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In the course of the research, the effect of competing ions (Na* on multisorption (Cs*, Sr>") 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* Pa was created in the
chamber. To excite the atoms of cesium, strontium, a proton beam with an energy of Ep~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 m? 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 Sr?* are very relevant and are reflected in modern publications [14-18].

Therefore, in this work, multisorption (Cs*, Sr**) 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 CsNOj3 and Sr(NOs), served as sources of cesium and strontium ions. 100 ml of a solution containing
Cs" ions (0.02 g CsNOs per 100 mL solution) and Sr?* ions (0.02 g Sr(NO;), per 100 mL solution) was prepared. Taking
into account the fact that the interaction of Sr?* with CO;%- 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 Pa was created in the chamber. To excite the atoms of cesium, strontium, a proton beam with an energy of
Ep~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 pm thick.
XR-100CR Si-PIN X-Ray the detector was equipped with a @ 1.5 mm collimator and a 56 pum 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 mm? 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, % = (CO_C+O)'IOO% )
where C, and Cq 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 Ne 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 Competing The number of competing Cesium sorption Strontium
time, h compound compounds per 100 mL of coefficients, % sorption
solution, g. 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 0.4 354 5.7
6 Sodium chloride 0.4 61.4 8.5
24 Sodium chloride 0.4 754 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 Competing The number of competing compounds Cesium sorption Strontium sorption
time, h compound per 100 mL of solution, g. coefficients, % coefficients, %
1 - - 243 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 66.1 494
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 61.5 733
24 Sodium chloride 0.4 64.3 854

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 Ne 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 Competing The number of competing Cesium sorption Strontium
time, h compound compounds per 100 mL of coefficients, % sorption
solution, gr. 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 0.2 314 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 27.5 353
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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BILJIMB KOHKYPYIOUNX IOHIB HA MYJbTUCOPBIIIO (Cs*, Sr**) KOMIIO3UIITHUMHA COPEEHTAMM
HA OCHOBI TPUPOJHOI'O TA CUHTETUYHUX IEOJIITIB
O.10. JloHin, B.B. Jleseneun, O.I1. OmeabHuk, A.O. Llyp
Hayionanvuuii naykosuil yenmp «XapKiecvokuil Qisuxo-mexHiuHuil iHCmumymy»
eyn. Akaoemiuna, 1, 61108, Xapkis, Ykpaina

V Xoqi NOCIiKeHb BUBYABCS BILIMB KOHKYpyrouux ionis (Na+) Ha mysisrucopOuito (Cs+, Sr**) kommnosuuiiiaumu copbeHTamMu Ha
OCHOBI IPHPOAHUX | CHHTETHYHNUX IIEOJITIB y CTATHYHUX YMOBaxX. BcraHoBiIeHO, 110 MakcHManbHa KOHIICHTpallis KOHKYPYIOUHX 10HIB
(0,4 r NaCl Ha 100 Mi po34rHy) MPU3BOAUTH O 3HIDKEHHs copOrii nesiro Ha 20%, a cop6buii crponmito — Ha 10%. [Ipu npomy
30epiraroThCsl BUCOKI IMOKa3HUKH cOpOLil 1ie3ito Ta cTpoHuito. Tak, 1t komno3uuniitnoro copbenty (kmiHontwionit — 30%: meomit
NaX — 70%) copbuist uesito cranosmia 67,9%, a copOuis crponuito — 87,6%. AHaniTnuHa Metoauka Oyina po3polieHa Ha OCHOBI
merony PIXE (InaykoBaHe mpoTOHAMH PEHTI€HIBChKE BUIIPOMIHIOBAHHS) 1 I03BOJIHJIA SIKICHO Ta KiJIbKiICHO BU3HAYATH BMICT 130TOIIIB.
Pobota Oyna BUKOHaHa Ha aHANITHYHOMY sIepHO-(GI3UYHOMY KomIuiekci «Cokim»y. EHepreTHuHmMid miama3oH eIeKTPOCTATUYIHOTO
npuckopioBada 200-2000 keB. Kommiekc 103BOIAB MIPOBOAUTH BCi OCHOBHI METOAW aHAJi3y 3a JOMOMOTOI0 10HHHX ITy4KiB. MileHi
po3mingyBaucs Ha Buxoi, B kamepi st PIXE. Jlns npoBe/ieHHs BUMIPIOBAaHbL B KAMEP] CTBOPIOBABCS BakyyM 3 TckoM 10 I[a. st
30yIKEHHS aTOMIB 113110, CTPOHIIII0 BUKOPHCTOBYBABCS ITy4OK NpOTOHIB 3 eHeprieto Ep~1400 xeB. XapakrepucTiuine peHTreHiBChKe
BunpoMmiHtoBaHHs L-cepii aTomiB ne3ito Ta K-cepii aromiB cTpoHwito peectpyBaiocs asoMa jerekropamu: XR-100CR Si-PIN X-Ray
ta Ge(HP). SIx KinbkicHy XapakTepHCTHKY B3a€MOJil COPOEHTIB 3 II€3i€M, CTPOHI[IEM BHKOPHCTOBYBaIM KoedirieHT copOmii
(Sorption, %).

KurouoBi ciioBa: yesiii; cmponyiii; pioki padioakmueHi 8ioxoou, yeonimu, cmamuyna copoyis
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MONITORING OF RADIATION DEFECTS RECOVERY IN MgAl,O4 DURING
ANNEALING BY OPTICAL SPECTROSCOPY*
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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 6.8:10'¢ eV/cm?, the concentration of defects such as F-centers 2.6:10'® cm™ and V-centers 3-10'7 cm™ 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 10'5 cm.

