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CONTEXT & SCALE Gel polymer electrolytes are promising for lithium batteries due to their high ionic con-
ductivity, excellent thermal stability, unique rigid-flexible frameworks, and favorable chemical compatibility
with lithium metal. Despite these advances, the fundamental relationship between polymer backbone chem-
iIstry and lithium-ion solvation and transport remains poorly understood, and the intrinsic role of the polymer
framework in regulating Li* solvation structure has often been overloocked. In this work, we design an in situ
fluoroacrylate-based gel polymer electrolyte featuring a parasitic salt-phobic network that successfully pro-
motes an anion-rich solvation structure, enabling both extended cycling life and enhanced thermal stability in
an anode-free lithium battery. The secondary salt-phobic networks within the polymer matrix act as nano-
scale domain walls that attract solvents but repel lithium salts, thereby inducing chemical inhomogeneity
in the electrolyte and promoting anion-rich solvation of Li* ions due to the reduced availability of nearby sol-
vent molecules. Importantly, the anion-rich solvation structure is confirmed by Raman spectroscopy, nuclear
magnetic resonance, and molecular dynamics simulations. Moreover, such a tailored solvation environment
promotes an anion-derived solid electrolyte interphase that effectively stabilizes lithium plating/stripping and
mitigates interfacial parasitic reactions. The parasitic salt-phobic network design not only deepens the
mechanistic understanding of solvation chemistry for polymer electrolytes in anode-free systems but also
provides a practical pathway toward next-generation safe and durable energy storage systems.

SUMMARY

Anode-free lithium metal batteries offer high energy density but suffer from poor cycle life and thermal insta-
bility due to unstable anode morphology and parasitic interfacial reactions. We address these challenges by
developing a gel polymer electrolyte featuring a parasitic salt-phobic network. Copolymerization of a
branched acrylate and a fluoroacrylate forms the primary gel matrix, while fluoroacrylate-driven interchain
interactions induce a secondary network that attracts solvents but excludes salts, creating nanoscale
compositional inhomogeneity and promoting anion-rich solvation. This regulated microstructure enhances
Li deposition/stripping reversibility, cycling life, and thermal stability. In 4.8 mAh/cm? Cu/NCA pouch cells,
80.3% of the initial 192.2 mAh/g is retained after 100 cycles, while 240 mAh anode-free cells maintain
81.2% after 70 cycles with 2.8 g/Ah electrolyte at 3.0-4.3 V and exhibit no thermal runaway in drilling tests.
This work highlights polymer backbone chemistry as a powerful handle for tuning solvation and enabling
safe, high-energy anode-free batteries.
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INTRODUCTION

Lithium metal batteries (LMBs) are attractive for next-generation
energy storage, given the ultrahigh specific capacity of lithium
metal anode.’ ™~ However, lithium metal is costly and difficult to
process since it is highly air sensitive.”” In addition, the high
ductility of lithium metal causes contamination in electrode
slicing, increasing complications in cell manufacturing.”" In prin-
ciple, a lithium metal anode is not needed since the mainstream
cathodes contain enough lithium ions for eyeling.”® This fact
leads to the so-called “anode-free” LMBs with the structure of
Cu/separator/cathode/AL'""* Such a design allows for maxi-
mizing the energy density for a given cathode.'™"" For example,
anode-free cells employing a LiNi;_x.,CoxAl,0, (NCA) cathode
exhibit 24% and 78% higher volumetric energy density than
LMBs and lithium-ion batteries, respectively (Figure 1A; Table 51).
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Despite these advantages, anode-free LMBs face substantial
challenges. First, the cycle life is limited by the continuous loss of
active lithium, originating from poor solid electrolyte interphase
(SEl) and thus inhomogeneous lithium deposition.'* " Besides,
a pressure higher than 1.0 MPa is often needed for improving
the cycling life, whereas a pressure below 0.8 MPa is highly
desirable for practical applications.’” Moreover, safety remains
another concern, particularly with flammable electrolytes and
high Mi-oxide cathodes. ™"

Anion-rich solvation has emerged as a promising strategy to
stabilize lithium metal anodes by forming a salt-anion-derived
SEl (e.g., LiF and Li,O) that ensures uniform lithium nucleation
and growth and mitigates electrolyte depletion.””' " To date,
scientists primarily focus on localized high-concentration elec-
trolytes (LHCEs) to achieve anion-rich solvation. In LHCEs
(Figure 1B), a high salt-to-solvent ratio (SSR) ensures anion-rich
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Figure 1. Design concept of polymer gel matrix featuring a parasitic salt-phobic network
(A} Calculated energy density and specific energy of graphite/NCA, Li/NCA, and Cuw/NCA anode-free batteries. The area-specific capacity for NCA is 4.8 mAh/

cm-. Details can be found in Tables 51 and S5.

(B) Conventional LHCEs rely on large amounts (>80 wt %) of fluorinated nonsolvents, which increase cost and electrolyte density, posing challenges for practical

implementation.

(C) Gel polymer matrix with a parasitic salt-phobic network generated by the interchain interactions of 2.5 wt % fluoroacrylate, promoting an anion-rich solvation

structure.
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solvation, and the heavily fluorinated nonsolvent lowers viscos-
ity.” " Howewver, the high content of fluorinated nonsolvents
(=60 wt %) significantly increases cost, environmental concerns,
and electrolyte density, reducing the energy density at the cell
level.” """ Therefore, the development of advanced electrolytes
that enable anion-rich solvation while minimizing fluorinated dil-
uents is highly desirable.

