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Abstract: In this work, various tunable sized spinel ferrite MnFe2O4 nanoparticles (namely
MF20, MF40, MF60 and MF80) with reduced graphene oxide (RGO) were embedded in a
polypropylene (PP) matrix. The particle size and structural feature of magnetic filler MnFe2O4

nanoparticles were controlled by sonochemical synthesis time 20 min, 40 min, 60 min and 80 min.
As a result, the electromagnetic interference shielding characteristics of developed nanocomposites
MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP were also controlled by tuning
of magnetic/dielectric loss. The maximum value of total shielding effectiveness (SET) was 71.3 dB
for the MF80-RGO-PP nanocomposite sample with a thickness of 0.5 mm in the frequency range
(8.2–12.4 GHz). This lightweight, flexible and thin nanocomposite sheet based on the appropriate size
of MnFe2O4 nanoparticles with reduced graphene oxide demonstrates a high-performance advanced
nanocomposite for cutting-edge electromagnetic interference shielding application.

Keywords: spinel ferrite; nanocomposites; electromagnetic interference shielding; magnetic loss;
dielectric loss

1. Introduction

Extensive practice of electronic and communication devices, liberating electromagnetic (EM)
waves, generates EM radiation pollution [1]. Electromagnetic interference (EMI) does not only affect
the working and life of electronic devices but also is harmful to human health [2]. This noble type of
EM radiation pollution delivers a solid motivation to develop efficient EMI shielding materials [3].
Lightweight, thinness and cost efficiency are other additional necessities of high-performance EMI
shielding materials for operational applications [4]. Polymer-based EMI shielding composite materials
are lightweight, resistant to corrosion, flexible and simple in preparation [5]. The performance of
polymer-based EMI shielding materials depends on the intrinsic electrical conductivity, aspect ratio,
and concentration of the fillers [6]. Graphene has received considerable attention as nano-fillers due
to their excellent electrical and thermal conductivities, and ultrahigh mechanical characteristics [7].
Additionally, spinel ferrite nanoparticles as nanofillers have been established as potential magnetic
absorbers due to their outstanding magnetic loss, good stability and cost-effectiveness [8,9].

1



Nanomaterials 2020, 10, 2481

The particle shape and size of nanoparticles have a vital impact on the microwave absorption and
electromagnetic interference shielding characteristics of nanoparticles and their nanocomposites [10].
In recent years, researchers have noticed the influence of particle size on microwave absorption
and electromagnetic shielding performance [11]. Yi-Jun Liang et al. [12] noticed the size-dependent
microwave absorption performance of Fe3O4 nanoparticles prepared by the rapid microwave-assisted
thermal decomposition method. Niandu Wu et al. [13] observed particle size-dependent microwave
absorption characteristics of carbon-coated nickel nanocapsules. A correlation of particle size with
electromagnetic parameters can benefit us in better control of electromagnetic interference shielding
performance. Our research group [14] also noticed that the particle size of NiFe2O4 nanoparticles
correlates with the electromagnetic interference shielding performance of nanocomposites.

Efficient electromagnetic interference shielding nanocomposite material having a feature of
lightweight, flexible and excellent shielding characteristics are highly essential. Here, lightweight,
flexible and excellent EMI-shielding nanocomposites with control of magnetic loss/dielectric loss
through the control of particle size of MnFe2O4 spinel ferrite embedded in polypropylene matric with
reduced graphene oxide have been developed. Various sized MnFe2O4 spinel ferrite nanoparticles
were synthesized by sonochemical synthesis at different sonication times.

2. Materials and Methods

2.1. Materials

The reagents manganese nitrate, iron nitrate and sodium hydroxide were procured from Alfa
Aesar GmbH and Co KG (Karlsruhe, Germany). Potassium permanganate and graphite flakes were
acquired from Sigma-Aldrich, (Munich, Germany). Sodium nitrate was obtained from Lach-Ner
(Brno, Czech Republic). The utilized polypropylene (Vistamaxx 6202) was procured from Exxon Mobil
(Machelen, Belgium). The reducing agent Vitamin C (Livsane) was obtained from Dr. Kleine Pharma
GmbH, (Bielefeld, Germany).

2.2. Preparation of Nanoparticles

Various sized MnFe2O4 spinel ferrite nanoparticles were prepared by the sonochemical synthesis
approach as reported in our previous report [15]. A schematic illustration of the preparation of MnFe2O4

spinel ferrite nanoparticles by the sonochemical synthesis approach is shown in Figure 1. Further,
the synthesis condition for the preparation of these MnFe2O4 nanoparticles by the sonochemical
method is tabulated in Table 1. For the preparation, manganese nitrate and iron nitrate was mixed
with deionized water in a beaker. This solution was stirred on a magnetic stirrer for 5 min at room
temperature. To this prepared mixed solution, sodium hydroxide aqueous solution was added and the
whole mixed solution was placed under sonication (Ultrasonic homogenizer UZ SONOPULS HD 2070
(Berlin, Germany) (frequency: 20 kHz and power: 70 W)) for 20 min. The precipitate was collected
and then washed with deionized water and ethanol and finally dried at 40 ◦C. Further, the increased
particle size MnFe2O4 spinel ferrite nanoparticles were prepared for sonication time 40 min, 60 min
and 80 min. The reaction temperature was 65 ◦C, 74 ◦C, 85 ◦C and 93 ◦C, after sonication time 20 min,
40 min, 60 min and 80 min, respectively. The synthesized MnFe2O4 nanoparticles were designated
as MF20, MF40, MF60 and MF80 related to different sonication times 20 min, 40 min, 60 min and
80 min, respectively. Further, graphene oxide was prepared by the modified Hummer’s method [16].
Furthermore, graphene oxide (GO) was converted into reduced graphene oxide (RGO) by utilizing
vitamin C as a reducing agent.
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Figure 1. Schematic illustration of the preparation of MnFe2O4 nanoparticles by the sonochemical
synthesis method.

Table 1. Synthesis condition for preparation of MnFe2O4 nanoparticles by the sonochemical method.

Sample
Concentration
of Mn (NO3)2

4H2O

Concentration
of Fe (NO3)2

9H2O

Concentration
of NaOH

Sonication
Time

Reaction
Temperature

MF20 0.17 M 0.36 M 1.66 M 20 min 65 ◦C
MF40 0.17 M 0.36 M 1.66 M 40 min 74 ◦C
MF60 0.17 M 0.36 M 1.66 M 60 min 85 ◦C
MF80 0.17 M 0.36 M 1.66 M 80 min 93 ◦C

2.3. Preparation of Nanocomposites

A schematic illustration of the preparation of polypropylene (PP) based nanocomposites embedded
with MnFe2O4 spinel ferrite nanoparticles and reduced graphene oxide (RGO) is shown in Figure 2.
Nanocomposites of PP (50 wt %) with MnFe2O4 nanoparticles (40 wt %) and RGO (10 wt %)
as nanofillers were developed by using the melt-mixing method. Four nanocomposite samples,
namely (i) MF20-RGO-PP, (ii) MF40-RGO-PP, (iii) MF60-RGO-PP and (iv) MF80-RGO-PP were prepared.
The rectangle-shaped sheet of a 22.86 × 10.16 × 0.5 mm3 dimension of prepared nanocomposites was
developed by the hot-press approach. A representative digital photograph of PP nanocomposite
embedded with MnFe2O4 spinel ferrite nanoparticles and reduced graphene oxide (RGO) as nanofillers
is shown in Figure 3.

 

 

Figure 2. Schematic illustration of the preparation of polypropylene (PP) based nanocomposites
embedded with MnFe2O4 spinel ferrite nanoparticles and reduced graphene oxide (RGO).
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α

Figure 3. Digital photograph of PP nanocomposite embedded with MnFe2O4 spinel ferrite nanoparticles
and reduced graphene oxide (RGO) as nanofillers.

2.4. Characterization Techniques

The EMI shielding effectiveness of prepared nanocomposite (MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP) sheets of dimension 22.86 × 10.16 × 0.5 mm3 was studied with
a vector network analyzer (Agilent N5230A) at 8.2–12.4 GHz (the so-called X-band) frequency
range using a waveguide sample holder. X-ray powder diffraction (Rigaku Corporation, Tokyo,
Japan) characterization tool was employed to analyze the crystal structure of nanocomposites.
A field emission scanning electron microscope (FEI NanoSEM450) was employed to observe
the morphology and presence of MnFe2O4 nanoparticles and reduced graphene oxide in the
polypropylene matrix. Raman spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was
used for Raman spectra of prepared RGO, PP, and its nanocomposites. A vibrating sample
magnetometer (VSM 7407, Lake Shore) was employed to study magnetic hysteresis curves of
prepared nanocomposite (MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP). The FTIR
spectrometer (Nicolet 6700, Thermo Scientific) was utilized to achieve the FTIR spectra of prepared
nanocomposites. Thermogravimetric analyses of prepared nanocomposites were performed on
a Setaram LabSys Evo with TG/DSC sensor in an atmosphere of air (heating ramp 5 ◦C min−1,
up to 1000 ◦C, and air flow 60 mL min−1). Mechanical properties of prepared polypropylene based
nanocomposites were measured on a Testometric universal-testing machine of type M 350–5CT
(Testometric Co. Ltd., Rochdale, UK).

3. Results

3.1. XRD Study

XRD pattern of polypropylene (PP) and its prepared nanocomposites MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP is shown in Figure 4. The X-ray diffraction
peaks indexed with (220), (311), (222), (400), (422), (511) and (440) confirm the presence of cubic spinel
structure of MnFe2O4 nanoparticles in prepared nanocomposites [17]. It is noticeable in Figure 4 that
the diffraction peak intensity of MnFe2O4 spinel ferrite nanoparticles was increased with the increase
of sonication time, which signified an increase of crystallite size also [15]. The X-ray diffraction peaks
at 14.2◦, 16.8◦, 18.2◦, 21.1◦ and 21.9◦, which is associated with (110), (040), (130), (111) and (131) + (041),
respectively, crystal plane of the α-form of polypropylene [18]. Further, no diffraction peak associated
with reduced graphene oxide was observed because of the low XRD intensity of RGO in prepared
nanocomposites [19].

4



Nanomaterials 2020, 10, 2481

 

10 20 30 40 50 60 70
0

1000
2000
3000

10 20 30 40 50 60 70
500

1000

10 20 30 40 50 60 70

600
900

1200

10 20 30 40 50 60 70
300
600
900

1200

10 20 30 40 50 60 70
600
900

1200

α
(1

11
)

α
(3

01
) +

 (0
41

)

α
(1

30
)

α
(0

40
)

α
(1

10
)

PP

2θ (Degree)

α
(3

01
) +

 (0
41

)
α

(3
01

) +
 (0

41
)

(4
40

)

(5
11

)

(4
22

)

(4
00

)α
(1

11
)

α
(1

30
)

α
(1

10
)

α
(0

40
)In

te
ns

ity
 (c

ps
)

MF20-RGO-PP

(4
40

)

(5
11

)

(4
22

)

(4
00

)

(2
22

)
(3

11
)

(2
20

)

α
(1

11
)

α
(1

30
)

α
(0

40
)

α
(1

10
)

α
(1

10
)

(3
11

)

(2
20

)

MF40-RGO-PP
α

(3
01

) +
 (0

41
)

(4
40

)

(5
11

)

(4
22

)

(4
00

)

(2
22

)
(2

22
)(3

11
)

(2
20

)

α
(1

11
)

α
(1

30
)

α
(0

40
) MF60-RGO-PP

α
(3

01
) +

 (0
41

)

(4
40

)

(5
11

)

(4
22

)

(4
00

)

(2
22

)
(3

11
)

(2
20

)

α
(1

11
)

α
(1

30
)

α
(0

40
)

α
(1

10
) MF80-RGO-PP

 

(a) (b) 
RGO 

MF60 
PP 

MF60 

RGO 

PP 

Figure 4. XRD pattern of polypropylene (PP) and prepared nanocomposites MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP.

3.2. FE-SEM Study

Field emission scanning electron microscopy (FE-SEM) was utilized to investigate morphology
of prepared nanocomposites. FE-SEM image of cross-sections of prepared MF60-RGO-PP and
MF80-RGO-PP nanocomposites is shown in Figure 5. Images display the existence of MnFe2O4

spinel ferrite nanoparticles and reduced graphene oxide in the polypropylene matrix system. Further,
FE-SEM image of prepared MF20-RGO-PP and MF40-RGO-PP nanocomposites is shown in Figure 6a,c,
respectively. The presence of MnFe2O4 nanoparticles and reduced graphene oxide can be noticed in
the polypropylene matrix. In addition, energy dispersive X-ray spectrum (EDX) of the MF20-RGO-PP
(Figure 6b) and MF40-RGO-PP (Figure 6d) showed the existence of C, O, Mn and Fe.
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Figure 5. Cont.
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Figure 5. (a,b) FE-SEM image of cross-sections of the MF60-RGO-PP sample and (c,d) FE-SEM image
of cross-sections of the MF80-RGO-PP sample.
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3.3. Raman Spectroscopy

Figure 7 shows the Raman spectra of polypropylene (PP), reduced graphene oxide (RGO) and
prepared nanocomposite MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP samples.
The crystal structure and presence of MnFe2O4 in nanocomposites were confirmed through the
measurement of A1g, Eg and T2g peak positions in the Raman spectrum. In Figure 7, the existence of
characteristics Raman bands, i.e., Eg mode (296 cm−1), T2g mode (242 cm−1, 355 cm−1 and 580 cm−1)
and A1g mode (604 cm−1 and 657 cm−1) of spinel ferrite can be noticed [20]. The appearance of two
characteristics peaks of RGO at 1338 cm−1 and 1594 cm−1 corresponds to the D-band and G-band of
RGO, respectively [21]. Additionally, the other Raman peaks in the nanocomposites are associated
with the chemical group of polypropylene [22].
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Figure 7. Raman spectrum of polypropylene (PP), reduced graphene oxide (RGO), MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP.

3.4. FTIR Spectroscopy

Figure 8 displays the FTIR spectra of polypropylene (PP) and developed nanocomposite samples
MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP. The presence of characteristic FTIR
peaks of MnFe2O4 spinel ferrite nanoparticles and polypropylene can be noticed in the prepared
nanocomposites, as shown in Figure 8. In spinel ferrite, the infrared bands noticed between 100
and 600 cm−1 indicate the formation of single phase spinel ferrite material. The absorption band at
565 cm−1 was associated with the intrinsic stretching vibration of metals at tetrahedral sites in MnFe2O4

nanoparticles [23]. The absorption peak at 840 cm−1 was associated with C–CH3 stretching vibration
in PP. The peak 972 cm−1, and 1165 cm−1 were associated with –CH3 rocking vibration. The absorption
peak at 1375 cm−1 and 2952 cm−1 were related to symmetric bending vibration of the –CH3 group and
–CH3 asymmetric stretching vibration. The absorption peak at 1455 cm−1, 2838 cm−1 and 2917 cm−1 were
related to –CH2-symmetric bending, –CH2-symmetric stretching, and –CH2-asymmetric stretching,
respectively [24]. In amalgamation with Raman and FTIR spectroscopy results, the presence of
MnFe2O4 spinel ferrite nanoparticles and reduced graphene oxide (RGO) in the polypropylene (PP)
were confirmed.
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Figure 8. FTIR spectrum of polypropylene (PP), MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and
MF80-RGO-PP.

3.5. Thermogravimetric Analysis (TGA)

Figure 9 depicts the TGA curves of polypropylene (PP) and its prepared MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposites under air atmosphere. It can be
noticed that the PP had lower degradation temperature in comparison with its prepared nanocomposites.
Further, nanocomposites exhibited higher thermal stability as compared to PP, which is associated
with the result of an interaction between PP, MnFe2O4 nanoparticles and RGO [25]. Furthermore,
the oxidative residues at 1000 ◦C are 37%, 39%, 46% and 49.2% for MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP, respectively, with 50% nanofillers loading [26]. The slightly lower
residue values especially for MF20-RGO-PP and MF40-RGO-PP sample than the corresponding actual
residues (i.e., loaded nano-fillers) were mainly due to the evaporation of surface impurities/chemical
functional group attached on surface of small sized nanoparticles MF20 and MF40 [27].
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Figure 9. TGA curves of polypropylene (PP) and its prepared MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP nanocomposites under air atmosphere.
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3.6. Magnetic Property

Magnetic properties of prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP
nanocomposites were investigated by using a vibrating sample magnetometer. The magnetic hysteresis
curves of MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposites are
shown in Figure 10. Ferromagnetic behavior can be noticed in magnetic hysteresis curves as depicted
in Figure 10 for MF20-RGO-PP (Hc = 33.2 Oe, Mr = 0.003 emu/g, Ms = 0.45 emu/g), MF40-RGO-PP
(Hc = 43.57 Oe, Mr = 0.008 emu/g, Ms = 0.55 emu/g), MF60-RGO-PP (Hc = 61.0 Oe, Mr = 1.57 emu/g,
Ms = 14.6 emu/g) and MF80-RGO-PP (Hc = 45.9 Oe, Mr = 2.03 emu/g, Ms = 24.8 emu/g) nanocomposites.
The ferromagnetic behavior of nanoparticles MF20 (Ms = 1.9 emu/g, Hc = 45.0 Oe, Mr = 0.12 emu/g),
MF40 (Ms = 2.5 emu/g, Hc = 42.0 Oe, Mr = 0.13 emu/g), MF60 (Ms = 30.2 emu/g, Hc = 34.0 Oe,
Mr = 2.27 emu/g) and MF80 (Ms = 52.5 emu/g, Hc = 32.0, Mr = 4.50 emu/g) was noticed, as mentioned in
our previous report [15]. The high-frequency resonance in terms of anisotropy constant (K), anisotropy
energy (Ha) and resonance frequency (fr) has the following interrelationship with coercivity (Hc) and
saturation magnetization (Ms) [28]:

K =
uoMsHc

2
(1)

Ha =
4|K|

3uoMs
(2)

2π fr = rHa (3)

where µo is the universal value of permeability in free space (4π × 10−7 H/m) and r is the gyromagnetic
ratio. The correlation of the above equations signifies that the value of Hc and Ms can influence the
magnitude of K, Ha and fr and consequently electromagnetic properties of nanocomposites [29].
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Figure 10. Magnetic hysteresis curves of prepared nanocomposites MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP samples.
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3.7. Electromagnetic Interference Shielding Effectiveness

The electromagnetic interference (EMI) shielding effectiveness (SE) is the degree of the material’s
capability to block the electromagnetic waves. It is represented by the logarithm of the ratio of incident
power (PI) to transmitted power (PT) in decibels

SET(dB) = 10 log
(

PI

PT

)

(4)

The attenuation of the electromagnetic waves involves generally three mechanisms: reflection
(SER), absorption (SEA) and multiple reflections (SEM). When the shielding effectiveness associated
with absorption has a higher value than 10 dB, i.e., approximately all the rereflected waves will be
absorbed within the material, the contribution associated with multiple reflections can be neglected [30].
Then, the total shielding effectiveness (SET) can be expressed as

SET = SER + SEA (5)

A two-port network analyzer can be utilized to measure the scattering parameters (S11, S12, S21

and S22), which correlates with reflection (R) and transmission coefficients (T) as [31]:

T = |S12|2 = |S21|2 (6)

R = |S11|2 = |S22|2 (7)

The shielding effectiveness due to absorption (SEA) and reflection (SER) can be expressed in terms
of the scattering parameters as

SER = 10 log
( 1

1−R

)

= 10 log
(

1

1− |S11|2

)

(8)

SEA = 10 log
(1−R

T

)

= 10 log
(

1− |S11|2

|S21|2

)

(9)

Therefore, total shielding effectiveness (SET) can be obtained from the above relations as

SET = 20 log(S21) (10)

Figure 11 depicts the EMI shielding effectiveness of prepared nanocomposites MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP at a thickness of 0.5 mm. The maximum value
of total shielding effectiveness (SET) was 58.6 dB, 66.4 dB, 69.4 dB and 71.3 dB for MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP samples, respectively, as shown in Figure 11a.
Further, the maximum value of shielding effectiveness due to absorption (SEA) was 35.3 dB, 41.3 dB,
44.3 dB and 45.8 dB for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP samples,
respectively, as shown in Figure 11b. Additionally, the maximum value of shielding effectiveness
due to reflection (SER) was 23.4 dB, 25.2 dB, 25.1 dB and 25.6 dB for MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP samples, respectively, as shown in Figure 11c. The maximum value
of total EMI SE (SET), absorption (SEA) and reflection (SER) of developed nanocomposites were plotted
in Figure 11d. The results imply an absorption dominant shielding mechanism instead of reflection in
the designed nanocomposites.
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Figure 11. Electromagnetic interference (EMI) shielding effectiveness (a) SET, (b) SEA, (c) SER

and (d) comparison plot of SET, SEA and SER for prepared nanocomposites MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP at a thickness of 0.5 mm.

A research group, X.-J. Zhang et al. [32] noticed the minimum reflection loss -29.0 dB at 9.2 GHz
for RGO/MnFe2O4/PVDF composites, which contained 5 wt % filler content with a thickness of
3.0 mm. P. Yin et al. [33] observed the optimal microwave absorbing intensity −48.92 dB at 0.78 GHz
at a 2.5 mm thickness for the Apium-derived biochar loaded with MnFe2O4@C. Another researcher,
R. V. Lakshmi et al. [34] observed a total shielding effectiveness value 44 dB in the X band frequency
range for PMMA modified MnFe2O4-polyaniline nanocomposites. R. K. Srivastava et al. [35] noticed
the total shielding effectiveness of −38 dB filler 5 wt % RGO-MnFe2O4 and 3 wt % of MWCNTs in
polyvinylidene fluoride (PVDF) matrix. Another research group, Y. Wang et al. [36] observed the
maximum reflection loss of −32.8 dB at 8.2 GHz with the thickness of 3.5 mm for MnFe2O4/RGO
composite. Further, P. Yin et al. [37] noticed the maximum reflection loss of −14.87 dB at 2.25 GHz with
the thickness of 4 mm. Furthermore, Y. Wang et al. [38] showed the maximum absorption of -38 dB at
6 GHz with the thickness of 3.5 mm for a ternary composite of Ag/MnFe2O4/reduced graphene oxide
(RGO). Additionally, a comparison of electromagnetic wave absorption performance between MnFe2O4

spinel ferrite nanoparticles based developed composites reported in recent years are tabulated in
Table 2.
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Table 2. Comparison of electromagnetic wave absorption performance between MnFe2O4 spinel ferrite
nanoparticles based developed composites reported in recent years.

No. Shielding Material
Frequency

(GHz)
Specimens

Thickness (mm)
Effect of

Shielding
Ref.

1. RGO/MnFe2O4/PVDF 2–18 GHz 3.0 mm −29.0 dB [32]

2. Biochar/MnFe2O4@C 0.2–3 GHz 2.5 mm −48.92 dB [33]

3. PMMA modified MnFe2O4-PANI 8–12 GHz ~44 dB [34]

4. PVDF/RGO-MnFe2O4/MWCNTs 8–18 GHz −38dB [35]

5. MnFe2O4/RGO 2–18 GHz 3.5 mm −32.8 dB [36]

6. SiO2-MnFe2O4 0.2–3 GHz 4 mm −14.87 dB [37]

7. Ag/MnFe2O4/RGO 2–18 GHz 3.5 mm −38 dB [38]

8. MnFe2O4-RGO-PP 8.2–12.4 GHz 0.5 mm ~71.3 dB This work

The influence of thickness on EMI shielding effectiveness of prepared nanocomposites was also
investigated. Figure 12 depicts EMI shielding effectiveness of prepared nanocomposites MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposite sheet at a thickness of 1 mm.
The maximum value of total shielding effectiveness (SET) was 39.15 dB, 41.72 dB, 44.21 dB and
49.11 dB for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposite sheet,
respectively, at a thickness of 1 mm, as depicted in Figure 12a. Further, the maximum value of shielding
effectiveness due to absorption (SEA) was 19.52 dB, 22.07 dB, 23.78 dB and 28.12 dB for MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposite, respectively, at a thickness of 1 mm,
as shown in Figure 12b. Furthermore, the maximum value of shielding effectiveness due to reflection
(SER) was 19.64 dB, 19.67 dB, 20.44 dB and 21.00 dB for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP
and MF80-RGO-PP nanocomposite, respectively, at a thickness of 1 mm, as represented in Figure 12c.
A comparative value of SET, SEA and SER for prepared nanocomposite sheet at a thickness of 1 mm is
represented in Figure 12d. A slight decrease in shielding effectiveness was noticed with an increase in
thickness from 0.5 to 1 mm [39,40], however, the observed value of EMI shielding effectiveness was
higher enough than the limit (20 dB) needed for techno-commercial applications [41].
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Figure 12. EMI shielding effectiveness (a) SET, (b) SEA, (c) SER and (d) comparison plot of SET, SEA

and SER for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposite sheet at
thickness of 1 mm.

3.8. Electromagnetic Properties and Parameters

It is well-known that the electromagnetic interference shielding performances of the
nanocomposites are highly associated with complex permittivity (εr = ε′ + jε′′ ) and complex
permeability (µr = µ′ + jµ′′ ). Figure 13a shows the real part of the complex permittivity (ε’) of
prepared nanocomposites. The real part of the complex permittivity (ε’) corresponds to the storage
of the electrical energy and can be controlled by polarization in the material. The existence of
RGO and MnFe2O4 nanoparticles in the PP matrix created a heterogeneous medium that acted as
interface accumulation in the developed nanocomposites. The value of the real part of the complex
permittivity (ε’) was in the range of 4.64–4.84, 4.62–4.76, 4.34–4.42 and 4.20–4.79 for MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP sample, respectively. The real part of the permittivity
(ε’) was associated with the polarization in the material, which consisted of dipolar polarization,
interfacial/surface polarization, orientational polarization, ionic or electronic polarization. The higher
value of the real part of permittivity (ε’) of MF20-RGO-PP and MF40-RGO-PP was due to presence
of a higher number of surface impurity bonds/residual bonds and cluster defects in MF20 and MF40
nanoparticles via a chemical synthesis route, the electrons were not evenly distributed, which led to
orientation polarization and thereby further enhancement in the real part of permittivity [42]. The ionic
or electronic polarization plays a dominant role in enhancing the real part of permittivity at a high
frequency. The existence of this polarization enhanced slowly with increase of frequency. Therefore, the
increase of real part of permittivity (ε’) at higher frequency in MF80-RGO-PP sample could be associated
with dominant role of electronic polarization [43]. The real part of the complex permittivity (ε’) had
no direct relation with the total shielding effectiveness (SET). The imaginary part of the permittivity
(ε”) corresponded to the dielectric loss in the materials. Figure 13b depicts the imaginary part of the
permittivity (ε”) of the developed nanocomposites. It can be observed that the value of the imaginary
part of the complex permittivity (ε”) was in the range of 0.18–0.35, 0.17–0.36, 0.15–0.30 and −0.03–0.15
for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposite, respectively.
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Figure 13. Frequency-dependent (a) real permittivity (ε’), (b) imaginary permittivity (ε”), (c) ac
conductivity (σac) and (d) Cole–Cole semicircles (ε′ vs. ε′′) of prepared MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP composite samples.

According to free-electron theory, the electrical conductivity (σac) can be evaluated by the following
relation [44]:

σac = εoε
′′ω = εoε

′′2π f (11)

where σac, εo, ω and f are the electrical conductivity, the dielectric constant of the free space, the
angular frequency and frequency of the electromagnetic waves, respectively. Figure 13c depicts the
frequency dependence variation of the electrical conductivity (σac) of the developed nanocomposites.
The value of electrical conductivity was 9.04 × 10−4 to 1.84 × 10−3 S/cm, 8.41 × 10−4 to 1.80 × 10−3

S/cm, 7.25 × 10−4 to 1.47 × 10−3 S/cm and −8.55 × 10−5 to 1.05 × 10−3 S/cm for prepared MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP composite samples, respectively. The MF20 and
MF40 nanoparticles-based nanocomposites had similar electrical conductivity and also higher than the
other two nanoparticles MF60 and MF80 based nanocomposites. The enhanced electrical conductivity
is associated with an increased induced microcurrent network and hopping phenomenon in prepared
nanocomposites [45,46].

The relative complex permittivity can be expressed by the following relation [47]:

εr = ε∞ +
εs − ε∞

1 + j2π fτ
= ε′ − jε′′ (12)

where f, ε∞, εs and τ corresponds to frequency, optical and stationary dielectric constant and polarization
relaxation time, respectively. The dielectric parameters (ε’, ε”) can be evaluated by the following
relation [48,49]:

ε′ = ε∞ +
εs − ε∞

1 +ω2τ2 (13)
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ε′′ = ε
′′
r + ε

′′
c =

εs − ε∞
1 +ω2τ2 +

σ

ωεo
(14)

where σ, ε′′r and ε′′c corresponds to electrical conductivity, polarization loss and conductive
loss, respectively.

The dielectric loss is generally associated with Debye polarization relaxation, which includes ionic
polarization, electron polarization, dipole polarization and interfacial polarization [50]. The interfacial
polarization originated because of the heterogeneous interfaces between MnFe2O4 nanoparticles
and reduced graphene oxide in the polypropylene matrix. Based on Debye theory, the polarization
characteristics can be confirmed by Cole–Cole semicircles, which is resulting from the following
relation [51]:

(

ε′ − εs − ε∞
2

)2
+ (ε′′ )2 =

(

εs − ε∞
2

)2
(15)

Figure 13d depicts the Cole–Cole semicircles (ε′ vs. ε”) of prepared MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP composite samples. Several semicircles can be noticed for prepared
nanocomposites, which indicate the coexistence of multiple polarization process. Further, since
the prepared MnFe2O4-RGO-PP composites can simply form conductive networks and therefore
conduction loss cannot be ignored also.

In general, the real permeability (µ’) signifies the energy storage capacity of magnetic energy
and the imaginary permeability (µ”) refers to the energy dissipation capacity of magnetic energy [52].
Figure 14a depicts the frequency dependence variation of the real part of permeability (µ’) of designed
nanocomposites. The value of the real part of permeability (µ’) was 1.01–1.17, 1.06–1.31, 1.04–1.23
and 1.48–1.89 for the prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP,
respectively. Noticeably, the higher value of the real part of permeability (µ’) of the MF80-RGO-PP
sample suggesting the increased storage capacity of magnetic energy in comparison to other prepared
nanocomposites. Figure 14b shows the frequency dependence variation of the imaginary part of
permeability (µ”) of developed nanocomposite samples. The value of the imaginary part of permeability
(µ”) was −0.015–0.057, −0.024–0.042, −0.033–0.023 and 0.52–1.62 for the prepared MF20-RGO-PP,
MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP, respectively. The negative value of imaginary
permeability in the frequency range 9–11.4 GHz for MF60-RGO-PP, 10–11.2 GHz for MF40-RGO-PP
and 10.2–10.7 GHz for MF20-RGO-PP can be associated with the eddy current caused by an extra
magnetic field, which nullifies the inherent magnetic field [53]. Based on the Maxwell equations,
the negative values of the imaginary part of permeability signify that the magnetic energy is radiated
out and converted into electric energy [54].
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Figure 14. Frequency-dependent (a) real part of permeability (µ’), (b) imaginary part of permeability
(µ”), (c) dielectric loss (tanδε) and (d) magnetic loss (tanδµ) of prepared MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP composite samples.

Additionally, the dielectric loss tangent (tanδε = ε”/ε’) was utilized to calculate the loss capability
against the stored capacity for electric energy. Figure 14c depicts the frequency dependence
variation of dielectric loss (tanδε) of developed nanocomposites. Noteworthy, the trend of value of
dielectric loss (tanδε) of developed nanocomposites was similar to the trend of the imaginary part
of permittivity (ε”). The value of dielectric loss (tanδε) was 0.042–0.075, 0.037–0.077, 0.035–0.068
and −0.008–0.038 for prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP
composite samples, respectively.

Moreover, the magnetic loss ability of the prepared nanocomposites can be evaluated by the
magnetic tangent loss (tanδµ = µ”/µ’). Figure 14d depicts the frequency dependence changes in
magnetic loss (tanδµ) of prepared nanocomposites. The value of magnetic loss (tanδµ) was−0.014–0.053,
−0.021–0.037, −0.031–0.021 and 0.331–0.853 for prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP
and MF80-RGO-PP, respectively.

Generally, the magnetic loss is attributed to the magnetic resonance (natural resonance and
exchange resonance), eddy current loss, magnetic hysteresis loss and domain wall resonance [55].
The magnetic hysteresis loss had no appearance in the weak electromagnetic field, whereas the domain
wall resonance had occurrence only at 1–100 MHz. The magnetic resonance and the eddy current effect
induced the magnetic loss in the range of GHz frequency. When the magnetic loss was associated
with the eddy current loss, the value of µ”(µ’)−2f−1 should be constant with the variation of the
frequency [56].

The eddy current can be calculated by using the following relation [57]:

Co = µ
′′ (µ′)−2 f−1 = 2πσµod2/3 (16)

where µo is the permeability of the vacuum, σ is the electric conductivity and d is the thickness of the
material. As shown in Figure 15a, the value of Co was constant at a lower frequency range from 8.2 to
8.8 GHz for MF20-RGO-PP, MF40-RGO-PP and MF60-RGO-PP nanocomposites, which implies that the
magnetic loss in this frequency range was eddy current loss. Further, for these nanocomposites, the value
of µ”(µ’)−2f−1 varied at a higher frequency from 8.8 to 12.4 GHz, which suggests that the magnetic loss
was not only induced by eddy current effect but also natural ferromagnetic resonance. Furthermore,
for MF80-RGO-PP composite sample, the value of µ”(µ’)−2f−1 was not constant throughout the whole
frequency range.
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Figure 15. Frequency-dependent (a) eddy current loss, (b) skin depth, (c) impedance matching ratio and
(d) attenuation constant of prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP
composite samples.

The superior value of EMISE was associated with the low skin depth of the prepared
nanocomposites. The skin depth (δ) is the depth where the incident power of the EM waves
fell to 1/e of its value at the surface. It can be given by the following relation [58]:

δ = (π fµσ)−1/2 (17)

where f is the frequency, µ is the permeability of the material and σ is the electrical conductivity.
Figure 15b depicts the variation of skin depth (δ) of prepared MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP composite samples. The skin depth varied from 0.003 to 0.007
µm, 0.008 to 0.036 µm, 0.012 to 0.048 µm and 0.0012 to 0.0013 µm for MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP nanocomposites, respectively. It was noticed that the value of the
skin depth of nanocomposites was much lower than their thickness, which leads to a high EMI SE [59].
Further, in general, the material with the shallowest skin depth exhibits high absorption loss [60].

In general, to achieve a large role of electromagnetic absorption, the shielding material should
exhibit a large impedance matching ratio (Z) to free space [61]. The impedance matching ratio (Z) can
be evaluated from the following relation [62]:

Z = Z1/Zo = (µr/εr)
1/2 (18)
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where, Z1 is the impedance matching of the electromagnetic wave absorber material, and Zo is the
impedance in free space. As shown in Figure 15c, the impedance matching ratio was increased with the
increase of nanoparticle size of MnFe2O4 spinel ferrite in developed MF20-RGO-PP, MF40-RGO-PP and
MF60-RGO-PP nanocomposites, whereas it was increased more at a lower frequency and decreased
more at a higher frequency in case of the MF80-RGO-PP nanocomposite sample.

The other important electromagnetic parameter for electromagnetic interference shielding
nanocomposites is the electromagnetic wave attenuation, and the attenuation constant (α) can be
evaluated by the following relation [63]:

α =

√
2π f

c

[

(µ′′ ε′′ − µ′ε′ ) +
√

(µ′′ ε′′ − µ′ε′)2 + (µ′ε′′ + µ′′ ε′)2
]1/2

(19)

Figure 15d depicts the attenuation constant of prepared MF20-RGO-PP, MF40-RGO-PP,
MF60-RGO-PP and MF80-RGO-PP composite samples. In general, a large value of attenuation
constant (α) indicates a good attenuation ability, which reveals the great dissipation characteristics
of materials [64]. It can be observed that the nanocomposites MF20-RGO-PP, MF40-RGO-PP and
MF60-RGO-PP had a very similar attenuation constant (α) value in the frequency range 8.2–12.4 GHz,
whereas there was a noticeable gap in the attenuation constant (α) value of MF80-RGO-PP composite
samples, especially in the low-frequency range. These results indicate that the total loss ability of MF80
spinel ferrite nanoparticles based nanocomposites displayed high magnetic loss in comparison with
other samples. Moreover, a clear design of the electromagnetic wave shielding mechanism as reflected
above is illustrated in Figure 16.
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Figure 16. Schematic illustration of the electromagnetic interference shielding mechanism in
prepared nanocomposites.

3.9. Mechanical Properties

In general, the variation in mechanical properties is associated with particle size, morphology
and loading amount of fillers in polymer matrix [65,66]. Figure 17a depicts representative
strain-stress curves of prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP
nanocomposites. The extracted mechanical parameter tensile strength of prepared nanocomposites
is depicted in Figure 17b. The value of tensile strength was 4.84 MPa, 4.32 MPa, 5.56 MPa and
6.42 MPa for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP, respectively. Further,
Figure 17c depicts the extracted mechanical parameter elongation at break for prepared MF20-RGO-PP,
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MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP nanocomposites. The value of elongation at break
was 711%, 486%, 598% and 699% for MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP,
respectively. Furthermore, the extracted mechanical parameters Young’s modulus is shown in
Figure 17d. The value of Young’s modulus was 15.2 MPa, 17.2 MPa, 17.8 MPa and 8.7 MPa for
MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP, respectively.
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Figure 17. Mechanical behavior of prepared MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and
MF80-RGO-PP nanocomposites: (a) representative strain–stress curves, (b) the tensile strength,
(c) elongation at break and (d) Young’s modulus.

4. Conclusions

We developed electromagnetic interference shielding nanocomposites based on polypropylene
(PP) matrix with reduced graphene oxide (RGO) and MnFe2O4 spinel ferrite nanoparticles as nanofillers.
Different sized magnetic filler MnFe2O4 (namely MF20, MF40, MF60 and MF80 samples) nanoparticles
were prepared by the sonochemical approach at sonication synthesis time 20, 40, 60 and 80 min. It was
noticed that the electromagnetic interference shielding performances of designed nanocomposites
MF20-RGO-PP, MF40-RGO-PP, MF60-RGO-PP and MF80-RGO-PP were also controlled with the tuning
of dielectric/magnetic loss. The maximum value of total shielding effectiveness (SET) was 71.3 dB
for MF80-RGO-PP nanocomposite with a thickness of 0.5 mm in the frequency range (8.2–12.4 GHz).
The excellent electromagnetic interference shielding properties with a lightweight, flexible and thinness
sheet of developed nanocomposites was realized.
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Urbánek, M.; Kalina, L.; et al. Impact of sonochemical synthesis condition on the structural and physical
properties of MnFe2O4 spinel ferrite nanoparticles. Ultrason. Sonochem. 2020, 61, 104839. [CrossRef]
[PubMed]

20



Nanomaterials 2020, 10, 2481

16. Bai, Y.; Rakhi, R.B.; Chen, W.; Alshareef, H.N. Effect of pH induced chemical modification of hydrothermally
reduced graphene oxide on supercapacitor performance. J. Power Sources 2013, 233, 313–319. [CrossRef]

17. Patade, S.R.; Andhare, D.D.; Somvanshi, S.B.; Jadhav, S.A.; Khedkar, M.V.; Jadhav, K.M. Self-heating
evaluation of superparamagnetic MnFe2O4 nanoparticles for magnetic fluid hyperthermia application
towards cancer treatment. Ceram. Int. 2020, 46, 25576–25583. [CrossRef]

18. Hsiao, M.-C.; Liao, S.-H.; Lin, Y.-F.; Wang, C.-A.; Pu, N.-W.; Tsai, H.-M.; Ma, C.-C.M. Preparation and
characterization of polypropylene-graft-thermally reduced graphite oxide with an improved compatibility
with polypropylene-based nanocomposite. Nanoscale 2011, 3, 1516. [CrossRef]

19. Yadav, R.S.; Kuritka, I.; Vilcáková, J.; Machovský, M.; Škoda, D.; Urbánek, P.; Masar, M.; Goralik, M.;
Urbánek, M.; Kalina, L.; et al. Polypropylene Nanocomposite Filled with Spinel Ferrite NiFe2O4 Nanoparticles
and In-Situ Thermally-Reduced Graphene Oxide for Electromagnetic Interference Shielding Application.
Nanomaterials 2019, 9, 621. [CrossRef]

20. Varshney, D.; Verma, K.; Kumar, A. Structural and vibrational properties of ZnxMn1-xFe2O4(x = 0.0, 0.25,
0.50, 0.75, 1.0) mixed ferrites. Mater. Chem. Phys. 2011, 131, 413–419. [CrossRef]

21. Gupta, A.; Jamatia, R.; Patil, R.A.; Ma, Y.-R.; Pal, A.K. Copper Oxide/Reduced Graphene Oxide
Nanocomposite-Catalyzed Synthesis of Flavanones and Flavanones with Triazole Hybrid Molecules in One
Pot: A Green and Sustainable Approach. ACS Omega 2018, 3, 7288–7299. [CrossRef]

22. Wadi, V.S.; Jena, K.K.; Halique, K.; Alhassan, S.M. Enhanced Mechanical Toughness of Isotactic Polypropylene
Using Bulk Molybdenum Disulfide. ACS Omega 2020, 5, 11394–11401. [CrossRef]

23. Thakur, A.; Kumar, P.; Thakur, P.; Rana, K.; Chevalier, A.; Mattei, J.-L.; Queffélec, P. Enhancement of magnetic
properties of Ni0.5Zn0.5Fe2O4 nanoparticles prepared by the co-precipitation method. Ceram. Int. 2016, 42,
10664–10670. [CrossRef]

24. Gopanna, A.; Mandapati, R.N.; Thomas, S.P.; Rajan, K.; Chavali, M. Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy and wide-angle X-ray scattering (WAXS) of polypropylene (PP)/cyclic olefin
copolymer (COC) blends for qualitative and quantitative analysis. Polym. Bull. 2019, 76, 4259–4274.
[CrossRef]

25. Hassan, M.M.; Koyama, K. Enhanced thermal, mechanical and fire retarding properties of polystyrene
sulphonate-grafted- nanosilica/polypropylene composites. RSC Adv. 2015, 5, 16950–16959. [CrossRef]

26. He, Q.; Yuan, T.; Zhang, X.; Luo, Z.; Haldolaarachchige, N.; Sun, L.; Young, D.P.; Wei, S.; Guo, Z. Magnetically
Soft and Hard Polypropylene/Cobalt Nanocomposites: Role of Maleic Anhydride Grafted Polypropylene.
Macromolecules 2013, 46, 2357–2368. [CrossRef]

27. Zhu, J.; Wei, S.; Li, Y.; Sun, L.; Haldolaarachchige, N.; Young, D.P.; Southworth, C.; Khasanov, A.; Luo, Z.;
Guo, Z. Surfactant-Free Synthesized Magnetic Polypropylene Nanocomposites: Rheological, Electrical,
Magnetic, and Thermal Properties. Macromolecules 2011, 44, 4382–4391. [CrossRef]

28. Lv, H.; Liang, X.; Ji, G.; Zhang, H.; Du, Y. Porous Three- Dimensional Flower-like Co/CoO and Its Excellent
Electromagnetic Absorption Properties. ACS Appl. Mater. Interfaces 2015, 7, 9776–9783. [CrossRef]

29. Manna, K.; Srivastava, S.K. Fe3O4@Carbon@Polyaniline Trilaminar Core−Shell Composites as Superior
Microwave Absorber in Shielding of Electromagnetic Pollution. ACS Sustain. Chem. Eng. 2017, 5, 10710–10721.
[CrossRef]

30. Shahzad, F.; Kumar, P.; Kim, Y.-H.; Hong, S.M.; Koo, C.M. Biomass-Derived Thermally Annealed
Interconnected Sulfur-Doped Graphene as a Shield against Electromagnetic Interference. ACS Appl.

Mater. Interfaces 2016, 8, 9361–9369. [CrossRef]
31. Song, W.-L.; Gong, C.; Li, H.; Cheng, X.-D.; Chen, M.; Yuan, X.; Chen, H.; Yang, Y.; Fang, D. Graphene-Based

Sandwich Structures for Frequency Selectable Electromagnetic Shielding. ACS Appl. Mater. Interfaces 2017, 9,
36119–36129. [CrossRef] [PubMed]

32. Zhang, X.-J.; Wang, G.-S.; Cao, W.-Q.; Wei, Y.-Z.; Liang, J.-F.; Guo, L.; Cao, M.-S. Enhanced Microwave
Absorption Property of Reduced Graphene Oxide (RGO)-MnFe2O4 Nanocomposites and Polyvinylidene
Fluoride. ACS Appl. Mater. Interfaces 2014, 6, 7471–7478. [CrossRef] [PubMed]

33. Yin, P.; Zhang, L.; Sun, P.; Wang, J.; Feng, X.; Zhang, Y.; Dai, J.; Tang, Y. Apium-derived biochar loaded with
MnFe2O4@C for excellent low frequency electromagnetic wave absorption. Ceram. Int. 2020, 46, 13641–13650.
[CrossRef]

21



Nanomaterials 2020, 10, 2481

34. Lakshmi, R.V.; Bera, P.; Chakradhar, R.P.S.; Choudhury, B.; Pawar, S.P.; Bose, S.; Nair, R.U.; Barshilia, H.C.
Enhanced microwave absorption properties of PMMA modified MnFe2O4-polyaniline nanocomposites.
Phys. Chem. Chem. Phys. 2019, 21, 5068–5077. [CrossRef]

35. Srivastava, R.K.; Xavier, P.; Gupta, S.N.; Kar, G.N.; Bose, S.; Sood, A.K. Excellent Electromagnetic Interference
Shielding by Graphene- MnFe2O4 -Multiwalled Carbon Nanotube Hybrids at Very Low Weight Percentage
in Polymer Matrix. ChemistrySelect 2016, 1, 5995–6003. [CrossRef]

36. Wang, Y.; Wu, X.; Zhang, W.; Huang, S. One-pot synthesis of MnFe2O4 nanoparticles-decorated reduced
graphene oxide for enhanced microwave absorption properties. Mater. Technol. 2017, 32, 32–37. [CrossRef]

37. Yin, P.; Zhang, L.; Wang, J.; Feng, X.; Zhao, L.; Rao, H.; Wang, Y.; Dai, J. Preparation of SiO2- MnFe2O4

Composites via One-Pot Hydrothermal Synthesis Method and Microwave Absorption Investigation in
S-Band. Molecules 2019, 24, 2605. [CrossRef]

38. Wang, Y.; Wu, X.; Zhang, W.; Huang, S. Synthesis and electromagnetic absorption properties of Ag-coated
reduced graphene oxide with MnFe2O4 particles. J. Magn. Magn. Mater. 2016, 404, 58–63. [CrossRef]

39. Kashi, S.; Gupta, R.K.; Bhattacharya, S.N.; Varley, R.J. Experimental and simulation study of effect of thickness
on performance of (butylene adipate-co-terephthalate) and poly lactide nanocomposites incorporated with
graphene as stand-alone electromagnetic interference shielding and metal-backed microwave absorbers.
Compos. Sci. Technol. 2020, 195, 108186.

40. Sui, M.; Fu, T.; Sun, X.; Cui, G.; Lv, X.; Gu, G. Unary and binary doping effect of M2+ (M=Mn, Co, Ni, Zn)
substituted hollow Fe3O4 approach for enhancing microwave attenuation. Ceram. Int. 2018, 44, 17138–17146.
[CrossRef]

41. Sankaran, S.; Deshmukh, K.; Ahamed, M.B.; Pasha, S.K.K. Recent advances in electromagnetic interference
shielding properties of metal and carbon filler reinforced flexible polymer composites: A review.
Compos. Part A 2018, 114, 49–71. [CrossRef]

42. Mishra, M.; Singh, A.P.; Singh, B.P.; Singh, V.N.; Dhawan, S.K. Conducting Ferrofluid: A High-performance
Microwave Shielding Material. J. Mater. Chem. A 2014, 2, 13159–13168. [CrossRef]

43. Behera, C.; Choudhary, R.N.P.; Das, P.R. Size dependent electrical and magnetic properties of
mechanically-activated MnFe2O4 nanoferrite. Ceram. Int. 2015, 41, 13042–13054. [CrossRef]

44. Lyu, L.; Wang, F.; Zhang, X.; Qiao, J.; Liu, C.; Liu, J. CuNi alloy/ carbon foam nanohybrids as high-performance
electromagnetic wave absorbers. Carbon 2021, 172, 488–496. [CrossRef]

45. Wang, Y.; Guan, H.; Dong, C.; Xiao, X.; Du, S.; Wang, Y. Reduced graphene oxide(RGO)/Mn3O4

nanocomposites for dielectric loss properties and electromagnetic interference shielding effectiveness
at high frequency. Ceram. Int. 2016, 42, 936–942. [CrossRef]

46. Yin, Y.; Zeng, M.; Liu, J.; Tang, W.; Dong, H.; Xia, R.; Yu, R. Enhanced high-frequency absorption of anisotropic
Fe3O4/graphene nanocomposites. Sci. Rep. 2016, 6, 25075. [CrossRef]

47. Zhang, H.; Wang, B.; Feng, A.; Zhang, N.; Jia, Z.; Huang, Z.; Liu, X.; Wu, G. Mesoporous carbon hollow
microspheres with tunable pore size and shell thickness as efficient electromagnetic wave absorbers.
Compos. Part B 2019, 167, 167,690–699. [CrossRef]

48. Guanglei Wu, G.; Jia, Z.; Zhou, X.; Nie, G.; Lv, H. Interlayer controllable of hierarchical MWCNTs@C@FexOy

cross-linked composite with wideband electromagnetic absorption performance. Compos. Part A 2020,
128, 105687.

