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As the ionic conductivity of solid-state lithium ion conductors rises, knowledge of the detailed conductivity mechanisms is harder
to obtain due to the limited frequency resolution of the traditional impedance spectrometers. Moreover, the data is easily affected
by the local microstructure (i.e. pores, grain-boundaries) and the preparation conditions. The aim of this work is to demonstrate the
feasibility of the coaxial reflection technique as a reliable tool to study fast ionic conductors (i.e. σ > 10−4 S cm−1). Especially the
relative permittivity can be determined more accurately at room temperature. For the first time the electrical performance of LATP
and LLZO manufactured via a scalable top-down glass-ceramic route is evaluated. The density turns out to be a key parameter
influencing both relative permittivity and resulting conductivities. For a 100% dense LATP sample the coaxial reflection technique
reveals a high grain-core conductivity of 6 × 10−3 S cm−1 similar to the conductivity of ideal single crystals.
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Since the last decades, several new solid lithium ion conductors
reached the targeted conductivity of 10−3 S cm−1 to be competitive with
classical liquid electrolytes.1,2 Prominent examples are Garnet-type
(Li6.4La3Zr1.4Ta0.6O12, LLZO),

3 NASICON-type (Li1.3Al0.3Ti1.7P3O12,
LATP),4 Argyrodite-type (Li6PS5Cl0.5Br0.5),

5 and thio-LISICON-type
(Li10GeP2S12).

6 More recently Li9.54Si1.74P1.44S11.7Cl0.3
7 and advanced

Li-rich antiperovskite-type electrolytes8,9 have been discovered with a
conductivity >10−2 S cm−1. For further optimization of these electro-
lytes, detailed knowledge about the conduction mechanism is necessary.
This is usually achieved by Electrochemical Impedance Spectroscopy
(EIS) and Nuclear Magnetic Resonance (NMR). Both methods have
high accuracy and are well established in academic world and industry.
However, for fast lithium ion conductors, these methods more often
encounter their limits.

For example, LATP is known to have high grain-core conduc-
tivity, but high resistance pathways across grain-boundaries. State of
the art EIS measurements setups are capable to measure up to
several MHz. At room temperature, the grain-core conductivity of
LATP is too high to be well resolved. Therefore, one has to measure
below room temperature to detect both the grain-core and grain-
boundary process (or even more processes) and extrapolate via the
Arrhenius law.10,11 Alternatively, one has to change sample geo-
metry (i.e. enlarging crystals and decrease the electrode area). This
method often leads to experimental challenges. Furthermore, micro-
electrodes lead to good estimations for single crystals, but still with
an uncertainty of up to 10%.4

Via NMR different processes can be detected straightforwardly.
Several timescales are available probing nearest neighbor interac-
tions up to diffusion-lengths in the micron regime. However, a main
disadvantage is conversion from NMR diffusion coefficients to the
industrial more relevant conductivity. This is regularly done via the
Nernst-Einstein equation, which strictly only applies for conductors
with non-interacting charge carriers.12 Although this is the case for
dilute liquid solutions, deviations will occur for solid ion conductors.
Additionally, the average jump distance is a crucial parameter. Yet,
experimental estimation might be a significant error source. A
further disadvantage is that calculated activation energies typically

differ from the ones obtained from EIS measurements. This is
explained with the restricted motion on shorter time scales in NMR
experiments13 and may also arise as a consequence of the tempera-
ture dependent broadening of the distribution of correlation times.14

Hence, it is rather a coincidence if the estimated conductivity via the
Nernst-Einstein equation perfectly matches the real conductivity at
room temperature.

