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ABSTRACT:	The	discovery	of	numerous	superionic	conductors	has	accelerated	the	development	of	solid-state	energy	storage	
systems.	Among	all	alkaline-ionic	conductors	known	thus	far,	Na3	–	xSb1	–	xWxS4	exhibits	the	highest	ionic	conductivity	of	>	30	
mS	cm–1	at	ambient	temperature,	even	surpassing	the	conductivity	of	the	best	lithium	superionic	conductor.	The	origin	of	the	
peculiar	high	Na+	diffusivity	was	investigated	by	the	in-depth	crystallographic	analysis	of	Na3	–	xSb1	–	xWxS4	through	combined	
X-ray	diffraction	and	molecular	dynamics	simulations,	emphasizing	the	accurate	three-dimensional	disordered	nature	of	so-
dium	in	the	crystalline	matrix.	The	important	features	induced	by	the	aliovalent	tungsten	substitution	were	(i)	tetragonal	to	
cubic	transformation,	(ii)	the	creation	of	sodium	vacancies	that	are	evenly	distributed	throughout	the	crystal	without	the	local	
condensation	around	W,	and	(iii)	the	effective	formation	of	sodium	positional	disordering	by	sodium	vacancy.	These	features	
inherent	to	the	best	alkaline-ion	conducting	phase	reported	thus	far	would	provide	invaluable	insights	toward	the	further	
development	of	superionic	conductors.

Solid	 sodium-ion	 conductors	have	been	 studied	 as	 an	 im-
portant	 component	 of	 electrochemical	 energy	 storage	 de-
vices.	For	example,	sodium-β-alumina	is	a	vital	electrolyte	
material	in	sodium-sulfur	batteries	that	operate	at	elevated	
temperatures	 of	 approximately	 600	K.1	 An	 electrolyte	 for	
battery	applications	requires	a	high	ionic	conductivity	to	of-
fer	a	high	energy	efficiency	and	power	at	the	operating	tem-
perature.	 Continuous	 efforts	 for	 the	 development	 of	 so-
dium-ion	conductors	have	led	to	materials	with	extremely	
high	 conductivities	 comparable	 to	 those	 of	 liquid	 electro-
lytes	and	have	stimulated	the	development	of	all-solid-state	
sodium	batteries.	Hayashi	et	 al.,	 have	 recently	 discovered	
the	 emergent	 sodium	 superionic	 phase,	 Na3	 –	 xSb1	 –	

xWxS4	,which	exhibits	an	ionic	conductivity	>	30	mS	cm–1	at	
298	K.2	 This	 outstanding	 ionic	 conductivity	 is	 the	 highest	
among	those	reported	for	solid	sodium-ion	conductors	thus	
far,	and	even	higher	than	those	of	the	sophisticated	lithium	
superionic	 conductors.2,3	 Considering	 the	 smaller	 surface	
charge	 densities	 and	 the	 larger	 polarizabilities	 of	 sodium	
ions	compared	to	those	of	lithium	ions,	sodium-ion	conduc-
tors	 that	 largely	 outperform	 the	 lithium-ion	 conductors	
would	be	worth	exploring.	

At	 the	 initial	 stages	 of	 research	 related	 to	 sodium-ion	
conductors,	 various	 oxide-based	 conductors	 have	 been	
studied.	However,	the	recent	focus	has	been	shifted	to	sul-
fide-based	materials,	 mainly	 thioanionic	 compounds	with	

high	conductivities.	Initiated	by	the	identification	of	Na3PS4	
glass	ceramics	with	a	conductivity	of	>	0.1	mS	cm–1	at	300	K4	
a	 number	 of	 sulfide/selenide-based	 sodium-ion	 conduc-
tors—including	 thioanions	 and	 selenoanions—have	 been	
reported,	for	e.g.,	Na3PS4,4	Na3PSe4,5	Na3SbSe4,6	Na10SnP2S12,7	
Na11Sn2PS12,8	 and	Na10GeP2S129.	 Among	 these,	 Na3SbS4	 ex-
hibits	a	prominent	chemical	stability.10–12	Although	most	of	
the	thioanionic	sodium	and	lithium	compounds	are	prone	to	
react	with	water	and	produce	highly	toxic	hydrogen	sulfide,	
Na3SbS4	can	be	protected	by	the	self-formation	of	a	stable	
hydrated	phase	 that	prohibits	 the	generation	of	hydrogen	
sulfide.	

