7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online
View Journal | View Issue

TUTORIAL REVIEW

Toward the next generation of sustainable

{'.) Check for updates‘
aluminum-ion batteries: a review

Cite this: Green Chem., 2025, 27,
352
Jiajin Zhao,? Yan Chen,? Zigi An,® Mengyan Zhang,? Wenfeng Wang,? Qiubo Guo,”

Yuan Li,? Shumin Han {2 * and Lu Zhang (=) **

Rechargeable aluminum-ion batteries (AIBs) are regarded as viable alternatives to lithium-ion battery
technology because of their high volumetric capacity, low cost, and the rich abundance of aluminum.
With the exploitation of high-performance electrode materials, electrolyte systems, and in-depth charge
carrier storage mechanism investigation, the electrochemical performances of AIBs have been greatly
enhanced; however, researches show that the cathode suffers from insufficient capacity, sluggish reaction
kinetics, and poor cycling stability, and the anode also has challenges such as dendrites, passivation, and
hydrogen evolution reaction side reactions. Herein, we review the strategies and progress of cathode
materials for realizing the advantages in the literature according to the charge storage mechanism for

Received 9th September 2024,
Accepted 21st November 2024

DOI: 10.1039/d4gc04505j

AlBs. Current problems and possible solutions are discussed, and prospects are also proposed. In addition,
we analyze recent anode electrode modification strategies and electrolyte modification strategies. Finally,
we highlight the current problems and provide an outlook. This review could guide future research and
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1. Introduction

Challenged by the vast consumption of fossil fuels and
increased greenhouse gas emissions, most countries have set
domestic targets to achieve zero carbon or carbon neutrality.'
Developing low-carbon energy, optimizing energy structure,
and realizing a low-carbon economy have become realistic and
imperative choices.”® Renewable energy sources, such as solar,
tidal, and wind energy, are the most promising energy suppli-
ers for the future.®® However, the utilization of intermittent
and fluctuating renewable energy requires storage before inte-
gration into the grid to avoid power fluctuation.” Among the
various energy-storage technologies, rechargeable batteries
present an effective solution for the large-scale grid-connected
utilization of renewable energy."’

Recently, lithium-ion batteries (LIBs) have been the main
power source for electric vehicles (EVs) and portable electronic
devices due to their high specific capacity and energy density,
and continue to dominate the market.'"'> However, lithium is
expensive, with resource depletion, and is in less than 0.1% of
the Earth’s crust.”®'* In addition, the flammability of the
organic electrolytes used brings great safety concerns if the
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development efforts toward more effective and efficient AIBs.

cell is short-circuited.'®'® The above issues hinder LIBs from

meeting the calls for large-scale energy storage of low cost and
high safety. Therefore, low-cost rechargeable batteries with
high performance will be the next-generation batteries to meet
the rigid requirements for commercialization. To achieve this
goal, novel batteries based on Earth-abundant charge carriers
have been expanded and developed, ie. Na®,'” K7,'®'°
NH4+,20'21 Zn2+’22—26 Mg2+,27 Caz+’28,29 and AP 30-32

Among these batteries, aluminum-based batteries (ABs)
have attracted much attention because of the high volumetric
capacity (8046 mA h cm™) of Al, which is approximately four
times that of LIBs (2062 mA h cm™) due to the unique three-
electron redox reaction (Fig. 1).**7*® Albeit the redox potential
of Al (-1.66 V vs. standard hydrogen electrode, SHE) is rela-
tively high compared with Li (—3.04 V vs. SHE) and Na (-2.71
V vs. SHE), it still creates comparable energy to those battery
systems using other metals, based on the higher capacity.
Additionally, the rich abundance and low cost of Al also offer
better opportunities for large-scale applications.

Fig. 2 illustrates the history of the development of ABs. The
origin of ABs can be traced back to 1972 when Holleck and
Giner first reported the Al||Cl, secondary battery with a NaCl/
KCI/AICI; molten electrolyte (Fig. 2a).” However, the molten
electrolyte requires a high working temperature. The replace-
ment of inorganic salts with organic salts in molten electro-
Iytes can be a good solution to this problem. Due to the ionic
flexibility and asymmetry of organic salts, the molecular forces
in the electrolyte are significantly reduced, allowing the elec-

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/greenchem
http://orcid.org/0000-0002-9543-8288
http://orcid.org/0000-0003-1347-1445
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc04505j&domain=pdf&date_stamp=2024-12-20
https://doi.org/10.1039/d4gc04505j
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC027002

Published on 22 November 2024. Downloaded on 4/6/2026 3:47:22 AM.

Green Chemistry

(O uvwm [ B3 ) Aweded

Fig.1 Comparison of aluminum and other metal anodes in electro-
chemical systems in terms of gravimetric and volumetric capacities,
abundance, and cost.

trolyte to remain in a liquid state at room temperature, known
as room temperature ionic liquids (ILs).*®

In 1984, Dymek et al. first achieved reversible AlI** plating
and stripping at room temperature using an ionic liquid com-
posed of 1-methyl-3-ethylimidazolium chloride (MEICI) and
aluminum chloride (AICl;) as an electrolyte for ABs (Fig. 2b).*
The acidic ionic liquid can remove the surficial passivation
film of the Al anode and promote the rapid transport of Al**,
successfully revolutionizing the electrolyte for ABs. In 2011,
Jayaprakash et al. pioneered the use of layered V,0s5 as a
cathode material for Al, transferring AI’*, thus forming alumi-
num-ion batteries (AIBs) and extending the cycling life to 20
cycles (Fig. 2¢)."® Although Wen et al. later confirmed that
V,05; was not stable in AICl;/1-ethyl-3-methylimidazolium
chloride ([EMIm]CI) ionic liquid, the work still provided valu-
able insight for AIBs."' Since then, numerous metal oxide
cathode materials had emerged in the field, such as WO;,*?
TiO,,** M00;,** etc.

In 2015, Dai’s team developed and reported graphite-based
materials as the cathode for AIBs with outstanding electro-
chemical performance, representing a breakthrough and indi-
cating a bright future for AIBs.*” The graphite-based materials
with three-dimensional foam structures allowed reversible (de)
insertion of the [AICl,]” anion charge carrier (Fig. 2d), provid-
ing a high discharge plateau of ~2 V with a high capacity of
70 mA h ¢! when paired with Al foil anode (Fig. 2e).
Furthermore, the battery achieved robust long-term cycling
stability, nearly perfectly maintaining its specific capacity over
200 cycles with a coulombic efficiency (CE) of 98.1 + 0.4% at a
current rate of 66 mA g~ (1 C) (Fig. 2f). Based on Dai’s work, a
series of cathode materials have been developed. Zhao et al
reported an aqueous Al-V,O; battery, in which H" and AI**
were co-inserted into the V,05 cathode by adjusting the pH
and composition of the electrolyte.’® Further studies revealed
that the cation (H', Li*, Na’, etc.) (de)intercalation chemistry
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can be rationally designed (Fig. 2g). Guo et al. developed a
metal-organic framework (MOF) cathode material with bipolar
ligands, which provided reactive sites for both [AICl,]” and
[AICL,]" charge carriers.”” As a result, the battery doubled the
capacity of the single-stage ligand to 184 mA h g™' and
achieved an energy density of 177 W h kg™ (Fig. 2h). Yuan
et al. further studied a CoSe,/MXene composite as a cathode
for AIBs (Fig. 2i),”® and found that MXene as a support
material reduced the size of CoSe, growing on its surface,
which effectively inhibited the lattice distortion caused by the
interaction with [AICl,]™, addressing the issues of poor reversi-
bility, cycling instability, and low CE. Recently, Zhang et al.
proposed a eutectic electrolyte HEE30 composed of Al(OTf)s,
glycerol (Gly), sodium beta-glycerophosphate pentahydrate
(SG), and H,O with a molar ratio of 1:8:1:30, in which the
unique eutectic network significantly enhanced the hydrogen
bonding between Gly and H,O, reducing the solvation inter-
action of AI’* with active H,O, extending electrochemical
windows and suppressing HER (Fig. 2j).*° Therefore, the Al||
Prussian white cell exhibited capacity retention of 72% after
500 cycles at 0.5 A g', and maintained a high capacity of
109 mA h g™ after 200 cycles at a low current rate of 0.1 A g™,

The working mechanisms of AIBs are currently classified
into two main categories: the insertion and the conversion
mechanisms. The insertion mechanism itself can be divided
based on the type of guest ions involved, cations or anions. For
the cation-based insertion mechanism, the guest ions include
AI*, [AICIT*, or [AICL,]", characteristic of the so-called rocking
chair battery (RCB). For the anion-based insertion mechanism,
the guest ions are [AlCl,]/[Al,Cl,]7, representing the dual-ion
battery (DIB). On the other hand, the conversion mechanism
involves the conversion of elements, such as the sulfide and
iodine materials, through interactions with AI*",

For the insertion mechanism of AIBs, AI** can be reversibly
inserted into most transition metal oxides, transition metal
sulfides, etc. through the following processes:

Cathode:

M;N; + nAP" + 3ne™ < AlL,M,N,
Anode:
Al — AP 4+ 3e”

where M represents transition metal elements and N rep-
resents O or S elements.

In addition, [AICI]**/[AIC],]" cations are usually found as
the stored charge carrier in organic materials, such as conduc-
tive polymers, which is

Cathode:

M + nfAICI*" + 2ne” < AICL,M
Anode:
4[A12C17}_ +3e” «— 7[A1C14]_ + Al

where M represents organic materials.

Green Chem., 2025, 27, 352-378 | 353
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Fig. 2 A brief history of AlBs. Schematic illustration of (a) an Al||Cl, secondary battery with the NaCl/KCI/AICls; molten electrolyte, (b) an Al||Al
battery with the AICls/MEICL ionic liquid electrolyte, and (c) an Al||V,Os battery with the AICls/[EMIm]CL ionic liquid electrolyte.*® Copyright 2011,
The Royal Society of Chemistry. (d) Schematic illustration, (e) galvanostatic charge and discharge curves, and (f) long-term stability test of an Al||
graphite battery with the AlCls/[EMIm]CL ionic liquid electrolyte.*> Copyright 2015, Springer Nature. (g) Schematic illustration of a reversibly co-
inserted A3*/H* in an Al||V,O5 battery with the 2 M Al(OTf)5 aqueous electrolyte.*® Copyright 2020, Wiley-VCH. (h) Schematic illustration of an Al||
MOF battery with the AlClz/[EMIm]CL ionic liquid electrolyte.*” Copyright 2022, Wiley-VCH. (i) Schematic illustration of an Al||CoSe,/MXene battery
with the AlCls/[EMIm]CL ionic liquid electrolyte.*® Copyright 2023, Wiley-VCH. (j) LSV curves of the BE and HEE30 electrolytes at a scan rate of

10 mV s~1.%° Copyright 2024, Wiley-VCH.

On the other hand, [AICl,]” can act as the host anion in
graphite-based cathode materials through (de)insertion pro-
cesses as follows, and the anode undergoes the conversion of
[AICL,]/[AL,Cl;]” with Al, thereby forming the DIB:

Cathode:

M + [AICly]” < MIAICL] + e~
Anode:
4[A12C17]_ + 3¢ — 7[A1C14}_ + Al

where M represents the carbon materials.

In conversion materials, the valence change of the host
materials usually accompany the formation of AIM, by binding
with Al in the carrier, commonly using materials such as

354 | Green Chem., 2025, 27, 352-378

sulfur and iodine. The reaction mechanism can be expressed
as follows:
Cathode:

XM + 4[AL,Cl;]” +3e” « AlM, + 7[AlCl,]”
Anode:
7|AICL]” + Al « 4[Al,Cl;]” + 3e”

where M represents the sulfur and iodine.

Currently, almost all AIBs fall short of achieving high
energy density due to the limited capacity of existing cathodes.
Developing new high-capacity cathode materials and achieving
a higher discharge voltage are crucial for energy density
enhancement. Additionally, a stable cathode structure is essen-
tial for battery longevity. Although Al anodes provide adequate

This journal is © The Royal Society of Chemistry 2025
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capacity and voltage, their low standard electrode potential
makes them susceptible to HER, along with challenges like
corrosion, passivation, and dendrite formation. This review
offers a comprehensive overview of cathode material develop-
ment for AIBs categorized by the working mechanism, anode
modification, and electrolyte optimization. We also discuss the
strategies to improve electrochemical performances and
propose future perspectives toward advancing AIB technology.

