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Abstract: Using the method of retarded potentials, approximate formulae are obtained that
describe the electromagnetic field outside the relativistic uniform system in the form of a
charged sphere rotating at a constant speed. For the near, middle and far zones, the
corresponding expressions are found for the scalar and vector potentials, as well as for the
electric and magnetic fields. Then, these expressions are assessed for correspondence to the
Laplace equations for potentials and fields. One of the purposes is to test the truth of the
assumption that the scalar potential and the electric field depend neither on the value of the
angular velocity of rotation of the sphere nor on the direction to the point where the field is
measured. However, calculations show that potentials and fields increase as the observation
point gets closer to the sphere’s equator and to the sphere’s surface, compared with the case
for a stationary sphere. In this case, additions are proportional to the square of the angular
velocity of rotation and the square of the sphere’s radius and inversely proportional to the
square of the speed of light. The largest found relative increase in potentials and fields
could reach the value of 4% for the rapidly rotating neutron star PSR J1614-2230, if the
star were charged. For a proton, a similar increase in fields on its surface near the equator

reaches 54%.

Keywords: Electromagnetic field, Relativistic uniform system, Rotation.

1. Introduction

In article [1], it is emphasized that in most
cases, calculation of the components of
electromagnetic field of rapidly changing
currents is extremely difficult. Even in simple
configurations of moving charges, it appears that
non-elementary integrals cannot be expressed in
terms of simple functions. The simplest example
is a current loop and already here, we have to
deal with elliptic integrals. To determine the
field components, Maxwell equations for the
vector potential were integrated in [1] using
Laplace transformation and the solution was
found in the form of a sum with the help of
Legendre polynomials for the charged spherical
shell during its rotation in different cases,
including change in the charge configuration on
the surface and accelerated rotation.

The solution for the rotating uniformly
charged sphere’s surface can be found in [2],
where the magnetic field was expressed as a
vector in the spherical reference frame. In [3],
the vector potential and magnetic field are
calculated for a uniformly charged rotating
sphere. A more complicated situation, where the
matter inside the sphere or cylinder is a
conductor and an additional charge appears
during rotation from the centripetal force and
inertia of electrons, is considered in [4-5].

In [6], rotating cylindrical charge distribution
was studied and a solution was obtained for the
magnetic and electric fields around the rotating
sphere. Then, in [7] a general solution was found
for symmetric rotating charge distributions.

Corresponding Author: Sergey G. Fedosin

Email: sergey.fedosin@gmail.com
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In contrast to these works, we consider not
just uniformly charged matter distributed inside
the sphere or in its shell, but a relativistic
uniform system. This means that the matter in
the sphere’s volume is in equilibrium with the
gravitational  forces, pressure field and
acceleration field and the charged particles can
move chaotically and have the same invariant
charge density. If such a system of particles
rotates at a certain constant angular velocity, this
leads to the corresponding vector potential and
magnetic field, which do not depend on time.
We will calculate all the components of the
electromagnetic field outside the system,
including the scalar and vector potentials,
electric and magnetic fields. Previously, these
quantities were found in [8-12] for the case of a
uniform system at rest without rotation, in which
the vector potentials are equal to zero.

The study of a rotating relativistic uniform
system is important in itself and it is of academic
interest from the point of view of developing an
ideal model corresponding to the relativistic
approach. But, there are also a number of
physical problems, such as calculating the
angular momentum, magnetic moment and
relativistic energy of rotating objects, where it is
necessary to correctly estimate the contributions
of various fields associated with these objects.

As a rule, in articles describing a steadily
rotating spherical shell, it is assumed that the
electric field outside the sphere does not depend
on the angular velocity of rotation. In contrast to
this, in [13] it is indicated that there is such a
dependence both for the electric and magnetic
fields. In [14], this question was considered
again and an error in calculations was found in
[13], associated with the replacement of the
partial time derivative with the total derivative.

To check the assumption about the possible
dependence of the fields on the angular velocity
of rotation and to estimate the contribution from
the particles’ motion inside the system, the
accuracy of our calculations will be increased up
to the terms containing the square and even the
third power of the speed of light in the
denominator. The method of retarded potentials
used for calculations provides the result based on
first principles, which reduces possible
inaccuracies that appear under additional
assumptions.

380

2. Statement of the Problem

The standard equations for the electric field
strength E, magnetic field induction B and
electromagnetic field potentials in the framework
of the special theory of relativity have the
following form:

Y Po 1 OE
V.-E="22, VxB=pu,j+—

&, Hol 7ot
V-B=0, vxE=-8 (1)
ot

10° P,
aﬂaﬂ@:—2 —Ap="21
&
00" A= AA =
5 —c—2 - HoJ - )

E:—qu—a—A B=VxA, 4, (f,— j
ot c
(3)

For the particles moving inside the rotating

1
,ll—vz/c2

is the particles’ velocity in the reference frame

sphere: y = is the Lorentz factor; v

K, in which the sphere is rotating; Py, 1s the

charge density of a moving particle in the

comoving reference frame; &, is the electrical

constant; 4, is the magnetic constant;

jzypoqv denotes the vector of the electric
current density; ¢ is the speed of light, while

,uogoc2 =1; A4, is the four-potential of the

electromagnetic field; @ and A are the scalar

and vector potentials. Wave equations (2) for the
potentials are obtained from equations (1) taking
into account (3).

If the sphere with the particles rotates at a
constant angular velocity @, the potentials
would not depend on time. Then, the time
derivatives disappear in (2) and the following
remains:

Agg:_@ AA

s AA=—p,j=—1, Y po, V- (4
80
(4) were solved in the absence of
rotation, when @ =0, for a relativistic uniform

system [11]. In this case, the Lorentz factor '
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of the particles” motion relative to the reference

frame K', associated with the center of the fixed
sphere, was substituted instead of ¥ in (4). For

the spherical system with the particles in the
absence of the matter’s general rotation, the
Lorentz factor according to [8] is equal to:

y'(w=0)= TR/%TCPO sin (E,M—T[r]po) =~ y'c —

2m r2y!
NPoTY ¢ (5)

3c2
is the

Lorentz factor at the center of the sphere, 17 is

In (5), r is the current radius, ¥/

the acceleration field coefficient and p, is the

mass density of a moving particle in the
comoving reference frame. Taking this into

account, the scalar (electric) potential ¢, inside

the sphere and the similar potential ¢, outside

the sphere are defined by the expressions:
@; = Pogc?y'¢

c o T
~ imeonpor [JAJ—MSIH (cvamnp0) -

Pog¥' (3a*-1%)
rcos (%,/4717],00)] ~ WT. (6)

2.7
Qb = pog) V' (@ = 0)dV; = po‘cho’/ C[Wﬂ:—nposm (%,/47”];)0) — acos (%,/47”];)0)] ~

271 poa?

_ 4mpoqa®y’, (1

3 5c¢2

As for the vector (magnetic) potential A in
(4), on the average, it turns out to be equal to
zero everywhere due to the chaotic motion of
particles.

The particles’ rotation at the angular velocity
@ about the axis OZ that passes through the
center of the sphere changes the particles’ linear
velocities. Taking into account the rule of
relativistic addition of velocities, for the absolute
velocity and the Lorentz factor of an arbitrary
particle, we find the following:

V,+mvrw

V=

, V'V,
y=w,(1+ > j
C

where v’ is the velocity of chaotic motion of a

©)

particle in the reference frame K' rotating with
the matter at the angular velocity @; Vv, is the

poqc?y’.

c . a
= amegnpor [Jm—npo s (Z\/TWPO) -
acos (4@, )|

_ 4 4 [y 3nm
qDo_ ~ 2 |
dre,r  Ame,r 10ac

Po

(7

In (7), the quantity g is the product of p,,
by the volume ¥, of the sphere of radius a ; that

47 p,, @’

is g= . Similarly, m is the product of

the invariant mass density p, of the matter’s
particles by the sphere’s volume. However, the
external potential ¢, of the electric field does
not depend on ¢, but it depends on the total
charge ¢, of the sphere, defined by the

expression:

()

_ r _ 3nm )
=av. (1 10ac?
linear velocity of motion of the reference frame

K' at the particle’s location, arising due to
rotation in the reference frame K ;

b

v, = is the Lorentz factor for the
1-v° / c’

r

!’

velocity v , y'= is the Lorentz

1
’1 _ VIZ/CZ
factor for the velocity v'.

Expressions (9) should be averaged over the
volume in a small neighborhood of the point
under consideration so that a sufficient number
of particles would be present in this volume. Due
to the chaotic character of motion, the velocities
v’ of neighboring particles are directed in
different ways. As a result, the average values
willbe: V=v_, ¥ =y'y . Next, we will assume
that, despite the general rotation, formula (5) for
y' continues to be valid in the reference frame

K', with the exception that instead of the
Lorentz factor ¥, at the center of the sphere, the

381
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formula must contain a quantity denoted as ¥, .

Indeed, y! is determined in the absence of

rotation, but the Lorentz factor at the center of
the sphere can be changed due to rotation and

turn into ¥, .
2.1 Potentials outside the Rotating Sphere

The charge density p,, outside the sphere is

zero due to the absence of charged particles
there. This simplifies the form of equations (4),
which turn into Laplace equations:

Ap=0, AA=0. (10)

From the great number of possible solutions
of equations (10), we should choose those that,
in the absence of rotation, go over to the solution

of (7) for the scalar potential ¢, and to the

solution A =0 for the vector potential.

In order to find the necessary solutions, we
will use the Lienard-Wiechert approach for
retarded potentials. Let us assume that a point
charged particle rotates along a circle of radius
P at the angular velocity @ and with the linear

velocity v. = @p . We will place the cylindrical

reference frame with coordinates p,¢,z, at the

center of the sphere and will search for the
electromagnetic field potentials from the rotating
charge at a certain remote point P with the
radius vector R =(x, y,z) .

The current position of the charge is given by
the radius vector

14 = (pcose, psing, z;) = [pcos(wt +
¢O)! pSIU(wt + ¢O)!Zd]:

so that the circle of rotation is parallel to the
plane XOY , while the angle ¢ depends on the

current time: ¢ = @t + ¢, ; here, the constant ¢,

is the initial phase.

The vector from the charge to the point P
will be as follows:

Rp =R — g = [x — pCOS(wt + ¢0);y -
psin(wt + ¢o), z — z4],

wherein
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o |G peosd)? + (y = psing)2)
P +(z — z4)? l

(11

_ | R2+ 2% —2zz4 4+ p? |
—2pxcos¢p — 2pysing’ J
The Lienard-Wiechert formulae for the scalar

and vector potentials of one particle with the
number # have the following form:

J—L. A . (12)

A

Here, RP:R—f‘q is the vector from the

charge to the point P at the early time point

- R )
t =t——L the radius vector
c

fy = (pcosd, psind, z,) = [pcos(wt +

®0), psin(wt + o), z4]
defines the position of the charge at the time
point 7, while

Ry = \/(x - pcos$)2 +(y - psin$)2 + (z — z9)2.
The current rotation velocity of the charge is

dr
vV = 7” =(—wpsing,wpcos¢,0) and the
t
charge’s velocity at the early time point will be

A

. dr . .
V. =v. ()= dt? = (—wpsing,wpcos,0),

U)RP

wherein ¢ = wf + ¢y = wt + Py —
R
=0~ ¢

Since, according to (9), the average velocity
of the particles’ motion is V=V _, in (12), V,

=¢ —

Cc

should be used instead of V. Then, for lA?P and

the product V,-R,, in (12), we obtain:

R? + 22 — 22274 + p?
RP = . s
—2pxcosdp — 2pysind

v -sza)pycosgz;—wpxsingz;. (13)
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Let’s locate the coordinate z, in such a way

that it would define the location of a thin layer
with thickness s in the form of a disk parallel to

the plane XOY . The radius of such a disk inside

Ja’ -z, , where the

sphere’s radius is a. The sphere is tightly filled
with rotating particles and the same applies to
this disk. We will use the principle of
superposition of potentials and will find the
scalar potential at the remote point P from the
rotating disk with charged particles. For this
purpose, we need to take the sum over all N
charges in the disk. In view of (12), for the scalar
potential, we have the following:

the sphere will be p, =

N 1 N

P =20, 2

n=1 n=l1

4q,
(R,—%,-

= .(14
dre, (9

RP/c)

Each charge ¢, inside the disk has its own

n

rotation radius o, and motion velocity
v, =wp,, while the instantaneous position of
the charge is given by the vector

r, = (p,cos@,,p,sing ,z,). In this regard, in

(14), the denominator depends on the location of
the particle in the disk and therefore, it has an
index n.

The charge of a point particle rotating in the
disk can be expressed in terms of the invariant
charge density, Lorentz factor and moving
volume:

q::pW7Spdpd¢
! Y,
spdpdg

Iz

element of the volume of a rotating disk, which,

The quantity here specifies the

as a result of Lorentz contraction, is y, times
less than the volume element spdpd¢ of the
fixed disk. The quantity p, » defines the

effective density of the charge, taking into
account its rotation inside the disk and the
chaotic motion of particles. As ¥ in (15), we

should substitute the averaged value of the
Lorentz factor ¥ =y'y,, according to (9). This
gives the following:

q,=po,y'spdpdg. (15)

The charge ¢, is expressed in terms of the

product of differentials, so that the sum (14) can
be transformed into an integral. With this in
mind, from (13-15), it follows:

2 ~pPg
— SPogq
Pa = 4meE 2 oy o
0 o o JR2+zd—Zzzd+p2—2pxcos¢—2pysin¢+

In order to be able to perform integration, in

(16), we need to express the angle qg, defining
the position of an arbitrary particle at the early

Y pdpdg (16)
wpxsing wpycosdp
[ [
A R .. oR

cos @ = cos ¢ cos—= + singsin—=
c

o R . oR

sing =singcos—= —cosgsin—=.  (17)
c

time point 7 , in terms of the angle ¢ at the time
point . Since ¢=wt+¢,, g$= a)f+¢0 and
R, ok,
c

c

f=t—

, we will have (l;:(b— and

therefore,

From comparison of (12) and (16), it follows
that the vector potential of the rotating disk will
be equal to:

Y Drpdpde

2 ~pg
A_ﬂﬁgf f
a=
41T \[2 2
Re+z5-2zz4+
0 0 d dtp

In (16), the scalar potential ¢, is sought for
the remote point P with the radius vector
R =(x,y,z). The vector potential A, at this
point depf:nds onAthe velocity D, = v,.(f) =
(—wpsing, wpcosp,0) of motion of the

2_2pxcos¢p—2pysinp+

~ wpxsing wpycosP’
c c

charged particles of the rotating disk at the early
time 7. The velocity V, lies in a plane parallel
to the plane XOY and the same holds true for
A, . For the components A ,, we can write the
following:
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y' sing p*dp d¢

2T rPq
A _ __Ho®Spogq
dx 41 2..2 5 = . =~ wpxsing wpycosep’
0 0 Re+z5-2zzg+p“—2pxcos¢p—2pysing+ 5

c

y' cos¢ p*dp d¢

2T rpg
A __ HowWSPpogq
ay 41 R2+72—2 2_ B2 . 2 wpxsing wpycosd’
0 0 +z5-2zzq+p —2pxcos¢p—2pysingp+ 5

AdZ = 0.

2.2 Scalar Potential in the Middle Zone

Let us first consider the case when in (17) the

A

A

" oR )
conditions R, >>a, P <<1 are met, which
c

corresponds to the case of sufficiently large
distances R from the sphere of radius a to the

point P where the scalar potential is sought. As
an example, let us assume that the relations of
sizes and velocities are given by the relative
value of 1%. In this case, the condition of the

A

middle zone at R~ R, means that %<0,01

c

(18)

A

Under the above conditions for R,, we can
assume in (17) that:

A

oR,

cosqucos¢+ sing,

A

oOR,

singz;zsingb— cos@ . (19)

A

Let us square R, in (13), substitute there

COS¢A and sin¢A from (19), obtain a quadratic

A

equation to determine R, and write down its

oR . . ) solution:
and — < 0,01, so that a two-sided inequality
c
100a < R < ¢ is obtained for the distance.
100w
ﬁ _ wp(xsing—ycose)
b =—

. (20)
2 52 _ 2
+\[R2 +22— 2224 + p? — 2pxcosp — 2 pysing + =L (xsnﬁ YosP)”
. . . 5 using sin¢A and cos¢A from (19) for
h 1 l1to R
Slnc?et © square root n (16) is .equa to fp transformation of (16), we arrive at the
according to (13), we can reAplace this square root expression:
with the expression for R, from (20). Then,
{'2” {‘Pd
L ,
5P y' pdpdg
P | | Teeere an
Re+z5-2zzq+p“—2pxcosp— 25 2 =
w? p2(xsinp-ycosp)2 ~ 2 ‘;;RPUO (0] @ ﬁ%’RPsindJ

oy

In (21), we will expand the square root to the
third-order terms by the rule

2
\/1+5z1+%—%:
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\[R2+z§—222d + p? — 2 pxcos¢p — 2 pysing + 7

w? p?(xsing—ycos¢)?

w? p?(xsing—ycose)?

pxcos¢p+pysing
R%2+z5-2z24+p?

p?(xcosp+ysing)? n (22)

~JR?2 + 2% — 2224 + p?

2¢2(R%+z5-2zz4+p?)
w? p3(xsing—ycosg)?(xcos¢p+ysing)

2(R2+z[21—222d+pz)2

+

Let us substitute (22) into (20):

2::2(R2+z[21—222d+p2)2 i

i w p(xsingp—ycose) __ pxcos¢p+pysing

1- R2+z2-22z2z4+p?
c ,R2+z[21—222d+p2 d arp

w? p?(xsingp—ycose)? _ p?(xcosp+ysing)? n

(23)

Rp ~[R2 + 2% — 2224 + p?

2¢2(R%+z5-2z24+p?)
w? p3(xsing—ycosg)?(xcos¢p+ysing)

2(R2+z[21—222d+pz)2

+

A

With the help of R, from (23), we will
transform the second and third terms in the

w?pxRp

_ w3 p?(xsingp—ycosd)(xcos¢p+ysing)

2::2(R2+z[21—222d+p2)2 _
denominator of (21), leaving only the terms

.. 2
containing ¢ and ¢’ :

2
PYRp _.
C—Zsm¢

2 C0Sp — v

w? p (xcosp+ysing)
o2

~ —\/R2+Z§—222d +p2

Let us now substitute (22) and (24) into (21)

and put \/Rz +z,-2zz,+p° outside the

brackets:

_ w?p?(xcosgp+ysing)?

__w?p3(xcosp+ysing)?

24

c3 ,R2+z[21—222d+p2

c?(R?+z5-2zzq+p?)

2::2(R2+z[21—222d+p2)2 i
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2

Y pdpde

SPogq 1

Pa 477.'80

1— p(xcos¢ + ysing)

R? 425 — 27274 + p? \/R2+Z§_Zzzd+,02
p?(xcos¢ + ysing)?

"~ 2(R2+ 2% — 2224 + p?)?
_ w?p (xcos¢ + ysing)

c2

+

w? p?(xsing — ycos¢g)?

+

2c2(R% + 75 — 2724 + p?)
w?p? (xcos¢p + ysing)?

c2(R%? + 275 — 2724 + p?)
+ w? p3(xcos¢ + ysing)(xsing — ycosep)?

+

+

2¢2(R% + 23 — 27224 + p?)?
w? p3(xcos¢p + ysing)3

2¢2(R% + 73 — 27224 + p?)?
+ w3 p?(xsing — ycos¢)(xcos¢ + ysing)

o

0
In this integral, we will use an approximate

1
expression of the form ——=~1-8+6" for
1+0

small o . This gives the following:
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c3\/R2 + 22 —2z2z4 + p?

Py =

5Py, ﬁ Dy'pdpd¢

. (25)
drey o % \/R2+Zj —222{,+p2

The quantity D in (25) is given by the

expression:
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D~14 pxcosp+pysing = 3p?(xcosp+ysing)? p3(xcos¢p+ysing)3 \
R%+z5-222q+p? 2(R2+z§—222d+p2)2 (R2+zé—222d+p2)3
p*(xcosp+ysing)* n w? p (xcosp+ysing) _ w?p?(x2+y?)
4(R2+z§—222d+p2)4 c? 2c2(R2+z5-2zz4+p?)
2p2 (xcosp+ysing)?  3w?p3(x2+y?)(xcosp+ysing)
2c?(R2+25-2224+p?) B 262(R2+z§—222d+p2)2 B
202 p*(x2+y?)(xcosp+ysing)?  w?p*(xcosp+ysing)Z(xsing—ycosep)? _ g (26)
B cZ(R2+zé—Zzzd+p2)3 2c2(R2+zé—Zzzd+p2)3
2 p3(x2+y?)(xcosp+ysing)3 _ w3 p?(xsingp—ycosep)(xcosp+ysing) _
252(R2+Zé_zzzd+/72)4 c3 /R2+z§—222d+p2
w3 p3(xsing—ycose)(xcosp+ysing)? w3 p*(xsing—ycosg)(xcosp+ysing)*
c3(R2+z§l—Zzzd+p2)3/2 c3(R2+zé—Zzzd+p2)5/2

In (25), only the quantity DD depends on the
angle ¢, according to (26). After integration
over this angle in (25), the following remains:
(Paf,, p? (x%+y?%) + 3p?(x2+y?)
| 4c2(R2+zd—Zzzd+p ) 4(R2+Zé—222d+p2)2

I

Y pdp

]
|
| ! |
I 15w2 p#(x? +y2) ) 3p*(x2+y?) l

3t 7
SPogq l 16c2 R2+zd—zzzd+p ) 32(R2+zé—zzzd+p2) J

&0 /R2+zé—222d+p2
Jo

The last two terms in the square brackets We will note that here we use the Lorentz

inside the integral, due to their smallness, canbe  factor 7. at the center of the rotating sphere,
further neglected. The Lorentz factor y',

similarly to (5), is written in the first
approximation as follows:

V= sin (24 pg) ~ v -

2w po Ty _ 2mn po (p%+23)v.
3(:02 £ = y(,‘ - 3¢2 Ca (27)

Q

which may not be equal to ! in (5) at the center
of the sphere at rest. In view of ¥’ from (27), we

can write for ¢, the following:

[Paf 2mn po (p?+23) ]
Iz I

w2 p? (22 +y?) . 3p2(x2+y?) |p dp
4—c2 R2+zz—zzz +p2)—r 2,,2 2 ZJ

SPoqYc d d 4(R tzg-2zzg+p )

&0 /R2+zé—222d+p2
Jo

,___

Q

We will represent the potential as the sum of I = J‘ pdp
four terms, obtained by integrating the potential 1= ) \/ R4 2 2’

+z,-2zz,+
@, over the variable pO: d s TP

I - 27T7]p0 j Pz"‘Zj)Pd,D
S 2 s
godz—poq}/c(ll+lz+l3+[4), \/R2+Z§_2zzd+p2
2¢,
where
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a)z(x2 +y2) Py

3
4c?

