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Abstract

Lithium aluminum titanium phosphate (LATP) is known to have a high Li-ion conductivity and is therefore a potential candidate
as a solid electrolyte. Via sol-gel route, it is already possible to prepare the material at laboratory scale in high purity and with a
maximum Li-ion conductivity in the order of 1-10 s/cm at room temperature. However, for potential use in a commercial,
battery-cell upscaling of the synthesis is required. As a first step towards this goal, we investigated whether the sol-gel route is
tolerant against possible deviations in the concentration of the precursors. In order to establish a possible process window for
sintering, the temperature interval from 800 °C to 1100 °C and holding times of 10 to 480 min were evaluated. The resulting
phase compositions and crystal structures were examined by X-ray diffraction. Impedance spectroscopy was performed to
determine the electrical properties. The microstructure of sintered pellets was analyzed by scanning electron microscopy and
correlated to both density and ionic conductivity. It is shown that the initial concentration of the precursors strongly influences the
formation of secondary phases like AIPO4 and LiTiOPO,4, which in turn have an influence on ionic conductivity, densification

behavior, and microstructure evolution.
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Introduction

Currently, many solid-state electrolytes are being investigated
as substitutes for liquid electrolytes to improve energy storage
safety and energy density in next generation batteries.
Challenges such as the thermodynamic instability against the
Li-anode have hampered the implementation of solid-state
electrolytes in cells in the past. Nevertheless, targeted investi-
gations of the failure mechanisms and the use of suitable pro-
tective intermediate layers will help to enable an efficient use
of their advantages in future cell designs [1-4]. Ceramics de-
rived from the NASICON (sodium super ionic conductor)-
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type structure LiTi,(POy4); have emerged as particularly prom-
ising solid electrolyte candidates due to their high ionic con-
ductivity, low cost, and stability on air and in water. Their
crystallographic structure can be described as two TiOg octa-
hedrons connected at the corners by three PO, tetrahedra
forming the characteristic lantern shaped structure as seen in
Fig. 1. The Li-ions are located in vacancies that exist along the
c-axis above and below each lantern, called M; Position (6b).
A partial substitution of the Ti** cation by trivalent cations,
such as AI’*, Fe**, or Sc**, generates a deficiency in positive
charge, which is compensated by the addition of Li* [5]. This
promotes the occupancy of additional M, sites (/8e) in be-
tween the M; sites, forming a three-dimensional conduction
network in which the ions can move [6]. Through external
influence, e.g., temperature, the Li* ions are deflected from
their central position of the respective crystallographic site to
so called M, sites, which are arranged in a hexagonal ring
around the M, position. According to literature, the occupa-
tion of these M, ,, sites shows a considerable influence on
lithium mobility [7, 8]. The ionic conductivity is particularly
high for the composition Li; 3Aly3Ti; 7(POy4); for which sev-
eral studies have reported values up to 10> s/cm [5, 9-12].
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Fig. 1 Schematic structure of the
NASICON-type crystal structure.
The Roman numerals indicate the
valence of the atoms involved.
Red spheres represent the oxygen
atoms, yellow spheres phosphor,
gray spheres lithium, and purple
spheres titanium. For better clari-
ty, individual oxygen atoms have
been omitted as well as the va-
lence of all oxygen atoms (-1I). A
movement of the Li* ions is pos-
sible through the cross-linked va-
cancies M; and M, [6, 13]

C - axis

a - axis

Li; 3Aly5Ti; 7(POy4)3 ceramics have been successfully syn-
thesized by different routes, such as calcination of stoichio-
metric mixtures of oxide precursors [14], by glass crystalliza-
tion [11], or by sol-gel [12, 15]. However, these studies focus
on an output limited to a laboratory scale. To render ceramic
electrolytes usable in next generation batteries, processing
routes need to be identified to upscale production. The sol-
gel route is already successfully used on a large scale in in-
dustry for other materials and therefore provides a good basis
for LATP synthesis [16]. In order to ensure quality mainte-
nance and reproducibility, the crucial processing parameters
have to be identified. As a first step towards an upscaling of
LATP production via the sol-gel route, we investigated the
influence of possible deviations in the concentration of the
precursors. This applies especially to phosphoric acid, diffi-
cult to specify due to its hygroscopy. In case the precursors are
not exactly stoichiometric, this can easily lead to second-
phase formation. In particular, for LATP, such second phases
have a great influence on densification and ionic conductivity.
In the work of Hupfer et al. [17], it is described how the
second phases AIPO4 and LiTiOPO, can impact the properties
of LATP.

