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An Anion-Tuned Solid Electrolyte Interphase with Fast lon
Transfer Kinetics for Stable Lithium Anodes

Zhenxing Wang, Fulai Qi, Lichang Yin, Ying Shi, Chengguo Sun, Baigang An,

Hui-Ming Cheng, and Feng Li*

The spatial distribution and transport characteristics of lithium ions (Lit) in
the electrochemical interface region of a lithium anode in a lithium ion battery
directly determine Li* deposition behavior. The regulation of the Li* solvation
sheath on the solid electrolyte interphase (SEI) by electrolyte chemistry is key
but challenging. Here, 1 m lithium trifluoroacetate (LiTFA) is induced to the
electrolyte to regulate the Li* solvation sheath, which significantly suppresses
Li dendrite formation and enables a high Coulombic efficiency of 98.8%

over 500 cycles. With its strong coordination between the carbonyl groups
(C=0) and Li*, TFA~ modulates the environment of the Li* solvation sheath

promising anode candiddtes for high-
energy rechargeable batterie<!!) Negetthe-
le<s,"theN ncontrolled dendrite formation
and poor regersible Li plating/%ripping
ef cigncw long hinder it prattical applica-
*tion. N ndamentally, "the realtize na\ re
of Li meé+al can \por\ltanéa Jwtrigger <ide
reattion ¥ th*the elettrolite and form a
passigation lawer (called <olid elettrolite
interphase, SEI).l The chemical hétero-
genelty and mechanical inttabilitw of SEI
are generally considered a<the reasongfor

and facilitates fast desolvation kinetics. In addition, due to relatively smaller
lowest unoccupied molecular orbital energy than solvents, TFA™ has a prefer-
ential reduction to produce a stable SEI with uniform distribution of LiF and
Li,O. Such stable SEI effectively reduces the energy barrier for Li* diffusion,
contributing to low nucleation overpotential, fast ion transfer kinetics, and
uniform Li* deposition with high cycling stability. This work provides an alter-
native insight into the design of interface chemistry in terms of regulating
anions in the Li* solvation sheath. It is anticipated that this anion-tuned
strategy will pave the way to construct stable SEls for other battery systems.

