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a b s t r a c t 

The high Li-ion conductivity of the Li 7 P 3 S 11 sulfide-based solid electrolyte makes it a promising candi- 

date for all-solid-state lithium batteries. The Li-ion transport over electrode-electrolyte and electrolyte- 

electrolyte interfaces, vital for the performance of solid-state batteries, is investigated by impedance 

spectroscopy and solid-state NMR experiments. An all-solid-state Li-ion battery is assembled with the 

Li 7 P 3 S 11 electrolyte, nano-Li 2 S cathode and Li-In foil anode, showing a relatively large initial discharge 

capacity of 1139.5 mAh/g at a current density of 0.064 mA/cm 

2 retaining 850.0 mAh/g after 30 cycles. 

Electrochemical impedance spectroscopy suggests that the decrease in capacity over cycling is due to the 

increased interfacial resistance between the electrode and the electrolyte. 1D exchange 7 Li NMR quan- 

tifies the interfacial Li-ion transport between the uncycled electrode and the electrolyte, resulting in a 

diffusion coefficient of 1.70(3) ×10 −14 cm 

2 /s at 333 K and an energy barrier of 0.132 eV for the Li-ion 

transport between Li 2 S cathode and Li 7 P 3 S 11 electrolyte. This indicates that the barrier for Li-ion trans- 

port over the electrode-electrolyte interface is small. However, the small diffusion coefficient for Li-ion 

diffusion between the Li 2 S and the Li 7 P 3 S 11 suggests that these contact interfaces between electrode and 

electrolyte are relatively scarce, challenging the performance of these solid-state batteries. 

© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

The increased interest in solid-state electrolytes for lithium

atteries is primarily because of safety issues arising from the

se of liquid organic electrolytes in conventional Li-ion batteries

1] . These flammable liquids can cause serious problems due to

eakage and lead to gas evolution when operating at elevated

emperatures and at higher voltages [2,3] . Unlike the liquid elec-

rolyte, a solid electrolyte does not suffer from these drawbacks

nd in addition, improves the thermal and mechanical stability of

he battery and is suggested to provide the possibility to work in

 higher voltage window under extreme conditions [4] . However,

olid electrolytes have their own bottlenecks, namely low Li-ion

onductivity, interfacial contacts and harsh synthesis conditions

ncluding extremely elevated temperatures or air sensitivity. There-

ore, exploring alternative synthesis route for old solid electrolytes

n addition to the search for new solid electrolyte materials with
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igh Li-ion conductivity is currently one of the key issues for the

evelopment of all-solid-state lithium batteries. 

Various kinds of lithium ion conductors, such as Li 3 PO 4 -

i 4 SiO 4 [5,6] , the LISICON family Li 1 + x Ti 2- x M x (PO 4 ) 3 (M = Al, Sc,

, La) [7] , Li- β-alumina [8] , perovskite-type Li 3 x La 0.67- x TiO 3 [9] ,

nd garnet-related Li 5 La 3 M 2 O 12 (M = Ta, Nb) [10] and its analogues

i 7 La 3 Zr 2 O 12 [11] have been reported in literature. Most of these

ave a very low lithium conductivity falling in the range of 10 −7 –

0 −4 S/cm at room temperature, which is far lower than that of

urrently used liquid organic electrolytes, which are of the or-

er of 10 −2 S/cm at 298 K. Fuminori et al. reported a glass ce-

amic with a composition of Li 7 P 3 S 11 precipitated from Li 2 S-P 2 S 5 
lasses, showing ultrafast Li + ion conductivity of 10 −3 S/cm at

oom temperature [12] . Further research revealed an enhance-

ent of the ionic conductivity when this material was mixed with

hases, such as LiX (X = Cl, Br, and I) [13,14] , Li 2 O [15] , P 2 O 5 [16,17] ,

 2 S 3 [17,18] and Li 3 PO 4 [19] . This solid electrolyte has successfully

een combined with cathode materials like S [20–22] /Li 2 S [23–25] ,

iCoO 2 [26] , layered LiMn x Ni y Co z O 2 ( x + y + z = 1) [27] , CuS [28] ,

nd Fe 2 O 3 [29] . 

