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ABSTRACT:

Sulfide-based Na-ion conductors are promising candidates as solid-state electrolytes (SSEs) for
fabrication of solid-state Na-ion batteries (NIBs) because of their high ionic conductivities and
low grain boundary resistance. Currently, most of the sulfide-based Na-ion conductors with high
conductivities are focused on NaszPS, phases and its derivatives. It is desirable to develop Na-ion
conductors with new composition and crystal structure to achieve superior ionic conductivities.
Here we report a new quaternary Na-ion conductor, NajogSnioPSi1, exhibiting a high ionic
conductivity of 0.67 mS cm™ at 25 °C. This high ionic conductivity originates from the presence
of a large number of intrinsic Na-vacancies and three-dimensional Na-ion conduction pathways,
which has been confirmed by single-crystal X-ray diffraction and first-principles calculations.
The NajggSn1 oPS;116 phase is further evaluated as an electrolyte in a Na-Sn alloy/TiS, battery,

demonstrating its potential application in all-solid-state NIBs.

Key words: solid-state electrolyte, sodium-ion conductor, sodium-ion battery, single crystal X-

ray



1. INTRODUCTION

Na-ion batteries (NIBs) are considered as alternatives for Li-ion batteries because of the similar
electrochemistry, great abundance and wide distribution of Na resource, and huge cost advantage
[1-9]. Conventional organic liquid electrolytes for NIBs can raise severe safety concerns due to
their volatile and flammable nature and the high reactivity of Na metal or Na anode at low
potentials [10-14]. Replacing organic liquid electrolytes with solid-state electrolytes (SSESs) is
believed to address these severe safety issues of NIBs [15-21]: however, the challenges in

developing Na-ion SSEs are significant.

Ceramic oxide and glass-ceramic sulfide Na-ion conductors have been explored as potential
candidates for SSEs. Among the ceramic oxides, NASCON-type SSE (Nap+xZr2SixP3;—x012 with 0
< x < 3) and p-alumina possess high room-temperature ionic conductivities over 1 mS cm™
[22-26]. However, the difficulties to process ceramic oxides into electrode structures due to the
harsh synthesis conditions (e.g., high synthesis/annealing temperature of over 1000 °C) and poor
electrode material-electrolyte interfacial contacts continue to make their application in batteries
challenging [27-29]. Compared to ceramic oxides, sulfides SSEs are soft in nature and have low
grain boundary resistance, which can facilitate the integration with electrode materials into
batteries by simple cold/hot pressing [30, 31]. A glass-ceramic sulfide with cubic NazPS, crystals
has been reported for use in solid-state NIBs with a high room-temperature ionic conductivity of
0.2~0.4 mS cm™ [24, 32]. Based on the same crystal structure as NasPS,, cation or anion
substitution/doping has been adopted to further boost the room-temperature ionic conductivities
[33-39]. Departing from the crystal structure of NasPS,;, a new family Na-ion conductor of
NajoMP,S;, (M=Si, Ge, and Sn), following the similar composition of Li quaternary superionic
conductor LijgMP,S1, (M=Si, Ge, and Sn) [15, 18, 40], was theoretically predicted with high
ionic conductivities (e.g., 0.94 mS cm™ for Na;oSnP;S12) at room temperature although the pure
phase has not been experimentally reported. [23, 41].

Here we report a new quaternary Na superionic conductor, NajogSn;oPSi1s, With a crystal
structure in space group l4,/acd. This new phase has a large number of intrinsic Na-vacancies
and multiple Na-ion conduction pathways, thus exhibiting a high ionic conductivity of 0.67 mS
cm™ at 25 °C. The NayogSnioPS11s phase is both thermodynamically and dynamically stable

according to first-principles and phonon calculations. It was also evaluated in terms of
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electrochemical stability and used as an electrolyte in a solid-state Na-Sn alloy/TiS; battery. The
promising electrochemical performance in the solid-state NIB demonstrates potential

applications of this new Na-ion conductor.

2. Material and methods

Synthesis. NasPSs, NajeSnP2Si2, NajosSnisP15S12, and NajosSnioPSiis were prepared by
heating the stoichiometric amounts of Na,S (anhydrous, Alfa Aesar), phosphorus lump (Alfa
Aesar, 99.999%), Sn (Alfa Aesar, 99.995%) and S (Sigma Aldrich, 99.998%) in an evacuated
quartz tube to 700 °C (0.5 °C/min). It was kept at 700 °C for 48 hours before cooling down to
room temperature at the rate of 0.1 °C/min. Brown-colored single crystal of NajogSni ¢PS;1.8was

picked out for crystal structure analysis.

