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Abstract: Aluminum-ion batteries (AIBs) for electrochemical energy storage
technologies are relatively new research hotspots because of their advantages, such as
high theoretical specific capacity, lightweightness, zero pollution, safety, inexpensive
and rich resource. Especially, AIBs possess the potential to achieve ultrafast charge and
discharge speed because of three-electron redox reactions, becoming the most
promising candidate for high power density rechargeable batteries. However, several
serious drawbacks, such as passive film formation, anode corrosion, and cathode
selection and preparation, hinder the large-scale application of these systems. Here, we
introduce the principles of AIBs and review the challenges and outlooks of AIBs from
various perspectives, including anode design and protection, electrolyte exploitation
and battery design, and cathode selection and preparation. We comprehensively discuss
the acquisition of green and low-cost carbonaceous cathode materials with high
electrochemical performance. Furthermore, several perspectives on potential research

directions for the development of high-power density AIBs are proposed.

Keywords: Electrochemical energy storage; Aluminum-ion battery; High-power

density; Challenge; Research direction; Low-cost carbonaceous cathode



1 Introduction

With the increase in demand for fast charging speed of energy storage devices and
further requirements for the operating power of high-performance electric vehicles, the
power density of energy storage devices has become the focus of improvement [1-4].
Supercapacitors have a high power density owing to the energy storage mechanism of
charge adsorption [5, 6]. However, the short discharge time cannot meet the
requirements of portable equipment and electric vehicles [7]. Aluminum-ion batteries
(AIBs) are potential candidates for meeting the above requirements because of their
rapid charge and discharge speed caused by three-electron redox reactions [8-10].
Moreover, compared with lithium, sodium, potassium, magnesium, calcium, and zinc,
aluminum possesses the advantages of high theoretical specific capacity,
lightweightness, zero pollution, safety, low cost, and rich resource, which make it
practicable for electric vehicles and large-scale energy storage [11][12, 13]. Therefore,
rechargeable AIB research has become a new hotspot in the field of energy storage.

Various studies have centered on the high electrochemical performance of AIBs
[14-16]. Lin et al. [8] developed an ultrafast rechargeable AIB, which exhibited a
discharge voltage platform near 2.0 V and a discharge specific capacity of 70 mA h g™!
at 4 A g!, withstanding more than 7500 cycles without capacity decay. Wu et al. [2]
reported a monolithic three-dimensional graphitic foam as a cathode for rechargeable
AlBs, exhibiting a discharge capacity of 60 mA h g™! at 12 A g™! and stable cycling
over 4000 cycles. Zhao et al. [17] designed two-dimensional WS, layered cathode for

high-performance AIBs, displaying a reversible capacity of 86 mA h g™' at 5 A gl



These studies reflect the potential of AIBs as a high-power-density energy storage
device. Subsequently, several reviews summarized the research progress and
challenges of AIBs. In 2018, Zhang et al. [18] reported the challenges, status, and
perspectives of non-aqueous AIBs and discussed the development of reliable non-
aqueous AlBs. Das [19] reported graphene as a cathode material of choice for AIBs and
highlighted the electrochemical performances, advantages, and challenges of graphene
as cathode for AIB in conjugation with chloroaluminate-based electrolytes. In 2019,
Verma et al. [20] reported the progress in rechargeable aqueous AIB electrodes,
focusing on the mechanisms of electrochemical activation, insertion, and conversion.
However, no review has reported the fabrication of sustainable, low-cost, and high-
power-density AIBs focusing on anode design, electrolyte selection, and cathode
selection and preparation.

Herein, we summarize the current progress of AIBs and the corresponding
opportunities, challenges and potential research directions (Fig. 1). We introduce the
principles of AIBs, including the property of aluminum, electrochemical reactions, and
components. Based on their electrochemical reactions and components, the challenges
and outlooks of AIBs are reviewed from various perspectives, including anode design
and protection, electrolyte exploitation and modification, and selection and preparation
of cathode materials. We comprehensively discuss the acquisition of green and low-
cost cathode materials with high-performance based on the requirements of AIBs and

existing electrode materials.
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Fig. 1 Review scheme of opportunities, challenges, and potential research directions

for AIBs.

2 Principles of AIBs
2.1 Property of aluminum

Al is a metal with an atomic number of 13. Table 1 lists the properties and
electrochemical performance of this element. Table 1 also presents the characteristics
of Li and Na in comparison with Al. In the Earth’s crust, Li sources are limited and
unevenly geometrically distributed [21]. Meanwhile, Al is the third most abundant
element and the first most abundant metal [22]. Compared with Li, Al is extremely
inexpensive because it can be produced through the electrolysis of aluminum oxide. Li,
Na and Al have standard reduction potentials (Ey) of -3.045, -0.271 and -1.76 V,
respectively. The drawback of Al is its higher atomic weight (26.98 a.m.u.) compared
with Li (6.941 am.u.) [23]. Based on the equation (1), Al anode decreases the
theoretical specific capacity of the battery system, but the three-electron redox reaction
can increase its specific capacity compared with the one-electron redox reaction of Na.

The theoretical specific capacity of 2980 mAh g™! of Al is higher than that of sodium-
5



ion battery systems (Fig. 2a). Similar to lithium and sodium anodes [24, 25], aluminum
anodes also face the challenge of dendrite formation due to the orientation of aluminum
deposition during the electrochemical processes [26]. Moreover, Al can be oxidized in
the air to form a surface passivation film of Al,Os3, which prevents further reaction and
stably exists in the air; it is easier to improve battery safety and stability. Thus, Al is
more suitable than Li and Na for use in rechargeable batteries in terms of security and
stability.

Co=1000nF/3600M (1)
where C, is the theoretical specific capacity, n is the number of electrons per molecule
during redox reaction, F is the Faraday constant (96500 C mol™') and M is the Molar

mass.

Table 1 Properties and electrochemical performance of Li, Na and Al.

Element Li Na Al
Atomic number 3 11 13
Atomic mass (amu) 6.94 22.99 26.98
Density (g cm™) 0.534 0.968 2.702
Melting point (°C) 180.54 97.72 660.37
Boiling point (°C) 1317 883 2467
Reserves inhomogeneous  6th in the earth’s  3rd in the earth’s
and insufficient crust crust
Standard reduction potential (V) —3.045 -0.271 -1.676
Specific capacity (mAh g™!) 3870 1166 2980
Dendrite formation Yes Yes Yes
React with oxygen Yes Yes Yes
Stability in the air No No Yes

2.2. Electrochemical reactions in AIBs



The electrochemical reaction of Al anode corresponds to the equation (2):
Anode:
Al+7AICl,—4AL,Cl; +3e” 2)

For the cathode, the electrochemical reactions correspond to Equations (3—14):

Carbon:
CatAICl, —C[AIC], [+e™ 3)
Metal oxide/sulfide:
WO;+AICL —[AICI]WO; +e~ (4)[27]
6CuO+2A1F+6e"—3Cuy0+AL 0, (5)[28]
AlV;09+tx AP 3xe = Alz 14y V300.3y0+y/2A1,05 (6)[29]
MoS,+xAlP*+3xe"—AlxMoS, (7[30]
Co3S4+x AP +3xe —AlxCo3S, (8)[31]
SnS+nAICl; —ne +SnS[AICI, ], 9)[32]

Composite, with high conductivity and good stability:

CoSe-+4AL,Cl;+3e —AlCoSe+7AICI, (10)[33]
CoSe,tmAP*+3me —Al,Co,Se,+(1-n)/Co (11)[34]
Niy HP+mAP*+3me —> Al Ni,HP-+(11-n)Ni (12)[35]
Ni,P+mAB*+3me — Al Ni,P+(2-n)Ni (13)[11]
SnO,+4nAl,Cl;+3ne —Al,SnO,+7nAIC1,~ (14)[36]

