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Nanocrystallites of pure and mixed ternary ferrites, NiFe,0, (NiF), CuFe,0, (CuF), CoFe,0, (CoF), Nig 5Cuq sFe;0,
(CuNiF), Nig5Coq.5Fe,04 (NiCoF), and Cug sCoq sFe;0, (CuCoF) were prepared using the auto-combustion method
employing urea as a fuel. The obtained materials were investigated by Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), transmission electron miscroscopy (TEM), scanning electron microscopy (SEM), and
BET techniques. The elemental composition of the prepared samples was checked by X-ray fluorescence (XRF)
analysis. XRD indicated that the as-synthesized samples exhibit a pure spinel crystal structure. The samples have
crystallite sizes ranged from 12 to 47 nm. SEM and TEM analyses showed almost spherical morphology for all
ferrite particles. The M-H curves recorded using the VSM (vibrating sample magnetometer) technique showed
ferromagnetic hysteresis loop for all the samples investigated. The ferrite samples were tested to be used as a
supercapacitor electrode material. It is found that the measured specific capacitance of the ferrite electrodes
increases according to CuCoF > NiCoF > CoF > NiCuF > CuF > NiF. The CuCoF sample showed the greatest specific
capacitance of 220 F/g at discharging current density / of A/g with, an energy density of 34.72 Wh/kg and power
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density of 605 W/kg. The magnetic properties were also measured for the obtained nanoparticles.

Ferrite nanoparticles have drawn significant consideration and
a lot of works continue to study them due to their significance
in the high-density information storage, microwave industries,
ferrofluids, catalysis, magnetic resonance imaging (MRI),
magnetic refrigeration systems, etc. [1,2]. The mixed spinel
ferrites have the common formula of (M>*,_ Fe’t)),
[M,Fe**, 1304, which represent tetrahedral (A) and octahe-
dral (B) sites, respectively, M symbolizes ions of divalent, and
x signifies the inversion extent (outlined the portion of the
sites of (A) engaged by Fe’" ion).

The motivating and advantageous of ferrites magnetic
properties hang on the selection of divalent cations and their
spreading between tetrahedral (A) and octahedral (B) sites of
the spinel matrix [3,4,5]. The distribution of cations based on
numerous aspects, such as ionic radii and electronic conﬁgura-

tion. This allocation has a considerable effect on the
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microstructure and the physical properties of the ferrites and
in turn their applications.

NiFe,O, as one of the precious ferrites has a cubic spinel
inverse structure whereby half of the Fe>" ions resides in the tet-
rahedral sites and Ni** resides in the octahedral site. It displays a
ferromagnetic behavior and exhibits high theoretical specific elec-
trical capacitance, apparent redox behavior, and low price [6,7,8].

CoFe,0, has been broadly studied because of superior
chemical stability, its high electromagnetic operation, and
mechanical hardness, which nominate it as an appropriate
applicant for the electronic components operated in computers,
magnetic cards, and recording devices [9,10].

CuFe,0, with an inverse spinel structure has been broadly
used in electronics and catalysts. It has been considered as an
encouraging material for electrochemical capacitors as a conse-
quence of its high theoretical capacity (895 mAh/g) and low
price [11].
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Figure 1: XRD of the investigated
ferrites.

The properties of these transition metal ferrites are depen-
dent on the chemical arrangement and microstructural fea-
tures, which can be regulated in the manufacture and
production procedures. Therefore, it is valuable for studying
the appropriateness of mixed ferrites in the magnetic topic as
well in supercapacitors as possible electrode materials exhibit
high capacitance value. This is attributed to the presence of sev-
eral redox states. According to that, we synthesized nano fer-
rites of NiFe,O, (NiF), CuFe,O, (CuF), CoFe,O4 (CoF),
Nig5CugysFe, O, (NiCuF), NijsCogsFe;,O, (NiCoF), and
Cuy5CogsFe;04 (CuCoF), using a combustion method. In
general, the synthesis by the combustion technique has been
chosen because of its excellent ability in the preparation of
the ferrites [12,13]. The method is very easy because several
steps are not involved.

