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Zinc-iodine rechargeable batteries offer inherent safety and abun-
dant reserves, making them promising for energy storage applica-
tions. However, the poor interfacial stability of the zinc anode and
the shuttle effect, both caused by the diffusion of soluble poly-
iodides in agueous media, significantly compromise device stability,
especially at high mass loadings. This work proposes a comple-
mentary chemical adsorption strategy to achieve high-loading
zinc—iodine batteries, utilizing a composite material of TizC,T,
MXene and carboxylated multi-walled carbon nanotubes (c-
MCNTSs) as an iodine carrier. Carboxylated multi-walled carbon
nanotubes (c-MCNTs) form C—I| bonds with initial I~ ions through
chemical interactions, while TizC,T, MXene effectively chemically
adsorbs the byproduct |5~ ions formed during charging and dis-
charging, enabling the adsorption of a substantial amount of
iodine species. Therefore, even at a high areal mass loading of
33.27 mg cm™2, the prepared zinc—iodine battery delivers a high
areal capacity of 2.82 mAh cm~2 at a current density of 5 mA cm~2,
surpassing most previously reported zinc—iodine batteries, while
maintaining excellent cycling stability with a capacity retention of
99.04% after 300 cycles. Moreover, it exhibits outstanding rate
performance, retaining an areal capacity of 1.52 mAh cm 2 even
at a high current density of 50 mA cm 2 This strategy is also
potentially extendable to the design of other high-loading metal—
iodine batteries.

1. Introduction

In recent decades, aqueous zinc-based batteries have been
extensively studied as a promising candidate for electrochemi-
cal energy storage. This is ascribed to the high theoretical
specific capacity (820 mAh g™'), abundant resource availability,
low electrode potential relative to the standard hydrogen
electrode (SHE) (—0.76 V), and excellent air stability of Zn."™

College of Materials Science and Engineering, Hunan University, Changsha,
410082, P. R. China. E-mail: xiugiang xie@hnu.edu.cn

488 | Nanoscale Horiz., 2026, 11, 488-497

ROYAL SOCIETY

e
PP OF CHEMISTRY

Complementary chemical adsorption of iodine
species on MXene/carboxylated CNTs for high
loading zinc—-iodine batteries

Aidi Fu, Guohao Li, Yingxinjie Wang, Jie Wang, Jiale Fan, Jiamin Liu, Nan Zhang

New concepts

In this study, we propose a novel strategy to achieve high loading zinc-
iodine batteries by preparing a composite material of MXene and car-
boxylated CNTs. This composite is used as a host to immobilize iodine
species and suppress the shuttle effect. Unlike conventional physical
adsorption or single-mode chemical adsorption, our strategy leverages
the complementary chemical adsorption of the two materials. Specifi-
cally, MXene can efficiently chemically adsorb the generated I; ions
during charge-discharge, while carboxylated CNTs can chemically adsorb
the initial I ions. This design, which can simultaneously immobilize the
iodine source and polyiodide species, significantly enhances the active
material loading and areal capacity. This work provides a promising
approach for other high loading metal-iodine batteries.

Iodine (I,) has low solubility in water (x0.29 g L™ "),* making it
suitable for aqueous batteries. Different from traditional zinc
batteries that typically rely on the insertion and extraction of
Zn>" ions, aqueous zinc-iodine (Zn-I,) batteries store energy
based on the iodine redox reaction at the cathode and zinc
deposition/stripping at the anode. The implementation of
iodine redox electrochemistry in aqueous zinc-based batteries
delivers a considerable voltage and a high theoretical capacity
of 211 mAh g™, attracting extensive research attention.”®
Despite these advantages and significant recent breakthroughs,
the development of zinc-iodine batteries remains in its early
stages, especially for the commercialization at high mass load-
ings due to several critical challenges. First, iodine has poor
conductivity and is unstable, which requires a host material.
Second, during redox reactions, iodine readily forms soluble
polyiodide intermediates. This leads to a shuttle effect, causing
active material loss, thereby reducing coulombic efficiency and
cycle stability.”® Third, the kinetics of iodine conversion are
slow, promoting polyiodide accumulation in the electrolyte.
This further exacerbates the shuttle effect and hinders the
development of high-loading iodine cathodes.”"® Additionally,
the stability of the zinc anode is compromised by the
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polyiodide shuttle effect due to the corrosion reaction between
polyiodides and zinc.'™'* The exploration of an appropriate
host material remains a research hotspot in zinc-iodine
batteries.'?

