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Abstract 

Aliovalent substitution is a common strategy to improve the ionic conductivity of solid 

electrolytes for solid state batteries. The substitution of SbS4
3− by WS4

2− in Na2.9Sb0.9W0.1S4 

leads to a very high ionic conductivity of 41 mS/cm at room temperature. While pristine 

Na3SbS4 crystallizes in a tetragonal structure, the substituted Na2.9Sb0.9W0.1S4 crystallizes in a 

cubic phase at room temperature based on its X-ray diffractogram. Here, we show by 

performing pair distribution function analyses and static single-pulse 121Sb NMR experiments 

that the short-range order of Na2.9Sb0.9W0.1S4 remains tetragonal despite the change in the Bragg 

diffraction pattern. Temperature-dependent Raman spectroscopy revealed changed lattice 

dynamics due to the increased disorder in the Na+ substructure lead to dynamic sampling 

causing the discrepancy in local and average structure. While showing no differences in the 

local structure, when compared to pristine Na3SbS4, quasi-elastic neutron scattering and solid-

state 23Na nuclear magnetic resonance measurements revealed drastically improved Na+ 

diffusivity and decreased activation energies for Na2.9Sb0.9W0.1S4. The obtained diffusion 

coefficients are in very good agreement with theoretical values and long-range transport 

measured by impedance spectroscopy. This work demonstrates the importance of studying the 

local structure of ionic conductors in order to fully understand their transport mechanisms, a 

prerequisite for the development of faster ionic conductors. 
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Introduction 

Rechargeable batteries are nowadays not only relevant for electrical vehicles and electronic 

devices but are more and more considered as large-capacity storage solutions in power grids. 

All-solid state batteries are promising candidates to achieve high energy densities1 and enable 

the use of high capacity anodes such as lithium metal2,3 or silicon alloys.4,5 Growing research 

over the last years led to the discovery of solid electrolyte materials such as the thiophosphate 

based Li10GeP2S12
6,7

 and Li6PS5X (X = Cl, Br, I)8–10 as well as the chloride based Li3MCl6 

(M = Y, Er, In),11–13 which all achieve ionic conductivities in the range of liquid electrolytes.14 

Sodium solid state batteries are gaining increasing interest15,16 as a more sustainable alternative 

to lithium ion batteries due to the much higher abundance of sodium, the opportunity to avoid 

the use of critical elements like nickel and cobalt,17 as well as higher ionic conductivities of the 

solid ionic conductors.1,18 For highly performing solid-state batteries it is crucial to have an 

electrochemically stable solid electrolyte with high ionic conductivity above 10 mS/cm,19 

which can be achieved in sulfide-based Na+ solid ionic conductors.20,21 

Some of the most promising Na+ ion conductors are based on the sodium thiophosphate 

Na3PS4.
22 The Na3PnCh4 (Pn = P, Sb; Ch = S, Se) material class crystallizes either in a cubic 

high temperature phase with I4̅3m space group symmetry or in a tetragonal phase with P4̅21c 

space group symmetry (see Figure 1).23 In the cubic structure, the PnS4
3− tetrahedra form a 

body-centered structure with Na+ ions filling the octahedral voids. In the tetragonal polymorph, 

the tetrahedra are rotated along the [111] axis and the c axis is slightly elongated. Additionally, 

a fraction of Na+ ions gain a free positional parameter and shift along the c axis, resulting in a 

two Na+ positions instead of one as found in the cubic polymorph.24  

Due to the absence of vacant Na+ sites in the structure and the lack of stable interstitial sites, 

stoichiometric and defect-free Na3PS4 and Na3SbS4 are relatively poor ionic conductors, 

however, reported conductivities indicate that synthesized materials already have a certain 

vacancy density.25,26 Aliovalent substitution can improve the ionic transport significantly,27–29 

in particular the substitution of SbS4
3− by WS4

2− increases the ionic conductivity by orders of 

magnitude.21,30 In fact, the composition Na2.9Sb0.9W0.1S4 is one of the fastest Na+ ion conductor 

discovered so far, achieving a conductivity of 41 mS/cm at room temperature, which allows its 

use in all-solid state batteries.20  
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Figure 1: a) Cubic and b) tetragonal structure of Na3PnCh4 viewed along the [100] axis. The 

projections along the [111] axis of the c) cubic and d) tetragonal structure show the rotated 

PnCh4
3− polyhedra of the tetragonal polymorph as well as the two crystallographic Na+ 

positions. 

And yet, despite the importance of vacancies, the exact factors underlying the high conductivity 

are still not completely understood. A recent theoretical study could not find any evidence for 

a paddlewheel mechanism of the anionic polyhedral and therefore concluded that the increase 

in conductivity is solely caused by the introduction of vacancies, as initially proposed.31,32 It 

was also suggested that the higher electronegativity of W6+ leads to smaller WS4
2−− tetrahedra, 

thereby facilitating better diffusion of Na+ ions by reducing the structural bottleneck.32 

Experimentally, the introduction of tungsten leads to a reduction of the unit cell volume and 

induces a structural change along the series.20  

While the unsubstituted Na3SbS4 exists in the tetragonal phase at room temperature, 

