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The investigation on electrical conductivity and dielectric properties of mixed oxide of manganese (Mn)
and vanadium (V) was carried out to study the mixed oxides response to different frequencies and
different measuring temperatures. The frequency and temperature dependence of AC conductivity,
dielectric constant and dielectric loss factor of mixed oxides were studied in the frequency range of
40 Hz-1 MHz and a temperature range of 30-250 °C. Since the mixed oxides are multi phase materials,
hence the properties of the pure oxides are also presented in this study to discuss the multi phase beha-
viour of the mixed oxides. The XRD pattern shows the Mn-V oxide is multiphase and quantitative phase
analysis was performed to determine the relative phases. The overall results indicate that with increasing
temperature, the AC conductivity, dielectric constant, dielectric loss factor and loss tangent of the Mn-V
mixed oxide increases. However, it shows an overlap in the dielectric constant at 225 °C and 250 °C due to
the V,05 phase in the mixed oxide. From the AC activation energy, the mixed oxides underwent conduc-
tion mechanism transition from band to hopping in the investigated frequency range. The MnV,0¢ has
relatively good resistivity, therefore the mixed oxide sintered at 550 °C with the highest composition

of MnV,0g gives the highest dielectric constant of 9845 at 1 kHz, and at 250 °C.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Composite materials have a wide variety of applications in elec-
trical devices, mobile communication systems, etc. Therefore, com-
posite tailoring was initiated to suit the specific needs for different
usage. In the past decade, there have been several researches car-
ried out with different metal oxides due to their application in var-
ious electronic devices such as smart window [ 1], optical detector
[2], cathode coating in high-capacity lithium batteries [3], high
performance capacitor [4], thermistor [5] and others.

Transition elements have mixed valence ions, hence those com-
pounds have unique properties and are very useful in various
fields. Manganese is one of the transition elements which has a for-
mal oxidation state from —3 to +7 such as MnO, Mn,03, Mn,0-, etc
[6]. According to pervious works, composites containing MnO,
such as V,05 [7], SnO, As,03 [8], CaO [4], Fe,03 [9] etc were already
investigated. Also, vanadium is a transition element with variation
of oxidation state ranging from +5 to +2 and it exists in many
phases such as VO, VO,, V,05 or V,05 [10]. V,05 is widely used
in thin-films device application due to its phase transition beha-
viour which can alter its electrical and optical properties [11].

* Corresponding author.

http://dx.doi.org/10.1016/j.rinp.2016.07.011
2211-3797/© 2016 The Authors. Published by Elsevier B.V.

Gouda et al. prepared mixed oxides of manganese and vana-
dium at different mass ratio of Mn,05; and VO, from 90:10 to
5:95 [7]. They found that the resistivity and the thermistor con-
stant of beta or gamma form of Mn,V,0; are higher compared to
the well known oxides of vanadium and binary/ternary oxides of
manganese, nickel and cobalt. It meant that d-block electronic con-
figuration of V°* in Mn,V,0 contributed to higher resistivity [12].
Therefore, the mixed oxides with higher resistivity would increase
its dielectric properties. Since the dielectric properties of Mn-V
oxides system has not been reported, in this paper, the electrical
conductivity and dielectric properties of mixed oxides of man-
ganese and vanadium were studied at different measuring temper-
atures from 30 °C to 250 °C.

Experimental details

The mixed oxides were prepared by the conventional solid state
method. The starting materials vanadium (V) oxide, V505 (99.5%)
and manganese (IV) oxide, MnO, (99.95%) with high purity were
weighed according to 40 mol% of V,05 and 60 mol% of 2MnO,.

Acetone was added to the mixture and wet ball milled for 24 h.
After the drying process in the oven, the mixture was precalcined
in air at 450 °C for 4 h. The precalcined powders were added with
the binder Polyvinyl Alcohol (PVA) at 1wt% and pressed at 4.5

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tonnes for 4 min to produce Mn-V oxide pellets. The pellets were
finally sintered at 500 °C and 550 °C for 4 h and ready for charac-
terization. To understand the relationship of different phases in
the mixed oxide, the pure oxides MnO, (MO) and V,05 (VO) were
also prepared to compare with the binary oxides. The list of sam-
ples and their sintering temperatures are tabulated in Table 1.

