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A B S T R A C T   

Li10SnP2S12 (LSPS) with high ionic conductivity and moderate price is a promising solid electrolyte for all-solid- 
state batteries. However, the instability of LSPS and LSPS/electrodes interfaces would cause poor cycle perfor
mance issues in the LSPS-based all-solid-state batteries, which have not been well understood. Herein, we address 
and unravel the decomposition products of LSPS and their Liþ transfer characteristics, especially on the surface of 
LSPS/electrodes by using solid-state nuclear magnetic resonance (ss NMR) spectroscopy coupled with X-ray 
photoelectron spectroscopy (XPS). The results reveal that the high mechanical energy during ball-milling process 
leads to the decomposition of LSPS into Li4SnS4 and Li3PS4. During charge/discharge cycling, specific capacity 
fading of batteries originates from the formation of new interfacial layer at LSPS/Acetylene black cathode and 
LSPS/Li metal anode interfaces. Furthermore, our results demonstrate that the rough and porous morphology of 
the interface formed after cycling, rather than the decomposition products, is the critical factor which results in 
the increases of the interfacial resistance at LSPS/Li interface and serious formation of Li dendrite. Our results 
highlight the significant roles of (electro)chemical and interfacial stability of sulfide solid electrolyte in the 
development of all-solid-state batteries.   

1. Introduction 

Lithium ion batteries have achieved great success as one of the most 
widely acceptable power sources for portable electronic devices and 
electric vehicles. As energy demands increase due to the exponential 
development of new technologies, more efficient Li-ion batteries with 
higher energy density, longer cycle life and higher safety are required. 
Nevertheless, in the case of liquid electrolyte-based lithium ion batte
ries, many of the issues including the limit of energy density and the 
concern of safety are still urgent to be solved. The removal of organic 
solvents can effectively reduce the flammability of lithium batteries. 
Hence, all-solid-state lithium batteries have received a lot of attention 
owing to their high energy density and excellent safety, where a solid 

state electrolyte serves as both battery separator and ionic conductor 
[1]. Solid state electrolytes (SSEs) are considered to inherently improve 
the safety and enhance the energy density of lithium batteries for their 
non-flammability, less stringent packaging demands and good me
chanical strength enabling the use of Li metal in all-solid-state batteries. 
In addition, all-solid-state batteries can further widen the working 
temperature range, facilitating the use of batteries in some extreme 
circumstances. The key issues for all-solid-state batteries are how to 
design and develop suitable SSEs and fabricate compatible and stable 
interfaces between electrodes and SSEs. Sulfide SSEs possess a lot of 
advantages including high room-temperature ionic conductivity, low 
grain boundary resistance and their good contact with electrode mate
rials due to their mechanical softness compared to oxides. Despite 
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tremendous progress have been made in developing SSEs with high ionic 
conductivities [2,3], the rate capability of all-solid-state batteries is still 
unsatisfactory for the incompatibility at electrode/SSEs interface, 
mainly due to the narrow electrochemical window of SSEs which leads 
to side reaction at electrode/SE interface and poor solid/solid contact 
during cycling [4]. The properties of SSEs and the compatibility of 
electrode/SSEs interface govern the rate capability, cycle life and safety 
of all-solid-state batteries. Therefore, it is critical to get a comprehensive 
understanding of the properties of SSEs, including ionic conductivities, 
chemical and electrochemical stability and point out the superiority and 
key issues of SSEs employed in all-solid-state batteries, and then to 
design possible solutions to optimize the SSEs by element doping or to 
modify the electrode/SSEs interface. 

