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ARTICLE INFO ABSTRACT
Keywords: The promising use of NASICON-type ceramics electrolytes highlights the need for rapid, energy-efficient and
NASICON-Type electrolyte scalable ceramic processing. Ultra-fast high-temperature sintering (UHS) overcomes the limitations of conven-
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Ultrafast high temperature sintering
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Grain boundary conductivity
Lithium battery

tional sintering including prolonged times, high energy demand and lithium volatilization, which can adversely
affect ionic conductivity and structural stability. Here, UHS is investigated for the sintering of a modified
Li; 5Alp 3Mgo.1Ge1.6(PO4)3 + 0.5 wt% By03 composition (namely, LAMGPB) obtained through melt-casting, in
comparison with a commercial LAGP counterpart. The densification, crystallization behavior and microstructural
evolution of the two amorphous systems are investigated across increasing currents. Results demonstrate that the
high heating rates achieved through UHS promote rapid densification and enable the formation of a fully
crystalline and pure LAGP ion-conducting phase in both systems. Electrochemical impedance spectroscopy re-
veals an enhanced total ionic conductivity for LAMGPB compared to commercial LAGP. A reduced grain
boundary resistance is indeed observed for this system, attributed to the improved grain size and cohesion
induced by the segregation of amorphous B,O3 at the grain boundary. Overall, this study sheds light on the
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correlations between the crystal phase evolutions, microstructural features and electrochemical performances of
NASICON-type systems, unravelling the effect of UHS sintering and oxide doping on these aspects.

1. Introduction

The growing demand for high-performance energy storage solutions
has spurred significant interest in the development of solid-state batte-
ries (SSBs). On paper, SSBs offer higher energy density compared to
conventional liquid electrolyte-based batteries [1]. Moreover, SSBs are
intrinsically safer and more sustainable, as they utilize solid electrolytes
that are non-volatile [2], non-flammable [3] and less hazardous, thus
mitigating risks associated with the use of liquid electrolytes, such as
leakage, flammability, and instability under high temperatures as well
as use of toxic solvents/components.

Among the various solid electrolyte materials, NASICON-type glass-
ceramics are receiving increasingly high attention by the academic/in-
dustrial research community in the field due to their promising features,
particularly Li; 5Alp 5Ge; 5P3012 (LAGP) has [4,5]. However, the tradi-
tional sintering processes used to densify LAGP, and ceramic materials in
general, require long thermal treatments (dwelling time 10-12 h) at
high temperatures (700-900 °C) to achieve high densification [6,7].
This, in addition to relatively slow heating/cooling rates typically
allowed by conventional furnaces (1-20 °C min’l), leads to total ther-
mal cycles that can last for days. Indeed, traditional sintering is a high
energy-demanding process, which concurrently leads to undesirable
lithium volatilization due to the prolonged exposure of materials to high
temperatures. As a result, their stoichiometry is altered, leading to the
formation of insulating secondary phases that impact on the ionic con-
ductivity of the resulting materials [8].

To address these challenges, various alternative sintering techniques
have been explored, such as cold sintering, microwave-assisted sintering
and spark plasma sintering (SPS). These methods offer potential solu-
tions by reducing sintering times and high-temperature exposure,
thereby mitigating lithium volatilization and enhancing ionic conduc-
tivity [9-11]. Nevertheless, they retain a material-specific applicability,
enable limited geometries and require complex equipment, which can
restrict their broader adoption. Microwave-assisted sintering of ce-
ramics for example often depends on the microwave absorption prop-
erties of the materials [12,13], and the SPS technique requires the use of
dies to compress the ceramic while sintering [14], which makes it more
difficult to sinter specimens with complex three-dimensional (3D)
structures [15].

In this context, ultrafast high-temperature sintering (UHS) has
gained attention as a revolutionary technique capable of overcoming the
drawbacks of both conventional and existing rapid sintering methods.
Introduced by Wang et al., in 2020, it represents a significant
advancement in the field of ceramic processing, particularly for the
sintering of superionic conducting solid electrolytes like LAGP [15]. This
technique stands out for its ability to achieve rapid densification of ce-
ramics within seconds to minutes, as opposed to hours required by
traditional methods [16-26]. The fundamental principle of UHS in-
volves sandwiching the green ceramic body between two carbon felts,
which are then crossed by high electrical currents, thus enabling rapid
heating through the Joule effect. Through this approach, ultrafast sin-
tering with heating rates up to 10° °C min~! can be achieved, mini-
mizing the risk of volatilization of relevant atoms, e.g. lithium, and
thereby preserving the desired material composition and properties.
Moreover, UHS is versatile in terms of atmospheric conditions, as it can
be adapted to operate in various atmospheres (e.g., inert, reducing), thus
further broadening its applicability [27,28]. In comparison to other
rapid sintering techniques, heating rates are controllable and faster
reaching up to ~10°-10% °C min~! and maximum temperatures as high
as 3000 °C are easily achieved. In addition, faster sintering times (1-10
s) are enough to achieve densification, and requirements on the samples

are minimal, making it a general sintering method. Indeed, the UHS
technique enables the sintering of complex ceramic structures and the
co-sintering of multilayered structures. Importantly, UHS provides heat
to the samples in a very localized way, without the need to inefficiently
heat voluminous furnaces. This, in addition to the minimal times
required per process, drastically reduces the energy consumption
compared to conventional thermal treatments, accounting for a strong
reduction of the carbon-footprint associated with conventional ceramic
production.

Different studies have been reported on the sintering of NASICON-
type electrolytes through UHS [29-32], which demonstrate good
densification and reduced lithium loss, resulting in absence of secondary
insulating phases and ionic conductivities in line with the relevant
works reported in the literature for the same materials sintered in con-
ventional furnaces.

The overall ionic conductivity of ceramic electrolytes is strongly
influenced by the ionic transport processes occurring at the grain/grain
interface. In the literature, the effect of adding sintering aids to LAGP to
improve its grain cohesion has been already widely investigated by the
scientific community, proving significant enhancements on systems
obtained through conventional thermal treatments [2,33-38].

Within this context, understanding the influence of sintering aids on
LAGP systems processed via UHS is of significant interest to advance the
knowledge of the scientific community on this emerging technique. In
this regard, Curcio et al. [30] explored the UHS sintering of commercial
LAGP amorphous powders mixed with 1 wt% B,O3 from two different
precursors (B203 and LizBO3). Differently, the present work investigates
the UHS sintering of an in-house made LAGP-based glassy system
(namely LAMGPB) where B2O3 is directly incorporated into the glass
matrix. This is achieved by stoichiometrically mixing H3BO3 with the
other precursors for melt-casting. The LAMGPB system has been previ-
ously studied by the authors in its bulk form and upon conventional
thermal treatment, demonstrating improved grain cohesion and ionic
conductivity through the addition of BO3 with respect to other sintering
aids, including Y203 and SiOg, on an Mg-added LAGP composition [39].
Here, the effect of UHS sintering on the crystal phase, microstructural
and ion conduction features of LAMGPB is investigated to unravel its
potential in comparison with commercial LAGP.

