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Dual-carbon batteries (DCBs) employing carbon-based electrodes are
promising next-generation systems but suffer from limited capacity
due to bulky anions and electrolyte instability during simultaneous (de)
intercalation. Here, we demonstrate a new class of fluorination-based
DCBs utilizing LiF as an F~ source, paired with graphite anodes and Li-
based concentrated sulfolane electrolytes for high-voltage operation.
The system delivers a large initial reversible capacity of 356 mAh g+
(per cathode carbon) and exhibits notable capacity retention, out-
performing conventional DCB systems. Air-free X-ray diffraction
analyses reveal that reversible electrochemical utilization of LiF,
suppression of LiF crystallite growth, optimized carbon crystallite size,
LiF retention on carbon cathodes, and restrained electrolyte decom-
position collectively enable large capacity and stable cycling. These
findings establish the first fluorination/defluorination-based DCBs as
a feasible next-generation battery technology using the smallest ions
(Li* and F") to achieve high energy density and cycling durability.

Introduction

The growing demand for rechargeable energy storage systems
has accelerated the advancement of battery technologies.
Despite their market dominance, lithium-ion batteries (LIBSs)
face challenges associated with the mining and refinement of
critical raw materials, e.g., cobalt and nickel, and electro-
chemical performance limitations, including energy density
and cycle life. These issues raise concerns regarding the long-
term sustainability, cost competitiveness, and supply security
of LIBs, particularly for large-scale transportation and
stationary energy storage.
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As a promising alternative for next-generation battery
systems, dual-carbon batteries (DCBs) utilize carbonaceous
active materials for both cathodes and anodes, respectively,
with simultaneous cation and anion (de)insertion into the
respective electrodes. High operating potentials for anion
uptake (>4.5 V vs. Li*/Li), low thermal runaway risk, and abun-
dant carbon materials make them attractive compared to LIBs
with transition metal oxide cathodes.*® Since 1994, when Carlin
et al. first proposed DCBs using 1-ethyl-3-methylimidazolium
(EMI") or 1,2-dimethyl-3-propylimidazolium (DMPI') as
cations and AICl,”, BF, , PFs, CF3SO;, or C¢H5CO, as
anions for graphite anodes/cathodes,® this concept has been
expanded to systems utilizing Li" intercalation as the anode
reaction.” In particular, Seel et al. demonstrated PFs  interca-
lation in a Li/graphite half-cell, where the graphite cathode
exhibited a capacity of ~100 mAh g~ when charged to 5.45 V
(vs. Li*/Li).8

Meanwhile, conventional DCBs face challenges from their
large anions, eg., PFs,* BF,,” ClOo,,* bi-
s(trifluoromethanesulfonyl) amide (TFSA™),"* and bi-
s(fluorosulfonyl)amide (FSA™)," as guest anions at the cathode.
These large anions inherently restrict the achievable reversible
capacities and induce significant volume changes within the
electrodes, resulting in severe capacity fading over repeated
charge/discharge cycles. Furthermore, the fundamental reac-
tion mechanism of DCBs entails the simultaneous (de)insertion
of both cations and anions, which causes pronounced fluctua-
tions in the electrolyte concentration and ionic conductivity
during cycling. These fluctuations critically limit the achievable
energy density of full-cell DCBs, which require a large electrolyte
volume to buffer concentration changes and sustain ionic
conductivity during operation (Fig. 1a).>* Therefore, recent
studies have used smaller anions, which have substantially
improved the capacity of graphite cathodes. Yang et al. reported
a BrCl intercalation reaction using LiCl-LiBr-graphite
composite cathode, exhibiting a high reversible capacity of
~620 mAh g~ within the range of 4.0-4.5 V (vs. Li*/Li) to form
C;.5[Bro5Clys].** Similarly, Guo et al. demonstrated an ICI
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Fig.1 Schematics of (a) conventional DCB and (b) the new proposed
class of DCBs.

intercalation system achieving a capacity of ~291 mAh g~ at
1.4V (vs. the standard hydrogen electrode).* Kim et al. explored
LiCl, superhalogen species as small anion intercalants to
enhance DCB electrochemical performance.™

