Downloaded via UNIV FED DE SAO CARLOS on November 8, 2023 at 13:46:03 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Understanding the Evolution of the Structure and Electrical
Properties during Crystallization of Li, ;Al, ;Ge, 5;(PO,); and
Li; 5S¢g 17Alp 533Ge, 5(PO,4); NASICON -Type Glass Ceramics

Jeferson A. Dias,* Silvia H. Santagneli,* Ana C. M. Rodrigues, Naiza V. Boas, and Younes Messaddeq

Cite This: J. Phys. Chem. C 2023, 127, 6207-6225 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: In this paper, the effects of crystallization advance  Ge4*, Sc3*, AI3+ « P(V) @ Al3* - 02 @ Sc3*
on the material structure and electrical properties of lithium-ion .o
Na* super ionic conductor (NASICON) glass ceramics were 12 h+T “'1 - \‘_a
. . . . ALy o
investigated. Glasses with Li; jAl; Ge, (PO,); and P_dii

Li; ¢Scg 1Al 33Ge, (PO,); compositions were crystallized in /1'\
controlled conditions to obtain gradual increment of the volume 9 h .

_/ F—
crystallized fraction. The glass-to-crystal transformation was then /i
monitored by differential scanning calorimetry analysis (DSC), X- 3 h

ray diffractometry (XRD), Raman spectroscopy, solid-state nuclear [ \d» ...
magnetic resonance spectroscopy (MAS NMR), and electron 0 h >

microscopy, along with chemical analyses. Finally, the electrical 46 © 0 40880 18D, 0. 168 300 ' A0

properties of the specimens were evaluated by impedance 5-""P (ppm) 3-"Al (ppm) 5 -*Sc (ppm)
spectroscopy to observe the changes in electrical properties

according to the crystallization advance. Results revealed that glasses containing scandium are more stable against crystallization
than their neat counterparts. Crystallization led to the formation of single-phase NASICON glass ceramics. Scandium induced a
lattice expansion of the NASICON structure. Furthermore, crystallization induces remarkable structural changes in the materials as a
whole, either in local order or in medium to long order. No important increase in conductivity was observed in earlier stages of
crystallization. After the percolation of crystals, conductivity increases sharply and the remaining glassy phase has little impact on the
total conductivity of the material. Scandium expands the rhombohedral structure but increases the glass stability and reduces the
sizes of crystals for the fully crystallized glass ceramics. Glass ceramics with larger grains are more propitious for conductivity than
the more refined ones. Therefore, this paper offers key information about the understanding of NASICON crystallization and its
structural evolution, providing important insights into the crystallization of these electrolytes.

1. INTRODUCTION candidates as solid-state electrolytes, such as garnets and glass
sulfides.”>**

Importantly, highly conductive NASICON compounds
require changes in their basic composition to increase both
the charge transport concentration and mobility.”* Neat-
AVB,™M(PO,), compounds present restricted conductivity,
usually at the order of 107° S cm™.*® Thus, partial substitution
of the B™) cation for trivalent ones (B™) is certainly the

The production of stable and highly conductive solid-state
electrolytes is a challenge for upcoming technologies such as
grid energy storage and electrical vehicles.'™® Solid-state
electrolytes are alternatives for the liquid and gel ones, which
are usually flammable and easily lost during application.” In the
search for good candidates for solid-state electrolytes, Na*
super ionic conductor (NASICON) compounds have been

most successful strategy to increase the charge carrier
gaining ground since 1976 for this use.” They are phosphate- . &Y - & %
. . (Dr (V) o concentration and thus conductivity of these electrolytes.
type compounds with the basic-A'""B,"’(PO,), stoichiometry, . . . .
. : a . / 628 The presence of trivalent cations allows the insertion of an
in which: (1) A" is a monovalent mobile cation (e.g., Li*,

Na" ! Ag' ) and (2) B™ an octahe drally coordinated extra quantity of lithium cations in the structure, favoring the

.. 2425 . .
cation, surrounded by oxygen anions (e.g 7/ AP VA conductivity. v Compounds with L11+xB(HI)xB2—x(IV)(PO4)3
) itoled ) )

Ge*t 10718 g 1929 Thus, lithium-ion NASICONSs utilize Li*
as the mobile cation in the compound’s structure. They are
promising candidates to be used in practically all-solid-state
batteries because (1) they can present conductivity close to gel
and liquid electrolytes when proper strategies of aliovalent
ionic substitution and methods for preparation are used,”'
and (2) the stability to air moisture is better than other
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derived stoichiometry are currently the most common and
successful lithium-ion NASICONs. Among the possibilities of
substituents, AI** insertions in germanium-containing com-
pounds have allowed the production of one of the highest
conductive NASICON electrolytes.”” NASICON compounds
with x ~ 0.5 in this latter stoichiometry prototype (i.e.,
Li; AlysGe, 5(PO,); (LAGP)) demonstrate optimal conduct-
ing properties in this system.”* > Although this system is one
of the most explored NASICONSs in the last decades, new
compositional modifications are still possible to increase its
conductivity. Nikodimus et al.'® have recently introduced a
further compositional modification of Li; sAlyGe; (PO,);,
proposing the partial substitution of Ge*" for AI** and Sc**
simultaneously. They observed that the
Li; Sco 178l 33Ge; s(PO,); (LAScGP) compound into the
Li; Sc,Alys_.Ge, s(PO,); series can show improved ionic
conductivity compared to the neat-Li; Al Ge; s(PO,);.

Composition is imperative but is not the single factor to be
considered to produce an electrolyte. Preparation methods also
impact electrical Eroperties. Synthesis methods such as solid-
state reaction’"”> and solution-based methods of syn-
thesis,"***** followed by traditional, **>° microwave,36 and
Spark Plasma sintering”’ "’ have been proposed. Recently,
there has been a vast body of literature on the production of
NASICONSs such as glass ceramics to obtain solid electro-
lytes.”'****~** The homogeneous melts provided by the
preparation of the parent glass provide a high degree of
compositional control.*> Depending on heat treatment
temperature, this procedure avoids the appearance of
secondary phases after the NASICON crystallization that
could block the lithium-ion motion.** Moreover, this
technique is a simple strategy to produce specimens with
complex shapes and with efficient microstructural control
through crystallization.*”** Once robust setups for the parent
glass preparation and further crystallization are usually not
required, glass ceramic technology is a promising scale-up
technique for NASICON preparation.

It is worth noting that most of the studies focus on
evaluating the conductivity of the totally crystallized glass
ceramic.”'*® There is still a lack of knowledge about how
much the electrical properties change during the glass-to-
crystal transformation. An in-depth study of the local- to long-
range order changes according to crystallization advance is
equally important and is still needed. These insights are
important as the crystallization control can be a powerful
strategy to change the microstructure of the specimens to
obtain improved electrical performance.*>*°

Therefore, this paper aims to make an in-depth study of the
structural and also microstructural evolution throughout the
crystallization of a precursor glass in order to obtain a
NASICON glass ceramic. Analyzing how much the electrical
properties are impacted by the crystallization advance is also
evaluated. To do this, the heat treatment parameters were
controlled to obtain a systematic increment of crystals in these
electrolytes. The well-studied Li; AlysGe, (PO,); and the
recently proposed Li; sScy,7Aly3;Ge; s(PO,);'¢ compositions
were used to prepare the glass ceramics due to their great
melting ability and the propitious electrical performance
already observed for the totally crystallized electrolytes.
Thus, the structure evolution at long order was investigated
in detail by X-ray diffractometry (XRD) together with Rietveld
refinements, at medium to long order by Raman spectroscopy,
and at local order by solid-state nuclear magnetic resonance

6208

(NMR) spectroscopy. Differential scanning calorimetry (DSC)
analysis was used to monitor the advance of crystallization,
together with scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Selected glasses
and glass ceramics had their compositions determined by
energy-dispersive spectroscopy (EDS) (coupled to SEM and
TEM analyses), X-ray fluorescence (XRF), and inductively
coupled plasma-optical emission spectroscopy (ICP-OES).
Finally, the electrical properties were recorded through
impedance spectroscopy in controlled temperatures to observe
the variation of conductivity and activation energy for lithium-
ion motion according to the crystallization advance.

2. METHODS

In this section, the methods used for the glass ceramics
preparation and their characterization are described in detail.

