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1. Discussion on hyperconjugation:

The hyperconjugation occurs when the electron density in the nonbonding orbital on O (n) delocalizes
into the empty C-O sigma antibonding orbital (o*) in the B position (Figure 1b), which stabilizes the
molecule.! Such interaction constrains the spatial alignment of n and o* orbitals. As a result, n is anti and
the methyl group is gauche to the neighboring C-O. There are two pairs of n->0* interactions per DMM

or DEM, leading to the [gauche, gauche] conformation.>23

2. Discussion on DFT calculations:

DFT is a common method to compare solvent binding ability with Li*. For solvents with bidentate
coordination with Li* (e.g. DME and DEE), the energies calculated from a Li*-solvent pair offer a

gualitative comparison for Lewis basicity of solvents.

In the case of DMM and DEM, the most stable molecular geometry is [gauche, gauche]. Based on
chemical intuition, we expect monodentate coordination. However, the optimization of a Li*-solvent pair
by DFT results in bidentate chelation. This is because a Li*-solvent pair is highly positively charged due to
undercoordination, and the system must minimize energy by donating electron densities from all Lewis
basic centers on the solvent to the Li* regardless of molecular geometry. In the real system, however,
the ion distribution satisfies Poisson—Boltzmann equation and gives rise to a relatively stable sheath
structure. Therefore, for our purpose of determining molecular geometry of DMM and DEM when

coordinated to Li*, we need to carry out DFT on a complete Li* solvation shell.

3. Discussion on the limitation of MD simulation:



The average denticity predicted by MD simulation in Figure 2d has two limitations. First, molecular
orbitals are not considered, and electron densities are approximated as point charges on each atom.
This means the orientation of electron density on DMM and DEM (Figure 1a) are ignored. Second, DMM
and DEM are relatively small molecules with two oxygens close to each other. The thermal fluctuation
could make the non-coordinating oxygen enter the cutoff distance (see Method). Therefore, the

calculated average denticity of DMM and DEM is likely overestimated.

4. Discussion on the ionic conductivity:

lonic conductivity (o) is an important consideration for designing practical electrolytes.* We investigate
the effect of ion concentration on o, which is less explored especially for the weakly solvating
electrolytes commonly used for LMBs. The common LIB electrolytes exhibit peak o at around 1 M, which
implies that an expected drawback of HCEs is the decrease of ¢ with concentration. Interestingly, as the
solvation ability of solvent weakens (DME > DEE > DMM > DEM, Figure 2), the o peaks at higher LiFSI
concentrations (Figure S13a,b). Furthermore, the molar conductivities (A) of DMM and DEM electrolytes
peak at around 1.7 M, whereas that of DME and DEE electrolytes do not show a peak above 0.9 M
(Figure S13c, d). Notably, in both DMM and DEM, 1.7 M and 2.4 M electrolytes have higher A than 0.9 M
electrolytes, which indicates that ion transport is faster despite higher viscosity in more concentrated
solutions, and that the initial increase in ¢ is not solely due to increased charge carrier concentration.
The observed trend in o and A indicates that ion transport is not necessarily slowed by increased ion
pairing and aggregation in weakly solvating, high-concentration electrolytes. Although structural
diffusion (i.e. ion diffusion through the exchange of solvation shell) has been proposed for ion transport
in HCEs>®7, the factors and mechanisms that determine the rate of transport remain elusive. We will

further investigate this topic in a separate publication. Overall, the o of 3 M LiFSI / DMM is similar to 3 M



LiFSI / DME and DEE, and is higher than 1.5 M LiFSI-1.2DME-3TTE and 1.2 M LiFSI / FADEE and F5DEE

(Table S3). In contrast, 3 M LiFSI / DEM has a low o, which limits the high-rate capability and stability.

