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Abstract

Halide-based ionic conductors have attracted a growing interest as solid electrolyte candidates
because of their suggested electrochemical oxidation stability and deformability. However, most
discovered sodium metal halides exhibit relatively low ionic conductivities. To address this, a new
class of mechanochemically-stabilized, low-crystallinity sodium metal oxyhalides NaMOCls (M =
Nb, Ta) is developed. By using the combination of scanning electron microscopy-energy dispersive
X-ray spectroscopy, X-ray diffraction, pair distribution function analysis, Raman spectroscopy, and
nuclear magnetic resonance spectroscopy, the composition and local structure of these oxyhalides
are qualitatively explored. Notably, NaNbOCl4 and NaTaOCls exhibit high ionic conductivities of
1.2 and 1.5 mS-cm ™, respectively. Although the instability of NaMOCl4 against Na excludes their
use as standalone separators in solid-state sodium metal batteries, the successful operation of the
solid-state battery employing NaTaOCl4 as the catholyte at room temperature demonstrates that
NaMOCly is a promising catholyte material.
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For a zero-emission future, besides e-mobility and consumer electronics, commercial large-scale
energy storage facilities based on numerous low-cost and safe batteries are needed.! Sodium solid-
state batteries are promising to meet these requirements because of the earth-abundance of sodium
and the expected superior safety of solid-state batteries in comparison to conventional lithium ion
batteries employing liquid electrolytes.>> As a core component of sodium solid-state batteries,
ideal solid electrolytes require high ionic conductivity but low electronic conductivity,
electrochemical stability under operation voltage, and chemical and mechanical compatibility with
the active materials.> ¢ Sodium metal halides have attracted a growing interest as solid electrolyte
candidates because of their suggested wider electrochemical stability windows in comparison to
sulfides and better deformability in comparison to oxides.>”® While there have been tremendous
improvements in understanding the materials properties, so far the ionic conductivities of most
sodium metal halides are still too low, even using the conventional cation doping strategies. For
instance, Na 25Zr0.75 Y 0.25Cls and Nay 4Zro 6Ero.4Cls show the best ionic transport performance in the
NaziZri-xMCle (M = Y or Er) series, with ionic conductivities of only 6.6x107> and
3.5x107° S-cm™! respectively.® ? Nevertheless, a recent study shows that prolonging ball milling
time can unexpectedly enhance the ionic conductivity of NaTaCls up to 4 mS-cm ™!, which suggests
that less-ordered halide-based sodium ionic conductors are more conductive.'® Recently, lithium
metal oxyhalides LiMOCIs (M = Nb, Ta) were synthesized by ball milling and subsequent
annealing with precursors of LiOH and MCls, exhibiting high ionic conductivities of 10.4
mS-cm ! for M = Nb and 12.4 mS-cm™! for M = Ta respectively.!! Following this work, Lin et al.
synthesized a dual-anion sodium superionic glass 0.5Na;0>-TaCls with an ionic conductivity of
4.6 mS-cm !, using a complex co-melting method. The solid-state battery employing it exhibits a

stable cycling performance over 500 cycles.!?

Motivated by the outstanding transport properties of the lithium metal oxyhalides and their
excellent performance in solid-state batteries, in this work, sodium metal oxyhalides NaMOCls (M
= Nb, Ta) with a low crystallinity are successfully synthesized by a simple ball milling method
without need for a post-heat treatment. By using a combination of X-ray diffraction, pair
distribution function (PDF) analyses, Raman spectroscopy, scanning electron microscopy-energy
dispersive X-ray spectroscopy, and nuclear magnetic resonance spectroscopy (NMR), the local
structure and composition of the amorphous oxyhalide NaMOCls (M = Nb, Ta) are explored. The

ionic conductivities of NaNbOCl4 and NaTaOCls reach 1.2 and 1.5 mS cm ™! respectively. Although
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their instability against Na metal precludes the possibility as standalone separators, the successful
operation of the solid-state battery employing NaTaOCl4 as the catholyte at room temperature
indicates that this new class of fast sodium ionic conductors is a promising catholyte candidate for

sodium solid-state batteries.

