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ABSTRACT: Electrolyte additives such as vinylene carbonate (VC) have been demonstrated to improve the
capacity retention for many types of Li-ion battery electrodes,including intermetallic alloying anodes,but it is
still unclear why VC extends the cycle lifetime of copper antimonide (Cu2Sb) anodes so dramatically. Here, we
have studied how VC affects the solid electrolyte interface formed on Cu2Sb thin film anodes in fluorine-free
electrolyte solutions in order to better understand which nonfluorinated species may play an important role in
effective Cu2Sb passivation.Using differential capacity analysis and X-ray photoelectron spectroscopy,we have
found thatVC effectively passivates Cu2Sb and prevents Cu/Cu2Sb oxidation athigh potentials.Carbonate
species from the reduction ofVC seem to play an important role in passivation,while inorganic species like
LiClO4 from the F-free supporting electrolyte do not seem to be beneficial.

■INTRODUCTION
Many research efforts in the energy storage field have been
focused on increasing the energy density of the anode materials
used in secondary battery technologiessuch aslithium-ion
batteries.1,2 Lithium alloying materialssuch as silicon, tin,
antimony, and intermetallics have garnered interest as
alternativeanode materialsto replace graphite,a lithium
intercalation anode,due to their large theoreticalgravimetric
and volumetric capacities.2,3 However,these materials suffer
from problems such as large irreversible capacities and short
cycle lifetimes.3 One contributing factor is the large volume
changeassociated with lithiation and delithiation ofthese
materials,which leads to cracking,pulverization,and loss of
electrical contact of the anode.3 Interfacial problems associated
with the solid electrolyte interface (SEI) also contribute to the
issues associated with these anode materials.3,4

The SEI playsan importantrole in battery performance,
affecting the anode irreversible capacity,cycle lifetime,self-
discharge,rate capability,and safety, making it a crucial
componentin lithium-ion batteries.5,6 It forms on Li-ion
battery anodes due to the instability ofthe liquid electrolyte
over the potential window where rechargeablebatteries
operate.6−8 The heterogeneous,amorphousfilm, composed
of the decomposition products oforganic carbonate solvents
and the lithium supporting electrolyte,is difficult to character-
ize due to its heterogeneity,reactivity to air and moisture,and
sensitivity to many variables.6 Variables that can influence the
SEI formation,composition,and propertiesinclude cycling
conditions,9,10 electrolyte composition,11−15 and anode
composition and fabrication.16−22

Much of the battery community’s understanding of the SEI
comes from studies of the SEI on graphite anodes.6 However,
it is crucialto study the SEI on next generation alloying and
conversion anode materials because while the SEI formed on
graphite is relatively stable, the large volume changes
associated with cycling alloying anodesmean that the SEI
forms throughout the cycling process as new electrode surfaces
are exposed due to cracking.3,23As such,the requirements of
the SEIs formed on these anode materials are differentthan
those ofgraphite.5,23 In addition to passivating the electrode
surface and allowing for good Li+ conduction,a stable SEI on
high capacity anodeswould also be robust enough to
accommodate large volume changes.5,16 Studiesof the SEI
formed on Sihave contributed to the understanding ofSEI
formation on alloying anodes,but there is still much to be
learned aboutthe SEI on metallic and intermetallic alloying
electrodematerials.10,14,15,17,24−26For Cu2Sb electrodesin
particular,there has been some preliminary characterization of
the SEI formed on Cu2Sb in order to better understand
changes in capacity retention and cycle life,27−29 but there is
still much that is unknown due to the lack ofcomprehensive
studies.

Intermetallic electrodes,such as SnSb,AlSb,and Cu2Sb,are
particularly attractive materialsfor SEI studies not only
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becauseof the dearth of knowledgeof intermetallicSEI
formation and composition butalso because these materials
have interesting chemistriesthat could enrich fundamental
knowledge ofthe SEI.The variety ofmetallic elements,both
activeand inactive toward lithium alloying, that make up
intermetallic anode materials results in varying surface
reactivitiesand differentlithiation/delithiation reactionsand
potentials.4,30−33Additionally,intermetallic electrodes can be
prepared without additives or binders via electrodeposition and
physicalvapor deposition methods.27,34−36This makes these
anodes idealcandidates for fundamentalSEI studies because
bindersand conductive additivescan affectSEI formation,
complicating studies of SEI formation and composi-
tion.19−21,37,38 Another advantageof electrodepositionin
particular as a fabrication method for intermetallic anodes is
that it enables both 2D and 3D anode morphologies, which are
a usefulsynthetic controlto have for interfacialstudies where
an increased surface area may be desired.29,34,39

One route to stabilize the SEI is to use smallamounts of
electrolyte additives such as fluoroethylene carbonate (FEC)
and vinylenecarbonate(VC).40 Surprisingly,even though
these additiveswere initially found to improve the SEIon
graphite anodes, they also result in dramatically improved cycle
lifetimes for alloying anodes.15,29,40,41 There are many
hypothesesabout why these additiveswork so well for all
types of anode materials. The prevailing hypothesis is that they
behave as a sacrificialcomponentthat is reduced before the
other electrolyte components to help passivate the electrode
surfaceand prevent excessiveSEI formation,40,41 although
computationalwork suggests that additives like VC may help
by altering the reduction pathways of the carbonate solvents.42

Studies on Sianodes suggest that FEC and VC also improve
the cycling performance ofalloying anodes by forming cross-
linking moieties in the SEI to improve the mechanical
stability.24−26 Other work has suggested thatthese additives
favor the formation of components such as LiF,Li2CO3, and/
or polycarbonates to help passivate the electrode surface more
effectively.15,43−45

