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Impurities in Na2S Precursor and Their Effect on the
Synthesis of W-Substituted Na3PS4: Enabling 20 mS cm−1

Thiophosphate Electrolytes for Sodium Solid-State Batteries

Felix Schnaubelt, Arpita Panda, Daniel Wagner, Maya Ziegler, Hoang A. Dang,
Wolfgang G. Zeier, Anja Bielefeld, and Jürgen Janek*

Sodium solid-state batteries are intensively researched, expecting a
resource-uncritical alternative to their lithium counterparts. As in the case of
lithium, sulfide-type electrolytes show promising ionic conductivities 𝝈, and
Na3PS4-type solid electrolytes are intensively investigated. Aliovalent
substitution of P5+ by W6+ is shown to achieve sodium ion conductivity
𝝈(Na+) beyond 10 mS cm−1, rendering them good candidates for cathode
composites. Yet, incorporating WS4

2− into the crystal lattice of Na3PS4 is
deemed challenging, and Na3−xP1−xWxS4 electrolytes suffer from WS2 residue
after synthesis. In this work, impurities in the precursor Na2S are identified
and the detrimental influence of SOx groups in Na2S on the synthesis of
Na3PS4 and Na3−xP1−xWxS4 is demonstrated. The behavior of oxygen as
impurity during synthesis is pinpointed, and complete incorporation of
tungsten up to x ≈ 0.25 in Na3−xP1−xWxS4 by purified Na2S, realizing up
to 𝝈(Na+) = 26.4 mS cm−1 at room temperature.

1. Introduction

Inorganic solid electrolytes are a key component of solid-state
battery cells, which are developed as potential high-energy and
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power density storage devices.[1] To
achieve the desired combination
of high energy and power density,
highly conducting solid electrolytes
are needed, particularly as electrode
components.[2] Modeling studies show
that solid electrolytes with 𝜎ion > 10 mS
cm−1 are required to enable thick
cathode composites with high rate
capability.[3] Despite extensive scientific
work during the last decade, only few
lithium-based solid electrolytes, mainly
highly substituted argyrodites and
Li10GeP2S12-type electrolytes, achieve
such high 𝜎(Li+) at 25 °C.[4–6] Li9.54[Si0.6
Ge0.4]1.74P1.44S11.1Br0.3O0.6 (Li10GeP2S12-
type) reaches the highest 𝜎(Li+) = 32 mS
cm−1 of that electrolyte class at 25 °C up
to this date.[7] Recently, also niobium-
and tantalum-based lithium oxyhalides
are reported to achieve 𝜎(Li+) > 10 mS
cm−1 at room temperature.[8,9]

Sodium-based solid-state cell concepts picked up growing re-
search interest because they require only readily available and
resource-uncritical materials.[10] Sulfide-based solid electrolytes
like Na11Sn2PS12,

[11,12] Na3PS4,
[13,14] and Na3SbS4

[15] have been
reported to achieve 𝜎(Na+) up to the low 1 mS cm−1 range but
fail yet to approach 𝜎(Na+) = 10 mS cm−1. Pure Na3PS4 and
Na3SbS4 suffer from a lack of unoccupied Na+ sites, which hin-
ders fast ion mobility.[16,17] To further increase 𝜎(Na+), substi-
tution of S2− with Cl−16,[18] or Se2−,[19] and Na+ with Ca2+ is
reported[20] but only the aliovalent substitution of the central ion
in the MS4

3− tetrahedra (M = P5+/Sb5+) with W6+ has so far en-
abled 𝜎(Na+) > 10 mS cm−1 at 25 °C reproducibly.[17,21–23] The
highest reported reliable data for 𝜎(Na+) of the Na3−xP1−xWxS4
compound is 𝜎(Na+) = 13 mS cm−1 and 𝜎(Na+) in the 30–40 mS
cm−1 range for Na3−xSb1−xWxS4.

[17,21]

The high 𝜎(Na+) in Na3PS4-type electrolytes is often partially
attributed to the stabilization of the high-temperature cubic poly-
morph at room temperature.[14,17,21] Recently, it was shown by
measurements of the pair distribution function (PDF) that the
apparent cubic global structure of Na3PS4 and Na2.9Sb0.9W0.1S4
has local tetragonal ordering at room temperature and that the
unknown concentration of sodium vacancies VNa+ might be the
main reason for the increased 𝜎(Na+) of these materials.[23,24]

However, the influence of precursor quality on the synthesis and
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Figure 1. a) Diffraction patterns, b) IR spectra, c) Raman spectra, and d) XP spectra of Na2S-p, Na2S-d, andNa2S-c, respectively. Na2S-c suffers from SOx
groups, while Na2S-d contains mostly Na2Sx contamination. Bragg positions of cubic Na2S and anhydrous Na2SO3 are indicated. A Rietveld refinement
of Na2S-c can be found in the Supporting Information (S4).

resulting 𝜎(Na+) of those electrolytes, i.e., the role of purity in
general, is not well understood. In fact, impurities are often used
as an explanation for discrepancies between simulated and mea-
sured 𝜎(Na+).[22] Yet, even in the case of virtually pure Na3PS4,
contradicting results are reported. Hayashi et al. found a signif-
icant influence of Na2S purity on 𝜎(Na+), while Nguyen et al.
reported no significant effect when conducting Na3PS4 synthe-
sis with different Na2S samples.[13,25] For Na3SbS4, an increased
𝜎(Na+) was reported when self-synthesized Na2S was used, sup-
porting the results of Hayashi et al.[26]

This work aims to resolve these apparent discrepancies and
to deepen the understanding of the influence of synthesis con-
ditions on the resulting solid electrolytes and their 𝜎(Na+). As
a result, we demonstrate the critical role of Na2SOx in Na2S
on 𝜎(Na+) of Na3PS4 and the often-overlooked Na3−xP1−xWxS4
substitution variant. Using optimized and reproducible syn-
thesis conditions, aliovalent substitution of P5+ by W6+ up to
x ≈ 0.25 is achieved. This leads to the highest 𝜎(Na+) for
Na3−xP1−xWxS4 reported to date – with 𝜎(Na+) = 15.5 mS cm−1

(cold-pressed powder) and 𝜎(Na+) = 26.4 mS cm−1 (sintered pel-
let) for Na2.8P0.8W0.2S4 at 25 °C.

