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Experimental measurement and analysis of Raman/Infrared methods

for lithium batteries

SUN Shuwei, ZHAO Huiling, YU Caiyan, BAI Ying
(School of Physics and Electronics, Henan University, Kaifeng 475004, Henan, China)

Abstract: Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR) are important
physical characterization methods. They are widely used in the field of electrochemistry,
especially in the field of lithium batteries. They are commonly used to analyze molecular valence
bonds, functional group vibration and rotational energy level transition states, phase structure
changes, Stability, surface phenomena and reaction mechanism, the correlation spectroscopy data
can calculate the bond energy, bond length, bond angle, etc. of the chemical bond. This paper
introduces the basic principles, test methods, test precautions, common test equipment and test
procedures of Raman and infrared spectroscopy, and analyzes Raman and infrared spectroscopy in
lithium battery electrode materials, electrolytes and binders. The application of isocomponent
analysis and its influence on the electrochemical stability of the product formed in the charge and
discharge cycle.Raman spectroscopy and Fourier transform infrared spectroscopy are important
physical measurement methods. They are widely used in the field of electrochemistry, especially
in lithium batteries, such as molecular valence bonds, functional group vibration and rotational
energy level transition states, phase structure changes, and stability, surface phenomena and
reaction mechanism, the correlation spectroscopy data can calculate the bond energy, bond length,
bond angle of the chemical bond. This paper mainly focused on the basic principles of Raman and
infrared spectroscopy, the testing methods, the matters needing attention and the equipment used
in the Raman and infrared spectroscopy measurement. Finally, the application of the Raman and
infrared spectroscopy in the lithium battery is introduced in a practical case.

Key word: Raman spectroscopy; Fourier transform Infrared spectroscopy; test methods; analysis

methods; lithium batteries!
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N3 o RN o

$ii 2 Y61 (Raman Spectroscopy, fij#% Raman 5§ RS) 5L 4% (Infrared Spectroscopy
FIFR IRD SRR WA B R AE 710, (EIER. e, BhRL BRUR. B, R b
R S AT A AR 2 RN o BEE R N, RS A R S AR
RAF T AR E VR o DA 29 ) B 3 P Al R B8 A P R B 8 FH Y

1928 4 [ BEAI3 2 58 i B AE I S AO U IV, R I h B 5 NS s A vl
(EGR U 2R4h, FERFIBURZE vo IOPBIIBETE LLPRERRIER A LR, FLARLR S EG R 2R 0 AR 22
(5 NS IR TE RN X ERHEAEA R 86 A AR R B TR A R o745, 5
BT P A IR AR SOE R KR -

SR, TR B Rk g, DU T NSRRI A 2 — A, R 2 1
P EOGIBEORM N MR . BRI MOl THOGS . 2B, StlfigeE . cCD
TR G THENUAEC TR BOR B UEAE ARG A e, 47 20 D 90 SEARTEA: T Rk AL Y
TlChL G TEA, (R 2 G W B AR DRSO — Fh e AR A M L5 RS G R SO 1 AH 24 ) HY
FOGHESOR, N T AR (A7) YIRS SR EE Cans kgt ) AIAHA T
R FHh, RN R 2GR . FL2 00 UG HOR W R 20k i S TR 1 58 R
FR) 725 1]

[FIREAE20HE 204, BB AT IR T AP R ZL AN 1 S 0) 20 AR I R A A AT 3R AT
TWIE 2 JGELAMETER B T T2 S, FRER S T AL G R IR A2 o AR AE604EAR H Ji5 1
BEE SR T E R B, N2 2 BUE DAM SIS o TR R 2 87 1 R USRS Pt
ZEH58 1L AENATBEIREL 1 ZBARLE AT RN o e, IEZLAM G FHREN 10T
BRI

20 tted 70 AEAR, 36, AR R A H 28 =ARLLAN O T, BB oot T
Fe A THEL R E A 2 R B A B AR R 2D A6 REAX, X — R I I A
YEEBCAR M. B 80 (RS, BEE T ENIBAR IR R, WEh T s
AL B R R, 3l A v 2 DT VR AR R 1 AR BRI 5 P07 A T
B RAFRCR, INZIELLAMEREAE DI REROR BB 3, A AT B AGE i LA i et
{8, AN ISR S A SR TGS R IT . #E 90 RN, AT ZLAM GG AE 7 b Adsk

