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study the Li cycling performance under drent pressures in a 1 M LjPolymericrSElidead Li - T = T2
bis( uorosulfonyl)imide/ uorinated 1,4-dimethoxybutane electrolyte. A consis- PP
tently long cycle life is achieved over a wide range of pressures6(®0psi).

This is due to a completely dérent Li plating mode with more favorable deposition: i /i1 & i = Lo
morphologies compared to that in a conventional carbonate electrolyte, which/ | T
exhibits increasing cycle stability with increased pressure. We show that thi%o#mnar 11 fow CE '”ngr?\;‘;fj’fs"g”'

enabled by the properties of an anion-derived residual solid-electrolyte interphase LiF particles

(rSEI) framework on the electrode surface, an undercharacterized structure with

profound implications for Li metal cycling. This anion-derived rSEI chemistry is likely the key to a prolonged cycle life
metal batteries and should be vigorously addressed in future electrolyte designs.

specic capacity (3860 mAh/g), lithium (Li) metal Li metal corrodes at similar or even faster rates in some 0

anodes have great potential for the realization aidvanced electrolytes than in baseline carbonate electr
next-generation batteries with high speeinergie$? during storage, suggesting that the compact SEls in t
However, commercialization of Li metal anodes is plaguedivanced electrolytes are not as passivating as exp
by their poor cyclability, rooted in their high chemicalTherefore, a thorough understanding of the worki
reactivity, dendritic growth pattern, and large change imechanisms of these high-performing electrolytes re
volume during Li metal depositf’oA. series of approaches, lacking.
such as the design“bbst structures ** and articial solid- Compared to that of Li-ion batteries, operation of Li m
electrolyte interphases (SEfsj] have been utilized to  patteries leads to more pronounced pressemgation due to
address these issties” Still, the cycling performance of Li the aggravated electrode volume cHafigeHowever,
metal anodes is far from what would be required for practicgfessure is rarely regulated or optimized for the testing
applications. Recently, electrolyte engineering has arisen asiqaes| patteries with advanced electrolytes. Experimenta
of the most promising strategies. A series of advanceghyation studies indicated that increased pressure
electrolyte systems, including high-concentration electrolytﬁénera"y beneial for Li cycling but also dependent on t
(HCES)'2204228 localized high—ct%gtaifation electrolytes  gjacrolytd54® Because the recently reported advan
gL'I*CESE} 34 1 dual-salt electroly 1%;%3%"' uorinated elec- electrolytes enabled Li deposition in favorable yet slig
rolytes,” ** lique ed gas electrolyteS;” and a single-salt, 50 morphologié$?®?9*? the dependencies of their

single-solvent electrolyialtered the deposition morphology ; -
of Li metal, leading to much improved Coulombigemcies performance on pressure are thus an interesting and c

(CEs). The improved CEs in these advanced electrolytes wes

usually attributed to a much more passivating compact SEgceived: December 5, 2020
(cSEIl, the SEIIm in intimate contact with the Li metal Accepted: February 1, 2021
surface}%?%3 43 However, this theory cannot explain why

the CEs of many advanced electrolytes are lower during initial

cycles than those of baseline carbonate electréligese (

S1), and then gradually increase during continuous cycling.

Wth a low electrode potential3.04 V) and a high  Furthermore, a recent study (unpublished results) shows
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Figure 1. Cycling of anode-free pouch cells under various initial pressures usngndielectrolytes. (A) Evolution of normalized discharge
capacity vs cycle number under dient initial pressures in the 1 M LiRQIEC-DEC electrolyte. (B) Cycling CE under dirent initial
pressures in the 1 M LIREEC-DEC electrolyte. (C) Average CE analysis underedént initial pressures in the 1 M LIREC-DEC
electrolyte. (D) Evolution of the normalized discharge capacity vs cycle number unéeerdi initial pressures in the 1 M LiFSI/FDMB
electrolyte. (E) Cycling CE under dérent initial pressures in the 1 M LiFSI/FDMB electrolyte. (F) Average CE analysis undenedt
initial pressures in the 1 M LiFSI/FDMB electrolyte.