The sodium metal oxyhalides with targeted stoichiometry of NaMOCIl4 (M = Nb, Ta) are supposed
to be mechanochemically synthesized (see Supporting Information) under the following chemical
reaction NaOH + MCls — NaMOCl4 + HClg), where M = Nb or Ta. To ensure the full reaction and
degassing of protons as HCI, '"H NMR spectroscopy was performed. Comparison of the 'H magic-
angle spinning NMR spectra with and without samples (Figure S1) confirms the absence of
residual protons in the milled products. To further validate the stoichiometries of the glassy
products, energy dispersive X-ray spectroscopy in a scanning electron microscope was performed.
As shown in Figure S2-3, the elements of Na, Nb (Ta), O and Cl homogeneously distribute within
the samples. For both targeted compounds of NaNbOCIs and NaTaOCls, the atomic ratio of
Na:M:Cl is roughly 1:1:4 (Figures S2f and S3f, Tables S1 and S2), with the oxygen content being
off-stoichiometric as the light element content cannot be detected precisely. Since the existence of
hydrogen in the ball milled products is excluded, the composition of the synthesized product,
according to charge neutrality balancing, seems like NaNbOCIls and NaTaOCly if all elements exist
as their most stable ionic states. Thereby implying that a successful reaction occurs, similar to the
reported reaction between LiOH and NbCls (TaCls).!" However, the more accurate atomic
composition of products is unclear at this stage. For more straightforward reading, the products are

still denoted as NaNbOCl4 and NaTaOCl4 respectively.

To further investigate the structure of the obtained materials, X-ray diffraction is performed. The
broad and merged reflections in the collected X-ray diffraction pattern of NaNbOCls (Figure 1a)
indicate its low crystallinity. Due to the low crystallinity, its phase cannot be indexed or matched
to a previously reported compound in the Na-Nb-O-Cl phase space, and hence not allowing
structure refinement. Therefore, as NaNbOCl4 is not fully amorphous, the presence of a side phase
cannot be fully excluded, although it is impossible to determine which reflection corresponds to
the side phase because of the lack of structural information. However, NaOH seems not be present
in line with '"H NMR spectroscopy.'®> The X-ray diffraction pattern of NaTaOCls (Figure 1b)

reveals an almost fully amorphous phase, indicated by an extremely broad diffuse scattering
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background visible, analogous to that of 0.5Na,0»-TaCls glass prepared by co-melting at 450 °C.!?
A previous study indicates that TaCls exhibits a strong capability to glassify salts,'* which likely
also contributes to the amorphous nature of NaTaOCls. Thus, NaTaOCls is more amorphous
compared to NaNbOCl4 synthesized with the same procedure. Due to this missing long-range order,
it is impossible to attribute a long-range structure to NaTaOCls. This however also means, that
there are no recognizable reflections in the pattern that can be matched to the precursors,'* again

suggesting a full reaction.
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Figure 1. a) X-ray diffraction pattern of NaNbOCl4 in comparison to reflections of precursors
NaOH and NbCls, indicating a low crystallinity phase. The presence of a side phase in NaNbOCl,4
cannot be fully excluded. b) X-ray diffraction pattern of NaTaOCly in comparison to reflections of
precursors NaOH and TaCls. NaTaOCly exhibits an almost fully amorphous phase.