2. Results and Discussion

2.1. Na2S Purification and Identification of Impurities

To investigate the influence of impurities in Na2S on the synthe-
sis of Na3−xP1−xWxS4 electrolytes, technical grade Na2S was ei-
ther dried (Na2S-d) or dried and additionally purified (Na2S-p).

The purification was conducted according to a modified proce-
dure from Smith et al. through heating of Na2S under a hydrogen
atmosphere,[27] andNa2S-d andNa2S-p are compared to commer-
cial anhydrous Na2S (Na2S-c). The structure of cubic Na2S was
verified by XRD measurements (Figure 1a) for all samples.[28]

Only Na2S-c shows additional reflections corresponding to an-
hydrous Na2SO3.

[29] In Na2S-c and Na2S-d, minor unidenti-
fied reflections are observed, which could be caused by hy-
drate residues (S4). Results from IR measurements (Figure 1b),
which are more sensitive for SOx groups, reveal IR bands be-
tween 𝜈 = [600, 1200] cm−1 in Na2S-c, typical for Na2SO3 and
Na2SO4.

[30,31] Only a trace amount of SOx groups is observed in
Na2S-d, which are not observed after purification (Na2S-p). All
samples show low fractions of Na2CO3, indicated by weak IR
bands at 𝜈 = 1430 cm−1.[32] Raman measurements (Figure 1c)
were conducted to detect polysulfides, which are found in Na2S-d
at 𝜈 = {481, 498} cm−1.[27,33,34] For Na2S-c, contaminations are de-
tected at 𝜈 = {967, 1005, 1025} cm−1 which fall in the typical range
ofNa2SO3 andNa2SO4.

[32,35–38] ForNa2S-p, aweakRaman band at
𝜈 = 2560 cm−1 indicates NaSH, which could stem from reduced
polysulfides during purification.[39] All samples show a strong vi-
brational mode of Na2S at 𝜈 = 207 cm−1.[27,40,41] XP S2p spectra
(Figure 1d) further support the IR results. For Na2S-c, two SOx-
related peaks at a binding energy (BE) of BE = {166.9, 168.9} eV
are observed, which can be attributed to Na2SO3 and Na2SO4,
respectively.[42,43] The very intense peaks contrast with the diffrac-
tion pattern of Na2S-c, which showsNa2S as themain phase. This
indicates inhomogeneous distribution of Na2SOx in Na2S and
its accumulation at the powder surface. All spectra show Na2S
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Figure 2. a) Diffraction patterns of tetragonal Na3PS4 (Bragg positions indicated) synthesized with Na2S-c, Na2S-d, and Na2S-p, respectively, without
and with HT at 220 or 270 °C. b) Evolution of lattice parameters depending on the heating procedure. c,d) Raman spectra of Na3PS4 made by Na2S-c,
Na2S-d, and Na2S-p, respectively, before and after HT at 270 °C.

peaks at BE = 159.8 eV. Polysulfides are detected in all samples
between BE = [161.4, 161.8] eV, which contrasts with the Ra-
man results.[43] This can be explained by trace amounts of Na2Sx
present on the surface of Na2S-c and Na2S-p. In the case of Na2S-
p, trace amounts of oxidation products might stem from brief
atmospheric contact during the purification process.
In conclusion, Na2S-c suffers from Na2SOx (particularly

Na2SO3) while Na2S-d contains Na2Sx and trace amounts of
Na2SOx. Na2S-p is practically free from Na2Sx and Na2SOx.

2.2. Influence of Na2S Purity on the Synthesis of Na3PS4 and
Na2.85P0.85W0.15S4

2.2.1. Synthesis of Na3PS4 with Different Na2S Precursors

Na3PS4 was synthesized via a mechanochemical process similar
to the route described by Nguyen et al.[13] XRD patterns of prod-
ucts obtained by three different synthesis conditions are shown
in Figure 2a. Tetragonal Na3PS4 is received through mechani-
cal milling when Na2S-p or Na2S-d is used as precursor. “Cu-
bic” Na3PS4 is often obtained through mechanical milling, but
the average crystal structure might depend on the milling pa-
rameters. For example, Hayashi et al. and Krauskopf et al. ob-
tained “cubic” Na3PS4, while Nguyen et al. obtained tetragonal
Na3PS4 by using similar synthesis parameters compared to this
work.[13,14,24] For Na2S-c, only amorphous material forms from
which tetragonal Na3PS4 evolves after heat treatment (HT). Lat-
tice parameters and tetragonal distortion (c/a ratio) (Figure 2b),
obtained by Pawley fits, (S2) indicate no incorporation of oxy-
gen in the crystalline phase since no crystalline Na3PS3O or lat-

tice contraction is found.[44] The tetragonal distortion varies be-
tween samples and decreases upon sintering at 220 and 270 °C,
underlining the discrepancy between local and global structure
in mechanically milled Na3PS4.

[24] Raman spectra of HT and
non-HT Na3PS4 (Figure 2c,d) give insight into the local struc-
ture and reveal similar spectra for Na2S-p and Na2S-d indepen-
dent of any HT. These are in accordance with literature.[17,45–48]

The characteristic bands observed are 𝜈1 = 413, 𝜈3 = 538, and
𝜈3 = 570 cm−1, 𝜈4 = 282 cm−1 and the weak 𝜈2 = 216 cm−1.
For Na2S-c, after mechanical milling, a less defined spectrum
is obtained. The characteristic 𝜈1 band shifts to 422 cm

−1, indi-
cating the presence of Na3PS4 glass.