Previous work from our group has revealed thatFEC and
VC effectively stabilize the interfaceof Cu2Sb nanowire
electrodescycled in a LiPF6-basedcarbonateelectrolyte,
although it is still not entirely clear why these additives extend
the cycle lifetime of Cu2Sb so dramatically,especially VC,
which resulted in the longest lifetime.29 In the current work,
the SEI formed on Cu2Sb over differentpotentialregions in
the electrolyte with and withoutVC was characterized using
differential capacity analysis and X-ray photoelectron spectros-
copy (XPS) to better understand whattypesof speciesor
functional groups in the SEI formed with VC may be beneficial
for Cu2Sb electrodes.In this study,the SEIs formed on Cu2Sb
thin film anodes in LiClO4-based carbonateelectrolyte
solutions were examined to eliminate some variables associated
with the use of LiPF6-based electrolytes that could complicate
the study. LiPF6-based electrolytes often contain small
amountsof very reactiveHF, which can react with the
electrolyte and SEI components and affect the SEI
composition,convolutingthe results.46 Additionally, while
inorganic speciessuch asLiF are thought to passivate the
electrode surface, eliminating fluorinated components from the
electrolyte may help revealwhat other types oforganic and
inorganic species are beneficialfor effectively passivating the
surface of intermetallic electrodes.14,15,47

■EXPERIMENTAL SECTION
Materials. Citric acid monohydrate(Fisher Scientific,

certified ACS), antimony(III) oxide nanopowder(Sb2O3,
<250 nm, Aldrich ≥99.99%),and copper(II) nitrate hemi-
pentahydrate (Cu(NO3)2·2.5H2O, Aldrich ≥99.99%+) were
used as received.Saturated potassium hydroxide was prepared
from pellets (KOH, Fisher Scientific, Certified ACS).
Phosphoric acid (H3PO4, 85% EMD Chemicals,ACS grade)
was used to make a 2:1 (vol) H3PO4:H2O solution.Ultrapure
water (18 MΩ, Millipore) was used for all experiments.
Dimethyl carbonate(DMC, anhydrous,≥99%), diethyl
carbonate (DEC,anhydrous,≥99%),VC (99% with 80 ppm
butylated hydroxytolueneadded asstabilizer),and lithium
perchlorate (LiClO4, battery grade,99.999%) were purchased
from Aldrich and kept in an Ar-filled glove box without further
purification. Ethylene carbonate (EC, anhydrous, Aldrich 99%)
was recrystallized from ethanol,dried,and stored in an Ar-
filled glove box.Lithium metal was stored in an Ar-filled glove
box and cleaned prior to use by manually scraping away any
surface oxide layer present to reveal the metallic Li underneath.
Glass fiber separators (Whatman GF/A) were dried in an oven
prior to being pumped into an Ar-filled glove box for storage
and use.

Anode Preparation. Copper antimonide(Cu2Sb) was
electrodeposited atroom temperature following a previously
established procedure.35 Briefly,Cu2Sb was electrodeposited
onto copper substrates (110 Cu foil,0.002″ thick,McMaster-
Carr) from a solution containing 400 mM citric acid
monohydrate,25 mM Sb 2O3 nanopowder,and 40 mM
Cu(NO3)2·2.5H2O and adjusted to pH 6 with saturated
KOH. The Cu2Sb films were electrodeposited at−1.05 V
versusa saturated calomelelectrode(SCE) onto copper
substratesfor 10 min at room temperature using a Gamry
Reference 3000 potentiostat.The ca. 1″ × 1.5″ copper foil
substrateswere cleaned prior to electrodeposition by
sonicating in isopropanolfor 3 min to remove the organic
residue,followed by electropolishing in a H3PO4 solution for
30 s to remove copper oxide; the substrates were then covered
on one side with Kapton tape.After electrodeposition,the
Cu2Sb films were rinsed thoroughly with water,followed by
isopropanol,and then dried before transferring to an Ar-filled
glove box to minimize native oxide growth.The Cu2Sb mass
loading for the 10 min electrodepositions was ca.1.0 mg/cm2,
determined by mass difference.

Electrochemical Half-Cell Preparation and Cycling.
Swagelock halfcells were assembled in an Ar-filled glove box
(O2 < 1.0 ppm,H2O < 0.5 ppm).Circular punches (1.27 cm
diameter) ofthe electrodeposited Cu2Sb films were sealed in
the Swagelockcell body. Two polypropyleneseparators
(Celgard,25 μm) and a glass fiber separator,soaked in either
200 μL of 1 M LiClO 4 in EC/DMC/DEC (1:1:1 vol)
electrolyte or 200 μL of 1 M LiClO4 in EC/DMC/DEC (1:1:1
vol) with 5% (vol) VC added,were placed between the Cu2Sb
working electrode and lithium metal counter/pseudo reference
electrode.All potentials in this work are referenced to the Li/
Li+ couple unless noted otherwise.

All half cells were cycled using an Arbin BT-2143 battery
tester with an 18 h rest step before cycling.Half cells for the
cycle lifetime studieswere cycled galvanostatically between
0.05 and 3.0 V at a C/20 rate (ca. 15 μA/cm2). For SEI
preparation, the Cu2Sb half cells were galvanostatically reduced
from the open circuit potential(ca.2.3 V) at a C/20 rate (ca.
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15 μA/cm2) until a particular voltage limit was reached.Then,
the current polarity was switched so that Cu2Sb was oxidized
to a higher,predetermined potential.At that point, the cells
were cycled galvanostatically overthat potentialrange fora
total of 20 cycles.Three different potential regionswere
chosen to study SEI formation atdifferentstages ofhalf-cell
cycling: the high potentialregion (HPR) between 1.8 and 3.0
V, the middle potential region (MPR) between 0.9 and 1.8 V,
and the low potentialregion (LPR) between 0.05 and 0.9 V.
For a given potentialregion,half cells were made using the
LiClO4-based electrolytes with and withoutVC using Cu2Sb
punchesfrom the same film to minimize variability due to
differencesbetween films.After galvanostaticcycling was
complete,the half cells had a 24 h reststep and were then
dismantled in an Ar-filled glove box within 1 to 2 daysof
cycling completion.All electrodes were washed with ca.1 mL
of DMC so that only the components incorporated into the
SEI layer adhered to the electrodesurfaceremained for
characterization.

