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Nasicon materials (sodium superionic conductors) such as Li1.5Al0.5Ge1.5(PO4)3 (LAGP) and Li1.4Al0.4Ti1.6(PO4)3
(LATP) have been considered as important solid electrolytes due to their high ionic conductivity and chemical stability.
Compared to LAGP, LATP has higher bulk conductivity around 10−3 S/cm at room temperature; however, the apparent
grain boundary conductivity is almost two orders of magnitude lower than the bulk, while LAGP has similar bulk and grain
boundary conductivity around the order of 10−4 S/cm. To make full use of the advantages of the two electrolytes, pure
phase Li1.5Al0.5Ge1.5(PO4)3 and Li1.4Al0.4Ti1.6(PO4)3 were synthesized through solid state reaction, a series of composite
electrolytes consisting of LAGP and LATP with different weight ratios were designed. XRD and variable temperature
AC impedance spectra were carried out to clarify the crystal structure and the ion transport properties of the composite
electrolytes. The results indicate that the composite electrolyte with the LATP/LAGP weight ratio of 80:20 achieved the
highest bulk conductivity which shall be due to the formation of solid solution phase Li1.42Al0.42Ge0.3Ti1.28(PO4)3, while
the highest grain boundary conductivity appeared at the LATP/LAGP weight ratio of 20:80 which may be due to the
excellent interfacial phase between Li1+xAlxGeyTi2−x−y(PO4)3/LATP. All the composite electrolytes demonstrated higher
total conductivity than the pure LAGP and LATP, which highlights the importance of heterogeneous interface on regulating
the ion transport properties.
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1. Introduction
Lithium ion batteries have been widely used. All kinds of

applications require high safety and high energy density. The
electrolytes used in current commercial lithium ion batteries
are flammable organic liquid electrolytes, which leads to ther-
mal runaway. To enhance the safety and further improve the
energy density of lithium batteries, researchers have paid wide
attention to develop the solid state electrolyte which could be
inflammable and compatible with the Li-contained high capac-
ity anode.[1,2]

Generally, the solid state electrolytes are divided into two
types. One is the polymer electrolyte, which uses the poly-
mer molecular like polyethylene oxide (PEO), polyvinyliene
fluoride (PVDF), polymethyl methacrylate (PMMA), poly-
acrylonitrile (PAN), polysiloxane, and so on, as the skeleton
materials to cooperate with the lithium salt forming the dry
polymer electrolyte.[3] These polymer electrolytes usually
have low room temperature ionic conductivity in the vicin-
ity of 10−6 S/cm, which is nearly three orders of magni-
tude lower than that of the liquid electrolytes and could not
satisfy the kinetic demands of real applications in ambient
surroundings. The other is the inorganic solid state elec-
trolyte, mainly including sulfide and oxide compounds.[4]

Usually, the sulfide electrolyte has higher ambient ionic

conductivity than the oxide electrolyte, however, most sul-
fide electrolytes are not stable in the air and the chemi-
cal stability is relatively poor.[5] Compared to the sulfide
electrolyte, the solid oxide electrolyte has better chemical
and electrochemical stability. Some of them have accept-
able room temperature ionic conductivity. The most interest-
ing materials are garnet structure Li7La3Zr2O12 (LLZO),[6]

perovskite structure Li0.5La0.5TiO3 (LLTO),[7] LISICON
structure Li14Zn(GeO4)4 (LZGO),[8] NASICON struc-
ture Li1.5Al0.5Ge1.5(PO4)3 (LAGP),[9] Li1.4Al0.4Ti1.6(PO4)3

(LATP), and so on.[10,11]

Compared to LAGP and LATP, LLZO and LLTO contain
rare earth elements, which could be costly. Besides, LLZO
is not very stable in moist air while LLTO has a large grain
boundary resistance.[12] The LISICON type LZGO has very
low room temperature ionic conductivity around 10−7 S/cm.[1]

LAGP and LATP possess acceptable ionic conductivity. The
bulk conductivity of LATP can be as high as 10−3 S/cm at
room temperature. However, the grain boundary conductiv-
ity of LATP is nearly two orders of magnitude lower than the
grain conductivity, generally of the order of 10−5 S/cm.[13]

In order to improve the grain boundary ion transport
properties and the total ionic conductivity, researchers have
made great efforts. Different preparation methods have been
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tried, including sol–gel, solution methods, pechini synthesis,
melt quench, hydrothermal synthesis, co-precipitation, and
mechano-chemical. The heat treatment processes have been
investigated, including cold sintering, dry pressing, low tem-
perature pressing, and varying calcination conditions.[14–21]

Doping has also been widely studied.[22–24] Most of the above
methods have improved the total conductivity to some extent
and can enhance the grain boundary ionic conductivity. How-
ever, the improvement is not very significant.

