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Abstract

A dense membrane of lithium aluminum titanium phosphate Li;, Al Ti, ,(POy)s,
x=0.3 (LATP) is deposited on a porous LATP substrate via wet chemistry. In the
polymerized complex process, phosphate precursors with different active groups
and steric hindrance are selected to tune precursor’s reactivity. Rheological studies
and microstructural observations lead to the selection of an LATP powder slurry
charged with lithium, aluminum, titanium, and phosphate ion precursors. The
optimized formulation is impregnated into a porous LATP substrate. After thermal
treatment, dense LATP membranes on top of a porous LATP substrate are
obtained with conductivities as high as 3 x 10~* S/cm for the dense part, the
porous part acting as a mechanical support. An original Van der Pauw impedance

setup is validated for the measurement of the ionic conductivity of such dense/

porous systems.

KEYWORDS

1 | INTRODUCTION

With a theoretical energy density of 500-900 Wh/kg,'
lithium-air batteries are being investigated for next genera-
tions of electrical vehicles. Among the two main technolo-
gies differing by the nature of the electrolyte (aqueous vs
organic), aqueous lithium-air systems allowing the use of
nontreated air offers the advantage of using oxygen elec-
trode technology already developed for fuel cells applica-
tions. To reach high capacities, one of the main challenges
is the development of a solid electrolyte membrane acting
as an efficient physical barrier to water, to prevent the oxi-
dation of lithium while providing a high lithium transfer-
ence number.

Among highly conductive lithium electrolytes, air stable
electrolytes are selected for practical considerations includ-
ing the simplification of batteries production process and
cost lowering. Lithium aluminum titanium phosphates
(LATP) are one of the best candidates due to their

densification, dual system, sol-gel transition, solid electrolyte, Van der Pauw impedance

conductivity as high as 3 x 107* S/cm? for the optimized
composition Lij, Al Ti, (PO4); x=0.3. A large number of
preparation methods are reported for LATP powders in the
literature, from solid-state reactions®> that could be fol-
lowed by a mechanical activation,® to sol-gel’ possibly
associated with a 3D shaping,'® co-precipitation,''"® or
hydrothermal reaction.'* In all cases, extra treatments are
then applied for shaping and sintering. It is worth noting
that in the literature the preparation method slightly impacts
the conductivity values, with values ranging from a 0.4 to
7 x 10~* S/em total conductivity for solid-state syntheses
and from 0.1 to 7 x 10~* from wet chemistry routes.
Membranes as thin as possible should be prepared to
lower the area-specific resistance. Two main preparation
methods are reported in the literature: the preparation of
slices from a bulk material and the preparation of greens
from powder dispersion and subsequent sintering. In a pre-
vious work, we prepared dense and highly conductive self-
supporting LATP membranes via Spark Plasma Sintering,
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with the required thickness after polishing.'> A solid-state
protocol has been also developed by OHARA'® for the
preparation of solid electrolytes. However, these processes
are time and material consuming, not suitable for very thin
membranes and not convenient for in line production. In
some cases low thickness greens can be obtained, but their
mechanical properties after sintering are not optimized.
One main challenge is to prepare an electrolyte dense
enough to get high conductivity and water tightness, and
thin enough to have low ionic resistance.

To overcome this challenge and reach a compromise
between high mechanical performance and low ionic resis-
tance, we propose a dual system electrolyte made with a
thin membrane which insures the physical barrier function
deposited on a porous substrate acting as a mechanical
support. The membrane deposition method is not impacted
by the thickness of the porous support so that this support
can be chosen as thick as necessary to get the required
mechanical strength. Such configuration is developed for
SOFC application, the porous current collector acting
also as mechanical support for the whole SOFC stack
(3rd gen.).17

