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ABSTRACT
Anode-free lithium metal batteries offer high energy density and low cost, but their practical deployment is limited by unstable
lithium–electrolyte interfaces and safety risks from dendrite growth and flammable electrolytes. Here, we report a dual-functional
fluorinated additive that enables in situ gelation, forming a thin, inorganic-rich solid electrolyte interphase while simultaneously
enhancing flame retardancy through radical capture. At 0.5 C discharge, the additive-enabled anode-free pouch cell delivers high
specific capacities of 202.1 mAh/g (3.0–4.5 V) and 192.0 mAh/g (3.4–4.3 V), while retaining 80.3% and 80.1% of their initial values
after 85 and 100 cycles, respectively. Moreover, Cu/NCA pouch cells with capacities of 1.4 Ah (3.0–4.5 V) and 200 mAh (3.6–4.3 V),
incorporating the additive, retain 80.2% of initial capacity after 85 cycles and 92.9% after 100 cycles, respectively. Such performance
is on par with or better than the best results in the literature. Impressively, such a 1.4 Ah cell shows no thermal runaway in a harsh
drilling test at the fully charged state, even after 100 cycles. These results demonstrate that the dual-functional fluorine additive
leads to both excellent electrochemical performance and enhanced safety, paving the way for the safe and practical application of
anode-free lithium metal cells.
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Introduction

node-free lithium metal batteries (LMBs) are promising next-
eneration energy storage systems owing to their high energy
ensity and simplified manufacturing [1–3]. Unlike conventional
MBs, anode-free lithium batteries rely on in situ lithium
eposition on the current collector during the first charging,
hus maximizing active material utilization and minimizing
nactive components [4–6]. For example, anode-free cells employ-
ng LiNi1-x-yCoxAlyO2 (NCA) cathode show both higher specific
2026 Wiley-VCH GmbH
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energy and energy density than the corresponding lithium-
ion batteries (LIBs) and conventional LMBs (Figure 1a and
Table S1). Despite these advantages, anode-free LMBs face two
key challenges: (i) limited cycle life caused by inhomogeneous
lithium deposition and an unstable lithium–electrolyte interface
[7], and (ii) safety risks arising from the inhomogeneity of lithium
deposition and the flammability of liquid electrolytes [8, 9].

To date, several strategies have been reported to enhance deposi-
tion smoothness and stabilize the electrolyte/electrode interface,
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FIGURE 1 (a) Calculated energy density and specific energy of graphite/NCA, Li/NCA, and Cu/NCA anode-free batteries. Calculation details are
in section Table S1. (b) Without additives, Li deposition on a Cu substrate is associated with needle-shaped Li growth and unstable SEI in anode-free
cells. Li dendrites grow aggressively, and the SEI layer is highly inhomogeneous. (c) With the HFA additive proposed in this work, uniformly deposited
Li with an inorganic-rich SEI layer, which can successfully inhibit the decomposition of organic solvent and suppress Li dendrite growth. (d) Raman
spectra analysis of GPE and GPE-HFA after gelation. (e), Electrochemical reduction curves of Li||Cu half-cells using LE, GPE and GPE-HFA at 0.1 mV/s.
(f) Li || Li symmetric cell cycling performance with different concentrations of 0, 1.0, 2.5, and 5.0 wt.% HFA additive at a current density of 1.0 mA/cm2

with a capacity of 0.5 mAh/cm2.
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ncluding electrolyte formulation [10–12], solid-state electrolytes
13, 14], structured anode [15, 16], and optimized charging
rotocols [17]. Among them, constructing an inorganic-rich
e.g., LiF/Li2O) solid-electrolyte interphase (SEI) is a promising
pproach [18, 19]. Owing to the high lithiophobicity, chemical
tability, and low Li+ diffusion barrier, such an inorganic-
ich SEI substantially improves the uniformity of lithium plat-
ng/stripping [20–22]. High-concentration electrolytes (HCEs)
23] and localized high-concentration electrolytes (LHCEs) [24]
an promote an inorganic-rich SEI; however, their practical
eployment is hindered by high cost and increased electrolyte
ensity [25, 26]. These drawbacks arise from the excessive salt
ontent in HCEs and the large fractions of heavy fluorinated
iluents required in LHCEs (>60 wt.%), which are particu-
arly concerns for large-scale applications where both cost and
ravimetric energy density are critical [27, 28]. Besides, HCEs
nd LHCEs also have safety concerns [29, 30]. Introducing a
ow concentration of a fluorine-containing additive (<5 wt.%,
enoted as F-additive) that favors inorganic-rich SEI formation
rovides a more cost-effective and scalable approach [31, 32].
n ideal F-additive should combine the following key fea-
ures: (i) a low lowest unoccupied molecular orbital (LUMO)
nergy to enable rapid reduction and SEI formation during
nitial cycles, and (ii) a high F/C molar ratio to preferen-
ially form an inorganic-rich SEI and stabilize the interface.
esigning F-additives that meet all these criteria remains a
hallenge.
of 12
In addition, safety remains a critical issue in anode-free batteries
because of the flammability of the electrolyte and the parasitic
reactions at the anode/electrolyte interface [33]. Gel polymer
electrolytes (GPEs) offer a promising pathway toward practical
applications. Compared to liquid electrolytes (LEs), GPEs possess
high thermal stability and improved electrochemical stability
[34]. Moreover, their fabrication via in situ polymerization is
readily compatible with existing batterymanufacturing processes
[35, 36]. In addition, it is desirable for the additive to act as a fire-
suppressing or fire-retarding agent to further enhance the cell’s
thermal stability.