Another route is to introduce the second phase into the
pure LATP to modify the boundary, such as the ion insula-
tor AlPO4, Al2O3, B2O3, MgO, Li2O,[25–29] or high dielec-
tric constant materials like BaTiO3, SrTiO3,[28] and some poor
lithium ion conductors with relative low melting point like
Li2CO3, Li3PO4 as the sintering agent.[30] These modifica-
tions do improve the grain boundary conductivity and increase
the total conductivity, which could be caused by high com-
pactness or high carrier concentration in the grain boundary.
However, the effect is still not very significant. It is found
that the LATP/LAGP bi-layer electrolyte or LLTO/LATP com-
posite electrolyte received significant effect on improving the
total conductivity,[31,32] but the enhancement mechanism is
not very clear and requires further investigation by using
impedance spectra at a wide temperature range.[13]

Inspired by the previous efforts, in this paper, a similar
but not well studied strategy is introduced. The LAGP is cho-
sen as the second phase for the LATP due to its high grain
boundary conductivity of 10−4 S/cm. It is almost one order
of magnitude higher than that of the LATP. The main contents
in this paper include: 1) solid state synthesis of the pure phase
LAGP and LATP, 2) solid state synthesis of a series of compos-
ite electrolytes with LATP and LAGP by adjusting the weight
ratio of the two electrolytes, 3) preparation and optimization
of the ceramic sheets, 4) measurements of variable tempera-
ture AC impedance spectroscopy, 5) detailed data analysis and
quantitative conclusion.

2. Experimental details
2.1. Synthesis of Li1.51.51.5Al0.50.50.5Ge1.51.51.5(PO444)333 and

Li1.41.41.4Al0.40.40.4Ti1.61.61.6(PO444)333

The aluminum doped Li1.5Al0.5Ge1.5(PO4)3 (LAGP) was
prepared through solid state reaction. The stoichiometric mix-
tures of GeO2, (NH4)2HPO4, Li2CO3, and Al2O3 were mixed
for 1 hour in an agate mortar. The mixtures were then heated
at 400 ◦C for 2 hours with a heating rate of 2 ◦C/min in air to
release the volatile products. The heated mixtures were ball-
milled for 8 hours and then pressed into pellets in a stainless
steel die and sintered at 900 ◦C for 3 hours with a heating rate
of 2 ◦C/min in air.

The aluminum doped Li1.4Al0.4Ti1.6(PO4)3 (LATP) was
prepared similarly like preparing the LAGP. The differences

lie in the original materials and the sintering process. The stoi-
chiometric mixtures of TiO2, NH4H2PO4, Li2CO3, and Al2O3

were mixed for 1 hour in an agate mortar. The mixtures were
then heated at 90 ◦C with a heating rate of 1 ◦C/min, then
heated to 200 ◦C with a heating rate of 0.5 ◦C/min, finally
heated to 400 ◦C with a heating rate of 0.5 ◦C/min to release
the volatile products. The heated mixtures were ball-milled for
8 hours and then pressed into pellets in a stainless steel die and
sintered at 900 ◦C for 5 hours with a heating rate of 2 ◦C/min
in air.

After synthesizing the pure phase LAGP and LATP, the
powders of LAGP and LATP and a series of composite elec-
trolytes with different LATP/LAGP weight ratios (labeled as
pure LATP, 80:20, 50:50, 20:80, and pure LAGP) were pressed
into sheets with a diameter of 10 mm and sintered at different
temperatures from 750 ◦C to 950 ◦C with a 50 ◦C interval for
3 hours under a heating rate of 2 ◦C/min in air.