2. Cathode materials
2.1 Transition metal oxides

Transition metal oxides (TMO), e.g. Mn-based oxides MnO, and
V-based oxides V,0s, are among the most commonly utilized
cathodes in versatile energy storage devices. Table 1 shows the
typical electrochemical performance of AIBs on the TMO cath-
odes. Identified as excellent hosts for the AI** cation, transition
metal oxides are frequently employed as cathodes for AIBs,
through a rocking chair mechanism. The specific process can be
expressed as follows, where M represents a transition metal.
Cathode:

MOy + nAl*" + 3ne” — Al,M,0,,
Anode:

Al — APT 4 3e”

2.1.1 MnO,. Manganese (Mn), the tenth most abundant
metal in the Earth’s crust, is characterized by abundance, cost-
effectiveness, and eco-friendliness. With multiple oxidation
states (+2, +3, +4, +7), manganese dioxide (MnO,) stands as a
prevalent material in the field of electrochemistry. MnO, has
several spatial configurations, as depicted in Fig. 3a, including
o-MnO, with a 2 x 2 tunneling structure, f-MnO, with a 1 x 1 tun-
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neling structure, y-MnO, with a (1 x 1) + (1 x 2) tunneling struc-
ture, MnO, with a layered structure, and A-MnO, with a spinel
structure. Generally, the larger the tunnel structure, the faster the
ion transport rate, making it more favorable for ion insertion.>**'

In 2018, Archer et al. proposed a-MnO, nanorods as the
cathode for an AIB in a 2 M Al(CF3S03); aqueous electrolyte
and reported that the one-dimensional nanostructure of
a-MnO, facilitated fast transport of AlI**, resulting in a specific
capacity of ~380 mA h ¢™" and a high specific energy of 500 W
h kg'.>> However, the battery exhibited capacity degradation
due to the dissolution of low-valence Mn discharge products
from the cathode, necessitating further mechanistic expla-
nation. To delve into the specific insertion process of AI** into
a-MnO,, Alfaruqi et al. conducted first-principle calculation
based on density functional theory (DFT) and pointed out that
the insertion involved four stages and induced structural dis-
tortion of MnO,.%*

To inhibit the dissolution of Mn-based materials, Yu’s team
utilized 0.5 M MnSO, as an additive in 2 M Al(OTF); aqueous
electrolyte,> and Al,Mn,_,O, was produced during charging,
acting as a reversible cathode active material in the subsequent
cycles (Fig. 3b). As a result, the cell maintained a capacity of
320 mA h g™ after 65 cycles, surpassing the cell without pre-
added Mn?'. In 2020, Yan et al also utilized ALMnO, as a
cathode for AIBs by implementing a Zn-Al anode, and they
revealed that the battery generated a high discharge voltage
plateau of ~1.6 V, a specific capacity of 460 mA h g¢™*, and pro-
longed cycling life to 80 cycles in an aqueous Al(OTF); electro-
Iyte because the addition of Zn mitigated passivation and self-
discharge on the anode side (Fig. 3c and d).**

In addition, ion doping can significantly strengthen MnO,
frameworks. Huang et al.>' reported that V-doped 8-MnO, not
only reinforced structural stability due to high bond dis-
sociation energy with oxygen but also enhanced the cohesive

Table 1 Electrochemical performance of AlBs on transition metal oxide cathodes

Specific
capacity Cycle Coulombic
Cathode material Electrolyte (mAhg™) number efficiency Ref.
Al,MnO, 2 M Al(OTF); aqueous electrolyte 460 80 95% 31
ALMnO, nanosphere AlCl;-6H,0 : MnSO,-6H,0 : H,0 = 4:1: 1 aqueous 285 500 95% 77
water-in-salt electrolyte

MnO, 4.4 M AlICl; : 1 M MnCl, saturated aqueous electrolyte 493 1000 97% 78
8-MnO, nanofibers [EMIm]CI and AICI; (1: 1 in weight) IL electrolyte 59 100 99% 79
a-MnO, 2 M Al(CF;S03); aqueous electrolyte 380 100 96% 80
Vanadium-doped 8-MnO, 2 M Al(OTF); aqueous electrolyte 518 400 — 51
Bir-MnO, (first cycle), ALMn(;_jO, 2 M Al(OTF); + 0.5 M MnSO, aqueous electrolyte 554 65 — 81
(following cycles)

V,05 nanofibers AICI;/[EMIm]CI (molar ratio of 1.5 : 1) IL electrolyte 105 50 81% 82
Interconnected sheet-like V,05 0.5 M AICl; aqueous electrolyte 140 1000 94% 58
AmorphousV,0s/C composite AlCl;, dipropylsulfone and toluene (1:10:5) in mole ratio 200 30 — 83
Anatase TiO, nanorods AICl; : [EMIm]CI (2 : 1 molar ratios) IL electrolyte 165 150 99.9% 68
WS,/WO; — 282 100 97% 84
WO;_, nanorods AlCl;/[EMIm]CI (molar ratio of 1.3 : 1) IL electrolyte 118.9 100 75% 85
WO; 1 M AICl; aqueous electrolyte 170 500 100% 86
C03;0,@MWCNTs AICl; and [EMIm|CI (molar ratio of 1.3 : 1) IL electrolyte 266.3 150 99.1% 87
Nanosphere-rod-like Co30, AICI;/[EMIm]CI (molar ratio of 1.3 : 1) IL electrolyte 490 100 80-90% 71
MoO; 1 M AICl; aqueous electrolyte 680 350 — 44
Porous CuO microsphere AlCl; : [EMIm]CI (molar ratio of 1.3 : 1) IL electrolyte 250.1 100 99.5% 72

This journal is © The Royal Society of Chemistry 2025
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(@) Schematic of the crystal structure of different types of MnO,. (b) The schematic electrochemistry diagram of the Al|[MnO, batteries

during the first discharge and discharge processes. Copyright 2019, Wiley-VCH. (c) First galvanostatic discharge and charge (GCD) curves, and (d)
cycling performance at a current rate of 100 mA 9‘1 of the Al|JALMNO, and Zn-Al||ALMNO, batteries in the 2 M AI(OTF); electrolyte.®* Copyright
2020, American Chemical Society. (e) Scanning electron microscope (SEM) image of the synthesized V,Os nanosheets.>® Copyright 2023, American
Chemical Society. (f) Schematic illustration of the product of the reaction of V,0s with the [AICl,]~ and [Al,Cl,]~ charge carriers.** Copyright 2019,
American Chemical Society. (g) GCD curves of the TiO, NRs at the 3™ cycle at a current rate of 50 mA g~ in mild (1.1: 1 molar ratio) and acidic
(2.0 : 1 molar ratio) AlCls/EMImCl ionic liquid electrolytes.®® Copyright 2019, American Chemical Society. (h) CV curves of WOs in the 0.5 M Al,(SO4)s

aqueous electrolyte.®® Copyright 2019, The Royal Society of Chemistry.

energy of 8-MnO,, improved interaction with AI**, and boosted
electrical conductivity. As a result, the Al-Cu||V--MnO, in 2 M
Al(OTf); delivered a high specific capacity of 518 mA h g™" at
200 mA g~ with remarkable cycling stability for 400 cycles and
impressive rate capabilities of 468, 339, and 285 mA h g™' at
0.5,1,and 2 A g™, respectively.

Albeit MnO, employed as the cathode for AIBs presents
high specific capacity and energy density, the dissolution of
discharge products and structural collapse during cycling
because of the crystal structure transformation of different
types of MnO, are still the key issues to be resolved. Therefore,
future research still should focus on the improvement of the
cycle life of MnO,.

2.1.2 Vanadium oxides. V,0s, the most stable form of
vanadium oxide, is commonly utilized as a cathode material in

356 | Green Chem., 2025, 27, 352-378

electrochemical devices,>™” attributed to its low prices, high

specific capacity, and high energy density. In 2011,
Jayaprakash et al. first reported V,0s5 as a cathode for AIBs and
they demonstrated that the nanowire V,05 cathode delivered a
specific capacity of 305 mA h g~" at the first cycle, maintaining
at 273 mA h g7' (10% decay) after 20 cycles in an AICl;/[EMIm]
Cl electrolyte.*® Unfortunately, V,0O5 faces a dissolution issue,
leading to poor cycle life. In addition, the stability issue
during AI** insertion is also an obstacle.

Nanosizing has proved to be an effective method to
enhance the crystal structure stability of V,05. Chandra’s team
demonstrated that the interconnected sheet-like morphology
of V,0O5 nanosheets as a cathode for AIBs could increase
specific surface area and support the robust crystal structure,
leading to excellent storage capacity (Fig. 3e).>® As a result, the

This journal is © The Royal Society of Chemistry 2025
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lattice expansion of the V,05 electrode was nearly negligible
over 20 cycles, and the battery delivered an output of ~140 mA
h g' at 0.5 A g7, with excellent capacity retention of 96%
even after 1000 cycles at 1 A g™,

Composite materials can significantly enhance the stability
of V,05 and improve the efficiency of electrochemical reac-
tions. Recently, Li et al. designed and constructed an excep-
tionally effective cathode featuring dual morphologies. In this
innovative approach, two-dimensional (2D) layered MXene
materials, known for their excellent electrical conductivity and
hydrophilicity, served as substrates for the deposition of rod-
shaped V,0s, thereby creating a three-dimensional (3D)
cathode structure. Both AI’** and H* ions demonstrated rapid
polynomial conduction along the ab-axis and c-axis of V,Os.
The V,0s@MXene composite facilitated facile -electrolyte
access, which was crucial for efficient reactions. Leveraging
this composite architecture, the Al||V,0s@MXene system in a
5 M Al(OTf); electrolyte achieved an outstanding initial
specific capacity of 626 mA h g™* at a current rate of 0.1 A g,
coupled with stable cycling performance over 100 cycles.

Other than V,0s, other vanadium compounds such as VO,
and FeVO, have also been utilized as the cathode materials for
AIBs. Wang et al. reported that a 3D interconnected tunneling
structure of strip VO, facilitated rapid AI** (de)intercalation,
giving a high specific capacity of 235 mA h g~ at 200 mA
g~ "% Kumar et al. focused on FeVO, and achieved a high
specific capacity of 350 mA g~'. However, the FeVO, underwent
conversion reactions with AI** instead of the insertion mecha-
nism, leading to the generation of the Al,V,0, spinel phase
and amorphous Fe-O-Al phase during charging.®’

On the other hand, Reed et al. contested the feasibility of
using V,0s as a cathode material for AIBs because they found
that V,05 exhibited a lack of electrochemical activity for AI**.%*
They observed that the battery-like charge-discharge behavior of
V,0s in the acidic AICL;/[EMIm]CI chloride ionic liquid electrolyte
was due to the redox reaction of iron and chromium on the
current collector. In addition, Wen et al. studied the compatibility
between V,0s5 and chloroaluminate and concluded that they were
skeptical about the application of V,0s cathode material in
AIBs.”! DFT calculation showed that V,05 reacted chemically in
AICI;-[EMIm]CI electrolyte both with the Lewis neutral substance
[ALCI,]” to produce vanadium trichloro oxide (VOCL;), [AICL,]™,
and amorphous Al,0;, and with the Lewis acidic substance
[AICL]” to produce vanadium oxychloride (VO,Cl) and a new
species of metavanadate anion coordinated with aluminum
chloride (AICI;VO;7), as shown in Fig. 3f.

In summary, vanadium-based oxide assembly of AIBs has
achieved certain results with the advantages of high specific
discharge capacity and high energy density. Nonetheless,
despite enhancement of the structural stability of V,Os
through nanosizing and composite strategies, performance is
constrained by the material’s tendency to dissolve at low
current rates. Additionally, a lack of consensus exists regarding
the viability of V,0O5 for use in AIBs. Consequently, further
investigation into the mechanism that could fundamentally
enhance battery performance is warranted.

This journal is © The Royal Society of Chemistry 2025
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2.1.3 TiO,. Titanium dioxide (TiO,) exists in three mineral
forms: anatase, rutile, and brookite. Among these, brookite is
rare and structurally unstable, while rutile has low activity.
Anatase, valued for its high electron mobility, low permittivity,
and low density, is commonly utilized as a Dbattery
electrode.®*®* In 2012, Liu et al. first reported an AIB with
anatase TiO, nanotubes as the cathode.?” Due to the smaller
ionic radius of AI** (0.535 A) compared with Li* (0.76 A) and
Mg?" (0.72 A), the insertion of AI*" into the TiO, crystal struc-
ture is feasible. Thereafter, Das et al. detailed the charge and
discharge performance of TiO, in the widely used ionic liquid
electrolyte of AICL;-[EMIm]|Cl and showed that the TiO,
cathode could cycle 200 times with a maximum specific
capacity of 25 mA h g™ at 500 mA g™, demonstrating the
reversible electrochemical activity of TiO, for AIBs.®> However,
due to the strong Coulomb attraction between AI>* and the
host, the batteries present poor rate performance and cycle
performance. Nano-structure, element doping, and composite
strategies have been used to improve the electrochemical per-
formance of TiO, electrodes.®>*>®” Wang et al. reported that
the ion diffusion length could be shortened, and the inter-
action between the host material and the electrolyte increased
after nanonification.®” Thus, high capacities of 112 and
165 mA h ¢! were obtained in the AICl;: EMIMCI in 1.1:1
and 2.0: 1 electrolytes, respectively (Fig. 3g).

