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a b s t r a c t 

Cathode interface instability is a significant obstacle for the practical application of sulfide-based all-solid-state 

lithium-ion batteries (ASSLIBs). However, the origin of cathode interface degradation is lack of comprehensive 

understanding. In this paper, X-ray characterizations combined with electrochemical analysis are adopted to 

investigate the underlying degradation mechanism at cathode interface. The results indicate that residual lithium 

compounds on the surface of Ni-rich LiNi 0.8 Mn 0.1 Co 0.1 O 2 (NMC811) are the main reason that triggering the 

oxidation of sulfide solid-state electrolytes (SSEs), therefore inducing severe side-reactions at cathode interface 

and structural degradation of NMC811. The degradation of the cathode interface can be significantly suppressed 

when the cathode surface is cleaned. As a result, the surface cleaned NMC811 without coating demonstrates 

significantly improved electrochemical performance in both Li 5.5 PS 4.5 Cl 1.5 (LPSCl) and Li 10 GeP 2 S 12 (LGPS) based 

ASSLIBs, proving the universal application of this strategy. 
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. Introduction 

The use of inflammable solid-state electrolytes (SSEs) makes all-

olid-state lithium-ion batteries (ASSLIBs) as promising energy stor-

ge devices that can meet the safety requirements of electric ve-

icles [1–3] . Among the developed SSEs, sulfide-based electrolytes,

uch as Li 6 PS 5 Cl (LPSCl) and Li 10 GeP 2 S 12 (LGPS), have demonstrated

igh room-temperature lithium-ion conductivities (10 − 2 to 10 − 3 S

m 

− 1 ), which are comparable with liquid electrolytes [4–6] . Meanwhile,

ulfide-based ASSLIBs have great potential to reach competitive energy

ensities of over 350 Wh kg − 1 when coupled with high-energy cath-

des and lithium metal anodes [ 7 , 8 ]. Therefore, selection of suitable

igh-performance cathode materials is critical towards achieving the

nergy density target. In conventional lithium-ion batteries, Ni-rich lay-

red oxide cathodes, LiNi x Mn y Co 1-x-y O 2 (NMC), have become main-

tream because of their high specific capacities. For example, a spe-

ific capacity of roughly 200 mAh g − 1 can be reversibly accessed from

iNi Mn Co O (NMC811) [ 9 , 10 ]. However, the performance of
0.8 0.1 0.1 2 

∗ Corresponding author. 

E-mail address: xsun@eng.uwo.ca (X. Sun). 
1 These authors contribute equally to this work. 

a  

t  

[  

ttps://doi.org/10.1016/j.ensm.2020.12.003 

eceived 13 September 2020; Received in revised form 21 November 2020; Accepted

vailable online 4 December 2020 

405-8297/© 2020 Elsevier B.V. All rights reserved. 
i-rich NMC cathodes in sulfide-based ASSLIBs is still limited by the

ndesired chemical/electrochemical reactions. 

The most significant challenge of Ni-rich NMC cathodes in sulfide-

ased ASSLIBs is the poor interfacial compatibility. The severe side-

eactions between Ni-rich NMC cathodes and sulfide SSEs trigger the

xidative decomposition of sulfide SSEs, in particular at high poten-

ials during charging [11] . As a result, the formation of an unfavorable

athode electrolyte interface (CEI) and degradation of the structure at

athode surface lead to rapid capacity fading, low initial capacity, and

oor Columbic efficiency [ 12 , 13 ]. Although a prevailing coating strat-

gy combined with various coating materials is widely applied for the

athode surface modification in sulfide-based ASSLIBs [14–19] , the un-

erlying degradation mechanism of the cathode interface, especially the

rigin of the oxidation of sulfide SSEs, is still not clear. The reasonable

peculation is that the oxidation of sulfide SSEs is derived from oxygen-

ontaining species in the cathode [20] . On the one hand, oxygen release

rom the cathode structure at high charge voltage is one possible reason

 21 , 22 ]. On the other hand, residual lithium compounds, such as Li 2 CO 3 

nd LiOH, on the surface of Ni-rich NMC cathodes are considered as

he possible oxygen sources that result in the reaction with sulfide SSEs

23] . Therefore, two questions arise here: (1) what is the main origin of
 2 December 2020 

https://doi.org/10.1016/j.ensm.2020.12.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ensm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2020.12.003&domain=pdf
mailto:xsun@eng.uwo.ca
https://doi.org/10.1016/j.ensm.2020.12.003


S. Deng, Q. Sun, M. Li et al. Energy Storage Materials 35 (2021) 661–668 

r  

p  

t

 

c  

i  

w  

(  

i  

e  

d  

m  

v  

h  

c  

d  

T  

s  

c

2

2

 

