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Abstract
The study demonstrates the performance of heating efficiency in single-phase and bi-
nary phase spinel ferrite nanosystems. Ferrimagnetic cobalt ferrite (CoFe2O4) (CFO) 
and superparamagnetic copper ferrite/copper oxide (CuFe2O4/CuO) (CuF) nano-
systems of different particle sizes were synthesized through a microwave-assisted 
coprecipitation method. The heating behavior was observed in range of both field 
amplitudes (8-24 kA/m at 516  kHz) and frequencies (325-973  kHz at 12  kA/m). 
The heating efficiency was analyzed and compared by means of particle size, mag-
netization, effective anisotropy constant, and Néel relaxation mechanism. Indeed, the 
heating rate was maximized in larger ferrite particles with low effective anisotropy 
constant. Moreover, though the magnetization and effective anisotropy constant of 
single-phase CoFe2O4 nanoparticles were higher, the binary phase CuFe2O4/CuO 
nanosystems of similar crystallite size (28 nm) exhibited superior heating efficiency 
(4.21°C/s). For a field amplitude and frequency of 24 kA/m and 516 kHz, the heating 
rate of CuF and CFO ferrites with different crystallite sizes decreased in the order of 
4.21 > 2.14 > 0.58 > 0.52°C/s for 29 nm > 25 nm > 12 nm > 15 nm, respectively. 
The results emphasize that binary phase ferrite nanoparticles are better thermoseeds 
than the single-phase ferrites for the magnetic hyperthermia application.
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1 |  INTRODUCTION

In the current scenario, the death rate due to cancer increases 
every year and it is estimated that 9.6 million deaths occurred 
in 2018 as per the information published by World Health 
Organization (WHO).1 They infer that approximately 70% 
of deaths due to cancer happen in low and middle-income 
countries owing to the treatment unavailability and screening 
processes.1 Early-stage diagnosis of cancer is most likely to 
increase the survival with less expensive treatment, whereas 
the later stage diagnoses mostly fail to proceed with curative 
treatment. After diagnosis, a patient may undergo specific 
treatment techniques such as surgery, radiotherapy, chemo-
therapy, hyperthermia, and targeted drug delivery depending 
on the tumor cell type. Malignant cancer cells are locally de-
stroyed without affecting the native healthy cells, whereas the 
side effects associated with these treatment processes have 
also been addressed.2-4 In this context, the hyperthermia is an 
effective method to increase the temperature of the affected 
zone of a human body until 39 to 45°C, which is sufficient to 
kill locally the tumor cells by a suitable alternating magnetic 
field amplitude and frequency.5

Magnetic hyperthermia is one of the promising methods 
in cancer treatment, in which magnetic nanoparticles (NPs) 
play a crucial role to achieve the desired goal. The demand 
for biocompatible and efficient magnetic NPs for clinical uses 
increases every year. Spinel ferrite NPs are widely being stud-
ied due to their moderate magnetic and microwave properties. 
They have various potential applications such as in magnetic 
sensors, recording media, microwave absorbers, catalysis, as 
well as in biomedical applications like magnetic resonance 
imaging, diagnosis, drug delivery, and magnetic hyper-
thermia treatment.6,7 Various magnetic NPs such as Fe3O4, 
γ-Fe2O3, MnFe2O4, CoFe2O4, CuFe2O4, NiFe2O4, ZnFe2O4, 
ZnxMn1-xFe3O4, and Zn-Mn–Gd-doped iron oxide NPs,8-15 
as well as exchange-coupled ferrites like CoFe2O4/Fe3O4, 
MnFe2O4/CoFe2O4, Zn0.4Co0.6Fe2O4/Zn0.4Mn0.6Fe2O4, etc, 
are reported for magnetic hyperthermia application.16-20 It is 
observed that the heating efficiency depends on the key pa-
rameters inherent to NPs, such as particle size, particle size 
distribution, saturation magnetization, anisotropy constant, 
morphology/shape, particle-particle interaction, chemical 
composition, exchange interaction, etc.8,21 Since the magnetic 
field amplitude and frequency are not inherent to the NPs, the 
maximum heating efficiency may be achieved for different 
values in different ferrite NP systems.22 Although various re-
search reports are found in the literature to study this effect 
on heating performance, fine-tuning these parameters by de-
veloping inexpensive and novel ferrite NPs that show higher 
heating efficiency under small field amplitude and frequency 
would be useful for the research field advancement.

