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Abstract: Aluminum (Al) batteries are promising for sustainable and large-scale energy storage due to the inherent safety,
low cost, and attractive metrics of the Al anode. However, the development of high-voltage and high-capacity cathodes
remains a key challenge. Herein, we achieve the reversible iodine redox-amphoteric conversion (i.e., I"/I%I") in Al batter-
ies, wherein AlICl,~ -deficient eutectic electrolytes are identified critical for stabilizing the conversion process. In contrast
to ionic liquid electrolytes prone to parasitic Cl, evolution, eutectic systems facilitate the I-/I%I* conversion process with
high reversibility and significantly suppressed Cl, generation. Spectroscopic and theoretical investigations reveal AICl,~ as
the dominant species limiting anodic stability of the electrolyte, and its reduced presence in eutectic electrolytes directly
enhances iodine conversion reversibility. The optimized electrolyte allows the I, electrode to deliver a specific capacity
of 358 mAh g ! and an energy density of 490 Wh kg~! (based on I, mass), along with excellent cycling stability (83.8%
retention over 1000 cycles). High-loading I, electrodes (8.52 mg cm~?) achieve a high areal capacity of 2.25 mAh cm?
and demonstrate practical feasibility in a single-layer pouch cell. This work establishes a new design framework for
high-energy-density Al batteries and opens avenues for advancing conversion chemistries in multivalent systems.

Introduction

Aluminum (Al) batteries have gained intensive attention as a
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promising next-generation energy storage solution, benefiting
from the direct utilization of Al metal as the anode.l'>] Al
is the most abundant metal element in the Earth’s crust
(8.23%) and is thus economically attractive (1.9 USD kg 1).[%]
Reversible Al stripping/plating is typically achieved in ionic
liquid or eutectic electrolytes, where AL Cl;~ and/or AICL "
serve as the active species for Al metal deposition.’ ] Due
to its trivalent charge and high mass density (2.7 g cm™3),
the Al anode delivers an exceptional theoretical gravimetric
capacity of 2980 mAh g ! and a volumetric capacity of
8046 mAh cm >.['"*] Moreover, Al metal deposition is
inherently dendrite-free, significantly mitigating short-circuit
risks and enhancing the overall safety of Al batteries.['41¢]
Nevertheless, the full potential of Al batteries is hin-
dered by the lack of suitable cathode materials that ide-
ally combine high specific capacity and elevated discharge
voltage.['’l A variety of materials have been explored as
potential cathodes for Al batteries. Among them, car-
bonous materials like graphite and graphene currently
stand for the state-of-the-art, relying on reversible interca-
lation or adsorption of anionic species, typically AICI,~.[811]
Despite their excellent rate capability and decent dis-
charge voltage, the practical application of carbonaceous
materials is constrained by intrinsically low specific capac-
ities (< 130 mAh g!). In addition, efforts have been
made to develop cathodes that store cationic species (e.g.,
AP, AICL"), including intercalation-type transition metal
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compounds,['®] conversion-type chalcogens/chalcogenides, !

and coordination-type organic materials.”’l However, these
materials often suffer from sluggish reaction kinetics and
rapid structural degradation, primarily due to the complex,
charge-dense nature of the cationic charge carriers.[?/?2] As
a result, such electrodes typically experience pronounced
charge/discharge polarization and poor cycling stability,
restricting their practical viability in Al batteries.

Owing to the reversible conversion chemistry and natural
abundance, iodine (I;) has emerged as a promising cathode
material option for a wide range of battery systems. In partic-
ular, the typical I7/I° conversion endows I, with a theoretical
specific capacity of 211 mAh g1 and a conversion potential
of 0.53 V versus standard hydrogen electrode (SHE).[*]
This conversion reaction has been extensively explored in
non-aqueous Li-ion batteries,**] Na-ion batteries,*’! K-ion
batteries,[*] and aqueous Zn batteries,”’] with significant
efforts devoted to electrolyte optimization and the develop-
ment of stable I, host materials. Recently, Han et al. extended
the I7/I° conversion to non-aqueous Al batteries, achieving
a capacity exceeding 200 mAh g~! and stable cycling perfor-
mance over 150 cycles by employing a polyvinylpyrrolidone
host to effectively suppress the shuttle effect of dissolved
polyiodides.!*®] A promising approach to further enhance the
performance of I, cathodes is to activate an additional 1%/1*
conversion step, typically triggered by the participation of
guest anions (e.g., Cl7). This I°/I* conversion can not only
double the theoretical specific capacity of I, to 422 mAh g~1
but also significantly elevate the average discharge voltage
by introducing an additional conversion potential at 1.07 V
versus SHE. For instance, the energy density of a Zn//I,
battery increased from 314 Wh kg~! (based on the mass
of I) via the I/I° conversion to 700 Wh kg~! via the full
I-/1°/1* conversion.[?’] In this context, extending the I-/1%/1*
conversion chemistry to the emerging Al battery system
presents a highly compelling yet unexplored opportunity.