Metallic  1EN m (Li), v¥&%h a high <pecF ¢ capaciw
(3860 mAh g!) and*the 67 et redo pétential (—3.04 V g%
tandard h\rdrogen elettrode), hasbeen considered athe mott
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dendrite s formation P! Therefore, mani
lating*the elettrolite chemi‘:ry i con<id-
ered asthe mo% effettize meéthod, for 1t
can direttly impatt*the propetties of SEI
and alter Li* depo<ition behagior.l*
In *the elettrolite, Lit i <plgated bi
lgents and anion<+o form*the Lit wlga-
*ion sheath.Pl The Li* wlgation sheath can
diﬁ ¢ freelw in \B Ik elettrQlite,¥¥ hich
Jhasa highei’ probability of -y ¢hing Li
rface. Once™d ching Li metal X rface,
*the <olgent moled les and anions from
*the <plgation <heatlw¥ ill be rea ced bv elettronsand compo-e
*the main componentts of SE[*thereby moQ 1ating Li*¢ran<pot
and depo<ition behagior<[®l W erothe diger<e reattigity and
propottion in*the Li* lgation <heath,*the contril*tion+ from
olgentts and aniony'to*the interface chemittry are dittinttl
different.l”) For*the dNe elettrolpees (etversand éthery), more
wlgent moled less dominated*the Li* <plgation shedth ‘3‘ eMo
high ratio of “plyentt/anions(e.g., 11.6:1in 1 v 1M m he a¥ o-
ropho<phate (LiPF())-éthvlene carbonate (EC)/diéthwl carbonate
(DEC)). The red ttion pecies in*the SEI depend on*the reac-
*igitw and propottion of*the components (<olgertts and anions)
in*the Li* +lgation sheath.®) With a high propottion of <plgent
moleN les in*the <plgation <heath,*the asobtained SEIYYas
principally compo<ed of <plgent-deriged organic species (ROLI,
RCOOLi, and ROCO,Li), accompanied¥ ith fé7 inorganic spe-
.cies (LiF, Li,S, and Li,O) mainlwy originating from anion <[
g‘ ch olgent-deriged SE¥T fth highlw re«ittige nﬁ‘i re can bring
ab% 3 ggih™trag ypotx and\ negen charge disgril *tjon of Li*,
rey fing in notorid < degdrite gré™<hv¥ith I’ lombic
ef ¢iencw (CE, 80%).'% nd cing F atom<*™o “the moleX lar
S O re of wlyent cani‘ ne*the reattigitw of*the Li* <plgation
sheath.'!l For intsance . ootthelene qarbonate (FEC) hasa
relatigelw wmaller 167 etf noc\ pied mol‘éﬁ lar orbftal (LUMO)
*than Ee'V" hich can be prefereﬁtiall\' red ced*o form a SEI
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v¥ih high propottion of LiF. The SEI can enhance*the initerfa-
cial™ranpott of Li* and enable higher CE (90%).1'4 Employing
M1\ orométhel X netional gf& ps ( CF3)*to*the <olgentt mole-
lescan ad‘ "tthe LUMO energy of a SEI lager for tabili Tng
~he Li metal anodes'] He7 eger,*the CE petrformance i< &ill
de¢ cientt for prattical applicdtions of Li metal anodes In addi-
*tion, highle concentrated elettrolites hage alv been demon-
Srated™to mo;a [a%e Lit <plgation ~fleath for fable Li anode™ ith
high CE.>! W erorhe decreased plyent/alt ratio (almott 1:1
in highly concentrated elgttrolitey), more anion<™take ip*the
Li* <plgation sheath and proa ce a SEI lawe¥™ th a great amd Nt
of inorganic componerjts, re¥ king in\ niform Li**ranspott
vIith faty kinéticy Of é& rve, hi hlv concentrated elettrolite
v7ill raise*the cot and bring abd*t high elettrolite gico<dtw,
v¥ hich make< T hard for*the prattical applicition of Li metal
anodex!" Recently,*the repotts hage emphasi 8d*the ipnpor-
“tance of red lating’the anions for $takle Li metal anodes, ¥ ch
a{a ning'the Li* <lgation shedth b ind cing NO;™ anionsand
mod lating*the inner Helmholt #planer™ fth*the introd &ton of
NO;~/F~ anionsl' Therefore, degeloping ne¥ “gpes.of anions
is highly desirable for cont\ §ting ideal SEI*to mod late Li*
depo<ition. A desired Li @it Y 1d hage a good diswcidtion
in aprétic wlgentsand proa ce table SEI*to protett Li meétal.
Introd ttion of eledtrore™ fthdra™ ing gfa ps'to anions espe-
ciglly elettronegatige F dtoms, can promote eawy diypcidtion
becd e offT eak coordination abilits b&¥ een anionyand cat-
ions[1®l Addftionallw, the elettronegatize F atom can ad) %*the
frontjer moleX lar orbitals for bené*ting*the ttability of SEL.M
To red late*the engironmentt of Li* <plgition <hedth, anions
v ih carbonvl gfa p (C=0) or carbo )'l gr% p (COO") are better
choice for'their $rong coordinatiory¥ ith Lit.l'7)

Here, an elettrolite based on 1 M 15N m‘trf!_oroacétate
(LiTFA) in 1, 2-dimétho wethane (DME)/FEC enables a high
CE of 98.8% oger 500 cwcles With %rong coordination bé¥ een
carbongl grd p (C=0) and Li*, TFA™ can mod late*the engi-
ronment of Li* <lgation shedth and facilitadte fatt de-plgation
kinetics 1Y ring SEI formation, TFA™ hasa preferential red c-
“tion*than lgents for T ¥ er LUMO energy, contril ~ing
*o an al ndance of LiF and Li,O. 3 ch %able SEI renders
LM N dleation ogerpdtential and fat ion'tran<fer kinétics b
red cing'the energy barrierv¥ hen Li* dif¥ s hrd gh SEI.
Therefore, X niformy. Li* depo-dtiogy™ ith <pherical morpholo-
gie< i achieged. cy pledv¥ ith 1\ m iron pho<phate (LFP)

.and aggressge LiNij¢Cop,Mng,0, (NCM622) cathodes *the
N 11 cell 7 h limfted Li ashe anode enabled longer cvcling
ttabilitwthan’the conttrol amples ‘

Based on frontier moleN lar orbital*theory, the components
of SEI highly depend on*the LUMO of*the r-&‘te or “plgentt in
*the elettrolite. [n-pired for*this"the moled lar orbital energwy
of LITFAY7 4 cald lated by den<itw Y netional*theo (DFT)‘t(“)
e plore Tt<"*thermodgnamic pdtetttial of forming a ne¥ inter-
face. Figure ] <he7 the energy legels of LUMO and highet
ocd pjed moleX lar orbital (HOMO) of'the Nesand solgentts
The red ttion potential decrea<ed in“the foll6¥ ing order: LITFA
> LiPF¢ > FEC > EC > QEC > DME, indicating*that LiTFA hasa
higher*tendegcwto be red ced ring SEI formation. Here, 1 m
LiTFAY7 a5 in® ced*o DME/FEC"to eua‘ ate Tts performance.
DMPFT aschosen atthe “plgent for 167 reattion attigitw™ fth
Li (LUMO: 2.30 eV). To enhance*the o idation abil‘itv of DME
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Figure 1. Molecular orbital energies of solutes and solvents. The data for
the solvents (e.g., EC, DEC, DME, and FEC) are taken from two previous
reports.['!

