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In Situ Engineering of Inorganic-Rich Solid Electrolyte
Interphases via Anion Choice Enables Stable, Lithium
Anodes

Jason A. Weeks, James N. Burrow, Jiefeng Diao, Austin G. Paul-Orecchio,
Hrishikesh S. Srinivasan, Rinish Reddy Vaidyula, Andrei Dolocan, Graeme Henkelman,
and C. Buddie Mullins*

The discovery of liquid battery electrolytes that facilitate the formation of
stable solid electrolyte interphases (SEIs) to mitigate dendrite formation is
imperative to enable lithium anodes in next-generation energy-dense
batteries. Compared to traditional electrolyte solvents, tetrahydrofuran
(THF)-based electrolyte systems have demonstrated great success in enabling
high-stability lithium anodes by encouraging the decomposition of anions
(instead of organic solvent) and thus generating inorganic-rich SEIs. Herein,
by employing a variety of different lithium salts (i.e., LiPF6, LiTFSI, LiFSI, and
LiDFOB), it is demonstrated that electrolyte anions modulate the inorganic
composition and resulting properties of the SEI. Through novel analytical
time-of-flight secondary-ion mass spectrometry methods, such as hierarchical
clustering of depth profiles and compositional analysis using integrated
yields, the chemical composition and morphology of the SEIs generated from
each electrolyte system are examined. Notably, the LiDFOB electrolyte
provides an exceptionally stable system to enable lithium anodes, delivering
>1500 cycles at a current density of 0.5 mAh g−1 and a capacity of 0.5 mAh
g−1 in symmetrical cells. Furthermore, Li//LFP cells using this electrolyte
demonstrate high-rate, reversible lithium storage, supplying 139 mAh g(LFP)

−1

at C/2 (≈0.991 mAh cm−2, @ 0.61 mA cm−2) with 87.5% capacity retention
over 300 cycles (average Coulombic efficiency >99.86%).

1. Introduction

Unprecedented societal demand for lightweight, rechargeable
energy storage technologies has been prompted by expan-
sion in the harvesting of renewable energy, increased energy
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requirements for consumer products, and
electrification of the transportation sector.
To meet these demands, lithium battery
chemistries and cell designs with greater
energy density are required, yet lithium
storage chemistries have remained nearly
identical for the majority of the technol-
ogy’s lifetime, employing a graphite an-
ode and a transition metal oxide or polyan-
ion cathode.[1] On the other hand, thin
lithium-metal anodes with a planar, non-
dendritic electroplating morphology hold
promise to enable high energy density
Li+ storage, providing a high theoreti-
cal capacity (3860 mAh g−1, 2016 mAh
cm−3) and the lowest achievable reduc-
tion potential (−3.04 V vs SHE) available.[2]

A central hurdle for implementing
lithium-metal anodes is the often dendritic
electrodeposition morphology, which upon
substantial growth, can pierce through
the separator and result in electrical
short-circuiting or catastrophic failures.
A leading theory implicates limitations
in Li+ diffusion as the root of dendritic
lithium growth.[3–6] After a specified
time of Li plating at a given current

density, polarization and Li+ concentration depletion at the
electrode surface are hypothesized to result in dendrite for-
mation. This characteristic “Sand’s time” (𝜏s) quantifies the
current-dependent time when the lithium-ion concentration near
the electrode surface decreases to zero aEfter which uniform
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electroplating is prevented for a given electrolyte system.[6,7]

Sand’s time is described by Equation (1), where D is the ambipo-
lar diffusion coefficient, e is the electronic charge, J is the cur-
rent density, C0 is the initial concentration, and μa and μc are the
mobilities of the anions and cations, respectively. Furthermore,
dendrite growth is often self

𝜏s = D
(

C0ezc

2J

)2(
𝜇a + 𝜇c

𝜇a

)2

(1)

propagating since these perturbances cause the focusing of cur-
rent density near the tip of the dendrite and induce nonuni-
form ionic flux at the surface of the electrode.[8–10] Mistry et al.
demonstrated that the local Li+ concentration could reach zero
even before Sand’s time due to the effects of heterogeneous
solid electrolyte interphases (SEIs) on the surface energy and
the resulting electrolyte confinement in high-surface area Li+-
deposition morphologies.[11] Therefore, electrolytes and SEIs
with high cation mobility can withstand larger effective current
densities without dendrite formation and promote stable cycling
of lithium-metal anodes.

Another major hurdle for enabling the practical implementa-
tion of lithium-metal anodes is the formation of an SEI that is
conducive to long-term, high current density cycling. The SEI is
a passivation layer formed on the surface of the lithium-metal
anode that plays a critical role in successful battery operation,
acting as the liaison for lithium transport between the anode
and the bulk electrolyte. An ideal SEI is a thin, ionically conduc-
tive yet electronically insulating layer comprised of a mosaic of
the electrolyte reduction products at the anode.[12,13] Three ma-
jor properties of the interphase influence the effectiveness of
this passivation layer in mediating electrochemical cycling: (1)
mechanical stability, (2) ion mobility, and (3) electronic resistiv-
ity (Scheme 1). The SEI requires both mechanical strength and
ductility, requiring mechanical strength to withstand the normal
force induced from lithium deposition and elasticity to withstand
repeated expansion and contraction induced by the continual
plating and stripping process.[14–18] Inability to withstand these
processes results in the fracture of the SEI, thereby exposing un-
passivated lithium. This newly exposed surface promotes non-
uniform ionic flux, enabling dendrite formation and consuming
the overall lithium inventory of the system by requiring addi-
tional electrolyte decomposition for passivation.[3,5] As the me-
diator for ion transport from the electrolyte to the bulk lithium,
the SEI and its effects on Li+ mobility can significantly impact
the electrochemical performance of the system. Furthermore, the
lithiophilicity of the SEI constituents can directly impact the ki-
netics of lithium plating by influencing desolvation energy and
Li+ transport.[19–21] Electronic resistivity is an inherent property
of an SEI as it acts as the insulating layer to prevent electron
tunneling between the electrolyte and the anode. Increasing the
electronic resistivity of the SEI can minimize the required elec-
tron tunneling distance,[22,23] thereby enabling thin SEIs, which
reduce the consumption of lithium inventory and decrease the re-
quired distance for ion transport.[24] Numerous properties of the
SEI, such as thickness, ionic conductivity, chemical/spatial uni-
formity, interfacial adhesion, and mechanical stability, have seri-
ous implications on the proclivity for dendrite growth by modu-
lating the Li+-ion flux and electrodeposition morphology. As a re-

Scheme 1. Graphic depicting the ideal properties of a stable lithium-metal
SEI.

sult, SEIs play a dominant role in determining the overpotential
of plating/stripping, the degree of electrolyte degradation during
cycling, and the effective lifetimes of the cell.[2,8,18,25–27]

For decades, suppression or complete elimination of lithium-
metal dendrites has been pursued via purposeful engineering of
the SEI. Recent computational studies, such as those by Spotte-
Smith et al.,[28,29] have provided some insight into the mecha-
nisms of the Li-mediated electrolyte decomposition reaction net-
works that lead to SEI formation. However, as electrolyte decom-
position is a transient, kinetically controlled process occurring
in an electrolyte with variable chemical composition due to sol-
vent breakdown and Li+ inventory consumption throughout cy-
cling, a priori design of SEIs via electrolyte engineering presents
a significant scientific challenge to enable implementation of
LMBs. However, recent works investigating “locally high con-
centration electrolytes” (LHCE) have demonstrated significant
success in establishing SEIs with properties favorable for long
term-performance and low overpotentials.[30–33] The success of
these systems is attributed to their tendency to form inorganically
rich SEIs in situ. Inorganic species such as lithium fluorides,
lithium carbonates, boron oxides, lithium borates, and lithium
sulfides have chemical (ionic conductivity and electronic resis-
tivity) and/or physical properties (rigidity and ductility) that are
advantageous for the electrode’s performance.[30,33,34] LHCEs pro-
duce inorganic-rich SEIs due to the high ionic aggregate (AGG)
concentration and contact-ion pair (CIP) solvation moieties.[35–37]

These motifs modulate the LUMO of both the solvent and an-
ion molecules, making the lowest available energy level (most
redox-active) that of the anion instead of the solvent.[38,39] Similar
success has been demonstrated using high concentration (>3.5
m) electrolytes, as the high concentration of Li+ forces the in-
creased formation of AGGs and CIPs due lower global concen-
tration of solvent available. The issue with these strategies is that
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the introduction of diluents or excessive salt content can neg-
atively influence electrolyte transport properties, such as ionic
conductivity and viscosity, and/or significantly increase the cost
of the electrolyte.[36,38,39] On the other hand, weakly solvating
electrolytes (WSEs), such as those composed of tetrahydrofuran
(THF) and/or methyl tetrahydrofuran (m-THF), provide a con-
siderable concentration of CIPs and AGGs even at traditional (≈1
m) salt concentrations.[26,31,33] This unique solvation behavior is
enabled by the low dielectric constant, low dipole moment, and
single coordination site of THF (𝜅 = 7.58, D = 1.75) and m-THF
(𝜅 = 6.97, D = 1.38).[40] These solvents provide a medium for
creating electrolytes with favorable solvation properties with tra-
ditional concentrations, low viscosities, high ionic conductivities,
and low cost. The impact of these AGG and CIP solvation motifs
on the SEI composition and overall lithium-metal anode stability
was examined previously by Lee et al. Still, the role of anion iden-
tity on the resulting properties of the salt-derived SEI has yet to
be explored or understood.[33]

Employing a THF-mix solvent system demonstrated in pre-
vious literature to encourage anion-derived SEIs, we investigate
how the identity of electrolyte anion impacts the chemical compo-
sition and morphology of the SEI and the resulting performance
of lithium anodes. By studying four different electrolyte salts
(LiPF6, LiTFSI, LiFSI, and LiDFOB), we fine-tuned the chemi-
cal compositions and properties of SEIs on lithium anodes and
thus generated a platform to study the effect of chemical specia-
tion on cycling performance and lithium deposition morphology.
Through electrochemical testing, we have demonstrated that the
salt plays a prominent role in modulating the redox potential of
the electrolyte and thus influences the decomposition pathways
for SEI formation. Postmortem X-ray photoelectron spectroscopy
(XPS) and depth profiling with time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) enabled a comprehensive investigation
into the evolution of the SEI throughout the cycling of the cells.
Furthermore, our study employs new methods of ToF-SIMS anal-
ysis, such as hierarchical clustering of depth profiles and com-
positional analysis using integrated yields, not previously em-
ployed in literature on lithium-metal anodes. Hierarchical clus-
tering of the depth profiles for all identified species enables com-
positional relationships to be formed based on the similarities in
the depth profile, unlocking a comprehensive view of the spatio-
chemical composition of each SEI. Compositional analysis using
integrated yields enables a quantitative method for comparing
SEI composition between samples and provides a measurable de-
gree to determine chemical heterogeneity within the system. This
study not only presents an analytical methodology to better allow
the community to understand the composition of lithium-metal
SEIs but also demonstrates the importance of anion selection for
influencing the overall properties of the SEI. The results of this
study demonstrate how a simple exchange of ionic salt can be
the difference between a thick, unstable SEI and a thin, dense
SEI capable of cycling for thousands of hours.

