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SUMMARY 
Solid-state batteries are an emerging energy storage technology with the potential to offer 

improved safety, higher energy density, and longer cycle life. The solid electrolyte is a key 

component that determines the electrochemical performance of a solid-state battery, especially at 

room temperature. Herein, we report a series of nanocrystalline and amorphous chloride solid 

electrolytes with composition Na2.25-xY0.25Zr0.75Cl6-x (1.375 £ x £ 2.000), which possess 

significantly improved ionic conductivities compared to their stoichiometric counterpart, 

Na2.25Y0.25Zr0.75Cl6 (x = 0). By adjusting the NaCl content to a fixed Y/Zr ratio, the composition 

Na0.625Y0.25Zr0.75Cl4.375 (x = 1.625) showed the highest Na+ conductivity of ~ 0.4 mS cm−1 at room 

temperature. This study employs X-ray diffraction, transmission electron microscopy, solid-state 

nuclear magnetic resonance spectroscopy, and electrochemical impedance spectroscopy 

characterization techniques to examine the relationship between composition, structure, and 

conductivity for these various compositions in the NaCl−YCl3−ZrCl4 system. These results 

indicate that compositions with lower NaCl contents are able to form both nanocrystalline and 

fully amorphous phases. Moreover, preferred occupancy of prismatic Na+ local environments and 

fast exchange between such environments was also observed. These factors together contribute to 

a low activation energy for Na+ hopping, increased ionic conductivity, and improved 

electrochemical performance at higher cycling rates while operating at room temperature.  
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INTRODUCTION 
As society trends toward renewable energy sources, there is an undisputable 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 recently emerged as a 

promising pathway forward as they 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 also be realized and a low cost per kilowatt-hour is 

critical. As such, sodium ASSBs are advantageous for these large-scale applications, owing to the 

usage of intrinsically cheap and more abundant raw materials.1–3 Moreover, sodium ASSBs have 

been shown to deliver stable long-term cycling, possibly enabling both a long battery lifetime and 

lower overall cost.4 

Solid electrolytes (SEs) are the foundation of ASSBs, and as such play a primary role in the 

device’s electrochemical 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 surpassing those of liquid-organic 

electrolytes.5 Previously, ceramic and glass-ceramic materials, like NASICON-type oxide phases, 

Na3PS4 (NPS), and Na2.88Sb0.86W0.11S4 sulfides, have been found to exhibit some of the highest 

Na+ conductivities.6–10 However, due to the high interfacial resistance between oxide SEs and 

cathode particles, additional high-temperature sintering steps are needed to achieve adequate 

interfacial contact and reduce contact resistance.11 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.12 This favorable 

deformability leads to lower porosity and creates more surface contact area between the active 

materials and the SE. 

Despite better processability, sulfide SEs suffer from a narrow electrochemical stability windows, 

which can lead to severe interfacial degradation reactions during cycling, yielding high interfacial 

resistance and inducing eventual cell failure.13 While protective coatings have been applied to 

cathode particles to prevent side reactions between the cathode and SEs, the oxidation of sulfide 

SEs still occurs at high voltage and results in poor electrochemical performance.14,15 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 avoid interfacial side reactions between NPS and the 
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active material, thus delivering stable long-term cycling.4 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, chloride 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.4,16–21 In 2018, Asano et al. first reported the 

mechanochemical synthesis of Li3YCl6 (LYC), which exhibited a high ionic conductivity of ~ 0.5 

mS cm−1.16 Interestingly, where it was shown that the ionic conductivity of LYC decreased as the 

crystallinity of the phase increased. In the same work, it was proposed that, upon annealing, Y3+ 

cations in LYC occupy octahedral sites that are alternately stacked along the c-direction, which 

can partially block Li+ diffusion along that direction. Instead, low crystalline (lc-) LYC possessing 

Y3+ anti-site defects was generated via mechanochemical ball-milling, leading to reduced 

crystallinity and improved ionic conductivity.16 Sebti et al. showed that, rather than random 

disorder on the Y lattice, Y layer stacking faults in LYC are formed during ball-milling, opening 

up new Li+ transport pathways and drastically lowering Li+ diffusion barriers throughout the 

structure, thus increasing intragrain transport.22 

Besides crystallinity, the concentration of vacancies also plays an important role in the resultant 

ionic conductivity. Aliovalent substitution strategies have been implemented to create additional 

vacancies that enhance ionic transport.4,23 Recently, Liang et al. explored the composition variation 

between LiCl and ScCl3, yielding a series of LixScCl3+x (1 £ x £ 4) SEs. The authors showed that 

Li+ conductivity and activation energy vary significantly with the ratio of LiCl to ScCl3 used during 

synthesis, and attributed the highest ionic conductivity to a balancing effect between the 

concentration of Li+ charge carriers and vacancies.24 Although the precise structure of these 

LixScCl3+x phases remains unclear, the concept is promising as it can enhance the materials’ ionic 

conductivity without the incorporation of additional transition metals.  