In this work, the membrane was prepared via deposition
of a thin layer of LATP on an optimized LATP porous sub-
strate followed by thermal treatment to ensure the densifica-
tion of the film. The sintering treatment should be limited
in temperature (below 1100°C) and duration to limit lithium
sublimation and subsequent decrease in the ionic conductiv-
ity. To densify the coating at rather low temperature, LATP
precursors in the form of a polymerized complex sol were
added in stoichiometric proportions to the LATP dispersion
expecting the formation of ceramic bridges between LATP
grains known to improve densification process as already
demonstrated by our laboratory with other types of materi-
als including yttria-stabilized zirconia.'®

To reach this objective, different challenges have to be
overcome. First, a homogeneous distribution of the precur-
sors in the LATP precursor’s solution should be obtained
to ensure stoichiometric formation of LATP at the bridges.
In the literature, alkoxides route tested by Cretin et al."”
resulted in LATP precipitation instead of sol-gel transition
and variations in the experimental conditions by Wu
et al.?® did not result in a homogeneous sol. Here, we
chose to develop a protocol based on the polymerized
complex method, ie, formation of a complex between
metallic salts and a gel forming chelating agent. This
method is dedicated to the preparation of a sol with
homogeneously dispersed salts and has been used for the
preparation of a large variety of materials including
single oxides and mixed oxides such as YSZ?!
Lag 4S10.6Cop sFep203_5 2% La,NiO4 5> and PMN-PT.*
The second challenge is the preparation of a crystallized
LATP powder without the formation of secondary phases

at the grain boundary often reported to be detrimental to
the overall conductivity.® The third challenge is to prepare
samples with mastered grain size in the range of hundreds
of nm which is a compromise between grain size large
enough to favor high conductivity, as LATP conductivity
is mainly driven by the grain bulk conductivity, and sub-
micronic grain size (<1.6 pm) to avoid microcracking in
the film.*®

The effectiveness of both physical barrier effect and
high ionic conductivity of the membrane was investigated
by conventional method for the former and for the later via
the adaptation with impedance setup of the Van der Pauw
method to take into account the dual dense/porous charac-
ter of the system.

The scope of this study is then to describe that an opti-
mized thermal treatment of the deposition of a dispersion
of LATP powder and polymerized precursors onto a porous
substrate allows the formation of dense and highly conduc-
tive LATP membranes.

2 | EXPERIMENTAL PROCEDURE

2.1 | Raw materials

Aluminum nitrate nonahydrated (>98%, Fisher Scientific,
Illkirch, France), titanium (IIT) chloride solution at 20% in
water (Sigma Aldrich, Saint-Quentin Fallavier, France),
lithium acetate dihydrate (>99%, Sigma Aldrich), hexam-
ethylenetetramine (99%, Acros Organics, Geel, Bellgium),
acetylacetone (>99%, Sigma-Aldrich), acetic acid (100%,
VWR), phosphoric acid (VWR), trimethylphosphate
(>97%, Aldrich), triethylphosphate (>99.8%, Aldrich), 2-
butanone (99%, Acros Organics), absolute ethanol (VWR),
and polyvinylpyrrolidone PVP KI12 dispersant (Acros
Organics, Average Mw=3500) were used as raw precursors.
Porous LATP substrates were prepared by CTI (Cerami-
ques Techniques Industrielles, Salindres, France) from
LATP powder (protocol for the powder preparation
described elsewhere'’) by addition of 5% starch porous
agent to the powder before pressing and sintering at 1000°C
during 1 hour. Pellets with diameter 12 mm and 30%-40%
v/v porosity with 1-2 pum pore size were obtained by CTL

2.2 | Characterizations

Phase identification was carried out by X-Ray Diffraction
(Bruker D4 Endeavor, Bruker AXS, Marne-la-Vallée,
France) using a CuK, radiation source (K,=0.154 18 nm).
Scanning electron microscope with Field Emission Gun
(JEOL JSM 6700F, JEOL Europe SAS, Croissy, France)
with a 5 kV accelerating voltage was used for morphologi-
cal and microstructural investigations. The rheological
properties of the precursor solutions were measured by a



viscosimeter (Lamy Rheology model TVe-05, Champagne-
au-Mont-d’Or, France) with shear rate from 320 to
4500 seconds . For the dispersions (low quantities avail-
able, 2-3 mL), another viscosimeter (Anton Paar Physica
MCR301, Les Ulis, France) was used in a cone and plate
configuration equipped with a solvent trap. Impedance
measurements were performed with frequencies ranging
from 10’ to 1 Hz (Solartron 1260 AMETEK France, Elan-
court, France).