Our group has used even smaller F~ anions to improve
performance.'®"” As the fluorination potential on carbon cath-
odes is the highest among halogens and the theoretical capacity
reaches 2231 mAh g~' through the formation of C,F,, the
fluorination reaction and Li" intercalation are together expected
to maximize the energy density of DCBs. Specifically, we
demonstrated the reversible insertion/de-insertion of F~ anions
into/from graphite fluoride (CF,) cathodes at suitably high
potentials (up to 5.3 V vs. Li'/Li).* LiF and carbon are generated
via the electrochemical defluorination of CF,, serving as the F-
source and host material, respectively, at the cathode. Addition-
ally, operando Raman spectroscopy revealed for the first time the
electrochemical formation of a F -graphite intercalation
compound (GIC), showing that artificial LiF coatings on graphite
electrodes enhance F~ intercalation.” In addition, a recent study
demonstrated that graphite-LiF mixed electrodes exhibit large
reversible capacities in concentrated LiBF,/sulfolane electrolytes
due to fluorination/defluorination-assisted by inserted BF, ,
further highlighting the potential of LiF-based carbon compos-
ites as high-performance positive electrodes for DCB systems."®

Here, we advance DCB concept by employing a graphite
anode, a Li-based organic electrolyte, and LiF@carbon cathode
electrochemically derived from CF,. Distinct from both
conventional bulky-anion DCBs and rechargeable Li/CF,
systems, our metal-free DCB architecture couples fluorination/
defluorination via LiF as a F~ source to drive reversible (de)
fluorination at the carbon cathode while maintaining Li* (de)
intercalation at the graphite anode (Fig. 1b). By utilizing the
smallest ionic pair (Li'/F) and tuning LiF@carbon nano-
structures, this design mitigates the anion size and electrolyte-
concentration limitations of conventional DCBs" while elimi-
nating the need for Li metal and thereby offering improved
sustainability and enhanced safety compared with rechargeable
Li/CF, systems.

Results and discussion

First, composite cathodes consisting of LiF and carbon
(xLiF@carbon) were prepared via the electrochemical defluori-
nation of CF, (eqn (1)).
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CF, + xLi" + xe- — C + xLiF (1)

The electrochemical formation of xLiF@carbon was
confirmed by analyzing discharge profiles (Fig. S1) and X-ray
diffraction (XRD) measurements (Fig. S2). Notably, increasing
the fluorine content from CF,5, to CF;, enhanced the
defluorination capacity, confirming the electrochemical
defluorination reaction described by eqn (1) and the formation
of xLiF@carbon composites. Subsequently, DCBs were fabri-
cated using the synthesized xLiF@carbon composites as cath-
odes and graphite anodes (Fig. S3).

Fig. 2 presents the charge/discharge curves and cycling
performance for these DCBs, and the cyclability and initial
discharge capacities both depended on the LiF content.
Specifically, full cells with the 0.52LiF@carbon or 1.0LiF@car-
bon composite cathode and graphite anodes in 1 M LiBF, in
ethylene carbonate and dimethyl carbonate (EC + DMC; 1: 1 v/v)
exhibited initial discharge capacities of 182 mAh per (g-carbon
cathode) and 238 mAh per (g-carbon cathode), respectively
(Fig. 2a and b). These cells experienced 70% and 39% capacity
losses during cycling, respectively.

Notably, employing the concentrated sulfolane-based elec-
trolyte dramatically enhanced both the capacity and the cycling
stability (Fig. 2c-e): the capacity rapidly increased from 206 to
350 mAh g~ ! within the first 10 cycles and was maintained at
330 mAh g ' with only ~7.4% decay over 50 cycles. The
coulombic efficiency (CE) was approximately 80% after 50 cycles
(Fig. 2e), which is consistent with previously reported LiF-
carbon conversion systems,'*'*** where CE values are gener-
ally limited by the intrinsic characteristics of the conversion
chemistry.

In the present system, CE loss arises from both electrodes.
On the anode side, the concentrated LiBF,/sulfolane electrolyte
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Fig. 2 Charge/discharge profiles of (a) graphite/0.52LiF@carbon and
(b) graphite/1.0LiF@carbon full DCB cells in 1 M LiBF4/EC + DMC at
a current density of 200 mA per g (carbon cathode) within a voltage
range of 2-5.1 V and charge/discharge profiles of (c) graphite/
1.0LiF@carbon full DCB cells in 4.6 M LiBF4/sulfolane at a current
density of 50 mA per g (carbon cathode) within a voltage range of 2—
5.1V. The carbon cathode weights were calculated from the capacities
of the electrochemical defluorination of CF,; the calculation method is
detailed in the SI. (d) Discharge capacity retention and (e) coulombic
efficiency.
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forms a comparatively less robust and continuously evolving
SEL?! leading to Li" consumption during the early cycles until
a sufficiently stable interphase is established. On the cathode
side, the limited reversibility of the LiF decomposition/
formation reaction'®***® further constrains CE and becomes
the dominant factor, which will be discussed later in more
details. In addition, minor oxidative reactions at the high cut-off
voltage (5.1 V) remain unavoidable, even with the expanded
oxidative stability window offered by the concentrated
electrolyte.

