
Contents lists available at ScienceDirect

Energy Storage Materials

journal homepage: www.elsevier.com/locate/ensm

Synthesis and understanding of Na11Sn2PSe12 with enhanced ionic
conductivity for all-solid-state Na-ion battery

Zhaoxin Yua, Shun-Li Shangb, Daiwei Wanga, Yuguang C. Lic, Hemant P. Yennawarc,
Guoxing Lia, Haw-Tyng Huangb, Yue Gaoc, Thomas E. Malloukc, Zi-Kui Liub,⁎, Donghai Wanga,⁎

a Department of Mechanical and Nuclear Engineering, The Pennsylvania State University, University Park, PA 16802, United States
b Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16802, United States
c Department of Chemistry, The Pennsylvania State University, University Park, PA 16802, United States

A R T I C L E I N F O

Keywords:
Solid-state electrolytes
Sodium-ion batteries
Single crystal X-ray
Selenides
Density functional theory

A B S T R A C T

All-solid-state Na-ion batteries (NIBs) that incorporate nonflammable solid-state electrolytes and an inexhaus-
tible alkali metal offer a potential solution to the safety and cost concerns associated with conventional Li-ion
batteries that use liquid electrolytes. Na-ion solid-state electrolytes (SSEs) with high ionic conductivity are the
key to success for all-solid-state NIBs. Here, we report a new Na-ion SSE, Na11Sn2PSe12, with a superior grain
conductivity of 3.04mS cm−1 and a total ionic conductivity of 2.15mS cm−1 at 25 °C. Single-crystal X-ray
diffraction, first-principles phonon calculations, and the proposed bonding energy model indicate that its
superior ionic conductivity stems from the presence of a high density of dispersive Na+ vacancies, three-
dimensional Na-ion conduction pathways, and a low bonding energy of the Na+ ion with its neighboring atoms.
Na11Sn2PSe12 is used for the first time as the electrolyte in all-solid-state Na-Sn/TiS2 battery cell, which shows
excellent rate performance and delivers a high reversible capacity of 66.2mAh (g of TiS2)

−1 after 100 cycles with
cycling retention of 88.3% at a rate of 0.1 C at room temperature.

1. Introduction

Rechargeable Na-ion batteries (NIBs) offer a major cost advantage
for large-scale stationary energy storage owing to the wide distribution
and abundance of Na sources [1–8]. The development of room-
temperature NIBs enabled by nonflammable solid-state electrolytes
(SSEs) has attracted much attention because of the potential gains in
safety and energy density that could be realized by eliminating liquid
electrolytes and optimizing battery fabrication [9–14]. Among Na-ion
SSEs, a few solid-state Na-ion oxide conductors (e.g., beta”-Al2O3,
NASICON, and antiperovskite) have been identified for use in Na-S
batteries [15,16]. Sulfide-based Na-ion conductors are also promising
electrolytes for all-solid-state NIBs because of their mechanical soft-
ness, low grain boundary resistance, and high ionic conductivity at
room temperature [17–23].

The development of sulfide-based Na-ion solid-state conductors was
investigated in 1980s for Na2S-GeS2, Na2S-SiS2, and Na2S-P2S5 systems
[24,25], which have relatively low conductivities (i.e., < 0.02mS cm−1) at
room temperature [26]. The recent discovery of Na3PS4 with a high room-
temperature ionic conductivity (σNa) of 0.2mS cm-1 and its successful
application in room-temperature all-solid-state NIBs has stimulated the

exploration of sulfide-based Na-ion SSEs [27,28]. Extensive research has
been done to increase the conductivity of Na3PS4 through either isovalent-
ion or aliovalent-ion substitution [29–31]. For example, isovalent sub-
stitution of Sb5+ for P5+ or Se2- for S2- in Na3PS4 has led to an ionic
conductivity σNa > 1mS cm-1 [10,32–35]. In the cases of aliovalent-ion
substitution, halide doping (F-, Cl-, Br-, and I-) on the S2- site increases the
ionic conductivity by generating Na+ vacancies, and σNa = 1.14mScm-1