(o idation pétential les$than 4.0 V g Li*/Li) for'the appljcation
in high-goftage cathodes>'® FEC (HOMO: -8.97 eVy~¥ aN ed
a<the corpordte <plyent.
To ingettigate Li* plating/%ripping behagior, *the CE in
~he different elettrolite¥™ as ega) ated b Li||a‘ cell{ In 1 m
LiPF,-EC/DEC, he inftial CEr¥ as only 85% and X bwed el
67 ed a fats decay at 0.5 mA cm™ (Figure 2a). In*this elec-
*trolite, more, <olgent moleN les dominated*the Lit <plgation
<hedth and reX ted in a SEI principally composed of <olgent-
Jderiged organic species (ROCO,Li), a¥7ell as litle LiF pro-
‘A ced b decompo-itions of PF [ L S solgent-deriged SEI
v axde€ cientto cont\ & a table SEI for protetting Li anode,
*thereby leading™o poor Li plating/%ripping ef ciency. With a
167 er LUMO energg*than EC (0.84 eV), FEC (-0.64 eV) has
a higher pétential o preferentially decompo<e and red late
~he SEF7ith more LiF.2% DME has a 17 er reattigitw™ ith Li
metal for i< higher LUMO energy (2.30 eV)*than carbondtes
JAfer replacing EC/DEC*o DME/FEC,"%o spme e*tentt,"the CE
& raived o 90%. Egen replacing LiPFs*p Y F mide-based Li
af (bi-:(tri!_oromethane){ Ifonimide 11RY m, LiTFSI), *the
CE and cwcling $tabilitgy¥ ere %ill nét improged*to a <ignf -
cant e‘tegt (?1% re S1,'Y ppotting Information). With 167 er
energg of LUMO (-2.26 eV), LiTFA¥T as introd ced*o DME/
EEC for re lating *the reattigity of Li* wlgatiqn <heath. A<
ng re S2, 3 ppofting Information <he¥ < akhd ghv¥ith a
moderate ionic cond &tighw (5.4 mS cm™!), 1 m LiTFA-DME/
FEC achieged a <ignf cant higher CE of 95.5% for*the inftial
cvcle and grad ally r‘ampea p'to =98.8% after 130 cwcles Afer
increasing’¥o higher & rrent den-ty and higher areal capac‘itv
(F1Q re S3,§ ppotting Informations,‘the agerage CE in LiTFA-
DME/FEC %ill e hibited higher Li plating/%ripping CE*than
LiPF¢-EC/DEC and LiPFs-DME/FEC elettrolites To elimindte
*the effett of DME and FEC on"the CE performancey? e added
*the CE*tetting &% 0.5 mA cm™¥¥ ®h{_ ed 1 mAh cm™ in éther
different elettrolites A« <he¥ n in ng re $4, § ppotting Infor-
mation,*the elettrolite of 1 M LiITFA-DME enable< higher CE
“han éther elettrolites, indicating*that LiTFA plags a critical
role on improging*the c\'cling txabilitw of Li meétal anode. The
interattions among, Li*, anionsy and <olgent mole lew? ere
ingettigated bw ateN Ated otal re, e{tion rier “ran<form
infrared (ATR-FTIR)¥¥ith 1 cm™ re <o) *on. The <pettra of
LiTFA-DME/FEC elettrolitev™ a< depitted in ng re 2b, *the
emerging charatterittic bands 4t 720 and 1065 cm™ can be
asdgned av'the aggregates of Lit lgation sheath.?!l Nétablw,
*the C=0 a?mmetric Srétching frea ency of LiTFA e hibfted
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Figure 2. Electrochemical performance in different electrolytes. a) Li plating/stripping efficiency on a Cu working electrode in different electrolytes at
a current density of 0.5 mA cm2 with a fixed capacity of 1.0 mAh cm=2. b) ATR-FTIR spectra of LiTFA, DME, FEC, and 1 m LiTFA-DME/FEC. c) ATR-
FTIR spectra of LiPFg, DME, FEC, and 1 m LiPFs-DME/FEC. d) Tafel plots for Li plating/stripping in different electrolytes. The Tafel plot was obtained
by plotting the overpotential of galvanostatic Li plating/stripping to the natural log of the current density. e) and f) The activation energies of R;,; and

R derived from Nyquist plots.