This work proposes a design strategy to enable anion-rich sol-
vation by spatially segregating solvent-rich domains from Li*
solvation sites in the electrolyte (Figure 1C). Specifically, a gel
polymer electrolyte featuring a parasitic salt-phobic fluoropoly-
mer network is developed. In this electrolyte, branched acrylates
construct the pnmary gel polymer matrix, while only 2.5 wt % flu-
oroacrylate is covalently incorporated via its acrylate head.
Motably, the salt-phobic fluorocarbon tails self-assemble
through interchain interactions, forming a secondary parasitic
network that spatially segments the electrolyte into nanoscale
domains (< 5 nm). The parasitic salt-phobic network, which
acts as nanoscale domain walls, exhibits high affinity toward sol-
vents but repels lithium salts, further creating chemical inhomo-
geneity in the electrolyte phase, promoting anion-rich solvation
among Li* ions due to the presence of less solvent around
them. Such a design offers the following advantages over con-
ventional LHCEs: (1) the parasitic salt-phobic network can pre-
cisely regulate Li* solvation by selectively coordinating solvents
while excluding salts. Such a well-defined anion-rich solvation
promotes the formation of a robust, high-guality SEI. By contrast,
nonsolvents in conventional LHCEs have limited tunability over
the solvation structure. (2) The polymer phase substantially en-
hances thermal stability, whereas LHCEs have limited thermal
stability (Figure 51), and (3) owing to the low content of fluori-
nated acrylate (2.5 wt %), the overall gel electrolyte cost is
considerably lower than that of LHCEs, which often contain a
large fraction of expensive fluoroethers (Table 52). Furthermore,
such a design exhibits a reduced electrolyte density of
1.27 g/em®, compared with ~1.51 g/em® for typical LHCEs
(Table 52), which can help increase the energy density of cells.

Based on this design concept, trimethylolpropane trimetha-
crylate (TMPTMA) and heneicosafluorododecyl acrylate (HFDA)
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are used to form such a gel polymer electrolyte. Raman, NMR,
cryogenic transmission electron microscopy (cryo-TEM), and
X-ray photoelectron spectroscopy (XPS) characterizations vali-
date anion-rich solvation and LiF-rich SEI. With this electrolyte,
Cu/NCA multilayer pouch cells deliver an initial capacity of
196.5 mAh/g and retain 81.2% after 70 cycles at 3.0-4.3 V
under harsh conditions (2.8 g electrolyte/Ah, 0.7 MPa, and
4.8 mAh/cm®, 0.2C/0.5C charge/discharge). With a narrower
voltage range of 3.4-4.3 and 3.6-4.3 V, the capacity retention
is further improved to 80.3%/100 cycles and 87.2%/200 cycles,
respectively. Such performance is better or on par with the best
reported results. Moreover, these pouch cells show excellent
thermal stability and pass the rigorous drilling test at the fully
charged state without thermal runaway.

RESULTS

Design of a gel polymer matrix featuring parasitic salt-
phobic network

To realize the proposed gel electrolyte design, we selected
TMPTMA as the backbone, as its branch structure can form a
polymer network at a low concentration (e.g., 3%=5%), which
does not compromise the ionic conductivity significantly.” The
parasitic salt-phobic network is based on HFDA. Moreover, to
understand the effectiveness of the design, we studied gel elec-
trolyte with a series of fluoroacrylate monomers with different
lengths of CF,, chains: 5 wt % TMPTMA (no CF,, group, denoted
as GPE-F0}, 2.5 wt % TMPTMA + 2.5 wt % 2,2,2-trifluoroethyl
acrylate (TFEA) (-CF5 group, GPE-F1), 2.5 wt % TMPTMA + 2.5
wt % 2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA) (-CsF¢ group,
GPE-F3), and 2.5 wt % TMPTMA + 2.5 wt % HFDA (-CqgF21
group, GPE-F10). The liquid phase is always 1.0 M LIDFOB +
0.4 M LiBF; in diethyl carbonate (DEC)/fluoroethylene
carbonate (FEC) (2:1, by volume, denoted as LE) since it leads
to one of the best-performing anode-free batteries.’”

A scheme of preparation of gel electrolytes is shown in
Figure 52, All four polymer gel electrolytes above were prepared
by polymerizing LE with corresponding monomers and initiator
at 55°C for 12 h (Figure 53). Raman spectroscopy confirms

Figure 2. Gel polymer electrolytes and their physical properties

(A} Raman spectra of monomers and GPE-F10, showing that monomers are completely polymerized in GPE-F10.
IB) Dependence of the intrinsic ionic conductivities of the electrolytes as a function of temperature.

(C) Binding energy between Li* and acrylate monomers calculated by DFT. Dashed lines indicate the binding energy between Li* and comresponding solvent
molecules. HFDA has the smallest binding energy, which means the highest salt-phobic nature.

(D) Laser beam scattering tests for 2.5 wt % fluorinated acrylates in the liquid electrolyte (left to right: HFDA, HFBA, and TFEA). Only HFDA shows strong
scattering, indicating the existence of a micelle.

(E) Cryo-TEM image of GPE-F10 after gelation, showing the aggregation of flucroacrylate molecules and their participation in the gel matrix after gelation. The
voltage 1s 200 kY. The magnihcation is 300,000.

iF) Barrett-Joyner—-Halenda (BJH)desorption pore size distribution of GPE-F10 after freeze drying, fundamentally modifying the nanoporous architecture of the
gel matrix by the parasitic network.

(G~} MD-simulated structures of (G) LE, (H) GPE-FO, and () GPE-F10, with the two green circles showing the interchain interactions and aggregation of the HFDA
moleculea.

{(J) MD-simulated salt-tcu—suhrentqratic: (SSR) profiles for GPE-FO and %PE—F1D. S5Raway [xﬂ] is defined as SSR in regions more than x A away from polymer
molecules inside, and S5R, .., (xA) is defined as 35R in regions within x A away from polymer molecules, 50 35R,.,/SSR e > 110 GPE-F10 means that it is salt-
phobic, driving the formation of an anion-rich solvation structure in GPE-F10.

(K) Raman spectra analysis of DFOB  and BF; anions with LIDFOB and LiBF; dissolved in various electrolytes. GPE-F10 shows a more anion-rich solvation
structure.

