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ABSTRACT

Rechargeable aqueous aluminum metal batteries (AAMBSs) represent a promising large-scale energy storage technology due to
their unique advantages of high volumetric energy density, low cost, and operational safety. However, their cyclic stability and
Coulombic efficiency are constrained by the sluggish interfacial kinetics originating from the stable [Al(H,0),]** complex, which
leads to rigorous issues such as hydrogen evolution reaction and surface passivation. Herein, a gradient Sn/SnO, synergistic
interfacial layer with high aluminophilicity and ion-buffering capability (termed as HAIBSL) was integrated on metallic Al anode
by one-step chemical displacement reaction, applicable also to Cu/CuO, and Cd/CdO, interphases. As a prototype, Sn/SnO, layer
not only accelerates AI** desolvation kinetics and uniform plating, but also acts as a barrier to avoid water-induced side reactions,
as confirmed by electrochemical and theoretical experiments. Moreover, X-ray diffraction (XRD) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) confirm the excellent cycling stability of this layer. Consequently, the symmetrical HAIBSL@AL
cell demonstrates ultrastable cycling with a low overpotential for 1800 h at 0.05 mA cm~2. Moreover, the HAIBSL@AI can be
compatible with multiple cathodes and exhibits a cycling life of 700 cycles with potassium cobalt hexacyanoferrate (II) cathode,
underscoring the gradient synergistic interfacial layer as a robust and versatile strategy for AAMBs.

1 | practical application of AAMBs faces considerable challenges,

primarily stemming from the hydrogen evolution reaction (HER)

Introduction

Rechargeable aqueous aluminum metal batteries (AAMBS) rep-
resent an attractive candidate for next-generation energy storage,
owing to the high theoretical capacities (8056 mAh cm™ and
2980 mAh g') enabled by three-electron transfer, as well as the
abundance and low cost of aluminum [1-4]. Nevertheless, the

and the formation of passivating AI(OH), layers [5-8]. These
parasitic side reactions severely impair Coulombic efficiency (CE)
and cycling stability. The fundamental obstacle stems from the
exceptionally stable solvation structure of Al** in the aqueous
electrolyte, specifically the [Al(H,0),]** complex, which exhibits
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a remarkably high hydration energy of approximately —4525 kJ
mol~ [9, 10]. Such a robust solvation structure leads to sluggish
interfacial desolvation kinetics, imposing a substantial energy
barrier that impedes efficient charge transfer and reversible Al
deposition [11-13].

To address this fundamental challenge, considerable research
efforts have been devoted to tailoring the solvation structure
of the [Al(H,0),]**. Traditional electrolyte engineering strate-
gies, which involve the use of high-concentration salts [14-17],
organic additives [18-22], or alternative aluminum salts such as
Al(OT{),, are designed to weaken the primary solvation shell [23].
Although partially effective, these bulk electrolyte modifications
typically introduce undesirable trade-offs, including reduced
ionic conductivity, increased viscosity, higher cost, and persistent
corrosion issues [24-26]. As a result, a clear paradigm shift has
occurred in the field, with research focus moving from global
electrolyte optimization toward the precise engineering of the
local electrode/electrolyte interface [5, 6, 27, 28]. Encouragingly,
constructing an artificial electrode interface (AEI) is widely
regarded as a more targeted and promising approach to directly
control interfacial processes [29-34]. An ideal AEI should simul-
taneously fulfill the following critical functions: (i) facilitates
rapid AI’* desolvation; (ii) homogenizes lateral AT flux to
prevent dendrite formation; (iii) provides sufficient mechanical
robustness against plating/stripping stresses; and (iv) maintains
persistent electrochemical and structural integrity.

Currently developed strategies for constructing such AEIs can be
broadly categorized into several types. One approach involves ex-
situ pretreatment using ionic liquids or deep eutectic solvents to
form hybrid organic-inorganic solid electrolyte interphases [35,
36]. A second strategy employs in situ techniques to generate
inorganic protective layers, such as those based on Mn/Ti/Zr
compounds [5] or AlF; [37]. A third route utilizes polymer
coatings [27, 38], for example, polyvinylidene fluoride [6], to
physically block water ingress and guide uniform Al** deposi-
tion. Despite these advances, prevailing strategies are frequently
limited in key aspects. Many lack synergistic multifunctionality
and therefore fail to concurrently and effectively address the
intertwined requirements of rapid desolvation, homogeneous ion
flux, and mechanical durability. Moreover, existing fabrication
processes are often complex, energy-intensive or difficult to
scale, which significantly hinders their practical implementation
[27, 39-41].

