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Crystal Structure and Ionic Conductivity of the NASICON-Type Lithium
Ion Conducting Solid Electrolyte
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(Institute of Quartz and Special Glasses, China Building Materials Academy, Beijing 100024 China)

Abstract: The LiAl,_,Ge;_.(PO,); (x=1.1~1.9) solid solutions were prepared as glass ceramics pellets. The title
compounds crystallize in the NASICON (Na Super lonic Conductor), R3¢ type structure, space group, and the
crystal structures were characterized by the Rietveld method with laboratory powder diffraction data. The
annealed glasses and glass ceramics were also characterized by DSC, FESEM and AC Impedance techniques. The
results indicate that the major phase of the glass ceramics is LiGey(PO,);, with AIPO, and Li,P,0; as the side-
phases for some samples. Additionally, the highest total ionic conductivity (5.3x10™* S-cm™) at room temperature
is obtained when x=1.5 for Li,Al, ,Ge;_.(PO,); glass ceramics, with homogeneous crystals distribution and wide

electrochemical window (7.2 V).
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0 Introduction

In comparison with the parent glass, glass cera-
mics demonstrate a denser microstructure, less grain

boundary effects and better chemical stability.

Moreover, the NASICON  (Na Super lonic Conductor)

structures  glass ceramics exhibit  higher ionic
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conductivity than the corresponding mother glasses
when conductive crystals are precipitated from the
glasses. These glass ceramics have been attracted
much attention owing to their excellent lithium ionic
conductivity and low atomic mass of lithium. Lithium
ionic conductors stood a good chance to be used as

electrolytes for all solid state lithium ionic batteries!?.
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These

are usually obtained by sol-gel process ™7, the

lithium ionic conducting glass ceramics
classical powder sintering route®” and glass-ceramic
processes[x'lo]. Since homogeneous microstructures and
high lithium ionic conductivity, the last method is
extensively used to fabricate lithium ionic conducting
glass ceramics. Based on the high lithium ionic
conductivity and excellent stable with lithium metal,
lithium aluminum germanium phosphate (LAGP) glass-
ceramic is immensely attractive as electrolyte in
lithium ionic battery. Consequently, the structural and
electrical properties of LAGP glass ceramics are
dependent on the content of Li,O. Therefore, it is
essential to study the chemical composition on crystals
microstructure and conductivity of LAGP glass
ceramics.

The aim of the present work is to investigate the
effect of wvarious Li,O contents on the thermal
properties, crystal structural changes, micro structures

and conductivity of LAGP glass ceramics.
1 Experimental

A glass batch [Li,Al, Ges ., (PO,);, x=1.1~1.9]
comprised of reagent grade chemicals such as Li,CO;,
A1203, GCOZ and NH4H2PO4 was

aforementioned chemicals weighed, mixed, and milled

prepared. The

in a high energy milling machine for 60 min to
homogenize. Then they were transferred to an electric
furnace and heated in an alumina crucible at 973 K
for 2 h in order to decompose ammonia, carbon
dioxide gases and water vapor out from the starting
materials. Then, they were heated to 1723 K and
melted at the temperature for 2 h and then poured
onto preheated stainless steel plates. The cast glass
sheets were annealed at 723 K for 2 h to release the
thermal stresses and then allowed to cool to room
subsequently

temperature.  The  samples  were

crystallized at 1 123 K for 8 h.
Thermal stabilities were analyzed by differential

(DSC, Netzsch STA 449C,
Waldkraiburg, Germany) for the fine-powdered glass

scanning calorimetry

heated to 1000 K from room temperature at a rate of

10 K +min™". The X-ray diffraction (XRD) investiga-

tions were conducted by a D-max-RB Model diffracto-
meter using Cu Ka radiation (A=0.154 18 nm) at 40
kV and 40 mV settings in the 260 range from 10° to
80°. The microstructures morphology of the formed
crystal was characterized by field emission scanning
(FESEM) (model Supra 55VP).

conductivities were

electron microscopy
The ionic 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

Fig.1 shows DSC plots of the air-quenched
glasses of LiAl, Ges., (POy; (x=1.1~1.9). The glass
transition (7,) and crystallization (T) temperatures of
the parent glass were estimated for all samples. The
sharp crystallization peaks in Fig.1 indicate a rapid
crystallization process for all the samples. It can be
seen that T, increases gradually with the increasing x,
suggesting that the crystallization of the glasses is
more and more difficult. Table 1 lists the values of T,
T., and AT(AT=T.-T,) of the glass samples. It is clear
that increasing the x from 1.1 to 1.9 results in an
increase in AT, suggesting the enhanced thermal
stability of the glass.

To identify the possible phases crystallized
during the heat treatments of LAGP glass, XRD
patterns were recorded for Li,Al, ;Ge;_  (PO,); (x=1.1~
1.9). The NASICON-type phase of LiGe,(PO,); is the
dominant crystal phase in Li,Al, ;Ge;_(PO,); (x=1.1~
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Fig.1 DSC plots of Li,Al,_,Ge; (PO,); (x=1.1~1.9)

glass samples
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Table 1 Glass transition (T,) and crystallization (T,) temperatures for LiAl, ,Ge; (PO,); (x=1.1~1.9) glasses system

x T,/ K T./K AT/ K
1.1 790.4 876.2 85.8
1.3 796.2 880.3 84.1
L5 801.5 888.3 86.8
1.7 807.4 896.6 89.2
1.9 809.1 900.4 91.3

1.9) glass ceramics system, with AIPO, and Li,P,0; as
the side-phases for some samples. Based on the
parameters of LiGe,(POy);, LisP,0; and AlPO, phases
from Inorganic Crystal Structure Database (ICSD),
Rietveld rening was made by Material Analysis Using

Diffraction (MAUD) software. The unit cell parameters
and R-agreement Rietveld factors are given in Table 2
for the full series. The weight fractions each phase are

also shown in Table 2.

