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ABSTRACT: Aqueous aluminum-ion batteries (AAIBs) offer intrinsic safety, low
cost, and high volumetric capacity, but strong hydration of AI*" imposes large
desolvation barriers and promotes parasitic reactions, resulting in sluggish ° ©
deposition and poor durability. Here, we report a deep eutectic electrolyte (5 “
(DEE) comprising Al(ClO,);-9H,0, acetamide, propylene glycol, and water in a Al

molar ratio of 1:40:20:20. This multicomponent formulation creates a dynamically (o
balanced organic—water environment tailored to the strong polarization of Al**.
The resulting electrolyte forms a diverse and uniformly distributed hydrogen-bond
network, giving rise to an adaptive solvation structure. This network supports a
dual-layer architecture—with a coordination-dominated inner core and a hydrogen-
bond-governed shell—that enhances AP’* electrochemistry. It suppresses free-water activity, mitigates hydrogen evolution reaction,
and broadens the electrochemical stability window to 3.64 V. These effects lower interfacial resistance and facilitate A" transfer
kinetics. Consequently, relative to AI(ClO,); (aq) and other substrates (Al/Sn/Ni), the AI’*-DEE promotes Al-enriched
codeposition on Zn, forming Al-rich Al-Zn alloys. Coupled with a poly(1,5-diaminoanthraquinone) (PDAAQ) cathode, the Zn/
APP*-DEE/PDAAQ full cell delivers 135 mAh g™' at 1 A g™" with 94% retention during 1700 cycles, along with a higher voltage
plateau and reduced polarization. Our findings underscore the importance of solvation-structure design tailored to multivalent-ion
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characteristics for achieving high-performance AAIBs.

B INTRODUCTION

Aqueous aluminum-ion batteries (AAIBs) have recently
attracted considerable attention as a promising electrochemical
energy storage technology due to their intrinsic safety, low
cost, and environmental benignity.'~* Aluminum ions possess
an ultrahigh theoretical volumetric capacity of 8046 mAh
cm ™3> Moreover, aluminum is earth-abundant, inexpensive,
and environmentally benign, making AAIBs an attractive
choice for sustainable energy storage. ~% However, AP* tends
to form a highly stable hexahydrated complex, [AI(H,0)4]*,
in aqueous electrolytes, exhibiting a solvation energy of —4525
kJ mol™".7'" This strong solvation leads to substantial energy
barriers for interfacial desolvation, severely limiting the
migration and electrodeposition kinetics of AI’* at the
electrode interface.'”'* In particular, the low standard
reduction potential of AP’* (—1.667 V vs the standard
hydrogen electrode (SHE)) makes selective AI*" deposition
thermodynamically unfavorable in aqueous solutions due to
competitive hydrogen evolution reaction (HER). In addition,
the hydrolysis of AI** forms passivating AI(OH), layers.">"*
These side reactions jointly hinder ion transport and interfacial
kinetics, thereby impairing Coulombic efficiency and cycling
stability.

Recent advances in AAIBs have highlighted the importance
of rational electrolyte design to simultaneously suppress water

© XXXX American Chemical Society

WACS Publications

reactivity,””~'® broaden the electrochemical stability window
(ESW),"*?° and improve the kinetics of AI** deposition.”' ~**
Various strategies have been explored, including water-in-salt
electrolytes (WISEs),” >’ organic—inorganic hybrid sys-
tems,’™>* eutectic electrolytes (EEs),>>™° and electrolyte
additives to improve stability.”’ >’ However, WISEs suffer
from high cost and viscosity, while organic—inorganic hybrid
electrolytes often rely on volatile or flammable organic solvents
and fail to efficiently regulate the solvation shell of AP**. EEs, as
promising electrolyte candidates, are room-temperature liquids
typically formed by hydrogen-bond donors (e.g, alcohols,
amides, or carboxylic acids) and hydrogen-bond acceptors
(e.g., metal salts). They offer high safety, facile preparation,
good chemical stability, and tunable solvation structures, which
together contribute to reducing water decomposition and
enabling reversible metal plating/stripping. However, most
previously reported EEs are hydrated eutectic electrolytes,
where the water content far exceeds the organic fraction. Such
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Figure 1. Physicochemical properties and spectroscopic characterization of deep eutectic electrolytes (AI**-DEEs) with varied compositions. (a)
Optical photographs of AI**-DEEs with different molar ratios of Al(ClO,);9H,0:AcAm:PG:H,0 (1:10:5:0, 1:20:10:0, 1:40:20:0, 1:20:10:20, and
1:40:20:20). (b) Ionic conductivity and viscosity of the AI**-DEEs at 25 °C. (¢, d) FTIR spectra of AcAm, PG, and AI**-DEEs. (e—g) Raman
spectra of 1 M Al(ClO,), aqueous solution, AcAm, PG, and AI**-DEEs. (h) 'H NMR and (i) *C NMR spectra of the AI**-DEEs. (j) DSC curves

of the AI**-DEEs.

water-dominated systems show a narrow ESW (below 2.6 V)
and fail to establish a large, stable organic-dominated
hydrogen-bonding network.>*>>

In this study, we designed a multicomponent deep eutectic
electrolyte (DEE). AI’*-DEE comprises Al(ClO,);-9H,0,
acetamide (AcAm), propylene glycol (PG), and water in a
molar ratio of 1:40:20:20. Unlike previously reported Al**-
DEE formulations—whether aimed at suppressing water
activity,” modulating solvation through strongly coordinating
organic components,“’42 or enhancing conductivity via
increased hydration’>—we focus on constructing a multi-
component, dynamically balanced hydrogen-bond network
that effectively modulates the AI** solvation environment. By
combining two organic hydrogen-bond donors (acetamide and
propylene glycol) with a tunable water content, we generate a
diversified and uniformly distributed hydrogen-bond land-
scape, rather than a ligand-dominant or water-suppressed
structure. This cooperative network accommodates the high
charge density and strong polarization of AI** while preserving
nonflammability and intrinsic safety despite the elevated