Hence, the highly aluminophilic and ion-buffering synergistic
Al anodes containing metallic M phase and MO, phase (M =
Sn, Cu, Cd) at the nanoscale are well-designed and fabricated
via in situ one-step chemical displacement reaction to accelerate
the [Al(H,0),]** desolvation and alleviate side reactions. With
electron microscopy, Raman spectroscopy, and theoretical sim-
ulations proven, the prototype Sn/SnO, engineered on the Al
anode (denoted as HAIBSL@AL) capitalizes on the distinct yet
complementary properties of its two constituents. The metallic
Sn domains offer strong aluminophilic adsorption sites that
preferentially interact with AI** and substantially reduce the
energy barrier for desolvation, while the SnO, matrix functions
as an ion-conductive buffer that guides and homogenizes lateral
AI** transport across the electrode surface, suppressing localized
deposition and dendrite growth. The inherently compact HAIBSL

serves as an efficient physical barrier, effectively inhibiting water
permeation toward the Al interface and consequently suppress-
ing HER and passivation. Furthermore, its structural integrity
during cycling is corroborated by the ex-situ XRD and TOF-
SIMS. Consequently, the HAIBSL@AI symmetric cell exhibited
exceptional stability with a low overpotential of approximately
500 mV for over 1800 h at 0.05 mA cm™2. When paired with vari-
ous cathode materials such as potassium cobalt hexacyanoferrate
(I1) and a-MnO, using a low-cost and environmentally benign
0.5 M AlL(SO,); electrolyte, the HAIBSL@AI anode enabled
significantly reduced polarization, high specific capacity, supe-
rior cycling stability, and excellent rate capability, substantially
outperforming bare Al anode. This work presents a scalable
materials and fabrication paradigm for developing stable metal
anodes in AAMBEs, offering a generalizable pathway for future
research.

2 | Results and Discussion

As proof, Al foils modified with a conformal Sn/SnO, compos-
ite layer were successfully synthesized via one-step chemical
displacement reaction, as shown in Figure 1A. Specifically, the
immersion of an Al sheet into an anhydrous ethanol solution of
SnCl,-5H,0 initiates a coupled redox-hydrolysis process. Trace
water induces partial hydrolysis of Sn**, generating SnO, and
releasing H*. The resulting acidic environment then dissolves
the native AlL,O; layer, exposing fresh Al that subsequently
reduces Sn** to metallic Sn via displacement, thereby forming
the composite Sn/SnO, layer. This synergistic layer provides dual
functionality: high Al affinity (from Sn) [38, 39] and ion-buffering
capacity (from SnO,) [42]. Compared to the bare Al anode (Figure
S1), the XRD pattern of the HAIBSL@AI anode (Figure 1B) shows
aprominent and dominant peak corresponding to the (101) crystal
plane of Sn, except for the characteristic peaks of metallic Al [43].
Notably, the pattern shows no detectable signals from impurity
phases or SnO,. The XRD patterns confirm that crystalline metal-
lic Sn is successfully formed and integrated into the composite
structure, whereas any SnO, present is confined to an amorphous
phase. Scanning electron microscopy (SEM) was employed to
examine the surface morphology and structure of the Al anode
before and after treatment. After the displacement process, the
HAIBSL forms throughout the Al substrate surface (Figure 1C),
which presents a sharp contrast to the surface of bare Al (Figure
S2). Energy dispersive X-ray spectroscopy (EDS) analysis (Figures
S3 and S4) confirmed the homogeneous distribution of Al, O, Sn
elements across the HAIBSL@ALI electrode surface. Furthermore,
the cross-sectional SEM image ascertains the obvious bound-
ary between the Al substrate and HAIBSL (Figure 1D), where
the Al, O, and Sn elements are evenly distributed across the
HAIBSL@AL electrode (Figure S5). Under the same fabrication
conditions, the copper/copper oxide (denoted as Cu/CuO,@Al)
and cadmium/cadmium oxide (denoted as Cd/CdO,@Al) exhibit
morphologies comparable to that of HAIBSL (Figures S6-S8),
demonstrating the versatility of the preparation method. As
shown in Figure 1E, the contact angle on the HAIBSL@AI
electrode (19°) is much smaller than that of the bare Al (58.96°),
indicating the remarkably improved surface wettability of the
HAIBSL@ALI electrode enabled by its electrolyte-philicity and
high aluminophilicity [44, 45]. X-ray photoelectron spectroscopy
(XPS) survey spectrum attests to the presence of Al, Sn, and O
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FIGURE 1 | (A) Schematic illustration of the modification process of the HAIBSL@ALI electrode. (B) XRD pattern and (C) Top-view SEM image
of the HAIBSL@ALI electrode. (D) Cross-sectional SEM image of the HAIBSL@AL electrode. (E) Comparison of contact angles of the electrolyte on the
surface of bare Al and HAIBSL@AL. (F) Al 2p spectra of bare Al. XPS spectra of (G) Al 2p and (H) Sn 3d on HAIBSL@AI after Art sputtering for 0 to