2.2. XRD

The phase purity of the LAGP and LATP powders as well
as the composite electrolytes that were sintered at 900 ◦C was
examined at room temperature using a Bruker D8 Advance
diffractometer with Cu-Kα radiation and a LYNXEYE detec-
tor. Data was taken in the range of 10◦–60◦ with 0.02◦ per step
and a count time of 0.2 s at each step.

2.3. AC impedance spectroscopy

AC impedance measurement was carried out using a
NOVO control analyzer. The gold was sputtered on both sides
of the ceramic sheet as the block electrodes. The testing fre-
quency range was from 1 Hz to 10 MHz and the temperature
range was from 233 K to 293 K with a step of 10 K. The tem-
perature was held for 30 min before each measurement.

3. Results and discussion
The XRD patterns of Li1.5Al0.5Ge1.5(PO4)3 and

Li1.4Al0.4Ti1.6(PO4)3 are presented in Fig. 1. Both of the
LAGP and LATP are pure phase and can be indexed to the
R-3C space group, which is similar to the previous work.[13]

No impurity phase is found in the XRD patterns. A slight peak
shift toward the high angle direction is noticed in the LATP
patterns compared to the LiTi2(PO4)3 pattern, which is due
to the smaller ion radius of Al3+ (∼ 0.535 Å) compared with
that of Ti4+ (∼ 0.605 Å). No significant peak shift is found
in the LAGP pattern compared with the LiGe2(PO4)3 pattern
due to the similar ion radius of Al3+ (∼ 0.535 Å) and Ge4+

(∼ 0.530 Å).
The impedance spectroscopy of LAGP and LATP mea-

sured at 233 K is shown as the Nyquist plot in Fig. 2. From
Fig. 2, it can be seen that both the Nyquist plots of LAGP and
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LATP consist of two semicircles, which appear at the high fre-
quency and middle frequency, respectively. According to the
previous literature results, the high frequency semicircle cor-
responds to the bulk impedance with the capacitance around
10−11 F and the middle frequency semicircle corresponds to
the grain boundary impedance with the capacitance around
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Fig. 1. (color online) XRD patterns of (a) Li1.5Al0.5Ge1.5(PO4)3 and
(c) Li1.4Al0.4Ti1.6(PO4)3, PDF cards for (b) LiGe2(PO4)3 and (d) PDF
card LiTi2(PO4)3.
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Fig. 2. (color online) Impedance data presented in Nyquist plot
for (a) Li1.5Al0.5Ge1.5(PO4)3 and (b) Li1.4Al0.4Ti1.6(PO4)3 sintered at
900 ◦C for 3 hours.

10−9 F.[33] Besides, it is easy to see that LAGP has similar
apparent resistivity for the bulk and the grain boundary, while
LATP has about two orders of magnitude difference in the re-
sistivity between the bulk and the grain boundary, which is
similar to the previous results.[13] Therefore, the existence of
large grain boundary resistance of LATP significantly lowers
the total conductivity.

Figure 3 shows the relationship of the compactness and
grain boundary conductivity with the sintering temperature for
the LAGP ceramic sheet. The compactness displayed in Fig. 3
is calculated according to the mass and geometry parameters
of the ceramic sheet and the apparent grain boundary conduc-
tivity is calculated according to the following equation:

σ =
1
R

d
A
, (1)

where R is the grain boundary response impedance, d is the
thickness of the ceramic sheet, and A represents the area of the
ceramic sheet.

From Fig. 3, it can be inferred that the grain boundary
conductivity is simultaneously changed with the compactness
and achieves the highest value at 900 ◦C, then slightly de-
creases at 950 ◦C, which may be caused by the simultaneous
variation in the compactness. Therefore, the samples sintered
at 900 ◦C are selected to carry out further variable temperature
AC impedance spectroscopy.

750 800 850 900 950

-6.8

-6.4

-6.0

-5.6

-5.2

-4.8

sintering T vs σgb-233 K 

sintering T vs compactness-233 K

Sintering temperature/C

lo
g
σ

g
b
/
(S

/
c
m

)

68

72

76

80

84

88

92

C
o
m

p
a
c
tn

e
ss

/
%

Fig. 3. (color online) Relationship of relative density and apparent grain
boundary conductivity of Li1.5Al0.5Ge1.5(PO4)3 with the sintering tem-
perature.

