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All-solid-state batteries (ASSBs) are receiving considerable
attention at present because of their better safety and

higher energy density compared to conventional Li-ion
batteries.1,2 By replacing the flammable organic liquid
electrolytes with inorganic solid-state electrolytes (SEs),
ASSBs have the potential to overcome the inherent safety
concerns of liquid cells.3,4 Although oxide and sulfide
compounds have both been studied as inorganic electrolytes,
sulfide-based solid electrolytes are particularly promising
candidates. They can exhibit fast ion conductivity at room
temperature (i.e., ≥10−3 S·cm−1) owing to the high polar-
izability of the S2− which weakens the binding energy between
the mobile cations and the anion framework.5 Well-known
examples include Li10GeP2S12, and other newer members of
the “LGPS” family6−10 which have been used as electrolytes in
ASSBs that show excellent performance at low temperature.10

Sulfides have the advantage of being ductile and often form
as glass−ceramic phases.11 Thus, by cold-pressing, grain-
boundary resistance can be greatly decreased, and even glassy
grain-boundary free materials may be obtained.12 These
advantages make them appealing for ASSB applications.
Though Li-ion ASSBs are eagerly sought for automotive
batteries, sodium-ion ASSBs are more suitable for stationary
low-cost energy storage systems due to the vast abundance of
sodium vs lithium.13 However, a critical challenge needs to be
overcome; only a handful of processable Na-ion SEs with high
conductivities have been reported. The development of new
fast Na-ion conductors for Na-ion ASSBs is thus an major
focus of recent research.
In 2012, Hayashi et al. introduced a breakthrough in sulfide-

based Na-ion conductors with the report of the superionic
conductor, cubic-Na3PS4 (σi = 0.2 mS·cm−1).13 Following this
seminal discovery, other promising Na-ion thio-phosphate and
seleno-phosphate conductors were reported, including cubic c-
Na3PSe4,

14 Na3PSxSe4−x,
15 and Na10SnP2S12.

16 The existence
of defects and a high concentration of mobile carriers, as well
as a low energy barrier for mobile ion migration are
prerequisites to obtain high diffusivity in solids.17 For example,
theoretical studies revealed that stoichiometric Na3PSe4 and c-
Na3PS4 present negligible Na+-ion diffusivity,1418 but the
introduction of either Na interstitials or Na vacancies improve
the conductivity. Indeed, defects are believed to play a more
crucial role than the framework structure in governing ion
diffusion.19 Recently, our group reported a new sodium
superionic conductor, Na11Sn2PS12, which exhibits a high ion
conductivity of 1.4 ± 0.04 mS·cm−1 at room temperature and

an activation energy of 0.25 eV.20 Alternating full/partial
occupation of Na-ion sites in this unique new framework
governs these excellent diffusion properties. A second paper on
this material appeared shortly after, reporting even higher
conductivity (3.7 mS·cm−1) but also higher activation energy
(0.34 eV).21

It is well established that most alkali thiophosphate
superionic conductors have a drawback of being sensitive to
oxygen and moisture in air. The theory of hard and soft acids
and bases , first explored with the synthesis of
Li3.833Sn0.833As0.166S4,

22 suggests that utilization of a “soft” (or
more covalent) acid moitie ́ can mitigate the reactivity to a
certain extent. Researchers have been prompted to investigate
other “soft acid” sulfides that could exhibit suitable stability
under ambient conditions, such as those based on
antimony.19,23,24 Antimony-based sulfides are even reported
to be solution processable using water or methanol.25,26