In the following, we study the LATP synthesis by varying
concentration of the reactants, dwell time, and sintering tem-
peratures and relate them to microstructure, phase composi-
tion, and ionic conductivity.

Materials and methods

Synthesis of LATP

The LATP powders were prepared following a modified sol-
gel synthesis route described by Bucharsky et al. [12]. The
starting materials for this method are lithium acetate
Li(C,H30,)-2H,0 (purity > 99%, Alfa Aesar GmbH & Co
KG, Germany), aluminum nitrate AI(NO3);-9H,0 (purity >
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98.5%, Merck KGaA, Germany), titanium-isopropoxide
Ti[OCH(CHs),]4 (purity > 98%, Merck KGaA, Germany),
and phosphoric acid H3PO, (purity > 85%, Merck KGaA,
Germany). First, lithium acetate and aluminum nitrate were
completely dissolved in an appropriate amount of water.
Subsequently, the titanium-isopropoxide was added dropwise.
The anion source, phosphoric acid, was then added slowly to
form a white gel. The heat treatment was performed in two
steps, the first at 400 °C for 6 h to achieve the precursor
formation and eliminate reaction gases, the second one at
900 °C for 8 h to complete the reaction to crystalline LATP.
One sol-gel batch was prepared with all precursors in stoichio-
metric quantities. To test whether the sol-gel route is tolerant
against possible deviations in the concentration of the precur-
sors, two more sol-gel batches were made with either an ex-
cess, “LATPex”, or a deficiency, “LATPdef”, of 7.5 wt%
phosphoric acid compared to the stoichiometric composition
“LATPst”.

Sample preparation

The powders obtained after the two-step heat treatment were
further processed in a planetary mill to reduce particle size,
which ensures a high sinterability. The milling was performed
in heptane for 16 h in polyurethane jars employing SizN4
milling balls. The milled powders were subsequently heated
to 650 °C to burn out any organic residue. The particle size
development during the milling process was monitored
employing the Brunauer-Emmett-Teller (BET) method.
There, the specific surface, Oy, is determined by nitrogen
adsorption. The particle size is then calculated as an equiva-
lent particle diameter, d, under the assumption of spherical
particles and the theoretical density of LATP (2.93 g/cm’)
according to

6
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The change of the specific surface of the LATP pow-
der over the course of the milling process is shown in
Fig. 2a. A reduction in particle size from initially
around 2.1 pm to approximately 45 nm after milling
is achieved. The size magnitude of the LATP particles
was confirmed by scanning electron microscopy as
depicted in Fig. 2b. Finally, pellets were made by uni-
axial and cold isostatic pressing with 400 MPa. The
samples were sintered at temperatures ranging from
800 °C to 1100 °C with a heating rate of 5 °C/min.
The isothermal sintering time was varied between
10 min and 480 min. The density of the samples was
determined by Archimedes' method.

Phase assemblage

The crystal structure of all powders and pellets was ex-
amined by X-ray diffraction (D8 ADVANCE, Bruker,
Germany). For the measurement, a 20 angle range from
10° to 65° in increments of 0.01° using an integration
time of 0.2 s per step was employed (A = 1.54187 A).
The obtained patterns were compared with references
from the PDF-2 database (“International Center for
Diffraction Data” (ICDD)) for identification. Diffraction
patterns for Rietveld analysis were recorded with an
STOE Stadi P powder diffractometer with Mo-K«; radi-
ation (A = 0.70932 A) in transmission geometry and a
single Mythen-1 detector from 20 = 4° to 60° with a step
width of 0.3° and an integration time of 40 s per step.
The instrumental resolution function was determined
with a LaBg reference [18]. The Rietveld refinement
was performed using the FullProf software package.

