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Surface Adaptive Dual-Layer Protection of Li-metal Anode
for Extending Cycle-Life of Li–Sulfur Batteries with Lean
Electrolyte

Bokyung Choi, Kyung-Geun Kim, Minhong Lim, Beomjun Kim, Jiyeon Seo, Jiwon Lee,
Sanghyeon Park, Ki-Hyun Kim, Yong Min Lee,* and Hongkyung Lee*

Building a lithium–sulfur (Li–S) battery with lean electrolytes is essential
to far exceed the energy density of today’s Li-ion. However, earlier electrolyte
depletion triggered by Li-metal anodes (LMAs) causes sluggish Li–S redox
kinetics and poor S utilization, resulting in a short cycle lifespan. To retard the
electrolyte loss effectively, sustainable protection of LMAs is necessary against
the dynamic interfacial evolution between LMA and protective layers (PLs). This
study elucidates two critical parameters in securing the interfacial adaptivity
of PLs upon local Li pitting: surface free energy (SFE) and Young’s modulus
through solid-mechanic simulations and experiments using three different
PL models. To alleviate the PL delamination at the early stage, a dual-layer
structured, adaptive protective layer (APL) is introduced to adapt the Li pitting-
driven structural evolution of the PL|LMA interfaces. The APL consists of a
high- SFE polymer as an inner layer, reducing the interfacial energy in contact
with LMA surface, and a highly stretchable polymer for outer shield, serving
as a physical barrier for the electrolyte and Li polysulfides. APL-coated LMA
demonstrates stable cycling of Li–S cells, achieving a twofold extension of cycle-
life compared to unprotected LMA, even superior to other single-layer PLs.
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1. Introduction

Beyond the era of lithium (Li)-ion, Li–sulfur
(Li–S) batteries have emerged as promis-
ing alternatives that surpass the specific
energy limit of today’s Li-ion. In addition
to the merit of Li-metal anodes (LMAs),
an elemental S (S8) cathode features earth-
abundance and high specific capacity
(1675 mAh g−1, delivering a high the-
oretical gravimetric energy density
(2567 Wh kg−1).[1–7] Indeed, Li–S cells
that can achieve over 500 Wh kg−1 have
been demonstrated in a practical cell for-
mat, which far exceeds the theoretical limit
of the Li-ion cells (≈291 Wh kg−1). One of
the key milestones in practical Li–S cells is
minimizing the electrolyte volume per S
mass loading (E/S ratio).[8–12] Nonetheless,
the practical energy density and cycling sta-
bility are not satisfactory yet, which makes it
less competitive to today’s Li-ion cells.[13–16]

Reducing the E/S ratio makes the cy-
cling of Li–S cells more challenging.[17,18]

Due to the intrinsic solution-based redox chemistry, soluble Li
polysulfides (Li2Sx, 2 < x ≤ 8, denotes as LiPS) intermediates can
play a role in self-redox mediating. At a lower E/S ratio, the de-
crease in the LiPS dissolution causes sluggish S conversion ki-
netics, high polarization, and low S utilization.[19–23] In addition,
the LMA-triggered intrinsic challenges, such as uncontrolled ex-
tensive growth of Li dendrites, inferior SEI stability, and irregular
spatial/temporal evolution of electrolyte-LMA interface structure,
have not been resolved yet,[24–26] inevitably resulting in ceaseless
loss of Li inventory and electrolyte upon prolonged cycling. This
series of LMA deterioration could be further exacerbated at low
E/S ratio, where the dynamic change of electrolyte compositions
and further reduction of the E/S ratio upon cycling, jointly lead-
ing to early failure of Li–S cell cycling.[27,28] Therefore, mediating
the LMA reactivity against the electrolytes is prioritized to secure
the long, stable cycling of practical Li–S batteries with lean elec-
trolytes.

Building a protective layer (PL) onto the LMA surface has
been revisited to overcome the above issues.[29–34] An ideal PL
should possess excellent chemical/electrochemical stability, high
Li+ ion conductivity, and mechanical robustness to suppress
the Li dendrite growth and the volume expansion of the LMA.[35]
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Figure 1. Morphology and structural characterization of the PL models. Top-view SEM images for a) bare Li, b) PL-1, c) PL-2, and d) PL-3, respectively.
AFM-guided 3D surface topology images after coating PLs at 40 μm thick Li foil: e) bare Li, f) PL-1, g) PL-2, and h) PL-3, respectively. All samples are
scanned 50 × 50 μm. LiPS diffusion test using H-type cell after 30 h i) PE, j) PL-1, k) PL-2, and l) PL-3.

Moreover, PLs should play an additional role in blocking the
LiPS shuttle of the Li–S cells. Accordingly, numerous efforts
for LMA protection have been devoted to exploiting the size-
excluding materials[36–39] and ion perm-selective materials.[40–42]

Despite the excellent LiPS rejection and improved cycling per-
formances, the LMA protection can eventually fail by deteriorat-
ing the PL|LMA interface by Li stripping-initiated cycling of Li–S
cells. Most commercial LMAs suffer from local pit dissolution,
forming a huge cavity, thereby increasing the heterogeneity of
the LMA surface.[43,44] Such irregular Li dissolution could cause
a dynamic evolution of PL|LMA interfaces, leading to the fail-
ure of LMA protection. To secure the interfacial stability, a dual-
layer PL (DPL) has been proposed by resembling the naturally
formed SEI.[45,46] Nonetheless, the design factors for successful
PL buildup in Li–S batteries are not fully established yet.