was achieved for Na2.9375PS3.9375Cl0.0625 at 25 °C [36,37]. In our recent
work, aliovalent cation substitution of Sn4+ for P5+ in Na3PS4 resulted in
the discovery of a new phase, Na11Sn2PS12 (composition from single-
crystal structure analysis: Na10.8Sn1.9PS11.8), with σNa = 0.67mS cm-1 at
25 °C [38]. Similar results have been also reported for Na11Sn2PS12
(composition from single-crystal structure analysis: Na10.78Sn2PS12) with
σNa = 1.4mS cm-1 at 25 °C and Na3.75Sn0.75Sb0.25S4 with σNa
= 0.51mScm-1 at 30 °C [39,40]. Despite great efforts to develop advanced
sulfide-based Na-ion SSEs, ionic conductivities in the current Na-ion
sulfides are generally low (< 2mS cm-1), and there remains a need for Na-
ion SSEs with higher ionic conductivities in order to fabricate high-
performance room-temperature solid-state Na-ion batteries. Further,
while lowering the activation energy and increasing the diffusion pre-
factor follow general guidelines for improvement based on the Arrhenius
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equation [17,34], there is still a lack of fundamental understanding of how
activation energy and diffusion pre-factors can be correlated with atomic-
level chemical and physical properties of the sulfide-based Na-ion
conductors.

Here we report a new Na-ion solid-state conductor Na11Sn2PSe12
that exhibits a superior grain conductivity of 3.04mS cm-1 and a total
ionic conductivity of 2.15mS cm-1 at 25 °C, which is among the highest
reported for Na-ion conductors. Notably, the total ionic conductivity of
Na11Sn2PSe12 is about 2–3 times higher than that of Na11Sn2PS12. A
similar electrolyte but with an nonstoichiometric composition of
Na11.1Sn2.1P0.9Se12 was reported with a total ionic conductivity of
1.7mS cm-1 at 25 °C during our manuscript preparation, attributing
this high ionic conductivity to a lower lattice rigidity and to a weaker
Na–chalcogen interaction as compared to Na11Sn2PS12 [41]. However,
on the basis of a bonding energy model as well as density functional
theory (DFT) based first-principles, phonon, and ab initio molecular
dynamics (AIMD) calculations, we attribute the enhanced conductivity
in Na11Sn2PSe12 to the lower bonding energy of Na+ ion with its
neighboring atoms and the increased disorder of Na+ ions/vacancies in
Na11Sn2PSe12 relative to Na11Sn2PS12. Furthermore, Na11Sn2PSe12
was first examined as the SSE in all-solid-state battery cell containing
Na-Sn and TiS2 electrodes. The increased conductivity of Na11Sn2PSe12
enables excellent rate performance in the cell, and also shows a high
reversible capacity of 66.2 mAh (g of TiS2)

-1 after 100 cycles and a
capacity retention of 88.3% at a rate of 0.1 C at room temperature.

2. Experimental section

2.1. Synthesis

Na11Sn2PSe12 was prepared by heating stoichiometric amounts of
Na2Se (99.5%, Alfa Aesar), phosphorus lump (Alfa Aesar, 99.999%), Sn
(Alfa Aesar, 99.995%), and Se (Sigma Aldrich, 99.998%) in an
evacuated quartz tube to 900 °C at a rate of 0.5 °C/min, and holding
it at 900 °C for 48 hours before cooling to room temperature at a rate of
0.1 °C/min. Brown Na11Sn2PSe12 single crystals were picked out for
structural analysis.

2.2. Single crystal X-ray diffraction

X-ray data were collected on a Bruker SMART APEX diffractometer
equipped with a fine focus Mo X-ray tube (1600 kW, detector at 5.8 cm,
φ and ω scans) at 298 K. SMART (Bruker, 2001) software programs
were used for data collection; SAINT (Bruker, 2001) for cell refine-
ment; SAINT and SADABS for data reduction; and OLEX2 for solving
and refining the structure. Further details of the crystal structure
investigations could be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on quoting
the depository number CSD-434330.

2.3. Characterization of solid electrolytes

Powder X-ray diffraction data were collected on a PANalytical
X'Pert Pro MPD θ-θ diffractometer using Cu-Kα radiation at 45 kV
and 40mA. The data were collected over a range of 2θ = 10–70° using
fixed slits (0.125° PDS and 0.25° FAS) and 0.04 rad Soller slits in
conjunction with a polycarbonate domed sample holder and an anti-
scatter slit for transmission geometry in front of a PIXcel 1D detector.
The detector was operated in scanning line mode with an active length
of 3.347°. Rietveld refinement was performed using the Materials
Studio 8.0. DSC experiments were conducted on Na11Sn2PSe12 and
Na11Sn2PS12 powders in closed alumina crucibles in a N2 gas flow
using a Q2000 MDSC (Modulated Differential Scanning Calorimeter).
The scan rate was 10 °Cmin-1. For XPS characterization, a pristine
Na11Sn2PSe12 sample and a sample that had been contacted with Na
metal were loaded in a glovebox filled with Ar gas and transferred into

the instrument (Physical Electronics VersaProbe II) through a vacuum
transfer vessel. The elemental ratio was determined by inductively
coupled plasma (ICP-AES, Perkin-Elmer Optima 5300).