Pair distribution function analysis is a powerful tool to determine the short-range ordering and local
structure of materials whose coherence extends only a few nanometers using a measure of the
probability of finding a pair of atoms (G(r)) separated by the distance r.!> Therefore, pair
distribution function analyses are employed to make up for the deficiency of long-range ordering
resolvable by Bragg diffraction to identify the local structure of the low-crystallinity NaMOClas. As
shown in Figures 2a-b, the peaks of pair distribution functions of NaNbOCls and NaTaOCl4
dampen dramatically when the atomic distance  is over 5 A, corroborating they have no long-
range order, which agrees with the observation from X-ray diffraction patterns. However, the pair
distribution functions obtained from different cut-off Omax are strongly affected by Fourier

termination ripples because of the low crystallinity and low scattering power of the synthesized



oxyhalides, leading to limited PDF data quality (Figure S4). Hence, only the signals at low » can

be analyzed that correspond to a first and potentially second coordination sphere.

Comparison of the PDF data from NaNbOClIs with different Omax shows that only the peak at ~2.4
A is reliable and that the peak 3.9 A is relatively stable when changing Omax. In the case of
NaTaOCls, a similar pair distribution function is observed, with only the signals at ~2.4 and 3.8 A
not changing significantly under different Qmax (Figure S4d). As the bond distances of NaTaOCly
PDF seems more stable and more intense and are here used for further qualitative discussion. A
general idea of the coordination environment around the metals can be extracted by comparison
with known compounds, as shown in Figure 2¢, which may have similar local environments, such
as NaOH, TaCls, TaOCl; and NaTaCls (local environments of each metal schematically shown in
Figure 2d). The strong peak at 2.4 A can be assigned to Ta-Cl bond lengths, which matches with
the Ta-Cl bond distance in TaCls or TaOCls. The signal at 3.9 A may be assigned to a Ta-Ta distance
in analogy with TaCls or TaOCls. In TaCls, two edge-shared [TaCls] octahedra form a [Ta>Clio] bi-
octahedra with a Ta-Ta distance of ~3.9 A. Similarly, in TaOCls, two edge-shared [TaClsO]*~
octahedra form a [TaxClsO4]* bi-octahedra or two oxygen anion-shared [TaClsO2]*" octahedra
form a [Ta;ClsO3]* bi-octahedra, both with a distance of ~3.9 A between two central tantalum
cations. However, the other probably existing bond signals are not observed, such as Ta-O, Na-O
and Na-Cl and hence marked in grey in Figure 2c. A potential reason may be the lower scattering
form factor of Na and O compared to Ta and Cl atoms, or their signals are convoluted into Fourier
ripples of PDF at ~1.8 and 3.1 A. With these data, one may speculate that bi-[TaCl,O6—]7 " units,
evolved from the [TaxClio] bi-octahedra in the precursor TaCls, form a not very structurally
correlated framework where the Na* cations are randomly distributed in NaTaOCls. Moreover, we
can infer a similar local arrangement for NaNbOCly (Figure S5). At this stage, further discussion
does not seem reasonable, as even a data analysis with the reverse Monte Carlo method would
provide a local structure that cannot be fully corroborated. The actual local environments of Na
and M in NaMOCIls may be different or more diverse since we can only compare the atom pair
distances with those of the already known compounds. Nevertheless, the above discussion seems

chemically reasonable within the measured data.
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Figure 2. Pair distribution functions of @) NaNbOCls and b) NaTaOCly. ¢) Comparison between
pair distances (1a-Cl and Ta-Ta pairs in TaCls, Ta-O, Ta-Cl and Ta-Ta pairs in TaOCl3, Na-Cl pair
in NaTlaCls and Na-O pair in NaOH) and measured pair distribution function of NaTlaOCl,. d)

Schematically local environments of each metal used for pair distance comparison with the pair
distribution function of NaTaOCl,.

