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ABSTRACT:Advanced electrolytes were developed to improve the cyclability of
lithium (Li) metal anodes, yet their working mechanisms remain unclear. Here, we
study the Li cycling performance under di� erent pressures in a 1 M Li
bis(� uorosulfonyl)imide/� uorinated 1,4-dimethoxybutane electrolyte. A consis-
tently long cycle life is achieved over a wide range of pressures (30� 600 psi).
This is due to a completely di� erent Li plating mode with more favorable deposition
morphologies compared to that in a conventional carbonate electrolyte, which
exhibits increasing cycle stability with increased pressure. We show that this is
enabled by the properties of an anion-derived residual solid-electrolyte interphase
(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 of Li
metal batteries and should be vigorously addressed in future electrolyte designs.

With a low electrode potential (� 3.04 V) and a high
speci� c capacity (3860 mAh/g), lithium (Li) metal
anodes have great potential for the realization of

next-generation batteries with high speci� c energies.1,2

However, commercialization of Li metal anodes is plagued
by their poor cyclability, rooted in their high chemical
reactivity, dendritic growth pattern, and large change in
volume during Li metal deposition.3 A series of approaches,
such as the design of“host” structures4� 11 and arti� cial solid-
electrolyte interphases (SEIs),12� 16 have been utilized to
address these issues.17� 19 Still, the cycling performance of Li
metal anodes is far from what would be required for practical
applications. Recently, electrolyte engineering has arisen as one
of the most promising strategies. A series of advanced
electrolyte systems, including high-concentration electrolytes
(HCEs),20� 23 localized high-concentration electrolytes
(LHCEs),24� 28 dual-salt electrolytes,29� 31 all-� uorinated elec-
trolytes,32� 34 lique� ed gas electrolytes,35� 37 and a single-salt,
single-solvent electrolyte,38 altered the deposition morphology
of Li metal, leading to much improved Coulombic e� ciencies
(CEs). The improved CEs in these advanced electrolytes were
usually attributed to a much more passivating compact SEI
(cSEI, the SEI� lm in intimate contact with the Li metal
surface).20,28,39� 43 However, this theory cannot explain why
the CEs of many advanced electrolytes are lower during initial
cycles than those of baseline carbonate electrolytes (Figure
S1), and then gradually increase during continuous cycling.

Furthermore, a recent study (unpublished results) shows that
Li metal corrodes at similar or even faster rates in some of the
advanced electrolytes than in baseline carbonate electrolytes
during storage, suggesting that the compact SEIs in these
advanced electrolytes are not as passivating as expected.
Therefore, a thorough understanding of the working
mechanisms of these high-performing electrolytes remains
lacking.

Compared to that of Li-ion batteries, operation of Li metal
batteries leads to more pronounced pressure� uctuation due to
the aggravated electrode volume change.29,44 However,
pressure is rarely regulated or optimized for the testing of Li
metal batteries with advanced electrolytes. Experimental and
simulation studies indicated that increased pressure was
generally bene� cial for Li cycling but also dependent on the
electrolyte.45,46 Because the recently reported advanced
electrolytes enabled Li deposition in favorable yet slightly
varied morphologies,24,28,29,32 the dependencies of their
performance on pressure are thus an interesting and critical
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topic but have been rarely studied. Such a study will also
provide valuable insights about the Li deposition mechanisms.
Pressure in commonly used coin cell testing is hard to regulate
due to the varying electrode thicknesses and the number of
spacers used. The springs may also lead to non-uniform
pressure within a single coin cell. Therefore, a systematic study
of Li metal pouch cell cycling performance against pressure
within various electrolyte systems is desired.