At the same time, the strong Li'-BF,~ interactions in the
concentrated sulfolane electrolyte suppress BF,  intercalation
and carbon degradation,* thereby mitigating irreversible LiF
loss (to be discussed later). These combined effects enable the
significant improvements in capacity and cycling stability, even
under the high charging cutoff of 5.1 V. Further optimization of
cell components, including the negative-to-positive electrode
ratio, electrolyte-to-capacity ratio, electrode fabrication condi-
tions, and separator design, remains a promising route to
improving CE without compromising the demonstrated
capacity and durability.

To understand the reaction mechanism of the proposed
DCBs, cathode structural changes during charge/discharge were
investigated by air-free ex situ XRD. The XRD pattern of CF;
before the defluorination pre-treatment (Fig. 3a) exhibits three
peaks at 12.7° (d = 0.696 nm), corresponding to (C,F),(002) and
(CF),(001); 25.7° (d = 0.346 nm) for carbon(002); and 41.0° (d =
0.221 nm) indicating (C,F),(101).** CF, o and CF, 5, show almost
identical d values related to the graphite fluoride peak (Fig. S4),
but CF, , is more fluorinated than CF,s,, and CF; , has a less
intense carbon (002) peak than CF, s,, which is related to its
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Fig. 3 (a and d) XRD patterns of LiF@carbon composite cathodes in

DCBs at various states, (b and e) peak positions (26) of the intermediate
and carbon, and (c and f) relative intensity ratio of LiF(111) versus
carbon for the systems using (a—c) 1.0 M LiBF4/EC + DMC or (d—f)
4.6 M LiBF,/sulfolane (“defluorinated CFyo": pristine 1.0LiF@carbon
composite cathodes; "“DCB 1C-10D": after 1st charge—10th discharge
of DCBs).
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large capacity. After defluorination (Fig. 3a), a broad peak
appeared at ~21.5° (d = 0.4171 £ 0.0017 nm), assigned to an
intermediate compound, C{S,-xLi'}xF~, formed by Li* and
solvent (S) co-intercalation into CF, during discharge.?*?
Furthermore, an additional broad carbon peak at ~25.7° and
peaks for LiF(111) and (200) appeared, indicating that the
intermediate partially decomposed, and the 1.0LiF@carbon
composite formed. During the cycling of DCBs in conventional
electrolytes, the peak shifts were caused by the expansion and
contraction of carbon (002) (25.1-25.7°) due to anion insertion/
de-insertion (Fig. 3b). However, because carbon may show low
crystallinity or amorphous properties with less sp* content,?
the interlayer distance and number of GIC stages could not be
determined. Moreover, the relative intensity ratio of LiF(111)
and carbon(002) (I ¢/Ic) decreased after charging and increased
after discharge (Fig. 3c), suggesting that fluorination/
defluorination and decomposition/reformation of LiF revers-
ibly occur during charge/discharge. Although obtained in 1 M
LiPF¢/EC + DMC, charge/discharge behavior in Fig. S5 and
change in the C 1s and F 1s signals shown in Fig. S6 indicate the
reversible formation and decomposition of C-F bonds,
providing additional support for the (de)fluorination
mechanism.

Furthermore, the variations in Iy ;z/Ic between the first, fifth,
and tenth charge/discharge cycles are constant, which may
reflect the constant capacity during 10 cycles in the systems;
however, the absolute value of I ;z/I; decreased from the first to
the tenth discharge, indicating LiF loss from the cathode, which
may account for the capacity loss during 50 cycles.