49. Jia, Z.; Gao, Z.; Feng, A.; Zhang, Y.; Zhang, C.; Nie, G.; Wang, K.; Wu, G. Laminated microwave absorbers of
A-site cation deficiency perovskite La0.8FeO3 doped at hybrid RGO carbon. Compos. Part B 2019, 176, 107246.
[CrossRef]

50. Meng, X.M.; Zhang, X.J.; Lu, C.; Pan, Y.F.; Wang, G.-S. Enhanced absorbing properties of three-phase
composites based on a thermoplastic-ceramic matrix (BaTiO3+PVDF) and carbon black nanoparticles.
J. Mater. Chem. 2014, 2, 18725–18730. [CrossRef]

51. Zhao, Z.; Kou, K.; Wu, H. 2-Methylimidazole-mediated hierarchical Co3O4/N-doped
carbon/short-carbon-fiber composite as high-performance electromagnetic wave absorber. J. Colloid

Interface Sci. 2020, 574, 1–10. [CrossRef] [PubMed]
52. Dong, S.; Hu, P.; Li, X.; Hong, C.; Zhang, X.; Han, J. NiCo2S4 nanosheets on 3D wood-derived carbon for

microwave absorption. Chem. Eng. J. 2020, 398, 125588. [CrossRef]

22



Nanomaterials 2020, 10, 2481

53. Wang, F.; Li, X.; Chen, Z.; Yu, W.; Loh, K.P.; Zhong, B.; Shi, Y.; Xu, Q.-H. Efficient low-frequency microwave
absorption and solar evaporation properties of γ-Fe2O3 nanocubes/graphene composites. Chem. Eng. J. 2021,
405, 126676. [CrossRef]

54. Shi, X.-L.; Cao, M.-S.; Yuan, J.; Fang, X.-Y. Dual nonlinear dielectric resonance and nesting microwave
absorption peaks of hollow cobalt nanochains composites with negative permeability. Appl. Phys. Lett. 2009,
95, 163108. [CrossRef]

55. Sun, X.; He, J.; Li, G.; Tang, J.; Wang, T.; Guo, Y.; Xue, H. Laminated magnetic graphene with enhanced
electromagnetic wave absorption properties. J. Mater. Chem. C 2013, 1, 765. [CrossRef]

56. Luo, J.; Shen, P.; Yao, W.; Jiang, C.; Xu, J. Synthesis, Characterization, and Microwave Absorption Properties
of Reduced Graphene Oxide/Strontium Ferrite/Polyaniline Nanocomposites. Nanoscale Res. Lett. 2016,
11, 141. [CrossRef]

57. Ibrahim, I.R.; Matori, K.A.; Ismail, I.; Awang, Z.; Rusly, S.N.A.; Nazlan, R.; Idris, F.M.; Zulkimi, M.M.M.;
Abdullah, N.H.; Mustaffa, M.S.; et al. A Study on Microwave Absorption Properties of Carbon Black and
Ni0.6Zn0.4Fe2O4 Nanocomposites by Tuning the Matching-Absorbing Layer Structures. Sci. Rep. 2020,
10, 3135. [CrossRef]

58. Hou, Y.; Cheng, L.; Zhang, Y.; Du, X.; Zhao, Y.; Yang, Z. High temperature electromagnetic interference
shielding of lightweight and flexible ZrC/SiC nanofiber mats. Chem. Eng. J. 2021, 404, 126521. [CrossRef]

59. Lai, H.; Li, W.; Xu, L.; Wang, X.; Jiao, H.; Fan, Z.; Lei, Z.; Yuan, Y. Scalable fabrication of highly crosslinked
conductive nanofibrous films and their applications in energy storage and electromagnetic interference
shielding. Chem. Eng. J. 2020, 400, 125322. [CrossRef]

60. Gupta, T.K.; Singh, B.P.; Mathur, R.B.; Dhakate, S.R. Multi-walled carbon nanotube-graphene-polyaniline
multiphase nanocomposite with superior electromagnetic shielding effectiveness. Nanoscale 2014, 6, 842.
[CrossRef]

61. Lv, H.; Zhang, H.; Zhao, J.; Ji, G.; Du, Y. Achieving excellent bandwidth absorption by a mirror growth
process of magnetic porous polyhedron structures. Nano Res. 2016, 9, 1813–1822. [CrossRef]

62. Deng, Y.D.; Zheng, Y.; Zhang, D.; Han, C.; Cheng, A.; Shen, J.; Zeng, G.; Zhang, H. A novel and
facile-to-synthesize three-dimensional honeycomb-like nano-Fe3O4@C composite: Electromagnetic wave
absorption with wide bandwidth. Carbon 2020, 169, 118–128. [CrossRef]

63. Xu, Z.; Du, Y.; Liu, D.; Wang, Y.; Ma, W.; Wang, Y.; Xu, P.; Han, X. Pea-like Fe/Fe3C Nanoparticles Embedded
in Nitrogen-Doped Carbon Nanotubes with Tunable Dielectric/Magnetic Loss and Efficient Electromagnetic
Absorption. ACS Appl. Mater. Interfaces 2019, 11, 4268–4277. [CrossRef] [PubMed]

64. Dong, S.; Lyu, Y.; Li, X.; Chen, J.; Zhang, X.; Han, J.; Hu, P. Construction of MnO nanoparticles anchored
on SiC whiskers for superior electromagnetic wave absorption. J. Colloid Interface Sci. 2020, 559, 186–196.
[CrossRef]

65. Zhang, H.-B.; Yan, Q.; Zheng, W.-G.; He, Z.; Yu, Z.-Z. Tough Graphene-Polymer Microcellular Foams for
Electromagnetic Interference Shielding. ACS Appl. Mater. Interfaces 2011, 3, 918–924. [CrossRef]

66. Zou, H.; Li, S.; Zhang, L.; Yan, S.; Wu, H.; Zhang, S.; Tian, M. Determining factors for high performance
silicone rubber microwave absorbing materials. J. Magn. Magn. Mater. 2011, 323, 1643–1651. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

23





nanomaterials

Review

Magnetic Nanomaterials for Arterial Embolization and
Hyperthermia of Parenchymal Organs Tumors: A Review

Natalia E. Kazantseva 1,2,*, Ilona S. Smolkova 1, Vladimir Babayan 1, Jarmila Vilčáková 1,2 , Petr Smolka 1
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Abstract: Magnetic hyperthermia (MH), proposed by R. K. Gilchrist in the middle of the last century
as local hyperthermia, has nowadays become a recognized method for minimally invasive treatment
of oncological diseases in combination with chemotherapy (ChT) and radiotherapy (RT). One type
of MH is arterial embolization hyperthermia (AEH), intended for the presurgical treatment of
primary inoperable and metastasized solid tumors of parenchymal organs. This method is based on
hyperthermia after transcatheter arterial embolization of the tumor’s vascular system with a mixture
of magnetic particles and embolic agents. An important advantage of AEH lies in the double effect
of embolotherapy, which blocks blood flow in the tumor, and MH, which eradicates cancer cells.
Consequently, only the tumor undergoes thermal destruction. This review introduces the progress in
the development of polymeric magnetic materials for application in AEH.

Keywords: magnetic hyperthermia; arterial embolization hyperthermia; magnetic nanoparticles;
embolic agents; animal model; clinical application (results)

1. Introduction

Cancer is the second leading cause of death around the world. According to the World
Health Organization statistics report, 19.3 million new cancer cases were diagnosed world-
wide, with almost 10 million deaths from cancer in 2020 [1]. It is also notable from this
report that the number of deaths due to cancer does not change from year to year, notwith-
standing the application of new drugs and combination treatments. Moreover, the number
of cancer patients is expected to rise to almost 30 million annually by 2040 (Figure 1).
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č

Figure 1. Projected number of new cancer cases in 2040 according to the 4-Tier Human Development
Index. Source: GOBOCAN 2020. Reprinted with permission [1]. Copyright 2021, John Wiley,
and Sons.
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New approaches to cancer detection and treatment are needed. The current tendency
in oncotherapy is focused on the complex palliative therapy in treating cancer patients.
One of such methods is Hyperthermia (HT) combined with RT and ChT, standardized
by different organizations such as Radiation Oncology Group, European Society for Hy-
perthermic Oncology, and others [2–5]. Hyperthermia in oncology refers to the treatment
of malignant diseases by controlled heating between 39–45 ◦C for a period of time with
minimal unwanted side effects. Depending on tumor location and tissue volume, conven-
tional HT is subdivided into three categories: local, locoregional, and whole-body [5,6].
Local hyperthermia aims to increase the temperature of near-surface primary malignant
tumors before the metastases stage by ultrasound, electroporation, and more often by
converting electromagnetic energy into heat. Locoregional hyperthermia is useful for large
inoperable deep-seated tumors and is based on perfusion of organ and body with heated
fluids or electromagnetic energy. Whole-body hyperthermia is used for patients with solid
metastatic tumors. This type of hyperthermia is based on heating the blood in extracor-
poreal circulation using infrared radiation, hot water blankets, or thermal chambers. The
medical hyperthermia devices using electromagnetic waves are called applicators. Accord-
ing to the heating principle, applicators are principally divided into dielectric applicator
systems (capacitive heating applicator) and inductive heating systems (inductive heating
applicators). A detailed description of HT technology currently used in clinical practice is
presented in a book by Andre Vander Vorst [7] and review articles by H. Petra Kok et al. [8]
and H. Dobšíček Trefna et al. [9].

Hyperthermia in combination with RT and ChT is widely used in Europe, the United
States, Japan, China, Russia, and other countries for the treatment of different tumor
types and sites: mammary gland, prostate gland, lung, liver, intestinal tract, bonny tissue,
glioblastoma, etc. [9–21]. Preclinical in vitro and in vivo studies have shown two aspects
of cancer inhibition by combining HT with RT and ChT: the death of individual cells from
hyperthermia and enhancing the effects of RT and ChT [15]. The additional benefit of HT
in combination with RT and ChT has been shown in a number of randomized clinical trials.
Thus, for example, the overall response rate increased from 38% to 60% for patients with
breast cancer who received HT + RT, while the treatment of cervical cancer at stage IIB-III-
IVA with a combination of RT, ChT, and HT showed improved complete response rates and
significantly increased overall survival [16,17]. Combining these methods has also proven
to be effective in the preoperative treatment of stage III lung cancer [19]. According to the
results obtained, the overall response to treatment was about 94%, including a complete
response of about 22% and a partial response of about 72%. The significant regression of
the tumor achieved in the preoperative period makes it possible to reduce the volume of
surgical treatment and thereby facilitate the course of the postoperative period.

Currently, hyperthermia’s cellular and molecular basis and its effect on cancer treat-
ment in combination with RT and ChT are better understood due to the substantial technical
improvement in the sources used to supply heat and measure its output. Depending on the
applied temperature and duration of treatment, various biological effects of hyperthermia
on macroscopic and microscopic levels have been revealed [18,22,23].

The dominant mechanisms of cancer cell death caused by heating tissues to a temper-
ature within the range of 41–45 ◦C are necrosis, apoptosis, and modes related to mitotic
catastrophe [24–28]. The macroscopic effect of hyperthermia manifests itself in the tumor’s
vascular system, i.e., heat increases the blood flow, which increases the vessel permeability
and tissue oxygenation, which, in turn, causes a temporarily increased radiosensitivity.
Concerning the microscopic effect, hyperthermia causes changes in the cellular components
of the tumor and thus leads to a loss of cellular homeostasis. The mechanisms involved in
heat-induced cell damage are protein denaturation, lipid peroxidation, and DNA damage.
Moreover, hyperthermia modulates the immune system due to the production of heat shock
proteins (HSPs), which, in turn, stimulates macrophages by acting in damage-associated
molecular patterns. On the other hand, HSPs protect cells from apoptosis, which reduces
the effect of hyperthermia.
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The chemo-sensitizing property of hyperthermia is determined by (1) an increase in
the cellular membrane permeability so that chemotherapeutic drugs can more easily pass
the cell barrier, (2) a drug-induced DNA adduct formation, and (3) inhibition of DNA repair,
which all enhance the cytotoxic activity of drugs [14,27]. Moreover, intratumoral heat affects
DNA damage pathways by deactivating specific repair proteins. These processes are highly
dependent on several factors: the degree of temperature elevation, the duration of heat,
and the cell type and microenvironmental conditions, such as the acidity and oxygenation
status of the tumor. In addition, hyperthermic chemosensitization depends on the type and
concentration of drugs due to different mechanisms by which heat affects drug activity,
i.e., transport, intracellular cytotoxicity, and metabolism. In vivo and in vitro studies, as
well as clinical results, have demonstrated that most chemotherapeutic drugs are effective
when delivered just before or during an HT session [28].

Critical problems of conventional hyperthermia in clinical practice are insufficient heat
localization in the tumor, especially in deep-seated tumors, heterogeneity in temperature
distribution within the tumor, and overheating of healthy tissues due to deficiency in
temperature monitoring. For these reasons, the use of hyperthermia alone gives an overall
response of only about 15% [5]. The main challenge of hyperthermia is to achieve a precise
energy delivery and controlled heating of primary and metastasized tumors while avoiding
heating of normal tissues and overcoming the thermotolerance [26]. In particular, MH
proposed in 1957 by R.K. Gilchrist as local hyperthermia [29] is still undergoing preclinical
and clinical trials as an independent method for cancer therapy and as a multimodal
treatment in combination with RT and ChT [30–38]. The general methodology of MH
comprises the introduction of magnetic material into the tumor followed by exposure to
an alternating magnetic field (AMF) at moderate frequencies and amplitudes (f = 0.05–
1.5 MHz, H ≤ 15 kA·m−1) to limit peripheral nerve stimulation due to induced eddy
currents occurring in the body [39–41]. The free current loss also needs to be considered
since it may lead to nonspecific induction heating. The heating ability of magnetic material
in AMF is usually estimated by specific power loss (SLP) or specific absorption rate
(SAR), which are defined as heating power (P [W]) generated per unit mass of magnetic
nanoparticles (mMNP [g]): SAR = P/mMNP [42,43]. The heating power produced by the
mediator depends on nanoparticles (NPs) concentration, core size, and magnetic properties
(saturation magnetization, magnetic anisotropy energy), the viscosity and heat capacity
of dispersion media, as well as on the extrinsic factors, i.e., frequency and amplitude
of AMF [7]. To eliminate these extrinsic factors, intrinsic loss power (ILP) as a system-
independent parameter was introduced to compare results obtained in different field
conditions: ILP = SAR/f × H2 [44].

The key requirement in MH is maximizing heat generation within medically safe
limits of the AMF. Therefore, particle size and particle size distribution must be taken
under control. Experimental determination of the heating effect of magnetic materials is
usually conducted by the nonadiabatic calorimetric method [45] and rarely by adiabatic
calorimetry [46]. It is also possible to predict the size-dependent heating efficiency of MNPs
by stochastic Neel–Brown Langevin equation and Monte Carlo (MC) simulations [47].
U.M. Endelmann et al. used this method to calculate the heating efficiency of MNPs with
a size of 10–30 nm and various values of effective anisotropy constant (K = 4000 J/m3–
11 J/m3) and damping parameter (α = 0.5–1). The magnetic parameters of MNPs at the
same time were obtained using VSM. Experimental and simulated results have shown
that the maximum SLP value demonstrated particles in the 22–28 nm range. Moreover,
MC simulation revealed a strong dependence of SLP on K [48]. Besides, various empirical
and analytical methods are used to evaluate the SLP from an experimental setup, such
as the initial slope, corrected slope, Box–Lucas, and steady-state methods [49]. Although
recently developed bioheat models for MH are used to understand heat transfer phenomena
in living tissue. These methods are fully considered in newly published articles by I.
Raouf et al. [50] and M. Suleman et al. [51].
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To optimize the experimental conditions, magnetic fluids of different compositions and
volumes were analyzed in several laboratories. As a result, the necessary AMF parameters
and sample volume were determined as f = 300 kHz; H = 10.6 kA·m−1–15 kA·m−1, volume
−1 mL [52].

For MH, the concentration, distribution, and retention of magnetic material within
tumor volume are critical parameters. Currently, there are two main directions in MH
dependent on the magnetic heating agent used and the manner of its intratumoral admin-
istration. Those are «Magnetic Fluid Hyperthermia» (MFH) [41–44,53,54] and «Arterial
Embolization Hyperthermia» (AEH) [55–61]. These methods are based on the use of a
liquid carrier medium typically containing magnetic iron oxide nanoparticles due to their
good biocompatibility. The carrier medium is usually water or saline in MFH, while, in
AEH, it is oily contrast media (Lipiodol Ultra Fluid, France, and its analogs) [56–63], and
in-situ gelling materials [64] and low-viscosity polymers [65–69].

In clinical practice, the main problem of MFH is the way mediator administration
which is realized either by direct intratumoral injection or intravenous medication that
do not provide a uniform distribution of magnetic phase in the target tissue due to the
typical heterogeneous structure of malignant tumors [54]. Therefore, heat distribution
within tumors is not uniform, and there is a risk of proliferation of survived cancer cells.
This method is also unacceptable for treating patients with hepatocellular carcinoma (HCC)
due to the bleeding tendency in such highly vascularized tumors. Another problem
of MFH is the low accumulation of particles in the cancerous area due to metabolism.
Based on the clinical trials, the dose of magnetic phase for effective MFH is reported to
be 40 mgFe/mLtissue per site, which is difficult to achieve in practice [31]. Indeed, as
S. Wilhelm et al. reported, only 0.7% of nanoparticle dose can be delivered to a solid
tumor [59]. However, despite these challenges, MFH has now received approval for clinical
testing in humans by the German Federal Institute for Drugs and Medical Devices and
the United States Food and Drug Administration to treat glioblastoma and prostate gland
by colloidal suspension of aminosilane-coated iron oxide nanoparticles (NanoTherm®,
MagForce company, Berlin, Germany) [70–72]. This is most likely due to the development
of a unique inductive heating applicator operating at an AMF frequency of 100 kHz with a
field strength of up 18 kA/m (MFH 300F NanoActivator®; MagForce Nanotechnologies
AG, Berlin, Germany) [30].

In contrast to MFH, the challenges discussed above can be eliminated in AEH, devel-
oped to treat parenchymal organs. The concept of AEH is based on selective capacitive or
inductive hyperthermia after transcatheter embolization of a tumor’s arterial supply with
a mixture of magnetic particles and an embolic agent [65–69]. As a result of embolization,
the size of the tumor decreases due to a decrease in the blood supply, leading to partial
necrosis of the tumor. The technique for transarterial embolization dictates the choice of
materials for AEH. It depends on the patient’s structural features and the treated lesion.
However, the technique should meet the requirements of nontoxicity, nonantigenicity,
stability to lysis, and radio-opacity. Moreover, at the delivery stage, the material should be
of low viscosity to pass through angiographic catheters and fill up not only the main artery
but also peripheral arteries and small blood vessels, i.e., ensure both proximal and distal
embolization [66,67]. Then, the material should prevent blood flow, for example, due to
the rapid increase of the material’s viscosity.

The combined effect of embolization and hyperthermia on the tumor leads to ischemic
necrosis of the tumor and programmed cell death, apoptosis. The first clinical trials of
AEH were conducted 20 years ago at the Russian Research Centre for Radiology and
Surgical Technologies (St. Petersburg, Russia) with the permission of the Russian Ministry
of Health [67]. At the first stage of treatment, X-ray endovascular embolization with sili-
cone composition containing microsized carbonyl iron particles (Ferrocomposite®, Linorm,
Saint Petersburg, Russia) was performed for 46 patients with stage III and IV renal cell
carcinoma of the kidney [66]. The occlusion of the vascular system of the kidney was
controlled angiographically. Then, 7–10 days after the post-embolization period, capacitive
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RF hyperthermia was performed at a frequency of 27.12 MHz with an input power of
80 W. The temperature at the treatment area was monitored by an invasive method: needle-
shaped temperature sensors were inserted into the peripheral parts of the kidney under
ultrasound control. The treatment time of 30–45 min was necessary to heat a tumor to
43–45 ◦C. Morphological and histological analysis of kidneys after palliative nephrectomy
showed the complete occlusion of the renal tumor blood supply and massive necrosis
of the tumor tissue (Figure 2) [66]. As a result, 3–5-year survival of inoperable patients
after embolization and hyperthermia was about 18% and 5%, respectively. Nevertheless,
AEH based on the dielectric heating principle remains an experimental method in medical
practice due to the difficulties associated with the overheating of healthy tissue. Contrari-
wise, the AEH method involving inductive heating principle (induction hyperthermia) has
the advantage to heat selectively a tumor filled with ferromagnetic material without heat
generation in the fat layers [68,69,73–75].

 
Figure 2. (a) Roentgenograph of the kidney after transarterial embolization with Ferrocomposite®;
(b) Results of histological analysis indicating massive necrosis of tumor tissue of patient’s kidney
after ferromagnetic embolization and capacitive RF hyperthermia [66].

The purpose of this review is to demonstrate the potential of AEH for the treatment of
deep-sited tumors of the vascular organs, kidneys, liver, and pancreas gland. Considering
the strict limitations on the frequency and amplitude of AMF in MH, the heating ability
of the mediator should be maximized considering the physical mechanisms responsible
for the losses in magnetic materials. Therefore, the mechanisms of magnetic losses in
nanomaterials are discussed to determine the relationship between the heating efficiency
and magnetostructural properties of NPs. Besides, the role of interparticle magnetic inter-
actions and the properties of the carrier medium on the heating efficiency are considered.
The review also presents the results of in vitro and in vivo preclinical trials of magnetic
nanomaterials in treating several oncological diseases using AEH.

2. Properties of Magnetic Materials for Their Application in Magnetic Hyperthermia:
Nanomagnetism over Micromagnetism

The primary tenet of micromagnetism is that ferro and ferrimagnetic materials are
mesoscopic continuous media where atomic-scale structure can be ignored since the mag-
netization (M), and the demagnetizing field (Hd) are nonuniform but continuously varying
functions of distance (r) [76]. The main characteristic of macroscopic samples is the irre-
versible nonlinear response of M when exposed to an external magnetic field (H) (Figure 3).
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E୫ = −  M ∙ H୧୴୭୪ dV
λ E୩ =  − න f୩ dV୴୭୪

E =  − න fλ dV୴୭୪
λ

Figure 3. Schematic representation of initial magnetization curve, hysteresis loop, and domain wall
structure for a typical ferromagnetic material, where MS is the saturation magnetization, Mr is the
remanent magnetization at H = 0, and HC is the coercivity.

In irreversible processes, energy is dissipated in the crystal lattice in the form of heat,
known as hysteresis loss. The actual physical processes by which energy is dissipated
during a quasistatic traversal of the hysteresis loop are identical to those responsible for
the dynamic losses. In most materials with multidomain structures, the hysteresis of
magnetization arises from domain wall motion or domain nucleation and growth.

There are several contributions to the free energy of magnetic samples with multido-
main structure [77]:

Magnetostatic energy Em, resulting from the interaction of atomic magnetic moments
with local internal magnetic field Hi:

Em = −
∫

vol
M·Hi dV (1)

Magnetic free energy, determined by an interaction between atomic magnetic moments
and crystalline lattice expressed by magneto-crystalline energy Ek and magnetostrictive
energy Eλ:

Ek = −
∫

vol
fk dV (2)

where fk is magnetocrystalline anisotropy density

Eλ = −
∫

vol
fλ dV (3)

where fλ is magnetostriction anisotropy density.
Free energy, which is related to the magnetic-exchange interaction.
The magnetostatic energy with dipole–dipole nature is inversely proportional to the

volume of the particle, while the domain-wall energy is proportional to the area of the
wall (Figure 4) [78]. Considering the balance between the magnetostatic energy and the
domain-walls energy, the formation of a multidomain structure is energetically unfavorable
when the particle size is less than the width of the domain walls.
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− −

Figure 4. The relative stability of multidomain and single-domain particles. Reprinted with permis-
sion [78]. Copyright 2021, Cambridge University Press.

Modern methods for studying the micromagnetic structure of materials, such as trans-
mission microscopy and off-axis electron holography, as well as numerical micromagnetic
simulation, revealed three typical magnetic configurations (states) in magnetic materi-
als, depending on the particle size: single-domain (SD) with a uniform arrangement of
magnetic moments, pseudo-single-domain (PSD) with a vortex spin arrangement, and
multidomain (MD) structure where magnetic structure breaks up into discrete regions
separated by domain walls (Figure 5) [79–82].

 

− −

Figure 5. Schematic representation of the transitional state in magnets that spans the particle size
range between SD and MD states. The inset collar pictures indicate the direction of the magnetic
induction in magnetite particles with 25 nm, 200 nm, and microns sizes, modified from. Reprinted
with permission [82]. Copyright 2021, American Chemical Society.

In the case of SD particles, these configurations may exhibit two states: (1) superpara-
magnetic (SPM) with unstable behavior due to the thermal instability of the magnetization
if the thermal energy kBT (kB = 1.38 × 10−23 J·K−1 is Boltzmann constant, and T is tem-
perature sufficient to change the orientation of the magnetic moment of particle, and, (2)
stable SD with ferromagnetic-like behavior when the magnetic moment is pinned along
the magnetic anisotropy axis as a result of effective magnetic anisotropy [83].

For many practical applications, such as magnetic storage media and MH, the suitable
particle size is within the range of a stable SD state, namely, in the vicinity of SD to PSD
transition where the coercivity approaches maximum (Figure 5). The critical size for an
SD magnetic state depends on several parameters, including MS and K. For magnetite and
maghemite approved for biomedical applications, the particle size range for the stable SD
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state is about 20–80 nm for spherical particles and about 200 nm for elongated particles
with 2:1 axial ratio [83,84].

The magnetization reversal mechanism in nanosized magnetic materials differs from
that for MD ferromagnets. In SD particles smaller than 100 nm, magnetization occurs only
by coherent rotation of all atomic magnetic moments within the sample against an energy
barrier (∆E) given mainly by the shape and the crystalline anisotropy fields [85–90]:

∆E = K − HMS|sinϕ| ± HMS cosϕ (4)

where K is the anisotropy energy density, and ϕ is the angle between the easy axis and the
magnetic field.

The shape anisotropy comes from the demagnetizing field:

Hd = −NdMS (5)

where Nd is the demagnetizing shape factor of a magnetized unit.
A dominant effect of the size and shape anisotropy on HC and MS and the heating

efficiency has been observed in anisotropic magnetite NPs, such as wire, ring, rod, cube,
octahedron, etc. (Figure 6) [87–90].

∆E ∆E = K − HMୗ|sin φ| േ HMୗ cos φφ
Hୢ = −NୢMୗNୢ 

 

Figure 6. (a) SAR vs. H for the Fe3O4 NPs (spheres, cubes, nanorods) with the volume of
about 2000 nm3, (b) SAR vs. H for the sphere and cube-shaped Fe3O4 NPs dispersed in water
under AMF (300 kHz, from tens to 800 Oe). Reprinted with permission [87,88]. Copyright 2021,
American Chemical Society.

It is known that MNPs with particle sizes larger than 20 nm are in a stable-domain state
with ferromagnetic-like behavior when the magnetic moment is pinned along the magnetic
anisotropy axis as a result of effective magnetic anisotropy. Such NPs exhibit much higher
heat loss in AMF. This class of magnetic nanomaterials also includes the novel octahedral
monocrystalline magnetite NPs obtained by thermal decomposition [91]. Owing to the
octahedral morphology, these NPs show one of the largest SARs rates reported to date for
a colloidal suspension of magnetite: 1000 W/gFe3O4 at 40 mT and 300 kHz. Such behavior
has been explained by the shape of NPs that imprints a biaxial or bi-stable character to the
magnetic anisotropy.
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Besides the size and shape, other properties of magnetic NPs should be considered
for modulating the heat generation, such as particle size distribution and the presence of
interparticle interactions.

The polydisperse sample represents an ensemble (mixture) of particles with various
magnetization states corresponding to the distributions in magnetic properties, especially
the magnetic anisotropy, which governs the height of the energy barrier. Many works
have been focused on how polydispersity influences the hyperthermia performance of
magnetic NPs. The detrimental influence of size polydispersity (σ) on the heat outcome is
usually reported as follows: heat generation can drop between 30% to 50% for σ varying
between 0.2 and 0.4 [92–94]. However, the decrease in the heating efficiency in polydis-
perse materials can be associated not only with polydispersity per se but also with low
(unsaturated) magnetic field strength [95]. The use of low amplitudes in the experiments
results from a number of unsuccessful attempts in clinical trials to apply the amplitudes
of AMF beyond 15 kA/m. For example, M. Johannsen et al. reported that patients un-
dergoing thermotherapy treatment of prostate cancer with exposure to AMF of 100 kHz
felt discomfort at amplitudes higher than 5 kA/m [30], whereas for the treatment of brain
tumor, field strength up to 13.5 kA/m was reported to be well tolerated [71]. Therefore,
in each treatment case, the frequency and amplitude of AMF must be correctly selected
regardless of the polydispersity of particles.

As mentioned above, along with polydispersity, the interparticle interactions can
significantly affect the magnetization dynamics of NPs, since they lead to aggregation,
especially when particles are without surface coating.

In an ensemble of noninteracting SD NPs, the energy losses are associated with the
Neel–Brown relaxation process [95]:

τN = τ0 exp

{

KVC

kBT

(

1 − H
HA

)2
}

; τB =
3Vhη

kBT
(6)

where τN and τB are time scales of Neel and Brownian relaxation, τ0 is a pre-exponential
factor (10−9 ÷ 10−11 s), HA is the anisotropy field equal to 2 K/µ0MS, V is the particle
volume, η is the viscosity of the carrier medium, Vh is the hydrodynamic volume of the
particle, and H is the field amplitude.

For a material in which both Neel and Brown relaxation takes place with an effective
relaxation time τeff, the mechanism with shortest τeff dominates. However, due to the
exponential dependence of τN on the particle volume, while τB linear grows with hydro-
dynamic volume, different Neel and Brownian contributions can be realized for the same
magnetic material with different particle sizes (Figure 7a) [95,96]. Both relaxation processes
strongly depend on the amplitude of AMF. It is established that the Neel mechanism
manifests itself predominantly at high field amplitudes, while at low field amplitudes, the
Brownian mechanism prevails [97]. In addition, the relaxation time of a Brownian process
is proportional to the viscosity of the carrier medium; thus, Brownian relaxation is largely
suppressed when the particles are immobilized in a viscous medium such as cancerous
tissue (Figure 7b) [98].
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Figure 7. (a) Néel and Brown relaxation times calculated over a range of particle sizes for a water-
based magnetite ferrofluid [96]; (b) Imaginary part of susceptibility of maghemite based aqueous
suspension in comparison to the identical particles immobilized in the gel. Reprinted with permis-
sion [96,98]. Copyright 2021, Elsevier.

The assembly process of magnetic NPs in liquid media is driven by the attractive–
repulsive interactions between NPs, van der Waals (vdW), magnetic, electrostatic, and
solvophobic forces [98–100]. The former two are core–core interactions that dominate the
interaction potential and hold NPs together. The van der Waals interactions scale linearly
with the particle’s radius, while the magnetic interaction scales with its volume. Magnetic
interactions always coexist with vdW forces, which becomes increasingly important with
decreasing particle size. For example, the formation of aggregates from NPs in the absence
of an external magnetic field already takes place at the beginning of coprecipitation reaction;
thus, the contribution of vdW forces can be notable (Figure 8) [93]. However, the formation
of dense aggregates that are stable against segregation into individual nanoparticles is
possible only under the influence of interparticle magnetic interactions [100]. Estimating the
threshold sizes for the agglomeration of magnetite NPs has shown that they are relatively
stable against agglomeration up to 20–25 nm in diameter [101,102].

 
Figure 8. (a) TEM image of the five-minute reaction product for magnetite synthesized by coprecipita-
tion method, and (b) particle size distribution histogram. Reprinted with permission [93]. Copyright
2021, American Chemical Society.

The interactions between magnetic NPs are interpreted in terms of magnetodipole and
exchange interactions. Exchange interaction can be neglected when interparticle spacing is
of the order of 2 nm, which approximately corresponds to the distance between two NPs
with a dead layer of thickness of about 1 nm [93]. In most cases, the dominant contribution
to interparticle energy is a magnetodipole coupling, which increases with the volume of
NPs and depends on the mutual distance between particles [103–105].
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Dipole–dipole interactions can be either attractive (in-line dipoles) or repulsive (an-
tiparallel aligned dipoles). The predominant type of configuration of dipoles is the antipar-
allel orientation of the magnetic moments of a pair of particles [93,106]. Subsequently, the
pair of dipoles stick together to form larger aggregates, and, in the absence of an external
field, these aggregates have closed magnetic flux with random orientation of magnetic
moments of individual NPs (Figure 9).

 
Figure 9. (a) Schematic picture of dense aggregate (multicore particle) with surface coating [106],
(b) TEM image of magnetite NPs clustered into dense aggregate, and (c) particle size distribu-
tion in aggregate. Reprinted with permission [93,106]. Copyright 2021, Elsevier, and American
Chemical Society.

Even though NPs in the aggregate are in the SPM state, in some cases, the material
itself may demonstrate ferromagnetic-like behavior, which is evidenced by distinct sextets
on the Mössbauer spectrum and blocking temperature well above room temperature on
the FC/ZFC curves (Figure 10) [107].

 

Figure 10. (a) Mössbauer spectroscopy and (b) FC/ZFC magnetization curves of as-prepared mag-
netite NPs in a powder form. Reprinted with permission [107], Copyright 2021, Elsevier.

The ferromagnetic-like behavior of such materials can be explained by the internal
structure of the aggregate formed, namely, when SPM NPs are combined into a dense
3D cluster, the so-called multicore particles [105,107,108] and nanoflowers [109]. These
materials can provide efficient and rapid heating in AMF at low-field regimes [110].

The experimental results and numerical simulations have shown the different effects
of inter and intra-aggregate magnetodipole interactions on heat generation [93,107–113]. It
is found that an increase in the concentration of NPs leads to a nonmonotonic behavior of
SAR (SLP) with its reduction at a specific aggregate size (Figure 11).
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Figure 11. (a) SLP for water and agar dispersions of magnetite-based multicore particles as a
function of hydrodynamic size in AMF of 1048 kHz and 5.8 kA/m [93]; (b) Effect of intra and
intercluster magnet–dipole interactions in the dispersion of magnetite NPs on SAR as a function
of concentration and hydrodynamic cluster size (DH) obtained under the given AMF conditions of
105 kHz and 13.1 kA/m [111]. Reprinted with permission [93,111]. Copyright 2021, Elsevier and
Royal Society of Chemistry.

A theoretical study of the effect of magnetodipole interactions on the heating ability
of an ensemble of particles, and especially multicore particles, is challenging since it is a
multiparameter task that must account for the magnetic characteristics of primary particles,
as well as morphostructural properties, i.e., polydispersity, shape anisotropy, packing
density of NPs in a cluster, etc. [114–117].

An increase in the heating ability is usually explained either by a change in the
characteristic height of the energy barrier related to the thermal energy [92] or by a change
in the magnetic state due to the collective behavior of closely spaced NPs [84,85,113,114].
In turn, a decrease in the heating ability in the ensemble of interacting NPs is explained
by the disorienting effect of a random magnetic field, causing a deviation of the magnetic
moments of NPs from the direction of the AMF [116].

The nanoparticle size is one of the most important parameters that affects the mag-
netic properties of multicores. The study of the heating ability of multicore particles of
approximately the same hydrodynamic diameter (100 nm) but formed by magnetite NPs
of different sizes (7.1 and 11.5 nm) showed different results [118]. Both types of multi-
cores improve their heating efficiency compared with individual NPs when exposure to
AMF at f = 302 kHz and H = 15 kA/m, but multicores composed of larger NPs show
two times higher values of SAR. The crucial role of core particle size in a cluster has also
been established by C.H. Jonasson et al. They investigated the heating efficiency for SD
particles of different sizes and multicore particles both experimentally and theoretically
using dynamic Monte-Carlo simulations [119]. It was found that for a given AMF (1 MHz,
3–10 kA/m), core–core interactions can lead to a different character of ILP dependence on
the core diameter (Dc) when Dc is higher or lower than the size maximizing the ILP value,
i.e., Dc = 20 nm (Figure 12).

Apart from magnetite and maghemite single phase-based systems, exchange-coupled
magnetic NPs have been proposed so far as possible candidates for efficient MH. These
particles have a core–shell structure with different combinations of magnetically soft
and hard materials, for example, CoFe2O4@MnFe2O4, CoFe2O4@Fe3O4, Fe3O4@CoFe2O4,
CoFe2O4@γFe2O3, FeO@Fe3O4, etc. [120–123]. The main idea underlying exchange-coupled
magnetic NPs in MH is to increase the hysteresis losses by controlling the anisotropy con-
stant (K) while maintaining superparamagnetism, thereby preventing aggregation and
the formation of large clusters. The magnetic properties of exchange-coupled core–shell
particles and their effect on SLP are dependent on the composition, as well as on the core
and shell size (Figure 13). As can be seen from this figure, the SLP of core–shell NPs exhibits
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SLP values significantly higher than the SLP of single-phase magnetic NPs; however, the
amplitude of AMF is twice the value allowed for medical application.

 

γ

Figure 12. (a) Experimental (red) and simulated ILP data analysis for noninteracting (blue) and
interacting single-core particles (green); (b) Simulated ILP versus the number of cores in a core cluster
for two core sizes, below (6 nm) and above (28 nm) the core size maximizing the ILP value. Reprinted
with permission [119]. Copyright 2021, Elsevier.

γ

Figure 13. (a) Schematic representation of an exchange-coupled core–shell CoFe2O4@MnFe2O4

nanoparticle and its SLP value compared with SLP values of single-phase CoFe2O4 and MnFe2O4;
(b,c) SLP values of various combinations of core–shell NPs and single-component NPs measured at
f = 500 kHz and H = 37.3 kA/m. Reprinted with permission [120]. Copyright 2021, Springer Nature.

To sum up, dynamic magnetic properties and an increase in the heating efficiency
of the mediator (for given amplitudes and frequencies of AMF) are determined by the
following factors: (1) material composition and degree of crystallinity; (2) average particle
size within the range of stable SD state, which is between 16–20 nm in diameter for
ferrimagnetic iron oxides; (3) particle size distribution (preference to monodispersity over
polydispersity), and (4) magnetodipole interaction. The first affects K and MS, the next two
control the interaction strength of NPs, thus regulating the hydrodynamic size and internal
structure of multicore particles, and the last one determines collective magnetic behavior
and thus modifies the amount of heat generation during the hyperthermia session.
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3. Magnetic Materials for Application in AEH

As already mentioned in the introduction, AEH is a multiple treatment modality
involving transarterial embolization of tumors with magnetic material followed by expo-
sure to AMF at clinically relevant frequencies and amplitudes. The embolotherapy itself
is widely used in clinical practice for diagnostic (coronary angiography), preoperative
management of malignant renal tumors, chemoembolization of malignant hypervascu-
lar tumors such as hepatocellular carcinoma, as well as in the treatment of aneurysms,
hemorrhage, angiomyolipoma, and other conditions [63,67,124].

At the first stage of the treatment by AEH, transcatheter injection of the embolic
agent is administered under an angiographic control. This procedure usually lasts about
20–25 min. During this time, the embolic agent should maintain low viscosity (η < 0.5 Pa/s)
for transportation and filling of the tumor vascular system. After this induction period,
the viscosity should increase rapidly with forming a soft and stable embolus, which can
occlude the tumor blood vessels. The selective MH can be carried out after the passing of
the post-embolization period of patients (fever, elevated white blood count, etc.), which
usually takes from one to two weeks [66,67].

Embolic agents are generally classified into mechanical [56] and flow-directed agents,
but only the latter is used in AEH as a carrier of magnetic particles. The list of such materials
includes Lipiodol (Lipiodol Ultra Fluid, Guerbet, France) and its analogs [57,60,63,125],
in-situ gelling materials (e.g., Onyx® (DMSO, Acros Organics, Basel, Switzerland): ethylene-
vinyl alcohol copolymer dissolved in dimethylsulfoxide, etc.) [64,126], and low-viscosity
polymers (polyorganosiloxanes, radiopaque degradable polyurethane) [65–69,127–129].

Most studies on the effectiveness of AEH have been conducted in vivo in mouse and
rabbit models with liver cancer disease after hepatic intra-arterial injection of magnetic
NPs suspended in Lipiodol [59–63,130–133]. The use of Lipiodol as a carrier medium is
determined by a set of its properties: radio-opacity (~48% of iodine), ability to induce
plastic and transient embolization of tumor, microcirculations causing ischemic necrosis of
tumor, limiting the ingress of viable cancer cells as well as their debris in the bloodstream.
With the right choice of the magnetic particle size and concentration in Lipiodol, it is
possible to achieve a homogeneous intratumoral distribution of the magnetic phase and,
thus, to significantly increase the specific heating of the tumor, but only at field amplitudes
of about 20 kA/m and higher, which is beyond the permissible limit in MH (Figure 14) [62].

 
Figure 14. (a) Temperature change at the tumors of mice with hepatocellular carcinoma after injection
of magnetite NPs emulsion in Lipiodol (cBNf-lip) followed by MH at 155 kHz and amplitudes within
14–28 kA/m. (b) TEM image of cBNf-lip. Reprinted with permission [62]. Copyright 2021, Taylor
& Francis.

Similar results were obtained earlier by Moroz et al., who reported the superiority of
AEH compared with direct injection hyperthermia, studied on a model of a rabbit liver
tumor [58,60,133]. It was found that after hepatic arterial embolization by maghemite NPs
(100–200 nm) suspended in Lipiodol and subsequent MH (53 kHz, 30–45 kA/m), the tumor
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volume can be reduced by almost 94%, depending on the particle concentration and the
uniformity of its distribution in the tumor.

Along with Lipiodol, other materials have been investigated as embolic agents in
AEH. Exemplarily, the embolic properties and heating efficiency of organogel (Onyx®)
containing silica microbeads filled with magnetic iron oxide NPs have been studied in
nude mice carrying subcutaneous human carcinomas [64,126]. Thus, the intratumoral
injection of nanocomposite followed by 20 min MH at 141 kHz resulted in extensive tumor
necrosis (78%) but only for a group of animals exposed to AMF of high intensity (~12 mT)
(Figure 15). At such an intensity of AMF, the tumor heats up to 44–45 ◦C, thus, undergoing
thermal ablation. A survival study using magnetic resonance imaging has shown that 45%
of the 12 mT-treated groups survived one year without any tumor recurrence.

Figure 15. Thermogram of mean intratumoral tumor temperature as a function of treatment time
and magnetic field strength. Reprinted with permission [64]. Copyright 2021, Taylor & Francis.

Despite the demonstrated efficacy of AEH in vivo, some obstacles remain that limit the
use of this method in clinical practice, namely, difficulty in assessing the actual temperature
of tumors. It is generally clear that, for successful performance of AEH, two significant
factors should be accomplished simultaneously: achieving the total embolization of the
tumor vascular system and attaining hyperthermia temperatures causing ischemic necrosis
of the tumor. Thus, a balance must be achieved between the mechanical properties of
embolic agents comprising low initial viscosity, rapid solidification, and robust embolus
stiffness. From that perspective, the biocompatible polyorganosiloxanes are promising
embolic agents: (1) their viscosity and the curing rate can be regulated by their composition,
(2) silicone elastomers do not display adhesion to living tissues, (3) they are soft materials
and do not injure blood vessels [134]. Moreover, silicones closely adjoin the walls of
blood vessels, reducing the probability of blood flow recovery. The low specific heat of
silicon rubber of 1.05–1.30 J/g·K is also advantageous because it favors the distribution
of the heat generated by incorporated magnetic particles [73]. The advantage of using
these polymers for transcatheter embolization in patients with renal cell carcinoma was
demonstrated with Ferrocomposite® (Saint Petersburg, Linorm, Russia) [65–69]. The X-
ray image (Figure 2a) shows a patient’s kidney with a large tumor uniformly filled with
Ferrocomposite®. Complete occlusion of renal tumor blood supply results in necrosis of
tumor tissue, and in combination with RF capacitive hyperthermia, it provided in massive
necrosis (Figure 2b). Considering the positive results of clinical trials of Ferrocomposite®,
further research aimed to improve its properties: reducing the viscosity of the embolic agent
and increasing its heating ability in AMF permitted for medical application. As a result,
maghemite-based silicone composition (Nanoembosil®) (Saint Petersburg, Linorm, Russia)
was developed, which possesses a set of properties required for its use as a mediator in
AEH: the ability for secure embolization of the tumor blood vessels, the high heating rate
in AMF at moderate frequencies, and amplitudes, and radiopacity [68,69]. Nanoembosil®
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has been tested in vitro at the Tomas Bata University in Zlin (CZ) and in vivo at Moscow’s
Blokhin Russian Cancer Research Centre.

4. Nanoembosil®: Synthesis, Characterization, In Vitro and In Vivo Study

The magnetic phase of Nanoembosil® is maghemite NPs prepared by annealing (6 h
at 300 ◦C) of magnetite NPs synthesized by coprecipitation method under certain reaction
conditions that guarantee the formation of monodisperse NPs with a high degree of crys-
tallinity [107,135]. The annealing does not change the morphology of NPs but predictably
decreases the MS value. Notably, the original (as-prepared) and annealed samples demon-
strate almost identical heating efficiency (Figure 16), which can be explained by increased
effective anisotropy due to magnetodipole interactions resulting in the formation of stable
multicore particles (Figures 8 and 9).

 

Figure 16. Inductive heating of magnetite (a) and maghemite (b) glycerol dispersions in AMF
(525 kHz, 7.6 kA/m). Reprinted with permission [107]. Copyright 2021, Elsevier.

The characteristics of raw materials used for the preparation of Nanoembosil® are
presented in Tables 1 and 2.

Table 1. Magnetic phase: Iron oxide NPs Structural and magnetic properties.

Property Magnetite Maghemite

dTEM (nm) 13 13
σTEM 0.3 0.3

dXRD (nm) 12 12
ε (%) 0.3 0.6

Magnetite content determined from XRD (%) 72 8
Magnetite content determined from MS (%) 60 0

Ms (emu g−1) 56 ± 2 48 ± 1
Mr (emu g−1) 0.8 ± 0.2 0.8 ± 0.2

Hc (Oe) 11 ± 4 10 ± 3
SLP (W/gFe) 23.0 ± 0.6 20.3 ± 1.5

dTEM, dXRD—average particle size determined by TEM and XRD, respectively; σTEM—polydispersity index;
ε—crystal lattice strain; MS—Mössbauer spectra.
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Table 2. Polymer phase: Characteristics of raw polymer for Nanoembosile® preparation.

Reagent
Molar Weight

(g·mol−1)
Polydispersity

Viscosity @ 25 ◦C
(Pa·s)

Concentration of Substitutions (wt. %)

PVS 100,126 1.62 2.6 0.1–0.4, vinyl groups
PHS 17,202 1.83 0.65 0.55, hydrosubstitutions

PDMS 73,78 1.20 0.03 -
CTS 345 - 3.9 -

Speier’s
catalyst - - - Hexachloroplatinic acid [H2PtCl2]·H2O

dissolved in PDMS
Karstedt’s

catalyst - - - Platinum [0] complex containing
vinyl–siloxane ligands

PVS [poly(dimethylsiloxane-co-methylvinylsiloxane)]; PHS [poly(dimethylsiloxane-co-methylhydrosiloxane)]; PDMS [poly(dimethy
lsiloxane)]; CTS/Cyclotetrasiloxan [1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane].

The Nanoembosil® is supplied in two compositions in separate containers: the first
contains PVS, catalyst, maghemite NPs, and radiopaque potassium iodide (KI) (Container 1),
whereas the second contains PHS, CTS, and PDMS (Container 2). Once the content of
Container 2 is added into Container 1, the hydrosilylation reaction of hydro-and vinyl-
functional silicone polymers starts. To monitor the polymerization process, the optimal
concentration of reagents was chosen to provide low initial viscosity (0.25–0.3 Pa/s) during
the induction period (20–25 min), followed by an abrupt increase in viscosity and the
formation of a soft embolus (Table 3). To this end, the impact of each component on
the kinetics of Nanoembosil® formation was investigated through measurements of the
rheological properties on a Rheometer with parallel plate geometry. Variation of rheological
properties of the composite during its formation is presented in Figure 17.

Table 3. Nanoembosile® composition.

Composite
Type

Concentration of the Initial Components,
wt. %

η*in η*fin tin

PVS CAT PHS PDMS CTS NPs KI (Pa/s) (min)
I 40 2 11 33 - 7 7 0.3 3000 20
II 36 2 10 32 6 7 7 0.25 3000 25

η*in is initial viscosity, η*fin is final viscosity, tin is the duration of the induction period.
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Figure 17. Kinetics of Nanoembosil® formation. Reprinted with permission [68]. Copyright 2021,
Elsevier.

As it can be seen from this figure, no changes in the elastic modulus (G′) and viscous
modulus (G”) of complex shear modulus G∗ are observed at the beginning of the reaction,
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and the system’s viscosity stays constant, which corresponds to the induction period of the
reaction. The complex shear modulus is defined as [136]:

G∗ =
τ∗

γM
= 2

√

(

G′2 + G′′2
)

, (7)

where τ∗ is the complex stress, and γM is the maximum value of fixed strain.
During the induction period, the composition is fluid, evidenced by a greater value

of G” over G′. As the reaction between vinyl- and hydro-groups starts, both G′ and G”
increase, but G′ increases faster than G”. At the end of the induction period (~20 min),
there is an intersection between G′ and G”, indicating reaching the vulcanization point.
Above the vulcanization point, the elastic component dominates over the viscous one, G′ >
G”; the viscosity of the composition rapidly increases till it reaches a maximum and then
stays constant after all the hydro-groups have reacted. Thus, the dominant influence on
the kinetics of composite formation is exerted by PHS, PVS, PDMS, and CTS, where the
last two components play the role of plasticizers to adjust composite viscosity. As to the
influence of the magnetic filler concentration on the rheological properties of the composite,
it is negligible up to 14 wt.%.