3(x2 +y2)'°d

p'dp
0 (R2 +2z3-2zz, + p2)3/2

p dp
2 2 2\92 7
0 (R +z;-2zz,+p )

N 4

These integrals, taking into account the

: 2 2 2
relation p; =a” -z, , equal:

L =R*+a?—2zz4 —\/R2 +2z5—2zz74.

[(R? + a? — 2224)%/?
2111 po | 3
3c¢? |

12:—

—(R? + 22— 2224)JR* + a% — 2224 +

Z(R2 +z3 — ZZZd)

3/2

|

e —

3

3¢2

2m z3
—&G/R2 +a?—-2zz5— \/RZ + 23 — ZZZd).

2 2 2
I; = %[\/RZ +a?—-2zz; +

(x2+y?) a?-z3
14 - —

R%+z%-2z24

JR?*+a?-2zz4

— 2 |R?+ 25— ZZZd].

2 2

The potential ¢, is the potential at the
remote point P from one thin layer in the form
of a disk, which is parallel to the plane XOY
and shifted along the axis OZ by distance z,.
Now, it is necessary to sum up separate

potentials created at the point P by all layers of
the ball, taking into account that the layer
thickness s is the differential dz,. Passing
from the sum to the integral, we find:

ST (1wt 4 1 41, dz,

2¢,
Using (28), we have the following:

a 4 5
[ 1dz, = 47020

1 2a
_{I‘ Ty 15¢°R

a)ZaS(x2 + yz)
15¢’R’

a’ (x2 + yz)
SR°

9

jl3dzd ~

jl4dzdz

Taking this into account, the following is
obtained for the potential:

388

4 (R2+a2-22z24)3/2

Z4q2_ :
VR*+a?-2zz4 JR2+Z§—Zzzd

(28)
~P0qa3yc[ _ 2mnpoa? 3a2(x2+y2)+
= 3R 5¢2 10R*
2a?(x*+y?)
T | 29)

Expression (29) for the potential is an
approximate solution in the middle zone, where

the conditions R >>a, — << 1
are met.

Let us now calculate the charge of a slowly
rotating sphere in spherical coordinates 7,0,¢ .
According to (9), the averaged Lorentz factor of
the particles’ motion is ¥ =7'y,, the charge

o .y
density inside the sphere is y'y,p,, and the
element of volume moving due to rotation is

r*drdgsin 0do

£
we find for the charge by integrating over the
sphere’s volume in spherical coordinates:

dv, =

Hence, in view of (27),

Qo = Pog) V' vrdVs =
CPoqYc )
Wf s1n( \/Tnpo)rdrdcpsmede(.so)

The integration result is as follows:
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Pog € Yc c?ye

Ao =

_ 4mpogatyc (1

271 poa? )
3

5c¢2
According to the method of calculation in
(31), the charge ¢, is the sum of invariant

charges of all the system’s particles and
therefore, is an invariant quantity that does not
depend on the angular velocity of rotation @ . In

this case, the charge ¢, (31) must be equal to
the charge ¢, in (8). Hence, we find the equality

of the Lorentz factors at the center of the sphere
for the cases of a sphere at rest and a similar

rotating sphere: y, =y!.
From (29) and (31), it follows:

q 3a?(x%+y?
p o [1 420
4megR 10R

wa el @)

In order to check the solution of (32) for the
potential, we can substitute it in (10) into the
0’ ol ol
equation A@ = ¢2>+ .29 =0. As a
ox* 0y’ 62
consequence, it appears that in (32), the sum of
3az(x2 +y2) a)zaz(x2 +y2)
+
10R* 10c*R?
does not agree with this equation. This is
possible, because during integration, we
neglected all the possible small terms, the
presence of which could lead to satisfying the
Laplace equation A@ =0. In this regard, we

the two terms

will remind that in (17), we expanded the sine
and cosine only to the first-order terms in the

form sin(a)lé,, /c) za)lé,, /c, cos(a)lA?P /c) ~1,
obtaining (19). But in (32), the angular velocity
o is present in the second-order term containing
the square of the speed of light in the

denominator. This term can change if in (17) we
expand the sine and cosine to the second-order

. . 3 A
a)RP]szP_a) R,

9

terms in the form sin 3
c c 6¢

]% 2 p2
cos O zl—a)]fp
c 2c

presence of the small term

. On the other hand, the

3az(x2 + yz)
10R*
contradicts the Coulomb law at @ =0 and its

— msm( 1/4717],00)—ac0s( 1/4717],00)]

€2))

very appearance may be a consequence of the
adopted approximation procedure.

For the Laplace equation to hold, we will
substitute the sum of the two terms in (32) with

2 2
o a e .
5. At least, such substitution is quite

10c
acceptable under the conditions R>>a,

¥+’ >>z2°, X+ ~R’. In view of the

above, the potential takes the following form:

2 2

q w°a
~ @ 1+ . 33
¢ 47[80R[ ] 33)

10¢’
It follows from the above that in the general
case, the potential outside the rotating sphere can
be represented by the formula:

q
—_% 34
¢ drey R G4
where the function /' can be a function of @,
a, R and of X’ +3°. At @=0, it must be

F =1 and in case of rotation of the sphere with
charged particles, for the middle zone, where the

.. oR
conditions R>>a, —<<1, x’+y’ =R’
c
w'a
are met, we must have F =1+ 05 if we
c

consider (33) true. Thus, the function F' differs
a little from 1.

It follows from expression (32) that in the
middle zone, the potential actually can depend
on the direction to the observation point and at
the same distance R, it increases as it gets
closer to the equatorial plane. This could be a
consequence of the spherical-cylindrical
symmetry of arrangement of the moving charges
when the potential is calculated. Indeed,

according to (16), the potential ¢, from one

disk inside the sphere depends on the retarded
angle ¢ = wt+ ¢y=wt+ ¢g— pr_¢_
fp which is a function of the angular velocity

@ . This implies the dependence of the potential
@ outside the sphere on @, which can be

realized in the form of (32-34).
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2.3 Vector Potential in the Middle Zone - 1,05 Py, 27 Py D;/' Cosgl; pz dpd

. . A, =
Proceeding in the same way as when we dy .[ .[ 2 | 2 2’
obtained (25) from (16), we will transform the 00 R vz =22z, 4 p
components of the vector potential of the A4,,=0. (35)
rotating disk (18): .

Substitution of R, from (23) into (19) gives

A, the following:

:_,uoa)SPOquT D;/'sin(z;pzdpd(b
. 4 o R+ -2zz,+p0

w? p(xsing — ycos¢)sing
CZ
wp(xcosd + ysing)sing N w3 p?(xsing — ycosp)?sing

- w ) .
cos¢p = cos¢ + ?\/R2 +2z5—22z4 + p?sing —

C\/R2+Z§—222d + p? 263\/R2+Z§—222d+p2

wp? (xcosg + ysing)?sing N w3 p3(xsing — ycosp)?(xcos¢ + ysing)sing
2c¢(R% + z2 — 22274 + p?)3/2 2¢3(R% + 72 — 27z, + p2)3/2

w? p(xsing — ycos¢g)cosep
CZ
wp(xcosp + ysing)cosp w3 p?(xsing — ycosg)?cosep

Lo . w 2
sing ~ sing — ?\/R2 +2z5—22zz4 + p%cos¢p +

C\/R2+Z§—222d + p? 263\/R2+Z§—222d+p2

wp?(xcos¢ + ysing)2cosp w3 p3(xsing — ycosg)?(xcosd + ysing)cosgp
2c(R% + z2 — 22274 + p?)3/2 2¢3(R% + 72 — 2z2z4 + p2)3/2

(36)

We will use D from (26), as well as COS¢A

and sin¢A from (36) and will integrate the
products of these quantities over the angle ¢ :

2

pym 3p3y(x? +yHm 3wpdx(x? +yHm

Dsing d¢ = +
of ing de RZ+7%—2zz5+p% 4(R%+2z%3—2zz5+p2)3 4c(R%+ 273 — 22z, + p2)>/2

7Twdp3x(x? +yH)m
4c3(R2 422 — 2224 + p?)3/2°

15w?p3y(x? + y?)1 w3pxm
8c2(R? + 25 — 2224 + p?)? c3

\/RZ +22—2zz4+p*+
2
PXTT 3p3x(x? + yH)m 3wpdy(x* + y*)m

Dcos¢p dop = + -
of ¢do Rz +7%—2zz5+p% 4(R%2+2z%3—22z4+p2)3 4c(R%+ 22 — 2274 + p?)5/2

Twd3pdy(x? +y®)m
4c3(R2 + 22 — 2224 + p?)3/2°
(37)

15w?p3x(x? + y?)1 wipym
8c2(R% + z3 — 2224 + p?)? c3

\/RZ 425 —22z4+p% —

From (35) and (37), it follows:
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Pd
(‘ [ Bwp?(x? + y?) w?]
ws | 14c(R? + 22— 2224 + p2)3 3|
Aqx al POq || ( d 3 ZZZ‘zi ,02) | v/ p3dp
J I 4 w3 p?(x* +y?) |
. | 4c3(R% + 23 — 2224 + p?)? |
Pd
(1. 3p2(x* +y%) ]
HowSpoqy | I 4(R? + 22 — 2224 + p?)?| y' pidp
4 J | 15w? p?(x? + y?) |(R2 + 22 — 27224 + p2)3/2°
y | 8c2(R? +2z3 —2zz4 + pZ)J
Pd
(‘ [ Bwp?(x? + y?) w?]
ws | lac(RZ+ 22 — 2224 + p2)3 3|
Aa, Mo Pqu || ( Zq ; ZZZ‘zi PZ) ly’ p3 dp
J I 4 w3 p?(x* + y?) |
. | 4c3(R% + z3 — 22274 + p?)? |
Pd
(1.4 3p2(x* +y%) ]
.uowSPOq H I 4(R2+Z¢21—222d+,02)2| y' p3dp
J | 15w? p?(x? + y?) |(R2 + 22 — 27224 + p2)3/2°
. | 8c2(R% +2z3 —2zz4 +p2)J
(38)
Let us substitute the Lorentz factor ¥’ from
(27) into (38). Next, we will consider the
following integrals:
rpd 3wp2(x2+y2) _ w_3 +
N [ 2nn po (p?+23) 4c(R2+zé—Zzzd+p2)3 c3 3
Is =vc 1- 3c2 703 p2(x?+y?) p=dp.
0 4c3(R2+zé—Zzzd+p2)2
rpd [ 1 _ 2mnpo (p?+23) +
I, ~ 3¢? p3dp 39
6~ Ve 3p2(x2+y?) _ 15 w2 p?(x2+y?) (R2+Zé—ZZZd+p2)3/2‘ (39)
o 4(R2+zé—222d+p2)2 8c2(R2+25-222q+p?)
With the help of (39), expressions (38) are 2 e 21
written as follows: I, ~y, 1—% D, —%Dz ,
3c 3c
Hy@ S Py, X Hy@S Py, Y
A4, ~—— 40” I, - 40q I, where
Pa 2(2402 3
Ho@SPy, Yy Hy®S Py, X _ [ SopP(+y?) e
Ady - 4 & 15 + . 4 & [(,- (40) by f 4c(R2+zé—Zzzd+p2)3 c3 +
7w3 p2(x2+y?) ] 34
After integrating the integrals (39) over the 4c3(R2+23-2224+p?)° pmap.
variable o, in view of the relation Pd
D _f [ o by) _ory
oy :\/az —Zj , we obtain: - o lac(R?4z3-22744p2)° 3
7w3 p?(x2+y?) ] 5
4c3(R2+zé—Zzzd+p2)2 pdp.
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Besides
[(a2-22)°  3(a?-2z2)" ]
D~ 3w(x? +y?) i 6 ~8(R2 472 - ZZZd)l
Y7 4c(R2 4+ 22 - ZZZd)3| . 3(a% - Zd) |
l 5(R? + z3 — 2224)? J
[(a2-28)°  (a®-28)" ]
_@? (a? - Zﬁ)2 Tw3 (x% + y?) i 6 4(R? + % — Zzzd)I
c3 4 4c3(R? + z5 — ZZZd)Zl 3(a2 _ 23)5 |
| 10(R? + z3 — 2224)? |
[(a? — 22 * 3(a? - zd) 1
Do~ Bw(x? +y?) i 8 " 10(R2 + z% — ZZZd)I
27 4c(R? + 2% — ZZZd)3| (a2 - Zd) |
l + 2(R? + 23 — 2224)? J
4 5
3 (@-2)'  (@-2 |
_@? (a? - 23) Tw3 (x% + y?) i 8 5(R? + 2% — Zzzd)I
c3 4 4c3(R? + 75 — ZZZd)Zl (az _ Zﬁ)é |
| * 4(R? 4 25 — 2224)? |
(41)
In addition, we have where

I¢=D,+D,+ D+ D,
Pd

o[ _ 271 po Z5 Ve p®dp
3T\ Y 3c¢? (R2 422 — 2272z, + p2)3/2

0
21 72 R+ 22 —-22zz
=<y5—M)<\/R2+a2—Zzzd+ d d —2\/R2+z§—222d).

3c? JR2+a?—2zz,
pa
D4:_2nnpoycj p®dp
3¢? (R2 4 22 — 27z, + p2)3/2

0
(R? + a% — 222,4)%/? N 8(R? + 23 — 222,)

[ 32 ]
Znnpoyci 3 3 I
I |
I |

3¢2

—2(R?*+ 22— 2224)JR? + a? — 22z, —
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P
D, — 3(x2 +y2)e p°®dp
5 4 (R2 422 —27z4+ p2)7/2

0
1 8 2(R*+ 22 — 222,)
3(R2 + a2 — 2zz4)3/2

_ 3(x% + yHy. 15\/R2 + 22— 2274

(R2 + 23 — ZZZd)Z
5(R% + a% — 2zz4)%/?

N
I
I
|.
I
|

15w% (x? + ¥y, p®dp
(R2 422 — 2724+ p?)5/2

Z(R2 +z3 — ZZZd)
JR2 +a? —2zz,

VR +a%—2zz4 +

|
I
I
| .
I
|

8c? 8\/R2+Z§_Zzzd (R2+Z§—ZZZd)2
3 3(R2 + a2 — 22zz4)3/2
(42)
Substituting in (40) s with the differential A, =~
dz, and integrating over all the disks inside the - M[_‘la Isdzy + M[_‘la Igdzy.

sphere between —a and a, we arrive at the . .
P tWA 14 ft’hw . v cential Here, we will take into account that the
components 4, and 4, of the vector potentia integrals /; and /, in (39) are calculated using

the quantities D,, D,, D;, D,, D; and D,
from (41-42):

from the entire sphere:
Ay =

HoW Pogx ra HoW PoqY ra
——4 f_als dZd ——4 f—alé dZd.

a

a
fo @ Pog XY, 211 po 24 T o7 Po @ Pog XY,
sz—+j<1—T Dled‘I' 6 c2 - DZdZd
—-a
—-a
a
Uo W
—# f(D3 +D4 +D5 +D6) dZd.
—-a
a a
Ho® Pog VYe 21N po 25 TUT Po @ Poq Y Ve
Ayz—Tj <1—T Dled‘I' 62 DZdZd
—-a
—-a
a
Uo W x
% f(D3 +D4 +D5 + Dﬁ)dzd'

—-a
(43)
The  integrals ~ of  the  quantities  qver the variable z, are weakly dependent on z

2 2 . . . .
( 1_2% 13] 'LZO z, ] D, D,, D,, D,, D, and D, and in the first approximation are equal to:
c
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a

I8

—-a

211 po 24
3¢2

)Dl dzy =

dwa’(x? +y?) 4wda® 4wia’(x?+y?) 8rnwpya’®(x? + y?)

35cR6 153 | 1503R* 945 c3R®
a _8wa’(x*+y?)  8w3a’  8w3a’(x?+y?)
f—a Dydzy = 105¢R6  35¢3 45C3R%
a 4 5 7
IDstd ~Ta }’; _87:77p02a 37c ’ a 4a7(x2 +y2)7/c
J 15 315¢°R [ Dz, ~ T
f 327”7100 a77/c B 2. 7(..2 2
£D4dzd~—w. j.DdZ z_2a)a (.x +y )}/C
;. 6mn 7¢*R’

Substituting these integrals into (43), we find:

A ~ .uowpoanXVc [a4(x2 +y2) wzaz
x = — —

w?a*(x? +y?) 2mnpya(x? + yz)]

5c¢ 7R® 3c? 3c2R* 27 c?R®
o @ Pog asyyv[ 10mnpoat | 3a*x® +y") 150%a*(x* + yZ)]
15R3 21c¢2 7R* 14 c2R? '
4~ Ho@?Poq @Y [a4(x2 +y3)  wia®  wfat(x® +y?)  2mnpeat(x® + yz)]
Y 5¢c 7R® 3c2 3c2R* 27c2RS
HoW Pog A°XYe [ 10mnpoa® 3a?(x? +y?) 15w?a?(x? + }’2)]
15R3 21c¢2 7R* 14 c2R? '

In view of the approximate nature of our
calculations, we should define more precisely all
the terms in (44) by substituting the components

A, and A, of the vector potential into the
Laplace equation (10), which has the form
AA =0. For this equation to hold, we need to
perform simplification in (44), eliminating the
x4+’
R2
Previously we used a similar approach, in order
to pass on from (32) to expression (33) for the

potential. This gives the following expression,
which is valid at small z :

~1.

small terms and assuming

A~ H0@ P0q@XYe  Ho® Poq @YV (4
x ™ 15¢3 15R3
1077 pga’ 15w2a2)
21c? 14c2

tow*Poqa®yye | How poq A°XYc
A, = 1—
y 15¢3 15R3
1077 pga’ 15w2a2)
21c¢? 14c2

(45)
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(44)
Since in (35) A,, =0 for each rotating disk

inside the sphere, the component A  of the

vector potential from the entire rotating sphere
with charged particles is also equal to zero.

2.4 Electric and Magnetic Fields in the Middle
Zone

The electric field strength E and the
magnetic field induction B are given by

standard formulae:

E:—V(p—a—A, B=VxA.
ot

(46)

Since the sphere rotates at the constant
angular velocity @, the vector potential
components in (45) do not depend on time and
then the field E is defined only by the gradient
of the scalar potential ¢ . Let us substitute (33)

and (45) into (46) and find the fields E and B,
taking into account that 4. =0:
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R w’a’
Ex—Lo= 122 |
dre, R 10c
_ 04, 04y  powpoqa®xzyc (1 _
x ay 0z 5RS
1077 poa’ 15w2a2)
21c¢? 14c2 J°
B. = 0Ax 04, _ Ho ® Poq a®yzye (1 _
y 0z dx 5RS5

1077 poa’ 15w2a2)
21c¢2 14c¢2 )’
_ 94y o4
z dx ady

How poq a®yc(2R*~3x2-3y?) (1 1077 po a?
15R5 21c?
15w?a?
14c2 ) (47)

Since we simplified (44) and used for the
vector potential (45), (47) contains only the
dipole component of the magnetic field.

In the special theory of relativity, the wave
equations are valid for the electric and magnetic
fields [15]:

1 &°E 1 0j
0,0’E=——"—"—AE=——V 9
! ¢’ or £, 7o) =t

2
aﬂaﬂBzciza B Vxj.

Since there are no charges or currents outside
the rotating charged sphere, the right-hand side
of the wave equations becomes equal to zero. In

addition, at the constant velocity of rotation, E

and B do not depend on time. As a result, the
wave equations for the fields turn into Laplace
equations:

AE=0, AB=0. (48)

H =

By directly substituting the components of
the electric field E and the magnetic field B
from (47) into (48), we can make sure that the
fields in the middle zone satisfy the Laplace
equations.