In contrast, the ex situ XRD patterns of the 1.0LiF@carbon
electrodes tested in concentrated sulfolane-based electrolytes
(Fig. 3d) demonstrated a peak for the intermediate at 20°
(Fig. 3e). Compared with that of the conventional electrolyte
system, the d spacing of the intermediate (d = 0.4461 £ 0.0009
nm) increased because of solvent and concentration differ-
ences. Peak shifts caused by the expansion and contraction of
carbon (002) (24.6-25.7°) due to anion insertion/de-insertion
were similarly confirmed (Fig. 3e). Notably, Ip/I; significantly
increased from the 10th charge to the 10th discharge (DCBs 10C
— DCBs 10D; Fig. 3f), indicating improved reactivity in
fluorination/de-fluorination process. This enhancement corre-
sponds to the increased discharge capacity at low voltages (2-3
V) observed during cycles 5-10 (Fig. 2c), suggesting that the
apparent activation behavior may arise from the gradual stabi-
lization of the graphite anode (as discussed later) together with
the increased utility of the LiF at the cathode both of which
requires several cycles to achieve fully stable intercalation
reactions.

Furthermore, Ip;r/Ic did not decrease through cycle 10,
indicating that the LiF loss was successfully suppressed during
cycling, improving the cycling performance.

Furthermore, Fig. 4a and b show the crystallite sizes of LiF,
carbon and intermediate in 1.0LiF@carbon during cycling
estimated using the Scherrer eqn (2).

K2
D=
Bcos

(2)
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Table 1 Comparison of dual-carbon battery systems employing bulky anions in organic electrolytes and the Li*/F~-based fluorination/

defluorination dual-carbon battery proposed in this work

Electrolyte Cathode Anode

4.6 M LiBF,/sulfolane (SL) LiF@carbon:AB:

PVdF =90:10:10 PVdF =90:10

3.0 M LiPFs/EMC Al,O;@graphite : Graphite : super
super P: CMC =90:5:5 P:CMC =90:5
3.0 M LiFSA/FEC + Graphite : AB: Graphite : AB:

FEMC (3:7)
4.0 M LiPF¢/EMC

PAA = 85:5:10
DTPMP@natural graphite :
super P: PVdF = 80:10:10
LTO@MCMB : super
P:CMC=90:5:5
Graphite : super P:

Alg =80:10:10

PAA = 85:5:10

CMC: SBR = 96
MCMB : super

P:CMC =90:5
Graphite : super

1 M LiPF¢/EMC +
SL (1:4)
2 M LiPF4/EMC + 3% VC

(where D crystallite size (nm), K: Scherrer constant (0.89), A: X-
ray wavelength 0.15418 (nm), B: FWHM (rad), and ¢: Bragg
angle (rad)). Because of the high lattice energy of LiF, its crystal
size may significantly affect the fluorination reactivity.”® In 1 M
LiBF,/EC + DMC (the dilute electrolyte), the LiF crystallite size
after the defluorination pre-treatment (1.0LiF@carbon forma-
tion) was estimated to be 8.4 nm, consistent with previous
findings on the discharge mechanisms of CF,.>** After 10
cycles, the LiF crystallite size increased from 8.4 to 14 nm
(Fig. 4). In contrast, in the 4.6 M LiBF,/sulfolane electrolyte, the
initial LiF crystallites were smaller (6.8 nm), and they grew more
moderately during cycling to only 11 nm after 10 cycles (Fig. 4).
Thus, the concentrated electrolyte suppressed LiF crystal
growth (+58%) more effectively than the dilute one (+72%),
indicating the improved reversibility of the fluorination/
defluorination reactions. The smaller LiF crystallites in the
sulfolane-based electrolyte likely contributed to the higher
capacity, and the improved capacity retention may reflect sup-
pressed crystallite growth. Furthermore, the carbon crystallites
were on average 1.05 & 0.07 and 1.50 £ 0.06 nm in the dilute
and concentrated systems, respectively (Fig. 4). The interme-
diate compounds were also larger in the concentrated system

d
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2

1.0 M LiBF; in EC+DMC
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Fig. 4 Variations in Scherrer crystallite size (hm) of (a) LiF (blue: (111);
purple: (200)) and (b) intermediate (red) and carbon (green), obtained
from the air-free ex situ XRD of cathodes in DCBs using dilute 1.0 M
LiBF4/EC + DMC or concentrated 4.6 M LiBF,/sulfolane. (c and d)
Illustrations of 1.0LiF@carbon cathodes of pristine (after defluorination
pre-treatment) and after cycle 10 in DCBs (DCB 10D) using (c) 1.0 M
LiBF4/EC + DMC and 4.6 M LiBF,/sulfolane.
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Natural graphite :

Natural graphite : super P:

Capacity

Potential (V) [mAh per g (carbon)] Ref.

