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Superparamagnetic iron oxide nanoparticles (SPIONs) have been synthesized using co-precipitation method. Their mi-
crostructure and dielectric properties were studied. The sugar solutions like glucose, fructose and sucrose were used as stabiliz-
ers to control the size of the SPIONs. The crystal structure and grain size of the particles were determined by X-ray diffraction.
The magnetic studies of the samples were carried out using the vibrating sample magnetometer and their surface morphology
was studied by HRTEM, FE-SEM and zeta potential. The dielectric properties of glucose-SPIONs (GF), fructose-SPIONs (FF)
and sucrose-SPIONs (SF) were investigated in the frequency range of 10 Hz to 5 MHz at selected temperatures. The FF showed
a high dielectric constant of 62 at 1 MHz and the dielectric properties of SPIONs were found to have been significantly im-
proved, especially in the low frequency regime according to the Maxwell-Wagner interfacial polarization. The AC conductivity
measurements revealed that the electrical conduction depends on both frequency and temperature. Impedance analysis was
carried out using Cole-Cole plot and the conduction mechanism of the studied compounds was explained. R and C values were
further calculated using RC-circuit.
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1. Introduction the presence of iron cations in two valence states

FeZt and Fe3* on tetrahedral and octahedral sites

Biopolymer chitosan is known for its excellent  wjth an inverse cubic spinel structure [2]. The elec-

film forming ability, high mechanical strength, bio-
compatibility, non-toxicity, high permeability to-
wards water, susceptibility to chemical modifica-
tions, cost-effectiveness, etc. More than a few at-
tempts have been undertaken to increase the ac-
tivity of chitosan and, in particular, its biocom-
patibility by structural modification through the
fabrication of nanocomposites with metal oxide
nanoparticles [1]. Amongst all iron oxide nanopar-
ticles, magnetite (Fe3O4) represents the most re-
markable properties due to its unique structure, i.e.
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trons can hop between Fe>* and Fe' ions cre-
ating octahedral sites at room temperature form-
ing magnetite, an important class of half-metallic
materials [3]. However, aggregation of Fe;O4
nanoparticles, due to high surface area of magnetic
dipole interaction between nanoparticles, has lim-
ited their applications. This problem can be solved
by dispersing Fe3O4 nanoparticles in a biopoly-
mer matrix [4, 5]. The biopolymer chitosan is a
poly-amino-saccharide produced by de-acetylation
of natural chitin which could be extracted from
the shells of crabs and shrimps. It shows ex-
cellent biocompatibility, high mechanical strength
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and susceptibility to chemical modification due to
the presence of reactive hydroxyl and amino func-
tional groups [5]. The magnetite (Fe3O4) shows
high M values due to antiferromagnetic order-
ing across tetrahedral (Fe**) and octahedral (Fe>*
and Fe3*") sublattices. In the past decade, Fe3O4
nanoparticles of different morphologies, chemical
substitutions and surface coatings were used to
learn quite a lot of the applications such as mag-
netic resonance imaging (MRI), contrast agents [0,
7], drug delivery [8], tissue repair [9], in-vivo appli-
cations such as detoxification of biological fluids,
immunoassay, cell variation and hyperthermia [10]
and microwave applications at high and low
frequencies [11].

In the present study, the SPIONs stabilized
by sugar solutions have been prepared by co-
precipitation method. They were systematically in-
vestigated by X-ray diffraction for crystallite size
and structure. The morphological characteristics of
the prepared nanoparticles were studied by trans-
mission and scanning electron microscope. Fur-
ther, the magnetic properties were studied using vi-
brating sample magnetometer (VSM) and zeta po-
tential. The dielectric properties were studied as a
function of frequency at different temperatures.

2. Experimental

Glucose, fructose, sucrose and the reagents in-
cluding FeCls-6H,0, FeSO4-7H,0O, NH3H>0 and
ethanol were procured from Fisher Scientific, In-
dia. All the chemicals were used in as-received
state without any further purification.