The structural and surface texture properties of the pre-
pared samples are characterized by using X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR),
X-ray fluorescence (XRF), scanning electron microscopy
(SEM), transmission electron miscroscopy (TEM), and
Brunauer-Emmett-Teller (BET) surface area analysis tech-
niques. The magnetic and electrochemical properties have
been studied using Vibrating sample magnetometer (VSM),
cyclic voltammetry (CV), charging-discharging (CD), and

Electrochemical impedance spectroscopy (EIS) techniques.

X-ray diffraction

The XRD patterns of the investigated materials are shown in
Fig. 1. The XRD data of the as-synthesized materials demon-
strate a pattern of ferrites peaks at approximately 30.5, 36.1,
37.3, 43.5, 53.5, 57.1, and 63.5 which can be assigned to

© Materials Research Society 2020

26 (degree)

(220), (311), (222), (400), (422), (511), and (440) crystal planes,
respectively. These peaks approve the creation of the spinel
cubic structure, with the JCPDS card (25-0283) for CuFe,O,,
JCPDS card (22-1086) for CoFe,O,, and JCPDS card
(10-0325) for NiFe,O4. The shifting in the diffraction peak
angles refers to the formation of tensile stress, whereas the
shifting in the direction of higher angles denotes compressive
stress [14]. The strain along the [311] direction has been esti-
mated using the following:

Ad/d _ dferrite - dCoF i (1)
dCoF

where Ad is the change in the d-spacing relative to the pure CoF
sample. A compressive strain is observed in CuF, NiF, NiCoF,
CuCoF, and NiCoF samples due to the substitution of cu?t
or Ni** with small ionic radii in place of Co*" ion: the ionic
radii of Cu®* (0.73 A) and Ni** (0.70 A) is less than Co**
(0.745 A). The obtained results are recorded in Table 1.
Because all the XRD measurements are performed under
the same conditions, thus the crystalline quality of our ferrites
can be evaluated by determining the crystallinity degree (N.)

using the following equation:

_ Tterrite — Icor

N ; 2

ICOF

where If.. i is the integrated intensity for all ferrites except CoF
and Ic,r is the integrated intensity for pure CoF. A positive
value of N. points to the improvement in the crystallinity
balanced with the CoF and the negative value denotes the
loss in crystallinity. The obtained results are listed in Table 1
and found that the crystallinity increases in the order: NiF >
CuF > NiCuF > CoF > NiCoF > CuCoF.
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TABLE 1: FTIR and powder XRD data of ferrite samples for the most intense (311) reflection peak.

Sample Lattice constant (A) XRD particle size (nm) TEM particle size (nm) Lattice strain 107> Crystallinity vy (cm™) v, (cm™)
CoF 8.382 25 24 - - 571 465
CuCoF 8372 14 12 13.60 -0.713 564 490
CuF 8.370 44 41 13.46 —0.475 575 477
NiF 8.344 49 47 13.35 0.1232 584 484
NiCoF 8.368 21 18 13.51 0.1232 593 487
NiCuF 8.362 34 30 13.41 0.2312 600 494
—
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The crystallite sizes (Dxgrp) of the ferrite samples were esti-
mated by Scherrer’s equation [15] using the most intense peak
(311) of XRD:

DXRD = 09)\/[3 COoS 9, (3)

where B is the peak width at half-maximum intensity, A is the
wavelength of the K, of Cu target (A = 0.154 nm). It was found
that the obtained ferrites samples have nano-sized crystallites
in the range of 14-49 nm (Table 1). This reveals that the
urea can be considered here as good fuel for preparing nano
ferrite materials and the dispersion medium for starting
reactants.

The lattice parameters calculated for investigated ferrites
are found to be 8.382, 8.372, 8.370, 8.344, 8.368, and 8.362 A
for CoF, CuCoF, CuF, NiF, NiCoF, and NiCuF, respectively.
It can be seen that with introducing Cu or Ni in the ferrite
composition, the lattice constant and unit cell volume decrease
due to decreasing the ionic radii of these ions comparable with
that of Co®" ion.