2.5 Scalar Potential in the Far Zone

As conditions for the far zone, we can
R, ~1
c

R>>a,

consider the conditions

A

A R
Since (b:(b—w L

, in this case, we can write:

cosqucos((}ﬁ—(ﬁp), sin(ﬁ:sin((p—qﬁp), (49)
where, in view of (13), the

¢P_wﬁp_2\[R2+Z§—Zsz+p2 wR

angle

N —

—2pxcosp — 2pysing ¢

Substitution of (49) into (16) gives the
following:

Y pdpde

SPoq
471'50 R
[

wpxsm(d) ¢p) wpycos(p—¢pp)

(50)

b - R? 423 — 2224+ p? — 2pxcos(p — ¢p)
F —2pysin(¢p — ¢p) '

Let us take into account the following
transformations for the expression under the
integral sign:

—wpycos(dp —pp)

Rp +

(R2 +z2—2zz4+ pz)

5, wpxsin(d — ¢p)
c

C
-1/2

, wp Lxsin(@ — 9p) — yeos(p — ¢)]

R? 4 22 — 2274 + p?

Jl_Zpme¢—¢»+yﬂm¢—¢»]

In this expression, we use the rule for

expanding the square root in the form
o 5 2 )
1-6 =1- 7% and an approximate

C\/RZ + 25 — 2224 + p?

expression
1 5§ 362

1-5—5+y
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/ p[xcos(d) ¢p)+ysin(p— ¢p)] 3p? [xcos(p—pp)+ysin(¢p— ¢p)]

R2+Zd_2 zzd+p2

wp [xsin(¢—¢p)—ycos(¢—¢p)] w?

(R2+zd—zzzd+p

p? [xsin(¢p—pp)-ycos(p— ¢P)]

JR2+zé—2 zzd+p2

CZ(R2+zd—Zzzd+p )

|
|
|
|
|\ 2w p? [xsin(p—¢p)-ycos(¢p—¢p)]|[xcos(¢p—¢pp)+ysin(p-¢p)]

(R2+zd—zzzd+p )3 g

\
)

/R2+zé—222d+p2

In view of (51), for the potential (50), we can
write the following:

(D

k
the angle ¢, will pass through the values 77[ ,
=1,2,3...

Let us integrate the quantity A in (52) over
the angle ¢, assuming the angle ¢, to be

constant and almost independent of ¢ . Taking
into account that the integrals of COS(¢—¢P),

sin(¢—g,) sin(¢—g, ) cos(p—¢,)

between the limits of 0 and 27 are equal to

and

zero, we find:

SPo, F1E where k
e HHypdpcM) (52)
0 0
As the distance R increases, the angle
a)R oR T
o, = ~ —— can first reach the value >
c c
RY/4
then 7, 7, 27, ... etc. In the general case,
(‘pd . w2p2 (x2+y2) 3p2 (x2+y2) V' pdp
_ SPog H ZCZ(R2+zé—Zzzd+p2) 4(R2+Zé—222d+l72)2

Pa =,
0 J /R2+zé—222d+p2
0

If we substitute the expression for ¥’ from
(27) into (53), then we will see that the potential

can be  represented in  the  form
s
o, ~ P20q7c (I,+1,+2L,+1,), where the
80

integrals /,, /,, I, and I, were found in (28).

Q= %f_‘la(h + 1, + 23+ 2,)dzy =
?a?(x? +y2)]

5c2R2

3a?(x? +y2)
10R*

271 poa?
5c¢2

Poq aly. [1 _
3&R
The scalar potential (54) in the far zone
differs from the potential (29) in the middle zone
in the fact that in (54), the last term in the square
brackets is twice as large.

In (54), we can substitute (31) and express the
potential in terms of the charge ¢, . To ensure
that the potential corresponds to the Laplace
equation, in (54) we will eliminate the small
3az(x2 + yz)

™G that

term and assume

396

(53)

The sum of the potentials ¢, of all the
sphere’s layers gives the sought-for sphere
potential. Assuming s =dz, and substituting
the sum of the layers’ potentials with the integral
over the variable z,, for the sphere potential we

can write:
(54)

x +y2 ~ R*, which is true at small z. As a
result, we obtain the following:

2 2
Q= Qo142 621 .
dre, R Sc
We suppose that the small difference between
the potentials in (55) and in (33) is associated
with the fact that the solutions for these

potentials were obtained in two different ways
and with different degrees of approximation.

(55)
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2.6 Vector Potential in the Far Zone

We will transform (18) using (51) in the same
way as potential (50) was transformed and we
will also take into account (49). Then, for the
vector potential components of the rotating disk,
we find the following:

2n
Ay = —% fodey’ sin(¢ —

¢p) p>dp de.
Ady Mowspoqf J‘pd H]/ COS(¢ _

¢p) p>dp de.

At large distances, we may neglect the

R, R
change in the angle ¢, = O 2
c

integrating over the angle ¢ and consider ¢, a

constant. This makes it easier to integrate

and A4,

the expression for H from (51), we find:
y' p3dp

Pd
Ao~ Ho %5 pggx
dx ™~ 4c R24z2-2zz,+p2
0 d d+p

Pd
HoWSPoqy y' p3dp
4 (R2+zé—222d+p2)3/2
0

Pd
Ao~ to w?SPoqy y' p3dp
dy 4c 0 R2+z5-2zz4+p?

Pd
Ko WS PogX v p3dp (56
4 24,2 2)3/2 " )
(R +z5-2zzgq+p )
0

components A4, , - Taking into account

If we substitute the Lorentz factor ¥’ from
(27) into (56), the following integrals appear:

Pd
2nnp p 24z
I, = ycf [1 gcz d)]

Ig =
Ye j [1 -
0

2mn po (p%+25)
3¢2

p3dp
R2+z5-2zzg+p?

p3dp
(R2+zé—222d+p2)3/2

Using the integrals /, and /,, we can write
(56) as follows:

2
4, ~ Hy SquxI7 B ,uoa)spoqylgj
4c 4
2
w s s X
4, Hy poqyl7 + Hy@S Py, I, (57)
4c 4

Let us calculate the integrals [/, and I

taking into account the relation p, =4/a’ —z; ,
expanding the denominators into series by the
1
rule —=1-6+67, where
1+6
2
5= P

T p2 2 :
R +z;,-2zz,

I; =

(a2 —22)° (yc B

4(R% 4+ 23 — 2z2z4) 3c¢?

0 pove(a? — 22)°

ZnnpoZ§Vc)[ ~

3(a2 — Zﬁ)

2(a? - 73) (a® - 23)’ ]_

3(R2+2z2—2zz5) 2(R%2+2z2—2z24)2
d d d

T 9c2(R% + 75 —2z2y)

" 4(R? + 7% —2zz4)

_( 271 PoZ5 Ve
b= (re- "S5

[(R2 +a%—2zz,)3?

Znnpoycl 3
3¢2 |

3(a ~23)" ]

S5(R% + 73 — 2z24)?|

R*+273—2z2z,4

VR +a? —2zz4 +
3c? )[ JR2+a?—2zz,

—2(R? + 2% —222))yR? +a? — 22z, —

(R2 +z3 — ZZZd)Z

—2\/R2 + 22 —ZZZd] -

8(R? + 23 — ZZZd)3/2

| JR2 +a?2—2zz, 3

The quantities A,  and 4, are the

components of the vector potential from one thin
disk. To pass on to the -corresponding
components of the potential from the entire

| ——)

(58)
sphere, in (57) it is necessary to set s =dz, and

integrate over the variable z, that specifies the

position of the disks inside the sphere on the axis

o7 :
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0]
A =~ MJ‘[ dz &J’[ dz,,
0]
4, —“0 Pog jld —p(’q jldzd
(39)
Substitution of (58) into (59) and subsequent
integration over the variable z, give the
following:
A ~ #ow2p0qa5xyc( _ 1077—'77,00‘12) _
x 15cR? 21c2
#owPOqasch( _loﬂnpoaz)
15R3 21c?
- Mow2p0qa5yyc( _ 1077—'77,00‘12)
Ay ~ 15¢R? 1 21¢2 +
Ho® Poqa xyc( _ 1077-'77,00‘12)
15R3 21c¢? ’ (60)

Here, only the last terms containing R’ in the
denominator exactly satisfy the Laplace
equation. As for the first terms, the far zone

..  OR ) )
condition — ~1 can be taken into account in
c

them. This gives the following expressions:

Ho W Poq a°XYc 1077 po a?
Ay ™ 15R3 ( e )_
C
MowPOqasch( _ 10nnpoa2)
15R3 21c¢? >
A~ uowPOqasch( _ 10nnpoa2) n
y 15R3 21c?
uowpoqasxyc( _1077-'77,00‘12)
15R3 21c? >

that satisfy the Laplace equation. The
A =0 and therefore, A4

automatically satisfies the Laplace equation.

2.7 The Electric and Magnetic Fields in the
Far Zone

In order to find the fields E and B, it is
necessary to substitute (55) and (60) into (46):

R 2 2
E = o 3 1+ ® i .
dre, R 5¢

04, 04y

component

4

_ 210 0% poga®yzyc 1
= 2Ho @7 poq@7YZ¥e (4

ay az 15cR*
107'”7,00‘12) oW Poqa®xzyc (1 _ 1071.'17p0a2)
21c? 5R5 21c¢?
B %_%N_Zﬂow Pogqa xZVc(l
y 0z dx 15cR*
10N poa ) #owpoqasyzyc( _ 1071'17p0a2)
21c? 5R5 21c¢?

_ 04y _04x
Z 7 ax dy =
How Poqa’yc(2R2-3x2-3y2) (1 1011:17p0a2)
15RS T 21c2

(61)

The fields in (61) differ insignificantly from

the fields in (47) in the middle zone due to the
2 2

small additions proportional to the value —

c
This difference can be considered the
consequence of the fact that during calculations,
different methods of obtaining an approximate
solution were used. In addition, a rotational
component of the magnetic field appears in the

first terms in B, and B in (61).

2.8 Scalar Potential in the Near Zone

In the near zone, the conditions R=>a,
R
c

the potential is determined, is not far from the
sphere. We can start with expression (21) for the

potential ¢,, generated by a thin disk-shaped

P <<1 are met, so that the point P, where

layer inside the sphere, located on the axis OZ

at the height z,. For the near zone, we can

A

assume that the early time point 7 =¢f——2 is

C

. A R .
approximately equal to ¢ ~f——2_ In this case,
c

the quantity R, in (11) differs a little from ]A?P

in (13), since their difference is associated with a
small difference between the angle ¢ and the

. R

angle ¢ =¢p ——2=
c

in the denominator in (21) can be substituted

with R, .

. Therefore, the quantity R,

The quantity R, is the distance from the
integration point inside the sphere to the
observation point P . Further, we will assume

that the point P is located outside the sphere

wp(xsing—ycosg)
c

is met. This allows us to expand the root in (21)

so as to distinguish a small term containing the
square of the speed of light:

and the condition R, >>
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\[RZ + 22— 2224+ p? — 2pxcosp — 2pysing +

w? p?(xsing — ycosep)?

c2
p?(xsin cos )2
2¢c*Rp
Here, the quantity R, represents the square 21 o
root and corresponds to (11): Iy = J;) I
2n
2 2 _ 2
R, = Re+z5—2zz4 +_p ‘ (62) d¢ ‘
—2pxcos¢p — 2pysing JRZ+Z§—Zzzd+p2—prcos¢>—2pysin¢>
Now, the denominator in (21) can be [, =
transformed by the rule 2n
R 2
1 1 | o Th tential . j o (js:@z yeos¢¢3 — ¢)3/2 do
- . € potentia 1S z5-27z3+p?—2pxcos¢p—2pysin
6 R\ R, P Pa 0 ‘
generated by one layer in the form of a thin disk
I, =
of radius p, = Ja’ - Zj . The total potential of H
the sphere is the sum of the potentials of all the cos¢ de.
layers and this sum, in view of the equality o JRZ+z§—2zzd+p2—2pxcos¢>—2pysin¢>
s =dz,, can be substituted with the integral: I =
12 =
o~
sing
2r ) d¢
4"::20] j f [1 sz(xszlr:;bR%ycos¢)2 + j() JRZ+z§—Zsz+p2—2pxcos¢>—2pysin¢>
(64)
@0y i nqb] Ypdpdddzy (43 . .
R As shown in [16], integrals (64) are expressed
in terms of the elliptic integrals

In (63), the expression in square brackets
depends on the angle ¢, as well as R,

according to (62). When integrating over the
angle, we need four integrals:

E (k, g) and F (k, g) Taking into account (64),
as well as (27) for y'
follows:

, (63) will be written as

2mn po (p*+23)
1- 5 Iy — 110 +
. PogYc 3¢ 262 do d
iy 5 . papazg
0 w?px w?py

+

-a VYo

This expression shows that we need to

Pd Pa
calculate the integrals .[[9 pdp, .[[9 pldp,
0 0

Pa Pa Pd
Illo pdp, I[ll pldp, Illz p*dp . To do
0 0 0

this, it is necessary to represent the quantities /,,
1

10°
in them in an explicit form. For this purpose, we

I,, and [, so that the variable p appears

I +
cz 11 c?

Iz

will expand the elliptic integrals E (k,%] and

F (k,%] into series by the standard formulae:
F(k2) =§(1+§2+96L:...)
£ )
(kD) -2(1-5-.)

P 2
220 )

kZTI.

(65)

1-2n’
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In (65), we take into account the first two

. V4 .
expansion terms F (k,5] and substitute them

into /, and then substitute three terms of each

expansion into /,,, /,, u [,,. The quantities I,

0>
I,, and I,, are proportional to each other, so

that their substitution into the expression for the
potential leads to cancellation of the terms:

Pd
~ PoaYe 2mn po (p*+23)
4meg j f [1 3c¢? ]19 +
—a

= 110 pdpdz,.

Now, we can calculate the

Pd Pq
H, :Ilsz pdpaH2:II9 p’dp
0 0

integrals

Pd
and H, = IIIO p’dp and then express the
0

potential in terms of integrals over the variable
z, of the quantities /1, , H, and H, [16]:

Poqycf_ Hl dZd+w quyCJ‘ H3 dZd

4-71'8

U/;ocpoezycf ZdHl dZd

%";“ J Hydzg . (66)
Due to the cumbersomeness of the

expressions for A, , H, and H, , integration in

(66) becomes difficult; besides, the solution is
expressed in terms of special functions and
cannot be represented in an explicit form without
expansion into series. In this regard, we will
consider here only three simplest cases.

The first term on the right-hand side of (66),
qu
4re

jH dz,, does not
0 —a

contain the speed of light and does not depend
on the angular velocity of rotation @ . In the case
of a classical uniform solid body and in the

that is, the term ¢’ =

absence of rotation, this term should define the
scalar potential in accordance with Coulomb

law. Indeed, if we calculate @' using H, on the
axis OZ, on condition that x=y=0, z=R,
then we will obtain:

H,(z=R) = 271\/R2 +a?—2Rz; —

27T(R - Zd)-
¢'(z=R) = i",je“f H,(z=R)dz; =
P0qa Yc
“3e0R (67)

In a solid body, the Lorentz factor at the
center of the sphere is y_ =1. Taking into

account that the electric charge of a uniformly

, , . 4z p,, a’
charged solid spherical body is ¢ :T",
we have: ¢'(z=R)= 9 ,  which
4re,R

corresponds to the Coulomb law on the axis 0Z.

In the case of a relativistic uniform system,
potential (66) on the axis 0Z, on condition that

x=y=0, z=R, will depend only on H, and

H,, since H, vanishes. Since

Hy(z=R) = —(a —2R? -3z3 +
4Rzq)JR? + a® = 2Rzq + = (R — 24)°,

then, in view of (67) and (31), potential (66)
becomes equal to:

p(z=R) ~PaTe (1

3&R

) L e (g

5c? 4megR

Determination of the potential on the sphere’s
surface, where z=0, R=a, is of particular

interest. Using H, from [16], we will express

j H, dz, in (66) in the following form:

—a

f Hidz; = 2ml3 — an \/RZ + 22— 2zz4dz4 + 21l

R2+z%-2zz4

C (z-za)?

—21(x? +y2)j

Here,

400

(69)

dZd + 27T115 + 27T116 - 27T117 .
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a

Lz = \[RZ +a2—2zz4+2 |a? —z3x? + y?dz,.

—-a
a

dZd

(
Ly = (x? + y?)? J

a

(z-z )2 R2+a2-2zz4+2 [a?-z2./x2+y?
d d d

(
Ls = (x? + y?)3/2 J

Lig = (x* +y%)

11'7:'\/ﬁ:y2

When z =0, R=a, all the integrals in (69)
are taken exactly, without applying -elliptic
integrals, by using substitution z, =asin2y . In
particular, we have:

8\/§a2
Iy(R=a)==".
2 3\/5 2
I,(R=a)=-"Int (%)— 4“
2 2
Is(R=a)=- 2 +5i1 tg(%j

Lo(R=a)=2V2d" +24° lntg(%j .
224
3

I,(R=a)= +24° lntg(%] .0

Substituting (70) into (69), we find:

2
f_aaHl(R =a)dzg =21 [@+

5a%Intg (g) —3a?In(1+ \/E)] ~ 0,98ma’.

On the other hand, for the Coulomb law to
hold true for a fixed solid body at z=0, R=a,
in (66), only the first term is taken into account

2_,2
a?-z§
dZd.
(z— zd)2 RZ+a2-2zz4+2 /az—zd x2+y?
re
1
dZd.
J jR2+a2—Zsz+2 /az—zé x2+y?
-a
a
r
/az—zé
dZd.
J jR2+a2—Zsz+2 /az—zé x2+y?
-a
2
4ra

~1,327a*. The

and it must be IH] dz, =

obtained above value 0.98ma? turns out to be
26% less. The difference arose from the fact that

and [

10°
expansion (65) of complete elliptic integrals was
used only up to the second- and third-order
terms, respectively. For greater accuracy, an
increased number of expansion terms should be
used.

when calculating the integrals 1

Thus, it can be stated that the scalar potential
outside the sphere is determined exactly on the
axis OZ and in the other directions, we obtain
only an approximate estimate, depending on the
number of expansion terms used in (65).

Nevertheless, since /, does not depend on

either the speed of light or the angular velocity
of rotation @, this also applies to the potential
AT

1 j H dz, in (66). This means that
e

0 —a
the value of the potential ¢’ in an arbitrary
direction cannot differ significantly from the

value go'(ZZ R) in (67) on the axis OZ and
from (p(z = R) in (68). Indeed, the dependence
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of the potential on the direction of the radius-
vector R from the center of the sphere to the
point with coordinates X,),z, where the
potential is calculated, could arise due to
rotation. However, the potential ¢' does not
depend on @ and for the sphere at rest with
o =0, the potential is symmetric with respect to
the choice of direction of the vector R .

In this regard, we will assume that in (66),
(Z — R) — Poqa Yc

3&R
(71)

Calculating the last three terms on the right-
hand side of (66) in accordance with [16], taking
into account (31), we find the potential at rather
large R:

! qu Yc H d
Zg ~
4 4me, f— 1%%d

~ _do w?a?(x?+y?) (4
¢R>>a)~ 4megR [1 MESTYT? (1
225ma./x2+y2  15a?
128RZ 14R2>]' (72)

Potential (72) actually has the same
dependence on the angular velocity @ as
potential (32) in the middle zone, but it is not
exact in the near zone, where the radius R is not
much larger than the sphere’s radius a

We can also estimate the potential in the case
when z=0, R=a and all the integrals are
taken quite easily. In this case, we find:
1279V2ma*

240

21 1ntg (£) ~ 15,98 wa*.

fa Hy (R=a)dzy = —
427ma*
16

Instead of (72) for the potential, we obtain the

following:
6 2 2
rdo 1,298 | (73)
dre,a c

Comparison of (73) with (72) shows that in
our calculations at z=0 on the surface of a
rotating sphere, the correction with respect to the
potential of a fixed sphere reaches the value of

p(R=a)

2 2
6w°a

the order of
c

2.9. Vector Potential in the Near Zone

Based on the similarity of formulae for scalar
potential (16) and vector potential (18), in view
of (63), we can express the components of the
vector potential of the rotating disk in the near
zone:

2p2?(xsing—ycos¢)?

2c2R2 y'sing p2dp d¢

Rp

smqb

w? p?(xsing—ycose)?

