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Mechanism for the Fluctuation in Coulombic Efficiency of
Lithium Metal Anodes After Calendar Aging

Elizabeth Zhang, Hao Lyu, Wenbo Zhang, Yuelang Chen, Philaphon Sayavong,
Il Rok Choi, Yi Cui,* and Zhenan Bao*

Calendar aging significantly affects lithium metal battery performance, with
even short rest periods causing measurable drops in Coulombic efficiency (CE).
However, most studies focus only on CE losses during rest, and the impact on
subsequent cycles remains unclear. Here, calendar aging behavior is systemat-
ically examined in various carbonate and ether electrolytes, showing that aging
influences not only CE after rest but also the following cycles. While all elec-
trolytes show CE loss during rest, distinct CE patterns appear in the two post-
rest cycles. To clarify the mechanism behind these fluctuations, dead lithium
formation during and after aging is tracked using titration gas chromatography.
This also enables quantification of CE loss associated with solid electrolyte
interphase (SEI) evolution. The results indicate that the interplay between SEI
evolution and dead lithium recovery governs the electrolyte-dependent CE re-
sponse during post-rest cycling. Resting frequency in full cells is further varied,
and it is found that increased resting frequency does not necessarily accelerate
capacity loss, suggesting that rest-induced degradation is largely reversible.
These findings provide insight into post-calendar aging mechanisms in lithium
metal batteries and highlight the dynamic nature of rest-induced degradation.

1. Introduction

Lithium metal batteries (LMBs) show great promise for next-
generation energy storage systems.[1–4] Their exceptionally high
theoretical energy density makes them particularly attractive for
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applications such as electric vehicles and
portable electronics, where maximizing
energy per unit weight is critical.[5,6]

Despite this potential, the practical de-
ployment of LMBs remains hindered
by several persistent challenges, partic-
ularly those related to long-term stabil-
ity and efficiency.[7–9] One of the most
critical challenges is understanding cal-
endar aging—the gradual degradation
that occurs when a battery is held at
rest without undergoing charge or dis-
charge cycles. Amechanistic understand-
ing of calendar aging is fundamental
for improving the lifetime and reliabil-
ity of LMBs in real-world applications.
Previous studies have investigated

calendar aging under both charged and
discharged resting conditions,[10–16]

exploring how variables such as
temperature,[17] applied pressure,[18] and
state of charge[19] contribute to degrada-
tion. These studies have shown that the

degradation pathways are strongly influenced by the battery’s rest
state. For example, when the battery is rested in a charged state,
lithium corrosion tends to accelerate,[12,15] leading to irreversible
consumption of active lithium and a decrease in Coulombic Effi-
ciency (CE) as the lithium reacts with the electrolyte. In contrast,
when the battery is rested in a discharged state, the solid elec-
trolyte interphase (SEI)—a passivating layer critical for lithium
metal stability—can begin to dissolve.[10,11] Interestingly, this dis-
solution may allow previously isolated (dead) lithium to recon-
nect with the current collector during subsequent cycles, result-
ing in partial capacity recovery and a transient improvement in
performance.[10]

However, most of these studies have focused primarily on the
resting period itself, without thoroughly addressing what hap-
pens in the cycles that follow rest. This creates a critical gap in
our understanding of the post-calendar aging effects—how rest-
induced degradation continues to influence the electrochemical
behavior and failure mechanisms after cycling resumes. More-
over, much of this prior work has been carried out using Li||Cu
half-cell configurations, which, while useful for fundamental
studies, do not fully capture the lithium-limited conditions of
real-world systems. In full-cell configurations, the lithium in-
ventory is fixed and finite, making them more sensitive to
lithium loss and degradation phenomena. Although some stud-
ies have explored aging behavior in anode-free LMBs,[19,20] the
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mechanisms responsible for post-aging effects remain poorly
characterized, particularly in the context of full-cell operation.
In this study, we examine the long-term influence of

calendar aging on LMB performance by carefully track-
ing the potential CE degradation pathways. We investigate
three different electrolyte systems: i) LP40 (1 M LiPF6 in
a 1:1 volume ratio of ethylene carbonate and diethyl car-
bonate, a representative carbonate electrolyte), ii) 1.2 M
LiFSI/F5DEE (1.2M LiFSI/2-[2-(2,2-difluoroethoxy)ethoxy]-1,1,1-
trifluoroethane, a high-performing ether electrolyte),[21] iii) 2 M
LiFSI/DME (2M LiFSI/dimethoxyethane, a standard ether elec-
trolyte frequently used in LMB studies). These represent some
of the most commonly tested ranges of liquid electrolytes cur-
rently being developed for lithium metal batteries.[22] We begin
by evaluating cycling performance under varying resting proto-
cols to determine how rest conditions influence long-term be-
havior. To better understand the underlying degradation mecha-
nisms, we employ titration gas chromatography (TGC) to quan-
titatively measure the amount of dead lithium formed. This al-
lows us to decouple the respective contributions of SEI growth
and dead lithium accumulation to the overall loss in CE. Our
findings show that aging effects extend beyond the rest cycle it-
self and can lead to fluctuation in the CE for up to two cycles
after rest. The extent of these effects vary significantly based on
electrolyte composition. Through our study, we propose a mech-
anism to explain how factors such as SEI formation, SEI disso-
lution, and dead lithium formation interact during and after ag-
ing to drive these CE fluctuations. Finally, we systematically in-
vestigate the impact of periodic rest in full cells using NMC811
(lithiumnickel manganese cobalt oxide) as the cathode. Our find-
ings emphasize the need for a broader understanding of calen-
dar aging, not just during rest periods but also in their subse-
quent effects. This work provides crucial insights for develop-
ing strategies to reduce degradation and improve long-term LMB
performance.