2.1.4 Other transition metal oxides. Besides the above
materials, other TMOs, such as WO;, Co;0,4, M0Oj3, and CuO
have also been used as the cathode materials for AIBs
(Table 1).**7°77> Pasierb’s team tested and demonstrated the
possibility of the WO, carbon materials, and WO;-carbon
composite as the cathode materials for AIBs.”® Lahan et al.
further investigated the possibility of AI** (de)insertion in WO;
and showed that due to the highly reversible AI** insertion,
two pairs of redox peaks (A and A’, B and B’) were observed in the
cyclic voltammetry (CV) (Fig. 3h), and a high CE of ~80% with a
capacity of 150 mA h g™ was achieved in an aqueous Al,(SO,);
electrolyte.®® Liu et al. reported nanosphere-rod-like Co;0, as a
cathode material for AIBs and showed that the reversible inser-
tion of AI*" in the Co;0, delivered a very high specific capacity of
490 mA h g™" at a current rate of 50 mA g~ in the AICI;-{EMIm]
Cl electrolyte.”* Furthermore, the discharge capacity remained at
122.1 mA h g* after cycling 100 times at 200 mA g™, demon-
strating excellent cycling performance. Lahan et al. explored the
(de)insertion of AI** in MoO; and showed that the capacity of the
MoO; achieved 680 mA h g™ at the first discharge cycle.** In
addition, they also proposed that the cell in an AICl; electrolyte
provided a higher capacity, better stability, and less polarization
than in the Al,(SO,); and Al(NO;); electrolytes. Zhang et al. pro-
posed a porous CuO microsphere architecture as the cathode
material for AIBs and reported that the unique large specific
surface area and porosity of CuO resulted in a discharge capacity
of ~250 mA h g~" at a current rate of 50 mA g~ ' and maintained
more than ~130 mA h g™ after 100 cycles, with a corresponding
CE of 99.53%.”

TMOs as the host of the AI** charge carrier show exciting
capacity and energy density. However, the AI*" insertion process
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remains a challenge in terms of large-scale applications due to
the high charge density around AI** and poor cycling stability
resulting from the structural collapse of the host material after
repeated (de)intercation of charge carriers. To address the issues,
ion doping and structural nanosizing are effective approaches
which can improve structural stability. On the other hand, TMOs
have low electrical conductivity, therefore they are usually com-
bined with carbon materials to enhance the electrical conduc-
tivity to improve the electrochemical properties.

2.2 Transition metal sulfide

Compared with metal oxide, transition metal sulfides (M,S,)
are easier to polarize than oxides, thus making Al** more favor-
able for transport due to the lower electronegativity and larger
ionic radius of S.”*7* The (de)insertion of AI*" in the M,S, host
can be expressed as:

Cathode:

M,S, + nAl’" + 3ne” — ALM,S,
Anode:
Al — APT +3e”

In 2016, Yu et al. reported a new hexagonal NiS nanobelt as
the cathode of AIBs, which could deliver a capacity of ~110 mA
h g™" in the AICI;[EMIm]CI electrolyte and exhibited a capacity
of 100 mA h g™ after 100 cycles because the nanobelt structure
facilitated the entry and diffusion of A’ (Fig. 4a and b).”
However, it presented a low discharge voltage plateau (~1.15 V
vs. AI>*/Al). Wang et al. composited Ni;S, with graphene to
improve the (de)intercalation of AI** and showed that the
cathode showed an initial specific capacity of 350 mA h g™* at
100 mA g~ in the AIClLy/[EMIm]CI ionic liquid electrolyte.”®

Geng et al. conducted extensive simulation speculations as
well as an experimental demonstration of layered TiS, and
spinel Cug3;Ti,S,; as the cathodes for AIBs, which showed
capacities of 50 mA h ¢™! and 95 mA h g™, respectively.”® In
addition, they inferred that the kinetic potential barrier of AI**
diffusion in sulfide was caused by the strong Coulomb force
attraction between AI** and sulfide anion skeleton (Fig. 4c and
d), which was the main obstacle of AI** intercalation chem-
istry. Subsequently, Li et al. developed a porous CosS, micro-
sphere to accommodate AlI** via the redox transition of the
Co®*/Co®" couple, showing a discharge capacity of ~288 mA h
27188 1t was reported that the (de)intercalation of AI** into the
CosS, included surface (de)intercalation and bulk diffusion, of
which the solid phase diffusion step was considered to be the
key factor limiting the discharge ability at high discharge/
charge current densities.

To alleviate the Coulomb force and facilitate AI*" transition,
Wu et al. constructed an interlayer-expanded MoS,/N-doped
carbon (MNC) with a 3D hierarchical tremella structure with a
large interlayer spacing up to 0.82 nm through a hydrothermal
treatment and calcination, which reduced the diffusion path for
AI**, boosted the diffusion of AI*" and provided more active
sites.®® Meanwhile, the N-doped carbon promoted electronic con-
ductivity and maintained structural integrity during cycles. The
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Fig. 4 (a) Transmission electron microscopy (TEM) and (b) High-resolu-
tion transmission electron microscopy (HRTEM) images of NiS nanobelts
and the corresponding selected area electron diffraction (SAED) pattern
in the inset at the lower right corner.”® Copyright 2016, The Royal
Society of Chemistry. Galvanostatic intermittent titration technique
(GITT) curve of the (c) layered TiS, and (d) cubic Cug3;Ti>S4 at 50 °C.”*
Copyright 2017, American Chemical Society. (e) HRTEM image of the
ReS,@CNTs. (f) Cycling stability of the ReS,@CNTs at 0.2 A g~1°°
Copyright 2022, Wiley-VCH. (g) X-ray diffraction (XRD) patterns of the
SnS; electrodes at various electrochemical measurement stages: pris-
tine, the end of charge platform (1.65 V), charged (1.90 V), the end of
discharge plateau (0.60 V), and discharged (0.40 V) states. (h and i)
HRTEM image of the electrode at pristine, and charged (1.90 V) states.>*
Copyright 2017, Wiley-VCH.

Al||[MNC battery in an AICL/[EMIm]CI (1.3:1) electrolyte pre-
sented a capacity of 127.5 mA h g™ after 1700 cycles at 1 A g™*
with a CE of 99.5%. Zhang et al. also reported 2D ultra-thin ReS,
nanosheets on carbon nanotubes (CNTs) as an outstanding
cathode (ReS,@CNTs) for the AIBs.”® As ReS, featured a large
interlayer spacing of ~0.65 nm (Fig. 4e), the extremely weak inter-
layer coupling could effectively reduce the electrostatic repulsion
with AI**, adequately accommodating large amounts of AI**
without significant volume expansion. The Al||ReS,@CNTs
battery in an AICL;/[EMIm]Cl (1.3:1) electrolyte delivered a
capacity of 396.3 mA h ¢~ and a CE of ~100% after 250 cycles at
a low current rate of 200 mA g™ " (Fig. 4f).

Noticeably, transition metal sulfides can not only host AI**
cation charge carrier but also store [AlCl,]” anion with the fol-
lowing mechanism:

Cathode:

M + n[AlCl,]” < ne” + MJAICL],
Anode:
4[Alzcl7]_ +3e «— Al+ 7[A1C14]_

Hu et al. reported that layered SnS, nanosheets anchored
on a 3D reduced graphene oxide network worked on the revers-
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ible (de)intercalate [AICl,]” anion, as proved by XRD and
HRTEM (Fig. 4g-i).”* The graphene-loaded SnS, nanosheet not
only offered high electronic conductivity but also fast kinetic
diffusion pathways for [AICl,]” (de)intercalation, which pre-
sented a high specific capacity (392 mA h ¢”* at 100 mA g™*)
and good rate performance (112 mA h g~ at 1000 mA g'). In
addition, Liang et al. obtained a specific capacity of 406 mA h
g~ for self-supported SnS porous films as a cathode and
focused on flexible batteries, and they found that the unique
porous structure provided good cycling stability due to the
reduced volume change during (dis)charge with a capacity
decay rate of only 0.03% per cycle.”® It is interesting that the
capacity of batteries with [AICl,]” as the carrier is generally
higher than that of AI** as the carrier, which may be caused by
the incomplete utilization of AI>* and the large Coulomb force.

In summary, M,S, have garnered significant attention in
the field of secondary batteries due to their unique layered
structure, large specific surface area, and fast ion diffusion
properties. However, their energy storage mechanism is
complex. The (de)insertion involving multivalent AI** theoreti-
cally offers high specific capacity and energy density.
Nevertheless, the kinetics is limited by the strong Coulomb
interaction between AI’* and the host material, which creates a
substantial-high energy potential barrier. On the other hand,
the reaction based on single-valent [AICl],~, with its relatively
large size, can damage the structure of the host material
during the (de)insertion process, leading to poor cycling per-
formance. Therefore, future research still should focus on
modifying cathode materials.

2.3 Prussian blue analogs

Prussian blue analogs (PBAs), with a chemical formula of
AM,[B(CN)¢],>mH,0, where A and B are alkaline metals and M
is a transition metal,”® are a class of materials with a cubic
structure that contains a large number of tunnels and voids
(4.6 A in diameter), enabling rapid solid-state diffusion of
various carrier ions.**> Moreover, the open framework struc-
tures undergo very little change upon insertion of ions, there-
fore the batteries with such materials as cathodes usually have
good cycle life.”*®® PBAs are based on the redox reaction of
transition metals M (such as Fe, Co, Mn) with reversible (de)
intercalation of Li*, Na*, and K" into these vacancies.?® %
However, it is more difficult for AI*" to enter into the host
because of the stronger Coulomb forces.

In 2015, Liu et al first reported copper hexacyanoferrate
(CuHCF) nanoparticles featuring AI’* insertion sites using
Fe*/Fe®" as the redox couple (Fig. 5a), delivering a specific
capacity of 62.9 mA h g~ in a 0.5 M Al,(SO,); aqueous electro-
lyte."®> However, in aqueous electrolytes, only a single active
site in the PBAs is activated and limited by the single electro-
chemical group Fe(CN)y>~, resulting in an actual discharge
capacity of only ~60 mA h g~', which is much lower than its
theoretical capacity of 170 mA h g=*.193:1%4

Zhou et al. synthesized FeFe(CN)s from K;Fe(CN)s, featuring
two active sites with Fe exhibiting variable valences at different
positions as a cathode material for AIBs, which showed two

This journal is © The Royal Society of Chemistry 2025
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pairs of redox peaks at 0.2 V/0.6 V and 0.8 V/1.1 V (Fig. 5b)."*®
X-ray photoelectron spectroscopy (XPS) demonstrated a signifi-
cant binding energy shift to a lower position in the Fe 2p spec-
trum when discharged to —0.12 V, which returned to a higher
position after charging to 0.6 V, indicating the valence change
of Fe at both active sites (Fig. 5¢). A high specific capacity of
116 mA h g~ was obtained due to the removal of K from FeFe
(CN)g, which provided more vacant sites for Al** storage.
Zhang et al. also developed a graphite-coated Co[Fe(CN)s]
cathode with two active sites, i.e. Co*"/Co*" and Fe*'/Fe*",
achieving a superior discharge capacity of 372 mA h g™* with
excellent long-cycle performance in which only 0.7% capacity
decayed per cycle with a CE of 94.1%."%”

Recently, Li et al. proposed a defective copper CuHCFe with
ferro- and ferri-cyanide vacancies, and proved multiple inser-
tion pathways of AI**, through the (100) channels along the
x-axis with a one-step dehydration process, through the con-
nected vacancies corresponding to several-step dehydration
processes, or both (Fig. 5d).'°° Furthermore, ex situ XPS
demonstrated that the CuHCFe underwent a reversible redox
reaction with AI’* (de)intercalation (Fig. 5e-h). Fe** and Cu*
were oxidized to Fe’" and Cu®" during charge (states 1-4),
respectively, resulting in a decrease in the intensity of AI**. In
the subsequent discharge (states 5-8), Fe’* and Cu®>" were
reduced to Fe** and Cu’, respectively, showing an enhance-
ment of the AI** 2p peak. The results showed that the cathode
delivered a reversible capacity of ~70 mA h g™' at 70 mA g™,
and presented remarkable cycling stability with negligible
capacity loss over 3000 cycles (Fig. 5i and j).

To summarize, the three-dimensional structure PBAs
provide notable capacity and cycling performance due to the
following reasons: (1) the wide-channel nanostructure
increases electrode-electrolyte interface contact, ensuring
rapid ion conduction; (2) numerous tunnels and voids provide
multiple active sites, boosting ion storage; (3) their distinct
skeleton structure allows ample space for Al**, averting struc-
tural collapse. Nevertheless, PBAs face challenges in AIB appli-
cations, such as the strong charge effect of AlI>* insertion limit-
ing ion diffusion, and generally low capacity from incomplete
site utilization. Developing PBAs with more active sites is
promising, but current methods fall short of commercializa-
tion needs. However, given that research is still in its early
stages, significant opportunities for advancement remain.

