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We report on the synthesis of (polyvinylpyrrolidone) PVP-Mn3;04 nanocomposite via a polyol route.
Crystalline phase was identified as Mn304 and the crystallite size was obtained as 6+ 1 nm from X-ray
line profile fitting. Average particle size of 6.1 +0.1 nm obtained from TEM analysis reveals nearly single
crystalline nature of these nanoparticles in the composite. The capping of PVP around Mn3;04 nanopar-
ticles was confirmed by FT-IR spectroscopy, the interaction being via bridging oxygens of the carbonyl
(C=0) and the nanoparticle surface. Tc and Tg for PVP-Mn304 nanocomposite were observed at 42 K and
28.5K, respectively. The sample has hysteresis with small coercivity and remanent magnetization at 40 K,
resembling the superparamagnetic state. ac conductivity measurements on PVP-Mn3;04 nanocomposite
revealed a conductivity in the order of 10-7 Scm~" at lower frequencies. The conductivity change with
respect to frequency can be explained by electronic exchange occurring between Mn*? and Mn*? existing
in sublattice of spinel lattice.
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1. Introduction

Transition-metal oxide nanoparticles can exhibit enhanced
optical, magnetic and electrical properties as compared to their
bulk counterparts, rendering such nanoparticles interesting for
a variety of applications [1,2]. Among magnetic nanoparticles,
manganese oxide (Mn304) as a magnetic transition-metal oxide
is an important material. It has a wide range of applications as
catalyst, ion-exchange medium, molecular adsorbent, and in elec-
trochemical materials and varistors [3-7]. Furthermore, Mn3 04 has
been widely used as the main source of ferrite materials, finding
extensive applications in electronics and information technologies.
Mn30,4 is known to crystallize in the normal spinel structure with
a tetragonal distortion elongated along the c-axis. Manganese ions
are placed in the tetrahedral A-sites (Mn2*) and octahedral B-sites
(Mn3*).

In the literature, there are many diverse methods to pre-
pare Mn304 nanoparticles including chemical bath deposition
[8], solvothermal [9], coprecipitation [10], microwave irradia-
tion [11,12], and surfactant-assisted methods [13], which are
interesting and attract much research attention. However, these
preparation methods are generally complicated and complex pro-
cess controls are involved. Furthermore, agglomeration and wide
particle size distribution are the drawbacks associated with most of
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these methods. On the other hand, polyol process [14,15] is a versa-
tile chemical approach, which uses poly alcohols (ethylene glycol,
diethylene glycol) to reduce metal salts to metal particles, was
successfully used to prepare a great variety of non-aggregated inor-
ganic compounds. The polyols often serve as reaction medium with
high boiling point solvent and reducing agent, as well as stabilizer
to control the particle growth and prevent interparticle aggrega-
tion. The advantage of this method is the possibility to control
experimental conditions and easy scale-up [16].

2. Experimental

Manganese acetylacetonate (Mn(acac);) (Alfa Aesar), 1,2-hexadecanediol
(C16H3402) (ABCR), diethyl ether (C12,H100) (Alfa Aesar) and PVP (polyvinyl pyrroli-
done) (Merck) used without further purification.

Manganese acetylacetonate (Mn(acac)s;), 1,2-hexadecanediol, 20 mL diethyl
ether and 0.4 g PVP polymer were mixed and magnetically stirred. Then the mixture
was slowly heated to 393K for 2 h. Afterwards the temperature was rapidly raised
to 533 K and refluxed for 2 h to complete the reaction. The PVP-Mn3;04 nanocom-
posite was precipitated, centrifuged and dispersed in hexane without any further
modification.

3. Results and discussion
3.1. XRD analysis

X-ray powder diffraction (XRD) analysis was conducted on a
Rigaku Smart Lab Diffractometer operated at 40kV and 35mA
using Cu Ko radiation. XRD powder pattern of as-synthesized
PVP-Mn304 nanocomposite is presented in Fig. 1. All diffraction
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Fig. 1. XRD powder pattern (°) and line profile fitting (-) of PVP-Mn3;0,4 nanocom-
posite.

peaks were indexed to the tetragonal hausmannite crystal struc-
ture model of Mn304 (which are consistent with bulk value -ICDD
Card no. 24-0734). No extra peaks of impurities indicating other
forms of manganese oxides were detected. The mean size of the
crystallites was estimated from the diffraction pattern using the
line profile fitting equation given in Wejrzanowski et al. [17] and
Pielaszek [18]. The line profile, shown in Fig. 1, is fitted for 9 peaks
(112),(200),(211),(004),(220),(204),(312),(224),and(400).
The average crystallite size, D and o, was estimated as 6 =1 nm.
Mn30y,4 is a mixed oxide containing Mn ions with two different
oxidation states; namely +2 and +3. This result suggests that Mn2*
ions are produced by the reduction of Mn3* ions during reflux at
high temperature which were then used in the formation of Mn304.

