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Fig. 1. Illustration of the interfacial issues in all-solid-state
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Fig. 3. (a) The predicted ECS of the 3-LizPS, structure. The red, yellow, and blue colors represent the {100}, {110}, and {111}
planes; (b) atomic images of six low indexed surfaces in ECS. The grey sphere and blue tetrahedron represent the Li-ion and PSZ_
anion molecule, respectively®). The dotted line represents the surface layer; (c) predominance phase diagrams of Li,S-LiOH-Li,O
under different H,O and H,S chemical potentials; (d) hydrolysis reaction energy of sulfides, including 46 binary MS (grey circles),
52 ternary LiMS (green triangles) and 65 NaMS (orange triangles), as a function of cation M. More-negative reaction energy indic-
ates worse moisture stability (moisture sensitive), whereas more-positive reaction energy indicates better moisture stability (mois-
ture stable). The horizontal dashed lines correspond to the hydrolysis reaction energy of Li,S (green) and Na,S (orange), respect-
ively; (e) guiding charts for cation selection for 52 lithium ternary sulfides. The moisture stability (hydrolysis reaction energy, y-ax-
is) versus reduction stability (reduction reaction energy with alkali metal, z-axis)??.
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Fig. 4. (a) Amounts of H,S gas generated from the 2Li,0-(75—z)Li;S-25P,S5 (z = 0, 4, 7, 11, and 17) glass powders prepared using
mechanical milling; (b) electrical conductivities of the pelletized 2LiyO-(75—1z) LiyS-25P,S5 (z = 0, 4, 7, 11, and 17) glass powders
prepared using mechanical milling at room temperature®; (¢) XRD patterns of Lig,s,P; ,Zn,S, ,0, (z = 0, 0.02, 0.06) and
0.98Li3PS,-0.02Zn0; (d) structure of Liz, 3,P; ,Zn,S; ,0, (z = 0.02) from DFT calculations; (e) the amount of H,S generated from
Lis 06P0.08Z10,0255.0500.02 when exposed in the humid air with different duration timel¥; (f) H,S amount as a function of exposure
time to air for the 90LizPS,-10M,0, (MO, ZnO, Fe,O3 and BiyO3) composites and the LizPS, glass; (g) XRD patterns of the
90Li;PS,-10ZnO composite and the Li;PS, glass after exposure to air for 1 dayl*.
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Fig. 5. (a) Amounts of H,S gas generated from the Li;SbS, glass, Li;PS, glass, and Li,SnS, milled powders; (b) Raman spectra of

the prepared Li;SbS, glass and the glass-ceramic heated at 200 and 500 ‘CP; (c) schematic diagram of the difficult degree of being
oxidized by H,O of PS; and (P/Sn)S, tetrahedrons based on the DFT calculation!*!l; (d) crystal structure of Li,CusGesS;, viewed
along the [100] direction; (¢) XRD patterns of Li;CugGesS;, before and after exposure in 15% moist air and a 2 M LiOH aqueous

solution; (f) comparative Arrhenius plots show a minor change in conductivity and activation energy before and after exposurel*?.
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Fig. 6. (a) Cross-section SEM image of composite electrolyte film fabricated with 95 wt % Li;P3S;; and 5 wt % SEBS; (b) setup
used for H,S gas measurements from 100 mg of Li;P3S;; hydrolysis in air; (¢) HyS amount released vs time for fixed volume air ex-
posed to 100 mg of bare Li;P3S11 and 100 mg of composite with hydrophobic SEBS polymer; (d) figures of bare Li;P3S;, and com-

posite electrolyte film before and after flooding in water!*,
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Fig. 7. (a) The first principles calculation results of the voltage profile and phase equilibria of LGPS solid electrolyte upon lithi-
ation and delithiation*”l; (b) cyclic voltammetry of Li/LGPS/LGPS - Pt/Pt semiblocking electrode at a scan rate of 0.1 mV-s ' in
the voltage range of 0—2.0 and 1.0-3.5 VI*; (¢) X-ray photoelectron spectra of the pristine LSPS, (LSPS+Acetylene black (AB))

composite before and after charged to 4.2 VI3l
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Fig. 8. (a) Microstructural study on the morphology and composition of LSPS-Cl powders annealed at 450, 460, 480, and 500 C.
SEM and TEM images show their typical core-shell structures. STEM EDS analyses of these samples show a continuously decreas-
ing Si concentration and increasing S concentration in the shell of these samples versus the increasing annealing temperaturel6?;
(b) illustration of the impact of strain on LGPS decomposition, where zp, is the fraction of LGPS that has decomposed. The dashed-
orange line represents the Gibbs energy (G°(zD)) of a binary combination of pristine LGPS and an arbitrary set of decay products
(D) when negligible pressure is applied. The solid-green line shows the Gibbs when a mechanical constraint is applied to the LGPS.
Since LGPS tends to expand upon decomposition, the strain Gibbs (Gy,aim) increases when such a mechanical constraint is applied.
At some fracture point, denoted z, the Gibbs energy of the system exceeds the energy needed to fracture the mechanical con-
straints (the dashed-blue line). The highlighted gray path is the suggested ground state for a mechanically constrained LGPS sys-
tem. The region zp < z; is metastable if 0,pG > 0I62; (c) cyclic voltammetry (C-V) test and analyses of the LSPS-Cl samples an-

