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ABSTRACT: All-solid-state sodium batteries (ASSSBs) are viable candidates
for large scale energy storage that could vie with lithium. Ductile solid
catholytes for such cells that can be prepared without extensive ball milling and
directly paired with high voltage sodium cathodes are lacking, however. We
report a new amorphous fast Na-ion conducting metal oxychloride that meets
these criteria, synthesized through a scalable and low-cost route based on a
spontaneous solid-state reaction with simple short mixing and 100 °C
annealing. It has an ionic conductivity of 1.2 mS·cm−1 and low activation
energy of 0.31 eV. Due to its dual O2−/Cl− framework, it exhibits a high anodic
potential of 4 V vs Na+/Na and good chemical/electrochemical compatibility
with high voltage sodium cathode materials. ASSSBs consisting of the
oxychloride solid electrolyte paired with a high voltage P2−Na2/3Ni1/3Mn2/3O2
cathode showed stable long-term cycling with a 4.0 V vs Na3Sn cutoff potential and even to 4.3 V.

With significantly growing global commitments and
action on decarbonization, increasing the use of
renewable energy resources can substantially reduce

the worldwide energy dependence on fossil fuels. Energy
storage devices such as rechargeable batteries are needed to
complement intermittent clean energy resources and can
electrify transportation.1,2 Lithium-ion batteries currently
dominate the market, but all-solid-state lithium batteries have
emerged as a promising next-generation candidate,3 with the
development of a range of Li superionic conductors.4−6

However, the dramatically increasing demand for large scale
energy storage and electric vehicles will likely lead to a rise in
the price of lithium. Sodium ion batteries represent a very
promising alternative due to sodium’s low cost, high earth
abundance and widely available resources. All-solid-state
sodium batteries (ASSSBs) can also offer improved energy
density and better safety than their liquid electrolyte analogues,
as in the case of lithium.7

Inorganic solid electrolytes (SEs) are the key component to
realize the promise of ASSSBs. Inorganic Na SEs, including
oxides and sulfides, have been well-studied.8 Oxides
(NASICON-structured phases, β-alumina) and sulfides (e.g.
Na2.88Sb0.86W0.11S4) generally exhibit the highest Na ion
conductivities, comparable to or even surpassing those of
liquid organic electrolytes.9−12 However, to achieve high Na
ion conductivities for oxide SEs, high-temperature sintering or
even hot-pressing is needed to minimize interfacial and grain

boundary resistance.9,13 Additional high-temperature sintering
is needed for cathode composites to achieve sufficient
interfacial contact and minimal contact resistance, which in
turn can also lead to detrimental side reactions between oxide
SE and cathode active material particles.14 Sulfide Na SEs are
limited by their narrow stability voltage window, which leads to
chemical and electrochemical incompatibility with high voltage
sodium cathodes.15 Borohydride SEs exhibit reasonably high
ionic conductivity/voltage stability and good ductility,16 but
their expensive and complex synthesis routes limit large scale
production and practical application.17 Thus, it is essential to
find Na SEs with high ionic conductivity, a wide voltage
stability window and good mechanical properties, and most
importantly, that can be prepared through simple and scalable
synthesis routes.

Chloride and oxychloride SEs are some of the suitable
choices and have shown excellent performance in high voltage
all-solid-state Li batteries.18−23 Alkali metal oxyhalides are
some of the newest and perhaps most promising solid state ion
conductors because they are ductile, and can be used with
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cathode-active materials without a coating on the cathode
surface. In this respect, they are like their halide counterparts,
but more ionically conductive. In contrast to lithium, a limited
number of sodium chloride and oxychloride SEs have been
reported.24−34 The majority exhibit low ionic conductivities of
<0.1 mS·cm−1 and/or require long-duration high energy ball-
milling steps for their preparation. This cannot meet practical
application requirements for large scale production.24−31 Most
recently, an interesting material, (Li/Na)AlCl2.5O0.75, was
reported with a high total ionic conductivity of 1.5/1.3 mS·
cm−1 and nonunity Li+/Na+ transference number.35 When
directly paired with a high voltage Li cathode - NMC622 - a
notable fraction of Al2O3 was formed upon cell cycling, and
DFT calculations suggested that the material decomposes into
Al2O3 and LiAlCl4 when oxidized.

