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The nickel-zinc ferrite (NipgZng,Fe,04) thin films have been successfully deposited on stainless steel
substrates using a chemical bath deposition method from alkaline bath. The films were characterized by
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), static water contact angle and cyclic voltammetry measurements. The X-ray diffraction pattern
shows that deposited NiggZngFe;04 thin films were oriented along (3 1 1) plane. The FTIR spectra showed
strong absorption peaks around 600 cm~! which are typical for cubic spinel crystal structure. SEM study
revealed compact flakes like morphology having thickness ~1.8 wm after air annealing. The annealed
films were super hydrophilic in nature having a static water contact angle (6) of 5°.The electrochemical
supercapacitor study of NipgZngFe,04 thin films has been carried out in 6 M KOH electrolyte.

The values of interfacial and specific capacitances obtained were 0.0285Fcm~2 and 19Fg~!, respec-
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1. Introduction

The nanocrystalline ferrite thin films with spinel cubic structure
have been subject of extensive investigation because of their poten-
tial applications in high-density magneto-optic recording devices,
color imaging, bioprocessing, magnetic refrigeration and ferroflu-
ids [1-3].In particular, nanocrystalline nickel-zinc ferrite thin films
are of great interest at microwave frequencies not only due to
properties like high resistivity and lower losses but also because
they can be easily prepared at lower annealing temperature [4-10].
Nickel-zinc ferrite thin films can also be used as non-reciprocal
ferrite components on a microwave monolithic integrated circuit
(MMIC) based on GaAs and as back layers to improve recording
performances at high frequencies [11,12]. Ni-Zn ferrite is a type
of mixed spinel in which tetrahedral (A) sites are occupied by Zn2*
and Fe3* jons, whereas the octahedral (B) sites are occupied by Ni2*
and Fe3* in the cubic spinel lattice. These two anti-parallel sub-
lattices form a ferromagnetic structure, in which Ni?*and Fe3*are
coupled by super exchange interactions through the 0%~ ions.
At present, bulk Ni-Zn ferrite components employed in discrete
devices at microwave frequencies are not compatible with the
rapid developments of electronic applications towards miniatu-
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ration, high density, integration, and multifunction. Thus, more
attention has been attracted to solve these difficulties in performing
the required miniaturization for complex devices[13]. Ni-Zn ferrite
films may play an importantrole in facilitating the design and fabri-
cation of devices such as micro-inductors, micro-transformers, and
microwave nonreciprocal devices [14]. The ferrite thin films incor-
porated into magnetic integrated circuits are expected to replace
the current surface mounting modules in the near future. The suc-
cessful growth of magnetic Ni-Zn ferrite films is an important step
towards their future incorporation as inductors and transform-
ers into integrated circuits operating at high frequency. Several
attempts have been made by researchers to deposit Ni-Zn ferrite
films by a variety of techniques including alternative sputtering
technology [15], spin-spray plating [16], sol-gel method [17,18],
pulsed laser deposition [19-21], spray and spin deposition tech-
niques [22-25]. However, most of them cannot be economically
applied on a large scale because they require high vacuum system,
complicated experimental steps, and high reaction temperatures.
Additionally, the higher coercivity in Ni-Zn ferrite films compared
with bulk materials, which leads mainly to eddy current loss, has
become a barrier in the way of applications. Due to the drawbacks
of physical methods, recently much emphasis has been put on the
chemical processes for the preparation of advanced inorganic mate-
rials such as spinel type oxides [26], pervoskite-type oxides [27],
nanotubes, nanowires [28] and nanodots with quantum size effects.
These low cost processes have used environmentally benign condi-
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tions. Chemical methods are simple, economic and convenient for
the deposition of metallic chalcogenide thin films. The preparative
parameters such as concentration, pH, nature of the complexing
agent, bath temperature, etc. are easily controllable [29]. The fer-
rite thin films were mostly prepared at temperatures of more than
several hundred degrees [30]. It is well known that deposition at
high temperature is critical and affects the reproducibility and the
quality of the films and suffers additionally from the environmental
pollution due to the evolution of toxic gases during the deposi-
tion [31]. The low temperature deposition avoids oxidation and
corrosion of metallic substrates. Chemical methods results into
pinhole free and uniform deposition. Therefore, these chemical pro-
cesses are important for the preparation of the nanocrystalline thin
films. Such processes include electrochemical deposition, sol-gel
dip coating, chemical vapour deposition, chemical solution method,
etc. Till date, there is no report available on the synthesis of Ni-Zn
ferrite thin films using low temperature chemical bath deposition
method.

