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Lithium zinc silicate ceramic powders have been synthesized by a sol gel method. The formation of the
compound has been confirmed by X-ray diffraction and energy dispersive X-ray. The conductivity of
the material increases linearly with temperature. The sample sintered at 850°C show highest dc
conductivity with 5.00 x 10® S cm™ at room temperature and increase to 5.54 x 10* S cm™ at 500°C
respectively. The frequency dependence of conductivity obeys the universal power law variation,
o'(w)=c(0)+Ao". The plot of pre-exponent n versus temperature suggests that the conduction
mechanism in the system can be described using correlated barrier hopping model. Several important
parameters such as mobile ion density and ionic mobility have been determined. The increasing trend
of these parameters as well as the results of dielectric study indicates that the increase in conductivity
with temperature is due to increase in mobility of mobile ions with temperature.
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1. INTRODUCTION

In the search for new ion conducting crystalline materials, ceramic electrolytes form an
important class of materials. This type of electrolyte materials offers advantages such as large
electrochemical stability window, good thermal stability, important safety asset, absent of leakage and
a high resistance to shock and vibrations [1].

Ceramics electrolytes are the only solid electrolytes that have ordered structure. They basically
consist of mobile ions in less or more rigid crystalline frameworks. The ionic conduction in the
crystalline electrolytes is through 1D, 2D or 3D channels depending on the crystal structure [2]. Good
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ionic conductions are the key requirement for the solid electrolyte to minimize cell impedance also has
little or no electronic conduction to minimize leakage currents [3].

lonic conduction in this type of electrolytes occurs by movement of ionic point defects which
requires energy in their periodic lattice structure. These point defects produce interstitial or vacancy
ions. Increasing temperature will increase their ionic conductivity. Thus, crystalline solid electrolytes
are well suited for high temperature application. However, ionic conduction in some compounds is
reasonably high even at relatively low temperature. As such, several types of ion conducting inorganic
crystalline materials have also been investigated for use in electrochemical devices operating at low
and elevated temperature [4].

Li,ZnSiO4 one of the promising ceramic electrolytes, is categorized into LISICON (Lithium
Super lonic Conductor) type. This type is based on y-tetrahedral structures, Li,MXQO,, (M =
Zn,Mg,Ca), (X = Ge,Si,Ti) which is isostructural with y-LisPO, [5-8]. The LISICON structure is
consisted of hexagonal close packed oxygen ion arrays where the cations occupy half of the tetrahedral
site. The lithium ion diffusion is expected to occur through tetrahedral site and interstitial octahedral
site pathway [9-10]. This indicates that the lithium ion distribution between tetrahedral site and
interstitial octahedral site are important factors to create lithium ion conduction pathway that affects
their ionic conduction [11-18].

The most common method used to prepare Li,ZnSiO,4 ceramic materials is solid state reaction
technique. However, this method commonly leads to many problems such as the use of high firing
temperature (usually >1000°C) for a prolonged period (1-2 days), contamination with impurities,
volatilization, lack of control of microstructure and composition and suffer from obtaining good
materials free of grain boundary resistance [19].

In recent years, considerable research has been done on the synthesis of advanced ceramic
materials using the sol gel technique. Compare to the conventional methods, the most attractive
features and advantages of sol-gel process include (a) molecular-level homogeneity can be easily
achieved (b) the homogeneous mixture containing all the compounds in the correct stoichiometry
ensures a much higher purity; and, (c) much lower heat treatment temperature to form glass or
polycrystalline ceramics is usually achieved without resorting to a high temperature [20-21].

In this study, Li,ZnSiO, compounds were prepared via sol gel method. Detail study on their
conductivity and dielectric properties were carried out since such study on this compounds using this
method has never been reported in the literature.