2.4. Ionic and electronic conductivities

For ionic conductivity measurements, carbon-coated aluminum
foil, as a blocking electrode, was pressed onto both sides of a cold-
pressed Na11Sn2PSe12 pellet at a pressure of 400MPa, and heated at
350 °C under vacuum before measuring the ionic conductivity. The a.c.
impedance was measured between −120 °C and 70 °C in the frequency
range of 1MHz to 1Hz with an amplitude of 5mV using a Solartron
Modulab. The electronic conductivity was measured by the Hebb-
Wagner polarization method [42].

2.5. Battery performance characterization

All-solid-state Na-ion batteries were fabricated by pressing Na-Sn
alloy foil and TiS2 power (Sigma-Aldrich, 99.9%) onto two faces of the
Na3PS4-Na12Sn2PSe12 bilayer pressed pellet. The Na-Sn alloy foil was
prepared by pressing Na metal onto the Sn foil with the mole ratio of
Na:Sn = 3:4 under the pressure of 400MPa. The pellet so obtained was
assembled into a 2032-type coin cell. These fabrication steps were
carried out in an Ar-filled glovebox. The cell was cycled in the voltage
range from 1.5 to 2.5 V (vs. Na+/Na) using a BTS-5V1mA Neware
battery test system at room temperature.

2.6. First-principles, phonon, and AIMD calculations

The structure of Na11Sn2PSe12 used in DFT calculations was taken
from our previous work, i.e., the Str2 of Na11Sn2PS12 [38]. All DFT-
based first-principles, phonon, and AIMD calculations were performed
by using the Vienna Ab initio Simulation Package (VASP) [43] in terms
of four exchange-correlation functionals. Phonon calculations were
performed by YPHON code [44] with VASP again as the computational
engine. AIMD simulations were performed for Na11Sn2PSe12 using the
VASP code in terms of a canonical ensemble at equilibrium volumes at
several temperatures. Thermodynamic properties of Na3PSe4,
Na4SnSe4, Na11Sn2PSe12, and LGPS-type Na10SnP2Se12 were deter-
mined by the quasiharmonic approach in terms of first-principles and
phonon calculations [45]. More details together with first-principles,
phonon, and AIMD results are shown in the SI Supplement, including
structural properties, stretching force constants, thermodynamic prop-
erties, and diffusion coefficients for Na11Sn2PSe12, Na3PSe4, Na4SnSe4,
and Na10SnP2Se12.

3. Results and discussion

3.1. Crystal structure of Na11Sn2PSe12

Na11Sn2PSe12 powder was synthesized by heating the raw materials
(Na2Se, Sn, P, and Se) in a stoichiometric ratio at 900 °C in an evacuated
quartz tube (see details in Experimental section). The ratio among the
four elements was found to be Na:Sn:P:Se = 11.93:2.03:1:12.31 by the
inductively coupled plasma (ICP) spectroscopy. The crystal structure of
Na11Sn2PSe12 was analyzed by using single-crystal X-ray diffraction
(XRD) and powder XRD techniques. Fig. 1A, B shows the crystal
structure of Na11Sn2PSe12 as solved by single-crystal XRD at 298K,
with data collection and refinement details summarized in Table S1 (see
SI Supplement). The structure was solved in tetragonal space group I41/
acd (no. 142) (a = 13.252Å, c= 28.41(3) Å, and Z = 8) and the
compound was found to be isostructural with Na11Sn2PS12 [38].
Details of atomic occupancies are summarized in Table S2 (see SI
Supplement). Na+ ions are distributed over six Wyckoff positions in the
unit cell, i.e., 16e (Na1 with site occupancy factor (sof) ~ 0.95), 16c (Na2
with sof ~ 0.92), 32 g (Na3 with sof ~ 0.82), 16 f (Na4 with sof ~ 0.90),
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16d (Na5 with sof ~ 0.91), and 8b (Na6 with sof ~ 0.35). These partially
occupied positions provide considerable Na+ vacancies (i.e., 16.1%, see
also the sof values in the SI Supplement, Table S2). All of Na+ ions
occupy octahedral sites formed by six Se2- ions (four of them with Na-Se
distances rNa-Se (rSe for short) < 3.1 Å and two of them with 3.1 Å < rSe
< 3.5 Å), except for Na6 which sits in an octahedral site that is formed by
four Se2- (rSe = 3.46 Å) and two Na-ions (rNa = 3.39 Å). Details of
coordination numbers for each kind of Na+ ion are summarized in the
SI Supplement, Table S3. The arrangement of Na+ ions along the [001],
[010], and [100] directions is illustrated in Fig. 1C, D. The NaSe6
octahedra connect with each other by shared faces in all directions to
form a three-dimensional (3-D) network. Notably, the second least
occupied Na3 site (sof ~ 0.82) is located between the almost fully
occupied Na1 (sof ~ 0.95) and Na2 (sof ~ 0.92) sites, forming a -Na2-
Na3-Na1- chain along the [001] direction, as shown in Fig. 1C. A similar
alternating arrangement of less occupied Na3 sites and highly occupied
Na4 sites is also present in the a-b plane with z = 0.125 (Fig. 1D). These
Na+ ion tunnels with a large number of Na+ vacancies promote vacancy-
driven Na+ ion migration with a superior ionic conductivity in
Na11Sn2PSe12. Further analysis using the local interatomic bonding
energy model (see Eq. (2) and discussion below) indicates that Na+ ions
in the Na1, Na2, and Na4 sites have higher bonding energies (> 62 eV)
with their surrounding atoms, corresponding to higher activation energy
and hence lower ionic diffusivity and conductivity, whereas Na+ ions in
the Na3, Na5, and Na6 sites have weaker bonding energies (< 45 eV),
corresponding to lower activation energy, and hence higher ionic
diffusivity and conductivity. Fig. 2A shows the powder XRD pattern of
Na11Sn2PSe12 together with the Rietveld refinement based on the crystal
structure obtained from single crystal XRD. The low R-Bragg factor
(4.66%) indicates that phase-pure Na11Sn2PSe12 powders were synthe-
sized.

