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Abstract

Over the last decade, anti-perovskites have drawn significant attention as potential solid-electrolytes for solid-state batteries.
Due to the increase in consumption of lithium, there has been a push towards next generation batteries, including sodium-ion
batteries. The first representative of the material class of sulphate hydride anti-perovskites, NasSO4H, was synthesized by solid-
state methods as a possible electrolyte for sodium solid-state batteries. Structural characterization confirms the results
reported in literature with P4/nmm space group Thermal measurements (DSC and TGA) reveal the stability of the material up
to 633 K with Hz release beginning shortly after. Here were report the first electrochemical measurements of this new sulphate
hydride anti-perovskite with room temperature conductivity of 4.0 x 10”7 S/cm. Similarly, the electronic conductivity was also
measured by Direct Current (DC) experiments to understand a non-linear Arrhenius plot of the conductivity. From the EIS and
DC measurements, it is suggested that the electronic and ionic conductivities of this material fall in the same range at room
temperature. Upon heating, the material becomes a mainly ionic conductor, explaining the change in the activation energy
values in the Arrhenius plot (0.83 eV at low T and 0.24 eV at high T). Solid-state NMR hints at defects in the structure that
correspond to Nal and Hb-c-d dynamics.
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1. Introduction

Next generation energy storage devices are driven by the limitations of lithium-ion batteries. To overcome these limitations, solid-
state batteries (SSBs) have been of great interest due to their potential for increased safety and higher energy density.[1] In the
last decade, anti-perovskite electrolytes have drawn significant attention as solid electrolytes for use in SSBs.[2-5] Anti-
perovskites are charge inverted perovskites, first reported in 1981, with a general formula XsBA where X is a monovalent cation,
ideally the mobile species, B is a divalent anion and A is a monovalent anion.[6] Similar to perovskites, the flexibility of anti-
perovskite chemistry enables the design and synthesis of many different anti-perovskite compositions.[5,7-9] The majority of the
publications produced for anti-perovskites have shifted towards predicting new crystal structures with high ionic conductivities
through DFT calculations.[9-12]

Over the last decade, lithium-rich anti-perovskites (LiRAPs) have reported conductivities exceeding 102 S/cm[13] and
electrochemical stabilities up to 9 V versus Li*/Li.[2,14,15] Although these results are ideal for SSBs, they are rarely reproduced.
Most of the LiRAPs phases are hydrated phases with the general formula LizxO1.xHxA (X: Cl, Br).[16] For all of the reported LiRAPs,
conductivities vary from 2.5 x 102 S/cm down to 1.2 x 10® S/cm at room temperature.[13,17] This variance in results poses a
question to their chemical and electrochemical stabilities and their possible use as ionic conductors. Besides the conductivity
values, there is also significant ambiguity of the room temperature crystal structure of these LiRAPs.



Approximately three-quarters of the world’ s production of lithium precursors are being consumed by battery manufacturing
which is up 300% in the last decade.[18,19] Lithium’ s popularity in portable batteries is owing to its lightweight and size. The next
apparent candidate is sodium which is the sixth most abundant element in earth’ s crust and has driven a push towards post-
lithium solid electrolytes, including B-Al203[20], NASICON[21-23] and sodium thiophosphates and the like[24,25].[26]

Recently, MsHCh (M = Li,Na and Ch = Chalcogenides) with an ionic conductivity of 10* S/cm at 473 K reported for
Na2.9HSeo.9l0.1.[27,28] This brings the attention to the new family of hydride anti-perovskites with compositions NasAO4X (A=S,Se
X=H,F,Cl) NaRAPs have been predicted and/or synthesized with the highest conductivity (predicted) of Na3SO4FosClo.s being 8.1 x
103 S/cm at 300 K.[7,27,29] Of these compositions, only two phases have been successfully synthesized, Na3SOsH and NasSO4F,
and the second one has a reported conductivity value of only 2.44 x 108 S/cm at 313 K.[7,27,29] In this work, we investigate the
new sulphate hydride Na3SO4H anti-perovskite and focus on the electrochemical behavior of this composition as a solid electrolyte
candidate for Na-ion batteries.

