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ABSTRACT: Sodium ion (Na) solid-state electrolytes (SSEs)
are critical to address notorious safety issues associated with
liquid electrolytes used in the current Na ion batteries.
Fulfilling multiple innovations is a grand challenge but is
imperative for advanced Na ion SSEs, such as a combination of
high ionic conductivity and excellent chemical stability. Here,
our first-principles and phonon calculations reveal that
Na3P1−xAsxS4 (0 ≤ x ≤ 1) is a solid-state superionic conductor
stabilized at 0 K by zero-point vibrational energy and at finite
temperatures by vibrational and configurational entropies.
Especially, our integrated first-principles and experimental
approach indicates that Na3P1−xAsxS4 is dry-air stable. Additionally, the alloying element arsenic greatly enhances the moisture
(i.e., H2O) stability of Na3P1−xAsxS4 by shifting the reaction products from the easy-forming oxysulfides (such as Na3POS3 and
Na3PO2S2 with H2S release) to the difficult-forming hydrates (such as Na3P1−xAsxS4·nH2O with n = 8 and/or 9) due mainly to a
weaker As−O affinity compared to that of P−O. The present work demonstrates that alloying is able to achieve multiple
innovations for solid-state electrolytes, such as a desirable superionic conductor with not only a high ionic conductivity (for
example, 1.46 mS/cm at room temperature achieved in Na3P0.62As0.38S4) but also an excellent chemical stability with respect to
temperature, composition, and moisture.
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1. INTRODUCTION

Rechargeable Na ion batteries present a promising low-cost,
sustainable alternative to today’s Li ion batteries for use in
medium- and large-scale energy storage systems because of the
abundant sodium resources and the dwindling lithium
supplies.1−3 However, current Na ion batteries still suffer
from notorious safety issues due mainly to the volatile and
flammable liquid electrolyte and the high reactivity of Na metal
deposited upon overcharging. This hence promotes the
development of solid-state electrolytes (SSEs) which would
make the all-solid-state Na ion batteries much safer and
resistant to leakage and would achieve a long cycle life, and
thereby would accelerate their deployment in critical energy
technologies where safety is a major concern.4,5

Among the developed SSEs, sulfides were found superior to
oxides to achieve high ionic conductivity and hence more
suitable for all-solid-state batteries,6,7 for example, the break-
through discovery of Li10GeP2S12 (LGPS)8 with a room
temperature (RT) conductivity σRT = 12 mS/cm and the
finding of LGPS-type Li9.5Si1.74P1.44S11.7Cl0.3 with a record-
breaking σRT = 25.3 mS/cm.9 Inspired by the success in LGPS-
type SSEs, considerable Na ion chalcogenide conductors with
encouraging σRT values have been developed and are
summarized in Table 1,7,10−16 where the initial finding is a

glass-ceramic Na3PS4 by Hayashi et al.10 with σRT = 0.2−0.46
mS/cm.10−12 The subsequent findings from experiments
include the Na3PS4-type Na3PSe4, Na3AsS4, Na3SbS4, Na2.9375P-
S3.9375Cl0.0625, and Na3P0.62As0.38S4 as well as the LGPS-type
Na10SnP2S12 and 94Na3PS4·6Na4SiS4 (see their σRT values in
Table 1). In addition, first-principles calculations by Zhu et al.17

indicated that a higher Si doping such as xSi = 0.125 could yield
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Table 1. Measured Na Ion Conductivities at Room
Remperature (σRT, mS/cm) for Na Ion SSEs

Na ion SSE σRT note

Na3PS4 0.2−0.46 our previous work and refs 10−12
Na3AsS4 0.027 our previous work12

Na3SbS4 1.10 ref 7
Na3PSe4 1.16 ref 13
Na3P0.62As0.38S4 1.46 our previous work12

Na2.9375PS3.9375Cl0.0625 1.14 ref 14
94Na3PS4·6Na4SiS4 0.74 ref 15
Na10SnP2S12 0.4 ref 16
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a significant increase of Na ion conductivity in Na3PS4. Here,
special attention should be paid to the most promising
Na3P0.62As0.38S4our recent experimental finding with the
highest σRT = 1.46 mS/cm reported so far in sulfide SSEs12
indicating the vital role of the alloying element arsenic to
enhance Na ion conductivity in Na3PS4 (also true in the Li ion
case as demonstrated in Li3.833Sn0.833As0.166S4).

6

In addition to the challenge in developing Na ion SSEs with
high conductivity that are comparable with liquid counterparts
(around 6−8 mS/cm at room temperature),18 chemistry
stability is another challenge especially for phosphorus−
sulfur-based electrolytes with inferior stability in air and
moisture compared to oxides (for example, Li10GeP2S12 and
Na3PS4).