*;‘.rong‘TJ‘ e <hift (19 cm™)¥7 hich indicted $rong interattion
b&T een Li* and carbonwl o wgen grd p in*the Li* lgation
<she&th.'721 In contra%, for LiPFs-EC/DEC and LiPF-DME/
FEC,*the*wpical charatterittic PF~ peak &t 562 cm™ (P-F-P)
v7asalmott*the wme avthe\ ndivolged al, indicding min-
imal anion < patticipating inthe Li* olgation <heath (Fia re S5,
ppotting Information and Ffa re 2¢).22l Therefore,*the high
CE and long cwcling ‘tabiljtw gerify*that TFA *akes in*the Li*
wlgation *ilea*i and '\ b-éa ently re@ late"the propetties of
SEIo minimi & <ide reattionsat {i/elebtrol e intterface.

In orderto\ nderttand*the process"the elettrode kineticsin
different elettrolite ¥7 ere ingettigated. A< <67 n in Fia re S6a,
"3 ppotting Information,*the ogerpédteritial of inftial Li* plating/

Yripping in LiPF-EC/DEGT as38 mV, B¢ increased™o 58 mV
(50th) and 115 mV (100th). The large ogerpdtenitialv¥ a aried
from'the highly re<i%ige SEI prod ced by <egere side reattionat
Li/elet*.rol\tte interfacey™ hich increasgd™the ion"tran-pot re<it-
ance.?l The polari &¢iory™ a< Jightl red ced in LiPF¢-DME/FEC
(1% 34 mV, 50th: 47mV, apd 100¢h’ 95 mV) & o 167 reattiyit
ba¥ cen Li and DME (Fi§ re S6b, ¥ ppotjng Information).
While after replacing PF¢*to TFA™ (F1d\, re S6c, ppotting Infor-
.mation), the ogerpdtentia¥ ¥ agreat] red ced (150th: 88 mV). To
ther eua dxe'the elettrochemical cycling Stabilitw of Li meétal in
different elettrolite the Li||Li wmmetric cell¥7 ere ingettigated
(Fig re $7, % ppohting Information). & can be een*thatthe oger-
potenttial of Li||Li cellsin LiTFA-DME/FEC elebtrolvte remainsa
167 er ogerpdtenitial & 2 mA cm™ for more*than 320 h, in con-
rat¥*to*the higher ogerpdteritial jn*the LiPFs-EC/DEC or LiPFg-
DME/FEC eledrolr.e. ThisreY 1Y ggetted that TFA~ proa ced
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a cond ttige SEI for 167 er“ranspotting regtance b, ring Li*
plating/%ripping. Li||Li Vm];nét};ic cell ¥ ere ¥ ther asembled
by galganottatic cwcling &t gar1d <Q_ rrettt den<itie<to e plore ion
Hransfer kinetics;t‘the interface (Fig re 2d). The fat e change
rrettt dendty in LITFA-DME/FEQT asalmo'¥T o*timeslarger
*than*tht in LiPF¢-EC/DEC (2.24 mA cm™) and LiPF,DME/FEC
(2.82 mA cm™), indicAting fa% ion*tran<fer kinetics 8 ring Li*
depoition.”¥] The Li* depo<ition proge-xéa 1d be digided into
T patts diﬂ son of plgated Lit inp 1k elebtrg?l’r.e, Lit devl-
gation &t SEI/elettrolite interface, Li* diﬁ son"thrd gh SEI, and
Li* plating oger Li\ Hace (Li* + e = Li).'>?4 The Li* deplgation
& SEI/elettrolite intterface and Li* di <on*thry gh SEI lawer
are¥T o rate-determining ep+y here large energy barrier need<
o be ogercome. ) . ‘
To meé‘ re*the attigation energ L. ring Li* depo<ition,*the
“temperad\ re-dependent elettrochemical impedance <pettros
copw (EIS)YT as carried %< The asobained EIS pré les and
*thef*ted ea igalent cir% t from 263"t0 288 K7 ere sh6¥ n in
Fig re S8 and TablesS1 S3,‘g ppotting Information. Based on
“the Arther) e ation:

k:L :Ae P(— Ea )
Rres’ RT

v here k represents*the rate contant, T is“the ab;‘b‘ e
“emperd\ re, R.. is"the ion“tran<fer resittance, A is"the pre-
e ponential conttarkk, E, isthe attigdtion energy, and R ithe
trandard gascontant. The attigation energy (E,) isobtained b

f*uing*the <epardted semicircles (R, Ry) in Li||Li -vmmetri'c

(1)
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e f). Rip, representsthe resittance of Li* across  engironment of Li* <lgdtion <hgfth and facilitate fat fn
*the SEI At me8 m freQ encies Ry repreentsthe resiffance “tran-fer kinetics
of Li* deplgatioNyat SEI/eledrol‘#te interface &t 16¥ er fréa en
cies (alvo dendtedqa s charge*ransfer).®>2% The rate conttant
k is determined bw\§ and*thef*ted R; or Ry (Tables S1 S3,

