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Cobalt-zinc ferrite nanoparticles having composition Coq.xZnxFe;04 were processed by sol-gel method
with particle sizes ranging from 10.8 nm to 3.6 nm. The crystal structure, particle size, and magnetic
properties were investigated by XRD, FTIR, TEM, and VSM techniques. Single domain nature was
established from the coercivity versus particle size curve. The dependence of specific saturation
magnetization with zinc concentration was discussed in terms of site occupancy of cations and supported

by FTIR measurements. A few single domain nanoparticle compositions exhibiting low Curie tempera-

Keywords:

Sol-gel process
Single domain
Coercivity
Induction heating
Hyperthermia

tures and reasonably good magnetization were subjected to induction heating measurement to explore
the possibility of using the materials for magnetic hyperthermia. The material, having the composition,
Cop.37Znp g3Fe204 was shown to be an excellent candidate for conducting hyperthermia study with self-
regulated temperature at 46 °C.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The development and characterization of magnetic nano-
particles are at their peak in recent research due to their extensive
involvement in biomedical applications [1]. The magnetic nano-
particles have a greater tendency to interact with different bio-
logical entities due to their large surface area [2]. Especially, among
spinel ferrite particles, low coercive single domain as well as
superparamagnetic nanoparticles are promising candidates for
magnetically guided drug delivery for targeting tumour, MRI signal
enhancement agents, and magnetic hyperthermia mediators [3,4].
In the magnetic fluid hyperthermia treatment, nanoparticles
injected into the human body interact with the cancerous cells in
the affected area of the tissue and destroy the local cancerous cells
without affecting the nearby normal cells through the generation of
heat while the affected tissue is subjected to an external alternating
magnetic field. The generation of heat associated with a nano-
particle depends on its magnetization, particle size, microstructure
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and loss mechanisms.

Most of the studies related to biomedical applications have
focused on iron oxide nanoparticles due to their bio-compatibility
[5]. Earlier reports [6] emphasized that cobalt ferrite and
substituted cobalt ferrite particles having larger magnetic anisot-
ropy are excellent candidates for biomedical applications. Ashwini
B. Salunkhe et al. [7] synthesized CoFe;04 nanoparticles with mean
particle size about 10 nm through co-precipitation method for
magnetic fluid hyperthermia application. Al Lehyani et al. [8] pre-
pared nanoparticles of CoFe;04 in the range 18—95 nm by chemical
precipitation technique and observed higher heating efficiency for
the particles of size 18 nm.

In performing a successful self-regulated magnetic fluid hyper-
thermia therapy, magnetic nanoparticles having low Curie tem-
peratures in the temperature range 42—46° centigrade are
desirable [9,10]. Despite having the privilege of heating ability,
Curie temperature for most of the ferrites such as Fe304 (850 K),
MnFe;04 (580K) and CoFe;04 (793 K) is much higher than the
required therapeutic temperature [11]. Several researchers have
fabricated composite nanoparticles to obtain low Curie tempera-
tures [12]. However, an increase in zinc concentration (x) in Mej.-
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xZnyFe,04 (Me =Ni, Co, Mn) nanoparticles weakens the super-
exchange interaction and magneto-crystalline anisotropy in sub-
lattices, and thereby producing materials of low Curie tempera-
tures. Attaining of lower Curie temperature of a material depends
on its particle size, shape, composition and the cation distribution
[13,14].

Among the various ferrite compositions cited in literature, zinc
substituted cobalt ferrite nanoparticles exhibiting low Curie tem-
perature, moderate saturation magnetization; high magnetic
anisotropy, low coercive single domain and superparamagnetic
nature are found to be prospective candidates for hyperthermia
application [1].

Efforts have been made by many researchers [15,16]in achieving
least sized particles as well as improvement in the magnetic
properties of the cobalt zinc nanoparticles by employing different
methods of preparation. Vaidyanathan et al. [17] fabricated Coq.x
ZnyFe,04 nanoparticles through the co-precipitation technique
and coated the particles with oleic acid (surfactant) for the prepa-
ration of ferro fluid. Duong et al. [18] processed superparamagnetic
zinc-substituted cobalt ferrite particles of size 3 nm by forced hy-
drolysis method. Ibrahim Sharifi et al. [1] tried to achieve super-
paramagnetic behaviour in Cogp3Zng7Fe;04 nanoparticles having
Curie temperature 97 °C.

