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Abstract Nanocrystalline nickel-zinc ferrites Ni, Zn;_,
Fe,O, thin films have been studied and synthesized via
electrodeposition—anodization process. Electrodeposited
(NiZn)Fe, alloys were obtained from non-aqueous ethylene
glycol sulphate bath. The formed alloys were electrochem-
ically oxidized (anodized) in aqueous (I M KOH) solution,
at room temperature, to the corresponding hydroxides. The
parameters controlling the current efficiency of the electro-
deposition of (NiZn)Fe, alloys such as the bath composition
and the current density were studied and optimized. The
anodized (NiZn)Fe, alloy films were annealed in air at dif-
ferent temperatures ranging from 850 to 1000 °C for dif-
ferent times from 1 to4 h. The change in the crystal structure,
crystallite size, microstructure, and magnetic properties of
the produced ferrites were investigated using X-ray dif-
fraction patterns (XRD), scanning electron microscope
(SEM) and vibrating sample magnetometer (VSM). The
results revealed the formation of Ni—Zn ferrites thin films
were formed. The crystallite sizes of the produced films were
in the range between 32 and 81 nm. High saturation mag-
netization of 48.81 emu/g was achieved for Nig sZn sFe,O4
thin film produced after annealing the alloy at 850 °C for4 h.
The annealing process of the oxidized alloy anodization
process was found to be first order reaction. The activation
energy of the crystallization of Ni—Zn ferrite was found to be
62 KJ/mol.
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Introduction

Nickel-zinc ferrites with spinel crystal structure; provide a
family of magnetic materials which has large magnetic
permeability at high frequencies, electrical resistivity,
mechanical hardness, chemical stability and reasonable cost.
Accordingly, they have been extensively used in a variety of
electronic devices mainly, TV sets, transformer, microwaves
integrated non-reciprocal circuits, memory core devices,
radio frequency coil, rod antennas, read—write heads for
high-speed digital tape or disk recording and telecommuni-
cation applications field [1-6]. Furthermore, nickel-zinc
ferrites are used for the catalysis applications [7].

Most soft ferrites in practical use have the composition
MOFe,O5 (where M represents a divalent metal ion) and
present in spinel system which can present either in one of
two structures, the normal spinel (like zinc ferrites) in
which metal ions M>" are located in the tetrahedral sites,
symmetrically surrounded by four oxygen ions, while the
second (like nickel ferrites) half of Fe*™ ions are located in
the tetrahedral positions, whereas the other half, along with
all the Ni** ions, are in the octahedral spinel structure. A
normal spinel can be described as M*>"Fe,*t0, and an
inverse ferrite as Fe** (M?*, Fe*")0,. Moreover, Ni-Zn
ferrite is a material combined the normal and inverse spi-
nels which have very important magnetic properties for
applications above 1 MHz [8].

Different synthesis procedures have been intensively
studied in recent years to produce Ni—Zn ferrites thin films
with high homogeneity like spray pyrolysis [9], reverse
micelles [10], cathodic electrophoretic deposition (EPD)
[11]. Electrodeposition process is an interesting process for
synthesis of ferrite films and powders. It is used previously
in synthesis of zinc ferrites [12], cobalt ferrites [13], copper
ferrites [13—15] and nickel ferrites [13, 16], CoNi—barium
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ferrite composite [17]. The process has many advantages
compared with the other techniques, which include: (a) low
temperature, (b) low cost of starting materials and equip-
ment, (c) control of the microstructure and the composition
of the film and morphology and (d) the ability to deposit a
film on a complex surface [14]. To best of our knowledge,
no published work were done on the synthesis of Ni—Zn
ferrites thin film via electrodeposition—anodization process
The present study aims to prepare Ni—Zn ferrites by the
electrodeposition method. Nickel sulphate, zinc sulphate
and ferrous ammonium sulphate were used as source of
cations forming the ferrite material. The electrolytic
behaviour of each of these salts and in admixture was stud-
ied. The produced ferrite films were characterized by X-ray
diffraction (XRD), scanning electron microscope (SEM) and
vibrating sample magnetometer (VSM) techniques.