ppotting Informat). In accordancer™ ith*thef**ed R;y, and
Ry the corresponding 3 15':1*1on energy E,; and E,, are obtained
bw'the ArrheniO e A%id repre nitdthe attigation energ
of Li'v¥ hen™tran<potting r% gh SEI¥y%a< red ced by more
*than 40% in LITFA-DME/FX (59.66 k] mol™!), comparedr™ 1th
a larger energw barrier in LiN§s-EC/DEC (97.91 k] mol™) and
LiPF,-DME/FEC (89.76 k] m%!) (Fi8 re 2¢). The decreased
energy barrier proge<that TFA™\ the Li* <olgation <headth has
a <ignf cant effett on*the Li*+ran\gott kinetics of SEI. E,, rep-
re<ent¢the energy barrier of Li* deQlwdtion from Li* <olgation
shedth. Comparedv™ ith Li* de<olgdgpn energy in LiPF¢-EC/
DEC (69.14 k] mol™!) and LiPF;-DMRFEC (64.92 k] mol™),
LiTFA-DME/FEC (60.02 k] mol™) <he™@d a ~iighﬂv decrease
(F1Q re 2f). Generally, for aprétic pola¥y+olgertt containing
o wgen Atom< “the coc’)rdipﬁ*.ion b&T een LR\and <olgent igfr
‘onger*than s aniqn cd ntterpatt, giging Qe to highd¥ Li*
zation energw.’] 'Y ppose At 263 K,*heXQ. angfR;,. for
MF/FEC are

843 (4 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. XPS characterization of the SEI components on cycled Li anodes in different electrolytes after 100 cycles. a), d), g), and j) are Cls, Ols, F1s

spectra and atomic concentrations in the SEI of LiPF¢-EC/DEG; b),

e), h), and k) are Cl1s, Ols, F1s spectra and atomic concentrations in the SEI of

LiPF¢-DME/FEC; ¢), f), i), and I) are C1s, OTs, F1s spectra and atomic concentrations in the SEI of LITFA-DME/FEC.

The chemical compo-itions of SEI on Li métalv? ege‘i tther
e plored by X-raw phodtoelettron xpet‘.m\x:op! (XPS)y+of A re A*
*the\ nderlying mechaniym of diger<g ion*tran<pott kinéticsin
different e{eb‘rol te<; (Figure 4 and F{a res S9 S11, Y ppotting
Information). The signalsof C 1< ypetira for'thethree SEIF Im<
pre<ented milar peakscorreponding'to Li,CO3;/ROCO,Li, C-O/
RQCO,Li,and C C/C H cetitered 4¢289.5, 286.5, and 284.6 eVI?¥l
(Fig re 4a c). The O 1% ypetira (F{g re 4d f)v7 eref*ed itto
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Li,CO;/ROCO,Li (533.7 €V) and C=0/ROCO,Li (532.0 eV),?
¢orresponding *to*the decompo-<ition of <lgent moled les As
*tering*time increa<ed, organic ROCO,Li A7 ags dominated
*the SEI of LiPFs-EC/DEC and LiPF-DME/FEC based on peak
areas, a¥¥ell as ymall amd 0t of inorganic Lj,0 <ince 60 S
re, etting an\ negen organic-dominated la er (Fié re $10, Y
potting Information). Interetingly, in SEI of LiTFA- DME/FEC
table Li,Ov7¥ asy detetted from *top*to bétom,¥7¥ hich can be

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematics of the Li* deposition process in different electrolytes. a) LiPFg-EC/DEC, b) LiPFg-DME/FEC, and c) LiTFA-DME/FEC. The afiilire-
gates in the light-blue dotted ovals represent the Li* solvation sheath in the bulk electrolyte. The two bold dark-green waves correspond to the a@illa

tion energies consumed on breakup of the Li* solvation sheath at the SEl/electrolyte interface (E,;) and the diffusion of Li* through the SEI film