6,7 This challenge imposes a serious environmental
concern and makes their broad application questionable.
Furthermore, the sensitivity of SSEs in air and moisture
necessitates sophisticated and complex treatment procedures
under a dry inert gas atmosphere, which increases their
processing cost.6,19 For the present focus of Na3P1−xAsxS4, it is
dry-air stable against oxygen but moisture unstable with respect
to H2O, especially when the arsenic mole fraction x < ∼0.25
(see details later). Moisture instability of sulfides (using Na3PS4
as an example) can be understood by the negative reaction
Gibbs energy (ΔGr) in the following reactions (separately or in
combination):

+ → +− −S H O O H S2
2

2
2 (1)

+ → ·n nNa PS H O Na PS H O3 4 2 3 4 2 (2)

Besides air and especially moisture stability, phase stability with
respect to temperature and alloying elements is another
concern about stability, which determines the application
range of SSEs.
As an effort to explore the promising superionic conductor

Na3P0.62As0.38S4 (see its σRT value in Table 1),12 the present
work aims to identify the role of the alloying element arsenic in
regulating the stability of Na3P1−xAsxS4 with respect to
temperature, composition, air, and moisture (mainly H2O).
To this end, an integrated approach is employed in the present
work including density functional theory (DFT)-based first-
principles and phonon calculations together with experimental
synthesis and characterization. Besides the increased Na ion
conductivity due to the alloying element arsenic,12 here, we
reveal that Na3P1−xAsxS4 is stable at 0 K due to the zero-point
vibrational energy, and it possesses enhanced moisture stability
stemming from a weaker As−O bonding with respect to the P−
O bonding. Hence, the reaction products of “Na3P1−xAsxS4 +
H2O” shift from the easy-forming oxysulfides to the difficult-
forming hydrates with increasing arsenic content.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1. Materials Synthesis and Characterization. 2.1.1. Synthesis.

As detailed previously,12 solid-state electrolyte Na3P1−xAsxS4 (0 ≤ x ≤
1) was synthesized by the ball-mill technique followed by heat
treatment in terms of Na2S (Alfa Aesar, anhydrous, analytical reagent),
P2S5 (Sigma-Aldrich, 99%), and As2S5 (Sigma-Aldrich, 99.99%). A
mixture of these precursors was ball-milled for 15 h at a speed of 510
rpm using the planetary ball mill (Across International). The obtained
powder samples were cold pressed at 400 MPa into a pellet 10 mm in
diameter and 0.6−1.2 mm in thickness. All these processes were
protected under an argon atmosphere due to the possible air and
moisture instability of Na3P1−xAsxS4. The prepared pellets were sealed
in an evacuated glass tube and heated to 270 °C at a rate of 1 °C/min,

and then kept at 270 °C for 2 h before being cooled to room
temperature at the same rate.

2.1.2. Characterization. Power X-ray diffraction (XRD) was
performed on a Rigaku Miniflex II spectrometer with Cu Kα radiation.
A beryllium window (Rigaku Corp.) was used as the XRD holder for
atmosphere-sensitive samples. The samples were sealed with Kapton
tape in a glovebox filled with high-purity argon gas to avoid any side
reactions with air (mainly oxygen) and moisture (mainly H2O). The
morphology of these pellets was characterized with a scanning electron
microscope (Nano630 FE-SEM). The mole fraction of arsenic in
Na3P1−xAsxS4 was determined by inductively coupled plasma emission
spectrometry (ICP-AES; PerkinElmer Optima 5300).

2.2. Structure Consideration and Possible Reaction Prod-
ucts. According to XRD and synchrotron XRD patterns and DFT
calculations,12 Na3PS4 as well as Na3P1−xAsxS4 can be described well by
a tetragonal phase with space group P4̅21c due mainly to the (212)
diffraction peak;20 see also the present XRD patterns shown later. In
addition to the low-energy tetragonal phase, the perfect cubic phase
(Wyckoff site 6b in space group I4̅3m fully occupied by Na) and the
defect cubic phase (Wyckoff sites 6b and 12d in space group I4̅3m
partially occupied by Na)21 were also tested for Na3P1−xAsxS4 in the
present work, since they are widely used in the literature.10,21 To
account for the variation of arsenic concentration in Na3P1−xAsxS4, a
128-atom supercell was employed in terms of space group P4̅21c. All
the independent Na48(P1−xAsx)16S64 structures were generated by the
ATAT code.22 Special attention was paid to composition Na3P0.5-
As0.5S4: (i) a low-energy structure with space group P21 including 32
atoms in the primitive cell and (ii) a high-energy structure with space
group P4 ̅ including 16 atoms in the primitive cell. More details about
the Na3P1−xAsxS4 structures are given in Table S1 of the Supporting
Information as well as our previous paper.12

