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Abstract

Solid-state batteries are a promising energy storage technology that can potentially offer both
improved safety and energy density. The solid electrolyte is the defining feature and plays a
significant role in the electrochemical performance of a solid-state cell, especially at room
temperature. Herein, we report a series of glass-ceramic, sodium-deficient chloride solid
electrolytes, NayYo.25Zr0.75Cl3.75+x (0.25 < x < 0.875), possessing significantly improved ionic
conductivities when compared to their stoichiometric counterpart, Naz25Y0.25Z10.75Cls (x = 2.25).
By tuning both the sodium molar content and the sample’s crystallinity, the composition
Nao.625Y025Z10.75Cla375 (x = 0.625) was found to exhibit the highest Na” conductivity of 0.4 mS
cm ! at room temperature. Furthermore, the relationship between composition, structure, and
conductivity for these compositions in the NaCl-YCl3—ZrCls system was evaluated using a
combination of X-ray diffraction (XRD), solid-state nuclear magnetic resonance spectroscopy (ss-
NMR), and electrochemical impedance spectroscopy (EIS) techniques. Materials characterization
reveals that sodium-deficiency (i.e., lower molar % of NaCl) results in reduced crystallinity and
preferred occupancy of prismatic Na local environments. These combined factors contribute to a
lower activation energy for Na® hopping, an increased ionic conductivity, and improved

electrochemical performance at both higher cycling rates and at room temperature.



Main

As society trends toward renewable energy sources, there is an undoubted need to implement
energy storage devices that can both electrify transportation and complement intermittent power
sources, like wind and solar. All-solid-state batteries (ASSBs) have emerged as a promising
pathway forward, which can address the anticipated gap in energy storage capacity by theoretically
providing much larger energy densities. When considering grid-level energy storage, a sustainable
supply of ASSB materials must be realized and a low cost per kilowatt-hour is necessary. As such,
sodium ASSBs are a prospective technology for these large-scale applications, owed to the usage
of intrinsically cheaper and more abundant raw materials.!> Moreover, sodium ASSBs have been
shown to deliver stable long-term cycling, possibly enabling both a long battery lifetime and lower
overall cost.*

Solid electrolytes (SEs) are the cornerstone of ASSBs, ultimately playing a principal role in the
device’s performance. Inorganic SEs are a group of materials that can exhibit superionic
conductivities at ambient temperature in both lithium- and sodium-based systems, some of which
possess conductivities comparable to or even surpass those of liquid-organic electrolytes.’
Previously, ceramic and glass-ceramic materials, like NASICON-type oxide phases, Naz;PS4 (NPS),
and NassSbossWo.11Ss sulfides, have exhibited some of the highest Na* conductivities.® !
However, due to the high interfacial resistance between oxide SEs and active material particles,
additional high-temperature sintering steps are necessary to achieve adequate interfacial contact
and nullify contact resistance.!! Consequently, sulfide SEs have attracted a lot of attention due to
their high ionic conductivities, while also exhibiting lower bulk moduli and thus better
deformability under applied pressure at room temperature.'? This favorable deformability leads to
lower porosity and creates more contact points between active materials and the SE.

Despite better processability, sulfides suffer from narrow electrochemical stability windows,
which can lead to severe interfacial degradation reactions during cycling, yielding high interfacial
resistance and inducing eventual cell failure.!® Nevertheless, while protective coatings have been
implemented to prevent side reactions between the cathode and SEs, the oxidation of sulfide SEs
under high voltage still occurs and results in poor electrochemical performance.!*!> Recently, it
was shown that a bilayer electrolyte cell design utilizing NPS as the separator layer and a chloride-

based catholyte in the cathode composite, can completely avoid interfacial side reactions between



NPS and the active material, thus delivering stable long-term cycling.* Therefore, developing a
highly conductive SE or catholyte material that is stable over a wide range of potentials is essential
for ASSB development. Such a material can enable the use of high-voltage cathode materials and
improve long-term cyclability without the need for protective coating layers.