In the present research paper, we report, the synthesis
of single-phase spinel NipgZng,Fe;04 thin films by chemical
bath deposition method (CBD) at low temperature (328 K). The
deposited films have been characterized using X-ray diffraction
(XRD), Fourier transform infrared (FT-IR) spectroscopy, scanning
electron microscopy (SEM), static water contact angle measure-
ments and cyclic voltammetry measurements for supercapacitor
application.

2. Experimental
2.1. Preparation of NigpgZngFe,04 thin films

Preparation of Nip gZng;Fe;04 thin films by CBD method was based on the heat-
ing of alkaline bath of combined chloride salts of nickel(Il), zinc(Il) and iron(II)
metals. Combined Ni?*, Zn?* and Fe?* ions were used as source of cations and to
make it alkaline, aqueous ammonia solution was added to adjust the pH of the solu-
tion (source of oxygen atoms) as well as the complexing agent. Concentration ratio of
the Ni2*, Zn2* to Fe?* was kept constant at 1:2. All solutions were prepared immedi-
ately before deposition by dissolving required amounts of analytical reagents grade
(AR grade) chemicals in double distilled water. The pH of the resultant solution
was optimized to 9.40. The stainless steel was used as the substrate. Before using
stainless steel substrates in the chemical bath, they were polished by smooth pol-
ish paper (zero fine grade) and cleaned with doubled distilled water. In order to
remove the oily substance from the surface, cleaned substrates were etched in 10%
H,S04 for 2 min and finally ultrasonically cleaned with double distilled water and
dried with hot air. These cleaned substrates were immersed in the bath and the
bath was heated. When the bath attained the temperature of 328K, the precipi-
tation was started. During the precipitation, heterogeneous reaction occurred on
the substrate and deposition of NiggZng,Fe;04 took place on the substrate. The
film formation started at about 35 min and completed nearly at 150 min. After the
deposition, thin film deposited substrates were removed from the bath and washed
with deionised water followed by drying under hot air flow. However, inclusion of
metal hydroxide is also possible due to the aqueous alkaline nature of the bath [32];
the NiggZng;Fe;04 films were air annealed at 723 K for 6 h to remove the surface
hydroxides. The annealed thin film has average film thickness of 1.8 pum.

2.2. Characterization techniques

The average film thickness of the annealed film was measured by thick-
ness profiler AMBIOS (XP-1). The structural analysis of the NipgZng;Fe;04
film was carried out using X-ray diffraction (XRD) within the range 20-60°
on computer controlled Philips PW-3710 using Cr Ko (A =2.2897 A) radiations.
The Fourier transform infrared (FTIR) spectrum of the sample was recorded
using PerkinElmer, FTIR Spectrum one unit. The microstructure of the film was
observed using scanning electron microscopy (JEOL-JSM 6360, Japan). The wet-
tability of the film was evaluated by measuring the contact angle (0) of a
water droplet of 10l placed on the film surface using the contact angle meter
equipped with a CCD camera (Ramehart Instrument Co., USA) at an ambient
temperature. The static water contact angles were measured at four different
positions for each sample, and the average value was adopted as the contact
angle. The cyclic voltammetry measurement was carried out for supercapacitor
application.

3. Results and discussion
3.1. Film formation and reaction mechanism

The Ni-Zn ferrite thin films deposited by CBD method were
uniform and well adherent to the substrates. When the process
is considered in a qualitative way, the film growth is dominated
by three periods: (i) nucleation or incubation period, during which
the various chemical equilibriums and reactions are established in
the bath. (ii) The growth period during which the film thickness
has an approximately linear variety with deposition time. At the
moment, the ionic product (IP) of the solution exceeds the solu-
bility product (SP), and the solution reaches a maximum degree
of super saturation (S=degree of super saturation =IP/SP), which
consequently leads to the growth of nuclei and deposition of the
film. (iii) A terminal step where the reagent becomes depleted and
the film growth begins to slow and eventually stops. For deposi-
tion of NiggZng,Fe,04 thin film, aqueous solution consisting of
nickel(II) chloride, zinc(Il) chloride and iron(Il) chloride salts as a
source of Ni2*, Zn2* and Fe%* ions was used. Aqueous ammonia solu-
tion was used as complexing agent to adjust the pH (9.40) of the
solution. The concentration ratio of Ni2*, Zn?* and Fe?* ions in the
bath was kept constant as 1:2. The ultrasonically cleaned substrate
was immersed in deposition bath consisting of alkaline nickel(II)
chloride, zinc(II) chloride and iron(II) chloride solution so as to get
nickel, zinc and iron hydroxides adsorbed onto the substrate. This
can be represented by the following reactions:

NiCl, + 2NH40H — Ni(OH), + 2NH 4Cl 1)
ZnCl, + 2NH4OH — Zn(OH), + 2NH4Cl 2)
FeCl, + 2NH4OH — Fe(OH), + 2NH,Cl (3)

In an aqueous alkaline bath, oxidation of ferrous hydroxide
produces iron oxyhydroxide (geothite) represented by following
reaction mechanism [33].