(L} Comparisen of ‘Li NMR spectra of electrolytes in the liguid state, referenced to 0.1 M LiCl in H-0O. The upfield trend shows stronger interaction between the
anions and Li* is observed in GPFE-F10.
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that the C=C bonds at ~1,640 cm™ ! diminish after heating, indi-
cating complete polymerization (Figures 2A and S4).""" Fourier
transform infrared (FTIR) pectroscopy and X-ray diffraction
(XRD) analyses (Figures 55 and S6) confirm the successful incor-
poration of fluorinated units and the predominantly amorphous
nature of the gel polymer electrolytes, which are features that
are favorable for efficient lithium-ion transport.”>** lonic con-
ductivities of these electrolytes are measured by impedance in
a stainless steel symmetric cell configuration. GPE-FO, GPE-
F1, GPE-F3, and GPE-F10 show ionic conductivities of 2.9,
3.0, 2.7, and 2.2 mS/cm at 25°C, respectively, which are close
to LE (3.5 mS/cm; Figure 2B), validating that a small portion of
TMPTMA can form gel electrolytes without substantially sacri-
ficing ionic conductivity. The temperature-dependent conductiv-
ity between 25°C and 55°C shows the same trend as results at
room temperature (LE > GPE-FO = GPE-F1 = GPE-F3 > GPE-
F10) (Figures 2B and 57). Moreover, the reported gels maintain
an average electrolyte retention of 99.1% and an ionic conduc-
tivity retention of 99.0% relative to the freshly prepared samples
(Figure 58), demonstrating an excellent stability with a shelf life of
at least 7 days.”""~ Besides, compression tests of the gel poly-
mers (Figure 59) reveal that GPE-FO exhibits the highest
modulus (34.7 kPa) due to its high crosslinking density, whereas
GPE-F1, GPE-F3, and GPE-F10 show lower values (~9-10 kPa).

Density functional theory (DFT) calculation shows that fluoroa-
crylate with a longer CFx chain leads to weaker binding between
Li* and the polymer phase, thus showing a more salt-phobic
nature. The binding energy (Ey) between Li* and monomers in-
creases from —291.8 kJ/mol for TMPTMA to —118.5, —130.9,
and —83.8 kJ/mol for TFEA, HFBA, and HFDA, respectively
(Figure 2C). Hence, a long perfluorinated chain in HFDA promotes
the repulsion between the polymer phase and the liquid electro-
lyte.”" " After confirming the salt-phobic nature of long-fluoro-
carbon chains, the aggregation behavior of fluoroacrylate is further
investigated. Atypical micelle behavior of HFDAIn liquid electrolyte
is cbserved in the Tyndall effect test (Figure 2D), and a correspond-
ing micelle size of 120 nmis found by dynamic light scattering (DLS)
(Figure 510). These results highlight the salt-phobic nature of
HFDA and demonstrate the aggregation of its salt-phobic tails
via interchain interactions in the electrolyte.”™ By contrast, no
micelle formation is observed for TFEA and HFBA (Figure 2D),
which is attributed to their shorter fluorocarbon chains.

Further, the participation of fluoroacrylate in the polymer ma-
trix can be shown by cryo-TEM. GPE-F10 exhibits aggregation
behavior before gelation (Figure 511), consistent with the Tyndall
effect test. After gelation, a cross-linked polymer network is
observed, indicating that HFDA has been integrated into the
network (Figure ZE). Importantly, such interchain interactions
from fluorocarbon segments of HFDA in the liquid electrolyte
are retained within the gel matrix. As expected, molecular dy-
namics (MD) simulations reveal the aggregation behavior in
GPE-F10 (Figure Z2lI), driven by interchain interactions among
the fluorocarbon chains, while no such interchain interactions
are observed in LE and GPE-FO (Figures 2G and 2H). It is ratio-
nally hypothesized that these interchain interactions in GPE-
F10 can form a secondary parasitic network, thus spatially
confining electrolyte into nanoscale domains and thereby pro-
moting the formation of an anion-rich solvation structure.
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To validate this hypothesis, nitrogen adsorption-desorption
measurements are applied to confirm the formation of a parasitic
network in GPE-F10. Nitrogen adsorption-desorption measure-
ments reveal that the structure of GPE-F10 after freeze drying
is predominantly composed of highly uniform nanopores
(Figures 2F and 512). The freeze-dried GPE-F10 exhibits a high
Brunauer-Emmett=Teller (BET) specific surface area of 368 m?/
g and an average pore diameter of 3.7 nm. However, a much lower
specific surface area (116 mgfg} and a higher but more heteroge-
neous pore diameter (6.8 nm) are found in GPE-F3 (Figure 512).
These distinctions provide strong evidence for the emergence
of a secondary parasitic network, which fundamentally modifies
the nanoporous architecture of the gel matrix. Scanning electron
microscopy (SEM) analysis also reveals that GPE-F10 exhibits a
finely segmented, nanoscale pore structure, whereas GPE-F3
displays larger, more heterogeneous nanopores (Figure 513).
SEM observations are consistent with BET measurements, both
indicating the formation of a secondary parasitic network in
GPE-F10.

Furthermore, the salt-phobic polymer network can result in a
higher concentration of salt in regions away from the polymer
network. This is first supported by MD simulations (Figure 2J),
where GPE-F10 shows a higher S5R in regions away from the
polymer network, which promotes anion-rich solvation. By
contrast, GPE-FO shows a low SSR in regions away from the
polymer network. Consistently, the polymer phase in GPE-F10
(HFDA + TMPTMA) leads to the largest difference in contact
angle (16.5°) between the dual-salt electrolyte (LiDFOB/LIBF,4
in FEC/DEC) and the corresponding pure solvent (FEC/DEC),
much larger than polymers in GPE-FO (1.5%), GPE-F1 (3.3%),
and GPE-F3 (5.6%) (Figures 514 and 515). Such results further
validate the salt-phobic nature of HFDA.