[49,50] The 𝜈3 and 𝜈4 bands
are less resolved and new bands at 𝜈 = {153, 474} cm−1 ap-
peared. The 𝜈 = 474 cm−1 band strongly indicates the presence of
polysulfide residues in the electrolyte.[27,33,34] After HT, the addi-
tional bands remain, but the spectrum is more defined, and crys-
talline Na3PS4 is clearly present. These findings support the XRD
results.
XP spectra of S2p and P2p orbitals of Na3PS4 (Figure 3) give

no evidence of SOx groups in any electrolyte. This indicates that
SOx groups in Na2S may be reduced during ball milling while
oxygen binds with phosphorus. XPS further supports the Raman
and XRD results. In the case of Na2S-p and Na2S-d, no change
due to HT at 270 °C is observed, and no additional chemical reac-
tion is triggered. The P2p and S2p peaks of PS4

3− are observed at
BE= {131.7, 163.1} eV, respectively. Polysulfides and POx species
are present on the surface of all electrolytes, likely stemming
from POx impurities (S1), off-stoichiometry in the P4S10 precur-
sor, and synthesis. In the case of Na2S-c, changes in the P2p
and S2p spectra occur after HT. The polysulfide peak shifts from
BE = 162.7 to BE = 162.0 eV, which indicates the formation of
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Figure 3. a–c) XP S2p and d,e) P2p spectra of Na3PS4 synthesized with Na2S-c, Na2S-d, and Na2S-p, respectively, before and after HT at 270 °C. Material
made with Na2S-c undergoes further chemical reaction upon heating. A detailed explanation of the calibration process can be found in the Supporting
Information. For signals incorporating multiple species, an increased FWHM was used to regard the different BE.

shorter-chain polysulfides.[43] More severe changes are found in
the P2p spectrum. Phosphorus species with very high BE are de-
tected at BE = 134.3 eV, which could be attributed to species sim-
ilar to (NaPO3)n glasses.

[51] This peak intensifies duringHT from
1 to 9 atom%. Additionally, the PS4

3− signal increases during HT
from 42 to 56 atom%, while the broad peak associated with other
POx and polysulfide species decreases from 57 to 35 atom% and
shifts from BE = 132.4 to BE = 133.0 eV.
Analysis of the PDF allows the investigation of the local struc-

ture of both amorphous and crystalline materials. For all Na3PS4
samples heated at 270 °C, PDFs (Figure 4) indicate the same lo-
cal structure, which can be attributed to tetragonal Na3PS4.

[24,48]

Na2S-c leads to slightly lower intensities and more influence of
Fourier termination ripples, affecting the overall PDF quality,
and might indicate that the oxygen-containing impurity phase(s)
causes the reduced data quality. In addition, a faster intensity de-
cay is found as a function of the radial distance, suggesting a
lower coherence in that sample. Nevertheless, no P─O bonds are
observed, suggesting a low volume fraction, and in the cases of
Na2S-d and Na2S-p, no impurities are observed, likely falling un-
der the detection limit. To verify the presence of an amorphous
side phase in Na3PS4 synthesized by Na2S-c, a Rietveld refine-

ment (S2) of a mixture with 10 wt.% LaB6 was conducted. The
refinement suggests 12.3 ± 0.1 wt.% LaB6, indicating the pres-
ence of an amorphous phase (10 wt.%) in this Na3PS4 sample.
This side phase likely contains the oxygen-containing species.
Concluding this section, the analytical data suggest that dur-

ing synthesis oxygen from Na2SOx forms P─O bonds and that
crystallization of Na3PS4 is hindered by impurities. HT is needed
to assist the crystallization in the case of Na3PS4 synthesized
by Na2S-c. XPS might indicate further concentration of oxy-
gen and formation of oxygen-rich phosphorus species during
HT, but this could only be a surface phenomenon. XRD and
PDF data indicate that there is no detectable incorporation of
oxygen-containing POxS4−x

3− species in the crystalline Na3PS4
phase.

2.2.2. Effect of Na2S Impurities on the Ionic Conductivity of Na3PS4

Nyquist plots of the conductivity data of Na3PS4 (Figure 5a–c) re-
veal the influence of the precursor quality on 𝜎(Na+). Shimoda
et al. demonstrated that synthesis of Na3SbS4 yields different
𝜎(Na+) depending on which phase region is hit. The Na3SbS4

Adv. Energy Mater. 2025, 15, e03047 e03047 (4 of 13) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. a–c) PDF of Na3PS4 (HT 270 °C) at different length scales synthesized with Na2S-p, Na2S-d, and Na2S-c, respectively. The local structure is
the same for all electrolytes. In (a), intensity discrepancies between the three Na3PS4 samples indicate a different fraction of amorphous phase(s). In
(c), the faster decay of G(r) in Na2S-c indicates a smaller coherence length. PDF refinements can be found in the Supporting Information (S8).

phase (Na3PS4 in the case of this study) is a point phase in the
ternary Na, S, Sb (P) phase diagram. The Na2S impurities are
likely to affect the obtained phase field, which would explain
differences in 𝜎(Na+).[52] Na2S-c leads to the lowest 𝜎(Na

+), es-
pecially without HT. With increasing HT temperature, 𝜎(Na+)
improves significantly, yet 𝜎(Na+) < 0.04 mS cm−1. The usage

of Na2S-p and Na2S-d yields different results. Here, mechani-
cal milling alone is sufficient for 𝜎(Na+) > 0.1 mS cm−1. We
attribute this to the successful formation of partially crystalline
Na3PS4 without any HT. Na3PS4 synthesized by Na2S-p or Na2S-
d reaches amaximum 𝜎(Na+)= 0.14 and 𝜎(Na+)= 0.17mS cm−1,
respectively, after HT at 220 °C. HT at 270 °C leads to a

Figure 5. a–c) Nyquist plots of conductivity data of Na3PS4 synthesized with Na2S-c, Na2S-d, and Na2S-p before and after HT at 220 or 270 °C.
d) Comparison of 𝜎(Na+) of Na3PS4 samples. In (a-c), the symbols represent measured data while the lines indicate the impedance fit. For fitting,
an RQ circuit combined with a Q element was used. For Na3PS4 synthesized with Na2S-c at 220 or 270 °C, another RQ circuit was added.