2.1. Glass Ceramics Preparation. The parent glasses
were prepared by melting-quenching of the raw precursors.
Lithium carbonate (Li,CO,, Riedel-de Haén, >99%), alumi-
num metaphosphate (AI(PO,);, Alfa Aesar, >98.3%),
scandium oxide (Sc,0;, Merck/Sigma-Aldrich, 99.9%),
germanium oxide (GeO,, Alfa Aesar, 99.999%), and
ammonium dihydrogen phosphate ((NH,)H,PO,, Merck/
Sigma-Aldrich, >98%) were weighted in stoichiometric
quantities to prepare glass batches of approximately 25 g.
Glasses with Li; Aly Ge, s(PO,); and
Li; sSco17Al33Ge; 5(PO,); nominal compositions were pre-
pared (called in this paper LAGP and LAScGP for simplicity,
respectively). The precursors were mixed in a mortar for at
least 30 min and then transferred to a platinum crucible. The
heat treatments of the precursor mixtures to prepare the parent
glasses were carried out in an EDG FC-1 furnace under a
constant heating rate of 10 °C min~'. Three steps for the
treatment were used, following adaptations from a previous
study of our group:*’ (1) 400 °C for 2 h to decompose the
ammonium dihydrogen phosphate; (2) 750 °C for 2 h to
decompose the lithium carbonate to form lithium oxide; and
finally, (3) 1200 °C for 30 min to melt the oxide precursors.
The homogeneous melts were quickly quenched to a
preheated steel mold (450 °C) and immediately inserted
into a preheated furnace (also at 450 °C) for annealing. The
annealing was conducted for 6 h to release the stress arising
from the quenching. Importantly, preheating the molds follows
the procedure used by Itkis et al.*® We noticed that this
process is imperative to prepare mechanically stable specimens.
Otherwise, the glasses cracked right after being in contact with
the molds and coherent monoliths were not possible to be
prepared.

The glasses were cut into specimens of approximately 0.5 cm
X 1.0 cm X 1.5 cm (thickness X width X length), polished
through a series of tungsten carbide sandpapers (100—1000
grit), and then to alcohol soluble diamond pastes (6—0.1 pm).
The optically polished specimens were submitted to heat
treatment for crystallization utilizing an EDG 300 furnace
coupled to an external thermocouple for better temperature
control. In order to obtain partially crystallized samples (glass
ceramics), the precursor glasses were submitted to single heat
treatments at temperatures between their glass-transition
temperature (Tg) and onset of crystallization (T,). Therefore,
the T, + (T, - Tg)/ 3 expression was utilized to set the
temperature for crystallization, that is, closer to T, than T,. For
the LAGP glass, it was found that the temperature of maximum
nucleation rate coincides with T, justifying the chosen
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conditions.”> The total period of heat treatment for each
composition was determined by gradually transforming the
visually transparent glasses into totally opaque glass ceramics.
Furthermore, one additional sample for each composition was
submitted (1) at the maximum period of heat treatment and
then to the temperature of crystallization peak (T,), and (2)
directly at the temperature of crystallization peak (T}), both
for 1 h. These additional samples were prepared to eliminate
the presence of any remaining glassy phase in the specimens,
making these samples useful as patterns for comparison of
totally crystallized glass ceramics.

2.2. Characterization. The characteristic temperatures of
two parent glasses (T,, T, and T,) were measured by DSC
Netzsch STA 449 F3 Jupiter equipment for these analyses.
About 20 mg samples were placed into platinum crucibles, and
the analyses were carried out in the 200—800 °C interval.
Continuous nitrogen flow of 100 mL min~" and a heating rate
of 10 °C min™" were the conditions used for the experiments.
To observe the changes in the thermal events and to monitor
the advances in crystallization for the glass ceramics, the DSC
technique was also used for the glass ceramics using the same
experimental setup. However, the specimens were previously
powdered to take into account any possible inhomogeneity
from crystallization throughout the material’s bulk.

The crystallographic characterization was performed by
XRD of the powdered samples. This technique was carried out
in a Rigaku Smartlab SE diffractometer. Copper anode (Cu
Ka, 1.540593 A) was used at an energy power of 1.0 kW (40
kV, 25 mA). A constant speed rate of 2° min~' and a step of
0.02° were used. Rietveld refinement was performed based on
XRD data for a complementary crystallographic character-
ization and to estimate the crystallized volume fraction ().
The crystallographic card from the Inorganic Crystal Structure
Database (ICSD # 263764)"® was utilized as the pattern for
the LiGe,(PO,);-based NASICON structure. The GSAS-
EXPGUI software’ was employed for the refinements. A
pattern of yttrium oxide (Y,0; Merck/Sigma-Aldrich,
99.99%) was submitted to the XRD analyses under the same
conditions from the glass and glass ceramics. Instrumental
parameters for the diffractometer were then acquired by Le
Bail refinement of this pattern. The software used for the Le
Bail refinement was the same used for the Rietveld refine-
ments. To properly obtain @, Rietveld refinements following
the Internal Standard Method™® were performed. The same
pattern (Y,0;) used for the Le Bail refinement was structurally
characterized to confirm that it is monophasic and that it has a
cubic structure (Figure S1, data interpretation according to refs
51—57). The conditions and equipment for the structural
characterization of the pattern were the same as described in
this section. After that, the pattern was homogenized with the
powdered samples at a proportion of 35 wt % in an agate
mortar for at least 30 min. New X-ray diffractograms were
recorded and analyzed following the same conditions described
upward. Lastly, the crystallite sizes (D) were estimated by the
Lorentzian broadening of the diffraction peaks,” discounting
the contribution of the instrumental broadening.

Raman and multinuclear uni- and bidimensional solid-state
NMR spectroscopies were utilized for the structural study of
the medium- and local-order range chemical environment
change, respectively, according to the advance of crystalliza-
tion. The former technique was carried out in a HORIBA
Jobin Yvon-HR800 spectrophotometer. The samples were
powdered prior to the analysis to ensure homogeneity of
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crystallization and exposed to a helium—neon laser (1 = 632.8
nm) under amplification of S0X. Each spectrum was collected
in the 200—1600 cm™! range, with a total exposure time of 60 s
and through 12 accumulations.

High-resolution solid-state magic angle spinning (MAS)
NMR was performed by a Bruker Advance III 400WB HD
spectrometer functioning at 9.4 T, with a triple resonance MAS
NMR probe operating at a spinning speed of 14 kHz. Single-
pulse *'P experiments were performed at 162.0 MHz, using an
excitation pulse of 3.1 s length and a recycle delay of 500 s. For
27Al and *Sc nuclei, the signals were recorded at 104.3 and
97.2 MHz using a small flip-angle excitation of 1.4 and 1 us
and a recycle decay of 2 and 1 s, respectively. Two-dimensional
(2D) triple quantum magic angle spinning spectra were
measured using the three-pulse z-filtering variant, following the
procedures from Medek et al,”® Amoureux et al,*° and a
previous study by our group.”” Furthermore, a rotor-
synchronized acquisition of the indirect dimension was used
with the following acquisition parameters: pulse lengths 5.4
and 1.7 ps for the first and second pulses applied with a *’Al
nutation frequency of 50 kHz and 10 us for the soft detection
pulse applied with a *’Al nutation frequency of 14 kHz. Data
are presented in the sheared mode by projecting 2D contours
for each individual site onto the F1 and F2 axes. The chemical
shifts of all spectra were referenced to 85% H,PO, AP’
solution 1 mol L™, and powdered ScPO, (—48.2 ppm)°" for
3P, AL, and *Sc nuclei, respectively. Signal deconvolution
was made using the Gaussian model for 3'P,*” Czjzek model
for YAL°** and ®Sc were performed using the DMFIT
software.®*

YAI{*'P} rotational echo double resonance (REDOR) and
3IP{*’Al} rotational echo adiabatic passage double-resonance
(REAPDOR) experiments were carried out based on standard
setups from the literature.”>°® To do this, the normalized
signal differences (AS/S,) were plotted against the dipolar
evolution time (NT,). Optimum 7z pulse lengths for the
decoupling channel were set by maximizing the REDOR
difference signal AS at a chosen dephasing time. The 7-pulse
lengths of *'P and *’Al were 6.5 and 5.2 s, respectively. In the
REDOR experiments, phase cycling according to the XY4
scheme was used for the P recoupling pulses. Normalized
difference signal intensities AS/S, (corresponding to the signal
amplitudes without (S,) and with (S) *'P pulsed irradiation)
were plotted as a function of dipolar evolution time NT,, and
second moment values M, were extracted from the parabolic
fits to the initial decay regime (0 < AS/S, < 0.2). *'P{*’Al}
REAPDOR NMR experiments employing /2 pulses for *'P of
6.5 us length and *’Al adiabatic pulses of 23.8 us length. The
experiments were conducted at a *’Al nutation frequency of 60
kHz measured on a liquid sample. For an analysis of the
resulting REAPDOR curves, the simulation package SIMP-
SON®” was used to estimate the average numbers of P—O—Al
linkages for each resolved *'P resonance.