In this study, we want to highlight the extension of the
measurement range of EIS from MHz to GHz as a reliable tool to
study conductivity mechanisms and dielectric properties of fast
lithium ion conductors. In the past, this has only been done
occasionally with fast lithium ion conductors15,16 or with slow
room temperature lithium ion conductors, which are measured at
higher temperatures.17,18 To prove the feasibility of the method, two
glass-ceramic LATP powders, and one glass-ceramic LLZO powder
were sintered and measured via classical EIS and a coaxial reflection
technique (CRT). In contrast to previous studies, these powders were
obtained from an unique melting route at semi-industrial scale. Thus,
inhomogeneity effects of different batches15 are less pronounced.
Furthermore, we demonstrate that amorphous phase assisted sin-
tering with the intrinsic amorphous phase of the glass-ceramic
powders is a successful strategy to obtain dense samples with very
high conductivity.

Experimental

Sample preparation.—The glass-ceramic lithium ion conductors
Li1.3Al0.3Ti1.7P3O12 (LATP) and Li7La3Zr2O12 (LLZO)a were pro-
duced via advanced melting routes at the SCHOTT AG.19,20 A
schematic comparison with state-of-the-art solid-state reaction and
sol-gel processes is given in Fig. S1 (available online at stacks.iop.
org/JES/167/140510/mmedia) as illustration. As glass-ceramics,
these ion conductors consist of both a ceramic and an unique
amorphous phase. Thus, the conduction mechanism may vary from
the pure ceramic LLZO/LATP samples in literature. Two different
LATP powders with the same crystalline stoichiometry, but different
content of amorphous phase are investigated. In addition, the
conduction mechanism is compared to a LLZO sample. LLZO has
the disadvantage that the high conductive cubic modification has to
be stabilized at room temperature. Therefore, changing the amount

zE-mail: r.samsinger@tu-braunschweig.de aThe exact compostion is proprietary.
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of amorphous phase without disturbing the stability of the cubic
phase is challenging and comparison of different LLZO powders
will be a subject in future.

Compared to pure ceramic LATP and LLZO, the skeleton density
of glass-ceramic LATP and LLZO is reduced, due to the lower
density of the amorphous phase. The LATP with low amorphous
phase content will be denoted as LATP1. It has a skeleton density
of 2.86 g cm−3, which is close to the pure ceramic density of
2.90 g cm−3. The second LATP with high amorphous phase content
has a skeleton density of 2.80 g cm−3 and will be called LATP2. The
difference in density is more significant for glass-ceramic LLZO
with 4.84 g cm−3 compared to the ideal density of 5.10 g cm−3.

Amongst all powders, the volume based median particle size is
1 μm or below. The particle size distributions are rather narrow. The
powders were pressed to discs with a diameter of 10 mm, and a
thickness of 1 to 2 mm. Afterwards the discs were sintered as
described elsewhere.19,21 Finally, the sintered discs were transferred
into an argon-filled glove box and polished with #360 up to #4000
SiC sandpaper.

Measurement techniques.—Prior to the measurements the sam-
ples have been sputtered with gold to ensure sufficient electric
contact. Classical EIS has been performed with a Novocontrol
Alpha-A-Analyzer in combination with a ZGS Active Sample Cell
Test Interface at SCHOTT. The voltage amplitude was set to 20 mV.
The frequency range was set from 0.1 Hz until 20 MHz. A sealed
measurement cell was used to avoid contact of the LLZO with air.
ZView2 (Scribner Associates Inc.) was used for fitting. Afterwards
the samples were sealed into alumina pouch-bags and transferred to
the IMP of TU Darmstadt for further characterization. At the IMP a
Keysight E4991B Impedance Analyzer in the frequency range of
1 MHz to 3 GHz was used for the reflection measurement of the
dielectric halfspace with an open-ended probe (i.e. skin depth ?
thickness of the probe)b. A detailed introduction can be found in the
publication of Bömer et al.22 The measurement setup contains a
sample fixture made from an APC-7 connector.23 Note that the
thickness of the gold layers is about 100 nm, while the skin-depth for
gold at these high frequencies is still several microns. As ion-
conductors, in contrast to low-loss dielectric ceramics, have a higher
dielectric-loss (i.e. due to the desired ionic motion), the additional
dielectric-loss in the gold-layers does not deteriorate the results. At
frequencies between 1 GHz and 3 GHz, a series inductance will
dominate the measurement due to the metallic connections.
However, at room temperature the frequency range above 1 GHz
is yet of no interest. Thus, for evaluation, the highest frequencies
containing no sample information, were neglected. All measure-
ments were performed in air. Nevertheless, the correct bulk
conductivity can always be determined, even if LLZO slightly reacts
with condensed water and carbon dioxide. During the short
measurement time, the reactions can only take place at the surface.
Thus, the bulk properties are unaffected. Note that for long term
studies the measurement setup should be transferred into an argon-
filled glove box.