To further analyze the structural arrangement, Raman spectroscopy was used to determine their
vibration modes. Even though several signals probably analogous to M-Cl vibrations (M = Nb, Ta)
and Nb-O bond are observed (Figure S6),'%° the peak broadening and merging hinder further

information extraction, making accurate analysis impossible. Nevertheless, it seems that together



with the PDF data the Raman spectra suggest not only M-Cl and M-M distances, but also M-O
vibrations. However, no local environment information of sodium ion can be extracted from Raman
spectroscopy here. Therefore, 2*Na magic angle spinning nuclear magnetic resonance was
conducted to explore the local environment of Na™ in NaNbOCls and NaTaOCls. For NaNbOCly,
deconvolution of the room-temperature spectrum reveals two kinds of local environments of Na*
(8(**Na) = —11.46 ppm and —11.53 ppm with an integral intensity ratio of ~3:2), indicating either
two distinct local environments in one phase or a possible side phase precipitating during ball
milling. Corresponding low-temperature spectrum reveals peaks with a better separation (8(>*Na)
=-11.96 ppm and —13.52 ppm) and their integral intensity ratio becomes ~ 6:1 (Figure 3b). This
is a possible indication of chemical exchange between two different local environments of Na®,
where the corresponding >*Na signals get closer due to increased exchange with increasing
temperature (and possibly leading to eventual coalescence at even higher temperature, when the
crossover point is achieved).?! For NaTaOCla, there is only one pronounced >*Na signal at —10.72
ppm in the room-temperature spectrum, indicating sole local environment of sodium ions (Figure
3c). The corresponding low-temperature *Na magic angle spinning nuclear magnetic resonance
spectrum also only includes a single Na resonance, which further solidifies this conclusion.
Besides, the 2*Na resonance signal at ~7.3 ppm (marked with a solid triangle) in all spectra can be

assigned to a small amount of NaCl impurity present in the samples.>!> %2
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Figure 3. >Na magic angle spinning nuclear magnetic resonance spectra of NaNbOCly measured
at a) room temperature (~298 K) and b) low temperature (~267 K). The two deconvoluted **Na
signals of NaNbOCl, are marked with light and dark blue shades, respectively. >Na magic angle
spinning nuclear magnetic resonance spectra of NalTaOCl, measured at ¢) room temperature (~298
K) and d) low temperature (~267 K). The only **Na signal of NaTaOCly is marked with a light red
shade. The solid triangle (M) indicates signal of impurity NaCl.

While structural information remains limited as described, the ionic conductivity was evaluated by
temperature-dependent electrochemical impedance spectroscopy to investigate the transport
property of NaNbOCl4 and NaTaOCly4. All impedance spectra of NaNbOC]ls and NaTaOCl4 can be

fit with an equivalent circuit model (the inset of Figure 4a) consisting of a parallel resistor-constant
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phase element (CPE) combination representing ion transport behavior of the measured sample, in
series with another CPE representing the ion blocking behavior of the stainless-steel electrodes.
The resolved Brug capacitances are around ~107!! F, indicating it cannot exclude either ordered

23,24 in line with the structural analyses above, thus

bulk or disordered grain boundary contributions,
the obtained resistances are evaluated to total ionic conductivities. The obtained room-temperature
(25 °C) ionic conductivities (orr) of NaNbOCls and NaTaOCls are 1.2 and 1.5 mS-cm™!
respectively. As determined by the pair distribution function analyses, both NaNbOCls and
NaTaOCls exhibit a high degree of structural disorder. Here, one may speculate that there are
potentially different types of disorder possible in NaMOCl4: 1) Na® positional disorder and 2)
polyhedral disorder, which may both lead to the low crystallinity of NaMOCls; and 3) anion site
disorder between Cl and O. The potential structural disorders may be one of the factors contributing
to the high ionic conductivities of NaMOCls, as previous studies have commonly observed that a
less ordered structure facilitates Na* movement in halide-based sodium ionic conductors,'% 2% 26
The ionic conductivities of NaNbOCl4 and NaTaOCly are at least two orders of magnitude higher
than that of pristine sodium metal chlorides (Figures 4c), such as Na,ZrCl (~1.8 x 107 S-cm™!)
and Na3MCle-type halides (e.g. ~2.3 x 108 S-cm™! for M =1In, ~1.0 x 10 S-cm™! for M = Er),* %>
27 except the highly amorphous NaTaCls synthesized under extreme ball milling conditions (~4
mS-cm !).!% The values are also much higher than that of cation substituted sodium chlorides, for
instance, Na25Z10.75Y025Cls and Nay 4Zro6Ero4Cls with ionic conductivities of 6.6 x 10~ and 3.5
x 107 S:-cm™.% ? Just mixing halogen in sodium metal halides (e.g. Nas;InCls.Bry) also cannot
significantly enhance ionic conductivity.”® However, the O and Cl dual anion systems beyond the
pure halide system show ionic conductivities of over 1 mS-em™!, not only NaNbOCls; and
NaTaOCls, but also 0.5Na,O-TaCls glass (4.6 mS-cm '), indicating the significance of extending
composition systems of halide-based sodium ionic conductors. The activation energies (Ea)
extracted from the linear Arrhenius fitting are 0.29(4) eV for NaNbOCls and 0.31(2) eV for
NaTaOCls. This is in a similar range to those observed in 0.5Na>O»-TaCls glasses and lower than
those generally observed in ternary sodium halides (~0.4 to 0.8 eV).% % 1225:27 Besides the ionic
conductivities, the electronic conductivities (o) of NaNbOCl4 and NaTaOCly, determined by the
direct-current polarization method, are 6.4(4) x 107'° and 3.2(2) x 107! S:em™! respectively