3.2. FT-IR analysis

Fourier transform infrared (FT-IR) spectra were recorded in
transmission mode with a PerkinElmer BX FT-IR infrared spectrom-
eter. The powder samples were ground with KBr and compressed
into a pellet. FT-IR spectra in the range 4000-400cm~! were
recorded in order to investigate the nature of the chemical bonds
formed. Infrared studies were conducted to investigate the type
of interaction between Mn304 nanoparticles and PVP host poly-
mer. The FT-IR spectra of PVP and PVP-Mn304 nanocomposite are
shown in Fig. 2. It is worth noting that the C=0 stretch band is
present at 1660 cm~! for pure PVP (Fig. 1(a)) and after formation
of PVP-Mn30,4 nanocomposite this stretching red shifts ~20 cm™!
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Fig. 2. FT-IR spectra of (a) pure PVP (b) PVP-Mn304 nanocomposite, and (c) Sug-
gested conjugation scheme of PVP onto Mn3O4 nanoparticles. -C-N stretching
vibrations and -C-H bending vibrations are indicated with “+” and “*” respectively.
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Fig.3. TGA and differential thermograms of (a) PVP-Mn3;04 nanocomposite (b) pure
PVP.

(Fig. 2(b)) indicating a strong interaction between Mn304 nanopar-
ticles and C=0 of PVP host matrix. The asymmetric CH, stretch
(2952cm~1!) and symmetric CH, stretch (2892cm!) shifted to
2922 cm~! and 2852 cm™1, respectively. In addition, FT-IR spectra
of the particles exhibit characteristic peaks of Mn30,4 at around
613cm~! and 503 cm™!, respectively [4-7,19-21]. For the rest of
the peaks, no significant shifts were observed and this suggested
that Mn304 nanoparticles have interaction with PVP through C=0
group as schematically shown in Fig. 2(c). The -C-N stretching
vibrations and —-C-H bending vibrations are indicated with “+” and
“*” for pure PVP and nanocomposite in Fig. 2.

3.3. TGA analysis

The thermal stability was determined by thermogravimetric
analysis (TGA, PerkinElmer Instruments model, STA 6000). The TGA
thermograms were recorded for 5 mg of powder sample at a heat-
ing rate of 10Kmin~!. in the temperature range of 303-1073K
under nitrogen atmosphere. To further confirm the existence of
PVP on the surface of Mn304 nanoparticles and quantify the pro-
portion of organic and inorganic phase, TGA was performed in
the temperature range of 303-973 K; thermograms and differen-
tial thermograms are given in Fig. 3. Pure PVP combusted starting
at ~703K leaving a residue of ~1-2% above 773K (Fig. 3(a)).
Evidently, the differential thermogram for the nanocomposite is
slightly shifted towards higher temperatures due to the extra inter-
action between the PVP and nanoparticles [22,23]. Nanocomposite
shows a major weight loss of 55% over the temperature range
of 303-973K due to the decomposition and combustion of PVP
(Fig. 3(b)). This implies that nanocomposite has ~45% inorganic
phase as Mn3 04 nanoparticles.

3.4. TEM analysis

Transmission electron microscopy (TEM) analysis was per-
formed using a FEI Tecnai G2 Sphera microscope. A drop of diluted
sample in alcohol was dripped on a TEM grid.

Morphology and size distribution of the nanoparticles in the
nanocomposite was analyzed using TEM. Few micrographs and
histogram calculated thereof are presented in Fig. 4. Polymer is
invisible in TEM as no staining has been used to make them vis-
ible. Mn304 particles exhibit near spherical morphology and seem
to be single crystalline as indicated by Fig. 4(b). Average size for the
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Fig.4. (aand b) TEM micrographs of PVP-Mn3;04 nanocomposite at different magnifications; and (c) calculated histogram from several TEM images with a log-normal fitting.

Mn304 nanoparticles, calculated by log-normal fitting to the size
distribution histogram, was obtained as 6.1 + 0.1 nm. As compared
with the crystallite size from X-ray line profile fitting, this reflects
dominantly single crystalline nature of the Mn304 nanoparticles in
the nanocomposite.