2.4 Organic compounds

Organic materials have sparked extensive research interest as
electrode materials due to their accessibility from abundant
precursor materials, potential for sustainable production, low
cost, good cycling stability, and eco-friendliness.*®%%711°
Unlike inorganic materials, the charge storage mechanism of
organic materials relies on the charge states of their active
functional groups.'™* Based on the redox reaction mechanism,
organic materials can be categorized into n-type, p-type, and
bipolar-type. As shown in Fig. 6a, n-type materials undergo
reduction reactions with cations (e.g. AI**, [AICI]*Y, H™--.),
allowing them to function as anodes. Conversely, p-type
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Fig. 5 (a) CV curve and structure of the CUHCF nanoparticle.’°? Copyright 2015, The Royal Society of Chemistry. (b) The differential profiles at the
50" cycle, and (c) XPS spectrum of the FeFe(CN)g electrode in different charge—discharge states (pristine, discharge to —0.12 V and charge to 0.6 V)
in the 5 M Al(CFsSO3)s water-in-salt electrolyte.’®> Copyright 2019, American Chemical Society. (d) Crystal structure of the CuHCFe with two poss-
ible diffusion paths. Diffusion path | was through (100) channels, and path Il was through enlarged open channels by the connected ferro- and ferri-
cyanide vacancies. (e—h) XPS patterns of the Fe 2p (f), Cu 2p (g), and Al 2p (h) for the electrodes. (i) GCPL curve at a current rate of 70 mA g~*. The
red dash line was the flipped discharge curve. (j) Long-term stability at 70 mA g~*.1°¢ Copyright 2023, Elsevier B.V.

materials participate in oxidation reactions with anions
([AlCL,]"), typically serving as cathodes due to their higher
reaction potential compared with n-type materials. Bipolar-
type materials exhibit characteristics of both n-type and p-type
electrodes, capable of undergoing both oxidation and
reduction reactions."*

2.4.1 Conductive polymers. In 1984, Pickup et al. first uti-
lized the organic conducting polymer polypyrrole in AIBs, and
they found that the polymer exhibited conductivity upon oxi-
dation and became nonconductive upon reduction, demon-
strating its potential as an electrode material.'** Subsequently,
they also synthesized polythiophene,'** polyaniline,’*®> and

360 | Green Chem., 2025, 27, 352-378

poly(p-phenylene),"*® as anode materials, yielding similar

promising results. In 2014, Hudak et al. synthesized polypyr-
role and polythiophene doped with chloroaluminates and
showed that the cathodes functioned effectively in an electro-
Iyte containing AICl; : EMIC with a 1.5:1 molar ratio, achiev-
ing capacities close to theoretical values of 30-100 mA h g™*
with nearly 100% CE upon insertion of [AICI,]".""” Notably,
the poly(polythiophene) cathode achieved an energy density of
44 W h kg™, indicating potential for large-scale energy
storage. Furthermore, Walter et al compared the electro-
chemical properties of polypyrene and poly(nitropyrene-co-
pyrene) cathodes, and revealed that poly(nitropyrene-co-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) The reaction mechanisms for n-type, p-type, and bipolar organic electrode materials. ! Copyright 2020, The Royal Society of Chemistry.
(b) The capacity retention upon cycling and average discharge voltages of poly(nitropyrene-co-pyrene) as a cathode material for AIBs in the AlCls/
[EMImICL IL electrolyte.*® Copyright 2018, Wiley-VCH. (c) First discharge/charge curves and (d) Cycling stability of an Al||[PANI battery in the AlCls/
[EMIm]CL IL electrolyte.*® Copyright 2020, Wiley-VCH. (e) Electrochemical redox chemistry of the PQ-A (blue) and its schematic representation in
the AlCls/ethyl-3-methylimidazolium tetrachloroaluminate (EMImAICL,) electrolyte.’® (f) Discharge capacity and coulombic efficiency of the PAQS/
MWCNT electrode in the AlCls/[EMIm]CL IL electrolyte at 0.5 C and 0.4-1.8 V.*?2 Copyright 2020, Elsevier B.V.

pyrene) in the AICl;-[EMIm]CI ionic liquid electrolyte could
run for 1000 cycles with an average capacity of 100 mA h g™* at
200 mA g™, higher than the neat polypyrene (70 mA h g™*) or
crystalline pyrene (20 mA h g7"), and reached a high discharge
voltage plateau of 1.7 V (Fig. 6b) with [AICI,]™ as the carrier."'®
Conductive polymers have excellent electrical conductivity,
mechanical strength, and chemical stability; however, the few
effective redox sites result in a relatively low specific capacity.
Therefore, it is crucial to effectively increase the active sites.
Niu et al. utilized single-walled carbon nanotubes to prepare a
composite film with polyaniline to enhance the active sites of
polyaniline through the protonation of polyaniline nanorods
(PANI).'™ Protonating the polyaniline nanorods provided
additional accommodation for the reversible (de)insertion of
[AICI,]" cations in AICl;/[EMIm]CI electrolyte. The protonated

This journal is © The Royal Society of Chemistry 2025

polyaniline nanorods exhibited a specific capacity of ~200 mA
h ¢, which was twice that of the unprotonated one, and sus-
tained 8000 cycles with only 0.003% capacity attenuation per
cycle and an approximate CE of 100% (Fig. 6¢ and d). Zhang’s
team prepared bipolar conjugated poly(2,3-diaminophenazine)
(PDAP) on carbon substrates via a straightforward electropoly-
merization method introduced as cathode materials for
AIBs."”® The integration of n-type and p-type active units
endowed PDAP with an increased number of sites for ion inter-
action. As a result, the Al||PDAP battery in a 1 M Al(ClO,);
aqueous electrolyte exhibited a high capacity (338 mA h g™" at
0.2 A g7, extended cycle life (1000 cycles), and excellent high-
rate capability (101 mAhg tat5A¢g™").

2.4.2 Quinone monomers and polymers. Quinone mono-
mers and polymers began gaining significant research interest
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as battery materials for AIBs in 2018 when J. Fraser Stoddart’s
team synthesized layered structures with redox-active triangu-
lar phenanthrene quinone-based macrocycles.'*" The structure
allows for the reversible (de)insertion of a cationic complex of
[AICL,]" from an AlCl,/ethyl-3-methylimidazolium tetrachloroa-
luminate (EMImAICI,) electrolyte (Fig. 6e). The macrocycle was
reduced to its semiquinone state (PQ-A*"", purple) upon dis-
charge and formed a tetracoordinate complex, (PQ-A*")-3AICl,,
which exhibited a discharge capacity of 110 mA h g~ and
retained a capacity of 53 mA h g™' after cycling 5000 times
with a capacity decay of 0.0082% per cycle. In addition, they
incorporated graphite flakes with triangular phenanthrene-
based macrocycles to increase the conductivity and area
loading and enhanced the capacity to 230 mA h g™

Robert Dominko’s team studied an anthraquinone (AQ)
cathode for AIBs and reported that the AQ could deliver a
specific capacity of 183 mA h g™' and output a 1.1 V discharge
plateau in the AICl;/EMIMCI electrolyte as hosting the [AICL,]"
carrier.'*® However, the discharge capacity of AQ rapidly
decreased to ~80 mA h g~ after 50 cycles, presumably due to
the dissolution of anthraquinone in the electrolyte. To
improve the cycling life, they further fabricated poly(antraqui-
nonyl sulfide), an AQ-based polymer, through in situ polymer-
ization in a multi-walled carbon nanotube suspension. Results
showed that upon polymerization, more than 60% of the
initial capacity was retained after cycling 500 times (Fig. 6f),
and the CE gradually increased from ~95% to ~99%.

In summary, organic cathode materials, characterized by
inherent low cost, long cycle life, and unique coordination
chemistry provide significant advantages over conventional
cathode materials. However, despite these promising attri-
butes, challenges such as poor electrical conductivity, low dis-
charge voltage, and low energy density hinder their practical
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applications. These issues can be effectively mitigated through
strategies such as compounding organic materials with
carbon-based substances, molecular polymerization, and con-
tinued research into novel organic materials.

2.5 Carbon material

Crystalline carbons, i.e. graphite, graphene, and carbon nano-
tube, have been proposed for use as the cathode materials for
AIBs, allowing anion insertion,"”® commonly the [AICI,]~
anion, thus forming Al-based DIBs (Table 2). The specific
process can be expressed as follows:

Cathode:

C, + [AICly]” < Cu[AICL] +e”
Anode:
4[ALCL]” +3e” « 7[AlCl,] + Al

2.5.1 Graphite. Due to the large layer spacing, high stabi-
lity, and excellent electrical conductivity, graphite has become
one of the most widely used cathode materials for AIBs. In
1987, Gifford and Palmisano first adopted graphite as the
cathode material in AIBs."** When assembled with an Al foil
as the anode supported by the AICl;/DMPrICI (1,2-dimethyl-3-
propylimidazolium chloride) electrolyte, the battery showed a
wide electrochemical window close to 5 V. However, no further
electrochemical tests were performed due to limited
conditions.

In 2013, Rani et al. reported a fluorinated natural graphite
cathode that achieved a specific capacity of 225 mA h ¢”* in
AlCl;-containing imidazolium-based ionic liquid electrolyte,'*
but the cell failed after cycling only 40 times because the
[AICL,]” insertion process inevitably damaged the graphite

Table 2 Electrochemical performance of AIBs on carbon materials cathodes

Specific
capacity Cycle Coulombic
Cathode material Electrolyte (mAhg™) number efficiency Ref.
Graphite paper AlCl; : [EMIm]|CI (molar ratio of 1.3) IL electrolyte 70 600 98.5% 129
Synthetic kish graphite AlCl; : EMIMCI (molar ratio of 2) IL electrolyte 142 200 — 130
Natural graphite AICl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 110 6000 99% 131
Graphite AICl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 89 800 97% 132
Expanded graphite 50 m ChCl: 5 m AICl; aqueous electrolyte 171 150 90% 133
Exfoliated graphite 1 M AICl; aqueous electrolyte 213 50 — 134
Expanded graphite AICl; : triethylaminehydrochloride 110 18 000 98% 135
(mole ratio of 1.5:1) IL
Graphene AlCl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 120 250000 98% 136
Graphene aerogel AlCl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 100 25000  98% 137
Graphene fabric AICl; : ET;NHCI (molar ratio of 1.5) IL electrolyte 150 7000 98% 138
Crystal carbon@graphene microsphere AlCl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 99.1 10000  100% 139
Three-dimensional graphene aerogels AlCl; : [EMIm]|CI (molar ratio of 1.3) IL electrolyte 245 5000 99.8% 140
Few-layer graphene nanosheets AlCl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 173 10000  98% 141
Edge-rich graphene paper AICl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 128 20000  99.2 142
Unzipped multi-walled carbon nanotubes AlCl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 100 5600 98% 143
One-dimensional multi-walled carbon nanotubes AICl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 64 1000 99.5% 144
Graphitic multi-walled carbon nanotubes AlCl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte 65 90 100% 145
Waste-induced pyrolytic 3D-structured AICl; : [EMIm]CI (molar ratio of 1.3) IL electrolyte  90.5 2500 99.4-99.8% 146

carbon nanotube forest
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layer structure due to the larger size of the [AICL,]” anion
(5.28 A) than the planar spacing of graphite (3.35 A).'?° To
enhance the cycling stability, it is necessary to provide more
attachment points for ions and to address the graphite volume
expansion issue.

