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Cobalt doped magnetite nanoparticles (Co,Fes ,O4 NPs) are investigated extensively because of their
potential hyperthermia application. However, the complex interrelation among chemical compositions
and particle size means their correlation with the magnetic and heating properties is not trivial to predict.
Here, we prepared Co,Fes_,O4 NPs (0 = x = 1) to investigate the effects of cobalt content and particle
size on their magnetic and heating properties. A detailed analysis of the structural features indicated the
similarity between the crystallite and particle sizes as well as their non-monotonic change with the
increase of Co content. Magnetic measurements for the Co,Fez_,O4 NPs (0 = x = 1) showed that the

blocking temperature, the saturation magnetization, the coercivity, and the anisotropy constant followed
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the magnetic behaviour, the anisotropy constant, and saturation magnetization of low Co content
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1. Introduction

Magnetic nanoparticles (MNPs) have triggered the attention of
researchers in biomedical applications, such as magnetic
resonance imaging, magnetic separation, drug delivery, bio-
sensing, and as heat mediators in magnetic hyperthermia
(MH) - an effective approach to eliminate cancer in conjunction
with chemotherapy and radiation.”™ In MH application, the
heating efficiency of MNPs under an ac magnetic field (ACMF),
defined by the specific loss power (SLP) or the specific absorp-
tion rate (SAR), depends on many factors such as particle size
(D), saturation magnetization (M), magneto-crystalline anisot-
ropy constant (K), etc.4-9
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CoyFes_,O4 NPs with low Co contents as well as their potential application in magnetic hyperthermia.

The MNPs, including spinel ferrites, have been synthesized
by various chemical methods such as co-precipitation,®™*
hydrothermal,®*® thermal decomposition,*®'”*® etc. Cation
distribution, particle size, size distribution and consequently
the magnetic properties and application of MNPs are influenced
by the synthesis methods. It is well known that the thermal
decomposition method provides better control over shape,
crystal size, and size distribution of MNPs, as compared to the
co-precipitation. However, the latter is widely used for the
synthesis of MNPs for biomedical applications due to its
simplicity and productivity.

For MH application, iron oxides (IONs) such as magnetite
(Fe30,4) and maghemite (y-Fe,O3) have been most investigated,
owing to their appropriate magnetic properties, biocompati-
bility and cost-effectiveness. However, their relatively low heat-
ing efficiency hampers the practical MH application of the
IONs. To overcome this challenge, various approaches have
been taken to enhance the magnetic properties of the IONs
through optimizing the particle size and shape (nanocubes,
nanowire, etc.), composition and structure (multi-core, core/
shell).>® One of the possible approaches is to tailor the
magnetic anisotropy of the IONs by varying the particle shape or
morphology.>” In this context, cobalt (Co) doped magnetite
(CoyFe; ,O,) NPs appear to be a promising candidate as
CoFe,0, possesses a large K (>10° erg cm™*), which is one order
of magnitude higher than that of Fe;O, (~10* + 10°) erg
cm 3.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A large body of work on the effect of Co content on the
magnetic and heating properties of the Co,Fe; ,O, NPs has
been reported in the literature.****>**171%2° However, the results
reported in those studies are either inconsistent or contradic-
tory with each other, arising from the differences in the
methods used for the samples' synthesis, as well as from how
the magnetic and heating properties were characterized and
analysed. For example, Yasemian et al'® claimed that the
saturation magnetization (Ms) decreased with increase in the Co
content. However, they could not confirm which site Co** ions
occupied, because they did not perform Mdssbauer studies. In
contrast, Dutz et al.** reported that the Mg increased with Co
content due to the gradual decrease of the maghemite phase
(with lower values of bulk Mg compared magnetite and cobalt
ferrites) for lower content and larger particle size for higher
content, respectively. Their Mossbauer spectral analysis showed
higher spin fluctuations for intermediate to high Co contents
but did not provide a direct comparison with the Mg obtained
from the magnetometry measurement. Li et al** used
Mossbauer spectroscopy to characterize the superparamagnetic
properties of Co,Fe;_,O4 NPs for higher Co contents (x = 0.4-1)
but not for lower ones.

In this work, we have performed a detailed study of the
structural, magnetic and heating properties of Co,Fe;_,O4 NPs
synthesized using a standard co-precipitation method. Our aim
is to clarify effects of both Co content and particle size on the
magnetic and heating properties of Co,Fe;_,O, NPs. Apart from
characterizing their morphological and structural properties,
the magnetic properties of the NPs are comprehensively studied
using DC magnetometer and Mossbauer spectroscopy. Finally,
the hyperthermia properties are investigated, and the results
(the SAR values) are discussed in relation to the magnetic
properties of the NPs.

