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Li-ion batteries (LIBs) are the ubiquitous technology to power portable electronics; however, for the next-
generation of high-performing electrochemical energy storage systems for electric vehicles and smart grid fa-
cilities, breakthroughs are needed, particularly in the development of solid-state electrolytes, which may allow
for enhanced energy density while enabling lithium metal anodes, combined with unrivalled safety and operative
reliability. In this respect, here we present the successful synthesis of a glass-ceramic Liy 4Alg 4Geg 4Ti1 4(PO4)3
NASICON-type solid-state electrolyte (SSE) through a melt-casting technique. Being grain boundaries crucial for
the total ionic conductivity of SSEs, the effect of the addition of diboron trioxide (B2O3, 0.05 wt.%) to promote
their liquefaction and restructuring is investigated, along with the effects on the resulting microstructures and
ionic conductivities. By the thorough combination of structural-morphological and electrochemical techniques,
we demonstrate that bulk materials show improved performance compared to their powder sintered counterpart,
achieving remarkable ion mobility (> 0.1 mS cm™ at —10 °C) and anodic oxidation stability (> 4.8 V vs Li*/Li).
The addition of B,03 positively affects the grain cohesion and growth, thus reducing the extension of the grain
boundaries (and the related grain/grain interface resistance) and, therefore, increasing the overall ion mobility.
In addition, B,Oj3 is seen to contrast the microcracks formation in the LAGTP system under study which, overall,
shows very promising prospects as SSE for the next-generation of high-energy density, safe lithium-based
batteries.

1. Introduction caused by external forces, and thermal/electric abuse. In addition,

greatly enhanced overall energy density is fundamental, which is not

The lithium-ion (Li-ion) battery (LIB) is the state-of-the-art device
commercially adopted, which empowers our smart electronic and
cordless power tools, and, more recently, all-electric, plug-in and hybrid
electric vehicles (BEVs, PEVs, PHEVs, etc.). In its standard confguration,
LIB uses an insulating separator to keep positive and negative electrodes
apart, with a liquid electrolyte solution for alkali metal ions (Li')
transport, which poses severe safety risks, chiefy in case of battery
damage, such as swelling caused by temperature change or leakage

possible by just increasing the number of cells without increasing the
unit price and the internal space occupied in vehicles. Actually, top-
performing market research agencies and data analytics companies
expect that PHEVs/BEVs will replace ICE (internal combustion engine)
vehicles in the coming years, to become the mainstream and undisputed
choice in transportation industry. The best possible way to have at least
close mileage as the current ICE vehicles is to increase the capacity of
battery cells. This is exactly the main reason why we need a solid-state
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battery, which is foreseen to provide higher (at least 2-3 times) energy
density than standard liquid-electrolyte based LIBs by enabling the use
of high operating voltage (high-V) cathodes in combination with lithium
metal anodes and avoiding the use of additional components for safety.
In addition, it will allow for the use of light modules and packs, thus
saving more internal space to increase the amount of active materials. A
solid-state battery uses a solid electrolyte, which plays the role of
separator as well, thus overcoming the main problems of standard LIBs,
viz. Fammability, resistive SEI at the electrode interface leading to ca-
pacity loss, electrolytic decomposition at high anodic potential values
limiting the use of high-V cathodes, hazardous thermal runaway and
leakage. The scientifc community in the Feld is highly active from
several decades and, recently, the use of inorganic solid electrolytes
instead of their organic liquid counterpart was demonstrated to improve
environmental stability, simplify cell design, increase mechanical
strength to suppress lithium dendrite growth [1], increase safety [2],
enhance thermal stability and widen the electrochemical stability win-
dow. For practical consideration, solid electrolytes are required to
possess suffciently high ionic conductivities, in the order of at least 1074
Scm™ at room temperature [3], as well as good chemical stability and
ease of manufacturing [4].

NASICON-structured ceramic electrolytes are among the most
attractive solid-state ionic conductors for energy storage devices. In
particular, LATP (Lij.xAlxTiz«x(PO4)3) and LAGP (Li1xAlxGesx(PO4)3)
[5] are promising systems for this type of applications [6] and numerous
studies were reported in the literature so far [7]. LATP and LAGP are
crystalline solid solutions based on the LiTiy(PO4)3 and LiGe,(POg)3
systems respectively, in which the tetravalent Ti** and Ge*" ions are
partially substituted by the trivalent AT jons [8]. Additional Li* ions
are encompassed in the solutions to restore the charge neutrality of the
systems [2]. LATP and LAGP crystallize in a rhombohedral lattice con-
sisting of PO4 tetrahedra sharing corners with TiOg and GeOg octahedra
that give rise to a three-dimensional pathway [9], enabling for
lithium-ion conductivity.

The partial substitution of Ge** for Ti**, resulting in the LAGTP
system, was Frst proposed by Xu et al. [4] for the preparation of
melt-quenched glass-ceramics of Lij 4Alg4(Ge1xTix)1.6(POs)s (X =
0--1.0) showing an overall ionic conductivity of 6.2 x 1074 S cm™ at
room temperature when x = 0.33, after having been treated at 950 °C for
18 h. The idea was to combine the higher lithium ion conductivity of
LATP with the better chemical stability of LAGP, being Ge*t presumed
to be a more stable host compound than Ti** for Li™ ion mobility. Li™
ions are in fact inserted into the solid solution upon the AI** - Ge**, Ti**
substitutions, and LAGP showed a higher solubility limit of aluminium
than LATP [10,11].

Being the LATP glass system diffcult to obtain by a glass-ceramic
route [2], this processing method was mainly investigated for LAGP
systems [10,12-16], while little attention was paid to the use of this
technique for the fabrication of LAGTP systems. Solid-state and sol-gel
synthesis routes were largely used instead. Maldonado-Manso et al.
[17], for instance, reported ionic conductivities ranging between 2 and 7
x 107 S em™ at room temperature for the Liy,yAlGe,Tizxy(POs)3
(0.20 < x £ 0.8, y = 0.8, 1.0) system. The powders were obtained
through solid-state reaction and sintered at 950 °C for 12 h. The same
synthesis was used by Salkus et al. [18] to investigate LAGTP com-
pounds with x = 0.1+0.3 and y = 0.07+-0.21, demonstrating that the
ARt Ge* Ti*t substitutions increase lattice parameters and Li-ion
conductivities in active material grains, yielding an overall conductiv-
ity of about 3.2 x 10 S cm™ at 600 K when x = 0.3 and y = 0.21, after
sintering at 1363 K for 1 h. Lij 4Alg4Ti16xGex(PO4)3 (X = 0 + 1.0)
compounds were synthesized by Zhang et al. [19] with precursors pre-
pared using the sol-gel method. The highest total lithium-ion conduc-
tivity for the pellets, sintered at 950 °C for 11 h, was found to be about
1.3 x 103 S cm™ at room temperature when x = 0.2.