In 2015, Dai’s group achieved a breakthrough in the Al-DIB
technology.”> Remarkably, the battery supported by a porous
3D graphite cathode achieved an ultra-long cycling life of 7500
cycles and maintained a CE of ~98%, where the whiskers in
the foam with a large space greatly reduced the diffusion
length and energy barrier during (de)intercalation of the
[AICL,]” anion, as shown in Fig. 7a. In addition, the system
delivered a high discharge voltage plateau of ~2 V and a
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specific capacity of ~70 mA h g" in the AICl;/[EMIm]CI ionic
liquid electrolyte (Fig. 7b). Subsequently, Wang et al.'*’ intro-
duced kish graphite as the cathode for Al-DIBs, characterized
by its unique “cratered morphology” (Fig. 7c and d). This dis-
tinctive morphology provided additional ion insertion sites,
enabling a specific capacity of 142 mA h g™' with a high
energy density of up to 65 W h kg™' and a power density of
4363 W kg™,

Recently, a new strategy for graphite processing has been
proposed by Hu et al. who obtained small graphite nanoflakes
(SGN) from natural graphite (NG) by lithiation followed by
reaction with an AICl;/[EMIm]CI ionic liquid electrolyte."*®
Fig. 7e and f show that the increased edge plane and enlarged
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Fig. 7 (a) SEM image showing a graphitic foam with an open frame structure; scale bar, 300 pm. Inset, the photograph of graphitic foam; scale bar,
1 cm. (b) GCD curves of an Al||pyrolytic graphite (PG) Swagelok cell at a current rate of 66 mA g, Inset, charge, and discharge cycles.*® Copyright
2015, Springer Nature. (c and d) SEM images of the kish graphite flakes, characterized by small 5-10 pm-deep holes facilitating the penetration of
the ionic liquid within the flake.*?” Copyright 2017, American Chemical Society. SEM images of (e) NG and (f) SGN.'?® Copyright 2020, The Royal
Society of Chemistry. (g) The [AICl,]™ diffusivities (D) in graphite and six-, five-, four-, three-, and two-layer graphene films at T = 300 K, with film
thicknesses of 2.56, 2.24, 1.97, 1.64, and 1.33 nm, respectively.!*” Copyright 2016, American Chemical Society. (h) Schematic of the defect-free
design.’*® Copyright 2017, Wiley-VCH. Schematic diagrams of (i) multi-armed carbon nanotubes and (j) unzipped multi-walled carbon nanotubes.
Multi-walled carbon nanotubes that cannot store chloroaluminate anions due to a lack of active intercalation sites. The unzipped multi-walled
carbon nanotubes provide numerous active intercalation sites to store [AlCl4]™, and the core carbon nanotubes are responsible for the rapid trans-
portation of electrons to the active sites and maintain structural integrity.**> Copyright 2019, Elsevier B.V. (k) Long-term charge/discharge cycling
stability test of the Al||G-MWCNT-1 cell at 1200 mA g~1.** Copyright 2020, Elsevier B.V.
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edge plane in the SGN, owing to its reduced size, provide more
active sites for [AICl,]” (de)intercalation and promote the rate
performance of SGN. Consequently, the SGN cathode achieved
a specific capacity of 115 mA h g”' at 500 mA g~' and main-
tained >97% capacity after 1000 cycles.

Graphite cathode materials possess characteristics such as
a high discharge platform, good multiplicity performance, and
good cycling stability, but also present the challenge of volu-
metric expansion during ion insertion. This issue can be miti-
gated through the strategic modulation of the material’s struc-
ture, such as expanding the channel dimensions, incorporat-
ing porous architectures, and minimizing ion diffusion path-
ways. These approaches may provide valuable directions for
future research endeavors.

2.5.2 Graphene. Graphene is a new material consisting of
sp>-hybridized carbon atoms tightly packed in a two-dimen-
sional honeycomb lattice structure. This unique structure
grants graphene exceptional optical, electrical, and mechanical
properties, making it applicable in numerous fields."**™*"
When used as an electrode for batteries, graphene presents
great application prospects in terms of excellent cycling stabi-
lityy, high  discharge  potential, and high ion
mobility, 38148132153 yy ¢t gl, first reported plasma-etched 3D
graphene foam as a cathode for Al-DIBs and showed that the
graphene cathode presented a high discharge voltage of ~2 V
and excellent cycling performance for more than 10 000 cycles
without capacity loss, as well as superior high-temperature
performance.'>*

Han’s group proposed ultrafast Al-DIBs featuring reversible
(de)intercalation of [AICl,]” in graphite foam cathodes and
revealed that the rapid charging and discharging capabilities
of graphene were due to decreased elastic stiffness and
increased free space for [AICl,]” diffusion as the number of
graphene layers was reduced, leading to a steep increase in
diffusion rate through first-principles calculations (Fig. 7g)."*
The defect-free graphene produced based on a fewer-layered
structure can further improve the performance of graphene.
Chen et al. proposed the defect-free principle of graphene-
based cathodes, demonstrating that the cathode exhibited a
capacity of 100 mA h g™" at a current rate of 5 A g ' and a
capacity retention rate of 97% after 25 000 cycles.*® The sche-
matic diagram for the defect-free graphene structure design is
shown in Fig. 7h, where a mature high-temperature annealing
technology has been used to repair these defects. Through
comparative experiments, the authors identified three key
factors contributing to the degradation of battery performance
due to defects: (1) defects do not serve as active sites for the
intercalation of [AICl,], as confirmed by in situ Raman spec-
troscopy; (2) barrier-like defects obstruct the rapid intercala-
tion of [AICl,]” into graphene layers; and (3) defects diminish
the electrical conductivity of the electrode.

In summary, graphene-based Al-DIBs have attracted wide-
spread attention due to their good rate performance and excel-
lent cycling stability. Fewer-layered and non-defective struc-
tures can greatly improve the charge and discharge perform-
ance. However, as an emerging material, graphene’s pro-
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duction process remains underdeveloped, and the preparation
of defect-free and highly crystalline graphene is a significant
obstacle to the commercialization of these cathode materials.

2.5.3 Carbon nanotubes. Carbon nanotubes (CNTs) are a
type of nanomaterial with a special structure, characterized by
a radial size in the nanometre range and axial size in the
micrometer range. When the diameter of the tube is less than
6 nm, CNTs present good electrical conductivity. Meanwhile,
their large specific surface area and unique tubular structure
can provide more sites for ion insertion and reduce volume
expansion, which is conducive to increased capacity and
cycling stability.">

CNTs can be divided into single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTS).
Bhauriyal et al. used first-principle calculation to investigate
the adsorption positions of [AICl,]” on carbon nanotubes of
different diameters and proved the feasibility of SWCNTs as
cathodes for Al-DIBs."*® Nonetheless, the lack of experimental
verification has limited the advancement of SWCNTs.
Generally, the non-defective surface of CNTs hinders the inser-
tion of [AICl,]™, thus appropriately introducing defects or alter-
ing the ion storage sites could address the energy storage limit-
ation of CNTs and enhance the capacity.'**

Zhang et al. combined graphene nanoribbons and CNTs to
prepare flexible MWCNT membranes with more defects, where
CNTs transported electrons while graphene nanoribbons pro-
vided more active sites for storing [AICl,]” (Fig. 7i and j).'*
This effectively resolved the kinetic issues, achieving a high
capacity of 100 mA h g™ at a current rate of 2000 mA g~ .
Recently, Lin’s group further confirmed that [AICl,]” was
inserted in the nanotube walls of MWCNTs during charging
rather than simply adsorbed on the surface, providing a refer-
ence for future experiments, which delivered a specific
capacity of 64 mA h g™ at 200 mA g™, with the discharge
capacity maintained at ~58 mA h g™' after 1000 cycles
(Fig. 7k)."** The excellent electrical conductivity and the
unique tubular structure of CNTs are attracting increasing
attention. However, due to the limited capacity achieved when
used as an electrode material alone, CNTs are often combined
with other materials to enhance both the conductivity and the
capacity of the battery,"”"**° which is also an area of signifi-
cant interest.

Carbon-based materials are among the most common
cathode materials for AIBs because of their stable structure
and long cycling stability. In addition, during the insertion of
[AICL,]” anion in the cathode, the single-electron transfer mini-
mizes the strong coulombic forces that occur when the AI**
cation is inserted into the cathode material."®® However, the
advantage of AIBs lies in the multi-electron reaction of Al**.
Since the cathode hosts the [AICl,]” anion rather than the AI**
forming Al-DIBs, the energy density is reduced, which contra-
dicts our initial goals. Meanwhile, carbon materials as cath-
odes typically exhibit low capacity when hosting the [AICL,]™
anion in AIBs. Therefore, increasing the specific surface area
of carbon-based materials to provide more active sites is a very
effective approach for overcoming this limitation.
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2.6 Sulfur and iodine

2.6.1 Sulfur. Recently, monolithic sulfur (S) has been
widely used as the cathode materials in Li-S'°"'®* and Na-
§'637163 patteries, because S monomers are with high potential
theoretical capacity (1675 mA h g') and (3459 mA h cm™)
and comparatively low cost, which is advantageous for indus-
trial use. Coupled an S cathode with an Al anode, the Al-S
battery exhibits a theoretical voltage of 1.23 V, a theoretical
specific capacity of 1319 W h kg™', and a theoretical specific
energy density of 2981 W h L™"."°® Therefore, the Al-S battery
has aroused great interest from researchers.

The working mechanism of Al-S batteries is a typical con-
version reaction mechanism. As shown in Fig. 8a, the S
monomer cathode gains electrons and converts to the S>~ state
during discharge, and reversibly during the charging

process,"®” which can be expressed by the following equations:
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Cathode:
8[A12C17]_ + 6 +3S < Aleg + 14[AICI4}_
Anode:

2A1 + 14[AICl,]” < 8[ALCl;|” + 6e~

The first Al-S battery could be traced back to 1993, which
was proposed by Stuart Licht et al, in which an alkaline
aqueous electrolyte allowed the battery to output an open-
circuit potential of 1.3 V with an energy density of 110 W h
g 1.1%% Although they provided the Al-S battery model, its
development has since been exceptionally slow due to the
severe side reactions occurring at the Al anode in the aqueous
electrolyte. In 2015, Cohn et al. proposed a novel non-aqueous
Al-S battery in an ionic liquid of AICl;/[EMIm]CI electrolyte
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Fig. 8 (a) Schematic diagram of an Al-S battery.'®” Copyright 2023, Wiley-VCH. (b) Galvanostatic discharge curves of Al||S battery at a current
density of 30 mA g™ in various molar ratios of EMImCL: AlCl; ionic liquid electrolytes.’®® Copyright 2015, Elsevier B.V. (c) The TEM images of nano-
spheres carbon-$ material.t’® Copyright 2021, Elsevier B.V. (d and e) Energy profiles of the dissociation reactions of [Al,Cl;]1~ and [Al,ClgBr]~ anions.
(f) Comparison of cycling performance of S@CulCol@NC, S@Cu@NC, S@RCo@NC, and S@NC at a current density of 1.5 A g~*.1* Copyright 2023,
Wiley-VCH. (g) Schematic illustration and (h) SEM of the synthesis process of 1,@ZIF-8-C. (i) Cycling performance of the flexible Al||l,@ZIF-8-C

battery.}”2 Copyright 2021, Wiley-VCH.
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and obtained an ultra-high specific capacity of over 1500 mA h
g™' (close to the theoretical specific capacity of sulfur,
1675 mA h g™') and an energy density of 1700 W h kg™*
(Fig. 8b).'®® Unfortunately, its capacity rapidly decayed to less
than 200 mA h g™ at the second cycle caused by the dis-
solution of the produced sulfur-containing substances. To
improve cycling stability, efforts must focus on inhibiting the
dissolution of discharge products.

Compositing the S cathode with other materials can
increase structural stability and improve battery life. Recently,
Zhang et al. proposed using hollow CNTs as the host for sulfur
in a non-aqueous Al-S battery,'”® where the cage-like hollow
CNTs can provide the necessary spaces to accommodate sulfur
expansion during reactions (Fig. 8c) and store sulfur and poly-
sulfides, thereby mitigating the sulfur shuttle effect and
improving cycling stability. Huang et al. proposed sulfur-
anchored cobalt/nitrogen co-doped graphene (S@CoONG) as a
cathode material for AIBs and an ionic liquid-impregnated
metal-organic framework (IL@MOF) as the electrolyte.'”® The
IL@MOF stabilized reversible sulfur conversion and inhibited
the shuttle effect of polysulfides, resulting in a high specific
capacity of 820 mA h g™' at the first cycle and 78% capacity
retention beyond 300 cycles. In addition, the S@CoNG cathode
facilitated continuous AI’* dissociation from [ALCL,]™ ions and
the breaking of S-S bonds, while the IL@MOF with IL ions
enabled fast active ion transport, greatly accelerating sulfur
reaction kinetics. Additionally, the cycling stability of Al-S bat-
teries can be improved via the formation of a solid electrolyte
interface (SEI). Xu et al. enhanced the cycling performance of
Al-S batteries by the addition of alkaline-earth metal chlorides
to the AICI;/EmimCl electrolyte."”* Using NaCl as an additive
resulted in a thick SEI containing Na,Al,0, on the Al anode,
which reduced the deposition of polysulfides. As a result, a
capacity of 473 mA h g”' was obtained compared with only
313 mA h g ' without the additive. Similar results were
obtained with the addition of KCl and LiCl. In addition, Yu
et al. leveraged the synergistic advantages of adsorptive Co and
the catalytic properties of a conductive nitrogen-doped carbon
matrix, designated as CulCol@NC, to mitigate the shuttle
effect, while Co facilitated the S/Al,S; conversion reaction.'”*
The combined effects of Cu and cobalt Co endowed the Al-S
cell with remarkable cycling stability and reaction kinetics,
achieving a high capacity of 317.5 mA h g™" after 320 cycles at
1.5 A g7! (Fig. 8d), an ultra-long lifespan exceeding 10 000 h,
and excellent reversibility with a CE of 99.8-99.9%.