organic fraction. Molecular dynamics simulations reveal that
the optimized 1:40:20:20 composition achieves a near-
equilibrium hydrogen-bond population among AcAm, PG,
and H,O, producing a more dynamic and adaptive solvation
structure than previously reported DEEs. This unique solvation
environment gives rise to a dual-layer structure composed of a
coordination-dominated inner core and a hydrogen-bond-
governed outer shell AcAm and PG act as competing
hydrogen-bond donors, disrupting the rigid water—water
network, limiting free-water availability, and weakening AI**—
solvent interactions. As a result, the electrolyte simultaneously
suppresses free-water activity, maintains nonflammability and
high ionic conductivity, and provides a dynamically balanced
solvation environment that facilitates multivalent-ion desolva-
tion. These features collectively enable a stable Al/Zn
interphase, fast AI** electrochemical kinetics, and an expanded
ESW of 3.64 V. To overcome the passivating oxide film on Al
metal, we screened several nucleation-promoting substrates
(Al, Zn, Sn, and Ni) for their ability to facilitate Al
deposition.””~* Zn proved most effective, enabling Al—Zn
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codeposition and improving plating/stripping reversibility.
Compared to deposits obtained in conventional aqueous
electrolytes, those formed in the AI**-DEE contain significantly
higher Al fractions and form Al-rich Al-Zn alloys. Depth-
resolved XPS and TOF-SIMS analyses corroborate this
enrichment across the deposit depth, showing that the Zn
substrate together with the engineered solvation environment
promotes the formation of Al-enriched compositions. When
paired with a poly(1,5-diaminoanthraquinone) (PDAAQ)
cathode,*® the Zn/AI**-DEE/PDAAQ full cell delivers a high
specific capacity of 135 mAh g™' at the current density of 1 A
g~!, with over 94% capacity retention after 1700 cycles, along
with a higher discharge voltage plateau, reduced polarization/
charge-transfer resistance, and outstanding rate performance.
In the AI**-DEE, AI** dominates interfacial coordination at the
PDAAQ cathode relative to Zn?*. The dual-layer solvation
structure—a coordination core with an outer H-bonding
shell—eftectively suppresses water reactivity, thereby mitigat-
ing HER, suppressing AI** hydrolysis, and limiting Al surface
passivation. This unique solvation environment maintains high
ionic conductivity, enhances interfacial kinetics for fast AI**
transport, and increases the Al fraction in the codeposited Zn—
Al alloy. Overall, this work presents an insightful electrolyte
design strategy for advancing high-performance AAIBs.

B RESULTS AND DISCUSSION

The eutectic frameworks in the designed AI’’-DEEs are
established via Lewis acid—base interactions between Al-
(Cl0,);-9H,0 and acetamide (AcAm), with propylene glycol
(PG) functioning as a hydrogen-bond donor to stabilize the
liquid phase and modulate viscosity. The electrolytes were
prepared by mixing the components at various molar ratios
followed by heating at 80 °C, yielding clear and homogeneous
liquids (Figure S1). Increasing the AcAm content led to higher
ionic conductivity; however, excessive AcAm disrupted the
eutectic balance, resulting in phase solidification upon cooling.
Previous studies have shown that polyhydric alcohols such as
propylene glycol (PG) can assist metal-ion solvation while
simultaneously forming hydrogen bonds with water, thereby
stabilizing the eutectic liquid phase and suppressing phase
separation.’”** Inspired by these findings, we employed PG to
enhance liquid-phase stability in our system, though excessive
PG content inevitably increased viscosity and compromised
conductivity. These results highlight the need to balance the
AcAm and PG content to optimize both ionic transport and
liquid-phase stability. To reduce compositional complexity and
enable systematic comparison, we selected three representative
AIP*-DEEs with proportionally increasing AcAm and PG
contents but without extra H,O (1:10:5:0, 1:20:10:0, and
1:40:20:0) for detailed analysis. A balanced organic content
helps mitigate ion aggregation and improves ionic conductivity,
while an excess of organic components raises viscosity and
ultimately hinders ion transport.

In order to address this limitation, small amounts of water
were introduced (e.g, 1:20:10:20 and 1:40:20:20), which
effectively reduced viscosity and improved ionic conductivity
while maintaining liquid-phase stability (Figure 1b). As shown
in Figure la, all A*-DEEs appeared as clear and homogeneous
liquids upon preparation. To elucidate the intermolecular
interactions in the AI**-DEEs, we conducted the Fourier
transform infrared (FTIR) and Raman spectral analyses on the
APP*-DEE samples. FTIR spectra of AI**-DEEs (Figure 1c,d)
display a broad, smooth absorption band centered around

3200 cm™!, arising from the merged ©(O—H) and v(N—H)
stretching modes of PG and AcAm. Compared with the
distinct peaks of pure PG (3382 cm™) and AcAm (3206
cm™"), this band broadening, together with the redshift of the
v(C=0) stretching and 6(NH,) bending modes of AcAm,
indicates the formation of C=0--H—0O and N—H--O=C
hydrogen bonds. The 6(O—H) bending of PG (1632 cm™)
also shows a redshift and pronounced broadening, while
characteristic PG bands at 1137 cm™ (¢(C—0-C)), 1043
em™ (v(C-0)), and 837 ecm™ (w(CH,)) shift in both
wavenumber and intensity. These changes confirm that both
PG and AcAm are integrated into a dynamic hydrogen-
bonding network in the A**-DEEs.