Herein we report the single crystal structure and properties
of a Na+-ion conductor, Na11Sn2SbS12, that is almost
isostructural with Na11Sn2PS12. The excellent statistics afforded
by single crystal methods for these two effectively isostructural
(Sb, P) materials allow us to identify the reasons responsible
for their significant differences in ion conductivity. Such an
approach is critical for materials with extensive disorder of
mobile ions where partial occupation of lattice sites exist.
Refinement of powder data is typically unable to define these
subtleties. We show that the major factor governing ion
conductivity is a redistribution of sodium ions among the
various lattice sites, arising from population of an additional
interstitial Na site which strongly affects ion mobility in the
framework. Namely, its population “off-loads” Na+-ion
distribution from the main 3D conduction channels, giving
rise to greater vacancy concentrations. The resultant higher
atomic displacement parameters (APD) of the Na+-ions in
Na11Sn2PS12, compared to those in the Sb phase, are correlated
to more than doubling of the ion conductivity. Exploration of
the role of vacancies in this family of conductors was also
studied by examining the nonstoichiometric series
Na11−xSn2−xSb1+xS12 (x = 0.2, 0.25, 0.5) that revealed the
limit on the Sb-rich side to a strict line phase.
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Because single-crystal X-ray diffraction is the most powerful
technique for accurate elucidation of crystal structures,27 our
synthesis procedures were designed to favor single crystal
growth. Several large colorless crystals of Na11Sn2SbS12 were
selected from the reaction product and mounted for study. The
refinement details from the single-crystal diffraction data
collected at 280 and 200 K are presented in Table S1 (also
see Tables S2−S4 in the Supporting Information). Tetragonal
Na11Sn2SbS12 crystallizes in the I41/acd (no. 142) space group
with a = 13.7973(8) Å, c = 27.5026(19) Å, Z = 8, and V =
5235.5(19) Å3. The crystal structure contains isolated SbS4
and SnS4 tetrahedra separated by Na+-ions occupying six
different crystallographic sites. Views of the Na11Sn2SbS12
crystal structure along the [010], [100], and [001] directions
are shown in Figure 1a,b,c, respectively. Sn and Sb are perfectly
ordered on two different Wyckoff sites, 16e and 8a,
respectively (Table 1).

The sodium ions are distributed over six sites: five form
irregular NaS6 octahedra with bond lengths between 2.8 and
3.6 Å (Figure 2a,b, and Table 1). All Na+−Na+ interatomic
distances are in the range of 3.2 to 3.5 Å, resulting in
equidistant (and likely equipotential) Na+ ion transport
through the Na11Sn2SbS12 lattice (see Table S5). Na11Sn2SbS12
displays a similar framework to Na11Sn2PS12, but not identical
sodium site occupation (see below; Table 2).20

Figure 1. View of the structure of Na11Sn2SbS12 along, (a) [010], (b)
[100], and (c) [001]. Thermal ellipsoids are drawn at 50%
probability. Color code: Partially vacant sites Na(1) and Na(2):
light-rose; almost fully occupied sites Na(3), Na(4), and Na(5): red;
low occupied Na(6): pink; Sn: blue; Sb: purple; S: yellow. SnS4 and
SbS4 polyhedra are shown in blue and purple, respectively.

Table 1. Atomic Coordinates, Occupation Factor, and Isotropic Displacement Parameters of Na11Sn2SbS12 Obtained from
Single Crystal X-ray Diffraction at 280 K

Atom Wyckoff site x y z SOF U(eq) (Å2)

Sn1 16e 0.28897(2) 0 1/4 1 0.01857(7)
Sb1 8a 0 1/4 3/8 1 0.01874(8)
S1 32g 0.14847(5) 0.36222(5) 0.05012(2) 1 0.02592(13)
S2 32g 0.15358(4) 0.06164(5) 0.05191(2) 1 0.02281(13)
S3 32g 0.10524(6) 0.15944(6) 0.32646(3) 1 0.03656(16)
Na1 32g 0.01935(14) 0.01507(12) 0.12706(5) 0.894(6) 0.0565(7)
Na2 16d 0 1/4 0.00718(10) 0.839(11) 0.0907(18)
Na3 16e 0.04019(14) 0 1/4 0.977(8) 0.0533(8)
Na4 16c 0 0 0 0.927(9) 0.0983(16)
Na5 16f 0.23052(12) 0.4805(12) 1/8 0.972(10) 0.0784(13)
Na6 8b 0 1/4 1/8 0.076(9) 0.019(8)

Figure 2. (a) View of the diffusion channels interconnecting Na(4)−
Na(3)−Na(1) sites along the c axis. (b) View of the chains in the ab
plane formed by Na(4)−Na(2)−Na(4) or Na(3)−Na(2)−Na(3) at z
= 0. (c) Interconnection points created by the Na(6) site between the
diffusion channels formed by Na(1)−Na(5)−Na(1) chains at z =
0.87. (d) View of the interconnection points created by the Na(6) site
along the c axis between the diffusion channels that run along the ab
plane (composed of Na(4)−Na(2)−Na(4) or Na(3)−Na(2)−Na(3).
Color code: Na(1), Na(2): light-rose; Na(3), Na(4), Na(5): red;
Na(6):pink.