The	 superionic	phase,	Na3	 –	 xSb1	 –	 xWxS4,	which	was	 re-
cently	discovered	by	Hayashi	et	al.,2	can	be	considered	as	a	
solid	solution	in	the	Na3SbS4–Na2WS4	system.	The	aliovalent	
tungsten(VI)	substitution	to	antimony(V)	and	the	simulta-
neous	 introduction	 of	 sodium	 vacancy	 significantly	 in-
creases	the	ionic	conductivity	from	1	mS cm–1	to	>	30	mS	cm–

1.2	The	preliminary	structural	analysis	presented	in	the	orig-
inal	research	suggests	that	it	crystallizes	into	the	β-Na3PS4-
type	structure	with	the	aforementioned	sodium	vacancies.	2	
However,	 the	 quantitative	 confirmation	 of	 the	 structural	
model	with	anharmonic	ion	distributions	has	not	yet	been	
achieved.	
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In	this	study,	 the	origin	of	 the	peculiar	Na+	mobility	 in	
Na3	 –	 xSb1	 –	 xWxS4	 was	 investigated	 via	 in-depth	 crystallo-
graphic	analysis	by	combining	the	X-ray	diffraction	and	mo-
lecular	dynamics	(MD)	simulations,	revealing	the	accurate	
three-dimensional	(3D)	disordered	nature	of	sodium	in	the	
crystalline	matrix.	In	addition	to	the	overall	trend	in	which	
the	 aliovalent	 tungsten	 substitution	 stabilizes	 the	 room-
temperature	superionic	cubic	phase	isostructural	to	the	β-
Na3PS4,	 the	 distribution	 of	 sodium	 vacancies	 and	 its	 vital	
role	in	sodium	conduction	are	highlighted	in	the	following	
sections.	

Figure	1	(a)	shows	the	powder	X-ray	diffraction	patterns	
of	Na3	–	xSb1	–	xWxS4	measured	for	x	=	0,	0.06,	and	0.15	at	RT.	
In	general,	the	partial	aliovalent	tungsten	(VI)	substitution	
stabilizes	the	cubic	β-Na3PS4-type	structure	(commonly	ob-
served	as	the	high-temperature	phase),	𝑐𝐼16	in	the	Pearson	
symbol	 code,	 even	at	RT.	For	 the	non-substituted	 sample,	
the	Bragg	reflections	are	indexed	with	a	tetragonal	lattice—
which	 is	 consistent	with	previous	 reports	 as	described	 in	
the	 Pearson	 symbol	 code	𝑡𝑃16	 and	 is	 isostructural	 to	 α-
Na3PS4	with	𝑃4&2!𝑐	symmetry,	which	is	commonly	observed	
as	the	low-temperature	phase.	For	the	intermediate	W-sub-
stituted	sample	(x	=	0.06),	 the	tetragonal	distortion	of	the	
crystal	 lattice	 is	 less	 obvious,	 approaching	 the	 cubic	 β-
Na3PS4	phase.	For	x	=	0.15,	all	the	observed	Bragg	reflections	
can	be	indexed	with	a	body-centered	cubic	lattice,	where	no	
tetragonal	distortion	is	distinguishable	even	by	high-angu-
lar-resolution	measurements	(Figure	1(b)).	The	remaining	
tetragonal	distortion	at	x	=	0.06,	evidenced	in	the	splitting	of	
Bragg	reflections	in	Figure	1(b),	becomes	more	pronounced	
at	 low	 temperatures,	 while	 it	 vanishes	 at	 a	 temperature	
slightly	above	the	ambient	temperature.	Figure	1(c)	demon-
strates	 the	plot	of	 the	 lattice	constants	of	Na3	–	xSb1–	xWxS4	
evaluated	at	temperatures	ranging	from	120 K	to	340 K.	For	
x	 =	 0.06,	 the	 lattice	 distortion	 was	 distinguishable	 up	 to	

320 K	and	became	negligible	at	340 K.	For	x	=	0	and	0.15,	no	
tetragonal-cubic	 transitions	 existed	 at	 this	 temperature	
range.	

Based	on	the	phase	relationships,	we	performed	struc-
tural	refinements	with	the	tetragonal	α-Na3PS4	model	for	x	
=	0	and	0.06	and	the	cubic	β-Na3PS4	model	for	x	=	0.15.	The	
calculated	diffraction	patterns	were	 consistent	with	 those	
observed	experimentally.	(See	Supporting	Information,	Fig-
ure S1).	 The	 crystallographic	 information	 can	 be	 found	 in	
Supporting	Information	Table	S1.	

