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ABSTRACT: Fast-ion conductors are critical to the development of solid-state batteries. The 

effects of mechanochemical synthesis that lead to increased ionic conductivity in an 

archetypical sodium-ion conductor Na3PS4 are not fully understood. We present here a 

comprehensive analysis based on diffraction (Bragg, pair distribution function), spectroscopy 

(impedance, Raman, NMR, INS) and ab-initio simulations aimed at elucidating the synthesis-

property relationships in Na3PS4. We consolidate previously reported interpretations about the 

local structure of ball-milled samples, underlining the sodium disorder and showing that a local 

tetragonal framework more accurately describes the structure than the originally proposed 

cubic one. Through variable-pressure impedance spectroscopy measurements, we report for 

the first time the activation volume for Na+ migration in Na3PS4, which is ~30% higher for the 

ball-milled samples. Moreover, we show that the effect of ball-milling on increasing the ionic 

conductivity of Na3PS4 to ~10-4 S/cm can be reproduced by applying external pressure on a 

sample from conventional high temperature ceramic synthesis. We conclude that the key 

effects of mechanochemical synthesis on the properties of solid electrolytes can be analyzed 

and understood in terms of pressure, strain and activation volume. 
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results in smaller second-order quadrupolar broadening and thus the onset spectral narrowing 

occurs at lower hop frequencies. 

 
Figure 6 [Single Column]: Room-temperature MAS-NMR spectra of the Na3PS4 samples. (a) 23Na  
spectra exhibiting lower quadrupolar broadening and more symmetrical resonance with ball-milling (b) 
example fit of the 23Na spectrum for HT-tet sample indicating two Na environments. (c) 31P spectra of 
the Na3PS4 samples exhibiting higher broadening of the the main PS4

3- peak at ~ 86 ppm with ball-
milling. 
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The characteristic 31P signal for the PS4
3- anion at approx. 86 ppm shows moderate (BM-tet) or 

significant (BM-cub) broadening for the ball-milled samples compared to the HT-tet-Na3PS4 

sample (Figure 6c), which is consistent with the local disorder and the extensive strain evident 

from the preceding analysis. The significant broadening for the BM-cub sample indicates much 

higher disorder and a distribution of local environments causing a wider range of chemical shifts. 

In order to definitively distinguish between static or dynamic disorder additional variable 

temperature NMR would be required. The small signal around 84 ppm has previously been 

assigned to glassy PS4
3- (& PS3O-)26 and there are many possible impurities with a lower shift e.g., 

various glassy and crystalline phases in the Na2S-P2S5 system could cause the resonances of the 

PS4
3- anions to be shifted to lower frequencies than the Na3PS4 end member (in analogy to studies 

in the Li2S-P2S5 system38). Surprisingly, the shift is constant for both tetragonal phases, while the 

signal shifts to approx. 83 ppm for the cubic phase suggesting the possibility that peak originates 

from a defect within the Na3PS4 and is thus affected by the processing conditions.  The higher 

frequency shoulder is tentatively assigned to connected PS4-tetrahedra, e.g. P2S7
4- as similar 

resonances have been observed in Li2S-P2S5 glasses39. P2S7
4- units could result, e.g. from S2- 

vacancies in Na3PS4. 

The combination of thorough diffraction and spectroscopy analyses on HT- and BM-Na3PS4 

converges to the following comparative observations: they possess (i) the same tetragonal local 

structure (PDF, Raman) irrespective of the synthesis method and (ii) a distinct disorder induced 

by ball-milling which can be quantified with significantly higher displacement parameters for all 

atoms (Bragg diffraction, PDF) and which leads to the observation of a more symmetric average 

structure (Bragg diffraction, NMR). Additionally, the data suggests a rotational disorder of the 

PS4
3- units (NMR, INS), which are likely statistically distributed in a static manner. 
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Figure 7 [Single Column]: In-situ variable-pressure impedance spectroscopy experiments. Spectra 
collected in the direction of pressure release as a function of applied uniaxial pressure in Nyquist 

coordinates and associated equivalent circuit fits of the HT-tet-Na3PS4 (a) and BM-cub-Na3PS4 (b) 
samples. (c) Variation of ionic conductivity with pressure for BM-cub- and HT-tet-Na3PS4 quantified 

by their respective activation volumes. 
 
 






