4 min.

elements in the as-prepared HAIBSL@ALI. The Al 2p spectrum of
bare Al (Figure 1F) reveals the presence of peaks corresponding
to metallic Al° and oxidized Al** [27]. To probe the spatial
distribution of SnO, and metallic Sn in the HAIBSL architecture,
in-depth XPS was performed. As shown in Figure 1G, the Al 2p
spectrum before sputtering is dominated by the metallic Al peak
at 72.48 eV, with a faint contribution from Al oxide at 75.03 eV.
With progressive sputtering, the spectral response continues to
be dominated by metallic Al, whereas signals corresponding to
aluminum oxide remain negligible throughout the depth profile.
These results unambiguously demonstrate that the engineered
HAIBSL effectively suppresses oxidative formation on the Al
anode surface. Encouragingly, the Sn 3d spectrum of HAIBSL@AL
prior to sputtering exhibits peaks corresponding to metallic Sn
and SnO, with comparable intensities [39]. As the sputtering
depth increases, the ratio of metallic Sn to SnO, progressively
rises, clearly revealing a gradient distribution of Sn/SnO, com-
posite within the HAIBSL (Figure 1H), showing a similar gradient
distribution to that in our previous report [46]. The above results

confirm the successful fabrication of the HAIBSL on the Al
surface.

To evaluate the feasibility of Al deposition on HAIBSL@ALI versus
bare Al electrodes, density functional theory (DFT) was adopted
to calculate the adsorption energy of Al atoms on the respective
substrates. As shown in Figure S9, the adsorption energies of
a single Al atom on Al (200), Sn (101), Sn (200), and SnO,
(110) surfaces were compared. The calculated adsorption energy
for Al on Sn (101) surface is —2.43 eV, which is significantly
more negative than Al atom on Al (200) surface (—0.64 eV)
(Figure 2A). The stronger adsorption between the Al atom and
the HAIBSL can effectively boost the desolvation of hydrated
Al ions [38]. Meanwhile, the SnO, layer with the compara-
ble adsorption capability serves as an ion-buffering layer via
weak AI** adsorption, which homogenizes interfacial AI** flux,
collectively stabilizing the electrode/electrolyte interface and
improving the cycling reversibility. Linear sweep voltammetry
(LSV) results (Figure 2B) show that HAIBSL@AI exhibits a lower

Advanced Functional Materials, 2026

30f10

85U8D17 SUOWLLIOD 8AIER 1D 3|l |dde au Aq peusenob ae sajore O ‘8sn Jo so|nJ Joj Aeud 1 8uluo 3|1/ UO (SUONIPUCO-pUR-SWBIL0Y A3 | 1M Aleid 1jpul Uo//:SAny) SUONIPUOD Pue swie | a1 89S *[9202/90/0T] uo Akiqi]8uljuo AS|IM ‘6.T9. WIPe/Z00T 0T/I0p/Wod 8| IM Afelq 1 |BU1|UO"PeoUeARe//SANY WOy pepeo|umod ‘0 ‘820£9T9T