2T
HowSP 1
~ _F0T°r0gq
Agx ® — am
2T Apd
1
A . Ho@SPogq
dy 4T +w
0 0

Assuming lA?P = R, instead of (19), we have
the following:

A oR, .
cos¢p ~ cos¢g+—-Lsing,

singz; ~

402

pxcosqb 4=

2c2R2 y' cos¢ p?dp do

Rp

smqb

Taking this into account, we will transform

the vector potential components 4, and 4,
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21
Pa
[ ([, @ Gsing = yeosp)? |
p Ho®SPoq | | | 2C7R2 |y’ singp2dpde
dx -
n I J l[ +w2pxcos¢+w2pysin¢ JI Re
J Y c? c?
0
2T pa
Ir {‘lfl w? p?(xsing — ycos¢p)? +]I
5 _
Ho W* S Po | 2Cc2R?% ,
4tc : i I | w?px (I:)Zpy iy cosg pdp dep.
_} J[+ 2 cos¢ + > sing |
0
0
2T pa
([, _ @ Gsing —ycos)? 1]
A Fe®SPog I | | 2¢2R2 |V’Cosqbp2dpd¢+
SO (N B PP w?py | Rp
_} J[+ > cos¢ + > sing |
o 0
2T pa
Ir {‘ |[1 B w? p?(xsing — ycos¢p)? +]I
Ho WS Pg | 2Cc2R?% ;.
4tc ; i I | w?px (I:)Zpy iy sing pdp dg.
_} J[+ 2 cos¢ + > sing |
0
0
(74)
Here, R, is defined in (62). After integration over the angle ¢ and the
cylindrical coordinate p, the following is
obtained:
a
[ 21N po 25 2Tnp w?
[[(1- 27552 e 25 4 s
Ho® Pogy Ve w?x? + y? 37N poy/x% + y?
Ay = — 4 + c? Ie7 + c? I3 + |dza =
371 poZag X2 +y2  94/x% +y?
J + c? B 2 L2
_a -
#oa’4P0quc

a
19230 + 2) f[(RZ +a?—22z24)% — (R*+ 2% —2224)® — 15(x* + y?)(a® — z3)?*]d z4 .
-a

a
([(, 2mnpozi 211 po w? ]
1- 3¢2 26~ T 3.2 128+C_2]25+
A Ho®@PogXYe w?\/x? + y? 371 poy/x2 + y? dg —
y 27 30
NT + CZ ] + CZ I + Zd
3nnpoziJx2 +y2  9/x%+ y2 ;
J * c? B 2 29
_a -
a
Ho®* Pog ¥ Ve

1926302 +7) ") [(R?+a?—2zz4)> — (R?* + 25 — 2224)® — 15(x% + y?)(a® — z3)?]d z4 .

—-a

(75)
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I

Here, the integrals /5, 1 27

262

I, I,y and

I, are calculated in [16].

It should be recalled that in the course of

calculations, the integrals /,, and /,,, defined in

(64), were calculated approximately, by using in
(65) expansion up to the second-order terms. The
same holds true for some integrals that appear
when integrating over the angle ¢ .

A similar situation took place in the previous
section, where we found that deviation of the
scalar potential in our calculations in the
equatorial plane on the sphere’s surface reached
26% due to the fact that not all the expansion
terms were used in (65). Therefore, it should be
expected that although the dependence of the
vector potential components on the coordinates
X, ¥,z is shown correctly in (75), the inaccuracy

increases as the sphere and the equatorial plane
are approached.

In this regard, we will consider below two
particular cases when the potential components
are calculated in a relatively simple way, which

A,(z=R>a) = 0

makes it easy to analyze the solution. The first
case refers to the region of space near the axis

OZ , where it can be assumed that z= R,
R >>x, R>>y. The second case refers to the

points on the sphere’s surface, where z =0,
R*=x"+y",while R=a.

2.9.1 The Case When z ~ R

In this case, at x =0, y~0, the integrals
I,, and [,,, defined in (64), can be simplified, if

we make substitution:

25

1

~
=~

JR2+Z§—Zzzd+p2—2pxcos¢>—2pysin¢>

pxcosp+pysing
I+
R +zg—2zz4+p

/R2+zé—222d+p2

Making similar replacements in the integrals
that appear during integration over the angle ¢
and acting similarly to [16], we find the
components of the vector potential at large
distances, when z= R, R>a:

_ Ho @ Poq @YY, | l0mnpea®  w’a*\
21c2 7¢2

Mo @® poq @YY  How® pog aSxyc

Ay(z=R>a) =~

15c2R 15¢3
1mwpwa%n<1_ﬂmnma2_w%ﬂ)+
15R3 21c? 7c?
to ®* Poqg XY  fo®* Poqga®yYe
15¢2R 15¢3

2.9.2 The Case When R =+/x" + )’ =a

Let us now consider the second case,
referring to the points on the sphere’s surface,
where z=0, R>=x>+y",while R=a.

In order to simplify the calculations, in (75),
we will limit ourselves to only the largest terms
and ¢ in the

denominator. This gives us the following:

10~ %o w pog a®y v,
Ax(R=,/x2+y2=a)-«— 2 4°q £

that do not contain ¢’

9

10~ *pugwpoga’xv,
— 2 2 — ~ 0 0q c
Ay(R—w/x +y —a)~ " .

(77)
404

(76)

If we proceed from the form of (60) and (76),
the vector potential components at z =0 and
R = a should be approximately as follows:

~_,uoa)p0qa2yyc - ,uoa)po(,azxyc
! 15 Y 15 '
(78)

Apparently, the difference between the results
of (77) and (78) was due to an inaccuracy that
arose when some integrals were found by
expanding the elliptic integrals into a series up to
the second-order terms. Although the general
behavior of the vector potential outside the
rotating charged sphere is determined correctly,
this accuracy turns out to be insufficient for the
correct determination of the vector potential
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directly at the equator of the sphere and
expansion of the elliptic integrals up to higher-
order terms is required here.

2.10 Electric and Magnetic Fields in the Near
Zone

According to (46), the electric field depends
on the potentials’ rates of change in space and

a a

2
quycf w quyc‘f
E~——— | VHdz ————
4me, 1% 8mc?e
-a -a
7'].DO.DOq Ye
6c%g,

time. Since the vector potential at constant
rotation of the sphere’s particles does not depend
on time, the expression E =—-V ¢ will hold true.
Using (66), for the electric field, we find the
following expression with the use of the sum of
integrals:

a

f Zﬁ VHI dZd +

1N Po Poq Ve

VH; dz; +
342 6c?¢,

a

f VHZ dZd .

—-a

Still this expression is not final, since in it, we
must first take the spatial gradients of the

quantities f,, H, and H, and then perform

integration over the variable z, .

(79)

The situation on the axis OZ turns out to be
much simpler. Here, in view of (68), the field
depends on the distance R approximately
according to the Coulomb law for the charge q,,:

dp(z=R d 1 R
E(z=R)=-Ve(z=R)=— pz=R) 4, d 1 _ 4, - (80)
dR dre, dR \JR? 4me R
At small z, when x’ +y2 ~R* and
R >>a, in order to estimate the electric field,
we can use (72):
E(R>>a)=-Vo(R>>a)= 9,R 1+a)2a2 (81)
4 47rgOR3 10¢* )
If we proceed from the form of (73), then at
z=0, R~a, for the electric field, we obtain
the following:
q.R 6w’a’
E(R=a)=-V@p(R=a)~—= 1+ . (82)
(R=a)=Vo(R=a)= 25100
The inaccuracy in the definition of Ho W Poqg @°YYc

E(R za) depends on the inaccuracy of the
potential in (73).

In (75), approximate expressions were
presented for the vector potential components
A . The subsequent application of the curl
operation allows us to find the magnetic field by

the formula B =V x A ; however, the result is
cumbersome.

The expressions for the vector potential
components are greatly simplified near the axis
OZ . Leaving the largest terms in (76) and

taking into account that 4. =0, we find:

Ay(z=R>a)~ —

1077 pga’
21c¢?

(-
(-

15R3
w?a?
7c¢?

5
Ho W Poqga~XYc
A,(z=R ~ 2204 e
y( >a) 15R3
10mn py a’? wzaz)

21c? 7c?
94, 94y

B,(z=~R>a)=

dy 0z
Ho @ Pogq a®xzyc (1 __10mnpoa® wzaz)
5RS 21c? 7¢2 J°
04, 04,
By(zzR>a):6_z_Wz
Ho W Poqa°yZYc (1 _ 107 1 po a? _ wzaz)
5RS 21c¢2 7c?
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0A 04
B,z=R>a)=—2-—"=
Z( ) ox dy
Ho @ poqa®yc(2R%2-3x2-3y?) (1 1077 py a?
15R5 21c?

wzaz)
7¢2 )’

In (83), R>a, but R is not much larger
than the sphere’s radius a .

(83)

The components of the magnetic field in (83)
actually repeat expressions (47) for the magnetic
field in the middle zone, with a slight difference
in the terms containing the square of the speed of
light.

3. Conclusion

The presence of the sphere’s rotation leads to
addition of cylindrical symmetry about the
rotation axis (OZ to the sphere’s radial
symmetry in the formulae for the potential. As a
rule, this is expressed in the fact that the scalar
potential of the electromagnetic field becomes
dependent not only on the sphere’s radius a, the
distance R and the angular velocity @ , but
also on the angle 0 between the axis OZ and
the direction to the point P where the potential
is measured. The latter is confirmed by
expressions for the potential (32) in the middle
zone, (54) in the far zone, (72) and (73) in the
near zone, from which it follows that the
potential increases as the radius-vector R of the
observation point approaches the equatorial
plane of the rotating sphere. By the order of

magnitude, the relative change in the potential
2 2

does not exceed , depending on the

2

sphere’s radius a and on the angular velocity of
rotation @ .

Thus, for the potential of the rotating sphere,
we can expect dependence of the forme =

o F(a,R,w,0), where F(a,R,w,0) is a

4megR

certain function. In this case, the remote point P,
where the potential is calculated, has a radius-
vector R = (x,y,z) = (Rsinfcos¢, Rsinfcose,
Rcos6). However, due to the sphere’s symmetry,
there is no dependence on the angle ¢ in the

function F'(a,R,®,0) and in the potential @ .

In addition to the scalar potential, we
calculate the vector potential in the middle zone
(45), in the far zone (60) and in the near zone
(75). The first terms in the vector potential

406

components in (45) contain ¢’ in the
denominator and in (60), the similar terms
contain ¢ in the denominator. Such a change in
the potential dependence, which appears when
going over from the middle zone to the far zone,
is a typical consequence of the method of
retarded potentials.

In (45) and in (60), there is the same term

1077 p,a’
218
the relativistic uniform system. However, the

2.2
w a

2
C

associated with the properties of

terms, which are proportional to and
define the dependence on the angular velocity
@, have different coefficients. A similar
situation occurs in the near zone for the case
when z = R > a, which is seen in (76).

This can be explained by the fact that in the
course of calculations, we used not coincident
procedures for expansion of functions and their
subsequent integration, which give different
accuracy. Another possible explanation may be
that, indeed, in different zones, the dependence
on @ is different. The accuracy of the results
obtained can be improved by increasing the
terms in expansion of functions into series;
however, introduction of each new term
significantly complicates the calculations. It
should be noted that for the purpose of more
convenient analytical presentation of the results
in an explicit form, some elliptic integrals were
expanded into series up to the second- and third-
order terms, while other integrals were expanded
into series up to the sixth-order terms.

Using the obtained expressions for the scalar
and vector potentials, we calculate the electric
and magnetic fields outside the rotating charged
sphere. The corresponding expressions for the
fields are presented in (47) for the middle zone,
in (61) for the far zone and in (79) in the near
zone for E. The formulae for the electric field
E in the near zone are made more precise in
(80) on the axis OZ, at small z in (81) and at
z=0, R~a in (82). In all cases, we can see
that the field E increases due to rotation, while

the maximum relative increase does not exceed
2 2

the value near the sphere’s surface in

2
C

the plane XOY .
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The components of the magnetic field B in
the near zone on the axis OZ on condition that
z = R > a are presented in (83). Comparison of
(47), (61) and (83) shows that within the
framework of the approach used, the obtained
approximate expressions for B differ in
different zones in small terms, associated with
the dependence on the angular velocity @,
repeating the corresponding difference for the
vector potential A .

Due to the charge conservation condition, the
charge g, (31) of the rotating sphere is equal to

the charge ¢, of the fixed sphere in (8). This

allows us to equate the Lorentz factor ¥, of the
particles’ motion in the center of the rotating
sphere and the similar Lorentz factor ¥, for the
same and generally fixed sphere.

The results obtained can be applied to
nucleons in atomic nuclei when calculating the
binding energy in the gravitational model of
strong interaction, which takes into account
attraction of nucleons to each other in the strong
gravitational field, repulsion of protons due to
the electric force, repulsion of nucleons’
magnetic moments oriented in the combined
magnetic field, as well as interaction of the
nucleons’ spin gravitational moments in the
torsion field of strong gravitation due to the
nucleons’ proper rotation. Since near the
equatorial plane at the surface of a rotating

proton the electric potential can be increased due
2 2

to the addition of the order of

>— according

c
to (73), then at a typical angular rotation velocity

®=1.03x10* rad/s, according to [17], and at
the proton radius of the order of 8.73x107'® m,
this increases the potential by a factor of 1.54.

As a result, this also has an impact on the value
of the binding energy of atomic nuclei.

Similar calculation for the neutron star PSR
J1614-2230, for which the angular velocity of

rotation is @ =1.994x10° rad/s and the radius

is a=12.8 km according to [18], gives
6 2 2
29 _851x107 and =2 ~0.04. So, if
c c

this star were charged, the field near the star’s
equator would probably also be increased by a
6w’a’
c2
field of a non-rotating star. The same applies to
the gravitational field in the covariant theory of
gravitation, the equations of which are similar to
the equations of the electromagnetic field [12].

factor of 1+

~1.04 as compared to the

Due to the fact that the calculations contain a
great number of integrals, the key details of these
calculations are presented in special files, which
are included in an appendix to this work [16].
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Abstract: Pure nickel oxide (NiO) nanoparticles and NiO-Mn, O3, NiO-CdO, NiO-Pb,0s,
NiO —ZnO nanocomposites were synthesized by co-precipitation method. The PXRD
studies revealed that NiO, Mn,0O; and CdO possessed cubic structure, Pb,O; possessed
monoclinic structure, ZnO possessed hexagonal structure and confirmed the presence of
polycrystallinity nature of NiO and Mn,O;, CdO, Pb,0O;, ZnO in the nanocomposites. The
average grain size of NiO nanoparticles was found to be 30.10 nm using Debye Scherer’s
formula. The FESEM images of NiO nanoparticles and their nanocomposites revealed
spherical shaped structure and NiO-Pb,O; revealed needle shaped rod-like structure.
EDAX analysis confirmed the composition of NiO nanoparticles and their nanocomposites.
Raman spectra exhibited characteristic peaks of pure NiO and that of NiO- Mn,03, NiO-
CdO, NiO- Pb,0O;, NiO-ZnO in the synthesized nanocomposites. In the PL spectra, blue
and green emission was observed in the samples. UV-vis spectra revealed the absorption
peaks of NiO nanoparticles and their nanocomposites. Thus, the synthesized NiO- Mn,Os,
NiO-CdO, NiO - Pb,0O; and NiO-ZnO nanocomposites can be a suitable material for

electrocatalysis applications.

Keywords: Nickel
Luminescence.

oxide

1. Introduction

Nickel oxide (NiO) is an important transition
metal oxide that has been under the extensive
investigation for decades due to its interesting
electronic structures, strongly affected by Ni-3d
electrons [1] which are localized in space, but
spread out over a wide energy range because of
strong Coulomb repulsion between them [2]. The
high specific surface area of NiO nanoparticles
has significant implications with respect to the
energy storage devices based on
electrochemically active sites (batteries, super
capacitors) and energy conversion devices
depending on catalytic sites or defect structures.
NiO nanoparticles and their nanocomposites
have been synthesized via a cost-effective and

nanocomposites,

Structure, Morphology, Absorption,

highly convenient co-precipitation method [3].
Mn,O; nanoparticles can be utilized for
advanced materials in batteries, as well as
other applications, such as water treatment and
imaging contrast agents [4]. CdO has potential
applications in flat panel displays, organic light
emitting diodes, optoelectronic devices, gas
sensors and electrodes [5]. CdO also possesses
both antibacterial and anticancer activity.
Previous studies reported the synthesis of
nanocomposites containing CdO and other metal
oxide combinations [6]. The Pb,O; nanoparticles
are used in magnetic resonance and as magnetic
nanoparticles for magnetic data storage and
magnetic resonance imaging (MRI). The most
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common use ofZnO nanoparticlesis in
sunscreen, because they reflect ultraviolet light,
but they are small enough to be transparent to
visible light [7]. They are also being investigated
to kill harmful microorganisms in packaging [8].
In this paper, nanocomposites of NiO were
synthesized and their structural optical properties
were analyzed.

2. Materials and Methods

In the present work, co-precipitation method
is used to prepare NiO and their nanocomposites.
All the precursors used for synthesis were of
analytical grade (Merck). Pure nickel acetate,
manganese acetate, cadmium acetate, lead
acetate, zinc acetate, double distilled water, urea
and ammonium hydroxide solution were used to
synthesize NiO nanoparticles and their
nanocomposites.

2.1 Synthesis of NiO Nanoparticles

Nickel acetate (0.25 M) is dissolved in double
distilled water (100 ml) separately and stirred
well for 30 minutes. Then, urea (0.75 M) is
dissolved in double distilled water (100 ml)
separately and stirred well. Then, both nickel
acetate and urea solutions are mixed together.
Ammonium hydroxide solution (32 M) is added
drop by drop to maintain the pH of 10.The
obtained green color precipitate is kept in the hot
air oven at 100°C for drying. After grinding in
agate mortar, the powder is kept in the muffle
furnace at 400°C for 2 hours and the black color
powder is obtained.

2.2 Synthesis of NiO Nanocomposites

Manganese acetate (0.25 M) is dissolved in
double distilled water separately and stirred well
for 30 minutes. Then, manganese acetate
solution is added dropwise to the nickel acetate
and urea solutions which are already mixed
together. Ammonium hydroxide solution is
added dropwise to maintain the pH of 10. The
brown color precipitate is dried at 100°C in the
hot air oven. After grinding the sample, it is kept
in the muffle furnace at 400°C for two hours.
Similar procedure is adopted for synthesizing
other nanocomposites. In the place of manganese
acetate, cadmium acetate is used for NiO-CdO
nanocomposites, lead acetate is used for NiO-
Pb,0; nanocomposites and zinc acetate is used
for NiO-ZnO nanocomposites.
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3. Results and Discussion
3.1 PXRD Analysis

The powder X-Ray diffraction pattern of NiO
nanoparticles and their nanocomposites were
recorded using XPERT-PRO Diffraction system
with CuKa radiation of wavelength 1.54056 A.
The PXRD patterns obtained for the NiO and
their nanocomposites are shown in Fig.l1 (a-
e).The observed 26 values were matched well
with the cubic structure of NiO(JCPDS File
No0.89-5881) [9,10]. The relatively sharp and
high intense diffraction peaks clearly indicate the
crystalline nature of the synthesized pure NiO
nanoparticles. The high intensity peaks are
observed at (222), (400), (440) and (622)
corresponding to 20 = 37.1979°, 20 = 43.1980°,
20 = 62.8085° and 20 = 75.2708°, respectively.
(Fig.1a) indicates the PXRD pattern of NiO
nanoparticles. No peaks were observed from
other impurities, such as Ni(OH),, indicating the
high purity of the synthesized NiO nanoparticles.

Fig.1b portrays the XRD pattern of NiO-
Mn,;O3 nanocomposites. Diffraction peaks of
both NiO and Mn,O; were observed and
matched with the standard JCPDS file (for
Mn,O5;(JCPDS File  No.71-0636) and
NiO(JCPDS File No. 89-5881)). The material
belongs to the cubic structure. The diffraction
peaks are of low intensity when compared to the
pure NiO nanoparticles (Fig.1b), which shows
less crystallinity of NiO-Mn,O3 nanocomposites.
The peaks of Mn,Oj; are observed at (321), (440)
corresponding to 20 = 35.7703° and 20 =
63.4698° respectively and the peaks of NiO are
observed at (111), (222), (400), (511) and (622)
corresponding to 20 = 18.4211°, 20=37.4112°,
20 = 43.5952°, 20 = 57.6035° and 20 =
75.8341°, respectively.

In the NiO-CdO composites, both the
diffraction peaks of the cubic phases were
present for CdAO(JCPDS File No. 05-0640) and
NiO(JCPDS File No. 89-5881) [11].The peaks of
CdO are observed at (200), (220), (311) and
(222) corresponding to 20 = 38.2483°, 20 =
55.2383°, 20 = 65.9156° and 20 = 69.1591°,
respectively and the peaks of NiO are observed
at (111), (311), (400) and (440) corresponding to
20 = 32.9683°, 20 = 35.5949°, 20 = 43.1799°
and 20 = 63.0358°, respectively (Fig.1c). The
NiO peak corresponding to (111) is of high
relative intensity.



Structural and Optical Properties of Pure NiO Nanoparticles and NiO-Mn,0;, NiO-CdO, NiO-Pb,0;, NiO-ZnO

Nanocomposites
il = -
(a) 3[‘-"10 (JCPDS Fiie No 83-5331) (b) o[+ -mo (ucPDs Fue Noss-ss31)
oy = & -Mn 0 (JCPDS Fie No.71-0636)
. A
s
o
san ]
- < a -
£ S * = ¥ =
2 am b 3
!. ® o
> =
= ETT o s 1
£ s | £
~ 2mm = -
1ms
108
r T T T T T T s
m . an an sa - m 1 1]
100 Zo(degree) 20 (degres)
T = (C) S TNIOICEDS Flie Mo 09, 908 1) asn 4 (d) = * -NiO (JCPDS File No.83-5881)
= s' #- CdO (JCPDS File No.05-0640) - #-Pb,O_ (JCPDS File No.89-7287)
250 d i 2V -
kLI
= 200 8 =
[ —
3 T -
8 20 | =T
._.’? 150 - F o
c = 158 ]
- - -—
= - o
100 - ® 108 -
WF =
.
5D
I T
.

io

@
g

Iransity (oouats)

* - NiO (JCPDS File No.89-5881)
#-ZnO (JCPDS File No.839-1397)

W10

50 &0 70

20 (degee)

FIG. 1. PXRD pattern of a) NiO nanoparticles b) NiO-Mn,O; nanocomposites ¢) NiO-CdO nanocomposites d)
NiO-Pb,0; nanocomposites €) NiO-ZnO nanocomposites.

