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Nickel ferrite, Niy Coi—5Fea O4, NPs (where x = 0.0, 0.6 and 1.0) were successfully synthesized by a
rapid and reproducible CTAB-assisted hydrothermal route. The influence of different hydrolyzing agents on
the particle size and magnetic behavior of Ni, Co1_, Fe2 O4 NPs was investigated. Particles showed very
high phase purity and crystallinity in powder XRD analysis. Compositions of Co, Fe, and Ni in fabricated
powders were also determined by AAS and results are in very good agreement with the targeted compositions.
Samples hydrolyzed using NH3 showed no significant changes in the particle size and morphology. NHg
hydrolyzed samples were much smaller than their NaOH hydrolyzed counterparts, which was attributed to
the strength and concentration of the hydrolyzing agents, NH3 being about 6 times more concentrated than
NaOH. This in turn influenced the nucleation rate thus the size of each nucleus formed. Strong temperature
and Ni concentration dependence of magnetic parameters was observed. These samples are considered as

promising materials for high density magnetic recording media.
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Introduction

Development of spinel ferrite nanoparticles has been intensively pursued because of their technological and

fundamental scientific importance due to their magnetic and electronic properties.!=3

*Corresponding author
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Cobalt ferrite (CoFez04) is a well-known hard magnetic material with high coercivity and moderate
magnetization. These properties, along with its great physical and chemical stability, make CoFe, O4 nanopar-
ticles suitable for magnetic recording applications such as audio and videotape and high-density digital recording
disks. 4

Nickel ferrite (NiFeo O4) has a wide range of applications in many fields including biomedical applications,
magnetic refrigeration, magnetic liquids, microwave absorber, repulsive suspension for levitated railway systems
and gas sensing capabilities towards low concentrations of chlorine gas, and for catalysts for the benzoylation
of toluene with benzyl chloride.®” NiFey Q4 exhibits unusual physical and chemical properties when its size
is reduced to nano-regime. Owing to the extremely small dimensions of nano-structured materials, a major
portion of the atoms lies at the grain boundaries, which in turn is responsible for superior magnetic, dielectric,
and mechanical properties in these materials compared to their conventional coarse grained counterparts.®—13

The magnetic properties of spinel ferrites can be varied systematically by changing the identity of the
divalent M?* cations (M = Co, Mn, Ni, Zn, etc.) without changing the spinel crystal structure.'* Tt is well
known that the chemical, structural, and magnetic properties of ferrite nanoparticles are strongly influenced by
their composition and microstructure, which are sensitive to the preparation methodologies.!® Ferrite nanopar-
ticles have been conventionally prepared by mechanical-milling, '® hydrothermal method,"~2% coprecipitation

21 22,24 yeverse and normal micelles, ?° reflux method,?® oxidation-reduction,?” sol-

30,31 3

reaction, “* micro-wave route,

gel method,?® microemulsion method, 3! =32 surfactant-assisted route, and thermal decomposition.3

In this work, CTAB-assisted hydrothermal method was used to synthesize Ni, Co;_, Fes O4 nanoparticles
and the effect of different hydrolyzing agents was investigated. The effects of CTAB as a transferring agent,
and concentrated ammonia and sodium hydroxide as hydrolyzing agents on particle size and morphology were
investigated. The synthesized nanocrystalline samples were characterized by X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, and transmission electron microscopy (TEM). The magnetic properties

of nanoparticles were investigated using a vibrating sample magnetometer (VSM).

Experimental

Measurements
X-ray powder diffraction (XRD) analysis was performed using a Huber JSO-DEBYEFLEX 1001 Diffractometer
with Cu K, radiation.

Fourier transform infrared (FTIR) transmission spectra were taken on a Mattson Satellite Infrared
Spectrometer in the range of 4000 to 400 cm ~'.

Temperature dependent magnetic measurements were carried out with a Quantum Design Vibrating
Sample Magnetometer (VSM) Model 6000.

Transmission Electron Microscopy (TEM) analysis was performed using a Philips-FEI Tecnai G2 T20
at 200 kV accelerating voltage in order to investigate the morphology and crystallinity of the synthesized
nanoparticles.

