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A Bismuth Surface Layer Enables Uniform Aluminum
Electrodeposition for Reversible Aluminum Metal Anodes

Yuxuan Zhu, Shunlong Ju, Long Yao, Guanglin Xia, and Xuebin Yu*

Metallic aluminum (Al) is an attractive anode material for Al-ion batteries owing
to its high theoretical capacity and low cost. However, Al metal anodes suffer
from surface passivation, dendrite growth, and parasitic reactions, hindering
the practical applications of Al-ion batteries. Herein, a modified Al metal anode
with a bismuth (Bi) artificial surface layer (Bi@Al) is developed by a facile
in-situ substitution reaction method. The Bi layer accelerates the desolvation,
nucleation, and AP+ migration process, thereby facilitating homogeneous AP+
distribution and rapid Al plating/stripping. Therefore, the modified Al metal an-
ode achieves high reversibility and stability even under high current densities
and capacities. As a result, Bi@Al symmetric cells exhibit a lifespan over 500 h
at 10 mA cm~2 and 10 mAh cm—2. Furthermore, combined with the graphite
cathode, the Bi-modified Al metal full cell delivers a capacity of 80.1 mAh g~ af-
ter 1000 cycles at 1.0 A g~ This work provides a valuable method to modify the
Al metal anode for developing high-performance non-aqueous Al-ion batteries.

potential but also in a slow Al plat-
ing/stripping  process.’®  Furthermore,
the oxide film is locally dissolved and
recast as an unstable oxide interface dur-
ing the electrochemical cycling, which
leads to the growth of dendrites and low
reversibility.1®17]  Therefore, precisely
modulating the interfacial properties
is essential for enhancing the kinetics
and reversibility of Al plating/stripping
processes, thereby facilitating improved
electrochemical performance of RABs.['8]

Designing an appropriate surface layer
to replace the natural oxide film is a criti-
cal approach for regulating deposition be-
havior and improving the cycling perfor-
mance of Al metal anodes. For example,

1. Introduction

Currently, the energy storage market is dominated by lithium-ion
batteries (LIBs).['l However, the further development of LIBs is
restricted by safety concerns and the limited supply of lithium
resources.[?3] In search of alternatives to LIBs, battery systems
based on monovalent (Na*, K*) or multivalent (Mg**, AI**,
Ca’*, and Zn?*) metal ions have been extensively studied.[*]
among these metal-based batteries, rechargeable Al-ion batter-
ies (RABs) show promising prospects due to the high volumet-
ric/gravimetric capacity (8056 mAh cm™ and 2981 mAh g, re-
spectively), abundant resources, and attractive standard electrode
potential (—1.66 V vs. standard hydrogen electrode).['*!!] How-
ever, RABs are still confronted with the inferior rate capacity and
suboptimal cyclic stability.'%2] Closely related to the difficulties
faced by RABs, the durability of Al anodes presents a significant
challenge, due to the dense oxide film on the surface of Al anodes
which severely deteriorates the interface stability between anodes
and electrolytes.'*] This passivation film is ionically and elec-
trically insulating, resulting not only in an increased electrode

Y. Zhu, S. Ju, L. Yao, G. Xia, X. Yu

College of Smart Materials and Future Energy
Fudan University

Shanghai 200433, China

E-mail: yuxuebin@fudan.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202509150

DOI: 10.1002/smll.202509150

Small 2025, 21, e09150

09150 (1 of 8)

an MZXene-based mixed ionic/electronic

conductor interphase could homogenize

the electric field distribution on the Al
electrode surface.’] A Pt-based ultrathin aluminophilic inter-
face layer was constructed to achieve uniform nucleation and
dendrite-free growth of Al metal deposition by reducing the en-
ergy barriers.[?”] However, the stable cycling performance of Al
anode at both high current densities and capacities remains chal-
lenging. Most previous works focus primarily on the Al depo-
sition and growth processes at the anode surface, rather than
on the interfacial interaction, such as the desolvation reaction,
which also significantly affects the reaction kinetics and the dis-
tribution of AI**.[21] An inferior interfacial interaction may lead
to increased voltage polarization and aggravated uneven Al de-
position. Moreover, the synthesis procedures of the artificial in-
terfaces reported previously are often too complex for large-scale
applications.