Li10GeP2S12 (LGPS) with an extremely high ionic conductivity 
(12 mS cm� 1, RT) was firstly reported by Kanno’s group [3]. So far, 
many works have already offered insights in the electrochemical sta
bility and the decomposition products of LGPS based on theoretical 
calculations [5,6] and experimental demonstration [7–9]. For example, 
Han et al. assembled a single all-solid-sate battery based on LGPS as solid 
electrolyte, cathode and anode materials, indicating that LGPS is redox 
active in all-solid-state batteries [7]. Furthermore, Wenzel et al. studied 
the chemical reaction at Li/LGPS interface via in-situ X-ray photoelec
tron spectroscopy (XPS), revealing that the decomposition of LGPS leads 
to the formation of an interphase composed of Li3P, Li2S, and Li� Ge 
alloy at LGPS/Li interface [9]. In addition, Kanno’s group analyzed the 
chemical reaction at cathode/LGPS interface in the high voltage 
all-solid-state batteries consisting of LiNi0.5Mn1.5O4 cathode, LGPS 
solid-electrolyte, and Li metal anode [8]. They pointed out that it is 
essential to choose a suitable conductive additive in cathode composite. 
In 2013, Bernhard Roling’s group synthesized the analogue of LGPS— 
Li10SnP2S12 (LSPS) [10]. When compared with expensive Ge element, 
the precursors of LSPS are much cheaper. Moreover, the less expensive 
tin-based analogue LSPS has very high values of 7 mS cm� 1 for the grain 
conductivity and 4 mS cm� 1 for the total conductivity at room temper
ature. The low cost and high ionic conductivity give this material a large 
advantage for application in all-solid-state batteries. Although, in 2012, 
Ceder group [11] have already presented a detailed theoretical inves
tigation of the phase stability, electrochemical stability and Liþ con
ductivity of the Li10�1MP2X12 (M¼Ge, Si, Sn, Al or P, and X¼O, S or Se) 
family. However, there is not much experimental information available 
on LSPS material, especially on the structural stability and electro
chemical properties of LSPS. 

Apparently, formation of favorable solid–solid contacts between 
electrode and electrolyte is important in all-solid-state batteries. When 
preparing the cathode composite in both solid and liquid electrolyte 
batteries, planetary ball-milling processing method is an effective 
technique to ensure uniform and thorough stirring in which the artificial 
gravity generated by the centrifugal force can be applied to the grinding 
medium. Besides, it is worth noting that the high mechanical energy, 
released at the point of collision between balls as well as the friction of 
balls on the wall, could transfer to the bulk materials and affect their 
phase stability. Considering the poor phase stability of sulfide SSEs, the 
feasibility of utilization of ball-milling processing method in all-solid- 
state batteries still lack for further study. In addition, for facilitating 
the best use of LSPS sulfide solid electrolyte in the practical application 
of all-solid-state batteries, it is essential to get a thorough understanding 
of the intrinsic (electro)chemical stability of this material and address 
the high interfacial resistance issues in LSPS based all-solid-state 
batteries. 

In this work, in order to analyze the effect of mechanical energy on 
the phase stability of LSPS material during processing, a detailed 
comparative study has been made on LSPS sulfide SSE under grinding or 
ball-milling. In addition, XPS, ss NMR measurements coupled with 
several techniques have been conducted to shed light on the interfacial 
reaction at both LSPS/Acetylene black (AB) cathode and LSPS/Li anode 
interfaces in all-solid-state batteries, where Li4Ti5O12@LiCoO2 acts as 

cathode, LSPS acts SSEs and Li metal acts as anode. This study would 
give a unique insight in the transfer kinetics over the LSPS/Li interface, 
which appears vital for the power performance of all-solid-state 
batteries. 

2. Material and methods 

2.1. Preparation of batteries 

2.1.1. The fabrication of LTO@LCO/LSPS/Li all-solid-state batteries 
Li4Ti5O12@LiCoO2 (LTO@LCO) (Xiamen Tungsten Co., Ltd) as 

cathode active material is mixed with LSPS solid electrolyte (NEI Cor
poration) and Acetylene black (AB) with a weight ratio of 50:48:2 by 
using a mortar for 30 min to obtain cathode composite. 130 mg LSPS 
powder is cold pressed into pellet, 10 mm in diameter, with the pressure 
of 510 MPa. And 4 mg cathode composite is pressed on the surface of 
LSPS pellet with the same pressure. A piece of Li metal is subsequently 
attached to the other side of LSPS pellet and pressed by hand. Finally, 
the LTO@LCO/LSPS/Li all-solid-state batteries are put in the custom- 
made molds. (LSPS þ AB)/LSPS/Li all-solid-state batteries are assem
bled with the same method, where cathode composite is prepared by 
mixing LSPS and AB with the weight ratio of 50:3. 

2.1.2. The fabrication of liquid-electrolyte batteries 
Liquid electrolyte batteries based on LTO@LCO cathode active ma

terial are assembled as coin-type cells. The cathode electrodes are 
fabricated by casting a slurry consisting of 80 wt% LTO@LCO active 
material, 10 wt% AB as the conductive additive, and 10 wt% poly
vinylidendifluoride (PVdF) solved in N-methylpyrrolidone (NMP) as a 
binder on an aluminum foil. Lithium metal is used as a counter elec
trode. The electrolyte solution is 0.1 mol/L LiTFSI and 1 mol/L LiBF4 in 
ethylene carbonate (EC) and dimethyl carbonate (DMC) mixture (1:1 
ratio by weight). 

