure 8. The variation of position of peaks with composition 
of NixCd1-xS (x = 0.8,0.6,0.4,0.2) nanoparticles
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4. CONCLUSION 
We successfully synthesized NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles using microwave-assisted chemical 

precipitation, and the nanoparticles were characterized using XRD, SEM, and EDAX analyses. The DC electrical 
resistances were measured in the temperature range 300 K-500 K. All the samples undergo phase transition above a 
particular temperature. The behaviour of the samples at room temperature is entirely different from the behaviour of the 
samples after phase transition. From the absorption spectroscopy, it is clear that when the concentration of Cd is increased, 
the bandgap energy decreases. NixCd1-xS (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles can be tuned to emit different 
wavelengths in the range 440 nm–470 nm by varying the Cd composition, and the sample composition can also be 
identified from the graph by observing the emission peak. 
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СТРУКТУРНІ, ЕЛЕКТРИЧНІ ТА ОПТИЧНІ ДОСЛІДЖЕННЯ СИСТЕМИ НАНОЧАСТИНОК 

NixCd1-xS (x = 0,8, 0,6, 0,4 і 0,2) 
Молі М. Роузa, Р. Шила Крістіa, Т. Асенат Беніттаa, Дж. Тампі Танка Кумаранb 

aДепартамент фізики та науково-дослідний центр (реєстр. № 18123112132030), Меморіальний християнський коледж 
Несамоні, Мартандам, філія університету Манонманіам Сундаранар, Абішекапатті, Тірунелвелі, Таміл Наду, Індія 

bВідділ фізики та дослідницький центр Маланкарського католицького коледжу Маріагірі 
У цій статті демонструється синтез наночастинок NixCd1-xS (x = 0,8, 0,6, 0,4, 0,2) методом хімічного осадження за допомогою 
мікрохвиль. Підготовлені зразки охарактеризовані методами XRD, EDAX, SEM, UV-VIS та PL спектроскопії. 
Енергодисперсійний рентгенівський аналіз підтверджує існування нікелю, кадмію та сірки в належних співвідношеннях. 
Електричний опір постійному струму вимірювали в діапазоні температур 300 K-500 K. Криві температурного опору всіх 
зразків показують фазові переходи вище певної температури. УФ та ФЛ спектри всіх зразків були порівняні та досліджені. 
Ключові слова: наночастинки; хімічне осадження; фазовий перехід; електричні; оптичний; заборонена зона 
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Research Highlights: 
 Successfully synthesized SnS/SnO nanostructured material using successors ionic layer absorption and reaction (SILAR) technique. 
 Granular nanocrystals were visible in the materials, and they were strewn unevenly and randomly throughout the glass surface. 
 It was found that the sample processed at room temperature had the largest energy band gap. 
 The transmittance in the visible area of the spectrum was stable and SnS/SnO was at its maximum in the UV region 

In this research, the SILAR method was used to synthesize environmentally-friendly SnS/SnO material for photovoltaic application, 
where 0.1 M of tin (II) chloride dihydrate (SnCl2.2H2O) was used to create the cationic precursor solution, and 0.01 M of thioacetamide 
(C2H5NS) was used to create the anionic precursor solution. The X-ray diffraction patterns of SnS/SnO material deposited on glass 
substrate at various deposition temperatures recorded a major peak at 45oC at 2 theta of 31.8997o, which corresponds to the face-
centered cubic crystal structure (FCC). Diffraction peaks are visible in the pattern at planes 111, 200, 210, 211, and 300, which 
correspond to angles of 26.58°, 31.89°, 39.61°, 44.18°, and 54.85°, respectively. It was discovered that the crystallite/grain size and 
the lattice parameters decrease as the temperature of the deposition material rises. Granular nanocrystals were visible in the materials, 
and they were strewn unevenly and randomly throughout the glass surface. The spectra of the absorbance demonstrate that as light 
radiation passed through SnS/SnO films, it absorbed radiation as the wavelength increased from the UV region to the ultraviolet region 
of the spectra. It was discovered that the precursor temperature influences the material's absorbance; as the temperature rises, the 
absorbance decreases, making SnS/SnO an excellent material for photovoltaic systems. The transmittance in the visible area of the 
spectrum was stable and SnS/SnO was at its maximum in the UV region, it increased as the wavelength increased in the NIR region. 
It was found that the sample processed at room temperature had the largest energy band gap. SnS/SnO reveals an increase in thickness 
from 114.42 – 116.54 nm which resulted in a downturn in the resistivity of the deposited film from 9.040×109 – 6.455×109 (Ω·cm) 
while the conductivity of the deposited material increased from 1.106×10-10 – 1.549×10-10 (Ω·cm)-1. 
Keywords: Tin sulphide; Nanocrystals; Nanostructure; EDX; XRD; SEM 
PACS: 72.80.Ey, 78.67.Bf, 62.23.St, 83.85.Hf, 78.70.Dm, 87.64.Dz 
 