nealed at various temperatures!63l,
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Fig. 9. (a) Experimental setup of the in situ XPS experiment to monitor the reaction between sulfide and Li; (b) S 2p, Ge 3d, and P
2p XPS spectra and model fits for the pristine LGPS sample and after deposition of 31 nm Li metal. The identified species are
marked and labeled in different colors. The small oxygen signal is caused by tiny fractions of oxygen in the atmosphere of the XPS
chamber; (c) impedance of a Li/Li;jGePyS;5/Li cell directly after assembly (0 h) and after 12 h. The equivalent circuit used as fit
model is shown in the inset. Red data points were removed for the fitting process; (d) increase of the Li;jGeP,S;5/Li interphase res-
istance, in comparison to Li;P3S;;/Li. The uncertainty of the fit is drawn as error bars, which are generally significantly smaller
than 5 Q-cm?; (e) the SEI resistance increase for Li/LigPS;X/Li cells directly after assembly (0 h) and after 20 h. The increasing res-
istance appears to show asymptotic behavior after initial growth; (f) simulation of the SEI resistance over 10 years for Li;P3S;;,
Li;(GePyS1, LigPS5Cl, LigPS;Br and LigPSs1. Error bars were derived from the fit errors7.
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FIAM R I EER /B TR, fE 4R R 1 b TR E V. X LA RIS SR /8 TR M Li/LSPS

228803-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 69, No. 22 (2020) 228803

FUE 25 R B, A HE T LiTFSI 4814, LiFSI #2148
RSB ERIIE I LiF 540 SEL 2, $3(
F LD R A P BB AR TS K (18] 10). Zhao %5 5
X LPSCL(LPSCL) Hf# it 7o (F) B, Hil& T
FAL R AL B A% R LPSCL, F,, BERTT T H
Xf 4 JE AR A i A AR E M (8] 11). LPSCly3F,
FURRITLE Li-Li XPARELH P 2B O A B TR
FEE, WI7E 6.37 mA-cm 2 FLIRZE . 5 mAh-cm 2
BIEAE T REmS L 250 h. LS atEaEE
B T4 M S LPSCl, 5F, ; B A 5 A T
(1% 55 BE AL . BUR I B2, NAURT DA &5 BH 1
S a1 I SR AT AP R R AL S AR . Liang 45 2
BTV AE 42 i R R R AL DU — )2 L, SiS,
Hla] 2, L B ELE R o 23 ORI LigPS,
HL A TR R I R S AR M, T A R R
M4 K. Zhang 55 08 3@ 18 HsPO, # i T THF
W, I SERE R RO, E R 4 R R A P A LiH,
PO, PR32, LiH,PO, F 1 J2 76 (R R 06 R A v

S JRHRE S LGPS R fiff o7 At 1 55 5% 2 fnk ) ] B A A
A HbAT ) S T R B & A, DT A3 T R PR A 3
PEfiE. Wang 45 89 R H 40 T 2 DU B R A £ 45 )
Ul A LSPS Bt Ak 4y v i o 22 [ U AR — 2 A5 LG
HURG FHREWZ, A0k T LSPS fé @iz
() R S 7, (RIS T AR R A . Be Ak, JRF
JRUTREAR (ALD) S5 5 kAR i R il 25 AL i 2%
IZ (A ALOs) DL B Ak Ha A o 5 4 T R 17
e ) TR A P (-3, Wang 45 574 [E 2598 ff
fift )it (PCE) HIfE LGPS Ha fif o AR 61 A 1) LT 8
Wi, ARt T AL, I T AR AR

Leels 21T & T —FP4R-k (Ag-C) B &
WA AR Sy 4 T R 67 A0 ARV A 40 31 285 P e o ) 5 v
GEop 2, ARG TR AR, SR T S A
mifa e M. s = oo 2 &Y (LiNigCoq s
Mny 0505, NCM955) A IEH% , LPSCI A [ 25 H fif
Tl A T AL A AR L, ARA T Y e
FE S PR ARG M. R S A e o o O A A B 4