Herein, we construct a new-type Al metal anode with a Bi sur-
face layer (Bi@Al) through a facile in-situ substitution reaction
between BiCl; and metallic Al. As indicated by density functional
theory (DFT) calculations and various electrochemical measure-
ments, the aluminophilic Bi layer accelerates the desolvation
process and promotes the uniform distribution of Al**. Conse-
quently, Bi@Al achieves homogeneous Al deposition and im-
proves the electrochemical performance by constructing a stable
anode-electrolyte interface. The symmetric cells based on Bi@Al
electrodes exhibit a long-term cycle stability over 500 h with a low
voltage hysteresis (<0.46 V) at 10 mA cm~? and 10 mAh cm—2.
Moreover, the full cell, tested in combination of the Bi@Al an-
ode and a graphite cathode demonstrate a specific capacity of
80.1 mAh g~! after 1000 cycles at a current density of 1.0 A g=1.
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Figure 1. a) Surface SEM images of Bi@Al. b) Cross-sectional SEM images and corresponding elemental mapping images of Bi@Al. c) TEM images
of the Bi layer. d) XRD patterns of Al foil and Bi layer. e) XPS spectra of Al and Bi@Al. f) Bi 4f XPS spectra of Al and Bi@Al. SEM images of g) Al, and
h) Bi@Al after a deposition current density of 5 mA cm~2 and a capacity of 1 mAh cm~2. SEM images of i) Al, and j) Bi@Al after a deposition current
density of 1 mA cm™2 and a capacity of 5 mAh cm~2. LSM images of k) Al, and |) Bi@Al after a deposition capacity of 3 mAh cm™2.

2. Results and Discussion

In order to synthesize the Bi@Al electrode, the Al foil was im-
mersed in 0.1 mol L~! BiCl,/DME solution for one minute until
the black coating was formed in situ by a substitution reaction:
Al+BiCl; = AICl,+Bi. The residues were then rinsed with pure
DME. The surface scanning electron microscope (SEM) image
in Figure 1a showed that an artificial surface layer with a tex-
tured structure was constructed on the surface of Al foil after the
BiCl,/DME solution treatment. Additionally, energy-dispersive
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spectroscopy (EDS) elemental mapping analysis illustrated a uni-
form distribution of the Bi element on the surface of Bi@Al
(Figure S1, Supporting Information). The cross-sectional SEM
image and corresponding EDS element mapping showed that
Bi was concentrated in the surface layer, having a thickness of
~5 pum (Figure 1b). To further verify the component of the surface
layer, the black coating was scraped off from the surface of Bi@Al
and the micromorphology was characterized by the transmission
electron microscopy (TEM). The TEM images in Figure 1c re-
vealed an interplanar spacing of 0.34 nm, corresponding to the Bi
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(102) plane. X-ray diffraction (XRD) patterns in Figure 1d demon-
strated that the diffraction peaks of Bi@Al matched well with
metallic Bi. The strongest diffraction peak at 27.2° could be in-
dexed to the (102) plane of metallic Bi, which was consistent with
the TEM results. Compared to Al foil, Bi@Al exhibited much
weaker characteristic diffraction peaks of metallic Al, indicating
the dense coverage of the Bi surface layer. Because the native ox-
ide film was amorphous, the XRD pattern of Al foil did not dis-
play any Al, O, diffraction peak. However, the Al 2p X-ray photo-
electron spectroscopy (XPS) spectrum confirms the presence of
the oxide film (Figure S2, Supporting Information). Moreover,
there were several characteristic peaks newly appeared in the
XPS spectrum of Bi@Al, which could be assigned to Bi species
(Figure 1e). Comparison of the Al 2p XPS spectra between Al and
Bi@Al confirmed that the Bi surface layer effectively suppressed
the formation of the oxide film (Figure S2, Supporting Informa-
tion). In Figure 1f, the Bi 4f XPS spectrum of Bi@Al could be re-
solved into two components corresponding to Bi’ (peaks at 156.9
and 162.2 eV) and Bi** (peaks at 159.4 and 164.7 eV). According
to the above results, the Bi layer was formed on the surface of Al
foil.