Another challenge in Al-S batteries is the slow reaction kine-
tics. In 2018, Yang et al. proposed that this sluggishness could be
attributed to the inevitable dissociation of [ALL,Cl,] into free AI**,
In contrast, the use of [AL,ClgBr]” anions resulted in reaction
kinetics that was 15 times faster, yielding four times higher
sulfur utilization and five times greater current density, owing to
the significantly lower dissociation energy of [Al,ClsBr|~ com-
pared with [AL,Cl,]” (Fig. 8e and f).'”

2.6.2 Iodine. Iodine (I,) is another representative conver-
sion cathode material, with a theoretical capacity of
211 mA h g* based on the conversion of 1°/1".7°® Iodine is
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solid at ambient temperature, abundant in the ocean, and
cost-effective. These attributes make it a particularly attractive
choice for various metal battery applications.'””'”® Han et al.
first reported the rechargeable Al-I, battery redox chemistry in
the ionic liquid electrolyte of AlCl;/EMImCI at a molar ratio of
1.3:1, and they demonstrated that, based on the I37/I" redox
chemistry with high reversible storage of AI**, the Al-I, battery
provided a high capacity above 200 mA h g™* at 0.2 C and high
stability for more than 150 cycles at 1 C.'”° However, the poor
conductivity of iodine, poor thermal stability, and the shuttle
effect of multiple iodides impede the practical application of
iodine electrodes in AIBs.

The stability of the iodine cathode can be enhanced by
physically confining iodine in a porous carbon or metal-organic
framework (MOF). Yang et al. used MOF-derived N-doped micro-
porous carbon polyhedra as the host material for iodine
(LL@ZIF-8-C) and assembled AIBs with a water-in-salt electrolyte
composed of LiTFSI and AlCl; (Fig. 8g and h)."”> They demon-
strated that the I,@ZIF-8-C electrode exhibited a high specific
capacity of 219.8 mA h g " at 2 A g”" and a high-rate performance
of 102.6 mA h g™" at 8 A g~". This performance was due to the
confined liquid-solid conversion of iodine within the hierarchi-
cal nitrogen-doped microporous carbon polyhedron, as well as
the improved reaction kinetics of the aqueous electrolyte facili-
tated by the conversion of I;- and Is- intermediates.
Furthermore, the flexible battery showed reasonable stability,
retaining a capacity of 145.6 mA h g™ after 100 cycles, with a
capacity decay of 0.46% per cycle (Fig. 8i).

Moreover, the shuttling problem associated with polyio-
dides can be effectively suppressed by chemical bonding. Han
et al. complexed active carbon cloth with polyvinylpyrrolidone
(PVPI) to serve as the cathode for an Al-I, battery in an AlCl,/
[EMIm]C] ionic liquid electrolyte, which featured a high
capacity of 180.1 mA h g”! at 0.2 C and maintained a stable
capacity of 127 mA h g™* after 500 cycles at 0.6 C."*® The hydro-
gen bonding interactions between PVP and iodine in PVPI
guaranteed the suppression of the shuttle effect of polyiodides,
thus extending the cycling life to 1050 cycles.

In conclusion, Al-S and Al-I, batteries based on conversion
chemistry have been a hot research topic in recent years due to
their low cost and high theoretical capacity. However, poor
cycling performance due to dissolution and the shuttle effect,
as well as slow reaction kinetics, are urgent problems to be
solved. Improving the sulfur and iodine cathodes by combin-
ing them with other materials and constructing SEI films are
currently effective solutions. Meanwhile, developing new elec-
trolytes suitable for the current mainstream cathode materials
is necessary to improve the electrochemical performance of
Al-S or Al-I, cells.

3. Anode

The application of Al metal as an anode material for batteries
dates back to 1972 when Holleck and Giner first reported the
Al||Cl, secondary battery with a NaCl/KCI/AICl; molten electrolyte.
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Al metal is widely used in various battery technologies such as
Al-air batteries, Al fuel cells, and Al-ion batteries.>” However,
Al is prone to react with oxidizing substances to generate
Al,O; passivation and delay the electrochemical reaction
activity, hindering normal electrochemical reactions. In
addition, the Al anode is susceptible to electrochemical cor-
rosion during charge and discharge processes, especially in
the environment containing chloride ions, which causes the
expansion or even explosion of the battery. How to solve the
above scientific problems remains a major challenge for
researchers.

3.1 Functional interface layer regulation

Constructing a stable functionalized interfacial layer on the
surface of the Al anode can promote uniform nucleation of
AI** and alleviate side reactions of corrosion and HER, thus
improving cycling stability. A qualified interfacial layer should
have one or more of the following properties: (1) high ionic
conductivity and low electronic conductivity, (2) mechanical
stability to alleviate the volume change during the cycling
process, (3) physical restriction or electrostatic interaction to
limit the two-dimensional diffusion of AI**, and (4) abundant
polar groups, which can interact with metal ions.

Dense thin films of metals or compounds can be formed by
in situ chemical deposition. Yan et al. constructed an amor-
phous Al (a-Al) coating layer via in situ lithium-ion alloying
and dealloying on a low-strength Al metal substrate (Al@a-Al)
(Fig. 9a)."®" This amorphous structure significantly lowered
the energy barrier for Al nucleation, facilitating Al** plating in
competition with the electron-consuming HER, thus enhan-
cing charge transfer kinetics (Fig. 9b). Simultaneously, by inhi-
biting the HER, passivation was reduced, which improved
interfacial ion transfer kinetics and enabled stable AI**
plating/stripping for 800 h in a symmetric cell (Fig. 9c). The
Al@a-Al||[KNHCF battery maintained 91% of its capacity after
200 cycles in a 0.5M Al,(SO,); electrolyte. Similarly, Yu et al
in situ deposited an MXene-based hybrid ion/electronic con-
ductor interfacial layer on an Al substrate to regulate AI** flux
and electric field distribution, thereby enhancing the AI**
stripping and plating."®* This modification enabled the Al
anode to achieve an impressive cycling life of over 5000 h at an
ultra-high current density of 50 mA em™ in the Al||Al sym-
metric battery. The MXene layer with appropriate electronic
conductivity can homogenize the electric field on the electrode
surface, which is conducive to the smooth deposition of Al**.
In addition, the high mechanical flexibility of the 2D MXene
layer can withstand large volume changes and inhibit the
growth of dendrites. The assembled Al||pyrene-4,5,9,10-tetra-
one cell in the [EMIm]CI/AIC; (molar ratio of 1.3 : 1) electrolyte
operated for 200 cycles with a 100% capacity retention.

Exploitation of physical treatment is one of the common
surface treatment techniques. Tang et al employed direct
current magnetron sputtering to deposit amorphous carbon
nanofilms (ACNI) on the Al foil acting as an artificial SEI layer
to improve the structural stability of the Al anode.'®® The
assembled ACNI/Al||graphite cell in a 4.0 M LiPF¢/ethyl methyl
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carbonate with 5 wt% vinylene carbonate electrolyte demon-
strated significantly improved performance with a specific
capacity of 115 mA h g™*, achieving capacity retention of ~94%
after 1000 cycles at 200 mA h g™ Xie et al. designed an Al,O3/
Al electrode by laser etching and anodizing, which not only
increased the effective active area of the electrode but also
formed a stable electrode/electrolyte interface to induce
uniform plating of AI** (Fig. 9d).'®* The Al,05/Al anode exhibi-
ted excellent cycling performance and rate performance,
which retained the area specific capacity of 5 mA h em™? after
cycling 1400 h. In addition, the 480 mA h pouch cell with the
Al,03/Al anode could maintain an energy density of 170 W h
kg™ with an energy efficiency of 90% (calculated based on the
positive active component), indicating strong performance
scalability. Li et al. developed a polyvinylidene fluoride (PVDF)
coating for the Al anode to inhibit the presence of free
H,0/0,, thereby alleviating corrosion issues.'®® This coating
demonstrated excellent anodic properties, attributed to the
strong interaction between PVDF and AI** through the F-Al
bond, which promoted uniform AI** plating. Consequently,
the PVDF-Al||K,CoFe(CN)s cell, utilizing a 1 M Al(OTF); elec-
trolyte, achieved a CE of 98.2% after 400 cycles at a current
rate of 100 mA g~'. Archer’s team also confirmed the role
played by chemical bonding in Al anodes.'®® By eliminating
fragile electrons and promoting strong oxygen-mediated
chemical bonding between deposited Al and the substrate,
they achieved fine control of the morphology of Al, realizing
non-planar deposition of AI*". As a result, the anode exhibited
excellent reversibility (99.6-99.8%) and sustained unusually
long cycling over 3600 h.

The formation of a stable SEI at the anode can effectively
prevent passivation and enhance electron and ion mobility.
Tang et al. obtained a treated Al anode (TAl) by immersing
polished Al foil in an AlCl;/acetamide (molar ratio of 1.3:1)
deep eutectic solvent (DES) for 24 h (Fig. 9¢).'®” This treatment
effectively inhibited surface passivation and improved the
chemical properties of the interface. The assembled symmetric
cell with the TAl was able to cycle for over 300 h while main-
taining a low overpotential of ~0.2 V. Additionally, the TAl||
FeFe(CN)s cell in a 2 M Al(CF;3S03); electrolyte provided a high
capacity of 85 mA h g%, and maintained 58 mA h g™* after 150
cycles, with an average CE of 97.1% at a current rate of 100 mA
g, Similarly, Srinivasan et al. engineered an artificial protec-
tive barrier layer on Al using AICIl; and urea eutectic coating
formulations (UTAI)."®® Benefiting from the coating, the con-
ductivity and kinetics at the anode-electrolyte interface were
improved, and the overpotential for stripping and plating was
reduced. The assembled UTAI||FeHCF cell in a 2 M Al(OTf);
electrolyte achieved a stable battery performance of ~60 W h
kg™ over 100 cycles.

3.2 Alloying

Aluminum-based alloys play a crucial role in mitigating HER,
passivation, and corrosion, showing superior plating and strip-
ping reversibility as well as extended cycle life compared with
bare Al anodes. However, careful consideration must be given
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Fig. 9 (a) Schematic illustration of the design and preparation of the Al@a-Al anode. (b) Comparative Nyquist plots of bare Al and Al@a-Al anode. (c)
Comparison of voltage profiles for symmetric cells based on bare Al and Al@a-Al anodes in the 0.5 M Al,(SO,)s electrolyte cycling at 0.05 mA cm™2
for 2 h in each half-cycle. Inset: the magnification of selected periods in (c).* Copyright 2022, American Chemical Society. (d) SEM image of the
Al,O3/Al electrode cross-section and elemental maps of Al and O from an EDS analysis of the electrode section.*®* Copyright 2023, Elsevier B.V. (e)
Schematic diagram of the formation of artificial interphase/passivating layer.®” Copyright 2021, Elsevier B.V. (f) SEM backscattered electron image
of the E-Alg,Cu,g with different contrasts corresponding to a-Al and intermetallic Al,Cu lamellas, as well as the corresponding EDS elemental
mapping of Cu (in green) and Al (in red). Scale bar, 1 um. (g) Long-term cycling stability of Al plating/stripping for symmetric cells based on the
E-Alg,Cusg (pink line), AlL,Cu (blue line), and Al (green line) electrodes at 0.5 mA cm™2 in the 2 M Al(OTF)z aqueous electrolyte with Co, = 0.13mg
L™, Inset: voltage evolutions for the Al (left), AL,Cu (middle), and E-Alg,Cug (right).*°2 Copyright 2022, Springer Nature. (h) Long-term stability of Al||
Au@Ti cell and Al||Ti cell at 0.5 mA h cm™2 and 1 mA cm™2. (i) Cycling stability of anode-free Au@Ti||EG battery and Ti||[EG battery at 200 mA g~*.1%4
Copyright 2023, Wiley-VCH.

to the selection of alloying elements to ensure they possess the pared a Zn-Al alloy by depositing Al on Zn in a 2 M Al(OTF);
following characteristics, as inappropriate additions can solution in a Zn symmetric cell, which was subsequently
exacerbate HER and corrosion issues: (1) the alloying elements employed as the anode for ABs.*' The specialized alloy inter-
should be nobler than Al to activate the passivation layer and face layer effectively mitigated passivation and suppressed den-
suppress the HER; (2) they should have a more positive elec- drite growth, ensuring long-term stability in AI** plating and
trode potential than Al to facilitate the underpotential depo- stripping for over 1500 h. The Zn-Al||Al,MnO, cell demon-
sition process; and (3) they should exhibit significant solid strated a high reversible capacity of 460 mA h g~ at 100 mA
solubility in the Al matrix to ensure a homogeneous compo- g~ ' after 80 cycles, a high discharge voltage plateau of 1.6 V,
sition and morphology.****%° and an impressive rate capability of 100 mA h g™' at 3 A g7,

To date, Zn, Cu, Ce, and Sn have been applied to create Park et al. directly assembled cells with Zn foils in a 0.8 M Al
intermetallic alloys with Al as anode materials. Yan et al. pre- (OTF); acetonitrile-H,O hybridization electrolyte, with an H,O
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to AI(OTF); ratio of 2: 1, to in situ generate the Zn-Al alloy."*
This setup presented weak Al**-solvent interactions and fast
A" transfer kinetics, achieving an ultra-long time cycling for
more than 8000 h of plating and stripping at the anode. The
assembled Zn-Al||VO,/carbon nanotubes cell achieved a high
capacity of 183 mA h g™ and 1.08 mA h cm™?, along with
remarkable cycling stability of 45 000 cycles.

