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We report a high-performance magnetic nanoparticle as a hyperthermic agent under low applied field and
frequency. CTAB (cetyltrimethylammonium bromide)-coated Ni,Zn;_,Fe,O4 nanoparticles of average
particle size < 25 nm with various stoichiometric ratios were successfully synthesized using a co-
precipitation technique. Characterization results indicate a close interaction of CTAB ions with the
surface metal ions resulting in a cation distribution deviating from their equilibrium positions. Magnetic
measurements were done at 300 K and 5 K using a superconducting quantum interference device.
Saturation magnetization gradually increases with increasing substitution of Ni?* ions with Zn?* ions,
attributed to the cation distribution and high super-exchange interaction between the A- and B-sites.
The average size of the nanoparticles is estimated to be <10 nm with a magnetically dead layer (>1 nm @
300 K), reflecting the effect of CTAB coating on the surface of the nanoparticles. The magnetocrystalline

anisotropy (Keg), obtained from the law of approach to saturation, is inversely proportional to the Mg
Received 28th February 2021 l The i . . ti PENTEO in the latti ¢ is f d to infl .
Accepted 7th August 2021 value. The increasing incorporation of Ni“" ions in the lattice system is found to influence various
structural parameters, which is reflected in the magnetic performance of the nanoparticles. A specific

DOI: 10.1039/d1na00153a absorption rate of 347 W g™t and intrinsic loss power of 4.6 nH m? kg~* was attained with a minimal
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Introduction

One of the key challenges in magnetic hyperthermia is the
amount of heat a magnetic nanoparticle (MNP) can generate at
very low magnetic field strength for a minimally invasive heat
treatment. Search for new magnetic nanomaterials has been
ongoing to obtain the highest specific absorption rate (SAR)
values at the lowest administered particle dose and the lowest
frequency and/or magnetic field amplitude possible. Saturation
magnetization (M) and magnetic anisotropy (Keg) play a crucial
role in determining the heating efficiency of the nanoparticles.
Ferrites (MFe,O,* M: Mn, Co, Fe etc.) are good candidates for
hyperthermia due to their medium magnetic moment, biocom-
patibility, low inherent toxicity, ease of synthesis and their
physical and chemical stabilities, and relatively high specific
absorption rate (SAR).* These properties are essentially tailored
through chemical composition and cation distribution in the
spinel lattice system.* ZnFe,0, is one of the labile compounds
(zn being a non-magnetic ion) in the ferrites family. It has
a normal spinel structure ((Zn>*)a[Fe,**]z04>") whose magnetic
property is known to strongly depend on the degree of inversion.’
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concentration of 2 mg ml~tina very short time period of 1.5 min in Nig 75Zng 25Fe2O4 nanoparticles.

