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ABSTRACT: The stability of lithium batteries is tied to the physicochemical XPS Cryo-EM
properties of the solid-electrolyte interphase (SEl). Owing to thecdity in

characterizing this sensitive interphase, the nanoscale distribution of SEI

components is poorly understood. Here, we use cryogenic scanning transmission

electron microscopy (cryo-STEM) to map the spatial distribution of SEI componen

across the metallic Li anode. We reveal that LiF, an SEI component widely believed—— >
to play an important role in battery passivation, is absent within the compacti®EI pm nm
( 15 nm); instead, LiF particles (18200 nm) precipitate across the electrode [
surface. We term this larger length scale as the indirect SEI regime. On the basis ofSE! &
these observations, we conclude that LiF cannot be a dominant contribution to

anode passivation nor does it ilence L transport across the compact SHih. We Li anode (@) @

re ne the traditional SEI structure derived from ensemble-averaged characterizations
and nuance the role of SEI components on battery performance.

transportation owing to their high energy densities.resolution and allow speciation of chemical components o

Despite their importance, a fundamental understandin@El, but in-plane spatial resolution is limited to the microm
of all the structures within the battery and their functiorscale. These studies have revealed SEI components com
remains lacking. Most prominent among these structures is thigh-performance electrolyte chemistries, such as the pre
solid-electrolyte interphase (SEI), a passivation layer thef LiF in the SEI arising from decompositionuafrinated
forms on the negative electrode (anode) that arises fro@lectrolyte components and its correlation to improved ba
electrolyte reduction at the low potential afiddhe SEI  cyclability>'® The benecial role of LiF has been
kinetically stabilizes the oaie/electrolyte interface by rationalized by its passivation properties; with a low electr
preventing further reduction of solvent molecules, while alggnquctivity, large band gap, and high electrochemical st
regulating Li-ion transfer from the electrolyte onto they; the anode, LiF has been proposed to be an exce
anodé™ At the same time, the SEl is a source of irreversiblgsmponent in passivating the aridd. Driven by this

capacity loss in the closed battery system and is the principakitive correlation between LiF and high battery cyclab
means of capacity loss in lithium-ion batfeAidandamental the battery community has pursued numerous LiF-b

understanding of SEI properties and structure is paramount 1o ia| SE| coatings to enable the metallic Li anode, a n

increasing the energy density and cyclability of ”thiunéeneration anode that may potentially enable 500 Wh

batteries. . o0Soa
Despite its signiance, the SEI has been referred to as thgattery chemistriés:

“most important and the least understoasbect of the
battery. This arises from the diulty in characterizing the Received: January 27, 2020
structure and chemistry of this sensitive interphase withccepted: March 16, 2020
nanoscale resolution. As the SEI is considerectilsim Published: March 16, 2020
on the anode, surface analytical techniques such as X-ray

photoelectron spectroscopy (XPS) and secondary ion mass

spectrometry (SIMS) are frequently used to probe the

I ithium (Li)-based batteries are critical to decarbonizinghemistry of the SE1'? These methods er high spectral
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Figure 1. Discrepancies between XPS and Cryo-TEM. (a) O and F XPS of EC/DEC + 10% FEC 1.Q & \@Bus sputter times. Depth
pro ling reveals increased concentrations of inorganic SEI species such as LiFCadkb&e to the anode surface. (b) SEI structure derived
from XPS depth prding. (c) Li metal plated on a Cu TEM grid. (d) Cryo-HRTEM of the compact SEI directly interfaced with Li metal in
the same EC/DEC 10% FEC 1.0 M LiP#lectrolyte. The image is 60 nm wide. (e) Fast Fourier transform (FFT) of 1lde®®ns are
matched to LjO and Li, without any LiF reections present. (f) Inverse FFT of 1e showingd.enrichment in the SEI, particularly at the
inner and outer interfaces.