Characterization. XPS measurements were performed in
order to analyze the chemical bonding and composition of the
SEI samples using a PhysicalElectronics (PHI) 5800 series
Multi-Technique ESCA system with a monochromatic AlKα
(hν = 1486.6 eV) source operating at 350.0 W.Samples were
transferred under vacuum directly from the Ar-filled glovebox
to the XPS sample introduction chamber using a custom-built
sample holder so that the SEI samples were never exposed to
air prior to XPS characterization.48 Sampleswere pumped
down for 30 min prior to characterization.An electron flood
gun operating with a 5 μA emission current, 1.5 V bias voltage,
and 40.0 V extractor voltage was used for charge neutralization
on all SEI samples.High-resolution (HRES) spectra forthe
regions of interest (C 1s, Cl 2p, O 1s/Sb 3d, Li 1s, and Cu 2p)
were collected sequentially with a pass energy of 23.5 eV in an
interval of 0.100 eV/step.The instrument base pressure was 5
× 10−8 Torr or lower during data acquisition.Spectra were
collected from atleast3 areason each sample (area 126.7
mm2) using a 0.6 mm by 2 mm spot size (area 1.2 mm2) to
ensure that any lateral heterogeneity in the SEI was accounted
for. Short HRES scanswere collected prior to longer
acquisitions so thatany sample damage could be identified,
although even the longerHRES scanswere relatively short
(20−30 min) to avoid prolonged beam exposure and sample
damage.49 In these studies,we were interested in studying
relative changes in binding energies and speciation between
samplesrather than obtaining absolutebinding energies;
therefore,all HRES spectra were shifted so that either the Cl
2p3/2 peak for ClO4

− was located at 208.6 eV or the Cl2p3/2
peak for Cl− was at 198.6 eV (if no ClO4

− was detected) based
on research suggesting that it is preferable to use SEI species
for calibrating binding energies.50 CasaXPS software (Version
2.3.16) wasused for peak fitting and quantification ofthe
HRES spectra.A nonlinear Shirley background and 30%
Lorentzian/70% Gaussian lineshapewere used for peak
fitting,51 and PHI relativesensitivityfactorscorrected for
angular distribution were used for quantification based on peak
fitting. More details about the peak fitting rationaleand
constraintsused aswell as a discussion ofhow the XPS
quantification was used in ouranalysis can be found in the
Supporting Information.

■RESULTS AND DISCUSSION
Previousstudiesof the effectsof additiveson the cycling
performanceof Cu2Sb in a LiPF6-basedelectrolytehave
demonstrated that VC dramatically improves the cycle lifetime
of Cu2Sb nanowires,29 and we have observed thatit also
improves the cycle lifetime ofCu2Sb cycled in the LiClO4-
based electrolyte.Binder- and additive-free Cu2Sb films ca.1
μm thick cycle for about15 cyclesat a C/20 rate in 1 M
LiClO4 in EC/DEC/DMC (1:1:1 vol) electrolytebefore
dropping to 80% ofthe initial capacity.However,despite the
poor performance ofthe Cu2Sb films in the LiClO 4-based
electrolyte,the addition of 5% VC improves the cycle lifetime
considerably.As shown in Figure 1,a ca.1 μm thick Cu2Sb

film cycled over an extreme potentialrange (0.05−3.0 V) at a
C/20 rate shows no capacity fade after 20 cycles when VC is
used as an additive; in fact,it cycles for about 70 cycles before
exhibiting gradual capacity fade (see Figure S1 in the
Supporting Information).The Cu2Sb film cycled with VC
actually shows a slight increase in capacity after 10 cycles that
is associated with electrochemicalroughening or pulverization
of the binder-and additive-free films thatallow more ofthe
active material to be accesseddue to increasedsurface
area.52,53The good capacity retention ofthe film cycled with
VC despite electrode roughening or pulverization suggests that
the SEI formed with VC has desirable mechanicalproperties
that enable it to accommodate the large volume changes of
Cu2Sb during cycling and keep the electrode materialin good
contact with the current collector as it is pulverized rather than
delaminating from the substrate.

More insights into the failure of Cu2Sb cycled in the LiClO4-
based electrolyte and the increasedcapacity retention
associatedwith VC can be gained from the differential
capacity plots shown in Figure 2.The intense features ofthe
differentialcapacity plotscorresponding to Cu2Sb lithiation
and delithiation are similar for Cu2Sb cycled with and without
VC and are in agreement with the previously reported lithium
alloying and dealloying reactions of Cu2Sb.54,55Looking at the
much lower intensity peaks between 2.75 and 1.0 V
correspondingto electrolyte reduction and SEI formation

Figure 1. Coulombic efficiency and capacity data for1 μm-thick
Cu2Sb films cycled at a C/20 rate between 0.05 and 3.0 V vs Li/Li+ in
the LiClO4-based electrolyte with and without 5% VC added.
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processesin Figure S2 also revealssimilaritiesbetween the
samples cycled with and without VC.However,comparison of
the differentialcapacity plotsfor the first 20 cyclesof the
Cu2Sb half cells cycled with and without VC suggests that the
failure of the film cycled without VC may be due in part to loss
of electricalcontactof the active materialdue to volume
changesduring lithiation/delithiation because the peaksfor
Cu2Sb cycled without VC decrease in intensity with the cycle
number,unlike those forCu2Sb cycled with VC,suggesting
that for the film cycled without VC, less active material is being
lithiated and delithiated with continued cycling.56 Again,this
suggests that VC may help improve the physicalproperties of
the SEI formed on Cu2Sb,perhaps forming a more robust SEI
that is better able to withstand the large volume changes
during cycling and preventcracking and delamination ofthe
film that result in loss of electricalcontact.Additionally,there
seems to be a difference in the degree ofpassivation ofthe
Cu2Sb electrodes cycled with and without VC.The first cycle
lithiation peaks shown in black in Figure 2 for Cu2Sb cycled
with VC are at slightly more negative overpotentials than those
for Cu2Sb cycled without VC, especiallyfor the phase
transition atca.0.7 V, as demonstrated by the dotted grey
lines on the right side of Figure 2.This suggests that even on
the first cycle,the SEI formed on Cu2Sb with VC is thick
enough or passivating enough to slightly impede Li+ transport
compared to the SEI formed without VC.56 Another striking
difference between the differential capacity plots for the Cu2Sb
samples cycled with and withoutVC are the reduction and
oxidation features at potentials above 2.5 V that are seen only
for Cu2Sb cycled without VC. The differencesin the
electrochemistry for Cu2Sb cycled withoutVC suggestsome
sort of compositional difference between the SEIs formed with
and without VC that affect the electrochemistryof the
electrode material and will be discussed in further detail below.