2. Experimental
2.1. Materials and methods

The designed composition Lij 5Alp3Mgo1Ge; (PO4)3 + 0.5 wt%
B203 (namely LAMGPB), consisting in 18.3Li;0-3.7A1503-2.4MgO-
39Ge0,-36.6P,05 + 0.7B303 (mol%), was produced through melt-
casting, specifically by melting the precursors at 1350 °C for 1 h and
casting the produced glass on a brass plate. An extensive description of
the precursors and the conditions used for the melt-casting is provided in
our previous work [39], where the effect of different oxide doping was
investigated on the LAMGPB system in its bulk form. To sinter this
system through UHS, in the present study the cast bulk glass was milled
for 2 h and then sieved below 25 pm using an automatic sieve (Ende-
cotts, Octagon 200 Sieve Shaker). The particle size distribution of the
produced powders (d50 = 9.3 pm, d90 = 33.9 um) is shown in Fig. S1,
Supplementary Information section. As a benchmark, a comparison with
commercial LAGP was carried out. Specifically, commercial LAGP
amorphous powders, namely LAGP-comm, (d50 = 5.5 pm, d90 = 11.9
pm) were provided by Toshima Manufacturing Co., Japan.

For the sintering through UHS, both types of amorphous powders
were die-pressed for 2 min at a pressure of 6 MPa to produce pellets with
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13 mm diameter. UHS was carried out inside a glove-box under a
controlled nitrogen atmosphere. Two graphite felt strips (10.5 mm in
length, 20 mm in width and 5 mm in thickness, provided by AvCarb®,
USA) were placed and tightened between two copper electrodes, in their
turn connected to a DC power supply (EA-PSI 9080-60 T, Elektro-
Automatik, Germany). Increasing currents of 19, 20, 21, 22 and 23 A
were applied for 180 s to evaluate their effect on the properties of the
LAGP-comm and LAMGPB systems, which include crystallization,
microstructure and ionic conductivity. A thermocouple was placed at
the center of the carbon strips to record the temperature throughout the
treatments and to determine the maximum temperature reached for
each sample. No controlled cooling ramp was applied and this step was
carried out naturally for all the samples, without compromising their
structural integrity. For direct comparison, the same amorphous pow-
ders were die-pressed under the same conditions provided above and
then subjected to conventional sintering at 700 °C for 12 h.

2.2. Characterization

Laser light scattering was performed on the LAMGPB and LAGP
amorphous powders after milling and sieving to determine their particle
size distribution.

The shrinkage and thermal behavior of both LAGP-comm and
LAMGPB upon heating were investigated through Hot Stage Microscopy
(HSM, Hesse Instruments, Heating microscope EM301) and Differential
Scanning Calorimetry (DSC, 404 Fe Pegasus®, Netzsch, Germany),
respectively. HSM was carried out at a heating rate of 5 °C min ™, while
DSC was carried out at increasing heating rates, specifically at 5/10/20/
40/50 °C min~!. The maximum heating rate investigated through DSC
was set as a safety limit for the instrument.

The crystalline structure of the sintered materials was assessed by X-
ray diffraction (XRD, Bruker D8 ADVANCE, Germany) with Cu Ka ra-
diation (. = 1.5406 A) analysis using Cu Ka radiation at a voltage of 40
kV and a current of 40 mA. The diffractograms were collected in the 26
range of 10-80°.

The relative density d of the sintered samples was calculated as the
ratio of their absolute density value, determined through the Archi-
medes method, to the reference theoretical density value of LAGP, i.e.
3.42gcem 3,

Cross-sections of the pellets were analyzed through Field-Emission
Scanning Electron Microscopy (FESEM) using a ZEISS Auriga system
(equipped with a 30 kV Gemini FESEM column, Germany) in high
vacuum at a voltage of 5 KV. Thin lamellas of sintered LAGP-comm and
LAMGP were extracted from the corresponding pellets by means of dual
beam system given by a scanning electron microscope (SEM) coupled
with a Xe + ion plasma-FIB (Solaris X from Tescan). The lamellas were
thereafter analyzed through transmission electron microscopy (TEM)
and energy-dispersive X-ray spectroscopy (EDX) employing a Talos
F200X G2 (Thermo Scientific) system.

Electrochemical impedance spectroscopy (EIS) was performed using
gold as blocking electrodes to assess the ionic conductivity of the elec-
trolytes at different temperatures. The sintered pellets were polished and
sputtered with Au on both sides, and then mounted on a Linkam stage
(Linkam Scientific Instruments, UK) equipped with an LNP95 (Linkam
Scientific Instruments, UK) liquid nitrogen pump. EIS was carried out at
increasing temperatures, from —35 to 80 °C. The registered spectra were
fitted using the RelaxIs software (rhd instruments GmbH & Co.). To this
purpose, two resistance (R) and constant-phase element (CPE) blocks in
series were employed to distinguish the bulk (Rp, CPEp) and grain
boundary (Rgp, CPEg) contributions at high and low frequency,
respectively. The total resistance was determined as Riot = Rp + Rgp, and
the total ionic conductivity, o, was calculated as:

oy = t eq. 1
© =\ AR, q.
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where t denotes the thickness and A the surface area of the samples. The
activation energy (E,) for Li*-ion conduction was calculated as the slope
of the Arrhenius plot In(64) vs 1000/T as follows:

E,
Ino ((rth) =Ilna- <ﬁ‘> eq. 2

Here, a is a pre-exponential factor and R is the universal gas constant.

The conductivity of the bulk 6, was calculated according to equation
(2) by substituting Ryot with Rp.

For the grain boundary conductivity instead, the brick-layer model
(BLM) was applied:

o= (2 )x (@)= (3) eq. 3

where D is the size of grains and § their grain boundary thickness,
assuming the electrolyte as an assembly of bricks.

As the dielectric constant for the bulk and grain boundary is gener-
ally assumed as equal for LAGP, the following relationship holds:

(@)

where C, and Cgp are the bulk and grain boundary capacitances,
calculated as C = Ql/ n « RI/M-1 (Q and n are parameters of the CPE
obtained from fitting). Based on this relationship, the conductivity of the
grain boundary was calculated as follows:

() @) s
O = | = — — .
* 7 \Ry Co

As the discrimination between the bulk and grain boundary contri-
bution became less accurate at increasing temperatures due to the curve

shift towards high frequencies, og, was calculated and plotted up to
30 °C.

3. Results and discussion
3.1. Thermal characterization

Thermal characterization was conducted to investigate the thermal
behavior of LAGP-comm and LAMGPB amorphous powders. In partic-
ular, hot-stage microscopy (HSM) was employed to investigate their
shrinkage behavior upon heating, while differential scanning calorim-
etry (DSC) was utilized to determine their characteristic temperatures,
including glass transition (Ty), crystallization onset (Ty) and crystalli-
zation peak (T,) temperatures.

These investigations are crucial for gaining insights on the densifi-
cation and crystallization mechanisms of a given amorphous system [40,
41]. At temperatures above the glass transition temperature (Ty), the
activation of viscous flow in the glassy particles facilitates densification.
As the temperature continues to rise, crystallization initiates at the onset
temperature (T,), reaching its maximum crystallization rate at the peak
temperature (Tp). To achieve an effective sintering, these two processes
must be decoupled, meaning that the system should possess a good
glass-stability (i.e. AT = Ty - Tg) [42]. The greater AT, the more stable
the glass, meaning that the viscous flow of particles is not hindered by
crystallization.As LAGP NASICON-type systems are of interest in this
work, it is noteworthy to underline that their glass stability is low (about
80-90 °C) compared to other glass-ceramic systems [43].