FTIR studies

The spectra of FTIR of the investigated materials are revealed in
Fig. 2. The vibration band (v;) (564-610 cm™h) corresponding
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Figure 2: FTIR of the investigated
ferrites.

to the tetrahedral sites vibrations of spinel ferrites and (v,)
(465-498 cm™") corresponding to the stretching vibrations of
octahedral sites of spinel ferrites [16,17]. These bands are the
characteristic of inverse spinel ferrites [18]. FTIR spectra also
display an absorption band at ~1648 cm™', matching to the
carbonyl group (C=O) stretching vibration, correlated to the
urea molecule. FTIR spectral data are summarized in Table 1.
The change in band position on going from one composition
to others might be attributed to variation in the inter-nuclear
distance of Fe**~O?~ in the equivalent lattice sites [19]. The
presence of long shoulder at the band of the tetrahedral site

is due to the existence of other ionic states in this site [20].

Chemical composition, SEM and TEM images

The morphology and particle size of the investigated ferrites are
analyzed by TEM and SEM micrographs, revealed in Figs. 3(A)
and 3(B). SEM image [Fig. 3(B)] reveals that the surface images
of the samples show cavities and pores shaped by avoiding the
gas throughout the combustion reaction. The communication
of clusters produces macropores which permit the moving of
electrolyte, thus generating a big surface area for redox reac-
tions [21]. Nanopores can be also noted on the surfaces of

the clusters, with size variable with the composition of the
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Figure 3: (A) TEM images of (a) NiF, (b) CuF, (c) CoF, (d)
NiCuF, (e) NiCoF, and (f) CuCoF. (B) SEM images of (a)
NiF, (b) CuF, (c) CoF, (d) NiCuF, (e) NiCoF, and (f) CuCoF.

materials. These pores are valuable because they deliver com-
fortable channel for ion transfer at the electrode-electrolyte
interface (see Section Electrochemical study). The elemental
composition of the ferrites analyzed by XRF techniques
shows the composition agree well with the suggested ferrite
composition (Table 2).

The TEM micrographs [Fig. 3(A)] show more-or-less
spherical particle shapes with some clustering/agglomeration
between them. The average particle sizes obtained from TEM

images are listed in Table 1. The particle sizes found by the

© Materials Research Society 2020

Sherrer’s equation disagree to some extent than that defined
from TEM images (Table 1). This might be due to the distinc-

tive handle of two techniques.

Surface textural properties

The isothermal N, adsorption-desorption of the ferrite sam-
ples are illustrated in Fig. 4. The sorption isotherms show an
isotherm of type IV and V according to the IUPAC classifica-

tions [22] and corresponding to a mesoporous structure. The
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TABLE 2: Composition obtained from XRF data, textural surface data, and hysteresis loop parameters of the synthesized ferrites.

Sample Cu (Wt%) Ni (Wwt%) Co (wt%) Fe (wt%) Particle size (nm) Surface area (m2/g) Pore volume (nm) M (emu/g) H. (Oe) M, (emu/g) M,/M;

CuF 26.53 - - 46.61 41 54 49 9.7 240 5.1 0.52
NiF - 25.07 - 47.62 47 46 47 29.7 250 16.86 0.55
CoF - - 25.01 47.7 24 70 58 449 340 19.6 043
NiCuF 13.35 12.29 - 472 30 68 58 121 250 541 0.44
CuCoF 1344 - 1236 47.11 12 91 6.1 202 300 9.12 045
NiCoF - 12,51 12.47 47.55 18 78 6.0 363 335 15.1 0.45
—+—NiCuF
—a—NiF
—
& —a— CoF
S == NiCoF
—
—_—
g CuCoF
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o
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clear hysteresis loops are noted in the higher range of relative
pressure, signifying to the presence of macropores. The hyster-
esis loop of CuCoF, NiCoF, CoF, and NiF are H3 type referring
to the slit-shaped pores generated between the plate-like parti-
cles, whereas in the case of CuF and NiCubF, it is HI type cor-
responding to well-defined cylindrical pore channels. Textural
parameters obtained from nitrogen adsorption-desorption iso-
therm data are summarized in Table 2. The surface area and
pore size (determined using the Barrett-Joyner-Halend
(BJH) distribution method) were found to increase with reduc-
ing the particle size and follow the order: CuCoF > NiCoF >
CoF > NiCuF > CuF > NiF.