Ex situ XRD patterns of Bi@Al during Al plating showed the
enhancement of the diffraction of metallic Al, indicating the oc-
currence of Al deposition (Figure S3, Supporting Information).
The deposition morphology on Bi@Al and Al was observed by
SEM. As shown in Figure 1g, when the deposition current den-
sity was 5 mA cm~? with a capacity of 1 mAh cm~2, sharp crystals
were observed on the surface of Al. The dendrite growth would
ultimately lead to internal short-circuiting of the battery. In con-
trast, small Al particles were deposited on the Bi without den-
drites (Figure 1h). When the deposition capacity was increased
from 1 to 5 mAh cm~2 with a fixed current density of 1 mA cm=2,
the surface morphology of Al exhibited spherical Al deposits
which increased in size with the increase of capacities, indicat-
ing aggravated uneven deposition (Figure 1i; Figure S4, Sup-
porting Information). Whereas Bi@Al achieved and remained
uniform Al deposition as the increase of deposition capacity
(Figure 1j; Figure S5, Supporting Information). Similar results
were also observed in laser microscopy (LSM) images. After plat-
ing 3 mAh cm™?, multiple Al particles were deposited on Al and
the arithmetic mean height (S,) of the test surface was 3.343 um
(Figure 1k). While Bi@Al exhibited a dendrites-free deposited
surface and S, value was 1.811 um, which was lower than that
of Al (Figure 11). Cross-sectional SEM images in Figure S6 (Sup-
porting Information) revealed that Bi@Al presented a more uni-
form and compact deposition morphology, in contrast to a loose
and uneven deposition structure observed on the Al electrode.
These results suggested that Bi@Al achieved uniform Al deposi-
tion under high current densities or capacities.

Electrochemical tests and DFT calculations were performed
to further elucidate the role of the Bi layer in optimizing Al de-
position. As revealed by cyclic voltammetry (CV) measurement
in Figure 2a, Bi@Al displayed a higher peak current and a nar-
rower voltage interval between oxidation and reduction peaks
(0.33 V) than that of Al (0.46 V), indicating the reduced polar-
ization and superior kinetics of Bi@Al!??! Figure S7 (Support-
ing Information) presented the Tafel plots of Al and Bi@Al elec-
trodes, from which the exchange current density of the Bi@Al
was determined to be 0.764 mA cm2, exceeding that of the Al
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(0.182 mA cm™2). This increase indicated superior reaction ki-
netics for Bi@Al, which contributed to enhanced cycling sta-
bility and improved rate capability. In addition, electrochemical
impedance spectroscopy (EIS) measurements were conducted on
Bi@Al and Al symmetric cells at different temperatures to eval-
uate the apparent activation energy (E,) for desolvation kinetics
(Figure S8, Supporting Information).[?3] As shown in the Arrhe-
nius plots in Figure 2b, the charge transfer resistance (R,) val-
ues of Bi@Al were lower than those of Al at each temperature.
The derived E, value for Bi@Al was 40.04 k] mol~!, lower than
that for Al (52.69 k] mol™'). Furthermore, the R, of Bi@Al de-
creased significantly after cycling for 5 cycles and maintained a
lower value compared to Al (Figure S9, Supporting Information).
The reduced R, and E, values of Bi@Al indicated a more favor-
able electrochemical reaction kinetics.

DFT calculations were then employed to provide deeper in-
sight into the desolvation process. Because of the presence of
a native oxide film on the Al surface, Al,O; was selected as the
substrate in the DFT calculations to realistically capture the in-
terfacial environment and to clarify the role of the Bi surface
layer in overcoming the limitations imposed by the oxide film.
Based on the simulated adsorption configurations of Al** and
chloroaluminate ions on Bi and Al,O,, the dissociation reactions
of Al,Cl,~ ions on Bi and Al,O,, where Al,Cl," ions first decom-
posed into AlCl,~, then dissociated into AICl,*, AICI**, and ul-
timately AI>*, were deciphered by DFT calculations (Figure S10,
Supporting Information).?*] The Gibbs free energy profiles for
the above four-step reactions were calculated and the results were
shown in Figure 2c. The step involving the transformation of
AlCl,~ to AICL* exhibited the largest positive Gibbs free energy
change (AG), it was thus identified as the rate-limiting step for
the whole desolvation process. The AG value of Bi (2.71 eV) was
smaller than that of Al,O; (3.33 eV). This indicated that the des-
olvation process was more favorable on the Bi layer, which could
Dbe attributed to the destabilization of the Al-Cl bond induced by
Bi. These results agreed with the experimental findings and con-
firmed that the Bi layer reduced the interfacial resistance at the
electrode surface and enhanced the kinetics of the desolvation
process.