In contrast, NiFe,0, of inverse spinel structure ((Fe**),[-
Ni**Fe*"]30,%7) is a soft magnetic material well-known for its
moderate coercivity and saturation magnetization in bulk form.®
The properties of these two compounds are very different; for
example, Ni ferrite is ferrimagnetic with a Curie temperature of
~858 K while Zn ferrite is antiferromagnetic with a Neel
temperature of about 9 K.” This indicates that desirable proper-
ties can be tailored just by varying the ferrite composition. For
example, Dalal et al. showed that Zn substitution in NiFe,O,
increases the saturation magnetization by redistributing the
cations in Agey and By sites with maximum magnetization
obtained by 50% Zn substitution.® Kavas et al. also reported that
the saturation magnetization decreases considerably with
increasing concentration of Zn>" since an increase in the occu-
pancy of Zn®" in tetrahedral A-site weakens the superexchange
Age=O-Boey interaction; a further decrease of Zn** can
conversely cause Boc~O-B(ocr) interaction equivalent to Agey~O-
Byocy) interaction.” Here, subscripts tet and oct refer to tetrahedral
and octahedral sites, respectively. By introducing different metal
cations, it is possible to manipulate the strength of magnetic
interactions in lattice sites to adjust the saturation magnetization
as well as the magnetic anisotropy of the nanoparticles.
Incorporation of organic molecules as surface coating agent
is shown not only to control particle growth, prevent aggrega-
tion or inter-particle interaction but has influence towards the
magnetic properties of the nanoparticles. It is well established
by the ligand field theory that m-acceptor ligands (e.g. CTAB,
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oleic acid) are responsible for a co-ordination that induces
a large crystal field splitting energy (CFSE). For a transition
metal, large CFSE indicates a large d-orbital splitting and
a small spin-orbit coupling. Such coupling represents a source
for the magnetocrystalline anisotropy, which is thus reduced by
T-acceptor ligands at the particle surface. Vadivel et al. studied
the influence of various concentrations of CTAB in CoFe,O, and
found a significant impact of size on enhancing the M, value."®
Lu et al. studied the influence of sodium dodecyl sulfate (SDS,
m-donor), polyethylene glycol (PEG, m-donor) and CTAB
surfactants on SrFe;,0;9 nanoparticles prepared by co-
precipitation and concluded that the addition of CTAB
enhances the properties more relative to the other two surfac-
tants (SDS and PEG)."" There has been a surge in the search for
a suitable heating mediator that can generate enough heat with
a very low concentration of MNPs. In this study, we present an
excellent heat generating nanomaterial requiring less than 2 mg
of MNPs: CTAB-coated nickel-substituted zinc ferrite (Ni,-
Zn, ,Fe,0, where x = 0.0, 0.25, 0.5, 0.75) nanoparticles. A
systematic investigation on the CTAB controlled crystallite size,
cationic distribution and its influence towards the magnetic
properties, the specific absorption rate (SAR) and intrinsic loss
power (ILP) is presented. This study is precursor to establishing
biocompatibility, toxicity and other factors that determine
successful approval for clinical use. The field and frequency
applied here are under human tolerable range. This work
demonstrates the tunability of the desired limit of heat gener-
ation by understanding the correlation between the nature of
the surface binding ligand (CTAB) and the structural and
magnetic properties of the nanoparticles.

Experimental work
Synthesis

All chemicals were of analytical grade and used without further
purification for the synthesis. Ni,Zn, ,Fe,O, nanoparticles with
four different stoichiometric ratios (x: 0.0, 0.25, 0.50, 0.75) were
prepared by co-precipitation at room temperature using
Zn(NOs),-6H,0, FeN3;O9- 7H,0 and Ni(NO3)-6H,0 as precursors.
These four samples are labeled 1z, 2z, 3z and 4z here for conve-
nience. A 1.5 molar solution of NaOH was monitored drop-wise
under constant stirring until a pH of 7-8 was obtained at
~200-250 °C. A specified amount of CTAB was gradually added
into the solution as a surfactant and coating material. The liquid
precipitate was then stirred at 80 °C with a magnetic stirrer for 30
minutes and further sonicated at 50 °C for another 30 minutes.
The reaction mixture was cooled and centrifuged at 2500 rpm to
separate the precipitates from the solution. After that, the
precipitates were vacuum pumped and washed 2-3 times with
ethanol and deionized water to remove the excess surfactant, and
dried at 100 °C overnight. The dried precipitate was then ground
into fine powder and heated at 200 °C for 4 hours.