Regardless of the type of method adopted for the synthesis of pow-
ders, either solid-state or sol-gel, the sintering route brings along
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intrinsic densifcation limits and, despite the possibility to promote
densifcation by decreasing the particle size and by narrowing its dis-
tribution [20], reduced interparticle contact is responsible for ineffec-
tive ion transport among grains [2], as voids reduce the effective
cross-section of a sample [6], thus affecting the overall conductivity of
solid electrolytes. Given the possibility to evaluate the intrinsic con-
ductivity of a material through the use of correction equations, such as
Bruggeman’s [21] or Archi’s law [22] that consider the volume fraction
of pores in a sample, the presence of pores still remains disadvantageous
when the material is used as a ceramic electrolyte to assemble an
all-solid-state battery. For this reason, the use of dense bulk components
in the place of sintered materials could help overcoming these limits,
also widening the spectrum of possible fnal forms and sizes [4] and
allowing for microstructural control [2].

Along with the presence of pores, grain boundaries [6] and micro-
cracks [20] were reported to strongly affect the ionic conductivity of
NASICON-type materials. In particular, Martens et al. [9] proved that
the overall ionic conductivity is mostly determined by the ion transport
process occurring at the grain/grain interface, and suggested that
improved ionic conductivities could be achieved by increasing the
geometric ratio of grain size to grain boundary width D/d. Similarly,
Jackman et al. [23] gave evidence that improvements in grain boundary
conductivity were due to a reduction in void spaces, through which
lithium ion mobility is hindered, and not to an increase in the actual
conductivity of the material located at the grain/grain interface. Ac-
cording to the same authors, microcracking was also demonstrated to
negatively affect the ionic conductivity.

In this work, the microstructure, ionic conductivity and electro-
chemical properties resulting from both powder sintering and bulk heat
treatment of mixed LAGTP glass-ceramic electrolytes are investigated,
with the aim to demonstrate the enhanced performances of a bulk ma-
terial with respect to its sintered counterpart for a given composition. In
particular, following the work by Zhang et al. [19], who exploited a
sol-gel method, the Lij 4Alp.4Gep 4Ti1.4(PO4)3 System is here synthesized
through the melt-casting technique. The effect of the addition of diboron
trioxide (B203, 0.05 %wt) to enhance sintering, as for the LAGP system
melt-quenched by Jadhav et al. [24] and synthesized by Kim et al.
through sol-gel [25], is also investigated. Indeed, thanks to its melting
temperature of about 450 °C, B,O3 was reported to promote the lique-
faction of grain boundaries during the heat treatment and, being grain
boundaries crucial for the overall ionic conductivity, its addition should
positively affect grain cohesion and growth, thus reducing the extension
of the grain boundaries and increasing the ion mobility, while also
contrasting the microcracks formation.

2. Materials and methods
2.1. Synthesis of the NASICON-structured glass ceramics

The NASICON-structured glass ceramics were prepared using a melt-
guenching route. Stoichiometric amounts of Li,CO3z (EMSURE ACS, 99.0
%), Al,03 (Alfa Aesar, 99.9 %), GeO, (Aldrich, 99.99 %), TiO, (Panreac,
99.0 %), NH4H,PO,4 (Carlo Erba, 99.9 %) were used as precursors for the
preparation of the mixed Ge/Ti glass ceramic with composition
Li1_4A|0_4GEo_4Ti1_4(PO4)3, consisting in 17.5Li20-5A|203-56602-
35Ti0,-37.5P,05 (mol.%), namely LAGTP. Additionally, H3BO3 (Sigma-
Aldrich, 99.5 %) was used for the preparation of the B,O3-doped glass
ceramic with composition Lij 4Alp 4Gep 4Ti1.4(PO4)3 + 0.05 %wt B,03,
namely LAGTPB.

The precursors were thoroughly mixed for 24 h and heated up to 350
°C in an Al,03 crucible at a heating rate of 10 °C min~* and held at that
temperature for 30 min to release the ammonia coming from NH4H,POg4.
A further isothermal step at 700 °C for 30 min was performed to release
the carbon dioxide. Ultimately, the powders were heated up to 1450 °C
for 1 h to allow the formation of a homogeneous melt. The resulting
LAGTP and LAGTPB glasses were casted onto a brass plate at room
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temperature and immediately transferred into a furnace at 550 °C for 2 h
to relieve thermal stresses. After that, two different routes were inves-
tigated: the powder sintering route and the heat treatment route of the
bulk glass. In the former case, LAGTP and LAGTPB powders were ob-
tained by use of a single 50 mm ball in a zirconia vibratory ball mill
(Fritsch, Pulverisette 0) for 2 h, sieved under 25 pm and pressed into
pellets (13 mm in diameter), which were sintered to yield LAGTP-s and
LAGTPB-s samples, respectively. In the second case, LAGTP and LAGTPB
were heat-treated in their bulk form resulting in LAGTP-b and LAGTPB-
b. Both powder sintering and bulk heat-treatments were carried out at
950 °C for 10 h, following the results of differential thermal analysis
detailed in paragraph 3.1.

2.2. Characterization techniques

Characteristics temperatures, such as glass transition (Tg), onset
crystallization (Ty) and peak crystallization (T,) temperatures of the
glass-ceramic materials in the form of powders were evaluated by dif-
ferential thermal analysis (DTA, Netzsch, DTA 404 PC) in the tempera-
ture range between 25 and 1100 °C at a heating rate of 10 °C min~tin
synthetic air. The sintering behavior of powders was also followed by
means of hot stage microscopy (HSM, Hesse Instruments, Heating mi-
croscope EM301) from 25 to 1100 °C at a scan rate of 10 °C min™'. Based
on the DTA and HSM data, different heat treatments were carried out for
the LAGTP and LAGTPB systems.