5. Discussion on Li| | Li cell impedance with cycle life:

The contributions to overpotential were investigated by electrochemical impedance spectroscopy (EIS)
on Li| | Li cells after every 120 cycles at 1 mA cm2 and 1 mAh cm2 (Figure S15). Throughout cycling, the
bulk electrolyte resistance (R,,) remained stable in all three electrolytes. The interfacial resistance
(Rinterface) cONtinuously increased in 3 M LiFSI / DEM, whereas Ritertace Femained stable in 3 M LiFSI / DMM
and DEE after the initial decrease. Since the exchange current density of Li redox reaction is significantly
higher than 1 mA cm™ at room temperature, the contribution from charge transfer resistance to Riterface
should be small.2 Therefore, the quick increase in Riyteriace @and Li| | Li overpotential in 3 M LiFSI / DEM
was attributed to SEl instability. Both Ry and Rinterface Were slightly higher in 3 M LiFSI / DMM than in 3
M LiFSI / DEE after cycling despite that the overpotential in 3 M LiFSI / DMM was lower. This was due to
the significantly higher t, in 3 M LiFSI / DMM than in 3 M LiFSI / DEE (Table S3). Notably, in 3 M LiFSI /
DEM, the high t, was not sufficient to compensate for the large Ry, and Rinerface in the later cycles,

leading to the highest overpotential.

6. Discussion on the limiting factors for cycle life in our Li| | LFP cells:

With 50 um thick Li, the cycle life was limited by increase in overpotential, as evidenced by the lack of
voltage divergence at the end of charge of the 250t and 150t cycle (roughly corresponding to 80%
capacity retention) in 3 M LiFSI / DMM and 3 M LiFSI / DEM respectively (Figure S21a-b and S22a-b). As a

result, 3 M LiFSI / DMM with a slower increase in overpotential outperformed 3 M LiFSI / DEM (Figure 5e,



f). With 20 pm thick Li, the voltage divergence at the end of charge remained visible at the 200* and
150t cycle (roughly corresponding to 80% capacity retention) in 3 M LiFSI / DMM and 3 M LiFSI / DEM
respectively (Figure S21c and S22c), which indicated that Li inventory consumption likely limited cycle
life. Consequently, 3 M LiFSI / DMM with higher initial CE and stabilized CE outperformed 3 M LiFSI /

DEM (Figure 5g).

7. Discussion on SEl property and electrode morphology:

To understand the origin of faster activation and higher CE in Li| | Cu in the order of 3 M LiFSI / DMM >
DEM > DEE (Figure 3a), we characterized their SEl. Cryogenic transmission electron microscopy (cryo-
TEM) was used to visualize the structure of SEl in the dry state after a one-step electrochemical
deposition of Li on Cu grid.>° The SEl formed in both DMM and DEM electrolytes was around 13 nm
compared to 8 nm in the DEE electrolyte (Figure S23a-c, S24). Here, we observed a loose connection
between thicker SEIl and faster CE activation. However, it is worth noting that the correlation between
SEl thickness and Li CE remains inconclusive in the literature.1112213.14 |n gddition, the elemental
compositions of SEl were measured by energy-dispersive X-ray spectroscopy (cryo-EDS). The relative
contributions from LiFSI and solvent decomposition were characterized by F/C, S/C, and N/C ratios
(Figure S23d), all of which decreased in the order of DEE >> DMM > DEM (indicating increasing content
of organic SEI), commensurate with the trend in SEI thickness (DEE << DMM < DEM). The atomic ratios
were further characterized by XPS after 10 cycles at 0.5 mA cm? and 1 mAh cm=2in Li| | Cu cells. The O/C,
F/C, S/C and N/C ratios decreased in the order of DEE>>DMM=DEM (Figure S25a), which confirmed the
acetal electrolytes formed more organic-rich SEI. Notably, despite the differences in atomic ratios, the
SEl species were very similar for all three electrolytes (Figure S25b-d). Previous work demonstrated that

the electrolytes with high CE (>99%) typically formed more inorganic-rich SEl compared to those with



low CE (<90%).1>1617.18 However, such correlation was unclear when comparing electrolytes with small