The morphology of the crystals formed in the crystallization
was observed through a JEOL JSM 7500F field emission gun
scanning electron microscope (FEG-SEM). The cracked
samples were coated with carbon before analysis. Images
were collected at an accelerating voltage of 2 kV.
Magnifications varied from S00 times to 25,000 times
depending on the crystal’s sizes for each sample. EDS was
used to assess the elemental distribution in the glassy phase
and crystals and to evaluate the presence of any possible
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Figure 1. DSC curves for Li; sAly sGe, s(PO,); and Li; sSc, 1Al 33Ge; s(PO,); parent glasses and glass ceramics: (a) DSC profiles and characteristic
temperatures for the parent glasses (monoliths). (b) DSC profiles for the powdered LAGP glass ceramics prepared at 542 °C for different periods
of time, along with 542 °C for 5 h followed by T, (614 °C, 1 h) and directly treated at T, (614 °C, 1 h). (c) DSC profiles for the powdered
LASCcGP glass ceramics prepared at 577 °C for different periods of time, along with 577 °C for 12 h followed by T, (671 °C, 1 h) and directly

treated at T, (671 °C, 1 h).

contaminant. This technique was performed in the same
microscope but at an accelerating voltage of 10 kV.
Furthermore, TEM analyses were performed in a JEOL JEM-
2100Plus LaB6 200 kV microscope. For that, the glass ceramics
were powdered in an agate mortar for at least 30 min. A mass
of 10 mg of the resulting powder was dispersed in 1 mL of
isopropyl alcohol and sonicated at 40 kHz for 30 min. Then,
20 puL of supernatant of each suspension was rapidly dripped
on a formvar/carbon-supported copper grid. EDS mappings
were recorded for these samples in the same equipment.

For a more complete chemical analysis, X-ray fluorescence
(XRF) was performed in a Rh anode Shimadzu EDX-720 Ray
ny equipment. Each powdered sample was placed in a sample
port with a diameter of 2.5 cm in a quantity enough to cover
the analyzing area. A radiation collimator of 1 cm was used.
Semiquantitative analyses were made by fixing the Al, Ge, Sc,
and P Ka signals. Further, the lithium content in the glass
ceramics was determined by ICP-OES. The analyses were
carried out in a Thermo, iCAP 6000 spectrophotometer. A
mass of each powder was dissolved in a mixture of nitric acid
(20% v/v) and hydrofluoric acid (80% v/v) in a proper Teflon
flask. The suspensions were exposed to microwave radiation in
a CEM MarsXpress equipment up to a complete sample
dissolution. The dissolved sample was then mixed with a boric
acid solution (4.5% w/v) in quantity enough to consume the
excess of hydrofluoric acid, neutralized, and then diluted with
Milli-Q water. The Li signals in the resulting solution were
then analyzed in triplicate by ICP-OES, and the contents of
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this element were estimated based on calibration curves
previously constructed.

Finally, the electrical properties were evaluated by
impedance spectroscopy. A Solartron SI 1260 impedance
meter coupled to a Solartron 1296 dielectric interface was
used. Analyses were made in the frequency range of 1 MHz to
100 mHz and under an amplitude of 300 mV. Gold electrodes
were deposited on the parallel opposite faces of the samples by
sputtering. Analyses were made at different temperatures, from
room temperature (controlled at 30 °C for all of the samples)
up to 300 °C. A high-precision Novocontrol furnace with a
resolution of +0.1 °C was used for these analyses.

The ionic conductivity (6) in a solid electrolyte is a
thermally activated process. Thus, the measurements of the
conductivity versus temperature allowed the obtention of the
activation energy for lithium-ion motion (E,). This estimation
can be made by using an Arrhenius-type relation shown in eq

168

o7 —-E

6= (—U] exp( “]

T kyT (1)
where o is the ionic conductivity measured at a specific
temperature T and kg is the Boltzmann constant. The
parameter o, is a preexponential factor that can be obtained
by linearization of eq 1. Therefore, after knowing the
conductivity for each temperature, the linearization of eq 1
allows the estimation of E,.
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Figure 2. Crystallographic characterization of glass ceramics: (a) XRD diffractograms for LAGP glass ceramics according to the heat treatment
period, along with the patterns of samples totally crystallized. (b) XRD diffractograms for LAScGP glass ceramics according to the heat treatment
period, along with the patterns of samples totally crystallized. (c) Graphical results of the Rietveld refinement for the glass ceramic with LAGP
composition directly heat-treated at T,/1 h. (d) Graphical results of the Rietveld refinement for the glass ceramic with LAScGP composition

directly heat-treated at T,,/1 h.

3. RESULTS AND DISCUSSION

In this section, results for the characterization of the glasses
used to tailor the heat treatment conditions, the structural
characterization from long-to-local range order, the micro-
structural characterization, and the study of electrical proper-
ties according to the heat treatments will be presented in detail.

3.1. Crystallization of Glass Ceramics. DSC analyses of
the glasses were performed prior to the crystallization to
properly tailor the temperatures to be used for the heat
treatments for each composition. The results are shown in
Figure 1. Figure la shows that a single and sharp crystallization
peak appears for both compositions under evaluation. The
characteristic temperatures T, and T, changed according to the
composition of the NASICON parent glass. The presence of
Sc* in the glasses increased both T, and T, compared to neat-
NASICON and increased the difference between them. This
indicates greater thermal stability of the glassy phase when
scandium is used as an additional substituent for germanium.
That is, the interval of T, — T, was 86 °C for LAGP parent
glasses, while this value increased to 117 °C for LAScGP
parent glasses. The increment in the glass thermal stability can
be attributed to the use of a substituent with higher
polarizability than aluminum. High-polarizable cations usually
promote loss of symmetry for the electrostatic field forces and
hinder the cells’ organization during the crystal formation,
which increases the stability of the glassy phase.®””"
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Importantly, increasing the glass stability is expected to affect
the crystallization kinetics of the specimens. Glass ceramics
from LAGP series were prepared at 542 °C, while the
specimens with LAScGP composition were at 577 °C. Even
submitted to a heat treatment temperature chosen by the same
rule, glasses containing scandium became totally crystallized
only for periods of heat treatment much greater than the
samples without this element (approximately 12 versus S h).
This observation proposes a slower crystallization kinetic and
was considered to set the total period for crystallization of each
composition.

The increment of time in which the specimens were
submitted to heat treatment reduced the intensity of the
crystallization peak on the DSC profiles (Figure 1b,c). This
result is evidently attributed to the gradual increment of crystal
content in the samples and consequent reduction of the
remaining glassy phase. Importantly, even the glass ceramics
produced for long periods of time (S h for LAGP and 12 h for
LAScGP systems) show small crystallization peaks in the DSC
profiles as observed in the insets of Figure 1b,c. These results
indicate that a small content of the glassy phase remains even
under these conditions. Thus, the two additional samples
prepared to be used as the patterns of samples crystallized for
each composition studied demonstrated no presence of
crystallization peak even under amplification in these profiles,
indicating total crystallization of the glassy phase. Interestingly,
a left shift is seen for the DSC profiles even for short periods of
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heat treatment. This demonstrates that a considerable quantity
of nuclei and low-size crystals were formed for such conditions.
That is, the crystallization was favored afterward when
submitted to DSC analyses, displacing the crystallization
peaks to lower temperatures than their parent glasses.
Increasing the time of heat treatment, the peaks are reduced
in intensity and shifts to lower temperatures, showing evidence
of a progressive increment of crystals. Using a single-step heat
treatment at temperatures lower than that of the crystallization
peak to avoid rapid crystal growth allowed the obtention of a
gradual content of crystals in the specimens. However, this
process requires relativelg long periods of heat treatment for a
complete crystallization,”' requiring the additional samples
additionally treated at T, as patterns for samples totally
crystallized. These patterns did not show any evidence of the
remaining glassy phase as already discussed, which will be
confirmed later by other characterization techniques.