Table 2. Occupation Factor and Isotropic Displacement
Parameters of Na11Sn2PS12 Obtained from Single Crystal X-
ray Diffraction at 280 K

Atom Wyckoff site SOF U(eq) (Å2)

Sn1 16e 1 0.02204(14)
P1 8a 1 0.0234(5)
S1 32g 1 0.0282(3)
S2 32g 1 0.0263(17)
S3 32g 1 0.0475(4)
Na1 32g 0.866(17) 0.0727(19)
Na2 16d 0.79(3) 0.085(4)
Na3 16e 0.969(18) 0.092(3)
Na4 16c 0.97(2) 0.162(6)
Na5 16f 0.97(3) 0.137(5)
Na6 8b 0.22(3) 0.10(2)
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Owing to the excellent quality of the single crystal of
Na11Sn2SbS12, we were able to unambiguously identify an
additional “interstitial” site (Na(6)). This Na+ ion is loosely
bonded to eight sulfur neighbors to form a quasi-cubic
environment; Table S5. Compared to the NaS6 octahedra, the
overall longer bond lengths (3.3−3.9 Å) suggest the site is of
higher energy. Prompted by this finding, though we did not
initially report this site in Na11Sn2PS12 (owing to poor statistics
in the structure solution of a merohedral twinned crystal that
precluded its unambiguous identification), we revisit that
crystallography here (Tables S6−S9). Newly grown crystals of
the phosphorus analogue also explicitly show occupation of the
Na(6) site with a SOF of 0.22, an occupation which greatly
exceeds that in the antimony phase (SOF = 0.076) (Tables 1
and 2). Duchardt et al. also identified a possible low-energy
interstitial “i1” site in Na11Sn2PS12 (the same as our (Na(6) 8b
site).21 However, its position was neglected in their refinement
due to limitations of X-ray powder diffraction data. The role of
the Na(6) site in ion conduction is discussed below.
Just as in Na11Sn2PS12, the structure of Na11Sn2SbS12 reveals

chains of Na-ions running along the c axis and the ab plane, as
depicted in Figure 2a,b,c. Table 1 shows that two sodium sites
are 84%/89% occupied [Na(1) and Na(2)], and three sites are
nearly fully occupied [Na(3), Na(4), and Na(5); Table 1)].
The vacancy-rich sodium sites (Na(1) and Na(2)) alternate
with each of the fully occupied sodium sites, providing vital
crossover sites for ion transport. In the (almost) isostructural
Na11Sn2PS12 phase, ab initio molecular dynamics (AIMD)
studies showed that this full/vacancy/full arrangement enables
fast ion conduction.20 The Na+-ion flow is established by the
Na(4)−Na(1)−Na(3)−Na(1) chains along the c axis (Figure
2a), the Na(4)−Na(2)−Na(4) or Na(3)−Na(2)−Na(3)
chains in the ab plane at z = 0 (Figure 2b), and by Na(5)−
Na(1)−Na(5) in the ab plane at z = 0.875 (Figure 2c). These
diffusion channels created by face-sharing Na octahedra form a
network that spans all three crystallographic directions. The
almost vacant Na(6) interstitial site creates additional
interconnection points. These are in the ab plane between
the diffusion channels formed by Na(1)−Na(5)−Na(1) chains
(Figure 2c), and along the c axis that joins the diffusion
channels running in the ab plane, i.e., the Na(4)−Na(2)−
Na(4) chains and Na(3)−Na(2)−Na(3) chains (Figure 2d).
The Na(6) site also connects the Na (1) and Na (2) sites as
discussed below.
In order to better understand the factors that influence ion

conductivity of the Sb phase, we attempted to introduce
additional Na vacancies by decreasing the Sn/Sb ratio in
Na11Sn2SbS12 to form Na11−xSn2−xSb1+xS12 (x = 0.2, 0.25, 0.5)
(see Figure S1). All patterns show that the as-prepared
powders consist primarily of the Na11Sn2SbS12 phase, with c-
Na3SbS4 present as an exsolved impurity whose content
increases with x. A refinement of the targeted composition,
Na10.8Sn1.8Sb1.2S12, was carried out to establish the Na3SbS4
content (Figure S2). This showed its fraction (11%) indeed
accounts for the amount of Sb that was added to the precursor,
indicating the strict limit of solubility of Sb in the lattice; i.e., x
is essentially zero on the Sb-rich side. During preparation of
this paper, we became aware of similar work, but targeted at
compositions based on a solid solution between Na4SnS4 and
Na3SbS4; namely, Na4−xSn1−xSbxS4. Their work using powder
XRD identifies compositions on the Sb poor side (x < 0.8),
while suggesting the composition x = 0.25 is the most stable,

but the interstitial sodium site (Na(6)) was not mentioned in
their refinements.28