Crystalline phases were identifed by X-Ray diffraction analysis
(XRD, Panalytical, Xpert3 MRD) at RT using Cu Ka radiation at a voltage
of 40 kV and a current of 40 mA. The XRD patterns were recorded in the
20 range of 10—70 °. The relative density d was derived from experi-
mental Archimedes evaluations according to Eq. 1:

d = (Wa-Wy)dy/W, (1)

where w, and wy, are the weight of the sample evaluated in air and in
water, respectively, dyy is the density of water and d the resulting density
of the glass-ceramic component [3].

Microstructures of the glass-ceramics were observed by means of
scanning electron microscopy (SEM, Jeol, JCM-6000PIlus, BenchtopSEM
provided with an Everhart Thornley type SE detector and a high sensi-
tivity solid state BSE detector) on the as-treated, polished and fracture
surfaces of each sample, under high vacuum and at a voltage of 15 kV.
Elemental analysis was performed through energy-dispersive X-ray
spectroscopy (EDS, Jeol, EX-37,001) in the same operating conditions.

Polished samples were Au sputtered on both sides and served for
ionic conductivity measurements. The Au-coated solid electrolytes were
sandwiched between two stainless-steel (SS) ion-blocking electrodes in
SS/electrolyte/SS confguration of an EL-Cell Std (EL-CELL, Germany)
electrochemical test cell. The ionic conductivity was evaluated by
electrochemical impedance spectroscopy (EIS) using a VMP3 potentio-
stat/galvanostat (Biologic) with an oscillating potential of 20 mV in the
frequency range between 300 kHz and 1 Hz. The test was carried out
between -20 and 80 °C using an environmentally controlled climate
chamber (MK 53 E2 from BINDER, Germany). The cells were kept for
100 min at each temperature with intervals of 10 °C for proper equili-
bration. The Nyquist plots were analysed using Ec-Lab software (V
10.44). The ionic conductivity (0;) values were determined according to
Eq. 2:

6i = /AR (2)

where t is the sample thickness, A is the area of the electrodes and R is
the total resistance [2].

The activation energies (E,) for Li™ ion diffusion were extracted from
the linear ft of the ionic conductivity data versus the reciprocal of
temperature (T) in the Arrhenius plot, according to Eq. 3:

Inc = Ina — (E4/RT) 3)
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where a is the pre-exponential factor and R is the universal gas
constant [1].

The DC resistance (Rpc) of the samples was measured recording the
current response (1) of symmetric SS/electrolyte/SS cells with ion-
blocking electrodes at a fxed voltage (E) of 2 V applied for 900 s at
25 °C. A voltage of 3 V was applied in one case to obtain a clear current
response. The electronic conductivity (o) was calculated as follows (Eq.

4) [6]:
6. =tI/(AE)=t/(ARpc) 4

The electrochemical stability window (ESW) of the most conductive
samples was evaluated using in-house made T-cells in a three electrodes
confguration with Li metal disks as both quasi reference (QRE) and
counter (CE) electrodes, and LAGTP-b or LAGTPB-b based composite as
the working electrode (WE). The composite electrodes were prepared by
a standard method from NMP (N-methyl pyrrolidone, Merk) slurry
containing LAGTPB-b (75 wt.%), conductive carbon (C65, Imerys, 15
wt.%) and PVdF (Solef 6020, Solvay, 10 wt.%). The slurry was deposited
onto an Al foil or Cu foil, dried overnight at ambient temperature, cut
into disks (with a 10 mm diameter) and vacuum dried at 120 °C for 1 day
prior use to remove water and residual NMP solvent traces. The resulting
composite electrodes had a mass loading of 2.0 mg cm~2. For compar-
ison purpose, carbon-coated Al (CC-Al) or Cu (CC-Cu) electrodes were
prepared by the same method, from a slurry containing C65 (90 wt.%)
and PVdF (10 wt.%). Three Whatman glass fber disks (with a diameter
of 10 mm, ~ 120 pm thick) were used as separators and drenched in
different liquid electrolytes. Battery grade LP30 (Solvionic, France),
consisting in 1 M LiPFg in EC:DMC (1:1 v/v) was used as the electrolyte
for the determination of the anodic stability window (ASW). An ether-
based electrolyte consisting in lithium bis(trifuoromethansulfonyl)
imide (LiTFSI) 1 m in tetraethylene glycol dimethyl ether (G4), battery
grade from Solvionic (France), was used for the evaluation of the
cathodic stability window (CSW). The cyclic voltammetry (CV) tests
were carried out at ambient temperature (=~ 23 °C) at a scan rate of 0.1
mv st using a VMP3 potentiostat/galvanostat (Biologic) in the range
0.1-3V (CSW) or 3-5V (ASW). The electrodes coated on Cu and Al were
used as the WEs for the determination of the CSW and the ASW,
respectively.

For an additional test to determine the ASW of LAGTPB-b, a multi-
layered cell was prepared using a crosslinked poly(ethylene oxide)
(PEO)-based polymer electrolyte (PEO-G4) as an interlayer between Li
metal and the thermally treated bulk ceramic LAGTPB-b. The PEO-G4
flm was prepared by a solvent-free procedure consisting in hot-
pressing followed by UV-induced crosslinking starting from a mixture
containing equal amounts of PEO (200 kDa, Merck) and G4 (38.75 wt
%), LITFSI (15 wt%) and benzophenone (15 wt%, from Merck) photo-
initiator as detailed elsewhere [26]. This method was adopted to avoid
the reduction of LAGTPB-b in contact with Li metal. The Au WE was
directly sputtered on ceramic LAGTPB-b, yielding a two-electrode cell in
the confguration Li/PEO-G4/LAGTPB-b/Au. The Li metal foil was used
as both the counter and the reference electrodes for the CV measurement
upto5.5Vat01mvs L

3. Results and discussion
3.1. Thermal characterization

DTA measurements (Fig. 1) were carried out on the powders of
LAGTP and LAGTPB to determine their glass transition (Tg), onset
crystallization (Ty) and peak crystallization (T,) temperatures, which
are listed in Table 1.

