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ARTICLE INFO ABSTRACT
Keywords: Solid-state Li-metal batteries (SSLMBs) are attractive for their safety and high energy density characteristics,
Fluorinated graphene oxide enabled by solid-state electrolytes (SSEs) and lithium metal anodes. However, SSEs face challenges in ionic

Two-dimensional fillers

Composite solid electrolyte

Density functional theory calculations
Interface stability

conductivity and interfacial stability. Herein, we develop composite solid electrolytes (CSEs) incorporating
functionalized 2D graphene-based fillers, such as reduced graphene oxide, graphene oxide, and fluorinated
graphene oxide (FGO), into a solid polymer electrolyte for LiNipgCop1Mng102 (NCM-811)-based SSLMBs.
Among them, FGO exhibits the best performance, offering superior ionic conductivity (9.4 x 1074 S ecm™! at
25 °C), a high Li" transference number (0.60), and a wide electrochemical window (~4.8 V). The Li* transport
behavior in the CSEs with various functionalized graphene materials is examined via density functional theory
calculations. The improved Li* mobility can be attributed to the positively charged C atoms bonded with fluorine
groups. The calculations indicate stronger TFSI~ binding on FGO, which facilitates Li" dissociation and enhances
Li* transport. The Li||1IFGO-CSE||NCM-811 cell delivers a high cathode capacity of 200 mAh g~! at 25 °C,
retaining 95% of its capacity after 350 cycles. While the filler-free SSE exhibits relatively low Li* conductivity
and poor cyclability, the FGO-CSE enhances Li" conduction and stabilizes both the anode and cathode interfaces,
thereby achieving outstanding cell performance.

1. Introduction density and high safety in various applications [1,2]. The use of a
metallic Li anode, with its high theoretical capacity (3860 mAh g~ 1) and

Solid-state Li-metal batteries (SSLMBs) have emerged as cutting-edge low redox potential (—3.04 V vs. standard hydrogen electrode), is
energy storage devices, addressing the growing demand for high energy intended to enhance energy storage capability [3]. However,
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conventional liquid-electrolyte Li-metal batteries often face challenges
such as unstable solid electrolyte interphase (SEI) and Li dendrite for-
mation, leading to poor cell cyclability and serious safety concerns [4,5].
In response, solid-state electrolytes (SSEs) have attracted increasing
attention for their potential to overcome the above limitations. As a
result, SSLMBs have emerged as a promising solution, offering high
charge-discharge performance and enhanced reliability [6,7]. This is
particularly important given the growing demand for electric vehicles
and grid-scale energy management.

Generally, SSEs can be categorized as solid polymer electrolytes
(SPEs), inorganic ceramic electrolytes (ICEs), and composite solid
electrolytes (CSEs). SPEs, comprising a polymer matrix and lithium salts,
offer flexibility, great processability, and good interfacial contact with
electrodes [8]. However, they usually suffer from drawbacks including
low ionic conductivity (~107°S cm’l), limited thermal and electro-
chemical stability, and inadequate suppression of lithium dendrite
growth [9]. In contrast, ICEs have superior ionic conductivity and high
mechanical strength but exhibit insufficient interfacial connections with
electrodes [10,11]. CSEs, constructed by combining SPEs and ICEs,
blend the advantages of both, where the polymer phase provides flexi-
bility, plasticity, and wettability, and the ceramic filler enhances Li*
conduction and mechanical strength, suppressing Li dendrite propaga-
tion [12,13]. In addition, the filler particles tend to reduce crystallinity
of the polymer phase, enlarging the amorphous region and creating
effective pathways for Li* transport [14,15]. Employing a suitable filler
material to enhance Li* conductivity and interfacial stability of the CSE
is vital for the development of high-performance SSLMBs. This work
addresses this pressing necessity.

Inorganic fillers in CSEs are generally classified into active and inert
types according to their Li"-conducting properties [16]. Active fillers are
Li* conductors, such as LISICON-type, NASICON-type, perovskite-type,
and garnet-type materials [14,15]. However, factors such as Li metal
incompatibility (e.g., LisxLag/3.xTiOs, Lij xAl Tizx(PO4)3), high cost,
limited electrochemical stability windows, and sensitivity to air and
moisture (e.g., LiyLa3Zry012) inhibit their practical application to some
extent [17]. Inert fillers include oxides (e.g., SiOy, Al;O3, and ZrOy),
carbon-based materials, metal-organic frameworks (MOFs), and other
materials [17-19]. These inert fillers boost the CSE conductivity by
reducing the polymer matrix crystallinity. Besides, they enhance Li™
transport by forming space charge regions near their surfaces, which act
as fast conduction pathways for Li* ions [20,21]. In addition, they can
improve the CSE mechanical strength and promote the interfacial
robustness [22]. Of particular importance, these fillers are usually
air-stable and cost-effective, rendering them attractive for scalable
SSLMBs [23].