Magnetic studies

The magnetic properties of the studied ferrites have been inves-
tigated using VSM in a magnetic field of 10 kOe. For each sam-
ple, a hysteresis loop with a standard S-shape type is obtained
(Fig. 5). Similar behavior was also detected for the nano ferrite
particles prepared by others using different techniques [23,24,
25,26,27,28,29]. The size and shape of hysteresis curves for a

magnetic material are of vital practical importance. The
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Figure 4: N, adsorption—desorption of
the investigated ferrites.

width and the degree of contraction of the hysteresis loop are
found to vary with the sample composition. The magnetic
parameters gotten from the hysteresis loops are shown in
Table 2. The saturation magnetization values (M) for the
nano CuFe, NiFe, and CoFe were found considerably less
than that for their bulk materials (33.4, 55, and 80 emu/g,
respectively), which can be attributed to the surface spin. The
reduction in these parameters could be attributed to the pres-
ence of spin canting [30]. Fundamentally, several mechanisms
have been proposed to describe the source of spin canting: one
is based on the surface and interfaces impact [31,32].
According to this mechanism, the particles are assumed to be
arranged in a ferrimagnetically structured core and a spin-
disordered surface layer, and a combination of the two constit-
uents is recognized through exchange interactions.
Dissimilarities of coordination numbers and gap of surface cat-
ions could decrease the atomic magnetic moment of discrete
sublattices causing a reduction in the average hyperfine field
of surface cations. Consequently, the reduction in the grains,
the increase in the portion of surface cation and the minor of
the whole hyperfine field directed to the match reduction in

the saturation magnetization.
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Figure 5: Magnetic hysteresis of the
investigated ferrites.

The saturation magnetization (M;) based on the constituent
metal ions distribution on cationic (A and B) sites and their rel-
ative interactions can be determined from A site (1) and B site
(up) magnetic moments [33]. Our results also show that the sat-
uration magnetization (M) of the ferrites enlarge with increas-
ing cobalt content (9.7, CuF; 29.7, NiF; 20.2, CuCOF; and
36.3, NiCoF). This is due to the presence of a large number of
cobalt ions with a higher magnetic moment value (with 3 uB
per ion) in the octahedral sites (B sites) compared with the num-
ber of nickel or copper ions with lower magnetic moment values
with 2 and 1 pp per ion, respectively. This results in an increase
in the magnetic moment of B site as well as increasing in A-B
interactions. The net magnetic moment of 3 pp per formula
unit for CoFe,O4 and 2 pp per formula unit for NiFe,O, as
well as 1ug per formula unit for CuFe,04 are due to Fe**
(with 5 pp per ion) in the spinel structure is consistently dis-
persed among octahedral and tetrahedral sites.

On the other hand, increasing the Cu content in both NiF
and CoF leads to decreasing the value of M; (29.7, NiF; 44.9,
CoF; 12.1, NiCuF; and 20.2, CuCoF). This is attributed to the
higher copper ions ratio with a lower magnetic moment
value (1 pp per ion) in the octahedral sites at the expense of
the nickel and cobalt ions of higher magnetic moment values
with 2 and 3 up per ion, respectively.

The coercivity value (H.) was also found to rise with
increasing Co concentration (240, CuF; 250, NiF; 300,
CuCOF; and 35, NiCoF). This might be attributed to the cobalt
cations have the greater magnetocrystalline anisotropy con-
trasted to Ni and Cu cations [34,35,36]. It has been registered

© Materials Research Society 2020
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that cobalt-doped nickel ferrite has more M, and H. values
than those for nickel ferrite [37]. Analogous outcomes were
found by Skomski and Sellmyer [38]. The values of the square-
ness ratio of CoF, NiCoF, CuCoF, and NiCuF samples are
below 0.5 clearly shows that these samples are multidomain
in nature.