To achieve the safety and cycle-life goals for anode-free cells,
we developed a dual-functional fluorinated additive, hep-
tafluorobutyric anhydride (HFA), that enables a gel polymer
electrolyte. Owing to its low LUMO and high fluorine con-
tent, HFA forms an inorganic-rich interphase (Figure 1c),
enabling more stable lithium plating/stripping (Figure 1b) and
thereby significantly extending the cycle life. In this work, an
HFA-incorporated anode-free pouch cell with a high-loading
NCA cathode (4.8 mAh/cm2) delivers discharge capacities of
202.1 mAh/g (3.0–4.5 V) and 192.0 mAh/g (3.4–4.3 V), while
retaining 80.3% and 80.1% of its initial capacity after 85 and 100
cycles, respectively, at a charge/discharge rate of 0.2 C/0.5 C.
Furthermore, anode-free pouch cells incorporating HFA, with
capacities of 1.4 Ah (3.0–4.5 V) and 200 mAh (3.6–4.3 V),
exhibit capacity retentions of 80.2% after 85 cycles and 92.9%
Advanced Materials, 2026
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fter 100 cycles, respectively, when cycled at 0.2 C/0.5 C charg-
ng/discharging under the lean electrolyte condition (2.8 g/Ah)
nd a low stack pressure of 0.7 MPa. Such performance is on par
ith, or superior to, the best results reported so far [37–50].

oreover, HFA enhances the thermal stability of the electrolyte
y acting as a gas-phase radical scavenger, providing intrinsic
lame-retardant properties that are critical for safe battery oper-
tion, especially for high-energy-density lithium metal batteries.
emarkably, a fully charged 200 mAh Cu/NCA pouch cell with
FA additive passes the harsh drilling test, while the HFA-
ree counterpart 200 mAh cell explodes during drilling. More
mpressively, at full charge after 100 cycles, the 1.4 Ah anode-
ree cell shows no thermal runaway under the same drilling test.
t should be pointed out that passing the drilling test after 100
ycles is far more difficult than after the first cycle, which is
ften reported in the literature, since the inhomogeneous lithium
eposition after many cycles could accelerate side reactions and
hermal runaway [51, 52]. These results highlight the potential of
he HFA-based gel electrolyte for safe and practical anode-free
nergy storage.

Results and Discussion

.1 Design Principle of Additive-Enhanced Gel
olymer Electrolyte

rimethylolpropane trimethacrylate (TMPTMA) is employed as
he cross-linker, as it effectively transforms the liquid electrolyte
nto a gel polymer electrolyte at a low concentration (e.g.,
%–5%), without compromising ionic conductivity [53]. The
iquid electrolyte (LE) phase is composed of 1.0 m LiDFOB
nd 0.4 m LiBF4 in diethyl carbonate (DEC)/fluoroethylene
arbonate (FEC) (2:1 by volume), as this formulation delivers one
f the highest-performing anode-free batteries [54]. The dual-salt
iDFOB/LiBF4 synergistically regulates interphase chemistry to
orm a stable SEI, thereby enabling dense dendrite-free lithium
eposition and highly reversible lithium plating/stripping
2, 54, 55].

he introduction of HFA could further optimize the SEI composi-
ion owing to its lower LUMO energy and preferential reduction
uring initial cycling [56]. Moreover, HFA acts as a gas-phase
adical scavenger, thereby enhancing the thermal stability of the
el electrolyte. An inverted-vial test (Figure S1) shows that only 4
t.% cross-linker is sufficient to convert the liquid electrolyte into
stable, fully gelled state without observable leakage, as demon-
trated by both GPE and GPE-HFA (containing 2.5 wt.% HFA).
urther, in both gel electrolytes, Raman spectroscopy reveals the
isappearance of the C═C stretching peak at ∼1640 cm−1 after
allization at 55◦C, confirming the complete polymerization of
he gel matrix (Figure 1d) [57].