Keywords: Spinel; Electron Irradiation; Radiation Defects; Annealing; Thermoluminescence

PACS: 61.80.Fe; 78.60.Kn; 61.72.jn

INTRODUCTION

Magnesium-aluminum spinel (MgAl>O,) 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
2.49-10% n/cm? 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 pA/cm? up to a fluence of 6.8-10'¢ ¢/cm?. 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 575K 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 6.8:10'° cm™ 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.
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Figure. 1. Optical absorption spectra of MgAlO4 single crystal ~ Figure. 2. TSL glow curve of MgALOs single crystal irradiated
before and after irradiation with 12.5 MeV electrons to fluence with 12.5 MeV electrons to fluence 6.8:10'® e/cm?
6.8:10'¢ e/cm?

As aresult 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.

6 1=
A\ |
12 unirradiated '
4+ 1|— — e-irrdaiated anneled at 1010K !
o £210q]----- e-irrdaiated + anneled at 1050K| !
€ c
S 24 . 84 ‘
c £ |
Ke] S
8 ] 2%
3 2 4]
. (0]
< — 12,5MeV induced £ ]
24 |re--- after TSL 575K 2
04
-4 - T T T T T T T T T T T T 1
1 2 3 4 5 6 300 350 400 450 500 550 600
Photon energy (eV) Temperature (K)

Figure. 3. Optical absorption spectra of MgAlL>Os single crystal ~ Figure. 4. TSL glow curve of UV irradiated MgAl:O4 single

irradiated with 12.5 MeV electrons to fluence 6.8-10'° e/cm? and  crystals: unirradiated and irradiated with 12.5 MeV electrons to

after annealing to 575 K during TSL measurement fluence 6.8:10'° ¢/cm? 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.
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Figure 5. UV induced optical absorption spectra of MgALbOs Figure 6. Difference optical spectra of irradiated and
single crystal with and without irradiation with 12.5MeV unirradiated MgAl2O4 crystals after annealing to 1050 K and
electrons to fluence 6.8-10'° ¢/cm? and annealing at 1050 K for subsequent UV irradiation

30 min

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 1.5-10'* cm™. 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 MgAl O, 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 MgAl,O4 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 1.5-10'* cm™ 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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MOHITOPUHI BITHOBJEHHSA PATIALIAHUX JEDPEKTIB B MgALO4 IIPH BIJIIIAJII
METOJIOM OIITUYHOI CHEKTPOCKOIIIi
IOpiii I'. Kazapinos®®, Isan I'. Mereaa®, Oxcana M. ITon®
“Xapxiecvruil HayionanvHuil yHieepcumem imeni B.H. Kapasina, Xapxie, Yrpaina
bHHI] "Xapxiscokuii pizuxo-mexuiunuii incmumym" HAH Yipainu, Xapxis, Yipaina
“Incmumym enexmponnoi Qizuxu HAH Yxpainu, Yoczopoo, Yrpaina

Binoma Hajg3BHYaiiHa papjiamiiHa CTIHKICTP MOHOKPHCTATIB 1 KepaMiKM MarHi€eBO-aJIIOMiHi€BOI IIMiHeNI 1O HEHTPOHHOTO
OIPOMIHEHHsI, aJie MEXaHi3MH, sKi ii 3a0e3NedyIoTh, Ie 0CTaTOYHO He 3'sicoBaHi. ONPOMIHEHHS KPUCTAJIB MIBHIKUMH €JIEKTPOHAMH
CTBOPIOE JIepeKTH, YaCTKOBO NOAIOHI 110 Ae(eKTiB PH HEHTPOHHOMY ONPOMiHEHHI. BiqMiHHICTB y pyHHIBHIH Aii MoJsrae B 3HAUHOMY
PpiBHI iOHi3awii IpH eNeKTPOHHOMY orpoMiHeHHi. ToMy, I HOPIBHIHHS Pe3yIbTaTiB ONMPOMIHEHHS Pi3HUMH JDKEpesaMu HeoOXiTHO
BU3HAYATH TapaMeTpH pagiauiiaux aedekriB. OIHUM 3 HUX € TeMOEPAaTYpHi YMOBHU BiJHOBJICHHS paiauiifHUX MOIMIKO/pKeHb. [Ipu
ONPOMiHEHHI KPUCTaJliB eJeKTpoHaMu 3 eHepricio 12,5 MeB 10 ¢moency 6,8:10'° ¢/cM? 0TpuMaHO KOHLEHTpALiO AeQEKTIB THILY
F-uentpiB 2,6:10'° cm™ ta V-uentpip 3-10'7 ¢mM?. Jlng Bu3HaueHHA CTaHy paiiamiiHux AedekTiB y KpucTagax I gac Biamaiy
BukopucroByBaianuch Merogn TCJI ta onruunoi abcopbuiiinoi crexTpockomii. Ockinbku Bixman mpu temneparypax suie 900 K
MIPU3BOAUTH 0 TIOBHOTO 3HEOAPBIICHHS BCIX ONTUYHO AaKTHBHUX LEHTPIB, TOMY A BU3HAUCHHS BIUTHBY BIATIAY NPH OLIBII BUCOKHX
TeMIlepaTypax KpHCTaJIM Hicis BiAmany onpoMiHroBanu ynbTpadioneroBum cBiTioM. Ilpu temmneparypax Bumie 900 K mounnae
3pOCTaTH KaTiOHHE HeBHOpsAKyBaHHs, aje Bixmany npu 1010 K nporsrom 30 XBWIMH BUSBWIIOCS HEJOCTATHBO JUIS IOBHOTO
Bi/IHOBJICHHS NOIIKO/KEHb KPUCTATIYHOT T'PATKH, CTBOPEHUX €JIEKTPOHHUM ONpoMiHeHHsM. L{e ouikyBaHO, BpaXOBYIOUYH XapaKTepHHI
yac pesakcauii KaTiOHHOTO HEBIOPSAKYBaHHs, KM mpu wii temmeparypi carae 1000 roxun. OnHaK MiZBUIIEHHS TEMIEPAaTypU
Bignany o 1050 K, oxpim BigHOBIIEHHS padialiifHux ge(eKTiB, CTBOPIOE MOMITHY HOAaTKOBY pisHHI0 B TCJI, iMOBipHO, 32 paxyHOK
YTBOPEHHS KOMIUIEKCIB 13 3anumkoBux F-mieHTpiB. OnHaK BU3HAYCHHS Pi3HUII MK ONPOMIHEHUMH i HEONIPOMIHEHIMH KPHCTaaMU
METOJIOM OITHYHOI CIeKTPODOTOMETPIT A€ Pi3HUIO B KOHIEHTpalii F-uentpis Menme 3a 103 cm™>,

