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ABSTRACT: Electrode−electrolyte interphases are critical determinants of
the reversibility and longevity of lithium (Li)-metal batteries (LMBs).
However, upon cycling, the inherently delicate interphases, formed from
electrolyte decomposition, become vulnerable to chemomechanical degrada-
tion and corrosion, resulting in rapid capacity loss and thus short battery life.
Here, we present a comprehensive analysis of the complex interplay between
the thermodynamic and kinetic properties of interphases on Li-metal anodes,
providing insights into interphase design to address these challenges. Direct
measurements of ion-transport kinetics across various electrolyte chemistries
reveal that interphases with high Li-ion mobility are essential for achieving
dense Li deposits. Conversely, sluggish ion transport generates high-surface-
area Li deposits that induce Li random stripping and the accumulation of
isolated Li deposits. Surprisingly, interphases that support long cycle life do not
necessarily require the formation of dense Li deposits but must avoid possible electrochemical/chemical reactions between the Li-
metal deposits and electrolytes’ components. By that, in some specific electrolyte systems, isolated Li deposits can recover and
electrically rejoin the active Li anodes’ mass. These findings challenge conventional understanding and establish new principles for
designing durable LMBs, demonstrating that even with commercial carbonate-based electrolytes, LiNi0.8Co0.1Mn0.1O2||Cu cells can
achieve high reversibility.

■ INTRODUCTION
Pursuing higher energy densities in batteries has led to
intensive efforts in developing rechargeable batteries with
lithium (Li)-metal anodes, which offer the highest theoretical
specific capacity and the lowest electrochemical redox
potential.1−4 However, the challenges lie in achieving high
reversibility and long cycle-life, owing to uncontrolled
dendritic growth of Li deposits, inducing the formation of
dead Li metal, and hence degradation of the Li anodes.3,5 One
important approach to address these issues is modification of
the electrolyte systems, which has demonstrated important
advances in the performance of such batteries.6−8 Commercial
Li-ion batteries (LIBs) primarily employ carbonate-based
electrolytes owing to their apparent electrochemical stability
in Li-ion cells. This stability is reached thanks to their intrinsic
high anodic stability (>4.3 V vs Li) and formation of surface
films upon their reduction at potentials below 1.5 V vs Li,
which precipitate on the lithiated graphite anodes as reliable
solid-electrolyte interphases (SEIs) that passivate and protect
them.8 There are clear advantages in the use of alkyl carbonate-
based solutions in rechargeable Li batteries in terms of cost-
effectiveness, versatility in possibly manipulating the interfacial
surface chemistry in the cells, and acceptable safety features.
However, electrolyte solutions based on carbonate solvents
show limitations when applied to Li-metal anodes, as their

detrimental interfacial reactions result in low coulombic
efficiency (CE).9−11 Extensive efforts have been dedicated to
different electrolytes and interfacial concepts over the
years;6,12−19 however, the disparity between the current
performance of these electrolyte systems for Li-metal anodes
and the demands relevant for rechargeable batteries impedes
the practical application of carbonate-based electrolyte
solutions in such batteries. In studies exploring advanced
electrolytes, conventional carbonate-based electrolytes are
typically used as a reference for comparison,13,14,18−21 always
being outperformed by the newly developed electrolytes. Much
less effort has been devoted to comprehensively understanding
their failure mechanisms and identifying opportunities to
improve the understanding of interphases, which could
significantly promote the development of advanced electrolytes
for high-energy rechargeable batteries based on Li-metal
anodes.
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Aiming at understanding the interphase properties and
developing advanced electrolytes for rechargeable Li batteries
with Li-metal anodes, we conducted a comprehensive
comparison of representative electrolytes, prepared and
evaluated under the same conditions (Figures 1a and S1, and
Table S1). Figure 1a shows that conventional carbonate-based
electrolytes exhibit an average CE below ∼85%. Introducing
the widely used fluoroethylene carbonate (FEC) additive,
known to induce F-rich SEI species, the CE increases to
approximately 90%; however, it is still far from the practical
demands.22−26 Ether-based electrolytes are more stable against
reduction, resulting in a higher CE, especially by employing a
high salt concentration (e.g., 5 M LiFSI of ∼99%) inducing a
salt-derived SEI.6,12,27 A similar effect is observed for locally
concentrated electrolytes6,18 by using a large amount of highly
fluorinated diluting solvents. Additionally, highly fluorinated
electrolytes, containing a substantial number of fluorinated
cosolvents with a low donor number (DN) (see Table S2),
contribute to weaker solvation interactions, facilitating a salt-
derived and F-rich SEI.15−17 These electrolytes show higher
CEs, around 99%, suggesting that tuning the electrolyte

formulations to form a salt-derived interphase is a key factor in
improving the reversibility of Li-metal anodes. The study
presented herein systematically examined the impact of SEI
properties on the Li-metal plating/stripping behavior. By
establishing correlations between the Li-ion transport proper-
ties across the SEI and their stability, we aim to develop a more
comprehensive understanding and unleash the potential of
practical electrolyte chemistries for Li-metal batteries (LMBs),
with an emphasis on typical alkyl carbonate solvents and
commercial Li salts in this context.