Then, Raman spectroscopy is used to study Li™ solvation in
various electrolytes (Figures 2K and 516). By deconvolving
Haman spectra for anions (BF, and DFOB ), it is found that
the percentage of ion-aggregated (AGG) anions increases with
a longer fluorocarbon chain, as discussed in Note 51, Notably,
GPE-F10 exhibited the highest AGG portion in both BF,” and
DFOB  anions among LE and gel electrolytes. As a higher
AGG portion indicates an anion-rich solvation structure,”™ =
such results strongly corroborate our hypothesis that a parasitic
salt-phobic network can promote anions prevailing to coordinate
with Li*. Besides, GPE-F10 displays a more negative "Li chemi-
cal shift (—0.156 ppm) than LE (—0.138 ppm) and other gel elec-
trolytes (—0.139 ppm for GPE-FO, —0.143 ppm for GPE-F1,
—0.150 ppm for GPE-F3) in Figure 2L. Compared with other elec-
trolytes, the more upfield shift of GPE-F10 demonstrates the in-
crease in electron density around Li*, which results in a relatively
strong shielding of Li*, indicating the stronger interaction be-
tween the anions and Li®."™"" The same trend was also observed
in fluoroacrylates alone to eliminate the influence of TMPTMA in
Figure 517. The formation of an anion-rich solvation structure
driven by a parasitic network is further deciphered by calculating
the radial distribution functions (RDFs) and cumulative distribu-
tion functions (CDFs) using MD simulations (Figure 518). GPE-
F10 shows a lower Li-O (DEC) and Li-O (FEC) frequency (the
absolute value of gr]) than LE and GPE-F0, demonstrating that
the solvents are less likely to enter the first solvation sheath of
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Figure 3. Electrochemical performance of various electrolyte-based anode-free pouch cells

(A} Electrochemical impedance spectra (EIS) of the Cw/GPE-F10/NCA cell after charging in different cycles. Sclid lines show the measured data, and dashed lines
correspond to the fitted values.

(B) EIS results revealing the evolution of the R.,, anoqe 8t the 50" cycle in Cu/NCA pouch cells in different electrolytes. The lowest A, aneae is found in GPE-F10
after S0 cycles.

(C} Coulombic efficiency (CE) in Li/Cu half cells using different electrolytes. GPE-F10 shows the highest CE. CE is defined as Quxcharge'GOcharge: Where Quizcharge is
discharge capacity (mAh), and Qparg. is charge capacity (mAh).

(D-F) Voltage profiles of Cu/NCA cells at 25°C with (D) LE, (E}) GPE-FO, and (F) GPE-F10 electrolytes.

flegend continued on next page)
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Li* in GPE-F10."%"*"" Meanwhile, CDF curves in Figure 518
show that 2.55 DEC/FEC and 2.49 DFOB /BF,; coordinate to
one Li* in GPE-F10. By contrast, more solvents coordinate to
one Li* found in LE and GPE-F0 (Note 52 and Table 53). Collec-
tively, the results in Figures 2K, 2L, and 515=517 confirm the
formation of an anion-rich solvation structure in GPE-F10.

Electrochemical performance in anode-free cells

To elucidate the effect of anion-rich solvation structure induced
by parasitic salt-phobic network on electrochemical perfor-
mance, the charge transfer resistances (R_) of Cu/NCA cells
are measured by impedance spectroscopy (Figures 3A and
518=521)."" At the 50" cycle, GPE-F10 exhibits the lowest
Rt anode (1.19 1) among five electrolyte compositions, followed
by LE (1.68 02), GPE-FO (2.55 ©2), GPE-F1 (2.04 ©2), and GPE-F3
(2.38 £) (Figure 3B; Table S4). Such results indicate that the
anion-rich solvation structure, induced by the parasitic network
in GPE-F10, effectively promotes the formation of an anion-
derived SEl and facilitates interfacial charge transfer. Meanwhile,
the GPE-F10 also shows a relatively low Bgt cathode (1.29 Q)
(Table 54), benefiting the full-cell electrochemical performance.

Additionally, the lowest R_ in GPE-F10 echoes with the
Coulombic efficiency (CE) measured in Li/Cu half cells. By using
the standard Aurbach method, ™" we measured a CE of 98.7%
in LE, higher than that of GPE-FO (98.5%) and GPE-F1 (98.4%),
but lower than GPE-F3 (98.8%) and GPE-F10 (99.0%)
(Figures 3C and S522). The highest CE observed in GPE-F10
demonstrates its excellent reversibility of lithium plating/strip-
ping. Importantly, such findings support that acrylate polymers
alone are not beneficial for fast charge transfer at the lithium/
electrolyte interface, but the longer fluorocarbon chains in
GPE-F3 and GPE-F10 reverse such disadvantages, making R
and CE even better than LE. The lowest RH_, and highest CE
observed in GPE-F10 further translate into remarkable cycling
performance in full cells. Cu/NCA single-layer pouch cells were
assembled with a size of 1.8 =« 1.8 cm, a loading of 4.8 mAh/
em?® (2.7-4.3 V, with a specific capacity of 210 mAh/g), an elec-
trolyte amount of 6 g/Ah, and an uniaxial external pressure of 0.7
MPa (Figure 523). All cells are charged at 0.2 C and discharged
at 0.5 C with a voltage cutoff of 3.6 V after a formation cycle at
0.02 C (1C = 4.8 mA/cm®).