DSC curves at a heating rate of 5 °C min ! and the corresponding
characteristic temperatures are shown in Fig. 1 and Table 1, respec-
tively. According to the results, the characteristic temperatures of
LAMGPB (Fig. 1b) are shifted towards lower values compared to com-
mercial LAGP-comm (Fig. 1a), presumably as a result of the addition of
MgO and B203 within the glass composition [44,45]. In particular, Tg, Tx
and T, values of 482, 572 and 591 °C, respectively, are registered for
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Fig. 1. DSC curves and HSM shrinkage behavior of LAGP-comm (a) and LAMGPB (b) amorphous powders at a scanning rate of 5 °C min~'. The powders were
pressed into small pellets for HSM analysis. DSC was also carried out at 5/10/20/40/50 °C min~"! to evaluate the effect of increasing heating rates on the thermal
stability (Tx-Tg) of LAGP-comm (c) and LAMGPB (d) amorphous powders in view of their sintering through UHS.

Table 1

Characteristic temperatures (°C) extrapolated from the DSC curves of amor-
phous LAGP-comm and LAMGPB powders at increasing heating rates (from 5 to
50 °C min~'). The glass-stability Ty-Tg on is also calculated.

Scan rate LAGP-comm LAMGPB

“c

min-Y Tgon Tx Tp Ty-Tg, Tgon Tx Tp Ty-Tg,

(9] [§9) Q) o (§9) [§9) Q) o

(9] (9]

5 525 610 626 85 482 572 591 90

10 525 615 632 90 485 578 600 93

20 525 624 642 99 485 584 607 99

40 526 630 650 104 487 593 612 106

50 529 637 653 108 490 602 616 112

LAMGPB compared to 525, 610 and 626 °C for LAGP-comm. The value
of T, for LAMGPB is lower also compared to the value (641 °C) recorded
in our previous study for the same system, under the same heating rate,
but in a bulk rather than powder form [39]. This suggests that the
LAMGPB system undergoes surface-driven crystallization, in agreement
with the findings reported by Pershina et al. [45] for B,Os-doped LAGP
compared to undoped LAGP.

However, despite the downward shift of the characteristic temper-
atures upon addition of ByO3, AT results in Table 1 indicate a higher
glass stability for this system compared to LAGP-comm, with a Ty - T,
value of 90 vs. 85 °C, respectively. Despite the presence of MgO (a glass
modifier) in the glass structure, the enhanced stability of LAMGPB can
be attributed to the incorporation of ByO3 into the glass network as a
glass former [40], resulting in a more tightly packed structure with su-
perior thermal stability [46].

As fast heating influences glass-ceramic materials by shifting their

characteristic temperatures towards higher values [47], densification
and crystallization are expected to be decoupled when the materials are
exposed to ultra-fast heating during UHS. For this reason, DSC mea-
surements at increasing heating rates (from 5 to 50 °C min ™, as allowed
by our DSC equipment) have been carried out for both commercial
LAGP-comm and amorphous LAMGPB powders (Fig. 1c and d), to
investigate the evolution of their glass stability and discuss the expected
sinter-crystallization behavior when treated through UHS. The charac-
teristic temperatures and glass stability at all heating rates are also re-
ported in Table 1 for both systems. According to the data, Ty is not
significantly affected by the increasing heating rate, in agreement with
previous studies reported in the literature [48]. Indeed, an increase of
only 4 °C (from 525 to 529 °C) is observed for LAGP-comm, while an
8 °C-shift from 482 to 490 °C is registered for LAMGPB, when passing
from 5 to 50 °C min~!. The starting temperature for densification and
nucleation is therefore not significantly affected by the heating rate to
which the material is subjected. On the contrary, Ty and T, values
related to crystallization are strongly influenced by the heating rate: a
shift of T, from 610 to 637 °C, and from 572 to 602 °C is observed for
LAGP-comm and LAMGPB, respectively, from 5 to 50 °C min ..
Therefore, as expected, the glass stability Ty-Tg of both systems is
increased with the increasing heating rate, reaching 108 and 112 °C,
respectively, at 50 °C min~'. Notably, LAMGPB retains an enhanced
glass stability compared to LAGP-comm across the range of investiga-
tion. The stability of both systems is expected to further increase if we
consider the heating rate reached through UHS. During our synthesis, in
fact, 500 °C were approximately reached after around 50 s of treatment,
corresponding to a heating rate of about 10 °C s™%, i.e. 600 °C min*. At
this heating rate, the glass stability of both systems is projected to
further increase, shifting T, values towards significantly higher tem-
peratures. Noteworthy, results for LAGP-comm are well aligned with the
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values previously reported by Curcio et al. [30] at 5, 10 and 50 °C min !
for a batch of the same material provided by Toshima, indicating a good
reproducibility among different studies. Small differences of approxi-
mately 2-3 °C are in fact observed in the T,, Ty and T, values for a given
heating rate compared to our findings.

As a combination of thermal analysis and microscopy, HSM enables
to visualize the shrinkage behavior of a system upon heating. By
combining this information with the thermal response previously
detected through DSC, it is therefore possible to visualize the coupling or
decoupling of the densification and crystallization processes for a given
glass-ceramic system. Shrinkage profiles at 5 °C min~! are shown in
Fig. 1 and characteristic figures of the pellets are provided within the
plots at the shrinkage stages of interest (initial state, sintering plateau,
final state). According to the profile of LAGP-comm (Fig. 1a), shrinkage
starts at 525 °C. This temperature also corresponds to the value of T,
previously detected through DSC (Table 1) and associated to the acti-
vation of the viscous flow for densification. For the same system, a
maximum shrinkage of 38 % is reached at 610 °C. As crystallization
initiates at this exact temperature according to DSC, densification and
crystallization for LAGP-comm are not properly decoupled, as also
indicated by the low glass stability reported at 5 °C min~" for this sys-
tem. Most likely, densification ends at 610 °C due to the starting of
crystallization that inhibits the viscous flow required for further sin-
tering. Indeed, the viscosity of a crystallized glass is significantly higher
than the parent glass, thus limiting the viscous flow [49]. When
considering LAMGPB (Fig. 1b), shrinkage starts at 485 °C (T is equal to
482 °C) and reaches its maximum at 565 °C. As crystallization starts at
572 °C according to DSC, LAMGPB shows a slightly improved glass
stability at 5 °C min~! compared to LAGP-comm, in accordance with the
previous results. However, due to its larger average particle size
(Fig. S1), LAMGPB shows a lower shrinkage extent compared to
LAGP-comm (38 %), reaching a maximum shrinkage of 31 % (Table 2).
These results suggest that the sinter-crystallization behavior of an
amorphous system can be exhaustively elucidated through DSC only
when it possesses a low glass stability. When the glass stability is high,
HSM is instead fundamental to identify the temperature of maximum
shrinkage and its decoupling from Ty.