Of these cathode materials, Li 2 S provides a high theoretical ca-

acity (1170 mAh/g) and is easy to process for solid-state battery
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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applications. As previously reported [30–32] , the interfacial resis-

tance between the cathode and the solid electrolyte is a significant

impediment to solid-state cell performance. It must be minimized

in order to achieve necessary electrochemical performance. How-

ever, there are not many methods available to detect the processes

at the interphase between the cathode and the solid electrolyte.

The most commonly used method is electrochemical impedance

spectroscopy (EIS), which only provides a rough estimation of the

interfacial resistance. Other methods like transmission electron mi-

croscopy (TEM) have been used to visualize the interfacial layer

formed after charging the solid-state battery between the electrode

and the solid electrolyte [33] . This method, however, provides only

qualitative insight into the nature/composition of the interface, fur-

ther highlighting the difficulty in probing interfacial Li + ion trans-

port between the cathode and solid electrolyte. 

Solid state NMR is a versatile method to study the structure

and dynamics of materials used for both Li- and Na-ion batter-

ies [34,35] . It can not only be used to investigate the structural

changes occurring in the electrodes during the (dis)charge process

[36] and the role of defects in the ionic conduction of electrode

and electrolyte materials, but also to probe the correlation effects,

timescales, activation energies and the ionic diffusion mechanism

[37] . Recently, both one-dimensional (1D) and two-dimensional

(2D) 7 Li- 7 Li ion exchange NMR were successfully applied to study

Li-ion transport from picoseconds to seconds for both the bulk ar-

gyrodite Li 6 PS 5 Cl(Br) solid electrolyte and across the interface in

a Li 2 S-Li 6 PS 5 Cl(Br) electrode-electrolyte cathodic mixtures, provid-

ing valuable insight into the effect of battery cycling on interfacial

Li-ion transport [38,39] . 

In this work, a detailed understanding of the Li-ion dynamics

in the Li 7 P 3 S 11 solid electrolyte is pursued by distinguishing lo-

cal Li-ion mobility, bulk diffusion, and the impact of grain bound-

aries using AC impedance and temperature dependent 7 Li solid

state NMR. Nano-Li 2 S and Li-In foil were chosen as electrode ma-

terials and combined with the Li 7 P 3 S 11 solid electrolyte to assem-

ble nano-Li 2 S/Li 7 P 3 S 11 /Li-In solid-state cells. The assembled cells

showed excellent discharge capacities and cycling performance, re-

taining almost 850 mAh/g for 30 cycles. EIS measurements reveal

that the interfacial resistance changes during the cycling. 7 Li- 7 Li

ion exchange NMR was performed to probe the Li-ion transport

across the nano-Li 2 S and Li 7 P 3 S 11 interface, providing new insights

into the Li-ion transport restrictions, the origin of the internal re-

sistance in the nano-Li 2 S/Li 7 P 3 S 11 /Li-In solid-state cells. 

2. Experimental 

Reagent-grade Li 2 S (99.98%, Sigma-Aldrich) and P 2 S 5 (99%,

Sigma-Aldrich) crystalline powders were chosen as the raw materi-

als. The mixture of the starting materials was filled into a Tungsten

Carbide (WC) coated jar with 10 WC balls (8 g each) and then ball-

milled with a planetary ball mill apparatus (Fritsch, Model Pul-

verisette 6) at a rotation speed of 400 rpm for 20 h. The ball-milling

process was performed by milling for 5 min and then a rest time of

1 min. The amorphous 70Li 2 S-30P 2 S 5 formation process was mon-

itored by taking some powder for a XRD measurement at specific

intervals during the entire ball-milling process. The sulfur-based

glass-ceramic material was synthesized by annealing the amor-

phous glass at 270 °C for 3 h. Since all the starting materials and

the products are very sensitive to moisture and oxygen, the trans-

fer procedures were carried out in an argon-filled glove box. 