The presence of monoclinic Pb,O; (JCPDS
File N0.89-7387) and cubic NiO (JCPDS File
No0.89-5881) in the synthesized nanocomposites
confirms the formation of NiO-Pb,O3
nanocomposites [12] (Fig.1d). The peaks of
Pb,0; are observed at (101), (111), (210), (020),
(111), (320), (410), (022) and (402)
corresponding to 20 = 28.0724°, 20 = 29.7112°,
20 = 30.4154°, 26 = 31.1061°, 32.5639°, 20 =
50.9270°, 26 = 55.2597°, 20 = 58.4788° and 26
= 65.7442°, respectively and the peaks of NiO
are observed at (111) and (331) corresponding to
20 =19.9476° and 20 = 46.7938°, respectively.

The presence of  hexagonal ZnO
(JCPDSFileNo0.89-1397) and cubic  NiO
(JCPDSFile No0.89-5881) in the synthesized
nanocomposites confirms the formation of NiO-
ZnO nanocomposites [13, 14]. The peaks of ZnO
are observed at (100), (002), (101), (102), (110),

(103) and (112) corresponding to 26 = 31.6276°,
20 = 34.2888°, 20 = 36.1362°, 20 = 47.3647°, 20
= 56.4882°, 20 = 62.8006° and 20 = 67.8877°,
respectively and the peaks of NiO are observed
at (021), (202), (131), (223) and (042)
corresponding to 20 = 36.9005°, 20 = 42.7812°,
20=68.9920°, 26 = 74.6008° and 20 = 78.6843°,
respetively. More number of ZnO peaks are
observed and the ZnO peak corresponding to
(101) is of high relative intensity (Fig.1e).

The average grain size of synthesized Nickel
Oxide nanoparticles is found out from the
powder XRD pattern using Debye Scherrer’s
formula:

D = 0.92/BcosO (nm)
where A is the wavelength of PXRD, B is the full
width half maximum; 6 is the Bragg’s angle for
the peak. The average size of NiO nanoparticles
is found to be 30.1052 nm.
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TABLE 1. Comparison of average grain size of nanopowder samples.

Nanopowder  Angle 26 FWHM B  Average grain
S.No. samples (degree) O (degree) (degree) size D (nm)

1 NiO 47.7348 23.8674 0.328 30.1052

2 NiO-Mn,03 48.1587 24.0793 0.5576 19.6660

3 NiO-CdO 48.0926 24.0463 0.2952 29.4914

4 NiO-Pb,03 34.2853 17.1426 0.2583 32.2104

5 NiO-ZnO 43.3364 21.6682 0.3075 27.8206
3.2 SEM and EDAX Analysis with an average size of 855 nm. Needle-shaped
In order to rod learer. 1 rod-like structure with an average size of 880 nm

produce clearer, less

electrostatically distorted images, Field Emission
Scanning Electron Microscopy (FESEM) was
used in the present work and the FESEM images
of the NiO nanoparticles and their
nanocomposites were obtained using a JEOL
JSM - 6390 microscope operating at an
accelerating voltage of 20 kV.

Particles of average size 250 nm were
observed in the FESEM image of pure NiO
nanoparticles at a magnification of 1 um [15]
(Fig.2a). The FESEM image of the NiO-CdO
nanocomposites (Fig.2b) displays the particles

was observed for NiO-Pb,O; nanocomposites at
a magnification of 2 um (Fig.2¢c). Fig.2d shows
that the NiO-Mn,O3; nanocomposites contain
spherical-shaped particles with an average size
of 350 nm at a magnification of 1um. The
spherical-shaped morphology is obtained for
NiO-ZnO nanocomposites with an average size
of 900 nm at a magnification of 30 um (Fig.2e).

EDAX images (Fig. 3) show the formation of
the respective elements present in the pure NiO
nanoparticles and their nanocomposites.
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FIG. 2. FESEM image of a) NiO nanoparticles b) NiO-CdO nanocompositesc) NiO-Pb,O; nanocomposites d)
NiO-Mn,0; nanocomposites €) NiO-ZnO nanocomposites.
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FIG. 3. EDAX image of a) NiO nanoparticles b) NiO-Mn,0O; nanocomposites ¢) NiO-CdO nanocomposites
d) NiO- Pb,O; nanocomposites ¢) NiO-ZnO nanocomposites.

3.2 Raman Analysis

Raman analysis is a spectroscopic technique
used to observe vibrational, rotational and other
low-frequency modes in a system. Raman
spectroscopy is commonly used in chemistry to
provide a structural fingerprint by which
molecules can be identified.

Three Raman peaks of NiO located at 165,
510 and 1042 cm’ confirm the characteristic
feature of NiO [16]. The band at 510 cm™ is
attributed to one phonon (450 cm™) plus one
magnon (60 cm™) excitation of NiO. The NiO-
Mn,O; nanocomposites show Raman peaks at
507cm™, 579 cm™ and 633 cm™'. The intensity of
the characteristic peak is found to be decreasing
when compared to pure NiO nanoparticles.The
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NiO-CdO nanocomposites show Raman peaks at
486 and 1012 cm™. The shift in band from 510
cm” to 486 cm’' might be due to the decreased
particle size compared to pure NiO nanoparticles
[17]. The NiO-Pb,O; nanocomposites show
Raman peaks at 262 and 525 cm’. The peaks
have different shift values and the intensity of

nanoparticles. The NiO-ZnO nanocomposites
show Raman peaks at 552 and 1058 cm™. This
modification is probably due to the loss of lattice
oxygen at high temperatures that leads to the
surface reconstruction [18]. Generally, one
phonon TO and LO modes of NiO would be
observed at ~ 500-570 cm™ [19]. The band

the peak is found to be increasing when  observed at 500-525 cm’' symbolizes the
compared to the spectrum of pure NiO  presence of NiO.
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FIG. 4. Raman spectrum of a) NiO nanoparticles b) NiO-Mn,0; nanocomposites ¢) NiO-CdO nanocomposites
d) NiO- Pb,0; nanocomposites ¢) NiO-ZnO nanocomposites.

3.3 Photoluminescent Analysis

Photoluminescence (PL) studies for the
synthesized nanostructures were carried out
using a photoluminescence spectrophotometer
(Cary Eclipse) and the emission spectra were
recorded at a scan rate of 600 nm/min using an
excitation wavelength of 325nm.
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Fig.5a depicts the photoluminescence (PL)
emission spectrum and shows a maximum peak
at 361 nm. High intense peaks centered at 361
nm are assigned to band edge emission of NiO
nanocrystallites. The PL emission spectrum of
NiO - Mn,0O; nanocomposites (Fig.5d) shows
prominent peak at 360 nm. The PL emission
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spectrum of NiO-CdO nanocomposites (Fig.5b)
shows prominent peak at 491 nm. The intensity
of the maximum peak is decreasing when
compared to the pure NiO nanoparticles. The PL
emission  spectrum of NiO Pb,05
nanocomposites (Fig.5¢) shows strong emission
band at 491 nm close to the edge of the blue
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region. The PL emission spectrum of NiO-ZnO
nanocomposites (Fig.5¢) which shows maximum
peak at 491 nm is similar to Petronela et al.'s
work on NiO-ZnO [20]. In the photoluminescent
spectra, blue and green emission is observed in
the NiO nanoparticle and their composites [21].
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FIG. 5. PL spectrum of a) NiO nanoparticles b) NiO-CdO nanocomposites ¢) NiO-Pb,0; nanocomposites
d) NiO-Mn,0; nanocomposites ¢) NiO-ZnO nanocomposites.

3.4 UV — Visible Analysis

To characterize the absorption properties of
the synthesized samples, UV-Vis absorption
spectrophotometer (Hitachi U-2900) was used at
a scan speed of 400 nm/min in the range of 190
nm-800 nm.

It can be seen that the absorption edge
corresponding to NiO appeared at 327 nm [22],
the absorption edge corresponding to NiO-
Mn,O; appeared at 367 nm, the absorption edge
corresponding to NiO-CdO appeared at 443 nm,
the absorption edge corresponding to NiO-Pb,0;
appeared at 372 nm and the absorption edge
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corresponding to NiO-ZnO appeared at 323 nm

UV studies also support the blue emission of

[23], respectively. There was blue shift absorbed  the synthesized NiO nanoparticles and
in all the synthesized samples. nanocomposites.
1.2 f =S 1.3
) B -J(b)
1.1 4 5
mo 0o uow.'::#:o-’ 700 200 200 200 oo 400 w.;‘.i:-' 700 00 L]
E
A ‘I(C) § 14 -I(d) E
‘i 12 4 12 4
-2 10 4
% os |
=
B I
=0 D0 am 500 ‘:n 700 Rl =0 =0 o am S ‘“— 700 300 200
(e} g

Wavelragfh fum)
FIG. 6. UV-vis absorption spectrum of a) NiO nanoparticles b) NiO-Mn,0; nanocomposites ¢) NiO-CdO
nanocomposites d) NiO-Pb,0; nanocomposites ¢) NiO-ZnO nanocomposites.

4, Conclusion

Co-precipitation method is used to synthesize
pure NiO nanoparticles and their
nanocomposites. PXRD and SEM  studies
confirmed the nanostructures for the prepared
samples. The average size of NiO nanoparticles
is found to be 30.1052 nm using Debye Scherer’s
formula.  Spherical-shaped  structure = was
obtained for NiO nanoparticles and their
nanocomposites and needle-shaped rod-like
structure was obtained for NiO-Pb,O;. The
formation of NiO nanoparticles and their
nanocomposites was confirmed by EDAX.
Raman spectrum showed the characteristic peaks
of pure NiO and their synthesized
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nanocomposites. The PL study of NiO
nanoparticles and their nanocomposites revealed
the blue and green emissions. UV-vis spectra
revealed the absorption edges corresponding to
NiO at 327 nm, NiO- Mn,O; at 367 nm, NiO-
CdO at 443 nm, NiO-Pb,0O5 at 372 nm and NiO-
7ZnO at 323 nm. Thus, the synthesized NiO
nanocomposites are suitable for electrocatalysis
application in future. Transition metal oxides
have proved to be active in catalytic reactions
and were used as good electrocatalysts as
reported in literature. Since the nanocomposites
of oxides Mn,O3, CdO, Pb,0O; and ZnO based on
NiO are successfully synthesized; in future
works, the synthesized samples can be further
modified for electrocatalysis applications.
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Abstract: The most prominent and utilizable platinum-coated copper Oxide nanostructured
thin films are prepared using the SILAR method. Their structural properties have been
studied using X-ray diffraction (XRD) and Raman spectroscopy. XRD pattern reveals the
phase purity and crystallinity of CuO nanostructures. The average grain size estimated from
XRD gives diameters in the range of 14 - 27 nm. Raman spectra explain the structural
information of CuO and Pt/CuO nanostructured thin films, in which the peaks observed at
328 em™, 609.32 cm™ and 1141.77 cm™ are the different phonon modes of CuO. The peak
at 2136 cm™ provides strong evidence for the formation of platinum on CuO
nanostructures. The SEM micrograph confirms the floral morphology, which is composed
of nano petals. From the observed morphology, it is observed that the deposited thin films
such as CuO and Pt/CuO will give interesting applications to our society by being self-
cleaning agents, photocatalysts, semiconductor devices, optical fibers, ... etc.

Keywords: CuO, Pt/CuO, Structural analysis, SILAR, Crystallinity.

1. Introduction

Copper oxide, including cuprous oxide
(copper (I) oxide) and cupric oxide (copper (II)
oxide), is formed when copper is exposed to
oxygen [1]. These semiconductor oxides have
been investigated for various purposes, such as
the inherent abundance of starting material (Cu),
the ease of production by Cu oxidation, their
non-toxic nature and the reasonably good
electrical and optical properties exhibited by
CuO [2]. Previous works showed that many of

the growth methods for copper oxide resulted in
a combined growth of copper (I) oxide (Cu,0O)
and copper (II) oxide (CuO). However, CuO is a
more widely used material than Cu,O due to its
stability. Cupric oxide (CuO) possesses a
monoclinic crystal structure with a bandgap of
1.22-2.0 eV [3, 4]. Its high optical absorption
coefficient in the visible range and reasonably
good electrical properties constitute important
advantages and render CuO as the most
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interesting phase of copper oxides. CuO has
been employed as a heterogeneous catalyst for
several environmental processes, solid-state gas
sensor heterostructures and microwave dielectric
materials.

In solution-phase deposition methods, various
complexing agents have been added to the
growth solution to enhance the physical
properties of the thin films. CuO thin films
exhibit an exceptional combination of
multifunctional characteristics, including optical,
electronic,  optoelectronic, magnetic  and
semiconducting. SILAR is a simple solution-
based method for the suitable formation of thin
films with controlled thickness and deposition
temperature [5, 6]. Novel morphology of CuO
was obtained by SILAR method due to metal
doping or presence of additives [7, 8, 9]. The
chief purpose of this article is to study the CuO
thin films and SILAR method as an alternative to
standard coating methods, which are budgetary
and easily suitable. In order to achieve this goal,
CuO thin films were deposited on glass
substrates using SILAR method without any
additives or dopants. The structural and surface
properties of the untreated sample and thin films
were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and Raman
spectroscopy [10, 11].Copper (II) oxide, CuO, is
a p-type semiconductor with a narrow bandgap
(1.2-1.7 eV) and high stability in harsh terms
[12, 13]. The structural, morphological and
optical properties of CuO thin films can be used
in photovoltaic applications [14]. Nanostructures
of CuO films have different forms, such as
tetrapods, flowers, nanorods, nanoribbons,
nanowires, nanobelts, nanosheets, micro-roses,
woolen, lotus, nanowire, nanosheet and flower-
like [15]. The monoclinic structured CuO thin
films are appropriate for photovoltaic and

optoelectronic applications, such as optical
devices [16], super hydrophobic [17],
photocatalysis [18], microwave dielectric

materials [19], lithium-ion batteries [20] and gas
sensors [21].Among different chemical methods,
successive ionic layer adsorption and reaction
(SILAR) is a facile, economically feasible and
most versatile method in order to deposit
material directly on the substrate. Moreover, the
SILAR method holds a promise to develop
different morphologies by controlling simple
preparative parameters [16, 22, 23]. Hence, the
present report focused on the synthesis of such
CuO nanostructured thin films and structural
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properties of CuO thin films deposited by
SILAR method.

2. Experimental Section
2.1 Substrate Preparation

Glass substrates were used to grow copper
(II) oxide thin films. Before starting the growth,
the substrates were cleaned using soap, acetone
and distilled water for 10 minutes. Then, the
substrates were air-dried.

2.2 Preparation of CuO Nanostructured Thin
Films

Initially, the glass substrate is dipped in
copper ammonia complex [(Cu (NH;)y)*]
solution for 40 sec for the adsorption of the
cationic solution. Next, the glass substrate is
immersed in double distilled water for 20 sec for
rinsing. Then, the substrate is dipped in the
anionic solution (i.e., double distilled water at
80°C) for 50 sec. Then, the substrate is immersed
in double distilled water for 20 sec for rinsing.
As the final step of the cycle, the substrate is
dried in air for 20 secs. Thus, one SILAR cycle
is completed. In order to obtain uniform
deposition, cycles were repeated for 20 and 40
times.

2.3 Preparation of Pt/CuO Nanostructured
Thin Films

20 ml of 1 mM aqueous solution of
H,PtCls:6H,O was added and stirring was
performed for 15 min. The redox reaction was
started by adding solid tri-sodium citrate. The
reaction was carried out for 120 min. All
experiments were performed at room
temperature. CuO nanostructured thin films were
immersed in platinum sol for 3h. After 3hr,
Pt/CuO nanostructured thin films were dried in
air and subjected to different characterization
techniques to study their structural and surface
properties.

3. Results and Discussion
3.1 Structural Analysis

The phase purity and crystallinity of the
prepared CuO and Pt/CuO nanostructured thin
films were identified by X-ray diffraction
analysis. The XRD patterns of the CuO and
Pt/CuO nanostructured thin films are shown in
Fig. 1 (a and b). All the diffraction peaks of CuO
nanostructured thin films can be readily indexed
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with the standard JCPDS (PDF#05-0661) file.
The XRD patterns of CuO nanostructured thin
films prepared by different deposition cycles
consist of diffraction peaks derived from the
monoclinic phase of crystalline CuO with (111)
and (111) lattice planes. Conversely, no extra
diffraction peaks are detected from the copper
hydroxide or cuprous oxide, clearly showing that
only CuO is formed in the substrate. The high
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intensity of peaks indicates that the prepared
CuO thin films are highly crystalline in nature.
Fig.2 (a and b) indicates the XRD pattern of
Pt/CuO nanostructured thin films and shows the
amorphous nature. The average crystallite size
for the CuO thin films is estimated from
Scherrer’s formula and is varying from 14 to 27
nm.
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FIG. 1. XRD pattern of CuO nanostructured thin films prepared at a) 20 and b) 40 deposition cycles.
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FIG. 2. XRD pattern of platinum-coated CuO nanostructured thin films.

3.2 Raman Spectra of CuO and Pt/CuO
Nanostructured Thin Films

Raman spectroscopy, which is a sensitive
probe to the local atomic arrangements and
vibrations of the materials, has been also widely
used to investigate the microstructural nature of
the nanosized materials in general and CuO
nanomaterial in particular. Raman scattering also
provides useful information about the structures
and bonds of materials. Raman scattering could
help detect the existence of unintended phases,

such as CuyO or Cu (OH), or show the
crystallinity of the product. Raman active normal
modes of CuO are RA = 4Au + 5Bu + Ag +
2Bg. Among these vibration modes, there are
three acoustic modes (Au + 2Bu), six infrared
active modes (3Au + 3Bg) and three Raman
active modes (Ag + 2Bg). Three well known
bands of CuO are Ag (278.81 cm '), Bg 1 (326
cm ') and Bg 2 (614.85 cm™") [5]. Fig.3 shows
Raman spectra of CuO nanostructures prepared
by SILAR method with different deposition
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cycles. When increasing the deposition cycles to
40, the red shifts occur due to the phonon
confinement effect in nanometer size materials.
Multiphonon band of CuO nanostructures
appears at a wave number of 1130 cm™'. Fig. 4
shows the Raman spectra of platinum-coated

100 I
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':E;. , 61485cm’
g a “326 cm } )
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CuO nanostructured thin films. The peaks
observed at 328 cm™, 609.32 cm™ and 1141.77
cm’ are the different phonon modes of CuO.
The peak at 2136 cm™ provides strong evidence
for the formation of platinum on CuO
nanostructures.
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FIG. 3. Raman spectra of CuO nanostructured thin films prepared at a) 20 and b) 40 deposition cycles.
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FIG. 4. Raman spectra of platinum-coated CuO nanostructured thin films.

3.3 Morphological Analysis

The morphology of designed CuO and
Pt/CuO  nanostructured thin films was
determined by SEM and the prepared films are
investigated in terms of shape, size and self-
assembly of nanostructures. The morphology of
CuO and Pt/CuO thin films for different cycles is
shown in Fig. 5 and Fig. 6. All the micrographic
images reveal that the nanostructures basically
possess the petal shape and the petals are
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assembled together to form the floral structure.
Initially, the floral structure is aggregated when
platinum is coated over the CuO thin films.
Grown nanopetals have been divided over the
entire area of the film without any blowholes and
assembled together to form a floral
nanostructure, as shown in Fig. 5 and Fig. 6. The
size of the flowers is around 200 nm.The self-
assembled floral structure is due to the weak
interaction by Van der Waals force.
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FIG. 6. SEM image of platinum-coated CuO nanostructured thin films prepared at a) 20 and b) 40 deposition
cycles.

4. Conclusion

Copper oxide and platinum-coated copper
oxide nanostructured thin films were prepared
using the simple chemical method. Their
structural properties have been studied using
XRD and Raman spectroscopy. In XRD, the
dominating intensity of the diffracted peaks
(-111) and (111) reveals the improved
crystallinity of CuO nanostructures. The average
grain size estimated from XRD gives diameters
in the range of 14 - 27 nm. Raman spectra
explain the structural information of CuO and
Pt/CuO nanostructured thin films, in which the
peaks observed at 328 cm’, 609.32 c¢cm’ and
1141.77 cm™ are the different phonon modes of

CuO. The peak at 2136 cm’ provides strong
evidence for the formation of platinum on CuO
nanostructures. Being more crystalline, CuO
deposited thin films may be used in
semiconductor devices and in optical fiber
communication systems. The SEM micrograph
confirms the floral morphology, which is
basically composed of nano petals. From the
observed morphology, it is observed that the
deposited thin films, such as CuO and Pt/CuO,
will give interesting applications to our society
by being self-cleaning agents, photocatalysts,
semiconductor devices, optical fibers, ... etc.
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Abstract: In this present work, Zirconia nanoparticles were prepared by precipitation
method, Zirconium Oxychloride (ZrOCl,.8H,0) and ammonia (NH;) as starting materials.
The synthesized Zirconia nanoparticles were characterized by XRD and the grain size in
nanoscale was confirmed. The sheets of neat epoxy resin and epoxy with addition of ZrO,
nanoparticles are primed by solution casting method. The structures of epoxy polymer and
hardener were found out using FTIR analysis. The thermal properties were analyzed using
Thermo Gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA). Thermo
gravimetric analysis has been employed to investigate the thermal characteristics and their
mode of thermal degradation. Differential thermal analysis has been used to determine the
glass transition temperature of epoxy nanocomposites. The mechanical properties like
tensile and flexural studies were analyzed and thus influences of nanofiller loading on these
parameters were found to be very low.

