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m Metrics & More ’ Q Supporting Information

from sluggish kinetics, low capacity, and poor durability caused by the insertion [TFST
of bulky anions. Here, we introduce a halogen electrochemistry strategy b
employing small halogen ions as charge carriers to achieve efficient anion redox o LI 4

reactions. Among them, bromide ions exhibit superior electrochemical perform- £ 8, BpB el b o.>c 100
ances due to a suitable size and redox potential. The charge storage mechanisms s
involving Br~ intercalation (or adsorption) and conversion are demonstrated
using graphite, a Co-terephthalic metal—organic framework (Co-BDC), and
zeolitic imidazolate framework-67 (ZIF-67) as cathodes, delivering specific capacities of 197, 226, and 291 mAh g_1 at 100 mA g_l,
respectively. Electrochemical and spectroscopic analyses confirm that replacing large anions with small halogen ions brings enhanced
ion storage capacities and redox kinetics. This work establishes halogen electrochemistry as a new paradigm for high-performance
and scalable dual-ion secondary batteries.
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ual-ion batteries, leveraging simultaneous and counter-

directional migration of cations and anions, have
emerged as an intriguing supplement to traditional lithium-
ion batteries, promising enhanced fast-charging capabilities and
extended cycle longevity.'™* During the charging process,
cations undergo intercalation into the anodic host material,
while anions concurrently intercalate into the cathodic host
material. Conversely, upon discharging, the cations and anions
deintercalate from their respective electrodes, reverting back to
the electrolyte. These intertwined charge—discharge mecha-
nisms are accompanied by electrode redox reactions, which
play a pivotal role in the energy storage and release
processes.”/ The distinctive charge storage mechanism in
dual-ion batteries distinguish them from conventional lithium-
ion batteries, which rely solely on cations as charge carriers
traversing between anode and cathode.® This feature under-
scores the novelty and potential advantages of dual-ion
batteries over their lithium-ion counterparts.

To date, the charging mechanism of dual-ion batteries
predominantly entails the intercalation of anions into cathode
materials, such as graphite and M082.9 However, the large size
of traditional anion charge carriers (e.g,, [PFq]~, [HSO,4] ™, and
[FSI]7) constrains the choice of cathodic host materials
primarily to layered compounds featuring ample lattice
spacings.'’"'* The intercalation of large anions renders the
cathodic hosts prone to detrimental effects like delamination
and pulverization, ultimately precipitating battery failure.'"*
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Moreover, the insertion of large anions necessitates a
heightened ogerational voltage to surmount the steric
hindrance.””™'® The high voltage exacerbates the decom-
position of the electrolyte, resulting in the formation of
undesired byproducts at the cathode—electrolyte interface,
which hinders the ion migration and increases the battery
impedance.'”*° In addition, contemporary dual-ion batteries
reliant solely on intercalation reactions often exhibit a relatively
modest capacity (~100 mAh g™'). Recently, pioneering
research has illuminated the superiority of conversion reactions
over intercalation in bolstering charge storage capacity.”"*”
However, the design of innovative electrochemical redox
systems that harmoniously integrate the intercalation (or
adsorption) and conversion reactions of smaller charge carrier
ions can address the persistent issues in dual-ion batteries.
Herein, we report the introduction of halogen electro-
chemistry in a dual-ion battery system by incorporating small
halogen anions in the electrolytes for both intercalation (or
adsorption) and conversion reactions to significantly boost
battery capacity and cycle longevity. During the cycling
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Halogen electrochemistry enabled dual-ion batteries
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Figure 1. Schematic principle of halogen electrochemistry enabled complementary lithium/halogen dual-ion batteries. (a) Energy storage
mechanism of dual-ion batteries based on (top) halogen electrochemistry and (bottom) conventional large anion intercalation. (b, c) Theoretical
calculations of (b) HOMO/LUMO energies and (c) MESP for the chemicals used in the electrolytes.