0.0 0.02
A B —BarwAl C 0 4 0.097 mA cm?
= —— HAIBSL@AI :
S -06 0.44 A 1
> 064 0,00 =
) -0.80 b, £ .2 A
2 -1.2 E :
= € a0 £ -3 1
g - 1 g iz : 0.004 mA cm™
S-18 £ =4
g o o
o S
B -2.4- -0.04- -5
< -2.43 ——— Bare Al
Pt 2mvst 6 ‘—HAIBSL@AI
-3.0 . . : : — et . . . .
0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 03 02 01 00 01 02 03
Al (200) Sn (101) Sn (200) SnO, (200) Voltage (V) a Voltage (V)
D Bare Al E HAIBSL@AI F o Bare Al
& 021 —— HAIBSL@AI N o HAIBSL@AI
g o cIP AGG 5 \
< 0.1 -
£ /7 3 <
> == s g
0.0 — /r/ z e
c e @ Bare Al 3
D c [+ 4
° S =
3-0.1 1 E = 7] o
= e . 78.89%
3021 40.54% Ea=63.82 kJ mol"!
" | H, evolution 10mvs? -8 Ea=55.90 kJ mol*
03 02 -01 00 041 02 03 940 950 960 970 980 990 1000 1010 1020 29 30 34 32 33

Voltage (V)

G #‘g} . -Sto_.,,: '_'°.‘P'Vau°,,
& 'f:,s X

Dendntes

Corrosion

Bare Al

Raman Shift (cm™)

gy o

g% A9

1000/T (K™

FIGURE 2 | (A) Comparison of the adsorption energy of Al on Al, Sn and SnO, substrates. (B) LSV curves and (C) Tafel curves of bare Al and
HAIBSL@AI electrodes. (D) CV curves of symmetric cells using bare Al and HAIBSL@AI electrodes with a scan rate of 10 mV s~!. (E) Raman spectra of
the 0.5 M Al,(SOy4); electrolyte at the bare Al and HAIBSL@ALI electrode interfaces. (F) Desolvation activation energy derived from the Arrhenius curves
of bare Al and HAIBSL@ALI electrodes. (G) HER and dendrite growth on the bare Al electrode. (H) Synergistic desolvation mechanism on HAIBSL@AL.

onset potential (-0.301 V) than bare Al (—0.128 V). This indicates
a significantly suppressed HER on the HAIBSL@AI electrode,
which can be attributed to faster desolvation kinetics [6]. To eluci-
date the origin of the suppressed HER and accelerated desolvation
process, we performed theoretical calculations to investigate H,O
adsorption behaviors on bare Al and HAIBSL@ALI surfaces. As
shown in Figures S10 and Sl11, the H,O adsorption energy on
Sn (101) (—1.83 eV) is higher than that on Al (200) (—0.39 eV),
and the high dissociation barrier on Sn suppresses HER while
accelerating desolvation, validating the HAIBSL@AI interface
design. To further validate the inhibition of HER, in situ optical
microscopy and pH measurements were employed during the
electroplating process at 0.2 mA cm~2. As shown in Figure S12,
the HAIBSL@AL electrode exhibits negligible bubble generation
throughout the Al deposition process, whereas gas bubbles on the
bare Al electrode progressively increase with time, confirming
the effective inhibition of HER by HAIBSL. Meanwhile, com-
pared with bare Al, the pH value of the HAIBSL@ALI electrode
remains more stable (Figure S13), providing additional evidence
for its pronounced ability to suppress HER. Furthermore, the
anticorrosion performance was assessed. Tafel analysis reveals a
lower corrosion current density for the HAIBSL@AI symmetric

cell (0.004 mA cm~2) compared to that of bare Al (0.097 mA
cm~2), suggesting both a reduced tendency and a slower corrosion
rate for HAIBSL@AI (Figure 2C) [27]. Cyclic voltammetry (CV)
tests were conducted on HAIBSL@AI and Al symmetric cells
to compare the behavior of HAIBSL@AI and Al electrodes
(Figure 2D). The bare Al shows an asymmetric curve, with a
typical HER-shaped peak on the plating side, reflecting inefficient
Al plating and severe HER. On the stripping side (positive
voltage), suppressed current density is observed, possibly due
to the surface passivation layer. In contrast, the HAIBSL@AI
electrode displays a more symmetric curve and enhanced current
density, which can be attributed to the improved Al stripping/
plating [38].