Here, we report a new amorphous-glassy fast Na-ion
conducting oxychloride, NaTaOCl4, which exhibits a high
ionic conductivity of 1.1 mS·cm−1 and a low activation energy.
Most importantly, it can be synthesized through a spontaneous
solid-state acid−base reaction with easy mixing and mild-
temperature processing. Such a simple synthesis route is easily
scalable and compatible with current industrial inorganic
material synthesis processes. Furthermore, NaTaOCl4 demon-
strates excellent chemical and electrochemical compatibility
with uncoated high voltage sodium metal oxide cathode
materials. ASSSBs comprised of the NaTaOCl4 SE paired with
a high voltage P2−Na2/3Ni1/3Mn2/3O2 cathode show stable
long-term cycling behavior over 200 cycles with a 4.0 V vs
Na+/Na cutoff voltage.

NaTaOCl4 (NTOC) was synthesized by hand mixing of
NaOH and TaCl5 to trigger a spontaneous solid-state acid−

Figure 1. (a) Schematic illustration of the two routes to form NaTaOCl4: hand-mixing and short-period ball-milling; (b) XRD patterns of
hand-mixed (HM-NTOC) and ball-milled (BM-NTOC) synthesized NaTaOCl4 with 2 h sintering at 100 °C, almost undectable NaCl peaks
are shaded in green; (c) room temperature Nyquist plots of HM-NTOC and BM-NTOC, both samples were measured three times to ensure
reproducibility; (d) Arrhenius plots of the conductivity values for HM-NTOC and BM-NTOC in the temperature range from 0 to 60 °C; (e)
room temperature ionic conductivity variation vs sintering time at 100 °C and (f) corresponding XRD patterns. The background
contribution from the zero-background Si holder and Kapton film (*) for all patterns were not subtracted, because the main phase only
exhibits extremely broad peaks.
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base reaction, followed by heating this mixture at 100 °C for 2
h to ensure complete reaction and remove any remaining HCl
(Figure 1a). The corresponding XRD pattern of the hand-
mixed NaTaOCl4, denoted as HM-NTOC, showed no
significant diffraction peaks with only remarkably broad and
low intensity peaks centered at around 15°, 19° and 26°,
indicating its amorphous-glassy nature (Figure 1b). The high
background at low angle is due to scattering from the zero-
background Si holder and Kapton film (Figure S1) used to
avoid sample exposure to air. HM-NTOC exhibited a high Na+

conductivity of 1.1 mS·cm−1 and a low activation energy of
0.31 eV (Figures 1c-d, S2a, Table S1). The time required for
thorough mixing to ensure full amorphization may differ based
on the operator (Figure S3), while roller mills could be
employed for large-scale production. To standardize the
synthesis, NaTaOCl4 was also synthesized through a short 1
h ball-mill period followed by the same 100 °C heat-treatment
for 2 h (Figure 1a). The corresponding XRD pattern of ball-
milled NaTaOCl4 (denoted as BM-NTOC) showed the same
amorphous-glassy nature as HM-NTOC with the same broad
peaks at ∼15°, 19° and 26° (Figure 1b). BM-NTOC also
exhibited nearly the same ionic conductivity of 1.2 mS·cm−1

and activation energy of 0.31 eV (Figures 1c-d, S2b, Table S1).
This preparation route is also applicable to NaNbOCl4
(NNOC), which can be synthesized through both hand-
mixing and brief ball-milling, although a semicrystalline
material was obtained for NNOC. Furthermore, HM-NNOC
contained slightly more NaCl impurity than BM-NNOC
(Figure S4a), while NNOC exhibited a lower ionic
conductivity of ∼0.5 mS·cm−1 and a higher activation energy
of 0.34 eV (Figure S4b-e, Table S2). The SEM images of
NTOC and NNOC (Figure S5) revealed micron-sized
particles in both hand-mixed and ball-milled samples, although

the particle size and morphology of the as-synthesized solid
electrolytes depend on the final grinding step.