Na2.9Sb0.9W0.1S4 is reported to crystallize in a cubic phase based on X-ray diffraction. Currently, 

it is assumed that the cubic structure allows for slightly better three-dimensional diffusion 

pathways in contrast to the tetragonal structure.21 However, previous investigations in this class 

of materials have shown discrepancies between the local average and long-range average 
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crystalline structures.33,34 For instance, when Na3PS4 is prepared via a ball-milling approach it 

appears to have an average cubic structure, but tetragonal domains are evident at the local scale 

using pair-distribution function analysis. It seems that by introducing vacancies and disorder 

due to the highly energetic ball milling process, the tetragonal motif is disrupted and either 

averaged to a cubic symmetry overall or straining the grains significantly.33 

Hence, the fast ionic transport in Na2.9Sb0.9W0.1S4 associated with a large vacancy concentration 

leads to the following question: Could there be a similar influence of the vacancies on the local 

structure as previously reported for Na3PS4? At this stage, little is known about how these 

differences in local and average structure affect the transport properties on a local and long-

range scale. Considering the possibility of discrepancies between the local and average structure 

in defective crystalline materials is an important and poorly understood topic in ionic 

conductors. Herein, we systematically study the local structure and ionic transport properties of 

Na2.9Sb0.9W0.1S4, which has chemically introduced Na+ vacancies, and compare it to Na3SbS4, 

which nominally does not have any vacancies, as well as Na2.9Sb0.95W0.05S4 to complete the 

series. By using a combination of X-ray Bragg diffraction and X-ray pair distribution function 

analyses, solid-state 23Na and 121Sb nuclear magnetic resonance spectroscopy, Raman 

spectroscopy, impedance spectroscopy and quasi-elastic neutron scattering, we investigate the 

average global and local structure as well as the long-range and local ionic transport behavior.  

Our observations show that vacancy introduction leads to a dynamic sampling over a local scale 

tetragonal structural motif, that strongly modulates the average long-range structure to appear 

cubic. The in-depth transport characterization shows that, irrespective of the structural changes, 

the local and average transport properties show similar trends of increasing ionic transport 

during substitution. Clearly, local and average structures can deviate slightly, supporting the 

need to study the local short-range structure of fast ionic conductors as these are more accurate 

representations of the material compared to their average long-range structures.  
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Experimental/Methods 

Synthesis. Na2.9Sb0.9W0.1S4, Na2.95Sb0.95W0.05S4, and Na3SbS4 were synthesized by solid-state 

synthesis under inert conditions following the synthesis protocol from Fuchs et al.20 According 

to the degree of W-substitution, stoichiometric amounts of Na2S (Sigma-Aldrich, 2% excess), 

Sb2S3 (Sigma-Aldrich), elemental sulfur S8 (Sigma-Aldrich) and WS2 were scaled, ground in a 

mortar for 20 minutes, pressed into pellets and filled into dried quartz ampules. The ampules 

were sealed under vacuum and put into a horizontal tube furnace where the reaction took place 

at 823 K for 20 hours after heating up at a rate of 30 K per hour. 

X-ray diffraction and Rietveld refinement. The X-ray diffraction data were recorded using a 

Stoe STADI P diffractometer (Mo Kα1 radiation: λ = 0.70930 Å, Ge 111 monochromator) in 

Debye-Scherrer geometry with a Dectris MYTHEN2 1K detector. The samples were measured 

in sealed glass capillaries over a 2θ-range of 4-45° with a scanning rate of 1° per minute.  

Phase analyses and Rietveld refinements were carried out using TOPAS academics V7.35 Rwp, 

Rexp, and goodness of fit (gof) were used as fit indicators to assess the quality of the refinement.  

The profile was refined by (1) a scale factor, (2) 6 free background coefficients of a Chebyshev 

polynomial function, (3) peak shape parameters of a modified Thompson−Cox−Hastings 

pseudo-Voigt function36, (4) a full axial model to account for the asymmetry of the peak due to 

axial divergence as described by Cheary et al.37, (5) a zero point offset, (6) the lattice 

parameters. With fixed profile, (7) the fractional atomic coordinates and subsequently (8) 

isotropic atomic displacement parameters were fit. 

Pair distribution function analyses. Total scattering data was recorded using a Stoe STADI P 

diffractometer (Ag Kα1 radiation: λ = 0.55941 Å, Ge 111 monochromator) in Debye-Scherrer 

geometry with four Dectris MYTHEN2 1K detectors as described by Thomae et al.38 The 

samples were measured in sealed glass capillaries over a Q-range of 0.8-20.5 Å-1 for 24 h.  

Data reduction was carried out using PDFgetX3 with a Q-range cutoff of Qmax = 18 Å-1.39 Small 

box modeling was performed using PDFgui.40 The PDF data analysis was adapted from 

previous work on Na3PS4.
33 The data was first fitted in an r-range of 4-20 Å where (1) scale 

factor, (2) correlated motion factor, (3) lattice parameters, (4) atomic positions, and (5) isotropic 

atomic displacement parameters were subsequently refined. In order to take the correlated 

motion of the SbS4
3- unit into account, the scale factor, correlated motion factor, and the atomic 

positions were separately refined for the r-range of 2-4 Å as previously shown to be necessary 

for these materials.33,41 
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Raman spectroscopy. Raman spectra of the samples were acquired using a custom-built Raman 

system with a Horiba FHR-1000 spectrometer. 785 nm diode laser (TOPTICA Photonics AG) 

was used for excitation at a power of 1.5 mW, focused on the sample using a 10x objective 

(Nikon). Two volume holographic notch filters (each having OD>4 rejection with a spectral cut 

off ±7 cm−1 around 785 nm) remove the Rayleigh-scattered light and allow measurements 

covering both Stokes and anti-Stokes sides of the spectrum. Low-temperature measurements 

were carried out in an optical cryostat (Janis, USA) evacuated to 10−5 Torr. A Linkam 

TS1000EV optical furnace was used to measure the Raman spectra above room temperature. 