Despite the importance of the SEI composition, thesurfaces of the battery anode, we resolve the discrepancy
arrangement of its components is poorly understood. Nanbetween large area surface characterizations such as XPS with
scale structural and chemical characterization of the interphasemic-scale characterizations such as cryo-TEM. In a highly
necessitates the use of transmission electron microscopiorinated electrolyte system, wel that LiF does not
(TEM) and spectroscopy>>’ however, the sensitivity of precipitate in the compact SEI directly interfaced with the
battery materials and interphases to electron beam irradiatianode surface. Instead, wendea new SEI length scale that
and air exposure from sample insertion has hindered atoméxtends outside of the compact SEI, in which LiF is observed
resolution characterization of the SEI in its native state. Recdiyt cryo-STEM to precipitate across the electrode. These
advances in cryogenic transmission electron microscopy hawudings provide a new perspective of the SEI structure across
enabled the stabilization of beam-sensitive materials includmgltiple length scales and may revise traditional views of SEI
battery materials in the TEf®>* allowing for atomic- species and their role on anode stability.
resolution images of the compact SEI on the carbon, Discrepancies between XPS and CrysPEN a standard
silicon®* and metallic Li anod&>*” Surprisingly, despite the means of SEI characterization anér rich chemical
use of uorinated electrolytes in these studies, LiF was nahformation at the cost of in-plane spatial resolution. While
observed within the compact SEI directly on the activéhe spatial resolution in the out-of-plane direction is high,
material surface. In this work, we utilize cryogenic scannidgriving an SEI structure from XPS alone is challenging as it
TEM (cryo-STEM) and electron energy loss spectroscophails to capture in-plane heterogeneity at the submicron scale.
(EELS) to identify the location of LiF in the SEI on the To illustrate this, we perform XPS depthlprg on a highly
metallic Li anode. Through analysis of active and inactiveiorinated electrolyte system, ethylene carbonate/diethyl
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carbonate (EC/DEC) 1.0 M LiRRvith 10 vol % uoro- a
ethylene carbonate (FEC) a®m electrolyte additive. ' Composite
Fluorinated solvents such as FEQjainated analogue to
EC, are known to stabilize Si and Li metal cﬁ(%l"if’%ﬁ39
with benets attributed either to the generation of LiF during
electrochemical reductiBff or to the polymerization of its
organic reduction proddcf? In addition to LiF originating
from the deuorination of FEC, the LiRFsalt easily
hydrolyzes in the presence of trace water to form HF, whig
may react at the anode to yield ©F.Depth proling at the
O and F binding energy of a cycled Li metal electrode reveal
principally organic outer surface layer, rich in Gokggen
bonding characteristic of the SEI derived from the carbona
solvent Figure &). With further depth prbng, the O and F
spectra yield an increased concentratiogOrabid LiF, while
the C signal decreas@sg(re S), suggesting enrichment of [l
inorganic SEI species at the inner SEI. Thetiags are
consistent with previous XPS studies of the SEI on the Li me
anode and have ultimately led to the standard picture of Slpsm
which consists of ‘&ompact SEI consisting of an inner
inorganic layer and an outer organic fayEne XPS depth
pro le gives the SEI structure showrrigure b, without
prior knowledge of the in-plane heterogeneity of the SEI. I[3%
this work, we rene this model to yield a picture of the SEI on
Li metal that bridges the nanoscale and microscale.
Leveraging recent advances in cryo-TEM, we plated Li or A
Cu TEM grid for HRTEM analysis of the compact SEI. Injelilasls
carbonate electrolytes, Li plates as nanosleaents,
ensuring electron transparenéigre t). Cryogenic high-
resolution TEM (cryo-HRTEM) imaging of a 60 nm length of
the compact SEI on the Li metal surface reveals that the SEIFigure 2. Large area cryo-STEM EELS mapping of the Li metal SEI
the same highly uorinated FEC and LiPFcontaining  in EC/DEC +10% FEC 1.0 M LiRf(a) Mapping of Li, O, and F
electrolyte is free of crystalline LiF and instead richOn Li of a representative Li metalament region without any F signal.

. ‘o . The window is 270 nmx 640 nm. (b) Mapping of Li, O, and F of a
'EFlgu][e ). -II-:hFI§I' IS f?rttf;]er qorroborateﬁ Ey the falst F?lurt'ﬁrLi metal lament region with a single LiF particle. F and composite
ransform ( . ) o € image, which reveals a aps were spatially rebinned to increase signal. The window is
crystallographic data present in the imBggire &). The 2100 nmx 340 nm.