Table 2 Crystallographic parameters for LiAl,_,Ge; (PO,); and side-phase content, AIPO, and Li,P,0O;,

from Rietveld studies

Relative weight fraction / wt% Lattice parameters of LiGey(POy); Refning
Li content '
LiGey(POy); Li P50, AlPO, a c vV agreement
! (£0.1%) (0.1%) (£0.1%) (£0.000 2 nm)  (£0.000 2 nm)  (£0.000 4 nm®)  factor R, / %
1.1 98.4 — 1.6 0.825 0 2.067 7 1.200 1 11.32
1.3 96.1 — 39 0.825 5 2.052 6 1.203 3 12.21
1.5 96.0 — 4.0 0.827 6 2.039 4 1.209 7 9.83
1.7 95.1 23 2.6 0.829 7 2.059 2 1.227 7 10.21
1.9 91.1 6.4 2.5 0.8315 2.047 9 1.234 9 11.33
calculated patterns for the sample x=0.7 is shown in
3000 - ;ilil?(l)o.;?;s(0¢)3 Fig.2. The rening agreement factor of R, is reliable
5 T when R,<15%"".
%200'0 i The typical FESEM images of LiAl, ;Ge;_ (PO,);
g (x=1.1~1.9) glass ceramics are shown in Fig.3 after
- e 1 -V VU UMV WV UM crystallization at 1123 K for 8 h. As shown in Fig.3
f}gf,’;ﬂ,% o O i e i e o (a), a few grains could be observed in the Li;3Aly:Ge,;
| 00 00 0o T (PO,); sample due to low content of LiO. Interesting
20/()

dot line: experimental points; solid line: renement
Fig.2 Rietveld renement of the XRD patterns for
Li,AlGes (PO,); (x=1.7) glass ceramic
crystallized at 1 123 K for 8 h
It can be seen in Table 2 that the a-axis
parameters and volume increase steadily along the
series, which is probably caused by the incorporation
of a part of the excess lithium into the LiGe,(PO,);
structure. As an indication of Rietveld renement

quality, the difference plot for the observed and

microstructure changes are observed in Li;sAlysGe s
(PO,); and Li;;Aly;Ge 3(PO,); glass ceramics, as shown
in Fig.3(b) and Fig.3(c). With the average grain size of
about 90 nm, the homogeneous microstructures of
LAGP glass ceramics indicate that sufficient content
of crystals during

of Li,0 promote the growth

crystallization process. However, lesser crystals can be
observed in Li oAloeGe, (PO,); glass-ceramic (Fig.3(d)).
These FESEM observations illustrate that the content
of Li,O should be 1.5 to 1.7 in Li,Al, ,Ge;_(POy); (x=

1.1~1.9)glass ceramics in order to achieve homogeneous
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(a) x=1.3; (b) x=1.5; (c) x=1.7; and (d) x=1.9

Fig.3 Fracture surface of Li,Al,_,Ge; (PO,); (x=1.1~1.9) glass ceramics treated at 1123 K for 8 h

microstructure and uniform distribution of the crystals.

The total resistance R, of the Li,Al,_Ge;_ (PO,);
(x=1.1~1.9) glass ceramics treated at 1 123 K for 8 h
are obtained via the room temperature complex
impedance plots. And, the total conductivity (o) of
LAGP glass ceramics is calculated (shown in Fig.4) by
o,=H/(S+R)), where H is the samples thickness and S
is the surface area. The

samples conductivity

increases with the initial increase in «x, reaches a

1

maximum value of 5.3x10* S-cm™ at around x=1.5

and then decreases. This is due to the formation of

Li,P,0; and AIPO, phases (shown in Table 2), which
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Fig.4 Electrical conductivity of the Li,Al, ,Ge; (PO,);

(x=1.1~1.9) glass ceramics

are electrically insulating (dielectric) phases and are
believed to influence the conductivity of the glass
ceramics, even in smaller concentration ™. All of
the LiAl,_Ge;_ (POy);
conductivities over 10™ S-cem™, illustrating that LAGP

(x=1.1~1.9) samples exhibit

glass  ceramics are promising electrolyte for
application in all-solid-state lithium batteries.

Fig.5 shows the cyclic voltammogram for the
Li;sAlosGes (POy); glass ceramics recorded at room
temperature with a scanning rate of 0.5 mV -s™. The
Lithium deposition (Li+e—Li*) and dissolution (Li—

Li*+e) are observed in the potential range from 0.5 to
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Fig.5 Cyclic voltammogram of Li, sAlysGe; 5(PO,);

glass ceramics
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0.4 V. There are no other reactions in the range from
0.5 to 7.2 V versus Li/Li *, illustrating a wide

electrochemical window for LAGP glass ceramics.
3 Conclusions

Lithium ion conducting glass ceramics of
Li,AL_Ge;_(POy); (x=1.1~1.9) were synthesized and
characterized. LiGe, (PO,); is the dominant crystal
phase of LAGP glass ceramics, following by a small
quantity of Li,O crystals as the impurity phase. The
total ionic conductivity o, reaches a maximum value of
5.3x10™ S-em™ at room temperature in Li;sAlysGe,s

(PO.)s

distribution, indicating that LAGP glass ceramics are

glass-ceramic  with homogeneous crystals
promising electrolyte for application in all-solid-state

lithium batteries.
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