topic but have been rarely studied. Such a study will alsiee formation of rSEl is critical to the high Li CE in the 1 M
provide valuable insights about the Li deposition mechanisnhé-SI/FDMB electrolyte. We believe this unique anion-derived
Pressure in commonly used coin cell testing is hard to regulaerganic rSEI framework is likely the key to achieving an
due to the varying electrode thicknesses and the numberinfproved Li deposition morphology, as well as a prolonged
spacers used. The springs may also lead to non-unifoaycle life.

pressure within a single coin cell. Therefore, a systematic studii metal cycling performance against pressurestis

of Li metal pouch cell cycling performance against pressuiearacterized utilizing anode-free pouch cells with a total
within various electrolyte systems is desired. capacity of 120 mAh Figure S29ali iron phosphate (LFP)

In this paper, a baseline 1 M Lg®thylene carbonate is chosen as the cathode for two reasons. First, it possesses near
(EC)-diethyl carbonate (DEC) [1:1 (v:v)] system and a high-100% CE during thest cycle. Therefore, compared tdLCu
performance 1 M Li bisgorosulfonyl)imide (LiFSI)/  nickel manganese cobalt oxide (NMC) cells that have a low

uorinated 1,4-dimethoxylbutane (FDRByystem are rst-cycle CE so that a Li reservoir could form to compensate
chosen as model electrolyte systems to characterize Li métalsubsequent capacity los$|LER cells show faster capacity
cycling performance against pressure using anode-free podebay. However, this is bamal for this study because the
cells. Cells in the two @irent electrolytes show divergent Cy||LFP full cell CE thus represents the Li metal cycling CE
cycle life dependencies on pressure, suggestiveraritdii and can be directly correlated to the Li plating patterns.
plating modes. Such drent Li plating modes are Second, with the low operation voltage of LFP, Li loss due to
subsequently elucidated and cross-validated using scanrglegtrolyte decomposition on the cathode side is minimized. As
electron microscopy (SEM), pressure analysis, and electeoresult, capacity decay can be attributed solely to the corrosion
chemical methods. In the 1 M LiFFC-DEC electrolyte, Li  of Li during its deposition and stripping on the anode side.
metal deposits inlamentary shapes beneath accumulatedhe pouch cells are cycled wiked thicknesses, and their
residual SEI (rSEl), which is the SEI remaining on theressureuctuations are monitored through a pressure sensing
electrode surface after Li metal stripping. In the 1 M LiFSlsystemin operand¢Figure S2b The 1 M LiPEEC-DEC

FDMB electrolyte, on the contrary, Li penetrates the porousnd 1 M LiFSI/FDMB systems are used as model electrolytes
rSEI to form a homogeneous, planar structure above it. Ther comparison. For each electrolyte, the initial cycling pressure
di erent Li plating patterns are further correlated to thas set as 30, 200, 400, and 600 psi.
distinct rSEI chemistries, which were characterized throughThe cycling results are showRigure 1Cells with the 1 M
SEM energy-dispersive X-rapectroscopy (EDS) and LiFSI/FDMB electrolyte present siguintly higher capacity
cryogenic scanning transmission electron microscopy (cryetention and CE compared to cells with the 1 MglERF
STEM) electron energy loss spectroscopy (EELS). The rSEIDEC electrolyte even under low initial pressures that were
the 1 M LIPE/EC-DEC electrolyte is dominated by organic considered to result in inferior performances. Meanwhile, the
species, while that in the 1 M LiFSI/FDMB electrolyte isperformance against pressure using the two electrolytes also
mainly anion-derived with LiF nanoparticles dispersed withgshows dierent trends. For the 1 M L§MEC-DEC system,
its framework. Finally, experiments are performed to prove thegtpacity retention and CE both grow continuously with
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Figure 2. Morphology of deposited Li metal after 50% capacity decay userguli electrolytes. (A and B) Digital photos of the Cu surfaces
under charged states with the 1 M LYEC-DEC and 1 M LiFSI/FDMB electrolytes, respectively. (€ SEM images of the cross sections

