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Cathode choices for rechargeable aluminium batteries:

the past decade and future

Yueqi Kong, Nashaat Ahmed Gadelhak, Shuimei Chen, Dmitrii Rakov, Ashok Kumar Nanjundan*Z, Cheng-

zhong Yu and Xiaodan Huang*

Rechargeable aluminium batteries are a promising alternative battery technology
compared to lithium-ion batteries, because of the high theoretical capacity, low
cost and high safety of aluminium. The past decade has witnessed the rapid devel-
opment of rechargeable aluminium battery technology with the focus on explor-
ing high performance cathode materials and investigating their charge storage
mechanisms. However, the challenges in the cathode research including inad-
equate capacity, sluggish reaction kinetics and inferior cycling stability still remain.
Various strategies have been attempted to address these challenges to realize the
advantages of rechargeable aluminium batteries. The present review aims to col-
lect the comprehensive body of research performed in the literature hitherto to de-
velop interaction/conversion/coordination type cathodes for rechargeable alu-
minium batteries. Future research directions and prospects in rechargeable alu-
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minium battery field are also proposed.

special report released by Intergovernmental Pan-
el on Climate Change (IPCC) in 2018 calls for build-
ing a net-zero emissions society by 2050 if the
world is to limit global warming to 1.5 °C above pre-industrial
levels.'l The priority action to ensure the opportunity of net-
zero emissions is to expand the exploration and utilization of
renewables like solar and wind instead of fossil fuels.[! Since
renewable energy resources are intermittent in nature, they
are not constantly predictable and available. Consequently,
advanced energy storage systems (ESSs) are generally re-
quired to assist with the integration of these renewable
sources into power systems. The rechargeable battery is one
of the most investigated and relatively mature ESSs. Cur-
rently, rechargeable batteries in the markets are dominated
by lithium-ion batteries (LIBs), which serve from portable elec-
tronic products to electric and hybrid vehicles. However, LIBs
still suffer from high cost, scarce lithium (Li) resources and
safety concerns, restricting their further development.i3-61 All
these drawbacks of LIBs have spurred an increase in research
focus on utilizing more earth-abundant metals to develop al-
ternative battery technologies with cost-effectiveness, safety,
high energy density and environmental friendliness.[7-11!
Competitive metal candidates include aluminium (Al), sodi-
um (Na), magnesium (Mg), potassium (K), calcium (Ca) and
zinc (Zn). Among these non-lithium metals, Al has distinctive
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advantages. Fig.1 summarizes the detailed comparison
between Al and other active metals in terms of their gravi-
metric and volumetric capacity, abundance and cost.l'2-151 A
has a high gravimetric capacity (2980 mAh g7, only slightly
lower than 3862 mAh g~ of Li) and the highest volumetric ca-
pacity (8040 mAh cm~3, ~4 times of 2042 mAh cm~3 of Li), be-
nefiting from its light atomic mass and three-electron redox
property.['®! More importantly, Al is the most abundant metal
element in the earth crust (82 000 ppm, >1200 times higher
than Li), which makes it relatively inexpensive for production.
Additionally, Al metal can be directly used as the anode in
non-volatile and non-flammable ionic liquid chloroaluminate
electrolytes, offering significant safety improvements over
LIBs. Hence, rechargeable aluminium batteries (RABs) hold
promising potential as low cost, high safety and high energy
density ESS to replace LIBs.

The development history of RAB technology is briefly sum-
marized in Fig. 2. The studies of RABs could date back to 1857
when Al was initially used as anode in the Buff cell (AI-HNOs-
Q).'71 In 1948, Heise et al. developed the heavy-duty Al-Cl,
battery with amalgamated Al as the anode, demonstrating a
high open-circuit voltage of 2.45 V.8 Efforts were then made
on utilizing Al anodes in primary batteries after 1951 when a
Leclanche-type dry cell (Al-aqueous NaOH-MnO, (C)) was dis-
closed."! Inspired by previous work, Zaromb invented the
first Al-air cell in concentrated alkali solution in the 1960s.120]
However, all these early attempts did not succeed to be util-
ized in any practical batteries, which is mainly due to the
formation of a dense passivating layer (Al,O3) in aqueous
electrolytes. The poorly ion-conducting oxide film is not be-
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Fig.1 Comparison of Al and other metal anodes in electrochemical systems in terms of gravimetric and

volumetric capacity, abundance, and cost.