* The induction heating ability of the nanoparticles exhibits
reasonable specific absorption rate along with the rise in temper-
ature under externally applied alternating magnetic field. Nikam
et al. [19] reported SAR 114.98 W/g for concentration 5 mg/mL at
magnetic field (335.2 Oe) and frequency 265 kHz in nanoparticles
of CogsZngsFe;04, size about 19 nm. On the other hand, Ragha-
vendra et al. [4] claimed higher SAR (165 W/g) for smaller super-
paramagnetic nanoparticles of the same composition, size around
15 nm, with lower concentrations (2 mg/mL) at magnetic field
335 Oe and frequency 267 kHz. In another report, Zhang et al. [20]
synthesized Zng54C0g46CrogFe1404nanoparticles with Curie tem-
perature 45.7 °C and reported self-regulation of these nanoparticle
suspensions to 44°C with very low specific absorption rate
0.774 W/g. For efficient hyperthermia treatment, higher SAR values
for smaller concentrations of the sample operated at low magnetic
fields are desirable.

Although, there exist several reports [1,17] on the magnetic
properties of cobalt-zinc ferrite nanoparticles, studies on the
development of single domain cobalt-zinc nanoparticles are
limited. Very few reports are available to know the role of chelating
agents, particularly polyvinyl alcohol (PVA) in controlling the par-
ticle size. The induction heating experiments were conducted by
earlier researchers on nanoparticles of larger size, high coercivity
and high Curie temperature [20]. The said properties are undesir-
able for conducting magnetic hyperthermia experiments because
particles of larger coercive field may cause thrombosis. Either
superparamagnetic particles or low coercivity single domain
magnetic nanoparticles are suggested to serve the purpose. For the
first time, a systematic attempt has been made to develop single
domain nanoparticles of least particle size with low Curie tem-
perature and coercivity. The present work describes a methodical
effort in exploring the effectiveness of cobalt zinc nanoparticles as
potential heating agents for magnetic hyperthermia.

2. Experimental
2.1. Preparation of Coj.xZnyFe>04 nanoparticles

The sol-gel method was adopted in processing nanoparticles
having composition Co1_x ZnyFe,O4where x varies from 0.0 to 0.8 in

regular steps of 0.1. Appropriate amounts of analytical grade ni-
trates of ingredients were dissolved in minimum amount of de-

ionized water before making a precursor. The control of particle
size has been ensured using polyvinyl alcohol as a chelating agent,
keeping the ratio of weight of the composition to that of PVA at 1:3.
The resulting mixture was heated at 100 °C till a gel type material
was formed. The gel was dried and ground into a homogenous
powder before annealing at 400 °C for an hour in air atmosphere.
By adding a small amount of PVA as a binder, the ground mixture
was made into toroids. Both the toroids and left-over powder of
each sample were subjected to final heat treatment for another
hour in the air atmosphere at 1050 °C.

2.2. Characterization

The X-ray diffraction patterns of all the samples were recorded
on a powder X-ray diffractometer (BRUKER ADVANCED D8 model),
employing monochromatic Cu-Ko radiation (A =1.5406A) to
identify single phase spinel structures. The particle size and its
distribution were determined from the transmission electron mi-
crographs, recorded on a microscope (JOEL JEM 200CX model)
operated at the electron acceleration voltage of 120 kV. In preparing
a specimen for recording TEM, a drop of the ferrite powder
dispersed in de-ionized water was placed on a carbon-coated
copper grid and dried naturally at normal temperature. The room
temperature magnetic measurements using Vibrating Sample
Magnetometer (Lake Shore 7410) were carried out with a
maximum applied field of 15 kOe. The Curie temperature of each
sample has been estimated from the temperature dependence of
magnetic permeability recorded on a toroid sample using a high
frequency LCR meter (WAYNE KERR 6500 P) at 100 kHz. The in-
duction heating ability was measured in an alternating magnetic
field 20 mTat different frequencies and concentrations, using
Magnetherm (make Nanotherics Limited, UK. Software - Magne
Soft) by dispersing required amount of powder in 1 mL of de-
ionized water.