L  

B  

b  

u  

T  

[  

F  

s  

9  

U

2

 

w  

c  

(  

p  

2  

p  

s  

t  

1  

p  

p  

p  

o  

w  

r  

s  

a  

t  

t  

C  

c  

m  

1  

g  

c  

1  

c

𝐷

W  

b  

N  

i  

m  

m  

o

2

 

c  

4  

N  

c  

f  

m  

(  

i  

e  

m  

T  

t  

C  

d  

N  

c  

m  

a  

r  

B  

e  

i  

l  

i  

M  

l

3

 

o  

t  

o  

i  

t  

b  

o  

b  

o  

w  

t  

(  

a  

t

 

c  

(  

c  

1  

f  
eaction with sulfide SSEs, cathodes themselves or residual lithium com-

ounds? (2) Is it possible to circumvent the side-reactions by eliminate

he origin of oxygen sources? 

To answer aforementioned questions, in this study, we adopt the

omprehensive electrochemical testing and X-ray characterizations to

nvestigate the underlying degradation mechanism of pristine NMC811

ith residual lithium compounds in sulfide-based solid-state batteries

SSBs). The results suggest that the surface impurities of the cathodes,

nstead of cathode particles themselves, are the main reason that accel-

rating the oxidation of sulfide SSEs, therefore leading to the structural

egradation of NMC811 and fast capacity decay. Promisingly, the re-

oval of the residual lithium compounds effectively alleviates the se-

ere side-reactions between NMC811 and sulfide SSEs, therefore en-

ancing the interfacial stability and resulting in clearly improved cy-

ling stability with the higher initial capacity and Columbic efficiency in

ifferent sulfide-based SSBs with Li 5.5 PS 4.5 Cl 1.5 (LPSCl) and LGPS SSEs.

his study reveals the origin of side-reactions of cathode interface in

ulfide-based SSE systems, effectively promoting the potential commer-

ialization of high-performance ASSLIBs. 

. Material and methods 

.1. Preparation of cathodes and sulfide solid-state electrolytes 

The commercial LiNi 0.8 Mn 0.1 Co 0.1 O 2 (NMC811) and

iNi 0.5 Mn 0.3 Co 0.2 O 2 (NMC532) are obtained from China Automotive

attery Research Institute Co., Ltd, China. For the surface modification,

oth NMC811 and NMC532 powders were heated at 730 °C for 1 h

nder the continued O 2 flow, which is followed by the reference [24] .

he ALD LiNbO x coating process was reported in our previous studies

25] . Prior to use, the material was stored in a glovebox under Ar.

or sulfide solid-state electrolytes (SSEs), Li 5.5 PS 4.5 Cl 1.5 (LPSCl) is

ynthesized following our previous study [6] , while Li 10 GeP 2 S 12 (LGPS,

9.95%) is commercial electrolyte, purchasing from MSE supplies, LLC,

nited States. 

.2. Assembly of the tested batteries and electrochemical testing 

In order to investigate the electrochemical performance, the sand-

iched model cells were fabricated by using the as-prepared NMC811

athodes combining with LPSCl or LGPS as SSE layer and indium foil

99.99%, Φ10 mm, thickness 0.1 mm) as anode. The detailed fabrication

rocess is shown as follow. Firstly, 60 mg LPSCl or LGPS was pressed at

 ton with 10 mm diameter to form a pellet. After that, 7 mg NMC811

ower was mixed well with 3 mg LPSCl or LGPS, and then uniformly

pread onto the surface of SSE layer and pressed under 3 tons of pressure

o form a two-layer pellet. Finally, a piece of indium foil with the same

0 mm diameter was put onto the other side of the SSE layer with a cop-

er foil and pressed at 0.5 tons of pressure. The three-layered pellet was

ressed between two stainless-steel rods as current collectors at the both

ositive and negative sides. When Li compounds were added in the cath-

de composites, 1 wt%, 5 wt%, and 10 wt% Li 2 CO 3 + LiOH were mixed

ith treated NMC811 and LPSCl to form the cathode layer. The weight

atio of Li 2 CO 3 : LiOH was 1: 1. The assembly of NMC532 model cells is

ame as the process of NMC811. All the processes were performed in an

rgon-filled glove box. The galvanostatic charge-discharge characteris-

ics were tested in the range of 2.1–3.8 V vs. Li + /Li-In, corresponding

o 2.7–4.4 V vs. Li + /Li by using a multichannel battery tester (LAND

T-2001A, Wuhan Rambo Testing Equipment Co., Ltd., China). Electro-

hemical impedance spectroscopy (EIS) was performed on the versatile

ultichannel potentiostat 3/Z (VMP3) by applying an AC voltage of

0 mV amplitude in the 7000 kHz to 1000 mHz frequency range. For

alvanostatic intermittent titration technique (GITT) measurements, the

ells were charged and discharged with 0.05 C for 10 min and rest for

 h. According to the GITT theoretical analysis, Li + diffusion coefficient
662 
an be calculated by following equation: 