Atomic absorption spectroscopy (AAS, Varian GTA 120 model with GTA 120 unit graphite furnace) was
performed in order to assess the metal ion concentration for each composition. Samples were dissolved in HCI

and diluted in volumetric flasks prior to AAS analysis.
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Synthesis

Nanoparticles of Ni,Co;1_,FeaO4 (x = 0.0, 0.6, 1.0) were prepared through a surfactant-assisted hydrothermal
process. One gram of cationic surfactant cetyltrimethylammonium bromide (CTAB) was dissolved in 35 ml
deionized water to form a clear solution. One gram of ferric chloride hexahydrate (FeCl36H2 O) was added into
this solution. After 10 min, stoichiometric amounts of CoCls and NiCly given in Table 1 were introduced into
the vigorously stirred solution and deionized water was added to make the total solution volume of 40 ml. pH
of the solution was adjusted to 11.0 by the addition of 2M NaOH and conc. NHj3 solution, respectively. The
solution mixture was pretreated under an ultrasonic water bath for 30-40 min, thereafter was transferred to a
teflon-lined 50 ml autoclave. Hydrothermal synthesis was carried out at 130 ° C for 15 h in an oven. Afterwards,
the autoclave was allowed to cool to room temperature. The dark precipitate was collected and washed with
distilled water. The final powder was then annealed at 500 °C for 5 h.

Table 1. Stoichiometric amounts of metal chlorides (in g) used for the CTAB assisted hydrothermal synthesis of
Ni; Co1-2Fe20y4.

x (Ni content) | CoCla.6H20 | NiCly | FeCls-6H,0 | CTAB
0.0 0.44 - 1 1
0.6 0.18 0.14 1 1
1.0 - 0.23 1 1

Results and discussion
XRD Measurements

Final product was analyzed by XRD in order to investigate the crystalline phases that are present. X-ray
diffraction patterns of Ni, Coy_,FesO4 (with x = 0.0, 0.6, 1.0) are shown in Figure 1.
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Figure 1. XRD patterns of Ni; Co1—;FeaO4 NPs (x = 0, 0.6, 1) hydrolyzed with: (a) NaOH and (b) NHs.
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The patterns show the reflection planes (111), (220), (311), (222), (400), (422), (511), and (440) that are
indications of the presence of the spinel cubic structure.?* These diffraction lines provide a clear evidence of
the formation of a solid solution between NiFe; O4 and CoFe; O4. Mixed spinel ferrite was observed for x =
0.6, whereas for x = 0.0 pure CoFe;04 (JCPDS file N0:22-1086), and for x = 1.0 pure NiFe;O4 (JCPDS file
No:10-325) were formed. Compositions of Co, Fe, and Ni in fabricated powders were also determined by the

AAS and results are in a very good agreement with the targeted compositions.

The average particle size of the ferrite particles was determined from the full-width at half maximum

(FWHM) of the most intense peak (3 1 1) using the well-known Debye - Scherrer equation:

D =0.9\/Bcosfp

where ) is the X-ray wavelength, fp is the angle of Bragg diffraction, and B is the full width at half maximum.2°

Results of crystallite size estimated using Debye - Scherrer equation are given in Table 2. Particle size of the
samples hydrolyzed using NHg3 decreased by increasing the concentration, x, of Ni in the structure; whereas an
increasing size trend was observed with increasing x for samples hydrolyzed using NaOH. Crystallite size was

observed to be bigger for samples hydrolyzed using NaOH for a given z.

Table 2. Particle size (nm) of Ni; Co1-5Fe2O4 NPs (x = 0.0, 0.6, 1.0) synthesized using different hydrolyzing agents.

. Particle size (nm) of the specimens
Specimen
2.0 M NaOH conc. NHj
COF€204 35 41
NiQ,GCOQ,4F€204 38 34
N1F€204 60 27

The lattice parameters (Figure 2) were computed using the d-spacings value and the respective (hkl)
parameters (TREOR. Program). The values of lattice parameter found for NiFe, Oy (a, = 8.343 (0.001) A)

and for CoFe2 04 (a, = 8.381 (0.003) A) agree with those reported in JCPDS card number 10-325 and 22-1086,
respectively. As shown in Figure 2, the lattice parameters decreased linearly with an increase of Ni content (x)
suggesting the formation of a compositionally homogeneous solid solution. The unit cell parameter ‘a’ decreases
linearly with the nickel concentration due to smaller ionic radius of nickel. Since the ionic radius of Ni%* is

smaller than that of Co?%, the replacement of Co by Ni ions leads to a decrease of the lattice parameter.33—3°

6

[I9nh)

The values of the lattice parameter, “a”, exhibit a linear dependence, thus obeying Vegard’s law 36 as shown

in Figure 2.

X-ray density, Dx, was calculated®” using the following formula: Dx = 8M / Na® where M, N, and a are
the molecular weight, Avogadro’s number, and the lattice parameter, respectively. Density increases linearly

with nickel concentration (Figure 2) since nickel atom is heavier than cobalt atom.
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Figure 2. Variation of lattice parameter, and density of Ni, Co1_,Fe2O4 NPs (x = 0.0, 0.6, 1.0) (hydrolyzed with
NaOH (red line) and NH3 (black line)) vs. nickel concentration.