1. INTRODUCTION 
Recently, there has been a lot of interest in the possible applications of semiconducting metal chalcogenide thin 

films in solid-state devices, such as photovoltaic, photoelectrochemical, photoconductive cells, solar cells, sensors, etc. 
The most interest has been shown in thin sulphide, a semiconducting metal chalcogenide with a high optical absorption 
coefficient and photoelectric conversion efficiency. An IV-VI semiconductor built of cheap, plentiful, and non-toxic SnS. 
It is possible to produce ecologically acceptable semiconductor materials for solar energy applications, such as tin 
sulphide and tin oxide, using the SILAR method. SnO2 and SnS are important conversion materials because of their 
widespread natural occurrence, high theoretical gravimetric capacity, and environmental friendliness [1]. As a prospective 
window/buffer layer material for heterojunction solar cells, SnO2 is considered one of the more recently approved 
transparent conducting oxides. However, it's an n-type semiconductor with a broad energy band gap of 3.8 eV and a 
higher molarity of free electrons than holes.  

The SnS, on the other hand, is regarded as a more advantageous absorption layer material due to its high absorption 
coefficient, the p-type semiconductor band gap of 1.3 eV, and significantly higher hole concentration [2]. As a result, at the 
junction between the two semiconductors, holes diffuse from the SnS to the SnO2, as opposed to the SnO2 in the case of the 
latter. Due to its high optical transparency (T>85% in the visible region), low electrical resistance, and good thermal 
resistance, tin oxide has primarily been used in a large number of optoelectronic devices, such as light-emitting diodes, buffer 
layer materials in solar cells, transparent filled effect transistors, etc. [3]. Tin oxide (SnO2) is among the most important n-
type semiconductors. The charge carriers annihilate at the intersection of these two diffusion modes, producing an internal 
electric field that accelerates the active movement of charges and ions and, as a result, results in high-rate capability [4]. 
SnS/SnO2 heterostructures have a wide range of possible applications, from high-speed electronics to optoelectronics 
devices, because of their special interface features [5-7]. Because of the multiple heterojunction structures, the SnS/SnO2 
heterostructure exhibits significantly improved photocatalytic and photoelectrochemical performances. In addition, because 
SnS is more reversible than comparable oxides, it has a higher initial coulombic efficiency and reversible capacity [8-10]. 
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Sugiyama et al., who created a typical SnS-based solar cell with a glass/SnO2/SnS/CdS/ZnO configuration, claim that 
they measured band discontinuities at SnO2/SnS heterointerfaces using X-ray photoelectron spectroscopy and found that 
SnO2/SnS interfaces produced evaluated valence band offsets of about 3.5 eV [11]. El-Etre and Red (2010) [12] created a 
nanocrystalline SnO2 thin film using cathodic electrodeposition-anodic oxidation and then used X-ray diffraction, SEM, UV-
visible absorption, and nitrogen adsorption-desorption by BET technique to determine the structure of the film. The final 
film has a grain size of 24 nm and a surface area of 137.9 m2/g. In dye-sensitized solar cells, the produced SnO2 thin film 
can therefore be used as an electrode. Tin oxide (SnO2), one of many metal oxides, has drawn a lot of attention as a viable 
candidate material due to its myriad uses. SnO2 is widely utilized for a variety of high-tech applications, including dye-
sensitized solar cells, gas sensors, photocatalysts, lithium-ion batteries, and supercapacitors, to mention a few [13]. These 
applications include optical and electrical qualities, high chemical stability, and theoretical capacity. 

