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An analysis is carried out to study laminar MHD convection flow of a second order dusty viscoelastic fluid in porous medium through
an inclined parallel plate channel in the presence of molecular diffusivity. The plates are maintained at two different temperatures that
decay with time. The study is done under the consideration that viscosity and density of the fluid are variable to the extent that it causes
stratification and joule heating effect in the process of the flow. The purpose of the study is to examine how stratification and joule
heating affect the flow in relation to the physical quantities namely, Stratification factor, Hartmann number, Viscoelastic coefficient,
Joule heating parameter, Prandtl number, Eckert number, Schmidt number and Porosity of the medium etc. The non-dimensional
governing equations are solved analytically by using regular perturbation technique, and the graphs are plotted using MATLAB
programming language. The mathematical expressions for fluid and particle velocity, fluid temperature, fluid concentration, skin
friction for fluid and particle, flow flux for fluid and particle, Nusselt number, Sherwood number at the plates are evaluated and their
nature of variations for different numerical values of physical parameters are shown graphically, discussed and conclusions are drawn.
Keywords: Joule heating effect; Stratification effect; Inclined channel; Viscoelastic parameter; Mass diffusivity; Porous medium
PACS: 44.05.+¢; 44.20.+b; 44.30.+v; 47.85.-g

INTRODUCTION

A non-Newtonian fluid embedded with symmetrically distributed uniform non-conducting solid spherical dust
particles is commonly called ‘dusty viscoelastic fluid’. Study of viscoelastic flow has been receiving a great attention
among the researchers in recent years because of its numerous applications in various fields of science and technology.
The presence of dust particles in a fluid flow, has influences on fluid motion, for instance, situations arises in the
movement of dust-laden air, in case of fluidization, use of dust in gas cooling systems, in power technology, in petroleum
industry on purification of crude oil, solid fuel rocket nozzles used in guided missile system, flow of polymer solutions
in industry, construction of wet-bulb thermometer, and in many kinds of fluid flow relating to engineering and industrial
fields. Such flow simultaneously exhibits both viscous and elastic properties, normal stresses and relaxation effects.
Various mathematical models have been designed to simulate such hydrodynamics behaviour of the fluid. When such a
conducting fluid flows in presence of a magnetic field, the flow is influenced by the magnetic field. There are interactions
between the conducting fluid and the applied magnetic field that in turn modifies the flow pattern with attendant effects
on flow properties. Thus, it is possible to control effectively the flow by adjusting the magnitude and direction of the
applied magnetic field. Moreover, the nature of interaction strongly depends upon the orientation of the magnetic field;
as a result, working viscosity the flow system is under influence of the induced magnetic field. Understating the dynamics
of such flow has relevant applications in the advent of technology that involves in various MHD devices such as MHD
power generator, thermonuclear power devices etc. Moreover, engineers and scientists are interested on studies of flow
of binary mixtures of viscous fluid and dust particles because of their wide range of real-world uses, including industrial,
geophysical, astronomical, and many more.

Several authors have been carried out research on dusty viscoelastic fluid under various physical situations and
conditions. Chakraborty and Sengupta [1] have studied the MHD flow of two immiscible viscoelastic Rivlin-Ericksen
fluids in a rectangular channel. Datti et al. [2] had studied MHD viscoelastic fluid flow over a non-isothermal stretching
sheet. Khan et al. [3] examined MHD transient flows in a porous medium with rectangular cross-section. Inverse solutions
of a second-grade MHD fluid flow in porous medium was explored by Islam and Zhou [4]. Sivaraj and Kumar [5]
examined MHD heat and mass transfer in viscoelastic fluid flow over a vertical cone and flat plate. Akbar et al., [6] have
investigated the MHD flow in a porous medium with prescribed vorticity. Sandeep and Sulochana [7] have examined the
dual solutions of MHD micropolar fluid flow over a stretching/shrinking sheet. Verma and Singh [8] have studied MHD
flow in a circular channel with porous medium. Reddy et al., [9] have studied the thermal radiation on MHD boundary
layer flow over a stretching sheet with transpiration. Kiema and Wambua [10] have studied the steady and unsteady
viscous incompressible MHD fluid flow. Ramadevi et. al., [11] have examined MHD Carreau fluid flow over a thickness
melting surface with Cattaneo-Christov heat flux. Haq et. al., [12] have studied the MHD flow of Maxwell fluid in a
channel with porous medium. Raghunath and Ravuri [13] have investigated the Hall effects, Soret effects and rotational
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effect on unsteady MHD fluid flow through a porous medium. Hall effects on the MHD flow of the Rivlin-Ericksen fluid
in porous plate was explored by Krishna and Vajravelu [14]. Heat transfer of MHD dusty fluid flow over an inclined
irregular porous channel has been examined by Kalpana and S. Saleem [15]. Recently, Kodi et al. [16] have examined
MHD mixed convection flow of Maxwell nanofluid through a vertical cone and Raghunath et al. [17] have explored
radiation absorption on MHD fluid flow through porous medium over a vertical plate with heat source.

Joule heating in magnetodynamics system is a consequence of the electrical resistance of the conducting medium.
The energy dissipated as heat due to the resistance of the fluid to the electric current is known as Joule heating. The Joule
heating effect contribute to the overall energy balance in MHD systems. It is crucial to consider this heat generation when
analysing the efficiency and performance of MHD devices. Researchers have considerable interest in this field and give
noteworthy conclusion by using this phenomenon. Zhang et al. [ 18] studied the Joule heating effects on natural convection
participating MHD under different levels of thermal radiation. Mousavi et al. [19] examined 2D-3D analysis of Joule and
viscous heating effect on MHD. Jamalabadi and Park [20] have investigated on thermal radiation, joule heating, and
viscous dissipation effects on MHD with uniform surface temperature. Bhatti and Rashidi [21] have studied heat and
mass transfer with Joule heating on MHD peristaltic blood flow under influence of Hall effect. Hayat et al. [22] studied
the Joule heating effects on MHD flow of Burgers’ fluid. Recently, Kheder et al. [23] investigated the effect of Joule
heating and MHD on periodical analysis of current density and amplitude of heat transfer.

In many of the above studies the physical properties of the ambient fluid were supposed to be non-variable. However,
practically, the physical properties of the ambient fluid e.g. density, viscosity varies with temperature that in turn causes
fluid stratification and thereby influences the fluid flow and heat transfer. The impact of Stratification effect on MHD
have been discussed by several researchers, for example, Daniel et al. [24], Mutuku and Makinde [25], Khashi’ie et al.
[26], Waqas et al. [27], Khan et al. [28]. Motivating with the works mentioned above and the idea of stratification of fluid
due to the variation of fluid density and viscosity we have tried to investigate the flow and heat transfer on
magnetohydrodynamics viscoelastic fluid flow through an inclined parallel plate channel in presence of uniform magnetic
field. Such kind of problem often arises in many situations e.g. in the field of power generation using MHD fluid (MHD
generator), MHD controlled forced and heat exchange flow such as in gas turbine etc. Besides these, the influence of dust
particles is also utilized many industrial purposes such as in the production of rayon and nylon, pulp and paper industry,
powder technology, production of plastic, textile industry, treating environment pollution, petroleum industry,
purification of rain water, chemical processing, nuclear processing in the production of plastic sheet and electronics
bundles etc. In such flows, stratification effect developed due to the variation of fluid density and viscosity.

The present study tries to examine an unsteady flow of dusty viscoelastic MHD fluid in a porous medium down an
inclined parallel plate channel in presence of uniform magnetic field and molecular diffusivity. The issue is investigated
in terms of the stratification and joule heating effect caused by varying fluid density and viscosity in a porous medium.
Expressions for fluid and dust particle velocity, temperature distribution, concentration distribution, skin friction for fluid
and particle, flux flow for fluid and particle, Nusselt number and Sherwood number at the plates are obtained under the
assumption that the plates are positioned at different temperatures that decay exponentially over time. The effects of
aforementioned expressions are analysed graphically for various values of the non-dimensional physical quantities
Stratification factor, Hartmann number, Viscoelastic parameters, Joule heating parameter, Prandlt number, Eckert
number, Schmidt number and Porosity of the medium.

FORMULATION OF THE PROBLEM

) Vertical line "
4 _'Sp% i \(:A—
20
T1
T X-axis
g -
Fy) - 2h y
0 ®»  Horizontal line
“’_,—"‘— Y,‘n
P i \'/‘V(Y!‘)
—
To

Figure 1. Diagram of the Physical problem

We take into account the laminar convection flow of a viscous, incompressible, electrically conducting fluid between
two parallel plate channel that are spaced apart by 2h and inclined horizontally by an angle y. The plates are kept at two
different temperatures that exponentially decay with time. Let x-axis be the central line of the channel along the motion
of the fluid and y-axis be perpendicular to it. The fluid velocity (u) and dust particle velocity (v) are equal and opposite
in direction. A uniform magnetic field By is applied normally to the parallel plates.
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ASSUMPTIONS
The following assumptions are taken to write down the governing equations:
. Because of the infinite length of the plates, the fluid velocity (u) and dust particle velocity (v) are functions
of y and t only.
ii. During fluid motion, the number density of dust particles remains constant and is negligibly small.
1. The dust particles are neither subject to chemical reactions nor heat radiation.
iv. The effects of the Hall, Polarization, Buoyancy are insignificant.
v. Magnetic Reynolds number is so small that the effect of induced magnetic field is negligible.
vi. Dust particles are identical, solid, elastic sphere, symmetric in size, also they are equally distributed within
the fluid motion and electrically non-conducting.
vii. Initially(t=0) there is no flow and the parallel plates are at same temperature, and thereafter, (t>0) the plates
are at two different temperatures i.e. t>0, T=Tyat y=-h and t>0, T=T, at y=+h.
viil. Throughout the channel, the fluid’s density and viscosity are varying along the y-axis as follows:

Yy Yy
p = poe "D, and p = poe D,

where n is fluid’s stratification factor and po, Lo are coefficient of density and viscosity on the line of the channel at y=-h
respectively so that the velocity and magnetic field distribution are V= [u(y,t), 0, 0] and B= [0, By, 0] respectively.

MATHEMATICAL ANALYSIS
The governing equations under the above assumptions are given as:
Momentum equations

D _ifp_magu,, w0 (0w iy 45N () ) — % (B2
2= pax hoay  Viay +va o 32) "t +gsiny + 5 (v—u) p(Bou). )
m%—ko(u—v)=0. ?2)
Equation of fluid static
ap _
ay+pgcosy— 0. 3)
Energy equation
T _ k 82T | vy (ou\? |, v, @ au)z oBE 5
at pCp dy? + Cp (ay) + Cp ot (ay + pCp us @
Mass equation
ac a%c
o = Doy ©)

where v, is the kinematics coefficient of fluid viscosity, v» is the kinematics coefficient of viscoelasticity, k; is the
porosity of the medium, g is gravitational acceleration, ko is the proportionality constant, N is the number density of the
dust particles, o and « are the electrical and thermal conductivity of the fluid, m is the mass of the dust particle, T and C
are dimensional temperature and concentration respectively, C, is specific heat at constant pressure, D is the mass
diffusion coefficient and p is the fluid pressure defined as:

p = pg(xsiny —ycosy) + pxa(t) + 4, (6)

where a(t) is a function of t alone and A is constant value.
using (6), equation (1) can be written as

M _ () —™adu o %0 (97w vy KoN o N 9 cp2
P a(t) % 3y +v; 372 +v, o (Byz) " u+ ; (v—u) P (Bgu). 7
The boundary conditions of the problem are
u=0, v=0, T =Tye 2™, C = Cye™ 2™ at y=—h } ®)
u=ue ™, v=ve™, T=Te ™, (=(e ™ at y=+h

where Ty and Cy are the fluid’s temperature and concentration at y=-h respectively and T; and C, are the temperature
and concentration of fluid at y=+h respectively.
Now we consider the following non-dimensional parameters

u X tu,
w==, v==, x=X, y=2, tr=—=
Ug Vo h h h 9
x b =L cr=2L K* = 1= ©)
- .2 - ’ - ’ - ’ -
ug To Co JEk1 2
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Substituting (9) in the equations (7), (2), (4) and (5) and then removing the asterisks, we get

ou nou 109%u 2 9%u K? C (v M?
5=~ (Ga) — et R G - (10)
RS~ (lu—v) =0, (11)
o2T _ ar ou\? 9 (ou\? 2
i =RRS—ER(3) +nERRZ(3) —Ju? (12)
a?c ac
where,
R = uth is Reynolds number, n = — Z—i is viscoelastic parameter,
1

N . . . Cp .
C= mT is dust particle concentration, P = #k—p is Prandtl number,

B¢h?c . ul
——— is Hartmann number, E = —>
21 CpTo

s : is relaxation time parameter of dust particles,
0

M =

is Eckert number,

t

2,2p2
S, = %1 is Schmidt number, | = GB;’CA’I is Joule heating parameter.
0
The non-dimensional boundary conditions are
u=0, v=0, T =e 2™, C=e at =-h } (14)
u=e™M™, p=e™, T =ye ™, (=qipe 2 at y=+h
where y = ? andp = % are constant temperature and concentration respectively.
0 0
SOLUTIONS
To solve the equations (10) -(13) under the boundary conditions (14), we assume
u=fe™, wv=g@e™, T=0@)e?, C=¢(e™, a=ae™. (15)
Substituting (15) in equations (10) -(13), we get
") —Af )+ Af (1) — A3 =0 (16)
9 = A f () amn
n ! 2
8" +4s6(9) + As(f' )" + 4,(F(1))* = 0 (18)
¢"(y) +Agp =0 19)
where,
LT A= R K? + M? " A = Ra,
T 1+mR’ 2= Trmr|" R 1-nR,|" T 1+mR’
A
Ay = 1=nR,’ As = 2nRP., A¢=EB.(1+2nnR), A,=]=EM?P., Ag=2nRS,
Now, the corresponding boundary conditions are
f-1)=0, g(-1)=0, 6D =1, ¢(-1D=1 2
yl
fHD=1, gD=2,  6GD=x $GD =y e
The solutions of the equations (16) -(19) with respect to the boundary conditions (20) are
fO) = [cie™ + Cremey +22], @1)
2
9O) = Ay [Cre™ + Cyemy + 2], (22)
2
0(y) = C3cosJAsy + Cysin JAsy — [(Sy + S,)e?™Y + (S, + Sg)e?™2Y
+(S3 + Sg)eMtm2)y 4 § MY + Soe™2Y + S (23)
¢(y) = CscosJAgy + Cgsin/Agy (24)

where,
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-4+ (A] — 44;) -4 (Af —44y) _ AgCimi _ AsCim3
= 2 0 ™mThA 2 T umEiay’ 2_4m§+A5'
C = [A3< sinhm, ) e ™ . = [A3( sinhm, ) + ]
7 14, \sinh(my —m,)) ' 2sinh(m; — m,)I’ 27 1A, \sinh(m; —m,) 25mh(m1 my)l’

244C,Cymym, A,C? A,C2 24,C,C,

= et e g M g L B
3 (m1 + mz)z + A5 4 4m% + AS 5 4m2 + A5 6 (m1 + mz)z + AS
2A3A,C. 2A3A,C. A 1+ -1
P i W N o N 5_A7(3) RS S et
Ay(mi + As) Ay(m3 + As) A, 2 cos./Ag 2sin/Ag

1+
> a+0 + (81 + S,) cosh2my + (S, + S5) cosh 2m; + (S; + Sg) cosh(my + my)

(cos JA
+S, coshm, + Sg coshm, + So], C,= (Sm J_)
+(S;5 +Sg)sinh(m, + m,) + S, sinhm, + Sg sinhm,]

[S=2 + (5, + 54) sinh 2m, + (S, +Ss)sinh 2m,

Putting the solutions of f(y), g(y), 6(y) and ¢(y) from equations (21) -(24) in equation (15), we get the final solutions

u(@,0) = [Cie™? + Cpemey + 2 e o5)
VO = As[Crem + Coem 4 e (26)
T(y,t) = {Cg cos \/A_5y + C, sin \/A_Sy —[(Sy + S)er™Y + (S, + Sg)e?mzy
(S5 + S)e MY 45,  Sge™Y - Sylfe @7)
C,t) = [Cs cos JAgy + Cq sin \[Ag y|e 2™ 28)

Skin-Friction
The viscous drag (Skin friction) for fluid (tr) and for dust particles () acting at the plates are defined as:

N
b= [E-n @] Al rm)Emem s ememo)en oo

Fluid and Particle Flux
The flux of flow for fluid (Qy) and for particle (Qp) throughout the channel is defined as:

1
G . G . A3l .
Qf = udy=Z[Esmhm1+m—zsmhm2+A—2]e
-1
1

Cl . CZ . A3 —nt
Qp= | vdy=24, Esmhml +m—zsmhm2 +A_2 e
-1

Nusselt Number
The rate of heat transfer in terms of Nusselt number (N,) at the plates is defined as:

aT
Nu = @:l = {\/AS(_C3 SiTLﬁAS + C4 coS ﬂAs) - [Z‘ml(Sl + 54,)ei2m1
y=11
+2m, (S, + S5)et2™2 + (my + m,)(Ss + Sg)eTM+m2) + m, S e™ + m,Sgetmz|}e =2t (31)

Sherwood Number
The rate of mass transfer in terms of Sherwood number (Sh) at the plates is given as:

Sh = [ ] = [\JAg(—Cs sinJ/Ag + C4 cos \[Ag)|e 2 (32)

RESULT AND DISCUSSION
The aim of the study is to investigate the effect of stratification factor (n), Joule heating (J) and other physical
parameters such as, Hartmann number (M), porosity of the medium (K), viscoelastic parameter (1), Prandtl number (Pr),
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Eckert number (Ec), Schmidt number (Sc) on fluid and particle velocity, fluid temperature, fluid concentration, Skin
friction for fluid and particle, rate of heat transfer in terms of Nusselt number, rate of mass transfer in terms of Sherwood
number. The numerical results for Skin friction, Nusselt number, Sherwood number have been carried out at the upper
wall (y=+1) of the channel. This helped us comprehend the problem's physical importance better. The governing equations
are solved by using regular perturbation method, and the graphs are plotted in MATLAB which has been described in
Figures (2) -(22).
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Figures 2-5 show the impact of Stratification factor (n), Hartmann number (M), Porosity parameter (K) and Visco-
elastic parameter (1) on fluid velocity. Figure 2 shows that the fluid velocity profile reduces with the increase in values
of stratification factor. This arises due to the fact that increase in stratification factor increases the difference of density
of momentum boundary layer, which illustrates a decrease in the fluid velocity profile. From Figure 3, it is clear that the
fluid velocity reduces with the increase in values of Hartmann number. This is because the magnetic field creates a Lorentz
force, which always produces resistance to the fluid flow and slows down the fluid velocity.
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Figure 18. Effect of M on Particle Skin friction Figure 19. Effect of n on Particle Skin friction

Figure 4 depict that the fluid velocity profile decreases with the rise in values of porosity parameter. This occurs
because the fluid flow is more restricted in the presence of porous medium, which slows the flow and lowers its velocity.
Figure 5 elucidates that the fluid velocity profile increases with escalating values of viscoelastic parameter (). Physically,
1 is negative to kinematic viscosity. Due to this low viscosity, enhancing values of 1 produce high fluid velocity.

Figures 6-9 represent the variation of particle velocity profile for different values of Stratification factor, Hartmann
number, Porosity parameter and Viscoelastic parameter respectively. Figure 6 displays that the stratification factor
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increases the particle velocity profile, which shows an opposite behaviour for fluid velocity as mentioned above. However,
figure 7, 8, 9 show almost similar behaviour as those for fluid velocity.
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Figures 10-13 illustrate the variation of fluid temperature for different values of Stratification factor, Joule heating
parameter, Prandtl number and Eckert number respectively. Figure 10 and 11 admit that fluid temperature enhances due
to the rise in stratification factor and Joule heating parameter respectively. Physically, with the increase in Joule heating,
the heat generated is transferred to the surrounding of the channel, leading to an increase in temperature. Figure 12 shows
an enhancement in Prandtl number causes a decrement in the temperature profile. It is due to the reason that the thermal
conductivity declines with the enhancement in Prandtl number. On the other hand, figure 13 depicts that temperature
increases with the escalating values of Eckert number. Physically, the thermal conductivity of the fluid rises as the
dissipation is escalated which helps to enhance the thermal boundary layer thickness.

Figures 14 and 15 present the distribution of fluid concentration for different values of Stratification factor and
Schmidt number respectively. Figure 14 reveals that the concentration exhibits an increasing trend with the escalating
values of stratification factor. From figure 15, it is observed that the concentration profile de-escalates with the increase
in Schmidt number. Physically, Schmidt number is the ratio of momentum diffusivity to mass diffusivity. So, with
increasing Schmidt number, there is a strong reduction in concentration profile.

Figures 16 and 17 show how skin friction for fluid changes at the upper plate (y=+1) when a Hartmann number and
Stratification factor change. It is observed that the skin friction exceeds with an increment as the Hartmann number
increases. Further, skin friction falls as the stratification factor increases. Figure 18 and 19 registers the behaviour of skin
friction for particle at the upper plate (y=+1) when Hartmann number and Stratification factor rises. A similar behaviour
has been seen in figure 18 and 19 as those for figure 16 and 17 respectively.

Figures 20 and 21 show the variation of rate of heat transfer (N,) at the upper plate (y=+1) with the rise in values of
Joule heating parameter and Stratification factor respectively. It is observed that the Nusselt number increases with
increasing Joule heating parameter and it decreases when stratification factor rises. The behaviour of Sherwood number
at the upper plate (y=+1) has shown in figures 22 and 23. It is concluded that Sherwood number reduces for both
increasing values of Stratification factor and Schmidt number.
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CONCLUSIONS
The following conclusions can be made from the above results:
1. The velocity of fluid decreases with stratification factor and reverse in nature with particle velocity, fluid
temperature and fluid concentration.
il. Fluid and particle velocity enhance with raising value of viscoelastic parameter while opposite behaviour with
Hartmann number and Porosity parameter.
iii. Fluid temperature increases with the rise in Joule heating parameter and Eckert number. However, the
temperature tends to fall when the Prandtl number is raised.
iv. Increasing the Schmidt number decreases fluid concentration.
v. Fluid and particle viscous drag enhance with the rise of Hartmann number and opposite behaviour with

stratification factor.

vi. The rate of heat transfer, in terms of Nusselt number, increases with the rise in Joule heating parameter but an

opposite effect is observed with stratification factor.

vil. The rate of mass transfer, in terms of Sherwood number, reduces for higher values of stratification factor and

Schmidt number.
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The primary objective of this study is to investigate the influence of thermal stratification on the magnetohydrodynamics
(MHD) flow of water-based nano, hybrid, and ternary hybrid nanofluids, as they pass a vertically stretching cylinder
within a porous media. The nanoparticles Cu, AloOs, and TiO2 are suspended in a base fluid H>O, leading to the
formation of a ternary hybrid nanofluid (Cu + Al2Os + TiO2/H20). The use of a relevant similarity variable has
been utilized to simplify the boundary layer equations which control the flow and transform the coupled nonlinear
partial differential equations into a collection of nonlinear ordinary differential equations. The numerical results are
calculated with the 3-stage Lobatto ITla approach, specifically implemented by Bvp4c in MATLAB. This study presents
a graphical and numerical analysis of the effects of various non-dimensional parameters, such as the Prandtl number,
radiation parameter, heat source/sink parameter, magnetic parameter, porosity parameter, curvature parameter, thermal
stratification parameter, and thermal buoyancy parameter, on the velocity, temperature, skin-friction coefficient, and
Nusselt number. The impacts of these parameters are visually depicted through graphs and quantitatively represented in
tables. The ternary hybrid nanofluid has a higher heat transfer rate than the hybrid nanofluid, and the hybrid nanofluid
has a higher heat transfer rate than ordinary nanofluids.

Keywords: Thermal Stratification; Stretching Vertical Cylinder; Ternary Hybrid Nanofiuid; Porous Medium; Thermal
Radiation; MHD; bup4c

PACS: 44.05.+e, 44.25.+f, 44.27.+g, 44.40.4a, 47.11.-j, 44.30.4v

1. INTRODUCTION

Ternary hybrid nanofluids are a specific kind of fluid that is made up of three distinct kinds of nanoparticles
that are scattered throughout a base fluid. This article presents a study on the ternary hybrid nanofluid
composed of copper (Cu), aluminum oxide (Al2O3), and titanium dioxide (T902) nanoparticles, which are
evenly distributed inside a water-based fluid. This ternary hybrid nanofluid has unique qualities that make it
suitable for a variety of applications. The presence of copper (Cu) nanoparticles into the nanofluid has been
found to improve thermal conductivity, whilst the addition of aluminum oxide (Al3O3) and titanium dioxide
(T'iO5) nanoparticles has been observed to enhance heat transfer efficiency and stability. The utilization of this
nanofluid is applicable in various applications such as heat exchangers, cooling systems, and electronic devices,
with the purpose of enhancing heat dissipation and improving thermal management. Copper nanoparticles are
known to possess antibacterial capabilities, whereas (TiO) nanoparticles have photocatalytic activity against
bacteria and other bacteria. The application of the ternary hybrid nanofluid, comprising Cu — AloO3 — Ti0>,
presents a promising avenue for the development of antibacterial coatings on various surfaces, including medical
equipment, textiles, and food packaging. These coatings effectively impede bacterial growth and contribute to
the preservation of hygiene. Titanium dioxide (7'iO2) nanoparticles have photocatalytic properties, rendering
them capable of facilitating the breakdown of organic contaminants and the disinfection of water. The use of
the Cu — AlsO3 — T'iO5 ternary hybrid nanofluid has potential for application in water treatment procedures,
facilitating the elimination of pollutants and enhancing the overall quality of water resources.

The term ”"nanofluid” refers to a type of artificial fluid that is characterized by the presence of very small
particles in a base fluid suspended and typically have a size of less than 100 nanometers. The concept of
nanofluid, first presented by [1], proposes that heat transfer fluids with floating metallic nanoparticles could
provide a revolutionary new type of heat transfer fluids. [2] and [3] investigated the natural convective flow of
nanofluids with radiation for moving vertical plate and vertical channel, respectively. In both research articles,
the authors explored water-based nanofluids that include titanium dioxide, aluminum oxide, and copper. In the
occurrence of heat production or absorption, [4] looks for a lie group solution to the problem of how the nanofluid
moves past a horizontal plate reacting chemically. [5] uses the HAM to analyze the entropy of a nanofluid
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consisting of water as the primary fluid and one of four distinct kinds of nanoparticles: 7Oz, Al;O3, Cu, and
CuO flowing through a stretchable permeable surface permeable surface. A numerical investigation on the flow
of nanofluids in the boundary layer across a moving flat plate was performed by [6] to study the impacts of
thermal radiation, viscous dissipation and thermal diffusion. In the context of velocity slip and temperature leap,
[7] carried out an analytical investigation on the MHD nanofluid flow for a variety of water-based nanoparticles
as they passed a continually stretching/shrinking permeable sheet. [8] applied the Lattice Boltzmann method
for studying the MHD Cu-water nanofluid under the presence of Lorentz forces. Furthermore, [9] conducted a
research on MHD Cu-water nanofluid flow across a cone and a wedge influenced by nonlinear thermal radiation.
[10] and [11] researched the impacts of heat and mass transfer on nanofluid passing a moving or fixed vertical
plate in the presence of a heat source and a chemical reaction, respectively. Additionally, MHD boundary layer
nanofluid flow was studied by [12] as it passed over an exponentially accelerating vertical plate in presence of
thermal radiation.

[13] and [14] examined the impacts of thermal and mass stratification over a vertical wavy truncated cone
and a wavy surface, respectively. Furthermore, [15] have investigated how both stratification effects affect
infinite vertical cylinders. [16] and [17] conducted a study to investigate the combined impact of thermal
stratification and chemical reaction on the flow past an infinite vertical plate and an accelerated vertical plate,
correspondingly. Similarly, [18] looks at how thermal stratification affects unsteady parabolic flow past an
infinite vertical plate. [19] investigates the thermal stratification effects of a hybrid nanofluid consisting of
Cu— AlsO3/H50 in a porous medium. Their study focuses on a vertically stretched cylinder and considers the
influence of heat sink/source. They found that the thermal conductivity of hybrid nanofluids was significantly
higher than that of nanofluids. Hence, the utilization of hybrid nanofluids exhibits a significant influence on
enhancing thermal advancements.

[20] aims to investigate the heat transfer characteristics of the magnetohydrodynamic Casson hybrid
nanofluid in the presence of a non-Fourier heat flux model and linear thermal radiation along a horizontal
porous stretched cylinder. With melting/non-melting heat transfer in mind, [21] is interested in the laminar,
stable electro magnetohydrodynamic flow and entropy formation of SWCNT-blood nanofluid. The study of
magneto Cu — AlsO3/water hybrid nanofluid flow in a non-Darcy porous square cavity was done by [22].

The study conducted by [23] focuses on investigating the phenomenon of natural convection within a
sinusoidal wavy cavity that is filled with a hybrid nanofluid consisting of 7902 —C'u particles suspended in water.
The analysis takes into account the influence of internal heat generation, an angled magnetic field, and thermal
radiation on the convection process. The investigation conducted by [24] focused on the nonlinear buoyancy-
driven flow of hybrid nanoliquid passing a spinning cylinder, taking into account the effects of quadratic thermal
radiation.

[25] conducted a study on the impact of non-linear Darcy-Forchheimer flow in the context of electromagnetic
hydrodynamics (EMHD) ternary hybrid nanofluid, namely composed of Cu— CNT —Ti and water. They found
that the ternary hybrid nanofluid had a greater impact on the temperature profile than either the nanofluid or the
hybrid nanofluid alone. [26] conducted a study on the heat transport characteristics of ternary hybrid nanofluid
flow in the presence of a magnetic dipole with nonlinear thermal radiation. [27] performed an investigation
on the computational valuation of Darcy ternary-hybrid nanofluid flow through an extending cylinder with
induction effects. In order to improve the heat transfer of a magnetized ternary hybrid nanofluid Cu — AlsO3 —
MWCNT /water, [28] investigated the influence of nanoparticle shape.

The primary objective of [29] research is to investigate the application of a water-based ternary hybrid
nanofluid in the context of advanced cooling for radiators. This nanofluid comprises three distinct types of
nanoparticles: spherical aluminum oxide(Al2Os3) cylindrical carbon nanotubes(CNT'), and platelet-shaped par-
ticles(Graphene). [30] analyze the behavior of a ternary hybrid nanofluid (THNF) with tangent hyperbolic
(T-H) flow characteristics as it interacts with a rough-yawed cylinder. The motion of the cylinder is induced
using impulsive means, and the study focuses on the mixed convection mechanism in conjunction with periodic
magnetohydrodynamics. The impact of suction and heat source on MHD stagnation point flow of ternary hy-
brid nanofluid(Cu — Fe3O4 — SiO2/polymer) over convectively heated stretching/shrinking cylinder has been
researched by [31]. [32] conducted research on the similarity solutions of the governing equations that describe
the dynamics of a colloidal mixture consisting of water, spherical carbon nanotubes, cylindrical graphene, and
platelet alumina nanoparticles. The study considered various levels of partial slip and examined the cases of
forced convection, free convection, and mixed convection.