One important consideration for glassy/amorphous SE
materials is their thermal stability. During cell charging,
temperature increases are generally observed,36,37 and
elevated-temperature heating is often used to realize fast
charging for commercial Li-ion batteries.38,39 However,
amorphous materials may crystallize at moderate temperatures
which can lead to dramatically lower ionic conductivity.24,28

Since cell temperatures are typically maintained below 100 °C
to ensure safety and keep costs low, the thermal stability of
NTOC was examined by annealing at that temperature for
different periods, during which the ionic conductivity remained
nearly constant up to 200 h (Figures 1e, S6). The XRD
patterns of annealed samples (Figure 1f) revealed that its
amorphous-glassy nature also was maintained over this
annealing period, with the same extremely broad and low
intensity peaks centered at around 15°, 19° and 26°. The XRD
pattern of the BM sample without annealing shows slightly
better-defined broad peaks; however, due to their very limited
number, it is not possible to identify the possible nanocrystal-
line phase.

The Raman spectrum of NTOC (Figure 2a) reveals that no
starting material (TaCl5 or NaOH) remains. NTOC exhibits
similar features as crystalline TaOCl3, with the characteristic
sharp peaks of the latter becoming very broad peaks in
NaTaOCl4. This is strong evidence of its amorphous
disordered structure. The Raman spectrum of the analogous
Nb oxychloride glass-ceramic (NNOC; NaNbOCl4) also
showed characteristic peaks of crystalline NbOCl3 (Figure
S7). This suggests that TaCl5/NbCl5 reacts with NaOH to
form chains of oxygen corner-sharing (Ta/Nb)O2Cl4 octahe-
dral moieties (Figure 2b inset), similar to TaOCl3, but with
Na+ randomly distributed within the matrix.22 We note that we

Figure 2. (a) Raman spectra of amorphous NaTaOCl4 and crystalline NaOH, TaCl5 and TaOCl3; (b) pair distribution function analysis of
synchrotron X-ray total scattering data for amorphous NaTaOCl4 at 300 K; (c) 23Na 60 kHz MAS spectrum at 280 K (asterisks denote
spinning side-bands; inset provides deconvolution and signal integrations) and (d) Arrhenius plot of static 23Na T1 relaxation measurements.
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determined such building blocks - consisting of 1-D
[NbOCl4]− anionic chains linked by Nb−O−Nb bonds and
separated by multiple, disordered Li+ sites - exist in
semicrystalline LiNbOCl4 on the basis of fitting its X-ray and
neutron pair distribution function (PDF).40 However, the fully
amorphous nature of NaTaOCl4 precludes generating a
definitive model. The X-ray PDF of NaTaOCl4 (Figure 2b)
consists of two unique segments, with similar well-defined
features at r < 8 Å indicating the local structure and interplay
of the main building blocks. For r > 8 Å the PDF becomes
featureless, indicating its glassy nature with no long-range
ordering (and prohibiting detailed analysis). Due to the low
content of Na along with dominant-diffracting heavier
elements, the PDF data shows only clear contributions from
Ta−O, Ta−Cl, Ta−Ta and Cl−Cl (Figure 2b, as labeled). The
contribution of Na (i.e., Na−Cl at 2.8 Å) is not distinguishable.

Nonetheless, the distances of Ta−Cl (2.38 Å), Ta−O (1.88 Å)
and Ta−Ta (3.77 Å) agree well with those of crystalline
TaOCl3, and also mirror those of LiNbOCl4 (Nb−Cl; avg.
2.41 Å), Nb−O (1.76 Å/2.25 Å) and Nb−Nb (3.75 Å).40 This
supports our local structural model.

A 23Na 60 kHz magic-angle-spinning (MAS) solid-state
NMR spectrum performed on NaTaOCl4 at 280 K exhibited
two peaks (Figure 2c). The main peak (at −10 ppm)
corresponds to the primary NaTaOCl4 phase and the minor
peak at 7.33 ppm corresponds to a NaCl signal,24,41 which has
a 23Na chemical shift of ∼7.1 ppm. Peak deconvolution yielded
a molar ratio of NaCl/NaTaOCl4 of ∼1/8, which corresponds
to only 2 wt % NaCl impurity, in agreement with its negligible
contribution in the XRD pattern (Figure 1b). Such a low
content of NaCl will be embedded in the amorphous
NaTaOCl4 matrix and obviously will not lower its ionic