2.1.3. The fabrication of Li/LSPS/Li and C/LSPS/C symmetric cells 
130 mg LSPS powder is pressed into pellet with the pressure of 

510 MPa. Li/LSPS/Li symmetric cell is assembled by attaching Li metal 
to both sides of LSPS pellet and pressing them by hand. C/LSPS/C 
symmetric cell is assembled by attaching carbon foil to both sides of 
LSPS pellet and pressing them with the pressure of 510 MPa. 

2.2. Electrochemical measurements 

Galvanostatic charge and discharge measurements of the batteries 
were conducted on a LAND CT-2001A (Wuhan, China) battery test 
system at room temperature (RT). The electrochemical impedance 
spectroscopy (EIS) measurements were carried out by using a Versa 
STAT MV Multichannel potentiostat/galvanostat (Princeton Applied 
Research) from 1 Hz to 1 MHz with an amplitude of 10 mV at RT. CV 
measurements are conducted by using a Versa STAT MV Multichannel 
potentiostat/galvanostat (Princeton Applied Research). 

2.3. Characterization of materials 

X-ray powder diffraction (XRD) analyses were performed by a 
Rigaku Ultima IV powder X-ray diffractometer using a Cu Kα radiation 
(λ ¼ 1.5406 Å), and Mylar film was used to seal the sample to avoid 
reactions between the solid electrolyte and moist air. Scanning electron 
microscopy (SEM, Hitachi S-4800) and energy dispersive spectrometer 
(EDS) were utilized to characterize the morphology and element dis
tribution of the materials. A scanning electron microscope/focused ion 
beam (FIB/SEM) device (FEI-Helios-G4) was perpendicular to the sam
ple which allows cross-sectional micro milling to get the cross-section 
images of LTO@LCO. X-ray photoelectron spectroscopy (XPS) was car
ried out on a PHI 5000 Versa Probe III spectrometer (ULVAC-PHI, 
Japan) on the sample surface using argon ion beam gun operating at 

B. Zheng et al.                                                                                                                                                                                                                                   



Nano Energy 67 (2020) 104252

3

25.1 W. The binding energy scale was calibrated from the hydrocarbon 
contamination using the C 1s peak at 284.8 eV. For SEM and XPS 
characterizations, an airtight specimen holder is used to avoid moisture 
and air contamination during sample transfer. 

Ex-situ 6Li, 31P and 119Sn magic-angle spinning (MAS) nuclear 
magnetic resonance (NMR) spectroscopy were acquired on a Bruker 
AVANCE III 400 MHz spectrometer, all experiments were carried out 
using a double resonance 1.3 mm MAS probe, spinning at frequencies of 
up to 50 kHz with a single pulse sequence (90� pulse, 90� pulse and 30�

pulse for 6Li, 119Sn and 31P, respectively). For 6Li MAS NMR, the 90�
pulse length was 1.10 μs and the recycle delay was 1.5 s. The 6Li shifts 
were referenced to LiF (-1 ppm), at a 6Li Larmor frequency of 
58.89 MHz. For 31P MAS NMR, the 30� pulse length was 0.53 μs and the 
recycle delay was 160 s. The 31P shifts were referenced to ADP (1 ppm), 
at a31P Larmor frequency of 162.02 MHz. The 90� pulse length for 119Sn 
was 1.20 μs and the recycle delay was 20 s. All the 119Sn shifts were 
referenced to SnO2 (-604 ppm). T1 relaxation times for the 6Li MAS NMR 
were determined using a saturation recovery experiment at 50 kHz. 

