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ABSTRACT:The stability of modern lithium-ion batteriggympact SEI (( Extended SEI
depends critically on aneetive solidelectrolyte interphase

(SEl), a passivation layer that forms on the carbonac
negative electrode as a result of electrolyte reduction. Ho

aging remains limited due to thedilty in characterizing the
structural and chemical properties of this sensitive interpha
this work, we image the SEI on carbon black negative elec
using cryogenic transmission electron microscopy (cryo-
and track its evolution during cycling. Wd that a thin,
primarily amorphous SEI nucleates on itsiecycle, which further evolves into one of two distinct SEI morphologies upon
further cycling: (1) a compact SEI, with a high concentration of inorganic componemtstitredy @assivates the negative

electrode; and (2) an extended SEI spanning hundreds of nanometers. This extended SEI grows on patrticles that lack a compa
SEI and consists primarily of alkyl carbonates. The diversity in observed SEI morphologies suggests that SEI growth is a highl
heterogeneous process. The simultaneous emergence of these distinct SEI morphologies highlights theeciomssity of e
passivation by the SElI, as large-scale extended SEI growths negatively impact lithium-ion transport, contribute to capacity los:
and may accelerate battery failure.

KEYWORDS:Lithium-ion batteries, transmission electron microscopy, cryogenic electron relecisolypy irselighase,
carbon anode

Sate—of-the—art lithium-ion batteries rely on carbonaceowsarbon electrodes has been extensively characterized via
egative electrodes. The functionality of these electrodphysical and chemical methods such as X-ray photoelectron
strongly depends on the physicochemical properties of tR@ectroscopy (XPS), mass spectrometry, and Fourier-trans-
solid electrolyte interphase (SEI), a passivating layer thagym infrared spectroscGpy*® 27 However, SEI character-
forms on the surface of almost all Iithi'um—ion battery pegati\{ ation remains challenging due to its nanoscale morphol-
electrodes as a result of electrochemical decomposition of 828 complex and multicomponent chemical composi-

electrolyte. While a well-passivating SEI is necessar s L :
Y b 9 yr{lon,829 31 reactivity to oxygen and moisttie>** and

kinetically inhibit the electrochemical electrolyte reductio . | ETEPER lovi
its continuous formation consumes cyclable lithium and thG€nsitivity to X-ray and electron radiatiofr.” Employing

reduces battery lifetihé SEI growth can also impede atomic-resolution characterization techniques that overcome
lithium-ion transport on the particénd electrod® *°length
scales, which can trigger undesirable parasitic reactions sucheasived: April 12, 2019
lithium plating and hasten battery fafilufeGiven the  Revised: July 2, 2019

importance of the SEI to battery performance, the SEI oRublished: July 19, 2019
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Figure 1.Initial formation of SEI on carbon black. (a, b) Cryo-TEM images of pristine carbon black. The {001} planes are readily visible. (c)
Voltage capacity curves of a carbon black/Li half-cell cycled at C/10. Lithiation and delithiation are represented by blue and red curves,
respectively. Reproduced with permission fraith @bpyright 2019 The Electrochemical Society. (d, €) Cryo-TEM images of the SEI formed on
carbon black in the delithiated state after 1 cycle. The approximate SEI thickne§sais® S)inHast Fourier transforms (FFTs) are available

in the Supporting Informatioiff) dQ/dV and ethylene gas signal detected via DEMS as a function of voltagestdithiition of a carbon

black/Li cell cycling at C/10. The ethylene gas peak tracks to the voltage pldsal/;agas is not generated at lower potentials.