KoniouoBi cnoBa: wninens, enekmponne onpominenns,; paodiayiiini Oeghexmu,; 8i0nan, mepmoaOMinecyenyis
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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
u +v, =0. (1)

The Equation of momentum
(1=C )T -T.) Bp, -

1 o, Blu vu
uu, +vu, =Vuyy+p— (pp—pf)(C—Cw)— A+Fu},uw—?- ()
’ ’
y(n=n.)(p,-p,)
Subjected to
v=0,u=ax, u—>U=ax
The Equation Temperature
uT 49T, = (1,)+ (p), &(TV ) +D,C T} - L g+ 2 (r1). 3)
(pc), (po), | I, 7 o(pe), T (po),
Subjected to
I'=T, as y >0,
T—T, as y >,
The Equation Concentration
D ' E
uC, +vC, =D,C +TT7;9, -K, (C—Cw)[lj exp(— k;] . ()

Subjected to
C=C, as y—>0.
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C—>C, as y—> .
The Equation of Density of microorganism

un, +vn, + CbWCC [ nwa} =D,n,,. &)

w 0
Subjected to
n=n, asy—>0,
n—n, as y — o.

In these governing equations the component of velocity u and v are assumed in x and y direction respectively, O,
is the density of base fluid, v is the viscosity, o is the electrical intensity, k" is the absorption constant, g the volume
expansion coefficient, g is gravity, O, density of microorganisms particles, y represents the volume of the
microorganism, 7 is the concentration of the microorganism in the fluid 7' is temperature of nanofluid, ¢ is thermal

diffusivity, (pc) , heat capacity of liquid, ( pc)p effective heat capacity of nanoparticles, ¢, is radiative heat flux, W, is

the maximum cell swimming speed, D, for Brownian diffusivity, D, for thermophoretic diffusion coefficient, kc

chemical reaction parameter and D, is the diffusivity of microorganisms.

7| E : :
where kC(C _C”)[F] exp(—k;J represents the Arrhenius expression. The temperature dependent thermal

©

conductivity is expressed as

T-T
k=k |1+¢ =, (6)
T, T,
According to radiative heat flux theory
_ 4o oT! o
" ey

where k" stands for absorption coefficient and ¢ denotes Stefan Boltzman Constant. Using expansion of Talyer’s
series about 7, we get

T*=4T’T-3T". ®)

The utilization of Egs. (11-12) in (4), we have

o7 v = (r )+(p0)p{&<T)z+D 166°T° 0T 0, ©

, | CTt+—20te 07 7).
(pc), 77 (pe), | TN g ’} 3k" (pc), oy’ (pc)f.( )

Let us implement the following similarity approaches, to transform partial differential equations (PDEs) to Ordinary
differential equations (ODEs) [30-31]:

1

V/=(aV)2xf(n),f7=(%J2y, and C=C,+(C,-C,)p(n), T=T,+(T,~T,)00), n=n,+(n,—n,)x(),

where y/(x,y) is the stream line function defined as # =y, and v =—y , which tropically fulfills the equation of mass

conservation and 7 is the similarity variable. Equations (02) — (05) reduce to

rrr

£ = W I - (M + K ) f + A(0-N,g—N.z) =0, (10)
4Rd rr ’ ' ) ’ '
(”T] 0" 71+ p,fIn0 [n)+p,Nt6 *[n]+ p,Nb6 [0 [n]+ p,AOL7]=0, (n

& [n)+Pr Lef [ '[n]+{%} 0" [n]-PrLey(1+56[n])" exp(—J dinl=0, (12)

b
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r ’ !

7 1-Pxné n-Pog n+Py g n+S.fInly [n1=0 (13)

Boundary condition becomes:

S@)=S.f" (1) =470 =1.6(m) = 1.$(m) =1 as 7 0 (14

f' (m=1,007)=0,4(n7)=0, y(7)=0 as n > (15)

w

K, . . . v . . .
where y =20 is chemical reaction parameter, Le=—— Lewis number, o= is temperature difference,

a B 0
"(1-C )T, -T)x’ E, 4o *T?
i':ﬂ it W)((J » = T)¥ mixed convection parameter, E:kT is activation energy, Rd= Z;k ~ is thermal
a w 0 o0

(p,—p)C,-C)
pp,A-C)T.B

_7 (P, —p,)n, —n,) Rayleigh number, 0= =
Bp,(1-C)T, N = A

_ D.o(T, -T,
_Dyr(C, -C) is Brownian motion, A= o is heat generation/absorption coefficients, Nt = M is
v a(pe) f Ty

Radiation, Nr =

V.