2. Experimental

2.1. Materials

Iron Chloride salts of Iron (FeClz-6H,0, 99% and FeCl,-4H,0,
99%) and Co (CoCl,-4H,0, 99%), sodium hydroxide (NaOH,
97%) were purchased from Merck (Germany). All materials were
used as received. Distilled water was used in synthesizing the
samples.

2.2. Synthesis

The co-precipitation synthesis of Co,Fe; ,0, NPs with different
composition procedures was as follows: the reagents, a definite
stoichiometric proportion of iron chloride salts (FeCl;-6H,0,
FeCl,-4H,0) and CoCl,-4H,0 were mixed and dissolved in
50 mL of deionized water. The mixture was then heated to 80 °C
in a water bath under stirring. Then, the aqueous of NaOH (2 M)
was added quickly to the mixture until reaching a pH value of
~13. The heating continued while keeping the solution
temperature at 80 °C for 30 min until forming a black precipi-
tation, representing the desired magnetic phase. The black
mixture was then cooled down to room temperature and sepa-
rated by magnets. Finally, the precipitates were thoroughly
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washed with distilled water to eliminate chloride ions, and
dried in an oven at 80 °C overnight. Accordingly, seven Co,-
Fe;_,0, samples with different Co contents from x = 0 to 1 were
labelled as S1-S7, respectively.

2.3. Structural characterization

The structural properties were characterized using a Bruker D8-
ADVANCE diffractometer with CuKa (A = 0.154 nm) radiation.
The average crystallite size (Dxrp) was determined by Rietveld
method using a commercial X'Pert HighScore Plus software.*
The morphology and chemical composition were investigated
using a Hitachi S-4800 field emission scanning electron
microscope (FE-SEM) equipped with an energy-dispersive X-ray
(EDX) spectrometer. The TEM images were collected under
transmission electron (TE) mode. The nanoparticles were
dispersed in hexane, dropped on a carbon-coated copper grid
and left to dry for TEM observations. The mean particle size
(Drem) was obtained by measuring the average diameter of
about 100 particles using the images collected in from different
parts of the grid.

2.4. Magnetic characterization

The magnetic properties were investigated using a vibrating
sample magnetometer (VSM) in the temperature range of 177-
500 K and magnetic fields up to 11 kOe. The temperature
dependent zero field cooled and field cooled magnetizations,
Mypc(T) and My(T), are measured in a weak magnetic field
(Hprobe = 300 Oe).

>’Fe Mossbauer spectra of studied samples were measured
in transmission geometry with a conventional constant-
acceleration spectrometer (ELEKTRONIKA JADROWA-Krakow)
of a high velocity resolution (4096 channels), using a *’Co
source in a Rh matrix of 1.85 GBq (50 mCi). The velocity scale
was calibrated at room temperature using a standard a-Fe iron
foil with a full width at half maximum (FWHM) of 0.22 mm s~ .
The isomer shift of the o-Fe foil is —0.108694 mm s~ ' and the
internal hyperfine magnetic field is 32.9759 T at 300 K. In our
spectrometer, the krypton counter (ELEKTRONIKA JADROWA-
Krakow) and Helium cryostat (Oxford Instruments 8T-
Spectromag) are equipped with Mylar windows, so the back-
ground spectrum from the Méssbauer spectrometer is deprived
of Fe impurities.

2.5. Magnetic hyperthermia

The magnetic hyperthermia parameters were evaluated by using
a commercially available UHF-20A Module at a fixed frequency
of 450 kHz and adjusted amplitudes from 150 to 300 Oe.

3. Results and discussion

3.1. Microstructure, composition and morphology

The phase composition and crystal structure of the samples
were confirmed by XRD analysis. Fig. 1a shows the XRD patterns
of the samples, in which the distinctive peaks possess positions
corresponding to the cubic structure of the Fe or Co ferrites. The
gradual shift towards the lower angle of the representative
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Fig.1 (a) XRD patterns of CosFes_,O4 (x = 0—1) nanoparticles. (b) Shift

of the (440) reflection.

reflectance (440) (Fig. 1b), which is due to an increase of the
interplane distances (d) in the spinel structure.® This result
demonstrates the successful substitution of Co ions for Fe ions
in the magnetite structure. However, it is also well known that
the iron (magnetite and maghemite) and cobalt ferrite phases
with similar structures cannot be distinguished by XRD
alone.?** The average crystallite sizes (Dxgrp) Were calculated
from the width of the (220), (311), (400), (422), (511), and (440)
lines, which are given in Table 1. The change of Dygp, (between
12.7 and 23.3 nm) with an increase of Co content was non-
monotonic. Similar results have been reported for Co,Fe; ,O,
NPs by Gil et al.™ Although the change of Dxrp with the increase
of cobalt content is currently unclear, but Byrne et al** sug-
gested that the difference in the initial size of the ferrihydride
NPs and/or the rate of Fe*" ion reduction by reducing agents
could cause the change of Dxgp.

