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Abstract: Fast lithium ion conducting glass-ceramics containing Lis_Al, Ge (PO,); (x=1.1~1.9) crystalline phase

were prepared from Li)0-Al,0-GeO,-P,05 glasses. The results indicate that the glass-ceramics are mainly

composed of solid solution LiGey(PO,); in the whole x range, following by a small quantity of GeO, and AIPO,

crystals as the impurity phases. The total ionic conductivity o, reaches a maximum value of 5.72x10* S-cm™ at

room temperature in Li;sAlysGe;s(POy); glass-ceramic with homogeneous crystals distribution.
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0 Introduction

All-solid-state lithium ion batteries are promising
power sources for large scale applications because of
their high safety, excellent cycling ability and low
packing cost compared to common batteries using
liquid electrolyte. Among all components in the all-
solid-state lithium ion batteries, solid electrolyte such
as Li)0-Al,05-GeO,-P,05 glass-ceramics with NASICON
-type structure is one of the most important components
that control the properties of the batteries!™?. These

lithium ionic conducting glass-ceramics have been
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obtained successfully by sol-gel method**, the classical
powder-sintering route!®” and glass-ceramic process®".,
Since homogeneous microstructure and high lithium
ionic conductivity, the glass-ceramic process has been
widely used to fabricate lithium ionic conducting glass-
ceramics. Based on the high lithium ionic conductivity
and excellent stability with lithium metal, lithium
(LAGP) glass-

ceramics are immensely attractive as electrolyte in

aluminum germanium phosphate

lithium ionic battery. Therefore, it is essential to study
the chemical composition on crystals’ microstructure

and conductivity of LAGP glass-ceramics. The present
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work reports the processing and characterization of
thermal property, crystal phase, microstructure and
ionic conductivity of Li;_Al,_Ge,(PO,); (x=1.1~1.9)

glass-ceramics.
1 Experimental

The glass-cerami es with the composition of
Li;_Al,_Ge,(POy); (x=1.1~1.9) were synthesized by
conventional melt quenching technique from mixtures
of reagent grade Li,CO;, AlO;, GeO, and NH,H,PO,.
The aforementioned chemicals were weighed, mixed,
and ground for 30 min in an agate mortar. The batch
was heated in an alumina crucible at 700 °C for 2 h in
order to decompose ammonia, carbon dioxide gases and
let water vapor out from the starting materials. The
mixture was cooled, thoroughly reground and then
heated up to 1450 °C and melted at the temperature for
2 h. The melts were poured onto preheated stainless
steel plates and pressed into glass flakes between two
steel plates. The glasses were immediately transferred
in furnace at 500 °C for annealing to relieve the thermal
stresses. Finally, the samples were cooled naturally.

The differential scanning
Netzsch STA 449C, Waldkraiburg, Germany) was

carried out on approximately 5 mg of fine-powdered

calorimetry  (DSC,

glass heated up from room temperature to 1 000 °C at a
heating rate of 10 “C *min ™. X-ray diffraction (XRD)
data were obtained using a D/Max-2200PC diffracto-
meter (monochromated Cu Ka radiation, A=0.154 184
nm, at 40 kV and 40 mA, SC-70 scintillation counter)
in the 26 rangeof 10°~80° at 0.05° increments. The
microstructures morphology of the crystal was
characterized by field emission scanning electron
(FESEM) model Supra 55VP. The ionic

conductivities were

microscopy
determined using impedance
spectroscopy  (Solartron 2016 impedance analyzer) in
the 0.1~10° Hz frequency range with voltage amplitude

of 500 mV.
2 Results and discussion

Table 1 lists the values of glass transition (T),
crystallization (7), and AT (AT=T.-T,) of Li;_Al,_Ge,
(POy); (x=1.1~1.9) glass samples by extrapolating DSC

data. It can be seen that the positions of 7, and T, shift

toward high temperature with the increasing x. It is

clear that AT increases with increasing x from 1.1 to

1.9, suggesting the enhanced thermal stability of the

glass.

Table 1 Glass transition (7,) and crystallization (T)

temperatures for Li; Al, ,Ge (PO,); (x=1.1~
1.9) glasses system

x T,/ C T,/ C AT/ C
11 527.4 6133 85.9
13 533.2 617.3 84.1
15 538.5 6254 86.9
17 5444 633.6 89.2
1.9 546.1 637.2 91.1

The XRD patterns of glass-ceramics with various
GeO, contents after being crystallized at 100 °C higher
than T, of each specimen for 8 h are shown in Fig.1.
The NASICON-type phase of LiGey(POy); is found to be
the dominant crystal phase in Lis_Al, Ge,(PO,); (x=
1.1~1.9) glass-ceramics system. This means that varia-
tion in contents of GeO, makes a bit of difference on the
precipitated crystals of the Li; Al, \Ge, (PO,); (x=1.1~
1.9) glass-ceramics system. Additionally, it is
interesting to note that the peak intensity of the major
phase LiGe,(PO,); increases with increasing x, illustra-
ting that GeO, makes the as-prepare glass easier to seed
out the LiGey(PO,); crystal. The peak intensity of the
GeO, phase increases when x =1.3. The AIPO, phase
can be observed only when x=1.1 and 1.3, since the Al*
ions are sufficient in these two samples. It is considered

that both of the electrically insulating phases, GeO,and

AIPQ,, are concentrated in the grain boundary region.