Among the spinel ferrites, cobalt ferrite nanoparticles 
attracted the researchers due to their moderate saturation 

magnetization, coercivity, and magnetocrystalline anisotropy 
constant with better chemical and physical stability,11,23,24 
whereas copper ferrite nanoparticles exhibit low coerciv-
ity, good biocompatibility, and better magnetic response at 
low field amplitudes, which make them ideal candidates for 
magnetic hyperthermia.6,8,25 The biocompatibility of cop-
per-based nanoparticles such as CuO, Cu2S,26-29 and copper 
ferrites have been analyzed with human cell models.30,31 On 
the other side, cobalt-based ferrites need to be coated with bio-
compatible ligands for the clinical tests.32 The results showed 
that chosen ferrites exhibited less cytotoxicity. However, it 
varies upon the concentration of control system used for the 
analysis. Apart from the single-phase ferrite nanoparticle 
heating performance, the exchange-coupled hard/soft or soft/
hard magnetic phases might contribute to enhance the heat-
ing efficiency for real-time applications.16,33,34

Hence, the present work is intended to study the heat-
ing efficiency of two ferrites systems: single-phase co-
balt ferrite (CoFe2O4) (CFO) nanoparticles and binary 
phase copper ferrite/copper oxide (CuFe2O4/CuO) (CuF) 
nanogranular systems. Two sample sets with different crys-
tallite sizes in each composition were synthesized through 
a microwave-assisted co-precipitation method with a 
shorter reaction time of 7 minutes. The chosen method is 
well established to achieve ferrite nanoparticles exhibit-
ing almost homogeneous shape and a narrow particle size 
distribution.35,36 Two different samples of CFO nanopar-
ticles synthesized with and without urea exhibit the same 
magnetization. Similarly, each CuF nanogranular systems 
obtained from different volume of precursors also show 
magnetization close one to another. Nevertheless, the ef-
fects of particle size, effective anisotropy constant, and 
Néel relaxation behavior on heating efficiency have been 
addressed in this report. Heating curves were recorded 
varying both field amplitude and frequency to investigate 
the dry NP behavior toward the measurement conditions. 
Although the range of field and frequency is out of clini-
cal tests, focus of the manuscript is to address mainly the 
potential of chosen nanoferrites for hyperthermia applica-
tions. To the best of our knowledge, no article is found in 
the literature that discusses the heating efficiency of binary 
phase CuFe2O4/CuO nanogranular systems. Comparative 
studies reveal that larger crystallite size CuFe2O4/CuO NPs 
exhibit superior heating efficiency than that of single-phase 
CFO NPs with higher effective anisotropy constant.

2 |  MATERIALS AND METHODS

All the chemicals were purchased from Sigma-Aldrich and 
used without further purification. Cobalt nitrate hexahydrate 
(Co(NO3)2.6H2O) 98%+A.C, iron nitrate nonahydrate (Fe 
(NO3)3.9H2O) 98%, copper nitrate trihydrate (Cu(NO3)2.3H2O) 
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99%, sodium hydroxide (NaOH) pellets ≥98% ACS grade, and 
urea were used as the starting materials. Millipore water was 
used as a solvent during the synthesis.

2.1 | Synthesis of cobalt ferrite 
nanoparticles

CFO nanoparticles of different sizes were prepared through 
a microwave-assisted co-precipitation method as reported 
earlier in references.35,36 In brief, the aqueous cobalt and iron 
nitrate solutions were mixed stoichiometrically and stirred for 
½ hour. Then, 2.52 mol/L of NaOH solution was added while 
stirring and the process was extended for ½ hour. The obtained 
suspension with 60 mg of urea or without urea was transferred 
to an alumina crucible and subjected to microwave irradiation 
for 7 minutes. In this study, urea is used as capping agent as it 
exhibited control over the structural and magnetic properties 
of CFO nanoparticles as reported elsewhere.35,36 A domestic 
microwave oven model SOMELA (Mirage 1700 DM), with 
a power of 700 W, was used as irradiation source. The final 
black precipitates were allowed to cool down to room tem-
perature, before being washed with Millipore water, filtered, 
and dried at 100°C for 3 hours. The samples are denoted as 
CFO_UR and CFO_U0 for CFO synthesized with (UR) and 
without (U0) 60 mg of urea, respectively.