3.5. VSM analysis

VSM measurements were performed by using a Quantum
Design Vibrating sample magnetometer (QD-VSM). The sample was
measured between +10kOe at room temperature and 10K. ZFC
(zero-field cooling) and FC (field cooling) measurements were car-
ried out at 100 Oe and the blocking temperature was determined
from the measurements. To investigate the magnetic properties in
PVP-Mn304 nanocomposite, the magnetization in both zero-field-
cooled (ZFC) and field-cooled (FC) modes under 100 Oe magnetic
field were measured. ZFC measurement was carried out under cool-
ing to 10 K without any applied external magnetic field. Then 50 Oe
magnetic field was applied during the heating of sample. The FC and
ZFC curves are coincident and spin in PVP-Mn30,4 nanocomposite
aligned randomly as in paramagnetic systems above 42 K. The tem-
perature at which spins’ alignment change from ordered to random
isknown as T¢, and is determined as 42 K for PVP-Mn3 04 nanocom-
posite with average Mn3 04 particle size of 6 nm. Our results are in
agreement with T¢ reported for Mn304 by Winkler et al. [24] and

Regmi et al. [25] as 42 K for particle with 15 nm average size. The
bulk Mn304 has curie temperature of about 42 K [26].

In the ZFC curve (Fig. 5) the magnetization started to increase
sharply at 42 K with decreasing temperature until 35K, it reached a
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Fig.5. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves for polyol
synthesized PVP-Mn304 nanocomposite measured at 100 Oe external magnetic
field, and —dM/dT curves with respect to temperature for both FC and ZFC.
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Fig. 6. Magnetization (M) as a function of external magnetic field (H) at different temperatures for polyol synthesized PVP-Mn304 nanocomposite.

maximum value at 28.5 K where the thermal energy became com-
parable with the anisotropy energy and then decreased suddenly,
revealing the blocking temperature, Tg. A detailed study on mag-
netic transition temperatures for 15-25 nm Mn304 nanoparticles
can be found in Refs. [24,25]. The opposite sign of first derivatives
of magnetization with respect to elevated temperatures verifies
the magnetic phase transition at about 42 K. This first derivative
characteristics are similar to that reported by Winkler et al. [24].
There are two reported anomalies [27,28] in temperature depen-
dent magnetic characteristic in Mn3 04 below main magnetic phase
transition at 42 K. These are at 32 K and 39 K and were attributed to
the spin reorientations with the resultant ESR experiments in Ref.
[27]. However, we investigate these magnetic phase transitions at
28.5K and 35K for these anomalies.

The magnetic hysteresis loops of the PVP-Mn304 nanocompos-
ite are shown in Fig. 6 at different temperature below and above
Tg in a magnetic field up to +30kOe. The saturation magnetiza-
tion (Ms) was not reached, showing a maximum of magnetization
(Mmax) at about 9.5 emu/g at 10 K. As the normalization of Mg was
made against the total nanocomposite weight, the obtained value
is lower than that of bulk Mn304 [26,29]. Considering inorganic
content of 45% and normalizing against this weight a value of
~21emu/g Mn304 was obtained where the bulk Mg is 38 emu/g
[5,30].

This non-saturated hysteresis can be attributed to the co-
existence of antiferromagnetic interactions with ferromagnetic
interaction tending to saturate at low temperatures. The sample has
hysteresis with small coercivity (Hc) and remanent magnetization
(M;) at 40K which is in closer conditions to the superparamag-
netic state. The superparamagnetic PVP-Mn304 nanocomposite
has giant core magnetic moment that tends to be aligned with field,
and canted spins with non-aligned tendency at the surface at about
40 K. Additionally, the size distribution which allows the existence
of some particles below the threshold diameter (7 nm) for single
domain Mn304 NP’s and the temperature gradient during cool-
ing may cause the superparamagnetic like characteristic at 40K.
The magnetic hysteresis loops the T¢ for PVP-Mn304 nanocom-
posites show paramagnetic trend with linear M with respect to
H as expected. All hysteresis show a small amount of asymmet-
ric coercive field and this asymmetry is increasing with decreasing
temperature.

Fig. 7 shows the temperature dependence of the Hc, M; and Mg
predicted from extrapolation of M vs. 1/H plots. The H¢ decreases
by increasing temperature and becomes zero above Tc. The Mg
has decreasing concave down curve and also the My, characteristic
of ferrimagnetic states, decreases. However, it has sharp decrease
when the temperature gets closer to the Tc. It can be inferred that
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Fig. 7. Temperature dependence of Hc, M; and Ms for polyol synthesized
PVP-Mn3;04 nanocomposite.
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Fig. 8. ac conductivities vs. frequency of pure PVP at temperatures ranging from RT
to 393K.

this relation between Ms and M; shows the phase transition at
about Tg.

