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Abstract

The present work reports development of binary KI-Al,O5 and KI-TiO,-based nanocomposites using simple solid-state reac-
tion method and is characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, scanning electron microscopy
and impedance spectroscopy. The results show the effect of heterogeneously doped Al,O5; and TiO, on the ionic conductivity
of pure KI which is moderately conductive. The results supported the composite development in which the interface layer
portrays a significant part in governing the bulk properties of the compound. Improvement in electrical conductivity is seen
in the incorporation of Al,O5 and TiO, dispersoid into the matrix of KI. With temperature, electrical conductivity increased
and the activation energies were found to be decreasing. The activation energies for KI-Al,O; and KI-TiO, systems were
0.22 eV and 0.21 eV, respectively, in the temperature range 20—400 °C. Dielectric constant increases with the increase in
temperature in the entire temperature range studied attributed to the phenomenon of distortion of electric charges.
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Introduction

The modern world revolves around the portable electronic
gadgets which store maximum energy in small units but
provide better outcome. These devices bestow impetus in
providing the enhanced ion conductivities. Since the last few
decades, heterogeneous binary and tertiary composites are of
main interest in the scientific world in manufacturing solid
electrolyte composites which could provide electrochemi-
cal materials of higher qualities. These qualities may be
improved ion conductivity or better photocatalytic activity
[1-3]. A heterogeneous mixture of ionic salts and insulating
chemically inactive materials forms a system called “ion-
conducting composite’” which is considered as an advanced
category of fast ion conductors or solid electrolytes, which
plays an important part in improving the qualities of com-
pounds, particularly at lower and modest temperatures.
Space-charge areas usually occur close to prolonged defects
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(like surfaces and grain boundaries) in between two com-
pounds in non-metallic phases [4].

Solid composite electrolyte forms a system which com-
prises of many phases (mainly two phases) in which many
materials are combined to accomplish some acceptable
material qualities like improvement in the ionic conductivity
at room temperature. Mostly, the second phase comprises of
non-conducting compounds such as TiO, and Al,O5, which
are almost insoluble in the parent compound under normal
circumstances [5, 6]. The enhancement in conductivity in
the solid composite can be illustrated by the occurrence of
a large number of extra source of point defects in the form
of surfaces and interfaces [7]. The improvement in the ionic
conductivity in multiphase composite systems is familiar for
many years [8], but, only after 1973, the research interest in
this field achieved excellence when Liang [9] stated nearly
50 times improvement in Li* ion conductor at room temper-
ature merely by distributing nanoscale size particles of inert
Al,O5 into the matrix of Lil. Afterward substantial amount
of two-phase composite systems has been investigated with
the conductivity improvement of approximately 1/3rd order
of magnitude compared with those of component phases [10,
11]. Electrolytes comprised of two-phase composites were
generally synthesized by distributing apparently micrometer
size particles of insulating chemically inactive compounds
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(known as second-phase dispersoids) into a moderate-ion
conducting components (known as first-phase host matri-
ces). The conductivity improves with improved dispersoid
concentration, reaches a peak value, and then decreases. The
peak is normally intense, except for a few composite sys-
tems, like Agl-Al,05 [12, 13].

Besides, the conductivity maxima vary with various solid
composite systems and rely upon the composition of the
second-phase chemically inactive dispersoid [14]. In com-
posites of multiphase and polycrystalline materials inter-
face plays an essential part for the ion transport properties.
C. Wagner was the first person who explained the conduc-
tivity phenomena in the semiconducting two-phase metal
oxide samples using the approach of space-charge layer
[15], but the major attention on the theory of space-charge
layer for the ionic conduction was brought by Liang in 1973
[9]. Wagner in 1989 played a major role in improving the
conductivity in polyphase composite ceramics including
the distribution of insulating nanoparticles in the matrix of
ionic conductor and a mixture of two different ionic conduc-
tors [16]. Normally, the included oxides guide to acceptable
mechanical properties and enrichment of ionic conductivity
at room temperature [17-19]. The theoretical analysis of
ionic conduction close to the interface was mostly done over
by Mair in 1985 [20]. He gave a significant description of the
conductivity enrichment established on the approach of the
space-charge layer close to the phase boundary.