. . . . o

is buoyancy ratio parameter, K, = Y is porosity parameter, £, =—— is Prandtl
akK a

number, Nc is microorganism concentration difference,

Nb

bW, v
thermophoresis parameters, Pe=——=is Peclet number and Sc =— is Schmidt number.

m n

The physical quantities of interest are defined as

z- xqw xqm quI

C, =22 Nu, = ,Sh, = N, =—dn (16)
) pUW k(Tw _Toc) DB(CW _Coo) Dn (Nw _Noc)
C,Re/> =—f"" (0),Nu, Re)> =—6 (0),5h, Re)> =—¢' (0),Nn,Re)> =—4 (0), 17)

where Rex% =U, % 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 —6'(0) and —¢’ (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=0.5,1=0.1,y=0, Nc =0 =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 —6'(0) and —¢'(0) with different value of Nb.

Parameter bvpdc Present [ND solve] bvp4c Present [ND solve]
Nb —6'(0) —¢'(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 ’(77) , energy profile 8(n),
nanofluid concentration profile ¢p(n) and density y(n) under the influence of several prominent parameters like chemical
diffusion parameter ¥ , temperature difference o , mixed convection parameter A', energy activation E, thermal
Radiation Rd , buoyancy ratio parameter Nr , porosity parameter K,, Prandtl number P, Nc Rayleigh number,

microorganism concentration difference o, Brownian motion Nb, heat generation/absorption coefficients A,
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 '(77) . 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 '(77) , it is due to occurrence of buoyancy forces. An inverse relation between stretching

A and velocity field f '(77) is obtained by Fig. 3, an increment in values of A decreases the curve of f ’(77) . 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
Nrand f '(77) is obtained by Fig. (5), an increment in values of Nr as a result decreases the curve of velocity component

f '(77) same impact shows for Nc and porosity K are delegated in figures (6-7). Fig. 8 illustrates the change of
thermophoresis parameter N¢ on temperature distribution. The figure depicts that 9(77) is the increasing functions of

thermophoresis parameter for some growing values of N¢. The increasing value of Nt results to raises the thermal
conductivity of liquid. The heavy-duty thermal conductivity liquid comprises advanced temperature field 49(77). 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 A on temperature profile. The
decrease in the principles of A in the stretching case resulted in reducing the temperature contour 8(n). Figure (10-11)

describes the prominence of porosity parameter K and heat generation/absorption parameter on temperature field 9(77) .

The enhancement in K and A 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 0(77) 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 9( 77) 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 1, 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 y increased.

Figure (16) illustrates the influence of thermophoresis parameter Nt on concentration field. These figures depict that
¢(77) is the increasing functions of thermophoresis parameter for some growing values of N¢. The increasing value of Nt
results to raises the thermal conductivity of liquid. The heavy-duty thermal conductivity liquid comprises advanced
concentration profile ¢(77) . 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 ¢(77) . By

enhancing the values of E concentration profile boosted up. Fig (21) represents the effects of parameter o called
microorganism concentration difference on density profile ;((77) . By enhancing the values of o density profile retarded.

From Figure (22), it is demonstrated that within the increment in bio-convection Peclet number Pe, the density ;((77) 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 ;((77) . 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.
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Table 2. Nusselt number, local Sherwood number and density number at the stretching walls using ND solve command in Mathematica.

-1 -1 -1
M A o Pe S Pr Nb | Nc Y Le Sc NyRe? SxRe? NnyRe ?
x x x
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
1.0

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:
e The flow speed distribution improves with mixed convection parameter A’. and diminishes with Harman number M .
e  Energy distribution increased for thermophoresis Nt, Brownian motion parameters Nb and radiation parameter Rd.
e  Concentration enhanced with activation energy E, thermal radiation Rd and buoyancy ratio number Nr.

e  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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BILJIMB EHEPTTI APPEHIYCA TA COHAYHOI'O BUITPOMIHIOBAHHA HA EJEKTPOITPOBITHICTH
HAHOPIJJUHU BLIJIBAAMCOHA 3 IINTABAIOYUM MIKPOOPI'AHI3MOM:
3ABEPIHIEHHSA MOJEJII BYOHI)KOPHO
Myxamman J:xaBajn
Jlenapmamenm mamemamuxu, Qeticarabadcvkuil ynigepcumem, Paticanabao 38000, Iaxucman