o verify the preferential reduction of HFA at the anode interface,
ensity functional theory (DFT) calculations were performed.
s shown in Figure S2, HFA exhibits a significantly lower
UMO energy level (−3.15 eV) compared to DEC (0.06 eV), FEC
−0.37 eV), and TMPTMA (−1.67 eV). This LUMOoffset indicates
hat HFA is thermodynamically more favorable for reduction
n the lithium metal surface [58], contributing to the formation
dvanced Materials, 2026
of an inorganic-rich SEI and inhibiting solvent consumption.
Moreover, the electrochemical window of the electrolytes was
tested. As shown in Figure 1e, with the addition of 2.5wt.% HFA,
the electrolyte shows an earlier reduction peak (∼1.9 V vs. Li+/Li)
than LiDFOB-LiBF4 salts (1.7 V vs. Li+/Li) [59], providing strong
experimental evidence that HFA is preferentially reduced at the
electrode surface, in agreement with the DFT calculations.

2.2 Properties of Gel Polymer Electrolyte

First, to optimize the concentration of HFA in GPE, the GPE
(4 wt.% TMPTMA + 96 wt.% LE) with 0, 1.0, 2.5, and 5.0 wt.%
HFA additive is tested using Li || Li symmetric coin cells. In
Figure 1f, the voltage polarization of the cell withoutHFAadditive
begins to increase substantially after 130 h, followed by a short
circuit, indicating that lithium dendrites puncture the separator.
With 1.0, 2.5, and 5.0 wt.% HFA, the short circuit occurred after
190, 220, and 180 h, respectively. The optimized performance at
2.5 wt.% HFA arises from a balance between interfacial stabiliza-
tion and Li+ transport. LowHFA contents (1.0–2.5 wt.%)maintain
ionic conductivities close to the baseline electrolyte (2.9 mS/cm),
whereas excessive HFA (5.0 wt.%) reduces ionic conductivity to
2.5 mS/cm due to the weak Li+ transport capability of fluorine-
rich HFA molecules (Figure S3). Consistently, 2.5 wt.% HFA
delivers the lowest anode charge-transfer resistance, confirming
its optimal balance between robust interface formation and
efficient ion transport (Figure S4). Therefore, we selected the
formulation containing 96 wt.% LE + 4 wt.% TMPTMA as the
reference GPE and added 2.5 wt.% HFA to it (denoted GPE‑HFA)
as the target electrolyte for investigation.

At 25◦C, GPE and GPE-HFA exhibit comparable ionic conduc-
tivities (2.9 mS/cm), slightly lower than that of LE (3.5 mS/cm).
Across 35◦C–55◦C, both gel electrolytes retain ∼80% of the
conductivity of LE, indicating that the in situ gelation process
does not significantly compromise ionic transport (Figure S5).
Besides, the Li+ transference numbers (tLi+), measured by the
Bruce–Vincent–Evans method [60], are 0.35 for LE, 0.30 for
GPE, and 0.43 for GPE-HFA (Figure S6). The higher tLi+ of
GPE-HFA indicates improved Li+ transport, which stabilizes Li
deposition during cycling. GPE-HFA also exhibits excellent elec-
trochemical stability, as confirmed by linear sweep voltammetry
(LSV). Specifically, GPE-HFA shows the highest oxidation onset
voltage of 5.45 V vs. Li+/Li, indicating its superior anodic stability
(Figure S7).

2.3 Electrochemical Performance of Anode-Free
Cells With the HFA Additive

To systematically understand the effect of the HFA additive
on electrochemical performance, we first measured the charge
transfer resistance (Rct) in Cu/NCA pouch cells with LE, GPE,
GPE-HFA, respectively (Figure 2a,b and Figure S8). The solid
lines in Figure 2a show the measured data, and dashed lines
correspond to the fitted values. After 50 cycles, the GPE-HFA
cell exhibits a reduced Rct anode of 1.50 Ω, compared with 2.03 Ω
for the GPE cell and 1.72 Ω for the LE, suggesting more efficient
interfacial ion transport facilitated by a superior SEI formed in
the presence of HFA. This improvement in interfacial kinetics
3 of 12
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FIGURE 2 (a) Electrochemical impedance spectra of Cu/GPE-HFA/NCA pouch cells after cycling 50 cycles. (b) The summary of EIS fitting results
for reported electrolytes. The lowest Rct anode is found in GPE-HFA after 50 cycles. (c) Coulombic efficiency (CE) in Li/Cu half cells. GPE-HFA shows
the highest CE among the three electrolytes. (d–f) Voltage profiles of LE-, GPE- and GPE-HFA-based cells (3.0–4.5 V). (g–i) Cycling performance and
CE of pouch cells at different voltage windows (0.2C charge/0.5C discharge): g) 3.0–4.5 V; h) 3.4–4.3 V; and i) 3.6–4.3 V. (j) Comparison of discharge
specific capacity vs. cycle number (80% retention as cut-off) with best results in literature. Benchmark comparison showing that this work outperforms
previous reports at 0.5 C and remains comparable to state-of-the-art performance at lower charging rates (0.2 C and 0.1 C). (k) Cycling performance of
the Cu/NCA pouch cells using the GPE-HFA between 3.0–4.5 V (1.4 Ah) and 3.6–4.3 V (200 mAh) after 0.1C formation with a lean electrolyte 2.8 g/Ah
at 0.2C charge/0.5C discharge, showing impressive performance.