2. EXPERIMENTAL PROCEDURE

2.1. Synthesis of Li,ZnSiO4

Lithium acetate (C,H3LiO,) zinc acetate (C4H1006Zn) and tetraethyl orthosilicate (SiCgH2004)
were used as the starting materials while citric acid was used as the chelating agent. C,H;LiO, and
C4H1006Zn were first dissolved in distilled water before mixing with citric acid under magnetic
stirring. The solution was transferred into a reflux system and continuously stirred until a
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homogeneous solution was formed. Solution of SiCgH,00O4 was later added to this homogeneous
solution and stirred for 12 hours. The solution was taken out and then vaporized for about 2 hours
under magnetic stirring at 75°C. The resulting wet gel was dried in a vacuum oven at 150°C for 24
hours to remove water particles, resistance organic groups and also to avoid ceramic cracks. The
obtained powder was ball milled for 1 hour using a Fritsch Pulverisette-7 which was operated at 300
rpm. The powder was pressed using a Specac pellet press to form pellet which was later sintered at
different temperature for 12 hours.

2.2. Characterization techniques.

X-ray diffraction (XRD) was performed in order to elucidate structural information of the
sample. The sintered ceramic powders were characterized using a Bruker AXS D8 Advance X-ray
Diffraction spectrometer with Cu-K  radiation of wavelength of 1.5406 A in 20 range between 10° to
70° . The morphology of the samples was observed by the Scanning Electron Microscopy (SEM) while
Energy Dispersive Xray (EDX) technique was employed for elemental analysis.

The ceramic electrical properties were determined by ac impedance spectroscopy using
Solatron 1260 impedance analyzer over a frequency range from 0.1 to 10° Hz. An applied voltage was
fixed at 110 mV. The dc conductivity was determined using the equation:

d
AR,

Op —

)

where d is the sample thickness, A is the area of the electrode and R, is the bulk resistance.
The value of the dielectric constant (¢°) and dielectric loss (¢”) of Li,ZnSiO4 were calculated
using the formula:
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where Z’ and Z” are the real and imaginary impedances obtained from impedance
measurements, o is 24 and Co= g,A/d (¢, the permittivity of the free space (8.854 x 10 F cm™ and

A: area of electrode).
The ac currents (I) can be separated into charging current (iwe’) Co,V and loss current (we”’)
C,V as given by the following equation,

I = (iwe’ + we”)CoV 4)
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By using the relation Co,= &A/d , the current density (J) can be related to the complex
admittance (Y*) as follows,

J = (iwe’ + we”)E = (ic’’+0’)E = Y*E (5)
Therefore,
o’ =weee” and o’ = weos’, (6)
where ¢’ is loss current conductivity (conductance), also known as ac conductivity o, in the
present study, and ¢” is the conductivity due to charging current (susceptance). On the other hand,
complex admittance (Y*) is the inverse of Z*.

The ac conductivity has been evaluated from dielectric data in accordance with the relation:

0 ac= wee’ tan &

where &, is permittivity of the free space, w is 24 and tan & is the dielectric loss factor [22].

3. RESULT AND DISCUSSION

3.1. Phase Identifications
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Figure . 1 : XRD pattern of samples sintered at different temperature.
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Presented in Fig. 1 are the XRD spectra of Li,ZnSiO, sintered at different temperatures for 12
hours. As can be seen in the figure, sintering at 350°C did not successfully produce Li,ZnSiO,
compound. However the samples sintered at 550°C exhibits diffraction peaks which is attributed to
Li,ZnSiO4 and ZnO, indicating the presence of impurities in the sample. The XRD spectrum of the
samples sintered at temperature 700 °C to 850 °C shows peak attributed only to Li,ZnSiO,4 showing that
pure Li,ZnSiO4 has been obtained.

The pure Li,ZnSiO, compound is found to be single phase in nature, crystallizing in monoclinic
structure with space group P2:/m and lattice parameters are a = 6.253A, b = 10.685A, ¢ =4.929 A and
B=90°[23].

3.2. SEM and EDX analysis

Fig. 2 presents SEM micrographs and EDX spectra of the Li,ZnSiO,4 ceramic powder sintered
at 700°C, 750°C, 800°C and 850°C. From these images, it is clear that the average grain size decreases
with increase in sintering temperature; from 2 um in the sample sintered at 700°C to 0.1 pm in the
sample sintered at 850°C. In order to confirm the stoichiometric proportions, the EDX analysis was
performed. This analysis was carried out at larger region (marked as A) to measure the average
composition and smaller region (marked as B) to show whether the composition of A is homogeneous
on a relatively small scale. The atomic ratios of Zn and Si was calculated and listed in Table 1. The
result shows that the atomic ratios in both region A and region B for Zn: Si are homogeneous.