these obstacles is necessary to deepen our understanding ofitheim ions, and its large length scale causes a readily observed
structure and function of this complex interphase. decrease in electrode porosity. This loss of porosity likely
Recent advances in cryogenic electron microscopy (cryiacreases the overpotential for lithium-ion transport in the
EM) have enabled atomic-resolution imaging of air- andlectrolyte and may lead to capacity fade and lithium plating.
radiation-sensitive battery components, spigithe SEl on  SEI growth on the order of hundreds of nanometers has been
the metallic lithiun?® *® and oxidized coppér.Previous  previously detected by tomograpland pressure measure-
work has revealed the diversity of nanostructures present in thents.> but cryo-EM provides a unique view into its structure
SEl on Li metal, exhibiting both lay&teand mosaic¢ and chemistry. Furthermore, the variable SEI thicknesses
structural motifs. While this powerful technique has unlockebustrates the highly heterogeneous nature of SEI growth after
novel insights into the mechanisms of Li metal deposition argigni cant aging. This work reveals the heterogeneity of SEI
SEI growth, cryo-EM has yet to be applied to study the SEbrmation and evolution on carbon electrodes and the utility of
that forms on carbon negative electrodes, as well as how thigo-EM for nanoscale characterization of the chemistry and
SEI evolves with cycling. The application of cryo-EM to studyorphology of the SEI.
SEI growth beyond thest cycle can reveal the morphological Carbon black is a model carbonaceous negative electrode
and chemical evolution of the SEI on carbonaceous negativaterial for the microscopic and electrochemical study of SEI
electrodes under dirent operating conditions. growth as well as a commonly used conductive additive in
In this work, we usex sitcryo-EM to track the structural commercial lithium-ion battery electrodes. The basal/edge
and chemical evolution of the SEI on carbonaceous negatplane structure of carbon black is similar to graphite, its
electrodes during cycling. We select carbon black as a moskelicture is ideal for TEM imaging due to its small si (
carbon nanomaterial with which to study SEI growth andm) and well-aligned {001} planésg{ire &,b). The {001}
evolution due to its graphitic structiffe,high surface area, planes are clearly visible at the particle edge regardless of
electron transparency, and welhdd {001} plane¥ We particle orientation due to spherical symmetry, making the
nd that, after sigréant cycling, well-passivated particles grovelectrode/SEl interface easily distinguishable. Furthermore, the
a highly inorgantcompact SEI on the order of 5 nm, while high spect surface area of carbon blad(n? g %) results
other poorly passivated particles form“extendet SEI in a large nominal SEI irreversible capacity, which enables
consisting of alkyl carbonates that can extend hundreds fatile electrochemical characterization of SEI dfbwth.
nanometers. This extended SEI is a principal consumer @bltage capacity curves of carbon black/lithium half-cells in
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Figure 2.Evolution of the compact SEI with cycling. (a) Lithiation and delithiation capacities of the carbon black electrode during cycling. (b)
Cumulative irreversible capacity loss of the carbon black electrode during cycling, exchieiggl¢hiereversible capacity f{€ryo-TEM

images of the late-cycle compact SEI directly interfaced with the carbon particle after 20 cycles. The approximate SEI tHiekie&iis 5 nm (

Fast Fourier transforms (FFTs) are shown ifStipporting Information

ethylene carbonate/diethyl carbonate (EC/DEC) with 1.0 Mcorresponding to the onset of ethylene carbonate decom-
LiPF; electrolyte cycled at C/10 with a cutoltage of 10 mV ~ position and initial SEI formation. The total capacity of the
(versus Li/LI) are displayed irFigure &, where 1 C rst lithiation exceeds 500 mA H, decause of the unique
represents 200 mA g With the exception of therst rst-cycle SEI formation reacfléf®

lithiation, no plateaus are observed in the voltagkesro Representative micrographs of the carbon surface and the
indicating a suppression of graphitic phase separatiae initial SEI after therst lithiation are displayedFigure t,e.
previously commed by in situ X-ray diraction** This We observe a thin 2 nm), primarily amorphous SEI layer

di erence in electrochemistry between carbon black ardirectly interfaced with the carbon black {001} planes (see
graphite may lead to drences in SEI growth. The lithiation Table Sifor precise quantiation). We note that particles
capacities decrease with cycling, while the delithiaticsbaked in electrolyte for many weeks in the delithiated state do
capacities are constant; this trend suggests that the Skt exhibit an SEI layeFigure S), con rming that the SEI
primarily grows during lithiati6h Notably, the rst cycle observed after cycling is not an artifact of sample preparation
exhibits a large voltage plateau at9 V at C/10, or residual electrolyte. In general, this thickness of the newly
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Figure 3.Emergence of an extended SEI with cycling. (a) SEM of a cross-sectioned electrode on the 1st cycle with individual carbon particles st
distinguishable. (b) SEM of a cross-sectioned electrode on the 50th cycle with many carbon particles obscured by large SEI deposits. (c, d) Bric

