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Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)-based solid polymer electrolytes show great
potential for high energy lithium metal batteries, however, the residual solvent and related severe side
reactions limit its development. Herein, a PVDF-HFP-based solid polymer electrolyte modified by fluo-
robenzene (FB) co-solvent is designed to address these problems. The introduced FB with weak solvation
interaction regulates the coordination environment and induces anions to enter the solvation structure,
generating more contact ion pairs (CIPs) and aggregates (AGGs). In addition, the anions-derived LiF-rich
interphases help to improve the interface stability against Li metal. As a result, the FB-PVDF-HFP achieves
high ionic conductivity (4.1 x 10~ S/cm) and low activation energy (0.125 eV) at room temperature. In ad-
dition, Li||Li symmetric cells using FB-PVDF-HFP electrolyte can achieve uniform and dendrite-free lithium
deposition/stripping in the long-term cycling over 2300 h. The assembled solid-state Li|FB-PVDF-HFP|LFP
full cell shows improved rate performance and cycling performance (600 cycles at 0.5 C and 450 cycles
at 3 C) at room temperature. This work verifies the feasibility of fluorinated terminated solid polymer

electrolytes on its lithium-ion transport and interfacial stability in lithium metal batteries.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The demand for high energy density lithium-ion batteries is
rising due to the rapid growth of electric vehicles, portable elec-
tronic devices, and large-scale energy storage systems. Metal-
lic lithium, because of its high specific capacity (3860 mAh/g),
relatively low density (0.534g/cm3), and the lowest potential
(—-3.04V), is a promising anode material for high energy den-
sity lithium metal batteries [1-8]. However, liquid organic elec-
trolytes paired with lithium metal anode may cause severe side
reactions and thick solid-electrolyte-interphases (SEI). In addition,
the growth of lithium dendrites in liquid electrolyte shows safety
risks such as leakage and combustion. Furthermore, the incom-
patibility of liquid electrolytes with high-voltage cathodes hin-
ders further energy density advancements [9,10]. Substituting lig-
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uid organic electrolytes with solid-state electrolytes can mitigate
the above-mentioned issues in lithium metal batteries. Solid-state
electrolytes with high modulus is expected to suppress the forma-
tion of lithium dendrites and improve battery safety and cycle sta-
bility [11-15].

Among solid-state electrolytes, solid polymer electrolytes have
attracted much attention due to their good flexibility and large
scale processability [16,17]. Especially for polyvinylidene fluoride
(PVDF)-based solid electrolyte, due to the strong interaction be-
tween lithium salt and residual N,N-dimethylformamide (DMF) sol-
vent, solvated molecules can be rapidly transmitted through the
polymer chain, that make it has relatively high room-temperature
lithium ion conductivity (~10~4 S/cm) [18,19]. The ionic conduc-
tivity can be further improved by copolymerization of hexaflu-
oropropylene with vinylidene fluoride (PVDF-HFP) [20,21]. How-
ever, there remain several problems hindering the practical appli-
cation of PVDF-HFP-based solid polymer electrolytes. First, unlike
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solid electrolytes such as polyethylene glycol (PEO) which form a
dense membrane, the PVDF-HFP matrix consists of spherical parti-
cles with voids between them. These voids may lead to an uneven
distribution of lithium ions, resulting in uncontrollable growth of
Li dendrites [22]. Secondly, the interaction of lithium salt with
the residual DMF solvent forms [Li(DMF)x]* solvated molecules,
which when matched with lithium metal anodes, the side re-
actions result in severe capacity decay of lithium metal batter-
ies during long-term cycling [23]. Therefore, it is crucial to im-
prove the microstructure of solid polymer electrolytes and mod-
ulate the solvation structure to ensure rapid lithium-ion transport
and create a stable interfacial reaction environment [24]. Conven-
tional strategies include organic molecule modification [25,26], in-
organic filler modification [27-29], additive modification [30,31]
and other [32-34], among which the use of additives is relatively
common, especially fluoride additives. Because the side reaction
between electrode and electrolyte may result in chemical instabil-
ity and mechanical weakness of electrode-electrolyte interface, flu-
orine has unique chemical and physical properties-hydrophobicity,
strong bonding strength and stability, excellent dielectric proper-
ties and strong electronegativity and polarization, which can well
deal with these problems [35,36]. Moreover, fluorine-containing
additives can also improve ion transport and define well-defined
ion transport channels [37].

