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ARTICLE INFO ABSTRACT
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Glass ceramics containing Na super-ionic conductor (NASICON) crystals are promising candidates for solid-state
electrolyte separators in aqueous sodium ion batteries due to their high ion conductivity, water stability, and
productivity. Our objective was to fabricate a glass-ceramic separator by crystallizing a NASICON phase within
the glass via heat-treatment. We conducted a detailed investigation into the structural evolution of the glass and
the crystallization morphology. Upon heat-treatment, Si units polymerized to form an island-like phase, while P

contributed to increasing non-bridging O to form a sea-like phase during droplet phase separation; subsequently,
the NayZrySiP2012 crystalline phase formed. The remaining glass comprised Q4 units of Si in the island-like
phase, and Q' and Q2 units of P in the sea-like phase. The ionic conductivity of the sample increased by crys-
tallization up to 5.4 x 107> S-cm ! at 300 K. Furthermore, the water leakage tests showed that both the glass and
glass-ceramics exhibited low leakages.

1. Introduction

Aqueous sodium-ion batteries (A-SIBs) are poised to become next-
generation batteries owing to their remarkable safety features, cost ad-
vantages [1,2], and the abundance of natural Na resources. A-SIBs are
expected to play pivotal roles in various scales of stationary secondary
battery applications, facilitating diverse functions in the development of
electrical energy storage systems [3].

However, the choice of electrode materials in A-SIBs is constrained
by the narrow electrochemical potential window of water (1.23 V).
Therefore, extensive efforts have been undertaken to widen this poten-
tial window by employing highly concentrated salt solutions [4-9];
nevertheless, this remains insufficient for negative-electrode materials
operating at a lower potential [10]. A promising method to widen the
potential window of water in A-SIBs involves the utilization of a solid
separator that selectively enables the passage of Na while blocking water
and protons. Moreover, solid separators are promising for the realization
of seawater rechargeable batteries [3].

* Corresponding author.

https://doi.org/10.1016/j.jnoncrysol.2024.123070

p-alumina and sulfide systems exhibit potential as solid-state elec-
trolyte separators with high ion conductivity in SIBs [11]. However,
they are not suitable for A-SIBs due to their poor water stability. In
contrast, Na super-ionic conductor (NASICON) systems are promising
separators for A-SIBs owing to their high ion conductivity and water
stability [12-14]. However, NASICON single crystals and fully dense
polycrystalline materials are prohibitively expensive for practical ap-
plications, which undermines the crucial advantage of A-SIBs, i.e., their
affordability. Moreover, the sintering of NASICON materials mixed with
glass has proven insufficient to achieve complete densification for pre-
venting water ingress effectively [15].

Glass without cracks or pores that molecular water pass through can
be easily prepared over large areas. To achieve high conductivity and
densification, Susman et al. [16,17] fabricated glasses with composi-
tions similar to that of Na,1Zr,Si,P3,012 (NZSP) The Na-ion conduc-
tivity () of the glass was 1.1-1.9 x 107> S-cm™ at 573 K, which is below
that of an NZSP crystal (2.5 x 102 S-cm™ at 573 K). Compared to the
aforementioned glass, glass-ceramics with approximately one order of
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magnitude higher ionic conductivity have been fabricated by crystal-
lizing (via heat-treatment) an NZSP phase in NayO-ZrO,-SiO2-P20s
glasses [18]. NZSP-type glass-ceramics are anticipated to provide
solid-state electrolytes with high Na-ion conductivity, water resistance,
and water impermeability. In the case of 20NayO-XZrO,—(80-X-Y)
Si02o-YP505 (in mol%) system, the hexagonal phase with X = 1.1-1.4
precipitated, whereas in the case of 30Nay;O-XZrOy—(70-X-Y)SiO,.
-YP505 (in mol%) system, the monoclinic phase with X = 1.8-2.2
precipitated. In both cases, the ionic conductivity increased 1-2 orders
of magnitude after crystallization. The hexagonal phase formed a
continuous structure, whereas the monoclinic phase formed in droplets.
In this study, we focused on 20Nay0-22.5Zr0,-42.55i0,-15P505 (in
mol%) glass, which resulted in a crystallized glass exhibiting the highest
conductivity among reported glass systems.