In this paper, a baseline 1 M LiPF6/ethylene carbonate
(EC)-diethyl carbonate (DEC) [1:1 (v:v)] system and a high-
performance 1 M Li bis(� uorosulfonyl)imide (LiFSI)/
� uorinated 1,4-dimethoxylbutane (FDMB)38 system are
chosen as model electrolyte systems to characterize Li metal
cycling performance against pressure using anode-free pouch
cells. Cells in the two di� erent electrolytes show divergent
cycle life dependencies on pressure, suggestive of di� erent Li
plating modes. Such di� erent Li plating modes are
subsequently elucidated and cross-validated using scanning
electron microscopy (SEM), pressure analysis, and electro-
chemical methods. In the 1 M LiPF6/EC-DEC electrolyte, Li
metal deposits in� lamentary shapes beneath accumulated
residual SEI (rSEI), which is the SEI remaining on the
electrode surface after Li metal stripping. In the 1 M LiFSI/
FDMB electrolyte, on the contrary, Li penetrates the porous
rSEI to form a homogeneous, planar structure above it. The
di� erent Li plating patterns are further correlated to the
distinct rSEI chemistries, which were characterized through
SEM energy-dispersive X-ray spectroscopy (EDS) and
cryogenic scanning transmission electron microscopy (cryo-
STEM) electron energy loss spectroscopy (EELS). The rSEI in
the 1 M LiPF6/EC-DEC electrolyte is dominated by organic
species, while that in the 1 M LiFSI/FDMB electrolyte is
mainly anion-derived with LiF nanoparticles dispersed within
its framework. Finally, experiments are performed to prove that

the formation of rSEI is critical to the high Li CE in the 1 M
LiFSI/FDMB electrolyte. We believe this unique anion-derived
inorganic rSEI framework is likely the key to achieving an
improved Li deposition morphology, as well as a prolonged
cycle life.

Li metal cycling performance against pressure is� rst
characterized utilizing anode-free pouch cells with a total
capacity of� 120 mAh (Figure S2a). Li iron phosphate (LFP)
is chosen as the cathode for two reasons. First, it possesses near
100% CE during the� rst cycle. Therefore, compared to Cu||Li
nickel manganese cobalt oxide (NMC) cells that have a low
� rst-cycle CE so that a Li reservoir could form to compensate
for subsequent capacity loss, Cu||LFP cells show faster capacity
decay. However, this is bene� cial for this study because the
Cu||LFP full cell CE thus represents the Li metal cycling CE
and can be directly correlated to the Li plating patterns.
Second, with the low operation voltage of LFP, Li loss due to
electrolyte decomposition on the cathode side is minimized. As
a result, capacity decay can be attributed solely to the corrosion
of Li during its deposition and stripping on the anode side.
The pouch cells are cycled with� xed thicknesses, and their
pressure� uctuations are monitored through a pressure sensing
systemin operando(Figure S2b). The 1 M LiPF6/EC-DEC
and 1 M LiFSI/FDMB systems are used as model electrolytes
for comparison. For each electrolyte, the initial cycling pressure
is set as 30, 200, 400, and 600 psi.

The cycling results are shown inFigure 1. Cells with the 1 M
LiFSI/FDMB electrolyte present signi� cantly higher capacity
retention and CE compared to cells with the 1 M LiPF6/EC-
DEC electrolyte even under low initial pressures that were
considered to result in inferior performances. Meanwhile, the
performance against pressure using the two electrolytes also
shows di� erent trends. For the 1 M LiPF6/EC-DEC system,
capacity retention and CE both grow continuously with

Figure 1. Cycling of anode-free pouch cells under various initial pressures using di� erent electrolytes. (A) Evolution of normalized discharge
capacity vs cycle number under di� erent initial pressures in the 1 M LiPF6/EC-DEC electrolyte. (B) Cycling CE under di� erent initial
pressures in the 1 M LiPF6/EC-DEC electrolyte. (C) Average CE analysis under di� erent initial pressures in the 1 M LiPF6/EC-DEC
electrolyte. (D) Evolution of the normalized discharge capacity vs cycle number under di� erent initial pressures in the 1 M LiFSI/FDMB
electrolyte. (E) Cycling CE under di� erent initial pressures in the 1 M LiFSI/FDMB electrolyte. (F) Average CE analysis under di� erent
initial pressures in the 1 M LiFSI/FDMB electrolyte.
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increasing cycling pressure (Figure 1A� C). In contrast, for the
1 M LiFSI/FDMB system, the capacity retention and CE have
a very weak response to pressure. Even under a low initial
pressure of� 30 psi, the cell still shows a high CE and a long
cycle life. Even more surprisingly, small decays in the CE can
be observed under extremely high pressures (� 400� 600 psi),
possibly due to the enhanced edge e� ects. The di� erent
dependencies of performance on initial pressure suggest
intrinsically distinct Li metal deposition patterns in the
di� erent electrolyte systems, which we characterize in the
next section.