3.2. Structural Characterization: Monitoring the
Structural Evolution from Long-to-Local Range Order.
XRD was employed to evaluate the structure of the materials in
a long range, that is, to check the crystalline phases formed and
to confirm the formation of the NASICON phase in the glass
ceramics. The diffractograms are shown in Figure 2. All of the
peaks were indexed to the NASICON with
Li;,, AL Ge,_,(PO,);-based structure (R3c space group, ICSD
# 263764'% related to the rhombohedral
Li, 45Aly43Ge; s,(PO,); compound) either for the samples
partially crystallized or for samples totally crystallized,
regardless of the composition used. The parent glasses for
both compositions (Figure 2ab) demonstrated only the
characteristic amorphous halo from the glasses. Thus, no
evidence that prior crystallization for the glasses during the
melting-quenching process has occurred.

Importantly, the precursor aluminum metaphosphate was
used as an aluminum source instead of alumina (Al,O,)
typically used to prepare glasses in these systems. This strategy
was devised to reduce the melting temperature of the precursor
oxide mixture. Several reports from the literature produce
LAGP with temperatures higher than 1300 °C***"*%7*~7> due
to the presence of aluminum precursors with a high melting
point. The substitution of alumina into aluminum metaphos-
phate allowed the production of the melts with adequate
viscosity for the quenching at 1200 °C and during short
periods of time (~30 min) either for batches containing Sc,0;
or not. This result is important as long periods of time at high
temperatures lead to partial lithium loss and consequent
deviation from the planned stoichiometry.””®”” Even though
Li,O is a thermodynamically stable compound compared to
several other lithium compounds,”® some contents could
vaporize when in a multicomponent liquid phase at high
temperatures. The impoverishment in lithium ions would
result in secondary phases generated during NASICON
crystallization,”” losing reproducibility and also being detri-
mental to electrical properties.” Nevertheless, the absence of
XRD peaks prior to the heat treatments demonstrates that the
melts were efficiently produced without traces of remaining
solid precursors even though the process occurred at moderate
temperatures. The change of the aluminum precursor was,
therefore, a simple strategy to attain melting in lower
temperatures and a simple strategy to prevent lithium loss.

To confirm that lithium remained in the samples, first, there
is evidence from the NASICON phases formed. Once the
NASICON compounds from the LAGP-derived system have a
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determined stoichiometry such as Li,, B™ B,  ™)(PO,), (in
our case, B™ is AP* and Sc**, and B™) is Ge*), if the lithium
loss was intense the NASICON phase would not properly
form. That is, a series of secondary phases would be generated
instead. On the other hand, our results demonstrate that
single-NASICON phases were formed either containing
scandium or not (Figure 2). Therefore, it is more likely that
the lithium loss was small due to the strategies already
discussed to prepare the glasses. In order to confirm these
inferences, ICP-OES was employed for glasses and glass
ceramics prepared at the highest periods of heat treatment for
each composition. The numerical results are displayed in Table
S1. Importantly, all of the average values are close to ones
predicted by the compounds’ stoichiometries (2.1—2.7 wt %,
near 2.49 wt % for LAGP and 2.47 wt % for LAScGP).
Therefore, an intense lithium loss was successfully avoided by
tailoring the precursor sources to attain lower melting
temperatures and reducing the period to melt the oxide
mixture.

The increment of time used for the heat treatment gradually
increased the intensity of the diffraction peaks, while the
amorphous halo gradually disappeared. Notably, small peaks
can be observed after 2 h for the LAGP series and after 3 h for
the LAScGP one. This result confirms that these samples
present some crystallized volume fraction even for short
periods of heat treatment and are in accordance with DSC
results. Importantly, the LiGe,(PO,);-prototype structure has
numerous peaks in the XRD diffractograms. They can be
confused with the other secondary phases in a usual XRD data
treatment based on a simple comparison with the crystallo-
graphic patterns. Thus, Rietveld refinement was applied for the
samples totally crystallized to confirm the NASICON structure
formation. The graphical results of the Rietveld refinement are
shown in Figure 2¢,d for Sc-free and Sc-containing
NASICONS, respectively. The calculated curve overlaps
perfectly with the experimental data. No secondary phase
was detected. Otherwise, the refinement would diverge. The
residual curve is smooth, with specific differences in intensities
related to the strongly preferred orientation of the diffraction
peaks. This phenomenon is characteristic of XRD data of
NASICON compounds,24’79 which makes their Rietveld
refinements challenging.24 Therefore, the convergence of
Rietveld refinement proves that the NASICONs were
successfully formed in the heat treatments, and the resulting
glass ceramics are primarily composed of this phase. The
presence of secondary phases in minor quantities, especially
AIPO,, is not discarded, since they have been found by other
authors in diverse quantities.**’>”? However, the XRD
demonstrated that their concentration is below the detection
limit of the technique. These results showed the high
potentiality of the glass ceramic method to prepare the
NASICONS with a high degree of purity. Secondary phases are
well known as one of the main problems when NASICONS are
prepared by other scalable methods such as solid-state
reaction. These phases are usually deposited in the grain
boundary region, and most of them block the lithium transport
between the grains, reducing the ionic conductivity.*” The high
homogeneity acquired for the melts from the parent glass
preparation hinders the cation segregation and favors the
polycationic NASICON structure formation. Moreover, the
moderate temperature used to melt the precursors also
contributed to avoiding lithium volatilization, which would
also result in secondary phase formation.
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Figure 3. Structural characterization from long- to medium-order spectra of the parent glass and glass ceramics: (a) Comparison of the Raman

spectra of the parent glasses and glass ceramics totally crystallized at T,,. The
Scheme of the rhombohedral structure of a NASICON with typical LllJr,CB(II

]j)honon modes are attributed to their probable assignments. (b)
U Ge, (PO,); composition. Examples of M; and M, interstitial

positions are emphasized. (c) Spectral evolution of the samples according to the advance in the heat treatment, along with the patterns heat-treated
at T, (LAGP composition). (d) Spectral evolution of the samples according to the advance in the heat treatment, along with the patterns heat-

treated at T), (LAScGP composition).

The Rietveld method with an internal standard allowed us to
perform the estimative of the evolution of the crystallized
volume fraction (@) and the evolution of the crystallite sizes
(D) of the glass ceramics. Importantly, yttrium oxide was
chosen as an internal pattern for these analyses because of the
following bullet points. (1) It is an oxide with high purity
(99.99% according to the provider). (2) It is monophasic,
easing the Rietveld refinement and increasing the precision for
phase quantification. (3) It has a cubic structure (Ia3 space
group),”’ reducing the possibility of preferential orientation.
(4) The most intense XRD peaks of this material do not
overlap with the ones from LAGP and LScAGP. These
precautions have been taken to allow the estimation of @ by
the Internal Standard Method®® with the highest reliability
possible. Once this standard was considered suitable (Figure
S1), the X-ray patterns of powdered glass ceramics containing
yttrium oxide were refined. The related Rietveld profiles are
shown in Figures S2 and S3 for LAGP and LAScGP systems,
respectively. Good correspondence of the peaks of the pattern
and the NASICON structures was obtained, demonstrating
convergence for the refinements. Hence, the results of @ and D
could be properly estimated. The related results are shown in
Table S2. The values of a were also estimated by the reduction
of the crystallization peak’s area from the DSC measurements.
These estimations were made by comparing the exothermic
peak of the glass ceramic with that of the fully amorphous glass
from the same system. The following relation was used: a = (1
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— (v/V)), where a is the crystallized volume fraction, v is the
crystallization peak area from DSC analysis of the glass
ceramic, and V is the same parameter, but for the parent glass
absent of any heat treatment. The results are also presented in
Table S2. The results of o obtained by these different
techniques show the tendency for crystal increment according
to the advance of heat treatment. They are concordant with
each other, mainly for the LAScGP system and LAGP at the
late stages of crystallization. Though, posteriorly in this text,
the results of a will be referred to as the ones obtained by
Rietveld refinement due to their greater precision for
crystallographic assessments. They are also more concordant
with the other characterization techniques that will be
discussed further. Importantly, for both systems, the D values
do not show, at the early stages of crystallization, a clear
tendency for growth. This result can be attributed to the strong
nucleation phenomenon, that is, a new population of nuclei
and crystals is being formed, with no significant growth of the
oldest ones. On the other hand, after 3 h for the LAGP system
and 9 h for the LAScGP one, a more evident tendency for an
increment of the D values is seen. The crystal growing is
probably gaining ground for these conditions. We may think
on an induction time for crystal growth. Comparing the
crystallization advance as a whole, an evident increment of « is
seen for the samples. Interestingly, the points in which o
becomes dominant in the systems are between 3 and 4 h for
the LAGP series, in which a increases from 13 to 86%, and
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between 9 to 12 h for the LAScGP system, in which a
increases from 65 to 98%. As already supposed, the LAScGP
system demands more time to be crystallized in the
temperature of heat treatment chosen by the same rule (T,
+ (T, — T,)/3), which is a result of a slower crystallization
kinetics. This occurs due to the increment of the glassy phase
stability promoted by a higher polarizable cation®”’° (Sc**), as
already discussed. Interestingly, the presence of scandium also
impacted the D values from the samples heat-treated at
temperatures lower than T,. That is, they tended to be smaller.
Importantly, crystals much larger than ~0.2 ym provide low
broadening in the diffraction peaks, and the crystal size
quantification by this technique decays in precision. The peaks’
broadening for these cases is close to the instrumental pattern.
So, for samples heat-treated directly at Tj, there is only the
information that they have crystals probably coarser than the
other samples and they are probably at micrometric scale. In-
depth interpretations based on these values are not reliable.

