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Preparation of Li, 4Alg 4Sig ¢O4-xLiz;BO; Solid Electrolytes by
Sol-Gel Method and Their Ionic Conductivity
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The Lij 4Aly 4Sk.604-xLisBO; (x =0 to 0.5) ion conductors
were prepared by the sol-gel method. The powder and sintered
samples were characterized by DTA-TG, XRD, SEM and ac
impedance techniques. The temperature of the preparation of
powder patterns decreased by this method as compared to that
of the preparation in solid state reaction. The conductivity and
sinterability increased with Li;BO; increasing from x =0 to 0.2
in the Lij 4Aly.4Sip sO4-xLi;BO; solid electrolytes. The particle
size of the sintered pellets is about 0.12 pm. The maximwm
conductivity at 20 C is 3.165x 1075 S-am™? for Li, ;Al 4Siy cO;-
0.2Li;BO;.

Keywords Li4.4A]0.4Si0.604-xLi3B03, ionic oonduchwty, sol-
gel method

Introduction

In the search for new Li* ion conducting solids with
potential applications as solid electrolytes in high-energy
density batteries, considerable work has been done on a
variety of Li* ion electrolytes. Li,Si0O4-based solid solu-
tions are well known for their great increase in conductivi-
ty when trivalent AI>* has been substituted by silicon, !
and maximum conductivity of Lis, ,Al Si;_,04 is ob-
tained at x = 0.4.7 The conductivity could be consider-
ably increased by the mixing of binders such as Li; BO;
glass phase in the solid electrolytes. The reasons for the
conductivity improvement have been ascribed to the in-
creased lithium concentration at the grain boundaries and
the increased sintering of the pellet.%°

In this research, the Liy 4Aly 4Sip 04-2LisBO; (x
=010 0.5) ion conductors were prepared by the sol-gel
method, and their structure, ionic conductivity and sin-
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terability were investigated.
Experimental
General

The compounds were prepared by the sol-gel method
using reagent grade Li;CO,, AI(NO3);, H;BO;, HNO,,
Si(OC,Hs)4, and NH; * H,0. The C,HsOH was used as
solvent for these materials with pH = 5. The solution was
refluxed for 5 h at 86 °C and was left at 70 °C for gela-
tion. The gels were under vacuum dried and heated grad-
ually from 80 °C to 600 °C for several hours. The ultra-
fine powder was prepared at 600 “C. The powder was
pressed into pellets which were sintered at 650 °C for 5
h.

Measurements

The samples were characterized by their powder X-
ray diffraction pattemns, recorded on a Rigake/Rotaflex/
RINT rotating anode diffractometer using Cu Ka radiation.
Thermogravimetric (TG) and differential thermal analysis
(DTA) experiments were performed using a Rigaku-
TG8101D thermal analyzer at a scan rate of 10 C/min.
The shape and size of samples were examined using a
scanning electron microscope (SEM). The ionic conduc-
tivity measurements were carried out on the sintered sam-
ples in the form of pellets, which were polished and
painted with Ag PASTE on opposite faces. The ac
im ce of the samples was measured using an ac

impedance system (EG&G, Princeton Applied Research,
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Model 378) that included a potentiostat/galvanostat
(Model 273), a lock-in amplifier (Model 5208), and an
IBM PS/2 computer. The frequency range was from 5 Hz
to 100 kHz. The characterized -impedance spectra were
simulated with the Equivalent Circuits program developed
by A. B. Boukamp.' The powder was pressed into pel-
lets with a diameter of about 10 mm under a pressure of
120 MPa. Porosity of the pellets was determined by the
Archimedes’ method.

Results and discussion

Thermal behavior

The DTA-TG curve of Fig. 1 clearly shows the de-
composition process of Liy 4Aly 4Sip.604-0.2Li3BO; gel,
which occurs in four steps: the endothermic peak at 80—
130 °C is due to the volatilization of H,0. The endother-
mic peak at about 170—300 C is due to the NO; re-
moval by oxidation. The endothermic process at 460—570
°C connects with the reaction of =Si—OH + HO—Si=
— (0—Si—0), + H,0." The small peak at 570—600
C is attributed to the formation of Li; 4Aly 4Sig 04 solid-
solution. Relevant TG curve shows the loss of weight. No
exothermic and endothermic peaks at high temperatures
(>600 C) were observed. From the DTA-TG curves,
the gel heat-treated temperature were estimated to be
80—600 °C. Other gel samples were similarly in their
thermal behavior. The X-ray powder diffraction analysis
also indicated that crystals of the products already formed
at 600 C.
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Fig. 1 DTA-TG curve of Lis 4Aly 4Sig s04-0.2LisBO; gel.

Structure characterization

Fig.2 shows the X-ray diffraction (XRD) patterns of
Lis.4Aly 4 Sio.6 O4-xLi; BOs (a: % = 0; b: x =0.3),
which have been heated at 600 °C for 6 h. The result of
XRD analysis shows that single phase solid solution
Lig 4Aly 4Sip 604 in Fig. 2(a) was prepared. The solid
solution is isostructural with the monoclinic Li;SiO,. The
reflection peaks in the powder diffraction pattern were
completely indexed based on a monoclinic symmetry,
P2y/m space group. Meanwhile, the temperature of the
preparation of powder patterns is much lower as compared
to that of the preparation in solid state reaction (1100
C) ."Li;BO; phase has not appeared for y =0.3 in Fig.
2(b) because Li; BO; has formed glass phase in the
Lis 4Alp.4Sig 5 O4-xLi; BO; solid electrolytes. This glass
phase could cause synthesis temperature of Liy 4Aly 4Sig ¢O4-
xLi3BO; to decrease.
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Fig. 2 XRD pattems of Li 4Al 45 604-xLi;BO; (a: x =0;
b: x=0.3).