1.1. Electrolyte-Dependent Trends Identified with Various
Calendar Aging Protocols

We first analyze cycling profiles using different resting protocols
across LP40, 1.2M LiFSI/F5DEE, and 2M LiFSI/DME electrolyte
systems. The resting frequencies tested include: i) resting every
cycle, ii) resting every other cycle, iii) resting every other two cy-
cles, and iv) resting every ten cycles. The resting time is kept at 24
h for all the conditions. The current versus time profiles of these
protocols can be found in Figure S1 (Supporting Information).
For the more frequent resting protocols (every cycle and ev-

ery other cycle), we found that resting not only decreased the
CE in the rest cycle but also affects subsequent cycles (Figures
S2–S4, Supporting Information). However, more frequent rest-
ing makes it difficult to separate individual resting effects, as
cells have insufficient time to return to normal CE between
rests. To better isolate resting and post-resting effects, we re-
duce the frequency to resting every other two cycles. To verify
whether two cycles can provide enough recovery time, resting
every ten cycles is also tested (Figures S2–S4, Supporting In-
formation). This longer interval shows that resting mainly af-
fects the two cycles immediately after rest. From the third cy-

cle onward, we do not observe significant CE deviations from
continuously cycled cells. Based on these findings, we focus our
analysis on the two cycles after rest, since the protocol of rest-
ing every other two cycles proved most useful for highlight-
ing the trends discussed in this work. Figure 1a shows current
vs time profiles for the two protocols we used to compare the
electrolytes.
This study examines three different electrolytes. Figure 1b

shows cycling trends for these electrolytes in Li||Cu half cells.
All cells are cycled ten times before starting periodic aging.
These initial cycles help stabilize the cells and establish complete
SEI formation, preventing these factors from affecting the aging
study.[23] During the rest cycle itself, all three electrolytes show
a noticeable drop in CE (Figure 1b). This drop follows patterns
reported in previous studies,[12] where it was found that lithium
metal corrodes during rest periods as it continues to react with
the electrolyte.
However, the behavior during the first cycle after rest re-

veals intriguing differences among the three electrolytes. LP40,
the carbonate-based electrolyte, shows a clear increase in CE
compared to its normal cycling behavior. This unexpected im-
provement suggests some form of recovery mechanism. In con-
trast, 1.2 M LiFSI/F5DEE shows slightly lower CE compared
to cells that are not rested. 2 M LiFSI/DME shows behav-
ior somewhere between these two extremes. These varying re-
sponses suggest that each electrolyte interacts differently with
the lithium metal, and this will affect the post-resting cycling
performance.
The second cycle after rest reveals even more complex

electrolyte-dependent patterns. In LP40 systems, we observe a
decrease in CE. Noticeably, this decrease is not just a one-time
effect—it becomes progressively more severe as cells go through
more rest-cycle sequences. This suggests an accumulating nega-
tive impact on the cell’s efficiency. The F5DEE and DME systems
show the opposite behavior. Both ether-based electrolytes display
increased CE during the second post-rest cycle. This improve-
ment suggests these electrolytes might enable some beneficial
processes that enhance cycling efficiency.
These observations lead to two significant conclusions about

calendar aging in related lithiummetal batteries. First, the effects
of calendar aging extend beyond the rest cycle itself, cascading
through at least two subsequent cycles. This extended influence
suggests that it is necessary to think about calendar aging as a
dynamic process rather than a single event.
Second, the electrolyte chemistry plays a crucial role in de-

termining how a cell responds to rest periods. The difference
observed between carbonate (LP40) and ether-based electrolytes
(F5DEE and DME) suggest that strategies to minimize calendar
aging effects might need to be tailored to specific electrolyte sys-
tems rather than applying a one-size-fits-all approach. To further
broaden the scope of this study, we also evaluated a second ester-
based electrolyte, 1 M LiPF6 in EC:DMC (1:1 by volume). As
shown in Figure S13 (Supporting Information), this electrolyte
displayed cycling behavior very similar to LP40, with limited CE
recovery and continuous dead lithium accumulation. These re-
sults further confirm that the superior recovery observed with the
F5DEE/DME electrolyte is specific to ether-based systems, under-
scoring the strong influence of electrolyte chemistry on CE loss
and recovery mechanisms.
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Figure 1. a) Current versus time profile of continuous cycling and rest 24 h every other two cycles. b) The Coulombic efficiency profile of Li||Cu half cells
cycled at 0.5 mA cm−2 and 1 mAh cm−2. The electrolytes tested include LP40, 1.2 M LiFSI/F5DEE, and 2 M LiFSI/DME. The cycles are cycled ten times
before resting 24 h every other two cycles. The highlighted cycles are the rest cycles. c) The titration gas chromatography setup, demonstrating the four
different conditions of the titrated samples. For each condition, the cells are disassembled after cycling. The copper foils with residual SEI and dead Li
are titrated to obtain the reported results. d) Capacity loss due to dead lithium for the three different electrolytes. The values shown are calculated to
reflect the amount formed per cycle.