In this work, we successfully activate the iodine redox-
amphoteric conversion (I7/I°/") in Al batteries, with AICl,~-
deficient eutectic electrolytes identified as essential for ensur-
ing electrochemical reversibility. Specifically, we investigate
the iodine conversion behavior in two typical classes of
Al battery electrolytes: ionic liquid electrolytes (Figure 1la,
AICI/EMIMCI (1-ethyl-3-methylimidazolium chloride) as
the representative) and eutectic electrolytes (Figure 1b,
AlCls/acetamide as the representative). While partial I-/1%/1*
conversion is observed in ionic liquid electrolytes, it is
accompanied by severe parasitic reactions with Cl, gas
formation, which result in low Coulombic efficiencies (e.g.,
57.9% for AICLL/EMIMCI). By contrast, eutectic electrolytes
enable complete and reversible 17/I°/I* conversion, with
AlCls/acetamide reaching a high Coulombic efficiency of
92.4%. Using the AlClz/acetamide electrolyte, the I, cathode
delivers a large specific capacity of 358 mAh g~! and an energy
density of 490 Whkg~! (based on I, mass), outperforming
most reported cathode materials for Al batteries. It also
exhibits good cycling stability, retaining 83.8% of the initial
capacity after 1000 cycles at 1 A g~!. This excellent reversibil-
ity is attributed to the wide anodic stability window in eutectic
electrolytes (e.g.,2.43 V versus Al for AlCl;/acetamide, 2.30 V
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versus Al for AICI;/EMIMCI). Computational simulations
and spectroscopy investigation identify AICl,~ as the decisive
species governing electrolyte anodic stability, as indicated by
its highest occupied molecular orbital (HOMO) energy level
among all identified electrolyte species. Compared with ionic
liquid electrolytes (0.29 mol L~! for AICL/EMIMCI), eutectic
electrolytes (0.09 mol L' for AlCls/acetamide) contain sig-
nificantly less anodic species, especially AICl,~, thus offering
higher anodic tolerance compatible with the full I=/1%1* con-
version. In addition, the high conversion kinetics allows for
constructing high-loading I, cathodes (up to 8.52 mg cm~2),
which achieve a state-of-the art areal capacity of 2.25 mAh
cm™2. A single-layer pouch cell built with this electrode
demonstrates stable performance over 100 cycles, highlighting
its practicability for future energy storage applications.

Results and Discussion
Initiation of lodine Redox-Amphoteric Conversion

We fabricated the I, electrode by using Ketjenblack carbon, a
conductive carbon material with a high specific surface area,
as the matrix to host active I,. The prepared I, electrode
exhibited stable iodine loading without noticeable sublima-
tion (Figure S1), ensuring reliable mass utilization during
electrochemical testing. A standard electrode with an iodine
mass loading of ~2 mg cm~? was initially investigated in
four electrolytes, including ionic-liquid (AICl;/EMIMCI and
AICI;/BMIMCI (1-butyl-3-methylimidazolium chloride) with
a molar ratio of 1.3) and eutectic systems (AlCls/acetamide
and AlCls/urea with a molar ratio of 1.3). All four electrolytes
exhibited high Al stripping/plating kinetics and reversibility
(Figures S2-3). Electrochemical performance of the I, elec-
trodes was assessed in two-electrode Swagelok cells with Al
foil as the counter electrodes.