3. Results and discussion 

3.1. The electrochemical performance of all-solid-state batteries and 
liquid electrolyte batteries 

In this study, the LSPS solid state electrolyte powder was purchased 
from NEI Corporation. And the material we use shows the ionic con
ductivity of 2.7 mS cm� 1 (Fig. S3) and fits very well with the XRD 
pattern card (Fig. S2). Electrochemical performance of all-solid-state 
battery (SSB) (Fig. 1(a)) and liquid electrolyte battery (LIB) (Fig. 1 
(b)) was studied and compared by performing galvanostatic cycling 
experiments under constant current density of 0.1 C (1 C¼120 mA g� 1) 
and the voltage range of 2.8–4.2 V at room temperature. Fig. 1(c) 

presents the initial charge-discharge curves of both batteries. The initial 
charge and discharge capacity of liquid electrolyte battery are 149 mAh 
g� 1 and 138 mAh g� 1, respectively, resulting in a high coulombic effi
ciency of 93%. In stark contrast, the LTO@LCO/LSPS/Li all-solid-state 
battery delivers initial charge capacity of 172 mAh g� 1 and discharge 
capacity of 132 mAh g� 1 with a significantly lower coulombic efficiency 
of 77%. After 70 cycles, the reversible capacity decays to 84 mAh g� 1 or 
64% of initial discharge capacity (Fig. 1(e) and Fig. S4). As observed in 
Fig. 1(c) and (d), during the charging periods, LIB shows a single charge 
plateau at 3.9 V while SSB shows an additional slope at 2.8 V, which may 
originate from the decomposition of LSPS electrolyte. The apparent 
difference between SSB and LIB electrochemical performance has a great 
relationship with the properties of LSPS solid electrolyte, so a more 
thorough and detailed investigation of LSPS material is required. 

Actually, plenty of work have offered insight in the redox reaction of 
LGPS material at cathode and anode side [7–9]. But there is not much 
experimental research on the chemical and electrochemical reaction of 
LSPS in all-solid-state batteries. Thus, in order to clarify the strange 
phenomena in the electrochemical performance of LTO@LCO/LSPS/Li 
all-solid-state batteries, we focus on the chemical and electrochemical 
behavior of LSPS at both cathode and anode sides and the interfacial 
kinetic of all-solid-state batteries in the following research. Because a 
uniform coating layer Li4Ti5O12 is successfully introduced into 
LCO/LSPS interface as indicated by the FIB and EDS mapping results in 
Fig. S1. There may still exist little side reaction between LCO/LSPS 
interface, but it is not the main issue we need to concern in this work. For 
the cathode side, here we mainly consider the side reaction between 
LSPS/AB. 

3.2. The structural stability of LSPS 

When preparing cathode composite, high energy ball-milling is an 

Fig. 1. The electrochemical performances of Li4Ti5O12@LiCoO2/LSPS/Li all-solid-state batteries and Li4Ti5O12@LiCoO2/Li liquid electrolyte batteries. The sche
matics of (a) all-solid-state battery and (b) liquid electrolyte battery. (c) The initial charge and discharge curves, (d) dQ/dV curves of all-solid-state battery and liquid 
electrolyte battery and (e) cycle performance of all-solid-state battery at room temperature. 
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effective and extensively used processing method in liquid electrolyte 
batteries and even in some all-solid-state batteries due to the fact that it 
provides a uniform and thorough mixture of cathode material [12–15]. 
However, what cannot be ignored is the high mechanical energy pro
duced from the collision between different sizes of balls as well as the 
friction of balls to wall during ball-milling. Therefore, considering the 
poor phase stability of sulfide SSEs, it is vital to analyze the impact of 
mechanical energy on the structural stability of LSPS during preparing 
composite process for all-solid-state batteries. Herein, we report a 
comparative study on pristine LSPS powder and LSPS powder treated 
with hand-grinding for 30 min using a mortar or high energy planetary 
ball-milling at 350 or 500 rpm for 30 min in Ar atmosphere. Then, to 
gain a better understanding of the chemical stability of LSPS solid 
electrolyte, X-ray diffraction (XRD), Scanning electron microscope 
(SEM), Electrochemical Impedance Spectroscopy (EIS) and Solid State 
Nuclear Magnetic Resonance (ss-NMR) techniques are conducted to 
analyze the difference of LSPS powder with different treatments. 