Figure 3 shows the powder diffraction pattern and Rietveld
refinement of Na11Sn2SbS12. The refinement was performed

using the model initially derived from single-crystal diffraction
(Table 1), and confirmed the formation of almost pure single-
phase Na11Sn2SbS12. Its ion transport behavior was inves-
tigated by AC impedance measurements on pressed pellets.
The Nyquist plot was comprised of one semicircle in the high-
frequency region and a linear Warburg element in the low-
frequency region, typical of pure ion conductors. The
semicircle was fit with a parallel circuit composed of a resistor
(R) in parallel with a constant phase element (CPE) for the
ionic transport, in series with a CPE element that represents
the blocking electrodes (see Table S10, and Figure S3). The
room temperature ion conductivities for x = 0.2, 0.25, and 0.5
are summarized in Figure S4. The highest value was obtained
for stoichiometric Na11Sn2SbS12 (0.56 ± 0.03 mS·cm−1). We
conclude that although Na3SbS4 is a good Na-ion conductor
(1.7 mS·cm−1),19 its ex-solvation (see above), potentially in the
grain boundaries, lowers the overall conductivity. The linear
dependence of log σ versus (1/T) following the Arrhenius law
over the temperature range (10°C to 60°C) for Na11Sn2SbS12
is shown in Figure S5. The activation energy for Na+ ion
diffusion determined from the slope of the plot is 0.34 eV,
much higher than that in the P phase (0.25 eV). The
properties of Na11Sn2SbS12 stem from its structural framework,
which allows Na+ ions to diffuse in 3D pathways as described
above. However, its ion conductivity is lower than isostructural
Na11Sn2PS12 (σ = 1.4 mS·cm−1) despite the latter having a
larger unit cell volume (5235.5 vs 5046.4 Å3).20 This may be
partly explained by effects of the local bonding (P−S vs Sb−S)
interactions on ion transport. The substitution of Sb for P
within the tetrahedra results in longer Pn5+−S2− bonds, and a
lower bond energy (or softer bond) as calculated by density
functional theory (see Table S12). Along with the lower
electronegativity of Sb5+ vs P5+ (1.8 vs 2.1 on the Allred-
Rochow scale), this will lead to higher electron density on S2−,
and hence stronger Na+−S2− Coulombic attractions in
Na11Sn2SbS12 that would bind the Na+ ions more tightly.

Figure 3. Rietveld refinement of XRD data for Na11Sn2SbS12. The
black circles correspond to the data points, the red line denotes the
calculated pattern, and the difference map is shown in blue. Olive
vertical ticks correspond to Bragg reflections. Two unknown tiny
impurity peaks (at 15° and 30°) were excluded from the refinement.
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Such an inductive effect was invoked in explaining the lower
Li-ion conductivity in Li10(Ge1−xSnx)2PS12, with Sn4+ sub-
stitution for the more electronegative Ge4+.29 This can explain
the 2-fold lower ADPs of the Na(3), Na(4), and Na(5) sites in
the major conduction pathways of the Sb phase, which
indicates these Na+-ions are less mobile on the site.
Both Na11Sn2PnS12 (Pn = Sb, P) structures ostensibly have

the same Na content and framework; however, the
occupancies in the six sodium sites are subtly different as
described above. This factor plays a critical role in dictating
sodium ion conductivity in this structure type. Namely,
Na11Sn2SbS12 exhibits significantly lower vacancies on the
Na(1) and Na(2) crossover sites compared to Na11Sn2PS12
[Na(1): SOF = 0.894(6) (Sb) vs SOF = 0.866(17) (P);
Na(2): SOF = 0.839(11) (Sb) vs SOF = 0.79(3) (P)]. The
higher Na occupancies are a consequence of the redistribution
of sodium ions from the interstitial site (Na(6)) onto these
two sites (Na(1) and Na(2)), which implies that Na(6) is less
favorable, i.e., lies at higher energy, in the Sb lattice [SOF =
0.076(9) (Sb) vs SOF = 0.22(3) (P); Tables 1 and 2].
The existence of the interstitial site opens up other paths for

ion hopping, since Na(6) directly connects Na(1) in the 32g
site and Na(2) in the 16d site (Figure 4a). Although the