Adv. Energy Mater. 2025, 15, e03047 e03047 (5 of 13) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. a) Diffraction patterns and b) Raman spectra of Na2.85P0.85W0.15S4 synthesized with Na2S-c, Na2S-d, and Na2S-p, respectively. While
Na2.85P0.85W0.15S4 was synthesized successfully with Na2S-d and Na2S-p, Na2S-c leads to unsuccessful synthesis. Rietveld refinements and Pawley
fits can be found in the Supporting Information (S4). Bragg positions of cubic Na2.85P0.85W0.15S4 are indicated.

reduction of 𝜎(Na+). This behavior might be explained by re-
duction of the defect concentration, which would impair 𝜎(Na+).
Regarding the influence of HT on 𝜎(Na+) of Na3PS4, litera-
ture is ambiguous. Krauskopf et al. and Nguyen et al. found
little impact, while Hayashi et al. deem HT necessary.[13,14,24]

Like the aforementioned discrepancies between average crystal
structure, different HT behavior might very well be explained
by different synthesis parameters. Especially milling parame-
ter vary between nearly all publications. Hayashi et al. obtained
amorphous Na3PS4 after prolonged mechanical milling, mak-
ing HT necessary to obtain partially crystalline Na3PS4.

[14] In
contrast, Krauskopf et al. and Nguyen et al. obtained partially
crystalline Na3PS4 after mechanical milling, which explains the
higher 𝜎(Na+) without HT.[13,24] With the same parameter set,
the behavior clearly depends on the impurity content. Significant
fractions of oxygen impurities (as in Na2S-c) make HT necessary
to obtain any significant 𝜎(Na+), while Na3PS4 made with pure
or Na2Sx contaminated Na2S (Na2S-p and Na2S-d, respectively)
does not necessarily require additional HT. In fact, temperatures
approaching 300 °C can decrease 𝜎(Na+). Interestingly, Na2S-d
enables the highest 𝜎(Na+) for Na3PS4 (Figure 5d) despite the
presence of impurities. Confusing at first, we explain this by the
formation of sodium-deficient and sulfur-rich Na3PS4 through
excess sulfur from Na2Sx species. Na-deficient Na3PS4 would re-
sult inmore VNa+ , increasing 𝜎(Na

+). The same behavior is found
by Shimoda et al. for Na3SbS4, where 𝜎(Na+) varies strongly
depending on the stoichiometry, being either sodium-rich or
sulfur-rich.[52]

2.2.3. Na2S Purity Effects on the Synthesis of Na2.85P0.85W0.15S4

The synthesis of Na2.85P0.85W0.15S4 shows a different behav-
ior and sensitivity regarding Na2Sx and SOx impurities. The
XRD patterns (Figure 6a) demonstrate an unsuccessful synthesis
when Na2S is significantly contaminated with Na2SOx (Na2S-c).
The resulting product is a mixture of mainly WS2, Na3PS4, and
Na3POS3.

[14,44,47] Rietveld refinement suggests a Na3POS3 con-
tent of 70.3 ± 0.5 mol% which would imply 15.6 ± 0.1 mol%
Na2SO3 in Na2S, assuming complete reaction of Na2SO3 to

Na3POS3. This is in line with the Rietveld refinement of Na2S,
which indicates a Na2SO3 content of 13.5 ± 4.5 mol%. Now, the
oxygen impurities seem to be incorporated in a crystalline phase,
and no highly oxygenated phosphorous species at high BE are
observed. This contrasts the findings for Na3PS4 synthesized at
lower temperatures. Nakajima et al. reported a crystallinity de-
gree approaching 100% for mechanically milled Na3PS4 upon
heating beyond 400 °C.[53] This might also apply to POxS4−x

3−

anions like in Na3POS3 and Na3PO2S2, which have already been
reported.[44,54]

In contrast, Na2S-p and Na2S-d lead to the successful forma-
tion of Na3−xP1−xWxS4, but in case of Na2S-d, residual WS2 is de-
tected. Off-stoichiometry caused by its Na2Sx impurities might
cause the lower solubility of WS4

2−. Therefore, we conclude that
pure precursor phases are likely to be necessary for the formation
of Na3−xP1−xWxS4.
The Raman spectra (Figure 6b) are consistent with these

findings. In the case of Na2S-c, only trace amounts of WS4
2−

are detected, while strong bands which originate from WS2
are observed. Strong WS4

2− bands are observed for material
synthesized with Na2S-p and Na2S-d. In accordance to the
diffraction patterns, weak WS2 signals are detected in case of
Na2S-d.

[17,47,55,56]

The XPS measurements (Figure 7a) also reveal WS2 in the
material prepared from Na2S-d and Na2S-c at BE = 32.4 eV,
which aligns well with literature,[57] while Na2S-p enables full
oxidation of WS2 to WS4

2− which we found located at BE =
33.5 eV. The weak Na2p signal in the case of Na2S-c can
be explained by uneven WS2 distribution with accumulation
on the particle surface. After sputtering (S1), the Na1s sig-
nal strengthens, indicating an accumulation of WS2 at the
particle surface, which fits the black color of the product
mixture.
The S2p spectra (Figure 7b) are similar to Na3PS4 with no ob-

servable individual signal for WS4
2− and no shift of the P/WS4

2−

signal. Only Na2S-c leads to differences. The PS4
3− peak in the

S2p spectrum is broadened and likely also contains contributions
from POS3

3−. The polysulfide peak is shifted to higher BE due to
WS2.

[57] A XP spectrum of WS2 can be found in the Supporting
Information (S1).

Adv. Energy Mater. 2025, 15, e03047 e03047 (6 of 13) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. a–c) W4f, S2p and P2p spectra of Na2.85P0.85W0.15S4 synthesized by Na2S-c, Na2S-d and Na2S-p. Only the use of pure Na2S leads to complete
formation of the WS4

2− tetrahedra and no residual WS2. For signals incorporating multiple species, increased FWHM was used to account for the
different BE.

Differences are also observed in the P2p spectra (Figure 7c).
While Na2.85P0.85W0.15S4 synthesized with Na2S-p and Na2S-d,
shows similar P2p spectra as Na3PS4 with PS4

3− located at
BE = 131.7 eV. A broadened and shifted main peak can be ob-
served for Na2S-c. This peak includes PS4

3− and POS3
3− anions

and is located at BE = 132.0 eV.