The starting point is a survey on the influence of several
different Li salt additives, including LiTFSI, LiFSI, LiBOB, and
LiNO3 (the latter widely used in ether electrolytes, forming
surface films rich in Li−N/O, which act as favorite SEI
components28) to commercial 1 M LiPF6-EC/DEC (baseline
system) and 1 M LiPF6-EC/DEC/FEC electrolytes (the
reference system). These salts, commonly used in various
types of Li batteries, were chosen for their relatively high
reduction potentials (Figure S2 and Table S3), which allow
them to actively participate in SEI formation, even when paired
with highly reactive solvents. LiNO3 is poorly soluble in

Figure 1. Electrochemical cycling and the Li-metal microstructure. (a) Electrochemical cycling of 20 kinds of representative electrolytes, prepared
and cycled under the same conditions. The CE of the LiPF6-EC/DEC/FEC electrolyte is indicated as a reference (blue dotted line). The center
line of each box plot represents the median; lower and upper box limits represent the 25 and 75% quantiles, respectively; whiskers extend to box
limit ±1.5 × IQR (interquartile range); outlying points are plotted individually. (b) Continuous Li plating/stripping CEs and statistics in LiPF6
carbonate electrolytes with 0.1 M salt additives and 5% FEC (in volume). The statistical analysis is based on the first 60 cycles. (c) SEM images of
Li-metal plating at 1.0 mA cm−2 for 1 h after ten cycles in different electrolytes as marked.
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carbonates, for which we developed a two-step approach that
enhances the solubility of LiNO3 in carbonate solvents (see
Methods and Figure S3). As shown in Figure 1b, the small
amount of additional salt (0.1 M) demonstrates an improve-
ment in the CEs of the baseline 1.0 M LiPF6-EC/DEC
electrolyte to around 90% but shows inferior performance
compared to the FEC additive. Unexpectedly, when the
individual salt additives are used in combination with FEC, all
CEs are significantly enhanced, where LiNO3 with FEC results
in the highest CE, exceeding 99%, suggesting this to be a
promising route to improve carbonate electrolytes for LMBs.
To understand the underlying mechanism of the observation,
we perform a comprehensive study on the interphase
properties (e.g., morphology, chemistry/structure, and Li-ion
kinetics) and its correlation with the evolution of the Li-metal
deposits upon cycling and aging. Four possible scenarios were

studied: no additive, FEC as a single additive, LiNO3 as a
single additive, and both FEC and LiNO3 as additives in the
1.0 M LiPF6-EC/DEC baseline electrolyte. The results
revealed that each specific SEI property induced by the
electrolyte chemistry has advantages and disadvantages in both
cycling efficiency and long-term stability. Systematic character-
izations of operando/in situ and ex situ spectroscopy and
imaging technologies, as well as various electrochemical test
protocols, allowed us to unravel the complex correlation
between Li-ion transport across the SEI and the stability of the
resulting interphase, providing valuable insights for interphase
design toward high-performance LMBs.

■ RESULTS AND DISCUSSION
Electrochemical Cycling and Li-Metal Deposition

Morphology. First, we investigated the solvation structure

Figure 2. Operando 7Li NMR for Li species quantification and microstructure. (a) Schematic illustration of the Li species resonance evolution
upon (dis)charging the anode-free Cu||LiFePO4 cells.54 The Li-metal resonance (∼270 ppm) represents the Li deposits on the current collector
that are formed during charging and are removed during discharging. (b) Operando 7Li NMR measurements upon charging/discharging in
different electrolytes at a current density of 0.5 mA cm−2 for 2 h. The arrow indicates the end of this cycle. (c) Quantification of the Li species
during cycling, Li species in SEI (blue bars), reversible Li metal (gray bars), and dead Li metal (red bars), derived from the Li-metal integrated
intensity ratio and the electrochemical CE values. Error bars were calculated after the experiments were repeated three times. (d) SEM images of Li
morphology after ten cycles in various electrolytes as indicated, ending with Li stripping to 1.0 V, showing the microstructure of the SEI and the
dead Li-metal residues. (e) Microstructure of deposited Li metal and the SEI phase from cryo-TEM images. Error bars were calculated by
measuring the SEI thickness in different regions.
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of the 1.0 M LiPF6-EC/DEC baseline electrolyte with no
additives, then with 5% FEC, with 0.1 M LiNO3, and with the
combination of both additives. 7Li nuclear magnetic resonance
(NMR) spectroscopy showed that the two additives have
opposite impacts on the Li-ion environment, where FEC
results in an upfield shift to −0.38 ppm and LiNO3 results in a
downfield shift to −0.32 ppm, compared to the baseline
electrolyte located around −0.36 ppm (Figure S3). The
variation in solvation strength is subtle, in line with the Raman
spectra (Figure S4), which suggest that a small amount of
additive does not significantly alter the solvation sheath of Li
ions compared to the baseline electrolyte, consistent with
previous reports.20,29−32 However, the different reduction
peaks at around 1.0−1.5 V observed in the cyclic voltammetry
(CV) measurements upon adding FEC and/or LiNO3 indicate
that the additives impact the interphase formation (Figures S5
and S6), which offers an opportunity to explore the influence
of the consequent interphase properties and how they correlate
to the reversibility of Li deposition/dissolution processes upon
cycling.