Powder X-ray diffraction (XRD) patterns were collected over a

two-theta range of 10 °–80 ° to identify the crystalline phases of

the prepared materials using Cu K α X-rays (1.5406 Å at 45 kV and

40 mA) on a X’Pert Pro X-ray diffractometer (PANalytical). To pre-

vent reaction with moisture and oxygen, the powder materials

were sealed in an airtight XRD sample holder in an Argon filled
love box. The refinement was performed using the Fullprof pro-

ram [40] . 

Ionic conductivities of the ball-milled powder and the final

i 7 P 3 S 11 solid electrolyte were measured by pelletizing the pow-

er to a 10 mm diameter. Stainless-steel disks were attached to

oth faces of the pellets. AC impedance measurements were per-

ormed using an Autolab (PGSTAT302N) in the frequency range of

.1–1 MHz with an applied voltage of 0.05 V. 

Solid-state NMR measurements were performed on a Chemag-

etics 400 Infinity spectrometer ( B 0 = 9.4 T), operating at a 7 Li res-

nance frequency of 155.506 MHz. The π /2 pulse length was de-

ermined to be 3.25 μs with an RF field strength of 32.75 kHz.

hemical shifts were referenced with respect to a 0.1 M LiCl so-

ution. The air sensitive sample was sealed in a custom-made

eflon tube in an Argon filled glove box (H 2 O, O 2 < 0.3 ppm). Vari-

ble temperature measurements were performed using a 5 mm

tatic goniometer probe from 153 K to 453 K. T 1 relaxation times

ere determined at various temperatures using a saturation re-

overy experiment. For the Li 2 S-Li 7 P 3 S 11 mixture, additional one-

imensional (1D) exchange experiments were performed at tem-

eratures ranging from 218 K to 333 K. The pulse sequence used

as been described in detail elsewhere with the appropriate phase

ycle for cancellation of direct magnetization that may occur after

 1 relaxation [41,42] . Briefly the sequence consists of π /2, τ , π , τ ,

 π /2, t mix , + π /2, acquisition. An echo time τ ranging from 50 μs to

00 ms was utilized so as to preserve the intensity of the narrow

i 7 P 3 S 11 resonance and filter out the broad Li 2 S resonance, effec-

ively functioning as a T 2 filter. These 1D exchange experiments

ere performed for a range of mixing times, t mix , to follow the

pontaneous equilibrium exchange of Li between the Li 7 P 3 S 11 and

i 2 S phases. 

Laboratory-scale solid-state Li-S batteries were fabricated in the

ollowing manner. For the cathode with Li 2 S, commercial Li 2 S was

rst milled with a rotation speed of 500 rpm for 4 h, and then

illed with Li 7 P 3 S 11 , super P and carbon nanofibers with a weight

atio of 4:4:1.5:0.5 using a rotation speed of 110 rpm for 1 h to

btain the final cathode mixture. Subsequently, a two-layer pel-

et ( d = 10 mm), consisting of 12 mg of the nano-Li 2 S mixture and

8 mg of the Li 7 P 3 S 11 electrolyte, was obtained by applying a pres-

ure of 6 tons. After that, two pieces of lithium and Indium are first

ressed to form a Li-In anode, and then attached to the pellet elec-

rolyte. Finally, the complete pellet was pressed under 2 tons for

0 s. The nano-Li 2 S/Li 7 P 3 S 11 /Li-In solid-state cell was (dis)charged

ith a current density of 0.064 mA/cm 

2 between 0.4 and 3.0 V

s. Li-In. The obtained capacity was normalized by the weight of

he Li 2 S in the cathode mixture. Electrochemical Impedance Spec-

rometry (EIS) measurements were performed with an Autolab PG-

TAT302N before and after the charge/discharge process in the

requency range of 0.1 Hz and 1 MHz with an applied voltage of

.05 V. 