processes, the small halogen ions efliciently intercalate
(deintercalate) into (from) the interplanar spaces of the
graphite electrode within a proper voltage range of 0—3 V (vs
graphite electrode). Notably, halogen intercalation and
conversion reactions were successfully incorporated into the
charge storage process to facilitate capacity improvement. The
combination of halogen electrochemistry with lithium
intercalation/deintercation demonstrated good reversibility in
as-fabricated graphite symmetric dual-ion batteries. To expand
the range of cathodic host material options for complementary
lithium/halogen dual-ion batteries, we also investigate halogen
absorption by metal—organic frameworks (MOFs) and zeolitic
imidazolate frameworks, both of which demonstrate stable
adsorption and accommodation of halogen species during
battery operation, enabling an almost 3-fold increase in
capacity and a long cycling lifespan with high capacity
retention. Beyond the lithium-based systems explored in this
work, the proposed halogen electrochemistry concept has the
potential to be extended to other cations, such as Na*, K', etc.
The relatively small ionic radii and tunable redox potentials of
halogen ions (CI7, Br', and I7) enable an efficient redox
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process across different electrolyte systems. Such versatility
highlights the potential of halogen-based chemistry as a
universal platform for developing next-generation rechargeable
dual-ion batteries.

The proposed dual-ion batteries feature a two-step process
involving intercalation and conversion during battery oper-
ation, contrasting with conventional batteries that solely rely
on intercalation (Figure 1a). The intercalation of small halogen
ions into layered host materials encounters less steric
hindrance compared to large anions composed of multiple
atoms, such as hexafluorophosphate ([PF¢]™) and bis-
(trifluoromethylsulfonyl)amide ([FSI]™).”>~*° Therefore, the
process requires a lower charging voltage to drive the process.
Moreover, the incorporation of small halogen ions for
intercalation into layered hosts expands the options of
potential electrode materials, enriching the design possibilities
for dual-ion batteries. Notably, the combined contribution of
intercalation and conversion to energy storage capacity
presents a viable solution for further enhancing the energy
density over conventional dual-ion batteries.
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Figure 2. Electrochemical and spectroscopic analyses of the graphitellgraphite dual-ion battery with Br™-containing electrolyte. (a—c) CV curves at
various cycles, (d) galvanostatic cycling performance at a current density of 100 mA g™', and (e) EIS curves of the graphitellgraphite dual-ion
battery. Ex situ (f) XRD patterns and (g) Raman spectra of the graphite cathode during the charge—discharge processes.

The electrochemical stability of electrolyte solvents and
solutes was assessed using molecular orbital theory by
calculating the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). The HOMO energy determines the ability to lose
electrons (oxidation reaction), while the LUMO energy
dictates the propensity to gain electrons (reduction reac-
tion).”*”” In theory, the energy gap between the HOMO and
LUMO energy levels represents the voltage range that the
chemical can withstand. Based on the theoretical calculations,
the HOMO energy levels are determined to be —5.054 eV for
1-ethyl-3-methylimidazolium chloride ([EMIm]CI), —4.831
eV for [EMIm]Br, —4.605 eV for [EMIm]I, —6.824 eV for
dimethyl ether (DME), —6.692 eV for 1,3-dioxolane (DOL),
and —8.378 eV for lithium bis(trifluoromethane)sulfonimide
(LiTFSI) (Figure 1b). Additionally, we calculated the
molecular electrostatic potential (MESP) of these compounds.
The halogen species exhibited a concentrated region with a
lower MESP value of approximately —50 kcal mol ™", while the
other chemical species showed distinct localized electronic
distributions, reflecting significant molecular polarization

(Figure 1c).