The possible reaction products from “Na3P1−xAsxS4 + H2O”, see eqs
1 and 2, were examined by “Structure Predictor” in the Materials
Project23−25 using the data-mined knowledge of experimental crystal
data, i.e., the ICSD (Inorganic Crystal Structure Database).26 Note
that some possible reaction products were excluded in the present
work due to the lack of atomic positions for first-principles
calculations, for example, Na3AsO3S·12H2O with unknown hydrogen
positions27 and Na3PO3S·12H2O with partial occupations of P, S, or O
atoms.28 The excluded hydrates include more H2O molecules, and
they should possess higher Gibbs energies of reaction according to the
results shown in section 3.2. Finally, nine kinds of reaction products
(P#1/As#1 to P#9/As#9) and the corresponding nine reactions (R1−
R9) were considered in the present work; see Table 2. These reaction
products can be grouped into three categories: (i) oxysulfides
Na3MOS3, Na3MO2S2, and Na3MO3S (M = As or P, and similarly
hereinafter) with H2S release from reactions R1−R3, (ii) hydrates

Table 2. Possible Reactions of Na3MS4 (M = P or As) with
H2O by Examining the ICSD (Inorganic Crystal Structure
Database)26

group no. namea reaction (M = P or As)

1 R1 P#1 or As#1 Na3MS4 + H2O ⇄ Na3MOS3 + H2S
R2 P#2 or As#2 Na3MS4 + 2 H2O ⇄ Na3MO2S2 + 2 H2S
R3 P#3 or As#3 Na3MS4 + 3 H2O ⇄ Na3MO3S + 3 H2S

2 R4 P#4 or As#4 Na3MS4 + 8 H2O ⇄ Na3MS4·8H2O
R5 P#5 or As#5 Na3MS4 + 9 H2O ⇄ Na3MS4·9H2O

3 R6 P#6 or As#6 Na3MS4 + 10 H2O ⇄ Na3MO3S·7H2O +
3H2S

R7 P#7 or As#7 Na3MS4 + 12 H2O ⇄ Na3MOS3·11H2O +
H2S

R8 P#8 or As#8 Na3MS4 + 13 H2O ⇄ Na3MO2S2·11H2O +
2H2S

R9 P#9 or As#9 Na3MS4 + 15 H2O ⇄ Na3MO3S·12H2O +
3H2S

aName for the reaction product which is not H2S, such as P#1 for
Na3POS3; see details in Table S1 (Supporting Information).
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Na3MS4·8H2O and Na3MS4·9H2O from reactions R4 and R5, and (iii)
oxysulfide hydrates from a combination of the above two, i.e.,
Na3MO3S·7H2O, Na3MOS3·11H2O, Na3MO2S2·11H2O, and
Na3MO3S·12H2O from reactions R6−R9. Structural details of these
compounds (see Table 2) are given in Table S1.
Regarding H2O and H2S in reactions 1 and 2 as well as Table 2, the

thermodynamically stable phases under low temperature and pressure
conditions were selected, i.e., ice XI29 and orthorhombic H2S (solid)

30

as detailed in Table S1.
It is worth mentioning that the present analyses of moisture stability

were carried out at 0 K, and it was found that the predicted reaction
Gibbs energies at 0 K are good enough to explore the enhanced
moisture stability in Na3P1−xAsxS4 at room temperature due to the
effect of the alloying element arsenic. In fact, first-principles energies
predicted at 0 K can be used satisfactorily to represent the (relative)
Gibbs energies at low temperatures (such as room temperature)
because of the limited effect or the cancellation of entropy at these
temperatures. When Gibbs energies at finite temperatures are needed
for materials which are difficult to calculate, such as liquid H2O, an
effective way is to use the measured thermodynamic data in
combination with the easily calculated DFT data; see the recent
works for battery materials.31,32 In addition, when aqueous stability as
a function of the pH value is the major concern, the Pourbaix diagram
can be employed.32,33