2. Results

2.1. Electrolyte Characterization

Various techniques were used to probe the viscosity, ionic con-
ductivity, electrochemical stability window, and electrolyte solva-

Table 1. Viscosities and ionic conductivities of the various THF-mix elec-
trolytes.

Electrolyte Viscosity [mPa s] Ionic conductivity [mS cm−1]

LiPF6 1.17 12.8

LiTFSI 1.31 6.72

LiFSI 1.29 5.82

LiDFOB 1.10 16.1

tion structures to establish a baseline for each system’s inher-
ent physical and chemical properties. Viscometric measurements
reveal that the THF-mix solvent system offers a low-viscosity
medium for lithium electrolyte solutions. The THF-mix elec-
trolytes have lower viscosities than traditional electrolytes sys-
tems (e.g., 1 m LiPF6 in EC: DMC, 1.92 cP) and high concentra-
tion electrolytes (>50 cP), with all electrolytes having a viscosity
ranging from 1.10 to 1.31 cP (Table 1).[41] Viscosities of the elec-
trolytes ranked from lowest to highest are as follows: LiDFOB <

LiPF6 < LiFSI < LiTFSI.
The ionic conductivity of both the SEI and the electrolyte plays

a pivotal role in the formation and propagation of lithium den-
drites during cycling; therefore, the ionic conductivities of these
electrolytes were determined using electrochemical impedance
measurements on a Pt/Pt cell configuration. The results of these
measurements (Figure S1, Supporting Information) reveal that
the anion selection affects the ionic conductivity of the elec-
trolyte solution considerably. Ionic conductivities of the elec-
trolytes ranked from highest to lowest are as follows: LiDFOB
> LiPF6 > LiTFSI > LiFSI (Table 1). Numerous chemical fac-
tors, such as solvation structures, ionic association, and the steric
effects of ions, can influence ionic conductivity throughout a
solution.[42] However, the similarity in the trend of the higher vis-
cosity solvents yielding lower ionic conductivities in the THF-mix
sample set suggests that the physical attributes of the solution
play a significant role in the electrolyte’s final conductivity.

Linear sweep voltammetry (LSV) determined the electrolyte
solutions’ oxidative and reductive electrochemical stability win-
dow. Oxidative LSV (Figure S2, Supporting Information) revealed
the upper voltage electrochemical stability window, with most of
the electrolytes demonstrating oxidative decomposition when ex-
posed to applied potentials of ≥4.1 V (vs Li/Li+). However, the
LiDFOB electrolyte exhibited a slightly expanded stability win-
dow, where it oxidatively decomposes at ≈4.2 V. This voltage win-
dow limits the electrolytes’ capability with high voltage cathode
materials like NCM and NCA, but they provide a stable envi-
ronment for polyanion cathodes such as LFP. Reductive voltam-
mograms (Figure 1a) of the electrolyte systems expose the lower
voltage stability and a glimpse at the electrochemical potentials
where electrolyte decomposition reactions occur to form SEI. Re-
ductive LSVs (Figure 1a) suggest that the THF-mix electrolytes
have comparable reductive stability. Yet, taking the derivative of
the reductive LSV curve (Figure 1b) shows their distinct differ-
ence in the electrochemical decomposition of the electrolytes.
Ranked from least to most stable: LiFSI < LiTFSI< LiPF6 < LiD-
FOB. Studies of LHCEs suggest that increased reductive stabil-
ity windows can be linked to increased CIP and AGG solvation
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Figure 1. a) Size distribution of the THF-mix electrolytes obtained from fitting a spherical model on the solvent-subtracted SAXS data. electrolytes.
b) Reductive linear voltage sweeps and c) their derivatives, showing the reductive stability of the THF-mix electrolytes. d) Nyquist plots of the various
electrolytes obtained from EIS of the THF-mix systems after 10 cycles. e) DRT spectra transformation of the EIS spectra.

moieties, which may have implications on the preference for salt
versus solvent decomposition and final SEI composition.[36,38]

Small-angle X-ray scattering (SAXS) was employed to further
explore the Li+ solvation in these electrolytes. By obtaining the
spectra of the various electrolytes and subtracting these results
from the spectra of the THF-mix solvent (Figures S3 and S4, Sup-
porting Information), the clusters pertaining to the solvation of
the salt molecules were revealed (Figure S5, Supporting Informa-
tion). Employing a spherical fitting model, the mean diameter of
the major solvation nanostructures was determined (Figure 1c).
These results show that the LiDFOB and LiTFSI salt create sol-
vation nanostructures with a narrow volume size distribution,

while the LiPF6 and LiFSI display a wide array of potential cluster-
ing sizes. Furthermore, the average size of the solvated clusters
in the THF-mix electrolytes ranked from smallest to largest are
as follows: LiPF6 < LiFSI < LiDFOB < LiTFSI. Previous studies
have shown that larger solvation clusters are typically indicative
of higher concentrations of AGG and CIP solvation motifs.[43,44]

2.2. Electrochemical Testing

Electrochemical impedance spectroscopy was conducted on all
four electrolyte systems after the first, fifth, and tenth cycles of
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symmetrical cell plating/stripping to investigate the impedance
of the electrolyte and the resulting SEI. The overall impedance
of these cells decreased with continued electrochemical cycling
(Figure S6, Supporting Information), likely due to an increase
in the total electrochemically active surface area as lithium is
plated and dendritic growths are formed throughout cycling.
The electrolytes demonstrate different impedance spectra and
peak shapes, yet the maximum real and imaginary impedance
is comparable between all samples (Figure 1d). Distribution of
relaxation times (DRT) was obtained from EIS spectra to further
elucidate the difference between the impedance spectra of the
electrolyte (Figures S8 and S9, Supporting Information). DRT
is a valuable technique that can reveal the degree of resistance
and frequency at which various electrochemical processes, such
as SEI polarization, charge transfer, Li+ desolvation, electrolyte
reduction, and Li+ transport, occur.[45] All of the electrolytes
demonstrate three distinct peaks (i.e., low, mid, and high fre-
quencies) in their spectra, a low, mid, and a high frequency in
their spectra. Previous research attributes low-frequency resis-
tances to transport and diffusive processes, medium-frequency
resistances to Li+ desolvation and charge transfer, and high-
frequency processes to the ohmic polarization of the SEI.[46]

As expected, the electrolytes show minimal changes in their
DRT spectra per cycle basis (Figure S8, Supporting Information).
Comparing between electrolytes (Figure 1e), the LiPF6, LiTFSI,
and LiFSI systems all show very similar DRT spectra with three
distinct processes at ≈103.5, ≈102.5

, and ≈10−2.5 s, respectively,
whereas the LiDFOB demonstrates very different timescales for
its’ three features, ≈102, ≈100.5

, and ≈10−1.5. Additionally, these
three electrolytes demonstrate significant resistance at their high-
est and lowest frequency processes. At the same time, the LiD-
FOB system displays significantly lower resistance for these pro-
cesses but a large resistance for its mid-frequency process. Inter-
estingly, a change in the salt composition of an electrolyte and
the resulting SEI composition could impact the timescales and
resistances of these fundamental processes to such a significant
degree. We believe this result should be investigated in future
studies as it may uncover a unique fundamental insight for ad-
justing the inherent electrochemical properties of lithium-metal
anode electroplating.

The stability and reversibility of Li electrodeposition in these
electrolyte systems were quantified using symmetrical cells
through long-term performance testing. Low- (0.5 mA cm−2, 0.5
mAh cm−2) (Figure 2a) and high current stability testing (1.0 mA
cm−2, 1.0 mAh cm−2) (Figure 2b) were conducted until cell fail-
ure. For all electrolytes and current densities, examination of the
voltage profiles (Figures S10 and S11, Supporting Information)
implied a lack of short circuiting until cell failure, depicting dis-
tinct features (e.g., nucleation, mass transfer limitation) during
the stripping and plating process.[3,8] The LiPF6 system demon-
strated the worst stability, producing variable overpotentials dur-
ing low current density testing and unstable cycling and failure
during high current testing. After 25 cycles at 0.5 mA cm−2, the
voltage curves observed for the cell with LiPF6 electrolyte transi-
tioned from initially unstable overpotentials (≈100 mV) towards
overpotentials circa 50 mV for ≈200 stable cycles (Figure 2a).
The initial unstable cycles likely correspond to the SEI’s con-
tinual formation and/or structural reorganization. Subsequently,
the overpotential rose each cycle until eventual cell failure after

Figure 2. a,b) Long-term stability testing of symmetrical cells of the var-
ious THF-mix electrolyte systems under low current density conditions
(0.5 mAh cm−2, 0.5 mA cm−2) (a) and high current density conditions
(1.0 mAh cm−2, 1.0 mA cm−2) (b).

≈320 cycles (700 h). At the larger current densities (1.0 mA cm−2),
the LiPF6 system exhibits unstable cycling almost immediately,
showing large peaks in overpotential, which can be attributed to
the formation of dead lithium and dendrite fracture within the
cell (Figure 2b).[31] Compared to the LiPF6 system, the LiTFSI
electrolyte system at 0.5 mA cm−2 demonstrates improved sta-
bility, exhibiting moderate overpotentials (≈40 mV) (Figure 2a)
until ≈225 cycles where overpotentials began to increase before
cell failure at 625 h (≈275 cycles). High current density cycling,
at 1.0 mA cm−2, shows similar stability where LiTFSI cycled sta-
bly for 300 h (≈135 cycles) before increases in overpotential and
failure at 350 h (≈160 cycles) (Figure 2b), likely indicating den-
drite propagation and short. The LiFSI electrolyte enables more
stable plating/stripping at 0.5 mA cm−2 than LiPF6 or LiTFSI,
achieving over ≈500 cycles with only ≈20 mV of overpotential
(Figure 2a). High-rate testing (Figure 2b) showed the LiFSI elec-
trolyte also depicted stable cycling for over 600 h (≈250 cycles)
with a modest overpotential of ≈45 mV. Supporting the valid-
ity of this study, our LiFSI electrolyte reproduces performance
metrics observed in other studies employing this system.[31,32] Of
the four electrolytes studied, the LiDFOB system exhibited the
best performance, demonstrating stable cycling for over 3200 h
(≈1500 cycles) with minimal overpotentials (≈10 mV) at 0.5 mA
cm−2 cycling (Figure 2a) and for over 1600 h (≈775 cycles) with
an overpotential of ≈20 mV at 1.0 mA cm−2 (Figure 2b). At both
current densities, the LiDFOB system displays low, consistent
overpotentials throughout cycling with only a minor increase in
overpotential.
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Figure 3. a–l) Postmortem microscopy images depicting the lithium electrodes from the LiPF6 (a,e,i), LiTFSI (b,f,j), LiFSI (c,g,k), and LiDFOB (d,h,l)
systems after the 1st (a–d), 5th (e–h), and 10th (i–l) cycles, respectively. The electrodes shown were cycled at 1 mA cm−2 to a capacity of 1 mAh cm−2.