Potassium iodide salt comprises of well-structured fcc
microcrystals [21] is broadly utilized to offer the iodide (I7)
ions required in the electrolyte [22, 23]. On comparing with
smooth titanium dioxide (TiO,) surface, TiO, with a suit-
able dopant, preferred texture, and/or porous structure with
large surface area offers efficient hydrophilic properties.
Recently, the potential of TiO, to improve its hydrophilicity
has attracted researchers for various applications like smart
coatings, surficial paintings/protectings, and biosensors [24].
In this work Al,O5 and TiO, have been used as insulating
chemically inactive materials (second-phase dispersoids)
into moderate-ion conducting KI solid (called first-phase
host matrix) to study the behavior of ionic conductivity of
KI-Al,0; and KI-TiO, systems or to illustrate the effect of
nanoparticles of Al,05 and TiO, on the conducting behavior
of KI. The influence of Al,O; and TiO, particles and their
effect on the physical, electrochemical, and dielectric prop-
erties of KI have been examined. The mole fraction 0.3 of KI
has been taken the optimum concentration which resulted in
the improved ion conductivity of KI. Hence, this work could
lead the way that the moderate-ion conducting KI salt could
be used as an electrochemical material.
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Materials and methodology

Potassium iodide (KI) was used from Sigma-Aldrich with
an established purity of 99.9%. Alumina (Al,O;) and
titania (TiO,) were taken from BDH Laboratory with an
established purity of 99.9%. KI, Al,05, and TiO, were
separately ground for 2 h, blended with acetone followed
by heating at 150 °C for 1 h to remove the moisture con-
tent. These materials were then ground again separately
for an hour and filtered by using a sieve; 100—200 mesh
particles of each material were taken. The appropriate
amounts of Al,O; and KI, and TiO, and KI were mixed
intensively applying an agate motor and pestle to synthe-
size KI-Al,O5 and KI-TiO, composites. After that, these
two amalgamations, (a) KI-Al,O5 and (b) KI-TiO, were
kept in an electrical furnace at 300 °C for 5 h with occa-
sional grinding for the initial reaction. The definite com-
posite mixtures were grinding to finely powdered particles
and placed in glasswares for further studies. Powder X-ray
diffraction (XRD) performed by ‘‘Miniflex-1I X-ray dif-
fractometer Rigaku Corporation” in the 20 range from 10
to 80° with Cuka radiations confirmed the phase struc-
ture and crystal nature of composite materials. ‘‘Perkin
Elmer spectrum version 10.03.09” was used to carry out
Fourier-transform infrared (FTIR) spectroscopic investiga-
tions in the range of 5004000 cm™~! wave number at room
temperature. Impedance analysis was executed with the
help of a significant tester Wayne Kerr-4300 LCR meter in
the frequency range 20 Hz—1 MHz at 50 °C, 200 °C, and
400 °C for round pellets pressed under 100 MPa pressures.
The opposite surfaces of the round pellets were coated
with carbon and annealed between the electrodes for 2 h at
200 °C to maintain enough electrical affinity between the
samples and the electrodes. Scanning electron microscopy
was carried out applying ‘‘Jeol—JSM 6510LV’’ and SEM
images were taken for the powdered samples.

