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Abstract  

On the road to highly performing solid electrolytes for solid state batteries, aliovalent 

substitution is a powerful strategy to improve the ionic conductivity. While the substitution 

allows optimization of the charge carrier concentration, effects on the local structure are often 

overlooked. Here, we show by pair distribution function analyses that partial substitution of 

PS4
3− by SnS4

4− polyanion in the fast sodium ionic conductor Na11+xSn2+xP1−xS12 results in 

discrepancies between the local and average structure. The significantly larger SnS4
4− 

polyanions lead to inhomogeneities in the local environments of sodium ions and induce micro 

strain in the material. The combination of nuclear magnetic resonance spectroscopy and quasi-

elastic neutron scattering reveals a decrease in the activation energy of fast local ionic jumps. 

The substitution widens the bottleneck size of some diffusion pathways and a correlation 

between the increased strain and improved local ionic transport is observed. Local frustrations 

caused by the induced inhomogeneities may flatten the energy landscape and lead to the 

detected decrease in the activation barrier. Understanding these effects of cationic substitution 

on the local structure, induced crystallographic strain and ionic transport can open up new 

possibilities to design fast conducting solid electrolytes. 
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1. Introduction 

Solid-state batteries have the potential to provide higher energy densities than the conventional 

lithium ion batteries based on liquid electrolytes1 making them a promising technology for the 

electrification of vehicles and many other industry sectors. An essential part of a solid-state 

battery is the solid electrolyte which allows the transport of the mobile ions to the active 

material. Therefore, electrolytes with high ionic conductivities are necessary to enable 

sufficient capacities and power densities.2 Li+-ion conductors in the classes of oxides3,4, 

halides,5,6 and oxyhalides7,8 have been investigated as promising materials in recent years. In 

particular, sulfide-based solid electrolytes have drawn much attention as compounds like 

Li5.5PS4.5Cl1.5
9 and Li10GeP2S12

10,11
 reach ionic conductivities of 10 mS∙cm−1 and above. 

However, with limited lithium resources on the earth sodium solid-state batteries have gained 

increasing interest due to the high abundance and low cost of sodium as well as due to faster 

ionic transport of the less polarizing Na+ ions in solid electrolytes.12 Inspired by the lithium ion 

conductors, an increasing number of sodium solid electrolytes, such as oxides (e.g. 

NASICONs),13 halides (e.g. Na2+xZr1–xMxCl6, M = Er, In, Y),14,15 and oxyhalides (e.g. 

NaMOCl4, M = Ta, Nb)16,17 have been reported over the last years.  

In the field of sulfide-based sodium-ion conductors, Na3PS4 represents one of the first and most 

studied materials.18,19 In this structure type, the PS4
3− polyanions form a body-centered anion 

backbone where the octahedral voids are filled by sodium ions. At room temperature, the 

polyanions are rotated with respect to each other leading to tetragonal symmetry (space group 

P4̅21c) and two distinct sodium-ion positions. The relatively low ionic conductivity of pristine 

Na3PS4 (0.04 mS∙cm−1) can be improved by widening the bottleneck, i.e. increasing the size of 

the transition state of ionic jumps, with the substitution by antimony and selenium.20 The 

selenium endmembers, Na3PSe4 and Na3SbSe4, crystallize at room temperature in the cubic 

structure polymorph (space group I4̅3m) in which the polyanions are not rotated.21 The cubic 

phase is also obtained when Na3PS4 is prepared via mechanochemical synthesis as indicated by 

X-ray diffraction.22 However, pair distribution function analyses show that the short-range 

order remains tetragonal while the introduction of defects by ball milling leads to a cubic 

average structure.23 While aliovalent substitution in Na2.9W0.1Sb0.9S4 highly improves the 

conductivity by introducing vacancies into the structure,24,25 it causes a similar discrepancy 

between local and average structure. Here, dynamic sampling of the local tetragonal structure 

leads to a cubic average structure detected by X-ray diffraction at room temperature.26,27  
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Figure 1: a) Na3PS4 structure type. In the tetragonal phase the PS4
3−polyanions are rotated 

resulting in two distinct Na+ positions. b) Crystal structure of Na11Sn2PS12. Substitution of PS4
3− 

by SnS4
4− results in a 2×2×4 super cell where partially occupied sodium ion positions form a 

three-dimensional diffusion network. 

Partial aliovalent substitution of PS4
3− by SnS4

4− polyanions leads to the structurally related 

compound Na11Sn2PS12.
28,29 Its crystal structure exhibits I41/acd space group symmetry and 

resembles a 2×2×4 super cell of the Na3PS4 structure (Figure 1). The SnS4
4− occupies the 

Wyckoff 16e positions resembling a primitive structure where the PS4
3− polyanions occupy 

every second cubic void (Wyckoff 8a). The other half of quasicubic voids (Wyckoff 8b) 

exhibits a very low occupancy of Na+ ions (Na6 position) while five additional sodium-ion 

positions fill the rest of the structure.30 The so build-up network of distorted NaS6 octahedra is 

partially occupied and allows fast sodium-ion transport through the structure,31 resulting in an 

ionic conductivity of around 2 mS∙cm−1. To further improve the ion transport in the structure, 

several approaches of substitution have been carried out but have not exceed the room-

temperature conductivity of Na11Sn2PS12 yet.32,33 Kraft et al. performed further aliovalent 

substitution of PS4
3− by SnS4

4− polyanions along compounds of Na11+xSn2+xP1−xS12.
34 While the 

substitution introduces more Na+ into the structure and thereby reduces the vacancy 

concentration, the activation energy is reduced whereas room-temperature ionic conductivity 

decreases. Completely substituted Na12Sn3S12 (= Na4SnS4) with the same crystal structure was 

recently obtained by dehydration where the fully occupied sodium-ion substructure results in 

slow ionic transport and a high activation energy.35 The decrease in activation energy up to 
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Na11.5Sn2.5P0.5S12 with an increased sodium-ion concentration might indicate a concerted 

migration mechanism.36 However, the effect of the substitution on the microscopic diffusivity 

is yet to be investigated. As seen in the structurally related materials, the local structure might 

be affected by the substitution and the diffusion mechanism remains unknown.  