The qualitative chemical composition was investigated by
using EDX. Fig. 2a-c present typical EDX spectra for the samples
with x = 0, 0.5, and 1 that confirmed the presence of Fe, Co, and
O in the samples. The atomic ratios of Co/Fe obtained from the
EDX analyses are in good agreement with the theoretical stoi-
chiometry for all samples (Fig. 2d and Table 1). These results are
almost similar to that reported by Yasemian et al' for
CoxFe; ,O, NPs (x = 0-1) obtained by the co-precipitation
method.

Fig. 3 shows that the particles are in the nanometer range
and roughly spherical in shape. The insets of these images show

Table 1 The structural properties of CosFesz_,O4 (x = 0-1) nano-
particles: Co (theoretically and experimental) content, average crys-
tallite size (Dyrp) and particle size (Drem)

Co ccontent (x)

Sample name Theo. Exp. Dxgp (nm) Drgm (nm)
S1 0 0 14.3 14.6
S2 0.1 0.08 12.7 13.5
S3 0.3 0.29 15.3 16.2
sS4 0.5 0.48 18.6 20.8
S5 0.7 0.69 23.3 24.9
S6 0.9 0.85 22.9 23.8
S7 1 0.95 17.6 19.4
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Fig. 2 EDX spectra of Co,Fes_,O4 nanoparticles: (a) x = 0.1; (b) x =
0.5; and (c) x = 1.0. (d) Comparison of the Co/Fe atomic ratio obtained
from the EDX analysis and the theoretical stoichiometry of all samples.
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Fig. 3 TEM images of CosFes_,O4 nanoparticles with different Co
contents. Insets show the particle size distribution.
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log-normal distributed nanoparticles. The Drgy of samples
exhibits good agreement with Dyrp, obtained from the XRD data
(Table 1). Therefore, grain size (D) will be used instead of crystal
and/or particle size in the following heating and magnetic
analysis and discussion.

3.2. Magnetic properties

Fig. 4(a) Presents typical Myzpc(T) and Mgc(T) curves of three
Co,Fe; ,0O, (x =0, 0.1 and 0.3) samples showing an irreversible
behavior below the peak temperature, identified by the
maximum in the Myzpc(T) curve, corresponding the average
blocking temperature (Tg) where the thermal energy is equiva-
lent to the activation energy.'”**

A transition occurs from the ferromagnetic, FM, (T < T3) to
the superparamagnetic, SPM, (T > Tg) state. Thus, the magnetic
behavior of S1 at 300 K is SPM, while the remaining samples are
primarily FM. The Ty values of all samples are reported in Table
2. It is evident that the Ty shifts to a higher temperature with an
increase in the Co content until x = 0.7 that may be due to the
increased contribution of magnetocrystalline anisotropy of the
NPs."” The Ty value decreased from x = 0.7 to x = 1, indicating
that the magnetocrystalline anisotropy of NPs did not increase
with increasing Co content. This result is consistent with
previous reports, where the magnetocrystalline anisotropy in
Co,Fe; ,O, NPs decreased with increasing Co content from 0.75
tO 1‘17,26

The magnetic hysteresis loops (M-H) at 300 K for Co,Fe; ,0,
(x = 0-1) NPs are shown in Fig. 4(b). The Ms and coercivity (Hc)
as functions of Co content extracted from the M-H loops are
given in Table 2 and their trends are also shown in Fig. 5. The
Mg increased from 54.4 emu g ' to 71.1 emu g ' with an
increase of Co content (x) from 0 to 0.7, and decreased to 57.4
emu g~ ' with a further increase of Co content (x from 0.7 to 1).
Most of the reports on Co,Fe;_,O4 NPs synthesized by different
methods®***>**182% found the non-monotonic change of D with
an increase of Co content, so their Mg was analyzed according to
D. In our study, the increase of Mg with D was assumed by the
reduced contribution of the surface effects (spin disorder
behavior and/or magnetic dead layer).***

In contrast, Das et al.'” found that the Mg values of Co,-
Fe; ,O, NPs of the similar size remained almost unchanged
with increasing Co content. The Hc and remanence
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Fig. 4 (a) Zero-field-cooling (ZFC) and field-cooling (FC) magneti-

zation curves of three typical samples S1, S2 and S3; (b) M—H loops of

Co,Fes_,O4 (0 = x = 1) samples. Inset shows the low field region of the

M—H loops.
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Table 2 Saturation magnetization (Ms), coercivity (Hc), blocking
temperature (Tg), anisotropy constant (K), and specific absorption rate
(SAR)