The obtained magnetic parameters (saturation magnetiza-
tion—M,, coercivity—H,, and Remanence—M,) of our binary
or ternary samples are found to be much larger than the
reported value of other related oxides such as NiFe,O, (M=
28.82 emu/g, H.=82.850e, and M,=1.42emu/g) [39]. It
also exceeds the values of CuFe,O, annealed at 350 °C (M, =
0.0744 emu/g, H.=231.04 Oe, and M, =0.0009 emu/g) [40],
CuFe,04 NPs (M,=11.6 emu/g, H.=152.7 Oe, and M, =
2.3 emu/g) [41], CoFe,0,4 (M;=31.6 emu/g, H. =870 Oe, and
M, =9.6 emu/g) [42], CoFe,0, (M,=38.58 emu/g and H.=
53.59 Oe) [43], other ternary mixed spinels such as
Nig 4CuoFe;04 (My=9 emu/g, H.=657 Oe, and M,=
4 emu/g) [44], Bag4CugsFe;04 (M;=5.31 emu/g, H.=18 Oe,
and M,=144emu/g) [45], Rugp,CujFe;0504 (M=
6.81 emu/g, H.=166.59 Oe, and M,=1.09emu/g) [46],
C0y255r0.05Zn0 7Fe;,04 (Mg =13.1 emu/g, H.=5.1 Oe, and M,
=0.01 emu/g) [47], and CopsZrysFe,O4 (M=34.06 emu/g
and M, = 10.78 emu/g) [48].

Electrochemical study

The electrical capacitance of the investigated ferrite electrodes
in the 3 M KCI electrolyte solution was determined via a CV
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Figure 6: (a) CV of investigated electrodes at 1 mV/s in 3 M KCl. (b) CV of CuCoF at different scan rates. (c) CD plots of the investigated ferrites using current density

of 1 A/g. (d) CD of CuCoF electrode at different current densities.

technique. Figure 6(a) demonstrates the results obtained in the
range of potential of —0.8 to 0.2 V with a scan rate of 1 mV/s.
The specific capacitance (Csp) of the electrodes have been cal-
culated from the following equation [49]:

Ve

1
Cp =—+5 ivVdv, 4
P vw(AV) jVul )
where v is the scan rate (1 mV/s), AV (V) is the drop potential,
and w (g) is the electrode mass. The CV profile shows a capac-
itive behavior with nearly a rectangular shape, denoting a
reversible system. The calculated C, values are given in

Table 3. The capacitance increases in the following order:

© Materials Research Society 2020

CuCoF > NiCoF > CoF > NiCuF > CuF > NiF. The increase in
the capacitance of the mixed ferrites comparable with the
pure ones may be due to the synergistic effects of the mixed
components.

The highest capacitance in CuCoF can be also ascribed to
its high surface area and the smaller ionic radius. The CuCoF
with the highest capacitance was further investigated at several
scan rates between 1 and 20 mV/s and the outcomes are illus-
trated in Fig. 6(b). As the scan rate increases, the CV curves
area increases referring to an ideal capacitive behavior [50].

The specific capacitances at the different scan rates were
also calculated using Eq. (4) and found to be 250, 180, 113,
and 75 F/g, at scan rates of 1, 5, 10, and 20 mV/s, respectively.
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TABLE 3: Electrochemical data of the studied samples.

Cp (F/9) Energy  Power

v, Cp (F/9) ESR Re density density

Sample 1mV/s CD, 1A/g (ohm) (ohm) (Wh/kg)  (W/kg)
CuF 56 50 1.61 4.71 7.77 550
CoF 118 110 1.52 5.51 16.38 536
NiF 49 44 2.30 431 6.81 490
CuCoF 250 220 1.71 1.82 34.72 545
(190) 26.38 545
NiCuF 84 77 1.79 571 11.66 551
NiCoF 160 151 2.01 1.85 22.22 555

(+++) Cyp at current density 10 A/g.

The reduction development of the capacitance indicates that
the fractions of the electrode surface are unreachable at a
high scan rate. Lessen scan rate causes extra time for ions to
get into the bulk of the ferrite.