Structurally, the lattice parameters expanded in all directions
when Sc** was inserted into the structure, and consequently
the cell volume V: a = b = 8.2580(1) A, c = 20.6554(4) A, V =
1.219.90(4) A’ for LAGP; and a = b = 82927(1) A, ¢
20.7520(6) A, V = 1.235.92(5) A® for LAScGP. These results
came from the XRD data of the samples directly treated at T,
with the corresponding graphical results of Rietveld refine-
ments shown in Figure 2¢,d. The cells’ expansion is related to
the inclusion of a larger cation in the structure. Specifically,
AP* has a crystal radius of 67.5 pm when it is sited at
octahedral coordination, while Sc** is larger, 88.5 pm in the
same chemical environment.”’ Therefore, the partial sub-
stitution is expected to expand the lattice parameters, and
consequently the cell volume. First, these results validate that
Sc** was successfully introduced into the rhombohedral
structure. Moreover, the expansion of the cell in LAGP-
based systems is referred to as a good strategy to open the
bottlenecks to lithium-ion migration, improving the electrical
responses.

To better understand the structural evolution according to
the crystallization advance from medium- to long-order point
of view, Raman spectroscopy was utilized. The results are
shown in Figure 3. Comparing the extremes, namely, parent
glasses and glass ceramics with heat treatment at T, the
spectra considerably change (see Figure 3a). The spectra of the
glass and NASICON crystals are in agreement with the ones
from the literature.”® The bands of the glasses are broader,
which is a reflex of the medium- to long-range disorder.
Formally, the spectra of the parent glasses and the glass
ceramics containing NASICON crystals are mainly composed
of characteristic phonon modes from phosphate-type units.”"**
To better understand the discussions of structure evolution at
this level, a structural representation for the studied
NASICON structure was constructed based on the crystallo-
graphic information from Weiss et al.'® and Macrae et al.>
(Figure 3b). The NASICON structure with LiGe,(PO,);
prototype is rhombohedral with R3¢ space group. The
structure is primarily composed of PO, tetrahedra sharing
their vertices with BOg octahedra (B = Ge**, mainly, and the
substituents AI’" and Sc**). Lithium ions occupied two distinct
interstitial positions in the structure, called M; and M,. The
extra-lithium cations that are allowed in the structure through
trivalent substitution occupy the M, positions. The lithium-ion
movement through these interstices provides the effective
three-dimensional (3D) conductivity observed for the
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NASICON electrolytes. The Raman spectroscopy can, there-
fore, provide the information on how the chemical environ-
ment around the phosphate units is being changed according
to the crystallization advances.

The evolution of the Raman spectra according to the
crystallization advance is presented in Figure 3c,d for Sc-free
and Sc-containing samples, respectively. Some bands appeared
for the crystals or become sharper and more intense (marked
with red-upward arrows in these spectra), while other bands
disappeared with the heat treatment (marked with blue bars).
Moreover, there were bands that reduced their intensity, but
the main difference from the glass to the crystals was the
shortening according to the crystallization advance (marked
with green bars). The position around the appearance of each
phonon mode depends on the phosphate’s polymerization
degree, Q". Phonon modes between 300 and 500 cm™" (at
around 350, 460, and 490 cm™') are attributed to the v,
components from symmetrical bending of PO, groups (2A,, +
2Eg).24’83 The modes at around 460 and 490 cm™' became
sharper according to the advance of crystallization. These
bands are characteristics of the LiGe,(PO,);-based crystals. On
the other hand, phonon modes between 500 and 700 cm™" (at
around 550, 600, and 670 cm™') are attributed to v,
components of nonsymmetrical bending of these structural
units (Alg + 3'Eg).40’82 They are present in both glasses and
crystals. However, the glass phase comprises distorted and
oxygen vacant PO, polyhedra. These modes appear in the
spectra of the glasses as broad bands and overlapped with each
other. This is a clear influence on the medium- to long-range
disorder of the amorphous phase. On the other hand, the
crystal is more symmetric and these vibrations in the crystals
occur closer to the same wavenumber due to the gain of
structural symmetry. Hence, these bands are sharper and well
resolved in the spectra of the glass ceramics with a large
content of crystals.

Between 700 and 900 cm™), there are modes from meta- and
piro-phosphates.*”***> A band is seen in this region (~765
cm™"), which is only present for the glasses and glass ceramics
in the early stages of crystallization. Unsurprisingly, this band
disappears for the crystals. Particularly, this phonon mode is
attributed to the symmetrical stretchin§ of phosphate
tetrahedra with bridging oxygen from Q.***®*” The PO,
tetrahedra do not share their vertices in the NASICON
crystals, and also there is no Q'-type unit for the phosphate (all
of them are perfectly tetrahedrally coordinated). Thus, this
mode is not expected to appear after crystallization. The
extinction of the mode at around 765 cm™ is clear evidence of
the consumption of the phosphate-based glassy phase
according to the heat treatment.

Phonon modes between 900 cm™ and 1300 cm™' are
attributed to stretching modes from PO, (P™) units (v, and
v3, showing Aj, + E; and A + 3E vibrations), making it hard
to distinguish between them.”***> These modes appear
between 1000 and 1110 cm™ for crystals and glasses. The
sharpening of these Raman bands and the gain in intensity
observed for samples containing crystals occurred gradually
with the heat treatment. Once again, the increase of intensity
and sharpening of the phonon modes is indicative of the gain
of symmetry for the atomic vibrations. Lastly, the broad band
at around 1250 cm™ is referred to the POj(,, stretching in
P® units. This band is related to the polyhedra containing
nonbridging oxygen.®”*® This band is also characteristic of the
glassy phase and must be extinct for the crystal."” That is, all of
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Figure 4. Solid-state NMR spectra and *'P{*’Al} REAPDOR curves for the parent glasses and glass ceramics: (a) 3'P spectra for the LAGP series.
(b) 3'P spectra for the LAScGP series. (c) **Sc spectra for the Li; Scy 1,Aly33Ge, s(PO,); series. (d) *'P{*’Al} REAPDOR curves for the glasses
with a different composition. (e) *'P{*’Al} REAPDOR curves for the glasses for the fully crystallized sample in the LAGP system (5 h + T,/1h).
31P{*’Al} REAPDOR curves for the glasses for a fully crystallized sample in the LAScGP system (12 h + T,/1h). Curves from item d to f designate

behavior for P—O—Al linkages.

the phosphorous coordination polyhedra are complete in the
NASICON crystals, except for ionic defects at an extremely
small concentration. The disappearance of this phonon mode
demonstrates that the glassy phase is extinct in the glass
ceramics, similar to the disappearance of the phonon mode at
around 765 cm ™.