HEWE . EXARBIEIES (51672069, 50902044, 10674041), FBHEHE“863 11X (2015AA034201), i FE4 m R AIH
AA R (16HASTIT042), ARG TEEL S AR (EPFRE/ETHE D (162102410014)
Bl AMEA (1988- ), L, A (FEED, FERFTET NN T B 2R EO R R T e R LEE BT, E-mail:
sswxm@126.com; BHEBERAN: A=, HI%, WA RARBHIAR LA EYEAS, E-mail: ybai@henu.edu.cn,
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IR Ak e, A AT LA IR T A B SCHR L 248808 K, SOV KRR %5
NI B — TS A R

LT AN ATV FR) 67 BB S B 17 93~ 2 K R o R P SR 88 Tl SR R0 (10 45 4 AL ol el
AT AT WRMAC AT (1 5 55 AL 22 B AT & e O, W] T AT B i Ml BE 5858 o S 4h,
FEAC T SNSRI T, ZEAMETE RS T — € AR o (BN BIE RE AR A &
MISHISEE : AN AMERT LU RBE T2 T B S/ AN AL s, o W 5om e 3 BRI, i
BB w] DR N RAE A AL 2 (0 75 7

VIS0 I 2 A= AR BVALI S S AW v S EEN D 3 il il S AR LD E SN
FERR IR SR R, RGN M RS ARE . I B S iss, JF
SEE LB FUR R, BARD N2 G AL AR LT AT DL S IR P AR T B — S
JHEB BRI R o

2 Lk )RE

$1 & )t 1% (Raman  Spectroscopy) Al i 37 - A% # 21 41 't 7% (Fourier Transform Infrared
Spectroscopy, FTIR)HI 2 7> T IR G UE AR RRE 52 20 BT R AR P 2R ] 5 1 48
I FRARS, S5 2 S e T AR AR FRIER S . PR VAR ELAN RS, R AR R
FCEE It R AR Rk S TR 78 T R R P K 2 2 RS A PR AR A
2.1 R

i I TR A O R SR A5E it IR R A S TR 5, 077 A 55 NS DI I AN R R B
W PTHEAT T 771 BJR T T IREDEHE, EER BIRIRBNRE SRS B AR BRG]
WRAL, T AR A Al TR o ABRDETT DU B2 B R E RER DL T, 2 5 R 7T Al
I, 25 7 A AR AR 5 NI AR A [R], T BB PR AN, S A 8 S R o B A 50
A A TR 5 NOCIR A, MOYARFR R, XA ARy h 8 JU . e,
EBESDEIRR TG, MASHU— 0 se RSB 1, RAENFE Tt &
HIUM R T NG, RIS RSS2 7 3k — i fe s, A B RIE e it
IR, B e T SR R L SO B e M = A 2 . R, AERLE AT, T T
TEHTHU 2. RS DGR 5 NS 2 ZERR vh 2 AL F (Raman Shift)!?].

P 2O I R LA 2 AR AR, WA 9RO AR FR BN B DR . 2 RS
TS T HIARAN B B . AR AV T BANFRA 2 AR B8 S &H H AH 2 A0

okF
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XF SR, TSRS 73 -3 A1 AT RN 23T S5 0 A B, AL AT DA e i IR 2l R e
T W B SR W it A 5 ) B R R o TN T [F) — MG &, S 2 B i 5 R B R ok
Z, I CAHE i —tr mECE P B E . RS e T WOk X, KA —Kh
40 - 4000 cm!

P2 GG T X RGN B 03B, Bt T AR R B A 1, AR
ST HIWERTS, SRAED T, PR SN, HIGTER . 8% AR Re i e 4
RLRFPRAL R, BT DAAE A A AR SR I & i A )2 R H o 6 TR 8O R U AN (15 L
FTLME 28 Au B0 Ag S0 PEAT IR AERE R THREAT AL BE, T X U Rp ik <5 & 90 K DKL )
2 T F R 3 R 9 BOW BT 73 7 BB 206 TS A5 5 1 9, AR 9 3R TG SR 4 2 HIUH (Surface
Enhanced Raman Scattering, SERS).