2. Experimental

2.1 Materials Synthesis

To synthesize Na3SO4H, a 1:1.1 stoichiometric ratio of dried sodium sulfate (Fisher Scientific, Na2SO4, anhydrous, 99+%) and
sodium hydride (Sigma Aldrich, NaH dry, 90%, stored in glovebox) was used. For the doped samples, Na3-2xMxSO4H (x = 0.05, 0.2 and
M: Mg, Ca), x moles of dried MgS04 and CaSO4 were added stoichiometrically to partially substitute Na2SOa. The powders were mixed
by planetary ball-milling using a Fritsch Pulverisette 7 Premium mill, 45 cc zirconia jars and 10 x 10 mm zirconia balls. The milling
duration was 24 hours and the ball to powder weight ratio was of 32:1. Na2S04, MgS0s, CaSOs were dried overnight and stored in
an Ar filled glovebox and all synthesis was performed under Ar atmosphere due to the moisture sensitivity of the sample and
precursors.[27] After milling, the powder was pressed into a 600 mg pellet (diameter = 13 mm) placed in an alumina crucible and
sealed in a steel autoclave with 30 bars of Hz pressure. The pellet was then annealed at 613 K for 12 hours under Hz with a heating
ramp of 5 K/min and cooled at approximately 0.5 K/min.

2.2 Powder X-ray diffraction

Powder X-ray diffraction of the ball-milled and annealed powders were measured using a Bruker D8 Discover diffractometer
in reflection geometry with Cu radiation where Aka1 = 1.54060 A and A2 = 1.54439 A with a 26 range between 10° and 50° and a
0.02° step size and 0.9 s per step. Due to the sensitivity of samples to moisture and air, the powder diffraction was performed
using a homemade airtight sample holder with a Be window.[30] The unit cell parameters were refined using the LeBail fit method
with the FullProf software.[31]

2.3 Thermal Analysis

Thermal measurements were performed in a glove box in a Pt-Rh+Al203 crucible using a NETZSCH STA 449 F3 thermal analyzer
(TGA) coupled with differential scanning calorimetry (DSC) from 313 K to 823 K at a heating rate of 5K/min. The calorimetry
measurements were also coupled with a mass spectrometer to measure any gas release.

2.4 Electrochemical Characterization

Electrochemical impedance spectroscopy (EIS) measurements were performed on 13 mm diameter pellets pressed at 5 tons
in a stainless-steel die using a hydraulic oil press (i.e. Pressure = 380 MPa). The pellet’ s compacity was calculated by taking the
density of the pellet and dividing it by the crystallographic density, resulting in a compacity of approximately 78%. The powder
was pressed between 2 pieces of Papyex® (flexible graphite) foil which served as malleable contacts to the gold blocking
electrodes. The pellet was then placed in a Biologic CESH cell, sealed in the glovebox under Ar atmosphere and measured using a
Biologic MTZ-35 impedance analyzer between 30 MHz and 0.1 Hz with a 50-mV voltage perturbation.

The Nyquist plots were fit using ZView software. In the equivalent circuit used, a constant phase element is used in place of a
capacitor due to the non-perfect nature of the capacitance of ions in the material. The first CPE1-R in parallel correspond to
impedance of the bulk material and the CPE2 corresponds to the interface of the solid electrolyte with the ion blocking electrodes.
The EIS measurements were performed between 298 K and 373 K.

Chrono-amperometry, direct current, (DC) measurements were performed using a Biologic VMP3-128 potentiostat between
50 mV and 250 mV with 50 mV increments and current measured at each potential for 2 h. The sample was pressed between two
10 mm stainless steel pistons inside a polyacrylate matrix at 3 tons (380 MPa). This polyacrylate assembly was placed in a
homemade device and tightened with a wrench with 21 N.m of torque to maintain pressure during the DC measurements. Finally,
this homemade device was sealed in an airtight jar with sealed electrical connections.



2.5 Solid-State Nuclear Magnetic Resonance Spectroscopy

Solid-state NMR measurements at room temperature were performed on Bruker Avance Neo 20 T spectrometer, Avance | 9.4 T
and Avance Il 4.7 T spectrometers, using Bruker 4 mm probes. Samples were packed in 4 mm outer-diameter zirconia rotor in an
Ar glovebox and spun at 10 kHz under N2 gas for all the measurements of this study. Data were Fourier transformed without
apodization. For 1D spectra, baseline distortion was corrected in dmfit[32] with the spline-on-spectrum function, followed by a fit
(details in Sl). Shifts were referenced to aqueous NaCl (1mol.L™) at 0 ppm for 2>Na and pure TMS at 0 ppm for *H.