Figure 6(c) illustrates the CD curves of the investigated fer-
rites at a current density of 1 A/g with a voltage between —0.8
and 0.2 V. The internal resistance of the electrodes causes an IR
drop for all curves [51]. The lowest internal resistance is
achieved by the CuCoF sample referring to good electrode
material connection with the collector and, thus, exhibits the
highest C, value compared to those of the other electrodes.
The specific capacitances gained from the CD plots at a current
density of 1 A/g (Table 3) are in agreement with those acquired
from the CV plots.

The obtained results show that the increase in the replace-
ment of Ni** ions with Co®" ions in the spinel structure causes
an increase in the specific capacitance values (50 F/g, CuF; 44 F/
g, NiF; 220 F/g, CuCoF; and 151 F/g, NiCoF). This might be
attributed to the replacing of Ni*" ions with Co™ ion, in the
octahedral sites of the spinel structure causing an increase in
the lattice parameter and a decrease the cationic bond length
because the radius of Co** ions is larger than that of Ni*?
ions. This strengthened the interaction of Co** ions with O~
ions, leading to the splitting of egt,g levels to egt,g sublevels
[52]. So, the specific capacitance increases, when the available
ways for the electrode to react with the electrolyte increase [52].

The galvanostatic of the ferrite electrode with high capaci-
tance (CuCoF) at several current densities of 1, 2, 3, 5, and
10 A/g were studied under an applied potential of —0.2 to 0.8,
and the results obtained are illustrated in Fig. 6(d). At a high
current density (10 A/g), the C, value of the CoCuF ferrite is
found to be lower than those at lower current density (Table 3).

It is significant notifying that the specific capacitance of the
our binary or ternary mixed oxides samples are higher that
those reported by others such as SC CoFe,_s (77.8 F/g at 1 A/
g) [53], CoFe,0O4|GO ASC (31.3F/g at 5mV/s) [54],
NiCoFe,O, (50 F/g at 1A/g) [55], NiCuFe,O, (44 F/g at
1A/g) [55], CuCoFe, O, (769F/g at 1A/g) [55],
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Figure 7: (a) Capacitance stability of the investigated electrodes. (b) Nyquist
plots of the investigated ferrite electrodes.

Coy sNigFe;O4 (22.2 10 mV/s) [56], NiCoFe,O4 (17 F/g at
5mV/s) [57], and NiCuFe,O, (47 F/g at 10 mV/s) [57].

The stability of the investigated ferrite electrodes was stud-
ied for 1000 cycles at an applied current density of 1 A/g and is
illustrated in Fig. 7(a), which shows a variation in Cy, with a
cycle number. The capacitive retention of the electrodes
shows the order: CuCoF > CoF > CuF > NiF > NiCuF > NiCoF.
The CuCoF electrode decreases by ~6% over 1000 cycles.
The lessening observed in specific capacitance with the increase
in the number of cycles may be attributed to the loss of active
material in the electrodes.

The power density (P, W/kg) and average energy density
(E, Wh/kg) of the electrochemical capacitors are estimated
according to the following equations [58]:

~1000C, x AV?

) 5
2 x 3600 )

E x 3600
P=—— 6
AL (6)
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where At (s) is the time of discharge and AV is the active poten-
tial window. The outcomes gotten are given in Table 3.

EIS was studied to show the electrical resistance and the
capacitance trend of the electrodes. Figure 7 illustrates
Nyquist plots for all the investigated samples with a half circle
and slanting line at high-frequency and low-frequency regions,
respectively. The half circle is attributed to resistance of charge
transfer (CT) at the active material interface implied that super-
capacitors required an blocking conduct [59]. The low-
frequency slanting line characteristics for the Warburg element.
It is indicated that the process of transfer of the electrolyte ions
is the diffusion process and refers to electrocapacitive behavior.
Figure 7(b) shows that the diameter of semi-circles of the elec-
trode material follows the order: NiCuF > CoF > CuF > NiF >
NiCoF > CuCoF, which represents the order of the CT rate in
the electrode material. Meanwhile, the slope of the straight
lines become more vertical in the order: CuCoF > NiCoF >
NiCuF > NiF > CoF > CuF, indicating the order of better capac-
itance behavior which is reliable with the results of CD and CV.
In other words, the slanting line in the region of low frequency
in the studied ferrites, especially for CuCoF, is a great evidence
for perfect capacitive performance with a small resistance of
diffusion of ions in the electrode material. This can be attrib-
uted to the facilities with which the ions in the electrolyte
move in a mesoporous surface. The equivalent series resistance
(ESR) values are acquired starting with an x-intercept of the

Nyquist plot and are listed in Table 3.