In recent developments, certain attention has been directed toward
the use of two-dimensional (2D) carbon materials as inert fillers in CSEs,
owing to their environmental friendliness, high stability, and mechani-
cal resilience [24-27]. Their two-dimensional structure establishes a
continuous pathway for rapid Li" transport along the interface with the
polymer matrix [18,21]. However, the sp? carbon networks impart
inherent electronic conductivity, which may potentially induce cell
short-circuiting and thus raise reliability concerns [26,28]. Fortunately,
these materials can be engineered to show insulating behavior by dis-
rupting the sp2 carbon-carbon bonds through heteroatom functionali-
zation [29]. This functionalization involves the introduction of epoxy,
hydroxyl, carboxyl, and other groups onto 2D graphene sheets [29,30].
Li et al. incorporated graphene oxide (GO) into polyacrylonitrile-based
SPE, achieving enhanced ionic conductivity (4.0 x 104 S em™) at
30 °C due to the oxygen-functional groups, which reduce SPE polarity
and improve Li salt dissociation [31]. Similarly, Wen et al. used GO into
polyethylene oxide (PEO)-based SPEs, boosting the ionic conductivity
(1.54 x 107> S ecm™') and electrochemical stability, as GO suppressed
PEO crystallinity and reinforced the SPE [32]. Zhang et al. coated poly
(propylene carbonate) (PPC) with GO to enhance SSE/Li interface sta-
bility. Upon contact with Li metal, the GO was transformed to a reduced
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graphene oxide (RGO) layer, which suppressed Li dendrite growth and
increased ionic conductivity to 2.22 x 10"*S em ™! at room temperature
[33]. Lee et al. employed poly(ethylene glycol)-grafted GO (PGO) in a
polymer matrix to achieve an ionic conductivity of 2.1 x 10™*S ecm™ at
30 °C, attributed to Lewis acid-base interactions between PGO and
LiClO4 salt [34]. Wu et al. introduced lithiated polydopamine-modified
GO nanosheets into PEO, where long-range conduction pathways with
locally concentrated Li™ form at the interfaces, yielding an enhanced
CSE conductivity of 3.4 x 107> S cm™! at 30 °C, ten times higher than
that of the plain PEO electrolyte [35]. Zhu et al. and Zhang et al.
modified GO with 1-(3-aminopropyl)-3-methylimidazolium bromide
ionic liquid and oxyethyl-containing poly(ionic liquid), respectively [36,
37]. When incorporated with PEO, the resulting CSEs exhibited ionic
conductivities 0of 1.8 x 10> S em ! at 25 °Cand 1.01 x 107 *Sem ™! at
40 °C, respectively. Although the 2D carbon fillers have shown some
promise, the ionic conductivity of the obtained CSEs remains subopti-
mal; thus, further investigation and improvement are required. Notably,
most previous studies employed GO-based fillers in CSEs. The influence
of other heteroatoms or functional groups of graphene sheets on the
interactions with the polymer matrix and the consequent CSE perfor-
mance has not been fully examined. Moreover, existing studies lack
detailed atomic-level approaches to elucidate the fundamental mecha-
nisms underlying the enhancement of Li* transport properties. This
study thus aims to investigate these issues.

In the present work, three types of 2D functionalized graphene,
namely RGO, GO, and fluorinated graphene oxide (FGO), are incorpo-
rated as fillers in the poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP)/PPC polymer matrix with lithium bis(trifluoromethane)
sulfonamide (LiTFSI) salt. For the first time, the effects of these 2D fillers
on the material and electrochemical properties of CSE layers, including
morphology, flexibility, thermal stability, crystallinity, ionic conduc-
tivity, Li* transference number (f;), and electrochemical stability win-
dow, are systematically studied. To enable a fair comparison among the
different fillers, the filler content is initially fixed at 0.5 wt%, a con-
centration commonly reported to be optimal for polymer composite
electrolytes [38-41]. At this loading, excessive fillerfiller interactions
and aggregation-induced obstruction of Li" transport are minimized,
allowing the influence of filler surface chemistry on the electrolyte
properties to be more clearly isolated [14-16,18]. Density functional
theory (DFT) calculations are conducted to elucidate the Li" transport
properties in CSE layers containing different graphene fillers. The
solid-state Li/LiNip gCop.1Mng 102 (NCM-811) cells are assembled using
various SSEs and tested at 25 °C. Although many previous studies have
employed elevated temperatures to enhance the performance of
SSLMBs, this work aims to achieve high capacities at room temperature.
After identifying FGO as the most effective filler, the effect of FGO
concentration is further examined in an effort to maximize battery
performance. For a Li||1FGO-CSE||NCM-811 cell, a reversible capacity
of 200 mAh g~ ! is achieved for NCM-811 at 25 °C. The capacity reten-
tion after 350 charge-discharge cycles is as high as 95%. These superior
properties are attributed to FGO enhancing the CSE ionic conductivity to
9.4 x 107* S em™! at 25 °C and promoting the formation of stable in-
terfaces at both the anode and cathode sides. The CSE containing FGO
fillers demonstrates substantial potential for practical applications in
SSLMBs. This study elucidates the unique roles of FGO in SSLMBs and
provides important insights for the development of high-performance
batteries.

2. Results and discussion

Fig. la—c shows transmission electron microscopy (TEM) images of
the RGO, GO, and FGO samples, whose synthesis procedures are pro-
vided in the Supporting Information. All samples exhibit high electron
transparency, indicating that these 2D carbon fillers consist of only a few
atomic layers. In addition, these samples exhibit many characteristic
wrinkles, which are typical features of the graphene materials prepared
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Fig. 1. TEM images of (a) RGO, (b) GO, and (c) FGO fillers. (d) EDS elemental mapping results of FGO. High-resolution XPS C 1s spectra of (e) RGO, (f) GO, and (g)
FGO. (h) XPS F 1s spectrum of FGO. (i) Raman spectra of RGO, GO, and FGO fillers.