Hence, in this study, we aimed to develop a NASICON separator for
A-SIBs, using NZSP-type glass-ceramics. To achieve high Na-ion con-
ductivity in glass-ceramics, appropriate conductive paths must be
designed by controlling the crystal morphology. The crystal morphology
depends on the crystallization mechanism and the rate of nucleation and
growth, which are strongly related to the glass structure [19-23]. This is
because nucleation is facilitated in glasses that bear a structural simi-
larity to precipitated crystals. However, the glass structure, crystalliza-
tion mechanism, detailed morphology, and phases of such crystalline
glasses have not been reported thus far. Hence, in this study, the glass
structure was investigated via magic angle spinning nuclear magnetic
resonance (MAS-NMR) spectroscopy and molecular dynamics (MD)
simulations. The interatomic potential was based on graph neural net-
works (GNN) and three-body interactions [24]. The crystallization
process was investigated via transmittance and scanning electron mi-
croscopy, and a crystallization mechanism was proposed. Ionic con-
ductivity and water resistance tests were conducted on the
glass-ceramics to assess their potential applications in A-SIBs.

2. Experimental
2.1. Sample preparation

Glass (20Nap0-22.5ZrO»-15P505-42.5Si0, in mol%) samples were
prepared via a conventional melt-quenching method [18]. A mixture
(100 g total) of NayCO3 (99.9 %), SiOs (99.9 %), ZrO, (99.9 %), and
NaH3PO4 (99.0 %) was placed inside a Pt-Rh crucible and melted at
1650 °C for 1 h under ambient atmosphere. The melts were then poured
into a carbon mold and immediately placed in an electric furnace heated
to 600 °C, where they underwent gradual cooling. The samples were cut
into 15 mm square pieces with a thickness of 1 mm and then
mirror-polished. The polished samples were heat-treated at 800, 820,
850, 880, 900, 945, 973, 1060, and 1200 °C for 1 h at a heating and
cooling rate of 10 K/min.

2.2. Glass and glass ceramics characterization

The glass transition temperature (Tg) and crystallization temperature
(Tp) of the samples were determined via differential thermal analysis
(DTA) at a heating rate of 10 K/min. The crystalline phases of the
samples were determined via high-temperature X-ray diffraction (XRD)
employing a Cu-Ka source (Ultima IV; Rigaku, Japan) and synchrotron
XRD conducted on the beamline BL-02B2 at SPring-8 (Sayo-cho, Japan)
at 20 keV. The X-ray wavelength was calibrated using CeO; as a refer-
ence material. The XRD patterns of the crystalline phases were simulated
utilizing VESTA [25].

Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) were performed employing a JEM-2100
Plus (Hitachi High Tech., Japan). The samples were individually
crushed and dispersed on a Cu grid for observation. The elemental dis-
tributions were surveyed through an energy-dispersive spectroscopy
(EDS) unit equipped on the STEM instrument. The morphologies of the
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precipitated crystals were observed using field-emission scanning elec-
tron microscopy (FE-SEM, Regulus 8220, HITACHI, Co., Ltd.).

The structures of the glass and glass-ceramics were examined using
MAS-NMR. Silicon-29 (*°Si) and phosphorus-31(3'P) MAS-NMR mea-
surements were performed using JEOL ECA-300 (1 T, 300 MHz) at a
spinning rate of 10 kHz. The signals were collected using a single-pulse
sequence at a tip angle of 30°. 2°Si NMR and 3'P NMR spectra were
referenced to tetramethylsilane and 1-M phosphoric acid solution,
respectively. The Zr K-edge EXAFS spectroscopy was conducted at the
BL14B2 beamline at SPring-8. Furthermore, ZrO, was used as the
reference sample. All samples were prepared by mixing with boron
nitride to an optimum concentration of the target ion. All data were
collected in the standard transmission mode using an ion chamber
detector.

The ionic conductivities of the glass and glass-ceramic samples were
measured via an ion impedance analyzer. Measurements were taken by
heating the samples to different temperatures, and the impedance data
were converted into Nyquist plots to determine the conductivity. The
details of the measurement procedure and setup are described elsewhere
[15]. The standard uncertainty of the conductivity was estimated by
measuring the same sample three times and confirming that it was less
than 5 %. Cyclic voltammetry (CV) was performed to test the leakage
into water. The setup and measurement conditions have been outlined in
a previous study [12].