The pouch cells tested are disassembled in the fully charged
states after the discharge capacity decays to 50% of the initial
capacity. Signi� cant di� erences can be observed optically on
the anode (Cu foil) surfaces (Figure 2). For pouch cells using
the 1 M LiPF6/EC-DEC electrolyte, the anodes show dark
color under all initial pressures (Figure 2A andFigure S3),
indicating the absence of metallic Li on the top surfaces. For
cells with the 1 M LiFSI/FDMB electrolyte, the anodes appear
to be silver under all pressures (Figure 2B andFigure S4),
indicating the existence of metallic Li with a homogeneous
morphology at the top surfaces.

SEM is then used to observe the cross sections of these
cycled anodes, and the results further verify the optical
inspection above. SEI shells usually cannot be reused during Li

metal cycling;43 thus, the discarded SEI shells will accumulate
and form a layer of the rSEI framework on the Cu surface after
continuous cycling. Under SEM, Li metal is observed to
deposit beneath the rSEI into a columnar morphology in the 1
M LiPF6/EC-DEC electrolyte under various pressures (Figure
2C� F). In contrast, Li metal grows on top of the rSEI into a
planar morphology in the 1 M LiFSI/FDMB electrolyte
(Figure 2G� J). Due to the poor electron conductivity of SEI,
Li metal must still nucleate on the Cu foil but then likely
penetrates through the rSEI layer to reach the outer surface,
which is directly observed from an anode from a cell
disassembled with a higher capacity retention (Figure S5).
Further discussion of the di� erent Li plating modes through
pressure analysis and electrochemical methods is provided in
Supplementary Notes. Plan view SEM is performed, as well. In
the 1 M LiPF6/EC-DEC electrolyte, the rSEI layer on the top
surface appears to be more porous (30 psi). The existence of
dead Li can also be observed under an initial pressure of 30 psi
(Figure S6). This suggests that the consistent increase in
cycling performance with pressure in this electrolyte can be
mainly attributed to the enhanced mechanical force applied.
Disconnected or“dead” Li is the principal means of capacity
loss in Li metal batteries, especially within baseline carbonate
electrolytes;47 under increased pressure, Li metal along with
the rSEI is compacted into denser structures, leading to

Figure 2. Morphology of deposited Li metal after 50% capacity decay using di� erent electrolytes. (A and B) Digital photos of the Cu surfaces
under charged states with the 1 M LiPF6/EC-DEC and 1 M LiFSI/FDMB electrolytes, respectively. (C� F) SEM images of the cross sections
of Li metal deposits using the 1 M LiPF6/EC-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 pressures. (G� J) SEM 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.
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minimized dead Li during stripping and improved CE.
However, in the 1 M LiFSI/FDMB electrolyte, the Li metal
deposited on the outer surface shows a consistently planar
morphology with a small surface area (Figure S7), accounting
for its outstanding performance even under a low initial
pressure of 30 psi. The fact that Li metal can deposit uniformly
even under low pressures along with the unique plating
morphology in the 1 M LiFSI/FDMB electrolyte suggests that
the chemical properties of the rSEI may play a critical role in
the performance, which we subsequently characterize.

SEM-EDS (Figure 3) is � rst used to characterize the
elemental distribution on the cross sections of the samples
shown in panels E and I ofFigure 2. The top rSEI layer in the
1 M LiPF6/EC-DEC electrolyte contains strong C, O, F, and P
signals, while the top Li metal layer in the 1 M LiFSI/FDMB
electrolyte shows weak overall X-ray signals (Li cannot be
detected in windowed EDS detectors). This is consistent with
the di� erent plating patterns of Li metal discussed previously.
The rSEI layer in the 1 M LiPF6/EC-DEC electrolyte is
enriched with C and O (Figure 3B,C andFigure S8a),
indicating the polymeric nature of the rSEI framework, likely
originating from the decomposition products of the EC
solvent.48 In contrast, both the SEM-EDS spectra (Figure
S8b) and elemental mapping (Figure 3H) present a much

weaker C signal in the 1 M LiFSI/FDMB electrolyte,
indicating that the rSEI is dominated by inorganic species.
Furthermore, O, F, S, and N (main elements in the FSI�

anion) are distributed in very similar patterns (Figure 3I� L),
indicating the rSEI chemistry resembles that of the FSI� anion
and is likely composed of its reduction products, in good
agreement with previous X-ray photoelectron spectroscopy
(XPS) and cryo-TEM EDS analysis of the SEI in this
electrolyte.38 This anion-derived feature suggests that the
rSEI is a good Li+ conductor, which may serve to homogenize
the Li+ � ux at the electrode/rSEI interface and aid in the
deposition of� at, nondendritic Li metal.