. Results and discussion 

To reveal the influence of milling on the 70Li 2 S-30P 2 S 5 solid

lectrolyte phase formation, the mixture of Li 2 S and P 2 S 5 hav-

ng a ratio of 70/30 (mol%) was mechanically milled at 370 rpm

or different milling durations and measured by XRD as shown

n Fig. 1 (a). Diffraction peaks can be indexed to the starting Li 2 S

nd P 2 S 5 phases in the mixture after ball-milling for 1 h. As the

illing duration is increased to 3 h, the reflections attributed to

he P 2 S 5 phase gradually disappear, while the reflections indexed

o Li 2 S are still strong. Moreover, a halo pattern appears in the

ow 2 θ range, indicating that an amorphous phase is formed. As

he milling duration is increased to 5 h, the diffraction peaks due

o Li 2 S are still visible, but are clearly decreased in intensity. In

ddition, the intensity of the reflections due to crystalline phases
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Fig. 1. (a) Powder XRD patterns of the prepared 70Li 2 S-30P 2 S 5 glass after ball milling with a rotation speed of 400 rpm for different milling periods. (b) Powder XRD patterns 

of the 70Li 2 S-30P 2 S 5 glass as a function of annealing temperature. The annealing duration is fixed at 3 h. (c) The XRD diffraction patterns of Li 7 P 3 S 11 obtained after annealing 

the ball milled powder (400 rpm for 20 h) at 270 °C for 3 h. Refinement was performed by the Rietveld method as implemented in Fullprof [43] . (d) Room temperature 

complex impedance plots of the 70Li 2 S-30P 2 S 5 glass prepared by ball milling (400 rpm for 20 h) and heat treatment (270 °C/3 h). 
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radually decreases with an increase of the ball-milling time.

hen the milling duration is longer than 7 h, the reflections due

o Li 2 S disappear. For milling durations in excess of 7 h, only a halo

attern is visible with no crystalline reflections indicating the for-

ation of a completely amorphous phase. Previous reports showed

hat the Li 7 P 3 S 11 crystalline phase can be obtained by annealing

he amorphous phase at a temperature higher than the crystal-

ization temperatures ( T c ) [12,44] . DSC was performed on the fi-

al ball-milled mixture to reveal the glass transition and crystal-

ization process. The glass transition temperature is 204 °C and the

rystallization temperature is 250 °C. The final amorphous phase

owder was annealed at various temperatures for 3 h, the XRD of

hich is shown in Fig. 1 (b). Annealing at 150 °C for 3 h produced

o change in the diffraction pattern indicating that the amorphous

hase is unaffected, in line with the glass transition temperature.

he sample annealed at 210 °C, just above the glass transition tem-

erature of 204 °C, shows the appearance of crystalline reflections
n the diffraction pattern, a majority of which could be indexed to

he Li 7 P 3 S 11 phase. After annealing at 250 °C, the reflections of the

roduct are indexed to the pure Li 7 P 3 S 11 phase. This pure Li 7 P 3 S 11 

hase persists at an annealing temperature of 280 °C, while some

dditional reflections due to the formation of unknown phases ap-

ear when the annealing temperature is increased to 300 °C, al-

hough the dominant phase still remains the Li 7 P 3 S 11 phase. At

n annealing temperature of 400 °C and above a completely dif-

erent phase is formed. Based on these XRD measurements, the

ure Li 7 P 3 S 11 was found to form between 250 and 280 °C, and a

nal annealing temperature of 270 °C was selected. XRD refine-

ent of the selected Li 7 P 3 S 11 is shown in Fig. 1 (c), indicating that

he annealed Li 7 P 3 S 11 is phase pure with an average particle size

f 25 nm. Fig. 1 (d) shows the complex impedance results of the

ample before and after the annealing treatment. The sample af-

er annealing at 270 °C shows a much smaller resistance than the

all-milled amorphous sample before annealing, delivering a Li-
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Fig. 2. Temperature-dependence of (a) the Li-ion conductivity resulting from impedance spectroscopy and (b) the 7 Li NMR spin-lattice relaxation rates 1/ T 1 in the laboratory 

frame for Li 7 P 3 S 11 . 
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ion conductivity of 6.3(7) × 10 −4 S/cm at 298 K, which is slightly

smaller than values reported for this material in literature [12,45] .