2.2 ESEMARHRA S

LLAMGTEAE BB S B2 IS SR ABL, AN R 2 VR 55 0 73 -t AT LA T 241 1
ITRAL. ZAMGEE T 0 T RBOEEE, "I 806 AN TS . SRR S BIPERE LRI
LLAM GRS , 23 TR TP oRR 8 1 5 20 TR BN REL ZE N AR AR S, LA XRR
RS . B THRE SRS AL, (IR BER N ILSERIT EWOLES, BN T
ZARHES R A7 B IR i, e T ORI B2 127 T HIZLAMOG IS I o 04N H 2 DR
WOt BB B B (Wavenumber, cm) AREALKR, PLIZEIL 170 NI ARBR RIS U
SR 7 T ERIE AR B AR AT % . —fBOR UL, AR 1 23 B (A1 08 I 18 IR WA U 2
B oy T HONBRIEBAR, B A B IR S e R 8

A FEM T A E S0 TEMERIE, WAl TEEMr. Shigtikmte,
et B RE IR ZL AP B 5, iNC=OMMI AR 3N B ZLAM 61 EEAR R F 2001 B0 35 . WA
AR, TR LA GIE R 7 A=A X @ ITZAbX (RIZAX) «
7E4000 em ' PA R (X IR, EZMEO-H. C-H. N-HEEM SR @ PLaOIMX CREEHRS)
X/FREUX) « BT HEITE400 ~ 4000 cm!, 2B FOANSH 2 X3, FEIRS M2
FAFFR GO B A AMX : PEAEA00 cm LLF [ X8k, I 0 5 B SR T 18 5)

FE. SREGEAFMZ, BT ARRIEREN ST, ERLAMRSEER AL, BIKE
WA RE BRI B L0 A6, T ELS 8 204 vk W i 38 o 75 AR TR 5 TR AR S5 KBr
W EE 5 o

—HRABIL T, LEAN G EE 75 Z AT LA A B, BRI ZE AP SO (e FRL I AR 8 ik

LSBT A, 132 BRGSO B AR 20 A1 (FITR) 728 L R AR BRI T
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AL AL F B IE R %
$L 2G5 LA REIRIS A 5701 A BB A fa] IE IR SR S A SRR B REZR R 1 L
M T AR RAE B RE R %5, (HPFE 7= AR I S BRI #AS AR R o FE 5> T2 b, i
Tk HLAMCE AR AN, —SRLZLAMGIE TOVE I (45 B AE B 206 T R IR I H R
AR\ Tt gl IB - Py e i S 5 R AR SR I /R - A= LA U o i ol A R = S
T AR, AHLEHLS TR SO0 5 LLAMERE I LR PR .
K1 PRI SN HIR H

Table 1 Comparison between Raman and Infrared Spectroscopy

=] A= s AR i
TR HIUR 1% Tieini
e B ERE T BA R Mtk KRR PR E B )
I3 TG S i
g I
Gy ¥ G5 AV T T AR E &5 T E R R E
v 40 ~ 4000 cm’! 400 ~ 4000 cm’!
TR AT A€ R
P it ] 2% 6 75 R — R
SE BT FIELEE ST (RFRZD A DLSE B4 AT
W ik D WA IR L

2.3 BRABAR

P2 G FIZLAG T A H, (RN AR AE —E B RIRYE, 7ESERR B A2 A oh BLX
PP RAE A FEA, ¥ J BT B R AE T BOMII R BAELAT, TR 7 WAy b AL
AR 775 W W F-Befr . Ji7 /1 B Ui (Atomic-force Microscopy, AFM) 5 iz
1 (AFM-Raman). Y63 b (Photoluminescence, PL)5 4 2 B¢ (PL-Raman). 3T
i 1% %% (Scanning Electron Microscope , SEM) 5 $7 2 Bt Hl (SEM-Raman) . # =
(Thermogravimetry, TG) 5 f& 37 I 48 e 21 4b o 1% Bt (TG-FTIR) « X #H & i (Gas
Chromatography, GC)5 8 37. AR 21 4G 1 FH (GC-FTIR) i ii%(Mass Spectrum, MS)5{# 37