The films can be created using several techniques, such as spray pyrolysis, electrode placement, chemical bath 
deposition (CBD), vacuum evaporation, SILAR, etc. SILAR is the most straightforward, affordable, and quickly 
implemented method available [14-17]. Broad surfaces can be covered with thin films using SILAR, and the thickness 
can be changed by adjusting the number of dippings.  

In this research, the successor's ionic layer absorption and reaction (SILAR) technique were used to synthesize 
environmentally-friendly SnS/SnO material for photovoltaic application, were 0.1 M of tin (II) chloride dihydrate 
(SnCl2·2H2O) was used to create the cationic precursor solution, and 0.01 M of thioacetamide (C2H5NS) was used to 
create the anionic precursor solution. The film will be characterized for their Phase identification by X-ray diffraction and 
scanning electron microscope (SEM) model A-VPSE G3 was used to determine the chemical compositions of the thin 
films produced in this work. 

 
2. EXPERIMENTAL PROCEDURE 

The following precursors were employed in the deposition of SnS/SnO: 0.1 M of tin (II) chloride dihydrate 
(SnCl2.2H2O) was used to create the cationic precursor solution, and 0.01 M of thioacetamide (C2H5NS) was used to 
create the anionic precursor solution. Four sets of 50 ml beakers containing tin (II) chloride dihydrate (SnCl2·2H2O) 
solution. Distilled water, and Thioacetamide (C2H5NS)/potassium hydroxide (KOH) solution. A well-cleaned glass 
substrate that had been washed with acetone, distilled water, and acid was submerged in a cationic precursor solution of 
tin (II) chloride dihydrate (SnCl2·2H2O) for 10 seconds to allow tin ions to adhere to the surface of the substrate. To get 
rid of the loosely attached Sn2+ ions, the substrate was washed in distilled water for 5 seconds. The substrate was then 
submerged in the Thioacetamide (C2H5NS)/potassium hydroxide (KOH) anionic precursor solution for 10 seconds to 
create a layer of SnS/SnO materials. One SILAR cycle of SnS deposition was finished by rinsing the substrate once more 
in distilled water for 5 s to remove the unreached species. Such cycles were repeated for various variations at various 
temperatures. The precursor pH was kept constant at 7.0 while all other parameters, including the deposition temperature, 
varied between 50oC, 55oC, 60oC, and 65oC during the synthesis. Tin sulphide (SnS) was next deposited on the developed 
SnO films to create SnS/SnO superlattice films, and the process was repeated for a different parameter for 
characterization. Tin oxide (SnO) was initially coated on the glass substrate dry in the oven for 30 minutes. 

 
2.1. Characterization Techniques 

The characterization of the deposited films was ascertained using some currently in-use techniques. Knowing the 
chemical composition, crystal structure, crystallite size, surface morphology, band gap energy, optical absorption, 
transmittance, and absorbance of the formed film is possible thanks to characterization. Phase identification of the films 
by X-ray diffraction was used to determine the chemical compositions of the thin films produced in this work using a 
scanning electron microscope (SEM) model A-VPSE G3 with an acceleration voltage of 20 kV and a magnification range 
of 200x to 1000x, the morphology and size of the prepared particles were investigated. The optical characteristics of the 
films deposited were examined for their absorbance and transmittance at normal incidence by using a UV-visible 
spectrophotometer, model number 756S. 