2.2 | Synthesis of copper ferrite 
nanoparticles

The same microwave-assisted coprecipitation method was 
also used for the synthesis of copper ferrite NPs of different 
sizes. In this case, 0.2 mol/L of copper nitrate and 0.4 mol/L 
of iron nitrate solutions were prepared separately in 20 or 
40  mL of aqueous medium yielding CuF_20 and CuF_40 
samples, respectively. The solutions were mixed and stirred 
for ½ hour before 2.52 mol/L of 20 mL aqueous sodium hy-
droxide solution was slowly added drop by drop while vigor-
ous stirring at room temperature. The suspension was stirred 
for additional ½ hour, then transferred to an alumina crucible 
and subjected to microwave irradiation for 7  minutes. The 
product was allowed to cool down naturally, washed mul-
tiple times, centrifuged and finally dried at either 80°C for 
18 hours (CuF_20) or 100°C for 15 hours (CuF_40). Here, 
the different volumes of aqueous medium and drying tem-
peratures were used to yield different sizes of CuF systems.

2.3 | Characterization

The ferrite nanoparticle characterization involved struc-
tural and morphological states, coupled with magnetic and 

hyperthermia behaviors. X-ray diffraction (XRD) patterns 
were obtained using Cu-Kα radiation for 2θ value range from 
10 to 80° with a step of 0.02° using a Bruker-AXS 104025-0 
diffractometer. The observed diffraction patterns were fitted 
by the Rietveld method to a structural model consisting of 
a combination of cubic spinel copper ferrite (CuFe2O4) and 
tenorite (CuO) or cubic spinel cobalt ferrite (CoFe2O4), using 
the version 4.2 of the program TOPAS (Bruker AXS) and 
crystallographic information obtained from Pearson's Crystal 
Structure Database for Inorganic Compounds.37 The best fit 
was selected on the basis of agreement factors and stability 
of the refinement, using goodness of fit (GOF, whose limit 
tends to 1), the statistically expected least-squares fit (Rexp), 
the weighted summation of residual of the least-squares fit 
(Rwp), and the profile residual (Rp). The crystallite size was 
estimated by Scherrer's equation from the respective peak 
positions.

On the other side, the NP morphology was obtained using 
transmission electron microscope (TEM) (Tecnai F20 FEG 
TEM) with 200 kV accelerating voltage. The average particle 
size was estimated from different micrographs of the sam-
ple using ImageJ software. Moreover, the mole percentage 
of elements was obtained using wavelength-dispersive X-ray 
spectrometer (WDX) Model S8 TIGER, BRUKER. For the 
measurements, ferrite nanoparticles were dispersed in etha-
nol/polyvinylpyrrolidone (PVP) solution and sonicated for ½ 
hour. The ferrite films were coated over the silicon substrate 
using a drop casting method at approximately 80°C. Two 
hours dried films were used for the WDX analysis.

Finally, the magnetic measurements were carried out 
using a Quantum Design MPMS 7T magnetometer, whereas 
the magnetic hyperthermia data were recorded using a 
Nanothermics model Magnetherm instrument. The heating 
curves were obtained for 25 mg of dry powder nanoparticles 
at different frequencies (325, 516, 729, and 973  kHz) and 
magnetic field amplitudes (8, 12, 16, 20, 24 kA/m). The heat-
ing rate was estimated by neglecting the initial 10 seconds of 
measurement and performing a linear fitting on the following 
next 10 seconds of data. The temperature was monitored with 
fluoroptic thermometer using Model Luxtron m3300.

3 |  RESULTS AND 
CHARACTERIZATION

3.1 | Structural analysis

Both CFO nanoparticle XRD patterns present only co-
balt ferrite diffraction peaks, which corresponding crystal 
planes are indexed (Figure  1A). Moreover, Rietveld re-
finement profiles convey that both samples (CFO_UR and 
CFO_U0) consist of single-phase cobalt ferrite nanopar-
ticles with a fcc cubic spinel structure with similar lattice 
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parameter but with bigger size when synthesized with urea 
(Table 1). This confirms that CFO NPs prepared through 
both procedures yield pure NPs.