AlI/HNO,/C cell
(First Al anode)

Al-air battery
in alkali solutions

Al-Cl, battery
in molten salts

Al-sulfides battery
in molten salt

: |
Leclanche-type battery Al-Mn,0, battery in RTIL | Al-graphite battery in RTIL }
(AI/NaOH/MnO,) e
Anode Cathode
|—d| (aluminium) (graphite)
| e [ Load | e I AICI,/[EMImICI
lonic liquid
Anode. Charge Cathode' hi_
= | -~
~ Discharge | ’." AlCl,~
B — ¥
Al I /?P*l te AMn,O, | Y.
ectrolyte  \-Mn;0, | AR
~(fcc)  [EMIMIAICL (spinel) E
- ALCL-  EMIF R

Al+A-Mn,0, <> AIMn,0,

Fig.2 A brief history of Aluminum battery developments.l'®2”! Copyright 2015, Nature Publishing Group. Copyright 2010, IOP Publishing.

neficial for A3+ migration, leading to the failure of the Al an-
ode to be recharged.

In the 1970s, the usage of high-temperature molten salts as
non-aqueous electrolytes was demonstrated, which avoided
the formation of passivating Al,O5 layer on the Al surface, and
more importantly, guaranteed the reversible Al plating/strip-
ping behaviors because of the fast ion transportation boos-
ted by high operation temperature.21.221 On the premise of
these early attempts to provide fundamental bases, the pro-
totype of RABs (Al-AICl;/NaCl-FeS,) was constructed by Kuora
in 1980, exhibiting a high discharge plateau of ~1.1 V above
270 °C.231 To lower the working temperature, Kuora and
Takami then adopted AlCI3/MCI/1-butylpyridinium (BPC) (M =
Li and Na) ternary melts as the electrolyte for an Al-FeS, re-
chargeable cell, operating around 100 °C.[24 It has been
demonstrated that both the operating temperature and BPC
concentration matter for the charge-discharge characteristics.
However, the AlCls/alkali metal halide system still causes is-
sues of increasing energy consumption and complexing bat-
tery operation, and hence the research focus was later turned
to searching for suitable non-aqueous electrolytes that could
be used at room temperature.

In 1984, Qin’s group and Dymek’s group reported that mix-
ing AICl; with organic salts (n-butylpyridinium chloride
([BPyICl) or 1-methyl-3-ethylimidazolium chloride ([EMIm]CI))
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could form chloroaluminate ionic liquid at room temperature,
which can serve as the electrolyte for Al plating/stripping
(named as room temperature ionic liquid (RTIL)
electrolyte).2526] Despite the settlement of reversible anode
reaction, there is almost no significant progress in RABs in the
following two decades, because of the lack of appropriate
cathode materials. In 2010, the secondary RAB concept was
proposed in a meeting abstract by Paranthanman et al. They
constructed an Al-MnO, cell in RTIL of AICl;/[EMIm]CI with a
molar ratio of 2:1.127) Unfortunately, their initial test shows no
intercalation capacity from the MnO, cathode. Until 2015, Dai’
s group reported the Al-AICI3/[EMIm]Cl-graphite cell as re-
chargeable AIBs, exhibiting outstanding electrochemical
properties of high voltage (~2.0 V) and high rate/cycling per-
formance (~60 mAh g~' of capacity at 4 A g~ for 7500
cycles).l'8l Since then, extensive efforts have been paid to
cathodes, anodes and RTIL electrolytes of non-aqueous RABs
to improve the electrochemical performance. Aluminium-
based batteries in aqueous media, including Al-air batteries
and aqueous Al-ion batteries, have also attracted attention in
recent years. However, its overall performance was hindered
by two major problems using Al as an anode. First is the form-
ation of a passivating oxide layer in an aqueous environment,
reducing the operating voltage and increasing both charge
and mass transfer resistance. The second issue is the hydro-
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gen evolution that occurs during the battery operation. In this
review, we mainly focus on RAB with nonaqueous ionic liquid
electrolytes. In the following content of this article, the “RAB”
represents the non-aqueous RAB based on RTIL electrolytes
unless otherwise stated.

The typical configuration of a RAB is composed of an Al
metal anode, chloroaluminate electrolyte and a suitable cath-
ode, as shown in Fig. 3. Among these battery components,
cathodes play a crucial role in determining the battery capa-
city and have consequently become the major focus in RAB
research.28l A broad range of cathode materials including
graphitic carbons, chalcogens, metal chalcogenides and or-
ganic compounds, and their charge storage mechanism in
RABs, have been extensively investigated. According to the
working mechanism, the reported RAB cathode materials can
be generally classified into three major types: the intercala-
tion-type, the conversion-type and the coordination-type
cathodes. The specific redox mechanisms, advantages and
challenges are presented in Fig. 4 for a comprehensive com-
parison. Despite of many recent progresses in this research
area, there are still challenges that stand in the way of the de-
velopment of each type of RAB cathode materials. Previous
review articles of cathode materials in RABs usually elaborate
based on the chemical or structural composition, or mainly
focus on a certain type of cathode materials. In view of it, a
comprehensive review to summarize the current research
state of all three types of RAB cathodes is necessary. This re-
view aims to compose a panoramic view of the development
of cathode materials for RABs, elaborating the investigation of
charge storage mechanism, the strategies to improve electro-
chemical performances, and proposing the future perspect-
ives toward advanced RAB technology.