The EDX of the sample could not display the presence of lithium because of its light weight
[24]. As such, the concept of charge neutrality was employed [25]. It is found that, the ratio of Li: Zn :
Si=2.0:1.0: 1.0 confirming the formation of Li,ZnSiO,4 compound.

Figure 2. SEM micrographs (left) and EDX analysis (right) of the Li,ZnSiO, ceramics powder
sintered at (a) 850°C (b) 800°C (c) 750°C and (d) 700°C
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Table 1. The atomic ratios of Zn and Si for the sample sintered at different temperature

‘Sample  AtomicRato

Region A Region B

Zn Si Zn Si
850°C 1 0.9671 1 0.9917
800°C 1 0.9122 1 0.9833
750°C 0.9957 1 1 0.9734
700°C 0.9949 1 0.9259 1

3.4. Conductivity Measurement

3.4.1. Direct current conductivity

9849

The dc conductivity of Li,ZnSiO,4 ceramic solid electrolyte has been determined from the bulk
resistance, Ry, using equation (1). The dc conductivity for samples sintered at 700°C , 750°C , 800°C
and 850°C at 500°C and RT are listed in Table 2.

Table 2. Conductivity data for Li,ZnSiO4at RT and 500°C for all samples

Samples o 500 (S cm™) orT (S cm™)
700°C 474 x 10° 1.81 x 10
750°C 1.08 x 10" 5.82 x 107
800°C 3.03x10™ 1.13x 10°
850°C 5.54 x 10™ 5.80 x 10°

In order to confirm the conductivity obtained from the impedance plots, conductivity spectra
(imaginary part of conductivity, ¢” versus real part of conductivity, ") are plotted and typical spectra
The conductivity plots consists of a semicircle and two
dispersion curves at low ¢’ and high ¢’ regions, respectively. The intercept of the dispersion curves
with x-axis at high gives the value of bulk conductivity, op. This method has been used by a few
groups of researchers [26-31]. Table 3 lists the dc conductivity values obtained from the conductivity
spectra. It is observed that the values of dc conductivity obtained from both conductivity spectra and
impedance at RT are close to each other hence confirming the value of dc conductivity obtained from

recorded at RT are shown in Figure 3.

the impedance plots.
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Figure 3. Conductivity plot of Li,ZnSiO, sintered at various temperatures.

Table 3. Comparison of conductivity values determined from impedance and conductivity plots for all

samples
Samples Z plot (S cm™) o plot (Scm™)
Gbulk Ghulk
700°C 1.81x 10" 1.85x 10"
750°C 5.82 x 10 5.86 x 10"
800°C 1.13x 10° 1.15x 10°
850°C 5.80 x 10°° 5.82 x 10°

The increase in dc conductivity with temperature is influenced by thermally activated drift
mobility of ions. The activation energy for the thermally activated hopping process was obtained by
fitting the dc conductivity data with Arrhenius equation:

apT = Aexp ( kTa

) (8

where A is the pre-exponential factor, E, is the activation energy for conduction and k is the gas
constant. Figure 4 depicts the Arrhenius plot for the samples sintered at 700°C, 750°C, 800°C and
850°C. The sample sintered at 700°C, 750°C and 800°C shows linear plot suggesting that there are no
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structure and phase changes in the sample for the studied temperature range [32] . However, for the
sample sintered at 850°C, two linear regions are seen with sudden change in slope at 300°C (1000/T =
1.75 K. The change in slope could be due to phase transition occurring in the sample upon heating
[33]. The activation energy for all samples were extracted from the Arrhenius plots and are shown in
Fig. 4. The low value of activation energy indicates high mobility of ions in the sample.

-3.00 ® 850°C
O 800°C
£ 750°C
O 700°C

E=007eV

logo

E.= 010V
E,=0.11eV

E.=0.13eV
7.00
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Figure 4. Arrhenius plot of the dc conductivity for Li,ZnSiO4 sample sintered at 700°C , 750°C,
800°C and 850°C.