To demonstrate the concept of complementary lithium/
halogen dual-ion batteries, we fabricated a graphitellgraphite
symmetric battery with a specially designed Br™-containing
electrolyte, as detailed in the Methods section of the
Supporting Information. The Fourier transform infrared
(FTIR) spectroscopy analysis of the Br-containing electrolyte
revealed a superposition FTIR curve from the control samples
of each component (Figure S1), indicating the compatibility of
the introduced [EMIm]Br with the original electrolyte. To
prevent electrolyte oxidation and promote redox reversibility,
the charge cutoff voltage was set to 3.0 V (vs graphite
electrode). Unless otherwise specified, all potentials are
referenced to the respective anode used in each configuration
(Li/Li* for LillMOF cells and graphite for graphite-based
cells). The potential of graphite is approximately 0.08—0.2 V
higher than that of Li/Li*, consistent with previous
reports.””>” This representation was chosen to best reflect
the actual device operation while enabling an approximate
comparison between systems. Under the optimized operational
conditions, the graphitellgraphite symmetric battery exhibited
redox peaks at 1.44, 2.43, and 2.83 V (vs graphite electrode,
Figure 2a). Upon proceeding to the fifth cycle of CV scanning,
redox peaks at 1.10, 2.16, 2.73, 0.72, 1.08, and 1.98 V (vs
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graphite electrode) were observed (Figure 2b). The reversible
redox peaks at 1.98 and 2.16 V (vs graphite electrode) are
attributed to the charge storage processes of the graphitell
graphite symmetric dual-ion battery, while the other redox
peaks are primarily ascribed to the activation process (Table
S1). These redox processes eventually evolved into a single
redox process situated at 1.62 and 2.04 V (vs graphite
electrode, Figure 2c), suggesting the energy storage process in
the graphitellgraphite dual-ion battery with Br™-containing
electrolyte. During the continuous galvanostatic cycling tests,
as shown in Figure 2d, the graphitellgraphite symmetric dual-
ion battery with Br™-containing electrolyte delivered a capacity
of 197 mAh g' at 100 mA g~' and maintained 88.7 mAh g™
after 300 cycles. This result confirmed that, by introducing
small halogen ions into the electrolyte, the charge storage
capacity was significantly improved compared to the conven-
tional dual-ion batteries operating based on the intercalation
and deintercalation of large anions.’® Furthermore, the
prepared graphitellgraphite symmetric dual-ion battery dem-
onstrated a small charge transfer impedance of 25 Q and an
internal resistance of 30 € measured by electrochemical
impedance spectroscopy (EIS) (Figure 2e). These results
suggested that the incorporation of small Br~ ions into the
conventional electrolyte for dual-ion batteries offered com-
petitive electrochemical kinetics performance.’’

Ex situ X-ray diffraction (XRD) analysis was used to
investigate the processes of halogen ion intercalation into and
deintercalation from the interstitial space of the graphite
cathode in the graphitellgraphite dual-ion battery. During the
charging process, as halogen intercalation progressed, the
interplanar distance of graphite expanded as evidenced by the
down-shift of the (002) peak in the XRD spectra (Figure 2f)
according to the Bragg law (2d sin 0 = nd), where d represents
the interplanar distance, € is the diffraction angle, 4 is the
wavelength of the X-ray wave, and n is an integer.’”
Subsequently, the XRD spectra of the graphitellgraphite dual-
ion battery exhibited an upshift of the (002) peak during the
discharge process, indicating an interlayer deintercalation
process of Br™ ions. The reversible (de)intercalation of Br~
ions into(from) the graphite electrode was also confirmed by
monitoring the ex situ Raman spectra.33’34 As shown in Figure
2g, the emergence of the D’ band during charging and its
diminishment during discharging indicated the reversible
lattice deformation of graphite during battery operation.
These spectroscopic observations collectively verified that the
halogen redox process proceeded through reversible structural
evolution. It is worth noting that solvent co-intercalation may
occur in graphite-based systems using ether-based solvents
such as DME/DOL.***° In the present halogen-ion-based
electrolyte, limited co-intercalation of solvent molecules
cannot be fully excluded. Nevertheless, the reversible
spectroscopic results suggest that the graphite structure
remains highly intact without noticeable disorder accumu-
lation. These results indicate that potential solvent co-
intercalation, if any, does not cause significant structural
degradation or compromise the reversibility of halogen
intercalation.