2.2.4. Influence of Impurities in Na2S on the Ionic Conductivity of
Na2.85P0.85W0.15S4

Both Na2S-p and Na2S-d enable high 𝜎(Na+) = 14.7 and
𝜎(Na+) = 9.7 mS cm−1, respectively (Figure 8a). Na2S-p enables
50% higher 𝜎(Na+), which underlines how harmful impurities
are for the formation of defined Na2.85P0.85W0.15S4 and the solu-
bility of WS4

2−.
To verify whether Na2Sx (excess sulfur) or trace amounts of

SOx groups in Na2S-d reduce 𝜎(Na
+), Na2.85P0.85W0.15S4 was addi-

tionally synthesized from Na2S-p with 12.5% sulfur excess. Both
Na2S-d and Na2S-p with excess sulfur result in a slight decrease
in tungsten solubility (S4). Nevertheless, for Na2S-p, 𝜎(Na

+) of
Na2.85P0.85W0.15S4 is not affected significantly by the sulfur excess.
We observe that 𝜎(Na+) correlates linearly with lattice param-

eter a in Na3−xP1−xWxS4 until Na2.8P0.8W0.2S4 is reached if syn-
thesized with Na2S-p (Figure 8b). Na2.85P0.85W0.15S4 synthesized
with Na2S-d falls out of this trend, indicating an additional effect
besides incorporating lessWS4

2−. PDF data (Figure 8c,d) suggest
the same local structure of Na2.85P0.85W0.15S4 regardless of select-
ing Na2S-d or Na2S-p as precursor. The small differences likely
stem from Fourier termination ripples caused by the transforma-
tion of the total scattering data.
It seems that trace amounts of SOx groups in Na2S affect the

formation of Na2.85P0.85W0.15S4 more severely than excess sulfur

alone. The phase system is even more complex as in the case
of Na3PS4 or Na3SbS4, and different kinds of impurities might
affect the achieved stoichiometry of the electrolyte phase differ-
ently. Excess sulfur might also partially evaporate during HT, po-
tentially reducing its effect on the stoichiometry. As in the case
of Na3PS4, we did not observe clear evidence of incorporation of
anions like POS3

3− in the electrolyte phase. Impurities are likely
to form a separate phase, but the Na3POS3 content is below the
detection limit of XRD in the case of Na2S-d.
Concluding this section, Na2S free of Na2SOx is needed to ob-

tain highly conductive Na3−xP1−xWxS4. While the formation of
sulfur-rich Na3PS4 by Na2Sx contaminations can be beneficial
for 𝜎(Na+), no beneficial effect for Na2.85P0.85W0.15S4 is observed.
Na2SOx contaminations are detrimental for both electrolytes,
Na3PS4 and Na3−xP1−xWxS4, but the synthesis of the latter is
much more sensitive. While Na3PS4 formation/crystallization
can be supported by HT, 13.5 mol% of Na2SO3 in Na2S leads to
complete failure of the Na2.85P0.85W0.15S4 synthesis.
While being out of the scope of this study, there are two other

very important aspects to consider. When analyzing electrolyte
stability against sodium metal anodes, we expect impurities to
affect results significantly. Especially oxygen is reported to in-
crease interface compatibility with sodium metal.[58–60] Thus, an
amorphous, oxygen-containing phase would heavily affect stud-
ies conducted with Na3PS4. Preliminary results of the stability of
Na3PS4, Na2.95P0.95W0.05S4, and Na2.8P0.8W0.2S4 against sodium
metal can be found in the Supporting Information (S14). In
agreement with an early study byWenzel et al., Na3PS4 shows fast
degradation due to formation of a mixed-conducting interphase
(MCI).[61] With rising tungsten content, the instability against
sodium metal is growing. Also, the performance of Na-S cells is
expected to be reduced by insulating Na2SOx, especially when ac-
cumulated on the particle surface (Na2S-c).

Adv. Energy Mater. 2025, 15, e03047 e03047 (7 of 13) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Nyquist representation of impedance data of Na2.85P0.85W0.15S4 synthesized with Na2S-p (+ 12.5% S) and Na2S-d. b) Correlation of 𝜎(Na
+)

and a. c) PDF of Na2.85P0.85W0.15S4 synthesized with Na2S-p and Na2S-d. d) Comparison of the two PDF. In (a), Na2S-d or excess sulfur leads to an
additional impedance contribution, likely stemming from constriction and/or increased 𝜎(e−) by WS2 (S13). For fitting, an RQ circuit combined with a
Q element was used for Na2S-p, while another RQ circuit was added for Na2S-d and Na2S-p + 12.5% sulfur excess, to regard the additional impedance
contribution.

In the supporting information, a side investigation about the
reaction temperature (e.g., short sintering at moderate tempera-
tures) and sulfur deficiency during synthesis is discussed. Both,
sulfur deficiency or insufficient HT, reduce the formation of
WS4

2− and 𝜎(Na+).

2.3. Expanding the Na3−xP1−xP1−xWxS4 Family – Enabling
20 mS cm−1 Electrolytes

2.3.1. Tungsten Solubility in Na3−xP1−xWxS4

Previous work on the Na3−xP1−xWxS4 system investigated dif-
ferent tungsten concentrations and synthesis parameters. Re-
ported electrolytes suffer from varying fractions of WS2 residue
at any tungsten concentration and unknown side phases be-
yond x = 0.15.[17,47] Tsuji et al. compared high temperature
and mechanochemical syntheses with sintering at 220 °C,
but found HT at 550 °C to be necessary to achieve high
𝜎(Na+), similar to reported values by Fuchs et al.[17,47] Re-
sults of Na2.9P0.9W0.1S4 synthesized via mechanical milling
and short sintering are shown in the Supporting Informa-
tion (Chapter 4) and demonstrate that short HT at 375 °C
for 4 h is not oxidizing all W4+ to W6+, which explains the

inferior value of 𝜎(Na+). Figure 9a depicts XRD patterns of
Na3−xP1−xWxS4 electrolytes (x = [0, 0.35], ∆x = 0.05) synthesized
with Na2S-p by a two-step heating process. All electrolytes be-
low x = 0.25 show no residual WS2, and only Na2.7P0.7W0.3S4
and Na2.65P0.65W0.35S4 suffer from significant fractions of WS2
residue.
As the zoom in Figure 9b shows, the intensity of the

Na3−xP1−xWxS4 310 plane decreases with increasing tung-
sten content, becoming undetectable for Na2.75P0.75W0.25S4. The
lattice parameter a (Figure 9c) is barely changing beyond
Na2.75P0.75W0.25S4 as well. Additionally, small amounts of WS2
residue appear in Na2.75P0.75W0.25S4, which altogether indicates
the presence of a solubility limit of tungsten in Na3−xP1−xWxS4
at x ≈ 0.25 (Figure 9d), at least for the precursor quality used in
this work. The determined tungsten solubility is well beyond re-
ported values for Na3−xP1−xWxS4 electrolytes, which suffer from
WS2 residue at any tungsten concentration.