The shrinkage behaviors evaluated at 5 °C min ! and plotted in Fig. 1
are not representative for the two systems when subjected to fast heating
through UHS. At the estimated heating rate of 600 °C min~?, Ty is ex-
pected to remain almost unchanged compared to 5 °C min?, given the
little shift registered for T, at increasing heating rates. Contrarily, as the
onset of crystal growth Ty is markedly shifted towards higher tempera-
tures, LAGP and LAMGPB powders are projected to densify up to those
temperatures, accordingly. However, this would not necessarily result in
an increased shrinkage extent: a high heating rate would lead to a shift
of T, that might enable to reach the maximum possible densification
before crystallization; however, the same heating rate might also not
provide enough time to achieve that densification before reaching T,. As
densification involves the coalescence of particles, kinetics plays a
pivotal role on its achievement [50]. For this reason, it would be of
significant interest to evaluate how increasing heating rates influence
the extent of shrinkage in NASICON-type systems.

Despite the shrinkage values reached at the plateaus, both systems
exhibit a post-plateau swelling resulting in volume increase and,
therefore, density reduction. This swelling behavior is not unusual in
glassy systems and is likely due to the trapping of gasses occurring
during their melt-casting [51].

Table 2

Maximum shrinkage (%) extrapolated from the HSM curves of amorphous
LAGP-comm and LAMGPB powders pressed into small pellets and analyzed at
5°Cmin .

LAGP-comm LAMGPB

Max. Shrinkage (%) at 5 °C min~! 38 31

Journal of Power Sources 640 (2025) 236768

For LAMGPB, swelling initiates at approximately 630 °C (40 °C
above the crystallization peak T),) and the sample exceeds its initial area
at around 850 °C. At 1000 °C, a 50 % swelling with respect to the plateau
(and 20 % with respect to the initial state) is reached. In contrast, LAGP-
comm remains stable up to 730 °C (103 °C above T}), reaching a 15 %
swelling at 1000 °C with respect to the plateau. The significant differ-
ence in swelling onset temperatures and swelling extent between LAGP-
comm and LAMGPB can be ascribed to differences in their production
processes: industrial vs. laboratory scale, respectively. Along with the
extent of gas trapping within the glass structure, the production process
of a glass determines also its characteristic temperatures [52], as well as
the particle size distribution of the resulting amorphous powders.

Overall, as the glass stability of NASICON-type systems increases
with the increasing heating rate, fast treatments such as UHS enable not
only to reduce energy consumptions but also to decouple the densifi-
cation and crystallization processes, therefore enabling improved sin-
tering efficacy of these systems with respect to conventional sintering at
low heating rates. Regardless of the sintering technique, attention
should be paid to the swelling behavior of amorphous NASICON-type
glassy systems upon heating.

3.2. Crystal phase and microstructural characterization

After gaining insights into the sinter-crystallization mechanism of
the starting amorphous powders through thermal analyses, the densifi-
cation and crystallization of LAGP and LAMGPB were studied from a
physical, microstructural and morphological point of view after UHS
treatments. In particular, the result of applying different currents during
UHS was investigated, from 19 to 23 A, to reach increasing maximum
temperatures up to nearly 700 °C, as estimated by the use of a ther-
mocouple placed between the felts. Unfortunately, a precise evaluation
of the temperature reached by the samples cannot be provided due to the
intrinsic limitations of the UHS setup. The precise measurement of
temperature represents indeed a significant challenge in the context of
non-conventional sintering techniques, such as UHS [53]. This challenge
regards both the experimental setup and the approaches used for tem-
perature evaluation. As pellets are positioned between two carbon felts
and Joule heating is produced when electric current flows, the bending
of the felts at the edges can impact their effective power dissipation in
the first place. Furthermore, they tend to lose contact with the sample
during sintering, leading to uneven temperature distribution, especially
in thicker samples [54]. In addition to this, the thickness of the sample
significantly affects the temperature gradient across its cross-section,
and the shrinkage that occurs during sintering introduces further un-
certainties on its temperature evaluation [54]. The thermal capacity and
emissivity of the sample and its contact conditions with the felts also
influence its overall thermal evolution [21]. Thermocouples used for
temperature detection should be shielded to prevent effects related to
the applied current field, as they are usually inserted between the felts
and positioned in close proximity to the sample, as in the current study.
However, due to the high thermal conductivity (orders of magnitude
higher) of the metal tip compared to the carbon felts, the use of ther-
mocouples can significantly underestimate the sample temperature —
even in the steady state of UHS - as a result of heat dispersion, and the
uncertainty of the temperature estimation remains quite wide [53].
Temperature values are anyway fundamental to describe a sintering
process. Indeed, as the current is highly dependent on the specific UHS
experimental setup, it does not adequately represent the treatment un-
dergone by a pellet. For this reason, in the figures and discussion of the
present work, approximate temperature values recorded by the ther-
mocouple are reported alongside the amperages. For a more compre-
hensive perspective, the temperature profiles recorded over time for
both systems and at increasing currents are available in the supple-
mentary information section (Fig. S2).

In this manuscript, results are mainly shown for the samples treated
at 20 and 22 A, as relevant representatives of the structural and
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microstructural evolutions occurring at increasing temperatures for both
LAGP-comm and LAMGPB. The progressive densification and crystal
phase formation can be observed from the X-ray diffractograms and the
FESEM micrographs shown in Figs. 2 and 3, respectively. For a
comprehensive overview of the results collected in the full 19-23 A
range, the reader is instead referred to Figs. S3 and S5 and to Tables S2
and S3, in the Supplementary Information Section, also including an
evaluation of the crystallized volume fraction (o) and crystallite sizes (D)
via Rietveld method (Fig. S4 and Table S1). A comparison with the ef-
fects of conventional sintering is also carried out and discussed for both
systems.

Fig. 2 shows a comparison among LAGP-comm and LAMGPB before
UHS treatment (i.e. as-received and as-cast, respectively) and after UHS
treatment (at 20 A and 22 A, corresponding to approximately 595 °C and
670 °C for LAGP-comm, respectively, and to 565 °C and 595 °C for
LAMGPB, respectively). At the given currents, the different temperature
values recorded for LAGP-comm and LAMGPB can be ascribed to the low
temperature control resulting from the criticalities mentioned above.
Digital photographs of UHS-treated pellets are also provided in the in-
sets of Fig. 2. Both starting materials possess a fully amorphous struc-
ture, LAGP as-received by Toshima and LAMGPB as-cast in our
laboratory, indicating a successful glass-casting process for the latter.
When pressed into pellets and subjected to UHS treatment at 19 A for
180 s, both systems begin to densify while still retaining a fully amor-
phous structure (Figs. S3 and S5). This indicates that a temperature T
above Tg — which allows viscous flow for sintering — and below the onset
of crystallization Ty has been reached, viz. T < T < Ty. A relative density
of 82 and 89 % is measured for LAGP-comm and LAMGPB, respectively

LAGP-comm

As-received

UHS 20 A; ~ 595 °C

UHS 22 A; ~ 670 °C

g \ A H Conv. Sintering; 700 °C, 12 h
=
@ LAMGPB
[0)
c
— As-cast

UHS 20 A; ~ 565 °C
. h . | UHS 22 A; ~ 595 °C

"G€02 L Conv. Sintering; 700°C, 12 h

LiGe,(PO,), #01-080-1922

10 20 30 40 50 60 70 80
20 (degrees)