via chemical/electrochemical exfoliation [42]. The wrinkles are asso-
ciated with the presence of sp> hybridized carbons, which are associated
with the presence of various functional groups and structural defects in
the materials [43]. Fig. 1d shows the scanning TEM energy-dispersive
X-ray spectroscopy (EDS) mapping results of the FGO sample (the data
of the RGO and GO samples are shown in Fig. S1). As shown, fluorine,
along with carbon and oxygen, is uniformly distributed throughout the
FGO sample. Atomic force microscopy (Fig. S2) confirms that the FGO
nanosheets exhibit micrometer-scale lateral dimensions and a thickness
of approximately 5.5 nm. X-ray photoelectron spectroscopy (XPS) was
employed to characterize the chemical composition of the samples. The
high-resolution XPS C 1s profiles of RGO, GO, and FGO are shown in
Fig. le-g. The deconvoluted spectra reveal peaks at 284.6, 286, 287.1,
and 288.8 eV, corresponding to C-C, C-O, C=0O, and O-C=O,

respectively [44]. RGO was synthesized from GO via chemical reduc-
tion, leading to a notable decrease in the oxygen-containing functional
group concentration. In addition to these bonds, the deconvoluted
spectrum of FGO (Fig. 1g) shows C/F bonding states, including C-F at
288.2 eV and C-F; at 291.6 eV. The F 1s spectrum of FGO also reveals
the formation of C-F and C-F, bonds (Fig. 1h) [45]. Table S1 shows the
atomic percentage of constituent elements in RGO, GO, and FGO. The F
content in the last sample is 17.8%, confirming an effective fluorination
of the graphene material. No attempt was made to optimize the fluori-
nation degree in this study. However, at this fluorination level, FGO is
electronically insulating, which prevents electronic conduction of the
CSE [46-48]. Although a higher degree of fluorination could further
strengthen interactions between FGO and the polymer matrix, it may
also excessively disrupt the sp? conjugation of the graphene sheets,
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leading to deterioration of their physicochemical properties. Therefore,
systematic optimization of the fluorination degree requires further
investigation. Raman spectroscopy was employed to investigate the
carbon bonding characteristics of various samples. Fig. 1i shows the
Raman data of RGO, GO, and FGO samples. Two characteristic bands are
observed, including the D band (at ~1350 cm ™) associated with
imperfect sp? carbon bonding and the G band (at ~1585 cm™?) related
to in-plane vibration of a well-ordered graphitic lattice [49]. The D-to-G
band intensity ratio (Ip/Ig) was calculated to assess the degree of
structural defect. The Ip/Ig values for RGO, GO, and FGO are 0.846,
0.892, and 0.998, respectively. GO shows more defects than RGO due to
the higher concentration of oxygen-containing functional groups that
disrupt the carbon sp? network. Further fluorination introduces new
covalent C/F bonds, which render structural disorder and consequently
increase the Ip/Ig ratio.

The preparation procedures of the SPE (without fillers) and various
CSE layers are described in the Supporting Information and Scheme 1.
The carbon filler content was fixed at 0.5 wt% unless otherwise speci-
fied. Fig. 2a and b shows the scanning electron microscopy (SEM) plan-
view images of SPE and FGO-CSE (those for RGO-CSE and GO-CSE are
presented in Fig. S3a and b). The pristine SPE exhibits a relatively rough
morphology with the presence of micropores, which is typical for PVDF-
based SSEs [27]. Upon incorporating the carbon fillers, the polymer
matrices become more interconnected. As shown in the insets of Fig. 2a
and b, the white color of the pristine SPE layer changes to a dark grey
color due to the addition of FGO. Fig. 2c illustrates the high flexibility of
the FGO-CSE layer. Fig. 2d and e presents the SEM cross-sectional im-
ages of SPE and FGO-CSE, while those of RGO-CSE and GO-CSE are
shown in Fig. S3c and d. The pristine SPE exhibits a less uniform
morphology, with large voids present within the electrolyte layer. In
contrast, all the CSEs show finer and more homogeneous structures,
suggesting that the fillers are well dispersed and alter the microstructure
of the PVDF-HFP/PPC polymer. The cross-sectional examination results
indicate that the thicknesses of the SPE and CSEs are all approximately
75 pm.

The thermal stability of SSE is a crucial factor in determining the
battery reliability and safety. Fig. 2f shows the thermogravimetric
curves of the SPE and FGO-CSE samples. The data for a conventional
organic electrolyte (1 M LiPFg in ethylene carbonate/diethyl carbonate)
are included for comparison, which exhibit a significant weight loss of
~40% before 100 °C. This is associated with vigorous evaporation of the
carbonate solvent and decomposition of LiPF¢ into LiF and PFs [50]. In
contrast, the SPE and FGO-CSE samples exhibit improved thermal sta-
bility. The slight weight loss observed below 100 °C is attributed to the
removal of adsorbed moisture. According to prior reports [51,52], re-
sidual DMF typically evaporates in the temperature range of
140-200 °C. However, no discernible mass loss is observed in this region
in the thermogravimetric profiles, indicating that the residual DMF
content in the electrolyte layers is negligible. The small step at ~210 °C
is attributed to the deterioration of PPC [53]. The major thermal
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degradation occurred above ~320 °C, the weight change is mainly
related to the decomposition of PVDF-HFP and LiTFSI [54]. Since the
FGO filler accounts for only 0.5 wt% in the CSE, it does not substantially
alter the thermal behavior of the electrolyte layer.

Differential scanning calorimetry (DSC) was conducted to determine
the melting temperature (Tp,), which reflects the degree of crystallinity
[55]1, of the polymer matrices containing various fillers. As shown in
Fig. 2g, the T, values of the SPE, RGO-CSE, GO-CSE, and FGO-CSE
samples are approximately 150 °C, 146 °C, 144 °C, 140 °C, respec-
tively. The results indicate that incorporation of the carbon fillers re-
duces the crystallinity and increases the amorphous fraction of the
polymer phase, which is favorable for Li* transport [31,32,35]. The fact
that FGO reduces the crystallinity to the greatest extent suggests that the
highly electronegative fluorine groups enhance interfacial interactions,
effectively disrupting the ordered stacking of the polymer chains.