An operating window of 3.6-4.3 V was first selected, as calcu-
lations (Table 55) show that NCA-based anode-free cells deliver
36.3% higher volumetric and 6.3% higher specific energy den-
sities than conventional Li-ion cells (3.0-4.3 V). All electrolytes
present stable voltage profiles (Figures 3D=3F and 524). The
initial discharge capacity at 0.02 C in 3.6-4.3 V is 175.0, 173.7,
174.1, 173.8, and 173.1 mAh/g for LE, GPE-F0, GPE-F1, GPE-
F3, and GPE-F10, respectively. At 0.5 C, these values drop to
150.1, 148.6, 146.7, 146.6, and 146.1 mAh/g, respectively. The
slightly higher value in LE at 0.5 C is ascribed to its higher ionic
conductivity. As shownin Figure 3G, GPE-F10 leads to a high ca-
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pacity retention of 88.2% after 200 cycles at 25°C, not only out-
performing other gel electrolytes (81.6% for GPE-FO0, 80.3% for
GPE-F1, and 80.2% for GPE-F3) but also exceeding the bench-
mark LE (84.6%). Moreover, the Cu/NCA cell with the GPE-F10
electrolyte achieves a capacity retention of 81.8% after 250 cy-
cles and 72.2% after 300 cycles, exceeding the 73.6% retention
after 250 cycles and 65.2% after 300 cycles in LE. All cells exhibit
highly reproducible cycling performance, as shown in Figure 525,
with detailed cycling metrics summarized in Table 56.

In addition, anode-free cells were further tested with lower cut-
off voltages to maximize energy density. Within 3.0-4.3 V
(Figure 3l), GPE-F10 delivers a high discharge capacity of
197.2 mAh/g at 0.5C and retains 80.1% after 70 cycles, outper-
torming GPE-FO {45.4%) and LE (66.2%) (Figure 526; Table S7).
Motably, narrowing the window to 3.4-4.3 V results in only a mi-
nor capacity loss (~5 mAh/g, 2%-3%) but extends cycle life by
over 40%. Under this condition, GPE-F10 achieves 192.2 mAh/g
and maintains 80.3% capacity after 100 cycles, markedly sur-
passing GPE-FO (64.7%) and LE (70.1%) (Figures 3J and 527,
Table 58). The cycling performances under different voltage
ranges are summarized in Table 59. As shown in Figure 3H, to
the best of our knowledge, this is one of the best cycling perfor-
mances of anode-free batteries reported so far (Figure 528;
Tables $10 and 511).%%%°

The trend of capacity retention in the five electrolytes above is
in accord with R, and CE results (Figures 3B and 3C), despite
GPE-F10's lower ionic conductivity. The lowest R, highest
CE, and excellent cycling stability collectively highlight the key
role of the anion-rich solvation structure, enabled by the parasitic
salt-phobic network in the polymer matrix incorporating a long-
fluorocarbon-chain fluoroacrylate, in promoting the formation
of a high-guality SEI. In addition, GPE-F10 also shows excellent
electrochemical stability, as validated by leakage current tests
and linear sweep voltammetry (LSV)." ™ In the leakage
current test (Figure 529), GPE-F3 and GPE-F10 deliver lower
leakage currents (~0.08 mA/qg) than LE, GPE-FO, and GPE-F1
(~0.2 mA/g), indicating suppressed parasitic reactions. Consis-
tently, LSV results reveal that GPE-F10 exhibits the highest
oxidation onset (5.39 V), confirming its superior anodic stability
(Figure 530). In addition, the key physicochemical and electro-
chemical properties of the reported gel electrolytes are summa-
rized in Table 512.

SEl composition and lithium deposition morphology

To gain in-depth insight into how the parasitic salt-phobic
network formed by interchain interactions of fluorocarbon seg-
ments in GPE-F10 affects SEI EDH‘I:[JGEitiCIﬁ and thus electro-
chemical perl-‘mmance, GWG-TEM and XPS are used to investi-
gate SEl morphology and composition. In cryo-TEM images, it
is found that both GPE-F10 and LE have a thin SEl layer of
~8=10 nm (Figures 4A and 531), while GPE-FO has a much
thicker SEI (=20 nm; Figure 532). This feature effectively reduces

(@) Cycling performance and CE of Cu/NCA cells with different electrolytes from 3.6 to 4.3 V at 25°C. GPE-F10 shows superior performance compared with the

other electrolytes.

{(I=J) Cycling performance and CE of Cu/NCA pouch cells with LE, GPE-FD, and GPE-F10 between (I) 3.0-4.3 V and (J) 3.4-4.3 V at 25°C.
{(H) Comparison of discharge specific capacity vs. cycle number (80% retention as cutoff) with best results in literature. Our results are better than the best
previous reports charged at 0.2 C and above. The results are in line with the best reports charged at 0.1 C.
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Figure 4. SEl characterizations

(A) A cryo-TEM image of the SEl layer on lithium metal deposited from GPE-F10 electrolyte, showing athin SEl {~ 8 nm). Magnification is 600,000, and voltage is 200 kV.
(B) Atomic-resolution image of the orange region outlined in (&), showing the structure of the SEl layer. The |attice spacing of small crystalline grains matches Li-=0.
Magnification is 5,000,000, and voltage i1s 200 kY.

(C) Atomic percentage of carbon, oxygen, and fluorine elements in SEl on lithium metal in cells with LE, GPE-F0, and GPE-F10. The highest fluorine percentage is
observed in GPE-F10. The error bars indicated standard deviation.

(D-F) High-angle annular dark-field (HAADF)-STEM and corresponding (E) oxygen, and (F) fluorine EDS elemental mapping of as-deposited lithium metal.
Magnification is 57,000, and voltage is 200 kV.

(G and H) XPS spectra of F 15 (G) and Li 15 (H) of the top surface of lithium deposition in cells with different electrolytes at the end of charging in the 3™ cycle.
Compared with other gel electrolytes, GPE-F10 exhibits a higher LiF percentage in SElI composition.
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(A and B) SEM images of lithium morphology deposited on Cu for GPE-FO and GPE-F10 at (A) mesoscale and (B) microscale scale. Images were taken at the end
of charging in the 3™ cycle, showing a more uniform deposition in GPE-F10. The voltage is 10 kV. The magnification is 120 for (&) and 1,200 for (B).

(C) SEM images of lithium morphology deposited on Cu for GPE-FO and GPE-F10. Images were taken at the end of charging in the 50" cycle, exhibiting a more
compact deposition in GPE-F10. The voltage is 10 kV, and the magnification is 300.

(D) Lithiem metal domain size distribution from cells with GPE-F0 and GPE-F10 electrolytes {E"d cycle).

