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Abstract

The growing demand of safe and high-energy-density energy storage has spurred renewed interest in rechargeable lithium-iodine
(Li-I,) batteries, which are attractive due to their high theoretical capacity (211 mAh g-! based on iodine) and fast iodine redox
reaction kinetics that enable high power output. However, the severe shuttle effect caused by soluble polyiodide intermediates
significantly limits the electrochemical reversibility and cycling stability of these batteries. Herein, a cationic quaternized
cellulose separator (QCP) is developed to regulate polyiodide transport and interfacial conversion behavior in Li-I, batteries.
Owing to the introduced quaternary ammonium functional groups, the QCP separator exhibits strong electrostatic interactions
with negatively charged polyiodide species, effectively inhibiting their diffusion and stabilizing the iodine redox chemistry.
Compared with pristine glass fiber (GF) and cellulose separators (CP), the QCP separator demonstrates higher ionic conductivity,
increased lithium-ion transference number, reduced interfacial resistance, and improved electrochemical stability. Consequently,
Li-I, batteries assembled with the QCP separator show significantly enhanced cycling stability, superior rate capability, and
improved reaction kinetics. Moreover, the QCP separator enables more stable lithium deposition/stripping behavior and enhances
interfacial compatibility with the lithium metal anode. This work demonstrates an effective strategy for constructing selective
ion-regulating interfaces through cationic cellulose engineering and provides new insights for separator design in advanced
halogen-based energy storage systems.
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1. Introduction

Rechargeable lithium-iodine (Li-I,) batteries have attracted system. Particularly, the multi-electron redox chemical prop-
much attention due to their high theoretical capacity, inherent erties of iodine endow Li-I, batteries with high energy density
safety, and rapid redox reaction kinetics derived from the re- and excellent rate performance, making them an ideal choice
versible transformation of iodine species [1, 2]. They are re- for next-generation portable and large-scale energy storage
garded as a highly promising electrochemical energy storage applications [3, 4]. However, the actual development of Li-I»
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batteries has been severely hindered by the complex evolution
and migration behavior of soluble polyiodide intermediates
during the cycling process [5, 6].

Among various iodine compounds, the triiodide ion (I37)
plays a crucial role in determining the electrochemical revers-
ibility and reaction kinetics of lithium-iodine batteries. How-
ever, the high solubility and rapid diffusion of polyiodide ions
in ether-based electrolytes inevitably lead to severe shuttle ef-
fects, resulting in the loss of active materials, slow redox re-
actions, parasitic reactions on the lithium anode, and rapid ca-
pacity degradation [7, 8]. Moreover, the uncontrolled migra-
tion of polyiodide ion anions leads to uneven distribution of
interface reactions and deterioration of charge transfer kinet-
ics, thereby seriously damaging the long-term cycling stability
of lithium-iodine batteries. Therefore, effectively regulating
the transport and interface transformation behavior of poly-
iodide ions is crucial for constructing high-performance lith-
um-iodine battery systems.

To address these challenges, considerable efforts have been
made to design iodine carriers [9, 10], catalytic materials [11],
and functional separators (e.g.,[12]) to inhibit the shuttle phe-
nomenon of multiple iodide ions. Polar materials such as
metal oxides [13], carbon doped with heteroatoms [14], cova-
lent organic frameworks [15], and polymer materials [16]
have been extensively studied. They fix the multiple iodide
ions through chemical adsorption or catalytic conversion. Alt-
hough these strategies can partially alleviate the shuttle effect,
excessive adsorption often sacrifices the reversibility of redox
and slows down the iodine conversion rate. Moreover, tradi-
tional separator modification strategies mainly rely on passive
physical barriers or non-specific polar interactions, which are
still insufficiently effective for selectively regulating the mi-
gration of negatively charged multiple iodide ions.

Compared with traditional glass fiber (GF) membranes,
membranes based on cellulose have recently emerged as
promising alternatives due to their abundant polar functional
groups, excellent electrolyte wettability, porous fiber structure,
and good ionic conductivity. The cellulose framework is rich
in hydroxyl groups, enhancing the affinity of the electrolyte
and promoting the transport of lithium ions, thereby facilitat-
ing the interfacial ion transfer in rechargeable batteries. How-
ever, the interaction between the original cellulose and poly-
iodide ions is still mainly dominated by relatively weak polar
adsorption, which cannot fundamentally control the diffusion
and transformation behavior of polyiodide anions.