Single crystal X-ray measurement. The X-ray data-sets were collected on a Bruker SMART
APEX diffractometer equipped with fine focus Molybdenum X-ray tube (1600 kW, detector at
5.8 cm, @ and o scan) at room temperature. Software programs that were used for data collection:
SMART (Bruker, 2001); cell refinement: SAINT (Bruker, 2001); data reduction: SAINT and
SADABS; solve and refine the structure: OLEX2. Further details of the crystal structure could be
obtained from FIZ Karlsruhe with deposition number CSD-433839.

Characterization of solid electrolytes. Powder X-ray diffraction measurements were performed
on a Rigaku Miniflex II spectrometer with Cu K, radiation. An XRD holder with Beryllium
window (Rigaku Corp.) was used for protecting air-sensitive materials. The Rietveld refinement
was performed using the JADE 2010 software (Materials Data Corp., California) with
polynomial background fitting model at the order of 5. The cross-section morphology of the SSE
pellet was investigated using scanning electron microscope (Nano630 FE-SEM). The elemental
ratio was determined by inductively coupled plasma emission spectrometry (ICP-AES, Perkin-
Elmer Optima 5300). For measurement of ionic conductivities, the carbon-coated aluminum foil,
served as blocking electrodes, was pressed onto both faces of the cold-pressed NajogSn; oPS11s
pellet under a pressure 400 MPa. The thickness of pellet was 0.7~1.0 mm, measured by stainless

steel digital caliper. The 2016-type coin cell was assembled in the glovebox by sandwiching the



pellet between two stainless-steel discs as current collectors. The a.c. impedance was measured
between -60 to 80 °C in the frequency range of 1 MHz to 1 Hz with an amplitude of 5 mV using
Solartron 1260. Electronic conductivity was investigated by the Hebb-Wagner polarization
method. Cyclic voltammetry of Na/NajogSn;oPS118/Sn was measured with the Na metal as
counter/reference electrode and Sn as working electrode with a scan rate of 0.1 mV s from -0.5
V to 5V (vs. Na'/Na) at 80 °C. For XPS depth profiling, a 20 eV Ar" beam with a scan area of
20*20 um?® was used. The pristine sample and the sample after CV scan were loaded in a
glovebox filled with Ar gas and transferred into the instrument (Physical Electronics VersaProbe

I1) through a vacuum transfer vessel.

Battery performance Characterization. All-solid-state Na-ion battery was fabricated by
pressing Na-Sn alloy foil and TiS, power (Sigma-Aldrich, 99.9%) onto two faces of the pressed
NasPS4-NajpgSn; oPS11 g bilayer pellet. The obtained pellet was assembled into a 2032-type coin
cell with stainless-steel discs as current collectors. All the processes were under an Ar
atmosphere. The cell was cycled galvanostatically at a current density of 4.8 mA g™ (0.02 C,
based on the theoretical capacity of TiS;), within the voltage range from 1.17 to 2.4 V using a

BTS-5V1mA Neware battery test system. The mass loading of TiS, in the full cell is 0.8 mg cm™.

First-principles, phonon and AIMD calculations. The structure of NajpgSn; oPSi11g for density
functional theory (DFT) based first-principles calculations were simplified by Na;i1Sn,PSi,,
where the positions of Na-vacancies were determined by examining all possible configurations
and further refined by the USPEX code [42], see Supplementary Tables S3 and S4. All DFT-
based first-principles, phonon, and AIMD calculations were performed by the Vienna Ab initio
Simulation Package (VASP) [43] in terms of various exchange-correlation functionals. Phonon
calculations were performed by a parameter-free mixed-space approach as implemented in our
YPHON code [44]. AIMD simulations were performed for Na;;Sn,PS;, using the VASP code in
terms of a canonical ensemble at several temperatures. Thermodynamic properties of NasPS,,
NasSnS4, Naj1SnyPSio, (and NajoSnP2Si2) were determined by the quasi-harmonic approach by
first-principles and phonon calculations [45]. More details together with first-principles, phonon,
and AIMD results are shown in Supplementary Materials including the employed Naj;Sn,PS;,
structures (for VASP calculations), structural properties, phase stability of Na;iSn,PS;, via
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phonon density of states and thermodynamic properties at finite temperatures, and diffusion

coefficients as well as activation energies of Na-ion in Na;;Sn,PS;, via AIMD simulations.