2.3. First-Principles and Phonon Calculations. 2.3.1. First-
Principles Calculations. All DFT-based first-principles calculations
were performed by the Vienna Ab initio Simulation Package (VASP
5.4.1)34,35 with the ion−electron interaction depicted using the
projector augmented wave method.36 Four exchange-correction (X-C)
functionals were employed and examined starting from our previous
DFT work for sulfur-containing materials.37 These X-C functionals
include (i) the generalized gradient approximation (GGA) developed
by Perdew, Burke, and Ernzerhof (PBE),38 (ii) the improved GGA-
PBE for densely packed solids and their surfaces (PBEsol, or PS for
simplicity),39 and (iii and iv) the semiempirical van der Waals
correction as implemented by Grimme et al. (the D3 method),40 i.e.,
the PBE+D3 and PS+D3 methods. More details of first-principles
calculations are given in the Supporting Information, including
structural details for each compound, the k-point mesh, the cutoff
energy, and smearing methods for structural relaxation and an accurate
total energy.
2.3.2. Phonon Calculations. Concerning the present polar material

of Na3P1−xAsxS4, we used a parameter-free mixed-space approach41 as
implemented in the YPHON code42 for phonon calculations, which
accounts for the long-range dipole−dipole interactions resulting in the
well-known longitudinal optical and transverse optical (LO−TO)
splitting; see details in our review paper.43 Here, the VASP code was
again the computational engine to obtain the force constants, i.e., the
Hessian matrix, in terms of the density functional perturbation theory.
Other details including the supercell size, k-point mesh, and cutoff
energy are given in the Supporting Information.
2.3.3. Thermodynamics. The quasiharmonic approach in terms of

first-principles and phonon calculations was used to calculate the
Helmholtz energy F for a given structure under volume V and
temperature T:44,45

= + +F V T E V F V T F V T( , ) ( ) ( , ) ( , )c vib el (3)

Fvib is the vibrational contribution by phonon calculations using data at
four to six volumes. Fel is the thermal electronic contribution for
metals; it was ignored herein due to the semiconductor and insulator
nature of Na3P1−xAsxS4. Ec is the static total energy at 0 K without the
zero-point vibrational energy (ZPE) calculated by VASP. Ec(V) was
determined by fitting the first-principles energy versus volume (E−V)
data points according to a four-parameter Birch−Murnaghan equation
of state (EOS):45

= + + +− − −E V a a V a V a V( ) 1 2
2/3

3
4/3

4
2

(4)

where a1, a2, a3, and a4 are fitting parameters. Correspondingly, the
pressure−volume (P−V) EOS can be obtained by P = −dE/dV.37

Equilibrium properties determined from EOS fittings include the
energy (E0), volume (V0), bulk modulus (B0), and first derivative of
the bulk modulus with respect to pressure (B′). Six to eight data points
within the volume range of −10% < (V − V0)/V0 < +10% were
typically used for the present EOS fittings.

3. RESULTS AND DISCUSSION
3.1. Structural and Phonon Properties of Na3P1−x-

AsxS4. Before discussing phase stability, we show first the
capability of first-principles calculations in predicting the
structural and phonon properties of Na3P1−xAsxS4.

3.1.1. Structural Properties. Figure 1 shows a comparison of
experimental equilibrium volumes with respect to first-

principles predictions by using different X-C functionals for
Na3P1−xAsxS4 and associated compounds as listed in Table 2.
All the data shown in Figure 1 are also given in Table S2
(Supporting Information). In general, the predicted equilibrium
volumes (V) show the trend of VPBE > VPBE+D3 ≈ VPS > VPS+D3,
and the predicted VPBE+D3 and VPS are closer to experimental
data except for H2O (ice XI), with the better prediction being
for VPBE. In addition, the present VPBE values from E−V EOS
fitting, see eq 4, agree reasonably well with the directly relaxed
VPBE values in the Materials Project database.23,24 The largest
exception is for H2S due to the significant difference in
predicting the equilibrium volume from energy (such as the
present E−V EOS fitting) and stress (such as the direct
relaxation by the Materials Project and the present P−V EOS
fitting) for some materials.46,47 It is believed that the results
from energy are more accurate since stress is an indirect first-
principles output via the derivative of energy. The first-
principles results shown in Figure 1 indicate that both PS and
PBE+D3 are more suitable to describe Na3P1−xAsxS4 and
associated compounds from the viewpoint of equilibrium
volume.
Besides the equilibrium volume, very little experimental

information on the bulk modulus (B0) and its pressure
derivative (B′) is available for Na3P1−xAsxS4 and associated
compounds, except for ice XI and solid H2S; see Table S2. The
predicted B0 values (15.2−23.0 GPa) for ice XI are larger than
the measurement (8.9 GPa) at 257 K48 due mainly to the
smaller volumes from first-principles calculations; see Table S2.
Regarding solid H2S, the predicted B0 value (3.1 GPa from
PBE) agrees reasonably well with the roughly estimated value

Figure 1. First-principles-predicted equilibrium volumes by different
X-C functionals in comparison with experimental data. DFT data in
the literature (i.e., the Materials Project)23,24 are also listed. Structural
details and all the used data are given in Tables S1 and S2, respectively
(Supporting Information).
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(<3 GPa) using the measured elastic constants at pressure >0.5
GPa;49,50 see Table S2. Regarding the tetragonal Na3P1−xAsxS4,
Figure S1a (Supporting Information) shows that the predicted
B′ values are around 4.9a normal value for most materials.46