 𝐿𝑖 = 

4 
πτ

( 

𝑚 𝐵 𝑉 𝑚 

𝑀 𝐵 𝑆 

) 2 ( 

Δ𝐸 𝑠 

Δ𝐸 𝜏

) 2 (
𝜏 ≪ 𝐿 

2 ∕ 𝐷 

)
(1) 

here D is chemical diffusion coefficient; S is interfacial contact area

etween NMC811 and sulfide SSEs in our case, the specific area of

MC811 is 0.55 m 

2 g − 1 ; 𝜏 is pulse duration (600 s in our case), ∆Es

s the steady-state voltage change; ∆Et is the transient voltage change;

 B is the mass of the LCO in the cathode composite (7 mg); M B is the

olecular weight of NMC811 (97.28 g. mol − 1 ); V m 

is the molar volume

f NMC811 (20.33 cm 

3 mol − 1 ) [26] . 

.3. Characterizations 

The crystalline structure of the pristine and treated NMC811 were

onducted on a Bruker D8 Advance Diffractometer (Cu-Ka source, 40 kV,

0 mA). The morphology and microstructure of the pristine and treated

MC811 were characterized using field emission scanning electron mi-

roscopy (FESEM, Hitachi S4800). The LiNbO x coating layer on the sur-

ace of NMC811 was observed by a high-resolution transmission electron

icroscopy (HRTEM, JEOL 2010F). For the thermal gravimetric analysis

TGA) testing, the data were acquired using a TA instrument (SDT Q600)

n a nitrogen atmosphere at a heating rate of 2 °C min − 1 . X-ray photo-

lectron spectroscopy (XPS) testing were measured with a monochro-

atic Al K 𝛼 source (1486.6 eV) in a Kratos AXIS Nova Spectrometer.

he Ar filled glovebox was connected with the XPS machine to avoid

he exposure of air. All synchrotron X-ray studies were carried out at the

anadian Light Source (CLS). X-ray absorption fine structure (EXAFS)

ata were collected at Hard X-ray Micro Analysis (HXMA) beamline.

i K-edge spectra were collected in fluorescence mode using Si(220)

rystals. Co and Mn K-edge spectra were also collected in fluorescence

ode but using Si(111) crystals. S, P, Cl, Ni, Co, and Mn K-edge X-ray

bsorption near edge structure (XANES) spectra were collected in fluo-

escence mode using Si(111) crystals at Soft X-ray Microcharacterization

eamline (SXRMB). To avoid air exposure, the samples were firstly cov-

red with Kapton tape for HXMA test and Mylar film for SXRMB test

n glovebox under Ar, and then transferred to the corresponding beam-

ines for further measurements. O K-edge XANES spectra were collected

n both total electron yield and fluorescence mode at Spherical Grating

onochrometer (SGM) beamline equipped with a 45 mm planar undu-

ator. 

. Results and discussion 

To investigate the effect of impurities on the surface of NMC811 cath-

de, a high temperature treatment process at 730 °C for 1 h under con-

inuous O 2 flow is adopted to remove the residual lithium compounds

n the surface of NMC811 particles ( Fig. 1 a). To identify if changes

n the crystal structure of NMC811 occur during the surface modifica-

ion, X-ray diffraction (XRD) measurements were first conducted for

oth pristine and treated NMC811. The results show good retention

f the NMC811 crystallinity without noticeable impurity phase caused

y the surface modification ( Fig. 1 b). Furthermore, the bulk structure

f NMC811 is investigated by X-ray absorption spectroscopy (XAS), in

hich both pristine and treated NMC811 show nearly identical fea-

ures in the Ni, Co, Mn K-edge X-ray absorption near edge structure

XANES) and extended X-ray absorption fine structure (EXAFS) spectra

s shown in Figs. 1 c-h, suggesting that no measurable structure evolu-

ion of NMC811 resulted from the surface-cleaning procedure. 