Figure 3. (a) Linear sweep voltammograms at a scan rate of 0.1 mV·s−1 with a Na metal anode and a NTOC/Super P carbon (90:10 wt %)
composite cathode; two cells were fabricated for the cathodic and anodic scans, respectively; (b) voltage profile of NNMO ASSSBs at a 0.1 C
rate for the initial two cycles (1st cycle in solid line and 2ed cycle in dashed line) with cutoff potentials of 3.9 V, 4.0 V, 4.3 and 4.4 V vs
Na3Sn; (c) charge−discharge capacity as a function of cycle number at different C rates for NNMO ASSSB with NTOC and a Na2Sn anode;
long-term cycling performance of NNMO ASSSBs with 4.0 V vs Na3Sn cutoff potentials at different applied pressure (d) 250 MPa and (e) 50
MPa and the corresponding voltage profiles (f). The first two cycles were conducted at a 0.1 C rate followed by a C/3 rate. The composite
cathode consisted of NNMO-NTOC-Super P carbon (67:30:3 wt.%); NTOC and Na4(CB11H12)2(B12H12) were used as the solid electrolyte
layer facing counter electrode and reference electrode, respectively.
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conductivity. Notably, there was only a single, miniscule
spinning sideband for the main NaTaOCl4 phase, and the
central transition signal can be very well fit by a single
Lorentzian component, which indicates motional narrowing
owing to the high mobility of the Na ions.42 For an amorphous
Na-containing material without motional averaging of the line
shape by diffusion, a distribution of quadrupolar couplings
would be expected, which would significantly broaden the
central transition.43

To further elucidate the Na+ local motional dynamics, static
23Na saturation recovery measurements of the longitudinal
relaxation rate, T1, were performed as a function of
temperature. The resulting Arrhenius plot (Figure 2d)
demonstrates a low activation energy of 0.110 eV over the
temperature range extending from 273 K to approximately 353
K, which indicates fast Na+ local motion comparable with what
has been measured using this technique for Ga-doped layered
Na2Zn2TeO6 and Na-doped SrSiO3,

44,45 and half of what has

been reported for Na3PS4, Na3B5S9 and NASICON-type
Na3.4Sc2(SiO4)0.4(PO4)2.6.

46−48 Interestingly, above 353 K
and to the maximum temperature that the magnet shim can
withstand (398 K), there is a marked inflection in the
Arrhenius plot, and a significantly lower-activation relaxation
process begins to dominate. Correspondingly, there is a
considerable shift in the 7.33 ppm peak position toward the
primary (−10 ppm) signal and concomitant broadening of
both signals (Figure S8) indicative of exchange approaching a
coalescence point.42 This implies that the ion conduction
mechanism begins to change above 353 K and there is
increased participation from the NaCl population, potentially
indicating that NaCl could be defective and become
exchangeable at elevated temperatures.

The stability voltage range of NaTaOCl4 measured with
linear sweep voltammetry (LSV) (Figure 3a) demonstrates a
high oxidation potential of 4.0 V vs Na+/Na determined by the
Cl− anion framework. The reduction potential is 2.45 V vs