Lin et al. [8] constructed AIB in pouch cells (Fig. 2b) using an Al foil anode, a
graphitic cathode, and an ionic liquid electrolyte made from vacuum-dried AICl;/1-

ethyl-3-methylimidazolium chloride (EMIC). This cell exhibited distinct discharge



voltage plateaus in the ranges of 2.25-2.0 and 1.9-1.5 V, which delivered a discharge
specific capacity of more than 60 mAh g ! at a current density of 66 mA g! (1 C
charging rate) (Fig. 2¢). Cai et al. [34] designed an AIB by utilizing an Al foil anode,
AICI;/EMIC electrolyte, and a CoSe,/carbon nanodice@reduced graphene oxide (rGO)
cathode. The cyclic voltammetry (CV) curve of the cell (Fig. 2d) showed two reduction
peaks at ca. 0.9 and 1.8 V, while the corresponding oxidation peaks were observed at

ca. 1.0 and 2.1 V, depending on the cathode material of CoSe,/carbon nanodice@rGO.
(a) (b) Battery discharging
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Fig. 2 (a) Comparison between gravimetric and volumetric capacities, standard
reduction potential and heart crust abundance of metal anodes used or proposed for
application in electrochemical storage systems [37]. Copyright 2016, Wiley. (b)

Schematic of Al/graphite cell during discharge, with the optimal composition of the

AICIl;/[EMIm]CI ionic liquid electrolyte. On the anode side, metallic Al and AlICl,~



were transformed into AL,Cl;~ during discharge, and the reverse reaction occurred
during charging. On the cathode side, AICl; was predominantly intercalated and
deintercalated between graphite layers during charge and discharge reactions,
respectively. (c) Galvanostatic charge and discharge curves of an Al/pyrolytic graphite
Swagelok cell at 66 mA g™'. Inset: charge and discharge cycles [8]. Copyright 2015,
Nature. (d) Typical CV curves at a scan rate of 10 mV s™! [34]. Copyright 2018, Royal

Society of Chemistry.

2.3 Components of AIBs



Table 2 Anodes, electrolytes, cathodes, and electrochemical performance of AIBs

Classification Cathode Electrolyte Anode Electrochemical performance Ref.
The highest capacity At highest current Cycle life
density
Graphite Graphite 4.0 M LiPFs in ethyl methyl carbonate with Al foil 104 mAhg'at2C 79mAhg'at5C A capacity retention of 88% after 200 cycles at 2 C [3]
vinylene carbonate additive
Graphite 4.0 M LiPFs in ethyl methyl carbonate with  Porous Al 104 mAhg'at2C 85mAhg'at20C 93 mAh g at 2 C after 1000 cycles with 89.4% retention ~ [38]
vinylene carbonate additive
Graphite 4.0 M LiPFs in ethyl methyl carbonate with Al nanosphere 105mAhg'at2C 87mAhg'at20C 88 mAh g ! at 15 C after 1000 cycles with 94.6% capacity ~ [39]
vinylene carbonate additive retention
Graphite AICl; in 1-methyl-1-propylpyrrolidinium chloride Al foil 75mAhg'at0.1 Ag! 35mAhg'at0.1Ag! - [40]
Graphite AICl; in Imidazole hydrochloride (ImidazoleHCI) Al foil 129 mAhg'at05A g! 105mAhg'at4.0A g A Coulombic efficiency of 99 % at 4.0 A g™! after 1000  [41]
cycles
Graphite 0.5 mol L' AICI; in aqueous Poly(3,4,9,10- 220 mAhg'at0.05A g! 95mAhg'at1.0A g A capacity retention closed to 100% for 1000 cycles [42]
perylentetracarboxylic
diimide)
Graphite AlCl;/urea/CPL Al foil I5lmAhg'at50Ag! 105mAhg'at15Ag! 132 mA h g! with a Coulombic efficiency of 98% after  [43]
3000 cycles.
Spherical graphite AICl; in pyridinium chloride Al foil 123mAhg'atl0A g 10lmAhg'at50Ag! a Coulombic efficiency of 97% after 500 cycles [44]
Prelithiation graphite AICl; in EMIC Al foil 102.6 mAhg'at0.1Ag' 49mAhg'at0.5A¢g"! 64 mAh g at 0.2 A g after 500 cycles with 95.1%  [45]
retention
Graphene Edge-rich graphene paper AICl; in EMIC Al foil 128 mAhg'at2 Ag! 84 mAhg'at10A g 90+3 mAh g ' at 8 A g! after 20000 cycles [46]
Graphene nanoplatelets AICl; in trimethylamine hydrochloride Al foil 134mAhg'at2Ag! 83 mAhg'at4 Ag! A Coulombic efficiency above 98% over 3000 cycles [47]
Graphene aerogel AICI; in triethylamine hydrochloride Al foil 112mAhg'at5Ag! 60mAhg'at25Ag! 112 mAh g' at 5 A g! after 30,000 cycles with 97.3%  [48]

retention
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143 mAh g'at 1 A g! after 500 cycles
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72 mAh g at2 A g! after 20000 cycles
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2.3.1 Anode

Al has long attracted attention as a potential battery anode because of its high
theoretical voltage and specific energy [53-55]. Al can be electrodeposited and is
therefore suitable for the development of rechargeable batteries. Considerable efforts
have been exerted to develop rechargeable AIBs with high power density [56]. Similar
to other battery systems, the dissolution/deposition kinetics of metal anodes play crucial
roles in the charge and discharge speed, directly affecting the power density of AIBs
[57]. Moreover, the dendrite growth is also a major challenge during electrochemical
processes [58, 59]. Long et al. [60] tracked the dendrite growth process and recorded
the Al deposition by in-situ optical microscopy at a current density of 10 mA (Fig. 3a).
Fluffy Al started to form, protrusions of dendritic Al became visible, more dendrites
shoot out in an obvious tip-growth manner, the “dead” Al dendrites fell off. It
demonstrated the dendrite issue in Al metal batteries. Increasing the specific surface
area of metal anodes, such as porous electrodes and powder electrodes, can effectively
regulate the dissolution/deposition kinetics and the charge distributions [61-63],
guiding the design of high-power-density AIBs without anode dendrite formations.

Based on the above principles, Tong et al. [38] designed a porous Al foil anode
for high-rate AIBs. The porous Al foil coated with a uniform carbon layer (pAl/C) was
fabricated by etching, deposition, solidification of polyacrylonitrile, and subsequent
carbonization (Fig. 3b). The 3D porous Al structure provides fast ion/electron transport
channels and sufficient space to accommodate volume expansion during
electrochemical processes. The AIB cell with the pAl/C anode and natural graphite

13



cathode exhibited reversible capacities of 104 and 85 mAh g! at 2 and 20 C,
respectively (Figs. 3c and 3d). Moreover, the cell demonstrated a retention capacity of
93 mAh g ! at 2 C after 1000 cycles without dendrite growth, with 89.4% retention and
a power density of 3084 W kg™!. To further increase the electrochemical reaction rate,
Tong et al. [39] developed dendrite-free core/shell Al@carbon nanospheres (nAl@C)
anode composed of Al nanospheres and an amorphous carbon outer layer (Fig. 3e). The
cell with nAl1@C anode and graphite cathode exhibited a capacity of 88 mA h g”! with
a capacity retention of 94.6%, a Coulombic efficiency of 99.5% after 1000 cycles at 15
C (Fig. 3f), and a power density of 3701 W kg™!. Compared with the Al foil [3], the
discharge speed and power density were significantly improved owing to the
enhancement of specific surface area. In addition to enhancing power density, porous
and powder anodes with micron or sub-micron sizes are effective ways to suppress
dendrite formation during dissolution/deposition [38, 39]. Therefore, the specific
surface area improvement of Al anode through structure design can be the key to

increase the power density of AIBs, which will be the focus of future research.
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Fig. 3 (a) In-situ optical microscopic observation of Al dendrite formation on planar Al
[60]. Copyright 2021, Elsevier. (b) Schematic of the fabrication process of pAl/C anode
material. (¢) Charge—discharge curves of the pAl/C-graphite battery at different current
rates from 2 C to 20 C at the sixth cycle for each current rate. (d) Corresponding
capacities and Coulombic efficiencies at different current rates [38]. Copyright 2016,
Wiley. (e) Schematic of nAl@C fabrication process. (f) Charge—discharge curves at
different current rates and the long-term cycling stability at 15 C for 1000 charge—

discharge cycles of the nAl@C—graphite battery [39]. Copyright 2018, Wiley.

