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ABSTRACT: Electrolyte additives such as vinylene carbonate (VC) have been demonstrated to improvesthers ...
capacity retention for many types of Li-ion battery electindesling intermetallic alloying anodas, it is
still unclear why VC extends the cycle lifetime of copper antimonjfgk)(&hwdes so dramatically. Here, we |,
have studied how VC affects the solid electrolyte interface formeg®in {Bin film anodes in fluorine-free W‘t’ v

tJ ole iR

|

electrolyte solutions in order to better understand which nonfluorinated species may play an importar
effective CiBb passivatiollsing differential capacity analysis and X-ray photoelectron spectsncesbapgé :

found thatV/C effectively passivates Sb and prevents Cu/GSb oxidation ahigh potentialsCarbonate 5 | |ressvaing se
species from the reduction ¥C seem to play an important role in passivatighile inorganic species like
LiClO, from the F-free supporting electrolyte do not seem to be beneficial.

Cu,Sb

07 12 17 22 27
Potential (V vs. Li/Li*)

.INTRODUCTION Much of the battery community’s understanding of the SEI

- - comes from studies of the SEI on graphite arfodesvever,
Many research efforts in the energy storage field have been it is crucialto study the SEI on next generation alloying and

focused on increasing the energy density of the anode materials : .
. . e ; conversion anode materials because while the SEI formed on
used in secondary battery technologiesch aslithium-ion

C 12 . : . : graphite is relatively stable, the large volume changes
batf[erleé. L'th'l.Jm aIonmg materialssuch as_smcon, tin, associated with cycling alloying anodesean that the SEI
antimony, and intermetallics have garneredinterest as

alternativeanode materialsto replace graphite,a lithium are exposed due to crackirigiAs suchthe requirements of
intercalation anodelue to their large theoreticgravimetric  he SE|s formed on these anode materials are diffetieant
and volumetric capacitiés.Howeverthese materials suffer  hose ofgraphité:?® In addition to passivating the electrode
from problems such as large irreversible capacities and shoyrface and allowing for good tonductiona stable SEI on
cycle lifetimes.One contributing factor is the large volume high capacity anodeswould also be robust enough to
changeassociated with lithiation and delithiation ofthese accommodate large volume changé$ Studiesof the SEI
materialswhich leads to crackinquulverizationand loss of formed on Sihave contributed to the understanding 8El
electrical contact of the anddeterfacial problems associated formation on alloying anodedut there is still much to be
with the solid electrolyte interface (SEI) also contribute to thdearned abouthe SEI on metallic and intermetallic alloying

issues associated with these anode mafetials. electrodematerial$®'*1>"7-24"2For Cu,Sb electrodesin

The SEI playsan importantrole in battery performance, particularthere has been some preliminary characterization of
affecting the anode irreversible capacitygcle lifetime,self- the SEI formed on Cu,Sb in order to better understand
dischargerate capability,and safety, makingit a crucial  changes in capacity retention and cycle ifé; but there is
componentin lithium-ion batteries®® It forms on Li-ion still much that is unknown due to the lack cdbmprehensive
battery anodes due to the instability tife liquid electrolyte ~ studies.
over the potential window where rechargeabléatteries Intermetallic electrodesch as SnSR|Sb,and CySb,are

operaté™® The heterogeneoussmorphousfilm, composed particularly attractive materialsfor SEI studies not only
of the decomposition products ofganic carbonate solvents
and the lithium supporting electrolygedifficult to character-  Received: May 6,2020

ize due to its heterogeneitgactivity to air and moistuamd Revised: October 152020
sensitivity to many variabfe¥ariables that can influence the Published: November 18020
SEI formation,composition,and propertiesinclude cycling

conditions?"'° electrolyte composition!'~'®> and anode

composition and fabricatidfi. 22
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becauseof the dearth of knowledgeof intermetallicSEI .EXPERIMENTAL SECTION
formation and composition buslso because these materials Materials. Citric acid monohydrate(Fisher Scientific,

have interesting chemistrigdat could enrich fundamental . ; ;

; : certified ACS), antimony(lll) oxide nanopowder(Sb,Os,
knowledge ofhe SEI.The variety ofmetaliic element®oth 554 Ald)rich 299.9)9/2/0)?and copper(ll) nitrat(e k?zerr?i-
gctlve and _mactlvetoward _I|th|um alloymg, tha_t make up pentahydrate (Cu(NG,2.5H0, Aldrich 299.99%+) were
mtermgtlalllc anqde matler!alls resul’gs in varying 'surface used as receiveBaturated potassium hydroxide was prepared
reactivitiesand differentlithiation/delithiation reactionand from pellets (KOH, Fisher Scientific, Certified ACS).

i 014,30-33 i ; ;
potential$: _ Add|t|c_)_nally,|nte_rmetall|q electrodes can _be Phosphoric acid (§PO,, 85% EMD ChemicalsACS grade)
prepared without additives or binders via electrodeposition an s used to make a 2:1 (volyPO,:H,0 solution Ultrapure

physicalapor deposition method§***This makes these  ater (18 MQ, Millipore) was used for all experiments.
anodes ideatandidates for fundamen@&E| studies because Dimethyl carbonate (DMC, anhydrous,>99%), diethyl
bindersand conductive additivesan affect SEI formation, carbonate (DECanhydrous’agg%) VC (9’9% with 80 ppm
complicating studies of SEI formation and composi- ptyiated hydroxytoiuenadded asstabilizer),and lithium
tion. ™= ="" Another advantageof electrodepositionin ,orchiorate (LICIQ battery graded9.999%) were purchased
particular as a fabrication method for intermetallic anodes is f-om Aldrich and kept in an Ar-filled glove box without further
that it enables both 2D and 3D anode morphologies, which 3grification. Ethylene carbonate (EC, anhydrous, Aldrich 99%)
a usefubynthetic contrdio have for interfaciatudies where a5 recrystallized from ethandried, and stored in an Ar-
an increased surface area may be déSiréd. filled glove bostithium metal was stored in an Ar-filled glove
One route to.sltab|l|ze the SEl is to use smaimounts of box and cleaned prior to use by manually scraping away any
electrolyte additives such as fluoroethylene carbonate (FEC)rface oxide layer present to reveal the metallic Li underneath.
and vinylene carbonate(VC).™" Surprisinglyeven though  Gjass fiber separators (Whatman GF/A) were dried in an oven

these additivesvere initially found to improve the SElon prior to being pumped into an Ar-filled glove box for storage
graphite anodes, they also result in dramatically improved cyglg se.