Sodium chloride-based analogue materials, derived from Na3MCl6 and Na2MCl6 compounds (M3+ 

= Y3+, Er3+, Gd3+ and M4+ = Zr4+), have also emerged as promising catholytes for Na-ASSBs.25–28 

Mechanochemical syntheses of Na3YCl6, Na3ErCl6, and Na2ZrCl6 have all yielded relatively low 

Na+ conductivities (£ 10−5 S cm−1) and have thus required the implementation of aliovalent 

substitution. Consequently, the synthesis of Na3-yY1-yZryCl6 (0 £ y £ 1) solid solutions was recently 
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reported, with the maximum ionic conductivity observed for the y = 0.75 composition.4 This 

increased ionic conductivity was attributed to the introduction of Na+ vacancies, an optimal unit 

cell volume, and cooperative MCl6 rotations.4,29,30 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 mechanochemical milling. As ball milling is known to reduce grain 

sizes and introduce defects, these results indicate a strong relationship between crystallinity and 

ionic conductivity as has generally been observed for 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 sample crystallinity and NaCl content on the 

ionic conductivity of Na3-yY1-yZryCl6 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 across 

the Na3-yY1-yZryCl6 series. Thus, only the NaCl molar content was varied, leading to the Na2.25-

xY0.25Zr0.75Cl6-x (1.375 £ x £ 2.000) compositional series. Our findings show that by tuning the 

composition, and in particular by forming NaCl-poor compounds, nanocrystalline and amorphous 

SEs with high Na+ conductivities can be obtained. The enhanced ionic conductivity is attributed 

to the synergistic effects of reduced grain size, the preferred occupancy of rapidly exchanging 

prismatic Na+ local environments, and an increased number of Na+ vacancies in the NaCl-poor 

compounds, all of which serve to improve the performance of ASSBs, especially at high cycling 

rates and while operating at room temperature.  

 

RESULTS AND DISCUSSION 
Sample crystallinity and microstructure 

Figure 1a. displays the NaCl−YCl3−ZrCl4 ternary composition diagram, where the points in blue 

illustrate the molar ratios explored in this work, e.g., Na2.25-xY0.25Zr0.75Cl6-x (1.325 £ x £ 2.000). 

For reference, the previously reported ternary phases Na3YCl6 and Na2ZrCl6, and the aliovalently 

substituted Na2.25Y0.25Zr0.75Cl6 (x = 0) phase, are shown in orange.4 X-ray diffraction (XRD) 

patterns obtained on the Na2.25-xY0.25Zr0.75Cl6-x samples after ball milling exhibit only several low 

intensity diffraction peaks (Figure 1b). Notably, no significant diffraction peaks from the NaCl, 

YCl3, or ZrCl4 precursors are observed after ball milling, except from a small amount of NaCl 
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impurity in the high sodium-containing samples (when x £ 1.875). The observable diffraction 

peaks for the Na2.25Y0.25Zr0.75Cl6 compositional series are remarkably broad, indicating the 

formation of low crystallinity products. This is likely due to small crystallite sizes and strain 

broadening effects arising from particle fracturing and the introduction of defects during the harsh 

mechanochemical synthesis step.31–34 Interestingly, as the NaCl molar content is reduced, or the x 

value in Na2.25-xY0.25Zr0.75Cl6-x is increased from x = 1.375 to x = 2.000, a general broadening of 

the main diffraction peaks at low 2θ angles is observed, as shown in Figure 1c, suggesting that 

NaCl-poor compositions tend to form smaller domain sizes. Interestingly, at the composition 

where the NaCl molar content is lowest (x = 2.000), the diffraction pattern is nearly featureless 

and the main reflection is noticeably broad, which indicates that the obtained phase lacks any 

significant long-range ordering. 

 

 

Figure 1. Na2.25-xY0.25Zr0.75Cl6-x composition and long-range order 

(a) Ternary composition diagram of NaCl-YCl3-ZrCl4  precursor compounds, which demonstrates the molar 
ratios explored in this work.   

(b) XRD patterns of Na2.25-xY0.25Zr0.75Cl6-x (1.375 £ x £ 2) SEs. 