Keywords: Epoxy, ZrO, nanoparticles, Nanocomposites, Thermal stability, Dielectric

properties, Tensile strength, Flexural strength.

Introduction

Polymer nanocomposites have attracted
increasing attention in the last decade because of
their significant improvement of physical and
chemical properties over the matrix polymers.
The effects of nanofillers on these properties
have been extensively observed to make
nanocomposites for application purpose. The
addition of just a few percent by weight of
nanofillers can result in significant enhancement
in dielectric, thermal and mechanical properties.
The incorporation of metal oxide nanoparticles
with polymer is approached to improve the
mechanical strength [1-6]. The effects of
inorganic fillers on the properties of composites
strongly depend on filler size and shape, type of

particles and the degree of dispersion [7-8].
Various nanoscale fillers, including metal
oxides, montmorillonite and calcium carbonate,
have been reported to enhance the mechanical
properties, thermal stability, gas barrier
properties, electrical properties and flame
retardancy of the polymer matrix [9-11]. Among
various metal oxide fillers, nano-sized zinc oxide
(Zn0), zirconium oxide (ZrQ,), titanium dioxide
(TiO,) and cerium oxide (CeO,) fillers have
attracted considerable attention because of their
unique physical properties as well as their low
cost and extensive applications in diverse areas
[12-15]. Here, the purpose of study is to evaluate
the physical properties of epoxy resin with
Zirconia nanoparticles.

Corresponding Author: A. Lesly Fathima

Email: leslysat@gmail.com
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Experimental Part
X-Ray Diffraction

X-ray diffraction (XRD) was a spectroscopic
method which has been used in the structure
determination of crystalline materials. X-ray
diffraction (XRD) of ZrO, nanoparticles was
carried out on a XPERT — PRO diffractometer
system with monochromated CuK, (1.5406 A)
radiation working at 40 kV/30 mA. The grain
size of ZrO, was calculated by De-bye Scherrer
formula:

D = K1/Bcosb
where:
K is a constant;
A is the wave length used;
B is the full width half maximum;
0 is the angle of diffraction.

Fourier Transformation Infrared
Spectroscopy

Fourier = Transform  Infrared  (FTIR)
spectroscopy is used to identify organic,
polymeric and in some cases inorganic materials.
The FTIR analysis method uses infrared light to
scan test samples and observe chemical
properties. FTIR measurements for the samples
were performed in SHIMADZU type IR
Affinity-spectrophotometer in the range of 4000
— 400 cm'. The mode used in the FTIR
characterization is transmission.

Thermal Analysis

The thermal properties were analyzed using
differential scanning calorimetry and
thermogravimetric analysis. Thermal stability of
the nanocomposites was studied using
thermogravimetric analysis (TGA) in SIINT
6300 thermogravimetric analyzer temperature
ranges from 25°C to 1000°C with the heating rate
of 10°C/min. Powder sample is used for thermal
analysis.

Electrical Analysis

Dielectric spectroscopy was based on the
phenomena of electrical polarization and
electrical conduction in materials. The most
common mechanisms of polarization will occur
at high frequencies (10° Hz - 10'"° Hz), while at
very low frequencies (10° Hz — 10° Hz), DC
conduction will become significant. Thus,
dielectric spectroscopy was also well suited for
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the determination of both AC and DC
conductivity of materials. In order to understand
the influence of ZrO, on the dielectric property
of the composites, the permittivity and
dissipation factor of the composites were
investigated. In the present work, the dielectric
spectroscopy (DS) using the instrument HIOKI
3532-50 LCR Hitester, over a frequency range of
10' — 10° Hz, at three temperatures 50°C, 100°C
and 150°C were found. For testing, the sample
was cut into the dimensions of 7.5 X 6 X 4 mm.
The applied voltage was set to 1V and during all
the measurements, room temperature was
maintained.

Mechanical Analysis

Tensile test and flexural strength test of
developed sheets are performed using
mechanical analyzer in tensile mode in
accordance with the ASTM D-638 test standard
and flexural mode with ASTM D-790 test
standard, respectively. Before testing, the
rectangular samples of fixed size are cut out
from sheets using a clean razor blade and the
upper side of cut sample for tensile test is
polished to make flat surface. And the edges of
the sample are polished by sand paper of a mesh
of 1200. ASTM D-638 is a testing specification
that determines the in-plane tensile properties of
polymer matrix composite materials reinforced
by high-modulus fibres. A tensile test measures
the resistance of a material to a static or slowly
applied force. ASTM D 790 is a method of
measuring the flexural properties of plastic by
setting a test bar across two supports and
pushing it down in the middle until it breaks or
bends at a specified distance. Flexural modulus
is a measure of stiffness or rigidity.

Materials and Method
Materials

Zirconium oxychloride (ZrOCl,.8H,0O) and
ammonia (NH3) purchased from Sigma Aldrich
were used as starting materials for the synthesis
of ZrO, nanoparticles. ARALDITE epoxy resin
(LY 556) and hardener (HY 951) were taken as
the materials for the development of polymer
sheets.

Synthesis of ZrO, Nanoparticles

ZrO, nanoparticles were prepared by the
precipitation method. Zirconium hydroxide
precipitation (Zr (OH),) was obtained by adding
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NH; solution drop-wise into the aqueous solution
of 0.2M ZrOCL.8H,0 at room temperature until
the desired pH of 10 was reached. Zirconium
hydroxide mixture was then dried in an oven at
100°C for 12 hours. Zirconia nanoparticles were
obtained through calcination at 600°C for 2
hours.

Preparation of Epoxy/ ZrO, Nanocomposites

Epoxy resin and hardener were used in this
study to develop pure and ZrO, nanofiller
imposed epoxy nanocomposites for different
ZrO, weight percentages (1, 3, 5 and 7) wt %.
The method used in preparation of epoxy/ZrO,
nanocomposite sample is solution casting. For
pure sample, epoxy resin of 60g and hardener of
6g were poured separately in two beakers. To
remove the air bubbles, both needed to be

Pure Epoxy +

Evoxv 1wt 2% Z10)

wa}. -
3wt % ZrO:

ultrasonicated for 30 minutes. After the
completion of this process, the hardener was
added to the epoxy resin and mixed by hand
stirring. Then, it was ultrasonicated to remove air
bubbles generated during the mixing process.
After degassing, the mixture was poured into a
metal mould. The metal mould was kept
undisturbed for 1 hour at room temperature.
Finally, the sample was cured by keeping the
mould in an oven at 100°C for 2 hours. Thus,
neat epoxy sheet was obtained. For epoxy/ZrO,
nanocomposites, 1wt% ZrO, nanofillers were
added with the epoxy resin and the same
procedure was repeated for 3wt %, Swt % and
7wt % ZrO, added epoxy nanocomposites [16-
18]. The photograph of developed polymer
sheets is shown in Fig.1.

Epoxy +
Swt % ZrO;

Epoxy+
Twt % ZrO)

FIG. 1. Photograph of pure and ZrO,-imposed nanocomposite sheets.

Results and Discussion
Powder X- ray Diffraction Analysis

PXRD pattern of synthesized Zirconia
nanoparticles is reported in Fig.2. The XRD
pattern of ZrO, nanoparticles is found to exhibit
many diffraction peaks and of that, (111)
reflection plane is very predominant and has
high intensity. The crystallite size of synthesized
Zr0O, is found to be 36.21nm and this confirms
that the prepared ZrO, particles are in nanoscale.
The X-ray diffraction spectrum confirms that the
pure ZrO, nanopowder is in monoclinic
crystalline phase. The data obtained is in good
agreement with standard JCPDS file no 89-9066.

Fourier Transform Infrared Analysis

Fourier Transform Infrared spectroscopy was
used to characterize the prepared pure epoxy and
ZrO,-imposed epoxy nanocomposite samples.

The FTIR spectrum is shown in Fig.3 and
assignments for prepared samples are listed in
Table 1.

The structures of LY 556 epoxy resin and HY
951 hardener were confirmed by FTIR spectral
analysis. In the FTIR spectrum of pure epoxy,
the band at 3431 cm’ corresponds to the
vibration of hydroxyl (OH) group. The band at
3037 cm’ corresponds to the CH stretching
vibration in aromatic ring. The peaks at 2973 cm’
" and 2933 cmindicate the asymmetric C-H
stretching of CH; and CH, groups, respectively.
The strong peaks at 1572 cm™, 1510 cm™ and
1425 cm™ indicate the C-C stretching vibration
in aromatic ring. The asymmetric deformation of
CH, produces absorption band at 1297 cm™. The
asymmetric stretching of C-O in aromatic and
aliphatic groups produces absorption bands at
1247 c¢cm”' and 1182 cm’, respectively. The
asymmetric stretching mode of C-O-C vibration
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appears at 1040 cm'. Absorption peak at 922
cm’ corresponds to epoxide ring vibrations. The
strong absorption peak at 828 cm™ indicates C-H
out-of-plane deformation in aromatic rings. The
appearance of the bands at 649 cm” and 559
cm’ indicates the bending vibrations of N-H and

C-H, respectively. The sharpness and intensity
350

vary for different weight percentages of ZrO,
nanofiller-added epoxy nanocomposites. A slight
shift in absorption bands is observed for ZrO,
nanofiller-added epoxy systems. This is due to
strong attraction of ZrO, nanoparticles with

epoxy [19].

300 -
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200 -

150

Intensity (Counts)

100 |

(011)

50

ZrO, at 600°C

T T T
0 10 20 30

50 60 70 80 90

20 (Degree)
FIG. 2. XRD pattern of ZrO, nanoparticles.

TABLE. 1. Frequency assignments of pure and ZrO,-epoxy nanocomposites.

Wave Number (cm™)

Assignments

Pure Epoxy + Epoxy +

Epoxy +

Epoxy +

Epoxy 1wt % ZI’OQ 3wt % ZI’OQ Swt % ZI’OQ Twt % ZI’OQ

3431 3416 3433 3430 3419 O-H Stretching

3037 3036 3035 3032 3037 C-H Stretching in aromatics

2973 2971 2975 2975 2971~ Asymmetric C-H Stretching
of CHj; group

2033 2932 2937 2935 2935 Asymmetric C-H Stretching
of CH, group

1572 1572 1571 1571 1572 . . ..

1510 1510 1510 1511 1510 ©C Stre;‘;};ﬁfﬁv;:ra“on n

1425 1426 1424 1425 1426

1297 1297 1297 1297 1297 Asymmetric CH, deformation

1247 1247 1247 1247 1247 Asymmetric aromatic C-O

stretching
1182 1182 1182 1182 1182 Asymmetric aliphatic C-O
stretching

1040 1039 1041 1042 1039 Stretching vibration of C-O-C

922 921 922 922 921 Epoxide ring vibrations

223 223 827 223 223 C-H out-pf-plane Qeformatlon
1n aromatics

649 649 649 649 649 Bending vibration of NH

559 559 560 560 559 Bending vibration of C-H
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FIG. 3. FTIR spectra of pure epoxy and ZrO,-epoxy nanocomposites.
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Thermal Analysis

Thermo Gravimetric Analysis (TGA)

The thermal properties were analyzed using
differential scanning calorimetry and
thermogravimetric  analysis. ~ The  thermo
gravimetric curves are shown in Fig.4.

Both neat epoxy and ZrO,/epoxy systems
have similar decomposition profiles and the
degradation takes place in two stages. Initial
weight loss (weight started at 100°C) was
observed in the thermograms corresponding to
evaporation of water molecules from polymer
samples [20]. The second step weight loss occurs
due to the decomposition of polymer itself. As
evident from thermograms, the nano-filler has a

significant effect on thermal stability of
polymers. Table 2 shows the TGA data of pure
epoxy and ZrO,-epoxy nanocomposites.

The relative thermal stability of epoxy
nanocomposites has been evaluated by
comparing the decomposition temperatures at
different percentage weight losses. The thermal
stability of the ZrO, nanofiller-added
nanocomposites is observed to be slightly
decreased as compared to that of neat epoxy.
This may result from the spatial obstruction of
nanoparticles on the formation of high cross-
linked molecular structure of epoxy or increased
free volume fractions in the polymer
nanocomposites [21].
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FIG. 4. Thermogravimetric curve of pure and ZrO,-added epoxy nanocomposites.

TABLE. 2. TGA data of pure and ZrO,-doped
epoXy nanocomposites.

Sample T] (Td]OC) T2 (szoc)
Pure Epoxy 281 507
E+ 1wt% 275 500
E +3wt% 273 489
E + 5wt% 271 509
E + 7Twt% 268 504

Differential Thermal Analysis (DTA)

The DTA curves of pure and ZrO, imposed
epoxy nanocomposites are presented in Fig. 5. It
shows the effect of ZrO, nanoparticles on the

nanocomposites. The glass transition
temperatures of pure epoxy and ZrO,-imposed
epoxy nanocomposites were listed in Table 3.

TABLE 3. Glass transition temperature of pure
and ZrO,-embedded epoxy nanocomposites.
Glass Transition

Sample temperature (T,’C)
Neat Epoxy 71.5
E+1wt% 69.7
E+3wt% 70.7
E+5wt% 69.3
E+7wt% 70.2

glass transition  temperature  of  the
14
Pure Epoxy
Epoxy + 1wt% ZrO,
Epoxy +3wt% ZrO,
12 | Epoxy +5wt% ZrO,
Epoxy +7wt% ZrO,
3
2 104
5
8
6 T T T
40 50 60 70 80

Temperature (°C)

90

FIG. 5. DTA curves of pure and ZrO,-added nanocomposites.
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It can be ascertained from Fig. 5 that for the
filler loadings, the glass transition temperature is
lower than that of unfilled epoxy. The changes in
T, are due to the effect of nanoparticles only.
Few studies on polymer nanocomposites have
suggested that polymer nanoparticle interactions
actually lead to the formation of more than one
nanolayer around the nanoparticles [22].

In addition to the formation of the immobile
polymer close to the particle, another polymer
layer with a thickness slightly more than that of

the immobile layer forms over it. The polymer
segments in this extended layer are reported to
be loosely bound and they relax faster causing a
reduction in the nanocomposites' glass transition
temperature [23].

Electrical Analysis

The variations of dielectric constant with
temperature and frequency for the epoxy
nanocomposites having ZrO, nanofillers at
different filler concentrations are shown in Figs.
6-7.

40
t 1IkH
Epoxy + 1wt % ZrO, z
35 Epoxy + 3wt % ZrO,
Epoxy + 5wt % ZrO,
30 Epoxy + 7wt % ZrO,
=
3
172}
5 25 -
£
g 20
2
a
15
—_—
10 -
T T T T T T
40 60 80 100 120 140 16!
Temperature (OC)
FIG. 6. Dielectric constant vs. temperature at 1 kHz.
35
Pure Epoxy
Epoxy + 1wt% ZrO, At 40°C
304 Epoxy + 3wt% ZrO,
Epoxy +5wt% ZrO,
Epoxy + 7wt% ZrO
_ 254 2
=
8
g
S 204
5
=
15
=
T 15
a
——
10 o \\////’
5 T T T T

3 4

From Fig. 6, it can be seen that the dielectric
constant increases with the increase in
temperature for all the tested nanocomposites.
This dependence is observed for pure and all the
four filler concentrations. At low temperatures,

Log f(Hz)
FIG. 7. Dielectric constant vs. frequency at 40°C.

the orientational mode cannot contribute to
polarization. This leads to a lower dielectric
constant at low temperatures. From Fig.7, the
dielectric constant of neat and ZrO,-imposed
epoxy nanocomposites increases with increasing
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frequency above 10* Hz. At lower frequencies of
applied voltage, all the free dipolar functional
groups in the epoxy chain can orient themselves
resulting in a higher €, value at these frequencies.
Further increasing frequency, the g value
increases. ZrO, displays strong ionic polarization
due to Zr*" and O ions and therefore has a high
value of dielectric constant [24]. In this study, it
is found that 7wt% ZrO, nanofiller-added epoxy
system has high dielectric constant.

Temperature at 1kHz, Frequency at 40°C

From Fig. 8, it can be seen that the dielectric
loss increases with the increase in temperature
for all the tested samples. The dielectric loss
values for ZrO, nanofiller-added epoxy
nanocomposites are less than those of unfilled

epoxy. From Fig. 9, pure and ZrO, nanofiller-
added epoxy nanocomposites show that the
values of dielectric loss with 1wt%, 3wt%, 5wt%
and 7wt% filler concentrations are less than
those of unfilled epoxy. Dielectric loss depends
on the electrical conductivity in the epoxy
composites. The electrical conductivity in turn
depends on the number of charge carriers in the
material, the relaxation time of the charge
carriers and the frequency of the applied electric
field. This observation is probably due to the
presence of a significant number of nanoparticles
in the system which influences the electrical
conductivity mechanism in the nanocomposites
[24].

Pure Epoxy At 1kHz
Epoxy + 1wt % ZrO,
0.6+ Epoxy + 3wt % ZrO,
Epoxy + 5wt % ZrO,
Epoxy + 7wt % ZrO,
8 0.4 -
g
=
0.2
0.0
T T T T T T
40 60 80 100 120 140 160
Temperature (OC)
FIG. 8. Variation of tan delta vs. temperature at 1 kHz.
0.12
Pure Epoxy
Epoxy + 1wt% ZrO,
Epoxy + 3wt% ZrO,
At 40°C Epoxy + 5wt% ZrO,
Epoxy + 7wt% ZrO
0.08 | 2
3
lE 0.04 |
- \
—_—
0.00 |
T T T T
3 4 5 6

Log f(Hz)

FIG. 9. Variation of tan delta vs. frequency at 40°C.
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From Fig.10, it can be seen that the AC
conductivity increases with the increase in
temperature for all the tested nanocomposites.

behaviors, depending on the frequency and on
the filler concentration. In our present study, the
dielectric behavior is very little influenced by the
type of filler and filler concentration.

Pure epoxy and ZrO,-imposed epoxy
nanocomposites show  different dielectric
0.6 -

Pure Epoxy
—— Epoxy + 1wt% ZrO,
Epoxy + 3wt% ZrO,
:E' 0.4 - —— Epoxy + 5wt% ZrO,
'§ Epoxy + 7wt% ZrO,
:
g o2
0.0

T T T
40 60 80

T T T
100 120 140 160

Temperature (°C)
FIG. 10. Variation of AC conductivity vs. temperature at 1 kHz.
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At 40°C

Pure Epoxy

Epoxy + 1wt % ZrO,
8 Epoxy + 3wt % ZrO,

Epoxy + Swt % ZrO,
Epoxy + 7wt % ZrO,

AC Conductivity

—

T
3 4

T T
5 6

Log f(Hz)

Fig. 11. Variation of AC Conductivity vs. Frequency at 40°C.

Mechanical Analysis

Values of tensile strength and flexural
strength for pure and ZrO, nanofiller (3 wt% and
Swt%) - imposed epoxy nanocomposites are
shown in Table 4. It shows that the neat epoxy
has maximum tensile strength. For ZrO,
nanofiller (3wt% and 5wt%) - added epoxy

TABLE 4. Tensile strength and flexural strength.

nanocomposites, the tensile strength and flexural
strength decreased when compared with neat
epoxy. Thus, the results indicate that there may
be agglomeration of nanoparticles owing to less
interaction with resin [25]. Table 4 shows the
values of tensile strength and flexural strength of
pure epoxy and nanocomposites.

Sample Tensile strength (MPa) Flexural strength (MPa)
Pure Epoxy 25.5 79.6
Epoxy + 3wt% ZrO, 24.5 43.5
Epoxy + 5wt% ZrO, 21.0 30.8
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Conclusion

ZrO, nanoparticles were prepared by
precipitation method. The prepared ZrO,
nanoparticles were subjected to XRD

characterization. The grain size of ZrO, was
calculated by De-bye Scherrer formula. The
grain size of synthesized ZrO, is found to be
36.2Inm and this confirms that the prepared
ZrO, particles are in nanoscale. Neat and ZrO,
nanoparticles-imposed epoxy composites were
synthesized by solution casting method. FTIR
study proved the occurrence of epoxy and amine
hardener and its interaction with ZrO,
nanoparticles. The sharpness and intensity of the
peak vary for different weight percentages of
ZrO, nanofiller-added epoxy nanocomposites.
Thermo gravimetric analysis has been employed
to investigate the thermal characteristics and
their mode of thermal degradation. The TGA
thermograms of epoxy/ZrO, nanocomposites'
systems exhibit lower decomposition

temperature behaviours compared to neat epoxy.
The glass transition temperature was determined
using DTA curve and it was observed that the
glass transition temperature of epoxy/ZrO,
polymer nanocomposites decreases when
compared with neat epoxy. The thermal stability
was not enhanced in epoxy/ZrO, polymer
nanocomposites when compared with neat
epoxy.Dielectric properties, such as dielectric
loss and dielectric constant, are evaluated to
determine the electrical conductivity of prepared
polymer samples. Dielectric results showed that
it is a frequency-dependent parameter. For ZrO,
nanofiller-added composites (3wt% and 5wt%),
the tensile strength decreases compared with
neat epoxy. Flexural strength is higher for neat
epoxy when compared with ZrO,-imposed epoxy
system. This indicates that there may be
agglomeration of nanoparticles owing to less
interaction with resin.
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Abstract: As a simple step to remove the polluting dyes in aqua ecosystem, NiFe,O4
nanoparticles well known for their ferromagnetic properties, low conductivity and high
electrochemical stability were prepared by simple auto combustion method using egg white
as fuel via green synthesis route. The structural, morphological and magnetic properties of
prepared NiFe,O, was analyzed. The desirable phase purity of the prepared spinel ferrite
was deliberated by X-ray Diffractometer (XRD), Fourier Transform Infrared Spectrometer
(FTIR), Scanning Electron Microscopy (SEM), Energy Dispersive and Vibrating Sample
Magnetometer (VSM). XRD predicts the phase formation, particle size and lattice
parameter of the spinel ferrite. The FTIR spectrum confirms the ferrite structure. The
morphological and elemental analysis was made using SEM and EDAX. The hysteresis
curve reveals the magnetic properties, such as remanence magnetization (Mr), coercivity
(Hc) and saturation magnetization (M;). The photocatalytic efficiency of the synthesized
samples was determined from degradation of methylene blue dye. The whole process was
monitored using spectrophotometer at regular intervals of time. The maximum
photocatalytic degradation efficiency for NiFe, O, is around 95.6 %.