Experimental

The electrodeposition of (Ni-Zn)Fe, alloys were carried
out from ethylene glycol electrolyte bath containing 0.1 M
NiSOy4, 0.1 M ZnSOy4, 0.1 M (NHy4),Fe(SO,4),. All solu-
tions were prepared, immediately before each experiment
by dissolving the requisite amount of analytically grade
metal sulphates in the ethylene glycol. 0.1 M citric acid
solution is supposed as complexant which avoid the
hydroxide precipitation and sodium chloride was added to
the plating bath to increase its conductivity. The substrates
used were copper, stainless steel and low carbon steel. Pure
graphite rod was used as anode. The bath was stirred at
800 rpm.

Cyclic voltammetric (CV) tests were performed at room
temperature using a conventional three-electrode cell, in
which copper was used as working electrode, the auxiliary
electrode was a graphite rod. The reference electrode used
was a saturated mercurous sulphate electrode (MSE),
E = 650 mV vs standard hydrogen electrode (SHE). The
deposition potentials were determined from the polariza-
tion curves. Cyclic voltammograms (CVs) were performed
with a computer-controlled potentiostat (Volta-lab 21).

Electrodeposition was carried out galvanostatically
using constant currents ranging from 0.25 to 1 A. Apparent
current densities were obtained by dividing applied current
by macroscopic surface area of the deposit. The deposition
conditions were optimized to get good quality of (Ni-Zn)Fe,
alloy films with maximum thickness.

The alloy films were anodized using aqueous 1 M KOH.
The anodization current density and time were optimized to
get well adhered oxide films to the substrates. After
anodization, the films were washed with distilled water and
annealed after drying.

The crystalline phases in the different annealed ferrite
samples were identified using XRD on a Brucker axis D8
diffractometer using the Cu Ko (1 = 1.5406 A) radiation
and secondary monochromator in the range 26 from 20° to
80°. The ferrite particle morphologies were observed by
scanning electron microscope (SEM (JSM-5400). The
magnetic properties of the ferrites were measured at room
temperature using a vibrating sample magnetometer VSM
(9600-1 LDJ, USA) in a maximum applied field of 15 kOe.
From the obtained hysteresis loops, the saturation magne-
tization M, remanence magnetization ratio M, and coer-
civity H, were determined.

Results and discussion
Cyclic voltammetry

Figure la—f showed the CV of 0.1 M of ZnSO,, NiSO,,
(NH,4),Fe(SOy4),, Ni—Zn alloy, Ni-Fe alloy, Ni-Zn-Fe
alloy in ethylene glycol, respectively. Voltammetric studies
were performed within the range of 1 to —2 V using the
copper electrode as a cathode and the scan rate (S.R.) of
10 mV/s.

The produced CV of ZnSO, in Fig. 1a was characterized
by two cathodic peaks (C;, C,) and two anodic peaks (A,
A»). The cathodic peaks appeared at —0.2 and —0.9 V for
peaks C; and C, were related to the electrodeposition of
zinc into the active sites of the electrode surface that were
not blocked by ethylene glycol and the electrodeposition of
zinc into the active sites that were librated when the eth-
ylene glycol molecules were desorbed from the surface of
the copper electrode, respectively [18]. Moreover, the bulk
deposition of Zn was also contributed to C,. On switching
the scan to the positive direction, anodic peaks A; and A,
were appeared at —0.8 and —0.5 V, which were associated
with the reoxidation of metallic zinc formed during the
scan in the negative direction [18].

Figure 1b, ¢ showed the CV of 0.1 M NiSO, and
(NHy4),Fe(S0,),, respectively. CV of NiSO, was charac-
terized by cathodic peak E = —0.5 V, corresponding to the
reduction of nickel ions to the metallic state whereas the
(NH,4),Fe(SO,4), showed the cathodic and anodic peaks at
E = —0.2 V and —0.5 V assigned to the reduction of fer-
rous ion to metallic iron and the electrodissolution of
deposited iron, respectively.

Figure 1d indicated the CV of Ni—Zn alloy which was
characterized by the cathodic peak E = —0.47 V related to
the co-deposition of Ni-Zn alloy [19]. However, the
addition of Zn>" to Ni*" solution decreased the current
density of the cathodic peak of Ni from —86 to —43 pA/cm?
which can be explained on the inhibition of hydrogen
reduction by the presence of Zn>" [20]. Furthermore, the
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anodic peak was appeared at (E = —0.12 V) which was
corresponded to the electrodissolution of zinc-rich phase.