2.3 | Preparation of the dual dense/porous
system

2.3.1 | Schematic of the preparation
procedure

The preparation procedure for the dual system is summa-
rized in the diagram Figure 1. Details for each step are
given in the following paragraphs.

2.3.2 | Polymerized complex sols preparation
(sol 1A, 1B, 10)

Lithium aluminum titanium phosphates sols were synthe-
sized via a polymerized complex method. An aqueous

J

solution at 0.64 mol.L™' total molar concentration in
metallic ions was prepared with convenient stoichiometry
of lithium, aluminum, titanium from lithium acetate dehy-
drate, aluminum nitrate nonahydrated, and titanium (III)
chloride solution. On the other hand,
0.85 mol-L™" total
ethylenetetramine (HMTA) and acetylacetone (Acac) in
acetic acid was prepared with a molar ratio HMTA/Acac
equal to 1. The solution was stirred for 2 hour until an
orange color, characteristic of the opening of the HMTA
cycles, appears. The two solutions were mixed in propor-
tions such that the molar ratio ((HMTA] + [Acac])/[Metal-
lic ions] be equal to 4. The phosphate precursor was then
added under stirring. After thermal treatment at 80°C dur-
ing 45 minute, a polymeric matrix was obtained from poly-
merization and polycondensation reactions between HMTA
and Acac. Liquid phosphate precursors with different reac-
tivity and steric hindrance were chosen: phosphoric acid
(H;PO4) and trimethylphosphate [(CH3);PO,4] and tri-
ethylphosphate [(C,Hs);PO4] phosphate esters. Thus, we
obtained three types of sol of LATP precursors dispersed
into a polymeric matrix with different phosphate precur-
sors. For sake of clarity, the sols with H3PO,4, (CH3);POy,
and (C,Hs)3POy4 precursors are named sol 1A, sol 1B, and
sol 1C, respectively.

a solution of

molar concentration in hexam-

Sol 1A, 1B and IC

LATP polymerized complex sol

i) 2 steps calcination
i1) Ball-milling
iii) Freeze-drying

LATP powder
Powder 1A, 1B,
1C

1) Selection of a powder (Criteria:

grain size and composition)
i1) Addition of solvent and

dispersant LATP powder
LATP powder 3 dispersion + LATP
dispersion sol

i) Impregnation in the
porous LATP substrate
ii) Calcination

Dual system: dense
on porous

Final dispersion:

Selection of
a sol
(Criterion:
sol stability)

V

| — LATP dense film

FIGURE 1 Preparation of LATP dual dense/porous system. [Color figure can be viewed at wileyonlinelibrary.com]
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After thermal treatment at 80°C, transparent brown solu-
tions were obtained for 1B and 1C and an opaque brown
dispersion is obtained for 1A.

2.3.3 | Powders preparation (powder 1A, 1B,
1C)

The same polymerized complex method as described above
was used for LATP powder preparation. The powders were
prepared via calcination of the precursors sols 1A, 1B, and
IC. A 700°C calcination temperature was chosen from the
literature."”> The use of a calcination temperature for
the powder much lower than the sintering temperature of
the membrane (Tinering=1100°C) is expected to limit grain
growing thus enhancing their reactivity and favoring densi-
fication of the coating after thermal treatment. The sols
were sintered in two steps: (i) a removal of the organic
residues at 450°C during 7 hour and (ii) a calcination at
700°C during 2 hour (rising rate 100°C/h). Between these
two steps, the powder was manually grinded in a mortar.

