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Lithium aluminium titanium phosphate Liy sAlgsTi; 5(PO4)s (LATP) is a promising and intensively studied
solid electrolyte for the development of ceramic solid-state batteries. LATP has competitive Li-ion con-
ductivity at room temperature, very high oxidation stability, is non-flammable, cheap and environmentally
friendly. LATP can be produced in large quantities by a solution-assisted solid-state process, which can be
easily scaled up for industrial applications. We show that LATP synthesis can be further simplified, reducing
synthesis time, lowering energy consumption, and most importantly, reducing the environmental foot-
print. The core of this approach is the use of AIPO,4 as Al source instead of aluminium acetate. This
reduces the use of HzPOy, in the reaction and reduces the amount of organic components, resulting in a
CO,-free synthesis. In addition, our approach allows for direct sintering without the need for high-energy
calcination steps, reducing CO, emissions by 48% during processing. The resulting LATP exhibits very
high phase purity and a homogenous microstructure, resulting in a total ionic conductivity of
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Introduction

Solid-state electrolytes are being intensively investigated as a
possible alternative to liquid electrolytes in lithium-ion bat-
teries. Among the numerous classes of materials, ceramic
solid electrolytes are particularly attractive due to their non-
flammability, relatively high ionic conductivity at room temp-
erature and high chemical stability in air, leading to poten-
tially very high intrinsic safety of the batteries." Unlike conven-
tional lithium-ion batteries, which use the same electrolyte in
all components, different types of electrolytes can be com-
bined in a solid-state battery. A reduction-stable electrolyte can
be used on the anode side, while an oxidation-stable electro-
lyte tailored to the needs of the active cathode material can be
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used on the cathode side. Here, oxidation stability, conduc-
tivity and, of course, cost are the dominant properties that
need to be optimized. In all three aspects, aluminium-substi-
tuted lithium titanium phosphate (LATP) is a very promising
solid Li-ion conductor. This class of materials, first described
in 1980,> achieves high conductivities in the range of 107 to
107 S cm™'. LATP is composed of cheap and abundant
elements,’ has a relatively low density of 2.94 g cm™>,* is non-
flammable and environmentally friendly. LATP has good
mechanical stability>® and excellent chemical stability of bulk
material to ambient air.”® Although LATP is unstable in direct
contact with lithium metal due to the reduction of the Ti*" to
Ti**,>'° protective coatings for LATP, such as boron nitride,
boron oxide, lithium fluoride or magnesium fluoride, have
been successfully used in various studies,'™'* resulting in
effective separators. In addition, LATP has been successfully
used as a solid electrolyte in mixed cathodes for conventional
liquid electrolyte cells,”® hybrid cells’*"® and solid-state
cells.””*® Over the past 30 years, numerous reports have
appeared on the optimisation of composition of LATP and its
synthesis. Within the (Li;.Al Ti,_(PO,)3) system, the best con-
ductivities can be obtained at 0.3 < x < 0.5."° Within this range
of lithium and aluminium content, several synthesis routes
have proven successful in producing LATP with high ionic con-
ductivities. Additionally, several strategies for doping®® and
sintering additives®*"*> have emerged to improve electro-
chemical performance as well as processability. The maximum

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Evolution of LATP synthesis methods towards high energy efficiency and environmentally benign precursors to reduce the overall ecological

footprint of solid-electrolyte production.