On the other side, the copper ferrite nanoparticles synthe-
sized through a microwave-assisted coprecipitation method 
exhibit binary phases with a few fractions of monoclinic 
structure tenorite phase (CuO) and higher phase of cubic 
spinel CuFe2O4, as it is evidenced from the Rietveld refine-
ment profile shown in Figure 1B and Table 1. Even if CuO 
crystallite sizes are similar in both systems (CuF_20 and 
CuF_40), increasing the aqueous solution quantity decreases 
the CuFe2O4 one, while keeping a closely matching lattice 
constant. We believe that the metal salt dissolution was better 
achieved with 40 mL of aqueous medium, leading to more 
nucleation centers for CuFe2O4 formation. This situation 
would favor yielding a smaller crystallite size. Therefore, the 
present experimental procedure is useful to prepare CuFe2O4/
CuO binary phase nanogranular systems as reported in the 
literature.38,39

To further validate the sample compositions, they were 
subjected to WDX analysis. The results show that the con-
centrations of Co (29 mol %) and Fe (71 mol %) elements are 
similar in both CFO_U0 and CFO_UR cobalt ferrite samples. 
However, CuFe2O4/CuO binary phase CuF_20 (CuF_40) fer-
rites have different mole percentages: 24 (34)% and 76 (66) 
% for Cu and Fe elements, respectively. It proves that stoi-
chiometric CFO ferrites are achieved, whereas in the case of 
CuF ferrites, nonuniform composition is obtained. This result 
supports the data presented in Table 1.

Concerning the nanoparticle morphology, we observe 
from TEM micrographs that both ferrite NPs are composed 
of spherical and/or cubic-like morphologies with agglom-
erations, whereas CuFe2O4/CuO systems are forming intri-
cate-like structures (Figure  2). The particle size estimated 
using ImageJ software revealed that the present synthesis 
method yields CFO and CuF with a particle size distribu-
tion of 7-26 nm and 4-40 nm, respectively. Consistently with 
XRD analysis, the average particle size estimated from TEM 

F I G U R E  1  Rietveld refinement on X-ray diffraction patterns of 
(A) Cobalt ferrite and (B) CuFe2O4/CuO nanogranular system

T A B L E  1  Structural properties of ferrites

Sample Composition

Crystallite 
size from 
XRD (nm)

Particle size 
from TEM 
(nm)

Lattice 
parameter 
(Å) Rexp Rwp Rp GOF Composition (%)

CFO_UR CoFe2O4 15.0 14.0 ± 1.7 8.387 1.88 1.89 1.50 1.01 100

CFO_U0 CoFe2O4 12.0 12.0 ± 1.1 8.380 1.84 1.88 1.49 1.02 100

CuF_20 CuFe2O4 29.0 19.0 ± 6.4 8.385 2.30 2.41 1.93 1.05 85

CuO 28.0 a = 4.714,
b = 3.402,
c = 5.125,
β = 99.75°

15

CuF_40 CuFe2O4 21.0 15.0 ± 4.7 8.389 2.30 2.39 1.90 1.04 89

CuO 29.0 a = 4.710,
b = 3.411,
c = 5.132,
β = 99.57°

11
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micrographs decreases in the absence of urea or increasing 
aqueous solution quantity, in CFO and CuF cases, respec-
tively (see Table  1). However, while XRD and TEM yield 
similar average particle size values for CFO samples, the 
TEM results are inferior to the XRD ones in the case of both 
CuF samples. It is possible that CuF samples might be com-
posed of tiny particles surrounded by less crystalline particles. 
Moreover, it could be due to the different techniques involved 
in the crystallite size/particle size analyses. Nevertheless, the 
structural analyses evidence that the particle sizes of ferrite 
systems were successfully modified.