For simplification, the different powders obtained from
calcination of sol 1A, 1B, and 1C are named powder 1A,
powder 1B, and powder 1C, respectively.

2.3.4 | Powder dispersion and final
dispersion preparation

The following steps consisted in grinding the LATP powder
by ball milling for 1 hour (400 tr/min, 13 mm agate balls, in
ethanol) and freeze drying it for 2 hour after liquid nitrogen
cooling. Then, this powder was dispersed into a MEK-ethanol
azeotrope with 2 m% polyvinylpyrrolidone PVP K12 disper-
sant. The proportions are 1/1 w/w powder/solvents. Mechani-
cal stirring (900 rpm, 72 hour) was then performed to
homogenize the solution. This results in a dispersion of pow-
der in an alcoholic medium. The final dispersion was then pre-
pared by addition of the LATP sol in the LATP powder
dispersion. The selection of the sol (criterion: sol stability) and
powder (criteria: powder grain size and composition) is
described in the Results paragraph. The mass ratio Rm,
defined by the ratio LATP sol/(LATP sol + dispersion), was
equal to 0.1.

2.3.5 | Preparation of LATP membrane on
porous LATP substrate

Deposition of the LATP dispersion on top of the LATP por-
ous substrate was made by dip coating at a 30 cm/min with-
drawal speed. After coating, the samples were dried at 50°C
during 15 minute. The heat treatment was then optimized to
promote the removal of organic compounds with a dwell at
600°C for 2 hour and the densification of the layers with a
thermal treatment at 1 hour at 1100°C (temperature rising

rate 100°C/h). This layer was waterproof as tested by a drop
test experiment: no water infiltration was detected.

2.4 | Ionic conductivity

In the lithium-air battery, the porous LATP substrate is
impregnated with a liquid electrolyte so that it is not the
limiting factor for the dual system conductivity. This is
why the measurements performed in this study aim at
determining the ionic conductivity of the dense LATP
membrane only. The Van der Pauw configuration was cho-
sen for this purpose as it is a method generally applied to
measure the conductivity in in-plane configuration.®

It is worth noting that the Van der Pauw theory has been
further explored by Riess and Tannhauser to extend its appli-
cation from electronic conductors to mixed ionic-electronic
solid conductors.”” Bruce et al.?® and Poulsen et al.*’
showed in particular that this method with four probes in in-
plane configuration is valid for the measurement of ionic
conductivity of solid electrolytes as demonstrated for PEO-
LiCF3S0s3, vitreous Ag;14AsO,, and zirconia.

In the Van der Pauw configuration, four electrical con-
tacts A, B, C, and D are located at arbitrary positions along
the edge of a flat conductor of any shape.

The resistivity is calculated by the formula®®:

p= (nd/2 In 2) (RAB,DC -+ RBC,AD)f(R — ratio)

with p the resistivity of the sample in Q-cm, d its thickness in
cm, Rap, pc in ohm is the potential difference between contact
D and C divided by the current flowing through A and B, f (R-
ratio) is the ratio of the two resistances Rag, pc and Rsc, ap-

In practice, some discrepancies with theory are expected
as: (i) the contacts are not infinitively small and (ii) they
are not located exactly at the edge of the sample. Anyway,
Van der Pauw has considered these variations in its theory
showing that a maximum of 10% error occurs for contacts
size distance to the edge smaller than 1 mm.?® These con-
ditions were easily achieved.

Van der Pauw method is most often used applying a dc
signal, which does not allow splitting the different contri-
butions, such as the bulk resistance and the grain boundary
resistance. To overcome this point, we used an ac signal
(through an impedancemeter) to be able to obtain a whole
range of impedance data. The Rag pc and Rpc, ap values
for resistivity calculus were extracted from impedance fits.