Microstructural characterization

Sintered pellets were embedded in epoxy resin and the first
layer was ground off to obtain a material not affected by sur-
face sintering effects. The samples were then polished with
diamond slurry before taking images by SEM (Nova
NanoSEM 450, FEI).

Electrical measurements

For the ionic conductivity measurements, the samples had a
cylindrical shape and were polished to surface parallel and a
height of about 2 mm, the diameter was about 8 mm. The
exact geometry for each individual sample was determined
by averaging three measured values obtained by a caliper. A
conductive layer of gold, on both sides, was sputtered for
120 s with a current of 25 mA under an argon atmosphere
(Quorum Technologies Ltd, Q150T ES, UK). The impedance
analysis was performed at room temperature in the
potentiostatic mode at open circuit potential over the frequen-
cy range from 0.1 Hz to 1 MHz with an AC amplitude of
50 mV using a frequency response analyzer (AMETEK
GmbH, VersaSTAT 4, USA). The impedance data were ana-
lyzed using the Zview software (Scribner Associates Inc.,
USA).

The parts of the semicircles seen in the Nyquist plot, as
shown in the inset of Fig. 3, were assigned to grain boundary
conductivity. It can be considered as the total conductivity
sigma for LATP, since it is orders of magnitude lower than
the bulk conductivity and therefore limiting. The ionic con-
ductivity can then be determined for each measured frequency
from the real and imaginary parts of the impedance and the
geometry of the sample according to Eq. 2:

z 1
0= Z'Z +Z"2 Z’ (2)

where A is the cross-sectional area of the sample and / is the
height. We then take the total conductivity to be the value of
the plateau in the plot of conductivity over frequency, as illus-
trated in Fig. 3.

Results and discussion

The XRD patterns for calcined LATP powders derived from
all sol-gel batches are depicted on the left side of Fig. 4.
Apparently, the calcined Li; 3Al3Ti; 7(PO4); powders crys-
talize in the trigonal NASICON-type structure (R-3c, space

Fig. 2 (a) Specific surface of the
LATP powder determined by
BET analysis with calculated
equivalent particle diameters. (b)
SEM image of LATP powder af-
ter milling
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Fig. 3 Exemplary ionic conductivity of LATP samples (LATPdef
sintered at 1000 °C) calculated from real and imaginary part of the
impedance (shown as Nyquist-plot in the inset) and the sample geometry.
The dotted arrows indicate the identified ionic conductivity at the
plateaus.

group No. 167) from the PDF-2-database (ICDD). In the en-
larged XRD patterns on the right side of Fig. 4, the second
phases are marked which were formed in LATPex and
LATPdef. An excess of 7.5 wt% H3;PO, leads to the formation
of 4.7 wt% AIPO, and a deficit of 7.5 wt% H;PO4 to 5.6 wt%
LiTiOPO,4 as an impurity, as calculated with Rietveld
refinement.

Further, crystallographic information extracted from the
refinement is listed in Table 1. The graphs of the refinements
are depicted in the Supporting Information (Figure S11-S16).
The phase-pure calcined LATPst sample shows the least

amount of microstructural strain in the powder analysis. A
comparably larger volume of the unit cell is observed for
calcined LATPex. The cell volume of calcined LATPdef is
comparable to the cell volume of calcined LATPst with a
slightly increased microstrain. No size broadening could be
detected.

Small changes in the synthesis route cause the formation of
second phases and influence the unit cell size. We investigated
how these differences affect the sintering behavior, micro-
structure evolution, and the resulting ionic conductivity.

