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Structural Evolution During Solution-Based Synthesis of Li7P3S11 
Solid Electrolyte by Synchrotron X-ray Total Scattering  

Bowen Shao,a Ratnottam Das a, Yonglin Huang a, Ruihao Denga, Sara Seelmanb and Fudong Hana* 

Solution-based synthesis has emerged as a promising approach for scalable and efficient synthesis of solid electrolytes (SEs). 

However, the ionic conductivity of solution-synthesized SEs is much lower than that of SEs synthesized by solid state 

approaches. The structural evolution during the synthesis of SEs is crucial to explaining the decreased ionic conductivities 

but has not been well understood. Here, we use synchrotron X-ray total scattering combined with pair distribution function 

(PDF) analysis to understand the structural evolution during annealing of the solution-processed precursor for the synthesis 

of Li7P3S11 SEs. Combining Bragg diffraction and diffuse scattering, X-ray total scattering enables  detection of structural 

information including phase transition and crystallinity. The results show that the formation of Li7P3S11 glass-ceramic starts 

at 230 oC. Increasing the annealing temperature helps to improve the crystallinity, but the degree of crystallization is still 

lower than 70.3% even after annealing at 290 oC when thermal decomposition of Li7P3S11 to Li4P2S6 has occurred. PDF analysis 

also revealed the existence of acetonitrile used in the solution-based synthesis in the SEs after annealing at high 

temperatures. The results rationalize the synthesis-property relationship, explain why annealing at 290 oC provides the 

highest ionic conductivity in the studied temperatures due to an optimal balance for achieving a high crystallinity while 

suppressing severe decomposition of Li7P3S11, and provide novel insights to develop approaches for synthesizing superior 

Li7P3S11 SEs at a large scale.  

1. Introduction 

 

The development of novel battery systems has mainly 

transitioned to solid-state battery (SSB) based concept which is 

believed to potentially enable safe, high-energy-density, and 

high-power-density energy storage.1,2 The past three decades 

have observed significant progress in developing superionic 

solid electrolytes (Ses).3 Lithium thiophosphate-based ionic 

conductors, including binary Li2S-P2S5 (LPS),4 Li10GeP2S12 

(LGPS),5 and Li6PS5Cl (LPSCl)6, and their derivatives are being 

considered very promising SEs due to their high ionic 

conductivities and excellent mechanical properties.7 

Nevertheless, full commercialization of SSBs is still challenging 

due to the difficulties in scalable synthesis and processing of 

SEs.8 The aspect of upscaling is critical because large amounts 

of SEs will be needed for producing SSBs on a Gigafactory scale. 

One of the most explored routes to synthesizing SEs is solid-

state reaction which is achieved by mixing solid precursors and 

applying heat to drive their reaction. Such an approach has been 

used to fabricate some of the most conductive SEs.5 To prevent 

the release of volatile sulfur species and to eliminate the 

unwanted reactions with the vessels and ambient air, solid-

state reaction is typically done in an evacuated quartz ampoule. 

Another widely used approach for SE synthesis is the 

mechanochemical method (often mentioned as “ball-milling”) 

which takes advantage of the influence of mechanical energy in 

chemical transformation.9 While these approaches are practical 

for laboratory-scale material discovery and design, both 

synthetic routes face serious challenges in upscaling. Solid-state 

reaction involves heating to high temperatures and therefore is 

an energy-intensive process. The use of quartz ampoules 

significantly limits the yield (to the order of grams per batch). 

Mechanochemical synthesis is usually done at room 

temperature, but to ensure the completion of the reaction, the 

synthesis is typically performed over a long period (8-50 hours) 

in a lab-scale ball-milling jar (~50 mL),10,11 and it is not 

unreasonable to expect that a longer time will be needed if a 

large ball-milling jar is used for industrial production. 

 

Solution-based synthesis of SEs has recently become an 

essential field of scientific research due to its great potential for 

upscaling.12–14 Solution-based synthesis of lithium-

thiophosphate based SEs is typically achieved by the reaction of 

Li2S with P2S5 at varied molar ratios in organic solvent(s) such as 

tetrahydrofuran (THF), acetonitrile (ACN), and ethyl acetate 

(EA), with the possible addition of extra Li2S and lithium halides 

for more complex compositions.15–17 Full dissolution of the 

precursors may occur in some solvents, but in most cases, the 

reaction proceeds when the precursors are only partially 
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dissolved. The desired SEs are obtained after solvent removal 

and possible heat treatment(s). The particle size of SEs 

synthesized by solution-based approach is much smaller than 

that synthesized by solid-state and mechanochemical 

syntheses,15 and this will help achieve great contact with 

electrode active materials. The synthesis is typically performed 

at relatively low temperatures and therefore is energy-efficient. 