Inspired by the findings of different local and average structure in the related Na3PS4 family,23,26 

we present a fundamental study on the local structure and the local transport in 

Na11+xSn2+xP1−xS12 to shed light into these open questions. Pair distribution function analyses 

show that the introduced SnS4
4− polyanions are locally larger than detected in the average 

structure which leads to strain in the crystal lattice. Nuclear magnetic resonance spectroscopy 

and quasi-elastic neutron scattering reveal faster local diffusivity of sodium ions with higher 

degree of substitution at room temperature. The induced micro strain locally increases the 

bottleneck size and, combined with local structural frustrations, facilitates ion transport of some 

of the local ionic jumps. The simultaneous reduction of the polyhedral volume of other sodium 

ion sites may hinder the Na+ diffusion network and may contribute to a decrease in the long-

range ionic conductivity together with a lower vacancy concentration. This work demonstrates 

that partial substitution by larger polyanions causes discrepancies in the local and average 

structure which can have differing effects on the local and long-range sodium-ion transport. 

 

2. Results and Discussion 

Effects of substitution on the local structure. To study the effects of aliovalent substitution of 

PS4
3− by SnS4

4− on the local structure and local transport, the substitution series 

Na11+xSn2+xP1−xS12, with x = 0, 0.125, 0.25, 0.375 and 0.5, was synthesized via the previously 

reported high-temperature solid-state synthesis route.34 Rietveld refinements of X-ray 

diffraction data confirm the successful preparation of all five compounds (Figure S1a-e). Only 

Na11.375Sn2.375P0.625S12 contains a minor content (< 3 wt.%) of an identifiable side phase with 

Na6Sn2S7, indicative of relative Na2S deficiency. The refined degree of substituted SnS4
4−, i.e. 

the Sn occupancy, are in good agreement with the nominal stoichiometry (Figure S1f) showing 

the successful substitution of further SnS4
4− into the structure.  

Nuclear magnetic resonance (NMR) spectroscopy was used to probe changes in the chemical 

environment of the SnS4
4− and PS4

3− polyanions. The 119Sn magic-angle spinning (MAS) NMR 

spectra show one set of five overlaying 119Sn signals centered around 94 ppm. A possible reason 

for this splitting of the signals can be found in the second coordination sphere of the 16e site 
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(Figure 2a), which allows for five possible coordinations of P4-ySny (y = 0, 1, 2, 3 and 4) of the 

neighbouring 8a sites in substituted Na11+xSn2+xP1−xS12. Similar splitting due to disorder in the 

second coordination sphere was previously observed in related anionic frameworks.37,38 Based 

on these considerations, the five 119Sn signals (Figure 2b) are assigned to the different Sn(16e) 

- P4-ySny(8a) environments. With a higher degree of substitution, peaks corresponding to higher 

Sn coordination increase in intensity together with a lower chemical shift of the total 119Sn 

signal (Figure S2). The integrated areas of the deconvoluted 119Sn MAS NMR spectra follow a 

binomial distribution as exemplarily shown for x = 0.5 in Figure 2c. It can be concluded that 

the substitution is mainly statistical and the introduced SnS4
4− polyanions do not exhibit 

preferential ordering. An additional 119Sn signal around 71 ppm emerges with higher degrees 

of substitution (Figure 2b and Figure S2) corresponding to SnS4
4− polyanions with the central 

atom located at the 8a Wyckoff position. Both, the relative intensities of the five signals making 

up the binomial distribution of 16e Wyckoff site as well as the ratio of relative intensities of 

16e/8a Wyckoff sites, can be used to calculate the sample stoichiometry and the values are in 

good agreement with the degree of substitution obtained from Rietveld refinements (Figure S3). 

More details on the 119Sn MAS NMR analysis are given in the Supplementary Information. 

Furthermore, 31P MAS NMR spectra are recorded which show a resonance at 85 ppm for the 

PS4
3− polyanions in the pristine sample (Figure S4). With increasing substitution, additional 

overlapping 31P signals can be observed. This broadening of the 31P signal indicates an 

increased disorder in the Na+ substructure, however, attempted deconvolution of the signals did 

not yield satisfactory results.  

Figure 2: a) Schematic illustration of the three nearest coordination spheres of Sn on the 

Wyckoff 16e position. Substitution of P5+ by Sn4+ on the Wyckoff 8a position allows for five 

possible configurations for the second coordination sphere. b) 119Sn MAS NMR spectra of 

Na11.5Sn2.5P0.5S12 exhibit two broad peaks corresponding to Sn4+ on the Wyckoff 16e and 8a 
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positions. The peak for the 16e site is composed of five signals, which can be assigned to the 

different combination for the second coordination spheres. c) The extracted relative 119Sn NMR 

intensities of these five different signals follow a binominal distribution showing no signs of 

preferential ordering of the polyanions. 

To probe changes in the local structure, i.e., the short-range order, of the substituted compounds 

pair distribution function G(r) analyses were performed. Here, the measured X-ray total 

scattering data is reduced by a Fourier-transformation to obtain the G(r). It shows real-space 

information as a histogram of atom-atom distances which allows to investigate the local 

structure. The G(r) as transformed of the five compounds are compared in Figure 3a together 

with the partial contributions of the Sn-Sn, Sn-S and Sn-Na distances to the G(r) simulated from 

the reported structure of Na11Sn2PS12. As tin is the element with the highest electron density in 

the samples, these partial G(r) have the major contributions to the total pair distribution 

function. The first major peak corresponding to the SnS4
4− polyanion increases in intensity with 

higher substitution degree while it does not broaden significantly. For larger distances r, peaks 

corresponding to S-Sn and Na-S bonds broaden showing increased disorder in higher 

coordination spheres. Comparing the G(r) transform at different Qmax cut-offs confirms that 

these observations are not affected by transformation artefacts (Figure S5a). Using the structural 

model of Na11.5Sn2.5P0.5S12 obtained from the Rietveld refinement of Bragg data allows to fit 

most signals of the G(r) reasonably well but a mismatch of the first SnS4
4− peak can be observed 

as the Bragg model results in a broader and less intense peak (Figure S5b). This mismatch 

shows that the average structure obtained from X-ray diffraction cannot fully describe the local 

structure of Na11+xSn2+xP1−xS12.  