of Li metal deposits using the 1 M LIEC-DEC electrolyte with initial pressures of 30, 200, 400, and 600 psi, respectively. Li metal
deposits in a columnar morphology beneath the rSEI layer under all pressurel. $6M images of the cross sections of Li metal deposits
using the 1 M LiFSI/FDMB electrolyte with initial pressure of 30, 200, 400, and 600 psi, respectively. Li metal deposits through the rSEI
layer to the top surface in a planar morphology under all pressures.

increasing cycling pressurigg(re A C). In contrast, for the  metal cycling® thus, the discarded SEI shells will accumulate
1 M LiFSI/FDMB system, the capacity retention and CE havand form a layer of the rSEI framework on the Cu surface after
a very weak response to pressure. Even under a low initahtinuous cycling. Under SEM, Li metal is observed to
pressure of 30 psi, the cell still shows a high CE and a longleposit beneath the rSEI into a columnar morphology in the 1
cycle life. Even more surprisingly, small decays in the CE ddrLiPR/EC-DEC electrolyte under various presstiigsiie
be observed under extremely high pressu88 (600 psi), 2C F). In contrast, Li metal grows on top of the rSEI into a
possibly due to the enhanced edgects. The dierent planar morphology in the 1 M LiFSI/FDMB electrolyte
dependencies of performance on initial pressure suggéstgure & J). Due to the poor electron conductivity of SEI,
intrinsically distinct Li metal deposition patterns in theLi metal must still nucleate on the Cu foil but then likely
di erent electrolyte systems, which we characterize in tipenetrates through the rSEI layer to reach the outer surface,
next section. which is directly observed from an anode from a cell
The pouch cells tested are disassembled in the fully charglidassembled with a higher capacity reterftignré Sp
states after the discharge capacity decays to 50% of the inf@aither discussion of the elient Li plating modes through
capacity. Sigrdant di erences can be observed optically onpressure analysis and electrochemical methods is provided in
the anode (Cu foil) surfacgsdure 2. For pouch cells using Supplementary NotéBlan view SEM is performed, as well. In
the 1 M LIPREC-DEC electrolyte, the anodes show darkthe 1 M LIPRF/EC-DEC electrolyte, the rSEI layer on the top
color under all initial pressurésg(ire 2 andFigure SB surface appears to be more porous (30 psi). The existence of
indicating the absence of metallic Li on the top surfaces. Fdead Li can also be observed under an initial pressure of 30 psi
cells with the 1 M LiFSI/FDMB electrolyte, the anodes appediFigure Sp This suggests that the consistent increase in

to be silver under all pressuregyre B andFigure S} cycling performance with pressure in this electrolyte can be
indicating the existence of metallic Li with a homogeneousainly attributed to the enhanced mechanical force applied.
morphology at the top surfaces. Disconnected didead Li is the principal means of capacity

SEM is then used to observe the cross sections of theless in Li metal batteries, especially within baseline carbonate
cycled anodes, and the results further verify the opticelectrolyte$! under increased pressure, Li metal along with
inspection above. SEI shells usually cannot be reused duringhei rSEI is compacted into denser structures, leading to
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Figure 3. SEM-EDS characterizations of the rSEIRASEM-EDS mapping for the elemental distributions on the cross section of a charged
anode cycled to 50% capacity retention in the 1 M {IBEE-DEC electrolyte. (GL) SEM-EDS mapping for the elemental distributions on
the cross section of a charged anode cycled to 50% capacity retention in the 1 M LiFSI/FDMB electrolyte.