position of Na(6) in the 8b site in Na11Sn2PS12 could not be
refined in prior studies,20,21 a path through this site was
suggested by bond-valence site energy calculations.21 Accord-
ingly, revisitation of our AIMD study of Na11Sn2PS12 shows
some transport through Na(6), Figure S6. Thus, additional
mobility in the ab plane (via the Na(1)−Na(6)−Na(1) path),
and along the c-axis (via the Na(2)−Na(6)−Na(2) path) may
be enabled as shown in Figure 2c,d. These hops would occur
through a quasi four-sided sulfide window in either case, where
the shortest S2− - S2− distance across the window determines
the void space for the passage of the sodium cation (Figure
4b,c). This distance is not only fairly spacious, but similar for
Na11Sn2PnS12 (Pn = Sb, P),especially for the Na(1)−
Na(6)−Na(1) pathand is therefore not a bottleneck (Table

S13). A comparison of the volumes of the NaS6 polyhedra for
Na11Sn2PnS12 (Pn = Sb, P) shows very similar values of the
(Na1−Na5)S6 polyhedra for both phases, while Na(6)S6
shows a significantly larger volume for the Sb phase (75 vs
70 Å3) (see Table S13). This destabilizes the site (i.e., shifting
it to a higher energy) and thus occupation of the site is less
favorable.
The snapshot of the Na-ion trajectories for Na11Sn2PS12

from AIMD shows a much higher transport possibility along
the main NaS6 octahedral-site pathways (ie Na1−Na5−Na1),
than through the interstitial site (Figure S6). We expect the
latter path to be even more minor for Sb because of its higher
interstitial site energy (and lower population). Thus, hopping
through this interstitial site likely constitutes a less important,
albeit non-negligible contribution to Na-ion diffusivity in both
cases.
Determination of the air stability of Na11Sn2PnS12 materials

was carried out by exposing samples to a flow of dry air for 36
h, and measuring their XRD patterns and conductivity before
and after exposure. XRD patterns of Na11Sn2SbS12 after
exposure do not change significantly, although a slight decrease
in ionic conductivity is observed. In contrast, the XRD patterns
of Na11Sn2PS12 show significant degradation suggestive of very
poor air stability of the thiophosphate phase, as expected
(Figure S7).
In summary, Na11Sn2SbS12 has the same structural frame-

work as its P-based analogue, but while Na+-ions transport
through very similar 3D pathways, it exhibits poorer ion
conduction. The reasons are explained by full structure
solution via single crystal methods that elucidate site
occupancies and atomic displacement parameters with much
greater reliability than powder methods. A partially occupied
interstitial Na(6) site was unequivocally identified in this
structural class. The larger volume of the (Na6S)6 polyhedra,
along with its 3-fold lower occupancy in Na11Sn2SbS12,
suggests a higher site energy for Na6 in this phase framework,
making its potential role in conduction pathways less favorable.
However, transport through this site, while likely non-
negligible, does not appear to govern ion conductivity. Our
studies suggest that the major role of the interstitial site is to
provide an accessible “parking” spot for some of the Na+

cations required to balance the charge in the framework,
allowing a higher vacancy population in the major conduction
“highways”, and facilitating ion transport. The much lower
atomic displacement parameters of the Na(3), Na(4), and
Na(5) sites in the major conduction pathways indicate less
mobile Na+-ions in Na11Sn2SbS12. Stronger Na+−S2− Cou-
lombic attractions in the Sb phase, which exhibits lower ionic
transport (induced by a lower effective anion charge on the
SbS4 tetrahedra), may contribute to this. The subtle interplay
between these factors dictates ion conductivity in this new
class of ion conductors. The discovery of this Sb-based sodium
ion conductor with a complete structure solution provides
valuable understanding for designing future fast-ion con-
ductors. Approaches to engineer the structure to increase
conductivity will ideally rely on elemental substitution to
enhance population of the interstitial site by lowering its
energy, while ensuring weak interactions of Na+ with the
surrounding lattice.

Figure 4. Transport bottlenecks in Na11Sn2PnS12. Excised portion of
structure showing the Na(6) site located between two Na(1) or
Na(2) octahedra and depiction of the size of the bottleneck across the
quasi four-sided face illustrating the short dimension across the sulfur
atoms; (a) Na(1) where the dotted S2-anion lies just below the
trigonal plane spanned by the other sulfur anions; (b) Na(2)
octahedral. The distance shown is for Na11Sn2SbS12; value in brackets
is for Na11Sn2PS12. Data are taken directly from the corresponding
crystal structures. (c) View of the interconnection (created by the
Na(6) site) between the Na(1) and Na(2) sites.
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