2.3.2 Electrolyte

The electrolyte plays a vital role in the battery systems, ensuring fast ion transport
in the internal circuit [24, 64]. The [EMIm]AIxCly electrolyte with an ion conductivity
0f9.41 mS cm™! at room temperature sufficiently meets the requirement of high-power
AlBs [48]. However, this kind of electrolyte severely restricts the grid-scale application

15



and industrialization of AIBs due to the high cost of EMIC. Developing cheaper
electrolytes is highly desired for the fabrication of low-cost and high-power AIBs [65].
A low-cost AlCI3/NaCl molten salt was developed for an AIB with performances of
190 and 60 mAh g ' at 0.1 and 4 A g™! [66], respectively, but an external heat of 120 °C
was required to maintain the salt-based electrolyte. The development of a low-cost and
room-temperature electrolyte enabling AIBs with high power density remains a great
challenge.

In general, AICI; is selected as the metal salt. Thus, the choice and optimization
of solvents, such as 1-methyl-1-propylpyrrolidinium chloride (Py13Cl), EMIC, and
Et;NHCI, is important in the exploration of electrolytes. In this respect, Zhu et al. [40]
designed an ionic liquid for AIBs by mixing Py13Cl with AICl; (Fig. 4a). The Py13Cl—
AICl; ionic liquid exhibited lower density (Fig. 4b), higher viscosity (Fig. 4c), and
lower conductivity (Fig. 4d) than its EMIC-AICl; counterpart. To improve the
electrochemical performance, Xu et al. [48] fabricated an AICl;/Et;NHCI ionic liquid
electrolyte for high-power AIB systems. The higher bonding energy of AICI;/Et;NHCI
led to a higher viscosity than the EMIC-based cases, exhibiting better stability, higher
decomposition voltage, and wider potential window than the AlICl;/Et;NHCI system
(Figs. 4¢ and 4f). The cell showed a 112 mAh g™! capacity with 97.3% retention after
30,000 cycles (Fig. 4g) and 84% retention at a current density of 18 A g™ (150 C and
18 s charging; Fig. 4h).

Based on the recent research progress, the development of highly efficient AIB
electrolyte should focus on the exploration of suitable solvents [16], such as organic

16



polyester {1-trifluoroacetyl piperidine-based electrolyte (TFAP), pyridinium chloride,
Imidazole hydrochloride, trimethylamine hydrochloride (TMAHCI), I-ethyl-3-
methylimidazolium chloride [67], and urea [68] ect.} and an aqueous solution (i.e.
water). Elterman et al. [69] developed a novel TFAP-based electrolyte for AIBs, the
specific conductivities at 30 °C of series AICIy/TFAP, AICL;/LiCI/TFAP,
TFAP/[EMIm]CI/AICI; were 0.49, 0.28 and 1.37 mS cm™, respectively. The exchange
current densities at the two-phase interface aluminium/electrolyte were 0.18, 0.03 and
0.42 mA c¢cm2, respectively. TFAP-based electrolytes did not crystallize when cooled
down to 60 °C. Xu et al. [44] reported an AlCls/pyridinium chloride electrolyte for AIB
with Al anode and spherical graphite cathode, showing a discharge capacity of 123 mA
hg'at1.0 A g!, and a discharge capacity of 101 mA hg'at5 A g! with a Coulombic
efficiency of 97% after 500 cycles. Xu et al.[41] prepared an AIB with AlCl;3/Imidazole
hydrochloride electrolyte, aluminum anode and graphite cathode, achieving a specific
discharge capacity of 129 mAh g at 0.5 A g'! and 105 mA h g! with a Coulombic
efficiency of 99 % at 4 A g ! after 1000 cycles. Cang et al. [42] reported poly (3,4,9,10-
perylentetracarboxylic diimide) anode for aqueous AIB with 0.5 mol L' AICl;
electrolyte, delivering a specific capacity close to 99% capacity retention after 1000
cycle and a reversible capacity of 185 mAh g1 at0.1 A g! with a Coulombic efficiency
close to 100%. Ng et al. [47] reported a AIB with Al anode, AICI;/ TMAHCI (Fig. 41)
ionic liquid electrolyte and graphene nanoplatelets cathode, delivering a specific
capacity of 134 mAh g™! at 2.0 A g™! with a Coulombic efficiency above 98% for 3000
cycles (Fig. 4j). AICl;/ TMAHCI electrolyte opens up a new avenue for the development
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of AIBs due to the low-cost and high performance.

In addition, Xu et al. [43] prepared AlCls/caprolactam (CPL) and AlCl;/urea/CPL
for AIBs. The AICI3/CPL electrolyte exhibited a specific capacity of 136 mA h g™! at
5.0 A g7'. The AICl;3/urea/CPL electrolyte achieved a high initial specific capacity of
151 mAhg'at5.0A g!andreached 132 mA h g! with a high Coulombic efficiency
of 98% after 3000 cycles. Please see Fig. 4k, AICIl;/CPL as the electrolyte, AlCl,~
intercalated into C layers and formed CxAICl, on the cathode during charging; Al,Cl;~
decomposed into Al and AICl;~ on the anode. When urea was added to the A1CI;/CPL
electrolyte, [AICI,- (urea),]" would break down into Al, AICl,", and urea. Park et al.
[70] proved that benzene was a good electrolyte organic additive, the diffusion
coefficients were increased from 2.348 X 1078 to 14.634 X 10® cm? S™! for the
electrolytes containing 45% benzene. It provides a guiding direction for the

development of high-performance electrolyte by addition of organic additive.
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Fig. 4 (a) Structure of EMIC and Py13Cl, (b) density comparison between Py13Cl-
AICl; and EMIC-AICI;, (¢) viscosity comparison between Pyl13CI-AlCl; and EMIC-
AICl; measured at 23 °C-24 °C. (d) Conductivity comparison between Py13CI-AICl;
and EMIC-AICI; measured at 25 °C [40]. Copyright 2019, Royal Society of Chemistry.
(e) Density functional theory (DFT) calculated bonding energies of Et;NH™ and
[EMIm]* with CI-, AlICl,~, and AL,Cl;~ with AG (kcal/mol) energies using B3LYP/6—
311++G(d,p) method. (f) Highest-occupied molecular orbital and lowest-occupied
molecular orbital plots of [EMIm]*AICl;™ and [Et;NH]"AICl,;~ calculated by DFT. (g)
Galvanostatic cycling over 3,000 cycles (current density at 5 A g'! and 2.54 V/0.7 V
uppet/lower cut-off voltage). (h) Rate capability at different charge/discharge current
densities from 5 A g7! to 25 A g! [48]. Copyright 2019, Elsevier. (i) A schematic
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diagram illustrating the repulsion between AICl,~ and functional groups near the edges
of graphene planes during intercalation. (j) Galvanostatic cycling over 3000 cycles [47].
Copyright 2020, Wiley. (k) Schematic drawing of AIBs using AICI;/CPL or

AlCls/urea/CPL as the electrolytes [43]. Copyright 2020, Royal Society of Chemistry.

2.3.3 Cathode

In AIBs, the introduction of various high-performance cathodes is an effective
strategy for improving their reversibility and electrochemical performance. We
summarize recent research progress on cathode materials and compare them in Table 2

and Fig. 5.

Low cost
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Fig. 5 Feature comparison of carbon, transitional metal compound, and composite

cathodes.

2.3.3.1 Carbon

20



Carbonaceous materials are promising cathode materials for AIBs. Graphite is an
attractive cathode material for energy storage because it allows reversible
intercalation/deintercalation of numerous compound anions at high potentials [71, 72].
Natural graphite has been investigated as a cathode for AIBs. However, several
drawbacks of natural graphite, such as severe volume swelling, shorten its lifetime [73].
Wei et al. [73] prepared a composite material by depositing amorphous carbon on
graphite paper, which exhibited a longer cycle life than normal graphite paper. The
interface between the amorphous carbon and graphite paper allowed AICl,~ to diffuse
faster by overcoming less energy barrier than the two graphene layers. Zhang et al. [74]
demonstrated that graphite with a high crystallinity and nanosheet-bricked porous
structure can be a good cathode for AIBs. The high crystallinity and thin layer
characters facilitate the high-capacity and high-rate storage of AI3*. Therefore, interface
control and microstructure design of carbon cathode materials can be the key to
manufacturing high-power-density AIBs.