Figure le and f the CV of the electrodeposition Fe-Ni
and Ni-Zn-Fe alloy which were characterized by the
cathodic peaks at E=—-044V and E = -047YV,
respectively. The peak supposed to be for the electrode-
position of Fe-Ni alloy [21]. Ni-Zn alloy and Fe-Ni alloy
are considered as anomalous alloys [19, 21].

@ Springer

Chronoamperometric study

To study the mechanism of nucleation of electrochemical
reaction, Scharifker and Hills [22] suggested model to
describe the nucleation process during initial few seconds
using chronoamperometric technique.

The nucleation process may be either progressive or
instantaneous nucleation. Progressive nucleation corresponds
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to slow growth of nuclei on a less number of active sites, all
of these sites activated at the same time. Instantaneous
nucleation corresponds to fast growth of nuclei on many
active sites, all activated during the course of electroreduc-
tion [22].

Figure 2 represents the potentiostatic current versus time
(I-t) transients for nucleation and growth of (NiZn)Fe,
alloy at different potentials ranging between 570 and
1400 mV

The transients were separated into three regions. The
first region corresponds to short times (f < 0.5 s). In this
region the decrease in the cathodic current density was
related to the charging of a double layer. The second region
relates to the crystal nucleation process and growth of the
crystals formed during the first region. The third region was
corresponded to the decline in the current density, which
represented the diffusion process [18, 22, 23].

The transients have been analyzed by comparing the
chronoamperometric curves to the dimensionless theoreti-
cal curves for the diffusion-controlled nucleation and
growth of crystals in three dimensions (3D) proposed by
Scharifker and Hills (SH) [18].

The expressions for the instantaneous and progressive
nucleation with 3D growth are given by following equa-
tions [21],

)2 = 1.9542tmay /1] {1 — exp[—1.25641/tmax }> (1)

max
22 212
2/ = 1.2254[tmay /1] {1 — exp[~2.3367(t/tmax) }
(2)

where ip.x and f,.c are the maximum current density
observed at the maximum time #,,,,, [22].
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Fig. 2 Potentiostatic (/-f) transients for nucleation and growth
of (NiZn)Fe, alloy at a —570 mV, b —700 mV, ¢ —1100 mV,
d —1300 mV

The fitting of the experimental curves for the theoretical
curves were shown in Fig. 3a—d. The curves indicated that the
nucleation and growth of Ni—Zn-Fe alloy electrodeposited
from ethylene glycol followed instantaneous mechanism.

Electrodeposition of (NiZn)Fe, alloy

According to Matloz [24], reduction of divalent cations,
Ni(II), Zn (IT) and Fe(I1), is a two-step process where it first
takes up one electron to make monovalent adsorbed cations
Ni(I)ads, Fe(I)ads and Zn(I)ads and then the second electron
takes it to deposited neutral atom. Hydrogen evolution due to
reduction of protons and dissociation of ethylene glycol
molecule were considered as side reactions [15]. Side reac-
tions reduced the current efficiency and the kinetics of metals
reduction. Table 1 showed the conditions used for the
electrodeposition of (NiZn)Fe, alloy on copper substrate.

The current efficiency of the Ni-Zn-Fe alloy deposition
was calculated by using the simple relation:

=100 X (Mexp/my) (3)

where me,, and myg, are the experimental and theoretical
masses of the (NiZn)Fe, alloy which was represented in
Fig. 4. The theoretical mass of Ni-Zn-Fe alloy (m,) can be
calculated according to Faraday’s law [15]. The effect of
current density on current efficiency was studied to get the
highest efficiency as shown in Table 2 and Fig. 5.

It can be noticed that the current efficiency was increased
initially with the increase in the current density to
153 mA cm™ 2 The current efficiency ~67.6% was
obtained and then decreased with the increase of current
density within the range studied. At current densities less
than 153 mA cm ™2, the metals deposition rates were rela-
tively low leading to low current efficiency. Further,
increasing in the current density than 153 mA cm ™2 was
associated with the increase in the dissociation rate of
ethylene glycol molecules that caused the hydrogen evolution
to be the dominant reaction on the cathode. This was accom-
panied with the decrease in the current efficiency [15, 16].