The low vapor pressure of sulfur species also enables solvent-

based synthesis to be done in a glass container. Moreover, this 

approach allows for far more intimate contact between the 

reactants even when only partial dissolution occurs, thus 

providing access for efficient synthesis and upscaling. In 

addition to the upscaling of SE synthesis, the solution-based 

approach also has distinct advantages for the post-processing 

of SEs for SSB fabrication, i.e., for scalable processing of SE 

materials into electrolyte membranes and mixing of SE 

materials, electrode active materials, and electronically 

conductive additives to fabricate electrode sheets.18,19 

 

Despite the many benefits of solution-based synthesis, the ionic 

conductivity of thiophosphate-based SEs synthesized by 

solution-based approaches are much lower than that of SEs 

synthesized by solid-state synthesis or mechanochemical 

approaches, as shown in Figure S1. A wide spread of ionic 

conductivities over a few orders of magnitude can also be 

observed for the solution-synthesized SEs with identical 

compositions (Figure S1).16,20–24 Multiple reasons have been 

reported to explain the low ionic conductivity of solution-

synthesized SEs. Yamamoto et al. reported that the existence of 

residual Li2S due to incomplete reaction can decrease ionic 

conductivity.25,26  Although direct precipitation of the final SE 

from the solution is desired, the obtained precipitates of the 

liquid-phase reaction are generally a co-crystallized complex of 

lithium thiophosphate and the solvent used, i.e., crystalline 

Li3PS4-solvent complex. Subsequent heat treatment is always 

needed to remove the solvent in the crystalline phase. While 

the solvent removal process is usually done at a temperature 

much higher than the boiling point, solvent can remain in the 

solids and the remaining solvent27 or its carbonization product28 

after further annealing can also lower the conductivity. In 

addition, many thiophosphate-based SEs are essentially glass-

ceramic materials that contain both crystalline and amorphous 

phases.29,30 It has been well known that crystallinity plays a very 

important role in ionic transport properties of thiophosphate-

based SEs. For Li7P3S11, higher crystallinity will lead to higher 

conductivity,31 whereas for Li3PS4, an increase in crystallinity has 

been reported to decrease its conductivity.32 The variation in 

the crystallinity of the synthesized SE can also be one reason for 

the decreased conductivity. In addition, the synthesis of some 

SEs (e.g., Li7P3S11) will require additional annealing at a high 

temperature to further drive the solid-state reaction and 

increase the crystallinity, but prolonged annealing at high 

temperatures may also lead to decomposition of SE to poorly 

conductive phases.31,33 Nevertheless, a concrete reason for the 

decrease in ionic conductivity for solution-synthesized SEs has 

not been established, although the dominant reason can be 

different for different thiophosphate SEs.  

 

A comprehensive understanding of the structural evolution of 

SEs during solution-based synthesis is important to understand 

the synthesis-property relation but has not been achieved thus 

far due to the challenges in characterizing the multi-component 

materials with both amorphous and crystalline structure during 

the synthesis process. X-ray diffraction (XRD) has been mainly 

used as the tool to study the structural evolution during 

synthetic heat treatment,15,16 but no details on the crystallinity 

of the sample can be determined. The crystallite size of the SE 

glass-ceramic synthesized by solution-based method is around 

tens of nanometers,15 leading to a rather broad peak which can 

be difficult for detailed analysis. Raman spectra was also used 

to reveal the local structure of P-S polyhedral in solution-

synthesized SEs16
, but this surface-specific technique faces 

challenges in detecting samples in the deep region such as Li2S 

core inside a SE shell.25  

 