The primary strategies for mitigating the shuttle effect in
zinc-iodine batteries involve the development of iodine host
materials.'* Previous studies have demonstrated that the nano-
pores and high specific surface area of porous carbon materials
serve as excellent reservoirs for encapsulating iodine and poly-
iodide species. For example, Pan et al. have employed micro-
porous activated carbon fiber fabric (ACF) to load iodine-active
materials via a simple adsorption method, confirming that
carbon nanopores effectively adsorb polyiodides and suppress
the shuttle effect.'” Beyond conventional physical confinement,
optimizing carbon matrices with chemical adsorption function-
ality represents a highly promising approach for stabilizing
iodine and preventing polyiodide dissolution/shuttling. For
instance, Ye et al. have constructed a zeolite-imidazolate frame-
work (ZIF)-derived carbon matrix combining Ni/Zn bimetallic
anchoring with nitrogen self-doping.’® Abundant heteroatom
doping and customized unsaturated coordination environ-
ments establish multiple strong chemical adsorption sites,
synergistically inhibiting polyiodide migration. Progress in
carbon material design has inspired further exploration of
conductive hosts with spatially constrained structures and
adsorption sites. Notable examples include Prussian blue ana-
logues (PBAs),"” MXenes,'®° and metal-organic frameworks
(MOFs).*" Zhao et al. have utilized 2D layered Nb,CT, MXe-
ne—which exhibits high conductivity, abundant surface func-
tional groups (—O, -F, and -OH), and a periodically arranged
interlayer structure—as an iodine host.’® This material effec-
tively fixes iodine/polyiodides between layers through comple-
mentary physical confinement and chemical adsorption,
thereby suppressing shuttle effects. However, these iodine
hosts have primarily been applied under low-loading condi-
tions. Enhancing performance under high-loading remains a
significant challenge. First, increased iodine content at high
loadings leads to a higher concentration of polyiodide species,
which exacerbates the shuttle effect. Second, high loading
typically results in thicker electrode layers, extending ion
diffusion pathways and thus hindering ion transport, which
slows down reaction kinetics. Third, the uneven distribution of
active iodine species in thick electrodes can lead to incomplete
utilization, with some active material remaining electrochemi-
cally inaccessible, ultimately reducing the overall capacity.

Here, we propose a complementary chemical adsorption
strategy to achieve high loading in zinc-iodine batteries, using
a composite material of Tiz;C,T, MXene and carboxylated
multi-walled carbon nanotubes (c-MCNTs) as an iodine carrier.
MXene exhibits high conductivity and abundant surface
functional groups, enabling effective chemical adsorption of
polyiodides.** On the other hand, c-MCNTs serve as a structu-
rally stable conductive framework, capable of forming bonds
with iodine ions, thus chemically adsorbing iodine sources.*®
These two components adsorb different iodine species, result-
ing in complementary chemical adsorption. Additionally, the
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composite material formed demonstrates a hierarchical porous
structure, which physically restricts the leakage of iodine
species and fosters ion transport, thereby achieving high iodine
loading. To explore the performance of zinc-iodine batteries
under high loading conditions, zinc iodide solution is used as
the iodine source and added to the carrier material, resulting in
the fabrication of high-performance electrodes based on the
MC composite. At a high loading of 33.27 mg cm ?, the
prepared zinc-iodine battery delivers a high areal capacity of
2.82 mAh cm ™2 at 5 mA cm ™. Additionally, after 300 cycles, it
retains 99.04% of its capacity. The battery also demonstrates
excellent rate performance, maintaining an areal capacity of
1.52 mAh cm 2 even at a current density of 50 mA cm 2. The
promise is exemplified by assembling a pouch cell, which
delivers an areal capacity of 3.71 mAh cm ™2 at a current density
of 15 mA cm > This strategy addresses several challenges
associated with high loading, effectively suppressing the shut-
tle effect and enhancing ion transport to achieve high areal
capacity.

2. Results and discussion

Fig. 1 shows a schematic diagram of the manufacturing process
for Ti;C,T, MXene and c-MCNT composite cathodes. This
process involves freeze-drying the mixed electrode slurry, fol-
lowed by coating and iodine loading (cathode permeation)
process. The slurry, which contains Ti;C,T, MXene nanosheets
and carboxylated multi-walled carbon nanotubes (c-MCNTSs), is
coated onto a carbon fabric. Znl, solution serves as the iodine
source, with iodine fully diffused into the carrier in the form of
iodine ions, resulting in the composite cathode MXene-CNT-I
(denoted as MC-I"). For comparison, MXene and ¢-MCNTs are
prepared using similar manufacturing processes.