The heating efficiency of Nanoembosil® was estimated in the AMFs at frequencies
and amplitudes (f = 0.05–1.5 MHz, H ≤ 15 kA·m−1) standardized for medicine. The
heating rate of the composites, as well as SLP, depends on the AMF parameters since the
magnetization process is determined solely by the Neel relaxation (Figure 18, Table 4).
Nevertheless, according to the results obtained, a high heating rate can be achieved in the
entire frequency range even at sufficiently low field amplitudes. Therefore, an increase in
SLP in composites of this type is possible with increased field amplitude to the allowed
power level.

′
δ ′

α

Figure 18. Inductive heating of composites with 7 wt.% of NPs at different alternating magnetic field
parameters. Reprinted with permission [68]. Copyright 2021, Elsevier.

Table 4. SLP values (W·gFe
−1) and heating rates (◦C/min) of Nanoembosil® in AMF of various

frequencies and amplitudes.

AC Magnetic
Field

f (kHz) 114 525 1048

H (kA·m−1) 13.8 5.8 7.6 5.8
SLP 8.6 ± 0.1 4.3 ± 0.4 8.6 ± 1.0 9.0 ± 1.5

Heating rate (◦C·min−1) 13.8 5.8 7.6 5.8

Considering that the embolic agent should also possess thermal expansion similar
to or higher than blood to prevent the blood flow recovery during hyperthermia session,
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the thermomechanical properties of Nanoembosil® were studied by dynamic mechanical
analysis. The study revealed that the material possesses the rubber-elastic properties: shear
modulus, G′, is almost independent of the applied frequency, and the loss tangent, tan δ, is
slight (0.1–0.2) (Figure 19). The value of G′ within the range of hyperthermia temperatures
slightly increases from 9.6 to 9.9 kPa at 38 ◦C and 10 Hz shear rate. The obtained shear
modulus values are smaller than those reported for the artery, 30–3000 kPa [136,137]; thus,
the composite will easily deform with the artery. Furthermore, the thermal expansion coef-
ficient of the composite is 760 ppm ◦C−1 at 37 ◦C and slightly decreases to 710 ppm ◦C−1

with the temperature rise to 45 ◦C. The high value of α for the composite ensures the
prevention of blood flow recovery during heating.
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δ ′

α

 

Figure 19. Temperature dependence of shear modulus and loss tangent at different shear rates for
Nanoembosil®. Reprinted with permission [68]. Copyright 2021, Elsevier.

In vivo study of Nanoembosil® was done at the N.N. Blokhin Russian Cancer Research
Centre in Moscow. The study aimed to determine the embolic agent dose for intra-arterial
administration and filling the tumor vascular system and estimate its antitumor effect [138].
All experiments were conducted according to the National and European guidelines on the
ethical use of animals [139,140]. Throughout the procedures, animals were anesthetized
with Zoletil 100 (Virbac, Carros, France). The experimental study was performed using
25 rats (8-week-old males of body weight 200 g) and 16 male rabbits weighing 2.0–3.0 kg.
Some animals were kept healthy to estimate tolerability of embolization, and others were
intramuscularly implanted with hepatocellular carcinoma PC-1 (rats) and VX2 (rabbits). It
was established that intravenous tissue tolerance of embolic agents for rats is 0.1 mL for
the composition I with η*in = 0.3 Pa/s, and 0.2 mL for composition II with η*in = 0.25 Pa/s,
while for rabbits, 1.5 mL, which is well below the guidelines for the maximum intravenous
injection volumes of experimental compounds in rats and rabbits [141]. Thus, the study of
the effect of embolization on tumor growth was conducted using the established volumes
of compositions. To this end, four independent animal groups with the same number of
rats (n = 5) were used. Animals in group 1 were exposed to embolization by composition
I (0.1 mL) and in groups 2 and 3, respectively, by composition II with volumes of 0.1 mL
and 0.2 mL. To monitor the treatment of tumor growth, the test group received only a
physiological solution.

The embolization was carried out on the 20th day after transplantation when a full
regional blood flow in the tumor node was formed. The embolic agents were prepared
extempore and administered once by transarterial infusion into the femoral artery using an
intravenous catheter.

The efficacy of embolization was estimated according to standard criteria: inhibition
of tumor growth, tumor growth dynamic (3, 7, 10, and 14 days after embolization), tu-
mor doubling time (τ2), and therapeutic response (τtrial/τcontrol). The tumor growth was
estimated by the change in the tumor volume (Vt/V0), where V0 is the mean volume of
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the tumor before, and Vt is the mean volume of the tumor after treatment. The results of
in vivo study are presented in Table 5 and Figure 20.

Table 5. The effect of embolization by silicone-based magnetic composites on the dynamics of PC1
tumor growth in rats.

Group
of Animals

Dose
(mL)

Vt/V0
n Days after Embolization

τ2
(Days)

τtrial/τcontrol
(%)

3 7

Test group
saline

infusion
0.2 2.3 5.3 3.0 -

Group 1
Composite I 0.1 1.4 2.5 6.0 2.0

Group 2
Composite II 0.1 1.4 2.5 6.0 2.0

Group 3
Composite II 0.2 1.2 1.5 >11 4.0

η
η

τ τ τ

τ τ τ

Figure 20. Inhibition of rat liver tumor growth after embolization of tumor vascular system by
silicone-based magnetic composites: 1: test group; 2: embolization with composite I (administrative
dose 0.1 mL); 3: embolization with composite II (administrative dose 0.2 mL); standard deviation is
±0.5.

Accordingly, in the case of the test group of rats, the tumor growth rate increased by a
factor of 1/5. The embolization of the tumor vascular system by both types of compositions
significantly inhibits the tumor growth, and this effect is more pronounced in the case of
embolization by Nanoembosil® (composition II). Indeed, over a period of seven days after
embolization, the rate of tumor growth was two times lower in group 3 compared with the
test group. This is due to the low viscosity of composition II (0.25 Pa/s), which allowed
one to increase the administered dose without causing side effects.

Similar results were obtained in rabbits with intramuscularly transplanted VX-2 liver
cancer. Intra-arterial injection of Nanoembosil® at a dose of 1.5 mL on the 20th day of
tumor growth led to a significant decrease in growth rate within two weeks. Stabilization
of tumor growth within 14 days is associated with tumor cytoreduction by more than 50%.

The efficacy of silicone-based magnetic composites as heat mediators was studied
in vitro on the human Hepatocellular carcinoma cell line (HepG2). The treatment was con-
ducted in the following scheme. Prior to in vitro testing, a certain amount of Nanoembosil®

was mixed with cells in the ratios of 1:1 and 2:1, which correspond to iron concentrations of
3.5 and 5 g/L in the tested value. All samples were preheated to 37 ◦C in a hot water bath
and further heated up to 44 ◦C via a homemade inductive heating applicator (Figure 21).
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Figure 21. Laboratory device for measuring the heating ability of materials and conducting in vitro
and in vivo studies: (a) signal generator, (b) signal amplifier, (c) AMF amplitude meter, (d) tempera-
ture recorder with fiber optic thermocouples, (e) sample holder, (f) schematic illustration of a device
with a horizontal position of an impedance coil for in vivo study.

The measurements were carried out in AMFs with frequency 525 kHz and amplitude of
about 9 kA·m−1. After reaching 44 ◦C, this temperature was maintained for 30 min, which is
a common treatment time for hyperthermia sessions [5]. To determine cell viability, the MTT
(3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium) test was performed. The results
obtained indicate the cytotoxic effect of the hyperthermia treatment with Nanoembosil®.
Moreover, the observed effect increases with the concentration of the mediator (Figure 22).

Figure 22. Results of in vitro test for magnetic hyperthermia-treated HepG2 cells. The AFM parame-
ters are f = 525 kHz, H = 9 kA·m.

5. Concluding Remarks and Future Perspectives

Of considerable interest is the development of magnetic polymeric composites to treat
malignant tumors of parenchymal organs by AEH. In this method, it is possible to achieve
significant benefits from the dual effect of embolization of the tumor vascular system and
subsequent MH. Embolization blocks the tumor due to the stagnation of its blood supply
and leads to the shrinkage of the tumor. In turn, magnetic hyperthermia promotes the
heating of the tumor to temperatures of 43–44 ◦C and can be repeated several times. The
combined effect of embolization and hyperthermia on a tumor leads not only to ischemic
necrosis but also to programmed cell death (apoptosis). Moreover, AEH combined with RT
and ChT can significantly improve the survival of patients with various types of cancer.
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The clinical purposes dictate the choice of materials for AEH. Thus the development
of silicone-based magnetic composites that possess the set of properties necessary for
conducting AEH, namely, the ability for secure embolization of the tumor blood vessels,
radiopacity, and the high heating rate at moderate frequencies and amplitudes of AMFs,
allowed for medical applications. The possibility of securing embolization was achieved
by the optimization of the composition of the embolic agent to provide low initial viscosity
(0.2–0.3 Pa·s−1), allowing the delivery and distribution of the material uniformly in tumor’s
blood vessels, and 20–25 min induction period after which the viscosity of the composite
rapidly increases forming soft embolus. Such embolus displays rubber–elastic properties
with shear modulus lower than arteries, within the range of HT temperatures, and higher
thermal expansion coefficient than blood. Therefore, silicone-based magnetic elastomer
can deform with the blood vessels and prevent blood flow recovery during heating.

The in vivo study has shown that intra-arterial administration of Nanoembosil® to
animals with intramuscular developed tumors (PCI/mouse and VX2/rabbits) significantly
inhibits the tumor growth rate. In vivo study of Nanoembosil® should be continued
towards using a combined method including embolization followed by MH. Moreover,
when studying the dynamics of tumor growth, the possible influence of colloidal platinum,
which is formed during the hydrosilylation reaction of hydro- and vinyl-functional silicone
polymers, must be considered. In vitro and in vivo study have shown that Pt-NPs can lead
to high toxicity due to their large surface area [142].

To increase the effectiveness of the MH, in addition to mastering the shape and size
of magnetite and maghemite NPs, other ferro- and ferri-magnetic materials can be used
to increase the heating efficiency in AMFs at moderate frequencies and amplitudes, such
as exchange-coupled MNPs with a core–shell structure [120], as well as hybrid systems,
that is, combinations of soft and hard magnets or iron oxide NPs doped with Co [143].,
The transarterial embolization must be controlled by enhancing the X-ray contrast with the
addition of radiopaque materials or binding radionuclides to coated MNPs [144].

The future challenge lies in developing mathematical heat transfer models in tumors
and their surrounding biological tissue to preserve healthy tissue [145].
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Abstract: CuFe2O4 is an example of ferrites whose physico-chemical properties can vary greatly at
the nanoscale. Here, sol-gel techniques are used to produce CuFe2O4-SiO2 nanocomposites where
copper ferrite nanocrystals are grown within a porous dielectric silica matrix. Nanocomposites in
the form of both xerogels and aerogels with variable loadings of copper ferrite (5 wt%, 10 wt% and
15 wt%) were synthesized. Transmission electron microscopy and X-ray diffraction investigations
showed the occurrence of CuFe2O4 nanoparticles with average crystal size ranging from a few
nanometers up to around 9 nm, homogeneously distributed within the porous silica matrix, after
thermal treatment of the samples at 900 ◦C. Evidence of some impurities of CuO and α-Fe2O3 was
found in the aerogel samples with 10 wt% and 15 wt% loading. DC magnetometry was used to
investigate the magnetic properties of these nanocomposites, as a function of the loading of copper
ferrite and of the porosity characteristics. All the nanocomposites show a blocking temperature
lower than RT and soft magnetic features at low temperature. The observed magnetic parameters
are interpreted taking into account the occurrence of size and interaction effects in an ensemble of
superparamagnetic nanoparticles distributed in a matrix. These results highlight how aerogel and
xerogel matrices give rise to nanocomposites with different magnetic features and how the spatial
distribution of the nanophase in the matrices modifies the final magnetic properties with respect to
the case of conventional unsupported nanoparticles.

Keywords: copper ferrite; magnetic properties; sol-gel; aerogels; xerogels

1. Introduction

Spinel ferrite nanoparticles with general formula MFe2O4 (where M is a bi-valent
transition metal ion such as Mn2+, Ni2+, Co2+, Cu2+, Zn2+, etc.) have been the object of
intense investigation due to their interesting optical, magnetic and catalytic properties for
their potential application in storage devices [1], photo-catalysis [2], magnetic fluids [3],
sensors [4] and biomedicine [5]. In particular, the introduction of copper in the general
spinel ferrite crystal structure gives rise to a soft magnet, which has been deemed an
interesting candidate for multiple applications in many diverse fields, ranging from sensors
to catalysis [6–8]. This has led to a large number of studies in recent years, focusing on
attaining an always increasing degree of control over the shape, size, distribution and
phase of the copper ferrite nanoparticles. In fact, copper ferrite represents a special case

53



Nanomaterials 2021, 11, 2680

among ferrites, since it displays two distinct crystalline phases, namely a high tempera-
ture disordered cubic Fd-3m phase (c-CuFe2O4) and an ordered tetragonal I4I/amd phase
(t-CuFe2O4) that can be obtained during slow cooling in air [9]. The tetragonal phase arises
from the collective Jahn–Teller distortion along one of the axes of the octahedral sites,
which is typical for Cu2+ ions (d9) as a consequence of the removal of the eg orbital de-
generacy [10,11]. For this reason, many studies have been focused on synthesizing copper
ferrite nanoparticles with a wide number of methods including thermal decomposition [12],
hydrothermal [13], solvothermal [14], co-precipitation [15], electrospinning [16] and sol-
gel [17], also taking into account that the desired crystalline phase might be obtained by
selecting an appropriate thermal treatment. Moreover, in a recent report it has been shown
that, independently of the final heat treatment, the cubic phase and tetragonal phase can
be obtained by employing sol-gel and co-precipitation methods, respectively [18]. All the
aforementioned synthetic methods yield nanoparticles with dimensions of several tens of
nanometers and a poor degree of size homogeneity, mainly due to the aggregation and
sintering of the nanoparticles during the thermal treatments needed to obtain the desired
crystalline phase. In turn, this also affects the magnetic properties and makes it difficult
to achieve a precise control over the different parameters at play in giving rise to the final
magnetic behavior [19].

A fruitful strategy to produce crystalline magnetic nanoparticles with a controlled
dimension at the nanometer range and to control their spatial distribution and aggregation
relies on embedding them into a suitable support or matrix capable of keeping them durably
dispersed, thus limiting interparticle magnetic interactions. [20–26] As a consequence, the
magnetic response of the resulting magnetic nanocomposites is due to the degree of control
over the monodispersity (in size, shape, and phase) of the nanoparticles population, and to
the loading and dispersion of the magnetic phase within the matrix. In particular, magnetic
interactions and hardening (or softening) of the magnetic behavior of the nanocomposite
is directly influenced by the loading and dispersion of the magnetic phase within the
matrix. The capability of obtaining small-sized nanoparticles is of interest because it
guarantees that the whole magnetic phase will comprise single domain nanoparticles, i.e.,
nanoparticles that act as one single magnetic domain under an applied magnetic field, not
dividing their atomic moments along different orientations and thus maximizing their
overall magnetization.

In this framework, our group has successfully applied a sol-gel route to produce Mn,
Zn, Co, Ni, and Cu ferrite nanoparticles which have been crystallized within a porous
silica matrix [20–26]. The sol-gel technique offers the possibility to obtain different forms of
porous materials, such as xerogels and aerogels, by adopting specific procedures to obtain
the dry gel. It was found that the crystallization of the ferrite nanoparticles within a porous
silica matrix represents a valid method to obtain nanocomposites with a homogeneous
distribution of the nanoparticles within the matrix, and to limit size growth. In particular,
xerogel and aerogel nanocomposites with 10 wt% loading of copper ferrite enabled us
to gain insights on the structural properties of CuFe2O4 nanocrystals, such as the cation
distribution within the crystal structure, using X-ray absorption spectroscopy [26]. Inter-
estingly, this study showed that the Jahn–Teller distortion is present, which is consistent
with the formation of the tetragonal phase. However, the distortion only interests the
copper environment while the iron environment is the same of the disordered cubic phase.
Here, we study the magnetic properties of CuFe2O4-SiO2 nanocomposites obtained by
sol-gel synthesis in the form of aerogels and xerogels by either supercritical or conventional
drying, respectively. The nanocomposites were prepared with ferrite loading ranging
between 5 wt% and 15 wt% and submitted to thermal treatments at increasing temperature
up to 900 ◦C. This choice has allowed us to investigate two aspects that come into play in
giving rise to the magnetic response of the nanocomposites, namely the presence of small
magnetic nanoparticles below the single domain size threshold, and their distribution
according to different loadings within matrices with two kinds of porosity.
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To perform this study, CuFe2O4-SiO2 aerogel and xerogel nanocomposites with ferrite
loading of 5 wt%, 10 wt% and 15 wt% were synthetized and investigated from a structural
and magnetometric point of view, to assess the effect of different matrices on the CuFe2O4
nanoparticles and on the net magnetic features of the nanocomposites.

2. Materials and Methods
2.1. Synthesis of the Aerogel and Xerogel Nanocomposites

The synthesis of the CuFe2O4−SiO2 aerogel and xerogel nanocomposites follows a
two-step catalyzed sol-gel procedure, whose general details are reported in our previously
published work [26]. Concisely, a solution of 7.9 mL of tetraethyl orthosilicate (TEOS,
Aldrich, UK, 98%) in 3 mL of absolute ethanol (Fischer Chemicals, UK) was pre-hydrolyzed
under acidic catalysis through addition of 3.965 mL of a HNO3 stock solution prepared by
mixing 2 mL of HNO3 (Fisher Chemicals, 70%), 80 mL of absolute ethanol, as well as 130 mL
of distilled water, and heating at 50 ◦C for 30 min. After cooling at room temperature,
7.5 mL of an ethanolic solution containing appropriate amounts of Cu(NO3)2·2.5H2O
(Aldrich, 98%) and Fe(NO3)3·9H2O (Aldrich, 98%) was added to the TEOS solution. The
appropriate amounts of copper and iron nitrates had been calculated in order to obtain
nanocomposites with a final CuFe2O4/(CuFe2O4+SiO2) composition of 5 wt%, 10 wt% and
15 wt%. For the purpose of promoting the condensation reactions and therefore induce
gelation, a solution containing 3.513 g of urea (Aldrich, >99%) in 9 mL of absolute ethanol
and 4.92 mL of distilled water was added to the TEOS solution, which was then refluxed at
85 ◦C for 128 min corresponding to the time needed to initiate the gelation. The sol was
transferred in vials and left at 40 ◦C for 20 h to complete gelation.

The aerogels were obtained by ethanol supercritical drying of the gels. For this
purpose, the gels were placed in a Parr 300 mL stainless-steel autoclave filled with 70 mL of
ethanol and thoroughly flushed with pure N2 gas. Once an inert atmosphere was ensured,
the sealed autoclave was heated up to 330 ◦C with a corresponding autogenous pressure of
over 70 atm before slowly venting while keeping the temperature constant.

The xerogels were obtained through evaporation of the solvent in an open container
at 40 ◦C for 70 h.

Thermal treatments were performed with a heating ramp of 10 ◦C·min−1 to a variable
final temperature followed by a variable dwell time. Aerogel and xerogel samples are
indicated, respectively, with “A” or “X” as the first letter in their acronym. The samples
have also been labelled with the indication of composition (wt% of CuFe2O4), temperature
and duration of the thermal treatment. For instance, A5_450_1 is used for an aerogel sample
with a 5 wt% loading of CuFe2O4 nanoparticles, thermally treated at 450 ◦C for 1 h.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were measured by using a Rigaku MiniFlex
600 with a D/teX Ultra high-speed one-dimensional detector (Rigaku, Tokyo, Japan), in the
range of 10–90◦ (2θ), using Cu Kα radiation. The Scherrer equation was used to determine
the average size of crystallite domains.

Transmission electron spectroscopy (TEM) images were obtained in bright field (BF)
and dark field (DF) modes using a Hitachi H-7000 (Hitachi, Tokyo, Japan) and a Jeol JEM
1400 Plus (Jeol, Tokyo, Japan) equipped with a W thermoionic gun operating at 100 kV
respectively and equipped with an AMT DVC (AMT, Danvers, MA, USA) and Ruby2 CCD
Camera (Jeol, Tokyo, Japan).

Magnetic characterization was performed in a Quantum Design MPMS SQUID mag-
netometer (Quantum Design, San Diego, CA, USA), equipped with a superconducting
magnet producing fields up to 50 kOe (5 T). Zero field-cooled (ZFC) and field-cooled (FC)
magnetizations were collected in the range of temperatures 5–400 K. ZFC curves were
measured by cooling samples in a zero magnetic field and subsequently increasing the
temperature under an applied field of 100 Oe. FC curves were recorded by cooling the
samples while maintaining the applied field at 100 Oe. Hysteresis loops were recorded
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up to ±50 kOe (5 T) at 5 K. The samples were placed in gelatin capsules enclosed inside a
pierced straw with a uniform diamagnetic background.

Blocking temperature (TB) and irreversibility temperature (TIRR) indicate the tem-
perature corresponding to the maximum of the ZFC curve and the minimum tempera-
ture of superposition between the ZFC and FC curves, respectively. Hysteresis loops
were analyzed according to their typical parameters, which are indicated as follows:
maximum magnetization (M5T = (|M+5T| + |M−5T|)/2, where M+5T and M-5T indicate
magnetization recorded with and applied field of +/−5 Tesla, respectively), mean rema-
nence (MR = (|MR+| + |MR-|)/2, where MR+ and MR- indicate upper and lower rema-
nence magnetization), mean coercivity (HC = (|HC1| + |HC2|)/2, where HC1 and HC2
are the negative and positive coercive fields, respectively) and exchange bias coercivity
(HE = (|HC1| − |HC2|)/2). Saturation magnetization (MS) values were determined from
the hysteresis loops through extrapolation of M values vs. 1/H for 1/H → 0. All the com-
ponents of the SQUID samples were weighed for mass of magnetic phase normalization.

3. Results and Discussion

In Figure 1, the powder XRD patterns of the aerogel samples are reported, whereas the
XRD patterns of the corresponding xerogel samples are reported in Figure 2. In Figure 1a–c,
the XRD patterns compare the evolution of the copper ferrite crystalline phase within the
aerogel matrix, as a function of the calcination temperature for any given loading, whereas
in Figure 1d, the XRD patterns of the three different loadings are compared after the same
thermal treatment at 900 ◦C. In the case of the 5 wt% nanocomposites (Figure 1a), the
XRD pattern is dominated by the presence of the amorphous SiO2 phase, highlighted by
the typical halo centered at ~22◦ recurring in all the XRD patterns. Only in the case of
the sample treated at 900 ◦C, some very broad reflections appear, the most intense one
centered at ~35.5◦, which can be assigned to the formation of either the tetragonal or the
cubic crystalline phase of the CuFe2O4 [27,28].

In the case of the aerogels with a 10 wt% and 15 wt% of dispersed phase (Figure 1b,c),
some peaks are also detectable in the samples treated at 450 ◦C and 750 ◦C, providing some
insights on the formation of CuFe2O4 nanoparticles within the aerogels. In particular, peaks
that can be ascribed to CuO [29] are visible in the samples treated at 450 ◦C, especially in
the aerogel with 15 wt% of dispersed phase. As previously found in the sol-gel synthesis
of other ferrites dispersed in silica aerogels [30], iron is very likely present in the form of
ferrihydrite, whose peaks are hidden within the amorphous silica background because of
the poor crystallinity of this phase. When the same samples with a 10 wt% and 15 wt%
dispersed phase are submitted to 750 ◦C some additional peaks appear, which further
evolve with increasing the temperature of the thermal treatment. Peaks due to either
tetragonal or cubic CuFe2O4 increase progressively while the peaks due to CuO tend
to progressively disappear. Moreover, a peak centered around 33◦ appears with thermal
treatment at 750 ◦C and then tends to disappear with thermal treatment at 900 ◦C, indicating
the formation of an intermediate phase. Based on the peak position and the composition
of the sample, it seems very likely that this peak is due to some hematite forming as
intermediate phase from ferrihydrite [31]. The XRD patterns of the samples treated at
750 ◦C for 1 h and 6 h seem very similar, which proves that thermal treatments longer than
1 h do not induce further crystallization and/or evolution of the initial and intermediate
phases. The differences in terms of loading of the crystalline phase are highlighted in
Figure 1d, where the intensity of the reflections corresponding to the CuFe2O4 increases
with loading, as was expected.
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Figure 1. X-ray diffraction (XRD) patterns of the aerogel nanocomposites with (a) 5 wt%; (b) 10 wt%; (c) 15 wt% loading of
the dispersed nanophase, reported as a function of the calcination temperature; (d) comparison of the XRD patterns of the
aerogel samples after thermal treatment at 900 ◦C, at different CuFe2O4 loadings.

It should be noted that in the case of the aerogels with a 10 wt% and 15 wt% dispersed
phase, two small peaks due to some unreacted α-Fe2O3 and CuO are still detectable
together with the peaks of CuFe2O4, which appears to be the predominant phase.

The XRD patterns corresponding to the xerogel samples (Figure 2a–d) show a few
differences in the evolution with the thermal treatment, with respect to the aerogel samples.
Apart from the typical silica halo, no peaks are detectable in any of the samples treated at
450 ◦C, regardless of the composition, indicating that very poorly crystalline phases must
be present at this stage. When the samples are treated at 750 ◦C, some peaks appear that
become more evident as the loading increases. These peaks are ascribed to the formation
of either tetragonal or cubic CuFe2O4 and further evolve with increasing the temperature
of the thermal treatment. The main difference between the xerogel and aerogel samples
treated at 900 ◦C is the width of the peaks, which is larger for the xerogel samples, indicating
smaller crystallite sizes. Moreover, in the case of the xerogel samples, all the detectable
peaks are due to CuFe2O4, and no sign of CuO and/or hematite is visible. As mentioned
above, the XRD patterns of the nanocomposites do not allow to distinguish between the
tetragonal and the cubic crystalline phase of CuFe2O4 due to the nanocrystalline nature
of the samples that generates broad reflections and the XRD patterns of these phases
sharing most of the peaks. However, an X-ray absorption investigation on related samples
suggested that, under the adopted conditions, CuFe2O4 nanoparticles crystallize in the
tetragonal phase [26]. The crystallite sizes for the samples thermally treated at 900 ◦C are:
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3, 6 and 9 nm for the 5 wt%, 10 wt% and 15 wt% aerogel nanocomposites, respectively, and
3, 4 and 5 nm for the 5 wt%, 10 wt% and 15 wt% xerogel nanocomposites, respectively.
Although the sizes increase as a function of the loading, the effect is slower in the xerogel
samples versus the aerogel ones.
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Figure 2. XRD patterns of the xerogel nanocomposites with (a) 5 wt%; (b) 10 wt%; (c) 15 wt% loading of the dispersed
nanophase, reported as a function of the calcination temperature; (d) comparison of the XRD patterns of the xerogel samples
after thermal treatment at 900 ◦C, at different CuFe2O4 loadings.

In Figures 3 and 4, bright-field (BF) and dark-field (DF) images for the aerogel and
xerogel samples treated at 900 ◦C are shown. The images provide clear evidence that the
nanoparticles are well dispersed in the SiO2 matrix, which is hindering their agglomeration
and growth. Their presence can be more clearly observed in the DF images, where the
nanoparticles appear as bright dots over a darker background, except for the samples with
5 wt% loading, due to the low amount of ferrite, combined with the very small size of
crystallites (3 nm for both samples according to Scherrer calculations).
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Figure 3. Representative BF (a–c) and DF (d–f) transmission electron microscopy (TEM) images of
aerogel samples treated at 900 ◦C with increasing loading of 5 wt% (a,d), 10 wt% (b,e) and 15 wt%
(c,f). All scalebars correspond to 100 nm.

                   
 

 

 
                               
                                       
         

                               
                             
                         
                   

                           
                             

                           
                   

                           
                         

                         
                         

                       

                          ‐          
                           

                         
                                   

   
 

 
 

   
 

   
 

 
 

 
 

 
 

 
 

 
 

                   
                   
                   

   

Figure 4. Representative bright field (BF) (a–c) and dark field (DF) (d–f) TEM images of xerogel
samples treated at 900 ◦C with increasing loading of 5 wt% (a,d), 10 wt% (b,e) and 15 wt% (c,f). All
scalebars correspond to 100 nm.

The images also show a finer and denser texture for the xerogels, as compared to the
aerogels, where a more open texture is evident, as was expected [32]. In fact, aerogels
obtained via specific gel drying techniques exhibit an open porous network presenting a
significant mesopores contribution. On the other hand, xerogels production implies partial
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collapse of the pores and generates a relatively denser matrix with smaller pores. The size
of the nanocrystals increases with ferrite loading and is slightly larger in the aerogel as
compared to the xerogel, in agreement with the average nanocrystal size as determined by
XRD, likely due to the different matrix characteristics.

DC magnetometry was used to investigate the effect of the ferrite loadings on the
overall magnetic properties of the aerogel and xerogel nanocomposites treated at 900 ◦C,
as XRD analysis provides the clearest evidence that nanocrystalline CuFe2O4 is the most
prevalent phase for the samples treated at this temperature. All the relevant parameters
are reported in Tables 1 and 2 for aerogels and xerogels, respectively.

Table 1. Magnetic parameters for the 5 wt%, 10 wt% and 15 wt% CuFe2O4-SiO2 nanocomposite
aerogel samples. Relevant parameters are indicated as TB (blocking temperature), TIRR (irreversibility
temperature), HC (coercivity), HE (exchange bias), MR (remanent magnetization, M5T (maximum
magnetization, MS (saturation magnetization). Hysteresis loops were recorded at 5 K. Values were
determined according to what was reported in the Materials and Methods section.

Sample
TB
(K)

TIRR
(K)

HC
(Oe)

HE
(Oe)

MR
(emu/g)

M5T
(emu/g)

MS
(emu/g)

MR
/MS

M5T
/MS

A5_900_1 7 13 32 1 4 47 51 0.08 0.93
A10_900_1 83 225 623 18 15 38 39 0.38 0.97
A15_900_1 127 294 825 12 15 34 34 0.41 0.94

Table 2. Magnetic parameters for the 5 wt%, 10 wt% and 15 wt% CuFe2O4 -SiO2 nanocomposite
xerogel samples. Relevant parameters are indicated as TB (blocking temperature), TIRR (irreversibility
temperature), HC (coercivity), HE (exchange bias), MR (remanent magnetization, M5T (maximum
magnetization, MS (saturation magnetization). Hysteresis loops were recorded at 5 K. Values were
determined according to what was reported in the Materials and Methods section.

Sample
TB
(K)

TIRR
(K)

HC
(Oe)

HE
(Oe)

MR
(emu/g)

M5T
(emu/g)

MS
(emu/g)

MR
/MS

M5T
/MS

X5_900_1 5 11 28 1 9 45 53 0.16 0.85
X10_900_1 9 32 80 0 9 54 58 0.15 0.93
X15_900_1 17 53 128 0 13 51 51 0.25 0.99

The three aerogel samples are all magnetically unblocked at room temperature, as
shown by ZFC-FC curves (Figure 5a–c) with different TB and TIRR values that tend to
increase together with the loading of magnetic phase and crystallite size. Similar trends,
i.e., the variation of magnetic parameters with the loading of magnetic phase, can also
be appreciated in the hysteresis loops recorded at 5 K (Figure 5d–f). Both the magnetic
hardness and the maximum measured magnetization, indicated by coercivity HC and
M5T, respectively, are affected by the quantity of magnetic phase present in the SiO2
matrix. These trends point at a progressive hardening with the increase of Cu ferrite, while
the lowered magnetization is consistent with the presence of different crystal phases, as
already indicated by the traces of α-Fe2O3 and CuO observed in the XRD patterns, that are
expected to contribute negatively to the net magnetization due to their antiferromagnetic
nature. Also, even considering the slight variation in terms of crystallite size between the
two samples with highest loadings, the combination of lower magnetization and higher
coercivity in the 15 wt% sample with respect to the 10 wt% suggests that a lower number
of magnetic moments are available for the reorientation under an applied magnetic field
(hence the lower MS) and that the said reorientation requires higher applied magnetic fields
(hence the higher HC).
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Figure 5. Zero field-cooled–field cooled (ZFC-FC) magnetization curves (a–c) and hysteresis cycles (d–f) of aerogel samples
treated at 900 ◦C with increasing loading of 5 wt% (a,d), 10 wt% (b,e) and 15 wt% (c,f).

This finding is in good accordance with the presence of spontaneous exchange bias
(HE) in the hysteresis loops of the 10 wt% and 15 wt% aerogel samples, whose presence usu-
ally indicates structural disorder that depletes the number of available magnetic moments
and affects negatively the net magnetization of the samples [33–36].

On the other hand, the low coercivity, higher magnetization and null exchange bias
(HE) observed for the 5 wt% sample can be explained by considering the 3 nm size of
the crystallites, which puts them in the lower portion of the single domain regime. Such
small-sized crystallites correspond to small single magnetic domains, which are easily
aligned to applied magnetic fields and undergo superparamagnetic relaxation at very low
temperatures, as shown by the low TB and TIRR values observed in the ZFC-FC curves in
the present case. Also, no impurities were observed in the corresponding XRD pattern
and in this range of sizes no clear distinctions between volume- and surface-based effects
should be expected, so the absence of HE and the high values of magnetization can be
expected.

The magnetic features of the xerogel nanocomposites present some differences from
their aerogel counterparts and should be compared in full, taking into account the differ-
ences in crystallite size occurring among xerogels as a function of the loading, and between
aerogel and xerogel samples with the same loading, as well as the absence of the CuO and
α-Fe2O3 impurities, whose presence was only evidenced in the aerogel samples (Figure 6).
At any given loading, blocking and irreversibility temperatures TB and TIRR and coercivity
HC have smaller values in the xerogels than in the aerogels. As for the aerogel samples, the
lowest percentage of magnetic phase (5 wt%) corresponds to the smallest crystallites, with
the xerogel sample having the same average size of the aerogel sample and forming small
single magnetic domains that can be easily reoriented along with the external magnetic
field. Additionally, spontaneous exchange bias HE is negligible in all the xerogel samples,
suggesting a low degree of structural disorder. Since structural disorder can affect the
symmetric shape of the hysteresis loops and modify coercivity HC and maximum magneti-
zation values M5T and MS, the minimum HC and maximum M5T and MS values observed
in xerogel samples are all consistent with the fact that no impurities were observed by XRD
in these samples.
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Figure 6. Zero-field cooled-field cooled magnetization curves (a–c) and hysteresis cycles (d–f) of xerogel samples treated at
900 ◦C with increasing loading of 5 wt% (a,d), 10 wt% (b,e) and 15 wt% (c,f).

The crystal size of the xerogels with 10 wt% and 15 wt% magnetic phase increases
slightly with the loading, and it is safe to assume that the magnetic domains follow a
similar trend. All the nanoparticles in xerogels also seem less affected by interparticle
interactions with respect to the bigger-sized nanoparticles of the aerogels, as indicated by
the lower blocking and irreversibility temperatures TB and TIRR observed in the ZFC curves
and by their coercivity HC. At any given loading, smaller values of all these parameters
are observed in the xerogel samples compared to their aerogel counterparts, while their
values grow with the loading. For non-interacting nanoparticles, variations in TB and
TIRR values are expected, since bigger sizes require increasingly higher temperatures to
overcome their blocked state and undergo superparamagnetic relaxation. However, the
differences in size between the crystallites of aerogel and xerogel samples cannot solely
account for the huge variation observed in the shape and parameters of the ZFC-FC curves.
For these reasons, a large effect should be attributed to magnetic interactions affecting the
aerogels since these generally work against the easy reorientation of the magnetic moments
along an external magnetic field and manifest as a tendency towards magnetic hardening
(i.e., higher coercivity) in the hysteresis loops and a broadening in the TB peak of the ZFC
curves. The former can be mostly attributed to intraparticle interaction-related structural
disorder, while the latter is mostly driven by interparticle interactions [37].

The presence of magnetic interactions in the aerogels can be further proved by com-
paring the magnetic response of nanoparticles of similar size (6 nm and 5 nm, respectively),
present in samples A_10_900_1 and X_15_900_1. Even in this case, despite the lower
loading of the aerogel sample A_10_900_1 and the higher defectivity of its crystallites,
indicated by the non-null HE value, its TB, TIRR and HC values are more than four times
higher than those of X_15_900_1, indicating that interparticle magnetic interactions modify
the magnetic response of the aerogel samples.

Thermal treatment is known to trigger a progressive reordering of the Cu2+ and Fe3+

ions in the octahedral and tetrahedral sites, which is proportional to the temperature and
clearly modifies the magnetic characteristics of copper ferrite towards soft magnets already
at 700 ◦C [38,39]. In fact, the 900 ◦C-treated samples are all characterized by higher values
of saturation magnetization and lower coercivities than those observed in nanoparticles of
similar size that did not undergo post-synthetic thermal treatments [40]. Overall, our DC
magnetization studies confirm that the single-domain magnetic nanoparticles included in
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xerogel matrices are systematically smaller than in their aerogel counterparts and have a
lower degree of superficial defectivity. Furthermore, nanoparticles in the xerogels better ap-
proximate the typical magnetic response of non-interacting nanoparticles, while magnetic
interaction heavily affects the magnetic response of the nanoparticles included in aerogel
matrices. In principle, although this difference might be the indication of a higher degree
of dispersion of the magnetic nanoparticles in xerogel matrices, given the direct evidence
provided by TEM images of the successful homogeneous distribution of the magnetic
nanoparticles in both aerogel and xerogel matrices, it should be more likely ascribed to
a matrix-based effect on the nanoparticles, which are also influenced by the presence of
impurities in the aerogel samples that increase structural disorder in the nanoparticles.

When comparing xerogel and aerogel samples, in addition to the differences in the
TB and TIRR values from the ZFC-FC curves, a striking dissimilarity can also be observed
with regard to the magnetic hardness in the hysteresis loops recorded at 5 K, i.e., a low
temperature where all the samples are in a magnetically blocked state. Here, even taking
into account the fact that coercivity increases with the size of the magnetic domain, aerogel
samples A10_900_1 and A15_900_1 display coercivity values that are more than five times
higher than those of xerogel samples X10_900_1 and X15_900_1 with the same loadings,
while also showing non-negligible spontaneous exchange bias HE, which is absent for the
xerogel samples. Exchange bias manifests in hysteresis loops as a horizontal shift and
has been observed in nano-sized compounds with a high degree of superficial structural
disorder. Here, the structurally disordered surface of the nanoparticles becomes heavily
prone to phenomena such as spin-canting and behaves differently from the structurally
ordered core. Then, the system as a whole reacts to applied magnetic fields as a makeshift
magnetic core/shell, whose components undergo magnetic coupling during hysteresis
loops, giving rise to horizontal shifts that manifest as a difference in the moduli of the
negative and positive measured coercive fields, |HC1| and |HC2|, respectively. When
the horizontal shift is observed in zero field-cooled hysteresis loops (such as in the present
case), it is usually indicated as spontaneous exchange bias (SEB) [33–35,41–44].

Considering the small size of the magnetic nanoparticles of all the aerogel and xerogel
samples, a single domain behavior can be expected in all the nanocomposites, but taking
in great care the indications provided by DC magnetometry and XRD, some additional
assumptions can be made on both classes of samples. XRD indicates that the nanoparticles
of A10_900_1 and A15_900_1 are bigger than those of X10_900_1 and X15_900_1, and also
shows the presence of a few low intensity peaks that are attributed to impurities of CuO
and α-Fe2O3. While the formation of small impurities is not expected to revolutionize
the overall magnetic response of A10_900_1 and A15_900_1, their presence paired with
increased magnetic hardness, spontaneous exchange bias and higher unblocking tempera-
tures suggest that the magnetic nanoparticles included in the aerogel matrices tend to be
more structurally disordered and that the presence of impurities might be located at the
nanoparticles’ surface, thus increasing the superficial disorder and consequently giving
rise to a patched makeshift shell from the structural point of view. If one considers these
“composed” nanoparticles, it is clear why they require higher temperatures to undergo
superparamagnetic relaxation and can reach lower saturation magnetization: the structural
disordered surface lowers the number of atomic moments that can be successfully reori-
ented under an external magnetic field, while opposing the thermal unblocking and the
re-orientation of magnetic moments from the ordered “core” region. On the other hand,
the lower unblocking temperatures and the narrow, symmetric hysteresis loops indicate
that the xerogel samples contain smaller, well-formed crystal domains that do not show the
disorder-related responses observed in aerogel samples and give rise to nanocomposites
with a softer magnetic response and higher saturation magnetization.

Even considering the varied effect of the xerogel and aerogel matrices on the final
magnetic features of the nanocomposites and the minor impurities observed in the aerogel
samples, the controlled inclusion of copper ferrite nanoparticles in both xerogel and aerogel
affects their magnetic features and distances them from the magnetic response of a typical
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population of similar sized unsupported nanoparticles [40,45]. In a comparison between
evenly sized unsupported nanoparticles and nanoparticles included in nanocomposites,
the former are magnetically harder, with higher exchange bias and tendentially lower satu-
ration magnetization values. This means that the inclusion of copper ferrite nanoparticles
inside aerogel and xerogel matrices helps in controlling their size and maintaining it well
within the single domain regime, lowers the interparticle interaction and consequently
boosts the saturation magnetization, while restoring the soft magnetic features typically
observed in copper ferrite.

4. Conclusions

The sol-gel method used has shown to be effective in obtaining nanocomposites where
copper ferrite nanoparticles are well dispersed in a silica matrix, both in the form of a
highly porous aerogel or a denser xerogel. Crystallization of the copper ferrite phase
within the matrix is achieved through thermal treatments of the xerogels and aerogels, and
samples exhibit nanoparticles with average size within 10 nm after treatment at 900 ◦C.
Even at this high temperature the nanocomposites maintain their porous structure as
evidenced by the TEM images, with nanoparticles which are very well separated within
the matrix. The average sizes of the ferrite nanoparticles depend on both the texture
of the matrix and the loading of the ferrite, influencing the overall magnetic behavior
of the samples. In particular, DC magnetometry indicates that the samples exhibit a
superparamagnetic behavior and are unblocked at room temperature, with magnetic
interactions partially coming into play in determining the final magnetic features of the
nanocomposites. Moreover, the results obtained by DC magnetometry at low temperature,
when the nanocomposites are in a magnetically blocked state, highlight how the spatial
distribution of the magnetic phase operated by aerogel and xerogel matrices helps in
boosting the saturation magnetization and lowering the coercivity in comparison with the
magnetic response obtained by populations of unsupported nanoparticles of similar size.
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Abstract: The development of actuators with remote control is important for the construction of
devices for soft robotics. The present paper describes a responsive hydrogel of nontoxic, biocom-
patible, and biodegradable polymer carboxymethyl hydroxypropyl guar with dynamic covalent
cross-links and embedded cobalt ferrite nanoparticles. The nanoparticles significantly enhance the
mechanical properties of the gel, acting as additional multifunctional non-covalent linkages between
the polymer chains. High magnetization of the cobalt ferrite nanoparticles provides to the gel a strong
responsiveness to the magnetic field, even at rather small content of nanoparticles. It is demonstrated
that labile cross-links in the polymer matrix impart to the hydrogel the ability of self-healing and
reshaping as well as a fast response to the magnetic field. In addition, the gel shows pronounced
pH sensitivity due to pH-cleavable cross-links. The possibility to use the multiresponsive gel as a
magnetic-field-triggered actuator is demonstrated.

Keywords: polymer hydrogel; self-healing; magnetic gel; actuator

1. Introduction

Polymer hydrogels demonstrate highly responsive properties to various stimuli in-
cluding temperature, pH-, magnetic field, and so on [1–4]. Of particular interest are
magnetic-field-sensitive hydrogels (so-called ferrogels) [5–10], since they demonstrate
rapid response to the stimulus and remote-control ability [11,12]. To provide magnetic-
field responsiveness, magnetic particles like magnetite Fe3O4 [13], maghemite γ-Fe2O3, or
cobalt ferrite CoFe2O4 [11,14,15] should be incorporated into the gel matrix. The resulting
material combines the magnetic properties inherent to magnetic filler and the elastic prop-
erties inherent to hydrogels. When the magnetic field is applied, it induces the interaction
between the particles, which leads to the change of the shape and of the elastic properties
of the entire gel in a fast and reversible manner. It makes the magnetic-field responsive
gels especially important for the development of remotely manipulated actuators for soft
robotics [16], controlled valves [6], or plugs [8], and so on.

Magnetic hydrogels based on natural polymers are preferable over the other gels
because of their enhanced sustainability, biocompatibility, biodegradation, and nontoxic-
ity [12]. Biocompatible magnetic hydrogels are very promising as catheters for remotely
controlled manipulation systems [17], microgrippers for excising cells and intravascu-
lar surgery [18], vehicles for magnetically guided drug delivery [19–22], and so forth.
Biopolymer magnetic gels not only provide the possibility of biomedical applications,
but also (which is even more important) significantly reduce the environmental pollution.
Usually, such hydrogels are produced from various polysaccharides including sodium algi-
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nate [23,24], cellulose [22,25] and its derivatives [26], κ-carrageenan [27], chitosan [28,29]
and its derivatives [30], agarose [31], starch [21], and some others.

Much less attention has been paid to guar gum polysaccharide. At the same time, it is
cheap and produced in very large amounts from the seeds of Cyamopsis tetragonolobus [32],
that is, from renewable biomass resources. Guar gum is a high-molecular weight non-ionic
polysaccharide, which consists of α-(1→4)-linked-D-mannopyranose backbone with α-D-
galactopyranosyl side groups attached by (1→6) linkages [32]. It easily forms gels upon the
addition of various cross-linkers such as glutaraldehyde, phosphate, urea-formaldehyde,
and borate [33]. Among them, borate is especially interesting, because it provides dynamic
covalent cross-links with 1,2-cis-diol groups of polymer [34]. The enthalpy of formation of
such bonds is rather low and equals 5–20 kT [35,36], which is much lower than the energy
of “standard” covalent bonds [37]. As a consequence, borate cross-links are “labile” and
reversibly break and recombine even at room temperature. Such labile cross-links provide
faster response to external triggers as well as reshaping and self-healing ability that are
highly requested in soft robotics.

Currently, there are only few papers describing guar gum magnetic gels. Most of them
consider the combination of guar gum with synthetic polymers like polyacrylamide [38,39].
To the best of our knowledge, the magnetic guar gum gels without other polymer com-
ponents were studied only in one paper [33], but these gels were formed only at elevated
temperatures. This is useful for injection applications but significantly restricts the usage
of these gels in many other areas, for instance, in the production of actuators.

The aim of the present paper is to prepare at room temperature the magnetically
actuated hydrogels with fast response to the magnetic field on the basis of a guar gum
derivative—carboxymethyl hydroxypropyl guar (CMHPG). To provide fast response, we
use dynamic covalent cross-links, which allow the polymer matrix to easily follow the
displacement of magnetic particles under the action of a magnetic field. Additionally, a
dynamic nature of the cross-links imparts to the gel reshaping and self-healing ability.
In order to enhance the magnetic response, we use cobalt ferrite CoFe2O4 nanoparticles
(NPs), which have higher magnetization than, for instance, magnetite NPs of the same
size [40,41]; therefore, they are preferable for obtaining magnetic gels with strong response
to magnetic field.

2. Materials and Methods
2.1. Materials

CMHPG POLYFLOS CH410P was provided by Lamberti (Gallarate, Italy). It is an
anionic polyelectrolyte, derivative of a polysaccharide guar, bearing hydroxypropyl and
carboxymethyl groups (Figure 1).

κ
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α →

–
is much lower than the energy of “standard” covalent bonds [

links are “labile” and reversibly 

—

 

α

Figure 1. Chemical structure of carboxymethyl hydroxypropyl guar (CMHPG).

From NMR data, the degree of substitution of side α-D-galactopyranosyl units is
equal to 0.8; the degrees of hydroxypropylation and carboxymethylation (numbers of
hydroxypropyl and carboxymethyl groups per one monosaccharide residue) are 0.41 and
0.1, respectively [42]. According to viscometry, the molecular weight of CMHPG macro-
molecules is 1.6 × 106 g/mol [42]. Hydroxypropyl guar (HPG) Jaguar HP105 from Solvay

68



Nanomaterials 2021, 11, 1271

(Brussels, Belgium), boric acid (>99.9% purity) from ACROS (Geel, Belgium), potassium
hydroxide (>98% purity) from Sigma Aldrich (St. Louis, MO, USA), and cobalt ferrite
(CoFe2O4) NPs (99% trace metal basis) from Sigma Aldrich (St. Louis, MO, USA) were
used as received. Solutions were prepared with deionized distilled water obtained on a
Milli-Q device (Millipore, Burlington, MA, USA).

2.2. Polymer Purification

Aqueous CMHPG solution (0.5 wt%) was subjected to vacuum filtration through
ceramic filters (ROBU GmbH, Hattert, Germany) with a pore diameter of 16–40 µm to
remove water-insoluble impurities. Then, CMHPG was reprecipitated in ethanol (polymer
solution:ethanol = 1:10 v/v). The precipitate was dissolved in water and lyophilized.