3.2 | Magnetic analysis

The zero-field cooled (ZFC) and field cooled (FC) magneti-
zation curves, recorded in the temperature range of 5-320 K, 
depict that CFO NPs exhibit superparamagnetic behavior 
above 320 K (Figure 3A), whereas binary CuF nanosystems 
are showing a blocking temperature (TB) and an irrevers-
ibility temperature (Tirr), as depicted in Figure  3B. The TB 
and Tirr variations are typically due to different particle size 
distributions of CuFe2O4 and CuO phases in CuF NPs (see 
Table 1). The TB value of the present CuF_20 is very close 
to the value previously reported for CuFe2O4 NPs of similar 
crystallite size.40

Field-dependent magnetization curves of ferrite 
nanoparticles were acquired at 300 and 5 K (Figure 3C-F), 
where the loops at 5 K were measured under field cooled 
condition in an external magnetic field of 8 kA/m. Figure 3 
and the related Table 2 evidence that cobalt ferrite NPs ex-
hibit ferrimagnetic nature, whereas binary CuF nanogran-
ular systems show superparamagnetic-like behavior with 
negligible coercive field and remanence magnetization at 
300 K, though their crystallite size is larger than CFO. The 
blocked state of both binary CuF nanogranular systems is 
clearly observed at 5 K (inset of Figure 3E-F). Despite the 
crystallite size difference, both cobalt ferrite NPs exhibit 
magnetization close to each other. Similarly, both binary 
CuF nanogranular systems also found to exhibit similar 
magnetization at 300 and 5 K, where the particle size and 
composition-dependent magnetization of CuF systems 
compensate each other (see Tables 1 and 2). The magnetic 
contribution of CuO cannot be neglected, as it was previ-
ously evidenced based on magnetization measurements.41 
In ferrite systems, smaller crystallite or particle size varia-
tion yielded moderate change in coercive field at 5 K.

It is possible that for smaller crystallite size, the effects 
of surface spin disorder, canting effects and anisotropy con-
stant might be more important due to larger surface to volume 
ratio. Consequently, it promotes more pinning effects along 
the field direction, thus leading to an increased coercivity. 

F I G U R E  2  Typical nanoparticle TEM 
micrographs (A) CFO_UR, (B) CFO_U0, 
(C) CuF_20, and (D) CuF_40

(A) (B)

(C) (D)
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The disordered surface spins may influence the surface an-
isotropy with particle size variation and thus the effective 
magnetocrystalline anisotropy constant (Keff).

21Keff at a given 
temperature is calculated using the saturation magnetization 
(Ms) and coercive field (Hc), as follows;42 

In the present ferrite nanoparticle systems, Keff varies in 
accordance with the coercive field since the saturation mag-
netization of ferrites remains fairly constant (Table 2). The 
samples CFO_U0 and CuF_40 show the maximum Keff val-
ues (respectively, 4.17 × 105 and 9.63 × 103 J/m3 at 5 K). 

However, the estimated Keff values are one order less than the 
values reported for cobalt and copper ferrites.8

To verify the magnetic transition of ferrite systems, ZFC 
magnetization derivatives are plotted in Figure 4. It reveals 
that cobalt ferrite NPs are not exhibiting any observable 
change in the whole-temperature range. However, binary 
CuF nanogranular systems show magnetic transitions due to 
CuO and CuFe2O4. First, the tenorite phase (CuO) normally 
undergoes transitions at 213 and 230  K, which correspond 
to the commensurate collinear antiferromagnetic order (AF1) 
and incommensurate nonlinear spiral antiferromagnetic order 
(AF2), respectively.38,43-45 In the case of CuF_20 (CuF_40), 
the onset temperature of AF1 to AF2 transition begins at 255 
(225) K with the maximum transition at 275 (290) K, whereas 

(1)Keff ≅
HcMs

0.96

F I G U R E  3  (A-B) ZFC-FC curves under 8 kA/m and (C-F) magnetic hysteresis loops of ferrite systems

Samples

Saturation 
magnetization 
(Ms) (Am2/kg)

Coercive field 
(Hc) (kA/m)

Remanence 
magnetization 
(Am2/kg)

Keff 
 (J/m3)