3.6. Conductivity and dielectric measurements

The real (¢') and imaginary (&”) parts of complex dielectric per-
mittivity e*[= ¢/(w) + ie”(w)] were measured with a Novocontrol
dielectric-impedance analyzer. The dielectric data (¢’, €”) were col-
lected during heating as a function of frequency. The films were
sandwiched between gold blocking electrodes and the conductiv-
ities were measured in the frequency range 0.1Hz to 1 MHz at
283 Kintervals. The temperature was controlled with a Novocontrol
cryosystem, between 173 and 523 K.

3.6.1. Conductivity measurements

The ac conductivity, o ac, of pure PVP and PVP-Mn304 nanocom-
posite is presented in Figs. 8 and 9. Initially, ac conductivity of pure
PVP sample is almost linearly dependent on frequency of up to
2 MHz. However, at low frequencies ranging from 0 KHz to 3 KHz,
as shown in the inset of Fig. 8, the degree of frequency-dependency
increases with temperature while at the medium frequencies
between 3KHz and 2 MHz it increases with decreasing temper-
ature. The ac conductivity decreases with the frequency after
peaking at around 2.1 MHz. At high frequency, the ac conductivity
becomes more complicated with the temperature increment. This
type of dependency in this range seems to be unclear to us at the
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Fig. 9. ac conductivity vs. frequency for PVP-Mn3;04 nanocomposite at tempera-
tures ranging from RT to 393 K.

moment or this might be the initiation of the tunelling of electronic
transportation through the capacitively coupled nanoparticles.
However, at low and medium frequency range, the ac conductivity
of pure PVP polymer generally obeys Jonscher’s power law [31] as

o(f) = o(0) [l + (;r)n]

where ¢(0) is the dc conductivity fand f; are the applied frequency
and relaxation frequency, respectively; n is an exponent which is
slightly less than unity, and additionally is slightly dependent to the
variation of temperature between RT and 393 K, 6(0)f0-9°> = 1.05 x
1075 for this experiment. The frequency-dependent conductivity
mechanism of the PVP polymer leads to both diffusive below partly
relaxation frequency and subdiffusive motion of mobile charges,
giving rise to dispersion in the conductivity. The effect of both diffu-
sive and subdiffusive conductivities is relevant to the temperature
dependency as shown in Fig. 8 together with the inset.

The nanostructures of binary composites like the combination of
conductor-insulator arrays usually have some basic rules. The first
is the matrix formation in which the nanoparticles or nanocrys-
tallites are embedded and always capped by the matrix materials,
which can be either conductor capped by insulator or vice versa.
So there will be no identical nanoparticle contacts among them.
In this case the dc and ac conductivity is usually described by the
Maxwell-Wagner model [32]. The second is the percolation for-
mation, which can be considered to be constructed by randomly
packing the two types of nanoparticles together. In percolation
system, there exists a critical volume fraction above which the elec-
trical properties are dominated by the conducting component and
below which the insulating component dominates.

The PVP-Mn304 nanocomposite has strongly frequency-
dependent conductivity behaviour. Within the general tendencies
of the ac conductivity, it resembles to the electrical characterisation
of the pure PVP polymer. At low frequency it increases with tem-
perature as shown in the inset of Fig. 9 while frequency-dependent
conductivity increases with decreasing temperature over 3 KHz.
This attitude can be explained by the models mentioned above.
Generally, Mn304 has a conductivity in the order of 10~>Scm™!
at lower frequencies. The ac conductivity changes with respect
to frequency can be explained by electronic exchange occurring
between Mn*2 and Mn*3 existing in sublattice of spinel lattice. At
lower frequencies this exchange can not be observed, but at higher
frequencies the electronic exchange can follow the ac source.

The temperature dependency of the conductivity of PVP-Mn30y4
shown in Figs. 9 and 10 seems to be quite small, as also illustrated
in the TGA thermograms measured in the temperature range of
293-393 K, while its frequency-dependency is found to be quite
high. At lower temperatures, the ¢ slightly increases and then
decreases with a small hill, but it increases linearly with increasing
temperature above 333 K. This wide, small hill at lower tempera-
tures vanishes at moderate frequencies and conductivity increases
linearly by increasing elevated temperatures. At highest frequen-
cies, the composite has decreasing conductivity than increase again
upon heating. There is no expected change in the composite to
cause the observed changes in conductivity, but the expulsion of
water during heating can cause the change in conductivity.

