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Abstract

The NASICON system LAGP (Li . Al Ge,_, (PO,); was studied, which is a candi-
date material for solid state electrolytes. LAGP substrates with different composi-
tions (x=0.3-0.7) were prepared using a melt quenching route with subsequent heat
treatment. In order to develop a better understanding of the relationships between
the structure and the ionic as well as the thermal conductivity, respectively, the sam-
ples were characterized by X-ray diffraction. The ionic conductivity was measured
using impedance spectroscopy while the thermal diffusivity and the specific heat
were determined by Laser Flash technique and differential scanning calorimetry,
respectively. Additionally, thermal analysis was performed in order to evaluate the
thermal stability a higher temperatures and, also to identify the optimum tempera-
ture range of the thermal post-processing. The measured values of the ionic conduc-
tivities were in the range of 107 Q'.cm™' to 107> Q~'.cm™' at room temperature,
but exhibited an increasing behavior as a function of temperature reaching a level of
the order 1072 Q™! cm™! above 200 °C. The thermal conductivity varies only slowly
as a function of temperature but its level depends on the composition. The appar-
ent specific heat depends also on the composition and exhibits enthalpy changes
due to phase transitions at higher temperatures for LAGP samples with x>0.5. The
compositional dependencies of the ionic and thermal transport properties are not
simply correlated. However, the compound with the highest Li-doping level shows
the highest ionic conductivity but the lowest thermal conductivity, while the low-
est doping level is associated with highest thermal conductivity but the lowest ionic
conductivity.
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1 Introduction

Within the current state of development, liquid electrolytes are utilized in Li-ion
batteries for energy storage with high capacity and power density. These organic
liquids serving as the solvents for Li salts are not thermally stable and tend to
degrade at higher temperatures. Most of these liquids are flammable which can be
an important security issue in high power battery systems. With regard to security
and stability, ceramic solid electrolytes offer a number of advantageous proper-
ties. Even at higher temperatures they are very stable and do not degrade, and
therefore reduce the efforts of a sophisticated thermal management in All-Solid-
State battery systems.

The lithium aluminum germanium phosphate (LAGP, Li,, Al Ge,_(PO,);)
(x=0.3-0.7)) superionic conductor is one of the candidates for a solid electro-
lyte in Li-ion batteries. The ceramic ionic conductor is stable in air, in water
and at high potentials, respectively. The ionic conductivity exhibits a broad
maximum of 6;,,~107* Q7 1.em™ to 107 Q~'.cm™' [1-3] in the compositional
range of x=0.3-0.7. LAGP shows a NaSICON structure (Sodium (Na*) Super
Ionic Conductor) with space group R 3 ¢ (#167). It consists of corner sharing
MOg-octahedra (with M=Ge, Al) and PO,-tetrahedra [4-6]. In the un-doped
LiGe,(PO,); (LGP) crystals the Li-ions completely occupy a lattice site between
two GeOg-octahedra (Wyckoff position 6b). By aliovalent substitution of Ge
with Al, the AI’* jons partially occupy the Ge** site (Wyckoff position 12¢). In
order to compensate the additional charges, the excess Li* is located at sites with
higher energy (Wyckoff position 18e). Lithium ion conduction occurs via hop-
ping between the two sites for which the partial occupation is crucial since it also
lowers the activation energy for the Li* migration. Simulation studies show that
in LiTi,(PO,);, which also exhibits the NASICON structure, there are diffusion
paths along the c-axis due to its lower activation energy for ion migration [7-9].

Although there are numerous studies on the ionic transport in Li-conducting
solid electrolytes, the thermophysical properties have been studied only in a small
number of publications. Particularly, the thermal transport behavior and the spe-
cific heat of LAGP have not been investigated up to now. However, these proper-
ties might give additional insights in the physics of superionic conductors.

In the present study, the heat capacity, thermal conductivity and ionic conductiv-
ity of LAGP with different compositions were studied. In order to relate these prop-
erties to the details of the structure, hot stage XRD was carried out up to 900 °C,
which allows us to follow the structural changes due to the heat treatment procedure.