(a) 2.0[ 0.038 mA/om? —TLiLsPSLi (b) Pure Pyr;3 TFSI 1.5 M LiTFSI/Pyr;3 TFSI 1.5 M LiFSI/Pyry3 TFSI
i : r— Ll-[:SPS»Li-l.-S M LiTFSI/IL
1.5F | 2 il Fl1ls CFj3 F 1s CF3 F 1s
o LofLE - Initial A T LiF CFs LiF
~ 0.5 | il || o S
g')Q 0_ = i 10} L3
ﬁ 4 Loy |
8 —0.5¢ 2 ] 60 s &:- A ‘ P ‘
> —1.0} 2 =
o gio'qs' 720 730 740
0 200 400 600 800 1000 em— n =
Time/h 690 687 684 690 687 684 690 687 684
B.E./eV B.E./eV B.E./eV

O

Mixed conductive interphase:
Li,S, LizP, Li-Sn alloy

Unstable SEI layer

- : E =
LiTFSI/Pyr; TFSI e~ ' i Stable SEI layer
= ‘ - -
- SEI layer
LiFSI/Pyri; TFSI - - o with high resistance

B 10 (a) 1.5 M LiTFSI/Pyr s TFSI & TR AR M fi 5 Li/LSPS/Li X Fk B {8 7E 0.038 mA-cm 2 H i 25 B T 0 481 U0 AR -7 1 il %
(b) Jngk Pyr s TFSI BF A& . 1.5 M LiTFSI/Pyr 3 TFST & F A& F1 1.5 M LiTFSI/Pyr 3 TFSI & F W &1 Li/LSPS/
Li AR B AGER 140 h )5 Li 48 AR 210k ik 1A R A9 F 1s XPS 3% B (c) AFAEEE /Py, TFST 64 5 i i HLEE R 3 8] 5

Fig. 10. (a) Li* stripping/plating curves of Li/LSPS/Li symmetric cells with and without 1.5 M LiTFSI/IL at a current density of
0.038 mA cm ? and the cycle performance of Li/LSPS/Li symmetric cell with 1.5 M LiTFSI/IL; (b) F 1s XPS spectra of Li metal at
different etching times disassembled from (i) Li/(LSPS + pure Pyr;3TFSI)/Li, (ii) Li/(LSPS + 1.5 M LiTFSI/Pyr;3TFSI)/Li, and
(iii) Li/(LSPS + 1.5 M LiFSI/Pyr;3TFSI)/Li symmetric cells after cycling for 140 h; (c) schematic illustration of interfacial modific-
ation mechanism of different Li salt/Pyr s TFSIFS.
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Fig. 11. (a) Li plating and stripping in Li/LPSCl, 3F, ;/Li symmetric cells; (b) XPS depth profiling analysis of the Li metal/SSE in-

terface. Overall evolution of the Li 1s and F 1s spectra with sputtering depth at the Li/LPSCI3F ; interface. Representative Li 1s
and F 1s XPS spectra extracted from the upper panel®.
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;3 LizPS,INCM811/3-Li;PS, [H 25 it &2 & 1E # Hh NCM811 Fil 3-LisPS, #Y SEM & EEWE%F&H@M AL P 5 L 3R SEML A
HBTE 0.1 C P IKFEH 2 4.3 V vs Lit/Li J5 1Y SEM [&l; 45 € L & 48 50 MG, 7E3C RS T 9 SEM 8. NCM-811 BUkL7E
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Fig. 12. (a) Schematic illustration of interphase formation and chemomechanical processes in LiNijgCojMny 0, cathode and (-
LizPS, solid electrolytes; (b) impedance spectra recorded intermittently during galvanostatic battery cycling. Left: First cycle charge
and discharge profile of a Li—In|3-LizPS,[NCM811/3-LizPS, cell at 0.1 C showing current interruption corresponding to the periods
of impedance measurement. Right: Impedance spectra during charge and discharge periods. Measurements were conducted after 1 h
of charging or discharging, respectively. Red points indicate selected frequencies in the spectra; (c) scanning electron micrographs of
the cathode composite of NCM811 and (-LizPS,. As prepared in a solid-state cell but without the application of current or poten-
tial; SEM images of a Li-In | 5-LizPS,| NCM-811 /B-LizPS, cell after single charging to 4.3 V vs Lit/Li at 0.1 C; SEM images of a
given cell after 50 full battery cycles in the discharged state. The NCM-811 particles shrink during delithiation (charge) and lose
contact with the SE. The remaining imprint of the NCM morphology on the electrolyte shows the initially intimate contact between
the active material and the electrolyte; (d) peak deconvolution of the S 2 p and P 2 p spectra of pristine 5-LizPS, for the pristine
mixture of NCM811 and (-Li;PS, without any application of current or potential, the cathode composite of NCM811 and (-LizPS,
after the first charge (0.1 C), and the cathode composite of NCM811 and (-LizPS, after 50 cycles. Blue peaks are attributed to equi-
valent P*—S% bonds. Orange peaks were correlated to bridged P—S—P in st‘;* units. The red and green peaks are assigned to
more oxidized sulfur and phosphorus species. While no reaction appears to take place just upon mixing the SE and the active ma-