Fe(OH), — Fe(OH); — Fe(OH)3aq — FeOm(OH);_5p,
— a/y — FeOOH (4)

When the deposited film was annealed at 723 K, it crystallized to
nickel-zinc ferrite with cubic spinel phase by removing all hydrox-
ide content.

Ni(OH), + Zn(OH), + 3FeOOH — NiZnFe,04 + 2H,0 1 (5)
3.2. Structural analysis

Fig. 1 shows the typical X-ray diffraction patterns of as-
deposited and annealed NiggZng,Fe;04 thin films deposited on
stainless steel substrate, respectively. The as-deposited thin film
shows (31 1) diffraction peak with low crystallinity (Fig. 1(a)). The
as-deposited film was annealed at 723K for 6 h for conversion of
nickel, zinc and iron hydroxide to Nig gZng>Fe;04. The XRD pattern
of annealed film (Fig. 1(b)) revealed the enhancement in crys-
tallinity after air annealing. The crystal structure of Nig gZng ,Fe;04
was cubic spinel (JCPDS card no: 08-0234). The Nig gZng,Fe; 04 film
was oriented along (3 1 1) plane, other orientations corresponding
to(111)and(220) planes were also present with relatively lower
intensities compared to that of (311) plane. The crystallite size
(D=29.80nm) is calculated using Scherrer’s formula [34],

092
" Bcosh

where D is the crystallite size, B is the broadening of diffraction
line measured at half of its maximum intensity (FWHM) and A is

(6)
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Fig. 1. X-ray diffraction patterns of (a) as-deposited NipgZng,Fe;04 thin film and
(b) annealed NiggZng,Fe;04 thin film.

the X-ray wavelength (2.2897 A). While calculating crystallite size,
instrumental broadening is corrected using single crystal silicon
line broadening.

3.3. FTIR studies

The FTIR absorption spectra of the as-deposited and annealed
NiggZngoFe,04 thin films are shown in Fig. 2. As-deposited
film shows (Fig. 2(a)) absorption bands at 573, 1020, 1638 cm™!
attributed for stretching vibration of tetrahedral group, lepi-
docrocite formation and nitrogen from unconsumed reagent form
N-0 bond. Fig. 2(b) shows annealed Nig gZng,>Fe; 04 thin films has
intense peaks at 586 cm~! recognized to the stretching vibration
of tetrahedral groups Fe3* 02~ of spinel ferrites [35]. Absorption
bands at 1020cm~! confirmed that least amount of lepidocrocite
was present after annealing. Due to annealing it was observed that
intensity of N-O bond is decreased at 1638 cm1.

3.4. Surface morphological studies

Fig. 3(a)-(c) shows SEM images of as-deposited and annealed
NiggZngFe;04 thin films deposited on stainless steel substrate.
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Fig. 2. FTIR spectrum of (a) as-deposited NigsZng,Fe, 04 thin film and (b) annealed
NiggZng,Fe;04 thin film.
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Fig.3. Scanning electron microscope images of (a) as-deposited NipgZnoFe;04 thin
film, (b) annealed NiggZng,Fe;04 thin film and (c) annealed NipgZno,Fe;04 thin
film at 5000x magnification. Inset shows cross sectional SEM image of annealed
NiggZng,Fe;04 thin film.

As seen from figures, the as-deposited thin film shows connected
porous morphology with few voids. The lepidocrocite formation
is clearly observed. After annealing it was converted into com-
pact flakes like morphology. There was a significant change in
the microstructure of as-deposited and annealed NiggZng,Fe;04
thin films. The Fig. 3(c) at higher magnification provides immense
evidence that Nig gZng ;Fe; 04 thin films has smooth flakes like mor-
phology. Inset, Fig. 3(c) shows that, the thickness of thin film was
nearly 1.8 um.

3.5. Static water contact angle measurements

The influence of surface microstructure on the wetting proper-
ties of the as-deposited and annealed NiggZng,Fe;04 thin films
was demonstrated by the investigation of static water contact
angle measurements. An optical microscope lens and a CCD cam-
era were employed herein to take images of the water droplet.
Fig. 4(a) and (b) shows static water contact angle of (a) as
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Fig. 4. Static water contact angle of (a) as-deposited NiggZng,Fe;04 thin film and
(b) annealed NigpgZno,Fe;04 thin film.

deposited NiggZng,Fe;04 thin film, (b) annealed NiggZng,Fe;04
thin film. As shown in Fig. 4(a), the as-deposited NiggZng,Fe;04
thin film having porous morphology shows static water con-
tact angle of 35°, whereas the annealed NiggZng,Fe;04 thin film
(Fig. 4(b)) having compact flakes like surface morphology shows
static water contact angle of 5°. The as-deposited thin film was
hydrophilic (10°<6<90°) whereas the annealed thin film was
super hydrophilic (6 <10°) in nature. It shows that the wettability
of the surface against water was depending on the surface mor-
phology.