Inspired by the electrostatic interaction between cationic
functional groups and negatively charged polyiodides, intro-
ducing positively charged interfaces into cellulose membranes
may provide an effective strategy for selective regulation of
polyiodides. Quaternary ammonium groups have a strong
electrostatic attraction to polyiodide anions and may restrict
polyiodides to local interface regions, thereby inhibiting the
shuttle effect and optimizing the iodine conversion pathway.
More importantly, the combination of cationic interfaces with
ionic conductive cellulose frameworks can simultaneously
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achieve selective limitation of polyiodides and efficient lith-
ium-ion transmission, which is extremely ideal for improving
the electrochemical reversibility and reaction kinetics of lith-
ium iodide batteries.

Here, we report a quaternized cellulose separator (QCP),
which is used to regulate the iodide ion transport and interface
transformation chemical reactions in lithium-iodine batteries.
Compared with the original glass fiber and cellulose separator
(CP), QCP introduces cationic quaternary ammonium groups
onto the cellulose framework, thereby enhancing the electro-
static interaction with iodide ions. The ion-conductive cellu-
lose network and the synergistic effect of the cationic interface
chemistry effectively inhibit the diffusion of iodide ions while
maintaining rapid lithium ion transport and low interface re-
sistance. Therefore, the lithium-iodine battery using QCP sep-
arator exhibits significant improvement in reaction kinetics,
enhanced rate capability, and prolonged cycle stability. This
work demonstrates an effective strategy for constructing a se-
lective ion-regulating interface and provides new insights into
the separator interface engineering of advanced halogen-based
energy storage systems.

2. Experimental Section

2.1. Materials

All chemicals were of analytical grade and used as received
without further purification. Iodine (I2, 99.8%), sodium hy-
droxide (NaOH, >97%), 2,3-Dihydroxy-N,N,N-trimethylpro-
pan-1-aminium (EPTAC, 99%) were bought from Shanghai
McLean Biochemical Technology Co., Ltd. Cellulose pulp
were bought from Sigma-Aldrich.

2 2. Preparation of Quaternized Cellulose

(QCP)

Cationic cellulose nanofibers were synthesized according to
a modified literature procedure [17]. Briefly, cellulose pulp
(60 g, 25 wt%) was dispersed in deionized water, followed by
the addition of EPTAC (7.5 g) and NaOH (2.25 g) to form a
homogeneous reaction mixture. The suspension was then di-
luted with 180 g of isopropanol and stirred at 50 °C for 3 h.
Unreacted reagents and by-products were removed by centrif-
ugation, and the resulting product was extensively dialyzed
against distilled water using a 14,000 Da molecular weight
cutoff membrane for 72 h.

2.3. Materials Characterizations

The chemical structures of the separators were character-
ized by Fourier transform infrared spectroscopy (FTIR) in the
wavenumber range of 4000-500 cm!. The crystallographic
structures of the samples were investigated using X-ray dif-
fraction (XRD) with Cu Ka radiation (A=1.5406 A) over a
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scanning range of 10-80°. Thermogravimetric analysis (TGA-)
was conducted from room temperature to 800 °C under a ni-
trogen atmosphere at a heating rate of 10 °C min-1 to evaluate
the thermal stability of the separators. The surface charge
characteristics of the samples were analyzed by zeta potential
measurements using a Zeta instrument. The morphologies and
microstructures of the separators before and after modification
were observed by field-emission scanning electron micros-
copy (FESEM).

The ionic conductivity of the separators soaked with elec-
trolyte was determined using electrochemical impedance
spectroscopy (EIS) based on stainless steel/separator/stainless
steel (SS/separator/SS) symmetric cells in the frequency range
from 1x1072 to 1x10°% Hz. The ionic conductivity (c) was cal-
culated according to the following equation:

L
o= (M
where L is the separator thickness, R is the bulk resistance ob-
tained from the Nyquist plot, and S is the electrode area.

The lithium-ion transference number (tLi*) was evaluated
using the combination of AC impedance and DC polarization
measurements in Li/separator/Li symmetric cells at a constant
polarization voltage of 10 mV. The lithium-ion transference
number was calculated according to the Bruce—Vincent—Ev-
ans equation:

¢ I«(AV-ToR)
4=
Li' ™ [g(AV-IsRs)

2

where AV is the applied polarization voltage, 10 and Is repre-
sent the initial and steady-state currents, respectively, and RO
and Rs correspond to the interfacial resistances before and af-
ter polarization.

The electrochemical performance of lithium-iodine batter-
ies was evaluated using CR2032-type coin cells was evaluated
using CR2032 cylindrical batteries packed in a glove box
filled with argon gas. Within the voltage range of 2.0-4.0 V,
cyclic voltammetry (CV) measurements were conducted at
different scan rates on an electrochemical workstation (CHI
660). At room temperature, constant current charge-discharge
measurements were performed using the LAND battery test-
ing system, including cycle and rate performance tests.