Compared to the baseline electrolyte, improved Li-metal
plating/stripping performance was achieved with the additives
upon continuous cycling of Li||Cu cells (Figures 1b, S7, and
S8). During the initial ∼20 cycles, the use of a single LiNO3
additive resulted in a higher CE and a lower overpotential, as
compared to FEC. However, it suffered from rapid degradation
during subsequent cycles. In contrast, the combination of both
additives exhibited a higher CE (over 99%) and more stable
cycling over 400 cycles, which is further supported by stable
cycling for more than 4000 h in symmetric Li||Li cells (Figures
S9 and S10). The morphology of the deposited Li metal was
investigated by scanning electron microscopy (SEM) (Figures
1c, S11, and S12). The use of FEC as an additive increased the
deposit size while still exhibiting porous and whisker-like
structures. By comparison, the electrolytes with the LiNO3
additive tend to have larger deposited particles and are
additionally more compact, indicating that larger Li-metal
deposits as such do not necessarily correlate to a higher CE,
unlike what is commonly assumed. This is difficult to explain
based on current understanding28,31−35 and provides additional
motivation for the present systematic study.
Quantification of Li-Deposited Species. To study the

evolution of different Li-deposited species and the origin of the
reversibility of cells, operando 7Li solid-state NMR measure-
ments were performed, presenting a noninvasive methodology
for this analysis (Figure 2a).36,37 Due to the Knight shift of
deposited Li metal (240−290 ppm), it can be distinguished
from the diamagnetic Li-ion species in the SEI/electrolyte (∼0
ppm), and their amount can be quantified.36 As shown in
Figures 2b and S13, upon charging Cu||LiFePO4 cells, Li metal
starts plating on the Cu current collector; thus, the Li-metal
resonance (∼270 ppm) grows, which subsequently decreases
upon stripping. Based on NMR spectra and the corresponding
CE values of Li deposition measured electrochemically, the
quantity of reversible Li metal, dead Li metal, and Li ions in
SEI species can be calculated (see Methods). The percentage
of reversible Li metal is proportional to the initial CE values
(Figure 2c), showing the lowest value for the baseline
electrolyte system used in this study and the highest value
for the combination of FEC and LiNO3 additives. The use of
single-additive electrolytes resulted in a similar amount of
reversible Li metal; however, the origin of the Li losses is
different. Electrolyte with FEC induces more dead Li

formation, while the presence of LiNO3 generates more Li-
containing species in the SEI. This is consistent with the SEM
images of the Cu current collector after stripping. Figure 2d
indicates massive whisker-like Li residues and some large
deposits left on the anodes in experiments with the baseline
electrolyte after stripping. For the electrolyte with FEC as a
single additive, fewer residues were observed, though small Li
deposits were left unconnected after stripping. In contrast,
adding LiNO3 to these electrolytes, with or without FEC,
prevented the formation of observable isolated Li deposits.
Combined with FEC (i.e., using LiPF6−EC/DEC/FEC/
LiNO3 electrolyte solutions), it further reduced the amount
of disconnected Li residues remaining on the anodes’ surfaces
after stripping.

The microstructure of the Li deposits and the surface films
formed on them were further investigated by stabilizing their
chemical and morphological states through cryogenic con-
ditions using cryo-transmission electron microscopy (cryo-
TEM). As shown in the low-magnification images (Figure
S14), the whisker-like Li deposits formed in the baseline
electrolyte are covered by a relatively thick and uneven SEI.
Adding FEC as an additive affected the morphology of the Li
deposits: the diameter of the whiskers increased, while more
kinks appeared, which prevented the formation of larger bulk
Li-metal deposits. Conversely, in electrolytes with LiNO3,
bulk-like Li-metal deposits appeared, having a larger average
diameter and a smoother surface. These variations in the Li
deposits’ microstructure are related to the different properties
of their protecting surface films. The high-resolution cryo-
TEM images in Figure 2e show a thick SEI of 25 ± 3 nm
formed on the Li deposits in the baseline electrolyte, which
decreases upon adding LiNO3. The SEI formed on the Li
deposits in both baseline and LiNO3-containing electrolytes is
dominated by amorphous components, in which a small
number of crystalline domains are randomly dispersed, forming
a mosaic-type SEI structure (Figure S15). When the
electrolytes used contained FEC, the SEIs formed on the Li
deposits were also thinner compared to those formed in the
baseline electrolyte. They included more crystalline/inorganic
components, especially in their outer regions (Figure S16),
compared to those formed on Li deposits in the baseline and
LiNO3-containing electrolytes, indicating a multilayer SEI
structure. The use of both FEC and LiNO3 in electrolytes
resulted in the formation of a thinner SEI layer of 10 ± 2 nm
with a multilayer structure, in line with the lowest amount of Li
species observed within the SEI by the operando NMR
measurements. Interestingly, it seems that the thicker SEI
formed when only LiNO3 is contained as an additive promotes
large bulk Li-metal growth, whereas the thinner SEI formed in
electrolytes containing FEC seems to result in whisker-like
deposits. This suggests that the SEI thickness alone does not
dictate the Li-metal deposition behavior.
Interphase Li-Ion Transport. One of the most crucial but

also least quantified and understood properties of the SEI
formed on Li metal anodes is their Li-ion mobility, which is
very challenging to measure under realistic conditions.38,39

Here, we make use of chemical exchange saturation transfer
(CEST)-NMR measurements to quantify the Li-ion transport
across the SEI toward Li metal, exploring its potential impacts
on the Li-metal anodes. It is based on the exchange between a
detectable large pool and an “invisible” small pool of interest to
identify the exchange within different chemical environments
(Figure 3a).40−42 In LMBs, Li ions in the SEI can be
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exchanged with the Li-metal anode on which it is laid, forming
a two-pool system, as illustrated in Figure 3b. With this
powerful NMR spectroscopic method, the Li-ion exchange
between Li metal and the SEI can be directly probed in its
native state,40,43 using the sample preparation protocol shown
in Figure 3c, as well as by note 1, Figures S17 and S18, and the
Methods section. 7Li nutation experiments reveal that entire Li
deposits can be efficiently excited and detected by radio
frequency (RF) pulses (Figure S19), and thus, CEST can
quantitatively capture the Li-ion exchange rate between Li
metal and the SEI formed on it (Figures 3d and S20).