These results indicate that Li-ion conductivity of this sulfide-based

LISICON-type conductor can be promoted by improving its crys-

tallinity. 

Fig. 2 (a) shows the temperature dependence of the ionic con-

ductivity of the Li 7 P 3 S 11 electrolyte from the impedance spec-

troscopy experiments. The ionic conductivity of Li 7 P 3 S 11 increases

with increasing temperature reaching following an Arrhenius law.

The activation energy ( E a ) for the combined bulk and grain bound-

ary contributions of Li 7 P 3 S 11 is calculated by fitting the total ionic

conductivities with the Arrhenius equation resulting in 0.29(4) eV.

This value is larger than the values reported by Mizuno et al.

[12] and Seino et al. [44] obtained by impedance spectroscopy for

crystalline Li 7 P 3 S 11 and densified Li 7 P 3 S 11 , 18 kJ/mol (0.187 eV) and

26 kJ/mol (0.269 eV). The temperature dependent impedance data

reflect the total lithium ion conductivity ( σ Li ) and not the indi-

vidual contributions of the bulk and grain-boundary conductivi-

ties. Measuring the NMR spin-lattice relaxation (SLR) rate allows to

specifically measure the bulk conductivity σ Li in fast ionic conduc-

tors [38,46] . Temperature-dependent 7 Li NMR SLR relaxation rates

in the static laboratory frame ( T 1 ) were measured at a Larmor fre-

quency of 155.506 MHz, shown in Fig. 2 (b). The asymmetric SLR

rate peak, shown in Fig. 2 (b), does not reflect the Bloembergen-

Purcell-Pound (BPP) [47] symmetric peak (that should be expected

for 3D uncorrelated motion) similar to what was reported by

Wohlmuth et al. [48] . The low-temperature flank (the right side),

where τ �ω o »1, the short range Li-diffusion dominates the 1/ T 1 re-

laxation, which follows an Arrhenius behavior, yielding an activa-

tion energy of 0.11(6) eV for this Li-diffusion process. 

This value is significantly smaller than the values reported by

Wohlmuth et al. [48] detected by both 

7 Li and 

6 Li SLR NMR

at 116.6 MHz, which resulted in activation energies from 0.19 to

0.22 eV. The high-temperature flank (the left side) typically rep-

resents long range Li-ion diffusion, indicating an activation en-

ergy of 0.04(2) eV, which is also smaller than the 0.06 eV re-

ported previously [48] . However, as concluded by Wohlmuth et

al. [48] , it is unlikely that this extremely small activation en-

ergy derived from the high-temperature flank is representing a
ealistic value for bulk diffusion; rather it reflects the disordered

ature of the diffusional process leading to a distribution in hop-

ing timescales [48] . Wohlmuth et al. [48] suggested at least

hree different relaxation rates for Li 7 P 3 S 11 glass ceramic by 6,7 Li

MR spin-lattice relaxation, and SLR rates measured in the rotat-

ng frame resulted in activations energies in the range of 0.22–

.26 eV. Therefore, the SLR rate measured at present can only be

sed to determine the Li-ion jump rate from the maximum jump

ate at 318.5 K through the condition τ �ω o ≈ 1, where τ is the

ump rate for lithium ion and ω o is associated with the frequency

pplied for the SLR NMR [49] . Based on the Larmor frequency

155.506 MHz) this results in a Li-ion jump rate of 9.77 ×10 −8 s −1 

n the bulk of crystalline Li 7 P 3 S 11 at 318.5 K, assuming a mean

i jump distance in Li 7 P 3 S 11 of 2.5 Å; this results in a self-

iffusion coefficient of 1.02(0) ×10 −7 cm 

2 /s at 318.5 K based on the

instein–Smoluchowski equation [50] and a bulk conductivity of

.0089(3) S/cm, on order of magnitude larger than the total ionic

onductivity measured by impedance at 313 K, 0.0 0 09(6) S/cm.

his may indicate that electrolyte-electrolyte grain boundaries may

ower the total conductivity as measured by impedance. 