To gain insight into sustainable protection, this work unrav-
els the failure scenarios of PLs, regarding the Li pitting-initiated
structural evolution of PL|LMA interface. Owing to facile proces-
sibility and chemical/electrochemical stabilities,[47] polymers are
primarily chosen as model PLs, including PVDF, PVDF-HFP,
and PEO (PL-1, PL-2, and PL-3, respectively) to identify the PL-
deterministic failure modes, such as delamination, penetration,
and dissolution. The experimental results and simulation study
suggested that securing the surface adaptivity of the PL is a pre-
requisite for sustainable LMA protection retarding electrolyte
loss, which is crucial for the long stable cycling of Li–S cells with
lean electrolytes. The surface adaptive DPL (APL), which features

excellent adhesion and sufficient stretchability, was constructed
by composing of a PEO inner layer, designed to reduce interfacial
energy upon contact with LMA, and a PVDF-HFP outer shield,
serving as a physical barrier for the LiPS and electrolyte. The APL
can effectively mitigate the LiPS crossover and electrolyte decom-
position, demonstrating a twofold longer cycle-life of Li–S cells
with mildly lean electrolytes (5 μL mg−1).

2. Results and Discussion

The cross-sectional SEM images reveal that all PLs were success-
fully coated with the same thickness (3 μm) (Figure S1a–d, Sup-
porting Information). Although the naked-eye appearance of PLs
looks similar, their surface microstructures were different as con-
firmed in SEM images (Figure 1a–d). Particularly, the PL-1 sur-
face shows very small-sized protrusions and sporadic voids (black
dots). On the other hand, PL-2 exhibits granule-like phase sep-
arations with a smoothened surface. Moreover, PL-3 exhibits a
very large phase island. In the AFM study, the surface roughness
decreased to ≈175 nm for PL-coated LMA, whereas 443.43 nm
of bare Li, indicating that the PLs were well-coated, smooth-
ing the original LMA surface (Figure 1e–h). A noticeable differ-
ence was grain size depending on the PL materials. While PL-
1 and PL-2 exhibit a significantly smaller grain size, the largest
grain size (>20 μm) was observed at the PL-3 (Figure S2a–d,
Supporting Information). Such differences possibly originate
from the interfacial compatibility between PL and LMA surfaces.
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Figure 2. Cycling performance of Li–S full cells with different E/S ratios. a) Pre-cycle voltage profile for Li–S cells under flood electrolyte
(E/S = 20 μL mg−1). b) Cycle performance for Li–S cells under flooded electrolyte cycled at 0.3 C/0.5 C charge/discharge with bare Li, PL-1, PL-2,
and PL-3. c) Voltage profiles for each Li–S cell after 200 cycles under flooded electrolyte. d) Pre-cycle voltage profiles for Li–S cells under lean electrolyte
(E/S = 5 μL mg−1). e) Cycle performance for Li–S cells cycled at 0.3 C/0.5 C charge/discharge with bare Li, PL-1, PL-2, and PL-3. f) The 30th voltage
profile for Li–S cells under lean electrolyte.

As a physical barrier, the primary role of the PL coating is well-
known to inhibit the detrimental reaction between LiPS and
LMA. To assess this feature, H-shaped diffusion cells using dis-
solved LiPS (0.5 m Li2S6 in DOL/DME) were fabricated with dif-
ferent PLs (Figure S3, Supporting Information). While both PL-1
and PL-2 effectively suppressed LiPS crossover over 30 h, PL-3
was instantly swollen and allowed LiPS permeation within 1 h
(Figure 1i–l). This implies that PL-3 may undergo partial disso-
lution in the ether-based electrolytes (Figure S4, Supporting In-
formation), compromising its protective role.[48] Therefore, it is
worth examining the cycling stability of Li–S full cells using PL-
coated LMAs under flooded- and lean-electrolyte conditions to re-
veal that factor determines the cycling regarding interfacial com-
patibility and LiPS blocking.

The cycling of Li–S cells using bare Li and PL|LMAs was per-
formed under flooded and lean electrolyte conditions. In the
typical voltage profiles of Li–S cells, the higher voltage plateau
(≈2.3 V) with the partial capacity (QH) is attributed to S8 conver-
sion to long-chain LiPS, while the lower voltage plateau (≈2.1 V)
provides the remainder (QL) of total capacity, indicating to the
conversion of Li2S4 to Li2S.[49,50] With flooded electrolyte (E/S =
20 μL mg−1), the cell with bare Li exhibited a relatively lower ca-
pacity (1024 mAh g−1) and 92.4% of Coulombic efficiency (CE)
during pre-cycle (Figure 2a), likely due to low S utilization. In
contrast, the cells with PL-2 and PL-3 exhibited negligible overpo-
tential increase and rendered a higher capacity (≈1124 mAh g−1)
and increased initial CE (≈93.4%), whereas the PL-1 cell showed a
higher overpotential and slightly lower QH despite the LMA pro-
tection. As the cycling proceeded (Figure 2b), the bare Li cells
failed earlier after 168 cycles (80% retention). The highest reten-
tion over 200 cycles was achieved by PL-2 (87.5%) that most ef-
fectively mitigated the LiPS crossover. Despite the capacity fading
in the early stage, the PL-3 cell exhibited better capacity retention
(84.3%) than the PL-1 cell (74%). As confirmed in Figure 2c, the
PL-2 and PL-3 cells retained higher QL even compared to PL-1.

The cell capacity retention is mostly related to the retention of QL
capacity, which is mostly attributed to the precipitation of insulat-
ing Li2S2 and Li2S onto the surfaces of both cathode and LMA.[51]

The cycling of Li–S batteries with flood electrolytes is mainly af-
fected by the effectiveness of Li protection in alleviating the S loss
triggered by LiPS shuttle and side reactions with LMAs.