The XRD pattern (Fig. 2(a)) indicates that no obvious change occurs 
between the structures of LSPS powder before and after grinding. 
Nevertheless, the crystallinity of LSPS decreases with the increase of the 
ball-milling rotation rate. Especially, at the condition of 500 rpm ball- 
milling, the corresponding diffraction peaks in the XRD pattern disap
pear and the peak at 26.3� is related to Mylar membrane, indicating the 
almost complete amorphization of LSPS material during the 500 rpm 
ball-milling process. Fig. 2(c–j) compare the SEM images of LSPS pow
der with different treatments. Apparently, the size of pristine LSPS 
powder exhibits uneven distribution. The large particle is approximately 
20–50 μm (Fig. 2(c, g)), and the size decreases to 10–20 μm after hand- 
grinding (Fig. 2(d, h)). Whereas for the LSPS powder after ball-milling, 

the grain sizes decrease into 5–10 μm at 350 rpm ball-milling (Fig. 2(e, 
i)) and 2–4 μm at 500 rpm ball-milling (Fig. 2(f, j)). To further verify the 
effect of different treatment on the ionic conductivity, EIS spectra and 
the summary of fitting results are presented in Fig. 2(b) and Table. S1. It 
is obvious that both grain and total ionic conductivities decrease in this 
order: σpristine>σgrinding>σ350 rpm-ball-milling>σ500 rpm-ball-milling. The 
decrease in ionic conductivity of LSPS after grinding and ball-milling 
may correspond to the existence of impurities and the reducing parti
cle size which leads to high grain boundary resistance. Furthermore, a 
comparative study on the electrochemical performance of all-solid-state 
batteries based on ball-milled with 350 rpm and 500 rpm or hand-grind 
LSPS material has been shown in Fig. 3. Consistent with the EIS results, 
the batteries with 350 or 500 rpm ball-milled LSPS deliver the 
decreasing discharge capacity with the value of 111 and 107 mAh g� 1, 
respectively. But they didn’t show apparent difference in the capacity 
retention and initial CE. It is further proved that ball-milling procedure 
is detrimental to the electrochemical performance of LSPS based all 
solid-state batteries, and the capacity of all solid-state batteries de
creases with the increase of the rotation rate of ball-milling procedure. 

In addition, the chemical composition of the LSPS with different 
treatments was analyzed by ss NMR, which is sensitive to local envi
ronment and widely used for substance identification. As shown in Fig. 4 
(b), the 31P NMR spectrum of pristine LSPS material exhibits two main 
peaks at 92.3 ppm and 76.7 ppm, associated with the P(1) and P(2) sites 
in Li10SnP2S12, respectively [16]. Other three weak peaks are observed 
at 86.9, 83.6 and 71.8 ppm, due to the signals of Li7PS6 [16,17], Li3PS4 
[18] and Li2PS3 [17], respectively. The 119Sn NMR spectrum (Fig. 4(c)) 
gives rise to a strong peak at 86.0 ppm ascribed to Sn on the 4d site of 
Li10SnP2S12 and a weaker peak at 77 ppm, possibly corresponding to 

Fig. 2. The structure, morphology and electrochemical impedance of LSPS with different treatments. (a) XRD pattern, (b) EIS of C/LSPS/C symmetric cells. SEM 
imagines of (c) and (g) pristine LSPS powder, (d) and (h) LSPS powder after hand-grinding, (e) and (i) LSPS powder after 350 rpm ball-milling, (f) and (j) LSPS 
powder after 500 rpm ball-milling. 
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some cation disorder in the main phase as described in literature [16]. 
Due to the fast exchange rate, the different Li sites could not be distin
guished even for high resolution 6Li spectra (Fig. 4(a)), but it is helpful to 
confirm whether some side reactions have occurred or not. After 
grinding, the impurities in the 31P and 119Sn NMR spectra show minimal 
enhancement and 6Li spectrum is almost the same as the pristine sample. 
By comparison, the 31P NMR spectrum of LSPS powder after ball-milling 
is dominated by Li3PS4. And a broad peak at 52 ppm is observed in the 
119Sn NMR spectrum, revealing the presence of Li4SnS4

19. Besides, the 
half width of the signal becomes wider significantly after ball-milling in 
the 6Li NMR spectrum, indicating that some Li sites corresponding to 
side reaction product generate and the Liþmobility become slower. The 
results in 6Li, 31P and 119Sn ss NMR spectra reveal that the amount of 
impurity significantly enhances with the increase of ball-milling rotation 

rate. Thus, our ss NMR data indeed confirm that LSPS decomposes after 
ball-milling according to the reaction (Fig. 4(d)): 
Li10SnP2S12¼2Li3PS4þLi4SnS4. As reported in the literature, the ionic 
conductivities of Li4SnS4 and Li3PS4 are 7 � 10� 5 S cm� 1 (RT) [19] and 
2 � 10� 4 S cm� 1 (RT) [18,20], respectively, both of which are lower 
than that of LSPS. Such observations account for the decrease in the 
ionic conductivity and greatly support the results in Fig. 2(b). 