Figure	 2	 shows	 the	 refined	 structure	 model	 of	
Na2.85Sb0.85W0.15S4	(x	=	0.15)	and	sodium	probability	density	
distributions.	The	 cubic	phase	of	x	 =	0.15	demonstrates	 a	
characteristic	sodium	density	distribution	similar	to	that	of	

	

Figure	1	(a)	Powder	X-ray	diffraction	patterns	of	Na3	−	xSb1	−	xWxS4	(x	=	0,	0.06,	and	0.15)	at	RT.	(b)	Peak	profiles	of	220	and	202	
Bragg	reflections	collected	by	a	high-angular-resolution	diffractometer	at	RT.	(c)	Lattice	constants	measured	at	temperatures	
ranging	from	120–340	K.	 

	

Figure	2	Crystal	structure	model	and	Na	density	distribu-
tion	of	Na2.85Sb0.85W0.15S4	(x	=	0.15)	at	300	K.	(a)	Structure	
model	represented	with	thermal	ellipsoids	in	80%	proba-
bility.	Blue,	gray,	and	yellow	ellipsoids	represent	sodium,	
antimony/tungsten,	 and	 sulfur	 atoms,	 respectively.	 (b)	
Isosurfaces	 of	 probability	 density	 distribution	 for	Na	 de-
rived	from	the	refined	structural	parameters	of	Na	in	the	
Rietveld	refinement.	Dark	and	light	color	surfaces	show	1	
and	0.1	Å−3	levels,	respectively.	(c)	Same	as	(b)	but	derived	
from	 the	 DFT-MD	 trajectory	 of	 Na2.875Sb0.875W0.125S4	 (x	 =	
0.125)	at	300	K.		
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β-Na3PS4.	Locating	the	sodium	at	the	center	of	the	average	
position	(6b	site)	with	the	harmonic	thermal	vibration	failed	
to	satisfactorily	reproduce	the	experimental	diffraction	in-
tensity.	Therefore,	we	adopted	a	split-site	model	as	applied	
to	𝛽-Na3PS4	to	represent	the	strong	anharmonicity	and	ani-
sotropy	 of	 the	 sodium	 density	 distribution.	 The	 split-site	
model	reduced	the	agreement	factor	of	Bragg	intensities	RB1	
from	3.70%	to	1.47%	and	flattened	the	difference	Fourier	
map	about	the	sodium	site.	The	strong	anharmonicity	and	
anisotropy	of	sodium	in	Na3–	xSb1–	xWxS4	reflects	the	dynamic	
sodium	distribution,	which	is	consistent	with	the	high	ionic	
conductivity	 at	 room	 temperature.	 A	 similar	 dynamic	 be-
havior	in	β-Na3PS4	is	preserved	at	temperatures	>	530 K.13–
15	

For	more	detailed	 and	multi-angle	 analyses	of	 sodium	
distribution,	we	conducted	density	functional	theory	(DFT)-
based	MD	simulations	for	Na2.875Sb0.875W0.125S4.	Figure	2(c)	
represents	the	obtained	probability	density	distributions	of	
sodium	at	300 K,	which	are	similar	to	those	reported	by	Ja-
lem	 et	 al.16	 The	 experimental	 sodium	 distribution	 con-
structed	using	the	data	from	the	diffraction	analysis	are	well	
reproduced,	 where	 the	 sodium	 site	 in	 Na2.85Sb0.85W0.15S4	
shows	strong	anharmonicity—reflecting	the	high	tolerance	
to	the	local	displacement	of	Na+.	The	dynamic	and	non-peri-
odic	nature	of	the	ion	displacement	should	promote	the	lo-
cal	 ionic	mobility,	while	 in	α-Na3PS4,	 the	sodium	displace-
ments	are	more	static	and	crystallized,	rendering	them	less	
mobile.15,17	

	

Figure	 3	 Free	 energy	 landscape	 of	 sodium	 in	 Na2.875	 Sb0.875	
W0.125	S4	at	300	K	derived	from	DFT-MD	trajectory.	(a)	Three-
dimensional	representation	with	isosurface	levels	at	13,	6,	and	
2	kJ	mol−1	in	gray,	light-blue,	and	blue	colors,	respectively.	(b)	
Color-scaled	two-dimensional	map	on	(100)	plane	at	x	=	0.	Con-
tours	are	drawn	at	2.5–20	kJ	mol–1	with	intervals	of	2.5	kJ	mol–
1.	 (c)	 One-dimensional	 profile	 along	 a	 minimum	 free	 energy	
pathway	for	sodium	migration	(along	the	gray	arrow	in	(b)).		