M SAR
Sample name (emug™') Hc(Oe) Ts(K) K(ergg™') Weg™)
S1 54.4 3 250 163 363.7
S2 53.4 32 310 1709 296.8
S3 55.6 232 425 12 899 234.1
S4 61.1 445 446 27 189 183.9
S5 71.1 770 516 54 747 163.0
S6 70.4 633 491 44 563 179.7
S7 57.4 318 401 18 253 196.5

magnetization (M,) values reconfirm the superparamagnetic
and ferromagnetic behavior for S1 and (S2, S3), obtained from
the above M(T) analysis. The trend of Hc with an increase of Co
content as well as D is similar to that of Mg (Fig. 5b). The change
of Hc is related to the change of magnetic anisotropy, size of
single domain NPs, etc.9,17,18,27

It is generally expected that the major substitution of Co**
ions for Fe*" ions in the spinel structure of magnetite nano-
particles leads to an increase in magnetic anisotropy.****”

The anisotropy constant (K) can be simply estimated as
follows:*®

HcMs
0.96 )

K=

The obtained K values are presented in Table 2. The variation
behavior of K is similar to that of H; and Ms. An increase in
magnetic anisotropy with Co content is assumed due to the
increasing number of octahedral sites occupied by Co ions and
stronger LS coupling.>**® Oppositely, the decrease in magnetic
anisotropy with further increasing of Co content may be due to
the increased number of tetrahedral sites occupied by Co

_ P—o 8001 (1) N
?U; 68 / 600 /
§4 ) 8 400/ \
601 < K
= & V| 2°200]
B8 ° /.
— e
520 ° e

0 0,10,3050,70,9 1
Co content (x)

0 0103050709 1
Co content (x)

2{ o @ 8007 (d) ln
D 684 —~ 6001
3 []
£ 64 e
3 o 0400'
s o0 i * 200

56 /./o/ o

52{ °© -

12 14 16 18 20 22 12 14 16 18 20 22 24
D (nm) D (nm)

Fig.5 Variation of saturation magnetization (Ms) and coercivity (Hc) as
functions of (a and b) cobalt content in Co,Fez_,O4 (0 = x = 1)
nanoparticles and (c and d) particle size.
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ions.”** Besides, there are several factors such as size, shape,
surface, etc.17 that can contribute to magnetic anisotropy.

The difference between K values of samples (S4 and S7) or (S5
and S6) indicates that the effect of D on magnetic anisotropy
should be accounted for magnetic anisotropy. Overall, our
experiments showed that the magnetic behaviour of Co,Fe; O,
NPs at 300 K is superparamagnetic for the S1 and ferromagnetic
for the remaining samples. In addition, the saturation magne-
tization, the coercivity, the anisotropy constant, and the block-
ing temperature followed a similar trend with an increase of Co
content.

In obtain complementary information about the magnetic
property of Co,Fe; ,O, (x = 0, 0.1 and 0.3) NPs, we performed
measurements of >’Fe Mdssbauer spectroscopy at 300 K. Before
starting discussion on the experimental >’Fe Mdssbauer data, it
is important to highlight some results from previous reports.
First of all, the bulk Fe;0, sample has an inverse spinel struc-
ture, in which half of the Fe’" ions occupy the 8a tetrahedral site
(denoted as A sites) and the remaining Fe atoms with equal
quantities of Fe®" and Fe®" ions are located on 16¢ octahedral (B
sites) positions.**** Therefore, from the theoretical point of
view, the Mossbauer spectra should be comprised of two sextet
lines corresponding to the respective A and B sites of the Fe
ions. Such a behaviour was well documented, e.g., by Topgse
et al.>* However, since the particle sizes of our samples lie in the
range of 12.7 and 15.3 nm, we should refer our data also to
those obtained on ferrite nanoparticles.>*>*30-33°