Atomic force microscopy (AFM) nanoindentation is further
performed to characterize the elastic modulus of the rSEI
formed in the two electrolytes (Figure S9). Pouch cells are
cycled under an initial pressure of 200 psi to 50% capacity
retention and disassembled in the discharged states. Afterward,
the distributions and histograms of the elastic modulus of the
rSEI are analyzed. For the 1 M LiPF6/EC-DEC electrolyte, the
average rSEI elastic modulus is 0.48± 0.11 GPa (Figure S9c),
resembling that of the organic SEI species reported in other
works.49,50 In contrast, the average elastic modulus is 3.5± 1.2
GPa for the rSEI formed in the 1 M LiFSI/FDMB electrolyte
(Figure S9f) with an elastic modulus of 15� 20 GPa distributed

Figure 3. SEM-EDS characterizations of the rSEI. (A� F) SEM-EDS mapping for the elemental distributions on the cross section of a charged
anode cycled to 50% capacity retention in the 1 M LiPF6/EC-DEC electrolyte. (G� L) 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.
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in some of the detected spots, which is an order of magnitude
higher than the rSEI in the 1 M LiPF6/EC-DEC electrolyte
and resembles that of inorganic SEI species.49 Small deviations
from previous works might arise from the di� erent mesoscale
structure, such as the rSEI framework porosity and molecular
arrangement.51 Overall, the elastic modulus data are highly
consistent with the di� erent rSEI chemical compositions
elucidated from the SEM-EDS results presented above.

To further study the inorganic rSEI species in the 1 M
LiFSI/FDMB electrolyte, cryo-STEM EELS is used for high-
spatial and -spectral resolution characterizations. The sample
we used is the rSEI scratched from a Cu electrode cycled in the
1 M LiFSI/FDMB electrolyte (Figure 4A). The C signal in the
rSEI is weak (Figure 4B), with the C signal primarily
originating from the carbonaceous support� lm of the TEM
grid, con� rming its inorganic nature. Elemental distributions of

Figure 4. Cryo-STEM EELS, SAED, and XPS characterizations of the rSEI. (A� F) Cryo-STEM EELS mapping of a rSEI particle scratched
from the surface of a Cu electrode after 15 cycles under 0.5 mA/cm2 and 1 mAh/cm2 in the 1 M LiFSI/FDMB electrolyte. (G) F K-edge� ne
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 0.5 mA/cm2 and 1 mAh/cm.2 (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 mA/cm2 and 1 mAh/cm.2 The electrolyte used for this
� gure is 1 M LiFSI/FDMB.
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O, F, S, and N are again similar (Figure 4C� F), indicating an
anion-derived chemistry. Some locations within the sample
(box 2 inFigure 4A) are found to be further enriched with F
while weak in O, S, and N. The F K-edge EELS� ne structure is
thus studied for comparison (Figure 4G). The F K-edge� ne
structure in this region resembles that of F in the LiF reference
to a great extent, while the F� ne structure elsewhere (box 1 in
Figure 4A as an example) is very much di� erent, indicative of
the di� erent F bonding environments within the rSEI. Selected
area electron di� raction (SAED) of the rSEI sample further
con� rms the existence of crystalline LiF (Figure 4H). These
� ndings show the existence of two F moieties within the rSEI:
FSI� analogue species as well as LiF nanoparticles embedded
within the rSEI framework.

To further study this phenomenon, XPS results are studied.
The elemental ratio is� rst compared between the rSEIs in the
1 M LiPF6/EC-DEC and 1 M LiFSI/FDMB electrolytes
(Tables S1 and S2). The C ratio is signi� cantly lower within
the rSEI of the 1 M LiFSI/FDMB electrolyte, consistent with
the EELS results presented above. rSEI in the 1 M LiFSI/
FDMB electrolyte also shows an increased ratio of F, N, and S.
Afterward, XPS� ne structures are compared between two
di� erent samples cycled in the 1 M LiFSI/FDMB electrolyte.
Sample 1 is 1 mAh/cm2 of Li metal deposited onto a pristine
Cu foil under 0.5 mA/cm2 (Figure 4I,J), and sample 2 is the
rSEI left on a Cu electrode after 15 cycles under 0.5 mA/cm2

and 1 mAh/cm2 (Figure 4K,L). Both -SO2F (FSI� analogue
species) and LiF can be observed in the F 1s� ne structures of
both samples. For sample 1, the LiF signal is much weaker than
the -SO2F signal in the F 1s peak, and the S 2p peak is
dominated by -SO2F. In contrast, for sample 2, the LiF signal
grows much stronger in the F 1s peak, and new sulfur species
such as -SOx and Li2S appeared in the S 2p peak. The stronger
LiF and Li2S signals in sample 2 are further validated by the Li
1s peak results (Figure S10). These results indicate that there
is a trend of -SO2F decomposing (possibly with the
participation of Li metal) into Li2S, -SOx, and the LiF
nanoparticles observed in previous characterizations.