total Li-ion conductivities of conventionally sintered LATP
pellets at room temperature scatter around 0.6 mS cm™".>>>%
Among the possible synthesis methods studied in the last
decades, melt-quench synthesis is the oldest. Despite its com-
mercialization, the ionic conductivities of 0.1-0.4 mS cm™
reported for full densified samples®®°
Moreover, not only does it depend on the use of Li,COs3,
leading to the emission of CO, during synthesis, but the
melting process at 1450 °C, followed by crushing and resinter-
ing at temperatures over 1000 °C, further worsens the environ-
mental impact. Therefore, solution-based processes have taken
the lead in recent years. They not only allow easy scale-up of
the process but also flexible control of particle size and mor-
phology, which is important for optimizing battery
performance.”>?® In addition to the properties of the resulting
powders, the synthesis methods also differ in terms of starting
materials, number of synthesis steps, and reaction conditions,
which directly affects the economic and environmental
impacts. The synthesis routes based on the Pechini
method®”?" and sol-gel synthesis**?*> rely on water-soluble
nitrate precursors, which produce harmful nitrogen oxides as
synthesis by-products. To get rid of the nitrogen oxides and
improve the environmental performance, a modified sol-gel
synthesis was proposed in which the nitrates were replaced by
acetate salts.”* As for the titanium source, titanium isopropox-
ide has been shown to be the most environmentally friendly
option.>"***? Titanium isopropoxide reacts spontaneously
with water to form titanium oxide and isopropanol. The iso-
propanol can be recaptured during the drying step and even-
tually reused, which improves the sustainability of the process

are rather low.

This journal is © The Royal Society of Chemistry 2024

(Fig. 2). However, the acetate ion contained in the aluminium
acetate, as well as the oxalic acid stabilising agent, is not recov-
ered but burned to CO, during calcination. Further optimiz-
ation of the environmental impact of the synthesis requires
reducing the CO, footprint, mainly by finding an alternative
aluminium precursor and reducing the amount of organic sol-
vents as well as the energy required during the synthesis.

To further improve the synthesis and drive it towards lower
cost and lower environmental impact, we have successfully devel-
oped an optimized synthesis route by using aluminium phos-
phate AIPO, as a low-cost Al source. The use of aluminium phos-
phate significantly reduces the need for additional phosphoric
acid (H3PO,4) as P source and eliminates the time-consuming
preparation of an aluminium acetate precursor solution.**

The resulting synthesis procedure thus requires 12 man-
hours less, 43% less energy, and uses fewer and cheaper precur-
sors (10% cost reduction) (ESI Tables 1 and 27). Most impor-
tantly, it presents for the first time a fully carbon neutral syn-
thesis process for LATP, making the solid electrolyte more econ-
omical and environmentally friendly (Fig. 1, deep green panel).

Experimental

For the preparation of 100 g of LATP, stoichiometric amounts
of lithium hydroxide monohydrate (41.92 g LiOH H,O,
AppliChem, 99+ %), aluminium phosphate (121.94 g AIPO,,
Alfa Aesar, 97%) and orthophosphoric acid (97.96 g H3POy,,
Alfa Aesar, 85%) were added to 1.5 L water. Afterwards, tita-
nium isopropoxide (283.76 g Ti[OCH(CH;),]4, Alfa Aesar, 97+

Green Chem., 2024, 26, 2712-2720 | 2713
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%) was added dropwise with a rate of 1 mL s™'. The obtained
white suspension was stirred for 4 hours at room temperature
to ensure homogenization and then dried at 85 °C. Afterwards,
the dried precursor powder was homogenized in a planetary
ball mill (Retsch PM400) in a 500 ml milling jar with 160
wolfram-carbide milling balls (10 mm) at 300 rpm for
15 minutes and subsequently calcined in a closed Al,O; cruci-
ble in air at 600 °C for 5 h, with heating and cooling rates of
5 K min~". The resulting calcined LATP powder was again
milled with the same parameters as mentioned above to
prepare for further processing.

The particle size distribution was checked carefully via laser
diffraction in ethanol using a LA950 (Horiba Scientific) with a
650 nm and a 405 nm laser source. 3 minutes of ultrasonic
treatment were applied before measurement to deagglomerate
the samples. The data was analysed using a Mie model with a
refractive index of 1.54.

To obtain sintered LATP pellets, the calcined and milled
powder (LATP-c) as well as the dried and milled educt mixture
(LATP-e) was uniaxially pressed into pellets of 13 mm diameter
at 75 MPa and sintered in a closed Al,O; crucible at 900 °C for
5 h.