In addition, the surface-clean effect is also investigated by different

haracterizations. The C 1 s and O 1 s X-ray photoelectron spectroscopy

XPS) spectra are displayed in Fig. 1 i and j, respectively, to analyze the

omponents on the surface of both pristine and treated NMC811. In the C

 s XPS spectra, in addition to the adventitious carbon peak at 284.4 eV

rom internal calibrator, another carbon peak at 289.3 eV is attributed



S. Deng, Q. Sun, M. Li et al. Energy Storage Materials 35 (2021) 661–668 

Fig. 1. Structural and morphological char- 

acterizations of the Ni-rich NMC cathode 

before and after cleaning the surface. (a) 

Schematic illustration of the surface treatment 

process for NMC811. (b) XRD patterns of the 

pristine and treated NMC811. (c-h) Ni, Co, and 

Mn K-edge XANES and Fourier transformed R 

space EXAFS spectra: (c-d) Ni K-edge spectra, 

(e-f) Co K-edge spectra, and (g-h) Mn K-edge 

spectra. (i-k) XPS spectra of the pristine and 

treated NMC811: (i) C 1s, (j) O 1s, and (j) the 

corresponding relative ratio of Li 2 CO 3 /LiOH in 

XPS. 
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o Li 2 CO 3 [ 27 , 28 ]. After normalizing the peak intensities to the adven-

itious carbon, the pristine NMC811 shows relatively higher amounts

f residual Li 2 CO 3 than that of the treated NMC811. O 1 s spectra also

omprises of two peaks, corresponding to the peak of Li 2 CO 3 /LiOH at

31.5 eV and the peak of O 

2 − ions in NMC811 at 829.5 eV [29] . The rel-

tive ratio of Li 2 CO 3 /LiOH peaks of both pristine and treated NMC811 is

hown in Fig. 1 k. The treated NMC811 shows obvious reduce amounts of

esidual lithium compounds comparing to the pristine NMC811. More-

ver, O K-edge XANES spectra of the pristine and treated NMC811 are

emonstrated in Figure S1. The peak at 534 eV is assigned to the oxygen

n Li 2 CO 3 /LiOH [ 30 , 31 ], which is suppressed in the treated NMC811

omparing to the pristine NMC811. The morphologies of the pristine and

reated NMC811 are characterized using scanning electron microscopy

SEM) as shown in Figure S2. The pristine NMC811 particles show folds

n the rough surfaces, while the treated NMC811 particles present very

mooth surfaces. From the thermal gravimetric analysis (TGA) profiles

Figure S3), the more obvious weight loss started from 730 °C can be

bserved in the pristine NMC811. Therefore, combining the compre-

ensive characterizations, residual lithium compounds on the surface of

MC811 are successfully removed by the surface modification proce-

ure. 

To investigate the universal effect of the surface impurities on the

athode interface, two promising sulfide SSEs, LPSCl and LGPS, are

mployed for electrochemical characterizations. LPSCl-based SSBs are
663 
rst tested and the configuration of the designed model cell is shown

n Fig. 2 a. A mixture of NMC811 and LPSCl is used as the cath-

de combined with LPSCl as the electrolyte layer and indium foil as

he anode. Fig. 2 b shows a comparison of the initial charge-discharge

urves between the pristine and treated NMC811 at 0.05 C. The initial

harge and discharge capacities of the pristine NMC811 are 162.3 and

11.1 mAh g − 1 , respectively. In contrast, the treated NMC811 presents

igher charge and discharge capacities (206.2 and 156.8 mAh g − 1 , re-

pectively) with reduced irreversible capacity loss. The corresponding

ifferential capacity profiles as a function of voltage indicate reduced

olarization during the redox reactions in the treated NMC811 (Figure

4). Furthermore, the treated NMC811 demonstrates higher Coulombic

fficiency (76.0% vs. 68.4%) and average discharge voltage (3.79 V vs.

.77 V) than that of the pristine NMC811 as shown in Fig. 2 c. 

To gain further insight into the lithium-ion diffusion kinetics of

MC811 in LPSCl-based SSBs, the galvanostatic intermittent titration

echnique (GITT) was conducted for both pristine and treated NMC811

uring the initial charge-discharge process ( Fig. 2 d). The correspond-

ng polarization plots and lithium-ion diffusion coefficients ( 𝐷 𝐿𝑖 ) are

emonstrated in Fig. 2 e and f, respectively. It is apparent that the treated

MC811 presents higher charge and discharge capacities with greatly

educed polarization potential especially during the discharging process.

eanwhile, the 𝐷 𝐿𝑖 of NMC811 during the charge and discharge pro-

esses are also calculated based on the GITT curves by the Eq. (1) [26]
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Fig. 2. Comparison of the electrochemi- 

cal performance of pristine and treated 

NMC811 in LPSCl SSBs. (a) Schematic illus- 

tration of the designed model cell, (b) charge- 

discharge curves of the first cycle at 0.05 C, (c) 

the corresponding performance parameters col- 

lected from charge-discharge curves, (d) GITT 

curves during the charge-discharge process, (e) 

the corresponding polarization plots and (f) 

lithium-ion diffusion coefficients, (g) cycling 

stability, and (h) rate capability. 
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s follows: 