Ti;C,T, MXene nanosheets are etched and exfoliated from
TizAlC, (Fig. S1), and the scanning electron microscopy (SEM)
micrographs of Ti;C,T, MXene and c¢-MCNTs are shown in
Fig. 2a and Fig. S2. These two components have different
chemical adsorption interactions. Fig. 2b illustrates the top-
view scanning electron microscopy (SEM) micrograph of the
MC composite electrode, which reveals that ¢c-MCNTs uni-
formly wrap around the MXene nanosheets and forms a porous
electrode. Fig. 2c presents the top-view SEM image of the
high-loading MC-I" cathode, accompanied by corresponding
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Fig. 1 Schematic illustration showing the preparation process and the
unique advantages of the high iodine-loaded MC-I~ cathode.
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Fig. 2 Morphological and structural characterization of MC electrodes. (a) and (b) Top-view SEM images of the MXene electrode and the MC electrode.
(c) and (d) Top-view SEM image and the corresponding C, O, Ti, | elemental mapping images of the MC-1~ cathode after loading iodine. (e) and (f) Specific
surface area and the corresponding pore size distribution of N, adsorption—desorption isotherms. (g) FTIR spectra before and after iodine plating.

elemental mapping images (Fig. 2d). The C, O, Ti, and I
elemental mapping diagrams confirm the successful loading
of iodine. X-ray diffraction (XRD) patterns are analyzed to reveal
the evolution of phase composition. As shown in Fig. S3, a peak
at 20 = 39°, corresponding to the (104) plane of the TizAlC,
(MAX) phase, disappears, indicating the removal of the alumi-
num layer.> The (002) peak of TizC,T, shifts from 6.9° in pure
MXene to 6.2° in the composite material MC, indicating an
increase in interlayer spacing. This change suggests that the
interlayer structure of Ti;C,T, is related to the intercalation of
substances during the composite process. The broad character-
istic peak at 24.9° corresponds to c-MCNTs,>” confirming their
presence and contribution to the composite material. After
iodine adsorption, the (002) diffraction peak of Ti;C,T, further
shifts to a lower angle at 5.7°, indicating an increase in
interlayer spacing.'® This can be attributed to the bonding of
Ti atoms in Ti;C,T, with iodine,?® which facilitates the effective
insertion of iodine ions into the interlayer structure, leading to
an expansion of the interlayer spacing and a further shift of the
(002) diffraction peak to lower angles, reflecting additional
structural changes.”” Additionally, Fig. S4 displays the Raman
spectrum, featuring two broad peaks at 1358 and 1588 cm™ " in
the MC, which correspond to the D and G bands of carbon

490 | Nanoscale Horiz., 2026, 11, 488-497

nanotubes,’® respectively. For the resulting MC-I~ cathode, new
peaks emerge at 122 and 170 cm ™!, which suggests the success-
ful introduction of iodine ions.”® This result aligns with the
findings from XRD, demonstrating that the insertion of iodine
ions has an impact on the crystal structure of the composite
material.

Fig. 2e presents the N, adsorption-desorption isotherms of
the MC composite electrode and MXene. The specific surface
area of the MC composite electrode (250 m* g~ ') is significantly
higher than that of the MXene electrode (29 m> g~ '), suggesting
a stronger adsorption capacity. The pore size distribution
curve (Fig. 2f) shows that the pore size distribution of the
MXene electrode is in the mesoporous region. After the addi-
tion of c-MCNTs, the MC composite electrode exhibits a hier-
archical porous structure with micropores, mesopores, and
macropores, which is beneficial for iodine adsorption and Zn**
diffusion,**> making it an ideal carrier for loading iodine-
based materials. Moreover, contact angle tests show that the
MC composite electrode has a low contact angle and exhibits
good aqueous electrolyte-wetting behavior (Fig. S5). Compared
with the large contact angles of the MXene and c-MCNT
electrodes (Fig. S6), electrolyte droplets added to the surface
of the MC composite electrode quickly penetrate until the

This journal is © The Royal Society of Chemistry 2026
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contact angle approaches zero. This property improves electro-
lyte infiltration and accelerates ion transport. The high specific
surface area and the favorable electrolyte wetting properties of
the electrode facilitate high iodine mass loading.