2.3. Preparation of the Samples

First, a desired number of NPs was suspended in KOH aqueous solution (pH 11). At
this pH, CoFe2O4 NPs are negatively charged as a result of deprotonation of their surface
-OH groups [43], and, therefore, they are electrostatically stabilized in the solution. In order
to obtain a homogeneous dispersion, the solutions were ultrasonicated for 30 min with a
Sonorex RK102H ultrasonic bath (Bandelin GmbH, Berlin, Germany) at 40 ◦C. Immediately
after ultrasonication, dry polymer was added, and the solutions were mixed by a magnetic
stirrer overnight. As a result, stable and homogeneous dispersions of NPs in polymer
solutions (at polymer concentrations higher than 0.5 wt%) were obtained. Afterwards, a
cross-linker (borax) solution (3.9 wt%, pH 11) was added, and the mixture was vigorously
stirred with a spatula for 10–20 s and allowed to rest for a day, which resulted in the
formation of cross-linked gels. Final pH of the samples was kept at 10.7 ± 0.1 by adding a
small amount (1–3 µL) of 5M KOH solution when necessary.

2.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) and high resolution (HR-TEM) images were
obtained using JEM 2100 F/Cs (Jeol, Tokyo, Japan) operated at 200 kV and equipped
with UHR pole tip as well as spherical aberration corrector (CEOS, Heidelberg, Germany)
and EEL spectrometer (Gatan, Munich, Germany). To prepare the TEM specimens, a
drop (10 µL) of a pre-sonicated NPs aqueous solution was deposited onto a copper grid
and air-dried under ambient conditions. Typical preparation of the TEM specimens is
described elsewhere [44,45]. According to the TEM data, NPs are almost spherical and
rather monodisperse, and their mean size equals to 20 nm (Figure 2A). HR-TEM images
show that they are monocrystalline.

2.5. Magnetization Measurements

Magnetization curve of CoFe2O4 NPs was measured by a vibrating-sample magne-
tometer (VSM) 7407 (Lake Shore Cryotronics, Westerville, OH, USA)at room temperature
in the range of magnetic field strengths ± 16 kOe. Dry NPs powder (5.4 mg) was sealed in
a polyethylene container (4 × 4 × 0.5 mm) and laminated before measurements. NPs show
hard ferrimagnetic behavior (Figure 2B) [46] and are characterized by a saturation magneti-
zation Ms equal to 56.0 ± 0.5 emu/g, a rather large hysteresis loop with a high remanent
magnetization Mr of 30 ± 0.5 emu/g, and a coercive force HC of 2.2 ± 0.1 kOe. These
magnetic properties are typical for single magnetic domain particles and are consistent with
the data reported previously for CoFe2O4 NPs of similar size at room temperature [40,47].

69



Nanomaterials 2021, 11, 1271

–

–

–

–

′
uency ω = 0.04– –

the linear viscoelasticity mode (at a strain amplitude of γ = 3–

Figure 2. (A) TEM and HR-TEM images and histogram of the size distribution of CoFe2O4 NPs; (B) magnetic hysteresis
curve of CoFe2O4 NPs at 297 K.

2.6. Rheometry

Mechanical properties were investigated on a Physica MCR 301 rotational rheometer
(Anton Paar, Graz, Austria). The experimental procedures are described in detail in [48,49].
Plate–plate geometry of the measuring cell was used. For the measurements in the absence
of magnetic field, an upper plate had a diameter of 25 mm; and cylindrical gel samples
with diameter of 25 mm and height of 3–4 mm were synthesized. The temperature, which
was controlled using Peltier elements, was set to 20.00 ± 0.05 ◦C. To avoid evaporation
of the solvent from the sample during measurements, a casing with Peltier elements was
used. For the measurements in the presence of the magnetic field, a special plate–plate cell
(MRD70/1T, Anton Paar, Graz, Austria) made from nonmagnetic material was utilized.
The diameter of the upper measuring plate was 20 mm, and the gap was set at 0.7 mm. The
magnetic field in the range of 0–1 T was generated in the measuring cell in the direction
perpendicular to shear. The generated magnetic field was almost homogeneous at the
sample length scale.

Experiments were carried out in the oscillation mode, in which the frequency depen-
dences of the storage modulus G′ and the loss modulus G′′ were measured in the range
of external impact frequency ω = 0.04–50 s–1. All measurements were performed in the
linear viscoelasticity mode (at a strain amplitude of γ = 3–5%), in which the storage and
loss moduli were amplitude independent. Linear viscoelastic range was determined by
amplitude sweep measurements for CMHPG solution without borax and NPs, as well as
for gels with borax, and with both borax and NPs (Figure 3).

2.7. Actuation Force Measurements

Force generated by the gels in the magnetic field was measured by a custom-made
experimental setup equipped with a digital force meter 53002 (Megeon, Moscow, Russia)
with measurement limits 0–2 H and accuracy 1 mH. A magnetic field (0–0.26 Tl) was
generated by a permanent NdFeB magnet. During measurements, the sample and the
magnet were moved away for at least 15 cm from the force meter, and the sample was
connected to it by a non-magnetic spacer in order to avoid the influence of magnetic field
on the force measurements.
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Figure 3. Amplitude dependences of storage G′ (filled symbols) and loss G′′ (open symbols) moduli
for aqueous solutions containing CMHPG (black symbols), CMHPG and borax (dark cyan symbols),
CMHPG, borax, and CoFe2O4 NPs (red symbols). Concentrations: CMHPG—1 wt%; potassium
borate—0.058 wt% (molar ratio (borate)/(monomer units) = 0.5); NPs—10 wt%. Temperature: 20 ◦C.

3. Results and Discussion

In this article, we investigate hydrogels of CMHPG cross-linked by borate ions (borax)
with added 20-nm magnetic CoFe2O4 nanoparticles. The concentration of CMHPG is
fixed at 1 wt%, which corresponds to the semi-dilute regime [42]. In this regime, borate
can cross-link different CMHPG macromolecules into a network due to the formation of
dynamic covalent bonds with hydroxypropyl groups of the polymer [50]. Such cross-links
are formed only at high pH > 9.2, e.g., above the pKa of boric acid, when it is transformed
to borate [51]. Taking this into account, in the present work, the gels were prepared at pH
10.7. The concentration of NPs was varied in the range of 0–10 wt% (0–1.9 vol%).

3.1. Effect of NP Content

First, we investigate the effect of NPs concentration on the properties of CMHPG/borate
gels. In the absence of NPs, the gels show pronounced viscoelastic behavior (Figure 4A),
which confirms the formation of a cross-linked polymer network: a cross-over point be-
tween G′(ω) and G′′(ω) is observed due to the dynamic nature of borate cross-links, as a
result of which the gels can flow. Such a behavior is typical for hydroxypropyl guar (HPG)
gels cross-linked by borate [52].
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Figure 4. Frequency dependences of storage G′ (filled symbols) and loss G′′ (open symbols) moduli (A) and modulus of
complex viscosity |η*| (B) for hydrogels containing 1 wt% CMHPG, 0.058 wt% borax (molar ratio (borate)/(monomer
units) = 0.5) and various concentrations of CoFe2O4 NPs indicated in the figure. Temperature: 20 ◦C. Inlets show the
dependences of G0 (storage modulus at ω = 1.7 rad/s) and zero-shear viscosity η0 on NPs concentration.71
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Added NPs induce the increase of the storage modulus G’ (Figure 4A), suggesting
that NPs form cross-links between CMHPG chains in addition to borate cross-links. At the
same time, the gels retain viscoelastic behavior, meaning that the cross-links formed by
NPs are reversible, similar to the borate cross-links. Addition of NPs also results in the
shift of the cross-over point between G′(ω) and G′′(ω) to the left, e.g., to the increase of the
relaxation time (Figure 4A). This is explained by the fact that the movement of polymer
chains is slowed down by their interaction with NPs, leading to the retardation of stress
relaxation. Both these processes, formation of additional cross-links and slowing down of
stress relaxation, contribute to the increase of viscosity (Figure 4B). As seen from the inlet
in Figure 4B, zero-shear viscosity η0 (calculated from the low-frequency plateau value of
the modulus of complex viscosity |η*|, which coincides with η0 for borate-crosslinked
fluids [53,54]) increases with the rise of NP content. As mentioned above, this is related to
the diffusion of polymer chains, which is slowed down by their interaction with NPs.

Therefore, in the presence of NPs, dual cross-linked gels are formed, in which borate
ions and NPs serve as two types of dynamic cross-links (Figure 5). Cross-links by NPs are
formed due to non-covalent interactions of macromolecules with their surface. CMHPG
chains contain two types of functional groups—carboxylic and hydroxylic—which may be
involved in the interaction with NPs. In order to elucidate which groups are responsible
for cross-linking of polymer by NPs, a similar polymer—hydroxypropyl guar (HPG)—was
taken, which bears only hydroxyl groups. As seen from Figure 6, NPs induce similar
rheology enhancement of HPG solutions as for CMHPG. Therefore, it can be assumed
that hydroxylic groups mainly participate in the polymer–NP interactions. The fact that
carboxylic groups do not play a role in the binding of polymer to NPs may be explained
by the fact that, at high pH 10.7, all carboxylic groups are deprotonated [42]. At the same
time, cobalt ferrite has an isoelectric point at pH ~ 6.5; therefore, at pH 10.7, the NPs are
also strongly negatively charged [55]. Thus, electrostatic repulsion exists between –COO-

polymer groups and NPs. Consequently, one can assume that the formation of cross-
links by NPs is due to the interaction of hydroxylic groups of polymer with their surface.
Literature data suggest that this interaction may be due to the formation of hydrogen
bonds. Previously, guar absorption was observed on alumina, titania, and some other
mineral-bearing surface –OH groups [56]. The formation of hydrogen bonds was observed
in the case of HPG interacting with TiO2 NPs even at high pH ~ 10, when the NPs are
negatively charged [57]. Though individual bonds between polymer and NP are weak,
the resulting cross-links are rather strong and contribute to the storage modulus G′, since
many groups can interact with one NP with the formation of a “multipoint” cross-link.

G’ (Fig

′(ω) ″(ω)

shear viscosity η
the modulus of complex viscosity |η*|, which coincides with η

— —

—
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–
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′
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Figure 5. Scheme of formation of a CMHPG hydrogel dual-crosslinked by borate ions and CoFe2O4

magnetic NPs.
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for hydrogels containing 1 wt% HPG, 0.058 wt% borax (molar ratio (borate)/(monomer units) = 0.5)
and various concentrations of CoFe2O4 NPs indicated in the figure. Temperature: 20 ◦C.

The formation of cross-links by NPs is possible because of their rather small size
(20 nm). Indeed, the degree of polymerization of CMHPG is ca. 2000 (assuming that
one monomer unit is constituted by two monosaccharide residues in the main chain,
with some side galactose units attached). Taking into account that the projection of the
repeat saccharide unit on the main chain is ~0.52 nm [58], the contour length of a CMHPG
macromolecule equals to ca. 2 µm. Water is a good solvent for CMHPG [59]; therefore,
macromolecules are in expanded coil conformation. Their end-to-end distance R can be
estimated by using the equation [60]

R = lk × nk
3/5 = 316 nm (1)

where lk = 20 nm is the Kuhn segment and nk = L/lk = 100 is the number of Kuhn segments
in the chain. For the Kuhn segment, an intrinsic value of 20 nm for guar was taken [61]. If
polyelectrolyte effect, resulting from the presence of carboxymethyl groups, is taken into
account, this would increase the length of Kuhn segment, and, correspondingly, the value
of R. At 10 wt% of NPs, the mean distance between their surfaces is ca. 40 nm. Therefore,
the size of the polymer coils is much larger than the distance between NPs. Consequently,
one polymer chain can interact with several NPsand “connect” them together, which results
in the increase of mechanical properties. Previously, in the literature, it was mentioned that
small size of non-magnetic TiO2 particles is crucial for thickening of guar solutions [57].

Moreover, NPs are effective for the enhancement of viscoelastic properties of the
gels, since one NP can possibly connect multiple macromolecules and serve as a “mul-
tifunctional” cross-link, contrary to one borate ion, which can link no more than two
macromolecules. Indeed, the hydrodynamic radius of the polymer coil is [58]

Rh= (3π/128)1/2 × R ≈ 85 nm (2)

The volume around one NP with a radius r = 10 nm, which can be occupied by
macromolecules having contact with the NP surface, can be estimated as [62]

V = 4/3π [(2Rh + r) 3 – r3
]

(3)

The number of macromolecules attached to one NP may be approximately calculated
(assuming that polymer coils near the surface of NP do not overlap) as na = V/V1 ≈ 9,
where V1 = 4/3πRh

3 is the hydrodynamic volume of a single polymer coil.
Therefore, the use of rather small NPs as compared to the size of polymer coils allows

obtaining dual physically cross-linked gels of CMHPG, where “single” cross-links are
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formed by borate ions, and “multiple” cross-links are represented by NPs. Addition of
more NPs results in the enhancement of the mechanical properties of the gels.

3.2. Effect of Borate Content

In order to find the optimal conditions for the formation of CMHPG/borate/NP
gels, the effect of borate concentration on the mechanical properties was studied. As seen
from Figure 7A, the increase of borate concentration induces a significant enhancement
of viscoelastic properties. Indeed, in the absence of borax, only very weak viscoelastic
properties are seen, which are due to cross-links formed by NPs and some entanglements
between polymer chains. Upon addition of borate, a high-frequency plateau at G′(ω)
dependence appears and widens, whereas the cross-over point between G′(ω) and G′′(ω)
moves to the left, meaning the increase of the relaxation time. This shows that, in addition
to NP cross-links, borate cross-links are formed, and their amount rises with increasing
borate concentration, contributing to the formation of a more tightly cross-linked network.

are formed by borate ions, and “multiple” cross

′(ω) 
′(ω) and G″(ω) 

work. 

 

) Frequency dependences of storage G′ (filled symbols) and loss G″ (open symbols) moduli for hydrogels 
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Figure 7. (A) Frequency dependences of storage G′ (filled symbols) and loss G′′ (open symbols) moduli for hydrogels
containing 1 wt% CMHPG, various concentrations of borate (indicated in the figure) and 10 wt% CoFe2O4 NPs. (B) De-
pendences of G0 (storage modulus at ω = 1.7 rad/s), η0 (zero-shear viscosity), and relaxation time (τ) on the molar ratio
of borate to CMHPG monomer units in the absence (open symbols) and in the presence of 10 wt% CoFe2O4 NPs (filled
symbols). Temperature: 20 ◦C.

From Figure 7B, it is seen that in a wide range of borate concentrations (molar ratios
of borate to monomer units from 0 to ca. 2), the rheological characteristics (high-frequency
storage modulus G0, zero-shear viscosity η0, and relaxation time τ) of the gels grow with
increasing borate content. Additionally, these characteristics are larger in the presence of
NPs than without them. It indicates that NPs form cross-links between polymer chains.

At very high borate concentrations (molar ratios of borate to monomer units higher
than 2), the rheological properties level off, which suggests that all accessible 1,2-cis-diol
groups are involved in the interaction with borax (with the formation of both di-diol cross-
links between one borate ion and two polymer chains, as well as mono-diol complexes
between one borate ion and one macromolecule). Note that at these conditions, the
rheological properties with and without NPs almost coincide. This may indicate that borate
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ions compete with NPs for 1,2-cis-diol groups of polymer; therefore, at the excess of borate,
NPs cannot form cross-links. These results count in favor of our suggestion that hydroxyl
groups of CMHPG are involved in the interaction with NPs.

Thus, the gels dually cross-linked by NPs and borax are formed in a wide range of
borate concentrations, where the total number of accessible hydroxyl groups is rather large.

3.3. Effect of pH

Since borate cross-links are pH-cleavable [34], it is of interest to study the effect of pH
on the rheological properties of CMHPG/borate/NP gels. Figure 8 shows the frequency
dependencies of storage and loss moduli of the gels at different pH of the solutions: 8 and
10.7. It is seen that at pH 10.7 the frequency range corresponding to predominantly elastic
response (G′ > G′′) is very broad and there is a wide plateau of the G′(ω) curve. At pH 8, the
plateau disappears, and the frequency range corresponding to elastic response diminishes.
At this pH, the G′(ω) and G′′(ω) curves approach those for the same system in the absence
of borate, suggesting the disruption of most of the borate cross-links. This is consistent with
the literature data for galactomannan/borax gels, indicating that the cross-links persist
only at pH higher than 9.0 [51]. At the same time, even in the absence of borate cross-links,
the system keeps viscoelastic behavior, which is due to some entanglements between
macromolecules and the remaining cross-links by NPs. Therefore, one can suggest that
lowering pH from 10.7 to 8 disrupts most borate cross-links, whereas cross-links by NPs
still persist in the system. Such behavior can be quite helpful for the application of these
gels as actuators, since it helps to reversibly tune the mechanical properties of the gel,
making its matrix softer and more responsive to external triggers like magnetic field.
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Frequency dependences of storage G′ (filled symbols) and loss G″ (open symbols) moduli Figure 8. Frequency dependences of storage G′ (filled symbols) and loss G′′ (open symbols) moduli
for hydrogels containing 1 wt% CMHPG, 10 wt% CoFe2O4 NPs in the presence of 0.116 wt% borax
(molar ratio borate/monomer units = 1) at pH 10.7 (diamonds) or 8 (squares) and in the absence of
borax at pH 8 (hexagons). Temperature: 20 ◦C.

3.4. Effect of Magnetic Field on Mechanical Properties

For the application of CMHPG/borate/NP gels as magnetic-field-triggered actuators,
it is important to elucidate the effect of magnetic field on their mechanical properties. In
order to investigate this effect, the gels were put into a uniform magnetic field, and their
mechanical properties were studied at shear deformations perpendicular to the field. It
is seen (Figure 9) that the magnetic field has a strong effect on the mechanical properties:
the high-frequency storage modulus G0 significantly increases with the rise of the field
intensity. These results can be explained as follows. When a uniform magnetic field is
applied, NPs acquire magnetization and interact by magnetic forces, moving towards
each other and forming chain-like structures, which are oriented along the field force
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lines (Figure 9). The chains formed by magnetic NPs are oriented perpendicular to shear;
therefore, they inhibit the deformation, which is manifested in the increase of the elastic
modulus. This effect was previously observed for various magnetic materials, including
magnetic elastomers [63], polymer [64] and surfactant hydrogels [65]; however, to the best
of our knowledge, it has never been reported for borate cross-linked magnetic gels. Borate
cross-links play an important role in high sensitivity of the gels to magnetic field: indeed,
borate cross-links, as well as the bonds between polymer chains and NPs, are dynamic and
reversible; therefore, NPs are able to move inside the borate-cross-linked polymer matrix
to follow the magnetic field.
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Figure 9. Dependences of G0 (storage modulus at ω = 1.7 rad/s) on magnetic field strength for hydrogels containing
1 wt% CMHPG, 10 wt% CoFe2O4 NPs in the presence of different borax concentrations: 0.023 wt% (corresponding to
borate/monomer units = 0.2 − squares) and 0.058 wt% (corresponding to borate/monomer units = 0.5 − diamonds).
Temperature: 20 ◦C.

In the case of a loosely cross-linked polymer matrix (borate/monomer units = 0.2),
the effect of magnetic field on the elastic modulus is much stronger than for a tightly
cross-linked CMPGH (borate/monomer units = 0.5). This is explained by the fact that at
low elasticity of the polymer matrix, NPs can easily move and form well-assembled chains,
while for a strongly cross-linked matrix, elastic forces acting on NPs from the polymer
network resist their movement and formation of NP chains. In the latter case, the mesh
size of the network ξ was estimated from the value of the elastic modulus G0 by using the
equation [60]

G0= kT/ξ3 (4)

where k is the Boltzmann constant, and T is the absolute temperature. ξ equals to ca. 45
nm, which is comparable to the size of NPs (20 nm). Due to this, the particles are not tightly
fixed and are able to move inside the network, but polymer coils serve as obstacles and
hamper free movement.

The dependences of G0 on the magnetic field show hysteresis: when the magnetic
field is reduced, the elastic modulus is higher than for the case of increasing field (Figure 9).
This is presumably due to the ferrimagnetic properties of cobalt ferrite NPs: they possess
high remanent magnetization (Figure 2B), and when the field is removed, they still interact
due to remanent magnetic moments, and chain-like structures are not completely broken.
Their partial conservation in the absence of the field may be assisted by the elasticity of the
polymer matrix preventing disorganization of NPs.

Therefore, the mechanical properties of CMHPG/borate/NP magnetic gels can be
enhanced by magnetic field, which is due to the formation of NP chains made possible due
to the dynamic nature of cross-links in the gels.
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3.5. Reshaping and Self-Healing

A possibility to modify the shape in a controlled manner can play an essential role
in the development of functional actuators. Reshaping of CMHPG/borate/NP gels was
investigated at room temperature on an example of hydrogel containing 1 wt% CMHPG,
0.116 wt% borax (molar ratio borate/monomer units = 1), and 10 wt% CoFe2O4 NPs. To
modify the shape, the sample was slowly reformed by a spatula. It was observed that
the hydrogels can be easily reshaped many times, as shown in Figure 10. The shape
deformation occurs instantaneously. It is obviously due to the labile character of cross-links
both by borax and by NPs, which under the external force can quickly break and reform in
order to keep the new shape.

 

Figure 10. Reshaping of hydrogels containing 1 wt% CMHPG, 10 wt% CoFe2O4 NPs in the presence
of 0.116 wt% borax (molar ratio borate/monomer units = 1) at pH 10.7. Temperature: 20 ◦C.

Self-healing of CMHPG/borate/NP gels was studied at room temperature by cutting
a gel sample in half and placing the two parts in contact for 10 min. During this time,
the gel was completely restored. Being stretched, the healed gel did not break at the cut
(Figure 11A and Video S1 of Supplementary materials). After 10 min, the gel exhibited
100% healing efficiency with regard to the elongation ratios. Remote self-healing by the
magnetic field was also achieved (Figure 11B and Video S2 of Supplementary materials).
In this case, two parts of the cut gel were placed in the field of a magnet (0.26 T), and they
were brought together remotely by magnetic forces acting on the NPs. Since NPs are bound
to the polymer matrix, this resulted in the movement of the gel as a whole. The gel regained
conformity in less than 1 min. After 15 min, the self-healed gel was stretched by a factor of
7 without breaking. The observed self-healing properties are due to fast restoration of both
types of labile cross-links between polymer chains.

Thus, the CMHPG/borate/NP gels demonstrate the ability to reshape and self-heal,
which mimics the healing of muscles and will help to prolong the lifetime of the actuators.

3.6. Actuation

In order to study the actuation capability of CMHPG/borate/NP gels, a strip of the
gel (80 mm length, 5×5 mm wide) containing 1 wt% CMHPG, 0.116 wt% borate (molar
ratio borate/monomer units = 1), and 10 wt% CoFe2O4 NPs was prepared. This strip
was put in the non-uniform magnetic field of a permanent magnet (Figure 12A), so that
one end of the strip was located close to the magnet pole. When the other end of the
strip, located far from the pole, was released, the gel contracted very rapidly—in 0.5 s,
it decreased its length by a factor of 5, meaning that the gel shows a very fast actuation
capability. This is due to the movement of magnetic NPs in the non-uniform magnetic field,
which tend to displace along the field gradient, e.g., attract to the magnet pole. Since NPs
are bound to the polymer matrix, this causes the movement of the gel as a whole. Large
and fast deformations of the gel are possible due to the dynamic nature of borate and NPs
cross-links, which reversibly break and adapt to the movement of the material.
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Figure 11. Self-healing of hydrogels containing 1 wt% CMHPG, 10 wt% CoFe2O4 NPs and 0.116 wt% borax (molar ratio
borate/monomer units = 1) at pH 10.7 by bringing two parts in contact (A) and remotely in the presence of magnetic field
(B). Temperature: 20 ◦C.

To quantify the actuation capability of the gels, the force generated by them in the
magnetic field was measured. Both ends of the gel stripe were fixed, and the magnetic
field acting on the gel was varied by changing the distance from the magnet (Figure 12B).
Another end of the gel stripe was connected to a force meter. From Figure 12C, it is
seen that the force generated by the gel rises with the increase of the magnetic field
gradient, which is evidently due to stronger magnetic forces acting on NPs. It should be
noted that the actuation force appears in rather low magnetic fields (up to 0.26 T) and
low field gradients (15–20 T/m). Such fields may be created by small magnets, which
makes CMHPG/borax/NP gels promising for use as compact actuators with controllable
actuation force. In order to generate the force, direct contact of the gel with the magnet is not
necessary, which means that the remote actuation (through some surfaces or non-magnetic
materials) may be achieved.

A combination of high deformability and strong and fast response is possible due
to the utilization of very small cobalt ferrite NPs, which have high magnetization and at
the same time increase the mechanical strength of the gels, and the use of dynamic borate
cross-links between polymer molecules.
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Figure 12. (A) Movement of the hydrogel (1 wt% CMHPG, 0.116 wt% borax (molar ratio borate/monomer units = 1),
and 10 wt% CoFe2O4 NPs) in a non-uniform magnetic field of a permanent magnet; (B) dependence of the magnetic field
strength on the distance from the magnet; (C) dependence of the force generated by the gel in the non-uniform magnetic
field on the magnetic field gradient (calculated in the center of the gel).

4. Conclusions

Hydrogels with strong and fast response to the magnetic field were prepared from
CMHPG polysaccharide dually cross-linked by cobalt ferrite NPs and borate ions, both
types of cross-links being labile and easily reformable. It is shown that multifunctional NP
cross-links enhance the mechanical properties of the gels. At the same time, the lability
of cross-links imparts such useful functional properties as self-healing and reshaping as
well as fast response to external stimuli. It is discovered that the mechanical properties of
the gels are magnetically tunable: their elastic modulus increases in the external magnetic
field, and the strongest increase is observed for the case of the polymer matrix loosely cross-
linked by borate. This is explained by the fact that NPs can move inside the polymer matrix
cross-linked by labile borate bonds and adapt to the change of the external field. In addition
to magnetoresponsive properties provided by NPs, the gels exhibit pH-sensitivity provided
by pH-cleavable borate cross-links. Multiresponsive properties and fast reaction to the
triggers make the gel prospective for various actuator and sensing applications. Future
efforts in this area may be directed at the cross-linking of polymer carboxylic functional
groups (for instance, by multivalent metal ions) and obtaining mechanically tough and
multiresponsive gels triply cross-linked by metal ions, borate, and NPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11051271/s1, Video S1: self-healing of gels by mechanical contact, Video S2: self-healing
of gels by magnetic field.
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Abstract: Two series of composite polyacrylamide (PAAm) gels with embedded superparamagnetic
Fe2O3 or diamagnetic Al2O3 nanoparticles were synthesized, aiming to study the direct contribution
of the magnetic interactions to the ferrogel biocompatibility. The proliferative activity was estimated
for the case of human dermal fibroblast culture grown onto the surfaces of these types of substrates.
Spherical non-agglomerated nanoparticles (NPs) of 20–40 nm in diameter were prepared by laser
target evaporation (LTE) electrophysical technique. The concentration of the NPs in gel was fixed
at 0.0, 0.3, 0.6, or 1.2 wt.%. Mechanical, electrical, and magnetic properties of composite gels
were characterized by the dependence of Young’s modulus, electrical potential, magnetization
measurements on the content of embedded NPs. The fibroblast monolayer density grown onto the
surface of composite substrates was considered as an indicator of the material biocompatibility after
96 h of incubation. Regardless of the superparamagnetic or diamagnetic nature of nanoparticles, the
increase in their concentration in the PAAm composite provided a parallel increase in the cell culture
proliferation when grown onto the surface of composite substrates. The effects of cell interaction
with the nanostructured surface of composites are discussed in order to explain the results.

Keywords: hydrogel; Fe2O3 and Al2O3 nanoparticles; gel-based composites; magnetic properties;
cells; biocompatibility

1. Introduction

In the past several decades, a number of biologically inert materials were introduced as
useful composites for cell culturing for the needs of tissue engineering [1,2]. Among others,
magnetic soft materials such as ferrogels (FG) have demonstrated promising applications
in biomedicine due to the ability to change their physical properties in response to an
external magnetic field [3,4] or to be used as the components of the addressed delivery
by the gradient external magnetic field both the encapsulated drugs and soft implants [5].
Furthermore, a magnetic field per se may stimulate the biological activity of certain types
of cells [6,7] by the enhancement of cell adhesion, proliferation, differentiation as far as
modifying properties of the fluids used for cell cultivation [8–10].

In our earlier studies, we tested the biocompatibility of ferrogel based on the poly-
acrylamide (PAAm) polymer network with embedded maghemite (γ-Fe2O3) magnetic
nanoparticles (MNPs) fabricated by the electrophysical technique of the laser target evap-
oration (LTE) [11]. Such parameters as adhesion and proliferation of human peripheral

83



Nanomaterials 2021, 11, 1041

leucocytes or human dermal fibroblasts when grown onto the surface of the FG samples
were studied. It became clear that the addition of magnetic nanoparticles to the PAAm
gel network always resulted in an increase in cell adhesion and proliferation when grown
onto the surface of the gel-based composites [12,13]. In particular, the gradual increase in
magnetic nanoparticle concentration in PAAm gel from 0 to 2 wt.% was accompanied by
the increase in cell monolayer density by a factor of five for the culture grown onto the
FG surface [14].

Meanwhile, the nature of the positive impact of MNPs on the biocompatibility of
ferrogels is still not clear. Many direct and/or indirect factors can contribute to this
phenomenon. In particular, the addition of magnetic nanoparticles to the network of PAAm
gel significantly changes the electrical and mechanical properties of FG that strongly control
the cell adhesion and proliferation on the ferrogel substrate [13–15]. The arrangement
of MNPs in ferrogel structure is also a potential source of stray magnetic fields [5,16].
This feature, could hypothetically influence biological cell activity as well. At a time, the
existence of stray magnetic fields of the gel-based composites can be used for the definition
of implant position or degradation state using magnetic field sensors [5,16].

The aim of the present study was to check whether the magnetic MNPs per se affect
the ferrogel biocompatibility. In particular, we intended to compare the biocompatibility of
series of composite gels with embedded superparamagnetic and diamagnetic nanoparticles,
which were almost the same in terms of their characteristic dimensions, morphology, and
the properties of their suspensions in water. We analyzed the mechanical properties of
these series of composite gels, their electrical potential, and the proliferative activity of
human dermal fibroblasts on the surface of these two series of gel-based substrates.

Here, we show that regardless of the superparamagnetic or diamagnetic nature of
nanoparticles, the increase in NPs concentration in the nanostructured PAAm gel was accom-
panied by a similar increase in the cell proliferation on the surface of the gel-based substrates.

2. Materials and Methods
2.1. Synthesis and Characterization of Nanoparticles

Maghemite superparamagnetic (γ-Fe2O3) and alumina (Al2O3) diamagnetic nanopar-
ticles, denoted as MNPs (maghemite) and ANPs (alumina), were accordingly synthesized
by means of laser target evaporation (LTE) method. The main details of the fabrication tech-
nology and the apparatus of LTE were described in detail in our previous reports [5,11,13].
As a source of laser irradiation for iron oxide rotating target evaporation, we used a
Ytterbium (Yb) fiber laser at a 1.07 µm wavelength.

As-synthesized air-dry MNPs and ANPs were studied using transmission electron
microscopy (JEOL JEM2100, JEOL Corporation, Tokyo, Japan) operated at 200 kV. For
TEM studies MNPs and ANPs were spread onto a Cu grid. Characterization of phase
composition of MNPs and ANPs was done using X-ray diffraction technique (Bruker D8
Discover, Bruker Corporation, Billerica, MA, USA) with a graphite monochromator (Cu Kα

radiation, wavelength λ = 1.5418 A) and a scintillation detector. The diffractograms were
processed by Rietveld full-profile refinement using built-in Bruker software TOPAS-3. The
specific surface area (Ssp) of nanoparticles was measured using Micromeritics TriStar3000
analyzer (Micromeritics, Norcross, GA, USA).

Magnetic characterization of MNPs and ANPs was done using a superconducting
quantum device, SQUID (Quantum Design MPMS-7, Quantum Design Inc., San Diego,
CA, USA). All magnetic measurements were made at room temperature. Apart from the
measurements of the magnetic hysteresis loops M(H) for MNPs and ANPs, M(H) loops
were also measured for all kinds of gels (blank gel, ferrogel field with MNPs, and gels filled
with ANPs). For magnetic measurements of MNPs and ANPs, samples of about 5 mg for
MNPs and 10 mg for AMPs were used. For gel-based composites, samples of about 60 mg
were employed.

The mean hydrodynamic diameter of particles/aggregates in suspensions was measured
by the dynamic light scattering (DLS) using Brookhaven ZetaPlus analyzer (Brookhaven
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Instruments, Holtsville, NY, USA). The same instrument was used for the measurement of
the zeta-potential in suspensions by the electrophoretic light scattering (ELS).

In addition, scanning electron microscopy (SEM) of dried MNPs and ANPs filled gel
composites were performed with 20 kV accelerating voltage (JEOL JSM-640, JEOL Corpo-
ration, Tokyo, Japan). In order to avoid the surface charging of the polymer composite, a
carbon film using a sputtering technique was deposited onto the composite surfaces with a
thickness of about 20 nm.

2.2. Synthesis of Composite Gels

Synthesis of composite gels with embedded MNPs and ANPs was performed by free-
radical polymerization of acrylamide monomers (AAm, AppliChem, Darmstadt, Germany)
dissolved in water suspensions of MNPs and ANPs. The suspensions were prepared by
the dispersion of nanoparticles in 5 mM water solution of sodium citrate, which was an
electrostatic stabilizer of the suspension. Dispersions were de-aggregated by ultrasound
treatment with permanent cooling for 30 min using Cole-Parmer CPX-750 (Cole-Parmer,
Vernon Hills, IL, USA) processor operated at 250 W. Remained large aggregates were
precipitated by centrifuging for 5 min at 8000 rpm using Hermle Z383 centrifuge (Hermle
AG, Gosheim, Germany). De-aggregation in suspensions was controlled using DLS. The
concentration of nanoparticles in these stock suspensions was determined using the weight
of a dry residue after drying at 90 ◦C to the constant weight (with the correction for the
dissolved sodium citrate). The content of MNPs in the stock suspension was as high as
4.8% by weight, and the content of ANPs was as high as 4.0%.

Stock suspensions were diluted by 5 mM water solution of sodium citrate to provide
variation of nanoparticle content in the resulted composite gels. Monomer AAm was
dissolved in MNPs and ANPs suspensions in 1.6 M concentration. Cross-linking agent
N,N’-methylene bisacrylamide (MBAA, Merck Schuchardt, Hohenbrunn, Germany) was
added in 1:100 molar ratio to AAm. An initiator, ammonium persulfate (APS), was used at
a 3 mM concentration. Polymerization was performed at room temperature employing
N,N,N’,N’-tetra-ethylene-methylenediamine (TEMED, Merck Schuchardt, Hohenbrunn,
Germany) in 5 mM concentration as a catalyst.

For the implication of substrates for cell cultivation, the composite gels were syn-
thesized in the shape of thin sheets. Therefore, polymerization was done between two
polished glass plates, separated by 0.8 mm spacers and using the mold sealing by a silicon
resin. The reaction mixture was poured between the plates using a syringe. It took approxi-
mately 5 min for the gelation of the reaction mixture in the mold. The mold was kept for an
extra 60 min to complete the polymerization, and then it was disassembled. The resulted
sheets of composite gels with embedded MNPs and ANPs were extensively washed in
distilled water with daily water renewal in order to remove salts and unreacted monomer
until the equilibrium water uptake was achieved. The final contents of nanoparticles in
the composite gels swollen to equilibrium were as high as 0.33%, 0.63%, and 1.19% in
the gel series with embedded MNPs, and 0.34%, 0.61%, and 1.23% in the gel series with
embedded ANPs.

Afterward, the gel sheets were equilibrated for 2 days in Hanks Balanced Salt Solution
(HBSS) pH = 6.8–7.2 (PanEco Ltd. Moscow, RF, Russia) with gentamicin (100 mg/L) with a
daily renewal of the solution. Then for 2 days, they were kept in 199 solution pH = 7.0–7.4,
osmolality 300 ± 20 mmol/kg, and a buffering capacity of ≤ 1.5 mL (PanEco Ltd. Moscow,
RF, Russia) with gentamicin (100 mg/L) with daily renewal. Then the substrates in the
shape of disks (13 mm in diameter) were cut from the gel sheets to fit the wells of the
standard 24-well polystyrene plate for cell culturing. Prior to their use in the cell culture,
the gel-based substrates were sterilized in an autoclave at 121 ◦C for 20 min.

2.3. Mechanical Properties and Electrical Potential of Nanostructured Gels

The elastic properties of gels and FGs were determined using a laboratory setup for
mechanical tests [12,15]. Cylindrical samples were placed between two plates. One was
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connected rigidly to the actuator of a linear electromagnetic motor, and the other was
connected to a precision strain-gage sensor. The motor induced compression strain with a
magnitude of up to 20% in steps of 2% of the initial gel length. Stress–strain dependences
were plotted as a result of these tests, and their linear sections were used to determine the
Young modulus for the investigated materials.

The electrical potential of gels was determined using the standard technique, which
is routinely applied to living cells. Specifically, two identical silver-chloride electrodes in
glass micropipettes TW150F-6 (World Precision Instruments, Sarasota, FL, USA) with a tip
diameter of ~1 µm filled with a 3 M KCl solution were used. One electrode was placed
in the solution surrounding the gel, and the other one was introduced into the studied
sample. The potential difference was measured with an INA 129 instrumentation amplifier
(Burr-Brown, Dallas, TX, USA).

2.4. Human Dermal Fibroblasts Culture

The lines of human dermal fibroblasts were obtained from donor skin, as described
previously [10,13,14]. Briefly, tissue biopsies were collected from patients (who have given
the informed contest) during surgery. The study was approved by the Ethics Committee
of the Institute of Medical Cell Technologies, Ekaterinburg. Skin biopsies were cut into
small pieces, and cells were extracted by tissue dissociation method. Extracted fibroblasts
were grown in culture flasks (Nunc, Roskilde, Denmark) at 37 ◦C and 5% CO2. Cells were
passaged when they covered 80% of the flask surface area. Then sub-culturing cells were
treated with 0.25% trypsin-EDTA solution (Gibco, Thermo Fisher Scientific, Inc., Waltham,
MA, USA). Cell number was estimated by cell counter TC-20 device (Bio-rad, Hercules,
CA, USA). The cell viability was measured by staining with trypan blue. Fibroblasts were
stored in liquid nitrogen.

2.5. Cells Proliferation Assays on Nanostructured Gel-Based Composites

Thawed cells were passaged 2 times before they were used in experiments. Fibroblasts
(fifth passage) were detached from the flask surface by trypsin. After detachment of cells,
trypsin was neutralized by fetal bovine serum. Gel discs with MNPs, ANPs, and blank gel
discs were placed into the wells of 24-well tissue-treated culture plates (Nunc, Roskilde,
Denmark). Some wells were left empty to be used as controls of cell growth on tissue-
treated culture plastic. Fibroblasts were re-suspended in a growth medium. The suspension
was dispensed in wells with a seeding density of 3000 viable cells/cm2 (viability ≥ 95%)
for all types of substrates. Plates were incubated at 37 ◦C, in the 5% CO2 atmosphere for
96 h. All cell experiments were performed without the application of the external magnetic
field. However, we did not shield possible laboratory magnetic fields, which usually do not
exceed one Oersted strength. After incubation, cells in the monolayer were fixed with 2.5%
glutaric aldehyde. Fibroblasts on the substrate surfaces were visualized by staining cell
nuclei with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) and
cytoplasm with 0.3% pyrazolone yellow solution. Cells were counted using a fluorescent
Axio Lab A1 FL (Carl Zeiss, Oberkochen, Germany) microscope. The analysis for nine fields
of view for each sample at “×100” magnification was done. The number of cells in images
was estimated using the ImageJ software (Wayne Rasband, NIH, Bethesda, MD, USA).

The experiment was performed in 6 replicates. We used the non-parametric Mann–
Whitney U-test in order to compare the statistical significance of the difference between
two independent groups with a level of significance set at 0.05. Statistical data processing
was performed employing the application software package “STATISTICA 6.0” (Statsoft,
Dell, Round Rock, TX, USA).

3. Results
3.1. Properties of Nanoparticles and Precursor Suspensions

Both MNPs and ANPs embedded into gel-based substrates were synthesized by the
LTE method, which provided their basic similarity despite different chemical composi-
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tions. Figure 1 shows TEM images of MNPs and ANPs with histograms of particle size
distributions (PSD) given in the insets, where Pn (d) is the number average lognormal
distribution function.
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Figure 1. TEM images of LTE MNPs (a) and ANPs (b). Inserts: histograms of PSDs; lines give fitting of PSD with lognormal
distribution function.

In both cases, the shape of nanoparticles was very close to being spherical, which was
the result of their condensation from the vapor phase. The histograms were plotted as a
result of the graphical analysis of 2572 images in the case of MNPs and 2206 images in the
case of ANPs. In both cases, the diameter of nanoparticles fell within the 5–50 nm interval
with a probability maximum of 14 nm. The histograms were nicely fitted by a lognormal
distribution function:
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Parameters of the distributions are given in Table 1; they were very close to each other.
Using the PSD parameters the values of number-average and weight-average diameter
could be calculated as the first and the third moments of the distribution. These values are
given in Table 1. Summarizing this set of data, we may conclude that from the viewpoint
of their shape and characteristic dimensions, MNPs and ANPs were very similar. The
similarity preserves concern their properties in water suspensions.

Table 1. Selected parameters of PSD for MNPs and ANPs in air-dry powder and water suspension.

Batch
Air-Dry Powder Water Suspension

d0 (nm) σ dn (nm) dw (nm) di (nm) dhd (nm) ζ0 (mV) ζ (mV)

MNP 14.1 ± 0.4 0.46 ± 0.02 14.9 28.3 40.3 68 ± 3 35 ± 4 −66 ± 5
ANP 14.5 ± 0.4 0.35 ± 0.02 17.9 24.1 34.3 62.9 ± 0.4 40 ± 5 −59 ± 4

dn: number-average diameter, calculated at the first moment of PSD; dw: weight-average diameter, calculated at the third moment of PSD;
di: intensity-average diameter, calculated at the fifth moment of PSD; dhd: hydrodynamic diameter in suspension by DLS; ζ0: zeta-potential
in self-stabilized suspension by ELS; ζ: zeta-potential in suspension stabilized with sodium citrate by ELS.

The crystal structure of MNPs corresponded to single-phase maghemite with an
inverse spinel cubic lattice (period a = 0.8357, 3 nm), space group Fd3m). The average size
of the coherent diffraction domains was 12 nm estimated using the Scherrer approach [17].
The crystal structure of ANPs was γ-Al2O3 with a cubic lattice (period a = 0.7924, 7 nm).
The average size of the coherent diffraction domains in ANPs was 17 nm.

The specific surface area (Ssp) of nanoparticles, determined using low-temperature
adsorption of nitrogen (BET method), was 93 m2/g for MNPs and 78 m2/g for ANPs. These
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values could be used for the evaluation of the average diameter of particles according to
the following Equation (2) [18], which relates the diameter of a sphere to its surface (S) and
density (ρ):

dBET =
6

ρSsp
(2)

The crystallographic density of particles was 4.6 g/cm3 in the case of MNPs, and
it was 3.6 g/cm3 in the case of ANPs. Given these values and the values of the specific
surface area, the average diameter of MNPs was evaluated to be 14.0 nm, and the diameter
of ANPs was 21.4 nm.

The specific feature of metal oxide nanoparticles synthesized by the method of gas-
phase physical dispersion is their self-stabilization in water suspensions [19]. It means
that stable suspensions of these nanoparticles in water can be prepared without using
special stabilizers. The basic reason for that is the formation of traces of nitrogen oxides
during the evaporation of the precursor oxide target in the air. This process is initiated
by high temperature (approximately 104 K) at the laser spot on the surface of the target
during its evaporation. Nitrogen oxides then provide traces of metal nitrides on the surface
of condensed nanoparticles. In water suspensions, nitrides dissociate, and the surface
gets a net positive electrical charge due to the metal ions while nitride ions migrate to
the water medium as counterions of the double electrical layer. It provides the colloidal
stability of the suspension, which can be characterized by the value of the zeta-potential of
the suspension. The values of zeta-potential for the self-stabilized suspensions of MNPs
and ANPs are given in Table 1. They are positive both for MNPs and ANPs and close to
each other. It indicates that the physical properties at the surface of these two batches of
nanoparticles are likely common.

Meanwhile, self-stabilization of suspension of LTE nanoparticles is a limiting factor,
and it can not provide the colloidal stability of these suspensions in the solutions with high
ionic strength, which is typical in biological systems. Therefore, suspensions for biomedical
applications were additionally stabilized by sodium citrate. Citrate ions adsorb on the
surface and reverse their electrical charge from positive to negative; sodium cations become
the counterions of the double electrical layer. The colloidal stability of the citrate-stabilized
suspensions increases. Table 1 gives the values of zeta-potential in citrate-stabilized sus-
pensions of MNPs and ANPs, which were used for the preparation of composite gel-based
substrates for cell culture. In both cases, zeta-potential was highly negative, indicating
that in both cases, the suspensions were very stable, and their colloidal properties were
much alike.

Figure 2 shows the PSD plots obtained by DLS for the suspensions of MNPs and
ANPs in water. It is noticeable that the plots were very close to each other. The median
of the PSD, which is commonly referred to as the hydrodynamic diameter (dhd) of a
nanoparticle in a suspension, is given in Table 1 for the suspensions of MNPs and ANPs.
The hydrodynamic diameter is an apparent value, which is the product of the Einstein
equation for the diffusion coefficient. The diffusion coefficient is a value, which is measured
by DLS. It is noticeable that the hydrodynamic diameters of MNPs and ANPs in their
suspensions were close to each other.
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Figure 2. PSD of MNPs and ANPs in water suspensions measured by DLS. The probability function
corresponds to the intensity of dynamic light scattering related to the fraction of nanoparticles with a
certain diameter.

The average hydrodynamic diameter of the ensemble of nanoparticles is related to the
fifth moment of PSD, which is given in Table 1 as the intensity-average diameter di. There
was a certain difference between the values of dhd and di. This difference partly stems from
the solvation layers on the surface of nanoparticles in water medium. In addition, some
small aggregates of nanoparticles still could remain in the suspension after centrifuging.
The values of the fifth moment of distribution are highly sensitive even to the presence of a
small number of aggregates. However, their total fraction is not dominant.

Thus, the analysis of the properties of MNPs and ANPs shows that these two batches
of LTE nanoparticles are very similar concerning their shape, dimensions, surface properties
in water suspension, and colloidal stability. The only difference between them is in their
magnetic properties.

3.2. Magnetic Properties of Fe2O3 and Al2O3 Nanoparticles

Figure 3 shows magnetic hysteresis loops M(H) of dry as-prepared MNPs and ANPs.
One can see a huge difference in their magnetic responses. γ-Fe2O3 magnetic nanoparticles
are a well-known and well-studied biocompatible magnetic nanomaterial with high satura-
tion magnetization. As expected for superparamagnetic nanoparticles of the size under
consideration, the saturation magnetization (Ms) was significantly reduced in comparison
with the bulk case [20]. The S-shape of the hysteresis loop and very low coercivity at room
temperature are typical features of superparamagnetic MNPs. In fact, the saturation was
not achieved in a magnetic field of 19 kOe, but a rough estimation of the magnetization
value in the field of about 19 kOe confirmed that it was consistent with the values for Ms
previously obtained for MNPs of this size.
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Figure 3. Magnetic hysteresis loops of Fe2O3 and Al2O3 LTE as-prepared nanoparticles. Inset shows
the same responses in low magnetization scale.

ANPs had a clear diamagnetic response (linear magnetization dependence on the
value of the applied magnetic field with a negative slope and very small value of the
resulting magnetic moment), as expected for this kind of material. Again, the difference was
huge for the scale appropriate for M(H) hysteresis loop of γ-Fe2O3 magnetic nanoparticles,
and the magnetic field dependence of the magnetization of Al2O3 nanoparticles was not
visible. However, it became noticeable at a low magnetization scale (Inset Figure 3).

3.3. Structure and Magnetic Properties of Composite Gels

We have focused on the properties of the suspensions of nanoparticles because these
features strongly determine the arrangement of the embedded NPs in the composite
gels. Currently, there is no reliable experimental method for the direct observation of the
arrangement of the embedded nanoparticles in swollen composite gels. Any microscopic
technique presumes certain dehydration of the gel, which inevitably would disturb its
intact structure. In this respect, we have to rely somehow on the indirect features of the
synthetic procedure and the macroscopic properties of the fabricated composite gels.

As shown above, the precursor suspensions of MNPs and ANPs were almost de-
aggregated and contained mostly individual nanoparticles with a fraction of small ag-
gregates. These suspensions were transparent, which meant that there were no moieties
larger than the wavelength of the visual light—approximately 600 nm. Moreover, there
was no visual opalescence in the suspensions, and consequently, the limit might be lowered
down to a quarter of a wavelength, which was approximately 150 nm. This estimation
of the upper limit in the characteristic dimension of moieties present in the suspensions
correlated well with the PSD given in Figure 2.

During the synthesis, the visual appearance of the precursor suspensions did not
change. They remain transparent at the stage of the mixing with reactants and at the stage
of gelation as well. Visually, the gels look the same as the precursor suspensions. It made
us assume that the distribution of the nanoparticles that were established in the precursor
suspensions preserved, in general, in the resulted composite gels. Figure 4a shows the
general view of all gel-based substrates.
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Figure 4. Magnetic hysteresis loops of gels and gel-based composites: MNP-based (a) and ANP-based (b) materials. G:
blank gel; FG: Fe2O3-based ferrogels; AG: Al2O3-based gel composites.