It thus can be concluded from the results above that LSPS is prone to 
decomposing during ball-milling and even grinding can lead to the 
generation of minimal impurities in LSPS material, which are detri
mental to the ionic conductivity. The decomposition of LSPS after ball- 
milling is because during the process of milling, ceramic powders are 
deformed and fractured many times, and the mechanical energy 
released from the friction of balls transfers to LSPS material and affect its 

Fig. 3. (a) The initial charge and discharge curves and (b) cycle performance of LTO@LCO/LSPS/Li all-solid-state batteries based on hand-grind or ball-milled 
LSPS material. 

Fig. 4. The ss-NMR results of LSPS material before and after treatments. (a) 6Li, (b) 31P, and (c) 119Sn MAS NMR spectra of the LSPS powder with different treatment. 
(d) The decomposition mechanism of LSPS powder after ball-milling. 
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phase. The results are consistent with the theoretical results [11] where 
the decomposition energy of LSPS is 25 meV per atom, and the equi
librium phases comprise Li4SnS4 and Li3PS4. The mechanical energy 
generated from hand-grinding is quite low, which is not enough to cause 
the decomposition of LSPS. Under the condition of ball-milling, when 
compared to the rotation rate of 350 rpm, ball-milling at 500 rpm pro
vides much higher mechanical energy than the decomposition energy, 
thus accelerating the complete decomposition of all LSPS material. It 
thus is crucial to consider how to ensure homogenous mixing without 
compromising the electrochemical performance of sulfide solid elec
trolyte based all solid-state batteries when preparing the cathode com
posite. Herein, hand grinding is more suitable to prepare the cathode 
composite based on LSPS solid electrolyte. And all composites in the 
following research are prepared by grinding with a mortar. 

3.3. The electrochemical stability at electrode/LSPS interface 

3.3.1. The electrochemical stability at LSPS/Acetylene black (AB) interface 
In order to clarify the side reaction and the electrochemical behavior 

of LSPS at the LSPS and AB composite, CV measurements are conducted 
on the (LSPS þ AB)/LSPS/Li all-solid-state batteries, where (LSPS þ AB) 
composite acts as work electrode and Li metal acts as counter electrode. 
For the positive scan (Fig. S5(a)), a prominent oxidation peak is 
observed at approximately 2.8 V and for the negative scan (Fig. S5(b)), a 
reduction peak is observed at approximately 1.4 V. Furthermore, when 
positively scanning at the voltage range of 2.8–4.3 V (Fig. S5(c)), it only 
exhibits an irreversible oxidation peak, the current intensity of which 
decreases with the cycles. In great agreement with the CV results, the 
(LSPS þ AB)/LSPS/Li all-solid-state cell only shows an initial charge 
capacity of 24 mAh g� 1 during cycling (Fig. S5(d)), hinting at the 
oxidative decomposition of LSPS. The experimental results reveal that 
the solid electrolyte is redox active and (LSPS þ AB) composite is only 
stable at 1.4–2.8 V. 

XPS analysis was performed on pristine LSPS pellet, the pristine 
(LSPS þ AB) composite material and (LSPS þ AB) composite after 
charged to 4.2 V to ascertain the side reaction at the (LSPS þ AB) 
composite (Fig. 5). It is obvious that pristine LSPS and pristine (LSPS þ
AB) composite show no significant difference in S 2p, P 2p and Sn 3d XPS 
spectra. And for these three samples, in S 2p XPS spectra, a broad sulfur 
peak emerges as a doublet at 162.6 eV and 161.3 eV due to S2� in LSPS 
structure. However, for the (LSPS þ AB) composite after charged to 4.2 
V, higher energy doublets at 163.6 eV and 164.6 eV are attributed to the 
formation of S8

21. Moreover, in P 2p XPS spectra of composite material 
after charged to 4.2 V, the higher energy doublets at 133.60 eV and 
132.7 eV can be assigned into the oxidized phosphorus species [21]. And 

both peaks in Sn 3d XPS spectra of composite material after charged to 
4.2 V shift to higher energies of 492.3 eV and 486.9 eV, due to the for
mation of SnS2 [22]. Therefore, it can be concluded from the XPS results 
that, oxidation reaction of LSPS solid electrolyte exists at the (LSPS þ
AB) composite when charged to 4.2 V, confirmed by the presence of S8, 
oxidized phosphorus species and SnS2. Herein, the oxidation reaction for 
LSPS solid electrolyte is given as: Li10SnP2S12¼10Liþþ5S þ
SnS2þP2S5þ10e-. 