In order to learn about the compositionaldifferences in the
SEI formed from the LiClO4-basedelectrolytewith and
without VC, Cu2Sb was electrochemically cycled overthree
different potential regionsto target differentstagesof SEI

formation and growth. The three different regions were chosen
based on the characteristics ofthe voltage profile for Cu2Sb,
shown in Figure 3.The HPR,cycled between 1.8 and 3.0 V,

was chosen because it is wellabove the lithiation potentialfor
Cu2Sb,and there is little to no SEI formation expected in this
region,so any SEI formed by cycling over this potential region
may provide insights into the types ofspecies present during
the initialstages of SEI formation.The MPR,cycled between
0.9 and 1.8 V, is still higher than the Cu2Sb lithiation potential,
but based on the voltage profile,some capacity goes toward
SEI formation and lithiation ofsurface oxides.The reported
reduction potentialfor EC, DMC, and DEC on metallic
electrodes is ca.1.3 V,while VC reduction has been observed
around 1.4 V,57,58and the reduction of surface oxides on Sb-
based electrodes has been reported around 1.6 V.59,60Studying
the SEI formed from cycling overthe MPR is expected to
provide insights into the electrolyte reactions thatoccur and
the SEI species that are formed at higher reduction potentials.
Finally,the LPR,cycled between 0.9 and 0.05 V,encompasses
Cu2Sb lithiation and is expected to provide insights into the
electrolyte degradation and the types ofSEI species thatare
formed at lower reduction potentials.

XPS was used to compare the composition and speciation of
the SEIs formed over different potential regionswith and
without VC as an additive. Due to the heterogeneous nature of
the SEI,high-resolution (HRES) XPS spectra from at least 3
differentregions (1.2 mm2 analysis area) were collected for
each sample (total area 126.7 mm2) to ensure that an accurate
representation of the SEI was obtained.Representative regions
for each type of SEI samplewere chosenbasedon a
combination ofthe spectralfeatures and the percentatomic
compositions determined from HRES peak fitting and
quantification,and a more detailed description of this process
can be found in the Supporting Information.The analysis
regions for most of the SEI samples showed some differences
in spectralfeatures and quantification results,suggesting some
lateral heterogeneity of the SEI, and two representative regions
are reported for each sampleto either reflect the sample
heterogeneity or demonstrate the consistency between sample
regions.In this set of experiments,mostof the SEI samples

Figure 2. (Left) Full differential capacity plots for the first 20 cycles of
1 μm-thick Cu2Sb films cycled at a C/20 rate between 0.05 and 3.0 V
vs Li/Li+ in the LiClO4-based electrolyte with (bottom) and without
(top) 5% VC added.(Right) Zoomed in differentialcapacity plots
showing the Cu2Sb lithiation/delithiation features from the left plots
in more detail.

Figure 3.First cycle discharge (lithiation) ofCu2Sb cycled with an
applied current of 15 μA/cm2. The features of the voltage profile were
used to determine the potential limits for the three different regions of
SEI formation chosen for this study: the HPR,MPR,and LPR.
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were quite heterogeneous with the exception of the MPR VC
SEI sample, which was relatively consistent in terms of spectral
featuresand the percentatomic composition ofthe sample
surface.

The quantification results from the HRES peak fitting of the
different SEI samples are shown in Figure 4 (see Tables S1−S3

for tabulated quantification results and Figures S3−S8 for all
fitted spectra). Both the HPR and HPR VC SEIs are composed
primarily of C (ca.50−60%) and O (ca.27−34%),with only
small differencesin composition for the sampleswith and
without VC, which suggeststhat there is SEI formation at
higher potentials even though it is not readily apparent from
looking at the voltage profile in Figure 3.Additionally,a small
amount of Sb (ca.0.3−0.8%) and a slightly higher amount of
Cu (ca. 1−4%) were detected in these samples. In Region 1 for
both the HPR and HPR VC samples, a small amount of Li (ca.
13−15%) was detected,while for Region 2 of both samples no
Li wasdetected.Finally,the HPR SEI formed withoutVC
tended to be more Cl rich (ca. 6%) than the HPR VC SEI (ca.
2−4%).Looking at the features ofthe HRES spectra we find
more differencesbetween the HPR SEIsformed with and
without VC.