lifetimes for alloying anOdeé-s'?g,Ao’M There are many Anode Preparation. Copper antimonide(Cu,Sb) was
hypothesesbout why these additivesvork so well for all electrodeposited abom temperature following a previously

types of anode materials. The prevailing hypothesis is that thaytablished proceduteBriefly, Cu,Sb was electrodeposited
behave as a sacrifickzdmponenthat is reduced before the  onto copper substrates (110 Cu f6i)02” thick McMaster-
other electrolyte components to help passivate the electrodecarr) from a solution containing 400 mM citric  acid
surfaceand prevent excessiv&E| formatiori,”*' although  monohydrate,25 mM Sb,0; nanopowder,and 40 mM
computationalvork suggests that additives like VC may help Cu(NO5),2.5H0 and adjusted to pH 6  with saturated
by altering the reduction pathways of the carbonate solventsKOH. The Cu,Sb films were electrodeposited at1.05 V
Studies on Sanodes suggest that FEC and VC also improve yersusa saturated calomeklectrode(SCE) onto copper
the cycling performance afloying anodes by forming cross- sybstrategor 10 min at room temperature using a Gamry
linking moietiesin the SEI to improve the mechanical Reference 3000 potentiostdthe ca. 1" x 1.5” copper foil
stability*~*® Other work has suggested thtitese additives  substrateswere cleaned prior to electrodeposition by

favor the formation of components such asllijE0;, and/ sonicating in isopropandbr 3 min to remove the organic
or polycarbonates to help passivate the electrode surface meggiduefollowed by electropolishing in 2P0, solution for
effectively” 30 s to remove copper oxide; the substrates were then covered

Previous work from our group has revealed th&C and  on one side with Kapton tape.After electrodepositiorthe
VC effectively stabilizethe interfaceof Cu,Sb nanowire Cu,Sb films were rinsed thoroughly with watéollowed by
electrodescycled in a LiPFs-basedcarbonateelectrolyte,  isopropanoland then dried before transferring to an Ar-filled
although it is still not entirely clear why these additives exter@hove box to minimize native oxide growlthe Cu,Sb mass
the cycle lifetime of Cu,Sb so dramaticallygspecially VC,  |oading for the 10 min electrodepositions was.@ang/cni,
which resulted in the longest lifetimiéIn the current work, determined by mass difference.
the SEI formed on CiSb over differenpotentialregions in Electrochemical Half-Cell Preparation and Cycling.
the electrolyte with and withow/C was characterized using Swagelock hatfells were assembled in an Ar-filled glove box
differential capacity analysis and X-ray photoelectron spectr¢er, < 1.0 ppm,H,0 < 0.5 ppm).Circular punches (1.27 cm
copy (XPS) to better understand whatypesof speciesor diameter) ofthe electrodeposited §3b films were sealed in
functional groups in the SEI formed with VC may be beneficitde Swagelockcell body. Two polypropyleneseparators
for Cu,Sb electrodetn this studythe SEls formed on GBb (Celgard25 um) and a glass fiber separasogked in either
thin film anodes in LiClO,-based carbonate electrolyte 200 pL of 1 MLICIO , in EC/DMC/DEC (1:1:1 vol)
solutions were examined to eliminate some variables associatedtrolyte or 200 uL of 1 M LiGlid EC/DMC/DEC (1:1:1
with the use of LiPfbased electrolytes that could complicate vol) with 5% (vol) VC addesere placed between the,Elm

the study. LiPFs-based electrolytes often contain small working electrode and lithium metal counter/pseudo reference
amountsof very reactiveHF, which can react with the electrodeAll potentials in this work are referenced to the Li/
electrolyte and SEI components and affect the SEI Li* couple unless noted otherwise.
composition,convolutingthe result§® Additionally, while All half cells were cycled using an Arbin BT-2143 battery

inorganic speciesuch asLiF are thought to passivate the  tester with an 18 h rest step before cyclidglf cells for the
electrode surface, eliminating fluorinated components from tbgcle lifetime studieswere cycled galvanostatically between
electrolyte may help revealhat other types oforganic and 0.05 and 3.0 V at a C/20 rate (ca. 15 pA/cm?). For SEI
inorganic species are benefidal effectively passivating the preparation, the G8b half cells were galvanostatically reduced
surface of intermetallic electrode>*” from the open circuit potenti@da.2.3 V) at a C/20 rate (ca.

