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Abstract

Nanostructure copper nickel aluminum ferrite samp &Nio_sAhFez.xOm
x=0, 0.1, 0.2, 0.3 and 0.4) have been synthesized by using the citrz ecupsor technique. Then,
a PPy/CuosNiosAlosFer704 composite sample has been p by polymerization of
polypyrrole (PPy) monomer in the presence of CiosNiosA 1704 nanoparticles. The
characterizing techniques used in the present investiga ay diffraction analysis (XRD),
scanning electron microscopy (SEM), Fourier transform infrared spectrometry (FTIR) and
vibrating sample magnetometer (VSM) measurements. The results have revealed the pure
formation of the desired ferrite nanoparticles. The formation of PPy has been evidenced by
FTIR. The lattice constant and the theoret dendity Dx have been found to decrease by
increasing the aluminum content, whereas the Dgbye temperature and the elastic moduli have

increased. The SEM image of the composite h&8”obviously clarified that the ferrite particles are
dispersed nearly homogeneously "n ;he polymer matrix. The hysteresis loops of all samples have

proved that they can be classified as®soft magnetic materials. Moreover, the saturation
magnetization Ms of the ferritgsserieSWés been found to decrease with the increase in Al content
and also has further decreage n@ e composite as expected. The coercivity Hc has low values in
general. Moreover, its4alue he composite is higher compared to that of the pure Cu Ni
ferrite because the 8’ the surface anisotropy, whereas it is almost equal to the
ing ferrites, indicating some similarity of introducing Al and PPy to
tive of interruption of the ferrimagnetic order. The low coercivity of
In important devices which depend on soft magnetic materials such as
igh frequency transformers.

PACS: 75.50.Gg, 81.07.Wx
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1. Introduction

The use of polymer nanocomposite materials has been increased in technological
applications because of the possibility of forming new materials with a wide variety of
characteristics [1, 2]. These nanocomposites are expected to have combined properties that the
individual constituents may not provide each alone [3]. They may find important fields of use
such as in electromagnetic interference shielding, and electronic devices. Particularly, nano-
particle ferrite/polymer composites are promising materials too in those mentlone above
applications and also in other significant applications such as chemical and s
storage devices and different types of sensors [4]. However, spinel ferrites are a h
ferrimagnetic materials that possess high resistivity, low-level eddy curr

magnetization, and an excellent chemical stability [5-7]. Ferrites in both bul ano forms
m Ns
erri

have been widely researched for their useful applications beginnin ormer cores to
permanent magnets and magnetic recording [8-10]. The unit cell of spi is formed of 32
oxygen anions in cubic arrangement with metallic cations distributeduim, interstitial tetrahedral A-
sites and octahedral B-sites. Various properties of spinel rritestals are influenced by
cation types and their distribution [11]. NiFe204 is kn erse spinel ferrite where
half of the ferric ions fill the tetrahedral (A-site) an of them are introduced in the

octahedral (B-site) under thermal equilibrium conditions [12-14]. CuFe.O4 also belongs to the
inverse spinel category [15].

The mixed Ni-Cu ferrite possesses ical agj magnetic properties of the two amazing
ferrites: Cu ferrite which is one of the most int ing ferrites, where it may undergo a structural
phase transition accompanied by a reduction ingtile crystal symmetry to tetragonal [16], and Ni

ferrite which has remarkable electrical and magnetic properties that leaded to many technological

applications for decades. & PY
Ferrite nanoparticles e hesized by different methods, with a range of crystallite

sizes between 1 to 100nry ost used methods are sol-gel, co-precipitation and citrate
precursor.

On the oth olymers are very appealing materials, as they include a wide scope of
capacities and apflicationsifrom insulators to even metals [1]. The polypyrrole (PPy) has been
known tal friendly polymer with a relative stability and adjustable conductivity.
The na ferrite composites may offer advantages of light weight and useful

erence (EMI) suppression properties. Manipulating the dopant levels and
content has given a wide range of research possibilities [17-20]. Moreover,
Al ions in the ferrite nano-particles instead of iron ions may participate in the
formation of lighter products and may enhance low loss applications.