Interestingly, Li–S cell cycling at a lower E/S ratio (E/S =
5 μL mg−1) shows a different trend from the previous results.
While the voltage profiles were almost consistent at pre-cycle
(Figure 2d), the maximum cycle numbers at 80% capacity reten-
tion were varied in order of PL-3 (70) ≈ PL-1 (70) > PL-2 (58) >
bare Li (32) (Figure 2e). Nonetheless, PL-1 showed an unstable
cycle behavior, showing a rapid capacity decay after 56 cycles, im-
plying the PL degradation had already initiated earlier. The PL-
3 demonstrated the best capacity retention even though it can
adversely permit the LiPS permeation. The capacity retentions
of cells with lean electrolytes can be correlated with overpoten-
tials, particularly at the voltage valley, which reflects the extent
of electrolyte loss during prolonged cycling (Figure 2f). The deep
overpotential in the bare Li cell is attributed to the increased elec-
trolyte viscosity caused by extensive electrolyte loss.[52,53] Among
the PLs, PL-1 exhibited the most pronounced overpotential in-
crease, while PL-2 and PL-3 showed fewer changes in overpoten-
tial. Despite inadequate LiPS blocking, PL-3 self-recovered from
the overpotential, achieving a higher QL capacity. This, in turn,
suggests that the difference in cycling performance under lean
electrolyte conditions cannot be fully explained by the efficacy of
PLs in inhibiting LiPS permeation or loss. Instead, therefore, the
extended cycling of Li–S cells with PL-3 may be attributed to its
ability to reduce electrolyte decomposition.

Given that thickness change (swelling) of LMA occurs due to
excessive Li pulverization and SEI accumulation during repeated
Li cycling, the cross-section SEM images were taken for the LMAs
cycled with lean electrolyte. Bare LMA (original thickness: 40 μm)
suffered from significant swelling up to 187% (Figure 3a), likely
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Figure 3. Cross-sectional SEM images for the LMAs obtained from the Li–S cells using a) bare Li, b) PL-1, c) PL-2, and d) PL-3 after 30 cycles under lean
electrolyte conditions (E/S = 5 μL mg−1). High-resolution XPS spectra of different elements e) C 1s, f) F 1s, g) N 1s, and h) S 2p at bare Li, PL-1, PL-2,
and PL-3. All samples are obtained from LMAs in Li–S full cells after 10 cycles under lean electrolyte conditions (E/S = 5 μL mg−1).

owing to extensive growth of reacted Li layer and non-uniform
Li utilization (Figure S5, Supporting Information). The struc-
tural evolutions of protected LMAs were distinct. After 30 cy-
cles, the PL-1 exhibited a substantial swelling (106%), and Li
pitting-driven huge cavities and local PL delamination were ob-
served (Figure 3b). Thus, the electrolyte could be trapped in-
between LMA and PL, intensifying side reactions. However, the
PL-2 maintained the physical contact beneath LMA and effec-
tively inhibited electrolyte permeation, resulting in a lower an-
ode swelling of 64% (Figure 3c). Nonetheless, the top view of
SEM image after 100 cycles (Figure S6, Supporting Information)
confirmed large Li aggregates at the local spots, implying that Li
penetration occurred. The PL-3 seemed to have an advantage in
suppressing anode swelling, indicating stable structural stability
of the PL|LMA interface (Figure 3d). Further insights into similar
trends were obtained through an EIS study (Figure S7, Support-
ing Information). Given that bulk (Rb) and interfacial (Rint) resis-
tances serve as indicators of electrolyte decomposition and LMA
swelling, respectively, an observed increase in both Rb and Rint in
the bare Li cell after 100 cycles indicates significant electrolyte de-

composition and LMA swelling. Compared to bare Li and other
PLs, the PL-1 cell showed significantly higher Rb and Rint values
after 100 cycles. This suggests that early deterioration of the PL
can lead to rapid degradation of the LMA through excessive Li
pulverization and subsequent LMA swelling after prolonged cy-
cling. In contrast, Rb values for PL-2 and PL-3 cells stayed rela-
tively stable over 100 cycles, indicating a mitigation of electrolyte
decomposition. However, PL-2 cell still exhibited an increase in
Rint after 100 cycles, whereas PL-3 cell remained consistent even
after 100 cycles. Consequently, the extent of LMA swelling after
100 cycles was observed in the following order: PL-1|Li > PL-2|Li
≈ bare Li > PL-3|Li. In this regard, differences in the degradation
of the PLs can impact the structural changes of LMAs, emphasiz-
ing the importance of ensuring structural stability in the PL|LMA
interface.

When performing XPS analysis after peeling off the PLs, no-
table spectral changes indicate that the extent of side reactions
can be varied by the structural stability of PLs (Figure 3e–h).
For the PL-1 and PL-2, the F 1s, N 1s, and S 2p peak intensi-
ties were more pronounced to the low intensity of the C 1s peak,

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (4 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202316838 by D
aegu G

yeongbuk Institute O
f, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. a) Schemes for PL delamination scenario during Li pitting. b) Scheme of cohesive zone model when damage initiation occurs between LMA
and PL. c) Traction-separation law (TSL) to deduce the PL delamination threshold, fracture toughness (Gc), which is determined by critical stress (𝜎c) and
critical displacement (𝛿c). The PL|LMA damage is initiated when Γ0 exceeds beyond Gc. The 𝛿c was assumed at 30 nm, representing the imaginary gap
distance of the adhesion failure limit. d) Surface free energy (SFE)-modulus (𝛾PL-EPL) plot with theoretical boundary for assessing the PL delamination of
three PL models. The onset points of PL|LMA damage (black squares) were extracted from the Solid Mechanic-based COMSOL simulation by iteration
of Young’s modulus values at the specific SFEs.