According to the literature review, as was mentioned in a previous research, no one has tried to show
the MHD ternary nanofluid past a Vertically Stretching Cylinder in a porous medium. The main objective of
the present study is to examine the heat transfer properties of a ternary hybrid nanofluid consisting of C'u —
Al;O3 — T'iO4 particles dispersed in water. This investigation focuses on the heat transfer behavior around a
Vertically Stretching Cylinder, taking into account the effects of thermal stratification, thermal radiation, and
uniform heat sources and sinks. The governing equations of non-linear partial differential equations (PDEs) are
transformed into ordinary differential equations (ODEs) by employing suitable self-similarity variables within
the bvp4c solver of the MATLAB software. The Bvp4c technique utilized in this study to simulate the problem
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is widely recognized, as demonstrated by its discussion and application in MATLAB by Shampine et al., [33]
and Kierzenka et al., [34]. The graphical representation of the results is provided for several parameters such
as 6, M, K, R,Q, Pr and A.

2. MATHEMATICAL ANALYSIS

Consider a two-dimensional steady in-compressible ternary hybrid nanofluid consisting of Cu — AloO3 —
Ti05/H>0, which is immersed in a porous medium over a vertical stretchable cylinder of radius rg. The system
is subjected to the influence of a heat source/sink, thermal stratification and thermal radiation. The flow of
the ternary hybrid nanofluid is assumed to be in the axial z—direction, with the r coordinate representing the
direction normal to the x—axis, as depicted in Figure 1. In this context, the variables "u” and ”v” represent
the velocity components of the ternary hybrid nanofluid along the r» and z— axes, respectively. In this study, a
magnetic field with a magnitude of By is applied in a direction perpendicular to the propagation of the ternary
hybrid nanofluid. The flow issue takes into account the thermal buoyancy effect while disregarding the Joule’s
impact. The velocity that causes linear stretching of the vertical cylinder is denoted as u = a7, where ‘a’ and
"I’ represent the velocity and characteristic length of the cylinder, respectively. Ty, (z) = To + A (%) represents
the assumed temperature of the wall, while Too(2) = Ty + B (%) represents the temperature of the ternary
hybrid nanofluid at the ambient condition, where A, B, and T, are non-negative constants and the starting
temperature, correspondingly. The governing equations for continuity, momentum, and energy in the context
of a ternary hybrid nanofluid, as presented by [19], can be expressed as follows.

olru) _o(re)

= 0 1
ox or (1)
ou ou Hmn f 10 ou (pﬂT)mnf Imnf 2 Hmnf U
— — = ———|r— ——g(T —Ty) — —Bju — ——— 2
uax +U8T Pmnf T or <T 67”) M Pmnf g( OC) Pmn f ot Pmnf K ( )
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— - = ————|r=—-—-— — (T - Ty 3
Yor v or (pCp)mnys T OF "or (PCp)mnyg T O "or * (Pcp)mnf( ) ®)
The following are the boundary conditions:
u:a% v =0, T =Ty(z) when r = rg
u=0, T — Too(x) when r — oo

The radiative heat flux ¢, in Eqn. (2) is approximated by using the Rosseland approximation [35], as the
nanofluid is assumed to be an optically thick fluid. In light of the research conducted by [7], the equation (3)
can be rewritten as
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Figure 1. Physical Model and Coordinate system
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The similarity transformation (Ref. [19]) used in Equations (1)-(3) are as follows

avy T —Too(x)
et = - T\
27«0 v Yy et (), To(z) — To

and we provide non-dimensional quantities in the following:

lo;B? l l G B l
M: Uf 07 K:ﬁa Y= VJ;u )\:77;7 6:77 Q: QO
apys ak arg Re2 A alpep) 5

160123 Pr _ vy(pcp)s
3kek N ky
where, M is the magnetic parameter, K is the porosity parameter, v is the curvature parameter, X is the
thermal buoyancy parameter, ¢ is the thermal stratification parameter, @ is the heat source/sink parameter, R
is the radiation parameter, Pr is the Prandtl number.
The stream function 1) is introduced to satisfy continuity equation (1) in the manner that u = %%—f and

']77

R =

v = —%g—f. Hence, the non-dimensional forms of the transformed equations are given by
=11 = a2 f" + @A+ 2 "]+ axd — (asM + a1 K) f' (4)
FO+0) =10 = as[290"+ (142ym)0"] + a50 (5)
where,
O L O S V. LY A V&)V .Y S Y
s Prmnf (PBr)s (PCop)mn s of ky
T4Te + R

a1 = Tr1r2, G2 =I2x3, a3 = T2T5, G4 = Pr , = Qx4

Here, the symbols tmns, Pmns, (B1)mnss (PCp)mnfs Omnfs Emny represent the ternary hybrid nanofluid’s
coefficient of viscosity, electrical conductivity, thermal expansion, heat capacity, density and thermal conduc-
tivity, respectively. Also, ps,pr, (B1)s, (pCp) s, 0y, ks denote the base fluid’s coefficient of viscosity, electrical
conductivity, thermal expansion, heat capacity, density and thermal conductivity correspondingly.

The transformed boundary conditions are as follows :

fn)=0 fn) =1 O(n)=1-2¢ at =0
i) —0 O(n) =0 as 1 — 0o (6)
The thermo-physical properties of ternary hybrid nanofluid are as follows:
2

(1= 61)25(1 — ¢h2)25(1 — g )25
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(pep)mns = (1= 03) [(1 = d2) {(1 = d1)(pcp) s + d1(pcp)si} + d2(pcp)s2] + d3(pcp)ss
(PBT)mny = (1= ¢3) [(1 — d2) {(1 — ¢1)(pBr) s + d1(pBr)si} + ¢2(pBr)s2] + ¢3(pBr)ss
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where ¢1,¢2 and ¢3 are volume fraction of Cu(Copper), AloO3 (aluminium oxide) and TiOs(titanium
oxide) nanoparticles respectively. The suffixes mnf, hnf, nf, f, s1, s2, s3 denote ternary hybrid nanofluid, hybrid
nanofluid, nanofluid, base fluid, solid nanoparticles of copper (Cu), aluminum oxide (Al2Os3), and titanium
dioxide (T'i0O3) correspondingly.
The skin friction coefficient and local Nusselt number are defined by
k

1 7 -1/2 _ mnf n
(1_¢1)245(1_¢2)2_5(1_¢3)2_5f (0) and Nu,Re, 777@ 0'(0)

where, Re, is the local Reynolds Number.
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Table 1. Thermo-physical Properties of water and nanoparticles [2]

Physical Properties | HoO(base fluid) | Cu (s1) | AlxO3 (s2) | TiOy (s3)
p (kg/m?) 997.1 8933 3970 4250
Cp (J/kgK) 4179 385 765 686.2
& (W/mK) 0.613 01 10 8.9538
B x 10° (K1) 21 1.67 0.85 0.9
o (s/m) 55x10° | 59.6x10° | 35x10° | 2.6 x 10°

3. METHOD OF SOLUTION

The bvp4c solver, built into the computational platform MATLAB, is used to numerically solve the system
of higher-order nonlinear ODEs given by Equations (4)-(5) and the boundary conditions (6). This technique
has been extensively utilized by professionals and researchers in order to solve fluid flow problems. The bvp4dc
solver, created by Jacek Kierzenka and Lawrence F. Shampine of Southern Methodist University in Texas,
was introduced by Hale [36]. The bvp4c solver is a finite modification algorithm that uses the Lobatto IITA
implicit Runge-Kutta method to produce numerical solutions with fourth-order accuracy. This method gives
the necessary accuracy when a guess is made for the initial mesh points and step-size changes. In the study
conducted by Waini et al. [37], it was found that the bvpdc solver yielded satisfactory results in comparison to
both the shooting technique and Keller box method. Here, we need to reduce the higher order derivatives with
respect to n. This can be done by introducing the following new variables:

f=y@), f=y®2, f"=y@B), 0=y4), 0 =y

y(1) y(2)

y(2) . y(3)
d 3| = |2y —an (@t (agM+as K)y(2) ~2a17y(3)
% yg4g - (14+2yn)az
Yy
y(5)

y(5)
y(2)(y(4)+6)—y(1)y(5) —2a4yy(5)—asy(4)
(14+2yn)as

and boundary condition are expressed as
ya(l), wa(2)—1, wa(4)—1+46, yb(2), yb(4)

where ya is the condition at n = 0 and yb is the condition at n = oo

4. RESULT AND DISCUSSIONS

The numerical calculations were performed in bvp4c solver of MATLAB, and the outcomes are displayed
in Figures (2)-(13) and Tables 3,5. Table 2 presents the absolute Skin friction Coefficient and local Nusselt
Number values obtained from the current investigation, which are compared to the findings reported by Ashish
et al. [19]. This comparison specifically excludes nanoparticle volume fractions of TiOs with R = 0. This study
reveals that the bvpdc algorithm is capable of generating numerical results that are accurate and in agreement
with the results obtained from alternative methods.

The following values are used in the study: 6 = 0.2,y = 0.1,M = 15K =2, R =1,Q = 02,\ =
1.2, Pr = 6.2,¢1 = 0.05,¢2 = 0.15 and ¢3 = 0.2. The Fig. 2 displays the impact of thermal stratification(d)
parameters on the velocity f’(n). The velocity decreases as thermal stratification(d) increase. If the thermal
stratification(d) parameter rises, the efficient convective potential between the hot wall and the surrounding
fluid drops. The buoyancy force is reduced as a result of this this, which reduces the flow velocity. As shown

Table 2. Comparison of Skin friction Coefficient and local Nusselt Number when ¢3 = R =0

Pr | M 0 | Ashish et al. | Present Study | Ashish et al. | Present Study
—C’fReglg/2 —C'fReglg/2 ZVugL.Bfe;l/2 Nul.Regzl/2
0.7 1.2 | 0.1 2.7886 2.7850 0.7266 0.7283
6.2 2.9398 2.9297 2.7885 2.7889
0.6 2.7076 2.6969 2.8622 2.8633
1.2 1 0.3 3.0135 3.0090 2.6012 2.6044
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f(n)

f(m)
f(m)

n
Figure 4. Effects of K on Velocity Profile Figure 5. Effects of R on Velocity Profile

in Fig. 3, the fluid velocity f'(n) decreases as the value of M is increased. As magnetic parameter(M) grows
higher, the thickness of the momentum boundary layer shrinks. This pattern emerges because the Lorentz force
produced by the horizontal magnetic field slows down the velocity of the ternary hybrid nanofluid. The impact
of the porosity parameter(K) on velocity f’(n) of the nanofluid is shown in Fig. 4. The velocity decreases as
the porosity parameter value increases. The relationship between K and the diameter of the porous medium is
inverse, implying that as K grows, the diameter of the porous medium decreases progressively. This reduction
in diameter hinders the fluid’s ability to flow through the porous medium. As a result of this obstruction, which
was induced by porosity parameter(K), the velocity of the fluid dropped.

As shown in Fig. 5, as the value of R goes up, the velocity f’(n) of the fluid goes up. With a higher value
of R, the thermal conduction contribution becomes more important while the thermal radiative contribution
increases. Since the radiative flux increases with increasing R, the velocity of the boundary layer of fluids
increases. The effects of A on the velocity of the fluid, is represented by Fig. 6. It is observed that the velocity
will increase as the values of X is increased. When A is raised, the thermal buoyancy forces is made stronger.
This indicates that the buoyancy forces tend to increase the velocity of the fluid.

The Fig. 7 displays that the temperature of the fluid goes down as the thermal stratification(d) goes
up. The temperature gradient between the heated wall and the surrounding fluid will decrease when the
thermal stratification(d) is present. Hence, the thermal boundary layer thickens and the temperature falls. The
temperature of the fluid increases with increasing values of R in Fig. 8. This is because of the fact that higher
R values indicate a higher thermal radiative flux, which ultimately results in higher temperatures. This can be
seen as a manifestation of the fact that temperatures have increased.

The impact of a heat source parameter()) on temperature profile is seen in Fig. 9. Since the values of
heat source parameter () raises, the fluid temperature also increase. This characteristic matches how the fluid
behaves physically in general. Fig. 10 illustrates the influence of Pr on the temperature profile of the fluid. As
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Figure 8. Effects of R on Temperature Profile Figure 9. Effects of @ on Temperature Profile

\ ~Pr=3
0.7\ ——Pr=6.2 |

Figure 10. Effects of Pr on Temperature Profile Figure 11. Effects of ¢; on Temperature Profile

the Pr goes up, the temperature of the fluid goes down. It’s clear that a fluid with a high Prandtl number has
a low thermal conductivity. This means that heat doesn’t move as easily through the fluid, so the transfer rate
goes down and the thermal boundary layer gets thinner. Hence, the temperature of the fluid drops.

As the solid volume fraction of Cu nanoparticles increases, while the volume fractions of AloOs and T'iO4
remain constant, the temperature profile increases, as seen in Fig. 11. Furthermore, it can be observed from
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Figure 12. Effects of ¢o on Temperature Profile Figure 13. Effects of ¢35 on Temperature Profile

Fig. 12 that the temperature is increased with the increasing volume fraction of Al5Os, while the volume fraction
of C'u and TiO, remains constant. Similarly, ¢s also increases the temperature profile as seen in Fig. 13.

Tables 3 present the effects on skin friction and local Nusselt number for different flow parameters. As
the value of thermal stratification (0) increases, there is a decrease in both skin friction and the local Nusselt
number. An decrease in the magnitude of skin friction and Nusselt number is observed when the values of
magnetic parameter(M) and porosity parameter(K) increase. The skin friction and Nusselt number exhibit
an increase as the value of X\ increases. For Pr, there is a decrease in skin friction while there is a rise in the
Nusselt number. A decrease in the rate of heat transfer is observed as the radiation parameter (R) increases,
while the opposite tendency is observed for the skin friction with an increase in R. Similarly, it can be noticed
that an increase in the heat source (Q) leads to a decrease in the rate of heat transfer, although an increase in
@ results in an opposite trend for the skin friction. The skin friction decreases as the curvature parameter ()
grows, but the Nusselt number increases with an increase in the value of .

Table 3. Skin friction Coefficient and Local Nusselt number for different values of §, M, K, A\, Pr, R, @,y

0 | M| K| A |Pr| R Q ~v | Skin-friction Coeflicient | Local Nusselt Number
0 -6.0075 2.0495
01 15| 2 ]12] 6.2 1 0.2 | 0.1 -6.0465 2.0140
0.3 -6.1272 1.9747
0 -4.8297 2.4280
02052 |12]62| 1 | 02]0.1 -5.2804 2.2742
1.2 -5.8562 2.0760
0 -4.4138 2.5682
02151 12]62| 1 |02]01 -5.3132 2.2630
2 -6.0870 1.9962
0 -6.3426 1.7157
02152 |15]62| 1 |02]01 -6.0270 2.0411
3 -5.7398 2.2105
0.6 -6.0352 0.6625
02152 |12 3 1102101 -6.0567 1.2203
6.2 -6.0870 1.9962
0 -6.1139 2.6133
02152 ]12]62|05] 0201 -6.0960 2.2254
2 -6.0750 1.6861
-0.2 -6.1368 3.0531
02152 ]12]62]| 1 0 |01 -6.1209 2.6547
0.2 -6.0870 1.9962
0 -5.9506 1.9767
02 15] 2 ]12]62 1 0.2 | 0.1 -6.0870 1.9962
0.2 -6.2286 2.1174




240
EEJP.1(2024) Rupam Shankar Nath, et al.

The absolute skin friction (—C’fRegl/ *) and local nusselt number(Nu,Rey 1/ %) of nanofluid, hybrid
nanofluid, and ternary hybrid nanofluid are compared in tables 4 and 5. The absolute value of skin fric-
tion of the (Cu — AloO3 — TiO3/ H50) ternary hybrid nanofluid shows a significant improvement of up to 174%
in comparison to the (Cu/H20) nanofluid. Additionally, it has been found that the difference between ternary

hybrid nanofluid and common nanofluid reduces with thermal stratification(d) for —C’fRei/ ®. The Nusselt
Number of the ternary hybrid nanofluid displays a significant enhancement of up to 32% when compared to the
conventional nanofluid. In addition, it has been discovered that thermal stratification(d) increases the difference

between ternary hybrid nanofluid and regular nanofluid for Nu, Re; /2,

Table 4. Comparison of —CfReglC/2
0 Cu Cu — AlyO5 Cu — AlyO3 — Ti0O4 Change in %
Nanofluid | Hybrid Nanofluid | Ternary Hybrid Nanofluid
0 2.1858 3.4001 6.0075 174.8
0.1 2.2290 3.4416 6.0465 171.2
0.2 2.2747 3.4800 6.0870 167.6
0.3 2.3186 3.5245 6.1272 164.3

Table 5. Comparison of Local Nusselt Number

) Cu Cu — AlyO5 Cu — AlyO3 — TiO5 Change in %
Nanofluid | Hybrid Nanofluid | Ternary Hybrid Nanofluid

0 1.6333 1.9355 2.0495 25.8

0.1 1.5823 1.8842 2.0140 27.3

0.2 1.5419 1.8095 1.9962 29.5

0.3 1.4926 1.7798 1.9747 32.3

5. CONCLUSION

The impact of thermal stratification on the flow of a ternary hybrid nanofluid(Cu — AlsO3 — T'iO3/H20)
with magnetohydrodynamics (MHD) properties along a vertical stretchable cylinder has been studied. This
investigation takes into consideration the presence of a thermal bouncy effect, thermal radiation, and heat
source/sink inside a porous medium. In addition, the analysis takes into account the flow characteristics and
their impact on the velocity and temperature profiles, skin friction, and local Nusselt number. The velocity
profile reveals a declining tendency when the parameters §, M and K are increased, whereas it exhibits an
ascending trend with higher values of R and A. The temperature exhibits a decrease as the magnitudes of 4 and
Pr increase, while it exhibits an increase with the increase of R and ). The skin friction exhibits an increase with
respect to the parameters A\, R, and @, but it experiences a decrease in relation to the factors §, M, K, Pr and
~. An upward trend in the local Nusselt number is noted as the values of A, Pr, and v grow, whereas it exhibits
a downward trend with increasing values of §, M, K, R and ). The ternary hybrid nanofluid exhibits a higher
magnitude of absolute skin friction(—C'fRei/ 2) in comparison to the hybrid nanofluid. Similarly, the absolute
skin friction of hybrid nanofluids exhibits a higher value when compared to that of conventional nanofluids.
The ternary hybrid nanofluid demonstrates a superior heat transfer rate in contrast to the hybrid nanofluid,
whereas the hybrid nanofluid displays a higher heat transfer rate in comparison to conventional nanofluids.
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In this study, we have numerically investigated the heat and mass transfers behaviour of Casson fluid flow past a porous shrinking
sheet in existence of a magnetic field, thermal radiation, and suction or blowing at the surface. Applying suitable similarity
transformations, the leading partial nonlinear differential equations of mass, flow, and heat transfer are converted into solvable ordinary
differential equations, which can then be solved numerically with the help of the MATLAB bvp4c scheme. We have analyzed and
shown graphically the implications of several non-dimensional controlling factors on the profiles of temperature, concentration, and
velocity. Additionally, the Sherwood, Nusselt, and Skin friction for Casson fluids are examined and tabulated. The current study's
findings for Casson fluid exhibit great consistency with previous research under specific circumstances.

Keywords: Casson fluid; heat and mass transfers,; permeability; MHD, shrinking sheet
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1. INTRODUCTION

There are numerous uses for the study of non-Newtonian fluids in industries and engineering, particularly in the
process of separating fossil oil from petroleum goods. A Casson fluid is a non-Newtonian fluid with yield stress.
Additionally, due to the chain structure of blood cells and the materials they carry, such as protein, fibrinogen, rouleaux,
etc., human blood may also be considered a Casson fluid. Thus, the Casson fluid plays a significant role in both biological
science and engineering. The problem of the flow by reason of stretching or shrinking sheets has attracted many
researchers, and it is a topic of attention in the literature (Grubka and Bobby [1], Banks [2], Crane [3], Keller and
Magyari [4], Lio and Pop [5], etc.). Boundary layer flows have many significant applications in industrial manufacturing
processes. Though there aren't enough works on the flow past on shrinking sheets, Wang [6] was the foremost to study
the unstable viscous flow caused by a shrinking sheet. Mikalavcic and Wang [7] have examined the viscous hydrodynamic
flow caused by the shrinking surface for particular values of the suction parameter and came to the conclusion that, for
both two-dimensional and axi-symmetric flows, the shrinking sheet solution might not be unique at particular suction
rates. After that, Fang and Zhang [8] have clarified how an external magnetic field affects the flow of a shrinking sheet
and discovered that a high magnetic field ensures a constant flow of the boundary layer. Following that, several
scholars [9-21] examine the non-Newtonian fluid flow past a diminishing sheet from a variety of physical angles.

On the contrary, Hayat ef al. [22—24] have examined non-Newtonian fluid flow over a shrinking surface. Since most
fluids encountered in scientific processes exhibit non-Newtonian fluid characteristics [25-31], research on non-
Newtonian flows is important from a technological standpoint. Notable studies on the non-Newtonian fluid flow over a
shrinking surface were published by Rosali ez al. [32], Yacob et al. [33, 34], and Ishak ez al. [35, 36].

Dey et al. [37] explored the stability of MHD Casson fluid over a porous elongating sheet. Bhattacharyya et al. [38]
studied the MHD Casson fluid over a porous stretching/shrinking surface in the existence of wall mass transmission.
Das et al. [39] have studied numerically to examine the nanofluid flow in permeable media past a vertical stretching
surface with heat and mass transfers.

Pramanik [40] studied the characteristics of Casson fluid heat transfer via thermal radiation and porous media.
Sarkar et al. [41] enlightened the significance of this fluid model in various contexts and in relation to heat radiation is
investigated through the use of an inclined cylindrical surface. Elucidation of the non-Newtonian Casson fluid dynamics
across a rotating non-uniform surface under the influence of coriolis force was enlightened by Oke et al. [42]. Dey et al.
[43] have investigated the energy transfer and entropy creation of hydro-magnetic stagnation point flow in micropolar
fluids under uniform suction and injection.

Kinetic processes like heat and mass transmission can happen and be studied individually or together. While
studying them separately is easier, in the case of diffusion and convection, both processes are modelled by comparable
mathematical equations. In certain situations, such as evaporative cooling and ablation, mass transfer must be taken into
account in addition to heat. Problems with combined mass and heat transfer are significant in many processes, and they
have gained attention recently in the chemical industry, drying, evaporation on a water surface, and the process of
connecting with thermal retrieval.

In this research paper, we have examined the heat and species concentration transmission of Casson fluid through a
permeable medium past a shrinking sheet. This motion is mathematically controlled by a system of non-linear PDEs that,
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with the suitable transformation, are converted into non-linear ODEs. The velocity, temperature, and concentration
profiles are obtained by numerically solving this system under the proper boundary conditions. The effects of the
problem's physical characteristics on these results are explored graphically and numerically using a series of figures and
tables. A quick analysis can produce a model that helps explain the mechanics of physiological fluxes.

2. MATHEMATICAL FORMULATION
Consider a two-dimensional, incompressible, electrically conducting hydromagnetic Casson fluid flow over a
permeable, shrinking sheet with heat and mass transfer. To scrutinize the suction and blowing processes, the wall
permeability characteristics have been used. Figure 1 illustrates how the non-Newtonian fluid drenches the porous
material y>0 while the flow dynamics take place in the area y<0. A magnetic field B(x) has been implemented in the
flow. Following Dey et al. [37], the rheological equation of an incompressible and isotropic Casson fluid is as follows:

P,
2 u + = e T > T,
B o) Y

P,
2(;1/3 +—y)eij, < T,

V21,

where, T = e;je;; and e;;is the (i, j)th component of deformation rate.
Considering the above assumptions, the leading equations for the projected fluidic model are given by:
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The relevant boundary restrictions are

u=-—-ax,v=V,, T=T,C=Cyaty =0,

U—>0,T=T,C=Cpasy— )

where u, v denotes velocity components along x and y directions, v stands for kinematic viscosity, f represents casson
fluid parameter, o is the electrical conductivity, p stands for fluid density, k is the porous medium permeability, T
represents fluid temperature, a denotes thermal conductivity, C describes species concentration, D is the coefficient of
mass diffusion, V; >0 and V; < 0 are assumed as blowing and suction conditions, respectively.
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Figure 1. Flow Model

3. METHOD OF SOLUTION
Using the following similarity transformations:
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oB?

M=°=, Przg, 5c=%, Klzi (6)
Using equation (6) in equations (2)-(5), it transforms as follows:
(1+%)f”’+ff”—f’2—sz’—K1f’=0 )
0" +Prfo'=0 ®)
¢" +Scfep' =0 (€))

The relevant boundary restrictions are given by
f@©=s fO)=-1 600)=1 ¢0)=1,
fl(@)=0, 6(0)=0, ¢(0)=0 (10

The physical parameters that are important for our studies are Sherwood number, Nusselt number, skin friction
coefficient. They are expressed as

Cr (Re) = (1+f"(0), (11)
Nu, <Rej) =—6'(0), (12)
Sh, <Rej> = —¢'(0), (13)

4. RESULT AND DISCUSSION
The resultant ordinary differential equations and related surface limitations are numerically computed via the bvp4c
MATLAB software. The flow behaviour patterns for diverse values of the leading parameters are displayed in both tabular
and graphical form. Figure 2 exhibits the velocity profile for various values of magnetic field parameter (M). It is found
that with increment in M, the magnitude of the velocity profile increase. This is because, with increment of M will
dominate the Lorentz force and lessen the impact of the fluid's viscosity at the surface, increasing the fluid's speed.
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Figure 2. Velocity profile for M Figure 3. Velocity profile for Ki

Figure 3 portrays the velocity profile for diverse values of porosity parameter (K;). Here we have seen that with
enhancement of K the velocity profile increases. As K; grows, the fluid has a larger area to move, which causes its
velocity to rise. Figure 4 displays the thermal profile for various values of Prandtl number (Pr). From the figure it is clear
that with rise in Pr, the thermal profile decreases. As Pr increases, the temperature drops. The thickness of the thermal
boundary layer decreases with an increase in Prandtl number. The ratio of momentum diffusivity to heat diffusivity is
known as the Prandtl number. Pr regulates the relative thickness of the thermal and momentum boundary layers in heat
transfer issues. Figure 5 elucidates the variation of Schmidt number for species concentration profile. It is seen that the
concentration falls, as Sc intensifies. The mass transfer rate rises with a higher Schmidt number, which causes the
concentration profiles to fall. Figures 6 gives the impression that the fluid's velocity is accelerated by increasing Casson
fluid parameter () values. Enhancement of § generally causes the fluid's motion to slow down since it increases the
plastic dynamic viscosity. However, throughout the flow, an opposite behaviour is shown, and this is only possible
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because geometry (shrinking sheet) is taken into consideration. Figure 7 and 8 presents the influence of Casson fluid
parameter (f) on thermal, and species concentration profiles, respectively. It is evident from figure 7 that the fluid's
temperature drops as it flows. Higher values of § may be physically attributed to improving the fluid's resistance and
lessening the impacts of yield stress on the fluid, which causes the temperature pattern to slow down. Figure 9 represents
the effect of suction parameter (S) on velocity profile. It is noted from the figure that velocity increases with enhancement
of S, decreasing the thickness of the boundary layer.
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4.1 VALIDATION OF RESULTS

To validate our numerical scheme, we compare our results with Bhattacharyya et al. [17], and they are found to be
in good agreement with the result. (Table 1.)

In our experiment, Table 2 reflects the influence of the Magnetic parameter on the skin friction coefficient (f''(0)),
Sherwood number (—¢’'(0)), and Nusselt number (—6'(0)). We have seen that Nusselt number, and Sherwood number
exhibit a declining trend while skin friction increases as the Magnetic parameter increases. Table 3 elucidates the influence
of porosity parameter (K;) on the skin friction coefficient (f''(0)), Sherwood number (—¢'(0)), and Nusselt number
(—9’(0)). From the table it is evident that as K; enhances, the skin friction coefficient trends enhancement on the other
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hand the Nusselt number, and Sherwood number exhibit a declining trend. Table 4 depicts the impact of the Casson fluid
variable on Sherwood number (—¢'(0)), Nusselt number (—6'(0)), and skin friction coefficient f”'(0) accordingly. We
have identified that with an increase in the Casson fluid parameter, the skin friction coefficient experiences growth, but
Nusselt number and Sherwood number experience a decline trend. Table 5 exhibits the influence of suction parameter
(S) on the skin friction coefficient (f''(0)), Sherwood number (—¢'(0)), and Nusselt number (—6'(0)). From the table,
it is clear that as S increases, f''(0) increases but Sherwood number and Nusselt number decrease.

Table 1. Numerical values of f''(0), for Pr=0, Sc=0, K1=0, M=0, B=1.

S | Bhattacharyya Present Study
etal [17]
3.0 | 1.00000 1.0010
3.5 | 1.39039 1.3905
4.0 | 1.70711 1.7074
4.5 | 2.00000 2.0064
5.0 | 2.28078 2.2807

Table 2. Numeric data of Sherwood number, Nusselt number and Skin fraction for magnetic parameter (M)

Pr Sc S Ki B M Skin Friction | Nusselt number | Sherwood number
0.0 1.1803 -1.1622 -0.8682
0.2 1.2272 -1.1667 -0.8715
0.7 0.5 2.0 0.1 10 0.4 1.3473 -1.1778 -0.8794
0.6 1.5070 -1.1914 -0.8892
0.8 1.6846 -1.2049 -0.8990

Table 3. Numeric data of Sherwood number, Nusselt number and Skin fraction for porosity parameter (K1)

Pr Sc S M B Ki Skin Friction | Nusselt number | Sherwood number
0.0 1.3380 -1.1770 -0.8789
0.2 1.4999 -1.1908 -0.8888
0.7 0.5 2.0 0.1 10 0.4 1.6317 -1.2010 -0.8962
0.6 1.7452 -1.2092 -0.9021
0.8 1.8461 -1.2160 -0.9070

Table 4. Numeric data of Sherwood number, Nusselt number and Skin fraction for Casson fluid parameter ()

Pr Sc S M Ki B Skin Friction | Nusselt number | Sherwood number
0.0 0.3333 -1.0284 -0.7751
0.2 0.3881 -1.0428 -0.7849
0.7 0.5 2.0 0.5 0.1 0.4 0.4577 -1.0582 -0.7954
0.6 0.5344 -1.0732 -0.8056
0.8 0.6114 -1.0868 -0.8150

Table 5. Numeric data of Sherwood number, Nusselt number and Skin fraction for suction parameter (S)

Pr Sc B M Ki S Skin Friction | Nusselt number | Sherwood number
0.5 0.7730 -0.2918 -0.3046
1.0 1.1238 -0.5451 -0.4759
0.7 0.5 10 0.5 1 1.5 1.5187 -0.8662 -0.6819
2.0 1.9376 -1.2218 -0.9112
2.5 2.3694 -1.5896 -1.1548

5. CONCLUSION
We have numerically investigated the thermal and species concentration transmission of Casson fluid model over a

shrinking surface. The governing equations are transformed into solvable ODEs, and bvp4c solver scheme is used to solve
them. The key points of our study are listed below.
As the magnetic parameter enhances, the motion of the Casson fluid increases.
The porosity parameter enhances the velocity profile.
With rises in Prandtl number, the temperature profile falls.