Figure 2d displays the overpotential during the nucleation pro-
cess under 1 mA cm~2. The nucleation overpotential of Bi@Al
was 46.6 mV, which was significantly lower than that of Al
(119.2 mV). Notably, Bi@Al consistently exhibited a lower nucle-
ation overpotential across a range of current densities from 1 to
5 mA cm~2, which substantiated the enhanced aluminophilicity
of the Bi surface layer (Figure 2e; Figure S11, Supporting Infor-
mation). DFT calculations further elucidated the favorability of
Al deposition on Bi. The charge density difference maps for Al**
on Al,O; and Bi substrates are shown in Figure 2f,g and there
are larger and more continuous positive isosurfaces for AI** on
Bi than Al. This showed a stronger interface coupling between
APP* and Bi, suggesting a higher Al affinity of the Bi layer.

In addition, as listed in Figure 2h, the binding energies (E;) of
A* and chloroaluminate ions on Bi were all lower than those on
Al,0;, indicating a stronger affinity of Bi substrate for both Al**
and chloroaluminate ions in the electrolytes. This not only en-
abled sufficient interfacial contact between the Bi substrate and
chloroaluminate ions for effective catalysis, but also promoted
adsorption and homogeneous nucleation of AI**. Specifically, Bi

© 2025 Wiley-VCH GmbH
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Figure 2. a) CV curves of Al//Mo and Bi@Al//Mo cells at a scan rate of 2 mV s~ b) Arrhenius plots of Al and Bi@Al symmetric cells. c) Relative free
energy profiles for the desolvation process of Al,Cl;~ on Bi and Al,O;. Energies were normalized against the energy of the Al,Cl;~ ion on Bi and Al, O,
substrates, respectively. d) Voltage profiles for the initial Al deposition on Al and Bi@Al at 1 mA cm~2. ) Nucleation overpotentials of Al and Bi@Al
at different current densities. Charge density difference maps for A** on f) Al,O; and g) Bi substrates. h) Binding energies of Al,Cl,~, AICl,~, AlCI,*,
AICI>*, A3+ on Bi and Al,O5. i) The energy profile corresponding to the migration process of Al3* ion on Bi and Al,0;. Schematic illustration of the Al
deposition behavior at the surface of j) Al and k) Bi@Al.

exhibited a significantly smaller E, value for AI** (=3.47 eV)  Biand Al,O, substrates were obtained by optimizing adsorption
than AL O; (—=1.75 eV). The results of DFT calculations coin-  configurations at various sites (Figure S12, Supporting Informa-
cided with the conclusions drawn from electrochemical testsand  tion). As shown in Figure 2i, there was a high AI** diffusion
demonstrated the efficacy of the Bi layer in reducing Al nucle-  energy barrier along the migration path on the Al,O, substrate
ation barrier, which was conducive to a more homogeneous Al (0.83 eV), whereas there was lower energy barrier on the Bi sub-
deposition. Furthermore, energy profiles for AI** migration on  strate (0.38 eV). The reduced diffusion energy barriers facilitate
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Figure 3. a) Rate performance of Al and Bi@Al symmetric cells. b) Comparison of the overpotentials of Bi@Al anode with reported modified Al anodes.
c) Long-term cycling performance of Bi@Al symmetric cell at 10 mA cm~2 and 1 mAh cm~2. Cycling performance of Al and Bi@Al symmetric cells at d)
10 mA cm~2 and 10 mAh cm2, €) 5 mA cm~2 and 20 mAh cm~2. f) Comparison of the cycling performance of Bi@Al anode with reported modified Al

anodes.

uniform distribution of Al**. The above-mentioned characteris-
tics of the Bi layer reduced the nucleation overpotentials and en-
abled homogeneous Al deposition, aligning with the results of
morphological observations.

According to the aforementioned characteristics of Bi@Al,
such as low nucleation overpotential and enhanced kinetics, the
working mechanism of Bi@Al in suppressing dendrite growth
and facilitating uniform Al deposition was proposed (Figure 2j,k).
The Bi layer exhibited multiple important functions including
reducing the nucleation barriers, promoting the even distribu-
tion of AI** and accelerating the dissociation process of Al,Cl,~,
thereby enabling uniform Al deposition under high current den-
sities or capacities.