Figure 4 demonstrates the Arrhenius plot and activation
energy of the composite electrolytes. Figures 4(a)–4(e) rep-
resent the Arrhenius plots of different electrolytes labeled as
LATP, 80:20, 50:50, 20:80, and LAGP, respectively. From
Fig. 4(a), it can be inferred that pure LATP has an enormous
difference in the conductivity between the bulk and the grain
boundary under varying temperature, while the pure LAGP
has similar bulk and grain boundary conductivity. However,
with the increasing weight ratio of LAGP to LATP, the dif-
ference between the bulk and the grain boundary becomes
smaller, which can be inferred from Figs. 4(b)–4(d) and this
result indicates that the composite electrolytes 80:20, 50:50,
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and 20:80 may benefit from the high bulk conductivity of
LATP and the high grain boundary conductivity of LAGP.

Figure 4(f) presents the activation energy of the compos-
ite electrolytes. The hollow dot in Fig. 4(f) represents the ex-
periment data while the dashed line is the simulation results,
which is calculated according to the following equation:

EaCal=EaLATPx+EaLAGP (1− x) , (2)

where EaCal stands for the calculated activation energy, EaLATP

is the activation energy of pure LATP, and EaLAGP represents
the activation energy of pure LAGP, x is the volume ratio of
LATP in the composite electrolytes, which can be roughly cal-
culated according to the mass ratio and density of LATP in the

composite electrolytes. From Fig. 4(f), it can be seen that the
bulk activation energy of the composite electrolytes is closely
related to the weight ratio of LAGP and shows a linear varia-
tion trend with the LATP volume ratio.

Figure 5 shows the relationship of the ionic conductivity
with the LATP weight ratio and test temperature. Figure 5(a)
illustrates the variation trend of the total conductivity with the
LATP weight ratio and test temperature, while figures 5(b) and
5(c) correspond to the bulk and the grain boundary. The com-
posite electrolyte 20:80 has higher total conductivity than pure
LAGP and LATP as shown in Fig. 5(a), which is about two
to three times higher than the pure LAGP and over six times
higher than the LATP. From Fig. 5(b), it can be seen that with
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Fig. 4. (color online) The Arrhenius plots and activation energy of different composite samples: (a) pure Li1.4Al0.4Ti1.6(PO4)3,
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the increase of the LATP weight ratio, the bulk conductivity
is simultaneously increased and the highest bulk conductivity
appears at the LATP/LAGP weight ratio of 80:20, which is
higher than the bulk conductivity of pure LATP. Figure 5(c)
displays a contrary variation trend, with the increase of the
LAGP weight ratio, the grain boundary conductivity is simul-
taneous increased and the highest grain boundary conductivity
appears at the LATP/LAGP weight ratio of 20:80, which is
higher than the grain boundary conductivity of pure LAGP.

Combining the results of Figs. 5(b) and 5(c), it can be in-
ferred that the composite electrolytes 80:20, 50:50, and 20:80
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Fig. 5. (color online) Conductivity of different electrical regions in
the composite samples at different temperatures: (a) total conductivity,
(b) bulk conductivity, (c) grain boundary conductivity.

may take advantage of the high bulk conductivity of LATP
and the high grain boundary conductivity of LAGP. However,
the electrolyte 80:20 has higher bulk conductivity than pure
LATP, which is difficult to understand if the composite elec-
trolytes were the mixture of LATP and LAGP and no interac-
tion around the interface of LATP and LAGP occurred during
the sintering process.

Suppose that the composite electrolytes consists of elec-
trolyte A and electrolyte B with different intrinsic bulk con-
ductivities σA and σB, the volume ratio or weight ratio of elec-
trolyte A is x (0 ≤ x ≤ 1), to simplify the discussion, the total
bulk conductivity can be expressed as the following equation
without considering the interaction between A and B:

σbulk=σAx+σB (1− x) . (3)

According to Eq. (3), the total bulk conductivity could not be
larger than the maximum one of the two electrolytes, which
is inconsistent with the experiment results displayed in Fig. 5.
Therefore, there must be other factors that enhance the bulk
conductivity of the composite electrolytes. A similar situation
occurs for the grain boundary conductivity.