In this work, we designed a fluoride additive fluorobenzene
(FB)-modified PVDF-HFP-based solid electrolyte (FB-PVDF-HFP),
which exhibited high room-temperature ionic conductivity and ex-
cellent electrode-electrolyte interface stability. It was found that af-
ter adding FB, FB partially replaced DMF, leading to a decrease in
the amount of DMF in the solvation process. This significantly re-
duced the side reactions between Li metal and DMF. In addition,
the decomposition of FB will also generate LiF products, thus pro-
ducing more LiF in the SEI layer. This ensuring the rapid trans-
port of Li* in the SEI and the stability of the battery. Taking ad-
vantages of these advantages, the FB-PVDF-HFP electrolyte has an
ambient ionic conductivity as high as 4.1 x 10~% S/cm and an ion
transfer number of 0.40, and the use of the FB-PVDF-HFP elec-
trolyte enables uniform and dendrite-free Li plating/stripping dur-
ing long term cycling in Li||Li symmetric cell. Solid-state Li|FB-
PVDF-HFP|LFP full cells exhibit superior rate performance and cycle
performance (450 cycles at 3 C).

For the preparation of composite solid electrolyte membrane,
PVDF-HFP (Sigma), lithium salt (LiTFSI) (99.9%, Canrd) and LATP
(Canrd) were mixed in DMF (99.9%, Aladdin) with a mass ratio of
10:10:1. Then, the homogenized slurry was spread on a clean glass
surface and vacuum dried at 60°C for 48 h to evaporate the resid-
ual solvent. The resulting polymer electrolyte membrane was la-
beled as PVDF-HFP. 2.5% FB (99.9%, Aladdin) additive was added
in the slurry to prepare the FB-PVDF-HFP membrane.

The crystal structure of the electrolytes was characterized by
X-ray diffraction (XRD) (Cu Ko, A=0.15406nm). A field-emission
scanning electron microscope (FESEM, JSM-7600F) was applied to
monitor the surface and cross-sectional morphology of the elec-
trolyte and Li metal after cycling. The surface chemistry of Li metal
after cycling was analyzed on X-ray photoelectron spectroscope
(XPS) equipment (Thermo Scientific Ko spectrometer). The TG-DSC
was conducted using a German Netzsch STA 449 F3 instrument,
with a heating rate of 10°C/min from room temperature to 800 °C
under an argon atmosphere. The mechanical property tests were
performed using a SANS UTM2502 universal testing machine.

The electrochemical performances of the polymer electrolytes
were measured by Bio-Logic VSP-300 electrochemical workstation.
The ionic conductivity was determined through electrochemical
impedance spectroscopy (EIS) employing stainless-steel (SS) sym-
metric cells. Measurements were conducted in the temperature
range of 30-80°C, with a frequency range from 7MHz to 0.1 Hz
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and an AC amplitude of 20 mV. The conductivity was calculated by
the following Eq. 1:

o =L/RS (1)

where L is the thickness of solid polymer electrolytes; R is
the high-frequency intercept obtained from the electrochemical
impedance spectroscopy (EIS), S is the contact area between SS
and the polymer electrolyte membrane. The activation energy of
the SPEs was calculated by the following Arrhenius Eq. 2:

o = ogexp (Ea/RT) (2)

where o is the per-exponential factor; E, is the activation energy;
T is the absolute temperature.