AL SR (MS-FTIR) %
3 LR MK 77 %



3.1 EHMR
3,11 HUARAPRRI

R b AR PEARRE B O [ OB ACIRFE i, B IM7E Raman MRS, f4/b 50 Rf 5 e
B G B EREATIE AT T T K BB AR 38, FTIR AR 5 52 27K 707 B 5Emi . A
UEAE FTIR UAHT, 75 ZRArIRE S 780 T, SRS T - 2 mg FF it A2 B BE TR T B7F B il 4
MRS TR BB R (HELSMDE% D, A R, £ 100 mg, FifE 200
FD REHA, BABEAN, 5L EES S BT IR, ) B AT TR 5L T
SERR .
3.1.2 HUEB I

I 246K 22 507 FH PR b A D R VA o AR L5 1) Raman AN TR N B 4HE
ECE e RSO b (WA DVE S — BRI ), REHERERE, ERAERAERET
DARIAT s X T AR BT, T B INAE RN EINKEI AT T FTIR MR, K
IR BAETC/R AL T ) 28 B it Ja FRAT K 0 ML) & 7 iR R U, B X Tk
ARECHIBA CAnBERD), BRGRT KBr f i B Jsh MR Hish R4 (<100 °C),
FISRAEWIH KBr & 7 22 18] B ELHE N JE L 2 AR AU T 7K Ve i, 7T
AHEFIAEBOK P HIA LY, FHEFHER S, BT N BRSNS LRI, i
KBr J5 Fidkilliak o FH A i ] 47 P AR o 0 6 R s, O0of T [ A P A B AR ik, 2 B el
WA R T7 7%
3.2 FFPBRTTIETNR
3.2.1 FETBCRRAEI G R R K

SR ST TR I R B AR AR T2 o3 R A R S, P LUK A 5 () AR b Bl 46— s
AEF R REAT OGS E AT AE AR, R AE BEAT O R I BT, TR A Y R AR
IR R G, X B AT SO A DA K e RS BB S8)5, R HARIRES T B st A
FERMTEIT, B R, FVAR R ZIRIETEY:, BT A AT I g e X
T R AR AR T ) S L DAL 7 B R AL, T DAAE SR o) AR Py A A P A A A AT 71
i, HERR T FS I ARG 25 A £ DL EATRT e 2 5 R B2, HAE Raman I
A, 76T B O BT AR P 2 e M sl e e P i 2 A R A 0 N R 1y 2 T
FREAT IR o E @A ) Raman SIS SCKRE R R BT Hr @001 ACRE i & B BEAT MBI AT .
M AT [ FTIR AL &4 AR T ERITEVEAD RS TR AR B A IR 5395,
JE AT I, 3% B RN R R SR 75 EEAE TR R S8 s A A2 xd rURR R T ) e I 7 420 £
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FTIR AR, RS B/ i 2 e A 22 S BB T
3.2.2 R B/ AN

JESEAIF T2 A2 i FH AR IS 8 70 A s RSN (S f TEAE S 8238 A B S B0 ik R B AT B DN &8, T e
BN R R SE PR TR, I W] ARG FOSCHER IO A5 2R . R4 = /20 Ah i )
RHE TR B PRSI T iR, S REEIER, 1IERS EmARE, JHE b
T e AN, I ORI A S, B ERR S Ll EER, B 5%
GEWE IR ENERE, M58 S5 SRR R TR B 14 o 53 8h, T2 SR A i,
] DU e B AT I SR 2 /204 s s i RO IR sl 1 TR .

b 2 Counter/Reference
Electrode

Working Electrode
(coated membrane)

Sealing Ring
Metal Frit ‘ Spectrometer

-y k
1 TR G /2T A B 7 R P HOI 2B
Fig.1 Schematic diagram of an in-situ Raman/infrared battery and its optical photograph

3.2.3 R oI

G2 IR AR BN BA RER OB ST, B2 NSRBI B0 — e RS 2 (1 5t 2 J SR T
T <5 JA 22 TV BT R S PR L 2 M ZEAME 5 S AT A 2R 0, XM RR A 2R T4 nik = S
(Surface Enhanced Raman Spectroscopy, SERS )13 [ 44 55 21 /M Ui (Surface Enhanced Infrared
Absorption Spectroscopy, SEIRAS). HHi T A 1R 2 & @ # ik 52 v] LU Tl 3G AT, Hd
Ag 3RAF T B ZIRL o O K01 4% AT R P 7 VA T« OIS S i 8 R [ AR o) 4%
TRORHIE JE25 ) £ AR A TG LT 58, RUFER B, ELIRIINS 75 R 2400 o AR OR UG, [EIAHVE 4% 77
FIEOCZ Ik, AR RRS AT BRI, HYPURRIRAREKR.
3.2.4 IH (couple)lliRk A