The Casson fluid parameter is very important for controlling the fluid's temperature and concentration, which

helps prevent damage to the system, as well as for helping the fluid develop its velocity.
Schmit number retards the concentration profile.
Suction phenomenon increases the velocity of the fluids.
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MOTIK PIAMHAU KACCOHA IOB3 INOBEPXHI, IO CTUCKY€ETbCSI, 3 TEIIJIO-TA MACOITEPEHOCOM
Pamkemn Kymap Jlac?, le6acim deii®
“Jlenapmamenm mamemamuxu, Ilanoim [Jinoaan Ynaoxvaa Adapwa Maxasiovanaiia Amooconea, I oarnapa, Inois
b Tenapmamenm mamemamuxu, Ynisepcumem Jfi6pyzapx, Jdibpyzapx, nois

VY 1poMy JOCHTIPKEHHI YHCeNIBHO JOCII/IKEHO ITOBEIIHKY TEIUIo- Ta Maconepeaadi MoToKy piguHu KaccoHa 1T0B3 MOPHUCTHIT TUCT IO
CTHCKA€ThCSl 332 HASBHOCTI MAarHiTHOTO IIOJIsI, TEIUIOBOTO BHUIIPOMIHIOBAHHS Ta BCMOKTYBaHHS a00 BHMIyBaHHS Ha ITOBEPXHI.
3acTOCOBYIOUM BiJIIOBiJIHI NEPETBOPEHHS IOAIOHOCTI, OCHOBHI YacTKOBI HelNiHiHHI qudepeHIiaabHi pIiBHSIHHS MacH, ITOTOKY Ta
TEIUIoNepeadi MepeTBOPIOIOTHCS Ha 3BUYAiHI AndepeH ianbHi piBHAHHS, SIKi OTIM MOXKHA PO3B’S3yBaTH YHCEIHHO 33 JOIIOMOTOI0
cxemu MATLAB bvp4c. Mu npoananizyBanu Ta rpadidyHo MoKa3aiu BIUIMB KUTbKOX 0e3po3MipHHX Kepyrodux (akTopiB Ha mpodii
TeMIepaTypH, KOHLIEeHTpanii Ta mBuAKocTi. Kpim Toro, mocmimkeHo ta 3BeneHo B Tabmumi tepts LlepByana, Hyccenbra Ta Ckina ms
pinna Kaccona. Pe3ynpraTi MOTOYHOTO AOCTiIKEHHS MOA0 pianHN KeccoHa IeMOHCTPYIOTh 3HAUHY Y3TOKEHICTD 13 ONepeTHIMH
JIOCITIKEHHSMH 32 KOHKPETHHX 00CTaBUH.

Kuarwuosi cinoBa: piouna Kaccona; mennomacoobdmin; nponuxuicms, MIJ]; aucm wo cmuckaemocs
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In this paper, a comparative study on MHD forced convective flow for heat transfer efficiency of different nanofluids with water (H,0)
as base fluid has been carried out. Here, in this study flow through vertical rectangular has been considered in presence of strong
magnetic field. In this laminar flow we consider duct walls as electrically non-conducting where the transverse magnetic field acting
normally on the duct walls. Joule heat and the viscous dissipation effects are included in the energy equation and furthermore the walls
of the duct are kept at constant temperature. An explicit finite difference method has been adopted with fine grid in the control volume
for solving the governing equations of this MHD nanofluid flow. Computational processes are carried out using MATLAB code. In
this present work we have plotted the flow fields velocity, induced magnetic field, and temperature for various values of MHD flow
parameters graphically by varing thermal Grashof number (G,.), Hartmann number (Ha), Reynold number (R,), Eckert number (Ec),
Prandtl number (B.), magnetic Reynold number (R,,), and nanoparticle volume fraction (¢) respectively.

Keywords: MHD forced convective flow; Nanofluids, Steady, Explicit finite difference method (EFDM); Vertical rectangular duct
PACS: 95.30.Qd, 94.30.cq, 94.30 Kq

1. INTRODUCTION

Inclusion of nanoparticles in the base fluid is an innovative way to enhance heat transfer. There are large variety of
nanoparticles used in water based nanofluids and each of them exhibit performance in heat transfer process and possess
different nanofluid flow characteristics. Nanofluids have better suspension stability, Newtonian behavior, healthier
thermal conductivity, and huge chaotic movements of nanoparticles are believed to be liable for the increased of heat
transfer characteristic. In natural convection, the base fluid has a low thermal conductivity, which limits the heat transfer
performance. Use of nanofluid is an innovative technique in which the colloidal suspension of nanometer sized particles
in a base fluid (nanofluid) was first introduced by Choi [1] at the Argonne National Laboratory, U.S.A.

Latter, Lee et al. [2] analyze the thermal conductivity of nonidentical metal oxides and in this way, they have got
the shape and size provide considerably to the more acceptable thermal conductivity of the nanofluid. Forced convection
is the most important aspect investigation for applications in a rectangular duct. The applications are thermal power plants,
solar collectors, chemical catalytic reactors and cooling systems. Thermal conductivity of TiO,/water nano-fluid up to
7.5% nanoparticle concentration experimentally found by Xuan et al. [3]. Heat transfer efficiency with nano-fluid was
examined by many researchers [4, 5].

In another study Ellahi ef al. [6] considered water base nanofluid with Al, 05 as nanoparticles to study aggregation
effect on such nanofluid having permeable wedge in the presence of mixed convection. An analytical solution of natural
convection flow problem nanofluid over a linearly stretching sheet under magnetic field was attempted by Hamad [7].
Kodi et al. [8] investigated influence of MHD mixed convection flow for Maxwell nanofluid through a vertical cone with
porous material in the existence of variable heat conductivity and diffusion. Ragulkumar et al. [9] studied dissipative
MHD free convective nanofluid flow past a vertical cone under radiative chemical reaction with mass flux.

Mixed convection of Casson nanofluid over a stretching sheet with convectively heated chemical reaction and heat
source/sink observed by Hayat ef al. [10]. The focus of this study is to learn about the effects of solid volume fraction on
heat transfer quantity and on differential pressure. It was about in the such that increasing concentration of nanoparticle
has no significant effect on heat transfer but pressure drop enhancement has affected on heat transfer process.
Ferdows et al. [11] considered nanofluid inclusion with diverse types of nanoparticles for the incompressible, laminar,
steady and convective viscous flow. They observed that heat transfer was constantly increased with increase value of
nanoparticle volume fraction parameter. Numerical investigation of solar radiation on the effects on heat-mass transfer
phenomena of nanofluids recently studied by [12, 13] Rao and Deka. In another study, very recently Das et al. [14]
investigated in a vertical square duct numerical analysis on magnetohydrodynamics (MHD) mixed convection flow of
Al,05/water nanofluids. Many authors who had investigated heat transfer nanofluids boundary layer problem given
in ref. [15, 16]. Paul et al. [17] studied Darchy-Forchheimer MHD radiative flow through a porous space incorporating
viscous dissipation, heat source, and chemical reaction effect across an exponentially stretched surface. Arruna et al. [18]
have been investigated effect of chemical reaction and radiation absorption on MHD Casson fluid over an exponentially
stretching sheet with slip conditions: ethanol as solvent. On a non-Newtonian nanofluid flow and heat mass transfer in a
two-dimensional steady laminar boundary layer caused by a horizontally stretching sheet investigated by
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Alrihieli ef al. [19]. The study includes heat generation/absorption near a stagnation point and on the radially stretching
plate. In a vertical stretching surface Jawad [20] studied on magnetohydrodynamics (MHD) stagnation point flow of
micropolar fluids with buoyancy and thermal radiation. Shoeibi et al. [21] have been observed about the utilize of hybrid
nanofluids in solar system. In a vertical duct containing metallic/carbon nanofluids Beg ef al. [22] have been studied with
Dufour and Soret double cross repetition counting of thermo-solutal convection. Bhatti et al. [23] have been studied
swimming of Gyrotactic microorganism in MHD Williamson nanofluid flow between rotating circular plates embedded
in porous medium. Hussain ef al. [24] have been investigated MHD instability of Hartmann flow of nanoparticles Fe, 05
in water. [25] Umavathi and Beg investigated double diffusive convection in a dissipative electrically conducting
nanofluid under orthogonal electrical and magnetic fields. [26] Bhatti and Abdelsalam observed Bio-inspired peristaltic
propulsion of hybrid nanofluid flow with Tantalum (Ta) and Gold (Au) nanoparticles under magnetic effects.

The aim of this present work is to numerically investigate the laminar steady forced convective flow of different
nanofluids with water (H,0) as base fluid in presence of strong magnetic field in a vertical rectangular duct. We have
presented result of our investigation for different type of nanofluid flow and we have drawn conclusion heat transfer
efficiency of different water based nanofluid.

Table (i). Numerical values of water (H,0) and nanoparticles titanium oxide (Ti0,), aluminium oxide (Al,03), ferric oxide (Fe,03),
and silicon oxide (Si0,)

Density (p) Specific ?Ce:; capacity Thermal E;;lduCtiVity Electrical(c;))nductivity
H,0 997.1 4179 0.613 5.5x10°
Tio, 4250 686.2 8.9528 2.58x107
Al, 04 3970 765 40 35x10°
Fe,04 5180 765 9.7 25x103
Sio, 2200 703 1.2 2.58x107

2. MATHEMATICAL FORMULATION

Figure 1. Physical configuration

In this paper, we have considered a laminar steady flow of incompressible fluid through a duct which is vertically
positioned, where cross section of the duct has length a and breadth b. Both the parallel walls of the duct are kept at x =
0 and x = a, and the other parallel walls are kept at y = 0 and at y = b. Here we consider that the duct has cross section
on the xy — plane where the fluid velocity, induced magnetic field and temperature are in the z-direction. In this case
applied uniform magnetic field B, of the fluid acts in a direction lying in the xy — plane but making an angle 8 with the
y-axis. The flow is handled in presence of a constant pressure gradient ‘;—Z and the MHD force. In this work, the physical
parameters except pressure are independent of variable z, the fluid properties in the buoyancy term are considered as
constant. Moreover, Joule heating and the effects of viscous dissipation are considered in the energy equation. Our fluid
is viscous and incompressible and flow is laminar and steady. We have also assumed that there is no net flow of current
in the z-direction. The velocity, induced magnetic field, and the temperature 17, B ,and T as:

V ={0,0,V,(x,y)},B = {Box Boy, B, (x,¥)},T = T(x,y) in where B,, = B,sin6, B,, = B,cos0

3. GOVERNING EQUATIONS
Equation of continuity is

V-V =0. 1
The MHD momentum equation is
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in where X = 9P (T —T,)
Maxwell’s equation is

V-B=0. 3)
Ampere’s law
VXB = (.ue)nf]- 4)
Definition of Ohm’s law:
J = an(E+V xB). Q)
Equation of magnetic induction is
3B =3 B
= =Vx(VxB) +A,/V*B. (6)

Now using equation (1) & equation (3) in equation (6) we get

a§ - - - - -
—+(V-V)B = (B-V)V + 1,,V°B. @)
The Energy equation is
aT | [ _ J?
C),.s [E +(V- V)T] = kg VT + i + (8)
Again, we get
Hn
Vi = ©)
and
Ay = ——— (10)
nf Onf(lednf

We know that the dynamic viscosity of nanofluid, effective density of nanofluid, magnetic permeability of nanofluid,
electrical conductivity of nanofluid, heat capacity of nanofluid, thermal expansion coefficient of nanofluid, and thermal
conductivity of nanofluid as:

Hnp = pp(1— )25, (11)
pur =1 =0+ 0 2] oy, (12)
_ _ (1e)s
(:ue)nf =11 (l) + ¢(ll ) ( e)f: (13)
_ 3(c-1)¢
Onf = [1+(a+2) (o- 1)¢] o (14)
(pCp),
(pCp)nf [ ¢ + (l) (pcp) ] (15)
0By = |16+ 9 22| (op), (16)
_ [rs+2kp—2¢(kf—ks)
fny = [ks+2kf+¢(kf—ks) a7
For the problem the corresponding the initial & boundary conditions are given by
V, =0, B,=0T=T,,whenx =0
V,=0,B,=0,T=T,,whenx =a,for0<y<b
V,=0,B,=0T=T,,wheny =0
V,=0,B,=0,T=T,,wheny =b,for 0 <x <b. (18)
The following dimensionless variables:
=Y p=8 F_TTN s_* 5_2Y
V_VO’B_BO’T ar X T Y T (19)

where:

b Opr O a? 9 V2
A=_:Bo=_a2(ﬂe)nf nf p,Vo=_ p,T—To= 0 ;
a pnfvnf aZ pnfvnf GZ (Cp)f

Now using above dimensionless parameters and after simplification we get,
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(e)s 3(0—_1)¢ v
¢ [1 Pt P ](“e)f + varionng] 77050 37 = 0.
62 1 92T T ,qup V2 (6V> + <6V)
ax? AT ay? (1 — g2k, | Kt 2Kr = 2¢(ky — ks)| AT [\Ox/ A2 Dy
ks + 2k + p(kp — ks )

30 -1¢ 19
Ba |1+ 72— Dl

g2 LGB0 M op g —g

_l_

(.ue)f
G 2@ ] =0

— 1 — _ Ps (peds — 3(c-1)¢
B =g B2 = [1 ot ¢Pf] - Bs = [ BT )f] = [1 + (a+2)—(0—1)¢] ’

Es = [ -¢+ ¢§;’Cl’; ] [1 —b+ (pB)s] [W

oB) ks+2kp+d(ks—ks)
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V2a? [1 —p+¢ (.ue)s] [1 + 3(c — 1)¢ 1)¢] 2(#8)12c [ks + Zkf _ 2¢(kf — ks)
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Let

Therefore, the equations (20), (21), (22) in terms Ey, E;, E3, E,, Es, Eg, E; are

9%v 1 98%v  Ha? . E, 0B |, 1 Ha? Ey aB
0x2 = A2 0y? Rm E1E3E4 0x A Ry EEE46y

T+1—0

92 92 . a a
=+ Ai”—i + RySinOE;E, -+~ Rmc059E3E4£ =0.

82T 1 82T v 1 (V)2 Ha?PyEc  E,4 aB\2 | 1 (9B\?] _
ot ey T hEC [(5) +;(@)]+—Rg¢ 25T, (5) += (ay) =0.

Where:
Ha = B,a / :—f, is the Hartmann number,
f

T-Ty)a® .
G, = gpfﬁf;—zo)a, is the thermal Grashof number,
f

cp)s .
P = M, is the Prandtl number,

Yo s the Eckert number,
T (cp)par

R, = ‘;—, is the Reynolds number,
f
and

Ry, = V,a(u,) ror, is the magnetic Reynolds number
The corresponding boundary conditions (21) gives

V=0B=0T=0whenx=0
V=0B=0T=0whenx=1,for0<y<A
V=0B=0T=0,wheny =20
V=0B=0T=0,wheny=Afor0<x<1.

(20)

€2y

(22)

(23)

(24)

(25)

(26)
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4. NUMERICAL TECHNIQUE AND GRID INDEPENDENCE STUDY
With the boundary conditions given in equation (26), the dimensionless governing equations (23), equation (24) and

. . . . e Ny 92
equation (25) were discretized using explicit finite difference method. We know that the finite difference second order 6_x‘2/

v . . PV _ Vigyj=2VitVi_gj 2 W _ VipyjViogj 2 .
and the first order o Were discretized as Py v + O(Ax*) and P e + O(Ax~?), respectively.
Therefore, after simplification the equations (23), (24), and (25) we get
Vij = Ao(Vigoi+ Vi) + Ao (Virj Vi ) + Au (Biyy = Bi_l,,-)
+4;, (Bi,jﬂ— Birj_l) + A13(Tyj ) + Asa, 27

Buy = As(Buyt Bizyy) + Ao (Buj, i By )+ s (Vi = Vi) + A6 (Vs = Vo, ). @9)

2 2
Tl:tj = AQ(TI:+1’]'+ Ti—l’j) + AlO (Tl:’j+1+ Ti’j_l ) + A17(I/i+1,j_ ‘/,:_1,]') + AIS (Vi'j+1_ ‘/i’j—l) +
2 2
Aso(Byyj— Bi_y) + Azo (Buj,,— Buj_, ) - 29)
1 (Ha)® . Ey 1 (Ha)? Ey (Gy) k2 A1h?
Wher€A1=—,A2= in@ 9,143:_ yAy = ——,A5 = ;A6: ) A7 =
A? (Rm) E1E3Ey A (Rm) E1E3E, (Re) 2(A1h2+k2) 2(A1h2+k2)
Ayhk? Ash?k Agh?K? h2k? ,
: y Ag = : ) g = : y A10 = ) All = RmSln9E3E4 ,
2(A1h%+k2) 2(A1h%+k2) A1h2+k?2 A1h2+k2
1 Aq1hk? A12h%k E (Ha)?(Ec)(Py) E, Aqsk?
Ay, = =R, cO0SOEE, , Az = —2— =12 A .=-LPFEc A= L = —-
12 atm 3L4, 113 2(A h2+k2)’ 14 2(A1h2+k2)' 15 Ee¢ r=t, 4116 (Rm)? Engz%EG' 17 4(A1h2+k2)
A1415h* __ Aggk? _ _A4s6h?

Arg = 0 Ao = oy A = T
18 ™ 4ah2+k2) 719 T 4(a;n2+k2) 20 T 44 h2+K2)

are constants and in where Ax = h = 0.001 and Ay = k = 0.001.
Discretized boundary conditions are given by
Vin=0, B;,;=0,T;,; = 0,whenj =1

V; =0, B; =0, T; =0,whenj=n+1,

Mm41 bngq myq
fori1<i<m+1
V1,j=0,B,;=0,T;,; =0,wheni=1
Ving1j = 0,Bmia,j = 0, Tipyq,j = O,wheni=m+1

forl1<j<n+1, (30)

5. RESULTS AND DISCUSSION

The outcome of parameters like, thermal Grashof number (G,.), Hartmann number (Ha), Reynold number (R,), Prandtl
number (B,), Eckert number (Ec), magnetic Reynold number (R,,,), and the nanoparticle volume fraction (¢) on the velocity,
induced magnetic field, and temperature distributions are exhibits in graphical presentation. We have taken Ha =

2,A=25,P.=693,Ry, =1,Ec=0.001,h =k =0.001,m =n = 200,¢ = 0.02,kf = 0.613,k; = 429,60 = m/2.
The graphs are plotted by utilizing numerical out come through an explicit finite difference method in MATLAB
operating system. The velocity distribution of titanium oxide/water nanofluid for various values of Hartmann number
(Ha) is depicted in Figure 2. We have observed from Figure. 2 that the fluid velocity distribution decreases due to
increase in value of Hartmann number (Ha). We know that in the middle of the rectangular duct, the fluid has
maximum value of velocity, so in this step the electromagnetic force resists the fluid’s motion and this electromagnetic
force slow down conviction a flatten velocity distribution. Similar nature of induced magnetic field is observed and
seen in Figure 3. Further, in Figure 4. It is observed that temperature (T) is increased with increased value of Hartmann
number (Ha) in boundary layer region. The magnetic field introduced to the electrically conducting nanofluid and
acting normal to boundary is responsibility for resistive pressure force in the duct which is part of Lorentz force. In
the cooling sector magnetic field’s effect on nanofluid has many industrial accomplishments too. The velocity
distribution of titanium oxide/water nanofluid for various values of thermal Grashof number (G, ) is depicted in Fig.
We have seen in Figure 5 that the velocity distribution enhanced owing to enhancement of parametric values of the
thermal Grashof number (G,). An enlarge in the value of thermal Grashof number has the tendency to induce much
flow in the boundary layer due to the effect of thermal buoyancy. Similar nature we have observed in induced magnetic
field in Figure 6. But it is observed in Figure 7, that the temperature profile decreases owing to increase in parametric
value of thermal Grashof number (G,.). This means that buoyancy force decreases the temperature field. The velocity
distribution of titanium oxide/water nanofluid for different values of Reynold number (R,) is depicted in Figure 8
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It is observed from Figure 8, that the velocity profile enhanced owing to enhancement of parametric values of Reynold
number (R,). Due to enhancement in values of (R,), in the thermal boundary layer, frictional heating increases.
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This in results reflect in enhancement of kinetic energy of the fluid particles in the middle layers as a consequence
we have the flow rate accelerates and, in this way, increases the velocity. Similar effect we have observed in induced
magnetic field in Figure 9. The temperature distribution of titanium oxide/water nanofluid for different values of
Reynold number (R,) is depicted in Figure 10. But we have seen in Figure 10, that the temperature profile decreases
due to increase in value of Reynold number (R, ). The increase in values of Reynold number (R, ) enhanced the strength
of the discharge velocity on the plate which minimizes the growth of thermal boundary layer. This diminishes the
temperature near to the plate surface. The velocity distribution of titanium oxide/water nanofluid for distinct values
of Prandtl number (B,) is represented in graph given in Figure 11. We have seen in Figure 11, that the velocity profile
is enhanced owing to enhancement in the value of Prandtl number (PB.). Due to impact of additional nanoparticles
periodic motion of nanoparticle is observed an increase of Prandtl number (B,.). So, the kinetic energy is transform
into heat energy, and so the velocity increases.
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Similar effect we have observed in induced magnetic field in Figure 12. The temperature distribution of
titanium oxide/water nanofluid for those distinct values of Prandtl number (P,) is depicted in Figure 13. But it is
observed from Figure 13, that the fluid temperature distribution decreases due to increase in value of Prandtl number
(P,). With the large value of (B.), the momentum diffuses additional rapidly than the heat, indicating that fluids with
a large Prandtl number have low thermal conductivity and an exquisite thermal boundary layer. The velocity
distribution of titanium oxide/water nanofluid for different values of Eckert number (Ec) is observed in Figure 14.
We have seen in Figure 14, that the fluid velocity distribution decreases due to increase in value of Eckert number
(Ec). Again, owing to increase in values of Eckert number (Ec), the plate decants velocity increases. This in turn again
decreases the flow rate within the boundary layer and thus diminishes the velocity. Similar pattern is observed in
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Figure 15. The temperature distribution of titanium oxide/water nanofluid for different values of Eckert number (Ec)
is depicted in Figure 16. We have seen in Figure 16, that the fluid temperature profile enhanced owing to enhancement
in parametric values of Eckert number (Ec). Owing to enhanced in values of (Ec), the fluid occurence frictional heating
in the middle layers, furthermore, there is the thickening of thermal boundary layer and consequently increases the
temperature within the boundary layer significantly.
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The velocity distribution of titanium oxide/water nanofluid for distinct values of magnetic Reynold number
(Ry,) is illustrate in Figure 17. We have seen in Figure 17, that the fluid velocity distribution increases due to increase
in parametric value of magnetic Reynold number (R,,). The magnetic Reynolds number is the magnetic correspondent
of the Reynold number, a fundamental dimensionless classification that take place in magnetohydrodynamics (MHD).
It gives an estimate of the respective effects of convective of a magnetic field by the movement of a conducting
medium, frequently a fluid, to magnetic diffusion. Similar nature we have observed in Figure 18. The temperature
distribution of titanium oxide/water nanofluid for different values of magnetic Reynolds number (R,;) is depicted in
Figure 19. But we have seen in Figure 19, that the temperature profile decreases owing to enhancement in parametric
values of magnetic Reynold number (R,,). The enhanced in values of (R,,) enhanced the strength of the decant velocity
on the plate and this decant velocity minimizes the growth of thermal boundary layer. Thus, as a consequence
diminishes the temperature near to the plate surface.
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The velocity distribution of titanium oxide/water nanofluid for different values of nanoparticle volume fraction
(¢) is illustrate graphically in Figure 20. We have seen in Figure 20, that the fluid velocity distribution decreases due
to increase in value of nanoparticle volume fraction (¢). Similar pattern is in Figure 21, where induced magnetic field
variation is shown against volume fraction. The temperature distribution of titanium oxide/water nanofluid for
different values of nanoparticle volume fraction (¢) is depicted in Figure 22. But it is observed from Figure 22, that
the temperature profile enhanced owing to enhancement in parametric value of nanoparticle volume fraction (¢).
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We have plotted (Figure 23) values of rate of rise leading velocity for different nanofluids against value of
corresponding Reynold number (Re) in the duct under same configuration. We have plotted the graphs for the following
nanofluid: titanium oxide (Ti0,), aluminium oxide (Al,03), ferric oxide (Fe,03) and silicon oxide (Si0,). These
plottings provides us a comparative mass transfer advantages of different nano fluids at a certain temperature. From the
plottings of (Figure 23), we have seen that with increasing Reynold number (Re) difference of flow rate for different
nano fluids is reducing. For low value of Reynold number (Re), ferric oxide (Fe,03) gives high flow rate and silicon
oxide (Si0,) gives low flow rate. For high Reynold number Re all the nanofluid consider shows no significance different
in volumetric flow rate. )
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Figure 23. Rate of increase of Reynolds number for (Ti0,), (Al,03), (Fe,03) and (Si0,) nanoparticles

We have plotted in Figure 24 mesh (x,y,V) for (Ha = 0), in Figure 25 contour (x,y,V) for (Ha = 10), in
Figure 26 mesh (x,y, B) for (Ha = 0), in Figure 27 contour (x,y, B) for (Ha = 10), in Figure 28 mesh (x,y, T) for
(Ha = 0), in Figure 29 contour (x,y, T) for (Ha = 10) i.e. in the absence of magnetic field for velocity and nanoparticle
volume fraction (¢p = 0.02). i.e when (Ha = 0), the velocity of the TiO, — water nanofluid decreases with increase in
nanoparticles volume fraction ¢. In this case 100 X 100 grid has been used at x(1) = —1 and y(1) = —1. And another
study, in Figure 30 mesh (x,y,V) for (Ha = 10), in Figure 31 contour (x,y,V) for (Ha = 10), in Figure 32 mesh
(x,y,B) for (Ha = 10), in Figure 33 contour (x,y, B) for (Ha = 10), in Figure 34 mesh (x,y,T) for (Ha = 10), in
Figure 35 contour (x,y,T) for (Ha = 10) i.e. in the presence of large magnetic field and nanoparticle volume fraction
(¢ = 0.02) for titanium oxide nanoparticle. i.e when (Ha = 10) the reverse effect of the nanoparticle volume fraction ¢.
Similarly, we can show for other nanoparticles.

3D graph for TiO,— water nanofluid
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Figure 27. Velocity contour in (x, y, B)
Ha =10,¢ = 0.02
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Figure 29. Velocity contour in (x,y, T)
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Figure 34. Velocity mesh in (x,y,T)
with Ha = 10,¢ = 0.02

Figure 35. Velocity contour in (x,y, T)
Ha =10,¢ = 0.02

6. CONCLUSIONS
In this paper, a comparative study on MHD forced convective flow for heat transfer efficiency of different nanofluids

with water (H,0) as base fluid has been carried out. Here, in this study flow through vertical rectangular has been considered
in presence of strong magnetic field. An explicit finite difference method has been adopted with fine grid in the control
volume for solving the governing equation of this MHD nanofluid flow. Computational process is carried out using
MATLAB code. In this paper we have plotted the flow fields velocity, induced magnetic field and temperature for various
values of MHD flow parameters graphically. The remarkable results of the examination are as follows:

From the plottings of (Fig. 23), we have seen that with increasing Reynold number (Re) difference of flow rate for
different nano fluids is reducing. For low value of Reynold number (Re) ferric oxide (Fe,03) gives high flow rate
and silicon oxide (Si0,) gives low flow rate. For high Reynold number (Re) all the nanofluid consider shows no
The fluid velocity decreases due to increase in Hartmann number (Ha), Eckert number (Ec) and nanoparticle
The fluid velocity increases due to increase in Reynold number (R,), thermal Grashof number (G,.), Prandtl number
The induced magnetic field decreases due to increase in Hartmann number (Ha), nanoparticle volume fraction (¢),

The induced magnetic field increases due to increase in Reynold number (R, ), thermal Grashof number (G,.), Prandtl

The fluid temperature of decreases due to increase in Reynold number (R,), thermal Grashof number (G, ), Prandtl

1.
significance different in volumetric flow rate.
> volume fraction (¢).
> (P.) and magnetic Reynolds number (R,,).
* and Eckert number (Ec).
> number (B.) and magnetic Reynold number (R,,).
; number (PB.) and magnetic Reynold number (R,,).
7.

An increase in values of Hartmann number (Ha), Eckert number (Ec), and nanoparticle volume fraction (¢)

increases the fluid temperature.