The electrochemical performance of Bi@Al symmetric cells
was tested to verify the effect of the Bi layer in rate capability
and cyclic stability. In Figure 3a, Bi@Al symmetric cell demon-
strated stable and low voltage hysteresis over the current den-
sity range from 0.5 to 10 mA cm~2 and the voltage curves re-
turned to the previous state when the current density was re-
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duced to 1 mA cm™2, indicating the superior rate performance

of Bi@AL In contrast, symmetric cell using Al electrodes experi-
enced a short circuit when the current density was increased to
5 mA cm~2, probably due to dendrite growth at high current den-
sities. Figure 3b and Table S1 (Supporting Information) compare
the overpotential of Bi@Al with several previously reported Al
metal anodes.['225-31] Tt could be seen that Bi@Al exhibits a lower
overpotential, especially at high current densities, compared to
these reported anodes.

When the current density was maintained at 10 mA cm~2, the
maximum in the rate performance measurement, Bi@Al still
exhibited a stable voltage profile with a low voltage hysteresis
(<0.23 V) and ultralong lifespan over 4000 h (Figure 3c). Notably,
when the deposition capacity was increased to 10 mAh cm™
with a fixed current density of 10 mA cm™2, Bi@Al symmet-
ric cell still showed high reversibility with a lifespan exceed-
ing 500 h (Figure 3d), highlighting the improved electrochemi-
cal performance due to the Bi layer in accelerating desolvation
and suppressing the formation of Al dendrites. Even under a

© 2025 Wiley-VCH GmbH
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Figure 4. a) Galvanostatic charge/discharge profiles of Al//graphite and Bi@Al//graphite full cells at 0.5 A g=1. b) CV curves of Al//graphite and
Bi@Al//graphite full cells at a scan rate of 2 mV s™'. ¢) Bi@Al//graphite and d) Al//graphite full cells were first fully charged to 2.4 V at 1.0 A g™,
and then rested for 12 h, followed by full discharging to 0.4 V. e) Rate performance of Al//graphite and Bi@Al//graphite full cells at current densities
from 0.2 to 3 A g~'. Cycling performance of Al//graphite and Bi@Al//graphite full cells atf) 1.0 Ag™', and g) 2.0 Ag™".

higher deposition capacity (5 mA cm™, 20 mAh cm™?) or cur-
rent density (40 mA cm™2, 1 mAh cm~2), Bi@Al symmetric
cells maintained stable cycling for hundreds of hours (Figure 3e;
Figure S13, Supporting Information). In contrast, Al symmetric
cells short-circuited rapidly under such extreme conditions due
to dendrites formation. Figure 3f and Table S2 (Supporting In-
formation) present a comparison of the electrochemical perfor-
mance of Bi@Al with previously reported anodes.[1#102025-32] The
cumulative plated capacity was obtained by multiplying the cur-
rent density with the cycling time of Al plating. As shown, these
advancements contributed to the high cumulative capacity up to
20 mAh cm~2, demonstrating the superior electrochemical per-
formance of Bi@Al in terms of stability and rate capability under
high current densities and capacities.

To investigate the availability of the Bi@Al anode, Al-ion full
cells were assembled by pairing graphite cathode with Bi@Al
and Al anodes (denoted as Bi@Al//graphite and Al//graphite) for
electrochemical measurements. As shown in the galvanostatic
charge/discharge curves in Figure 4a, Bi@Al//graphite exhibited
a higher discharge plateau and specific capacity compared to the
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Al//graphite. The charge/discharge profiles over cycles showed
that Bi@Al//graphite exhibited stable voltage plateaus and mini-
mal capacity decrease, in contrast to the significant capacity decay
and increased polarization observed for the Al//graphite, indicat-
ing the strong cycling stability of Bi@Al (Figure S14, Support-
ing Information). Meanwhile, CV curves in Figure 4b revealed
that Bi@Al//graphite demonstrated a higher peak current and
a narrower voltage gap between redox peaks, indicating a faster
redox kinetics and better redox reversibility. In the EIS spectra
in Figure S15 (Supporting Information), Bi@Al//graphite cell
showed a lower R, than Al//graphite, which confirmed that the
enhancement of kinetics by Bi@Al anode. EIS spectra after dif-
ferent cycles further revealed that Bi@Al//graphite maintained
stable interfacial resistance during cycling, whereas Al//graphite
showed a progressive increase in R, (Figure S16, Supporting
Information).