Using CEST, the difference in interphases’ Li-ion kinetics
can be evaluated among different Li-electrolyte systems. The
evolution of the Li-metal integral intensity as a function of

saturation offset, which is obtained by the CEST experiments
for a series of saturation frequencies (Δω), resulted in the Z-
spectra plotted in Figures S21 and S22. Z-spectra with various
RF saturation amplitudes (B1 fields) from 500 to 3500 Hz
(Figures 3e,f and S23) indicated that the CEST effect
increased with the saturation amplitude B1, corresponding to
the increased MTRasym signal that rules out interference with
direct saturation.44 The CEST effect is observed when the
saturation pulse is centered around the resonance of the SEI
resonance (∼0 ppm), and this is accompanied by a change in
the Li-metal signal intensity. From a cursory examination of
the Z-spectra depicted in Figure 3e,f, the results suggest that
the SEI formed in the baseline electrolyte reflects the lowest
CEST effect, while the SEI formed in electrolytes containing

Figure 3. Qualitative analysis of Li-ion transport across interphases. (a) Principles of the CEST approach. For a two-pool system that has the same
species at a specific RF (i.e., 7Li in the metal and in the SEI), one pool is invisible by NMR detection, i.e., low-concentration “pool I”, and the other
is directly NMR detectable, i.e., large “pool II”. Typically, a soft saturation pulse is applied on pool I, and the signal in pool II will decrease due to
the chemical exchange with pool I, where accounting for the change of pool II signal allows probing the properties of pool I in higher sensitivity.
(b) Schematic diagram of the CEST effect on “deposited Li metal and SEI” in a two-pool system. Through the application of a soft saturation pulse
on the SEI resonance (∼0 ppm, pool I), Li exchange occurs between the SEI and the deposited Li on which the SEI was formed (∼265 ppm, Pool
II), resulting in a decrease in the deposited Li signal. (c) Schematic process of samples’ preparation for CEST measurements. Cu foils were used as
the working electrodes for Li-metal plating in coin cell setups with a PTFE ring as the separation layer. The cells were cycled using the procedure in
Figure S17, and then, the Li-metal deposits were transferred into an NMR rotor in an Ar-filled glovebox and immersed in the corresponding
electrolytes to keep the SEI and plated Li metal in their native environment. (d) 7Li NMR spectra with or without a saturation pulse of 3500 Hz. (e,
f) Z-spectra obtained from Li-metal deposits as a function of different saturation frequencies and the magnetization transfer ratio asymmetry
(MTRasym) analysis of Z-spectra. Δω is the applied frequency away from the Li-metal peak. (g) Exchange rates via fitting the Z-spectra from the
two-pool BMC equation.
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FEC and LiNO3 significantly increases this effect (Figure S24).
To quantify the exchange rate, the Z-spectra acquired with
multiple B1 fields were fit simultaneously using solutions to the
two-pool Bloch−McConnell (BMC) differential equation (see
Methods for details),45−47 with the fitting parameters and

boundaries listed in Table S4. As shown in Figure 3g, the
exchange rates for the interphases formed in the four
electrolytes are significantly different, where the additives
induce higher Li-ion exchange rates and thus larger Li-ion
diffusivities compared to the SEI formed in the baseline

Figure 4. Quantitative analysis of interphase stability. (a) Illustration of the intermittent cycling protocol. Normal cycle: Li||Cu cells undergo three
continuous cycles at a current density of 1.0 mA cm−2 for 1 h (1.0 mA h cm−2). Aging cycle: Li metal is plated at a current density of 1.0 mA cm−2

for 1 h and then aged for different periods and then stripped at 1.0 mA cm−2 to the cutoff voltage of 1.0 V. Recovery cycle: following the aging
cycle, a continuous Li plating−stripping process is conducted using the same current density as before. During the aging step, chemical corrosion
occurs at the root or curved regions of whisker-like Li-metal deposits due to side reactions with the electrolyte solution species, leading to the
formation of dead Li metal. However, during the recovery cycle, newly deposited Li metal reconnects with the isolated Li metal formed during
aging, creating a conductive pathway for electron transport. This reconnection forms a conductive path for electron transport, allowing the
previously dead Li to be recovered and reactivated for further cycling, contributing to a recovery rate exceeding 100%. (b) CE statistics of
electrolytes during intermittent cycling. Brackets show the CE difference between the recovery cycle and the aging cycle. (c) SEM images of
deposited Li after aging for 120 h. Cells were cycled at 1.0 mA cm−2 for 1 h after ten cycles and then plated for 1 h. (d) Schematic of quantification
for the Li-metal deposits during aging using the in situ 7Li NMR. Chemical corrosion occurs due to the reaction between Li deposits/SEI and
electrolyte, forming dead Li or new Li-containing species, which can be effectively differentiated by the 7Li NMR chemical shifts. The isolated Li
metal should have a similar intensity as that of the pristine Li metal, while the electrochemical/chemical corrosion decreases the Li-metal signal. (e)
In situ 7Li NMR spectra acquired after aging at different temperatures for cells with the baseline electrolyte. It shows a decrease in the deposited Li-
metal signal. (f) Relative intensity evaluation of the deposited Li metal using cells containing different electrolytes at increasing temperatures. (g)
DRT analysis of the cells as a function of aging time. The inset shows the corresponding EIS data of these cells. (h) Interphase impedance (RSEI)
and contact impedance (RContact) of deposited Li metal relative to the initial impedance value (without aging) as a function of aging time of cells
containing different electrolytes. (i) Illustrating the formation of isolated Li and chemically corroded Li for cells containing the different electrolytes
after aging.
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electrolyte (Table S5). The SEI that forms upon adding LiNO3
alone results in the highest exchange rates across the metal−
SEI interface, even though the relevant SEI is thicker than that
formed in the FEC-containing electrolytes, leading to the large
Li-metal deposits observed. In contrast, a lower exchange rate
through the SEI formed in the FEC-containing electrolytes
appears to be responsible for the more whisker-like Li
deposition.
Interphases Stability. In addition to continuous electro-