Overall, these electrolytes demonstrate distinctly different elec-
trochemical stability. In general, the LiPF6 electrolyte depicts the
lowest plating/stripping stability, unable to cycle effectively at
large current densities. The LiTFSI and LiFSI electrolytes both
provide moderate cycle life, but the LiFSI demonstrates smaller
overpotentials and increased longevity compared to LiTFSI. Fi-
nally, the LiDFOB system provides not only exceptionally low
overpotentials but also a cycle life that is nearly three times that
of the LiFSI system.

2.3. Postmortem Scanning Electron Microscopy (SEM)

Lithium deposition morphology impacts lithium-metal anodes’
overall efficiency and long-term stability. Generally, low surface
area (SA): volume ratio morphologies perform better due to two
significant factors: (1) high SA depositions create thinner, me-
chanically weaker dendritic structures.[18,47] (2) Additional SEI
formation (electrolyte decomposition) is required to sufficiently
passivate structures with larger SA, resulting in losses in over-
all efficiency and lithium inventory in the cell.[5,27,48] Postmortem
microscopy images of electrodes from symmetrical cells, shown
in Figure 3, depict the morphology of the freshly deposited
lithium after the first, fifth, and tenth cycles, respectively. From
the LiPF6 electrolyte, lithium was initially deposited nonuni-
formly across the anode surface (Figure S12a, Supporting In-
formation) as dendrites with a thin, “necklace-like” morphology
(Figure 3a). Continued cycles of plating and stripping resulted in
high surface area “cloud-like” dendrite formations that were dis-
tributed more uniformly across the electrode area (Figure 3b,c).
These dendrite morphologies with ultra-high surface areas are
conducive to the formation of dead lithium and lead to unstable
stripping/plating, similar to the results seen in the high-current
density cycling.[18,47] The LiTFSI system also exhibited heteroge-
neous deposition after initial Li+ plating, but the dendrites ap-
peared to have morphologies with decreased SA compared to

those observed when employing LiPF6 (Figure 3b). Continued
plating and stripping with this LiTFSI electrolyte increased the
spatial uniformity of lithium growth across the electrode sur-
face, but the size/thickness of these formations was highly vari-
able (Figure 3f,k). In contrast, lithium plating/stripping with the
LiFSI electrolyte demonstrated lower “cluster-like” depositions
(Figure 3c) uniformly across the surface of the electrode after the
first cycle (Figure S12c, Supporting Information). Continued cy-
cling further promoted the growth of these lithium depositions,
eventually resulting in a homogeneous, densely-packed morphol-
ogy across the electrode surface (Figure 3g,k). Finally, for the
LiDFOB electrolyte, a near-optimal lithium deposition morphol-
ogy was observed throughout cycling, uniformly covering the en-
tire electrode surface (Figure S12d, Supporting Information) and
generating sheet-like structures (Figure 3d) with extremely low
SA. This morphology was retained throughout cycling, and en-
hanced lithium packing was observed as the plating and stripping
process repeated (Figure 3h,l).

These results are further supported by macroscopic visual-
ization of the electrodes after the first (Figure S12, Supporting
Information) and tenth cycle (Figure S13, Supporting Informa-
tion). The LiPF6 and LiTFSI systems demonstrate heterogeneous
deposition of lithium macroscopically, with some areas of the
electrodes having little to no lithium plating after the initial cy-
cle. Meanwhile, the LiFSI and LiDFOB systems demonstrate
uniform lithium plating and maintain structures with low SA
throughout cycling, as seen in Figure 3. In all, SEM analysis af-
ter continual cycling with the various electrolyte systems revealed
that the surface area of the deposition morphologies followed the
trend of LiPF6 >> LiTFSI > LiFSI > LiDFOB.

2.4. X-ray Photoelectron Spectroscopy (XPS)

XPS was employed to analyze the chemical environment of the
SEIs generated on the lithium anodes after completing each

Adv. Mater. 2024, 36, 2305645 © 2023 Wiley-VCH GmbH2305645 (6 of 19)
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electrolyte system’s first, fifth, and tenth cycles. XPS provides
an effective method for quantifying the chemical species found
within the postmortem electrodes; however, the limited probe
depth of this technique limits its ability to provide chemical infor-
mation about the entirety of the SEI. Therefore, XPS is employed
to: (1) identify key species in the SEI and (2) quantify how the
chemical composition of the SEIs changes throughout cycling.
Survey scans of these electrodes (Figure S14, Supporting Infor-
mation) verified the integrity of the testing procedures and elec-
trolytes, depicting only the expected elemental compositions with
no signs of contamination from unknown species.

High-resolution scans were conducted in the regions of bind-
ing energy relevant for each of the chemical species, such as
the C 1s (Figure 4a,e,i,m; Figure S15, Supporting Informa-
tion), O 1s (Figure 4b,f,j,n; Figure S16, Supporting Informa-
tion), F 1s (Figure 4c,g,ko,; Figure S17, Supporting Informa-
tion), P 2p (Figure 4d; Figure S18, Supporting Information),
S 2p (Figure 4h,l; Figure S19, Supporting Information), and B
1s (Figure 4p; Figure S20, Supporting Information), regions.
Comparing the XPS spectra of the LiPF6 (Figure 4a–d), LiTFSI
(Figure 4e–h), LiFSI (Figure 4i–l), and LiDFOB (Figure 4m–p) de-
rived SEIs highlights the significant difference in decomposition
products resulting from these electrolytes. The specific param-
eters used for peak/species determination can be found in the
experimental section of the supporting information. A complete
analysis of the XPS results in the context of resulting lithium an-
ode performance can be found later in this manuscript in the dis-
cussion section. Further details on the experimental parameters
and data processing can be found in the Supporting Information.

Furthermore, the quantification of the atomic composition of
each SEI is shown in Figure 4q. The SEI generated from the LiPF6
electrolyte contained a large proportion of inorganic species af-
ter the first cycle (13.2 at% of heteroatoms (or non-Li species)),
but the continual decrease in inorganic composition throughout
cycling (fifth cycle = 5.7 at%, tenth cycle = 4.5 at%) suggested
instability of the SEI. Interestingly, the opposite trend was seen
in the LiTFSI system, where the SEI initially demonstrated a very
low inorganic composition (5.8 at%, of heteroatoms) that steadily
grew throughout cycling (fifth cycle = 7.3 at%, tenth cycle = 13.2
at%). On the other hand, the LiFSI and LiDFOB systems showed
relatively stable elemental composition throughout cycling, with
only slight growth in the C and O species as cycling progressed.
After the first cycle, the LiFSI system demonstrated moderate in-
organic composition with a heteroatom content of 8.1 at%. The
LiDFOB electrolyte produced an SEI extremely rich in inorganics
(19.7 at%, of heteroatoms), and only a slight, subtle decrease of
inorganics was observed as cycling continued (fifth cycle = 19.1
at%, tenth cycle = 17.8 at%). A tabulated summary of the atomic
quantification obtained from the XPS analysis throughout the cy-
cling process can be found in Tables S1 and S2 in the Supporting
Information.

2.5. Time-of-Flight Secondary-Ion Mass Spectrometry (ToF-SIMS)

ToF-SIMS was employed to provide a spatially resolved depth pro-
file of the composition of the various SEIs generated from the dif-
ferent electrolyte systems. SEIs are notoriously chemically com-
plex due to the variety of diverse decomposition reactions that

can occur between the electrolyte and the lithium anode. ToF-
SIMS analysis of SEIs provides overwhelming information, gen-
erating depth profiles with hundreds of ions for each sample.
A majority of studies employing this technique merely examine
the depth profiles of certain molecules/ions deemed significant
a priori (i.e., from other analytical techniques). However, a more
thorough and unbiased examination of ToF-SIMs data could im-
prove our understanding of these chemically-complex SEIs. To
utilize as much information as possible when analyzing our sys-
tems, we employed a more holistic analysis, employing hierar-
chical clustering of the depth profiles of all species/peaks iden-
tified from the mass spectra of each SEI to enable binning of
ions with similar depth profiles. The complete mass spectra for
the LiPF6, LiTFSI, LIFSI, and LiDFOB samples are displayed in
Figures S21–S25 (Supporting Information), respectively. Using
specific constraints for peak identification, detailed in the exper-
imental methods section, with 141, 134, 114, and 72 individual
species being identified in the mass spectra of the LiPF6, LiTFSI,
LiFSI, and LiDFOB SEIs, respectively (Figure S56, Supporting
Information). It should be noted that the LiTFSI and LiFSI elec-
trolytes share many of the same decomposition products, likely
due to their analogous chemical structure. The clustering of the
spectra was enabled with the Broad Institutes’ open-source Mor-
pheus software (https://software.broadinstitute.org/morpheus,
Broad Institute. Depictions of the calculated hierarchical relation-
ship between the ions of the LiPF6 (Figure S25, Supporting In-
formation), LiTFSI (Figure S26, Supporting Information), LIFSI
(Figure S27, Supporting Information), and LiDFOB (Figure S28,
Supporting Information) samples can be found in the support-
ing information. Furthermore, correlation plots of the detected
ions in the LiPF6 (Figure S29, Supporting Information), LiTFSI
(Figure S30, Supporting Information), LIFSI (Figure S31, Sup-
porting Information), and LiDFOB (Figure S32, Supporting In-
formation) spectra can also be found in the supporting infor-
mation. Hierarchical clustering was employed to demonstrate
similarities in the various ions’ depth profiles and aid in chem-
ical identification. Depth profiles of the various ions (grouped
in their respective clusters) found in the LiPF6, LiTFSI, LIFSI,
and LiDFOB are shown in Figures S33–S36 (Supporting Infor-
mation), respectively. For full details discussing the criteria for
peak selection and parameters used for the spectra clustering
analysis, please see the Experimental Section in the Supporting
Information.

The clustering analysis reveals some interesting trends by pro-
viding insight into the regions of the SEI, the thicknesses of these
regions, and enabling the creation of a complete spatiochemical
profile for each SEI. Denoted by the clustering analysis, there ap-
pear to be four distinct regions in each of the SEIs, the bulk sam-
ple (lithium-metal anode), the “native” SEI (decomposition prod-
ucts generated from electrolyte and atmosphere exposure with
the lithium metal), the inner SEI, and the outer SEI. The thick-
ness of these layers was determined by using characteristic peaks
from each region. A visual depiction of each depth profile and the
representative peaks from each region are shown in Figure 5a.