The Cl 2p HRES spectra are shown in Figure 5 (without
fitted data for simplicity).As can be seen for the Cl 2p spectra
of the HPR and HPR VC samples on the left of Figure 5,the
Cl 2p3/2 and 2p1/2 peaksare around 208.6 and 209.7 eV,
respectively,which is indicative of a perchloratebinding
environment.61 The ClO4

− detected at the SEI surface for both
samples cycled over the HPR is from the LiClO4-supporting
electrolyte; since the samples were rinsed with DMC prior to
XPS characterization to removeresidualsalt species,this
suggests that the ClO4

− is being incorporated into the SEI.
Interpretation ofthe O 1s/Sb 3d HRES spectra shown in

Figure 6 (also presented without fitted data for clarity) is more
complicated than that of the Cl 2p spectra.The reported O 1s
binding energies for proposed SEI species such as lithium alkyl
carbonates and lithium carbonate (Li2CO3) range from 531.7
to 533.8 eV,10,17,33,62−64and the distinguishing O 1s peak for
poly VC is located around 534.5−534.7 eV.65,66The reported
O 1s binding energies for perchlorates range from 533.0−533.6
eV.21,61,67 This makesit difficult to distinguishdifferent
binding environments for the SEIsamples even when curve

fitting is used to deconvolute the O 1s peaks.Additionally,the
binding energies of Sb 3d5/2 peaks range from ca.528 eV for
Sb0 to 531 eV for Sb oxides,further convoluting the O 1s
spectraif Sb is present.21,59,68 However,the overlapping
binding energy rangesof the O 1s and Sb 3d spectra also
provide a usefulway to obtain rough SEI thickness estimates.
The O 1s/Sb 3d HRES spectra for pristine Cu2Sb (see Figure
S9) show intense Sb 3d5/2 and 3d3/2 peaks around 531.0 and
540.6 eV,respectively,for antimony oxide species from the
surface oxide layerand lessintense 3d5/2 and 3d3/2 peaks
around 528.3 and 537.6 eV,respectively,corresponding to
metallic antimony from Cu2Sb beneath the surface oxide layer.
Both the HPR and HPR VC SEI samples are quite thin (<10
nm based on the information depth of XPS), as there are peaks
corresponding to Sb oxide species from the surface oxide layer
of the underlying Cu2Sb film for both types of samples.69 The

Figure 4.Percent atomic compositions for the representative regions
(R1 and R2) of the SEI samplesformed overdifferentpotential
regions (HPR,MPR, and LPR) with and withoutVC, determined
from XPS HRES peak fitting.

Figure 5. Cl 2p HRES spectrafrom the representativeregions
(Region 1 and Region 2) ofthe SEI samples formed over different
potentialregions (HPR,MPR,and LPR) with and without VC.

Figure 6.O 1s/Sb 3d HRES spectra from the representative regions
(Region 1 and Region 2) ofthe SEI samples formed over different
potentialregions (HPR,MPR,and LPR) with and without VC.
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HPR VC SEI may be thinner in some regions because metallic
Sb peaksare also seen forRegion 1 of the HPR VC SEI
sample,suggesting thatthe HPR VC SEI is thin enough in
some regions that the metallic Sb from Cu2Sb can be detected
in addition to the Sb oxide species from the Cu2Sb surface
oxide layer.

The presence of Cu in the HPR sample set may hold one of
the keys to understanding the differences between the SEIs
formed with and without VC.Given the smallamount ofSb
detected (<1%), the comparatively large amount of Cu (ca. 1−
4%) detected for the HPR and HPR VC samples is curious,as
one would expect the Cu amount to be roughly twice that of
Sb detected ifit were due to the signalfrom the underlying
Cu2Sb film rather 3−5 times the amountas the case here.
Basedon the data discussedbelow, it seemsthat the
considerable amountof Cu detected is due to Cu diffusion
as a result of Cu/Cu2Sb oxidation.Even though the HPR
sample setwasnot discharged to low enough potentialsto
lithiate Sb and extrude Cu out of Cu2Sb (refer to Figure 3),it
was charged to high enough potentials to result in Cu/Cu2Sb
oxidation (in aqueous solutions, Cu2Sb oxidation was observed
around −0.3 to 0.0 V vs SSCE dependingon solution
conditions,which corresponds to ca.2.5−2.8 V vs Li/Li+).35

This could resultin more Cu presentat the surface as itis
oxidized and reduced when cycling over the HPR. This is more
pronounced in the HPR sample without VC,for which about
3−4% Cu was detected for all regions of the sample;
differentialcapacity analysis for the HPR SEI sample Figure
7 (top) shows the onset of an oxidation peak around 2.8 V and

a reduction peak around 2.6 V thatis not seen for the first
discharge; these peaks are most likely due to the oxidation and
reduction of Cu,respectively.There is also visualevidence to
supportthis hypothesis;when disassembling halfcells cycled
up to 3.0 V in the LiClO4-based electrolyte without VC,the
separators are often discolored as shown in Figure S10 due to
the presence ofCu as confirmed by energy dispersive X-ray
spectroscopy(EDS) in Figure S11. Differential capacity
analysis for the HPR VC SEI sample (Figure 7,bottom) did
not show these features;this could be because there was less
Cu oxidation and reduction for this sample,as not allanalysis
regions ofthe HPR VC SEI were Cu rich (ca.1% Cu was

detected for Region 1 and ca.4% for Region 2).Additionally,
the separators from half cells cycled with VC do not show signs
of discoloration due to Cu diffusion. These results suggest that
the SEI formed in the presence ofVC is better at protecting
and passivating the Cu2Sb surface as it seems to decrease the
amount ofCu/Cu2Sb oxidation and subsequent Cu diffusion
when cycling to high potentials compared to the SEI formed
without VC. Based on the XPS results for the HPR samples
with and without VC, both SEIs are quite thin and
nonuniform,which suggests that the differences in passivating
ability are due to differencesin SEI speciation ratherthan
thicknessor coverage.The featurescorresponding to Cu/
Cu2Sb oxidation were also seen in the differentialcapacity
plots ofCu2Sb cycled over the full0.05−3 V potentialrange
when no VC was present(Figure 2, top left plot), which
suggests thateven when the electrode is polarized to lower
potentials,the SEI thatforms does notpassivate the surface
well enough to preventCu/Cu2Sb oxidation,unlike the SEI
formed in the presence of VC,which does not show any signs
of Cu/Cu2Sb oxidation (Figure 2,bottom left plot); however,
unlike for the HPR SEI case,it is unclear at this point whether
differences in passivating ability for the SEIs formed over the
full voltage range are due to chemicalor physicaldifferences.