[17,47]

2.3.2. Ionic Conductivity of Na3−xP1−xWxS4 Electrolytes

Figure 10a,b shows conductivity data of the synthesized, cold-
pressed Na3−xP1−xWxS4 electrolytes as a function of tem-
perature and 𝜎(Na+) at room temperature. With increasing

Adv. Energy Mater. 2025, 15, e03047 e03047 (8 of 13) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 40, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202503047, W
iley O

nline L
ibrary on [13/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 9. a) Diffraction patterns and b) enlargement of the 17–21 ° range of Na3−xP1−xWxS4 (x = [0, 0.35], ∆x = 0.05). c) The evolution of lattice
parameters of Na3−xP1−xWxS4 with rising tungsten content, and d) evolution of WS2 precursor (marked grey in (a)) and the 310 plane of Na3−xP1−xWxS4.
Pawley fits of Na3−xP1−xWxS4 and a W4f XP spectrum of Na2.8P0.8W0.2S4 can be found in the Supporting Information (S3).

Figure 10. a) Arrhenius plots, b) 𝜎(Na+) at 25 °C and c) EA of Na3−xP1−xWxS4 (x = [0, 0.35], ∆x = 0.05). d) 𝜎(Na+) at 25 °C and e) EA of cold-pressed
and sintered Na2.8P0.8W0.2S4. For fitting, an RQ circuit combined with a Q element was used. For the sintered Na2.8P0.8W0.2S4 pellet, another RQ circuit
was added to represent a small impedance contribution, likely stemming from the electrodes applied by high-temperature gold deposition. The virtually
constant value of EA = 0.24 eV over the solubility range in Na3−xP1−xWxS4 (x = [0, 0.25]) indicates that interaction of Na+ with the host lattice does not
change significantly. Differences in 𝜎(Na+) likely stem from increasing concentration of sodium vacancies VNa+ .

Adv. Energy Mater. 2025, 15, e03047 e03047 (9 of 13) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. Room temperature 𝜎(Na+), D(Na+) and µ(Na+) of Na3−xP1−xWxS4 (x = [0, 0.25], ∆x = 0.05) synthesized by Na2S-p under the assumption of f
= 1. Lattice parameters obtained by Pawley fits and the nominal Na+ content were used to obtain n.

Electrolyte 𝜎(Na+)/mS cm−1 1028 n/m3 D/m2 s−1 µ/m2 V−1 s−1

Na3PS4, 570 °C 0.00425 1.71 3.98 ∙ 10−15 1.55 ∙ 10−13

Na3PS4, 220 °C 0.137 1.71 1.28 ∙ 10−13 4.98 ∙ 10−12

Na2.95P0.95W0.05S4 5.82 1.68 5.55 ∙ 10−12 2.16 ∙ 10−10

Na2.9P0.9W0.1S4 11.9 1.65 1.16 ∙ 10−11 4.52 ∙ 10−10

Na2.85P0.85W0.15S4 14.7 1.62 1.45 ∙ 10−11 5.65 ∙ 10−10

Na2.8P0.8W0.2S4 15.5 1.59 1.56 ∙ 10−11 6.07 ∙ 10−10

Na2.8P0.8W0.2S4, sintered 26.4 1.59 2.66 ∙ 10−11 1.04 ∙ 10−9

Na2.75P0.75W0.25S4 12.3 1.55 1.27 ∙ 10−11 4.94 ∙ 10−10

WS4
2− concentration, 𝜎(Na+) increases and reaches a maxi-

mum in the range x = [0.15, 0.2], with Na2.8P0.8W0.2S4 achieving
𝜎(Na+) = 15.5 mS cm−1. Na3PS4 synthesized with the same high
temperature procedure, shows 𝜎(Na+) = 4.25 μS cm−1, roughly
3600 times less.
When reaching the solubility limit of tungsten, 𝜎(Na+) de-

creases, especially for nominal tungsten substitutions of x ≥ 0.3.
The activation energy (EA) decreases abruptly from EA = 0.43 eV
inNa3PS4 to EA = 0.24 eV inNa3−xP1−xWxS4 (x= [0.05, 0.25]) and
increases for higher tungsten contents (Figure 10c). For tetrago-
nal Na3PS4 synthesized by high temperature synthesis, high EA
and low 𝜎(Na+) are in line with reported values by Hayashi et al.
as well as Jansen and Henseler. The high EA likely incorporates
the VNa+ formation energy of stoichiometric Na3PS4 due to a lack
of unoccupiedNa sites.[14,52,62] In fact, low 𝜎(Na+) and highEA can
be an indicator for the formation of highly stoichiometricNa3PS4.
For Na3−xP1−xWxS4, the nearly constant EA = 0.24 eV over

a wide substitution range indicates that the increasing 𝜎(Na+)
stems from higher VNa+ concentrations and not from further
changes in interaction of Na+ with the host lattice. This re-
sult contrasts Fuchs et al., who describe a linear decrease in
EA with rising WS4

2− content.[17] For Na2.8P0.8W0.2S4, sinter-
ing increases 𝜎(Na+) from 𝜎(Na+) = 15.5 to 𝜎(Na+) = 26.4 mS
cm−1 while EA drops to EA = 0.21 eV (Figure 10d,e), likely
caused by structural relaxation of grain boundaries and grain
growth.
The diffusion coefficient D(Na+) can be calculated from the

experimentally obtained 𝜎(Na+) with the Nernst-Einstein Equa-
tion (Equation 1) if the correlation factor f is assumed to be
f = 1, with the Boltzmann constant kB, the temperature T =
298 K, the number of Na+ per volume n and the charge of Na+

q = 1.602 10−19 C.

D(Na+) =
𝜎(Na+)kBT

nq2
(1)

The mobility µ(Na+) describes the drift velocity of Na+ under
the influence of an electric field and is depicted in Equation (2).