Within the past five years, chlorides SEs have emerged as promising catholytes, offering excellent
electrochemical stability at high voltages, high ionic conductivity, and good cyclability when
paired with suitable oxide cathode materials.*!®2! In 2018, Asano et al. first reported the
mechanochemical synthesis of LisYCls (LYC), which exhibited a high ionic conductivity of ~ 0.5
mS cm '.!® Interestingly, it was shown that the ionic conductivity of LYC decreased with an
increased crystallinity of the phase. In the same work, it was proposed that the Y** cations in LYC
occupy octahedral sites that are alternatively stacked along the c-direction, which can partially
block Li* diffusion. However, low crystalline (Ic-) LYC possessing Y*" anti-site defects was
generated via ball milling, leading to poorer crystallinity and improved ionic conductivity.!® Sebti
et al. showed that, rather than random disorder on the Y lattice, Y layer stacking faults in LYC are
formed during ball milling and drastically lower Li" diffusion barriers through the structure, thus
increasing intragrain transport.??

Besides crystallinity, the concentration of vacancies also plays an important role in the resultant
ionic conductivity. Aliovalent substitutions have been implemented to create additional vacancies
that enhance ionic transport.*** Recently, Liang et al. explored the concept of Li-deficiency in
chloride-based Li,ScClz+ (0 < x < 4) SEs, where the authors showed that Li* conductivity and
activation energy vary significantly depending on the ratio of LiCl to ScCls used during
synthesis.?* Although the accurate structure of these Li.ScCls+. phases remain unclear, the concept
is still promising as it can enhance the materials’ ionic conductivity without the incorporation of
another transition metal. To the best of our knowledge, this concept has never been explored for
chloride-based Na" conductors.

Sodium chloride-based materials, primarily of the NasMCls and Na;MCls compositions (M>" =
Y3, Er**, Gd** and M*" = Zr*"), have emerged as promising catholytes for Na-ASSBs.?528
Mechanochemical syntheses of Na3Y Cls, NazErCls, and NaxZrClg have all yielded relatively low
Na* conductivities (< 10> S cm™') and have thus required the implementation of aliovalent
substitution. Consequently, the syntheses of Naz,Y1.,Zr,Cls (0 < y < 1) solid solutions were

recently reported, whose maximum ionic conductivity was observed at the y = 0.75 composition.*



This increased ionic conductivity was attributed to the introduction of Na vacancies, an optimal
unit cell volume, and cooperative MCle rotation.*?° Moreover, it was observed that the ionic
conductivity of the y = 0.75 composition was lower after crystallization from heat treatment and
reached its highest value after amorphization as result of ball milling, further demonstrating this
relationship between crystallinity and ionic conductivity in chloride-based SEs. Therefore, the
design of Na-chloride SEs should be focused on optimizing crystallinity and the concentration of
Na vacancies to promote more favorable Na* diffusion.

In this study, we investigate the synergistic effects of crystallinity and Na-deficiency on the ionic
conductivity of Nasz., Y1.,Zr,Cls SEs. To minimize the total number of variables, the Y:Zr ratio was
fixed at 1:3, corresponding to the highest ionic conductivity previously observed in the Nasz., Y-
yZ1,Clg series. The NaCl molar % was varied, leading to a compositional series of Na-deficient
samples, Na,Y0.25Zr0.75Cl3.75+x (0.25 < x < 0.875). The possible variables and factors which can
affect the ionic conductivity of the SEs studied in this work are highlighted in Figure 1a. Our
results reveal that Na-deficiency, along with low crystallinity, help to increase the ionic
conductivity of the samples when compared to the stoichiometric composition, Naz25Y0.25Zr0.75Cls
(NYZC-2.25), which is not Na-deficient. The enhanced ionic conductivity is attributed to
synergistic effects between low crystallinity, Na* vacancies, and prismatic Na local environments,
all of which serve to improve the performance of ASSBs, especially at high cycling rates and at

room temperature.
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Figure 1. a) Variables (V) and factors (F) that can affect the ionic conductivity of the Na,Y.25Zr0.75Cl3 754«
(0.25 <x <£0.875) SEs investigated in this work. b) Ternary phase diagram between NaCl-Y Cl;—ZrCly
precursors, illustrating the molar ratios explored in this work.