eld cryo-TEM of large extended SEI deposits spanning hundreds of nanometers. (e, f) Cryo-HRTEM of the extended SEI interfaced with carbc
black. Fast Fourier transforms (FFTs) are availableSaperting Information

formed SEI is consistent with commonly proposed ratdithium ethylene dicarbonate (LEDC), likely formed from the
limiting steps of SEI growth such as electron tunfiéling. reduction of ethylene carbonate via 2EC ++2&Li
The carbon black crystalline surface appears identical to #@H,0CO.Li), + CH, CH,*®% is the principal organic
pristine particle, suggesting that SEI growth does not alter thbemponent of the SEI. The ethylene gas evolution ceases after
surface. We also note that larger extended SEI grodbhs ( the rst lithiation Figure S@ This result is consistent with
nm) are occasionally visible after only teecycle Figure previous work studying gas evolution on graphite electro-
S9. dest®™0 53

We perform dierential electrochemical mass spectrometry We then study the evolution of the SEI after siymi
(DEMS) to better understand the chemical composition otycling. The lithiation and delithiation capacities of a carbon
this nascent SEFigure f). Signicant ethylene gas is evolved black half-cell cycled at C/10 for 20 cycles are displayed in
during the voltage plateau in thiet cycle through a two- Figure 2. We choose a low cycling rate to minimize transport
electron reductionF{gure SB while other gases were not gradients within the electrode, as the capacity at rates below
detected. The composition of the evolved gas suggests tid6 is identicaf® Figure B displays the cumulative
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Figure 4.Chemical analysis of the extended SEI. (a) Belghtryo-TEM of a region of an extended SEI interfaced with carbon particles. A fast
Fourier transform (FFT) is available in®hg@porting Informatiob) Dark- eld cryo-STEM and cryo-STEM-EELS maps of the region outlined

in part a. (¢) C K-edgene structure of Region 1 and Region 2 indicated in part b. (d) XPS characterization of the electrode surface after 2 min of
Ar sputtering to remove residual electrolyte. Deptleprare shown in tt&ipporting Informatipand increased GO counts after 50 cycles

are observed regardless of sputter time. The binding energy is calibrated to the adventitious carbon peak.

irreversible capacity loss (excluding tstecycle), estimated in thickness to 5 nm (Table S} and is consistent with a
by subtracting the lithiation capacities from the delithiatiosimple geometric estimate of capacity loss (s8efherting
capacities. This approach is reasonable for half-cells cycleth&irmatio). This compact SEI has a high concentration of
low rates (i.e., with small overpotentials). The cumulativerystalline inorganic components includig@ bnd LiOH,
irreversible capacity from cycles 2 to 20 exceeds 8 nfA h mdistributed in an amorphous matriyxCO; is also observed in
or 500 mA h g, which is more than double the measuredthe compact SEF{gure Sp This nanostructure suggests the
reversible capacity of carbon black. This large irreversibilitynimsaic structure of the SEI originally proposed by Raeded
reasonable given the high spesiirface area of carbon black; consistent with previous cryo-EM characterizations of SEI
however, the continuous increase in irreversible capacgyown in ethylene carbonate-based electrolytes on metallic
indicates that therst-cycle SEI growth does noeaively lithium and oxidized Ci#°%*° Notably, crystalline LiF does
passivate the electrode, and further electrochemical reactioos appear to be a key component of the compact SEI; recent
take place as the SEI continues to form. The irreversibleork has shown that LiF precipitates as nanoparticle
capacity loss versus time is displayed on &doglot in agglomerates onto the surface of the negative electrode rather
Figure S5 than incorporating within the compact SHhorganic SEI