1.2. Tracking Dead Li Evolution with Titration Gas
Chromatography

To investigate the underlying causes of CE variations across
different electrolytes, we separately investigate the two pri-
mary CE degradation mechanisms, namely dead lithium and
SEI formation. Dead lithium refers to lithium that is electri-
cally isolated during cycling, preventing it from participating in
future cycles.[24] To quantify the amount of dead lithium, titra-
tion gas chromatography (TGC) is employed as the primary
analytical technique.[24,25] Note that all TGC measurements
are performed at fully stripped states. This ensures that the
measurements capture only dead lithium, rather than any re-
maining active plated lithium. When dead lithium reacts with
water, it quantitatively generates hydrogen gas according to
the reaction: 2 Li + 2 H2O → 2 LiOH + H2. By pre-
cisely measuring the amount of hydrogen generated us-
ing gas chromatography, we can back-calculate the quantity
of dead lithium present in the sample. We note that the
titration gas chromatography (TGC) method detects hydro-
gen evolution upon reaction with water, which may orig-
inate not only from metallic lithium (Li0) but also from

lithium hydride (LiH), a known component of the solid elec-
trolyte interphase (SEI). While LiH formation has been re-
ported in lithium metal batteries, previous studies suggest
that it is unlikely to be present in very large amounts within
the SEI.[26] Therefore, we expect its contribution to the to-
tal hydrogen signal to be relatively minor and not to sig-
nificantly affect the observed trends in dead Li quantifica-
tion. Nonetheless, we acknowledge this possible contribution
as a limitation of the TGC method and an area for future
investigation.
A set of resting protocols is designed based on Li||Cu half cells

to systematically track dead lithium evolution through different
stages of cycling and rest. Figure 1c presents a detailed scheme
of the experimental process. For each electrolyte system (LP40,
1.2 M LiFSI/F5DEE, and 2 M LiFSI/DME), we prepare four dis-
tinct sets of test cells:

1) Normal cycling cells: These cells underwent tenth standard
cycles (0.5 mA cm−2 charge and discharge, 1 mAh cm−2) to
establish a baseline behavior.

2) Rest cycle cells: After ten cycles, these cells were rested for
24 h in the plated state, then stripped.
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3) One cycle after rest cells: After ten cycles, these cells were
rested for 24 h in the plated state, then stripped, and cycled
for one time.

4) Two cycles after rest cells: After ten cycles, these cells were
rested for 24 h in the plated state, then stripped, and cycled
for two times.

Our TGC analysis reveals several fascinating patterns in dead
lithium formation. Figure 1d shows the dead lithium formation
calculated for each cycle. These values are obtained by subtract-
ing the current cycle from the subsequent cycle’s dead lithium
amount (i.e., the rest cycle dead lithium capacity loss value is ob-
tained by subtracting cycle 10′s cumulative dead lithium amount
as determined by TGC from cycle 11). The cumulative dead
lithium amount directly obtained from TGC for each test condi-
tion is also recorded in Figures S5–S7 (Supporting Information).
During normal cycling conditions, we observe distinct baseline
behaviors for each electrolyte. Li||Cu half cells with LP40 form
≈0.040 mAh cm−2 of dead lithium per cycle. This relatively high
value suggests that carbonate-based electrolytes may be more
prone to dead lithium formation during regular cycling.[27] 1.2 M
LiFSI/F5DEE shows dead lithium formation of 0.006 mAh cm−2

per cycle, demonstrating improved performance compared to
LP40. This lower value aligns with previous research suggest-
ing that fluorinated ether electrolytes can help suppress dead
lithium formation.[28] DME exhibited dead lithium formation
of 0.008 mAh cm−2 per cycle, positioning it between the other
two electrolytes in terms of performance. These baseline values
alignwell with previous research indicating thatmost electrolytes
have ≈50% of CE loss that can be attributed to dead lithium
formation.[25]

After 24 h of rest, all three electrolyte systems show a substan-
tial increase in dead lithium content—more than doubling their
normal cycling values. This similar trend among the three elec-
trolytes suggests that resting promotes dead lithium formation,
regardless of electrolyte chemistry. The first cycle after rest gives
more intriguing findings. At this cycle, we observe negative dead
lithium capacity values. This happens when the total amount of
dead lithium in the subsequent cycle is less than the current cy-
cle. The negative dead lithium value indicates that some previ-
ously “dead” lithium becomes electrically reconnected to the con-
ductive network. This reconnection process effectively recovers
lost capacity, contributing to the CE increases we observed in our
cycling data.
The second cycle after rest reveals different behaviors among

the three electrolyte systems. In 1.2 M LiFSI/F5DEE and 2 M
LiFSI/DME, the dead lithium amount return to their baseline
level, suggesting these systems can “reset” after the perturbation
of a rest period. LP40, however, shows significantly elevated dead
lithium formation compared to its normal cycling behavior. This
persistent increase suggests that the rest period triggers longer-
lasting changes in this carbonate-based electrolyte.
To fully understand these complex behaviors, we recognize

that dead lithium formation represents only part of the story. The
SEI layer plays an equally crucial role in battery performance. In
the following section, we will examine how the SEI evolves after
resting periods to build a comprehensive model of how these two
major CE loss mechanisms – dead lithium formation and SEI
evolution – interact to determine overall battery performance.

1.3. Mechanism for CE Fluctuations After Calendar Aging

While the dead lithium titration experiments provide valuable in-
sights into one aspect of calendar aging, a comprehensive under-
standing requires examining both dead lithium evolution and
SEI behavior simultaneously. Figure 2a–c presents a detailed
breakdown of total capacity loss, specifically separating the con-
tributions from SEI formation and dead lithium across all three
electrolyte systems during normal cycling and post-rest cycles.
Note that we can obtain the SEI capacity loss by subtracting the
dead lithium capacity loss (determined by TGC) from the total
capacity loss. This systematic approach allows us to track how
these two critical degradationmechanisms evolve throughout the
aging process.
During normal cycling, all three electrolytes show a consistent

pattern: ≈50% of capacity loss came from dead lithium forma-
tion. However, this changes dramatically after introducing rest
periods. During the rest cycle, we observe substantial increases
in dead lithium formation across all electrolytes. SEI capacity
loss also shows observable increase, which can be attributed to
lithium metal corrosion, where fresh lithium surfaces react with
the electrolyte to form new SEI compounds.
In the first cycle after rest, all three electrolytes show recov-

ery of previously formed dead lithium. This recovery process ap-
pears to be coupled with SEI dissolution. During rest, SEI disso-
lution creates opportunities for dead lithium to reconnect with
the bulk lithium deposit. However, this beneficial reconnection
has a trade-off: the dissolved SEI requires replacement. This ne-
cessity for SEI repair explains the increased SEI capacity loss ob-
served during this cycle. The process resembles a “renovation” of
the electrode surface, where old structures are removed and new
ones form. We further note that the dissolved SEI is likely dom-
inated by easily soluble organic species, while the repaired SEI
consists of both organic and inorganic components, consistent
with prior reports of SEI composition and solubility.[11]