Results and Discussion

Structural analysis.—For high conductivity, the purity of the
ceramic phase content of LATP and LLZO is crucial. For example,
LATP easily forms AlPO4 (JCPDS: 00-011-0500) enriched phases at
grain-boundaries or unwanted TiO2 (JCPDS: 00-088-1175, 00-084-
1286) impurity phases.24 LLZO samples are even more sensitive.
Besides the tetragonal LLZO phase, La2Zr3O7 (JCPDS: 01-075-
03446) and Li2CO3 (JCPDS: 01-083-1454) are well-known insu-
lating impurity phases. The XRD of glass-ceramic LATP1, LATP2,
and LLZO is shown in Fig. 1.

Only the LTP phase and the cubic LLZO phase can be detected,
without any additional impurities. Consequently, a high conductivity
can be expected. Furthermore, for the LATP1 and LATP2 the effect
of the different amorphous phase content can be investigated without
perturbations from impurities.

Morphological analysis.—A necessary pre-condition for a high
conductivity is a high density of the samples. As mentioned before,
the skeleton density of the glass-ceramic LATP and LLZO particles
is lower compared to the theoretical density of pure ceramic LATP
and LLZO. To calculate the relative density of the cylindrical pellets,
the density obtained from the weight and geometrical dimensions is
divided by the skeleton density of each glass-ceramic electrolyte.

The open porosity of pressed pellets is about 34%. However,
after sintering LATP1 samples still have a low geometrical density
(solids concentration) of about 66% to 70%. In contrast, the LATP2
samples expose an enormous shrinkage leading to very dense cross-
section with nearly no pores. Also for the LLZO samples the
amorphous phase leads to high densities of 95% to 97%. The huge
advantage of amorphous phase assistant sintering is best revealed via
SEM images. In Fig. 2 the cross-sections of a LATP1 and a LATP2
sample are shown. For LATP1 only slight neck growth is visible,
while LATP2 has a dense structure with well-connected coarsened
particles. In addition, the dense structure of LLZO is revealed in Fig.
S2. For pure ceramic electrolytes highest relative densities of more
than 98% are usually achieved by hot-pressing.16,25 Although the
glass-ceramic LLZO has not reached such a high density yet, the
LATP2 sample demonstrates that such a high relative density could
also be achieved via amorphous phase assisted sintering. A pressure-
free sintering is very attractive for continuous industrial processes
(e.g. tape-casting). In addition, the measurement results can be easily
compared with each other during the up-scaling process.

Electrochemical performance.—The combined normalized im-
pedance data obtained from the classical EIS measurement with the
Novo-control Alpha-A analyzer and the high-frequency CRT
measurement with the Keysight E4991B is shown in Fig. 3. The
impedance has been normalized with respect to the area and
thickness of the samples for comparison, due to the different
shrinkage.

At low frequencies the blocking of lithium ions at the gold
electrode is visible. This leads to a straight line of constant slope. A
deviation from 90° vs the abscissa Z′ can be interpreted as an effect
from a rough electrode surface with microscopic inhomogeneities.
Another possible origin might be an alloying of lithium from the
electrolytes with the gold electrodes.

For the LATP1 and LATP2 samples, the classical EIS resolves a
depressed semicircle, i. e. a resistor in parallel with a constant-phase-
element (CPE), at intermediate frequencies (black squares/blue
triangles). According to Brug et al.26 the fractional value of a CPE
(with fit parameters Q and α) in parallel to a resistor R can be related
to a physical meaningful capacitance.