Figure 6 displays the bode plot of the composite elec-
trolytes measured at 233 K, which shows the relation of the
response frequency with the tangent value of phase angle and
conductivity. Figure 6(a) shows two typical response frequen-
cies for each composite electrolyte, which appear at high
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frequency region and middle frequency region, respectively.
According to the previous literature results,[33] the bulk re-
sponse appears at the high frequency region and the grain
boundary response occurs at the middle frequency region.
The inner relationship can be explained by the following
equation:[33]

ωRC = 1, (4)

τ = RC, (5)

where R is the response impedance, C is the capacitance, ω is
the circular frequency that equals to 2π f , and τ is the charac-
teristic relaxation time constant, which is closely related to the
ion transport properties. The electrolyte 80:20 possesses the
highest bulk response frequency as illuminated in Fig. 6(a),
while the electrolyte 20:80 has the highest grain boundary re-
sponse frequency, which corresponds to the minimum charac-
teristic relaxation time constant. These results are consistent
with the enhanced bulk and grain boundary conductivity in
electrolytes 80:20 and 20:80 as illustrated in Figs. 5(b) and
5(c). A similar variation trend of the conductivity is demon-
strated in Fig. 6(b).

Figures 7(a)–7(c) display the Nyquist plot of LAGP mea-
sured at 233 K and figure 7(d) shows the relationship of the
bulk and grain boundary conductivity with the ratio of Cgb to

Cbulk. Figures 7(a)–7(c) indicate that the bulk response ca-
pacitance Cbulk changes slightly with a typical value around
4.5× 10−11 F under the varying sintering temperature, while
the grain boundary response capacitance changes about three
times from 8.7× 10−10 F to 2.7× 10−9 F. Both the bulk and
the grain boundary capacitances can be calculated according
to the following equation:

C = εrε0
A
d
, (6)

where A is the area of the ceramic sheet, d is the effective
thickness for the bulk or the grain boundary, εr and ε0 repre-
sent the relative dielectric constant and vacuum dielectric con-
stant, which are not sensitive to the temperature as illustrated
in Fig. 8.

Figures 7(a)–7(c) show that only a slight variation occurs
to the bulk capacitance as well as to the bulk conductivity un-
der different sintering temperature, which means that the ge-
ometry parameters A and d do not change significantly and
the bulk conductivity is not sensitive to the compactness, even
the compactness of the ceramic varies from 65% to 91% as
illustrated in Fig. 3. However, the grain boundary capacitance
changes greatly with the sintering temperature, as it can be
seen from Eq. (6) that the capacitance is mainly influenced by
the geometry parameters A, d and the dielectric constant εr,
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both the apparent geometry area A and the dielectric con-
stant εr are kept as a constant, therefore, the increased capac-
itance of the grain boundary should be due to the decreased
grain boundary thickness, which induces the decrease of the
grain boundary resistance. The absolute variation of the grain
boundary thickness can be measured with the ratio Cgb/Cbulk.

Figure 8 shows the relationship of the grain boundary
response capacitance with the measuring temperature. The
grain boundary capacitance is nearly constant with the vari-
ation temperature as shown in Fig. 8(a). However, a huge dif-
ference in the grain boundary capacitance among the compos-
ite electrolytes is observed in Fig. 8(b). The composite elec-
trolytes 80:20, 50:50, and 20:80 have larger grain boundary ca-
pacitance than the pure LATP and LAGP. According to Eq. (6),
the capacitance is closely related to the geometry parameters
A, d and the dielectric constant εr. From Table 1, it is easy to
see that the ratio A/d is nearly the same among the compos-
ite electrolytes, but the capacitance between different compos-
ite electrolytes changes by more than two times, which means
that the dielectric constant εr of electrolytes 80:20, 50:50, and
20:80 may be different from that of LAGP and LATP. As it is
known that the dielectric constant is mainly determined by the
atomic properties of the electrolyte, the great variation in the
dielectric constant in the electrolytes 80:20, 50:50, and 20:80
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Fig. 8. (color online) (a) Grain boundary capacitance of different com-
posite samples and (b) the relationship of grain boundary capacitance
with ratio of LATP to LAGP.

means that both the bulk and the grain boundary properties
are different from those of LAGP and LATP. The interaction
is significant in the composite electrolytes during the sintering
process.