Ionic conductivity is a key property of SSEs, exerting a significant
influence on overall battery performance. Symmetrical cells using Al
blocking electrodes were used to evaluate the Li" conductivity of
various electrolyte layers. The EIS Nyquist plots obtained at 25 °C are
shown in Fig. 2h and can be fitted using the equivalent circuit illustrated
in the inset, where R and Q represent the electrolyte resistance and
constant phase element, respectively [56]. The intercepts with the real
axis correspond to the electrolyte resistances [57]. The calculated ionic
conductivity values of the SPE, RGO-CSE, GO-CSE, and FGO-CSE are 6.0
x 107 7.0 x 1074, 7.8 x 107%, and 8.8 x 107*S cm™}, respectively.
The fillers decrease the crystallinity of the polymer, which is beneficial
for enhancing ionic conductivity [18-21]. The tii value is another
important parameter for evaluating Li" transport capability in the
electrolyte. The tf; values were calculated using the Bruce-Vincent
method [58]; the details are provided in the Supporting Information.
Fig. 2i shows the chronoamperometric curve and EIS data measured
before and after the polarization of the Li||[FGO-CSE| |Li cell (the data for
other cells are shown in Fig. S4). The t{; of the SPE is 0.29, whereas with
the RGO, GO and FGO fillers the values increase to 0.34, 0.48, and 0.60,
respectively. The results indicate that FGO effectively enhances both the
ionic conductivity and #f; of the CSE layer (Fig. 2j). Although the
FGO-CSE exhibits a significantly higher #;, the increase in total ionic
conductivity is comparatively moderate. The total ionic conductivity
reflects the combined contributions of both cationic and anionic charge
carriers. In the filler-free SPE, a large fraction of the conductivity arises
from the highly mobile TFSI™ anions. In contrast, in the FGO-CSE, strong
interactions between FGO and TFSI™ suppress anion mobility, thereby
increasing the f{; value. However, the reduction in the anionic contri-
bution limits the overall gain in total conductivity. The underlying
mechanism is further elucidated by DFT calculations, which will be
discussed later. Temperature-dependent ionic conductivity measure-
ments (Fig. S5) yield activation energies of 0.28 eV for the SPE and 0.20
eV for the FGO-CSE, indicating facilitated Li" transport in the presence
of FGO.

The electrochemical stability windows (ESWs) of various SSEs were

S 1=

.
I» SPE

N OEn v

Vacuum drying at 70 °C Membranes were peeled off
from the glass plate and then
OF punched into disks

CSE solution coating
on glass plate

Scheme 1. Fabrication procedures of SPE (without fillers) and CSE layers.
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Fig. 2. SEM plan-view images of (a) SPE and (b) FGO-CSE. The figure insets show the appearances of electrolyte membranes. (c) Flexibility test results of FGO-CSE.
SEM cross-sectional images of (d) SPE and (e) FGO-CSE. (f) TGA data of various electrolytes. (g) DSC and (h) EIS conductivity measurement data of various SSEs. (i)
Chronoamperometric curve and EIS data measured before and after 10 mV polarization of Li||[FGO-CSE||Li cell. (j) The &f; values and (k) LSV data of various SSEs.

evaluated via linear sweep voltammetry (LSV). Fig. 2k shows the ob-
tained LSV data recorded at the Al electrodes. The SPE began to
decompose at ~4.0 V vs. Li/Li", which is in line with the literature data
[59,60]. However, the ESW can be extended through the incorporation
of carbon fillers. Notably, the FGO-CSE demonstrates the largest ESW,
reaching ~4.8 V vs. Li/Li*, which is highly promising for high-voltage Li
batteries. The strong electronegativity of the fluorine groups exerts a
pronounced inductive effect on the surrounding carbon framework of
the FGO, which in turn withdraws electron density from the interacting
polymer chains. This electron-withdrawing interaction effectively
lowers the highest occupied molecular orbital (HOMO) energy level of
the polymer phase [61]. The reduced HOMO energy increases the en-
ergy required for electron removal (i.e., oxidation), thus raising the
oxidation onset potential of the FGO-CSE. Additionally, the fluorine
groups facilitate the formation of a robust electrode/electrolyte inter-
phase, which suppresses unfavorable side reactions [62,63]. It was also

reported that the fluoride-rich interphase can scavenge reactive radicals,
thereby mitigating electrolyte decomposition at high voltage [63-65].
As aresult of these combined effects, FGO exhibits superior performance
compared to GO and RGO in extending the ESW.

To investigate the effects of different graphene fillers in SSEs and to
gain atomistic insights into their functions, DFT calculations were
employed. The calculation details are described in the Supporting In-
formation. Based on the XPS data, which revealed the types of various
functional groups, we constructed various types of 9 x 9 graphene
supercells: one with lower hydroxyl and epoxide contents representing
RGO, and another enriched with these groups representing GO. For FGO,
we introduced a carbon vacancy in the RGO model and incorporated F
atoms. The model containing both C-F and C-F5 bonds is denoted FGO-
HF, whereas the model with a lower degree of fluorination, containing
only a C-F3 bond, is denoted FGO-LF. The structural details of the RGO,
GO, FGO-LF, and FGO-HF are shown in Fig. 3a-d. The interaction
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Fig. 3. Structural models of (a) RGO, (b) GO, (c) FGO-LF, and (d) FGO-HF proposed based on XPS and Raman analyses. Two contact configurations between LiTFSI
and graphene substrate: (e) side-on contact and (f) upward contact. Adsorption energy of LiTFSI on (g) RGO, (h) GO, (i) FGO-LF, and (j) FGO-HF models with side-on

and upward contact configurations.

between LiTFSI and various graphene models as well as the interaction
between Li" ions and the surrounding species are elucidated by the
adsorption energy (E,qs) and binding energy (Ep), respectively. First, we
examined two contact configurations of LiTFSI adsorbed on the gra-
phene substrate, referred to as “side-on” and “upward,” as shown in
Fig. 3e~f. In total, 12 adsorption sites with two different contact con-
figurations were examined; the corresponding E,4s values are shown in
Fig. 3g—j. Across the four substrates, the E,qs data indicate that the side-
on contact is energetically more favorable. Of note, the E,qs values on
FGO-LF and FGO-HF are clearly lower than those on the other sub-
strates, implying better LiTFSI mobility on FGO.