FTIR measurements

In the range of 1000-100 cm ~!, the IR bands of solids are usually attributed to the vibration of ions in the
crystal lattice.?® Two main metal-oxygen bands are seen in the IR spectra of all ferrites. The highest one, v,
observed at 603 cm ~! (Figure 3), corresponds to intrinsic stretching vibrations of the metal at the tetrahedral

1 is assigned to

site, M¢etrq <> O, whereas v, the lowest band, usually observed in the range of 450-385 cm ™~
octahedral-metal stretching, M oesq <= O.3%39 These bands for Ni, Co;_,Fe; O4 samples were observed around
603 cm ! and 450 cm ', respectively. No peaks were observed due to CTAB since all prepared NPs were

treated at 500 °C to increase the crystallinity of the particles.
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Figure 3. FTIR spectra of Ni; Co1—5Fe2O4 NPs (x = 0.0, 0.6, 1.0) hydrolyzed with: (a) NaOH and (b) NHs.
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TEM measurements

TEM analysis was performed to investigate the morphology of the obtained NPs. Samples hydrolyzed using
NaOH (Figure 4a) show an increase in the particle size as well as change in their morphology from near spherical

to more edgy crystallites (polygons) by increasing Ni content.
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Figure 4. a) TEM micrographs of samples hydrolyzed by NaOH with the composition Ni, Coi_4 Fea O4 where x is
(a) 0.0, (b) 0.6, and (c) 1.0. b) Size distribution histograms and log normal fits for Niz Co1—_,Fe2O4 NPs (x = 0, 0.6,
1) hydrolyzed with NaOH.

Samples hydrolyzed using NHj3 (Figure 5a.) show no significant changes in the particle size and mor-
phology. NH3 hydrolyzed samples are much smaller than their NaOH hydrolyzed counterparts, which becomes
significant when x is 1.0. This difference is due to the difference in the strength and concentration of hydrolyzing
agents, NH3 being about 6 times more concentrated than NaOH. This in turn influences the nucleation rate

thus the size of each nucleus formed.
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Figure 5. a) TEM micrographs of samples hydrolyzed by NH3 with the composition Niy Co1—,Fes O4 where x is (a)

0.0, (b) 0.6, and (c) 1.0. b) Size distribution histograms and log normal fits for Ni, Co1_5Fe2O4 NPs (x = 0.0, 0.6,
1.0) hydrolyzed with NH .

TEM micrographs of as-synthesized Ni-Co ferrite nanoparticles are given in Figures 4a and 5a for NaOH
and NHg3 hydrolyzed samples, respectively. Their particle size distribution is presented in Figures 4b and 5b.
The size distribution histograms are fitted by using a log-normal function® as follows:

A 1 D
PD) = 52— (—@ 1n<DTEM>> 1)

where o is the standard deviation of the diameter and Drpgys is the average diameter obtained from TEM
results, which are summarized in Table 2.

TEM size estimate is found by log-normal fitting to the histogram obtained by measuring at least 200

nanoparticles. Crystallite sizes obtained from XRD are smaller than the sizes calculated from TEM. Actually,
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the particle size obtained from XRD is the crystallite size but TEM gives the particle size. The reason for this
discrepancy is that each particle consists of more than one crystallite. In summary, the crystallite size estimates

obtained from different analytical methods are reasonable for the synthesized NiCo;_, FesO4 NPs.

Magnetization measurements

Magnetization measurements of Ni, Co;_,FesO4 samples hydrolyzed by NHs and NaOH were performed
using the VSM technique and the M-H curves of the samples at selected temperatures are presented in Figure
6. As can be seen from M-H curves, while the magnetization and the coercivity of the samples increase with
the decrease in temperature, they decrease with the increase in Ni content. The decrease in the coercivity and

magnetization of the samples with Ni content can be attributed to the anisotropic properties of Co.
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Figure 6. Magnetic hysteresis graphs of Ni; Co1—,Fe2O4 NPs (x = 0.0, 0.6, 1.0) hydrolyzed by a) NaOH b) NHs at

some selected temperatures.
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Figure 6. Contunied.

Figure 7 shows the temperature and Ni concentration dependent coercivity of samples hydrolyzed by NHg
and NaOH, respectively. Coercivity of the samples is strongly temperature dependent. As the temperature
decreases, the coercivity of the samples increases and it is more significant in x = 0.0 case. As the Ni
concentration increases, the coercivity of the samples decreases for both cases. A decrease in coercivity with
an increase in nickel concentration may be attributed to the decrease in the anisotropy field, which in turn
decreases the domain wall energy.4! It is observed that the coercivity of the sample hydrolyzed by NaOH is
greater than that of the sample hydrolyzed by NHj.