3 | RESULTS

3.1 | Stability of the polymerized complex sols

As described above, for the LATP sols, the first criterion is to
get a stable sol without precipitation. For this purpose, rheo-
logical measurements at room temperature were undertaken to



control the sol stability and rheological behavior with time.
These measurements provide information on the mechanism
at stake for the different behavior of sols 1A and 1B/1C.

As expected from first observations, LATP sols have dif-
ferent rheological behaviors depending on the phosphate pre-
cursors used for their preparation (Figures 2 and 3). Sols
made from trimethylphosphate (1B) and triethylphosphate
(1C) exhibit a viscosity as low as 7 £ 1 mPa-s (at 320 sec-
ondsfl) that remains stable for more than 600 hour (25 day).
Sol 1A is more viscous (14 mPa-s at 320 secondsfl) and not
stable: an increase in viscosity of 100% within 25 day was
measured. Moreover, the rheological study (Figure 2) brings
out the thixotropic character of sol 1A, with a hysteresis area
of 9%. This thixotropic behavior has been related to the pres-
ence of agglomerates in the mixture that are broken at higher
shear rates.” The lower viscosity as well as the smaller hys-
teresis for sol 1B and 1C confirm that only few aggregates are
present. Besides, this is in good agreement with SEM images
showing the formation of large aggregates in the range 500-
800 nm (Figure 4) for 1A powder.

Sols 1B and 1C have similar rheological behaviors: high
stability, low viscosity, and low hysteresis. The absence of
aggregates in sol 1B and 1C is attributed to the lower reactiv-
ity of trimethyl and triethyl phosphate ester toward hydroly-
sis as compared to phosphoric acid.>' Sol 1B and 1C are
both interesting as LATP precursor solution in the final dis-
persion; so that in the following, the sol with trimethylphos-
phate precursor (1B) was arbitrarily chosen for this purpose.

3.2 | Morphology of LATP powders

For the LATP powder selection, two criteria have been
taken into account: the granulometry of the powders and
their composition.

30 T T /’Il,
*  Sol 1A (H,PO, based) _
251 & Sol 1B (TMP based) °
= | * Sol1C (TEP based) ﬂ
o 20+ 4
o ]
E g
154 R
.g .
@ 10 a .
> . i % "
5 4
0 T T T 7A T
0 50 600 800
Time (h)

FIGURE 2 Viscosity as a function of time for the precursors
solutions 1A (H3PO,), 1B (TMP), and 1C (TEP). Shear rate
322 seconds ' [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Viscosity as a function of applied shear rate for the sols

1 hour after their preparation, first by increasing shear rate then decreasing
shear rate. Plain labels: increasing shear rates, void labels: decreasing
shear rates. [Color figure can be viewed at wileyonlinelibrary.com]

SEM images of the powder 1A are presented in Fig-
ure 4A,B. Two populations of grains are observed with
mean grain sizes of 50 and 500 nm. By comparison, the
powders obtained from calcination of sol 1B and 1C pre-
sent a much finer microstructure with grain size around
tens of nanometers (Supplemental Information, Figure S1).
The largest grains of powder 1A are the result of the
observed precipitation of the sol. As stated before, grains
sizes typically of hundreds of nanometers are expected to
be favorable to both conductivity of the membrane and dis-
persion stability, only the powder 1A respects this criteria.

In addition to the required grain size, powder 1A bene-
fits from a low level of impurities after annealing as evi-
denced by XRD (cf Figure 4C), showing only some Bragg
peaks corresponding to LisP,O;.

Having the required grain size and composition, powder
1A is selected for the preparation of the dispersion in the
following.

3.3 | Stability of LATP powder dispersions

The final LATP dispersion has been prepared following the
protocol described in the paragraph ILIII, with the selected
sol 1B [(CH3);POy4 precursor] and powder 1A (H;PO, pre-
cursor).