2 Experimental
LAGP glasses were prepared using the melt-quench-route, which has been suc-

cessfully proved in former studies [6, 10]. Li,CO; (Fluka, 99.0 %), Al,O; (Sigma-
Aldrich, 98.5 %), P,Os (Analar Normapur, 99.1 %) and GeO, (Alfa Aesar,
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99.98 %) were used as the starting materials for the glass fabrication. A stoichio-
metric mixture of these powders was heated up to 1450 °C with a heating rate of
5 °C-min~! in an Al,O; crucible and held at that temperature for 10—15 min. The
melt was quenched and pressed between two steel plates at room temperature to
form a glass disc.

The chemical composition of the prepared glass was analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES, Optima 4300 DV, Per-
kin-Elmer). The oxygen content was measured using Carrier Gas Hot Extraction
(CGHE, TC 600, Leco Co.).

The glass transition 7, and the crystallization temperature T, respectively, were
determined with a differential scanning calorimeter (DSC 404, Netzsch).

Hot stage XRD was carried out to reveal possible structural changes of the LAGP
at elevated temperatures. X-ray powder diffractograms were taken in the temperature
range from 630 °C to 900 °C.

The specific heat was measured using the standard three-step procedure [11] in
the DSC (DSC 404, Netzsch for the temperature range 150 °C to 900 °C and DSC
204 Netzsch for the temperature range —25 °C to 150 °C).

The ionic conductivity of glass—ceramics samples was determined by recording
impedance spectra in the frequency range 100 Hz up to 5 MHz using a LCR meter
(Sourcetronic 2826) and by evaluating the complex impedance with a matched
Equivalent Circuit Modell (ECM) in order to extract resistivity values. The princi-
ples of these measurements were explained elsewhere [12, 13].

The thermal diffusivity was measured as a function of temperature up to 800 °C
using a Laser Flash device (LFA 427, Netzsch). The thermal conductivity was cal-
culated using the data of the specific heat and density, respectively.

3 Results and Discussion

The chemical composition of the different glass batches is shown in Table 1. The
differences of the LAGP batches are mainly determined by the varying lithium con-
centration within the range between x=0.3-0.7, namely a glass with low Li content
Li; 3,Aly 4,Ge; 5,P30,, |, with medium Li content Li; 55Al, 5,Ge; 34P30, o, and with
high Li content Li, 7,Alj 53Ge; 34P30; o-

The thermal behavior of the as-quenched glass samples during heat treatment
measured by the DSC is shown in Fig. 1. The DSC traces reflect the glass tran-
sition as well as the crystallization temperatures, respectively. Obviously, the
glass transition and the crystallization temperature, respectively, decrease with

Table 1 Compositions of the LAGP batches

Mass % Li (%) Al (%) P (%) Ge (%) O (%) Chemical formula

LAGPv48 2.18 2.70 22.90 26.50 43.70 Li; 3,Aly 5Ge; 5,P5 090121
LAGPv51 2.57 3.39 22.60 24.10 46.20 Li; 55Al) 55Ge; 39P5 050120
LAGPv52 2.85 3.45 22.20 23.70 44.40 Li; 5,Aly 53Ge; 36P2.09011 o
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Fig.1 DSC curve of the as-cast LAGP-glass samples heated up to 900 °C showing the glass and the
crystallization temperature

increasing Li content. However, the difference between both temperatures remain
at a nearly constant value of AT~ 100 K, which indicates that the thermal stabil-
ity within this concentration range is not affected [14]. A similar behavior has been
found in Li-conducting Li-Borate glasses [15] and in quenched glasses of the sys-
tem Li,0:Al,05:Ti0,:P,05 [16] with varying concentrations of Li,O. In both glassy
material systems, the increasing amount of Li forces the devitrification of the glass.