Figure 4. (a) Nyquist plots and the corresponding fit of the NNMO ASSSB at the initial and 80th charge to 3.5 V vs Na3Sn; the inset is the
equivalent circuit used to fit the EIS data; (b) summary of the fitting results; (c) Ta 4f and (d) Cl 2p XPS spectra of pristine NTOC and
cycled composite cathodes with 3.9 and 4.4 V vs Na3Sn cutoff potentials, the spin doublet components are shaded with the same color for
each spectrum. The XPS peaks of cycled composites shifted to higher binding energy by ∼0.2 eV compared to bare pristine NTOC, which is
attributed to the effect of mixing conducting cathode active material and carbon. The XPS spectra for the same element are on the same
intensity scale.
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Na+/Na as dictated by Ta5+ reduction. Taking its electro-
chemical stability window into consideration, P2-type
Na2/3Ni1/3Mn2/3O2 (NNMO) was chosen as the high voltage
cathode to demonstrate NTOC’s electrochemical properties.
Phase-pure micron-sized NNMO (Figure S9) was synthesized
following previously reported procedures.49 Using an uncoated
NNMO positive electrode and a Na3Sn/Na2Sn negative
electrode, ASSSBs were fabricated. The sloping reference
potentials of Na3Sn and Na2Sn are about ∼0.10 and 0.14 V vs
Na+/Na respectively (Figure S10). A thin layer of
Na4(CB11H12)2(B12H12) (Figure S11) was used to separate
NTOC from Na3Sn/Na2Sn to prevent its reduction.16 The
cathode composite consisted of 67 wt % NNMO, 30 wt %
NTOC and 3 wt % Super P carbon with a moderate cathode
loading of ∼9 mgNNMO·cm−2. Even though the as-synthesized
NTOC comprises micron-sized large particles, after initial
cathode composite mixing, the SEM images and energy-
dispersive X-ray spectroscopy (EDX) maps (Figure S12) show
that NTOC is well distributed and forms a semiuniform thin
SE coating on the NNMO, due to its relatively soft nature.
Such a semiuniform coating and addition of conductive super
P carbon enable Li-ion and electron percolation within the
cathode composite. ASSSBs were cycled with different cutoff
potentials of 3.9 V, 4.0 V, 4.3 and 4.4 V vs Na3Sn at room
temperature (Figure 3b). At a 0.1 C rate, a 100% initial
Coulombic efficiency (ICE) was achieved for cells cycled to
3.9 and 4.0 V vs Na3Sn, and the cell cycled to 4.3 V also
exhibited a high ICE of 98%. This highlights the intrinsically
high oxidation stability of NTOC and its good chemical and
electrochemical stability with high voltage cathodes. Only
upon cycling the cell to 4.4 V vs Na3Sn was a lower ICE of
90.5% obtained, (partially due to the oxidation of NTOC)
which led to increased cell internal resistance and thus lower
discharge capacity. Cross-sectional SEM images (Figure S13)
demonstrate that the NNMO particles maintained good
contact with NTOC SE after multiple cycles. Na2Sn was
used as an anode material instead of Na3Sn for rate cycling to
avoid dendrite growth at high current densities, and showed
excellent rate capability for the NNMO ASSSB (Figures 3c,
S14a).
The NTOC ASSSBs also exhibited good cycling stability

using upper cutoff potentials of 4.0 and 4.3 V vs Na3Sn
(Figures 3d, S14b-c). With a 4.0 V cutoff potential, only
Ni2+/3+ redox is active. However, increase to a 4.3 V cutoff
potential leads to Ni3+/4+ and oxygen redox activity, along with
a phase transformation from P2 to O2 and a large volume
shrinkage (∼23%), which leads to faster capacity fading for
both liquid and solid state cells.50,51 While within the stability
voltage window of NTOC, cells cycled below 4.0 V still exhibit
gradual capacity fading, which could be attributed to
mechanical effects. When NNMO is charged to 4.0 V, only
1/3 Na+ is extracted, leading to a low (∼1.25%) volume
expansion.52 Thus, the cathode composite will not suffer from
dramatic volume changes during Na+ deintercalation/insertion.
However, the Na−Sn alloy anode does exhibit a large volume
expansion of 25% on Na insertion from Na3Sn to Na15Sn4
upon charging.53 During extensive cell cycling, repeated
volume expansion and extraction of the Na−Sn anode together
with the high applied external pressure will lead to dynamic
strain and release within the entire cell, gradually degrading the
cell materials and lowering the capacity. Fortuitously, with a
much lower applied pressure of 50 MPa, ASSSB (Figure 3e, f)
showed the same initial discharge capacity but better capacity

retention of 89.5% than the 82.0% provided for cells cycled
under 50 MPa pressure over 250 cycles (Figure 3d).