𝜇(Na+) =
Dq
kBT

(2)

Table 1. displays D(Na+) and µ(Na+) of Na3−xP1−xWxS4
(x = [0, 0.25], ∆x = 0.05). Electrolytes with x > 0.25 were not re-

garded since side phases are likely to influence 𝜎(Na+) and XRD
data indicates a discrepancy between nominal and real tungsten
content in Na3−xP1−xWxS4 if x > 0.25.

2.4. Synthesis Recommendations for Na3PS4 and Na3−xP1−xWxS4
Electrolytes

On the basis of our findings, we come to the following recom-
mendations:

1) The strong impact of impurities in Na2S calls for strict quality
control before synthesis. Otherwise, unexpected behavior ren-
ders the comparison of different materials challenging. E.g.,
even with precise weighing of Na2S, Na2Sx impurities can en-
force sulfur-rich states, which boost 𝜎(Na+) for Na3PS4.

2) To achieve the highest 𝜎(Na+) for Na3−xP1−xWxS4 electrolytes,
Na2S purification is necessary, e.g., by H2, to remove all SOx
groups. Even small amounts of Na2SOx significantly reduce
𝜎(Na+).

3) While Na3PS4 benefits only from sintering at low tempera-
tures, Na3−xP1−xWxS4 requires high temperature synthesis to
fully oxidize WS2.

3. Conclusion

This work highlights the impact of notoriously present im-
purities in precursor Na2S on the synthesis of Na3PS4 and
Na3−xP1−xWxS4 solid electrolytes. We identified specific impu-
rities in Na2S, investigated their impact on the electrolyte syn-
thesis, and used H2 reduction for the purification of commercial
Na2S. While Na2Sx as impurity can be beneficial for the synthe-
sis of Na3PS4, only high-purity Na2S leads to a complete tungsten
incorporation in Na3−xP1−xWxS4, i.e., a homogeneous solid solu-
tion, and the highest 𝜎(Na+). SOx-related impurities in Na2S are
detrimental in both cases. We demonstrate high tungsten solu-
bility in Na3−xP1−xWxS4 of up to x ≈ 0.25 and an optimal tung-
sten substitution effect on 𝜎(Na+) in the range x = [0.15, 0.2].
The highest 𝜎(Na+) we achieved is 𝜎(Na+) = 26.4 mS cm−1 for
Na2.8P0.8W0.2S4 in sintered pellets. To the best of our knowledge,
this is the highest 𝜎(Na+) in this electrolyte system reported so
far, underlining the potential of this class of solid electrolytes.
Further work is needed to determine impurity thresholds

to formulate quantitative purity requirements. Additionally, the
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Figure 11. Heating procedure for drying Na2S.

influence of P4S10 purity needs to be investigated, which might
further increase the 𝜎(Na+) of Na3−xP1−xWxS4 electrolytes. Re-
garding the cell concepts, the influence of impurities on the inter-
face stability against sodium metal and the performance impact
on Na-S cells needs to be studied.

4. Experimental Section
Purification of Na2S: Na2S ∙ x H2O (Sigma–Aldrich, purity ≥ 60%,

scales) was ground in an agate mortar to a fine yellow-orange powder,
dried under dynamic vacuum (Figure 11), and transferred into a glovebox
(p(O2)/p < 0.1 ppm, p(H2O)/p < 1.5 ppm).

The resulting light yellow and dried Na2S was again ground in an agate
mortar, loaded in an Al2O3 vessel, transported inside an airtight container
to an argon-flushed quartz glass tube furnace (≈1 m in length and ≈4 cm
in diameter), and transferred under argon counter flow. The gas flow was
changed to 100 sccmH2, and after 30 min of waiting, the heating program
(Figure 12) was started.

Afterward, the reaction vessel was quickly transferred to an airtight ves-
sel, which was evacuated to guarantee as little recontamination as pos-
sible during transfer to a glove box. The total atmosphere exposure was
≈15 s. Inside the glove box, the grey top layer of the sintered Na2S body
was removed. The resulting white Na2S (Na2S-p) was ground and used
for analysis and synthesis. Na2S (Na2S-d), which was only dried under
vacuum, was also used for analysis and synthesis.

Synthesis of Na3PS4 and Na3−xP1−xWxS4: Na3PS4 electrolytes were
synthesized by a mechanochemical approach similar to routes reported
in literature.[13] In a glovebox, 2 g of a stochiometric mixture of Na2S
(purified/dried/commercial (ThermoFisher, anhydrous, 95%, 96.26% ac-
cording to Lot: R28H003)) and P4S10 (Sigma-Aldrich, 99%) were filled in a
45 mL ZrO2 jar (Fritsch) together with 10 ZrO2 balls (Fritsch, d = 10 mm,
m = 3 g). The ZrO2 jar was closed and placed in a planetary micro mill
(Pulverisette 7 premium line, Fritsch) outside the glovebox. The mixture
was milled at 200 rpm for 2 min, followed by 6 cycles of milling at 600 rpm
for 15 and 5 min resting for heat dissipation. After milling, the jar was
opened in a glove box to collect the Na3PS4 electrolyte (beige color for
Na2S-p and Na2S-d, yellow for Na2S-c). For HT, the Na3PS4 samples were
heated within 2 h to 220 or 270 °C and sintered at that temperature for 2 h
under argon atmosphere. All Na3PS4 samples had a beige color after HT.

Na3−xP1−xWxS4 electrolytes were synthesized by a combi-
nation of mechanical milling and high-temperature reaction.
The milling procedure was the same as for Na3PS4 with sto-
chiometric mixtures of Na2S (purified/dried/commercial (Ther-

Figure 12. Heating procedure of the Na2S purification. The intermediate
heating step at 100 °C allows removal of residual moisture in the oven.

moFisher, anhydrous, 95%, 96.26% according to Lot: R28H003)),
P4S10 (Sigma–Aldrich, 99%), S (Acros Organics, 99.999%), and
WS2 (chemPUR, 99.8%). The heating procedure is depicted in
Figure 13 and was conducted under argon atmosphere.