No crystallization peak was detected for both LAGTP and LAGTPB,
which directly crystallized onto the brass plate during casting. From a
kinetic point of view, this is likely ascribed to the cooling rate undergone
by glasses when poured onto a plate in air being lower than their
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Fig. 1. DTA curves of as-casted LAGTP and LAGTPB.
Table 1

Characteristic temperatures (Tg, Tk, Tp) and shrinkage behavior (T, shrink.% at
950 °C) evaluated through DTA and HSM for as-casted LAGTP and LAGTPB.

T,(C) T (C)  To(C)  Tu(C)  Shrink.% at 950 °C
LAGTP 580 ND ND 780 19 %
LAGTPB 570 ND ND 770 21 %

intrinsic crystallization rate. Despite the absence of crystallization
peaks, the Ty values were identifed at 580 and 570 °C for LAGTP and
LAGTPB respectively, presumably due to very small amounts (too low to
be detected) of LAGTP conductive phase that could not completely
crystallize during casting. This hypothesis is supported by the analogous
absence of Ty and Ty, (melting) corresponding to the amorphous B,03
contained in LAGTPB, which should have been visible at 278 and 450 °C,
respectively, according to the literature [27,28]. Indeed, none of them
was detected, being the amount of B,O3 as low as 0.05 %.wt of the
overall glass composition. Nevertheless, such a low amount was enough
to decrease the value of Tq by 10 °C for LAGTPB-p, where B,O3 acted as a
sintering aid.

A low-intensity endothermic peak was also detected, namely at 1033
and 1015 °C for LAGTP and LAGTPB, respectively. GeO, was largely
reported [13,29,30] to appear as a secondary phase in LAGP systems.
This oxide shows a dimorphic transformation from its low temperature
rutile-like tetragonal (P42/mnm) structure to its high-temperature
a-quartz-like (P3221) trigonal (hexagonal) structure at 1033 °C [31,
32]. As a consequence, the endothermic transformations registered
through DTA could be attributed to the presence of this secondary phase
in our LAGTP and LAGTPB systems. Nevertheless, due to the shift
registered for LAGTPB, the peak of which was anticipated to 1015 °C,
this hypothesis should be further investigated.

HSM evaluations carried out on LAGTP and LAGTPB powders sieved
under 25 pm revealed different shrinkage behaviors (Fig. 2). The frst
shrinkage temperature (Tgs, considered as the temperature at which the
sample was shrunk to 97 % of its initial dimension) and the shrinkage
percentage at 950 °C were evaluated. Results are listed in Table 1.

The shrinkage percentages are an important parameter for the extent
of densifcation at the sintering temperature at 950 °C. In particular, 19
and 21 % shrinkage percentages were detected at 950 °C for LAGTP and
LAGTPB, respectively. Both LAGTP and LAGTPB showed a continuous
shrinkage behavior, resulting in Tgs equal to 780 and 770 °C, respec-
tively, which highlights the infuence of B,O3 on the frst shrinkage
temperature. The early shrinkage of pellets upon addition of 0.05 %wt
B,03 is the most interesting and signifcant result.

Based on the DTA and HSM results, specifc heat treatments were
targeted for LAGTP and LAGTPB in their bulk and sintered forms. An
upper temperature of 950 °C was set for all the samples to achieve the
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Fig. 2. HSM curves of as-casted LAGTP and LAGTPB upon a scanning rate of 10
°C min?,

maximum densifcation of sintered powders and, at the same time, to
promote grain growth of both sintered and bulk samples, while limiting
the lithium loss and the microcracking occurring at high temperature.
Indeed, lithium in the form of Li,O was reported by Waetzig et al. [20] to
vaporize above 950 °C leading to the partial transition of LATP into
non-conductive secondary phases, such as AIPOg4, that could exhibit
microcracks due to the resulting lattice shrinkage. The same authors also
proved that the high thermal expansion anisotropy of the LATP lattices
is responsible for the formation of microcracks across the main
conductive phase at temperatures above 1000 °C. The same behavior
can be extended to LAGP and, thus, to LAGTP. Based on these consid-
erations and the HSM results discussed above, a single 10 h sintering
treatment at 950 °C was set for LAGTP and LAGTPB to yield sintered
LAGTP-s and LAGTPB-s, respectively. Analogously, bulks were heat
treated at 950 °C for 10 h and LAGTP-b and LAGTPB-b were obtained.

Density values obtained through Archimedes method (see eq. 1 in
paragraph 2.2) for the sintered and heat-treated samples are compared
in Table 2, demonstrating the improved densifcation of bulk samples
compared to their sintered counterparts, but also confrming the positive
effect of B,O3 on the shrinkage behavior of powders, as previously
assessed by the HSM experiments.

According to the results listed in Table 2, decreasing relative density
values of 95.6 %, 95.2 %, 92.5 % and 92.2 % were obtained for LAGTPB-
p, LAGTP-p, LAGTPB-s and LAGTP-s, respectively, referring to the
theoretical density value of 2.95 g cm reported in the literature [46]
for the LiTi»(PO4)3 NASICON-type structure.

3.2. Crystalline phase analysis

XRD spectra were recorded for LAGTP and LAGTPB in their as-casted
form, as well as after their sintering and bulk heat treatment at 950 °C
for 10 h. Resulting diffraction patterns are shown in Fig. S1 and Fig.3,
respectively; the refections for each of the corresponding crystalline
phases are indicated above the diffraction peaks. The conductive crys-
talline phase LiTi»(POg4)3 (JCPDS reference code: 00—035-0754; major
refections at 24.492 °, 20.844 ° and 29.642 °) was identifed for all
samples. AIPO,4 (JCPDS reference code: 01—-072-1161; major refections

Table 2

Density values obtained through Archimedes method for LAGTP and LAGTPB
samples, either sintered (LAGTP-s and LAGTPB-s) or bulk heat-treated (LAGTP-b
and LAGTPB-b).

LAGTP-s LAGTPB-s LAGTP-b LAGTPB-b

Density (g cm™3) 2.72 2.73 2.81 2.82
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Fig. 3. XRD spectra of LAGTP and LAGTPB after powder sintering (-s) or bulk
heat treatment (-b). The XRD patterns were recorded in the 26 range of 10-70 °
at a voltage of 40 kV and a current of 40 mA.

at 21.763 °, 35.746 ° and 31.108 °), GeO, (JCPDS reference code:
01-083-2474; major refections at 25.961 °, 20.556 ° and 38.058 °) and
TiO, (JCPDS reference code: 01-088-1172; major refections at 27.606
°,54.631 ° and 36.242 °) secondary insulating phases were also detected
for both samples.