Fig. 3 (a) shows the (dis)charge curves for the all-solid-state Li-S

attery using the prepared Li 7 P 3 S 11 as solid electrolyte in combi-

ation with a Li 2 S cathode and a Li-In foil anode. The solid-state

ell shows an extremely low initial charge capacity and a high dis-

harge capacity of 1139.5 mAh/g (calculated based on the weight of

i 2 S in the cathode mixture) at a current density of 0.064 mA/cm 

2 

etween 0.4 and 3.0 V vs. Li-In, which is almost 97.3% of its theo-

etical capacity (1170 mAh/g). The initial discharge capacity based

n the total weight of Li 2 S and Li 7 P 3 S 11 is 569.8 mAh/g. It should

e noted that the initial charge capacity is less than 400 mAh/g,

uch lower than the initial discharge capacity, suggesting that a

arge number of lithium ions are extracted from the Li-In anode.

he extremely high discharge capacities obtained in the subse-

uent cycles may come from the extra Li extracted from the Li-

n anode side. However, the mechanism why lithium extraction

as impeded from the cathode mixture during the initial process

s unclear. After the first cycle, the cell shows a relatively high

dis)charge capacity and good cycling performance at room tem-

erature. After 30 cycles, the discharge capacity is still exceeding
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Fig. 3. The charge/discharge plots (a) and cycling performance (b) of the solid-state Li-S cell using nano-Li 2 S as the active material. The charge/discharge current density 

was set at 0.064 mA/cm 

2 (5.03 ×10 −5 A), and the lower and upper voltage cut-off were set to 0.4 and 3.0 V vs. Li-In. (c) Electrochemical impedance spectroscopy (EIS) of the 

fresh and after 5 cycles nano-Li 2 S/Li 7 P 3 S 11 /Li-In solid-state batteries. The square and circle symbols represent the impedance of the fresh and 5 cycles solid-state batteries, 

respectively, and the blue and red dashed lines represent fits using an equivalent circuit R 1 ( R 2 Q 2 )( R 3 Q 3 ). 
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50.0 mAh/g, which was calculated based on the weight of Li 2 S