High-resolution MAS-NMR 1D spectra were recorded at 20 T. The 22Na spectrum was recorded with a single pulse excitation
of duration 0.7 us at 150 W for 2Na (/18 to be quantitative). The recycling delay was 1s for 2Na and 256 transients were
coadded. A single pulse of duration 3.75 ps at 100 W (67 kHz) was used for *H after 1 h polarization in the magnet, as longitudinal
relaxation was very slow.

The two-dimensional *H-?>Na HETCOR spectrum was recorded at 9.4 T. A saturation sequence was performed, followed by a
relaxation delay of 70 s for *H. The cross-polarization step lasted 1.5 ms with RF fields of 70 kHz for H and 60 kHz for *Na. The Na
dimension was recorded without H decoupling. 48 increments were recorded in the indirect dimension with a dwell time of
100 us. 64 transients were coadded for each increment. Experimental time ~15 h.

The 22Na MQMAS spectrum was recorded in the same conditions. A short 4 ps excitation pulse was followed by an evolution
delay and a 3.25 ps reconversion pulse (500 W). A short z-filter of 100 us was applied before acquisition with a selective pulse (25
us at a RF field of 5 kHz). The indirect dimension was recorded with 64 increments with a dwell time of 100 ps. 720 transients were
coadded for each increment, with a relaxation delay of 1 s. Experimental time: ~14h.

The temperature NMR study and EXchange SpectroscopY (EXSY) experiments were performed at 4.7 T. A single pulse excitation
of duration 0.419 ps at 80 W (/18 to be quantitative) was applied for the 22Na 1D spectra, with a recycling delay of 2 s and 256
or 128 scans. 'H NMR data were collected using a 3.13 s single pulse at 41.3 W (80 kHz) and the same procedure as in the
paragraph above. The sensor reading is directly reported without further calibration as no obvious change was observed.

The 2D 23Na-?3Na EXSY data were obtained at room temperature with the same setup. The recycling time was 0.8 s and 32
transients were co-added for each increment; 416 increments were recorded with a dwell time of 100 us. No recoupling was
applied during the mixing times. 2D spectra were obtained for mixing times of 100 us, 20 ms and 200 ms (3h30 each).

3. Results and Discussion

Anti-perovskites (X3sBA) are characterized by (BXs)** octahedra within an A matrix. However, the recently reported hydride anti-
perovskites NasSOsH and MsHCh (M = Li, Na and Ch = chalcogenide) inverse the A and B sites where the H monovalent anion sits
on the B site and the chalcogen or divalent polyanion sits centered on the A site. With the H  on the B site, (HXs)°* octahedra are
present. Recently, the structure of NasSOsH was solved by Mutschke et al. [27] Like perovskites, the anti-perovskite structure can
be characterized by the Goldschmidt factor and for NasSOsH has a t = 0.475 which deviates significantly from the ideal value of
1.[33-35] It is hypothesized that the octahedral distortions resulting in a tetragonal structure accommodate the different ionic
radii to stabilize the structure. Due to the high coherent scattering of hydrogen atoms, the crystal structure of NasSOsH was solved
using powder neutron diffraction on a deuterated sample NasSO4D crystallizing in P4/nmm space group with a = 7.00530(5) A and
c=4.85822(4) A.[27]

Contrary to traditional anti-perovskites with a cubic halide framework and OXs octahedra, the structure of NasSOsH is
composed of SO4% framework with HNas>* octahedra (cf. Fig. 1a). More specifically, these octahedra are slightly distorted with the
H- sitting at an octahedral interstitial. Because of the tetragonal geometry of the SO4% polyanion, we expect these polyanion to
rotate and accommodate sodium mobility within the structure. The rotational nature of polyhedra has shown increased
conductivity in other ionic conductors through the paddlewheel effect. [36]
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Fig. 1. a) Unit cell structure of Na3SO4H reproduced from crystallographic data from reference [27] with Nal (4e) atoms in cyan and Na2 (2c)
atoms in blue, H in grey (octahedral site), S in yellow, and O in red. b) LeBail fit (black line) of annealed NasSO4H with experimental data in
red circles, Bragg reflections in green with their corresponding (hkl) indices, and the difference plot in blue.