implying that the LiTFSI salt decomposition has mainly oc-
curred. Notably, the peaks for C─F, N─H, LiF, and Li3N, and
the S 2p peaks at high binding energy region (sulfate, sulfite,
and thiosulfate) were further intensified at the PL-1|LMA inter-
face, implying a severe electrolyte decomposition, likely due to
early delamination of PL-1. Thus, improper protection could ad-
versely deteriorate the PL|LMA interface, exacerbating the side
reactions with electrolyte trapped in between PL and LMA. While
the salt decomposition at the PL-2|LMA interface was less than
PL-1|LMA, the PL-2 can partially allow the electrolyte invasion
and locally enhance the side reactions compared to bare Li. After
prolonged cycles, PL-2 reduced side reactions with LiPS interme-
diates to some extent. Indeed, thiosulfate (S2O3

2−) peak intensity
in the S 2p spectra, which is product of a disproportionation reac-
tion between sulfite and LiPS,[54] was similar to bare Li, whereas
overall peak intensities increased (Figure S8, Supporting Infor-
mation). In contrast, the PL-3 can properly mitigate the decom-
position of salt and LiPS than bare Li despite the partial dissolu-
tion in the electrolyte, indicating that the PL-3 can alleviate the
surface reactivity of LMA. Therefore, ensuring the interfacial sta-
bility between LMA and PL is imperative before evaluating elec-
trolyte and LiPS blocking. Despite the beneficial role of LiPS in
forming a stable SEI on the LMAs and preventing the growth of
Li dendrites,[55] it should be noted that the cycling performance
of Li–S cells with lean electrolytes is mostly determined by how
the electrolyte loss can be alleviated rather than by the extent of
LiPS shuttle suppression. Although polymeric PLs cannot com-
pletely prevent LiPS shuttle penetration, the impact of such pen-
etration through PL on cell performance seems negligible, par-
ticularly under lean electrolyte conditions. Rather, the modes of

PL degradation could play a pivotal role in determining cycle per-
formance. Therefore, it is worth examining the mechanical char-
acteristics of each PL to investigate the root causes behind the
variations in PL degradation.

Given that Li–S cell cycling should be initiated by discharge
process (Li dissolution occurs), it is worth noting that thin LMA
suffers from local pit formation once Li stripping, resulting in the
creation of huge cavities (Figure S9a, Supporting Information).
Indeed, severe Li pitting exposes beneath Cu surface (Figure S9b,
Supporting Information). Such irregular Li dissolution triggers
the structural evolution of PL|LMA interfaces, causing a large me-
chanical stress at the PLs. From this standpoint, we suspect that
mechanical failures, especially like delamination, can be mostly
initiated by local Li pitting and could cause the deterioration of
their protective roles during prolonged cycling. In a mechani-
cal aspect, we hypothesize that PL degradation involves a com-
petitive relationship between the adhesion and stretchability of
the PL|LMA interface (Figure 4a). Once pit formation is initi-
ated, strain energy (GS) at the PL increases. To release the stored
energy, the PL is going to restore its strain via elastic recovery
and compromise the interfacial energy (GA). Since pit formation
was hardly controlled by the PL coating, the mechanical stress
induced by Li pitting was consistently applied across all PLs.
When subjected to the same tensile deformation stress, a higher
Young’s modulus corresponds to lower stretchability, indicating a
higher tolerance for deformation. If the PL and LMA adhesion is
sufficiently high, the PL could endure the deformation and adapt
to the created pit. However, when the adhesion and stretchability
of PL are poor, it is greater to return to its original state, vulnera-
ble to delamination.

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (5 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202316838 by D
aegu G

yeongbuk Institute O
f, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

To prove our hypothesis, we first estimate the GA values by cal-
culating the interfacial energy (Γ) of PL|LMA using the governing
Equation 1:

Γ = 𝛾Li + 𝛾PL − 2𝜑
(
𝛾Li𝛾PL

)1∕2
(1)

where 𝛾Li and 𝛾PL are the surface free energies (SFEs) of Li and
PL, respectively, and 𝜑 is the interaction parameter, assumed
as the unity.[56] Here, we did not use the reported 𝛾Li value
(398 mJ m−2 for pure Li) due to the presence of native oxide
layer (NOL).[57,58] Instead, we re-derived the 𝛾Li (≈196 mJ m−2)
by confirming the actual NOL compositions via the XPS spectra
(Figure S10, Supporting Information) and referring to SFE data
of each component (Table S1, Supporting Information). Through
Owens–Wendt method,[59] we collected the 𝛾PL values for each
PL (Figure S11, Supporting Information) and corresponding Γ
values were depicted in Figure S12 (Supporting Information).
Through the strain-stress curves, we determined Young’s mod-
ulus (EPL) (Figure S13, Supporting Information). According to
fracture mechanics,[60] work of fracture (Γ0), the driving force per
unit length of the separation line during delamination, can be
represented as the delamination threshold and can be described
as below Equation 2:

Γ0 = 𝛾Li + 𝛾PL − Γ (2)

Γ0 ∝ 𝛾PL
1∕2 (3)

Combining Equations 1 and 2, it was found that Γ0 values can
be defined by the 𝛾PL values (Equation 3). The calculated Γ0 values
are situated within a reasonable range for the interaction between
LMA and PLs, consistent with findings in previous studies.[61,62]

To link the mechanical strength of PLs with SFE-determined
Γ0, a cohesive zone approach was exploited (Figure 4b). Con-
sidering the initial deformation of both PL and LMA within the
elastic range, a bilinear traction-separation law can be employed
(Figure 4c). To simplify the model, we assumed that tensile and
shear damage modes were identically contributed. PL delamina-
tion is initiated when Γ0 exceeds beyond the fracture toughness
(Gc), which can be governed by Equation 4 and determined by
critical stress (𝜎c) or critical displacement (𝛿c). The 𝛿c can be as-
sumed at constant (30 nm), which indicates the imaginary gap
distance of the adhesion failure point.