Here, we report the structural evolution of Li7P3S11 solid 

electrolyte during annealing of a solution-processed precursor 

using synchrotron X-ray total scattering and pair distribution 

function (PDF) analysis. Li7P3S11 was studied because it exhibits 

one of the highest ionic conductivities (17 mS/cm at room 

temperature) among all thiophosphate SEs.15 The utilization of 

PDF, which takes into account both Bragg scattering and diffuse 

scattering enables detection of the structural information, 

including crystal structure, atomic distances, coordination 

number, disorder, and size of a particle or coherent domain.34–

36 These unique capabilities make PDF very effective in 

understanding the structure of a multi-component system 

consisting of both crystalline and amorphous phases. Several 

previous reports have used PDF to study the local structure of 

Li3PS4 during solution synthesis25–27,37. However, to our 

knowledge, no prior study has been reported on PDF study of 

the structural evolution of Li7P3S11, which exhibits a much higher 

ionic conductivity than Li3PS4 and involves more complicated 

processes (decomplex, solid-state reaction, crystallization, and 

decomposition) during synthesis. The structural information 

revealed from PDF is correlated with the ionic conductivity of 

SEs annealed at different temperatures. The analysis sheds new 

light on the principal synthesis-structure-property relationships 

of Li7P3S11 through solution synthesis and helps to rationalize 

precise and scalable synthesis of superionic conductive SEs. 
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Figure 1. (a) Lab X-ray diffraction patterns of SEs synthesized after annealing at different temperatures. (b) Impedance plots of SEs 

with stainless steel blocking electrodes measured at room temperature. The impedance measurement was performed from 7 MHz to 

10 mHz. (c) Room temperature ionic conductivity of SEs synthesized after annealing at different temperatures. 
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2. Results and discussion 

2.1 Lab X-ray Diffraction and Ionic Conductivity Measurement 

To prepare the precursor for the synthesis of Li7P3S11, Li2S, and P2S5 

with a molar ratio of 7:3 was mixed in ACN at 50 oC for 3 days and 

the solvent was then removed by drying under vacuum.16 The 

precursor was then annealed at different temperatures from 170 to 

320 oC for 1 hour under Argon to synthesize Li7P3S11 SEs. The 

synthesized SEs were denoted as LPS-170, LPS-200, LPS-230, LPS-

260, LPS-290, and LPS-320 based on the annealing temperature. 

Figure 1a shows the lab XRD pattern of the synthesized SEs. The 

peaks for LPS-170 and LPS-200 can be well attributed to Li3PS4-ACN 

crystalline complex.38 The existence of Li3PS4-ACN in LPS-170 and 

LPS-200 is also supported by the Raman spectra (Figure S2) which 

shows a strong peak at 429 cm-1, corresponding to PS4
3-, and three 

bands at 2927 cm-1, 2265 cm-1 and 366 cm-1 corresponding to the 

symmetric C-H stretch vibrations, C≡N stretching and C-C≡N 

bending of ACN, respectively. The formation of Li7P3S11 starts after 

annealing at 230 oC. A large decrease in the peak intensity can be 

observed for the sample annealed at 230 oC and higher 

temperatures, implying a decrease of the crystallinity and the 

formation of glass-ceramic SEs. The formation of Li4P2S6 can be 

clearly observed for samples annealed at 290 and 320 oC due to the 

decomposition of Li7P3S11. The formation of Li7P3S11 at 230 oC and its 

decomposition to Li4P2S6 at higher temperatures are also supported 

by the Raman spectra (Figure S2). Figure 1b shows the impedance 

plot of SEs measured using two stainless steel blocking electrodes. 

The semicircle corresponds to the bulk and grain boundary 

resistance. The calculated ionic conductivity as a function of 

annealing temperature is shown in Figure 1c. A sharp increase in 

the ionic conductivity can be observed after annealing 230 oC (0.25 

mS/cm). The ionic conductivity increases as the annealing 

temperature increases, reaches the maximum for LPS-290 (0.70 

mS/cm), and then decreases to 0.35 mS/cm for SE annealed at 320 
oC. The maximum ionic conductivity of LPS-290 is still about one 

order of magnitude lower than the Li7P3S11 prepared by 

mechanochemical method. It has been well known that the ionic 

conductivity of Li7P3S11 increases with crystallinity, and the 

decomposition product Li4P2S6 is a poor ionic conductor.31,39 It 

should be noted that no apparent changes in the morphology and 

 

Figure 2. (a) Synchrotron diffraction Bragg data of SEs after annealing at different temperatures. The Bragg data of Li7P3S11 glass and 

glass-ceramic synthesized by ball milling method are also provided for comparison. Reduced pair distribution functions, G(r), of SEs 

after annealing at different temperatures in the range of 1 Å < r < 50 Å (b) and in the range of 1 Å < r < 5 Å (c). The dash line in (b) 

shows the evolution of the peak at about 3.8 Å. (d) Structures of ACN, Li3PS4-ACN, and Li7P3S11 with several characteristic bond lengths.  
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particle size can be observed for SEs annealed at different 

temperatures (Figure S3), and therefore the evolution in the ionic 

conductivity is mainly due to the structural evolution in the bulk 

electrolyte rather than surface or particle boundaries. Correlating 

with the XRD results, the sharp increase in the ionic conductivity of 

LPS-230 is due to the formation of crystallites of superionic Li7P3S11. 