minimized dead Li during stripping and improved CEweaker C signal in the 1 M LiFSI/FDMB electrolyte,
However, in the 1 M LiFSI/FDMB electrolyte, the Li metalindicating that the rSEI is dominated by inorganic species.
deposited on the outer surface shows a consistently plafarthermore, O, F, S, and N (main elements in the FSI
morphology with a small surface aFégufe S); accounting  anion) are distributed in very similar pattefigu¢e 8 L),
for its outstanding performance even under a low initidhdicating the rSEI chemistry resembles that of thamiSh
pressure of 30 psi. The fact that Li metal can deposit uniforméynd is likely composed of its reduction products, in good
even under low pressures along with the unique platiregreement with previous X-ray photoelectron spectroscopy
morphology in the 1 M LiFSI/FDMB electrolyte suggests tha(XPS) and cryo-TEM EDS analysis of the SEI in this
the chemical properties of the rSEI may play a critical role &lectrolyté€® This anion-derived feature suggests that the
the performance, which we subsequently characterize. rSEl is a good Liconductor, which may serve to homogenize
SEM-EDS Figure 3 is rst used to characterize the the LI ux at the electrode/rSEI interface and aid in the
elemental distribution on the cross sections of the sampldeposition of at, nondendritic Li metal.
shown in panels E and IFefure 2 The top rSEI layer in the Atomic force microscopy (AFM) nanoindentation is further
1 M LiPR/EC-DEC electrolyte contains strong C, O, F, and Pperformed to characterize the elastic modulus of the rSEl
signals, while the top Li metal layer in the 1 M LiFSI/FDMBformed in the two electrolyteBidure SP Pouch cells are
electrolyte shows weak overall X-ray signals (Li cannot bgcled under an initial pressure of 200 psi to 50% capacity
detected in windowed EDS detectors). This is consistent witietention and disassembled in the discharged states. Afterward,
the di erent plating patterns of Li metal discussed previouslthe distributions and histograms of the elastic modulus of the
The rSEI layer in the 1 M LIFEC-DEC electrolyte is rSEl are analyzed. For the 1 M LIPE-DEC electrolyte, the
enriched with C and OF{gure B,C andFigure S8a average rSEIl elastic modulus is£.@81 GPaKigure S9¢
indicating the polymeric nature of the rSEI framework, likelgesembling that of the organic SEI species reported in other
originating from the decomposition products of the EQworks!®*°In contrast, the average elastic modulusis35
solvent? In contrast, both the SEM-EDS specEau(e GPa for the rSEI formed in the 1 M LiFSI/FDMB electrolyte
S8h) and elemental mappingrigure 8l) present a much  (Figure S9fwith an elastic modulus of 18 GPa distributed
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Figure 4. Cryo-STEM EELS, SAED, and XPS characterizations of the rSE). G&yo-STEM EELS mapping of a rSEl particle scratched
from the surface of a Cu electrode after 15 cycles under 0.5 néfdooh1 mAh/cn? in the 1 M LiFSI/FDMB electrolyte. (G) F K-edgene
structure compared between the two yellow boxes in panel A. (H) SAED pattern of the rSEI showing the existence of crystalline LiF. (I and
J) XPS F 1s and S 2p spectra, respectively, of a Li surface deposited onto a Cu foil under 0.5and/¢mAh/cm? (K and L) XPS F 1s
and S 2p spectra, respectively, of the rSEI left on a Cu foil after 15 cycles under 0.5%aAttthmAh/cm? The electrolyte used for this
gure is 1 M LiFSI/FDMB.

in some of the detected spots, which is an order of magnitudeTo further study the inorganic rSEI species in the 1 M
higher than the rSEIl in the 1 M LJFC-DEC electrolyte  LiFSI/FDMB electrolyte, cryo-STEM EELS is used for high-
and resembles that of inorganic SEI sgéSesall deviations  spatial and -spectral resolution characterizations. The sample
from previous works might arise from therdint mesoscale we used is the rSEI scratched from a Cu electrode cycled in the
structure, such as the rSEI framework porosity and moleculaM LiFSI/FDMB electrolyte<igure 4\). The C signal in the
arrangemenit. Overall, the elastic modulus data are highlySEl is weak Higure B8), with the C signal primarily
consistent with the dirent rSElI chemical compositions originating from the carbonaceous suppertof the TEM
elucidated from the SEM-EDS results presented above. grid, conrming its inorganic nature. Elemental distributions of
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Figure 5. Schematic of the dirent Li plating modes in 1 M LIRFEC-DEC and 1 M LiFSI/FDMB electrolytes. (A) In the 1 M LIiREC-