The binding strength between Li" ions and the surrounding species,
including TFSI™ anions and functionalized graphene sheets, was further
evaluated. Fig. 4a shows the Ep values of Lit ions in the side-on-
contacted LiTFSI on various graphene substrates. The binding strength
of Li* ions on FGO-LF (—3.945 to —4.210 eV) and FGO-HF (—3.913 to
—4.227 eV) is weaker than on RGO and GO, indicating that Li" transport

is easier in the former two models. These results are consistent with the
Li" conductivity trend: FGO-CSE > GO-CSE > RGO-CSE. The FEy, values
sampled on GO display a wide distribution. It is noteworthy that three
exceptionally strong E}, values (—4.695, —4.737, and —4.965 eV) are
observed. This high binding is attributed to the bond formation between
Li* ions and hydroxyl groups (see Fig. 4b). This phenomenon is
explained in the following section. Except for these particular cases, the
binding strengths of Li" ions at other adsorption sites are relatively
weaker. Thus, the GO model, compared with RGO, provides more weak
binding sites for Li* ions, thereby facilitating Li" transport. To examine
Li" mobility from a kinetic perspective, we calculated the mean squared
displacement (MSD) using ab initio molecular dynamics (AIMD) simu-
lations. Fig. 4c—f shows the MSD of Li" along three directions on the four
functionalized graphene materials. As compared in Fig. 4g, the MSD
data follow the trend FGO-HF > FGO-LF > GO > RGO. These results
indicate that Li" ions exhibit greater mobility on the FGO surface.

To investigate the Coulomb interactions of Li* ions with the RGO,
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Fig. 4. (a) Binding energy of Li* on four types of functionalized graphene models. (b) Three different geometric configurations of LiTFSI on GO and the corre-
sponding binding energy of the Li" ion. Three directional components of MSD for Li* ion migration on (c¢) RGO, (d) GO, (e) FGO-LF, and (f) FGO-HF models. (g)

Overall MSD of Li" ion on various substrates.

GO, FGO-LF, and FGO-HF models, Bader charge analysis was performed.
Fig. 5a~d depicts the density of Bader charge difference (DOB) profiles
for each element within the functionalized graphene materials. As ex-
pected, the H atoms carry positive charges, whereas the O and F atoms
carry negative charges. Although F generally has a higher electronega-
tivity than O (3.98 vs. 3.44), the F atoms in the FGO-LF and FGO-HF
models (Fig. 5c and d) carry less negative charge than the O atoms.
This can be attributed to the intrinsic valence preferences of the ele-
ments, with O favoring a —2 oxidation state and F favoring a —1
oxidation state. Because the O atoms carry the most negative charge, Li*
ions are strongly attracted to them, hindering Li* transport. In addition,
the C atoms in the RGO model exhibit minimal charge transfer. In
comparison, the GO model contains more positively charged C atoms
than the RGO model. Most importantly, in the FGO-LF and FGO-HF

models, the C atoms near the structural vacancies exhibit pronounced
positive charges (indicated by the arrows in the figures). As a result, the
average electropositivity of C atoms follows the trend FGO-HF > FGO-
LF > GO > RGO. The results indicate that this electropositivity can be
controlled by the type and configuration of the functional groups. It
affects the binding strength with Li" ions, explaining the differences in
the Li* transport properties.

Fig. 5e-h presents the potential energy landscape (PEL) profiles and
the corresponding 2D projections based on the Bader charge difference
of C atoms for the four graphene models. The blue regions in the PEL
plots represent positively charged regions that can attract TFSI™ anions.
The attraction of TFSI™ anions subsequently facilitates Li salt dissocia-
tion and increases t{; [15,16]. As shown in Fig. Se, the PEL plot of RGO
exhibits a relatively flat contour with fewer PE valleys (denoted as “V” in
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Fig. 5. DOB profiles for each element within (a) RGO, (b) GO, (c¢) FGO-LF, and (d) FGO-HF models. PEL profiles and corresponding 2D projections based on Bader
charge difference of C atoms for (e) RGO, (f) GO, (g) FGO-LF, and (h) FGO-HF models.

the figure). This facilitates isotropic migration of TFSI™ anions while
limiting the formation of free Li™ ions. As for the GO model (Fig. 5f), the
multiple PE valleys trap TFSI™ anions, thereby promoting the release of
free Li" ions. As shown, once the TFSI~ anions overcome the potential
barrier, they migrate along specific pathways rather than moving iso-
tropically. Hence, the transport of free Li" is enhanced compared with
that on RGO. In the FGO-LF and FGO-HF models, deep PE valleys form
around the vacancy sites (Fig. 5g and h). This can be attributed to the
defective carbon configuration and the high electronegativity of F
atoms. In these deep PE valleys, TFSI™ anions struggle to overcome the
potential barriers, resulting in strong trapping. Notably, the F atom
content strongly affects both the depth and dimension of the PE valleys,
as shown in the PEL profiles and corresponding 2D projections of the two
FGO models. The unique structure of FGO-HF accounts for the signifi-
cant improvements observed in both Li" conductivity and ; values.

The binding strength of TFSI™ anions on various graphene samples
was also evaluated. As shown in Fig. S6, the binding strength on FGO-LF
(ranging from —1.433 to —1.615 eV) and FGO-HF (ranging from —1.407
to —1.650 eV) is clearly stronger than that on GO and RGO. These data
align with the Bader charge analysis results of C atoms (Fig. 5a-d),
elucidating the interactions between TFSI™ and functionalized graphene
surfaces.