26084 https://dx.doi.org/10.1021/acs.jpcc.0c04064
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15 pAlcn?) until a particular voltage limit was reacfiéen, .RESULTS AND DISCUSSION

the current polarity was switched so that&luwas oxidized  previousstudiesof the effectsof additiveson the cycling
to a higher,predetermined potentiat that point, the cells  performanceof Cu,Sb ina LiPF-basedelectrolytehave

were cycled galvanostatically oweat potentialrange fora demonstrated that VC dramatically improves the cycle lifetime
total of 20 cycles. Three different potential regionswere of Cu,Sb nanowire$? and we have observed thait also
chosen to study SEI formation differentstages ohalf-cell improves the cycle lifetime o€u,Sb cycled in the LiCIG-

cycling: the high potentiabgion (HPR) between 1.8 and 3.0 based electrolyt&inder- and additive-free &3b films ca

V, the middle potential region (MPR) between 0.9 and 1.8 V,um thick cycle for about 15 cyclesat a C/20 rate in 1 M

and the low potentiategion (LPR) between 0.05 and 0.9 V. LiCIO, in EC/DEC/DMC (1:1:1 vol) electrolytebefore
For a given potentiategion,half cells were made using the ~ dropping to 80% ofhe initial capacityHoweverdespite the
LiCIO,-based electrolytes with and withdd€ using CySb ~ Poor performance otthe Cu,Sb films in the LiCIO ,-based
punchesfrom the same film to minimize variability due to elect_rolytethe addition (_)f 5% VC improves the_cycle lifetime
differencesbetween films. After galvanostaticyclingwas ~ considerablyAs shown in Figure 1a ca.1 pm thick Cu,Sb
completethe half cells had a 24 h resstep and were then
dismantled in an Ar-filled glove box within 1 to 2 daysof — Withoutv€  —— With VC

cycling completiorAll electrodes were washed withicenL e XXXXH s XXX XXX KKK XH KKK XKX KKK KK XX KKK K

of DMC so that only the components incorporated into the § 954 % X""Xxxx

SEI layer adhered to the electrodesurfaceremained for G 554 “xXx x| XXXXXRXHHOX

characterization. G X x XXX
Characterization. XPS measurements were performed in 3 85 1 X

order to analyze the chemical bonding and composition of th§ 80 -

SEl samples using a Physidalectronics (PHI) 5800 series § x : . . . , . .
Multi-Technique ESCA system with a monochromati€cAl ~ ~ 400
(hv = 1486.6 eV) source operating at 350.05&mples were 2 | 8
transferred under vacuum directly from the Ar-filled gloveboyg 3ﬁiog..iisee“é“50““‘““““““““
to the XPS sample introduction chamber using a custom-buis, 200 - 9990
sample holder so that the SEI samples were never exposed g > Dlecharss o See
air prior to XPS characterizatioff. Sampleswere pumped & 1001 & IChar ¢ 0003005060.

o o O ge 00000000
down for 30 min prior to characterizatioAn electron flood 0 : . . : . . i ﬂ
gun operating with a 5 pA emission current, 1.5 V bias voltac 0 5 10 15 20 25 30 35 40
and 40.0 V extractor voltage was used for charge neutralizatiu:. Eycle number

on all SEl samplesHigh-resolution (HRES) spectra fdne Figure 1. Coulombic efficiency and capacity data forum-thick
regions of interest (C 1s, Cl 2p, O 1s/Sb 3d, Li 1s, and Cu 2[)u,Sb films cycled at a C/20 rate between 0.05 and 3.0 Vs Li/Li
were collected sequentially with a pass energy of 23.5 eV intha LiCIQ-based electrolyte with and without 5% VC added.
interval of 0.100 eV/stephe instrument base pressure was 5

x 1078 Torr or lower during data acquisitiorSpectra were film cycled over an extreme potentiige (0.05-3.0 V) at a
collecteq from atleast3 areason each_sample (area 126.7 /20 rate shows no capacity fade after 20 cycles when VC is
mn?) using a 0.6 mm by 2 mm spot size (area 1.2 fto used as an additive; in fattycles for about 70 cycles before
ensure that any lateral heterogeneity in the SEI was accountgghibiting gradual capacity fade (see Figure S1 in the

for. Short HRES scanswere collected prior to longer Supporting Information).The Cu,Sb film cycled with VC
acquisitions so thaany sample damage could be identified, actually shows a slight increase in capacity after 10 cycles that
although even the longeHRES scansvere relatively short s associated with electrochemicaghening or pulverization
(20—-30 min) to avoid prolonged beam exposure and sampleof the binder-and additive-free films thatlow more ofthe
damagé? In these studieswe were interested in studying  active materialto be accessediue to increasedsurface
relative changes in binding energies and speciation betweerared.”**The good capacity retention tife film cycled with
samplesrather than obtaining absolutebinding energies; ~ VC despite electrode roughening or pulverization suggests that
thereforeall HRES spectra were shifted so that either the CI the SEI formed with VC has desirable mecharpeaperties

2py, peak for CIQ™ was located at 208.6 eV or the T that enablc_a itto ac_commodate the large volume cha_mges of
peak for Clwas at 198.6 eV (if no GlQwas detected) based C4SP during cycling and keep the electrode mairegaiod

on research suggesting that it is preferable to use SEI speci&elr:ﬁﬁ:];vt'it:gt?r%;u{;znstlﬁ?é'ﬁg:gr as itis pulverized rather than
fzogﬁaél)b\;?:snu%:én?c;?g:anke ;ﬁtﬁ?:izﬁzgnstiofrxﬁgi (g:tiresmn More insights into the failure of,6lo cycled in the LiCjO

HRES spectra.A nonlinear Shirley background and 30% based electrolyte and the increased capacity retention

> o N associatedvith VC can be gained from the differential
Lorentzian/70% Gaussian lineshapewere used for peak capacity plots shown in Figure The intense features tie

fitting®" and PHI relative sensitivityfactors corrected for differentialcapacity plotscorresponding to Cs8b lithiation
angular distribution were used for quantification based on pegkd delithiation are similar for S cycled with and without
fitting. More details about the peak fitting rationale and VC and are in agreement with the previously reported lithium
constraintsused aswell as a discussion ofhow the XPS  alloying and dealloying reactions of3B&**°Looking at the
quantification was used in owanalysis can be found inthe  much lower intensity peaks between 2.75 and 1.0 V
Supporting Information. correspondindo electrolyte reduction and SEI formation