 𝐿𝑖 = 

4 
πτ

( 

𝑚 𝐵 𝑉 𝑚 

𝑀 𝐵 𝑆 

) 2 ( 

Δ𝐸 𝑠 

Δ𝐸 𝜏

) 2 (
𝜏 ≪ 𝐿 

2 ∕ 𝐷 

)
(1a)

During the delithiation process, 𝐷 𝐿𝑖 increases with continued

ithium-ion removal from the layered structure until the highest value is

chieved, which is followed by a gradual decrease. During the lithiation

rocess, 𝐷 𝐿𝑖 retains a value within the same order of magnitude at the

eginning of discharge, and then decreases dramatically by two orders

f magnitude at the end of discharge. Considering that the diffusion ki-

etics is assumed to be the same in the bulk of the NMC811 particles,

he difference of the lithium-ion diffusion properties between the pris-

ine and treated NMC811 is determined by the interfacial ionic conduc-

ivity. Although maintaining almost the same values at the beginning of

harge, the treated NMC811 shows one order of magnitude higher 𝐷 𝐿𝑖 

f 10 − 10 cm 

2 s − 1 than that of the pristine NMC 811 (10 − 11 cm 

2 s − 1 )

ith the deepening of the charge process. During the entire discharge

rocess, 𝐷 𝐿𝑖 of the treated NMC811 is higher than that of the pristine

MC811. Combined with the findings from the charge-discharge and

ITT results, the treated NMC811 demonstrates improved electrochem-

cal performance, suggesting that the treated surface of NMC811 is ben-

ficial towards the suppression of side-reactions with LPSCl SSE, there-

ore helping the NMC811 to obtain higher lithium-ion diffusion kinetics

uring the initial charge-discharge process. 

Cycling stability testing was also conducted to evaluate the effect of

he surface impurities of NMC811 during long-term cycling. The treated

MC811 demonstrated an initial discharge capacity of 123.9 mAh g − 1 

ith a capacity retention of 87.7% after 200 cycles when the current

ensity switches to 0.2 C ( Fig. 2 g). In contrast, the pristine NMC811 de-

ivers a low initial discharge capacity of 82.7 mAh g − 1 at 0.2 C with

 poor capacity retention of 62.9% only after 100 cycles. The elec-

rochemical impedance spectroscopy (EIS) plots of both pristine and

reated NMC811 indicate the reduced interfacial resistance after cycling

y cleaning the cathode surface (Figure S5). Moreover, to exclude the

ffect of NMC811 themselves, the different contents of Li compounds

ere mixed with the treated NMC811 and LPSCl in the cathode com-
664 
osites. The electrochemical performance shown in Figure S6 indicates

hat the Li compounds as impurities in cathode composites deteriorate

he performance of sulfide-based SSBs. The rate capability of the pris-

ine and treated NMC811 also shows considerable differences as shown

n Fig. 2 h. The rate capacities of the pristine NMC811 dramatically de-

ay with an increase of current density. In contrast, the treated NMC811

emonstrates improved rate capacities at each current density. The dis-

harge capacity of the treated NMC811 is still higher than 45 mAh g − 1 at

 C, which is over 2.5 times that of the pristine NMC811. The aforemen-

ioned electrochemical performance of NMC811 in LPSCl-based SSBs in-

icates that the cleaned surface helps Ni-rich NMC cathodes to achieve

igher discharge capacity, greater cycling stability, and rate capability

ith enhanced 𝐷 𝐿𝑖 and reduced polarization. Even comparing to the

revailing ALD LiNbO x coating, the treated NMC811 also demonstrated

 comparable long-term cycling stability (Figures S7–8). Furthermore,

he effect of surface cleaning is also demonstrated in NMC532 cathodes

Figure S9). The treated NMC532 shows much improved capacity and

ycling stability, proving the universality of the surface-cleaning strat-

gy. 