Therefore, the aim of the present work is to use the citrate precursor technique to prepare
Cu Ni AlxFe>xO4 nanoparticles as new compositions — as far as the authors know - to be studied
and to choose one of the prepared compositions to be incorporated with PPy to prepare a
composite having combined characteristics promising in electronics and EMI applications.
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2. Experimental

2.1 Preparation of CugsNip sAlxFe,.x O4 nanoparticles:

CuosNiosAlxFez2xO4 nano-particles, (x=0, 0.1, 0.2, 0.3, and 0.4) have been synthesized by
using the citrate precursor auto combustion method [21, 22]. According to this method; the
proper amounts of metal nitrates were dissolved in distilled water obtaining clear%utions.

Then, they were mixed and stirred for 1 hr. The citric acid was added drop-wig ture

solution, with the molar ratio of metal nitrates: citric acid adjusted at 1:1. Ammenia was#added
until the PH has reached to about 12. The solution was heated under stirrigg up o 90°G¥o form a
highly viscous gel, then evolved reddish brown color gases were gbservéd a ree-shaped
structure was formed. The tree-shaped product collapsed to for f)%r« of the desired

nanoparticle ferrites.

2.2 Preparation of Polypyrrole:

A pure PPy sample has been synthesized by in{§it erization of pyrrole monomers
(using FeCls.6H20 as an oxidizing agent) [18, 23]. 0.0 has been dissolved in 25mm?3
of acetone and stirred for 30 minutes. Then 0.2M ferric ride was added drop-wise to the
pyrrole. The reaction was carried out for 3 hgurs under continuous stirring at room temperature.
The resulting precipitate has been obtaine ilteringgand washing the suspension with distilled

water and finally dried at 80°C for 3 h.
2.3 Preparation of PPy/CugsNigsAlysFe; 704 composite:

One composite samplemCQ.sNio.sAIo.sFe1.7O4 has been prepared by in-situ

polymerization of pyrrole n the presence of CuosNiosAlosFer704 nanoparticles;
3

s and 0.9M of pyrrole monomers were suspended in 25 mm
1 hr to get well dispersed suspension. Then FeClz-6H.0 was
ahel this solution was added drop wise to the suspension mixture
The” polymerization was allowed to proceed for 2 h at room
has been obtained by filtering and washing the suspension with

investigated by X-ray diffraction (XRD) analysis. The average crystallite size (R) have been
calculated using Scherrer’s formula: [2]

0.9A
" cosH B1/2 (1)
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Where P12 is the full width at half maximum of the peak presenting the principle plane (311). By
using the interplanar distances (d) obtained from Bragg's law; 2dsin® = nA; the lattice constant
(a) of all the ferrite samples have been calculated.

Also, the porosity (P) of those samples has been calculated by using the equation:

P=1-= )

Dy

; where (Dx) is the X-ray density (theoretical density) of the sample given by the known
relation: [7, 22]

8M

D, = Na® (g/cm3) (3) P
; where (D) is the experimental density of the sample.
The IR spectra for all samples have been recorded in the range 0 ~2000 cm™ by the
Fourier-transform infrared spectrometer.
Magnetic characterization of the investigated nghopartic been performed at room
temperature by a lab-built vibrating sample magn SM) [24] with a maximum

magnetic field up to 8 kOe.