Fig. 2. Comparison on the X-ray diffractograms of LAGP-comm and LAMGPB
amorphous powders before and after UHS treatment, showing the progressive
crystallization of the powders at increasing applied currents. The temperature
values reached at the end of the UHS treatments and measured through a
thermocouple are reported alongside the corresponding applied currents. Dig-
ital pictures of the pellets treated through UHS at 22 A for 180 s are shown in
the insets. A comparison with the X-ray diffractograms resulting from con-
ventional sintering (700 °C, 12 h) is also provided for both systems. The
reference pattern of the main LiGey(PO4); crystalline phase is re-
ported underneath.
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LAGP-comm LAMGPB
€] 20/A5=5955C 20/A; ~ 565 °C

10 Uigs)

(b) 7

Fig. 3. FESEM micrographs of LAGP-comm and LAMGPB amorphous powders
sintered through UHS at 20 A (~565 °C and ~595 °C, respectively) (a) and at
22 A (=595 °C and ~670 °C, respectively) at two different magnifications (b).

(Tables S2 and S3).

By increasing the current to 20 A, close-to-full densification of the
two systems is achieved, reaching relative density values of 87 and 91 %,
respectively; the structures are still predominantly amorphous (Fig. 3a)
and the LiGez(PO4)3 (LGP) crystalline phase begins to crystallize in both
systems, as evidenced by the low-intensity main peaks of LGP starting to
appear on the amorphous halo of the corresponding XRD diffractograms.
In particular, the starting crystallization is more pronounced in LAGP-
comm. This might be easily attributed to the different temperatures
values reached by the two systems according to the detecting thermo-
couple. However, given the wide uncertainty on the evaluation of UHS
temperature, also the smaller particle size (and consequently the
enhanced specific surface area and reactivity) of LAGP-comm in com-
parison to LAMGPB powders (see Fig. S1 on PSD) has to be considered,
along with the difference in their T, and Ty as a result of adding B,O3
glass former. Overall, it can be posited that a temperature approaching
Ty is reached at 20 A. A comparison on the different crystal phase evo-
lution of LAGP and LAGP + B,03 treated through UHS cannot be carried
out between our study and the one by Curcio et al. [30], as X-ray dif-
fractograms at increasing currents were not reported in their work. At 21
A, the X-ray diffraction patterns of LAGP-comm and LAMGPB exhibit
narrow high-intensity peaks; their relative height is consistent with the
reference pattern of LGP (JCPDS: 01-080-1924; major reflections at
25.159°, 21.307° and 21.477°), indicating the complete crystallization
of the two systems into the Li-ion conducting phase, at a temperature
above T,. Based on the UHS temperature evaluations, neither system is
expected to be crystalline under the applied current: at 21 A, the ther-
mocouple recorded maximum temperatures of ~615 °C for LAGP-comm
and of ~585 °C for LAMGPB. However, DSC measurements indicated
that the crystallization temperatures T, for these materials were already
equal to 637 °C and 602 °C, respectively, at a heating rate of 50 °C
min~!. Under UHS treatment these Ty values are expected to shift to
higher temperatures, as heating occurs at 600 °C min~'. Eventually,
these findings suggest that the reported temperature values should be
interpreted as indicative. The formation of a crystalline microstructure
at 21 A is also supported by FESEM analysis (Fig. S5), concurrently
evidencing the appearance of pores compared to the well-densified
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glassy pellets treated at 20 A. Crystallization implies the rearrangement
of atoms from a disordered to an ordered and well-packed structure
[55]. Curcio et al. [28] attributed the formation of pores exclusively to
this density change. In the present study, however, the formation of
pores aligns closely also with the swelling behavior observed through
HSM analysis (Paragraph 3.1), which is likely the primary factor
responsible for the extensive pore formation observed. A decreased
relative density value of 81 and 87 % was measured for LAGP-comm and
LAMGPB, respectively, compared to 20 A. No secondary phases are
detected in both systems when crystallized through UHS at 21 A, in
contrast to conventional sintering, where GeOs is formed as an insu-
lating secondary phase in LAMGPB (Fig. 2). In the diffractograms, an
overall shift (0.042° for LAGP-comm and 0.052° for LAMGPB) of the
diffraction peak positions towards lower angles is observed with respect
to the pattern of LGP, as a result of the partial substitution of Ge** with
AI** (and also with Mg?" for LAMGPB) in the LGP crystal lattice. Indeed,
Rietveld refinement carried out on LAMGPB in our previous study [39]
revealed an enlargement of the a and c cell parameters upon addition of
MgO with respect to standard data of LAGP, suggesting the effective
substitution of Ge** with Mg?", which also results in a doubled number
of free lithium ions for conduction compared to AIP*. On the other hand,
B,03 was not expected to enter the crystal lattice but rather to segregate
at the grain boundary in the form of amorphous oxide, and this was
confirmed by the negligible lattice distortion observed. These results can
be found in Tables 2 and in the Supplementary Information of the cited
study.

Notably, the absence of secondary phases is also confirmed upon the
UHS treatment of LAGP-comm and LAMGPB at 22 A, reasonably thanks
to the rapid treatment that enables to limit lithium loss, preventing the
formation of the related secondary phases such as GeO; and AlPOj4. This
result significantly highlights the positive contribution of using UHS. At
22 A, the relative density value of LAGP-comm decreases to 77 %, while
that of LAMGPB reaches a value of 84 %. At 23 A, a further decrease to
72 and 80 % is observed, respectively. At this current, LAGP-comm still
retains a pure LGP crystalline phase while LigGe;O; (JCPDS: 01-075-
1524; major reflections at 20.886°, 21.259° and 25.944°) is formed in
LAMGPB. To our knowledge, this phase was not previously observed in
LGP systems. The structure and transport properties of LigGeoO7 as a Li-
ion conducting electrolyte were reviewed by Burmakin et al., in 1991
[56] and a conductivity of 8.0 x 107 S cm™! at RT was expected for this
phase by Laskowski et al., in 2023 [57]. As the main reflections of
LigGey07 appear as a shift of the main reflections of LGP, we suppose
that it might have segregated as a non-equilibrium phase inside
LAMGPB treated at 23 A due to the ultra-fast heating and cooling
reached during UHS. The presence of Li in its composition confirms that
the LigGey07 crystalline phase does not result from lithium volatiliza-
tion, as it typically occurs upon prolonged treatment times during con-
ventional sintering. This is further confirmed by the absence of GeO3 and
AIPO,.

It is noteworthy to highlight that the XRD diffraction pattern of the
LAMGPB sample treated at 23 An also evidences the appearance of a
halo, indicating the formation of an amorphous phase (Fig. S3). This
phase is not observed in samples treated at lower currents, suggesting
that its formation is attributable to the elevated temperature achieved
during the treatment, coupled with the rapid cooling rates, which
effectively freeze the generated amorphous structure. It is not clear to
the authors whether the appearance of the LigGe2O7 secondary phase
and of the amorphous phase are related. However, a glassy surface
aspect can be observed through visual inspection of all the LAGP and
LAMGPB samples treated at 21 A and above (Fig. S6a). FESEM in-
vestigations indeed reveal a transition from a dense surface layer to a
porous bulk in all the crystalline samples (Fig. S6b). This inhomogeneity
is likely a consequence of the temperature gradient to which pellets are
subjected across their thickness during UHS treatment [54]. Notably,
although the high cooling rates reached during cooling (about 400 °C
min~?) are uncommon in ceramics and could have potentially induced

Journal of Power Sources 640 (2025) 236768

cracks due to thermal shock, the samples analyzed in this study
remained intact, as evidenced by Fig. 2, also in agreement with other
observations reported in the literature [58-60].