3. Results and discussion

3.1. Identification of crystal structure

The X-ray diffraction patterns of Coi_xZnyFe;,04 nanoparticles
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Fig. 1. X-ray diffraction patterns of zinc substituted cobalt ferrite.
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were shown in Fig. 1. All the peaks in each pattern are in perfect
agreement with those of spinel structure as substantiated with the
JCPDS card (22-1086). Further, the absence of additional peaks,
confirms single phase spinel structure of the final material.

3.2. Determination of particle size

Fig. 2 represents TEM images together with the particle size
distribution histograms of all the zinc substituted cobalt ferrite
nanoparticles. The mean particle size has been calculated using
Image ] software in manual mode, considering the linear size of
about 120 particles taken from two image pictures of each sample
by fitting the size distribution histogram with Gaussian function. A
gradual decrease in estimated average particle size (from 10.8 to
3.6nm) has been noticed with increasing zinc concentration
(Table 1). Similar inferences regarding the decrease in particle size
in Co-Zn nanoferrite system, prepared under different routes, were
reported by several researchers [21,22].

3.3. Site occupancy of cations from VSM data

Fig. 3 shows the field dependence curves of specific saturation
magnetization recorded at room temperature for cobalt-zinc
nanoferrite samples heat treated at 1050°C. Inset shows an
enlarged view of the curves at origin to identify the coercive field in

Table 1
Particle size, Specific saturation magnetization, and Coercivity, for. Coj.
xZnyFe;04nanoparticles with zinc concentration, x.

0.0 10.8 69.7 225
0.1 8.9 72.8 318
0.2 6.9 75.7 412
0.3 6.0 79.7 275
0.4 5.0 66.1 86
0.5 4.4 62.7 79
0.6 3.6 59.6 55
0.7 Paramagnetic

0.8 Paramagnetic

each sample.

Table 1 gives particle size, specific saturation magnetization
(os), and coercivity (Hc) with zinc concentration. The specific
saturation magnetization has been observed to increase with zinc
concentration up to x=0.3 followed by gradual decrease. The
observed variation was in parallel to that reported by several re-
searchers [23—25]. The measured M — H curves in case of samples
having zinc concentration x=0.7 and x=0.8 suggest that the
samples are paramagnetic. Similar measurements were reported
[21,26] for higher zinc concentration in Co-Zn nanoparticles pre-
pared by different methods.

The values of specific saturation magnetization are lower than
those of the bulk counterparts [27] and the difference is attributed

Fig. 2. TEM images and number-frequency histograms of Co;_yZnsFe,04 powder annealed at 1050 °C.
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Fig. 3. Room temperature hysteresis loops of zinc substituted cobalt ferrites.

to the cation distribution and surface effects. The observed decrease
in particle size with increasing zinc concentration infers that a
greater number of molecules will be available on the surface of the
particle which may experience different surroundings, including
the existence of canted spins, the enhancement of the magnetic
anisotropy, and atomic vacancies. Several experimental studies re-
ported an increase in the effective magnetic anisotropy due to
surface effects [28,29]. As the particles become smaller, the surface
with the canted spins could entirely dominate the magnetic
property of the nanoparticles, leading to the smaller saturation
magnetization. However, the observed saturation magnetization
values of the nanoferrites in the present investigation are relatively
higher than those reported [30], suggesting the importance of wet
chemical sol-gel process in raising the saturation magnetization.

The variation in saturation magnetization can be understood
based on the exchange interactions between ions present at
tetrahedral (A) and octahedral (B) sites in the spinel lattice. It is a
well-known fact [31,32] that A-B exchange interaction in cobalt
ferrite is predominant because nearly 20% cobalt resides on A-site.
According to Néel model, A-B exchange interaction in ferrites is
stronger and effective than A-A and B-B super exchange in-
teractions and the net magnetic moment of the ferrite lattice is
equal to the difference between the magnetic moments of A and B
sublattices, i.e. M = Mg- Ma.