3.2. Ionic and electronic conductivities of Na11Sn2PSe12

To measure the ionic conductivity, Na11Sn2PSe12 powder was
pressed into a pellet and sintered at 350 °C for 12 hours. The
differential scanning calorimetry (DSC) curve of Na11Sn2PSe12 in
Fig. 2B shows no obvious peaks, suggesting that the phase is stable
up to 400 °C. In contrast, clear exothermic and endothermic peaks
corresponding to phase transitions were observed in the DSC curve of
Na11Sn2PS12, indicating relatively poor phase stability with tempera-
ture cycling. The Na11Sn2PSe12 pellet was also characterized by
electrochemical impedance spectroscopy (EIS) at different tempera-
tures in the range between −120 °C and 70 °C at a step size of 10 °C, as

shown in the SI Supplement, Fig. S1. The Nyquist plot of Na11Sn2PSe12
at T = −110 °C, shown in Fig. 2C, includes a semicircle in the high-
frequency region (106–103 Hz), a half semicircle in the intermediate
frequency region (103–10Hz), and a spike in the low-frequency region
(10–1Hz), corresponding to contributions from grain, grain boundary,
and electrode polarization, respectively. The contributions from each
part were analyzed in more detail by fitting the spectrum to the
equivalent circuit shown in the inset of Fig. 2C. Here the grain
impedance is represented by an ohmic resistance in parallel with a
constant phase element (RgǀǀCPEg), the grain boundary impedance by
RgbǀǀCPEgb, and the electrode impedance by CPEep. Fitting results for
spectra obtained at different temperatures are summarized in the SI
Supplement, Table S4. The grain conductivity (σNa

g, calculated as σNa
g

= C/Rg) and the total ionic conductivity (σNa
t, calculated as σNa

t = C/Rt)
at each temperature were extracted from fits to the equivalent circuit,
where C = d/A is the ratio of the pellet thickness (d) to the sample area
(A), and the total resistance Rt = Rg + Rgb. Plots of the grain and total
conductivity are shown in Fig. 2D. The grain conductivity, σNa

g, is
Arrhenius-activated with an activation energy of Qg = 0.28 eV.
Extrapolation of the Arrhenius fit for σNa

g to T = 298 K indicates a
superior grain conductivity of 3.04mS cm-1. Unlike σNa

g, the total
conductivity σNa

t does not show Arrhenius behavior, probably because
of the contribution from grain boundary resistance. A similar phenom-
enon was previously observed for Li10SnP2S12 [46]. The total ionic
conductivity of Na11Sn2PSe12 is calculated to be 2.15mS cm-1 at 298 K,
which is among the highest reported for Na-ion conductors.