Structural Analysis and Ionic Conductivity Measurements. Figure 1b. shows the
NaCl-YCl;—ZrCly ternary phase diagram, where the highlighted points illustrate the molar ratios
explored in this work, e.g., NaxY0.25Zr0.75Cl3.754x (0.25 < x < 0.875) or Na,YZC.. The X-ray
diffraction (XRD) patterns show that few and low-intensity Bragg reflections were observed in all
samples (Figure 2a). Moreover, no significant signals from the Bragg peaks of NaCl, YCIl3, or
ZrCly were observed after the ball-milling process, except for a small amount of unreacted NaCl
precursor detected when x > 0.5 in Na,YZC,. Furthermore, all the diffraction peaks were broad
indicating a low crystallinity or an amorphous state of the synthesized products. As the molar ratio
of NaCl was decreased from x = 0.875 to x = 0.25, a broadening of the major reflection at 26 ~7.2°
is clearly observed. This can be an indication of a reduction in the average crystallite domain size
and thus a lower crystallinity. To quantify the degree of crystallinity of the samples, the full width
at half maximum (FWHM) of the main reflection at 26 ~7.2° was used to estimate the average

domain size of the crystallites according to Scherrer’s equation (Equation 1):



T = KA
- [ cosB

Equation (1)

where 7 is the mean size of the coherent domain, K is the shape factor, A is the X-ray radiation
wavelength, B is the FWHM of the peak of interest, and 0 is the Bragg angle.

Figure 2b shows that when the NaCl content was reduced from x = 0.875 to x = 0.625, the average
domain size decreases from ~ 6 to ~ 3 nm. The molar content of NaCl is directly correlated to the
crystallinity of the phase, where lowering NaCl amounts lead to lower crystallinity. At the
composition where the molar content of NaCl is lowest (x = 0.25), Bragg peaks are essentially
non-existent and the main reflection is significantly broadened, indicating that the obtained phase

is highly disordered and lacks any significant long-range order (Figure 2a).
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Figure 2. a) XRD patterns of Na,Y025Zro75Cl3754x (x = 0.875, 0.75, 0.625, 0.5, 0.375, and 0.25)
compositions. Bragg peaks corresponding to unreacted NaCl are marked with asterisks. Dashed lines
indicate the Bragg feature used for estimating crystallite size. b) Room temperature (~ 22 °C)
conductivity measurements for Na,Y25Zro75Cls 75+ (0.25 < x < 0.875) compositional series. ¢) »*Na ss-
NMR spectra recorded on Na,Yo25Zr075Cls7s+x (x = 0.875, 0.75, 0.625, 0.5, 0.375, and 0.25)
compositions. d) Arrhenius plot for Na,Y.25Zro.75Cl3 751 compositional series.

Due to the low crystallinity of the Na,Y.25Zr0.75Cls 75+ (0.25 < x < 0.875) compositional series, the local
Na environments were investigated using >*Na solid-state nuclear magnetic resonance (ss-NMR)

spectroscopy. Room temperature 2’Na ss-NMR spectra were acquired on all Na,YZC,



compositions and are presented in Figure 2¢. The peak located around 7.2 ppm, which is observed
in all samples, can be attributed to minor amounts of unreacted NaCl precursor.*** As the molar
ratio of NaCl decreases, there is a corresponding reduction in NaCl signal, which is in good
agreement with the XRD results. The two weak and broad signals detected in the range of -2.5 —
8 ppm are attributed to octahedral Na environments, while the intense resonance around -10 to -
13 ppm is attributed to prismatic Na environments, both of which are assigned according to the
recently reported local structure of the crystalline analogue.®! Interestingly, the prismatic signal
can be clearly observed even at very low NaCl molar percentages, while the signals corresponding
to octahedral environments can only be detected when x > 0.5. This observation reveals that Na*
cations preferentially occupy prismatic environments, which is similar to what has been reported
in some Na-based layered oxides and other chloride SEs.?*-? Additionally, the resonance of the
prismatic environment narrows significantly when x < 0.5, indicating a likely increase in the
mobility of Na* at lower NaCl molar percentages.