The sample capillaries were directly loaded on the cryostat/Linkam stage for measurement. The 

heating rate was kept constant at 5 K/min, with an equilibration time of 10 minutes for each 

temperature.  

A multi-Lorentz line shape convolved with a Bose-Einstein distribution (𝑛𝐵𝐸) factor was used 

to fit the Raman spectra at each temperature to determine the peak position and broadening 

using a customized code in Igor Pro 8 as in Ref 41.42 The experimental Raman spectrum can be 

expressed as a combination of Debye and a damped Lorentz oscillator term as 

𝐼exp(ν, ν𝑖, Γ𝑖) = 𝑐BE(ν) (
𝑐0|ν|Γ0

ν2 + Γ0
2 + ∑ 𝑐𝑖

|ν||ν𝑖|Γ𝑖
2

ν2Γ𝑖
2 + (ν2 − ν𝑖

2)2

𝑛

𝑖=1

) 

where 𝜈 is the spectral shift, 𝜈𝑖 are the resonance frequencies of the Lorentz oscillators, 𝛤0 and 

𝛤𝑖 are the damping coefficients of the Debye relaxation and Lorentz oscillators respectively, 

𝑐0 and 𝑐𝑖 are unitless fitting parameters for the intensities of the Debye and Lorentz oscillator 

components respectively. The spectral shift 𝜈, the parameters 𝜈𝑖 and 𝛤𝑖 are in wavenumber units. 

𝑐BE (𝜈) includes the Bose-Einstein distribution of thermal population including a Bose-Einstein 

distribution factor. The spectral artifacts due to the notch filter around 0 cm−1 were omitted and 

only the Stokes scattering was fitted to find the positions and widths of the peaks. 

Impedance spectroscopy. As recently performed by Fuchs et al.,20 impedance measurements 

were carried out using an SP300 potentiostat from Biologic in a frequency range from 100 mHz 

to 7 MHz within a temperature range from -40 °C to 60 °C. The temperature was controlled by 

the WKL 64 climate chamber from Weiss. For the measurements, the samples were isostatically 

pressed at 380 MPa to obtain dense pellets (> 80% relative density) and a 200 nm thick gold 

layer was deposited on both sides of each pellet as electrical contacts. Aluminum current 

collectors were attached to the pellets using Kapton tape. To avoid contact with air, the whole 
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setup was pouched in argon atmosphere. Measurements were controlled using the software 

ECLab V 13.0, while the obtained spectra were analyzed with RelaxIS 3. 

Quasi-elastic neutron scattering (QENS). QENS data were recorded at the BASIS 

backscattering spectrometer at the Spallation Neutron Source of the Oak Ridge National 

Laboratory.41 Si111 analyzers were used with 6.4 Å wavelength and 60 Hz chopper operation 

mode. Samples (6-8 g) were filled under inert conditions into aluminum sample holders (1 mm-

spaced double wall cylinder) and sealed mechanically with aluminum foil as a gasket. The 

sample holder was mounted in the spectrometer where a closed-cycle refrigerator with a hot 

stage was used to measure at 50, 300, 400, 500 and 600 K for 3 h respectively. Data reduction 

was carried out using the Mantid software package. The data was normalized against a 

Vanadium standard and grouped in Q bins of width 0.1 Å−1 over a range of 0.2 to 2.0 Å−1 and 

energy bins of width 0.8 µeV over a range of −100 to 100 µeV. Using the Dave software 

package, the reduced data were fitted using the following model43:  

𝑆(𝑄, 𝐸) = (𝐴𝛿(𝐸) + 𝐵
𝜋𝛤(𝑄)

𝛤(𝑄)2 + 𝐸2
) ∗  𝑅(𝑄, 𝐸) + 𝐶(𝑄, 𝐸) 

with 𝐴𝛿(𝐸) as the elastic contribution, the second term as the Lorentzian corresponding to the 

quasi-elastic broadening, both of which are convoluted with R(Q,E) the resolution function 

taken to be the nominally diffusion-less signal measured at 50 K, and adding a linear 

background function C(Q,E). From the Lorentzian function we extracted the half-width half-

maximum 𝛤 of the quasi-elastic broadening. The 𝑄 dependence of 𝛤 was then fitted by the 

Chudley-Elliott model to obtain the jump distance, residence time and, thereby, the diffusion 

coefficient at each temperature.44 

Nuclear magnetic resonance (NMR) spectroscopy. Static saturation-recovery 23Na NMR 

experiments were performed on a Bruker Avance III 300 spectrometer equipped with a wide-

bore magnet operating at 7.05 T using a VTN broadband NMR probe. The powder samples 

were transferred into cylindrical zirconia rotors with an outer diameter of 4 mm under argon 

atmosphere. All 23Na experiments were conducted at a resonance frequency of 79.4 MHz with 

a radio-frequency pulse length of 2.5 µs for a 90° pulse, corresponding to a nutation frequency 

of 100 kHz. The length of the recovery delay was incremented with three steps per decade from 

10 µs to 21.544 s. The Fourier transformed signals were integrated and the signal intensity 

curves were fitted using an exponential saturation function with a stretching exponent. The 

static saturation-recovery 23Na NMR experiments were performed in a temperature range of 

220 K to 400 K in 20 K steps. The temperature of the sample was regulated by using a nitrogen 



9 

 

gas flow and electrical heating. In the temperature range between 200 K and 290 K an Air Jet 

XR compressor-based cooling system from SP Scientific (FTS Systems) and in the temperature 

range of 320 K to 440 K an uncooled nitrogen gas flow was used to stabilize the temperature. 