Keywords: NiFe,0,, Ferrite, Green synthesis, Egg white, Combustion, Photocatalyst.

1. Introduction

Wastewater management in developing
countries is a major problem due to various
industrial processes that meet human needs.
Dyeing and pigment industries are of major
environmental concern among the various
industries, as wastewater includes several non-
biodegradable organic colors. From textiles to
food, dyes are widely used by humans.
Methylene blue is an organic dye that is

synthetic and water soluble. It is widely used as
a colorant in textiles, paper, plastics, cosmetics,
leather, food and many other industries, leading
to large dye effluent discharges. If the effluents
are not treated properly, they become a serious
environmental problem that affects the flora and
fauna, as well as human health. Methylene blue
dye can irradiate the eyes and skin and damage
the respiratory, reproductive, and nervous
systems through carcinogenic actions. In
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addition, Methylene blue is dangerous even at
very low concentrations and therefore,
methylene blue effluent treatment becomes more
vital [1].

For the treatment of methylene blue-
containing ~ water, techniques such as
photocatalytic degradation, ozonation,

electrochemical method, Fenton process and so
on were employed. In the present day,
photocatalysis is preferred over other methods of
treatment for color degradation, as light
irradiation generates pairs of electrons and holes
on a semiconductor. The photogenerated hole
(h") reacts in aqueous solution with H,O and
OH™ to form hydroxyl radical (OH"), which is a
key and effective oxidizing agent for the
degradation of such a toxic dye [2].

Ferrites  are  ferrimagnetic = materials
encompassing complex oxides composed of
oxides comprising ferric ions as the main
constituent and classified as magnetic materials
as they parade ferrimagnetic behavior. The
magnetic chattels of ferrite rise from interactions
amid metallic ions inhabiting particular positions
comparative to the oxygen ions in the crystal
structure of the oxide. Snoek and his associates
advanced assortment of ferrites during 1945 to
1993 at the Philips Research Laboratories,
Netherland.

Based on the molar ratio of Fe,Os; to other
oxide components present in them and their
crystal structure, ferrites can further be classified
into four different groups as spinel ferrites,
garnet ferrites, ortho ferrites and hexagonal
ferrites [3-6]. All these ferrites are noteworthy

for their exceptional chemical stability,
remarkable =~ mechanical  hardness,  high
electromagnetic strength, ... etc.

NiFe,04 fascinated researchers with its

vitalizing low conductivity ferromagnetic
properties and therefore low eddy current loss,
abundance in nature, catalytic behavior, high
electrochemical stability, ... etc.

Spinel  ferrite  nanoparticles can be
synthesized using a range of techniques,
including co-precipitation, micro emulsion sol-
gel, citrate sol gel, hydrothermal, the redox
process, combustion, ... etc. [7-10]. These
synthesis methods have their own advantages
and disadvantages. Santi Maensiri et al. [11]
have first reported egg white method for
synthesis of spinel ferrite nanoparticles, which is
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a cost-effective, environmentally benevolent,
eco-friendly and simple method for preparing
transition metal-substituted ferrites at low
temperatures. Also, the toxic precursors and
harmful effluents out of the reaction can also be
reduced as egg white is used as precursor.

Ferrites are superior nanoparticles finding
applications in practically all fields of science
and technology extending from millimeter wave
integrated circuitry to power handling, data
storage, protective coatings and basis for lithium
ion batteries, catalyst and sensors, ... etc. These
magnetic nanoparticles find special applications
in the field of biomedicine, like drug targeting,
hyperthermia and magnetic resonance imaging,

. etc. owing to their elemental composition
which makes them biocompatible and
degradable [12-17]. Ferrites are among the
effective visible light sensitive photocatalysts, as
they can be used directly to harness the freely
available sunlight for pollutant degradation.
Keeping this view, in our present study, we
made an attempt to prepare NiFe,Oy
nanoparticles via single-step synthesis technique.
In order to use it for waste water retreatment
which is a driving solution for water pollution
prevention. Nickel ferrite nanoparticles were
already reported to be a photocatalyst for
methylene blue dye with 94% efficiency [18,
19]. But till now, there is no report for NiFe,O4
nanoparticles synthesized via green synthesis
route using egg white as fuel as a photocatalyst.

2. Experimental Procedure
2.1 Preparation

Nickel ferrite magnetic nanoparticles were
made using high-chemical purity ferric nitrate
nonahydrate and nickel nitrate hexahydrate along
with newly prepared egg white. Egg white, rich
in albumen protein- is recognized for its foaming
and emulsification characteristics and is easily
soluble in water, which makes it easy to combine
with metal ions, while egg white is also used as a
binder cum gel for material shaping [11].

Egg white and double distilled water are
combined in 3:1 ratio by vigorous stirring at
room temperature for one hour to form a
homogeneous solution. Ni (NO;),.6H,O and Fe
(NO3);.9H,0 are taken in such a way that the
corresponding composition of nickel to ferrite is
1:2 mole ratio, added dropwise to the
homogeneous solution of the egg white and
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strongly stirred at room temperature for four
hours. No pH changes are made during the
process. The mixed solution was then heated for
several hours on a hot plate at 80°C, until a dried
precursor was obtained. Then, the powder as
synthesized was calcined for 3 hours in a muffle
furnace at 600°C [20].

2.2 Characterization

The nickel ferrite nanoparticles were
characterized using X-ray diffractometer, Fourier
transform infrared spectroscopic analysis using
KBr pellets, High-resolution Scanning Electron
Microscopy,  Energy  Dispersive  X-ray
spectroscopy analysis and Vibrating Sample
Magnetometer were used. The crystallite phase
of the nickel ferrite was confirmed by X - ray
diffraction using XPERT PRO diffractometer.
The Fourier Transform Infrared analysis was

spectrometer. The morphology of the prepared
sample was studied using High Resolution
Scanning Electron Microscopy. The magnetic
parameter was measured using Vibrating Sample
Magnetometer.

3. Results and Discussion
3.1 X-ray Diffraction Analysis

The XRD pattern of nickel ferrite
nanoparticles are shown in Fig. 1. The result got
from XRD data is in good agreement with the
standard values of nickel ferrite (JCPDS file No:
86 — 2267). The characteristic planes at (220),
(311), (400), (511) and (440) in the figure
specifies the existence of cubic spinel structure.
The lattice parameter of the nickel ferrite
nanoparticles are found to be a = 8.337 + 1A
using UNITCELL software [21].

NiFe,0,

JCPDS Card No.: 86-.

N

267

Intensity

=
L

—(00)
F—(a22)

611
@40

E1—(220)

T T T
20 40 50 60 70

w

2 0 (degrees)
—
o

— <
b
~

-
x—
wv
~

422)

recorded using Bruker IFS66V  FT-IR
600 —
NiFe,O,
(32)
500 =
8
c
=
0
< 400 1 =
= S
c =) 2
g o~
e N
300 e
200
T
30 40

50 60 70
26 (°)

FIG. 1. XRD pattern of NiFe,O,.

Using Scherrer formula, the particle size of

NiFe,O4 is calculated from the maximum
intensity peak at (3 1 1) plane as 34 + 3 nm.
D= kA
~ Bcosb

where ‘D’ is the particle size, ‘A’ is the
wavelength of X-ray beam used, ‘B’ and ‘0’
represent full width half maximum and Bragg’s
diffraction angle of the corresponding peak,
respectively and ‘k’ is the instrumental constant.

The X-ray density (P,) is calculated using the
following formula as 5.3020g/cc.

L _ M
X" Na3

M, N and a represent molecular weight,
Avagadro number and lattice constant of
NiFe,O4 nanoparticles [22, 23].

Hopping lengths ds and dg of tetrahedral and
octahedral sites are the distance between
magnetic ions. dy and dg are calculated as d, =
3.6291A and dg = 2.9632A, respectively, using
the following formulae [24]:

dy=0.25aV3
dg = 0.25av/2
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3.2 Fourier Transform Infrared Analysis (FT-
IR) Measurement

FTIR approves the development of the spinel
structure in NiFe,O4. FTIR spectrum of nickel
ferrite nanoparticles are recorded in the wave
number range of 4000 to 400 cm™ and portrayed
in Fig. 2. Two main broad metal — oxygen bands
are seen in the spectrum, with the higher one (v;)
in 589 cm™ is caused by the stretching vibrations
of the tetrahedral metal — oxygen [Fe—O] band,
which the lower one (v,) in the range 419 cm™ is
caused by the metal — oxygen [Ni — O] vibrations
in the octahedral sites [25]. The intensive wide
band at 3410 cm™ and less intensive one at 1574
cm’ in the spectrum are owed to O—H stretching
vibration intermingling through H bonds. The

stretching vibration of the carboxylate group
(CO,™) is witnessed from the band at 1414 cm™
and the band at 1109 cm™ links to nitrate ion
traces [26,27]. The values of the force constants
Kt and Ko for corresponding frequencies v, and
v, of the A-and B-sites of NiFe,0, are calculated
as 2.5379 Nm™' and 1.2843 Nm, respectively,
using the formulae given below [28].

Kr = 4nc’v,’n

Ko = 4nc’v, "1
where, ¢ is the velocity of light, v; and v, are the
frequency of vibration of the A-and B-sites and p

is the reduced mass for the Fe** ions and the O*

ions, which is approximately equivalent to
2.065x107g.
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FIG. 2. FTIR spectra of NiFe,0,.

3.3 Vibrating Sample Magnetometer Analysis

From the data obtained from the Vibrating
Sample Magnetometer, the magnetic property of
nickel ferrite nanoparticles are analyzed. Fig. 3
illustrates the hysteresis loop for the nickel
ferrite nanoparticles at room temperature. The
hysteresis loop of the nickel ferrite nanoparticles

1.0

is found to have less loop area which confirms

the NiFe,O, to belong to soft magnetic
nanoparticles which find significance in
magnetic memory devices. The magnetic

moment, retentivity and coercivity of the nickel
ferrite nanoparticles are 0.04319, 0.13001 emu
and 137.79 G, respectively [20, 24].
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FIG. 3. Hysteresis loop of NiFe,Oy.
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3.4 EDX and HR-SEM Analysis

The eclements present in the nickel ferrite
nanoparticles are surveyed using EDX spectra.
The EDX spectra of NiFe,O,4 are depicted in Fig
4. The peaks at around 0.77 eV, 6.39 eV and 7
eV in the spectra support the existence of iron in

the nickel ferrite nanoparticles. The peak at
around 0.5 eV in the spectra discloses the
existence of oxygen. The peaks at 0.85 eV, 7.47
eV and 8.2 eV in Fig. 4 narrate the existence of
nickel [29].
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FIG. 4. EDX spectra of NiFe,Oy.

The morphology of the synthesized nickel
ferrite nanoparticles is recorded using HR-SEM.
The HR-SEM image of NiFe,O, at the
magnification of 500 nm is represented in Fig. 5.
The average particle size value was measured
using Imagel] software considering as many
particles as possible from the micrograph in Fig.
5 and was found to be in the range 10 to 45nm.
The accumulation arises in ferrite nanoparticles
owing to its magnetic nature and the binding of
primary particles held together by fragile surface
interactions, such as Vander Waals force. A

histogram was plotted for the particle size by
applying Gaussian curve to figure out the most
probable value of particle size. From Gaussian
fit in Fig. 5, the mean, median, maximum and
minimum  diameters of the NiFe,Oy4
nanoparticles have been determined and the
values of maximum and minimum diameters are
found to be 41.759 and 12.136 nm, respectively.
The standard deviation of nickel ferrite
nanoparticles was found to be 6.677 nm [30].
The particle size agrees well with the particle
size calculated from XRD data.

FIG. 5. Surfae morpolog d

particle size dstribution of NiFe,0,.
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4. Photocatalytic Activity of Nickel
Ferrite

The photocatalytic activities of nickel ferrite
nanoparticles under ultraviolet light irradiation
were evaluated by monitoring the decolorization
of methylene blue dye. Methylene blue dye
photocatalytic degradation was performed in a
three-pyrex flask reactor, using NiFe,O,4
nanoparticles as a photocatalyst under xenon arc
lamp UV illumination (300W, Hamamatus: L
2479). 10ppm dye solution was prepared in
100ml DI water for the photocatalytic
degradation of methylene blue dye, in which
0.15 g photocatalyst (NiFe,O4 nanoparticles) was
added and the resulting mixture was expunged

1.25

with  Ar gas wunder continuous stirring.
Consequently, the suspension obtained was
balanced for 30 min to stabilize the absorption of
methylene blue dye over NiFe,O, nanoparticles
before light exposure [31].

To track the process of photocatalytic
degradation, the characteristic absorption of
methylene blue dye at 655 nm was chosen. Fig. 6
shows a typical methylene blue dye (initial
concentration: 10 mg 1-1, 50 ml) photocatalytic
degradation cycle using 0.05 g of the NiFe,O4
sample under UV light irradiation. With the
increase in exposure time, the absorption peaks
corresponding to methylene blue dye have
slowly decreased.
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FIG.6. Absorption spectra of methylene blue dye solution in presence of NiFe,O4 photocatalyst and its
degradation graph.

The photocatalytic performance of the sample
with the exposure time was determined from the
expression below:

o
A,
where n is the removal efficiency, A, is the

initial absorbance and A is the wvariable
absorbance [32].

n= X 100%

The findings showed that the solution's
absorbance decreases with increasing time
intervals, suggesting that the dyes concentration
decreases as exposure time increases. The
degradation efficiency of NiFe,O, photocatalyst
against methylene blue is 95.6%. Thus, the
nickel ferrite nanoparticles synthesized via the
combustion process using egg white as fuel acts
as an effective photocatalyst for methylene blue
degradation.

442

5. Conclusion

The present research focused on the synthesis
of nickel ferrite nanoparticles using egg white as
the eco-friendly precursor via green synthesis
path. In the auto combustion process, the egg
white protein albumen was acting as fuel. The
XRD results confirmed the formation of NiFe,O4
nanoparticles of nickel ferrite with a cubic spinel
structure and particle size of 34 + 3 nm. The
absorption peaks in the FTIR spectra due to the
vibrations of metal oxygen in 419 and 589 cm’
confirms the spinel structure of nickel ferrite.
The micrographs of the HRSEM showed highly
agglomeration uniform spheres and the particle
size to be varying from 12 to 43 nm, which is in
good agreement with XRD results. The EDAX
spectra clearly confirmed the existence of Ni, Fe
and O in nanoparticles containing NiFe,O,.
VSM was used to calculate the magnetic
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parameters, such as coercivity, retentiveness and
magnetic moment. The synthesized nickel ferrite
nanoparticles were found to be a good
photocatalyst for methylene blue dye in the

ultraviolet region with efficiency of 95.6%
which is more when compared to the nickel
ferrite nanoparticles synthesized via chemical
routes.

References

[1] Sundararajanl, M., John Kennedy, L., Nithya,
P., Judith Vijaya, J. and Bououdina, M.,
Journal of Physical and Chemistry of Solids,
108 (2017) 61.

[2] Singhal, S., Sharma, R., Singh, C. and
Bansal, S., Indian Journal of Materials
Science, 2013 (2013) 1.

[3] Vinnik, D.A., Podgornov, F.V., Zabeivorota,
N.S., Trofimov, E.A., Zhivulin, V.E.,
Chernukha, A.S., Gavrilyak, M.V., Gudkova,
S.A., Zherebtsov, D.A., Ryabov, A.V.,
Trukhanov, S.V., Zubar, T.I., Panina, L.V.,
Podgornaya, S.V., Zdorovets, M.V. and
Trukhanov, A.V. , Journal of Magnetism and
Materials, 498 (2020) 166190.

[4] Kozlovskiy, A., Kenzhina, I. and Zdorovets,
M., Ceramics International, 45 (2019) 8669.

[5] Almessiere, M.A., Trukhanov, A.V., Khan,
F.A., Slimani, Y., Tashkandi, N.,
Turchenko, V.A., Zubar, T.I., Tishkevich,
D.1., Trukhanov, S.V., Panina, L.V. and
Baykal, A., Ceramics International, 46 (2020)
7346.

[6] Almessiere, M.A., Slimani, Y., Giingiines,
H., Kostishyn, V.G., Trukhanov, S.V.,
Trukhanov, A.V. and Baykal, A., Ceramics
International, 46 (2020) 11124.

[7] Shumskaya, E.E., Kaniukov, E.Y., Vinnik,
D.A., Zdorovets, M.V., Anisovich, M.,
Trukhanov, A.V., Tosi, D. and Molardi, C.,
Nanomaterials, 9 (2019) 1.

[8] Tishkevich, D.I., Korolkov, I.V., Kozlovskiy,
A.L., Anisovich, M., Vinnik, D.A,,
Ermekova, A.E., Vorobjova, A.l., Shumskaya,
E.E., Zubar, T.I., Trukhanov, S.V., Zdorovets,
M.V. and Trukhanov, A.V., Journal of Alloys
and Compounds, 797 (2019) 573.

[9] Almessiere, M.A., Trukhanov, A.V., Slimani,
Y., You, K.Y., Trukhanov, S.V., Trukhanova,
E.L., Esa, F., Sadagat, A., Chaudhary, K.,
Zdorovets, M. and Baykal, A.,
Nanomaterials, 9 (2019) 202.

[10] Zdorovets, M.V. and Kozlovskiy, A.L.,
Surface and Coatings Technology, 383
(2020) 125286.

[11] Maensiri, S., Masingboon, C., Boonchom,
B., Seraphin, S., Scripta Materialia, 56 (2007)
797.

[12] Trukhanov, S.V., Journal of Experimental
and Theoretical Physics, 100 (2005) 95.

[13] Zdorovets, M.V. and Kozlovskiy, A.L.,
Vacuum, 168 (2019) 108838.

[14] Trukhanov, S.V., Troyanchuk, I1.0O.,
Pushkarev, N.V. and Szymczak, H., Journal
of Experimental and Theoretical Physics, 95
(2002) 308.

[15] Trukhanov, S.V., Trukhanov, A.V.,
Vasil'ev, A.N., Maignan, A. and Szymczak,
H., Journal of Experimental and Theoretical
Physics Letters, 85 (2007) 507.

[16] Trukhanov, S.V., Khomchenko, V.A.,,
Lobanovski, L.S., Bushinsky, M.V,,
Karpinsky, D.V., Fedotova, V.V.,

Troyanchuk, 1.O., Trukhanov, A.V., Stepin,
S.G., Szymczak, R., Botez, C.E. and Adair,
A., Journal of Experimental and Theoretical
Physics, 103 (2006) 398.

[17] Zdorovets, M.V., Arbuz, A. and
Kozlovskiy, A.L., Ceramics International, 46
(2020) 6217.

[18] Mathubala, G., Manikandan, A., Arul
Antony, S. and Ramar, P., Journal of
Molecular Structure, 1113 (2016) 79.

[19] Adeleke, 1T, Theivasanthi, T.,
Thiruppathi, =~ M.,  Swaminathan, M.,
Akomolafe, T. and Alabi, A.B., Applied
Surface Science, 455 (2018) 195.

[20] Aji Udhaya, P. and Meena, M., Materials
Today: Proceedings, 9 (2019) 528.

[21] https://www.esc.cam.ac.uk/research/researc
h-groups/research-projects/tim-hollands-
software-pages/unitcell.

443



Article

Aji Udhaya et al.

[22] Annie Vinosha, P., Ansel Mely, L., Emima
Jeronsia, J., Krishnan, S. and Jerome Das, S.,
Optik, 134 (2017) 99.

[23] Aji Udhaya, P., Bessy, T.C. and Meena, M.,
Materials Today: Proceedings, 8 (2019) 169.

[24] Nikam, D.S., Jadhav, S.V., Khot, V.M.,
Bohara, R.A., Hong, C.K., Mali, S.S. and
Pawar, S.H., RSC Advances, 5 (2015) 2338.

[25] Raju, M.K., Chemical Science Transactions,
4 (2015) 137.

[26] Waldron, R.D., Physical Review, 99 (1955)
1926.

[27] Aji Udhaya, P., Meena, M. and Queen,
M.A.]., International Journal of Scientific
Research in Physics and Applied Sciences, 7
(2019) 71.