The samples were examined by XRD to determine the
microstructure and phase identification and the surfaces were
visualized by using Field Emission Scanning Electron Microscopy
(FESEM). The dielectric properties were determined using the Agi-
lent 4294A Precision Impedance Analyzer from 30 °C to 250 °C and
the sample was attached to the analyzer by sandwiching it
between two copper electrodes. The dielectric constant and loss
factor were calculated using: ¢ = Cd/e,A and ¢ = Gd/g, A respec-
tively, where C is the capacitance, d is the thickness, ¢, is permit-
tivity of free space, G is the conductance, ® is the angular
velocity and A is the cross-sectional area of the sample. The AC
conductivity g, is determined from the dielectric parameter
where, 0, = 0&,¢E].

XRD were done to determine the phase identification and phase
composition of the samples. Meanwhile, the composition of the
phase consisted in each sample was determined by using Rietveld
Refinement analysis. The surface of the samples was viewed using
FESEM and the average grain size was calculated. For conductivity
measurements, AC and DC conductivities were measured over the
temperature range from 30 °C to 250 °C via cooling process and
their activation energies were determined and discussed. For
dielectric properties, the dielectric behaviour of the samples was
discussed at different measuring temperatures 30 °C to 250 °C for
the frequency range of 40 Hz to 1 MHz.

Results and discussion

The samples were characterized for their structural, dielectric
properties and electrical conductivity.

Structural Analysis

The phase contained in the sample was identified by comparing
the observed XRD patterns with Inorganic Crystal Structure Data-
base (ICSD) pattern. Fig. 1 shows the X-ray diffraction pattern of
Mn-V oxide and the compounds presented which are Manganese
Divanadate, MnV,0¢ (ICSD: 98-004-7436), Vanadium pentoxide,
V,05 (ICSD: 98-001-2286) and Manganese(IV) Oxide-beta, MnO,
(ICSD: 98-001-2180) [13,14]. Practically, the single phase material
is difficult to obtain because manganese and vanadium have many
oxidation states [6,15] and quantitative phase analysis were per-
formed in order to determine the percentage of the relative phase.
As a result, the Rietveld Refinement analysis and the X'pert HighS-
core Plus software were used [16].

The XRD pattern of MVO500 and MVO550 are almost similar as
shown in Fig. 1. At this stage, the Mn-V oxide is MnV,0¢. However,
the starting materials MnO, and V,0s still remained. The increase
in sintering temperature gives rise to the reaction between the
starting materials to form MnV,0g. Therefore, the phase composi-
tion of MnO, and V,05 decreases while MnV,0¢ increases from

Table 1
List of samples at different sintering temperatures.

Sample name Sintering Temperature, °C

MO 450
\'(¢} 600
MVO0500 500

MVO0550 550

o=V,04
B=MnO,
B(110) y=Mn\,0,

a(001)y(110) | y201) B(O11)
aOIDN |/ oglon 003 B(121)B220) MVO550
VIR
¥(202) y(111) MVO500

MO

Intensity, a.u.

VO

20 30 40 50 60 70 80
2 theta;

Fig. 1. XRD patterns of MO, VO, MVO500 and MVO550.

500 °C to 550 °C as shown in Table 2. Finally, we can conclude that
a multiphase compounds was prepared. On the other hand, the
XRD patterns of MO and VO show that the samples were success-
fully prepared with high purification which are MnO, and V,0s
respectively.

The morphology and grain size of the sample were determined
by FESEM. 150 grains were taken randomly from the FESEM images
to calculate their average grain size and this was tabulated in
Table 3. Fig. 2(a) and (b) showed that the grain sizes of the starting
materials are large. After mixing and wet ball milling for 24 h, the
particles sizes were reduced as shown in Fig. 2(c) and (d). The grain
size of MVO500 is small because the particles lack energy to react
among themselves and only a small amount of diffusion between
neighbouring particles occurred [17]. However, MVO550 began
to attach to the neighbouring particles to grow and form a larger
grain. Hence, better densification is possible at higher sintering
temperature.