To simulate the glass structure, MD simulations were performed
using the LAMMPS package [26]. A total of 1440 ions (160 Na, 90 Zr,
170 Si, 120 P, and 900 O) were randomly placed in a cell to measure the
experimental density of 2.897 g/cm?, and a classical MD simulation was
conducted with a completely ionic model [27]. The structure was held at
2000 K for 1,000,000 steps and then cooled to 300 K at 0.1 K/ps under
the NVT ensemble, with the obtained structure used as the initial
structure for GNN-MD simulation through a universal graph
deep-learning interatomic potential with the three-body interaction
model M3GNET [24]. The structure was held at 2000 K for 100 ps and
then cooled to 300 K at 10 K/ps under an NVT ensemble. A further 10,
000 steps were performed at 300 K, and the pair distribution functions
were calculated. For both simulations, the time interval of an MD step
was set to 0.5 fs.

3. Results and discussion
3.1. Crystallization of glass

High-temperature in situ and simulated XRD patterns of the NZSP
phases obtained under the different heating conditions are shown in
Fig. 1 [28,29]. Only a halo is observed up to 850 °C. Peaks begin to
appear from 900 °C, with become more distinct at 950 °C. These peaks
are attributed to a Na,1ZrsSi,P3_,O12 phase, which has several poly-
morphs depending on the composition and temperature, as summarized
in Table 1 [28,29]. The phase transition of Na3Zr,SisPO15 from mono-
clinic to rhombohedral has been reported to occur at 160-167 °C [30,
311; hence, synchrotron XRD measurements were conducted to deter-
mine the crystal phase of the heat-treated samples at 300 K (Fig. 2). The
XRD peak positions exhibited by each heat-treated sample were similar
to those of NayZr,SiP>015 (rhombohedral, R3_c). The diffraction lines
appearing at 5°, 8°, and 11° are those that disappeared in the space
group R3_c based on the annihilation rule. This indicates the occurrence
of a metastable crystalline phase with a slightly different symmetry.
Notably, metastable phases can be precipitated via the glass crystalli-
zation technique [32,33].

The DTA curves of the as-received and heat-treated glass (not crys-
tallized) samples are shown in Fig. 3. The crystallization peaks shift
towards a lower temperature as the heat-treatment temperature in-
creases from 800 to 850 °C, where the samples are not crystallized, as
shown in Fig. 1. In the case of prior nucleation or crystallization, heat-
treating glass at a temperature below its crystallization temperature
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Fig. 1. In situ XRD patterns of the glass samples recorded at various tempera-

tures, as indicated by the labels on each pattern.

Table 1
Lattice constants of some NZSP crystals.

Phase NasZrySisPO12  NazZrySisPO;o NayZrySiP2012 Glass-ceramics

Structure Monoclinic Rhombohedral ~ Rhombohedral =~ Rhombohedral

Space C2 /c R3¢ R3¢ Similar to R3_c

group

a(A) 15.6513 9.05350 8.9348 8.943 + 0.005

b (A) 9.0550 9.05350 8.9348 8.943+ 0.005

cA) 9.2198 23.06770 22.8486 22.873+
0.005

a(?) 90 90 90 90

B 123.742 90 90 90

vy () 90 120 120 120

ref 25 2 26 This study

decreases the temperature corresponding to the crystallization peak.
The nanostructures of the samples heat-treated at 800, 850, 900, and
973 °C were examined via TEM (Fig. 4). Samples heat-treated at tem-
peratures up to 800 °C did not exhibit any nanostructures. Some mi-
crostructures seem to separate into a spinodal phase, as observed in the
sample heat-treated at 850 °C. The electron diffraction from the TEM
analysis and in situ high-temperature XRD (Fig. 1) confirmed that the
sample was amorphous, suggesting phase separation. Upon further
heating, the separated phases crystallized, and the crystals precipitated.
These results suggest that the phase separation was induced prior to
crystallization and promoted this transformation.

3.2. . Glass structure and local structural change during crystallization
Fig. 5(a) and 5(b) show the structural model obtained through GNN-
MD simulation and the obtained pair distribution function g(r), respec-

tively. The coordination number of each atom was calculated using the
following equation:

CN = / pg(r)anr?dr, (€]
0

where r denotes the average atomic number density calculated from the
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Fig. 2. Synchrotron XRD patterns of the heat-treated samples. Asterisks (*)
indicate where the space group of Na,Zr,SiP,0,, changes.
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Temperature (°C)

I 1
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Fig. 3. DTA curves for non-heat-treated glass and samples heat-treated at 800
and 850 °C. The glass transition (T,) and crystallization peak temperatures (T},)
are also indicated.