Intercalation-type cathode

Intercalation-type cathodes (ITCs) are primarily relying on a
charge storage mechanism of ion intercalation/de-intercala-
tion. During the charging/discharging processes, mobile
guests are reversibly intercalated/de-intercalated into/out of
the lattice or channels of ITCs. ITCs in RABs can be classified
into two categories based on the mobile guest, namely
AlCl,~-based ITC and Al3*-based ITC.

AICl, -based intercalation-type cathode

Graphitic carbon (GC) materials have been paid numerous
attention as intercalation-type electrodes in rechargeable
batteries on account of their high conductivity, layered struc-
ture, and mature preparation technology. In 2015, Dai’s group
adopted a 3D graphitic foam (Fig. 5a) as the cathode, an Al
foil as the anode, and RTIL (AICI;/[EMIm]CI) as the electrolyte
to assemble RABs.l'®! They first proposed that the mechanism
of the GC cathode is the reversible intercalation/de-intercala-
tion of AICl,~ ions within the layered graphitic lattice (Fig. 5b).
The redox reactions of the Al-graphite cell during battery op-
eration can be written as:

Anode : 4Al,Cl; +3e” < Al+7AICI,

Cathode : C, +AICl; & C,[AICl4]+e”

Such a RAB cell demonstrates a high discharge voltage
plateau (>2.0 V), ultra-fast charge-discharge property (<1 min)
and outstanding cycling stability (~100% capacity retention
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Fig. 3 Typical configuration of a RAB cell using chloroalumin-
ate anions as the charge carrier.

over 7500 cycles). Since then, this breakthrough has made
RABs gain worldwide attention. Despite exceptional achieve-
ments in Dai and co-workers’ study, the CVD technology they
used to produce GC is low-yield and energy-consuming. Sub-
sequently, they reported a more economic monolithic 3D
graphitic foam prepared through anion pre-intercalation into
graphite followed by thermal expansion and hydrogen evolu-
tion reaction. With the highly porous structures that could fa-
cilitate ion diffusion and insertion/extraction kinetics, such a
cathode shows higher rate stability at a current density up to
12 A g~ for over 4000 cycles. However, the specific capacities
in these pioneering works are quite low (~60 mAh g~'), which
still needs to be improved.

A major reason for the limited specific capacity is that GCs
failed to provide sufficient active sites for intercalating AICl,~
ions. During charging, AlCl,~ ions can only penetrate from the
edge of GC, and the initially intercalated ions will establish
the repulsive potential to restrict the penetration of sub-
sequent AlCl,~ ions. In this regard, micro-/nano-porous struc-
tures were designed to introduce more edges into graphene
cathodes. Lu’s group used nickel (Ni) micro-particles as the
template to synthesize an edge-rich graphene paper as the
cathode for RABs (Fig. 6a).2? The interconnected structure
and edge-rich feature of graphene lead to high current trans-
portation and increased active sites for AICl,~ intercalation/
de-intercalation, achieving a capacity of 90 mAh g~'at 8 A g™’
for 20000 cycles. They also purposely created in-plane nano-
voids throughout the graphene foam by Ar*-plasma etching
(Fig. 6b).B% The nanovoids could serve as expressways and
active sites for AICl,~ intercalation, and thus achieving a high
specific capacity of 148 mAh g=' at 2 A g~'. However, the 3D
graphene foam used in this work possesses large macropores
(several microns) because of using the metal foam as tem-
plates, resulting in low density and low volumetric capacity (~
0.74 mAh cm~3). Huang et al. prepared a monolithic nanopor-
ous graphene foam by hydrothermal treatment of graphene
oxide and silica followed by high-temperature annealing and
silica etching.’3" The obtained 3D graphene foam has a smal-
ler pore size of 94 nm and an improved density of 81 mg cm~3
than CVD-grown onesB2. When applied this monolithic
graphene foam as the AIB cathode, a volumetric capacity of
upto 12.2 mAh cm~=3 and a gravimetric capacity of 151 mAh g~

Materials Lab 2023, 2, 220055
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Fig.4 The comparison of the redox mechanisms, advantages and challenges of different types of cathodes in RABs.
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Fig.5 a SEM image of 3D graphitic foam; scale bar, 300 um. Inset, photograph of 3D graphitic foam; scale bar, 1 cm. b Working mechanism of

Al-graphite cell.l'® Copyright 2015, Nature Publishing Group.

were achieved.