(E) GPE-F10 shows the largest domain size compared with other electrolytes at the end of the 3™ cycle.

(F) Cross-sectional view of lithium deposition from FIB-SEM images (3™ cycle). The voltage is 5 kV, and the magnification is 3,500.

(G) GPE-F10 shows the highest density of as-deposited lithium metal compared with other electrolytes after the 3 charging and the 50t charging.

lithium consumption caused by SEl formation during each cycle,
thus enhancing the CE. Furthermore, high-resolution imaging in-
dicates that the thin layer on the surface is crystalline Li.O
(Figure 4B), as the lattice spacing of 2.68 A matches that of the
(111) plane of Li,0."" The electron diffraction (ED) image also
shows clear Friedel pairs of the (110) plane of lithium metal and
the (111) plane of polycrystalline rings of Li-0O, with the absence
of LiF signals (Figure 4D). However, numerous fluorine-rich sur-
face domains, with sizes ranging from 50 to 100 nm, are identi-
fied in the energy-dispersive spectroscopy (EDS) mapping
(Figures 4D and 4F). Such a difference can be explained as
that the fluorine-rich domains are amorphous.” Importantly,
the EDS analysis shows that the lithium metal surface in a cell
with GPE-F10 electrolyte has the highest fluorine portion
(30.2%), followed by LE (14.5%) and GPE-FO (5.4%) (Figure 4C).

Additionally, the XPS depth profile reveals the difference in
SEl composition among the five electrolytes. In the F 1s
spectra (Figures 4G and S33), the LE and GPE-F10 show a
dominant LiF peak at 684.7 eV™ with atomic percentages of
81.5% and 83.8%, respectively, on the SEl surface, while
GPE-FO, GPE-F1, and GPE-F3 show a significant portion of
Li.BF, at 687.2 eV'" in the range of 21%-55%, supporting

that anion-rich solvation promotes a LiF-rich SEl, which is
beneficial for long-term battery cycling. The same trend of a
more LiF-rich SEl in LE and GPE-F10 is found in Li 15 spectra
(Figures 4H and 534), consistent with the F mapping results in
Figure 4G, further corroborating the anion-derived SEl compo-
sition. In addition, the typical peaks of C 1s spectra assigned
to C-C, C-0, and C=0 mainly come from ROLI, ROCO.Li,
and LisCOa, respectively’™™ (Figure 535). Meanwhile, the
reduction of LiBF,; and LIDFOB forms a robust SEI with high
inorganic species to support long cycling (Figure S36).°°
Therefore, the lower intensity of the C 7s signal observed in
GPE-F10 compared with other electrolytes suggests a more
effective suppression of solvent decomposition, attributed to
the LiF-dominated SEl facilitated by the anion-rich solvation
structure.

The fluorine-rich SEI in GPE-F10 also better regulates interfa-
cial charge transfer and results in smoother lithium deposition.
As-deposited lithium metal in GPE-F10 shows less defective sur-
face morphology compared with other electrolytes at both
mesoscale (Figures 5A and 537) and microscale (Figures 5B
and S38). For example, at the end of charging in the 3™ cycle,
the average domain size of lithium metal is 38.8 pm‘? in the
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Figure 6. Cu/NCA multi-layer pouch cells’ performance under abuse conditions
The nominal capacities of all cells are 240 mAh in 3.0-4.3 V.

(8) Combustion test for LE, GPE-FO and GPE-F10, and GFPE-F10 shows an enhanced thermmal stability.
(B) Images of a smartphone powered by a Cuw/NCA cell using GPE-F10.
(C) Images of an iluminated panel powered by a Cuw/NCA cell using GPE-F10 electrolyte after cutting.

(D-F) Voltage monitonng of LE-based anode-free pouch cell during drilling test. llustration of snapshots of temperature changes before (E) and after (F) the drilling
test monitored by infrared thermography. LE shows poor thermal stability in the drilling test.

flegend continued on next page)
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GPE-F10 electrolyte (Figures 5D, 5E, and 539), which is substan-
tially higher than other electrolytes (e.g., 29.1 pm? for LE and
25.0 pm® for GPE-FO0). Furthermore, GPE-F10 cells exhibit
more compact lithium deposition and larger domain size than
other electrolytes after 50 cycles (Figures 5C and 540).

In addition to larger domains and fewer defects, GPE-F10 also
leads to denser deposition, as revealed by focused ion beam-
SEM (FIB-SEM) cross-sectional images. Specifically, after
charging in the 3™ and the 50™ cycles, the densities of as-depos-
ited lithium are 0.50 and 0.44 g/em® in GPE-F10, respectively,
which are higher than 0.49/0.41, 0.47/0.40, 0.48/0.43, and 0.49/
0.42 g/em® for LE, GPE-FO, GPE-F1, and GPE-F3, respectively
(Figures 5F, 5G, 541, and S542). It is worth noting that such a larger
domain size and lithium metal density found in GPE-F10 effec-
tively alleviates the parasitic reactions between electrolyte and
lithium, which are crucial to cycling performance as discussed
in Figures 3G, 3l, and 3J. The fading in discharge capacity is
mainly attributed to the accumulation of dead lithium and the
thickening SEl, as evidenced by the FIB (Figures 5G and 542) re-
sults after 50 cycles. Post-mortem analysis of cells (Figures 543-
545) after long-term cycling (3.0-4.3 V, 0.2C/0.5C) shows that
cathodes remain dense and chemically stable, while anodes
exhibit loose, defective lithium deposits. These results confirm
that the anion-rich solvation strategy forms a robust anion-
derived SEl, stabilizing lithium plating/stripping, suppressing den-
drites, and mitigating anode-driven capacity fading. Moreover,
the findings of domain size and density of lithium metal above
correlate well with the LiF content in SEl (Figure 546), strongly
supporting our design that an anion-rich solvation structure
induced by a parasitic salt-phobic network successfully promotes
a LiF-rich SEl, thus better charge transfer, stable lithium metal
morphology, and superior cycling performance in pouch cells.