C Q R 1
1 1

· [ ]= a
a

a
-

The obtained capacities at intermediate frequencies are in the
order of 10−9 F. According to Irvine et al.27 capacities in the nF-
regime can be interpreted as a grain-boundary process. The alpha
factors lie within the range of 0.79–0.90 in agreement with typical
values for ceramic LLZO/LATP.28,29

At high frequencies, the resistance from origin indicates another
process. It is rather difficult to fit this process with another semi-
circle accurately.

In contrast, the CRT is capable to resolve this semi-circle at room
temperature. For LATP1 there is a very small deviation of the
impedance compared to the EIS-data. Due to experimental limita-
tions, the thickness and diameter of this sample are at the upper limit
that is acceptable for the metallic fixture of the sample holder. The
metallic fixture may partially remove the sputtered gold layer during

bIn known literature, there are several terms and modifications of this measurement
technique. Therefore, we prefer the more general term coaxial reflection technique
(CRT).
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sample installation, leading to a lower effective contact area.
Nevertheless, the grain-corec semi-circle is well resolved. In agree-
ment with Irvine et al. the capacity is in the order of 10−11 F.

The effective conductivity of the sintered discs can be calculated
according to Eq. 2:

R

t

A

1
2· [ ]s =

Where R is the fitted resistance, t is the thickness of the sample, and
A is the electrode area. For LATP1 the grain-boundary conductivity
from EIS is 5.04 × 10−4 S cm−1 with a grain-core conductivity of
2.37 × 10−3 S cm−1. The grain-core conductivity obtained from the

CRT is 2.15 × 10−3 S cm−1. The LATP2 has a grain-boundary
conductivity of 9.49 × 10−4 S cm−1 and a very high grain-core
conductivity of 6.00 × 10−3 S cm−1, which matches well with the
one obtained from the CRT setup of 5.91 × 10−3 S cm−1. Therefore,
both grain-core and grain-boundary conductivity increase with
density. This corresponds well to the findings of Wang et al.10

who measured a grain-core conductivity of 6.50 × 10−3 S cm−1 for
a 97% dense sample with comparable ceramic composition.
However, their grain-boundary conductivity is considerably lower
(2.7 × 10−5 S cm−1). A possible explanation might be the enormous
grain-growth (up to 40 μm) in the absence of a suitable amorphous
phase. Jackman and Cutler30 revealed that coarse-grained LATP
leads to increased microcracking at grain-boundaries and increased
resistance. The maximum grain-boundary conductivity achieved for
minimal cracking was 7.2 × 10−4 S cm−1 with a relative density of
97%. This value is only a little lower than the grain-boundary

Figure 1. (a) XRD of glass-ceramic LATP particles. (b) XRD of glass-ceramic LLZO particles.

Figure 2. (a) Cross-section of LATP1 with necks between particles and high residual porosity. (b) Cross-section of LATP2. The higher content of amorphous
phase leads to a significant densification.

Figure 3. (a) Nyquist-diagram of Au-LATP-Au with normalized complex impedance Z. Within the classical measurement range, the grain-core process of
LATP1 and LATP2 can only be estimated. (b) Nyquist-diagram of Au-LLZO-Au with normalized complex impedance Z. Only one bulk semi-circle can be
detected at highest frequencies.

cThe conduction within grains is herein denoted as “grain-core.” Sometimes, this is
called “bulk,” especially when single-crystals are used or grain-core and grain-
boundary contribution cannot be deconvoluted.
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conductivity of LATP2. The SEM image of LATP2 demonstrates
that liquid phase assistant sintering avoids abnormal grain-growth,
which is consistent with this theory.