The lithium-ion migration number (t,) was examined by com-
bining AC impedance and DC polarization methods employing
lithium symmetric cells. t; was calculated by the following Eq. 3:

t+ = (ISS(AV - IORO))/(IO(AV - IssRss)) (3)

where AV is the applied polarization voltage; I and Iss are the ini-
tial current and steady-state current, respectively; Ry and Rgs are
the initial resistance and steady-state resistance, respectively. The
I—t curve was obtained by the Bio-Logic VSP-300 electrochemical
workstation and potentiostatic chronoamperometry, where AV was
10mV, time t was 7200s, the test temperature was room temper-
ature.

To evaluate solid-state cell performance, the cathodes were pre-
pared using a traditional slurry-coating method. LiFeO,4 power, car-
bon black, and PVDF binder (5 wt% dissolved in DMF) were mixed
and dissolved in a mass ratio of 8:1:1 in N-methylpyrrolidone
(NMP, Aladdin). The mixed slurry was spread onto the aluminum
foil and dried in a vacuum drying oven at 80°C for 12 h. The cath-
ode was obtained with an active material mass loading of 0.9-
1.4mg/cm?2. For the CR2025 type coin cell, the cathode was cut
into disks of 12mm diameter. All the cells were assembled in
an argon-filled glovebox with H,0 and O, < 0.1 ppm. The gal-
vanostatic charge/discharge performances of the assembled cells
were recorded between 2.8V and 3.9V using a Neware CT-408T-
5V20mV-HWX battery test instrument.

Adsorption energy calculation is also important. All calculations
were carried out by DFT as implemented in the Vienna Ab Ini-
tio Simulation Package (VASP) [38] with plane wave basis sets
and projector-augmented wave (PAW) pseudopotentials [39]. The
Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation
(GGA) was adopted as the exchange-correlation function [40]. The
energy cutoff of 520eV was used for structural relaxation and en-
ergy calculations. The convergence criterion for energy and force
for structural relaxation was set as 1.0 x 105 eV and 0.01 eV/A, re-
spectively. The adsorption energy E.4s was calculated by the fol-
lowing Eq. 4:

Eads = Etotal - Eadsorbate - Eadsorbent (4)

where E,y is the total energy of the interaction system between
the adsorbate and the adsorbent, E,4sopate 1S the energy of the iso-
lated adsorbate, E,4soment iS the energy of the isolated adsorbent.
The FB-PVDF-HFP and PVDF-HFP electrolytes were prepared by
solution casting method, then characterized and compared. The
scanning electron microscope (SEM) images of PVDF-HFP and FB-
PVDF-HFP electrolyte membranes are shown in Figs. 1a and b. Af-
ter adding FB, the surface of the PVDF-HFP-based solid polymer
electrolyte becomes denser, and the dense solid electrolyte struc-
ture can provide a shorter and more regular ion transmission chan-
nel, reduce the scattering and obstruction of ions during the trans-
mission process, thereby improving the ion conductivity [41,42].
Moreover, FB-PVDF-HFP electrolyte has a thickness of about 80 um
(Fig. 1c) and good flexibility. As shown in Fig. S1 (Supporting in-
formation), the DSC curve exhibits no significant baseline shift or
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Fig. 1. Characterizations of the polymer electrolyte membranes. Surface SEM im-
ages of (a) PVDF-HFP and (b) FB-PVDF-HFP electrolytes. (c) Cross-sectional SEM im-
age of FB-PVDF-HFP membrane. (d) EDS elemental mapping of C, F, Al, S. (e) XRD
patterns of PVDF-HFP and FB-PVDF-HFP membranes. (f) The fitting results of sol-
vation structure from Raman spectra in FB-PVDF-HFP and PVDF-HFP electrolytes
(CIPs: anions coordinate with one lithium ion, AGGs: anion coordinate with two or
more lithium ions). (g) The molecular structures and (h) the adsorption energy of
DMF, and FB for a Li*. (i) The solvation environment after adding FB.