The gradual gain of symmetry during the crystallization is
evident when analyzed from medium to long range by Raman
spectroscopy, corroborating with the XRD results that
evidenced the increment of crystallized volume fraction. At a
local order, the increment of crystalline nature of the samples is
also evident when monitored by solid-state NMR using the
3P, ¥Al, and **Sc nuclei as structural probes. The related
results are shown in Figures 4 and 5. The *'P NMR spectra
(Figure 4a,b) demonstrate a broad gaussian band centered
near —24 ppm for the glass and glass ceramics with short
periods of heat treatment. Similar results are seen for both
compositions under evaluation. This band is characteristic of
phosphate species in different chemical environments,
reflecting the isotropic chemical shift distribution from Ge,
Al, Sc, and P connections.® Importantly, phosphorus is mainly
in P® units in the glasses. These results are in agreement with
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REAPDOR evolution experimental data with a SIMPSON
two-spin simulation based on a dipolar internuclear *'P—?Al
distance of 3.3 nm (see Figure 4d),”° where only a fraction of
the P atoms is bonded to Al atoms. The line narrowing is
observed for samples submitted to heat treatment up to 4 and
9 h for LAGP and LAScGP systems, respectively, which reflect
on 6_p value due to crystalline fraction increasing in the
samples. However, the resolution is insufficient to try any
deconvolution analysis. For the fully crystallized samples, the
*P local environments shift toward low chemical shift values
and the spectra are sharper. They split into up to four partially
resolved peaks centered at around —41, —35, —30, and —25
ppm. This result demonstrates that there is a significant
difference in the local phosphate environments, confirming the
results obtained by Raman spectroscopy. The P®) units are
completely converted into tetrahedrally coordinated phospho-
rus after crystallization [P—(Ge(®, Sc(®, AI©)]. Particularly,
the band at around —41 ppm observed for both compositions
is related to P® surrounded by four Ge octahedrally
coordinated and can be assigned to P, Y. These results
agree with the structural scheme previously presented in Figure
3b, in which phosphorus tetrahedrally coordinated shares their
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Figure 5. >’Al solid-state NMR spectra for the parent glass and glass ceramics according to the period of heat treatment for different compositions:
(a) LAGP series. (b) LAScGP series. Schemes are approximated representations of the coordination polyhedra for aluminum in the glass and glass
ceramics. Some distortions in these coordination polyhedra are predictable due to both the long-range disorder of the amorphous phase and also

due to the rhombohedral symmetry of the crystals’ structure.

polyhedral vertices with germanium octahedrally coordinated
in the crystals. The peak at —35 ppm is related to the presence
of aluminum in the structure (Pyg. ;o). This peak at lower
chemical shift values is also related to P'* units but contains
both Al® and Ge(® as the next neighbors.”” These results
confirm the site-specific substitution of germanium by
aluminum at the octahedrally coordinated sites in the LAGP
composition. However, for the LAScGP series, substitutions of
Ge* by Sc** and AI** atoms occur simultaneously. The peak
multiplicity can arise, therefore, from the formation of such as
P(4-n-m)Ge,nAl,mSc(4) sites, which can be attributed to
(P3ge1(a1s0)”) units containing AP* or Sc** ions. The formed
(P(4»(m)Ge,mSc)(4)) units in the NASICON structure were already
observed,”’ and they prove the germanium-to-scandium
substitution at octahedrally coordinated sites, along with
aluminum. Here in the composition under study, the *'P-
{*’Al} REAPDOR data confirm the formation of both units
(PSGe,l(Al,Sc)4) for the peak contribution at —35 ppm (see
Figure 4e,f), where the simulated SIMPSON curve for two-
spin interactions is not adjusted for the P atom in this chemical
environment. The same behavior was also observed for the
peaks at —30 and —25 ppm, indicating the P2Ge,2(AI)(4) units
formation, and also the Ge*" is replaced by only an Al*',
forming units such as P_j)ge1 A,,mSC(‘*). Therefore, these
results confirm the success of preparing NASICONs
structurally modified by dual-cation substitution of germanium
at its octahedrally coordinated sites. Importantly, the same
evolution behavior is observed for *Sc MAS NMR results
shown in Figure 4c. Table S3 (in the Supporting Information)
summarizes the simulated parameters using the Czjzek models
for ®*Sc MAS NMR, which is based on a distribution of
chemical shifts and quadrupolar coupling constants (Cg, A
We observed a broad asymmetric peak at —12 ppm for the
glass, with a large average quadrupole coupling constant 10.22
MHyz, as typically observed for Sc-containing glasses. The Sc**
coordination number is difficult to be estimated because the
scandium in six coordinated compounds shows a negative
isotropic chemical shift value. All eight coordinated Sc**

6216

cations show a negative isotropic chemical shift; however, in
phosphate glasses, the scandium coordination is expected to be
six, and the chemical shift range 10—50 ppm. For samples with
long heat treatment (9 h) and also for those fully crystallized
(12 h + T,), a new peak appears at 36 ppm. This peak is
asymmetric, and it is the only nonspectral signal remaining for
the fully crystallized sample, which is attributed to the six-
coordinate Sc atom in the NASICON structure.”

The *’Al spectra also demonstrate the great change in the
material structure comparing the glasses with the glass
ceramics. They are in complete accordance with *'P data
discussed above. The results are shown in Figure S. *’Al
spectra demonstrate that AI** can be coordinated by different
polyhedra in glasses: AI®, AI®) and AI©) 73 Approximate
illustrations of these structural units are also presented in
Figure 5. This result corroborates with the amorphous nature
of these materials, allowing different coordination polyhedra
for this cation. Importantly, aluminum tetrahedrally coordi-
nated, Al®, is the dominant structural unit for AP* in the
glasses for both compositions used. Once the crystallization
advanced, the signals from Al® become progressively
dominant in the system. Aluminum with the other
coordination numbers (AI® and AI®) disappears for the
totally crystallized sample. The same is observed for *’Al{*'P}
REDOR experiments performed for both compositions. The
related curves are shown in Figure S4, and the fitted
parameters are summarized in Table S4, both in the
Supporting Information. The results demonstrated that
aluminum cations with low coordination numbers are
predominant in the glasses, which are completely converted
into Al in the crystals. This result confirms once again the
propensity for AI** to be octahedrally coordinated in the
NASICON crystals, substituting Ge**, which presents the same
coordination in this chemical environment. Moreover, the
absence of other detectable coordination number for
aluminum for the fully crystallized glass ceramics is another
indication that secondary phases do not remain in expressive
quantity. Aluminum can be tetrahedrally coordinated (or even
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(@)

Figure 6. SEM micrographs for the glass ceramics (cracked surfaces) according to the advance of heat treatment: (a) LAGP series and (b) LAScGP
series.

fivefold coordinated) even in crystals with other structures due
to its small size.”” An example is AIPO, that presents AI** in
Al® unities and would appear separately in the Al MAS
NMR spectra.*® This result corroborates that the crystallization
was well processed and a strict compositional control was
achieved for the prepared glass ceramics, avoiding secondary
phase generation at a detectable level.

3.3. Microstructural and Compositional Character-
ization. After the structural evolution was investigated from
local to long order with details, the microstructure evolution of
the glass ceramics is now examined. SEM analysis was applied
to directly observe the crystals formed according to the
advance of heat treatment. The results are shown in Figure 6.
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Importantly, the properties of an electrolyte will not depend
only on the structure, composition, and crystallographic phases
formed in the samples. The way in which these phases are
arranged (microstructure) equally impacts the electrical
responses. Thus, the advance of crystallization according to
the period of heat treatment is evident for both compositions
in the SEM images. The glasses have a flat surface, without any
evidence of crystals. This is in accordance with the structural
characterization discussed before. For short periods of heat
treatment (e.g,, 1 h for LAGP series, Figure 6a), crystals with
low dimensions begin to appear. They are in low quantity and
dispersed throughout the whole material, surrounded by the
glassy phase. After these small crystals and nuclei are formed,

https://doi.org/10.1021/acs.jpcc.3c00476
J. Phys. Chem. C 2023, 127, 6207—-6225


https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00476?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00476?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00476?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00476?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c00476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Liy sAly sGey 5(PO,);

f
|

I",I 280 nm

Li; 58¢€g 17Alp 33Ge4 5(PO,);

3h

9h

12h+T,

Figure 7. TEM micrographs for the glass ceramics at the beginning, middle, and end of crystallization: (a) LAGP series and (b) LAScGP series.

they contribute themselves to the crystallization advance
through the crystal growth on their surfaces. Importantly, the
number and size of agglomerate of crystals increase according
to the period used for the heat treatment. The samples heat-
treated in the maximum period of time followed by 1 h in T,
showed a continuous net of crystals, forming a typical “grain—
grain boundary” microstructure. These results support the
discussions already made related to the crystallization advance.

The results for both compositions also showed that the
grains of the specimens directly treated at T), are coarser than
for samples heat-treated in the maximum period of time and
then at T),. The samples directly treated at T, received almost
“instantly” the energy necessary to totally convert the matrix,
composed integrally of glass, into the equilibrium phase
(NASICON crystals). Therefore, crystallization happens very
quickly, mostly over the athermic nuclei present in low
quantity, and large grains are expected to be formed. On the
other hand, the samples that were treated at a third of the
distance between T, and T, showed lower crystallization
kinetics. This factor allowed a gradual increase of nuclei
quantity, in a number greatly superior to the athermic ones,
leading to a larger amount of crystals to be obtained with the
heat treatment advance. The crystals, therefore, tend to be
smaller. Moreover, only a few portions of the glassy phase
remain when these samples are posteriorly heat-treated at T,
Thus, the microstructure is almost totally defined before the
heat treatment at T}, showing a microstructure composed of
small-size crystals. The temperature and time used (T}, for 1 h)
are not sufficient to promote an intense growth of these grains
already formed, and the resulting microstructures are more
refined compared to the ones directly treated on T,. These
observations are important as the microstructure can deeply
affect the electrolyte performance.