The second cycle after rest reveals two distinct trends. First,
1.2 M LiFSI/F5DEE and 2 M LiFSI/DME both return to nor-
mal cycling levels of dead lithium formation, while LP40 shows
increased dead lithium formation. Second, all three electrolytes
show reduced SEI capacity loss. To explain the first observation,
we recognize that dead lithium recovery must occur during nor-
mal cycling, though not as noticeably as in the rested case. Elec-
trolytes forming large amounts of dead lithium, like LP40, likely
recover small amounts each cycle. Aging causes additional dead
lithium recovery in the subsequent cycle, leaving less recoverable
dead lithium in the SEI matrix. This explains why LP40 shows an
increased dead lithium amount after rest. This effect is less sig-
nificant for 1.2M LiFSI/F5DEE and 2M LiFSI/DME, which form
less dead lithium. For the second observation, we note that the
previous cycle’s SEI repair benefits the current cycle. Due to the
extensive SEI formation after rest, less SEI capacity loss occurs
in the second cycle after rest. This applies across all three elec-
trolytes since they all experience significant SEI formation after
rest.
Based on our observations of dead lithium and SEI capacity

loss during and after aging, we present a comprehensive mech-
anistic model in Figure 2d. This model tracks CE recovery and
loss mechanisms across four critical cycles: normal cycling, rest
cycle, first cycle after rest, and second cycle after rest.
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Figure 2. a–c) The capacity loss per cycle divided into SEI and dead lithium contributions for (a) LP40 (b) 1.2 M LiFSI/F5DEE (c) 2 M LiFSI/DME.
The capacity loss contributions are tracked for normal cycling, rest cycle, and two consecutive cycles after rest. d) Proposed mechanism illustrating the
CE recovery and CE loss mechanisms during and after calendar aging. The green upward arrows represent CE recovery mechanisms, and the orange
downward arrows represent the CE loss mechanisms. These mechanisms work together to yield the previously observed CE fluctuation during and after
rest.

During normal cycling, the system accumulates both SEI
and dead lithium over multiple cycles. When the cell enters
the rest cycle at plated state, corrosion of the exposed Li sur-
face starts to take place. Some SEI also begins to dissolve, ex-
posing more lithium surfaces to the electrolyte. These exposed
surfaces undergo additional corrosion, creating vulnerable re-
gions in the lithium deposit. These weakened areas often be-
come pinch points during stripping, leading to electrical iso-
lation from the main lithium deposit.[25,29] The combined ef-
fect of enhanced dead lithium formation and SEI dissolution
results in decreased CE during this cycle. To further probe the
role of calendar aging in CE loss, we complemented our TGC
measurements with direct imaging of dead lithium deposits us-
ing SEM. Figure S12 (Supporting Information) shows represen-
tative SEM images of a dead lithium deposit before and after
a 24-h rest period. After rest, the deposit surface appears cov-
ered by a denser and more uniform layer, suggesting additional
SEI formation during the resting step. This observation provides
visual evidence that corrosion continues to occur even when
the cell is at open circuit, leading to SEI thickening on inac-
tive lithium deposits. Similar behavior has also been captured
in previous studies using cryo-TEM, where direct observation of
corrosion-induced SEI thickening on aged lithium deposits was
reported.[12,30]

The first cycle after rest shows the consequences of prior SEI
dissolution and dead Li formation, manifesting in both CE recov-
ery and loss mechanisms. While SEI dissolution enables greater
dead lithium recovery (CE recovery),[10] the damaged SEI also re-
quires repair, leading to increased SEI capacity loss as new protec-
tive layers form (CE loss). The interplay between these competing
effects produces electrolyte-dependent CE trends. In electrolytes
prone to significant dead lithium formation, such as LP40, sub-
stantial dead lithium recovery during this step produces a net
CE increase. However, electrolytes like 1.2 M LiFSI/F5DEE and
2 M LiFSI/DME, which form less dead lithium, may not show
immediate CE improvements. This behavior has been shown
in Figure 1b, particularly for 1.2 M LiFSI/F5DEE, where no CE
jump occurs during initial post-rest cycles. The CE improve-
ment emerges in later cycles as more dead lithium accumu-
lates, enabling greater recovery and corresponding CE gains. We
would like to mention that the CE recovery during this cycle
may also have alternative possibilities. For instance, Li0 (metal-
lic lithium) can chemically dissolve into the electrolyte over time.
This dissolved lithium may further react with electrolyte, form-
ing SEI components. If dead lithium slowly reacts chemically to
form SEI compounds, it’s no longer counted as metallic lithium,
therefore the total dead lithium amount still appears to be
lower.
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The second cycle after rest also exhibits competing mecha-
nisms. CE recovery occurs due to reduced SEI capacity loss, a
benefit of the extensive SEI formation in the previous cycle. How-
ever, CE drop from the previous cycle arises from depleted recov-
erable dead lithium within the residual SEI. This effect becomes
particularly pronounced in LP40, where regular dead lithium re-
covery occurs during normal cycling. The enhanced recovery dur-
ing rest depletes the available dead lithium, leaving less for recov-
ery in subsequent cycles. This mechanism explains the cycling
trends observed in Figure 1b.
We note that SEI dissolution (a chemical process) and new SEI

formation (an electrochemical process) cannot be assumed to be
completely decoupled. SEI dissolution occurs primarily during
rest through the gradual solubilization of metastable SEI com-
ponents into the electrolyte. However, freshly exposed lithium
surfaces—whether from SEI loss or lithium reconnection—can
chemically react with the electrolyte even before current is ap-
plied, initiating new SEI growth. For clarity, we describe these as
conceptually distinct steps, but in practice they may temporally
overlap, particularly at the onset of re-cycling. Importantly, SEI
dissolution plays a dual role: it can facilitate reactivation of elec-
tronically isolated Li0 by restoring interfacial contact, yet it can
also drive additional SEI growth and potentially leading to new
dead lithium formation. The balance between these competing
effects depends strongly on the cycling protocol and electrolyte
formulation.