Fig. 3 shows the SEM picture of the
Liy 4Aly 4Sip.604-0.2Li3BO; powder by a scanning electron
microscope (SEM). From this picture it can be found
that the shape of samples is spherical and their average
diameter is about 0.12 pm. Other samples have similar
shape and size.

ITonic conductivity

The sample powders were pressed into pellets and
were heated at 650 °C. The porosity of the sintered pel-
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lets for Liy 4Alg 4Siy ¢04-xLi3BO; system is shown in Fig.
4. As can be seen, the porosity tends to have low values
with the enhancement of the 1i;BOs.

Fig. 3 SEM picture of Liy 4Aly 4Sip.604-0.2Li3BO;.

Porosity (%)

Fig. 4 Variation of the porosity for Liy 4Aly 4Sip 604-Li3sBO; .

The impedance spectra from the electrochemical cell
Ag/Liy 4Aly 4Sig 04-2Li;BO3/Ag  were interpreted in
terms of three responses that are bulk, grain boundary
and Warbarg imy ce. Typical complex impedance dia-
gram for the Liy 4Aly 4Sig 604-0.2LisBO; measured at 20
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Fig. 5 Complex impedance of Liy 4Aly 4Siy 604-0.2Li3 BO;.

%C is shown in Fig. 5. Similar electric behavior has been
observed for all other samples. In Fig. 5, the semicircle
in the higher frequency region was attributed to the bulk
of grain, while the spike in the low frequency was at-
tributed to the grain boundary. Ionic conductivities of
bulk, grain boundary and total for Liy 4Aly 4Sig ¢O4-
x1i3BO; were obtained from 6 = d/R + S, where d and
S express thickness and sectional area of the pellet, re-
spectively.

The ionic conductivities of bulk (o), grain bound-
ary (o,) and total (o) for Liy 4Aly 4Sip 604-xLi3BO; sys-
tems at 20 °C are shown in Table 1.

It is seen from Table 1 that the ionic conductivity of
grain boundary increased with the increase of amount of
excess LizBO;, but conductivity of bulk nearly did not
change. The structure of samples has not been changed
with increasing of Li3BO;. The addition of Li; BO; glass
phase results in the increase of the sintered pellet densi-
ty, which is very effective for the enhancement of the con-
ductivity of grain boundary. The lithium silicate is formed
at the grain boundaries during the heating process, and
then the surface of grains are melted and recrystallized by
the flux. The second Li;BO; glass phase acts as a flux to
accelerate the sintering process and to give high conduc-
tivity grain boundaries. Meanwhile, The reason for the

Table 1 Conductivity of bulk, grain boundary and total for Liy 4Aly 4Sip.604-xLi3BO;

% 0.00 0.10 0.20 0.30 0.40 0.50
0y Liy 4Aly 4Sip ¢04-21isBO3 { x 107%) (S+em™1) 5.102 6.389 6.353 6.308 6.218 5.206
0, Lig 4Aly 4Sip 604-x1i3BO; ( x 107%) (Sem™1) 2.862 20.98 63.50 52.97 13.36 10.88
o Liy 4Aly 4Sip. 604-%1i3BO; ( x 107%) (S+em™?) 1.834 16.69 31.65 28.79 10.997 8.996
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conductivity improvement has been ascribed to the
increased lithium concentration at the grain boundaries.
However, the conductivities of- samples decrease at x
=0.3. Probably the ion moving is obstructed with the
amount of Li; BO; increased largely. The maximum con-
ductivity is obtained at around x=0.2 for the
Liy 4Aly 4Sig.604-2LizBO; systems examined. Further
work will be done in our laboratory.

The temperature dependence of conductivity for
Liy 4Alp 4Sip 604-0.2Li;BO; is presented in Fig. 6.

The values of activity energy were estimated from the e-
quation: o = Aexp( — E,/RT), where A expresses the
pre-exponential factor. The values of activity energy for
Liy 4Aly 4Sig 604-%Li;BO; systems are shown in Table 2.
From Table 2, it can be seen that the higher ionic con-
ductivity of Li; 4Aly 4Sip 04-0.2Li;BO; is mainly occa-

sioned by the lower activation energy.
Conclusion

Solid electnolyt&s, belongmg to Li4.4A]0_4Si0_604-

00k ' ' ' ' ] xLizBO; (x =0 to 0.5) were prepared by the sol-gel
o5l ] method. The temperature of the preparation of powder
g patterns is much lower as compared to that of the prepara-
g 1or | tion in solid state reaction. Mixing binders such as
: 15} 1 LisBO; glass ‘phase with Lis 4Aly 4Sig 60,4 are successful
% 20k y in obtaining a high conductivity. The conductivity en-
= 25l 1 hancement by the binder addition resulted mainly from the
densification of the sintered pellets. The increase of the
30 20 21 22 23 24 25 lithium content at the grain boundaries is also effective in
1000/T (K™) the conductivity enhancement. The maximum conductivity
. -5qQ, -1 . . R
Fig. 6 log(oT)-T-' relation for the Lis +Ak.4Sio cOr (a;t ;;)J"g i8 3.165 x 1077 S+em™" for Liy 4Aly 4Sip 604
0.2Li; BO;. +2LisBO; .
Table 2 The values of activity energy for Liy 4Aly 4Siy ¢04-xLisBO; systems
x 0 0.1 0.2 0.3 0.4 0.5
E, Lis 4Aly 4Sip ¢04-2LisBO; (kJ/mol) 80.0 60.3 42.2 51.4 67.5 71.8
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