The mesh size of the PAAm network in composite gels was estimated based on the
value of the swelling ratio of gel. The swelling ratio (α) is given by Equation (3):

α =
mg−mdr

mdr
(3)

where is mg the mass of a gel sample and mdr is the mass of the dry residue after the gel
sample is dried to the constant weight.

However, in composite gels the value of mdr includes both the mass of the dry
polymeric network and the mass of the embedded solid nanoparticles. To obtain the
swelling ratio of the polymeric network (αp), the correction should be done according to
Equation (4):

αp =
α

1 −ω
(4)

where ω is the weight fraction of solid nanoparticles in the dry residue.
The swelling ratio of composite PAAm gels determined using Equations (3) and (4)

was found to be 12.6 ± 0.4 both for gel series with MNPs and ANPs independently of the
content of nanoparticles.

The swelling ratio of a hydrogel network is, in other words, the water uptake of the
network, i.e., the amount of water that the network can hold within it. Its value, in principle,
depends on the mesh size of the network and the energy of interaction between water
and polymeric sub-chains. This dependence is given by the Flory–Rehner equation [21,22].
Using the equation, one can calculate the average number of monomer units in the sub-
chain of gel network based on the value of the swelling ratio according to Equation (5):

Nc =
V1(0.5α0α

−1
p −α1/3

0 α−1/3
p

)

V2(ln(1 − α
−1
p ) + α

−1
p +χα−2

p
)

(5)

where NC is the number of monomer units among cross-links of the network; V1 and V2
are the molar volumes of water and of PAAm, respectively; χ is Flory–Huggins parameter
for a binary interaction between water and PAAm; α0 is the swelling degree of PAAm
gel as provided by the composition of the reaction mixture in the synthesis. We used
V1 = 18 cm3/mol (water), V2 = 56.2 cm3/mol (PAAm) and χ = 0.12. The last two values
were calculated by means of quantum mechanics molecular modeling software package
CAChe7.5. As it was given above, the equilibrium swelling ratio was 12.6; the swelling
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ratio of as-synthesized gel was 10. Given these values, the average number of monomer
units among cross-links of the network according to Equation (5) was found to be NC = 64.

Considering that PAAm sub-chains of the network are random Gaussian coils with
hindered rotation, one can evaluate the mean square distance between adjacent cross-links
of the network according to Equation (6) [23]:

〈

R2
〉

= Na2 (1 − cos J)
(1 + cos J)

(1 − cos f)
(1 + cos f)

(6)

where N is the number of bonds in the polymeric sub-chain, a is the bond length, θ is
the bond angle, and ϕ is the angle of hindered rotation. In a PAAm polymeric chain, the
bond length a = 0.154 nm for the ordinary C–C bond, the bond angle θ = 109.5◦, the angle
of hindered rotation ϕ = 120◦, and N = 2NC. It is two-fold larger than NC as it includes
the bonds in monomer units and bonds between them. Given these values, the average
distance among the cross-links according to Equation (6) was found to be 4.3 nm. This value
was the effective mesh size of the PAAm network in the composite gels. It was evident that
the mesh size of the network is much smaller than the characteristic dimensions of MNPs
and ANPs (see Table 1). Thus, we may conclude that in both series, nanoparticles were
entrapped in the gel network and were not able to leave it or to migrate along it.

The substantial difference between these two series of gel-based composites was in
their magnetic properties. The main methodological advantage of the present study is
the employment of the same synthesis technique for the fabrication of two different types
of nanoparticles, which we denote as ferromagnetic (iron oxide) and non-ferromagnetic
(aluminum oxide). Here we keep in mind the most general division of magnetics is in
ferro-, antiferro-, para-, and dia-magnetics [20]. The bulk magnetite is a ferromagnetic
material with rather high saturation magnetization [20]. However, in the case of nanosized
particles, the saturation magnetization of iron oxide MNPs becomes strongly dependent on
their size [11]. Alumina is a dia-magnetic material. The properties of as-prepared MNPs
and ANPs were discussed above. Now let us analyze the magnetic properties of gel-based
composites measured at room temperature (see Figure 4).

Figure 4 gives the comparison of magnetic properties of gel-based composites with
MNPs and ANPs. An appropriate scale helps to visualize the difference in the best way.
One can see that, as expected for the mainly water containing sample, hydrogel (G 0.0%)
had quite a weak diamagnetic signal, which was much lower than the signals of MNPs in
the concentrations under consideration.

Despite small concentrations of MNPs the magnetic properties of ferrogels were very
different for the range of selected concentrations (Figure 4a); the higher is the concentration,
the higher is the magnetic moment. The shape of the hysteresis loops of ferrogels was quite
similar to the shape of the MNPs, typical for superparamagnetic particle responses with
close to zero coercivity. S-shaped geometry but a lower saturation magnetization value
was observed in comparison with MNPs.

Meanwhile, for the same concentrations of the ANPs in gel-based composites (Figure 4b),
we could not see the same tendency; at the available accuracy of magnetic measurements,
the magnetic responses of all composite gels with embedded ANPs showed very similar
typical diamagnetic linear responses, which means that the magnetization declined with
respect to the applied external magnetic field with close values of the negative slope.

3.4. Effect of NPs Concentration on the Young’s Modulus and Electrical Potential in
Composite Gels

Figure 5 shows the general view of the gel-based composites with different content
of the embedded NPs (Figure 5a) and the effect of iron oxide or aluminum oxide NPs
concentration on the value of Young’s modulus in the PAAm gels (Figure 5b). One can see
that the addition of particles at a minimum concentration (0.3%) to the polymer network
resulted in a significant increase in the composite rigidity. Moreover, the contribution
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of MNPs or ANPs to the modulus at the lowest concentration in the gel network was
approximately the same.

(a) 
(b) 

Figure 5. General view of gel-based samples: (a) ANPs-based composites, (b) MNPs-based compos-
ites, and the completely transparent sample is a blank gel; the diameter of the gel samples was equal
to 13 mm. The values of Young’s modulus for PAAm hydrogels filed with different concentrations of
MNPs or ANPs. Data presented as mean value and standard deviation bar (n = 5).

At higher content of nanoparticles in composite gels, their concentration connection
with Young’s modulus was different. While in the case of MNPs the rigidity of composite
gels increased further with the concentration increase, the gels filled with ANPs showed
a tendency to decrease Young’s modulus. The increase om the ANPs concentration from
0.3% to 1.2% was accompanied by the subsequent decay of rigidity of composite gels
so that at ANPs concentration of 1.2%, the modulus was significantly smaller than that
one at 0.3%. At the same range of MNPs concentrations, the rigidity of ferrogels was
gradually increasing. Noteworthy, at nanoparticle concentrations of 0.6% or 1.2%, the
Young’s modulus of composite gels with embedded MNPs was significantly larger in
comparison with the composite gels with embedded ANPs.

Figure 6 shows the general view of the gel and composite gels and the dependence
of the electrical potential in gel-based composites on the concentration of MNPs or ANPs.
One can see that the addition of nanoparticles to the PAAm gel at a minimum concentration
(0.3%) resulted in an increase in the potential in absolute value so that both composite
gels became more electronegative to approximately the same extent. A further increase
in nanoparticle concentration led to a different change of the electrical potential for the
gels with MNPs or ANPs. In gels filled with MNPs, the potential became progressively
negative with the increase in MNPs content. At the same time, the opposite trend appeared
in gels filled with ANPs. While the content of ANPs further increased, the negative values
of the potential diminished. Furthermore, the differences in potential for the two series of
composite gels were greater for the higher concentration of the particles.
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(a) 
(b) 

Figure 6. Dependence of electrical potential in gels on the concentration of Fe2O3 or Al2O3 nanopar-
ticles. Data presented as mean value and SD bar (n = 7).

3.5. Effect of NPs Concentration on the Proliferation Activity of Cells

Figure 7 shows typical examples of the human dermal fibroblast cultures grown onto
the surface of different PAAm gel-based substrates after appropriate staining. The first
important observation is that the cell culture under consideration could be successfully
grown onto all kinds of composite substrates described above. The second conclusion was
that MNPs and AMPs made essential positive contributions to cellular proliferation in the
described conditions.

   

(a) (b) (c) 

Figure 7. Fibroblasts on the surface of gel-based substrates. Cells were cultured for 96 h and fixed for fluorescent
microscopy. Cell nuclei were stained with DAPI (4,6-diamidino-2-phenylindole), the cytoplasm was stained with pyrazolone
yellow. (a) blank gel substrate; (b) gel-based substrate with 1.2% Al2O3 nanoparticles; (c) gel-based substrate with 1.2%
Fe2O3 nanoparticles.

Table 2 displays the results of fibroblasts counting onto the surface of the tested
gel-based substrates after four days of incubation. The data were obtained based on the
analysis of nine fields of view for each biological sample, and they are presented as X
and m, where m is the error of the mean (X, n = 54). To assess the viability evaluation of
the used fibroblasts, cells were also seeded onto the standard substrate—tissue-culturing
polystyrene (TCPS). At the end of incubation, the number of cells was 21,000 ± 1000 per
cm2, which corresponded to good cell viability.
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Table 2. Proliferation of fibroblasts on the surface of PAAm gels with different concentrations of
Fe2O3 or Al2O3 nanoparticles.

Nanoparticles
Concentration (wt.%) Cell Monolayer Density (Cells per cm2)

PAAm 1:100 + Al2O3 PAAm 1:100 + Fe2O3
0.0 400 ± 100
0.3 900 ± 100 * 1400 ± 400 *
0.6 1900 ± 300 *# 1400 ± 300 *
1.2 2400 ± 300 *# 2500 ± 400 *†

Symbols display significant differences with p < 0.05; *: between composite gels and blank gels (PAAm, concentra-
tion of NPs = 0.0%); #: between Al2O3 composites (NPs = 0.6% or 1.2% and NPs = 0.3%, respectively); †: between
Fe2O3 composites (NPs = 1.2% and NPs = 0.3% or 0.6%, respectively).

According to the obtained data, the addition of both MNPs and ANPs to the PAAm
gel network led to a significant and almost the same increase in the proliferation activity
of fibroblasts. Importantly, at the initial NPs concentration of 0.3%, both of the gel-based
composites with MNPs and ANPs had similar Young’s modules and electrical potentials
(see Figures 4 and 5). In general, the effect of NPs concentration on the cell proliferation
rate grew gradually in both series of composite gels.

The contribution of specific NPs to cell proliferation rate must be compared in the
gel-based substrates with approximately the same mechanical and electrical properties.
According to the results presented above (see Figures 4 and 5), the gels filled with ANPs
of 0.3% and 0.6% had a similar Young’s modulus and electrical potential. In the case of
ferrogels, these are substrates with MNP concentrations of 0.6% and 1.2%. One can see
in Table 2 that the gain of the increase in cell proliferation rate from 0.3% to 0.6% for gels
with Al2O3 NPs, and from 0.6% to 1.2% for gels with Fe2O3t NPs, was significant and
approximately the same.

4. Discussion

In the present study, the biological activity of cells was investigated for two types
of gel-based composites: PAAm hydrogels filled with γ-Fe2O3 or Al2O3 nanoparticles
in different concentrations. Despite the difference in the chemical composition of the
nanoparticles (alumina or maghemite), these two series of substrates were similar in many
senses. Both were based on PAAm gel with the same concentration of monomer (1.6 M) and
the same concentration of cross-linker (1:100 molar ratio to monomer). The nanoparticles
were synthesized by the same method (LTE) using the same laboratory installation; both
types of nanoparticles were spherical, non-agglomerated, and had close characteristic
dimensions (10–40 nm) and parameters of PSD. In both series of gel-based substrates, the
inner distribution of NPs in the PAAm matrix was approximately the same.

Figure 8 shows typical SEM images of the dried surfaces of MNPs and ANPs based
composites. We provide low magnification data in order to emphasize the difficulties
of the structural investigation of these types of composites. One can clearly see that
the dehydration process resulted in the appearance of strong stresses and surface relief.
Even so, these observations confirm the expectation that at a large scale, both MNPs and
ANPs were distributed in quite a homogeneous manner without the formation of very
large agglomerates.
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(a) (b) 

Figure 8. General view of the surface of dry of PAAm gel-base composites with Fe2O3 (a) or Al2O3 (b) nanoparticles (1.2 wt.%).
Scanning electron microscopy.

As discussed in previous work [10,13], as the potential applications of gels and com-
posite gels are under active development, at present, there is a special need for the devel-
opment of a new technique for gel-based composites characterization. Existing techniques
are not adequate for quantitative evaluation of the structural arrangement of the MNPs
or ANPs inside the gel. However, understanding the internal structure of filed gels is
important, and we used earlier developed techniques for the evaluation of the structure of
dried composites with MNPs and AMPs [10,13].

The magnetic characterization revealed that two series of gel-based composite sub-
strates were very different in terms of their magnetic properties. While gels with MNPs
showed ferromagnetic behavior with magnetization proportional to the content of iron
oxide, gels with ANPs are diamagnetic, it is clear that any difference in the cell cultivation
results of gel substrates with embedded ANPs could not be assigned to the difference of
magnetic properties of gel composites with different concentration of ANPs.

The possible influence of magnetic interactions between iron oxide nanoparticles
could be taken into account for the gel-based composites with embedded MNPs. However,
as in the present study, all cell proliferation experiments were performed without the
application of the external magnetic field. Although it is unlikely that they might provide
a substantial contribution, this point requires further investigation as many other cases
involving small magnetic fields [24]. From the low field behavior of magnetization of
MNPs based composites, one can estimate the contribution of the stray fields created by
the iron oxide MNPs in the field of a few Oe as almost negligible. In the future, it would be
interesting to make an evaluation of the cell proliferation rate in the same conditions as in
the present case but under application of the external magnetic field of the order of 100 Oe
(at least).

The electrical potential and the mechanical properties of composite gels were al-
most the same at the lowest content of NPs (0.3%), no matter whether NPs were mag-
netic (maghemite) or diamagnetic (alumina). Meanwhile, different trends in Young’s
modulus and in the electrical potential were found as the content of NPs increased
(see Figures 5 and 6). In the case of gel-based substrates with maghemite, the modulus and
the electrical potential enlarged if the content of NPs increased from 0.3% to 1.2%. The
opposite trend of the diminishing of the modulus and the electrical potential was found in
the case of gel-based substrates with alumina. The decrease in Young’s modulus with the
concentration of ANPs in gel-based composites cannot be easily explained. Most likely,
it might be the result of some specific interaction of ANPs with the PAAm network, or
it might stem from the different trends of aggregation of MNPs and ANPs inside the gel
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structure. A qualitatively similar effect was reported in [25] for the influence of alumina
nanoparticles (mean diameter of 30 nm) on the elasticity of composite PAMPS/PAAm gels.
For now, we cannot give a plausible explanation for the underlying mechanism but can only
state the difference in the mechanical behavior between two series of gel-based composites.

However, despite the marked difference in the magnetic properties, the electrical
potential, and the elasticity between magnetic and diamagnetic gel-based substrates, the
proliferation of human fibroblasts on these two platforms revealed qualitatively the same
result. In both series of gel-based substrates, the increase in NPs content resulted in
the enhancement of the proliferation activity of fibroblasts. In meant that the magnetic
properties of maghemite NPs did not play a significant role in the determination of the
biological activity of fibroblasts on the PAAm gel-based substrates with embedded NPs. In
other words, a key factor other than the magnetic properties of the gel-based substrates
governs the biocompatibility of nanostructured composites.

Fibroblasts are a type of mechanically sensitive cells, which are able to accept and
transform mechanical signals for their vital activity [26–28]. The feasible mechanism of the
transduction of mechanical signals into the cell involves heterodimeric trans-membrane
receptors, which are referred to as integrins [26,29]. Clusterization of the integrins at the
cell membrane in response to the signal triggers the trans-membrane accumulation of the
20 mediators of the signal transduction, including cytoskeleton proteins, which regulate the
functioning of the cell by means of the activation of corresponding genes [26,30,31]. It is also
assumed that the mechanical signals are transmitted into the cell through the mechanically
gated cationic channels through the stretch-activated channels (SAC channels) [32].

In vitro experiments have shown that the surface geometry pattern played a signifi-
cant role in the realization of the mechanical transduction phenomenon in cells together
with chemical composition, wettability, surface charge, elasticity, and other factors [33–35].
Thus, it was shown that the specific geometry pattern of the surface of solid nanocomposite
materials (dimples, bumps, their shapes), including the characteristic dimensions of the
roughness and its periodicity, could initiate the proliferation and the differentiation of
cells [36–38]. Furthermore, it was demonstrated that the specific patterns of the surface
of a nanocomposite initiated the corresponding specific signal routes triggering the ac-
tivity of certain genes [30]. Although the observation with dried composites was quite
preliminary and requires further investigation, the difference in the physical properties
(for example, magnetostriction) of MNPs and ANPs may be the reason for the fine surface
structure formation.

The visualization of the intact surface geometry pattern of gel-based composites is still
the unsolved challenge for the conventional microscopic approaches due to the presence of
a large amount of solvent in gel interior structure. Such methods of preparation as freeze-
drying or vacuum drying strongly disturb the surface of samples. Therefore, the results of
microscopic studies like AFM or SEM do not characterize all details of the surface geometry
explicitly. Meanwhile, the results of SEM and TEM confirm indirectly the heterogeneity
of the surface of nanocomposite gels [39,40]. For instance, such data were reported in
our earlier published work [13], and here, we applied this technique for the composites
with diamagnetic nanoparticles. One of the consequences of the change of the type of
nanoparticles was much lower contrast in SEM studies; as γ-Fe2O3 were characterized by
higher “electronic density”, i.e., they interacted more actively with the electronic beam,
they look much brighter (Figure 8a), and provide much higher contrast in comparison with
Al2O3 nanoparticles inside the dried composite (Figure 8b).

Hypothetically, the effect of nanoparticles on the surface geometry can stem both from
the absence and from the presence of NPs at the gel interface. For instance, NPs located
in the outer layers of the gel could disentangle from the networks and move to the liquid
phase, leaving voids in the surface layer. In the case of gel-based composite substrates
in the present study, these voids are likely the size of the NPs, which was 10–40 nm, and
were separated by approximately 150 nm one from another (evaluation was done for the
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weight fraction of nanoparticles equal to 1%). Thus, the surface of the gel substrate might
be covered with small dimples separated by ca. 0.15 µm.

It is also feasible that NPs, which disentangle from the gel network, do not move
to the bulk of the liquid phase but provide the adsorption layer at the surface. There
are certain grounds for such supposition. It was shown in previous work [41] that the
interaction of polyacrylamide macromolecules with the surface of iron oxide nanoparticles
is energetically favorable. Alumina nanoparticles also have high adsorption potential
and high catalytic activity at the surface due to a large amount of Al-OH moieties at the
surface [42,43]. Hence, it would be reasonable to assume that there are adsorption forces at
the gel interface, which can immobilize nanoparticles at the surface. Due to the adsorption
of nanoparticles, the roughness of the surface enhances. The exudation of nanoparticles
from the gel network and their adsorption on the surface might not be the alternatives,
but both could contribute to the surface micro-roughness of gel-based composites. In
addition, cell cultivation takes place in the solutions of high ionic strength; the presence of
the immobilized at the surface nanoparticles can change the diffusion conditions affecting
in this way the cell culture grows.

The mechanism of the bonding of the mechanically sensitive receptors of cells to the
heterogeneous surface patterns of nanocomposites is not elucidated yet. Supposedly it may
be provided by a certain packing of integrins, which match the characteristic dimensions
of nanostructures, like the diameter of nanotubes [44,45]. A model was introduced which
described the adhesion of cells to the nanostructured surface based on the energy of
deformation of the receptors due to their interaction with the surface geometry pattern [35].
Electrostatic interactions between receptor molecules and nanostructures at the surface
might also be feasible [46,47].

Besides, we may suppose that the adhesion of cells to the scaffold can be mediated
by proteins, which are the components of the medium for the cell culturing and better
adsorb at the rough surface. It was reported that even a small amount of vitronectin and
fibronectin at the surface of ferrogel substantially promoted the adhesion of cells due to the
presence of a specific amino acid sequence (Arg-Gly-Asp) in their chemical structure, which
is favorable for the interaction with membrane receptors of fibroblasts [48,49]. Similar
results were obtained for the adhesion and proliferation of human fibroblasts on the surface
of Al/Al2O3 bi-phasic nanowires (NWs) [50].

Thus, it is reasonable to interpret the results obtained in the present study from the
viewpoint of the structuring of the surface of the gel-based composites by the exudation
or/and adsorption of nanoparticles. The mechanisms of the surface structuring are likely
the same for the composite PAAm gels filled with alumina or magnetite, and therefore
the effect of gel-based composites on the adhesion and proliferation of human fibroblasts
might be the same as well, i.e., gel-based composites provide a heterogeneous surface
geometry pattern, which is favorable for the adhesion of cells.

In general, the obtained results showed that in the elaborated experimental conditions,
the proliferation activity of human fibroblasts on the surface of gel-based composites
did not depend on the magnetic properties of the embedded nanoparticles. It is worth
mentioning that this finding was not influenced by the fact that the gel-based composites
of the magnetic and diamagnetic origin significantly differed in their Young’s modulus
and electrical potential. It may be taken as additional support for the hypothesis that the
surface geometry pattern has a key role in the biocompatibility of gel-based composites.

In the meantime, there is quite a lot of studies that address ferrogels as prospective
magnetically controlled composites for applications in tissue engineering, regenerative
medicine, field-assisted drug delivery, and magnetic biosensing. Various polymers: syn-
thetic, biological, and their blends are used as matrices for these composites. Iron oxide
magnetic particles embedded in composite ferrogels also vary in dimensions, chemical
compositions, synthetic routes, and other parameters. In general, results obtained in these
studies confirm good biocompatibility of ferrogels, and the achieved level of magnetic
properties of these materials makes them especially attractive for magnetic field-assisted
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drug delivery and magnetic biosensing [5,51]. The present combination of the composites
based on superparamagnetic and diamagnetic nanoparticles can be of special interest in the
understanding of a high-frequency response of polymer matrix with variations of dielectric
constants contributions in the formation of magnetoimpedance responses of the gel-based
composites [51].

The present study is a special step allowing a comparative evaluation of the contri-
butions of MNPs and ANPs. This comparison finally became possible because of our
research works related to the biological activity of cells at hydrogels and ferrogels in similar
experimental conditions [8,10–13]. In this series of experimental studies, we used human
fibroblasts taken from one patient, magnetic nanoparticles of iron oxide Fe2O3 from the
same batch, PAAm gel with the same networking, the same procedures, and experimental
techniques. According to these studies, the increase in MNPs content in ferrogel always
led to the reliable enlargement of the density of cells monolayer at the surface of magnetic
composites. Similar results were obtained in the present research, which compared the
biocompatibility of gel composites with embedded magnetic iron oxide nanoparticles and
embedded non-magnetic alumina nanoparticles, which were very close in terms of their
shape and dimensions.

5. Conclusions

Two series of non-agglomerated spherical nanoparticles of 20–40 nm in diameter were
fabricated by laser target evaporation technique: superparamagnetic Fe2O3 or diamagnetic
Al2O3 nanoparticles. Composite polyacrylamide gels with Fe2O3 or Al2O3 embedded
nanoparticles were synthesized, aiming to study the magnetic contribution to the ferrogel
biocompatibility. The proliferative activity of human dermal fibroblast cell cultures on
the surface of these gel-based composites was estimated. The concentration of the fillers
in the gel was fixed at 0.0, 0.3, 0.6, or 1.2 wt.%. Mechanical, electrical, and magnetic
properties of the composites were characterized by the dependence of Young’s modulus,
electrical potential, magnetization measurements on the content of embedded nanoparticles.
The fibroblast monolayer density on the surface of composite substrates after 96 h of
incubation without application of external magnetic field was evaluated for estimation
of the composites biocompatibility. It was found that regardless of the nature of the
nanoparticles, the increase in their concentration in the composite provided a parallel
increase in the cell proliferation on the surface of composite substrates.

The main conclusion of the present study is the statement that the biological activity
of cells on the surface of composite gels does not depend on the magnetic properties of
nanoparticles, at least in the elaborated experimental conditions. In other words, the
obtained results exclude a significant contribution of the magnetic field provided by
magnetic nanoparticles inside ferrogel and near its surface on the biocompatibility of
magnetic gel composites in the conditions under consideration.

In general, the present study has more methodological than applied value. It is
addressed toward the search of a key determinant of FG biocompatibility. In a series of
preliminary experiments performed under the same experimental conditions, we tried to
exclude systematically the indirect contribution of various factors that can determine cell
biological activity at the surface of ferrogels, in particular, the mechanical properties and
electrical potential of composites. In this study, we excluded the direct contribution of the
FG magnetic effects in very low magnetic fields of the order of terrestrial magnetic field
values. Finally, we assumed that the FG biocompatibility is most likely associated with
the effect of the particles on the composite surface. At the same time, the results obtained
can be useful in the design of gel-based composites for cell technologies. In this context,
the application of ferrogels with the use of an external magnetic field is of the greatest
interest. From our point of view, research in this direction will make it possible to optimize
the principles of controlling biological processes in cell cultures grown onto FG. Special
attention should be paid to one very important aspect of this study: iron oxide magnetic
nanoparticles from the same batch were used in previous experiments, ensuring a very
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good basis for comparison of the results obtained for Fe2O3 and Al2O3 systems fabricated
by the same technique and characterized in the same conditions.
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Abstract: Superparamagnetic ZnFe2O4 spinel ferrite nanoparticles were prepared by the sonochemi-
cal synthesis method at different ultra-sonication times of 25 min (ZS25), 50 min (ZS50), and 100 min
(ZS100). The structural properties of ZnFe2O4 spinel ferrite nanoparticles were controlled via sono-
chemical synthesis time. The average crystallite size increases from 3.0 nm to 4.0 nm with a rise of
sonication time from 25 min to 100 min. The change of physical properties of ZnFe2O4 nanoparticles
with the increase of sonication time was observed. The prepared ZnFe2O4 nanoparticles show
superparamagnetic behavior. The prepared ZnFe2O4 nanoparticles (ZS25, ZS50, and ZS100) and
reduced graphene oxide (RGO) were embedded in a polyurethane resin (PUR) matrix as a shield
against electromagnetic pollution. The ultra-sonication method has been used for the preparation of
nanocomposites. The total shielding effectiveness (SET) value for the prepared nanocomposites was
studied at a thickness of 1 mm in the range of 8.2–12.4 GHz. The high attenuation constant (α) value
of the prepared ZS100-RGO-PUR nanocomposite as compared with other samples recommended
high absorption of electromagnetic waves. The existence of electric-magnetic nanofillers in the resin
matrix delivered the inclusive acts of magnetic loss, dielectric loss, appropriate attenuation constant,
and effective impedance matching. The synergistic effect of ZnFe2O4 and RGO in the PUR matrix led
to high interfacial polarization and, consequently, significant absorption of the electromagnetic waves.
The outcomes and methods also assure an inventive and competent approach to develop lightweight
and flexible polyurethane resin matrix-based nanocomposites, consisting of superparamagnetic zinc
ferrite nanoparticles and reduced graphene oxide as a shield against electromagnetic pollution.

Keywords: sonochemical synthesis; spinel ferrite; nanoparticles; nanocomposites; electromagnetic
interference shielding

1. Introduction

Recently, the rapid progress in electronic devices and information technology has
endorsed the widespread utilization of high-power electromagnetic waves in scientific, com-
mercial, civil, and military applications [1,2]. The abundant electromagnetic interference
(EMI) in the environment has influenced the working of electronic devices [3]. Exposure to
electromagnetic radiation has also influenced human health [4]. Electromagnetic shielding
or absorption has been demonstrated to be one of the operative approaches to address
electromagnetic pollution [5]. Therefore, electromagnetic shielding or absorption material
is one of the best procedures of environment and health defense [6]. A lightweight, flexible,
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and cost-efficient advanced nanocomposite shielding material is required to attenuate the
detrimental electromagnetic wave interference [7].

The EMI-shielding mechanism consists of mainly the two-loss factors: (i) reflection
loss and (ii) absorption loss. A single component, i.e., an only electric conductive material
or magnetic material, has less competence to pay both the mechanism of reflection and ab-
sorption. The absorption loss-dominant shielding material is more desirable because it can
prevent the second reflection pollution in comparison with the reflection-dominant mate-
rial. In recent years, researchers and academicians have comprehended that the intention of
nanocomposites consisting of both electric and magnetic constituents is a prudent choice to
cultivate proficient EMI-shielding material [8]. Such deliberate shielding material is antici-
pated to close the gap between permittivity and permeability. In recent times, carbon-based
materials, including carbon nanotubes, nanofibers, and reduced graphene oxide, have
established significant consideration for efficient electromagnetic interference shielding
material [9]. Reduced graphene oxide parades a high specific surface area with plenteous
functional groups and structural defects on its surface. Therefore, it can deliver copious
interfacial polarization and defect dipole polarization [10]. Reduced graphene oxide also
exhibits outstanding dielectric characteristics and higher electrical conductivity [11]. In
recent years, it is also perceived that the introduction of magnetic nanoparticles, including
spinel ferrite in the presence of reduced graphene oxide, can moderate its impedance
matching condition and robust attenuation capability of the shielding nanocomposite [12].
The microwave absorption characteristics also depend on the fraction of nanoparticles and
reduced graphene oxide [13]. Further, superparamagnetic spinel ferrite nanoparticles have
established a broad application due to their competence to hastily respond to an applied
magnetic field, which is concomitant with negligible remanence and coercivity [14,15]. For
that reason, there is an intensive research subject to develop superparamagnetic spinel
ferrite nanoparticles and further their application as electromagnetic interference shield-
ing [16]. A research group, Honglei Yuan et al. [17] reported the superparamagnetic
Fe3O4/MWCNTs nanocomposites displayed remarkably enhanced microwave absorption
characteristics in a high-frequency range (Ku-band). This research group provided an
approach to improve the resonance frequency break of the Snoek limit, which considerably
boosts the microwave absorption characteristics at high-frequency applications. Traditional
shielding materials, such as metals and metallic composites, have drawbacks, including
chemical resistance, weak flexibility, corrosion, heavy weight, and hard processibility, etc.
Polymer composites as an alternative candidate for EMI shielding can provide lightweight,
resistance to corrosion, flexibility, easy availability, processability, and cost-effectiveness.
ZnFe2O4 is one of the most investigated spinel ferrite systems. An interesting characteristic
of ZnFe2O4 is the possibility of controlling the magnetic properties with particle/crystallite
size. The variation of magnetic property from paramagnetic to superparamagnetic or ferri-
magnetic in ZnFe2O4 nanoparticles is attributed to cation redistribution at octahedral and
tetrahedral sites [18]. The mixed cation distribution in nanosized ZnFe2O4 spinel ferrite
also depends on the synthesis method [19]. Quite a lot of synthesis approaches have been
utilized for the preparation of nanoparticles and their nanocomposites [20]. Sonochemistry
is an innovative and potent synthesis methodology for the development of nanoparticles
and nanocomposites. This technique affords noteworthy rewards, such as well dispersion,
size reduction, particle de-agglomeration, homogenization, and emulsification, etc. [21].
The advantage of the sonochemical synthesis approach is cost-effectiveness, strong reaction
rate, controllable synthesis, narrow particle size distribution, high purity, and nonpollut-
ing [22,23]. Under extreme sonochemical synthesis conditions, nanomaterials with the
required size can be designed at controlled chemical reactions and physical changes [24].

In the present work, structural and physical properties of superparamagnetic ZnFe2O4
spinel ferrite nanoparticles have been controlled by the sonochemical synthesis approach
with increased sonochemical synthesis time. To the best of the authors’ knowledge, this
is the first report on superparamagnetic ZnFe2O4 spinel ferrite nanoparticles-reduced
graphene oxide (RGO)-polyurethane resin (PUR) nanocomposites as a shield against elec-
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tromagnetic pollution. RGO exhibited high specific surface area and excellent electrical con-
ductivity. However, non-magnetic RGO exhibited strong dielectric loss and also impedance
mismatching issues. Therefore, the combination of magnetic spinel ferrite with the electri-
cally conductive RGO can improve EMI-shielding performance with balanced impedance
matching conditions. Additionally, the EMI-shielding performance can be improved with
nanoparticles/nanostructures due to its excellent electromagnetic properties and high
surface area. The structural and electromagnetic properties/parameters of developed
superparamagnetic ZnFe2O4 nanoparticles and RGO embedded PUR-based nanocom-
posites were examined in detail. The confirmation of structural formation of prepared
nanoparticles and nanocomposites was carried out by X-ray diffractometry (XRD), infrared
spectrometry (FTIR), and Raman spectrometry. Microstructural features were studied by
transmission electron microscopy (TEM) and field emission-scanning electron spectroscopy
(FE-SEM). The sonochemical synthesis approach can also be used for the industrial-scale
formation of various spinel ferrite nanoparticles. The developed lightweight and flexi-
ble EMI-shielding nanocomposite can find potential application in the field of portable
electronics and wearable devices that need to be lightweight, thin, and flexible material.

2. Materials and Methods
2.1. Materials

Sodium hydroxide, zinc nitrate, and iron nitrate were acquired from Alfa Aesar GmbH
& Co KG, Germany. Potassium permanganate and graphite flakes were procured from
Sigma-Aldrich, Germany. Further, sodium nitrate was procured from Lach-Ner, the Czech
Republic. The reducing agent, Vitamin C (Livsane), for the reduction of graphene oxide,
was obtained from Dr. Kleine Pharma GmbH, Bielefeld, Germany. Polyurethane resin
(PUR) was selected as a polymer elastomeric casting matrix for very low shrinkage and
flexibility. PUR matrix was prepared by using Biresin® U1404 elastomeric casting resin
for mold-making from Sika Advanced Resins GmbH, Bad Urach, Germany, which has
a description as a basis: two-component PUR system; Component A: Biresin® U1404,
isocyanate prepolymer, colorless-transparent, unfilled; Component B: Biresin® U1404,
amine, reddish-transparent, unfilled; Component B: Biresin® U1434, amine, beige, filled.
It provides product benefits, such as insensitive to moisture, very soft, high elongation at
break, good tensile strength, and elasticity, with component B Biresin® U1404 for shore
hardness of A 40, with component B Biresin® U1434 for shore hardness of A 55, and very
low shrinkage. The PUR matrix for ZnFe2O4 and RGO as nanofillers was obtained in liquid
form with isocyanate prepolymer (component A, Biresin® U1404) and amine (component
B, Biresin® U1434) as a curing agent (hardener) with a density of 1.3 g/cm3; viscosity of
~3700 mPa-s; shore hardness of 55A; tear strength of 9 N/mm; tensile strength of 4 MPa;
elongation at break >600%; linear shrinkage internal <0.02%.

2.2. Sonochemical Preparation of ZnFe2O4 Nanoparticles

ZnFe2O4 nanoparticles were synthesized by the sonochemical synthesis technique.
First, 2.63 g Zn(NO3)2·6H2O and 7.56 g Fe(NO3)3·9H2O were mixed in 60 mL of deionized
water. Additionally, aqueous 1.6 M sodium hydroxide (NaOH) was mixed in the above
set solution with continuous stirring by a magnetic stirrer. Moreover, the attained mixed
solution was placed to high-intensity ultrasonic waves for 25 min, 50 min, and 100 min
with the use of the UZ SONOPULS HD 2070 Ultrasonic homogenizer (Berlin, Germany)
at 70 W power and 20 kHz frequency. The achieved product was washed by utilizing
deionized water and ethanol to eliminate unwanted chemical impurity. Finally, these
washed nanoparticles were dried at 60 ◦C for 18 h. The prepared ZnFe2O4 nanoparticles
were designated as ZS25, ZS50, and ZS100 according to their sonochemical synthesis time
of 25 min, 50 min, and 100 min, respectively.
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2.3. Preparation of Reduced Graphene Oxide (RGO)

First, graphene oxide (GO) was prepared from natural graphite powders by utilizing
the Hummers’ method. Typically, the mixture comprised of graphite powder (1.5 g) and
sodium nitrate (1.5 g) was added slowly to concentrated H2SO4 (75 mL). The beaker,
which contains the above reaction mixture, was placed on an ice bath, and potassium
permanganate (9 g) was added gradually within 20 min, and this mixed solution was
stirred further for 30 min under an ice bath (temperature in the range of 0–5 ◦C). This
solution was stirred for an additional 48 h at room temperature. Afterward, 138 mL of
deionized water was gradually added into the above mixture and stirred for 10 min. In
this achieved mixture, 420 mL warm deionized water was then poured and kept under a
continuous strong stirring. Moreover, H2O2 (30 mL) was mixed into the above reaction
mixture to eliminate the remaining KMnO4 and stirred until the color of the product
transformed into bright yellow, which signaled the formation of graphite oxide from
graphite. Finally, the obtained bright yellow product suspension was centrifuged and
washed with ethanol and deionized water until the pH ~7 was reached. The obtained
product was annealed at 60 ◦C in a vacuum oven for 24 h.

Vitamin C (10 g) was utilized as a reducing agent in the development of reduced
graphene oxide (RGO) from 3 g of graphene oxide (GO). For this, the above-prepared GO
was mixed in deionized water and additionally placed to high-intensity ultrasonic waves
for 15 min with the use of UZ SONOPULS HD 2070 Ultrasonic homogenizer. Then, in this
attained solution, vitamin C was added gradually, and then the obtained suspension was
continuously stirred for the time of 3 h at temperature 90 ◦C. Additionally, the achieved
product suspension was centrifuged and washed with ethanol and deionized water. Finally,
the washed product was dried in a vacuum oven at 60 ◦C for 15 h.

2.4. Ultrasonic Preparation of Nanocomposites

Nanocomposites of polyurethane resin (PUR) (50 wt.%) with nanofillers (40 wt.% zinc
ferrite nanoparticles and 10 wt.% RGO) were prepared. For the PUR matrix, component A
and component B were used in the ratio of 100–50. For the preparation of nanocomposites,
in a 25-mL beaker, isocyanate prepolymer (component A, Biresin U1404) were mixed
with nanofillers (ZnFe2O4 (90%) + RGO (10%)) by using a EURO-ST-D mechanical stirrer
for 30 min and then sonicated by using a UP 400S ultra probe (Hielscher Ultrasonics
GmbH, Teltow, Germany) (frequency: 24 kHz, power: 400 W) for 30 min in an ice bath.
Further, amine (component B) as a curing agent was mixed to the above mixture and then
sonicated at another 10 min by using a UP 400S ultra probe (frequency: 24 kHz, power:
400 W). Finally, the prepared sample was closed and retained in a drying oven, where the
composite material was cured at 25 ◦C for 5 days. Three PUR-based nanocomposite using
zinc ferrite nanoparticles (ZS25, ZS50, or ZS100) and RGO as nanofillers, namely, (i) ZS25-
RGO-PUR, (ii) ZS50-RGO-PUR, and (iii) ZS100-RGO-PUR, were prepared. Additionally,
rectangle-shaped samples 22.86 × 10.16 × 1 mm3 were produced by cast molding.

2.5. Characterization Techniques

The sonochemically prepared zinc ferrite nanoparticles X-ray Diffraction (XRD) was
performed using an X-ray powder diffraction from Rigaku Corporation, Tokyo, Japan.
The Raman spectroscopy of PUR-based nanocomposites was performed on a Raman spec-
trometer of Thermo Fisher Scientific, Waltham, MA, USA. XPS study of graphene oxide
and reduced graphene oxide was performed on an X-ray photoelectron spectroscope of
Kratos Analytical Ltd. (Manchester, UK). The FTIR spectroscopy of ZnFe2O4 nanoparti-
cles and PUR-based nanocomposites was performed on Nicolet 6700 (Thermo Scientific,
Waltham, MA, USA). The high-resolution transmission electron microscope (JEOL JEM
2100) (JEOL, Peabody, MA, USA) was utilized to investigate the morphology and lattice
fringes of ZnFe2O4 nanoparticles. The surface morphology and structure of the PUR
nanocomposites were investigated with an FE-SEM of FEI NanoSEM450 (The Netherland,
FEI Company). Magnetic hysteresis curves of sonochemically prepared superparamagnetic
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ZnFe2O4 nanoparticles were studied utilizing a VSM 7407, Lake Shore, Westerville, OH,
USA. ZFC and FC temperature-dependent magnetization study of the sonochemically
prepared zinc ferrite nanoparticles were investigated using a SQUID magnetometer of
Quantum Design MPMS XL-7. The electromagnetic interference shielding effectiveness
of the developed PUR-based nanocomposite with zinc ferrite nanoparticles and RGO as
nanofillers was studied by using a vector network analyzer (Agilent N5230A, Agilent
Technologies, Santa Clara, CA, USA) in 8.2–12.4 GHz (X band).

3. Results
3.1. X-ray Diffraction Study

The X-ray diffraction pattern of the sonochemically synthesized ZnFe2O4 spinel ferrite
nanoparticles at sonication times of 25 min, 50 min, and 100 min is displayed in Figure 1.
The observed diffraction peaks correspond to the reflection of (220), (311), (222), (400), (331),
(422), (511), (440), (531), and (442) planes of an Fd3m spinel crystal structure. Additionally,
there is no presence of an impurity peak, which designates the high purity of spinel ferrite
material. It is worth noting that as the sonication synthesis time increased, the intensity of
diffraction peaks increased, and the width of the diffraction peak decreased, which suggests
grain growth with an increase of sonication time. The average crystallite size of synthesized
ZnFe2O4 nanoparticles was studied by utilizing the Debye–Scherrer equation [25]:

D =
(0.9) λ
β cos θ
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Figure 1. X-ray diffraction pattern of sonochemically prepared ZnFe2O4 spinel ferrite nanoparticles.

Herein, λ, β, and θ are the wavelength of X-ray, the full-width at half maximum
(FWHM), and the Bragg angle, respectively. The average crystallite size increases from
3.0 nm to 4.0 nm with an increase in sonication time, as shown in Table 1. The growth of
spinel ferrite nanocrystals was associated with an increase in ultrasonic time [26].
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Table 1. Crystallite size, Lattice Parameter, X-ray Density, and Ionic Radii (rA, rB) for the prepared ZnFe2O4 spinel ferrite
nanoparticles by the sonochemical synthesis approach.

Sample Crystallite Size (nm) Lattice Parameter, a (Å) X-ray Density dx (g/cm3) Ionic Radii rA (Å) Ionic Radii rB (Å)

ZS 25 3.0 7.219 8.51 0.2757 1.4026

ZS 50 3.6 7.245 8.42 0.2816 1.4087

ZS 100 4.0 7.248 8.41 0.2822 1.4093

The lattice parameter was determined by utilizing the following relation [25]:

a2 =
λ2
(

h2 + k2 + l2
)1/2

4 sin2 θ
(2)

Herein, θ is the Bragg angle, and (hkl) are the Miller indices of the planes. The lattice
parameter increases from 7.219 Å to 7.248 Å with an increase in sonication time from
25 min to 100 min, as shown in Table 1. The observed increase in the lattice constant
with sonication time follows Vegard’s law [27]. Generally, the lattice constant in the case
of spinel ferrite correlates with microstructure, ordering/reordering of cations, valence
states, and defects, etc. [28]. In the present work, the variation in the lattice constant can be
attributed to changes in microstructure and ultrasonic-activated ordering/reordering of
cations in ZnFe2O4 spinel ferrite nanoparticles.

The X-ray density (dx) of prepared spinel ferrite nanoparticles is evaluated by the
following relation [25]:

dx =
ZM
NV

(3)

Herein, Z, M, N, and V are the number of the nearest neighbor, the molecular weight,
the Avogadro number, and the volume of the unit cell (V = a3), respectively. The evaluated
value of the X-ray density was 8.51 g/cm3, 8.42 g/cm3, and 8.41 g/cm3 for ZS25, ZS50,
and ZS100 samples, respectively (Table 1). Thus, an increase of sonication time to 25 min,
50 min, and 100 min decreased the density of the prepared spinel ferrite nanoparticles.

Additionally, structural parameters, such as ionic radii, hopping length for the oc-
tahedral and tetrahedral site, tetrahedral and octahedral bond length, tetrahedral edge,
and the shared and unshared octahedral edge, for prepared ZnFe2O4 nanoparticles were
assessed [29,30]. The variation in these parameters with sonication times of 25 min, 50 min,
and 100 min was noticed, as mentioned in Tables 1 and 2. The increase in ionic radii,
hopping length for the octahedral and tetrahedral site, tetrahedral and octahedral bond
length, tetrahedral edge, and the shared and unshared octahedral edge for prepared
ZnFe2O4 nanoparticles with an increase of sonication time was noticed. Microstructure
and ultrasonic-activated ordering/reordering of cations in ZnFe2O4 nanoparticles was
associated with an increase in sonication time, which can affect the physical properties of
the material [31].

Table 2. Structural parameters for prepared ZnFe2O4 nanoparticles synthesized by sonochemical approach: hopping length
for the octahedral and tetrahedral site, tetrahedral and octahedral bond length, tetrahedral edge, and the shared and
unshared octahedral edge.

Sample
Hopping Length
for Tetrahedral

Site dA (Å)

Hopping Length
for Octahedral

Site dB (Å)

Tetrahedral
Bond Length,

dAx (Å)

Octahedral
Bond Length,

dBx (Å)

Tetrahedral
Edge, dAxE (Å)

Shared
Octahedral

Edge, dBxE (Å)

Unshared
Octahedral

Edge, dBxEU (Å)

ZS 25 3.1263 2.5526 1.6757 1.7424 2.7364 2.3688 2.5559

ZS 50 3.1374 2.5617 1.6816 1.7486 2.7461 2.3772 2.5650

ZS 100 3.1384 2.5625 1.6822 1.7491 2.7470 2.3780 2.5658
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3.2. TEM Study

TEM measurements were carried out to investigate the structural features of prepared
ZnFe2O4 spinel ferrite nanoparticles. Figure 2 represents TEM and HRTEM images of
prepared nanoparticles, namely ZS25, ZS50, and ZS100. The TEM image of ZS25 is depicted
in Figure 2a, which shows particles in the range of 2–4.5 nm (Figure S1 in supplementary
material). The HRTEM image of ZS25 is shown in Figure 2b, which displays the lattice
of (220) planes (d spacing 0.29 nm), (311) planes (d spacing 0.25 nm), and (400) planes
(d spacing 0.21 nm) of ZnFe2O4 spinel ferrite [32]. Further, Figure 2c depicts a low-
resolution TEM image of the ZS50 sample, which illustrated that the product consisted
of particles with sizes of 2.5–5 nm. Figure 2d shows lattice fringes with an interplanar
spacing of 0.29 nm, which is consistent with (220) planes of spinel ferrite. Additionally,
the TEM image of ZS100 is depicted in Figure 2e, which demonstrated that the prepared
nanoparticles exhibited size 3–12 nm. Figure 2f depicts the HRTEM image of ZS100. The
investigation of the HRTEM image depicts the interplanar spacing of 0.25 nm, 0.21 nm,
and 0.17 nm of lattice fringes corresponding to (311), (400), and (422) plane of ZnFe2O4
spinel ferrite.

  

  

(b) 

(c) (d) 

(a) 

Figure 2. Cont.
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(e) (f) 

Figure 2. (a) TEM image of ZS25, (b) HRTEM image of ZS25, (c) TEM image of ZS50, (d) HRTEM image of ZS50, (e) TEM
image of ZS100, and (f) HRTEM image of ZS100.

3.3. FE-SEM Study

Figure 3 depicts the typical SEM image of RGO and prepared polyurethane resin-
based nanocomposites. Wrinkled and curled graphene sheets can be noticed in Figure 3a.
Further, the presence of RGO and prepared ZnFe2O4 nanoparticles in polyurethane resin
can be noticed in SEM images of the surfaces of the PUR-based nanocomposites, as shown
in Figure 3b–d. The increase in the thickness of RGO may be due to the agglomeration of
RGO during the processing and formation of polymer nanocomposite [33].
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Figure 3. FE-SEM image of RGO (a), and FE-SEM image of the fracture surface of ZS100-RGO-PUR (b), ZS50-RGO-PUR (c),
and ZS25-RGO-PUR (d).

3.4. X-ray Photoelectron Spectroscopy

The prepared GO and RGO were examined by X-ray photoelectron spectroscopy (XPS).
Figure 4 shows the XPS spectra of prepared graphene oxide (GO) and reduced graphene
oxide (RGO). Figure 4a,c signifies the survey scan spectra of GO and RGO, which display
the existence of carbon and oxygen. Figure 4b depicts the high-resolution XPS spectra of
the C 1s region for GO. The deconvoluted C 1s peak displays the peak binding energy
of 284.1 eV, 284.7 eV, 286.5 eV, 288.4 eV, and 290.0 eV, which resembles C=C (sp2 carbon),
C-C (sp3 carbon), C-O, C=O, and O-C=O bonds, respectively [34]. Additionally, Figure 4d
denotes the high-resolution XPS spectra of C 1s for RGO. It displays the peak binding
energy of 284.4 eV, 285.9 eV, 287.7 eV, 289.1 eV, and 290.6 eV related to C=C, C-OH, C=O,
O-C=O, and π-π* satellite bonds, respectively [35]. The XPS investigation demonstrated
that after reduction treatment, the functional group of GO is reduced, and the sp3 carbon is
altered to sp2 carbon.