3.6.2. Dielectric measurements

The complex permittivity parameters ¢ = & + i¢”, were mea-
sured to determine the frequency and temperature dependency of
stored (¢’) and dissipated energies (¢”) by PVP-Mn304 nanocom-
posite and results are presented in Fig. 11(a) and (b). The real part of
the permittivity decreases by increasing frequency at various tem-
peratures, while imaginary part decreases first and than increases
at higher frequencies. The inset of Fig. 11(b) shows that imaginary
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Fig. 10. ac conductivities vs. temperatures of PVP-Mn3;04 nanocomposite for fre-
quencies ranging from 1 Hz to 3 MHz.

part is fluctuating and increasing as a function of temperature for
the lower frequency and than decreases for higher frequencies. This
means that the temperature dependency of the imaginary part is
strongly dependent on the frequency range. Furthermore, the real
part shows the similar manners as depicted in the inset of Fig. 11(a),
however, it reduces with the increase in frequency. It is worthy to
note that its temperature dependency for all the frequency range
studied here except for very low frequency, which can be consid-

e

Real part of Permittivty, &

504 S—e—_
n_g_gzstl__‘ . 1MH
45 —8=8—8—8—8—8

2 40 60 80 100 120
Temperature,. T 'C

10° 10' 10° 10° 10* 10° 10° 10’
Frequency, f(Hz)
(b) :’§ 1 —m—293K
2,4
2,2 ERE
2,0 %
1,8 &
1,6 g
"w1,4~_ E’
E

Frequency(Hz)

Fig. 11. (a) Real and (b) imaginary parts of permittivity of PVP-Mn304 nanocom-
posite as a function of frequency at various temperatures.

ered to be a dcresponse, remains almost unchanged. Koop’s theory,
based on the Maxwell-Wagner model for the homogeneous double
structure [32], is generally used to explain the dielectric charac-
teristic of semiconductor like spinel structures such as ferrites. In
double structure model, the highly conducting grains are sepa-
rated by relatively poor conducting grain boundaries and are found
to be more effective at higher frequencies, while grains are more
effective at lower frequencies [33]. The conductivity difference
between grains and grain boundaries means different resistance
causing the accumulation of charge carriers in separated bound-
aries and increase in dielectric constants. The polarization in Mn3 04
is through a mechanism similar to the conduction process by elec-
tron exchange between Mn2* and Mn3*, the local displacement
of electrons in the direction of the applied field occurs and these
electrons determine the polarization. With increasing frequency,
the polarization decreases and reaches to a constant value due to
the electron exchange between Mn2* and Mn3* cannot follow the
alternating field. Previously, the large value of dielectric constant at
lower frequency was attributed to the predominance of species like
Mn?* ions, oxygen vacancies, grain boundary defects as in ferrites
[34]. The decrease in dielectric constant with frequency is natural
because of the fact that any species contributing to polarizability
is found to show lagging behind the applied field at higher fre-
quencies [32]. The curves for both the real and imaginary parts
of PVP-Mn304 as a function of frequency are found to be slightly
temperature dependent, except for very low frequencies. By the
very small size of particles sublattice structure of spinel phase is
destroyed at the surface and both the dielectric relaxations of real
and imaginary part show nearly same characteristics at elevated
temperatures by varying frequency.

4. Conclusion

PVP-Mn304 nanocomposites were successfully synthesized via
a polyol route and evaluated for their structural, magnetic and
dielectric properties. A surfactant-free single step solvothermal
route was successfully utilized to produce crystalline Mn304
nanoparticles with high purity and uniformity. Crystalline phase,
identified as Mn30,4 were found to exhibit an average crystallite
size of 6 £ 1 nm from X-ray line profile fitting and an average par-
ticle size of 6.1+ 0.1 nm from TEM analysis. These particles show
nearly single crystalline nature. The interaction between PVP and
Mn304 nanoparticles was confirmed by FT-IR spectroscopy, being
via bridging oxygens of the carbonyl (C=0) and the nanoparticle
surface. Tc and Tg for the nanocomposite were observed at 42 K
and 28.5K, respectively. The sample has hysteresis with small H¢
and M; at 40K, resembling the superparamagnetic state. Conduc-
tivity measurements on PVP-Mn304 nanocomposite revealed a o3¢
in the order of 10~7 Scm~"! at lower frequencies. The o changes
with respect to frequency can be explained by electronic exchange
occurring between Mn*2 and Mn*3 existing in sublattice of spinel
lattice. The ¢’ and &” of PVP-Mn30y4 as a function of frequency are
found to be slightly temperature dependent.
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