Galvanostatic charge—discharge (GCD) measurements
were performed at 1 A g~! with varying cutoff voltages
in AICI;/EMIMCI (Figure 2a), AICl;/BMIMCI (Figure S4),
AlCls/acetamide (Figure 2b), and AlCls/urea (Figure S5).
With a cutoff voltage of 1.6 V, all systems exhibited a single
pair of charge—discharge plateaus around 0.9 ~ 1.4 V versus
Al, corresponding to the I7/I° conversion.[”! Increasing
the cutoff voltage to 2.25 V revealed a second pair of
charge—discharge plateaus, indicative of I/I* conversion.
However, this process showed poor reversibility in ionic
liquid electrolytes, with Coulombic efficiencies of only 57.9%
in AICL/EMIMCI and 56.3% in AICl;/BMIMCIL In situ
Raman spectroscopy was performed to understand the low
Coulombic efficiency in AICI3/EMIMCI. In comparison with
the pristine state, the electrolyte after 10 charge—discharge
cycles exhibits a pronounced Raman peak at 558 cm™
(Figure 2c), corresponding to the symmetric stretching vibra-
tion of Cl,.[3%3!] This observation indicates that side reaction
in AICI;/EMIMCI leads to Cl, generation, likely originating
from uncontrolled oxidative decomposition of the electrolyte.
Moreover, the cyclic voltammetry (CV) result of the I,
electrodes in these four electrolytes further verified these
findings (Figure S6).
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Figure 1. Schematic of the |, electrode with iodine redox- amphiprotic conversion. a) lodine conversion and severe Cl, generation in an ionic liquid
electrolyte (AICl3/EMIMCI) with rich AICl4~. b) lodine conversion in a eutectic electrolyte (AICl3/acetamide) with reduced AICl;~ concentration.

By contrast, eutectic electrolytes enabled high reversibility
of the iodine conversion reaction, achieving Coulombic
efficiencies of 92.4% in AlCl;/acetamide and 92.2% in
AlCls/urea. Using the optimal AlCls/acetamide electrolyte,
the I, electrode reached an overall specific capacity of
358 mAh g-!. Control experiments confirmed that the
capacity contribution from the Ketjenblack carbon host was
negligible (Figure S7). In situ Raman spectra further verified
the successful activation of the reversible I-/I%/I* conversion
in AlCls/acetamide (Figure 2d). Specifically, at the fully
discharged state (0.3 V), no Raman peaks were detected
within the range of 60 ~ 270 cm™!, consistent with complete
reduction of I, to I7.1?3] Upon charging, two characteristic
peaks emerged: one at 108 cm™' corresponding to I3~ and
the other at 168 cm™! attributed to the symmetric stretching
vibration of molecular I,.331 As the voltage increased to
225 V, the I3~ and I, peaks disappeared, and a new
peak at 195 cm~! appeared, matching the Raman signature
of ICl (Figure S8)[?*3*] and confirming ICl as the final
charged product. During discharge, the ICl signal gradually
diminished, while the I, and I3~ peaks appeared. Eventually,
all Raman signals vanished at the end of discharge, indicating
full conversion back to I~ and excellent reversibility of the
iodine redox-amphoteric conversion. Likely, I K-edge X-ray
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absorption near-edge structure (XANES) spectra identified
the presence of I in the fully charged I, electrode (Figure 2¢).
Compared with the original I, electrode, the fully charged
I, electrode exhibits a negatively shifted edge energy, which
aligns with the lower edge energy of the ICI reference
than that of the I, reference (Figure S9). This shift can be
attributed to the nature of the final electronic states involved
in XANES transitions.[*! Specifically, I K-edge corresponds
to the electronic excitation from the 1s orbital to the 5p
orbital.[**] Upon oxidation, both the 1s level and the final-
state energy of I are lowered, with a more pronounced
decrease in the latter. Consequently, the energy gap between
the initial and final states is reduced, resulting in a negative
shift of the absorption edge.

We further conducted ab initio molecular dynamics
(AIMD) simulations to shed light on the potential charge-
compensating cations for I~ in the fully discharged I,
electrode. Specifically, an I~ anion was introduced into
the AlCls/acetamide electrolyte with a simulation box of
2nm x 2 nm x 2 nm (Figure 2f). Analysis of the simulation
trajectory revealed that two [AICl,-(acetamide), ™ species are
closely associated with the I~ anion (Figure 2g). Radial dis-
tribution function (RDF) analysis indicates the coordination
between I~ and Al atoms from the [AICL-(acetamide),]t
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Figure 2. Analysis of iodine redox-amphoteric conversion. GCD curves of the I, electrode at 1 A g~ with varying cutoff voltages in a) AICl3/EMIMCI
and b) in AICl3/acetamide. c) Raman spectra of AlCl3;/EMIMCI before and after 10 GCD cycles at 1A g™. d) In situ Raman spectra of the I, electrode
in AICl3/acetamide during a charge—discharge cycle. e) | K-edge XANES spectra of the pristine and fully charged |, electrode. f) Snapshot from AIMD
simulations showing an |~ anion in the AlCl3 /acetamide electrolyte. g) Local environment of the I~ anion extracted from the AIMD simulation.
Purple sphere: |, blue spheres: Al, green spheres: Cl, red spheres: O, white spheres: H, brown spheres: C, silver spheres: N. h) RDF profile of I-Al

pairs extracted from the AIMD simulation.