It can be observed in Figure 7 that the increase in the coercive field of CoFes O, is much greater, and
CoFe; Q4 forms an inverse spinel structure with very high anisotropy energy constants, K; and Ko. It is also
sensitive to temperature in the lower temperature region. It can be attributed to random freezing of NPs in

locally canted states, for which the random anisotropy energy will act as a pinning potential.?*

In the present case, as the Co?t in CoFe,O, grains are substituted by Ni2*, the antiferromagnetic
interaction decreases, and the superexchange interaction increases, which leads to a decrease in coercivity

and reduced magnetization.?3 As all of Co?* ions are replaced by Ni?* ions, both coercivity and reduced

41



CTAB-Assisted Hydrothermal Synthesis and Magnetic Characterization of..., A. BAYKAL, et al.,

magnetization reduces too much.

The coercivity of a magnetic material is generally a measure of its magnetocrystalline anisotropy. How-
ever, the dramatic increase in low-temperature coercivity cannot be attributed only to magnetocrystalline
anisotropy alone. It may originate from exchange anisotropy due to spin disorder at the particles’ surface at low
temperatures. The effect is expected to be larger for smaller particles due to the increase in the surface-to-volume

ratio as observed in the present case.
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Figure 7. Coercive field vs. Temperature of Ni, Co1—,Fe2O4 (x = 0.0, 0.6, 1.0) NPs hydrolyzed with: (a) NaOH and
(b) N Hs.

Reduced magnetizations (Mr/Ms) with respect to the temperature of all samples are shown in Figure 8.
While the temperature decreases, the reduced magnetization increases for all samples. When the Ni concen-
tration increases, the reduced magnetization decreases. The increase in reduced magnetization indicates the
hysteric loop of the sample is evolving toward the square loop. When the reduced magnetization is higher, the
sample is a good candidate for magnetic recording. A decrease of reduced magnetization and coercivity with a
decrease in cobalt concentration can be understood by the fact that, due to relatively high orbital contribution
to magnetic moment, Co?* ions are known to give large induced anisotropy.

Since the reduced magnetization becomes higher (Figure 8), the hysteresis loop evolves towards a square
form when the temperature decreases below the blocking temperature in the ferromagnetic material as cobalt
ferrites. Such an increase turns out to be more significant than the increase of the Co anisotropy, which could
be related to the progressive blocking of the grains having sizes smaller than that of the grains being blocked at
300 K. In fact, the temperature dependence of the domain wall width corresponds to a monotonic decrease with
temperature.4? Squareness of the samples hydrolyzed by NaOH is more significant than that of the samples
hydrolyzed by NHs.

In the cubic system of ferrimagnetic spinels, the magnetic order is mainly due to a super-exchange
interaction mechanism occurring between the metal ions in the A and B sublattices. The change in Ms, Hc,
and Mr are due to the formation of a dead layer on the surface, existence of random canting of particle surface

spins, non-saturation effects due to random distributions of particle size, deviation from the normal cation
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distribution, and the presence of adsorbed water. All these factors may reduce the magnetic properties of
nanoparticles. The deviation of cation distribution in nanoparticles from bulk also influences the temperature

dependence of magnetization.
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Figure 8. Mr/Ms curves for Ni; Coi_,FeaO4 NPs (x = 0.0, 0.6, 1.0) hydrolyzed with: (a) NaOH and (b) NHs.

Conclusion

A rapid and reproducible CTAB-assisted hydrothermal route is presented for the synthesis of ferrite magnetic
materials with high purity and high yield. Specifically, Ni, Co;_,Fes O4 NPs (where x = 0.0, 0.6, and 1.0) were
successfully synthesized by this method. The influence of different hydrolyzing agents on the particle size and
magnetic behavior of Ni, Co;_,FesO4 NPs were investigated. Particles showed very high phase purity and
crystallinity in powder XRD analysis and their atomic composition was confirmed by AAS. A strong dependence
of magnetic parameters on the temperature and Ni concentration were observed. The changes in Ms, Hc, and Mr
are due to the influence of the cationic stoichiometry and their occupancy in the specific sites, dead layer on the
surface, existence of random canting of particles surface spins, non-saturation effects due to random distribution
of particle size, and the presence of adsorbed water. Coercivity of CoFe; O4 NPs increased drastically at low
T, reaching much higher values than that of bulk. This is mainly attributed to the exchange anisotropy due to
spin disorder at the particles’ surface caused by the increase in the surface-to-volume ratio. These samples are

good candidates for high density magnetic recording media.
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