Then, the functional groups of MC and MC-I" are revealed
by Fourier transform infrared (FTIR) spectroscopy (Fig. 2g).
Specifically, in the MC sample, a distinct characteristic
absorption peak was observed around 1136 cm™', which
can be attributed to the C-O stretching vibration of the carboxyl
group (-COOH) on the carboxylated multi-walled carbon
nanotubes.*?* After iodine treatment, the MC-I- sample
showed a strong new absorption peak around 491 cm™'. This
peak corresponds to the stretching vibration of the C-I bond,*”
indicating that iodine atoms have replaced the carboxyl group
and chemically bonded with the carbon atoms of the nano-
tubes, forming C-I covalent bonds (Fig. S7). The appearance of
this C-1 peak suggests that iodine is not merely physically
adsorbed onto the surface of the carbon nanotubes but is

View Article Online
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chemically integrated into the nanotube network, resulting in
significant chemical adsorption.*® Given the high iodine load-
ing and its stable chemical bonding with the nanotube struc-
ture, this process is beneficial for the preparation of high-
iodine-loaded electrodes. This structure not only enhances
the electronic coupling between iodine and the conductive
carbon framework but also improves the dispersion and reac-
tivity of iodine within the electrode, thereby enhancing the
overall electrochemical performance of the electrode.*

A series of analytical techniques are systematically employed
to investigate the adsorption capacity and mechanism of
MC composite materials toward iodine. Fig. 3a illustrates the
visualization of the adsorption experiment of polyiodides by
MC and c-MCNT adsorbents. The initial cathode electrolyte
solution containing polyiodides is dark brown in color. Equal
weights of MC and c-MCNTs adsorbents are introduced into
two separate glass bottles, each containing 6 mL of the iodine
cathode solution, and the samples are allowed to stand for 24
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Fig. 3 Adsorption mechanism study of the MXene and c-MCNT composites for iodine species. (a) and (b) Visualization adsorption experiment and the

corresponding UV-vis absorption spectra of the 16.7 mM pristine |3~ solution,

and the | catholyte solution treated with the c-MCNTs and MC adsorbents

for 24 h. (c) UV-visible diffuse reflectance absorption spectra of MXene and MC adsorbents after adsorption of 2 M |~ solution for 24 hours. (d)—(f) High-
resolution C 1s, Ti 2p and O 1s XPS signals of the original MC sample and the MC-Is~ sample after adsorption of Is. (g) Detailed | 3d XPS spectra of the
MC-I" cathode at different states. (h) and (i) UV-vis spectra of the electrolytes from the MC-1~, MXene-1", and c-MCNTs-I" cathodes after charging to

1.6 V and discharging to 0.2 V.
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hours. As depicted in Fig. 3a, the solution with the c-MCNT
adsorbent shows negligible color change, while the solution
with the MC adsorbent becomes nearly transparent, indicating
the high adsorption capacity of MC for polyiodides.>” The
adsorption capacities of the two adsorbents for I3~ are investi-
gated through UV-visible absorption measurements. As shown
in Fig. 3b, the original cathode solution exhibits two strong
absorption peaks at 288 and 352 nm, respectively, which are
characteristic absorption signals of I~ species.*®?° After treat-
ment with MC and c-MCNT adsorbents, the I3~ signals in the
UV-visible absorption spectra decrease compared to those in
the original solution samples. Notably, the peak intensity of the
MC-treated samples is significantly lower than that of the
c-MCNT-treated samples (inset in Fig. 3b), consistent with the
visualization experiment results. This suggests that the incor-
poration of MXene in the composite electrode enhances the
adsorption of polyiodides.

FTIR analysis indicates that c-MCNTs can form chemical
bonds with iodide ions (I"), thereby facilitating their adsorp-
tion (Fig. 2g). To demonstrate their role in the composite
materials and quantify I~ adsorption capacity,’> MC and
MXene powders are immersed in a 2 M I solution for
24 hours, then perform ultraviolet-visible diffuse reflectance
absorption measurements on the powder that has adsorbed I".
Fig. 3c shows the adsorption of iodide ions by both MC and
MXene. In the same iodide ion solution, the adsorption capa-
city of the MC composite material for I is more than twice that
of MXene, indicating that the inclusion of ¢-MCNTs in the
composite electrodes enhances the adsorption of iodide ions,
which serve as the iodine source in this study.