To further demonstrate the halogen conversion behavior
during battery operation, we retrieved the graphite cathode in a
graphitellgraphite dual-ion battery after charging and rinsed it
with ethanol to dissolve the oxidized bromide species. The
ethanol solution obtained from rinsing was subjected to
ultraviolet—visible (UV—vis) absorption and Raman spectros-

copy characterizations. The UV—vis spectrum showed distinct
absorption peaks for the ethanol solution after rinsing (Figure
S2a), indicating the oxidation of Br~ ions during battery
charging. Typically, the UV—vis absorption spectra displayed
two bands at approximately 250 and 320 nm, corresponding to
the characteristic transitions of Br;™. In contrast, molecular Br,
was reported to exhibit a single absorption near 410—420 nm.
These qualitative results confirmed the occurrence of reversible
halogen conversion. Additionally, the Raman spectrum of
ethanol solution after rinsing exhibited the same signals of
oxidized bromide species (Figure S2b,c). For visual con-
firmation of the Br~ oxidation reaction, a pouch cell with a
transparent package was fabricated (as detailed in the Methods
section of the Supporting Information). After the charging
process was completed, the membrane of the pouch cell
became pale-yellow, suggesting the production of oxidized
bromide species (Figure S 2d). The Br~ oxidation was further
confirmed in the graphitellgraphite battery with an increased
Br™ electrolyte concentration of 5.0 M. After fully charging the
battery, the ethanol solution obtained after rinsing the graphite
cathode showed a bronzing color, and the formation of
oxidized bromide species was confirmed by ex situ UV—vis
absorption spectroscopy (Figure S2e,f). The concentration of
[EMIm]Br substantially affects both the electrolyte properties
and the halogen redox processes. Increasing the Br~
concentration from 1.0 to 5.0 M resulted in a stronger color
transition from pale-yellow to bronze after charging, indicating
a more pronounced oxidation of Br~ (Figure S2). Notably, a
higher halide ion concentration enhances redox activity but
also increases viscosity and reduces ionic conductivity.””** In
addition, the overall capacity in dual-ion systems depends on
both the electrolyte compositions and the adsorption capacity
of the electrode materials. Thus, optimizing the electrolyte
concentration requires balancing the available active species
with the electrode energy-storage capability. In this study, a
higher [EMIm]Br concentration was primarily employed to
emphasize the halogen conversion behavior as the color
contrast provides direct experimental evidence for the redox
reaction. These findings verified that reversible intercalation
and conversion processes of Br~ ions occurred near the
cathode—electrolyte interface during the cycling operation of
the graphitellgraphite dual-ion battery.

Notably, layered cathode materials are usually prone to
exfoliation due to the susceptibility of van der Waals force
within the interplanar spaces.””~*' To address this issue and
enhance the electrochemical performance of lithium/halogen
dual-ion batteries, we propose a battery design that replaces
conventional layer cathode materials with metal—organic
frameworks (MOFs). For this study, we synthesized and
employed two typical MOF materials, namely, Co-terephthalic
(Co-BDC) and zeolitic imidazolate framwork-67 (ZIF-67).
These MOFs are characterized by strong coordination and
covalent bonds, providing stable and robust cathodic host
matrices.*”* The XRD patterns of the two MOFs agreed with
the standard cards and previously reported XRD patterns
(Figure $3).**~* Additionally, the Brunauer—Emmett—Teller
(BET) measurements revealed micro- and mesoporous
structures for Co-BDC and ZIF-67 (Figure S4), with pore
volumes and specific surface areas of 0.028 cm® g™' and 12.127
m* g~! for Co-BDC and 0.609 cm® ¢! and 1027.422 m* g~!
for ZIF-67.

To demonstrate the strong absorption effect of MOFs for
halogen species during battery charging, we fabricated LillCo-
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Figure 3. Electrochemical and spectroscopic characterizations of LillZIF-67 batteries with Cl™- or Br™-containing electrolytes. (a) CV curves, (b)
voltage profiles, (c) dQ/dV vs voltage plots, (d) capacity retention, and (e) Coulombic efficiency curves of LillZIF-67 batteries with Cl™- or Br™-
containing electrolytes, respectively. (f) Survey and (g) C 1s XPS spectra of the ZIF-67 cathode before and after cycling tests, respectively. (h) The

correlations between halide ionic radii and redox potentials.