Characterization

X-ray diffraction (XRD) patterns were taken with Rigaku X-ray
Diffractometer operating at 50 kV/180 A m at room
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temperature using Cug, (A = 1.5406 A) to identify the structure
of the samples. The morphology of the nanoparticles was
analyzed using Field Emission Scanning Electron Microscope
(FESEM, Zeiss). The incorporation of CTAB as coating agent was
analyzed by Fourier Transform Infrared (FTIR) spectroscopy.
The vibrational modes and an indication of inversion param-
eter were examined at room temperature by Raman spectros-
copy (LabRam HR, Horiba). The DC magnetic measurements
were done using Superconducting Quantum Interference
Device (SQUID, Quantum Design. MPMS XL-5) at room
temperature 300 K and low temperature 5 K. Induction heating
of the samples was performed using Easy Heat 8310 (Ambrell
make) with 8-turn coils. Here, the Easy Heat power supply
delivers RF energy to the work-head to heat the target samples.
In the work head, the energy from the power supply concen-
trates an electromagnetic field within the coil. Samples of
required mass suspended in 1 ml of distilled water were soni-
cated and placed at the center of the coil, and a constant
frequency (f) and applied field amplitude (H) were kept at 337
kHz and 14.98 kA m™' respectively. The magnetic field (H)
calculation is shown in Fig. S1.f An RF-immune fiber optic
probe was attached to the temperature sensor module and
placed within the target material to determine the temperature
rise in the sample with respect to time.

Results and discussion
Structural analysis

X-ray diffraction patterns in Fig. 1A show characteristic reflec-
tions of cubic spinel ZnFe,0, and Ni-ZnFe,0, [ICDD: No: 01-
073-1963]. A phase pure and well crystallized nature is reflected
in sample 4z, while some minor impure phase of ZnO (Z) [ICDD:
00-036-1451] and Fe,O; (F) [ICDD: 00-039-1346] is detected in
samples 1z, 2z, and 3z, which must have resulted from some
incomplete reactions during the synthesis.**** The crystallite
size (Dgy), approximated from the most prominent peak (311)
using Scherrer's formula, is 10 nm, 15 nm, 11 nm, and 23 nm
for 1z (ZnFe,0,), 2z (Niy 521 75Fe,05), 3z (Nig sZny sFe,0,), and
4z (Nig 75Zn, »5Fe,04) respectively. Further discussion on crys-
tallite size is given under ESI.T The FESEM images show almost
uniform spherical nanoparticles (Fig. 1B). EDS surface
elemental analysis done at different positions on all the
samples indicates consistency with the starting stoichiometric
ratio, further confirmed by the overall mapping associated with
the concentration of Zn** and Ni** as shown in Fig. 1C and D.

The true value of the lattice parameter (a,) of each sample
was calculated by extrapolating Nelson-Riley function f{6) given
by eqn (1) (see Fig. S31), and the information on lattice strain ()
and crystallite size (Dwy) (Table S1t1) was determined from
Williamson-Hall (W-H) equation (eqn (2)).**

1 (cos’@ cos® @
10) = E(Siné’ + 0 ) @)
B cos b = (% + 4e sin 0) (2)
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Fig.1 Characterization results. (A) X-ray diffractogram, (B) FESEM images, (C) EDS mapping and (D) compositional analysis of Ni,Zn;_yFe,O4 (x =

0.0, 0.25, 0.5, 0.75) nanoparticles.

Fig. 2 shows the variation of the crystallite size as well as the
lattice parameter and lattice strain, which is induced by the
substitution of Ni** ions (0.055 nm) and interaction of surface
ions with the adsorbed coating agent (CTAB). The lattice
parameter is found to vary correspondingly with the crystallite
size as shown in Fig. 2a and b. At the same time, lattice strain in
Fig. 2c, which is a measure of the distribution of lattice
constants, such as lattice dislocations, that arises from crystal
imperfections, also appears to have some influence towards the
lattice parameters. Increase in strain increases the lattice
parameter and thereby the crystallite size as seen in 2z,
although this trend disappears in the well crystallized sample
4z. It is possible that the presence of some impure phases
(observed in 1z, 2z, and 3z) induces lattice strain in the crystal

structure. In addition, the larger surface area in smaller nano-
particles of 1z, 2z and 3z induces greater degree of surface ion
interactions with the capping ligands of CTAB, which resulted
in increase/decrease of strain in the lattice system.*