X-ray photoelectron spectroscopy (XPS) analysis reveals
changes in the chemical state of the MC composite material
before and after iodine adsorption. Signals for C, Ti, O, and F
are detected in both the original MC sample and the MC-I™
cathode sample (Fig. S8). However, the I signal is only detected
in MC-T". In the I 3d high-resolution spectrum (Fig. 3g), the
initial MC-I" cathode sample exhibits distinct iodine signals at
630.84 and 619.41 eV, indicating successful adsorption of
iodine species onto the MC composite material. Upon charging
to 1.6 V, the I 3ds, and I 3ds,, peaks shift to 631.52 and
620.06 eV, respectively.’ The significant shift of the character-
istic peaks toward higher binding energies indicates that the
iodine species undergo oxidation. Fig. 3d presents the high-
resolution C 1s XPS signals before and after I;~ adsorption,
showing a reduction in C-O bonds upon adsorption. This
reduction suggests that some Iy~ is reduced to I, forming
chemical bonds with carboxyl groups, thereby decreasing the
C-O content. Fig. 3e displays the high-resolution Ti 2p XPS
signals, where post-adsorption shifts from 455.98 eV to
455.49 eV indicate strong chemical interaction between iodine
and TizC,T,, altering the electronic structure and bonding
environment of the Ti atoms.””** Additionally, the high-
resolution O 1s spectra (Fig. 3f) show a significant weakening
of the Ti-OH bonding signal in the original MC sample follow-
ing I3~ adsorption. This change is mainly attributed to compe-
titive bonding between iodine and Ti atoms, weakening the
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original Ti-~OH bonds.** The larger size of the iodine species
may also exert a greater steric effect on the surrounding
coordination environment, further influencing the surface
rearrangement of hydroxyl groups and weakening the Ti-OH
bonds.*” These results confirm that Ti metal atoms are active
sites for chemical binding between MXene and I, while
carboxyl groups serve as active sites for the chemical bonding
between c-MCNTs and I".

As mentioned in the Introduction section, the shuttle effect
of polyiodide intermediates leads to decreased battery capacity
and cycle life. This significant challenge hinders the applica-
tion of aqueous Zn-I, batteries, particularly those designed
for practical application with high iodine active mass loading.
To verify the effectiveness of the MC composite material in
immobilizing polyiodides (I;~) during charge and discharge, a
Zn-1, battery with an optical cuvette is subjected to UV-visible
spectroscopy characterization. The iodine-loaded composite
cathode (MC-I", MXene-I", or c-MCNTs-I") and the Zn metal
anode are placed at opposite ends of the cuvette battery, using
2 M ZnSO, as the electrolyte. The cathode and anode of the
cuvette battery are connected to an electrochemical workstation
for charging and discharging. At charged (1.6 V) and discharged
(0.2 V) states, the cuvette is placed in a UV-visible spectrometer
to analyze the concentration of I;~ polyiodides in the
electrolyte.”* As shown in Fig. 3h and i, the cuvette cells with
MXene-I" and c-MCNTs-I" cathodes exhibit significantly higher
absorbance at 288 nm and 352 nm, indicating a rapid increase
in I;~ concentration in the electrolyte during charging to 1.6 V
and discharging to 0.2 V. When I" ions are oxidized to I, at the
cathode, they spontaneously react with I" ions to form I3~
intermediates (21" — 2e~ — L; I, + I~ — I;7),* which are easily
dissolved in the electrolyte, resulting in high absorption peaks
for I;~ during UV-visible spectroscopy. In contrast, for the MC-
I" cathode, the I;~ peak intensity remains at a lower level after
charging and discharging, confirming the effectiveness of the
MC composite in immobilizing soluble I;~ intermediates dur-
ing the charge-discharge cycle.

The electrochemical performance of most reported aqueous
zinc-iodine batteries is evaluated under low iodine active
material mass-loading conditions (<5 mg cm™?).'* However,
for the practical application of these batteries, evaluation under
high iodine loading conditions is essential. To investigate the
redox activity of the MC-I" cathode in an aqueous electrolyte, a
coin-type battery is assembled using a zinc metal plate as the
anode and a 2 M ZnSO, solution as the electrolyte. The redox
kinetics of Zn-I, batteries with different cathodes (MC-I,
MXene-I", and ¢-MCNTs-I" with a high iodine loading of
33.27 mg cm ?) are investigated using cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS).