26085 https://dx.doi.org/10.1021/acs.jpcc.0c04064
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— 1 — 5 — <0 — c15 20 formation and growth. T_hg three different regions were chosen
R o —— based on the characteristicstb& voltage profile for Cib,
101 withou detail shown in Figure 3The HPR,cycled between 1.8 and 3.0 V,
5 ] ‘
3.0
i AL ._J _k_&,\
0 “WTJ A ﬁ —
E‘ = 2.5 High potential region (HPR) 3.0-1.8 V
< -104 i ocp
< = 2.3V
3 101 with VC with VC =} 2.0 1
o detail =
. v
5+ >
= 1.5
04— ,T N = ,.__\%4\ . o Middle potential region (MPR) 1.8-0.9 V
] Y / >
-5 % 1.01
>
-10+ : , A :
1 2 0.6 0.8 Lo 0.5 Low potential region (LPR) 0.9-0.05 V
Potential (V vs. Li/Li*) Potential (V vs. Li/Li*)

Figure 2. (Left) Full differential capacity plots for the first 20 cycles 0.0 T T T T T T T
1 pm-thick CySb films cycled at a C/20 rate between 0.05 and 3.0 0 0008 Z0000: S0000 90000 500D G000 Z9000

vs Li/Li* in the LiClIQ-based electrolyte with (bottom) and without IS

(top) 5% VC added.(Right) Zoomed in differentiatapacity plots  Figure 3.First cycle discharge (lithiation) 6(,Sb cycled with an
.ShOW|ng the (\st lithiation/delithiation features from the left p|OtS app“ed current of 15 “A/&rﬂ'he features of the Vo|tage prof“e were

in more detail. used to determine the potential limits for the three different regions of
SEI formation chosen for this study: the HFIRR,and LPR.

processem Figure S2 also revealsimilaritiesbetween the
samples cycled with and without YA@wevercomparison of ~ was chosen because it is wbtive the lithiation potentitalr

the differentialcapacity plotsfor the first 20 cyclesof the Cu,Sb,and there is little to no SEI formation expected in this
Cu,Sb half cells cycled with and without VC suggests that theegionso any SEI formed by cycling over this potential region
failure of the film cycled without VC may be due in part to logsay provide insights into the types sfecies present during

of electricalcontactof the active materialdue to volume the initial stages of SEI formatiohhe MPR,cycled between
changesduring lithiation/delithiation because the pealtsr 0.9 and 1.8 V, is still higher than theSBuithiation potential,
Cu,Sb cycled without VC decrease in intensity with the cyclebut based on the voltage profilepme capacity goes toward
number,unlike those forCu,Sb cycled with VC,suggesting  SEI formation and lithiation ourface oxide§ he reported

that for the film cycled without VC, less active material is beingduction potentialfor EC, DMC, and DEC on metallic
lithiated and delithiated with continued cyclifighgain, this electrodes is c4.3 V,while VC reduction has been observed
suggests that VC may help improve the physiopkrties of  around 1.4 \?/"*®and the reduction of surface oxides on Sb-
the SEI formed on G8b,perhaps forming a more robust SE| based electrodes has been reported around”f&tdying

that is better able to withstand the large volume changes the SEI formed from cycling ovetthe MPR is expected to

during cycling and prevemtacking and delamination tife provide insights into the electrolyte reactions thatur and
film that result in loss of electricaintact Additionally there the SEI species that are formed at higher reduction potentials.
seems to be a difference in the degreepdissivation othe Finally,the LPRgcycled between 0.9 and 0.0&N;ompasses

Cuw,Sb electrodes cycled with and without Y8e first cycle Cuw,Sb lithiation and is expected to provide insights into the
lithiation peaks shown in black in Figure 2 for £ cycled electrolyte degradation and the typesS#| species thaire
with VC are at slightly more negative overpotentials than thofsemed at lower reduction potentials.
for Cu,Sb cycled without VC, especiallyfor the phase XPS was used to compare the composition and speciation of
transition atca. 0.7 V, as demonstrated by the dotted grey the SEls formed over different potential regionswith and
lines on the right side of FigureThis suggests that even on without VC as an additive. Due to the heterogeneous nature of
the first cycle,the SEI formed on Cu,Sb with VC is thick the SEl high-resolution (HRES) XPS spectra from at least 3
enough or passivating enough to slightly impédednisport differentregions (1.2 mm analysis area) were collected for
compared to the SEI formed without VC Another striking each sample (total area 126.79rimensure that an accurate
difference between the differential capacity plots for48b Cu representation of the SEI was obtaiRegresentative regions
samples cycled with and withoMC are the reduction and  for each type of SEI samplewere chosenbasedon a
oxidation features at potentials above 2.5 V that are seen ontypmbination ofthe spectrafeatures and the percematomic
for Cu,Sb cycled without VC. The differencesin the compositions determined from HRES peak fitting and
electrochemistry for G8b cycled withoul/C suggessome quantificationand a more detailed description of this process
sort of compositional difference between the SEls formed wittan be found in the Supporting Information.The analysis
and without VC that affect the electrochemistrof the regions for most of the SEI samples showed some differences
electrode material and will be discussed in further detail belaw.spectrafeatures and quantification ressliggesting some

In order to learn about the compositiodéferences in the lateral heterogeneity of the SEI, and two representative regions
SEIl formed from the LiCIO,-basedelectrolytewith and are reported for each sampleto either reflectthe sample
without VC, Cu,Sb was electrochemically cycled otleree heterogeneity or demonstrate the consistency between sample
different potentialregionsto target different stagesof SEI regionsin this set of experimentanostof the SEI samples

26086 https://dx.doi.org/10.1021/acs.jpcc.0c04064
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were quite heterogeneous with the exception of the MPRVC 2p HRES —— Regionl —— Region 2
SEIl sample, which was relatively consistent in terms of spec HEe R T
featuresand the percentatomic composition othe sample clo; clo; clo-
surface. 4
The quantification results from the HRES peak fitting of the
different SEI samples are shown in Figure 4 (see Tables S1-3 cl-
s
= C == O sb = Cl Li . Cu ey
%]
HPR R1 /= § T T T T T T T T T T T T
HPR R2 £ |HPRVC MPR VC LPR VC
HPR VC R1 1 § clo; Clo, cl-
HPR VC R2 =
MPR R1 ©
MPR R2
MPR VC R1
MPR VC R2
LPR R1

1

LPR R2
LPR VC R1
LPR VC R2

T T T T T T T T T T T T
213 209 205201 197 209 205 201 197 209 205 201 197
Binding energy (eV)

o 10 20 30 40 50 60 70 80 90 100 Figure 5. Cl 2p HRES spectrafrom the representativeegions
Percent atomic composition (%) (Region 1 and Region 2) dhe SEI samples formed over different

Figure 4.Percent atomic compositions for the representative regiorpé)tentiaregions (HPRMPR,and LPR) with and without VC.