36arayeHi TepMiduHi MEXaHI3MU Ta MPOTPECUBHICTH HAHOMATEPiaJliB CIIOHYKaINW BUYECHHX MPUCBATHTH cede Wil raxys3i B HaIui JHI.
VHiBepcalbHe Ta CHHTE3yI0OY€ BUKOPHCTAHHS TAKUX YACTHMHOK OXOIUIIOE BHPOOHMITBO €HEprii, COHAYHI CHCTEMH, IPOLECH
MOHITOPHHTY OTaJICHHS Ta OXOJIOJPKEHHSI, CHCTEMH BiJHOBIIIOBAHOI €HEPTii, JIIKyBaHHS paKy, FiOpHIHI ABUTYHH Ta HAHOCIEKTPOHIKY.
Kpim toro, B 1o epy 6ioTexHouorii Ta 0ioiHKeHepii 010KOHBEKIIiS HAHOPIAHH 3a0e3reuye NesKi 3aXO0IUTIO0Y] 3aCTOCYBaHHS, TaKi K
(depmentn, Oiocencopum Ta OiomanmBo. IlpencraBieHO MaTeMaTHYHy MOJENbL JJISL OIHKM EJIEKTPOINPOBITHOCTI HAHOPIIWHH
BinpsiMcoHa 3 Temo- Ta MacOOOMIHOM Yepe3 MOPHCTHI PO3TATHYTHII JIMCT 3a HAassBHOCTI OiOKOHBEKIi. BiOKOHBEKIis ITaBalounx
MIKpOOpraHi3MiB, TEIJIOBE BHIIPOMIHIOBAHHS, TEIUIONPOBIAHICTE i eHeprist AppeHiyca € HOBUMH acCIEKTaMH IbOTO JOCIIJDKEHHS.
Heniniiini kepyroui qudepeHnianbHi piBHAHHA 3 YacTUHHMMH noxigHumu (PDE) Buimoro mopsiaky po3B’s3ylOThCS HUISIXOM
3aCTOCYBaHHs BiJIOBITHUX 3MIHHHX MOAIOHOCTI, i B pe3yJbTaTi CTBOPIOEThCS Mapa 3BHYaliHUX AndepeHuiansHux piBHsHb (ODE).
Po3pobiennii Habip ODE po3B’si3y€eThCs YHCENBHO 3a JOIIOMOTOI0 JOOpEe BiIOMOT TEXHIKM 3HOMKH 3a Joromororo komauau ND solve
y Wolfram MATHEMATICA Ta nopiBHIOETECS 3 pe3yabpTaTtoM Koxy pvbdc y MATLAB. Otpumani rpadiku ais pisHAX (Bi3HIHIX
BEJIMYHH, 110 MPEACTABIIAIOTH iHTEPEC, pa3oM i3 0e3po3MipHUMH HPOQIIIMH MIBUIKOCTI, TEMIICPATYpH, KOHLECHTPALii Ta MIIIBHOCTI
MIKpOOPraHi3MiB JUIsl BKJIIOUCHHS TaKMX HapaMeTpiB, SK MarHITHUH Iapamerp, OpOyHIBCBHKHII pyxX, umcio Pexnes, uncio Ilexie,
GioxonBekTHBHE uncio JIploica, mapamerp TepModope3y i mapamerpa koedinieHTa miaBydocTi. OGTOBOPIOETHCS BIUIUB YHCICHHHX
rapaMeTpiB Ha XapaKTEPUCTUKH IIOTOKY Ta TEIUIOOOMIHY.

KurouoBi cioBa: enepeis akmusayii; Hanopiounu Binesimcona; XiMiuna peaxyis, menioee UnpoMIHIOBAHHsL, Memoo Cmpiibou, aucm,
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This paper demonstrates the synthesis of NixCdixS (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
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1. INTRODUCTION

Nickel Sulphide Nanoparticles are important members of the transition metal sulphide nanomaterials, which also
include Ni3S,, NisSs, NisSs, NizSe, NigSg, 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]. NiyCdi« 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:Ni*")
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 NiCdi«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 NixCdix S (x= 0.8,0.6,0.4 and 0.2) nanoparticles
by microwave assisted chemical precipitation method
NixCd;«S (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 100°C for one hour to get the pure NixCd;<S (x=0.8, 0.6, 0.4, and 0.2) nanoparticles. The collected NixCd;.S
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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 Nio.sCdo.2S 3.91gm 1.06gm
2 Nio.6Cdo4S 2.93gm 2.13gm
3 Nio.4Cdo.6S 1.95gm 3.19gm
4 Nio2Cdo.sS 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 Ko radiation (A = 1.54 A) with 20 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 200900 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/cm?. 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 NixCd;«S (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.
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Figure 1. Indexed XRD patterns of NixCdixS nanoparticles
a) Nio.sCdo.2S nanoparticles, b) Nio.sCdo.4S nanoparticles, ¢) Nio.sCdo.6S nanoparticles, d) Nio2Cdo.sS nanoparticles
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Figure 2. EDAX images of NixCdixS nanoparticles
a) Nio.sCdo.2S nanoparticles, b) Nio.sCdo.4S nanoparticles, ¢) Nio.4Cdo.¢S nanoparticles, d) Nio2Cdo.sS nanoparticles

Figure 3 shows the SEM images of synthesized NixCd;«S (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.
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Figure 3. SEM images of synthesized NixCdxS nanoparticles
a) Nio.8Cdo.2S nanoparticles, b) Nio.sCdo.4S nanoparticles ¢) Nio.4Cdo.sS nanoparticles d) Nio2Cdo.sS nanoparticles
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Table2. The samples, structure at room temperature, particle size and lattice constants of NixCdix S (X= 0.8,0.6,0.4,0.2) nanoparticles

The samples Structure at room temperature Particle size Lattice constants
NiosCdo.2S nanoparticles Orthorhombic structure 44nm a=9.29A, b=11.124, c=9.39A
Nio.sCdo.4S nanoparticles Orthorhombic structure 37nm a=9.20, b=11.10A, c=9.29A
Nio.4Cdo.6S nanoparticles Cubic structure 14nm a=b=c=5.8A
Nio.2Cdo.sS nanoparticles Cubic structure Snm a=b=c=5.68A

3.1. Electrical studies of NixCd1xS (x = 0.8, 0.6, 0.4, 0.2) nanoparticles synthesized by microwave-assisted

chemical precipitation method

Resistance variations with temperature of NixCd;«S (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 NixCdix S(x = 0.8, 0.6, 0.4, 0.2) nanoparticles

