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Abstract

In the present study, cobalt-nickel ferrite nanoparticles (Co,Ni, Fe,O, where x=0, 0.3, 0.5, 0.7, and 1) have been synthe-
sized by the hydrothermal method assisted by malonic acid. Structural and morphological studies were accomplished by
FTIR, XRD, XPS, FESEM, EDAX, and TEM. Structural and morphological studies illustrate single-phase spinel ferrites
with monodispersed nanoparticles. Further, the average crystallite size was calculated by Debye—Scherrer’s equation. It was
found between the ranges 7.9—15.4 nm for cobalt—nickel ferrites with varying cobalt mole fractions. Cobalt—nickel ferrite
particles show a non-uniform particle shape which may be a result of its magnetic behavior (particle—particle attraction).
Thermal gravimetric analysis was carried out to study the heat treatment process and to obtain the oxide phase. Also, magnetic
properties were analyzed by taking the help of VSM. The saturation magnetization of nanoparticles remains within the range
of 33.53-77.54 emu/g and coercivity lies between 50.50 and 933.69 Oe, respectively. In our study, a simple hydrothermal
synthetic method assisted by malonic acid has been performed. It is quite environmentally friendly, economical and at the
same time produces particles with small-size distribution. The synthesized cobalt—nickel ferrite samples are a promising
candidate for high-density recording media.
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1 Introduction

Recently, many scientific and research groups have been
working on designing and enhancing the magnetic proper-
ties of ferrites [1-4]. Spinel ferrite has been a fascinating
research topic in recent years because of its unique proper-
ties such as magnetic, optical, electrical, adsorption, sen-
sor, and absorption [5—11]. As a result of their spectacular
properties, the spinel ferrites find wide applicability in
the fields of catalysis, photocatalytic, biomedical, environ-
mental remediation, and memory devices [6, 12—15]. The
molecular formula of inverse spinel ferrite is A,B,_Fe,O,
(A, B=Co, Ni, Mg, etc.). It constitutes Fe3* ions occupy-
ing both octahedral and tetrahedral interstitial sites and
A%, and B2* jons occupy octahedral interstitial sites [13].
Various synthesis techniques have been developed for fer-
rite nanoparticles, mostly hydrothermal synthesis, sol-gel
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technique, solid-state reactions, co-precipitation, micro-
emulsion, wet chemical process, and auto-combustion
[16-24].

The exceptional magnetic properties of ferrite nanopar-
ticles make them remarkable for many applications such
as high-density recording media, microwave devices, and
memory devices as well. Cobalt ferrite is generally known
as a hard magnetic material that exhibits high coercivity and
average magnetization while nickel ferrite is soft magnetic
material [25, 26]. The effect of cobalt doping on nickel ferri-
tes significantly affects the magnetic parameters which form
the basis of understanding. The super-paramagnetic proper-
ties of ferrite nanoparticles are dependent on the shape, size,
and purity of particles. These properties also depend on the
initial parameters that have been selected during the process
of synthesizing nanoparticles which are capable of altering
the consequent nanostructure of the material [27, 28].
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The particle size and saturation magnetization have been
found to be improved for samples synthesized by the hydro-
thermal method over the sol—gel method [29]. The hydrother-
mal synthetic approach has been developed gradually into a
most effective tool in material transformation in view of being
environmentally favorable and extremely suitable for mate-
rial processing, starting from bulk, fine, ultrafine, and finally
nanoparticles. The hydrothermal technique aids the fabrica-
tion of composite materials along with motive physicochemi-
cal characteristics. It is the most preferred method over other
conventional methods due to its simplicity, pollution-free,
nucleation control, higher diffusion, and significantly acceler-
ate rate of reaction and morphological control, respectively.
The hydrothermal technique has ample benefits as it increases
the interaction among solid and liquid species, transparency
in the phase, and uniformity in the size of materials, and also,
it improves the kinetics of the reaction. It is vital to note that,
with the help of this method, the chemical atmosphere can be
favorably tailored. Though there is a lightly prolonged reaction
time, it yields appropriate crystalline controlled shape and size
of nanoparticles [30].

The surface modification of spinel ferrites could be obtained
through the use of a surfactant, chelating agent, capping agent,
and organic moieties resulting in motive physicochemical
characteristics [31]. There are different chelating agents used
for the synthesis of cobalt and nickel ferrites including citric
acid, sago starch, EDTA, oxalic acid, egg white, and tartaric
acid. These reagents have some limitations such as polydis-
perse distribution of particles, a wider range of particle size,
and mixed-phase of CoFe,O, with a-Fe,0; [32-34]. There are
some investigations reported for carboxylic acid as a chelating
agent along with fuel. Antic et al. reported the use of malonic
acid in the synthesis of NiFe,O,, resulting in nanoparticles
with a crystallite size of 11 nm. [35]. Konig et al. reported
maleic acid as a chelating agent that gives pure phase spinel
ferrite along with potential properties [36].