Figure 2b shows the ionic conductivities measured at room temperature (~ 22 °C) for all the
Na,YZC, compositions. The Nyquist plots corresponding to the raw data are shown in Figure S1a.
All SE samples exhibited high Na* conductivities (> 1.0 x 107* S cm™!), with a maximum value of
4.0 x 10* S cm ™! at the x = 0.625 composition. These values are all significantly higher than what
has been previously reported for the stoichiometric Naz25Y25Zr0.75Cls (6.6 x 107> S cm ') phase.*
Interestingly, the sample with the lowest mol % of NaCl (x = 0.25) still exhibited an ionic
conductivity comparable to NPS and is still higher than all other previously reported chloride-
based Na* SEs.*+23:28.33

The ionic conductivity of a single ion conductor is determined by the relation:

0 = Nn;q; Ui Equation (2)

where ¢ is the ionic conductivity, »; is the number of charge carriers of species i, g; is the charge
of species i, and y; is the mobility of species i.
Glassy or amorphous SEs usually possess lower densities than their crystalline counterparts,
allowing for the presence of additional free volume which is attributed to their non-periodicity and
lower packing densities.** Moreover, free volume has been shown to promote more favorable ionic
diffusion and thus enhanced ionic conductivity.’>3¢ Here, it can be speculated that the low
crystalline Na,YZC. compositions should possess higher free volume compared to the

stoichiometric Naz25Y0.25Zr0.75Cls system, which may contribute to the improved Na*™ mobility.



Moreover, since the total conductivity is a product of ny, and e, an optimum balance between
the two is expected to achieve the highest conductivity. On one hand, there will not be enough
charge carriers when the concentration of Na* is too low. Conversely, the number of vacancies and
free volume will be significantly reduced at higher NaCl molar percentages, resulting in lower Na*
mobility. As such, Nag.e25Y0.25Zr0.75Claz7s (NYZC-0.625) appears to be the optimal composition
due to a balancing between the available volume free and the concentration of mobile Na* cations.
The Arrhenius plots of all Na,YZC, compositions show that In(cT) versus f{1/T) evolves linearly
at temperatures below ~50 °C (Figure 2d) and the activation energy for Na* diffusion can then be

extracted using the Arrhenius equation:

_Ea
o= %e kpT Equation (3)

where o, is the Arrhenius pre-factor, £, is the activation energy, and ks is the Boltzmann

constant.

All Na,YZC, compositions possessed activation energies in the range of 480 — 540 meV (Table
S1), which are all appreciably lower than the stoichiometric Nax 25Y0.25Zr0.75Cls (664 meV) phase.*
Surprisingly, all of the Na,YZC, compositions deviated from this In(cT) o 1/T linear relationship
at temperatures above ~50 °C (Figure 2d). This deviation from linearity was accompanied by a
drop in the sample’s ionic conductivity and a return to linear In(cT) o 1/T behavior at higher
temperatures. The temperature at which these deviations occur appears to vary with the
composition and the crystallinity of the sample, where a higher transition temperature was

observed for lower NaCl molar percentages (Figure 2d and Table S1).

Non-linear Arrhenius Behavior. To better understand the non-linear Arrhenius behavior, the
optimal composition with the highest ionic conductivity, NYZC-0.625, was selected for further
study. The sample was heat-treated at different temperatures (50, 60, 70, and 100 °C), and the
measured ionic conductivities and activation energies of the recovered powders are reported in
Figure 3a and Table S2, respectively. Samples which were subjected to higher heat treatment
temperatures exhibited lower ionic conductivities and increased activation energies, which agrees
well with many other chloride SEs reported in the literature.*!%® Notably, the Arrhenius plot of
the samples heated at 50, 60, and 70 °C still exhibited non-linear behavior at elevated temperatures.

However, the temperature where the deviation occurred shifted to higher values compared to the
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as-milled sample. Surprisingly, the sample treated at 100 °C showed a linear In(cT) o 1/T
relationship throughout the whole temperature range (Figure 3a), indicating a significant change
in the sample’s structure due to the heat treatment step.