In order to investigate the interfacial stability between LPSCl and

MC811 with and without surface impurities, XPS and XANES measure-

ents were performed. Figure S10 and Fig. 3 a-b show the S 2p XPS spec-

ra of the LPSCl SSEs collected from the pristine LPSCl, cycled pristine

lectrode (denoted as C-Pristine), and cycled treated electrode (denoted

s C-Treated), respectively. The C-Pristine electrode shows higher rela-

ive content of SO 3 
2 − than the C-Treated electrode. Moreover, the fur-

her oxidized products of LPSCl, SO 4 
2 − , can be observed in the C-Pristine

lectrode but are essentially absent in the C-Treated electrode. Fig. 3 c

hows the S K-edge XANES spectra of the LPSCl SSEs collected from the

-Pristine and C-Treated with a pristine LPSCl as reference, which are

n agreement with the XPS results. A new peak at 2481.9 eV in the C-

ristine electrode increases noticeably compared to that of the pristine

PSCl, indicating the formation of sulfate species as the by-product in

PSCl during cycling [ 32 , 33 ]. This result is highly consistent with our

revious studies on the use of NMC811/LGPS SSBs with and without car-
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Fig. 3. Understanding the chemical inter- 

actions between NMC811 and LPSCl during 

electrochemical cycling in LPSCl SSBs. S 2p 

XPS spectra of the (a) cycled pristine electrode 

(C-Pristine) and (b) cycled treated electrode (C- 

Treated), (c) S K-edge XANES spectra of LPSCl 

in the C-Pristine and C-Treated cells with pris- 

tine LPSCl as a reference. (d-i) Ni, Co, and Mn 

K-edge XANES spectra of the C-Pristine and C- 

Treated NMC811 with pristine NMC811 as a 

reference: (d) Ni K-edge and (e) the correspond- 

ing first derivative spectra, (f) Co K-edge and 

(g) the corresponding first derivative spectra, 

(h) Mn K-edge and (i) the corresponding first 

derivative spectra. 
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on additives [ 17 , 34 ]. Our previous studies demonstrated that the for-

ation of sulfate species can be effectively suppressed by surface coat-

ng of cathode with either inorganic Li 3 PO 4 or PEDOT polymer. There-

ore, we proposed that the formed sulfate was derived from the oxygen

articipation from the NMC811 bulk structure, which could be allevi-

ted by the construction of interfacial layer on the surface of NMC811.

nterestingly, in the current study, the sulfate species are significantly

uppressed in the C-treated electrode without coating protection. Con-

idering the only difference between the C-Pristine and C-Treated elec-

rodes is the treated surface, the findings suggest that the formation of

ulfate is mainly attributed to the oxygen participation from residual

ithium compounds on the surface of NMC811. Different from the S XPS

esults, the oxidation of P is obviously alleviated in the C-Pristine elec-

rode as shown in Figure S11, indicating that the side-reactions between

esidual lithium compounds and LPSCl mainly lead to the oxidation of

 rather than P in LPSCl. Impressively, removing residual lithium com-

ounds from the cathode surface significantly suppresses the oxidation

f LPSCl, therefore boosting the electrochemical performance. 

The transition metal K-edge XANES spectra (TMs, including Ni, Co,

nd Mn) are presented in Fig. 3 d-i to better understand the structural

volution of the layered NMC811 during cycling. It should be mentioned

hat both pristine and treated NMC811 were tested after being fully dis-

harged to 2.7 V vs. Li + /Li. Generally, the oxidation state of the TMs

orrespond to the threshold energy position of the K-edge XANES peaks,

hile the shape of the peaks is indicative of the TMs local structural en-

ironment [35–37] . The 2 eV peak energy shift for the Ni K-edge can be

bserved in the spectrum for the C-Pristine electrode ( Fig. 3 d), indicat-

ng the oxidation of Ni after cycling. In contrast, the C-Treated NMC811

emonstrates less change toward higher energy in the Ni K-edge posi-
665 
ion after cycling. Consistent with our previous studies, the oxidation of

i after cycling suggests that a portion of the lithium ions were unable to

ntercalate back into the layered structure of the NMC811 cathodes be-

ause of the formation of a cathode electrolyte interface (CEI) through

evere side-reactions between residual lithium compounds and LPSCl

34] . As a result of the changes in the Ni environment, variations in peak

hape and position of the Co and Mn K-edge XANES spectra are observed

n C-Pristine NMC811, which are identified by the position shift of the

rst maximum in the derivative of the absorption curves, as shown in

ig. 3 g and i. In contrast, the changes in the spectral features for the

-Treated NMC811 are less prominent. The shape variations of Co and

n K-edge spectra indicate the structural evolution of NMC811 during

ycling, which is induced from the side-reactions with LPSCl. Moreover,

t can be concluded that the suppression of side-reactions aided by the

leaning of the NMC811 surface led to less structural change during cy-

ling. 