Considering these views, we are adopting a new protocol
of synthesis for nanoparticles via the hydrothermal method
by using malonic acid which acts as a chelating agent for
the reduction in the particle size. Synthesized materials
were characterized by FTIR, XRD, XPS, FESEM, EDAX,
and TEM techniques. The outcomes of malonic acid as a
chelating agent, in the process of approaching the structural,
morphological, and magnetic properties of the cobalt-nickel
ferrites, have been discussed in this work.

2 Experimental

2.1 Chemicals

Iron(III) nitrate nonahydrate (Fe(NO5),.9H,0, purity >98%,
Alfa Aesar), cobalt(Il) nitrate hexahydrate, (Co(NO3),.6H,0,

purity > 98%, Alfa Aesar), nickel(II) nitrate hexahydrate
(Ni(NO3),.6H,0, purity >98% Merck), malonic acid
(CH,(COOH),, purity >98%, Alfa Aesar), and potassium
hydroxide (KOH, purity > 84% Merck) were used. Chemi-
cals were of analytical grade and used without further
purification.

2.2 Synthesis of cobalt-nickel ferrites
(Co,Ni,_Fe,0, where x=0,0.3,0.5,0.7,and 1)

Cobalt-nickel ferrite nanoparticles were synthesized
by using the hydrothermal method. For the synthesis of
Coy 5Ni, sFe,0,, 0.2 M (50 mL) solution of iron (III) nitrate
(Fe(NO3);.9H,0), 0.1 M (25 mL) solution of cobalt(II)
nitrate (Co(NO;),.6H,0) and 0.1 M (25 m) solution of
nickel(II) nitrate (Ni(NO;),.6H,0) in distilled water were
mixed with an aqueous solution of malonic acid under vig-
orous stirring. The molar ratio of malonic acid and metal
ions was kept at 3:1 for the complete chelation of metal
ions. Malonic acid is used as a chelating agent for metal
ions in this process. To maintain alkaline pH (~ 11), aque-
ous solution of KOH (2 M) was added. The reaction mixture
was transferred into a Teflon-lined stainless steel autoclave
(400 mL capacity) and kept in an oven for 12 h at 100 °C.
The obtained precipitate was washed with distilled water
until pH became neutral and dried in an oven, and used
further for thermogravimetric and infrared spectroscopic
analysis.

The above procedure was repeated for the synthesis
of cobalt ferrite (CoFe,0,), nickel ferrite (NiFe,O,), and
cobalt-nickel ferrites (Co,Ni, ,Fe,O, where x=0.3 and
0.7) with different molar ratios of metal ions as shown in
Table 1. All the samples have been annealed at 600 °C for
3 h, crushed into a fine powder, and used for further analy-
sis. A chart for synthesis of cobalt-nickel ferrites is shown
in Fig. 1.

2.3 Characterization

The material structure and phase purity were determined
with an X-ray diffractometer (Bruker AXS D8 Advance)
with monochromatic Cu K, radiation (40 kV, 35 mA). The
values of wavelength and 26 are 1.5406 A and 20°-80°,
respectively. The morphology of the material was inves-
tigated by field emission scanning electron microscope
(FESEM) by using an instrument (JEOL 6380A) with
energy-dispersive X-ray spectroscopy by Joel (JSM 5400)
apparatus and transmission electron microscopy (TEM)
using a JSM-100CX, Joel instrument. The thermogravi-
metric analysis was done using a TG-DTA-7200 (Hitachi)
Universal Testing Machine H10KT (Tinious Olsen) instru-
ment. X-ray photoelectron spectroscopy (XPS) was studied
at Beamline (BL-14) RRCAT, Indore. Infrared spectroscopy
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Table 1 Experimental

. Sr. No. Composition Tron (IIT) nitrate Nickel (II) nitrate Cobalt (IT)
Condlthns employeq to (0.2 M) (mL) (0.1 M) (mL) nitrate (0.1 M)
synthes1z.e the Co,Ni,_Fe,0, (mL)
nanoparticles (where x=0, 0.3,
0.5,0.7,and 1) 1. NiFe,0, 50 50 -

2. Co, 3Ni, ;Fe,0, 50 35 15
3. Co, sNi, sFe,0, 50 25 25
4. Co, ;Ni, sFe,0, 50 15 35
5. CoFe,0, 50 - 50
of cobalt—nickel ferrites (Co, ;Ni, ;Fe,0,, Coq 5sNij sFe,0,,

Iron nitrate solution I | Cobalt nitrate solution | |Nickel nitrate solution I
| | J

| Mixed well by stirring |
v

Adding aqueous

solution of malonic acid
y

Adding aqueous solution of

KOH (alkaline pH)

v

Hydrothermal treatment at 100 °C
in an oven for 12 hrs

| Washed with water and dried at 100 °C I

| annealed at 600 °C for 3 hrs |
Y

| Ferrite powder |

Fig. 1 A chart of synthesis method of cobalt—nickel ferrites

studies were carried out by operating infrared spectrometers
(Shimadzu-IR Affinity-1). The magnetic properties of syn-
thesized samples were studied by using Vibrating Sample
Magnetometer (Lakeshore, USA, Model 7407).