Because of its preference for A-sites, substitution of zinc in place
of cobalt reduces the A-site magnetic moment by 2pg until Co®*
ions present at A-site are depleted and this process increases the
magnetic moment of B-site without affecting the A-B strong
interaction. As a result, the net increase in saturation magnetization
has been observed till the concentration of zinc reaches x = 0.3. For
higher concentration beyond x = 0.3, zinc ions replace Fe>* ions at
A-sites and shift them to B-sites to replace the Co®" ions at B-sites
indirectly. In this process, the B-site magnetic moment increases by
3ug and the magnetic moment of A-site decreases by 5ug. The
difference in magnetic moments of A and B sites weakens A-B
strong exchange interaction while promoting the intra-sublattice
B-B exchange interaction, leading to a non-collinear spin arrange-
ment of cations on B-sites. Thus, the weakening of A-B strong ex-
change interaction and the onset B-B interaction cause saturation
magnetization to decrease with the zinc concentration. Several
researchers reported the decrease in saturation magnetization with
the zinc concentration for x > 0.2 considering non-collinear/canted
magnetic moments [25,33]. Thus, the rise in zinc amount changes
the magnetic moments of A and B sites, leading to the change from
the collinear Néel's arrangement of spin moments to non-collinear
Yafet-Kittel arrangement.

The dependence of specific saturation magnetization with zinc
concentration can further be supported by considering the tetra-
hedral and octahedral band positions from FTIR measurements.

3.4. Supporting evidence from FTIR measurements

The FTIR spectra of all cobalt-zinc ferrite samples (Fig. 4) have
revealed two characteristic absorption bands in the spinel struc-
ture, with the wave number range 560—594cm~' and 399-
420cm™L. The band associated with higher wave number is
ascribed to the stretching vibration of Fe3* - 0%~ bond at A-sites,
whereas, the band with lower wavenumber, associated with the
stretching vibration of Fe3* - 02~ bond at B- sites.

The respective band positions of tetrahedral and octahedral sites
with zinc concentration are listed in Table 2. Insignificant variation
has been observed in the wave numbers of tetrahedral and octa-
hedral bands up to zinc concentration x = 0.3. Further, increase in
zinc content, the tetrahedral and octahedral bands have been
shifted towards the lower and higher wave numbers respectively.
The gradual increase in broadening of the octahedral band beyond
zinc concentration x = 0.3 is related to the cation redistribution in
the spinel structure [23].

In general, zinc ions prefer to occupy tetrahedral, whereas, co-
balt ions having a strong preference towards octahedral sites [34].
The observed change in wavenumber of the octahedral band with
zinc concentration is an indication of an increase in Fe3* ions in
octahedral sites. In other words, the zinc ions enter A-site and push
A-site iron ions into the B-site which indirectly replace the cobalt
ions at B-sites. The mechanism of transferring Fe*>* ions (lower
atomic mass) from A-site to B-site, decreases the wave number of
the tetrahedral band. The mechanism involved in the displacement
of Co®* ion (0.745 A) of larger ionic radius at octahedral sites with
Fe3* (0.645A) ions of smaller ionic radius and the decrease in
reduced mass is responsible for the observed variation in octahe-
dral band position. Similar result was reported in Zn substituted
cobalt ferrites by Mameli et al. [35].

3.5. Single domain nature

The amount of a chelating agent and the annealing temperature
play a crucial role in producing nanoparticles of smaller size. The
particle size reduction is promoted in the presence of the chelating
agent while crystallization and surface energy effects taking place
during annealing stimulate the domain nature of the particles.
Thus, the particle size decides whether it contains single domain or
multi-domain natured particles. Many researchers [36,37] have
studied the magnetic properties related to particle size of different
nanoparticles prepared by various methods.

With increasing concentration of zinc, the probable changes in
reaction kinetics prevent further growth in particle size. Several
researchers have reported higher magnetization values in particles
of larger size, annealed at different temperatures without altering
the composition [36,38]. In our earlier publication, multi-domain
ferrite nanoparticles of cobalt ferrite having size 8.1 nm with the
highest specific saturation magnetization, synthesized by sol-gel
method were reported [39]. However, reduction in size favours
the formation of single domain particles as multi-domain forma-
tion is no longer energetically stable. Particle size reduction with
the increasing zinc content was reported by several researchers in
Co-Zn ferrite system [1,16,20].