Figure 3: a) X-ray pair distribution functions of Na11+xSn2+xP1−xS12 compared to the partial 

G(r) of the S-Sn, Na-Sn and Sn-Sn atom pairs show an increase of Sn-S correlations around 

2.5 Å and a broadening at higher coordination spheres. b) Anion framework of the structural 



 

8 

 

model of Na11.5Sn2.5P0.5S12 obtained by small-box modelling of the G(r) reveals expanded 

polyanions on the Wyckoff 8a position. c) Comparison of the Sn/P-S bond length shows that the 

G(r) fit results in significantly larger polyanions on the 8a position for higher degrees of 

substitution than the Rietveld refinement againt Bragg data. 

Utilizing the average structure to refine the G(r) by small-box modelling without restraints, 

results in highly distorted polyanions on the 8a position (Figure S6). In order to investigate 

whether the polyanions are indeed locally distorted or only differ in size compared to the 

average structure, small-box modelling of the G(r) was performed with restrained tetrahedral 

SnS4
4− and PS4

3− polyanions. As the stiff bonds of the polyanions exhibit much higher correlated 

motion than the rest of the structure the first peaks are very sharp and often not well fit by 

common approaches to account for correlated motion, e.g., using correlated motion factors with 

a dependence of 1/r or 1/r².39 Several studies split the modelled r range of the G(r), however, 

this method does not allow to refine atomic positions for very short and longer distances 

simultaneously.23,40 In this study, the isotropic displacement parameters are separately refined 

with a Beq,low value for the first coordination sphere and a Beq,high value for longer distances. 

Thereby, the model accounts for the strong correlated motion of the polyanions while making 

it still possible to refine atomic coordinates over the whole r range. Using this approach with 

restrained tetrahedra results in good fits of the G(r) with low residuals for all five materials 

(Figure S7). The anion framework of the obtained local structural model of Na11.5Sn2.5P0.5S12 is 

shown in Figure 3b. While the SnS4
4− ions on the Wyckoff 16e position hardly differ from the 

average structure, the polyanions on the 8a position are larger in size. As Sn has a much higher 

atomic scattering factor, the effects of larger SnS4
4− ions have a more significant effect on the 

G(r) than the PS4
3− anion. Figure 3c reveals differences between the Sn-S bond distances in the 

average structure obtained from X-ray diffraction and the local structure from pair distribution 

function analysis. For the distance in the SnS4
4− polyanion on the 16e position there is only a 

slight systematic gap between the models fitted against the G(r) and Bragg data, whereas the 

Sn/P-S bond lengths on the 8a position diverge significantly for higher degrees of substitution. 

While the small-box model has its limitations and a mixed occupation of larger SnS4
4− and 

smaller PS4
3− polyanions on the Wyckoff 8a position is more likely than uniformly increasing 

polyanions, these results demonstrate that incorporated SnS4
4− polyanions are locally bigger 

than the averaged polyanion size suggested by Rietveld refinements. Clearly, by adding more 

SnS4
4− polyanions into Na11+xSn2+xP1−xS12, the local structure around the Wyckoff 8a position 

deviates more from the average structure. 
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Figure 4: a) Sodium-ion coordination polyhedral network in Na11+xSn2+xP1−xS12 as a bilayer 

stack with a total of six different Na+ positions. b) Volumes of the six sodium polyhedra obtained 

from small-box modelling of the G(r). With higher degree of substitution the volume of Na(1) 

and Na(6) increase, while the volume of Na(3) significantly decreases due to larger SnS4
4− 

polyanions on the Wyckoff 8a position. 

As the G(r) show local differences in the size of the polyanions, the question arises how these 

affect the sodium-ion substructure and the bottlenecks of ionic transport. The Na11Sn2PS12 

structure-type consists of six different sodium-ion sites building a three-dimensional network 

for Na+ diffusion (Figure 4a).31 The substitution of PS4
3− by SnS4

4− has different effects on the 

volume of each sodium-ion polyhedron (see Figure 4b). The polyhedral volume of the distorted 

Na(1) and the low-occupied, quasicubic Na(6) polyhedron increase with higher degree of 

substitution. It can be explained by the expansion of the structure and lattice parameter as the 

similar trend is observed for the reported average structure.34 As also seen in the average 

structure, the polyhedral volume of the Na(3) site decreases with the degree of substitution. 

However, in the model for the local structure the decrease is significantly more pronounced 

(Figure S8a). The Na(3) octahedron is linking two polyanions on the Wyckoff 8a position and 

shrinks as the polyanions expand and, therefore, is the most affected by the larger size of SnS4
4− 

in the local structure. As the positional coordinates of the sodium-ions are highly correlated in 

the G(r) modelling, no significant trends for the distortion indices of the Na+ polyhedra can be 

observed (Figure S8b). 

While the low r range of the G(r) represents the local structure, the decay of intensity towards 

higher distances gives information about the coherence within the material crystallites. With 
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increasing degree of substitution, a more pronounced decay of the G(r) can be observed. Fitting 

the decay with an envelope function using a spherical particle model to estimate the coherence 

length results in a minor decrease in coherence within the substitution series (Figure S9). This 

loss in coherence can also be observed in broadened reflections in the Bragg data where the 

broadening increases towards higher scattering vectors Q (Figure 5a). By analyzing the angle-

dependence of the integral breadth of the reflections within Rietveld refinements,41 the 

contributions of crystallite size and strain were deconvoluted. Figure 5b reveals that the 

crystallite size runs into the upper limit of the method and does not change whereas the ε0 

value,42 representing the micro strain in the material, continuously increases with higher degree 

of substitution. This increased strain can be related to the observed differences in the local 

structure and is the reason for the systematic broadening of Bragg reflections. SnS4
4− and PS4

3− 

polyanions on the 8a position – that are locally larger or smaller, respectively, than the average 

lattice site – can cause inhomogeneous strain in the structure as schematically displayed in 

Figure 5c.  