The C 1s HRES spectra may be able to provide some
insights into why the SEI formed with VC may be better at
protecting the Cu2Sb surface than the SEI formed without VC
since much ofthe SEI surfaces for both types ofsamples are
composed of carbon.The C 1s spectra are shown in Figure 8

with the fitted data included to help illustrate differences
between the spectral features for the various SEI samples.The
most intense peaks in the C 1s spectra for the HPR samples
with and without VC correspond to an aliphatic carbon
binding environment around 285.0 eV (red peak), which could
be due to some adventitious carbon in addition to organic SEI
components.33,62,63,66Both the HPR and HPR VC samples
also have a peak corresponding to a C−O binding environ-
ment around 286.5 eV (blue peak),which could be due to the
presence ofSEI species such as alkoxides,alkylcarbonates or
carboxylates,or PEO oligomers,and a peak around 289.0 eV
corresponding to an OC−O binding environment(gold
peak) that could be due to oxalates, alkyl carboxylates, or ester-

Figure 7. Comparison of the differential capacity analysis plots for the
samples cycled without VC and with VC for the HPR SEI sample set.

Figure 8.Fitted C 1s HRES spectra from the representative regions
(R1 and R2) of the SEI samplesformed overdifferentpotential
regions (HPR,MPR,and LPR) with and without VC.
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containing species.10,17,33,62−64,66Based on a previous study of
the SEI formed on Cu2Sb thin film anodes in a LiPF6-based
electrolyte,these three C 1s binding environments may be due
primarily to carboxylate and ester species,in addition to small
amounts of alkoxides.27 The most notable difference between
the HPR and HPR VC SEIs is the presenceof a small
carbonate peak around 290.5 eV (teal peak) in Region 1 of the
HPR VC SEI,which is the region where Cu2Sb seems to be
better passivated based on the lower amount ofCu detected.
The carbonate peak could be due to the presence ofeither
lithium alkyl carbonates, Li2CO3, or poly VC,but it seems that
the presence ofcarbonates could be beneficialfor passivation
of the Cu2Sb surface during the initialstages of cycling.63,66It
seems most likely that the C 1s carbonate binding environment
seen in the HPR VC sample is due to a species like poly VC or
some other VC reduction product rather than Li alkyl
carbonate speciesor Li2CO3 since those speciescould also
be formed from the electrolyte without VC.44,45,66,70Because it
is difficult to draw any conclusions about the carbonate species
based on the XPS results alone, this warrants further
exploration in future work using complementary character-
ization techniques such as FTIR.14,27,45

Both the HPR and HPR VC SEIs were quite heterogeneous,
but for the MPR samples,the MPR SEI without VC was
heterogeneous while the MPR VC SEI was more homogenous
in terms of composition and HRES spectral features. As seen in
Figure 4,the compositions ofthe MPR sample set (with and
without VC) are quite similar,with C (48−57%) and O (26−
28%) making up most ofthe SEI surface.The MPR VC SEI
surface is quite Li rich at 19−22%,while the MPR SEI sample
has Li-rich regions (20%) as well as regions with less Li (12%).
The MPR VC SEI surface is made up ofca.2−3% Cl from
ClO4

−, while the MPR SEI surface has about twice the amount
of Cl at 5%,with a mixture ofClO4

− and Cl− seen for MPR
Region 2 as shown in Figure 5 (middle column).The SEIs
formed over the MPR both with and without VC are thicker
than those formed over the HPR based on the absence of Sb
peaks in the O 1s/Sb 3d spectra (Figure 6,middle column).
Again,it is difficult to commenton differences in the O 1s
spectra, but one notable feature is the presence of an O 1s peak
around 528.3 eV corresponding to Li2O for Region 2 ofthe
MPR SEI that is not seen for the other MPR region or for the
MPR VC sample.71 Looking at the C 1s spectra in Figure 8,
both the MPR and MPR VC samples have aliphatic, C−O, and
OC−O binding environments like the HPR and HPR VC
samples.The MPR VC C 1s spectrum hasan additional
binding environment corresponding to carbonate like Region 1
of the HPR VC sample, while no carbonate binding
environment was detected at the surface ofthe MPR sample
without VC. The intensity of the carbonate peak relative to the
other C 1s peaks is higher for the MPR VC sample compared
to HPR VC Region 1. This seemsto reiterate that one
important difference between the SEI formed without VC and
with VC is the presence of carbonates,possibly in the form of
poly VC or other species formed from VC reduction.66

Both the LPR and LPR VC SEI are also heterogeneous,and
the compositionsof the representativesampleregionsare
shown in Figure 4.Like the SEIs formed with and without VC
over potential regionsmore positive than Cu2Sb lithiation
(HPR and MPR), the SEIs formed over the LPR are composed
primarily of C and O.Both the LPR and LPR VC SEI contain
roughly the same amount of oxygen as the SEIs from the HPR
and MPR sample sets (27−34%).However,the LPR SEI is

more C-rich (42−52% C) than the LPR VC SEI (25−35% C),
which contains roughly as much Li as C (34−43%).The LPR
SEI is Li-rich compared to the HPR and MPR samples,but it
only contains about half the amount of Li as the LPR VC SEI
(17−22%).

The Cl 2p and O 1s/Sb 3d spectra, shown in Figures 5 and 6
(right columns),reveal more differences between the LPR and
LPR VC SEI surfaces.The LPR SEI surface is similar to the
HPR and MPR SEIs in the sense that it is composed of ca.3%
Cl from ClO4

−. In contrast, the LPR VC SEI surfaceis
composed of only ca.1% Cl present as Cl−/LiCl.21,67Like the
MPR SEI set, the LPR and LPR VC SEIs are thick, as no Sb 3d
peaksare seen.The O 1s spectra revealthat the LPR VC
sample surface contains Li2O, while the LPR SEI surface does
not. Compared to Region 2 ofthe MPR SEI,which also has
Li2O, the LPR VC SEI surface contains more Li2O based on
the intensity of the Li2O O 1s peak relative to the intensity of
the peak formed by the other O 1s binding environments at
higher binding energies.The presenceof a considerable
amount of Li2O on the surface of the LPR VC SEI is likely the
reason that the LPR VC SEI surface is so rich in Li compared
to all of the other SEI samples.