Consequently, the irreversible slope at 2.8 V in the charge curve of 
LTO@LCO/LSPS/Li (Fig. 1(c)) is related to the oxidation of LSPS ma
terial and is considered to have a significant contribution to the large 
initial irreversible capacity and low initial coulombic efficiency of 
LTO@LCO/LSPS/Li all-solid-state batteries. Our results demonstrate 
that most of the interface layer formation at LSPS/AB takes place in the 
first cycle when charging to potentials above 4.2 V vs Liþ/Li. Further
more, the high resistance nature of S8 in the products may increase the 
polarization of cells. 

3.3.2. Electrochemical stability at the LSPS/Li metal interface 
Fig. 6(a) and (d) show the voltage profiles of Li/LSPS/Li symmetric 

cell and the EIS spectra of symmetric cell before and after cycling for 
66 h. As the cycle number increases, the resistance of cell increases 
dramatically (Fig. 6(d)), as indicated by the increasing overpotential of 
symmetric cell during Li plating and stripping (Fig. 6(a)). Fig. 6(b) and 
(c) are corresponding optical camera images of Li metal and LSPS pellet 
after cycling, in which both Li metal and LSPS pellet turn black after 
cycling, suggesting that the side reaction occurs at the Li/LSPS interface. 

The morphology of the pristine (Fig. 7(a, b)) and cycled LSPS pellet 
(Fig. 7(c–f)) was examined by SEM. The results confirm that pristine 
LSPS pellet shows relatively dense and flat surface. On the contrary, the 
cycled LSPS pellet shows loose and porous surface induced by the vol
ume expansion after interfacial reaction, resulting in a poor contact 
between LSPS/Li metal. And even something like Li dendrite (Fig. 7(f)) 
appears at the crack of LSPS pellet, causing the capacity degradation of 
Li/LSPS/Li cell. 

To further identify the chemical composition of LSPS/Li interface 
after cycling, the XPS measurements are conducted on the surface of 
cycled Li metal excluding the influence of LSPS bulk pellet. And ss NMR 
measurements are performed on the cycled LSPS powder scraped from 
the cycled LSPS/Li interface. As shown in Fig. 8(a), XPS results confirm 
that after cycling with Li metal, LSPS is reduced into Li2S, Li3P and Li-Sn 
alloy, in good overall agreement with the results from Ceder group’s 
calculation results [11]. That is, the reduction of LSPS can be described 
as: Li10SnP2S12þ21e-þ21Liþ¼12Li2Sþ2Li3P þ Li-Sn. In ss NMR results 
(Fig. 8(c)), it is interesting to observe that, a31P NMR peak appears at 

Fig. 5. X-ray photoelectron spectra of the pristine LSPS, (LSPS þ AB) composite before and after charged to 4.2 V.  
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-310 ppm which we consider as an off-stoichiometry phase of “Li3þxP” 
for the excess lithiation of Li3P, also reported in our previous work [23]. 
And the broad 6Li NMR peak at 3.9 ppm is assigned to Li3P and Li3þxP. 
Generally, a shorter T1 indicates a higher Liþ mobility for Liþ SSEs. 
Herein, 6Li T1 is used to compare the Li ion transfer kinetics over pristine 
LSPS and the decomposition phase of LSPS/Li interface after cycling. 
The Spin-lattice relaxation times T1 are given for pristine LSPS and 
cycled LSPS in Fig. S6 and Table S2. The black curve corresponding to 
the pristine LSPS exhibits T1 value of 857 ms, and orange curve with T1 
value of 899 ms is related to the bulk LSPS material at the LSPS/Li 
interface. Furthermore, the green curve can be fitted with two compo
nents, consistent with the two peaks of Li3P and Li2S in Fig. 8(b). The 
results show that T1 values of Li3P and Li2S are 193 ms and 872 ms, 
respectively, which are similar or even much smaller than that of 