To further investigate the interactions between hydrated AI**
and the HAIBSL, Raman spectroscopy was employed. As
shown in Figure 2E, the evolution of the solvation structure is
clearly observed, transitioning from solvent-separated ion pairs
(SSIP) to contact ion pairs (CIP) and Aggregates (AGG). At
the HAIBSL@Al/electrolyte interface, the proportion of CIP
rises significantly to 81.72% compared with 78.89% at the bare
Al/electrolyte interface, and the AGG proportion increases to

40f10

Advanced Functional Materials, 2026

85U8017 SUOWILLIOD SAIERID 3 (et jdde au Aq pausenof aJe sajo1Le VO 88N JO 3|1 104 A%ed 1 BulUO AB|1M UO (SUOIIPUOD-pUR-SLLRY 0D  AB 1M AleIq 1 BU UO//SAIY) SUORIPUOD PUe SRS L 8U3 39S *[9202/90/0T] U0 A%iq118uluO AB[IA 6LT9L WPe/Z00T OT/I0P/W0D 48| 1M Aseiq1joul|uo"peoueApe// ARy Wwo.j popeojumod ‘0 ‘8Z0€9T9T



12.73% compared with 10.17% at the bare Al/electrolyte inter-
face. These results demonstrate that the presence of HAIBSL
substantially enhances the coupling between AI** and SO,*
[9, 13]. To quantitatively elucidate the desolvation kinetics of
hydrated AI** and the concomitant AI** transport behavior, the
activation energy (E,) was derived from the Arrhenius equation
(Figure 2F and Figure S14). The HAIBSL@AL electrode exhibits
a substantially lower E, of 55.90 kJ mol™! relative to that of the
bare Al electrode (63.82 kJ mol™'). This pronounced reduction
in E, signifies diminished energy barriers for the desolvation
process, which not only promotes a more efficient release of
free A" but also facilitates subsequent AI** migration within
the HAIBSL interphase [23]. In comparison with severe side
reactions such as HER and dendritic growth observed on bare
Al (Figure 2G), the designed HAIBSL effectively suppresses
these issues. As illustrated in Figure 2H, the metallic Sn layer
effectively reduces the desolvation energy barrier of hydrated Al**
due to its high Al affinity, while the SnO, ion-buffering layer
promotes lateral diffusion of Al**. This synergy regulates the
AP transport Kinetics, thereby inhibiting dendrite growth and
enabling homogeneous Al deposition [47].

To evaluate the influence of the HAIBSL on electrochemical
performance, symmetric cells were fabricated using bare Al and
HAIBSL@AL electrodes. Electrolyte concentration is known to
significantly affect the stripping/plating behavior of metal elec-
trodes [27]. Optical images in Figure S15A indicate that aluminum
sulfate octadecahydrate (Al,(SO,);-18H,0) exhibits a solubility of
up to 1.0 M in deionized water. Comparative LSV results indicate
that the optimized 0.5 M Al,(SO,), electrolyte is the most stable
among those tested (Figure S15B). Moreover, these measurements
confirm that it enables symmetric cells to operate with both
low overpotential and high stability (Figure S16). As known,
the thickness can affect the ion/atom diffusion and distribution
[48]. By adjusting the reaction time, HAIBSL@AI electrodes with
different thicknesses from 1 to 6 um were obtained. The cross-
sectional SEM images and EDS mappings of Figure S17 show
all elements are well distributed in the HAIBSL@AI. Among
them, the optimal HAIBSL@AI (3.5 um, Figure S5) delivers
the most stable cycling and longest lifespan, which is much
better than the others, indicating the best thickness is ~3.5 um.
Electrochemical impedance spectroscopy (EIS) was performed on
symmetric cells to further elucidate the enhanced Al** transport
properties (Figure 3A). The charge-transfer resistance of the bare
Al symmetric cell is approximately 2.5 times higher than that
of the HAIBSL@ALI cell, highlighting the critical role of the
HAIBSL in promoting charge-transfer kinetics. Furthermore, the
HAIBSL@AI symmetric cell exhibits excellent rate performance,
as shown in Figure 3B and Figure S18. Specifically, as the current
density increases from 0.05 to 0.2 mA cm™2, voltage hysteresis
values of 23,120, and 300 mV are recorded, which are significantly
lower than those observed for the symmetric cell with bare Al
The accelerated desolvation kinetics and enhanced AI** transport
collectively optimize Al nucleation and growth behavior. As
shown in Figure 3C, the HAIBSL@AI electrode exhibits a lower
nucleation overpotential of only 50 mV, compared to 520 mV for
bare Al The improved desolvation kinetics and facilitated AI**
diffusion are further verified in symmetric cells (Figure 3D). The
HAIBSL@ALI cell demonstrates outstanding long-term stability,
operating for over 1800 h with overpotentials of approximately
500 mV at 0.05 mA cm™2, whereas the bare Al cell sustains