Figure S1b shows that the equilibrium volume of Na3P1−xAsxS4
increases almost linearly from 20.936 to 21.568 Å3/atom with
increasing As concentration, and correspondingly, the bulk
modulus B0 decreases from 25.7 to 24.4 GPa due to the
addition of As (see also Table S2), indicating that the alloying
element As makes Na3PS4 softer.
3.1.2. Phonon Properties. Figure 2 shows the predicted

phonon dispersions and densities of states (DOSs) for

tetragonal Na3PS4 and Na3AsS4 using the X-C functional of
PS (PBEsol). Correspondingly, the predicted partial phonon
DOSs are shown in Figure S2 (Supporting Information). It is
worth mentioning that the inequality of vibrational frequencies
along different directions to the Γ point is due to the effect of
LO−TO splitting. Figure 2a shows that the predicted phonon
frequencies at the Γ point of Na3PS4 agree reasonably well with
the Raman and infrared measurements.51 Details about the
predicted phonon frequencies at Γ point are given in Table S3
(Supporting Information) for tetragonal Na3PS4 and Na3AsS4
in comparison with experimental data when available. No
imaginary phonon modes appear in Figure 2, indicating that
both Na3PS4 and Na3AsS4 are stable or metastable, agreeing
with experimental observations.52,53 In general, the shapes of
phonon dispersions and DOSs for Na3PS4 and Na3AsS4 are
similar (see Figure 2). However, phonon frequencies of
Na3AsS4 (such as around 410 and 360 cm−1) are much lower
than the corresponding frequencies of Na3PS4 (around 540 and
450 cm−1) due to the weaker As−S bonding compared to the
P−S bonding; see Figure S2 for the As−S and P−S phonon
hybridizations. The weaker As−S bonding is consistent with the
lower As−S force constants12 and the softer nature of Na3AsS4

with respect to Na3PS4 (see the bulk moduli of Na3PS4 and
Na3AsS4 in Table S2).
Besides the phonon DOSs for the two end members Na3PS4

and Na3AsS4, first-principles-predicted phonon DOSs for the
low- and high-energy structures of Na3P0.5As0.5S4 are also
plotted in Figure S3 in comparison with those of Na3PS4 and
Na3AsS4, indicating the similar shapes of phonon DOSs,
especially between Na3P0.5As0.5S4 and Na3AsS4.

3.2. Phase Stability of Na3P1−xAsxS4 at 0 K and Finite
Temperatures. Figure 3 shows the first-principles-predicted

enthalpy of mixing for Na3P1−xAsxS4 in terms of the 128-atom
supercell and without the ZPE effect. Here, the X-C functional
of PS is employed together with auxiliary examinations by PBE
and PS+HSE06 (a hybrid functional54 as shown previously12)
for the low- and high-energy structures of Na3P0.5As0.5S4. It is
seen that Na3P1−xAsxS4 has a positive enthalpy of mixing
predicted by different X-C functionals, indicating the existence
of a miscibility gap and hence phase separation. However,
Figure 3 also shows that the values of enthalpy of mixing are
quite small (<0.1 kJ/mol-atom or 1 meV/atom even when x =
0.5), indicating that Na3P1−xAsxS4 can be stable at higher
temperatures. The estimated consolute temperature of the
Na3P1−xAsxS4 miscibility gap is around 100 K in terms of the
mean field theory and the ideal mixing approach, indicating
Na3P1−xAsxS4 is stable above ∼100 K on the basis of the
configurational entropy only, where the detailed predictions
were shown in our previous work.12

Figure 4 shows the vibrational Gibbs energy differences for
the low- and high-energy structures of Na3P0.5As0.5S4 in terms
of the quasiharmonic phonon approach, see eq 3, and the X-C
functional of PS (PBEsol). Note that (i) the reference states are
tetragonal Na3PS4 and Na3AsS4 and (ii) the static energy
differences at 0 K are excluded (see Figure 3). The vibrational
entropies and Gibbs energies are given in Table S4 (Supporting
Information) at selected temperatures for Na3P1−xAsxS4 (x = 0,
0.5, and 1). The Gibbs energies at 0 K are ZPEs (3.859, 3.581,
3.523, and 3.361 kJ/mol-atom), which decrease with increasing
As concentration since the mass of the element As is heavier
than that of the element P, and Na3AsS4 is softer than that of
Na3PS4 as discussed previously. Figure 4 shows that the
vibrational Gibbs energy difference of Na3P0.5As0.5S4 decreases
with increasing temperature. At 0 K, the vibrational Gibbs
energy difference for Na3P0.5As0.5S4 is about −0.5 kJ/mol-atom
due to ZPEs, which is comparable to the static enthalpy of
mixing (see Figure 3), implying that Na3P1−xAsxS4 is stable at 0
K due to the zero-point vibrational energy.