3.6. Supercapacitive studies

The chemically deposited nickel-zinc ferrite (NiggZng;Fe;04)
thin film was an oxide material used in electrochemical super-
capacitor application. In order to increase the energy and power
densities, extensive research on metal oxide electrodes and elec-
trolytes in supercapacitor has been carried out. Metal oxides show
pseudo-capacitance due to the faradic reactions between the solid
material and the electrolyte which is voltage dependent. There is
a continuously variable degree of oxidation/reduction, leading to
the capacitor behavior. The hydrated nanocrystalline nickel-zinc
ferrite (oxide) material exhibits pseudocapacitance in solutions
of alkali salts as KOH. During charging, electrons are adsorbed at
metal and oxidation state of the metal decreases, whereas, while
discharging, desorption of electrons, increases the oxidation state
of the metal. This redox processes at the electrode interface are
highly reversible and responsible for nickel-zinc ferrite thin film
performing as electrochemical supercapacitor. The supercapacitive
performance was tested by means of cyclic voltammetry technique.
The electrolytes used in the supercapacitors must have a maximum
possible decomposition voltage, and broad range of potentials of
electrochemical stability. The resistance of the supercapacitor cell
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Fig.5. Cyclic voltammograms of annealed Nig gZng > Fe; 04 thin film in 6 M KOH with
different scan rates. Inset shows plot of specific capacitance with scan rate.

is dependent on the resistivity of the electrolyte and size of the
ions from the electrolyte that diffuse into and out of the pores of
the electrode particles. Organic electrolytes have a higher resis-
tance, but the subsequent power reduction is usually offset by the
gainin higher cell voltage. This is usually not a problem for an aque-
ous electrolyte, such as potassium hydroxide, sodium hydroxide, or
sulphuric acid, with the resistivity of 1-2 Qcm. The aqueous elec-
trolytes are cheaper, easier to purify and have a lower resistance,
but they limit the cell voltage to typically 1V, thereby limiting the
maximum achievable power [36]. In the present case, the aque-
ous 6 M KOH electrolyte was tested for NiggZng,Fe;04 thin films.
Fig. 5 shows typical C-V curves for different scan rates i.e. 20, 40,
60, 80mVs~! within the potential range of +200 to —400 mV vs.
SCE in KOH electrolyte. The capacitance ‘C’ was calculated from the
relation:

I
€= av/a

where ‘T is the average current in amperes and dV/dt is the scan
rate in mVs~1. The specific capacitance (Fg~1) of the electrode is
obtained by dividing the capacitance by the weight and the interfa-
cial capacitance is calculated by dividing the capacitance by the area
ofthe electrode. It is seen that the cyclic voltammograms are almost
rectangular and symmetrical also at higher scan rate. This indicates
that the oxidation and reduction processes at the electrode inter-
face were highly reversible. From the graph (inset), it is observed
that the specific capacitance decreases with increase in scan rate.
The decrease in capacitance at higher scan rates is attributed to
the presence of inner active sites, which cannot involve in the
redox transitions completely, probably due to the diffusion effect
of proton within the electrode [37]. The decreasing trend of the
capacitance suggests that the parts of the surface of electrode are
inaccessible at high charging-discharging rate. Hence, the specific
capacitance obtained at the slowest scan rates is believed to be
close to that of full utilization of the electrode material. The value of
interfacial and specific capacitances obtained were 0.0285 F cm~2
and 19Fg~!, respectively.

(7)

4. Conclusions

We have successfully synthesized nickel-zinc ferrite
(NiggZng,Fe;04) thin films on stainless steel substrates using
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a low temperature chemical bath deposition method. The X-
ray diffraction studies confirmed that the chemically deposited
NiggZngFe;04 thin films are cubic spinel crystal structures. The
FTIR spectra showed strong absorption peak around 600cm~!
which is typical for cubic spinel crystal structure. SEM study of the
film revealed compact flakes like morphology. The as-deposited
and annealed NiggZng,Fe,04 thin films showed hydrophilic and
super hydrophilic behavior, respectively, depending on the surface
morphologies. The value of interfacial and specific capacitances
obtained is 0.0285Fcm~2 and 19F g1, respectively.
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