V velocity vector
f current density

B, magnetic field

Cp specific  heat at
Ukg™K™]

E electric field

Ha Hartmann number

constant pressure,

G, thermal Grashof number
R, Reynold number

P, Prandtl number
Ec Eckert number
R,, magnetic Reynolds number

k thermal conductivity of nanofluid,
[Wm™tK™1]

Nomenclature

p fluid pressure, [Pa]
0 oblique angle

T temperature of the fluid, [K]
Pny nanofluid density

0y nanofluid electrical conductivity
Uns nanofluid dynamic viscosity
ks nanofluid thermal conductivity

(Ue)ns nanofluid magnetic

permeability

Vs nanofluid kinematic viscosity
Greek Letters

p density, [kgm™3]
v kinematic viscosity, [m?s™1]

ORCID

o electrical conductivity, [Sm™1]

pC, effective heat capacity of the
nanoparticle, [Jm 3K 1]

¢ volume fraction, [—]

A magnetic diffusivity

u dynamic viscosity
Subscripts

nf nanofluids

f base fluid

s solid particles of nanofluid
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MOPIBHSIUVIBHE JOCJIIKEHHS MI'] TIPUMYIIEHOI'O KOHBEKTHUBHOI'O IIOTOKY PI3BHUX HAHOPI/IUH 3
BOJIOIO (H20) IK OCHOBHOIO PIIMHOIO Y BEPTUKAJIBHOMY IIPSIMOKYTHOMY KAHAJII
Bimny Pam [lac, [1.H. lexa
Daxynemem mamemamuxu, Yuisepcumem [Jiopyeapx, Hdiopyeapx-786004, Accam, Inoia
VY wmi#t crarti Oyno mpoBeaeHO MOpiBHsUIBHE AocimkerHss MI'Jl BUMyIIeHOT KOHBEKTHBHOI Tedil Ui eheKTUBHOCTI Teruionepenadi
pisanx Hanodmoinis 3 Boxoro (H20) stk 6a30B0I0 pinuHOI0. Y BOMY AOCHIIKEHHI MOTIK Yepe3 BePTUKAIBHUI NPIMOKYTHHI KaHAI
po3risaBcs B IPHCYTHOCTI CHIBHOIO MAarHiTHOTO HoJis. Y IIbOMY JIAaMiHApHOMY HOTOLI MM PO3TIIIIA€MO CTiHKH KaHANLy SIK
€JIEKTPUYHO HEIPOBi/IHI, Jie oIepevHe MarHiTHE MoJIe i€ HOPMaJIbHO Ha CTIHKH KaHaiy. /KoyseBa Teruora Ta epeKTH po3CiloBaHHS
B’SI3KOT PiIMHH BPAaXxOBYIOTHCS B CHEPreTHYHOMY PIBHSHHI, 1, KpIM TOTO, CTIHKM KaHaly 30epiraloThcsl NpH IOCTiiHII Temmepatypi.
Byno npuiiHsITO SIBHHH KiHIIEBO-PI3HHUIEBHII METON i3 APIOHOIO CITKOIO B KOHTPOJIBHOMY 00’€Mi IJIsl pO3B’si3aHHS KEPIBHUX PiBHIHBb
uporo MI'J[-moroky HaHopizuuu. OOUHCITIOBaNIbHI MpOLECH 3HIHCHIOIOTHCS 3a nonomoroio kogy MATLAB. V wiit po6oti mMu
rpagiuHo moOyxyBaiy rpad)iki MBUIKOCTI MMOJIiB MOTOKY, IHAYKOBAaHOTO MAarHITHOTO MOJISL Ta TEMIEPATypH AU pi3HUX 3HaueHb MI'J]
rapaMeTpiB MOTOKY ILIIXOM 3MiHHM TerroBoro gucia I'pacroda (Gr), uncma 'aprmana (H.), uncna Peitnonsaca (R.), uncna Exepra
(Ec), aucno Ipannras (Pr), maruitHe uncio Peiinonbaca (Rm) 1 00’ €MHy 9acTKy HAHOYaCTHHOK (@) BiIIOBIHO.
KnrouoBi cmoBa: sumywena xonsexmusna MIJ] meuis;, nanognioiou; cmitikuil;, senuti memoo Kinyesux pisnuys (EFDM);
8ePMUKATILHUL NPAMOKYIMHUL KAHAT
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The paper studies effect of induced magnetic field on laminar convection flow of a viscous electrically conducting incompressible fluid
between two parallel porous plates at constant temperature gradient in presence of a uniform inclined magnetic field. An angle (0) is formed
with the vertical line by applying a magnetic field in that direction and field is strong enough to induce another field along the line of flow.
Using the proper similarity transformations, the flow equations are converted into ordinary differential equations, which are then
numerically solved by using MATLAB's bvp4c solver. Plotting of the graphs allows one to examine the effects of several critical parameters
such as Hartmann number, Darcy number, Magnetic Reynolds number, Prandtl number, and Field inclination on velocity field, induced
magnetic field, temperature field at the plates. The acquired results demonstrate that the flow system is effectively influenced by the field
inclination, the magnetic parameter, and the plate porosity. The rise in field inclination leads to an increase in magnetic drag force.
Keywords: Induced magnetic field; Free convection, Porous plate; MHD; Temperature gradient

PACS: 47.85.-g

INTRODUCTION

Since last two decades, many researchers have studied on the Magnetohydrodynamics viscous incompressible flow
in the presence of an external magnetic field (magnetohydrodynamic flow) and receiving great attention because of its
large number of applications such as in the field of industry, technology, energy generation, geophysics and geo-thermal
activities, astrophysics, nuclear science, combustion modelling, plasma studies, oil exploration and many others. For
example, nowadays MHD generators are widely used for power generation, MHD pumps are used in chemical energy
technology for pumping electrically conducting fluids at atomic energy entre, pinching hot plasma, purification of crude
oil, in the case of manufacturing of glass, use of MHD flow meter in measuring the speed of a ship etc. Such kind of flow
are normally designed under the supposition of unchanged temperature and constant heat flow rate intensity in presence
of externally applied magnetic field. However, the flow is always influenced by the imposed magnetic field by means of
its induced magnetic field. The field induces electromotive magnetic force that in turn effects the velocity field and
ultimately controls the flow. Further, direction of applied magnetic field is always important, because in comparison to a
magnetic field that applied along the flow, a transversed magnetic field acts differently, it generates more drag force and
thereby dissipates much energy. The magnetic drag force acts upon the suspended particles and rearrange them according
to their concentration depending upon the strengths of the field. This also strongly changes the pattern of heat transfer
and energy density within the flow system. Thus, the behaviour of flow system highly depends upon the strength of the
applied magnetic field and its inclination with respect to the direction of flow. This is why the consideration of effect of
induced magnetic field and its inclination are highly important both in terms of theoretical and experimental point of view.
In MHD flow, energy balance is considered by the internal energy due to conduction and convection of heat with the
stream, generation and dissipation of heat due to viscous friction and porosity friction, and energy dissipation due to effect
of induced magnetic field. Although the effect of heat radiation is always there, but its contribution is much smaller and
negligible within the moderate range of temperature.

There has been a significant undivided attention in research activities in MHD free convection flow within vertical
parallel plates. As far our knowledge goes, the most relevant problem of magnetohydrodynamic flow in the presence of
applied transverse magnetic field between two parallel plates was first discussed by Hartmann [1]. Later on, by
Schercliff [2], Soundalgekar [3], Raptis and Singh [4]. Between two vertical plates, laminar convection flow through a
porous media was examined by Soundalgekar and Bhatt [5]. In their discussion of laminar convection flow between two
vertical porous plates in the presence of uniform magnetic field under varying medium permeabilities, Das and Sanyal
[6] addressed conducting incompressible fluid flow behaviour. A vertical channel with constant temperature and constant
heat flux on the walls was studied by Paul et al. [7] for transient free convective flow. Chakraborty and Borkakati [8] had
studied unstable free convection MHD flow.

Pop et al. [9] have discussed the laminar boundary layer flow due to a continuously moving flat plate. Unsteady
magnetohydrodynamic free convective flow and heat transfer along a vertical porous plate with variable suction and
internal heat generation was studied by Sharma and Singh [10]. Palani and Srikanth [11] also studied the hydrodynamic
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flow past a semi-infinite vertical with mass transfer. A numerical analysis of the hydromagnetic free convective flow in
the presence of induced magnetic field has been studied by Singh et al., [12]. Jha and Sani [13] have investigated the
symmetric heating caused by induced magnetohydrodynamic natural convection flow of an electrically conducting and
viscous incompressible fluid in a vertical channel. Kumer and Singh [14] have discussed the unsteady
magnetohydrodynamic free convective flow past a semi-infinite vertical wall by taking into account the induced magnetic
field. Sarveshanand and A.K. Singh [15] studied the MHD free convection between vertical parallel porous plates in the
presence of induced magnetic field. Hamza [16] studied the free convection slip flow of an exothermic fluid in a
convectively heated vertical channel. Recently, Goswami et al. [17] have studied unsteady MHD free convection flow
between two heated vertical parallel plates in the presence of a uniform magnetic field. Induced magnetic field effect on
MHD free convection flow in nonconducting and conducting vertical microchannel walls has been investigated by Goud
[18]. In a vertical annular micro-channel with a radial magnetic field, B.K. Jha and Babatunde Aina investigate the effect
of an induced magnetic field on magnetohydrodynamic (MHD) natural convection flow. A discussion of Jumanne
Mng'ang'a [20] is found in Effect of chemical reaction and joule heating on MHD generalized couette flow between two
parallel vertical porous plates with induced magnetic field and Newtonian heating/cooling.

In this paper, we have studied the laminar convection flow of a viscous electrically conducting incompressible fluid
between two parallel plates in presence of a uniform inclined magnetic field at constant temperature gradient. Magnetic field
is applied in the direction making an angle 6 to the vertical line and field is strong enough to induce another field along the
line of flow. In almost all the previous such kind of studies, the inclination of the applied magnetic field and heat dissipation
due to porosity of the medium are ignored, so we have considered those along with the effect of induced magnetic field. The
aim of this paper is to make computational study and analysis of velocity field, induced magnetic field, temperature field at
the plates for different values of non-dimensional physical quantities such as Hartmann Number, Darcy number, Magnetic
Reynolds number, Prandtl number and the field inclination A(=cos 0). The problem has its significant in numerous
applications, including the extrusion of polymers in the production of nylon and rayon, the pulp and textile industries, in
power technology, in petroleum industry on purification of crude oil, solid fuel rocket nozzles used in guided missile system,
flow of polymer solutions in industry, construction of wet-bulb thermometer, and in many other engineering and industrial
fields. When such a conducting fluid flows in presence of a magnetic field, the flow is influenced not only by the applied
magnetic field but also the induced magnetic field. There are interactions among the conducting fluid particles with the
magnetic flux that in turn modifies the flow pattern, flow properties, and the heat transfer. It is also possible to control
effectively the flow by adjusting the magnitude and direction of the applied magnetic field applied. Understanding the
dynamics of such kind of flow, may be a help in controlling technology involving MHD flow and devices, such as MHD
power generator, thermonuclear power devices including industrial, geophysical, astronomical, and in variety of geophysical
and geothermal settings.

MATHEMATICAL ANALYSIS
In the horizontal direction, we have studied a laminar convection flow of an electrically conducting viscous
incompressible fluid between two porous parallel plates (Fig. 1); the X-axis is taken horizontally along the fluid motion,
and the Y-axis is perpendicular to it. Allowing a uniform magnetic field By to be applied in a direction that forms an angle
with the vertical line, this will cause B to induce another magnetic field along the fluid’s motion.

A 0

el

0 »  X-axis

Figure 1. Physical Model of the Problem.

f
l K u=uly) —*

The distance between the plates is ‘2h’. The plates are maintained at constant temperature gradient (I' /h). We
considered the plate temperature Ty, as Ty, = Ty + (' /h) x, where, Ty s the temperature at the origin. The fluid temperature
is assumed to be vary along vertical direction while temperature gradient is supposed to be constant along horizontal
direction. Let u be the fluid velocity along X-axis, therefore the fluid velocity, magnetic field and induced magnetic field
are {u(y), vo, 0}, {Bo(V1 — A2), Bo(1), 0} and {B(y), 0, 0} respectively.

The investigation is carried out on the following basic assumptions,

e Hall effects and polarization effects are neglected.
e The fluid moves with the uniform velocity so that all the physical variables are assumed to be time
independent.
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The governing equations representing flow are as follows:

=0 ()

? (ZZTZ) ~ v (g_;) + (EZZ) (ay) ko — —u =0, )
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Where ko is constant.
The boundary conditions associated with physics of the problem are

u=0, B=0, T=T, aty=+h. (5)

Equations (2)-(4) can be converted to a system of non-linear ordinary differential equations via the similarity
variables,

ety st =to= ()0 (2) 0

After removing asterisks, the transformed equations are
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It is notable that the continuity equation (1) is identically satisfied i.e. the proposed velocity is suitable with the
continuity equation.
The boundary conditions (5) in terms of the similarity variables (6) becomes

u=0, B=0, =0 at y=+1. (10)

SOLUTIONS OF THE EQUATIONS
In this paper, solutions of the nonlinear coupled equations (7)-(9) subject to the boundary conditions (10) are solved
by using “MATLAB built-in bvp4c solver technique” for different values of physical parameters. Therefore, we have
transformed the ordinary differential equations into a set of first order differential equations as given below:

Let,
u=y(l), u'=y(2),B=y(3), B'=y4), ¢=y(5), ¢'=y(©). an
The transformed first order differential equations are
Y'(2) = Re x y(2) =52 4 y(4) + ko + 5o y(D), (12)
y'(4) = Rexy(4) — A * Ry x y(2), (13)
y'(6) = Pr [Re * y(6) + E(y(2)* + 13 + (@)% + 2 y(1)* + K + y(1). (14)

The transformed boundary conditions are:
y0(1) =0, y0(3) —0, y0(5) — 0, y1(1) — 0, ¥y1(3) — 0, y1(5) — 0. (15)

RESULTS AND DISCUSSIONS
In order to get the physical insight of the problem, the non-dimensional physical quantities representing velocity field
(u), induced magnetic field (B) and temperature field (¢) are computed for different values of the other parameters such as
Hartmann Number (M), Magnetic Reynolds Number (R.), Darcy Number (Da), Prandtl Number (Pr), and inclination of the
field AM(=cos 0). The effect of these different parameters is shown and analysed graphically in the Figures (2-13).

Velocity Profiles
Figures 2-5 present the variation of the u with A, Da, M and Ry, respectively. The nature of variation within the
channel from lower to upper plate are in almost parabolic shape. Figure 2 elucidates the effect inclination of the applied
field A on u; at a point within the channel, with the rise A (from 0.1 to 1.0) i.e. as the field inclined more and more towards
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vertical, u increases gradually. This is because of decrease of magnetic drag force acting on the flow as the field shifted
towards vertical from horizontal. Figure 3 show that the variation of u for different values of Da where with the increase
of Da, fluid velocity (u) decreases within the channel. Figure 4 shows velocity distribution with respect to M; with the
increase of M maintaining Ry, fixed (21.0), u increases. Figure 5 shows the effect of Ry, on fluid velocity u; with increase
of with Ry, fluid velocity decreases significantly. This is due to the force, called Lorentz force, which causes reduction in
the fluid velocity.
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Figure 2. Variation of u with A
for Re=1.5; M=3.5; Rm=1.0; Da=1.0

Figure 3. Variation of u with Da
for Re=1.5; M=3.5; Rn=1; A=1
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Figure 4. Variation of u with M
for; Re=1.5; Rm=1.0; Da=1.0

Figure 5. Variation of u with Rm
for Re=1.5; M=3.5; Da=1.0; A=1.0

Induced Magnetic field profiles
Figure 7 presents distribution of induced magnetic field (B) within the channel for different values of A; Within the
channel, from lower to upper plate, the variation of B seems to be sinusoidal where the magnitude of B increases as it
inclined more and more towards vertical i.e. field inclination has an effect on generation of induced magnetic field. Figure
8 presents distribution of B within the channel for different values of Ri; with the increase of Ry, the magnitude of B also
increases within the channel.
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Temperature profiles

Figure 9-13 each of them illustrates the variation of temperature profile (¢) with Da, M, R, K and Pr respectively,
which are also seen to be almost parabolic shape within the channel form lower to upper plate. Figure 9 elucidates the
temperature profile (¢) within the channel for various values of Da, ¢ increases with the rise of Da. There is an increase
in the temperature profile across the wall as the Darcy number increases. This is because of the increased permeability of
the material; the convective mode becomes stronger as the Darcy number rises. The rate of variation of fluid temperature
(¢) is more in upper half than the lower one within the channel. Figure 10 depicts the temperature profile with M, it is
seen that, an increases of Hartman M leads to a decrease in the temperature profile. Figure 11 shows the variation of
temperature with Rm. It is observed that with rises of Rm, fluid temperature (¢) increases. Figure 12 shows the variation
of temperature profiles (¢) within the channel for various values of K; (¢) increases with the rise of K. The rate of variation
of fluid temperature (¢) is more in upper half than the lower one within the channel. Figure 13 shows that the impact of
Pr on temperature profile (¢); fluid temperature decreases with the increase of Pr.
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CONCLUSIONS

We have studied the effect of magnetic field inclination under the action of induced magnetic field on laminar
convection flow of a viscous electrically conducting incompressible fluid between two parallel porous plates at constant
temperature gradient. From above results and discussion, it can be concluded that fluid velocity increases with rise of
field inclination of the applied magnetic field from horizontal to vertical. Induced magnetic field and permeability of the
medium have influence on fluid velocity, fluid temperature as well. Fluid velocity decreases with the increase of the Darcy
number and magnetic Reynold number. In the present physical setup of the problem, within the channel the induced field
varies sinusoidally from lower to upper plate; magnitude of which increases with the rise of field inclination from
horizontal to vertical. Medium permeability and induced magnetic field affects the fluid temperature significantly. Fluid
temperature increases with the increase of the medium Permeability, Magnetic Reynolds number and the temperature
gradient but decreases with the rise of Hartmann number and Prandtl number. Such kind of hydrodynamic behaviour often
occurs in a fluid motion where a conducting fluid flows in presence of magnetic field that induces another field where
working velocity, temperature and other flow parameters may be manageable by adjusting the magnitude and direction
of the applied magnetic field. The results have relevance in the applications advent of technology that involves MHD
flow system and devices such as MHD power generator, thermonuclear power devices, in petroleum industry, on
purification of crude oil, solid fuel rocket nozzles used in guided missile system, flow of polymer solutions in industry
(in case of extrusion of polymers in the production of nylon and rayon), construction of wet-bulb thermometer, and in
many such fluid flow relating to engineering and industrial fields.

Nomenclature
uwo. L . ap .
= ; Kinematic viscosity; Pl K, Temperature gradient.

9
voh
Re = (%), Reynolds number; M = Byh [%, Magnetic parameter

Pr = (2)’ Prandt] number, R, = (ap,0), Magnetic Reynolds number;
a
E = I‘C(;_ZhZ’ Eckert number; Iy = @, Magnetic diffusivity.

Da = % , Darcy number;
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BIIVIMB IHAYKOBAHOI'O MATHITHOTI'O ITIOJISI HA MI'] HOTIK MIDK IBOMA IMAPAJIEJIbHUMU ITIOPUCTUMH
IJIACTUHAMH ITIPU HASIBHOCTI HOCTIAHOI'O I'PAJIIEHTA TEMIIEPATYPH
HAXWJIEHOI'O MATHITHOI'O ITOJIA
Kankana Paoxa?®, Caaim [Ixxa6en Anb-Xaep?®, HlbsamanTa Yakpadopri®
“Kagpeopa mamemamuxu, Yuisepcumem Iayxami, I'yeaxami, Accam, Inois
YUGC-HRDC, VYuieepcumem I'ayxami, I'veaxami, Accam, Inois

JociimpkeHo BIUIMB iHAYKOBAHOTO MAarHiTHOTO TOJIS HA JIAMIHApHY KOHBEKIIIO B’S3KO1 €JIEKTPOIPOBITHOT HECTHCIMBOI PIIMHH MiX
JIBOMA MapajJelbHUMH IOPHCTHMH IUIACTHHAMH IIPH MOCTIHHOMY TPaji€HTI TeMIIepaTypH 3a HasBHOCTI OXHOPIAHOTO ITOXUJIOTO
MarHitHoro nois. Kyt (0) yTBoproeThbest 3 BEpTHKAIBHOIO JIIHIEIO MUISIXOM 3aCTOCYBAHHS MarHiTHOTO IOJIS B I[bOMY HAINPSIMKY, i TOJIe
€ JOCTaTHHO CHIIBHUM, 1100 IHAYKYBATH IHILE IT0JIe B3JOBXK JIiHIT IIOTOKY. 3a JOIIOMOT'0I0 HAJISKHUX NEPETBOPEHb ITOAI0HOCTI PIBHSIHHS
MIOTOKY HEPeTBOPIOIOTHCS HA 3BUYAlHI Au(epeHianbHi piBHSHHS, SKi IIOTIM YHCENBEHO PO3B’SA3YIOTHCS 3a JIONOMOIOI0 PO3B’si3yBaya
bvp4c MATLAB. ITo0ynoBa rpagikiB 103BoJsiE TOCITIHKYBATH BIUTHB KITBKOX KPUTHYHUX MapaMeTpiB, TAKUX SIK 4uciio ['apTmana,
yucio [lapci, MarHitHe uuciio PeiiHonmbica, yncio IlpaHaTias Ta HaXwil MOJIS HAa HOJE IIBMAKOCTI, iHIYKOBAaHE MarHiTHE IOJE,
TeMIepaTypHe noie Ha miactuHax. OTpuMaHi pe3ylsTaTi JEMOHCTPYIOTh, [0 Ha CHCTEMY Tedii e()eKTHBHO BIUIMBAIOTH HAXHII MOJ,
iHAYKOBaHE MarHiTHE TOJIE Ta MOPUCTICTh MIacTUHH. [1iABUIIIEHHS HAXMITy TOJIS TPH3BOAUTH A0 301TBIICHHS CHIIA MarHiTHOTO OTIOPY.
KunrouoBi cnoBa: inoykosane maznimne none; inbha konsexyis; niuma nopucmoeo muny;, MIJ]; memnepamyprnuii epadienm
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A study to look at how heat and mass transfer affect unsteady MHD flow across an accelerated plate with changing
temperature and mass diffusion in the appearance of a heat source (or sink) through porous medium is presented.
Initially the temperature and concentration of the fluid and plate are considered to be same at t' < 0. At t > 0,
an impulsive uniform acceleration A is applied to the plate in a vertical upward direction. The non-dimensionalised
governing equations defining the flow problem are solved using Laplace transform approach. Effect of various physical
quantities involved in the velocity, concentration, temperature, the rate of heat transfer and also the rate of mass transfer
are investigated through graphs and tables and discussed.

Keywords: Heat transfer; Mass transfer; Accelerated plate; Porous medium; Laplace Transform

PACS: 44.30.4v, 44.05.+€, 66.10.cd, 47.11.-j

1. INTRODUCTION

In nature, the action of mass and heat transfer inside a fluid occurs because of the concentration differences
and temperature differences. The outcome of heat and mass transfer on MHD fluid has drawn the attraction
of numerous researchers due to its diverse applications . Many reserchers have carried out numerious studies
in this field under various flow situation. Heat and mass transmission play crucial role in many different fields
including pump, compressor, steam-electric power generation, automobiles, power plant, gas turbine, energy
utilization, food processing, etc. MHD effect on an impulsively begun perpendicular unbounded plate with
uncertain temperature in the appearance of a transverse magnetic field were investigated by Soundalgekar et al
[12]. Soundalgekar et al. [11] also examined how the mass transfer can effect on the flow of an incompressible,
electrically conducting fluid past an impulsively begun unbounded isothermal vertical plate for a transversely
applied magnetic field. Kumar et al. [8] studied the impact of an impulsive motion on the growth of two-
dimensional boundary layer having applied magnetic field. Variations in mixed convection on an isothermal
perpendicular plate due to radiation have been taken into account by Hossain and Takhar [5]. The stationary
vertical plate was taken into account in all of the investigations above. The effects of MHD and radiation along a
moving, isothermal perpendicular plate with variable mass diffusion have been explored by Muthucumaraswamy
et al. [9]. The impacts of heat radiation and free convection flow through a moving perpendicular plate were
investigated by Raptis and Perdikis [10]. Das et al. [4] have explored the impact of radiation on flow past an
abruptly began unbounded isothermal perpendicular plate.

The thermal diffusion effect on MHD free convection and mass transfer flows have been examined by Alam
and Sattar [3]. Jha and Singh [6] conducted research on the content of thermal-diffusion effects (mass diffusion
caused by temperature differential). The thermal-diffusion effect on impulsively started perpendicular porous
plates, changeable MHD free convection, and also mass transfer flow was examined by Alam et al. [1]. Alam
et al [2] investigated coupled free convection and mass transfer flow and thermal diffusion in porous medium
through a perpendicular plate. The impacts of heat radiation and diffusion on MHD flow via a perpendicular
plate with varying temperature and mass diffusion were investigated by Rajesh and Varma [13]. The effects
of radiation and thermal diffusion on changeable MHD flow through porous media having inconsistent mass
diffusion and changing temperature were studied by Kumar and Varma [14]. Khan et al. [15] examine the
combined impacts of heat and mass transport on the free convection, unstable magnetohydrodynamic flow of
viscous fluid immersed in a porous media. They found that with the increasing values of Prandtl number,
the fluid concentration rises. The impacts of radiation and thermal diffusion on changeable MHD flow via
a vertically accelerated porous plate with changeable temperature and changeable mass diffusion while being
affected by an applied transverse magnetic field, when a heat source or sink is present are investigated by
Ramana Reddy et al. [16]. Thermal Stratification’s impact on the flow through an infinite vertical plate was
studied by Nath et al. [18]. Kalita et al. [19] examined the effect of thermal stratification on the flow passing
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an accelerated plate with changeable temperature. Kumar et al. [20] studied how mass stratification effects the
unsteady flow while passing an accelerated plate with variable temperature..

Motivated from the study of the above discussions the current objective is to understand the effect of heat and
mass transfer in the presence of a heat source or sink through a porous media on changeable MHD flow past an
accelerating plate with varying temperature and mass diffusion. Laplace transform approach is used to derived
the solution. The Sherwood and Nusselt numbers are derived. The found answer is represented in respects of
complementary error functions and exponential functions.

2. MATHEMATICAL FORMULATION

We consider the unstable laminar free convection flow of an incompressible viscous fluid past a plate that is
propelled impulsively and has variable mass diffusion and temperature. Also the fluid is electrically conducting
fluid. Here, the plate is taken vertically upward along the x’-axis, and the y’-axis is considered perpendicular
with respect to plate. It is considered that the fluid and plate are initially at the same concentration C_ and
temperature 7/ at ¢’ < 0. At ¢’ > 0, an impulsive uniform acceleration A is applied to the plate in a vertical
upward direction. Both the temperature level and concentration level are raised from T and C._ to T,, and C},
respectively . The viscous dissipation is regarded as insignificant. Also the induced magnetic field is considered
insignificant. With the standard Boussinesq’s approximation under this supposition, the governing equations
are:

’ ’

8u/ o ’ ’ O’Bgu/ % ’ / 62u u
% gB(T -T,)— P +98*(C —Coo)‘FVW—VF (1)
aT’ 62T/ 8(1,,‘ ’ ’ ’

gy = fgm gy @I -T) @)
Lol 92C’ 9T’
2 — DI 4 D(=——
at/ 8y/2 + 1( 8y/2 ) (3)

with the folowing initial and boundary conditions
t<0:u =0,T =T.,,C =C., for al vy
£ >0:u =A T =T+ (T, —T.)Bt ,C' =C._+(C,,—C..)Bt at y =0
W =0T -T,C -C. as y — o0 (4)
where B = uq—)g and A — uniform acceleration of the plate.

Using the Roseland approximation, the radioactive heat flux term of an optically very thin fluid is made
simpler.

40* OT'4
= — 5
ar 3k Oy’ (5)
It is assumed that 7’4 may be represented as a linear function of temperature and that the temperature
differences inside the flow are suitably modest. This is achieved by disregarding the higher order terms and
expanding 7"4 in a Taylor series up to 7', thus we get

T* =~ 4737 — 3712 (6)
With the help equations (5) and (6), from equation (2) we have

160*T.3 L ,

pCp OT" o*T’
k Ot Oy'2
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On defining the following dimensionless variables:
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we get the follwoing dimensionless governing equation:
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E = %873/2+ 0872/2 (11)

and the relevant corresponding initial and boundary conditions are:
t<0: wu=0, 6=0, C=0 for all y

t>0;, u=t, 6=t, C=t at y=0
u—0, -0, C—=0 as y— (12)

Here the non-dimensional velocity, concentration, temperature and time are denoted by u, C, 8 and t respec-
tively. C), — specific heat at constant pressure, ﬁ/ and 8 — concentration and thermal expansion coefficients
respectively, D is chemical mass diffusivity, D; — coefficient of thermal diffusivity, p — fluid density, 5y —
magnetic induction, u — coefficient of viscosity, v is the kinematic viscosity, R — Radiation parameter, Gr —
Thermal Grashof number, Gm — Mass Grashof number, M — magnetic field parameter, Pr — Prandtl number,
Sc¢ — Schmidt number, Sy — Soret number, K — permeability parameter, H — Heat source parameter.

3. ANALYTICAL SOLUTION

Solutions of the non-dimensional governing equations (9), (10) and (11) with regard to the boundary
condition (12) are solved using Laplace transform approach. We attained solutions as :

0ot) = (5t Lo eV Perse(5 X\ 4 (] - L yeap(yv)
erfC(yz\/;— 0 (13)
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erfc<y2§+ (3~ 9)0) +exp(—y (Y—jX))ech(y;/;— (f(—j)t)} (14)
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Gm[(14+ R)j(Y(Sc—1)+bPrZ) +bY (j(Sc—1) — Z)]

A =
8 jYZ2(1+ R)

NUSSELT NUMBER
From temperature profile (13), the change rate of heat transfer is obtained as

89‘|
Oy o

Nu = t\/?erf(\/?)—l—\/?exp(—?)-i-%)/(?e?“f(\/?) (16)

SHERWOOD NUMBER
From concentration profile (14), the change rate of mass transfer is obtained as

Nu = -—
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4. RESULTS AND DISCUSSION

To examine the physical behaviour related to the problems, figures and tables are presented for velocity (u),
temperature (6) , concentration (C), Nusselt number (Nu), and Sherwood number (Sh), illustrating the results
of numerous parameters involved in the problems. Figure (1) demonstrate how a magnetic field parameter
affects fluid velocity. We have seen that when the magnetic parameter M increases, the velocity drops. It is
due to the result of application of transverse magnetic fileds, a drag-like resistive force is created that tends
to impede the flow of the fluid, reducing its velocity. Figure (2) and (3) are used to illustrate graphically how
temperature and mass Grashof numbers (Gr and Gm) affect the velocity field. The fluid velocity increases as
the thermal Grashof number or mass Grashof number increases when all other parameters remain constant.
Figure (4) shows how the velocity field is affected by the thermal-diffusion parameter (Sp). As the Soret number
rises, the velocity rises as well. To investigate the impact of permeability parameter K, Figure (5) is sketched.
It is discovered that the velocity grows as K is raised. From Figure (6), it can be found that when the radiation
parameter (R) increases, the velocity rises up to a specific y value (distance from the plate), after which it falls
off in the event that the plate cools. Figure (7) reveals how the velocity decreases as the heat source parameter
(H) is increased. The radiation parameter (R) and heat source parameter (H) have a significant impact on
the flow field’s temperature. Figure (8) illustrates how these characteristics affect the flow field’s temperature.
The temperature of the boundary layer rises as radiation parameter increases and temperature falls with the
increase of heat source parameter.

Figure (9) reveals that as the Soret number Sy is increased, the concentration profiles rise. It can be seen
from Figure (10) that as the Schmidt number rises, the concentration field decreases. From figure (11) it is
revealed that the greater the values of radiation parameter the concentration decreases. From Figure (12), we
can see that the greater the values of the Prandtl number Pr, the fluid concentration rises.

It is cleared from Table (1) that Nusselt number rises with rising Prandtl number Pr values, but falls with
rising radiation parameter values. It is evident from Table (2) that Sherwood number rises as Sc rises, while
the pattern is the opposite for high values of Pr and Sy.

—(d-=)

—€

+(d - §> exp(—jt)

5. CONCLUSION

We looked at how heat and mass transfer affected an accelerating plate with changing temperature and
mass diffusion when there was a heat source or sink present through a porous medium. Based on the results
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Figure 1. Effect of various M on Velocity profile
with So =5, Sc =2.01, Gm =1, Pr = 0.71, Gr =
1, K=05 R=2 H=8 t=1and Sc=2.01.
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Figure 3. Effect of various Gm on velocity profile
with Sg =5, Pr =071, H =2, K = 0.5, t = 04,
Sc=201, M =2, R=2and Gr =5.
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Figure 5. Effect of various K on velocity profile
with Sp=5, S¢ =2.01, Gm =5, H = 2, Pr = 0.71,

t=04, M =2, R=2and Gr =5.
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Figure 2. Effect of various Gr on velocity profile
with Sc¢ = 2.01, Sy =5, Pr=0.71, K = 0.5, Gm =
5 H=2t=04,5c=2.01, R=2and M = 2.
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Figure 4. Effect of various Sy on velocity profile
with Pr = 0.71, Gm = 5, Gr =5, K = 0.5, Sc =
201, H=5t=1, R=2and M =2.