(R1 and R2) of the SEI sampleformed overdifferentpotential

regions (HPRMPR, and LPR) with and withoutVC, determined 0 1s/Sb 3d HRES — Region1 —— Region 2
from XPS HRES peak fitting. OPR MPR PR

for tabulated quantification results and Figures S3-S8 for all SbxOy

fitted spectra). Both the HPR and HPR VC SEls are compos~

primarily of C (ca50-60%) and O (ca27-34%),with only = | SbxOy Li,0

small differencesn composition for the sampleswith and }

without VC, which suggestthat there is SEI formation at @

higher potentials even though it is not readily apparent from £ —————— LI N S LIS NN S
looking at the voltage profile in Figurédditionallya small = MPR VC LRV

amount of Sb (c&0.3-0.8%) and a slightly higher amount of é

Cu (ca. 1-4%) were detected in these samples. In Region 10 Li2O
both the HPR and HPR VC samples, a small amount of Li (c

13-15%) was detecteahile for Region 2 of both samples no

Li wasdetectedFinally,the HPR SEI formed withoutVC

tended to be more Cl rich (ca. 6%) than the HPR VC SEI (ce

2-4%).Looking at the features ttie HRES spectra we find 540 536 532 528 540 536 532 528 540 536 532 528
more differencedbetween the HPR SElsformed with and Binding energy (eV)

without VC.

The CI 2p HRES spectra are shown in Figure 5 (without Figur.e 6.0 1s/Sb 3q HRES spectra from the representati\{e regions
fitted data for simplicityls can be seen for the Cl 2p spectra (Region 1 and Region 2) dhe SEI samples formed over %‘ﬁere”t
of the HPR and HPR VC samples on the left of Figuthes, potentiaregions (HPRMPR,and LPR) with and without VC.
Cl 2p;, and 2p,,, peaksare around 208.6 and 209.7 eV,
respectivelywhich is indicative of a perchloratebinding fitting is used to deconvolute the O 1s pdedditionallythe
environment! The CIQ~ detected at the SEI surface for both binding energies of Sb 3¢ peaks range from ca28 eV for
samples cycled over the HPR is from the LiGi€upporting SK to 531 eV for Sb oxidesfurther convoluting the O 1s
electrolyte; since the samples were rinsed with DMC prior tospectraif Sb is present.°*®® However,the overlapping
XPS characterization to removeaesidualsalt speciesthis binding energy rangesf the O 1s and Sb 3d spectra also
suggests that the CJOis being incorporated into the SEI. provide a usefukay to obtain rough SEI thickness estimates.

Interpretation ofthe O 1s/Sb 3d HRES spectra shown in  The O 1s/Sb 3d HRES spectra for pristingSbu(see Figure
Figure 6 (also presented without fitted data for clarity) is mor89) show intense Sb 3¢ and 3d,, peaks around 531.0 and
complicated than that of the Cl 2p spedihe reported O 1s  540.6 eV, respectivelyfor antimony oxide species from the
binding energies for proposed SEI species such as lithium abytface oxide layeand lessintense 3d,, and 3d;, peaks
carbonates and lithium carbonate(1®;) range from 531.7  around 528.3 and 537.6 eVrespectivelygorresponding to
to 533.8 eV/2:1733.62753n( the distinguishing O 1s peak for metallic antimony from G8b beneath the surface oxide layer.
poly VC is located around 534.5-534.7°&%.The reported  Both the HPR and HPR VC SEI samples are quite thin (<10
O 1s binding energies for perchlorates range from 533.0-538r6 based on the information depth of XPS), as there are peaks
eV21:8167 This makesit difficult to distinguishdifferent corresponding to Sb oxide species from the surface oxide layer
binding environments for the SEamples even when curve of the underlying G$b film for both types of sampiédhe