differences in CE in this work and previous reports!®1,

We imaged the initial Li deposition morphology on flat Cu substrate (0.5 mA cm?, 0.5 mAh cm2) by
scanning electron microscopy (SEM), which showed no obvious difference among the three electrolytes
(Figure S26-28) likely due to their small differences in CE. We further attempted to identify the origin of
fast CE activation by residual SEI (rSEl) structure.*#?° We prepared the cross sections of rSEl formed on Cu
(same Li| | Cu as Figure 3a, 0.5 mA cm2 and 1 mAh cm for 10 cycles) by focused ion beam (FIB) for SEM
imaging. Highly porous rSEl structures were formed in both 3 M LiFSI / DMM and DEE (Figure S23e-f,
$29), which was consistent with our previous observations on weakly solvating LiFSI-based electrolytes.
420 However, no significant difference in rSEl was observed despite ~1% difference in CE in the first 10

cycles (Figure 3a).

The Li deposition morphology in the presence of rSEl was characterized. The rSElI was formed on Cu
(same Li| | Cu as Figure 3a, 0.5 mA cm2 and 1 mAh cm2 for 10 cycles), followed by Li deposition for 0.1 to
1 mAh cm2 (Figure S30). At 0.1 mAh cm, Li already reached the top of rSEl at dispersed locations for all
three electrolytes. At 0.5 mAh cm=, the DEE electrolyte showed more uniform distribution of Li nuclei
and smaller aggregates of Li grains, whereas the DMM and DEM electrolytes showed more localized
aggregates of Li grains coalesced together, which could reduce Li surface area. At 1 mAh cm?, the
difference among the three electrolytes became less apparent as most surface was covered by
deposited Li. Overall, it is possible that the lower initial Li| | Cu CE in the DEE electrolyte (Figure 3a) was
due to higher surface area of Li especially during the middle of deposition process. To better represent
the practical cycling conditions, the Li and rSEI morphology was characterized on 50 um thin Li. The rSEI
was formed by 10 cycles at 0.4 mA cm? (Figure S31) or 4 mA cm2 (Figure S32) plating current and 4 mA
cm? stripping current for 4 mAh cm in each step. The final deposition capacities were between 0.2 and

4 mAh cm2. At 0.4 mA cm plating current, bulky Li grains first grew within the porous rSEIl structure



before reaching the top of rSEI (Figure S31), similar to our previous report.* After 4 mAh cm2 capacity,
the DEE electrolyte showed almost complete coverage of Li grains on top of rSEl, whereas rSEl remained
visible around protruding Li grains in the DMM and DEM electrolytes (Figure S31). This could indicate a

higher capacity of Li hosted by rSEl in the acetal electrolytes.

When increasing plating current to 4 mA cm?, the rSEl appeared more compact (Figure $32), consistent
with our previous observations.* However, compared to fluorinated ether electrolytes*, the rSEl formed
in this work could host slightly more Li capacity as evidenced by the lack of protruding Li grains at 0.2
mAh cm2 (Figure S32). We attribute this difference to higher ionic conductivities and transport numbers
of the electrolytes in this work.* At 1 mAh cm?, the lower-conductivity DEM electrolyte showed
significantly more Li deposition on top of rSEl compared to the higher-conductivity DMM and DEE
electrolytes (Figure $32), further validating the importance of ion transport on Li and rSEI morphology at
high current densities.* At 4 mAh cm?, the electrode surface was covered by Li, with minimal differences

among the three electrolytes (Figure S32).



Table S1. Concentrations of the various electrolytes investigated in this work. The molarities were
calculated using electrolyte densities (see Table S3).

Molarity Molality
(M, mol/L) (m, mol/kg)
1 mol LiFSI / liter DME 0.93 1.15
4 mol LiFSI / liter DME 3.08 4.61
1 mol LiFSI / liter DEE 0.94 1.19
4 mol LiFSI / liter DEE 3.06 475
1 mol LiFSI / liter DMM 0.94 1.16
4 mol LiFSI / liter DMM 3.08 4.65
1 mol LiFSI / liter DEM 0.89 1.20

4 mol LiFSI / liter DEM 2.97 4.81




Table S2. Li* self-diffusion coefficients calculated by MD simulation and measured by DOSY-NMR. The
ion charge scaling factors in MD simulation are listed.