To	discuss	the	global	ionic	mobility,	we	derived	the	free	en-
ergy	of	sodium,	F	 from	the	probability	density	of	sodium	𝜌	as	
follows:	

 

 

1	𝑅" =
∑ $%obs,"#$	'	%calc,"#$$"#$

∑ %obs,"#$"#$
,	𝐼obs,	()*:	the	observed	intensity	of	ℎ𝑘𝑙	

Bragg	 reflection	 and	 𝐼calc,	()* :	 the	 calculated	 intensity	 of	ℎ𝑘𝑙	
Bragg	reflection.	

𝐹 = −𝑘+𝑇log
𝜌
𝜌,
	

where	𝜌,	is	the	sodium	probability	density	at	the	center	of	
the	site,	and	𝑘+	is	the	Boltzmann	constant.	Figure	3	shows	
the	 free	 energy	 landscape	 of	 sodium	 calculated	 from	 the	
DFT-MD	trajectories	for	Na2.875Sb0.875W0.125S4	at	300	K.	The	
minimum	energy	pathway	for	sodium	migration	is	along	the	
linear	lines	connecting	each	sodium	average	site	(6b	sites	of	
𝐼4&3𝑚),	where	the	free	energy	barrier	for	migration	is	very	
small,	11.5	kJ mol–1	(119	meV).	Such	a	low	energy	barrier	is	
indicative	 of	 an	 excellent	 measured	 sodium	 conductivity,	
which	is	higher	than	30	mS	cm-1	even	at	room	temperature,	
as	well	as	a	low	activation	energy	(<	20 kJ mol–1).	In	a	gen-
eral	sense,	 the	origin	of	the	 low-energy	barrier	could	be	a	
large	bottleneck	in	the	structure.	However,	the	Na–S	intera-
tomic	 distance	 at	 the	 bottleneck	 position	 is	 2.675(4) Å,	
which	 is	 shorter	 than	 that	 of	 the	 β-Na3PS4,	 2.6966(5) Å.15	
While	Na3	–	xSb1	–	xWxS4	has	a	larger	lattice	volume	and	larger	
thioanion	 than	 β-Na3PS4,	 the	 bottleneck	 size	 is	 smaller.	
Therefore,	other	factors	may	be	crucial	in	explaining	the	low	
migration	barrier	for	the	inter-site	sodium	motion.		

	

Figure	4	Partial	probability	density	distributions	of	sodium	dis-
tinguished	by	the	presence	of	sodium	vacancy	v'Na	at	the	near-
est	neighbor	sites.	(a)	Free	from	the	sodium	vacancy.	(b)	Adja-
cent	to	the	sodium	vacancy	v'Na.	Left	panels	show	3D	represen-
tations	with	 isosurfaces	 at	 1	 and	0.1	Å–3	 levels,	 colored	with	
light	blue	and	blue,	respectively.	Right	panels	show	color-scaled	
maps	on	(100)	plane	at	x	=	0	with	contours	at	levels	of	0.08–1.2	
Å–3	with	0.08	intervals.	Probability	density	was	normalized	by	
the	number	of	sodium	atoms	in	the	unit	cell.		
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To	explain	the	peculiar	sodium	diffusivity	from	another	
viewpoint,	we	analyzed	the	sodium	vacancy	effects	enhanc-
ing	the	sodium	mobility.	For	the	disentanglement	of	sodium	
dynamics	and	its	correlation	with	the	vacancies	introduced,	
from	the	DFT-MD	results,	a	more	detailed	analysis	of	the	so-
dium	density	distribution	was	conducted.	We	defined	two	
types	 of	 sodium	 atoms:	 vacancy-related	 and	 vacancy-free	
Na.	Vacancy-related	Na	 is	defined	as	a	sodium	adjacent	to	
vacant	sodium	sites.	The	remaining	Na	atoms	correspond	to	
the	vacancy-free	Na.	In	the	present	simulation,	2	of	the	48	
sites	are	vacant,	and	8	or	6	of	the	46	sodium	atoms	are	clas-
sified	 as	 vacancy-related	 sodium	 atoms	 at	 each	 MD	 time	
step.	 As	 shown	 in	 Figure	 4(a),	 the	 vacancy-free	 sodium	
shows	a	 localized	character,	while	the	vacancy-related	so-
dium	shows	a	diffuse	distribution	spreading	toward	the	ad-
jacent	sites,	where	a	significant	probability	is	distinguisha-
ble	 even	 at	 the	 bottleneck	position	 (Figure	 4(b)).	 The	 so-
dium	vacancy	induces	displacements	of	the	neighboring	so-
dium	ions	from	the	average	position,	and	makes	inter-site	
jumps	possible.	