The increased presence of secondary phases across the different
samples could be either identifed through an increase in the relative
intensity of a given peak or to the appearance of new peaks corre-
sponding to the same crystalline phases. In this regard, one should
consider that the second principal peak of GeO,, located at 20.556 °, is
overimposed to the second LiTix(PO4)3 peak at 20.844 °, being more
intense in most of the cases. Only by sintering the samples at 950 °C for
10 h, this peak was suffciently intense to be detected and clearly
distinguished in LAGTP-s and LAGTPB-s.

The presence of secondary phases was found to increase in sintered
samples, compared to the bulk heat-treated ones for a given composition
(i.e., LAGTP-s and LAGTP-b, or LAGTPB-s and LAGTPB-b). Diffraction
patterns of the as-casted materials are shown in Fig. S1 to visualize this
different increase. In fact, as both the -s and -b samples derive from the
same as-casted material (LAGTP-p or LAGTPB-p), they possess the same
initial amount of secondary phases.

However, the milling step brings along the grinding and dispersion of
these initial phases, resulting in a more widespread formation of sec-
ondary phases that are likely to grow at high temperatures across the
powder-sintered pellets. For a given composition, this growth is likely
due to the increased specifc surface area of the particles compared to
the bulk materials. Further investigations should be carried out to
evaluate the presence of secondary phases at the grain boundary or in
the pores of the sintered samples, and to evaluate a possible surface-
driven crystallization mechanism for these systems. This effect would
also be responsible for the increased amount of unassigned refections
ascribed to non-identifed secondary phases in sintered samples. Anal-
ogously, the presence of secondary phases was found to increase in the
presence of B,O3 for a given synthesizing route, presumably due to the
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microstructural reorganization induced by the addition of this sintering
aid showing a melting temperature of about 450 °C [24].

As a result, LAGTP-b is expected to show the most promising ion
conducting behavior, followed by LAGTPB-b and by the sintered mate-
rials. However, microstructure is also expected to play a fundamental
role on the fnal ionic conductivity values, as discussed in the next
paragraph 3.3.

Overall, a 0.25 ° shift of the diffraction peak positions towards lower
angles compared to the reference diffraction pattern of LiTi»(PO4)3 was
observed in all samples. This shift indicates the changes in lattice pa-
rameters induced by replacement of Ti** with Ge**and AI**, proving
the formation of LAGTP solid solutions.

3.3. Microstructural analysis

SEM micrographs of the non-polished, fracture and polished surfaces
are shown in Fig. 4 upon detection of secondary electrons (SEs). The
effects of the addition of B,O3 and of the different synthesizing routes,
either sintering or bulk heat-treatment, are here clearly visible.
Considering sintered LAGTP-s and LAGTPB-s, both treated at 950 °C for
10 h, the formation of larger cohesive grains was in fact observed in the
latter, as evidenced by its non-polished surface. A similar trend was
registered for bulk heat-treated LAGTP-b and LAGTPB-b, the latter being
characterised by the formation of larger elongated grains and cohesive
grain boundaries. The improved grain size and cohesion observed in
both cases could be attributed to the presence of amorphous B,03, which
melts at about 450 °C promoting the liquefaction of grain boundaries
[24] and, thus, the rearrangement and growth [25] of grains during the
sintering or heat-treatment process itself. Thanks to this liquefaction, the
formation of microcracks in LAGTPB-s and LAGTPB-b was observed to
be remarkably reduced in comparison to LAGTP-s and LAGTP-b,
respectively.

A further investigation was carried out on sintered LAGTPB-s
through EDS semi-quantitative analysis to shed light on the composi-
tion of the white areas observed in sintered samples. Results are shown
in Fig. 5 and highlight the presence of bright Ge-rich regions, with an
amount of Ge as high as 17.79 %at, which could not instead be at all
detected in the darker Ge-poor surrounding region. As a conseguence,
they could be attributed to the formation of GeO, secondary phase.
These results are in good agreement with the XRD results previously
discussed in paragraph 3.2, which showed that secondary phases are
more likely to form in powder sintered samples.

As regards the effect of the two different synthesizing routes, bulk
materials showed enhanced densifcation, grain size and grain cohesion
compared to their sintered counterparts. In accordance with HSM results
and density values derived through Archimedes method (Table 1 and
Table 2, paragraph 3.1), the presence of intergranular voids was in fact
reduced in LAGTP-b and LAGTPB-b bulk samples. As a matter of fact,
micrographs of the polished surfaces highlighted the presence of few
localized voids of the order of about 5 pm in the bulk LAGTP-b and
LAGTPB-b samples, which instead appeared narrower in size but more
widespread through the sintered LAGTP-s and LAGTPB-s. Despite the
avoidance of sintering, the presence of voids in the bulk materials is
likely ascribed to the casting procedure and to the temperature gradient
induced by cooling on the brass plate. Intergranular voids observed in
the sintered samples are instead ascribable to the sintering process.

Along with the increased densifcation of the materials, the bulk
route also positively affected the resulting microstructures, giving rise to
better-defned grains particularly visible from the fracture surfaces.
Such microstructures are expected to be the most promising in terms of
ionic conductivity, thanks to their improved grain size and cohesion. For
this reason, the fracture surfaces of LAGTP-b and LAGTPB-b were further
investigated by use of a FESEM microscope. Micrographs are shown in
Fig. 6. Evidence of the effect of B,O3 on the resulting grain size at a given
magnifcation was given. In particular, larger grains with an average size
of 2 pm were observed all across LAGTPB-b, while smaller grains (1 pm),
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Fig. 4. SEM micrographs of non-polished, fracture and polished surfaces of sintered and bulk heat-treated LAGTP and LAGTPB. From above: sintered LAGTP-s (AE,I)
and LAGTPB-s (B,F,J), bulk heat treated LAGTP-b (C,G,K) and LAGTPB-b (D,H,L). From the left: non-polished (A,B,C,D), fracture (E,F,G,H) and polished (1,J,K,
L) surfaces.