coeflf-ilcii::::;d(llf.:)l:':::izz s1) mbD DOSY Error (%) M':;‘;i':“g
1 mol LiFSI / liter DME 7.89 5.94 +33 0.6
4 mol LiFSl / liter DME 0.727 0.544 +34 0.7
1 mol LiFSI / liter DEE 4.01 4.19 -4.3 0.6
4 mol LiFSI / liter DEE 0.604 0.507 +19 0.65
1 mol LiFSI / liter DMM 6.89 7.19 -4.2 0.65
4 mol LiFSI / liter DMM 0.975 0.992 -1.7 0.72
1 mol LiFSI / liter DEM 3.97 5.51 -28 0.6
4 mol LiFSI / liter DEM 0.684 0.592 +16 0.65




Table S3. Comparison of density, viscosity, ionic conductivity, and transport number.

Solvent Electrolyte Viscosity ¢ lonic Transport
Density @ Density ® (cp) v Conductivity® Number ¢
(g/mlL) (g/mlL) (mS cm™) (t.)
1 mol LiFSI / liter DME
OO 0.867 0.975 1.44 23.4 0.29
4 mol LiFSI /liter DME ) o) 1.242 16.2 10.1 0.19
(¥3 M)
1 mol LiFSI / liter DEE
pubafin 0.842 0.963 1.50 11.0 0.39
4 mol LiFsl / liter DEE 0.842 1.216 21.9 8.11 0.30
(~3 M)
1 mol LiFSI / liter DMM
. . 764 2, 4
i 0.86 0.985 0.76 93 0.48
4 mol LiFsl / liter DMM 0.86 1.240 10.1 8.03 0.46
(~3 M)
1 mol LiFSI / liter DEM
831 91 . . 71
o5 M) 0.83 0.910 0.853 0.884 0.7
4 mol LiFs! / liter DEM 0.831 1.172 16.3 2.73 0.57
(~3 M)
1.2 M LiFSI / FADEE 1 1.24 1.38 6.97 4.76 0.23
1.2 M LiFSI / F5DEE 1 1.29 1.42 3.39 5.01 0.40
LiFSI-1.2DME-3TTE 6 DME: 0.867
°C °C
- e 153 1.454 4.8(30°C)  2.44 (30°C) 0.29

@ From Sigma or Synquest

b measured at room temperature unless indicated otherwise

¢ measured at 25°C unless indicated otherwise

4 measured by Vincent-Bruce method at room temperature



Table S4. Commercial pouch cell parameters

Cu foil 7 um

separator 12 um PE coated with alumina
Al foil 12 um

LFP : carbon : binder 96.7:1.5:1.8

Nominal capacity ~210 mAh

Areal capacity ~2.1 mAh cm?

Electrolyte 0.5mL

Temperature Uncontrolled room temperature
Pressure ~1000 kPa

Note: the only difference between these pouch cells and the Cu| |LFP pouch cells used in ref!! is the

absence of 1 um carbon coating on Cu here.
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Figure S1. YJ¢y coupling constants of anomeric -CH,- of DMM and DEM with various concentrations of
LiFSI. The corresponding molecular geometries for different ranges of )¢, are shown on the right. The
anomeric position is indicated in red.
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Figure S2. (a-b) MD simulation on solvation structures. (a) Average number of FSI- and solvent in the
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number of oxygens from FSI- and solvent coordinating with Li* (green and blue bars, left axis), and their

ratio (purple, right axis). Here, the denticity was taken into account. (c) DFT calculations on the relative
difference in enthalpic interaction between LiFSI and various solvents. The ground state energy
difference between a solvation complex (1 Li*, 2FSI-, 1 solvent) and a solvent molecule was calculated for
DEE ,DMM, and DEM. The relative difference of this calculated value among DEE, DMM, and DEM