(c) Zoomed in XRD patterns of Na2.25-xY0.25Zr0.75Cl6-x (1.375 £ x £ 2) SEs, highlighting the main diffraction 
peaks in the 5 – 9 2θ range. 

 

To analyze the sample’s microstructure, transmission electron microscopy (TEM) and selected 

area electron diffraction (SAED) experiments were conducted on the end-member and 

intermediate compositions (i.e., x = 1.375, 1.625, and 2.000). TEM images (Figure 2a-c) show SE 
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particles ranging from ~ 1 – 2 μm in size, similar to the scanning electron microscopy (SEM) 

images (Figure S1) collected on the same samples. SAED images for the x = 1.375 and x = 1.625 

compositions (Figure 2d-e) reveal signatures of an NaCl impurity, as indicated by the diffraction 

rings in Figure 2d and diffraction spots in Figure 2e, which correspond to the d-spacing of the 

marked lattice planes (radially integrated intensities shown in Figure S2). The remaining powder 

rings with larger d-spacing can be attributed to the main XRD peaks at lower 2θ (Figure 1b) and 

correspond to the Na2.25Y0.25Zr0.75Cl6 phase (marked in white as NYZC). Furthermore, the 

smoothness and absence of individual reflections in the NYZC diffraction rings for the x = 1.375 

and x = 1.625 compositions indicates that these samples are not only polycrystalline but possess 

very fine or even nanocrystalline grains. Conversely, the diffraction rings of the x = 2.000 sample 

merge and a halo pattern (Figure 2f) is observed, suggesting that samples at higher x values only 

exhibit short-range order. However, the presence of an amorphous phase for compositions of x < 

2.000 cannot be entirely ruled out as some fraction of amorphous products are normally expected 

whenn mechanochemical synthesis approaches are used. Although it can be difficult to discern 

between nanocrystalline and fully amorphous states when analyzing bulk XRD patterns, the 

complementary TEM and SAED analyses indicate that the samples transition from a 

nanocrystalline state to a fully amorphous state as x increases from 1.375 to 2.000 in Na2.25-

xY0.25Zr0.75Cl6-x.  
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Figure 2. Sample microstructure and crystallinity  

(a-c) Transmission electron microscope images for Na2.25-xY0.25Zr0.75Cl6-x materials (x = 1.375, 1.625, and 
2.000, respectively).  

(d-f) Selected area electron diffractions for Na2.25-xY0.25Zr0.75Cl6-x materials (x = 1.375, x = 0.1625, and x = 
2.000, respectively). 

 

Local Na environment and ionic conductivity  

Due to the nanocrystalline and amorphous nature of the Na2.25-xY0.25Zr0.75Cl6-x (1.325 £ x £ 2.000) 

compositional series, local Na environments in these different samples were studied using 23Na 

solid-state nuclear magnetic resonance (ss-NMR) spectroscopy. The resulting room temperature 
23Na ss-NMR spectra are presented in Figure 3a. The peak located around 7.2 ppm, observed in 

almost all of the samples, is attributed to unreacted NaCl precursor,4,35 which agrees well with the 

XRD and SAED results. The NaCl impurity was quantified and determined to be ~ 4 wt.% on 

average (Table S2). As the molar content of NaCl decreases (x increases) in the sample, a 

corresponding reduction in NaCl signal intensity is observed. To obtain the specific composition 

of the Na2.25-xY0.25Zr0.75Cl6-x (1.325 £ x £ 2.000) samples, adjusted x values were calculated by 

comparing ss-NMR signal areas from the resonances attributed to NaCl and Na2.25-xY0.25Zr0.75Cl6-
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x phases (Figure S4). Our analysis shows that these adjusted x values are slightly higher but 

generally vary linearly with the stoichiometric x value, showing that higher x values clearly result 

in decreasing NaCl contents. Furthermore, the two weak and broad signals detected in the range 

of ~  −2.5 to 8 ppm are attributed to octahedral Na environments, while the intense resonance 

between ~ −10 and −13 ppm are assigned the Na in (a) prismatic environment(s) on the basis of 

the 23Na ss-NMR data and first principles calculations of NMR shifts previously reported for the 

related, crystalline Na2.25Y0.25Zr0.75Cl6 compound.30 Interestingly, the prismatic Na resonance can 

clearly be observed at all values of x, while signals corresponding to octahedral Na environments 

can only be detected when x £ 1.750. Hence, Na+ ions tend to first occupy prismatic environments, 

which is similar to what has been reported in some chloride SEs.23,30 With more Na in octahedral 

sites in the samples at higher NaCl contents, the prismatic resonance shifts towards more positive 

ppm frequencies (towards the octahedral Na resonances) and broadens. This evolution could be 

attributed to changes in Na mobility and increased chemical exchange between prismatic and 

octahedral sites, resulting in a broadening of the corresponding 23Na NMR resonances that draw 

closer to one another in the intermediate exchange regime, i.e., when the exchange constant (kex) 

is on par with the frequency separation of the resonances corresponding to the exchanging sites 