3. Results

Crystal structure of NajpsSni gPSi; g electrolytes. NajpsSn; oPS11sWas synthesized by heating
stoichiometric quantities of Na,S, Sn, P and S at 700 °C in an evacuated quartz tube (see details
in Experimental section). Figure 1a shows an X-ray diffraction (XRD) pattern of as-synthesized
powder product of the NajogSni.9PS11s. The Rietveld refinement was conducted with respect to a
new crystal structure obtained from single crystal X-ray diffraction (see below). The calculated
R-Bragg factor as low as 5.07% indicates that the phase-pure NajggSh;oPS118 powder was

successfully synthesized.

The composition and crystal structure of NaigSn;oPS11.8 Were determined by single-crystal X-
ray diffraction at 298 K with data collection and refinement details summarized in
Supplementary Table S1. The chemical formula from single-crystal X-ray diffraction is assigned
to be NagogSni19PS118. The ratio among four elements in the obtained NajpgSn; oPS118 powder
was found to be Na:Sn:P:S = 10.13:1.91:0.96:11.8 by the inductively coupled plasma (ICP)
spectroscopy, in good agreement with the results from single crystal X-ray diffraction. This new
phase has a tetragonal structure with space group 14,/acd (no. 142) with the measured lattice
parameters a = 13.5876(12) A and ¢ = 27.155(5) A. Atom Sn occupies Wyckoff position 16e
with site occupancy factor (sof) of 0.95; P in Wyckoff position 8a with sof = 1; S in three kinds
of Wyckoff positions 32g with sof ~ 1. The distributions of Na atoms are more complicated over
six Wyckoff positions, i.e., 329 (Nal with sof ~ 0.83), 16f (Na2 with sof ~ 0.98), 16¢ (Na3 with
sof ~ 0.93), 16d (Na4 with sof ~ 0.82), 16e (Na5 with sof ~ 0.95), and 8b (Na6 with sof ~ 0.12).

Details of atomic occupancy are summarized in Supplementary Table S2.
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Figure 1. Crystal Structure of NajosSn;oPSi1s. @) Powder X-ray diffraction pattern of the as
prepared NajpgSn;oPSi1g and the Rietveld refinement with respect to the single-crystal X-ray
structure data. The red dot and black solid line represent the experimental data and refined
pattern, respectively. The vertical green bars correspond to the expected positions of Bragg
reflections of tetragonal NajogSn; 9PS11.g according to the single-crystal X-ray structure data. The
blue line at the bottom is the difference between experimental and refined patterns. The refined
fact R-Bragg = 5.07%. b-d) Crystal Structure of NajosSn; oPS11 5. Different views of the single-
crystal X-ray structure of NajogSni9PSi11s. The white color in Na sphere indicates the ratio of
vacancies. The schematic illustration was drawn using the program VESTA [46].

Figure 1b-d shows that the NajpgSn;oPS11g phase possesses considerable Na-ion conduction
channels along such as the a-, b-, and c-axis directions formed by the PS, and SnS, tetrahedrons,
revealed also by the AIMD simulations as shown in Supplementary Figure S1b. The partial
occupancy at Na positions, such as Nal, Na4, and Na6, provides a large number of vacancies
(16.9 % Na-vacancies; see Table S2). In addition, it is found that the Na positions with smaller
sof (e.g., Nal, Na4 and Na6) are the neighbors of the ones with larger sof (e.g., Na2, Na3, and
Nab). Both of the two phenomena are believed to promote a vacancy driven Na-ion migration
[47, 48].

lonic and electronic conductivity of NajogSnigPSi1g electrolyte. To measure ionic

conductivities of the NajogSn;oPSi1s, 2016-type coin cell was assembled by sandwiching