Anodization of the (NiZn)Fe, alloy

Electrochemical oxidation of (NiZn)Fe, alloy films pre-
pared at the optimum electrodeposition synthesis parame-
ters was carried out at room temperature (25 °C) according
to the conditions summarized in Table 3.

The conversion of MFe, alloy to the corresponding
ferrite (MFe,QO,) via the hydroxide form can be explained
with the following reaction:

MFe, + 80H™ — MFe,04 + 4H, O + 8e™ (4)

After oxidation, the hydroxide films were washed with
deionized water and preserved in desiccator. Then,
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Fig. 3 Nondimensional i*/i2,
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Table 1 Conditions used for synthesis of (NiZn)Fe, alloy from ethylene glycol sulphate

Electro deposition

Bath composition

5mL 0.1 M ZnSO4 + 5 mL 0.1 M NiSO4 4 20 mL 0.1 M (NHy4),Fe(SO4)>

+ 10 mL 0.1 M citric acid 4+ 2 g NaCl)

Current density (mA/cm?)

52, 102, 153, 204

Deposition time (min) 180

Bath temperature (°C) 25
Substrate Cu(BDH)
Stirring (rpm) 800

annealing of the hydroxide converted into the corre-
sponding oxide (ferrite) should remove some of the defects,
which may be presented during the electrodeposition and
anodization steps, such as voids, grain boundaries, dislo-
cations, stresses, in homogeneity, etc. Thus, annealing is a
process related to the stress relief and local structural
rearrangements resulting in recovery of stoichiometry in
the film [15]. The formed (NiZn)Fe, hydroxide precursors
were annealed at 850 °C for 4 h. After annealing, a sharper
and more intense diffraction peak due to the (311) plane

@ Springer

(expected for spinel structure) is observed. This observa-
tion suggested that the nucleation of a spinel phase was
formed after anodization and the crystallization process
was completed after annealing [15].

The effect of variation of nickel zinc ratios and its
impact on the properties of the ferrite powders Ni,Zn;_,
Fe,O4 was studied. Series of experiments were carried out
at Ni molar ratio from 0.4 to 0.9 annealed at 850 °C for 4 h
and the results were confirmed by XRD patterns given in
Fig. 6. The results ascribed that confirmed the presence of



J Mater Sci (2011) 46:3574-3582

3579

70 -

65 |-

55
50
45

40 - n

Current efficiency, %

25- n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
40 60 80 100 120 140 160 180 200 220

Current density, mA/cm?

Fig. 4 Variation of current efficiency with current density for
(NiZn)Fe, alloy

Table 2 Effect of current density of electrodeposited (NiZn)Fe, on
current efficiency

Current density(mA/cm?) Current efficiency %

52 29.3
102 39.6
153 67.6
204 41.8
2500 Fedzns
Ni0.7zn0.3
2000
=
S 1500
=
‘s> 1000
e
2
< s00
o -
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Fig. 5 XRD patterns of (NiZn)Fe, alloy electrodeposited from
ethylene glycol sulphate bath at current density 153 mA/cm?

Table 3 Conditions of the anodization process for the synthesis of
nickel-zinc ferrites thin films

Items Conditions
Electrolyte 1 M KOH
Current density (mA/cm?) 20
Intercalation time (min) 40
Electrolyte temperature (°C) 25

cubic structure of Ni,Zn,_,Fe,0,4 phase (JCPDS# 08-0234).
Secondary phase of hematite «-Fe,O; (JCPDS# 73-603)
was formed as impurity with the produced spinel Ni,Zn;_,
Fe,0, ferrites with the increase of Ni*T molar ratio up to
0.6. The hematite formation is a consequence of the pref-
erential loss of one or more divalent cation during the
deposition conditions [21].

The crystallite sizes for the most intense peak (311)
plane at 20 value of 35.4 were estimated from XRD data
using Debye—Scherrer formula. Table 4 showed the chan-
ges of Ni,Zn;_,Fe,O, ferrites and the crystallite size with
the substitution of Ni*™ molar ratios. The crystallite size
for the produced ferrite increased with increasing nickel
content, from 59 nm at Ni (x = 0.2) to 81 nm at Ni
(x = 0.6) then decreased with the Ni molar ratio from 0.6
to 0.9. The decrease in crystalline size can be attributed to
the presence of a-Fe,O3 causing shrinkage of the lattice
[25].