After 20 cycles at C/10, we observe two vastly contrastirgpmponents such asQiare products of ethylene carbonate
morphologies of SEI growth: a compact SEI on the order of &ecomposition because of the continuous cycling of the carbon
nm (Figure }, and an extended SEI on the order of 100 nmnegative electrode to low potentials versus,LifA%"° while
(Figures 3and4). Our observation of distinct compact and components such as LIOH may result from trace water
extended SEI layers is similar to that presented by Edistrontontamination in the electrol{t€hese species are expected
and Peled; however, wend that these layers occur on to be eective in negative electrode passivation because of their
separate particles, instead of both layers occurring on the sasteetronic insulation and high dielectric constant and may be

particle. key to the stability of the carbonaceous negative electrode.
Representative micrographs of the compact SEI in theln addition to a compact SEI, we also observe an extended
delithiated state after cycling are present&dgine 2 f. SEI that spans a much larger length scale. Thegusgjtu

Again, the carbon black crystalline surface does not appeastanning electron microscopy (SEM) of a cross-sectioned
be damaged by SEI growth. We observe that the initial SEllectrode, we observe that sigant morphological changes
further evolves into a compact SEI that approximately doublike place over battery cycling beyond the growth of a compact
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SEI Figure &,b). While the carbon electrode after the initialcycling rates applied; SEM cross sections of the electrode
cycle is covered in a thin layer of SEI, individual particlason rm this resultfigure S Additionally, small dérences
remain distinguishable, and the porosity of the electrode iis the rst-cycle SEI formed on dient particles may lead to
maintained. After many cycles, a thick, binding SEI extendignicant dierences in the SEI that evolves upon further
among many electrode particles, concurrent with thelectrode aging. Understanding the origin of thesenmtes
previously observed compact SEI. This extended Sklcritical to control the evolved SEI morphology and motivates
signi cantly reduces the electrode porosity, increasing the situstudies to track SEI evolution on individual particles
overpotential for electrolyte transport. within the porous electrode.

Using cryo-EM, we probe the nanostructure of this late-cycleln addition to structural information accessed through
extended SEI and its interface with carbon. Here, we stutlyight- eld and HRTEM, rich chemical information can be
binder-free electrodes to avoid convolution of the SEI witbbtained through cryogenic scanning TEM (cryo-STEM)
binder. Diraction contrast in brigheld cryo-TEM from the  electron energy loss spectroscopy (EELS) with high spatial
carbon black {001} planes shows carbon patrticles at the edgesolution. Cryo-STEM-EELS mapping of the extended SEI
of the structure, interfaced with a central amorphous regiargion inFigure 4 yields the annular daidd (ADF) image,
extending hundreds of nanometersufe 8,d). Notably, this  along with the Li K-map, C K-map, and O K-mé&joire 5.
large ( 100 nm), amorphous SEI extends beyond the lengtfihe o -axis ADF detector shows high intensity from the
scale of the previously observed compact SEI, suggesting tabon black particles due to their crystalline nature, which is
this may be the porous, electronically insulating extended Skither supported by the carbon K-map. High carbon counts
proposed in late-stage SEI growth mddegifeled et al’ are attributed to the pure carbon from the carbon black, while
previously reported that a large, porous SEI predominantlye extended SEI shows a lower carbon signal relative to the
grows on basal surfaces in graphitic electrodes; thus, carlsanbon electrode. The Li K-map shows uniform Li distribution
blacks high availability of basal planes may lead to extensitteoughout the extended SEI, suggesting that the extended SEI
extended SEI growth. We also examine these extended 8&hsists mainly of lithium-containing components. We
growths using microscopy techniques including SEM amdeasure low lithium intensity in the carbon black particles as
atomic force microscopy (AFMjigures S7S9 for a more the sample was prepared in the delithiated state; this result also
complete picture of the morphology of this extended SEI; theon rms that lithium does not become inaccessible within
extended SEI generally encapsulates the carbon black particeson black and suggests that the SEI is the dominant
The morphology of the extended SEl is clearly visible via SEddpacity-loss mechanism in this system. The O K-map shows
and AFM on particles harvested from cycled electrodes, kaigni cant oxygen within the extended SEI. We note that the
not on pristine or electrolyte-soaked partiélesies S10 uorine EELS signal is weak in the extended-BEd S16
S19. Again, bothFigure 2 f and Figure 8 f are cycled EELS ne structure analysis of the carbon K-edges o
under the same conditions for approximately 20 cyclemsight into the bonding environment of carbon molecules
indicating two concurrent pathways of SEI growth. within the SEIFigure 4). Whereas the e structure of the