MD simulation, r represents the number density, and ry, is the minimum
of g(r). The obtained coordination numbers are listed in Table 2. The
coordination numbers of Si and P are 4, as typically observed in silicates
and phosphates. According to the MD results, the coordination number
of Zr is 6, and the Zr-O bond length is 2.065 A. Zr-O units in glass are
known to connect with other units in corner-, edge-, and face-sharing
configurations [34]. All the connected Zr-O units in this glass share
corners, which does not change during crystallization.

As the structure of the Zr units affects the crystallization behavior,
the local structure around Zr was investigated by EXAFS. The k°-
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Fig. 4. TEM images of samples heat-treated at 800, 850, 900, and 973 °C. Corresponding electron diffraction patterns are shown in the insets.
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Fig. 5. (a) Structural model obtained through MD simulation with GNN potential and (b) the pair distribution function.

weighted EXAFS data and radial distance are shown in Fig. 6. The radial
distance of Zr-O in the glass was 2.065 A. Reportedly, the relationship
between the coordination number of atoms and bond length of crystals
indicates that Zr coordination numbers of 6 and 8 correspond to a Zr
Si-Si Si-P Si-zr P-P P-Si P-Zr bond length of 2.07 and 2.20 A, respectively [34]. Therefore, the co-
21 0.71 11 0.59 1 13 ordination number of Zr in the glass sample is 6. Moreover, the radial
distances of Zr do not show any shift by heat-treatment at 850 and 945

Table 2
Coordination numbers of second neighbor ions.

Si-unit P-unit
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Ko ®)] (A

r(A)

Fig. 6. Experimental radial distance (black solid line), R, and fitted curves (red
dashed line) calculated by using the first shell model on the Zr K-edge for the
non-heat-treated and heat-treated glass samples.

°C, indicating that the local structure around Zr is unchanged during
crystallization. In other words, the glass has a similar local structure for
Zr as the NapZr,SioPOq crystal.

Fig. 7(a) and (b) show the 295i and 3'P MAS-NMR spectra, respec-
tively, of the non-heat-treated glass sample and the samples heat-treated
at 850 and 945 °C. Tables 3 and 4 list the chemical shifts of 2°Si and 3!p
in various crystals for different local structures (Q"). The number of
second-neighbor Zr ions and their structures are also shown because the
coordination of Zr significantly affects the chemical shift. The 2°Si MAS-
NMR spectrum of the non-heat-treated glass exhibited a main peak at
—89 ppm and shoulder peaks at —87 and —89 ppm, which are attributed
to Q3, QZ, Ql, and Q0 units bonded to 0, 2, 3, and 4 Zr ions, respectively
[35-37]. The peaks are positioned too close to each other to be clearly
attributed. The MD results suggest that 2.96 Si binds with 0.85 Zr. The
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Table 3
Chemical shifts of 2°Si for various crystalline phases and the corresponding co-
ordination number of Si and Zr.

29Si Chemical shift (ppm) phase Q" nZr Ref
—~59.0-—59.5 Na,0-SiO,, glass Q° 0 [371
—66.7-—68.0 Na,0-SiO, glass Q! 0 [371
~75.5--76.9 Na,0-SiO, glass Q? 0 [371
—86.5 Na,Zr,Siz01 2 Q° 4 [38]
—86.7, —88.9 NayZrSi,0 Q! 3 [35]
-87.8, —88.2, —88.8 NayZrSizOg - 2H,0 Q? 2 [36]
—84.8-—87.1 Na,0-Si0,, glass Q® 0 [371
—90 NasZr,SisPO; 5 Q° 4 [38]
—-95.5 NayZr,SiP,015 Q° 4 [38]
—-96.2, —98.2 NayZrSi4O1q Q? 2 [35]
—99.0--105.6 Na,0-SiO,, glass Q* 0 [371
-103, —105, —~108 NayZrSigO15 - 3H,0 Q® 1 [35,40]

Table 4
Chemical shifts of 3!P for various crystalline phases and the corresponding co-
ordination number of Si and Zr.