Figure 5: a) Bragg reflections exhibit broadening with higher degrees of substitution in 

Na11+xSn2+xP1−xS12 which increases as a function of Q showing changes in the microstructure. 

To better compare the peak shapes, reflections of substituted compounds are shifted to the 

respective Q value of x = 0. b) Crystallite size and strain contributions obtained from the angle-

dependence of the broadening of Bragg reflections within Rietveld refinements. c) Schematic 

illustration how the local substitution of PS4
3− by larger SnS4

4− polyanions creates micro strain 

in the average lattice. 

Effects on the local ionic transport. As the substitution by SnS4
4− polyanions has different 

effects on each sodium-ion position, the question arises how the local transport in the 

Na11+xSn2+xP1−xS12 substitution series develops. 23Na magic-angle spinning nuclear magnetic 

resonance (NMR) was carried out to probe the local chemical environment of the sodium ions. 



 

11 

 

The broad asymmetric 23Na resonance signal (Figure 6a) for the pristine Na11Sn2PS12 results 

from overlapping contributions from different Na+-sites with similar chemical shifts. With 

increasing degree of Sn-substitution, the 23Na resonance signal gradually narrows - indicating 

an increase of the exchange rate between different Na+ sites, leading to an average chemical 

shift with more symmetric lineshape. It can therefore be concluded that the local diffusivity at 

room temperature increases with the substitution of PS4
3− by SnS4

4−. To further quantify the 

diffusivity, 23Na spin-lattice (T1) relaxometry experiments were performed. Based on the theory 

of Bloembergen, Purcell and Pound (BPP), a maximum in spin-lattice relaxation rate (T1
−1) is 

observed when the jump frequency of the nuclei equals the Larmor frequency.43 NMR spin-

lattice relaxometry can probe ion jumps in the MHz to GHz regime depending on the Larmor 

frequency (νL) and jump frequency (1/τ) of the mobile nucleus at the given magnetic field 

strength (νL = 79.39 MHz for 23Na, at a magnetic field B0 = 7.05 T), i.e., the maximum of the 

BPP relaxation rate curve is located at νL∙ τ  ≈ 
1

2π
.44 While a hint of the maximum seems to be 

observable for x ≤ 0.125, no resolved maximum and high-temperature flank was observed for 

Na11+xSn2+xP1−xS12 within the available temperature range of the NMR set-up, making it 

impossible to obtain reliable jump times and diffusion coefficients from the BPP model. 

Nevertheless, the slope of the low temperature flank of the BPP fit allows the extraction of 

activation energies (see Figure S10). To exclude possible effects from an asymmetric maximum 

lying beyond the current temperature range, the analysis is restricted to the linear part of the 

low temperature flank and only the six lower-temperature data points have been used with a 

fixed asymmetry parameter (β) value of 1 for the BPP fit. The so-obtained activation energies 

for local ionic jumps decrease with higher degree of substitution. 

Quasi-elastic neutron scattering (QENS) is an additional method to quantify the microscopic 

diffusivity and further allows to gain information about diffusion processes and jump distances. 

When neutrons interact with solids they can exchange energy with lattice vibrations and 

diffusing ions.45 While the interaction with quantized phonons results in discrete peaks of 

inelastic scattering, relatively small amounts of energy are transferred with diffusing ions only 

leading to a broadening of the elastic peak, the so-called quasi-elastic neutron scattering. The 

recorded QENS spectra of the five compounds (Figure S11) show an increasing quasi-elastic 

broadening with higher temperatures which is most pronounced for Na11Sn2PS12. For 

translational diffusion of ions, molecules or atoms, the half-width at half maximum Γ of the 

quasi-elastic broadening is a function of the scattering vector Q. For the self-diffusion of free 

moving ions Γ exhibits a squared dependance of Q.46 In solids, ions can only jump to defined 
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lattice positions and the quasi-elastic broadening reaches a maximum which is described by the 

Chudley-Elliott model and allows the quantification of the diffusivity.47 Similar to NMR spin-

lattice relaxometry, QENS probes local diffusion with jump frequencies in the MHz to GHz 

range.48,49 The spectra were fit by the experimentally determined elastic resolution function and 

a Lorentzian function to account for the quasi-elastic broadening (Figure S12). The extracted 

values of Γ at 600 K as a function of Q are depicted in Figure 6b and their behavior can be 

described by the Chudley-Elliott model for all compounds. Due to the very low incoherent 

neutron scattering cross section of phosphorus, sulfur and tin, the detected quasi-elastic 

scattering stems almost exclusively from the scattering of diffusing sodium ions. As this model 

is based on uncorrelated ionic jumps between equidistant lattice sites, the QENS data does not 

give indications for correlated diffusion processes. Fitting the Chudley-Elliott model to the Γ-

Q data (Figure S13) determines the mean residence time τ (Figure S14a) and the jump distance 

d (Figure S14b). The obtained jump distances at 600 K increase with the substitution of PS4
3− 

by SnS4
4−. These values follow the trend of increased lattice parameters and are slightly higher 

than the average crystallographic Na+-Na+ distances of 3.45 - 3.5 Å as observed in the 

structurally related Na2.9W0.1Sb0.9S4.
26 For measurements at 500 K and 400 K, the obtained junp 

distances have relatively high uncertainties and no consistent trend with the degree of 

substitution is observed. 