In this study, SEI depth is approximated based on the sput-
tering depth/time required to probe through the majority of the
inner and outer SEI species. Using the parameters listed in the
Experimental Section, the sputtering time is directly proportional
to the sputtering depth, where 1 s of sputtering time equals a

Adv. Mater. 2024, 36, 2305645 © 2023 Wiley-VCH GmbH2305645 (7 of 19)
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Figure 4. a–p) High-resolution XPS scans of the C 1s (a,e,i,m), O 1s (b,f,j,n), F 1s (c,g,k,o), P 2p (d), S 2p (h,l), and B 1s (p), respectively, of the various
electrolyte derived SEI after the 1st cycle. Region scans of the LiPF6, LiTFSI, LiFSI, and LiDFOB derived SEI are shown in (a–d), (e–h), (i–l), and (m–p),
respectively. q) Atomic quantification of the heteroatoms (excluding Li) present in the SEI and their composition changes throughout ten cycles at 1 mA
cm−2 to a capacity of 1 mAh cm−2.

sputtering depth of 0.17 nm. We employed a cut-off value of 0.61
for the normalized intensity for our analyses. This value corre-
sponds to one standard deviation in a normalized Gaussian dis-
tribution, thereby allowing this parameter to denote where a ma-
jority (≈68.2%) of the respective species is located in the depth

profile of the samples. These results indicate that the LiPF6,
LiTFSI, LiFSI, and LiDFOB samples have an SEI thickness of
12, 20, 14, and 7 nm, respectively (Table S3, Supporting Informa-
tion). Figure 5b summarizes the spatiochemical regions where
the outer, inner, and native SEI components appear.

Adv. Mater. 2024, 36, 2305645 © 2023 Wiley-VCH GmbH2305645 (8 of 19)
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Figure 5. a) ToF-SIMS depth profiles of the various THF-mix derived SEIs
after 10 cycles. Representative peaks of ions from the bulk sample, “na-
tive” SEI, inner SEI, and outer SEI are depicted to highlight the regions
and thickness of the interphase layer. b) Comparison of the spatial com-
position between each depth profile.

Combining species identification with hierarchical cluster-
ing enabled a noteworthy observation: within a given SEI,
species with similar chemical compositions/functionalities also
displayed similar depth profiles. As shown in Figure 6a–d, this
clustering analysis enabled the production of detailed heat maps
of the concentration depth profiles of different clustered species,
where the color intensity correlates to the normalized value of ion
intensity as a function of sputtering depth for representative ion
species. One possible hypothesis for this trend is that decompo-
sition products with similar chemical composition will likely fol-
low analogous reaction pathways and have comparable reaction
timescales. This results in species of similar chemical composi-

tion being found at similar sputtering depths. However, further
studies examining the reaction timescales and pathways for SEI
formation/electrolyte decomposition are required to validiate this
hypothesis.

The heat maps in Figure 6a–d portray the chemical compo-
sition of the various SEIs across the length of the SEI (z). To
provide insight into the homogeneity of the SEIs from an areal
perspective (x.y), maps of the spatial chemical composition for
each electrode are shown in Figures S37–S40 in the Support-
ing Information. For each sample, 2D heat maps of the sig-
nal from characteristic ions from the outer SEI, inner SEI, “na-
tive” SEI, and bulk components were created at multiple dis-
crete “slices” of sputtering depth (i.e., SEI thickness) to visualize
the compositional uniformity across the entire SEI. Areal heat
maps of chemical uniformity for the LiPF6 (Figure S37, Sup-
porting Information), LiTFSI (Figure S38, Supporting Informa-
tion), LiFSI (Figure S39, Supporting Information), and LiDFOB
(Figure S40, Supporting Information) electrodes are displayed in
the Supporting Information and highlight that electrolyte choice
strongly influences the deposition morphology, chemical unifor-
mity, and spatial heterogeneity of the SEI. For example, while
lithium was successfully deposited from the LiPF6 electrolyte
over the entire electrode area, the spatial distribution of SEI com-
position was extremely heterogeneous and induced electrodepo-
sition of high surface area structures (Figure S37, Supporting
Information). It should be noted that the ultrahigh surface area
morphology of the lithium dendrites on the surface may result
in the chemical mapping being unable to resolve the intrica-
cies of the topography of the LiPF6 electrode. A similar trend is
noted in the LiTFSI (Figure S38, Supporting Information) elec-
trode, demonstrating heterogeneous chemical distribution and
depicting a non-uniform lithium plating morphology. Interest-
ingly, the same result is noted in the chemical composition of
the electrode cycled in LiFSI (Figure S39, Supporting Informa-
tion), demonstrating both chemical and lithium nonuniformity.
While the LiFSI sample does not exhibit the severe chemical ir-
regularity like LiPF6 nor the severe dendritic growth of LiTFSI,
ToF-SIMS mapping of this electrode suggests it suffers from both
issues, albeit to a lesser extent than the other electrolytes. In
contrast to all the other electrolytes, the high-performing LiD-
FOB electrolyte system exhibits a relatively flat lithium deposi-
tion morphology with only minor spatial heterogeneity of inner
and outer SEI species (Figure S40, Supporting Information). To
aid in visualizing the chemical composition of these electrolyte-
derived SEIs, 3D renderings of these samples were created
(Figure 6e).

High-resolution images of the LiPF6 (Figure S41, Support-
ing Information), LiTFSI (Figure S42, Supporting Informa-
tion), LIFSI (Figure S43, Supporting Information), and LiDFOB
(Figure S44, Supporting Information) provide a visualization of
the dendrite morphology, lithium uniformity, and chemical het-
erogeneity on the surface of the electrode. These images show
analogous results to those depicted in the SEM imaging and
ToF-SIMS chemical mapping, further elucidating the severity of
the chemical heterogeneity of the electrode cycled in the LiPF6
electrolyte. Chemical mapping of representative inorganic (LiF−)
and organic (CP−) species highlights the chemical nonunifor-
mity in the depth profile of the anode (Figure S41a,b, Supporting
Information).

Adv. Mater. 2024, 36, 2305645 © 2023 Wiley-VCH GmbH2305645 (9 of 19)
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Figure 6. Heat maps demonstrating the spatial location of the various chemical species found in the SEI derived from the LiPF6 (a), LiTFSI (b), LiFSI
(c), and LiDFOB (d) electrolytes, respectively. e) 3D reconstruction of the various electrolyte-derived SEIs represented by a species found in the outer
and inner SEI, respectively, alongside a visualization of these species overlaid. f) Compositional differences in the various SEIs calculated by using the
integrated yield of various ion signals normalized to the bulk Li− signal.

While these analyses depict a comprehensive view of the chem-
ical depth profile of the various electrolyte-derived SEIs, they do
not offer information about the concentration of these species.
Employing bulk lithium metal as an internal standard, informa-
tion about the relative concentration of the ions in each sample

can be obtained. This is done by integrating the raw intensity of
a respective ion in the region where it is most abundant (region
where normalized intensity > 0.61), then dividing this by the raw
maximum intensity of the lithium (Li−) signal. This provides a
technique capable of comparing the compositional differences

Adv. Mater. 2024, 36, 2305645 © 2023 Wiley-VCH GmbH2305645 (10 of 19)
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of shared species between the four samples. Figure 6f depicts
the differences in concentrations of various important species
that all four SEIs share. The results of this technique demon-
strate good alignment with the findings revealed by other analy-
ses. Mirrored in the high-resolution region XPS scans, the LiPF6
sample depicts the highest concentration of Li2O (LiO−), and the
LiDOFB sample contains the highest concentration of Li2CO3
(LiCO3

−). Additionally, the LiF (LiF2
−) concentrations mimic the

XPS atomic quantification of fluorine content within the samples
(LiDFOB > LiTFSI > LiPF6 > LiFSI). Ions C3H2

− and OH− were
chosen to represent the components formed primarily from sol-
vent (THF and m-THF). The concentration of these ions mirrors
the thickness of the SEIs derived from the ToF-SIMS sputtering
depth (SEI thickness: LiTFSI > LiFSI > LiPF6 > LiDFOB).

In addition to the information obtained about relative concen-
trations, this technique can also probe the samples’ chemical uni-
formity. Recent studies by Xu et al. and Wang et al. have discussed
how SEI and electrode homogeneity is vital for stable electrode-
position of Li and can have significant implications on the long-
term performance of a system.[49,50] As demonstrated by these
works and the other analysis we conducted, ToF-SIMS is a useful
technique for exploring the homogeneity of a sample. Unfortu-
nately, imaging and 3D reconstructions do not provide quantifi-
able information about the degree of homogeneity in the sam-
ple. To remedy this, we have utilized statistical analysis on the
integrated yields of the depth profiles to obtain numerical met-
rics for heterogeneity within the sample. This is done by taking
depth profiles in three separate locations on the metal anode of
each sample, then conducting statistical analysis on the obtained
integrated yields of each species to obtain a relative standard de-
viation spatial chemical composition of each SEI. This acts as a
metric to measure the degree of chemical heterogeneity within
the SEI. Figure 6f depicts the compositional differences between
various relevant ions in each SEI. Each sample’s average relative
standard deviation (RSD) is as follows; LiPF6 = 39.86%, LiTFSI
= 37.14%, LiFSI = 25.04%, and LiDFOB = 16.22%. As the high-
resolution ToF-SIMS imaging suggests, the LiPF6 and LiTFSI-
derived SEI demonstrate the highest heterogeneity; meanwhile,
the LiDFOB sample has the most uniform chemical composition.

2.6. Molecular Dynamic (MD) Simulations

Molecular dynamics was run for the 1.14 m simulation cells of
each electrolyte (Figure S45, Supporting Information) to deter-
mine the Li+ environment. Radial distribution functions (RDFs)
centered around the Li+, shown in Figure 7, were utilized to de-
termine the coordination number of the anions through the pres-
ence of the unique atoms within the anion (P, N, and B). Insets
within Figure 7a–d highlight the coordination motifs that are at-
tributed to specific features in the RDF. These coordination mo-
tifs’ enhanced views and the distance between the Li+ and the re-
spective heteroatom are shown in Figures S46–S49 (Supporting
Information) for LiPF6, LiTFSI, LiFSI, and LiDFOB, respectively.
The LiPF6 electrolyte (Figure 7a) depicts a unique solvation shell
with only two solvation motifs (1a and 2a). This electrolyte has the
lowest number of anions in the lithium ions’ solvation shells and
shows minimal clustering in the simulation. The LiTFSI elec-
trolyte (Figure 7b) also demonstrates limited coordination motifs

Figure 7. a–d) Radial distribution functions (RDFs) between the Li+ and
the unique atom of the anions (P, S, B, respectively), alongside the rele-
vant solvation motif for the LiPF6, LiTFSI, LiFSI, and LiDFOB electrolytes,
respectively. e) Comparison of the RDF for all the electrolytes.