Optimization of the alloy structure can inhibit passivation,
HER side reactions, etc., thereby improving anode reversibility.
Jiang et al. reported a eutectic Al-Cu alloy (E-Alg,Cuy;g) with a
lamellar heterostructure composed of alternating o-Al and
AlL,Cu nanoflakes (Fig. 9f), wherein the more noble Al,Cu
lamellas acted as electron transfer pathways to facilitate AI**
stripping from the less-noble Al lamellas, and they served as
nanopatterns guiding subsequent dendrite-free plating, thus
improving reversibility at low potentials.'®> Consequently, the
E-Alg,Cu,4 electrode exhibited a CE of ~100% for over 2000 h
with an overpotential as low as ~53 mV (Fig. 9g). When paired
with an AlL,MnO, cathode, the cell achieved a high specific
energy of ~670 W h kg™ and energy density of 815 W h L™ at
100 mA g, retaining 83% capacity after 400 cycles.
Furthermore, they also reported a eutectic Al-Ce (E-Aly,Ce;)
alloy in situ grafted with uniform ultrathin MXene (MXene/
E-Aly,Ce;) as a flexible, reversible, and dendrite-free anode for
AIBs.'”® The E-Aly,Ce; alloy comprised alternating symbiotic
a-Al metal and intermetallic Al,;Ce; nanolamellas, providing
AP’" sources and serving as a 2D nanopattern to direct Al**
plating and stripping. This design mitigated passivation from
native oxide and curtailed side reactions, enabling the MXene/
E-Aly,Ce; hybrid electrode to exhibit dendrite-free and highly
reversible AI** plating and stripping, with low voltage polariz-
ation of +54 mV and a high energy efficiency of ~99.2% for
over 1000 h in a 2 M Al(OTF); aqueous electrolyte with ultralow
oxygen concentration. Moreover, the MXene/E-Aly,Ces]|
AlLLMnO, pouch cell showed a high coulombic efficiency of up
to ~99.5%, excellent rate performance, and cycling stability,
maintaining ~85% of the initial discharge capacity after 500
cycles at a current density of 1 A g™,

Yan et al. employed a scalable folding and rolling method
to prepare Sn-Al laminate electrodes (Sn@Al). The choice of
Sn, with a suitable redox standard potential (-0.13 V) and
work function (4.42 eV), complemented Al to facilitate Al
underpotential deposition and improve anode reversibility."*>
Sn and Al demonstrated strong interfacial adhesion, creating a
tightly bonded, layered, interlaced configuration where the
spaces and gaps between layers increased the electrode’s
specific surface area and enhanced ion transport. In this struc-
ture, the metallic Al network served as a source pool for AI**
within the electrode, while the Sn skeleton provided numerous
active sites for the underpotential plating of AI** over HER.
Additionally, the combination of Sn and Al formed localized
Al/Sn galvanic couples, which effectively promoted Al strip-
ping, thereby reducing internal resistance and improving
charge transfer kinetics. The Sn@Al electrode demonstrated
stable cycling for over 900 h in a symmetric cell in a 0.5 M
Al,(SO,); electrolyte. To further suppress HER significantly,
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the PVDF solution was coated onto Sn@Al to form p-Sn@Al,
and the p-Sn@AI||KNHCF cell showed a capacity retention of
82% after 700 cycles.

3.3 Anode-free

Anode-free Al cells are considered a promising strategy for
metal plating and stripping to mitigate the effects of HER, pas-
sivation, and corrosion. In this novel design, ions are stored
directly on the surface of the collector by electrochemical
deposition during charging; during discharge, ions detach
from the collector surface and return to the electrolyte or
cathode. This seemingly simple change offers several signifi-
cant advantages: first, removing the anode reduces the bat-
tery’s weight and size, increasing overall energy density. This
means a battery of the same size can store more energy, or a
battery of the same capacity can be made smaller and lighter.
Second, the simplified structure lowers production costs,
which is critical for large-scale commercialization. However,
the anode-free strategy faces serious challenges, such as the
lack of excess Al anode replenishment during cycling, leading
to poor cycling stability. Additionally, ensuring good contact
between the electrolyte and collector is crucial for efficient ion
transport.

To address the above issues, the choice of collector is criti-
cal, as it directly regulates metal deposition morphology by
affecting deposition kinetics and the crystallographic growth
behaviors of metal anodes."®* Archer et al.'*® reported using
two-dimensional gold nanosheets with strong diffraction from
(111) facets and low lattice mismatch as an anode collector for
anode-free AIBs. They verified that Au coatings sustain stable
cell operations for over 500 cycles with a high CE of over 99%.
The battery, with Au nanosheets as the anode substrate and
graphene as the cathode, exhibited capacity retention of 80%
after 1000 cycles and 74% after 2000 cycles in the AICl;/
[EMIm]CI] (molar ratio of 1.5: 1) electrolyte. However, insight-
ful explanations and mechanistic probes regarding collector
selection are still lacking. Jin et al'®” conducted in-depth
monitoring of a variety of carbon and metal-based materials
used as anode collectors (ACCs) for anode-free AIBs and inves-
tigated their corrosion resistance to Cl” in the AlCl;-based
ionic liquid. The results indicated that electrochemically stable
ACCs, such as graphite paper and Mo foils, exhibited better
cycling stability and higher CEs comparable to the Al anode.
In contrast, metallic ACCs susceptible to corrosion by Cl™ ions,
such as Cu, Ag, Ni, steel, and Mg foils, exhibited relatively
lower specific capacities and rapid capacity fade during long-
term cycling. Chen et al'®* designed an ultrathin lattice-
matching layer (LML) to investigate the nucleation and growth
mechanisms of AI** on the Au@Ti collector. The LML pro-
longed the nucleation process of Al, increased nucleation
density, and reduced the average particle size. Evenly distribu-
ted Au significantly enhanced the nucleation density and
reduced the average particle size, tailoring the morphology of
Al toward anode-free Al anodes without dendrite formation. As
a result, stable AI’* plating and striping occurred on the
Au@Ti substrate for over 4500 h, achieving an excellent CE of
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99.92%. Furthermore, the anode-free Au@Ti||expanded graph-
ite (EG) cell with an AICl;/[EMIM]CI (molar ratio of 1.3 : 1) elec-
trolyte exhibited significantly longer cycling stability, exceed-
ing 900 cycles with a capacity retention rate of 80%.

Wei et al. first reported a proof-of-concept of anode-free
aqueous AIBs, in which Al,TiOs, as a cathode pre-aluminum
additive (Al source), could replenish Al loss by over cycling.*®
The Cu collector surface forms a uniform AlCu alloy layer via
the charging process as a means of maintaining reversible
plating/stripping of hydrated AlI** on the Cu foil surface. The
Cu||PANI@G-AL,TiOs cell in the 0.5 M Al,(SO,); battery deli-
vered a high initial discharge capacity of 175 mA h g~ and
power density of 410 W h L™ with a capacity retention of 60%
after 1000 cycles.

4. Electrolyte

The electrolyte is one of the important and indispensable com-
ponents of the battery, and plays many key roles such as: (1)
transferring ions and realizing electrochemical reactions. The
electrolyte serves as a medium for ion transfer, and in the
process of battery charging and discharging, redox reactions
will occur between the cathode and anode materials, and
these reactions require the participation of ions. The electro-
lyte salt in the electrolyte can dissociate into cation and anion,
and these ions migrate between the cathode and the anode
through the electrolyte under the action of the electric field,
thus realizing the electrochemical reaction; (2) maintaining
the stability of the battery performance. The composition and
concentration of the electrolyte have a direct impact on the
performance of the battery. A suitable electrolyte formula can
ensure that the battery maintains a stable voltage, capacity,
and cycle life during charging and discharging.

Electrolytes can be broadly categorized into aqueous and
non-aqueous types. Aqueous electrolytes, commonly composed
of compounds such as AlCl;, Al,(SO,);, and Al(OTF);, are
recognized for their environmental friendliness, cost-effective-
ness, intrinsic safety, and high conductivity. However, several
scientific challenges persist: the narrow electrochemical stabi-
lization window (ESW) of aqueous electrolytes restricts the
voltage and energy density of the battery; the low decompo-
sition voltage of H,O leads to the anodic HER occurring before
the AI** reduction reaction; and the high reactivity of H,O at
the electrode surface results in detrimental side reactions that
cause corrosion and passivation. In contrast, non-aqueous
electrolytes are less susceptible to HER due to the absence of
water, offering a wider electrochemical stability window along
with excellent thermal and chemical stability, making them
suitable for high-performance applications. Other than the
widely used ionic liquid electrolytes, types of new electrolyte
systems include water-in-salt electrolyte, aqueous and non-
aqueous DES electrolyte, molten salts electrolyte, and gel
polymer electrolyte. Despite these advantages, it is crucial to
consider the costs and environmental impacts associated with
the disposal of certain solvents used in non-aqueous systems.
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4.1 Water-in-salt electrolyte

To inhibit the occurrence of side reactions such as HER in
AIBs, one effective approach is to reduce the activity of H,O by
increasing electrolyte concentration, therefore water-in-salt
electrolytes and aqueous deep eutectic solvent (DES) electro-
Iytes have been developed. For instance, Wu et al. proposed a
water-in-bi-salt electrolyte composed of 1 M Al(OTF); and 15 M
LiOTF, wherein the traditional octahedral solvation sheath
structure of AI** in dilute solutions, ie. Al(H,0)s>*, trans-
formed to mixed octahedral Al(OTF),(H,0)s_, (x > 0) and tetra-
hedral Al(OTF);0H™ ion pairs (Fig. 10a)."*° This significantly
reduced water activity and expanded the electrochemical
window to 4.35 V while maintaining a low overpotential
(Fig. 10b). Consequently, it suppressed cathode dissolution,
alleviated self-discharge behavior, and stabilized the interface
at both the cathode and anode. As a result, the ALMnO,
cathode achieved a discharge capacity of 160 mA h g™ after
150 cycles with a CE of ~95%. Luo et al. also proposed a WiSE
electrolyte containing 2 M Al(OTf); + 20 M LiTFSI. In the elec-
trolyte, the H,O molecules were confined within the Li" sol-
vation structures, which reduced the AI*'-H,O interaction,
thus essentially eliminating the hydrolysis effect, effectively
protecting the Al anode from corrosion. As a result, long-term
Al plating and stripping could be achieved over 1800 h.>%°

4.2 Aqueous DES electrolyte

Aqueous DES electrolytes combine the high ionic conductivity
of aqueous electrolytes with the electrochemical stability of
DES electrolytes and effectively inhibit side reactions. Zhang
et al. proposed a eutectic electrolyte named HEE30, formulated
with an optimal molar ratio of 1:8:1:30 for Al(OTf);, glycerol
(Gly), sodium beta-glycerophosphate pentahydrate (SG), and
H,0.” The unique eutectic network significantly enhanced
the hydrogen bonding between Gly and H,0O, reducing the sol-
vation interaction of AI** with active H,O, thereby lowering the
freezing point, extending electrochemical windows, and sup-
pressing HER. Consequently, the Al symmetric cell achieved
an extended lifespan of 1000 h at 0.05 mA cm™> and even
demonstrated prolonged cycling stability exceeding 500 h and
1000 h at temperatures of —20 and 60 °C, respectively.
Moreover, the Al||Prussian white full cell exhibited a capacity
retention of 72% after 500 cycles at 0.5 A g~ while maintain-
ing a high capacity of 109 mA h g™" at a low current rate of 0.1
A g~ after 200 cycles. In addition, their group also designed a
hydrated eutectic electrolyte (AATH40) composed of Al(OTf);,,
acetonitrile (AN), triethyl phosphate (TEP), and H,0.>*!
Molecular dynamics simulations and spectroscopy analysis
revealed that AATH40 possessed a less-water-solvated structure,
presented as [Al(AN),(TEP)(OTf),(H,O)]>", which effectively
inhibited side reactions, decreased the freezing point, and
extended the electrochemical window of the electrolyte.
Consequently, the Al symmetrical cell demonstrated cycling
stability for 520 h under 0.05 mA cm™> at 25 °C, 450 h at
—10 °C, and 1500 h at 50 °C. Furthermore, the Al||polyaniline
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Fig. 10 (a) FTIR spectra of electrolytes with varying different concentrations. (b) The schematic diagram of A(OTF)sOH™ and A(OTF),(H,0)e_,.**°
Copyright 2022, Elsevier B.V. (c) LSV curves of the BE and HEE30 electrolytes at a scan rate of 10 mV s, (d) Cycling stability of Al/|PW full cells with
the BE and HEE30 electrolytes at 0.1 A g~* at 25 °C.*° Copyright 2024, Wiley-VCH. SEM images of Al anodes cycled in the (e) AU and (f) AUdF.2%%
Copyright 2024, Wiley-VCH. (g) Long-term cycling stability of the PA, PA450 and PA650 electrodes in molten salt electrolytes at 10 A g~*.2%8
Copyright 2024, Elsevier B.V. (h) Schematic illustration of the in situ preparation of cross-linked PEA-GPE and the pouch cell assembly procedure. (i)
Cycling stability of the Al||cross-linked PEA-GPE||graphite battery with 11 mg cm™2 graphite loading at 100 mA g~*.2%° Copyright 2023, Elsevier B.V.
(j) The cycling performance at a current rate of 0.5 A g~1.21° Copyright 2024, Wiley-VCH.