Nai0sSn;1oPS118 between two stainless steel discs (as current collectors). A high pellet density
indicates good and intimate contact between particles, which is the key to achieve a high ionic
conductivity by minimizing the grain boundary and contact resistance. It is well known that
pellet density will increase with raising pelletizing pressure [49]. In our case, a high pressure of
400 MPa has been applied to make the NajogSni1.9PS115 pellet and achieve a high density of 1.87
g cm™, as high as 80% with respect to its theoretical density obtained from single crystal X-ray
diffraction. Cross-section scanning electron microscopy (SEM) image of the obtained
Nai0sSn; 9PS118 pellet (Supplementary Figure S5) shows intimate contact between the compact
particles, reflecting its high density. Figure 2 shows impedance spectra of the NajpgSn; oPS11s
within a temperature range between -60 to 80 °C and a corresponding Arrhenius plot. The
impedance plots consist of a semicircle at the high-frequency region and a spike at the low-
frequency region, corresponding to the contributions from total resistance (bulk/grain and grain
boundary resistance) and the Al electrode, respectively. The total resistance R (bulk/grain and
grain boundary resistance) was obtained from an intercept crossed between the semicircle and
the spike at the x-axis in impedance plots. The ionic conductivity was calculated according to the
equation 6=C/R, where C=d/A is the ratio of the pellet thickness d to the area A. As-prepared
NajosSn1oPS11s sample possesses an ionic conductivity of 0.67 mS cm™ at 25 °C with an
activation energy (Q®) of 0.307 eV, agreeing well with the present AIMD results with Q*™P =
0.272 ~ 0.333 eV (Supplementary Figure S4). The electronic conductivity of NajogSnioPSiis
was evaluated by the Hebb-Wagner method using asymmetric cell (-) Na/NajosSn; oPS11.6/Al (+)
at 25 °C, where carbon-coated aluminum (Al) foil served as ionic blocking electrode [50]. The
total electronic conductivity (electron + hole) was calculated to be 7.17x10° S cm™ at the
irreversible interface NajosSnioPS118/Al by linear fitting between 2 V to 4 V (Supplementary
Figure S6).
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Figure 2. lonic conductivity of NajpgSni oPS11s. Nyquist plots of the impedance and Arrhenius
conductivity plot for NajpgSn; gPS11.g from -60 to 80 °C.

Electrochemical properties of NajgSn;9PS11s SSE. Electrochemical stability of
NajogSn1 oPS118 was examined from cyclic voltammetry (CV) of Na/NajggSh; oPSi11.6/Sn cell,
with Na as the counter/reference electrode and Sn as the working electrode at 80°C. As shown in
Figure 3a, both cathodic and anodic currents are observed near 0 V vs. Na*/Na, corresponding to
sodiation with and desodiation from Sn, respectively. No obvious oxidation current has been
detected up to 5 V. However, an obvious cathodic current centered at ~ 0.32 V is detected in the
CV curve, which suggests poor reduction stability of NajosSn;oPSi1s against Na metal. The

stability can be improved by surface modification and the work is undergoing.

The surface of NajogSnigPSi1s pellet contacting with Na metal after the CV scan was
investigated by X-ray photoelectron spectroscopy (XPS). The XPS depth profiling (Figure 3b-d)
was conducted to show surface composition changes upon the CV scan of NajogSn; oPS118. The
Na 1s signal does not show any significant changes after the CV scan. By contrast, a new peak is
observed in the S 2p spectra indicating the formation of new species. Figure 3e further compares
S 2p XPS spectra of NajpgSni gPS;11g before and after the CV scan. A new peak located at ~159
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eV shows up after CV scan, which could be assigned to S species in Na,S, the decomposition

product after NajogSni9PSi118 reacting with Na metal. A similar reaction is also observed for

NasPS, in contact with deposited Na metal [51]. In addition, the peak associated with reduced Sn

species is detected at lower binding energy in the Sn 3d spectra (Figure 3f), which is similar to

the reaction for Li;ocGeP,S;, in contact with Li metal, where reduced Ge species formed [52].

The XPS depth profiles of the pristine sample, as seen in Figure S7, show that the Na 1s, S 2s,

and Sn 3d signals remain the same upon Ar ion sputtering, eliminating the possibility that Ar ion

sputtering causes the XPS spectra change of S and Sn.
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sputtering), in steps of 30 sec). The spectra of pristine sample before the CV scan are attached at

the bottom for comparison. XPS detail spectra of €) S 2p and f) Sn 3d regions togther with the

fitting before and after CV scan.
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The NajogSnioPSi18 was further examined as a solid-state electrolyte in a Na-Sn/NazPSy-
NaiosSn;1 oPS118/TiS, battery, where NaszPSs-NajosSn;oPSi11g bilayer pellet was used as
electrolyte separator. NasPS, was employed to separate NajggSnioPSi1s from Na-Sn anode,
avoiding any side reactions. The electrochemical performance of the battery (Figure 4) shows a
charging capacity of around 120 mAh g™ and a good capacity retention of 92% after 10 cycles,

demonstrating NajgSni oPS11.¢ could be applied in all-solid-state batteries.
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Figure 4. Battery performance of Na-Sn/NasPS4-NajpgSnioPS118/TiS,. Cycling performane
and voltage profiles of the battery Na-Sn/NasPSs;-NaiggSnioPS118/TiS;. The battery was
characterized at 80 °C under the current density of 4.8 mA g* (based on the mass of TiS,),
between 1.17 and 2.4 V.