Safety characterization and cycling performance in
multi-layer pouch cells
GPE-F10 exhibits excellent thermal stability. First, the differential
scanning calorimetry (DSC) shows that GPE-F10 generates
~30% less heat than GPE-FO0, F1, and F3 (Figure S47A), which
shows enhanced thermal stability. The thermogravimetric anal-
ysis (TGA) also shows slightly slower mass loss in GPE-F10
than in other gel electrolytes (Figure 547B). Such results validate
the advantage of GPE-F10 in terms of thermal stability. Besides,
when ignited by a butane torch, LE, GPE-F0, and GPE-F1 elec-
trolytes caught fire easily, but both GPE-F3 and GPE-F10 could
not be ignited after sustained exposure to the fire source
(Figures 6A and 548). Such a difference is attributed to the higher
concentration of fluorine radicals (F-) generated from GPE-F3
and GPE-F10 during heating, which combine with H- radicals
from DEC/FEC,' ™' the key component for electrolyte combus-
tion, and reduce the flammability of GPE-F3 and GPE-F10.
Impressively, the 240 mAh Gu/NCA multi-layer pouch cell with
the GPE-F10 electrolyte can pass the harsh drilling test at the
fully charged state (\Video 51). During drilling, the central temper-
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ature only rises to ~60°C (Figures 6H and 6l), and the cell voltage
recovers after the drill was removed (Figure 6G), highlighting the
excellent safety of GPE-F10-based pouch cells. By contrast, a
fully charged 240 mAh Cu/NCA cell with LE exploded during dril-
ling with a central temperature >146°C (Figures 6k and 6F; Video
52), and the voltage dropped to 0 V after drilling (Figure &D).
Apart from drilling, the 240 mAh Cu/NCA multi-layer pouch cell
with GPE-F10 electrolyte can continuously provide steady po-
wer output under harsh conditions, including severe deformation
and cutting (Figures 6B, 6C, and S49).

Moreover, the GPE-F10 electrolyte shows impressive cycling
performance in multi-layer Cu/NCA pouch cells (Figure 6J). The
MCA loading is 3.1 mAh/cm®, and the electrolyte content is only
2.8 g/Ah. In the voltage range of 3.6-4.3 V, the initial discharge ca-
pacity reaches 152.6 mAh/g (192.1 mAh) at 0.5 C, and the capacity
remains 84.8% after 150 cycles. Additionally, within the voltage
range of 3.0-4.3 V, a stacking Cuw/NCA pouch cell delivers a
discharge capacity of 196.5 mAh/g (245.6 mAh) and a retention
of 81.2% after 70 cycles at 0.5C. Such cycling performance is high-
ly reproducible in pouch cells (Figures 550 and 551). The safety
and cycling results in the large pouch cells above mark the remark-
able advantages of the parasitic salt-phobic network design strat-
eqgy toward high-performance and safe anode-free LMBs.

DISCUSSION

In summary, we developed a fluoroacrylate-based gel polymer
electrolyte featuring a parasitic salt-phobic network that simulta-
neously achieves excellent cycle life and enhanced thermal
stability for anode-free Li-metal batteries. This unique secondary
architecture formed by aggregated fluoroacrylate offers distinct
advantages over conventional LHCEs. First, the salt-phobic
network precisely regulates Li* solvation to form a high-quality,
anion-rich SEl, unlike the limited solvation control in LHCEs. Sec-
ond, the polymer phase provides markedly improved thermal sta-
bility. Last, the low fluorinated-acrylate content reduces both
cost and electrolyte density, benefiting cell-level energy density.

Using this design philosophy, GPE-F10 exhibits a smoother
lithium deposition morphology and higher density than the corre-
sponding liquid and other polymer gel electrolytes. With GPE-
F10, 240 mAh Cu/NCA anode-free pouch cells deliver an initial
capacity of 196.5 mAh/g and retain 81.2% after 70 cycles at
3.0-4.3 V. Narrowing the voltage window to 3.4-4.3 V and 3.6~
4.3 V further improves capacity retention to 80.3% over 100 cy-
cles and 87.2% over 200 cycles, respectively. Notably, such
pouch cells with GPE-F10 pass the drilling test without thermal
runaway. Overall, our parasitic network design establishes a
foundation for high-performance anode-free LMBs in a safe
manner. Such a design concept can be extended to other alkali
metal batteries for optimizing SEl compositions. Future work will
focus on refining the fluoropolymer network to precisely control
domain size, composition, and dynamics. By tuning the polymer
backbone and salt-polymer interactions, the nanoscale

(G-I} (G) Violtage menitoring of GPE-F10-based Cw/NCA pouch cell during the drilling test. lllustration of snapshots of temperature changes (H) before and (1) after
the drilling test monitored by infrared thermegraphy. GPE-F10 exhibits no thermal runaway in the drilling test.

(J) Cycling performance of the Cu/NCA pouch cells using the GPE-F10 at 0.2 C charge and 0.5 C discharge between 3.0-4.3 V and 3.6-4.3 V after 0.02 C
formation with a lean electrolyte 2.8 g/Ah (25° C), showing attractive performance.
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solvation environment can be optimized to balance ion transport
and interfacial stability. Extending this parasitic salt-phobic
network strategy across diverse polymers, salts, and solvents
could provide a general design principle for next-generation
gel polymer electrolytes with improved safety and performance.