To evaluate the interface stability of the separator towards
lithium metal, we assembled a lithium/lithium symmetric bat-
tery and conducted tests under the same current density. At the
same time, the lithium deposition/deposition conditions were
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repeated. Additionally, an asymmetric lithium/copper battery
was assembled to study the reversibility and interface compat-
ibility of lithium deposition/deposition under different separa-
tors.

3. Results and Discussion

In order to enhance the polyiodide regulation capability of
the cellulose separator, quaternary ammonium groups were in-
troduced onto the cellulose framework through the quaterni-
zation process, aiming to construct a cationic interface to
achieve selective limitation of polyiodides while maintaining
the effective transmission of lithium ions. Firstly, the quater-
nization process of the cellulose separator was verified by
Fourier transform infrared spectroscopy. As shown in Figure
la, the original CP exhibited characteristic absorption peaks
corresponding to the hydroxyl stretching vibration and the C—
O-C structure of cellulose. After quaternization treatment,
new characteristic peaks related to C—N stretching vibration
and quaternary ammonium functional groups appeared in the
QCP spectrum, which confirmed the successful introduction
of cationic functional groups onto the cellulose framework.
These results indicate that the quaternization treatment effec-
tively changed the surface chemical properties of the cellulose
separator.

The crystal structures of CP and QCP were further studied
by XRD analysis (Figure 1b). The CP exhibited typical cellu-
lose diffraction peaks, indicating that it has an inherent crystal
structure. After quaternization treatment, the characteristic
diffraction peaks of cellulose remained largely unchanged,
suggesting that the modification process did not damage the
original fibrous structure of cellulose. The thermal stability of
the membrane was evaluated by thermogravimetric analysis.
As shown in Figure 1c, compared with the original CP, QCP
exhibited obvious thermal decomposition characteristics,
which can be attributed to the introduction of quaternary am-
monium groups on the cellulose framework.

The surface charge characteristics of the membrane were
further characterized by measuring the zeta potential (Figure
1d). Compared with the negatively charged CP membrane, the
QCP membrane after quaternization treatment showed a sig-
nificantly increased positive surface potential, indicating that
a cationic interface was successfully constructed. This posi-
tively charged surface will have a strong electrostatic interac-
tion with the negatively charged iodide ions, thereby inhibit-
ing their disordered diffusion in the electrolyte.
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Figure 1. (a) FT-IR spectra (b) TGA profiles (c) XRD spectra (d) Zeta potential of CP and QCP; SEM image of (e) CP and (f) QCP; The

elemental mapping of (g) C, (h) O, and (i) N of QCP.

The morphology and microstructure of the separator were
characterized by scanning electron microscopy. As shown in
Figures le-g, both CP and QCP maintain a connected fibrous
porous structure, which is conducive to the penetration of
electrolyte and ion transport. Compared with CP, the surface
of the QCP separator after quaternization treatment presents a
rough morphology, indicating the success of surface function-
alization. Additionally, the elemental distribution images
show that nitrogen elements are uniformly distributed
throughout the QCP structure, further confirming the uniform
introduction of quaternary groups into the cellulose network
(Figures 1 g-i). The retained porous structure combined with
the uniformly distributed cationic functional groups is ex-
pected to simultaneously promote lithium ion transport and
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regulate the migration behavior of polyiodide ions.

To investigate the adsorption capabilities of different sepa-
rators towards polyiodide ions, a visual adsorption experiment
was conducted using GF, CP, and QCP separators in an elec-
trolyte containing polyiodide ions. As shown in Figure 2, the
electrolyte using the GF separator became significantly darker
on the right side after 1 h, indicating that it had almost no
blocking effect on the dissolved polyiodide ions. In contrast,
the QCP separator, due to the interaction between the hy-
droxyl and quaternary ammonium functional groups and the
polyiodide ions, did not show a significant deepening of the
solution on the right side after 3 h, indicating that it had a sig-
nificantly enhanced adsorption ability towards polyiodide ions.
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Figure 2. Time-lapse visualization of polyiodide shuttling in H-type cells equipped with GF, CP, and QCP separators.

QCP exhibits excellent adsorption performance, which is
attributed to the strong electrostatic interaction between the
quaternary ammonium groups and the negatively charged pol-
yiodide anions. Unlike the weaker physical adsorption or non-
specific polar interactions found in traditional separators, the
cation interface in QCP can selectively regulate the diffusion
and interface distribution of polyiodide ions through electro-
static constraints. This selective regulation of polyiodide ions

is highly beneficial for suppressing shuttle effects, reducing
active material loss, and stabilizing the iodine redox chemical
reaction during the cycling process.