(∆", in Hz).36 2D 23Na exchange spectroscopy (EXSY) experiments, carried out on the x = 1.625 

composition, show that Na in octahedral and prismatic sites have the possibility to be in exchange 

(Figure S5). Nevertheless, a structural explanation cannot be ruled out as the impact on 23Na 

chemical shift from possible structural differences such as lattice constant variation and increased 

Na site disorder is unknown.  
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Figure 3. Na local environments and ionic conductivity measurements  

(a) Room temperature 23Na ss-NMR spectra collected on the various Na2.25-xY0.25Zr0.75Cl6-x (1.375 £ x £ 2) 
compositions at 18.8 T and at a magic angle spinning frequency of 12 kHz. 

(b) Room temperature ionic conductivity measurements with fits (equivalent circuit model shown in Figure 
S6) for the various Na2.25-xY0.25Zr0.75Cl6-x (1.375 £ x £ 2) compositions 

(c) Comparison of room temperature ionic conductivities and activation energies for the various Na2.25-

xY0.25Zr0.75Cl6-x (1.375 £ x £ 2) compositions. 

(d) Arrhenius conductivity plots for the various Na2.25-xY0.25Zr0.75Cl6-x (1.375 £ x £ 2) compositions. 

 

Figure 3b shows the room temperature Nyquist plots obtained from electrochemical impedance 

spectroscopic measurements on all of the Na2.25-xY0.25Zr0.75Cl6-x compositions, while the evolution 

of the ionic conductivity with x is presented in Figure 3c. All SE samples exhibit high Na+ 

conductivities (> 1.0 × 10−4 S cm−1), with a maximum value of 4.0 × 10−4 S cm−1 for the x = 1.625 

composition. Notably, these conductivity values are all significantly higher than what has 
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previously been reported for Na-Y-Zr-Cl phases.4 Moreover, DC polarization measurements  

(Figure S7) confirm that electronic conduction is negligible, with all compositions exhibiting 

electronic conductivities on the order of 10−9 S cm−1, as summarized in Table S1. As the NaCl 

content is decreased below x = 1.625, the ionic conductivity begins to drop. Yet the sample with 

the lowest molar content of NaCl (x = 2.000) still exhibits an ionic conductivity  of 1.2 × 10−4 S 

cm−1, which is comparable to cubic NPS (1.4 × 10−4 S cm−1) and is still higher than all other 

previously reported chloride-based Na-ion conductors.4,23,28,37 The high conductivity of Na2.25-

xY0.25Zr0.75Cl6-x compounds at high x is likely in part due to a vacancy-mediated Na+ transport 

mechanism and a high Na mobility afforded by the high concentration of Na vacancies per unit 

volume.  

Arrhenius plots obtained for all Na2.25-xY0.25Zr0.75Cl6-x compositions show that ln(σT) vs. f(1/T) 

evolves linearly within the temperature range probed (Figure 3d). Thus, the activation energy for 

Na+ diffusion can be extracted by linearizing the Arrhenius equation:  

# = !!
" %

# "#
$%&  Equation (1) 

where σo is the Arrhenius pre-factor, Ea is the activation energy, and kB is the Boltzmann 

constant. 

All Na2.25-xY0.25Zr0.75Cl6-x compositions possess activation energies in the range of 348 – 370 meV 

(Table S1, corresponding to the Nyquist plots shown in Figure S9), which are all appreciably lower 

than that of the reference Na2.25Y0.25Zr0.75Cl6 phase (664 meV) and again fairly similar to cubic 