The intrinsic vibration of the cations and binding of CTAB to
the nanoparticles were investigated by FTIR analysis as shown
in Fig. S4.1 The vibrational frequency of spinel ferrite depends
on the distance of cations and oxygen, the mass of cations and
bonding forces.* The band observed at about 556 cm™ " repre-
sents the stretching vibration at the tetrahedral site, where
a slight peak shift is observed with increasing Ni** ions. Force
constant at the tetrahedral site (k™) was calculated using
a method suggested by Waldron,"” whose simplified form is
given by:
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Y o 5 £0003| .
S N 5828 s ! :
@ trem g = %0002] ! i
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(a) Crystallite size, (b) lattice parameter and (c) lattice strain of Ni,Zn;_sFe,O4 nanoparticles.
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K= 7.62 x (M x v* x 107)Nim (3)

where, M, is the molecular weight of cations on the tetrahedral
site, » (ecm™ ") is the vibrational frequency of Me-O bond. The
value of k' increases with decreasing Zn”>* ions concentration
(discussed later in Table 1) indicating reduction in the (Me-0)"*
bond length.'® The assignment of various bands in the FTIR
analysis can be found under ESL.{

The spinel structure with the space group Fd3m exhibits five
Raman active modes, namely Ay, E,, and three T,, owing to the
symmetric and asymmetric bending or stretching of oxygen
ions with the metal ions. Room-temperature Raman spectra of
all the samples with their modes are shown in Fig. S5,7 and the
individual Raman modes for all the samples are tabulated in
Table S2.T The A, peak represents the symmetric stretch in the
A-sites, wherein different metal-oxygen stretches appear at
different wavenumbers due to their mass difference. Broad-
ening of the A;, peak indicates the occurrence of multiple
cations in the A-site. For example, Nakagomi et al. claimed that
lighter ions (Fe*" in our case) respond at higher wavenumber
and heavier ions (Ni**, Zn**) respond at lower wavenumber.'®
The A, peaks of all the samples were deconvoluted by fitting
them with individual Lorentzian components to identify the
cation occupancy in the A-site. Since the A;; Raman mode is
associated with the stretching vibration of the ion species in the
A-site, the integrated intensity of A;; mode is then proportional
to the Ni,, Fe,, and Zn, content in the A-site, respectively.’® The
cation redistribution between the A- and B-sites was estimated
from the area under the deconvoluted peaks (Table 1).

The substitution of Ni** ions, which has a marked preference
for the octahedral (B-site) environment, induces redistribution
of cations between the A- and B- sites. A normal spinel ZnFe,0,
is also seen to have deviated from a normal equilibrium spinel
system to a mixed spinel system. The incorporation of Ni** ions
induces ‘partial’ migration of B-site Fe** ions to A-site while at
the same time a fraction of Zn>" ions has also migrated to B-site
against their chemical preference. However, a majority of Fe**
along with Ni*" are found occupying their preferred B-site.
Using the cation distribution data, the mean ionic radius of
the tetrahedral site (") and octahedral site (r°°") was calculated
using the following equation:**

F = (G x g ) + (Colae X1z ) 4+ (Cshe X 1) (4)

€

—

oct __

)

(C;:;r X I’Ni2+) + (C;fllu X an“) + (C;C§+ X rFe”) (5)

€
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where, C***and C°** are the ionic concentrations at A and B sites,
and r is the Shannon's ionic radius. The calculated values of the
mean ionic radius are given in Table 1. The r°°‘ remains almost
constant while 7" decreases with increasing x, confirming that
incorporation of Ni** ions induces the re-distribution of cations
leading to contraction of A-site. The decreasing r*** corresponds
well with the increasing k*** observed in the FTIR study. The
observed behaviour produces a significant effect on the satu-
ration magnetization and magnetocrystalline anisotropy
constant, which in turn would dictate the heating efficiency of
the nanoparticle (discussed in the next section).