BDC and LillZIF-67 dual-ion batteries with ClI™-, Br™-, or I"-
containing electrolytes. The CV curves of the LillZIF-67 dual-
ion battery manifested a pair of redox peaks at 1.65 and 1.70 V
(vs Li/Li*) when using the Cl -containing electrolyte and at
1.60 and 1.64 V (vs Li/Li*) when using the Br -containing
electrolyte (Figure 3b). This redox pair persisted at 1.63 and
1.73 V (vs Li/Li*) in the LillCo-BDC dual-ion batteries with a
Cl™-containing electrolyte and at 1.62 and 1.66 V (vs Li/Li")
with a Br -containing electrolyte (Figure SSa). The redox
polarizations observed in LillCo-BDC and LillZIF-67 dual-ion
batteries with a Cl™-containing electrolyte (0.05 and 0.10 V)
are larger if compared to those of the Br -containing
counterpart (0.04 and 0.04 V), which might be attributed to
the larger electronic density of CI™ anions. Notably, during the
cycling processes of LillCo-BDC and LillIZIF-67 dual-ion
batteries with CI™- or Br™-containing electrolytes, the voltage
profiles exhibited a single voltage plateau (Figures 3c,d and
SSb). However, the redox peaks were absent in LillCo-BDC
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and LillZIF-67 dual-ion batteries with an I™-containing
electrolyte, even when the voltage scanning range for CV
curves was expanded (Figure S6), depicting a capacitive
process. To further clarify the charge-storage mechanism, the
reversible redox couples observed for both CI™- and Br™-
containing electrolytes indicate that the reactions are
dominated by halogen adsorption—intercalation rather than
gas-phase halogen evolution. The electrochemical behaviors of
halogen ions (CI7, Br~, and I7) are correlated with their ionic
radii and standard redox potential. The smaller Cl~ ion (1.81
A, E =1.36 Vvs H'/H") exhibits stronger interaction with the
host, leading to adsorption-dominated reactions with limited
conversion contribution. The medium-sized Br™ ion (1.96 A, E
= 1. V vs H°H") enables balanced intercalation (or
adsorption)—conversion reactions with enhanced capacity
and reversibility. The larger I” ion (22 A, E = 0.53 V vs
H’/H") mainly undergoes conversion with larger polarization
and lower Coulombic efficiency (Figure S6). These results
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Figure 4. Electrochemical performances of graphitel MOF dual-ion batteries with a Br™-containing electrolyte. (a, b) CV curves, (c) i, vs V"2 plots,
(d) rate performances, (e) galvanostatic cycling tests, and (f) EIS curves for graphitellZIF-67 and graphitellCo-BDC dual-ion batteries with a Br™-
containing electrolyte. (g, h) UV—vis absorption spectra of a bromide ethanol solution before and after adsorption by (g) Co-BDC and (h) ZIF-67
powders. The insets in (g) and (h) show photographs of the bromide ethanol solutions before and after adsorption by the MOFs.

reveal that the balance between ion intercalation and
conversion is governed jointly by the halide ionic size and
redox potential, where moderate values yield the most efficient
and reversible halogen electrochemistry.

To demonstrate the durability of MOF materials over the
continuous adsorption and conversion of halogen ions, the Lill
Co-BDC and LillZIF-67 dual-ion batteries were subjected to
galvanostatic cycling tests for 2000 cycles at 100 mA g~'. When
employing the Cl -containing electrolyte, these batteries
delivered higher initial capacities of 33.1 (for LillCo-BDC)
and 59.2 mAh g™ (for LillZIF-67) compared to 19.1 (for Lill
Co-BDC) and 26.5 mAh g~* (for LillZIF-67) with the Br -
containing counterpart (Figures 3e and S5c). However, the
batteries utilizing the Br™-containing electrolyte enabled higher
Coulombic efficiencies of 95.2% (for LillCo-BDC) and 96.5%
(for LillZIF-67) compared to 76.1% (for LillCo-BDC) and
74.5% (for LillZIF-67) with the Cl -containing counterparts
(Figures 3f and S5d). Consequently, the Br~-containing
electrolyte is proven to be more suitable for graphitel MOF
dual-ion batteries. Throughout long-term cycling (up to 2000
cycles), the LillCo-BDC batteries exhibited stable electro-
chemical performances and high capacity retention, particularly
for the battery using a Cl™-containing electrolyte (Figure SS).
Although no additional post-mortem characterizations were