Increasing  annealing temperature is expected to increase 

crystallinity, thus leading to improved ionic conductivity, but 

annealing at a very high temperature (320 oC) will lead to the 

formation of poorly conductive Li4P2S6. It should be noted that the 

maximum ionic conductivity was achieved for the SE annealed at 

290 oC where apparent decomposition occurs. The results lead to 

an important question for further improving the ionic conductivity 

of solution-synthesized SE: how to improve the crystallinity of 

Li7P3S11 without causing decomposition? The results also suggest 

that crystallization to the desired Li7P3S11 phase (usually determined 

by lab XRD) is overly simplistic to describe the success of synthesis. 

More careful and quantitative analysis on the crystallinity of the 

obtained SE should be done to fully understand the synthesis-

property relation for identifying the optimum synthetic condition. 

 

2.2 Ex-situ Diffraction and Reduced PDFs from Synchrotron X-ray 

Total Scattering 

We use synchrotron X-ray total scattering to better understand 

the structural evolution of SEs after annealing at different 

temperatures. Combining both Bragg scattering and diffuse 

scattering, total scattering technique can not only provide 

information on the crystal structure that can be directly 

correlated to different thiophosphate phases but also reveal 

the local structure, through PDF analysis, to understand the 

degree of the crystallization. Figure 2a shows the Bragg data 

from the total scattering measurement. The diffraction results 

agree very well with the lab XRD data (Figure 1a). The 

conversion between Li3PS4-ACN and Li7P3S11 occurs at 230 oC, 

and decomposition of Li7P3S11 to Li4P2S6 can be clearly 

observed after annealing at 290 oC. A decrease in the peak 

intensity can also be observed after Li7P3S11 glass ceramic has 

been formed after 230 oC.  

 

We then analyze the reduced PDF of SEs after annealing at 

different temperatures. The reduced PDFs in the range of 1 Å < 

r < 50 Å (Figure 2b) show very similar profiles for SEs annealed 

at lower temperatures from 25 to 200 oC. Apparent changes in 

the reduced PDF profile can be observed after 230 oC and the 

profile looks similar to that of the Li7P3S11 glass-ceramic, 

suggesting the formation of Li7P3S11 occurs at 230 oC. The 

decrease in long-range ordering in the high r range (> 40 Å) can 

also be observed at 230 oC, consistent with a decrease in 

crystallinity as Li7P3S11 glass-ceramic forms.  

 

The reduced PDFs in a lower range of 1 Å < r < 5 Å are provided in 

Figure 2c to reveal more information on the local structure 

evolution after annealing at different temperatures. All samples 

show a main peak at 2 Å which can be attributed to the P-S bond in 

PS4
4- tetrahedra. While different P-S polyhedra are present in Li3PS4-

ACN (PS4
4-), amorphous Li7P3S11 (PS4

4-, P2S7
2-, and P2S6

4-) and 

crystalline Li7P3S11 (PS4
4- and P2S7

2-), the two main structural units 

PS4
4-, P2S7

2- have very similar short-range structure because P2S7
2- is 

 

Figure 3. Synchrotron diffraction Bragg data (a) and reduced PDFs (b) of SEs after annealing at temperatures below 200 oC. The data of 

pure Li3PS4-ACN crystalline complex is also provided for comparison.  
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essentially two corner-sharing PS4
4-.14 Another important feature is 

the peak at 3.4 Å shifts to a slightly higher r value as the annealing 

temperature increases from 200 oC (yellow) to 230 oC (green), and 

we believe the shift is caused by changes in the coordination from 

S-S (3.3 Å) in PS4
4- of Li3PS4-ACN to P-P (3.5 Å) in the P2S7

2- in Li7P3S11 

(Figure 2d). A more predominant feature that can be observed is 

the appearance of a broad peak from 3.8 Å to 4.0 Å for LPS-230, 

LPS-260, and LPS-290. The broad peak is present in the Li7P3S11 

glass-ceramic, and the appearance of this broad peak is attributed 

to the formation of multiple S-S bonds in Li7P3S11 with a bond length 

at around 3.8 or 3.9 Å (Figure 2d). All of these results suggest that 

the transformation from Li3PS4-ACN to Li7P3S11 occurs at 230 oC 

which is consistent with the diffraction results (Figures 1a and 2a). 