Raman spectra (Figure le—g) provide complementary
evidence. The v(C=O0) stretching and §(NH,) bending
modes of AcAm merge into a single, blueshifted band in AP
DEEs, suggesting reorganization of these vibrations due to
coordination with AI**. The symmetric 2(ClO,”) mode (~914
cm™') shifts slightly to higher wavenumbers, indicating a
transition from free anions to a coordinated state. In addition,
characteristic peaks assigned to v(C—N) (1133 ecm™), 6(C—
C=0) (860 cm™), §(N—C=0) (566 cm™), and 6(C—C)
(448 cm™') all exhibit redshifts and broadening.*” ™' These
spectral changes reflect strengthened intermolecular hydrogen
bonding and increased local polarity, which restrict vibrational
freedom and contribute to stabilization of the -eutectic
framework. '"H and C NMR spectra (Figure 1h,i) further
confirm the solvation and hydrogen-bonding environments in
AP*-DEEs. In aqueous Al(ClO,); solution, the H,O resonance
appears at 4.75 ppm but shifts downfield to 5.10—5.30 ppm in
AP*-DEEs, indicating stronger hydrogen bonding or coordi-
nation. Meanwhile, the carbonyl carbon of AcAm, resonating
at 179 ppm in the pure compound, shifts upfield to 176—177
ppm in AI**-DEEs, suggesting increased electron shielding due
to its incorporation into the hydrogen-bonding network. With
increasing AcAm and PG contents (from 1:10:5:0 to
1:40:20:0), the H,O signal shifts slightly upfield, while the
C=0 signal moves downfield, implying a gradual transition of
the hydrogen-bonding network toward organic species
dominance. In the 1:20:10:20 system, the water signal
significantly shifted upfield from 5.16 to 4.97 ppm, while the
peak of C=O shifts downfield from 176 to 177 ppm. This
implies partial disruption of the hydrogen-bonding network,
reflected by weaker water integration and attenuated carbonyl
interactions. In contrast, the 1:40:20:20 system exhibited
negligible changes in the chemical shift of C=0O and only a
moderate upfield shift of the water signal, suggesting that once
the network reaches a steady state in AI**-DEE, the
introduction of water no longer compromises structural
stability. Instead, water addition helps reduce viscosity and
improves ion transport and conductivity. Collectively, these
spectra results confirm that the well-organized hydrogen-
bonding network and tailored solvation environment in Al**-
DEEs are key to maintaining liquid-phase stability and
promoting efficient ion transport. Differential scanning
calorimetry (DSC, Figure 1j) reveals that the eutectic mixture
exhibits a significantly depressed melting point below —90 °C.
This results from strong hydrogen bonding and coordination,
which disrupt individual crystallinity and stabilize the liquid
phase. Flammability tests (Figure S2) confirmed that the Al**-
DEEs with ratios of 1:40:20 and 1:40:20:20 are nonflammable,
indicating their robustness under practical operating con-
ditions.
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Figure 2. Structural and electrochemical characteristics of AI**-DEEs with varying compositions. (a—c) Radial distribution functions (RDFs) and
coordination numbers for AI**~0O (AcAm), AI**~O (PG), and AP*—0 (H,0) obtained by molecular dynamics simulations of the 1:10:5:0,
1:20:10:0, 1:40:20:0, 1:20:10:20, and 1:40:20:20 AI**-DEEs. (d) Total number of H-bonds in different electrolyte compositions. (e) Time
evolution of the number of hydrogen bonds in the 1:40:20:20 AI**-DEE. (f) Probability distribution of hydrogen-bonding lengths in the 1:40:20:20
AIP*-DEE. (g) Snapshot from MD simulations and schematic illustration of the solvation model of the 1:40:20:20 AI**-DEE. (h) Electrochemical

stability windows (ESWs) of electrolytes with different ratios.

To investigate the AI** solvation structure of AI**-DEEs, we
performed molecular dynamics (MD) simulations to calculate
the coordination numbers between A" and various ligands
(AcAm, PG, H,0, and ClO,"). As shown in Figure 2a—c and
Figure S3, the concentration of AcAm and PG increases,
whereas their coordination numbers with AI** gradually
decrease, whereas the coordination numbers of H,O and
ClO,” consistently increase. The AI**—0 (H,0) coordination
numbers are 1.21, 1.23, 1.52, 2.88, and 2.26 for 1:10:5:0 to
1:40:20:20 AIP*-DEEs, as summarized in Table SI.

The possible coordination structure (Figure S4) shows that
AcAm dominates the first solvation shell in 1:10:5:0 AI**-DEE,
while in 1:40:20:20 AI**-DEE, H,0 and ClO,” become the
primary coordinating species. Notably, this trend is supported
by NMR spectral shifts, which indicate that AcAm and PG
gradually decoordinate from AI** and increasingly distribute
into the surrounding solvation environment. For comparison,
we also performed MD simulations for the isocompositional
Zn**-DEE (1:40:20:20 with Zn(ClO,),). As shown in Figure
SS and Table S2, Zn** adopts a weakly associated and AcAm/
PG-dominated solvation shell rather than the compact C1O,~/
H,O-rich coordination core observed for AI**. This contrast
highlights that the strong, anion-assisted coordination environ-
ment is unique to A’** in DEEs and cannot be replicated by
Zn**.

The H-bonding network in AI**-DEEs was systematically
analyzed by tracking six representative molecular interactions:
H,0-H,0, H,0-AcAm, H,0-PG, AcAm-PG, AcAm—

AcAm, and PG-PG (Figure 2d—f and Figures S6 and S7).
As Figure 2d shows, in APP*-DEEs without additional water, the
H-bonding network is dominated by AcAm—AcAm and
AcAm—PG interactions. Increasing the organic content further
densifies this organic-based network. Upon water addition,
AcAm—H,0 interactions significantly increase, driving the
transition from an “organic-dominated” to an “organic—water-
cooperative” H-bonding network. Notably, the distribution of
H-bond types becomes more balanced. The multitype network
enhances the structural robustness of the H-bonding-shell. As
shown in Figure 2e, the three dominant H-bonds in the
1:40:20:20 AI**-DEE all involve AcAm and remain stable
throughout a 100 ns trajectory. In contrast, H,O—H,O and
PG—PG interactions are much less frequent, suggesting that
both water and PG self-association are significantly suppressed
in the AP"-DEE environment. Figure 2f further shows that
most H-bonds fall in the range of 1.7—2.2 A, characteristic of
strong H-bonds. Though less probable than H,0-H,O
interactions, heteromolecular H-bonds are more abundant
and widespread, forming the backbone of the AI**-DEE H-
bonding network.