26087 https://dx.doi.org/10.1021/acs.jpcc.0c04064
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HPR VC SEI may be thinner in some regions because metaltietected for Region 1 and &8s for Region 2)Additionally,
Sb peaksare also seen forRegion 1 of the HPR VC SEI the separators from half cells cycled with VC do not show signs
samplesuggesting thahe HPR VC SEl is thin enough in of discoloration due to Cu diffusion. These results suggest that
some regions that the metallic Sb froB6can be detected the SEI formed in the presence ¥ is better at protecting
in addition to the Sb oxide species from the G8b surface  and passivating the €3b surface as it seems to decrease the
oxide layer. amount ofCu/Cu,Sb oxidation and subsequent Cu diffusion
The presence of Cu in the HPR sample set may hold one @fhen cycling to high potentials compared to the SEI formed
the keys to understanding the differences between the SEls without VC. Based on the XPS results for the HPR samples
formed with and without VCGiven the smalamount ofSb with and without VC, both SEls are quite thin and
detected (<1%), the comparatively large amount of Cu (ca. Tronuniformwhich suggests that the differences in passivating
4%) detected for the HPR and HPR VC samples is casous, ability are due to differencesn SEI speciation rathethan
one would expect the Cu amount to be roughly twice that of thicknessor coverageThe featurescorresponding to Cu/
Sb detected ift were due to the signdrom the underlying  Cu,Sb oxidation were also seen in the differentialapacity
Cu,Sb film rather 3-5 times the amountas the case here.  plots of Cu,Sb cycled over the fud.05-3 V potentiakange
Basedon the data discussedbelow, it seemsthat the when no VC was present(Figure 2, top left plot), which
considerable amoumif Cu detected is due to Cu diffusion  suggests thadven when the electrode is polarized to lower
as a result of Cu/Cu,Sb oxidation.Even though the HPR potentialsthe SEI thatforms does nopassivate the surface
sample sewasnot discharged to low enough potentiale well enough to preven€u/Cu,Sb oxidationunlike the SEI
lithiate Sb and extrude Cu out of £Sb (refer to Figure 3jt, formed in the presence of Which does not show any signs
was charged to high enough potentials to result in CG8Bu  of Cu/Cu,Sb oxidation (Figure Bottom left plot); however,
oxidation (in aqueous solutions,Shuoxidation was observed unlike for the HPR SEI ca#és unclear at this point whether
around -0.3 to 0.0 Vvs SSCE dependingon solution differences in passivating ability for the SEls formed over the
conditionswhich corresponds to c8.5-2.8 V vs Li/Li").>* full voltage range are due to chemiraphysicatiifferences.
This could resultin more Cu presenfat the surface as its The C 1s HRES spectra may be able to provide some
oxidized and reduced when cycling over the HPR. This is mdmsights into why the SEI formed with VC may be better at
pronounced in the HPR sample without &, which about protecting the C$b surface than the SEI formed without VC
3-4% Cu was detectedfor all regions of the sample; since much ofhe SEI surfaces for both typess#mples are
differentialcapacity analysis for the HPR SEI sample Figure composed of carbofihe C 1s spectra are shown in Figure 8
7 (top) shows the onset of an oxidation peak around 2.8 V and

O raw — C-0 —_— CO3 —— bkgd
— C-C/C-H 0=C-0 Csp? — fit
- —C — C10 — C15 C20 C 1s HRES
- HPR
without VC
0.01 |
5
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S —— 2
< ]
$ —0.01 1 T T T T T §
3 0,000 1 Wit VC - — B
g~ ' - 5
. -f
—0.004
F T T T T T Binding energy (eV)
1.8 2.0 2.2 2.4 2.6 2.8 3.0 9 9

Potential (V vs. Li/Li*) Figure 8.Fitted C 1s HRES spectra from the representative regions

Figure 7. Comparison of the differential capacity analysis plots for:! 1 and R2) of the SEI sampledormed overdifferentpotential
samples cycled without VC and with VVC for the HPR SEI sample S&Slons (HPRMPR,and LPR) with and without VC.

with the fitted data included to help illustrate differences
a reduction peak around 2.6 V thas not seen for the first between the spectral features for the various SEI sdrneles.
discharge; these peaks are most likely due to the oxidation andst intense peaks in the C 1s spectra for the HPR samples
reduction of Curespectivelylhere is also visualidence to  with and without VC correspond to an aliphatic carbon
supportthis hypothesisywhen disassembling haklls cycled  binding environment around 285.0 eV (red peak), which could
up to 3.0 V in the LiClO,-based electrolyte without V@ie be due to some adventitious carbon in addition to organic SEI
separators are often discolored as shown in Figure S10 duedomponents®©2:6>6Both the HPR and HPR VC samples
the presence o€u as confirmed by energy dispersive X-ray also have a peak corresponding to a C-O binding environ-
spectroscopyEDS) in Figure S11. Differential capacity ment around 286.5 eV (blue peaidjch could be due to the
analysis for the HPR VC SEI sample (Figurdattom) did presence 0BE| species such as alkoxiddéeyl carbonates or
not show these featuresjs could be because there was less carboxylatesr PEO oligomersand a peak around 289.0 eV
Cu oxidation and reduction for this sampkenot alanalysis  corresponding to an OC1C-0 binding environmen{gold
regions ofthe HPR VC SEl were Cu rich (ca.1% Cu was peak) that could be due to oxalates, alkyl carboxylates, or ester-
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containing specié%. 36264 98ased on a previous study of more C-rich (42-52% C) than the LPR VC SEI (25-35% C),
the SEI formed on CyEb thin film anodes in a LiPfFbased  which contains roughly as much Li as C (34-43%¢.LPR
electrolytethese three C 1s binding environments may be du&El is Li-rich compared to the HPR and MPR samiplest

primarily to carboxylate and ester speicieg}dition to small ~ only contains about half the amount of Li as the LPR VC SEI
amounts of alkoxidé§The most notable difference between (17-22%).
the HPR and HPR VC SEls is the presenceof a small The Cl 2p and O 1s/Sb 3d spectra, shown in Figures 5 and 6

carbonate peak around 290.5 eV (teal peak) in Region 1 of ttright columns)reveal more differences between the LPR and
HPR VC SEl,which is the region where Gab seems to be  LPR VC SEI surfaceshe LPR SEI surface is similar to the
better passivated based on the lower amoutiofletected.  HPR and MPR SEls in the sense that it is composeBé§ ca.
The carbonate peak could be due to the presenceesither CI from CIO,". In contrast, the LPR VC SEI surfaceis
lithium alkyl carbonates,CO;, or poly VChut it seems that  composed of only c&% Cl present as TLICI.*"*"Like the

the presence afarbonates could be benefidialpassivation  MPR SEl set, the LPR and LPR VC SEls are thick, as no Sb 3d
of the CySb surface during the init&thges of cyclifig: It peaksare seenThe O 1s spectra reveahat the LPR VC
seems most likely that the C 1s carbonate binding environmeatnple surface containgl,iwhile the LPR SEI surface does
seen in the HPR VC sample is due to a species like poly VCrat. Compared to Region 2 dhe MPR SElwhich also has
some other VC reduction product rather than Li alkyl Li,O, the LPR VC SEI surface contains morgl_based on
carbonate speciex Li,CO; since those speciesould also the intensity of the LO O 1s peak relative to the intensity of
be formed from the electrolyte without/¢>°¢’Because it  the peak formed by the other O 1s binding environments at
is difficult to draw any conclusions about the carbonate speciégher binding energiesThe presenceof a considerable
basedon the XPS results alone, this warrants further amount of LjO on the surface of the LPR VC SEl is likely the
exploration in future work using complementary character- reason that the LPR VC SEI surface is so rich in Li compared
ization techniques such as FT*?F\R?"‘E’ to all of the other SEI samples.