The DFT and AIMD simulations in this work primarily focus on Li*
transport at interfaces involving graphene-based fillers and LiTFSI salt.
The challenges associated with explicitly incorporating the polymer
phase are discussed in the Supporting Information. Despite this simpli-
fied model, the MSD profiles indicate that Li" migration occurs prefer-
entially parallel to the carbon surface. The simulations further reveal

that Li* mobility is strongly governed by charge redistribution within
the carbon framework. These insights may guide the future design of
functional fillers for improving CSE performance.

The interfacial compatibility and long-term stability between the SSE
and the lithium metal electrode are critical for SSLMB performance. To
assess these interfacial properties, galvanostatic cycling tests were
conducted on symmetric Li||SSE||Li cells. Fig. 6a shows the obtained
data of Li||SPE||Li and Li||[FGO-CSE||Li cells. The latter cell exhibits
stable cycling for over 1000 h at 25 °C under a current density of 0.1 mA
cm 2, whereas the former cell breaks down after ~650 h. The absence of
significant voltage oscillations during long-term cycling of the latter cell
suggests that FGO incorporation enhances the interfacial stability. To
gain insight into the Li plating/stripping behavior of the two cells, the
surface morphologies of Li metal electrodes recovered from the sym-
metric cells were examined. As shown in Fig. 6b, the Li electrode cycled
with SPE exhibits a discolored appearance and irregular lithium de-
posits. In contrast, the Li electrode cycled with FGO-CSE (Fig. 6¢) re-
mains clean, exhibiting a smooth and uniform morphology. This can be
attributed to the ability of FGO fillers to homogenize Li* flux and in-
crease the tf; of the SSE, thereby suppressing the inhomogeneous evo-
lution of the lithium surface. Fig. S7 shows the XPS depth-profiling data
of the Li electrode cycled with FGO-CSE. The surface region is enriched
in carbon and oxygen, which are associated with residual electrolyte
species, while the Li signal increases monotonically with depth. Notably,
a broad distribution of fluorine is observed, indicating the formation of a
distinct fluorine-rich SEI that contributes to the sustained interfacial
stability during cycling. SEM analyses were also conducted on the SSE
sides after cycling (Fig. 6d and e). The SPE layer exhibits significant
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Fig. 6. (a) Galvanostatic cycling profiles of Li||SPE||Li and Li|[FGO-CSE||Li cells, with charge and discharge periods of 1 h. SEM and optical images of Li electrodes
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FGO-CSE, F 1s for (h) SPE and (i) FGO-CSE, and Li 1s for (j) SPE and (k) FGO-CSE.

accumulation of byproducts and dead Li on its surface. Conversely, the
surface of the FGO-CSE basically remains intact, with fewer discernible
byproducts after 1000 h of cycling. To evaluate the high-rate capability
of the SSEs, Li||SPE||Li and Li||FGO-CSE||Li cells were tested under
progressively increasing current densities. As shown in Fig. S8, the Li||
SPE||Li cell exhibits significantly higher voltage polarization across the
entire current range and begins to short-circuit at 2.5 mA cm~2. In
contrast, the Li||[FGO-CSE||Li cell demonstrates superior tolerance to
high current densities, operating stably without short-circuiting up to 5
mA cm 2,

XPS was employed to examine the surface chemistry of the SPE and
FGO-CSE layers after cycling. Fig. 6f shows the C 1s spectrum of the
cycled SPE, which exhibits relatively strong C-O and O-C—O peaks
along with a significant Li;COs3 signal, indicating pronounced side re-
actions between the Li electrode and SPE. The peak at ~292.0 eV, cor-
responding to —CF3 species, confirms substantial decomposition of the
PVDF-HFP phase. These features correspond to the thick, nonuniform

covering layer observed in Fig. 6d. For FGO-CSE (Fig. 6g), the peaks of
C-0, O-C=0, Li;COs3, —CF3 are markedly reduced, whereas a new peak
at ~292.3 eV, attributed to —CFyx species likely derived from FGO,
emerges. It is postulated that this unique —CFy interface mitigates un-
desirable side reactions, thereby stabilizing the cycling performance
shown in Fig. 6a. The F 1s spectra of the SPE (Fig. 6h) and FGO-CSE
(Fig. 61) samples fully validate the above arguments. The Li 1s spectra
in Fig. 6j and k indicate that the SPE surface is enriched with LiF, Li;CO3,
and Li»O, whereas the FGO-CSE surface contains almost no residual Li
species.

Solid-state Li/NCM-811 cells with SPE, RGO-CSE, GO-CSE, and FGO-
CSE electrolytes were assembled and tested in a voltage range of 2.7-4.3
V at 25 °C. Detailed procedures for electrode fabrication and coin cell
assembly are provided in the Supporting Information Fig. 7a and b
shows the charge-discharge curves of SPE and FGO-CSE cells. The
charge-discharge profiles of the other cells are shown in Fig. S9. As
summarized in Table 1, the capacities measured at 25 mA g_1 are 170,
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Table 1 173, 180, and 185 mAh g’1 for the SPE, RGO-CSE, GO-CSE, and FGO-
Comparison of reversible specific capacities of NCM-811 cathodes measured at CSE cells, respectively. Fig. 7c compares the rate capabilities of the
different current rates using various types of SSEs. various cells. The Li||FGO-CSE||[NCM-811 cell delivered capacities of
Current rate (mA Discharge capacities (mAh g ™) 163, 143, 130, 88, and 64 mAh g’1 at current densities of 50, 75, 100,

1 - J— -1 . . .