�
N
 ×  

10－8 s

300 K 5 K 300 K 5 K 300 K 5 K 5 K 300 K

CFO_UR 56.2 70.9 17.37 711.13 8.7 49.5 3.46 × 105 1.47

CFO_U0 55.8 68.3 20.43 889.03 8.8 49.0 4.17 × 105 0.58

CuF_20 23.5 32.8 — 32.36 0.6 12.1 7.48 × 103 0.14

CuF_40 23.6 33.4 — 40.14 0.5 11.9 9.63 × 103 0.13

T A B L E  2  Magnetic properties 
of ferrite NPs, extracted from Figure 3 
hysteresis curves
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another transition which corresponds to AF2 to paramagnetic 
order state is found at 305 (310) K. Similar to our results, 
paramagnetic to AF1 state of CuO has been observed at 250 K 
under zero-field condition.46 The transition is more distinct in 
the CuF_20 system, which presents similar particle sizes of 
CuFe2O4 and CuO and a higher percentage of tenorite phase 
(15%). Moreover, it is also important to mention that while 
the maximum transition in CuF_20 is observed close to Tirr, 
it is far higher in the CuF_40 case. Therefore, it suggests that 
the observed transitions are owing to the CuO phase.

Second, the anomalous downward magnetization ob-
served at 60 K (CuF_40) is attributed to the freezing tem-
perature (TF) of more surface spin disordered in CuFe2O4 
NPs.40 Since this phenomenon occurs at higher temperature 
for larger crystallite size (105 K for CuF_20), it supports the 
possible reason for higher coercivity in CuF_40 compared 
to CuF_20 binary system. Moreover, the magnified views 
of field-dependence magnetization curve (Figure 3E-F) de-
pict that the strong exchange-coupled interaction between 
CuFe2O4 and CuO in CuF binary systems favors the coher-
ent rotation of the magnetic dipoles along the field direction, 
in contrast to the physically mixed two-phase nanoparticles 
with lack/weak of coupling.47 The exchange interaction in 
CuF nanogranular systems is confirmed from the small shift 
in magnetic hysteresis curves recorded at range of fields from 
0 to 40 kA/m under field cooled condition (not shown). It 
is also expected that CuFe2O4 and CuO of similar crystal-
lite sizes favor better exchange and/or interparticle interac-
tion when compared with the phases of dissimilar crystallite 
sizes, which will effectively affect the magnetic hyperthermia 
heating efficiency. An exchange bias effect was not experi-
mentally observed at room temperature. However, it cannot 
be completely neglected in heat generation.34 We believe that 
for interacting particles, the effective energy barrier depends 

on both its anisotropy energy and the average of dipolar or 
exchange interactions.40

3.3 | Magnetic hyperthermia of ferrites

The magnetic hyperthermia measurements were performed 
using the same mass (25 mg) of dry powder samples at room 
temperature. The temperature change (ΔT = Ti − T0, where 
T0 and Ti are the initial and the temperature at i interval, re-
spectively) was recorded as a function of time under different 
alternating (ac) magnetic fields and frequencies, whereas the 
heating rate (ΔT/Δt) was estimated from the linear fitting of 
heating curve initial slopes. The measurement ON and OFF 
intervals have been decided based on the temperature change 
(ΔT), by keeping in mind that it should be kept below our 
temperature probe calibration (≤80°C).

In the case of CFO NPs, the maximum ΔT reached where 
35.1 and 33.5°C for CFO_UR and CFO_U0, respectively, 
under the highest applied field of 24 kA/m and 516  kHz 
within 300 s (Figure 5A,B). Lowering to 12 kA/m, the ΔT 
of both CFO NPs reached only about 40% of the maximum 
ΔT achieved at 24 kA/m (516 kHz), even increasing the fre-
quency to 973 kHz (Figure 5C,D). The heating efficiency of 
both CFO NPs increases with the field amplitude at 516 kHz 
(Figure 5E). The frequency-dependent heating rate has also 
been elevated in the field of 12 kA/m (Figure 5F). Figure 5E 
shows that at higher field amplitude of 24 kA/m, the heating 
rate of CFO_UR seems to drop for the initial interval of time 
and later overshoot at longer interval time (Figure 5A), which 
might be due to two different heating rates (0.52 and 0.83°C/s 
for 10-20 s and 21 - 31 s, respectively) as it is reported earlier 
for cobalt ferrites.8 However, this is not observed in CFO_U0 
NPs, as well as for the CuF binary systems discussed in the 
following section.