Behaviour of the . .. Behaviour of the
" Order of Possible transition
SI.NO Compositions sample at room . sample after phase
resistance temperatures ..
temperature transition
1 Nio.sCdo.2S Semiconductor 10® Ohm >353K Conductor
2 Nio.¢Cdo.4S insulator 10° Ohm >353K Semiconductor
3 Nio.4Cdo.6S Semiconductor 10 Ohm >373K Insulator
4 Nio.2Cdo.sS Semiconductor 10 Ohm >363K Insulator
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Figure 4. Variation of resistance with temperature of NixCdixS nanoparticles
a) Nio.8Cdo.2S, b) Nio.sCdo.4S, ¢) Nio.4Cdo.6S, d) Nio2Cdo.sS
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3.2. Optical studies of NixCdixS (x = 0.8, 0.6, 0.4, 0.2) nanoparticles synthesized by microwave-assisted
chemical precipitation method
UV studies. The optical absorption spectra of NixCd;S (x = 0.8, 0.6, 0.4, and 0.2) nanoparticles are shown in Figure 5.
The optical absorption spectrum of NigsCdo S 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 Nip2Cdo gS nanoparticles
mixture.
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Figure 5. Optical absorption Spectrum of NixCdixS nanoparticles
a) Nio.sCdo.2S nanoparticles, b) of Nio.sCdo.4S nanoparticles, ¢) Nio.4Cdo.cS nanoparticles, d) Nio2Cdo.sS nanoparticles

The tauc’s plots of NixCdi«S (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 NixCdi«S (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 NixCdixS (x = 0.8, 0.6, 0.4,0.2) nanoparticles

Samples Bandgap
Nio.sCdo2 S 2eV
Nio.6Cdo.4cS 1.9eV
Nio.4Cdo.6cS 1.85eV
Nio2Cdos S 1.8eV
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Figure 6. Tauc’s plot of NixCdixS nanoparticles
a) Nio.sCdo.2S nanoparticles, b) of Nio.sCdo.4S nanoparticles, ¢) Nio.sCdo.sS nanoparticles, d) Nio.2Cdo.sS nanoparticles

PL Studies. The PL emission spectra of NixCd;S 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 NixCd;.«S nanoparticles (x = 0.8, 0.6, 0.4, and 0.2). Because this variation is
linear, NixCd;«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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Figure 7. Pl emission spectra of NixCdi«S (x = 0.8,0.6,0.4,0.2) Figure 8. The variation of position of peaks with composition
nanoparticles of NixCdixS (x = 0.8,0.6,0.4,0.2) nanoparticles
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4. CONCLUSION

We successfully synthesized NixCd;«S (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. NixCdi«S (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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CTPYKTYPHI, EJIEKTPUYHI TA OIITUYHI JOCIKEHHA CUCTEMA HAHOYACTHHOK
NixCdi~S (x=0,8, 0,6, 0,4 0,2)
Mouai M. Poys?, P. llluaa Kpicri®, T. Acenar Benirra?, k. Tamni Tanka Kymapan®
“Jlenapmamenm @hizuxu ma Hayko6o-oocaionuu yeump (peccmp. Ne 18123112132030), Memopianvruil XxpucmusHcbKuil Koneolc
Hecamoni, Mapmanoam, inis ynisepcumemy Manonmaniam Cynoapanap, Abiwexanammi, Tipyneneseni, Tamin Haoy, Inois
bBiooin ¢izuxu ma docnionuyvkuii yenmp Mananxapcokozo kamoauybkozo konedxucy Mapiazipi

V wiit cratTti gemMoHcTpyeThes cunaTe3 HaHoyacTHHOK NixCdi«S (x = 0,8, 0,6, 0,4, 0,2) MeTOA0M XiIMIYHOTO OCaIKEHHS 32 JOIIOMOTOI0
MikpoxBuib. IligroToBneHi 3pa3ku oxapaxrepusoBani Mmeromamu XRD, EDAX, SEM, UV-VIS ta PL cnekrpockomii.
EnepronucniepciiHuii peHTIeHiBCbKMH aHali3 MiATBEpXKY€E iCHYBaHHs HIKENIO, KaaMil0 Ta CIpKH B HaJEXHHX CIiBBIJIHOIICHHSIX.
Enexrpuunuii omip mocTifHOMYy CTpyMy BHMipioBanu B Jiama3oHi Temmeparyp 300 K-500 K. Kpusi TemneparypHoro omopy BCix
3pa3KiB MOKa3yIoTh (a30Bi nepexonu Buile nesHoi remneparypu. Y ta OJI criektpu Beix 3pa3kiB Oyiu MOPIBHSHI Ta JOCITIIKEHI.
Kuro4oBi ciioBa: nanouacmunxu, xXimiune ocadscenus, (hazosuil nepexio, eleKmpuiHi; OnMuyHull, 3a60pOHeHA 30HA



154
East EUROPEAN JOURNAL OF PHysics. 1. 154-161 (2023)
DOI:10.26565/2312-4334-2023-1-19 ISSN 2312-4334

SYNTHESIS OF SnS/SnO NANOSTRUCTURE MATERIAL FOR PHOTOVOLTAIC
APPLICATION'

Egwunyenga N. Josephine*?, Okunzuwa S. Ikponmwosa®, ©Imosobomeh L. Ikhioya®*
“Department of Science Laboratory Technology, Delta State Polytechnic, Ogwashi-Uku, Nigeria
bDepartment of Physics, University of Benin, Benin
“Department of Physics and Astronomy, University of Nigeria, Nsukka, 410001, Enugu State, Nigeria
*Corresponding Author e-mail: imosobomeh.ikhioya@unn.edu.ng, nkeopene@gmail.com
Received December 9, 2022; revised January 3, 2023; accepted January 16, 2023