4. Discussion

In order to synthesize phase-pure Na-ion superior conductor Na-Sn-P-S, the Sn/P ratio in the as-
prepared materials was systematically tuned, as shown in Figure S8. Impurity phase NasPS, is
detected in the as-prepared Li;oGeP,Si,-type NajoSnP,S12, which is consistent with the previous
study [41]. The amount of impurity phase NasPS, keeps decreasing with increasing the Sn/P
ratio. When the ratio reaches to 1.9, no impurities are detected in the product NajogSni.9PSi1 s,

indicating that a phase-pure compound has been successfully developed. In addition, first-
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principle and phonon calculations show that NajpgSn;oPSi1s is both dynamically and
thermodynamically stable. Figure S2 shows the first-principles calculated phonon density of
states of Na;1Sn,PSy, (Str2, see Table S3) in comparison with those of NazPS, and NaySnS, (see
Table S5 for their structures), indicating Naj1Sn,PS1, is dynamically stable without imaginary
modes and NajogSh;9PS;11.g IS even more stable due to more intrinsic vacancies (see Table S2).
In comparison, the LijoGeP,Sio-type NajpSnP,Si, is dynamically unstable with imaginary
phonon modes based on our ancillary calculations. First-principles calculations show that
Na;1Sn,PS;; is also thermodynamically stable with respect to NasPS, and NasSnP, at zero K, and
it becomes more stable at finite temperatures due to vibrational and especially configurational
entropies, indicating again the beneficial role of Na-vacancies to stabilize Na;1Sn,PS1;, as well as
Na08Sn19PS11.8 (Supporting Information Figure S3). By means of the results from single crystal
X-ray diffraction, first-principles phonon, and first-principles thermodynamics, it conclusive that
the present NajggSnioPSi1g IS more stable at finite temperatures stemmed mainly from

configurational entropy due to vacancies.

A high ionic conductivity in NajosSn; oPS11 IS mainly attributed to the 3-D Na-ion conduction
pathways and intrinsic Na-ion vacancies. After examination of AIMD simulations, the isosurface
of Na-ion probability density (see Figure S1b) indicates that Na-ion will diffuse along all
possible pathways in the NajosSni.gPS11 g lattice, for example, the a-, b-, and c-axis as well as the
alc-, blc-, and a/b-axis directions, showing more Na-ion diffusion channels in NajogSni oPSi1s
than that in the Li;0GeP,Si-type superionic conductor Na;oSnP,S;, due partially to more
vacancies existed in the NajpgSn; oPS11g (see Table S2) [41]. It is also noticed that the activation
energy QP = 0.307 eV for the NaiogSn1oPS11 With an ionic conductivity ¢ = 0.67 mS cm?
(see Figure 2), is higher than the Q' = 0.289 eV for NasPS, with 6 = 0.2 ~ 0.4 mS cm™ [34]. It
is uncommon that NajogSn; oPS11.g possesses both high ionic conductivity and high activation
energy. It is worth mentioning that ionic diffusivity D and conductivity c are determined by
parameters such as activation energy Q and diffusion prefactor Dy: 6 « D = Dyexp(—Q/kgT)
with kg the Boltzmann’s constant and T the temperature (see Section 4 in Supporting
Information). Considering the diffusion prefactor Dy relates to the concentration of Na-vacancy
(Cy) in the structure (see Section 4 in Supporting Information), a large number of intrinsic Na-

vacancies is believed to be a key reason to enhance Na-ion conductivity in NajpgSn; oPS;1s.
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5. Conclusions

In summary, a Na-ion SSE NajggSn;oPSi18 With a unique crystal structure in space group
14,/acd has been successfully discovered. This NajogSni oPS11s phase possesses a large number
of Na-vacancies and 3-D Na-ion conduction pathways. Thus, it exhibits a high ionic conductivity
of 0.67 mS cm™ at 25 °C. This NayogSn1oPS115 phase is thermodynamically and dynamically
stable, but is reduction unstable against Na metal. A NasPS4-NajogSni 9PS;1g bilayer pellet was
used as electrolyte separator and successfully demonstrated the potential applications of
Nai0sSn; 9PS115 in all-solid-state NIBs. The discovery of this new phase is believed to open a

new avenue to develop new SSEs with high ionic conductivity.
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Highlights:

1. NaygSn19PS;16has been discovered with the new crystal structure (space group 14,/acd).

2. NajpsSnygPS11 g phase exhibits a high ionic conductivity of 0.67 mS cm™tat 25 °C.

3. High ionic conductivity is due to the intrinsic Na vacancies and 3-D Na-ion conduction
pathways.
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