NPS (364 meV).4,37 The evolution of the activation energy and ionic conductivity with NaCl 

content x is shown in Figure 3d, and demonstrates that there is little to no correlation between the 

measured ionic conductivity and the activation energy, as has been reported for other amorphous 

ionic conductors.38  

Because amorphous materials possess lower densities than their crystalline counterparts, free 

volume – a consequence of their non-periodicity and lower packing densities – is allowed.39  Free 

volume has been previously shown to facilitate ion mobility and thus enhance ionic 

conductivity.40,41 Here, it is speculated that the nanocrystalline and amorphous nature of the Na2.25-

xY0.25Zr0.75Cl6-x compounds leads to more free volume as compared to the more crystalline 

reference Na2.25Y0.25Zr0.75Cl6 SE, which may be one contributing factor to the improved Na+ 

mobility and lower migration energy barriers. Additionally, as the ratio of Y/Zr is fixed, a reduction 
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in NaCl content will also reduce the population of Na+ sites, leading to an increased concentration 

of Na vacancies that could further aid Na+ transport. However, since the total conductivity is a 

product of nNa and μNa, a balance must be struck between the two to achieve the highest 

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

# = &$'$(%  Equation (2) 

where σ is the ionic conductivity, ni is the number of charge carriers of species i, qi is the charge 

of species I, and μi is the mobility of species i. 

Although 23Na ss-NMR suggests that Na+ mobility increases at higher x values, there will be an 

insufficient number of charge carriers when the concentration of Na+ per unit volume is too low. 

As such, the Na0.625Y0.25Zr0.75Cl4.375 (x = 1.625) composition appears to be the optimal composition, 

balancing the concentration of mobile Na+ charge carriers and their mobility. 

 

Crystallization behavior of Na2.25-xY0.25Zr0.75Cl6-x solid electrolytes 

To better understand the impact of sample crystallinity and local structure on Na+ mobility, the 

composition with the highest ionic conductivity (x = 1.625) and the fully amorphous (x = 2.000) 

sample were selected for further study. These two samples were heat-treated at 100 °C for 2 h to 

induce crystallization. This temperature was selected based on differential scanning calorimetry 

measurements (Figure S8), where an exothermic phase transition (i.e., crystallization) was 

observed to have an onset temperature below 100 °C. 

XRD patterns of the two compositions (x = 1.625 and x = 2.000) were collected after the thermal 

treatment step and are shown in Figure 3a. In the case of the x = 1.625 composition, upon heating, 

all linewidths of the diffraction peaks associated with the Na2.25-xY0.25Zr0.75Cl6-x phase become 

significantly narrower, which is attributed to crystallization. For the x = 2.000 composition, new 

diffraction peaks corresponding to the Na2.25-xY0.25Zr0.75Cl6-x phase appear along with the highest 

intensity peak for crystalline ZrCl4 corresponding to the (121) plane. However, the broad 

diffraction peak at low 2θ angles, corresponding to the amorphous constituent, is still apparent 

after heat-treatment, suggesting incomplete crystallization. 

A comparison of the 23Na ss-NMR spectra obtained on the x = 1.625 sample before and after the 

heat treatment show that the excess NaCl in the pristine (untreated) sample is consumed and 

incorporated into the Na2.25-xY0.25Zr0.75Cl6-x phase when the sample is subjected to heating at 100 °C 

(Figure 4b). Furthermore, the signal corresponding to prismatic Na broadens and decreases in 
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intensity, while the signals attributed to octahedral Na environments grow significantly. A similar 

evolution of the 23Na NMR spectrum is observed for the x = 2.000 sample. Thus, the 100 °C heat 

treatment promotes crystallization of these two Na2.25-xY0.25Zr0.75Cl6-x phases, which is 

accompanied by a redistribution of Na from prismatic environments to octahedral sites in the 

structure and increased exchange between the environments. Consequently, the two crystallized 

samples exhibit roughly one order of magnitude lower ionic conductivities and increased 

activation energies as compared to their nanocrystalline/amorphous analogues (Figure 4c-d, 

Nyquist plots shown in Figure S6 and S10). This finding agrees well with the decrease in 

conductivity observed for some disordered chloride SEs subjected to a heat treatment or annealing 

step.4,16,28 Clearly, for the Na2.25-xY0.25Zr0.75Cl6-x compounds of interest to the present work, smaller 

grain sizes and amorphization lead to rapid Na+ exchange between prismatic sites, which are key 

for achieving high Na+ conductivity. 

 

Figure 4. Effect of solid electrolyte crystallinity on ionic conductivity  
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(a) X-ray diffraction patterns for the ball milled and heat-treated x = 1.625 and x = 2.000 compositions. 
Asterisk (*) indicates XRD peaks attributed to NaCl and circumflex (^) indicates the XRD peak attributed 
to ZrCl4. 

(b) Room temperature 23Na ss-NMR spectra for the x = 1.625 and x = 2.000 compositions at 18.8 T and at 
a magic angle spinning frequency of 12 kHz. The asterisk (*) indicates the NaCl resonance. 