Magnetic characterization

The M-H curves for the four Ni,Zn, _,Fe,O, samples at 300 K
and 5 K are shown in Fig. 3. The coercivity (H,) of all the samples
at room temperature (300 K) is <50 Oe (Fig. S67), indicative of
the soft magnetic behaviour of the nanoparticles. The satura-
tion magnetization (M) is found to increase with increasing
concentration of Ni** ions, which further induces greater % of
Ni** ions towards their favourable B-site (Fig. 4a). This is in
agreement with the cation distribution where majority of Fe** (5
ug) and Ni** (2 ug) are located in B-site resulting in an increase
in the net magnetic moment M = Mgpgite — Masite- AlSO,
decreasing non-magnetic ions (Zn>" (0.074 nm)) in the lattice
system and reduction in (Me-O) bond length enhances the
super-exchange Fe,-O-Feg and Niy,-O-Nig interaction. The
influence of some impure phase and surface spin disorder with
the adsorption of CTAB ions could also have minor contribu-
tions towards the lower Mg values observed in 1z, 2z, and 3z.
An upturn magnetization at low temperature (5 K) deviates
from the modified Bloch's law, where an exponential decay of
the saturation magnetization at low temperature is expected.”
Similar result was also observed by Maaz et al.**> and Mandal
et al.,” (for <50 K) which was attributed to the effect of surface
spin shell moments and quantization of spin-waves spectrum
as a result of finite size. The hike in H. value (<50 Oe @ 300 K to
~230-290 Oe @ 5 K) is driven by the surface spin freezing effect,
where the magnetic moments are frozen into anisotropic
directions at low temperature. For particles small enough with
high surface-to-volume ratio, the inter-particle surface-
interaction (among the canted spins) can become quite effec-
tive resulting in magnetic hardening or augmentation of H.,
and such kind of interactions are rather weak, therefore it
occurs only at very low temperature.** However, the coercive
field (H,) in our samples is not significantly high to retain the

Table 1 Crystallite size of NiZn; sFe,O4 nanoparticles, cation distribution between the tetrahedral (A-site) and octahedral (B-site) sites,

saturation magnetization (M) and its coercivity (H.) at 300 K and 5 K

Cation distribution

Mean ion

radii M (emu g™ )

Sample name K (N m™") A-site B-site

et (&) 7°° (A) 300 K Dinax (NM) feane (M) Kege (x10%) (J m™3)

1z (ZnFe,0,) 2.9 x 10%
2z (Nig »5Zn 75F€,04) 4.5 x 10°
3z (Nig.5Zng sFe,04) 4.7 x 10°
4z (Niy 75Zng ,5Fe,0,) 4.8 x 10>

Zng g7Fe€0.1304 Zng 13Fe.8704
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Nig.15Zn0.54F€0.3104 Nig.1Zng21F€1.4604
Nig.06ZNg.25F€0.6504 Nig.44Zng 25Fe1 3,04 0.51
Nig.16ZN0.13F€0.7104 Nig.54Zn0 12F€1 2004 0.51

0.58 0.49 9 — — 12
0.55 0.49 37 4.6 1.5 22
0.51 38 4.8 1.7 19
0.50 53 6.0 1.0 12

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respect to Ni2* concentration. (b) The interrelation of magnetic size (Dmax, M) and non-magnetic layer (tcane, NM).

spin moments unsaturated. At about 10 kOe, the magnetization
of these nanocrystals is already close to the saturation point,
which further confirms the very soft magnetic nature of the
nanoparticles. In this sense, the freezing temperature of all the
samples is <5 K. It is also noted that u,H of about 5 kOe (for 300
K) to ~10 kOe (for low temperature) is sufficient to magnetize
these Ni,Zn, ,Fe,0, samples. These features closely delineate
the characteristic of superparamagnetic nanoparticles, which is
ideal for hyperthermia application.