g ) SPE RGO GO FGO-  1FGO. 2FGO- 299, and 300 mti\ g, resPectlvely, demonstrating superior rate capa-
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50 142 146 151 163 177 158 26%, 28%, 30%, and 35%, respectively. The superior performance of the
75 120 123 127 143 158 139 FGO-CSE cell is attributed to the enhanced Li" dissociation, promoted
100 104 107 109 130 139 122 Li" mobility, and high tf;, as revealed by the DFT calculations. EIS was
200 64 66 70 88 99 80 employed to examine the impedance characteristics of various cells after
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Warburg impedance associated with Li* diffusion within the electrode,
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Fig. 7. Galvanostatic charge-discharge curves of (a) Li||[SPE||NCM-811 and (b) Li||FGO-CSE||[NCM-811 cells. (c) Comparative rate performance, (d) EIS spectra after

conditioning cycles, and (e) cycling stability data (measured at 100 mA g~) of Li/NCM-811 cells with various SSEs. Postmortem SEM images of NCM-811 electrodes
cycled with (f) SPE and (g) FGO-CSE. High-resolution XPS spectra of NCM-811 electrodes cycled with (h,j) SPE and (i,k) FGO-CSE.
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FGO-CSE cells are 176, 152, 137, and 115 Q, respectively. The improved
charge transfer property of the Li|[FGO-CSE||[NCM-811 cell explains its
superior high-rate performance. The cyclic voltammetry (Fig. S10) and
dQ/dV data (Fig. S11) of the Li||SPE||NCM-811 and Li||[FGO-CSE||
NCM-811 cells indicate that, although the redox features are not altered,
the latter cell exhibits clearly improved kinetics and reduced internal
resistance, consistent with the galvanostatic charge-discharge behavior.

Fig. 7e shows the cycling performance of solid-state cells with
various SSEs evaluated at 100 mA g~ '. After 350 cycles, the capacity
retention of the SPE, RGO-CSE, GO-CSE, and FGO-CSE cells was 61%,
66%, 80%, and 90%, respectively. Clearly, the introduction of an
appropriate filler material into the polymer electrolyte can improve the
cycling stability of the Li/NCM-811 cell. The microstructures of the
NCM-811 cathodes after 350 charge-discharge cycles were examined to
investigate the causes of performance degradation. The SEM image
(Fig. 7f) shows that the cathode cycled with SPE has lost its mechanical
integrity and displays pronounced surface cracks. In contrast, with FGO-
CSE (Fig. 7g), the cathode remains undamaged and is coated with a
uniform cathode-electrolyte interphase (CEI) layer. The SEM images of
the anodes after cycling are shown in Fig. S12. The Li electrode from the
Li||SPE||NCM-811 cell exhibits a rough and heterogeneous surface with
pronounced morphological irregularities. In contrast, the Li electrode
recovered from the Li||[FGO-CSE||NCM-811 cell displays a compara-
tively smooth and uniform surface. The electrode surface chemistry was
examined using XPS. The C 1s spectra of the NCM-811 cathodes cycled
with SPE and FGO-CSE are shown in Fig. 7h and i. For the SPE-cycled
electrode, the pronounced C-0, O-C=O0, Li3COs3, and —~CF3 peaks indi-
cate severe decomposition of the SPE layer. The substantial presence of
Li»COs is undesirable due to its poor ionic and electronic conductivity
[67,68]. Its brittle nature is detrimental to the mechanical stability of
the CEI [69,70]. In comparison, the electrode cycled with FGO-CSE
exhibits significantly weaker signals of these decomposition products.
Notably, a new peak at ~292.6 eV, attributable to —-CFy species, appears.
This is likely due to the fluorine in FGO reacting at the electro-
de/electrolyte interface under high potential. The resulting fluorine-rich
CEl is protective and effectively suppresses the unwanted interfacial side
reactions. Fig. 7j and k shows the Li 1s spectra of the same electrodes.
The SPE-cycled sample exhibits a dominant Li;CO3 peak, consistent with
the C 1s data (Fig. 7h), whereas the FGO-CSE-cycled sample is enriched
with LiF species. The LiF-rich CEI offers excellent passivation and me-
chanical strength [71-73], resulting in the long cycling longevity of the
Li||FGO-CSE||NCM-811 cell (Fig. 7e). In addition, the concentrations of
metal species (Ni, Co, and Mn) on the NCM-811 electrode cycled with
SPE are clearly lower than those on the electrode cycled with FGO-CSE,
as shown in Table S2. These data suggest that the CEI layer on the latter

Li dendrite
Unstable SEI
Li||SPE||[NCM-811 cell

Composites Part B 315 (2026) 113503

electrode after cycling is thinner than that on the former electrode.
Fig. S13 shows the depth-resolved time-of-flight secondary ion mass
spectrometry data of the cycled Li anode and NMC-811 cathode ob-
tained from Li||[FGO-CSE||NCM-811 cell. The results reveal abundant
fluorine-containing species, including Li*, F~, CF~, CF3, and CF3 at both
electrodes. These species are present not only near the surface but also
persist to a certain depth, confirming the formation of LiF and CFy/CFy
interfacial components, consistent with the XPS analysis.

Fig. 8a illustrates the degradation mechanism of charge-discharge
performance in the Li||SPE|[NCM-811 cell. An unstable SEI leads to
continuous formation of rough and dendritic lithium on the anode. At
the cathode side, the unfavorable CEI, dominated by C-O and Li3COs3
species, fails to stabilize the NCM-811/SPE interface and hinders effec-
tive Li* transport. Consequently, the cell experiences significant dete-
rioration upon cycling. In contrast, as illustrated in Fig. 8b, the FGO-CSE
enhances Li* conduction, suppresses electrolyte anion mobility, and
homogenizes Li* flux, thereby enabling smooth Li deposition/stripping.
In addition, the FGO-CSE facilitates the formation of LiF- and CFy/CFy-
enriched interfaces at both the anode and cathode sides. These fluorine-
rich SEI and CEI layers effectively suppress the decomposition side re-
actions, thereby protecting the Li and NCM-811 electrodes and
enhancing their redox reversibility. These features contribute to the
superior electrochemical performance and cycle life of the Li||FGO-
CSE||NCM-811 cell.