In addition to the modulation of porous structures, regulat-
ing the size of graphene sheet in the vertical (c-axis) dimen-
sion was proved to be another effective way to improve the
AICl,~ storage capability. Liu's group compared the electro-
chemical performances of few-layer graphene and thick
graphite in RABs, and unveiled that decreasing the size of c-
axis could facilitate the kinetics of anion intercalation/de-in-
tercalation, thus improving the AICl,~ storage capability
(Fig. 6¢).331 Afterwards, Rao et al. reported a few-layer
graphene foam cathode, delivering a specific capacity of 106
mAh g~ at the current density of 0.2 A g='.134 Furthermore,
several groups have demonstrated that the quality of
graphene also matters for high AICl,~ storage capability.35-40!
Gao’s group proposed that functional groups and dopant im-
purities in graphene are detrimental for AICl,~ storage, and
designed a defect-free graphene cathode for RABs (Fig.
6d).351 They processed the graphene oxide at an ultra-high
temperature of 3000 °C (GA3000) to remove inactive defects
and obtain completely crystallized sp? carbons. The GA3000
cathode delivers a higher specific capacity (100 mAh g=') than
its defective counterparts (45 and 80 mAh g-') at the current
density of 5 A g~'. Gao et al. further designed a “trihigh tricon-
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tinueous” (3H3C) graphene film, featuring high quality, ori-
entation and channeling for local structures (3H) and continu-
ous electron-conduction electron-conducting matrix, ion-dif-
fusion highway and electroactive mass (3C) (Fig. 6e).3¢ Such a
cathode shows a superior specific capacity of 120 mAh g-!
over GA3000. Rao’s group showed straightforward evidence
of detrimental effects of nitrogen (N) dopants in graphene on
AlCl,~ insertion/extraction processes.l3¥ N-doped graphene
cathodes show inferior charge/discharge characteristics than
undoped ones, which is attributed to the reduced anion mo-
bility and catalytically decomposition of AlICl,~ anions to pro-
duce Cl, in the presence of N doping. Functional groups, par-
ticularly oxygen-containing groups in graphene, were also
proved to show negative effects on the electrochemical per-
formance of RABs. A graphene aerogel cathode with an oxy-
gen atomic ratio of 12.5 % was synthesized by Wu et al.38! Al-
though this cathode delivers a high capacity of 145 mAh g’
at 1 A g7, it has no obvious charge/discharge plateaus, sug-
gesting a capacitive behaviour rather than a battery beha-
viour. Wu et al. have taken both the few layer and high qual-
ity features of graphene cathode into consideration and pre-
pared a high quality few-layer graphene through electro-
chemical exfoliation of graphite.*'] The resulting graphene

220055 (Page 4 of 15)



Materials LASS

C  Ppristine Charge Charge  Discharge B S ecvanemctr B cnton fyaphene
L-graphene and continuous active material ®  AlClLion
" s Continuous ionic-conducting . High channeling for
. ;- channel electrolyte/ion transportation
i 1 1 High orientation
S-graphene
Tk Cycling =
L-graphite "y | il o
S — | e
& ¥ e
- ¥ o = i o - T
S-graphite
——— " 9 _——
— ! ¥ — -
) =i
Graphene 4 layers 5 layers
——— sheet sheet sheet
d
- "'—' = Carbon
p li F th = Oxygen
re |m|nary ur er 22 AICI,
annealing annealing
Defect-abundantrGA  reduction Defect-few GA2000  reduction Defect-free GA3000
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nanosheets exhibit 3-5 layers, high crystallinity (ID/IG from
Raman spectroscopy < 0.05), and an extremely low O atom ra-
tio (~2%). When applied as the cathode for RABs, a high spe-
cific capacity of 1773 mAh g~ at 1 A g~ was obtained.

Apart from GCs, some metal compounds, such as SnS,2,
SnSH3], Cu,_, Sel*], W03, 1451, CoSe, 4], CusP17], WS,148], NiTel4d],
SnSelY, etc, have been demonstrated as RAB cathodes work-
ing as AICl,~ intercalation mechanism. The electrochemical
performances of these cathodes as well as reported GC cath-
odes are summarized in Table 1. Compared with GCs, metal
chalcogenides achieve higher initial specific capacities
(200~500 mAh g~') due to their larger interlayer space or
structural channels. However, none of them is satisfactory for
RABs due to their inferior conductivity, structural instability,
and low discharge voltage plateaus (<1.0 V), leading to low-
rate performance (capacities decrease drastically from low to
high current density) and poor cycling stability. In summary,
GCs are the most reported cathodes for AlBs based on AlCl,~
intercalation and have demonstrated appealing electrochem-
ical performances of high voltage, fast charge/discharge rate
and long cycling stability. Nonetheless, state-of-the-art GC
cathodes can only reach limited specific capacities of 60 to
170 mAh g, which are far insufficient for powering RABs
with comparable energy density to LIBs.