Li et al.** showed Mossbauer spectra of Co,Fe; O, NPs (x =
0.4, 0.6, 0.8 and 1.0) consisting of the central doublet super-
posed on sextet pattern. The presence of the doublet was
interpreted as due to superparamagnetic properties of nano-
particles. Apparently, the Mossbauer spectrum of S1 in Fig. 6 for
Fe;0, NPs bears a resemblance to that of the 18 nm-sized Fe;0,
particles reported by Topgse et al.® and to that of the 11.8 nm-
sized Fe;0, particles reported by McNab.** The observed feature
implies that the Fe;O, NPs are in the superparamagnetic
regime. Taking into account the presence of the super-
paramagnetic doublet and two sextets coming from the sites A
and B, ie., A-Fe’" and B-(Fe’"-Fe*"), we have fitted a model to
the data, and obtained an acceptable convergence. Using the
same model, we have attempted to analyze the data of S2 (x =
0.1) and S3 (x = 0.3). Unfortunately, the results of the fits were
not satisfying enough. Because the substituting Co atoms can
get into the A, B or both sites, we propose to consider not two
but auxiliary five sextets. Two sextets come from sites A and B,
i.e., A-Fe’" and B-(Fe*'-Fe*"), the three remaining sextets simply
as an issue from electron hopping due to the Co-substitution,
i.e., A-(Fe**-Co”"), B-(Fe**-Co”*) and B-(Fe*"~Co>"). Such a situ-
ation could appear if allowing for the two-level model developed
by Blume and Tjon,*® where the magnetic hyperfine field fluc-
tuates between +55 T and quadrupole shift of 0.1 mm s~ ". In
the case of relaxation times below 1 ns, the Mdssbauer spectra
should consist of paramagnetic lines. Otherwise, there occur
clear sextets. Obviously, in the situation between two limits, the
Mdssbauer lines should be broadened and may be composed of
sextets and doublet. In the studied samples, the distribution of
particle sizes is around 12.7 nm in S2 and 15.3 nm in S3,
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Fig. 6 Mossbauer spectra of Co,Fes_,O4 NPs at 300 K. One super-
paramagnetic doublet and two sextets respective for the A and B sites
were taken into consideration for FesO4 NPs (S1) and a superposition
of one short-time relaxation doublet and five sextets for the remaining
samples (52-S7).

resulting in a distribution of relaxation times of the NPs in these
samples. Usually, the fraction of smaller particles has shorter
relaxation times, urging a doublet component.

Allowing such six components in the spectra analysis has
yielded very good convergence of the fit. The detailed descrip-
tion of fitting spectra for each sample is depicted as Fig. SF3-
SF8,T and the concise description of the fitting spectra is shown
as solid lines in Fig. 6. We ascribe the black line (circle in Fig. 7)
to the doublet, the violet and green lines (triangles in Fig. 7) to
tetragonal respective A-(Fe*'-Co>") and A-Fe®* sextets, while the
blue, cyan and magenta colors (diamond, star and pentagon,
respectively, in Fig. 7) conform to B-(Fe**-Fe>"), B-(Fe’"~Co>")
and B-(Fe**-Co®") sextets, respectively. As a general remark, it
must be underlined that while previous studies, e.g.,**** showed
the similar MOssbauer spectra, the authors did not attempt to
analyze their data in detail. Therefore, the model proposed by
us here represents the first effort, which should be verified in
future investigations.

We should also remark the line widths, which can be easily
distinguished one from the other. It is clear that the line width
in sextet of B-sites (blue color in S1, and magenta in the
remaining compositions) is decisively largest. There are at least
two reasons causing broadening of the Mdssbauer lines: (i) the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mean lifetime of the excited states, d, and (ii) the mean square
displacement <x>>. The first reason related to the period of the
excitation between the ground and excited states impinges the

T 2
9

(E—Eo) + (I/2)°
>’Fe atom, while mean square displacement <x*>, involves both
lattice vibrations and collective motions affects the recoil-free
(2m)° (x)®

AZ
y-radiation. We presume that the relaxation process and charge
hopping happen between different types of ions is the main
reason behind the broadened Mossbauer lines and to assign
these lines to the magnetically blocked fraction of the spectra.

We should emphasize that the difference in shape of doublet
between S1 and S2/S3, the symmetric doublet in S1 may indicate
the superparamagnetic behaviour, whereas asymmetric doublet
in S2 and S3, arises from the various relaxation times of size-
particle fractions, bring out a combined behaviour of short-
relaxation time doublet and magnetic sextets. It is worth
recalling that similar asymmetric doublet in the previous report
by Li et al®* was untangled in terms of the super-
paramagnetism. From the fit of the Mossbauer spectra, we have
obtained several hyperfine parameter values, including of
isomer shift (6), full width at half maximum (FWHM), quadru-
pole splitting (AE), intensity ratio A12, hyperfine field (Byg) and
population (I), which are summarized in Table 3. Plot of the

of the resonant

Lorentzian function, I(E) =

fraction,f = exp — { }, where 2 is the wave length of
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isomer shift and hyperfine field vs. Co contents is displayed in
Fig. 7.