1H NMR spectra of methanol (200 K to 290 K) and ethylene glycol (320 K to 440 K) were 

recorded to calibrate the temperature with the occurring shifts in signal frequency. 

Static single-pulse 121Sb NMR spectra were recorded on a Bruker AVANCE NEO spectrometer 

equipped with a wide bore magnet operating at 11.76 T using a VTN broadband NMR probe. 

The 121Sb chemical shift range was referenced to solid K[SbF6] at 0 ppm. Pulse length and 

power level were set so that a 0.5 µs pulse corresponded to a flip angle of π/12. Definitions of 

the tensor parameters are given in the Supporting Information. The 121Sb NMR experiments 

were conducted at three temperatures of 205 K, 296 K and 423.5 K as well as in 20 K steps 

around the respective phase transition temperatures observed from XRD (Figure S4), except for 

Na3SbS4 where the phase transition temperature lies above the hardware limit. 

 

Results and discussion 

Local tetragonal structure of Na2.9Sb0.9W0.1S4 

In order to investigate the effect of aliovalent substitution on the local structure, Na3-xSb1-xWxS4 

with a substitution degree of x = 0, 0.05 and 0.1 was prepared via solid-state synthesis. The 

X-ray diffractograms against the scattering vector Q of the obtained compounds are shown in 

Figure 2a. As expected, the pristine Na3SbS4 exhibits a characteristic splitting of the (200), 

(211) and (220) reflections corresponding to the tetragonal P4̅21c structure. The splitting is 

much less pronounced for 5% of W-substitution, and not observed at all for Na2.9Sb0.9W0.1S4, 

indicating a transition from the tetragonal to the cubic phase as recently observed.20,21 In 

addition, the (212) reflection, characteristic for the tetragonal polymorph, is absent for 

Na2.9Sb0.9W0.1S4. Figure S1d shows how the lattice parameters a and c approach each other with 

increasing substitution until they have the same value for the 10% substituted sample. In 

addition, the dihedral angle that geometrically describes the rotation of the PnS4
3− tetrahedra 

decreases from 4° for Na3SbS4 to 0° for Na2.9Sb0.9W0.1S4 (Figure S2), again showing the 

transition to a cubic structure in the average structure. The Rietveld refinement (Figure S1c) 

confirms the cubic structure with I4̅3m space group symmetry for Na2.9Sb0.9W0.1S4. However, 

as Bragg reflections are the sum of all constructive interferences of X-rays scattered over the 

whole sample, it can therefore only detect average structural features which are periodic with 
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enough coherency. As most models of diffusing ions are based on jumps from one lattice site 

to the next, the local short-range order is significant for ionic transport, but might differ from 

the average crystal structure.  

 

Figure 2: a) X-ray diffractograms of Na3−xSb1-xWxS4 with a substitution degree of x = 0, 0.05 

and 0.10. The decreased splitting of the (200), (211), and (220) reflections as well as the 

absence of the (212) reflection suggests a transition from tetragonal to cubic symmetry.  b) Pair 

distribution functions of Na3-xSb1-xWxS4 showing no significant difference in the local structure 

of all three compositions. c) Comparison of the pair distribution function of Na2.9Sb0.9W0.1S4 

analyzed by using a cubic and a tetragonal model, showing better fit residuals for the tetragonal 

structural model. d) Fit residuals of small box modelling as a function of the fitted r-range show 

that the tetragonal model results in a better fit for all ranges and in particular within ranges of 

one unit cell. 

 

Therefore, pair distribution function (PDF) analyses are used to assess the local structure of the 

materials. The total scattering of the sample is measured and a histogram of atom-atom 
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distances is obtained via Fourier transformation, in which the local structure is dominant in the 

low-r region and the average crystal structure is more and more represented as r increases. 

Figure 2b shows the PDF data of the three compositions where, in contrast to their Bragg 

diffraction patterns, no significant differences can be observed. By performing small box 

modelling of the data for Na2.9Sb0.9W0.1S4 using a cubic and a tetragonal model (Figure 2c), 

discrepancies to the average Bragg data can be found. The region between 2-4 Å is much better 

described by the tetragonal model with a Rw value of 12.0% compared to 21.4% for the cubic 

model. Fitting the PDF over an increasing r-range shows that the tetragonal model results in a 

much better fit, especially within the ranges of one unit cell (Figure 2d). The difference between 

the two models decreases for larger r-ranges but for all ranges the tetragonal model results in 

lower fit residuals. This is in line with the work by Krauskopf et al.33 that also showed much 

better residuals in the low-r range for the tetragonal model of milled Na3PS4, compared to the 

cubic phase. Performing the data reduction at different Qmax cut-off values (Figure S3) 

corroborates that the differences in the fitting are not caused by termination ripples but can be 

assigned to structural features. It can be therefore concluded from the PDF data that the short-

range order remains tetragonal in the Na3-xSb1-xWxS4 substitution series.  