In order to identify the crystal phases and possible phase transformations during
heating HT-XRD was recorded starting from the as-quenched LAGP glass up to a
temperature of 900 °C. The results are shown in Fig. 2a—c for the three different
compositions. The first XRD-pattern at the bottom of the figures recorded at room
temperature exhibit no reflections, which confirms the amorphous or glassy state
due to the melt quenching procedure. Diffraction reflections appear at a temperature
of T=630 °C after an isothermal annealing for 6 h, which is slightly above the onset
of crystallization. The hot stage XRD patterns of the glass—ceramic with the low-
est Li fraction reflects the NASICON structure of the parent material LiGe,(PO,);.
Furthermore, no foreign phases and structural changes could be observed within
the temperature range from 630 °C to 900 °C, and also not in the diffraction pat-
tern recorded after cooling down to room temperature (top of Fig. 2). Both of the
glass—ceramics with the higher Li fraction also show the NASICON structure as the
main phase but there are reflections from minor foreign phases visible. The minor
phases could be identified as Aluminum phosphate (AIPO,) and Lithium pyrophos-
phate (Li,P,0,). However, it is interesting to note that the AIPO, phase appears after
cooling down from 900 °C to room temperature, while the Li,P,0- is only present in
a small temperature range between 700 °C and 800 °C.

The lattice parameters were calculated from the HT-XRD patterns for every iso-
thermal annealing step. The a or b parameter is shown in Fig. 3 as a function of the
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Fig.2 High temperature
X-ray diffraction patterns of
Li, Al Ge,_(PO,); recorded
from RT to 900 °C for three
different Li-doping levels:

(a) x=0.71; (b) x=0.55; (c)
x=0.31
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Fig. 3 Lattice parameters a and b of the LAGP calculated from the hot stage XRD results

temperature between 630 °C and 900 °C. Obviously, the unit cell is shrinking at the
base with increasing temperature while it is expanding along the c-axis resulting
in an overall expansion of the volume. The lattice parameter a of the LAGP with
the lowest and the midrange Li-concentration, respectively, decreases linearly with
increasing temperature, which is also true for the sample with high Li-concentration
but only up to 750 °C. Above this temperature the values deviates from this linear
relationship tending to increasing values. However, the value at 900 °C “falls back”
onto a line extrapolated from linear behavior between 630 °C and 750 °C.

The results of the heat capacity measurements of the three compositions are
shown in Fig. 4 as a function of the temperature. Each measurement was performed
on completely crystallized specimen. The sample with the lowest Li-concentration
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Fig.4 Heat capacity of LAGP with different Li* doping level
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exhibits an only slightly increasing specific heat within the temperature range from
RT to 900 °C. Within this temperature range, there is no evidence of a phase transi-
tion, which would be visible as a peak in the heat capacity temperature trace. This
behavior is in contrast to that of the compounds with the higher Li-concentration.
The Li,, Al Ge,_ (PO,); with x=0.55 show a series of almost four peaks between
500 °C and 800 °C, respectively, while the LAGP with x=0.71 displays two dis-
tinct peaks at approximately 640 °C as well as 740 °C which are existing also in
the compound with x=0.55. It should be noted here that above 740 °C the thermal
induced shrinkage of the a or b lattice parameter deviates from the linear behavior.
Obviously, the enthalpy change visible in the apparent heat capacity data at this tem-
perature is coupled with structural instabilities although this is not associated with a
complete transformation of the lattice structure, which is not observed in the XRD
data above this temperature. This behavior was also observed in other NASICON
systems [16—19] and can be explained by a distortion of the MOg-octahedra, which
causes a rotation of the PO,—tetrahedra within the flexible NASICON framework.
The degree of distortion and the induced rotation depends obviously on the doping
level as well on occupation of the different Li or Na-sites, respectively.

The straight lines in Fig. 4 are fits to the data in the temperature range from RT to
700 °C using a Maier—Kelley [20] polynomial:

Cp(T)=A+B-T+C-T (D)

With A, B, and C are constants resulting from the fit procedure to the experi-
mental data. The coefficients a and b are scaling with the Li-doping level, i.e.,
they growing with increasing doping level which leads to an offset between the
C,-curves and a stronger slope of the C,(T) curve from x=1.3 to x=1.7. The con-
stant C does not vary systematically. The values are given in Table 2. This behav-
ior can be explained by the fact that the increased doping level leads to increasing
content of Li and Al, respectively and a reduction of Ge. Since Li and Al—either
as elemental metals or as oxide compounds—contribute with relatively high val-
ues of the specific heat capacity [21] compared to Ge or GeO,, a shift to higher
C,-values of LAGP by Li doping can be expected.