3 Results and discussion
3.1 Powder X-ray diffraction studies

Figure 2 represents the XRD patterns of synthesized cal-
cined cobalt—nickel ferrite, cobalt ferrite, and nickel ferrite
nanoparticles. The characterization peaks in the diffrac-
tion pattern observed at 26 values 30.3, 35.7, 37.3, 43.3,
53.6, 57.4, 62.6, and 30.2, 35.6, 37.3, 43.2, 53.6, 57.4,
62.7 corresponded to the miller indices (220), (311), (222),
(400), (422), (511), (440) for nickel ferrite and cobalt fer-
rite, respectively, were matched with the standard JCPDS
files 10-0325 (nickel ferrite) and 22-1086 (cobalt ferrite)
[37]. This confirms the successful synthesis of cobalt fer-
rite and nickel ferrite. In the case of cobalt-nickel ferri-
tes, the 26 values and corresponding miller indices were
matched with reported values in both the JCPDS files of
cobalt ferrite and nickel ferrite. This provides clear evidence
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and Co, ;Ni, sFe,0,) formation and the diffraction pattern
indicates fabrication of a cubic spinel structure. It is noticed
from FTIR studies (shown in Fig. 7) that malonic acid acts
as a chelating agent and forms metal malonate complexes
from metal nitrates. These outcomes contribute to the slow
migration of bulkier metal malonates as compared to the
fast migration of lighter cobalt/nickel/ferric ions (without
a chelating agent) during the calcination process. The slow
migration of cobalt/nickel/ferric malonates allows plenty of
time to occupy an accurate location in the crystal lattice
leading to more peaks (vide infra) [38].

The lattice constant increases with cobalt content due to
a greater ionic radius of Co®* (0.78 A) compared to Ni**
(0.74 A) as expected from the literature [39]. The average
crystallite size (Dxgp) of cobalt-nickel ferrites is (shown
in Table 2) calculated from the Debye—Scherrer’s equation
[D=0.9\/p cos 6], where the 4 is the wavelength of X-ray
radiation (1.5406 A), p is full-width half maxima (FWHM),
where 6 is for Bragg’s angle of X-ray diffraction peak. The
cell parameters were calculated from XRD spectra by Riet-
veld refinement [40, 41]. The XRD patterns of cobalt—nickel
ferrites (synthesized without malonic acid) are shown in Fig.
S1 and parameters are depicted in Table S1 in supporting
information. The X-ray diffraction patterns of two samples
(Co,Ni,_Fe,0,, where x=0.3 and 0.7) before thermal treat-
ment were shown in Fig. S2 (supporting information) to ana-
lyze the crystalline nature of samples. It is observed that
samples are not in spinel crystalline form. The spinel ferrite
structures are formed after the thermal treatment of samples.
The same results are observed from the thermogravimetric
studies, where the calcined sample does not show significant
weight loss but non-calcined samples (before heat treatment)
show weight losses due to malonic acid chelation complex.

3.2 Morphological studies

3.2.1 Field emission scanning electron microscopic
(FESEM) studies

The FESEM images of cobalt-nickel ferrites
(Coy sNig sFe,0, and Cog;Ni, 3Fe,0,) before and after
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Fig.2 XRD patterns of
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Table 2 Cobalt—nickel mixed ferrites (Co,Ni, Fe,O,) composition
with Dygp, lattice parameter, and volume

Composition Dygp (nm)  Lattice Volume (A3) ;(2 (chi®)
parameter
A)
NiFe,O, 7.90 8.331 578.22 1.57
Cog3Niy,Fe,O0, 9.52 8.336 579.26 1.23
Coy sNij sFe,O, 10.16 8.340 580.10 1.19
Co,;Ni, ;Fe,0, 12.42 8.344 580.93 1.34
CoFe,0, 15.43 8.353 582.81 1.12

calcination are shown in Fig. 3 at different magnifica-
tions. Figure 3a, b, e, and f images of non-calcined
(Coy sNi, sFe,0, and Co, ;Ni, ;Fe,0,) samples reveal that
there is no certain border between particles, and they are
agglomerated. The particles are not in cubic spinel ferrite
form as observed from the XRD patterns of non-calcined
samples and from the IR spectrum which indicates a com-
plex stage of metal ions with malonic acid for non-calcined
samples. During the calcination process, the particles rear-
ranged and became spherical as observed in Fig. 3c, d, g, and
h of calcined samples [29]. During the heat treatment pro-
cess, particles are developed into spinel ferrites as observed
from thermogravimetric studies (that non-calcined samples

20/degree

are converted into oxide form after 550 °C). After heat treat-
ment, the particles converted into spinel form as observed
from XRD patterns of calcined samples. Therefore, calcined
samples (Fig. 3d and h) shows certain boundaries between
particles with spherical shape.