4 of 12 Advanced Materials, 2026
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s further corroborated by the enhanced Coulombic efficiency
CE) measured in Li/Cu half-cells. As shown in Figure S9, the
ucleation overpotential decreases from 382 mV in the GPE to
30mV in theGPE-HFA, indicating the formation of a highly Li+-
onductive SEI that facilitates more uniform lithium nucleation
nd growth [61]. Following the standard Aurbach protocol [62,
3], the GPE-HFA achieved a high CE of 99.1%, surpassing that
f the GPE counterpart (98.4%) and LE (98.7%) in Li/Cu half cells
Figure 2c). This superior CE highlights the excellent reversibility
f lithium plating/stripping in the presence of the HFA additive,
hich is essential for long-term cycling stability in anode-free
onfigurations.

he reduced Rct anode, and enhanced CE in GPE-HFA further
ontribute to improved cycling performance in full cells. We
ssembled Cu/NCA single-layer pouch cells with a cathode
1.8 × 1.8 cm2) loading of 4.8 mAh/cm2, an electrolyte amount
f 6 g/Ah, and a uniaxial stack pressure of 0.7 MPa (Figure
10). Commercial Cu foil was used as received, without further
reatment. After a formation step at 0.1 C, the cells were cycled
t 0.2 C charge and 0.5 C discharge (1 C = 4.8 mA/cm2).
hree voltage windows were selected to probe different operating
egimes: 3.0–4.5 V for maximum capacity and stability limits,
.4–4.3 V for balanced energy density and cycling stability, and
.6–4.3 V for a practically relevant condition defined based on
nergy density considerations (see Table S2 and Figure S11 for
etails).

ithin a voltage window of 3.0–4.5 V, GPE-HFA exhibits more
table cycling than LE and GPE (Figure 2d–f). The initial
ischarge capacity at 0.1 C reached 227 mAh/g. At a higher
ischarge rate of 0.5 C, the discharge capacities decreased to 205.8,
02.3, and 202.1 mAh/g for LE, GPE, and GPE-HFA, respectively,
eflecting the typical capacity reduction associated with kinetic
imitations at elevated current densities [64]. After 85 cycles,
PE-HFA maintained 80.3% of the initial capacity, significantly
utperforming GPE (54.5%) and the liquid electrolyte (65.7%)
Figure 2g). Even after 100 cycles, GPE–HFA still delivers an
mpressive capacity retention of 72.8%.

t an elevated cycling rate of 0.3 C charge/1.0 C discharge, the
PE-HFA cell retained 70.5% of its capacity after 100 cycles,
utperforming the GPE (46.2%) and LE (56.8%) cells (Figures S12
nd S13), indicating improved interfacial stability and charge-
ransfer kinetics under high-current operation. Rate-capability
ests further show that GPE-HFA delivers more stable capacities
t increasing discharge rates from 0.5 to 2.0 C and recovers well
hen the rate returns to 0.5 C, confirming its enhanced rate
erformance and cycling reversibility (Figure S14).

urthermore, within a voltage window of 3.4–4.3 V at 0.5 C, GPE-
FA achieves a high initial specific capacity of 192.0 mAh/g, and
etains 80.1% of its capacity after 100 cycles, markedly surpassing
PE (65.1%) and the LE (69.6%) (Figure 2h and Figure S15).
n addition, a cut-off voltage of 3.6 V was selected because
alculations show that in the voltage range of 3.6–4.3 V, the
CA/Cu cell can still deliver 36.3% higher volumetric and 6.3%
igher specific energy densities than a commercial LIB operating
etween 3.0–4.3 V (Figure S11 and Table S2). As shown in
igure 2i and Figure S16, when cycled at 3.6–4.3 V, the GPE-
FA–based cell delivers a capacity of 144.2 mAh/g and retains
dvanced Materials, 2026
97.2% after 100 cycles, outperforming both GPE (89.1%) and LE
(93.1%). The cycling performance with different voltage cut-offs
is summarized in Tables S3 and S4.

