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a b s t r a c t

Li1.5Al0.5Ge1.5(PO4)3 (LAGP) with a NASICON (LiM2(PO4)3) structure has been successfully prepared using
solid-state reaction. Structural characterization shows LiM2(PO4)3 to be the main phase. The total con-
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ductivity of the as-prepared LAGP is about 3.5 × 10−6 S/cm with an electrical conductivity of 10−9 S/cm.
Electrochemical study reveals that the LAGP is stable up to 7 V with a slight reduction at about 0.85 V (vs.
Li/Li+). For the first time, the electrochemical performance of the LAGP as an anode for lithium battery is
tested, showing that the LAGP could be used as an anode material with good cycleability.

© 2010 Elsevier B.V. All rights reserved.
ithium battery
node

. Introduction

All-solid-state lithium ion batteries are promising power
ources for large scale applications because of their high safety,
xcellent cycleability and low packing cost compared to common
atteries using liquid electrolyte. Among all components in the
ll-solid-state lithium ion batteries, the solid electrolyte is one
f the most important key components that controls the proper-
ies of the batteries. The solid electrolytes must meet a number of
equirements before they can be practically used, including high
onductivity, large cationic transport number, wide potential win-
ow and low electronic conductivity [1–4].

In the past decades, extensive investigations have been carried
ut on NASICON-type structured lithium ion conductor with the
eneral formula of LiM2(PO4)3 where M is the tetravalent cation
hat possesses high ionic conductivity. LiTi2(PO4)3 based materials
ith NASICON-type structure have the most suitable tunnel size for

i ion migration among the series of Li1+xAxM2−x(PO4)3 (M = Ti, Ge,
f, Sr, Zr, Sn, etc. and A = Al, La, In, Cr, etc.) [5–20]. However, since

hey consist of Ti4+ ions, they are easy to be reduced when they
re in contact with lithium metal, hence limiting their applications
5–12].

Recently, the glass-ceramic Li1+xAlxGe2−x(PO4)3 (LAGP) has
ained special interest because it is particularly stable against Li

etal and has a high ionic conductivity (as high as 4.62 × 10−3 S/cm

t 27 ◦C) [16,21–27]. Partial substitution of Ge4+ with Al3+ has
hown improved porous density of LiGe2(PO4)3 as well as enhanced
i+ ion conductivity. It has also been found that Ge and Ge oxide are
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capable of interaction with lithium to form LixGe alloy compounds
[28–30], which means that Ge compounds are capable of electro-
chemical reactive at low voltage. Therefore it would be interested
to know whether LAGP is electrochemically stable with lithium.

In the present work, Ge instead of GeO2 has been used to syn-
thesize Li1.5Al0.5Ge1.5(PO4)3 through solid-state process at a low
temperature. The electrochemical properties of the LAGP have been
systematically investigated by means of cyclic voltammetry, AC
impedance, DC conductivity measurement and battery test.

2. Experimental

Stoichiometric amounts of lithium carbonate (Aldrich), aluminum oxide
(Aldrich), germanium (Aldrich), and ammonium dihydrogen phosphate (Aldrich)
were used as the starting materials to prepare LAGP by a conventional solid solu-
tion method. 10% excess lithium carbonate was employed to compensate loss of
lithium during the processing. The powder mixture was first thoroughly mixed by
ball milling and then heated in a platinum crucible at 700 ◦C for 2 h to release any
volatile compounds. The synthesized powders were then reground followed by cal-
cination at 950 ◦C under a heating rate of 1 ◦C/min for 2 h. The as-prepared product
was cold-compacted into pellets at 10 MPa for 20 min and then sintered at 950 ◦C
for 10 h.

Structure of the synthesized powders was investigated using a Shimadzu XRD-
6000 X-ray diffractometer with Cu Ka radiation. The data were collected at a scan
rate of 2◦/min. Surface morphology of the sintered pellets was characterized using
a Hitachi S-4100 field emission scanning electron microscopy.

AC impedance and steady-state DC electronic current measurements were car-
ried out using a Solartron impedance analyzer (model 1260) in the frequency range
between 10−1 Hz and 106 Hz [2]. To study the electrical and ionic behaviors of the
specimens, Ag was coated onto one or two sides of the specimens according to
whether lithium reference and counter electrode were needed. The Ag-coated speci-

men was assembled into a cell using stainless steel (SS) as current collector to test the
AC impedance [22]. To study the cyclic voltammetric (CV) performance of the spec-
imens, one side of the specimen was coated with a Ag layer as a working electrode
while the other side was attached with a lithium foil as a counter electrode.

Steady-state DC electronic current measurements and CV were undertaken to
obtain the electronic conductivity and electrochemical window of the electrolyte
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Fig. 1. X-ray diffraction spectrum of the LAGP sintered at 950 ◦C for 10 h.

sing an electrochemical work station (Solartron 1287) with a scanning rate of
.1 mV/s between −0.6 V and 7 V [2].