These local structural results appear to be in contrast with the Bragg diffraction data in which 

the global or average crystal structure of Na3-xSb1-xWxS4 seems to change from tetragonal to 

cubic. The comparison of the dihedral angle of the PnS4 tetrahedra (Figure S2) using the 

structure model obtained from XRD and PDF underlines how the average structure becomes 

cubic with substitution while the tetrahedra rotation remains in the local tetragonal structure 

with dihedral angles that are non-zero. To further understand this behavior, temperature-

dependent X-ray diffraction was performed for the three different compositions in a broad 

temperature range around their respective phase transitions from tetragonal to cubic. Figure S4 

shows the Bragg data as a function of composition and temperature, suggesting that the 

structural phase transition in Na3SbS4 is lowered by the substitution and that by a visual 

inspection a cubic phase exists in Na2.9Sb0.9W0.1S4 above 280 K. While a refinement of the 

patterns with a tetragonal space group remains in principle possible (see Figure S5), leading to 

a merging of the c/a ratio to unity at around 300 K. 

As the assignment of the space group remains challenging, namely: does the cubic high-

temperature, the tetragonal low-temperature or an intermediate phase23 exist at room 

temperature? Clearly, another local probe besides PDF is needed. Static single-pulse 121Sb 

NMR experiments are hence conducted that allow for the discrimination between tetragonal 
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and cubic symmetry due to the characteristic quadrupole splitting (see Figure 3a). A quadrupole 

splitting arises if the electric-field gradient at the nuclear site is non-zero, which here is caused 

by a reduction in local point symmetry. The quadrupole splitting is expressed as the quadrupolar 

coupling constant CQ.45 In all 121Sb NMR spectra recorded for Na3SbS4 (Figure 3b) a typical 

second-order quadrupolar line shape of an axially symmetric quadrupolar interaction tensor was 

observed, in line with what is expected from the tetragonal point group of the Sb site in the low-

temperature phase. For Na3SbS4, a decreasing quadrupolar coupling CQ for 121Sb (Figure 3b) 

points towards a decrease in the c/a lattice parameter difference leading up to the phase 

transition (Figure S4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: a) Schematic illustration showing how tetragonal symmetry leads to a quadrupole 

splitting of the 121Sb NMR signal, which is absent for cubic symmetry. b) Static variable-

temperature 121Sb NMR spectra of Na3SbS4 showing the characteristic quadrupole splitting for 

the tetragonal structure. For c) Na2.95Sb0.955W0.05S4 and d) Na2.9Sb0.9W0.1S4, the quadrupole 
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splitting is smeared out (broadened) due to increased disorder. With increasing temperature, 

the quadrupolar splitting decreases but remains visible above the phase transition, indicating 

local tetragonal symmetry in the cubic average structure. e) Fitting the temperature-dependent 

Raman spectra of Na3SbS4 and Na2.9Sb0.9W0.1S4 shows a shift of the mode at 32 cm-1. This soft 

mode is indicative for a diffusion-less transformation that occurs for Na2.9Sb0.9W0.1S4 at lower 

temperatures due to the disorder in the Na+ sublattice.   

A similar trend of decreasing quadrupolar splitting at higher temperatures is observed for 

Na2.95Sb0.95W0.05S4 and Na2.9Sb0.9W0.1S4 (Figure 3c and 3d), where both phase transition 

temperatures are within the observable range (see Figure S4). Although the second-order 

quadrupolar 121Sb NMR line shape is increasingly broadened with higher W-substitution, the 

reduction of the quadrupolar coupling CQ is visible by the narrower placement of the signal 

shoulders (singularities) of the resonance line. Comparing the 121Sb NMR resonances at 

temperatures equidistant below the respective phase transitions, an average position of the 

NMR line shape singularities (quadrupolar splitting) can be estimated (Table S8), showing a 

higher quadrupolar coupling interaction for higher W-substitution. Nevertheless, for both 

Na2.95Sb0.95W0.05S4 and Na2.9Sb0.9W0.1S4, Figure 3c and 3d, a broadened 121Sb resonance is still 

observed after the phase transition temperature (Figure S6) to cubic symmetry observed from 

X-ray diffraction (Figure S4); the broadening of these 121Sb NMR resonances cannot be fit 

assuming a single Gaussian or Lorentzian line shape, indicating contributions of 121Sb species 

with stronger than just the average quadrupolar interaction.46,47 Thus, the occurrence of a non-

zero quadrupolar interaction above the phase transition for Na2.95Sb0.95W0.05S4 and 

Na2.9Sb0.9W0.1S4 shows that local distortions lead to a local tetragonal structure, in line with the 

observation of local tetragonal structure elements from the PDF analysis.  

Explaining the differences in the local and average structure 

How can the discrepancy between the cubic average structure and tetragonal local structure be 

explained? There are three potential reasons for this behavior. (1) The substitution of SbS4
3− by 

WS4
2− leads to a disorder in the polyanionic framework which may disrupt the tetragonal motif. 

(2) The higher vacancy density in the Na+ sublattice increases the mobility of Na+ ions. The 

high diffusivity of ions corresponds to large atomic displacement factors that can average out 

the tetragonal structure motif. (3) Increased disorder leads to changed lattice dynamics, which 

can entropically stabilize higher-symmetry phases via dynamic sampling.   
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While the effect of disorder in the polyanion framework (1) cannot be completely ruled out, it 

is unlikely to be the main driving force for the cubic average structure. Till et al. investigated 

the isoelectronic substitution series of Na3PxSb1-xS4 and obtained tetragonal structures for all 

compositions.25 Thus, mere polyanion disorder is unlikely to lead to a cubic average structure.  

In contrast to isoelectronic substitution, the aliovalent substitution of SbS4
3− by WS4

2− leads to 

an increase in the Na+ vacancy density (2), and with it much faster ionic transport (see below). 