 

It should also be noted that two peaks at 1.2 Å and 1.4 Å appeared 

in the reduced PDFs for SEs annealed at all temperatures. Those 

two peaks cannot be observed in the synchrotron X-ray and 

neutron PDFs of Li7P3S11 glass and glass-ceramic synthesized by ball-

milling method (Figure S4) and are attributed to the C-N and C-C 

bonds respectively based on the bond lengths of ACN shown in 

Figure 2d. While the existence of local structure of ACN is expected 

at temperatures below 200 oC because the major phase is Li3PS4-

ACN crystalline complex, it is quite surprising to see that ACN 

remains in the SE annealed at a very high temperature of 290 oC 

which is much higher than the boiling point of ACN (82 oC), although 

the intensity of the peaks decrease as the annealing temperature 

increases. Overall, the local structure analysis confirms that the 

transition from Li3PS4-ACN to Li7P3S11 starts from 230 oC. More 

importantly, it also shows the existence of ACN even for SEs that 

are annealed at high temperatures. The existence of solvent can 

have a large influence on the ionic transport properties, but this 

factor has not been considered in previous literature. It should be 

noted that the existence of ACN is not observable in the Raman 

spectra of SE annealed at temperatures higher than 230 oC because 

Raman, as a surface specific technique, cannot provide structural 

information in the bulk SEs, highlighting the unique advantage of 

the synchrotron total scattering for the current research. 

 

2.3 Structural Evolution Before Li7P3S11 Formation 

To further understand the synthetic pathway, we then separately 

discuss the structural evolution before and after the transition 

temperature. For the SEs annealed at temperatures lower than 200 
oC, the Bragg data (Figure 3a) agree very well with that of pure 

Li3PS4-ACN crystalline complex which is separately synthesized by 

solution method with a molar ratio of Li2S to P2S5 being 3:1. No 

other crystalline phases can be observed. In contrast, the reduced 

PDF profiles of SEs (Figure 3b) are quite different from that of 

Li3PS4-ACN. The intensities of the peaks corresponding to ACN (at 

1.2 Å and 1.4 Å) are much lower in the SEs than in pure Li3PS4-CAN 

while the intensities of the peaks at ~2.1 Å and ~3.4 Å, which exist 

in typical LPS thiophosphate, are much higher in the SEs than in 

pure Li3PS4-ACN. The results suggest that an additional component 

that is amorphous in nature and without ACN also exists in the 

solution processed precursor. Wang et al16 reported that the 

composition of the amorphous component is Li2S-P2S5 with a molar 

ratio of 1:1. This amorphous component, which is presumably the 

product dried from the supernatant,16 is critical for the successful 

synthesis because it will react with Li3PS4-ACN to form Li7P3S11. Our 

Raman spectra of LPS-170 and LPS-230 suggest that the local 

structure of P in the amorphous Li2S-P2S5 mainly contains P2S6
4- and 

P2S7
2- (Figure S2).  More careful characterization of the product 

dried from the supernatant should be done in the future to 

understand the local structure of the amorphous component in the 

precursor. Although the intensities for the peaks corresponding to 

ACN gradually decrease as the annealing temperature increases, no 

apparent evidence can be observed for the formation of crystalline 

and amorphous Li3PS4 for LPS-200 because no new crystalline 

phases can be observed from the diffraction data (Figure 3a) and 

the decomplex from Li3PS4-ACN to amorphous Li3PS4 will lead to 

apparent changes in the reduced PDFs (Figure S5). Therefore, no 

apparent decomplex reaction occurs within this temperature range.  

 

2.4 Structural Evolution After Li7P3S11 Formation 

Figures 4a-c show the diffraction Bragg data from the total 

scattering measurement. The reflection peaks for LPS-230 

(Figure 4a) could be attributed to single-phase Li7P3S11. The 

reflection peaks for SEs annealed at 260 oC (Figure 4b) and 290 
oC (Figure 4c) can be refined with a mixture of Li7P3S11 and 

Li4P2S6 phases, indicating the decomposition of Li7P3S11 at 

higher temperatures. The phase fraction of Li4P2S6 is also 

determined to increase from 13.35% to 32.15% as 

temperature increases from 260 oC (Figure 4b) to 290 oC 

(Figure 4c). To quantitatively understand the evolution of 

crystallinity as the temperature increases, we used difference 

PDF method40,41 where the reduced PDFs of SEs annealed at 

different temperatures, 𝑮(𝒓)𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍, were fitted by a 

linear combination of the reduced PDF of ball-milled Li7P3S11 

glass (𝑮(𝒓)𝒈𝒍𝒂𝒔𝒔) and the reduced PDF of Li7P3S11 glass-ceramic 

(𝑮(𝒓)𝒈𝒍𝒂𝒔𝒔−𝒄𝒆𝒓𝒂𝒎𝒊𝒄) by the following equation: 