The stability of the final dispersion has been controlled
by sedimentation speed experiments (with a measurement
method based on the multiple light scattering, Turbiscan
device) and rheological measurements. Sedimentation speed
calculated from Turbiscan experiments (not shown here) is
low (10~ m/s). The hysteresis ratio calculated on the vis-
cosity vs shear rate curve remains low (1%, see Figure 3).
This very low thixotropic behavior is the signature of a
stable dispersion with agglomerates size that remains



quasiunchanged whatever the shear force applied. This is
also the evidence that this protocol with the selected sol
1B and powder 1A is suitable for the preparation of disper-
sion stable enough for the application.

3.4 | Microstructure of the LATP dual dense/
porous system

The microstructure of the samples was observed by FEG-
SEM. As an illustration, the images of a cross section of the
porous support (Figure 5A) and of the dense membrane (Fig-
ure 5B) are given. In the porous part (Figure 5A), porosity

ratio of 30%+5% and pore sizes in the range 1-10 um are
observed, this is similar to the porosity generally observed
for porous LATP substrate provided by CTI after annealing
at 1100°C. This demonstrates that the porosity of the sub-
strate was not clogged by the LATP dense membrane
preparation process. At the top of the sample, a dense
layer is observed (Figure 5B). The densification of the
layer was associated with an increase in the grain size
from 50 to 500 nm (powder 1A) to a mean grain size in
the film of 1.5 pm, with a rather large distribution (stan-
dard deviation 0.78 pm, dge=3.3 pm). The maximum grain
size is 5 pum. These values are expected to be favorable to

Powder 1A
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FIGURE 4 LATP powder 1A (H;PO,) phosphate precursor: (A), (B) FEG-SEM images, (C) XRD diagram.

Dense LATP ~ 400 pm

Porous LATP substrate ~ 1.5 mm

FIGURE 5 SEM images of (A) porous LATP CTI, after annealing at 1100°C, (B) deposited LATP layer after annealing at 1100°C.



high ionic conductivity as, from Jackman et al.,> an opti-

mal grain size of less than or equal to 1.6 pm is expected
to avoid microcracked grain boundaries in LATP.

By scanning the whole sample (cf Figure S2 in Supple-
mental Information), a thickness of —400 pm £ 25 um
was determined for the dense layer. The porosity evolves
from the bottom (CTI porous support, 30%-40% porosity,
pore size 2-10 pum) to the top (LATP dense layer, no
porosity visible at the scale of the measurement) with an
intermediate layer around 50 pm thick. As required, the
coating process leads to an infiltration limited to the top of
the CTI support. The thickness of the dense layer could be
tuned by changing the processing parameters.

3.5 | Analysis of phases

XRD pattern of the LATP membrane is presented in Fig-
ure 6 in addition to the XRD of the powder 1A. Crystalline
LATP is detected and refined cell parameters [a=8.48 A(3);
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FIGURE 6 XRD pattern at room temperature of LATP powder
(annealing 700°C) and LATP films (annealing 1100°C, 1 hour)

12000

y
c=20.76 A(B)] are in agreement with reported ones for the
composition  Li; 4 ALTi,_(POy);, x=0.3.** AIPO, is
detected after the heat treatment at 1100°C. However,
Li-rich phase Li4P,O, that was detected in the 1A powder
is not present in the film as Li;P,0; melts at 885°C.*> As
shown by several studies, the presence of some AIPO, is
not detrimental to LATP conductivity or even slightly ben-
eficial to syntheses reproducibility.**°

3.6 | Ionic conductivity by van der Pauw
method

3.6.1 | Validation of the AC-Van der Pauw
configuration for LATP ionic conductivity
measurement

Due to the lack of information regarding the use of ac-Van
der Pauw configuration for conductivity measurement, we
first performed measurements on SPS sintered pellet of
LATP (protocol has been described elsewhere'?) using two
kinds of configurations for sake of comparison: face-to-face
geometry and Van der Pauw geometry. For Van der Pauw
geometry, four silver dots of 1 mm diameter were depos-
ited at the edge of a 1.26-mm-thick pellet of diameter
15 mm. The pellet is 99% dense and was polished before
ionic conductivity measurements.