  

π π

1,200 1,000 800 600 400 200 0
0

50000

100000

150000

200000

250000 GO

C
 1

s

O
 1

s

O
 K

LL

( a )

In
te

ns
ity

 ( 
cp

s 
)

Binding Energy ( eV )  
292 290 288 286 284 282 280

0

1000

2000

3000

4000

5000

6000

7000

O-C=O

C=O

C-O

C-C (sp3)

C=C (sp2)

GO( b )

 

In
te

ns
ity

 ( 
cp

s 
)

Binding Energy ( eV )  
Figure 4. Cont.

111



Nanomaterials 2021, 11, 1112

1,200 1,000 800 600 400 200 0
0

50000

100000

150000

200000

250000

300000 RGO( c ) C
 1

s

O
 1

s

O
 K

LL

In
te

ns
ity

 ( 
cp

s 
)

Binding Energy ( eV )  
292 290 288 286 284 282 280

0

5000

10000

15000

20000

π-π∗

289.1  
(O-C=O) 

287.7  
(C=O) 

285.9  
(C-OH) 

284.4  (C=C) RGO( d )

In
te

ns
ity

 ( 
cp

s 
)

Binding Energy ( eV )  

− −

−

−

−

− − − −

250 500 1500 2000 2500 3000
0.0

0.5

1.0

1.5

2.0

A
1g

T 2g
(3

)

T 2g
(2

)

E gT 2g
(1

)

G
 b

an
d

D
 b

an
d

 

In
te

ns
ity

 ( 
a.

u.
 )

Raman Shift ( cm  1 )

 ZS25
 ZS50
 ZS100
 ZS25-RGO-PUR
 ZS50-RGO-PUR
 ZS100-RGO-PUR

Figure 4. XPS spectra of GO and RGO: (a) survey spectrum of GO, (b) C1s spectrum of GO, (c) survey spectrum of RGO,
and (d) C1s spectrum of RGO.

3.5. Raman Spectroscopy

The Raman spectroscopy examined the structural properties of synthesized nanopar-
ticles and PUR-based nanocomposites. Figure 5 shows the Raman spectra of prepared
nanoparticles, namely ZS25, ZS50, ZS100, and nanocomposites designated as ZS25-RGO-
PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR. Two characteristics feature Raman peaks
of reduced graphene oxide, located at 1345 cm−1 (D band) and 1556 cm−1 (G band). The
observed D band at 1345 cm−1 is ascribed to the existence of sp3 defects within the reduced
graphene oxide sheets, whereas the G band at 1556 cm−1 is attributed to the E2g phonon
mode of in-plane sp2 carbon atoms [36]. Further, the observed Raman bands at ~240 cm−1,
~330–340 cm−1, ~470–490 cm−1, ~570 cm−1, and ~650 cm−1 were ascribed to T2g(1), Eg,
T2g(2), T2g(3), and A1g modes for spinel ferrite ZnFe2O4 nanoparticles [37].
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Figure 5. Raman spectra of ZS25, ZS50, ZS100, ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-
PUR samples.
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3.6. FTIR Spectroscopy

FTIR spectroscopy is an outstanding complementary characterization tool for Raman
spectroscopy characterization of nanocomposites. Figure 6a represents the FTIR spectra
of prepared ZnFe2O4 nanoparticles. Two absorption bands at ~545 cm−1 and ~385 cm−1

were noted. The absorption band ~545 cm−1 can be ascribed to the tetrahedral Zn2+

(Zn-O) stretching vibration for the ZnFe2O4 spinel ferrite crystal structure. The band
~385 cm−1 can be assigned to the octahedral Fe3+ (Fe-O) stretching vibration [38]. Ad-
ditionally, Figure 6b displays the FTIR spectra of pure polyurethane resin (PUR) and its
nanocomposites. The presence of an absorption band ~545 cm−1 confirms the existence of
ZnFe2O4 in the developed nanocomposite. Furthermore, Figure 6b demonstrated other ab-
sorption bands related to main characteristics peaks for polyurethane, which was observed
at ~3310 cm−1, 2966 cm−1, 2868 cm−1, 1728 cm−1, 1640 cm−1, 1534 cm−1, 1223 cm−1, and
1094 cm−1. The absorption band ~3310 cm−1 can be ascribed to the stretching vibration
of the N-H group [39]. The bands at 2966 cm−1 and 2868 cm−1 can be attributed to the
non-symmetric and symmetric stretching vibration of CH2. Further, the absorption bands
at 1728 cm−1, 1223 cm−1, and 1094 cm−1 can be attributed to carbonyl (C=O), aromatic
C-O stretching vibration, and C-O-C non-symmetric stretching vibration. Additionally,
the band ~1640 cm−1 can be ascribed as the abundance of amide I bands [40]. In addition,
the absorption band at ~1534 cm−1 can be associated with the N-H bonds of the urethane
group [41]. In combination with Raman and FTIR spectroscopy results, the existence of
spinel ferrite ZnFe2O4 nanoparticles and reduced graphene oxide in the polyurethane
matrix were verified.
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Figure 6. (a) FTIR spectra of ZS25, ZS50, and ZS100; (b) FTIR spectra of PUR, ZS25-RGO-PUR, ZS50-RGO-PUR, and
ZS100-RGO-PUR samples.

3.7. Magnetic Properties

The magnetic characteristics of sonochemically synthesized spinel ferrite ZnFe2O4
nanoparticles were examined. Figure 7a depicts magnetic hysteresis curves of synthesized
ZnFe2O4 nanoparticles at different sonication times of 25 min, 50 min, and 100 min. The
prepared spinel ferrite nanoparticles exhibit zero remanent and zero coercivity, which is
associated with superparamagnetic characteristics. The saturation magnetization value at
the applied magnetic field of 800 kA/m was 0.78 Am2/kg, 1.05 Am2/kg, and 1.33 Am2/kg
for ZS25, ZS50, and ZS100, respectively [42]. The reduced saturation magnetization of
ZS25 is associated with the existence of a magnetically dead or anti-ferromagnetic layer
on the border of the nanoparticle [43]. The observation of superparamagnetism or ferri-
magnetism characteristics at room temperature in nanosized ZnFe2O4 spinel ferrite has
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been attributed to cation redistribution between Zn2+ ions at the tetrahedral sites and Fe3+

ions at the octahedral sites [44,45]. Further, Figure 7b depicts magnetic hysteresis curves of
prepared nanoparticle sample ZS25 at various temperatures 2 K, 77 K, and 300 K. At room
temperature (300 K) and 77 K, the coercivity and remanent are zero for the ZS25 sample;
however, it exhibits coercivity (67 kA/m) and remanent value (5 Am2/kg) at 2 K, which
indicates superparamagnetic behavior of prepared ZS25 sample [46,47].
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Figure 7. (a) M-H plots obtained at 300 K for ZS25, ZS50, and ZS100 samples; (b) M-H plots obtained
at 2 K, 77 K, and 300 K for the ZS25 sample; (c) FC-ZFC curves for the ZS25 sample.

The temperature dependences of zero-field cooled (ZFC) and field-cooled (FC) of
prepared nanoparticle sample ZS25 were also measured in wide temperature interval
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2–300 K for magnetic field 7.96 kA/m. The ZFC and FC investigation is utilized to define
the blocking temperature. Figure 7c displays the irreversibility of ZFC and FC curves
and the occurrence of a maximum in ZFC curves. ZFC-FC curve display irreversibility
characteristic due to the blocking/freezing and unblocking mechanism of the magnetic
moment of magnetic nanoparticles [48]. The rise of ZFC magnetization with temperature
is associated with an unblocking progression [49]. The ZFC and FC measurements for
the ZS25 sample display the blocking temperature of 20 K. The prepared ZS25 sample
displays ferromagnetic behavior below 20 K and superparamagnetic above 20 K. Above
the blocking temperature, the magnetic moment of nanoparticles freely fluctuates in the
applied magnetic field, which leads to superparamagnetism.

Nevertheless, below the blocking temperature, the magnetic moment of each nanopar-
ticle is blocked/freeze in the applied magnetic field direction, and the magnetic hysteresis
with coercivity value 67 kA/m was noticed, as presented in Figure 7b. The blocking temper-
ature depends on various factors such as effective anisotropy constant, magnetic coupling,
particle size, applied magnetic field, etc. [50,51]. A research group, Qi Chen et al. [52],
observed that the blocking temperature increases with the increase in particle size of
MgFe2O4 nanoparticles. Further, Chao Liu et al. [53] reported the increase in the blocking
temperature from 20 to 250 K with the increase in the size of the MnFe2O4 nanoparticles
from 4.4 to 13.5 nm.

It is well-known that the saturation magnetization (Ms) and coercivity (Hc) of the
electromagnetic wave absorber material are the most important factor to influence the
magnetic loss of the electromagnetic wave shielding material [54]. In general, for the
application of electromagnetic interference shielding, an initial permeability (µi) signifies
strong magnetic loss capacity of electromagnetic wave absorber material, which can be
expressed as [55]:

µi =
M2

S
akHcMS + bλξ

(4)

where a and b are constants, which have a dependence on the material. In the above
relation, λ, ξ, and k are the magnetostriction constant, elastic strain parameter of the crystal,
and proportionality coefficient, respectively [56]. The above equation signifies that the
lower Hc and higher Ms are supportive of the value of µi increasing and, consequently,
the performance of electromagnetic wave absorption enhancing [57]. Superparamagnetic
nanoparticles that exhibited zero coercivity and higher saturation magnetization could
be high-performance electromagnetic interference shielding material. In the VSM study,
it is noticed the ZS100 sample exhibited a high value of magnetization as compared to
ZS25 and ZS100; therefore, the permeability of nanocomposites containing ZS100 would
be higher. Further, this suggests that a nanocomposite based on ZS100 could have higher
electromagnetic shielding performance as compared to ZS25 and ZS50.

3.8. Electromagnetic Interference Shielding Effectiveness (EMI SE) Study

The total electromagnetic interference (EMI) shielding effectiveness (SET) can be
ascribed by the logarithmic ratio between the incoming power (Pin) and outgoing power
(Pout) of electromagnetic radiation [58]:

SET = 10 log(Pin/Pout) = SEA + SER + SEMR (5)

Herein, SEA, SER, SEMR, and SET are the absorption, reflection, multiple reflections,
and total EMI shielding, respectively. In general, SEMR can be ignored when SET is larger
than 10 dB [58]. Hence, SET can be expressed as:

SET = SEA + SER (6)

115



Nanomaterials 2021, 11, 1112

SEA in dB can be expressed as [4]:

SEA = −8.68t

√

(fµrσT)

2
(7)

where f is the frequency of the electromagnetic wave; σT is the total conductivity (S/cm)
of shielding material; (µr) is the complex permeability of shielding material. It can be
noticed that SEA is directly proportional to the conductivity (σT) and permeability (µr) of
the shielding material. Further, SER can be expressed as [4]:

SER = −10 log10

(

σT

µr

)

(8)

It can be noticed from the above expression that SER is the function of the ratio of σT
and µr. Furthermore, SEMR can be expressed as [4]:

SEMR = 20 log10

(

1 − 10
SEA
10

)

(9)

SEMR can be neglected at SEA ≥ 10 dB.
Figure 8 depicts the EMI-shielding performance of prepared nanocomposites based

on the polyurethane matrix with sonochemically prepared superparamagnetic ZnFe2O4
nanoparticles and RGO as nanofillers. The maximum total shielding effectiveness (SET) value
for prepared nanocomposites of thickness 1 mm in the frequency range of 8.2–12.4 GHz
was 12.7 dB, 13.8 dB, and 16.7 dB, for ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-
PUR, respectively. The EMI SET value increases with an increase in the size of utilized
superparamagnetic ZnFe2O4 spinel ferrite nanoparticles in developed nanocomposites. The
maximum SEA value was 3.6 dB, 5.9 dB, and 10.2 dB for prepared nanocomposites ZS25-
RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively. The higher SEA value of
the ZS100-RGO-PUR sample indicates that this nanocomposite exhibits higher electrical
conductivity and higher magnetic permeability. Additionally, the maximum SER value was
noticed to be 10.7 dB, 8.7 dB, and 6.7 dB for developed composite material ZS25-RGO-PUR,
ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively.

In recent years, a research group, Xiaogu Huang et al. [59], reported the minimum
reflection loss of −3.8 dB, −5 dB, and −8.1 dB for ZnFe2O4 nanoparticles, nanorods,
nanofibers, respectively. Another research group, Chang Sun et al. [60], noticed a minimum
reflection loss value of −10.4 dB at 17.7 GHz with a matching thickness of 16.7 mm for
LiFeO2/ZnFe2O4 composite. Further, Ruiwen Shu et al. [61] noticed the value of the mini-
mum reflection loss of −12.0 dB with a thickness of 4.5 mm for hybrid nanocomposites of
reduced graphene oxide/zinc ferrite fabricated by a facile one-pot hydrothermal strategy.
Furthermore, Junsheng Xue et al. [62] reported microwave absorption characteristics of
ZnFe2O4 nanoparticles of 130 nm and noticed minimum reflection loss of ZnFe2O4/paraffin
of −23.4 dB at 17.9 GHz for higher thickness around 9 mm. Moreover, Wei Ma et al. [63]
reported that the reduced graphene oxide/zinc ferrite/nickel nanohybrids exhibited the re-
flection loss (RL) of −22.57 dB at 4.21 GHz with a thickness of 2.5 mm. The electromagnetic
interference shielding or microwave absorption characteristics of ZnFe2O4 nanoparticles
depend on various factors, including size, morphology, compositions, the thickness of the
sample, and composite matrix, etc. [64–66].
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Figure 8. The variation of EMI-shielding effectiveness (a) SET, (b) SER, and (c) SEA of superparamagnetic ZnFe2O4 and
RGO-based PUR epoxy nanocomposites at the thickness of 1 mm; (d) a comparison of the maximum values of SET, SER,
and SEA.

3.9. Electromagnetic Properties and Parameters

To elaborate more on the shielding characteristics of prepared superparamagnetic
ZnFe2O4 and RGO-based PUR nanocomposites, complex permittivity and permeability of
the nanocomposites were investigated. The real permittivity (ε′) implies the storage ability
of electrical energy, while the imaginary permittivity (ε′ ′) signifies energy dissipation.
Figure 9a represents the frequency dependence real permittivity for developed nanocom-
posites in the 8.2–12.4 GHz frequency range. The value of ε′ is in the ranges of 6.8 to 7.3,
7.5 to 7.9, 8.4 to 9.1 for developed nanocomposites ZS25-RGO-PUR, ZS50-RGO-PUR, and
ZS100-RGO-PUR, respectively. Figure 9b represents the frequency dependence imaginary
permittivity for nanocomposites in the 8.2–12.4 GHz frequency range. The value of ε′ ′ is
in the range of 0.35 to 0.74, 0.55 to 0.88, 0.65 to 1.31 for ZS25-RGO-PUR, ZS50-RGO-PUR,
and ZS100-RGO-PUR, respectively. The complex permittivity is the result of the polariz-
ability of the nanocomposite material associated with the dipolar and electric polarization,
initiated by an EM wave [5,67]. The input to the space charge polarization acts because
of the heterogeneity of the nanocomposite material. In heterogeneous dielectric materials,
there is an accumulation of virtual charges on the interfaces of two mediums with different
dielectric constants and conductivities, which lead to interfacial polarization and is called
Maxwell–Wagner polarization [68,69]. It can be observed that the values of ε′ and ε′ ′ are
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increased with the increase of the size of superparamagnetic ZnFe2O4 nanoparticles in
prepared nanocomposites.
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Figure 9. (a) Frequency dependence of the real permittivity (ε′), (b) frequency dependence of the imaginary permittivity
(ε′ ′), (c) frequency dependence of the ac conductivity, and (d) Cole–Cole plots of nanocomposites.

The relation between electrical conductivity (σAC) and imaginary permittivity (ε′ ′)
can be stated as [70]:

σAC = εoε
′′ 2πf (10)

Herein, εo is the dielectric constant of free space; f is the frequency of the electro-
magnetic wave. The above relation signifies that the electrical conductivity will increase
with an increase in the value of imaginary permittivity. Therefore, the enhanced value of
the complex permittivity can be associated with the increase in the electrical conductivity
of the prepared nanocomposites with an increase in the size of embedded superparam-
agnetic ferrite nanoparticles. Figure 9c represents the change in electrical conductivity
with the frequency of prepared nanocomposites. The electrical conductivity is in the
range of 1.9 × 10−3 to 3.9 × 10−3 S/cm, 2.5 × 10−3 to 4.3 × 10−3 S/cm, 2.9 × 10−3 to
7.5 × 10−3 S/cm for ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively.

Further, in reported literature by other researchers, the Debye theory is generally
utilized to clarify the relaxation process of dipoles [71,72]. According to the Debye theory
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for dielectric loss characteristics, the real permittivity (ε′) and imaginary permittivity (ε′ ′)
can be written as [73]:

ε′ = ε∞ + εs−ε∞

1+(ωτ)2

ε′′ = ε
′′
relax + ε

′′
σ = εs−ε∞

1+(ωτ)2 ωτ+ σ
ωεo

(11)

Herein, εs and ε∞ are the static and infinite permittivity; ω = 2πf is the angular
frequency; τ is the relaxation time; σ is the conductivity. It can be seen from the above
relation that the ε′ and ε′ ′ are the functions of ωτ. Hence, both the ε′ and ε′ ′ are mutually
dependent on one another. A relationship between ε′ and ε′ ′ can be inferred after ignoring
the contribution of σ and by eliminating ωτ [74]:

(

ε′ − εs + ε∞

2

)2
+ (ε′′ )2 =

(

εs − ε∞

2

)2
(12)

From the above relation, it is easy to recognize that the curves of ε′ and ε′ ′ would be a
semi-circle, which is known as the Cole–Cole semicircle [75].

Figure 9d depicts the Cole–Cole plots for the developed PUR-based nanocomposites.
In general, the relaxation is associated with a delay in polarization concerning the change in
the electrical field. Some obvious Cole–Cole semicircles can be noticed in Figure 9d, which
signifies that the relaxation contributed to the dielectric loss. Additionally, one Cole–Cole
semicircle represents a Debye dipolar relaxation, and the existence of more semicircles is
attributed to multiple relaxation processes [76]. These other semicircles are associated with
Maxwell–Wagner relaxation, electron/ion polarization, and interfacial polarization [77].
The multiple dielectric losses were responsible for the improvement of the absorption
characteristics of PUR-based nanocomposites.

It is well-known that the real permeability (µ′) represents the storage ability of mag-
netic energy, and the imaginary permeability (µ′ ′) signifies the magnetic loss. Figure 10a
represents the frequency dependence of the real permeability (µ′) of PUR-based nanocom-
posites. The µ′ is in the range of 0.86 to 0.96, 0.91 to 0.99, and 0.90 to 1.09 for nanocomposites
ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively. The value of real
permeability (µ′) was increased with an increase of grain size of utilized superparam-
agnetic ZnFe2O4 spinel ferrite nanoparticles. Further, the value of µ′ ′ is in the range of
−0.06 to 0.03, −0.01 to 0.07, and 0.03 to 0.19 for the prepared composites ZS25-RGO-PUR,
ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively, as shown in Figure 10b. Remarkably,
it is noticed that the µ′ ′ exhibited negative value also for some PUR-based nanocomposites,
which is associated with the motion of charges [78].
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Figure 10. (a) Frequency dependence of the real permeability (µ′), (b) frequency dependence of the imaginary permeability
(µ′ ′), (c) dielectric loss tangent, and (d) magnetic loss tangent of nanocomposites.

Additionally, the Globus equation is expressed as [79]:

µ ∝
(

M2
sD/K1

)1/2
(13)

This equation signifies that to get a higher complex permeability, a higher saturation
magnetization (MS), larger grain size (D), and smaller magnetocrystalline anisotropy
constant (K1) are needed. The increased magnetization and larger grain size of the ZS100
sample may add to the larger permeability for prepared ZS100-RGO-PUR nanocomposites,
as compared with ZS25-RGO-PUR and ZS50-RGO-PUR nanocomposites.

Further, based on the following relations [80]:

tan δε = ε
′ ′

ε
′

tan δµ = µ′′
µ′

(14)

and utilizing electromagnetic parameters for ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-
RGO-PUR nanocomposites, the dielectric loss tangent (tanδε) and magnetic loss tangent
(tanδµ) were evaluated. Figure 10c represents dielectric loss tangent vs. frequency curves
for prepared PUR-based nanocomposites. The dielectric loss tangent (tanδε) of samples
ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR, fluctuated with an increase of
frequency of electromagnetic wave between 0.05 to 0.10, 0.06 to 0.11, and 0.07 to 0.15,
respectively. Additionally, the dielectric loss is related to dipole polarization and interfacial
polarization at higher frequencies [81]. It can be also noticed that the dielectric loss (ε′ ′)
value of the ZS100-RGO-PUR sample is much higher than the other two samples (i.e.,
ZS25-RGO-PUR, and ZS50-RGO-PUR). The higher dielectric loss in the ZS100-RGO-PUR
sample is associated with enhanced electrical conductivity and dielectric constant induced
by micro-currents and polarization in nanocomposites [82].

The magnetic loss tangent variation with the frequency of an electromagnetic wave of
prepared PUR-based nanocomposites is presented in Figure 10d. It can be perceived that
the magnetic loss tangent fluctuated between −0.06 to 0.03, −0.01 to 0.07, and 0.03 to 0.19
for samples ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively.

It is well-known that natural resonance, exchange resonance, and eddy current are the
main contributors to the magnetic loss of nanoparticles [83]. The eddy current loss can be
stated by the following relation when the size of magnetic nanoparticle (D) is smaller than
the skin depth (δ) [84]:

µ′′

µ′ α
µ′fD
ρ

(15)

where f is the electromagnetic wave frequency; ρ is the electric resistivity of the nanopar-
ticles. Based on this above relation, Co = f−1(µ′)−2µ′ ′ should be constant, if the magnetic
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loss is mainly contributed from the eddy current loss. It can be seen in Figure 11a that the
value Co is not constant for all the prepared PUR-based nanocomposites. It signifies that
the eddy current loss would not be a dominant contributor to magnetic loss.
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Figure 11. Frequency dependence of (a) the eddy current loss, (b) skin depth, (c) attenuation constant, and (d) impedance
matching coefficient for prepared PUR-based nanocomposites.

Besides dielectric and magnetic losses, skin depth (δ) is another important factor that
stimulates the absorption of electromagnetic waves. Skin depth states the distance at which
the field drops to 1/e of the incident value and stated as [85]:

δ = 1/
√

πfµσ (16)

Herein, f is the frequency; σ is the electrical conductivity; µ is the permeability. This
relation signifies that skin depth reduces with an increase in frequency, permeability, and
conductivity. Figure 11b depicts the frequency dependence variation of skin depth of the
prepared PUR-based nanocomposites. A smaller skin depth states a stronger absorption
capacity [86]. The skin depth of samples ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-
RGO-PUR fluctuated with an increase in the frequency of electromagnetic waves between
0.08 to 0.14 mm, 0.08 to 0.12 mm, and 0.06 to 0.11 mm, respectively. The prepared ZS100-
RGO-PUR nanocomposite exhibits smaller skin depth and, therefore, stronger absorption.

The attenuation constant (α) is an important factor that governs the electromagnetic
wave absorption capabilities of shielding nanocomposites. It can be assessed by the
following relation [87]:

α =

√
2πf
c

√

(µ′′ ε′′ − µ′ε′) +
√

(µ′ε′′ + µ′′ ε′)2 + (µ′′ ε′′ − µ′ε′)2 (17)
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Figure 11c displays the frequency dependence variation of the attenuation constant
(α) of prepared PUR-based nanocomposites. The high attenuation constant (α) value of the
prepared ZS100-RGO-PUR nanocomposite compared with other samples demonstrated
high absorption of electromagnetic waves. Another key factor that governs electromagnetic
wave absorption is impedance matching. It is stated by the modulus of the normalized char-
acteristic impedance (Z), which can be calculated by utilizing the following relation [88]:

Z = |Z1/Zo| (18)

where Z1 = Zo
√

µr/εr; Zo is the impedance in free space; εr is the value of complex per-
mittivity; µr is the value of complex permeability. Figure 11d shows the variation of the
impedance matching coefficient for prepared PUR-based nanocomposites with frequency.
The values of Z are below one, and the ZS100-RGO-PUR nanocomposite has a lower Z value
compared to other samples. A high attenuation constant and moderate Z value of ZS100-
RGO-PUR nanocomposite provided the high value of EMI-shielding effectiveness [89].
The schematic illustration of the electromagnetic interference shielding mechanism in the
prepared nanocomposite is shown in Figure 12. When electromagnetic waves interact at the
surface of the prepared nanocomposite, a part of it is reflected, another part is absorbed, and
the remaining part has multiple reflections and scattering [90]. The reflection is associated
with moving charge carriers interacted with electromagnetic waves [91]. The absorption
signifies the dissipation of energy of the electromagnetic waves due to the interaction of
electromagnetic waves with the electric and magnetic dipoles [92]. The multiple reflections
are reflections at different surfaces or interfaces present due to inhomogeneity within the
prepared nanocomposite. The prepared nanocomposites consisted of conductive RGO
sheets and ZnFe2O4 magnetic nanoparticles not only improve impedance matching but also
creates a micro-current network and attains interfacial polarization [93]. The appropriate
conductivity of RGO sheets gifted the prepared nanocomposites exhibited a moderate
conductivity loss. Residual functional groups and defects in RGO sheets and ZnFe2O4 origi-
nated dipole polarization and defect polarization [94]. The interaction of electromagnetic
waves also creates hopping and migrating electrons across the defects of RGO sheets.

 

α

ř

Figure 12. Schematic illustration of the electromagnetic interference shielding mechanism in prepared
nanocomposites.

The magnetic characteristics of the superparamagnetic ZnFe2O4 nanoparticles com-
ponent in the developed nanocomposites provided a degree of magnetic loss such as
natural resonance and eddy current loss. It improves the impedance matching between
complex permittivity and permeability, which provides well absorption condition for elec-
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tromagnetic waves [95]. The improved electromagnetic wave shielding characteristics of
the ZS100-RGO-PUR nanocomposite can be primarily attributed to the inclusive acts of
magnetic loss, dielectric loss, and appropriate attenuation constant derived from various
nanofillers in the matrix.

4. Conclusions

In summary, superparamagnetic ZnFe2O4 spinel ferrite nanoparticles were prepared
successfully by the sonochemical synthesis approach at various ultra-sonication times of
25 min (ZS25), 50 min (ZS50), and 100 min (ZS100). The average crystallite size increased
from 3.0 nm to 4.0 nm with an increase in sonication time. The lattice parameter increased
from 7.219 Å to 7.248 Å with an increase in sonication time from 25 min to 100 min. The
increase in ionic radii, hopping length for the octahedral and tetrahedral site, tetrahedral
and octahedral bond length, tetrahedral edge, and shared and unshared octahedral edge
for prepared ZnFe2O4 nanoparticles with an increase in sonication time is associated with
cation redistribution in ZnFe2O4 nanoparticles with an increase in sonication time. The
prepared spinel ferrite nanoparticles exhibited zero remanent and zero coercivity, which
is associated with superparamagnetic characteristics. The prepared magnetic ZnFe2O4
nanoparticles (ZS25, ZS50, and ZS100) and electrically conductive reduced graphene ox-
ide (RGO) were embedded in a polyurethane resin (PUR) matrix to develop lightweight
and flexible nanocomposites for electromagnetic interference shielding application. The
maximum total shielding effectiveness (SET) value for developed nanocomposites of thick-
ness 1 mm in the range of 8.2–12.4 GHz frequency was 12.7 dB, 13.8 dB, and 16.7 dB, for
ZS25-RGO-PUR, ZS50-RGO-PUR, and ZS100-RGO-PUR, respectively. The higher atten-
uation constant (α) value of in prepared ZS100-RGO-PUR nanocomposite as compared
with other samples demonstrated high absorption of electromagnetic waves. This work
demonstrated an ingenious and effective strategy to develop polyurethane resin-based
nanocomposites consisting of superparamagnetic ZnFe2O4 spinel ferrite nanoparticles
with RGO for shielding electromagnetic pollution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11051112/s1, Figure S1: (a) TEM image of ZS25, (b) size distribution of ZS25, (c) TEM
image of ZS50, (d) size distribution of ZS50, (e) TEM image of ZS100, (f) size distribution of ZS100.
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Abstract: This study focuses on the development of a nanosupport based on halloysite nanotubes
(HNTs), Fe3O4 nanoparticles (NPs), and thiolated chitosan (CTs) for laccase immobilization.
First, HNTs were modified with Fe3O4 NPs (HNTs-Fe3O4) by the coprecipitation method.
Then, the HNTs-Fe3O4 surface was tuned with the CTs (HNTs-Fe3O4-CTs) by a simple refluxing
method. Finally, the HNTs- Fe3O4-CTs surface was thiolated (-SH) (denoted as; HNTs- Fe3O4-CTs-SH)
by using the reactive NHS-ester reaction. The thiol-modified HNTs (HNTs- Fe3O4-CTs-SH) were
characterized by FE-SEM, HR-TEM, XPS, XRD, FT-IR, and VSM analyses. The HNTs-Fe3O4-CTs-SH
was applied for the laccase immobilization. It gave excellent immobilization of laccase with
100% activity recovery and 144 mg/g laccase loading capacity. The immobilized laccase on
HNTs-Fe3O4-CTs-SH (HNTs-Fe3O4-CTs-S-S-Laccase) exhibited enhanced biocatalytic performance
with improved thermal, storage, and pH stabilities. HNTs-Fe3O4-CTs-S-S-Laccase gave outstanding
repeated cycle capability, at the end of the 15th cycle, it kept 61% of the laccase activity.
Furthermore, HNTs-Fe3O4-CTs-S-S-Laccase was applied for redox-mediated removal of textile
dye DR80 and pharmaceutical compound ampicillin. The obtained result marked the potential of the
HNTs-Fe3O4-CTs-S-S-Laccase for the removal of hazardous pollutants. This nanosupport is based
on clay mineral HNTs, made from low-cost biopolymer CTs, super-magnetic in nature, and can be
applied in laccase-based decontamination of environmental pollutants. This study also gave excellent
material HNTs-Fe3O4-CTs-SH for other enzyme immobilization processes.

Keywords: laccase; immobilization; thiolated chitosan; super-magnetic nanosupports for enzyme
immobilization; ampicillin; Direct Red 80

1. Introduction

Environmental pollution is a daunting challenge to face in the modern world [1]. Pollutants from
land and water are foremost in reducing the quality of life and human health [2]. Textile dyes released
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from textile industries into the water lead to several hazards to the environment, mainly due to their
recalcitrant and toxic nature [3]. In recent decades, emerging pharmaceutical contaminants released
in very small concentrations caused a significant challenge to the environment, mainly due to their
bioactive nature and the development of antibiotic resistance in the microbes [4]. The pharmaceutical
compounds caused the development of antibiotic resistance in the microbes, hence taking the entire
world into a serious health challenge [5]. Various methods and combinations of treatment were
employed to face this challenge [6]. However, enzymatic methods unveiled a new outlook to treat
waste streams to get rid of intractable organic pollutants [7]. Laccase is one of the most important
enzymes in terms of waste pollutant removal. Laccase catalyzes one-electron oxidation of the pollutant
using molecular oxygen as the electron donor [8]. However, free laccase has several disadvantages:
its proteinaceous nature, it is more prone to denaturation, stability issues, and higher cost due to use in
a single reaction [9]. The immobilization approach will cover all of these disadvantages and provide a
more suitable and accessible biocatalyst. Therefore, suitable, novel, and efficient nanosupports for the
immobilization of laccase are required for its potential applications in the remediation of environmental
pollutants [1].

Several supports have been reported for laccase immobilization [10]. Of the nanosupports studied
for immobilization, the naturally available clay mineral halloysite nanotube (HNT) is catching significant
attention. This is mainly due to a number of important properties of HNTs [11]. These include: easy and
low-cost availability, structural morphology in the form of nanotubes, nanotubular lumen, and an
extremely modifiable surface [12]. The surface modifications of HNTs are the main key to developing
them into a comprehensive nanosupport for laccase immobilization [13,14]. The surface modification of
HNTs with Fe3O4 nanoparticles (NPs) makes HNTs super-magnetic. This adds the important parameter
of magnetic separation [15]. Being HNT-immobilized, laccase separation from solution is an extremely
important parameter for laccase recovery and enhanced laccase applications [16]. Furthermore,
the surface of the super-magnetic HNTs can be modified with a biopolymer like chitosan (CTs) [17].
As CTs is a ubiquitous biopolymer used for enzyme immobilization due to having the surface amino
(-NH2) functional group. In our previous research, modification of the HNT surface with Fe3O4 and
CTs proved to be excellent for laccase immobilization [13,14,18]. In these studies, the immobilization of
“laccase” and “CTs and Fe3O4 modified HNTs” was carried out by glutaraldehyde cross-linking. Still,
there is a huge scope to adopt new immobilization strategies. One such important strategy is thiolation
(-SH) of the amino (-NH2) group of CTs loaded on magnetic-HNTs [19–21]. Therefore, this study
mainly emphasized the thiolation of the amino (-NH2) group present of CTs-modified magnetic HNTs.

Thiolation of chitosan has attracted significant attention in recent years for many desirable
applications such as enzyme immobilization, drug delivery, cosmetics, and tissue engineering [19,20].
Thiolation of the CTs involves modification of the surface amino (-NH2) group to the thiol (-SH) group
by NHS-ester reaction [22]. The enzymes possess the –SH group due to the presence of amino acids
such as cysteine and methionine [7]. The –SH group from the thiolated supports and enzyme react at
pH 5 to form a very stable (–S-S–) disulfide bond for immobilization [23]. Thus, thiolation of the CTs
loaded over magnetized HNTs can provide highly applicable nanosupports for enzyme immobilization
applications. As per the author’s literature survey, thiolated CTs, Fe3O4, and HNT nanocomposite has
not yet been reported for enzyme immobilization.

Thus, in summary, this study attempts the synthesis of nanocomposites mainly containing HNTs,
Fe3O4 NPs, and thiolated CTs for laccase immobilization and application of the newly synthesized
immobilization system for the biocatalytic degradation of the environmental pollutants Direct Red 80
(DR80) and the pharmaceutical compound ampicillin. The structural and morphological details of
the nanocomposites were assessed with various techniques such as; FE-SEM, HR-TEM, XPS, FT-IR,
and XRD analyses. The biocatalysis of immobilized laccase was carried out in detail. The degradation
of DR80 and ampicillin were checked by the developed immobilized system.
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2. Materials and Methods

2.1. Materials

Halloysite nanotubes (nanopowder), ammonium hydroxide (ACS Grade Solvents, 25%, NH4OH),
chitosan (low molecular weight), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(≥98% (titration), EDAC.HCl), N-hydroxysuccinimide (≥97.0% (titration) NHS), thioglycolic
acid (≥98%), N,N-dimethylformamide (99.8% DMF), ampicillin (anhydrous), Direct Red
80 (powder), syringaldehyde (SA, assay- ≥ 98%), guaiacol (GUA, assay- ≥ 98%), p-Coumaric
acid (CA, ≥98.0% high-performance liquid chromatography (HPLC)), 1-Hydroxybenzotriazole
hydrate (HBT, ≥97.0% (T)), 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium (ABTS,
Liquid Substrate System), methanol (HPLC grade), acetonitrile (HPLC grade), water (HPLC grade)
and laccase from Trametes Versicolor (powder) were obtained from the Sigma Aldrich, St. Louis, MO,
USA. FeCl3-6H2O and FeCl2·4H2O were received from JUNSEI (Kyoto) Japan.

2.2. Synthesis of HNTs-Fe3O4-CTs-SH

The HNTs-Fe3O4-CTs-SH was synthesized in three steps. First, the HNTs were tuned with Fe3O4

NPs by the coprecipitation method [13]. Second, Fe3O4 NP-modified HNTs (HNTs-Fe3O4) were
functionalized with the chitosan (CTs) (HNTs-Fe3O4-CTs) [14]. Finally, in the third step, NH2 functional
groups of HNTs-Fe3O4-CTs were thiolated (-SH) by NHS-ester reaction (HNTs-Fe3O4-CTs). In the first
step, 0.2–2 g of HNTs was added to 200 mL of deionized water. The mixture was ultrasonicated by Sonics
Vibra-Cell VC130 Ultrasonic Processor, power—130 W, frequency—20 kHz, and amplitude—60 µM
(Sonics & Materials, Inc., Newtown, CT, USA) for 1 h. This mixture was added to 100 mL of 2%
FeCl3·6H2O, and 100 mL of 1% FeCl2·4H2O (dropwise) in the presence of N2 gas at 60 ◦C under
constant stirring. Then, 30 mL of 25% NH4OH solution was added to the mixture. The obtained
black colored precipitate of nanocomposite was stirred at 60 ◦C for 1 h. Further, it was separated
magnetically, washed thoroughly with water, ethanol, and methanol, and dried in an oven at 60 ◦C for
48 h. The obtained sample of HNTs-Fe3O4 was powdered in a mortar and pestle for further use.

In the second step, the CTs modification of HNTs-Fe3O4 was done. In a typical reaction, the CTs
(1 g) was taken in 100 mL of 1% acetic acid and vortexed for 4 h on the magnetic stirrer adjusted
to the 50 ◦C. The CTs solution was prepared in 1% acetic acid in warm conditions to obtain a clear
solution of completely dissolved CTs. Then 1 g of HNTs-Fe3O4 was taken in 100 mL distilled water and
ultrasonicated with Sonics Vibra-Cell VC130 Ultrasonic Processor, power—130 W, frequency—20 kHz,
and amplitude—60 µM (Sonics & Materials, Inc., Newtown, CT, USA) for 1 h. Next, both the CTs
solution and ultrasonicated HNTs-Fe3O4 solution were poured into a 500 mL beaker and stirred for
15 min. At this point, 2 mL of glutaraldehyde solution (2.5%) was added to the mixture. Further,
the beaker was covered with the aluminum foil and continued the stirring for 8 h on the magnetic
stirrer adjusted to 50 ◦C. The obtained HNTs-Fe3O4-CTs nanocomposite was separated magnetically,
washed thoroughly with distilled water, ethanol, and methanol, dried in an oven at 60 ◦C for 48 h,
and finally powdered for further use.

Further, the thiolation of the HNTs-Fe3O4-CTs was done with the NHS-ester reaction. In a typical
reaction, EDAC (6.08 mM), NHS (5.79 mM), and 5 mL of TGA were added to the 10 mL of the DMF.
The mixture was kept in shaking conditions of 200 rpm for 24 h at 25 ◦C to form a reactive NHS-ester.
Then, the HNTs-Fe3O4-CTs and NHS-ester reaction were carried out to form a thiol functionalized
HNTs-Fe3O4-CTs (HNTs-Fe3O4-CTs-SH). In this typical reaction, HNTs-Fe3O4-CTs (6.6 g/L) was taken
in pH 5.0 buffer (Na-acetate buffer 100 mM) and further added with the NHS-ester (0.67 mL/L) in
dark conditions. The mixture was vortexed rapidly at 200 rpm and 25 ◦C for 4 h in dark conditions.
Once the reaction was completed, the materials were immediately removed magnetically and washed
thoroughly with pH 5.0 buffer (Na-acetate buffer 100 mM). The obtained materials were dried in a
freeze dryer and powdered for further use for enzyme immobilization study.
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2.3. Laccase Immobilization Experiment

The laccase immobilization experiment was carried out in a 20 mL glass tube. The materials
HNTs-Fe3O4-CTs and HNTs-Fe3O4-CTs-SH (1 g/L) were taken in 20 mL glass tubes separately. Each of
these tubes was added with 10 mL of laccase solution (1.5 g/L) prepared in the 100 mM Na-acetate buffer
(pH-4). These mixtures were immediately kept shaking (200 rpm) and at a temperature of 25 ◦C for 24 h.
After completion of the immobilization process, the materials were magnetically removed and washed
thoroughly with the 100 mM Na-acetate buffer (pH-4) to remove all unbound laccase. The laccase
immobilized materials were then tested for activity recovery (%) and laccase-loading capacities.
Laccase activity was determined in the 2 mL reaction mixture having 0.9 mL of sodium acetate buffer
(100 mM, pH 4), 1 mL of ABTS solution (90 µM), and free laccase (0.1 mL from 1.5 mg/mL of laccase
solution) or immobilized laccase (0.1 mL solution containing 1 mg of HNTs-Fe3O4-CTs-S-S-Laccase).
The reaction mixtures of both free laccase and immobilized laccase were kept gently mixing for 30 min.
ABTS oxidation was quantified by the absorption at 420 nm for ABTS (molar extinction coefficient
[ε420], 0.0360 µM−1 cm−1). The 1 U of laccase activity was measured as the ABTS (µM) oxidation per
min of incubation time and per mL of solution. The detailed formulae of the measurements of activity
recovery (%) are given by Equation (1) [13].

Activity recovery (%) = AIL/AFL × 100 (1)

where AIL is the immobilized laccase activity, and AFL is the free laccase activity before the immobilization
procedure. The laccase loading capacity (mg/g) was determined by the Bradford method (Add reference)
using the Pierce Coomassie (Bradford) Protein Assay Kit, Thermo Scientific, Massachusetts, MA, USA.
The detailed formulae of the measurements of laccase loading capacity are given by Equation (2) [13].

Laccase loading (mg/g) = (Cbi −Cai)V/W (2)

where Cbi is laccase concentration before immobilization (mg/L), Cai is retained laccase concentration
in solution after immobilization (mg/L), V is the volume of the solution in liters (L), and W is the
weight of the nanocomposites in grams (g). Further, the immobilized laccase was analyzed for
biocatalytic properties.

2.4. Characterizations

The modified materials were morphologically characterized by scanning electron microscopy
(SEM, FC-SM10, Hitachi S-4800, Ibaraki, Japan) and high-resolution transmission electron microscopy
(HR-TEM, Tecnai G2 transmission electron microscope, Hillsboro, OR, USA). The samples for SEM
and TEM were prepared in 10 mL distilled water containing 10 mg of each sample. The samples were
ultrasonicated (Sonics Vibra-Cell VC130 Ultrasonic Processor (Sonics & Materials, Inc., Newtown, CT,
USA) for 1 h. The well-dispersed samples were drop coated on TEM carbon grid and silicon wafer
for SEM and TEM analysis, respectively. The crystalline purity of the samples (in powder form) were
analyzed by X-ray powder diffractometer (XRD, Cu-Kα radiation (λ = 1.5418 Å), Ultima IV/Rigaku,
Tokyo, Japan). The magnetic properties of samples (in powder form) were analyzed by vibrating
sample magnetometer (VSM, Lakeshore, Model: 7407, LA, USA). The functional group profile of
samples (in powder form) were analyzed by Fourier transform infrared spectroscopy (FT-IR, Spectrum
100, PerkinElmer, Waltham, MA, USA). The surface elemental profile of the samples (in powder form)
were analyzed by X-ray photoelectron spectroscopy (XPS, Theta Probe AR-XPS System, Thermo Fisher
Scientific, Dartford, UK).

2.5. Biocatalysis of Immobilized Laccase

The effect of the initial laccase concentration on laccase loading on HNTs-Fe3O4-CTs-SH was
assessed by taking laccase concentrations of 0.5, 0.75, 1.0, 1.25, 1.5, and 1.75 mg/mL. The laccase loading
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was evaluated as per the Equation (2) from Section 2.3. The temperature stability was analyzed by
incubating the free laccase and immobilized laccase in acetate buffer (100 mM, pH 4.2) for 200 min at
60 ◦C. The samples were withdrawn after each 40 min interval and analyzed for relative activity (%).
The relative activity was calculated by considering the initial activity before the stability experiment as
100% [13]. The calculation of relative activity is given by the following formulae Equation (3).

Relative activity (%) = Ae/Ai × 100 (3)

where Ae is the activity after the stability experiment, and Ai is the initial activity before the stability
experiment. Further, the storage stability was evaluated by incubating free and immobilized laccase
acetate buffer (100 mM, pH 4.2) for 30 days at 4 ◦C. The sample was tested for relative activity (%)
after every 5 days. The pH stability was also evaluated by incubating the free and immobilized laccase
at various pH 1–9 for 1 h and at a temperature of 20 ◦C. The samples were measured for the relative
activity (%) after the incubation process. The reusability experiments of immobilized laccase were
carried out by magnetically removing the immobilized laccase after completion of the first reaction
cycle, and this was followed by the addition of the new reaction mixture for the next cycle. This was
continued for 15 cycles of reactions by the same immobilized laccase.

2.6. Immobilized Laccase Mediated Degradation of Environmental Pollutants

The target pollutants used were DR80 and ampicillin. Their degradation experiment was carried
out in a typical reaction mixture that included acetate buffer (100 mM, pH 4.2), pollutant (DR80
(15 ppm)/ampicillin (25 ppm)), 1 mM redox mediators, and immobilized laccase/free laccase (0.1 mL)
for 4 h, with a shaking condition of 200 rpm and temperature of 20 ◦C. The DR80 degradation was
calculated by performing UV−vis spectroscopic analysis. The high-performance liquid chromatography
(HPLC, Shimadzu LC-20AD, Kyoto, Japan) analysis was carried out for assessment of the ampicillin
degradation. The HPLC analysis used the following parameters such as detection wavelength (230 nm),
a mobile phase of [A:B:C:D] [A] acetonitrile, [B] water, [C] 1M potassium phosphate monobasic in
water, [D] 1N acetic acid in water (80:909:10:1), the flow rate of 0.6 mL/min and the C18 column
(Ascentis Express 90 Å, C18 10 cm × 4.6 mm, 5 µm, Sigma-Aldrich, St. Louis, MO, USA). The repeated
cycle degradation of DR80 was carried out as follows, after the completion of the first degradation
cycle as mentioned above, the immobilized laccase was magnetically removed, washed with sodium
acetate buffer pH 4.2. This washed immobilized laccase was added to the fresh reaction mixture which
included fresh acetate buffer (100 mM, pH 4.2), 1 mM redox mediator, and DR80 (15 ppm) for the next
cycle. Similarly, 10 cycles were carried out to assess the reusability potential.

3. Results and Discussion

3.1. Synthesis

The synthesis of HNTs-Fe3O4-CTs, reactive NHS ester, and HNTs-Fe3O4-CTs-S-S-Laccase are
presented in Figure 1A–C. The pristine HNTs were first tuned with Fe3O4 by the coprecipitation
method (Figure 1A). Further, the HNTs-Fe3O4 was modified with the CTs (Figure 1A) in a simple
reaction process. It is well known that CTs exhibits ubiquitous NH2 groups on its surface, and this can
be essential for thiolation. The process of thiolation involves modification of the materials with the
thio (-SH) group by using the reactive NHS ester. The detailed synthesis of the reactive NHS ester
was presented in Figure 1B. In the reaction, the thioglycolic acid reacted with EDAC.HCl to form an
unstable reactive o-acylisourea ester. The NHS attached to the unstable o-acylisourea ester and formed
the reactive NHS ester. In the next reaction of NHS ester with HNTs-Fe3O4-CTs, NHS ester attaches to
the amino (NH2) functional group present on the surface of the HNTs-Fe3O4-CTs. This transforms the
thiol moiety on the surface of the HNTs-Fe3O4-CTs (denoted as; HNTs-Fe3O4-CTs-SH). The reaction
at pH 5 is very important for the reaction to occur. A similar mechanism for thiolated chitosan was
explained by Hanif et al., 2015 [21]. The thiolated and CTs/Fe3O4 modified HNTs were applied for the
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laccase immobilization. The thiol group from the nanocomposite reacted with the thiol group from
the laccase to form the strong disulfide (-S-S-) bond for immobilization. The thiol group displayed
excellent immobilization performance for the enzyme laccase [7].

 

–

Figure 1. The schematic presentation of the synthesis of(A) HNTs-Fe3O4-CTs, (B) reactive NHS ester,
and (C) HNTs-Fe3O4-CTs-S-S-Laccase, and (D) degradation of the environmental contaminants Direct
Red 80 and ampicillin by the immobilized laccase.

The laccase immobilized HNTs-Fe3O4-CTs-SH is denoted as HNTs-Fe3O4-CTs-S-S-Laccase
(Figure 1C). Finally, after laccase immobilization, the HNTs-Fe3O4-CTs-S-S-Laccase was applied
for the redox-mediated degradation of the textile dye Direct Red 80 (DR80) and pharmaceutical
compound ampicillin (Figure 1D).

3.2. Characterizations

3.2.1. SEM and HR-TEM Analysis

The morphological observations of the modified material were done by SEM analysis as shown in
Figure 2A,B. Figure 2A shows the unmodified HNTs. The image represents the diverse sized nanotubes
with the plane and unmodified surface. The ends of the tubes were found open. Figure 2B shows the
modified form of the HNTs, i.e., HNTs-Fe3O4-CTs-SH. A close look reveals that the surface of the HNTs
was heavily modified with the subsequent modifications done on the pristine HNTs; such as Fe3O4,
CTs, and thiolation. The tubes seemed to be broadened, possibly due to the coatings of the CTs. Similar
observations for chitosan modified HNTs was seen in an earlier report [13,14]. The SEM morphologies
gave an idea of the significant modification of the plane surface of the HNTs. Furthermore, it was very
important to analyze the morphological observations in more detail. To achieve this, the HR-TEM
analysis of the HNTs-Fe3O4-CTs-SH was carried out. Figure 2C shows the HR-TEM image of the
HNTs-Fe3O4-CTs-SH. The image represents the surface of a single nanotube. The surface of the tube
showed the Fe3O4 NPs decorated over the tubular surface. The Fe3O4 NPs were found to be 5–10 nm
in size. The shape of the Fe3O4 NPs was found to be circular and quasi-polyhedral. The selected area
(electron) diffraction (abbreviated as SAED) analysis of HR-TEM image of HNTs-Fe3O4-CTs-SH is
shown in Figure 2C(i). The SAED pattern revealed the polycrystalline nature resulting from HNTs and
Fe3O4 NPs. Moreover, it was important to understand the subsequent modification on the nanotube
with the evident elemental distribution. To observe this, high-angle annular dark-field imaging
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(HAADF) S-TEM analysis was carried out in Figure 2D,E. The combination of all the elements was
revealed in Figure 2E.