Further insights into on the X-ray diffractograms discussed above are
provided by Rietveld method (Fig. S4 and Table S1). For the LAGP-
comm samples, the evolution of crystallized volume fraction (o)
indeed reveals a clear trend of increasing crystallinity (94, 98, 100 %)
with the applied current (21, 22, 23 A, respectively), culminating in
complete crystallization. Importantly, no residual glassy phase is
detected in the LAGP-comm sample treated at 23 A. The crystallite sizes,
ranging between 200 and 300 nm, align well with the FESEM images. In
the case of the LAMGPB samples, a fully crystallized state is instead
achieved when the current increases from 21 A (o« = 91 %) to 22 A (¢ =
100 %). However, a further increase to 23 A leads to the formation of an
additional phase and reduces the degree of crystallization (down to 80
%), as discussed above. Additionally, in LAMGPB samples, the crystallite
size increases with the applied current — from 200 nm at 21 A to 600 nm
and 700 nm for the 22 A and 23 A samples, respectively. This confirms
an increase in the average grain size compared to LAGP-comm, in
agreement with FESEM observations.

From a wider perspective, currents above 21 A lead to a progressive
decrease in the relative density values of both LAGP-comm and LAMGPB
samples. In particular, LAMGPB shows higher densities compared to
LAGP-comm at all currents (Tables S2 and S3). FESEM micrographs of
the two systems upon crystallization (Fig. 3b) evidence the formation of
small and abundant widespread voids in LAGP-comm vs. large and
localized voids in LAMGPB, at all currents (Fig. S5). According to the
density values discussed above and reported in Tables S2 and S3,
widespread voids appear more detrimental for densification compared
to localized voids, despite being smaller in size. At higher magnifications
(Fig. 3b), FESEM micrographs show the presence of an intergranular
phase with an amorphous aspect that enhances grain cohesion compared
to LAGP-comm and induces the formation of large (1-2 pm) squared-like
grains in the LAMGPB samples. A further investigation through TEM and
EDX analysis of LAMGPB sintered via UHS (Fig. 4a) confirms the pres-
ence of this intergranular phase (area 2, dashed lines), well penetrated
among the crystalline grains. Its corresponding elemental composition
(plotted into a stacked histogram) shows an increased concentration of
Mg and a decreased Ge and Al content, compared to the surrounding
crystalline grains (area 1, dashed lines). Unfortunately, due to their low
atomic numbers, Li and B could not be effectively detected through EDX.
However, the analysis allows to exclude the segregation of AIPO4 and
GeOy, in agreement with the previous XRD analysis, as well of LigGe207.
The excess Mg detected in the intergranular phase therefore segregates
at the grain boundaries and does not lead to the formation of Mg-
containing crystalline secondary phases (in agreement with XRD),
most likely thanks to the presence of amorphous B,0Os. Indeed, B2O3 is
an amorphous oxide that does not enter the crystal lattice of LGP and
melts at about 450 °C, accounting for enhanced grain cohesion and
promoting grain growth. The amorphous phase and the improved
microstructure previously observed through FESEM can therefore be
attributed to the to the addition of B;O3 and MgO. Further TEM analysis
(Fig. 4b) supports the amorphous nature of this phase, evidencing the
sharp interfaces and reduced cohesion typically observed at the interface
with a crystalline secondary phase, such as GeO,. Notably, this insu-
lating phase appears exclusively in the microstructure of LAMGPB pro-
cessed via conventional sintering, in line with the XRD results shown in
Fig. 2. Eventually, a comparative analysis of the two sintering routes
(top-left micrographs of Fig. 4a and b) demonstrates that the micro-
structure achieved through UHS sintering of LAMGPB in 180 s is com-
parable to that obtained via conventional sintering of the same material
a 700 °C for 12 h. This confirms that ultra-fast heating effectively fa-
cilitates densification and crystal growth within a significantly reduced
processing time.
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Fig. 4. TEM micrographs of LAMGPB treated via UHS (a) and via conventional sintering (b) evidencing a comparable morphology between the two samples (top-left
in both figures). Corresponding TEM-EDX micrographs (below) show the elemental mapping and composition: of the secondary phase with an amorphous aspect
observed through FESEM analysis (Fig. 3), which segregated at the grain boundaries in LAMGPB as a result of compositional modifications compared to LAGP-comm,;
of GeO, crystalline secondary phase, which formed exclusively in LAMGPB upon conventional sintering, in agreement with previous XRD results (Fig. 2).

3.3. Electrochemical Impedance Spectroscopy analysis

Electrochemical Impedance Spectroscopy (EIS) was carried out be-
tween —35 and 80 °C to evaluate the effect of UHS on the Li*-ion con-
duction of LAGP-comm and LAMGPB upon sintering through UHS.
Based on the crystalline and morphological characterization discussed
above, only the samples that crystallized at 21, 22 and 23 A were elec-
trochemically characterized, as the transport of lithium ions is hindered
in amorphous NASICON-type structures [61]. The Nyquist and Arrhe-
nius plots are fully discussed below for the samples treated at 22 A,
which showed the most promising results, while a comparison in terms
of ionic conductivity values among all the crystalline samples is pro-
vided in Tables S2 and S3 and discussed at the end of this paragraph.

Nyquist plots and corresponding fitting curves of representative EIS
at increasing temperatures are shown in Fig. 5. Plots at low temperatures
(—35, —20, 0 °C) are shown separately from plots at higher temperatures
(from 20 to 80 °C). Specifically, results are reported in Fig. 5a and c for
LAGP-comm, and in Fig. 5b and d for LAMGPB, both treated at 22 A.

The spectra at low temperatures are constituted by two depressed
arcs, corresponding to two different transport phenomena: one at high
frequencies related to bulk transport, and one at low frequencies related
to grain boundary transport. The inclined straight line at low frequencies
is instead related to electrode polarization, ie. to the blocking and
accumulation of ions occurring at the interface between the electrolyte
and the metal blocking electrodes. For comparison, the plots were
normalized to the geometrical factor t/A of the samples, where t and A
are thickness and area of the sample, respectively. As a result, resistance
values are reported as kQ*cm. In the plots, each depressed arc is fit by
the parallel combination of a resistance R (indicating the resistance to
Li* ion transport) with a constant phase element CPE (representing the
capacitance generated by dipole and double-layer formation at the bulk
and grain boundary, respectively [62]). A single constant phase element
CPE is instead used to fit the inclined straight line at low frequencies.
The circuit used to fit the spectra at low temperatures is therefore
constituted by a series combination of three blocks, as illustrated in
Fig. S7a. Through the fitting, the bulk and grain boundary resistances

(Rp and Rgp) of a given sample can be evaluated by determining the
intercept of the high-frequency and low-frequency arcs with the real
impedance axis. The total resistance Ry is calculated as the sum of Ry,
and Rgp, that also corresponds to the intercept of the inclined straight
line with the real axis. In the case of a symmetric configuration with
blocking electrodes, in fact, the intercept of the bulk arc approaches the
origin of the axis (0,0), as no further transport phenomena occur at high
frequencies. Since resistance decreases and transport phenomena fasten
with the increasingtemperature, at 20 °C arcs are significantly shifted
towards lower values on the real axis (i.e. lower resistances and higher
frequencies), no longer enabling to detect the bulk arc as being outside
of the frequency range allowed by the measuring equipment. For this
reason, the spectra at 20 °C and above are constituted by an inclined
straight line and a single depressed arc, modelled using a two-block
circuit (Fig. S7b) to determine Ry, and Rgp.