chemical cycling, where the stability of LMBs is associated with
accumulated Li losses, including the formation of dead Li
deposits and SEI species, chemical corrosion can also lead to
SEI dissolution and active Li-metal loss due to the less
passivated Li-metal surfaces.48 This aspect is important for
continuous cycling and particularly relevant during periods of
batteries held on (storage at rest, no activity), which occur in
real-life applications but receive relatively little attention in
current research.49,50 To address this issue, we employed
intermittent electrochemical test protocols that include
calendar aging steps (Figure 4a) to study the interphase
degradation and the consequent electrolyte consumption
through side reactions with the electrodes. Figure 4b illustrates
that during intermittent cycling of Li||Cu cells, the use of the
baseline electrolyte leads to smaller CE fluctuations between
aging and recovery cycles (Figures 4b and S25−S27).
However, it has a lower average CE of around 83%. In
comparison, both FEC-added electrolytes show larger CE
fluctuations but higher average CE values. Cells with the
electrolyte containing only the LiNO3 additive exhibit initially
a relatively higher CE (∼93.6%); however, it decreases with
increasing aging time. The CE value statistics indicate that
these electrolytes experience different capacity loss mecha-
nisms upon aging. (1) FEC-added electrolytes induce more
dead Li deposits during each aging step, as evidenced by
recovery with CE values exceeding 100% during subsequent
recovery cycles. (2) The single LiNO3-added electrolyte did
not exhibit any increase in their CE values during the recovery
cycles after intermittent aging steps but rather a decreased CE
with increasing aging time, indicating a higher susceptibility to
chemical corrosion and the formation of irreversible Li-
containing products. (3) The smaller CE fluctuation observed
with cells containing the baseline electrolyte suggests that their
electrodes’ interfaces undergo fewer chemical reactions and
form less dead Li at aging.

To clarify this, the corresponding morphologies after aging
were characterized. Figure 4c shows extensive side-reaction
products on deposited Li metal in the LiNO3-containing
electrolyte, compared to the morphology of deposited Li metal
in the baseline electrolyte (Figure 1c), indicating harsh
corrosion during aging. Indeed, Li deposits aged for several
hours in the baseline electrolyte exhibited less severe chemical
corrosion compared to those formed and aged in the LiNO3-
containing solution (Figures 4c and S28). Interestingly, while
Li deposits aged in electrolytes containing either FEC or
LiNO3 (as single additives) show a porous/rough morphology,
the Li deposits aged in electrolytes containing both FEC and
LiNO3 displayed smooth and clean surfaces. These observa-
tions provide evidence of varying degrees of chemical
corrosion, depending on the electrolyte compositions that
induce unique surface chemistries. Electrochemical statistics
also support this, indicating that the chemical stability of the
interphase plays a crucial role in determining the performance
of batteries, which include active interfaces like LMBs and

LIBs. Specifically, the properties of the interphases on the
electrodes affect dead Li-metal formation, and/or they
determine the number of Li-containing species formed on
the electrodes through the reactions between the electrolyte
and Li metal deposits, as illustrated in Figure 4d. However, a
full understanding of these complex correlations remains
challenging.

Then, utilizing the capability of NMR spectroscopy to
quantify various Li species, we employed in situ measurements
to monitor Li-metal deposition during aging, which offers
further insights into the degradation mechanism of Li anodes
(Figure 4d and see Methods). A temperature gradient program
was applied at each temperature to amplify the interphase
degradation upon aging. The Li-metal peak intensity decreases
at higher temperatures and longer aging times in all
electrolytes, indicating chemical corrosion of Li metal (Figures
4e and S29). Corrosion rates in different electrolytes are shown
in Figure 4f. The baseline electrolyte exhibits the least Li-metal
loss, suggested to be the consequence of the thicker interphase
layer formed in it (Figure 2e) dominated by the higher carbon
content detected by X-ray photoelectron spectroscopy (XPS)
(Figures S30−S33). This confines the Li-metal deposits within
the SEI during cycling and storage, leading to the continuous
accumulation of dead Li and thick surface film formation due
to the massive corrosion of Li deposits. The SEI formed on the
anodes in the electrolyte containing LiNO3 as a single additive
demonstrated the highest O and N contents (Figures S34 and
S35), facilitating faster Li-ion transport kinetics. However, this
system exhibits the most intensive chemical corrosion and Li-
metal losses, suggesting that this faster Li-ion SEI kinetics
increases the corrosion rates of the Li deposits and decreases
the interphase stability. In contrast, the interphases formed in
two electrolytes containing FEC show much less corrosion of
Li deposits, thus exhibiting higher stability. This can be
attributed to the high F species content that leads to better
passivation (very low electron transport, avoiding side
reactions between the Li deposits and solution species) and
lower Li-ion transport kinetics, which weakens Li deposit
corrosion rates (Figures S36 and S37). However, these FEC-
containing electrolytes also suffer from capacity loss during
aging, despite the smooth surface (Figure 4c), which implies
that corrosion occurs in other aspects beyond the surface of
the Li-metal deposits, motivating further investigation.