Figure 6. Effect of various R on velocity profile
with So =5, Pr=0.71, Gm =5, Gr =5, K = 0.5,
Sc=201,H=5t=02and M =2.
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Figure 7. Effect of various H on velocity profile
with Sy=5, Sc¢ = 2.01, Gm =5, K = 0.5, Pr =
0.71,t=04, M =2, R=5 and Gr =5.
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Figure 9. Effect of Sy on concentration with Pr =
0.71,t=1, R=04, H=1 and Sc = 0.3.
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Figure 11. Effect of R on concentration with Sy =
5 H=1,t=0.2, Pr=0.71 and Sc = 2.01.
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Figure 12. Concentration profiles for various Pr
with So =09, R=2, H=1,t=1and Sc=1.

of our current investigation and graphical analysis, as the values of K and Gr grows, the velocity rises but it
decreases as M increases. The temperature inside the boundary layer increases with rising value of radiation
parameter. The concentration grows with rising value of Sy and Pr, whereas it falls when Sc is increased.
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Table 1. The impact of different parameters on Nusselt number with H =1, = 1.

’ Pr R ‘ Nu ‘
0.71 0.2 1.2277
1 0.2 1.4018
0.71 0.4 1.0545

Table 2. The impact of different parameters on Sherwood number with R = 0.1, H =2 and t = 1.

Pr Sc \ So Sh ‘

0.71 0.6 1 0.3371

1 0.6 1 0.2745

0.71 1 1 0.594

0.71 1 2 0.0596
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In this study, La1xBixFeOs (x=0.0, 0.2, 0.4, and 0.6) perovskite nanoparticles were synthesized by a modified Pechini method. Rigorous
analysis through XRD and SEM/EDX confirmed the absence of secondary phases in both pure and Bi-substituted LaFeOs samples,
indicating the formation of a single-phase perovskite. SEM images revealed the quasi-spherical shape of the particles. The
photocatalytic activity of LaixBixFeO3 (x=0.0, 0.2, 0.4, and 0.6) was evaluated by the degradation of ortho-Toluidine Blue under visible
light irradiation, indicating that Lao sBio2FeOs exhibited excellent photocatalytic activity. The overall removal rate of o-Toluidine Blue
reached 90.09% after visible light irradiation lasting for 60 min. We attribute this heightened photocatalytic activity to the grain size
and optical properties of prepared sample. Consequently, the LaosBio2FeOs can be considered as a very promising photocatalyst in
future industrial application to treat effectively wastewater of dyes.

Keywords: LaiBixFeOs,; Ortho-Toluidine Blue dye; Modified Pechini method; Visible-light photocatalysis; Wastewater treatment
PACS: 81.20.Ka, 81.16.Hc, 89.60.-k

INTRODUCTION

The rapid expansion of urbanization and industrialization, coupled with soaring global population growth, has
significantly exacerbated the issue of water pollution [1]. Approximately 1.2 billion people worldwide, particularly in
developing nations, grapple with the alarming consequences of water contamination, which extend far beyond
environmental degradation [2]. Water pollutants pose a grave threat to human health, contributing to respiratory disorders,
dermatitis, asthma, mutagenicity, and even cancer and other diseases [2-7]. This dire scenario underscores the need for
innovative and effective wastewater treatment technologies. Dye wastewater is one of the most difficult degradable
industrial wastewater, due to its variety, complicated organic composition and poor biochemical degradability, even
including toxic ingredients which can weaken the microbial mineralization of organic pollutants and lead to the
destruction of water ecological system[8]. Effective wastewater treatment plays a pivotal role in safeguarding public
health and the environment. This vital process involves the removal of contaminants and pollutants from wastewater,
rendering it suitable for safe discharge into the ecosystem or potential reuse. However, the complexity and scale of this
challenge have prompted the exploration of innovative, sustainable solutions [9].

In recent years, photocatalytic technologies have emerged as promising strategies for advanced wastewater treatment
[10-12]. These methods harnesses the power of photocatalysts, typically semiconducting materials, to accelerate the
degradation of both organic and inorganic pollutants when exposed to light irradiation. Semiconductor photocatalysis, in
particular, has attracted considerable attention due to its cost-effectiveness, non-toxicity, high chemical and thermal
stability, and eco-friendly nature [13,14]. Traditional semiconductor photocatalysts, like TiO,[15, 16], ZnO [15, 17], and
Sn0,[18], have been extensively employed in photocatalysis due to their affordability, stability, and low environmental
impact. However, their limited ability to utilize solar energy, primarily in the UV range, has driven the exploration of
narrow band gap semiconductors, which can absorb a broader spectrum of solar radiation, especially in the visible light
region [19].

Perovskite materials, have emerged as a compelling class of narrow band gap semiconductors for photocatalytic
applications [20]. Their unique structural characteristics and synthesis processes significantly influence their
photocatalytic efficiency, making them versatile for diverse applications, including gas sensing [21], water splitting [22],
and the photocatalytic degradation of organic pollutants [23, 24]. Among the narrow band gap semiconductors, LaFeOs
stands out as a promising photocatalyst, with several studies emphasizing its synthesis and efficacy in the
photodegradation of organic dyes under visible light irradiation [25-28]. LaFeOs, with a narrow band gap of only 2.0 eV,
exhibits exceptional potential for utilizing visible light from the solar spectrum, rendering it highly suitable for
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photocatalysis under sunlight [29]. Its outstanding photocatalytic properties have propelled LaFeOs into the spotlight,
attracting attention for its applications in water treatment.

The catalytic performance of LaFeO; perovskite in wastewater dye removal processes has been investigated.
Thirumalairajan et al. [30] studied the catalytic activity of the LaFeO3; microsphere to degrade Rhodamine B (RhB),
whereas Deng et al. [31] studied its adsorption behaviour for RhB. On another hand, Mocwana et al. [32] studied the
activity of the lanthanum ferrite using the photocatalytic degradation of ortho-toluidine blue (0-TB) under visible light.
To further enhance the photocatalytic performance of LaFeOs, modification strategies, such as doping with various
elements, have been widely explored [33]. In this context, Cu-doped LaFeO; catalysts have demonstrated remarkable
efficiency in the decolorization of both cationic and anionic dyes under visible light irradiation [34]. Also, experiments
of radical trapping in Sr-doped porous LaFeOs; samples reveal that *OH species are dominant intermediate oxidants
involved in the oxidation of 2,4-DCP and RhB over the optimized sample [35].

The visible light-driven degradation of o-Toluidine Blue (0o-TB) will be the focus of this investigation, shedding
light on the potential of Bi-substituted LaFeO; perovskite photocatalysis in addressing these pressing challenges.
Photocatalysis can be used to degrade or break down certain organic compounds, including dyes like 0-TB, that may be
present in water and contribute to water pollution. The effect of photocatalysis on o-TB as a water dye may result in the
degradation of the dye molecules, reducing its concentration in the water. This process can be effective in treating water
contaminated with certain organic dyes, which are common pollutants in industrial wastewater. In this study, the
structural, morphological, optical evaluation and photocatalytic performance of a series of La;—«BixFeOs (x=0.0, 0.2, 0.4,
and 0.6) would be emphatically discussed.

EXPERIMENTAL
Material Preparation

The technique of modified Pechini method was employed for the synthesis of Bismuth-doped Lanthanum ferrite
La;.«BixFeOs. Specifically, precise amounts of Lanthanum nitrate (La(NO3);-6H,0, Sigma-Aldrich, >99.0%), Bismuth
nitrate (Bi(NO3)3-5H,0, Sigma-Aldrich, >98.0%), and Ferric nitrate (Fe(NOs)3-9H,0, Sigma-Aldrich, >98.0%)were
utilized as initial reagents to produce La;«BixFeOs(x =0, 0.2, 0.4, and 0.6). The raw materials were dissolved in 100 ml
of double-distilled water to create a transparent solution, which was then evaporated at 60 °C while being continuously
stirred using a magnetic stirrer. Additionally, nitric acid was incrementally introduced during the stirring process to
regulate the pH. The solution was then supplemented with citric acid (Sigma-Aldrich, >98.0%), Ethylene Diamine Tetra
Acetic acid (EDTA, Sigma-Aldrich, >98.0%), and ethylene glycol (Sigma-Aldrich, >98.0%), as well as other chemicals
to create a brown precursor solution. The solution is then heated to 120 °C (10 °C/min) until it solidifies into a dry gel.
The gel then turns into a puff as the temperature rises to 350 °C. The resulting puff was dried for 10 hours at 110 °C to
produce a dark brown powder, and the soft powders were then calcined for 12 hours at 600 °C with a 5 °C/min rate. The
light brown powder was then heated for 24 hours at 800 °C in the air using a tubular furnace (R 50/500/13 Nabertherm
model). To obtain the phase, this operation is repeated twice (Fig. 1).
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La(NOz):+6H:0 mixing citric acid .*/ ;I\r\;oe\ne
0 Fe(NOs)e+3H0 = ~_VEDTA Gel
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Figure 1. Schematic representation of the elementary steps of La; «BixFeOs; (x = 0.0,0.2, 0.4, 0.6) perovskite preparation
using the modified Pechini method

Material Characterization
Phase identification and unit cell parameter determination were checked using powder X-ray diffraction (XRD) at
room temperature. Powder X-ray diffraction (PXRD) patterns were recorded on a Proto AXRD Benchtop diffractometer
in Bragg-Brentano 0-20-geometry with CuK, radiation (\=1.5418 A) operating at 30 kV and 20 mA. Regarding the
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examination of the synthesized samples, their morphology was investigated utilizing a Thermo Scientific Quattro ESEM
scanning electron microscope. Simultaneously, the compositions were analyzed using energy dispersive X-ray (EDX)
spectroscopy, employing a Zeiss SmartEDX detector integrated into the Zeiss Evol5 Scanning Electron Microscope
(SEM). This setup is designed for observing dry and conducting samples. In addition, Fourier transform infrared (FTIR)
spectra were recorded in the range of 2000-450 ¢cm™! using an IR Spirit - Shimadzu Fourier transform infrared (FTIR)
spectrometer. The as-synthesized powders were also analyzed using a Shimadzu UV-visible spectrometer, specifically
the Shimadzu UV-1900.

Photocatalytic Activity
In this study, we investigate the photocatalytic degradation of o-TB in the presence of La;.\BixFeO; (x = 0.0, 0.2,
0.4, 0.6). The experimental work begins by adding 5 mg of the catalyst to a 5 ml o-TB solution. The prepared solution is
made using distilled water at a concentration of 4x10- mol/L. Following this, the solution is exposed to sunlight for
varying durations (10, 20, 30, and 60 min) at room temperature and a neutral pH. On the other hand, the catalyst is
separated through centrifugation, and a spectrophotometer (Shimadzu 1900 model) is used to detect absorbance values at
629 nm. Furthermore, the calculation method for degradation efficiency is presented in the following equation:

degradation(%) = @ % 100. 1)
0

Where Cyis the concentration of o-TB solution at the reaction's beginning and C; its concentration of pollutants at
time t.

RESULTS AND DISCUSSION
Structural, Morphological and Elemental Analysis
In Fig. 2, the X-Ray Powder Diffraction patterns of the pure and Bi**-substituted LaFeOssamples are displayed.

[ x=0.6]
x=0.4]
x=0.2|
[— x=0.0|

Intensity (arb. units)
1 1

2 Theta ()
Figure 2. X-Ray powder diffraction pattern of La;.\BixFeOs (a) x=0.0, (b) x=0.2 (c) x=0.4 and (d) x=0.6

The Rietveld refinement method [36] has been used for structural analysis, and using the ReX is a powder diffraction
software [37]. On the orthorhombic Pbnm (N° 62) space group, it is possible to refine all of the peaks of La;BiFeO;(x =
0.0, 0.2, 0.4, and 0.6) samples. The calculated lattice parameters, unit cell volume, refinement factors are summarized in
Table 1, and the final Rietveld refinement plot is presented in Fig. 3.

Table 1. Crystallographic parameters of LaixBixFeOs samples as obtained from Rietveld refinement

Samples x=0.0 x=0.2 x=0.4 x=0.6
Lattice parameters (A):

a 5.5561 5.5513 5.5577 5.5522
b 5.5679 5.5695 5.5788 5.5905
c 7.8428 7.8542 7.8438 7.8395
Unit cell volume (A%):

\% 242.62 242.84 243.20 243.33
Fit goodness:

Rp (%) 11.42 7.49 12.84 14.28
Ruwp (%) 17.39 12.81 17.96 20.40

The absence of a second phase in the doped samples shows that the Bi** ions have completely dissolved into the
host lattice by taking the place of the La**. The La;.«BixFeOs (0<x<0.6) unit cell volume is constant in the range of the
error standard deviation (e.s.d.) with the addition of Bi. This result is due to the very closeradius of Bi*"ion (r(Bi*")=1.17
A) compared to the La*" ion (r(La*")=1.16 A) [38], which is evident from the XRD peak's slight shift towards a higher 20
value in Fig. 3.
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Figure 3. Rietveld refinement of experimental XRD pattern of LaixBixFeOs samples (a) x=0.0, (b) x=0.2, (c) x=0.4 and (d) x=0.6
refined at room temperature
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Figure 4. SEM morphology and EDX spectra of LaixBixFeO3 samples (a) x=0.0, (b) x=0.2, (c) x=0.4 and (d) x=0.6
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Using spot measurements on powder samples, energy dispersive x-ray (EDX) spectroscopy was used to determine
the quantitative composition of pure and Bi*'-substituted LaFeO; nanoparticles. Within the limit of experimental error,
the EDX analysis shows consistency with the predicted stoichiometry. The EDX spectrum confirms the desired samples
(Fig. 4). Also, scanning electron microscopy (SEM) was utilized to examine the surface morphology of the prepared
samples. As illustrated in Figure 4, the morphology of the studied samples shows a spherical shape of grains, similar to
that of sand grains.

Both the dispersion and morphology of grains remained largely unchanged despite doping samples with Bi*" ions.
However, as the concentration of Bi substitution increased, agglomerated spherical particles began to form and grew in
size.

FTIR Analysis

Figure 5 displays the FTIR spectra of pure and Bi-substituted LaFeO; in the range of [2000-450] cm™'. It is important
to note that the respective spectral ratios are almost similar from one to another, differing primarily in peak intensity. This
difference can be attributed to variations in molar concentration composition. The strong absorption band at
approximately 536 cm™! can be attributed to the (Fe-O) bending vibration characteristics of the octahedral FeOg groups in
La;«BiyFeOs. Additionally, the bands between 700 and 400 cm™ are mainly attributed to the formation of metal
oxides [39].

On the other hand, the bending vibration of the La-O bonds may be responsible for the bands 717 cm™ [23].
Additionally, we observe that there are two closely bands, the first of which is at 1385 cm™'and the second at 1485 cm™'.
They are attributed to NOs™ and N-H respectively, and both come from reacted precursor raw materials; they are neighbors
and weak [40].
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Figure 5. FTIR spectra of LaixBixFeOs3 (x=0.0, 0.2, 0.4 and 0.6) nanoparticles

The La/Fe-O bending vibration modes do not change in frequency with increasing Bi content up to x=0.6, confirming
that there has been no lattice deformation and, consequently, no changes in the length of the La/Fe-O bond, as supported
by the XRD analysis.

Optical Study
In order to describe the optical properties of the La;«BixFeOs; (x=0.0, 0.2, 0.4 and 0.6) nanoparticles, UV-Visible
spectroscopy is used. From Tauc's plot, the bandgaps of the prepared samples were taken. Tauc's equation [41] mentioned
below in eqt. 2 can be used to calculate the relationship between absorption coefficient («) and incident photon
energy (hv).
(chv)? = A(hv — E,) )

where a is the optical absorption coefficient, hv is the photon energy, E, is the direct band gap, and A is constant.
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E, for direct transitions is obtained by extrapolating the linear parts of the curves toward absorption equal to zero
(Fig. 6). Pure LaFeOsis thought to have a direct band gap of 2.2 eV. However, E; values decrease to 1.86, 1.76,
and1.54 eV, respectively, for Bi substitutions of 20, 40, and 60%.
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Figure 6. Tauc plots for optical absorption curves of La;«BiFeOs samples
(a) x=0.0, (b) x=0.2, (c) x=0.4, and (d) x=0.6.

Furthermore, the value of E, can be decreased through Fe—O octahedral restructuring of molecular orbitals and
nanoparticles length scale [42—44]. This reduction could also be attributed to the direct energy transfer occurring between
the excited states of the semiconductor and the 3d levels of Bi** ions [45].

Evaluation of the Photocatalytic Efficiency

The photocatalytic degradation of O-toluidine blue (0-TB) was examined using La; «xBixFeO; (x =10.0, 0.2, 0.4, 0.6)
under the influence of solar irradiation. The results show that most of the 0-TB dye is removed within 60 minutes (Fig. 7).

Table 2 shows that the photocatalytic activity of La;«BixFeOs (x = 0.0, 0.2, 0.4 and 0.6) samples decreases with an
increase in their average grain size. This can be attributed to the fact that smaller particle size with a larger surface area
per unit volume provide more active sites for photocatalytic reactions, leading to a higher photocatalytic degradation rate,
especially in the case of spherical nanoparticles with smaller particle sizes [46-48]. This principle applies to the spherical
shape of the grain morphology in the studied samples.
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Figure 7. UV-Vis time-dependent absorption spectrum during the photocatalytic reaction of o-TB for Lai.xBixFeOs
(x=0.0, 0.2, 0.4 and 0.6) samples

Table 2. Photocatalytic activity vs. Average particle size for La1-xBixFeOs (x =0.0, 0.2, 0.4 and 0.6) samples.

Catalyst Photocatalytic Average particle
activity (%) size (nm)
LaFeOs 79.50 85
Lao.sBio2FeOs 90.09 76
Lao.cBio4FeOs 86.28 78
Lao.4Bio.cFeOs 66.68 108
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The highest photocatalytic activity (90.09%) was observed for Lag sBig2FeOs, which has the smallest average grain
size (76 nm). Additionally, the photocatalytic activity of Lag¢Bip4FeOs; (78 nm) was slightly lower (86.28%), but still
higher than that of LaFeOs (79.50%) and Lao4BigsFeOs, which exhibited a rate of 66.68% (Fig. 7). Therefore, these
results support the notion that the average grain size and the shape of grains are an important factor in determining the
photocatalytic activity of La;.\BixFeOs.

In contrast, data obtained by Mocwana et al. [32] indicate that the optimal degradation rates for o-TB, using LaFeO3
nanosheets, resulted in a catalytic degradation of 37% over 30 minutes. Notably, this rate remains lower than all the values
obtained in our experiments for the same duration.

Furthermore, it was observed that an increase in the amount of Bi up to 20% within 60 minutes of the reaction time
significantly enhances removal efficiency. This improvement can be attributed to the increased formation of hydroxyl
radicals.

Conversely, a further increase in the Bi ratio decreases the removal efficiency of the o-TB dye. This can be attributed
to (i) the increase in the average grain sizes, and (ii) the blocking of UV light penetration with an increasing amount of
Bi [49, 50].

This can be interpreted as when the catalyst load is small, the catalyst absorbs fewer photons for the photocatalytic
reaction, resulting in lower photocatalytic activity. As the catalyst loading increases, the number of photon absorption
centers and activity centers on the catalyst surface increases, thereby increasing the catalyst's activity. However, with
further increases in catalyst loading, the number of photons tends to become saturated. This heightened catalyst loading
may lead to light blockage, consequently affecting the photocatalytic efficiency [51]. Thus, the narrow band gap value of
Lag sBio.FeOs (1.86 eV) nanoparticle suggests its potential as a promising candidate for the excellent purification of
wastewater containing o-TB dye.

CONCLUSIONS

In conclusion, the perovskite-type La;.«BiFeOs photocatalysts was successfully synthesized using the modified
Pechini route, and their performance for photodegradation of o-TB dye wastewater was studied. XRD and EDX
combination studies proved that all samples have an orthorhombic structure with a single-crystalline orthorhombic
structure, and the average grain size samples increased by increasing of Bi-substitution to be 85 nm, 76 nm, 78 nm, and
108 nm for x=0.0, 0.2, 0.4, and 0.6 respectively. Morphological and optical properties of the perovskite-type
La;«BixFeOssamples exhibited a well-crystalline form and excellent band gap energy respectively. A photocatalytic
reaction was conducted to test the degradation ability of the synthesized samples towards o-TB dye. The reaction was
monitored over a period of 60 min while using the UV-Vis to observe the degradation activity. The most photocatalytically
active sample for decomposition of 0o-TB under visible light was LagsBio,FeOs. This nanoparticle acts as an excellent
photocatalyst for the degradation of o-TB dye with 90.09% efficiency in 60 min under natural sunlight irradiation. This
sample have the smallest average grain size and a band gap energy in the range of semiconductor materials. These results
give hope for future application of this material in photocatalytic degradation of various organic pollutants present in
polluted water under natural sunlight. Hence, this nanoparticle may be well exploited for the remediation of the polluted
water under natural sunlight on a large scale.
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VY upoMy OCiipKeHHI HaHouacTHHKHU nepoBekity LaixBixFeOs (x=0,0, 0,2, 0,4 i 0,6) Oynu cuHTe30BaHi MOJU(DIKOBAHUM METOIOM
[exini. Perensanii anani3 3a gonomororo XRD Ta SEM/EDX minTBepauB BiACYTHICTH BTOPHHHUX (a3 SIK y YHUCTHX, Tak i B Bi-
3amimenux 3paskax LaFeOs, mo Bkasye Ha yTBOpeHHs ogHO(a3HOro neposckity. CEM-300pakeHHs BUSBHIIN KBa3icepuaHy Gopmy
yactuHOK. Dotokaramitnuny aktuBHicTh LaixBixFeOs (x=0,0, 0,2, 0,4 i 0,6) omiHIOBaNM 3a JETPANAIiEld OPTO-TONYITUHOBOTO
CHHBOTO IIiJ OIPOMIHEHHSM BHIWMHM CBITJIIOM, IIO BKazye Ha Te, mo LaosBio2FeOs; memoncTpye uymoBy ¢orokaTamiTHIHy
aKTHUBHICTh. 3arayibHa IIBUIKICTh BuAaieHHs o-Toluidine Blue mocsrna 90,09% rmicist onpoMiHEHHST BUAUMHM CBITJIOM IIPOTAIOM
60 xB. MM IOSICHIOEMO LIIO ITiIBUIIEHY (OTOKATATITHYHY aKTUBHICTD PO3MIpOM 3epHa Ta ONTUYHHMH BIACTHBOCTSIMH I ITOTOBJIEHOTO
3paszka. Orxe, LaosBio2FeOs MoxHa posrismaTé K JykKe NEpCHeKTHBHHI ()OTOKATamizaTop y MalOyTHbOMY HPOMHUCIOBOMY
3aCTOCYBaHHI JJIs1 €(pEKTHBHOTO OYMIIEHHS CTIYHUX BOJ BiJl OapBHHKIB.
Kuntouosi cioBa: Lai.BiFeOs; 6apsuux opmo-monyiounoguil cunitl; moougikosanuti memoo Ileuini; ¢pomokamaniz euoumum
CBIMNOM,; OHUUJCHHSL CMIYHUX 80O



288

East EUROPEAN JOURNAL OF PHysIcs. 1. 288-293 (2024)
DOI:10.26565/2312-4334-2024-1-25 ISSN 2312-4334

INFLUENCE OF EXCHANGE AND CORRELATION INTERACTIONS ON THE SPIN
POLARIZED ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES
OF Gay.7sMng2sP IN THE B3 ZINC BLENDE STRUCTURE

Noureddine Bouteldja**, ®Mohamed Belabbas®, Rachid Taleb®
@ Laboratoire de Physique Théorique et de Physique des Matériaux (LPTPM), Faculty of Exact Sciences and Informatics, Hassiba
Benbouali University of Chlef, Algeria
b Department of Physics, Faculty of Exact Sciences and Informatics, Hassiba Benbouali University of Chlef, Algeria
¢ Laboratoire Génie Electrique et Energies Renouvelables (LGEER), Faculty of Technology, Hassiba Benbouali University of Chlef, Algeria
*Corresponding Author e-mail: n.bouteldja@univ-chlef.dz
Received November 8, 2023; revised December 11, 2023; accepted December 20, 2023

This study focuses on investigating the influence of exchange and correlation interactions on the spin polarized electronic structure and
magnetic properties of Gao7sMno2sP in the B3 Zinc Blende phase. First-principle calculations were performed by systematically
varying the Hartree-Fock (HF) exchange (a) value from 0 to 25% using the onsite exact-exchange functional for the treatment of the
correlated electrons. The electronic and magnetic properties unveil that Gao.7sMno.2sP manifests a half-metallic ferromagnetic behaviour
at deferent values of HF exchange. Moreover, as the fraction (o) parameter increases, the band gap increases, leading to modifications
in the spin polarized band structures. Additionally, our investigations indicate that exchange and correlation interactions cause an
increase in the lattice parameter and volume of the compound. Furthermore, these interactions result in a decrease in the magnetic
moments of P and Ga atoms, while the Mn moments increase. These findings provide valuable insights into the behavior of
Gao.7sMno.2sP and offer potential applications in the design of spintronic devices.

Keywords: HF Exchange,; Correlated electrons; GaMnP; Magnetic material; Half-metallic; Spintronic

PACS: 31.15.eg, 75.50.—y, 81.05.Ea, 85.75.—d

INTRODUCTION

Diluted Magnetic Semiconductors (DMS) and spintronics (spin-based electronics) are two fascinating fields
of research in semiconductor physics that intersect through the study of materials like IT1I-V (GaX, InX, AlX....... X=As,
P, N....) or II-VI (CdX, ZnX, MgX....... X =18, Se, Te....) doped with magnetic ions having a 3d layer or a 4f layer
of transition metals or rare earths (lanthanides). These materials have gained considerable interest for their potential in
spintronics applications.

Spintronics seeks to exploit the charge and spin of electrons for the development of new functionalities and devices.
Diluted Magnetic Semiconductors, specifically, Mn-doped III-V compounds, offer unique features that allow for precise
modulation of carrier spin dynamics, a crucial aspect for the advancement of spintronic devices [1]. One prominent
application of these materials is in the field of Magnetic Random Access Memory (MRAM), where they enable efficient
spin injection and manipulation [2]. Mn-doped III-V compounds have also found applications in magneto resistive
sensors, such as Tunnelling Magneto-Resistance (TMR) and Giant Magneto-Resistance (GMR) sensors to detect and
amplify magnetic fields [3,4]. They also hold promise for advanced mass storage devices like hard disks, as they allow
for precise spin orientations manipulation and detection [5].

Researchers are actively investigating GaMnP’s potential for spin injection, spin manipulation and spin detection,
which are fundamental components of spintronic systems. This exploration is focused on establishing the connection
between DMS materials and spintronics. S.J. Pearton et al., [6] synthesized ferromagnetic GaMnN and GaMnP
compounds at high temperatures to prevent amorphization and enhance their magnetic properties.
Iftibhar Ahmed et al., [7] used the FP-LAPW method to investigate the spin polarization of GaMnP and GaMnAs at
x=0.125. Y. Yuang et al., [8] examined the structural transport and magnetic properties of GaMnP with varying Mn
concentrations using pulsed laser annealing (PLA) and ion implantation. A. Laref et al., [9] conducted calculations on
hexagonal GaN, <Py, revealing direct energy gaps and strong polarization dependence in their optical properties, making
them promising for solar-cell applications. Z. Young-Zhi et al., [10] found room temperature ferromagnetism in GaAs
and GaP compounds doped with V, Cr and Mn atoms at a concentration 25%. J. Masek et al., [11] focused an investigation
the electronic structure of Mn doped Ga(P,As) and (Ga,Al)As materials in the ferromagnetic state. W. Sukkabot., [12]
studied magnetism in GaP with transition metal doping using spin density functional calculations. Co and Fe dopants
transformed GaP into metal while V retained semiconducting with a reduced band gap. K. Kirandish et al., [13] explored
the effect of the pressure on the properties of Gag75CrosP utilizing the SIESTA code (Spanish Initiative for Electronic
Simulations with Thousands of Atoms). P. Mahadevan et al., [14] delved into the inherent mechanism of ferromagnetism
in GaAs, GaP, GaN and GaSb diluted magnetic alloys with Mn substitution focusing on the analysis of the electronic
structure trends. N Benbouchi et al., [15] applied spin-dependent density functional theory to study Co doping in GaP,
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revealing that Co-doped GaP for spin-based electronic applications due to their complete half-metallic properties and
integer total magnetic moments.

Exchange and correlation interactions exert a substantial effect on the distinct properties and behaviors
of semiconductors. The exchange interaction reflects the tendency of electrons to align their spins. Meanwhile, the
correlation interaction refers to the influence of electrons on each other, impacting the electronic structure and transport
characteristics.

This paper investigates the impact of these interactions on the spin polarization of Gag.7sMng.sP electronic structure
and magnetic properties in the B3 Zinc Blende phase. The study utilizes the Density Functional Theory (DFT) with onsite
exact-exchange functional, incorporation variations in the HF exchange parameter (o) ranging from 0 to 25%.

METHOD OF CALCULATIONS
The calculations were conducted utilizing the WIEN2k computer package, employing the FP-LAPW method (Full
Potential Linearized Augmented Plane Wave) [16,17]. For spin polarized calculations, the PBE+E parameterization was
used, which combines for the PBE (Perdew, Burke and Ernzerhof [18]) method with an onsite exact-exchange treatment
for correlated electrons. This approximation effectively considered the exchange and correlation effect. The onsite exact-
exchange energy expression as defined by Novak et al [19] can be represented as:

Ext"F = Exc Flpl + (aB¢¢ (9] — Ext " [pD). M

Where (p) represents the electron density, (¢) denotes the wave function and (o) signifies the fraction of HF
exchange, which can take on either a short-range or long-range value [20]. The long-range value of HF exchange up to
50% is required to obtain acceptable thermo chemistry for the Local Spin Density Approximation (LSDA) [21]. In the
Generalized Gradient Approximation (GGA) of PBE, typically uses a short-range value of a=0.25 it has been theoretically
deduced and this choice has proven notable success [22,23].

The wave functions and potential are expanded using Muffin-tin approach with a cutoff Imax = 9. For the Interstitial
Region (IR), a cutoff Rymin = 8 is employed. The chosen cut-off energy is 10~ Ryd which separates core states from valence
states. For first-consistent results, 1000 k-points are used in the first Brillouin zone.

The crystal structure of Gag7sMng2sP was generated using eight atoms super cell with dimensions 1x1x1.
Specifically, the Mn atom replaced the Ga atom located at the position (0,0,0). The atomic spheres radii for Ga, Mn and
P were set to 1.95, 1.99 and 1.55 respectively. The total energy was optimized by adjusting the volume of the super cell
utilizing the Package of Two-Dimensional Optimize [24].

RESULTS AND DISCUSSION
Structural properties

To determine the ground state of the Gag.7sMno.2sP compound, The Murnaghan’s equation of state [25] is employed
for the purpose of fitting to calculate the total energy in term of its volume. This calculation is performed for ferromagnetic
state using PBE+E approximation.