axcribed a<the decompo-<ition of TFA™. In addition, LiF (ari<ing
from LiPFg, FEC, or LITFApT as détetted At ~684.6 eVEY in all
SEIF Im< (Fi re 4g i). We alw compared*the &tomic corterits
of elemental compo<ition in different interfaces (F1Q re 4j 1).
Before Ar* é‘ttering,’the SEI of LiTFA-DME/FEC <h¥7ed a
B~ er dtomic cotttertt of C (30%) and O (17%), in conttrati™*o the
of LiPFs-EC/DEC (C: 41%, O: 27%) and LiPF-DME/FEC
N8%, 0: 25%), implied a le ssorganic cotitertt ortthe 3 *ter layer.
P <P "teringtime increased, the contentsof C (organic <pe-
all SEIF Im< <hw¥ ed a rapid declineg™ fthin*thef r& 60
ot kept ttable. Thi¥7 as consttedr™ ith’the repott
*that mo'Qprganic speciess (ROCO,Li) cogered on’the Yter lager
ROCO,L¥7 ere shifted"to inorganic proﬁ &y (Li,CO4
he inner lager.>! In*the SEI of LiTFA-DME/FEC,
inorganic Li,Q dominated "the inner SEI rather*than organic
ROCO,Li sinceNiching for 120 *;(Fia re 510,‘ ppotting Infor-
mation). Nétablwghe Atomic conttentt of F (mainlw LiF) in SEI of
R < dramatically increa<ed from 16%"to 25%
since etching for 68«¥T hich kept almott*three™imes< higher
*than*that in LiPFs-EQRDEC (9%) and®¥ o*time< higher*than in
LiPF-DME/FEC (14% e bond %rengths of TFA™ and PFg¢~
v7ere X Kheyp cald 1ated"qcorf rm*he difference. As $167 1 in
Fig re $12, § ppotting IrNgrmation,"the bond %rength of C F
in TFA™ anions (203.29 k] NI ')¥ a< remarkablw™ eaker*than
*hat of P F in PFy anions Y46.96 k] mol’l),“ ggetting"the
. bond-breaking péteritial of pro®ing a LiF-rich lager on Li métal
rface, Therefore, TFA™ decompiged a<the dominant rea ion
and proQ ced a rod % SEF¥ih a ndance of LiF and Li,0,
Y7 hiclr™ asrespon-ible for 67 eripg™@e energw barrier of Li* dif-
<ion and contril “ing'to fatt and orm Li* depo<ition.
Based on'the repotts *the compon@ts of LiF and Li,CO;
maw alw be deriged from*the decomM<ition<s of FEC. The
degradation mechaniym isas folle¥ 32

(2)

@ XPS and
cond tted.
FECr¥ as
Informan). For
i,CO,

FC+Li"+e” — polv (VC)+ LiF + Li,CO;
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détetted At _533.0 eV maw arisg_elther from LiTFA or
wlgent. To X tther e plore*the D rce of Li,CO;, Q.1 M
v¥as divplged in CH,Cl, -olgent (Fi re Sl4,
Information). Obgid <y, no peak¥¥asx td nd it
(corresponding*to LiZC(53[33]). Therefore,"the poss
*tion processof LiTFA isasfoll8¥ ing:

POJ]
0 d
F degr]

C,EO,Li + nLi* + ne” — LiF + Li,O + C,F,0Li,_

The red tton potenttial of LiTFAYY a< Whther e plored
cxclic goltammetrw (CV) in 1 M LITFA-DMEN <ing copper |
elettrode &t a wannjng rate of 0.1 mV . A ditinet re

ondt potentia¥¥ a1 nd a¢ ab3~ 1.1 (s 1i*/Li) (Fif re 35,
Y ppotting Information). And no <jfffilar red ttion peak @n
be ob<erged in*the DME <plgenty¥ A"« LiTFA. Therefore,Jghe
cathodi;% rrent atting from 1.V (§sLj*/Li) can be axigied

*to'the red tton pdtenttial of LifA. The re
TFA~, PFy, or FEC in*the Jf" -olgition shedth can beccihe
pottion of SEI and affett ropetties (ion"tran<fer kineql<
i rface energw, &c.). In"gfe B 1k elettrolite of LiPF,-EC/DEC
(Figure 5a),"the Li* olgfftion <hedth¥¥ as'composed of a gt
amd 1t of EC, DEC yfp é! les;, and little PF¢ . Once’the elet{lio-
chemical reattion g r<*the EC, DEC moleN les, and PF in
*the Lit lgation #leatlv™ ill be red ced bw ele&tron< and cdiih-
po<e"the maindfomponents of SEI. The SEIVT asx princip@w
compoed offimore organic ¢omponents (ROCO,Li) derid d
from EC oiDEC -plgentts dif:rfﬁ ~ed in“the A*ter lawer, accd
panied |7 inorganic prod ¢ty (Li,O and LiF) in*the ingie
la\'er. Piore depo-dtion, Li* had*o ogercome large energ
riegf breald p'the Li* wlgation <hedth. When Li*tran<pot
*J@3 ch SEI, "the highly re<ittige orgagic ROCO,Li ypedl
th large energy Dbarrier blocked Li* dif¥ son and ir;% d
negen charge diSr1 “ion, Y b‘fﬁ ently leading'to dendriig
gré™<h. Afer replacing EC/DEC*o DME/FEC (ng re 3b),"the
energy barrier of Li* de<plgation had Jightly decreased Q e*to
v¥ eaker wlyation of FEC compared™ tth EC.* The Li* di¥ son
barrier acros¢the SEI al+ be red ced. Thiscan be ascribed™o
*the increased cotitent of LiF from FEC in addition*to PF;~ in
the SEIy¥ hich enhanced*thetran<pott kinetics of Li* and pro-
ced lessdendritic morphologw. In contrat, for LITFA-DME/
FEC eledrol\r‘.e (F{g re 5¢), TFA™ rég lated the engironment of