  

Figure 6: a) 23Na MAS NMR spectra of Na11+xSn2+xP1−xS12 show line narrowing with higher 

substitution degree at room temperature. b) Quasi-elastic broadening Γ fitted by the Chudley-

Elliott model reveal faster local diffusivity for pristine Na11Sn2PS12 at 600 K .  

Slower ion dynamics lead to lower broadening and cause these higher uncertainties. While the 

maximum broadening Γmax correlating with τ can still be well determined, the analysis of jump 

distances depending on the shape of the curves is less reliable. Calculating the diffusion 
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coefficients D according to the random-walk theory (Equation 3) from the Chudley-Elliott 

model exhibit large uncertainties at lower temperature as consequence of the fluctuating jump 

distances (Figure S14c). For a more reliable comparison at the different temperatures, 

crystallographic Na+ - Na+ distances d (Table S7) were therefore used to calculate the 

microscopic diffusion coefficient. The crystallographic distances at higher temperature were 

extracted by using the coefficients of thermal expansion of Na11+xSn2+xP1−xS12.
34 To validate 

this approach, diffusion coefficients were also determined from linear regression of Γ against 

Q2 as the Chudley-Elliott model approaches the self-diffusion model for low Q values (Figure 

S15). The so obtained diffusion coefficients at 600 K are in good agreement with the respective 

diffusion coefficients calculated from crystallographic Na+ - Na+ distances. Furthermore, the 

values which are purely based on the Chudley-Elliott model show a similar trend corroborating 

the reliability of this analysis approach (Figure S15c).  

Figure 7a displays the resulting diffusion coefficients of Na11+xSn2+xP1−xS12. At 600 K the local 

diffusivity measured by QENS decreases with higher substitution degree. This trend seems to 

contrast with the observed line narrowing in the 23Na NMR spectra at room temperature. 

However, the differences in the diffusion coefficients determined by QENS decrease at 500 K 

and are not observable at 400 K. Due to a too low quasi-elastic broadening, the diffusion 

coefficient at 300 K could not directly be determined. By extrapolating the temperature-

dependent diffusion coefficients to the room-temperature values assuming Arrhenius-behavior, 

the diffusion coefficients at room temperature can be obtained. These diffusivities increase with 

the substitution by SnS4
4− polyanions from 1.6∙10−11 m2s−1 to 2.7∙10−11 m2s−1  which is in line 

with the observed line narrowing in NMR. The trend in the local diffusivities reverses from 

room temperature to higher temperatures due to the different activation energies. 

Figure 7: a) Diffusion coefficients calculated from the Chudley-Elliott results and the average 

crystallographic Na+-Na+ distance. While the diffusivity at 600 K decreases with higher 
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substitution degree, the trend reverses for 300 K which is extrapolated from the Arrhenius-

behavior. b) Activation energies of fast localized jumps probed by QENS and NMR compared 

to in-grain ionic transport detected by electrochemical impedance spectroscopy (EIS). Bond 

valence site energies, calculated from the local structure models, show a similar trend for the 

the jump with the lowest activation barrier (Na(1) to Na(6) site). c) Calculated microscopic 

conductivities from the diffusion coefficients determined by QENS compared to the bulk ionic 

conductivities of Na11+xSn2+xP1−xS12 from impedance spectroscopy. 

From the Arrhenius data of the diffusion coefficients (Figure S16), activation energies are 

obtained which exhibit a similar trend with those extracted from NMR relaxometry (Figure 7b). 

While the absolute values for the pristine sample are almost identical, the activation energies 

obtained by QENS have a slightly larger decrease with higher degrees of substitution. These 

slight deviations can be explained, considering that the small number of temperature points for 

the QENS measurements lead to larger uncertainties. Furthermore, the maximum of the BPP 

plot was not detected in the available temperature range of NMR measurements and only the 

low temperature flank can be used to approximate the activation energy. Nevertheless, both 

techniques demonstrate that the energy barrier for local jumps decreases with the aliovalent 

substitution. The local transport can be further compared to electrochemical impedance 

spectroscopy (EIS) results.34 In contrast to the microscopic diffusion, macroscopic transport 

can be affected by the microstructure of the materials. The measured impedance spectra of 

Na11+xSn2+xP1−xS12 exhibit large contributions of grain boundary resistences. To obtain 

information about long-range transport within the grains, the samples were sintered and 

measured at low temperatures to allow for deconvolution of bulk and grain boundary 

contributions to the total resistance. Therefore, an equivalent circuit model of two series of 

elements consisting of a resistance in parallel with a constant phase element were employed 

(Figure S17a). The activation energy for the in-grain ionic transport is determined from 

Arrhenius-plots (Figure S17b) of the deconvoluted bulk ionic conductivities. The resulting 

activation energies decrease with higher degree of substitution which is in line with the results 

from QENS and NMR. Furthermore, the absolute values for the activation energy from 

impedance spectroscopy are significantly higher than those of QENS and NMR. While the latter 

mentioned methods detect fast local jumps without an applied field, impedance spectroscopy 

probes ionic transport over a longer distance with applied electric fields leading to this 

frequently seen difference in activation energy.48 For the impedance spectra at room 

temperature, the bulk and grain boundary contributions cannot be deconvoluted (Figure S17c). 