In our work, nanocrystalline of pure copper ferrite, cobalt fer-
rite, nickel ferrite, and mixed of them were prepared by the
self-combustion method. Structural, compositional, magnetic,
and electrochemical behavior of the prepared samples were
well studied by FTIR, XRD, XRF, TEM, SEM, BET, VSM,
CV, and CD techniques. XRD results approved the construc-
tion of a pure spinel structure of the prepared ferrites. TEM,
SEM micrographs, and BET analysis pointed to the formation
of a porous structure that allows electrolyte ions to pass easily.
The obtained samples display ferromagnetism nature for all
samples at room temperature with apparent hysteresis loops,
revealing the possibility of their use as high-density magnetic
storage and medical diagnostic, etc. The electrochemical results
showed that the capacitance values follow the following order:
CuCoF > NiCoF > CoF > NiCuF > CuF > NiF with the highest
specific capacitance of 220 F/g for CuCoF with an energy den-
sity of 34.7 Wh/kg and power density of 605 W/kg. The cation
distribution in the studied samples revealed the dominant
influence on the structural, optical, magnetic, and electrochem-
ical properties of the obtained ferrites. The present study shows

that the combustion procedure can be operated to create a

© Materials Research Society 2020

broad range of ferrite nanoparticles useful for different applica-

tions such as magnetic materials and energy storage devices.

Preparation method

Materials used are reagent grades and used without further
purifications for preparing the ferrites by the combustion pro-
cedure. The materials employed in this work were urea, cobalt
nitrate [Co(NOs3),-6H,0], ferric nitrate [Fe(NO5)5-9H,0], and
nickel nitrate [Ni(NOj3),-6H,O]. The stoichiometric combina-
tions of the above materials were dissolved in distilled water.
Urea was added to the solution until the precipitate was pro-
duced, then placed in an oven overnight at 115 °C. Finally,
the precursor was completely ignited in a muffle furnace for

4 h at 600 °C to create the corresponding ferrites.

Characterization methods

The as-synthesized samples were confirmed by a D8 Bruker
AXS analytical XRD technique (Massachusetts, United States)
using Cu K|, radiation and Cu/Ni filter to investigate their crys-
tal structure. The FTIR spectrum of each specimen was carried
out by using a Brucker FT IR (Massachusetts, United States) at
the wavenumbers of 4000-400 cm™~". Morphologies and struc-
tural characteristics of the as-synthesized samples were deter-
mined by TEM (JEOL-2010) (Japan) and SEM (JEOL
JEM-100CXII) (Japan) techniques. The elemental composition
was determined using an HNU ED-XRF analyzer (Munich,
Germany). The surface texturing of samples was measured
via N, adsorption/desorption by the volumetric technique via
an ASAP-2020 surface area 180 analyzer. Vibrating sample
magnetometer model (VSM-9600M-1, USA) was used to
investigate the magnetic characteristics of the prepared samples
in the applied field with maximum of 10 kOe.

Electrochemical properties measurements

Electrochemical capacities were calculated using a system con-
sisting from three electrode in 3 M KCl electrolyte at room
temperature, using saturated calomel and Pt square foil (area
=0.61 cm?) as a reference electrode and a counter electrode,
respectively. The working electrode was made by mixing
8 mg of the ferrite sample, 1.5 mg of carbon black, and 1 mg
of polytetrafluorethylene (5% wt) to get a homogeneous slurry.
The slurry was coated onto the precleaned Indium Tin Oxide
(ITO) conducting glass and dried at 320 K for 24 h. The elec-
trochemical performance was studied by applying the electro-
chemical techniques: CV, CD, and EIS using a Gamry G750
potentiostat/galvanostat instrument (Pennsylvania, United
States) with the EIS300 software.
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