These findings collectively support a dual-layer solvation
structure, as illustrated in the MD snapshots and solvation
model of the 1:40:20:20 AP*-DEE (Figure 2g). Because AI**
possesses high charge density and strong polarization, we
formulated a balanced organic—water AI*-DEE to accom-
modate these characteristics and enhance its electrochemical
performance. In this formulation, distinct from Zn**- and
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Figure 3. Electrochemical characterization of symmetric and asymmetric cells in different electrolytes. (a) Long-term galvanostatic cycling of Zn//
Zn cells in various AI**-DEE formulations and in a 1 M Al(ClO,); aqueous electrolyte at 0.2 mA cm™2 (b) Rate performance of Zn//Zn cells
cycled at different current densities (0.05—0.5 mA cm™2). (c) Apparent AI** diffusion coefficients (D) of different AI**-DEE formulations calculated
using the Nernst—Einstein equation. (d) Nyquist plots of Zn//Zn symmetric cells in various electrolytes, including A**-DEE formulations with
different ratios, a 1 M Al(ClO,), aqueous electrolyte, and the isocompositional 1:40:20:20 Zn>*-DEE. (e) Tafel plots and (f) CV profiles of Zn//
Zn cells in 1:40:20:20 AP*-DEE and a 1 M Al(CIO,); aqueous electrolyte. (g) Galvanostatic plating/stripping profiles of Cu//Zn cells in
1:40:20:20 APP*-DEE at 0.2 mA cm ™2 (h) Coulombic efficiency of Cu//Zn cells in 1:40:20:20 AIP*-DEE and in 1 M Al(ClO,); (aq) at 0.2 mA

cm™2

Mg**-based DEEs with lower organic contents, AI’** preferen-
tially coordinates with small, highly polar ligands (H,O and
ClO,7) to form a compact coordination core, while excess
organics distribute in the outer shell to build a hydrogen-
bonding network. This dual-layer solvation structure sup-
presses HER and may facilitate AI** desolvation.

Meanwhile, AcAm and PG are enriched in the outer shell,
forming a dense H-bonding-shell that encases the core and
restricts anion and water activities. We subsequently evaluated
the electrochemical stability windows (ESWs) of different AI**-
DEE formulations via the linear sweep voltammetry method.
Compared with 1 M aqueous Al(ClO,);, all AI**-DEEs
exhibited significantly broadened ESWs, attributed to the
suppression of HER and OER at low and high potentials. The
ESWs of different AI**-DEE formulations are comparable, with
the 1:40:20:20 AP’"-DEE exhibiting an ESW of 3.64 V. This
enhancement confirms the effectiveness of the dual-layer
solvation architecture in suppressing parasitic reactions.

We first examined Al//Al symmetric cells to evaluate
aluminum plating/stripping in AI**-DEEs. Limited cycling was
observed at low current densities; however, rapid formation of
a passivating oxide on aluminum severely limited the lifetime.
We therefore conducted a substrate screening while holding
the electrolyte composition fixed at the AI**-DEE
1:40:20:20—the formulation with the highest ionic con-

ductivity and lowest viscosity—to minimize compositional
variables. Symmetric cells with Zn, Ni, and Sn anodes were
tested in 1:40:20:20 AP*-DEE and in a conventional aqueous 1
M Al(ClO,); electrolyte. As shown in Figure S8, the Sn//Sn
symmetric cell fails rapidly and short-circuits within 50 h. By
contrast, Ni//Ni exhibits a higher polarization voltage, whereas
Zn//Zn shows the lowest polarization with smooth and stable
profiles. Among these substrates, Zn is identified as the optimal
substrate. Galvanostatic cycling was performed at a current
density of 0.2 mA cm ™ in Zn/AI**-DEE/Zn symmetric cells to
reveal a strong dependence of interfacial polarization on the
AP*-DEE composition (Figure 3a). Formulations with a low
organic fraction (e.g, 1:10:5:0 and 1:20:10:0) exhibit large and
fluctuating overpotentials together with premature failure,
indicating unstable Al plating/stripping. Increasing the organic
content and introducing a small amount of water markedly
mitigate polarization and extend the lifetime; in particular, the
1:40:20:20 AP**-DEE sustains long-term cycling with the
smallest and most stable voltage hysteresis. This behavior is
consistent with the proposed solvation structure, which may
facilitate AP’* desolvation, suppress parasitic reactions (e.g.,
HER), and promote smoother, more reversible deposition/
stripping, thereby leading to reduced polarization and
prolonged cycling.
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Figure 4. Investigation of A** deposition behavior on Zn electrodes in different electrolytes. Surface morphology and cross-sectional SEM—EDS
line-scan analysis of Zn anodes cycled in (a) 1 M Al(ClO,); (aq) and (b) 1:40:20:20 AI**-DEE. Fitted (c) Al 2p spectra and (d) O Is spectra of the
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O/AL_total in the deposited layer of the 1:40:20:20 AI**-DEE sample. (f) TOF-SIMS maps and 3D reconstructions of Al* and Zn* distributions for
the 1:40:20:20 AI**-DEE sample. (g) Depth-dependent Al/(Al + Zn) ratio extracted from TOF-SIMS depth profiling in 1:40:20:20 A**-DEE and
1 M AI(ClO,); (aq). (h) Schematic illustration of AI** deposition on the Zn anode in the AI**-DEE.

As Figure 3b shows, rate-dependent plating/stripping tests
(0.05—0.5 mA cm™) confirm that the 1:40:20:20 AI**-DEE
sustains low polarization and smooth, stable profiles, with rapid
recovery when the current returns to 0.05 mA cm™>
Compared with the 1 M Al(ClO,); aqueous electrolyte, the
APP*-DEE thus delivers markedly improved rate capability and
interfacial reversibility. Guided by these symmetric-cell results,
the optimal 1:40:20:20 formulation was further investigated to
elucidate its interfacial behavior and reaction kinetics. For
comparison, Zn//Zn symmetric cells with 1 M Zn(ClO,),
(aq) and with an isocompositional Zn**-DEE (1:40:20:20 with
Zn(ClO,),) were also evaluated (Figure S9). The cell with
aqueous Zn(ClO,), approaches short-circuit within 300 h. The
cell with Zn**-DEE maintains low steady-state overpotentials
but exhibits pronounced transient voltage spikes at current
reversals (Figure S9d), reflecting a transient overpotential
arising from limited interfacial kinetics—sluggish Zn>* desol-
vation/adsorption and charge transfer. AP*-DEEs sustain
smooth and reversible plating/stripping, whereas Zn**-DEEs,
despite sharing the identical organic framework, fail to
establish truly reversible kinetics.