The ionic conductivity of the as-quenched glass appears to be rather low. It
scales within a range from 2x 1078 Q~L.cm™' at 150 °C to 2x 107 Q~l.cm™' at
250 °C. Upon heat treatment at 800 °C for 6 h, the ionic conductivity increases
by several orders of magnitude. The experimental data are shown in Fig. 5 as a
log plot of the ionic conductivity as a function of the inverse temperature for the
three different Li-concentrations. The lines are the results of a calculation of the
ionic conductivity o vs. 1.7! using the Arrhenius-equation:

Table 2 Values of the

Sampl A B C

coefficients from the Maier— ample

Kelley polynomial Li; 3, Al 5Ge; 55P3.0010 090 3710  —35107
Li, 55Aly 5,Ge; 30P3 05012 0.98 43107 -4.41072
Li; 7,Aly53Ge; 36P2 000110 1.05 53107 -3.51072
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Fig.5 Arrhenius plot of the ionic conductivity of LAGP

c=0" e E/keT (2)

where o, is the pre-exponential factor and E, the activation energy, which have been
used as variable parameters in Eq. 1 to fit the experimental data. The factor o, can
be further formulated [22] in terms of the concentration of free ions n as well as the
mean free path /; and the velocity v,,, which is given by the following equation:

6y = % [(Ze)2 [kg T] noly 3)

The measured ionic conductivity is related to the Li-concentration in the solid
electrolyte since the values increase with increasing Li-doping level while the
temperature dependence of the three studied systems is nearly the same, i.e., the
activation energy E, varies only between 0.34 eV for the highest doping level of
x=0.7 and 0.37 eV for x=0.31.

The results of the thermal transport measurements are shown in Figs. 6 and 7,
respectively. The thermal diffusivity o decreases for all LAGP compositions with
rising temperature according to a relation:

an~T @

with the exponent p varying between 0.08 and 0.11 for the highest and the low-
est doping level, respectively. While typical technical ceramics exhibit a tempera-
ture exponent p between — 1.0 and —0.5 this specific low value in the LAGP-glass
ceramic leads to a slowly varying thermal diffusivity as a function of the tempera-
ture. Furthermore, it reflects the existence of a high concentration of point defects
[23], which is crucial for ionic conducting materials. With the expression for the
thermal conductivity K deduced from the Debye kinetic theory of gases [24]:
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Fig.6 Thermal diffusivity of LAGP as a function of the temperature for the three different
Li*-concentrations
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Fig. 7 Thermal conductivity of LAGP as a function of the temperature

1
K=3-Cvlpy (&)

where C is the heat capacity per unit volume, v the average phonon group velocity
and lp, the mean free path of the phonons between scattering events, it is obvious
that the thermal diffusivity o scales also with the phonon mean free path according
to:
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Table 3 Density of the samples with different compositions after heat treatment at 800 °C for 6 h

Sample Density (g-cm™)

Li; 31Aly Ge; 55P3. 090121 3.310

Li; 55Aly 55Ge; 30P3. 05012 3.226

Li; 71Aly53Ge1 36P2.09011.0 3.132
axv-lpy, (6)

without an explicit dependence on the heat capacity as in expression (4). Since
the average phonon group velocity is almost independent of the temperature, it is
straightforward to assume that the temperature dependence of the thermal diffusivity
is related to a slowly decreasing mean free path with increasing temperature.

The thermal conductivity K was calculated using the experimental data of the
thermal diffusivity, the specific heat and the density (Table 3) according to:

K=a-c,-p )

The results are shown in Fig. 7 for the different LAGP compositions or doping
levels, respectively. The experimental data show the highest thermal conductivity
values for the lowest doping level and the lowest values for the composition with
the highest doping level, respectively. The continuous lines in Fig. 7 are results of
model calculations using Eq. 5. For this calculation specific heat data were taken
from the Maier—Kelley-fit (Eq. 1). The phonon group velocity was estimated using
the elastic property data and the density values for LiTi,(PO,); measured by Jack-
man et al. [25] which were used for the estimation since there are no data available
for LAGP. The phonon mean free path [, was adjusted to match the experimental
thermal conductivity data assuming the same temperature variation as the thermal
diffusivity. For the three compositions we estimated values of 4.1 A for x=0.3, 3.1
A for x=1.52 and 2.6 A for x=0.7 at room temperature, respectively. These values
are smaller than the lattice constant, but comparable with the closest Li—Li distance
(~3.3 10\) or the closest Li—O distance (x~2.2 10\), which were the results of DFT
model calculations [26] and experimental studies [27] on the structural configura-
tion in LAGP.