less than 600 h and shows significant voltage fluctuation due
to sluggish desolvation kinetics. Moreover, when cycled at
0.1 mA cm™2 with a capacity of 0.1 mAh cm™2, the HAIBSL@ALI
cell maintains a low voltage hysteresis of approximately 330 mV
for 100 h (Figure S16B). When tested under elevated current
densities or areal capacities (0.2 mA cm~2 for 0.2 mAh cm™
and 0.05 mA cm™2 for 0.5 mAh cm™2), the HAIBSL@AI cell
maintains low voltage hysteresis of 500 mV for 100 h, and
550 mV for over 300 h, respectively (Figure 3E and Figure S19).
Notably, as shown in Figure S20, the cell operates stably even
under an ultrahigh areal capacity of 1 mAh cm™ at 0.1 mA
cm~2, further confirming that the HAIBSL effectively lowers the
desolvation energy barrier and thereby facilitates AI** diffusion
kinetics. Compared with previously reported AAMBEs, the cycling
performance of HAIBSL@AI represents a notable advancement,
as comprehensively summarized in Figure 3F. To demonstrate
the general applicability of this approach, both Cu/CuO,@Al and
Cd/CdO,@Al anodes also demonstrate stable cycling over 100 h
at 0.1 mA cm™2 with a capacity of 0.1 mAh cm™ (Figure 3G),
highlighting the broad applicability of the proposed fabrication
method for diverse interfacial designs.

The morphological evolution of Al deposition on HAIBSL@ALI
and bare Al electrode under a current density of 0.05 mA cm™—
was further investigated by ex-situ SEM. On the bare Al electrode,
even at the early plating stage (0.1 mAh cm™2, Figure 4A), small
block-like Al protrusions and attack pits are observed. These pro-
trusions intensify the tip effect, promote local AI** enrichment,
and lead to inhomogeneous deposition, ultimately triggering
dendrite growth. As the areal capacity increases to 0.2 mAh cm™,
these protrusions grow larger and thicker, accompanied by the
expanding corrosion pits induced by the HER (Figure 4B). At a
capacity of 0.5 mAh cm~2, numerous Al blocks and pits cover the
entire electrode surface, resulting in a rough and non-uniform
morphology (Figure 4C). Such uneven surface morphology can
induce severe volume changes, highly polarized plating/stripping
potentials during cycling, and even battery failure. In contrast,
the HAIBSL@ALI electrode exhibits a laterally interconnected Al-
grain network at a low deposition capacity of 0.1 mAh cm™
(Figure 4D). When the capacity is raised to 0.2 mAh cm=2, Al
deposits expand laterally across the electrode surface (Figure 4E).
At a capacity of 0.5 mAh cm™2, the laterally growing Al deposits
coalesce into a relatively flat and compact layer (Figure 4F).
Furthermore, exsitu XRD was conducted to investigate the crystal
structure of the HAIBSL@AI electrodes at different plating capac-
ities (Figure 4G). The Sn (101) diffraction peak remains visible
even as the plating capacity increases, indicating that the HAIBSL
maintains structure integrity on the Al surface. Concurrently,
the appearance of characteristic Al diffraction peaks confirms
successful Al deposition. Additionally, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) was employed to analyze the
plating morphology of bare Al and HAIBSL@AI electrodes after
cycling. In contrast to the rough and heterogeneous deposition
observed on bare Al (Figure 4H), the HAIBSL@AI electrode
exhibits a remarkably uniform and smooth surface (Figure 4I).
Furthermore, the 3D overlay of SnO~ signals from the cycled
HAIBSL@AIl electrode (Figure S21) demonstrates a homogeneous
distribution of Sn, further confirming the structural stability
of the HAIBSL during cycling. After 30 cycles, SEM and EDS
demonstrate excellent structural integrity and uniform elemental
distribution of the HAIBSL (Figure S22), while XPS further
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FIGURE 3 | (A) Nyquist plots, (B) comparison of overpotentials at different current densities, (C) comparison of initial nucleation barriers, and