Besides better cycling retention, GPE-HFA also exhibits higher
conductivity retention and lower electrolyte leakage. After 100
cycles, LE, GPE, and GPE-HFA retain 77% (2.7 mS/cm), 69%
(2.0 mS/cm), and 86% (2.5 mS/cm) of their initial ionic conduc-
tivities, respectively (Figure S17). The much better conductivity
retention for GPE-HFA indicates better preserved ion-transport
pathways and suppressed interfacial/electrolyte degradation dur-
ing cycling. In the leakage current test (Figure S18), GPE-HFA
delivers a lower leakage current (0.08mA/g) than LE (0.20mA/g)
and GPE (0.15 mA/g), indicating suppressed parasitic reactions at
4.5 V.

Overall, these results demonstrate the superior cycling stability of
GPE-HFA and highlight the effectiveness of HFA as an additive
in polymer electrolyte design for achieving long-term anode-free
operation. As shown in Figure S19 and Table S5, the cycling
performance achieved in this work exceeds that of previously
reported gel-based systems [65–67]. Moreover, to the best of our
knowledge, the performance of our gel system is comparable to
that of state-of-the-art liquid electrolyte–based systems charged at
0.2 C and 0.1 C reported to date (Figure 2j and Table S6). Notably,
achieving such performance at 0.2 C is particularly significant,
as lower charging rates (0.1C) typically lead to substantially
improved performance [68].

We also evaluated the cycling performance of the GPE-HFA-
based 200 mAh and 1.4 Ah multilayer pouch cell. The NCA
loading is 3.1 mAh/cm2, and the electrolyte amount is only
2.8 g/Ah. For the 200 mAh cell, GPE-HFA delivers an initial
discharge capacity of 150.6 mAh/g (192.0 mAh) at 0.5 C and
retains 92.9% of its capacity after 100 cycles within 3.6–4.3 V
(Figure 2k). Notably, within 3.0–4.5V, a 1.4AhCu/NCApouch cell
with GPE-HFA reaches 202.4 mAh/g at 0.5 C, and the capacity
remains 80.2% (74.6%) after 85 (100) cycles at a pressure of 0.7
MPa (Figure 2k). The cycling results of large pouch cells highlight
the significant benefits of the dual-functional additive HFA for
delivering high-performance anode-free lithium metal batteries.

2.4 Characterization of SEI and Lithium Anode

To further gain a deep insight into the influence of the HFA
additive on SEI composition, cryogenic transmission electron
microscopy (cryo-TEM) and X-ray photoelectron spectroscopy
(XPS) were employed to elucidate the morphological features
and chemical compositions of the SEI. Cryo-TEM images reveal
that the GPE forms a thick SEI layer of approximately 15 nm
(Figure 3a and Figure S20), whereas the GPE-HFA and LE
exhibit a thinner SEI of only 8 nm (Figure 3c and Figure
S21). This reduced SEI thickness minimizes active lithium ion
consumption during each cycle, thereby substantially improv-
ing the Coulombic efficiency, which is in agreement with the
higher CE observed in GPE-HFA (Figure 2c). Furthermore, high-
resolution imaging reveals that the surface layer is crystalline
Li2O, as evidenced by a lattice spacing of 2.68 Å corresponding
to the (111) plane of Li2O (Figure 3b,d). Electron diffraction
(ED) patterns further corroborate this assignment, exhibiting
5 of 12
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FIGURE 3 SEI composition characterizations. (a,c), Cryo-TEM image of the SEI layer on lithium metal deposited from GPE and GPE-HFA,
respectively. (b,d), Atomic-resolution image of the region outlined in a) and c) showing the structure of the SEI layer. The lattice spacing of small
crystalline grains matches that of Li2O. (e) Carbon, (f) Oxygen, and (g) Fluorine EDS elemental mapping of as-deposited lithium metal. (h) Atomic
percentage of carbon, oxygen, and fluorine elements in SEI on lithium metal in cells. In-depth F 1s XPS spectra of Li metal anodes after three cycles
in (i), GPE, and (j), GPE-HFA. In-depth Li 1s XPS spectra of Li metal anodes after three cycles in (k), GPE, and (l), GPE-HFA.
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istinct Friedel pairs from the Li metal (110) plane together
ith polycrystalline rings attributable to Li2O (111). Notably, no
iscernible diffraction features associated with LiF are observed.
his absence of LiF echoes recent cryogenic electron microscopy
tudies, which indicate that LiF in compact SEI layers frequently
acks long-range crystallinity and preferentially coexists with
i2O in an amorphous or nanocomposite form, thus eluding
irect lattice-level detection by high-resolution TEM or ED
69, 70].

omplementary energy-dispersive X-ray spectroscopy (EDS) pro-
ides further evidence for the presence of fluorine-containing
pecies, revealing fluorine-rich domains (∼50–100 nm) on the
ithium surface (Figure 3e–g). Quantitatively, the SEI formed
ith GPE–HFA exhibits a higher fluorine content (12.2%) than
of 12
those formed with LE (7.5%) and GPE (4.6%) (Figure 3h).
Together, these results indicate the formation of an inorganic-rich
interphase featuring coexisting Li2O and LiF species, consistent
with our design strategy whereby the HFA additive promotes a
robust inorganic-rich SEI.