The C 1s HRES spectra in Figure 8 (right column) for the
LPR sample set also highlight severaldifferences between the
SEI formed over the LPR with and without VC.Both regions
of the LPR SEI sample have four C 1s binding environments
corresponding to aliphatic,C−O, OC−O, and carbonate
binding environments. The C 1s spectra for both regions of the
LPR VC SEI sample are notably different because they do not
show a C 1s peak corresponding to an OC−O binding
environment,suggesting that the surface ofthe LPR VC SEI
does not contain any oxalate, alkyl carboxylate, or ester species.
The LPR VC SEI surface may also contain some sp2 C, as the
C 1s spectrum for Region 2 of the LPR VC sample seems to
have a smalllower binding energy peak around 283.0 eV,
which could be due to the presence of species such as Li vinyl
carbonate.44 In the case of the LPR VC SEI surface,it seems
like poly VC is not contributing to the C 1s carbonate binding
environmentbecause there isno corresponding O 1speak
around 534.5−535 eV that has been reported for poly VC.65,66

Carbon speciesmake up a large percentage ofthe SEI
surface for the samples formed over all three potential regions,
both with and withoutVC, and the types ofcarbon binding
environments orspecies presentseem to play an important
role in capacity retention forCu2Sb cycled in LiClO4-based
electrolytes,which has been suggested previously in studies of
the SEI formed on Cu2Sb nanowires in LiPF6-based electro-
lytes with and without additives and for other alloying anodes
such asSn.29,44 Based on the differencesin the XPS C 1s
HRES spectra for the SEI layers formed with and without VC,
it seems that carbonate species in particular play an important
role in SEI passivation for Cu2Sb electrodes.The carbonate
species formed from VC reduction,such as poly VC,may be
necessary forpassivating the Cu2Sb surface during the early
stages ofcycling (prior to Cu2Sb lithiation) in LiClO4-based
electrolytes and may also improve the mechanical properties of
the SEI based on changesobserved in the capacityover
cycling. The species that form from the reduction of EC, DEC,
and DMC do not seem to be sufficient for surface passivation
in the LiClO 4-based electrolyte withoutVC. Based on the
peaks at ca.2.0,1.7,and 1.2 V in the differential capacity plots
of the differentpotentialregion samples (see Figures 7 and
S12),the carbonate solvents are being reduced for the samples
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both with and without VC.57,58 However,no carbonate
binding environmentswere detected for the SEI samples
formed at higher potentials (HPR and MPR) in the absence of
VC; instead,speciessuch ascarboxylate salts,esters,or Li
alkoxides are formed from solvent reduction based on the C 1s
HRES spectra ofthe HPR and MPR SEI samplesformed
without VC. Thesedifferencesin speciation for the SEIs
formed without and with VC over the HPR and MPR could be
due to differences in favored solvent reduction pathways or to
differencesin SEI reactivity based on electrode surface
passivation.42,72 In the latter case,initial solventreduction
speciesin the SEI formed without VC such as Li alkyl
carbonates may have reacted further to form carboxylate salts,
esters,or alkoxides due to poor surface passivation when VC
was not used as an additive.This preliminary passivation (or
lack thereof) may be particularly important for high capacity
anode materials such as Cu2Sb thatexperience large volume
changesduring cycling.Even though carbonate speciesare
incorporatedinto the SEI formed without VC at lower
potentials (refer to the LPR C 1s spectra in Figure 8),it does
not seem to be sufficient for passivating the electrode surface,
as there are still signs of Cu/Cu2Sb oxidation when the film is
cycled over the full voltage range from 0.05 to 3.0 V versus Li/
Li+ (refer to Figure 2).This electrode oxidation could be due
in part to new electrode surfaces being exposed due to volume
changes during cycling,but it could also be due in partto
continued insufficient passivationbecausethe Cu/Cu2Sb
oxidation features in the differentialcapacity plot for the VC-
free sampleshift to higher overpotentialswith increased
cycling,suggesting thatcontinued SEIgrowth resultsin a
kinetic limitation of the process but not completely preventing
it. Therefore,the stage atwhich the beneficialspeciesare
incorporated into the SEImay be importantin addition to
what types of speciesare formed, which has also been
demonstrated fortin anodes.45 However,additional work
characterizing the SEI/electrode morphology and passivating
ability using techniquessuch as scanning electron micros-
copy15,17,29,73and redox-probe experiments,74 respectively,is
necessary to determine whether electrode volume changes and
the physical properties of the SEI play a role in the differences
in electrochemistry observed for the electrodes cycled over the
full voltage range with and without VC in addition to the types
of species present in the SEI.