Gc =
1
2
𝜎c𝛿c (4)

𝜎∗
c =

2Γ0

𝛿c
=

4𝜑
(
𝛾Li𝛾PL

) 1
2

𝛿c
(5)

Integrating the derived relationship between Gc and SFE-
determined Γ0, Equation 5 can be derived. The maximum trac-
tion (critical stress) can be decreased as the SFE of PL decreases.
Therefore, EPL should be mildly tuned considering the SFE-
determined Γ0 to secure the surface adaptivity of PLs. In other
words, despite less adhesive (low 𝛾PL), the PL delamination could
be staved off by reducing the EPL.

In this regard, we preliminary presented the SFE-modulus
(𝛾PL-EPL) plot using COMSOL simulation (Figure 4d). More de-

tails including the models (Figures S14 and S15, Supporting In-
formation), and parameters (Table S2, Supporting Information),
are described in the Supporting Information. First, it was veri-
fied that an increase in 𝐸PL and PL thickness can easily trigger
the delamination (Figure S16, Supporting Information). From
the previous studies,[63,64] Young’s modulus and the coating layer
thickness are identified as the key material parameters affecting
delamination in bilayer systems. When the PL thickness and 𝛿c
were set to 3 μm and 30 nm, respectively, the 𝛾PL-EPL plot reveals
that PL-2 could maintain the contact despite its lower 𝛾PL, since
the EPL is lower than the critical value. Although the 𝛾PL of PL-1
is higher than that of PL-2, EPL of PL-1 exceeds critical modu-
lus, leading to immediate delamination and failure to adapt to
local Li pitting. While this finding may contradict the consensus
regarding PL requirements, where a high modulus is preferred
for mechanically suppressing Li dendrites,[65,66] our simulation
study provides insight into how to ensure the structural stabil-
ity of the PLs against Li pitting-induced delamination. Particu-
larly for deformation-tolerable, high-modulus PLs, the adhesion
(𝛾PL) must be significantly increased to prevent PL delamination.
Therefore, increasing 𝛾PL should be co-considered for high mod-
ulus PL to secure the interface stability of PL|LMA, indicating the
potential importance of these factors in material selection.

To examine the morphological evolution of PL|LMA, we per-
formed an ex situ SEM study for the LMA samples harvested af-
ter the first discharge (first Li stripping), recharge (subsequent Li
plating), and second discharge (Li re-stripping) steps. The bare
Li suffered from severe local Li pitting, even exposing beneath
Cu (Figure 5a–d), and dendritic Li was deposited locally at the pit
area during subsequent charging. Then, Li can be stripped out
at the Li dendrites and unstripped Li area, resulting in irregular
surface morphology even after pre-cycling. While local Li pitting
was consistently observed despite PL coating, degradation pat-
terns were different. The PL-1 looks instantly delaminated upon
first Li stripping. The contrast difference during the following
recharge and discharge indicates the silhouettes juxtaposed with
the roughened LMA surface beneath the PL-1. In contrast, PL-2
maintained interfacial contact along the pitted surfaces, implying
that a highly elastic nature with lower EPL compensates the insuf-
ficient adhesion. Nonetheless, Li penetration took place eventu-
ally where PL-2 could not withstand the Li dendrite-driven defor-
mation, leading to gradual deterioration of the interfacial contact.
The PL-3 can also adapt to the Li pitting benefiting from the low-
est interfacial energy, while its partial dissolution adversely caus-
ing Li deposition and propagation along atop the PL.

Figure 5e illustrates the PL degradation behaviors regarding
the structural stability of PL|LMA interfaces. Despite the Li pro-
tection, sporadic Li pitting could be occurred owing to inherently
inhomogeneous NOL or irregularity of bulk Li structure.[67,68]

Once the Li pitting severely occurred, PL deformation is in-
evitable. While good adhesion is beneficial, if the PL is not suf-
ficiently deformable, delamination could occur (PL-1). The fail-
ure of Li protection with earlier delamination causes the in-
vasion of electrolyte and LiPS into the interspace between PL
and LMA, accelerating the LMA deterioration. Despite the rel-
atively weaker adhesion to LMA, the highly deformable PL could
adapt to the Li pitting-driven interfacial evolution, effectively re-
tard the delamination (PL-2). Nonetheless, the low modulus of
PL could be fatal to Li penetration, eventually leading to partial

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (6 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Ex situ SEM analysis for the LMA samples harvested after the first discharge (first Li stripping), recharge (followed Li plating), and second
discharge (second Li stripping) steps, as depicted in the voltage curve of Li–S cell (2.6 mAh cm−2) cycled at 0.1 C-rate: a) bare Li; b) PL-1; c) PL-2; and
d) PL-3. e) Schemes of PL degradation, including PL delamination, Li penetration, and PL dissolution, respectively.

delamination. The PL possessing a higher 𝛾PL is preferred to
prevent the Li pitting-driven delamination (PL-3). Although the
proposed SFE-modulus (𝛾PL-EPL) map should be refined through
precise adjustments of key variables in the simulation and fur-
ther validated with various PL candidates, the 𝛾PL and EPL values
of the PL can serve as indicators to identify suitable PL candidates
for effective LMA protection.