(1b, 2b, and 3b), but the anion has several multicoordination (2b
and 3b) motifs that lead to it having the second highest anionic
coordination number. The multiple coordination sites in the an-
ion allow the molecule to branch between multiple lithium-ions,
thus enabling significant clustering within the electrolyte (3b).
The LiFSI electrolyte (Figure 7c) offers a diverse set of coordina-
tion motifs (1c, 2c, 3c, and 4c) but has the second lowest coor-
dination number. LiFSI shares structural similarities to LiTFSI
that enable the anion to branch between multiple lithium-ions
(2c and 3c), showing higher clustering than the LiPF6 system but
lower clustering than LiTFSI. The LiDFOB electrolyte (Figure 7d)
depicts the highest anionic coordination number and a variety of
coordination motifs (1c, 2c, 3c, and 4c). The four oxygen atoms
in LiDFOB act as viable coordination sites and provide signifi-
cant degrees of freedom for the anions to coordinate with Li+.
These coordination sites allow LiDFOB molecules to coordinate
between multiple lithium-ions (1d, 3d, and 4d), thus yielding an

Adv. Mater. 2024, 36, 2305645 © 2023 Wiley-VCH GmbH2305645 (11 of 19)
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electrolyte with a high amount of clustering. These results sug-
gest that the anionic coordination of the electrolytes follows the
trend of LiPF6 < LiFSI < LiTFSI < LiDFOB (Figure 7e). The coor-
dination environments of the lithium-ions in each of these elec-
trolytes were also quantified to better elucidate their solvation,
as shown in Figure S50 in the Supporting Information. All elec-
trolytes (except LiFSI) show a higher population of m-THF coor-
dinated with the lithium-ions, indicating that m-THF may have a
higher binding affinity than THF (Figure S50a, Supporting Infor-
mation). Comparing the solvation motifs (Figure S51, Support-
ing Information) highlights the weakly solvating nature of the
THF-mix solvent system, with all the electrolytes primarily con-
sisting of contact-ion pairs (CIP) and aggregates (AGG) solvation
motifs. The LiFSI provides the least favorable solvation structure
with 10%, 70%, and 20% of its lithium-ions in solvent-separated
ion-pairs, CIPs, and AGG, respectively. Meanwhile, LiPF6 has
80% and 20% of its lithium-ions in CIPs and AGGs, respectively.
The LiTFSI and LiDFOB electrolytes demonstrate desirable sol-
vation behavior, with 60% and 40% of the lithium-ions found in a
CIP and AGG solvation, respectively. The high concentrations of
AGG and CIP structures in the LiDFOB electrolyte may be due
to the synergistic properties of LIDFOB and THF. LiDFOB has
a very low dissociation constant in an inorganic solvent, along-
side THF’s weakly solvating nature, causes exceptionally high
amounts of anion–cation pairing in the inner solvation shell even
at low salt concentrations.[51]

To corroborate these results, Li+ binding energies were calcu-
lated for each electrolyte component (Table S4, Supporting Infor-
mation) and their potential binding modes (Figure S52, Support-
ing Information). Comparing the BE of all the electrolyte compo-
nents depicts a general trend where THF > m-THF > DFOB− >

PF6
− > FSI− > TFSI−. This result supports our hypothesis of the

weakly solvating nature of the THF and m-THF solvents, as these
electrolytes have a comparatively lower binding affinity to Li+ ver-
sus the anions. Additionally, the higher binding energy of THF
elucidates why the m-THF solvent preferentially coordinates with
Li+. PF6

− demonstrates the second highest binding energy of all
the anions and exemplifies why the electrolyte shows low anionic
coordination. Interestingly, DFOB− has the highest BE of the an-
ions, even though it demonstrated high-level anionic coordina-
tion to Li+. This is likely because DFOB− can only coordinate to
one site per Li+ due to the sterics of the molecule. Comparing
the one coordination site BE of each anion, a different trend is
revealed, where PF6

− > FSI− > DFOB− > TFSI−. Demonstrating
that DFOB− has the second lowest BE for anions, only coordinat-
ing once to Li+, suggests that DFOB- is less enthalpically favored
to bind to Li+ than the other anions. However, DFOB− may be
more entropically favored, as supported by the coordination be-
havior of DFOB− which has a diverse set of binding motifs, more
coordination sites per molecule than the other anions, and can
readily coordinate with multiple lithium-ions. In addition, TFSI−

has the lowest BE for both one and two site coordination, which
aligns with the other MD results, depicting the highest anionic
coordination in the Li+ solvation shell.

The ionic diffusivity of the electrolytes was calculated with the
MD simulations by using the total trajectory of the lithium-ions
during the simulation time, the methodology of which is fully
detailed in the Supporting Information. The results suggest that
the ionic diffusivities followed the trend of LiPF6 < LiDFOB <

Figure 8. Electrochemical performance testing of Li//LFP and cells em-
ploying a 1.15 m LiDFOB electrolyte. a) Variable rate performance testing
conducted from C/20 to 5C rates. b) Long-term stability testing conducted
at a rate of C/2.

LiFSI < LiTFSI (Table S5, Supporting Information). These re-
sults demonstrate similar trends to the previously conducted vis-
cosity and ionic conductivity measurements, depicting that LiD-
FOB has the highest ionic mobility. Furthermore, these results
also suggest that the LiFSI and LiTFSI electrolytes have compa-
rable ionic mobility, with the LiTFSI electrolyte having slightly
higher ionic conductivity and diffusivity than LiFSI. The calcu-
lated ionic diffusivity of the LiPF6 electrolyte was lower than an-
ticipated; however, these simulations do not induce an applied
potential on the system. Therefore, differences in charge carrier
mobility and density could be the origin of the differences be-
tween ionic conductivity and diffusivity.

2.7. Full Cell Compatibility Testing

These electrolytes all demonstrated similar oxidative stabil-
ity, achieving an upper voltage of ≈4.1 V, in agreement with
other THF and THF-mix electrolyte studies.[30,32,33] The LiDFOB
electrolyte system was further tested for practical lithium-ion
chemistries using a Li//LFP full-cell configuration due to its su-
perb performance. Variable rate performance testing and long-
term stability cycling of cathodes with practical mass loadings
(avg. 7.13 mg cm−2, 1.21 mAh cm−2) were employed for eval-
uation (Figure 8). The complete physical properties of the LFP
electrodes can be found in Table S6 in the Supporting Informa-
tion. Variable rate cycling (Figure 8a) using the LiDFOB elec-
trolyte provided noteworthy results, delivering an initial capac-
ity of 160 mAh g−1 (≈1.14 mAh cm−2) and exceptional capac-
ity retention at both fast (1C, 139 mAh g−1, ≈0.99 mAh cm−2)
and extreme (3C, 77 mAh g−1, ≈0.55 mAh cm−2) cycling con-
ditions. Charge–discharge curves of the various cycling rates
can be found in Figure S53 in the Supporting Information.
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Additionally, tabulated values of the average specific capacities
and capacity retention at each cycling rate can be found in Table
S7 in the Supporting Information. These results demonstrate
that the LiDFOB system stabilizes the lithium anode under high
current density applications and provides an ionically conductive
medium capable of fast Li+ transport even with practical cathode
chemistries and loadings. Long-term stability testing (Figure 8b)
was employed to test the longevity of the electrolyte and its ability
to minimize dendrites in full cells. These flooded cells provided
stable energy storage for over 300 cycles, maintaining a capacity
retention of 87.5%, an average Coulombic efficiency of 99.86%
with an initial capacity of 139 mAh gLFP

−1 (≈0.99 mAh cm−2).
The LiDFOB THF-mix system provides competitive performance
to other next-generation lithium-metal battery electrolytes (Table
S10, Supporting Information, demonstrating excellent Coulom-
bic efficiency and rate performance. Additional investigation of
the charge–discharge curves (Figure S54, Supporting Informa-
tion) supported these results, showing the minor change in the
profile of the curves and minimal voltage hysteresis throughout
cycling.

3. Discussion

Combining all results of the employed analytical and electro-
chemical techniques (i.e., SEM, ToF-SIMS, XPS, EIS, galvano-
static cycling) allows for: (1) a comprehensive examination of
the composition and properties of the various SEIs and (2) their
influence on electrochemistry and performance of the lithium-
metal anodes. To aid in this understanding, the physical (bulk,
shear, and Young’s modulus) and chemical (ionic conductivity,
bandgap, electronic conductivity) properties of notable species
detected by XPS and ToF-SIMS will be discussed and tabulated
in Table S8 in the Supporting Information. Previous studies have
shown that the ratio of bulk (B) to shear (G) modulus (i.e., B/G
ratio) can be used to approximate the ductility of an SEI com-
ponent, with B/G < 1.75 showing poor flexibility, 1.75 < B/G <

2.00 showing moderate ductility, and B/G > 2.00 showing great
flexibility.[52] It should be noted that while the properties of an
individual SEI component likely will not dictate the overall prop-
erties of the interphase, the various components’ synergistic at-
tributes likely influence the system’s cumulative electrochemical
properties.

A cursory glance at the characterization results of the LiPF6
electrolyte system suggests it could provide respectable electro-
chemical performance, as the electrolyte demonstrates relatively
low viscosity and high ionic conductivity and results in an SEI
with a large proportion of anion-derived inorganics (≈13.2 at%
of nonlithium species via XPS) (Table S1, Supporting Informa-
tion). However, this system surprisingly demonstrated poor elec-
trochemical performance at high current densities (Figure 2b),
exhibiting electrochemical instability (e.g., fluctuating overpoten-
tials and formation of dead lithium), short cycle-life, continual
SEI growth, and the deposition of dendrite structures with large
surface areas. The observed instability is likely attributed to the
weak mechanical properties and nonspatially uniform chemical
composition of the PF6

−-derived SEI. ToF-SIMS (Figure 6a) and
XPS (Figure 4a–d) revealed an abundance of phosphorus oxides
and oligomeric polyethers that exhibit low mechanical strength
(e.g., P2O5 (B = 12 GPa, G = 5 GPa)[53] and PEO (B = 2.5 GPa,

G = 0.9 GPa)[52,54]). Furthermore, XPS region scans suggest that
the LiPF6 electrolyte decomposition reactions resulted in the pref-
erential formation of Li2O over Li2CO3 (Figure 4a,b; Figures S15
and S16, Supporting Information). This is supported by the com-
positional analysis (Figure 6f), which shows that the LiPF6 con-
tains the lowest amount of Li2CO3 and the highest amount of
Li2O out of all the samples. Where Li2O provides only moderate
ductility and is extremely ionically insulating (B = 81 GPa, G =
45.6 GPa, B/G = 1.76, 1.0 × 10−12 S cm−1), Li2CO3 (B = 55 GPa,
G = 27, B/G = 2.04, ≈1 × 10−6 S cm−1) is an SEI component that
provides similar mechanical strength but demonstrates higher
elasticity and ionic conductivity than Li2O.[55,56,57] While ionic
conduction typically occurs through the grain boundary of the
SEI components, generating a Li2O-rich (and Li2CO3-poor) SEIs
could limit ionic transport or induce excessive ionic resistance
through the interphase. Furthermore, this composition provides
mechanically unstable passivation during expansion/contraction
upon lithium plating/stripping.