 
3. RESULTS AND DISCUSSIONS 

Figure 1 displays the X-ray diffraction patterns of SnS/SnO material deposited on a glass substrate at various 
temperatures. The major peak was discovered at 45oC at 2 theta of 31.8997o, which corresponds to the face-centered cubic 
crystal structure (FCC). SnS/SnO was recognized as the orientations along the (200) plane and the (300), respectively. It 
was stated that the lattice constant was 𝛼 = 5.8028 Å. Several peaks were found to support the usage of SnS/SnO material 
as a hole transport material in solar cells and photovoltaic systems. The SILAR method was used to deposit this material. 
The Debye-Scherrer equation was used to calculate the average crystallite sizes based on the diffraction peaks' full width 
at half maximums (FWHM). The polycrystalline nature of the films was revealed by the XRD pattern. Diffraction peaks 
are visible in the pattern at planes 111, 200, 210, 211, and 300, which correspond to angles of 26.58°, 31.89°, 39.61°, 
44.18°, and 54.85°, respectively. The unindexed peaks could have been brought on by the glass substrates used for the 
deposition. Table 1 displays the calculated structural characteristics of the material. It was discovered that the 
crystallite/grain size and the lattice parameters decrease as the temperature of the deposition material rises. This size 
reduction would increase the crystallinity of the deposited films and increase the efficiency of photon absorption. 
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Figure 1. XRD pattern of SnS/SnO material

Table 1. Structural values for the SnS/SnO 

Films 2θ (degree) Spacing 
d(Å) 

Lattice constant 
(Å) FWH, β Hkl Crystallite Size, 

D (nm) 
Dislocation 

density, δ m2 
SnS/SnO room 26.5815 3.3502 5.8028 0.1851 111 0.7694 5.1218 
SnS/SnO 50oC 31.8997 2.8028 5.6056 0.2095 200 0.6880 6.4151
SnS/SnO 55oC 39.6196 2.2726 5.5453 0.1480 210 0.6957 6.0633
SnS/SnO 60oC 44.1829 2.0479 4.5793 0.2258 211 0.7626 6.8539
SnS/SnO 65oC 54.8536 1.6721 4.0958 0.2249 300 0.7543 6.2663

 
3.1. SEM Micrograph of SnS/SnO Material 

The surface micrograph of SnS/SnO material deposited at various precursor temperatures (45°C-65°C) is shown in 
Figure 2. 

  

 

Figure 2. SEM micrograph of SnS/SnO 
material 

All of the deposited materials' surface morphological images were scanned at a magnification of 200 nm. Granular 
nanocrystals were visible in the materials, and they were strewn unevenly and randomly throughout the glass surface. In 
contrast to SnS/SnO deposited at 50oC, which has a similar image but shows the particle is scattered on the glass surface, 
the SnS/SnO image at room temperature shows sand-like particles well packed together without pinholes, while the 
material is deposited between 55 and 65 degrees Celsius, the nano grain is larger than when it is placed at 50 degrees. 
The material left behind demonstrates how the growth of big grains led to the agglomeration of the particles. The films' 
increasing grain sizes demonstrate that as the precursor temperature rises, the size of the crystallites also grows, providing 
more room for light absorption and trapping following penetration. This property makes the deposited films potential 

room 50oC 55oC 

60oC 65oC 
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photovoltaic materials. The elemental constituents of SnS/SnO material showed in Figure 3. The position of the peaks in 
a typical EDX spectrum confirms the presence of the fundamental elements, and the peak height helps quantify each 
element's concentration in the film samples. The material's EDX results show that tin, sulfur, and oxygen are present, 
with a greater intensity peak for tin and oxygen and proof of sulfur's presence. The constituent elements of the glass 
substrate used for the deposition were created as a result of the other element on the spectrum. 