To complement these analyses, some samples were
evaluated by TEM comprising the beginning, middle, and
end of crystallization for both systems. The results are shown
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in Figure 7. The samples begin with small dark spots,
presumed to be crystals, dispersed throughout all of the glass
matrices. They are more evident in the micrographs for the
LAGP system (2 h) and are also present for the LAScGP
sample heat-treated for 3 h with lower definition. The presence
of crystals dispersed throughout the glass matrix points to a
tendency for homogeneous nucleation for the LAGP-based
systems as already found in the literature.*>” Increasing the
time of heat treatment, the crystals become larger. This
evidence supports the advance of crystallization already
monitored by spectroscopic techniques and also by Rietveld
refinements. Though, the dark spots are not completely
connected to each other either for LAGP 4 h or LAScGP 9 h,
indicating that a considerable amount of glassy phase still
remains surrounding the crystals. The presence of a glassy
phase around the crystals blocks partially (or even totally) the
connection of crystals, and consequently the lithium-ion paths.
Finally, for samples heat-treated at the maximum period of
heat treatment and followed by T}, a grouping of crystals can
be seen in the images forming the glass ceramics completely
crystallized. The “grain—grain boundary” microstructure was
indeed formed in these samples, as already demonstrated by
SEM. Importantly, the measurements of the sizes of some well-
resolved grains in the micrographs of these samples have
revealed that the grain sizes for LAScGP glass ceramics (12 h +
T,) are smaller than the ones from LAGP glass ceramics (S h +
Tp)' This result is in agreement with the ones from the
crystallite sizes, being attributed to slower crystallization
kinetics for the samples containing scandium as already
discussed. Results such as these are important, once micro-
structure can have a strong influence on the electrical
properties of the glass ceramics.

The SEM and TEM micrographs opened the potentiality to
directly evaluate the atomic composition and evaluate possible
cationic segregation through EDS mapping. The results of
EDS-TEM maps for both compositions are seen in Figure 8.
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Figure 8. TEM elemental mapping distribution for glass ceramics: (a) LAGP heat-treated for 4 h and (b) LAScGP heat-treated for 9 h.

The samples of LAGP—4 h and LAScGP—9 h were chosen
because they have a mix of crystals and glass matrix, allowing
the observation of the compositional differences of both (if
any). All of the characteristic elements for the NASICON
structure appeared in the EDS mapping, except for lithium
cations. Lithium was not seen in the chemical maps because it
is a light element and is not determined by this technique. The
other elements are homogeneously distributed in the glass
ceramic of LAGP composition (Figure 8a) and also for
LAScGP one (Figure 8b). Interestingly, scandium used as a
second substituent other than aluminum could also be
determined (Figure 8b). The intensity collected for this
element is weak as the mass percentage is lower than 2%.
However, its detection and homogeneous dispersion is
undoubtful by the TEM-EDS maps shown in Figure 8b. The
observation of this element in the mappings confirms the
double substitution for this series, corroborating with Rietveld
refinement analysis and also the MAS solid-state NMR ones.
Importantly, there was not a signal accumulation of any
element even at a so small scale of elemental detection. Thus,
no evidence of secondary phases could be noticed by this
technique. These results are in accordance with the discussions
already made. Secondary phases in the glass ceramics prepared
are probably at an exceptionally low quantity. Therefore, the
process utilized to prepare the glasses and raw materials
employed were satisfactory to prepare glass ceramics with great
compositional control. To confirm the persistence of these
results for the samples totally crystallized, SEM images
containing EDS maps for samples LAGP (5 h +T,) and
LAScGP (12 h + T,) are shown in Figure SS. The results are
similar to the ones already discussed, demonstrating a
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homogeneous distribution of the elements through the surface.
No evidence for cationic segregation or secondary phase
formation was obtained as well. Lastly, the composition of the
glassy samples and samples heat-treated for the largest period
of time in each system was further evaluated by XRF. The
related numerical values for weight percentages are displayed
in Table SS. Importantly, the presence of lithium and oxygen
was ignored for these analyses and for the references of
nominal composition because they are not adequately
determined by XFR. The results demonstrated the presence
of all of the elements planned for the samples. The content of
aluminum decreases for samples prepared with scandium, as
expected, while phosphorus and germanium are the main
elements that compose these materials. In addition to lithium
quantification by ICP-OES, these results corroborate to the
presence of the elements expected for the NASICON structure
in the systems under evaluation.

3.4. Electrical Properties. Finally, Figure 9 shows the
electrical properties of the glass ceramics according to the heat
treatment period utilized for their preparation. The analysis of
electric properties shows how much the advance of
crystallization impacts on the electrical conductivity of the
NASICON glass ceramics. The glass ceramics showed
distorted semicircles because of the nontotally resolved
responses of the crystals and the glass matrix, or even the
grain and grain boundaries contribution for the crystallized
glass ceramics. Nevertheless, plots like those allow the
obtention of the total conductivity of the samples.”””*
Examples of Nyquist plots for samples from both systems are
shown in Figure S6. Importantly, both of the compositions
evaluated started with poorly conductive glasses and reach
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Figure 9. Arrhenius plots of conductivity and activation energy for: (a) LAGP glass ceramics heat-treated for different periods at 542 °C and the
samples heat-treated at 542 °C for $ h followed by T, (1 h) and directly treated at T, (1 h). (b) Glass ceramics with LAScGP composition heat-
treated for different periods at 577 °C and the samples heat-treated at 577 °C for 12 h followed by T, (1 h) and directly treated at T, (1 h). (c)
Activation energy for LAGP glass ceramics heat-treated for different periods at 542 °C and the samples heat-treated at 542 °C for S h followed by
T, (1 h) and directly treated at T, (1 h). (d) Activation energy for LAScGP glass ceramics heat-treated for different periods of time at 577 °C and
the samples heat-treated at 577 °C for 12 h followed by T, (1 h) and directly treated at T, (1 h).

conductive glass ceramics when totally crystallized. However,
the increment of conductivity between these extremes does not
occur linearly. Observing the Arrhenius plots, samples in the
LAGP system (Figure 9a) demonstrated that even containing
crystals, glass ceramics prepared up to 3 h present almost the
same behavior for conductivity versus temperature as their
parent glass. That is, the slope for the Arrhenius linearization is
almost the same for samples in this system, which is a reflex of
close values of E,.