B R T BBAFMY T 552 AR R — & Bisi L, 4% AFM-Raman BXH 25t
JR7 0 AR R M IR 5 55 B it 2 T Ji 3 [) R Y ) SR S IR i R T 3047 B R
TURE G GIO F1 55 . AFM-Raman B¢ &R 48 m] DAEGOR R LARGERE RIDIRAME R, IRk
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X e B 54 86T SR A 25 BARGE &, WA RAES R B . T A&
AR, AR B AR RE AT I, TE R IR

#AH (Thermogravimetry, TG)5 & 37 HZL 161 B HI (TG-FTIR) B AR BE 8 S I HRis s i
ENE R AE 32 RIS R v R AR ) — LE B AL 2 AR Ak, 3 W] DA 8 7 R R B o A ) 2 4
FAL . BRI 20%: R i A U S 11 S FTIR U IGE, — Bl
AU, I AL E (Transfer line) FZLAM A 1916 FE 43 0 4ERF4E 200 'CHI1225 °C,
e A 5 B AR [F] o

S 3E(Gas Chromatography, GC)— i Fl1Jii i (Mass Spectrum, MS)# % 5 58 3741
AP 1 — AL A B (GC/MS-FTIR) o IXFERRHI St 1 — b J5L A7 AL 2 i s AR T
Tiike BARMGE R 7678 Rl R v RS ER 3 Y 1R AR, 22 el e AR 0 A, AR IR AR
RNV B8, IXFERT DS BRI 7 o FREERR B IRAL, X AR R, W RAE—
AR Sy BEHEAES FTIR EERDGE, HOGE NBERE S, HAE RPN L KBr & 73
F, SERTREPELLANRSE 5 o foc o R A i e Y LA I 9] B A A B, DLZEAME -
- e R = 4 I R ok

L5 LRUR, XTS5 FREAR R ERARZS T (KR i 1l 4% 7 VA VE L 2.

R 2 NEYERES T B RORRE M & 07 %

Table 2 Preparation methods for different materials with various physical states

[l 44 AR R adiin

. R : MRNE4HE 8L
Raman: E#MHER aman: B HE R

FEIHLE

JEAE Rt

JFA R R A T IMFERI Raman: ¥ IN7EEI A
HL A ) Hmé;ﬁ;@MﬂrmK Pid KBr &4 Fr ! FTIR: 7T KBr fnJv
Z [E) BGE N At
THEVET RS A
Raman: 2 E LA
VEE w4 L] / / /
FTIR: 5 KBr & &t
& J5 R
WS iR S A
Raman: #H NS4
WA ASOLEE SIHTAL, BEAK T bR
11 JE A LI / HERAE /
HiEMRA FTIR: # ALl KBr
Tl R dF ) P B
BELE




3.3 WikHA&
FI T4 8 sRALAMN IR HO A 38 RN 5 8522, Al T Raman 11X Renishaw . HORIBA
4. HF FTIR 13X/ Thermo Fisher. Bruker Optics. Perkin Elmer 5. % (M T Raman
IR BT LabSpec 6. wiRE2.0 %55 AT FTIR fIA /344K OMNIC. OPUS
S LRYEGH] T Raman A1 FTIR A H) SRR S H0 03k 3. K 4 Pis.
3 2L X H SR