minor endothermic peaks within the temperature range from room
temperature to 300°C, which indicates that the FB-PVDF-HFP pos-
sesses a low glass transition temperature (Tg), remaining in the
rubbery state above T at room temperature. The results prove
that it has good thermal stability. FB-PVDF-HFP also has better
mechanical properties (Fig. S2 in Supporting information). Fig. 1d
shows the energy dispersive spectroscopy (EDS) image of the FB-
PVDF-HFP electrolyte membrane, indicating that LiTFSI and LATP
are uniformly dispersed in the PVDF-HFP framework, which en-
sures that FB-PVDF-HFP electrolyte could rapidly transport Li*. To
further confirm the crystalline nature of the polymer hosts and
LATP particles, the X-ray diffraction (XRD) patterns were obtained,
as shown in Fig. 1e, characteristic peaks around 19.8° and 20.1° are
detected, indicating that the PVDF-HFP matrix includes «-phase
PVDF-HFP, while the crystalline phase is essentially unchanged af-
ter adding FB. But we can see the peaks of PVDF-HFP width signif-
icantly broaden after the addition of FB in Fig. S3 (Supporting in-
formation), indicating a decrease in its crystallinity. The poor crys-
tallization is expected to reduce the porosity of the PVDF-HFP film
and facilitate ion transport. Raman spectroscopy was used to fur-
ther reveal the coordination state of the anions. As shown in Fig.
1f, the free solvent molecules of the PVDF-HFP electrolyte and FB-
PVDF-HFP electrolyte disappear, forming contact ion pairs (CIPs,
anions coordinate with one lithium ion) and aggregates (AGGs, an-
ion coordinate with two or more lithium ions), but with the addi-
tion of FB, both CIPs and AGGs begin to increase (Fig. S4 in Sup-
porting information), indicating that FB facilitates the formation of
CIPs and AGGs, which improves the ionic conductivity of the elec-
trolyte membrane. As shown in Figs. 1g and h, the adsorption en-
ergy of Li-DMF and Li-FB were determined through theoretical cal-
culations. Li-FB has lower adsorption energy, which proved that FB
only partially replaced DMF, leading to a decrease in the amount
of DMF in the solvation process (Fig. 1i).

Ionic conductivity is a key parameter for the electrochem-
ical performance of solid electrolytes. Symmetrical cells using
stainless-steel (SS) as blocking electrodes were assembled to mea-
sure the ionic conductivity of the solid polymer electrolyte. Accord-
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Fig. 2. Electrochemical performances of symmetric cells. (a) Nyquist plots of SS|FB-
PVDF-HFP|SS cell at various temperatures. (b) Arrhenius plots of ionic conductivi-
ties for FB-PVDF-HFP and PVDF electrolytes. (c) Chronoamperometry curve of Li|FB-
PVDF-HFP|Li cell under 10mV polarization. The inset is EIS spectra before (black)
and after (red). (d) Galvanostatic cycling curves of Li|FB-PVDF-HFP|Li and Li|PVDF-
HFP|Li cells under 0.05mA/cm? for 1h at room temperature. (e) Enlarged plots of
Fig. 2d around 130h.