The single domain nature of a given composition, in general, is
established from its values of coercivity and particle size obtained
at different annealing temperatures. In contrast, the single domain
state, in the present investigation, was established from the values
of coercivity and particle size associated with each concentration of
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zinc in Coj.x ZnyxFe,04system, heated at 1050 °C.

Fig. 5 shows the variation of coercivity with particle size for each
composition of Coj_xZnyFe,04. The particle size corresponds to the
maximum value of coercivity is known as critical size and is around
6.9 nm. The particles below the critical size are single domain and
above which are multi-domain.

The magneto-crystalline anisotropy decreases with the decrease
of particle size and is comparable to thermal energy. With the
application of external field, the magnetic energy aligns all the
single domain particles in the direction of field. The mechanism of
magnetization process is different in both single-domain and
multi-domain nanoparticles. In single domain particles, the align-
ment is associated with the rotation of the spins while in multi-
domain particles it is due to domain wall motion.

4 6 8
Particle size (nm)

Fig. 5. Variation of coercivity with particle size.

3.6. Role of Curie temperature

The Curie temperature of each sample has been estimated from
the plots of temperature dependence of initial permeability (Fig. 6),
recorded on a toroid sample using a high frequency LCR meter at
100 kHz. The temperature at which a sudden fall of initial perme-
ability takes place is known as Curie temperature.

Fig. 7 shows the variation of the Curie temperature with zinc
concentration. In explaining the observed variation in Curie tem-
perature with zinc concentration, exchange interaction between
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magnetic ions and their site occupancy was considered. As zinc ions
prefer to occupy tetrahedral sites, Co®" ions existing at A-site in
cobalt ferrite are replaced by zinc up to its concentration x = 0.2
without much affecting strong A-B exchange interaction. During
this process, a gradual decrease in Curie temperature with zinc
concentration is expected due to the decrease in the overall mag-
netic moment of the unit cell. Beyond the zinc concentration
x = 0.2, zinc ions continue to occupy A-site and replace cobalt ions
at B-sites indirectly by shifting A site ferric ions to B site. The pro-
cess dilutes the magnetic moment of the A-sub lattice, increases the
magnetic moment of the B-site and apparently weakens the A-B
exchange interaction. The sudden decrease in Curie point with the
increase in zinc content is a clear evidence of the onset of the B-B
interaction which has been a well-known phenomenon [40].

Interestingly, the observed decrease in Curie temperature and
coercivity with increasing zinc concentration guided the authors to
process a few compositions in between x = 0.6 and 0.7 to check
their suitability for studying magnetic hyperthermia. Three sam-
ples having zinc concentration x = 0.61, 0.62 and 0.63 were care-
fully prepared to record the induction heating measurements. The
values of specific saturation magnetization, coercivity and Curie
temperature are shown in Table 3.

Table 3
Specific saturation magnetization (os), Curie temperature, Coercivity (H¢) of Coy.
xZnyFe,04with zinc concentration, X.

X os (emu/g) H, (Oe) Curie temperature (°C)
0.61 50.5 29 65
0.62 43.1 16 55
0.63 38.7 10 46

4. Magnetic hyperthermia experiment

Because of its single domain nature, reasonably high specific
saturation magnetization, and low Curie temperature, the compo-
sition Cog4ZngeFe;04 has been subjected to induction heating to
analyse the concept in the first instance. Self-heating characteris-
tics of the sample dispersed in de-ionized water medium has been
recorded under the application of alternating magnetic field of
20 mTat different frequencies keeping the sample concentration
10 mg/mL. The temperatures versus time curves are given in Fig. 8.

A sharp initial raise followed by a gradual increase in temper-
ature with time has been observed until the temperature reaches
the Curie temperature of the sample and remains constant. This
kind of observation is very much evident in case the sample is run
at high frequency because the rapid increase in temperature is
observed to be dependent on the frequency selected. The higher the
frequency, greater the temperature rise.