Table 3 Listed Raman spectroscopies and the corresponding parameters

FRDHR LR OLEEN

i A5 BAKHEE (em™)  JGiEVEHEI(em™)
(4 m) (cm™) (cm™)
200, 100. 50. FEEl: 0.5
Renishaw inVia 100-4000 1 <£0.1
10 A% Pm): 2
LabRAM HR R 1
HORIBA 10 50-9000 <0.35 <+0.03
Evolution gl 2
Thermo w05
DXR 2xi 50 50-6000 <2 PLT+1
Fisher g\ 0.5
Bruker w1
Senterra 50 50-4400 1.5 0.06
Optics Pm): 2
fEla]: 0.01
REHE IR LRS-5 50 50-7000 <1 1
ZhiA: 0.01
R 4 AN EESH LR
Table 4 Listed FTIR spectroscopies and the corresponding parameters
. R Gk
i L = DR (em) VI (em™) EL 14 raansiil
Heik/F5)
Bruker
VERTEX 70 0.15/0.4 10-30000 50000:1 80 FASWEE BT
Optics
Thermo
Nicolet IS 10 T+ 0.4 350-7800 45000:1 40 FASWEE BT
Fisher
Perkin
Frontier 0.02-0.3 680-25000 38000:1 40 THFSWEE KT
Elmer




SHIMADZU  IRTracer-100 0.25 350-7800 60000:1 300 TeENASHEE BT

REHAR FTIR-650 hF 1.5 400-4000 15000:1  A[{EIEEF EAS T
H13% 3. 4 W5, AFRBALED P SGETEHE L [FWEL. BV I A3 R 55 24
FAEZEN o FEAP SR I I P 5 BB R OQVE, A a] /28 (el L il 5. LA

FLZOCTEACHH, I 18] 7> P2 AR A AR AE I A) PP 21 B BE 70 BRI BE 1, & MR T SR 4 B 7 T JEE
WOt AR Bk h 32 AR — e A S ) R s 3 8] 3 e F A e P B /I K B 77, e I
RTBWRICTERNAB A FLAETERE CH A2 BRI RS HAR L IR RS Sl 4%
U HAR RSF I/ NSO GTE, 45 218 723 (8] 40 B2 PR RE AR A S 5 28000 6l o HE 48 4X
FRE PR TR MR BE ), IXIR T B O 7 e o TR T 208N i A 3
#, 5 ERE SCHIE . BT E A R AR AL A B RE A RUR
Z5, SEBRIE I X S A A T ALIRES  FIREPR S A AN RIER, B, BRI T A
e TSIV RN T

3.4 PR

3.4.1 Raman i 55 1 [ Ab B R

A LabRAM HR Evolution Y& EHXES M, A2 B RHE Aok AR S IR T2, 20
K2 foR e

THB1: FTIFEOCRS BT, JB3)E & LabSpec 6414, £CCD#1¥(Cool to operating
temperature) & AR E J5, AL R KRR B R BB 6 b, MERH TR (B
T H B EIAEEAZ KD IR R R A B sidivideoBIbR, 7EInstrument setupifJObjective
WHEEEYE, KRR RAETE.

T 2. pids stop all EIFR, 1% 1IEFEDGERIEKEE: £ Acquisition parameters T~ ] Spectro
i NG A2 B, Range i K VT Hl,  Acq.time(s) HF A A B KR B I O I TE)
Accumulation HHAJEILRHL, RTD time(s) 4 A SEI SRAEBRGIS 7] WEIF S8, M
TGRS, BEATOLIRR AR

T8 3: ek G, B save BINRRAE, —BORAIRBEE ORA7 . axt il ]
LA video & H, DRAF .16V # aCUH) EENR « ik e B, £ CCD il B2 2 = iR A 4
WK M LabSpec 6 £ 41F, WOt & HIETT K.

FEEHED: ORI BRI (RS2 mT LU (] Spike Filter ThRE
KEBER: QRELFEH AET £ TEE Denoise RKFEOGHEEMELL
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Analysis  Dis
Browser. A

v Video

v "Acquisition options

A Instrument setup

I

!!!

No.3 ZHiXE

b |

T OO0k S - B

Speca SN M

No.4 HdE{fA7
[ 2 HR Evolution 47 8 J A 61 AR AGFE: No.1 FTHHAE; No.2 MBERM; No3d ZHHE; Nod
B IRAT

Fig.2 Raman Data collection by HR Evolution

Raman Y6 A0 B 1R 2 F0 0772, 5 LA 175 IR AU S A7 0545, R IT LA LabSpec
6 A AB, MR EIR =TT, Wi 3 TR

T3 LA AT TR IR BDGE, fidi 4l THA= Processing—Baseline correction,
HEAIESH, 1E Baseline correction ' 15l Fit #EATHL & (AIERMEAARMSHMNE, £
WEFHIEIREEE NI, £ Sub MR IK.
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J7i5 2 ARUELL. FTFGNE, AU T A Analysis—Peaks, i Find. #5345 1E %
i, WISERARIEN . A BRIENA, BoR 2 Ak, 30 Hofth — i sR A A E, NIFE2EAE Analysis
—Peaks— Display options | HUJH2Ji% Peaks. Sum F1 Res iEHE.