As evidenced by the amplitude of the arcs in the normalized plots,
LAMGPB possesses a markedly decreased grain boundary resistance and
an increased bulk resistance compared to LAGP-comm at all tempera-
tures. At —20 °C for example, values of Rgp, of about 180 and 500 kQ cm
and of Ry, equal to 80 and 60 kQ cm were obtained for LAMGPB and
LAGP-comm, respectively, from fitting. The lower grain boundary
resistance of LAMGPB is attributed to the improved grain cohesion
resulting from the presence of ByO3 in the glass-composition, as previ-
ously evidenced in Fig. 3 and discussed in Paragraph 3.3. The increased
bulk resistance is instead likely due to lithium loss during the glass-
casting process, even though an excess amount of lithium precursor
was added to compensate for the expected loss. Despite the higher bulk
resistance, however, the decreased Rgp, value of LAMGPB enables to
achieve a lower Ry, compared to LAGP-comm at all temperatures, in
agreement with the intercepts of the inclined straight lines. This results
in a higher ionic conductivity of LAMGPB, as shown by the Arrhenius
plots of the total conductivities vs. 1000/T in Fig. 5Se. Specifically,
LAMGPB shows values that are doubled compared to LAGP-comm, viz.
5.3 x 107 and 6.6 x 107> S ecm™! at —20 and 20 °C, respectively,
compared to 2.1 x 107% and 3.4 x 107> S cm ™! for LAGP-comm at the
same temperatures (Table 3). The separate contribution of bulk and



S. Saffirio et al.
= (a
§ 1000
E3
g 800
Ry 600
400
N
© 200
£ 0 ©-35°C 4-20°C m 0°C
(@] T T T T T T T T T
b 0 200 400 600 800 10001200 140016001800 2000
Normalized Z' (kQ*cm)
— (c)
g 20 2 <
g £ i
< 151 s g
N <<‘«T«“‘~"‘J
8 10 4
N g . €20°C
T O] I 30°C* 70°C
€ 50°C  80°C
@] O" T T T T T T T
P 0 5 10 15 20 25 30 35 40
Normalized Z' (kQ*cm)
(e) T(°C)
908070605040 30 20 10 0 -10 -20 -30 -40
Total conductivity
1073
e E,= 0.43+0.01eV
€
o E,= 0.47+0.05 eV
L o5
o 1075
1064 a4 LAGP-comm - UHS 22 A; ~ 670 °C
¢ LAMGPB - UHS 22 A; ~ 595 °C
1071 — . . ; ; :

3|.4 3|.6 3.8
1000/T (K1)

28 3.0 32 40 42

Journal of Power Sources 640 (2025) 236768

= (b)
51000 —=4 .
« : ; -
g 800 : 200, |
&, 600
B 400 0 : |
N 0 200 400 600
T 200
= g ©-35°C 4-20°C = 0°C
O T T : LI ! T T .
Z 0 200400 600 800 100012001400 16001800 2000
Normalized Z' (kQQ*cm)
= (d)
5 20 y'y j
S fg
< 154 4 >
= A
N 10 4
5 20 °C
N R |
= %7 A30°C*70°C
£ 50°C  80°C
B 0 A — T T T T T T T
= 0 5 10 15 20 25 30 35 40
Normalized Z' (kQ*cm)
(f) T(°C)

30 20 10 0 -10 -20 -30 -40
~ 1073 TS Bulk conductivity
'E 104 - A
[$] * A
%)) 10—5 * A
o 10-6] .

10°7 . . . ; :
3.2 3.4 36 3.8 4.0 42
1000/T (K1)
(&) T (°C)
30 20 10 0 -10 -20 -30 -40
104 - , ‘ s s s s -
105 Grain boundary conductivity
- *
g 103 A : .
n 10° : .
o 108 4 +
1079 . . . . .
3.2 34 3.6 3.8 4.0 4.2

1000/T (K1)

Fig. 5. Nyquist plots between —35 and 0 °C of LAGP-comm (a) and LAMGPB (b); Nyquist plots at temperatures between 20 and 80 °C of LAGP-comm (c¢) and
LAMGPB (d). LAGP-comm is represented in shades of red, LAMGPB in shades of green. Both samples were sintered through UHS at 22 A for 180 s. Corresponding
Arrhenius plots of the ionic conductivity data vs 1000/T are compared for the two systems, specifically the total (e) bulk (f) and grain boundary (g) ionic con-
ductivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Total, bulk and grain boundary conductivity values (S cm ') measured at —20
and 20 °C for LAGP-comm and LAMGPB amorphous powders sintered through
UHS at 22 A. The activation energy for the two systems is also reported.

Sample Tonic conductivity @ Ionic conductivity @ E. (eV)
-20°C(Scm™) 20°C(Scm™)
Otot Obulk Ogb Otot Obulk Ogb
LAGP- 2.1 2.2 2.0 3.4 3.5 3.2 0.47 + 0.05
comm X X X X X X
22A 10 10° 10°% 10° 10* 107
LAMGPB 5.3 1.5 5.2 6.6 1.7 1.4 0.43 + 0.01
22 A X X X X X X
10° 10° 10®% 10° 10* 10°

grain boundaries to the total conductivity of the two systems is instead
shown in Fig. 5f and g, respectively. In accordance with the Nyquist
plots and resistance values discussed above, LAMGPB exhibits a

decreased bulk conductivity alongside a pronounced increase in grain
boundary conductivity. In particular, bulk conductivity values of 1.5 x
10° and 1.7 x 107* S em™! are achieved by LAMGPB at —20 °C and
20 °C, respectively. 2.2 x 107> and 3.5 x 10~* S cm™! are reached for
LAGP-comm at the same temperatures (Table 3). Looking at grain
boundaries instead, the evaluation based on the brick layer model (BLM)
accounts for conductivity values of 5.2 x 10 ®and 1.4 x 107 °Sem ! at
—20 and 20 °C, respectively, for LAMGPB. At the same temperatures,
much lower values of 2.0 x 1078 and 3.2 x 1077 S cm™! are instead
obtained for LAGP-comm. Overall, the enhanced total conductivity of
LAMGPB indicates also that large, localized voids, as those observed in
Fig. 3, are less impactful on the total ionic conductivity in comparison to
the small and abundant widespread voids observed in LAGP-comm. The
same influence of pores on conductivity was observed in a previous
study carried out by the authors on a mixed LAGTP NASICON-type
system, where the effects of powder sinter-crystallization and bulk
devitrification were investigated and compared on a given composition
[63]. Based on these evidences, exploring alternative UHS sintering
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conditions (e.g., shorter sintering durations at the same current or
extended durations at a lower current) would be particularly valuable
for gaining further insights into optimizing the material’s conductivity.
Other studies focused on MgO- or ByOs-added LAGP systems further
evidenced the impact of sintering and the importance of optimizing
densification. For instance, Nikodimos et al. [64] reported a conduc-
tivity of 7.4 x 107§ em™! at 25 °C for an MgO-added LAGP bulk sys-
tem. However, studies on analogous systems obtained through
conventional powder sintering have shown lower conductivity values:
3.4x10*Scem™! according to Kim et al. [65] and 1.07 x 104Sem™!
according to Kurihara et al. [66], both at 25 °C, and 1.2 x 107*Scem™!
according to Leo et al. [67] at 100 °C. These findings highlight the
impact of the processing conditions on the resulting performances.