Therefore, the calcined powders were treated in a planetary
ball mill to decrease the particle size and consequently in-
crease the sinterability. All pressed samples had a green den-
sity of approximately 62% relative density. The sintering be-
havior was analyzed for temperatures from 800 °C up to 1100
°C in steps of 100 °C. For each temperature isothermal dura-
tions of 10, 30, 60, and 480 min were applied. The results for
all LATP batches are shown in a density map given in Fig. 5.
The exact values of relative density for the different sintering
temperatures and holding times are listed in Table 2—4. The
relative density of stoichiometric samples sintered at 800 °C
increased from 72% for 10 min soaking time up to 92% for
480 min. A significant densification to >96% relative density
can be observed for short soaking times at 900 °C, whereas
longer isothermal sintering and higher sintering temperatures
result in less dense samples. The pellets made from LATPex
powder indicate the highest density of maximum 94% relative
density for short sintering times at 900 °C or at longer isother-
mal sintering at 800 °C. A completely different behavior
emerges from samples produced from the LATPdef powder:
significant densification requires sintering temperatures
>1000 °C where the density reaches a value of 85% after
10 min and its maximum of almost 98% for a holding time
of 480 minutes. Further increase in temperature to 1100 °C
does not lead to higher densities.

Fig. 4 XRD patterns of calcined
LATP powders derived from the

sol-gel route on the left and en- %

larged sections on the right E
showing the second phases
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Table 1 Results of Rietveld refinement of diffraction patterns (Mo K, radiation) from calcined powders and sintered samples of LATPex, LATPst,
and LATPdef

Sample Second phase (Wt%) Lattice parameter (A) Cell volume (A%) Structural strain (dD/D x 10™%)
LATPex 4.7 (£0.4) AIPO, a,b=8.5115 1308.2 16.6

calcined powder ¢ =20.8507 (x0.1) (x0.1)

LATPex 4.14 (£0.4) AIPO4 a,b=85078 1306.3 | 11.0 ]

900 °C 480min ¢ =20.8388 (#0.1) (#0.1)

LATPst - a,b=8.5058 1303.9 11.7

calcined powder c=20.8112 (x0.4) (x0.1)

LATPst - a,b=85176 1314.7 1 21.6 1

900 °C 30min ¢ =20.9248 (#0.8) (#0.2)

LATPdef 5.6 (£0.4) LiTiOPO, a,b=85035 1303.3 17.8

calcined powder ¢=20.8119 (x0.1) (x0.2)

LATPdef 3.5 (£0.5) LiTiOPOy,, a,b=28.4692 1287.0 || 11.2°]

1000 °C 1.8 (£0.4) TiO, c=20.7187 (+0.01) (+0.3)

480min

Arrows indicate the deviation of the sintered samples to the corresponding calcined powder

XRD investigations of selected sintered samples show the
influence of the heat treatment on the crystal structure and the
evolution of the secondary phases. The parameters extracted
from Rietveld refinements are also listed in Table 1. The sam-
ple sintered from LATPst powder remains phase pure but
shows more structural strain and an expansion of the unit cell
predominantly along the c-axis. The sample derived from
LATPex powder features a slight decline in the unit cell vol-
ume and a reduction of the structural strain. AIPO,4 remains
present as a second phase. The analysis of a sintered LATPdef
sample shows less structural strain and a contraction of the
unit cell mainly by shortening of the c-axis. There is less
secondary phase LiTiOPO, present compared to the calcined
powder, but TiO, is detectable in addition. The results are
compatible with the Li,O-TiO,-P,05 phase diagram, given
in Fig. 6, which shows that a phosphor deficient composition
will be located in the marked compatibility triangle
LiTiOPO4-Ti0,-LiTiy(POy4); as it is confirmed by XRD. It
seems that LiTiOPO,4 decomposes under formation of TiO,.
Please note that the pseudo-ternary phase is only a guidance to
understand the phase assemblage, but present compositions
would require more details of the unknown pseudo-

LATPex
1100

LATPst

quaternary phase diagram Li,0-Al,03-Ti0,-P,0s. The
pseudo-ternary phase diagram also indicates tentatively the
phase formation for LATPex: an Al-free composition would
be located in the compatible triangle Liz;PO4-TiP,04-
LiTiy(POy)s, but in the presence of aluminum, AIPO, is main-
ly formed.