Both the HPR and HPR VC SEls were quite heterogeneous,The C 1s HRES spectra in Figure 8 (right column) for the
but for the MPR samplesthe MPR SEI without VC was LPR sample set also highlight sevéifférences between the
heterogeneous while the MPR VC SEI was more homogeno8&I formed over the LPR with and without \Eaith regions
in terms of composition and HRES spectral features. As seeafithe LPR SEI sample have four C 1s binding environments
Figure 4 the compositions dhe MPR sample set (with and  corresponding to aliphaticz—O, OLIC-0, and carbonate
without VC) are quite similanith C (48-57%) and O (26— binding environments. The C 1s spectra for both regions of the
28%) making up most dhe SEI surfacelhe MPR VC SEI LPR VC SEI sample are notably different because they do not
surface is quite Li rich at 19-228%ile the MPR SEIl sample show a C 1s peak corresponding to an OCIC-0O binding
has Li-rich regions (20%) as well as regions with less Li (12%vironmentsuggesting that the surfacetbé LPR VC SEI
The MPR VC SEI surface is made up 68.2-3% Cl from does not contain any oxalate, alkyl carboxylate, or ester species.
ClO,, while the MPR SEI surface has about twice the amoufihe LPR VC SEI surface may also contain soh@ ap the
of Cl at 5%,with a mixture ofCIO,” and CI' seen for MPR  C 1s spectrum for Region 2 of the LPR VC sample seems to
Region 2 as shown in Figure 5 (middle column}Jhe SEls have a smalllower binding energy peak around 283.0 eV,
formed over the MPR both with and without VC are thicker which could be due to the presence of species such as Li vinyl
than those formed over the HPR based on the absence of Sbarbonaté? In the case of the LPR VC SEl surfaiteseems
peaks in the O 1s/Sb 3d spectra (Figurengiddle column). like poly VC is not contributing to the C 1s carbonate binding
Again,it is difficult to commenton differences in the O 1s environmentbecause there ismo corresponding O 1speak
spectra, but one notable feature is the presence of an O 1s meakind 534.5-535 eV that has been reported for pdiyVC.
around 528.3 eV corresponding tgQifor Region 2 ofthe Carbon speciesnake up a large percentage ofhe SEI
MPR SEI that is not seen for the other MPR region or for thesurface for the samples formed over all three potential regions,
MPR VC samplé! Looking at the C 1s spectra in Figure 8, both with and withoutVC, and the types ofarbon binding
both the MPR and MPR VC samples have aliphatic, C-O, amshvironments ospecies preserseem to play an important
O[OC-0 binding environments like the HPR and HPR VC  role in capacity retention folCu,Sb cycled in LiClQ-based

samplesThe MPR VC C 1s spectrum hasan additional electrolytesyhich has been suggested previously in studies of
binding environment corresponding to carbonate like Regionttie SEI formed on CeSb nanowires in LiPfbased electro-
of the HPR VC sample, while no carbonate binding lytes with and without additives and for other alloying anodes

environment was detected at the surfacthefMPR sample  such asSn?°** Based on the differencein the XPS C 1s
without VC. The intensity of the carbonate peak relative to tHdRES spectra for the SEI layers formed with and without VC,
other C 1s peaks is higher for the MPR VC sample compareill seems that carbonate species in particular play an important
to HPR VC Region 1. This seemsto reiterate that one role in SEI passivation for C$b electrodeslhe carbonate
important difference between the SEI formed without VC andpecies formed from VC reductiaguch as poly VOnay be
with VC is the presence of carbongtessibly in the form of  necessary fapassivating the G&8b surface during the early
poly VC or other species formed from VC reductfon. stages otycling (prior to CySb lithiation) in LiClIO,-based