species with Al-I distance of 4.64 and 4.97 A (Figure 2h).
These findings suggest that I~ is stabilized by forming large
ionic clusters with [AlCl,-(acetamide),]™ via electrostatic
interactions, which are likely immobilized within the porous
carbon matrix as the discharged product. The simulations
also revealed that ICl molecules can stably exist within
the electrolyte environment, and notably, a secondary Cl-
containing species such as [AICl;-(acetamide)] was found
to interact with ICl (Figure S10). As ICl is a polar cova-
lent molecule, the iodine atom carries a partial positive
charge (6%) due to the electronegativity difference between
iodine and chlorine. We further calculated the atomic
charges of [AlCl;-(acetamide)] by density functional theory
(DFT) and found that the chloride atoms carry significant
negative charges (Figure S11), enabling them to interact

Angew. Chem. 2025, 137, €202516059 (4 of 9)

electrostatically with the electrophilic iodine atom from ICl
and thereby stabilizing it. This interaction also elongates the
I—Cl bond (2.44 A) compared to free ICI (2.32 A),*"] leading
to the slight red-shift observed in the Raman spectra.

Electrolyte Insights for lodine Conversion

To elucidate the origin of the differing iodine conversion
reversibility across the electrolytes, we evaluated the anodic
stability of the four systems using a floating voltage test
(Figures S12-15). The stabilized current densities measured at
various applied voltages are summarized in Figure 3a. Using
0.01 mA cm™2 as the threshold to define electrochemical
stability, the ionic liquid electrolytes exhibit limited anodic
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Figure 3. Electrolyte characterizations and simulations. a) Current density as a function of the applied voltage in different electrolytes. b) Raman
intensity ratio between AICl;~ and Al,Cl;~ of different electrolytes. c) Concentration of Cl-contained species in different electrolytes, extracted from

AIMD simulations. d) HOMO energy level of different AI-Cl species.

stability, with decomposition initiating below 2.25 V versus
Al. In contrast, the eutectic electrolytes exhibit enhanced
anodic stability, sustaining voltages up to 2.4 V versus Al
This conclusion was further corroborated by linear sweep
voltammetry (LSV) measurements (Figure S16). Notably, Cl,
generation as a hallmark of oxidative decomposition in ionic
liquid electrolytes has previously been identified,*®! aligning
with the parasitic reactions observed in Al/I, cells employing
such electrolytes. Collectively, these findings indicate that
the limited reversibility of iodine conversion in ionic liquid
systems is primarily attributed to electrolyte decomposition
under high-voltage conditions.

We identified the key AI-Cl species in the four
electrolytes by ?’Al nuclear magnetic resonance (NMR)
spectroscopy (Figure S17). As revealed, the two ionic liquid
electrolytes exhibit dominant signals corresponding to AICl,~
(6 =104.2 ppm) and ALCl;~ (§ = 98.1 ppm), consistent with
previous reports identifying AICl;~ and ALCl;~ as the
dominant Al-species in ionic liquid electrolytes.*>*] By
contrast, the NMR signals of AICl,~ and ALCl;~ are
substantially suppressed for the eutectic electrolytes, while
additional two strong signals appear at § = 91.1 ppm
and § = 76.0 ppm, which can be assigned to neutral
[AICI;-(ligand)] species and cationic [AIClL-(ligand),]*
species (ligand = acetamide or urea), respectively.[*!] Raman
spectra of the four electrolytes reveal that AICl;~ species are
significantly more abundant in ionic liquid electrolytes than
in eutectic electrolytes (Figure S18). This is evidenced by
the distinctly higher intensity ratio of the AICl,~ to ALCl;~
Raman peaks in the ionic liquid systems (Figure 3b). In
contrast, eutectic electrolytes exhibit a relatively suppressed
AICl,~ signal, consistent with the reduced concentration of
this anion as confirmed by NMR analysis.