The generation of heat has a marked dependency on the
anisotropic energy of the nanoparticles, therefore the effective
magnetic anisotropy of these nanoparticles was determined by

© 2021 The Author(s). Published by the Royal Society of Chemistry

fitting the experimental M-H data at the high field using the law
of approach to saturation magnetization.*

M(T):Ms<1—%— %—FCH) (6)
=1 () =

where, the term a/H takes into account of the microstructural
defects in the system, and non-magnetic (if any), ¢ is associated
with the magnetic susceptibility in high applied magnetic field
and b/H*> corresponds to the magnetic anisotropy of the
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material, where the K¢ was calculated using eqn (6a) (tabulated
in Table 1). Since the cationic distribution in all the samples
deviates significantly from their bulk counterpart, the contri-
bution of the a/H factor is found to be non-negligible for a good
fit. The effect of cation distribution with the substitution of Ni**
is shown in Fig. 4a. K ¢ value decreases with increasing Mg and
Ni*" concentration in B-site. As mentioned earlier, according to
ligand field theory, m-acceptor such as CTAB results in large
crystal field splitting energy of d-orbital energy level of transi-
tion metal ions. Rakshit et al*® reported that enhanced -
acceptor ligand-metal interaction favors the quenching of
orbital magnetic moment of 3d-transition metals ions more and
subsequently reduces its spin orbit coupling, thereby reducing
their magnetocrystalline energy. In our case, Zn>* (d°) and Fe**
(d°) have zero CSFE; therefore, the observed decrease in
magnetic anisotropy with increasing Ni** jons must have
resulted mostly from the increasing interaction of Ni** (d®) with
the CTAB ligands. In addition, there is a plausible presence of
asymmetric local structure inside the symmetric and cubic
spinel system in samples 2z and 3z, as the cationic distribution
deviates far from its equilibrium positions. The presence of ZnO
as some impure phase could also affect such local symmetric
structure of the nanoparticles. This could also result in a greater
effective magnetocrystalline anisotropy. The K value of 1z
(znFe,0,) is unreliable and hence neglected as the M-H curve is
not well saturated. This could be due to the high surface spin
disorder or a fraction of antiferromagnetic ordering in the
system. It is also highly plausible that the presence of impure
phases (ZnO and Fe,053) in the crystal system induces structural
changes or distortion, thereby affecting the magnetic behaviour
of ZnFe,0, nanoparticles.

To confirm the presence of surface spin disorder in our
focused samples (2z, 3z, and 4z), the average magnetic size was
first estimated from the slope of the magnetization near zero
field using the following relation:*

b [18KT (dM/dH),_, 173
max — . pMSZ

)

where k = Boltzmann constant, T = temperature (300 K), dM/dH
= the slope near zero field, and p is the density of the material.
The magnetic sizes calculated (D) are consistently smaller
compared to those from Scherrer's (Dgyp,), justifying the presence
of magnetically inactive layer at the surface of the nanoparticles.
The thickness of the non-magnetic layer (fcane @ 300 K)
constituting canted spins was determined using the relation:*®

M, = My (1 - 6’—) ®)
Dgy
where My is the bulk net magnetization and Dy, is the average
particle size. The approximated value of the thickness is given
in Table 1. According to the ‘“dead-layer” hypothesis, as the
particle size decreases, the contribution of the dead layer
should increase.” Fig. 4b shows the correlation between f.an¢
and D, obeying the hypothesis. This also reflects the intensity
of the interaction of surface ions with the CTAB ions and more
so with increasing Ni** concentration. The influence towards
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the magnetic performance of the nanoparticles and thereby its
heat generating properties are discussed in the next section.