3.4.2. Alternating current conductivity

Fig. 5 depicts the graph of log o(w) versus log o for Li,ZnSiO, sample sintered at 850°C.
From the figure, it is clear that there is a plateau at low frequency region and extrapolating it to the y-
axis gives the value of d.c conductivity. At the plateau region, the conductivity is frequency
independent and the o4 values are found to be in good agreement with the value listed in Table 2.

The transition from the d.c plateau to a.c conductivity dispersion region shifts towards higher
frequency range when temperature increases. The high frequency dispersion is due to the high
probability for the correlated forward backward hopping at high frequencies together with the
relaxation of the dynamic cage potential. Therefore we can say that the a.c conductivity is dominant in
high frequency region [34].

The conductivity behavior obeys the universal power law :

o'(®) = o(0) + Ax" 9
where ¢(0) is the d.c conductivity of the sample, A is a temperature dependant parameter and n

is the power law exponent which represents the degree of interaction between the mobile ion and is
less than 1. The value of n is extracted from the slope log o(w) versus log . The parameter of n
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obtained varies from 0.68 at RT and decreases to 0.10 at the highest temperature of 773K. The plot of
variation of n with temperature is illustrated in Fig. 6. The plot can also be fitted to equations n = -
0.0012x +1.0644. This equation suggests that n — 1 when T — 0.

-2.00
CTIAK AGT3K K573 K O473 K X 373K 303 K

26i=111x10° . _____ $
-3.00 =5.54x 10"

Log o{m) (8 cm™)

Log ©

Figure 5: Log o(w) total versus log o for Li,ZnSiO4 sample sintered at 850°C at various temperatures.
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Figure 6: Value of n for Li,ZnSiO, material at different temperature.

According to the correlated barrier hopping (CBH) model, values of n decrease with increasing
temperatures and can be evaluated as follows

6|(T
l-n=ro (20)
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where k is Boltzmann’s constant, T is the temperature and Wy is the maximum barrier height.
From equation (8), it can be deduced that n — 1 if T — 0. This confirms that the conduction
mechanism in the Li,ZnSiO,4 system studied can be described using the CBH model.

In this model it is assumed that the ions or charge carriers are surrounded by several potentials,
such as the Coulombic repulsive potential between the ions and a potential well in which the ions
reside. Superposition of the potentials yields a single ion potential that is actually felt by the ions.
When the ion gains sufficient energy, they hop from one site to another. As the temperature increases,
the number of ions that hop from one site to another increases, leading to an enhancement in
conductivity with temperature, as observed in Fig .5 [35-36]

According to Almond and co-researchers the a.c conductivity data can also be used to estimate
the ionic hopping rate, wp. The hopping rate of ion in a material is a valuable information to elucidate
the ionic conduction. The w, can be obtained from the graph log o(w) versus log o by extrapolating at
twice the value of d.c. conductivity from the vertical axis horizontally towards the graph and then
extrapolating downwards vertically to the horizontal axis as shown in Fig. 5. The magnitude of the
charge carrier concentration can be obtained using the equation [34,37-39]:

k=T (11)
@p
where
K =ne?a?k* (12)

Here e is electron charge, y is correlation factor which is set equal to 1, and a is the jump
distance between two adjacent sites for the ions to hope which is assumed to be 3A for al materials
[34, 38]. n is the density of mobile ions (charge carrier) which can be calculated using eq. 10 and k is
Boltzmann constant. The ionic mobility, x« can be calculated using equation:

=0 (13)

The value of g, wp, K, nand 4, at all temperatures studied for Li,ZnSiO4 sample sintered at
850°C are tabulated in Table 4. From the table, the mobile ion concentration, K and density of mobile
ion, n are found to be constant over the temperature range studied. This reveals that all the ions which
are responsible for the conductivity are in a mobile state, thus can be best represented by the strong
electrolyte model [34,37]. Hence, the conduction mechanism in the investigated Li,ZnSiO, is
attributed to the hopping of charge carriers. Meanwhile, from the table the mobility of ions, p increases
with increasing temperature. This means that the increase in conductivity in the samples can be
attributed to the increase in ionic mobility since the density of mobile ions is constant over temperature
range studied [34,37].
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Table 4. Parameters of o, wp, K, n and p at various temperature for Li,ZnSiO4 sample sintered at