The thermal transport behavior of superionic conductors has been studied by a
number of numerical models [22, 28, 29, 30] using different approaches. The main
results of the modeling can be summarized in the following predictions: The ther-
mal conductivity as a function of the temperature should show the same exponen-
tial behavior like the ionic conductivity. Within a compositional range of a sys-
tem, which can be achieved by doping or within a composite, a maximum value
of the thermal conductivity should appear which coincides with the maximum of
the ionic conductivity. Both predictions result in a strong correlation between the
ionic and the thermal transport and would give rise to a so-called “lonic Wiede-
mann—Franz-law” [31] which is well known in metals and metallic alloys [32] where
it describes the correlation between electronic and thermal conductivity as well as
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the contribution of the conduction electrons to the thermal transport. However, the
experimental database of thermal conductivity or diffusivity data, respectively, for
Li-based superionic conductors is relatively small. Our results suggest that there is
no contribution of the mobile ions to the heat transport in LAGP, which is in agree-
ment with the experimental data of the superionic conductors Lithium iodate and
Lithium tetraborate [33] and the data of the NASICON system Li, ;Al, ;Ti; 7(PO,4),
[34].

A comparison of the ionic and the thermal conductivity, respectively, is shown
in Fig. 8 as a function of the Li-doping level x in Li;, Al Ge, (PO,);. It is obvi-
ous from this diagram that both transport properties are not correlated, since the
ionic conductivity increases with increasing x-values while the thermal conductivity
decreases. The ionic conductivity changes by a factor of about 3 when the Li con-
tent rises from 1.3 to 1.7. Due to the Arrhenius-like behavior its value jumps up by
an order of magnitude if the temperature is increased from room temperature up to
100 °C. The thermal conductivity is reduced by 12 % with increasing doping level
and the temperature dependence is not very strong since it increases by only 6 %
between RT and 100 °C.

Therefore, one can summarize the results of the ionic and the thermal transport
measurement that the LAGP sample with highest doping level exhibit also the high-
est ionic conductivity but the lowest thermal conductivity while lowest doping level
is connected to the lowest ionic conduction but with the highest thermal conduction.
Increasing the doping level, which introduces a higher number of Li* ions into the
NASICON lattice, leads also to a higher concentration of vacancies, which interact
with the phonons by scattering effects and disturb the heat transport through the lat-
tice. For the Li* migration, a higher concentration of vacancies is beneficial since
it increases the number of sites where an ion can jump into and it further increases
the probability that there is an empty site close to an occupied one. Due to these
considerations and due to the absence of an Arrhenius-like behavior of the thermal

o — 16
A T=100°C
A  om— -
A 114 ¥
1E3 | -— ) e T=100°C =
- FEo~ o A =
= T RT 3
] 3]
c A 412 3
\: [ m} C
b§ o— 3
1E-4 / g
F o 110 §

ESL——t 1 03
0.2 0.3 0.4 05 06 0.7 0.8

Li content x

Fig.8 Comparison of the thermal and ionic conductivity as a function of x in Li;, Al Ge,_ (PO,);
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conductivity it can be concluded that the contribution of the ionic transport to the
thermal conduction process is negligible in this particular NASICON system.

4 Conclusion

In this work, we have studied the ionic and the thermal transport properties of LAGP
with different compositions. The specific heat capacity and the thermal conductivity,
respectively, were measured for the first time within this NASICON system. The appar-
ent heat capacity scales with the doping level and depends therefore on the Li content.
Phase transitions could also be observed in the specific heat data, but only for doping
levels which are equal of larger than x=0.5. Although the ionic conductivity increases
strongly with the Li content and with increasing temperature, the thermal conductivity
decreases at higher doping level and varies only slowly with the temperature.
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