From our morphological and chemical characterizations of
Li metal plating in di� erent electrolytes, it becomes possible to
propose pathways in which the rSEI properties in� uence the
� nal Li metal microstructure (Figure 5). In the 1 M LiPF6/EC-
DEC electrolyte (Figure 5A), rSEI is composed of signi� cant
amounts of polymeric species that agglomerate to conformally
cover the Li metal surface. As a result, Li metal tends to deposit

beneath the rSEI framework into columnar structures.
Increased pressure promotes denser Li deposition, leading to
a decreased level of dead Li formation and improved CE. In
contrast, in the 1 M LiFSI/FDMB electrolyte (Figure 5B), the
rSEI is dominated by inorganic, anion-derived species, with LiF
nanoparticles dispersed within its framework. During Li
deposition, Li grows through the porous rSEI framework
into a planar morphology on the top surface, even under a low
operational pressure of� 30 psi. The unique rSEI chemistry in
the 1 M LiFSI/FDMB electrolyte appears to be the reason for
the high CE of Li metal. Additionally, the construction of the
rSEI framework through accumulation of electrolyte decom-
position products is likely the key reason for the gradual CE
increase during the initial cycles of this electrolyte (Figure S1).

To further correlate the formation of the rSEI framework to
a high Li cycling performance in the 1 M LiFSI/FDMB
electrolyte, we compare the CE and morphology of Li
deposited onto a pristine Cu surface to those on an“activated”
Cu surface already covered with rSEI (Figure 6). For the CE
comparison, a coin cell experiment is performed. Pristine Cu
electrodes (with no pretreatment or washing) are� rst paired
with Li metal in half-cells and subsequently cycled to build an
rSEI layer on the Cu. The coin cells are disassembled after 15
cycles (with Li fully stripped away from the Cu electrode), and
the cycled Cu electrodes (activated Cu) are rinsed with FDMB
solvent and dried subsequently. Activated Cu electrodes are
paired with new Li counter electrodes in a fresh 1 M LiFSI/
FDMB electrolyte for half-cell cycling again. The Li cycling CE
can be then compared between pristine Cu and activated Cu.
It can be observed that� rst-cycle CEs using pristine Cu remain
only around� 90%, while those using activated Cu increased to
nearly 98% (Figure 6A,B). The average CE in the� rst 10
cycles also shows signi� cant improvement after the Cu surface
is activated. This con� rms that the source of the CE increase in
the early cycles of Li metal in the 1 M LiFSI/FDMB electrolyte
is the construction of an rSEI framework on the Cu surface,
rather than any changes in electrolyte chemistry.

Further evidence is provided through SEM characterization
of the Li deposited during the� rst and second cycles (Figure
6C� F). The samples are retrieved from anode-free pouch cells
cycled under an initial pressure of� 200 psi. Li deposits into
� 3 � m granules with larger surface areas during the� rst cycle
(Figure 6C). A considerable amount of small Li spheres (� 1
� m diameter) also disperses on the direct surface of Cu foil,
which will further undermine the cycling CE with their high

Figure 5. Schematic of the di� erent Li plating modes in 1 M LiPF6/EC-DEC and 1 M LiFSI/FDMB electrolytes. (A) In the 1 M LiPF6/EC-
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.

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

https://dx.doi.org/10.1021/acsenergylett.0c02533
ACS Energy Lett.2021, 6, 816� 825

821

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02533/suppl_file/nz0c02533_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02533/suppl_file/nz0c02533_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02533/suppl_file/nz0c02533_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02533?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02533?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02533?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02533?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02533?ref=pdf


surface area:volume ratio. Plan view SEM also shows a high
porosity that possibly enables the electrolyte to immerse and
corrode the deposited Li (Figure 6D). In contrast, Li deposited
during the second cycle (on the Cu already covered with the
rSEI from the� rst cycle) shows a signi� cantly increased
particle size over 10� m with barely any porosity (Figure 6E).
The dense and homogeneous morphology observed from the
top view resembles that of the samples at 50% capacity
retention shown previously. As the cell pressure remains
similar at the beginning of the� rst and second cycles, the
boost in the e� ciency originates from the chemical activation
of the Cu surface, that is, the formation of the rSEI layer. The
low initial CE in inactivated Cu cells arises from the more
porous, large-surface area Li plating morphology in the initial
cycles, before a stabilizing rSEI framework is constructed.