Cryogenic high-resolution TEM (cryo-HRTEM) imaging of carbon black region (Region 1) shows bonding indicative of
the SEl/carbon black interface shows the weledecarbon  the C C bonds characteristic to pristine carbon blagkre
black {001} planes; however, no carbon black is observ&l?, the C ne structure within the SEI dis signicantly.
within this amorphous, extended $Hire 8,f), suggesting The SEI C ne structure is dominated by the peaks at 288 and
that our observation is not due to structural disintegration &f91 eV, indicative of CH bonding and carbonate groups,
the active material. Likewise, the extended SEI is unrelatedréspectiveff. This bonding environment and amorphous
the binder as it is observed in electrodes with and withowtructure of these extended SEI regions implies an organic
binder. Cryo-HRTEM characterizations of the well-passivatezhmposition. This result suggests that the extended SEI
compact SEl on carbon kigure 2 f show signcant consists of alkyl carbonates and is consistent with conventional
crystalline reections from inorganic SEI components such aSEl chemical analysis techniques such as air-free XPS, which
Li,O or LiOH, whereas the carbon black/extended SEkhow increased GO signal on late cycl€igure d), albeit
interface does not contain crystalline components. Thisgith signicantly lower in-plane spatial resolution. In XPS, the
observation suggests that these inorganic crystalline SElative intensities of all noncarbonate peaks are suppressed for
particles may be the key components eftiwe passivation the late-cycled electrode due to the emergence of the C
by compact SEI, and their absence at the extended SEl/carlsignal, likely from the extended SEI. Only via techniques with
interface may lead to poor passivation. These passivatingh in-plane spatial resolution, such as cryo-STEM-EELS, can
characteristics may be attributed to their electronic propertighge origin of this increased carbonate signal be pinpointed and
such as their intrinsically low conductivity and high dielectriattributed to the extended SElI.
constant preventing electron transfer, or their high elastic These ndings may also have implications for SEI growth in
modulus mechanically stabilizing the’SEI. the crucial rst cycle, during the initiébrming of the battery.

The simultaneous emergence of thenm compact SEI  The observation of ethylene gas release duringstleycle
and 100 nm extended SEI on cycled electrodes suggesisggests the initial formation of organic products, such as
particle-level heterogeneity in SEI growth; rather than theEDC, in common with the extended SEI, over at least part of
extended SEI growing on top of the compact SEI, the extend#w pristine electrode surface. Coupled with our observation of
SEl grows simultaneously with the compact SEI ospatial heterogeneity in the late-state SEI between regions
independent particles. While heterogeneous SEI growth tdaminated by the compact and extended SEI, this result
been widely reportéd®®°* the extent of heterogeneity suggests that competing electrochemical reactions istthe
revealed by cryo-TEM is sigmint and surprising. Brences  cycle lead to heterogeneous patterns of inorganic and organic
on the electrode level, such as depth within the porousroducts, which serve to nucleate the compact and extended
electrode, cannot be responsible for this result due to the IEI in di erent locations. The desirable slow transition of the
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Figure 5.Schematic of SEI formation on the carbon negative electrode. As the carbon particles are lithiatexstieytig, taehin, initial SEI

is formed. After sigmiant aging via cycling, some carbon particles forneiante passivating compact SEI that contains inorganic components
such as LD. However, other particles form extended SEI growths extending hundreds of nanometers, possdaiviediorination of a
compact SEI. This extended SEI is the principal consumer of lithium ions.