The average particle sizes of the samples have been measured using the images of a
scanning electron microscope (SEM). Py

4. Results and discussion

4.1 XRD analysis

@

f the CuosNiosAlxFer.x0s (0 < x < 0.4) samples. The
tic peaks of single-phase cubic spinel with no undesired lines
he intensity peaks represent (220), (311), (400), (422), (511),

Fig.1 shows the XRD
XRD patterns reveal the cha

patt

The hopping length is the central separation between neighboring cations. Therefore, the
substitution of larger cations by smaller ones results in a decrease of the distance between the
magnetic ions and consequently the hopping lengths decrease. This is what has been observed in
the investigated samples. The hopping length, L, in the A-sites are labeled (La-a), and those in
the B-sites (Ls-s) whereas for shared sites, (La-s). They can be calculated using the following
relations [27, 28].
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LA—A == a?, LB—B == a\i_i and LA—B == a%

The obtained data are listed in Tablel. These results although they are all having the same trend
of the lattice constant (a), they will be very useful in interpreting the conductivity of the
investigated materials in a soon future work.

Tablel The obtained distance between magnetic ions (hopping length) in the A-sites (La-a), B-sites (Ls-

g), and shared sites (La-s).

X Lan(A) Les (A) Las (A)
0 3.624 2.959 3469

0.1 3.612 2.949 3.45\(
0.2 3.606 2.944 3
0.3 3.601 2.941 A4
0.4 3.586 2.926 434
The X-ray density Dy of all samples has been determgi€d from the molecular weight and

the volume of the unit cell by using relation :i)
[ )

XRD for 5 samples of ferrite

(311)

(222) e
(400) (422) (511) (440)

Intensity (A.U)

40 60 80
20

Flg 1. XRD patterns of ; (a) CUo_5Nio_5F€204, (b) CUo_sNio_5A|0,1F61_904, (C) CUO,5Ni0_5A|o,2F61,804, (d)
CuosNigsAlgsFer 704, (€) CuosNiosAlosFer60a.
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Fig.2. Variation of the lattice constant (a) and average

Fig. 3. Shows the variation

aluminum concentration. Dy is found to decrease with inc

the ferrite sampl

of the density D,

taIIi

y

v’

R) against Al content (x) in

nsity Dx and porosity P with
Ing aluminum concentration. This

can be attributed to the reduced molar mass(of Al (26.98 gm mol™) compared with that of Fe

(55.85 g mol™) [25]. Also from equation{

e X-gay density is obviously dependent on the

lattice parameter and the molecular weight of thé8amples [12].
\ 2
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Fig.3. Dependence of density D, theoretical density Dx and porosity P on Al content (x)

in the ferrite samples.
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4.2 Morphology Investigation:

I a spot | WD et & 2/21/2019

v mag
4 7
| 20,00 kV 60 O 3 mn SED | 6.91 pm | 12:59:47 PM | National Reseal Center

Fig.4. SEM Images of (a) CuosNiosAlgsFe1.704 nano-patii b) PPy/CugsNiosAlosFe170a
composite.

Figures (4-6: a, b) show the SEM,images of the as-prepared CuosNiosAlosFe1704
osit@ A, respectively. The image (4-6a) shows

nanoparticles and PPy/CuosNiosAlosFe1.704
that the ferrite nano-particles have a narrow parti€le size distribution. In image (4-6b), it is also
seen that the CuosNiosAlo3sFe1 704 particles are dispersed nearly homogeneously in the polymer
matrix. The average particle di er hd® been estimated by using | image J software and has

been found in the order of which is in fair agreement with the value estimated from the

XRD data. \
ye
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Fig.5. EDX for (a): CugsNiosAlgsFe1704 nanoparticles and (b): PPy/Cugs AW;; composite.

los and its composite (A) with
re listed in Tables (2: a, b). These
e prepared samples confirming the

Figures (5-7: a, b) display the EDX analysis of Cuq,
PPy. The concentrations of different elements (Cu, Ni Al F
concentrations are close to the desired ratio of the constituent
formation of the desired chemical composition.

Table (2a) EDX ratio of the components of CuosNigsAlgsFe; 704 nanoparticles.