To determine the elemental distribution 50 mg of the
sample was melted with 250 mg Na,B,0, at 1050 °C for
30 min. The melt was dissolved in 30 ml 5% HCI and 3 mL
H,0, and analysed by ICP-OES (Thermo Scientific iCAP7600).
The phase purity was measured via X-ray diffraction using a
Bruker D4 Endeavor equipped with a 1D detector LYNXEY
using monochromatized Cu Ka radiation. Data analysis of the
obtained XRD results was carried out by employing the
Rietveld method using the software TOPAS (version 6, Bruker
AXS, Karlsruhe, Germany). The density of the LATP ceramic
was measured by Archimedes’ method using deionized and
degassed water. A cross-section was cut from the pellets and
subsequently embedded in epoxy resin (EpoFix Resin Harz
and EpoFix Hardener). The embedded pellet was polished
with 4000 grit SiC sand paper and finished with a 1 pm
diamond suspension. Powder samples were prepared by
attaching the powder to conductive carbon tape. A platinum
layer of 1 nm was sputtered onto the sample surface to com-
pensate charging effects. Scanning electron microscopy
measurements were taken on a Zeiss EVO 15 (Carl Zeiss AG,
Germany) with an acceleration voltage of 15 kV. Energy-disper-
sive X-ray (EDX) spectra were measured using a Ultim Max 100
detector and analysed using the AZtec software package (both
Oxford Instruments plc, England).

Blocking electrodes were applied to the sintered pellets, by
sputtering gold onto the fresh surface (2 min sputter time,
Cressington 108auto Coater). The impedance was measured in
a Swagelok cell using a BioLogic VMP-300 multipotentiostat at
25 °C. The frequency was varied from 7 MHz to 1 Hz with a
voltage amplitude of 20 mV. For impedance measurements at
elevated and lowered temperatures, two commercial electro-
chemical systems (Keysight E4991B and Novocontrol
Technologies Alpha-A) with an AC frequency range from 3 GHz
to 1 MHz and from 10 MHz to 1 Hz were applied, respectively.
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An alternating voltage amplitude of 20 mV was used during
measurements. The temperature dependent impedance was
recorded between 433 K and 173 K in a temperature-controlled
chamber (Novocontrol Technologies BDS1100). The data ana-
lysis and fitting were performed with the EC-lab software
(Biologic, V11.36). All graphs were normalized to the thickness
and area of the samples. The conductivities were calculated

. d . . .
using the formula ¢ = —, where R is the resistance, d is the

sample thickness and A is the sample area. The activation
energy E, was determined from a linear fit of the Arrhenius

. . . —FE
plot according to the Arrhenius equation 0T~exp( kTa)’

where o is the ionic conductivity, k is the Boltzmann constant
and T is the absolute temperature.

Results and discussion
Economical and ecological impact

The choice of starting materials is considered fundamental to
the phase purity and morphology of the LATP powder®® (see
Fig. 1, red to light green panel). In general, water-soluble start-
ing materials are chosen to ensure homogeneous distribution
of all elements. In an optimized process reported
previously,*>** lithium hydroxide, phosphoric acid, titanium
isopropoxide, and aluminium acetate were used as precursors
to obtain LATP powder with the highest ionic conductivity. All
compounds have good ecological fingerprint except alu-
minium acetate as described above. Therefore, the focus of
this work was to replace aluminium acetate with an alternative
aluminium source to minimize CO, emissions.

The synthesis of LATP in the synthesis route used as the
basis for modifications®! was carried out in a modified solu-
tion-assisted solid-state reaction (SASSR) consisting of three
main steps (Fig. 2, left). First, an aluminium acetate solution
is prepared, and the aluminium content is checked. In the
mixing step, the stoichiometric amount of LATP precursors is
stirred in water and then dried at 85 °C. The dried product is
ball milled and calcined in a calcination step at 600 °C to
remove the volatiles. The result is an amorphous LATP powder
that can then be sintered at temperatures >900 °C to obtain
crystalline LATP with high ionic conductivity. The sintering
temperature required for this process depends critically on the
particle size and particle size distribution of the amorphous
LATP powders obtained in the calcination step, with smaller
particles allowing lower sintering temperatures.