444

[28] Vijaya Babu, K., Satyanarayana, G., Sailaja,
B., Santosh Kumar, G.V., Jalaiah, K. and
Ravi, M., Results in Physics, 9 (2018) 55.

[29] https://www.edax.com/resources/interactive
-periodic-table.

[30] Kumar, D., Kumar, A., Prakash, R., Singh,

AK., AIP Conference Proceedings, 2142
(2019) 070018.

[31] Vinosha, P.A., Xavier, B., Anceila, D. and
Jerome Das, S., Optik, 157 (2018) 441.

[32] Pudukudy, M. and Yaakob, Z., Journal of
Cluster Science, 25 (2014) 1.



Volume 15, Number 1, 2022. pp. 445-449

Jordan Journal of Physics

ARTICLE

Albumen-mediated Green Synthesis of ZnFe,O4 Nanoparticles and

Their Physico-Chemical Properties

P. Aji Udhayaa’b, M. Meena“, M. Abila Jeba Queen”, M. Mary Freeda“
and T. Regin Das’

“ Department of Physics, Holy Cross College, Nagercoil, Affiliated to Manonmaniam
Sundaranar University, Abishekapatti, Tirunelvel-627012, India.

b Research Scholar, Reg. No. 18123152132038, Department of Physics, S.T. Hindu
College, Nagercoil, Affiliated to Manonmaniam Sundaranar University,
Abishekapatti, Tirunelvel-627012, India.

¢ Department of Physics, S.T. Hindu College, Nagercoil, Affiliated to Manonmaniam
Sundaranar University, Abishekapatti, Tirunelvel-627012, India.

d
Department of Physics, Lekshmipuram Arts and Science College, Neyyoor, Nagercoil,
India.

Doi: https://doi.org/10.47011/14.5.6

Received on: 01/05/2020; Accepted on: 15/9/2020

Abstract: Spinel ferrites with general formula AB,0O, possess charming magnetic and
electrical properties owing to their thermal and chemical steadfastness. Spinel zinc ferrite
(ZnFe,O4) nanoparticles have attracted massive attention due to their unusual
amalgamation of properties, especially magnetic properties, where these properties are
equipped as suitable candidates in the field of electronics. Here, a simple self-combustion
technique is made with the assistance of albumen to synthesize nanocrystalline zinc ferrite
(ZnFe,0,) particles. The egg white (albumen) that is used in the synthesis process plays
the fuel role in the process of combustion. The results of the powder X-ray diffraction
(PXRD) and Fourier Transform Infrared Spectroscopy (FTIR) suggested that the
synthesized nanoparticles are of single phase and show spinel structure. The
photoluminescence studies reported a doublet peak at around 360-380 nm. The functional
groups present in the synthesized nanoparticles were revealed from FTIR data. EDX
findings give an account of the percentage composition of the elements Fe, Zn and O
present in the synthesized sample. High-resolution Scanning Microscope (HRSEM)
reveals the agglomerated coalescence nature of ferrite nanoparticles.

Keywords: Ferrite, PXRD, FTIR, HRSEM, EDX Albumen.

1. Introduction

Ferrites are of interest due to their
electrical, magnetic and  mechanical
properties, which can be adapted to the
requirements of device manufacturing and
biological applications. Magnetic
Nanoparticles have emerging biomedical
applications in sundry areas, such as disease
diagnostics, magnetic resonance imaging,
sensors, actuators, magnetic storage devices,

... etc. Nano-sized ferrites of the MFe,O4 type
are the most significant magnetic materials
which have yet to be properly investigated on
the way to their physical and chemical
properties. The metal-iron ratio plays a crucial
role in the regulation of MFe,O, nanoparticles'
magnetic properties [1, 2]. Due to the
increased volume fraction of surface atoms,
surface effects may be crucial when reducing
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particle dimensions. As a competent
appendage of the ferrite family, ZnFe,O, has
grasped researchers because of its invigorating
magnetic properties as opposed to other
ferrites. After a thorough study of the solid-
state reaction, this approach was adopted. It is
possible to synthesize nanoparticles using
physical, chemical, mechanical and thermal

processes, using techniques, such as
coprecipitation, sol-gel, combustion, ball
milling, ... etc. But, non-toxic eco-friendly

precursors, such as plant extracts and animal
by-products, are used for the synthesis of
nanoparticles to reduce or eliminate the use or
production of toxic substances, which is
known as green synthesis. The albumen-
enriched egg white was first recorded by Santi
Maensiri et al. [3] for the preparation of
ferrites substituted for transition metal. The
magnetic, electrical, optical, morphological
and other properties of nanoparticles can be
studied using various tools, such as X-ray
diffraction, Scanning Electron Microscope,
Vibrating Sample Magnetometer, Fourier
Transfer Infrared Spectroscopy, ... etc.

The ultimate objective of this work is to
examine the physical, chemical and
morphological properties of zinc ferrite.

2. Experimental Procedure
2.1 Preparation

Zinc ferrite magnetic nanoparticles were
synthesized using ferric nitrate nonahydrate
and zinc nitrate hexahydrate of high chemical
purity along with freshly prepared egg white.
Egg white, rich in albumen protein, is
recognized for its frothing and emulsifying
features and it is easily soluble in water, which
makes it combine with metal ions easily. Egg
white also assists as binder cum gel for
shaping materials. Egg white and double
distilled water are mixed in 3:1 ratio to form a
homogeneous solution by vigorous stirring at
room temperature for one hour. Zn
(NO3),.6H,O and Fe (NO;);9H,O are taken
such that corresponding zinc to ferrite
composition is 1:2 mole ratio, gradually added
to the homogenous egg white solution and
vigorously stirred at room temperature for four
hours. pH adjustments are not made during the
process. Then, the mixed solution was heated
on a hot plate at 80°C for several hours until a
dried precursor was obtained. Then, the
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synthesized powder was calcined in a muffle
furnace at 600°C for 3 hours [4].

2.2 Characterization

The calcined zinc ferrite nanoparticles
were characterized using X-ray diffractometer,
Fourier Transform Infrared spectroscopic
analysis using KBr pellets, High-resolution
Scanning Electron Microscopy and Energy
Dispersive X-ray spectroscopy analysis. The
crystallite phase of the zinc ferrite was
confirmed by X - ray diffraction using XPERT
PRO diffractometer. The infrared analysis of
the Fourier Transform was reported using the
IFS66V FT-IR spectrometer from Bruker. The
morphology of the prepared samples was

studied using High-resolution Scanning
Electron Microscopy.
3. Results and Discussion
3.1 X-ray Diffraction Analysis
The PXRD  profile of ZnFe,Oy4

nanoparticles is illustrated in Fig. 1. The
typical reflection at (22 0), (31 1), (4 00), (4
22), (5 11) and (4 4 0) in the figure
corresponds to face-centered cubic spinel
structure of ZnFe,O, matching incredibly well
with the JCPDS card No.22-1012. The lattice
parameter of the prepared zinc ferrite
nanoparticles is found to be a = 8.4056 +
0.01A from UNITCELL software. The particle
size of ZnFe,O, is calculated using De-bye
Scherrer formula and it was found to be
ranging from 30 to 62 nm. X-ray density and
hopping length of ZnFe,O4 nanoparticles were
obtained as py = 5.3706g/cc, da=3.639 A and
dg =2.9718 A, respectively.

The X-ray density (px) is calculated using
the following formula (Eq. 1):
8M
Px=Nas (1)
where M, N and a represent molecular weight,
Avagadro number and lattice constant of the
nanoparticles [4, 5].

And Egs. 2 and 3 are used to calculate the
values of the hopping lengths of the
tetrahedral (A) and octahedral (B) sites [6].

d,=0.25aV3 ()
ds = 0.25aV2 (3)
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FIG. 1. XRD pattern of ZnFe,0,.

3.2 Fourier Transform Infrared Analysis
(FT-IR) Measurement

FTIR confirms the formation of spinel
structure in ZnFe,O4. FTIR spectra of the
prepared zinc ferrite samples were recorded in
the wave number range of 4000 to 400cm’
and portrayed in Fig. 2. Two main broad metal
— oxygen bands are seen in the samples, with
the higher one (v;) in 546 cm™ is caused by the
stretching vibrations of the tetrahedral metal —
oxygen [Fe—O] band, while the lower one (v,)
in the range 432 cm™' is caused by the metal —
oxygen [Zn — O] vibrations in the octahedral
sites. The wvalues of force constant are
calculated for ZnFe,O, as 2.1808 Nm™ and
1.365 Nm'', respectively.

The values of the force constants Kt and
Ko for corresponding frequencies v, and v, of

110

the A- and B-sites of ZnFe,O, are calculated
using the formulae given below [7].

Kr = 4nc’v,’n

4)
)

where, c is the velocity of light, v, and v, are
the frequency of vibration of the A- and B-
sites and p is the reduced mass for the Fe'
ions and the O™ ions, which is approximately
equivalent to 2.065x10>g.

The bands observed around 3410 and 1632
cm ' are attributed to the tensional stretching
modes of water molecules absorbed by the
nanoparticle. The stretching vibration of the
carboxylate group (CO,”) is witnessed at 2927
cm” and 2346 cm™. The band at 1104 cm™
links to nitrate ion traces [3, 4, 8-10].

Ko = 4nczv22u

ZnFe, O,
100
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4 80 <
3
o
& 70 N S
= o N 3
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FIG. 2. FTIR pattern of ZnFe,O,.
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3.3 EDX and HR-SEM Analysis

The elements present in the zinc ferrite
nanoparticles are surveyed using EDX spectra.
The EDX spectra of ZnFe,O4 are depicted in
Fig 3. The peaks at around 0.7 eV, 6.4 ¢V and
7 eV in the spectra approve the existence of
iron in the Zinc Ferrite nanoparticles. The
peak at around 0.5 eV in the spectra reveals
the existence of oxygen. The peaks at 1.1 eV,
8.7 eV and 9.6 ¢V in Fig. 3 relate to the
existence of zinc [11].

The morphology of the synthesized zinc
Ferrite nanoparticles is recorded using HR-
SEM. The HR-SEM image of ZnFe,O, at the
magnification of 500 nm is portrayed in Fig. 4.
From the figure, it is evident that the particle

size of ZnFe,O4 varies from 15 to 55 nm.
There 1is a considerable degree of
accumulation of unifora m spherically formed
zinc ferrite nanoparticles. The agglomeration
arises in ferrite nanoparticles owing to their
magnetic nature and the binding of primary
particles held together by fragile surface
interactions, such as Vander Waals force [12].
From Gaussian fit in Fig. 4, the maximum and
minimum  diameters of the ZnFe,O,
nanoparticles have been determined and the
values are found to be 51.43 and 16.97 nm,
respectively. The standard deviation of zinc
ferrite nanoparticles was found to be 7.138 nm
[13]. The particle size agrees well with the
particle size calculated from XRD data.
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4. Conclusion

ZnFe,O, nanoparticles  have  been
successfully prepared via simple self-
combustion method using albumen (a protein
in egg white) as fuel. The gel formed by water
soluble egg white has served as a matrix for
the entrapment of metal ions. From the XRD
analysis, it is found that ZnFe,O, exhibits a
cubic spinel structure with particle size

varying from 30 to 62 nm. FTIR spectra
confirmed the spinel structure from the two
main broad metal-oxygen bands in the spectra.
From HR-SEM analysis, the prepared zinc
ferrite nanoparticles were found to be
accumulated uniform spherical particles. EDX
spectra show the presence of Zn, Fe and O in
the ZnFe,O4 nanoparticles.
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Abstract: CuWO, and Zn-doped CuWO, nanoparticles were prepared by a solid-state
reaction method. The XRD study confirms the triclinic crystal structure for both samples
and the peak shift is noticed for Zn-doped CuWO, particles with high crystallinity. The
FTIR spectra show metal oxide vibration which arose from the CuWO, and Zn-doped
CuWO, particles. The optical absorption spectra exhibit strong absorption in the visible
region and the band gap of Zn-doped CuWO; is found to be increased to 2.44 ¢V compared
to that of CuWOy (2.36 eV), which is due to the elevated conduction band levels after Zn-
doping. The SEM images of both CuWO, and Zn-doped CuWO, nanoparticles show

densely aggregated particles.

Keywords: Copper tungstate, Zn-doped CuWO,, Absorption, Nanoparticles.

1. Introduction

Copper (Cu) - containing oxides have wide
potential applications in the fields of catalysis
and electrochemistry. Among them, Cu-ternary
oxides showed more stability against
photocorrosion than Cu-binary oxides [1].
Introducing CuO into WO; for the formation of
CuWO, results in reduced bandgap between
2.1-2.3 eV with increased stability [2]. CuWO,
can easily oxidize water due to maximum
absorption of visible light from the solar
spectrum [3]. It is observed that CuWOy has the
ability to degrade methanol, methylene blue,
methyl orange and phenol under visible light.
However, the reported efficiencies are lower due
to high charge recombination. Wen Yan et al.
(2019)  reported that ZnWO4nanocystals
exhibited improved photocatalytic activity for
the degradation of methylene blue dye and are

highly active in UV range due to their large
bandgap[4]. It is learnt from the literature that
noble metal oxides, such as CoWOQ,, Ag,WO,
and Bi,WOg4, have potentially tuned their
structural and optical properties by doping [5-7].
In the present work, Zn was chosen as doping
element owing to (i) similar oxidation state and
ionic radius of Cu, (ii) it absorbs the entire
visible region in the solar spectrum, (iii) it is
cost-effective and available in abundance when
compared with other elements, such as Ni, Nb,
Zr, Mo, Ru and Rh. Doping of molybdenum,
fluorine cations with CuWQO, have been already
investigated and the incorporation of zinc has not
been explored well [8, 9]. Thus, the results
suggest that doping of Zn into CuWO, particles
can increase the efficiency of the photocatalyst
due to large electron density. Besides, zinc is an

Corresponding Author: K. Mohanraj

Email: kmohanraj. msu@gmail.com



Article

Balasubramanian et al.

effective strategy to retard the surface
modification due to similar ionic radius[10].
Herein, we synthesizes CuWO, and Zn-doped
CuWO, nanoparticles via solid-state reaction
method. The enhancement in structural, optical
and morphological properties is analyzed with
zinc-doped CuWO, nanoparticles.

2. Experimental Details

Facile solid-state reaction method was
adopted for the preparation of CuWO,
nanoparticles. First, 0.1 M of CuO and WO;
were taken and well ground for one hour with
the help of mortar and pestle. The well-ground
particleswere transferred to alumina crucible
which was kept in a muffle furnace at 600°C for
three hours. Then, the CuWO, particles were
allowed to cool within the furnace itself. To
synthesize Zn-doped CuWOQ, nanoparticles, 0.5
M of CuO, 0.5 M of ZnO and 1 M of WO; were
taken and the aforesaid process was adopted as
that of CuWOy, particles.The structural, optical
and morphological studies were carried out using
PANalytical =~ XPERT-PRO)  diffractometer
system with Cu Ko radiation (A\=1.5406 A) for
recording X-ray diffraction patterns, Perkin
Elmer spectrometer (Spectrum Two, Model:
C92107) with resolution of 4cm™ was used for
recording the FTIR spectra, JEOL - JSM
5610LV Scanning electron microscope was used
to analyze the surface morphology and
Shimadzu UV-2700 for recording the UV-DRS
analysis, respectively.

3. Results and Discussion

The reaction mechanism involved in the
formation of CuWO, and Zn-doped CuWOy, is
given below:

CuO + WO3 e CU.WO4 (1)
0.5CuO +0.5Zn0O + WO3 e CU.(),5ZI'1(),5WO4
(2)

The XRD pattern of CuWO, and Zn-doped
CuWO4is shown in Fig.l. The CuWO,
nanoparticles show the prominent peak at 206 =
28.77° belonging to (-1-11) plane and some high
intense peaks are seen at 20 = 30.24°, 20 =
31.76°, 26 = 32.24°, 20 = 35.74° and 20 =
38.67° belonging to (111), (-111), (1-11), (0-21)
and (-120) plane, respectively, of triclinic crystal
system (JCPDS card: 72-0616). All the sharp
and intense diffraction peaks suggested the
highly crystalline nature of CuWO,. While
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introducing Zn, the major diffraction peak
shifted with high intensity at 20=30.48°
belonging to 1-11 plane. The shift in peaks from
20 = 28.77° to 26 = 30.48° indicates the
incorporation of Zn into CuWO,. Besides, the
other intense peaks are seen at 20 = 30.89°, 206 =
36.34°, 20 = 23.14° and 26 = 23.64° belonging
to 020, 0-21, -110 and 011 plane, respectively.
Some additional peaks are also observed in the
pattern at 26 = 24.43°, 20 = 33.30° and 26 =
34.23°, which may be due to excess ZnO or WO;
which are not involved in the reaction to
completely transform into CugsZngsWO,. All the
peaks obtained are well-matched with the
standard JCPDS card: 88-0260 has the triclinic
system. The crystalline size was calculated using
scherrer formula and it is found to be 34 nm and
40 nm for CuWO,; and Zn-doped CuWO,
nanoparticles, respectively.

Fig.2 shows the FTIR spectra of CuWO, and
Zn-doped CuWO, nanoparticles. In the spectrum
for CuWO,, a band appears around 904 cm™
attributed to stretching vibration of W=0 in WOj;
octahedron associates with CuWO, [11].
Besides, a vibrational band is seen around 530
cm’ corresponding to bending vibration of Cu-O
of CuWO, due to 34" configuration of Cu,O
[12]. A broad band is also seen between 800 cm’
and 650 cm™. In the case of Zn-doped CuWOy,,
the broad band which appeared at 904 cm’
becomes widened. It is important to note that the
vibrational band observed at 536 cm™ is shifted
to 520 cm’, respectively. These findings
confirmed the incorporation of Zn into CuWO,
nanoparticles and well-agreed with the XRD
results.

Fig.3 shows the SEM image of CuWO, and
Zn-doped CuWO, nanoparticles. In CuWO,
image, the uniformly synthesized particles are
distributed over the surface and are strongly
aggregated with one another in the form of
network-like structure [13]. In the case of Zn-
doped CuWOQ,, the strongly aggregated particles
are randomly distributed over the surface with
fine grains. These observations strongly suggest
the incorporation of zinc into CuWO..
Interestingly, the surface decoration of zinc into
CuWO, promotes efficient charge separation and
it may increase the efficiency of the
photocatalyst [14].

The EDX spectrum clearly evidenced the W-
rich CuWO, and Zn-CuWO,; nanocomposites.
From the EDX analysis, the existence of Cu, W,
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O and Zn signals confirms the synthesized  ratio of the obtained nanoparticles is due to the
product. The elemental composition of both  formation of WO; as an additional product
CuWO, and Zn-CuWO, nanoparticles is given in ~ which is in turn reflected by W-rich CuWO,
Table 1 and Table 2. The non-stoichiometric ~ andZn-CuWQO, nanoparticles.
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FIG. 1. XRD patterns of CuWO, and Zn-doped CuWO, nanoparticles.
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FIG.2.FTIR Spectra of CuWO, and Zn-doped CuWO, nanoparticles.
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FIG.4. EDX Spectrum of (a) CuWOy and (b) Zn-doped CuWO, nanoparticles.

TABLE 1.Elemental composition of CuWO,.
S. No. Element Mass (%) Atom (%)

1 (0] 11.68 50.03
2 Cu 24.13 26.04
3 W 64.19 23.93

Total 100.00 100.00

TABLE 2. Elemental composition of Zn doped CuWO,.
S. No. Element Mass (%) Atom (%)

1 (0] 12.03 48.52
2 Cu 15.06 15.30
3 Zn 16.62 16.41
4 W 56.29 19.77

Total 100.00 100.00
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FIG.5.(a) UV-vis absorption spectra and (b) Tauc’s plot of CuWO, and Zn-doped CuWO, nanoparticles.

The UV-vis absorption spectra of CuWO,
and Zn-doped CuWO, are shown in Fig.5a.
From the spectra, it is observed that both the
CuWO,; and Zn-doped CuWO, possess
maximum absorption in the visible region. The
band gap values are estimated from Tauc’s plot
and found to be 2.36 eV and 2.44 eV for CuWO,
and Zn-doped CuWO,, respectively. The
increase in bandgap values of Zn-doped CuWO,
may be attributed to incorporation of zinc ions
which usually possess elevated conduction band
levels [15]. However, the obtained bandgap
values for CuWOQ, are lower than previously
reported results [16, 17]. Moreover, the
relatively lower bandgap of CuWQO, allows it to
absorb a wider range of visible region and hence
it can be effectively used as a photoanode for
solar water splitting [18].

4. Conclusion

In this work, we report CuWO,4 and Zn-doped
CuWO, nanoparticles synthesized by solid-state
reaction method. The XRD study confirms the
triclinic crystal structure for both samples. For
Zn-doped CuWO, nanoparticle, the shift in peak

position indicates the successful incorporation of
zinc into CuWO, without affecting the crystal
structure.The FTIR spectrum shows the presence
of Cu-O, W-O and Zn-O stretching vibrations,
which confirms the formation of CuWOQO, and
Zn-doped CuWOy, particles. The SEM images of
CuWO, nanoparticles show densely aggregated
particles in which zinc was decorated over the
surface of CuWO; particles. The band gap value
is found to be 2.36 eV for CuWOQO, and 2.44 eV
for Zn-doped CuWO,. Hence, it is concluded
that dopant zinc could modify the structural,
optical and morphological properties and thus it
can be used as a photoanode for solar water
splitting.
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