(c) Arrhenius conductivity plots for the ball milled and heat-treated x = 1.625 and x = 2.000 compositions.  

(d) Comparison bar plots of room temperature ionic conductivity and activation energy for the ball milled 
and heat-treated x = 1.625 and x = 2.000 compositions. 

 

Electrochemical testing 

The room temperature performance of two solid-state batteries comprising either the most 

conductive Na2.25-xY0.25Zr0.75Cl6-x compound (x = 1.625), or the fully amorphous compound (x = 

2.000) were evaluated. Before assembling the solid-state batteries, the electrochemical stability 

window of the two materials was examined using linear sweep voltammetry (Figure 5a). The x = 

1.625 and x = 2.000 samples exhibit a peak oxidation current at ~ 4.6 and 4.7 V vs. the reference 

electrode (Na9Sn4), with the onset of this peak taking place near 4.0 and 4.1 V, respectively. During 

the reduction sweep, both samples show two reduction peaks at ~ 1.4 and 0.55 V vs. the reference, 

which can be attributed to Zr4+ and Y3+ reduction, respectively,4,42 with the onset of the first 

reduction peak occurring around 1.8 to 2.0 V vs. the reference electrode. Consequently, both 

samples exhibit a wide electrochemical window and are thus compatible with various sodium-

based cathode materials (Figure 5b), making them ideal catholyte materials. NaCrO2 was selected 

to be paired with both Na2.25-xY0.25Zr0.75Cl6-x compositions due to its suitable voltage window (1.7-

3.4 V), relatively high specific capacity (120 mAh g-1), and excellent reversibility.  
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Figure 5. Electrochemical stability window of catholytes  

(a) Oxidation and reduction linear sweep voltammetry curves for x = 1.625 and x = 2.000 samples of the 
Na2.25-xY0.25Zr0.75Cl6-x composition series. Note the difference in scaling for the left-hand and right-hand x 
axis.  

(b) Comparison of electrochemical active windows for various sodium-based cathode materials. 

 

All-solid-state cells using the x = 1.625 and x = 2.000 catholytes were assembled and cycled at 

room temperature using an areal loading of 1 mAh cm−2 (Figure 4a). At a 0.1 C current rate (where 

1 C = 120 mA g−1 or 100 μA cm−2), both compositions deliver high initial charge and discharge 

capacities (Figure 6a), with initial Coulombic efficiencies (ICE) values of > 96%. These high ICE 

values are attributed to the good electrochemical compatibility between the catholyte and the 

NaCrO2 cathode. Both compounds are able to deliver near theoretical capacity for NaCrO2 (~ 126 

mAh g−1), presumably due to their high ionic conductivities. Moreover, the deformability of these 

Na2.25-xY0.25Zr0.75Cl6-x  catholytes is advantageous as it leads to good contact between cathode and 

SE particles under cold-pressing conditions, a more uniform current density distribution, and better 

utilization of the cathode active material in the composite (Figure S11).43 This can be evidenced 

by two-dimensional porosity values, which were calculated for a heat-treated x = 0 (4.9%) and an 

as-milled x = 1.625 (0.2%) phases, whereby cross-sectional FIB-SEM images were binarized and 

black pixels were ascribed to void space (Figure S12). Besides the softer nature of the chloride 

anion framework as compared to oxide SEs, we hypothesize that the nanocrystalline and 

amorphous nature of the present samples could further contribute to their good experimentally 

observed deformability. 
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Rate capability tests using a sequence of 0.1, 0.2, 0.5, 1.0, and 0.1 C current rates also revealed 

that both solid-state cells exhibit excellent performance at higher current densities (Figure 6b and 
Figure 6c). The performance of the two cells shows little difference at lower C-rates (0.1 and 0.2 

C), or even at higher C-rates (0.5 and 1 C), which is likely due to the similar ionic conductivity 

values of the x = 1.625 and x = 2.000 catholytes. Interestingly, at higher current rates, both 

compositions show good utilization of the cathode active material, reversibly delivering ~ 105 

mAh g−1 and ~ 97 mAh g−1 of capacity at 0.5 and 1 C, respectively.  

 

 

Figure 6. Electrochemical performance of nanocrystalline and amorphous SEs  

(a) First cycle voltage profile of Na0.625Y0.25Zr0.75Cl4.375 (x = 1.625) and Na0.25Y0.25Zr0.75Cl4 (x = 2.000) 
catholytes paired with a NaCrO2 cathode. 