It can be seen from Fig. 7 that the smooth and continuous
changes are observed in the plot of By¢(x), whereas distinctive
features at different sub-spectra in the d(x) dependences
emerge. Nevertheless, one finds a consistent explanation for the
0(x) behavior. Let us recall the equation for isomer shift of an
absorber with respect to source:

o= 2222 (R’
5

where Z is the nuclear charge, R, and Ry are the nuclear charge
radii in the excited and ground states, respectively, and p(0) =
—e|W(0)]? is the electron charge density at the resonant nucleus
in the absorber (A) and source (S). For *’Fe Mdssbauer spec-
troscopy, the difference between the radius of the isomeric
excited state and that of the ground state is negative. The
increase of 6 observed in the spectrum of A-(Fe**~Co**) and B-
(Fe**-Co®") indicates a decrease in the s-electron density, being
an effect of a raise in the d-type electron density. Usually, the 3d
electrons partly screen the nuclear charge from the 4 s elec-
trons, so during the substituting of Co atoms the compound
gains one more electron, which gives rise to better shielding
and in a consequence reduces the s-electron density. The
isomer shift 6 is a two-component contribution, the chemical
isomer shift 6c and Mossbauer second-Doppler shift, dsop. The
decrease in 6(x) for x > 0.3 is probably owing to the change of the
second to the mean square velocity <v*>, involved in dgop =
—<v*>/c?, where c is the velocity of light, because <v*> is affected
by lattice dynamics.

The change in ¢ values of the spectrum of B-(Fe*'-Fe**) and
A-(Fe*") with increasing concentration x from x = 0.7 may
suggest a lessening concentration of the Fe**/Fe** due to the Co-
substitution. An inspection of ¢ values between sub-spectra
implies that the substitution of Fe by Co reluctantly occupies
the B-(Fe*"~Co?") site, but rather preferentially takes place in the
B-(Fe®"-Co”*) and A-(Fe*'-Co®") sites. To be precise, based on
the eqn (3), we may estimate the Co-content occupying posi-
tions A and B upon the substitution. At the concentration x =
0.3, we expect that the substituting Co atoms locate at the 8a
position up to 32%, at the 16¢ (Fe**~Co>") up to 49% and at the
16¢ (Fe**-Co*") up to 16%.

A comparison of the FWHM values reveals remarkable
connection between FWHM of sub-spectra. The FWHM values
of dublet and B-(Fe**-Co®") subspectrum are always larger than
those of the remaining. This observation suggests that the
behaviour results from a relaxation dynamic, or charge/electron
hopping on the octahedral sites between the Fe*" and Fe*" ions.

A detailed analysis of the hyperfine field values ordinarily
enables the estimation of change in the magnetic moments of
Fe moments across the x contents. Interestingly, By¢ was found
to increase with Co content in Co,Fe;_,O, NPs up to x = 0.5,
and then from x = 0.7 By¢ clearly drag down. This finding agrees
well with the concentration dependence of the saturation
magnetization (see Fig. 5a).

However, it is difficult to find out a direct relation between
Bys values and magnetic moments of Fe, like in the situation of

- Rgsz) |P(0)A - P(O)s’a (2)
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Table 3 Hyperfine parameters for CoFes_,O4 NPs at 300 K. The fitted values of isomer shift § (mm s~ 1), full width at half maximum FWHM (mm
s7Y), intensity ratio A12, quadrupole splitting AE (mm s~%), hyperfine field By (T) and population (/) for respective sub-spectra