Studies have been performed on the different Frenkel and Schottky defects present in anti-perovskites where lattice
distortions can lower activation barriers for Li*/Na* motion.[8,37] Because of the orientation of the SO4> tetrahedra, a slight
distortion in the HNas octahedra is observed where the H anion does not sit exactly at the octahedral interstitial site. Although
variations from the ideal cubic anti-perovskite (Pm3m) might tend to reduce the stability and increase the energy above the hull,
the tetragonal NasSO4H was reproduced in this work and found to be thermodynamically stable.[8,27]

Mechanochemical synthesis has shown success at synthesizing metastable phases and more specifically synthesizing anti-
perovskite phases.[38-40] The diffractogram of the ball-milled (SI Figure S1) sample does not reflect a completed synthesis and
shows some extra peaks that do not correspond to precursors nor the targeted Nas3SOsH phase. The extra peaks were not
attributed and disappeared after annealing at 613 K. After annealing, the synthesis of Na3sSOsH is confirmed as shown in Fig. 1b
with refined unit cell parameters of a = 7.00552 (19) and ¢ = 4.85915 (25).

The DSC and thermogravimetric analysis (TGA) of the annealed sample suggests stability of the compound up to 633 K with
0.72 % mass loss up to 773 K (Fig. ). An initial endothermic peak at 659 K with an onset temperature around 633 K corresponds to
H2 release and is confirmed by a small peak at 661 K in the mass spectra for m/Z = 2. This weight loss of 0.72 % is in rather good
agreement with the H content of the NasSO4H compound (0.61 wt.%). This endothermic peak is followed by an exothermic peak
at 702 K which is assumed the continued exothermic release of H2. No phase transitions or thermal events were visible between
298 K and 633 K.
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Fig. 2. TGA (blue) and DSC (pink) at 5K/min of annealed Na3SOsH

Following the thermal characterization of annealed NasSOsH, both alternating current (AC), EIS, and direct current (DC),
chrono-amperometry, measurements were performed and reported in this work for the first time. The temperature EIS
measurements are summarized in Fig. with the Nyquist plots (a) and an Arrhenius plot of the conductivity (b) in which both the
ball-milled sample (black) and the annealed sample (red) are compared. In Fig. a, the resistance gradually decreases with
increasing temperature which is characteristic of an ionic conductor. Furthermore, the Arrhenius plot in Fig. b shows the ball-
milled sample has a lower conductivity than the annealed sample by approximately three to four orders of magnitude at room



temperature. The room temperature conductivity is around 4.0 x 10”7 S/cm for annealed Na3SOsH and 1.0 x 10° S/cm for the ball-

milled sample.

For the annealed sample, two separate linear regions are observed Fig. b, a high temperature region and a low temperature
region, each with their own activation energies. For the low temperature region, between 298 K and 323 K, the measured
activation energy is 0.83 eV. Comparing this value to a similar composition (NasSO4F, Ea = 0.275 eV) reported in literature, the low
temperature activation energy is three times higher.[29] Conversely, the high temperature region, between 333 K and 373 K, has
an activation energy of 0.24 eV which falls close to the 0.275 eV reported for Na3SOa4F.
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Fig. 3. a) Nyquist plots of temperature EIS measurements of annealed NasSO4H with a zoom of the higher temperatures in the inset. b)
Arrhenius plot of the conductivity values of NasSO4H extracted from the Nyquist plots with the equivalent circuit on the bottom left, the
ball-milled sample in black, and the annealed sample in red, and their respective activation energies.