AP*-based intercalation-type cathode
Compared with monovalent AICl,~, the intercalation of
trivalent A3+ readily possesses more efficient aluminium stor-
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age, resulting in a higher specific capacity. The ionic radius of
A3+ (0.53 A) is much smaller than that of AICl,~ (5.28 A), but
the strong electrostatic interactions between high formal-
charge A3+ and the ionic substructures of the host material
often limit the AI3* intercalation. Nevertheless, there still exist
several battery systems capable of Al3* intercalation. A key re-
quirement for designing AP+ instead of AICl,~ intercalation is
a more polarizable (softer) anionic structure for cathode ma-
terials to enable lower energy barrier for AI3* ion transporta-
tion.

The study on Al3*-based ITCs for RABs could date back to
2011. Archer et al reported V,05 nanowires could enable re-
versible insertion/extraction of Al3* in the RTIL electrolyte.5”!
However, Menke and Reed pointed out that the stainless steel
current collector used in Archer’s work is not compatible with
the electrolyte, leading to side reactions and capacity contri-
bution in charge/discharge processes.[58! Thus, stainless steel
may work as the active component instead of V,0s
nanowires. By replacing the stainless steel collector with Mo
metal, Chiku’s group again demonstrated the feasibility of
V,05 to act as RAB cathodes, evidenced by the reversible ox-
idation/reduction peaks from cyclic voltammetry (CV) curves
and a reversible capacity of ~ 100 mAh g~ in the 10t cycle.[59
Notably, this capacity is much lower than the V,05 nanowires
in Archer’'s work (305 mAh g~), indicating that the stainless
steel indeed contributes to the capacity. Subsequent re-
search was then focused on exploring new types of metal

Materials Lab 2023, 2, 220055
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Table 1.  Electrochemical performances of reported RAB cathodes based on AlCl, intercalation.

Material Discharge voltage (V)  Current density (A g™") Initial capacity (mAh g™") Final capacity (mAh g™") Cycle number

3D graphitic foam!'®! ~2.0 4 60 7500
GA3000 graphenel*” 1.95 5 100 97 25000
GF-HC graphenet®! ~19 400 120 110 250000
3D graphene mesh>" ~15 24 57 55 200
Graphene paper®? ~15 1 ~120 2800
Edge rich graphenel?” ~17 2 128 ~90 20000
FLG graphenel*! ~17 1 173 100 55
graphene nanoribbont*% 1.75 5 123 123 10000
graphitel>3 1.8 0.1 ~70 100
NGF graphenel?! ~16 0.5 154 151 100
Natural graphitet® ~1.7 0.66 60 60 6000
3DGF graphenel®¥ ~1.7 12 60 60 4000
Activated carbon!®3 - 1 ~90 1500
PGN graphitel®® ~15 0.5 9 96 2000
SnS,@G 0.65 0.1 ~275 70 100
Sns3! 1.0 0.1 ~ 400 227 100
Cuy,Sel* ~0.5 0.2 241 100 100
SnSeld ~0.8 03 582 100 107
WO, 14! ~10 0.1 ~118 ~64 100
WS, 48l 0.7 1 250 119 500
NiTel*! ~09 0.5 458 307 100
CuzPH7 ~08 0.05 73 17 50
CoSe,*?! 1.2 2 400 125 1000

chalcogenides that could host Al3*, such as VO,©9, CuQOl6],
MoSe,62], Co30,[03, Li;VO,64, MnO,©5], TiO2[%6], MoS,7], etc.
However, the experimental capacities of these current materi-
als were out of satisfactory, showing the inferior rate and cyc-
ling performances.