Interestingly, the LiPF6 electrolyte generates a relatively thin
SEI, with the bulk of lithium reaching within ≈12 nm (Figure 5b),
suggesting the electrolyte generates highly electronically resis-
tive products that quickly passivate electron transfer between the
electrode and electrolyte. While the SEI is too thick to be probed
completely by XPS (Figures S15–S18, Supporting Information),
conducting this analysis throughout the anode’s cycle life eluci-
dates how the chemical composition shifts throughout the SEI
growth process. As noted from the change in chemical composi-
tion from the electrode’s 1st cycle SEI to the 10th cycle (Table S1,
Supporting Information), the SEI is progressively getting more
organic as it cycles. We hypothesize that the LiPF6 is chemically
reactive and forms a highly inorganic passivation layer before cy-
cling; however, its weak properties require additional passivation
of the electrode surface as mechanical stress of lithium plating
and stripping cause the SEI to fracture. The low anionic coordina-
tion in the Li+ solvation shell (Figure 7a) results in the growth of
organic decomposition products during electrochemical cycling.
Thereby suggesting the compositional shift is likely perpetuated
by the synergist effect of: (1) low anion presence in the Li+ solva-
tion shell leading to less migration of anions to the electrode sur-
face during cycling and (2) preferential chemical decomposition
of the salt before cycling leads to a depletion of inorganic com-
ponents for future SEI passivation. These newly formed organic
species also provide poor mechanical stability, perpetuating ad-
ditional SEI formation, lithium growth instability, and the cells’
inevitable failure.

Investigating the holistic composition of the LiPF6 SEI
through ToF-SIMS reveals another interphase issue: its chemical
composition is incredibly complex and heterogeneous. The ToF-
SIMS spectra of the LiPF6-derived SEI identified considerably
more unique ions (138) than the other electrolytes, suggesting
that the LiPF6 electrolyte results in a relatively more diverse range
of electrolyte decomposition products. ToF-SIMS compositional
analysis (Figure 6f) elucidates the heterogeneous nature of the
SEI (39.86% avg. RSD). In addition, these diverse species were
deposited with extreme spatial heterogeneity, as demonstrated
by chemical heat maps of the SEI (Figures S37 and S41, Support-
ing Information). Such a heterogeneous SEI likely disrupted uni-
formity in ionic flux during stripping/plating, inducing hotspots
for the growth of high surface area dendrites as depicted in the
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electrode’s postmortem SEM images (Figure 3a,e,i). The high
surface area morphology of the lithium dendrite formations also
perpetuates the electrochemical instability of the system, being
more likely to fracture and form dead lithium during cycling.
This, alongside SEI’s poor mechanical properties, requires con-
tinual passivation during the cycling process as dendrites break
and the SEI fractures. The effects of these factors are exhibited
by the poor electrochemical performance of the LiPF6 electrolyte;
however, these tests were done using flooded cells. In practical,
electrolyte-limited settings, we expect the cycle life and perfor-
mance to be further diminished.

The LiTFSI electrolyte exhibited significantly enhanced cycling
stability compared to the LiPF6 system at large current densities
but provided overall suboptimal electrochemical performance
with relatively high overpotentials. The chemical composition
(Figure 4q) of the LiTFSI-derived SEI depicts the lowest 1st cycle
inorganic composition (5.8 at%) of all the THF-mix electrolytes,
yet the inorganic composition of the SEI grows throughout the
cycling process (7.3 at% at 5th cycle, 13.2 at% at 10th cycle). It
should be noted that while XPS does not provide quantitative
information about the bulk of the LiTFSI-derived SEI due to its
thickness (Figure 5b, ≈20 nm), it includes information about the
change of chemical composition on the surface of the SEI. The
drastic change in the surface composition of the SEI through-
out cycling suggests that the initial interphase is unstable and re-
quires supplementary passivation. Additionally, it insinuates that
electrochemical decomposition reactions (induced by an applied
electrochemical potential) favor the breakdown of the anions
over the solvent, whereas the chemical reactions (spontaneous
reactions) preferentially decompose the solvent in the LiTFSI
electrolyte.

This is further supported by the unique composition of the
LiTFSI-derived SEI revealed by ToF-SIMS, where the SEI con-
sists of a thin exterior organic layer, followed by an outer and
an inner inorganic layer (Figure 5a). These two inorganic layers
are likely derived from the different species created from elec-
trochemical and chemical reactions, respectively. The inner in-
organic layer likely forms during the rest period of the cell but
does not provide sufficient stability/passivation and requires ad-
ditional SEI formation, whereas the outer layer is formed dur-
ing the cycling of the cell. MD simulations of the LiTFSI elec-
trolyte demonstrate that the TFSI− is highly coordinated to Li+

(Figure 7b); this results in a high concentration of anions on the
Li surface upon voltage polarization in the cell and increased like-
lihood of anion decomposition during this process. Corroborated
by the XPS quantitation (Figure 4q), the decomposition products
formed through cycling preferentially break down the anion re-
sulting in a significant increase in F concentration. This is further
supported by the 3D rendering of the interphase showing that the
LiTFSI-derived SEI depicts less distinct, more gradient-like layers
in its chemical composition (Figure 6e). This unique growth pat-
tern and excessive electrolyte consumption provide an unfavor-
able platform for long-term performance and electrolyte-limited
conditions. The initial organic-rich SEI is likely mechanically un-
stable and chemically heterogeneous (Figure 6f, RSD = 37.14%;
Figure S38, Supporting Information), thus generating nonuni-
form lithium deposition (Figure S12b, Supporting Information)
and excessive dendrite formation (Figure 3b). The low Young’s
modulus (E) of the organic constituents (generally <1 GPa) pro-

vides poor physiochemical stability of the initial SEI;[25,52] how-
ever, the formation of the electrochemical decomposition prod-
ucts generates an inorganic-rich exterior which assists in the pas-
sivation and cycling stability of the electrode. As postmortem
imaging (Figure 3f,j) revealed, the SEI compositional change
causes a shift in the deposition morphology, becoming more uni-
form and creating dendrites with lower surface area morpholo-
gies. Yet, the multifaceted SEI growth mechanism forms a thick
(≈20 nm, Figure 5b), chemically heterogenous passivation layer,
which increases the difficulty of ion mobility and induces large
overpotentials to the plating/stripping processes (Figure 2).

This investigation of LiTFSI in THF-mix electrolytes demon-
strates the importance of the SEI formed before the first-cycle
(i.e., chemically vs electrochemically-induced SEI) on the sus-
tained lithium deposition morphology and achievable long-term
performance and stability of Li anodes. The self-perpetuating na-
ture of dendritic electrodeposition[3,7] means that Li dendrites
seeded as early as the first cycle could eventually lead to cell
failure.[58] This aligns with the results of the chemical maps from
ToF-SIMS (Figures S38 and S42, Supporting Information), which
depict lithium heterogeneously deposited on the electrode. As
such, the LiTFSI system demonstrates a relatively short cycle life
under both low (Figure 2a, ≈625 h) and high (Figure 2b, ≈250 h)
current density conditions.

The LiFSI electrolyte generated an SEI containing decom-
position products similar to those observed in the LiTFSI sys-
tem (Figure 6c). Despite similarities in their chemical makeup,
the distinct differences in the SEI composition, morphology,
and chemical uniformity strongly impacted the observed cycling
stability in the LiFSI electrolyte compared to the LiTFSI elec-
trolyte. The LiFSI-derived SEI demonstrates only a moderate
inorganic chemical composition (8.0 at%) yet contains a sig-
nificantly higher concentration of S (1.3 at%) than the LiTFSI-
derived SEI (Figure 4q), exhibiting significantly more S–O, Li–S,
and S–F containing compounds (Figure 4l). SEIs comprised of
LixSy compounds often have high physical properties and high
ionic conductivities (e.g., LiS, B = 40 GPa, with a small Li+ con-
duction barrier of 0.39 eV).[25,59] LiFSI produced an SEI with
more Li2CO3 (Figure 4i) and C–F fluoride species (Figure 4k).
Previous works implicate that the preferential formation of in-
organic fluoride functionalities (e.g., Li–F, S–F, etc.)—instead
of C–F species—is favorable stable lithium plating/stripping.[31]

ToF-SIMS chemical mapping representation of the depth pro-
file (Figure S39, Supporting Information), the surface mapping
(Figure S43, Supporting Information), and compositional analy-
sis (Figure 6f, avg. RSD = 25.04%) demonstrate that Li–F species
are homogenously dispersed throughout the SEI derived from
the LiFSI electrolyte. Compared to either LiPF6 or LiTFSI, the
more uniform composition and architecture of the LiFSI-derived
SEI exhibited physical and chemical properties that were seem-
ingly both conducive to uniform Li+-ion flux and mitigation
of SEI fracture, enabling homogenous lithium deposition dur-
ing repeated plating/stripping. Lithium deposition morphology
plays a significant role in the overall cell performance, as thin
morphologies with high surface area to volume ratios are both
more likely (1) to consume Li inventory via SEI formation and
generation of dead lithium (i.e., stripping-induced electronic iso-
lation from “live lithium”) and (2) to fracture (electronic discon-
nection, mechanically dead lithium, etc.) dendrite formations.
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For the LiFSI electrolyte system, postmortem SEM imaging of
deposition from the LiFSI electrolyte (Figure 3c) revealed a low
surface area and cluster-like morphology plated uniformly across
the electrode after the 1st cycle. After subsequent cycling of the
electrode, the morphology transitioned toward denser, “sheet-
like” structures (Figure 3g,k), which promoted stability through-
out the cell’s life cycle, with no noticeable spikes or fluctuations
observed in the voltage excursions until critical device failure.
This stability is highlighted by the XPS quantification (Tables
S1 and S2, Supporting Information) and region scans (Figures
S15–S17, Supporting Information), which demonstrate little to
no change throughout cycling. While providing stable cycling,
the low ionic conductivity (5.82 mS cm−1) and diffusivity (3.03 ×
10−5 m2 s−1) of the electrolyte and relatively thick SEI layer (≈14
nm) contribute to the moderately-high overpotentials for the plat-
ing/stripping process (≈20 and 45 mV at 0.5 and 1.0 mA cm−2,
respectively) before eventual cell failure through dendritic short-
ing (Figure 2).