Fig. 5. EDS analysis performed on powder sintered LAGTPB (LAGTPB-s) to evaluate the composition of the bright areas observed on its non-polished surface. The
analysis was carried out in high vacuum and at a voltage of 15 kV.

Fig. 6. FESEM micrographs of the fracture surfaces of bulk heat-treated LAGTP-b (A and C) and LAGTPB-b (B and D). Samples were treated at 950 °C for 10 h.
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among few larger grains, were found in LAGTP-b. Both inter and
intragranular microcracks were diffusively present in LAGTP-b. On the
contrary, no microcrack formation was observed for LAGTPB-b, which
resulted in highly cohesive grains.

According to the SEM microstructures discussed above and in
contrast with the XRD results, the bulk heat-treated LAGTPB-b is ex-
pected to possess the highest lithium ion conductivity among all sam-
ples, followed by LAGTP-b and by the powder-sintered pellets.

3.4. lonic conductivity and electrochemical characterization

In view of their possible application as separating electrolytes in all-
solid-state Li-based batteries, the as sintered glass-ceramics were char-
acterised by EIS in terms of ionic conductivity at varying temperatures,
lithium ion transference number, and further tested in terms of elec-
trochemical stability window.

Fig. 7A shows the Nyquist plot of representative EIS spectra for the
sintered and heat-treated bulk samples collected at 20 °C in symmetric
SS/electrolyte/SS cells. In the case of the more resistive sample (i.e.,
LAGTPB-s), the spectra consist in a high frequency semi-circle, which
does not intercept the axes origin, coupled with a straight line at low
frequencies.

These spectra were Ft using the equivalent circuit shown in the inset
of Fig. 7A (top). Constant phase elements (Q) were used in the place of
capacitive elements to ft slightly depressed semi-circles at high fre-
guencies and straight lines with different inclinations at low frequencies.
These latter arise from charges accumulation at the ion-blocking elec-
trode/electrolyte interface, and are represented by Q2 (capacitive
contribution at electrolyte/electrode interface). The parallel combina-
tion of R2 and Q1 accounts for the high frequency semi-circle, where R2
and Q1 are attributed to the grain boundary resistance and capacitance,
respectively. The element R1 represents the electrolyte bulk resistance,
related to the distance from the high frequency intercept with the real
axis to the origin of the axes. Therefore, the overall ionic resistance was
calculated as the sum of R1 and R2. It is interesting to note how the grain
boundary contribution (well pronounced in the LAGTPB-s and LAGTP-s
samples) is rather reduced in LAGTP-s and even negligible in LAGTPB-b
and LAGTP-b, suggesting a remarkable improvement of the grain-grain
interfacial contact, leading to higher ion conduction values. For the less
resistive samples (i.e., LAGTP-b, LAGTPB-p, and in some cases for other
samples at high temperature), the AC responses consist in an inclined
straight line making a non-zero high-frequency intercept. In these cases,
the spectra were ftted as the series combination of R3 (overall resis-
tance) and Q2 (inset in Fig. 7A, bottom). The measurement of the
electronic conductivity by a DC method (Fig S2) confrmed that the
material is a pure ionic conductor, being o, negligible (in the order of
1078-101% s cm™ as shown in Table 4), which results in ionic trans-
ference numbers > 0.9999. It is worth mentioning here that in order to
obtain a clear current output, a relatively high DC voltage of 2 V (in one
case 3 V) had to be applied to the cells, below which the current would
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Ffuctuate around zero with positive and negative values. Under this
condition, the degradation of the electrolyte might have played a role in
determining the current fow.

The overall ionic conductivity values are shown in the Arrhenius plot
of Fig. 7B. Consistent linear ft (Fz2 > 0.999) was obtained is all cases.
The activation energies are in the range of 0.27-0.35 eV (Table 3), in
good agreement with those reported in the literature for similar systems
[7,10,4,18]. Notably, the most ionically conducting sample LAGTPB-b
shows total ionic conductivity of 0.39 and 0.10 mS em~! at +20 and
-10 °C, respectively. The former is among the highest values reported in
the relevant literature [7-10], while the latter satisfes the ionic con-
ductivity targets for solid-state ceramic electrolytes of the H2020 Eu-
ropean (EU) Si-DRIVE project (https://sidrive2020.eu/). Research in
Si-DRIVE is focused on the development of novel materials to achieve
next generation LIBs able to meet the future demands and EU market
opportunities, delivering on the challenge of safer, higher energy density
and durable LIB chemistries for future BEVs with practical battery
operation even at sub-zero temperatures.

The ionic conductivity values of the different samples are strongly
affected by the synthesis process, and consequent thermal treatments,
which play a role on the microstructure as detailed in paragraphs
3.1-3.4. The highest ionic conductivity is obtained for the samples
thermally treated in the bulk form (LAGTP-b and LAGTPB-b), resulting
in large grains dimension, with improved cohesion and few localized
intergranular voids (Fig. 4). This is also refected by the absence of
distinct signals due to the grain boundaries contribution in the imped-
ance spectra, in the whole range of the investigated temperatures
(Fig. 7A). In this respect, the highest o; values obtained in this work can
be attributed to the positive effect of B,O3 promoting grain growth and
cohesion. It can be thus concluded that these factors exert a greater
positive impact on the fnal ionic conductivity than the negative unde-
sired impact of the B,O3-induced formation of secondary phases detec-
ted by XRD analysis. In this regard, Duluard et al. [32] found that small
amounts of non-conductive secondary phases, such as AIPOg4, can induce
a densifying effect which is benefcial for the ionic conductivity, if their
unit cell is smaller compared to that of the main conductive phase. Poor
oj values are observed for the sintered LAGTPB-s sample. In this case,
despite the larger grain size, the milling step leads to the widespread
distribution of comparatively high amount of insulating secondary

Table 3
Summary of the transport properties extracted from the electrochemical
characterization.