The temperature-dependent ionic conductivity of Na11Sn2PSe12 in
comparison with other reported Na-ion SSEs is shown in Fig. 2E. The
ionic conductivity of Na11Sn2PSe12 is obviously higher than those of
Na3P0.62As0.38S4 [47], Na3.75Sn0.75Sb0.25S4 [48], and Na11Sn2PS12 [38]
within the temperature range between -40 °C to 70 °C, and at least one
order of magnitude higher than those of such as the tetragonal Na3PS4
[27], 50Na2S-50SiS2 [26], 60Na2S-40GeS2 [26], and Na3Zr2Si2PO12

[49]. Notably, different room-temperature ionic conductivities of
Na11Sn2PS12 (0.67 [38], 1.4 [39], and 3.7 mS cm-1 [50]) are reported
by three different groups. The conductivities of Na11Sn2PS12 in Fig. 2E
are from our previous work. It is well-known that the measured ionic
conductivity is affected by many experimental conditions, e.g., hot-
sintering, pressure for forming electrolyte pellets, and pressure during
the measurement [51]. The higher relative density, the less grain
boundary resistance, and the higher measured ionic conductivity. Both
of high pressure and high temperature (e.g., hot pressing and high-
temperature sintering) assist in forming pellets with high relative
density. Besides increasing the relative density of the pellet itself,

Fig. 1. A-B) Different views of the crystal structure of Na11Sn2PSe12 with white color in the green Na spheres indicating vacancies. C) Illustration of the arrangement of NaSe6 octahedra
along the c-axis with the -Na2-Na3-Na1-Na3-Na2-Na3-Na1- chain. D) View of the arrangement of NaSe6 octahedra in the a-b plane. The sites with lower site occupancy factors (Na3 and
Na6) are shown in light green, and the sites with higher site occupancy factors (Na1, Na2, and Na5) are dark green. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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Fig. 2. A) Powder XRD pattern of the as-prepared Na11Sn2PSe12 and Rietveld refinement. Red dots represent the experimental data and black solid line corresponds to the refined
pattern. The difference between experimental and refined patterns is shown in blue. The vertical green bars at the bottom indicate the expected positions of Bragg reflections of
tetragonal Na11Sn2PSe12. The refined R-Bragg = 4.66%. B) Differential scanning calorimetry curves of Na11Sn2PSe12 and Na11Sn2PS12 at a heating rate of 10 °Cmin-1. C) Nyquist plot of
the impedance for Na11Sn2PSe12 at -110 °C. The corresponding equivalent circuit fit curves are displayed as solid lines. D) Plots of total and grain conductivities of a Na11Sn2PSe12 pellet
in the temperature range between −120 °C and 70 °C. E) The temperature-dependent ionic conductivity of Na11Sn2PSe12 in comparison with other reported Na-ion SSEs in the
literature.
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maintaining good contact between the pellet and electrodes at two
sides of the pellet (additional sintering or providing a certain pressure
while measuring) is also critical in achieving high measured ionic
conductivity [17]. Therefore, different reported ionic conductivities for
Na11Sn2PS12 are probably due to different experimental conditions.
Although the ionic conductivity of Na11Sn2PSe12 is not higher than that
of Na11Sn2PS12 reported by Dehnen's group [50], it is higher than the
values reported by our group [38] and Nazar's group [39], indicating
that Se-substitution does enhance the ionic conductivity.

The electronic conductivity of Na11Sn2PSe12 was determined by the
Hebb-Wagner method using the asymmetric cell (-) Na/Na11Sn2PSe12/
Al (+) at 25 °C [42]. The total electronic conductivity (electron + hole)
was calculated at the irreversible interface Na11Sn2PSe12/Al by linear
fitting between 2 V to 3.5 V (see SI Supplement, Fig. S2). Using

d I dEσ = ( )( / )e h
L
A e h+ , (where L is the thickness of the pellet, A the

surface area, Ie,h the total electronic current, and E the applied voltage),
the electronic conductivity was determined to be 1.87 × 10-7 S cm-1.
The ratio of Na+ ionic conductivity (i.e., 2.15mS cm-1) to the total
electronic and ionic conductivity is 0.9999999, indicating that the ion
transference number is unity and Na11Sn2PSe12 is a pure ionic
conductor.

3.3. Mechanism behind superior ionic conductivity of Na11Sn2PSe12

In general, the ionic conductivity σ of SSEs is governed by an
activated hopping process of ions with an activation energy Q and
diffusion pre-factor D0 based on the Arrhenius equation [52,53]:

D D Q k Tσ ∝ = exp(− / )B0 (1)

where kB is Boltzmann's constant and T the temperature. Q is mainly
determined by the bonding energy between mobile ions and their
neighboring atoms, whereas D0 is related to entropy (see details in the
SI Supplement). To understand the superior ionic conductivity in
Na11Sn2PSe12 (relative to Na11Sn2PS12), the diffusion activation energy
Q — which corresponds to breaking the bonds between the Na+ ion and
its neighboring atoms — was analyzed by DFT calculations, since a
lower Q leads to a higher ionic conductivity in a given crystal structure
[25]. The effect of entropy on diffusion was also examined in terms of
DFT calculations.