tion <pecies

S S T QT R
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Figure 6. Electrochemical performances of Li metal anodes using LFP and NCM622 as cathode materials. a) Cycling stability of LFPJ|Li cells in different
electrolytes when cycled at 0.5 C. b) Cycling stability of NCM622]|Li cells in different electrolytes when cycled at 1 C.

Lit -wlgation sheath and facili¥dted fatt de-plgation kinétics
Add'itionallv" ith 167 er energw of LUMO"han olgents TFA™ in
*the Li* *Q}iation sheatly™ aspreferenitially I;ea cedto form a SEI
v¥ith an al¥ ndance of LiF and Li,O from d*ter*to inner lawer.
Hencey™ hen Li*tran<potted'thrd gh SEI the componeﬂtﬁ({iF
and Li,0) plaqézd‘a sdgnf cant role. LiF can pregentthe elettrons

..e change, prod ce\ niform dif¥ sonf eld gradients, and afford

Al

niform Li* ,‘ 1 Li,Or¥ as demontsrated*to be ben¢ cial for
ttabili Tagthe SEIF 1m.[°] A*;a‘ré‘ y¥ ith an a ndance of LiF
and Li,O, more jon channels r‘é‘ *ed in ymaller energy barrier
for, Li**to gét"thyd gh. Fatt and\ niform spatial diﬁrg *+ion of
Li*:‘,. f mnall g&‘ niform depogtion morphologw. .

The o idation ttabiljtw of saria < elettrolite ¥ ¥ as eua Ated
wia CV, A< <he¥ n in Fi3 re S16, k) ppotting Information,*the
anodi¢ N rrent in LiTFA-DME/FEC remained table\ 1l 4.2 V,

v7 hich Q aranteed 1t can be\ <edr¥ith LFP. LFP¥7 ith an areal
capactw of =1.5 mAh cm™ and Li (=2%imese cesyr™ ere con-
&N tted avthe cell. LFP||Li cells in*the*three different elettro-
Iitesall e hibited a , At plated at 3.4 V gsLit/Li, deligerigg an
inftial diwcharge capacty of ~142 mAh gt (Fi@ re S17, i p-
potting Information). A Figure 6a <h®¥ ed,*the LFP||Li cells
v¥ith LiTFA-DME/FEC elettrolite pre<ents*the bet cvchng
‘;ﬁabil‘it!, rétaining 85% of*the original regersikle capaciw after
100 cwcles¥7 ith an agerage CE of 99.5% (F{g re S18, X p-
potting Information), in comparisor?7 ith <50% capacity réten-
“on for LiPF-EC/DECYT hin 45 cpcles ThY gh DME/FEC
mitigdte s capacity fading,the LFP||Li cells ﬁtillﬁ ickly decawto
<50% of*the original capacttw after 75 cwcles The fa% capacty
decaw is awcribed*to*the 167 "Li plating/%ripping CE in LiPF¢-
EC/];EC and LiPFs-DME/FEC eledrol’te. In addition, *the
aggressige LiNjosCop,Mn,0, (NCM622) cathodev¥as alvw
ed™ortett*the Y 1l cells At 1 C (160 mA g),*the cell delig-
ered an intigl diwcharge capacity of =145 mAh g™! in*three
elettrol .e*;‘gfé re $19, % ppotting Information). A< <he¥ n in
Fia re 520, 3 ppotting Information, the cell N sing LiPF¢-EC/
DEC e hibited an agerage CE of 98.1% in*thef r% 23 cwcles
H¥T eger, beyond 23 cwcles ita ickly dropped*to <95%, accom-
panied b!- a fa% capacjw decav and*ermindted cwcling after
70 c'cle*;‘(Fig re 6D). ThY gh DME/FEC improged*the CE and
mitigdted capacttw fading, LiPFs-FEC/DME &ill e perienced
abN pt capac‘i*.\' drop after abd*t 40 cycles In comparivon,*the
cells in LiTFA-DME/FEC rétained a ttable CE of 98.6% oger
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130 cwcles before failing. The elettrochemical performancer™ as
mainly agribed*o high Li plating/%ripping ef ciencw.
Int ‘i~;§ dw, ttable Li meta¥™ ith high CE hasbeen achieged
by irrod cing TFA™o"the Li* <lgation <heath and réé lating
*the SEWT ith fa% ion"tran<pott kinéticsx With %rqng coordina-
*tiory™ Ith Li*, TFA™ cap r¢place patt of <plgent moleX leto form
*the wlgation <hedth SN A re, leading*+o 167 er energy barrier
for Li* deolgation. Additionally, A e*to 167 er energy of LUMO
“han olgenttsin Li* <plgation <heath, TFA™ ha<xa preferential
red tion'to prod ce a table SEI¥7ith an al ndance of LiF
apd Lizo.g ch SEI effettigel rea ce<the energy barrier for Li*
dif¥ sion, contril “ing*to 16¥ er 1M cledtion ogeypotertial and
fatter ion*tran-fer kinétics Asa re} s homogenég sLi*trans
pott acros¢the interface accd it for a\ niform Li* depo<ition
and high c\gcling *;abilitv. Thi¥7 ork noét only progides fre<h
insight on red\ 1ating the reattigitw of anionsin'the Li* tolgation
sheath™to maniﬁ Jate the interface chemittry and alter Li* depo-
«Ition behagiors B** al<w page s ne€TvT ay on cont\ &ing table
SEI for high-energ)v-denﬁtv marerials