To reduce the carbon footprint of LATP synthesis, carbon-con-
taining anions must be excluded from the high-temperature pro-
cessing steps. Ideally, all anions other than phosphate ions
should be avoided to simplify the reaction mixture composition
and avoid the formation of additional by-products. As aluminium
acetate is the only CO, source in the synthesis route used as stan-
dard in our work (Fig. 2, left),** replacing the acetate ion with the
phosphate would result in aluminium phosphate AIPO,.

This journal is © The Royal Society of Chemistry 2024
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thesis omitting the calcination steps (LATP-e).

This new synthesis method follows the reaction

1.5Ti[OCH(CH3;),], + 3H,0 — 1.5TiO, + 6CH3;HgO

1.5LiOH + 0.5AIPO, + 1.5TiO, + 0.5H;PO,
— Li1.5A1045Ti1.5 (PO4)3+45H20

Besides the lower carbon footprint, the advantage of AIPO,
is that it is cheap and commercially available. In addition, the
reaction is simplified because the aluminium-source does not
need to be prepared as solution separately. To test the suit-
ability of AIPO, as an Al source, it was added to the reaction
mixture described above. The rest of the synthesis procedure
was carried out under otherwise similar conditions to prepare
LATP-c powder (Fig. 2, middle), as TGA measurements indi-
cated the start of the phase formation reaction at 530 °C (ESI
Fig. 11). In addition, a second synthesis route is proposed here
in which the reactant mixture is directly sintered and the high-
temperature calcination step is completely omitted (Fig. 2,
right). To evaluate the improvement by these modifications to
the ecological and economical impact of the synthesis, the
data basis of existing literature is insufficient. Since the
environmental impact of battery material synthesis has not
been a focus in reports of new synthesis methods so far, criti-
cal data, such as the amount of additives needed or the exact
energy input have not been reported consistently. Therefore,
the solution-assisted solid-state reaction based on aluminium-
acetate has been recreated to create the data base for compari-
son (ESI Tables 1 and 27).

The substitution of the aluminium source in the synthesis
process of LATP eradicates CO, emissions from the reactants,
while the required input of H3PO, is reduced by 64 g kg™
LATP. Moreover, these savings lead to a 10% reduction in the
price of the required materials. In addition, the proposed shor-
tened process leads to a significant reduction in labour hours
and electrical energy consumption. In the production of LATP-

This journal is © The Royal Society of Chemistry 2024

¢, 8 labour hours are saved, while energy use is reduced by
19% or 9 kW h kg™' LATP, which is equivalent to 3790 g CO,
per kg LATP. For the production of LATP-e, the savings are
even higher, as the number of labour hours is reduced by 12,
while the energy input is reduced by 43% or 21 kW h kg™*
LATP, equivalent to 8820 g CO, per kg LATP. Even though
these figures only apply to laboratory-scale production, as the
commercial process is not yet established, they show the
immense economic and ecological potential of the processing
method presented here.

Material characterization and electrochemical performance

To prove the competitiveness of the proposed synthesis routes,
a thorough analysis of the obtained materials is required. After
drying and calcination, an amorphous LATP-c powder was
obtained, which showed a bimodal particle size distribution
with a relatively broad distribution around 10 pm and a
narrow distribution at 0.1 pm after the dry milling process
(Fig. 3). The narrow distribution of the smaller particle fraction
with a small amount of larger particles is generally beneficial
for further sintering and densification, as it leads to high
green body densities.** Since the particle and crystallite size
can easily be easily adjusted and there is no evolution of gases
in subsequent processing, the LATP powder produced by this
method is suitable also for advanced sintering techniques
such as spark plasma sintering.*>%