Thus, depending on the reactants' concentrations in the syn-
thesis, significant differences in the phase assemblage and rel-
ative density are obtained in the considered sintering parameter
range. In order to investigate these relationships in more detail,
the microstructure of the samples was subsequently examined
by SEM. For additional detailed insights, images with a higher
magnification are provided in the Supporting Information
(Figure S17-S19). Particularly interesting is the comparison
of the microstructure for samples with a relative density
>90%. The microstructural development of the LATPst sam-
ples sintered at 900 °C is shown in Fig. 7. After 10 min, a
homogenous and relatively dense microstructure was formed
with small and uniform grains and very small and finely dis-
tributed pores. The homogeneity of the microstructure remains
after sintering for 30 min, but the individual grains start to grow
slowly. The pores are slightly lager but of a substantially lower

LATPdef relative density [%]

1000 R

900

sintering temperature [°C]

100

~N

800

T

10 100 10

T

100
holding time [min]

10 100

Fig. 5 Measured relative density of the LATP samples at different sintering temperatures and different holding times
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Fig.6 Experimentally determined phase diagram by Robertson et al. [19]
for the Li,O-TiO,-P,05 system. The red arrow indicates the deviation
from the stoichiometric amount of phosphor for the LiTi,(PO,4); phase

number. After sintering for 1 h, it became apparent that several
grains grow abnormal as indicated by very pronounced
intragranular porosity; this trend continues for even longer
sintering times. At 480 min, the formation of microcracks can
be seen in large grains. This observation agrees with previous
works. These studies attribute the formation of microcracks to
the high thermal expansion anisotropy between the a and c
lattice parameters, which is known for NASICON-type mate-
rials [20-22]. The anisotropic elongation of the c-axis and the
buildup of structural strain was also indicated in the previously
described XRD analysis of sintered LATPst samples. That be-
havior also explains why the relative density decreases again
with longer holding times.

The microstructural development of the LATPex samples
also sintered at 900 °C is shown in Fig. 8. Here,

Fig. 7 Microstructure of LATPst
samples that were sintered at 900
°C with holding times from

10 min up to 480 min

@ Springer

homogeneously small grains can be observed for a holding
time of 10 min. Towards longer holding times, individual
grains start to grow just as seen for LATPst. One big differ-
ence is that the microstructures show a very uneven surface.
During the preparation process, pieces have repeatedly broken
out of the sample, and it was not possible to achieve a polished
surface. For the sample sintered for 480 min, a lot of gaps can
be seen where probably whole grains broke out of the surface
during the preparation. That indicates a weak mechanical co-
hesion at the grain boundary. A possible explanation could be
a weakening accumulation of the second phase AIPO, at the
grain boundary.

A very different picture emerges when looking at the mi-
crostructures of the LATPdef samples, sintered at 900 °C. At
this temperature, there is almost no densification and the indi-
vidual starting particles can still be seen as depicted in
Figure S20. Therefore, the much more informative micro-
structures of samples sintered at 1000 °C, depicted in Fig. 9,
are discussed here. Although the sintering temperature is 100
°C higher, almost no densification is observed for short hold-
ing times compared to LATPst. By increasing the holding
time to 480 min, a homogeneous microstructure is achieved.
The grain growth is moderate, and consequently, the associ-
ated microcracks do not occur in this case. Grain growth
seems to be suppressed by second-phase particles, which are
visible as homogeneously distributed bright dots in all micro-
graphs of Fig. 9. The assumption that it corresponds to the
second phase TiO, was confirmed by EDX analysis. The in-
teraction between second-phase particles and migrating grain
boundaries is well-known for ceramic materials. It is denoted
as Zener-type mechanism and reduces grain growth [23].