1.4. Verifying Proposed Mechanism by Controlling
Electrochemical Parameters

This proposed mechanism requires experimental validation. To
this end, we systematically vary the two primary factors dom-
inating calendar aging: SEI dissolution and dead lithium for-
mation. By adjusting these parameters, we can verify how each
factor influences the calendar aging process. More specifically,
we can decrease the SEI dissolution with a higher electrolyte
concentration,[11] and increase dead lithium formation with
higher current densities (Figure S8, Supporting Information).[31]

We select F5DEE and DME electrolyte systems for these con-
trolled studies. Figure 3a,c demonstrates how cycling behavior
changes with electrolyte concentration. The CE drop between the
10th and 11th cycles, caused by 24 h of rest, shows clear concen-
tration dependence. At constant current density, lower electrolyte
concentrations produced larger CE drops during aging. This ob-
servation alignswith our understanding that reduced salt concen-
tration exacerbates SEI dissolution, which in turn accelerates cor-
rosion during rest and increases dead lithium formation during
stripping. The effect of salt concentration on SEI dissolution can
be understood in terms of solvent–solute interactions. At lower
salt concentrations, the electrolyte contains a higher proportion
of free (uncoordinated) solvent molecules, which are capable of
solvating and dissolving metastable SEI species—particularly or-
ganic and lithium-containing components. These interactions
can promote SEI thinning during rest.[11] In contrast, in high-
concentration electrolytes, the solvent is largely coordinated to
Li+ ions, forming tight solvation shells that significantly reduce
the population of free solventmolecules. This reduced solvent ac-
tivity diminishes the capacity of the electrolyte to solvate and dis-

solve SEI components, thereby stabilizing the SEI and suppress-
ing its dissolution. To further verify this relationship, we per-
formed additional TGC measurements comparing electrolytes
with different salt concentrations. As shown in Figure S14 (Sup-
porting Information), cells with a higher concentration (2 M
F5DEE) exhibited less dead lithium growth after a 24-h rest com-
pared to those with 1.2 M F5DEE, confirming that higher con-
centration helps suppress SEI dissolution and corrosion-driven
dead lithium formation.
The enhanced SEI dissolution at lower concentrations also re-

sults in more pronounced dead lithium recovery between the
11th and 12th cycles. These trends are quantitatively presented in
Figure 3f,h. In both figures, theΔCE values are calculated to rep-
resent the change in CE before and after rest. More specifically, a
higher ΔCE 11-10 value (ΔCE between 10th and 11th cycle, this
value is negative because of lower CE at the 11th cycle)means less
dead Li formation and less SEI dissolution. A higher ΔCE 12-11
value meansmore dead Li reconnection. Reducing DME concen-
tration from 2 to 1 M decreases the ΔCE 11-10 by ≈0.5% and in-
creases the ΔCE 12-11 by about 0.3%. Similarly, lowering F5DEE
concentration from 2 to 1.2 M leads to decrease of roughly 0.4%
in ΔCE 11-10 and increase of 0.5% in ΔCE 12-11. These results
support our hypothesis that SEI dissolution influences both im-
mediate resting behavior and subsequent cycling performance.
We then examine how current density affects calendar ag-

ing dynamics since higher current density will lead to a greater
amount of dead lithium formation. Figure 3b,d reveal dramatic
changes in CE trends when increasing current density from 0.5
to 1 mA cm−2 while maintaining constant electrolyte concentra-
tions (2 M LiFSI/DME and 1.2 M LiFSI/F5DEE). The CE drop
from the 10th to the 11th cycle increased significantly at higher
current density. This larger drop corresponds to enhanced dead
lithium formation during the rest period.
With additional dead lithium formed during the rest cycle, the

subsequent cycle’s dead lithium recovery also increases substan-
tially. Consequently, we observe a larger CE jump from the 11th
to the 12th cycle at higher current density. The quantitative val-
ues presented in Figure 3e,g provide direct comparisons of these
effects. Both 2 M LiFSI/DME and 1.2 M LiFSI/F5DEE show sig-
nificant increases in ΔCE 11-10 and ΔCE 12-11 values when cur-
rent density increased. These findings emphasize the strong in-
fluence of dead lithium quantity on calendar aging dynamics.
It is worth noting that our systematic control of SEI dissolu-

tion and dead lithium formation through electrolyte concentra-
tion and current density, respectively, allows us to verify both
aspects of our proposed mechanism. The consistent responses
observed across different electrolyte systems strengthen our un-
derstanding of how these factors contribute to calendar aging
behavior.
The previous discussion of SEI evolution has relied primar-