Therefore, electrochemical impedance spectra (EIS) were
recorded, accompanied by distribution of relaxation times
(DRT) analysis (Figures 4g, S38, and S39). DRT analyzes the
impedance in the time domain, enabling differentiation
between electrochemical processes with similar time constants
that often overlap in Nyquist or Bode plots.51 Using DRT, we
observed distinct trends in the evolution of contact impedance
and interphase impedance as a function of the aging time for
electrolytes containing FEC or LiNO3 additives (Figure 4h). In
the presence of FEC, the contact impedance exhibits a
significant increase with aging, reaching over six times its
original value, which can be attributed to the contact with the
Cu substrate. Conversely, the contact impedance remained
relatively stable in the LiNO3-added electrolyte. Regarding the
interphase impedance, it shows a more intensive increase upon
aging when the interphase was formed in the LiNO3-
containing electrolyte compared to the interphase formed in
the FEC-containing electrolyte. These results indicate a higher
stability of interphases formed on the anodes in the FEC-
containing electrolytes.
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Based on these observations, the corrosion behavior can be
qualitatively categorized into different quadrants by mapping
the amount of induced dead Li metal versus Li loss by
chemical corrosion, as shown in Figure 4i. The interphase
formed in the electrolyte with a single FEC additive does not
avoid Li-metal corrosion near the Cu current collectors in the
cells, inducing the formation of dead Li deposits. Conversely,
the interphase formed in the electrolyte containing LiNO3 as a
single additive does not avoid losses of active Li metal through
intensive corrosion that naturally forms more Li-containing
surface species. The interphase formed in the baseline
electrolyte shows the least susceptibility of the active Li

metal to corrosion during aging, likely due to the presence of
thick surface films on the active Li surfaces. These thick surface
films reflect a poor passivation capability of the surface species
formed by the reactions of the baseline electrolytes with active
Li metal. However, thanks to their thickness, the Li surface
beneath them reaches passivation (i.e., they succeed in
isolating the active Li metal from continuous reactions with
the electrolyte). The thick surface films obviously induce
nonuniform Li-ion transport through them, naturally stimulat-
ing dendritic Li deposition, which necessarily leads to low
average CE of the cells containing the baseline electrolyte. By
balancing all aspects, the interphases formed in the LiPF6-EC/

Figure 5. Spatial distribution of Li upon plating/stripping processes. (a) Principle and setup of operando NDP for measuring Li spatial distribution.
By capturing the energy loss of the charged 3H (2727 keV), the Li density can be determined as a function of depth and time. (b, c) Li plating/
stripping activity from the Li density change. The depth is measured from the Cu current collector, and the color scale indicates Li concentration.
(d, e) Schematic illustration of the Li-metal plating/stripping spatial distribution for the electrolytes used based on the observations in (b) and (c),
respectively. (d) Electrolytes that show porous Li-metal plating and random stripping. (e) Electrolytes that show denser Li-metal plating and top-
down stripping. (f) Cycling performance of NCM811||Cu cells containing the two electrolytes as indicated. The areal capacity of the NCM811
cathode is 2.5 mAh cm−2. An initial amount of Li on the Cu anodes at a same charge density of 2.5 mAh cm−2 was predeposited (see explanation in
the text) before cycling the NCM811||Cu cells. Cells were operated at a 0.1C rate for the first three cycles and then at a 1/3C rate for the following
cycles.
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DEC/FEC/LiNO3 electrolyte solutions effectively prevent
corrosion near the Cu current collectors and minimize the
loss of active Li metal due to extensive corrosion. This leads to
an overall improvement in the stability of the interphases that
passivate Li anodes for rechargeable high-energy-density
batteries.
Spatial Distribution of Li during Plating/Stripping

Processes. In both continuous cycling and aging, the CE is
also influenced by the formation of dead Li, which is observed
in the interphases formed in all electrolytes. The evolution,
spatial distribution, and relation of dead Li deposits to the
interphase properties are very important but poorly under-
stood due to the difficulty in their monitoring, particularly
during cell operation. The high selectivity and penetration of
neutrons enable noninvasive operando neutron depth profiling
(NDP) to explore the spatial distribution of Li. This technique
is based on the capture reaction of thermal neutrons of 6Li,
producing charged species with a well-defined starting energy
(Figure 5a). Measurements of their energy loss allow us to
reconstruct the Li density as a function of depth with a time
resolution over minutes, providing direct visualization of Li-ion
transport behavior and their spatial distribution.52,53

During the plating process, Li-metal deposition in the
electrolyte containing FEC as a single additive extends to a
depth of 16 μm with a scattered distribution into the
electrolyte. For the baseline electrolyte, a thicker and more
porous Li-metal deposition is observed. In contrast, the
electrolytes containing LiNO3 exhibited thinner (∼13 μm)
and denser Li deposition in them. These findings align well
with ex situ SEM analysis (Figure 1). In the electrolyte

containing FEC as a single additive, the Li density profiles
show asymmetry between plating and stripping (Figure 5b),
and the stripping occurs throughout the thickness of the
deposits, resulting in porous Li-metal frameworks and the
formation of high-surface-area, disconnected Li-metal resi-
dues.15 Conversely, the stripping behavior of deposited Li in
the electrolyte containing LiNO3 as a single additive is
symmetric (Figure 5c), where the gradually decreasing
thickness during Li stripping in this system suggests that
stripping initiates from the top of the deposits, indicating a
more reversible mechanism.