FWHM
Sample name Sub-spectra 6 (mms) (mms™) A12 AE (mms™) By (T) (%)
Doublet 0.3367 0.8599 0.9389 0.7411 0 14.17
S1 A-Fe** 0.3340 0.8736 2.047 0.0009 46.15 12.92
B-(Fe**-Fe*") 0.3625 2.456 1.956 0.0020 39.68 72.91
Doublet 0.3944 1.9197 0.5308 1.4498 0 34.08
A-(Fe*'-Co™") 0.3473 0.2716 1.2835 —0.008 49.46 5.47
A-Fe** 0.3109 0.3040 2.7461 0.0155 48.13 8.15
S2 B-(Fe**-Fe*") 0.3525 0.4355 1.2658 —0.012 46.30 14.31
B-(Fe**-Co™") 0.3784 0.7620 1.3939 0.0056 43.63 12.04
B-(Fe**-Co™") 0.3763 1.8978 0.6981 0.0101 39.08 25.95
Doublet 0.4832 1.9885 0.5569 1.5936 0 23.52
A-(Fe*"-Co*") 0.3938 0.2227 1.3567 —0.0654 49.99 5.56
A-Fe** 0.3019 0.2401 2.0557 0.0225 48.72 12.25
S3 B-(Fe*'-Fe”") 0.3464 0.3917 1.6024 —0.0149 47.22 14.38
B-(Fe**-Co™") 0.3947 0.5275 1.2813 —0.0040 45.05 16.03
B-(Fe**-Co™") 0.4619 1.4264 0.9014 0.0372 42.11 28.26
Doublet 0.3206 0.6592 0.5042 0.6605 0 6.47
A-(Fe*'-Co™) 0.3922 0.2313 1.3284 —0.040 50.05 6.15
S4 A-Fe** 0.3069 0.2427 1.9145 0.0277 48.69 13.52
B-(Fe*"-Fe”) 0.3330 0.3422 1.7244 —0.016 47.26 14.74
B-(Fe**-Co™") 0.3557 0.4930 1.2233 0.0023 45.24 18.70
B-(Fe**-Co™) 0.4439 1.3566 0.9227 0.0267 42.33 40.41
Doublet 0.3254 0.6361 0.5059 0.6284 0 9.26
A-(Fe*'-Co™") 0.4027 0.3609 1.3075 —0.0243 50.09 8.32
S5 A-Fe** 0.3069 0.3296 1.6581 0.0495 48.72 13.10
B-(Fe*'-Fe*") 0.3227 0.4635 1.7180 —0.0166 47.34 21.73
B-(Fe’*-Co™") 0.3368 0.6075 1.1624 0.0035 45.21 26.38
B-(Fe*'-Co™") 0.4151 1.1255 1.1114 0.0208 41.85 21.19
Doublet 0.3350 0.7452 0.5664 0.6893 0 7.73
A-(Fe**-Co™) 0.3568 0.3300 1.7885 —0.0057 49.15 10.32
S6 A-Fe** 0.3077 0.3562 1.3862 0.0259 47.38 22.46
B-(Fe*'-Fe”") 0.3234 0.4405 1.6998 —0.0354 45.61 19.64
B-(Fe*'-Co*") 0.3077 0.5567 1.1332 0.0140 43.43 19.45
B-(Fe*'-Co0*") 0.3415 1.2473 1.0122 —0.0581 39.99 20.39
Doublet 0.3465 0.6155 0.5129 0.6390 0 21.25
A-(Fe**-Co™) 0.3382 0.4639 1.5581 0.0330 47.14 10.49
A-Fe** 0.3118 0.5094 1.5179 0.0158 45.08 12.85
S7 B-(Fe*'-Fe?") 0.3032 0.4870 1.5099 0.0266 43.08 10.93
B-(Fe**-Co™) 0.3295 0.6831 1.7316 —0.038 40.83 14.19
B-(Fe*'-Co*") 0.3272 1.4377 0.7696 0.0324 37.51 30.27

solid compounds where the ratio Bpg/uge = 33.9 T/2.2 ug can
usually be used as the first approximation for scaling. The
difficulties in the interpretation appear here due to different
sizes of nanoparticles in the studies materials. There exist at
least two physical phenomena, which may provide a misinter-
pretation, associated with superparamagnetic properties and
dynamic relaxations of small size nanoparticles. This issue will
be investigated further from a quantitative point of view, based
on the DFT calculations.

In addition to the discussion above, we may contemplate on
the concentration dependence of the first-to-second area ratio
A12. Because, the quantity A12 determines by the canting angle
0 between the magnetization vector and the easy axis, we are
able to estimate 6, using the following equations: For sextets,
A1(0) = 3(1 + cos” 6)/16, A,(0) = 4(1 — cos” 6)/16 and for doublet
A3(0) = 3(1 + cos” 6)/8 and A;,(0) = 3(5/3 — cos” 6)/8. The
calculated values A12 for a sextet of the position A(Fe*'-Co>")

704 | RSC Adv, 2022, 12, 698-707

and B(Fe®*'-Co") show the canting angle 6 at the A position
rapidly increases from 47° in x = 0 to 58° in x = 0.1. With
increasing x, the angle ¢ levels off till x = 0.7, and then drag
down with further increasing x. Synchronously, the change in ¢
at the position B(Fe*'-Fe®") resembles the concentration
behaviour of the saturation magnetization and absorption rate
(see below). Thus, the magnitude of the canting angle may
correlate with the changes in the magnetic quantities.

3.3. Magnetic hyperthermia properties

In order to evaluate the effect of Co content on the heating
efficiency (i.e., the specific absorption rate, SAR), the Co,-
Fe; ,O, NPs were dispersed in water with a nanoparticle
content of 1 mg mL " for each measurement and exposed to an
AC magnetic field. The temperature measurements as a func-
tion of the time were performed under non-adiabatic
conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Field exposure time dependence of temperature growth in an
ACMF with adjusted amplitudes (150 to 300 Oe) and frequency (450
kHz) of Co,Fes_,O4 suspended samples with different Co contents.

Fig. 8 shows the exposure time dependence of the tempera-
ture (T vs. ) curves in the ACMF with adjusted amplitudes of
150-300 Oe and a fixed frequency of 450 kHz. The samples S1,
S2, and S3 with low Co content and similar Mg, K, the saturation
heating temperature (7s), which extracted from the T vs. ¢
curves, increased with the field amplitude. For all samples
investigated, the obtained Ts in a field of 300 Oe and 450 kHz
decreased with increasing Co content until x = 0.7 and then
slightly increased with further increase in Co content. The
samples with low Co content (x = 0 and 0.1), a field amplitude of
150 Oe is sufficient to obtain T in the range 40-44 °C, where
tumor cells can be destroyed. These results showed that these
samples have potential applications in magnetic hyperthermia
therapy.