indicated the relative enthalpic interaction between salt and different solvents.
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Figure S3. Non-isothermal measurement of electrode potential temperature coefficients (€).2! The
voltage response of Li| | Li symmetric cell with asymmetric heating was recorded. The temperature
coefficients were obtained from linear fitting. The entropy change of Li*/Li half-cell reaction is related to
temperature coefficient through AS = aF
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Figure S5. Li| | Cu CE of 3 M LiFSI in DMM, DEM and DEE measured by the modified Aurbach method?? at
0°C. Multiple cells are shown for each electrolyte.
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Figure S6. (a) Temperature-dependent ionic conductivities of 3 M LiFSI in DMM, DEM and DEE with
Celgard 2325 separator. Three measurements were averaged for each point. The error bars represent
standard deviations. (b) DSC measurement of the three electrolytes. (c-e) Pictures showing the physical
state of 3 M LiFSI / DEE, DMM and DEM at (c) 0°C, (d) -20°C and (e) -80°C.

Both the DMM and DEM electrolytes showed a gradual decrease in ionic conductivity from 25 to -41°C,
whereas the DEE electrolyte showed a sharp decrease from 0 to -20°C (Figure S6a). To explain this



difference, we probed the liquid-solid phase transition of these electrolytes. The DEE and DEM
electrolytes showed onsets of exothermic peaks at -25°C and -28°C respectively during cooling, and their
corresponding onsets of endothermic peaks at -10°C and 12°C respectively during heating (Figure S6b).
In contrast, the DMM electrolyte showed no peak between 25°C and -75°C. The physical state of these
electrolytes was observed after equilibrating for at least 2 hours at various temperatures (Figure Séc-e).
The DEE electrolyte solidified at -20°C while the DMM and DEM electrolytes remained liquid at -80°C.
Interestingly, despite the pair of endo- and exothermic peaks of the DEM electrolyte by DSC, the
electrolyte remained liquid. Overall, the sharp drop in ionic conductivity of the DEE electrolyte was
attributed to the liquid-solid transition, which was absent in the DMM and DEM electrolytes. Notably,
the melting points of the pure solvents decrease in the order of DEM (-66°C), DEE (-74°C) and DMM (-
105°C). Despite the intermediate melting point of DEE, 3 M LiFSI / DEE showed the highest liquidus
temperature, indicating the impact of salt-solvent interactions on electrolyte phase.
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Figure S8. First-cycle Li deposition morphology on Cu at 0°C (0.5 mA cm?, 5 mAh cm-2).
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Figure S9. First-cycle Li deposition morphology on Cu at -20°C (0.5 mA cm2, 5 mAh cm-2). For the DEE
electrolyte (c), there was minimal Li deposition in the middle of the electrode (top row). Only a small
amount of Li was found near the edge (bottom row), which likely originated from the enhanced electric
field at the edge of Li counter electrode.
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Figure S10. Li| | Cu CE measurement of 1.2 M LiFSI in FADEE and F5DEE by the modified Aurbach method
at -20°C. Three repeated cells are shown for each electrolyte. The inserted photo shows that both
electrolytes remained liquid at -20°C.
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Figure S11. Li| | Li cells cycled at -20°C at 0.5 mA cm, 1 mAh cm in various electrolytes. (a) Cell voltage.
(b) SEM images of cycled Li electrodes (positive side).

To mimic the low-temperature operation of LMBs, we investigated Li cycling on Li (Figure S11) instead of
Cu (Figure $8-9). At -20°C, 3 M LiFSI / DEE did not sustain stable cycling as evidenced by the spiky voltage,
whereas the cycling was stable in 3 M LiFSI / DMM and DEM (Figure S11a). SEM images of the cycled Li
electrode revealed virtually pristine Li surface in DEE, in contrast to the electrochemically deposited Li
grains in DMM and DEM (Figure S11b). The observations were consistent between Li and Cu substrates.
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Figure S16. Corresponding CE values of cells in Figure 5.
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Figure S17. Direct comparison of FDEE electrolytes with DMM and DEM electrolytes in Cu| | micro-LFP
pouch cells. The data of FDEE were reproduced from ref 11,
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Figure S18. Voltage curves of anode-free Cu| | micro-LFP pouch cells cycled at various charge and

discharge rates in 3 M LiFSI / DMM.
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Figure S19. Voltage curves of anode-free Cu| | micro-LFP pouch cells cycled at various charge and

discharge rates in 3 M LiFSI / DEM.