3.2.2 Energy-dispersive X-ray spectroscopic (EDAX) studies

The EDAX spectrums of cobalt—nickel ferrite
(CoysNij sFe, 0, and Co, ;Ni, 3Fe,0,) samples (Fig. 4a and
¢ non-calcined and b and d calcined) are shown in Fig. 4.
The spectrums of non-calcined cobalt-nickel ferrites
[Fig. 4a (Co, 5Ni, sFe,O,) and ¢ (Co, ;Ni, ;Fe,0,)] indicates
the presence of carbon peak along with the constituent ele-
ments (cobalt, nickel, iron, and oxygen). The presence of
carbon is predicted due to the complex formation of metal
ions with malonic acid. The same is observed from the IR
spectrum of non-calcined samples. The non-calcined sam-
ples are in the complex stage and not in the ferrite form. This
is also observed in TGA and XRD studies. The spectrums
of calcined cobalt—nickel ferrites (Fig. 4b) Co, sNi, sFe,0,
and d (Coq;Ni, sFe,0,) exhibit peaks of constituent ele-
ments (cobalt, nickel, iron, and oxygen). The above studies
revealed the presence of Co, Ni, Fe, and O in the synthe-
sized cobalt-nickel ferrite. After calcination, the samples

@ Springer
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X 200,000 10.0kV SEI

(Co, sNij sFe,0,) calcined-100 nm, e (Co,;Nij;Fe,0,) non-
calcined-1p, f  (Coy;NiysFe,0,) non-calcined-100 nm, g
(Coy;Ni, sFe,0,) calcined-1p, h (Co, ;Ni, ;Fe,0,) calcined-100 nm

Fig.3 FESEM micrographs of cobalt—nickel ferrite at different mag-
nifications: a (Co, sNi, sFe,0,) non-calcined-1p, b (Co, sNi, sFe,0,)
non-calcined-100 nm, ¢ (CogsNiysFe,0,) calcined-1p, d
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Fig.4 EDAX spectrums of cobalt—nickel ferrites: a (Co sNi, sFe,0,) non-calcined, b (Co, sNi, sFe,0,) calcined, ¢ (Co,;Ni ;Fe,0,) non-cal-

cined, and d (Co, ;Ni, ;Fe,0,) calcined

are converted into spinel ferrites as observed from XRD
patterns, and hence, the weak carbon peak that appeared
in calcined cobalt—nickel ferrite may be due to carbon tape
which is used during FESEM and EDS experiments.

3.2.3 Transmission electron microscopic (TEM) studies

The TEM micrographs of cobalt-substituted nickel ferrites
(Co,Ni,_Fe,0,, where x=0, 0.3, 0.5, 0.7, and 1) are shown
in Fig. 5, the TEM images and corresponding histograms
revealed the particle size of ferrite samples. Nickel ferrite
particles have a size distribution in the range of 6-16 nm
with an average particle size of 10 nm shown in Fig. 5a.
In Fig. 5b, Co, 3Ni, ;Fe,0, ferrite shows particles distribu-
tion in the range of 6-22 nm and an average particle size
of 12 nm. Cobalt—nickel mixed ferrites of composition
Co, 5Ni, sFe,0, show particle distribution of 8-20 nm in
Fig. 5c with an average dopant size of 13 nm. In Fig. 5d,
Co, ;Ni, ;Fe,0, ferrite particles show the particles in the
range of 10-24 nm, and the average particle size was found
to be 17 nm. These results are in agreement with XRD data.
Cobalt ferrite particles are in the range of 8—24 nm and the
average dopant size is 17 nm as shown in Fig. 5e. The TEM
images indicate that the particles are not regular in shape.
Non-uniformity in shape is due to particle agglomeration
and the magnetic behavior of particles (particle—particle
attraction) [29].