Compositing metal chalcogenides with carbon was proved
to be a feasible pathway to improve both cyclic stability and
rate performance.58-731 |n metal chalcogenide/carbon hy-
brids, the carbon can not only function as physical support for
metal chalcogenide to buffer its volume change during bat-
tery operation and protect active species from dissolution,
but also enhance the charge/ion transport to facilitate the
redox kinetics. Wang's group prepared a CoSe,@carbon nan-
odice (C-ND) hybrid material to work as the cathode for RABs,
exhibiting a high discharge capacity of 529 mAh g~'at 1 A
g~ 1.7 Unfortunately, the initial capacity decreases rapidly to
72 mAh g~ after only 100 cycles. The authors suggested that
a gradual dissolution of Co species into electrolyte and cath-
ode pulverization occurs during repeated cycling, thus result-
ing in the rapid capacity loss (Fig. 7a). Based on this capacity
deterioration mechanism, Wang'’s group further designed a
CoSe,/carbon nanodice/reduce graphene oxide (CoSe,@C-
ND@rGO) ternary composite material as the cathode, in
which the rGO film could serve as a wrapping layer to protect
the cathode materials from dissolution and pulverization (Fig.
7b). The CoSe,@C-ND@rGO cathode shows better cycling sta-
bility than CoSe,@C-ND, retaining a discharge capacity of 143
mAh g~ after 500 cycles (Fig. 7c). Lu’s group reported a free-
standing MoS,@carbon nanofiber composite cathodel72, ex-
hibiting better rate and cycling performance (delivering an
initial discharge capacity of 293 mAh g-! at 100 mA g~' and
maintaining 126.6 mAh g-' after 200 cycles.) than pristine
MoS, cathode (delivering an initial discharge capacity of 253
mAh g1 at 20 mA g~! and maintaining 66 mAh g~' after 100

Materials Lab 2023, 2, 220055

cycles).

MXenes are the new class of cathode materials that can
host the intercalation of AI3* ions for RABs. Lukatskaya et al.
developed a series of MXene materials that can accommod-
ate a wide range of cations, including AI3* ions.74 Armin
Vahid Mohammadi et al. recently reported the synthesis of
vanadium carbide (V,CT,) MXene as the cathode material for
RABs.I75] Few layered V,CT, MXene delaminated through the
tetrabutylammonium hydroxide (TBAOH) intercalation can
deliver a specific capacity of ~300 mAh g-' at a current dens-
ity of 0.1 A g~'. However, MXene electrodes usually suffer
from fast capacity attenuations, due to the strong electrostat-
ic interaction between AIF* ion and surface terminations (O,
OH, and/or F groups) of MXene that hinders the reversible in-
tercalation/deintercalation of AI3* with high charge density.
Therefore, it will be important to design MXene materials
with relatively inert surface properties and large interlayer
spacings for facilitating the Al3* diffusion.

Prussian blue analogues represent metal-organic frame-
work  structures  with the idealized formula of
A,MFe(CN)syH,0, where A = Li, Na, Mg, Ca, etc. and M = Ba,
Ti, Mn, Fe, Co, or Ni, that can store a wide range of ions.¢!
Prussian blue analogues have been demonstrated as capable
cathode materials for the reversible intercalation of multi-
valence metal ions including APP* in both aqueous and non-
aqueous electrolyte systems with excellent electrochemical
cyclabilities (2,000 cycles without obvious capacity fading).
However, the insertion voltages (~0.60-1.3 V vs. SHE), as well
as the specific capacities of 30-60 mAh/g of Prussian blue ana-
logues, are far from satisfactory, resulting in relatively low en-
ergy densities of 102 Wh kg=" and 171 Wh L=..771 In summary,
Al3+-based ITCs normally possess a high initial specific capa-
city owing to the three-electron redox chemistry but are lim-
ited by low voltage and poor rate/cycling capabilities.
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Conversion-type cathode

As electrodes in LIBs have developed from an intercalation
mechanism to a conversion mechanism for higher energy
density, the evolution of RAB cathodes follows the same path.
The conversion-type cathode (CTC) has become a promising
candidate to replace ITCs for AIBs, because of their high the-
oretical capacity and low cost. CTCs use active materials un-
dergoing reversible electrochemical conversion reactions
during battery operations. The conversion mechanism in-
volves replacement reactions between charge carrier ions
and electrode materials. Currently, CTCs are mostly based on
chalcogens and metal chalcogenides.

Sulfur-based cathode

Among chalcogens, sulfur (S) was paid attention preferen-
tially to work as RAB cathodes due to the incredible success of
Li-S batteries. A CTC based on S could offer several advant-
ages when coupling with the Al anode, in terms of earth
abundance, low cost and high theoretical capacities (gravi-
metric capacity: 1672 mAh g-! and volumetric capacity: 3459
mAh cm-3).78 The first non-aqueous Al-S battery cell was re-
ported by Archer and co-workers in 2015.79 The first-cycle
discharge capacity of this battery is up to 1500 mAh g,
however, its rechargeability is extremely poor with a sub-
sequent charge capacity of only around 300 mAh g
Through encapsulating S into activated microporous carbons,
Wang's group fabricated the first reversible Al-S battery in
RTIL electrolytes.®% The improved reversibility is largely at-
tributed to the confinement of S and its reduced product
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(AIS,) in the micropores, facilitating the AIS, oxidation kinet-
ics. Such an AI-S@C battery shows a discharge voltage of ~
0.65 V and a specific capacity of 1320 mAh g~' at 50 mA g~
(Fig. 8a). Although the rechargeability of Al-S batteries has
been settled, it can only operate for 20 cycles (Fig. 8b). People
then turned to study the working mechanism of Al-S batter-
ies, aiming to understand the underlying reasons for their in-
ferior voltage and cyclability. Manthiram and co-workers sug-
gested that the electrochemical reduction of S upon dischar-
ging involves the formation of both sulfide and polysulfides
(Fig. 8¢).181821 After further analyzing electrochemical, micro-
scopic and spectroscopic results, they demonstrated that
long-chain polysulfides (S,%, x = 6) are soluble in the electro-
lyte, while short-chain polysulfides (5,2, 1 <x < 6) are insol-
uble (Fig.8d). The insoluble and insulating nature of final
products of S cathode leads to sluggish reaction kinetics, thus
reducing the reversible capacity, rate capability and cycling
stability.