DEC electrolyte, rSEI is composed of a polymeric framework. During deposition, Li metal grows beneath the rSEI into a columnar
morphology. (B) In the 1 M LiFSI/FDMB electrolyte, rSEI is mainly anion-derived but with scattered LiF nanoparticles. During deposition,
Li metal grows through the rSEI into a planar morphology on the top surface.

O, F, S, and N are again similég(re € F), indicatingan  beneath the rSEl framework into columnar structures.
anion-derived chemistry. Some locations within the samplecreased pressure promotes denser Li deposition, leading to
(box 2 inFigure A) are found to be further enriched with F a decreased level of dead Li formation and improved CE. In
while weak in O, S, and N. The F K-edge ERéStructure is  contrast, in the 1 M LiFSI/FDMB electrolyteglure B), the
thus studied for comparisdrigure &). The F K-edgene rSEl is dominated by inorganic, anion-derived species, with LiF
structure in this region resembles that of F in the LiF referencenoparticles dispersed within its framework. During Li
to a great extent, while therte structure elsewhere (box 1 in deposition, Li grows through the porous rSEI framework
Figure A as an example) is very mucleidint, indicative of into a planar morphology on the top surface, even under a low
the di erent F bonding environments within the rSEI. Selectedperational pressure @0 psi. The unigue rSEI chemistry in
area electron diaction (SAED) of the rSEI sample further the 1 M LiFSI/FDMB electrolyte appears to be the reason for
con rms the existence of crystalline IEEre #). These the high CE of Li metal. Additionally, the construction of the

ndings show the existence of two F moieties within the rSHEISEI framework through accumulation of electrolyte decom-
FSI analogue species as well as LiF nanoparticles embedgedition products is likely the key reason for the gradual CE
within the rSEI framework. increase during the initial cycles of this electréigteré SiL

To further study this phenomenon, XPS results are studied.To further correlate the formation of the rSEI framework to
The elemental ratio isst compared between the rSEls in thea high Li cycling performance in the 1 M LiFSI/FDMB
1 M LIPR/EC-DEC and 1 M LIiFSI/FDMB electrolytes electrolyte, we compare the CE and morphology of Li
(Tables S1 and BZThe C ratio is signtantly lower within  deposited onto a pristine Cu surface to those ‘activated
the rSEI of the 1 M LiFSI/FDMB electrolyte, consistent withCu surface already covered with r§Eju¢e §. For the CE
the EELS results presented above. rSEl in the 1 M LiFStomparison, a coin cell experiment is performed. Pristine Cu
FDMB electrolyte also shows an increased ratio of F, N, andefectrodes (with no pretreatment or washing)ratepaired
Afterward, XPSne structures are compared between twowith Li metal in half-cells and subsequently cycled to build an
di erent samples cycled in the 1 M LiFSI/FDMB electrolyterSEl layer on the Cu. The coin cells are disassembled after 15
Sample 1 is 1 mAh/&of Li metal deposited onto a pristine cycles (with Li fully stripped away from the Cu electrode), and
Cu foil under 0.5 mA/cfr(Figure 4J), and sample 2 is the the cycled Cu electrodes (activated Cu) are rinsed with FDMB
rSEI left on a Cu electrode after 15 cycles under 0.5 mA/cnsolvent and dried subsequently. Activated Cu electrodes are
and 1 mAh/crh (Figure K,L). Both -SGF (FSI analogue  paired with new Li counter electrodes in a fresh 1 M LiFSI/
species) and LiF can be observed in the Relstructures of  FDMB electrolyte for half-cell cycling again. The Li cycling CE
both samples. For sample 1, the LiF signal is much weaker tltam be then compared between pristine Cu and activated Cu.
the -SGF signal in the F 1s peak, and the S 2p peak it can be observed thast-cycle CEs using pristine Cu remain
dominated by -S®. In contrast, for sample 2, the LiF signal only around 90%, while those using activated Cu increased to
grows much stronger in the F 1s peak, and new sulfur speaiesrly 98% Kigure &,B). The average CE in thest 10
such as -S@nd LjS appeared in the S 2p peak. The strongecycles also shows sigant improvement after the Cu surface
LiF and LS signals in sample 2 are further validated by the li$ activated. This cams that the source of the CE increase in
1s peak result&igure S10 These results indicate that there the early cycles of Li metal in the 1 M LiFSI/FDMB electrolyte
is a trend of -S{F decomposing (possibly with the is the construction of an rSEI framework on the Cu surface,
participation of Li metal) into 5, -SQ and the LiF rather than any changes in electrolyte chemistry.
nanoparticles observed in previous characterizations. Further evidence is provided through SEM characterization