Furthermore, the effectiveness of the Bi layer in suppress-
ing parasitic reactions in Bi@Al//graphite cell was evaluated
by monitoring the open circuit voltage decay of a fully charged
cell, followed by discharging it to 0.4 V after a 12 h of storage.

© 2025 Wiley-VCH GmbH
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Bi@Al//graphite retained 50.2% of its initial capacity (Figure 4c),
which was much better than Al//graphite (19.6% retention in
Figure 4d). The rate performances of these full cells were shown
in Figure 4e. Bi@Al//graphite exhibited higher specific capaci-
ties across various current densities compared to Al//graphite.
Specially, Bi@Al//graphite maintained a specific capacity of
51.8 mAh g! at a high current density of 3 A g7!, and the spe-
cific capacity recovered to its initial level when the current den-
sity was returned to 0.2 A g~!. Figure 4f,g demonstrate the cy-
cling performance of the full cells. At 1.0 A g~1, Bi@Al//graphite
cell retained a specific capacity of 80.1 mAh g=! after 1000 cy-
cles with a coulombic efficiency (CE) of 96.9%. In contrast, the
specific capacity of Al//graphite cell rapidly declined in the ini-
tial cycles, and the cell failed after 770 cycles (Figure 4f). Af-
ter cycling, the Bi@Al electrode maintained a surface structure
comparable to that prior to the electrochemical test, which con-
tributed to the long-term stability of Bi@Al (Figure S17, Sup-
porting Information). When the current density was increased
to 2.0 A g71, Bi@Al//graphite cell retained a specific capacity of
67.2 mAh g! after 2000 cycles, with a CE of 97.3% (Figure 4g).
These results further highlighted the high reversibility and sta-
bility of the Bi@Al anode.

3. Conclusion

In summary, we constructed a modified Al metal anode with a
Bi surface layer by a simple substitution reaction. BiI@Al anode
enabled smooth and dendrite-free Al deposition morphology, at-
tributed to the aluminophilic Bi layer accelerating the desolva-
tion process and enabling homogeneous AI** distribution. As
expected, the Bi@Al symmetric cell achieved stable cycles for
over 500 h at 10 mA cm™ and 10 mAh cm™. Moreover, the
Bi@Al//graphite full cells delivered remarkably improved cycle
reversibility and stability. After 2000 cycles at a current density of
2.0 A g1, the Bi@Al//graphite full cell showed a specific capacity
of 67.2 mAh g'. This work provides a simple method to mod-
ify the Al metal anode surface and construct high-performance
RABs.

4. Experimental Section

Preparation of Anode:  The surface of the Al foil was polished with sand-
paper to remove the oxide layer. Typically, 0.315 g BiCl; (99.99%, Aladdin)
were dissolved in 10 mL 1,2-dimethoxyethane (DME, 99.5%, Aladdin) to
prepare a 0.1 mol L~1 BiCl;/DME solution. Then the Al foil was soaked in
0.1 mol L~ BiCl;/DME for one minute. Finally, the residues were washed
away with pure DME to obtain the Bi@Al anode. The preparation process
was carried out in an argon atmosphere glovebox with less than 0.1 ppm
of H,0 and O,.

Preparation of Cathode: Commercial graphite, carbon black, and
polyvinylidene difluoride (PVDF, HSV900, Arkema) were dispersed in 1-
methyl-2-pyrrolidinone (NMP, CsHgNO, 99.5%, Aladdin) at a mass ratio
of 7:2:1. The resulting homogeneous slurry was coated onto Mo foil and
dried at 70 °C for 12 h in a vacuum oven to prepare graphite cathode. The
mass loading of active materials at each electrode was ~1.2 mg cm~2.

Preparation of lonic Liquid Electrolytes: AlCl; (99%, Aladdin) and 1-
ethyl-methylimidazolium chloride ([EMIm]CI, 98%, Aladdin) were mixed
at a molar ratio of 1.3:1 and continuously stirred in an Argon atmosphere
glovebox. The obtained light-yellow electrolyte was held in the glovebox for
12 h for standby.