Figure 3. EDX spectra 
 

3.2. The optical study 
The SnS/SnO was investigated for their optical examination to determine how quickly it absorbed light. According 

to Figure 4(“a”), the spectra of the absorbance demonstrate that as light radiation passed through SnS/SnO films, it 
absorbed radiation as the wavelength increased from the UV region to the ultraviolet region of the spectra. The absorbance 
also slightly decreased along the NIR infrared region as the wavelength increased. 
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Figure 4. (“a”) absorbance, (“b”) transmittance, (“c”) reflectance, and (“d”) band gap energy 

It was discovered that the precursor temperature influences the material's absorbance; as the temperature rises, the 
absorbance decreases, making SnS/SnO an excellent material for photovoltaic systems. Figure 4(“b”) depicts the SnS/SnO 
material's transmittance. While the transmittance in the visible area of the spectrum was stable and SnS/SnO was at its 
maximum in the UV region, it increased as the wavelength increased in the NIR region. The transmittance was also 
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impacted by temperature, which led to an increase in SnS/SnO transmittance in the UV and ultraviolet parts of the 
spectrum. From Figure 4(“c”), the reflectance decreases as wavelength increases. The reflectance is moderate at the visible 
region. It also shows that the reflectance reduces, with an increase in the temperature of the precursor. The energy band 
gap spectra of the deposited SnS/SnO films are depicted in Figure 4 ("d") and were estimated using the Tauc equation: 𝛼ℎυ 1/ = β ℎυ − 𝐸 . 3.35 eV is the band gap determined from the film at ambient temperature. It was found that the 
sample processed at room temperature had the largest energy band gap. 2.50 eV, 2.51 eV, 2.52 eV, and 2.62 eV are the 
calculated energy band gap values. 

The extinction coefficient of the SnS/SnO material is plotted in Figure 5 ("a"). The extinction coefficient gradually 
rises as the spectra's energy level approaches. It also showed how the precursor temperature affected the films. Using 
equation 1, the reflectance data were used to estimate the refractive index is shown in Figure 5 ("b") 

 𝒏 =  𝟏 𝑹𝟏 𝑹 +  𝟒𝑹𝟏 –𝑹  𝟐  −  𝑲𝟐. (1) 

The non-linear refractive index pattern suggests a change in the samples' typical dispersion characteristics. This 
demonstrates how the refractive index is independent of wavelength. Higher deposition temperatures caused the visible 
part of the electromagnetic spectrum, where it ends at a value of 1.11, to have narrower spectra. The sample that was 
deposited at 60°C had a wider spectrum, while the sample that was deposited at 65°C was second. The sample deposited 
at 70°C had a wider spectrum than the sample deposited at 50°C in terms of the sequence. The sample deposited at 55°C 
has the narrowest spectrum. Electrical transport at high optical frequencies is related to quantitative measurements in 
Figure 5 ("c") optical conductivity. The optical conductivity spectra of a material are frequently used to describe its 
response to light. Its dimensions are measured in units per second (S-1), which are equivalent to the frequency in the 
Gaussian unit. A progressive climb towards higher energy levels is followed by a decrease in the optical conductivity of 
the SnS/SnO material. 
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Figure 5. (“a”) extinction coefficient, (“b”) refractive index, 
and (“c”) optical conductivity 

Figures 6 ("a") and ("b") demonstrate the dielectric constant of SnS/SnO; the former indicates energy loss; the latter 
indicates how effectively dielectric materials store electrical energy. Permittivity in alternating current fields includes 
both real and fictitious components that, respectively, represent dielectric losses and polarization levels. Furthermore, 
affected by frequency is the dielectric constant. The spectra of the real and imaginary dielectric constants of the deposited 
SnS/SnO showed that the real and imaginary dielectric constant values increased with the photon energy of the material. 
This demonstrates that the deposited materials become helpful for solar systems when their temperature is raised. 
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Figure 6. (“a”) real, and (“b”) imaginary dielectric constant