TIk 3 WG A LRl PN BRI AN DA I BN i, R, SR AT R
MIEAE R, MHREXEA G . SeBINTREG g, 1ErTReRIEN A B S brIghr, If
7t Shape 43P HIEREAIEMIETL K. 7E Fit options L EIUAIEIN, £ Peaks H
(4 Fit BEAT 1005 (AT 220 i ol Fit B2 400 e 1 R I SEI 2D . U5 58 BUR , 7E Analysis
—Peaks F11f] Peak table K73 & MERITEAE L, HA p.av w Al ar 5 BIACRIELT | 155

A AT A . 55 ST copy peaks, LA EIE R NG R Excle BLARLE -

ERFEI: BRI AR DU A S BN, A e T P 3 AT KR AL 2

.

mx

LabSpect

No.l J&Bsh#x:

Analysis Display Methods
Browser  Acquisition  Info
w Correction

'w Smoothing & Filtering

v Math

"A 'Baseline correction

Type @ Line Poly
Degree (3
Max points. ()

Noise points it ()

@ Attach to curve
@ Correct noise

S s |
8F@

No.2 IHKSHBE

Browser  Acquisition  Info  Processing
Analysis  Display Methods Maintenance

T | A
A Peaks

Ampl(%) i () Find

size(oix) [ ® Fit

Shape GaussLor() v Gy
EGREL I 65.6023
GELEBGIN 131.335

L

No.3 Frighr 2B E
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Analysis  Display Methods Maintenance
Browser  Acquisition Info Pro:

' Correction

w Smoothing & Filtering
¥ ath

' Baseline correction
w Data calibration

A Datarange

Size

w Create spectral profile

w Scripts

Find

) Fit
GanzsLor () v c
or (
{

) rmentlt

AGauzsLor ()
A Options

A Options
Tteratio

-23. 6514 0.92492

-28. 791 0.517438
—-22.3228 0.504875
—-24.3795 0. 713169

Show options:
P a
Yalue @

6 digits 15 d

No.7 &HHEIEF R
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No.8 1ff%

Kl 3 Raman Sl A BIIEAAFE: No.l 3l No2 HIHRSHKE: No3 bRl 28 E: No.4 A
EHRE; No.5s WEMEEI:; No.6 MASHBE; No7 AEIEEE: No8 R
Fig.3 Raman data processing by LabSpec 6

3.4.2 MBHY FTIR K 51 B A 2R

WL AL FTIR #0061 — O T i, #E Raman I ELE T 52, 31X
HPL IRTracer-100 31, /28 FARBD R} ARy AR AL SR T8, i 4 Fros.
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Fig.11 (a) Evolution of the IR spectra of the OCH2 wagging mode with salt concentration; (b) Concentration
dependence of the Raman intensities of free and associated PC molecules based on the fitting results in Table 1; (c)
Evolution of the Raman spectra of the SN stretch mode with salt concentration; (d) Raman spectra of SO2
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Fig.16 (a) ATR-FTIR spectra obtained in the in situ cell in 1 M LiClOg4 in PC after 1, 5, and 10 cycles; the

spectrum of the electrolyte is drawn at the bottom; (b) ATR-FTIR spectra obtained in the in situ cell in 1 M LiPF¢
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Fig.19 In situ Raman spectra series of the first discharge-charge process (a) and detailed view of the in situ Raman
spectra collected during the first discharge; (b) of a LixV20s thin film electrode. 0<x<0.94. (*) LiCl10s/ACN
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Fig.20 (a) 3D images showing depletion of ions near the Li surface at a current density of 4.2 mA cm2; (b)
Average Li+ concentration 5 um away from the Li surface in (a); (c) Voltage profile of a Li/Li symmetric cell at
1.3 mA cm 2; (d) Li growth rate and standard deviation vs. time; (e) Average [Li'] vs. time at 5 um, 10 um and
50 um away from the electrode surface; (f) Representative 2D SRS images at 11 min, 21 min and 31 min; (g) 1D
[Li*] profile along the x-direction of the SRS 2D images in (f) (black lines); (h) Extrapolated [Li*] on the Li

surface ([Li*] O um) along the electrode contour versus the location (y-direction)*¢]
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Fig.21 22 Proposed Surface Reaction Mechanism of Li[NixLi-2x3Mn@-x3]O02 for Oxygen Activating Members
during Charging and Discharging (top) and Charging/Discharging Curve Showing the Different Process