Therefore, the bulk ionic conductivity at room temperature is determined by extrapolation of 
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the Arrhenius behavior as previously done for this class of material.29,32 The so-obtained in-

grain ionic conductivities at room temperature decrease with higher substitution degree (Figure 

7c) contrasting with the trend observed for the local diffusivities. To better compare local and 

long-range ionic transport, a microscopic conductivity can be calculated based on the Nernst-

Einstein equation: 

 σ =  
nc q² D

k T
   (1) 

This equation relates the microscopic diffusion coefficient D with the ionic conductivity σ at a 

given temperature T using the the Boltzmann constant k and the charge carrier concentration 

nc.
48 A reasonable estimate for the charge carrier concentration is the fraction of mobile Na+ 

ions in the material (Figure S18) which can be obtained from the ratio of quasi-elastic to elastic 

neutron scattering intensity, weighted by the respective incoherent neutron cross sections. With 

increasing temperature a higher fraction of sodium ions exhibits quasi-elastic scattering. At 

each temperature, the amount of mobile ions decreases with the degree of substitution, showing 

the same trend as the vacancy concentration due to the aliovalent substitution. Using the mobile 

ion concentration at the lowest measured temperature (400 K) and the diffusion coefficients 

from QENS, the microscopic conductivity at room temperature was calculated according to 

Equation 1 (Figure 7c). The obtained values are slightly higher but in the same order of 

magnitude as the ionic conductivities determined by impedance spectroscopy, demonstrating 

the consistency of the transport analyses. The deviations in their absolute value may be 

explained by a lower charge carrier concentration at 300 K than used for the calculation and by 

the earlier described difference in probed local and long-range transport. Both conductivity 

curves, however, show a similar decrease with higher substitution degree. Only for x = 0.25 the 

trend deviates due to a higher fraction of mobile sodium ions. Hence, the differences in the 

charge carrier concentration are a major reason for the opposite trend of ionic conductivity and 

local diffusion coefficient at room temperature.   

The question arises how the detected changes in the local structure and Na+ polyhedral volume 

are connected to the measured local and long-range transport. The individual sodium-ion sites 

(Figure S19) exhibit different trends between their polyhedral volumes and the diffusion 

coefficient at room temperature. In particular for the Na(1) and Na(4) position, a positive 

correlation between local diffusivity and the larger polyhedral volume indicates an increasing 

bottleneck size. Bond valence site energy calculations (see Figure S19) of the local structural 

models show that the activation energy for the Na(1) to Na(6) jump is the lowest of all possible 
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jumps and exhibits a similar decrease with higher substitution compared to the activation 

energies detected by QENS and NMR. As the Na(6) site is energetically metastable Na(6)-

Na(2) jump exhibits a higher activation barrier in these models which would indicate fast back-

and-forth jumps between the Na(6)-Na(1) sites. However, the Q-dependence of the Chudley-

Elliott model stems from translational diffusion. While first principle calculations suggest that 

the Na(6) site is energetically unfavored and diffusion via a Na(1) – Na(6) – Na(1) pathway 

does not play a major role in Na11Sn2PS12,
31,36,50 the activation barrier for other jumps from the 

Na(1) also decrease with substitution (Figure S20) and may contribute to the decrease in the 

local activation energy. In contrast to the Na(1), Na(4) and Na(6) site, the polyhedral volume 

of other sodium ion positions decreases with higher degree of substitution due to the larger 

SnS4
4− polyanions, in particular for the Na(3) site. Here, the bond valence site energy 

calculations predict a higher activation energy in Na11.5Sn2.5P0.5S12 for the jump between the 

Na(3) site and the interstitial site i1 than in the pristine material (Figure S20). The values indicate 

that with the locally larger SnS4
4− polyanions the bottleneck size of jumps from and to the Na(3) 

site decreases leading to a larger activation energy. These higher local activation barriers may 

be detrimental for the three-dimensional diffusion network and long-range transport and may 

contribute to the observed lower ionic conductivities by impedance spectroscopy in addition to 

the lower vacancy concentration. The BVSE calculations show the reduction and increase of 

the activation barrier depending on the diffusion pathway. As the number of sites with 

increasing and decreasing polyhedral volume is similar, the averaged polyhedral volume of the 

local structure model exhibits no monotonous or reasonable trend with the local room-

temperature diffusivity and activation energies is observed (Figure S21).  

To summarize the investigation of local structure and transport, Figure 8a shows the major 

trends that are observed with aliovalent substitution in Na11+xSn2+xP1−xS12. The diffusion 

coefficient at room temperature probed by QENS increases with higher substitution degree, 

whereas impedance spectroscopy observes a lower long-range bulk ionic conductivity. These 

differences can be explained by a decrease in the concentration of mobile ions with substitution 

due to a reduction in the vacancy concentration cv with substitution. Furthermore, the BVSE 

calculations show opposite trends in the activation barrier for different sodium ion jumps. These 

dissimilar diffusion pathways of (confined) local transport and long-range ion migration can 

further explain the contrasting trends of diffusivity and ionic conductivity which has been 

reported in proton conductors.51 X-ray diffraction and pair distribution function analysis further 

show that the substitution by larger SnS4
4− polyanions leads to micro strain and local 

inhomogeneities in the structure. Figure 8b suggests that the increased strain in the material 
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correlates with the lower activation energy for local ionic jumps determined by QENS. Similar 

correlations between increased strain and improved ionic transport have been found in other 

ionic conductors.52,53 In Na11+xSn2+xP1−xS12, multiple effects of the strain on the ionic transport 

are possible. 1) The strain stemming from larger polyanions basically results in local expansions 

of the lattice, decreasing the energy of the transition state for individual jumps. 2) An additional 

reason may speculatively be derived from the reported concept of frustrated energy 

landscapes.54 The induced strain results in local structural frustrations where equilibrium sites 

of sodium ions are less stabilized and exhibit higher energetic states than in the non-strained 

material. As a consequence, the activation energy as the difference of the transition state and 

ground state decreases which is schematically depicted in Figure 8c. These local frustrations in 

combination with wider bottlenecks of ionic jumps should result in a flattening of the energy 

landscape with lower activation barriers, and the reduced local activation energies found here 

do show this correlation with the observed strain.  

Figure 8: a) Summary of the observed trends for the local diffusion coefficient, bulk ionic 

conductivity, vacancy concentration and strain in Na11+xSn2+xP1−xS12.  b) Activation energies 

of local jumps determined by QENS decrease with larger micro strain caused by the 

substitution. c) Schematic illustration how micro strain may reduce the activation barrier for 

ionic jumps. Local increase of bottleneckthe local structural frustrations due to elevate the 

energy of equilibrium sites. 