To further elucidate the chemical composition of the SEI, XPS
depth profiling was performed on the lithium metal surface by
fabricating Cu/NCA pouch cells after three cycles. As shown in
the F 1s spectra (Figure 3i,j and Figure S22), GPE-HFA shows
a dominant LiF peak at 684.7 eV with an atomic concentration
of 87.6% on the SEI surface, significantly higher than the 44.2%
observed in GPE and 81.5% in LE. This result demonstrates that
the incorporation of HFA effectively promotes the formation
of a LiF-rich SEI, which is crucial for enhancing long-term
Advanced Materials, 2026
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ycling stability. These results further verify that HFA is sig-
ificantly involved in the formation of SEI. A similar trend
s observed in the Li 1s spectra (Figure 3k,l and Figure S23),
here GPE-HFA displays stronger LiF-and Li2O-related signals.
n addition, the characteristic peaks in the C 1s spectra associated
ith carbonate-based solvent decomposition [71] are weaker in
PE-HFA (Figure S24), indicating suppressed solvent degrada-
ion, which is attributed to the formation of an HFA-enabled,
norganic-rich SEI. B 1s XPS spectra reveal the presence of Li-B-
and Li-B-O species (Figure S25), indicating that the reductive
ecomposition of LiDFOB andLiBF4 contributes to the formation
f borate-containing inorganic SEI components [72].

urthermore, the cathode electrolyte interphase (CEI) was inves-
igated after 100 cycles. Cryo-TEM analysis reveals comparable
EI thicknesses (∼25 nm) on cycled NCA cathodes for LE,
PE, and GPE-HFA after 100 cycles (Figure S26). Consistently,
PS depth profiling shows similar CEI compositions among the
hree electrolytes, mainly composed of Li-B-F/Li-B-O species,
arbonate-derived components, and LiF (Figures S27–S29). These
esults indicate that HFA does not substantially alter the cathode-
ide CEI chemistry. Instead, its primary role is to regulate the
node-side SEI by promoting rapid formation of a compact
norganic-rich interphase, thereby suppressing parasitic reactions
nd improving cycling stability.

EM and focused ion beam-scanning electron microscopy (FIB-
EM) characterization further show that the HFA-derived SEI in
PE-HFA leads to better lithium metal morphology compared
o LE and GPE. As shown in Figure 4a,b and Figure S30, after
hree cycles, the LE and GPE both result in a defective Li mor-
hology characterized by a high density of cracks and fragmented
rains. Such morphology accelerates electrolyte consumption,
epletes the lithium metal anode, and aggravates parasitic side
eactions, ultimately degrading the overall electrochemical per-
ormance of the battery. In contrast, the GPE-HFA leads to a
ignificantly smoother Li surface with larger and more uniform
rains, which confirms the strong ability of HFA-derived SEI to
nhibit the growth of Li dendrites and promote homogeneous
ithium nucleation and deposition. The uniform and compact
ithium deposition morphology achieved with GPE-HFA offers
ignificant advantages by reducing the surface area available for
ontinuous SEI growth and effectively suppressing the formation
f inactive lithium, thus promoting cycling life. Notably, the
verage domain size of deposited lithium in the GPE-HFA system
eaches 30.8 µm2 (Figure 4d), much higher than that observed
n the GPE (17.1 µm2, Figure 4d) and LE (26.2 µm2, Figure 4e
nd Figure S31). As shown in Figure 4c, even after 50 cycles, the
PE-HFA cell maintains a more compact lithium morphology
han GPE and LE (Figure S32), further confirming the durable
tabilization effect of the inorganic-rich SEI induced by the HFA
dditive.

n addition to forming large lithium domains, GPE-HFA also
romotes densely packed lithium deposition, as evidenced by
IB-SEMcross-sectional images.After charging in the 3rd and 50th
ycles, the lithium deposition densities in GPE-HFA reach 0.50
nd 0.44g/cm3, respectively, both exceeding the corresponding
alues observed in the LE (0.49/0.41 g/cm3) and GPE (0.47/0.40
/cm3) systems (Figure 4f,g, and Figures S33 and S34). This
ncreased lithium density in GPE-HFA effectively reduces the
dvanced Materials, 2026
electrochemically active surface area exposed to the electrolyte,
thus mitigating parasitic side reactions and conserving both elec-
trolyte and active lithium, which is essential for achieving long-
term cycling stability. Importantly, the larger lithium deposition
domain size and increased metal density observed in GPE-HFA
play a key role in suppressing parasitic reactions between lithium
and the electrolyte, factors that are critical for achieving long-
term cycling stability. As shown in Figure S35, an increased
LiF content correlates with the formation of larger lithium
domains and a higher lithium deposition density. These insights
highlight how tailored interfacial chemistry, characterized by an
inorganic -rich SEI, regulates lithium nucleation and growth,
thereby contributing to improved cycling stability in anode-free
cells.