Element  Wei h Ato % Net Int. Error %
g L &

21.13 47.83 129.45 7.91

Q 3.74 5.03 27.7 12.62
47.35 30.71 243.75 2.89
12.57 7.75 43.38 8.5

15.22 8.68 42.17 8.53




Egypt. J. Solids, Vol. (42), (2019/2020)

132

Table (2b) EDX ratio of the components of PPy/CuosNigsAlosFe1.704 composite.

Element Weight % Atomic Net Int. Error %
%
CK 23.79 48.96 23.84 12.25
oK 14.83 2291 37.4 11.6
Al K 2.73 25 16.4 14.68 %
Fe K 48.98 21.68 161.7 3.35
[
Ni K 5.62 2.37 12.9 17.91
Cu K 4.05 1.58 7.49 24.33
4.3 FTIR analysis

FTIR spectroscopy can detect the phases existing in a materiagl as well as both chemical and
structural changes. The room temperature FTIR spectra o as-prepared CuosNiosAlxFe2xOa
nano- ferrites, PPy and PPy /CuosNiosAlo3Fe1704 composite in the range 200-2000 cm™ are
depicted in Fig.6 (a, b) respectively. Py

All FTIR spectra reveal the presence of two mgjor absorption bands, usually characterizing
ferrites, at particular frequencies denoted by vi"and vz [29]. The band at v1 in the range of 568-
590 cm is due to stretching vibratiens of the tetrahedral A-site metal ion-oxygen bonds, and the
band at v2 in the range of 384-3 L i@attributed to vibrations of the octahedral B-site metal

ion-oxygen bonds, these vibr are’known to be bond-bending vibrations [30]. The values of
v are higher than those of h show that the ordinary mode of vibration of the tetrahedral

bonding is higher than t:t 0 ctahedral one indicating shorter bond lengths at the A-sites.
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FTIR for 5 samples of ferrite FTIR for pure Ppy and one compaosite
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Fig.6. (a) FTIR of (a) CuosNiosFe04, CUo_5V\%5A|o_1F61,gO4, (c) CugsNigsAlg2Fe1 804, (d)
CuosNiosAlosFe1704, (@) CuosNiosAlosFers0s.

(b) FTIR of (a) pure PPy an PPy/CuosNiosAlosFe170a.

[
& a slight movement in v; absorption frequency towards a
the increase in the AIP* ion concentration, whereas, such an
Fhis may be attributed to the shorter length of bonds at the
change in the length of the bond -and consequently the
han the longer bonds at the octahedral sites. This also refers to the
3 (0.645 A) and AI** (0.55 A) [29].

From Table 3, it is observed th

increase is not observed| i
tetrahedral sites is i
vibration frequen

As agenetal defig of the force constant, it is the ratio between the force and the resulting
d ithin elastic limits. The force constant here indicates somehow the origin
of res the distances between nuclei at equilibrium during the vibrations of bonds at

specific Tpequencies. Fa and Fg denote the force constants of the tetrahedral and octahedral sites,
respectively. The force constants Fa and Fg vary with the corresponding bond length and the
vibrational frequency (v: and v2) according to:

Fa=4n?c® vi?n, Fe=4n%c? va2p,

; Where p is the reduced mass of Fe**and O?~ions together (u=2.061x102%g) and ¢ is the velocity
of the electromagnetic wave [30]. Fig. 7 shows the variation of Fa and Fg with Al concentration.
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Fig.7. Force constants, Fa and Fg, at the A- and B-sites, a &f/AI content (x).

Table3. FTIR absorption band values and Force constants, Fa Fg, at the A- and B-sites:

Sample v1 cm?t v, cmt Fa(N/m) Fga(N/m) F=(Fa+Fs)/2
0 568 397 - 6.013@ 115.298 293.662
0.1 580 397 246,091 115.298 303.739
0.2 579 397 245,243 115.298 302.892
0.3 583 & ® 248.643 112.986 305.136
04 584 9 249.497 115.298 307.145
Composite A 590 4 254.650 113.562 311.430
Composite B 57 \ 393 240.188 112.986 296.679

egFTIR spectra of PPy and PPy /CuosNiosAlosFe170s composite,
teristic absorption bands of polypyrrole [31] are observed at 896, 1400,
1724 cm in the figure. These absorption bands and their assignment are listed

those of PPy. However, v in the spectrum of the composite was slightly red shifted. It indicates
that the bonds between the octahedral site ions and the oxygen ions have been slightly elongated

due to the incorporation of ferrite particles into PPy.
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Table 4. FTIR absorption band values and their assignment of PPy and the composite sample (other than

the band values of ferrites displayed above in Table 3).