pristine LSPS material. It suggests the enhanced Li ion transport prop
erties for the new compounds produced during cycling. However, it is 
noteworthy that Li3P shows ionic conductivity 10� 4 S cm� 1 and the ionic 
conductivities of bulk and nano Li2S are 10� 13 and 10� 11 S cm� 1 at room 
temperature, respectively, several orders of magnitude lower than that 
of LSPS in literature [24,25]. As has been demonstrated for other 
nanostructured material by A. Dunst et al. [26], mechanical treatment 
can largely increase the overall conductivity of Li2O2 by more than two 
orders of magnitude for the defects generated in both the bulk and the 
surface-influenced regions of Li2O2. Moreover, Yelong Zhang and 
co-workers [27] confirm that the morphology of Li2O2 impacts strongly 
on the ionic conductivity. That is, amorphous Li2O2, compared with its 
crystalline siblings, possess improved ionic transport properties sug
gested by the smaller T1. Therefore, we infer that the higher Li mobility 
of Li3P and Li2S at LSPS/Li interface is most likely related to other fac
tors, including the structural properties (amorphous or nanocrystalline) 
and the defect chemistry of Li3P and Li2S. Therefore, the main factor 
resulting in an increased interfacial resistance at LSPS/Li interface is 
attributed to the porous and loose surface morphology of the cycled 
LSPS pellet which may be resulted by the volume expansion after 
reduction reaction. In other words, the deterioration of formerly 
compact solid/solid contact during cycles leads to the lose interfacial 
contact and reduction of Li ion conducting channel, thus severely hin
dering the transport of lithium ions at the LSPS/Li interface. It has been 
further confirmed by the EIS results in Fig. S7 that hand-pressing the Li 
electrode after cycling again can greatly improve the solid/solid contact, 
as indicated by the decreased interfacial resistance of the cycled 
Li/LSPS/Li symmetric cell. Moreover, the mixing electronic and ionic 
conducting layer promotes the formation of Li dendrite at the Li/LSPS 
interface, accounting for the results in Fig. 7f. Consequently, it is 
imperative to modify the interface between Li/LSPS to further improve 
the stability of LSPS against Li metal. Several strategies have been uti
lized to stabilize the interface at Li/sulfide solid electrolyte, including 
using alloy as anode, double-layer SSE configuration or interposing a 
buffer layer at the interface. In our previous work [28], a small amount 
of ionic liquid is utilized to modify the surface of LSPS pellet for the 
in-situ formed solid electrolyte interface (SEI) layer. 

4. Conclusion 

In this paper, we demonstrate that LSPS suffers severe chemical 
decomposition during ball-milling processing which provides extremely 
high mechanical energy to the bulk LSPS material, leading to the 

Fig. 6. The electrochemical performance of Li/LSPS/Li symmetric cell. (a) The Liþ plating and stripping curves of Li/LSPS/Li symmetric cell, the optical camera 
images of (b) the cycled Li metal and (c) the cycled LSPS pellet, and (d) EIS spectra of Li/LSPS/Li before and after cycling for 66 h. 

Fig. 7. The morphology of pristine and cycled LSPS pellets. SEM images of (a, 
b) the surface of pristine LSPS pellet, (c–f) the surface of the cycled LSPS pellet. 
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generation of Li4SnS4 and Li3PS4 with lower ionic conductivity. There
fore, it is critical to consider the possible side-effects of cathode pro
cessing methods on the preparation of all solid-state batteries, especially 
for the unstable sulfide solid electrolyte system. In addition, the low 
initial coulombic efficiency and unacceptable capacity fading with cy
cles in LSPS based all-solid-state battery also hinder the practical ap
plications of LSPS sulfide solid electrolyte. We provide detailed 
investigation on the interfacial reactions at both cathode and anode 
sides. Our results indicate that when charged to 4.2 V, LSPS is oxidized 
into S, SnS2 and P2S5. In addition, a mixed conducting interphase 
composed of Li-Sn alloy, Li2S and Li3P formed at LSPS/Li metal anode 
interface during cycling is detrimental to the long-term cycle perfor
mance of batteries. Furthermore, the rough and porous morphology of 
the cycled LSPS is demonstrated as the main factor accounting for the 
increase of the LSPS/Li interfacial resistance. Our work highlights that 
LSPS sulfide solid electrolyte is still facing several challenges in all-solid- 
state batteries, including not only chemical and electrochemical in
stabilities, but also how to establish a good interfacial contact and 
maintain this compact contact during the volumetric expansion of the 
interface upon battery cycling. It is imperative to design solid electro
lytes with stable interfacial layers with relevant electrode materials or to 
introduce an artificial layer between SSEs and electrodes allowing stable 
and intimated interfacial contact. 
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