The Nyquist plots obtained from impedance measure-
ments in face-to-face configuration (a) and in Van der
Pauw configuration (b) are given in Supplementary Infor-
mation. In both cases a semicircle is obtained at frequen-
cies between 100 and 107 Hz with, however, different
shapes. While a well-defined semicircle in Van der Pauw
configuration is observed; in face-to-face configuration,
the semicircle is deformed which could arise from the
presence of a second RC element. This demonstrates
the higher anisotropy of the conductivity perpendicular to
the plan as compared to the in-plane conductivity. This
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FIGURE 7
—AV=60 mV.

(A) Measurement configuration. (B) Nyquist plot of the impedance spectroscopy measurement on the LATP double-layer system



y
result is in accordance with anisotropic grain growth
observed in field-assisted sintering of LATP by Rosen-
berger,” which is a technique similar to SPS in the sense
of the application of a nonisotropic electrical field. A fit
with an Ry + R//Cy equivalent electrical circuit, with R,
the electrical resistance of the measurement circuit, R, the
resistance of the electrolyte, and C; the corresponding
capacitor, was performed. Taken into
1.26 mm thickness of the sample, a conductivity of
2.6 x 107* S/cm is obtained in Van der Pauw configura-
tion as compared to 2.4 x 10~* S/cm in face-to-face con-
figuration. This 8% error between the two measurement
methods is within the expected error (10%) for Van der
Pauw experiments.

account the

3.6.2 | Tonic conductivity of LATP
membrane on LATP porous substrate

The Van der Pauw setup with impedance measurement
being validated for LATP membranes, it was used for the
characterization of the dual porous/dense system.

A semicircle is obtained in the Nyquist plot at frequen-
cies between 100 and 10" Hz (Figure S3 of Supplemental
Information). The fit with an Ry + R;//C, equivalent elec-
trical circuit gives a value of 16 500 Q + 500 (mean value
and standard deviation for eight measurements) for R,
(electrolyte resistance). The LATP top layer being 400 pm
thick, the conductivity of the LATP is calculated to be
3.3 x 107* S/cm. Taken into account the error on the
thickness measurement (£50 pm), a conductivity from
1 x 107* S/emto 5 x 10~* S/cm is calculated.

4 | CONCLUSION

To achieve both high mechanical properties and low ionic
resistance, a dual system with a dense and highly conduc-
tive solid electrolyte top layer on a porous mechanical sup-
port was designed. The LATP top-layer conductivity
attains 1 to 5 x 10~* S/cm which is among the best con-
ductivities reported for LATP, the best total conductivity in
the literature being 7 x 10~* S/cm for solid state® and sol-
gel methods.”” It is noteworthy that in our work these high
ionic conductivity performances have been obtained on a
porous support, so that this process could be compatible
with lower thickness of LATP top layer and then lower
ionic resistance. The high ionic conductivity performances
are attributed to the high purity level of LATP (only some
AIPO, secondary phase detected), an optimal grain size,
and high densification levels obtained via both a fine con-
trol of the wet chemistry process parameters (active LATP
precursors-based matrix) and optimization of the calcina-
tion step.

The coupling of the impedance method with the Van
der Pauw configuration has been demonstrated as an up-to-
date tool for a more informative measurement of the con-
ductivity of solid electrolytes in particular in such dual
dense/porous systems.

The versatile double-layer system preparation method
and impedance Van der Pauw measurements methods could
advantageously be adapted to other types of solid electrolytes
or application fields, such as batteries, fuel cells, and elec-
trolyzers, for a precise control of the microstructure and ionic
conductivity of dense/porous systems.
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