To further demonstrate the chemical and electrochemical
stability of NTOC with NNMO, EIS measurements were
conducted after the cell was first charged to 3.5 V vs Na3Sn and
then cycled between 2.5 to 4.0 V for over 80 cycles, stopping at
each cycle at 3.5 V for the EIS measurement (Figure S15). The
cell internal resistance increased between the initial impedance
and that recorded after the 80th cycle (Figure 4a). The fitting
results are summarized in Figure 4b (the equivalent circuit
model is shown in the inset of Figure 4a): RSE represents the
bulk SE separator resistance, which decreased from 67.7 Ω to
58.2 Ω due to consolidation during long-term cycling.54,55 The
cathode composite resistance (RCAM) was 51.4 Ω after the
initial charge to 3.5 V, and increased to 140 Ω after the 80th
charge. However, the charge transport and charge transfer
within the cathode that includes ionic, electronic, and
interfacial contributions cannot be separated. The overall
cathode resistance increase could be attributed to the
electrochemical oxidation of NTOC, a chemical reaction
between NTOC and NNMO, Na+ diffusivity variation of
NNMO at different desodiation degrees,56 or contact loss
between NTOC-NNMO due to cell volume changes after
extensive cycling. The 100% ICE (Figure S15) does prove
NTOC’s high oxidation stability and chemical compatibility
with NNMO when charged to only 4.0 V vs Na3Sn. Owing to
the increased cell internal resistance, the cell charged to 3.5 V
at its 80th cycle deintercalated less Na+ from NNMO
compared to the initial charge due to higher overpotential
and volume changes from the Na3Sn anode that further led to
increased charge transfer resistance within the cathode
composite. The anode interfacial resistance (Ranode/SE) also
almost doubled from 11.6 Ω to 20.4 Ω (Figure 4b). As
Na4(CB11H12)2(B12H12) is stable with Na metal,16 the increase
in Ranode/SE is also due to the volume change of Na3Sn during
c y c l i n g , w h i c h g r a d u a l l y p u l v e r i z e s t h e
Na4(CB11H12)2(B12H12)/Na3Sn interfacial layer. This can be
attributed as another main reason for capacity fading.
Ex situ X-ray photoelectron spectroscopy (XPS) analysis was

further conducted to determine the nature of the possible
degradation products between NTOC and NNMO. Cells were
first cycled at a 0.1 C rate for 10 cycles with 3.9 and 4.4 V vs
Na3Sn cutoff potentials (Figure S16), then XPS measurements
were conducted at the discharged stage on the top surface of
the cathode composites. The Ta 4f XPS spectra (Figure 4c)
exhibits no obvious changes after cycling to 4.4 V compared to
pristine NTOC. A small Na 2p signal was observed only for the
cell cycled to 3.9 V. The Cl 2p spectra (Figure 4d) displayed
no noticeable change between pristine NTOC and the sample
cycled to 3.9 V. However, when cycled to 4.4 V, Cl 2p spectra
exhibited new peaks at higher binding energy, indicating the
presence of oxidation products of Clx−, corresponding to the
electrochemical degradation of oxychloride SE.57 However,
these results confirm the high oxidation and chemical and
electrochemical stability of NTOC with high voltage cathodes
up to 4.0 V vs Na+/Na.

In summary, we present a sodium fast ion conductor
oxychloride - NaTaOCl4 - synthesized by a gentle mechanically
initiated reaction without requiring long-duration high energy
ball-milling or high temperature sintering. In contrast, initial
reports of LiTaOCl4 cited the need for 30−40 h of
mechanochemical synthesis which is not commercially
viable.20,21 Amorphous NaTaOCl4 exhibits a high ionic
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conductivity of 1.2 mS·cm−1 and a low activation energy of
0.31 eV. Solid-state 23Na NMR confirms fast Na+ local motion.
Excellent chemical and electrochemical stability between
NTOC and NNMO are observed on cycling up to 4.0 V vs
Na3Sn. Even with a 4.3 V vs Na3Sn cutoff potential, ASSSB still
sustains relatively stable cycling. XPS and EIS analysis revealed
the presence of a clean NNMO/NTOC interface up to a cutoff
potential of 4.0 V vs Na+/Na. Overall, this work demonstrates
metal oxychloride Na+-ion conductors are promising SEs for all
solid-state sodium batteries and can be synthesized through a
spontaneous acid−base reaction with simple mixing allowing
for mass production. This approach could be also applied to
other reported oxychloride SEs.22,35 Nearly all halide solid
electrolytes are based on rare-earth or rare metals, so future
work should also focus on cost-effective and environmentally
friendly solutions for recycling ASSBs to recover these rare-
earth or rare metals and to lower the cost of ASSBs and achieve
a circular economy.58
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