The second synthesis route proposed in this work (LATP-e)
is based on the direct sintering of the mixed reactants. In this
case, the phase purity and electrochemical properties of the
obtained LATP-e pellets depend on the particle size and the
particle size distribution of the reactants, which can be
adjusted to achieve the desired material properties. Scanning
electron microscopy (SEM) images of LATP-c and LATP-e
powders (Fig. 3c and d) show that both materials have compar-
able morphology consisting of spherical agglomerates with

Green Chem., 2024, 26, 2712-2720 | 2715
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(a) Particle size distribution of LATP-c powder after final dry milling; (b) XRD data of LATP-c (grey) und LATP-e (yellow); orthorhombic LATP

phase marked as *; LTP phase marked as °; (c) SEM picture of the calcined LATP-c powder after wet milling and drying; (d) SEM picture of the reac-

tant mixture in LATP-e synthesis after wet milling and drying.

similar size of primary particles, as well as larger polycrystal-
line particles (ESI Fig. 27).

To test the sintering performance of the LATP-e powder and
the calcined LATP-c powder, as well as the phase purity of the
resulting LATP solid electrolyte, both powders were uniaxially
pressed into pellets and sintered at 900 °C for 5 h. The compo-
sition of the synthesized was determined via ICP-OES (ESI
Table 31). Both LATP-c and LATP-e are within the measure-
ment accuracy of the method similar to the target composition
of Li; 5AlysTiy sP3. X-ray diffraction (XRD) analysis (Fig. 3b)
and Rietveld refinement (ESI Fig. 3 and 4%) of the sintered
pellet show the formation of crystalline LATP with high phase
purity. The majority of the material (94 wt% for LATP-c and
93 wt% for LATP-e) consists of LATP with a targeted rhombo-
hedral phase configuration (space group R3c, ICSD 7936). A
small amount of LATP (4 wt% for LATP-c and 5 wt% for LATP-
e) crystallizes in the orthorhombic phase structure (space
group Pbca, structure similar to that of Li,Mn,(SO,); type,
ICSD 51332, indicated by asterisks (*) in Fig. 3d) first reported
by Gross et al.® and observed in virtually all reported LATP
materials. While the occurrence of this orthorhombic LATP

2716 | Green Chem., 2024, 26, 2712-2720

has been associated with sintering temperature, its effect on
the electrochemical stability and ionic conductivity is still
unclear. In addition, a very small amount (2 wt% for LATP-c
and LATP-e) of an Al-poor LiTiPOs phase, indicated by °, was
detected as a secondary phase. The phase purity of our crystal-
line LATP is higher than that of LATP materials prepared by
other reported synthesis methods,>*"*° which report second-
ary phases with 3 wt% to 10 wt%. It should also be noted that
this high phase purity was achieved at a temperature of only
900 °C, which is among the lowest sintering temperatures
reported for this material. It is also noteworthy that no
secondary AIPO, phase can be detected in our LATP, although
AlPO, is a reactant in this new synthesis route, proving its
complete consumption during the synthesis process. This is
particularly  noteworthy  since in  several  other
reports' " ??129333% where AIPO, was not used as a source of
aluminium, AIPO, was still reported as a secondary phase. The
AIPO, impurity phase has been shown to have a particularly
detrimental effect on the subsequent processing of LATP,
leading, for example, to the formation of cracks during
pressure-assisted sintering.**

This journal is © The Royal Society of Chemistry 2024
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In addition to the high phase purity, the sintered
LATP pellets produced from calcined powders exhibit a
sufficiently high relative density of 90% (determined by the
Archimedes method). When considering only conventionally
sintered LATP without additives, the reported range of relative
densities is between 87% and 95%,>****%?7 for competitive
conductivities.

Scanning electron microscopy (SEM) images of the polished
cross-section of the sintered pellets show a dense microstruc-
ture with small pores (Fig. 4). Energy-dispersive X-ray (EDX)
spectra show an overall uniform element distribution (ESI
Fig. 5 and 67), with only some isolated small grains having a
significantly lower Al concentration (Fig. 5 and ESI Fig. 67).
The chemical composition of these inclusions agrees well with
the secondary LiTiPOs phase detected in the XRD. This other-
wise detrimental secondary phase does not cover the grain
boundaries and consequently has no significant negative
impact on the electrochemical performance of our material.