To further elucidate the improved cycling performance in the
narrower voltage window, the morphologies of cycled anodes
and NCA cathodes were compared after 100 cycles in 3.6–
4.3 V and 3.0–4.5 V windows (Figures S36–S38). Pronounced
morphological differences are observed on the anode side, with
more severe roughening and cracking under the wider 3.0-4.5 V
window (Figures S38 and S39), whereas the cathode shows
negligible morphological or cross-sectional degradation across
voltage windows and cycling stages (Figures S37,S40 and S41).
These results indicate (1) The capacity degradation in both voltage
windows mainly stem from the lithium metal anode instead of
cathode degradation. (2) The narrower voltage range improves
the performance of the anode, and thus results in better cycling
performance. Such conclusion is further supported by EIS results
(Figure S17f), where the increase in charge-transfer resistance
(ΔRct) after 100 cycles is much more pronounced on the anode
side than on the cathode side for all electrolytes, indicating that
interfacial degradation and impedance growth mainly originate
from the anode side.

2.5 Enhanced Thermal Stability With GPE-HFA

The combustion process in conventional electrolytes primarily
originates from the generation of H⋅ radicals via C─H bond
cleavage at elevated temperatures, triggering chain combustion
reactions [73, 74]. DFT calculations were conducted to quan-
titatively assess the capability of HFA molecules to scavenge
H⋅ radicals and thus function as effective flame retardants [75,
76]. Figure 5a and Figure S42 present the calculated binding
energies (ΔE) for the reaction S + H⋅ → S─H⋅, where S denotes
the solvent molecules. Notably, HFA–H ⋅ exhibits the lowest
binding energy of 0.36 eV, compared to DEC–H⋅ (1.79 eV), FEC–
H⋅ (0.92 eV), and TMPTMA–H⋅ (2.21 eV). This significantly lower
ΔE highlights the superior H⋅radicals scavenging capability of
the flame-retardant HFA additive, effectively enhancing its flame
suppression performance during the combustion of electrolytes
[77, 78]. To further investigate the flame-extinguishing effect of
the GPE-HFA, its structural evolution under the action of oxygen
in a high-temperature (1073 K) environment was simulated
through ab initio molecular dynamics (AIMD) calculations [79].
After reaching a steady state at 5 ps, H⋅ radicals formed in the gas-
phase combustion chain become evident in the GPE (Figure 5d).
In contrast, the F⋅ radicals formed by GPE-HFA (Figure 5e) at
high temperatures can effectively capture H⋅ radicals, terminat-
ing their further propagation. Notably, the concentration of H⋅
7 of 12
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FIGURE 4 (a,b) SEM images of lithium morphology deposited on Cu for GPE and GPE-HFA pouch cells, showing a more uniform deposition in
GPE-HFA. Images were captured at the end of the charging of the 3rd cycle. (c) SEM images of lithium morphology deposited on Cu for GPE and GPE-
HFA pouch cells, exhibiting a more compact deposition in GPE-HFA. Images were captured at the end of charging of the 50th cycle. (d) Lithium metal
domain size distribution from cells with GPE and GPE-HFA (3rd cycle). (e) GPE-HFA shows the largest domain size compared with other electrolytes
at the end of the 3rd cycle. (f) Electrode thickness of deposited lithium on Cu calculated from FIB-SEM results of GPE and GPE-HFA-based pouch cells
(3rd cycle). (g) GPE-HFA shows the highest density of as-deposited lithium metal compared with other electrolytes after the 3rd charging and the 50th

charging.
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adicals in GPE-HFA decreases by 80.1% relative to that in GPE
Table S7).

he flame-retardant property of the HFA additive was first
alidated by experiments. As shown in Figure 5b,c, GPE readily
gnites when exposed to a butane torch, whereas GPE-HFA
emains non-flammable under exposure to the ignition source,
emonstrating its superior flame resistance, even at a low con-
entration of 2.5 wt.%. Moreover, self-extinguishing time (SET)
easurements were conducted to quantitatively evaluate the
lammability of the electrolytes. 1 gramof electrolyte is used in the
xperiment. TheGPE exhibits a high SET value of 58.6 s/g, indica-
ive of severe and sustained combustion, whereas the GPE-HFA
hows an SET of 0 s/g with no sustained burning after ignition.
hese results quantitatively confirm the markedly suppressed
lammability and enhanced thermal stability enabled by HFA
ncorporation (Figure S43). In addition, the differential scanning
alorimetry (DSC) shows that GPE-HFA generates∼27% less heat
hanGPE (Figure S44a), which shows enhanced thermal stability.
he thermogravimetric analysis (TGA) also shows slightly slower
ass loss in GPE-HFA than in GPE (Figure S44b). These results
alidate the advantage of GPE-HFA in terms of thermal stability.