Batteries Assembly:  AlBs were assembled in Swagelok-type cells with
glass fiber separators and as-prepared ionic liquid electrolytes. The
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amount of electrolyte used in cell assembly was 120 uL cm~2. Symmetric
cells were fabricated using identical electrodes of either pure Al or Bi@AI.
The asymmetric cells were constructed by substituting one of the elec-
trodes with a molybdenum (Mo) foil. Al-ion full batteries were assembled
by using pure Al or BI@AI as anodes and the graphite cathode. All bat-
teries were assembled in an Ar-filled glovebox and aged for 12 h before
performing electrochemical measurements.

Material Characterizations: The morphology and microstructural fea-
tures of the samples were analyzed by the laser microscope (OLS5000),
the scanning electron microscopy (JEOL 7500FA) equipped with en-
ergy dispersive X-ray spectroscopy, and the transmission electron micro-
scope (JEOL JEM-F200). X-ray diffractometer (Bruker D8 Advance) with
monochromatic Cu K, as the radiation source was employed to investi-
gate the lattice structure of samples. Additionally, the chemical composi-
tions of the samples were examined by X-ray photoelectron spectroscopy
(Thermo Scientific K-Alpha).

Electrochemical Measurement: Galvanostatic cycling tests were carried
out on a NEWARE CT-4008T battery testing system. Cyclic voltammetry
(CV), linear sweep voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) were conducted on a VMP3 multi-channel electro-
chemical workstation (BioLogic SP-300). CV tests were conducted within
the voltage window of 0 to 2.4 V (for full cells) and —0.25 to 0.8 V (for
asymmetric cells) at a fixed scanning speed of 2 mV s~'. LSV tests were
conducted the voltage window of -2.5 to 2.5 V at 1 mV s~'. EIS measure-
ments covered frequencies ranging from 100 kHz to 10 mHz. The charge-
transfer resistance (R.) of various test cells at different temperatures was
evaluated based on the EIS spectra by fitting the equivalent circuit model.
The desolvation activation energy (E,) could be quantitatively calculated
according to the following Arrhenius equation:

1 pep (L )
Ry P\ TRt

where the A, R, and T stand for the frequency factor, the ideal gas constant,
and the temperature in Kelvin, respectively.

Computational Methods:  First-principles computations based on den-
sity functional theory (DFT) were conducted to characterize the system’s
electronic properties. The simulations adopted the projector-augmented
wave (PAW) method as implemented in Vienna ab initio simulation pack-
age (VASP). For the electron exchange-correlation, generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional was
implemented, complemented by the van der Waals (vdW) correction DFT-
D3 proposed by Grimme, which was used to describe the dispersion in-
teraction. A plane-wave basis set cutoff of 500 eV and I'-centered k-point
grids with the same sampling density were applied to surface calculations.
Spin polarization was considered, and Gaussian broadening with 0.05 eV
was used in electronic structure calculations. Structural optimization pro-
ceeded until atomic forces and total energy differentials were converged to
less than 0.05 eV A= and 1 x 107> eV respectively. The adsorption ener-
getics of aluminum on different surfaces were quantified through binding
energy (Ey) calculations:

Eb = Eb - (EAI + Esubstrate) (2)

In this formulation, E,., signifies the total energy of the Al-absorbed
system. E,pcirate indicates the energy of the pristine surface without depo-
sition. Ey reflects the per-atom bulk aluminum energy. The thermodynam-
ically favorable nature of Al deposition is signaled by negative E, values,
where increasingly negative values correlate with enhanced bonding sta-
bility at the material interface. The relative free energy of the desolvation
process of Al,Cl,~ was calculated following the reaction sequence of:

| 1 1 [\
Al,Cl; = AlCI, = AlCI; — AICI? = APY 3)
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The corresponding reaction energies for these four steps were calcu-
lated using the following equations:

EI = EA/C/4+substrate + EAICI3 - EAIZCI7+suhstrate (4)
Ey= EA|C|2+substrate + 2ECI - EA|C|4+substrate (5)
Ey = EAIC\+5ubstrale +Eq - EA\C|2+substrate (6)
EIV = EA|+substrate + ECI - EA|C|+substrate (7)

where E¢; is the energy of Cl atom and E ¢y, is the energy of AICI; cluster.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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