ing to the electrochemical impedance spectra (EIS), the ionic con-
ductivity of the FB-PVDF-HFP electrolyte can be calculated to be
41 x10~* Sjcm at room temperature, which is much higher than
that of the PVDF electrolyte (1.97 x 10~ S/cm, Fig. S5 in Support-
ing information). It is because of the introduction of FB, which in-
duces anions into the solvated structure, and the anions cooperate
with FB to weaken the interaction between PVDF and DMF sol-
vent, thus ensuring rapid transport of Li* [43]. Fig. 2a and Fig.
S6 (Supporting information) show the variable temperature ionic
conductivity of solid polymer electrolytes at 30-80°C. As the tem-
perature increases, the ionic conductivity gradually increases. This
is because the chain segments and volume of the polymer matrix
PVDF-HFP are affected by temperature. The increase in tempera-
ture causes the free volume to expand and accelerates the move-
ment of the polymer chain segments, resulting in an incensement
in ionic conductivity [44]. The Arrhenius plot (Fig. 2b) based on the
ionic conductivity at different temperatures shows that the activa-
tion energy of FB-PVDF-HFP and PVDF-HFP electrolytes are 0.125
and 0.136 eV, respectively, which indicates that the Li-ion migration
barrier is lower in FB-PVDF-HFP polymer electrolyte. Lithium-ion
transfer number (t,) is another important indicator for evaluating
the Li-ion migration capability of electrolytes, the t, of FB-PVDF-
HFP is 0.40 (Fig. 2c), which is higher than that of PVDF electrolyte
(t- =0.28, Fig. S7 in Supporting information), which is profited
from the accelerated interfacial Li-ion transport in FB-PVDF-HFP.
The electrochemical performances of the polymer solid-state elec-
trolyte with and without FB in contact with lithium metal anodes
were further tested by assembling the Li||Li symmetrical battery
to investigate the effect of FB on the stability of the Li/electrolyte
interface. As shown in Figs. 2d and e, the Li|FB-PVDF-HFP|Li sym-
metric cell exhibits stable cycling performance for over 2000 h at
a current density of 0.05mA/cm? at room temperature, whereas
the Li|PVDF-HFP|Li cell short circuits after only 130 h. Meanwhile,
the low Li-ion conductivity as well as the thick SEI of the PVDF-
HFP electrolyte leads to an ultra-high overpotential, which hinders
the efficient electrochemical cycling of the Li|PVDF-HFP|Li symmet-
ric cell. It is because the side reactions between Li metal and free
DMF molecules, causing the overpotential of the Li|PVDF-HFP|Li
symmetric cell to continuously increase, leading to short circuit-
ing after approximately 130h of cycling. The introduction of FB
modulates the solvation structure (more CIPs and AGGs), FB par-
tially replaces DMF, leading to a decrease in the amount of DMF in
the solvation process. This significantly reduces the side reactions
between Li metal and DMF. In addition, the decomposition of FB
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Fig. 3. Cycling and rate performance of full cells at room temperature. (a) Rate ca-
pability of Li|FB-PVDF-HFP|LFP and Li|PVDF-HFP|LFP cells. Charge/discharge curves
of (b) Li|FB-PVDF-HFP|LFP and (c) Li|[PVDF-HFP|LFP under different rates. (d) Cy-
cling performance of Li|FB-PVDF-HFP|LFP cell at 0.5 C. (e) Charge/discharge curves
of Li|FB-PVDF-HFP|LFP under different cycle. (f) Cycling performance of Li|FB-PVDF-
HFP|LFP and Li|PVDF-HFP|LFP cells at 1.0 C. (g) Cycling performance of Li|FB-PVDF-
HFP|LFP at 3.0 C.

will also generate LiF products, thus producing more LiF in the SEI
layer, thus ensuring long-term stable cycling.