 

𝑮(𝒓)𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 = (𝟏 − 𝒙)𝑮(𝒓)𝒈𝒍𝒂𝒔𝒔 + 𝒙𝑮(𝒓)𝒈𝒍𝒂𝒔𝒔−𝒄𝒆𝒓𝒂𝒎𝒊𝒄 

 

where 𝒙 can be used as a quantitative parameter to 

understand the crystallinity of the samples. Assuming the ball-

milled Li7P3S11 glass is amorphous (Figure 2b), because the 

Li7P3S11 glass-ceramic synthesized by annealing ball-milled 

Li7P3S11 at 260 oC for 12 hours is fully crystalline31,33, 𝒙 can only 

be used as the upper bound for the crystallinity. Figures 4d-f 

show the observed, fitted and difference profiles of SEs 

annealed at different temperatures. Excellent fitting can be 

observed for LPS-230 (Figure 4d). Combining the diffraction 

data (Figure 4a) and reduced PDF (Figure 4d), the major 

components for LPS are crystalline and amorphous Li7P3S11. 

The absence of Li3PS4-ACN, amorphous Li3PS4, or crystalline 

Li3PS4 in LPS-230 exclude the possibility of identifying the 

mechanism of Li3PS4-ACN to Li7P3S11 conversion (e.g., 

decomplex from Li3PS4-ACN to Li3PS4 followed by solid-state 

reaction between Li3PS4 and amorphous precursor or direct 

reaction between Li3PS4-ACN and the amorphous precursor). 
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The R-factor for the linear combination fitting increases as 

annealing temperature increases to 260 oC (Figure 4a) and 290 
oC due to the existence of Li4P2S6 phase in the samples. The 

existence of Li4P2S6 in LPS-260 and LPS-290 is also supported 

by comparing the residual profile with the calculated PDF of 

Li4P2S6 (Figures 4g-4i), as a reasonably good agreement can be 

observed between the residual profile of LPS-290 and Li4P2S6 

(Figure 4i). The linear combination fitting allows determination 

of the phase fraction of Li7P3S11 glass-ceramic in the SEs 

annealed at different temperatures (Figure 4j). The result 

shows that the fraction of Li7P3S11 glass-ceramic increases from 

57.7% to 70.3% as the annealing temperature increases from 

230 to 290 oC. The results suggest that the crystallinity of 

Li7P3S11 in the SE is expectedly increased as the annealing 

temperature increases. However, since this fraction can only 

be considered as an upper bound of crystallinity, even 

annealing at 290 oC, where decomposition already occurs, 

cannot lead to a fully crystalline Li7P3S11 in the SE. 

Correlating the structural information with the ionic 

conductivity of SEs annealed at different temperatures, we are 

able to get a better understanding on the synthesis-structure-

property relationship. As shown in Figure 5, at temperatures 

lower than 200 oC, the removal of ACN from Li3PS4-ACN 

complex cannot occur, leading to the co-existence of poorly 

conductive crystalline Li3PS4-ACN complex and amorphous 

Li2S-P2S5 precursor dried from the supernatant. Increasing the 

annealing temperature to 230 oC is sufficient for the removal 

of ACN and the solid-state reaction of the precursors to form 

Li7P3S11, although based on the current ex-situ study we are 

unable to tell whether the solvent removal process occurs 

prior to or simultaneously with the solid-state reaction. The 

formation of Li7P3S11 at 230 oC explains the sharp increase in 

the ionic conductivity from 200 oC (1.1×10-6 S/cm) to 230 oC 

(2.5×10-4 S/cm), but the ionic conductivity of Li7P3S11 is still 

limited due to the low crystallinity (<57.7 %), as it has been 

well known that for Li7P3S11 the ionic conductivity increases 

with the increase in crystallinity.31,33 Further increase in the 

annealing temperature can improve crystallinity, which can 

improve the ionic conductivity, but also lead to the formation 

of poorly conductive Li4P2S6 due to decomposition of Li7P3S11. 