Zhang et al. [45] synthesized the prelithiation graphite cathode material for AIBs
by treatment with n-butyllithium (Fig. 6a). Not only AICl,” but also AI** can be
intercalated and deintercalated into the prelithiation graphite cathode because the
interlayer spacing was improved by prelithiation treatment, which reduced the
electrostatic effect between AICl,~ or AI3* and the cathode materials. In addition to the
graphite system, other carbon materials, such as polymers, can be used as AIB cathode.
Walter et al. [50] prepared a cathode based on inexpensive pyrene polymers with a
capacity of 100 mAh g™! at a discharge voltage of 1.7 V, energy efficiency of 86%, and
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cyclic stability of 1000 cycles (Fig. 6b). During charging (Fig. 6c¢), the condensed
aromatic rings of these polymers were oxidized, accompanied by the uptake of AICl,4~
from the chloroaluminate ionic liquid. Discharge involved the fast inverse process of
reduction and the release of AICl;". For the microstructure design, Huang et al. [49]
reported the facile construction of nanoporous densely stacked films derived from 3D
graphene aerogels (GAs), prepared by self-propagating combustion reduction of GO
aerogels, as an advanced binder-free cathode for high-power-density and high-capacity
AlBs (Fig. 6d). Owing to the characteristics of 3D interconnected nanoporous structure,
a large surface area (513 m? g!), high electrical conductivity (581 S c¢m™'), dense
stacking (0.61 g cm™), and expanded interlayer spacing (3.69 A) of GA-derived
compact film, the AIB cell delivers a high capacity of 245 mAh g™' at 1 A g™, which
is at least twice that of graphite for AIBs. To reduce the cost, Zhang et al. [46] presented
the low-temperature (600 °C) synthesis of edge-rich graphene paper (Fig. 6e) for the
cathode of AIBs with a capacity of 128 mA h g''at2 A g! (Fig. 6f) and a Coulombic
efficiency higher than 99.2% after 20,000 cycles at 8 A g™! (Fig. 6g).

Despite the increased power density and discharge capacity of carbonaceous
cathodes in AIBs, more research are needed to carry out investigations on the specific
surface area improvement, porosity enhancement, and carbon layer spacing adjustment
to enhance the capacity of AIBs. Moreover, simple, inexpensive, and low-temperature

synthesis methods can be the focus of carbon cathode development.
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Fig. 6 (a) Schematics of graphite prelithiation treatment and AIB during the discharging
process [45]. Copyright 2018, Elsevier. (b) Electrochemical performance of AIBs with
pyrene and polypyrene cathodes. (c) Schematic of structural differences between
pyrene and polypyrene that affect their AICl;~ storage behavior [50]. Copyright 2018,
Wiley. (d) Illustration of the fabrication process of GA film cathode [49]. Copyright
2019, Elsevier. (e) Schematic of the low-temperature synthesis of edge-rich graphene.
Ni particles were used as 3D scaffold template for chemical vapor deposition (CVD)
growth of graphene, followed by etching. Scanning electron microscopy (SEM) images
of Ni particles, graphene on Ni network, and edge-rich graphene. (f) Rate performance
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of edge-rich graphene cathode at 2, 4, 6, 8, and 10 A g'!. (g) Galvanostatic cycling of

edge-rich graphene (8 A g™!) over 20,000 cycles [46]. Copyright 2018, Elsevier.

2.3.3.2 Transitional metal compounds

In addition to carbon materials, various transitional metal compounds, mainly
including transitional metal oxides (V,0s and TiO,) and chalcogenides (Ni;S,, SnS,,
and Mo¢S;), have been explored as cathodes for AIBs [75-79]. Layered transition metal
oxides can be important cathode materials based on multivalent ions [80]. For example,
in the layered-type molybdite (a-MoO3) as a cathode for AIBs, aluminum cation is
intercalated in the interlayer space between the octahedron layers (MoOg), whereas the
main framework is preserved [81]. Chemical defects also play an important role in AIB
cathode design. Tu et al. [27] synthesized a series of WO; nanorods with oxygen
vacancies by hydrothermal process (Fig. 7a) and subsequent thermal reduction (Fig.
7b). The increase in surface oxygen vacancies is beneficial for the high discharge
plateau and improvement of energy density. The pore structure in the metal oxide
electrode is also significant, but lower conductivity leads to lower Coulombic efficiency.
Zhang et al. [28] synthesized porous microspheric CuO (PM-CuQO) composed of
numerous stacked bitty nanorods for AIBs by using a one-pot hydrothermal process.
The PM-CuO possessed a specific surface area of 21.61 m? g™! and pore volume value
of 0.179 cm? g™! and exhibited a discharge capacity of 250.12 mA h g ' at 0.05 A g'.
However, good cycle performance also needs to be achieved through the improvement
of structural stability. Li et al. [29] prepared a 3D hierarchical microsphere AIV;Oq
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electrode material composed of nanosheets (Fig. 7c) for AIBs. AI** reversibly
intercalated and de-intercalated into the A1V;0q electrode material, and phase transition
occurred at the electrode material interface. The A1V;0q cathode exhibited a discharge
specific capacity of 317m Ah g 'at0.1 A g”!, and the Coulombic efficiency was close

to 100% (Fig. 7d). The capacity retention rate was only 61.7% after 100 cycles.
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Fig. 7 (a) Schematic of the formation process of WOj; nanorods. (b) Schematic of the
introduction of oxygen vacancies during the thermal reduction process [27]. Copyright
2018, Royal Society of Chemistry. (¢) SEM image of AlV;0y. (d) Cycle performance
and Coulombic efficiency of A1V;0y electrode material at 0.1 A g! [29]. Copyright
2019, Elsevier. (¢) Crystal structure of MoS,; AI** intercalated and deintercalated into
MoS; microspheres at the electrode material interface and internal [30]. Copyright 2018,
American Chemical Society. (f) SEM image and energy dispersive spectroscopy

spectrum of Co3S4 microspheres. (g) Initial discharge/charge curves of CosS,4 cathode

at 0.05 mA g ! [31]. Copyright 2019, Elsevier.
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Transitional metal chalcogenides show great advantage in electrochemical
capacity compared with other materials due to their higher number of active sites for
accommodating cations [48, 49]. Li et al. [30] fabricated a MoS, microsphere cathode
for AIBs; the packing of MoS, units had two different positions for intercalated and
deintercalated AI**, where the smaller site A1 was consisted of S—Mo—S ion bonds, and
the larger site A2 was constructed by individual MoS, layers separated by van der
Waals gap (Fig. 7e). The constructed cathode showed a discharge specific capacity of
253.6 mA h g!'at0.02 A g'! and a discharge capacity of 66.7 mA h g at 0.04 A g™,
such high-rate performance needs to be improved urgently. Li et al. [31] demonstrated
porous CozS4 microsphere as an AIB cathode material (Fig. 7f). The cell underwent
A" intercalation/deintercalation with Co**/Co?* as a redox couple in the cathode. The
diffusion of A" in the host Co;S4 is the key kinetic step that limited the
discharge/charge current density. At 0.05 A g7!, the Co;S; cathode delivered a
discharge capacity of 287.9 mA h g™! with a long smooth voltage plateau of 0.68 V
(Fig. 7g), the charge/discharge capacity was only ~90 mAh g™! after 150 cycles. Liang
et al. [32] fabricated a SnS porous film as a cathode material in AIB, the film delivered
a specific capacity of 406 mAh g™! at 0.02 A g'!. The low conductivity and weak
structural stability of transition metal compounds result in poor rate performance and
low cycle performance; thus it requires further adjustments in the compositions and

structures of the cathode materials for high performance AIBs.