Diffusion coefficients derived from the Nernst—Einstein
equation (Figure 3c) further verify that the 1:40:20:20 AI*'-
DEE facilitates accelerated ionic transport due to its balanced
organic composition. The EIS results are shown in Figure 3d.
AP*-DEE formulations with reduced organic fractions (e.g.,
1:10:5:0 and 1:20:10:0) display an extended Warburg tail,
indicating predominant diffusion control and pronounced
polarization. By contrast, 1:40:20:20 exhibits lower solution
resistance (Rs) and charge-transfer resistance (Rct), together
with the shortest low-frequency tail, indicating efficient
interfacial conduction and weaker diffusion limitation. The
aqueous 1 M Al(ClO,); control, instead of showing a diffusion
tail, presents a large rs and a broad semicircle corresponding to
high rct, reflecting sluggish interfacial charge-transfer processes
rather than a diffusion limitation. In comparison, the
isocompositional Zn?*-DEE (1:40:20:20 with Zn(ClO,),)
shows a small semicircle but no well-defined Warburg tail,
indicating restricted ion-diffusion behavior and an incomplete
interfacial kinetic process, consistent with the transient spikes
observed in symmetric-cell cycling. As summarized in Table
S3, adjusting the DEE composition leads to clear changes in
viscosity, conductivity, diffusion, and interfacial behavior.
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Among all tested formulations, the 1:40:20:20 AI**-DEE
achieves balanced transport properties and fast interfacial
kinetics and therefore represents the optimal electrolyte
system.

The Tafel plots of Zn/AI** electrolyte/Zn cells (Figure 3e)
show that the AI**-DEE 1:40:20:20 delivers a markedly higher
exchange current density (0.42 mA cm™) than the aqueous 1
M AI(CIO,); electrolyte (0.16 mA cm™), reflecting faster
charge-transfer kinetics. Consistent with the EIS trends, the
CV profiles (Figure 3f) show that the 1:40:20:20 AI**-DEE
exhibits more symmetric peaks with a much smaller peak-to-
peak separation (AEp). By contrast, the Al(ClO,); electrolyte
displays an additional oxidation peak near 0.5 V, together with
broader peaks, suggesting oxidation/parasitic processes that
compete with reversible Al plating/stripping. This difference
aligns with the reduced overpotentials and longer lifetimes
observed for the 1:40:20:20 AI**-DEE. Collectively, these
results establish that the 1:40:20:20 AI**-DEE integrates
accelerated charge transfer with enhanced reaction kinetics,
thereby achieving reduced polarization and superior interfacial
kinetics during AP* plating/stripping.

Asymmetric Cu/AI** electrolyte/Zn cells were employed to
decouple the influence of Zn—Al alloying and to evaluate AI**
plating stability on a chemically distinct substrate. In repeated
plating/stripping (Figure 3gh), the 1:40:20:20 AI**-DEE
maintained stable, low-overpotential profiles with Coulombic
efficiency near 100%. By contrast, the aqueous 1 M Al(ClO,),
control displayed unstable galvanostatic curves and rapidly
decaying Coulombic efficiency (Figure S10a,b). At a current
density of 0.2 mA cm™2, the Cu/AI**-DEE/Zn cells exhibited
stable galvanostatic cycling for over 800 h, without significant
voltage fluctuation or short-circuiting (Figure S10c). These
results underscore the critical role of the H-bond-rich
environment in AI**-DEEs in suppressing parasitic reactions
and stabilizing AI**.

We probed the depth-dependent elemental distribution by
XPS depth profiling to corroborate the poor cycling stability of
Ni/AP*-DEE/Ni and Sn/AIP*-DEE/Sn symmetric cells. As
shown in Figure S11, the Ni 2p and Sn 3d spectra after plating
display only substrate signals, with no detectable Al 2p
contribution, confirming that Al deposition is strongly
suppressed on these bases. In contrast, Zn provides a favorable
substrate for Al deposition. To gain deeper insight into Al
deposition on Zn and the role of AI’* electrolytes, Zn
electrodes were examined by SEM/EDS after 2 h of
galvanostatic plating at 0.2 mA cm™” in each electrolyte. In
addition, we conducted XPS and TOF-SIMS depth profiling to
track the elemental distribution.

As shown in Figure 4a,b and Figure S12, Zn anodes cycled
in 1 M Al(ClO,); exhibit a loose, flake-like, and highly uneven
morphology, indicating unstable nucleation and uncontrolled
growth. The EDS-derived Al/Zn atomic ratio is only 0.21,
suggesting severely limited Al deposition. The corresponding
cross-sectional SEM—EDS line scan further shows a markedly
weaker interfacial Al signal relative to Zn, consistent with the
low Al/Zn ratio. In contrast, the 1:40:20:20 AI**-DEE
electrolyte yields a dense and compact granular morphology
with a higher Al/Zn ratio of 0.45, reflecting more uniform and
regulated deposition. The cross-sectional line scan shows a
stronger Al Ka signal and higher Al/Zn ratio in the DEE
electrolyte, with the Al signal extending deeper into the
deposited layer than in the aqueous electrolyte. The depth-
dependent profiles (insets of Figure 4a,b) clearly reveal the

contrasting interfacial compositions formed in the two
electrolytes. Taken together, these results clarify that the
AP*-DEE stabilizes the electrode—electrolyte interface by
shifting the interphase composition from Zn-rich to more Al-
rich codeposition, thereby suppressing dendritic Zn growth
and enabling the formation of a denser and more continuous
interphase.