Following our successful analysis of Q in Na3AsxP1-xS4 by examin-
ing the Na-S bonding energy [47], we propose that the diffusion
activation energy Q can be characterized by a local interatomic bonding
energy model,

∑Q ε m η r∝ = sof ∙
X X X X X

2
(2)

where ε is total bonding energy for the atom/ion of interest (here, Na+)
determined by interactions with its neighboring atoms X. By consider-
ing only the first coordination shells of Na+, mX is equal to the
coordination number or multiplicity of X. sofX represents the site
occupancy factor of X (this term is usually adopted when measured
crystallographic information is available), and ηX represents the
stretching force constant between Na and X with a bond length of rX.
Force constants enable quantitative analysis of the extent of interaction
or bonding between atomic pairs of interest [54,55]. A large and
positive ηX suggests strong interaction (bonding), whereas a negative
ηX indicates that the ionic pairs tend to separate from each other. ηX
can be predicted by DFT-based phonon calculations [56]. mX and rX
can be determined by means of the radial distribution function (RDF)
around Na (see Supplemental Fig. S4). Note that only the first shell of
the RDF for each Na-X is considered due to the rapid decrease of ηX as
a function of bond length (see SI Supplement, Fig. S3).

Fig. 3 shows the stretching force constants for Na-X (X=Na, Sn, P, S,
and Se) by examining six Na-containing chalcogenides Na3PΘ4, Na4SnΘ4,
and Na11Sn2PΘ12 (Θ=S or Se). It shows that the stretching force constant
ηX for each Na-X nicely follows a curve even though they are from

different compounds, suggesting that the force constants are transferable
across different compounds (see the fitted results in the SI Supplement,
Table S5). Hence, the bonding energy calculated from Eq. (2) is reason-
able even for different chalcogenides. From Fig. 3, Na11Sn2PSe12 shows a
dramatic decrease in stretching force constants for Na-Sn as well as for
Na-Θ relative to their values in Na11Sn2PS12, indicating lower bonding
energies for Na-Sn and Na-Se in Na11Sn2PSe12. According to Eq. (2), the
average bonding energies between Na+ ions and their neighboring atoms
in the first coordination shell are 73.4 eV in Na11Sn2PS12 and 65.1 eV in
Na11Sn2PSe12, respectively. Detailed analyses of Na-X bonding energies
using Eq. (2) and DFT calculations are summarized in Table 1, showing
that the decrease of bonding energy (8.3 eV) from Na11Sn2PS12 to
Na11Sn2PSe12 is mainly from the Na-Se (decrease of 3.6 eV) and Na-Sn
bonds (decrease of 3.0 eV). The lower bonding energies (65.1 eV vs. 73.4
eV) agree well with the measured activation energy (0.28 eV for
Na11Sn2PSe12 vs. 0.31 eV for Na11Sn2PS12) [38], indicating that the lower
activation energy Q can be ascribed mainly to the weaker Na-Se and Na-
Sn interactions. Notably, the weaker Na-Se bonding was considered to be
the main or even sole reason for the increase in ionic conductivity for
samples with Se-substitution/doping [33–35,57,58]. In contrast, our
results show that all the interactions between Na+ ions and their
neighboring atoms (especially Na-Sn in Na11Sn2PSe12) contribute to the
increased ionic conductivity. The local interatomic bonding energy model
should also be applicable to other structural families by considering
transferable force constants, serving as a broadly useful guide for
designing solid-state conductors and achieving higher ionic conductivity.

The model based on Eq. (2) is also able to predict the diffusivity as

Fig. 3. Stretching force constants of Na+ with neighboring atoms in the first coordina-
tion shell by examining Na3PΘ4, Na4SnΘ4, and Na11Sn2PΘ12 (Θ = S or Se) at several
volumes. The symbols Δ and ⊕ indicate the average bond lengths (see their determina-
tions via RDF in the SI Supplement, Fig. S4) and the corresponding stretching force
constants in Na11Sn2PΘ12; see also the rpeak and ηX values in Table 1. The other symbols
are phonon calculations with the lines showing fits (see SI Supplement, Table S5).