Comparing the results of the LiTFSI and LiFSI systems fur-
ther emphasizes the importance of the properties not only of an
electrolyte but also of the resulting SEIs they create. The LiTFSI
and LiFSI electrolytes have an analogous chemical composition
and physical properties, such as their viscosities (1.31 vs 1.29
cP) and ionic conductivities (6.72 vs 5.82 mS cm−1). Further-
more, these electrolytes shared similar electrochemical proper-
ties, such as their nearly identical impedance spectra (Figure 1d),
differential relaxation times (Figure 1e), and initial over poten-
tials under high current density conditions (Figure 2b). These
electrolytes generated very similar decomposition products, shar-
ing over 85% of the same products (Figure S56b, Supporting In-
formation) in their mass spectra. However, the increased con-
centration of inorganic fluorides and the chemical uniformity of
their resulting SEI drastically influenced their long-term stability
under both low and high current density conditions.

Electrochemical testing of the LiDFOB system provided as-
tounding results, demonstrating low overpotentials and exten-
sive cycle life (Figure 2) under both low (≈3200 h) and high cur-
rent density (≈1700 h) conditions. We attribute these exceptional
properties to the desirable physical properties of the electrolyte
and the resulting SEI chemical composition. The LiDFOB elec-
trolyte touted the lowest viscosity (1.1 mPa s), highest diffusiv-
ity (5.52 × 10−5 m2 s−1), and highest ionic conductivity (16.1 mS
cm−1) of the electrolytes tested in this study. Additionally, the
SEI exhibited remarkably high inorganic composition (19.6 at%)
(Table S1, Supporting Information). The exceptionally high in-
organic composition can be partially attributed to the solvation
structure of the LiDFOB electrolyte. The synergistic nature of the
weakly dissociated LiDFOB salt and the weakly solvating THF
mixture creates an electrolyte with high anion–cation pairing in
the solvation shell. This electrolyte demonstrates the highest an-
ionic coordination number of all the electrolytes (Figure 7e) and
has the highest number of anions per Li+ in the primary solvation
shell (Figure S50, Supporting Information). The unique solvation
enhances the solvent’s reductive stability and promotes preferen-
tial decomposition of the salt, resulting in an inorganically rich
SEI.

Investigation of the specific species found in the SEI reveals
a diverse set of compounds that offer unique benefits to the
chemical and physical properties of the SEI, containing species

that offer the mechanical, electronically insulating, and ionically
conductive properties for an optimal SEI. The LiDFOB-derived
SEI has several mechanically robust materials, such as Li2CO3
(Figure 4m) and LiF (Figure 4o). Notably, the SEI contains consid-
erably more Li2CO3 than any of the other SEIs analyzed here, as
noted by the C 1s region (Figure 4m), where the ratio of Li2CO3:
C–C, C–H functionalities are nearly 1:1. The high concentra-
tions of Li2CO3 and LiF is further corroborated by the ToF-SIMS
compositional analysis (Figure 6f), depicting the highest concen-
tration of these compounds out of all the THF-mix electrolyte-
derived SEIs. As previously mentioned, Li2CO3 and LiF blend
mechanically tough and robustly ductile properties to promote
a stable SEI. The LiF component also acts as an electronic insu-
lator, promoting thinner SEI formation. Recently, LiH has been
shown to impact the electrochemical stability of lithium-metal
anodes as it is prone to induce hydrogen evolution reactions.[60,61]

A significantly lower concentration of LiH was detected in the
LiDFOB SEI (Figure 6f) compared to all of the other systems.
The LiDFOB-derived SEI has several beneficial species that were
also identified in the other SEIs discussed in this manuscript;
however, the LiDFOB salt system also has numerous unique B-
derived species (Figures 4p and 6d), such as LiBO2, BxOy, and
BFx, in its SEI. LiBO2 is a notable species due to its beneficial
mechanical, electronic, and ionic properties. LiBO2 is a mechan-
ically robust and flexible component of the SEI (B = 60 GPa, G
= 29 GPa, B/G = 2.07), promotes efficient lithium-ion mobility
with its low activation energy barrier for Li+ ion migration (≈0.22
eV), and provides sufficient electronic insulation due to its large
bandgap (theoretical Eg = 6.29).[59,62,63] Boron oxides also provide
similar desirable electronic and ionic conductivity properties,
with B2O3 having a sizeable bandgap of 6.30 eV and being used
as a core component for Li+ conducting ceramics.[64,65] It should
be noted that other studies have shown that LiDFOB will react
with the ether-based molecules to form crosslinked oligomeric
polymers.[66,67] These compounds do not have high mechanical
moduli but often demonstrate high ductility and ionic conductiv-
ity. Works by Fu et al. have demonstrated that the incorporation
of mechanically strong materials in matrices of soft, polymer-like
materials with low shear moduli can enable the suppression of
dendrite formation and may explain the exceptional long-term
stability of the system.[68]

Experimental results and postmortem analysis of the LiD-
FOB system denote the synergistic role of species, such as the
boron oxides, Li2CO3, LiF, and oligomeric polymers, in the sys-
tem’s overall performance. As determined by ToF-SIMs, the LiD-
FOB system generates an extremely thin SEI even after multi-
ple cycles (≈7 nm, Figure 5b), consisting of two discrete layers:
(1) a thin outer layer primarily consisting of organic materials
and (2) a thicker inorganic-rich inner SEI. The ideal properties
of the overall SEI are a product of the synergistic attributes of
its components. These properties promote the formation of a
thin, electronically insulating, ionically conductive, and mechan-
ically robust SEI. Furthermore, ToF-SIMS chemical depth pro-
file mapping (Figure S40, Supporting Information), surface map-
ping (Figure S44, Supporting Information), and compositional
analysis (Figure 6f, 16.22% avg RSD) showed that the LiDFOB-
derived SEI displayed the most spatially homogeneous chemi-
cal composition out of all the investigated THF-mix electrolytes.
The chemical uniformity of the system may be a factor in the
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discrete decomposition pathways of the LiDFOB electrolyte as
the mass spectra of the LiDFOB SEI demonstrated the least num-
ber of unique ions (80), potentially suggesting a smaller chemi-
cal reaction network of decomposition pathways. Combining the
SEI’s chemical homogeneity and ionically conductive encourages
homogenous Li+ flux and deposition, creating uniform lithium
depositions with extremely low surface areas (Figure 3d). These
favorable deposition morphologies, in addition, to the mechan-
ically robust nature of the SEI, encourage stable cycling and
minimal changes in the electrode’s physical and chemical com-
position throughout cycling (Figure 3h,l; Table S1, Supporting
Information).

The formation of thin, mechanically robust SEIs has been
observed in other electrolyte systems employing LiDFOB. In
this present study, we attribute the improved performance at-
tained from our system to be due to the THF-mix electrolyte,
which encourages anion decomposition and results in a uniform,
inorganic-rich SEI. The synergistic properties of the SEI compo-
nents result in an interphase capable of promoting stable, long-
term lithium plating/stripping in lithium-metal batteries. Noting
the success of the LiDFOB-based electrolyte in lithium symmetri-
cal cell formats, we investigated this system’s compatibility with
practical lithium-ion chemistries. LSV of the various THF-mix
electrolytes denoted that these electrolytes had an electrochemi-
cal stability of ≤ 4.1 V vs Li/Li+. Therefore, the practicality of the
LiDFOB electrolyte was tested using a Li//LFP format. Testing of
this system demonstrated that the electrolyte’s low viscosity and
high ionic conductivity were conducive to high-rate (≥3C) cycling
(Figure 8a). Furthermore, long-term testing showed respectable
capacity retentions and high Coulombic efficiencies (Figure 8b).
A comprehensive comparison of these results with recent lit-
erature reports, Table S10 (Supporting Information), provides
a transparent view of how the performance of this electrolyte
compares to other next-generation electrolytes for lithium-metal
batteries.

The investigations of this study have demonstrated how WSEs,
such as THF and m-THF, encourage the formation of favorable
solvation structures, such as CIP and AGG, even at low concen-
trations. These electrolytes enable the preferential decomposi-
tion of the anion, thereby allowing purposeful anion selection
to be used to tune the chemical composition of the resulting
SEI. Employing a swath of analytical techniques such as SAXS,
SEM, XPS, and ToF-SIMS allowed for a comprehensive investiga-
tion of the resulting SEIs and the electrochemical implications of
their chemical composition and morphology. This systematic ap-
proach to investigating the SEI enabled clear explanations for the
possible failure modes of the lithium-metal anodes. The cluster
analysis-based workflow for the ToF-SIMS enabled a thorough
understanding of these systems, which provided a spatially re-
solved chemical map of the SEI. This holistic view of the SEI en-
abled a better understanding of the system and its impact on the
anode’s electrochemical plating/stripping reactions. Standardiz-
ing this cluster analysis-based workflow in LIB systems would
accelerate the scientific communities’ understanding of the SEI.

4. Conclusions

THF-based electrolyte systems demonstrate superior perfor-
mance for lithium-metal batteries by generating inorganic-rich

SEIs that enable stable, uniform lithium deposition through-
out cycling. The unique solvating properties of these THF elec-
trolytes promote the presence of ion aggregates and contact-ion
pairs, which enable the preferential decomposition of the salt
component of the electrolyte. Employing a breadth of lithium
ionic salts, we explore the influence of different electrolyte anions
on the resulting SEI in lithium-metal batteries. Advanced chemi-
cal analysis combining ToF-SIMS and XPS generates a complete
chemical profile of the resulting SEI. Furthermore, through ad-
vanced multivariate statistics, hierarchical clustering of the depth
profiles obtained from the comprehensive ToF-SIMS analysis en-
abled spatially resolved chemical mapping of the SEIs. In gen-
eral, the “salt directing” nature of the tetrahydrofuran-based elec-
trolytes results in SEIs with considerably inorganic-rich chem-
ical compositions for all the Li salts employed. However, spe-
cific chemical composition was determined by the anion-derived
decomposition products, and our work emphasizes that even
inorganic-rich SEIs can promote unstable Li electrodeposition
if the chemical composition is spatially heterogeneous. System-
atic exploration of the interphases’ electrochemical and physical
properties further reveals the synergistic influence each decom-
position product has on the overall performance and attributes of
SEI. Together, excellent ionic, mechanical, and electrical proper-
ties of the LiDFOB-derived SEI provided an efficient platform for
extremely stable lithium plating/stripping in symmetrical cells
(≈1700 h @ 1 mAh cm−2, 1 mA cm−2) and long-term cycling
in Li//LFP coin cell battery (300 cycles w/ 87.5% capacity reten-
tion). We believe that further efforts in electrolyte engineering
can employ lessons learned from these advanced analytical tech-
niques to better stabilize the interphase on lithium anodes for
the eventual generation of safe, fast-charging, and energy-dense
lithium-metal batteries. Exploration of novel solvents that may
offer similar “salt directing” properties, such as tetrahydropyran
and lithium salts with favorable decomposition products, could
further advance the community’s ability to engineer the forma-
tion of favorable lithium-metal SEIs. Additionally, our study has
demonstrated how an inorganic-rich SEI composition is not suf-
ficient for stable electrochemical performance; SEI composition
must enable robust mechanical properties, ionic conductivity,
and chemical uniformity for desirable performance. Future work
should investigate how electrochemical substrate effects influ-
ence SEI formation mechanisms and composition. Anode-free
systems employing copper substrates are particularly interesting
as eliminating native SEI formation could significantly affect the
composition of the resulting SEI and the cell’s performance.