XRD patterns of the NYZC-0.625 powders recovered after the various thermal treatments are
shown in Figure 3b. Upon heating, all diffraction peaks appeared to become narrower, providing
evidence of a crystallization process. The average size of the coherent domains, determined again
from the diffraction peak at 7.2°, grew gradually until reaching a maximum value of ~ 12 nm at
100 °C and was accompanied by drops in the ionic conductivity (Figure 3c¢). The corresponding
2Na ss-NMR spectra show that more NaCl was consumed and incorporated into the main structure
when the sample was subjected to heating at higher temperatures (Figure 3d). Furthermore, the
resonance corresponding to prismatic Na sites decreased while those of octahedral Na
environments grew significantly. Therefore, higher heat treatment temperatures promote
crystallization of the phase, accompanied by a preferential population of octahedral over prismatic
Na sites. A simple geometry comparison between the two polyhedral reveals that the cross-
sectional areas of prismatic [NaCle]*, in which Na ions diffuse through, is significantly larger than
those of octahedral [NaCls]>~ (Figure 3e). As such, is it hypothesized that the Na* hopping between
prismatic sites requires lower activation energy, thus leading to more favorable Na diffusion.
Previous studies on P2-type layered manganese oxides have also reported fast Na* self-diffusion
via edge- and face-sharing prismatic Na sites.>?> The preferential population of prismatic
environments is likely one of the factors aiding the Na-deficient compositions Na,YZCj to achieve

enhanced ionic conductivity.
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Figure 3. a) Arrhenius plot for the NYZC-0.625 samples recovered after heat treatment at 50, 60, 70,
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heat-treated samples. d) *Na ss-NMR spectra recorded on Nag ¢25Y 025210 75Cla 375 (x = 0.625) heat-treated
samples. e) Schematic depicting [NaCls]>~ octahedral and prismatic environments.

Electrochemical Testing. To examine the effect of Na-deficiency on the electrochemical
performance of a solid-state battery, a cell using the Na-deficient NYZC-0.625 phase as a catholyte
was compared to one comprising the stoichiometric NYZC-2.25 phase (Figure 4a). At room
temperature and a 0.1 C current rate (where 1 C = 120 mA g ! and 71 pA cm2), the Na-deficient
catholyte cell exhibited a higher first cycle Coulombic efficiency (CE) of ~95% compared to ~92%
for Naz25Y0.25Z10.75Cls. Moreover, the Na-deficient phase delivered higher initial charge and
discharge capacities compared to those of stoichiometric Naz25Y0.25Zr0.75Cls (Figure 4a). These

higher capacity values can be attributed to the higher ionic conductivity and more favorable SE
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deformability due to the low crystallinity nature of the sample, which leads to an improved contact
between cathode and SE particles, and a better of utilization of the cathode active material in the
composite.?’

Rate capability tests using a sequence of 0.1, 0.2, 0.5, 1, and 0.1 C current rates also reveal that
the Na-deficient phase exhibits superior electrochemical performance at high current densities
(Figure 4b and 4c¢). The performances of the two catholytes, NYZC-0.625 and NYZC-2.25, show
little difference at lower C-rates (0.1 and 0.2 C). It should be noted that although the normalized
capacities are similar, the cathode utilization is lower in the case of the stoichiometric phase, as
previously indicated. At higher current rates (0.5 and 1 C), the difference in the performance of
Na-deficient and stoichiometric compositions become obvious. Na-deficient composition enables
the cathode to deliver nearly 80% (~97 mAh g ') and 60% (~70 mAh g!) of its initial discharge
capacity at 0.5 C and 1 C, respectively, while the values are only 70% (71 mAh g!) and 40% (43
mAh g!) when using stoichiometric NYZC-2.25 system. The low ionic conductivity of the
stoichiometric composition manifests as greater overpotential, especially at high current rates,
indicating a higher overall resistivity of the cathode composite and a lower utilization of its

capacity.
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e) Voltage profiles corresponding to the extending cycling data. Cycles 10, 50, and 200 are indicated for
both samples.