(D) long-term galvanostatic charge/discharge cycles of symmetric cell at 0.05 mA cm~2 for bare Al and HAIBSL@AL electrodes. (E) Voltage profiles

of symmetric cells with HAIBSL@AI at a high current density of 0.2 mA cm™

and a high areal capacity of 0.2 mAh cm™2. (F) Comparison of

plating overpotentials and cycle life between this work and reported works on AAMBSs. (G) Voltage profiles of symmetric cells with Cu/CuO,@Al
and Cd/CdO,@Al at a current density of 0.1 mA cm™2 and an areal capacity of 0.1 mAh cm™2.

confirms interfacial stability (Figure S23), revealing the stability
of the HAIBSL layer during the cycling process. This improved
morphology suggests that the HAIBSL facilitates the desolvation
kinetics of solvated Al**, thereby promoting uniform Al plating.

Motivated by its superior performance in symmetric cells, the
HAIBSL@ALI electrode was therefore integrated into full cells
to assess its practical viability. For this purpose, potassium
cobalt hexacyanoferrate (II) (K,CoFe(CN),) was selected as the
cathode material for initial pairing investigations due to its well-
defined framework and high theoretical capacity as a Prussian
blue analogue (PBA). It was synthesized via a co-precipitation
method following a previously reported procedure [49]. CV
measurements were conducted to evaluate the redox activity of
HAIBSL@AI//K,CoFe(CN), and bare Al//K,CoFe(CN), cells
(Figure 5A). While the oxidation peak positions show negligible
shifts, the reduction peak potential increases by approximately
0.1V, from about 0.8 V for bare Al//K,CoFe(CN), to around 0.9 V
for HAIBSL@AI//K,CoFe(CN),. These results indicate that the
HAIBSL reduces kinetic barriers and facilitates Al** deposition

during the charging process. As shown in Figure S24, the
HAIBSL@AI//K,CoFe(CN), cell exhibits pronounced elevation
in both charge and discharge voltage plateaus compared
to the bare Al//K,CoFe(CN); cell, fully consistent with the
CV results. The rate performance was evaluated at current
densities ranging from 0.1 to 0.5 A g™' (Figure 5B). Although
the bare Al//K,CoFe(CN), cell delivers an initial capacity of
48.9 mAh g7, its performance degrades sharply with increasing
current densities, failing markedly at current densities higher
than 0.3 mA g™ due to the sluggish kinetics of the passivated
Al. In contrast, the HAIBSL@AI//K,CoFe(CN), cell exhibits a
specific capacity of approximately 78.5 mAh g! after 5 cycles at
0.1 A g! and retains 45.0 mAh g™! even at 0.5 A g~'. When the
current density is returned to 0.1 A g, the capacity recovers to
61.3 mAh g™!, demonstrating excellent reversibility and superior
rate performance, which is attributed primarily to the HAIBSL for
its facilitation of rapid AI** desolvation and transport kinetics.
Furthermore, the HAIBSL@AIl full cell exhibits excellent
long-term cycling stability (Figure 5C), retaining 52.83% of its
initial activated capacity of 63.6 mAh g™! after 700 cycles. This
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HAIBSL@ALI (D-F). (G) XRD patterns of HAIBSL@ALI anodes with different plating areal capacities. 2D spatial distribution of AIO~ species on the Al
anode after 10 cycles: (H) bare Al and (I) HAIBSL@AL electrodes via TOF-SIMS.