Sample 6e@25°C(D.C.V) 6 @-10°C o6;@20°C E,

Scmit(v) Scmil Scmil kJ mol it (eV)
LAGTPB-b  1.3510°°(3.0) 1.01 107 3.90 107 27.40 (0.28)
LAGTPB-s  2.70 107° (2.0) 4.7510°° 2.3810°° 34.19 (0.35)
LAGTP-b 2.06 10710 (2.0) 4.8010°° 1.811074 29.08 (0.30)
LAGTP-s 3.58 10710 (2.0) 1.9210°° 9.40107°  33.17 (0.34)

Fig. 7. Nyquist plot of the impedance spectra of
symmetric SS/electrolyte/SS cells at 20 °C. (A)
The real and imaginary parts of each impedance
spectrum were multiplied by the sample area
and divided by its thickness to allow for direct
comparison. The inset shows the equivalent
circuits used to Ft the spectra. lonic conduc-
tivity data plotted vs. 1000/T of the solid
ceramic electrolytes under study (B). Legend of
samples is representative for both the plots.
Symbols stand for experimental data, straight
lines for the Ftting curves.
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phases, such as GeO,, AIPO4 and TiO, (paragraphs 3.2, 3.3 and Fig. 7),
with respect to the other samples, which is most probably responsible for
the low conductivity observed. Differently, sintered LAGTP-s shows in-
termediate o values. The decrease of ionic conductivity with respect to
its bulk counterpart LAGTP-b is attributed to the presence of widespread
intergranular voids arising from the milling and sintering process, which
affect density (see Table 2 and paragraph 3.3). Overall, the ionic con-
ductivity is larger in LAGTPB-b, with large cohesive grains and few
localized voids, and it decreases for sintered samples with abundant
widespread insulating domains, such as pores, cavities and secondary
phases.

Besides the ionic conductivity, the stability of an electrolyte in the
voltage window at which the electrodes operate inside an electro-
chemical cell is a fundamental parameter, particularly for practical
battery application. In the Si-DRIVE project, the requirements in this
respect are rather demanding; actually, the cells are conceived to work
with high energy density silicon-based anodes [33], and Co-free high
voltage cathodes operating up to 4.8 V vs. Li™/Li [34]. To assess the
electrochemical stability in the range of interest, the most conductive
samples LAGTP-b and LAGTPB-b were used as the WE and evaluated by
cyclic voltammetry exploiting in house made T-cells assembled in three
electrodes confgurations with Li metal disks as QRE and CE electrodes,
as detailed in experimental (paragraph 2.2). The as-synthesised mate-
rials were milled and processed into composite electrodes containing
C65 carbon as electronic conducting additive.

This method was purposely used because the fat surface of the
ceramic bulk could limit the reaction area, leading to a low current
output during the CV. Also, carbon-rich WEs allow to satisfactorily
simulate the behaviour of a practical device, leading to much more
reliable results than those obtained using inert WEs (steel, nickel, plat-
inum). Indeed, misleading experimental electrochemical stability win-
dows were previously reported for ceramic Li-ion conductors, largely
exceeding the calculated thermodynamic stability limits [35]. Addi-
tionally, it allows test cells assembly using Li metal as the reference
electrode, thus avoiding conversion errors and giving reliable informa-
tion directly related to the operative voltages of the electrodes in real
cell confguration. Indeed, NASICON-type ceramic conductors are well
known to be unstable in contact with Li metal, due to the reduction of
Ti** and Ge**, leading to the formation of a mixed ionic and electronic
conductive interface [36].

Fig. 8A shows the CV in the range 3 - 0.1V vs. Li QRE using LAGTPB-
b composite WE (the CV for non B,O3-doped LAGTP-b is shown in the
supporting information, Fig. S3). The voltage range investigated was
not further extended cathodically to avoid lithium plating. The mea-
surement was carried out in a three electrodes cell assembly using LiTFSI
1 m in G4 as the electrolyte (see details in experimental), which was
selected due to the good stability of ethers at low voltage vs. Li™/Li [37,
38]. A small signal reduction at about 2.4 V vs. Li QRE can be detected
during the frst cathodic sweep. This is attributed to the redox reaction
Ti** + e~ - Ti®" and consequent Li* insertion, based on data reported
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for NASICON-type Lij 3Alg3Ti1 7(PO4)3 [39,40]. This process is less
straightforward during the second cycle. In this respect, the use of a
composite electrode may result in diffculties to detect the reversible
redox process due to Ti*t/Tidt couple, according to the literature [38].
This redox reaction may limit the practical operational voltage window
of high-V cathodes (e.g., Li-rich layered oxide compounds, LRLO), which
are usually discharged down to 2.5 V vs. Li/Li. At the same time, on the
anode side, the use of a polymer electrolyte devoid of the NASICON-type
conductor, preferably in a multi-layered assembly, is envisaged [41,42].
Anyway, increasing the amount of sintering additives could be a viable
strategy to hinder electronic conduction and lithium uptake [39]. At
lower potentials, other signals are observed in the CV with both the
composite electrodes. According to the literature, the lithiation of
amorphous Ge during the CV of a Li metal cell results in multiple peaks
at approximately 0.53, 0.33, and 0.13 V [34]. In another report, the CV
analyses of Li metal cells with GeO,/C and Ge/GeO,/C composite
electrodes show reduced signals with minima at 1 and 0.7 V due to GeO,
conversion yielding Ge + Li,0, [42] and a broad peak near 0.1 V due to
Li-Ge alloying [42]. The subsequent oxidation results in a peak at 0.4 V
(Li dealloying), and broad signals with maxima at ~1.2 and 1.7 V
(reoxidation of Ge to GeO5). These processes seem to be well refected by
the signals centred at =~ 1, 0.6 and 0.1 V upon reduction, and the peaks
with maxima at =~ 0.4, 1 and 1.7 V upon oxidation during the frst cycle
in Fig. 8A and Fig. S3. In this respect, a contribution due to the presence
of C65 cannot be ruled out, as emerges by comparison with the CV ob-
tained with a CC-Cu composite electrode (inset of Fig. 8A), even though
the content of C65 is considerably higher in this latter case (i.e., 90 wt.%
in CC-Cu, vs. 15 wt.% in LAGTPB-b and LAGTP-b composites). Anyway,
the sharp peak located at = 0.1 V visible during the frst reduction sweep
with both LAGTPB-b and LAGTP-b, and the following oxidation at =~ 0.4
and 1.7 V during the reverse scan, arise from the redox activity of Ge**
in the NASICON-type structure and in GeO, secondary phase, as also
observed with Li; sAlgsGe; 5(PO4)3 [43], or to the further reduction
(and subsequent oxidation) of Tist [44].