Samples in LAScGP series (Figure 9b) showed the same
behavior for up to 3 h. That is, crystals formed in the early
stages of heat treatment are completely surrounded by the
glassy phase and are not in quantity enough to effectively
change the electrical properties. After 3 h of heat treatment, the
Arrhenius curves are displaced to regions of higher
conductivity in the LAGP system, indicating that the
conductivity is greatly increased. For the LAScGP series, the
change in the Arrhenius plots is seen in two steps: (1) up to 9
h, in which there is a moderate increase of the conductivity and
intense change in the curve slope, and (2) a pronounced
change of conductivity is seen for samples heat-treated for
periods of time greater than 9 h, along with new changes in the
slopes of the curves. To better comprehend these modifica-
tions, Figure 9¢,d shows the behavior for E, extracted from
these plots, with their respective uncertainties arising from the
linearization. For the Sc-free system (LAGP), the graph can be,
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therefore, divided into three regions: (1) The former region up
to 3 h of heat treatment, in which the values of E, for all of the
glass ceramics are close to the parent glass (0.83—0.81 eV) and
are poorly impacted by the heat treatment. (2) In the second
region, the crystals became the mandatory phase. In other
words, the grains were put in contact to form a typical “grain—
grain boundary” microstructure, i.e., the percolation of crystals
has occurred. This fact eases the lithium-ion motion and
reduces E, considerably (0.40—0.41 eV). This phenomenon is
in accordance with the XRD results, in which the crystallo-
graphic peaks become dominant in the diffractograms after 4 h,
while the amorphous halo almost disappeared, and also with
the o quantification. Interestingly, the low content of glassy
phase that exists for some of these glass ceramics (e.g., LAGP
heat-treated for S h) poorly impacted E,. (3) The last region is
related to the sample directly treated at T, showing that larger
grains positively impact the conductivity of these electrolytes.
Large grains present lower values of grain boundary area
compared to glass ceramics with smaller grains, which eases the
lithium-ion motion (E, = 0.37 eV). For the system containing
scandium, the interpretation is similar, but there is an addition
of an intermediate region between regions 1 and 2, comprising
the samples prepared for 6 and 9 h of heat treatments. This is
done because the increment of heat treatment greatly increases
the content of crystals (from 10 to 65% in this interval), as it
can be seen in the SEM micrographs from Figure 6b. These
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crystals are in quantity enough to reduce E, for samples
prepared at 6 and 9 h, once the lithium-ion motion promoted
by alternating potential is facilitated in the crystals compared
to the glass matrix. However, these crystals are still surrounded
by the glassy phase. Thus, the content of crystals is high
enough to change the activation energy, but are not effectively
put in contact with each other to greatly increase the total
conductivity. The movement from one crystal to another is still
hindered. On the other hand, increasing the heat treatment
period to 12 h, the crystal percolation occurred and a “grain—
grain boundary” microstructure is formed (a = 98%). This
eases the lithium-ion motion between the grains, leading to an
effective increment of the conductivity and a new reduction of
E,. The intermediate behavior was seen only for the LAScGP
series (6 and 9 h) because of the greater thermal stability of the
scandium-containing glass precursor, leading to a lower
crystallization kinetic. This allowed an even more gradual
increment of crystals compared to Sc-free LAGP. The faster
crystallization kinetic of this latter system changed the sample
with a low quantity of crystals (3 h, 13 wt %) to a considerably
crystallized glass ceramic (4 h, 86 wt %), allowing to reach a
more important crystal volume fraction faster and improve
both conductivity and E,. For a more precise analysis, the
numerical values of the electrical properties are summarized in
Table 1. Note that the conductivity at room temperature only

Table 1. Summary of the Electrical Properties of the
NASICON Parent Glasses and Glass Ceramics Prepared by
Different Periods of Time

sample 6o ec) (S cm™) E, (eV) R?
Li; sAlysGe, s(PO,); Series
glass 1.51 x 107 0.83 + 0.01 0.999
1h 226 x 1071 0.825 + 0.008 0.999
2h 243 x 1071 0.82 + 0.01 0.998
3h 3.59 x 107! 0.81 + 0.02 0.998
4h 3.03 X 1076 0.412 + 0.009 0.997
5h 407 x 1075 0.41 + 0.01 0.996
Sh+T, 3.50 x 107° 0.4027 + 0.0006 0.999
T, 2.04 x 107* 0.374 + 0.002 0.999
Li; s8co,178l033Ge s(PO,)5 Series
glass 2.03 x 107" 0.820 + 0.008 0.999
3h 427 x 107! 0.80 + 0.01 0.998
6h 1.12 x 1078 0.55 + 0.02 0.992
9h 1.94 x 1078 0.52 + 0.02 0.992
12h 2.01 x107° 0.438 + 0.004 0.999
12h+T, 5.44 x107° 0.442 + 0.007 0.998
T, 1.23 x107* 0.373 + 0.005 0.998

p

reaches the order of 107 S cm™ when the crystals become the
dominant phase, that is, reaching the crystal percolation. The
values of conductivity also confirm that the glass ceramics
directly treated at T, shows higher conductivity due to their
large grain sizes. Low content of athermic nuclei during the
crystallization at these conditions leads to the formation of a
lower number of crystals and coarse microstructures are
formed as a consequence, reducing the grain boundary region
and increasing the conductivity.

Importantly, in the previous research of our group,” we
reviewed the methods from the literature for NASICONSs
preparation, showing principally the influence of the
composition, processing, and the related microstructure in
the electrical properties of the electrolyte. The results of the
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present study are comparable to superior to the ones obtained
by the solid-state reaction followed by some technique of
sintering (usually, E, > 0.40 eV and 6 < 107* S cm™" for LAGP-
based systems). This has occurred because of the greater
compositional control, denser microstructure, and reduction of
secondary phase formation of glass ceramics compared to
solid-state reaction synthesis. Comparing the results of the
present study with the ones obtained by chemical methods of
synthesis, the results are also comparable (in general, E, in the
range of 0.33—0.38 eV and ¢ in the order of 10™* S cm™ for
the LAGP-based systems). Even though showing similar
values, the glass ceramics procedure is a scale-up method,
easing the practical application of these materials. Lastly,
comparing the results of this study with other glass ceramics
presenting similar compositions, most of the studies are in the
same order of magnitude for the conductivity,” but there are
examples in the literature of materials with higher conductivi
(6>107%S cm™) and lower E, (as low as 0.28 eV).'o**?77101
These observations corroborate that the glass ceramic
methodology is a successful strategy to prepare NASICON
materials. For these highly conductive glass ceramics from the
literature, the microstructure of the glass ceramics totally
crystallized was adjusted, mainly, to obtain coarse grains, with
low content of pores and secondary phases. Also, the
composition was also modified in some of them'® to open
the bottlenecks for lithium migration. Even though the present
study presenting lower conductivity and higher activation
energy than these latter outstanding studies, the scope here
was comprehending the evolution of the electrical properties
according to the increment of crystal content and evaluating
the changes in structure and microstructure during this
process. All of the crystallization conditions were set to
achieve these goals.

Yet, our results indicate that even though the presence of
scandium directly modifies the crystallization kinetics and leads
to a lattice expansion, the final values of electrical properties of
the electrolytes totally crystallized are analogous to the ones
obtained with the system free of this substituent. This occurs
because more refined microstructures are obtained when
scandium is present in the glass ceramics, which increases the
resistivity of the electrolyte due to a greater grain-boundary
area. In previous studies of NASICONSs from other systems, a
tendency to a decrease in ionic conductivity according to the
reduction of the grain sizes was demonstrated.'®® Thus, the
improvement of the material’s conductivity expected due to
the opening of the bottlenecks for the lithium-ion migration is
overshadowed by the reduction of the grain sizes, and the final
results become comparable. This fact demonstrates once again
that the microstructure can impact the final properties of a
solid electrolyte as much as the chemical structure. Both of
them must be taken into consideration together in order to
prepare materials with improved ionic conductivity.

4. CONCLUSIONS

In this paper, an in-depth study of structural and micro-
structural evolution during the crystallization of
Li; sAlpsGe s(PO,); and  Lij sSco 174l 33Ge, 5s(PO,); NASI-
CON:-type glass ceramics was made, as well as its correlation
with their electrical properties. The conclusions of this study
can be summarized in the following key points. (1) Parent
glasses prepared at moderate melting temperature with proper
aluminum source can provide the preparation of glass ceramics
free of detectable secondary phases and contamination. (2)
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Scandium increases the thermal stabilities of the glasses and
consequently the time required to achieve fully crystallization.
(3) The presence of scandium cation expands the unit cell of
the studied NASICON due to its larger size compared to
aluminum. (4) Once most of the atomic vibrations in glasses
and crystals are different, Raman is a less-explored but
potential technique to monitor the crystallization advance in
NASICON glass ceramics. (S) Phosphorus is mainly in p®
unities in the NASICON parent glasses that are completely
converted to P™ unities linked to Ge, Al and Sc (when
applicable) as their next neighbors. (6) The proportion of Al®)
unities compared to four- and fivefold coordinated unities
greatly increase in the specimens with the crystallization
advance. In fact, Al and AI® are completely converted into
Al® for the NASICON crystals. (7) Scandium is eightfold
coordinated in the glasses, but during the crystallization, the
preferred site becomes the Sc® unities. This result proves that
the preferred site of this element is into the octahedral
positions in the crystals, being a substitute for germanium
similarly to aluminum. (8) The conductivity does not
significantly change with the heat treatment up to the
formation of a net of crystals, creating a lithium-ion path
between the grains. After that, this parameter harshly increases.
(9) Larger crystals provide lower activation energy for ion
motion and higher conductivity due to a lower grain boundary
area compared to a more refined microstructure. This is
especially important to be taken into consideration when
scandium is used, as it can reduce the crystal sizes of the
electrolyte due to a lower crystallization kinetic, which can be
detrimental to ionic conductivity.

Therefore, this study brought key points to better under-
stand the crystallization of the NASICON glass ceramics and
its correlation with the materials’ electrical properties. These
insights can be used as tools to tailor the crystallization and the
final microstructure of the NASICON glass ceramics, aiming to
achieve improved electrical properties.
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