In order to explore option (3), here we investigate the lattice dynamics of Na3SbS4 and 

Na2.9Sb0.9W0.1S4 by temperature-dependent Raman spectroscopy. The data can be found in 

Figure S7. While the overall position and shape of the peaks are similar for the pristine and W-

substituted samples, the low-frequency range (< 200 cm−1) of the Raman spectra, which is very 

susceptible to change in temperature, include two noticeable observations. The first is that the 

Raman spectra of Na2.9Sb0.9W0.1S4 differs from the spectra of the pristine material as it exhibits 

a much broader spectral feature centered at around 32 cm−1. This broad spectral feature likely 

results from second-order Raman scattering of the acoustic phonons that are enhanced by 

disorder caused by the diffusion of ions in the material.48–51   

The second observation is that the lowest frequency peak in both materials strongly ‘softens’ 

with increasing temperature. To illustrate this, Figure 3e compares the temperature evolution 

of the lowest-frequency peak position (see the fitting process in the experimental section) to 

that of another peak in the spectra that is centered around 161 cm−1. These results indicate that 

the low-frequency peak is likely a soft mode leading to a diffusion-less transformation. Soft 

modes are common in perovskites crystals,52–54  BiVO4,
55 and other sodium ion conductors.43,48 

This behavior, where a mode softens but does not reach 0 cm−1 before the phase transition 

occurs, indicates a crossover between displacive and order-disorder phase transitions.56 

Therefore, these results indicate that the cubic phase is only dynamically disordered.57–59 

Figure 3e also shows that the diffusion-less transformation occurs for Na2.9Sb0.9W0.1S4 at lower 

temperatures than for Na3SbS4, corroborating the shift in phase transition temperature found in 

X-ray diffraction and NMR.  

Figure 4 schematically illustrates the potential reasons that may cause the cubic average 

ordering of the tetragonal structure. Irrespective of the composition, the materials crystallize in 

the tetragonal polymorph at low temperatures, which will become cubic on average at a certain 

temperature. At room temperature, Na2.9Sb0.9W0.1S4 is cubic on average while the local probes 

of PDF and NMR show significant tetragonal distortion. As the soft mode of the tetragonal 

phase is still visible in the Raman spectra, this indicates dynamic sampling of tetragonal 
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configurations that on average, appear cubic. The differences in finding the temperatures of this 

transformation in X-ray diffraction, NMR, and Raman spectroscopy show how complicated the 

local dynamics are (see Figure S8).  

Krauskopf et al. reported a similar result in which an increased disorder and vacancies due to 

ball-milling led to a cubic average structure of Na3PS4 while its local structure remained 

tetragonal.33 Nevertheless, if the structure is truly cubic or if the high energy ball-milling 

approach leads to straining of grains and with it an apparent transition to cubic is still up for 

debate in Na3PS4.
41 Here, we can show that chemically induced vacancies strongly affect the 

average long-range structure in Na2.9Sb0.9W0.1S4 whereas the short-range order is only 

modulated. The main question that now arises is what the effect of this structural discrepancy 

on the ionic transport in the material is.  

 

 

Figure 4: Schematic illustration how the introduction of WS4
2− polyanions (1), the increase in 

vacancy density (2) and dynamic sampling (3) lead to a long-range average cubic order in 

Na2.9Sb0.9W0.1S4 at room temperature while the local short-range order remains tetragonal. 
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Local ionic transport 

Although long-range ion transport is most important for batteries, ion transport is inherently a 

local phenomenon at first. Depending on how ion transport is measured, the effective ion 

mobility across different length-scales can be assessed. Given the similarities in the local 

structure, we were curious to identify if there were any differences in the behavior of local and 

long-range ionic transport in Na3-xSb1-xWxS4. Electrochemical impedance spectroscopy (EIS) is 

a powerful and commonly used method to measure ionic conductivity. The representative 

Nyquist plots of the three compounds are shown in Figure S9a as previously reported by Fuchs 

et al.20 For Na3SbS4, two processes are observed distinguishing the bulk from grain boundary 

contributions, while for the tungsten-substituted compounds only one process in addition to the 

blocking electrode is visible. The obtained capacitances for the high-frequency process in a 

range of 20-34 pF correspond to ionic transport in the bulk material.20,60 The impedance data 

show that grain boundaries have negligible contributions, nevertheless, as a global parameter, 

the obtained ionic conductivities are considered as total conductivities. While the pristine 

Na3SbS4 exhibits a low conductivity of 0.013 ± 0.002 mS/cm, substitution by WS4
2− increases 

the conductivity multiple orders of magnitude to 34 ± 7 mS/cm for Na2.95Sb0.95W0.05S4 and 

41 ± 8 mS/cm for Na2.9Sb0.9W0.1S4. The associated activation energy, obtained from Arrhenius 

plots in Figure S3b, decreases from 0.25 ± 0.02 eV to 0.21 ± 0.02 eV and 0.19 ± 0.02 eV, 

respectively. These values obtained by impedance spectroscopy represent the averaged long-

range transport over the bulk solid electrolyte. Since the structural investigation shows the 

discrepancy between the average cubic and the local tetragonal structure, the question arises 

how aliovalent substitution influences the transport properties on a local scale compared to the 

long-range average transport data. We therefore performed quasi-elastic neutron scattering and 

nuclear magnetic resonance spectroscopy to probe the local diffusivity of the materials. 