ily on calculations derived from TGC-determined dead lithium
content. While this indirect approach provides valuable insights,
direct experimental evidence of rest-induced SEI dissolution and
subsequent repair would significantly strengthen the proposed
mechanism. To address this need, we developed experimental
protocols specifically tailored to study SEI repair behavior. A sim-
ilar analytical approach, coulometric titration time analysis, has
proven successful in solid-state electrolytes to quantify side reac-
tions in lithiummetal batteries.[32] In our system, these protocols
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Figure 3. a–d) The Li||Cu cycling profile of DME and F5DEE-based electrolytes, with 24 h of rest applied every ten cycles. The first 15 cycles are shown
to reflect how tuning different cycling parameters can influence the CE. The error bars are calculated based on three repeat cells for each condition. a)
Li||Cu cells cycled at 0.5 mA cm−2 and 1 mAh cm−2. The 2 M LiFSI/DME is compared to 1 M LiFSI/DME. b) Li||Cu cells cycled based on 2 M LiFSI/DME.
Cells cycled at 0.5 mA cm−2 and 1 mAh cm−2 are compared to those cycled at 1 mA cm−2 and 1 mAh cm−2. c) Li||Cu cells cycled at 0.5 mA cm−2 and 1
mAh cm−2. The 1.2 M LiFSI/F5DEE is compared to 2 M LiFSI/F5DEE. d) Li||Cu cells cycled based on 1.2 M LiFSI/F5DEE. Cells cycled at 0.5 mA cm−2

and 1 mAh cm−2 are compared to those cycled at 1 mA cm−2 and 1 mAh cm−2. e–h) The ΔCE values of the two different electrolytes cycled at 0.5 mA
cm−2 or 1 mA cm−2

. The ΔCE 11-10 is calculated by subtracting the CE of 10th cycle from CE of the 11th cycle. The ΔCE 12-11 value is calculated by
subtracting the CE of 11th cycle from CE of the 12th cycle. For theΔCE 11-10, a higher value means less dead lithium formation and less SEI dissolution.
For the ΔCE 12-11, a higher value means more dead lithium reconnection.

provide a direct way to determine whether additional SEI forma-
tion becomes necessary when the existing SEI layer experiences
damage during rest.
Figure 4a illustrates the experimental design to directly ob-

serve SEI repair. Both protocols begin with an identical initial
step: forming a stable SEI layer by holding the cell at 10 mV
for 12 h. This voltage is selected as it sits above the lithium
plating potential while remaining sufficiently low to enable SEI
formation.[11] The 12-h duration is essential for establishing a sta-
ble, well-formed SEI layer.
In Protocol 1, after SEI formation, a small amount of lithium

(10 μAh) is deposited onto the copper substrate. This carefully
chosen quantity of lithium serves as a sensitive indicator: when
this lithium completely corrodes, the cell system exhibits a char-
acteristic jump in voltage. Protocol 2 introduces a key variation:
after the initial SEI formation but before lithium deposition, a
24-h rest period is introduced. This rest period mirrors the con-

ditions used in our long-term cycling studies, allowing a direct
comparison with our previous results.
By comparing the timing of the voltage jump between these

two protocols, we can evaluate how the rest period affects SEI
stability and protection. Figure 4b,c presents comparative results
for both 2 M LiFSI/DME and 1.2 M LiFSI/F5DEE electrolyte sys-
tems. In both cases, cells that did not experience the 24-h rest
period—those with an uncompromised SEI layer—show signif-
icantly delayed voltage jumps. This delayed response indicates
better protection of the deposited lithium by the intact SEI. Con-
versely, cells that underwent rest show earlier voltage jumps,
demonstrating that SEI dissolution during rest compromises the
layer’s integrity.
This systematic comparison provides direct evidence that addi-

tional SEI formation is required to repair the SEI dissolved dur-
ing rest. This experimental validation fills an important gap in
our understanding, as the SEI repair process after rest periods

Adv. Energy Mater. 2025, e04010 © 2025 Wiley-VCH GmbHe04010 (7 of 11)
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Figure 4. a) Scheme illustrating the two different protocols for determining corrosion of the deposited lithium. The difference between these two
protocols is that the SEI is either rested for 24 h or not rested. b,c) The voltage vs time plot of (b) 2 M LiFSI/DME and (c) 1.2 M LiFSI/F5DEE. The
longer it takes for voltage to jump up means the longer it takes for the deposited lithium to corrode. Three repeat cells for made for each condition, all
of which are shown on the plot. d) The percentage of CE loss after rest vs the resting time. The time varies from 4 to 48 h. The cells are based on 1.2 M
LiFSI/F5DEE and are all cycled ten times at 0.5 mA cm−2 and 1 mAh cm−2 before rest. Three repeat cells are made for each condition and the error bars
are shown on the plot. e) The number of cycles for the cells to reach 80% capacity retention for the three different electrolytes rested under different
resting frequencies. For 1.2 M F5DEE, Cu||NMC811 cells with 4 V voltage cutoff and 4 mAh cm−2 loading are assembled and cycled at C/5 charge and
C/3 discharge rate. For 2 M DME, Cu||NMC811 cells with 3.8 V voltage cutoff and 4 mAh cm−2 loading are assembled and cycled at C/5 charge and C/3
discharge rate. For LP40, 50 μm Li||NMC811 cells with 4.2 V voltage cutoff and 4 mAh cm−2 loading are assembled and cycled at C/5 charge and C/3
discharge rate. Three repeat cells are made for each condition and the error bars are shown on the plot. f–h) The discharge capacity vs cycle number
plots for all three electrolytes at different resting frequencies. The 80% retention line is defined by multiplying the average capacity value of the first three
cycles by 0.8. This value may differ in different electrolytes because of the different voltage cutoffs.

had not been thoroughly examined in previous studies, despite
its essential role in the overall calendar aging mechanism.