3.3 X-ray photoelectron spectroscopic (XPS) studies

To obtain the surface composition with the chemical state
of cobalt, nickel, and iron on the surface of cobalt—nickel
ferrite (Co, sNi, sFe,0,), the sample was examined by
XPS and wide-scan spectra in the binding energy range
of 200-1000 eV as depicted in Fig. 6. The XPS spectra of
cobalt—nickel ferrite indicates the presence of Co, Ni, Fe,
and O atoms. In Co, sNi, sFe,O, ferrite, iron ions are in a
+3 oxidation state. The photoelectronic peak for Fe2p3/2
(Fig. 6b) is split into two subpeaks upon fitting at 709.11 and
712.4 eV (main peaks, Fe3+) and a satellite peak observed at
716.2 eV. The Fe2pl/2 fitting peak at 724.3 eV was marked
to Fe’* and the results are in good agreement with previ-
ously studied iron oxide compounds [42—44]. The Co2p3/2
photoelectronic peaks depicted in Fig. 6¢ suggest the pres-
ence of Co?". The spectrum shows two spin-orbital doublets
Co2p3/2 (778.4 eV, B sites and 780.6 eV, A sites) with a
corresponding satellite peak at 784.9 eV [43, 45, 46]. The
photoelectronic peak for Ni2p3/2 (Fig. 6d) is observed at
854.4 eV, which is in accordance with the previously studied
nickel ferrite [39]. The peaks for O1 and O2 (Fig. 6e) are
observed at 529.8 and 531.2 eV, respectively. The peak O1
(529.8 eV) represented a metal-oxygen bond and peak O2
(531.2 eV) corresponded to O in a multiplicity of chem-
osorbed water at the surface [43, 44]. XPS studies reveal that
Co, sNi, sFe,0, ferrite has been synthesized successfully.
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50 nm

Fig.5 (continued)

3.4 Fourier transform infrared spectroscopic
studies

The FTIR spectrums of non-calcined and calcined samples
of ferrite are shown in Fig. 7a and b. The spectrum corre-
sponding to non-calcined cobalt—nickel ferrites (CoFe,0,,
NiFe,0,, Co, sNi, sFe,0,) shows a peak around 3195,
3200, and 3110 cm™" attributed to stretching vibrations of
hydroxyl groups. The weak peaks were observed at 2854,
2929, and 2921 cm™! due to aliphatic C—H stretching in
CoFe,0,, NiFe,0,, and Co, sNi, sFe,0,, respectively. The
two bands were observed at 1588 and 1384 cm™ for asym-
metric v, (COO) and symmetric v{(COO) stretching vibra-
tions of COO groups, respectively, in Co sNi, sFe,0,.
Also, these bands are observed at 1571 and 1339 cm™!
in CoFe,0, and 1571 and 1320 cm~! in NiFe,0,.
These bands confirm the coordination of metal ions by
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carboxylate groups to form a chelate complex [38, 47].
The bands observed in the range 400-600 cm™" are a result
of M-O stretching. Figure 7b shows the FTIR spectrum of
calcined samples of cobalt ferrite (CoFe,0,), nickel ferrite
(NiFe,0,), and cobalt—nickel ferrite (Co, sNi, sFe,0,). The
two bands were observed in the region of 400-600 cm™!
for all spinel ferrites [48]. The bands at 589 and 418 cm™!
are due to tetrahedral and octahedral vibrational stretch-
ing in cobalt ferrite. The bands at 592 and 415 cm™! are
observed for M—O vibrational stretching which are charac-
teristic peaks of nickel ferrite. The vibrating bands at 556
and 444 cm™' are observed for metal oxide (M-0O) vibra-
tional stretching in cobalt—nickel ferrite (Co, sNi, sFe,0,),
characteristic of spinel ferrite. The absence of organic
bands indicates the decomposition of organic moieties
after calcination and organic-free cobalt—nickel ferrite
formation occurred.
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Fig.6 XPS spectra of cobalt—nickel ferrite (Co, sNi, sFe,0,): a survey spectrum, b Fe 2p spectrum, ¢ Co 2p spectrum, d Ni 2p spectrum, and e

Ols spectrum

3.5 Thermal gravimetric studies

The TG/DTG curves of non-calcined and calcined
cobalt—nickel ferrites are shown in Fig. 8a (NiFe,0,), b
(CoFe,0,), ¢ (Co 5Ni, sFe,0,), and d (Co, 5Ni, sFe,0,).
The thermogravimetric analysis was carried out from 40 to
900 °C. Figure 8a corresponds to the non-calcined nickel fer-
rite. The weight loss is observed up to 450 °C in three steps.
In the first step, weight loss is observed due to absorbed
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water up to 140 °C. The next weight loss is observed up to
300 °C because of organic matter decomposition. Further
weight loss (up to 410 °C) is observed due to the oxidation
of metal ions and the formation of spinel ferrite. Figure 8b
of CoFe,0, shows weight loss up to 400 °C. The first weight
loss (up to 190 °C) indicates loss of moisture, and the next
weight loss (up to 310 °C) is because of organic matter
decay. Further loss (up to 400 °C) indicates oxidation of
metal ions and formation of ferrites. The curve shown in
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calcined samples of cobalt ferrite (CoFe,0,), nickel ferrite (NiFe,O,),
and cobalt nickel ferrite (Co, sNi, sFe,0,)