The heating curves of binary CuF nanogranular systems 
depict a much steeper ΔT increase within few seconds of 
measurement, where 61.5°C (at 30 seconds) and 48.9°C (at 
130  seconds) are, respectively, achieved for CuF_20 and 
CuF_40 systems under 24 kA/m and a constant frequency 
of 516 kHz (Figure 6). For different frequencies but lower 
field (12 kA/m), the sample CuF_20 shows a maximum ΔT 
of 60.2°C after 60 seconds at 973 kHz, which is about 98% of 
the ΔT obtained at 516 kHz for 24 kA/m. The heating rates 
estimated for CuF systems are found to be linear with field at 
a constant frequency of 516 kHz (Figure 6E). However, at the 
higher frequency of 973 kHz, the heating rate of CuF_40 bi-
nary sample suddenly declined to 0.4°C/s (Figure 6D,F). The 
effect might not be due to two different heating rates, as it is 
observed in CFO_UR NPs, but to other factors. We assume 
that the exchange interaction between the different sizes of 
CuFe2O4 (20.8 nm) and CuO (28.9 nm) phases weakens and/
or breaks down at higher frequency, where the magnetic 

F I G U R E  4  Derivatives of zero-field cooled magnetization as 
function of temperature (the blue and red arrows indicate the magnetic 
transitions)
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domain rotation may not be achieved due to increased ther-
mal energy. The heating rate depends on various factors such 
as particle size, saturation magnetization, anisotropy con-
stant, exchange interaction, particle-particle interaction, etc.8 
In addition, the heat loss in magnetic colloids mainly comes 
from the two mechanisms, Néel (τN) and Brownian relaxation 
(τB), whereas in the present system of ferrite nanopowders, it 
is mainly associated with τNas the measurements were done 
for dry powder samples.

We recollect from Table 2 that the saturation magneti-
zation of chosen ferrites is almost equal, but with differ-
ent coercivity and effective anisotropy constants. When 
comparing the heating rate of both CFO NPs, the sam-
ple CFO_UR, which is with a larger crystallite size and a 
smaller Keff, found to be superior to CFO_U0, which exhibit 
a higher anisotropy constant. On the other side, CuF_20 
shows better performance among CuF binary nanosystems. 
The aforementioned heating behavior of CFO has also been 
observed and reported for ferromagnetic Fe NPs of larger 
crystallite size with less anisotropy constant.48 Indeed, the 
role of magnetic anisotropy on heating efficiency seems to 
be strongly dependent on the field amplitude. At low field, 
soft nanomagnets respond better, whereas at high field the 
opposite occurs (see figure 12 of Reference 8). In the ex-
perimental setup, due to the coercivity values for CFO, one 

expects that the heating efficiency will increase for field 
amplitudes even higher than the one reported at 24 kA/m. 
Moreover, though the Keff of CFO NPs is higher than that 
of CuF binary nanosystems, CFO does not show steeper 
increment under higher field amplitude as it is reported for 
cobalt ferrites.8 Although CFO nanoparticles have higher 
magnetization than CuF binary nanosystems, the dynamic 
hysteresis might be playing a role in the heat generation. It 
is well established that the magnetic response is strongly 
dependent not only on the magnetization but also on the 
magnetic anisotropy. Indeed, the dynamic hysteresis is 
strongly influenced by this term and shows optimum an-
isotropy values for hyperthermia.11,49 The τN of the ferrites 
varies in accordance with Keff, and the volume of the ferrite 
particles (V), as given in;21 

where τ0 is the characteristic relaxation time approximately 
equal to 10−9 s, kB and T are the Boltzmann constant and tem-
perature, respectively (see Table 2). From the graphs (Figures 5 
and 6), it is very clear that the heating rates of CFO_UR and 
CuF_20 show better efficiency compared to other ferrite 
samples. Binary CuF_20 nanosystem (CuFe2O4/CuO) with a 

(2)�
N
= �0 exp

KeffV

kBT

F I G U R E  5  (A-D) Heating curve response to field and frequency and (E-F) the corresponding heating rate of CFO nanoparticles
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similar crystallite size of about 28 nm is found to have larger 
magnitude than the others (4.2 and 2.15°C/s for, respectively, 
516 kHz (24 kA/m) and 973 kHz (12 kA/m)). Hence, the par-
ticle size, broad particle size distribution, composition, intri-
cated, and core/shell like structure might influence the heating 
efficiency of magnetic nanoparticles.21 Moreover, it is possible 
that since the coercivity of the cobalt ferrite NPs is higher, one 
expects that only a fraction of smaller particles will respond 
to the field, in such a way that the number of heat generators 
in the hard-like (CoFe2O4) particle is lower than the soft one 
(CuFe2O4/CuO).