(bottom)39601
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Fig.23 24 The 3D diagrams of the gaseous volatiles during pyrolysis process of (a) pure EP, (b) graphene / EP, (c)

SnO2-graphene / EP and (d) Co3O4-graphene / EP composites(¢26]
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Fig.24 25 Typical (a) GC and (b) MS spectra of gas species generated on LiCoO2 soaked in EC/DMC; IR spectra
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Fig.25 26 Example of Raman spectra of (a) Lii.2Nio.2Mno.cO2 and (b) LiNio.sMno.sO2 during mapping after the 1st
cycle discharged to 2.5 V; Raman mapping of (c) Lii12Nio.2Mno.602 and (d) LiNio.sMno 5Oz after discharge to 2.0 V
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Charged Discharged

M LiCoO, (discharged or charged with low SOC);
M LiCoO, (charged with high SOC);
M Electrolyte (420 cm); I Co;0, (675 cm™)

Bl 27 AT R ERLAR BT 1) () 7 BT (B) BB K LiCoOn HIAR S 12 A Fr s (a) B (b) R 2 1y
AR 2 S 1] 9l 75 R (e) A () 16
Fig. 27 Optical micrographs of the (a) charged and (b) discharged LiCoO: electrode layers using conventional
solid electrolyte; Raman mapping images for the micrographs of (a) and (b) are shown as (c¢) and (d),

respectivelyl®!
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Fig.2628 ATR-FTIR spectra of lithium polysulfides in (a) DMSO, and (b) TEGDME [6460]
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Table S Result obtained by Raman/infrared spectroscopy
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Table 6 Wavenumbers of Raman-active modes of some important cathode and anode materials of the

lithium-ion battery

Materials Assignments of main Raman bands(cm™)
LiCo0,[%%¢71 595 (Aig), 485 (Ey)
LiMn, 0466681 625 (A1g)s 580 (Fag), 483 (Fag)s 426 (Eg), 382 (Fap)
LiFePO4[67%] 1071, 999, 953, 292, 226

LiNio.sMn; sO413] 636 (A1g)s 597 (Fag)s 496 (Fap)s 399 (Eg), 335 (Fag)

Li(Lio2Mng 56Nio.17C00.07)O,151 [6870]
Graphitel¢°7!]

Hard carbonl!7072]

595 (A1g), 421 (Ey)
1580 (E2g)s 1330 (A1g)

1590 (Eag), 1355 (A

Sil71731 520 (crystalline), 480 (amorphous)

TiO, (anatase) 737" 639 (Eg)» 518 (A1g,Bie)s 398 (Big)s 198 (Eg), 144 (E,)
V,0517476]
(Big ,B3g)

SnO,13771 774 (Bag)s 630 (Ag), 472 (Ey)

R 7 BB TR BT AR O R AL A KBRS 7677787

Table 7 Wavenumbers of FTIR-active modes of some important electrolytes functional group of the

lithium-ion battery!7¢-7778.7%]

Functional group Component Vibration (cm™) and Mode
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C=0 PC 1784 (v)

EC 1760 (v), 1790 (v), 1825 (v), 1860 (v)
DMC 1775, 1810
PC Ring PC 1148 (p), 1338 (w), 1354 (v), 1362 (v solvated)
EC Ring EC 1156 (v)
C-0-C PC 1209 (Vas)» 1176 (vqs solvated), 1134 (vas)s 1119 (vas solvated)
DMC 1322 (v solvated), 1277 (Vas)
C-O Skeleton EC 1195
OCH_ PC 1408 (o solvated), 1389 (®)
CHs PC 1450 (8)
DMC 1458 (was)s 1436 (s)
EC 1480 (7)
CH: PC 1558 (8)
2 F XM
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