Despite the differences in bulk and interfacial ion transport, the capacity utilization was similarin 3 M
LiFSI / DMM and 3 M LiFSI / DEM at <1C charge rate (2 mA cm?) due to the flat voltage curve of LFP
cells—a cut-off voltage of 3.65 V was sufficient to accommodate the overpotential (Figure S18a-c and
S19a-c). In contrast, at 2C charge rate, the voltage divergence at the end of charge was obscured by
overpotential, which led to the strong dependence of capacity utilization on overpotential (Figure S18d
and $19d).
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Figure S20. Anode-free Cu| |micro-LFP pouch cells (nominally ~210 mAh, ~2.1 mAh cm?,2.5t03.65V,
0.5 mL electrolyte, 1C = 200 mA) cycled at various rates (the first-cycle charge was at C/10) with 3 M
LiFSI / DMM and 3 M LiFSI / DEM. The data for every attempted cell are shown in Supplementary Figure
S38.
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Figure S21. Voltage curves of thin-Li| | micro-LFP coin cells cycled at various charge and discharge current
densities in 3 M LiFSI / DMM.
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Figure S22. Voltage curves of thin-Li| | micro-LFP coin cells cycled at various charge and discharge current
densities in 3 M LiFSI / DEM.
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Figure S23. SEl properties in various nonfluorinated electrolytes. (a-c) Cryo-TEM images of SEl formed in
3 M LiFSI / DMM (a), DEM (b), and DEE (c). The average thickness was calculated from 10 measurements,
and additional images are provided (Figure S24). (d) Atomic ratios by cryo-EDS comparing salt-derived (F,
S, N) and solvent-derived (C) elements in the SEI. Three spots were measured for each sample, and the
bar graphs represent their average. Oxygen was not included due to potential contamination from ice.
(e-f) Cross-section FIB-SEM images of the rSEl structure formed in 3 M LiFSI / DMM (e) and DEE (f).

Li| | Cu cells were cycled at 0.5 mA cm2 and 1 mAh cm for 10 cycles. The active Li was stripped in the
final step, leaving rSEl on Cu substrate. Pt was deposited to preserve the top surface of rSEI. Additional

images are provided in Supplementary Figure S29.



Figure S24. Cryo-TEM images of SEl formed in (a) 3 M LiFSI / DMM, (b) 3 M LiFSI / DEM, and (c) 3 M LiFSI
/ DEE. The left images show 10 measurements of SEI thickness. Additional images are provided on the
right.
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Figure S25. SEI compositions measured by XPS. For each sample, three random spots were characterized.
(a) Atomic ratios. The bars represent average of three spots. (b) XPS spectra. Each colored trace
represents a different spot. Li| | Cu cells were first pre-conditioned at 0.2 mA cm2 between 0 and 1 V for
10 cycles, followed by 10 cycles at 0.5 mA cm plating for 1 mAh cm? and 0.5 mA cm stripping to 1 V.
After active Li was stripped from Cu, the rSEl was characterized.



Figure S26. SEM images of the initial Li deposition morphology in 3 M LiFSI in DMM. A small amount of Li
(0.5 mAh cm=) was plated onto Cu at 0.5 mA cm2in an uncycled Li| | Cu cell.



Figure S27. SEM images of the initial Li deposition morphology in 3 M LiFSI in DEM. A small amount of Li
(0.5 mAh cm=) was plated onto Cu at 0.5 mA cm2in an uncycled Li| | Cu cell.



Figure S28. SEM images of the initial Li deposition morphology in 3 M LiFSI in DEE. A small amount of Li
(0.5 mAh cm=) was plated onto Cu at 0.5 mA cm2in an uncycled Li| | Cu cell.
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Figure S29. Cross-section FIB-SEM images of the rSEl structure formed after 10 cycles at 0.5 mA cm2 and
1 mAh cm=2in Li| | Cu cells with 3 M LiFSI / DMM (a) and DEE (b). These are additional images to
supplement Figure S23e-f.