2.1. Synthesis of glucose-Fe;O,; (GF),
fructose-Fe;O, (FF) and sucrose-Fe;Oy4
(SF)

Stabilizers such as glucose, fructose and su-
crose of 1.2 g each were added to 200 mL dis-
tilled water. The blend was heated at 90 °C for
about 10 min at constant stirring for dissolution
of the sugar solution. The solution was conse-
quently cooled to the room temperature, afterwards
FeCl3-6H,0 (1.49 g) and FeSO4-7H,0 (0.765 g)
were added into the solution, which was then

heated at 60 °C under nitrogen atmosphere. Then
the pH value of the solution was adjusted to around
11 by dropwise addition of ammonia hydroxide so-
lution for all stabilizers chosen for this study. The
resultant solution (8 mol/L) was held at 60 °C for
4 hours and the suspension was then centrifuged
at 10000 rpm for 10 minutes. The settled sugar
solution stabilized by SPIONs was washed three
times using distilled water to remove byproducts
and excess sugar solution. The obtained hybrids
were dried in an oven at 100 °C for 3 h and labeled
as GF, FF and SF, respectively.

2.2. Characterization

The crystal structure of the samples was iden-
tified by X-ray diffraction (XRD) using a Bruker
Model: D8 advance diffractometer with CuKo ra-
diation (1.5406 A), operating at 40 kV and 30 mA.
The surface morphology of the synthesized sam-
ples was examined by high resolution transmis-
sion electron microscope (HRTEM, JEOL JEM
2100) and field emission scanning electron micro-
scope (FE-SEM, JEOL-JSM-6390 LV). The mag-
netic properties of the samples were studied by vi-
brating sample magnetometers (VSM, Lakeshore
7410) at room temperature. The zeta potential sta-
bility of nanoparticles was measured on Malvern
Zetasizer and the dielectric properties, such as di-
electric constant €, and dielectric loss tand were
studied with the aid of HIOKI 3532-50 LCR Hi
TESTER. For the dielectric measurements, the pel-
lets were sputtered with silver paste on both sides
without contacting the edges and were kept on plat-
inum electrodes of an LCR controller in tempe-
rature ranging from 350 K to 400 K, operated at
the frequencies from 10 KHz 5 MHz at a heating
rate of 5 °C/min.

3. Results and discussion
3.1.

The crystalline structure of GF, FF and SF was
examined by X-ray diffraction study and has been
depicted in Fig. 1. Five characteristic peaks can
be indexed as the cubic structure Fe;O4, which
is in accordance with the reported data (JCPDS

X-ray diffraction studies
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Card No. 82-1533). The peaks with 20 values of
30.38°, 35.64°, 43.33°, 57.47°, 62.89° correspond
to the crystal planes (22 0),(311),(400), (333),
(4 4 0) of crystalline Fe3Oy, respectively. The crys-
tallite diameter (D) of the nanoparticles was esti-
mated using Debye-Scherer formula [12]:

D=kA/Bcos@ (1)

where k is crystallite geometry dependent con-
stant and is 0.94 for spherical crystallites, A is
the wavelength of X-ray radiation used, {3 is full-
width at half-maximum of the peak profile in ra-
dians at 20 angle, 20 is the angle of diffraction
with respect to lattice planes. The peak width obvi-
ously was broadened in the curve FF as compared
with the curves SF and GF. The average crystallite
sizes were calculated using equation 1 which gave
3.38 nm, 4.82 nm and 5.23 nm for GF, FF and SF
from the maximum intense peak of (3 1 1), respec-
tively.
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Fig. 1. XRD patterns of GF, FF and SF.

Fig. 2. FE-SEM images of (a) GF, (b) FF, (c) SF.

The field emission scanning electron micro-
scope (FE-SEM) images of GF, FF and SF are

shown in Fig. 2. It is found that all the samples
have well defined grains. An even distribution of
the magnetite nanoparticles can be observed in
all the images. In the SEM images, few disloca-
tions and grains along with grain boundaries have
been observed [13]. The average grain sizes of FF
(648 nm), SF (520 nm) and GF (469 nm) have
been found using the linear intercept method. In
addition, the agglomeration of nanoparticles is ob-
served for all the samples. This agglomeration phe-
nomenon is due to the magnetic interactions among
the nanoparticles. Fig. 3 shows the HRTEM images
of GF, FF and SF nanoparticles. The average par-
ticle size of the synthesized NPs is 7.5 nm, 7.2 nm
and 10.46 nm. The magnetic interaction between
the nanoparticles is responsible for the agglomer-
ation in HRTEM photographs. The overall analy-
sis of morphology proves that the grain size of the
present samples observed in FE-SEM micrographs
is greater than the particle size obtained from the
HRTEM images. This difference may be attributed
to the agglomeration of fine powder.