Wave number | Wave number (cm™)

(cm™) PPy /CuosNiosAlosFe1704 Absorption peak assignment

PPy

896 887 out-of-plane stretching v, ratlc%
C-H[32] 1

1400 1396 C=C stretching rimg of P
1471 1473 C-N stretchjfig, vibrati
[33, 30]
1645 1647 Vibratio

1724 1726 Sy | and symmetrical
vibratiom, bands of pyrrole ring [34]

[
4.4 Elastic properties

In view of the widely different applications of nano-crystalline ferrites, the investigation of their
elastic properties is very importa ecausg they may predict the performance of materials under
stress conditions. Also, they give rmation about the nature of the inter-atomic forces. The
Debye temperature, 6y, is @ key@quantity in Debye theory of heat capacity and it is defined
as Op = hupk, where h is/F constant; k is Boltzmann constant and vy is the maximum
frequency in the range o encies exhibited by the vibrating atoms in a solid [30]. In the case
of spinel ferrites samples was estimated by using the following relation [37]: ©p =

Acvuay = 1.4380%% where by = 01;”’2 is the average value of wavenumbers for the A-and B-

or the ferrite materials was taken as1.438 [35]. The elastic constants and
a spinel ferrite system can be deduced using the experimental XRD and IR

0'611
1-o

C11 = g and CIZ =
; Where F = FAZ;FB and o is the Poisson's ratio that is a function of porosity (P) [38]:

o =0.324(1 — 1.043P).

Then, in terms of these stiffness constants the elastic moduli can be evaluated [35, 38, 39]:
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Bulk modulus B = (Cyy + 2C12)

(€11—C12)(C11+2C13)
(C11+C12)

Young’s modulus E =

Rigidity modulus G =

2(o+1)

Moreover, the longitudinal elastic wave velocity Vi can be calculated from [30, 40]:

Cis %
V= |—
[
Whereas the transverse elastic wave velocity Vs is given by: \(

V
VS=_L

V3
The stiffness constants, the elastic moduli, and the value las velocities are presented
in Table 5.

Table5. The stiffness constants: Ci1, Ciz, elasticgnoduli: B, G and E, elastic wave velocities: V. and Vs

and Poisson's ratio (o) [

X Cu(Gpa) Ci(Gpa) B(Gpa) E(Gpa) pa) Vi(10°m/sec) Vs(10°m/sec) c

0 351 55.774  154.1 335.954 147.559 8.086 4.669 0.1371
0.1 364 55.072 158.0 4 .583 154.497 8.242 4.759 0.1313

0.2 364 57.582
0.3 367 59.797
0.4 371 49

L

347.962 153.06 8.267 4.773 0.1367
350.136 153.556 8.335 4.812 0.1401
359.3 160.791 8.377 4.836 0.1173
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Fig.8 The relation between Debye temperature Op'a eA tent (X).

increases with increasing Al content, implying that an incregase i dity of the samples occurs
along with the lattice vibrations. Also, according to thes/Specific Weaistheory, the increase in ©p
means indirectly a decrease in the number of conducti s, and at the same time it may
indicate an increase in the contribution of holes to conductivity |86, 41].