This difference in activation energy is often attributed to a phase transition within the material. According to the thermal
measurements, especially by DSC, there is no phase transition within this temperature range. Solid electrolytes are usually
characterized by a high ionic conductivity but the electronic conductivity of solid electrolytes must also be sufficiently low to avoid
self-discharge and any parasitic side reactions.[41-43] The non-linear evolution (change in activation energy) of the Arrhenius
plot for the annealed Na3SOsH sample could be due to similar values for the ionic and electronic conductivities at lower
temperatures. In order to characterize the electronic conductivity, chronoamperometry (DC) measurements were performed on

the annealed sample as shown in Fig. 4a.
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The sample was subjected to 50 mV to 250 mV potentials in 50 mV increments for 2 h each to allow for current relaxation. The
electronic resistance of 2.9 MQ at room temperature was extracted using Ohm’s law (V = IR) (cf. Fig. 4b). This resistance
corresponds to an electronic conductivity of 4.4 x 10 S/cm at room temperature. This phenomenon of mixed electronic ionic
conductor creating a non-linear relationship between conductivity and temperature was also reported in LizOCl anti-perovskites
synthesized by radiofrequency magnetron sputtering.[44] Taking a closer look at the activation energy of the annealed sample,
there is a decrease in activation energy from 0.83 eV at the low temperature range to 0.24 eV at high temperatures. It is assumed
that the electronic conductivity contribution is too low compared to the ionic conductivity to have a significant effect on the total
conductivity. We suggest then, the change in activation energy is due to an effect of grain boundary and/or a change of defect
association at low temperature (carriers trapped/untrapped at low/high temperature, respectively).

In their work [28], Mutschke et al. reported Na and *H NMR measurements on Na3SO4H of which they identified two sodium
sites in the P4/nmm tetragonal structure and two hydrogen sites of which one came from Na3SOsH and the other from impurities
which were unidentified and unexplained by X-ray diffraction. Surprisingly, the authors reported a quadrupolar constant Cq of
0 MHz for the Na2 (2c) site, despite the fact that the local symmetry is not isotropic (4mm symmetry). Fig. 5a shows the *Na
Multiple Quantum Magic Angle Spinning (MQMAS) NMR measurement at 9.4 T and its fit. In good agreement with the former
study, two main Na sites are found: Nal (4e) at 5.5 ppm (Ca = 1.41 MHz) and Na2 (2c) at 14.1 ppm (Ca = 300 kHz). Three additional
Na environments were necessary to provide a reasonable fit: Na3 next to Nal at 4.4 ppm (Cq = 1.74 MHz), and two environments
close to Na2 (Na4 and Na5) at 12.4 ppm (Cq = 1.02 MHz) and 12.7 ppm (Ca = 660 kHz), respectively. The details of the fits are
available in SI. MQMAS experiment is inherently not quantitative, so we turned to a 2>Na short pulse MAS-NMR 1D spectrum.

A ?3Na 1D spectrum was recorded at 20 T for better resolution (Fig. 5b) and to determine the relative amount of each
crystallographic Na site and the contribution of the additional environments. A reasonable fit was obtained with the same model
as that used for the MQMAS experiment (extra intensity is observed between 7 and 11 ppm, due to the excitation of the center
band of satellite transitions). As expected, the lineshape of the peaks is less distorted and less shifted by quadrupolar interaction
at 20 T compared to 9.4 T. The fit indicates that Nal (4e) and Na2 (2c) contribute to 75mol% of the total signal, with a relative
ratio of 61:39 (close to the expected 66:33 ratio). Three other Na environments account for 14.6mol% (Na3), 6.4mol% (Na4) and
1.6mol% (Na5) of the total Na signal. Na3 and Na4 are assigned to defective environments in Na3SOsH as discussed in the next
paragraphs. Na5 and an extra environment (Na6 at 17.4 ppm, 2.5%, not detected in the MQMAS), are tentatively assigned to
impurities.

Fig. 5¢ shows the 'H NMR spectrum at 20 T and its fit. The peak assighed to *H(a) in Na3SOsH was fitted with a chemical shift
of 2.9 ppm, in agreement with the previous study, and amounts to 78% of the 'H signal. At least three sites were identified near -
3 ppm (Hb:15.2%, Hc:6.1% and Hd:0.7%), a relatively unusual electron-rich environment for 'H that was assigned to impurities by
Mutschke et al.