2.3.3.3 Composite

26



Although carbon cathodes deliver lower specific capacities in comparison with
metal compounds, their stable cycling capability allows them to offer more promising
future for serviceable AIBs [45, 73]. Composite electrodes with metal oxides/sulfides
and carbon are expected to exhibit improved electrochemical performance [48, 56, 57].
Composite cathodes combine a carbon material and a metal compound by a specific
method and can simultaneously exert the advantages of both types of materials. Zhang
et al. [51] prepared a VS4/rGO composite cathode with flower-like microstructure,
showing good conductivity, high specific surface area and being conducive for ion
storage, thus inhibiting volume expansion during charging/discharging processes and
improving the charge and discharge velocity. It delivered an initial charge/discharge
specific capacities approaching 491.57 and 406.94 mAh g!, respectively, at 0.1 A g!
between 0.1 and 2.0 V versus Al/AICIl,~. Xing et al. [33] developed a 3D carbon-
encapsulated cobalt selenide nanoparticles from metal organic frameworks (MOFs) as
AIB cathode. At 5 A g, the initial discharge capacity of the cathode can reach 254.8
mAh g1, and a capacity of 62.4 mAh g™! was retained after 100 cycles, attributing to
the well-defined nanostructure of three-dimensional carbon-encapsulated cobalt
selenide cathode material. Lahan et al. [52] addressed the phenomenon of A"
intercalation—deintercalation in TiO,/graphene nanocomposite. Graphene formed an
electronically conducting percolation network around TiO,, serving as a driving force
for facile AI** ion diffusion. The incorporation of graphene was assumed to enhance
the AP* diffusion coefficient in TiO, by 44 times ( D g0, ™ 0.082° ¢

D 610, NP 0.5443 ). The TiO,/graphene nanocomposite delivered a discharge
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capacity of 52 mAh g™! at 6.25 A g7!, and the reversible crystal phase transition was
from TiO, to AL, TiOs due to A3 intercalation—deintercalation.

Cai et al. [34] reported the CoSe,/carbon nanodice@rGO cathode for AIBs. The
results revealed that energy storage involved the incorporation of AI’* into CoSe;, to
generate Al,,Co,Se; and elemental Co (Fig. 8a), whereas capacity deterioration resulted
from the dissolution of active cobalt species into the electrolyte and pulverization of
the CoSe, phase (Fig. 8b). The CoSe,/carbon nanodice@rGO cathode displayed a
capacity of 143 mA hg'at 1 A g ! after 500 cycles because of enhancing the structural
stability and increasing composite conductivity. Tu et al. [35] investigated the
electrochemical behaviors of the ultrashort Ni;;(HPO3)3s(OH)¢ nanorods supported on
rGO (Ni;;(HPO3)s(OH)¢/rGO nanorods) as a candidate for cathodic applications in
AlIBs. The results indicate that rGO is beneficial for the improvement of the energy
density of Ni;;(HPO3)s(OH)e for AIBs (Fig. 8c). In AIBs (Fig. 8d), Ni;;(HPO3)3s(OH)g
is partially substituted with AI** to form Al,Ni,(HPOs)3(OH)s and metallic Ni in the
nanorod-like Nij;(HPOs3)g(OH)s cathodes during the discharge process. Tu et al. [11]
reported a nickel phosphide nanosheet supported on rGO (Ni,P/rGO nanosheets) for
AIBs. The energy storage mechanism involves the incorporation of AI** into Ni,P,
generating Al,Ni,P and elemental Ni (Fig. 8e). It is ascribed to the uniform morphology
and incorporated structure with Ni,P nanosheets supported on a reduced graphene oxide
matrix, as well as the uniform reduced graphene oxide distribution; these can be
propitious to the improved electronic conductivity and high active surface area.
Ni,P/rGO revealed a reversible capacity of 60 mAh g! over 3000 cycles at 0.2 A g™!
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(Fig. 8f). Lu et al. [36] reported a porous carbon-supported SnO, nanocomposite as a
cathode material for AIB. The cell retained a stabilized discharge capacity of 72 mA h
g ! after 20,000 cycles with a Coulombic efficiency of ~100% at 2 A g! (Fig. 8g)
because the conductive porous carbon framework facilitated an enhanced ion/electron
diffusion pathway. Hu et al. [9] reported a binder-free and self-standing cobalt sulfide
encapsulated in carbon nanotubes as a novel cathode material for AIBs. Abundant
porous structure improves the electrolyte infiltration into the electrode and allows more
active sites to be exposed, facilitating the kinetic processes; the binder-free and free-
standing characteristics decrease the possibility of active material disintegration and
side reaction, increasing the electrochemical stability. Therefore, the cathode material
exhibited a cycling capacity of 87 mA h g! after 6000 cycles at 1 A g! (Fig. 8h).
Despite these efforts, commercial AIBs are still limited by the lack of suitable cathode
materials, which should possess high C rate capacity, good stability, low cost, and

simple synthesis method, with high capacity and long cycle life [18, 37].
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Fig. 8 Schematic of the proposed energy storage (a) and capacity-deterioration (b)
mechanisms for the CoSe,-based composite cathode [34]. Copyright 2018, Royal
Society of Chemistry. (c) CV curves from the 2nd to 4th cycle of Nij;(HPO;)s(OH)g
and Ni;;(HPO3)3(OH)¢/rGO cathodes at a scan rate of 0.5 mV s™! between 0.01 and 2.3
V vs. AI¥/Al. (d) Schematic of the proposed redox reaction mechanism of the
Ni;(HPO;)s(OH)g cathode [35]. Copyright 2018, Royal Society of Chemistry. (e)
Schematic of the energy storage mechanism of the Ni,P cathode for AIBs. (f) Long-
term cycling performance of Ni,P and Ni,P/rGO electrodes at a current density of 200
mA g ! [11]. Copyright 2019, American Chemical Society. (g) Discharge/charge
capacity and Coulombic efficiency of SnO,/C cells within a voltage window of 0.05—
1.95 V vs. AI/APP* at a current density of 2 A g™! [36]. Copyright 2018, Royal Society

of Chemistry. (h) Specific discharge capacity and Coulombic efficiency versus cycle
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number with CogSg@CNT-CNF electrode at a current density of 1 A g7! [9]. Copyright

2018, Wiley.

3 Challenges

Several progresses have been made in the study of AIBs, which can withstand a
charge—discharge current density of up to 25 A g!' [48]. However, the large-scale
practical application of AIBs with the features of green, low cost, and high power
density still faces numerous challenges (Fig. 9).

First, as a simple anode material, metallic Al changes from Al foil to Al foam to
Al powder, resulting in an ever-increasing current density of the battery due to the
enhancement of specific surface area [38] [39]. The manufacturing technology of Al
powder is very mature [82], but the preparation of large-scale AIB anode directly
affects the battery performance. Fixing Al powder with other binders in electrodes can
seriously affect the conductivity and uniformity of electrodes. Non-uniform structures
may cause the growth of metal dendrites, resulting in battery decay or short circuit [26].
Thus, the rational design of the Al powder anode without dendrites and corrosion is still
a major challenge that must be overcome to realize the practical application of high-
performance AIBs.

Second, the electrolyte determines the ionic conductivity of the circuit inside
batteries. However, the types of electrolytes for AIBs, such as EMIC and Py13Cl-based
electrolytes, are currently limited [48]. Thus, the choice of electrolytes for AIB design
are also limited. In addition, such electrolytes are expensive. The development of cheap
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and novel electrolytes is another major challenge.

Third, the specific capacity of Al is 2980 mAh g™!, whereas that of the cathode is
below 500 mAh g™! [51]. Similar to lithium ion batteries, the main reason for limiting
the performance of AIBs is the cathode material [83]. Common cathode materials
mainly include carbon materials, metal compounds, and composite materials. The
selection and preparation of cathode materials are the primary challenges in the
development of green, low-cost, and high-power-density AIBs. For the most potential
carbon cathode, the electrochemical performance is profoundly dependent on the type
and processing conditions [19]. The production of graphite-type carbon requires special
techniques and an extremely high temperature (~3000 °C) [2]. Therefore, scaling up

the production at reduced cost and obtaining graphite-type carbon are formidable tasks.

Fig. 9 The challenges of AIBs.