Efficient lithium-ion transport is crucial for achieving sta-
ble electrochemical performance of lithium-iodine batteries.
Therefore, a systematic study was conducted on the ionic con-
ductivity, lithium-ion transfer number, electrochemical win-
dow, and interface resistance of different separators.
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Figure 3. Current-time curves of (a) GF, (b) CP, and (c) QCP separators-based symmetric Li cells at a polarization voltage of 10 mV. Insets
show the corresponding Nyquist plots before and after polarization to measure the Li* transference number; EIS plots of (d) GF, (e) CP, and
() QCP from 10 to 50 °C; (g) Li* conductivity of GF, CP, QCP at 30 °C; (h) LSV curves of Li||SS cells with GF, CP, QCP; (i) Nyquist plots.
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As shown in Figures 3a-c, the lithium-ion transference
number of the QCP separator is higher than those of the GF
and CP separators, indicating a stronger selective lithium-ion
transport capability. The ionic conductivity results shown in
Figures 3d-f further demonstrate that the QCP separator main-
tains excellent ionic conductivity after quaternization treat-
ment. At 30 °C, its ionic conductivity reaches 0.738 mS cm!,
which is significantly higher than that of the GF separator
(Figure 3g). The electrochemical stability of the separators
was evaluated by linear sweep voltammetry (LSV). As shown
in Figure 3h, the QCP separator exhibits a wider electrochem-
ical window, indicating that the introduced quaternary ammo-
nium groups do not compromise the electrochemical stability
of the separator. Further electrochemical impedance spectros-
copy (EIS) measurements were conducted to investigate the
interfacial charge-transfer behavior. As shown in Figure 3i,
the interfacial resistance of the QCP separator is significantly
lower than that of the CP separator. This reduction in imped-
ance can be attributed to enhanced electrolyte affinity, effi-
cient lithium-ion transport, and the synergistic effect of regu-
lated polyiodide distribution at the electrode/electrolyte inter-
face.

z

The electrochemical performance of lithium-iodine batter-
ies assembled with different separators was systematically
evaluated. As shown in Figure 4a, the battery assembled with
the QCP separator exhibited significantly better cycling sta-
bility at 1 C compared to the GF and CP ones. This enhanced
cycling performance can be attributed to the effective inhibi-
tion of the polyiodide ion shuttle effect, as well as the stable
interfacial redox chemical reactions achieved by the cationic
separator interface. Rate capability tests further demonstrated
the superior kinetic performance of the QCP-based battery
(Figure 4b). Even at a high current density of 10 C, the battery
assembled with QCP separator showed a higher reversible ca-
pacity. The redox kinetics of iodine was studied by cyclic volt-
ammetry. As shown in Figures 4c-e, the battery based on QCP
exhibited a smaller peak separation, which indicates an en-
hanced electrochemical reversibility compared to the GF and
CP separators. In addition, an asymmetric lithium/copper bat-
tery was assembled to study the reversibility of lithium depo-
sition/peeling. As shown in Figure 4f, the cycling performance
of the QCP separator is more stable, indicating that it can sup-
press side reactions and stabilize the lithium metal interface.
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4. Conclusion

In conclusion, we have successfully developed a cationic
quaternary ammonium cellulose separator (QCP) to regulate
the transport and interfacial conversion behavior of iodide
ions in lithium—iodine batteries. The introduction of quater-
nary ammonium groups creates a positively charged inter-
face on the QCP separator, which selectively restricts nega-
tively charged iodide species through electrostatic interac-
tions. Compared with pristine glass fiber and cellulose sepa-
rators, the QCP separator exhibits significantly enhanced io-
dide adsorption capacity, improved lithium-ion transference
number, excellent ionic conductivity, and reduced interfacial
resistance. Consequently, Li-I, batteries assembled with the
QCP separator achieve substantial improvements in electro-
chemical reversibility, rate capability, and long-term cycling
stability. Moreover, the QCP separator effectively stabilizes
lithium deposition/stripping behavior and suppresses inter-
facial side reactions on the lithium metal anode. This work
demonstrates that constructing a cationic cellulose interface
is an effective strategy for selectively regulating polyiodide
chemistry and enhancing the electrochemical performance
of Li-I, batteries. More importantly, the proposed electro-
static ion-regulation mechanism offers new insights into sep-
arator—interface engineering for advanced halogen-based en-
ergy-storage systems.
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