Experimental Section

Materials: CH,Cl, and LFP materials were purchased from MACKLIN
and used as received. EC, DEC, DME, FEC, LiTFA, LiTFSI, and LiPFg
were purchased from Sigma-Aldrich.

Electrochemical Measurements: The Li||Cu cells were assembled
or disassembled in an Ar-filled glove box with oxygen and water
contents below 0.1 ppm. Coin cells of 2025 type were used as the
Li||Cu, Li||lLi symmetric, LFP||Li, and NCM]|Li cells. For the Li||Cu cells,
Li metal was used as the counter and reference electrodes while a Cu
substrate was used as the working electrode. The cells were cycled
in the voltage range —0.5 to 1.0 V (vs Li*/Li) at current densities
of 0.5 mA cm™2 with a fixed capacity of 1.0 mAh cm™ by a LAND
galvanostatic device. The CE is defined as charging capacity over
discharging capacity. For LFP||Li and NCM]|Li cells, Li pre-deposited on
the Cu substrate at =3.0 mAh cm™2 was used as the anode. The LFP
(=1.5 mAh cm™2) and NCM (=1.1 mAh cm™2) electrodes were prepared
by casting a slurry mixture containing 85 wt% active material, 10 wt%
Super P, and 5 wt% polyvinylidene fluoride binder (PVDF) in N-methyl-
2-pyrrolidone onto a carbon-coated aluminum (Al) foil. Celgard 2500
polypropylene membranes were used as the separator for the Li||Cu,
LFP||Li, and NCMI|Li cells. Liquid electrolyte of 30 uL (1 m LiTFA-DME,
1 m LITFA-DME/FEC, 1 m LITFA-EC/DEC, 1 m LiPFe-DME/FEC, T ™
LiPF¢-DME/EC, or 1 m LiPF¢-EC/DEC) was used for the coin cells.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



The ratio of DME:FEC was set at 7:3 and 1:1 for EC:DEC by volume. CV
and EIS measurements (10 mV, 10°-10° Hz) were performed using a
VSP-300 multichannel workstation.

Characterization: The Li deposited on the Cu substrate was protected
by an Ar atmosphere in a homemade container to avoid contact
with air during the transfer process before characterization. The
morphologies of the samples were characterized by SEM (FEI Nova
Nano-SEM 430, 10 kV). XPS analysis was performed using an ESCALAB
250 instrument with Al Ko radiation (15 kV, 150 W) under a pressure
of 4 x 107 Pa. The ionic conductivity of the different electrolytes was
measured by a FE30 at room temperature. All samples were rinsed with
DME to remove residual electrolyte, then dried under vacuum. Surface-
enhanced Raman scattering was performed using a Jobin Yvon Lab RAM
HR800 with a 632.8 nm He—Ne laser. For the surface-enhanced Raman
spectroscopy sample, a commercial silver (Ag) foil was immersed in
a freshly prepared 12% HNO; solution for 5 s. A sponge-type surface
with a high degree of roughness was thus created to enhance the signal.
ATR-FTIR spectra were recorded on a Nicolet iS5 iD7 ATR spectrometer
equipped with a diamond KBr beam splitter. An empty ATR cell blanketed
with argon was used to collect the background spectrum.

Theoretical Calculations: The chemical structures, bond strengths, and
molecular orbital energy levels of the selected solutes and solvents were
calculated using the DFT method implemented in the Vienna ab initio
simulation package,’! based on the generalized gradient approximation
of Perdew—Burke—Ernzerhof with a plane wave energy cutoff of 400 eV.l
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