4 Approach for preparing carbon cathodes

Carbon is a promising electrode material for low-cost AIBs, because it not only
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possesses good mechanical properties but also a high electronic conductivity [84-86].
Good mechanical properties can preserve the integrity of electrodes via accommodating
the volume change during cycling, whereas the high electronic conductivity provides
superhighways for electron transportation, therefore enhancing the cycling stability at
large current densities [87]. Dai et al. used 3D graphene foams, which were fabricated
by CVD process at 1000 °C, as cathode material for AIBs with a high electrochemical
performance [8]. The foams afforded charging times of around 1 min with a current
density of ~4,000 mA g! (equivalent to ~3,000 W kg!) and withstood more than 7,500
cycles without capacity decay. Yu et al. prepared monolithic nanoporous graphene
foam by annealing GO at 1050 °C to improve the performance of AIBs, demonstrating
a volumetric capacity of 12.2 mAh cm™ and a gravimetric capacity of 151 mAh g!
[88]. Gao et al. prepared a 3D GA by graphitizing GO at 3000 °C to increase the
capacity of AIBs, affording a high capacity of 100 mAh g™! under an ultrahigh rate of
500 C [1]. High synthesis temperatures result in high energy consumption and cost,
which are not conducive to the manufacture of green and low-cost AIBs. In this context,
we discuss the recent progress in carbon electrodes with different features (Fig. 10)
based on various energy storage devices to provide practical guidance for the design of

low-cost AIBs.
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Table 3 Electrochemical performance of carbon materials prepared by different methods

Classification Carbon Precursor Annealed Specific Device Electrochemical performance Ref.
temperature surface area (Anodelelectrolyte| Capacity At highest Cycle life
(°C) (m? g™ cathode) current density
MOF-based N-doped wrinkled Mn-MOF (1,4- 600 417.8 Na|l M NaClO4 in 306 mAhg! 150 mAh g! at A capacity retention of 72.8% after [89]
carbon carbon foils benzenedicarboxylic acid) EC/PC|carbon at0.05A g! 10Ag! 1000 cycling at 1.0 A g!
NCPPs/g-CN Zn-ZIF-8 (2- 800 453.5 Carbon|l M 495 F g at 188F g'at20 A No capacitance declination after 2500  [90]
methylimidazole) H,SO4|carbon 0.1Ag! g! cyclesat 10 A g!
ZIF-8@PZS-C Zn-ZIF-8 (2- 900 929 Graphite|0.5 M 333Fg'atl - No capacitance declination after [91]
methylimidazole) NacCl|carbon mVs! 10000 cycles at 10 A g!
Polymer- Carbon aerogels Polymerization of phenol— 800 1340 Li|l M LiPFg in 7982mAhg! 190mAhg!'at2 300 mAh g after 1000 cycles at 1.0 [92]
based carbon formaldehyde EC/DMC|carbon at0.1 Ag’! Ag! Agl!
N-and P-co-doped Dehydrated polypyrrole 800 1155 Carbon|6 M 232Fglatl 170F g 'at 10 A 89.1% capacitance after 5000 cycles at  [93]
carbon hollow spheres KOH]carbon Ag! g! of 5Ag.
N-and O-co-doped Quinone—amine polymer 750 1215 Carbon|l M 410Fg'at1 275F g'at50 A 98% capacitance after 15000 cycles at  [94]
carbon foam H,SO4|carbon Ag! g! 5Ag!
N-doped carbon N-doped benzene 800 1252 Carbon|l M 295F gl at - 81% capacitance after 15000 cycles at ~ [95]
H,SO4|carbon 0.1Ag! 10A g™
N-enriched porous Polymer-silica hybrid 900 1150 Carbon|l M 209F g'atl 176 Fg'at20 A 83% capacity retention after 5000 [96]
carbon polymerized high internal H,SO4|carbon Ag! g! cyclesat 10 A g!
phase emulsions
Bio-based Cashewnut sheath Cashewnut sheath 800 1967 Lithium ion battery 721 mAh g! 280 mAh g 'at1 271 mAh g ' at 0.5 mA g! after 200 [97]
carbon carbon at0.1 Ag’! Ag! cycles
Sodium ion battery 200 mAh g! 55mAhg'at5  55mAhg'at5 A g ! after 300 cycles
at0.1 Ag’! Ag!

35



Graphene bio-carbon

xerogel
S-doped
micro/mesoporous
bio-carbon
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carbon
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porous carbons
N-S-P-O co-doped

carbon foams
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Corn silk
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Waste-fish bones

800

850

800

800

900

2994

660

2550

1286

1670

Carbon|6 M
KOH]carbon
Carbon|l M

KOHjcarbon

Na|ll M
NaClOg|carbon
Carbon|I;7/T
electrolyte [carbon
Li|l M LiPF; in

EC/DMC]|carbon

189 Fglatl
Ag!
225F g at

05Ag"

256 mAh g!
at0.1 Ag!
264 F g! at
05A g
160 mAh g™!

at0.1 Ag!

139 F g7! at 100
Ag!
195Fglatl0A

gfl

45 mAh g at 20
Ag!
2045F g'at
300A ¢!

32 mAh g! at 50

Ag!

100% capacity retention after 10000
cyclesat5 A gl
100% capacity retention after 10000

cyclesat5 A gl

73.3% capacity retention after 1000
cyclesat 1 A gl
91% capacitance retention after 5000
cyclesat 0.5 A g!
58 mAh g at5 A g! after 10000

cycles

[98]

[99]

[100]

[101]

[102]
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4.1 MOF-based carbon

MOFs are a porous crystalline material formed by covalent bonding of metal ions
and organic ligands and usually have a regular polyhedral morphology [103-105].
Pyrolysis of MOFs under an inert atmosphere is an effective method for preparing
porous carbon materials with a certain degree of graphitization [106-108]. Such carbon
materials exhibit excellent performance in energy storage due to the ordered porosity
and high electronic conductivity [109-111].

Kong et al. [89] demonstrated the synthesis of N-doped wrinkled carbon foils with
multiscale pore architecture (a specific surface area of 417.8 m? g™!) and abundant N
species through the synthesis and pyrolysis of 2D MOFs and a subsequent acid etching
process (Fig. 11a). In sodium-ion capacitors, the carbon foil delivered a capacity of 150
mA hg'lat10 A g!' (Fig. 11b) and a capacity retention of 72.8% after 1000 cycling at
1.0 A g! (Fig. 11c). To improve ion transportation and faradic reactions during the
charge—discharge process, Kong et al. [90] developed a ZIF-8-derived N-doped carbon
polyhedral particles (NCPPs) with a hierarchically porous structure (specific surface
area of 453.5 m? g7!) and a high nitrogen doping (25.06 at%) decorated on graphitic
carbon nitride (g-CN) composite electrode materials (NCPPs/g-CN, Fig. 11d). The
electrode displayed specific capacitances of 349.7 and 261.2 F g at 0.5and 5 A g1,
respectively (Fig. 11e), and a stable cycle performance with no capacitance declination
after 2500 cycles at 10 A g™'.

Heterogeneous atom doping and morphological structure design also play
important roles in the preparation of MOF-based carbon materials. Zhang et al. [91]
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synthesized N, P, and S co-doped hollow carbon polyhedrons with a hollow structure,
a surface area of 929 m? g1, and excellent hydrophilic surface, which were derived
from poly (cyclotriphosphazene-co-4,4’-sulfonyldiphenol)-coated zeolitic imidazolate
framework-8 (ZIF-8@PZS-C) through pyrolysis (900 °C) and acid etching processes.
Given the above multi-synergy, the ZIF-8@PZS-C electrodes achieved a specific
capacitance of 333 F g! at | mV s™! (Fig. 11f) and a cycling stability without evident
change after 10000 cycles at 10 A g™! (Fig. 11g). For the research of MOF-based carbon
electrode, our group [112] reported a synthesis approach for graphitized mesoporous
carbons (GMCs) derived from ZIF-8 via controlling the annealing parameters. The
GMC with a specific surface area of 430.63 m? g~! improved the cycle life of lead acid
battery from 4408 cycles to 38013 cycles and enhanced the capacity retention of lithium
anode (0.5 C and 200 cycles) from 42.3% to 90.1%. Moreover, we demonstrated that
carbon materials derived from MOFs possess a good potential for energy storage
through the modification of LiFePO,/carbon cathode materials [113-115]. These

studies lay the foundation for applications of MOF-based carbon materials in batteries.
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Fig. 11 (a) Schematic of the formation process of NC-1 from bulk Mn-MOF. (b) Rate

capabilities of NC-1, C-1, and BC-1. (c¢) Cycling performances of NC-1, C-1, and BC-

1 ata current density of 1.0 A g7 [89]. Copyright 2018, Wiley. (d) Contents of different

nitrogen configurations in g-CN/NCPPs o5, g-CN/NCPPs, ;, and g-CN/NCPPs,. (e)

Charge—discharge curves of g-CN/NCPPs(s-based electrodes at different current

densities [90]. Copyright 2018, Elsevier. (f) Cyclic voltammograms of ZIF-8-C and

ZIF-8@PZS-C at a scan rate of 1 mV s™!. (g) galvanostatic charge-discharge (GCD)

cycles curves of the first and last 10 cycles (from 9990™ cycle to 10000 cycle) at 10 A

g 1 [91]. Copyright 2018, Royal Society of Chemistry.