Neutrons can exchange energy with diffusing ions leading to a broadening of the elastic 

scattering signal, known as quasi-elastic neutron scattering (QENS). Analyzing the spatial 

distribution of the quasi-elastic broadening allows the determination of diffusion coefficients 

and by studying the temperature dependence of the observed motion the corresponding 

activation energies can be extracted.43,61 Figure 5a and 5b show the QENS spectra at different 

temperatures of Na3SbS4 and Na2.9Sb0.9W0.1S4, respectively. Due to limited measurement time 

at large-scale facilities, the measurement of the Na2.95Sb0.95W0.05S4 composition was not 

possible. The non-substituted Na3SbS4 shows no discernable quasi-elastic broadening (within 

the energy resolution of the instrument) and it is not possible to apply the Chudley-Elliott model 
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that is usually used to quantify local transport properties. The Na+ diffusivity in this Na3SbS4 

sample cannot be determined via QENS in contrast to previously reported literature.62 A likely 

reason is the different synthesis route which leaded to a very low vacancy density as the small 

side phase of Na3SbS3 indicates.63  In contrast to pristine Na3SbS4, the W-substitution has a 

dramatic effect on the Na+ diffusivity. The clearly visible quasi-elastic broadening with 

increasing temperature shows a remarkably high diffusivity of the W-substituted compound. 

By fitting the quasi-elastic broadening of Na2.9Sb0.9W0.1S4 by a Lorentzian function (see Figure 

S10) and extracting the half-width half-maximum Γ of the quasi-elastic broadening, we could 

apply the Chudley-Elliott model.44 It is based on the random-walk diffusion model (jump-

diffusion on a crystal lattice, from one available site to another) and connects Γ as a function of 

the scattering vector Q to the jump distance d and residence time τ: 

𝛤 =
ℏ

𝜏
(1 −

sin(𝑄𝑑)

𝑄𝑑
) 

The Γ-Q plots of Na2.9Sb0.9W0.1S4 in Figure 5c are in good agreement with the Chudley-Elliott 

model. The obtained residence times and jump distances for each temperature are displayed in 

Table S8. The jump distances are in the range of the nearest crystallographic Na+-Na+ distance 

of d = 3.62 Å (at 300 K), corresponding to the expected vacancy diffusion mechanism. 
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Figure 5: Temperature-dependent QENS spectra at Q = 0.9 Å-1 of a) Na3SbS4 and b) 

Na2.9Sb0.9W0.1S4. While the pristine compound shows no significant change, a clear quasi-

elastic broadening can be observed for the substituted sample. c) Chudley-Elliott model of 

Na2.9Sb0.9W0.1S4 to obtain jump time and distances. d) Saturation-recovery 23Na NMR results of 

Na3-xSb1-xWxS4. The modified BPP model was used to extract the activation energies EA of Na+ 

jumps in Na2.9Sb0.9W0.1S4 and Na2.95Sb0.95W0.05S4 but could not be applied to Na3SbS4. 

To further probe the local ionic transport as a function of substitution degree, solid-state 23Na 

nuclear magnetic resonance (NMR) spectroscopy is used to complement the QENS data. In the 

investigated Na+-ion conductors, spin-lattice relaxation of the 23Na nuclei is mainly driven by 

direct dipole couplings as described by the modified theory of Bloembergen, Purcell, and Pound 

(BPP).64,65 The relaxation rate reaches its maximum at the temperature where the frequency of 

ionic jumps approximately equals the Larmor frequency of the nuclear spins. Thus, by 

performing saturation-recovery 23Na NMR experiments to determine the spin-lattice relaxation 

(𝑇1) times, the BPP model allows the determination of the activation energy EA and the 
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preexponential time constant τ0. From these values the correlation time τ, corresponding to the 

average time between two jump processes at a given temperature T, can be calculated via: 

𝜏 = 𝜏0 ∙ exp (
𝐸A

𝑘B𝑇
) 

The Arrhenius plot of the relaxation rate curves of the three Na3-xSb1-xWxS4 compositions are 

displayed in Figure 5d. The maximum of the relaxation rate curve for the non-substituted 

Na3SbS4 lies outside of the measured temperature range and only the low-temperature flank of 

the relaxation rate curve is observed. This makes it challenging to reliably extract activation 

barriers of the non-substituted material. However, the long T1 times indicate the very low 

diffusivity of Na+ in pristine Na3SbS4, in line with the QENS results. As a result of the W-

substitution, T1 decreases significantly, corresponding to a dramatic increase in ionic 

diffusivity, see Figure 5d. The relaxation rate curve of the 5% substituted sample reaches its 

maximum at approximately 284 K and the relaxation rate curve of the 10% substituted sample 

is shifted to approximately 248 K. The measurable maxima indicate the increasing diffusivity 

with higher W substitution degree and are rarely observed in Na+ conductors. Fitting with the 

BPP model results in activation energies of EA = 0.10 eV and τ0 = 17 ps for Na2.95Sb0.95W0.05S4 

and EA = 0.09 eV and τ0 = 18 ps for Na2.9Sb0.9W0.1S4. 

Comparison of local and average transport properties 

Both QENS and NMR data already reveal a dramatic increase in local diffusivity due to the 

aliovalent substitution. The calculation of diffusion coefficients for Na2.9Sb0.9W0.1S4 from the 

obtained jump times further allows a quantitative assessment of the microscopic diffusivity. 