16559

conducted, the maintained capacity confirms that the Co-BDC
MOF remained structurally intact during the repeated
halogenation/dehalogenation processes. In contrast, the Lill
ZIF-67 batteries exhibited a faster capacity decay (Figure 3e),
suggesting lower compatibility with the halogenation environ-
ment. These results highlight the importance of structural
stability and compatibility between MOF host materials and
halogen-related electrochemical processes. Moreover, X-ray
photoelectron spectroscopy (XPS) analysis of the ZIF-67
cathode after continuous cycling tests revealed the emergence
of —CF, binding at 688 eV in the survey XPS spectra (Figure
3g) and at 292.1 eV in the deconvoluted C 1s XPS spectra
(Figure 3h), suggesting the decomposition of [TFSI]™ ions
during the initial battery activation.

Following the demonstration of halogen absorption by the
MOF host materials, we further fabricated graphitel MOF dual-
ion batteries by utilizing a Br™-containing electrolyte. Both
graphitellCo-BDC and graphitellZIF-67 dual-ion batteries
exhibited dual pairs of redox peaks, with the low-intensity
redox peaks at a lower charge voltage corresponding to the
electrochemical response of halogen absorption by MOFs. The
high intensities of redox peaks suggested that the capacity
value was primarily contributed by the halogen conversion
processes (Figure 4a,b). The single merged reduction peak in
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cycling tests, respectively.

the CV curves of the graphitellCo-BDC dual-ion battery was
observed due to the superposition of redox peaks (Figure 4a).
The lower voltage plateaus were attributed to the adsorption/
intercalation of halogen species, whereas the higher voltage
plateaus originated from the subsequent conversion reactions.
This two-step halogen redox process collectively contributed to
the high capacity and cycling stability of the dual-ion secondary
batteries. Furthermore, the diffusion coeflicients were
determined usin§ the Randles—Sevcik equation (I, = 2.69 X
10°#¥ACDY*/"?), assuming n = 1 (Br™ — B’ + e7), A =
1.13 cm? (12 mm diameter electrode), and C = 10~ mol cm™.
The linear relationships (R* > 0.99) between I, and V2
confirm diffusion-controlled kinetics. Considering uncertainties
in geometric and fitting factors, the estimated diffusion
coefficients have an overall uncertainty of +15—20%.*%*
The calculated diffusion parameters were 5.15 X 107'* for peak
I, 3.31 X 107" for peak II, 2.94 X 10™*2 for peak III, and 3.46
X 107" for peak IV (Figure 4c).

Impressively, the graphitellZIF-67 dual-ion battery delivered
a high capacity of 291 mAh g™ at 100 mA g, significantly
surpassing the capacity of conventional dual-ion batteries,
which underscored the efficiency of the halogen-absorption-
and conversion-based energy storage processes. After increas-
ing the current density by a factor of S, a capacity of 112 mAh
g ! was still maintained (Figure 4d). Similarly, the graphitell
Co-BDC dual-ion battery delivered capacities of 226 and 101
mAh g™" at 100 and 500 mA g, respectively (Figure 4d). The
voltage profiles of both batteries exhibited a distinct voltage
plateau, indicating halogen adsorption and conversion
processes (Figure S7a,b). The graphitellZIF-67 dual-ion
battery exhibited an initial capacity of 180 mAh g~' at 200
mA g~', with a capacity retention ratio of 64% after 500
continuous cycles. The graphitellCo-BDC dual-ion battery
exhibited an initial capacity of 190 mAh g™ and a slightly
higher capacity retention ratio of 67% after S00 cycles (Figure
4e). In addition, both the graphitellCo-BDC and graphitellZIF-
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67 dual-ion batteries exhibited a low electrochemical
impedance (~30 Q for graphitellCo-BDC and 20 Q for
graphitellZIF-67) as measured by EIS, which is conducive to
high redox kinetics and rate performances for the batteries
(Figure 4f).