The resulting values for various structural parameters of Gag7sMng2sP such like the Lattice Parameter (LP), the
Volume (V), the Bulk modulus (B), derivative of bulk modulus (B’) and the Total Energy (Er,) show observable
convergence with other data [26-28] presented in Table 1.

Table 1. Structural properties of Gao.7sMno.2sP at different values of HF exchange parameter (o)

o LP (Ang) V (Ang?) B (GPa) B’ Erot (Ryd)

0 5 a9t 165719 85,6100 46gm 1671897441
0.05 5.571 172.882 76.86 4.487 -16718,97859
0.10 5.629 178.364 53.64 5.257 -16718,98954
0.15 5.690 184.301 67.58 5.201 -16719,00784
0.20 5.787 193.854 70.18 4.733 -16719,05385
0.25 5.854 200.687 82.46 5.051 -16719,0992

Figure 1 demonstrates that as exchange and correlation interactions increase, both the LP and Volume of
Gap7sMngosP increase. This indicates significant influence of these interactions on the unit cell size. Specifically,
exchange and correlation interactions directly affect the equilibrium positions of atoms and their bonding behavior within
the unit cell, ultimately leading to an expansion of the unit cell size.

Figure 2 shows that increasing exchange and correlation interactions lead to a significant decrease in total energy of
Gay.7sMny2sP. These interactions strongly influence the electronic properties by modifying the distribution and behavior
of electrons, resulting in a pronounced reduction in total energy.
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Figure 1. Influence of exchange and correlation interactions on  Figure 2. Influence of exchange and correlation interactions on
lattice parameter (LP) and volume (V) of Gao.7sMno.25P total energy (Etot) of Gao.7sMno.2sP

Electronic properties
The spin polarized band structures of Gag7sMng2sP have been computed within the first Brillouin zone. Figure 3
depicts that the electrons in the spin up (1) state outnumber those in the spin down (|) state. There is a band gap present
around the Fermi level (Ef) for spin down state, while a few valence bands in the spin up state intersect the Fermi level
and transition into the conduction band. Consequently, based on the occurred interactions range of 0 to 25%, Gao.7sMno.2sP
compound is predicted to exhibit metallic behavior for spin up state and semiconductor behavior for the spin down state.
Further investigation indicates that this compound is a half metallic ferromagnetic material.
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Figure 3. Influence of exchange and correlation interactions on spin polarized band structures of Gao.7sMno.2sP

In the Figure 4, the calculated band structures highlight a noticeable increase in the forbidden energy gap (Eg) for
spin down state. This increase is attributed to significant changes in the maximum of the conduction band and the
minimum of the valence band, resulting from the increasing exchange and correlation interactions.

The calculated electronic properties are summarized in Table 2, it includes conduction band minimum of spin down
state and spin up state (E gg o ESE™), valence band maximum of spin down state and spin up state (E:,‘g v EZBM)Y, the band
edge spin splitting (AEc¢) for the conduction band minimum and the band edge spin splitting (4Ev) for the valence band

maximum are determined using specific formulas:
AEc = Egh, — ESBM, (2)
AEv = E,/b,, — EYBM. 3)

These formulas are commonly used to analyze band structure and determine various properties of electronic states
at (I') symmetry point.

In the Figure 4, the calculated band structures highlight a noticeable increase in the forbidden energy gap (Eg) for
spin down state. This increase is attributed to significant changes in the maximum of the conduction band and the
minimum of the valence band, resulting from the increasing exchange and correlation interactions.



Influence of Exchange and Correlation Interactions on the Spin Polarized...

EEJP. 1 (2024)

Table 2. Electronic properties of Gao.7sMno.2sP at different values of HF exchange parameter (o)

a 0 0.05 0.10 0.15 0.20 0.25
1.20013 1,20218 1,20973 21289 1,22001 1,228
Egan (eV) 1200281 , ,2097 1. , 22857
Eypy (€V) 0 0 0 0 0 0
EVEM (eV) -0,77277 -0,80629 -0.86033 -0,95136 -1,02482 -1.08531
Ecpy (V) 0 0 0 0 0 0
ESBM (eV) 0,42736 0,39589 0.3494 0,26153 0,19519 0.14326
AEv (eV) 0,77277 0,80629 0.86033 0,95136 1,02482 1.08531
AEc (eV) -0,42736 -0,39589 -0.3494 -0,26153 -0,19519 -0.14326
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Figure 4. Influence of exchange and correlation interactions on band gap energy (Eg) of Gao.7sMno.2sP

Magnetic properties

Upon substituting Ga atoms with Mn in GaP, the resulting GaMnP compound exhibits magnetic properties attributed
to Mn-3d. The coupling between the 3d orbital of Mn and the 3p orbital of P atoms results in the emergence of small local
magnetic moments in both Ga and P atoms. Notably, for Gag7sMng 5P, the local magnetic moment of P exhibits a negative
value, indicating an anti-parallel alignment with the Mn spin, whereas the positive value observed on Ga signifies a
parallel alignment.

Figure 5 illustrates the variation of the both local and total magnetic moments of Gag7sMng,sP under the influence
of exchange and correlation interactions. As the interactions increase, the total magnetic moment remains constant at
4.00 uB. Nonetheless, the magnetic moment of Mn atom increases, whereas the local magnetic moments at P and Ga
atoms decrease. These findings are in agreement with other data [29] presented in Table 3.
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Table 3. Magnetic properties of Gao.7sMno.2sP at different values of HF exchange parameter (o)

a vn (nB) 1Ga (uB) pe (nB) 1ot (nB)
0 3,61121 0,03255 -0,03091 4,00042
3,382 0,023[2 -0,039[2 4,0529
0.05 3,61718 0,03112 -0,04114 4,00068
0.10 3,62101 0,02784 -0,0479 4,00068
0.15 3,62559 0,02723 -0,05113 4,00068
0.20 3,63412 0,02603 -0,06142 4,00068
0.25 3,64813 0,02428 -0,06673 4,00068
CONCLUSIONS

The interactions studied affect the structural properties of Gag7sMng2sP by increasing the lattice parameter and
volume, and decreasing the total energy. The electronic structures show a downward shift of the valence and conduction
bands, resulting in an increased band gap. The compounds exhibit half metallic ferromagnetism within the range of 0 to
25% of HF exchange. The magnetic properties indicate a noteworthy phenomenon in which the coupling between the 3d
orbital of Mn and the 3p orbital of P atoms induces local magnetic moments in the Ga and P atoms. Moreover, as the
interactions strength intensifies, the magnetic moment of Mn atom increases, while it decreases on Ga and P atoms.
However, it is important to note that despite these changes, the total magnetic moment remains unchanged.
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BILJIMB OBMIHHOI TA KOPEJSLINHOI B3AEMO/III HA CIIITHOBY MOJISIPU30BAHY EJEKTPOHHY
CTPYKTYPY TA MATHITHI BJIACTUBOCTI Gao,;sMno2sP Y CTPYKTYPI HMHKOBOI OBMAHKHU B3
Hypennin Byrenmka®, Moxamen Benaooac?, Pamua Taneo®

4 Jlabopamopia meopemuunoi ¢izuxu ma ¢izuxu mamepianie (LPTPM), ®axyrvmem mouHux Hayk ma iHpopmamuxu,
Yuisepcumem Xaciba benobyani, Ynegi, Anoscup
b Kagheopa gpizuxu, Daxyrsmem moynux Hayk ma ingpopmamuxu, Yuisepcumem Xacioa benoyani, Yneghi, Anorcup
¢ Jlabopamopis enexmpomexnixu ma gionognosarnoi enepeii (LGEER), Texnonoeiunuii gpaxynomenm,
Vuieepcumem Xaciba benbyani, Ynegi, Anocup

Ile nmocmijykeHHsI 30Cepe/PKCHO Ha BHBYCHHI BIUIMBY OOMIHHHMX 1 KOpEJSIMIHHMX B3a€MOAIH Ha CIIIH-NIOJISPU30BaHY €JIEKTPOHHY
CTPYKTYpy Ta MarHitHi BiactuBocti Gao.7sMno2sP y ¢asi B3 Zinc Blende. Po3paxynku nepuroro npuHuuny Oyiav BUKOHaHI IUISIXOM
cucTeMaTH4HoOl 3MiHN 3HaueHHa oOMiHy Xaptpi-Doka (HF) (o) Bix 0 10 25% 3 BUKOPHCTAaHHAM JIOKJILHOTO (DyHKIIOHATY TOYHOTO
0o0OMiHy Ul 00paxyHKy IMOBEIIHKM KOpPEJIbOBAHHX €EKTPOHiB. ENEKTpOHHI Ta MarHiTHI BIaCTHBOCTI ITOKa3yioTh, 0 Gao.7sMno.2sP
JIEMOHCTpPY€E HamiBMeTaJeBy (pepoMarHiTHy MOBEAiHKY Mpu pisHUX 3HaueHHsAX HF-oOminy. Kpim Toro, 3i 30inblIeHHsIM mapamerpa
(pakuii (o) mmprHA 3a00pPOHEHOT 30HH 30UIBIITY€ETHCSA, 10 TPU3BOIUTH 0 MOAU(IKAIiN y CHIH-TIOJIIPU30BAHAX 30HAX CTPYKTYpax.
Kpim Toro, Hamti JoCIiKeHHST TOKa3yIOTh, [0 OOMiHHI Ta KOPEJSIiHHI B3a€MO/i1 BUKIMKAIOTH 301IbIICHHS ITapaMeTpa PeIIiTKH Ta
00’emy croryku. Kpim Toro, mi B3aeMoJii IPU3BOIATE A0 3MCHIICHHS MarHiTHAX MOMEHTIB aToMmiB P i Ga, Tomi sk MoMeHTH Mn
301TBIIYIOThCS. 1[I BUCHOBKH Jar0Th HiHHY iH(opMarito mpo noBeainky Gao7sMno2sP i MOTEHIIHNX 3aCTOCYBaHHSb B JTU3aiiHI
CIIHTPOHHUX MPUCTPOIB.

Kurwuosi cinosa: BY-06min,; kopenvosani enekmponu, GaMnP; macnimuuili mamepian, HanieMemaniyHuil, CRiHMPOHIKA
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Density functional theory is used to explore the physical properties of the new half-Heusler alloys XRhZ (X =V, Nb and Z = Si, Ge).
The exchange-correlation effects were treated by the TB-mBJ potential. The four studied compounds are nonmagnetic semiconductor
with an indirect band gap. The formation enthalpy, cohesive energy and phonon band structures demonstrated that these semiconductors
are structurally and dynamically stable. It was predicted by the elastic study that the XRhZ compounds (X = V, Nb and Z = Si, Ge)
have stable mechanical properties, they possess an anisotropic character and reveal the ductile nature with a B/G ratio >1.75. The
optical results show an interesting photocatalytic potential for the NbRhSi and NbRhGe semiconductors, they exhibit a high absorption
coefficient in the visible domain, which is around 112.10* cm™. For energies greater than 10 eV (UV domain), the refractive index is
less than one. The thermoelectric results confirmed that the XRhZ (X=V, Nb and Z=Si, Ge) compounds are very attractive for
thermoelectric devices working in large temperature range including ambient temperature.

Keywords: Half-Heusler alloys; Semiconductor; Elastic properties; Seebeck coefficient; Merit factor; Absorption coefficient;
Reflectivity

PACS: 71.20.-b, 72.15.Jf, 72.25.Ba, 73.50.L, 52.70.Kz

1. INTRODUCTION

Half-Heusler (HH) alloys have involved a remarkable interest over the past years due to their several properties in
various technological domains, such as magnetic, optical, thermoelectric, piezoelectric, superconducting and topological
properties [1-8]. The valence electron count (VEC) has always been found as responsible of the most physical and thermo-
electrical properties [9-10]. The HH compounds with VEC of 18 are nonmagnetic semiconductors with fascinating
optoelectronic properties due to their tunable band gap over broad energy range [11-12]. In addition, their smaller bandgap
and high electrical conductivity and Seebeck coefficient make them effective in thermoelectric applications [13-14]. This
type of material is composed by an X' ion occupying in a zinc blende YZ™ sub-lattice and where the VEC linked with
the YZ ™ sub-lattice is 18 (d'%s?p®) [15-16]. The valence electrons of the X atom are transferred to the Y and Z atoms,
which are more electronegative, and thus acquire a closed shell configuration (s?p®d'?). P.K. Kamlesh et al., [17] explored
by ab-initio calculations the optical possessions of AINiX (X = P, As and Sb) HH, they confirm that the AINiP and
AINiAs compounds are well suited for use as shields against high-energy of UV radiation due to their large reflectivity
values in this area. Y.Wang et al., [18] give a theoretical analysis of transport properties of NbXGe (X = Rh, Ir) H.H
materials, subject to network constraints. They have found that for a strain of —6%, the ZT value of NbRhGe has doubled
by 50% compared with the unstrained case, so, they state that these materials are promising candidates for TE applications.
D.M. Hoat [19] has investigated a series of HH compounds based on tantalum and having a VEC of 18, he noted that all
the materials studied are indirect band gap semiconductor. The difference between the band gap values is due to the
degree of overlap that exists between the Ta-5d and X-4d orbitals. Furthermore, the denser electronic states, close to the
Fermi level (Er), of TaRhSn and TaRhPb compounds strongly contributed to the thermoelectric performance
characterized by high thermal power in the p region. The optical and thermoelectric study carried out by J. Wei and G.
Wang [20] on the TaCoSn HH alloy showed a powerful light adsorption capacity in the visible zone, which is
of 125.10* cm™. The results of transport properties show that TaCoSn exhibits an excellent thermoelectric performance
characterized by a high Seebeck coefficient and merit factor. In an experimental study carried out by W. Silpawilawan et
al., [21], the nanostructured NboTio1FeSb was synthesized by melt spinning followed by spark plasma sintering. An
improvement of 20% in the ZT value was achieved, amelioration due to the reduction in thermal conductivity caused by
this nanostructuring, which allow to effective phonon scattering. They declare that the NbFeSb remain one of the best p-
type HH alloys in thermoelectric. Currently, the development of embedded systems engineering go through the search
of the innovative (semiconductors, half-metallic) materials able to carry out actions in real time. For this it is necessary
that these compounds will have high optical, thermoelectric and spintronic performances. It is in this perspective that we
are going in this research to emphasize the thermoelectric and optical responses of four new semiconductors possessing
18 valence electrons.
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2. COMPUTATIONAL METHOD

In this work, all properties of the H.H compounds XRhZ (X =V, Nb and Z = Si, Ge) have been studied with WIEN2k
code [22] which is based on DFT calculations [23]. The computations were determined by full potential linearized
augmented plane wave method [24]. Among the exchange-correlation functionals, the generalized gradient approximation
(GGA) [25-26] and the Tran and Blaha modified Becke-Johnson method (TB-mBJ) [27] were retained for this study. The
H.H have the C; crystal structure with the space group F-43m. The muffin tin radius (RMT) values of 2.5, 2.1 and 1.9
a.u were used for for X, Rh and Z elements. Other input data, such as k-point mesh (Kmax), RMT*wave-vector, Gaussian
parameter and the maximum angular momentum were selected to 14*14*14 [28], 7.0, 12 and 10 respectively. The value
of -6.0 Ry is taken as the energy of the interval between the core and valence states and the energy convergence criterion
of 10 Ry is adopted for the self-consistent field calculations. The electron transport properties are determined under a
fine mesh of 46x46x46 [29] by the semi-classical Boltzmann transport equation (BTE) as given in the BoltzTraP code
[30]. The optical responses of our new compounds were determined by the complex dielectric function g(®) as given
from the Kramer—Kronig relation [31-33].

3. RESULTS AND DISCUSSIONS
31 Structural properties and phase stability

The H.H compounds XRhZ (X =V, Nb and Z = Si, Ge) crystallizes in the face centered cubic space group (F43m).
The Silicon (Germanium) and Vanadium (Niobium) atoms are located at the octahedral 4b (1/2, 1/2, 1/2) and 4a (0, 0, 0)
Wyckoff positions, while the Rhodium element occupies tetrahedral position 4c (1/4, 1/4, 1/4). The unit cell structure of the
XRhZ compound plotted using Vesta 4.5 software [34] is shown in Figure 1. We can observe that the arrangement contains
three interpenetrating ordered fcc sublattices which are occupied by X, Rh and Z atoms respectively. The covalent nature of
the [XZ] sublattice is emphasized as a zinc blende sublattice, while the Rh and Z atoms form a rock salt structure.

Figure 1. Crystalline structure of XRhZ (X =V, Nb and Z = Si, Ge)

The NaCl-type substructure consisting of atoms with large electronegativity difference implies strong ionic bonding
character, while the ZnS-type substructure, which involves strong covalent character, consists of atoms having a smaller
difference in electronegativity [35]. Table 1 gives the structural parameters of VRhSi, VRhGe, NbRhSi and NbRhGe
H.H. compounds calculated by using the GGA approximation in the ferromagnetic and nonmagnetic states. The main
parameters are the bulk modulus B, its pressure derivative B, the equilibrium lattice constant ay, cohesive energy E.op,
formation energy AHy and ground state energy E . For the four alloys, the y-phase is energetically more stable than a
and P phases, in addition this most stable state, was found to be nonmagnetic. The calculated lattice parameters values
are 5.71 A, 5.80 A, 5.91A and 5.97 A respectively for VRhSi, VRhGe, NbRhSi and NbRhGe compounds. These values
are in perfect harmony with those of other semiconducting H.H alloys with VEC of 18, let's quote TaCoSn (5.94 A) 361,
NbIrGe (6.02 A) [18], HfCoSb (6.04 &) [37].

The experimental synthesis of the H.H compounds XRhZ (X =V, Nb and Z = Si, Ge) compounds is only possible
if the formation energy value AH calculated according to relation (1) is negative [38].

AHj = Ef; — (ER"™ + EJ** + E3*K). ¢))

Where EPU¥ is the energy per atom of constituent atoms in bulk and E3; is the total energy of primitive cell. Negative

values of the formation energy obtained for all the four H.H, confirms that the synthesis of these compounds remain
possible. To predict the stability of the H.H alloys XRhZ (X =V, Nb and Z = Si, Ge), we have calculated according to
the relation (2) the corresponding cohesion energies [39].

Econ = ESiz — (EX° + E° + E5°). @)

Where E*° is the isolated atom energy. The negative cohesive energies achieved justify that our four H.H are structurally
stable. The calculation of phonon dispersion in the first Brillouin zone along the high-symmetry points is given for the
studied compounds thanks to the Phono3py code [40]. The phonon band structures of NbRhGe compound is already given
in previous study conducted by Y.Wang [18]. The absence of imaginary phonon frequency in whole Brillioun zone
(Fig. 2) confirms the dynamical stability of our semiconductor’s compounds in their ground states.
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Table 1. Calculated structural equilibrium lattice constant a (A°), pressure derivatives B’, ground state energies Emin (Ry), formation
energy AHy (Ry) and cohesive energy Eop, (Ry)

Alloys State Type a B’ Emin Econ AHg
FM 572 | 391 ~12049.276632
NM a 572 | 3.09 -12049.276687
i FM 569 | 4.09 -12049.302767
VRASi NM B 570 | 3.01 -12049.303182
FM 573 | 3.86 -12049.366754
NM Y 571 | 4.49 -12049.367117 14227 | -0.199
M 581 | 587 -15667.350805
NM @ 581 | 520 -15667.350475
FM 579 | 6.56 -15667.341261
VRhGe NM B 581 | 641 -15667.341583
FM 580 | 6.77 -15667.410282
NM 14 580 | 6.03 -15667.422243 112878 | -0.844
FM 601 | 4.40 ~17791.550849
NM a 601 | 427 -17791.551936
. FM 587 | 431 _17791.605674
NbRhSi NM B 588 | 430 -17791.606164
M 590 | 472 -17791.690152
NM 14 591 | 5.1 -17791.692559 1.4905 | -0.237
FM 609 | 6.01 21409.636669
NM @ 609 | 5.98 21409.636659
M 597 | 530 21409.652489
NbRhGe NM B 597 | 534 21409.652959
FM 598 | 575 -21409.754550
NM 14 597 | 4.26 -21409.754950 13619 | -0.868
Phase o.: X (1/4, /4, 1/4) Y (1/2,1/2,12) _ Z (0, 0, 0)
Phase p: X (1/2,1/2,1/2) Y (0,0,0) Z (1/4, 1/4, 1/4)
Phasey: X (0,0, 0) Y (1/4,1/4,1/4)  Z(1/2,1/2, 1/2)

Frequency

Frequency
IS

VRhGe

Frequency

L X

Figure 2. The phonon band structures of (a) VRASI, (b) VRhGe and (c) NbRhSi

The acoustic modes exhibit the high dispersions, which means that they contribute well to the heat transport while
the optical modes contribute little to the heat transport due to their weak dispersion. For the VRhSi and VRhGe, we see
an overlap of acoustic and optical branches near X and L points thus indicating the strong phonon—phonon scattering [41].

3.2 Electronic properties
The magnetic performance of ternary H.H is estimated by the Slater-Pauling equation [42].

Mt = (18 - Zt)

3
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Z, and M, denote respectively the total number of valence electrons in the unit cell and the total magnetic moment. The
explicit valence electrons for the XRhZ (X=V, Nb and Z=Si, Ge) primal cell are V: [Ar] 3d* 4s%, Nb: [Kr] 3d* 5s!, Rh:
[Kr] 4d® 5s', Si: [Ne] 3s*3p* and Ge: [Ar] 3d'? 4s? 4p?. At first sight and according to the relation (3), the four compounds
studied in this research do not exhibit magnetism, because they all have 18 electrons in their valence shell. The calculation
of their total magnetic moment shows that these compounds are not magnetic (M; = 0 uB), thus confirming the result
already predicted by the optimization. The electronic band structures (EBS) of VRhSi, NbRhSi, VRhGe and NbRhGe
H.H alloys was carried out at the equilibrium lattice parameters by TB-mBJ approach.
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Figure 3. Band structures of (a) VRhSi, (b) NbRhSi, (c) VRhGe, (d) NbRhGe

The EBS diagrams (Fig. 3a-d) reveal for the studied compounds, that the top of valence band is located at W
symmetry point while the bottom of conduction band is located at X-symmetry point. All the materials exhibit
semiconductor nature with narrow indirect band gap of 0.59, 0.68, 0.51 and 0.71 eV for VRhSi, NbRhSi, VRhGe and
NbRhGe respectively. These findings are in good adequacy with other fundamental results obtained for
H.H semiconductors having the same X atom that our alloys, let us quote the NblrGe (0.63 e¢V) [18], VRuSb (0.64 eV)
[16], NaScSi (0.61 eV) [43]. We can observe from the BS plots that the L and I' are the points for the valence bands
convergence and that the distribution of these bands is mainly due to the heavy hybridization of the d states of the
X (V,Nb) and Z (Si, Ge) atoms. The energy difference between the W and L points for the NbRhSi and NbRhGe
compounds is around 0,16 and 0.18 eV while for the VRhSi and VRhGe compounds this difference is negligible. The
four compounds show a triple band degeneracy at I" point while L point show a double band degeneracy. This degeneracy
of the valence band at the Er constitutes an index of a good thermoelectric performance of the studied materials. To better
comprehend the band diagrams of XRhZ (X=V, Nb and Z=Si, Ge) compounds, we have computed using the TB-mBJ
method their total (TDOS) and partial densities of states (PDOS). Based on the TDOS/PDOS spectra (Fig. 4a-d), we can
notice that the four H.H alloys, show almost similar profile in valence and conduction band. For the VRhSi/VRhGe
compound, the valence band maximum (VBM) is composed of V-3d states, Rh-4d states and a small dispersion of Si-3p
(Ge-3p) states, while the conduction band minimum (CBM) is mainly constituted of V-3d states.

For the NbRhSi and NbRhGe compounds, the strong contribution below Er comes from the Nb-4d state while the
states above Er are mainly due to the Nb-4d and Rh-4d states and to a small contribution of the Si-3p (Ge-3p) states. The
p-type doping could have the capacity to contain more charge carriers than n-type doping [44] since around the Fermi
level, the TDOS of the valence band is larger than that of the conduction band. From the PDOS plots, one can conclude
for the four materials, that the X-d states and Rh-d states give the main contribution to conductivity, while the Ge-p and
Ge-s states have no influence on transport properties.
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Figure 4. Total and partial density of states (TDOS / PDOS) of (a) VRS, (b) NbRhSi, (c) VRhGe, (d) NbRhGe.

3.3 Elastic properties
Examining the mechanical stability of H.H alloys XRhZ (X =V, Nb and Z = Si, Ge) requires the knowledge of the
three elastic constants Cyy, Ci2, Cas [45]. These constants allow to estimated according to the equations (4) to (8), the bulk
modulus B, the shear modulus G, Young’s modulus E, Poisson’s ratio v and the elastic anisotropy factor A [46].

B= %(c11 +2Cyp), (4)
G = C11—C12+3C44’ (5)
5
9BG
. ©
2C
4= Cia —4212 ' @

From Table 2, which gives the independent elastic constants, we can conclude that at zero pressure, the H.-H
compounds XRhZ (X =V, Rh and Z = Si, Ge) are mechanically stable due to the fact that they satisfy all of Born’s elastic
stability criteria [47] (C11 — C12 > 0); (C11 + 2C12 > 0); (C11 > 0); (Caa > 0) and (C12 < B < Cn). For the alloys treated in
this research, the condition C11 > C22 > Cs3 was established, this confirms that XRhZ (X =V, Rh and Z = Si, Ge) alloys
are most tough to the unidirectional compression than shear deformation. Compared to the three other H.H, the VRhGe
show a low value of bulk modulus (B) which mean that this material is easy to compress. The shear modulus (G) describes
the resistance of the material against permanent deformation due to a shear stress. Based on our calculations, NbRhSi has
higher Shear modulus (65.22 GPa), so a higher hardness among other alloys, while the VRhSi has the lowest hardness
(52.21 GPa). The ability of a material to resist changes in its length when subjected to longitudinal compression is defined
by Young's modulus (E). Based on our calculations, NbRhSi has the highest Young modulus (167.26 GPa) so a highest
stiffness and VRhSIi has the lowest stiffness among the four studied alloys. According to the obtained values of G and E,
the NbRhSi compound can be classified as a high rigidity hard material. The range of values found for shear moduli and
Young's moduli is in agreement with those of several HH compounds cited in the literature [48-50].
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Table 2. The computed elastic constants Cij (GPa), bulk modulus B(GPa), Shear modulus G(GPa), Young’s modulus £ (GPa),
Poisson’s ratio (V), anisotropic factor A, and Pugh’s ratio (B/ G) of VRhZ (Z =C, Si, Ge) half-Heusler materials

C1q Ciz [ B G E v A B/G
VRhSi 14747 | 10206 | 66.84 | 11215 | 5221 | 135 | 030 | 221 | 2.14
VRhGe 13330 | 80.19 7512 | 9790 | 5569 | 140 | 026 | 283 | 1.76
NbRAS 17639 | 10998 | 8234 | 127.92 | 6522 | 167 | 028 | 2.08 | 1.96

NbRhGe | 17321 | 104.61 | 7827 | 12747 | 60.68 | 157 | 029 [ 228 | 2.10

Poisson's ratio (v) values obtained are located between 0.26 and 0.30, which confirms according to Haines et al. [51]
the presence of covalent and metallic bonding (v < 0.33). The VRhSi, VRhGe, NbRhSi and NbRhGe compounds present
an anisotropy coefficient (A) different from unity (Table 2), which confirms their anisotropic mechanical behavior. The
risk of micro cracking within these compounds is minimal given that their degree of anisotropy is low. Other important
characteristics, the ductility and fragility which are an intrinsic property of materials and which requires their
determination in order to position material for a given application. According to Pugh’s criterion [52], the material
behaves in brittle manner when B/G is lower than 1.75 and as ductile manner for B/G higher than 1.75. For the present
investigation based on first principles calculations, we noted that the four studied compounds show B/G values greater
than 1.75, suggesting the ductility of these HH.

3.4 Thermoelectric properties
The thermoelectric properties such as the Seebeck coefficient (S), thermal conductivity (k/1), electrical conductivity
(o/t), and Merit factor (ZT) are calculated using the BoltzTraP code. All these properties are studied as a function of
chemical potential change (). The change of (1) can influences the stability of the materials during doping even if the
electronic band remains unchanged [53-54]. In addition, these properties will be given versus temperature for chemical
potential equal to Fermi energy. The most remarkable thermoelectric properties given by equations (9 to 12) all derive
from the semi-classical Boltzmann transport equation [55-56].

1
S (T.) = 5 [ Gap(®) [-0h,(T,2)]de, ©
1 of (T,
Kop(T, ) = m[ 0ope(e — W)? % (10)
—of (T,
5= [ o - [% (n
_ S%eT
ZT=~——. (12)

Where o, Q,f,k,Sand ZT denotes respectively electrical conductivity, chemical potential, unit-cell volume, Fermi-
Dirac distribution function, thermal conductivity, Seebeck coefficient and merit factor.

The knowledge of the temperature effect on thermoelectric properties is a crucial key for identifying the reliability
of compounds in thermoelectric applications. The variation of Seebeck coefficient which provides us the insight of the
type of charge carriers in XRhZ (X=V,Nb and Z=Si,Ge) compounds, have been drawn versus temperature (Fig. Sa). In
all considered temperature range, the sign of S is positive, thus meaning that the holes are the majority charge carriers.
For VRhGe H.H, the S value increases to its utmost value of 270 uV - K~ at 300 K then decrease to achieve 221 uV - K~1 at
1200 K, while for the NbRhGe compound, S increases up to a maximum value of 261 uV - K~1at 900 K and then
decreases weakly to reach 254 uV - K~1 at 1200 K.

For the VRhS: alloy, the value of S goes from 240 uV - K~ at 300K to 269 uV - K~1 at 700K then drops again to
240 uV. K ~tat 1200K. The utmost value of "S" for the NbRhSi alloy is observed at 900 K it is of 262 uV.K~1. Around
room temperature, “S” shows a large positive value of about 270 uV/K, 240 uV/K and 225 uV/K respectively for VRhGe,
NbRhSi/VRhSi and NbRhGe. The trend of Seebeck coefficient with respect to chemical potential (p), has been displayed
in Fig. 6a and Fig. 7a. At room temperature, the peaks of S are obtained at | values included between -0.03 to 0.01 eV
for VRhGe/NbRhGe and between -0.02 to 0.01 eV for VRhSi/NbRhSi compound. Beyond these range of [, S tends to
zero. With rising in the temperature, the maximum value decreases, it goes from 1205uV/K at 300K to 473uV/K at 900K
for VRhGe/NbRhGe and from 853puV/K at 300K to 384uV/K at 900K respectively for VRhSi/NbRhSi compounds. The
optimal values of S occur on the negative side of p. Above the room temperature, S gradually decreases with the rise in
temperature; this is due to jumping of electron and hopping of holes around the localized states in the vicinity of Er [57]
which will generates a rise in the thermal energy. Comparatively to VRhSi and NbRhSi compounds, the VRhGe and
NbRhGe H.H are well suitable for thermoelectric devices working around 300 K, since their maximum Seebeck values
are reached at 300 K.