To further discuss the effects of crystallite size, satura-
tion magnetization, and Keff on the enhancement of heat-
ing efficiency (assuming homogeneous nanoparticles), 
heating rate estimated at a low frequency (325  kHz), 
and magnetic field amplitude (12 kA/m) (though it is 
still above the biological limit, as they will inhibit harm-
ful eddy currents in the human body50) are considered 
(Figure  7). We observe that the heating rate of present 
ferrite nanoparticles increases with particle size, whereas 
it decreases for higher values of Keff and τN (faster Néel 
relaxation showed worst heating efficiency). The heating 
rate of CFO NPs slightly follows the trend of magneti-
zation, whereas it is not valid in the case of CuF binary 

nanosystems. The higher effective magnetocrystalline an-
isotropy energy associated with the ferrite NPs restrains 
the magnetic rotation under given ac field amplitude and 
frequency.

Hence, we conclude that the crystallite size and effec-
tive anisotropy constant plays a key role in controlling the 
heating efficiency while the magnetization of the ferrites 
is similar. Moreover, nanogranular systems with two-phase 
CuFe2O4 and CuO compounds are found to be better ther-
moseeds than that of single-phase CFO NPs, where the 
exchange interaction and interparticle interaction might 
also have influenced the heating behavior. For the practi-
cal application, the biocompatibility of the thermoseeds is 
very important hence the suitable protective coating layer 
is necessary for the system of interest. The comparison of 
the present data with earlier reports become complicated 
as the heating efficiency depends on the approach to ob-
tain the heating rate, mass fraction of ferrite nanoparticles, 
dispersion medium and measurement conditions such as 
frequency and field amplitude, whereas the particle size, 
Keff, and magnetization are considered for the analysis.21 
But we emphasize that the ferrites achieved through the 
present simple method yielded promising thermoseeds for 
the magnetic hyperthermia.

F I G U R E  6  (A-D) Heating curve response to field and frequency and (E-F) the corresponding heating rate of CuF binary phase ferrite 
nanoparticles
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4 |  CONCLUSIONS

Thermoseeds, cobalt ferrite, and binary phase copper fer-
rite/copper oxide of two different sizes ((29 and 25  nm for 
CuFe2O4/CuO) and (15 and 12 nm for CoFe2O4)) were ana-
lyzed through structural and magnetic studies. The ferrite na-
noparticles exhibited ferrimagnetic and superparamagnetic 
ordering for cobalt ferrite and copper ferrite binary nanogranu-
lar systems, respectively. The blocking temperature of ferrites 
varied with respect to particle size. The magnetic transition 
that corresponds to CuFe2O4 and CuO was evidenced. The 
heating efficiency as a function of magnetic field amplitude 
and frequency has been elaborated with respect to crystallite 
size, saturation magnetization, effective anisotropy constant, 
and Néel relaxation behavior. Indeed, the heating efficiency 
was highly influenced by crystallite size and effective anisot-
ropy constant, whereas the magnetization was almost similar. 
Moreover, though the single-phase cobalt ferrite nanoparticles 
showed higher anisotropy energy, the binary phase copper fer-
rite nanogranular systems, with comparatively less anisotropy 
energy, exhibited superior heating efficiency of 4.21°C/s at 
field (24 kA/m) and frequency (516 kHz). It evidenced that, in 
addition to the particle size and effective anisotropy constant, 
the other factors such as exchange interaction and interparti-
cle interaction might play a vital role in heating behavior. The 
particle size of the synthesized ferrites is within the permis-
sible level (<30 nm) for the real-time application. And if they 
overcome by the agglomeration to achieve a highly stable bio-
compatible colloid then it would be a promising thermoseeds 
for magnetic hyperthermia application.
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