n the cathode mixture, indicating relatively good cycling perfor-

ance for this type of solid-state cells, as shown in Fig. 3 (b). This

s most likely the result of the high Li-ion mobility of the pre-

ared Li 7 P 3 S 11 in combination with the low charge/discharge cur-

ent density, and the small nano-size (38 nm) of the Li 2 S cath-

de, all contributing to a low internal resistance. Potentially, also

he electronic wiring achieved by a combination of spherical su-

er P and nano-carbon fiber wires contributes to the relatively

ood performance. The Li 7 P 3 S 11 solid electrolyte decomposition

n the cathode mixture may also contribute to the capacity dur-

ng (dis)charging. To clarify this, an all-solid-state battery using

i 7 P 3 S 11 –C as the cathode mixture, Li 7 P 3 S 11 as the solid elec-

rolyte and In as the anode material was assembled, as shown

n SI Fig. 1 . The reason we chose In as the anode material in-

tead of Li-In due to that we want to make sure that lithium

ons can only come from Li 7 P 3 S 11 in the cathode mixture dur-

ng cycling. The Li 7 P 3 S 11 –C/Li 7 P 3 S 11 /In all-solid-state battery shows

n initial charge capacity of 416.81 mAh/g and discharge capac-

ty of 286.68 mAh/g with an initial coulombic efficiency of 68.78%

t a cycling current density of 0.064 mA/cm 

2 . This indicates that

t least 25.16% of the (dis)charge capacity during the first cycles

n Fig. 2 is due to capacity related to the solid electrolyte ma-

erial through oxidation and reduction reactions. After the initial

ycle, the discharge capacities of the subsequent cycles maintain

lose to 250 mAh/g, suggesting that Li 7 P 3 S 11 in the cathode mix-

ure can provide capacity for S-C-Li 7 P 3 S 11 /Li 7 P 3 S 11 /Li-In all-solid-

tate battery. The (dis)charge voltage profile observed for the nano-

i 2 S/Li 7 P 3 S 11 /Li-In solid-state cell is quite different compared to

hat reported elsewhere [24,25] . As shown in Fig. 3 (a), the initial

ischarge curve shows two discharge plateaus, one located at a

oltage higher than 2.0 V vs. Li-In, which may be associated with

he decomposition of Li 7 P 3 S 11 in the cathode mixture, while the

ther plateau located at 0.9 V vs. Li-In is attributed to the electro-

hemical reaction of S cathode. In the subsequent cycles, only one

harge plateau located at 2.3 V vs. Li-In is observed and three dis-

harge plateaus located at 1.8, 1.4, and 0.9 V vs. Li-In are observed.

nterestingly, it shows similar discharge plateaus as that of lithium

on batteries employing a Li 2 S cathode. For the Li/S batteries with

rganic liquid electrolyte [51] , where the 2.1–2.4 V region is associ-

ted with the formation of soluble polysulfides and the 1.5–2.1 V

s associated with the reduction of soluble polysulfides to form

he solid-state Li 2 S. It is believed that the higher voltage plateau

ocated at ∼ 1.8 V vs. Li-In is due to the reaction of Li 2 S, which

s attributed to the decomposition reaction of Li 7 P 3 S 11 during the

nitial cycle. Similar behavior has been already reported in other
ulfide electrolytes, such as Li 6 PS 5 X (X = Cl, Br) in our recent re-

earch which is ongoing. The lower plateau located at 0.9 V vs. Li-

n is the typical discharge plateau for an all-solid-state Li-S bat-

ery due to S active material. It should be mentioned that a new

ischarge plateau located at ∼ 1.4 V vs. Li-In appears after 5 cy-

les, which may be associated to other side product due to the

ecomposition of Li 7 P 3 S 11 in the cathode mixture. Additionally,

IS (electrochemical impedance spectroscopy) was applied to study

he Li-ion dynamics in the nano-Li 2 S/Li 7 P 3 S 11 /Li-In solid-state cell.

ig. 3 (c) shows the typical Nyquist plots of the fresh and cycled (af-

er 5 cycles) solid-state cell. Two intersection points with the hor-

zontal axis in the high (left side) and low (right side) frequencies

re observed in the Nyquist plots, which are named R 1 and R 2 . R 1 
eflects the resistance of Li 7 P 3 S 11 electrolyte, and R 2 - R 1 reflects the

esistance of the Li 2 S cathode-Li 7 P 3 S 11 electrolyte interface [19] .

he resistance for Li 7 P 3 S 11 electrolyte and the interfacial part of

he fresh cell are 113.0 and 146.6 	, while those for the battery af-

er 5 cycles are 100.2 and 604.4 	. The resistance of Li 2 S-Li 7 P 3 S 11 

nterface drastically increases during the first 5 cycles, which may

e attributed to the formation of insulating side products at the

nterface during the first few cycles. Therefore, the Li-ion transport

ynamics between the Li 2 S cathode and Li 7 P 3 S 11 electrolyte will

ncreasingly contribute to the internal resistance, limiting the elec-

rochemical performance of the nano-Li 2 S/Li 7 P 3 S 11 /Li-In solid-state

ell. 

In previous work [38,39] , it was shown that exchange NMR ex-

eriments can be used to unambiguously characterize Li-ion trans-

ort over the electrode-solid electrolyte interface, giving quanti-

ative insight into the impact of the interface and interphases on

i-ion charge transport in all-solid-state batteries. At present, 1D

MR 

7 Li exchange experiments between the fresh, uncycled, nano-

i 2 S cathode material and the Li 7 P 3 S 11 solid electrolyte were per-

ormed at various temperatures. The resulting decrease in 

7 Li sig-

al of the Li 7 P 3 S 11 phase due to the Li-ion diffusion between Li 2 S

nd Li 7 P 3 S 11 with increasing mixing time t mix is shown in Fig. 4 (a).