lattice spacing correlating to the highest intensigtian of
crystalline LiF is absent, and onlgcdons corresponding to
Li,O and metallic Li are present. Mapping of tj@ &nd Li
re ections from reciprocal space back to real space illustratésonly a single LiF particle is observed. A single particle of Cu
the localization of J@ in the SEI, with enrichment ofQiat is also present, comed from EELS mapping of the Cu L-
the Li/SEI interface and the outer surface of the SEledge Figure Sg likely due to Cu dissolution from the current
consistent with the layered SEI nanostructure observed d¢nllector and its redeposition once Li is plated. These micron-
previous works={gure f).?%%° scale maps cam that the cryo-HRTEM observation is
Cryo-HRTEM is an ective methodology for identifying representative of the SEI; LiF is not incorporated into the
the presence of SEI components; however, it is limited to gompact SEI that is passivating the active material, even in a
relatively small region for analysis, and sensitive to orffyghly uorinated FEC-containing electrolyte. Owing to the
crystalline components within the SEI. In order to probe &igher solubility of LiF relative to,@i in carbonate
larger length scale of the Li metal SEI and include sensitivity étectrolyte$?*’ LiF formed at the Li metal surface does not
amorphous phases, we performed cryo-STEM EELS mappjnecipitate directly into the compact SEIl; instead, LiF
of the Li, O, and F K-edges over micron-scale regions acrgsgcipitates as nanoparticles with sparse coverage of the active
the Li metal lament. The annular darkld (ADF) cryo- material and cannot be a dominant source of anode
STEM image shows low intensity from theldrnent core, passivation. J® has the lowest solubility of all SEI
with higher intensity arising from the siad SEI layer owing components and is consequently the primary inorganic species
to the higher atomic numbeF)(of carbon and oxygen- within the compact SEI. This precipitation of large LiF
containing SEI specieSiqure 2). The EELS maps show particles on the anode surface has been suggested previ-
many regions of Li are completely free of F, with only signabsisly:>*®*° but our cryo-HRTEM and cryo-STEM EELS data
from Li and a sucial O layer arising from the SEI. The EELSfurther suggest an absence of LiF in the compact SEI. As the
spectra from the SEI shows no F signal, consistent with aompact SEI directly interfaced with the active material is the
absence of amorphous Lifgre SR In other regions, highly — primary regulator of ‘Lidissolution from the anode, it is
localized F signals are found on the Li mdgahent, unlikely that LiF plays a direct role in Li metal stripping
suggesting the sparse, localized precipitation of LiF on tlee ciency:*® Instead, the organic reduction products of EC,
active material surfa¢edqure B). Within this 2 m length of FEC, 1O, and their respective nanostructure are likely the
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Figure 3. Cryo-STEM mapping of the current collector. (a) Schematic of SEI formation on an amorphous ¢erfid&M grid current
collector. (b) Electrochemical protocol of SEI formation. (¢) Mapping of Li, O, and F in a 10% FEC electrolyte withogtThERvindow
is9 mx 9 m. (d) Mapping of Li, O, and F in an electrolyte with 1.0 M L{&nd without FEC. The window is 13n x 13 m.
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key to uniform Li dissolution and preventing the formation of The cryo-STEM ADF image shows a highly heterogeneous
electrochemically disconnected (dead Li. surface on the current collector after SEI formation, with many
Deposition of LiF on the Current Colfeatasbservation of  nanoparticles deating the surfaceFigure 8). EELS
a sparse LiF grain on the previousldinent contrasts with mapping reveals most of these particles are rich in Li, O,
the high LiF content observed in XPS. LiF can deposit on aand F, occurring in high areal concentration owing to the
conductive surface at the anode; we hypothesize that LiF ma&jatively low surface area of the current collector. This
deposit on the Li plating substrate as well, which is typicallysaiggests the coprecipitation ofOLand LiF during SEI
Cu current collector in L] Cu half-celf and anode-free  formation. In batteries with porous electrodes or plated Li,
batteries>? This current collector is thest surface on the where the surface area is much higher, the areal LiF
battery negative electrode to forn? Skhile also remaining a distribution likely becomes much more dilute, explaining the
stable surface during the highly dynamic Li stripping anldw concentration observed in TEM on plated Li. Two regimes
plating process, making it a likely location for sigmiLiF of particle sizes are observed, large particles with a diameter of
deposition. In order to test this hypothesis, we constructepproximately 400 nm and small particles with a diameter of
half-cells using an amorphous carbuorcoated TEM grid as 1005200 nm. This likely occurs due to the SEI formation
the working electrodé-igure a). These TEM grids arat process; during the slow voltammetric sweep to the cuto
and conductive, mimicking the Cu current collector, whilpotential of 10 mV, LiF particles grow slowly once the
remaining electron transparent for TEM analysis of any surfasmubility limit is reachédfavoring the growth of larger LiF
layers formed on the current collector. We formed a SEI on thparticles. After the LSV isished, the SEI is stabilized using a
C Im TEM grid through linear sweep voltammetry (LSV)potentiostatic hold, a common step for SEI formation in
(Figure Syito a cuto potential of 10 mV vs Li/t,jabove the  lithium-ion batterie¥.During the constant voltage step at 10
Li plating potential, and stabilized the SEI using anV, the overpotential for electrochemical formation and
potentiostatic holdFigure B). In order to examine the LiF nucleation of LiF is greater than 1°¥avoring smaller LiF
contribution arising from theorinated solvent (FEC) alone, particles through classicdeotrochemical nucleation
without any LiF arising from thaorinated salt (LiRJ; we  theory:°>° Similar morphologies are observed for the case of
form an SEl in a similar EC/DEC + 10 vol % FEC electrolytethe FEC-free electrolyte, where the only F source is 1.0 M
but with LiCIQ as the salt. LiPF; (Figure d). The current collector surface is covered
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Figure 4. Nanostructure of LiF deposits. (a) Cryo-STEM ADF image of LiF nanoparticle. (b) Cryo-STEM EELS mapping of the same region
in (a). (c) SAED pattern of a single LiF particle. LiF andQire ections are visible. (d) HRTEM of LiF nanoparticle with@Qishell. Inset:
FFT of (d). Low magnication image is available in ttf®ipporting Information(e) Inverse FFT of LiF and LO re ections from (d).