From Fig. 5b which give the evolution of electrical conductivity (c/t) versus temperature, we can see that o/t
increases as temperature increases, suggesting the semiconducting nature of XRhZ (X=V,Nb and Z=Si,Ge) compounds.
For all the studied compounds, the o/t value is almost similar up to room temperature, above 300 K a strong increase is
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observed for the VRhGe compound. The lowest values of o/t are obtained at 100 K, they are around 6x10'7 (Qms)!,
while the maximum values are obtained at 1200 K they're from 4.61 x 10'° (Qms)! for VRhGe and around 3x10" (Qms)!
for VRhSi, NbRhGe and NbRhSi. The effect of chemical potential (1) on the electrical conductivity (c/t) of the
H.H compounds XRhZ (X =V, Nb and Z = Si, Ge) is drawn in Fig. 6b and Fig. 7b.
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Figure 5. Evolution versus temperature of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d) Merit
factor of XRhZ (X =V, Nb and Z = Si, Ge).
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Figure 6. Evolution versus chemical potential of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d)
Merit factor of XRhZ (X =V, Nb and Z = Si, Ge). (T=300K)

Comparatively to the p-type region, the electrons in n-type region show at room temperature dominancy with
maximum peak intensity of 3.12x10% (Q m s)!' / 4.32x10% (Q m s)! occurring at -0.028 eV / (-0.039 eV) respectively
for NbRhSi/NbRhGe and VRhSi/VRhGe compounds. Almost the same result is obtained at 900K. For the temperatures
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of 300 and 900 K, we notice that the profiles of 6/t do not show any major change, the curves are almost confused except
for a few small differences. The high values of /1 recorded for the four H.H denote the low losses by Joule effect; this is
explained by the difference between the effective masses of electrons (conduction band) which are heavier than the
effective masses of holes (valence band). From Fig. 5S¢, which depict the comportment of electronic thermal conductivity
(x./7) as function of temperature, one can notice that k,/T increases almost linearly with temperature. At ambient
temperature the k,/T is of 1.29x10'* for VRhGe and around 7.80x10"? for the other three compounds. For the materials
studied in this paper, the lowest values of K/t are obtained at 100 K, while the maximum values are obtained at 1200 K.
At the same chemical potential, the gap between the values of k,/T increase as temperature increase, but with a gradient
of less importance than that of the electrical conductivity 6/t case. According to the Fig. 6¢ and Fig. 7¢c, which illustrates
the thermal conductivity k. /T given versus chemical potential ji(eV), we can reveal the clear amplification of k,/T when
the temperature increases. The K, /T is higher for the p-type (electrons) than for the n-type (holes). At ambient temperature
and for p=Er, the k,/T value is of 1,34x10'* W/m.K.s for VRhGe and around 7,50x10'* W/m K.s for the other three
compounds. The values of k/t are larger for p > 0 than for p < 0. At room temperature, the VRhSi and theVRhGe
compounds exhibit a low thermal conductivity peak, which mean that these two H.H can provide high thermal efficiency.
The high merit factor (ZT) values obtained constitute a strong index of the high thermoelectric performance of these
materials. In fact, this parameter highly depends on the temperature, thermal conductivity (x/t), electrical conductivity
(o/7) and Seebeck coefficient (S). Fig. 5d gives the evolution of merit factor (ZT) versus temeprature at p=Er. Electrons
nearby the Er play an essential role in the transport properties. ZT value of the VRhGe alloy remain the best among the
four studied compounds, it increase from 0.68 at 100 K to its utmost value of 0.81 at 1000 K while at room temperature
its value is of 0.77. Beyond 200 K, all the compounds have a ZT value that is greater than 0.71. From Fig. 6d and Fig. 7d,
which give the change of ZT regarding the chemical potential, one can see that the values of ZT are lower in the p-type
region than in the n-type region and as the temperature tends toward 300K, the utmost value of ZT progressively increases.
At room temperature, the ZT values is around the unity, which makes the XRhZ (X=V,Nb and Z=Si,Ge) compounds very
attractive for thermoelectric devices working at room temperature. We have identified in the literature several H.H
semiconductors, which are classified as a good thermoelectric material and which exhibit the almost same values of ZT
than our studied alloys, let's quote TilrAs, TilrSb [58].

—— VRhGe—— NbRhGe 'VRhSi —— NbRhSI

6.0x10* :
a) 1 900K
4.0x10™ |
E |
4 T
i 20x10* 0
o £
(] s
8 00/ )
@ Ly
D 0x10* 6
4.0x10*
t 04 T T T
010 ! ! 1 010 005 0.00 0.05 010
(E) (V)
80x10° W S
d)
0.8
6.0x10"-
- 0.6
X 40x10° -
£ N 044
g \15.
2010 0.2
0.0
004 : : : :
010 005 0.00 005 010 20.10 0.05 0.00 0.05 0.10
() (e (E) V)

Figure 7. Evolution versus chemical potential of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d)
Merit factor of XRhZ (X =V, Nb and Z = Si, Ge). (T=900K)

3.5 Optical properties
Even though the semiconductor compound is known to be a very good material for optical applications, its optical
study is considered necessary, because this type of material can lose its semiconductor characteristic at very low frequency
and become metallic as it can also acquire the behavior of an insulator at very high frequency [59]. The majority of the
optical characteristics come from the dielectric complex function £(w) (eq.13) [33].
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g(w) = £1(w) + ig(w) (13)

&1(w) describes the dispersion of electromagnetic radiation whereas &,(w) represents the optical absorption of the
material.

The imaginary part of the dielectric function &, (@) comes from the EBS computations with the help of the following
relation

2,2
£2() = () Zuy [EMIP2Fi(1 = F)8(E; — B, — w)d3k. (14)
Where w, e, m and M denote respectively the photon frequency, electron charge, electron mass and dipole matrix. E;
designates the final state electron energy, E; the initial state electron energy and f; the Fermi occupation factor of the
single-particle state i.
Thanks to the Kramer’s Kronig relations [60-61], the real part of the dielectric function &4 (®) is deduce from the
imaginary part of the same function &, ().

g(@) =1+2P 7 “"82(:’);) do'. (15)

2
o' -

Where P represents the principal Cauchy value. Additional optical quantities can be also deduced from the calculated
values of the imaginary and real parts of the dielectric function [62], the most sought after among them are the
reflectivity R(w), the refractive index n(w) and the absorption coefficient a(w). The crystallographic structures of the
studied compounds are cubic; hence, the optical properties will be isotropic. In order to reach sensible accuracy on all
probable electronic transitions, a dense mesh is considered necessary. A k-point mesh of 31*¥31*31 was adopted in this
part of optical calculation. The various optical properties examined using the TB-mBJ method are plotted in the near
infrared (NIR), visible (Vis) and ultraviolet (UV) domains.

e -1
R(w) = —m 1 (16)
1
n(w) = [Jeﬁ(w} e+ elcw)l & a7)

1,
2
a(w) = g( ’si(w) + &3 (w) — sl(w)> (18)

The graphical plot of Fig. 8a gives the real part of dielectric function &; (w); part, which defines the extent a material,
may be polarized. Comparatively to the visible and infrared regions, the H.H compounds XRhZ (X =V, Nb and Z = Si,
Ge) react highly to the ultraviolet-light excitations; many peaks are detectable in this domain. The negative values
of €1 (w) mean that the material entirely reflects the incident radiation while the positive values mean that the photons
move across the material. For the VRhGe compound, the negative values of €, (w), recorded between 1.97 and 2.40 eV
(visible region) can be explained by the metallic character characterized by the reflection of incident radiation. The same
observation was found for the VRhSi, NbRhGe and NbRhSi compounds in the energy ranges between 1.83 to 2.23 eV /
(2.62t03.05¢V) /(2.65t0 3.21 eV) respectively. Beyond 12.90 eV, the four compounds show values of real part £ (w)
fluctuating around zero. The static dielectric constant €4 (0) (dielectric function for zero photon energy) which is inversely
proportional to the band gap [63] was found respectively equal to 190.11, 178.77, 23.62 and 22.88 eV for the VRhSI,
VRhGe, NbRhSi and NbRhGe compounds. The transition between the occupied and unoccupied states is mostly insured
by the imaginary part of dielectric constant €, (w) [64]. From Fig. 8b, we can see that €, (w) curve of VRhSi/VRhGe has
three main peaks located at 0.24eV, 1.90eV and 3.98eV, while €, (®) curve of NbRhSi/NbRhGe exhibits two main peaks
positioned around 2.43eV and 4.92eV. According to the band structure plot of VRhSi/VRhGe (Fig.3a-b), the three
highest peaks of €, (w) correspond to the indirect interband transitions between W-X, L-X and I'-X states. The two highest
peaks for the NbRhSi/NbRhGe, compound correspond to the indirect interband transitions between W-X and L-X states
(Fig.3¢-d). We can noticed that above 8.8 eV, the optical activity of the four compounds considerably decreases. Fig. 8c,
illustrates versus photon energy the evolution of absorption coefficient a(w). For the four compounds, we can observe
from 0 to 50 eV that there are no regions, where the compounds are optically transparent to radiation (a(w) = 0). The
values of a(w)start from 0 eV and reaches in the ultraviolet region their maximums of 371.48 at 40.14eV (VRhSi/VRhGe)
and 314.42 at 33.26 eV (NbRhSi/NbRhGe). Due to these high absorption values, these compounds may be beneficial to
absorb harmful UV rays. In the visible region, the maximum values of a(w) is about 112.84 cm™' for NbRhSi/NbRhGe,
and about 84.26 cm’' for VRhSi/VRhGe. These values are larger to those reported for many H.H semiconductors
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compounds such as LiCaX (X=N, P and As) [65], ZrRhSb [66], XScZ (X = Li, Na; Z =C, Si, Ge) [67], RbScSn [68] and
SiLiX (X = Ca and Sr) [69]. The evolution of light reflection R(w) versus photonic energy is illustrated in Fig. 8d.
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Figure 8. Illustration of (a) real &, (w) and (b) imaginary £,(w) component of dielectric function, (¢) absorption coefficient a(w),
(d) reflectivity R(w), () refractive index n(w), and (f) electron energy loss L(w) for XRhZ (X =V, Nb and Z = Si, Ge)

We can see that at zero energy, R(0) is relatively high for VRhSi /VRhGe its value is of 75% while that
of NbRhGe/NbRhGe is of 43%. Over low energies, R(w) oscillates and the highest value for the VRhGe is obtained in
the visible domain (62 %), while the utmost value for the NbRhGe which is of 64 % has registered in the UV domain.
A value of R around 66% is observed in the UV domain for the alloys containing silicon (VRhSi and NbRhSi). The
high-infrared reflectivity of approximately 75% makes VRhSi/VRhGe compounds ideal materials for use as
high-performance heat shields. Fig. 8e shows the variation of refractive index versus phonon energy for the four
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compounds studied in this research. We clearly notice that the n(w)shape is similar to that of &; (@). For zero photon
energy, the refractive index of VRhSi/VRhGe is significantly higher than, those of NbRhSi/NbRhGe. In addition, the real
part of the dielectric constant £;(0) and the refractive index n(0) are obey to the equation £,(0) = n?(0) [70]. For the
VRhSi/VRhGe compounds, the refractive index n(w) starts rapidly to decrease before reached 1eV, then increases to
attain its utmost value of 5.30 at 1.60 eV. While for the NbRhSi/NbRhGe compounds, a slight increase is noted between
0.14-1.96eV, beyond this range we observed a decrease of n(w)values to stabilize around 0.7. We notice that it is in the
visible range that the utmost values of n(w) occur. Fig. 8f, gives us the loss function energy L(w); it can be seen that the
prominent peaks of L(w) for all four compounds are located in the high-frequency UV domain going from 15 eV to
42.0 eV. These peaks match to the fast decrease of the reflectivity R(w). Also, the different peaks of L(w) are directly
related to the plasma resonance, in other words, to the state of electron vibrations in the valence band. In the infrared
region and visible region, all the compounds exhibit a very weak energy loss.

CONCLUSIONS
In this manuscript, the structural, electronic, elastic, thermoelectric and optical behavior of ternary half-Heuslers
XRhZ (X =V, Nb and Z = Si, Ge) in cubic phase have been studied and discussed using DFT methods. For all studied
compounds, the structural optimization confirms that the NM state is more stable than the FM state, while the EBS
and DOS graphs reveal non-magnetic semiconductor behavior. The negative values found for the formation enthalpy
and cohesive energy are strong clues of the thermodynamic stability and possible structural synthesizability of these
HH. The phonon band structures of XRhZ compounds show no imaginary frequency and testify to the dynamic stability
of its semiconductors in the nonmagnetic y phase. The elastic properties results showed that the four semiconductors
are stable mechanically. They possess a low anisotropy degree therefore a minimal risk of micro cracking and they
also revealed a ductile nature. The optical performances was studied in the energetic domain, ranging from 0 eV up to
50 eV. The high reflectivity greater than 60%, detected in the visible and UV areas as well as the high peaks of the
absorption coefficient obtained in the same zones, allow using these alloys as UV filters, UV—visible photodetector,
or as an effective shield in these domains. The increase in thermoelectric power generally passes through the decrease
in thermal conductivity. For temperatures greater than 300K, the substitution of the germanium atom by the silicon
atom (lighter atom) leads in a considerable reduction in thermal conductivity, reduction of 38% at 600K and 26% at
900K. With a merit factor values greater than 0.73 in wide temperature domain, all these compounds can be considered

as alternative green energy sources and also for energy conversion.
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JOCJIIIKEHHS EJTEKTPOHHUX, IPYKHUX, TEPMOEJEKTPUYHUX TA ONITUYHUX BJAACTUBOCTEM
HOBUX HAINIBIEMCJEPOBUX XRhZ (X =V, Nb TA Z = Si, Ge) HAIIIBIPOBIJJHUKIB METO/IOM DFT
Cin Axmen Bennexioa®, Becoec Anicca?, [lxenri Pagyan®, Haiisa Aab Bysie®, I. Kapc Jypykan®
Hypeaain Ampane®
4 Jlabopamopis mexuonoeitl i enacmugocmeil meepoux min, Yuisepcumem Mocmazanem (UMAB) — Anowcup
b ®izuunuii paxynomem, Hayrosuii konedoic, Yuieepcumem 06 ednanux Apabevkux Emipamie (UAEU), 15551, Ane-Aiin, OAE
¢ Kagheopa ¢izuxu, @axynomem npupoonuyux nayx, Yuieepcumem I'azi, 06500 Auxapa, Typeuuuna

Teopist GpyHKIIOHATA TyCTHHU OyJia BUKOPUCTaHA JUTS TOCHIUKEHHI (Pi3MYHHUX BIACTHBOCTEH HOBUX HaIiBreiciaepoBux ciaBis XRhZ
(X =V, NbiZ = Si, Ge). O6minHO-KopesiLiitHi epextn o6podismu norenuiaiom TB-mBJ. Yotupu nocnimpkyBaHi CHOIYKH €
HEMarHiTHUMHU HaMiBIIPOBIJHUKAMHU 3 HEMPSMOIO 3a00pOHEHOI0 30HOI0. EHTaNbIisl YTBOPEHHs, eHepris kore3ii Ta (OHOHHI 30HHI
CTPYKTYpH IIOKa3ajy, WI0 LI HAMIBIPOBIIHUKH € CTPYKTYpHO Ta AWHAMiuHO crabinmbHumu. [IpyKHUM AOCTIIKEHHSIM Oyiio
nepeabaueHo, mo cnoayku XRhZ (X =V, Nb i Z = Si, Ge) MaroTh CTa0iIbHI MEXaHIYHI BIACTHBOCTi, BOHH MAlOTh aHI30TPOIHUN
XapakTep 1 BUSBISIOTH IUIACTHYHY HpUpony 3 BigHomeHHs M B/G >1,75. OnrtuuHi pe3ynbTaTd AEMOHCTPYIOTH IiIKaBHUH
(doTokaraniTHIHMH oTeHnian it HaniBnpoBigHuKiB NbRhSi Ta NbRhGe, BoHU 1eMOHCTPYIOTh BUCOKHH KOS(ILIEHT NOTTIMHAHHS y
BUAMMIN 00Onacti, skuil cranoBuTh 6iusbko 112,104 cm™!. Jlns enepriii nonan 10 eB (Y®-noMeH) NOKa3HUK 3aJ0MJICHHS MEHILE
onuHULI. TepMoeneKkTpuyHi pe3yibraTd miaTBepawiad, mo cnonykn XRhZ (X=V, Nb i Z=Si, Ge) nyxe npuBaOmusi s
TEPMOENEKTPUYHHUX IMPUCTPOIB, IO MPALIOIOTh Yy IIHPOKOMY Jialla3oHi TeMIeparyp, BKIIOYAIOUM TeMIIepaTypy HABKOJIUIIHBOTO
CepesoBHULIA.

KarouoBi cioBa: nanieeeiicieposi cniasu, Hanignpo@ioHuk, eracmuyti eracmugocmi; roegiyicum 3ecbexa; gaxkmop 3acuye;
KoegiyieHm nocnuHanHs, 8i00UBHA 30amHicmb
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Sol gel auto-combustion was used to create gadolinium doped nickel ferrite nano-particles, which have chemical composition
NiFe2xGdxO4 (x = 0.00, 0.010, 0.15, 0.20 & 0.25). The investigation focused on how the composition of Gd*? affected the magnetic
properties and structural parameters. Magnetic properties were investigated using VSM technique, structural properties were
determined using XRD and SEM techniques. XRD graphs verified the establishment of the spinel ferrite phase. With an increase in Gd
composition, the crystallite size and lattice parameter increased from 21.0288 to 27.04125 nm and 8.3325 to 8.3367A, respectively.
It was also evident how the composition of Gd** affected the estimation of bond-angles and lengths in tetrahedral and octahedral
structures. SEM micrographs showed that all of the grains had a small amount of agglomeration and that all of the synthesized
compositions were homogenous. The range of 140.5-176.2 nm was found to be the average grain size. Using VSM at 300K, magnetic
parameters like coercivity, residual magnetization, and saturation magnetization were computed. Until the composition was 0.20, the
saturation magnetization and residual magnetization dropped from 30.28 emu/g to 15.35 emu/g and 5.07 emu/g to 3.65 emu/g,
respectively. After that, they increased to 34.40 emu/g and 6.52 emu/g, respectively. Until composition 0.20, coercivity was raised
from 154 to 261 Oe; after that, it was lowered to 233 Oe.

Keywords: Gadolinium doped nickel ferrite nano-particles; Sol gel auto-combustion; XRD; SEM and magnetic properties

PACS: 75.50.Gg, 61.05.cp, 61.05.cp, 68.37.Hk, 75.75.Fk

INTRODUCTION

The applications of spinel ferrite nano-particles in current context include drug delivery, photocatalysis,
telecommunications, electronics, and electrical devices like transformer cores, permanent magnets, magnetic refrigeration,
magnetic recording media, gas sensors, and microwave absorbers, among others [1-5]. Spinel ferrite is generally represented
by the formula AB>Os, where the B-site is referred to as octahedral at the center of the octahedron and the A-site is referred
to as tetrahedral since it is positioned at the center of the tetrahedron and contains oxygen-ions at each corner. The big
oxygen-ions are arranged in a face-cantered cubic configuration with space between them occupied by metal-ions [6-7].
The inverse spinel structure of nickel ferrite, one of the ferrites that has been the subject of extensive research as a magnetic
nanomaterial, shows that trivalent Fe™ ions occupy both [A] and [B] sites whereas divalent Ni*? ions occupy
the octahedral [B] sites [8-9]. Researchers have employed a variety of methods to analyze the structural; electrical; optical;
and magnetic properties; of their ferrite nano-particles in order to determine the impact of doping elements and manufacturing
methods [10—12]. Their characteristics can be changed by doping them with rare earth elements in a cubic spinel ferrite
structure [13-14]. Due to its half-filled 4f7 electronic configuration, gadolinium is a magnetically active high spin rare earth
metal. The properties of the ferrites can be affected by a small amount of Gd doping. Since rare earth ions have high spin-
orbit coupling and unpaired (4f) electrons, it is known that Fe-Fe exchanges in ferrites are caused by the spin coupling of (3d)
electrons, which affects the structural, electrical, optical, and magnetic properties. Better magnetic and electrical properties
result from rare earth ion interaction with Fe, or 3d—4f coupling, when these ions occupy ferrite lattice positions [15-16].
Furthermore, studies on the doping of ions in CoFe>O4 nano-particles have been published, and the results indicate that
the characteristics of ferrites vary significantly [13]. There are few studies on Gd-doped nickel ferrites nano-particles
in the literature that has been released [17—18], with the exception of those that concentrate on the composite materials’
magnetic characteristics. Consequently, the composition of Gd*? affects structural characteristics and magnetic properties
in the current work, which is synthesized using the Sol gel (auto-combustion) process.

II. EXPERIMENTAL
According to Figure.1 [19-21], sol gel (auto-combustion) process was used to create NiFe; «GdxO4 (x = 0.00, 0.010,
0.15, 0.20 & 0.25) ferrite nano-particles.

Cite as: S.D. Bhavani, K.V. Kumar, A.T. Raghavender, J.A. Chelvane, B.P.C. Rao, East Eur. J. Phys. 1, 308 (2024), https://doi.org/10.26565/2312-4334-2024-1-27
© S.D. Bhavani, K.V. Kumar, A.T. Raghavender, J.A. Chelvane, B.P.C. Rao, 2024; CC BY 4.0 license


https://orcid.org/0000-0001-6160-8632
https://orcid.org/0000-0001-7266-3338
https://creativecommons.org/licenses/by/4.0/
https://portal.issn.org/resource/issn/2312-4334
https://doi.org/10.26565/2312-4334-2024-1-27
https://periodicals.karazin.ua/eejp/index

309
Effect of Gadolinium Content on Magnetic and Structural Characteristics... EEJP. 1 (2024)

Starting Materials Citric Acid

Aqueous Solution

Ammonia

Mixed Solution

Stirring
Sol (100°C)
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Figure 1. Flowchart of synthesis of NiFe2-xGdxOa (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles

The precursor materials included ammonia, citric acid, ferric and gadolinium nitrates were AR graded. De-ionized
water was used to dissolve the precursor materials in a stoichiometric ratio to create a transparent solution. The solution
containing Ni*2, Gd*3, and Fe'* ions was chelated by adding citric acid to the organized aqueous solution. Citric acid and
total moles of nitrate ions were combined in 1:3 molar ratio. The attained solution was neutralized with ammonia in an
appropriate amount to maintain a p" of 7. A hot plate was then used to heat the neutralized solution to approximately
100°C while stirring continuously. A thick gel was seen a few hours later. A loose powder [22-23] remained after
the temperature was raised to 200°C, which started the ignition process and caused the generated gel to burn completely
through auto-combustion. It was annealed for eight hours at 700 °C and was known as "as-prepared powder."

Using a Phillips expert X-ray diffractometer, the XRD patterns for NiFe,.GdxO4 (x =0.00, 0.010, 0.15, 0.20 & 0.25)
ferrite nano-particles were obtained. The NiFe,«GdiO4 (x=0.00, 0.010, 0.15, 0.20 & 0.25) ferrite nano-particles'
microstructural morphology was examined using a ZEISS EVO-18 SEM. VSM were used to measure the magnetic
properties at 300 K and a maximum applied magnetic field (15 kOe).

RESULTS AND DISCUSSIONS
Figure 2 displays XRD patterns of NiFe,.«GdxO4 (x = 0.00, 0.10, 0.15, 0.20, 0.25) ferrite nano-particles that were
annealed for eight hours at 700°C [25]. Single-phase; cubic spinel structure; and Fd3m space-group; are indicated by XRD
patterns. Because of nano-crystalline pattern of the prepared compositions, XRD data showed that XRD peaks grew wider
with increasing Gd doping content. The variance in ionic-radius of Ni (0.74 A) and Gd (0.94 A) could be cause of slight
shift in peak position observed with increase in Gd™3 composition. Various structural parameters were computed from
XRD patterns using standard relations listed below.

NiFey_,Gd,04(700 °C)
- 3 2 - &
g g g 3
=)
2 X =020
s
£ X =0.15
s
z y
X =0.05
~A_A X = 0.00
20 30 40 50 60 70 80

26 (degrees)

Figure 2. XRD pattern of NiFe2xGdxOs (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed at 700°C
[K.V. Kumar et al, (2023), Eur. Chem. Bull. 2023,12(4) 10479-1048]
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The crystallite-size (D) of NiFe,«GdxO4 (x = 0.00, 0.010, 0.15, 0.20 & 0.25) ferrite nano-particles was calculated
for present XRD patterns using the Scherrer’s formula [25]:

0.941
B cosb

@)

where, 0 -diffraction angle, A-wavelength (Co Ka radiation), B-FWHM and D-crystallite size.
Using 26-values, interplanar spacing & lattice parameter of NiFe, «GdxO4 (x=0.00, 0.010, 0.15, 0.20 & 0.25) ferrite
nano-particles was calculated with the following formula [26]:

_ d
a= Vh2+k2+12 @

Crystallite size and lattice parameter were observed to increase with Gd™> composition and were obtained in the
range of 21.0288 to 27.04125 nm and 8.3325 to 8.3367A respectively are tabulated in Table 1 and shown their variation

with Gd composition in Figure 3. The improved values of lattice parameter confirmed the entrance of Gd* ions into the
structure [27-28].

Table 1. Average Crystallite size, Lattice parameter and average interplanar spacing & average grain size of NiFe>-xGdxO4
(x=10.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed at 700°C.

Average Lattice Average Average
Gd Composition Crystallite parameter Interplanar Grain
Size (nm) A spacing (A) size (nm)
0.0 21.02875 8.3325 2.17625 140.5
0.05 22.45000 8.3326 2.20625 145
0.10 25.06000 8.3327 2.20625 159.1
0.15 26.68375 8.3329 2.20500 153.33
0.20 27.04125 8.3333 2.20750 154.2
0.25 27.37250 8.3367 2.18875 176.2
28— : : : : :
Prd ././=  8.3370
26
+ 8.3355
25 [ J i
24 ©

r8.3340
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Figure 3. Variation of crystallite size (D) and lattice constant (a) for NiFe2xGdxOs (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite
nano-particles annealed at 700°C

Three different kinds of magnetic-interactions between the cations could be possible via intermediate oxygen-ions
through the super-exchange mechanism because the metal-ions occupy at two different lattice sites in the spinel structure:
A-A interaction, B-B interaction, and A-B interaction. The angles between cations dispersed over two sites and the
distances between cations and oxygen determine an amount of interaction energy between relating cations. In order
to investigate how the composition of Gd*3 affected the structural characteristics of the ferrite nanoparticles, as illustrated
in Figure 4 [29].

A-Alnteraction

Oxygen

Metal ion at tetrahedral site (A-site)

@)  Vevtion st octahedralsite B-site)
Vi A

A
@

Figure 4. lon pair configuration in spinel ferrite with bond lengths and bond angles [Raghvendra Singh Yadav et al., 2018,
Journal of Materials Science: Materials in Electronics, 29, 15878-15893]
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The bond-lengths between the cations at the tetrahedral and octahedral sites designated as b, ¢, d, e, and f were
estimated. The subsequent formulas (3—7) [30] can be used to assess these:

b=v2() 3)
c=VII() “)
d=v3 () ®)
e=V3 () (6)
£=v6 ) ™

The bond lengths of the ferrite nano-particles between metal-ions and oxygen at various sites are denoted by the
following equations (8-11) [30] and are represented as p, q, 1, and s (bond-lengths between cation-anion) in Figure-4 [29]:

p=aC—uw) ©)
q:a\/g(u—%) ©)
r=aVil (u—3) (10)
s:a\/§(2+§) (11)

Equations (12-16) [31] can be used to determine the bond-angles between cations (oxygen-ions) and cation-anion (metal-
ions) of the ferrite nano-particles, which are represented as 01, 62, 03, 64 and 0s5. The same was depicted in Figure-4 [28]:

2,2 ,2
0, = cos™! ”;’T:) (12)
0, = cos™! (%) (13)

03 = cos™! (szzp_zbz) (14)
04 = cos’! (%) (15)
05 = cos™! (pz+2+2q_dZ) (16)

Tables 2, 3 & 4 contains a tabulation of all bond-length values and bond-angle values between cations and cation-
anions. It was discovered that the Gd** composition increased the interatomic distance between the cations at two distinct
sites (A & B) and the cation-anion. The greater ionic radius of Gd*™ ions is the cause of this variation. A-B and B-B
interactions were found strengthened, as indicated by the increased bond-angles 01, 65, 03, 04 and 65 [32-33].