Eventually, according to the Arrhenius plots in Fig. Se, an E, value of
0.43 £ 0.01 eV was calculated for LAMGPB compared to 0.47 + 0.05 eV
for LAGP-comm, as reported in Table 3, indicating a reduced activation
energy for conduction in the former system.

Overall, among the UHS currents enabling to achieve crystallization
(i.e., 21, 22 and 23 An as discussed in Paragraph 3.2), 22 A yields the
highest total ionic conductivity for both LAGP-comm and LAMGPB. In
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contrast, the highest density values are observed at 21 A, decreasing
progressively with the increasing applied current (Tables S2 and S3).
These findings suggest that, under UHS treatment, the highest ionic
conductivity in NASICON-type systems may be achieved by sintering at
an intermediate temperature that both mitigates the swelling observed
via HSM and facilitates the grain reorganization and growth necessary
for improved ionic conduction.

Despite the yielded conductivity values, both systems treated at 22 A
show a total ionic conductivity significantly reduced compared to con-
ventional sintering, along with a decreased relative density. A compar-
ison between the Arrhenius plots of conductivity vs. 1000/T achieved
through UHS and conventional sintering is provided in Fig. 6 for LAGP-
comm and LAMGPB (Fig. 6a and d, respectively). In particular, LAGP-
comm achieves a total conductivity of 7.1 x 107> S ecm™! at 20 °C
through conventional sintering (Table 4), against 3.4 x 10> S cm™!
after UHS treatment at 22 An as discussed above (Table 3). Similarly, the
total conductivity value of 6.6 x 107> S cm™! at 20 °C for LAMGPB
treated at 22 A (Table 3) is lower compared to the 1.2 x 107*Scem™!
(Table 4) reached at the same temperature through conventional sin-
tering. Despite the significant decrease, this trend is aligned with the
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Fig. 6. Arrhenius plots of the total (a,d), bulk (b,e) and grain boundary (c,f) conductivities of LAGP-comm and LAMGPB, respectively, sintered through UHS at 22 A

in comparison with conventional sintering (700 °C, 12 h).
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Table 4

Total, bulk and grain boundary conductivity values (S cm™!) measured at
—20 °C and 20 °C for LAGP-comm and LAMGPB amorphous powders sintered
through conventional sintering. The activation energy for the two systems is also
reported.

Sample Tonic conductivity @ Ionic conductivity @ E, (eV)
-20°C(Sem™ ) 20°C(Scm™)
Otot Obulk Ogb Otot Obulk Ogb
LAGP 8.1 1.9 3.5 7.1 1.7 4.0 0.41 + 0.03
comm - X X x x x x
Conv. 10° 10° 10°% 10° 10* 107
Sintering
LAMGPB - 8.3 2.2 4.8 1.2 2.8 9.1 0.45 £ 0.01
Conv. X X X X X X
Sintering 10° 10° 10® 10 107* 1077

behavior observed by Curcio et al. [30], who reported a halving in the
values of ionic conductivity from conventional sintering to UHS. How-
ever, as evidenced by the conductivity values reported in Tables 3 and 4,
it is noteworthy to highlight that the total conductivity of LAMGPB is
doubled compared to that of LAGP-comm upon treatment by both UHS
and conventional sintering, proving the positive effect of adding B2O3
within the glass composition. Moreover, the decrease in total conduc-
tivity from conventional sintering to UHS is less pronounced for
LAMGPB (—45 %) compared to LAGP-comm (—51 %). By looking at
grain boundary contributions, LAGP-comm shows decreased g, when
treated through UHS rather than conventional sintering. At 20 °C, a
value of 2.6 x 1077 S em ™! is in fact reached compared to 4.0 x 1077 S
em™!, respectively, indicating a negative effect of UHS on grain
boundaries for this system. On the contrary, an improvement from 9.10
x 1077 to 1.4 x 107% S cm™! is observed for LAMGPB. This result is
noteworthy of attention, as it evidences that, under treatment through
UHS, grain boundaries are effectively improved by use of a modified
LAGP composition such as LAMGPB.

4. Conclusions

In the present study, the ByOs-added (LAMGPB) system was pro-
duced via melt-casting and the UHS sintering of its amorphous powders
was investigated through UHS in comparison with commercial amor-
phous LAGP. Thermal analyses revealed an increased glass stability for
the LAMGPB system, enabling an improved decoupling of densification
and crystallization under increasing heating rates, as achieved through
UHS. Currents in the range from 19 to 23 A were investigated for sin-
tering, revealing a maximum densification for the amorphous samples at
20 A, prior to crystallization. At 21 A and above, both systems crystal-
lized into the main LAGP ion-conducting phase and pores appeared
across the structures. An increase in volume % was indeed registered
above 700 °C through HSM, evidencing the swelling behavior typically
observed for glassy systems as a result of the trapping of gases that oc-
curs during melt-casting. Notably, no secondary phases associated to
lithium loss (i.e. GeOy and AIPO4) were observed in both crystalline
systems, as opposed to conventional sintering which conversely induced
the formation of GeO5 in LAMGPB. This confirmed the positive impact of
fast heating through UHS. From a microstructural point of view, FESEM
and TEM-EDX analyses highlighted the segregation of an Al/Ge/P-poor
amorphous-like secondary phase at the grain boundary in the LAMGPB
samples, attributable to B,O3. This amorphous oxide is reported to melt
at about 450 °C improving grain growth and cohesion, two features that
were indeed observed in LAMGPB in contrast to commercial LAGP.
Eventually, EIS analysis showed an improved total ionic-conductivity
for LAMGPB, with a value of 6.6 x 107> S ecm ™! at 20 °C compared to
3.4 x 107" for commercial LAGP at the same temperature. This increase
(doubled) could be attributed to an improved grain boundary conduc-
tivity value of 1.4 x 107® S ecm™! compared to 3.2 x 1077 S em™?,
respectively. Overall, this study evidences the importance of using
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sintering aids to improve lithium-ion transport at the grain boundary of
NASICON-type electrolytes, not only under conventional sintering but
also upon the use of UHS. Most importantly, the possibility and effec-
tiveness of directly incorporating these aids into the glass composition is
reported, which is particularly relevant in simplifying the preparation in
view of its practical application in commercial devices.
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