(b) Voltage profiles at varying C-rates for Na0.25Y0.25Zr0.75Cl4 (x = 2.000) material. 

(c) Rate study comparison for Na0.625Y0.25Zr0.75Cl4.375 (x = 1.625) and Na0.25Y0.25Zr0.75Cl4 (x = 2.000) 
materials. 

(d) Extended cell cycling at 0.33C rate for Na0.625Y0.25Zr0.75Cl4.375 (x = 1.625) and Na0.25Y0.25Zr0.75Cl4 (x = 
2.000) materials. 

(e) Voltage profiles corresponding to the extending cycling data for Na0.25Y0.25Zr0.75Cl4 (x = 2.000) solid 
electrolyte. 
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Beyond the rate study, extended cycling at 0.33 C shows that the two cells containing the x = 1.625 

and x = 2.000 catholytes demonstrate reversible and stable cycling (Figure 6d and Figure 6e). 

Average CEs of 99.95% and 99.96%, and capacity retentions of 78% and 83%, are obtained after 

500 cycles for the x = 1.625 and x = 2.000 cells, respectively. The high CEs and low capacity 

fading at room temperature can be credited to the catholyte being electrochemically stable within 

the cycling conditions. Previously, the oxidative stability window for the stoichiometric 

Na2.25Y0.25Zr0.75Cl6 (x = 0) catholyte was reported to be upwards of 3.8 V vs. Na/Na+.4 Here, a 

similar electrochemical stability window is observed for both the x = 1.625 and x = 2.000 

compositions. The electrochemical tests conducted here highlight the benefits of utilizing a 

chloride-based catholyte with a high ionic conductivity and oxidative stability, resulting in good 

room temperature performance.  

 

CONCLUSIONS 
This study presents an alternative approach for developing highly conductive Na+ conductors with 

nanocrystalline and/or amorphous characteristics. This method involves adjusting the NaCl 

composition to a fixed ratio of Y/Zr in Na2.25-xY0.25Zr0.75Cl6-x compounds, while utilizing 

mechanochemical synthesis to control the long-range and local structure. The as-milled samples 

obtained from this approach exhibit preferential occupation of prismatic sites by Na, and fast Na 

chemical exchange between those sites. Moreover, the reduced NaCl content when combined with 

mechanochemical synthesis, results in the formation of samples that are either nanocrystalline or 

amorphous. This introduces defects and free volume into the system, which presumably contribute 

to the enhanced Na+ mobility. Such factors were evidenced using a wide range of bulk and 

localized characterization techniques like XRD, TEM, SAED, ss-NMR, and EIS measurements. 

The increased ionic conductivity of compositions with a low NaCl content leads to excellent 

performance of Na-ASSBs, especially at high current rates and during long-term cycling tests at 

room temperature. Interestingly, heating the x = 1.625 and x = 2.000 compositions induces 

crystallization and a corresponding redistribution of Na among prismatic and octahedral sites in 

the structure, resulting in decreased Na+ mobility. This finding further highlights the importance 

of controlling sample crystallinity and the distribution of Na local environments, suggesting that 

small grain sizes and fast Na+ hopping between prismatic environments is key for achieving high 

conductivity in this class of materials. This work provides insights into the composition, structure, 
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and conductivity relationships of nanocrystalline and amorphous chlorides, which may be used as 

design principles and that could lead to a paradigm shift in the development of future Li+ and Na+ 

conductors for high-performance room temperature ASSBs. 

 

EXPERIMENTAL PROCEDURES 
Sample preparation:  
All materials were synthesized under an inert Ar atmosphere. NaCl (Sigma-Aldrich, 99%), YCl3 

(Sigma-Aldrich, 99.9%), and ZrCl4 (Sigma-Aldrich, 99.9%) anhydrous powders were used as 

received from the materials vendor. Mechanochemical synthesis was carried out using a high-

energy Retsch EMAX ball mill, where a 30:1 mass ratio of 5 mm yttrium-stabilized zirconia grinding 

media to precursor powder was used. 1 g of stoichiometric amounts of Na2.25-xY0.25Zr0.75Cl6-x 

(where x = 1.375, 1.5, 1.625, 1.75, 1.875, and 2) powders were prepared by hand mixing the 

precursor powders with a mortar and pestle before loading the powders into the milling jars, which 

were hermetically sealed in the glovebox. Samples were ball milled at 500 RPM for a total of 5 h.  