This work highlights the importance of both solvent and salt
selection in lithium-metal batteries and delineates the analytical
power of ToF-SIMS techniques to assist with understanding the
intricate chemical composition of the SEIs. Hierarchical cluster-
ing and compositional analysis through integrated yields are both
techniques not readily employed by the lithium-ion battery com-
munity. However, utilizing the hierarchical clustering analysis in
this study, a holistic view of the spatiochemical composition of
the SEI was able to be established. This provided fundamental
insight into the chemical makeup of the interphase and eluci-
dated possible mechanisms of formation. Additionally, calcula-
tion and statistical analysis of the integrated yields for various
species provided quantitative information about the SEI compo-
sition and uniformity. Traditionally, ToF-SIMS provides detection
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and qualitative information about the species within the sam-
ple, yet through the implementation of this analysis, we obtain
relative compositional comparison and measure the degree of
chemical uniformity. ToF-SIMS has the potential to provide sig-
nificant insight into the chemistry and topographical composi-
tion of battery systems; unfortunately, the cumbersome amount
of data obtained from this technique often limits the full utiliza-
tion of its capabilities. Standardizing these protocols would help
the battery community better understand their systems and pro-
vide more comprehensive examinations of their chemistries. We
believe these novel ToF-SIMS analyses will be essential to the bat-
tery community and enable a more comprehensive understand-
ing of the elusive SEI.

5. Experimental Section
Materials: All chemicals were used without further purification

or treatment unless stated otherwise. Lithium hexafluorophosphate
(LiPF6, 99.99%), tetrahydrofuran (THF, 99.9%), 2-methyltetrahydrofuran
(m-THF, 99%), lithium difluoro(oxalato)borate (>99.9%), lithium
bis(trifluoromethane)sulfonimide (LiTFSI, >99.0%), and lithium
bis(fluoromethane)sulfonimide (LiFSI, 99.9%) were obtained from
Sigma-Aldrich. The Super P conductive additive, polyvinylidene fluoride
binder (PVDF, >99.5%), and LFP (carbon coated LiFePO4, Drange 1–15
μm, D50 2.5–4.5 μm) were acquired from MTI Corporation. N-methyl-2-
pyrrolidone (NMP, >99%) was obtained from Tokyo Chemical Industry
Co., Ltd. (TCI). 750 μm thick Li foil (99.9%) was purchased from Alfa
Aesar. Celgard 2400 microporous monolayer membranes (polypropylene,
25 μm) were generously provided by Celgard.

Electrochemical Analysis: All electrochemical analysis was conducted
using 2032 coin-type formats, with the cell parts obtained directly from
MTI Corporation. All cells were assembled using a Celgard 2400 polymer
membrane and a 1.15 m (≈1 m) electrolyte composed lithium-based salt in
tetrahydrofuran (THF)/2-methyltetrahydrofuran (m-THF) (1:1 by volume)
solution. The resulting solution compromised of these two solvents will
be referred to as THF-mix for the rest of the manuscript. This study inves-
tigates the implications of substituting the anion component of lithium
salt. The salts investigated in this study were LiDFOB, LiFSI, LiTFSI, and
LiPF6. Investigating lithium bis(oxalato), borate was also intended to act
as a fluorine-free candidate for this study; unfortunately, its nearly negli-
gible solubility in THF-mix solvents prevented further exploration. An ex-
cess of electrolyte (>5 drops) was used to flood the cell and provide suf-
ficient wetting. The flooding of electrolytes was used to minimize the per-
formance effects caused by electrolyte depletion and better highlight the
effects SEI composition played on cycling behavior. Li//Li cells were fab-
ricated using 750 μm thickness Li. Circular electrodes were cut using a
0.53 inch die punch. Cycling performance tests were conducted using a
multichannel battery test system (BTS4000, Neware). The electrochemi-
cal data presented is an average of three identical cells to assure repro-
ducibility. All cycling was conducted using an initial 12 h rest step and a
5 min resting period between each charge and discharge. Electrochemical
impedance spectroscopy was performed galvanostatically with a Gamry
Interface 1010E potentiostat employing a 0.1–200 000 Hz frequency range
and an oscillating current of 10 μA.

Postmortem Analysis: Postmortem analysis was conducted on the
cells after the charge step of the Xth cycle. All postmortem cells were cy-
cled at 1.0 mA cm−2 to a capacity of 1.0 mAh cm−2. Cells were transferred
into the argon-filled glovebox, and the electrodes were extracted using a
TMAX disassembly tool. This enabled the deconstruction of the coin cell
without damaging the lithium electrodes or causing an internal short cir-
cuit. All electrodes were gently washed using three 0.3 mL aliquots of THF
to remove residual electrolyte and lithium salts. Electrodes were then al-
lowed to dry before transport to their respective analysis area using an
inert transfer vessel.

Full Cell Electrode Preparation: LFP-based electrodes were fabricated
using an NMP-based solvent system and a PVDF binder. The solid com-
position of the slurries consisted of an 85:10:5 weight ratio of active ma-
terial: Super P: polymer binder. Slurry solutions were then cast using a
doctor blade set to a height of 100 μm. Tabulated results of the electrodes’
complete physical properties can be found in the Supporting Information
(Table S6, Supporting Information). Slurries were cast onto 12 μm thick
aluminum foil at room temperature, and the resulting electrode films were
subsequently dried for two hours at 120 °C under ambient pressure to
evaporate the majority of the solvent. These films were dried overnight
under a vacuum to drive off the remaining solvent. Circular electrodes
were punched directly from the electrode films with a TMAX die electrode
punch with a diameter of 13 mm for the cathode. This diameter ensured
the cathode was entirely eclipsed by the 0.53 in (≈13.5 mm) lithium anode.
The thicknesses of the resulting electrodes were measured using an IP65
Digimatic micrometer. The electrochemical window for each configuration
demonstrated in this manuscript is as follows: LFP vs Li/Li+, 2.5–4.0 V.

Material Characterization: Scanning electron microscopy (SEM) im-
ages were taken using a Thermo Fisher Quanta 650 environmental scan-
ning electron microscope with an applied accelerating voltage of 30 kV.
Small-angle X-ray scattering (SAXS) was performed on samples under vac-
uum using a XENOCS Ganesha SAXS-WAXS system with monochromatic
Cu K𝛼 X-rays (𝜆 = 1.54 Å). Scattered X-rays were captured for XYZ min
with a 487 × 619 pixels Pilatus3 R 300k (pixel size of 172 × 172 μm2) de-
tector. XPS spectra were recorded using a monochromated 120 W Al-K𝛼1
X-ray source (h𝜈 = 1486.5 eV). XPS fitting was conducted using CasaXPS
software and employing a Shirley background fit. Each component was
fitted using a rigid set of constraints on the peak position and full-width
half-max, thereby eliminating peak fitting discrepancies between samples.
The full details of peak fitting parameters can be found in the support-
ing information. ToF-SIMS was conducted with an ION-ToF GmbH, 2010.
The lithium samples were extracted from cells after 10 complete cycles
of stripping and plating at 1.0 mA cm−2, 1.0 mAh cm−2. Afterward, sam-
ples were rinsed with THF. To minimize damage to the SEI, samples were
placed on an oversized washer and held at an approximate 45° angle. The
solvent was then allowed to flow over the sample indirectly by squirting
the liquid onto the metal spacer, thereby minimizing mechanical distur-
bance and agitation of the SEI. After washing, the sample was placed un-
der vacuum to dry before analysis. Samples were kept under inert condi-
tions throughout this process and were transported from the glovebox to
the analysis chamber through a pressure-to-vacuum transfer vessel. For
ToF-SIMS depth profiling, a Cs+ ion beam (≈40 nA, 500eV) was used to
sputter 300 × 300 μm areas; Cs was chosen to decrease the work func-
tion of the surface (≈2 eV) to increase the ionization probability of nega-
tively charged secondary ions, while a Bi+ analysis beam (0.4 pA, 30 keV)
was raster scanned over a 100 × 100 μm areas, centered within the Cs+-
sputtered area, segmented into 256 × 256 pixels in high current mode.
All depth profiling used a non-interlaced analysis (sequential sputtering
and surface analysis). In this study, the criteria for a “peak” were classi-
fied as having an intensity >100 counts per scan and a signal: noise >1.0.
Only peaks with an m/z range of 1.0–200.0 were analyzed to aid in effec-
tively identifying species. Additional criteria for this analysis: peaks can-
not overlap with one another, the baseline for the peak must be normal,
and the depth profile of the spectra must have notable features (elimi-
nating saturated ions, background species, etc.). The ToF-SIMS data clus-
tering analysis was conducted using the Morpheus software from the
Broad Institute (https://software.broadinstitute.org/morpheus/). Hierar-
chical clustering was performed using a one minus Pearson correlation
metric and an average lineage method. The resulting dendrograms and
degree of clustering for each spectrum are displayed in Figures S25–S32
in the Supporting Information. Similarity matrices were also created us-
ing a Pearson correlation. Integrated yield analysis was employed to ob-
tain a quantitative comparison between the concentrations of various
SEI components. By conducting ToF-SIMS depth profiles in triplicate us-
ing different locations around the postmortem sample, statistics of the
composition can be made and then used to quantify the degree of spa-
tial heterogeneity. Standard deviations for the average integrated yield of
each analyzed species were created and combined to obtain an average
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relative standard deviation for the entire sample. The metric acts as a
method of determining chemical spatial heterogeneity within the SEI of
the sample. Additional experimental details on the depth profile clustering
analysis and the integrated yield analysis can be found in the Supporting
Information.

Molecular Dynamic Simulations: The DFT-based AIMD (ab initio
molecular dynamics) simulation employed CP2K code with the Quickstep
module, using a mixed Gaussian and plane wave basis set and its aug-
mented all-electron extension.[69] Matching the Li-salt concentration of
1.15 m and the solvent composition of THF:m-THF = 1:1 v/v in each sys-
tem, the molecular composition was calculated using 10 salt molecules,
62 THF, and 50 m-THF molecules. Simulations were conducted using a
box size of 27.0, 28.1, 27.3, and 26.9 Å3 for the LiPF6, LiTFSI, LiFSI, and
LiDFOB, respectively. Periodic boundary conditions were applied. Each
mixture was simulated under an NVT ensemble at 300 K for a simula-
tion time of 20 ps, with a time step of 1fs, using a Langevin thermo-
stat. To study the neighboring environment of Li+, representative struc-
tures from an AIMD run were collected for the radial distribution function
(RDF, g(r)) analysis centered on the Li atom. The coordination number
for relevant atoms/molecules around Li+ was calculated from the RDF via
an integral transformation to g(r). Structure models were visualized with
VESTA.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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