terial, the spectra of the charged cathodes show evidence for oxidation of the thiophosphate solid electrolytel®.
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Fig. 13. (a) Hlustration of the structure of CS-NCA@LiNbO; (LiNijg5C0g 150, as the core, LiNijsCog 15415250, as the first buffer
layer and LiNbOj as the second buffer layer); (b) HRTEM images of CS-NCA@LiNbO; materials; (¢) Nyquist plots of charged
ASSLB using NCA, CS-NCA and CS-NCA@LiNbO; cathodes after 2 cycles at 60 °C. EIS tests are conducted at RT; (d) schematic
illustrations of the interfacial Li concentration distribution in ASSLB using NCA, CS-NCA and CS-NCA@LiNbOj; cathodes; (e) rate
performance and cycle performance curves of CS-NCA@LiNbO; cathodes in ASSLB at 60 °C. Coating amount of inactive LiNbO3
buffer layer is 1.37 wt.%. 1 C=200 mA-g "4,
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Fig. 14. (a) Schematic diagram of the bulk-type SSLIB. NCA forms micrometer-sized polycrystalline particles composed of aggreg-

ated nanocrystals (top-left inset). The purple dashed rectangle shows the thinned area for TEM observation; (b) ADFSTEM image

around the NCA cathodes. Scale bar: 1 um; (¢) ADF-STEM image and series of corresponding Liconcentration maps of NCA ac-

quired during 1.2 C charging. Scale bar: 500 nml/!19).
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Fig. 15. Operando XANES study of SSLIBs with bare and LNO-coated NMC811 cathodes during cycling: (a) Schematic diagram of
theoperando cell; (b) Bruker spectrum in a large photon energy region. Operando S K-edge spectra with first derivative mapping, Ni
K-edge spectra, and charge/discharge profiles of (c)—(e) bare NMC811-LGPS and (f)—(h) LNO NMC811-LGPS SSLIBs!'?!l.
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Fig. 16. (a) In situ Raman spectra at NCM/LigPS;Cl interface during the positive and negative potential sweeps; (b), (c) examples

of normalized peak fitting results from in situ Raman spectra at NCM/LigPS;Cl interface at two voltages (3.6 and 3.7 V in the first

positive potential sweep); (d) normalized peak area percentages evolutions of two Raman peaks at 418 and 425 cm ! during the pos-

itive and negative potential sweeps; (e)—(h) schematic illustrations of interfacial evolution during the charge—discharge processes
based on different vibration states of P-S bond in PSZ_ at NCM/LigPS;Cl interface!.
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Fig. 17. (a) Schematic diagram of the experimental set-up for operando NDP; (b) schematic structures of Li/LizPS,/Pt cells. Li is

plated on Pt, and the depth profiles are measured from the top surfaces of the cells during plating; (c) time-resolved lithium concen-

tration profiles for Li/LizPS,/Pt cells tested at 100 °C. The grey arrows indicate continuous plating of Li; (d) voltage—time curves of

the Li/Li;PS,;/Pt cells discharged with the magnitude of the current density increased step-wise at 100 °C; (e) lithium concentra-

tion profiles in LizPS,-100 °C at different times during lithium plating[.
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SPECIAL TOPIC—Fundamental physics problems in all solid state batteries

Advance in interface and characterizations of
sulfide solid electrolyte materials”
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Abstract

The development of high-energy density and high-safety all-solid-state lithium battery (ASSLB) technology
has important practical significance for promoting the upgrading of lithium battery technology and the
strengthening of technological development in this field. The solid electrolyte is a core component of the
ASSLB. The sulfide solid electrolyte is regarded as one of the most promising solid electrolyte candidates for
practical application in ASSLBs due to its high ionic conductivity, better mechanical ductility, and good
interface contact with the electrode. However, its practical application is severely hampered by the issues of
poor air stability and interface problems, including interface side reactions, lithium dendritic growth, and
interface mechanical failure. In this review, we first summarize the research methods and degradation
mechanisms of the air stability of sulfide solid electrolytes, and the strategies and methods to improve their air
stability. Then, the electrochemical stability, interface compatibility and related interfacial modification
strategies for sulfide electrolyte/electrode interface are summarized and discussed. Further, the research progress
of in-situ characterization technologies for sulfide solid electrolyte/electrode interfaces in recent years is
analyzed and summarized. Finally, an outlook on the future research and development of stable interfaces in
sulfide solid electrolyte based ASSLBs is highlighted.

Keywords: solid-state batteries, sulfide solid electrolyte, air stability, electrode/electrolyte interfaces, in-situ

characterization techniques
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