Both the LPR and LPR VC SEI are also heterogemedus, electrolytes and may also improve the mechanical properties of
the compositionsof the representativeampleregionsare the SEI based on changesobserved in the capacityover
shown in Figure 4ike the SEls formed with and without VC cycling. The species that form from the reduction of EC, DEC,
over potential regionsmore positive than CySb lithiation and DMC do not seem to be sufficient for surface passivation
(HPR and MPR), the SEls formed over the LPR are composidthe LiCIO ,-based electrolyte withou?C. Based on the
primarily of C and (Both the LPR and LPR VC SEI contain peaks at c2.0,1.7,and 1.2 V in the differential capacity plots
roughly the same amount of oxygen as the SEls from the HRRRthe differentpotentialregion samples (see Figures 7 and
and MPR sample sets (27-34%hloweverthe LPR SEl is S12) the carbonate solvents are being reduced for the samples
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both with and without VC>"-°® However,no carbonate  inorganic SEI components are benefiaiad, the presence of
binding environmentswere detected for the SEI samples  CIO,” inthe SEI does not appearto help with surface
formed at higher potentials (HPR and MPR) in the absence gfassivation foCu,Sb electrodesChloride species and @
VC; instead,speciesuch ascarboxylate saltgstersor Li were also detected at the surface of SEls formedbm@a
alkoxides are formed from solvent reduction based on the Cadrsd without VCput at this point,it is unclear what role CI
HRES spectra ofthe HPR and MPR SEI sampledormed species andJ0 play in the properties and performance of the
without VC. These differencesn speciation for the SEls SEI. The formation otboth species may be undesirable since
formed without and with VC over the HPR and MPR could bé¢he reduction of LiCIgo form LiCl and LD consumes eight
due to differences in favored solvent reduction pathways or tmoles of electrons and eight moles &f[The formation of
differencesin SEI reactivity basedon electrode surface LiCl and LjO from LiCIQ, reduction results in a more Li-rich
passivatioft’? In the latter case,initial solventreduction SEl based on the percendtomic composition oti for the
speciesin the SEI formed without VC such as Li alkyl LPR VC SEI samplehich may be beneficial fof diffusion,
carbonates may have reacted further to form carboxylate sakspecially in the case &f,O formation’” The role of these
estersor alkoxides due to poor surface passivation when VCtwo species in the passivation and propertigh®fSEl may
was not used as an additivihis preliminary passivation (or warrant further investigation to better understand whether the
lack thereof) may be particularly important for high capacity possible improvements in surface passivation‘aditfusion
anode materials such as &b thatexperience large volume due to LiCl and Li,O formation outweigh the unfavorable
changedduring cycling.Even though carbonate speciese decrease in Linventory.
incorporatedinto the SEI formed without VC at lower While we have discussed the oxidation of GBCand Cu
potentials (refer to the LPR C 1s spectra in Figuré 8pes diffusion in the context of the passivating ability of the SEI and
not seem to be sufficient for passivating the electrode surfacthe role of VC, we would be remiss noto also discuss the
as there are still signs of CuiSb oxidation when the film is possible implications of these observations for SEI health and
cycled over the full voltage range from 0.05 to 3.0 V versus lthle capacity retention ofCu,Sb. Without VC, charging the
Li* (refer to Figure 2)This electrode oxidation could be due Cu,Sb to high potentials results in the oxidation of Cy86u
in part to new electrode surfaces being exposed due to volummed also some Cu diffusion to other parts thie cell. While
changes during cyclingut it could also be due in partto metal oxidation and transport are not typically discussed in the
continued insufficient passivationbecausethe Cu/Cu,Sb contextof alloying anodesit is a very important area of
oxidation features in the differentiapacity plot for the VC-  research for cathode materigl€. has previously been found
free sampleshift to higher overpotentialswith increased  to help prevent Co oxidation in lithium cobalt oxide cathode
cycling,suggesting thatontinued SElgrowth resultsin a material$® Additionally, metal transport in systems containing
kinetic limitation of the process but not completely preventingNi- and Mn-based cathodes has been found to have
it. Therefore the stage atwhich the beneficialspeciesare detrimentaleffectsfor the anode SEI layer, affectingthe
incorporated into the SEimay be importantin addition to passivatingbility of the SEI and exacerbatinglectrolyte
what types of speciesare formed, which has also been degradatio%’m’s% is possible that Cu in the SEI could also
demonstrated fortin anodes?®> However, additional work play a role in the poor cycling performance observedSbr Cu
characterizing the SEl/electrode morphology and passivatingvithout VC in a couple of ways.First, the observed Cu
ability using techniquessuch as scanning electron micros-  diffusion could be playing a role in a short lifetime and rapid
copy>'"?°"nd redox-probe experimehtsespectivelyis capacity fade of the €3b thin film cycled without V. Cu
necessary to determine whether electrode volume changes difflisesaway from electrode,some of the conductiveCu
the physical properties of the SEI play a role in the difference®twork thatallowsfor good electronic conductivity in the
in electrochemistry observed for the electrodes cycled over tithiated Sb phases may no longer be present and could result
full voltage range with and without VC in addition to the type#n some lossof active materiaonductivity and cause the
of species present in the SEI. observed capacity fade in addition to the delamination that has
Inorganic species make up a smaller percentaipe &EI been observed for G8b cycled without V&' Howeverthis
surface in the samples examined in this study but may also fdayot consistent with previous observations from our group in
an important role in SEI performance and surface passivatiomhich Cu-deficientCu,Sb showedgood reversibilityand
although based on the literatiirés still unclear whether they cycling stability? Secondit is possible that the Cu species in
are beneficialfor alloying anodes®#44>47-74""Based on ~ the SEI formed without VC could be reacting with the SEI and
comparisons ahe percentatomic composition o€l at the electrolyte componentahich could be anotheexplanation
SEl surface due to the presence of Clé&hd/or CI species, for why the HPR and MPR SEI samples without VC did not
the SEls formed without VC over the HPRIPR,and LPR contain carbonate binding environmerifthis explanation is
were more rich in Cl-containing inorganic spediésile the more consistent with our previous observations in which Cu-
inorganic SEI speciessuch as LiF that are formed from rich CySb showed large irreversible capacities and short cycle
electrolytes containing fluorinated components such ag LiPFlifetimes’> Research on metatissolution and transporfor
or FEC are believed to be beneficidbEl componentghat cathode materials has revealed that the degréetofmental
passivatethe electrode surface'®*”’° the presenceof effects on the anode SEI depends on the transitionwikstal,
perchlorate in the SElon Cu,Sb films when LiCIO,-based Mn being the most harmfulor SEI healthput it is ;{)ossible

electrolytes are used does not seem to be bendfiitialgh that Cu could also prevent effective SEI passiVatiiere

the SEI layersformed without VC over different potential is precedence fo€u reactivity in otherchemistry fieldsas

regions are quite rich in CIO,~ comparedto their VC some enzymes known to reawith smallorganic molecules

counterpartsthe SEI layersformed without VC do not contain Cu active sité8 This area is worth exploring further

passivate the G3b surface well and4Sh oxidation has been with redox probe experiments to determine the role of Cu in

observed when charging to 3.0 Vhis suggests thatot all SEI passivatiofi: Metal transportcould be an important
26090 https://dx.doi.org/10.1021/acs.jpcc.0c04064
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