Figure 5d,e provides a schematic illustration of the spatial
distribution of Li-metal plating and stripping, which can be
rationalized as follows. The NMR-CEST results indicate that
the SEI formed in LiNO3-added electrolytes exhibited better
Li-ion transport. This accounts for the denser Li-metal deposits
observed in operando NDP (Figures 5c and S40) and SEM
(Figure 1c). In contrast, the baseline electrolyte and single
FEC-added electrolyte exhibited more porous Li-metal/SEI
morphologies. The compact Li-metal deposition in LiNO3-
added electrolytes enables more efficient electron transport
from the surface of the deposits to the Cu collector, facilitating
top-down stripping. Conversely, the more porous deposition
compromises the electron transport, resulting in more random
stripping. These principles also appear to apply to aging by
storage at an open-circuit potential. In that case, chemical
corrosion promotes the formation of isolated regions within
porous Li-metal deposits, hindering Li-ion transport and
lowering reversibility, particularly evident in single FEC-
added electrolytes. On the other hand, the single LiNO3-

Figure 6. Schematic correlation between the interphase stability and ionic transport. (a) Cases where the properties of the electrolyte dictate the
formation of mossy Li deposits and thick SEI; a limited corrosion due to the thick SEI induces only a slight increase in the SEI during aging. (b)
Cases where the properties of the electrolyte dictate the formation of dense Li deposits and a relatively thin SEI; during aging, severe corrosion
leads to a strong increase in SEI species. (c) Cases where the electrolyte properties dictate the formation of mossy Li deposits and a thin SEI;
during aging, intensive corrosion close to the current collector, at the roots of the deposits, leads to dead Li-metal formation upon aging, which
potentially can be recovered during subsequent cycling. (d) Cases where the properties of the electrolyte result in the formation of dense Li
deposits and a thin SEI; during aging, the Li corrosion is limited, and the SEI is relatively stable suppressing dead Li-metal formation. The size of
the colored dots represents the average CE of the cells; the red arrows show the corrosion spots.
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added electrolyte displays the desired Li plating/stripping
behavior. However, its poor interphase stability results in
severe chemical corrosion of Li deposits and a consequent
irreversible loss of active Li metal, leading to poor cycling
efficiency.

Overall, the advantage of using carbonate-based electrolytes
in cells with Li-metal anodes and high-voltage cathode
materials could enable their application in high-energy-density
LMBs. In our proof-of-concept study, we successfully
demonstrated the long-term cycling of LiNi0.8Co0.1Mn0.1O2
(NCM811)||Cu cells with a limited content of Li metal
(Figures 5f and S41). The cells using 1.0 M LiPF6-EC/DEC/
FEC or LiPF6-DE/DEC/FEC/LiNO3 were cycled in the
voltage range of 2.8−4.3 V vs Li/Li+ with NCM811 cathodes’
areal capacity of 2.5 mAh cm−2. An initial amount of Li on the
Cu anodes at the same charge density of 2.5 mAh cm−2 was
predeposited. This predeposition of Li was carried out in Li||
Cu cells using the same electrolytes. Then, the Cu anodes with
the predeposited Li were transferred to the full cells for cycling.
The combination of the FEC and LiNO3 additives results in
the best cycling stability of the NCM811||Cu cells and
significantly improved capacity retention compared to cells
that contained the baseline electrolyte with only FEC as a
single additive. This indicates the substantial improvement in
the performance of high-energy-density rechargeable Li
(metal) batteries that can be achieved via judicious
modifications of the interphases formed on the electrodes
through the surface chemistry induced by the electrolytes used.
We emphasized herein the use of advantageous carbonate
solvent-based electrolytes, presenting an effective approach for
enhancing LMB performance, through the use of active
additives that determine the interfacial surface chemistry in
the cells.
Comprehensive Picture of the Correlation between

Interphase Stability and Ionic Transport for Li-Metal
Anodes. The most important phenomenon in all kinds of Li
batteries is that the highly reactive electrodes’ interfaces are
becoming covered by surface films behaving like SEIs that
formed naturally through unavoidable side reactions. These
SEIs passivate the active electrodes because they comprise
electronically insulting species. However, because they are also
composed of ionic Li compounds, they allow Li-ion transport
through them. The crucial role of the SEI in Li batteries lies in
bridging electrodes and electrolytes, impacting the battery
performance. However, due to the complexity and absence of
reliable characterization techniques, comprehensively under-
standing SEI properties remains challenging. To provide a
comprehensive understanding of the correlation between
interphase stability and ionic transport for Li-metal anodes,
we further explored the SEI properties in several state-of-the-
art electrolytes. We explored electrolyte systems based on alkyl
carbonate solvents because of several well-known advantages of
them. Despite their high reactivity toward Li metal anodes, it is
possible to manipulate their surface chemistry on Li-metal
interfaces through the use of reactive additives in electrolytes.
We focused on the impact of the interphase stability and their
Li-ion transport capability upon cycling/aging processes,
clarifying their intricate relationship, which is summarized in
Figure 6. The results of the work described herein showed that
it is possible to compose electrolytes that promote the
formation of highly Li-ion conducting interphases, resulting
in denser Li-metal deposits and favorable top-down stripping,
which largely prevents dead Li-metal formation (Figure 6b).