METHODS

Materials

The NCA cathode electrode (94.5 wt % MNCA) with a total areal ca-
pacity of 4.8 mAh/ecm® was acquired from Samsung SDI R&D
America. 240 mAh anode-free dry cells were purchased from
Canrd Technology Co. Ltd. Lithium tetrafluoroborate (LiBF.,
99%), lithium difluoro{oxalato)borate (LIDFOB, 99%), diethyl car-
bonate (DEC, 98%), and fluoroethylene carbonate (FEC, 99%)
were purchased from Gotion. TMPTMA (99%), 2,2,2-trifluor-
oethyl acrylate (TFEA, 959%), 2,2,3.4.4,4-hexafluorobutyl acrylate
(HFBA, 98%), 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
HFDA (96%), and azobisisobutyronitrile (AIBMN, 98%) were pur-
chased from Sigma-Aldrich. Other battery materials, such as
2032-type coin-cell cases, springs, and spacers, were all pur-
chased from Hunan Li-Fun Technology. All electrolytes tested
in this study were prepared inside an Ar-filled glovebox with
02 < 0.1 ppm and H20 < 0.1 ppm.

Liquid and polymer gel electrolyte preparation

The dual-salt liquid electrolyte is prepared by dissolving 1.0 M
LiDFOB and 0.4 M LiBF 4 in a mixture of DEC/FEC (2:1 by volume).
To prepare the GPE-FO, 5 wt % TMPTMA monomer and 0.15 wt
% AIBN inttiator were dissolved in the prepared dual-salt solution
(95 wt %) as the precursor. The precursor solution was added to
the anode-free pouch cells and heated at 55°C for 12 h under a
pressure of 0.7 MPa to ensure a full polymerization of the mono-
mers. Similarly, to prepare the GPE-FX (X =1,3,and 10), 2.5 wt %
fluoroacrylate monomer, 2.5 wt % TMPTMA monomer, and 0.15
wt % AIBN initiator were dissolved in dual-salt solution (95 wt %)
as a precursor. Then, the precursor solution was added to the
anode-free pouch cells and heated at 55"C for 12 hunder a pres-
sure of 0.7 MPa.

Material characterizations

All SEM images were charactenzed on a Zeiss Sigma VP SEM
at 8.0 kV to elucidate the morphological evolution of the Li-
metal anodes. The chemical composition of the SEl was
analyzed by the PHI Versaprobe Il XPS with a monochromatic
Al Ka X-ray excitation source (1,486.6 eV). The samples were
loaded in an airtight vessel in an Ar glovebox and transferred
to XPS without any air exposure. The Li-metal anodes used
for XPS depth-profiing analysis were collected from the
Cuw/NCA pouch cells at the end of charging in the 3™ cycle.
For the XPS characterization, all the collected Li-metal anodes
were washed three times with DEC to remove any electrolyte
residues, followed by drying at 50°C for 10 min. Electrochemi-
cal impedance spectroscopy tests on the Cu/NCA anode-free
pouch cells in different electrolytes were carried out on a Bio-
Logic SAS VMP3 and performed at an amplitude of 10 mV in
the frequency range of 1 MHz to 0.1 Hz.
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Cryo-TEM characterization

The Li samples for cryo-TEM characterization were prepared by
electroplating Li onto bare Cu cryo-TEM grids at 0.48 mA/em? for
30 min using the corresponding electrolytes. The resultant Li
samples on Cu grids were washed with DEC, dried at 50"C for
10 min, then used for the cryo-TEM analysis. A dual spherical ab-
erration-corrected FEI Titan2 G2 60-300 STEM was used to
collect the TEM and STEM images by operating at an acceler-
ating voltage of 200 kV. A Gatan GIF Quantum ERS 966 system,
with settings adjusted to an energy dispersion of 0.05 eV per
channel, an exposure time of 0.1 s, and a maintained 10 nm pixel
size, was utilized to collect the electron energy loss spectros-
copy (EELS) spectra. Energy-dispersive X-ray spectroscopy
mapping images were acquired using Bruker Super-X quad
X-ray detectors with a beam current of 0.1 nA in 5 min.

Pouch cell assembly

The pouch cells in this study were fabricated inside a glovebox
using a single-sided coated NCA electrode (18 = 18 mm),
1 piece of bare Cu (35 =« 25 mm), 1 piece of separator
(25 = 35 mm), and 1 piece of Al (20 = 30 mm). Each single pouch
cell used 95 pl (6 g/Ah) of corresponding electrolyte and was
heated at 55"C for 12 h. For the anode-free multi-layer pouch
cells (240 mAh) using GPE-F10, the preparation is the same
as the aforementioned process, except for the electrolyte
amount (2.8 g/Ah), and 0.67 g of electrolyte was added to the
240 mAh pouch cells.

Electrochemical testing

All electrochemical evaluations of the pouch cells and coin
cells were conducted using Landt battery testers. Cu/NCA
anode-free cells were assembled with a single-sided coated
MCA electrode and the corresponding electrolyte under a
pressure of 0.7 MPa. The pouch cells were tested under gal-
vanostatic charging and discharging conditions. After one
formation cycle with both charging and discharging at
0.02C, the pouch cells were then charged at 0.2C and dis-
charged at 0.5C for cycling within the voltage window of
3.6-4.3, 3.4-4.3, or 3.0-4.3 V. For CE evaluation, all Li/Cu
coin cells were assembled using 80 ul of the corresponding
electrolyte and tested at constant current and constant
voltage charging protocol.

Computation details

DFT calculations were performed for the set of ions and ion-mo-
lecular complexes optimized in the gas phase using the M06-2X/
6-311++Gl(d, p) level of theory using the Gaussian code. For
classical MD, the optimized potentials for liquid simulations -
all atom (OPLS-AA) force field was utilized to adjust most of
the intra- and interatomic potential parameters. To evaluate
the interaction strength between Li ions and various molecular
species, we performed first-principles calculations using the
Vienna Ab initio Simulation Package (VASP). The binding en-
ergies between Li* and the selected molecules were computed
to assess their relative affinities. To account for solvation effects,
all calculations were carried out under implicit solvent condi-
tions using the VASPsol module, which simulates the presence
of a dielectric continuum representing the solvent environment.
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The electronic self-consistent field (SCF) convergence criterion
was set to 1 x 10°° eV, and the structures were relaxed until
the residual forces on each atom were below 0.02 ewﬁ.,
ensuring reliable and well-converged results. More details can
be found in Note 52.
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