Finally, we propose some possible mechanisms of how the
rSEI framework in the 1 M LiFSI/FDMB electrolyte promotes
Li deposition morphology and CE. First, multiple designs of
arti� cial SEI have been introduced to enable high Li cycling
performance.14,15,52� 54 It has been reported that some of these
arti� cial SEI layers can modulate the SEI/Li interfacial energy
to promote better Li deposition morphologies.52,53 The special
rSEI formed in the 1 M LiFSI/FDMB electrolyte might serve a
similar role. With a potentially lower rSEI/Li interfacial energy,
Li metal would preferentially spread out on the surfaces of rSEI
forming large grains. Second, it has been reported that LiF
particles can lower the di� usion energy barrier at the Li/
electrolyte interface, promoting planar rather than dendritic Li
deposition.6,55� 57 The planar Li deposition is exactly what we
observe in the 1 M LiFSI/FDMB electrolyte, where the

Figure 6. Comparison of Li deposition on pristine and cycled Cu surfaces in the 1 M LiFSI/FDMB electrolyte. (A and B) Cu||Li coin 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 the� rst 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.
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accumulation of LiF nanoparticles in the rSEI framework is
also con� rmed. However, we do believe that the FSI� analogue
chemicals are also critical. This is because LiFSI seems to be
unique in improving the Li cycling performance in various
reported electrolyte recipes.20� 24,26,28,38 Higher anion ratios in
the solvation structures have also been reported for most of
these high-performing electrolytes.20,28 LiF, in contrast, has
also been observed in both the cSEI58 and indirect SEI59

formed in baseline carbonate electrolytes with inferior
performances. It is highly likely that a synergetic e� ect exists
between the F- and S-rich anion-derived species that enhances
Li+ conductivity and homogenizes Li+ � ux and LiF nano-
particles that modulates the interfacial energy and surface Li
di� usivity to further promote uniform Li deposition. Never-
theless, elucidation of the exact mechanism calls for further
investigations of the rSEI properties in the future.

In summary, operational pressure is optimized for di� erent
electrolytes using multilayer anode-free pouch cells. Li cycling
performance in the 1 M LiPF6/EC-DEC electrolyte monotoni-
cally improves with an increased initial pressure, while that in
the 1 M LiFSI/FDMB electrolyte is weakly dependent on
initial pressure. This is attributed to the entirely di� erent Li
plating modes on the rSEI-covered Cu surface between the two
electrolytes. In the conventional 1 M LiPF6/EC-DEC electro-
lyte, the rSEI is composed of a polymeric framework, blocking
Li metal penetration so that it can only deposit beneath. An
increased operational pressure promotes a more homogeneous
Li deposition morphology with better CE through the
mechanical compaction of the Li metal layer. In the 1 M
LiFSI/FDMB electrolyte, rSEI is dominated by anion-derived
species with accumulated LiF nanoparticles. Li grows through
the rSEI layer into a planar morphology on the outer surface.
We further prove that the consistently dense Li deposition
pattern even under a low initial pressure (30 psi) is enabled by
the unique chemical properties of the rSEI. This anion-derived
rSEI is likely the key to promoting the Li cycling e� ciency
reported in the 1 M LiFSI/FDMB electrolyte, as well as
various Li compatible electrolytes using LiFSI.

Deposition morphology has been known to have a
signi� cant impact on the Li cycling CE.47 Our work indicates
that the structure and chemistry of the rSEI, which have rarely
been addressed in previous works, are possibly much more
critical to an improved Li deposition pattern and the
subsequent high CE than that of the cSEI (further discussions
in Supplementary Notes). We believe that further identi-
� cations of the FSI� -derived rSEI species and comparison
experiments between various anion chemistries will be crucial
for thoroughly elucidating the origin of improved Li cycling
performances within these electrolyte systems. This will be of
great value in guiding future electrolyte engineering to enable
practical high-speci� c energy Li metal batteries.
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