Beyond the rate study, long-term cycling at 0.33 C also shows that the Na-deficient NYZC-0.625
composition leads to a better performance with an average CE of 99.8% and a capacity retention
of 83.3% is achieved after 200 cycles (Figure 4d). Conversely, an average CE of 99.6% and a
capacity retention of 58.2% are observed after 200 cycles for the stoichiometric NYZC-2.25.
Previously, the oxidative stability window for NYZC-2.25 was reported to be upwards of 3.8 V vs.
Na/Na".* The electrochemical stability window for the Na-deficient NYZC-0.625 composition was
measured (Figure S2) and found to be similar to that of the stoichiometric phase. Moreover, there
is a four order of magnitude difference between the ionic and electronic conductivities of the Na-
deficient phase (Figure S3), indicating the Na-deficient composition remains a good solid

electrolyte. While both materials are expected to be both chemically and electrochemically stable
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under these cycling conditions the Na-deficient phase possessed a higher ionic conductivity,

helping to improve the performance of Na-ASSBs at room temperature.

From the material point of view, the Na,Y25Zro75Cl3 75:x (0.25 < x < 0.875) SEs investigated in this
study can be classified as glass-ceramics. Traditionally, melt quenching has been utilized to induce
the vitreous state and has been the primary method for synthesizing various oxide, chalcogenide,
and halide glasses or glass-ceramics.’® While oxide and chalcogenide glasses have long been
studied as potential solid electrolyte candidates, their ionic conductivities at ambient temperature
are rather low, making them impractical for use in battery applications. On the other hand, the
development of halide glasses lags their oxide and chalcogenide counterparts due to their highly
hygroscopic nature and high crystallization rates during cooling.’® However, recent developments
of inert operational environments, e.g., gloveboxes, and mechanochemical ball-milling have
helped to obtain structurally similar glassy or amorphous states without the need for rapidly
cooling a melt.>? In 1980, Ravaine conducted a systematic study on the influence of the networking
forming cation, modifier cation, and anion on the conductivity of mobile ions in the glass matrix,
where it was shown that with the same networking forming and modifier cations, the Na*
conductivity in sulfide glasses was two to three orders of magnitude higher than in oxides glasses.*
This observation was explained by the lower interaction energy between Na® and the sulfide
network, which is a consequence of the lower charge density of S* compared to O*. In chloride
glass, the charge density of CI" is even lower than S*, which could be one of the factors
contributing to the high ionic conductivity of the NxYZC, SEs studied in this work.

Recent studies on halide-based SEs focus on optimizing the nature, size, and charge of the
aliovalent substituent to control the vacancy density and the size of bottleneck on the diffusion
pathway to obtain an optimum ionic conductivity value.?® In this study, we introduce the prospect
of using chloride glass-ceramics as promising SEs for Na-ASSBs. Unlike oxide and chalcogenide
glasses, the chloride N YZC, glass-ceramics exhibited higher ionic conductivity in the amorphous
state rather than the crystallized phase. The results of this work may open a new research direction
in the community and revive the use of glass and glass-ceramic solid electrolytes, whose ionic
conductivity depends greatly on the nature and the ratio of the network forming and structural

modifiers
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In this study, a new approach for designing highly conductive chloride-based Na* ion conductors
with low crystallinity was introduced. The use of ball-milling synthesis and Na-deficiency results
in synergistic effects on the local structure of Na, crystallinity, and enhances the ionic conductivity
of the prepared samples. The as-milled samples obtained from this synthesis approach had their
Na® ions residing preferentially in prismatic environments, which possibly possess a lower
activation energy for Na“ hopping. Furthermore, the low NaCl molar percentage, combined with
ball-milling synthesis, resulted in the formation of samples with low crystallinity, which likely
exhibit more free volume and higher number of Na vacancies as compared to the stoichiometric
NYZC-2.25 system, both of which are necessary for achieving high ionic conductivity. Such
factors impact both the structure and the Na* mobility, which were evidenced by XRD, ss-NMR,
and EIS measurements. The increased ionic conductivity of the Na-deficient compositions led to
an improvement in the performance of Na-ASSBs, especially at high current rates and during long-
term cycling tests. Interestingly, the Na-deficient compositions exhibited non-linear Arrhenius
relationship at high temperatures, which is due to crystallization of the phase and the redistribution
of Na among local prismatic and octahedral environments within the structure. This work provides
insights into glass-ceramic chlorides and demonstrates new solid electrolyte design principles that
could lead to a paradigm shift in the development of future Li* and Na* conductors for high-

performance room temperature ASSBs.
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