Table 1
Average bonding energy ε of Na with respect to its surrounding atoms (see Eq. (2)) in
Na11Sn2PS12 [represented by the symbol (S)] and Na11Sn2PSe12 [represented by the
symbol (Se)]. Here, rpeak indicates the peak position of the nearest Na-X (X = Na, Sn, P,
S, or Se) shell in the RDF profile, see SI Supplement Fig. S4 for the case of Na11Sn2PSe12;
and εdiff indicates the bonding energy difference of Na in Na11Sn2PSe12 and Na11Sn2PS12.
Note that the stretching force constants ηX are determined by the fitted lines, see Fig. 3
and SI Supplement Table S5. DFT predicted structures by PS+D3 were used to determine
mX and rpeak.

Na-X or
Total ε

mX rpeak (Å) ηX (eV/Å2) ε (eV) εdiff (eV)

(S) (Se) (S) (Se) (S) (Se) (S) (Se)

Na-Na 2.82 2.82 3.37 3.49 0.44 0.36 14.0 12.5 −1.5
Na-Sn 1.09 1.09 3.35 3.52 1.09 0.77 13.3 10.3 −3.0
Na-P 0.45 0.45 3.54 3.66 0.62 0.54 3.5 3.3 −0.2
Na-S/Se 4.77 4.85 2.78 2.93 1.15 0.94 42.6 38.9 −3.6
Total ε 73.4 65.1 −8.3
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well as the conductivity of Na+ ions in the six Wyckoff positions by
analyzing their bonding energies with neighboring atoms. The coordi-
nation number and the predicted bonding energy for Na+ ions in each
kind of site are given in the SI Supplement, Table S3. In principle, Na+

ions in both Na11Sn2PS12 and Na11Sn2PSe12 can be categorized into
three groups: (i) Na+ ions with high ε (> 70 eV in Na11Sn2PS12 and >
62 eV in Na11Sn2PSe12) and high sof (> 0.9), for ions located in the
Na1, Na2, and Na4 sites. These Na+ ions possess high bonding
energies, and thus low ionic diffusivities and conductivities, which
are due mainly to their short bonding distance with S (< 2.81 Å) or Se
(< 2.85 Å). (ii) Na+ ions with lower ε (~ 40 eV in both Na11Sn2PS12 and
Na11Sn2PSe12 cases) and lower sof (0.8 < sof < 0.9), which are located
in Na3 and Na5 sites. These Na+ ions possess relatively low bonding
energies, and thus higher ionic diffusivities and conductivities, which
are due mainly to mSn = 0 (or εSn = 0). (iii) Na+ ions with the lowest ε
(30 eV for Na11Sn2PS12 and 25 eV for Na11Sn2PSe12) and the lowest sof
(0.12 for Na11Sn2PS12 and 0.35 for Na11Sn2PSe12), which are located in
the Na6 site. These Na+ ions possess the lowest bonding energies and
thus the highest ionic diffusivities and conductivities because mSn +mP

+mS/Se = 0 (or εSn + εP + εS/Se = 0). The SI Supplement, Table S3,
shows that the bonding energy of Na+ ions at each kind of site in
Na11Sn2PSe12 is lower than that in Na11Sn2PS12, especially for Na+

ions in Na1, Na2, and Na4 sites, which show the largest decrease in
bonding energy from Na11Sn2PS12 to Na11Sn2PSe12, contributing to
higher ionic diffusivity and conductivity in Na11Sn2PSe12.

In addition to the lower Na-X bonding energies in Na11Sn2PSe12, it
is interesting to note that the more dispersive distribution of Na+

vacancies among six kinds of sites in Na11Sn2PSe12 results in a higher
configurational entropy Sconf than in Na11Sn2PS12 [38]. This results in
a higher ionic diffusivity and conductivity based on the theory of Adam

and Gibbs [59,60], i.e.,
⎛
⎝⎜

⎞
⎠⎟∝exp C

TS
−
conf

, where C is a parameter associated

with the Gibbs free energy difference and configurational partition
function of the ensemble of subsystems. According to the crystal
structure solutions for Na11Sn2PΘ12 (Θ = S or Se) (see SI
Supplement, Table S2), the concentration of Na+ vacancies is similar
in Na11Sn2PSe12 (16.1%) and Na11Sn2PS12 (17%), but Na+ vacancy is
more dispersive across six kinds of sites in Na11Sn2PSe12. Based on the
sublattice model (see SI Supplement) for the measured Na positions in
Na11Sn2PSe12 and Na11Sn2PS12, the calculated Sconf values are 0.169kB
and 0.151kB for Na11Sn2PSe12 and Na11Sn2PS12, respectively, indicat-
ing a higher configurational entropy for Na11Sn2PSe12.