3. Conclusions 

Investigating the Na11+xSn2+xP1−xS12 substitution series by pair distribution function analyses 

reveals differences in the local and average crystal structure. The substitution of PS4
3− by the 

larger SnS4
4− polyanions leads to locally inhomogeneous polyanion sizes on the Wyckoff 8a 

site and causes micro strain in the material. These local changes have mixed effects on the 

sodium ion substructure. The increase in unit cell volume results in larger Na(1) and Na(6) 
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polyhedra that correlate with faster local ionic transport at room temperature as NMR and 

QENS showed. Simultaneously, a decreasing volume of the Na(3)S6 polyhedron may hinder 

some pathways in the sodium ion diffusion network and reduce the long-range ionic 

conductivity. The induced micro strain causes local structural frustrations in the structure which 

can reduce the activation energies of individual jumps in combination with local expansions of 

the structure. While the focus for substitutions of solid electrolytes is mainly on increasing the 

size of bottlenecks and improving the vacancy concentration, it is often overlooked that 

differently sized polyanions can lead to inhomogeneities in the local structure and induce micro 

strain. This work demonstrates how investigating the local structure and microscopic diffusivity 

can help to better understand ionic conductors with complex diffusion networks. Developing 

strategies to engineer the microstructure of solid electrolytes will help to achieve high-

performing solid-state batteries. 

4. Experimental section 

Solid-state synthesis of Na11+xSn2+xP1−xS12. Samples with the compositions of x = 0, 0.125, 0.25, 

0.375 and 0.5 were prepared according to the reported solid-state synthesis.34 Stoichiometric 

amounts of Na2S (Merck, 99.9%), P2S5 (Merck, 99%) and SnS2 (Kojundo, 99.9%) were ground 

in a mortar for 15 min under inert conditions (p(O2) < 0.1 ppm, p(H2O) < 1 ppm) and pelletized. 

The pellets were sealed in evacuated quartz ampoules which were dried before under dynamic 

vacuum at 1073 K for two hours. The ampoules were heated up to 923 K in a horizontal tube 

furnace with a heating rate of 40 K per hour and were kept at the temperature for 12 hours 

before they were cooled down to room temperature at a cooling rate of 60 K per hour.  

X-ray total scattering. Sample handling for every measurement was carried out under inert 

condition (p(O2) < 0.1 ppm, p(H2O) < 1 ppm ). X-ray total scattering data were 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.55 The samples were measured in sealed glass capillaries over a Q-range of 0.8-20.5 Å−1 

for 24 h.  

Rietveld analyses. Rietveld refinements of the Bragg data were carried out using TOPAS-

Academic V7.56 Rwp and Rexp were used as fit indicators to assess the quality of the refinement. 

Due to the long measurement time and high statistics, relatively high goodness of fit (>2) ratios 

were obtained for all refinements. The profile of a NIST® SRM® c660 LaB6 standard 

measurement was fitted against using a Thompson-Cox-Hastings pseudo-Voigt function to 
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determine the instrumental resolution function. The profile of the XRD data of each sample was 

refined by (1) a scale factor, (2) 10 free background coefficients of a Chebyshev polynomial 

function, (3) a full axial model to account for the asymmetry of the peak due to axial divergence 

as described by Cheary et al.,57 (4) a zero-point offset and (5) the lattice parameters. With the 

determined instrumental resolution function, (6) the Gaussian and Lorentzian contributions of 

crystallite size and strain were extracted using the reported TOPAS macro.41,42 With fixed 

profile parameters, the structural parameters; (7) the fractional atomic coordinates, (8) isotropic 

atomic displacement parameters and (9) site occupancies were subsequently allowed to vary 

during the refinement.  

Pair distribution function analyses. For the pair distribution function analyses, the total 

scattering data were reduced using PDFgetX3 applying a Q-range cutoff of Qmax = 16 Å−1.58 

Small-box modelling was performed using TOPAS-Academic V7.56 To account for the highly 

correlated motion of the PS4
3− and SnS4

4− polyanions, the isotropic atomic displacement 

parameters of the first coordination shell (r < 3.07 Å) were refined separately and a correlated 

motion factor delta1 was used for larger distances (r > 3.07 Å). Using this approach, the model 

was subsequently refined by (1) the scale factor, (2) the correlated motion factor for r > 3.07 Å, 

(3) lattice parameters, (4) atomic positions, and (5) isotropic atomic displacement parameters. 

To restrain the tetrahedral form of the polyanions, the distance of Sn1 to S1 and Sn1 to S2 were 

restrained to the same bond length59 with a penalty of 106 while the angle was restrained to the 

tetrahedral angle of 109.47° by a penalty of 103. A spherical diameter model was applied to 

determine a coherence length from the decay of the G(r).60 

Nuclear magnetic resonance spectroscopy. Powder samples of all compositions were packed 

into cylindrical 4 mm zirconia rotors and magic-angle spinning (MAS) NMR spectra of 23Na 

(νL = 132.36 MHz) was recorded at a Bruker DSX 500 spectrometer equipped with a 11.74 T 

wide-bore magnet using a 4 mm Bruker MAS probe. The magic angle was calibrated using the 

spinning sidebands of 23Na resonance signal of solid NaNO3. For 23Na, radiofrequency pulse of 

5.0 μs at 120 W power was used as 90° pulse for single-pulse MAS experiments at a rotation 

frequency of 12.5 kHz and a recycle delay of 10 s. 23Na chemical shift scale was referenced 

against freshly prepared 1 M NaCl solution at 0 ppm.  