Angew. Chem. 2025, 137, 202516059 (5 of 9)

Next, AIMD simulations were conducted to provide
quantitative insights into the four electrolytes (Figure S19).
For ionic liquid electrolytes, the derived RDF profiles
around Al atoms reveal the direct AI-Cl coordination
(bond length of 2.25 A) with a coordination number of
approximately 4 (Figure S20), aligning with the expected
tetrahedral coordination of Al in dominant AICl;~ and
Al,Cl;~ species. By contrast, eutectic electrolytes exhibit
a more diverse coordination environment. In addition to
the AI-Cl coordination (bond length of 2.25 A) with an
average coordination number of approximately 3.3, a notable
Al-O coordination (bond length of 1.85 A) is observed
with an average coordination number of approximately
0.7 (Figures S21-22). This Al-O interaction reflects the
presence of [AICl;-(ligand)] and [AICl,-(ligand),]* species
(where ligand = acetamide or urea). The total coordination
number of Al in eutectic electrolytes, combining both Al-
Cl and Al-O interactions, remains close to 4, indicating a
similarly preferred tetrahedral coordination geometry. Based
on the AIMD-derived structures, we further quantified the
concentrations of various Al-Cl species (Figure 3c). In line
with our Raman spectroscopic analysis, the concentration
of AICl;~ in eutectic electrolytes is significantly reduced,
measured as 0.09 mol L~! for AlCls/acetamide and 0.07 mol
L-! for AlCly/urea. In contrast, ionic liquid electrolytes
show markedly higher AICl;~ concentrations, with values
of 0.29 mol L' for AICI;/EMIMCI and 0.25 mol L' for
AICL;/BMIMCL

We further employed DFT calculations to elucidate
the decisive species on the oxidative decomposition of the
electrolytes, particularly associated with Cl, generation in
the Al/I, cell. Figure 3d displays the energy levels and
spatial distribution of the highest occupied molecular orbital
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(HOMO) for the primary AIl-Cl species. The HOMO
distributions (red/blue regions denoting negative/positive
phases, respectively) are largely localized around Cl atoms
across all Al-Cl species, highlighting their susceptibility to
oxidation. This localization implies a strong propensity for
electron donation from Cl, potentially leading to Al-Cl bond
cleavage and Cl, evolution upon oxidation. According to
the calculated HOMO energy levels, AlICl,~ depicts the
highest value (—4.55 eV), among all Al-Cl species including
ALCl;~ (=5.67 eV), [AlCl;-(acetamide)] (—8.05 eV),
[AICL,(acetamide),]"  (—11.47 eV), [AlCl;-(urea)]
(—=7.94 eV), and [AICl,-(urea),]" (—11.32 eV). Furthermore,
other components present in the electrolytes exhibit HOMO
energies well below those of Al-Cl species (Figure S23). This
analysis positions the presence of rich AICl,~ as the primary
reason for electrolyte oxidative decomposition in ionic liquid
electrolytes. Meanwhile, due to the deficient presence of
AICl,~, eutectic electrolytes allow for better anodic stability
that is compatible with the I°/I* conversion.

Electrochemical Analysis of the lodine Electrode

To comprehensively evaluate the electrochemical perfor-
mance of the I, electrode in the optimal AlCl;/acetamide
electrolyte, we first collected a series of CV curves at scan
rates ranging from 0.1 to 1 mV s7! (Figure 4a). All CV
curves present a similar shape with two pairs of redox
peaks, corresponding to the I7/I; (O1/R1) and I,/I* (O2/R2)
conversion steps. At higher scan rates, the peak current
of O2 is not fully captured within the selected potential
window due to increased overpotential. Therefore, we initially
focused on the peak current densities of the O1/R1 redox
pair and plotted log (current density, /) as a function of
log (scan rate, v) (Figure 4b). According to Equation 1,
the slope of these plots (b-value) serves as an indicator of
the underlying electrochemical kinetics.[*>*] Specifically, a b-
value of 0.5 signifies a diffusion-controlled process, while a
b-value of 1 reveals a surface-controlled capacitive behavior.
The extracted b-values of 0.64 (O1) and 0.73 (R1) fall within
the intermediate range (0.5 < b < 1), suggesting that the redox
processes are governed by a mixed mechanism involving both
diffusion-controlled and surface-confined charge storage.
Electrochemical impedance spectroscopy (EIS) was further
measured on the I, electrode at various voltages (Figure S24).
The derived Ohmic resistance (R;) and the charge-transfer
resistance (R,,) values, obtained by fitting the data to an equiv-
alent circuit model (Figure S25), are summarized in Figure 4c.
Notably, R, remains nearly constant across the tested voltages
(around 45 ), implying a stable electrode/electrolyte inter-
face. Besides, R,, values stay consistently low under all tested
voltages (less than 10 ). Compared with the Ketjenblack
electrode, which exhibits Ry and R, of approximately 40
and 5 Q, respectively (Figure S26), the I, electrode exhibits
comparable R, and R, values, indicating fast charge-transfer
kinetics and excellent interfacial electrochemical reversibility
of the iodine redox—amphoteric conversion.