In fact, the grain boundary conductivity is closely related
to the compactness of the ceramic sheet, which has been re-
ported in the previous study.[13] According to Table 1, the elec-
trolytes 80:20, 50:50, and 20:80 have lower shrinkage in radial
direction, which means relatively low densities of these sam-
ples. However, higher bulk conductivity and grain boundary
conductivity are observed compared to the original LAGP and
LATP, which means that the enhancement is not due to the
compactness and shall be due to the interfacial interaction or
the variation of atomic structure.

Table 1. Geometry parameters of the composite electrolytes.

Sample d/cm D/cm Area/cm2 (A/d)/cm Shrinkage/%
LATP 0.323 0.882 0.61 1.89 11.8
80–20 0.286 0.924 0.67 2.34 7.6
50–50 0.288 0.920 0.66 2.30 8
20–80 0.244 0.872 0.60 2.46 12.8
LAGP 0.241 0.852 0.57 2.37 14.8

For the bulk conductivity enhancement mechanism,
which has been discussed in the above paragraph, the com-
pactness has very little impact on the accurate measuring of
the bulk conductivity, as illustrated in Fig. 7(d). However, the
electrolyte 80:20 has higher bulk conductivity than the pure
LATP, which could not be interpreted with Eq. (3). As the bulk
conductivity is an intrinsic variable and mainly influenced by
the crystal structure, this means that the crystal structure of the
electrolyte 80:20 should be different from that of pure LATP
and LAGP, such as the lattice parameters or the carrier con-
centration. To further discuss the enhancement of the ionic
conductivity, detailed structure information of the composite
electrolytes is necessary.

The XRD patterns of the composite electrolytes sintered
at 900 ◦C for 3 hours are displayed in Fig. 9(a) from 10◦ to 60◦.
Figures 9(b) and 9(c) demonstrate the local zoom-in images of
Fig. 9(a). From Fig. 9(b), it can be clearly seen that with the
increased LAGP weight ratio in the composite electrolytes, the
peak around 21.2◦ shifts toward the high angle direction con-
tinuously, which is due to the larger lattice parameters of LATP
than those of LAGP. Figure 9(c) shows that only the elec-
trolyte 80:20 is pure phase with similar crystal structure as the
original LATP. The chemical formula of electrolyte 80:20 can
be expressed as Li1.42Al0.42Ge0.3Ti1.28(PO4)3, with small lat-
tice parameters and large lithium ion concentration come wide
lithium ion pathway and carrier concentration, which finally
induce higher bulk conductivity. The electrolytes 50:50 and
20:80 are not single phase which consist of little LATP phase
and some Li1+xAlxGeyTi2−x−y(PO4)3 solid solution phase that
may have very high grain boundary conductivity. Therefore,
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the enhanced bulk conductivity shall be due to the solid solu-
tion phase of Li1.42Al0.42Ge0.3Ti1.28(PO4)3 and the enhanced
grain boundary conductivity may be due to the excellent
interfacial phase between Li1+xAlxGeyTi2−x−y(PO4)3/LATP,
which can acquire high grain boundary conductivity at a rela-
tive low compactness.
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Fig. 9. (color online) XRD patterns of samples with different
LATP/LAGP weight ratios, (a) full region XRD patterns, (b) local
zoom-in image, (c) local zoom-in image.

4. Conclusion
Pure phase LAGP and LATP were synthesized through

solid reaction and a series of composite electrolytes con-
sisted of LAGP and LATP with different weight ratios were
designed. Systematic variable temperature AC impedance
spectra were investigated to clarify the ion transport prop-
erties of the composite electrolytes. The results indi-
cate that the composite electrolyte with the LATP/LAGP
weight ratio of 80:20 has the highest bulk conductiv-
ity, which may be due to the solid solution phase of
Li1.42Al0.42Ge0.3Ti1.28(PO4)3, while the highest grain bound-
ary conductivity appears at the LATP/LAGP weight ratio of
20:80 and this shall be due to the excellent interfacial phase
between Li1+xAlxGeyTi2−x−y(PO4)3/LATP, which can acquire
high grain boundary conductivity at a relatively low compact-
ness. All the composite electrolytes have higher total conduc-

tivity than the pure LAGP and LATP, which highlights the
importance of fine tuning the heterogeneous interface on de-
signing a composite fast ionic conductor. Finally, to further
comprehend the micro mechanism of the enhanced ionic con-
ductivity at the interface, future research work is on the way to
reveal the interfacial structure from the atomic level.
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