The microstructures of the produced films investigated
by SEM micrographs are showed in Fig. 7a, b. The SEM
micrographs of NigsZngsFe,O4 films in Fig. 7a were
appeared as the agglomerated spherical particles in lami-
nate shape. Increasing the Ni mole ratio to 0.9 as repre-
sented in Fig. 7b showed the presence of fines spheres with
pseudo-cubic like structure related to the presence of o-
Fe,O5 phase with the spinel ferrite phase.

The magnetization of the produced Ni,Zn;_,Fe,O, thin
films annealed at 850 °C for 4 h was measured under an
applied field of 15 kOe at room temperature. The M-H
hysteresis loops were given in Fig. 8 and the magnetic
parameters were summarized in Table 4.

It can be seen that the saturation magnetization M was
increased linearly to maximum value of 48.8 emu/g at Ni
content (x = 0.5) and then decreased with further addition

F F NiZn ferrite JCPDS#08-0234
H H Hematite JCPDS# 73-603
F F+H
F H H X=0.9
X=0.8
El
©
= X=0.6
k7]
c
9
= X=0.5
X=0.4
X=0.2
M 1 1 n T T
10 20 30 40 50 60 70 80

angle, 2 Theta

Fig. 6 XRD patterns of the produced Ni,Zn;_,Fe,O, films at
different Ni molar ratios from 0.2 to 0.9 annealed at 850 °C for 4 h
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Table 4 Effect the nickel content on the crystallite size and the magnetic properties of Ni,Zn,_,Fe,O, thin film

Composition X Hematite percent Crystal size (nm) Magnetic properties
M, (emu/g) M, (emu/g) H_. (Oe)

Ni0,2ZnO'8FeZO4 0.2 - 59 21.6 1.4 4.5
Nig.4Zng cFe,04 0.4 - 81.4 43.1 3.8 11.1
Nig.5Zng sFe,04 0.5 - 62.4 48.8 4.9 14.9
Nig.¢Zng 4Fe;04 0.6 3 81.4 46.6 9.2 68.5
Ni0_32n0,2F6204 0.8 6.3 64.4 36.6 7.4 79.4
Nig.9Zng Fe,O4 0.9 15 32.8 36.3 6.5 92.2

of Ni** jons. The changes in saturation magnetization may
be attributed to changes in Ni and Zn concentrations in the
spinel lattice. The Ni*" ions have a marked preference for
octahedral sites because of their favourable fit of charge
distribution of this ion in the crystal field of the octahedral
site. On other hand, Zn>t ions have preference for the
tetrahedral site. Then at low Ni content, the migration of
Fe* ions from A- to B-sites is increased with increasing
Zn content to accommodate the increased number of Zn
ions on A-sites as per their site preference. This migration
results in an increase in Fe’' concentration on B-sites
which gives rise to antiparallel spin coupling and spin
canting resulting in weakening of the A-B exchange
interaction reducing thereby the magnetization [26-28].
Moreover, the presence of the nonmagnetic o-Fe,O3
species led to decrease the saturation magnetization at high
Ni molar ratios from 06 to 0.6. The coercivity H. was
increased with the size until it reached 68.4 Oe at Ni molar
ratio (x = 0.6). With the further increase in the nickel
content, the coercivity was increased, although the crys-
tallite size was decreased. The maximum value of coercive
force was (H. = 92.1 Oe) at Ni content (x = 0.9). This
was attributed to the enhanced role of the surface and its
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Fig. 8 Effect of Ni concentration on M—H hysteresis loop of Ni,Zn;_,
Fe,0, thin films with x varying from 0.2 to 0.9

strong anisotropy, as opposed to the weaker bulk anisot-
ropy [27]. Moreover, the increase in the coercive force
might be related to the residual o-Fe,O; having a high
intrinsic coercive force [29].

Tum 1 X 10000

Fig. 7 SEM images of Ni,Zn,_,Fe,O, thin films with Nickel molar ratio x (a 0.5, b 0.9) annealed at 850 °C for 4 h
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The XRD patterns of Ni—Zn ferrites films annealed at
850 °C for different times from 1 to 4 h were shown in
Fig. 9. The intensities of the peaks were increased with
increasing the annealing time. This indicated that the
crystallinity of the products was improved with the
annealing time. The integral intensity of the (311) peak I,
of the spinel Ni—Zn ferrite phase was calculated by mea-
suring the area under the curve [30].