However, some interphases of this kind may suffer from severe
electrochemical/chemical corrosion, leading to increased
impedance upon cycling/aging and irreversible chemical
reactions that shorten the Li battery cycle life. On the other
hand, electrolytes forming a stable interphase (Figure 6c) can
suppress corrosion and minimize active Li-metal loss. The
downside of these components is their high barrier for Li-ion
diffusion, leading to porous Li-metal deposits and random
stripping, causing dead Li formation. Notably, in this case,
dead Li metal can be partially reactivated if the SEI layer is not
too thick (Figure 6c,d). On the contrary, electrolytes with
high-stability salts (e.g., LiPF6) but low-stability solvents (e.g.,
carbonates) or the low concentration of the salt (as presented
in Figure 6a) promote the formation of a thick SEI, posing a
larger barrier for Li-ion diffusion between the electrolyte and
the Li-metal anode due to the solvent-driven organic-rich
interphase components. Although the advantage of the thick
SEI is the suppression of corrosion during storage and aging,
the disadvantage is the formation of porous and whisker-like
Li-metal deposits and random stripping, thereby hindering Li-
metal stripping, leading to continuous SEI and dead Li-metal
accumulation, resulting in a low average cycling efficiency.
Therefore, rational tailoring of electrolytes’ chemistries
through the judicious selection of their components can
enhance interphase ion transport and stability, leading to
denser Li-metal deposits and reduced electrochemical/
chemical corrosion, as well as improved cycling stability
(Figure 6d). A good example is LiPF6-EC/DEC/FEC/LiNO3
electrolytes, which were thoroughly described and discussed
herein. Additionally, to further improve the performance of
rechargeable Li batteries, factors beyond electrolytes (e.g.,
substrate, separators, pressure) should be considered to
minimize dead Li-metal formation caused by electrochem-
ical/chemical corrosion.

■ CONCLUSIONS
In summary, with the aim of developing cost-effective
electrolytes for LMBs, our study explores the relationship
between interphase stability and ionic transport on Li-metal
anodes. The comprehensive suite of characterizations,
including operando/in situ solid-state NMR spectroscopy,
operando NDP, cryo-TEM, and various electrochemical test
protocols, allows us to examine interphase properties at
different relevant length scales based on the representative
electrolyte systems. (1) The small concentration of the
additives in solutions we used demonstrated minimal changes
in the solvation structures, as was clearly shown by NMR and
Raman spectroscopy; however, their presence in solution leads
to distinct Li-metal morphologies that do not appear to align
with the cycling efficiency of the Li electrodes. This
necessitates a re-evaluation of the common belief that the
larger the Li deposit size, the more stable cycling can be
achieved. (2) The quantification of Li-metal deposits,
including active and dead Li metal, and SEI species, was
conducted using operando NMR. The SEI structure was
further studied using cryo-TEM, showing that the presence of
FEC in solutions promotes the formation of a thinner SEI with
more inorganic components, consuming less Li. However, it
also induces the formation of mossy/dendritic Li-metal
deposits and, consequently, dead Li-metal deposits. In contrast,
the presence of LiNO3 in solutions results in a slightly thicker
and more amorphous SEI, consuming more Li and leading to a
lower CE upon long cycling; however, it facilitates larger Li-
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metal deposits and reduces the amount of dead Li-metal
deposits upon charging. Interestingly, combining both
additives does not result in a larger Li deposit size; however,
it minimizes Li loss to the SEI and inactive Li metal, leading to
higher cycling efficiency. (3) The typically elusive Li-ion
transport kinetics across the SEI are directly probed by CEST-
NMR measurements, demonstrating that oppositely to FEC,
LiNO3 promotes Li-ion transport through the SEI. The
effective Li-ion transport facilitates the formation of denser
Li-metal deposits because the Li deposition process is faster
than the corrosion of the fresh Li deposits by side reactions in
solutions. (4) The thermodynamic stability of the Li-metal
deposits is examined through an intermittent electrochemical
test protocol by introducing an aging step, where three aging
mechanisms are observed. A fast Li-ion transport seems to
promote direct Li-metal losses toward unrecoverable Li-SEI
species, whereas the growth of mossy Li-metal deposits results
in the formation of dead Li metal during aging, which can be
recovered during subsequent cycling. In contrast, the reference
carbonate-based electrolyte solution without additives demon-
strates less loss of deposited Li, likely due to the thick SEI
formed on Li electrodes in the reference solution. (5) The
evolution of the deposited lithium density during the Li metal
anodes' charging processes was monitored using operando
NDP, revealing that compact Li plating leads to top-down
stripping, effectively suppressing the formation of dead Li
metal. In contrast, the random Li stripping process occurring
with porous Li deposits contributes to the formation of more
dead Li metal. Altogether, by directly detecting ion transport
across the interphases, we gain insights into how the
interphases’ chemistry and structure influence the Li plating/
stripping behavior. Furthermore, our investigation of inter-
phase stability as a function of the solution compositions
revealed the underlying causes of capacity loss during
electrochemical cycling, providing valuable guidelines for
enhancing cycling performance. Finally, understanding the
nature and properties of the interphases formed on Li metal
electrodes and correlating it to the level of reversibility
exhibited by the Li-metal anodes provide general guidelines for
tuning their compositions toward optimal performance.
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