The electrochemical performance of the pristine and treated

MC811 is also demonstrated in LGPS-based SSBs and the configura-

ion of the designed model is shown in Fig. 4 a. The first charge-discharge

rofiles of the pristine and treated NMC811 at 0.05 C are demonstrated

n Fig. 4 b. The treated NMC811 shows a higher discharge capacity of

43.8 mAh g − 1 with a Coulombic efficiency of 75.3%. However, the

ristine NMC811 only delivered a discharge capacity of 105.3 mAh g − 1 

ith a lower Coulombic efficiency of 67.5%. The corresponding differ-

ntial capacity profiles as a function of voltage are shown in Fig. 4 c

o further reveal the different charge-discharge behaviors between the

ristine and treated NMC811 in the initial cycle. It is clear that both

he pristine and treated NMC811 show three pairs of redox peaks aris-

ng from the multiple phase transitions in NMC811 from hexagonal to
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Fig. 4. Comparison of the electrochemi- 

cal performance of pristine and treated 

NMC811 in LGPS SSBs. (a) Schematic illus- 

tration of the designed model cell, (b) charge- 

discharge curves of the first cycle at 0.05 C, 

(c) the corresponding differential capacity pro- 

files, (d) cycling stability, and (e) rate capabil- 

ity. 

Fig. 5. Understanding the chemical inter- 

actions between NMC811 and LGPS during 

electrochemical cycling in LGPS SSBs. (a-f) 

Ni, Co, and Mn K-edge XANES spectra of the 

pristine and treated NMC811 at the different 

charge-discharge stages in the initial cycle: (a) 

Ni K-edge, (c) Co K-edge, and (e) Mn K-edge 

XANES spectra of the pristine NMC811; (b) 

Ni K-edge, (d) Co K-edge, and (f) Mn K-edge 

XANES spectra of the treated NMC811. (g) S K- 

edge XANES spectra of LGPS in the cycled pris- 

tine electrode (C-Pristine) and cycled treated 

electrode (C-Treated) cells with pristine LGPS 

as a reference. S 2p XPS spectra of the (h) C- 

Pristine and (i) C-Treated. 

666 
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onoclinic (H1 to M), monoclinic to hexagonal (M to H2), and hexag-

nal to hexagonal (H2 to H3) during the delithiation-lithiation process

 38 , 39 ]. The treated NMC811 demonstrates smaller voltage intervals

etween the pairs of anodic-cathodic peaks and higher peak intensities

han that of the pristine NMC811, indicating enhanced electrochemical

eaction activity with reduced polarization induced by the cleaned sur-

ace of NMC811. This conclusion is also confirmed by the GITT results,

hich demonstrate lower polarization potentials and higher 𝐷 𝐿𝑖 during

he initial charge-discharge process in the treated NMC811 as shown in

igure S12. 

The long cycling stability of both pristine and treated NMC811 is

lso demonstrated in Fig. 4 d. The SSBs are first activated with a low

urrent density of 0.05 C for two cycles before switching to a high cur-

ent density of 0.2 C for long-term cycling. Initial discharge capacities

f 143.8 mAh g − 1 (0.05 C) and 119.4 mAh g − 1 (0.2 C) are achieved by

he treated NMC811, which are much higher than those of the pristine

MC811 with capacities of 105.3 mAh g − 1 at 0.05 C and 77.9 mAh g − 1 

t 0.2 C, respectively. Furthermore, the treated NMC811 reveals obvi-

usly improved cycling stability with 60% capacity retention after 219

ycles, which is much higher than that of the pristine NMC811, which

ad a 60% capacity retention after only 98 cycles. The EIS results in-

icate that the increase of the interfacial resistance after cycling in the

reated NMC811 is much slower than that of the pristine NMC811 as

hown in Figure S13. The rate capability at the different current den-

ities ranging from 0.05 C to 1 C is displayed in Fig. 4 e. The treated

MC811 demonstrates higher rate capacities under each current den-

ity compared to the pristine NMC811. Meanwhile, the cycling stability

s also enhanced when the current density returns to 0.1 C, which is

ttributed to the advantages of the cleaned surface of NMC811. The

mproved electrochemical performance in both LPSCl-based and LGPS-

ased SSBs show the strong competitiveness when comparing to the re-

orted coating strategies. The sources of the data are listed in Table

1. This result indicates that cleaning the surface of Ni-rich NMC cath-

des is a promising strategy to achieve high-performance Ni-rich NMC

n sulfide-based SSBs. 