In the process of induction heating, the temperature rise with
time is attributed to magnetic losses in the material. Eddy current
losses are ignored primarily due to high resistivity of the particles.
In general, single domain nanoparticles below the critical particle
size produce heating mechanism due to Brownian loss, whereas
multi-domain particles are associated with both Néel and Brownian
losses in generating heat. Néel loss is due to domain wall
displacement and the impediment of particles due to liquid viscous
force causes Brownian loss [41]. As the sample, Cog4ZnggFe;04
exhibits coercivity 55 Oe, the heat generated has been presumed to
include a partial contribution from hysteresis loss besides the
Brownian and/or Néel mechanisms.

Kim et al. [42] studied the heating ability of various ferrite
nanoparticles in distilled water under alternating magnetic field of
frequency about 7 MHz with field amplitude 110 A/m. Veverka et al.
[43] performed magnetic heating experiments on the cobalt ferrite
nanoparticles, suspended in agarose solid gel in the range of
alternating field from 35 mT to 80 mT at frequency 108 kHz. Dong-
Hyun Kim et al. [44] carried out the heat generation in cobalt ferrite
nanoparticles dispersed in water by applying various magnetic
fields from 1270e to 634 Oe at frequencies of 231 and 266 kHz.
Zhang et al. [20] conducted magnetic heating experiment in Co-Zn-
Cr ferrite nanoparticles of coercivity 174 Oe using high concentra-
tion, 112 mg/mL of the sample. Although the temperature was
regulated at 44°C, the particles are neither single domain nor
superparamagnetic.

As the Curie temperature of Cog4ZnggFe204 is above the ther-
apeutic range 68 °C, the induction heating experiment has been
extended to three more compositions, Cog39ZnggiFe204,
Cog.38Zng g2Fe204 and Cog37Zngeg3Fe;04 which have low Curie

g —— 260 kHzZ

g40 — 519 kHz

E 35 ——— 746 kHz
30 —— 995 kHz
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) T T T T T T
0 500 1000 1500 2000 2500 3000 3500
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Fig. 8. Temperature variation with time of Cog 4Zng gFe;04.
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temperatures (Table 3). The temperature versus time curves for the
three samples are given in Fig. 9.

In the present study, the applied field 20 mT which is lower than
that reported by other researchers. From the above experimental
data, it is clearly seen that the composition Cog37Zngg3Fe;04 hav-
ing the least coercivity (10 Oe) and low Curie temperature (46 °C)
provides the required therapeutic temperature range 42—46 °C for
more than 30 min at higher frequency 995 KHz. More amount of
the sample dispersed in water may yield the required temperature
range even at lower frequency (Fig. 10).

The experiments conducted at different frequencies with the
varied amounts of the sample dispersed in water medium have
concluded that the heating ability would be intensified with higher
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amount dispersed, and higher frequency of operation. In hyper-
thermia experiments, in general, the conditions needed to obtain
the required therapeutic temperature range are the application of
minimum applied alternating magnetic field, medium frequency
and smaller amount of the material dispersed in water medium. In
general, the therapeutic range 41—46 °C is expected for at least
30 min above the frequency 500 KHz.

Depending upon the situation of the tissue under study, one
must select the proper values of applied alternating field; fre-
quency of operation and the amount of the sample to be admin-
istered to obtain the required therapeutic temperature range at the
site of the tissue.
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Fig. 10. Heating abilities of Co;_xZnyFe,04 nanoparticles for various concentrations at two frequencies.
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5. Conclusion

In cobalt-zinc nanoferrite system, the importance of the zinc
concentration in producing the particles of least size with fasci-
nating properties, suitable for magnetic hyperthermia has been
discussed in detail. The study has revealed that least sized nano-
particles with reasonably high specific saturation magnetization,
low coercivity and low Curie temperatures can be made available
by the sol-gel method. Induction heating study of such particles
confirms their suitability for magnetic hyperthermia treatment.
The material having the composition Cog37Zngg3Fe204 has been
proved to be a promising candidate for conducting hyperthermia
experiments with the attainment of self-regulation at 46 °C due to
its low Curie temperature (46 °C).
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