Fig. S4 shows the CV scans from the OCV to 5 V vs. Li QRE using
LAGTPB-b and LAGTP-b composites as the WEs and LP30 as the elec-
trolyte. The CV, using CC-Al (90 wt.% C65 carbon, 10 wt.% PVdF) as the
WE, is shown for comparison purpose. It is worth noting that the scans
during the second cycle are almost perfectly matched for all the samples.
In contact with the CC-Al WE, LP30 probably undergoes decomposition
at lower potentials compared to those reported for non-catalytically
active glassy carbon [45], which might mask the signals due to the
oxidation of LAGTP-b and LAGTPB-b. Therefore, this measurement is
not conclusive to assess the oxidative degradation of the ceramic sam-
ples. Thus, to determine the ASW of LAGTPB-b, a multi-layered cell was
prepared using a PEO-based polymer electrolyte (PEO-G4) [26] as an
interlayer between the Li metal electrode and the thermally treated bulk
ceramic LAGTPB-b. This method was adopted to avoid the reduction of
LAGTPB-b in contact with Li metal. A gold WE was directly sputtered on
LAGTPB-b, yielding a two electrodes cell in the confguration

Fig. 8. CV scans at 0.1 mV s~ and ambient
laboratory temperature (= 23 °C) of three
electrodes electrochemical cells cycled in
cathodic/anodic potential ranges and in
different confgurations as follows: A) OCV —
0.1 V (cathodic), three electrode cell with Li
metal CE and QRE, LiTFSI 1 m in G4 liquid
electrolyte, and LAGTPB-b composite (red line
1st cycle, orange line 2nd cycle) or CC-Cu
(green line) WEs, and B) OCV - 55 V
(anodic), of a Li/PEO-G4/LAGTPB-b/Au cell
(red line 1st cycle, orange line 2nd cycle) and a
Li/PEO/Pt cell (one sweep, green line).
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Li/PEO-G4/LAGTPB-b/Au. The Li metal foil was used as both the
counter and the reference electrodes for the CV measurement upto 5.5V
at 0.1 mV s~ (Fig. 8B). Under this condition, a very low (< 2 pA cm’?)
oxidation current starts fowing at approximately 4.75 V, followed by an
exponential increase with onset at ~ 4.95 V. These results are in fair
agreement with the computed anodic stability of NASICON-type LATP,
which is oxidized at 4.21 V yielding O, LiTio(POg)3, LisP207, AIPO,4 as
equilibrium phases, and fully delithiated above 5 V vs. Li*/Li, according
to the literature [44]. The oxidation of the polymer electrolyte is ruled
out based on the comparison with the linear sweep voltammetry scan at
0.1 mV s~ using a two electrodes cell with a Li/PEO-G4/Pt confgura-
tion, where the oxidation current starts fowing at ~ 4 V (with a constant
increase after 4.2 V) and the onset of the exponential increase of the
current (due to the oxidative decomposition) is located at ~ 4.8 V
(Fig. 8B). An additional Li/PEO-G4/LAGTPB-b/Au cell was tested by CV
in the range from 2 to 3 V where the signals due to Ti**/Ti®" redox
couple are supposed to be located (Fig. S5). In the bulk form, differently
from the case of the composite WE in Fig. 8A, the peaks due to Ti*t
reduction and Ti®* oxidation are clearly seen, with maxima at =~ 2.1 and
2.6 V, respectively.

Overall, the measured oxidation stability of the highly conductive
LAGTPB-b under study is high enough to allow safe charging of high-V
cathodes, while the discharge voltage should be limited to prevent Ti*t
reduction, even though further addition of sintering agents and pro-
cessing the material in the form of a composite ceramic-polymer hybrid
electrolyte is envisaged to mitigate this phenomenon and will be object
of future investigation.

4. Conclusions

A glass-ceramic LAGTP system with composition Liy 4Alg 4Geo.a-
Tiy 4(PO4)3 was successfully prepared through a melt-casting technique
and the addition of B,03, commonly used for LAGP systems as a sin-
tering aid, was investigated. The melts were casted onto a brass plate
and two synthesizing routes, viz. powder sintering and bulk heat treat-
ment, were followed for the as-casted materials. The effects on the
resulting microstructures and ionic conductivities were investigated,
together with those of B,03.

Within the same composition, the bulk heat treatment led to
increased grain size and cohesion, as well as to the formation of localized
voids rather than widespread intergranular voids compared to the
powder sintering route. On the other hand, within the same synthesizing
route, the addition of B,O3 promoted grain growth and cohesion, and
contrasted microcracks formation thanks to its ability as a sintering aid
to induce grain reorganization above its melting temperature of 450 °C.
Despite its addition resulted in the formation of increased amounts of
secondary phases, the negative effects on ionic conductivity of these
latter were however less impactful than the overall positive effects
induced by its presence. In accordance with these results, the highest
conductivity value of about 3.9 x 10~*s cm™ at 20 °C was recorded for
bulk B,O3-added LAGTPB-b, with an activation energy of 0.28 eV. lonic
conductivity was seen to decrease, in agreement with the increase of the
activation energy, when B,03 was not introduced in the glass-ceramic
composition, and further properties deterioration was observed for the
powder sintered samples. The LAGTPB-b based electrolyte was found to
be electrochemically stable up to about 4.8 V (vs. Lit/Li°), making it
appealing as separating electrolyte for lithium-based battery systems
operating at high voltages.

Overall, the improved performance of bulk materials compared to
their powder sintered counterpart was demonstrated, along with the
positive effect of B,O3 addition on the microstructural and, thus, on the
ion transport properties of this LAGTP system. The formation of large
cohesive grains is very promising for the future dispersion of these
systems into a polymer matrix, where the effect of grain boundaries on
the overall ionic conductivity of the composite electrolyte would be
further reduced upon milling of the bulk heat-treated materials. In this

-RXUQDO RI WKH (XURSHDQ &HUDPLF 6RFLHW\

scenario, based on the promising results reported in the present work,
we are now working in our laboratories on the dispersion of these
LAGTP and LAGTPB glass-ceramics into a polymer matrix for the
fabrication of composite polymer electrolytes. Therefore, conclusions
will be drawn also considering the specifc application and peculiarity.
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