Battery test was carried out using a Solartron 1287 two terminal cell test system
ith a laboratory-made cell. The working electrode consisted of 80% LAGP, 10%

cetylene black and 10% PTFE binder as working electrode. A lithium foil was used
s both counter and reference electrodes. 1 M LiPF6 in ethyl carbonate/dimethyl
arbonate solution (EC/DEC, 1/1 vol% Ozark Fluorine Specialties, Inc.) was used as
he electrolyte. Galvanostatic charge/discharge cycling experiment was performed
n the potential range from 0.01 V to 2.5 V at a current density of 0.1 mA/cm2.

. Results and discussion

Fig. 1 shows the XRD pattern of the Li1.5Al0.5Ge1.5(PO4)3 cal-
ined at 950 ◦C for 24 h. All the diffraction peaks of the specimen are
ell matched with NASICON LiGe2(PO4)3 (JCPDS 41-0034) struc-

ure [16,21–27], indicating that LAGP has been formed. Although
5% of Ge has been substituted by Al, the diffraction peaks are not
ramatically shifted, attributing to the similarity in ionic radius
etween Ge4+ (0.053 nm) and Al3+ (0.050 nm).

The scanning electron microcopy (SEM) image of the specimen
s shown in Fig. 2. It can be seen that the LAGP sample consists
f large crystallized grains (particles) of about 2 �m together with
eatureless image which may be amorphous phase. It is known that

lectrical conductivity consists of two contributions from grain and
rains boundaries. The reduction in grain boundaries by increasing
he grain size and incorporating with low boundary glass elec-
rolyte may greatly reduce the grain boundary resistance [24,25].

Fig. 2. SEM micrograph of fracture surface of sintered LAGP.
Fig. 3. Complex impedance plot for LAGP pellet at room temperature.

A typical AC impedance spectrum of the LAGP sample is shown
in Fig. 3. Two semicircles are observed. The semicircle in the high
frequency range is due to the bulk ionic resistance while the
appearance of the low-frequency semicircle is an indication of the
grain boundary resistance of NASICON-type material [16,24,25].
The grain boundary resistance is relatively large due to the well
crystallization. The total resistance, Rt, of the samples can be
approximately obtained from the right intercept of the second
semicircle with the real axis in the plot while the bulk resistance,
Rb, may be obtained from the left intercept of the first semicircle
with the real axis. From Fig. 3, the total conductivity, �, is evaluated
to be 3.5 × 10−6 S/cm from � = d/(RtA) where d (0.2 cm) is the thick-
ness of the sample and A (2 cm2) is the surface area of the pellet.
The conductivity of the sample, although comparable with most
reported data [16,22–24], is lower than the best data reported [25].

Fig. 4 shows the electrical conductivity of LAGP measured by
DC polarization using Ag/LAGP/Li electrode between 0 V and 7 V
(vs. Li/Li+). The steady-state current is caused only by the flow
of electrons and holes. The estimated electrical conductivity is
about 10−9 S/cm at room temperature. However, a sharp increase
of about 10 times in electrical conductivity is observed at below
0.85 V. The increase in electrical conductivity is due mainly to

the reduction of the sample. Although there is a large increase
in electrical conductivity, its final value is still low (10−7 S/cm).
The LAGP sample is therefore still acceptable for application as
electrolyte. The transference number of lithium is calculated to

Fig. 4. Steady-state electronic conductivity vs. potential of SS/LAGP/Li.
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ig. 5. (a) Cyclic voltammogram of Ag/LAGP/Li recorded at a scanning rate of
.1 mV/s and (b) CV curve of LAGP between 0 V and 1 V (vs. Li/Li+).

e nearly unity (tLi+ = (�total − �electronic)/�total ≈ 1), where the con-
uctivity (�ionic = 3.5 × 10−6 S/cm) is taken from the AC impedance
easurement).
Fig. 5(a) shows the CV for the LAGP/Li at a scanning rate of

.1 mV/s. Reduction current is observed from 0.8 V (vs. Li/Li+) indi-
ating a slight reduction of the LAGP at low voltage. Between −0.8 V
nd 0.8 V there is a pair of reversible peaks corresponding to the
eposition and dissolution of lithium [3], implying that the LAGP

s capable of reduction at very low potential without affecting
he lithium conducting property of the LAGP. No other peaks are
bserved in the potential range up to 7 V (vs. Li/Li), indicating an at
east 6.2 V of electrochemical window for the LAGP.

The reactions of the LAGP with lithium at low potential (0–1 V
s. Li/Li+) are shown in Fig. 5(b). From the figure, a clear reduc-
ion current can be seen to arise at 0.85 V (vs. Li/Li+) clearly due
o the reduction of LAGP, which may indicate that the LAGP start
o reduction at 0.85 V (vs. Li/Li+), causing the change in electronic
onductivity [12–15].