Electrical conductivity

AC conductivity is an electrical parameter that quantified the
electrical conduction due to an applied electrical AC field in a
material [18]. The AC conductivity, g, of pure oxides and Mn-V
oxide varies with different temperatures as shown in Fig. 3. The
o for the samples is found to follow the unique conductive proper-
ties of semiconductor that increases with increasing temperature.
This may due to that the heat applied is able to excite more elec-
tron hops from the valence band to conduction band and increase
the g, [19]. The g, is independent of frequency at low frequency
region, but increases with frequency at the high frequency region.
As temperature increases, the ¢, becomes independent of fre-
quency within 1 MHz at 250 °C. Therefore, the o, can be described
via Jonscher’s universal power law [20].

or(w) = 04.(0) + Aw’ (M

where o7 is the total conductivity, o4 is the DC conductivity, A is
constant, o is angular frequency and s is frequency exponent where

Table 2
The phase composition of the compound contained in the sample of MVO500 and
MVO0550.

Sample MnO; (%) V505 (%) MnV,06 (%) R-indices
MVO500 49.2 29.8 21.0 2.995
MVO550 40.4 19.5 40.1 1.907
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Table 3
Average grain size of pure oxides and mixed oxides.
MO VO MVO0500 MVO0550
Avg. grain size (um) 2.61 2.20 0.708 0.784

0 < s < 1. According to Jonscher’s universal power law, the frequency
independence plateau region as shown in Fig. 3 is attributed to
DC-like conductivity. This is probably due to the short-range pair-
wise hopping between the neighbouring particles. The o, was
extracted from Fig. 3 and tabulated in Table 4. As frequency
increases, the change that depends on frequency is called conduc-
tivity relaxation phenomenon. This behaviour is in good agreement
with the hopping relaxation model. According to this model, a
charge carrier successfully hops to its neighbouring vacant site
and contribute to o4 at low frequency. As frequency increases,
the probability of the correlated back and forth hopping causes
the relaxation of the charges carriers [21]. Fig. 3 shows that MO
has higher ¢, compared to VO which are 23.66 and 1.23 mQ ' m™!
at 40 Hz, 250 °C respectively. The g, of MVO500 and MVO550 fell
between MO and VO. Also, MVO550 has lower ¢, than MVO500,
which is possibly due to the higher phase composition of MnV,04
in MVO550.

Fig. 4 shows the minimum and maximum influence of alternat-
ing applied field to o, at 1 kHz and 1 MHz respectively for pure
and mixed oxides. For pure oxides, MO has greater o, compare
to VO. They are highly temperature dependent at the low temper-
ature region however, at a temperature beyond 175 °C, the incre-
ment of conductivity is reduced. This might be due to

semiconductor-metal phase transition [15]. When the free charge
carrier is in abundance as temperature increases, the resistivity
caused by vibration of lattice and the collision between free charge
carriers become significant [22]. Therefore, the unexpected drop of
4 at 250 °C for VO suggests that VO decreases with temperature
beyond 250 °C. It can be seen that the o,. of MVO500 and MVO550
follow VO as domain of the composite. The addition of MnO, in the
composite enhances the o, of the mixed oxides. Therefore, the o,
of mixed oxides are higher than pure oxides at low temperature
but the g, of mixed oxides drop between MO and VO at 250 °C.
The o4 decreases from 1.02mQ 'm~! to 049 mQ 'm™' at
1 kHz, 30 °C when the mixed oxide was sintered from 500 °C to
550°C. This may be due to the phase composition of MnV,0¢
which has higher resistivity compared to MnO,. Also, the decrease
of MnO, in the composition at MV0550 resulted in the reduction of
conductivity.

Activation energy for AC conduction

A century ago, activation energy, AE was introduced by Hood as
an empirical relationship and it is temperature dependent. In this
research, Arrhenius equation is used to determine the sensitivity
of the current flow rate with temperature [23]. The AC activation
energy, AE, is calculated from the Arrhenius equation [24]:

—AE
0 = Goexp (m> (2)

where 7, is the pre-exponential factor and K is Boltzmann con-
stant. To determine the activation energy, AE, the behaviour of

Fig. 2. FESEM images for (a) MO, (b) VO, (¢) MV0500 and (d) MVO550.
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Fig. 3. Variation of AC conductivity with respect to frequency at different measuring temperatures from 30 °C to 250 °C for (a) MO, (b) VO, (c) MV0O500 and (d) MVO550.

Table 4

DC-like conductivity extracted from AC conductivity spectrum at different measuring temperatures for pure and mixed oxides.