Result and discussions
XRD and FTIR analysis

Room-temperature X-ray powder diffraction (XRD) of the
samples is displayed in Fig. 1; it predominantly depicts the
cubic KI phase mixed with Al,O; and TiO,, respectively.
The characteristic phase of KI was made certain by study-
ing the predominant peaks as depicted in the XRD spectra
in Fig. 1a. The single phase of KI shows the high sym-
metry cubic lattice structure (lattice parameter =3.53 1&)
according to PCPDF file no. 780750. The sharp crystalline
peaks corresponding to KI salt are observed at 260=21.5°,
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Fig.1 X-ray diffractograms of a pure KI b KI-Al,O; and KI-TiO,
composites

24.9°, 35.8°, 56.6°, and 64.4°, and corresponding crystal
planes are mentioned in the figure. In a particular cubic
fluorite type lattice, the substitution of a smaller cation by
larger cation progressively decreases the lattice parameter.
Here the lattice parameters change due to dissimilar ionic
radii which cause to generate the lattice strain too. Because
of the same crystal structure (cubic phase) of both KI and
Al,O;, X-ray diffractions of KI doped with Al,O, (JCPDS-
ICDD file no. 46-1212) did not display any characteristic
peak related to Al,O5. Such identical investigations were
also seen in T1I-Al,0O;, CsI-Al,O; solid electrolyte sys-
tems [6, 25]. But in the matter of KI doped with TiO, addi-
tional peaks peculiar to TiO, anatase phase (JCPDS file
no. 21-1272) were detected with characteristic 26 values
at 37.3°,47.6°,53.5°, and 55.1° these correspond to (004),
(200), (105), and (211) crystal planes [26, 27]. However,
if TiO, is calcined at substantial temperature or mixed

Wave number (cm™)

Fig.2 FTIR spectra of pure KI and KI-Al,O5, and KI-TiO, compos-
ites

with other impurities, anatase phase could transfer to the
rutile phase [28].

FTIR spectra for pure KI and composite samples (KI—
Al,O5 and KI—-TiO,) are depicted in Fig. 2. In the spectrum
of the sample (a) the characteristic bands of KI salt were
observed at 1371.27 cm™', 1624.86 cm™', and 2923.59 cm™"
[29]. Some additional peaks were visible in the spectra of
samples (b) and (c) which confirms the formation of the
composite. The spectra (b) depict peaks at 615.93 cm™!
and 760.63 cm~! which attributed to Al-O vibrations of
y-Al,05 [30]. The bands in the sample (c) at 532.70 cm™'and
670.40 cm™! correspond to the Ti—O stretching vibrations
while the peak seen at 1048.81 cm™" ascribed to Ti-O bend-
ing vibrations. The stretching vibrations of Ti—O-Ti were
indicated by the peak at 1633.64 cm™! [31]. Broad bands
in all the samples around 3431.84 cm™! and 3454.08 cm™!
were due to stretching vibrations of the O—H bonds of water
molecules [32].

Scanning electron microscopy

Figure 3a—c represents the SEM micrographs of pure KI,
KI—Al,O3, and KI-TiO, composites, respectively. The SEM
micrographs are for the mixture containing 0.3 mol fraction
of Al,O5 and TiO,. It illustrates the incorporation of Al,O4
and TiO, particles into the matrix of a large average-sized KI
particles. This arrangement of Al,O5 and TiO, particles in
between the grain particles of ionic salt (KI) is supported by
the local thermodynamic equilibrium owing to the wetting
of Al,0; and TiO, particles by KI grain particles during the
formation of the amalgam [33]. Such kind of arrangement
is of great importance in creating a large number of point
defects in the form of surfaces. This distinct area between
the ionic salt (host matrix) and the added oxide (dispersoid)
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Fig.3 Scanning electron microscopy images of a pure KI b KI-Al,05 and ¢ KI-TiO, composites

is called the space-charge layer which firmly modifies the
bulk properties of the host material (ionic salt) [34, 35]. Itis
also evident that little density and enormous pores are avail-
able in the composite samples owing to the two-phase nature
of the composites and the particle size difference between
the host material and the added dispersoid. The image of
KI-TiO, composite depicted in Fig. 3¢ displays that both
the phases were present separately in the composite and
demonstrating the firm interface—interface interaction. This
interface—interface interaction produced the space-charge
layer, responsible for the conductivity enhancement in the
composite [36].