1.5-5.1V 356@0.05 A g " This work

3.0-5.0V  80@0.5Ag " 32 (Li et al., 2025)
15

3.0-5.1V 95@0.2 Ag " 33 (zhao et al., 2023)

3.0-5.0V  90@0.1Ag* 34 (zhang et al., 2023)
:2:1:1

3.0-5.4V 86.9@0.05 A g " 35 (Han et al., 2019)
15

3.0-5.2V 99.4@1 A g " 36 (Wang et al., 2018)

P:Alg =80:10:10

on average. Therefore, achieving larger capacities and stable
cyclability for fluorination/defluorination reactions may require
smaller LiF crystallites and larger carbon crystallites in the
cathode, enhancing the utilization of the LiF@carbon
composites.

Li* intercalation into the graphite anodes was also investigated
by air-excluded ex situ XRD (Fig. S7). As this study focused on
evaluating the feasibility of fluorination-based cathode reactions in
DCBs and investigating the feasibility of the system, the N/P ratio
was set excessively high (1.6-2.3). Using a graphite anode in the
concentrated LiBF,/sulfolane electrolyte requires a large amount of
charge for SEI formation, decreasing the initial coulombic effi-
ciency.”* Therefore, Li-GIC formation on the anode side could not
be confirmed in cycle 1. However, from cycle 5 onward, peaks
appeared at 12°, 25.4° and 54° in subsequent cycles, corre-
sponding to stage-2 Li-GIC with a sandwich distance (ds) of
0.700 nm.**** These results indicate the feasibility of practically
realizing fluorination-reaction-based DCB systems under the
investigated conditions. Notably, even after an SEI sufficiently
robust to enable reversible Li" intercalation/deintercalation is
formed over the first few cycles, the overall CE remains limited to
~80% because the fluorination/defluorination reaction based on
LiF decomposition/formation at the cathode does not proceed
with high reversibility. In summary, the combination of LiF@car-
bon cathodes prepared from Li-CF; o and graphite anodes enables
a new DCB system, and the concentrated LiBF,/sulfolane electro-
lyte ensures high capacity and cycling durability through enhanced
oxidative stability and favorable LiF@carbon nanostructures. A
brief comparison of representative DCB systems is summarized in
Table 1. Compared with previously reported DCBs using bulky
anions allow high-voltage operation yet suffer from restricted
capacities,®>* and the present fluorination/defluorination archi-
tecture employing the smallest ionic pair, Li'/F~, uniquely enables
both high capacity and high-voltage operation.

Conclusions

In conclusion, DCBs using Li" (de)intercalation into graphite
anodes and (de)fluorination on cathodes were proposed as

This journal is © The Royal Society of Chemistry 2026
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a new type of rechargeable battery with low cost, high safety,
and superior energy density. This system also provided
a promising solution for the problems with conventional DCBs,
e.g., changes in the electrolyte concentration and the limited
energy densities by using fluorination/defluorination reactions
through LiF as the F source in the cathodes. Using the CF,,
cathode in 1 M LiBF,/EC + DMC increased the capacity because
it contained more LiF content than CF,s,, although both
systems suffered from capacity fading during cycling. In
contrast, employing a concentrated LiBF,/sulfolane electrolyte
effectively suppressed side reactions at the cathode and
promoted fluorination reaction, improving the capacity and
cycling stability. Structural analysis revealed that the LiF and
carbon crystallite sizes play a decisive role in the electro-
chemical performance, e.g., cyclability and reversible capacities.
Particularly, in the concentrated electrolyte for high-voltage
operation, smaller LiF and larger carbon crystallites enhanced
the capacity, while suppressed LiF crystallite growth correlated
with superior cycling stability. These findings highlight the
critical role of LiF and carbon nanostructures in achieving
reversible fluorination/defluorination reactions. Overall, this
study provides a foundation for developing advanced carbon
cathodes based on (de)fluorination reactions, paving the way
toward practical DCBs and other high-energy-density, long-life
energy storage systems. Future work will focus on optimizing
fluorination-based DCB configurations, decreasing the over-
potential, and designing electrolytes tailored for stability and
performance.
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