The Na0.625Y0.25Zr0.75Cl4.375 (x = 1.625) and Na0.25Y0.25Zr0.75Cl4 (x = 2.000) compositions were 

subjected to heat treatments to induce crystallization. The powders were cold pressed into pellets, 

loaded into quartz ampoules, and then flame sealed under a vacuum. The pelletized samples were 

heated at 100 °C for a duration of 2 h.  

Na2(B12H12)0.5(B10H10)0.5 powders were prepared by ball milling a stoichiometric ratio Na2B10H10 

(Boron Specialties) and Na2B12H12 (Boron Specialties) precursor powders together for a total of 2 

h at 500 rpm. The SE powder was collected and subsequently dried under vacuum at 175 °C for 

48 h. 

 

X-ray diffraction measurements:  

XRD patterns were collected over a 5 – 50° 2θ range with a step size of 0.01° using a Bruker X8-

ApexII CCD Sealed Tube diffractometer equipped with a molybdenum source radiation (λMo = 

0.7107 Å). All samples were hermetically sealed in 0.5 mm diameter boron-rich capillary tubes.  

 

Scanning and transmission electron microscopy imaging: 
SEM images were collected using an FEI Scios DualBeam Focused ion beam, equipped with an 

Everhart– Thornley Detector. 
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TEM characterization was carried out on a Talos F200X Scanning/Transmission Electron 

Microscope with an accelerating voltage of 200 kV. The microscope is equipped with a CETA 

camera and a low-dose system. The SAED images were acquired with an electron dose rate of 

~0.05 e Å–2 s–1 for ~8 s. 

 

Nuclear magnetic resonance measurements:  
23Na measurements were carried out using a 3.2 mm HX probe and a Bruker Advance III 

Ultrashield Plus 800 MHz spectrometer, equipped with an 18.8 T wide-bore magnet (operating at 

the Larmor frequency of 132.3 MHz for 23Na). Experiments were performed using a 3.2 mm MAS 

probe with a 12 kHz MAS rate. All samples were packed inside an Ar-filled glovebox to avoid 

direct contact with moisture in the ambient atmosphere. Room temperature spectra were collected 

on the various Na2.25-xY0.25Zr0.75Cl6-x compositions, with x = 1.375, 1.5, 1.625, 1.75, 1.875, and 

2.000. Moreover, room temperature spectra were also collected on x = 1.625 and 2.000 samples 

heat treated at 100 °C. A single pulse length of 0.29 (s at 200 W corresponding to a p/6 excitation 

pulse with a recycle delay of 10 s was used for all acquisitions. Given the quadrupolar nature of 

23Na, pulses with a p/6 flip angle were leveraged to uniformly excite all resonances. All 23Na NMR 

shifts were referenced relative to a 1 M aqueous solution of NaCl. The data was processed and 

extracted using Topspin and ssNake software44, respectively.  

 

Conductivity measurements:  
The SEs’ ionic conductivities were extracted from EIS measurements. C | SE | C cells were 

assembled using a 10 mm diameter polyether ether ketone (PEEK) die, where SE pellets were 

formed by cold pressing 100 mg of SE powder at a pressure of ~ 300 MPa. The EIS data was 

acquired using a Biologic SP-200 impedance analyzer with a sinusoidal amplitude of 10 mV within 

a frequency range of 7 MHz to 1 Hz. Activation energies were determined via regression of the 

linearized Arrhenius plot: ln(σT) ∝ 1/T. 

The SEs’ electronic conductivity was determined using the direct current polarization method by 

applying a bias of 50 mV over 900 s and extracting the steady-state leakage current.  
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Electrochemical measurements:  
Linear sweep voltammetry was conducted using the following cell configuration: Na9Sn4 | NBH | 

Chloride SE | Chloride SE/AB composite. The positive electrode composite consisted of 80 wt.% 

chloride SE and 20 wt.% acetylene black (AB) conductive additive, which was added to ensure 

electronic percolation within the composite to accurately assess its redox processes. 

Electrochemical performance was tested with the cell configuration Na9Sn4 | NBH | Cathode 

composite with the respective amounts of 35, 50, and 16.54 mg of each material. The cathode 

composites were comprised of NaCrO2, Na2.25-xY0.25Zr0.75Cl6-x (where x = 1.625 or 2), and vapor 

grown carbon fiber (VGCF) conductive additive in a weight ratio of 11:16:0.5. Constant current 

cycling of the fabricated cells was carried out at an ambient temperature of approximately 23 °C, 

within the voltage range of 1.7 − 3.4 V versus Na9Sn4, and under an applied stack pressure of ~ 50 

- 70 MPa. 
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