The self-diffusion coefficient D can be calculated based on the random walk model from the 

jump distance d and jump time τ:  

𝐷 =
𝑑²

6𝜏
 

Since the random walk model is based on atom-to-atom jumps, we used the nearest 

crystallographic Na+ - Na+ distance (d = 3.62 Å) obtained from the tetragonal local structure 

model. Figure 6a shows how the obtained diffusion coefficients increase as a function of 

temperature. The data sets obtained by the two different methods, QENS and NMR, are in 

remarkably good agreement. We also compared this experimental data with published diffusion 

coefficients from ab initio molecular dynamics (AIMD) calculations for 

Na2.875Sb0.875W0.125S4.
32 Considering the slightly different stoichiometries that were used for the 
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theoretical assessment, the theoretical values agree well with the experimental ones. The 

temperature-dependent diffusion coefficients were used to determine activation barriers for the 

ionic jumps via an Arrhenius analysis (Figure 6b). The values obtained by NMR measurements 

and AIMD calculations are very similar with EA,NMR = 0.09 meV and EA,AIMD = 0.10 meV, while 

QENS obtains a slightly lower activation energy of EA,QENS = 0.05 meV. In summary, the three 

methods reliably show the high diffusivity of Na+ in Na2.9Sb0.9W0.1S4 in the order of 10-10 m2/s 

at 300 K together with a very low activation barrier. 

 

Figure 6: a) Diffusion coefficients of Na2.9Sb0.9W0.1S4 determined by QENS, NMR, AIMD and 

EIS are all in the same order of magnitude. The AIMD data were digitized from reference 32. 

b) Arrhenius plots of diffusion coefficients to determine the associated activation energy of 

Na2.9Sb0.9W0.1S4. 

Since QENS and NMR measurements, as well as the AIMD calculations, are all considering 

local ionic jumps without an applied electric field, it is now highly interesting to compare the 

microscopic diffusivity with the long-range transport data from the impedance spectroscopy. 

We therefore calculated a diffusion coefficient from the ionic conductivity using the Nernst-

Einstein relation with ionic conductivity 𝜎, charge carrier concentration C and charge q 

assuming a Haven ratio of 1:66 

𝐷 =
𝑘𝑇𝜎

𝐶𝑞²
 

A diffusion coefficient of 4∙10-11 m2/s is obtained at 300 K for Na2.9Sb0.9W0.1S4, which is in the 

range of the measured value for the local diffusivity. While there is some uncertainty of the 

calculation due to the necessary assumption of a Haven ratio, even highly correlated motion 

would only exhibit Haven ratios of 0.2 and with it values still within the same order of 
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magnitude.67 Considering the close value of the conductivity based diffusion coefficient to the 

ones obtained from NMR, QENS and AIMD, it can be concluded that the long-range transport 

does not differ significantly from its underlying short-range diffusivity. While the substitution 

only affected the average structure and not the local structure, the local transport properties 

clearly change in the same manner as the average bulk conductivity. 

Comparing the diffusion coefficients of the three different compositions (Figure S11a) shows 

the dramatic effect that the W-substitution has on the magnitude of ionic diffusivity. 

Figure S11b shows that also the activation energy decreases with higher substitution degree. 

While all methods show the same relative trend for the activation energies, the absolute values 

obtained by EIS are higher than those obtained by QENS and NMR. The reason is that while 

NMR and QENS are only measuring local ionic jumps, EIS is affected by the microstructure 

and contacting of the particles. To reduce these effects the pellets were sintered before the 

measurement, nevertheless, grain boundary contributions must clearly still exist. 

The decrease in activation energy suggests that substitution of SbS4
3− by WS4

2− does not only 

increase the concentration of vacancies as charge carriers but also seems to facilitate local 

individual ion jumps. In addition to the introduction of vacancies, one may speculate that the 

more electronegative WS4
2− polyanions might have a potential role in reducing the activation 

barrier for ionic jumps.68 Overall, these data confirm that vacancy introduction leads to a 

dramatic increase in the diffusion coefficient.31,32 

 

Conclusions 

Aliovalent substitution, and its corresponding vacancy-injection, is a very common strategy to 

improve the conductivity of solid electrolytes. Here, we showed that the systematic chemical 

introduction of vacancies by aliovalent substitution of SbS4
3− by WS4

2- in Na3-xSb1-xWxS4 leads 

to a discrepancy between local and average structure. While the short-range order remains 

tetragonal, the introduction of WS4
2- and vacancies results in an apparent cubic average ordering 

based on dynamic sampling over tetragonal configurations. Despite the apparent discrepancy 

of local and global structure, both the microscopic diffusivity and long-range transport are 

similar as the differently obtained diffusion coefficients are within the same order of magnitude. 

Compared to pristine Na3SbS4, aliovalent substitution dramatically increases the diffusivity for 

Na2.9Sb0.9W0.1S4 and Na2.95Sb0.95W0.05S4.  
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Clearly, as chemical changes of the vacancy density, and replacements the polyanionic groups, 

can lead to large discrepancies in the local structure, other material classes need to be 

investigated, especially since the modulation of the charge carrier density is the typical 

approach for improving transport in solid electrolytes. Furthermore, these results may also be 

relevant for theoretical studies since those focusing on diffusion behavior, as well as interfacial 

phenomena, are typically based on the average global structures of the materials. Therefore, 

computational studies might consider basing their models on local structures obtained by pair-

distribution function analyses and comparing diffusion coefficients with those obtained via 

local probes. These implications underline the importance of investigating the local structure to 

fully understand structure-transport relations in solid ionic conductors. 

 

Supporting Information 

Rietveld refinements of the compositions as well as the structural data extracted. Temperature-

dependent X-ray diffractograms, fitting results of single-pulse 121Sb NMR spectra as well as 

Raman spectra are shown. Fitting results of the QENS data, impedance spectra and extracted 

diffusion coefficients are reported. 
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