31p Chemical shift (ppm) Crystalline phase Q" nZr Ref
13.8 NazPO,4 Q° 0 [43]
1.5-2.0 NayO-P,0s Q! 0 [41]
-7.6 (HO)3PO-Zr Q° 1 [45]
—-11.1 NasZr,SisPO1o Q° 4 [38]
-14.7--16.7 (HO),P(0-Zr), Q° 2 [45]
-18.9 NayZr,SiP201 Q° 4 [38]
—16.9-—26.0 Na,0-P,05 Q? 0 [41]
—20.6-—21.3 HOP(0-Zr)3 Q° 3 [45]
—36.0-—37.9 Na,0-P,0s glass Q® 0 [41]
—24.5 NayZryP30;2 Q° 4 [38]
~30-—46 ZrP,0, Q! 3 (461

indistinguishable by NMR. The MD simulation results suggest that 2.96
of the SiO, tetrahedra are bonded to Si or P and the rest are non-bridged
0. The NMR peaks were too close to each other to be distinguished and
attributed; however, a comparison with MD results suggested that the
main peaks could be attributed to Q3 and Q2. The 3'P MAS-NMR for the
glass exhibited a peak at —11 ppm and a shoulder peak at —6 ppm,
which are primarily attributed to a Q° unit bonded to 2 Zr ions and Q°
units bonded to 1 Zr ion, respectively. The MD simulation results sug-
gested a coordination number of 0.40, 1.1, and 1.5 for P, Si, and Zr,

difference in ~polarization between P and Si is small and respectively. The Q" units can be overestimated during the MD
(@) _ —— Glass (b) Q° (2zr) —Glass
/ ——850°C —850°C
——945°C ——945°C
- - - - Total Fit —~ - - - Total Fit
3 ——Gaussian 1| > Gaussian 1
S Gaussian2| & ——— Gaussian 2
£ Gaussian 3| =
7] %)
< c
3 L
S £
1 | ] | ] ] | 1 | ] | L | ] | 1 | !

-100 -120
293j Chemical shift(ppm)

-140

20 10 0 o e 0
3P Chemical shift (ppm)

Fig. 7. (a) 296i and (b) 3'P NMR spectra of the as-received samples and samples heat-treated at 850 and 945 °C.
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simulation; however, the number of bonded Zr is close to that obtained
via MAS-NMR.

After heat-treatment at 850 °C (before crystallization), the 295 MAS-
NMR spectrum of the sample exhibited a broad peak at —102 ppm,
indicating mixed chemical shift peaks of Q* silicate units with Zr coor-
dination, such as Q° (4 Zr), Q? (2 Zr), and Q° (1 Zr) [35,38-40]. The 3'p
MAS-NMR spectrum of the heat-treated sample at 850 °C exhibited a
broad peak at —10 ppm, which is attributed to a Q° unit bonded to 1 or 2
Zr ions [38]. The shoulder peaks at —3 and —18 ppm are assigned to the
Q! unit and either a Q° unit bonded to 3 Zr ions or a Q2 unit [41,38].

After heat-treatment at 945 °C (after crystallization), the 295i MAS-
NMR spectrum of the sample exhibited peaks at —95 and —108 ppm,
which are attributed to a QO unit bonded to 4 Zr ions (NasZrySiP2015)
and Q* unit [35,38,39,42], respectively. The XRD analysis results
identified Na,,1ZrsSi,P3.,012 as NasZroSiP2012. The NZSP chemical
shift differed with the value of x. The chemical shift observed in this
study aligns with that of NayZrySiP201,. The peaks in the 31p MAS-NMR
spectrum were attributed to a Q0 unit bonded to 1-4 Zr ions and to Q1
and Q2 units [37,38,41,43,44]. The chemical shift was matched to
NagerSionlg.

Fig. 8 illustrates the structural evolution of the glass samples during
heat-treatment, as indicated by the above findings. The non-heat-treated
glass sample is composed of Q? (2 Zr) and Q3 units of Si as well as Q° (1
Zr, 2 Zr) and Q! units of P. Upon heat-treatment below the crystalliza-
tion temperature, the Si units are converted to silicate units with Zr
coordination, such as Q0 (4 Zn), Q2 (2 Zr), and Q3 (1 Zr), and the P units
are converted to QO (3 Zr) and Q2 units. While crystallizing, some of the
converted Si and P units transition to the NapZreSiP20;2 crystalline
phase. The remainder of the glass is composed of Q* units of Si and Q'
and Q2 units of P, with a Na-rich phase.