Experiments for 31P (νL = 202.56 MHz) and 119Sn (νL = 186.60 MHz) were performed on a 

Bruker Avance NEO 500 spectrometer equipped with a 11.75 T wide-bore magnet using a 

1.3 mm HFXY MAS probe. Powdered samples were prepared as described for 23Na in 1.3 mm 

zirconia rotors with the sample packed between MgO to ensure a fully filled rotor and centering 
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of the sample. Magic-angle calibration was performed as described for 23Na. Referencing of 

chemical shifts was performed via the 1H resonance of solid adamantane (δ(1H) = 1.85 ppm) 

using the unified chemical shift scale.61,62 Pulse optimization for 31P was performed on the 

sample achieving 90º pulses of 4.0 μs at 25.0 W. For 119Sn pulse optimization was performed 

on solid SnO2 achieving 90º pulses of 4.0 μs as 30.1 W. Measurements were performed at a 

rotation frequency of 62.5 kHz using direct excitation. For 31P, 256 scans were accumulated 

with a recycle delay of 30 s. In case of 119Sn between 2048 scans and 3136 scans were 

accumulated with a recycle delay of 16 s. The recycle delays for both nuclei were 

experimentally determined for Na11.5Sn2.5P0.5S12 to ensure full relaxation of the sample. 

Variable temperature static saturation recovery experiments for 23Na (νL = 79.39 MHz) were 

performed on a Bruker Avance III 300 spectrometer connected to a wide-bore magnet of 7.05 T 

nominal magnetic field. A radio-frequency pulse length of 2.5 μs at 120 W power was used as 

90° pulse. Recovery delay lengths were varied from t1 = 1.0 μs to t24 = 46.416 s with three steps 

increment per decade. All the FIDs were Fourier-transformed to obtain frequency-domain 

signals which were integrated in TopSpin software. Corresponding signal intensity curves were 

fitted with monoexponential type saturation function with a stretching exponent in the 

OriginLab software package. Variable temperature data were recorded in the temperature range 

of 200-420 K with 20 K interval between successive measurements and 20 minutes of 

temperature stabilization period at each temperature. A combination of N2 gas flow and 

electrical heating was used to regulate the temperature while regulation was done using 

temperature-dependent 1H NMR signal-shifting of methanol (200-290 K) and ethylene glycol 

(320-420 K). 

Quasi-elastic neutron scattering. QENS measurements were performed at the BASIS 

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

Laboratory using Si111 analyzers with 6.4 Å wavelength and 60 Hz chopper operation 

mode.63,64 Samples (4-5 g) were filled into aluminum sample holders (1 mm-spaced double wall 

cylinder) and sealed mechanically with aluminum foil. The samples were in a closed-cycle 

refrigerator at 100 K, 400 K, 500 K and 600 K. An additional temperature step was measured 

for x = 0 at 300 K which resulted in a too low quasi-eleastic broadening and was omitted for 

the other samples.The Mantid software package was used for data reduction. 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 Å−1 to 2.0 Å−1 and energy bins of width 0.8 µeV over a range of −100 µeV to 100 µeV. 
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The reduced quasi-elastic structure factor data S(Q,E) were fitted against with the Dave 

software package according to Equation 1:65  

 S(Q, E)= (Aδ(E)+B
πΓ(Q)

Γ(Q)2+E2
) ∘ R(Q,E) + C(Q,E) (2) 

The model allows to deconvolute the quasi-elastic broadening as a Lorentzian function (second 

term) from  Aδ(E) as the elastic contribution, R(Q,E) as the resolution function measured at 

100 K, and the linear background function C(Q,E). From the Lorentzian function the half-width 

half-maximum 𝛤 of the quasi-elastic broadening was extracted. These values were fitted by the 

Chudley-Elliott model (Equation 2) to obtain the jump distance d and mean residence time τ at 

each temperature.47 

 Γ = 
ħ

τ
 (1 −

sin (d Q)

d Q
) (3) 

 

Diffusion coefficients D were calculated from the random-walk theory (Equation 3) with a 

dimensionality factor γ = 6 to account for three dimensional diffusion. 

D =  
d² 

6τ
 (4) 

The fraction of mobile ions p was determined by the ratio of the integrated quasi-elastic 

scattering intensity Iquasi-elastic to the integrated elastic scattering intensity Ielastic, weighted by 

the incoherent neutron scattering cross sections σinc,Na and σinc,total of sodium ions and 

Na11+xSn2+xP1−xS12, respectively. 

 p = 
σinc,total

(11 + x)σinc,Na

 
Iquasi-elastic

Ielastic

 (5) 

To compare the obtained fractions of mobile ions, the vacancy concentration cV for each 

substitution degree x was determined via: 

cV = 
Vacancies per formula unit

Total number of sodium ion sites
= 

1 - x

12
 (6) 
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Electrochemical impedance spectroscopy. For impedance spectroscopy measurements, the 

powder samples were isostatically pressed at 325 MPa for 45 min and the obtained pellets were 

sintered for 10 min at 550 °C under vacuum in dried quartz ampoules. The pellets were sputter- 

coated with a 200 nm thick layer of gold and contacted with aluminum contacts in a pouch cell 

configuration. Impedance spectra were measured over a temperature range of 173 K to 298 K  

with a Novocontrol Alpha-A frequency analyzer applying a sinusoidal voltage curve with a 50 

mV amplitude, which is needed to resolve high resistances in the frequency range from 10 MHz 

to 100 mHz. The obtained data were analyzed using the RelaxIS 3 software package.  

Bond valence sum calculations. Bond valence site energies of mobile Na+ ions were calculated 

using the softBV-GUI v1.3.1 software package.66 The calculation of the energy landscape was 

based on the refined local structure models using the standard grid with a resolution of 0.1 Å 

and an average screening factor of 0.608594.  

Supporting Information 

The Supporting Information contains results of Rietveld refinements, detailed information on 

NMR analyses, additional figures and crystallographic tables from small-box modelling of the 

G(r), QENS spectra and fits as well as the calculated bond valance site energies. 

Data availability 

The recorded data of the presented measurements have been archived at 

https://doi.org/10.17879/24908359489.  
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Substitution by larger polyanions in the fast sodium ion conductor Na11+xSn2+xP1−xS12 leads to 

inhomogeneities in the local structure which induces micro strain. The observed strain 

correlates with higher local diffusivities at room temperature and a lowering of the activation 

barriers for local ionic jumps which is explained by a widening of structural bottlenecks and 

local structural frustrations. 