Research Highlights:
e Successfully synthesized SnS/SnO nanostructured material using successors ionic layer absorption and reaction (SILAR) technique.
e Granular nanocrystals were visible in the materials, and they were strewn unevenly and randomly throughout the glass surface.
e [t was found that the sample processed at room temperature had the largest energy band gap.
e 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 (I) chloride dihydrate (SnCl2.2H20) was used to create the cationic precursor solution, and 0.01 M of thioacetamide
(C2HsNS) 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 45°C at 2 theta of 31.8997°, 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 9.040x10° — 6.455x10° (Q-cm)
while the conductivity of the deposited material increased from 1.106x10710 — 1.549x10°1° (Q-cm).
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. SnO, 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, SnO, 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 SnO; 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 (SnO,) 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/SnO; 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/SnO»
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].

7 Cite as: E.N. Josephine, O.S. Ikponmwosa, and I.L. Ikhioya, East Eur. J. Phys. 1, 154 (2023), https://doi.org/10.26565/2312-4334-2023-1-19
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Sugiyama et al., who created a typical SnS-based solar cell with a glass/SnO,/SnS/CdS/ZnO configuration, claim that
they measured band discontinuities at SnO»/SnS heterointerfaces using X-ray photoelectron spectroscopy and found that
SnO,/SnS interfaces produced evaluated valence band offsets of about 3.5 eV [11]. El-Etre and Red (2010) [12] created a
nanocrystalline SnO; 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 m?/g. In dye-sensitized solar cells, the produced SnO thin film
can therefore be used as an electrode. Tin oxide (SnO»), one of many metal oxides, has drawn a lot of attention as a viable
candidate material due to its myriad uses. SnO» 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
(SnCl,-2H,0) was used to create the cationic precursor solution, and 0.01 M of thioacetamide (C,HsNS) 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
(SnCl,.2H,0) was used to create the cationic precursor solution, and 0.01 M of thioacetamide (C,HsNS) was used to
create the anionic precursor solution. Four sets of 50 ml beakers containing tin (II) chloride dihydrate (SnCl,-2H,0)
solution. Distilled water, and Thioacetamide (C,HsNS)/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 (SnCl,-2H,0) for 10 seconds to allow tin ions to adhere to the surface of the substrate. To get
rid of the loosely attached Sn”* ions, the substrate was washed in distilled water for 5 seconds. The substrate was then
submerged in the Thioacetamide (C,HsNS)/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 50°C, 55°C, 60°C, and 65°C 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 7568S.

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 45°C at 2 theta of 31.8997°, 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 @ = 5.8028 A. 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.



156
EEJP. 1(2023)

Egwunyenga N. Josephine,

Okunzuwa S. ITkponmwosa, et al.

—.=
40 = aq'
= —_—
= —_— 5
u E = S cnc/enn gEor
| N N & SnSiSnO 65°C
R b o
— 20 - -
3 ]
8 ] SnS/Sn0 60°C |
> S
[} = Py —~
= 204 j SnSiSn0 55°C
0 '
L
c
— 2 anala ~ mana o
< l SnS/Sn0 50°C
=
-— 10 = .
1 SnS/Sn0O room
i -
i
0 o A .
Giass SnS SnO
. L] T T T T
0 10 20 30 40 50 60 70 80

Table 1. Structural values for the SnS/SnO

2 theta (deg.)

Figure 1. XRD pattern of SnS/SnO material

Films 26 (degree) Slzlz(lg;lg Lattlce( AC())nstant FWH, p Hk Crys]t)al(lllltrf1 )Slze, dlg;ssli(z;:dg(:;lz
SnS/SnO room 26.5815 3.3502 5.8028 0.1851 111 0.7694 5.1218
SnS/Sn0O 50°C 31.8997 2.8028 5.6056 0.2095 200 0.6880 6.4151
SnS/Sn0O 55°C 39.6196 2.2726 5.5453 0.1480 210 0.6957 6.0633
SnS/SnO 60°C 44.1829 2.0479 4.5793 0.2258 211 0.7626 6.8539
SnS/SnO 65°C 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.

SEM MAG: 20.0kx
WD: 15.20 mm
Date(midly): 12/11/20

o »
SEM HV: 5.0 kV.
View field: 10.4 ym
Det: SE

MIRA3 TESCAN]|
200 nm
University of Cape Town

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 50°C, 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
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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.

I’

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:
(ahv)!/m = B(/’ll) - Eg). 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")

Y S TR
n= —+ A-R)? K=. )
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™'), 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
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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 9.040x10°— 6.455x10° (Q.cm) while the conductivity
of the deposited material increased from 1.106x1071° - 1.549x1071° (Q-cm)’!. 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

Resistivity (ohm.cm)
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Films Thickness, t Resistivity, Conductivity,
(nm) p (Q.cm)x10° o (S/m)x10-1°
SnS/SnO room 114.42 9.040 1.106
SnS/Sn0O 50°C 115.32 8.237 1.214
SnS/Sn0O 55°C 115.42 7.643 1.308
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Figure 7. (“a”) plot of resistivity and conductivity against thickness and (‘“b”) precursor temperature

4.