To	clarify	the	role	of	the	W	substitution,	we	calculated	
the	 sodium	 distribution	 around	 the	 substituted	 tungsten	
from	the	trajectories	of	the	DFT-MD	simulations.	The	substi-
tution	of	Sb(V)	with	W(VI)	creates	a	positive-charge	point	to	
induce	adjacent	sodium	vacancies.	Therefore,	 classical/in-
tuitive	coulombic	considerations	might	lead	us	to	expect	the	
sodium	 vacancy	 condensation	 around	 such	 a	 positive	
charge	(W	sites).	However,	the	average	sodium	occupancies	
were	 close	 to	 the	 global	 average	 at	 the	 first,	 second,	 and	
third	nearest	neighbor	sites	(Table	S2	in	Supporting	Infor-
mation).	Thus,	the	vacancy	condensation	around	the	substi-
tution	site	was	not	significant.	Moreover,	the	majority	of	the	
sodium	ions	around	the	W	sites	are	highly	mobile.	Figure	5	
shows	the	average	probability	density	of	sodium	around	the	
substituted	 site,	which	 forms	 the	 tetrathiotungstate	anion	
[WS4]2–.	In	the	3D	Na	distribution	around	the	W	site,	all	the	
Na+	sites	exhibited	a	diffuse	spatial	distribution	spreading	
toward	the	neighboring	outer	sites,	while	the	first	nearest	
neighbor	Na+	showed	a	relatively	localized	character.	These	
statistical	characteristics	indicate	that	the	W	substitution	in-
troduces	 globally	 distributed	 sodium	 vacancies,	 each	 of	
which	 effectively	 create	 Na	 with	 positional	 disordering.	
Hence,	the	vacancy-induced	sodium	dynamics	were	not	con-
strained	to	the	substituted	site.	

	

Figure	5	Probability	density	distribution	of	sodium	around	the	
tetrathiotungstate	anion	[WS4]2–.	Left	panel	is	a	3D	representa-
tion	with	light	blue	and	blue	isosurfaces	at	0.1	and	1	Å–3,	respec-
tively.	Sulfur	and	tungsten	atoms	are	represented	in	yellow	and	
gray	 spheres,	 respectively.	 Right	 panel	 is	 a	 color-scaled	map	
sliced	at	(100)	plane	with	contours	at	0.04–0.6	Å–3.	Green,	red,	

and	blue	 crosses	 indicate	 the	 first,	 second,	 and	 third	nearest	
neighbor	sites.		

In	summary,	we	have	demonstrated	the	crystal	structure	of	
the	sodium	superionic	phase	Na3	–	xSb1	–	xWxS4,	including	de-
tails	 on	 sodium	dynamics.	 The	 cubic	 β-Na3PS4-type	 struc-
ture	is	stabilized	by	the	substitution	of	W(VI)	with	Sb(V)	and	
the	introduction	of	sodium	vacancies.	The	dynamic	proba-
bility	density	distribution	analyses	 confirmed	 that	 the	 so-
dium	vacancies	did	not	 localize	around	 the	substituted	W	
site,	 and	 the	 globally	 distributed	 sodium	 vacancies	 effec-
tively	disordered	the	adjacent	sodium	ions	to	realize	an	ex-
tremely	high	alkaline-ion	conductivity,	which	is	the	highest	
reported	thus	far.	The	material	design	in	this	system	and	the	
aliovalent	 substitution	 to	 the	 Sb(V)	 site	 is	 an	 archetypal	
strategy	and	might	be	one	of	the	most	ideal	ways	to	realize	
the	sodium	superionic	phase.	
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