Samples 04 (Q'm™)
30°C 50°C 75 °C 100 °C 125°C 150 °C 175 °C 200 °C 225°C 250°C
MO 141 p 3761 141 p 481 p 117 m 2.76 m 6.03 m 10.5m 193 m 23.6m
VO 9.94 1 2191 60.9 n 115 210 p 390 700 1 1.07 m 141 m 123m
MVO500 437 p 813 1.48 m 229m 3.56m 542 m 8.08 m 122 m 17.29m 20.83 m
MVO550 128 n 223 474 p 667 1 812 133 m 1.67 m 238 m 3.16 m 3.58m
—a—MO —m—MO
(a) —e—VO (b) —e—VO
—A—MVO500 —A—MVO500
—v—MVO550 —1 —v—MVO550
g 10m 10m /f/
© g ///
> b_ / V/v/v
g 1m 4 S i o -
=] B 1m - N " P °
c -8 - o
8 c v/ / ./
Q 100 3 g o
< H 3 Q / —
<< 100“ i //./.
—°
10p 4
0 25 50 75 100 125 150 175 200 225 250 275 0 25 50 75 100 125 150 175 200 225 250 27
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Temperature °C

Fig. 4. Variation of AC conductivity for pure and mixed oxides from 30 °C to 250 °C at (a) 1 kHz and (b) 1 MHz.
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Mn-V oxide with a linear relationship between Ln ¢, and the recip-
rocal of temperature at different frequencies is plotted as shown in
Fig. 5. The AE,. of MO and VO remained constant at the low fre-
quency region (40Hz to 10kHz) and decreases as frequency
increases. This phenomenon suggests that the samples exhibit con-
duction transition from band conduction to hopping conduction. At
low frequency, the free charge carriers need to jump from valance
band to conduction band to conduct, thus they need a fixed amount
of energy to overcome the energy band gap [25]. This is so-called
band conduction. When the frequency increases beyond 10 kHz,
the AE, decreases due to the frequency of the applied field
improved the electronic jumps between the localized states [26].
Moreover, the frequency dependence of conductivity suggests that
hopping conduction is the dominant mechanism [27].

For MVO500 and MVO550, they still have a large phase compo-
sition of MnO, and V,0s5 remained (refer to Table 2). Since both
MnO, and V,05 are more conductive compared to the other phases,
so the phenomenon of uniform AE, at the low frequency region is
possible due to the band conduction [25]. The decrease of AE, at
frequency beyond 10 kHz confirms that the conduction mecha-
nism was changed to hopping conduction [28]. The AE, of
MVO500 is greater than MVO550 representing the MVO500 needs
more energy for the charge carriers to conduct. This indicate that
MVO0500 has insufficient energy to diffuse and form larger grain
during the sintering process, therefore the smaller average grain
size of MVO500 increases the insulating grain boundary volume
and increases the AE, [29]. However, the g, of MVO500 is higher
than MVO550 as illustrated in Fig. 3(c) and (d). This may be due to
their pre-exponential factor, ¢, as tabulated in Table 5 which is
much influenced by the different phases, phase composition and
electric field [30].
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Dielectric properties

The frequency and temperature dependence of the dielectric
constant, ¢, for all samples are illustrated in Fig. 6. The ¢, of all sam-
ples increases with increasing temperature and this suggests that
charge carriers are at low energy state when the temperature is
relatively lower. Hence, the charge carriers are difficult to move
and the movement to follow the direction of the applied field is
weak which results in low contribution to polarization and dielec-
tric behaviour. With the rise in temperature, the charge carriers
were excited and get enough energy to follow the change of the
applied field, consequently increase the dielectric behaviour [31].
However, the VO underwent a reduction of ¢, at 250 °C suggesting
that the sample underwent semiconductor-metal phase transac-
tion at 225 °C. For MO and VO, their ¢, are low compared to the
mixed oxides which are 10.19 and 30.61 at 1 kHz, 250 °C respec-
tively. This may be because MnO, and V,0s are semiconductors
and they are weak in electric charge storage [32,15].