4.2 Polymer-based carbon

Although annealing MOFs in an inert atmosphere can obtain a carbon material

with superior electrochemical performance and provide a positive reference for high-
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power-density AIBs, the high cost of MOF raw material and low yield are not
conducive to large-scale application of AIBs [113, 116, 117]. The pyrolysis of polymers
under inert atmosphere has a significant cost advantage in the preparation of carbon
materials [116, 118-122]. Woodward et al. [123] reported the carbonization of
poly(divinyl benzene) high internal phase emulsions (HIPEs) (produced by
polymerization of rGO-stabilized HIPEs) to produce carbo-HIPEs possessing a specific
surface area of 1820 m? g, an electrical conductivity of 285 S m™!, and a power density
of 280 W kg™!. Yu et al. [92] reported a route to produce CAs with a low density of
about 25 mg cm™ and a specific surface area of 1340 m? g™! based on polymerization
of PF under hypersaline conditions at 800 °C. The CA provided a capacity of 798.2
mAh g at 0.1 A g1, and a capacity of 427 mAh g™! was retained after 100 cycles in
lithium ion battery.

Heteroatom doping is an important approach to improve the performances of
carbon-based electrode materials in energy storage and conversion field. Lv et al. [93]
prepared N- and P-co-doped carbon hollow spheres (NPCHSs) by carbonization of
dehydrated polypyrrole hollow spheres and subsequent KOH activation. High-level
heteroatom doping with N (11.4 wt%), O (6.7 wt%), and P (3.5 wt%) was obtained in
NPCHS carbon, exhibiting a specific surface area of 1155 m? g™!, a high specific
capacitance of 232 F g7l at 1 A g7, and a retention of 89.1% after 5000 cycles at 5 A
g !. Zhang et al. [94] developed a strategy based on the design of faradaic redox active
sites to synthesize N- and O-co-doped carbon foam with a hierarchical porous structure
by a facile two-step method of incipient impregnation and carbonization (Fig. 12a). The
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obtained carbon foam possessed a high content of heteroatoms (total N and O 12.26
at%), and its hierarchical porous structure provided a specific surface area of 1215 m?
g !. In a symmetrical supercapacitor, the foam delivered a specific capacitance of 321
Fglatl A g, an energy density of 15.91 Wh kg™! at the power density of 0.4 kW
kg™ ! (Fig. 12b), and good stability of the remaining 98% capacitance after 15000 cycles
at5A gl

Carbonization of hypercrosslinked polymers can be used to generate conductive
carbons using low-cost precursors while allowing heteroatoms to be incorporated by
the choice of feedstock and by changing the type of gas used in carbonization. Lee et
al. [95] reported that N-doped benzene annealed at 800 °C possessed an N content of
7.5 wt%, a specific surface area of 1252 m? g”!, and a capacitance of 295 F g™' at 0.1 A
¢! with an excellent capacitance retention of 81% at 10 A g™'. Deshmukh et al. [96]
synthesized NPC nanosheets by pyrolysis of polymer-silica hybrid with internal phase
emulsion methodology (polyHIPE) and subsequent silica removal (Fig. 12c). The
material annealed at 900 °C possessed a micro/meso hierarchical porous structure with
a specific surface area of 1150 m? g!. This NPC (2.7 at%) showed a good rate
capability (84% capacitance retention at 20 A g~!, a high specific capacitance of 209 F
glatl A g!, and long cycling stability (83% capacity retention after 5000 cycles at

10 A g!, Fig. 12d).
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Fig. 12 (a) Schematic showing the synthesis of porous nitrogen and oxygen-doped
carbon foam via a PAQ precursor by an incipient wetness impregnation and subsequent
carbonization. (b) Transmission electron microscopy image and the N,O-PCF750-
based symmetrical supercapacitor performance in 1 M H,SO; and 1 M Li,SO,4
electrolyte compared with references [94]. Copyright 2018, Royal Society of Chemistry.
(c) Schematic of the formation process for NPC from polymer silica hybrid polyHIPE
material. (d) N, adsorption—desorption isotherms for NPC 800, NPC900, and NPC1000;
Specific capacitances of NPC800, NPC900, and NPC1000 at different current densities;
Charge—discharge curves of NPC900 at different current densities in 1 M H,SOy; Cycle
performance of NPC900 at current density of 10 A g~! for 5000 cycles [96]. Copyright

2018, Elsevier.

4.3 Sustainable carbon

Polymer-based carbon materials can significantly reduce cost and increase yields
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compared with MOF-based carbon materials. However, polymer preparation usually
requires additives and initiators, which can cause environmental pollution [124, 125].
Nature is the greatest factory in the world with green and pollution-free features,
producing various biomaterials with complicated, elaborate, and efficient hierarchical
morphologies and multiple nanoscale assemblies to satisfy specific requirements of the
preparation of energy storage materials [126-128]. Moreover, biomaterials usually
contain elements, such as carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulfur,
which enable the in-situ preparation of atom-doped carbon materials [129-131].
Nagalakshmi et al. [97] synthesized CNSC with a high surface area of 1967 m? g"! and
a conductivity 0f 0.1638 mS cm™! through carbonization of cashewnut sheath at 800 °C,
followed by KOH activation. The CNSC delivered capacities of 620 mAh g™ at 0.1 A
g 'and 271 mAh g at 0.5 mA g! in lithium ion batteries and 200 mAh g™ at 0.1 A
g ' and 55 mAh g' at 5 A g'! in sodium ion batteries. Yang et al. [98] fabricated a
graphene-functionalized bio-carbon xerogel with a specific surface area of 2994 m? g!
and a pore volume of 1.8 cm? g™! derived from cellulose for supercapacitor. The bio-
carbon xerogel retained 100% of the initial specific capacitance after 10000 cycles at 5
A g7!. Demir et al. [99] synthesized a sulfur self-doped carbon material from lignin via
hydrothermal carbonization followed by thermal annealing. The as-prepared sulfur self-
doped carbon at 850 °C exhibited a specific surface area of 660 m? g~! with abundant
micro/meso porous structure and demonstrated a capacity of 225 F g1 at 0.5 A g™! and
high durability up to 10000 cycles at 5 A g'.

Vadivazhagan et al. [100] synthesized a porous carbon through pre-carbonization

43



at 800 °C and KOH activation of corn silk (Fig. 13a), possessing a specific surface area
0f 2550 m? g~! and a pore volume of 0.95 cm? g~!. The porous carbon exhibited specific
capacities of 256, 212, 159, 126, 84, 53, and 35 mAh g ' at0.1,0.2,0.5, 1, 2, 5, and 10
A g7! in sodium ion battery, respectively (Fig. 13b). Wang et al. [101] prepared aloe
peel-derived honeycomb-like porous carbons (AP-HC) with a specific surface area of
1286 m? g"! by combining simple hydrothermal carbonization with chemical activation
(Fig. 13c). In supercapacitors, a high retention rate of ~77.45% (ranging from 0.5 A to
30.0 A g!, Fig. 13d) and superior cycling performance (91% capacitance retention after
5000 cycles, Fig. 13e) were demonstrated. Shan et al. [102] fabricated a naturally
fibrous carbon foam with a surface area of 1670 cm? g™! and a pore volume of 3.86 cm?3
g~ by employing a food waste—fish bone as raw materials (Fig. 13f). N-S-P-O co-
doping was achieved in the carbon foams. Benefiting from the synergistic effects of
hierarchically porous fibrous foam and multiple heteroatom doping, the foam delivered
a power density of 62 kW kg™ ! and an energy density of 72 Wh kg™!. As shown in Fig.
13g, the current densities can reach up to 50 A g™, indicating the material’s superior
high rate performance. At 5 A g~! for 10000 cycles, the foam can retain a capacity of