As LAGP can react with lithium, it may be used as an active
aterial as the anode of lithium battery. To examine the bat-

ery performance of the LAGP composite anode, CV and 100
harge/discharge cycles were carried out. Fig. 6(a) shows the first 10
V plots of LAGP/LiPF6 EC + DMC/Li cell. It can be seen that there are
hree reduction peaks at 1.0 V, 0.8 V and 0.4 V, respectively, which
orrespond to the reduction of LAGP, solid electrolyte interface
SEI) formation and LixGe formation [28–30]. An oxidation peak
ue to lithium de-intercation appears when scanned at the pos-

tive direction. From the second cycle, only the peaks of lithium
lloy and de-alloy with Ge can be observed. There is only minor
hange in the peak area after 10 cycles, illustrating that the alloying
nd de-alloying progress is almost completely reversible. Fig. 6(b)

hows the charge/discharge curves for 100 cycles between 0 V and
.5 V at a current density of 0.1 mA/cm2 corresponding to a rate of
50 mA/g. For the first discharge process, a plateau at 0.8 V due to
he reduction of electrolyte can be observed. The voltage of the cell
hen decreases from 0.5 V and slowly down to 0 V. This is similar to

Fig. 7. Possible mechanism of LAGP u
Fig. 6. (a) The 10th CV curves and (b) the 1st–100th charge–discharge profiles of
LAGP/liquid electrolyte/Li half cell.

the first charge–discharge curve of GeO2 compounds [30]. The first
discharge capacity is 1100 mAh/g, while the first charge capacity
is about 340 mAh/g. The efficiency of the first cycle is about 30.9%,
lower than the ideal efficiency of 52% (Li4.4Ge/2Li2O + Li4.4Ge). The
relatively low efficiency is probably caused by the formation of
SEI film on conductive carbon black. From the second curve, only
charge and discharge curves between 0.01 V and 0.5 V are seen,
which is similar to the Ge alloying and de-alloying with lithium
[28,29]. The mechanism is assumed to be as follows:

Li1.5Al0.5Ge1.5(PO4)3 + 6Li+ + 6e− → 1.5Ge

+ 2.5Li3PO4 + 0.5AlPO4 (1)

and

1.5Ge + 6.6Li+ + 6.6e− → 1.5Li4.4Ge (2)

It can be seen from Fig. 6(a) that the voltage profiles of sub-
sequent charge/discharge cycles show only a slight difference
between the 1st charge curve and the 100th curve. A reversible
capacity of about 300 mAh/cm with good retention and almost
100% column efficiency after the first charge/discharge is obtained.
This capacity is acceptable compared to the ideal capacity of LAGP
(410 mAh/g calculated from Li4.4Ge). As reported before, the cycling
performance of bulk GeO2 as an anode is relatively poor due to
the large volume change during cycling (drops from 740 mAh/g to
225 mAh/g after 10 cycles) [30]. The reason for the poor cycleabil-
ity is the volume change during charge and discharge, leading to
disconnection between active material and current collector, and
aggregation of active element as shown by Dahn et al. [31,32]. The
excellent capacity retention in the present study may be due to
the formation of the by-products Li3PO4 and AlPO4, which form an

inactive matrix that buffers the change in volume during the alloy
and de-alloy process, hence inhabiting the aggregation of Ge. The
mechanism is illustrated in Fig. 7. The LAGP is first reduced to lit-
tle Ge particles surrounded by Li3PO4 and AlPO4. Then Ge alloys
and de-alloys with lithium. Since Ge is surrounded by Li3PO4 and

sed as lithium anode material.
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ig. 8. Rate capability of LAGP/liquid electrolyte/Li half cell at different
harge–discharge rates.

lPO4, the surroundings buffer the change in volume during the
harge and discharge. Moreover, Li3PO4 can provide a Li conducting
hannel for Li ion diffusion [33].

The rate capability of the LAGP anode at different rates is also
tudied. Fig. 8 shows the variation of capacities of the LAGP at dif-
erent rates. The capacity of the LAGP at the rate of 1500 mA/g

aintains about 60% of the capacity at the rate of 150 mA/g. The
ood rate capability may be due to the relatively high lithium
onductivity of the by-product Li3PO4 which surrounds the active
e compound, leading to an enhanced lithium ion transfer rate

8,33,34].

. Conclusions

NASICON-type structured ceramic Li1.5Al0.5Ge1.5(PO4)3 has
een successfully prepared at a low temperature. Structural
nalysis revealed LiGe2(PO4)3 to be the main phase. The ionic con-
uctivity is about 3.5 × 10−6 S/cm and the electronic conductivity
s in the order of 10−9 S/cm. Electrochemical analysis showed that
he LAGP was stable up to 7 V while a slight reduction appeared
t 0.85 V. For the first time, the battery performance of the LAGP
as been measured. Results showed that LAGP could be used as an
node material for lithium battery with good cycleability.
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