The above mechanistic studies have inspired us to design
a dual-layer structured PL focusing on interfacial energy and
elasticity to enhance surface adaptivity for sustainable pro-
tection. The dual-layered APL includes the PL-3 (PEO) inner
layer for reducing PL|LMA interfacial energy, positioning well-
stretchable PL-2 (PVDF-HFP) at the outmost layer for LiPS re-
jection (Figure 6a). In a mechanical aspect, the Young’s modu-
lus of APL was measured at 0.58 GPa using UTM (Figure S17,
Supporting Information), which is not positioned at the mid-
point between PL-3 (0.26 GPa) and PL-2 (0.54 GPa), but it is
consistent with that of PL-2. This suggests that the mechani-

cal strength of dual-layered APL is governed by its more robust
component. Benefiting from PL-2, the APL effectively mitigated
the LiPS crossover in the H-cell test (Figure S18, Supporting In-
formation). Furthermore, the outer coating of PL-2 is essential
to prevent the partial dissolution of PL-3 (PEO) into the elec-
trolyte. Cross-section SEM image reveals that APL was success-
fully coated and distinct composition (C, F, and O) by track-
ing the EDS mapping (Figure 6b). Ex situ SEM study was fur-
ther conducted to examine the surface adaptivity of APL dur-
ing initial cycling at 0.1 C rate. In contrast to extreme struc-
tural change of bare Li, the structure of APL well-remained with-
out delamination upon first Li stripping (Figure 6c), benefiting
from the PEO inner layer, and showed no penetration subsequent
Li plating (Figure 6d), ensuring high stretchability. Even after
2nd discharge, no delamination and penetration were observed
(Figure 6e), emphasizing that improving surface adaptivity by re-
ducing interfacial energy and ensuring stretchable characteris-
tic is key role for suppressing the initial degradation. Moreover,

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (7 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Design and morphological evolution of APL-coated LMA and cycling performance of Li–S cells. a) Scheme of APL structure. b) Cross-sectional
SEM image with EDS mapping of APL. Ex situ SEM images obtained after c) discharge, d) re-charge, and e) second discharge at 0.1 C. f) Pre-cycling
voltage profiles, g) capacity retentions, and h) post-cycling voltage profiles (after 200 cycles) for Li–S cells with bare Li and APL|Li cycled under flood
electrolyte (E/S = 20 μL mg−1) at 0.3 C/0.5 C charge/discharge. i) Pre-cycling voltage profiles, j) capacity retentions, and k) post-cycling voltage profiles
(after 80 cycles) for Li–S cells with bare Li and APL|Li cycled under lean electrolyte (E/S = 5 μL mg−1) at 0.3 C/0.5 C charge/discharge.

postmortem SEM revealed that the APL remained intact and pre-
served its original morphology despite repeated cycling (Figure
S1, Supporting Information9). EDS mapping also confirmed that
the oxygen component, attributed to the PEO layer, remained lo-
cated at the bottom of the APL, implying the suppression of PEO
dissolution.

To validate the impact of APL, the cycling stability of Li–S
cells under flooded- and lean-electrolyte conditions was evalu-
ated. When cycling with flooded electrolyte (Figure 6f), the cell
with APL|Li attained a higher capacity (1130 mAh g−1) and deliv-
ered longer cycle-life (224 cycles) at 80% capacity retention, supe-
rior to unprotected LMA (168 cycles) (Figure 6g). While QH was
consistently reduced in both cells after 200 cycles, the APL|Li cell

retained much higher QL, suggesting that APL effectively sup-
pressed permeation of LiPS (Figure 6h). Because APL|Li main-
tained adhesion well, it physically blocked LiPS, thereby retarding
the reaction between LiPS and LMA. Moreover, the APL|Li cells
with mildly low E/S ratio (8.5 μL mg−1) consistently improved
the cycle performance (193→286 cycles) (Figure S20, Supporting
Information). When further reducing the E/S ratio (5 μL mg−1),
the protective role of APL becomes more pronounced, simulta-
neously enhancing QH and QL retentions with reduced cell polar-
ization (Figure 6i,k), which are unattainable for bare Li. This im-
provement is likely attributed to suppression of electrolyte con-
sumption, demonstrating a twofold enhancement of cycling per-
formance (38→87 cycles at 70% capacity retention) (Figure 6j).

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (8 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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In the cyclic voltammetry (CV) test (Figure S21, Supporting In-
formation), the cathodic peak at 1.9–2.0 V, attributed to LiPS re-
duction, was significantly delayed for the bare Li cell during re-
peated CV cycles. This delay indicates that the LiPS reduction
kinetics become sluggish, likely due to an increase in viscosity
driven by electrolyte loss.[69] However, the APL|Li cell exhibited
a negligible peak shift, suggesting that APL protection can alle-
viate electrolyte decomposition without significantly increasing
viscosity, thus ensuring seamless electrochemical reduction.

For a comparison with other single-layer PLs, we fairly equal-
ized the thickness of PLs and APL at 5 μm and performed the Li–
S cell cycling test under lean electrolyte conditions (Figure S22,
Supporting Information). Indeed, similar trends were observed
for single-layer PLs: the PL-2 and −3 cells showed extended cy-
cle numbers, while PL-1 cell failed earlier, showing sudden ca-
pacity drop after only 18 cycles. This implies that the increased
thickness of the high modulus PL (PL-1) not only makes it more
susceptible to delamination but also accelerates side reactions of
electrolytes trapped between the PL and LMA, which is well sup-
ported by our simulation results (Figure S16, Supporting Infor-
mation). In stark contrast, 5 μm-APL demonstrates outstanding
cycling stability among the PLs and remains superior to thinner
single-layer PLs (3 μm), as shown in Figure 2. Despite the thick-
ness penalty, the extended cycling performance of the APL cell
under lean electrolyte conditions can be firmly attributed to its
surface adaptive function, which plays a crucial role amidst the
structural evolution of the underlying LMA. Indeed, when the
thickness of the APL is doubled to ≈10 μm, its surface adaptive
function may be limited in preventing electrolyte decomposition,
as confirmed by Li–S cell cycling results (Figure S23, Supporting
Information).