58 mAh g! (Fig. 13h).
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Fig. 13 (a) Schematic of synthesis of CSC. (b) Rate capability studies of CSC electrode
[100]. Copyright 2018, American Chemical Society. (¢) Schematic of the synthesis and
controllable morphology transformation of bio-based carbon materials (AP: aloe peel,
SC: spherical carbon, and HC: honeycomb-like carbon). Electrochemical performance
of the AP-HC material tested using a three-electrode system in 6 M KOH electrolyte:
(d) GCD curves of AP-HC at various current densities from 0.5 A g'to 30 A g%; (e)
cycling stability of AP-HC electrode at 30 A g™! (inset: charge—discharge curves before

and after 5000 cycles) [101]. Copyright 2019, Elsevier. (f) Schematic of the
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microstructural change from fish bones to tuna bones carbons (TBCs). (g) Rate
comparison of TBC-900 cathodes with CMCNa and polyvinylidene difluoride binders.
(h) Cycling performance of CMCNa-binder TBC-900 cathode [102]. Copyright 2019,

American Chemical Society.

5 Perspective on AIBs
We will provide our perspectives on the rational design of high-performance AIBs
in accordance with the requirements of practical applications (Fig. 14). Anode, cathode,

electrolyte, and cell design will be discussed in detail.
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Fig. 14 Perspective: design and configuration of high-performance AIBs for practical

applications.
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5.1 Anode

Increasing the specific surface area by reducing the dimension and designing a
proper pore structure benefit the enlargement of the interface of chemical reactions [132,
133]. Al foam, porous Al, and Al powder have become effective approaches to improve
the electrochemical reaction activity of Al anodes. Furthermore, the high surface
specific area can balance the distribution of electrons on the surface of Al anode, and
the growth of Al dendrite can be effectively suppressed during the discharge process.
In general, Al powder possesses a higher specific surface area with a lower cost than
porous Al [134, 135]; thus, Al powder anode can be the most potential candidate of
high-power AIBs.

For powdery materials, the route for the preparation and formation of electrode
plate plays an important role in electrochemical performance. Tong et al. [39] used Al
nanosphere as active material for AIBs; the binder was necessary in the preparation
process of the electrode plate. The presence of binder may limit the advantage of
powdery anode; binder-free metal powdery electrode plate will be the focus in AIB
anodes. We propose two ways to prepare binder-free Al electrode based on other battery
systems: (1) referencing the preparation of metal Li powder electrode plate with a high
electrochemical performance [136, 137]; (2) referencing the negative electrode of lead
acid battery systems [112, 138]. The Al powder anode can be prepared via the processes
of Al paste preparation, and the Al paste can be coated on the Al network, followed by

dry solidification and final electrochemical formation.
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5.2 Cathode

Different from anodes, various types of cathode active materials, such as chloride,
sulfide, sulfur, Prussian blue, polyanion, vanadium oxide, polymers, halogen and
carbon, exist, as summarized by Zhang’s group [18]. Based on the recent processes of
AlBs, we summarize the three types of materials, such as carbon, metal compound and
composite types. Table 2 indicates that carbon materials possess a high rate (high
current density) performance and cycle life, whereas metal compounds have the highest
discharge specific capacities and the poorest cycle life. The composites consist of
carbon materials and metal compounds with an enhanced cycle life and low high-rate
performance. Therefore, carbon materials can be the choice for the fabrication of high-
power AlBs.

The preparation approach of carbon materials significantly affects the production
costs of AIBs, and the degree of graphitization plays an important role in high power
density. Various methods for preparing functional carbon materials, such as CVD, sol-
gel method, solvothermal method, and freeze drying, have been proposed [116, 117].
Direct carbonization of organic materials may be the best choice due to their simple
process and low energy consumption [138, 139]. We summarize the approaches for
preparing graphitized carbon material, such as MOF-based carbon, polymer-based
carbon and bio-based carbon based on the recent processes of carbon matrix electrodes.
The high cost of MOFs limits their large-scale production, and the pollution of polymer
preparations, which are only suitable to studies in the laboratory, cannot match the goal
of green production. The bio-based carbon is derived from natural products with the
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advantages of being green, non-pollution, and cheap. Furthermore, natural products
possess rich structures and ordered pores, which are beneficial to the design of a carbon
matrix with good physical and chemical properties. The design and preparation of bio-
carbon derived from natural products, such as leaves, wood, grass, cell of fruit/nut, skin
and hair of animals, etc., maybe an effective route to obtain a low-cost carbon cathode
for AIBs. The preprocessing of natural products, such as acidification, alkali wash,
freeze drying, and diacylation, should be further studied to reach high electrochemical

performance.

5.3 Electrolyte and cell design

The electrolyte of AIBs is important during charge and discharge processes. Based
on the differences among electrolytes, battery cell designs can be divided into three
categories: traditional, hybrid, and all-solid-state AIBs. For traditional AIBs, the type
of effective liquid electrolyte is limited. AICl; has been identified as a metal salt.
Meanwhile, the search for organic solution and additives is the most challenging in
future research. In addition, the exploration of safe and inexpensive aqueous
electrolytes will be another development direction for AIBs [140]. The dual ionic AIBs
obtained by utilizing 4.0 M LiPFg as electrolyte in ethyl methyl carbonate offers a
constructional suggestion for hybrid AIBs, in which effective ion exchange plays a
great role in the enhancement of AIB performance. The exploration of other electrolyte
systems should be performed from the perspective of other systems [141, 142], such as
sodium [143], zinc [20], magnesium [144], and calcium ion batteries[145, 146].
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Moreover, the effect of ionic size on ionic exchange should be the research focus for
high-performance hybrid AIBs. In all-solid-state and flexible energy storage systems,
the solid-state electrolyte is an important branch. Wang et al. [147] investigated the
phosphate-type solid-state electrolyte (Alg,Zrg5)20/19Nb(POy); for rechargeable solid-
state AIBs. The Al|(Aly2Zr(8)20/19Nb(PO4)3/V,05 nanorods/rGO cell showed the initial
discharge capacities of 7.5 and 10 mAh-g! at 120 °C and 150 °C, respectively, from
0.01 V to 2.0 V versus AI**/Al at 2 mA g!. This research opens the way for the study
of solid-state AIBs. The development of other inorganic solid-state electrolytes and the
exploration of flexible solid-state electrolytes display importance for high-power

density and low-cost AIBs.

6 Conclusion

In summary, global energy crisis and environmental pollution from fossil fuels
have aroused widespread interest in the development of high-performance energy
storage systems that can be integrated with intermittent renewable energy sources. AIBs
for electrochemical energy storage technologies received considerable attention
because of the advantages of high theoretical specific capacity, lightweightness, zero
pollution, safety, low cost, and rich resource. Especially, the potential of ultra-fast
charge and discharge caused by three-electron redox reactions paves the way for next-
generation high-power rechargeable batteries.

Based on the principles of AIBs, the challenges for different components, such as
anode, electrolyte, and cathode, were reviewed. For the research focus and bottleneck
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of AIBs, we comprehensively discussed the preparation of green and low-cost
carbonaceous cathode materials with high performance based on existing electrode
materials. Various perspectives, including anode design and protection, electrolyte
exploitation and modification, and cathode selection and preparation, were proposed.
As a promising battery technology, AIB production presents enormous opportunities
and challenges. Extra efforts are necessary for the (1) development of simple but
effective approaches for the synthesis and treatment of bio-carbon matrix for cathodes
with excellent electrochemical performance; (2) exploration of other types of low-cost
electrolyte for the production of large-scale AIBs; (3) design of optimized anode
structure (increased specific surface area) to enhance the dissolution/deposition kinetics
of the anode and suppress Al dendrite growth. AIBs are expected to be developed as
competitive technologies for energy storage and as a solution for various energy-related
challenges. Nevertheless, future development in AIBs should offer new insights into

the achievement of such goals.
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