Fig. 4a shows the cyclic voltammetry (CV) spectra of the
three cathodes at a scan rate of 1 mV s~ within the voltage
range of 0.2-1.6 V. All three batteries exhibit a pair of redox
peaks, indicating the I,/I” redox reaction. Compared with
MXene-I" and ¢-MCNTs-I", MC-I" exhibits clearer redox peaks
and a higher peak current density. Additionally, the polariza-
tion overvoltage of the MC-I™ battery is lower than that of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Electrochemical performance of the MC-I~ cathode. (a) CV curves of the MC-1~, MXene-1~, and c-MCNTs-I~ cathodes at a scan rate of 1 mV s~
(b) CV curves of the MC-I~ cathode at different scan rates. (c) Trend diagram of the polarization overpotentials of the MC-1~, MXene-1"~, and c-MCNTs-I~

batteries at different scan rates. (d) Rate performances of the MC-1~, MXene

-17, and c-MCNTs-I~ cathodes. (e) The GCD curves of the MC-1~ cathode at

various rates. (f) Cyclability of the MC-1~, MXene-I~, and c-MCNTs-I~ cathodes at 5 mA cm™2. (g) Long-term cycling stability of the MC-1~, MXene-I~, and

c-MCNTs-1~ cathodes at 20 mA cm~2. (h) Comparison of current density
literature.

MXene-I" and c-MCNTs-I™ batteries (Fig. 4a), suggesting that
the combination of MXene and ¢-MCNTs enhances the redox
kinetics of the Zn-I, battery. The faster I,/I" conversion kinetics
of the battery using the MC-I" cathode are further validated
using its smaller oxidation and reduction Tafel slopes com-
pared to the batteries with the MXene-I™ and c-MCNTs-I™
cathodes (Fig. $9).*>*" Electrochemical impedance spectro-
scopy (EIS) curves also confirm the fast kinetics. Typically, the
charge transfer kinetics at the electrode-electrolyte interface
play a pivotal role in determining redox kinetics. Fig. S10 shows
the EIS profiles of the Zn-I, batteries with varying cathodes at
the onset potential, which marks the commencement of iodine
reduction. The battery incorporating the MC-I" cathode
demonstrates a significantly lower interfacial charge transfer
resistance (R.) (1.26 Q) compared to those with the MXene-I"
and ¢-MCNTs-I™ cathodes. The reduced R, of the MC-I"
cathode suggests faster reaction kinetics during the electroca-
talytic iodine conversion process.*®

Then the CV curves of MC-I™ recorded at various scan rates
demonstrate stable redox chemistry (Fig. 4b). As the scan rate

This journal is © The Royal Society of Chemistry 2026

and areal specific capacity of this work to iodine cathodes reported in the

increases from 0.1 to 1.0 mV s~ ', the shapes of the CV curves
remain consistent, and the redox peak pairs remain distinct. To
further understand the charge storage mechanism, the non-
diffusion limited and diffusion contributions are calculated.
The non-diffusion limited contribution can be estimated using
the following equation:

i(V) = kv + kpp'/?

where kv represents the non-diffusion limited effects and k,»*/*
represents the diffusion-controlled contribution.*® The contri-
bution ratio of the non-diffusion limited process increases
as the scan rate rises (Fig. S11), reaching 95.7% at 1.0 mV s~ "
(Fig. $12), highlighting the high-power capability of MC-I" due
to its micropores, which facilitate efficient Zn>" ion diffusion.
The CV curves for batteries with the MXene-I™ and ¢-MCNTs-I"~
cathodes at a scan rate ranging from 0.1 to 1 mV s ' are also
collected (Fig. S13 and S14). Fig. 4c presents the trend of the
polarization overpotential values relative to the scan rate. As the
scan rate increases, the difference in the polarization over-
potential gap between the three batteries gradually increases.>
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This suggests that the battery with the MC-I" composite
cathode exhibits better kinetic performance, faster conversion
reactions, and a more stable process.