Table 2. Variation of bond lengths between cations situated in NiFe2—xGdxOs4 (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-
particles annealed at 700°C

Com;c);odsition b (4) c(d) d (&) e(d) f(A)
0.0 2.945984 | 3.454472 | 3.608078 | 5.412118 | 5.102593
0.05 2.946019 | 3.454513 | 3.608122 | 5.412182 | 5.102655
0.10 2.946054 | 3.454555 | 3.608165 | 5.412247 | 5.102716
0.15 2.946125 | 3.454638 | 3.608252 | 5.412377 | 5.102838
0.20 2.946266 | 3.454804 | 3.608425 | 5.412637 | 5.103083
0.25 2.947469 | 3.456213 | 3.609897 | 5.414845 | 5.105165

Table 3. Variation of bond lengths between cation-anion situated in NiFe2-xGdxO4 (x=0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite
nano-particles annealed at 700°C

Gd Composition p (@A) q @A) r (A) s R)
0.0 2.083125 1.804039 6.908944 3.6080783
0.05 2.08315 1.804061 6.9090269 3.6081216
0.10 2.083175 1.804082 6.9091098 3.6081649
0.15 2.083225 1.804126 6.9092757 3.6082515
0.20 2.083325 1.804212 6.9096073 3.6084247
0.25 2.084175 1.804948 6.9124265 3.609897

The morphological study of all the compositions was done by SEM. Micrographs of all Gd doped nickel ferrite
compositions are shown in Figure 5, Numerous voids and pores are visible in non-uniform agglomerated fragments [15].
It was observed that every grain was dispersed randomly and had non-uniform sizes [16]. The average grain size was
found increased with Gd+3 composition and it was observed in the range of 140.5-176.2 nm, tabulated in Table 1.
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Table 4. Variation of bond angles between cations and cation-anion situated in NiFe>-xGdxO4 (x=0.00, 0.05, 0.10, 0.15, 0.20 & 0.25)
ferrite nano-particles annealed at 700°C

Gd 0 02 03 04 0
Composition

0.0 1252644 | 1287162 | 914562 | 1252644 | 88.4764
0.05 1252662 | 128.7421 | 91.51876 | 125.6980 | 88.48011
0.10 1252714 | 128.7622 | 91.51945 | 126.0281 | 88.4827
0.15 1252732 | 128.7713 | 91.56347 | 1262492 | 8848441
020 1252754 | 128.7784 | 91.58002 | 1263602 | 88.48526
0.25 1252734 | 128.7862 | 91.58176 | 126.6956 | $8.48781

Figure 5. SEM images of NiFe2xGdxOs (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed at 700°C

At room temperature, the magnetic properties of NiFe, «GdxO4 (x = 0.00, 0.010, 0.15, 0.20 & 0.25) ferrite nano-
particles were examined using a VSM. The synthesis method, grain size, cation doping, cation re-distribution, and other
factors are major determinants of the magnetic properties of ferrite nano-particles [34]. Ferrite nano-particles' magnetic
properties are mostly influenced by the Fe*3-Fe™ interaction and the spin coupling of their third-dimensional electrons.
When Gd** enters the Fe lattice, according to the cation distribution, the Gd-Fe** interaction happens with 3d-4f
electrons spin coupling, and hence Gd*™* ions will replace Fe** ions in octahedral [B] site. Figure 6 illustrates the hysteresis
of NiFe; «GdxO4 (x =0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed at 700°C. The derived parameters
such as saturation magnetization, remanent magnetization and coercivity are tabulated in Table 5.
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Figure 6. Hysteresis loops of NiFe2.xGdxO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed at 700°C

Table 5. Coercivity He (Oe), residual magnetization M; (emu/g) and saturation magnetization Ms (emu/g) of NiFe2-«GdxO4
(x=0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed at 700 °C

Com;?odsi tion H: (Oe) Mi(emu/g) M;s(emu/g)
0.0 154 5.07 30.28
0.05 156 3.82 27.95
0.10 257 4.54 19.73
0.15 261 3.65 15.35
0.20 261 3.65 15.35
0.25 233 6.52 34.40
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In general, Gd* ions have a magnetic moment of 7.9 BM whereas Fe'3 ions have magnetic moment 5 BM. Observing
the Gd™ and Fe*® ions magnetic moments, the magnetization for all the compositions was supposed to increase Gd*3
composition in nickel ferrites. But it is clearly observed from Table-5 that M; values and M, values were decreased from
30.28 to 15.35 emu/g and 5.07 to 3.65 emu/g respectively. The coercivity was increased from 154 Oe to 2610e and the
magnetization change may be due to Gd-Fe™ interactions. Figure-7 illustrate the variation of coercivity (H.) and
saturation magnetization (M) for NiFe,..GdO4 (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25) ferrite nano-particles annealed
at 700°C.
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Figure 7. Variation of coercivity (Hc) and saturation magnetization (Ms) for NiFe2xGdxOs4 (x = 0.00, 0.05, 0.10, 0.15, 0.20 & 0.25)
ferrite nano-particles annealed at 700°C

The strength of the spin-orbital coupling in ferrite materials limits their magnetic anisotropy. Presence of larger magnetic
anisotropy in the ferrites results in the larger coercivity. Doping of Gd" ions in the nickel ferrites has resulted in the increase
of coercivity which makes these ferrite compositions magnetically hard. Similar kind of results were observed for Tb** doped
cobalt ferrites [35-36]. Presence of Gd" ions weaken the super-exchange interactions in nickel ferrites [37-38].

CONCLUSION

Sol gel auto-combustion was used to create NiFe,.«GdxO4 (x =0.00, 0.010, 0.15, 0.20 & 0.25), ferrite nano-particles
that were then annealed for eight hours at 700°C. The increased ionic radii of rare earth ions (Gd**) are responsible for
the structural parameters, such as crystallite size and lattice parameter, which increased from 21.0288 to 27.04125 nm
and 8.3325 to 8.3367A, respectively, with Gd"> composition. Estimates of the tetrahedral, octahedral, and bond-angles
also demonstrated significant variation with the Gd** composition. The average grain size, which ranged from 140.5
to 176.2 nm, was found to increase with Gd composition. The composition of Gd resulted in a decrease in both saturation
and residual magnetization. Gd content increases the coercivity and gives ferrite nano-particles their magnetic hardness.
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BIIJIMB BMICTY I'AJOJIIHIIO HA MATHITHI TA CTPYKTYPHI XAPAKTEPUCTUKHN HAHOYACTHHOK NFGO

Capa Jlypra bxasani®®, K. Bimskas Kymap®*, A.T. Parxasennep®, I:x. Apyt Yeaseiin?, B. [lypua Yanapa Pao™
@ @axynemem ximii, deparcagruii koreddic Padocenopanacap, oxpye Paneapedoi - 501218, Tenaneana, In0is
b @axynemem pizuxu, INTUH Vuicepcumemcoiuil insicenepnuti konedac [icaemian, Hauynanni (Kondazamy),
Oxpye /icaemian 505501, Tenaneana, Inois
¢ @axynvmem ¢pizuxu, MiscHapoona wKkona mexHor02il i Hayk 0 ACiHOK, Padjcamaxenopasapam,
Cxionuii I'ooasapi -533 294, Anoxpa-Ilpadew, Inois
4 Maznimua epyna, Jlabopamopis 060pounux memanypeiiinux docrioxcens, Kanvantae, Xatioapabao-500058, Tenaneana, Inois
¢ Jlenapmamenm ximii, [ncmumym mexnonozii ma menedscmenmy I anoi, Xatioapabao-502 329, Tenaneana, Inois

JIy1s1 CTBOpPEHHSI HAHOYACTUHOK (DePUTY HIKEIIIO, JISTOBAHOTO TaI0JIiHIeEM, sKI MatoTh Ximiuauil ckian NiFexxGdxOs (x = 0,00, 0,010, 0,15,
0,2010,25) OyJ10 BUKOPHCTAHO 30J1b-TeJTb aBTOCTIAMOBaHHS. JloCiimkeHHs OyI10 30cepe/KEHO Ha ToMY, K ckiaa Gd+3 BIUTMHYB Ha MarHiTHI
BJIACTMBOCTI Ta CTPYKTYPHI apaMeTpy. MarHiTHI BAaCTUBOCTI JOCIIPKYBAIU METOI0M VSM, CTPYKTYpHI BJIaCTUBOCTI BU3HAYAIIN METOIaMU
XRD Ta SEM. XRD-rpaciku miarBepanid BCTAHOBICHHS IIMIHEIbHOI (heprToBoi (ha3u. 3i 30uibiieHHsM ckiaany Gd po3Mip KpUCTANITIB i
TapameTp rpaTky 30imsrmmcs 3 21,0288 10 27,04125 am i 8,3325 10 8,3367A BinmoBinHo. Bymo Takoxk odeBH/IHO, K ckinag Gd+3 BITHHYB
Ha OIIIHKY 3B SI3KOBUX KYTIB 1 IOBKHH y TETpaCAPUYHMX 1 OKTACAPUYHKX CTPpyKTypax. Mikpodortorpadii SEM mokasasu, 1o Bei 3epHa Ml
HEBENMKY KUTBKICTh ariiomepartii i 1o Bl CHHTE30BaHi KOMITO3uIIii Oynu omHopimaumu. Beranosiero, 1o mianason 140,5-176,2 um €
cepenHiM po3mipom 3epHa. BukoprctoByroun VSM mpu 300K, Oyimi 064rcieHi Taki MAarHiTHI TapaMeTpH, SIK KOSPIUTHBHA CHIIA, 3ATHIIIKOBA
HAMarHiyeHicTh 1 HamMarHiyeHicTh HacuueHust. [Toku ckiaan He craHoBuB 0,20, HAMATHIYEHICTH HACHYEHHS Ta 3AJIMIIKOBA HAMArHiYeHICTh
nazganu 3 30,28 emu/g 1o 15,35 emu/g i3 5,07 emu/g 1o 3,65 emu/g BimnosiaHo. Ilicis nporo Boru 3pociu 10 34,40 emu/g i 6,52 emu/g
BianosiaHo. J{o cknamy 0,20 koepiTrBHA cuita Oyia miasuiieHa 3 154 1o 261 Oe; micist mporo #oro 3uu3mm 10 233 E.

KurouoBi cioBa: nanouacmunku ¢epumy wuikento, neco8ami 2adonimiem; 30ab-2enb agmoseopauua; XRD; SEM i maenimmui
enacmusocni
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The development of efficient metal doped semiconductors for Photovoltaic applications has gained a lot of research attention. In this
present paper, pure and silver nanoparticles (AgNPs)-modified TiO2 nanocrystals (NCs) with different amount of AgNPs (say 50, 100,
150, 200, and 250 pL) were achieved and the effects of AgNPs on the TiO2 NCs were explored systematically. The optical, structural
and morphological properties were probed using UV-visible spectrophotometer, X-ray diffraction (XRD), and scanning electron
microscope (SEM). The results of the optical studies showed a characteristic peak of TiO2 and the redshifting of the peak position was
observed by introducing AgNPs. The synergetic effects from AgNPs and TiO> results to diminished band gap. The XRD result
confirmed the formation of a tetragonal anatase TiOz phase with a decrease in crystallite size with increasing AgNPs content. The SEM
images show enhanced nucleation and film growth with presence of shining surface which can be seen to contribute to good photon
management by enhancing light scattering. The unadulterated TiO2 and AgNPs-modified TiO2 have spherical morphology and
uniform size distribution ranging from 20 to 30 nm. This study established the view that surface modification of TiO2 with AgNPs is a
viable approach towards achieving an efficient light photocatalyst.

Keywords: AgNPs; TiOs; Nanocomposites;, LSPR Effect; Photocatalyst

PACS: 61.05.C-, 78.20.-¢, 68.37.-d, 81.07.-b, 88.40.H-, 87.64.Ee

1. INTRODUCTION

Titanium dioxide (TiO,) is a highly studied semiconductor due to its optoelectronic nature and high chemical
stability [ 1] and has been proven to be one of the materials that have found applications in sensors, antireflective coatings,
electrochromic devices, solar energy conversion [2] etc. Nanocrystalline TiO» is classified as one of the successful
nanomaterials applied for photocatalytic and photoelectrochemical [3]. One of the disadvantages of TiO; is its wide band
gap (for anatase phase is £, = 3.2 eV, for rutile is 3.0 eV) that have made the absorption coefficient limited for applications
in the visible region of the electromagnetic spectrum. As a result, altering the band gap of TiO; to render it photosensitive
in the visible-light region of electromagnetic spectrum with low electron—hole recombination is considered a viable
alternative in photocatalysis [4].

One of the path-way to improving the photocatalytic properties is incorporation of noble metal nanoparticles, such
as Pt, Ag, Pd, Au, and alloys which can display plasmonic effect in TiO, matrix. This will render it active in visible light
harvesting and charge carrier separation simultaneously without sacrificing its crystal quality [5,6].

When noble metals come in contact with TiO», they behave as electron reservoir suppressing the recombination rate
and significantly enhance carrier life time [4]. Among the noble metals, silver nanoparticles (Ag NPs) have displayed
some extra ordinary properties that makes it attractive for application in different catalyst. Amongst these properties are;
unique physical, chemical, electronic, and optical properties [4,7,8]. Introducing AgNPs in the TiO, environment also
results to increase in photocatalytic efficiency by interfacial charge transfer that takes place through Ti-Ag-O phase and
the presence of oxygen vacancies [4,9]. During sunlight visible interaction with the AgNPs, surface plasmon resonance
effect is displayed which drive the electron from AgNPs to TiO; or the vice versa and in turn enhance light harvesting due
to frequency matching [10,11].

Different methods of fabricating Ag doped TiO, have been demonstrated. For instance, some studies have utilized a
chemical reduction method to introduce Ag* into TiO, NPs [9,12]. Photo reduction method was used by Yang et al. [13]
to introduce silver nitrate (AgNO3) into TiO, NPs under UV light. In another study by Zhou et al. [14], they fabricated
Ag/Ag-doped TiO; using modified sol-hydrothermal method in the presence of NaOH as additive. Daniel et al. [1] used
successive ionic layer absorption and reaction to introduce AgNPs in TiO». Although in the reported works, chemical
route was utilized to fabricate Ag doped TiO, NCs.

In our present work, we reported the biosynthesis of AgNPs and its effect on TiO, nanocrystal. The effect of the Ag
nanoparticles on the optical, structural, and morphological was explored in a systematic way. The results showed that on
introducing different amount of AgNPs through spin coating, the band optical properties of TiO, matrix were enhanced
resulting to diminished bandgap of TiO, which presents good prospects for photocatalytic activity and photovoltaic
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applications. This entire paper is presented in four sections. After the introduction section is the materials and method
section, which offers a full description related to the synthesis and fabrication techniques. Section 3, includes the results
and discussion. The conclusion section includes a summary of the findings.

2. MATERIALS AND METHODS
2.1. Materials
Ti-Nanoxide (T/SP36) was purchased from solaronix, Methanol (99.8%), Silver nitrate (99%), the commercial
titanium dioxide (99.5%), Degussa P25, Sodium hydroxide (98.5%), were supplied by Sigma Aldrich. All the chemicals
were of analytical grade and used as received without any further purification.

2.2. Preparation of Titanium dioxide
The Titanium Nanoxide T/SP 36 was diluted in absolute ethanol in the ratio 1:3 respectively to obtain the required
composition. The prepared TiO; solution was sealed with aluminum foil to prevent it from absorbing moisture.

2.2. Preparation of biosynthesized AgNPs
The silver nanoparticle (AgNPs) was made in a green synthetic way using soluble starch as a reducing agent. In a
typical one-step synthesis protocol, 0.5 g of soluble starch was added to 50 mL of deionized water and gently heated under
continues stirring on hotplate at 100°C for 30 minutes. Later 0.01 M, 50 mL of AgNO; was added to the mixture and
continued boiling at 90°C for 6 hours on hotplate with stirring. The colour of the silver nitrate solution changed from
colourless to brownish yellow which indicate the formation of AgNPs. The obtained AgNPs were purified through
repeated centrifugation at 11500 rpm for 20 minutes. AgNPs were collected and redispersed in deionized water.

2.3. Quantitation of the biosynthesized AgNPs
The concentration of AgNPs was estimated from concentration of AgNO; solution (0.01 M, 50 mL) following a
procedure earlier described by Kalishwaralal et al. [15], and Rani et al. [16]
Step 1: Average number of atoms per nanoparticle (N):
From the synthesis we assumed that 100% of the silver atoms were converted into AgNPs

npD3
N=p
6M

Ny
Where n1=3.142, p is the density of the face-centered cubic crystalline structure of silver (i.e., 10.5g/cm®) [16], D is the
average diameter of AgNPs (18 nm), M is the atomic mass of silver (107.86 g), and N, is the number of the atoms per

mole (Avogadro’s number = 6.023 6.023 X 1023). Therefore;

N = 3.142 X 10.5 X (1.8 X 107%)3 x 6.023 x 1023

6 x107.8
N =179166
Step 2: Molar concentration of AgNPs solution:
N.
C=-—
NVN,

Where Nr= product of the molarity of AgNO3 and atoms present in one mole,
N=number of atoms per nanoparticle (as calculated in step 1), and V is the volume of solution.
Therefore;

0.01 x 6.023 x 10%3

~ 179166 x 0.05 x 6.023 x 1023

C=112x10"°*M.L"'=1120 nM

2.4. Deposition of TiO2 Layer
The TiO; liquid paste was spin-coated on the substrate using modified centrifuge machine at 3000 rpm for
15 seconds. The deposited TiO, was dried at 150°C for 5 minutes and then annealed at 450°C for 30 minutes.

2.5 Silver nanoparticles deposition on TiO:

Green synthesized metallic silver nanoparticles (AgNPs) was sputtered onto the surface of spin coated TiO, films
by spin coating technique at room temperature. The silver content on the surface of the TiO, was varied by drop-casting
50, 100, 150, 200, and 250 pL. Immediately after the Ag deposition onto TiO,, the films are annealed at 150°C for
5 minutes.
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2.6 Films characterization
2.6.1 UV-vis spectrophotometer
UV-vis spectroscopy was performed to predict the charge transfer possibility between the acceptor and donor using
Axiom Medicals (UV752 UV-Vis-NIR spectrophotometer) by scanning the absorption maxima of the mixture at
wavelengths between 200—1200 nm.

2.6.2 X-ray diffraction (XRD)
The crystal structure of the nanoparticle films was performed on X-ray diffraction (Rigaku D, Max 2500) recorded
in the 2 theta range from 10° to 70° and equipped with CukK,, radiation (a = 1.54 A). The spectral data were operated at
40 kV and a current of 40 mA.

2.6.3. Scanning Electron Microscope (SEM)
Scanning Electron Microscope (SEM) was used to study the surface morphologies using JEOL (JSM-7600F) at a
20 kV acceleration voltage.

3. RESULTS AND DISCUSSION
3.1 Optical study
Figure 1a shows the curve of the absorbance against wavelength for pure TiO» and TiO, modified with different uL
of AgNPs.
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Figure 1. (a) Absorbance of TiO2, AgNPs, TiO2/AgNPs1, TiO2/AgNPs2, TiO2/AgNPs3, TiO2/AgNPs4, and TiO2/AgNPs5,
(b) Transmittance of TiO2, AgNPs, TiO2/AgNPs1, TiO2/AgNPs2, TiO2/AgNPs3, TiO2/AgNPs4, and TiO2/AgNPs5, (¢) Reflectance
of TiO2, AgNPs, TiO2/AgNPs1, TiO2/AgNPs2, TiO2/AgNPs3, TiO2/AgNPs4, and TiO2/AgNPs5, (d) Band gap energy of TiOz,
AgNPs, TiO2/AgNPs1, TiO2/AgNPs2, TiO2/AgNPs3, TiO2/AgNPs4, and TiO2/AgNPs5

Where AgNPs1=50 pL, AgNPs2=100 puL, AgNPs3=150 pL, AgNPs=200 pL, and AgNPs=250 puL

As it is seen from all the spectra, the curves modified with AgNPs show improved absorption in the visible range of
the electromagnetic (em) spectrum. The titanium dioxide did not display any visible or near infrared peak, however an
absorption peak between 278-405 nm in ultraviolet region with maximum peak at 341 nm was observed. This peak can
be attributed to strong interaction between O 2p to Ti 3d charges [4]. As a result of the observed peak at the UV region,
there is need to modify TiO» to make it active at the visible and near IR region.

On close inspection of the spectrum, the AgNPs shows a broad band with a visible peak observed at 465 nm which
correspond to the plasmonic absorption of AgNPs [3,17-20]. The surface plasmon resonance effect is due to the mutual
oscillation of conduction electrons which are in resonance with the light wave. The sample containing AgNPs is depicted
to show a redshift in visible light matching which is attributed to surface plasmon resonance effect.
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The TiO»/AgNPsl1 film shows a peak at 395 while the TiO»/AgNPs2 film shows a further shift to 407 nm. On
increasing the AgNPs drops to 3 and 4, we observed a redshift in the spectra with absorption peak of 440 nm and 460 nm.
Further increase to 5 drops results to a blue shift in optical absorption which is attributed to photodegradation due to
higher surface adsorption.

The optical transmittance of the samples is shown in Figure 1b which was obtained from equation 1.

T =104 (1)

where T is transmittance and A is absorbance.

As seen from the curve, at wavelengths between 400 to 1000 nm, all samples with AgNPs have lower transmittance
than the sample without AgNPs. This differences in transmittance is attributed to the fact that the refractive index of TiO»
is being more dispersive than those of AgNPs modified samples [21]. All the samples display high transparency in the
visible region and near IR region with a sharp fall noticed at lower wavelength. The higher transmittance observed in pure
TiO, than the AgNPs modified TiO» shows that, the introduction of AgNPs on TiO; increase the porosity of the film. We
can attribute the possible reason of decrease in optical film density with increase in AgNPs content to this reason. The
disparities in the transmittance of the film can be seen to arise mainly from the presence of different amount of AgNPs
(50, 100, 150, 200, and 250 pL) introduced which results in inconsistencies in surface morphology, crystal size, and
transmittance to light scattering [3,22].

The optical reflectance of pure TiO, and TiO, modified with different uL of AgNPs shown in Figure 1¢ were obtained
from equation 2.

R=1-(A+T). )

Where R is the reflectance, A is the absorbance and T is the transmittance

As depicted in the figure, all the films were seen to be reflective.

The reflectance was characterized with a peak and a valley. The presence of AgNPs with different content results to
increase in porosity of the films which also causes a decrease in reflectance. This redshifting indicates that multiple light
can scatter due to the pores as a result of introduction of AgNPs. This clearly means that, the unadulterated TiO- film
shows a smaller porosity which enhances light reflectivity.

The optical band gap (£,) was determined using the Tauc method which is a graph that expresses a relationship
between (chv)? and hv. The extrapolation of the linear part (ahv) to zero point provides the band gap value.

The E, were estimated utilizing the Tauc curve (ahv)"=A[hv-E,], where o = absorption coefficient, v = incident
photon frequency, £~ bandgap, h = plank constant and A = constant, respectively. In the Tauc equation above, the value
of r depends on optical absorption. For example, the transitions 1/2 is known as direct allowed and 2 is known as indirect
allowed, respectively, while the transitions 3 is known as direct forbidden and 3/2 as indirect forbidden, respectively [23].

The band gap energy of the TiO, without AgNPs was 3.20 eV (see Figure 1d). Similar results have been reported by
other researchers [1,3,24]. Upon incorporation of different uL. of AgNPs, the band gaps were reduced to be 2.78, 2.58,
2.01, 2.19 and 2.44 eV for TiO,, TiOo/AgNPsl, TiO»/AgNPs2, TiO,/AgNPs3, TiOo/AgNPs4 and TiO»/AgNPs5 as
depicted in Figure 1d. The AgNPs band gap is 1.95 eV. The reduced bandgap is as a result of increase in grain size due to
increase in AgNPs content. This reduction has simply established the phenomenon of quantum size effects, in which the
bigger the particle size, the smaller the bandgap [3,25].

3.2. Structural study
XRD patterns were studied to illustrate the structure and phase composition of the as synthesized nano materials.
Figure 2a shows the XRD pattern of TiO; and TiO, modified with various pL of AgNPs and spin coated.
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Figure 2. (a) - XRD pattern of TiO2, and TiO2 with different content of AgNPs; (b) — Gaussian fitted peaks for the most pronounced
plane (101)
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The creation of a tetragonal anatase TiO, phase was confirmed by all peaks in the pattern. The significant peaks at
24.59°, 37.22°, 47.88°, 53.42°, 54.53°, 62.21°, and 67.40°, which correspond to the planes (101), (112), (200), (105),
(211), (204), and (116), respectively, are clearly visible. The peaks and planes exhibit great agreement with standard
JCPDS card No. 89-4921 and also agrees with the findings reported by Danladi et al. [3] and Manju & Jawhar [26].
Anatase titania has been generated inevitably in all the films coated with the biosynthesized AgNPs, as evidenced by the
absence of extra peaks due to AgNPs or comparable phases in the XRD plot. This only suggests that the addition of
AgNPs improves the crystallinity of the film. AgNPs are introduced as a synthetic antenna, which alters the diffraction
peak intensity and somewhat broadens the dominating peaks.

The peaks intensities increase with increasing drops of AgNPs except the film with 250 pL of AgNPs where the intensity
is lower and this difference can be attributed to faster agglomeration rate of silver nanoparticles. We can see that, in relation to
the AgNPs content increase, the high-intensity peak (101) position is somewhat pushed marginally into the higher angle position.
To support our claim, the Gaussian fitted peaks for the most pronounced plane (101) are presented in Figure 2b.

The crystallite sizes (D) of all the pure and AgNPs modified films were estimated using equation 3 which is called
the Debye—Scherrer equation [27]. All the parameters obtained are as shown in Table 1.

kA
LCosO (3)

Crystallite size D =

Table 1. Structural Parameters of TiOz and TiOz coated with 50, 100, 150, 200, and 250 pL of biosynthesized AgNPs.

( dezg?ee) hkl Crystallite size (nm)
TiO2 TiO2/AgNPs1 TiO2/AgNPs2 TiO2/AgNPs3 TiO2/AgNPs4 TiO2/AgNPs5
23.46 101 3.87 5.02 4.69 4.28 4.27 4.54
37.36 112 11.94 9.92 10.74 10.95 10.46 9.57
47.13 200 10.41 11.39 6.51 8.19 7.47 8.68
53.36 105 42.82 38.63 24.97 28.11 17.45 32.97
54.38 211 8.22 30.38 41.28 12.24 22.89 17.37
61.08 204 19.51 243 10.99 45.18 11.32 35.45
67.92 116 5.49 12.39 5.49 5.34 9.71 3.11

3.3 Morphological Study
The morphological characteristics of the prepared films were studied using SEM micrographs.

Figure 3. SEM images of (a) pure TiO2, (b) Biosynthesized AgNPs, (c¢) TiO2 with 50 uL. of AgNPs, (d) TiO2 with 100 uL of
AgNPs, (e) TiO2 with 150 pL of AgNPs, (f) TiO2 with 200 uL. of AgNPs and (g) TiO2 with 250 pL of AgNPs

Figure 3a shows the SEM image of pure TiO,, Figure 3b shows the SEM image of AgNPs, Figure 3¢ shows the SEM
image of TiO,/AgNPsl, Figure 3d shows the SEM image of TiO,/AgNPs2, Figure 3e shows the SEM micrograph of
TiO/AgNPs3, Figure 3f shows the SEM micrograph of TiO,/AgNPs4 and Figure 3g shows the SEM micrograph of
TiO»/AgNPs5. The morphological structures of the films show well-densified surface which has spherical porosity. This
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spherical porosity is an indication of the film to allow proper infiltration of the AgNPs into the space for good surface
interaction. From the XRD data from Scherrer's formula and the SEM micrographs pattern, the sizes are in the nanoscale
with the silver nanoparticles having average diameter of 18 nm.

Interestingly, the anchored Ag nanoparticles on the surface of TiO; is seen for the samples with Ag nanoparticles
modification (Figure 3c-g) which further affirms the successful attachment of Ag nanoparticles on the surface of
nanocrystalline TiO». As it is seen clearly, the micrographs with AgNPs show a shiny surface which display enhanced
catalytic properties that can improve scattering of light and minimize recombination effect. The size of the AgNPs is
controlled in our study by varying the pL of AgNPs added in the TiO, nanocrystal. The size of the particle is increased with
decreasing pL of the AgNPs content added. This shows that the presence of AgNPs initiate nucleation with much film
coverage. These different amount of AgNPs were utilized as light scattering layer in the modified films. From the structure,
a greater aggregation was shown in the SEM image with 250 puL of AgNPs which shows more islands formation and will
subsequently results to less attachment at specific site of the titania. This by indication can lessen the catalytic effect and
reduce the nucleation site that will give room for crystal film growth. We can relate this assertion with the XRD result of the
film with 250 pL of AgNPs where the intensity is lower due to faster agglomeration rate of silver nanoparticles.

4. CONCLUSION

In this study, pure TiO, and TiO, modified with AgNPs different uL were successfully prepared and there optical,
structural and morphological properties were probed using UV-visible spectrophotometer, X-ray diffraction (XRD), and
scanning electron microscope (SEM). The optical properties detect surface plasmon resonance effect occurring at 465 nm
which is the characteristic of surface plasmon resonance (SPR) of silver nanoparticles. The Ag incorporated TiO, films
show a narrowed band gap and the Ag doping enhances the absorption of visible light due to plasmonic effect. XRD
analysis reveals that the silver is crystallized in metallic state, and Ag nanoparticles are successfully formed in titanium
dioxide matrix without indication of existence of Ag phases. As it is seen clearly, the micrographs with AgNPs show a
shiny surface which display enhanced catalytic properties that can improve scattering of light and minimize recombination
effect. This study established the view that deformation of TiO, with AgNPs is a good means towards achieving an
efficient photocatalyst for photovoltaic application.
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BIIJIUB BIOCUHTE30BAHUX HAHOYACTHUHOK CPIBJIA HA OIITUYHI, CTPYKTYPHI TA MOP®OJIOI' TYHI
BJIACTUBOCTI HAHOKPUCTAUJIIB TiO2
Jl:xamina Tacio®, Myxamman M. Onimici®, AGy6axap C. FOcyd<, Eni Tannanid, Hikonac H. Taci
“ Kagheopa ¢hizuxu, Ynisepcumem wmamy Kaodyua, Kaoyna, Hizepia
b Kagheopa pizuxu Hizepiticokoi oboponnoi axademii, Kadymna, Hizepis
¢ @akynomem izuxu, Pedepanvruii mexnonoziunuil ynigepcumem, PM.B 65, Minna, wmam Hizepis, Hieepis
4 Daxynomem pizuxu, Dedepanvuuil ynigepcumem nayk npo 300poe's, Omyxno, wmam Lenye, Hizepis
c@axynomem ¢hizuxu, Ynisepcumem wmamy Pieepc, Ilopm-I apxopm, wmam Pieepc, Hizcepis

Po3poOka e(peKTHBHUX JErOBaHMX METAJOM HAMIBIPOBIAHUKIB il (DOTOCNEKTPUUHHMX 3aCTOCYBaHb MPUBEPHYNIA BEIUKY YyBary
JOCIIAHKUKIB. Y 1IbOMY TOKyMEHTi Oyio OTpUMaHO YHCTi Ta MoxudikoBaHi HaHoYacTHHKH cpibna (AgNP) nanokpucramu TiO2 (NC) 3
pizHoto kinbkicTio AgNP (ckaximo; 1, 2, 3, 4 Ta 5 kpamnens), a Takox BB AgNP va TiO2 NCs. gocnimkeno cucreMaTndao. OnTHYHI,
CTPYKTYypHI Ta MOpP(OJOTiYHI BIACTHBOCTI MOCTILKYBaTH 3a IONOMOror Y®-BuamMmoro crekTpodoroMeTrpa, peHTTeHiBCHKOI
mu¢pakmii (XRD) Ta ckaHyiodoro enekTpoHHOro Mikpockona (SEM). Pesynsratu onTHYHIX ZOCIIDKEHD IIOKAa3aIl XapaKTepHUH MK
TiO2, a yepBOHE 3MIIEHHS TOJOXKEHHS MKy croctepiranocs npu BBegeHHi AgNPs. Cuneprermunuii edexr Big AgNP i TiO2
MIPU3BOAUTE 1O 3MeHIIeHHs 3abopoHeHoi 3oHH. Pesdymsrar XRD minTBepauB yTBopeHHs (a3u TeTparoHaibHoro axarasy TiO:z i3
3MEHIIIEHHSIM PO3Mipy KpUCTaIITIB 3i 30imbmeHHsM BMicTy AgNPs. 300paxennss SEM nokasyroTh mocuieHe 3apojKeHHs Ta picT
IUTIBKM 3 HAsBHICTIO ONHMCKYYOl TMOBEpXHi, sIKa, SK BHIHO, CIPHSE XOPOLIOMY YIPABIiHHIO (OTOHAMH 3a PaxyHOK ITOCHIICHHS
poscitoBaHHs cBitia. Yucrnit TiO2 i MmonudikoBanuii AgNPs TiO2 matoTs chepuuny Mopdoorito Ta piBHOMIpHHMIT pO3MOiN po3MipiB
Bix 20 mo 30 um. Lle nocnimkeHHs: BCTAHOBHJIO TOUKY 30Dy, 110 Moaudikaris moBepxHi TiO2 3a gnonmomororo AgNP € xutre3naTHuM
M1 AXOIOM JI0 JOCSTHEHHS €()EeKTUBHOTO CBITIOBOTO (pOTOKATAITI3aTOpA.

KurouoBi ciioBa: AgNPs,; TiOz; nanokomnosumu, ecpexm LSPR; pomoxamanizamop