Additionally, the results of LATP2 can be compared to the glass-
ceramic LLZO. Alike the amorphous phase leads to a high relative
density. For LLZO in Fig. 3b only one semi-circle is visible even
with the extension to the GHz regime. The capacity is in the order of
10−11 F and can be identified with the bulk process. In literature31–33

it is often assumed that a possible grain-boundary contribution is
negligible and conductivity is taken from the intercept of the
blocking-spike. Only few reports16,25 of high conductive LLZO
report a visible contribution from grain-boundaries. Especially,
Tsai and et al.25 observed an increased grain-boundary resistance
at −30 °C for samples with high grain sizes up to 30 μm and thick
grain-boundaries with impurity phases, while no grain-boundary
semi-circle is present for a hot-pressed sample with grain sizes
below 10 μm and thinner grain-boundaries. Thus, at low tempera-
tures where the relaxation time is sufficiently different from the
grain-core process, these microstructure effects may explain the
appearance of an additional semi-circle in the low-frequency range.

The conductivity of LLZO obtained from EIS is 8.29 ×
10−4 S cm−1 and the one from the CRT is 8.23 × 10−4 S cm−1.
These values are within a similar order of magnitude compared to
other LLZO with high relative density.

Regarding both measurement methods, obviously the resulting
conductivity values are quite similar. However, for the EIS
measurement one has to assume, that no other processes in the
unresolved high-frequency regime are present.

The high-frequency relative permittivity (dielectric constant) r
can be derived via Eq. 3

i Z

1 1
3r

0
· [ ]

w
=



with the vacuum permittivity 0 = 8.85419 × 10−12 F m−1 and the
imaginary unit i 1 .= - As the normalized impedance Z can be
fitted precisely, the limited frequency range of the EIS setup leads to
an inaccurate high-frequency relative permittivity.

In contrast, via CRT the fast ionic transport processes are well
resolved at room temperature. Hence, both conductivity and high-
frequency relative permittivity can be determined precisely.

In Table I the calculated relative permittivities of the EIS and
CRT are compared. The different relative permittivities of LATP1
and LATP2 samples might be explained with their microstructure.34

Nevertheless, significant differences arise from the limited resolution
of EIS. For example Rettenwander et al.35 estimated the relative
permittivity of several LLZO samples to be in the order of 40 to 60.
Furthermore, the values were highly temperature-dependent. In
agreement with the above discussion, they explained this effect via
the limited frequency range of the EIS.

The correct estimation of the relative permittivity is particularly
important for simulations. In a recent study de Klerk and
Wagemaker36 discussed the effect space-charge-layers in all-solid-
state batteries. They used a relative permittivity of 15 for LATP and
the value of 60 from Rettenwandler et al.35 Of course, our samples
have different stoichiometry and an additional amorphous phase.
Nevertheless, we emphasize to estimate the relative permittivity with
the coaxial reflection technique using dense and homogenous
samples. In addition, with NMR and other spectroscopic measure-
ments a detailed knowledge of the electrochemical performance

could be achieved. Especially for the fast ion conductors described
in the introduction, coaxial reflection technique might be very
attractive.

Conclusions

It was shown that the coaxial reflection technique is a feasible
measurement tool expanding the measurement range of classical
electrochemical impedance spectrometers. As a result, the ultra-fast
conductivity processes at high frequencies could be resolved and
interpreted, complementing first estimations from NMR or micro-
electrode measurements. Furthermore, reliable high-frequency rela-
tive permittivities can be calculated at room temperature.

Besides chemical purity, the relative density of sintered samples is a
key parameter for fast ionic conductivity. Sintering with the aid of an
intrinsic amorphous phase proves to be an effective strategy to obtain
electrolytes with advanced microstructure and a relative density of up to
100%. By optimizing the amorphous phase, glass-ceramic LATP has a
high grain-boundary conductivity close to 10−3 S cm−1, which is
among the best values for LATP measured so far. Moreover, the
resolved grain-core conductivity of 6× 10−3 S cm−1 matches well with
the data known from single-crystals, demonstrating the feasibility of the
coaxial reflection technique.
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