 

–
–

Figure 2. SEM analysis of (A) HNTs, and (B) HNTs-Fe3O4-CTs-SH. HR-TEM analysis of the
HNTs-Fe3O4-CTs-SH (C) inset (i) SAED pattern of the HNTs-Fe3O4-CTs-SH. The STEM HAADF
image of HNTs-Fe3O4-CTs-SH (D), elemental mapping of HNTs-Fe3O4-CTs-SH (E), and corresponding
elemental distribution of Si (F), O (G), Al (H), Fe (I), C (J), N (K) and S (L).

The element maps of silicon (Si), oxygen (O), aluminum (Al), iron (Fe), carbon (C), nitrogen (N),
and sulfur (S) are shown in Figure 2F–L, respectively. The dense presence of Si, Al, and O elements
outlined the basic backbone structure of the HNTs (Figure 2F–H). The presence of Fe represented the
Fe3O4 NPs decorated over the tubular surface (Figure 2I). The presence of C and N designated the CTs
modification (Figure 2J,K). Finally, the presence of the S over the nanotube confirmed the thiolation
of the HNTs-Fe3O4-CTs (Figure 2L). Likewise, the elemental distribution was also confirmed by the
HR-TEM energy-dispersive X-ray spectroscopy (EDS) analysis carried out to confirm the elemental
distributions (Figure 3A). The presence of Fe, C, N, and S corroborated the successful modification of
the HNT surface with the Fe3O4 NPs, CTs, and thiolation. The overall SEM and HR-TEM analysis
gave the idea about the surface morphology, polycrystalline nature, and elemental distributions of the
modified HNT materials.
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Figure 3. (A) HR-TEM EDS analysis of HNTs-Fe3O4-CTs-SH, (B) XRD analysis
of HNTs-Fe3O4-CTs and HNTs-Fe3O4-CTs-SH, (C) FT-IR analysis of HNTs-Fe3O4-CTs,
HNTs-Fe3O4-CTs-SH, and HNTs-Fe3O4-CTs-S-S-Laccase (D) VSM analysis of HNTs-Fe3O4-CTs
and HNTs-Fe3O4-CTs-S-S-Laccase inset (i) HNTs-Fe3O4-CTs-S-S-Laccase without magnet,
and (ii) HNTs-Fe3O4-CTs-S-S-Laccase with magnet, (E) XPS analysis of HNTs-Fe3O4-CTs and
HNTs-Fe3O4-CTs-S-S-Laccase.
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3.2.2. XRD, FT-IR, VSM, and XPS Analysis

The crystalline nature of HNTs-Fe3O4-CTs before and after thiolation was assessed using the
XRD analysis, Figure 3B. The HNTs-Fe3O4-CTs and HNTs-Fe3O4-CTs-SH showed similar diffraction
peak profiling. This revealed the intact crystalline pattern after the thiolation process. The typical
diffraction peak patterning of HNTs, i.e., 11.94◦, 20.33◦, and 24.36◦ 2θ angles corresponding to the
crystalline planes of (001), (020), and (002) was obtained in both the samples. Similar profiling of the
HNTs peaks after modifications with Fe3O4 NPs and amino-salinization was reported [16]. The Fe3O4

NPs diffraction peaks were seen in both the samples at 30.35, 35.65, 37.46, 43.45, 54.54, 57.36, and 62.92◦

2θ angles corresponding to the crystalline planes of the (220), (311), (222), (400), (422), (511), and (440),
respectively, as per the JCPDS cards 75-0033 data [24]. Thus, the XRD analysis confirmed the Fe3O4

NPs modification over the HNTs.
The functional group profile of the HNTs-Fe3O4-CTs, HNTs-Fe3O4-CTs-SH,

and HNTs-Fe3O4-CTs-S-S-Laccase was analyzed by the FT-IR analysis, shown in Figure 3C.
The absorption peaks obtained in all the samples at 1028 and 910 cm−1 corresponded to siloxane
vibration and silanol vibration, respectively [16]. The absorption peaks obtained in all the samples at
472 cm−1 corresponded to the Fe-O bond from Fe3O4 NPs [9]. The absorption peaks of 3448, 1550, 1443,
1322, and 1119 cm−1 obtained in all the samples, corresponded to the O–H stretching, N–H deformation,
C–H deformation, C–N vibrations, and C–OH stretching of the CTs [9]. Hence, all the samples
gave a similar peak profile corresponding to the peaks of HNTs, Fe3O4, and CTs. This corroborates
the successful synthesis of the HNTs-Fe3O4-CTs. However, the additional peaks of 1659, 1255,
and 623 cm−1 were observed in the HNTs-Fe3O4-CTs-SH. These peaks mainly corresponded to the
C=O stretching amides, C–SH stretching, and C–S stretching, respectively [7,25]. The appearance
of these peaks successfully corroborated the thiolation of the chitosan. However, in the spectra
of HNTs-Fe3O4-CTs-SH, the S-H stretch in the region of 2600–2550 cm−1 was absent. A similar
observation for the absence of S-H stretch in the region of 2600–2550 cm−1 for thiolated chitosan was
observed by an earlier report [7]. This might be due to selective thiolation rather than thiolation of most
of the -NH2 group of the chitosan. Moreover, the FT-IR analysis of the HNTs-Fe3O4-CTs-S-S-Laccase is
shown in Figure 3C. The peak corresponding to the disulfide bond was obtained at the 634 cm−1 [26,27].
The presence of the absorption peak at 1629 cm−1 corresponds to the amide II from proteins [28].
These all observations obtained in the FT-IR spectra of the HNTs-Fe3O4-CTs-S-S-Laccase indicated
the successful loading of the laccase over the Fe3O4-CTs-SH through the disulfide covalent bond.
The obtained results of the FT-IR are in strong agreement with the HAADF STEM elemental mapping
and HR-TEM EDS analyses.

The magnetic potential of the materials played a crucial role in the separation mechanism. Hence,
it was very important to know the magnetic properties of the synthesized material HNTs-Fe3O4-CTs and
immobilized laccase HNTs-Fe3O4-CTs-S-S-Laccase. The magnetic properties of the HNTs-Fe3O4-CTs
and HNTs-Fe3O4-CTs-S-S-Laccase were assessed by the VSM analysis (Figure 3D). The VSM analysis
of both the samples exhibited the typical hysteresis curve of the magnetization with coercivity and
remanence values to be zero. The magnetic potential value was observed to be 18.38 and 27.53 emu/g.
All these observations were designated the superparamagnetic nature of both the samples. Besides,
the magnetization potential of HNTs-Fe3O4-CTs-S-S-Laccase decreased with 9.15 emu/g in comparison
with the HNTs-Fe3O4-CTs. This result confirmed the enhanced laccase loading over the surface of the
modified material. Furthermore, the Figure 3D insets (i) and (ii) show the external magnet mediated
separation of the HNTs-Fe3O4-CTs-S-S-Laccase from solution. All the VSM analyses confirmed the
magnetic potential and laccase immobilization on materials.

Furthermore, the surface elemental profile of the HNTs-Fe3O4-CTs and
HNTs-Fe3O4-CTs-S-S-Laccase were examined by XPS analysis, Figure 3E. The HNTs-Fe3O4-CTs
and HNTs-Fe3O4-CTs-S-S-Laccase showed the peaks Al 2p, Si 2p, C 1s, N 1s, O 1s, and Fe 2p at
the binding energies of 74.88, 103.28, 284.60, 400.07, 532.41, and 710.47 eV, respectively. All the
obtained elements confirmed the presence of Fe3O4 and CTs. However, the peaks of C1s from
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HNTs-Fe3O4-CTs-S-S-Laccase were found significantly higher in intensity than HNTs-Fe3O4-CTs.
This corroborated the successful loading of the laccase. Additionally, the high-resolution spectra of Fe
2p for both the samples were examined with the curve fitting analysis (Figure 4). The close look at
the curve fittings of Fe 2p showed two main peaks of Fe 2p1/2 and Fe 2p3/2 at the binding energies
of the 710.42 and 723.80 eV, respectively. The spin energy separation of Fe 2p1/2 and Fe 2p3/2 was
found to be 13.38 eV, which matches the standard data for Fe3O4 [29]. Iron in Fe3O4 exists in Fe2+ and
Fe3+ oxidation states [30]. Hence, the Fe 2p curve fitting analysis showed both the states of Fe2+ and
Fe3+ [31]. The spectra of both the samples were found to be split into Fe 2p3/2 and Fe 2p1/2 peaks at 710.4
and 724.0 eV corresponding to Fe2+, similarly Fe 2p3/2 and Fe 2p1/2 peaks of Fe3+ at 712.81 and 728.5 eV.
However, the characteristic Fe satellite peak was observed in the HNTs-Fe3O4-CTs-S-S-Laccase.
Similar Fe 2p peak profiling for Fe3O4-rGO was reported [32]. Thus, the overall XPS spectrum analysis
corroborated the successful synthesis of modified HNTs and laccase immobilization.

Figure 4. The high-resolution XPS spectrum of the Fe 2p peaks of (A) HNTs-Fe3O4-CTs, and (B)
HNTs-Fe3O4-CTs-S-S-Laccase.

3.3. Laccase Immobilization on HNTs-Fe3O4-CTs-SH

After structural and morphological confirmation of the HNTs-Fe3O4-CTs-SH synthesis,
the HNTs-Fe3O4-CTs-SH was applied for immobilization of the laccase. The activity of free laccase,
laccase immobilized on the HNTs-Fe3O4-CTs, and HNTs-Fe3O4-CTs-S-S-Laccase are shown in Figure 5A.
The measure of 1 U of laccase activity is given as µM of ABTS oxidized/min/mL. The free laccase
oxidized gave 10.60 U of the activity (Figure 5A). The laccase immobilized on HNTs-Fe3O4-CTs
exhibited 3.3 U of the laccase activity (Figure 5A). This might be due to the adsorption of the
laccase on HNTs-Fe3O4-CTs. However, the immobilization of laccase over HNTs-Fe3O4-CTs-SH
(HNTs-Fe3O4-CTs-S-S-Laccase) possessed 10.64 U of the activity. Hence, HNTs-Fe3O4-CTs-S-S-Laccase
exhibited 100% activity recovery (Figure 5A). Figure 5B shows the ABTS oxidized potential of free
laccase and HNTs-Fe3O4-CTs-S-S-Laccase in photographic form. These results confirmed the significant
enhancement in laccase activity after the thiolation of the support HNTs-Fe3O4-CTs. The thiol (-SH)
group modification of chitosan provided unique covalent binding sites for the laccase immobilization.
The thiol (-SH) group from the laccase covalently bound to the (-SH) group over the HNTs-Fe3O4-CTs-SH,
to form the disulfide bond (-S-S-). This led to a significant enhancement of laccase loading over the
HNTs-Fe3O4-CTs-SH. A similar mechanism of the laccase immobilization over the (-SH) modified
supports was reported earlier [7,19,33,34].
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Figure 5. (A) Unit activity of free laccase (0.1 mL from 1.5 mg/mL laccase solution in sodium
acetate buffer (100 mM, pH 4)), laccase immobilized on HNTs-Fe3O4-CTs (0.1 mL solution
containing 1 mg of laccase immobilized HNTs-Fe3O4-CTs in sodium acetate buffer (100 mM, pH 4)),
and HNTs-Fe3O4-CTs-S-S-Laccase (0.1 mL solution containing 1 mg of HNTs-Fe3O4-CTs-S-S-Laccase in
sodium acetate buffer (100 mM, pH 4)). (B) Photographic image representing the color change after the
oxidation of ABTS by free laccase and HNTs-Fe3O4-CTs-S-S-Laccase.

Furthermore, the effect of initial laccase concentrations on laccase loading over the surface of
HNTs-Fe3O4-CTs-SH was assessed (Figure 6A). In the presence of the initial laccase concentrations
of 0.5, 0.75, 1.0, 1.25, 1.5 and 1.75 mg/mL, HNTs-Fe3O4-CTs-SH displayed 45, 64, 84, 108, 145,
and 144 mg/g of laccase loading. The laccase loading on HNTs-Fe3O4-CTs-SH was found to increase
with a subsequent increase in the initial laccase concentrations from 0.5 to 1.5 mg/mL. The optimum
laccase loading (144 mg/g) was reached 1.5 mg/mL and remained stable with a further increase in the
laccase concentrations. This result indicated that the optimum occupation of the immobilization sites
on HNTs-Fe3O4-CTs-SH was reached at the 1.5 mg/mL initial laccase concentration. The obtained
value of the laccase loading was found to be excellent in comparison to the most recent reports (Table 1).
The obtained laccase loading in this study was found to be higher in comparison with the recently
reported nanosupports. This indicates that thiol functioned CTs over clay mineral HNTs with magnetic
properties can be excellent supports for the enzyme immobilization.

Table 1. Laccase loading capacity (mg/g) comparison of the recently reported nanosupports.

Used Material Laccase Loading (mg/g) Reference

HNTs-Fe3O4-CTs-SH 144 This study
Magnetic biochar (L-MBC) 27 [35]

MACS-NIL-Cu-Laccase 47 [36]
Polyacrylamide-alginate cryogel 68 [8]

LA-Au/PDA@SiO2-MEPCM 50 [37]
ZrO2–SiO2 86 [38]

Fe3O4@Chitosan 32 [39]
ZrO2–SiO2/Cu2+ 94 [38]

HNTs-M-chitosan (1%) 100 [14]
Aminosilanized magnetic HNTs 84 [16]

Fe3O4-NIL-DAS@lac 60 [40]
Magnetized chitosan modified

α-Cellulose 73 [9]

PD-GMA-Ca@ABTS beads 8 [41]
Magnetized chitosan modified

HNTs 92 [13]

Chitosan microspheres 8 [42]
Sepharose-linked antibody 33 [43]

139



Nanomaterials 2020, 10, 2560

–

 

Figure 6. (A) Effect of initial laccase concentration on the immobilization on the HNTs-Fe3O4-CTs-SH,
(B) temperature stability at 60 ◦C for 200 min by free laccase and HNTs-Fe3O4-CTs-S-S-Laccase,
(C) storage stability for 30 days by free laccase and HNTs-Fe3O4-CTs-S-S-Laccase, (D) pH
stabilities free laccase and HNTs-Fe3O4-CTs-S-S-Laccase, and (E) repeated cycle activities of the
HNTs-Fe3O4-CTs-S-S-Laccase.

3.4. Biocatalytic Performance of the HNTs-Fe3O4-CTs-S-S-Laccase

After assessment of the immobilization activity recoveries and understanding of the laccase loading
pattern on HNTs-Fe3O4-CTs-SH, the biocatalytic performance of the HNTs-Fe3O4-CTs-S-S-Laccase was
evaluated by using the temperature stability, storage stability, pH stability, and readability potential
studies. First, the data obtained for temperature stability is presented in Figure 6B. Enzyme being
proteinaceous is extremely prone to denaturation due to elevated temperatures [23]. Excellent enzyme
immobilization strategies were found to be effective to overcome this problem [44]. Hence, in this
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study free laccase and the immobilized enzyme system were assessed for temperature stability in
acetate buffer (100 mM, pH 4.2) for 200 min at 60 ◦C. After 200 min, free laccase lost 31% of the
initial activity (Figure 6B). However, HNTs-Fe3O4-CTs-S-S-Laccase lost 17% of the initial activity
(Figure 6B). Hence, the obtained results in Figure 6B suggest significantly improved thermal stability
of the laccase after the immobilization protocol. There are many applications of the enzyme laccase that
can be enhanced by improved thermal stability [35]. Further, the storage stability of the immobilized
and free laccase was tested (Figure 6C). The long-term storage of the enzyme in solution is a
challenging task [35]. However, after immobilization, the enzyme native structure can be protected
for a longer time [10]. This helps the utilization of enzyme-based catalysis and makes it economically
applicable [9]. In this regard, the immobilized laccase and free laccase were tested for storage stabilities.
After 30 days incubation of both the systems, free laccase retained 46% of the initial activity. However,
HNTs-Fe3O4-CTs-S-S-Laccase retained 73% of the activity. A significant increase in activity stability was
found after the immobilization. This can be helpful to the many laccase-based applications. Moreover,
the pH of the system is a major key for the biocatalysts. The effect of pH on the immobilized laccase
and free laccase with their incubation for 1 h was tested (Figure 6D). The HNTs-Fe3O4-CTs-S-S-Laccase
exhibited excellent biocatalysis over the range of pH of 1–9, compared to the free laccase (Figure 6D).
This will elicit the laccase application profile at various pH ranges [13]. Overall all the stability
experiments proved HNTs-Fe3O4-CTs-S-S-Laccase as an excellent biocatalyst and HNTs-Fe3O4-CTs-SH
can be used for the immobilization of other enzymes.

The free enzyme offers only a single use, as it is a very difficult as well as costly affair to separate
enzyme and products after the reaction process [10]. Hence, nanosupport with immobilized enzyme
provides leverage to overcome this limitation [1]. Besides, the magnetized nanosupports would be
an excellent choice in this regard [44]. The HNTs-Fe3O4-CTs-S-S-Laccase is a capable biocatalyst and
super-magnetic in nature. Hence, its potential was tested for repeated use. The data for repeated use
application of the HNTs-Fe3O4-CTs-S-S-Laccase is given in Figure 6E. Upon 15 cycles of repeated use,
HNTs-Fe3O4-CTs-S-S-Laccase possessed 61% of the initial activity. The HNTs-Fe3O4-CTs-S-S-Laccase
exhibited significant potential of reusability. This can be highly applicable in many laccase-based
applications. Being a support made from clay mineral (HNTs), super-magnetic Fe3O4 NPs, and thiol
functionalized biopolymer (CTs), this nanosupport can be highly beneficial in many desired applications
of the laccase. Furthermore, the HNTs-Fe3O4-CTs for laccase immobilization with glutaraldehyde
(GTA) cross-linking route was reported in our previous study [13]. The same backbone nanosupport
HNTs-Fe3O4-CTs was used in this study for laccase immobilization through the thiolation route.
Hence, it is imperative to discuss and compare both the routes for laccase immobilization. The thiolated
support gave a laccase loading capacity of 144 mg/g; however, GTA cross-linking exhibited 100 mg/g
of laccase loading capacity. Thiolation enhanced the laccase-loading capacity, this might be due
to the enhanced disulfide linkage formation in the immobilization process. Regarding storage
and pH stability, thiolated HNTs-Fe3O4-CTs gave a better biocatalytic performance than GTA
cross-linked HNTs-Fe3O4-CTs [13]. Furthermore, in a comparison of the temperature stabilities the
GTA cross-linked possessed slightly higher temperature stability than thiolated HNTs-Fe3O4-CTs [13].
The thiolated HNTs-Fe3O4-CTs possessed remarkable enhancement in the repeated cycle studies [13].
These comparisons indicated significantly improved nanosupport HNTs-Fe3O4-CTs-SH was provided
for the laccase immobilization. This upgraded nanosupport can enable the exploration of many
laccase-based applications, and it can also be applied to other biocatalyst immobilization processes,
to enhance their biocatalytic performances.

3.5. Application of HNTs-Fe3O4-CTs-S-S-Laccase in Environmental Pollutants Removal

Environmental pollutants such as textile dyes and pharmaceutical compounds cause significant
damage to the natural ecosystem and human health. Synthetic reactive dyes released from the textile
industry have very serious implications for water ecosystems and humans [3]. Similarly, pharmaceutical
compounds released from domestic and industrial wastewater in small concentrations pose a significant
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challenge to the environment due to their bioactive nature [4]. Laccase catalyzes the redox-mediated
degradation of various pollutants. Still, free laccase has many limitations to mitigate this challenge,
however, immobilized laccase with improved properties is most suitable for redox-mediated removal
of the various pollutants from water [1]. The enhanced biocatalytic performance by the immobilized
laccase plays a crucial role in the degradation of environmental pollutants. Hence, in this study,
we applied the developed immobilization system of HNTs-Fe3O4-CTs-S-S-Laccase for the removal
of textile dye DR80 and the pharmaceutical compound ampicillin. The structures of environmental
pollutants taken for study, DR80 and ampicillin, and the redox mediator compounds, such as
p-Coumaric acid (CA), 1-Hydroxybenzotriazole hydrate (HBT), syringaldehyde (SA), guaiacol (GUA),
and 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) are shown in Figure 7.

guaiacol (GUA), and 2,2′

−

Figure 7. Structures of the environmental pollutants Direct Red 80 and ampicillin, and redox mediators,
p-coumaric acid (CA), 1-1-hydroxy benzotriazole hydrate (HBT), syringaldehyde (SA), guaiacol (GUA),
and 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS).

The HNTs-Fe3O4-CTs-S-S-Laccase and free laccase were applied for the degradation of DR80.
The obtained results are shown in Figure 8. The free laccase does not show the decolorization of DR80
without a redox mediator. Laccase requires the redox mediator system to degrade the environmental
pollutants [16]. The HNTs-Fe3O4-CTs-S-S-Laccase without redox mediator gave 45% removal of DR80
Figure 8. Consequently, without a mediator immobilized laccase cannot attack the DR80 directly,
and obtained 45% DR80 removal in the absence of the mediator was assigned to the adsorption process.
Next, HNTs-Fe3O4-CTs-S-S-Laccase with redox mediators CA, HBT, SA, GUA, and ABTS, gave 63,
76, 60, 67, and 92% decolorization of DR80 Figure 8. However, free laccase exhibited 27, 39, 27, 30,
and 74% decolorization of DR80 in the presence of the CA, HBT, SA, GUA, and ABTS (Figure 8).
Thus, HNTs-Fe3O4-CTs-S-S-Laccase enhanced the decolorization of DR80 compared to the free laccase.
This enhancement corresponded to the enhanced catalytical performance and possible adsorption
effect of the HNTs-Fe3O4-CTs-S-S-Laccase. The immobilized laccase or laccase first oxidized the
mediator, and the oxidized mediator carried out the oxidative degradation of the DR80. Among all
redox mediators studied, the ABTS was found to be the best for the DR80 removal potential of the
HNTs-Fe3O4-CTs-S-S-Laccase. This obtained result might be due to the better oxidation−reduction
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potential of the ABTS by HNTs-Fe3O4-CTs-S-S-Laccase. Hence, the developed laccase immobilization
system was found to be successful in the removal of a toxic textile dye like DR80.

 

–

Figure 8. Removal of the DR80 by free laccase and HNTs-Fe3O4-CTs-S-S-Laccase; without a mediator
(WM), and with redox mediators of CA, HBT, SA, GUA, and ABTS.

After investigating the decolorization potential of HNTs-Fe3O4-CTs-S-S-Laccase, the effect of pH
on the decolorization of DR80 in the presence of redox mediator ABTS was assessed. pH played a
crucial role in biocatalytic reactions of the laccase. The HNTs-Fe3O4-CTs-S-S-Laccase exhibited higher
activities over all the pH range (Figure 6D). The decolorization performance of DR80 at various pH
values of 1, 2, 3, 4, 5, 6, 7, 8, and 9 was observed as follows: 88, 89, 92, 92, 89, 46, 28, 20, and 16%,
respectively (Figure 9). The pH range 1–5 displayed higher decolorization. The highest decolorization
was displayed at pH 4, this obtained result was in agreement with previous observations from
Figure 6D.

–

 

Figure 9. Effect of pH on removal of the DR80 by HNTs-Fe3O4-CTs-S-S-Laccase in the presence of the
redox mediator ABTS.
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Furthermore, the repeated cycle decolorization of the DR80 was assessed. It was very important to
apply laccase in multiple cycles to enhance the remediation potential. The HNTs-Fe3O4-CTs-S-S-Laccase
was assessed for 10 decolorization cycles of DR80 in the presence of redox mediator ABTS (Figure 10).
The HNTs-Fe3O4-CTs-S-S-Laccase displayed 92, 91, 91, 85, 80, 76, 71, 71, 67, and 60% decolorization of
the DR80. At the end of the 10th cycle, 60% decolorization was observed. This marks higher remediation
potential of the developed immobilized laccase system. However, in the case of free laccase, it was very
difficult to separate laccase from the first reaction mixture. However, the HNTs-Fe3O4-CTs-S-S-Laccase
is super-magnetic, can be easily retrieved from the water, and applied in the next cycle of pollutant
removal. The overall DR80 removal studies by HNTs-Fe3O4-CTs-S-S-Laccase gave an idea about its
potential for the treatment of textile dyes.
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ly used β . The role of laccase for degradation of the β

–
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Figure 10. Repeated cycle removal of the DR80 by HNTs-Fe3O4-CTs-S-S-Laccase in the presence of the
redox mediator ABTS.

Finally, the HNTs-Fe3O4-CTs-S-S-Laccase was tested for its potential in the degradation of the
ampicillin. The fate of antibiotics like ampicillin in water bodies is causing serious environmental
concern mainly due to the possible spread of antibiotic resistance [45]. Among all classes of antibiotics,
the β-lactam class of antibiotics has captured over 65% of the world antibiotic market. Ampicillin is a
widely used β-lactam antibiotics [46]. The role of laccase for degradation of the β-lactam antibiotics has
been reported [47]. Hence, in this study, we assessed the potential of the HNTs-Fe3O4-CTs-S-S-Laccase
for ampicillin degradation. The degradation of ampicillin by HNTs-Fe3O4-CTs-S-S-Laccase was
observed by the HPLC analysis as mentioned in the report [48]. The obtained results for redox-mediated
degradation of ampicillin by HNTs-Fe3O4-CTs-S-S-Laccase are shown in Figure 11. The HPLC of
control ampicillin showed a very sharp peak at the retention time of the 3.9 min (Figure 11A). A similar
kind of ampicillin peak was reported in earlier reports [49–51]. The ampicillin in the presence of
the HNTs-Fe3O4-CTs-S-S-Laccase and with no redox mediator showed a very sharp peak at the
retention time of the 3.9 min (Figure 11B). This obtained result corroborated that, without a mediator,
no degradation was observed. The intensity of the peak also remained consistent suggesting no
adsorption of ampicillin. Further, HNTs-Fe3O4-CTs-S-S-Laccase with redox mediator ABTS exhibited
a changed profile of the peaks at different retention times; such as 2.4, 2.6, 2.79, and 7.07 min,
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respectively, see Figure 11C. This observation confirmed the complete degradation of the ampicillin.
The main ampicillin peak of 3.9 min disappeared and new peaks arrived due to degradation by
the HNTs-Fe3O4-CTs-S-S-Laccase. Similarly, the HNTs-Fe3O4-CTs-S-S-Laccase with mediators GUA,
SA, and HBT gave degradation of ampicillin with different retention time peaks (Figure 11D–F).
Thus, the overall ampicillin degradation study corroborated that various redox mediators can be used
for ampicillin degradation by HNTs-Fe3O4-CTs-S-S-Laccase. Therefore, this system could be used for a
wide range of pollutant removal. As in this study, we assessed the potential of immobilized laccase for
textile dye DR80 and pharmaceutical compound ampicillin.

–

 

Figure 11. HPLC analysis of the ampicillin degradation by HNTs-Fe3O4-CTs-S-S-Laccase
(A) control ampicillin, (B) ampicillin + HNTs-Fe3O4-CTs-S-S-Laccase (in absence of the
redox mediator), (C) ampicillin + HNTs-Fe3O4-CTs-S-S-Laccase + ABTS, (D) ampicillin +
HNTs-Fe3O4-CTs-S-S-Laccase + GUA, (E) ampicillin + HNTs-Fe3O4-CTs-S-S-Laccase + SA, and (F)
ampicillin + HNTs-Fe3O4-CTs-S-S-Laccase + HBT.

4. Conclusions

In conclusion, this study investigated the new nanocomposite containing HNTs, Fe3O4 NPs,
and thiolated CTs for laccase immobilization. The detailed characterizations, FE-SEM, HR-TEM,
XPS, XRD, FT-IR, and VSM analyses of the nanocomposite corroborated successful synthesis.
The immobilized laccase displayed outstanding biocatalytic performance with improved thermal,
storage and pH stability. The immobilized laccase also gave redox-mediated degradation of
environmental pollutants such as DR80 and ampicillin. This indicated that immobilized laccase can be
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applied for wastewater treatment. The super-magnetic nature can easily retrieve the nanosupport from
the solution after the decontamination of the pollutant. Thus, the novel nanosupport developed in this
study “HNTs-Fe3O4-CTs-SH” is highly efficient for laccase immobilization, and also can be applied for
other enzyme-immobilization processes.
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Abstract: This paper aims to investigate different properties of the Fe-Al matrix reinforced with
multi-walled carbon nanotube (MWCNT) nanocomposites with the Al volume content up to 65%,
according to the Fe-Al combination. In addition, the effect of adding Co content on the improvement
of the soft magnetic properties of the nanocomposites was carried out. The nanocomposites were
fabricated using the powder metallurgy process. The iron-aluminum metal matrix reinforced
multi-walled carbon nanotube (Fe-Al-MWCNT) nanocomposites showed a continuous increase of
saturation magnetization from 90.70 A.m2/kg to 167.22 A.m2/kg and microhardness, whereas the
electrical resistivity dropped as the Al content increased. The incorporation of Co nanoparticles
in Fe-Al-MWCNT up to 35 vol% of Co considerably improved the soft magnetic properties of
the nanocomposites by reducing the coercivity and retentivity up to 42% and 47%, respectively.
The results showed that Al-based magnetic nanocomposites with a high Al volume content can be
tailored using ferromagnetic particles. The composites with a volume content of magnetic particles
(Fe+Co) greater than 60 vol% exhibited higher saturation magnetization, higher coercivity, and higher
retentivity than the standard Sendust core. Moreover, the produced composites can be used for the
lightweight magnetic core in electromagnetic devices due to their low density and good magnetic
and mechanical properties.

Keywords: magnetic hybrid nanocomposites; nanoparticles; magnetic properties; mechanical
properties; spark plasma sintering

1. Introduction

Recently, the requirements for lightweight and high performance in various engineering
structures and technologies have tremendously attracted many researchers and industries to composite
materials. Among these composites, aluminum metal matrix composites are interesting and promising
materials to fulfill the need for lightweight structure because of their excellent strength-to-weight
and stiffness-to-weight ratio [1–3]. The final properties of these composites are strongly influenced
by the reinforcing materials and the fabrication process. The mechanical, electrical, and thermal
properties and corrosion behavior of the Al-based composites have been studied by many investigators,
and improvement of these properties was achieved depending on the reinforcement and process
parameters [4–6]. However, currently, there are no significant studies on the improvements in magnetic
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properties of those composites. Furthermore, very few studies can be found on the Fe-Al magnetic
materials with high Al content.

The use of iron oxide (α-Fe2O3) nanoparticles as reinforcement in aluminum matrix composites
were reported to produce Al-based magnetic composites [7–9]. However, these composites were found
to present high coercivity and low saturation magnetization due to the poor magnetic properties of iron
oxide [7]. The aluminum metal matrix composites reinforced with 30% of iron oxide Fe3O4 have shown
a saturation magnetization of 13.43 A.m2/kg, and the Fe3O4 reinforcement was found to reduce the
electrical conductivity of the composites [10,11]. Fathy et al. [12] investigated the magnetic properties
of Al metal matrix reinforced with a 5% to 15 % content of Fe particles as magnetic reinforcement.
Although they found an enhancement of magnetic properties, the saturation magnetization of their
composites was substantially low (less than 1 A.m2/kg). This was attributed to the formation of a
diamagnetic Al13Fe4 intermetallic compound during the manufacturing process. These magnetic
properties seem to be relatively low for most magnetic applications such as the magnetic core in
transformers, inductors, or other electromagnetic devices. Therefore, in order to have metal matrix
magnetic composites with lightweight and good magnetic properties, new approaches are advised.

In this paper, Al particles and Fe nanoparticles were combined to form a dual matrix and reinforced
with 2 vol% of multi-walled carbon nanotubes (MWCNTs). It is well known that aluminum is a
lightweight material, compared to iron, and is paramagnetic. On the other hand, iron is a heavy metal
and is a ferromagnetic material with the best saturation induction compared to other ferromagnetic
materials. The multi-walled carbon nanotubes (MWCNTs) are known to be advanced, light, and strong
materials which have different applications, including the strengthening of materials in various
composite materials [13–15]. The MWCNTs have good electric, mechanical, and thermal properties,
and they are promising as reinforcements in composite materials. In this work, the Fe-Al-MWCNT
hybrid nanocomposites were produced by spark plasma sintering with the aluminum content varying
between 28 and 65 vol%. Their morphology and magnetic, electrical, and mechanical properties were
tested and evaluated according to the Fe and Al volume-percentage combination. In addition, the effect
of Fe and Co combination on various properties was studied by maintaining the Al and MWCNT
contents in composites constant.

2. Materials and Methods

2.1. Sample Preparation

The powders of iron (Fe) nanoparticles with an average particle size of 90–110 nm and purity
of 99.9%, aluminum (Al) powders with an average particle size of 30–40 µm and purity of 99.9%,
and multi-walled carbon nanotubes (MWCNTs) with a 8–15 nm diameter and a 5–20 µm length
were prepared with a volume ratio based on a sample of 50 mm in diameter and 30 mm in length.
Furthermore, the cobalt (Co) nanoparticles with an average particle size of 80–120 nm and purity
of 99.8% were prepared and used to evaluate the effect of Co on the magnetic properties of the
composites with the above-mentioned materials. The Fe, Al, and Co powders were supplied by Ditto
Technology Co. Ltd., Gunpo, Korea, whereas MWCNT powders were supplied by Nanosolution,
Jeonju, Korea. Tables 1 and 2 show the prepared samples according to the volume fraction of iron,
aluminum, and cobalt nanoparticle powders, respectively.
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Table 1. Element volume ratio in Fe-Al-MWCNT hybrid nanocomposite materials. MWCNT:
multi-walled carbon nanotube.

Composites Materials ID Fe (vol%) Al (vol%) MWCNT (vol%)

33Fe-65Al-2MWCNT M1 33 65 2
38Fe-60Al-2MWCNT M2 38 60 2
43Fe-55Al-2MWCNT M3 43 55 2
48Fe-50Al-2MWCNT M4 48 50 2
50Fe-48Al-2MWCNT M5 50 48 2
55Fe-43Al-2MWCNT M6 55 43 2
60Fe-38Al-2MWCNT M7 60 38 2
65Fe-33Al-2MWCNT M8 65 33 2
70Fe-28Al-2MWCNT M9 70 28 2

Table 2. Element volume ratio in Fe-Co-Al-MWCNT hybrid nanocomposite materials.

Composites ID
Fe Co Al MWCNT

(vol%) (vol%) (vol%) (vol%)

70Fe-28Al-2MWCNT M9 70 0 28 2
60Fe-10Co-28Al-2MWCNT M10 60 10 28 2
50Fe-20Co-28Al-2MWCNT M11 50 20 28 2
40Fe-30Co-28Al-2MWCNT M12 40 30 28 2
35Fe-35Co-28Al-2MWCNT M13 35 35 28 2

The powders were mixed using the ball-milling technique on a horizontal roll ball mill.
Before milling, 2 g of stearic acid were added as the process agent to reduce the cold welding
of the powder and limit the powders sticking to the walls of the ball mill jar. Sixty alumina balls with a
10-mm diameter were used as the milling media. The powder milling was performed with a milling
speed of 300 rpm for 48 h [9].

In order to prepare the powders for sintering, graphite die and two punches were prepared.
Graphite sheets were used as die-wall and punch lubricant. The powder mixtures were filled in
graphite die and then initially compacted with a hydraulic press to adjust and equalize the outer length
of the punches (upper punch and bottom punch). The die containing the pre-compacted powders
was mounted in a spark plasma sintering (SPS) machine (SPS-3.20MK-V, SPS Syntex Inc., Kawasaki,
Japan) for simultaneous compaction and sintering. This process was performed by applying an initial
pressure of 20 MPa while increasing the temperature from room temperature to 500◦C. From 500◦C to
600◦C, a pressure of 40 MPa was applied, maintained for 10 min at 600◦C, and then completely released
during SPS-chamber cooling from 600◦C to room temperature. The obtained cylindrical samples were
machined into specimens using an electrical discharge machine (EDM) for characterization.

2.2. Characterization

Scanning electron microscopy (SEM, CX-200, COXEM Co.Ltd., Daejeon, Korea) and field-emission
scanning electron microscopy (FE-SEM, JSM-7100F, Jeol, Tokyo, Japan), combined with an energy
dispersive X-ray spectrometer (EDS; Aztec Energy, Oxford Instruments, Abingdon, UK), were used to
investigate the morphology and elemental distribution of the composites. X-ray powder diffraction
(XRD, CuKα: λ = 1.54 Å) was used to examine the crystallography and phase identification.

The cubic specimens of 2 mm × 2 mm × 2 mm were prepared and tested for magnetic property
measurements using a vibrating sample magnetometer (VSM 7404-S, Lakeshore Cryotronics, Inc.,
Westerville, OH, USA) with an applied field varying form –1 T to +1 T. The bar sample preparation
and the transverse-rupture strength (TRS) testing were performed according to the ASTM standard
B528 [16], using a universal tensile-testing machine. The TRS testing was conducted by considering
three specimens for each sample. The Vickers microhardness was also tested with an applied load of
0.1 kgf for 10 s using a hardness tester (HM-123, Code No 810-990K, Mitutoyo Corporation, Kawasaki,
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Japan). For each sample, 10 measurements were taken and averaged for microhardness characterization.
The electrical resistivity was measured using the four-probe method on the rectangular samples having
the same size as the TRS specimens (i.e., 31.7 mm in length, 12.7 mm in width, and 6.35 in thickness).
For each material, 20 measurements were taken and averaged.

3. Results and Discussion

3.1. Microstructure Analysis of the As-Received Powders and Fe-Al-MWCNT Nanocomposites

Figure 1 shows the SEM images of the starting materials. The starting Fe powders shown in
Figure 1a revealed a mixture of very small Fe particles (at nanoscale) and relatively big Fe particles.
The iron (Fe) particles were of spherical shape. The Al particles shown in Figure 1b seemed to be large
even at low magnification because they were at microscale. Figure 1c shows that the MWCNT were in
the form of fibers with an entangled network. Figure 1d–i shows that the core shells of nanoparticles
were created on the surface of the large particles after ball milling. It can be seen that a larger amount
of nanoparticles were bonded on the big particles when the nanocomposites had a higher volume
content of Fe nanoparticles (i.e., 65Fe-33Al-2MWCNT; Figure 1g–i) than when they had a lower volume
content of Fe nanoparticles (i.e., 38Fe-60Al-2MWCNT; Figure 1d–f). The dispersion of MWNCT could
also be observed at a high magnification of the ball-milled powders, as seen in Figure 1f,h.

Figure 1. SEM images of powders: (a) As-received Fe nanopowders; (b) As-received Al powders;
(c) As-received MWCNT; (d) Ball-milled (38Fe-60Al-2MWCNT) powders; (e) and (f) Higher
Magnification of Selected Areas (1&2) in the images (d); (g) Ball-milled (65Fe-33Al-2MWCNT) powders;
(h) and (i) Higher Magnification of Selected Areas (3&4) in the images (g).
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Figure 2 shows SEM images of the composites. The Fe, Al, and MWCNTs are presented in the
light gray, dark gray, and black colors, respectively, and are clearly indicated in Figure 2b. It is clear
that Fe, Al, and MWCNTs were well distributed in the composites and the higher the volume content
of Fe was, the larger its surface area was. The SEM images show that at a lower Fe content the Fe
nanoparticles formed thin layers around the Al particles, and those layers got thicker as the volume
fraction of Fe nanoparticles increased. The layers of Fe nanoparticles were the results of nanoparticles
coating on the surface of large particles, using the mechanical ball-milling technique as discussed in
previous research [17,18].

Figure 2. SEM images of Fe-Al-MWCNT hybrid nanocomposites: (a) 33Fe-65Al-2MWCNT
(M1); (b) 38Fe-60Al-2MWCNT (M2); (c) 43Fe-55Al-2MWCNT (M3); (d) 48Fe-50Al-2MWCNT
(M4); (e) 50Fe-48Al-2MWCNT (M5); (f) 55Fe-43Al-2MWCNT (M6); (g) 60Fe-38Al-2MWCNT (M7);
(h) 65Fe-33Al-2MWCNT (M8); and (i) 70Fe-28Al-2MWCNT (M9).

At a Fe volume content greater than 50% (Figure 2e–i), the Al particles were distributed in Fe
phases as reinforcing particles in the Fe matrix. It can be seen that most of MWCNTs were trapped
inside the Fe areas. This was because a large number of iron nanoparticles had surrounded the Al
particles and the clusters of MWCNTs as a result of ball milling. The SEM images of the composites
revealed the presence of big spherical Fe particles in the Fe area. However, it can be seen that the total
surface formed by the big spherical Fe particles seemed smaller than the rest of the Fe area in the SEM
images. Therefore, it can be believed that the volume content of big Fe particles was smaller than the
volume content of small particles (at nanoscale) which may explain the average particle size of 90–110
nm (as specified by the iron powder supplier Ditto Technology Co. Ltd.).
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The elemental mappings performed using EDS are shown in Figure 3. The elements present
in the materials can distinctively be seen in the areas of each element illustrated by their own
colors. Figure 3a,d shows the distribution of elements in a composite with lower Fe volume content
(33Fe-65Al-2MWCNT) and in a composite with higher Fe volume content (65Fe-33Al-2MWCNT),
respectively. The EDS images show the presence of oxygen (O) which covers the surface of the iron (Fe)
area. However, it can be seen that a high concentration of oxygen (O) is rather lower on the surface area
of the large Fe particles than the surface area occupied by small Fe particles. This suggests that the area
formed by small Fe particles were more oxidized than the area formed by big Fe particles. One possible
reason for the presence of oxygen (O) in the composites may be the contamination of the sample during
the ball milling due to the use of alumina balls as the ball-milling media. The second reason may be the
oxidation of the surface of the samples after being polished for SEM and EDS analyses as the samples
were exposed to the air. Figure 3b displays the selected area with a layer of Fe nanoparticles between
Al particles and its EDS mapping at the high magnification of ×50,000 in the 33Fe-65Al-2MWCNT
nanocomposite. Figure 3d shows the SEM image of 38Fe-60Al-2MWCNT nanocomposites, the high
magnification of the selected area in the nanocomposites, and the MWCNT area that was mapped with
the magnification of ×150,000. The image clearly shows the entangled MWCNTs.

Figure 3. Energy Dispersive Spectroscopy (EDS) mapping: (a) 33Fe-65Al-2MWCNT (M1); (b) Higher
magnification of selected region in 33Fe-65Al-2MWCNT (M1); (c) Higher magnification of selected
region in 38Fe-60Al-2MWCNT (M2) with MWCNT area; and (d) 65Fe-33Al-2MWCNT (M8).

The X-ray diffraction (XRD) analysis was conducted on the polished surface of the composites
to investigate the formation of phases in Fe-Al-MWCNT nanocomposites. The XRD patterns of the
composites in comparison to that of MWCNTs, Al, and Fe are shown in Figure 4. The Al XRD peaks
(111), (200), (220), and (311), and the Fe XRD peaks (110) and (200) were detected in the XRD patterns
of the composites. The intensity of Al peaks (111) and (311) decreased as the Al content decreased
from 65 vol% (M1) to 28 vol% (M9). It can be seen that the iron oxide peaks (220), (311), (440), and (511)
appeared in the XRD patterns of the composites which revealed the formation of iron oxide. This might
have resulted from either the exposition to the air of polished surface before testing or the oxygen
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contamination during the ball-milling process. The XRD patterns of the composites did not show peaks
of the MWCNTs or carbide compound which suggests that no carbide formation may have occurred as
it did in some previous studies on carbon-nanotube-reinforced aluminum composites [19–21].

Figure 4. X-ray diffraction (XRD) patterns of Fe-Al-MWCNT hybrid nanocomposites.

3.2. Magnetic Properties of Fe-Al-MWCNT Hybrid Nanocomposites

The saturation magnetization, coercivity, and retentivity of the composites were recorded by VSM.
Figure 5a,b and Figure 5c,d show the hysteresis loops of chosen powders after ball milling and the
sintered composites, respectively. For comparison, the conventional Sendust core (CS610125, Fe-Si-Al
alloy powder manufactured by Chang Sung Corporation, Korea) was purchased and tested with
VSM measurements. The results of the magnetic properties of Sendust core were compared with the
manufactured composites as shown in Figure 5c,d and Figure 6a,c. The Fe-Al-MWCNT composites
had the hysteresis loops similar to that of standard Sendust core which is a ferromagnetic material.
Thus, the Fe-Al-MWCNT nanocomposites can be considered ferromagnetic materials. It can be seen
that the ball-milled powders and compacts exhibited ferromagnetic behavior.

Figure 6 compares the specific saturation magnetization, intrinsic coercivity, and retentivity of the
powders and sintered composites. It was found that the saturation magnetizations of the compacts
were, in general, higher than that of the ball-milled powders, and they increased as the content of Fe
nanoparticles was increased. On the other hand, the coercivity and retentivity were comparatively
reduced after sintering. A decrease of 35% to 51% in coercivity and 13% to 51% in retentivity was
achieved as a result of the sintering of composites with Fe volume content varying from 33 vol%
to 55 vol%. In fact, the coercivity and retentivity were high for the as-milled powders because of
the presence of large gaps between particles when they were packed for measurement. However,
the compact and sintering played an essential role in improving the densification of the nanocomposites
by eliminating those gaps and therefore reducing the coercivity and retentivity and enhancing the
saturation magnetization. Moreover, the stearic acid used as a process agent during ball milling stayed
in its solid form after ball milling. But stearic acid was gradually decomposed while increasing the
sintering temperature, leading to a lower volume of non-magnetic materials which contributed to the
reduction of magnetic dilution and coercivity. Therefore, it can be inferred that it would be difficult to
predict the trend of magnetic properties (especially coercivity and retentivity) based on the mixture of
powders before the compaction and sintering process.
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Figure 5. Magnetic hysteresis loops of the nanocomposites: (a) Full loops of ball-milled powder;
(b) Magnification of selected region in (a); (c) Full loops of sintered composites; and (d) Magnification
of selected region in (c).

The reduction of coercivity and retentivity narrowed the hysteresis loops and consequently
reduced the hysteresis losses of materials because the hysteresis losses of magnetic material are
proportional to the area of the hysteresis loop. For the compacted composites, the composite with
the lowest Fe content (33 vol%) had the highest coercivity of 8875 A/m, whereas the coercivity of the
other composites fluctuated between 15085.99 A/m and 6383.20 A/m (see Figure 6b). The saturation
magnetization, coercivity, and retentivity of the Sendust core obtained by VSM measurements were
122.20 A.m2/kg, 685.10 A/m, and 0.33 A.m2/kg, respectively. Evidently, the Fe-Al-MWCNT composites
with Fe content of 55 vol% and above exhibit greater saturation magnetization (123–167 A.m2/kg) than
the commercial Sendust core, but their coercivity and retentivity are extremely higher than that of the
Sendust core (see Figures 5 and 6). Figure 5g shows that the Fe-Al-MWCNT composites have wider
hysteresis loops than the conventional Sendust core, and Figure 6b shows that the Fe-Al-MWCNT
composites have a coercivity greater than 5000 A/m. Therefore, since the Fe-Al-MWCNTs exhibit the
coercivity in a range between 1000 and 100,000 A/m, they can be classified as semi-hard magnetic
materials [22].

As shown in Figure 6d, a continuous increase in density from 3.94 g/cm3 at low Fe content to 5.41
g/cm3 at high Fe content was observed which was attributed to the high volume content of iron phase
with high density (7.87 g/cm3).
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Figure 6. Magnetic properties and density of Fe-Al-MWCNT nanocomposites: (a) Saturation
magnetization; (b) Coercivity; (c) Retentivity; and (d) Volume density.

3.3. Electrical and Mechanical Properties of Fe-Al-MWCNT Hybrid Nanocomposites

The electrical resistivity of Fe-Al-MWCNT nanocomposites was measured using the four-probe
method. The results analyzed in Figure 7a are the average resistivity of 20 recorded data for each
sample. The uninterrupted drop in electrical resistivity was observed as the iron content was increased
while reducing the Al content. The decrease in electrical resistivity of Fe-Al-MWCNT composites
due to the reduction of Al content was in agreement with the variation electrical properties of Fe-Al
based alloys [23].

The transverse rupture strength of the Fe-Al-MWNCT nanocomposites was evaluated by using
the three-point bending test method. The three-point bending method of evaluating the transverse
rupture strength consisted of applying a load to the center of the bar specimen. Then the load at which
the sample broke was used to calculate the transverse rupture strength (TRS; MPa), using the following
Equation (1) [16]:

TRS =
3PL

2t2w
(1)

where P is the maximum load at rupture (N), L is the length specimen span relative to the fixture (25.4
mm, according to ASTM B528), t and w are the thickness and width of the specimens, respectively.
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Figure 7. Electrical and mechanical properties of Fe-Al-MWCNT composites: (a) Electrical
resistivity, (b) Mean transverse rupture strength (TRS); (c) Fractography SEM image of 33Fe-65Al-
2MWCNT; (d) Fractography SEM image of 50Fe-48Al-2MWCNT; (e) Fractography SEM image of
70Fe-28Al-2MWCNT; and (f) Microhardness.