850°C

K

(Scm™ K HzY
303 5.80 x 10°® 212 8.28 x 10° 5.12 7.04x 10"
373 1.50 x 10° 680 8.22x10° 4.91 1.90 x 102
473 4.74x10° 2709 8.28 x 10° 4.95 5.96 x 102
573 1.08 x 10* 7508 8.24x 10° 4.93 1.36 x 10!
673 3.03x 10™ 24,818 8.22x10° 4.92 3.82x 10"
773 5.54 x 10™ 51,622 8.29x 10° 4.96 6.95x 101

3.5. Dielectric behavior

The plots of frequency dependence of the dielectric constant, ¢’ and dielectric loss, ¢ of
Li,ZnSiO4 ceramic powder sintered at different temperatures were plotted (Fig. 7 and Fig. 8) in order
to obtain further information on the ion dynamic properties in this material.

4.00EH05

O ©850°C
o 0800°C
3.50E+05 £ 750°C
#700°C

[

3.00E+05
<
250E405 | o
o <
W 200EH05 | A 0o

L50E+05

LO0E+0S

5.00E+H04

0.00E+00 s ] S e S S T S B ;
0.00 Loo 2.00 3.00 4.00 5.00 6.00 7.00

Figure 7. Plot of relative dielectric constant (- ) of Li,ZnSiO,4 as a function of log f at different
temperatures
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Figure 8. Plot of relative dielectric constant (¢”) of Li,ZnSiO,4 as a function of log f at different
temperatures

From both figures we can see that the dielectric constant, ¢’ and dielectric loss, ¢ decrease to a
constant value at high frequency. At low frequencies, the high value of dielectric constant, ¢’ is
attributed to the contribution of charge carrier accumulation at the interface of electrode and Li,ZnSiO,
material. Meanwhile the high value of dielectric loss, ¢ at these frequencies is attributed to the fact
that, at low frequencies the electrical energy loss is high due to the migration of ions in the material.
As the ion moves, they loss some of their energy to the lattice as heat [40-41].

However, at high frequencies, the dielectric constant, ¢’ and dielectric loss, ¢” value is low.
This is due to high periodic reversal of the field and due to the limitation of dielectric loss sources (ion
vibration only) respectively [42]. The ¢ and ¢” increase with temperature indicating the fact that
when the temperature is increased, the bound charge carriers get sufficient excitation thermal energy to
be able to obey the charge in external field more easily. This in turn increases their contribution to the
polarization resulting in increase in ¢’ and ¢~ [40-44].

Fig. 9 presents the plot of frequency dependence of tan o at various temperatures. The plot
shows a peaking behavior for all temperatures. As the temperature increases, the tan & peaks are shifted
towards higher frequency. This peak is expected when the hopping frequency of ions is approximately
equal to the external applied electric field. In this case

wr =1 (14)
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where 7 is the relaxation time of the hopping process and wis the angular frequency of the
external field (=24 ). The relaxation time r is inversely proportional to the jumping probability per

unit time, P, according to the relation [38-39]

1
T=EP (15)

so, from Eqgs. (14) and (15), it is expected that frax is proportional to P. The shift of the peak of
the tans towards high frequency with increasing temperature, indicates that the jumping probability

per unit time increases with temperature [40-41]. This result is consistent with the result discussed
earlier.

20
18
16
14
12

10

Dielectric loss (tan &)

log o
Figure 9: Frequency dependence of tan 3 at various temperatures

4. CONCLUSIONS

Li,ZnSiO, samples have been successfully synthesized using a simple sol gel method. The
XRD and EDAX analysis confirm the formation of the compound. The conductivity—temperature
study shows that the compound obeys the Arrhenius law. Conductivity and dielectric studies show that
the increase in conductivity with temperature is due to increase in ion mobility.
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