Fig. 3. HRTEM images of (a) GF, (b) FF, (c) SF.

3.2. Magnetic properties analysis

The magnetic properties of the nanoparticles at
the room temperature were studied using a vibrat-
ing sample magnetometer and the magnetization
values of the samples were systematically recorded
as a function of applied magnetic field to an ex-
tent of 15000 Gauss. The observed magnetization
curves of GF, FF and SF are shown in Fig. 4.
The hysteresis loop shows no remanence and co-
ercivity upon reducing the field towards the op-
posite direction. The magnetization curves demon-
strate a typical superparamagnetic behavior which
shows high susceptibility with saturated magneti-
zation M at low filed strength and zero coercivity
and remanence.
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Fig. 4. Magnetization curves of GF, FF and SF.

The magnetic parameters of GF, FF and SF
are shown in Table 1. My values 41.69 emu/g,
38.43 emu/g and 42 emu/g have been estimated
for GF, FF and SF samples, respectively which
could be attributed to the presence of sugar solu-
tions on the stabilized of nanospheres. Magnetic
nanoparticles intrinsically show reduced magneti-
zation due to disordered magnetic spins at sur-
face of the nanoparticles, though the particles are
of crystalline nature. The percentage of disordered
spins enhances with reduction of particle size due
to the increase of surface area-to-volume ratio [14].

3.3. Dielectric properties

Dielectric measurements were carried out at
room temperature over a wide frequency range
from 100 Hz up to 5 MHz. The dielectric con-
stant €’ and loss tangent tand were calculated using
the formula:

g =cd/e,A (2)

tand = ¢" /€' 3)
where c is the capacitance, d the thickness of the
sample, A the cross-section area, €g the free space
permittivity (8.854 x 10~!2 F/m). The results are
collected in Table 2 at selected frequencies and
room temperature.

3.3.1. Frequency dependence

The frequency dependences of dielectric con-
stant €, and loss tangent tand as a function of fre-
quency in the range of 100 Hz to 5 MHz are shown
in Fig. 5. The behavior of dielectric constant and
loss tangent depends on the relation of AC con-
ductivity versus frequency. It is observed that for
the GF and SF, the highest conductivity results in
the highest €, and tand values and vice-versa. As
a normal dielectric behavior of spinel SPIONS, €,
is decreasing with frequency for all the SF, FF
and GF samples. The Koop phenomenon (double-
layer dielectric model) gives a theoretical illustra-
tion for attaining high relative permittivity and loss
at low frequencies [15]. It has been confirmed that
at lower frequency, the dipoles within the system
can reorient themselves to respond to the applied
electric field. On the other hand, at higher fre-
quency, the decrease of dielectric constant values
is attributed to the blocking of molecules in the
applied field direction, which could be explained
by the difficulty of dipoles reorientation in this fre-
quency range [16]. In accordance with this model,
spinel ferrites of crystalline nature contain a couple
of layers called grains and grain boundaries where
the grains are low-resistive while grain boundaries
are high-resistive. These grain boundaries are more
active at low frequencies and offer quick response
to the applied alternating field frequency result-
ing in high polarization. The dielectric constant in-
creases with the increasing temperature and this in-
crease may be due to the thermal energy supplied to
the material that is sufficient enough to the free lo-
calized dipoles which align themselves in the direc-
tion of applied field [17]. The dielectric parameters
are listed in Table 2. It can be understood from the
table that the Curie transition temperature of iron
oxide is increased with varying the coated com-
pound (GF to SF). In respect of dielectric constant,
an appreciable increase is observed for the FF ma-
terial. On the other hand, high loss tangent is ob-
served for SF at 1 MHz. It is well known that the
loss is directly proportional to AC conductivity and
thus, in turn, the SF shows high conductivity. The
dielectric relative loss factor is also calculated from
tand/e;. This is a measure of purity of a sample. It
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Table 1. Magnetic parameters obtained from VSM analysis.