To further validate the surface adaptivity role of APL, we con-
ducted additional experiments with a reversed APL (rAPL) by
changing the coating sequence of PL-2 and PL-3 and performed
the cycling test with Li–S full cells using bare Li, APL|Li, and
rAPL|Li under lean electrolyte condition (Figure S24, Supporting
Information). The cell with rAPL|Li showed inferior cycle perfor-
mance compared to bare Li and APL|Li cells (<40 cycles with 80%
capacity retention). When exposing the PL-3 to the electrolyte, it
can be dissolved into the electrolyte as confirmed before (Figure
S4, Supporting Information), leading to a sole protection with in-
ner layer (PL-2, PVDF-HFP), not securing the interfacial stability,
and thereby leading to imperfect surface adaptivity. Moreover, us-
ing PEO as the outer layer is not preferred, as it adversely permits
the penetration of sulfur or LiPS.[70] Benefiting from the rational
sequencing of dual-layer coating, the APL can inhibit the elec-
trolyte penetration by PEO-derived improvement of the PL|LMA
interfacial stability and prevent LiPS crossover through the outer
PVDF-HFP. The efficacy of APL was further verified by perform-
ing the rate capability test of Li–S cells (Figure S25, Supporting
Information).[71,72] Contrary to bare Li, the APL cell retained the
higher cell capacity even at escalated discharge rates by alleviat-
ing the overpotential of the 2nd voltage plateau, likely attributed
to the lower viscosity of the electrolyte.

To compare the extent of Li pulverization, the cross-sectional
SEM images of the bare Li and APL|Li were collected under
different electrolyte conditions. With 8.5 μL mg−1 of E/S ra-
tio, unprotected Li underwent 162% of anode swelling, whereas
APL-Li exhibited only 70% of anode swelling after 150 cycles

(Figure 7a,b). Similar behaviors were consistently observed at dif-
ferent local spots (Figure S26, Supporting Information). Even at
a lower E/S ratio (5 μL mg−1), while bare Li severely suffered
from LMA swelling (187%, Figure 7c), APL exhibited only 70% of
LMA swelling (Figure 7d), suggesting that APL could retard the Li
pulverization and minimize side reactions by improved surface
adaptivity against the structural evolution of PL|LMA interfaces.
To further evaluate the protective role, we examined the XPS
spectra evolutions for bare Li and APL|Li after 10 cycles under
lean electrolyte (Figure 7e–h). Bare Li showed remarkable peaks
of N and S-containing species, including C─N, N─H (399.3 eV)
and Li3N (397.3 eV) in N 1s spectra and −SOx (167 eV), −S2Ox
(168 eV), and LiPS derivatives (LiS2, Li2S2 and S─S species) at
lower binding energies (160–165 eV) in the S 2p spectra. In con-
trast, APL|Li exhibited much weaker S-containing peaks, suggest-
ing that effective prevention of LiTFSI and LiPS-derived side re-
actions. When examining the top-view SEM images after 25 cy-
cles, bare Li showed a dendritic and mossy Li deposits, whereas
APL exhibits a comparatively smoother structure (Figure S27,
Supporting Information). This contrast is responsible to surface
adaptability of APL accommodating LMA swelling-driven struc-
tural evolution and sustaining interfacial contact. Therefore, re-
inforcing the PL|LMA interfacial stability using dual-layer struc-
tured APL can successfully inhibit the penetration of electrolyte
and LiPS, which is crucial for LMA stabilization in the practical
Li–S cells.

3. Conclusion

In this work, we proposed the APL concept to protect LMA sus-
tainably and to secure the cycling performances of Li–S batteries
with lean electrolytes. Despite the conformal coating of PL, the in-
trinsic heterogeneity of the LMA surface can still induce uneven
Li stripping and plating. Our experimental results and simulation
study on the PL failure mechanism emphasize the significance of
two properties of PLs: interfacial stability (adhesion) and stretch-
ability. In lean electrolyte conditions, the cycling stability of Li–S
cells with PL-coated LMAs relies on how well the PL can alleviate
electrolyte depletion and maintain the PL|LMA interface during
uncontrolled structural evolution of the LMAs. Dual-layered APL
can simultaneously improve the PL|LMA interface stability via
PEO inner layer and the LiPS blocking by outer coating of elastic
PVDF-HFP, demonstrating surface-adaptive protection of LMA.
The Li–S cells with the APL|LMA successfully validates the ex-
tended cycling even at low E/S ratio by alleviating the Li pulveriza-
tion and electrolyte loss. The proposed SFE-modulus plot should
be developed by finely tuning the key variables and further valida-
tion with various PL candidates. If the extent of electrolyte loss is
closely related to the initial PL failure, Young’s modulus and SFE
values for the PL of interest could be strong indicators for ensur-
ing the structural stability of PL|LMA interfaces and determining
the cyclability of practical Li–S cells.