Since the FGO-CSE exhibits the most promising properties, we
further investigate the effects of FGO filler concentration on the per-
formance of Li/NCM-811 cells. Higher FGO amounts (1 and 2 wt%) are
incorporated into the CSE, and the resulting samples are denoted as
1FGO-CSE and 2FGO-CSE, respectively. The previous electrolyte con-
taining 0.5 wt% FGO (FGO-CSE) is also included for comparison. Fig. 9a
shows the EIS data of the various CSE layers, from which the ionic
conductivities of FGO-CSE, 1IFGO-CSE, and 2FGO-CSE are determined as
8.8><10’4, 9.4><10’4, and 8.7 x 10748 cm’l, respectively. An increase
in FGO content up to 1 wt% may reduce the crystallinity of the polymer
matrix and enhance the interactions between the FGO nanosheets and
LiTFSI salt, leading to the optimal ionic conductivity. Further increasing
the FGO concentration to 2 wt% leads to a deterioration in conductivity.
Direct visualization of FGO agglomeration is technically challenging
because the FGO is embedded within the polymer matrix and compo-
sitionally overlaps with the fluorine-containing polymer and Li salt.
However, a nonuniform fluorine distribution is observed across the
2FGO-CSE layer (Fig. S14), leading to morphological inhomogeneity.
This irregular microstructure gives rise to locally over-condensed re-
gions that are unfavorable for efficient Li* transport. As a result, the
beneficial effects of the FGO fillers are diminished. Fig. 9b and ¢ shows

~FGO-CSE
‘FGO filler

NCM-811

Stable and uniform F-rich CEI
- Uniform Li-ion flux
Stable and uniform F-rich SEI

Li||[FGO-CSE||NCM-811 cell

Fig. 8. Schematic illustration of charge-discharge properties of (a) Li||SPE||NCM-811 and (b) Li||FGO-CSE|[NCM-811 cells.
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Fig. 9. () EIS conductivity measurement data of FGO-CSE, 1FGO-CSE, and 2FGO-CSE. Galvanostatic charge-discharge curves of (b) Li||IFGO-CSE||NCM-811 and (c)
Li||2FGO-CSE||NCM-811 cells. (d) Comparative rate performance and (e) cycling stability data (measured at 100 mA g’l) of various cells.

the charge-discharge curves of the Li||IFGO-CSE||NCM-811 and Li||
2FGO-CSE||NCM-811 cells. Fig. 9d compares the rate capability of cells
with different FGO-CSE layers, with the Li||[IFGO-CSE||[NCM-811 cell
exhibiting the most favorable performance. In this cell, the NCM-811
cathode delivers a specific capacity of 200 mAh g~ ! at 25 mA g~ 1. At
300 mA g}, the capacity remains at 80 mAh g}, corresponding to 40%
retention relative to the value at 25 mA g1 (Table 1). Fig. 9e presents
the cycling stability data of the FGO-CSE, 1FGO-CSE and 2FGO-CSE
cells, which retain 90%, 95%, and 88% of their capacities, respec-
tively, after 350 charge-discharge cycles. With 1 wt% FGO uniformly
dispersed in the CSE, both the anode and cathode interfaces are effec-
tively reinforced, which reduces the degradation of the electrodes and
electrolyte, thereby mitigating capacity loss during cycling. This study
demonstrates that appropriate functionalization and an optimized con-
tent of 2D carbon fillers in the CSE can significantly enhance the per-
formance of SSLMBs. Table S3 shows that 1FGO-CSE exhibits excellent
ionic conductivity even at 25 °C, while the specific capacity, rate
capability, and cycle life of the proposed SSLMB rank among the best
reported in the literature. These findings provide a strategy for engi-
neering high-performance CSEs and offer valuable guidance for the
advancement of next-generation solid-state energy storage devices.
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3. Conclusions

In this study, we successfully developed air-stable and scalable inert
functionalized graphene fillers, which were incorporated into PVDF-
HFP/PPC-based SPEs to enhance the performance of SSLMBs. The ef-
fects of graphene surface functional groups on polymer-filler in-
teractions and the resulting CSE performance were systematically
investigated. Among the samples, the FGO-containing CSE exhibited the
most favorable properties. The incorporation of FGO rendered the
polymer matrix more interconnected and less crystalline. The FGO-CSE
exhibited excellent mechanical flexibility, high thermal stability (with
major degradation occurring above ~320 °C), and an extended ESW of
up to ~4.8 V. The atomistic-level analyses, including DFT and AIMD
calculations, revealed that FGO strongly attracted TFSI™ anions, thereby
facilitating Li salt dissociation and enhancing t;. Bader charge analysis
and PEL mapping confirmed these findings, leading to an exceptional
Li* conductivity of 9.4 x 10~* S cm™! at 25 °C for FGO-CSE. In addition,
the FGO-CSE promoted the formation of LiF- and CFy/CFy-enriched SEI
and CEI layers, which effectively suppressed parasitic side reactions,
protected both the Li and NCM-811 electrodes, and enhanced their
redox reversibility. Electrochemical evaluation of the Li||1FGO-CSE]||
NCM-811 cell demonstrated a high specific capacity of 200 mAh g™! at
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25 mA g~ ! and 25 °C, along with good rate capability and excellent
cycling stability, retaining 95% of its capacity after 350 cycles. Overall,
this work demonstrates that incorporating functionalized 2D carbon
fillers, particularly FGO, can substantially enhance the properties of the
CSE. This study provides a facile and effective strategy to improve the
charge-discharge performance of SSLMBs.
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