Fig. 8c corresponds to non-calcined cobalt-nickel ferrite. It
is observed that weight loss is up to 550 °C by three decom-
position steps. The first weight loss occurred between 40 and
160 °C in the TG curve having a peak at 60 °C in the DTG
curve due to the loss of water molecules. Immediately the
weight loss observed up to 300 °C in the TG curve and the
peak at 230 °C in the DTG curve contribute to the decompo-
sition of organic matter. Further slow weight loss is observed
up to 550 °C indicating oxidation of organic matter. No sig-
nificant weight loss is observed above 550 °C. This provides
information about the heat treatment process [49, 50]. The
thermogravimetric analysis for calcined cobalt-nickel ferrite
is shown in Fig. 8d. The TG/DTG analysis was performed
in the range of 40-900 °C. The weight loss is negligible for
calcined cobalt—nickel ferrite indicating an oxide phase. The
same is observed from XRD patterns of calcined samples,

which show the ferrite phase while the non-calcined sam-
ples do not show the spinel ferrite phase. Also, IR spectrum
of non-calcined samples revealed the presence of organic
compounds (malonic acid chelation) while calcined did not.
The results are in agreement with FTIR and XRD studies.
The TG curve for the sample synthesized without malonic
acid chelation is shown in Fig. S3 in the supporting informa-
tion. The curve shows concurrent weight loss up to 400 °C
indicating the conversion of metal ions from hydroxide to
oxide phase.

3.6 Magnetic properties

The room temperature magnetization curves of
Co,Ni,_Fe,O, nanoparticles are depicted in Fig. 9. The
values of coercivity (H,), saturation magnetization (M),
remanent magnetization (M,), and squareness parameter
(M /M) with different compositions of Co,Ni,_Fe,0, nan-
oparticles evaluated from hysteresis loops are tabulated in
Table 3. The saturation magnetization is determined sig-
nificantly less than the bulk counterpart with 50 emu/g for
nickel ferrite and up to 88 emu/g for cobalt ferrite [49, 50].
The s-shape of the M—H curve at the lower field increases
linearly at a higher field indicating the presence of small
magnetic particles exhibiting super-paramagnetic behaviors
[37, 51]. Super-paramagnetism is the non-retainment of any
magnetism after the removal of the applied magnetic field
is a principally necessary property for magnetic target car-
riers [52]. The super-paramagnetism is a type of magnet-
ism that emerges in small-size ferromagnetic or ferrimag-
netic nanoparticles [53]. Our results show the smaller size
(7.9-15.4 nm) from XRD studies. The magnitudes of M,
achieved by us are 33.53 and 77.54 emu/g for NiFe,O, and
CoFe,0,, respectively. Our values for M are comparable
with the observation of Kamellia et al. (34.45 emu/g) and
Young et al. (78.0 emu/g) [54, 55]. In addition to these, the
obtained values are slightly higher than those examined by
Kolekar et al. (28 emu/g) and Shah et al. (65 emu/g) [56, 57].

The magnetization of nickel ferrite depends upon the
exchange interaction between tetrahedral and octahedral sub-
lattices. The magnetic property of NiFe,O, is the cumulative
effect of magnetocrystalline anisotropy, dipole interactions on
the surface of nanoparticles, and canting effect interactions
[58]. The small coercivity observed from the hysteresis curve
revealed that the coalescence of the crystallites increased in the
nanostructure which enhanced magnetic coupling and higher
magnetization. The magnitude of saturation magnetization,
remanent magnetization, and coercivity are highly affected by
cobalt doping. The coercivity (H,) increases with enhanced
cobalt contents due to the greater anisotropic nature of cobalt
than nickel. The enhancement in coercivity with cobalt doping
observed from the M—H curve is associated with improvement
in the anisotropic field, which in turn enhances the energy of
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Table 3 Magnetic parameters of Co,Ni,_Fe,0,

Composition H (Oe) Mg (emu/g) M, (emu/g) MJIM,
NiFe,0, 50.50 33.53 4.71 0.140
Co,;Ni,,Fe,0, 384.43 43.29 9.44 0.218
Co, sNi, sFe,0,  439.08 53.16 13.45 0.253
Co,;Ni,;Fe,0,  835.68 62.65 15.09 0.240
CoFe,0, 933.69 77.54 25.93 0.334

the domain wall. The improvement in the magnitudes of M,
and M, can be interpreted based on Neel’s theory and cations
distribution at tetrahedral (A) and octahedral (B) sites. The
electron spin of Fe ions at tetrahedral (A) and octahedral (B)
sites are antiparallel to each other that cancel to form a net
magnetic moment of 2 py due to Ni** ions at B sites. The
dopant Co** ions with a magnetic moment of 3, first occupy
B sites. The enhancement in saturation magnetization (M,)
and remanent magnetization (M,) emerges from the substitu-
tion of Ni ions (two unpaired electrons) with Co ions (three
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unpaired electrons) that add the number of unpaired electrons
at octahedral sites [37].