To further evaluate the electrochemical performance of FB-
PVDF-HFP electrolyte, Li|FB-PVDF-HFP|LFP and Li|PVDF-HF-P|LFP
full cells were assembled and measured at room temperature in
the voltage range of 2.8-3.9V. As shown in Fig. 3a, the capacities
of Li|FB-PVDF-HFP|LFP cells are 142.1, 129.8, 115.2 and 102.3 mAh/g
at 0.5, 1, 2 and 3 C, respectively, and the capacity remains basically
unchanged when the current density returns to 0.5, 1, 2 and 3 C,
the excellent rate capability benefits from the fast Li-ion transfer
kinetics in the FB-PVDF-HFP electrolyte. The charge-discharge pro-
files of the Li|FB-PVDF-HFP|LFP battery at different rates are sta-
ble, indicating that no side reactions occur (Fig. 3b). On the con-
trary, Li|PVDF-HFP|LFP cell showed lower capacity at the same rate
(Fig. 3c). The Li|FB-PVDF-HFP|LFP cell demonstrates excellent cy-
cling stability, maintaining high capacity and coulombic efficiency
over extended periods. Specifically, it can cycle for over 500 cycles
at 0.5 C, retaining a capacity exceeding 120 mAh/g and achieving
a coulombic efficiency close to 99.9% (Figs. 3d and e). Moreover,
it exhibits stable cycling for 200 cycles at 1 C with the capacity
of approximately 100 mAh/g, outperforming the Li|PVDF-HFP|LFP
counterpart which only reaches about 40 mAh/g after 200 cycles
at 1C (Fig. 3f). Additionally, the Li|FB-PVDF-HFP|LFP cell can also
maintain stability cycle up to 450 cycles at 3 C (Fig. 3g).

To further investigate the effect of FB-PVDF-HFP on lithium de-
position, the recycled cells were disassembled in the argon glove
box, and the recycled lithium sheets were characterized to inves-
tigate the interface of the cells. As shown in Figs. 4a-c, the SEM
images of the cross-section of the lithium metal after cycling, re-
veal messy lithium dendrites produced on the surface. which fur-
ther proves that LiF-rich inorganic materials are formed on the sur-
face of the cathode throughout the cycling process. Dense spherical
lithium can be observed on lithium sheet when using FB-PVDF-HFP
electrolyte (Figs. 4d-f), which can effectively minimize the side re-
action between the lithium anode and the electrolyte and inhibit
the growth of lithium dendrites after the formation of this compact
lithium deposition, while the PVDF-HFP electrolyte is more likely
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cled Li metal using FB-PVDF-HFP at different scales. (g) XPS spectra of SEI on Li
metal in Li|FB-PVDF-HFP|Li cell.

to form lithium dendrites (Fig. S8 in Supporting information), indi-
cating that the incorporation of FB hinders the growth of lithium
dendrites to some degree. The compositions of SEI from the cycled
Li metal anode surface were further analyzed by

X-ray photoelectron spectroscopy (XPS). As shown in the C 1s
spectra, four distinct peaks at 285.2, 286.5, 288.6 and 292.1eV
were fitted and assigned to C-C, C-0, Li,CO3 and C-F, respectively.
Furthermore, as shown in the F 1s spectra, two distinct peaks at
684.8 and 688.1 eV were fitted and assigned to LiF and C-F/LiTFSI,
respectively. Meanwhile, two distinct peaks at 56.8 and 55.4eV
were fitted and assigned to Li;O/LiTFSI and LiF, respectively, as
shown in Li 1s spectra. The XPS (Fig. 4g) further illustrates that the
cathode surface formed an inorganic interface layer rich in LiF. As
an excellent electronic insulator, LiF can prevent the transmission
of electrons, inhibit the side reaction between lithium metal and
the electrolyte effectively. Compared with the traditional SEI, LiF
has better ionic conductivity and chemical stability, but also can
promote the uniform deposition of lithium [45].

In summary, a PVDF-based solid electrolyte for room tempera-
ture lithium metal batteries with fast ion transport capability and
long-term stable cycling was successfully prepared by adding FB.
After adding FB, FB partially replaces DMF, leading to a decrease
in the amount of DMF in the solvation process. This significantly
reduces the side reactions between Li metal and DMF. In addition,
the decomposition of FB will also generate LiF products, thus pro-
ducing more LiF in the SEI layer, thereby improving the ionic con-
ductivity and interface stability of the polymer electrolyte, allow-
ing solid-state lithium metal cells to cycle stably for a long time.
This work verifies the feasibility of fluorinated solvents in improv-
ing the ionic conductivity and interfacial stability of solid polymer
electrolytes, and provides ideas for promoting the development of
SSLBs based on solid polymer electrolytes.
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