Sample  Saturation magnetization My Coercivity Remanent magnetization Remanence ratio
code [emu/g] Hc [O] M; [emu/g] (M,/My)
GF 41.69 0.55 0.0004 0
FF 38.43 4.42 0.004 0
SF 42 9.13 0.0098 0
implies that the relative loss factor should be as low
as possible for high purity material. - ) a—sF|
—e—FF
Table 2. Data on of electrical properties of GF, FF and ——GF
SE. %‘-
z
X GF FF SF g 804
T, 323K 338K 343K
€r [1 MHz] 279 61.94 39.68 g
tand [ MHz] ~ 1.39 1.06 2.15 & 40
tand/e; 0.05 0.0171  0.0542
04 [S/fem]  4.17E-11 5.25E-11 2.45E-10
exponent (n) 0.94 0.49 0.411 ol | . | . |
0 1M 2M M 4M 5M
frequency [Hz]
3.3.2. Temperature dependence
The temperature dependences of relative per-
e (b) —s—SF
mittivity €, and loss tangent tand are shown at | _e—FF
1 MHz frequency. Fig. 6 reveal that €, as well as ——GF
tand are increasing with rising temperature for all
the GF, SF and FF samples. This kind of behavior 6
is commonly observed in magnetic semiconductor ©
SPIONS. £ N

The drift velocity of thermally activated charge
carriers increases with temperature. Hence, the
electron exchange between Fe3*-Fe> ions on the
both sites is increased [18]. The local displacement
of the thermally activated carriers in response to the
alternating field frequency causes that all the carri-
ers reach the grain boundary interface and tend to
increase polarization. The relaxation peaks in loss
tangent plots are observed in the temperature range
of 323 K to 365 K. These relaxations are mainly
caused by the maximum thermal activation of hop-
ping rate of charge carriers. Thus, the polarization
increases and the resistivity decreases, resulting in
an enhancement of tand [19]. The results are shown
in Table 2. €, and tand increase with temperature.
At room temperature, the sample shows very high

L) 1 M L)
2M 3M 4M
frequency [Hz]

Fig. 5. Frequency dependence of (a) dielectric constant
€r and (b) loss tangent tand.

loss. GF = 1.39, FF = 1.06 and SF = 2.15 are ob-
tained at 1 MHz field frequency. This kind of com-
pounds with high loss is normally expected for ab-
sorber applications at high frequency [20].
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3.3.3. Conductivity studies

The variation of AC conductivity as a func-
tion of frequency at room temperature is illustrated
in Fig. 7. It is obvious from logo versus logw
plots that the total AC conductivity is composed of
two frequency terms [21]. Jonscher power law [22]
can successfully explain the analyzed variation of
AC conductivity with frequency. The frequency in-
dependent term (linear portion) is clearly deter-
mined in logo versus logw plots. A linear por-
tion is extrapolated towards the logo axis. The sec-
ond term is frequency dependent and increases with
frequency due to localized charge carriers. This is
governed by the power law:

Cu(0) =A0" 4)

where w = 27f, A is the arbitrary constant and
the exponent n has values between 0 and 1 with
no dimension. Both entities are temperature depen-
dent [23]. The small values of AC conductivity o,
at lower frequencies and its increasing trend at the
higher frequencies can be elucidated by Maxwell-
Wagner theory [24]. This increase in 0, may be
normally due to the grain and grain boundary effect
that is caused by the inhomogeneous nature of di-
electric medium [25]. The o, values of magnetite
nanoparticles stabilized by various sugar molecules
are reported in Table 2. The exponent value n men-
tioned in the relation 4 gives the ratio of the back-
hop rate to the site relaxation rate. If the exponents
are less than 1, the polaron hoping is slower than
the site relaxation. If the hopping of polarons is
larger than the site relaxation, the exponents are
greater than one. In Fig. 7, the exponent values of
GF FF and SFaren = 0.94,0.49 and 0.411, respec-
tively. As shown in Fig. 7 the DC conductivity val-
ues have been calculated and found to be varying
between 2.45 x 107! S/cm and 5.24 x 10~!! S/cm.