3.3. Morphological changes during crystal growth

Fig. 9 shows the FE-SEM images (backscattered electron mode) of the
heat-treated samples. No morphological changes are observed in the
samples heat-treated below 900 °C owing to insufficient resolution. As
shown in Fig. 4, nanophase separation was observed by TEM in the
sample heat-treated at 850 °C. Island-like structures appear from 900 °C,
and numerous nanocrystal particles with a size of approximately 300 nm
are observed within the islands. As the heat-treatment temperature in-
creases, the particles begin to connect, exhibiting a spinodal-like
morphology on the island. After heat-treatment at 1200 °C, these crys-
talline particles adopt a cubic shape.

Fig. 10 (a-h) shows the STEM-EDS maps of the sample heat-treated
at 1000 °C. The sample consists of sea- and island-like structures,

. Na
.P.Z»-ﬁ Y 'V
4 s .Q.. : 4 ..
- S :

L

Glass

Phase separation
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where the islands are composed of Si-, Na-, and P-rich phases, and the
surrounding sea is composed of Na- and P-rich phases. Note that the
mapping of P and Zr contains information on the other elements because
the characteristic X-ray energies of P and Zr are too similar to be
distinguished. Si is abundant in the spheres, and it is considered to have
separated from the sea-like structure owing to a phase separation before
crystallization. This is because Si and P are known to easily form sepa-
rate phases, suggesting that the phase separation occurred before crys-
tallization. The Si-rich phase constituting the island has a few other
cations, and this phase is believed to contain the Si Q* units suggested by
NMR results. The other phase constituting the island is believed to be
NayZr,SiosPO15. The Q4 unit may have been formed by the exclusion of
excess SiO, during the initial droplet phase separation in the crystal
growth process. Excess Si is ejected during crystallization; however,
because of low modifier contents, it exhibits high viscosity and limited
diffusion. Therefore, it has a spinodal-like morphology within the
crystals, as shown in Fig. 9. The spherical droplets (Fig. 9 (b) and (c)) are
surrounded by a P- and Si-rich glass phase, suggesting that the spherical
internal phases are composed of NASICON crystals and SiO3-dominant
glass. After NagZroSioPOp2 is completely crystalized, the average
composition of the remaining glass becomes
31Nap0-33.3P205-35.6Si0,, with the SiOy-rich glass and NayO-P20s-
rich glass primarily existing inside the droplets and sea phase,
respectively.

In summary, we propose the crystal growth model shown in Fig. 11.

1) Droplets of 5 pm in diameter are formed and undergo a binodal phase
separation. The separated phases are a few nanometers wide (Fig. 11
(a)). The droplets with a size of 300 nm separate into several nano-
sized phases.

2) NZSP crystals with spinodal-like structures and widths of 50 nm are
formed, whereas excess SiO5 is expelled as Q4 units on the island
(Fig. 11 (b)).

3) The striped pattern is divided into spheres approximately 5 pm in
diameter with a spinodal-like phase-separated morphology (Fig. 11
().

3.4. Na-ion conductivity

The ionic conductivities at each temperature and the calculated
activation energies are listed in Table 5. The Arrhenius plots are shown
in Fig. 12. The ion conductivity at 300 K was 1.01 x 107° S-em™! for the
non-heat-treated samples and up to 4.90 x 107 S.cm™ for the crystal-
lized samples. Ionic conductivity increased with increasing heat-
treatment temperature even before crystallization (820 and 880 °C)
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Fig. 8. Illustration of structural changes in the glass during heat-treatment.
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Fig. 10. (a) Dark-field STEM image, (b-f) EDS maps for Na, Zr, Si, P, and O, and a composite image of (g) Si and P and (h) Si and Na for the sample heat-treated at

1060 °C.

owing to phase separation. The ionic conductivity of NagZrSiPo013 is
6.6 x 10°S-cm ™! at 300 K [14], which is one magnitude less than that of
a NasZrsSiaPOq2 crystal (5.6 x 10* S-cm™). The ionic conductivity of
the heat-treated sample was slightly lower than that of NasZr,SiP2012,
which can be attributed to the isolation of the crystals by the remaining
Na-P-rich glass phase.

A CV experiment was conducted to investigate the water-leakage
feature of the prepared materials (Fig. 13). If the water molecules pass
through the prepared samples and reach the surface of the working
electrode, the reduction current will appear at an electrochemical po-
tential below 2.0 V vs. Na'/Na owing to the reduction decomposition of
water. Namely, a large reduction current indicates large water leakage
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Fig. 11. Illustration of the crystal growth model. The pink areas are the Na- and P-rich sea phase, and the gray areas are the island phase. In the island phase, NZSP

crystals and Si-rich glass phase are present in a spinodal morphology.