4. Experimental Section
Fabrication of PL-Li: All procedures were in Ar-filled glove box (mois-

ture and oxygen content ≤ 0.1 ppm). 10 wt.% polymer (PVDF, PVDF-HFP)
solutions were dissolved in Dimethylacetamide (DMAc, Sigma–Aldrich)

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (9 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Postmortem analysis of bare Li and APL. Swelling test of LMAs obtained from Li–S cell after 150 cycles under electrolyte condition (E/S ratio
8.5 μL mg−1) using a) bare Li, b) APL. Swelling test of LMAs obtained from Li–S cell after 30 cycles under electrolyte condition (E/S ratio 5 μL mg−1)
using c) bare Li, d) APL. High-resolution XPS spectra of different elements (e) C 1s, f) F 1s, g) N 1s, and h) S 2p) at the Bare Li and APL, respectively.
All samples are obtained from LMAs in Li–S cell after 10 cycles at E/S ratio 5 μL mg−1.

and mechanically stirred to make a homogeneous solution. 10 wt.% of
PEO (Mw 100 000, Sigma–Aldrich) was put in DMAc and mechanically
stirred at 60 °C until PEO was entirely dissolved. The solution was cast on
the Li foil (40 μm thick Li laminate, Honjo Co.Ltd, Japan) using a doctor
blade and dried to evaporate DMAc solvents at 60 °C under a chamber in
the glove box for 1 h. For taking APL, PVDF-HFP solution cast the PEO-
coated LMA to coat the OPL.

Material Characterization: To study the morphological feature of PLs,
field-emission scanning electron microscopy (FE-SEM, SU−8020, S-4800,
Hitachi, Japan) was used. Atomic force microscopy (AFM, Nanosurf,
Swiss) was used to investigate 2D and 3D surface topology and quan-
tify the roughness of bare Li and PL-Li in non-contact mode. The contact
angles were investigated using a DSA100 (USA) using two different sol-
vents (water, ethylene glycol) to estimate the surface free energy of the PLs.
All the mechanical properties of PLs were measured by Universal testing
machine (UTM, SFM-100 kN, USA). The PL films were casted (≈0.1 mm
thickness) onto the glass and then dried at 60 °C under convection oven
for overnight. The LiPS diffusion test was conducted in two compartment
H-cell with compartments separated by polymer-based PL (120 μm thick-
ness, diameter:20 mm) and PE separator (diameter:19 mm). The left side
contained DOL/DME solvent, while the right side contained 0.5 m Li2S6
in DOL/DME, aiming to replicate authentic cell conditions. The LiPS so-
lution was prepared by dissolving stoichiometric amounts of Li2S and S8
in DOL/DME (1:1 in volume) and stirred at room temperature overnight.
The diffusion test was performed in the glove box (H2O and O2 content
≤0.1 ppm) for 30 h.

Electrochemical Measurements: All coin-type cells (CR2032) were as-
sembled in a glove box. The cathode was prepared by LG Energy Solution.
The areal sulfur loading was fixed at 2.3 mgsulfur cm−2. Coin cells were fab-
ricated in an Ar-filled glove box by pairing with a 40 μm-thick Li laminate
on copper current collector (diameter:16 mm, Honjo Co.Ltd, Japan) discs
as a counter electrode. A polyethylene membrane (diameter:19 mm, PE,
LG Energy Solution) was used as a separator. Electrolytes with LiTFSI and
lithium nitrate (LiNO3) were prepared, totaling a Li+ concentration of 1 m
in 1,3-dioxolane (DOL): 1,2-dimethoxyethane (DME) (1:1 in volume) and 2

wt.% LiNO3. The variable E/S ratio was used at 20, 8.5, 5 μL mg−1
sulfur for

each cell. The Li–S cells with mass-loading of cathode (≈2.6 mAh cm−2)
were cycled 2.5 times at 0.1 C rate over the voltage range of 1.8–2.5 V and
subsequent cycling was performed at 0.2 C rate three times for formation
cycle at 25 °C. And then, main cycling was performed at 0.3 C charge (con-
stant current (CC) mode) and 0.5 C discharge (CC mode) current density
within the same voltage window.

Postmortem Analysis: The cycled cells were disassembled inside the
glove box. All samples were washed with pure DME solvent and dried at
room temperature under a vacuum overnight. Then, the samples were her-
metically sealed using polypropylene containers and were quickly trans-
ferred to the SEM and XPS chambers to avoid sample contamination. The
chemical components of the passivation layer of bare Li and PL|LMA sur-
faces were examined using XPS (ESCALAB 250Xi, Thermo Fisher Scientific,
USA). The Casa XPS program was used for peak deconvolution. The C 1s
peak at 284.8 eV was taken as a reference to calibrate the binding energy
of all elements. To obtain 3D topology after the pit formation, Li–S cells
were discharged at 0.1 C rate and the cell was disassembled after 0.1 mAh
cm−1.

Computational Simulation: To comprehend the properties of the PL
and its impact on delamination, a delamination model of the PL|LMA was
developed using Solid Mechanics module in COMSOL Multiphysics 6.0.
From the literature,[73] the geometric and mechanical parameters were de-
rived from experiments and assumptions (Table S2, Supporting Informa-
tion). Geometric features, boundary conditions, and initial conditions are
detailed in Figure S14 (Supporting Information). To simulate the pit forma-
tion as Li stripped out, a hygroscopic shrinkage region was created within
the LMA. This induced strong interfacial stress between the PL and LMA
due to Li-induced strain. Work of fracture (Γ0) values were calculated from
the SFEs of each material to implement the adhesive behavior of the inter-
face, and the relationship between SFEs and critical stress was also derived
through the introduction of bilinear traction-separation law. Interfacial en-
ergy (Γ) was diagnosed by evaluating the onset of damage according to the
SFEs (𝛾PL) and Young’s modulus (EPL) of the PL materials using derived
a relationship.

Adv. Funct. Mater. 2024, 34, 2316838 2316838 (10 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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