The average crystallite size was calculated by applying
the Debye—Scherrer equation on KI at 260=24.9° (111 dif-
fraction peak) by the following formula:

D =0.894/fcos €))

D is the crystallite size, A is the X-ray wavelength (1.5 A),
p is the full width at half maximum, and 6 is the diffraction
angle. Results show a gradual decrease in crystallite size
from pure KI to KI-Al,O; and KI-TiO, composites which
confirms that incorporation of Ti and Al inhibits crystal

@ Springer

growth of KI. This anomaly is probably due to the occur-
rence of AI-O—K and Ti—O—K linkage in the binary com-
posites. Figure 3a shows large aggregated particles present
in the crystal lattice which decreases upon the addition of
alumina (Fig. 3b) and titania (Fig. 3c) which could provide
intimate contact between them inhibiting the growth of crys-
talline KI. The crystallite sizes obtained were 15.85 nm (KI),
9.53 nm (KI-AlL,03), and 11.19 nm (KI-TiO,).

Electrical conductivity
Impedance spectroscopy
AC impedance spectroscopic analysis has been an effective

weapon for the examination of ionic conductivity in solid
composites. The complex impedance is illustrated by:

Z* — Z/ _jzl/ (2)
«_ D ]
7= — =
oC oC )
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Fig.4 Impedance spectra of a KI-Al,O; and b KI-TiO, composites at 50 °C, 200 °C, and 400 °C temperatures

where Z' and Z" is the real and imaginary part of impedance,
respectively, @ is the angular frequency, C is the capaci-
tance of the sample, j is the imaginary root of —1 and D is
the loss tangent. Figure 4a, b shows the Cole—Cole plot of

KI—Al,0; and KI-TiO, composites, respectively, at 50 °C,
200 °C, and 400 °C temperatures in the frequency range
20 Hz-1 MHz. The plots depict that there is a half-circular
curvature at lower frequency region preceded by an inclined

@ Springer



382

Journal of Theoretical and Applied Physics (2020) 14:377-385

straight line at higher frequency region as reported in our
previous work [37, 38]. Plots of the imaginary part against
the real part of complex impedance generate fine half-circles
known as Cole—Cole plots and the center of the half-circles
lies above the real impedance axis [36]. The impedance
spectra of the composites present the apparent half-circle
(Debye type relaxation of ions) together with a bulged out
spike, as a result of the occurrence of the ionic polarization
and electrochemical reaction at the electrode interface [39].
It is evident from the plots that the occurrence of only one
half-circles at lower frequencies explains the simultaneous
effect of both the grains and grain boundaries. The presence
of the spikes in the spectra is the characteristic feature of
composites with ionic conductivity [40]. Figure 4a, b shows
that the impedance decreases with an increase in tempera-
ture. With an increase in temperature, the radius of the semi-
circle decreases attributing to the decrease in bulk resist-
ance. Enhancement in crystalline nature with an increase
in temperature could be the reason for the decrease in bulk
resistance and an increase in ionic conductivity [41]. As we
can see from Fig. 4 that at 400 °C of temperature KI-TiO,
composite depicts slightly reduced semicircle as compared
to KI—Al,O; composite suggesting a slight decrease in bulk
resistance and increase in ionic conductivity.

lonic conductivity

The temperature-dependent electrical conductivity of the pure
KI, KI—Al, 03, and KI-TiO, composites at a single frequency
of 1 kHz is shown in Fig. 5. The conductivity of the compos-
ites follows the Arrhenius relation (Eq. 4):

_Ea
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Fig.5 Temperature-dependent ionic conductivity at 1 kHz