(Figure 89). Such low electronic conductivities meet the requirement of solid electrolytes.?* 3
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Figure 4. a) Nyquist plots of NaNbOCl, and NaTaOCl, measured at 25 °C. Inset: equivalent circuit
model used for fitting impedance spectra. b) Arrhenius plots from the temperature dependent
impedance of NaNbOCl4 and NaTaOCls. ¢) Comparison of ionic conductivities of halide-based
sodium ionic conductors with that of NaNbOCly and NaTaOCly (1.2 and 1.5 mS-cm™! respectively),
including NasMCls-type halides (~2.3 x 1078 S-em™ for M = In, ~1.0 x 10~° S-cm™" for M = Er),”
27 Na>ZrCls (~1.8 x 1077 S-ecm™!),% crystalline NaTaCls (~1.0 x 1079 S-cm™"),"% highly amorphous
NaTaCls (~4 mS-cm™!),’% halogen-mixed Na3InClysBr1 s (~1.6 x 107% S-cm™! for the annealed, ~3.0
x 1078 S-em™ for the ball milled),”® cation substituted sodium chlorides (Na225Zro.75Y0.25Cls and
Naz.4Zro.6Ero.4Cls with ionic conductivities of 6.6 % 1 0 and 3.5 x 1077 S-ecm™ ),8’ Y and 0.5Na;0;-
TaCls glass (4.6 mS-cm™).12

Overall, this class of NaNbOCls and NaTaOCls shows one of the highest so-far found Na*
conductivities in halogen-containing ionic conductors. However, for the application as solid
electrolytes they also require chemical and electrochemical stability against the electrodes if they

