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Abstract Composite solid electrolytes in the system (1—x-
)Li,COs—xAl,O5, with x=0.0-0.5 (mole), were synthesized
by a sol-gel method. The synthesis carried out at low temper-
ature resulted in voluminous and fluffy products. The obtained
materials were characterized by X-ray diffraction, differential
scanning calorimetry, scanning electron microscopy/energy-
dispersive X-ray, Fourier transform infrared spectroscopy
and AC impedance spectroscopy. Structural analysis of the
samples showed an amorphous feature of Li,CO3 and traces
of a-LiAlO,, v-LiAlO, and LiAlsOg. The prepared composite
samples possess high ionic conductivities at 130-180 °C on
account of the presence of lithium aluminates as well as the
formation of a high concentration of an amorphous phase of
Li,COj via this sol-gel preparative technique.

Keywords Sol-gel - Composite solid electrolyte - Lithium
carbonate - XRD - DSC - SEM - EDX

Introduction

Composite materials are formed by mixing two or more com-
pounds with different chemical and physical properties. Gen-
erally, the composite materials are composed of a
reinforcement-dispersed phase embedded in a matrix phase.
The matrix or the less hard phase containing the reinforcement
phase will form the desired shape. The dispersed phase is
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usually stronger than the matrix. This improves the overall
mechanical properties of the matrix. Thus, the final product
of this process results in stronger composite compounds than
the single material. Composite materials in regard to solid
electrolytes have drawn a great deal of interest for over
35 years. The enhancement of ionic conductivity in a compos-
ite material by a factor of almost 50 has triggered the devel-
opment of such material [1]. Composite solid electrolytes
made up from ionic salt doped with oxides constitute a class
of'ionic conductors with high ionic conductivity [2]. Conduc-
tivity enhancement was due to an increase in free cations in
the samples corresponding to the appearance of amorphous
phases of ionic salts at the interface between the host matrix
and dispersoid [2—4].

Composites based on lithium salts such as Lil-Al,05 [5],
Li,SO4~ALO; [6], LINO3;—ALO; [7], LiClO4-SiO, [8] and
LiClO4—Al,O5 [9] have been reported to have high ionic con-
ductivities and may be used as solid electrolytes in lithium
batteries. In this work, alumina (Al,Os) particles reinforced
Li,CO;5 of an ionic salt matrix to give composite materials.
This improves not only the ionic conductivity of the matrix
but the hardness and strength of the materials. The aims of this
work were to investigate the properties of the composites pre-
pared via a sol-gel technique and to study their ionic conduc-
tivities at low and high temperatures.

In this work, composite solid electrolytes in the system (1—
x)Li,CO3—xAl, O3, with x=0.0-0.5 (mole), were prepared by
the sol-gel method at a lower temperature compared to the
conventional mechanical milling. The studies include investi-
gation on the morphology, chemical content and thermal ef-
fects on the ionic conductivity of the prepared composites.
Composite ionic conductors are very promising materials be-
cause their transport characteristics and mechanical properties
can be finely adjusted by variation of the chemical nature,
microstructure and concentration additives [9].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-015-1548-2&domain=pdf

328

Ionics (2016) 22:327-332

(1) o- LIAIO, ALO; (A)
2) - LiAIO,
(3) LiAlsOg

Fig. 1 XRD patterns of Li,CO3 and (1-x)Li,CO3 — xAl,O3 composites

Experimental

Composite powders with an Al,O3; composition (mole) of
x=0.1-0.5 were prepared by the sol-gel method. The
samples prepared are described by the general formula
of (1-x)Li,CO3—xAl,05. Li,CO; (high purity grade) and
AlO5 (high purity grade, average grain size ~10 pm)
were used as the starting materials. The required amounts
of lithium carbonate and alumina were mixed thoroughly
in deionized water under magnetic stirring at room tem-
perature. An equivalent mass of citric acid to the mass of
alumina was added to the solution and heated at 60 °C
with continuous stirring. After 20 min, the solution was
left to stand at room temperature for 4 weeks. In the next
step, the mixture was gradually dried at 80 °C in an oven
until a white gel was formed. The wet gel was further
heated at higher temperature (80-220 °C) until it was
totally dried. Most of the moisture in the gel was evapo-
rated at this temperature. The final product obtained was a
voluminous, fluffy and white powder. Structural charac-
terizations for X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR) and scanning electron
microscopy/energy-dispersive X-ray (SEM/EDX) were
performed on a D§ Advanced-Bruker X-ray Diffractome-
ter with Cu K« radiation, a Perkin Elmer RX1 spectrom-
eter and INCA Energy 200 (Oxford Ins.), respectively.
The thermal properties of the samples were measured on
a Mettler Toledo DSC 822 with continuous heating at a
rate of 10 °C min~'. For conductivity studies, pellets were
made by pressing the samples at a pressure of 6—8 tonnes/
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cm? with a diameter of 13 mm and a thickness of 1.1 mm.
The ionic conductance measurements were performed on
a Solartron 1260 impedance analyser with an AC ampli-
tude of 100 mV in the frequency range of 0.1 to 10’ Hz.