Therefore, two competing mechanisms exist during high-

temperature annealing. At 260 and 290 oC, the increase in the 

ionic conductivity due to improved crystallinity (to ~70%) 

surpasses the decrease in the ionic conductivity due to Li4P2S6 

formation, and therefore the ionic conductivity increases to 

7.0×10-4 S/cm for the SE annealed at 290 oC, but continuous 

increase to 320 oC leads to severe decomposition of Li7P3S11 

that decreases the ionic conductivity.  
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Figure 4. Synchrotron diffraction Bragg data of SEs annealed at 230 oC (a), 260 oC (b), and 290 oC (c). Reflections for LPS-230 could be 

assigned to crystalline Li7P3S11, and reflections for LPS-260 and LPS-290 were refined with both Li7P3S11 and Li4P2S6 phases. The phase 

fraction of Li4P2S6 increases as the annealing temperature increases. Reduced PDFs of LPS-230 (d), LPS-260 (e), and LPS-290 (f) in the 

range of 1.7 Å and 50 Å were fitted by a linear combination of reduced PDFs of ball-milled Li7P3S11 glass and Li7P3S11 glass-ceramic (ball-

milled glass annealed at 260 oC for 12 hours) to estimate the crystallinity. The R-factor is labeled on each figure. (g-i) The resulting 

profile differences of the linear combination fitting of SEs annealed at different temperatures were compared with the calculated 

reduced PDF of crystalline Li4P2S6. The difference profile in (f) shows reasonably good agreement with the reduced PDF of Li4P2S6. The 

phase fractions of Li7P3S11 glass and Li7P3S11 glass-ceramic in the SEs annealed at different temperatures for the linear combination 

fitting are included in the table (j). 
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2.5 Strategies to Increase Ionic Conductivity of Solution-

Synthesized Li7P3S11 

The structural analysis based on synchrotron X-ray total 

scattering provides important insights to rationalize the 

structure-property relation of solution-synthesized Li7P3S11 SEs. 

While LPS-230 shows single-phase Li7P3S11 from lab XRD, its 

crystallinity is too low. Increasing the annealing temperature 

increases the crystallinity which is helpful for improving ionic 

transport and achieving the highest ionic conductivity after 

annealing at 290 oC. However, further increasing the annealing 

temperature to 320 oC will decrease the ionic conductivity 

because of the formation of poorly conductive Li4P2S6 phase 

due to the thermal decomposition of Li7P3S11. Thus, a trade-off 

exists between improving crystallinity and suppressing 

decomposition. These fundamental insights also lead to 

effective strategies for further improving the ionic conductivity 

of solution-synthesized Li7P3S11 SE by overcoming this trade-

off. This can be achieved by a better understanding of the 

nucleation and growth of Li7P3S11 during annealing. The two-

step annealing process reported to facilitate crystallization of a 

ball-milled glass31,42 could also be applied here. The 

thermodynamics for the glass to ceramic phase transition is 

also strongly dependent on the particle size. Decreasing the 

particle size of the solution-processed precursor, by reducing 

the particle size of Li2S reactant or lowering the solvent to 

solids ratio, might also help to lower the crystallization 

temperature, although careful characterizations should also be 

done to study the size effect on the thermal decomposition of 

Li7P3S11. Another important factor that cannot be ignored is 

the existence of ACN solvent in the resulting SEs. Developing 

approaches that can effectively remove the solvent in the 

solids is also expected to increase ionic conductivity. It should 

also be noted that the improvement in the solvent removal 

process should not affect other chemical processes during the 

synthesis. For example, while improving the annealing time 

might be helpful for solvent removal, it cannot effectively 

improve ionic conductivity due to the enhanced 

decomposition of Li7P3S11 to form Li4P2S6 (Figure S6). Annealing 

the solution-processed precursor under vacuum is also 

effective to remove ACN but leads to the formation of β-Li3PS4 

instead of Li7P3S11 at high temperatures (Figure S7), possibly 

due to the loss of amorphous Li2S-P2S5 precursor under high 

vacuum. Additional approaches include exploring low boiling 

point solvent24 and reducing the particle size of the solution-

processed precursor to mitigate the diffusion limitation. 