are to be used as a separator.’! 32 To evaluate the chemical stability of the synthesized oxyhalides
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against sodium metal, the time-dependent impedance spectra of Na|[NaMOCIs|Na symmetric cells
were measured (Figure S10). One can find two processes of impedance spectra that are
significantly overlapping, which makes it hard to accurately fit the data, hence only total resistances
can be extracted. The total resistance increases dramatically for both Na]NaNbOCI4Na and
Na|NaTaOCls|Na symmetric cells (Figure 5a), indicating that NaMOCl4 is unstable against sodium
metal. Even though the complex chemical reaction behavior cannot be properly resolved, in general,
there are three different possible types of the interface/interphase between solid electrolyte and
sodium metal in a Na|solid electrolyte|Na symmetric cell. (I) the solid electrolyte is stable against
sodium metal and the total resistance of the symmetric cell remains at a steady value. (II) The solid
electrolyte may decompose (e.g. being reduced) when in contact with sodium metal, leading to the
formation of a mixed conducting interphase (MCI). If the ionic conductivity of MCI (owmcr) is
greater than that of solid electrolyte (osg), the total resistance of the symmetric cell assessed by
impedance will decline. In contrast, the total resistance will increase when omci < ase. Nevertheless,
with the growth of MCI, the symmetric cell will short-circuit after some time as the MCI penetrates
the solid electrolyte layer with a linear time dependency. (IIT) The solid electrolyte also reacts with
sodium metal but forms a solid electrolyte interphase (SEI) which basically only conducts Na™.
The change of impedance-assessed total resistance of the symmetric cell will depend on the
competition between ionic conductivity of SEI (oskr) and asg too, but it may be steady ultimately
since the electronic conductivity of SEI is low enough to limit the SEI growth to a thin film.3!33
In the case of Na|[NaMOCIsNa symmetric cells, their increasing total resistance indicates the
formation of interphases between NaMOCl4 and Na which are less ionically conductive than
NaMOCls. While an in-depth understanding of the reaction mechanism is beyond the scope of this
work, one may speculate that NaMOCls 1s reduced and decomposes to Na salts and/or Nb (Ta) salts
or, eventually, to the metals. Additionally, the prediction from thermodynamic stabilities suggests
that NaNbOCI4 and Na metal form NaNbO», NaCl and metal Nb, while NaTaOCls and Na metal
form NaTaOs, NaCl and metal Ta.>* This prediction aligns with our chemical intuition. Based on
the more linear growth rate of resistance, one can assume that a mixed conducting interphase is
formed, rather than an SEI as an SEI should show parabolic, diffusion-controlled growth.
Furthermore, the cycling (stripping and plating) performance of NaNaMOCl4|Na symmetric cells
was also tested under 60 pA (~0.2 mA-cm2) to further evaluate the impact of the electrochemical
instability of NaMOC]l, against Na, as shown in Figure S11. The continuous, rapid increase in the

measured overpotential for both symmetric cells of NaNbOCl4 and NaTaOCls, respectively,
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indicates their electrochemical instability against Na metal.
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Figure 5. a) Total resistance evolutions of symmetric cells Na|NaNbOCl4|Na and Na|NaTaOCl4|Na,
extracted from time-dependent impedance. b) Scheme of the mixed conducting interphase between
sodium metal and NaMOClI; in Na|NaMOCI4Na symmetric cells. ¢) Cycling performance of the
solid-state battery employing NalaOCly as catholyte. The battery was cycled at room temperature
(~25°C) with an initial formation cycle at C/50, followed by cycling at C/30 within a voltage range
of 1.5 - 4.2 Vvs Na/Na" (see the assembly and test procedures in the Supporting information).

13



Clearly, these findings exclude the possibility of using NaMOCly as a standalone separator in solid-
state sodium metal batteries; however, their use as catholytes still remains promising. To assess the
feasibility of NaMOCI4 catholytes, the cycling performance of the solid-state battery employing
NaTaOCly as the catholyte was tested at room temperature. As shown in Figures 5c¢ and S12, the
battery exhibits an initial fading in capacity, followed by a relatively stable cycling, demonstrating

the potential of NaTaOCly as the catholyte material.

In this work, mechanochemically stabilized sodium metal oxyhalides NaMOCIl4 (M = Nb, Ta) were
successfully synthesized by ball milling. The as obtained NaNbOCIs and NaTaOCls are low
crystalline materials, exhibiting an ionic conductivity of 1.2 and 1.5 mS-cm ™!, respectively. Due to
their fast degradation against Na-metal, their use as standalone separators in solid-state sodium
metal batteries is restricted. Nevertheless, the successful operation of the solid-state battery
employing NaTaOCly as the catholyte at room temperature demonstrates the potential of NaMOCl4
to be catholyte material. Going further, the structures of NaMOCI4 need to be better understood to
further improve their transport properties and even stability, as well as prospectively replacing

tantalum and niobium with cheaper elements.
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