Currently, the research focusing on S-based cathode is ex-
ploring functionalized carbon hosts.[83-801 Jj et al anchored S
on a copper (Cu)-doped carbon matrix to prepare a
S@HKUST-1-C composite cathode (Fig. 8e).84 The S@HKUST-
1-C cathode showed a reversible capacity of 600 mAh g=' at 1
A g~' and maintained at 460 mAh g~ after 500 cycles (Fig. 8f).
The improved electrochemical performance can be ex-
plained by the two positive effects of Cu. Cu not only forms
ionic clusters with AlS, that facilitate redox kinetics but also
increases the electrical conductivity at S@HKUST-1-C inter-
faces and decreases the kinetic barriers of S/AIS, conversion.

Materials Lab 2023, 2, 220055
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A similar metal incorporation strategy was reported by Guo
and co-workers.85! Benefiting from the catalytic effect of co-
balt (Co) embedded in the carbon host, their Al-S battery
maintained a specific capacity of ~ 500 mAh g~ after 200
cycles at the current density of 1 A g~'. Besides metal doping,
nitrogen (N)-doped carbon host (HPCK) was studied for Al-S
batteries very recently. Yu et al designed an N-doped porous
carbon host simultaneously possessing a high surface area
(2513 m2 g=") and hierarchical macro-, meso- and micro-
pores.[®3] The hierarchical structure provides fast ion trans-
port channels and stable accommodation of S, while the N-
doped carbon matrix anchors sulfide and polysulfide interme-
diates. The S@HPCK cathode showed good cycling stability,
with a capacity of 405 mAh g~ after 700 cyclesat 1 Ag~'.

As summarized in Table 2, S@C composite cathodes gener-
ally hold high reversible specific capacities (400~500 mAh
g~') owing to the light molecular weight and multi-electron
transfer of S. Although the rate/cycling capabilities can be im-
proved by structural or compositional modification of carbon
host materials, discharge voltages of current Al-S batteries are
extremely low (< 0.7 V), hindering its further development.
Qiao’s group proposed a sulfur oxidation mechanism in the
AlClz/urea electrolyte very recently, exhibiting a high dis-
charge voltage of ~ 1.8 V. Nonetheless, this novel concept is
in the early stage, and still needs further studies to prove its
potential. Exploring alternative chalcogens with high dis-
charge voltage is a more readily way.

Selenium-based cathode
Selenium (Se), as a chemical analogue to S, has been

Materials Lab 2023, 2, 220055

proven to be an emerging cathode material for RABs. Differ-
ent from S cathode, Se cathode undergoes an electrochemic-
al oxidation process owing to its lower ionization potential
(Se: 9.7 eV vs. S: 10.4 eV)87-90, consequently displaying a
higher discharge voltage. Besides, the higher conductivity of
Se (11073 S m~1) over S (5x10-28 S m~) is another merit for
its use in RABs with improved rate capabilities. Huang et al
designed an Al-Se battery prototype in 2018, consisting of a
composite cathode containing Se nanowires and mesopor-
ous carbon nanorods (CMK-3), an Al metal anode and RTIL (Al-
Cl5/[EMIm]CI) electrolyte.®V The working mechanism of this
battery is demonstrated to be the reversible redox reaction of
the Se/Se,Cl, pair confined in the carbon mesopores of CMK-
3 (Fig. 9a). The Se@CMK-3 cathode delivers a high reversible
capacity of 1778 mAh g=' at 100 mA g~! with high discharge
voltage (> 1.5 V).