3. Conclusions 

In summary, synchrotron X-ray total scattering and PDF analysis 

are used to study the structural evolution during annealing 

solution-processed precursor for the synthesis of Li7P3S11 SE at 

different temperatures. The solution-processed precursor 

consists of crystalline Li3PS4-ACN complex and amorphous 

lithium thiophosphate dried from the supernatant, and no 

apparent change in the structure of the precursor can be 

observed below 200 oC. The formation of Li7P3S11 was observed 

after annealing at 230 oC, but the SE formed after annealing at 

this temperature is confirmed to be a glass ceramic that 

 

Figure 5. Schematic illustration of synthesis-structure-property relationship during annealing of solution-processed precursor. 
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contains both amorphous and crystalline Li7P3S11. Increasing the 

annealing temperature to 260 and 290 oC helps to improve the 

crystallinity of Li7P3PS11, however, Li4P2S6 was also formed after 

annealing at these temperatures due to the decomposition 

Li7P3S11. The quantitative determination of the crystallinity, 

based on the difference PDF method, indicates that the 

crystallinity of Li7P3S11 SE is lower than 70.3% after annealing at 

290 oC. In addition, residual ACN is still present in the SE 

annealed at 290 oC, although the temperature is much higher 

than the boiling point of ACN. The obtained structural 

information helps to rationalize the synthesis-property 

relationship and explains why the SE annealed at 290 oC 

demonstrates the highest ionic conductivity based on the 

balance between improving the crystallinity and suppressing 

the decomposition. The results suggest that crystallization to a 

desired phase determined by lab XRD is overly simplistic to 

describe the success of the synthesis. Several approaches to 

improving crystallinity and decreasing the residual solvent while 

suppressing the decomposition were also discussed to develop 

approaches for increasing the ionic conductivity of solution-

synthesized Li7P3S11. Synchrotron X-ray total scattering 

combined with PDF analysis will be an important tool to identify 

the optimal synthetic conditions of these approaches. 

4. Experimental 

4.1 Materials Synthesis 

The solution-processed precursor for the synthesis of Li7P3S11 SEs is 

prepared through the previously reported method.16 Li2S (Sigma-

Aldrich, 99.98%) and P2S5 (Sigma-Aldrich, 99%) with a molar ratio of 

7:3 were mixed in the acetonitrile (ACN) solvent (Fisher Scientific, 

99.8%) at 50 °C for 3 days. After removing all the solvents by drying 

under vacuum at 80 °C for 9 hours, the precursor was recovered 

and grinded before heat treatment at different temperatures from 

25 to 320 °C under Argon for 1 hour. Pure Li3PS4-ACN crystalline 

complex was prepared through the same procedure but the molar 

ratio Li2S and P2S5 is 3:1. Li7P3S11 glass and glass-ceramic synthesized 

by solid-state method are used as a reference sample in the work, 

while Li7P3S11 glass was prepared by high-energy ball milling of the 

Li2S and P2S5 with a molar ratio of 7:3 at 510 rpm for 50 hours and 

the Li7P3S11 glass-ceramic was synthesized by annealing the ball-

milled glass at 260 °C for 3-12 hours. 

4.2 Materials Characterization 

Lab XRD measurement is performed on a PanAlytical X’Pert 

Diffractometer using a Cu Kα X-ray source from 15° to 70° 2θ, at a 

scan rate of 1.25 min-1. Synchrotron X-ray total scattering 

measurements were performed at beamline 11-ID-B (λ = 0.21150 

Å), Advanced Photon Source (APS) Argonne National Laboratory. 

The samples were loaded in Kapton capillaries and sealed with 

epoxy. The neutron total scattering measurement was performed at 

beamline NOMAD at Spallation Neutron Source (SNS), Oak Ridge 

National Lab. Neutron PDF samples were loaded in the quartz tubes 

provided by Oak Ridge National Lab and sealed with epoxy. Raman 

spectroscopy is performed on a Renishaw Raman Spectrometer 

with a 514 nm laser beam. Scanning electron microscopy (SEM) 

images are taken on a Carl Zeiss Supra 55 field emission SEM. 

4.3 Data Analysis 

GSAS-II was used to calibrate and extract two-dimensional intensity 

vs. 2θ histograms from the diffraction images43. We also used GSAS-

II to perform Rietveld refinement of the histograms and obtain the 

pair distribution functions from the scattering data. A maximum 

scattering vector (Qmax) of 30 A-1 was employed in the Fourier 

transform. PDFgui was used to calculate the reduced PDF of Li4P2S6 

based on known structure models.39,44 The linear combination 

fitting of reduced PDFs are done using Athena.45 The structures 

were visualized using VESTA.46  

4.4 Electrochemical Measurement 

The ionic conductivities of SEs were determined from the EIS 

measurements (BioLogic VSP-3 Potentiostat). 150 mg SE, annealed 

at different temperatures, was densified at 400 MPa for 3 min in a 

polyether ether ketone (PEEK) housing, and two stainless steel rods 

were applied at each side of the SE to construct a two-blocking 

electrode cell. The impedance measurement was performed from 7 

MHz to 10 mHz with an amplitude of 10 mV at room temperature. 
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