Depth profiling XPS results (Figure 4c—e and Figure S13)
reveal compositional and chemical-state gradients of Al, O, and
Zn within the deposited layer. Peak fitting of Al 2p (Figure 4c)
identifies metallic Al° (72.6—72.8 eV) and oxidized/hydroxy-
lated A" species (74.3—74.5 eV) at all stages of deposition.
The overall Al 2p signal intensity increases as the deposit
builds, suggesting that Al**, stabilized by the 1:40:20:20 Al**-
DEE solvation environment, adsorbs onto the Zn surface and
undergoes partial reduction to metallic Al, while a fraction of
unreduced AI** remains trapped within the Al-Zn deposited
layer. Notably, the AI’/(Al° + AI*") ratio increases during
deposition, indicating that progressively more AI’* is reduced
to metallic Al (Figure 4e). To characterize the local
environment of the Al species, we analyzed the O 1s spectra
(Figure 4d). As deposition proceeds, the absolute O 1s
intensity rises; however, when normalized to Al total, the
fractions of lattice O (M—O (metal—oxygen), 528.5—529.2
€V) and nonlattice O [M—OH/C=0 (530.0—531.0 eV); C—
0/H,0/ClO,” (532.5—533.8 eV)] remain essentially constant
throughout the deposit (Figure 4e), evidencing a stable oxygen
environment for the Al species. This DEE-stabilized interface
facilitates sustained Al—Zn codeposition. Meanwhile, the Zn
2p binding energy remains constant at 1021.5 eV, showing no
evidence of valence change, while its intensity decreases as the
deposit builds (Figure S13). This reflects a compositional
gradient in which Zn is enriched near the substrate, whereas Al
enrichment develops toward the outer layers. By comparison,
the Al(ClO,); (aq) sample shows weak and limited Al signals,
with Zn 2p remaining dominant (Figure S14), indicating only
a thin Al-containing layer with limited Zn—Al alloying. Taken
together, in the 1:40:20:20 AI**-DEE system, AP’* is partially
reduced to metallic Al during deposition while a fraction
remains unreduced. Zn and Al codeposit to form a mixed Al—
Zn interfacial layer, and as plating continues, Al makes a
progressively greater contribution to codeposition. The stable
interfacial environment provided by 1:40:20:20 AI**-DEE,
combined with the preferential outward growth of Al from the
Zn substrate, enables sustained Al-Zn codeposition with clear
Al-preferential growth relative to Al(ClO,); (aq).

To independently verify the trend that Al progressively
dominates codeposition, TOF-SIMS maps and 3D reconstruc-
tions of the 1:40:20:20 AI**-DEE sample (Figure 4fg) reveal
an Al*-rich outer layer with comparatively weaker Zn* at the
topmost layers, while the Al(ClO,); (aq) sample (Figure S15)
exhibits a much less pronounced Al signal. Consistently, the
Al/(Al + Zn) depth profiles indicate that DEE maintains a
higher Al fraction across the analyzed range, decaying more
slowly and remaining elevated (e.g., 0.53 at ~600 nm) relative
to Al(ClO,); (aq) (0.12 at the same depth). These
observations support a thicker, more continuous Al-rich layer
and sustained preferential Al growth in 1:40:20:20 AP’*-DEE,
whereas the aqueous electrolyte yields a Zn-enriched interface.
The SIMS results therefore corroborate the XPS depth profiles.

We propose a possible deposition model to rationalize these
observations (Figure 4h). Specifically, at the early stage of
deposition, Zn*" is more readily reduced under the influence of
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Figure 5. Electrochemical performance and redox mechanism of the Zn/AP* electrolyte/PDAAQ full cell in 1:40:20:20 AI**-DEE and 1 M
Al(ClO,); electrolytes. (a) CV curves of full cells at a scan rate of 1 mV s™". (b) Galvanostatic charge—discharge (GCD) profiles of the 1:40:20:20
AIP*-DEE-based full cell at current densities from 0.1 to 2.5 A g™'. (c) Rate performance of the 1:40:20:20 AI**-DEE-based full cell at various
current densities. (d) GCD curves at 1.0 A ¢! highlighting the voltage hysteresis. (e) Long-term cycling performance of Zn/AI** electrolyte/
PDAAQ full cells at 1.0 A g™, comparing 1:40:20:20 AI**-DEE (dark markers) and Al(ClO,); (aq) (light markers). The inset presents charge—
discharge voltage profiles of the AI**-DEE full cell at different cycles. (f, g) In situ Raman spectra collected during discharge and charge processes,
respectively. (h) Fitted N 1s XPS spectra of PDAAQ in charged and discharged states. (i) Al 2p XPS spectra of PDAAQ at charged and discharged
states. (j) Binding energies of AI** and Zn®" interacting with functional groups of the DAAQ monomer. (k) Schematic illustration of the
cooperative APP*/Zn*" coordination and the PDAAQ redox mechanism.

the Zn substrate and preferentially initiates nucleation. promoting a preferential Al growth in the outer layer. Such a
Subsequently, AI** becomes involved in interfacial coreduction, deposition process has also been reported in a previous
leading to the formation of Al-Zn alloys. Owing to its high study.” In 1:40:20:20 AI**-DEE, although the first solvation
charge density and strong polarization capability, AI** is more shell of AI’* remains dominated by H,0/ClO,” as in
prone to adsorb at the nucleation sites. As Al-rich nodules Al(ClO,); (aq), the acetamide—propylene glycol hydrogen-
continuously grow at the interface, the strong electrostatic field bond network weakens water—water connectivity and lowers
of AP* may suppress further Zn®>* deposition on these water activity. This reduces the energetic barrier for desolva-
protrusions, thereby mitigating dendrite propagation and tion and outer-sphere reorganization, thereby promoting
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efficient AI** charge transfer and interfacial deposition, which
explains the enhanced Al fraction and preferential Al growth
observed with 1:40:20:20 AP*-DEE.