Figure 2. First-principles-predicted phonon dispersion curves and
phonon densities of states (DOSs) with the LO−TO splitting included
for tetragonal Na3PS4 (panels a and b, respectively) and Na3AsS4
(panels c and d, respectively) in terms of the X-C functional of PS
(PBEsol). Measured Raman (tilted squares) and infrared (circles) data
at the Γ point are also shown for Na3PS4;

51 see detailed comparisons
in Table S3 (Supporting Information).

Figure 3. First-principles-predicted enthalpy of mixing by using
different X-C functionals (PS, PBE, and PS+HSE06) and methods
(EOS fitting and direct DFT relaxations).
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The above discussion indicates that Na3P1−xAsxS4 is a
superionic conductor stabilized at 0 K by zero-point vibrational
energy, albeit it has a slightly positive enthalpy of mixing at 0 K,
and Na3P1−xAsxS4 becomes more and more stable at finite
temperatures due to both the vibrational entropy and the
configurational entropy. It is expected that the effect on the
Gibbs energy from configurational entropy becomes more
significant than that from vibrational entropy with increasing
temperature, especially when the As concentration x ≈ 0.5.
3.3. Air and Moisture Stability of Na3P1−xAsxS4. Similar

to the cases of Li3.833Sn0.833As0.166S4
6 and Na3SbS4,

7 Na3P1−x-
AsxS4 is dry-air stable. For example, no obvious changes are
observed in the XRD patterns of Na3PS4 before and after
exposure to air at 413 K (140 °C) for 100 h (see Figure S4,
Supporting Information), indicating that Na3PS4 is stable with
respect to oxygen. However, Na3PS4 is moisture unstable when
it is exposed in air for 1.5 h with 25% humidity at room
temperature on the basis of XRD measurements (not shown),
and the H2S gas was detected immediately after air exposure at
room temperature with 45% humidity.12 As an example, Figure
5 shows the XRD patterns of powder Na3PS4 before and after
air exposure at room temperature with 15% humidity for 100 h.
After exposure, four extra XRD peaks (nos. 1, 2, 5, and 6
marked in Figure 5) and two enhanced peaks (nos. 3 and 4)
appear, indicating the formation of new phases. The powder

SEM images in Figure 6 indicate that the particle sizes are
similar before and after air exposure with 15% humidity for 100
h; however, the particle shape is sharper in the pristine Na3PS4,
and after air exposure it looks like the particle surface is covered
by a layer of coating, making the particle shape blunt. As a
result, the Na ion conductivity decreases from 0.2 mS/cm for
the pristine Na3PS4 to 0.05−0.1 mS/cm for the exposed
Na3PS4 according to the impedance measurements.12 With
increasing As concentration, the moisture stability of Na3P1−x-
AsxS4 is enhanced; for instance, no new XRD peaks were
observed in Na3P0.62As0.38S4 exposed to moisture with 15%
humidity for 100 h.12

To understand the enhanced moisture stability in Na3P1−x-
AsxS4, Figure 7 shows the first-principles-predicted Gibbs
energies of reaction (ΔGr) at 0 K for Na3MS4 + H2O (M = P or
As); see Table 2 for these reactions and Table S2 for the
present first-principles results. Note that the Materials Project
values23,24 (relaxed results using PBE) are also listed in Table
S2 when available, which agree reasonably well with the present
PBE results from the EOS fittings except for As#6 (Na3AsO3S·
7H2O), P#7 (Na3POS3·11H2O), and P#9 (Na3PO3S·12H2O)
with an energy difference of >2 meV/atom. The energy
deviations between the present PBE calculations and the
Materials Project values have contributions from the different k-
point meshes employed (such as 2 × 2 × 2 for P#7 by the
Materials Project; while more k-point meshes were used in the
present cases; see Table S1).
Figure 7 shows that the lowest ΔGr value at 0 K for “Na3PS4