Results and discussion
XRD analysis

Figure 1 shows the X-ray diffraction spectra of pure Li,CO;
and doped with Al,O5. Pure Li,COj3; shows peaks at 26 0f 21°,
23.8°, 29.7°, 30.5°, 31.6°, 34°, 36°, 37°, 39.6° and 48.5°.
Li,COj3 has a monoclinic crystal system with the space group
C2/c. The monoclinic unit cell has parameters of a=
8.35900 A, »h=4.97670 A, c=6.19400 A and 3=114.72°. As
can be seen from the spectra, all the composite samples gave
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Fig. 2 DSC curves Li,CO5 and (1-x) Li,CO3 — xAl,O3 composites
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Fig. 3 FTIR spectra of (1-x)Li,CO3 — xAl,O3 composites

the same diffraction pattern of Li,COs. This similarity attested
that the Li,CO5 phase was present in all the composite sam-
ples. However, upon doping with Al,Oj3 particles, some of the
Li,CO; diffraction peaks were found missing. The absence of
the peaks (at 20=23.7° and 48.5°) as well as the peak broad-
ening were attributed to the formation of an amorphous phase
of Li,COs in all the samples. The formation of the amorphous
phase of Li,CO; was initiated by chemical and physical con-
tacts of both Li;COj3; and Al,O5 phases. This conclusion fully
agreed with Neiman’s observations [10]. Therefore, Li,CO;
coexists as crystalline and amorphous states in the composite
samples with x=0.1-0.3. Consequently, at high Al,O3 con-
tent, the Li,COj; salt was mainly in the amorphous state as
shown by the composite sample with x=0.5.

In this method, traces of crystalline «-LiAlO,, y-LiAlO,
and LiAlsOg (lithium aluminates) were also formed as detect-
ed in the X-ray diffraction spectra [11]. The crystallinity of
these aluminates appeared to be low since the peak intensities
of X-ray diffraction patterns corresponding to the lithium

Fig. 4 SEM micrographs of pure
Li,COs (left, *8000) and the
composite sample with x=0.4
(right, x1600)

Fig. 5 EDX spectrum for the composite sample with x=0.4

aluminates were small and their widths were also wide. How-
ever, the maximum peak intensity of a-LiAlO, was observed
at 26=20.0° for composite samples with x=0.1-0.3. The path-
way of the formation of lithium aluminates can be represented
by the following route [12]:

Lithium carbonate
+ Alumina—amorphous— x-LiA10,—y-LiA10,
+ LiA150g

DSC analysis

DSC curves of pure Li,CO;5 and prepared composite sam-
ples are shown in Fig. 2. The pure Li,CO; showed an
endothermic peak at 420 °C which corresponds to a sol-
id—solid phase transition of the compound [13]. The phase
transition temperature decreased with alumina content.
This was due to the formation of the amorphous phase
of Li,CO;5 as indicated by XRD results. This effect was
observed at ~360 °C in the composite samples with x=
0.1-0.4. An exothermic peak due to crystallization of «-
LiAlO, was observed at ~260 °C, while the endothermic
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Fig. 6 SEM micrograph and
EDX analysis of the composite
sample with x=0.1
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peak at ~285 °C was attributed to the decomposition of o-
LiAlO, and citric acid in the composite samples [14].

FTIR analysis

FTIR spectra in the wave number range 950-450 cm™' for
composite samples with x=0.1 and x=0.2 of mole fraction
are presented in Fig. 3. The absorption bands in this range
were found to be owed to the Al-O stretching vibrations
[15]. These bands were assigned to the presence of the lithium
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Fig.7 Complex impedance plot of (1—x)LiCO3;—xALO5 composites at a
temperature of 130 °C
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aluminates (-LiAlO,, y-LiAlO, and LiAlsOg) as indicated
by the XRD results.

SEM/EDX analysis

Figure 4 shows SEM micrographs of pure Li,CO; and the
composite sample with x=0.4. Different top surface morphol-
ogies can be observed for the composite sample with x=0.4
after the sol-gel process. Prior treatment with alumina, the
crystal structure of pure Li,CO3, was totally affected. The
synthesis of composite solid electrolytes in the system (1—
x)Li,CO3—xAl,03 led to the formation of the amorphous
phase region of Li,COj3 in the sample with x=0.4. This was
further confirmed by the XRD results. Some spherical parti-
cles were also observed on the surface of the sample. These
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Fig. 8 Complex impedance spectra of the composite sample with x=
0.3 at different temperatures
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Fig. 9 The ionic conductivity as a function of composition for (1—
x)Li,CO3—xAl,O3 samples at different temperatures

particles were attributed to the crystal phase of lithium
aluminates due to a chemical reaction, as indicated by
XRD and FTIR results. Figure 5 shows the spectrum of
EDX point analysis (region selected with a square box)
to confirm the chemical composition of the composite
sample with x=0.4. The presence of C, O and Al ele-
ments could be attributed to Li,CO3 and Al,O3; which is
consistent with the XRD results.