contrasts sharply with the bare Al//K,CoFe(CN), cell, which
fails abruptly after 38 cycles, due to Al passivation induced by
the sluggish desolvation kinetics of hydrated Al**. The versatility
of the HAIBSL@AI anode was further demonstrated using an
a-MnO, cathode to assemble a full cell, where the a-MnO, was
synthesized following previous literature (Figures S25 and S26)
[50]. EIS reveals significantly improved interfacial kinetics in
HAIBSL@AI//a-MnO, cell, as evidenced by a substantially lower
charge-transfer resistance (200 Q) compared to that of the bare
Al//a-MnO, (4000 Q) (Figure 5D). This reduction indicates that
the HAIBSL effectively promotes the desolvation of hydrated Al**
and enhances AI** transport. Furthermore, CV was performed at
0.05 mV s~! between 0.1 and 2.0 V to evaluate the redox activity
of HAIBSL@AIl//a-MnO, and bare Al//a-MnO, cells (Figure 5E).
In the bare Al//a-MnO, cell, a distinct HER peak is observed at
low potentials, while the proton deintercalation process occurs
at 0.35 V [51]. In contrast, the HAIBSL@AIl//a-MnO, full cell
exhibits not only lower polarization but also a smaller voltage gap
between the anodic and cathodic peaks, reflecting its enhanced
redox reaction kinetics. Figure S27 presents the galvanostatic
charge-discharge profiles at 0.1 A g~!. The bare Al//a-MnO,
cell exhibits severe voltage polarization with a discharge plateau

around 1.0 V, a characteristic behavior of reported AAMBs using
bare Al anodes that undergo surface passivation. In contrast,
the HAIBSL@AL//a-MnO, cell delivers a significantly higher
discharge plateau at ~1.3 V and a lower charge plateau at
~1.6 V, resulting in a narrowed polarization gap of only 0.3 V,
which is much smaller than that of the bare Al//a-MnQO, cell
(0.7 V). After activation, the HAIBSL@AIl//a-MnO, cell achieves
a specific capacity of 143.0 mAh g~! and retains 81.5 mAh g~! over
150 cycles, highlighting its stable cycling performance (Figure 5F).
By comparison, the bare Al//a-MnO, cell delivers only
47.8 mAh g and fails after 34 cycles, which is attributed to
sluggish desolvation kinetics.

3 | Conclusion

In summary, this work designs a highly aluminophilic and
ion-buffering synergistic layer on the Al anode via a facile
one-step chemical displacement route. The resulting gradient
composite layer, exemplified by HAIBSL composed of Sn/SnO,,
not only acts as a physical barrier against water but also effec-
tively promotes Al** dissociation from [AI(H,0)¢]** clusters and
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FIGURE 5 | Electrochemical properties of full cells. (A) CV curves of HAIBSL@AI//K,CoFe(CN)q and bare Al//K,CoFe(CN), full cells at a scan rate

of 0.1 mV s7L. (B) Rate performance comparison of HAIBSL@AI//K,CoFe(CN), and bare Al//K,CoFe(CN), full cells under various current densities.
(C) Cycling performance of the HAIBSL@AI//K,CoFe(CN), and bare Al//K,CoFe(CN), full cells at a current density of 0.1 A g=*. (D) Nyquist plots
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guides homogeneous lateral AI** transport. These dual functions
accelerate desolvation kinetics while concurrently suppressing
water-induced side reactions and dendritic growth. Electron
microscopy, Raman spectroscopy, and theoretical simulations
collectively corroborate that the high aluminophilicity and ion-
buffering capability of the HAIBSL layer enable highly uniform
Al deposition. As a result, the HAIBSL@AIl symmetric cell
exhibits remarkable stability, operating steadily for over 1800 h
at 0.05 mA cm. In full-cell configurations with representative
cathodes (K,CoFe(CN), and a-MnO,), the HAIBSL@AI anode
also delivers exceptional cycling performance, retaining 52.83%
capacity after 700 cycles compared to only 38 cycles for the
bare Al//K,CoFe(CN), cell, and sustaining 81.5 mAh g™ after
150 cycles compared to 47.8 mAh g~! (failure at 34 cycles) for bare
Al//a-MnO, cell. Together, these results validate the effectiveness
of the HAIBSL design and establish it as a high-performance
interfacial strategy for developing stable metal anodes.
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