After milling, the electrolytes obtained were brown, and yellow-orange
after HT. Higher tungsten concentrations resulted in darker colors. Na2S-
c resulted in a black product while Na2S-d led to a slightly yellower elec-
trolyte. For Na2S-p with 12.5% sulfur excess, no color change compared
to the synthesis with Na2S-p was observed. Na3PS4, obtained by high-
temperature synthesis, was white.

X-Ray Diffraction (XRD): For X-ray diffraction measurements of Na2S,
PANanalyticals Empyrean with a spinning sample holder was used, and
the samples were kept under argon atmosphere with Kapton foil. A 2Θ
range of 10–75 ° was analyzed with a step size of 0.013° with 150 s per
step. The utilized radiation was the Cu-K𝛼1 line.

For X-ray diffraction measurements of the electrolytes and WS2, pow-
ders weremeasured in a sealed glass capillary (d= 0.5mm) with a PANan-
alyticals Empyrean. A 2Θ range of 5–40 ° was analyzed with a step size of
0.0072° with 200 s per step. The utilized radiation was the Mo-K𝛼1,2 line.
For Na2S ∙ x H2O, a spinning sample holder was used, like for measure-
ments with the Cu source.

X-Ray Photoelectron Spectroscopy (XPS): For the XPS analysis, a
PHI5000 Versa Probe II system from Physical Electronics Inc was
used. The sample powders were compacted into cylindrical Teflon cups
(dinner = 3 mm) with a stainless-steel pressing tool. The cups were fixed
to the sample holder using nonconductive adhesive tape, and samples
were transferred under argon atmosphere. For XPS analysis, monochro-
matic Al-K𝛼 radiation (1486.6 eV) was utilized, and the X-ray source was
operated at a power of 50 W and a voltage of 15 kV. The analysis spot di-
ameter was 200 μm, and an analyzer pass energy of 55 eV was selected. A
dual beam charge neutralization (combination of an ion and a low-energy
electron beam) was utilized during measurements. For data evaluation,
CasaXPS (Casa Software Ltd) was used, and the spectra were calibrated
in relation to the C1s signal of adventitious carbon (BE = 284.8 eV), fol-
lowed by a second calibration. Shirley background and common fitting
restrictions were used for signal fitting. For tungsten, a GL60 line shape
was applied. Peaks including multiple species (polysulfides, POx species)
have increased FWHM constraints to regard similar but different BE.

A detailed explanation of the calibration process can be found in the
Supporting Information.

Electrical Impedance Spectroscopy (EIS): For cold-pressed samples,
electrolyte powders were compacted in a press cell setup (d = 10 mm)
between stainless-steel stamps at 375 MPa for 3 min. EIS measurements
were conducted with a VMP-300 potentiostat from Biologic, and a stack
pressure of ≈70 MPa was applied. The frequency range was 7 or 3 MHz
to 100 mHz, and the applied amplitude was 10 mV. Measurements were

Figure 13. Heating procedure for the synthesis of Na3−xP1−xWxS4
(x = [0, 0.35], ∆x = 0.05) electrolytes.
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conducted in a controlled environment at T = 25 °C. For comparing the
effect of sintering, Na2.8P0.8W0.2S4 was isostatically pressed at 375 MPa
for 45 min and sintered at 400 °C for 30 min. The densified pellet was then
polished down to P4000 SiC polishing paper, and≈200 nm thick gold elec-
trodes were deposited via thermal vaper deposition on both sides. The
pellet dimensions were dpellet ≈ 7.5 mm, dAu = 4.5 mm, and the pellet
thickness was 2.0 mm.

Temperature-dependent EIS measurements were conducted with a
VMP-300 potentiostat and LabEvent L C/20/40/3 climate chambers from
Weiss in a temperature range of −40–80 °C.

To reduce the impact of artifacts caused by setup inductivity, the mea-
surement setup was measured in a short-circuited and open state for
calibration. Compensation was made with the EC-Lab software from Bi-
ologic. Impedance fitting was conducted in the Relaxis software from
rhd Instruments in a frequency range of up to 3 MHz down to 10 kHz
for Na3−xP1−xWxS4, depending on the temperature. For Na3PS4, the fre-
quency range was 7MHz down to 50Hz. For Na3PS4 synthesized byNa2S-
c and mechanical milling, the frequency range was extended to 10 Hz due
to different time constants of the amorphous electrolyte. The Kramers-
Kronig relation was checked to assure sufficient data quality of the cho-
sen frequency range. The semi-circle stemming from the bulk and grain
boundary contribution was often barely resolved. Nevertheless, RQ ele-
ments were used for fitting to attribute effects on the blocking tale at
high/medium frequencies. The fits cannot and were not used to obtain
any bulk/grain boundary capacities.

Raman Spectroscopy: The Raman spectroscopy measurements were
conducted with a Brukers Senterra device equipped with a 532 nm
laser. The samples were measured as powder and were sealed under ar-
gon atmosphere. For Na2S, the spectral range was 𝜈 = [80, 4450] and
𝜈 = [51, 1550] cm−1 for Na3−xP1−xWxS4 (x = {0, 0.15}). The laser power
was 2 mW. Multiple spots per sample were measured, and OPUS V. 7 was
used for data collection.

Fourier-Transform Infrared Spectroscopy (FTIR): The FT-IR spectra of
Na2S were recorded with a ThermoFisher Scientific iD5 ATR spectrome-
ter in a range of 𝜈 = [550, 4000] cm−1 in argon atmosphere. Na2S was
pressed in the pulver tip, and 96 scans per measurement were conducted.

Pair Density Function (PDF): Total scattering data were collected us-
ing a Stoe STADI P diffractometer with Ag K𝛼1 radiation (𝜆 = 0.55941
Å) and a Ge (111) monochromator. Measurements were carried out in
Debye-Scherrer geometry with four Dectris MYTHEN2 1K detectors. The
samples were enclosed in sealed glass capillaries and measured for 24 h.
Raw data were processed using PDFgetX3,[63] applying a Q-range cutoff
at Qmax = 17 Å−1. Small-box modeling was performed using PDFgui.[64]

The analysis procedure followed the approach of Krauskopf et al.[24] PDF
fitting was carried out in two R-ranges: 1.5–5 and 5–20 Å, separately. For
both ranges, the scale factor, lattice parameters, correlated motion factor,
atomic positions, and atomic displacement parameters were refined.
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