At low content of alumina, the crystalline and amorphous
states of Li,CO3 were found to be coexisting. The SEM mi-
crograph in Fig. 6 exhibits the crystalline region (spectrum 1)
and amorphous region (spectrum 1) for the composite sample
with x=0.1. The EDX point analysis of spectra 1 and 2
showed high composition of C and O elements. The observa-
tion was in agreement with XRD results for the sample, and
this could be attributed to the Li,CO3; phase. EDX analysis of
spectrum 3 showed the presence of alumina particles in the
sample.

Ionic conductivity

Complex impedance plots of composite samples with x=0.1—
0.5 and x=0.3 are shown in Figs. 7 and 8, respectively. The
absence of a semicircle portion at x=0.1-0.5 of mole fraction
implied that only resistive components prevailed in the

Fig. 10 The ionic conductivity of =1
(1—x)LiCO3—xAl,O3 composites
versus the inverse of temperature -3
at various compositions
e -5
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materials. For the composite sample with x=0.3, the plots
showed semicircles at higher frequencies followed by a spike
at a low-frequency region. The semicircles with the intercep-
tion at the Z'-axis were assigned to bulk resistance (R}). The
formation of spike represented interfacial effects between the
electrode and electrolyte [16]. Bulk conductivities (o},) of
composite samples have been calculated using the relationship
as shown below:

d

=g (1)

Ob

where d is the sample thickness (cm), Ry, is the bulk resis-
tance (1), and A is the area (cm?) of the sample. Figure 9
illustrates the behaviour of conductivity with the composition
of the system at different temperatures. The conductivity goes
through two maxima, which takes place for composite sam-
ples with x=0.2 and 0.4-0.5 with the values in the order of
~1072S cm™! (130-180 °C). The conductivity enhancement
at x=0.2 is due to the formation a new crystalline phase of
lithium aluminates as confirmed by the XRD results. Conse-
quently, in the second point at x=0.4—0.5, the enhanced con-
ductivity is attributable to the high concentration of the amor-
phous phase of Li,COjs at high temperature. This phenomenon
is in agreement with the literature where at sufficiently high
oxide dispersity and concentration, the composite sintering is
accompanied by dispersion of the ionic salt as a result of the
solid-phase spreading of the ionic component over the oxide
surface. A high-temperature surface-disordered state occurred
in the ionic salt. As a result, adsorption of lithium cations to
the oxide surface will take place, thus increasing the ionic
conductivity [3]. The drop in conductivity may possibly be
explained by the high concentration of alumina (dispersoid)
grains in the composites. Blocking of conduction pathways by
the alumina grains was observed by the fall of the ionic con-
ductivity [17]. Higher ionic conductivity values in the order
10 S cm ! at 130-180 °C are obtained compared to the
conductivity of 10® S em ™" at 150 °C for the same composite
system prepared using the conventional solid-state sintering as
reported by Bhoga and Singh [18]. This strongly demonstrates
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that the composite samples prepared using the sol-gel method
in this work are able to produce materials with a much higher
ionic conductivity.

Temperature dependencies of conductivity for the (1—x-
)Li,CO53—xAl,O5 composites prepared are shown in Fig. 10.
Conductivity seems to increase as the temperature increases.
The Arrhenius plot shows a constant conductivity plateau be-
yond 140 °C in the system. This is due to the presence of the
metastable amorphous phase formed at Li,COs—Al,O5 inter-
faces as a result of chemical and physical interactions [7,
19-21]. The activation energy was obtained by fitting the
ionic conductivity data with the Arrhenius equation:

o = Aexp (%) (2)

where A4 is the pre-exponential factor, £, is the activation
energy for conduction, k is the Boltzmann constant which is
8.52x107° eV/K and T'is the temperature in Kelvin. The ac-
tivation energy at 40-90 °C is shown in Fig. 10. The high
value of activation energy at low temperatures indicates low
mobility of ions in the samples.

Conclusion

Composite solid electrolytes in the system (1—x)Li,COs—x-
AlL,O5; were successfully synthesized by a sol—gel method. The
composite samples obtained were white, voluminous, fluffy and
homogeneous. The water-based sol-gel method employed had
produced composites with an amorphous feature of Li,CO; and
traces of -LiAlO,, y-LiAlO, and LiAlsOg. The prepared com-
posite samples possess high ionic conductivities at 130—180 °C
on account of the presence of lithium aluminates as well as the
formation of a high concentration of an amorphous phase of
Li,COs via this sol—gel preparative technique.
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