The magnitude of H, ranges from 50.50 to 933.69 Oe
with different cobalt concentrations shown in Table 3. The
larger values of M, and moderate H, (as much as 600 Oe) are
preferable for high-density recording media [50]. Our results
have improved values for M, and H_. The samples having
compositions Coy 3Ni, ;Fe,0, and Co, sNi, sFe,0, are prom-
ising materials for high-density recording media. Figure 10a
depicts the variation of saturation magnetization (M) with
an increase in cobalt contents. The graph shows a linear
increment in M, due to the high orbital contribution of cobalt
ions in the magnetic moment. Cobalt ions are well known
to yield high-induced anisotropy. Figure 10b and c depicts
a variation of H_ and M, as a function of cobalt contents.
The linear increase in coercivity (H,) with cobalt content
increment is because of the large coercivity affiliated with
hard cobalt ferrite (CoFe,O,) structure and the anisotropic
nature of cobalt ions. The enhancement in H, may emerge
from the exchanged anisotropy because of spin disorder at
the particle surface, spin glass-like behavior in surface layers
of nanoparticles due to chemical disorder, and the effect of
spin canting. Coercivity originates from size, surface, shape,
and magnetocrystalline anisotropy, hence depending upon
synthetic conditions and size of the nanoparticles [59, 60].

Figure 10c indicates a weak increment in remanent mag-
netization (M,) with an increase in cobalt contents corre-
lated with small M, affiliated with soft nickel ferrites. The
improvement in remanence is preferably due to an increase
in cobalt contents. Figure 10d represents the variation of
M with particle sizes which reveals a linear increase in M.
Figure 10e shows variation in M /M, with cobalt composi-
tion known as squareness. The ratio of M /M, increases with
cobalt contents from 0.140 (NiFe,O,) to 0.334 (CoFe,0,).
This suggests that the particles in all the samples interact
via. magnetostatic interactions (R < 0.5). In contrast, coher-
ent rotations of randomly oriented, non-interacting parti-
cles occur for R=0 and the exchange-coupled exists when
R>0.5 [25]. The squareness is directly affected by mag-
netic anisotropy, crystal defect, particle size, and synthetic
methods [37, 47]. The magnetization curve of samples syn-
thesized without using malonic acid as a chelating agent is
shown in Fig. S4 and parameters are tabulated in Table S2.
The obtained results (XRD studies) show that without chela-
tion the particle size (20.2-24.2 nm) is greater than with
malonic acid chelation (7.9—15.4 nm). Magnetization for our
samples is slightly higher than without chelation.

3.7 Impact of malonic acid as a chelating agent
for the synthesis of cobalt-nickel ferrites

The malonic acid was used as a chelating agent for the
preparation of cobalt ferrite, nickel ferrite, and cobalt—nickel

ferrites. It is observed from FTIR, XRD, and TG studies that
malonic acid acts as a chelating agent for the synthesis of
ferrites. Many chelating agents were used for the develop-
ment of ferrites including citric acid, sago starch, EDTA,
egg white, oxalic acid, tartaric acid, etc. [33, 34]. Some
limitations were observed for chelating agents such as mixed
phases of CoFe,0, and a-Fe,0; particles. The magnetiza-
tion and coercivity were considerably decreased for the larg-
est amount of sago because of the coexistence of the a-Fe,05
phase with CoFe,O, [33]. Polydispersed distribution with a
wide range of particle size 80-200 nm was obtained with cit-
ric acid [32]. The magnetic properties of cobalt—nickel fer-
rite nanoparticles obtained using various chelating/capping
agents are summarized in Table 4. Oleic acid shows high
coercivity but M, was reduced to 13.6 emu/g [61]. CoFe,0,
synthesized by using polyvinyl alcohol shows M, values
as 49.72 and 50 emu/g [62, 63], which in turn our sample
gives a magnitude of M as 77.54 emu/gm. Nitrate ions/gly-
cine (N/G) ratios were used for the synthesis of NiFe,O,,
Nij 5Co, sFe,0, and CoFe,0,, the samples were calcined
at 600 °C, and the M, values obtained are 30.21, 43.50, and
52.63 emu/gm, respectively [64]; however, in case of our
samples saturation magnetization significantly increased
to 33.53, 53.16, and 77.54 emu/gm for the same composi-
tion of cobalt—nickel ferrites. This work suggests that these
limitations such as mixed phases, polydispersed particles,
and low M values can be overcome by using malonic acid
as a chelating agent. It is observed from TEM studies that
malonic acid gives a small range of particle size distribution
(8-22 nm) for ferrite nanoparticles. A single ferrite phase
is obtained from XRD analysis and no other oxide impurity
is observed. This study suggests that malonic acid is a good
chelating agent for small particle size distribution and single
ferrite phase nanoparticles with high magnetic properties.