primarily by O-rich particles, with sparse LiF coverage. LiF predominantly single orientation, with some spreading of the
LiPRs-containing electrolytes, in the absenceuofinated {200} re ection in reciprocal space. This suggests texturing of
additives, arises primarily from the hydrolysis of trenieh the LiF particle; the LiF particle may be polycrystalline with a
into HF and PE with HF in commercial solvents generally preferred orientation for growth. Additional rings correspond-
less than 100 ppifi.As a result, despite the relatively highing to polycrystalline 0 are present as well, coning L,O

uorine concentration in the electrolyte, few LiF particles ameontributes to the oxygen-rich layer. Cryo-HRTEM supports
observed. Theuoride ions available for LiF formation in the cryo-STEM structure of a F-rich core and O-rich shell;
LiPRs-containing electrolyte arise mainly from the HFcrystalline LiF is observed inside the particle, with an outer
impurity, whereas in thelorinated solvent case, each FECLi,O-rich layerfigure 4,e). Through the common ioreet,
molecule may provide af &nion for LiF formatioff. LiF precipitation of LiF should be tied to the precipitation of other
does not form a nealm in either case, rather precipitating asLi salts such as,0,*° consistent with our observation of the
individual nanoparticles on the current collector and Li metalore@shell LiF@ particle nanostructure.
surface. Our observations may be generalized to lithium-ionThe union of our microscale and nanoscale cryo-(S)TEM
batteries using carbon or silicon as the anode; LiF nanobservations yields a more detailed picture of the SEI
particles likely precipitate along the anode surface as well. nanostructure, depicted figure 5 LiF, considered to be a

Nanostructure of LiF Depobitscharacterize the morphol- key component within the inner inorganic SEI passivating the
ogy of individual LiF nanoparticles, we performed cryo-STEBhode, is instead found to precipitate outside of the compact
EELS mapping at higher spatial resolutiagquie 4). The SEl, in arfindirect SEL The inorganic components within the
Cryo-STEM ADF image shows the representative structure @dmpact SEI are primarily,@j which is the dominant
a single LiF nanoparticle; bright intensity arises from thpassivating species in the SEI. This compact SEI is the primary
particle core, with a lower intensity surface layer covering thegulator of lithium dissolution in Li metal systems owing to
nanoparticle. Li, C, and O mapping show the entire particle ike radial stripping behavior of Li; on the basis of our
rich in Li, as expected for SEI species, but F is primarigbservation of LiF precipitation in the indirect SEI regime, LiF
con ned to the core and O is rich in the sheiyre b). cannot be a principal factor for homogenizing lithium
Selected-area electron rdction (SAED) comms the dissolution. However, as lithium metal growth occurs
structure of the particle as crystalline Eifute 4), which  basally/”® LiF on the current collector may play a role in
is also supported by comparison of the F K-edg&tructure  Li metal plating microstructure, and consequently on the
from EELS to a LiF referenéédqure Sp The LiF particle is  cycling stability. LiF, beyond its passivating properties, has

1132 https://dx.doi.org/10.1021/acsenergylett.0c00194
ACS Energy Le020, 5, 11281135


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00194/suppl_file/nz0c00194_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00194?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00194?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00194/suppl_file/nz0c00194_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00194?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00194?ref=pdf

ACS Energy Letters http://pubs.acs.org/journal/aelccp

benecial role of uorinated additives such as FEC likely arises
from their rapid desorination at the anode and subsequent
polymerization, rather than solely from the generation of LiF.
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