We prepared a full cell using poly(1,5-diaminoanthraqui-
none) (PDAAQ) as the cathode and a zinc foil as the anode to
further evaluate the practical applications of the 1:40:20:20
AP*-DEE system. The synthesis of PDAAQ followed
previously reported procedures. To verify the successful
synthesis, FTIR analysis was conducted on the monomer
1,5-diaminoanthraquinone (DAAQ) and its polymeric product
(PDAAQ) (Figure S16). In DAAQ, a pronounced N—H
stretching band appears in the 3300—3400 cm™" region, which
significantly diminishes in PDAAQ, indicating that amino
groups were converted into secondary amines during polymer-
ization. Meanwhile, new absorptions corresponding to C—N
and C=O0 vibrations emerged in the 1000—2000 cm™! region,
confirming the formation of —NH— linkages. The C=0
characteristic peak remains present after polymerization but
shifts and broadens in PDAAQ), suggesting that the quinone
structure is partially retained, with its local electronic
environment altered by extended conjugation. These results
confirm the successful construction of a conjugated polymer
framework via amino condensation.

We then systematically evaluated the electrochemical
performance of the Zn/AlP*-DEE/ PDAAQ _full cell using the
1:40:20:20 AP"-DEE electrolyte, including its cycling stability,
rate capability, and redox mechanism, in comparison with a
conventional Al(ClO,); aqueous electrolyte. As shown in
Figure Sa, the 1:40:20:20 AP*-DEE-based full cell exhibits two
pairs of well-defined redox peaks centered at ~0.83/0.51 V,
with sharp and symmetric profiles, indicating highly reversible
electrochemical reactions. In contrast, the AI(ClO,); (aq)
electrolyte shows broader and less distinguishable peaks with
larger potential separation, reflecting sluggish kinetics and
higher polarization.

CV measurements were performed at different scan rates
(0.2—2.0 mV s7') in both electrolytes to further probe the
reaction kinetics (Figure S17). In the 1:40:20:20 AP*-DEE
system, the peak currents increase nearly linearly with the
square root of the scan rate, consistent with a diffusion-
controlled process. Moreover, the peak shifts with an
increasing scan rate are relatively small, further confirming
favorable reaction reversibility. By contrast, the Al(ClO,); (aq)
system delivers lower current responses and more pronounced
potential shifts at higher scan rates, indicative of sluggish ion
transport and inferior electrode kinetics. Quantitative analysis
using the Randles—Sevcik equation further confirms this
difference: the apparent diffusion coefficient (D) of AI** in
the 1:40:20:20 A’*-DEE electrolyte reaches 2.33 X 107'* cm*
s™!, higher than that in the Al(ClO,); (aq) electrolyte (1.59 X
107'° cm® s7"). This enhancement highlights the ability of the
hydrogen-bonding network in 1:40:20:20 AI’**-DEE to
facilitate AP desolvation and transport, thereby underpinning
the superior electrochemical kinetics of the full cell.

As shown in Figure 5b,c, the 1:40:20:20 AP*-DEE-based cell
delivers a capacity of 183 mAh g~ at 0.1 A g~". It maintains
137, 117, 102, and 79 mAh ¢! at 0.5, 1.0, 2.0, and 2.5 A g/,
respectively. Full recovery upon returning to 0.1 A g~'
evidences good rate capability and reversibility. The rate
performance of the Al(ClO,);-based cell at different current
densities is shown in Figure S18. The corresponding
galvanostatic profiles display indistinct discharge plateaus and
significant voltage polarization, which become more pro-

nounced at higher current densities. These results highlight the
intrinsic kinetic limitations of the Al(ClO,); (aq), leading to
poor rate capability and rapid performance decay compared
with the 1:40:20:20 AIP*-DEE system. The 1:40:20:20 Al**-
DEE-based full cell exhibits two distinct discharge plateaus
with small voltage hysteresis (0.54 V) compared to the
Al(ClO,); (aq)-based system, as illustrated in Figure Sd. These
results confirm that the 1:40:20:20 AP*-DEE electrolyte
enhances reaction kinetics, thereby suppressing electrode
polarization and enabling superior rate performance. Long-
term cycling (Figure Se) highlights the durability of the
1:40:20:20 AI**-DEE: the cell reaches a peak capacity of 143
mAh ¢! during cycling and still delivers 135 mAh g™' after
1700 cycles (~94% of the peak), while maintaining nearly
100% Coulombic efficiency. The AI**-DEE electrolyte
constructs a stable and compact interphase during the initial
cycles. This well-defined interface allows the electrode—
electrolyte system to stabilize from the outset, resulting in a
high initial Coulombic efficiency and ensuring long-term
cycling stability. The XPS results (Figure S19) of the Zn anode
during deposition show M—O/Al_total ~ 0.04 (attributed to
ALO;) and (M—OH/C=0)/Al_total ~ 0.05, an overlapping
contribution from Al-OH, carbonyl groups, and possible
electrolyte residues, indicating that irreversible byproducts are
minor and unlikely to materially affect CE. By contrast, the 1
M AI(ClO,); (aq) cell, despite a comparable initial capacity,
undergoes continuous fading within 500 cycles; its initially low
CE gradually increases, likely due to early-stage side reactions
forming a passivating layer that reduces further parasitic
processes, while interfacial degradation still proceeds and
capacity cannot be sustained.