1.5. Effect of Cell Resting Time and Implications in Full Cells

Our investigation has yielded two significant findings regard-
ing calendar aging in lithiummetal batteries. First, we identified

clear electrolyte-dependent patterns in how cells respond to rest
periods and subsequent cycling. Second, we uncovered and ex-
plained the fundamental mechanisms driving these behaviors,
particularly the interplay between dead lithium formation and
SEI evolution. These insights, while valuable, emerge from ex-
periments carried out in half cells and using a standardized 24-h
rest period. To bridge the gap between these studies and practi-
cal applications, it is necessary to examine how these effects are

Adv. Energy Mater. 2025, e04010 © 2025 Wiley-VCH GmbHe04010 (8 of 11)
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manifested under various resting durations and in full cell con-
figurations.
We first examine how the length of rest periods affects bat-

tery degradation, since real devices experience varying idle times
rather than the fixed 24-h period used in our initial studies. To
systematically evaluate the impact of resting duration, we exam-
ine CE loss across a broad spectrum of rest periods in 1.2 M
LiFSI/F5DEE, from 4 to 48 h. Figure 4d reveals a clear correla-
tion between rest duration and capacity loss.
As rest periods extend, CE loss increases progressively, reach-

ing its maximum between 32 and 40 h. Beyond this threshold,
further extension of rest time does not induce additional CE loss.
This plateau effect carries significant mechanistic implications.
The saturation behavior suggests that our identified degradation
mechanisms, specifically dead lithium formation and SEI dis-
solution, reach completion or equilibrium after sufficient time.
Rather than continuing indefinitely, these processes appear to
have natural limits, consistent with previous findings in the
literature.[11]

After examining rest period effects in half cells, we transition
our investigation into full cell configurations to understand cal-
endar aging under more practical conditions. This transition to
full cells is particularly crucial because, unlike half cells where
excess lithium is available, full cells operate with a finite lithium
source. While half cells make it difficult to quantify remaining
lithium content, full cells enable us to track the cumulative im-
pact of competing processes—both lithium loss through degra-
dation and recovery through reconnection of dead lithium.
To systematically investigate these effects, we implement vary-

ing rest frequencies in our cycling protocols. Our experimental
design begins with frequent rest periods (every other cycle), then
progressively decreases the frequency to every two cycles, and fi-
nally to every ten cycles. Based on conventional understanding of
corrosion mechanisms,[12] one might expect that more frequent
rest periods would accelerate capacity loss, as each rest period
provides additional opportunity for corrosion-induced degrada-
tion. However, our experimental results reveal a more complex
behavior.
Before diving into the results, it is necessary to establish

specific cycling protocols for each electrolyte system to iso-
late rest effects from other degradation mechanisms. For the
1.2 M LiFSI/F5DEE electrolyte, we conduct tests in Cu||NMC811
anode-free cells using 4 mAh cm−2 cathodes. We specifically se-
lect a 4 V voltage cutoff to eliminate any potential interference
from cathode degradationmechanisms. This ensures that our ob-
servations purely reflect the impact of calendar aging rather than
convolution with cathode instability effects. For 2 M LiFSI/DME,
we reduce the voltage cutoff to 3.8 V. This adjustment is neces-
sary to account forDME’s lower oxidative stability, preventing any
interference from electrolyte decomposition at higher voltages.
LP40 presents unique challenges due to its poor reductive stabil-
ity, necessitating a different cell configuration. Instead of anode-
free cells, we employed 50 μmLi||NMC811 cells with 4mAh cm−2

cathodes. This design choice allows for extended cycling periods,
enabling clearer observation of cycling trends. The voltage cutoff
is set to be at 4.2 V, taking advantage of LP40’s superior oxida-
tive stability compared to the ether-based electrolytes. The higher
voltage cutoff in this case remains safe due to LP40’s established
stability at these potentials.[27]

Across all systems, wemaintain consistent cycling rates, using
C/5 for charging and C/3 for discharging. While each electrolyte
system requires its own optimized testing conditions, we ensure
absolute consistency of conditions within each electrolyte group.
This experimental design isolates resting frequency as the sole
variable within each electrolyte system, enabling clear interpreta-
tion of rest-induced effects.
Figure 4e demonstrates an unexpected finding: increasing

the frequency of rest periods does not correlate with acceler-
ated capacity loss, and the trend also slightly differs in different
electrolytes. The detailed discharge capacity curves are shown
in Figure 4f,g for each electrolyte (data for repeated cells are
shown in Figures S9–S11, Supporting Information). In 1.2 M
LiFSI/F5DEE, the number of cycles to reach 80% capacity re-
tention is almost identical across the different resting frequen-
cies. In LP40, we even observed more capacity retention for the
most frequently rested cells. It is only in 2 M LiFSI/DME where
we see a slight reduction in capacity retention as resting fre-
quency increases. Interestingly, while LP40 forms significantly
more dead lithium during rest in Li||Cu cells (Figure 1d), it shows
improved capacity retention in full cells under the same condi-
tions (Figure 4e). This apparent discrepancy can be reconciled by
considering the reversibility of dead lithium in each system. In
LP40, the SEI is generally more organic-rich and chemically sol-
uble, which allows for partial SEI dissolution or reorganization
during rest. This can expose previously isolated Li0, enabling its
reconnection and continued electrochemical participation. As a
result, much of the dead lithium formed in LP40 may be tran-
sient and recoverable, improving overall cycling stability. In con-
trast, the SEI in DME-based electrolytes is typically more inor-
ganic (e.g., LiF-rich), stable, and less soluble, which may hin-
der reconnection and make dead lithium formation more irre-
versible. Consequently, even small amounts of disconnection in
DME can lead to permanent lithium loss and capacity degrada-
tion. These results suggest that not only the amount but also the
reversibility and nature of dead lithium, strongly influenced by
SEI composition and solubility, are critical in determining full-
cell performance.
The observation that increased resting frequency does not ac-

celerate capacity loss in all electrolyte systems carries signifi-
cant mechanistic implications. Unlike our previous understand-
ing that calendar aging is detrimental to cycling life, the capacity
loss we observe during rest periods can be highly recoverable.
Our proposed mechanism offers a potential explanation: while
resting periods induce corrosion and lead to dead lithium for-
mation, this dead lithium remains available for recovery in sub-
sequent cycles. The identification of this balance between dead
lithium formation and recovery provides crucial insights for elec-
trolyte design and cell engineering. By understanding how dif-
ferent electrolyte systems respond to rest periods, we can better
tailor electrolyte compositions and concentrations to maximize
recovery capabilities.