@ Springer

where o is the total conductivity, o is the pre-exponential
factor, E, is the activation energy of ionic motion, and & is
the Boltzmann constant. Figure 5 displays the temperature
dependence of the ionic conductivity (Arrhenius plots) of
the bulk part for the samples. After the dissolution of Al,O;
and TiO, ingredients into the matrix of KI heterogeneously,
the ionic conductivity of the composites was improved. Two
factors are responsible for the conductivity improvement on
the incorporation of the amount of dispersoid Al,O; and
TiO, into the KI matrix 1. Grain boundary diffusion: This is
the improvement in ionic conductivity within the interface
area because at interface (disordered) area defect formation
and migration enthalpies are prominently diminished. 2.
Space-charge layers: The interface area promotes concen-
tration profiles of point defects in the area adjacent to the
disordered area in the ionic compound [42]. However, very
little improvement is seen in the incorporation of Al,O5. The
activation energies of conduction obtained from the data
between 20—400 °C are tabulated in Table 1. As can be seen
from the table, the activation energy of the pure KI slightly
decreased upon adding the amount of Al,O; and TiO, con-
tents explaining the slight improvement in conductivity.
The ionic conductivity versus frequency ranging from
10 kHz to 1 MHz of pure KI, KI-Al,0;, and KI-TiO,
samples at 30 °C is shown in Fig. 6. The AC conductivity
of solid composites is reliant on the doping process and the
structural deformations of composites [43, 44]. The high-
est conductivity for solid composites was attained at higher

Table 1 Activation energies

. Sample E, (ev)
calculated in the temperature
range 20—400 °C K1 023
KI-ALO;4 0.22
KI-TiO, 0.21
1.5 4
—o—KI
—=— KI-ALO,
10 KI-TiO,
0.5
€ 0.0
O
2
--0.54
8
°
-2.5 T T T T T T
0 200 400 600 800 1000

Frequency (kHz)

Fig.6 Frequency-dependent ionic conductivity at 30 °C
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frequency as depicted in the figure and also KI—Al,O5 and
KI-TiO, has higher conductivity as compared to pure KI.
This could result from small polaron hopping in the current
composites [45]. At higher frequencies excitation is gen-
erated by the excited charges which increased in conduc-
tivity of KI—Al,O; and KI-TiO, concerning the applied
frequency [46, 47].

Dielectric study

Dielectric properties can be characterized as the amount of
distortion (or polarization) of the organization of electric
charge in the compound as a function of the frequency of the
applied electric field. The dielectric constants of the solid
samples can be calculated by:

Cpt
£=—
£oA

where Cp is the capacitance of specimen in Farad (F), t is
the thickness of the pellet, g, is the permittivity of free space
(8.854x 1072 F m™") and A is the area of a flat surface of
the pellet. Figure 7 compares variation of dielectric constant
with the temperature at 1 kHz for the pure KI, KI-Al,O,,
and KI—TiO, solid samples. It is evident from the figure that
the dielectric constant increases with the increase in tem-
perature in the complete temperature range examined which
can be attributed to the mechanism of distortion of electric
charges. At low-temperature range, active charges are at low
energy state and therefore show less mobility which resulted
in low contribution toward the distortion of electric charges
and hence show diminished dielectric behavior. With the
rise in temperature, the active charges become excited and

&)

have enough energy, consequently increasing the dielectric
constant [48].

Conclusion

Electrical conductivity has improved, and activation
energy of conduction has decreased slightly in the sys-
tems KI-Al,0; and KI-TiO, compared to the pure KI. The
highest ionic conductivity was observed in the ionic sys-
tem KI-TiO,. XRD and FTIR suggested the formation of
solid composites between the host matrix (1%-phase) and
the dispersoid (2"%-phase). The inputs obtained from the
experiment suggesting significant ionic conductivity in the
dispersed system owing to the establishment of space-charge
layer between the 1%-phase and the second-phase in which
defect formation increases and that is considered to be the
authentic phenomenon of conductivity improvement. The
compound is found to be in a two-phase system with Al,O;
and TiO, particles arranged between the particles of KI.
The improvement of ionic conductivity in KI-Al,O5 and
KI-TiO, in comparison with pure KI can be explained with
the space-charge layer model. The improvement in conduc-
tivity is explained in terms of deformation mechanism at
interface areas and space-charge layer formation in the bulk
particles of KI.
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