Our AIMD results (see SI Supplement, Fig. S8) indicate higher
diffusion coefficients for Na11Sn2PSe12 relative to Na11Sn2PS12. The
activation energies for Na11Sn2PSe12 are in the range of 0.29–0.39 eV
based on the fits at selected data points, in reasonable agreement with
the experimental measurements (0.28 eV for grain conductivity,
Fig. 2D) despite the fact that the AIMD simulations were performed
at higher temperature (600–1400 K).

3.4. Electrochemical properties of Na11Sn2PSe12 and all-solid-state
battery Na-Sn/Na3PS4-Na11Sn2PSe12/TiS2

In order to determine the electrochemical stability window of
Na11Sn2PSe12, cyclic voltammetry (CV) was conducted on the cell
Na/Na11Sn2PSe12/Stainless Steel (SS) with Na serving as the counter/
reference electrode and SS as the working electrode. From the CV
results (see SI Supplement, Fig. S9), a cathodic (reducing) current
starting at 1.22 V (vs. Na+/Na) and an anodic (oxidizing) current
starting at 2.65 V were observed, suggesting that the electrochemical
stability window of Na11Sn2PSe12 is 1.22–2.65 V (vs. Na+/Na).
Reduced Sn species and Na2Se were detected as reduction products
of Na11Sn2PSe12 against Na from X-ray photoelectron spectroscopy
(Supplementary Fig. S10). This is similar to the reaction observed for
Na11Sn2PS12 in contact with Na metal [38].

Na11Sn2PSe12 was further examined as the electrolyte in all-solid-

state Na-Sn/Na3PS4-Na11Sn2PSe12/TiS2 battery cell, which was cycled
between 1.5 V and 2.5 V (vs. Na+/Na) at 25 °C. Bilayer structure
Na3PS4-Na11Sn2PSe12 was employed to eliminate any side reactions
between the Na-Sn alloy and Na11Sn2PSe12. The current density and
specific capacity were calculated based on the mass of TiS2 in the
cathode. Fig. 4A shows voltage profiles in the 2nd and 3rd cycles at a
current density of 12mA g-1 (0.05 C), which delivers a reversible
specific capacity of 85 mAh g-1. The specific capacity of TiS2 is relatively
low compared to its theoretical value (240mAh g-1). We believe that
the specific capacity could be further enhanced by engineering fabrica-
tion of the Na-Sn/Na3PS4-Na11Sn2PSe12/TiS2 pellet with improved
interfacial contacts and by optimizing the ratio among TiS2, the solid
electrolyte, and carbon additive. The rate performance of the cell is also
shown in Fig. 4B. Even at 1 C, it still delivers a capacity as high as 23
mAh g-1, suggesting remarkable structural stability of Na11Sn2PSe12
and good compatibility between Na11Sn2PSe12 and TiS2 even at a very
high current density (1 C). When the rate is restored to 0.1 C, the
specific capacity fully recovers to the original value. This excellent rate
performance is attributed mainly to the high ionic conductivity of
Na11Sn2PSe12. Notably, the cell also exhibits an outstanding capacity
retention of ~ 88.3% in the 100th cycle with respect to the capacity of
the 8th cycle (75.3mAh g-1), highlighting the potential of Na11Sn2PSe12
for practical all-solid-state NIBs.

4. Conclusion

In summary, the Na-ion SSE Na11Sn2PSe12 with the space group of
I41/acd exhibits a superior grain conductivity of 3.04 mS cm-1 and a
high total ionic conductivity of 2.15 mS cm-1 at 25 °C. Based on
experimental results and first-principles, phonon, and AIMD calcula-
tions, the local interatomic bonding energy model for diffusion activa-
tion barrier is proposed in terms of Eq. (2). It is concluded that the
origin of the exceptional conductivity of Na11Sn2PSe12 is due to three
factors: (i) 3-D Na-ion conduction pathways, (ii) a large number of Na+

vacancies and their dispersed distribution in the structure, and (iii) the
low bonding energy of Na+ with neighboring atoms (especially Na-Se
and Na-Sn). The all-solid-state Na-Sn/TiS2 battery cell with
Na11Sn2PSe12 as the electrolyte shows excellent rate performance
and a high reversible capacity of 66.2mAh (g of TiS2)

-1 after 100 cycles
with an outstanding cycling retention of 88.3% at a rate of 0.1 C at
room temperature.

Fig. 4. A) Voltage profiles and B) rate performance of an all-solid-state Na-Sn/Na3PS4-
Na11Sn2PSe12/TiS2 battery cell. The cell was cycled between 1.5 and 2.5 V (vs. Na+/Na)
at 25 °C. Here, 1 C = 240mA g-1, based on the mass of TiS2.
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