The phase composition of MVO500 and MVO550 is the main
factor that can alter the g. It is clear from the graphs, &, decreases
with increasing frequency. This is possibly due to the electrons
accumulating at the grain boundary resulting in interfacial polar-
ization at low frequency, but as frequency increases, the decreasing
¢, can be attributed to the transition from interfacial polarization
to dipolar polarization. Interfacial polarization generally takes a
longer time to form completely than other polarizations [33,34].
As temperature increases, the energy of charge carriers increases
and are able to follow the direction of the applied field, thus pro-
longing the interfacial polarization frequency range. Therefore,
we can observe the relaxation process is slowly shifting to higher
frequency. Fig. 6 shows the & of MVO550 is higher than MVO500
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Table 5
Activation Energy for AC conduction, AE,. (eV) and Pre-exponential factor, g, (Q ' m~!) of pure oxides and mixed oxides.
Samples 40 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz
AEqc [ AEqc [ AEqc o AEq¢ o AEqc o AEqc o
MO 0.360 1.04 0.360 1.03 0.361 1.07 0.360 1.05 0.354 0.90 0.345 0.81
\'(¢} 0.318 2.24 0.318 2.24 0.318 222 0.315 2.09 0.304 1.55 0.242 0.34
MVO0500 0.239 417 0.239 418 0.238 411 0.234 3.69 0.219 2.63 0.195 1.55
MVO0550 0.203 0.35 0.203 0.35 0.204 0.35 0.203 0.37 0.176 0.22 0.148 0.17
o 30°C o 30°C
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Fig. 6. Variation of the dielectric constant with respect to frequency for (a) MO, (b) VO, (c) MVO500 and (d) MVO550.

which is 9845 and 3315 at 1 kHz, 250 °C respectively. Also, ¢, of
MVO0550 is less frequency dependent compared to MVO500. This
indicates that the interfacial polarization frequency range
increases and relaxation process is shifted to higher frequency.
This might due to the MVO550 has higher phase composition of
MnV;0¢. Therefore, it can be concluded that the presence of MnV,-
Og has higher resistivity, hence increases the ¢, of the samples [7].
Moreover, the semiconductor-metal phase transition of V,0s
causes the & to overlap at 225 °C and 250 °C. The reduction of &,
is not as much as VO at 250 °C because of the phase composition
of V5,05 is small.

The imaginary part of the complex permittivity is the dielectric
loss factor, ¢/. When an electric field is applied to a material, the
electric energy displaces the charge carriers and energy loss trans-
forms into heat energy known as dielectric losses. Fig. 7 shows the
frequency dependence of the dielectric loss factor for pure oxides
and mixed oxides at different temperatures. The dielectric loss fac-
tor is relatively high at low frequency region and decreases with
the increase in frequency. At low frequency region, the high dielec-
tric loss is caused by the migrating charge carriers and the charge
carrier migration is reduced when frequency increases [19]. In

addition, it is observed that the dissipated energy increases as
the temperature increases and this can be attributed to the thermal
effect increase of the drift velocity and hopping frequency of the
charge carriers. Hence, the increase in AC conductivity results in
the increase of &/ [35]. From Fig. 7, we can conclude that the mixed
oxides are lossy material, because the ¢/ of the sample is very much
greater than &,. However, MVO550 successfully lowered the &/
which is 4937 at 1 kHz, 30 °C.

Conclusion

Mn-V mixed oxides (MnV,0g, V,05, MnO,) was successfully
prepared and they are a multi-phase material. This is confirmed
by X-ray diffraction and Rietveld Refinement analysis. The AC con-
ductivity, dielectric constant and dielectric loss factor of Mn-V
oxide were studied in the frequency range of 40 Hz-1 MHz and
temperature range of 30 °C to 250 °C. As temperature rises, the
AC conductivity increases with increase in frequency. Therefore,
AC conductivity is a thermally activated process. The activation
energy of AC conduction, AE, is frequency independence at low
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Fig. 7. Variation of the dielectric loss factor with respect to frequency for (a) MO, (b) VO, (c) MVO500 and (d) MVO550.

frequency region and decreases with increase in frequency. Hence,
there is a conduction transition from band conduction to hopping
conduction mechanism when frequency increases beyond
10 kHz. For dielectric properties, we can conclude that the MnV,04
has relatively good resistivity, therefore the MV0O550 with the
highest composition of MnV,0¢ gives the highest ¢, of 9845 at
1 kHz, 250°C. Also, it increases the interfacial polarization fre-
quency range and shifts the relaxation process to higher frequency.
The mixed oxides are lossy materials, so it can be used as a micro-
wave absorber.
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