View Article Online
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Finally, ionic conductivity, the most important property of a
solid electrolyte, was determined on sintered pellets by impe-
dance spectroscopy. Due to the semi-blocking nature of the
gold electrode, the low-frequency region of the graph displays
the sluggish alloying reaction between lithium and gold. The
Nyquist plot of the impedance spectrum at 25 °C (Fig. 6a and
c¢) shows a semicircle in the mid-frequency range attributed to
grain boundary resistance, with a capacitance of 3 x 10~° F for
LATP-c and 1.5 x 10~° F for LATP-e. A semicircle attributed to
bulk material resistance, normally observed at high frequen-
cies, was not observed in the frequency range used at room
temperature. Therefore, the bulk conductivity was calculated
from the high-frequency intercept of the semicircle on the
x-axis as opyy 2.5 mS cm™*, which is in good agreement with
bulk conductivity data obtained on single crystals.*® At lowered
temperatures, a distinct semi-circle with a capacitance of 25 x
107'? F, attributed to the bulk resistance, can be seen in the
high frequency range (ESI Fig. 7). While this indicates

Fig. 4 SEM picture of a polished cross-section of the sintered pellets of LATP-c (left) and LATP-e (right).

Region of interest

Fig. 5 SEM of the polished cross-section of sintered LATP-c pellets; EDX the marked area of sintered LATP-c pellets.

This journal is © The Royal Society of Chemistry 2024
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(a) Nyquist plot of the room temperature impedance measurement of the sintered LATP-c pellet, (b) Arrhenius plot of ionic conductivities of

the sintered LATP-c pellets in the temperature range —100 °C to 100 °C, (c) Nyquist plot of the room temperature impedance measurement of the
sintered LATP-e pellet (d) Arrhenius plot of ionic conductivities of the sintered LATP-e pellets in the temperature range —100 °C to 100 °C.

sufficient phase purity, the total conductivity of LATP is gener-
ally governed by the grain boundary resistance.’> The total con-
ductivity (bulk + grain boundary) is determined as 6, = 0.62 mS
cm™! at 25 °C LATP-c and as 6 = 0.59 mS cm™ " at 25 °C for
LATP-e from the data-fit. These values prove the competitiveness
of the presented synthesis routes, as the highest conductivities
for conventionally sintered LATP scatter around 0.6mS
em™.*27% Impedance measurements were also performed at
different temperatures to determine the activation energy E, for
Li-ion transfer (Fig. 6b and d). Both LATP-c and LATP-e exhibit a
relatively low activation energy (total activation energy of 0.41 eV
and 0.40 eV for LATP-c and LATP-e, respectively, and the bulk
activation energy of 0.36 eV), which is comparable to the acti-
vation energy of LATP obtained in the aluminium acetate-based
synthesis route (0.41 eV total activation energy).>®

Conclusions

In this work, we present a new simplified process for the
preparation of high quality LATP via a modified SASSR route. A
competitive total ion conductivity of 0.62 mS em™' at room
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temperature was achieved by conventional free sintering at
900 °C, resulting in a sample with 90% relative density. The
phase purity, relative density, ionic conductivity, and ion trans-
port activation energy values of our LATP are comparable to
those of LATP prepared by other methods such as sol-gel syn-
thesis® or molten flux-assisted solid-state synthesis.>®
However, similar or even better performance was achieved in a
much simpler process with less expensive starting materials,
demonstrating the competitiveness of our new synthesis
methods. By using aluminium phosphate as the Al source in
the SASSR process presented here, the amount of orthopho-
sphoric acid and CO, emissions from reactants and energy
emissions were significantly reduced. This not only reduces
the environmental impact of LATP synthesis, but also signifi-
cantly lowers synthesis cost, further driving LATP towards the
large-scale application.
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