The electrochemical analysis shows how the differences in
sintering behavior and microstructure evolution of the LATP
samples affect their ionic conductivity. As explained in the
experimental section, the values for the total ionic
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Fig. 8 Microstructure of LATPex
samples that were sintered at 900
°C with holding times from

10 min up to 480 min

conductivity were derived from impedance measurements
performed in potentiostatic mode. The conductivity map is
shown in Fig. 10, plotted analogously to the density over
temperature and holding time. The exact values of ionic con-
ductivity for the different sintering temperatures and holding
times are listed in Table 5—7. For samples made from LATPst
powder, the highest ionic conductivity values were obtained
by sintering at 900 °C, which coincides very well with high
density values reached for this temperature. A maximum of
1.02:10"% s/cm is obtained after 30-min sintering, where a
homogenous and dense microstructure can be found. We at-
tribute the increase in ionic conductivity from 10 to 30 min of
sintering time to the change in the pore distribution and to the
slightly larger grains. The lower ionic conductivity for
sintering times of 60 min and longer can be attributed to an
increasing microstructural inhomogeneity. Especially the for-
mation of microcracks in abnormally grown grains due to the

Fig. 9 Microstructure of
LATPdef samples that were
sintered at 1000 °C with holding
times from 10 min up to 480 min

high thermal expansion anisotropy causes a decrease in ionic
conductivity. First indications of this effect could already be
seen in the results for the Rietveld refinement of the LATPst
sample sintered at 900 °C for 30 min. The sintered samples
from LATPex powder generally show a lower ionic conduc-
tivity with maximum values around 1-10™* s/cm. The factors
contributing to that are probably the poor densification behav-
ior and the weak grain boundaries caused by the second phase
AIPO,, which is still detectable in the XRD pattern after
sintering. It is assumed that AIPO4 accumulates at the grain
boundaries and thereby weakens them. As with the LATPst
samples, the LATPdef samples also show good ionic conduc-
tivity for the densest samples. The maximum value of 1.09-
10~ s/cm is measured for the sample sintered at 1000 °C for
480 min. Microcrack formation that causes poor conductivity
in LATPst samples at this long holding time and high temper-
ature does not seem to occur here, probably because abnormal

@ Springer
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LATPex LATPst

sintering temperature [°C]

1100
1000 \
900 @
800 \
10 100 10 100 10 100

holding time [min]

LATPdef ionic conductivity [S/cm]

1,1x10°
9,6x10*
8,3x10%
6,9x10"
5,5x10*
4,1x10%
2,8x10*
1,4x10*
1,0x10®

Fig. 10 Ionic conductivity of the LATP samples at different sintering temperatures and different holding times

grain growth is prevented by the presence of the second phase
TiO,. Although the density values of the samples sintered at
1100 °C are also high, the ionic conductivity is significantly
lower. In the SEM images, it could be seen that at 1100 °C, the
second phase could no longer prevent the grain growth and
became overgrown. As a result, microcracks form and the
ionic conductivity drops significantly.

Summary and conclusions

Our study shows that several process parameters for
upscaling of a sol-gel synthesis of LATP have to be
decisively controlled. It can be seen that a stoichiometric
sol-gel synthesis gives the opportunity to obtain high
ionic conductivities, in the order of 1-1073 s/cm, with a
low energy input of only 900 °C for sintering and hold-
ing times of maximum 30 min. However, locally occur-
ring fluctuations in the concentration of H3;PO, could
possibly have greater impact. If an excess of H;PO4 oc-
curs in the process, it will lead to the formation of the
second phase AIPO,4, which may then prevent the forma-
tion of suitable conduction pathways for good ionic con-
ductivity. A deficiency of phosphoric acid in the synthe-
sis leads to the formation of LiTiOPO,4, which seems to
be the reason for a hindered densification, but also pre-
vents abnormal grain growth for sintering temperatures
up to 1000 °C. Thereby, comparably high ionic conduc-
tivities can be obtained, but the sintering parameters have
to be adjusted to a higher temperature and longer holding
time.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11581-021-03961-x.
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