The material deposited at different temperatures reveals an increase in thickness from 114.42 – 116.54 nm which 
resulted in a downturn in the resistivity of the deposited film from 9.040×109 – 6.455×109 (Ω.cm) while the conductivity 
of the deposited material increased from 1.106×10-10 - 1.549×10-10 (Ω·cm)-1. Figure 7 (“a”) and (“b”) show the plot of 
resistivity and conductivity against thickness and precursor temperature, from the plot increase in thickness, resulted in 
an increase in conductivity and a decrease in resistivity and an increase in precursor temperature beginning about the 
increase in conductivity and decrease in resistivity. The deposited material will be a good candidate for photovoltaic and 
solar cell applications. 
Table 2. Electrical properties of SnS/SnO 

Films Thickness, t 
(nm)

Resistivity, 𝛒 (Ω.cm)×109 
Conductivity, 𝛔 (S/m)×10-10 

SnS/SnO room 114.42 9.040 1.106 
SnS/SnO 50oC 115.32 8.237 1.214 
SnS/SnO 55oC 115.42 7.643 1.308 
SnS/SnO 60oC 116.33 7.431 1.345 
SnS/SnO 65oC 116.54 6.455 1.549 

 

114.5 115.0 115.5 116.0 116.5
6.0

6.5

7.0

7.5

8.0

8.5

9.0  Resistivity
 Conductivity

Thickness (nm)

R
es

is
tiv

ity
 (o

hm
.c

m
)

1.1

1.2

1.3

1.4

1.5

1.6

 C
on

du
ct

iv
ity

 (S
/m

)

("a")

25 30 35 40 45 50 55 60 65 70
6.0

6.5

7.0

7.5

8.0

8.5

9.0  Resistivity
 Conductivity

precursor temperature (deg.)

R
es

is
tiv

ity
 (o

hm
.c

m
)

1.1

1.2

1.3

1.4

1.5

1.6

 C
on

du
ct

iv
ity

 (S
/m

)

("b")

Figure 7. (“a”) plot of resistivity and conductivity against thickness and (“b”) precursor temperature 

4. CONCLUSION 
SnS/SnO material has been successfully deposited using the SILAR method. The X-ray diffraction patterns of 

SnS/SnO material deposited on glass substrate at various deposition temperatures recorded a major peak at 45oC at 2 theta 
of 31.8997o, which corresponds to the face-centered cubic crystal structure (FCC). SnS/SnO was recognized as the 
orientations along the (200) plane and the (300), respectively. It was stated that the lattice constant was 𝛼 = 5.8028 Å. 
Several peaks were found to support the usage of SnS/SnO material as a hole transport material in solar cells and 
photovoltaic systems. The polycrystalline nature of the films was revealed by the XRD pattern. Diffraction peaks are 
visible in the pattern at planes 111, 200, 210, 211, and 300, which correspond to angles of 26.58°, 31.89°, 39.61°, 44.18°, 