Furthermore, the adsorption behaviors of MOF host
cathodes toward oxidized bromide species were studied by
conducting ex situ UV—vis absorption spectroscopy on the
ethanol solution dissolved as-formed oxidized bromide species
after battery charging. Initially, the UV—vis absorption spectra
displayed prominent bromide absorption peaks, which
gradually diminished after 8 h of MOF adsorption (Figure
4gh). Accordingly, the colors of bromide ethanol solutions
transformed from pale-yellow to a colorless and transparent
appearance after adsorption by Co-BDC and ZIF-67 (insets in
Figure 4g,h), confirming the effectiveness of Co-BDC and ZIF-
67 for the adsorption and accommodation of oxidized bromide
species.

To further reveal the effects of Br™-containing electrolytes
on electrodes during battery operation, we conducted post-
mortem characterizations using the XPS technique. Com-
parative survey XPS analyses between the fresh and cycled Co-
BDC and ZIF-67 cathodes revealed a prominent F 1s XPS
peak at ~688 eV (Figure Sa,d), which is consistent with the
XPS spectra of the above-mentioned Lill MOF batteries (Figure
3f). The presence of the F element was further confirmed by
the deconvoluted C 1s peak at 292.7 eV (Figure Sb,e) and F 1s
peak at 688.5 eV (Figure Sc,f), which aligned with the survey
XPS spectra. Moreover, a strong C—O bond at 296.5 eV was
observed in the cycled MOF cathodes, suggesting the
formation of a cathode—electrolyte interface (CEI) layer. In
this dual-ion battery system, LiTFSI served as the exclusive
source of F element. The above characterization results
supported the decomposition of [TFSI]™ anions and
participation in the formation of the CEI layer on the cathode
surface, consistent with previous reports.’0 Our theoretical
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calculations of the HOMO and LUMO energy levels revealed
that LiTFSI possessed the lowest HOMO energy level of
—8.378 eV (Figure 1b). This activation process was also
captured in the initial CV curves, showing several irreversible
oxidation peaks at ~2.5 V (Figure S7c¢,d). These oxidation
peaks diminished after the initial activation, leaving behind
only reversible redox peaks, as shown in Figure 4a,b. After this
initial activation process in the dual-ion battery, the charge
storage reaction dominated the subsequent cycles. Therefore,
the formation of a fluorine-rich CEI layer stabilized the
electrode—electrolyte interface during repeated charge—dis-
charge redox reactions, mitigating side reactions and
contributing to higher Coulombic efficiency during long-term
cycling.

We developed a complementary lithium/halogen dual-ion
battery system leveraging halogen electrochemistry, specially
utilizing halogen adsorption and conversion reactions for
energy storage applications. Among the tested halogen ions,
Br™ anions exhibited superior electrochemical performances
compared to CI” and I anions. The intercalation (or
absorption) and conversion processes of Br~ anions demon-
strated excellent reversibility, nearly tripling the capacity
relative to conventional dual-ion batteries based on the
(de)intercalation of larger anions. In addition, by incorporating
Br™ anions into the electrolyte, this dual-ion battery design
greatly broadens the range of viable cathodic host materials, as
demonstrated by prototypical Co-BDC and ZIF-67 MOF
materials. Overall, this study established halogen electro-
chemistry as a general and scalable strategy for advancing dual-
ion battery technologies. The synergistic adsorption/intercala-
tion-conversion mechanism, together with the abundance and
low cost of halogen salts, offers new opportunities for
constructing high-capacity, sustainable energy storage systems
applicable to both lithium and non-lithium-based battery
configurations.
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