From our morphological and chemical characterizations of the Li deposited during thest and second cyclésdure
Li metal plating in derent electrolytes, it becomes possible to6C F). The samples are retrieved from anode-free pouch cells
propose pathways in which the rSEI propertiasrine the  cycled under an initial pressure 800 psi. Li deposits into

nal Li metal microstructurgi¢ure %. In the 1 M LiPR/EC- 3 m granules with larger surface areas duringstteycle
DEC electrolyteRigure 3), rSEI is composed of sigrant (Figure €). A considerable amount of small Li sphergs (
amounts of polymeric species that agglomerate to conformally diameter) also disperses on the direct surface of Cu foil,
cover the Li metal surface. As a result, Li metal tends to depostich will further undermine the cycling CE with their high
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Figure 6. Comparison of Li deposition on pristine and cycled Cu surfaces in the 1 M LiFSI/FDMB electrolyte. (A anfLBi @ cell

cycling CE comparison between pristine Cu and activated Cu. (C and D) SEM images of the cross section and top view, respectively, of Li
deposited on Cu foil during therst cycle. The sample is prepared from an anode-free pouch cell cycled under an initial pressure of 200 psi.
(E and F) SEM images of the cross section and top view, respectively, of Li deposited on Cu foil during the second cycle. The sample is
prepared from an anode-free pouch cell cycled under an initial pressure of 200 psi.

surface area:volume ratio. Plan view SEM also shows a higRinally, we propose some possible mechanisms of how the
porosity that possibly enables the electrolyte to immerse ar8El framework in the 1 M LiIFSI/FDMB electrolyte promotes
corrode the deposited HiGure ®). In contrast, Li deposited Li deposition morphology and CE. First, multiple designs of
during the second cycle (on the Cu already covered with thati cial SEI have been introduced to enable high Li cycling
rSEl from the rst cycle) shows a sigrantly increased performancE&:™>>? >*|t has been reported that some of these
particle size over 1@n with barely any porositifure &). arti cial SEIl layers can modulate the SEI/Li interfacial energy
The dense and homogeneous morphology observed from tleepromote better Li deposition morphologie$The special

top view resembles that of the samples at 50% capaci§El formed in the 1 M LiFSI/FDMB electrolyte might serve a
retention shown previously. As the cell pressure remaisgnilar role. With a potentially lower rSEI/Li interfacial energy,
similar at the beginning of thest and second cycles, the Li metal would preferentially spread out on the surfaces of rSEI
boost in the eciency originates from the chemical activatiorforming large grains. Second, it has been reported that LiF
of the Cu surface, that is, the formation of the rSEI layer. Thearticles can lower the dsion energy barrier at the Li/

low initial CE in inactivated Cu cells arises from the morelectrolyte interface, promoting planar rather than dendritic Li
porous, large-surface area Li plating morphology in the initidépositiori>° >’ The planar Li deposition is exactly what we
cycles, before a stabilizing rSEI framework is constructed. observe in the 1 M LiFSI/FDMB electrolyte, where the
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