Fig. 8 illustrates the relation between Op and the concentr t illustrates that ©p

4.5 Magnetic Properties o

VSM curves of 5 samples of ferritess and the composite sample
50 -

40

30

20

Applied field , H
(Oe)

-10000

_50 J
Magnetization,M (emu/gm)

Fig.9 Hysteresis loops of : (a) CuosNiosFe204, (b) CugsNiosAlo1Fe1 904, (€) CuosNiosAlo2Fe1 04,
(d) CuosNiosAlosFe1 704, (€) CuosNiosAlosFe1604 and

(f) Cuo.sNiosAlosFer704/PPy.
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The magnetic properties of the as papered CuosNiosAlxFe2xO4 nanoparticles and the composite
sample CuosNiosAlosFe1 704 /PPy have been examined using the vibrating sample magnetometer
(VSM) at room temperature. Fig.9 shows all the hysteresis loops of the samples. The samples
exhibit very narrow hysteresis curves, so that they can be classified as soft magnetic materials.
The coercivity (Hc), saturation magnetization (Ms) and remanent magnetization (My) for all
samples are listed in Table 6. The observed changes in the values of Ms, Hc and M, with
increasing of Al concentrations can be explained according to the expected changes in exchange
interaction between the ions at tetrahedral (A) and octahedral (B) sites in ferrites dgon the
variation in chemical composition [42]. The saturation magnetization decreases ith thegf€rease
B) by
ncreases

nonmagnetic AI** ions (0 us). Also, it can be seen from Table 5 that he co
slightly upon introducing Al, following an almost similar behavior reported A lite
@r

It is also noticed that the saturation magnetization in the co
lowered than those of pure ferrites; this is due to the introductio
into the sample under investigation; where PPy may separate
disrupting the magnetic order. It is also noticed that the ivi
higher compared to that of the pure Cu Ni ferrite
anisotropy of the composite, whereas it is almost equal to the/Coercivity of the Al containing
ferrites, indicating some similarity of introducing Al PPy from the perspective of
interruption of the magnetic order. In spite affincreasing Hc with increasing both AI** ion content and
PPy, its value is still low enough for application¥8ince the low coercivity of the samples is required in
important devices and applications which depend oft magnetic materials such as switching devices
and high frequency transformers [14].

mple is further
magnetic PPy part
agnetic particles apart,
alue of the composite is
he PPy increases the surface

Table 6 The values of satugation magnetization (Ms), remanent magnetization (Mr), coercivity
(Hc), and Squareness:
Sample M, (emu/g) Hc: (G) Squareness
,‘ (M/M)
CuosNigsFezxOa 228 9.5 120 0.220
CuosNiosAlo1Fe 33.396 8.5 140 0.255
.695 6.5 140 0.274
23.695 6.5 140 0.274
20.216 4.45 101 0.220

6.260 1.2 140 0.192
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5. Conclusions

Citrate precursor technique could provide small sized nanoparticles of Cu0.5Ni0.5AlIxFe2-x04
with various compositions. The formation of spinel ferrites without unwanted phases was
confirmed by X-ray diffraction analysis. The IR spectra confirmed the formation of both ferrites
and PPy. The study of increase of the Al content (x) in the Cu Ni ferrite shows that the lattice
constant and theoretical density decrease due to the difference in ionic radii and molar mass of
both aluminum ions and iron ions respectively. PPy/Cu0.5Ni0.5Al0.3Fe1.704 composite sample
could be successfully synthesized by the use of in situ chemical polymerization m The
SEM images confirm the nanoscale diameter of Cu0.5Ni0.5AI0.3Fel.7 O4 ‘pagticles in jboth
ferrite and composite. The substitution of Fe3+ ions by Al3+ ions in the samplé deCreased
the saturation magnetization, in agreement with literature. The coercivity®f the fe
Al and the composite are almost equal, indicating some similarity of, ntroducing Al
and PPy to the Cu Ni ferrite from the perspective of interruption of feffinagngtic order. Due to
the low coercivity of the samples, these materials may be good candigate important devices
and applications which depend on soft magnetic material sucching devices and high

frequency transformers.

@
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