The following constant current charge-discharge (GCD)
tests demonstrate the excellent electrochemical performance
of the MC-I" cathode. Fig. 4d presents the rate capability of the
three samples. Within the current density range of 5, 10, 15, 20,
25, 30, and 50 mA cm 2, the discharge specific capacity of the
MC-I" battery is significantly higher than that of the MXene-I~
and c-MCNTs-1" batteries. Specifically, as shown in Fig. S15, the
areal capacity of the high-loading MC-I" battery is approxi-
mately 2.82 mAh cm %, which is close to the typical value
of commercial lithium-ion batteries (3.0 mAh cm™?), about
1.64 times that of the MXene-I™ battery (approximately
1.72 mAh cm ?), and approximately 1.86 times that of the
c-MCNTs-1~ battery (approximately 1.52 mAh cm™?). Moreover,
the GCD curve corresponding to the MC-I" cathode in Fig. 4e
exhibits a flat discharge plateau even at 50 mA cm™ 2, and the
discharge specific capacity of the MC-I" battery remains at
approximately 1.52 mAh cm ™2, which significantly differs from
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previously reported Zn-I, batteries with limited kinetics at high
scan rates. After composite preparation, the rapid iodine con-
version reaction kinetics enhance the I,/I” conversion activity
of the MC-I" composite cathode, thereby improving its specific
capacity and rate performance.

Fig. 4f shows the cycling performance of the Zn-I,
battery using MC-I", MXene-I", and c-MCNTs-I" cathodes at
5 mA cm 2 The MC-I~ battery exhibits stable cycling perfor-
mance at a current density of 5 mA cm ™2, retaining 99.04% of
its initial capacity after 300 cycles. In contrast, the specific
capacities of the MXene-I" and c-MCNTs-I" batteries gradually
decrease after cycling begins at 5 mA cm 2, dropping to
1.22 mAh cm™? and 1.49 mAh cm 2, respectively, after
300 cycles, with capacity retention rates of only 43.22% and
52.49% (Fig. 4f). Additionally, coulombic efficiency (CE) is a key
parameter for evaluating the multi-iodide ion shuttling effect and
electrochemical reversibility of the Zn-1, battery. As shown in Fig. 4e,
the average CE of the MC-T~ battery at 5 mA cm ™ > after 300 cycles is
93.3%. When the current density is increased to 20 mA cm >, the
average CE of the MC-1™ battery further increases to 96.6%.
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Fig. 5 Mechanism of the durable redox chemistry and pouch-type Zn-I, cell with the high iodine-loaded MC-I~ cathode. (a) SEM image of the MC-1~
cathode after the cycling test. (b) SEM image of the cycled Zn metal anodes in the batteries with the MC-I~ cathode. (c) XRD profiles of the cycled Zn
metal anodes with the MC-17, MXene-1, and c-MCNTs-I" cathodes. (d) and (e) SEM images of the cycled Zn metal anodes in the batteries with the

MXene-|~ cathode and the c-MCNTs-I" cathode. (f) Schematic illustration,

(9) cyclability, and (h) the GCD curve of the pouch-type Zn-I, battery using

the MC-I~ cathode. (i) Digital photograph of three tandem cells used to power a light bulb.
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Zn-1, batteries with MC-I" cathodes exhibit better long-term
cycling stability compared to those with MXene-I™ and
¢-MCNTs-I™ cathodes. As shown in Fig. 4g, the MC-I™ battery
operates continuously at 20 mA cm ™2, with an initial discharge
capacity of 2.28 mAh cm™> It maintains a high capacity
retention rate of 91.3% after 1000 cycles (Fig. 4g). Notably,
the charge-discharge platform of the MC-I" battery at the
1000th cycle is very close to that at the first cycle (Fig. S16).
In contrast, the cycling progresses, and the charge-discharge
platforms are significantly shortened after 1000 cycles
(Fig. S17). Similar to the cycling tests at 5 mA cm™ >, the rapid
capacity decline at 20 mA cm ™2 is attributed to the pronounced
polyiodides shuttle effect. Fig. 4h compares the current Zn-I,
battery based on a high-loading MC-I" cathode with previously
reported Zn-1, batteries in terms of areal capacity.>***** %! At
different current densities, the MC-I" battery demonstrates
superior areal capacity.