+ H2O” is from reaction R1 with the reaction products of
“Na3POS3 + H2S”, followed by reaction R2 with the reaction
products “Na3PO2S2 + H2S”. The ΔGr values are relatively
higher for formation of the hydrates, especially the oxysulfide
hydrates with more H2O molecules (see also Table S2).
Experimentally, these hydrates can be synthesized in aqueous
solution,55,56 and the absorbed H2O will be lost from these
hydrates on heating or freeze-drying.57 Concerning “Na3AsS4 +
H2O”, the lowest ΔGr valuedifferent from the above Na3PS4
caseis from reaction R4 (or R5) with the reaction product of
Na3AsS4·8H2O (or Na3AsS4·9H2O). From reaction R1 of
“Na3PS4 + H2O” to reaction R4/R5 of “Na3AsS4 + H2O”,
Figure 7 and Table S2 show that the ΔGr value increases by 1.9
kJ/mol-atom (PBE) or 1.5 kJ/mol-atom (PS), indicating the
enhanced moisture stability with increasing As content. To
further investigate “Na3P1−xAsxS4 + H2O” as a function of the
alloying element arsenic, the enthalpies of mixing for
Na3P1−xAsxS4 and associated reaction products need to be
considered. Similar to the Na3P1−xAsxS4 case in Figure 3, it is
found that the values of the enthalpy of mixing are also
negligibly small for the examined compounds Na3P1−xAsxOS3
(<0.08 kJ/mol-atom or 0.8 meV/atom) and Na3P1−xAsxS4·
8H2O (<0.01 kJ/mol-atom or 0.1 meV/atom); see the data
reported in Table S5 (Supporting Information). It is hence
reasonable to estimate the ΔGr values of “Na3P1−xAsxS4 + H2O”
using the ideal mixing approach by ignoring the enthalpy of
mixing.
Figure 8 shows the PBE- and PS-predicted ΔGr values at 0 K

and without ZPE for “Na3P1−xAsxS4 + H2O” according to the
aforementioned ideal mixing approach. Both PBE and PS give
similar results, and the PBE results will be discussed mainly.
Similar to the observations in Figure 7, Figure 8 shows that the
possible reaction products are oxysulfides Na3P1−xAsxOS3,
Na3P1−xAsxO2S2, and Na3P1−xAsxO3S when x < ∼0.25. At
higher arsenic contents, such as those indicated by the green

Figure 4. Vibrational Gibbs energy differences for a low-energy phase
and a high-energy phase of Na3P0.5As0.5S4 (structures reported
previously12) in terms of the quasiharmonic phonon approach using
the X-C functional of PS (PBEsol). Note that the reference states are
Na3PS4 and Na3AsS4 and the static energy differences at 0 K are
excluded.

Figure 5. Measured XRD (Cu Kα) patterns of powder Na3PS4 before
and after air exposure at room temperature with 15% humidity for 100
h, where beryllium (Be) is used as the air-sensitive holder. Note that
we reported the similar XRD patterns previously,12 where only four,
instead of six, peaks relevant to the new phases were marked due to
lack of confidence previously.
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highlighted region, with x > ∼0.25 (i.e., >0.28 by PBE and
>0.22 by PS), Na3P1−xAsxS4 reaches the best moisture stability
region, i.e., the region with the highest ΔGr values. In this
region, the hydrates (Na3PxAs1−xS4·nH2O with n = 8 and/or 9)
are the possible reaction products with high ΔGr values (e.g.,
>∼1 kJ/mol-atom for the PBE case).
It was shown that the high As-containing Na3P1−xAsxS4 (e.g.,

Na3P0.62As0.38S4) is moisture stable after exposure to air with
15% humidity at room temperature for 100 h.12 To identify the
moisture products for the low-As-containing Na3P1−xAsxS4, we
examine the XRD patterns of the air-exposed Na3PS4 with 15%
humidity for 100 h (Figure 5) and the simulated XRD patterns
for Na3PS4, Na3POS3, Na3PO2S2, and Na3PO3S in terms of the

structures reported in the literature;20,58,57,59 see Figure S5. It is
concluded that the most possible reaction products at room
temperature from “Na3PS4 + H2O” are Na3POS3 (P#1) and
Na3PO2S2 (P#2) according to the following observations. The
new peak 1 in Figure 5 originates from the (210) diffraction of
P#2, confirmed by the enhanced peak 3 due to the (420)
superlattice diffraction of P#2. The new peak 2 in Figure 5
stems from the (020) diffractions of P#1 and P#2, confirmed by
the enhanced peak 4 due to the (040) superlattice diffraction of
P#1 and the new peak 5 due to the (040) superlattice
diffraction of P#2. The new peak 6 in Figure 5 may arise from
the (311) diffraction of P#1 and/or the (014) diffraction of
P#3; however, we cannot confirm its origin due to the limited
information in Figure 5.

Figure 6. Powder SEM images of Na3PS4 before (three images above) and after (three images below) air exposure at room temperature with 15%
humidity for 100 h. Note that the zoom-in direction is from left to right.

Figure 7. First-principles-predicted reaction Gibbs energies of Na3MS4
+ H2O (M = P or As) at 0 K (without ZPE) for the reactions (R1−
R9) listed in Table 2. All data used in this figure are also given in Table
S2 (Supporting Information).