2. Conclusion

This study provides comprehensive insights into calendar ag-
ing mechanisms in lithium metal batteries, revealing complexi-
ties that extend beyond single-cycle rest-induced degradation.We
demonstrate that calendar aging effects persist through multiple
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cycles after rest, creating a dynamic sequence of degradation and
recovery processes that vary significantly with electrolyte chem-
istry. This finding fundamentally changes our understanding of
how lithium metal batteries respond to rest periods.
Through systematic investigation of three representative

electrolyte systems—LP40, 1.2 M LiFSI/F5DEE, and 2 M
LiFSI/DME—we uncover distinct patterns in how each elec-
trolyte responds to rest periods. Carbonate-based electrolyte LP40
shows significant dead lithium formation during rest but also ex-
hibits notable CE recovery in the subsequent cycle. In contrast,
ether-based electrolytes demonstrate different behavior patterns.
We found that the CE recovery does not occur right away in 1.2M
LiFSI/F5DEE and 2MLiFSI/DME. To explain these observations,
we identified and verified key mechanisms driving these behav-
iors. SEI dissolution during rest creates opportunities for dead
lithium recovery, while also necessitating additional SEI forma-
tion in subsequent cycles. This interplay between SEI evolution
and dead lithium dynamics explains the complex patterns ob-
served in post-rest cycling.
We then extend our investigation to full cells, where the finite

lithium inventory allows us to track the cumulative effect of cal-
endar aging. Interestingly, increased rest frequency does not nec-
essarily accelerate capacity loss, revealing the recoverable nature
of rest-induced degradation. The ability to recover lithium in sub-
sequent cycles plays a crucial role in long-term cell performance.
Beyond experimental observations, simulation studies play a

crucial role in elucidating the molecular-level processes that gov-
ern electrolyte behavior and interphase evolution. Recent com-
putational work has revealed how variations in solvation struc-
ture and ion clustering can strongly influence SEI composition
and stability, thereby impacting both CE loss and recovery during
rest periods. These insights complement our experimental find-
ings and provide a theoretical framework for understanding the
dynamic interplay between electrolyte chemistry and calendar-
aging phenomena.[33]

Future work should focus on developing electrolyte systems
that can maximize recovery during and after rest periods. This
requires careful balancing of SEI dissolution and dead lithium
formation; while some SEI dissolution is necessary to enable
dead lithium recovery, excessive dissolution can lead to acceler-
ated corrosion. The optimal electrolyte system should maintain
sufficient SEI stability while promoting efficient dead lithium re-
covery mechanisms. Additionally, our findings in full cells pro-
vide practical guidelines for optimizing real-world battery sys-
tems, particularly in applications involving intermittent use. This
improved understanding of calendar aging mechanisms in both
half cells and full cells provides a stronger foundation for devel-
oping more reliable and efficient lithium metal batteries.

3. Experimental Section
General Materials: LP40 (1 M LiPF6 salt in a 1:1 volume ratio

mixture of ethylene carbonate and diethyl carbonate) and DME (1,2-
dimethoxyethane) were purchased from Sigma Aldrich or Fisher. F5DEE
was synthesized based on the procedure reported previously[21] and
provided by Feon Energy. The LiFSI salt was purchased from Solvionic
and Arkema. The separator Celgard 2325 (25 μm thick, polypropy-
lene/polyethylene/polypropylene) was purchased from Celgard. Thick Li
foil (roughly 600 μm thick) from MSE Supplies and Cu current collector

(25 μm thick) were purchased from Alfa Aesar. Commercial NMC811 cath-
ode sheets were purchased from Targray. Additional battery components,
including 2032-type coin-cell cases, springs, and spacers, were obtained
from MTI. All materials were used as received.

Electrochemical Measurements and Characterizations: All electrochem-
ical measurements were conducted using commercial 2032-type coin cells
assembled with readily available battery components. Cell assembly was
performed in an argon atmosphere glovebox using Celgard 2325 as the
separator material. Unless specified otherwise, lithium foil (750 μm thick-
ness, 7/16 in. diameter) served as the counter electrode, with 40 μL elec-
trolyte added per cell. The Li||Cu, Li||NMC, and Cu||NMC cells were evalu-
ated using a Landt battery testing system at room temperature. For Li||Cu
cells, the Cu surface was initially conditioned through ten cycles between
0 and 1 V at 0.2 mA cm−2. Following this preconditioning step, various
testing protocols were implemented as detailed in previous sections. Full
cells were cycled within voltage ranges of 2.8–3.8 V (2 M DME), 2.8–4 V
(1.2 M F5DEE), or 2.8–4.2 V (LP40) using C/5 and C/3 rates for charging
and discharging, respectively. All full cells utilized Al-clad cathode cases,
with additional Al foil inserted to minimize potential cladding defects.

SEI repair verification was performed using a BioLogic instrument fol-
lowing the two protocols described in the previous sections. Li||Cu half
cells underwent initial SEI formation by holding at 10 mV for 12 h. In pro-
tocol 1, cells proceeded directly to the next step, while protocol 2 included
a 24-h rest period. Subsequently, 10 μAh of lithium was deposited, and
the voltage response time wasmonitored. Dead lithium quantification em-
ployed Titration Gas Chromatography. After cycling under previously spec-
ified conditions, cells were disassembled to retrieve the Cu electrode. The
Cu foil containing residual SEI and dead Li was placed in a 10 mL GC vial
within the glovebox and sealed before removal. Analysis involved adding
1 mL of water to the vial, allowing a 3-min reaction period, followed by
extraction and GC analysis of 1.5 mL of the evolved gas.
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the author.
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