160
EEJP. 1 (2023) Egwunyenga N. Josephine, Okunzuwa S. Ikponmwosa, et al.

and 54.85°, respectively. It was discovered that the crystallite/grain size and the lattice parameters decrease as the 
temperature of the deposition material rises. This size reduction would increase the crystallinity of the deposited films 
and increase the efficiency of photon absorption. All of the deposited materials' surface morphological images were 
scanned at a magnification of 200 nm. Granular nanocrystals were visible in the materials, and they were strewn unevenly 
and randomly throughout the glass surface. In contrast to SnS/SnO deposited at 50oC, which has a similar image but 
shows the particle is scattered on the glass surface, the SnS/SnO image at room temperature shows sand-like particles 
well packed together without pin holes. the spectra of the absorbance demonstrate that as light radiation passed through 
SnS/SnO films, it absorbed radiation as the wavelength increased from the UV region to the ultraviolet region of the 
spectra. The absorbance also slightly decreased along the NIR infrared region as the wavelength increased. It was 
discovered that the precursor temperature influences the material's absorbance; as the temperature rises, the absorbance 
decreases, making SnS/SnO an excellent material for photovoltaic systems. The transmittance in the visible area of the 
spectrum was stable and SnS/SnO was at its maximum in the UV region, it increased as the wavelength increased in the 
NIR region. The transmittance was also impacted by temperature, which led to an increase in SnS/SnO transmittance in 
the UV and ultraviolet parts of the spectrum. The energy band gap spectra of the deposited SnS/SnO films were 
determined from the film at ambient temperature. It was found that the sample processed at room temperature had the 
largest energy band gap. SnS/SnO reveals an increase in thickness from 114.42– 116.54 nm which resulted in a downturn 
in the resistivity of the deposited film from 9.040×109 – 6.455×109 (Ω·cm) while the conductivity of the deposited material 
increased from 1.106×10-10 - 1.549×10-10 (Ω·cm)-1. 
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СИНТЕЗ НАНОСТРУКТУРНОГО МАТЕРІАЛУ SnS/SnO ДЛЯ ФОТОЕЛЕКТРИЧНОГО ЗАСТОСУВАННЯ 
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Основні моменти дослідження: 
• Успішно синтезовано наноструктурний матеріал SnS/SnO з використанням наступної техніки поглинання та реакції 

іонного шару (SILAR). 
• У матеріалах було видно зернисті нанокристали, які були нерівномірно та хаотично розкидані по всій поверхні скла. 
• Було виявлено, що зразок, оброблений при кімнатній температурі, мав найбільшу заборонену зону. 
• Коефіцієнт пропускання у видимій частині спектру був стабільним, а SnS/SnO був максимальним в УФ-області 

У цьому дослідженні метод SILAR використовувався для синтезу екологічно чистого матеріалу SnS/SnO для 
фотоелектричного застосування, де 0,1 М дигідрату хлориду олова (II) (SnCl2·2H2O) використовувалося для створення 
розчину катіонного прекурсора, а 0,01 М тіоацетамід (C2H5NS) використовували для створення розчину аніонного 
прекурсора. Рентгенівські дифрактограми матеріалу SnS/SnO, нанесеного на скляну підкладку при різних температурах 
осадження, зафіксували основний пік при 45oC при 2 тета 31,8997o, що відповідає гранецентрованій кубічній кристалічній 
структурі (FCC). На картині видно дифракційні піки в площинах 111, 200, 210, 211 і 300, які відповідають кутам 26,58°, 31,89°, 
39,61°, 44,18° і 54,85° відповідно. Було виявлено, що розмір кристалітів/зерен і параметри решітки зменшуються з 
підвищенням температури матеріалу осадження. У матеріалах було видно зернисті нанокристали, які були нерівномірно та 
безладно розкидані по всій поверхні скла. Спектри поглинання демонструють, що коли світлове випромінювання проходило 
через плівки SnS/SnO, воно поглинало випромінювання, коли довжина хвилі зростала від УФ-області до ультрафіолетової 
області спектру. Було виявлено, що температура прекурсора впливає на поглинання матеріалу; у міру підвищення 
температури абсорбція зменшується, що робить SnS/SnO чудовим матеріалом для фотоелектричних систем. Коефіцієнт 
пропускання у видимій області спектру був стабільним, а SnS/SnO був максимальним в УФ-діапазоні, він зростав зі 
збільшенням довжини хвилі в ближньому ІЧ-діапазоні. Було виявлено, що зразок, оброблений при кімнатній температурі, мав 
найбільшу заборонену зону. SnS/SnO виявляє збільшення товщини від 114,42 до 116,54 нм, що призвело до зниження 
питомого опору осадженої плівки з 9,040×109 (Ω·см) до 6,455×109 (Ω·см), тоді як провідність осадженого матеріалу зросла 
з 1,106×10-10 (Ω·см)-1 до 1,549×10-10 (Ω·см)-1. 
Ключове слово: сульфід олова; нанокристали, наноструктура; EDX; XRD; SEM 