4 Conclusions

Cobalt—nickel ferrite nanoparticles (Co,Ni,_JFe,O, where
x=0,0.3,0.5,0.7, and 1) have been successfully synthesized
via hydrothermal method using malonic acid as a chelat-
ing agent. The formation of spinel ferrite from the chelation
complex (malonic acid: metal ions) has been confirmed by
FTIR spectrum and thermal gravimetric studies. The two
absorption bands obtained from the FTIR spectrum affirm
the existence of A and B sublattices. Crystalline cubic spi-
nel structure is confirmed by XRD analysis. The enhance-
ment in the lattice parameter is attributed to larger ionic
radii of Co®* than Ni’*. The average crystallite size for
cobalt—nickel ferrite nanoparticles calculated from XRD
for CoFe,0,, Co, sNi, sFe,0,, and NiFe,0, is 15.4, 10.1,
and 7.9 nm, respectively. Monodispersed and non-uniform-
shaped particles are observed for cobalt—nickel ferrites from

@ Springer



43 Page140f17

S.P.Sahare et al.

80 - 1000
_ a b .
5 _—
p=} |
£ 800 -
e
[ =4 [
-% S 600
g 60 - =
hc‘) =
e .g 400 —
= 8
=4 [
2 © 200
o
3 “ /
© [
n . 04
T v T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Co®" content (x) Co” content (x)
30
80
—~ 25 ¢ —_ d [ ]
o o
3 p=}
£ £
2 20 I
c c
s s d
N5 __—~ 8 60+
g e
& 10 & -
= £
S
©
% _2 40 /
A
x » p
T v T T T T v T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 8 10 12 14 16 18
Co*" Content (x) Particle size (nm)
n
e
0.3 4
m
% //l
=S S~ o
» pd
173 ]
2
& 02 /
©
3
o
(] /
|
01 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Co®* content (x)

Fig.10 a Variation of saturation magnetization with Co>* con-
tent (Co,Ni,_Fe,0,), b variation of coercive field with Co**content
(Co,Ni, Fe,0,), ¢ variation of remanent magnetization with Co**

morphological studies. The presumed stoichiometry of sam-
ples matched very well with the calculated one interpreted
from EDAX analysis. The XPS studies revealed oxidation
states of cobalt, nickel, and iron as Co**, Ni**, and Fe*.
The effects of cobalt contents on magnetic properties have

@ Springer

content (Co,Ni,_Fe,0,), d variation of saturation magnetization with
particle size, and e variation of squareness parameter with Co** con-
tent (Co,Ni,_Fe,O,)

been reported. The increase in saturation magnetization with
cobalt contents is associated with the anisotropic nature of
cobalt. The improved results for M, and H_ for cobalt—nickel
ferrite samples are useful for high-density recording media.
A simple and easy hydrothermal method assisted with
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Table 4 Saturation magnetization of ferrite nanoparticles by using different chelating/capping agents

Sr. No. Chelating/capping agent Ferrite composition Annealing tem- Saturation magnetization References
perature °C M, (emu/g)
Polyvinyl alcohol CoFe,0, 500 49.72 [62]
2. Nitrate ions/glycine (N/G) ratios NiFe,0, 600 30.21 [64]
Ni, sCo, sFe,0, 43.56
CoFe,0, 52.63
3. Oleic acid CoFe,0, 500 13.6 [61]
4. Sago starch (Metroxylonsagu) CoFe,0, 800 40-70 [33]
5. Polyvinyl alcohol CoFe,0, 800 50 [63]
6. EDTA Ni, ,Cu, ,Co, ;Fe,0, 600 50.67 [34]
7. Egg white 46.48
8. Oxalic acid 56.98
9. Tartaric acid 54.48
10. Citric acid 53.81
11. Polyvinyl pyrrolidone (PVP) Coy 4Nij ¢Fe,0, 600 43.35 [65]
12. Malonic acid NiFe,0, 600 33.53 This work
Coyg 3Ni, ;Fe,0, 43.29
Coy sNig sFe,0, 53.16
Coy ;Nig 3Fe,0, 62.65
CoFe,0, 77.54

malonic acid is convenient for the formation of cobalt—nickel
ferrite nanostructure and samples achieved with improved
magnetic properties are useful for potential applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-022-06318-x.
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