. 04=2.45E-10

104 | 64.=5.24E-11

|~ 64=a.166-11

-12 <

-1
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Fig. 7. logo versus logw plot of AC electrical conduc-
tivity of GF, FF and SF.

The AC conductivity o, is calculated using the
relation:
Ouc = E,€ptan o

&)

where w is the angular frequency, €, is the rela-
tive dielectric constant, € is the permittivity of free
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space and tan is the tangent loss. The AC conduc-
tivity versus temperature plots (Fig. 8) show that
the conductivity is increasing with temperature up
to T, and further starts decreasing to smaller val-
ues. Thus, it obeys the Arrhenius relation. The Inc
versus 1/T plots show two slopes in two regions. It
is proposed that on passing through the Curie point
T. a change in the slope of the straight line occurs
due to the change in exchange interaction between
outer and inner electrons at T.. In the present inves-
tigation, the change of the slope may be expected
due to the change in conduction mechanism illus-
trated by the calculated activation energies within
the low and high temperature regions. In the high
temperature regime, the steady state rise in con-
ductivity is ascribed to polaron hopping and the
thermal expansion of the lattice is accompanied by
lattice dislocations and creates polarons. In case of
low temperature region, the electrical conductivity
is due to thermally activated electrons. The activa-
tion energies E, are evaluated from the Ino,. versus
temperature plots using Arrhenius equation 6 and
equation 7:

Cac = Goexp(—E,/kT) 6)

E, = slope x k, x 10* eV (7)

where the slope is Ino, versus 1000/T, k is Boltz-
mann constant (8.6 x 107> eV) and oy is the pre-
exponential factor. The results show that the AC ac-
tivation energies of all materials in low temperature
region (E;) are greater than in the high temperature
region (E;). It may be related to the disordered state
in high temperature region with respect to the or-
dered state in low temperature region as reported
by Naidu et al. [26].

3.34.

Impedance spectroscopy is used to study
transport properties of GF, FF and SF at different
applied electric field frequencies within a wide
temperature range. Impedance is a complex
quantity and its real part gives a series resistance
while the imaginary part represents reactance
of the compound. In general, complex impedance
spectroscopy is a well-known technique to

Impedance properties
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Fig. 8. (a) Ino,. versus 103/T plots, (b) 0, versus
temperature plots.

probe microstructure and electrical conduction
mechanism of polycrystalline materials [27]. It
also enables to resolve grain (bulk) and grain
boundary effects in conductivity studies includ-
ing relaxation. Complex impedance has a basic
formalism: Z* = Z' — jZ", where Z/ is the real
part and Z” is imaginary part. Fig. 9 depicts the
7' versus Z" plots (Nyquist plots) at the selected
temperatures (313 K to 380 K). It is evident
from the Cole-Cole plots that single semicircular
arcs observed for all the temperatures obviously
represent the two-layer model of conduction
mechanism, i.e. grain and grain boundaries are
contributing in conduction mechanism [28].
This confirms that the synthesized ferrites are
of magnetic semiconductors. The centers
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Table 3. Activation energy of GF, FF and SF.

Sample code Activation energy [eV]

E |25)
GF 0.204 0.103
FF 2.629 0.077
SF 0.276 0.076

of semicircular arcs lying above Z'-axis (real
axis) reveal Debye-type relaxations [29-31]. The
large semicircular arc at the higher frequencies and
the small semicircular arcs at the lower frequencies
are associated to grain and grain-boundary effects,
respectively. The corresponding resistances (Rg
and Ryp,) and capacitances (Cg and Cgp,) are evalu-
ated from the intersecting points of arcs at the real
axis using Z-view software. These resistances are
found to be decreasing with increasing temperature
and reveal the increase of DC electrical con-
ductivity. Furthermore, the relaxation time T has
been calculated as T = RC. It is noticed that T is
decreasing with the increase of temperature. This,
in turn, reveals that T is a temperature dependent
parameter [32]. The o4, is calculated using the
relation:

O4c =1/RA ®)

where t is the sample thickness, R is the bulk or
grain boundary resistance and A is the area of the
sample. According to Arrhenius law:

O4ec = GoeXp(—Ea/ka) (9)

where the symbols have their usual meaning. Ino
versus 10°/T plots have been drawn to find the
activation energies as shown in Fig. 10. The re-
sults show that the activation energy is decreas-
ing with the increase in SF, GF and FF content.
The corresponding activation energies (E,) are tab-
ulated in Table 3; the results are estimated to be
GF=0.210eV,SF=0.115¢eV and FF = 0.032 eV,
respectively.

3.3.5. Role of sugar solutions on the stability of
SPIONs

Chalikian et al. [33] and Hochtl et al. [34] have
reported that the hydration properties of sugar so-
lutions are, in general, a key feature in determining
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Fig. 9. Z' versus Z" plots (Nyquist plots) for (a) GF, (b)
FF and (c) SF.

their functional as well as the structural properties.
Accordingly, the variation in hydration properties
of glucose, fructose and sucrose greatly contributes
on the stereo conformation of SPIONs when it is
stabilized by sugar molecules.
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Fig. 10. Arrhenius plots for (a) GF, (b) FF and (c) SF
derived from impedance spectra at different
temperatures.

Further, it has been reported that the dipole mo-
ments of fructose and sucrose are slightly greater
than glucose in pure state (Table 4). However,
while observing the zeta potential values (obtained
from dynamic laser scattering), it can be inferred

that there is an appreciable increase in the stabil-
ity of colloidal dispersion over fructose and su-
crose solutions when SPIONSs are stabilized with
glucose (Fig. 11).

Jansson et al. [35] reported that hydrated sugar
molecules always exhibit a non-Arrhenius tempe-
rature dependence of its relaxation time. Conse-
quently, due to o-relaxation process, they have
a slower relaxation time. Considering the T, val-
ues, glucose solution has the slowest value, when
comparing with fructose and sucrose. As vis-
cosity is strongly dependent on relaxation time,
higher viscosity glucose aided SPIONSs is charac-
terized by highest stability. As rightly concluded by
Tait et al. [36] and Franks et al. [37], the hydration
number gives a fair clue on the conformational be-
havior of sugar molecules.

Table 4. Comparison of relaxation time, hydration
number and zeta potential.

Sample Relaxation Hydration po%eer?ial
code  time(Tc)[s]  number [mV]
GF  573x10°% 2.0 25.9
FF 1.62 x 10777 1.7 10.6
SF 7.83%107% 1.5 1.85

4. Conclusions

Iron oxide nanoparticles with superparamag-
netic character have been successfully synthesized
by co-precipitation method and their magnetite
nanoparticles have been subsequently stabilized us-
ing sugar solutions of glucose, fructose and su-
crose. Powder X-ray diffraction results show that
the obtained magnetic particles are nanosized and
their unit cell exhibits face-centered cubic struc-
ture. Saturation magnetization values of all studied
SPIONSs stabilized by sugar molecules are in the
range of 38.43 emu/g to 42 emu/g. Coercivity of the
nanoparticles stabilized by glucose shows the low-
est value when compared to other sugar solutions.
SPIONS stabilized by fructose have low dielectric
relaxation time which is increasing with tempe-
rature. It was found that the dielectric constants
and dielectric loss values of SPIONs stabilized
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Fig. 11. Zeta potential stability of SPIONSs: (a) GF, (b) FF and (c) SF

by sugar solutions are as follows: (i) GF, €, = 27.9,
tand = 1.39; (ii) FF, €, = 61.94, tand = 1.06 and
(iii) SF, €; = 39.68, tand = 2.15.

The activation energies of GF, FF and SF vary
between 0.103 eV and 2.629 eV. It has been
suggested that relaxation time, hydration number
and kinematic viscosity of sugar solutions, espe-
cially glucose, play a significant role in determin-
ing the long term stability of magnetite nanoparti-
cles. From the above studies, it can be concluded
that SPIONSs stabilized by sugar molecules can be
used for super capacitors and magnetic recording
applications.
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