Critically, ion-identity control clarifies the cation require-
ment of the DEE. In an aqueous Zn(ClO,), electrolyte, the
Zn/Zn(ClO,),/PDAAQ full cell operates normally, confirming
that Zn*" can, in principle, participate in the redox behavior of
the cathode. As Figure S20 shows, long-term cycling in 1 M
Zn(ClO,), shows a comparable initial capacity but a rapid fade
within the first few hundred cycles to near zero, indicative of
interfacial breakdown. However, when Al(ClO,); (aq) in the
1:40:20:20 DEE (salt:AcAm:PG:H,0) was replaced with
equimolar Zn(ClO,), to yield an isocompositional Zn**-
DEE, the full cell exhibited abnormally high charging capacities
but failed to deliver any meaningful discharge, underscoring
the lack of reversibility compared with the 1:40:20:20 AI*'-
DEE. MD simulations (Figure S5 and Table S2) show that
Zn™ in the isocompositional 1:40:20:20 DEE forms a weakly
associated, AcAm/PG-dominated solvation shell, in contrast to
the compact ClO,”/H,O-rich coordination core of AI’*'.
Consistent with this weak solvation, the EIS spectra exhibit a
small and poorly defined semicircle without a clear Warburg
tail, indicating restricted ion diffusion and sluggish interfacial
kinetics. Postmortem SEM (Figure S21) further supports this
trend: 1 M Zn(ClO,), (aq) shows severe porous/dendritic
deposits, 1 M Al(ClO,); (aq) remains rough, and the
isocompositional Zn**-DEE produces irregular and porous
morphologies, whereas the 1:40:20:20 AI**-DEE yields dense
and uniform deposits. Together, these results indicate that AI**
is markedly better suited than Zn® for sustaining stable
solvation and interfacial behavior in the organic-rich DEE
environment. The large proportion of organic components
both dilutes the effective salt concentration and produces a
loose, hydrogen-bond-dominated solvation network. Under
such conditions, Zn**—while competent in conventional
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eutectics with a lower organic content—fails to sustain
reversible PDAAQ redox. In contrast, Al**, with its high
charge density, strong Lewis acidity, and robust coordination
affinity toward carbonyl oxygen, is capable of adapting to this
solvation environment, thereby ensuring efficient electron
transfer and stable cycling.

EIS measurements of the full cells before and after cycling
were performed to gain deeper insight into ion transport and
interfacial behavior (Figure S22). After cycling, the 1:40:20:20
AP*-DEE cell displays a reduced midfrequency semicircle and
a less steep low-frequency branch, signifying lower charge-
transfer resistance and mitigated diffusion impedance. This
evolution is consistent with the formation of a thin, ion-
permeable interphase that suppresses parasitic deposition and
preserves percolated ion/electron pathways. In contrast, the 1
M AI(ClO,); (aq) cell shows an enlarged semicircle and a
more vertical low-frequency branch after cycling, indicative of
progressive interfacial passivation and aggravated mass trans-
port limitations.

To unravel the charge storage mechanism of PDAAQ, we
combined CV, in situ Raman spectroscopy, and XPS analysis ,
complemented by elemental mapping, to elucidate the
coordinated redox behavior of carbonyl and imino groups
(Figure Sf—k). PDAAQ contains two classes of redox-active
sites: carbonyl (C=0) and secondary amine (—NH—). The
CV curves exhibit two distinct pairs of reversible redox peaks,
suggesting the participation of both functional groups. In situ
Raman spectra provide direct evidence of these trans-
formations. Upon discharging (Figure Sf), the 1330 cm™
C—N band strengthens, indicating dedoping from C—N" to
C—N and increased local polarizability. Meanwhile, the 1500
cm™! band strengthens as cationic C—N* sites (C—NH"—/
C=N*-) are reduced to neutral C—N and bond-length
alternation decreases, thereby enhancing the coupled ring C=
C and C—N/N-H vibration. The C=O stretching region
(1650—1680 cm™') evolves from a doublet into a single
dominant band with enhanced intensity at the end of
discharge, consistent with the reduction of C=0 to C-0O~
and the formation of a more homogeneous chemical
environment. These changes are fully reversed upon charging
(Figure Sg), further demonstrating the reversible redox of
carbonyl and imino groups in the 1:40:20:20 AI**-DEE. XPS
analysis provides complementary evidence. The N 1s spectrum
(Figure Sh) shows that the charged state exhibits an increased
contribution from positively charged nitrogen species (—N*—
and =N"—), whereas the discharged state is dominated by
neutral —NH— groups, confirming the reversible redox of
imino groups.

EDS mapping before and after prolonged cycling shows that
the Al:Zn atomic ratio remains stable at ~2:1 on the PDAAQ_
cathode, indicating that both cations consistently participate in
the redox process (Figure S23). XPS analysis further
corroborates this observation. As shown in Figure Si, the Al
2p peak exhibits a slight negative shift upon discharge,
consistent with an increased local electron density when AI**
coordinates with reduced carbonyl (C—O~). By contrast, the
Zn 2p spectra (Figure S24) show negligible binding energy
variation between charged and discharged states, implying that
Zn** also interacts with PDAAQ but exerts a weaker
coordination effect compared with AI**. To evaluate their
contributions to charge compensation, ICP-OES was per-
formed on the PDAAQ cathode collected at the fully reduced
(discharged) state. The resulting Al:Zn molar ratio of 1.9:1

corresponds to 74% of the total charge compensation being
provided by AI** and 26% by Zn*" after normalization by their
respective ionic charges (Table S4). Thus, A’ serves as the
primary charge-balancing cation, while Zn** plays a secondary
supporting role. These experimental trends are further
rationalized by DFT calculations (Figure Sj). The results
show substantially stronger binding of AI** relative to Zn** for
both C—O~ and —NH- coordination sites (—1.83 and —1.68
eV vs —0.16 and —0.18 eV), indicating that A’** possesses a
significantly higher coordination affinity. Collectively, these
results demonstrate that both AI** and Zn?* are involved in the
coordination chemistry of PDAAQ, with AI** acting as the
dominant coordinating ion and Zn>" serving as a supportive
contributor. As summarized in Figure Sk, the redox process of
PDAAQ proceeds through the cooperative participation of AI*
and Zn**, with AP* playing the dominant coordinating role.

Bl CONCLUSIONS

In summary, we have developed a multicomponent AI**-DEE
that establishes a dual-layer solvation structure tailored for AI**
electrochemistry. The balanced organic—water formulation
suppresses water reactivity, facilitates AI** desolvation, and
broadens the ESW. In-depth mechanistic analysis shows that
the AI**-DEE promotes Al-enriched codeposition on a Zn host,
which is more suitable for Al growth than passivated Al metal
and than Sn/Ni. Integrated with a PDAAQ_cathode, the Zn/
AP*.DEE/PDAAQ_full cell achieves high capacity, stable
cycling, and good rate performance. These results show that a
high-organic-content DEE tailored to the AI** solvation
structure is an effective route to suppress side reactions, direct
Al-rich alloy growth, and enable high-performance AAIBs.
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