Figure 8. First-principles-predicted reaction Gibbs energies ΔGr at 0 K
(without ZPE) as a function of the As concentration using the X-C
functionals of (a) PS and (b) PBE. Reactions R1−R9 are shown in
Table 2, and the highlighted regions indicate that Na3P1−xAsxS4 (x >
∼0.25) has the best moisture (H2O) stability with the highest ΔGr
values.
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The above experimental and first-principles results show that
a rough ΔGr value (>∼ 1.0 kJ/mol-atom from PBE
calculations) can be used to judge the stability of “Na3P1−xAsxS4
+ H2O” under nonheavy moisture (such as 15% humidity).
This ΔGr value agrees reasonably well with the observed
reactions, which slowly take place at a temperature near 0 °C:60

+ → # +Na PS 3H O Na PO S (P 3) 3H S3 4 2 3 3 2 (5)

# + # +

→ # +

Na PO S (P 1) Na POS (P 2) 3H O

2Na PO S (P 3) 3H S
3 2 2 3 3 2

3 3 2 (6)

On the basis of the present first-principles data by PBE shown
in Table S2, ΔGr = 0.38 kJ/mol-atom for reaction 5 and ΔGr =
0.94 kJ/mol-atom for reaction 6, which are less than 1.0 kJ/
mol-atom.
The present work indicates that the enhanced moisture

stability of Na3P1−xAsxS4 stems from the shift of the reaction
products from the easy-forming oxysulfides with lower ΔGr
values (such as Na3P1−xAsxOS3 and Na3P1−xAsxO2S2 with H2S
release when x < 0.25) to the relatively difficult-forming
hydrates with higher ΔGr values (such as Na3P1−xAsxS4·8H2O
and Na3P1−xAsxS4·9H2O with x > 0.25). These shifts can be
understood by the weaker As−O affinity with respect to P−O,
making it difficult to form oxysulfides with increasing As
concentration. For example, the bond dissociation energies in
diatomic As−O and P−O molecules are 484 and 589 kJ/mol,
respectively; and the bond dissociation energies in diatomic
As−O and P−O cations are 495 and 791 kJ/mol, respectively.61

The weaker As−O affinity is also reflected in the lower bulk
moduli in As-containing oxysulfides, such as 26.1 GPa (for
compound P#1, PBE result as shown in Table S2) vs 23.8 GPa
(As#1), 26.7 GPa (P#2) vs 23.5 GPa (As#2), and 37.4 GPa
(P#3) vs 34.6 GPa (As#3). However, the bulk moduli of As-
containing hydrates are comparable to and even higher than
those of the P-containing hydrates, for example, 16.9 GPa (PBE
result of P#4) vs 17.5 GPa (As#4); see more results in Table
S2.
It should be remarked that Na3P1−xAsxS4 (0 ≤ x ≤ 1) is

unstable under heavy moisture. For example, our examination12

indicated that the H2S gas was released immediately when
Na3PS4 was exposed to air at room temperature with 45%
humidity, and the H2S gas was also released after 6 min for the
case of Na3P0.62As0.38S4 under the same condition.

4. CONCLUSIONS
In the present work we investigated the origin of the
outstanding phase stability and the enhanced moisture stability
in a Na3P1−xAsxS4 superionic conductor by means of first-
principles and phonon calculations with verifications from
experiments. In addition to an exceptionally high Na ion
conductivity achieved in Na3P0.62As0.38S4 by tailoring the
alloying element arsenic,12 the present work shows that more
innovations can be fulfilled for Na3PS4-type solid-state
electrolytes via the alloying element arsenic. The present
work reveals that (i) Na3P1−xAsxS4 (0 ≤ x ≤ 1) is a solid-state
superionic conductor stabilized at 0 K by zero-point vibrational
energy, albeit it has a positive enthalpy of mixing, and
Na3P1−xAsxS4 becomes more stable at finite temperatures
because of the vibrational and configurational entropies and (ii)
Na3P1−xAsxS4 possesses pronounced moisture (i.e., H2O)
stability when x > ∼0.25 due to the shift of reaction products
from the easy-forming oxysulfides (for example, Na3P1−xAsxOS3

and Na3P1−xAsxO2S2 with H2S release) to the difficult-forming
hydrates (for example, Na3P1−xAsxS4·nH2O with n = 8 and/or
9) because of the weaker As−O affinity with respect to that of
P−O. The present work shows that alloying is able to achieve
multiple innovations in superionic conductors, for example, a
combination of high ionic conductivity with excellent stability
with respect to temperature, composition, and atmosphere
(e.g., H2O and O2).
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