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 45°C at 2 theta
of 31.8997°, 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 @ = 5.8028 A.
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°,

CONCLUSION

Conductivity (S/m)
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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 50°C, 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 9.040x10°— 6.455x10° (Q-cm) while the conductivity of the deposited material
increased from 1.106x1071%- 1.549x10'° (Q-cm)™.
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CHHTE3 HAHOCTPYKTYPHOI'O MATEPIAJIY SnS/SnO JJIS1 ®OTOEJEKTPUYHOI'O 3ACTOCYBAHHS
ErBynsenra H. [:xo3edin®?, Oxynsysa C. Iknoumsoca®, Imoco6ome JI. Ixiost®
“Bidoin naykoeux nabopamoprux mexnonozit, Delta State Polytechnic, Ogwashi-Uku, Hizcepis
bDizuunuii paxynemem, Yuisepcumem Beniny, Benin
c@akynomem ¢hisuxu ma acmponomii, Ynieepcumem Hizepii, Hcyxka, 410001, wmam Enyey, Hizepis

OCHOBHI MOMEHTH JOCIiKSHHSL:

* YCHimHO CHHTE30BaHO HAHOCTPYKTYpHHH MaTtepian SnS/SnO 3 BUKOPUCTaHHIM HACTYITHOI TEXHIKHA NOTJIMHAHHS Ta PeaKLii
ionHoro mapy (SILAR).

* ¥V Marepianax OyJI0 BUIHO 3€pPHHUCTI HAHOKPHUCTANH, sIKi Oy HEpPIBHOMIPHO Ta XaOTHYHO PO3KHAAHI MO BCili MOBEpXHI CKIIa.

* Byno BusiBIIeHO, 110 3pa30K, 00poOIICHNH Py KIMHATHIHN TeMneparypi, MaB HalOIIbIIy 3a00pOHEHY 30HY.

* KoeoiuieHT npormyckanHs y BUANMIN 4acTHHI clIeKTpy OyB cTabinbHUM, a SnS/SnO OyB MakcuMmanbHuM B Y D-o0macti
YV mpomy pocnimkenni merox SILAR BHKOpHCTOBYyBaBCsS [UIsi CHHTE3Yy €KOJOTIYHO uHcToro wmarepiainy SnS/SnO s
¢doroenekrpuuHoro 3acrocyBanus, ae 0,1 M murinpaty xmopuay ososa (II) (SnCl2-2H20) BukopuCTOBYBajoCs [Uisi CTBOPEHHS
po3unHy KarioHHoro npekypcopa, a 0,01 M rioaneramin (C2HsNS) BuKOpHCTOBYBamM i CTBOPEHHS PO3YHHY aHIOHHOTO
npekypcopa. PeHTreHiBebki mudpakrorpamu martepianry SnS/SnO, HaHECEHOTo Ha CKISHY MiOKIAAKy HpU Pi3HUX TeMIeparypax
ocapkeHHs, 3adikcyBanu ocHoBHUI mik mpu 45°C mpu 2 tera 31,8997°, mio BinnoBigae rpaHeneHTPOBaHIi KyOiuHIN KpUCTATIYHIN
crpykrypi (FCC). Ha xaptuni BuaHo qudpakmiiiai miku B miomunax 111,200,210, 211 1 300, sxi BianosinatoTs kytam 26,58°, 31,89°,
39,61°, 44,18° i 54,85° BimmoBimHO. Byno BHsBIICHO, IO PO3MIp KPUCTANITIB/3epeH 1 MapaMeTpH pPEIIiTKH 3MCHIIYIOTHCS 3
IiIBUILCHHSIM TeMIIepaTypy MaTepially ocaJUKeHHs. Y Marepianax OyJjo BUIHO 3€pHHCTI HAHOKPHUCTAJIH, SIKi OyJIM HEpIBHOMIPHO Ta
0e31agHO PO3KHIAHI 10 BCil MoBepxHi ckiIa. CIeKTPpH MOTIMHAHHS IEMOHCTPYIOTh, 1110 KOJIM CBITJIOBE BUIIPOMIHIOBAHHS IIPOXONIIO
yepe3 mwiiBku SnS/SnO, BOHO MOINIMHAIO BUIIPOMIHIOBAaHHS, KOJIM JOBXKHHA XBUII 3poctana Bing Y®-obnacti 10 ynbrpadioneToBoi
obnacti crnekTpy. byino BusBIEHO, LIO TeMmepaTypa NpeKypcopa BIUIMBA€ Ha HOINIMHAHHA Marepiany; y Mipy HiJBHILCHHS
TemrepaTypu adbcopOuis 3MeHIIyeThes, mo poouts SnS/SnO wymoBuM MartepianoMm it ¢oroenekTpudHux cucteM. KoedimieHt
MPOTYCKaHHA y BHUAMMIN 00macTi cmekTpy OyB crabimpHuM, a SnS/SnO Oy MakcumansHUM B Y®-mianas3oHi, BiH 3pocTaB 3i
30UIBIICHHSIM JOBKUHU XBWII B OimmxHb0oMY [U-mianasoni. Byno BusiBieHo, mo 3pa3ok, 00po0eHui pu KiIMHATHIH TeMIiepaTypi, MaB
HaiibinbnTy 3a0opoHeHy 30HY. SnS/SnO BusBise 30uTbmeHHS TOBIUHU Bix 114,42 no 116,54 HM, 0 IpH3BENO IO 3HIKCHHS
IHTOMOTO ONOpPY OcakeHoi wiiBku 3 9,040x10° (Q-cm) 10 6,455%10° (Q-cM), Toai K MPOBIAHICTH OCAIHKEHOTO MaTepialy 3pocia
31,106x1071° (Q-cm)! go 1,549x10°10 (Q-cm) .
KuarouoBe ciioBo: cynvghio onoea; nanokpucmanu, nanocmpykmypa;, EDX; XRD; SEM