Induction heating study

To study the heating efficiency of the synthesized nanoparticles
for hyperthermia application, the temperature response with
respect to time was measured with minimum nanoparticle
concentrations (2 mg ml~ ') for each sample at a standard
frequency of f= 337 kHz and an applied field amplitude of H =
14.98 kA m ™' (188 Oe) as shown in Fig. 5. For an effective in vivo
administration, the magnetic nanoparticles need to generate
maximum heat at minimal nanoparticle concentration in
a physiologically tolerable range of magnetic fields and ampli-
tudes. The human tolerable range of frequency and amplitude
are considered to be f< 1.2 MHz and H < 15 kA m™ " respectively,
with their product C = Hf not exceeding ~5 x 10° Am " s %
The calculated value of C for our experiment is 5 x 10° A m™"
s, thus fulfilling an important requirement for the magnetic
field amplitude and frequency. In addition, there is an optimum
applied frequency associated with anisotropy energy barrier. If
the frequency is too high, then it would leave an insufficient
time for the magnetic moment to crossover the energy barrier
resulting in ‘zero’ energy dissipation. Our previous work on heat
dissipation indicates highest efficiency for spin moment fluc-
tuation and hence effective heat generation lies at f = 337 kHz
and H = 14.98 kA m~'.** Many of the specific absorption rate
(SAR) values previously reported in the literature for magnetic
NPs were measured at frequencies between 500 and 700 kHz
and fields between 10 and 30 kA m ™%, resulting in Hf factors
largely above the human tolerance limit.*?

The most commonly quoted measure for magnetic heating
ability of MNPs, the specific absorption rate, is defined as the
heating power generated per unit mass (W g~ ).%

SAR = c(i—f) ( Aﬁjm) (9)

where C is the sample specific heat capacity (4.186 ] g~ °C™* for
water), (d7/dt¢) is the initial slope of the time-dependent
temperature curve, mg is the mass of suspension and my, is
the mass of the magnetic material in suspension. The specific
absorption rate was quantified here by approximating the slope
of the initial heat rise (d7/d¢) since the initial slope of the curve
(proportional to the heat dissipation rate) is assumed to have
negligible losses. Two cycles of induction heating curves for all
the samples were taken to test the consistency of the initial heat
rise of the nanoparticles. Upon removal of the magnetic field (H
= 0), the temperature of the nanoparticles fell back to the initial
temperature taking about 15 minutes. We propose that such
low field dependent nanoparticles with abrupt rise (with H) and
fall (H = 0), especially sample 4z, would be useful for a non-
invasive ‘short-time’ hyperthermia treatment by activating and
deactivating the applied field and frequency at the effective
temperature.

The magnetic induction heating of ferrite materials origi-
nates from their power loss in alternating magnetic field.
Hysteresis loss and relaxation losses (neglecting eddy current

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time dependent temperature variation of CTAB-coated Ni,Zn;_sFe,O4 nanoparticles tested at a minimal nanoparticle concentration of
2mgml~t. Sample 1z could never attain the threshold temperature even at 50 mg ml™?, therefore nanoparticle concentration < 50 mg ml~is not

shown.

loss) are the main contributors for the SAR in magnetic nano-
particles. Hysteresis loss occurs due to the irreversible magne-
tization in AC magnetic field, where reorientation is facile and
domain wall displacement is responsible for the heat produc-
tion. As particle size decreases, relaxation losses become
dominant: (i) Neel relaxation occurs due to the spin of the
magnetic moment (usually for size range of <15 nm) and (ii)
Brownian relaxation is the shear stress induced by whole rota-
tion of the particle in the surrounding fluid producing thermal
energy.** The time dependent temperature variation shows
consistency in all the samples in both the cycles (Fig. 5), and the
time taken to attain the threshold temperature (Ty,: 43 °C)
varies with x (i.e. Ni*" and Zn** concentration) leading to vari-
ation of SAR values as tabulated in Table 2. Samples 3z and 4z
could easily attain the threshold temperature at the minimal
concentration of 2 mg ml™', and 2z with 7 mg ml™" in a time
span of <15 min, whereas 1z could not reach the target even at
the maximum nanoparticle concentration of 50 mg ml~". The
inability of the 1z sample to attain the required hyperthermic
temperature is due to its low Mg and K¢ value i.e. insufficient
thermal energy dissipation. For sample 2z-4z, since Ky X
AE (energy barrier) as illustrated in Fig. 6, the fluc-
tuation of magnetic moment under the applied field and

volume =

frequency is dependent on the energy barrier of the respective
nanoparticles. Considering the soft magnetic characteristics of
our nanoparticles with coercivity of <50 Oe and average
magnetic sizes of <10 nm, and the finite size effect observed at 5
K, Neel relaxation mechanism (or Neel and Brownian simulta-
neously) is most likely the “dominant” source of heat genera-
tion.>® However, considering some particle size distributions,
superposition of Neel relaxation and hysteresis losses cannot be
ruled out in the generation of heat.