* LiGe,(PO,), %GeO, VAIPO,
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Fig.1 XRD patterns for Li; Al, Ge (POy); (x=1.1~1.9)
glass-ceramics treated at 100 °C higher than T,

of each specimen for 8 h
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The typical FESEM images of Li;_Al,_Ge,(PO,);
(x =1.1 ~1.9) glass-ceramics crystallized at 100 C
higher than 7. of each specimen for 8 h are shown in
Fig.2. As shown in Fig.2 (a), few grains could be
observed in the Li ;Aly;Ge;; (POy); sample due to
of GeO,

were observed in

low content Interesting microstructure

changes Li;sAlysGe, 5(PO,); and
Li;3Aly5Ge 7(PO,); glass-ceramics in Fig.2(b) and Fig.2
(c). With an average particle size of 100 nm, the

homogeneous microstructures of LAGP glass-ceramics
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indicate that sufficient content of GeO, promotes the
growth of particles during crystallization process.
However, lesser particles can be observed in
Li; Aly,Ge o(POy); glass-ceramic (Fig.2(d)), since most
of the particles change into glassy phase with
increasing content of germanium oxide. These FESEM
observations illustrate that the content of GeO, should
be 1.5 to 1.7 in Li; Al, Ge (PO,); (x=1.1~1.9) glass-

ceramics in order to achieve homogeneous microstru-

ctures and uniform distribution of the particles.
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Fig.2 Fracture surface for Li; Al, Ge (PO,); (x=1.1~1.9) glass-ceramics treated at 100 °C higher than

T. of each specimen for 8 h
The room temperature complex impedance plots
(Cole-Cole plot) are illustrated in Fig.3 for Li;_Al, Ge,
(PO.);
higher than T, of each specimen for 8 h. Only one

(x=1.1~1.9) glass-ceramics treated at 100 C

semicircle and oblique line are observed for all
samples. The semicircle represents grain and grain
boundary resistances whose diameter is equal to the
resistance of the samples. The appearance of a low
frequency oblique line in the case of ironically blocking
electrodes is an indication of the ionic nature of the
NASICON-type material™™?. The total resistance R, of

the samples was obtained from the right intercept of the
semicircle with the real axis in the plots. And, the total
conductivity (o) of LAGP glass-ceramics is calculated
by o=H/(S *R)), where H is the sample’s thickness and
S is the sample’s surface area.

Li* moved from one site to another through the
bottlenecks of [Ge,P;0y,]" skeleton in LAGP glass-
ceramics. So, the particles distribution, microstructures
and conductivities of LAGP glass-ceramics are affected
by the content of GeO,. The R, obviously reduces when

x increases from 1.1 to 1.5, and then increases
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gradually with further increasing of x, due to the

formation of more glassy phase.
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Fig.3 Complex impedance plots at room temperature for
Li; AlL_Ge,(PO,); (x=1.1~1.9) glass-ceramics
treated at 100 °C higher than T, of each

specimen for 8 h

Fig.4 shows the temperature dependence of the
conductivity of LijsAlysGe;s(PO,); glass-ceramic. The
conductivity data fit the equation of 0T =Aexp [-E/
(KT)], where A is the pre-exponential term, E, is the
activation energy for conduction and K is the gas
constant. Both the conductivity at room temperature and
shown in Fig.5. The

conductivity increases with the initial increase in «,

the activation energy are

! at around

reaches a maximum value 5.72x10~* S-cm~
x=1.5 and then decreases gradually, attributed to the
large particles size and negligible particles boundary in
Fig.2. All of the Li;_Al,_Ge, (PO); (x=1.1~1.9)

samples exhibit conduc-tivities over 10*S-cm™. On the

other hand, the E, passes through a minimum value of

;i \\\
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Fig.4 Temperature dependence of the conductivity
for Li; sAlysGe 5(PO,); glass-ceramic treated at
725 °C for 8 h

27.81 kJ *mol™ at x=1.5. And the composition of LAGP

glass-ceramics  influence on  activation  energy
corresponds to that of conductivity, illustrating that
changes in the conductivity are controlled by the

changes in the activation energy.
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Fig.5 Conductivity and activation energy of Li; Al, Ge (PO,);
(x=1.1~1.9) glass-ceramics

Table 2 shows the room temperature total ionic
conductivity o, of Li;sAlysGe,5(PO,); at various crystall-
ization temperature and time. As can be seen, o,
increases remarkably with the increase in crystalliza-
tion temperature from 725 °C to 825 “C. The highest
conductivity of the LAGP glass-ceramic (5.72x107* S
cm™) was obtained for the specimen treated at 825 °C
for 8 h. However, further increase in crystallization
temperature decreases the conductivity. It can also be
seen form Table 2 that o, increases with the crystalliza-
tion time from 2 to 8 h, and then lightly decreases with
further extension of the crystallization time, suggesting
that further extension of crystallization time does not
increase conductivity when the particles have fully

Table 2 Total ionic conductivity of Li;sAlysGe,s(PO,);

at various crystallization temperatures and

times at room temperature

Crystallization Crystallization Total ionic conductivity

temperature / C time / h o,/ (S-ecm™)

725 2 3.20x10™

8 4.70x10™

16 4.60x10™

825 2 5.12x10™

8 5.72x10™

16 5.21x10™

925 2 4.80x10™

8 4.60x10*

16 4.50x10%
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grown well.
3 Conclusions

Lithium ion conducting glass-ceramics of Li;_Al,_,
Ge, (PO,); (x=1.1~1.9) were synthesized and character-
ized. LiGey(PO,); is found to be the dominant crystal
phase in LAGP glass-ceramics, following by a small
quantity of GeO, and AIPO, crystals as their impurity
phases. The total ionic conductivity o, reaches a

maximum value of 5.72x10*S-cm™

at room tempera-
ture in Li sAlysGes(PO,); glass-ceramic with homoge-
neous particles distribution, indicating that LAGP
glass-ceramics are promising electrolyte for application

in all-solid-state lithium batteries.
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