Table 5

Ionic conductivities and active energies of the glass before and after heat-
treatment at 820, 880, 945, and 1060 °C for 1 h, measured at 300 K. The esti-
mated standard uncertainty for the conductivity values is less than 5 %.

Heat-treatment Ton conductivity at 300 K Activation energy

condition (S-em™) (eV)
As-received glass 1.0 x 1078 0.63
820°C,1h 1.3 x 1078 0.57
880°C,1h 4.4 x 10° 0.44
945°C,1h 2.9 x 107 0.35
1060 °C, 1 h 4.9 x 107 0.37
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Fig. 12. Arrhenius plot for ion conductivity of glass samples and heat-treated
samples at 820, 880, 945, and 1060 °C for 1h. Estimated standard uncer-
tainty for the values is less than 5 %.

through the prepared samples. The glass exhibited high water resistance
because it contained no flaws through which water could pass, and
almost no leaks were detected. The glass-ceramics also exhibited good
water resistance. Slight leaks could be attributed to the phosphate phase,
which often has low water resistance. Recently, we succeeded in fabri-
cating a NASICON material with a conductivity of 5.4 x 107 S.cm™! at
300 K and leakage of —30 mA at 0.2 V vs. Na*/Na, by improving the

Current (uA)
&

— Glass
—— 880 °C
—973°C

-10

5 L 1 L 1 L 1 L 1 L
0.0 0.5 1.0 1.5 2.0 2.5
Potential (V vs Na*/Na)

Fig. 13. CV curves of the glass samples before and after heat-treatment at 880
and 973 °C for 1 h.

relative density of the material using appropriate sintering additives
[10]. By contrast, simple sintered NASICON materials exhibit large
leakage of —30 mA at 0.2 V [12]. Low-leakage NASICON materials have
been successfully used as a separator in A-SIBs to achieve a cell voltage
of 2.4 V using a NagLiTi5O; 3 negative electrode and 3 wt % HyO4 with a
1.0 M NaySO4 aqueous electrolyte and 1.0 M NaTFSA-based nonaqueous
electrolyte. The glass-ceramics have the same magnitude of water
resistance. We believe that glass-ceramics can also be used in A-SIBs if
their conductivity and leakage characteristics are slightly improved. We
plan to pursue further improvements in the future because glass crys-
tallization can be used to realize a flexible large-area separator.

4. Conclusion

In this study, we investigated the structure, crystal morphology, and
crystallization mechanism of NayO-ZrO,-P,05-SiOo-type crystalline
glasses. We inferred the structural evolution and crystallization pathway
of the material using GNN-MD simulations and 3P and 2°Si-MAS-NMR,
SEM, and (S)TEM observations. A model of glass structure and crystal
morphogenesis during the heat-treatment crystallization process is
proposed. Glass in a homogeneous state crystallizes upon heat-treatment



K. Sakaeda et al.

by forming 5 pm droplet phases and separating into spinodal
morphology of NayZraSiP2012 (rthombohedral phase) crystals and o*
silica-rich glass in the droplets, which are surrounded by an alkaline
phosphate-rich sea. In the glass, Zr forms isolated ZrO4 tetrahedral units
similar to the crystals, which hardly changes throughout crystallization.
Si forms Q? and Q° units in the glassy state and crystallizes by forming a
spinodal morphology with a width of a few nanometers in the droplet
phase as it separates into the crystals and Q* state. P form Q° units in the
glass and is linked to a small number of Zr units. With heat-treatment,
the phosphate units increase in the number of linkages with Zr and
separate into a crystalline phase and an alkaline phosphate-rich phase
with more Q" as a sea phase. Eventually, the crystals and Q* silica-rich
phases appear with a spinodal morphology in the alkaline phosphate-
rich sea and island phases. The ionic conductivity at 300 K increased
with heat-treatment from 1.0 x 10 S-cm™! for glass and to 4.9 x 107>
S-cm™! for glass-ceramics. The leakage tests showed that both glass and
heat-treated glass exhibited small leakage. The leakage values are within
the permissible limits of an A-SIB. Low leakage can be achieved by
modifying the composition and structure of the residual glass phase,
which exhibits insufficient water resistance.
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