compact to extended SEI may thus be circumvented in sordaring SEI nucleation. During initial SEI formation, the
locations, leading to early growth of the extended SEI amdduction of electrolyte molecules forms highly reactive
faster capacity fade. A promising strategy to extend batteadicals, some of which remain in the liquid phase and can
lifetime, therefore, may be to select or modify pristine€ontinue to react in the electrolyte, precipitating their reaction
electrode surfaces and electrolyte components to favproduct on the negative electrode at later Stagé3hese
compact SEI reactions in thst cycle. radicals may propagate easily through organic layers such as a
Growth of this extended SEI is a major source of capacigpmpact SEI lacking crystalline SEI components, which is
loss within the battery. While an ideal SEI is expected twonsistent with our observation of extended SEI growth on
passivate within a few nanometers of the electrode, thiarbon black without a crystalline compact SEI. The majority
observation of an SEI extending hundreds of nanometers ofithese radicals is formed on tts¢ cycle, and thus, instances
some particles indicates that the SEI does not always provifesmaller extended SEI precipitation are observed even on the
good passivation. Given its size, the growth of this extendet cycle Figure SR In this scenario, the evidence for
SEl is unlikely to be limited by electron transport. Here, welectrochemical SEI growth observed-igure a,b and
analyze three hypotheses to explain this surprising result. previously is explained by the growth of a compact SEI, while
First, we consider electrolyte molecule transport through trextended SEI growth via radical formation would not be
extended SEI. Electrolyte molecule transport, cgigci  detected electrochemically.
solvent molecule transport, is a commonly proposed mode ofA third possibility is that this extended SEI may result from
long-term SEI growt."*®%3%* Given the amorphous precipitation of soluble SEI spetie¥he compact SEI
morphology of the extended SEI and the lack of inorganformed on the negative electrode consists of insoluble SEI
components at the carbon/SEl interface, solvent may be alslpecies; however, as electrolyte is consumed through SEI
to transport either through nanoscale pores in the extendedowth, the concentration of the soluble SEl increases and may
SEl or through the polymeric network if swollen withprecipitate back onto the negative electrode as electrolyte
electrolyte. AFM of particles with an extended SEI revealscantinues to be consumed. The precipitation of this soluble
smooth surface={gure SP suggesting that pore sizes are atSEIl may be preferential on poorly passivated particles without
least smaller than the AFM probe size (10 nm). inorganic SEI components. In this pathway, SEI growth
To gauge the feasibility of this pathway, we use a simpbeoceeds via normal electrochemical and chemical routes,
modef to estimate the electrolyte uivity in the extended re ected in electrochemical measurements, and the extended
SEIl (see the Solvent Dsivity Estimation section in the SElis formed via this distinct precipitation process. Ebis e
Supporting Informatidn The di usivity is approximately could also be a purely chemical phenomenon or a corrosion
10 ¥ cn? s 1, which is generally in good agreement with theprocess, involving locally coupled reduction and oxidation
literature. Thus, our observations are quantitatively consisteatictions that do not transfer net electrons through the
with the hypothesis of extended SEI growth limited byexternal circuft However, both the relatively high electrolyte
solvent/electrolyte transport. volumes used in our cells and the wefiatk interface
Another possible pathway for growth of the extended SEl abserved between the extended SEI and carbon black suggest
the continued reaction and precipitation of radicals generatétht this hypothesis is unlikely.
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Growth of the extended SEI has important implicationuzhang LD000-0002-1502-7869
toward the late-cycle stability of the negative electrode, as\iartin Z. Bazanin00-0002-8200-4501
leads to decreased porosity of the porous electrode and,grﬂyan D. McCloskeyi00-0001-6599-2336
turn, impeded ionic transport throughout the porous electrodyijliam C. Chuehnoo-0002-7066-3470
The steady decrease of the overall electrode porosity 34Cui‘0000-0002-6103-6352
extended SEI will amplify concentration polarization an ' o
subsequently increase the propensity for lithium plating at h\@jﬂor Contributions

charging rates. The decrease in electrode porosity from lar§éH. and P.M.A. contributed equally to this work. W.H. and
scale ( 100s of nm) SEI growth has been studied by previoué-Z- performed electron microscopy. P.M.A. performed
authoré'o 15 particu|ar|y on graphitic electrodes cycled at higH‘Z"eCtrOde SyntheS|S and electrochemical characte_rlza_ltlon.
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has made this hypothesis Cha”enging to Verify_ Cryo_EWhe manuscript was ertt.en thrOUgh Contrlbuthns of all
enables unambiguous observation of SEI evolution as tfdthors. All authors have given approval tovéieversion of
electrode ages, highlighting the need for ectiee, well-  the manuscript.
passivating SEI. Notes
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