The NMR spectra of the precursors were measured and do not match with these extra 'H signals. So, we investigated these
extra H environments at negative shifts at 9.4 T with a *H-23Na HETCOR 2D spectrum. Fig 5d shows, as expected, the correlation
between the H(a) environment at 2.9 ppm and the two Nal(4e) and Na2(2c) crystallographic sites of NasSOsH. This correlation
corroborates the relatively slow dynamics of *H and %>Na in the sample, which is not fast enough to average out *H and ?>Na
heteronuclear dipolar couplings. Interestingly, the *H(c) environment at -3.9 ppm also correlates to Nal and Na2. Another set of
correlations is obtained for H(b), with Na3 and Na4. H(d) / Na5 are not visible in the 2D-HETCOR spectrum, either because each
belongs to a phase without 22Na/*H atoms (respectively), or because the intensity of their peak is too low. Altogether, these results
prompt us to suggest that *H(c) and H(b), Na3 and Na4 are rather signatures of H defect sites (or close to defects) in Na3SOa4H,
while *H(d) and Na5 would be impurity phases from the synthesis.
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In order to understand the ionic mobility of the hydride and sodium ions, 23Na solid-state NMR spectra of the annealed Na3SO4H
sample were measured at temperatures going from 303 K to 423 K with a dedicated WVT probe in a 4.7 T spectrometer (Sl Fig.
S5). The 23Na spectra are not resolved enough at 4.7 T to constrain properly a fit with 5 contributions varying with temperature.
We therefore comment qualitatively the evolution of the spectra. At room temperature, the peak maxima, assigned to the Nal
and Na2 sites, are 1750 Hz apart. Going up in temperature to 423 K, the difference between peak maxima lowers slightly to
1530 Hz, with no noticeable narrowing for Na2 but a decrease in the width in the 10 to 20 ppm region. This is most probably due
to increased dynamics and is compatible with a mechanism of ionic conduction through Nal ions and possibly Na3.

Exchange-spectroscopy (EXSY) 2Na-22Na measurements with mixing times up to 200 ms (Sl Fig. S6) did not detect any exchange
between the two types of Na sites at room temperature, excluding Na hoping between Nal(4e) and Na2(2c) sites as the main



ionic diffusion pathway. It is worth noting that this does not provide information about site jumps between equivalent sites (Nal-
Nal or Na2-Na2). This could be investigated through longitudinal T1 relaxation measurements in the future.

IH NMR measurements were also performed to probe changes in mobility through lineshape analysis from 303 to 423 K, but
the H(a) peak in NasSO4H did not show any significant change (less than 5% narrowing). The H(b-c-d) peaks, not well-resolved at
4.7 T, were fitted with a single gauss-lorentzian line. Its width narrows slightly from 1.7 ppm to 1.3 ppm, as well as the gaussian to
lorentzian ratio (from 90% gaussian, to 58% gaussian and 42% lorentzian) from 303 to 423 K. These results indicate a slight
increased dynamic of Hb-c-d atoms.

In this temperature range, the potential increase in dynamics of Na2 and Ha with temperature is not noticeable. However, the
data indicate a slightly increased mobility of the hydride sites Hb-c-d and of the sodium ion Nal/Na3. More studies will be
necessary to identify the most mobile ion.

Lastly, some attempts at introducing defects to increase ionic conductivity were attempted. For these attempts, divalent
cations were to replace the sodium ion in Na3SOsH with the theoretical formula Naz.»M\SOsH (M: Mg®, Ca?*). The XRD
measurements of the doped samples showed the appearance of new unidentified peaks (not corresponding to precursor peaks)
and some changes in intensities of the existing peaks, suggesting unsuccessful doping. Furthermore, the conductivity
measurements resulted in lower conductivity values, therefore these studies were concluded.

4. Conclusion

The sodium-rich anti-perovskite NasSOsH which crystallizes in the P4/nmm space group was reproduced from literature with
the first reports of its electrochemical properties reported in this work. The structural characterization relates closely to that
performed by neutron powder diffraction. Thermal measurements do not show any phase transition below 623 K and show
hydrogen release beginning at 633 K. To understand the electrochemical properties, EIS and DC measurements were performed
in which the conductivity was 4.0 x 10”7 S/cm at room temperature. Further investigation of the electrochemical behavior by DC
measurements was performed to understand the temperature evolution of conductivity with a room temperature electronic
conductivity of 4.4 x 10 S/cm. Furthermore, solid-state *H and Na high-resolution MAS-NMR revealed more complex sodium
and hydrogen environments in NasSO4H, with hydride defects that may influence ionic conduction. The MAS-NMR spectra were
measured up to 423 K and demonstrated a limited evolution of the lineshapes for hydride defects and for the Nal(4e) site.
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