o further validate the flame-retardant capability of GPE-HFA,
rilling tests were conducted on multilayer Cu/NCA pouch cells.
of 12
Remarkably, a 200 mAh Cu/NCA multilayer pouch cell-based
GPE-HFA passes the harsh drilling test at the fully charged state
(Video S1). During drilling, the central temperature only rises to
∼47◦C, and the cell voltage recovered upon drill removal
(Figure 5i–k), highlighting the excellent thermal stability of
GPE-HFA. In comparison, a 200 mAh Cu/NCA cell within
GPE exploded during drilling with a central temperature >

100◦C (Video S2), and the voltage dropped to 0 V after drilling
(Figure 5f–h).

Impressively, even after 100 cycles, a fully charged 1.4 Ah cell-
based GPE-HFA passes a drilling penetration test, reaching a
peak central temperature of only 66◦C and showing no signs of
thermal runaway (Figure 5l–n and Video S3). In contrast to nail-
penetration tests typically conducted after the first cycle, this
evaluation was performed after 100 charge–discharge cycles at
full state of charge, representing a substantially more stringent
and practically relevant condition. Cycling-induced interfacial
heterogeneity and inhomogeneous lithium deposition are known
to accelerate parasitic reactions and compromise thermal stability
[80, 81], thus increasing susceptibility to thermal runaway under
mechanical abuse. The absence of thermal runaway under these
ageing-aggravated conditions highlights the durability of the
GPE-HFA system, which effectively mitigates lithium hetero-
geneity and side reactions over prolonged cycling. Moreover,
Advanced Materials, 2026
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FIGURE 5 (a) DFT calculations of binding energies of DEC−H⋅, FEC−H⋅, TMPTMA−H⋅, and HFA−H⋅. Combustion tests of (b) GPE and
(c) GPE-HFA, demonstrate the enhanced thermal stability of GPE-HFA. (d,e) AIMD simulations of the structure evolutions of GPE and GPE-HFA
under the action of oxygen at high temperature (1073 K). (f) Voltage profile of a GPE-based 200 mAh anode-free pouch cell during a drilling test.
Infrared thermography images recorded before (g) and after (h) drilling, showing pronounced temperature rise and poor thermal stability. (i) Voltage
profile of a GPE-HFA-based 200 mAh anode-free pouch cell during a drilling test. Corresponding infrared thermography images before (j) and after (k)
drilling. GPE-HFA exhibits no thermal runaway in the drilling test. (l) Voltage profile of a GPE-HFA-based 1.4 Ah anode-free pouch cell after 100 cycles
during a drilling test. Infrared thermography images before (m) and after (n) drilling. GPE-HFA shows impressive thermal stability even after 100 cycles.
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uch a pronounced difference in the safety test is also attributed
o the ability of HFA to effectively scavenge solvent-derived H⋅
adicals, thus significantly suppressing the flammability of GPE-
FA. Beyond drilling, the GPE-HFA-based 1.4 Ah pouch cell
aintained stable power output even under mechanical abuse
Figures S45 and S46).

Conclusion

e report a dual-functional fluorinated additive that enables in
itu gelation, simultaneously delivering excellent cycling stabil-
ty and enhanced safety in anode-free lithium-metal batteries.
hrough a cross-linking process, the GPE-HFA was precisely
ngineered with an optimized HFA concentration to tailor SEI
omposition, thereby achieving high anodic stability. Moreover,
he strong free radical scavenging capability of HFA imparts
lame-retardant properties, effectively mitigating thermal run-
way risks in multilayer cells. Following this design, GPE-HFA
xhibits significantly improved lithium deposition morphology
nd higher deposition density compared to the additive-free
ounterpart. Cryo-TEM and XPS analysis confirm the formation
f a thin and inorganic-rich SEI containing LiF/Li2O in GPE-
FA. Impressively, GPE-HFA-based Cu/NCA multilayer pouch
ells with capacities of 1.4 Ah (3.0–4.5 V) and 200mAh (3.6–4.3 V)
etain 74.6% and 92.9% of their initial capacity after 100 cycles,
espectively, when cycled at 0.5 C discharge. Such results are
omparable to, or better than, the best performances reported to
ate.Moreover, such a 1.4AhCu/NCA cell successfully passes the
rilling test in the fully charged state even after 100 cycles. Over-
ll, these findings demonstrate a viable strategy for constructing
igh-performance, safe anode-free lithium metal batteries, while
he use of HFA as an additive offers mechanism insights into
nterfacial chemistry that can guide future electrolyte design.
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