Li plating capacity
A

0.1 mAh cm2 0.5 mAh cm?2 1 mAh cm2

3MLFSI |

DEE rSEl Li
formation  plating
a x10
£ 0.51 I
(5]
E F
3 M LiFSI = .
DEM 5
3 0.5
01 2 3 4 2021
Approximate
capacity (mAh cm?)
3 M LiFSI
DMM

Figure S30. SEM images of Li and rSEI morphology on Cu electrode in various electrolytes. The cells were
pre-conditioned at 0.2 mA cm? between 0 and 1 V for 10 cycles, followed by 10 cycles at 0.5 mA cm?
and 1 mAh cm2 plating and 0.5 mA cm2 stripping to 1 V to form rSEl. In the final step, 0.1, 0.5 or 1 mAh
cm? capacity was plated at 0.5 mA cm2. The applied current profiles are shown on the right. The
capacities of final Li plating are labeled by columns on the top. The electrolytes are labeled by rows on
the left. The scale bars are 50 um.
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Figure S31. SEM images of Li and rSEI morphology on 50 um Li electrode in various electrolytes. The
cells were pre-cycled at 0.4 mA cm for 2 cycles, followed by 10 cycles at 0.4 mA c¢cm? plating and 4 mA
cm? stripping, with 4 mAh cm in each step to form rSEL. In the final step, 0.2, 1 or 4 mAh cm capacity
was plated at 0.4 mA cm. The applied current profiles are shown on the right. The capacities of final Li

plating are labeled by columns on the top. The electrolytes are labeled by rows on the left. The scale bars
are 50 um.
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Figure S32. SEM images of Li and rSEl morphology on 50 um Li electrode in various electrolytes. The cells
were pre-cycled at 0.4 mA cm for 2 cycles, followed by 10 cycles at 4 mA cm2, with 4 mAh cm in each
step to form rSEl. In the final step, 0.2, 1 or 4 mAh cm2 capacity was plated at 4 mA cm2. The applied
current profiles are shown on the right. The capacities of final Li plating are labeled by columns on the
top. The electrolytes are labeled by rows on the left. The scale bars are 50 um.
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Figure S33. Every Li| | Cu cell attempted for Figure 3a, b.
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Figure S34. Every Li| | Cu cell attempted for Figure 3c.
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Figure S35. Every Li| | Cu cell attempted for Figure 3d.
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Figure S36. Every Li| | Li cell attempted for Figure 4a.
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Figure S37. Every Li| | Li cell attempted for Figure 4b.
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Figure S38. Every Cu| | LFP pouch cell and Li| | LFP coin cell attempted for Figure 5b, c, d, f, and Figure
S20c. For the rest of Figure 5 and Figure S20, all attempted cells are included.
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Figure S39. Cycle stability of acetal electrolytes in 50 um Li| | 5 mAh cm2 NMC811 coin cells. The cells
were cycled at 0.8/1.3 mA cm charge/discharge within 2.8-4.4 V. (a) Discharge capacity and (b) CE in 3
M LiFSI / DMM and DEM. (c) Discharge capacity and (d) CE in 3 M LiFSI / DMM with 0-2% LiDFP to
improve NMC811 stability.

When applying 3 M LiFSI / DMM and DEM to Li| [NMC811 cells, the capacity quickly decayed (Figure
S39a). The CE of these cells remained below 100% (Figure S39b) despite excess Li metal at the anode,
which indicated irreversible loss at the cathode. Therefore, the short cycle life can be attributed to the
poor oxidative stability of the acetal electrolytes. LiPO,F, (LiDFP) has been shown as an effective cathode
additive.?* By adding 1-2% LiDFP to 3 M LiFSI/ DMM, the cycle stability of Li| |[NMC811 cells was further
improved (Figure S39c-d). This offers additional evidence that the cycle life was limited by cathode
stability due to electrolyte oxidation.
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