The time taken to reach Ty, gradually decreases with
increasing concentration of Ni*" ions. This shows a profound
correlation of SAR with the saturation magnetization and the
magnetic anisotropy energy. To ensure the reliability of our SAR
measurement, a system-independent parameter called the
intrinsic loss power (ILP) introduced by Pankhurst et al. was
used:**

P SAR
pHf — Hf
where, H is the applied field strength and fis the frequency. The
ILP representation, however, is only applicable at low field

ILP = (10)

strengths and low-frequency AC excitation. The ILP values are
tabulated in Table 2. The ILP obtained for the 4z sample here is

Table 2 Specific absorption rate (SAR in W gfl) and time taken to reach the threshold temperature (Ty,: 43 °C) by Ni,Zn;_,Fe>,O4 nanoparticles

C=Hf=5 x 10° Am ' s~ ' (human tolerable range)

1z (x: 0.0) 2z (x: 0.25) 3z (x: 0.5) 4z (x: 0.75)
NP conc. 50 mg ml~" (<50 mg ml~" not shown) 2 mg ml™* 7mgml™" 2mgml™" 2mgml’
Time taken to reach Ty, Unable to reach even after 30 min Unable to reach within 30 min 13 min 11 min 1.5 min
SAR (W g™ ") — — 19 75 347
ILP (nH m” kg™ ") — — 0.25 0.99 4.6
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much greater compared to various reported values in the liter-
ature as shown in Fig. 7.>*> Typical ILP values suitable for
heating are in the range from 3 to 4 nH m* kg™, and therefore,
our results indicate that the synthesized nanoparticles here
have high efficiency as heating agents. The high values of SAR
(347 W g7") and ILP (4.6 nH m* kg™ ") in the case of 4z can be
explained as a direct consequence of well crystallized nano-
particle with high saturation magnetization®* and easy Neel
relaxation to dissipate reasonable amount of energy under the
applied field and frequency as shown in Fig. 6.

Conclusions

We have investigated the effect of structural and magnetic
properties on heat generation in CTAB-Ni,Zn, _,Fe,O, magnetic
nanoparticles of different stoichiometric ratios. The
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substitution of Ni** ions with Zn** induces distribution of
cations deviating from its equilibrium position in the crystal
lattice. The samples exhibit a very soft magnetic characteristic
(H. < 50 Oe) with enhanced saturation magnetization as Ni**
concentration increases. For samples Nig,5Zng,5Fe,O, and
Nig sZn, sFe,0,, the effect of non-equilibrium cation distribu-
tion and the presence of some minor impure phase give rise to
a high magnetocrystalline anisotropy, while it reduces in
sample Nij ;5Zng »5Fe,04. A monotonic increase in the value of
SAR and ILP (19 to 347 W g, and from 0.25 to 4.5 nH m* kg™ ")
is posited to have resulted from a Neel relaxation mechanism
determined by the respective anisotropy energy of the nano-
particles. This establishes the intimate association between the
chemical composition, cation re-distribution, saturation
magnetization, magnetic anisotropy and generation of heat.
Under the suggested limit of C = Hf not exceeding ~5 x 10° A
m~ ' s7', our magnetic nanoparticles particularly Niy ;5Zng 5
Fe,0, show efficient and effective response to the desired
temperature (43 °C) with minimal nanoparticle concentration.
This study gives a clear perspective of the tunability of structural
and magnetic parameters of a nanoparticle for their optimum
performance as heat generating hyperthermic agent. Further
studies of in vivo biocompatibility and toxicity are still required
prior to the use of these magnetic nanoparticles.
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