i=a® (05<b <1) 1)

Angew. Chem. 2025, 137, €202516059 (6 of 9)

Forschungsartikel

Angewandte

Chemie

GCD curves at various current densities were further
collected to evaluate the rate capability of the I, electrode
(Figure 4d). At 0.5 mA g7!, the I, electrode reaches a
specific capacity of 389 mAh g~!, referring to a 92% utilization
efficiency of active I, (theoretically 422 mAhg™!). Together
with an average discharge voltage of 1.37 V, the I, electrode
delivers a high energy density of 533 Wh kg! (based
on the I, mass), substantially outperforming most reported
cathode materials (Figure 4¢ & Table S1), such as graphite
foam (147 Wh kg !),8] natural graphite (220 Wh kg1),[]
graphene (190 Wh kg='),['1 V,CT, (154 Wh kg1),[*] MOF
(177 Wh kg="),]*7] CooSs (268 Wh kg1),['8] VO, (46 Wh
kg™),[*] P-V,05 (466 Wh kg—1),[*] MoSe, (55 Wh kg~1),[>"!
FeWO, (256 Wh kg!),5!1 PQ-triangle (252 Wh kg1),[2%]
amine (138 Wh kg1),[>*I polypyrene (170 Wh kg=!),>
NT-COF (172 Wh kg1)[*l and iodine (I-/1°) (158 Wh
kg 1).[?% Even at a high current density of 2 A g~!, the
I, electrode still maintains a considerable specific capacity
of 264 mAhg~!, indicating a high I, utilization efficiency of
63%. In addition, we evaluated the symmetric Al/Al cells
under these equivalent areal current densities. As shown in
Figure S27, the average voltage polarization is only 140 mV
at a small current density of 1 mA cm~2. At a high current
density of 4 mA cm~2, the average voltage polarization
reaches 350 mV. This result reflects that the observed voltage
polarization in the Al//I, cell mainly comes from the Al anode
reaction.

The long-term cycling stability of the I, electrode was
further evaluated through the GCD measurement at 1 A
g~!. As shown in Figure 4f, the electrode retains 83.8% of
its initial capacity after 1000 cycles, corresponding to a low
decay rate of 0.016% per cycle. The observed fluctuation is
likely due to variations in ambient temperature. This cycling
stability clearly surpasses that of other reported conversion-
type cathodes for Al batteries, such as S (28.1% retention
after 200 cycles, decay rate of 0.359% per cycle),>*! Se (26%
retention after 200 cycles, decay rate of 0.370% per cycle),l>!
and Te (61% retention after 20 cycles, decay rate of 1.950%
per cycle).[**] The excellent cycling stability is primarily
ascribed to the suppression of iodine species shuttling by
the AlCls/acetamide electrolyte. As shown in Figure S28,
separators from cycled Al/I, cells using AlCl;/EMIMCI in
this electrolyte exhibited no visible color change, confirming
the effective inhibition of polyiodide shuttling, whereas pro-
nounced reddish discoloration was observed for separators
collected in AICI;/EMIMCI. Moreover, scanning electron
microscope (SEM) and corresponding energy-dispersive X-
ray (EDX) analysis of the Al anode cycled in AlClz/acetamide
revealed only Al signals without detectable iodine (Figure
S29), further corroborating the suppression of the shuttle
effect in the AICl,-deficient eutectic electrolytes.