(PANTI) full cell delivered a capacity of 129 mA h g™* over 100
cycles at 200 mA g .

4.3 Non-aqueous DES electrolyte

Non-aqueous DES are commonly used as electrolytes in
addition to ionic liquids, which can avoid the air sensitivity
and high cost of ionic liquids. Yan et al. proposed a new low-
cost and environmentally friendly DES composed of AlICl; and
guanidine hydrochloride (GdnHCl) with a molar ratio of
1.8:1.%°* The assembled Al||NG battery exhibited a capacity of
128 mA h g™" at 100 mA g~* and a capacity 124.6 mA h g™" at
1000 mA g', achieving a CE of 99.5% over 1000 cycles.
Passerini et al. proposed a locally concentrated DES consisting
of AICl; and urea in a molar ratio of 1.3 : 1, combined with the
non-solvating co-solvent 1,2-difluorobenzene (dFBn).*>* The

This journal is © The Royal Society of Chemistry 2025

inclusion of dFBn effectively enhanced fluidity and ion trans-
port without compromising ionic dynamics in the electrolyte.
Moreover, dFBn modified the solid electrolyte interphase that
formed on the anode, which reduced the interfacial resistance
and promoted a more homogeneous AlI*" plating and strip-
ping, thereby improving the cycling stability of the Al anode
(Fig. 10e and f). As a result, the lifespan of the Al symmetric
cell was extended from 210 h to 2000 h, while the cell polariz-

ation decreased from 0.36 to 0.14 V at 1.0 mA cm™>.

4.4 Molten salt electrolyte

Molten salt electrolytes are known for fast reaction kinetics
due to high ionic concentration and excellent electrical con-
ductivity, as well as good thermal and chemical stability, and
have been developed for AIBs but at high temperatures.
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Jiao et al. developed an AlCl;-NaCl-LiCl-KCl (molar ratio of
1.31:0.43:0.42:0.15) quaternary inorganic molten salt elec-
trolyte with the lowest eutectic temperature of less than
75 °C.”** The Al||graphite battery showed a stable specific
capacity of 114.9 mA h g™" at 200 mA g™* over 1500 cycles at
90 °C. Wu et al. reported an intermediate-temperature AB fea-
turing a nickel disulfide-based cathode and a NaCl-AlCl;-Al,S;
molten salt electrolyte, in which NaCl, AlCl;, and S powders
were fully mixed with a molar ratio of 1.05:1.0:0.12.°° The
Al||NiS, cell delivered a capacity of 320 mA h g™ " at 240 °C and
a current rate of 2000 mA g~' with negligible capacity fade
after 2000 cycles. In addition, AICl;-NaCl-KCIl molten salt elec-
trolyte has been widely used.?’®>°® Mai et al. proposed a novel
and efficient Al-organic battery with ultrafast reaction kinetics
by utilizing a molten salt electrolyte (AlCl;-NaCl-KCl molar
ratio of 61:26:13) and designing a strongly interacting
organic cathode PTCDA (perylene-3,4,9,10-tetracarboxylic dia-
nhydride, PA450).>°® The Al||PA450 molten salt battery demon-
strated exceptional electrochemical performance, showcasing
a highly reversible capacity of 135 mA h g™! and outstanding
cyclability for up to 2000 cycles at 10 A g~* (Fig. 10g).

4.5 Gel polymer electrolyte

Gel polymer electrolytes serve as a bridge between liquid and
solid electrolytes, comprising a liquid electrolyte and a
polymer matrix, which combine the high ionic conductivity of
liquid electrolytes with the safety benefits of solid electrolytes.
Lee et al. developed a novel gel polymer electrolyte using ethyl
acrylate (EA) as a monomer, AICL;/[EMIm]|CI (molar ratio of
1.7) ionic liquid as the electrolyte, 2,2-azobisisobutyronitrile
(AIBN) as the initiator, and N, N'-methylene-bis-acrylamide
(MBAA) as the cross-linking agent.>'! The assembled Al
graphite battery delivered a capacity of 90 mA h g™* at 200 mA
g~ with a high-capacity retention of 95% over 1500 cycles. Du
et al. proposed a gel polymer electrolyte via in situ cross-
linking polymerization of EA monomer and pentaerythritol
acrylate (PETEA) crosslinker in a high molar ratio of AICly/
EMIC ionic liquid (Fig. 10h).?°° The gel polymer electrolyte
exhibited an ionic conductivity of 1.46 x 10> S ecm™ and a
wide electrochemical window up to 3.0 V (vs. AI’**/Al), along
with alleviated moisture sensitivity and appreciable interfacial
stability at room temperature. Consequently, the assembled
solid-state Al||graphite battery with the gel polymer electrolyte
delivered a stable capacity of ~90 mA h g™* for 1000 cycles at
100 mA g7, both at ambient temperature and a low tempera-
ture of —10 °C. Even with a high-loading graphite cathode of
11 mg cm™?, a capacity of ~60 mA h g™* could still be obtained
for 300 cycles (Fig. 10i).

4.6 Electrolyte additive

Electrolyte additives are commonly employed to assist in the
formation of a stable SEI layer on the anode surface, which
can effectively avoid HER, corrosion, dendrites, passivation,
etc. Seh et al first reported a novel electrolyte combination
based on Al(OTf); with tetrabutylammonium chloride (TBAC)
additive in diglyme (0.5 M Al(OTf); + 0.1 M TBAC in diglyme
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solvent)." They found that TBAC reduced the charge transfer
resistance and the surface activation energy at the anode surface
and also augmented the dissociation of Al(OTf); to generate the
SEI components. Consequently, the reduced anodic overpotential
for cells ran for 1300 cycles in Al plating and stripping tests. Du
et al. proposed electrolyte interfacial engineering involving the
nonionic surfactant (F127) as an interfacial optimizer in ILs
(molar ratio of AlCl;: EtzNHCI = 1.5:1, F127 added at 0.5 wt%,
F127-0.5), simultaneously modulating the anode-electrolyte and
cathode-electrolyte interfaces.”'® F127 preferentially adsorbs on
the electrode surface, forming a dense and uniform adsorption
layer, which can effectively mitigate the corrosion of ILs on the Al
anode and regulate the current density to achieve uniform Al
deposition. The Al||[FG full battery assembled with
F127 modifying ILs (F127-0.5) was able to retain a specific
capacity of 104.9 mA h g™" after 1600 cycles, which was higher
than ILs (69.0 mA h g) (Fig. 10j).

5. Conclusions and future outlook

As one of the promising alternatives for the next generation of
energy storage devices, AIBs have received widespread atten-
tion and achieved significant research results in recent years.
This paper focuses on the progress of different types of
cathode materials for AIBs, based on the classification of the
charge storage mechanism in terms of charge carriers, to
reveal the electrochemical performance. Then the current
development status and modification methods of anodes and
electrolytes in recent years are reviewed, and an outlook is
presented.

Although marked progress has been made in the develop-
ment of cathode materials for AIBs, several problems remain
to be solved. Currently, transition metal oxides exhibit high
capacity via hosting the AI*" cation based on the valence
change of transition metals, which can transfer multiple elec-
trons. However, the structures of transition metal oxides are
prone to collapsing during repeated AI** (de)insertion, and
they also easily dissolve into the electrolyte, leading to poor
cycling stability. Prussian blue analogs can accommodate the
(de)insertion of AI** due to their unique framework structure.
Nevertheless, as a trivalent ion, AI** possesses the highest
charge density, leading to high electrostatic interaction
between the intercalated AI** and the host frameworks, as well
as poor diffusion kinetics. In addition, the lack of sites avail-
able for AI*" insertion in the main material leads to a low
specific capacity. The unique coordination chemistry due to
the diverse functional groups of organic compounds provides
abundant charge storage. However, the low potential and poor
conductivity of organic materials and the problem of cathode
material dissolution limit their applications. Carbon materials
have good electrical conductivity and stable structure, but only
[AICL,]” anion can be stored, resulting in a low capacity. Sulfur
and iodine cathode have high theoretical capacity, high energy
density, and low cost, but the dissolution of cathode materials
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leads to poor cycling stability, and poor conductivity results in
poor kinetics.

In view of the above problems, finding new materials or
developing new strategies to optimize the cathode materials of
the existing AIBs is crucial for large-scale applications. Several
strategies for optimizing battery performance by improving
cathode materials are summarized: (1) reasonable structure
regulation and optimization strategies, such as pre-embedded
ions to expand the layer spacing to improve the ion migration
rate, altering the phase structure through in situ electro-
chemical transformations, and designing three-dimensional,
core-shell, defective, nanostructures, and polymerized struc-
tures, etc.; (2) material composite synergistic strategies, such
as compositing with carbon materials to enhance the electrical
conductivity and combining with MOF materials to improve
the stability of the structure, etc.; (3) theoretical calculations to
predict the feasibility analysis of new materials. It can be
believed that through in-depth research on AIBs, the realiz-
ation of AIBs for large-scale energy storage and other fields of
widespread application is just around the corner.

For the anode, Al metal can provide satisfactory capacity;
however, corrosion, passivation, and dendrites have emerged
as troublesome problems. In this regard, we summarize the
approaches for anode modification in recent years and make
recommendations: (1) functional interfacial layer modulation
on the surface of Al anode is considered as a possible solution
to the dilemma of the Al anode. Although this approach is
widely used at present, the issue still needs to be thoroughly
investigated and analyzed. In general, the SEI film should have
bi-directional conductivity, i.e., allow AI*" to shuttle freely and
electron not; be thermally and chemically stable; have good
mechanical strength and be able to withstand the volume
change of the battery during charging and discharging; (2) the
utilization of alloy anodes resists passivation as well as cor-
rosion. The doping of various metal elements in the alloy can
change the atomic arrangement, thus changing the grain
structure and crystalline phase to achieve high anode
efficiency and power output to explore new Al-alloy-based
anodes with simultaneous Al activation sites and low cor-
rosion; (3) anode-free is the emerging strategy in recent years,
characterized by high energy density, low cost, and high safety.
However, attention still needs to be paid to the instability of
anode morphology change and the reaction problem at the
anode-liquid electrolyte interface. In addition, the utilization
of advanced theoretical analysis and artificial intelligence in
the assembly of batteries may guide the development of
anodes for AIBs.

The electrolyte plays a key role in conducting ions between
the cathode and anode, which affects the performance of the
battery. AIBs moving from the laboratory to commercialization
face many challenges in terms of electrolytes. For aqueous
battery electrolytes, how to improve their ESW is an urgent
issue. Researchers have adopted the method of increasing the
electrolyte concentration to improve the ESW, such as the
development of water-in-salt electrolytes, aqueous deep eutec-
tic electrolytes, and so on. However, it should be noted that

This journal is © The Royal Society of Chemistry 2025
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these electrolytes have poor conductivity and there is the need
to control the cost compared with dilute solutions. Non-
aqueous electrolytes have a natural advantage in terms of ESW,
but attention needs to be paid to their sensitivity to air, which
limits their application. Ionic liquids are currently the most
commonly used electrolytes; in addition, non-aqueous deep
eutectic electrolytes, molten salt electrolytes, and gel polymer
electrolytes have also been developed in recent years.

In summary, AIBs are still in the early stages. The choice of
electrode materials and electrolyte and system matching are
scientific issues that need to be emphasized, which usually
require a variety of methods to cooperate to realize high-per-
formance AIBs. Although there are still many problems to be
solved for AIBs, their advantages of high theoretical capacity,
high voltage, and low cost still give them high research value.
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