The cathode interfacial stability was also investigated in LGPS-based

SBs. Both pristine and treated NMC811 were tested at five different

harge and discharge states including open-circuit voltage, charging to

.8 V and 4.4 V, as well as discharging to 3.8 V and 2.1 V, which are de-

oted as OCV, C3.8 V, C4.4 V, D3.8 V, and D2.1 V, respectively. TMs K-

dge XANES spectra of both pristine and treated NMC811 are presented

n Figs. 5 a-f to evaluate the evolution of NMC811 at different charge-

ischarge states in the initial cycle. From the Ni K-edge XANES spectra

n Fig. 5 a and b, both pristine and treated NMC811 show a reversible

eak shift after a charge-discharge cycle. However, the treated NMC811

emonstrates a shift toward higher energy at the end of the charging

tate (C4.4 V), indicating a deeper charge because of the smaller polar-

zation than that of the pristine NMC811, as demonstrated in the initial

harge-discharge curves ( Fig. 4 b). Meanwhile, the Co and Mn K-edge

ANES spectra also demonstrate reversible peak shifts in both pristine

nd treated NMC811 during the initial charge-discharge process (Fig-

res S14 and S15). Interestingly, compared to the pristine NMC811,

he more obvious energy shift in the Co K-edge XANES spectrum of the

reated NMC811 at C4.4 V demonstrates that the deeper charging also

riggers a Co redox reaction in NMC811 ( Fig. 5 c-d) [30] . Furthermore,

he shape variation in Mn K-edge XANES spectra of the treated NMC811

hown in Fig. 5 f reveals a change in the local environment of Mn atoms

ecause of the more obvious structural evolution during delithiation-

ithiation process than that of the pristine NMC811 ( Fig. 5 e). In contrast,

fter long-term cycling, more obvious peak evolution in the TMs K-edge

ANES spectra can be observed in the pristine NMC811 compared to

hat of the treated NMC811 (Figures S16–18), although the SSBs were

ully discharged to 2.7 V vs. Li + /Li, indicating the structural evolution

f NMC811 is derived from the side-reactions with LGPS. 

The corresponding S K-edge XANES spectra of LGPS at different

harge and discharge states are presented in Figure S19. There is no no-
667 
iceable energy shift or new peaks observed in either pristine or treated

lectrodes during the initial charge-discharge process. However, as is the

ase for LPSCl, both the S K-edge XANES and S 2p XPS spectra of LGPS in

he pristine electrode reveals an obvious sulfate peak after long-term cy-

ling, which is suppressed in the treated electrode ( Figs. 5 g-i and Figure

20). This result indicates that the formation of sulfate generally accu-

ulates with further charge-discharge cycling because of the continued

ide-reactions between residual lithium compounds and LGPS, which

s obviously alleviated by the surface modification. Therefore, remov-

ng residual lithium compounds on the surface of Ni-rich NMC signifi-

antly suppresses the oxidation of sulfide SSEs, thus alleviating the side-

eactions between Ni-rich NMC cathode and sulfide SSEs during electro-

hemical cycling. In addition to the oxidation of S, the by-products of

GPS also can be observed in the P 2p spectra of both C-Pristine and C-

reated electrodes after the long-term cycling (Figure S21), indicating

he decomposition of LGPS at high voltage when coupled with NMC811

athodes. 

. Conclusion 

In conclusion, the comprehensive electrochemical analyses and X-

ay characterizations are adopted to investigate the origin of cathode

nterface degradation in sulfide-based ASSLIBs. The electrochemical re-

ults indicate that eliminating residual lithium impurities on the surface

f NMC811 induces the notably improved electrochemical performance,

ncluding higher capacity and Coulombic efficiency, reduced voltage po-

arization, and enhanced lithium-ion diffusion coefficients in the initial

harge-discharge cycle. More importantly, the cleaned surface is bene-

cial for NMC811 to bolstering the cycling stability and rate capability

n two promising sulfide-based SSEs systems (LPSCl and LGPS). The un-

erlying degradation mechanism of cathode interface is investigated by

PS and XANES analyses. The results indicate that residual lithium com-

ounds are the catalyst for accelerating the oxidation of sulfide SSEs. As

 result, the formed by-products lead to severe side-reactions between

MC811 and sulfide SSEs, therefore inducing the formation of an un-

esirable CEI layer and structural degradation of NMC811. In contrast,

emoval of residual lithium compounds helps to alleviate the oxidation

f sulfide SSEs and limits the severe interfacial side-reactions, there-

ore boosting the electrochemical performance of NMC811 cathodes.

hese findings are observed in both LPSCl and LGPS-based ASSLIBs,

roviding a strong evidence to prove the origin of degradation at cath-

de interface. Different from the prevailing protection coating methods,

hich require the addition of a new interfacial layer to suppress the

ide-reactions, removing the origin of the side-reactions from the pris-

ine materials without introducing new materials into the system is a

acile and scalable strategy towards realizing the industrial application

f high-performance ASSLIBs. 
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