High-Loading lodine Electrodes and Device Demonstration

The promising performance of iodine conversion further
motivated us to fabricate high-loading I, electrodes aimed
at enhancing areal capacity toward practical applications.
A series of electrodes with varying I, loading masses
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Figure 4. Electrochemical analysis of the |, electrode. a) CV curves of the I, electrode at various scan rates. b) Log(i) as a function of log(v) for the
O1/R1 peaks of the |, electrode. c) Rs and R of the I, electrode derived from the EIS analysis of the I, electrode at different voltages. d) GCD profiles
of the I, electrode at different current densities. e) The average discharge voltage and specific capacity of the |, electrode in comparison with
reported cathode materials for non-aqueous Al batteries. f) Cycling performance of the I, electrode at TA g™,

were prepared and evaluated with the GCD measure-
ment at 2 mA cm~2. Benefiting from the fast kinetics of
the iodine redox-amphoteric conversion, the I, cathodes
exhibited two distinct voltage plateaus and delivered high
capacities across a wide range of mass loadings from
225 to 852 mAh cm™? (Figure S30). Figure S5a plots
the calculated gravimetric capacity and areal capacity as
a function of the loading mass. Along the loading mass
increased from 226 to 4.43 mg cm™2, the gravimetric
capacity slightly decreased from 357 to 331 mAhg™!, while
the areal capacity correspondingly increased from 0.81 to
1.47 mAh cm™2. At a high loading of 852 mg cm™2,
the gravimetric capacity declined further to 265 mAhg™!,
yet the areal capacity reached up to 2.25 mAhcm™2. This
areal capacity ranks among the highest reported for Al
battery cathodes (Figure 5b), surpassing benchmark materials
such as graphite (0.38 mAh cm~2),[*] graphene (1.24 mAh
cm~2),l"1 2D Cu-based MOF (0.18 mAh cm~2),[471 4.4’ 4"-

Angew. Chem. 2025, 137, 202516059 (7 of 9)

tris(diphenylamino)triphenylamine (1.61 mAh ecm~2),[*?] Te
(0.91 mAh cm=2),51 S (1.60 mAh cm~2),[11 V,CT, (0.51 mAh
em~2)[41 and Co¢Ss (0.47 mAh cm~2).['81 Notably, the
high-loading I, electrode (8.52 mg cm~2) also demonstrated
excellent cycling stability, retaining 80.4% of its initial
capacity after 600 cycles (Figure S31).

To demonstrate the practicability of the high-loading I,
electrode (~ 8 mg cm™2), we further assembled a single-
layer pouch cell (4 x 5 cm?) by coupling with a piece of
Al foil anode (25 pm in thickness). As shown in Figure Sc,
the assembled device was able to achieve a capacity of
35 mAh at a current density of 2 mA cm~2. Additionally,
the pouch cell exhibited good rechargeability over 100 cycles
(Figure 5d) and was capable of powering a digital timer
requiring 1.5 V (Figure 5e). All these results underscore
the potential of the Al-I, cell as a promising energy
storage device suited for future large-scale energy storage
applications.
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Figure 5. Electrochemical performance of high-loading I, electrodes and pouch-cell device. a) Areal and specific capacities of the |, electrodes with
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non-aqueous Al batteries. c) GCD curves of the single-layer Al-l, pouch cell at 2 mA cm™2. The inset illustrates the device configuration. d) Cycling
performance of the single-layer Al-I, pouch cell at 2 mA cm~2. e) Digital photo of a timer powered by an Al-I, pouch cell.

Conclusion

In summary, we have unlocked the reversible iodine redox-
amphoteric conversion (I7/1°/1*) in Al batteries and disclosed
the critical role of AICl, -deficient eutectic electrolytes.
Unlike ionic liquid systems, which suffered from parasitic Cl,
evolution and low Coulombic efficiency, eutectic electrolytes
offered a wider anodic stability window and enabled the I,
electrode to achieve 17/II* conversion, delivering a high
specific capacity of 358 mAh g~! at 1 A g~!. This favorable
electrochemical behavior was attributed to the suppressed
concentration of AlCl,~, identified as the dominant species
governing the oxidative stability of the electrolyte. The
efficient and desirable I=/I%/I* conversion chemistry further
allowed the construction of high-loading I, electrodes, which
delivered an unprecedented areal capacity of 2.25 mAh
cm™2, surpassing all previously reported cathodes for non-
aqueous Al batteries. The proposed amphoteric iodine redox
mechanism introduces a new design strategy for developing
energy-dense aluminum battery systems. Meanwhile, we
acknowledged the remaining challenges in the constructed
Al/1, cell, particularly the need for improvement in its
Coulombic efficiency. Addressing this limitation will require
substantial future efforts focused on system-level optimiza-
tion, including the rational design of host materials and
further advancement in electrolyte engineering.
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