Figure 8b shows the average transverse rupture strength of three specimens tested for each material.
The results showed that the lowest strength of 173.83 MPa was given by the 50Fe-48Al-2MWCNT
(M5), whereas the highest strength of 234.39 MPa was given by 43Fe-55Al-2MWCNT (M3). It can
be seen in Figure 7b that for the composites with Fe content lower than 50 vol%, the strengths were
decreased as the Al content decreased, although this trend was interrupted by a sudden increase of
strength for composites 43Fe-55Al-2MWCNT (M3). However, the composites with a Fe content greater
than 50 vol%, the transverse rupture strength continuously increased up to a maximum of 235.99 MPa
with an increase in iron volume content. In fact, at a high-volume content of aluminum, it was seen
from SEM images (Figure 2a–d) that Fe nanoparticles formed brittle coating layers around ductile
Al particles. Therefore, at this level, the transverse rupture strength of the composites was mainly
handled by the elasticity and plasticity of aluminum particles. As the volume ratio of iron nanoparticles
increased, the Fe layer thickness increased which led to an expansion of space between Al particles
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and an increased brittleness of the composites due to insufficient bonding between ductile Al particles,
MWCNTs, and brittle Fe nanoparticles. Consequently, a decrease in strength was observed. However,
when the Al content was decreased from 48 vol% to 28 vol% while increasing Fe content from 50 vol% to
70 vol%, it was seen in the SEM images (Figure 2e–i) that large areas of Fe phases were formed, and the
Al particles were randomly distributed in the Fe matrix. It can be assessed for the nanocomposites
with high Fe content that the resistance to the applied load and load transfer in materials were mainly
ensured by strong bonding of Fe nanoparticles that formed the iron matrix, leading to the enhancement
of mechanical strength as the Fe content was augmented. The surface fracture analysis of the selected
composites 33Fe-65Al-2MWCNT, 50Fe-48Al-2MWCNT, and 70Fe-28Al-2MWCNT was carried out
after the transverse rupture strength testing, as shown in Figure 7c–e. It can be seen in fractography
images that the Fe domains underwent brittle failure, whereas the failure of Al domains was ductile.
The fracture of nanocomposites was mainly due to the combined debonding of Al to Fe and brittleness
of Fe areas. The debonding between Al particles and Fe domain created holes on the fracture surface
as can be seen in Figure 7d.

Figure 8. EDS mapping of the hybrid nanocomposites: (a) 70Fe-28Al-2MWCNT; (b) 60Fe-10Co-28Al-
2MWCNT; and (c) High magnification of a selected region in (b) for 60Fe-10Co-28Al-2MWCNT.

Figure 7f shows the microhardness obtained by averaging 10 measurements for each specimen.
The results showed a continuous enhancement of hardness as the content of iron nanoparticles
augmented. The lowest hardness was HV94.92 and the highest was HV 221.49 for the higher Al
content and lower Al content, respectively. Thus, an increase of 57.14% in hardness was achieved by
augmenting the Fe content from 33 vol% to 70 vol% and reducing the Al content. This can evidently be
attributed to the higher hardness of iron grains than the Al grains. The improvement of microhardness
as a function of Fe content in Fe-Al based composites was in good agreement with the results reported
by Fathy et al. [12].
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3.4. Effect of Co Content on the Properties of (70-x)Fe-xCo-28Al-2MWCNT Hybrid Nanocomposites (x = 0 to
35 vol%)

3.4.1. Morphology

Figure 8a,b shows the EDS mapping of the selected composites with high Fe content
(70Fe-28Al-2MWCNT and 60Fe-10Co-28Al-2MWCNT). Figure 8 distinctively shows the area of
each element in the composites. The EDS mapping displayed oxygen (O) over the surface of iron.
Similar to the previous samples (Fe-Al-MWCNT composites), in Figure 3, a higher concentration of
oxygen (O) was detected on the surface occupied by small Fe particles than the area occupied by large
Fe particles. This indicated the possible oxidation of iron that might have occurred after polishing the
samples and being exposed to the air before being visualized with EDS. There may have also been
contamination during the preparation of powder mixtures before sintering as a result of the exposure
of powders to the air while weighing and the residues of alumina balls that were left during the ball
milling. Figure 8c shows an EDS analysis image of a multi-walled carbon nanotube (MWCNT) area
map at a magnification of ×150 000.

3.4.2. Magnetic and Electrical Properties

In order to improve the soft magnetic properties of Fe-Al-MWCNT nanocomposites, the Co
nanoparticles were incorporated in the Fe-Al-MWCNT composite with best magnetic properties.
The hysteresis curves of the as-received Fe and Co nanoparticles that were obtained using VSM
are plotted in Figure 9. The iron nanoparticles had relative higher coercivity and higher saturation
magnetization and consequently wider hysteresis loop than cobalt. The Fe and Co nanoparticles had
the saturation magnetization of 175.79 A.m2/kg and 152.91 A.m2/kg, respectively. Their coercivities
were 15309.71 A/m and 8425.96 A/m, respectively.

Figure 9. Hysteresis curves of as-received Fe and Co nanoparticles.

Figure 10 shows the hysteresis curves of Fe-Co-Al-MWCNT nanocomposites, according to the
Fe-Co combination in comparison with the hysteresis curve of commercial Sendust core (CS610125,
Fe-Si-Al alloy powder). The typical magnetic properties of the composites extracted from the hysteresis
curves are plotted in Figure 11. The saturation magnetization, shown in Figure 11a, were found to
decrease using Co content up to 20 vol% and then start to increase when the Co volume fraction
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was increased. This might be caused by the modification of magnetic ordering in the composite and
crystallinity of materials as the composition ratio changed. However, all Fe-Co based nanocomposites
had lower saturation magnetization than the 70Fe-28Al-2MWCNT composite (without Co, 167.22
A.m2/kg). In Fe-Co based nanocomposites, 50Fe-20Co-28Al-2MWCNT exhibited the lowest saturation
magnetization of 145.09 A.m2/kg, whereas 35Fe-35Co-28Al-2MWCNT exhibited the highest saturation
magnetization of 161.86 A.m2/kg.

Figure 10. Comparison of hysteresis loops of the Fe-Al-MWCNT and Fe-Co-Al-MWCNT composites:
(a) Full loops; (b) and (c) magnification of selected regions.

The coercivity (Figure 11b) and retentivity (Figure 11c) dropped by increasing the volume content
of Co nanoparticles. The coercivity reduced from 7210.19 A/m to 4132.01 A/m when the volume content
of Co increased from 0 vol% to 35 vol%. This shows a 42.7% drop in coercivity. The retentivity also
decreased due to high Co content, and it continuously declined to 47.4% when 35 vol% of Co was used,
in comparison to the 70Fe-28Al-2MWCNT nanocomposite. The composites exhibited higher saturation
magnetization, higher coercivity, and higher retentivity than the standard Sendust core.

The electrical resistivity obtained from four-probe measurements for each composite is shown
in Figure 11d. It is clear, in Figure 11d, that the use of cobalt nanoparticles led to a drop of electrical
resistivity, and consequently, to an enhancement of electrical conductivity. The value of resistivity for
the 70Fe-28Al-2MWCNT nanocomposite was 2.10 × 10−4 Ω.cm which continuously decreased as the
Co content increased when the Fe-Co combination was used in composites. The lowest resistivity of
3.82 × 10−5 Ω.cm was given by the 35Fe-35Co-28Al-2MWCNT composite. This may be associated with
lower resistivity of Co when compared to that of Fe.

3.4.3. Mechanical Properties and Volume Density

The material densities were calculated as the ratio of the mass-to-volume of each nanocomposite,
and the results are shown in Figure 12a. As expected, the density of composites increased with the Co
volume content and their values were between 5.41 g/cm3 and 5.97 g/cm3. This can be explained by
the higher density of Co material than that of other materials present in composites.
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Figure 11. Magnetic and electrical properties of the Fe-Co-Al-MWCNT composites: (a) Saturation
magnetization; (b) Coercivity; (d) Retentivity; and (c) Electrical resistivity.

Figure 12b summarizes the average transverse rupture strength (TRS). It can be seen that at first,
the TRS has dropped when Co 10 vol% was used and then started to increase to the maximum for
composite with Co 30 vol%, and then dropped again. In this work, the Fe-Co-based composites had
generally lower TRS than the composite without Co nanoparticles except for 40Fe-30Co-28Al-2MWCNT,
which had the TRS of 239.47 MPa against 235.99 MPa of 70Fe-28Al-2MWCNT. The composite flexural
strengths (TRSs) were in the range of 197 MPa to 240 MPa.

The effect of Co content on microhardness showed that Co had improved the hardness of the
composites, as shown in Figure 12c. The hardness was found to increase from HV 221.49 at Co 0 vol%
to HV 393.65 at Co 20 vol% and then reduced to HV 351.63 at 35 vol%. Therefore, an increase of 43.73%
in Vickers hardness was achieved by incorporating Co 20 vol% in the composite. The enhancement of
composite hardness due to cobalt incorporation is evidently due to the higher hardness of cobalt than
iron [24]. Moreover, the variation in microhardness of the composites with respect to Co content may
be explained by the change in microstructure, dislocation, interstitial defects and particle arrangements
as a result of the manufacturing process.
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Figure 12. Effect of Co volume content on (a) volume density; (b) transverse rupture strength (TRS);
and (c) Vickers microhardness of Fe-Co-Al-MWCNT nanocomposites.

4. Conclusions

In this work, the Fe-Al and Fe-Co-Al-based hybrid nanocomposites with MWCNT as
reinforcements were fabricated by ball milling, followed by spark plasma sintering. The characterization
of the composite morphology and magnetic, mechanical, and electrical properties was conducted
according to the metallic particle combination. The morphology of composites distinctively showed the
presence of all materials and their proper distribution. All composites showed a ferromagnetic behavior,
and the magnetic properties were found to improve with an increase in iron content. The saturation
magnetization continually increased to 167.22 A.m2/kg when the Fe content increased up to Fe 70 vol%.
Although the incorporation of Co in Fe-Co-Al-MWCNT slightly reduced the saturation magnetization,
it remarkably reduced the coercivity and retentivity to 42.68 % and 47.4 %, respectively. This suggests
a significant improvement in the soft magnetic properties and reduction in hysteresis losses of the
magnetic composite materials due to the use of Co nanoparticles. The manufactured composites in
this study can be added to the group of semi-hard magnetic materials because their coercivities fall in
the range of 1000 A/m and 100,000A/m. Although the composites were magnetically harder than the
conventional Sendust core, it was found that the composites with more than 60 vol% of ferromagnetic
particles had better saturation magnetization than the Sendust core.

In general, the composites had good mechanical strength with values ranging between 173 MPa
and 236 MPa for Fe-Al-MWCNT composites. The Co showed an enhancement of 1.25% in transverse
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rupture strength. The Fe content was found to be the leading element in hardness for the Fe-Al-based
composites, where its increase led to an improvement of 57.14 % in Vickers microhardness with the
largest value of HV 221.49 which was further enhanced to HV 393.65 by incorporating 20 vol% of
Co nanoparticles. We believe that the fabricated nanocomposites can be used as magnetic cores for
electromagnetic devices.
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Abstract: We have performed a quantum-mechanical study of a B2 phase of Fe70Al30 alloy with and
without antiphase boundaries (APBs) with the {001} crystallographic orientation of APB interfaces.
We used a supercell approach with the atoms distributed according to the special quasi-random
structure (SQS) concept. Our study was motivated by experimental findings by Murakami et al.
(Nature Comm. 5 (2014) 4133) who reported significantly higher magnetic flux density from A2-phase
interlayers at the thermally-induced APBs in Fe70Al30 and suggested that the ferromagnetism is
stabilized by the disorder in the A2 phase. Our computational study of sharp APBs (without
any A2-phase interlayer) indicates that they have moderate APB energies (≈0.1 J/m2) and cannot
explain the experimentally detected increase in the ferromagnetism because they often induce a
ferro-to-ferrimagnetic transition. When studying thermal APBs, we introduce a few atomic layers of
A2 phase of Fe70Al30 into the interface of sharp APBs. The averaged computed magnetic moment of
Fe atoms in the whole B2/A2 nanocomposite is then increased by 11.5% w.r.t. the B2 phase. The A2
phase itself (treated separately as a bulk) has the total magnetic moment even higher, by 17.5%,
and this increase also applies if the A2 phase at APBs is sufficiently thick (the experimental value is
2–3 nm). We link the changes in the magnetism to the facts that (i) the Al atoms in the first nearest
neighbor (1NN) shell of Fe atoms nonlinearly reduce their magnetic moments and (ii) there are on
average less Al atoms in the 1NN shell of Fe atoms in the A2 phase. These effects synergically combine
with the influence of APBs which provide local atomic configurations not existing in an APB-free
bulk. The identified mechanism of increasing the magnetic properties by introducing APBs with
disordered phases can be used as a designing principle when developing new magnetic materials.

Keywords: Fe-Al; antiphase boundaries; magnetism; ab initio; stability; disorder

1. Introduction

Antiphase boundaries (APBs) are very frequently occurring extended defects in crystals containing
ordered sublattices. They are at the interface of two regions of the same ordered phase which are
shifted one with respect to the other. The shift is formed, for example, during ordering processes when
two grains crystallizing from the melt have the origin of their lattices in a distance which is not a
multiple of translational vectors of the superlattice. As the formation of the above described interfaces
occurs at elevated temperatures when diffusion processes are sufficiently active, an intermediate
disordered phase can form (so-called thermal APBs). Dislocations with Burgers vectors that are not
translation vectors of the ordered superlattice can also create APBs at any temperature, as they move
through an ordered phase (so-called deformation APBs with sharp interfaces).
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Our theoretical study is focused on APBs in Fe70Al30. This alloy belongs into a very promising
family of Fe-Al-based materials possessing interesting properties including, e.g., remarkable resistance
to oxidation, relatively low density, electrical resistivity, or low cost of raw materials [1–8].
Consequently, they have been very intensively studied both experimentally (see, e.g., Refs. [9–19])
and theoretically (see, e.g., Refs. [20–41]). Focusing on APBs, they have been observed in Fe-Al-based
materials with sublattices by means of the transmission electron microscopy (TEM). For example,
Marcinkowski and Brown in their classical works [42,43] observed APBs in thin foils of Fe-Al alloys
by TEM and reported two types of APBs for the D03 superlattice. One of them is specific to the D03

superlattice but the other one, which is crucial for our study, can appear also in the B2 lattice. It is
characterized by a shift of the interfacing grains by the 1/2〈111〉a where a is the lattice parameter of
the 2-atom elementary cell of the body-centered cubic (bcc) lattice. It interrupts the chemical order
of the first nearest neighbors (APB-NN or APB-B2 type). As deformation APBs, both types separate
partials of superdislocations in Fe-Al materials [44–46]. Other studies may be found in Refs. [47–52].

Our research is focused on APB-NN (APB-B2) in a B2-phase Fe70Al30, and it was motivated by
recent experiments by Murakami et al. [50]. Murakami and co-workers combined TEM characterization
with direct magnetization measurements of thermally induced APBs. They were found to possess a
finite width (2–3 nm) and a significant atomic disorder (an A2 phase). Importantly, electron holography
studies of Murakami et al. revealed a magnetic flux density at the APBs higher than that of the matrix
by approximately 60% (at 293 K). The authors concluded that the ferromagnetic state of APBs is
stabilized by the disorder within APBs. To test this interpretation, we performed a theoretical study
of APBs in the B2-phase of Fe70Al30. We first simulated sharp APBs and, after identifying important
structure-property relations, we expanded the sharp interfaces of APBs by interlayers of disordered
A2 phase. The Fe atoms in the A2 phase indeed exhibit (on average) a higher magnetic moment.

2. Methods

Our quantum-mechanical calculations were done with the help of the Vienna Ab initio Simulation
Package (VASP) [53,54]. The software implements the density functional theory [55,56]. We have
utilized projector augmented wave (PAW) pseudopotentials [57,58]. The generalized gradient
approximation (GGA) for the exchange and correlation energy was employed in the parametrization
according to Perdew and Wang [59] (PW91) in combination with the Vosko–Wilk–Nusair correction [60].
The plane-wave energy cut-off was equal to 400 eV and the product of the number of Monkhorst–Pack
k-points and the number of atoms was equal to 27 648 (e.g., 8 × 8 × 8 k-point mesh in the case of
54-atom supercell of the B2 phase in Figure 1a). All studied supercells were fully relaxed (with respect
to their atomic positions, cell shape as well as the supercell volume) and the forces were reduced under
0.001 eV/Å. All calculated states were initially set up as ferromagnetic.

The B2 phase of Fe70Al30 is modeled by the special quasi-random structure (SQS) concept [61]
and generated by the USPEX code [62–64] (see it in Figure 1a). It consists of two types of {001} atomic
planes. One contains only Fe atoms and the other one both Fe and Al atoms distributed according
to the above-mentioned SQS concept. As each Fe-Al plane has a different distribution of Fe and Al
atoms, they are numbered 1–3 in Figure 1a. It is convenient to write the overall composition Fe70Al30

as Fe50(Fe20Al30) distinguishing between the two sublattices (one occupied by solely Fe atoms and the
other by both Fe and Al). It is worth mentioning that the Fe-Al sublattice is Al-rich while the overall
alloy is Fe-rich (this aspect will be important for our analysis below). As the APB energy typically
depends on the crystallographic orientation of the interface only very weakly, we believe that our
choice of the {001} interface plane is sufficiently representative for a broader range of orientations.

Two of the B2-phase 54-atom cells shown in Figure 1a stacked along the [001] direction form an
108-atom supercell (Figure 1b) which was used for constructing the studied APBs. We applied a 〈111〉
shift to all atoms in the upper half of the supercell in Figure 1b to form a supercell with two sharp
APBs (dashed lines in Figure 1c). Other three atomic configurations of the B2 phase with sharp APBs
and our model of the disordered A2 phase at the thermal APBs in Fe70Al30 are described below.
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Figure 1. Schematic visualizations of our way of constructing sharp antiphase boundaries (APBs) in
Fe70Al30 alloy. A 54-atom supercell in part (a) is a 3 × 3 × 3 multiple of 2-atom body-centered cubic
(bcc) elementary cell and it is our model of the B2 phase of Fe70Al30. It consists of atomic planes (i)
containing only Fe atoms which are separated by planes (ii) containing both Fe and Al atoms (the latter
with the atoms distributed according to the special quasi-random structure (SQS) concept). As each
Fe-Al plane is different, they are numbered 1–3. Two of these 54-atom cells stacked along the [001]
direction form a supercell (b) which was used for constructing the studied APBs. In particular, when
applying a 〈111〉 shift to all atoms in the upper half of the supercell (b), a supercell (c) with two sharp
APBs (see dashed lines) is formed. The 〈111〉 shift is indicated by the red vectors in part (b). In order to
apply the 〈111〉 shift to all atoms in the upper half of (b), one Fe atomic plane is cyclically shifted as
schematically visualized by a curved green arrow. The computed local magnetic moments of atoms in
supercells (a–c) are shown in parts (d–f), respectively. The magnitude of local magnetic moments are
visualized by the diameter of spheres representing atoms—two values in Bohr magnetons µB are given
in (d) in order to show the scaling.

3. Results

Our results related to both APB-free B2 phase of Fe70Al30 and that containing sharp APBs are
given in Figure 1 and Table 1. The APB-free B2 phase is disordered and, therefore, each Fe atom has a
different local atomic environment, and these differences are sensitively reflected by the value of their
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local magnetic moment. The computed magnitude of local magnetic moments in both APB-free B2
phase (Figure 1b) and the APB-containing one (Figure 1c) are visualized in Figure 1e,f, respectively, by
spheres with different radius. As the local magnetic moments of Fe atoms in Fe-rich Fe-Al binaries
decrease with an increasing number of Al atoms in the first nearest neighbors shell (1NN) of Fe
atoms [22,39], we analyze these relations also here. The computed values of local magnetic moments
of Fe atoms are plotted as functions of the number of Al atoms in the 1NN in Figure 2. The visualized
trends show the local magnetic moments of Fe atoms decreasing with the increasing number of Al
atoms in the 1NN of Fe atoms in a qualitative agreement with our previous studies [22,39]. Regarding
the Al atoms in the 2NN shell, we did not find any clear impact—see Appendix A.

(a)                                                                                           (b)

APB-free B2 

(see Fig. 1(b))

B2 with APBs

(see Fig. 1(c))

Figure 2. Computed local magnetic moments of Fe atoms as a function of the number of Al atoms
in the first nearest neighbor (1NN) shell of Fe atoms. Part (a) shows them in the APB-free B2 phase
(visualized in Figure 1b) and part (b) contains the values for the B2 phase with APBs shown in Figure 1c.

A statistical summary of the number of Al atoms in the 1NN shell of Fe atoms is given in Table 1.
It contains percentages of Fe atoms with different numbers of Al atoms in their 1NN shells. In the
APB-free B2 phase, the Fe atoms at the Fe-only sublattice have the atoms at the Fe-Al sublattice as
their 1NN neighbors and vice versa. In contrast, the studied APBs introduce two types of APB-specific
environments. In particular, one APB is characterized by two adjacent Fe-only atomic planes (see it
close to the top of the supercell in Figure 1c). The other one has an interface formed by two adjacent
Fe-Al planes containing both Fe and Al atoms (see it in the center of the supercell in Figure 1c).

When comparing the percentages of Fe atoms with different numbers of Al atoms in the APB-free
B2 phase and that with the APBs, it is important to realize that the atoms are, due to the presence of
APBs, re-distributed so that there are more Fe atoms with fewer Al atoms in the 1NN shells of these
Fe atoms. Despite the fact that the number of Fe atoms with no Al atom in the 1NN shell is lower
in the case of APB-containing B2 phase, the percentages of Fe atoms with 1, 2, and 3 Al atoms in the
1NN shell are significantly higher in the case of APBs and percentages of Fe atoms with 4 or more
Al atoms in the 1NN shell are significantly lower. These two findings result in higher local magnetic
moments of the Fe atoms in the APB atomic configurations in Figure 1c. This enhancement of local
magnetic moments is also reflected by higher values of the average magnetic moment of Fe atoms
listed in Table 1 (an increase from 1.83 to 2.00 µB). As far as different volumes per atom are concerned
(see Table 1), they indicate a possibility of strains which can lead to incoherent APB interfaces, but
such states are beyond the scope of our study. Lastly, the APB energy is equal to 0.103 J/m2.
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Table 1. Computed properties of the studied atomic configurations including the B2 phase without
APBs as well as variants of APB-containing B2 phase. The table summarizes volumes, APB energies in
the case of APB-containing configurations, percentages of Fe atoms with different number of Al atoms
(from 0 to 8) in the 1NN shell and the average value of magnetic moments of Fe atoms 〈µFe〉.

Volume 〈γAPB〉 % of Fe Atoms with # Al Atoms in 1NN 〈µFe〉

(Å3/atom) (J/m2) 0 1 2 3 4 5 6 7 8 (µB)
Al Al Al Al Al Al Al Al Al

B2 phase—Figure 1a 11.80 – 29 0 3 11 13 26 13 5 0 1.83
B2 with APB—Figure 1c 11.98 0.103 20 8 12 20 9 20 9 3 0 2.00
B2 with APB—Figure 3a 11.89 0.099 20 8 12 20 9 20 9 3 0 1.86
B2 with APB—Figure 3b 11.92 0.019 16 11 11 20 12 17 9 5 0 1.85
B2 with APB—Figure 3c 11.98 0.165 24 8 13 18 11 16 8 3 0 1.89

3.1. Compositional Changes at Sharp APB Interfaces

Next, we check the sensitivity of our computed properties of sharp APBs to compositional
changes at the APB interfaces. Using the supercell of the B2 phase (Figure 1a) we have applied three
different cyclic shifts to the atomic planes in the two interfacing grains in Figure 1c—see these atomic
configurations and their corresponding local magnetic moments in Figure 3. As the cyclic shifts were
applied to the same supercell of the B2 phase (Figure 1a), we can use its energy as the same reference
as before when analyzing the properties of the APB shown in Figure 1c. The cyclic shifts only changed
local atomic configurations at the APB interfaces. These changes are well visible on the order of
different {001} planes containing both Fe and Al atoms (see the numbers 1–3 assigned to them). Their
properties are given in Table 1.

Regarding APB energies, the atomic configuration in Figure 3a has it equal to 0.099 J/m2, i.e.,
very close to that which we obtained for the APB configuration in Figure 1c, 0.103 J/m2. In contrast,
the APB energy of the configuration shown in Figure 3b is significantly lower, only 0.019 J/m2, while
that of the configuration in Figure 3c is significantly higher, 0.165 J/m2. In order to explain the above
discussed changes, we suggest to focus on differences in the Al concentration in the two adjacent {001}
Fe-Al planes above and below the APB interface. In particular, the two Fe-Al planes above and below
the APB in the middle of the supercell in Figure 1c contain 5 + 7 = 12 Al atoms (out of 18 atoms in total,
i.e., 66.7 at.% Al). This is similar to 4 + 7 = 11 Al atoms (61.1 at.%) in the case of atomic configuration in
Figure 3a. Both of these values are close to the average 60 at.% Al concentration in the Fe-Al planes in
the B2 phase. In contrast, the Al concentration is significantly lower (4 + 4 = 8 Al atoms, 44.4 at.%) in
the case of configuration visualized in Figure 3b and higher (7 + 7 = 14 Al atoms, 77.8 at.%) in Figure 3c.
They represent models for fluctuations in the Al concentration at the APB interfaces.

The APB energies which increase with increasing average concentration of Al atoms in the two
Fe-Al atomic planes adjacent to the APB interface can be approximated by a linear trend. The two
quantities are thus correlated. The linear fitting function (for APB energies in J/m2) has the form
〈γAPB〉 = 0.0043cAl − 0.1695, where cAl is the concentration of Al in at.%. The level of correlation could
be judged from the value of the R2, which is equal to 0.9789. Regarding the other pair of {001} planes
adjacent to APBs, which are formed by Fe-only planes, they are the same in all configurations.

As far as magnetic properties are concerned, the magnitude of local magnetic moments
corresponding to the atomic configurations shown in Figure 3a–c are visualized in Figure 3d–f,
respectively, by the diameter of spheres representing the atoms. The magnitudes of these moments are
also summarized as functions of the number of Al atoms in the 1NN shells of Fe atoms in Figure 4.
The obtained computed trends confirm the decrease of local magnetic moments of Fe atoms with the
increasing number of Al atoms in the 1NN shell.
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Figure 3. Schematic visualizations of three additional variants of sharp APBs with different compositions
of two atomic planes containing both Fe and Al atoms. In particular, two Fe-Al planes above and below
the APB in the middle of the supercell in Figure 1c contain 5 and 7 Al atoms, respectively, while those
shown here contain 4 and 7 Al atoms in part (a), 4 and 4 Al atoms in part (b), and 7 and 7 Al atoms
in part (c). The local magnetic moments of atoms corresponding to supercells (a–c) are shown in parts
(d–f), respectively. The magnitude of local magnetic moments are visualized by the diameter of spheres
representing atoms—two values in Bohr magnetons µB are given in part (e) in order to show the scaling.

Statistical information for each configuration is given in Table 1. The configurations in Figure 3
have higher percentages of Fe atoms with lower number of Al atoms (1–4 Al atoms) in the 1NN shell
and lower percentages of Fe atoms with 5 and more Al atoms in the 1NN shell (compared with the
APB-free B2 phase). The increase of magnetism is smaller because some of the Fe atoms with higher
number of Al atoms in the 1NN shell have their moments antiparallel to the moments of other Fe
atoms. There is thus an APB-induced change from a ferromagnetic state of the B2 phase of Fe70Al30 to
a ferrimagnetic one.
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(a)                                                                                           (b)

(c)

B2 with APBs

(see Fig. 3(a))

B2 with APBs

(see Fig. 3(b))

B2 with APBs

(see Fig. 3(c))

Figure 4. Computed local magnetic moments of Fe atoms in the supercells visualized in Figure 3a–c
are summarized in parts (a–c), respectively, as a function of the number of Al atoms in the 1NN shell of
Fe atoms.

3.2. Calculations of Thermally-Induced APBs

After studying APBs with sharp interfaces, we make an attempt to simulate thermally-induced
ones which were experimentally probed by Murakami et al. [50]. In order to do so, we introduce
an interlayer of disordered A2 phase to each of the two APB interfaces visualized in Figure 1c.
We performed our simulations for this particular APB atomic configuration because it has a moderate
value of the APB energy (0.103 J/m2) close to the average of the extreme values obtained for APB
atomic configurations shown in Figure 3b,c. We model a disordered A2 phase by a 54-atom supercell
visualized in Figure 5a where the atomic positions are generated according to the SQS concept.

There are six {001} atomic planes in our A2-phase supercell and its size in the 〈001〉 direction is
about 0.9 nm. While it is less than the reported experimental values (2–3 nm), we consider properties of
the A2 phase computed separately as a bulk as our model for the experimental thick layers. If we take
the bulk APB-free B2 phase and bulk A2 phase as references and handle the atomic configuration in
Figure 5b as a nanocomposite with four interfaces between the two phases (B2 and A2), the averaged
interface energy 〈γ〉 is:

〈γ〉 = {E216(B2/A2/B2/A2)− (2 × E54(B2))− (2 × E54(A2))} /(4 × A),

where E216(B2/A2/B2/A2) is the energy of the atomic configuration in Figure 5b, E54(B2) is the
energy of the supercell in Figure 1a, E54(A2) is the energy of the supercell in Figure 5a and A is the
interface area.
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The calculated value equals to 0.083 J/m2. This averaged interface energy is listed in Table 2 and,
importantly, it is lower than that of the sharp APB in Figure 1c. This indicates that the A2 layers would
form if permitted by diffusional processes in the case of thermally-induced APBs.

(a)                                                           (b) (c)

APB

A2

Fe

Al

APB

A2

shifted 

B2

B2

APB

A2

APB

A2

(d)

Figure 5. Schematic visualizations of thermal APBs in Fe70Al30 alloy. A 54-atom supercell in part (a) is
a 3 × 3 × 3 multiple of 2-atom body-centered cubic (bcc) elementary cell and represents our model
for a perfectly disordered A2 phase of Fe70Al30. It consists of atomic planes containing both Fe and
Al atoms distributed according to the SQS concept. Two of these 54-atom A2-phase supercells are
introduced at each of the two sharp APBs in the supercell shown in Figure 1b to form the calculated
thermal APBs. The computed local magnetic moments of atoms in supercells (a,b) are shown in parts
(c,d), respectively. The magnitude of local magnetic moments are visualized by the diameter of spheres
representing atoms—the scaling is the same as in Figures 1 and 3.

Regarding magnetic properties of the atomic configuration shown in Figure 5b, the magnitudes
of local magnetic moments are visualized by the diameter of the spheres representing the atoms in
Figure 5c. Furthermore, similarly as above, we also analyze the relation between the magnitude of
local magnetic moments of Fe atoms and the number of Al atoms in their 1NN shell. The trends
for the A2 phase (Figure 5a) and the thermally-induced APB (Figure 5c) are summarized in
Figure 6a,b, respectively.
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Comparing the plots shown in Figure 6a, which is related to the A2 phase, with that in Figure 6b
with local magnetic moments of Fe atoms obtained for the thermally-induced APB, it is obvious that
the disordered A2 phase has a higher number of Fe atoms with fewer Al atoms in the 1NN sphere.
The percentages are listed in Table 2. While only 5% of Fe atoms have no Al atom in the 1NN shell,
nearly one half (45%) of Fe atoms in the A2 phase has only 2 Al atoms as the first nearest neighbors
and no iron atom exhibits more than 5 Al atoms in the 1NN shell. As all analyzed trends between the
local magnetic moment of Fe atoms and the number of Al atoms in their 1NN shell show decreasing
magnetic moments with increasing concentration of Al (see Figures 2, 4 and 6), the above discussed
percentages found in the A2 phase mean that the Fe atoms in this phase would be more magnetically
polarized than those in the B2 phase. A higher averaged magnetic moment of Fe atoms in the A2 phase
(see Table 2) illustrates these findings.

Table 2. Calculated properties of the studied atomic configurations of the A2 phase as a bulk and at
the APB interface as a model for the thermally-induced APBs. The table summarizes volumes, APB
energies, percentages of Fe atoms with different number of Al atoms (from 0 to 8) in the 1NN shell of
the Fe atoms and the average value of magnetic moments Fe atoms 〈µFe〉.

Volume 〈γAPB〉 % of Fe Atoms with # Al Atoms in 1NN 〈µFe〉

(Å3/atom) (J/m2) 0 1 2 3 4 5 6 7 8 (µB)
Al Al Al Al Al Al Al Al Al

A2 phase 12.14 – 5 13 45 18 13 5 0 0 0 2.15
B2 APB with A2 12.02 0.083 15 10 23 15 17 14 5 0 0 2.04

4. Discussion

Our theoretical results qualitatively confirm the interpretation of experimental findings published
by Murakami et al. [50] that the ferromagnetic state of APBs is stabilized by structural disorder within
APBs. In particular, the thermally-induced disordered A2 phase at the APB interfaces contains Fe
atoms with higher magnetic moments when compared with those in the B2 phase and, importantly,
the A2 phase is in a ferromagnetic state. Both of these aspects are in agreement with experiments.
However, our theoretical study provides also an atomic-scale type of information not available in the
study [50].

(a)                                                                                           (b)

A2 phase bulk

(see Fig. 5(a))

B2 with A2 at APBs

(see Fig. 5(b))

Figure 6. Calculated local magnetic moments of Fe atoms in the supercells visualized in Figure 5a,b as
a function of the number of Al atoms in the 1NN. The local magnetic moments of Fe atoms in atomic
configurations shown in Figure 5a,b are displayed in parts (a,b), respectively.
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Our results allow for obtaining a deeper insight into the actual mechanisms behind the observed
phenomena and a better understanding of them. In particular, we clearly show that the local magnetic
moments of Fe atoms decrease with an increasing concentration of Al atoms in the 1NN shell of the
Fe atoms. This trend is in the case of the B2 phase clearly nonlinear when considering the whole
concentration range of Al atoms (see Figure 2a). The decrease is weaker and quite linear for Fe
atoms with up to 4 Al atoms in the 1NN shell (i.e., up to 50% of the atoms) but becomes much
steeper for higher concentrations of Al atoms (Fe atoms with 7 Al atoms in the 1NN shell are nearly
nonmagnetic—see Figure 2a). This nonlinear dependence of the magnetic moment of Fe atoms as
function of the concentration of Al atoms in their 1NN shell is crucial for our understanding of
differences between the B2 and A2 phases of Fe70Al30 alloy as discussed below.

Analyzing the structure of the B2 phase first, one half of its {001} atomic planes contains only
Fe atoms and, consequently, all Al atoms are located in the other half of {001} atomic planes where
the concentration of Al becomes much higher (60%) than the overall value of 30 at.% in the Fe70Al30.
As the Fe-only and Fe-Al planes alternate in the B2 phase along the 〈001〉 direction, all those Fe atoms
from the Fe-only atomic planes have the 1NN shell formed by atoms from the Fe-Al planes (and vice
versa). Due to the fact that the average Al concentration in the Fe-Al planes is 60%, the Fe atoms from
the Fe-only planes have their magnetic moments significantly reduced. Two aspects are important
for the overall reduction of the magnetization. First, the reduction of the local magnetic moments is
more significant because the above discussed stronger decrease has onset for the Al concentration
equal to ≈50 at.%. Second, the Fe atoms from the Fe-only planes, which have their magnetic moments
nonlinearly reduced, represent 5/7 of all Fe atoms. The remaining 2/7 of Fe atoms in the Fe-Al planes
have their 1NN shell full of Fe atoms (from the Fe-only planes) and their magnetic moment reaches
the maximum values, but they represent only minority of all Fe atoms.

The situation in the A2 phase is quantitatively very different. All of the atomic planes have on
average the same Al concentration and it is only 30 at.%. Leaving aside local fluctuations, 30% is then
also the average concentration of Al atoms in the 1NN shells of all Fe atoms. Considering the fact that
the decrease of the magnetic moment is weaker for concentration of Al atoms below 50% (prior the
onset of nonlinearly stronger reduction), the magnetic moments of Fe atoms in the A2 phase will be
reduced less (see Figure 6a) than those in the B2 phase (see Figure 2a).

4.1. Linear Relation between the Al Concentration and the Energy of Sharp APBs

Another insight obtained from our simulations of sharp APBs in the B2 phase is the theoretically
identified relation between the average APB energy and the concentration of Al atoms in the two
atomic planes adjacent to the APB interface. The simulated APB shift leads to the situation when these
planes are formed by either two Fe-only planes or two Fe-Al planes (each containing both Fe and Al
atoms). None of these APB-related atomic environments exists in the APB-free B2 phase. We have
performed calculations of four different sharp APBs in the B2 phase (Figures 1c and 3a–c) which all
contained one APB interface formed by two Fe-only planes (identical in all four atomic distributions)
but differ in the concentration of Al in the pair of APB-adjacent Fe-Al planes. The averaged APB
energy turns out to decrease with a decreasing concentration of Al atoms in these two Fe-Al planes
(within the range of Al concentrations between 8/18, i.e., 44.4%, and 14/18, i.e., 77.8%). Despite the
fact that this relation is deduced from only a few computed cases and concentrations of Al, it can help
us to explain the formation of the A2 phase at APBs. In particular, sharp APBs in the B2 phase with
two interfacing Fe-Al {001} planes would have the average concentration of Al atoms close to that in
these planes, i.e., 60 at.% Al. When an A2 phase forms at the APB interface and separates the pair
of Fe-Al planes of the B2 phase by atomic planes of the A2 phase, the concentration of Al in the pair
of planes adjacent to the newly formed two interfaces is lower (only (60 + 30)/2 = 45%) because the
average concentration of Al in the A2 atomic planes is on average only 30%. According to the above
discussed relation between the average APB energy and the Al concentration, the energy of the newly
formed B2/A2 interfaces would be lower than the original sharp APBs in the B2 phase.
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4.2. Thermodynamic Stability of the APB Interface States

The change of the Al concentration at the APB interfaces by the formation of the A2 phase
to 45 at.% deserves further attention as it can be partly justified in the context of thermodynamic
stability of the binary Fe-Al system. According to the thermodynamic assessment by Sundman and
co-workers [65], the compositional dependence of the enthalpy of formation has the minimum close
to 50 at.% of Al in a phase, which is close to ordered stoichiometric FeAl with the CsCl structure.
The experimental data also show that the crystallographic structures for Al-rich compositions do not
have atoms in positions related to a bcc lattice. The pair of adjacent disordered Fe-Al planes with the Al
concentrations on average equal to 60 at.% is therefore very likely to have a high energy. The reasons
are related to the differences from the stoichiometric ordered FeAl phase in the minimum of the
enthalphy curve: the Al concentration is much too high, the atoms are disordered, and the structure
is not the one minimizing the enthalpy for this Al concentration. The above discussed reduction of
the Al concentration of the two APB-adjacent Fe-Al layers from 60 at.% to 45 at.% (A2/B2 interface)
changes the Al concentration closer to the 50 at.% for which the enthalpy has the minimum.

The thermodynamic perspective can help us to explain why the insertion of A2 phase between
the two Fe-only atomic planes of the originally sharp APB in the B2 phase of Fe70Al30 would result
in a decrease of the energy. The two Fe-only adjacent planes form an environment that is similar to
that in the elemental ferromagnetic bcc Fe. However, the elemental Fe is, from the thermodynamic
point of view, not preferred over Fe-Al states with less than 50 at.% Al (the above discussed enthalpy
minimum is found for the FeAl compound [65]). Therefore, the energy can be expected to decrease
due to locally increasing Al concentration. This happens exactly at the sharp APB interface formed by
two Fe-only planes when one of them is replaced by an atomic plane of the A2 phase containing on
average 30 at.% of Al. The average Al concentration of the pair formed by one Fe-only plane and one
A2-phase plane would be 15 at.%. In the equilibrium phase diagram, this concentration corresponds to
a disordered solid solution of Al atoms in a bcc Fe matrix. Therefore, a local atomic distribution in the
pair of those two APB-related adjacent planes would be quite similar to the equilibrium one.

4.3. A Comparison of Thermodynamic Stability of the B2 and A2 Phase

However, the studied systems are not formed only by the two atomic planes adjacent to the APB
interface. Regarding the formation of the A2 phase at the APBs, it should be noted that, according to
our calculations, the energy of the A2 phase of Fe70Al30 is by 18.5 meV per atom higher than that of
the B2 phase. Therefore, the above described process which reduces the APB energy of sharp APBs
by formation of the A2 phase is, in fact, a complex competition among several different mechanisms.
The energy of the atomic planes at the APBs is, on one hand, reduced by changing from sharp APBs in
the B2 phase to energetically less costly B2/A2 interfaces, but, on the other hand, the number of the
A2/B2 interfaces is twice as high, and the A2 phase itself has a higher energy. Another fact, which can
be important at elevated temperatures, is that the configurational entropy of the A2 phase is different
from that of the B2 phase. We therefore evaluate the ideal molar configurational entropy Sconf below.

As the B2 and A2 phases exhibit different numbers of ordered and disordered atomic sites
(sublattices), we use a generalized formula (see, e.g., Ref. [66]) derived for the sublattice model [67]
Sconf = −R ∑α aα ∑i f α

i ln f α
i where R is the universal gas constant, i runs over different chemical

species, α over different sublattices, aα is the ratio of lattice sites of a sublattice α with respect to the
total number of all lattice sites, and f α

i is the concentration of a chemical species i on a sublattice α.
The B2 phase has only one half of planes disordered, and the Al concentration in these disordered
planes equals 60 at.%. The A2 phase has all lattice sites fully disordered, and the Al concentration
is equal to 30 at.%. The molar configurational entropy (in the units of R) of the B2 phase amounts
to 0.3365 and that of the A2 phase is equal to 0.6109. If the energy difference of 18.5 meV per atom
is to be compensated solely by the difference in the configurational entropy, it would happen at the
temperature of 784 K. The experimental B2–A2 second-order transition temperature is significantly
higher, 1287 K [68], but there are several good reasons for this discrepancy. First, our calculations for
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static lattices did not include any phonons or magnons and, second, more importantly, the computed
energy difference is between two ferromagnetic states while the experimental transition occurs above
the Curie temperature between two paramagnetic states. The two above-mentioned temperatures
cannot be, therefore, directly compared. It is worth noting that the above discussed competition of
different phenomena would likely limit the width of interlayers formed at the APBs by the A2 phase
and make the width of A2 layers rather sensitive to the temperature as well as to other conditions,
such as a thermo-mechanical history of the samples.

4.4. Magnetism of Both Sharp and Thermally-Induced APBs

The existence of the thermally-induced A2 phase at the APBs is really crucial for the increase
of magnetism detected in experiments by Murakami et al. [50]. The sharp APBs in the B2 phase
do not often increase the magnetization enough (see the average magnetic moments of Fe atoms in
Table 1). This is due to the fact that three of the four computed atomic configurations of sharp APBs
induce a transition from a ferromagnetic state to a ferrimagnetic one and the magnetic moments with
antiparallel orientation reduce the total magnetic moment. We expect that these ferro-to-ferrimagnetic
transitions would be rather common close to the sharp APBs in the B2 phase because they are induced
by APBs with the APB energies from the whole range of computed values (see them in Table 1 for
the atomic configurations shown in Figure 3). Despite the fact that the antiparallel orientation is
obtained only in the case of one or two atoms (out of 76 Fe atoms in our 108-atom supercells) and the
magnitudes of these antiparallel magnetic moments are rather small (under 0.5 µB), the phenomenon
can be possibly enhanced by temperature effects or other conditions. In fact, all four studied sharp
APBs in the B2 phase exhibit slightly higher values of the average magnetic moment of Fe atoms than
the APB-free B2 phase (in particular by 9.3% in the case of the atomic configuration in Figure 1c).
However, it is the inception of the A2 phase at the APB interface which increases the average magnetic
moment further more. The whole B2/A2 nanocomposite in Figure 5b shows a 11.5% higher averaged
magnetic moment of Fe atoms than that in the APB-free B2 phase. This increase is still moderate,
but we should keep in mind the fact that the A2 phase layers at the APBs in experiments are much
thicker (2–3 nm) than our simulated ones (about 0.9 nm in Figure 5b). Such a thick A2 phase would
have magnetic properties similar to those which we obtained for the bulk A2 phase (see Figure 5a,d).
The average magnetic moment in the A2 phase would then be significantly higher, by 17.5%, than that
in the APB-free bulk B2 phase.

The increase of the averaged magnetic moment of Fe atoms in the A2 phase by 17.5% (w.r.t to
the APB-free B2 phase of Fe70Al30) is still not directly comparable with the experimental increase by
60% reported by Murakami et al. [50]. When searching for reasons for this discrepancy, it is worth
mentioning that Murakami et al. detected the magnetic flux density at the APBs at 293 K while our
quantum-mechanical study performed for static lattices (corresponding to very low temperatures
close to 0 K) was focused on changes in the magnetic moments of individual atoms. The experimental
change of the magnetic flux density is thus not directly comparable with the theoretical increase of
the average magnetic moment of Fe atoms. However, our study provides a very valuable insight
into thestructure–property relations connecting (i) the local atomic (dis)order and details of atomic
configurations (including chemical composition) on one hand and (ii) the values of local magnetic
moments of individual Fe atoms on the other hand. We therefore hope that the above identified and
analyzed mechanisms, which increase the average magnetic moments of Fe atoms, are among the
decisive ones when interpreting the experimental data reported by Murakami et al. [50].

Finally, the identified mechanism of increasing the magnetic properties in materials by introducing
thermally-induced APBs with disordered phases can possibly be used as a designing principle when
developing new magnetic materials. It should be applicable when magnetic species co-exist with
some other (non-magnetic) chemical species which decrease the magnetic moment of the magnetic
elements. If this reduction of magnetism is enhanced by thermodynamically-driven formation of
ordered sublattices, then the APBs offer a way of decreasing the level of order in the system and that
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results in a statistically higher probability of magnetic species to be in magnetically more favorable
environment (see, e.g., our recent study of impact of APBs in Fe-Al-Ti [69]).

5. Conclusions

We have performed an ab initio study of B2 phase of Fe70Al30 alloy with and without antiphase
boundaries (APBs). Our study was motivated by experimental findings by Murakami et al. [50] who
reported higher magnetic flux density from A2-phase interlayers at the thermally-induced APBs in
Fe70Al30. They suggested to connect the enhancement of the ferromagnetism with the disorder in
the A2 phase. We show that the averaged magnetic moment of Fe atoms in the A2 phase is by 17.5%
higher than that in the B2 phase. While we can not treat the A2 layers of the experimental thickness
(2–3 nm [50]), our simulations of thinner (about 0.9 nm) A2 layers within a B2/A2 nanocomposite
resulted in the average magnetic moment of Fe atoms by 11.5% higher than that in the APB-free B2
bulk. We explain the changes in magnetism by (dis)order-dependent reduction of local magnetic
moments of Fe atoms by Al atoms in the 1NN shell of Fe atoms (see also Refs. [22,39]). This effect
is synergically combined with the influence of APBs, which provide local atomic configurations not
existing in a APB-free bulk. The studied sharp APBs can increase the local magnetic moments of
Fe atoms, but they more often lead to an APB-induced ferromagnetic-to-ferrimagnetic transition.

Regarding the formation of the A2 phase at the APBs, we link it to the energetics of atomic
configurations occurring at both the sharp and A2-containing thermal APBs in the B2 phase of Fe70Al30.
The studied sharp APBs have rather low APB energies (between 0.019 and 0.165 J/m2), and these were
found to be increasing with increasing Al concentration in the two atomic planes adjacent to the APB
interface. These two atomic planes represent local atomic configurations which are APB-specific and
have either much too high or much too low concentration of Al. The insertion of A2-phase atomic
planes leads to the change of Al concentration accompanied by lowering of the energy. This mechanism
can be understood in terms of equilibrium thermodynamic of the Fe-Al binary system (the enthalpy
has the minimum for the Al concentration close to 50 at.%). The studied mechanism of increasing the
magnetic properties by introducing thermally-induced APBs with disordered phases can possibly be
used as a designing principle when developing new magnetic materials.
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Appendix A

Figure A1 shows computed dependences of local magnetic moments of Fe atoms as functions of
the number of Al atoms in the second nearest neighbor shell (2NN) of the Fe atoms for the APB-free
bulk B2 phase (see Figure A1a) and the APB-free bulk A2 phase (see Figure A1b). As far as the values
for the former are concerned, the Fe atoms located in the Fe-only planes in the B2 phase have their
second nearest neighbors formed by the other Fe atoms on this sublattice. As it is Fe-only sublattice,
they have no Al atoms in the 2NN shell and their magnetic moments (which vary significantly) seem
to be determined by atoms in other shells, apparently by those in their 1NN shell (see Figure 2a).
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The Fe atoms on the mixed Fe-Al sublattice in the B2 bulk phase have their 2NN atoms similarly
represented by other atoms on this mixed sublattice and can have some Al atoms in their 2NN
shell. However, the computed values show very weak dependence on the number of 2NN Al atoms
(see Figure A1a). Regarding the bulk A2 phase, there is only one type of mixed Fe-Al sites, but, again,
the calculated values of local magnetic moments of the Fe atoms seem to depend on the number of Al
atoms in the 2NN shell of the Fe atoms only very weakly (see Figure A1b). A weaker impact of the
second coordination sphere found in this study is in line with our recent results related to the Fe-Al
system [39,41].

(a)                                                                                           (b)

APB-free B2 

(see Fig. 1(a))

APB-free A2 

(see Fig. 5(a))

Fe-only planes

Fe-Al planes

Figure A1. Calculated local magnetic moments of Fe atoms as a function of the number of Al atoms in
their second nearest neighbor (2NN) shell of the Fe atoms. Part (a) summarizes them in the APB-free
bulk B2 phase (visualized in Figure 1a) and part (b) for the APB-free bulk A2 phase shown in Figure 5a.
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