Inorganic species make up a smaller percentage ofthe SEI
surface in the samples examined in this study but may also play
an important role in SEI performance and surface passivation;
although based on the literature,it is still unclear whether they
are beneficialfor alloying anodes.14,44,45,47,74−76Based on
comparisons ofthe percentatomic composition ofCl at the
SEI surface due to the presence of ClO4

− and/or Cl− species,
the SEIs formed without VC over the HPR,MPR,and LPR
were more rich in Cl-containing inorganic species.While the
inorganicSEI speciessuch as LiF that are formed from
electrolytes containing fluorinated components such as LiPF6
or FEC are believed to be beneficialSEI componentsthat
passivatethe electrode surface,45,47,75 the presenceof
perchlorate in the SEIon Cu2Sb films when LiClO4-based
electrolytes are used does not seem to be beneficial.Although
the SEI layersformed without VC over differentpotential
regions are quite rich in ClO4

− comparedto their VC
counterparts,the SEI layers formed without VC do not
passivate the Cu2Sb surface well and Cu2Sb oxidation has been
observed when charging to 3.0 V.This suggests thatnot all

inorganic SEI components are beneficial,and the presence of
ClO4

− in the SEI does not appearto help with surface
passivation forCu2Sb electrodes.Chloride species and Li2O
were also detected at the surface of SEIs formed on Cu2Sb with
and without VC,but at this point,it is unclear what role Cl−

species and Li2O play in the properties and performance of the
SEI.The formation ofboth species may be undesirable since
the reduction of LiClO4 to form LiCl and Li2O consumes eight
moles of electrons and eight moles of Li+.37 The formation of
LiCl and Li2O from LiClO4 reduction results in a more Li-rich
SEI based on the percentatomic composition ofLi for the
LPR VC SEI sample,which may be beneficial for Li+ diffusion,
especially in the case ofLi2O formation.77 The role of these
two species in the passivation and properties ofthe SEI may
warrant further investigation to better understand whether the
possible improvements in surface passivation and Li+ diffusion
due to LiCl and Li2O formation outweigh the unfavorable
decrease in Liinventory.

While we have discussed the oxidation of Cu/Cu2Sb and Cu
diffusion in the context of the passivating ability of the SEI and
the role of VC, we would be remiss notto also discuss the
possible implications of these observations for SEI health and
the capacity retention ofCu2Sb. Without VC, charging the
Cu2Sb to high potentials results in the oxidation of Cu/Cu2Sb
and also some Cu diffusion to other parts ofthe cell.While
metal oxidation and transport are not typically discussed in the
contextof alloying anodes,it is a very important areaof
research for cathode materials.VC has previously been found
to help prevent Co oxidation in lithium cobalt oxide cathode
materials.78 Additionally, metal transport in systems containing
Ni- and Mn-based cathodes has been found to have
detrimentaleffectsfor the anode SEI layer, affectingthe
passivatingability of the SEI and exacerbatingelectrolyte
degradation.74,79,80It is possible that Cu in the SEI could also
play a role in the poor cycling performance observed for Cu2Sb
without VC in a couple of ways.First, the observed Cu
diffusion could be playing a role in a short lifetime and rapid
capacity fade of the Cu2Sb thin film cycled without VC.If Cu
diffusesawayfrom electrode,someof the conductiveCu
network thatallowsfor good electronic conductivity in the
lithiated Sb phases may no longer be present and could result
in some lossof active materialconductivity and cause the
observed capacity fade in addition to the delamination that has
been observed for Cu2Sb cycled without VC.81 However,this
is not consistent with previous observations from our group in
which Cu-deficientCu2Sb showedgood reversibilityand
cycling stability.73 Second,it is possible that the Cu species in
the SEI formed without VC could be reacting with the SEI and
electrolyte components,which could be anotherexplanation
for why the HPR and MPR SEI samples without VC did not
contain carbonate binding environments.This explanation is
more consistent with our previous observations in which Cu-
rich Cu2Sb showed large irreversible capacities and short cycle
lifetimes.73 Research on metaldissolution and transportfor
cathode materials has revealed that the degree ofdetrimental
effects on the anode SEI depends on the transition metal,with
Mn being the most harmfulfor SEI health,but it is possible
that Cu could also prevent effective SEI passivation.74,79There
is precedence forCu reactivity in otherchemistry fields,as
some enzymes known to reactwith smallorganic molecules
contain Cu active sites.82 This area is worth exploring further
with redox probe experiments to determine the role of Cu in
SEI passivation.74 Metal transportcould be an important
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consideration for other intermetallic anode materials as well,
especially when Cu,a fast solid state diffuser,is used asa
volume buffering component in alloying anodes.3,4

■CONCLUSIONS
The SEI formed on Cu2Sb thin film anodes with and without
VC as an electrolyte additive was studied in order to better
understand the role that VC plays in stabilizing the SEI and
extendingthe cycle lifetime of Cu2Sb. The cycling data
(capacity vs cycle numberand differentialcapacity analysis)
suggestthat some ofthe improvementin capacity retention
observedfor Cu2Sb with VC is due to improved SEI
mechanicalproperties,as the film cycled with VC showed
evidence ofelectrochemicalroughening but not delamination
from the substrate, unlike the film cycled without VC. The SEI
formed with VC also seemed to passivate the Cu2Sb surface
more effectively,as no evidence ofCu/Cu2Sb oxidation and
diffusion wasobserved forCu2Sb films cycled to oxidizing
potentialswith VC as an additive.The differencesin the
passivating ability ofthe SEI formed with and withoutVC
seems to be due in part to differences in the SEI speciation.

The role that inorganic SEI components like LiF play in the
passivating ability and stability ofthe SEI on alloying anode
materialsis unclear.Studying the SEIformation on Cu2Sb
without fluorinated electrolytecomponentsallowed us to
better understand whatother types oforganic and inorganic
species may be beneficialfor good SEI performance.During
the initial stagesof SEI formation at higher reduction
potentials,the surface ofthe SEI formed on Cu2Sb without
VC does not contain any carbonate species,whereas the SEI
surface formed with VC does.VC reduction products such as
poly VC or other polycarbonatespeciesseem to play an
important role in the passivating ability of the SEI. The surface
of the SEI formed without VC tended to contain more
inorganic LiClO4-containing species,which do not seem to
passivate Cu2Sb very effectively.
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O.; Edströ m, K. Electrodeposited Sb and Sb/Sb2O3 Nanoparticle
Coatings as Anode Materials for Li-Ion Batteries.Chem.Mater.2007,
19,1170−1180.
(60) Bryngelsson,H.; Eskhult,J.; Nyholm,L.; Edströ m, K. Thin
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