o quantify the exchange between the two materials, the decaying

i 7 P 3 S 11 signal due to the magnetization transfer carried by the Li-

ons is fitted with a diffusion model. The details about the model

nd data processing were provided in previous work [38,39] . To

etermine the diffusion coefficient from the exchange experiments

equires the value of the average diffusion length d . For simplicity

t is assumed that the diffusion distance starts from the center of

 Li 7 P 3 S 11 particle to the center of a Li 2 S particle and that shape

f the particles of these two materials is spherical. This assump-

ion most likely overestimates the diffusion distance, and hence

he diffusion coefficient, because of the poor conductivity of Li 2 S.
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Fig. 4. (a) Normalized intensity of the static Li 7 P 3 S 11 
7 Li NMR spectrum, T 1 corrected, as a function of mixing time at different tem peratures. (b) The Arrhenius plot of the 

diffusion rates at various temperatures. An Arrhenius law is used to fit the activation energy, E a , representing the diffusion process over the boundary between the Li 7 P 3 S 11 

solid electrolyte and the Li 2 S phases. 
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This results in diffusion coefficients for Li 2 S-Li 7 P 3 S 11 exchange of

2.41(7) ×10 −15 cm 

2 /s at 218 K, 1.20(8) ×10 −14 cm 

2 /s at 303 K, and

1.70(3) ×10 −14 cm 

2 /s at 333 K, respectively. These values are many

orders of magnitude smaller than the bulk diffusion coefficient

for Li 7 P 3 S 11 amounting 1.02(0) ×10 −7 cm 

2 /s at 318.5 K deduced by

SLR NMR. The diffusion coefficient follows an Arrhenius behavior,

shown in Fig. 4 (b), yielding an activation energy of 0.132 eV. This

relatively small activation energy E a for the Li-ion exchange be-

tween Li 2 S and Li 7 P 3 S 11 is much smaller than the activation energy

of Li 7 P 3 S 11 deduced from the temperature dependent ionic con-

ductivity (0.132 eV vs. 0.294 eV). This may indicate that mainly Li-

ion transport near the Li 2 S-Li 7 P 3 S 11 interfaces is measured by ex-

change NMR and that this transport is relatively facile compared to

that in the Li 7 P 3 S 11 solid electrolyte material. The relatively small

diffusion coefficient compared to the bulk conductivity suggests

that there is very little Li 2 S-Li 7 P 3 S 11 interface present that allows

Li-ion transport. Therefore, establishing good wetting, resulting in

abundant Li 2 S-Li 7 P 3 S 11 interfaces, appears to be the key limitations

of these solid-state batteries. In particular, the interface decompo-

sition reactions and volumetric changes of the electrode materials

will further challenge these interfaces. 

4. Conclusions 

The excellent solid electrolyte for solid-state Li-ion batteries,

Li 7 P 3 S 11 , with a high Li-ion conductivity of 6.3(7) ×10 −4 S/cm at

298 K, was obtained by milling at 400 rpm for 20 h followed by an-

nealing at 270 °C for 3 h. Temperature-dependent impedance and

SLR NMR results show that the grain boundary resistance is the

major hurdle for the improvement of ionic conductivity. Li 7 P 3 S 11 

was applied to assemble solid-state Li-ion batteries of the configu-

ration nano-Li 2 S/Li 7 P 3 S 11 /Li-In and delivers a discharge capacity of

1139.5 mAh/g for the initial cycle, retaining 850.0 mAh/g after 30

cycles. EIS shows that the decreasing of capacity is due to the in-

crease of the interfacial resistance between Li 2 S and Li 7 P 3 S 11 . With

1D 

7 Li NMR exchange experiments the diffusion coefficient is de-

termined for diffusion between Li 2 S and Li 7 P 3 S 11 , and is found to

be orders of magnitude smaller than the bulk diffusion coefficient
or Li 7 P 3 S 11 , indicating that establishing abundant interfaces that

acilitate easy Li transport over the Li 2 S-Li 7 P 3 S 11 interface are es-

ential for solid-state battery performance. 
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