The heating efficiency (SAR) of the nanoparticles can be
evaluated by using the following equation:*

AT my
SAR = C, T (3)
where Cj, is the specific heat of the solution, m, the mass of the
solution, m, the mass of the nanoparticles, and AT/A¢ is the
initial slope of the heating curve.

01 @] o] = s ®)
3504 e S2
5 3307 Dago] A S3
S300] Y 5 30
= 2701 ;250—
< 2404 < 200
9 210] \n o | @ 150
180 ~g /D/ 100
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Fig. 9 Specific absorption rate (SAR) as a function of (a) the Co
content measured at a fixed frequency of 450 kHz and 300 Oe for all
samples and (b) the field amplitude for 3 samples.
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The SAR values of all the samples at ACMF of 300 Oe and 450
kHz are presented in Fig. 9a and Table 2. The trend of SAR with
change of Co content is opposite to that of Mg or Hc. The SAR
decreased with increasing Co content, which reflects the
contribution of heat generation mechanisms under ACMF such
as the relaxation (Neél and Brown) and hysteresis losses. The
first is usually dominant in superparamagnetic NPs, while the
second is in single-domain ferromagnetic NPs (see ref. 35 for
more details). The contribution of each mechanism to the SAR
depends on many parameters, such as D, Mg, H, K, etc.””

For superparamagnetic NPs, the experimental results and
predictions based on linear response theory have shown that
the SAR is directly proportional to Mg and peaks at a certain
value of K, but both parameters Mg and K are also changed with
D.*>'33% Therefore, a maximum SAR value can be obtained with
a certain D and K. In fact, the highest SAR has obtained with D of
14.3 nm and K of 163 erg g ' for S1 in this study (as shown in
Table 2). For single-domain ferromagnetic NPs, under a fixed
amplitude (H) the hysteresis loss peaks at a certain value of H¢
and then it will decrease with a higher value of Hc because the H
is insufficient to reverse the magnetization completely. Experi-
mental reports have shown such Hc values to be around
0.4H.*>** In practice, the highest SAR value was obtained for
superparamagnetic NPs (S1). The other authors also observed
a similar trend for Co,Fe; ,O, (0 < x < 1) ferromagnetic NPs.>*?
These results convey that in the Co,Fe; ,O, (x = 0-1) NPs, the
relaxation loss contributes more dominantly to the SAR as
compared to the hysteresis loss.

The field amplitude dependences of SAR for S1, S2, and S3 at
a fixed frequency of 450 kHz are presented in Fig. 9b. It can be
seen that the SAR depends on the square of the field amplitude
between 150 Oe and 300 Oe for these samples, even though their
coercivities are different. Such dependence has been reported
for nanoparticles in the superparamagnetic regime, where heat
generation is mainly resulted from the contribution of the
relaxation loss.>**

4. Conclusion

We have performed a systematic study of the effect of cobalt
content on the structural, magnetic and hyperthermia proper-
ties of Co,Fe; O, (0 = x = 1) nanoparticles. The XRD and TEM
analyses confirmed the formation of spherical nanoparticles
with similar crystal and particle sizes for each Co content.
Magnetic measurements on Co,Fe; ,0; (0 = x = 1) nano-
particles indicated that their magnetic parameters (saturation
magnetization, coercivity, anisotropy constant, and blocking
temperature) followed a similar trend with a maximum at x =
0.7. The analysis of the Mossbauer spectra reveals that the
substitution of Co for Fe preferentially takes place in the A-
(Fe**-Co") and B-(Fe*'~Co™") sites, but the B-(Fe**~-Co*") site. In
consistency with the magnetization data, the Mossbauer study
also confirms the superparamagnetic nature of S1 (the undoped
sample, Fe;0,) but the ferromagnetic characteristic of the
remaining Co-doped samples at room temperature. The issue of
Mdssbauer spectroscopy of non-uniform sized samples should
be to encourage further investigations, especially regarding the
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low-temperature properties and the evolutionary relationships
between our studies of Co,Fe; ,O, for x = 0-1 and the previous
study for x = 0.4-1.0.*° Our hyperthermia study has revealed
that the magnetic characteristics and SAR exhibit an opposite
trend with an increase of the Co content in nanoparticles.
Moreover, the minor contribution of the hysteresis loss to the
SAR in the NPs with strong magnetic anisotropy, whose coer-
civity is comparable to the amplitude of the ACMF, was also
reconfirmed. This study also shows that Co,Fe; ,O, (x = 0 and
0.1) nanoparticles are suitable candidate materials for magnetic
hyperthermia therapy.
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