The cycled high iodine-loaded MC-I" cathodes and Zn metal
anodes are characterized in detail by using SEM and XRD
techniques. The SEM observation (Fig. 5a) reveals that the
microstructure of the MC-I" cathode does not stack signifi-
cantly after cycling. A hybrid network of MXene and ¢-MCNTs
remains uniformly distributed on the surface of the cycled MC-
I" cathode. In contrast, the MXene-I" and ¢-MCNTs-I" cath-
odes exhibit significant stacking after cycling (Fig. S18). Fig. 5b,
d and e show SEM observations of the cycled Zn metal anodes
in the three batteries with different cathodes. The Zn anode
cycled with the MC-I" cathode maintains a smooth and flat
surface, while the Zn anodes paired with MXene-I" and c-
MCNTs-I™ cathodes exhibit uneven deposition and the for-
mation of zinc sulfate byproducts. This discrepancy is attrib-
uted to the limited ability of MXene-I™ and c¢-MCNTs-I~
cathodes to anchor polyiodides, leading to the shuttle effect
and thus shortening the cycling life of ZnI, batteries.®® In
contrast, the integrated composite network structure formed
by MXene and c-MCNTs in the MC-I" cathode effectively
restricts the free migration of polyiodides, alleviating the
shuttle effect and reducing zinc anode corrosion and byproduct
formation.

X-ray diffraction (XRD) analysis further reveals the composi-
tion evolution of the cycling zinc anode. As shown in Fig. 5c, in
the cycling zinc anode paired with MXene-I" and c-MCNTs-1~
cathodes, the signal corresponding to basic zinc sulfate
(Zn4SO4(OH)e-5H,0) is significant and strong,*® indicating that
during the cycling process of the zinc-iodine battery, a large
amount of polyiodides is generated. These polyiodides migrate
to the zinc anode through the shuttle effect and undergo redox
reactions with metallic zinc. This not only leads to the loss of
iodine species but also generates hydrated basic zinc sulfate
byproducts at or near the anode surface, causing irreversible
zinc loss and severely affecting the cycling stability of the ZnI,
battery, resulting in a rapid capacity decay in batteries with
MXene-I" and c-MCNTs-I™ cathodes. In contrast, in the battery
with the MC-I™ cathode under the same cycling conditions, the
zinc anode mainly exhibits crystalline zinc metal diffraction
peaks, with only trace amounts of basic zinc sulfate signals

This journal is © The Royal Society of Chemistry 2026
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detected. This indicates that the battery does not produce
significant shuttle effects during cycling, and its stability is
significantly improved.>”> The XRD analysis further confirms
that the MC composite structure plays a crucial role in prevent-
ing the polyiodide shuttle, effectively reducing the formation of
zinc sulfate byproducts at the zinc anode surface.

The promising performance of Zn/MC-I" coin cells has
motivated us to further investigate the performance in pouch
cells, which can be facilely assembled in ambient air without
complicated procedures. Fig. 5f schematically illustrates the
typical configuration of the pouch cell, and the actual cell is
displayed in Fig. S19. Fig. 5h presents the GCD curve of the
pouch cell with the MC-I™ cathode, where the battery has an N/
P ratio of 3.7 and an E/C ratio of 12.5, achieving a capacity of
3.71 mAh em ? at a current density of 15 mA cm > Fig. 5g
shows the cycling performance of the MC-I" cathode pouch cell
at 15 mA cm >, with a capacity retention of 86.2% after 75
cycles, an average capacity loss of approximately 1.8% per cycle,
and a coulombic efficiency of about 99.4%. Finally, to confirm
the potential applications of our battery in a real-life scenario,
three tandem pouch cells can be employed to power a light
bulb (Fig. 5i), evidencing the excellent device scalability.

3. Conclusions

In summary, we developed a high iodine-loaded (MC-I") com-
posite cathode for stable aqueous Zn-I, batteries. The MC-1~
composite cathode presented an iodine loading as high as
33.27 mg cm > and achieved a high areal capacity of
2.82 mAh cm > with 99.04% capacity retention after 300 cycles
at a current density of 5 mA ecm™> (x0.15C). Systematic
experimental characterization revealed the mechanism by
which the Ti;C,T, MXene and ¢-MCNT composite exerts its
regulatory effect. Specifically, the Ti metal centers within the
MXene acted as active sites, forming robust chemical adsorp-
tion with polyiodide anions. This anchored polyiodides to the
cathode and inhibited their shuttling to the anode. Concur-
rently, the carboxyl groups on c-MCNTs were replaced by I,
forming strong interactions that anchor the iodine source at
the cathode, effectively suppressing the shuttling effect.
Furthermore, the microporous structure in the composite
material restricted iodine species while ensuring Zn** diffu-
sion. It is expected that the complementary chemical adsorp-
tion strategy proposed in this study opens new avenues for
exploring the design of high-loading cathodes.
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