The intensity of the (311) peak I, of the powder
obtained after annealing for 4 h was used as a standard of
crystallization, because no increase in the intensity of the
peak after 4 h was observed. I, was the intensity of (311)
peak at time ¢, the fraction of crystallization in the reactive
system can be calculated by the formula of x = I,/I,.
Isothermal crystallization can be described by the Avrami
transformation kinetic equation [30, 31]

x=1—exp(—kt") (5)

where n is Avrami exponent (constant), depending on the
details of the nucleation and growth mechanisms, x is the
fraction of crystallization, k is reaction rate constant and 7 is
reaction time. For isothermal condition,

In[-In(1 —x)] =InK +nln ¢ (6)

Plotting of In [—In (1 — x)] as a function of In ¢ yields the
values of n as shown in Fig. 10. The straight line obtained
showed the mechanism of the crystallization is a random
nucleation, with nucleation as the rate-determining step,
could be applied. For this system, the rate of crystallization
is controlled by the nucleation in an assemblage of
identical; reactant fragments and the first-order expres-
sion are obeyed in random nucleation, as follows [31]:

dx/dr = k(1 —x) (7)
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Fig. 9 XRD patterns of the produced Nij sZng sFe,O,4 film annealed
at 850 °C for different times from 1 to 4 h

m 750 °C
041 e 800 C

I & 1000°C u
0.2} L
X
Z 00
=
=
-
0.2
-0.4

P R N T R E S R |
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Ln(t/h)

Fig. 10 Avrami plot of In [—In (1 — x)] vs. In¢ for isothermal
crystallization of Nig sZng sFe,O, films annealed at different temper-
atures from 750 to 1000 °C for different times from 1 to 4 h

—In(l —x) =kt (8)

The temperature dependence of k in Eq. 7 could be
described as a simple Arrhenius behaviour, i.e.

k = vexp{—E/(RT)} (9)

where v is the frequency factor, E is the apparent activation
energy of crystallization and R is the gas constant. Taking
logarithms of Eq. 9

Ink = Inv — (E/RT) (10)

By plotting the In k values versus the reciprocal of absolute
temperature Arrhenius plot was obtained. The slope of —E/
R, the activation energy of crystallization calculated, was
found to be 62 KJ/mol as shown in Fig. 11. This value was

0.2 1

0.1 1 E=62.10 Kj /mole

0.0

-0.1

LnK

-0.2
-0.3
-0.4

-0.5

0.88 0.90 0.92 0.94 0.96 0.98
1/T(10°%)
Fig. 11 Arrhenius plots of In k values against the reciprocal of the

temperature for determination the activation energy of Nig sZng sFe,O4
films formed by electrochemical processing
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higher than the value obtained by Wang and Kung that
used the hydrothermal process for synthesis of Ni—Zn
ferrites nanoparticles [31], representing that the electro-
chemical technique can give good stable ferrites.

Conclusions

The results can be summarized as follows:

Ni—Zn ferrites have been successfully synthesized via a
novel approach of electrodeposition—anodization
process.

Electrodeposited (NiZn)Fe, alloy was formed from
non-aqueous ethylene glycol sulphate bath at current
density 153 mA/cm? with high current efficiency
67.7%.

The formed alloy was anodized in 1 M KOH to form
nickel-zinc ferrites precursors which annealed at
850 °C for 4 h.

The results revealed that single phase of Ni,Zn;_,
Fe,O, ferrite was obtained with nickel substitution
from 0.2 to 0.5 whereas increase in nickel substitution
up to 0.6 led to formation of a-Fe,O5 as impurity phase.
The crystallite size of the formed films was in the range
from 32.8 to 81.4 nm.

The microstructure of the produced NigsZngsFe,Oy4
films was appeared as the laminate-like structure.
High saturation magnetization (M, = 48.8) was
achieved for NigsZngsFe,O, phase annealed at
850 °C for 4 h.

The crystallization of Ni—Zn ferrite was approached to
be first-order reaction and the activation energy was
found to be 62 KJ/mol.
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