Subsequently, several research groups claimed that Se
could be oxidized to form not only Se,2* but also Se?*, Se4*
and Se%*, contributing to greatly increased capacities.92-951 Lj’
s group prepared a hollow Se@carbon nanotube (Se@CT) to
work as a composite cathode for AlBs, delivering a discharge
voltage of ~ 1.6 V and specific capacities of 422, 305, 212, 173
mAh g~ at current densities of 0.2, 0.3, 0.4 and 0.5 A g77, re-
spectively.l®3] The capacity still maintains 163 mAh g~' at 0.5
mA g~ after 200 cycles. XPS results of Se@CT cathode at fully
charged and fully discharged states confirmed the existence
of Se2+ and Se** after charging, which explains its higher spe-
cific capacities than that of Se@CMK-3 cathode. Jiao group
claimed SeCl, as the charge product, affording for a four-elec-
tron transfer mechanism (Fig. 9b).21 With the CMK-3 modi-
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Table 2. electrochemical performance of S@C composite cathodes for RABs.

Material Discharge voltage (V) Current density (mA g™") Initial capacity (mAh g™") Final capacity (mAh g™")  Cycle number
S@ACC!EY! 0.65 50 1320 1000 20
S@HPCK!83! ~0.6 1000 530 405 700
S@HKUST-1-C84 0.4 1000 ~1050 460 500
S@Co@C!8% ~0.6 1000 1650 ~500 200
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fied separator, Se cathode in this work showed a discharge
voltage of 1.5 V and an initial capacity of 1009 mAh g-'at 1 A
g~'. However, the capacity decayed rapidly in the first 50
cycles and retained 270 mAh g~ after 500 cycles, which is
largely attributed to the dissolution of products during bat-
tery operation. Recently, Yan et al. proposed a six-electron re-
action process (Se2- «<»Se <« Se 4+) of selenim@graphene
aerogel (Se@GA) cathode in AICI3/Et;NHCI RTIL electrolyte.[%]
With the carbon-modified separator to further prevent shut-
tling effects, the Se@GA cathode delivered high specific capa-
cities of 1599 and 580 mAh g-' at 0.1 and 1 A g, respect-
ively. Furthermore, outstanding cycling performance was ob-
served with capacity retention of 395 mAh g~ at 1 A g~ after
500 cycles.

Compared with S, Se is more promising as RAB cathodes
because it can afford a high working voltage (>1.5 V).
However, Se cathode still faces general problems of conver-
sion reactions such as shuttling effect, structural collapse and
volume expansion. Therefore, Se materials need to be encap-

220055 (Page 9 of 15)

sulated into host materials commonly carbonaceous materi-
als. The structure and composition of host materials hold the
key for the development of Se cathode for RABs.

Others

Tellurium (Te) is known to have the highest electrical con-
ductivity (2x10~* S m~")%! among chalcogens, thus allowing
for good rate performance of the Al-Te battery. Different from
S and Se cathodes mentioned above, Te cathode can be pre-
pared by directly coating the slurry of Te powder, carbon ad-
ditives and binder on the current collector without using host
materials.®”! The assembled Al-Te battery is demonstrated to
be reversible with a high capacity of 913 mAh g~' and an ob-
vious discharge voltage of ~ 1.5 V, based on the reversible
transformation of Te to Te%/TeCl3* (Fig.10). However, its
long-term cycling is still hindered by rapid capacity fading,
coming from the production of soluble tellurium chloroalu-
minate compounds upon charging. Jiao and co-workers mod-
ified the cell configuration, using rGO to support Te cathode

Materials Lab 2023, 2, 220055
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and SWCNT to functionalize the separator, aiming to sup-
press the shuttling effects.[%] This Te@rGO cathode delivered
a discharge capacity of ~1026 mAh g=' at 0.5 A g~' with a dis-
charge voltage of 1.4 V. The capacity still maintained ~ 480
mAh g-' after 100 cycles at the current density of 1 A g~'. The
same research group further applied N-doped porous carbon
(N-PC) to act as an effective Te host.[! Such Te@N-PC exhib-
ited improved long-term cycling capability at 0.5 A g~, with
467 mAh g~ capacity retention after 150 cycles.

In addition to chalcogens, metal chalcogenides were adop-
ted as CTCs in RABs, such as FeS,[100101 CoySgl102], CoS,1103],
CuSto4l,  CuNiSosl,  Cu,Sel1%6],  CoSe,[107:108]  MoSe,62],
Sb,Se;109, Bi,Te;l"191 etc. The chalcogen elements in these
materials are responsible for the majority of their capacities,
while the metal atoms enhance the overall electrical conduct-
ivity for fast kinetics and provide polarity for binding soluble
polysulfide/polyselenide intermediates. Similar to chalcogens,
metal chalcogenides working with a conversion reaction
mechanism also suffer from great volume expansion and
shuttling effect, resulting in poor cyclic performance. For ex-
ample, Wang's group designed a free-standing CogSg@CNTs-
CNFs composite cathode for RABs.['021 Although this cathode
exhibited a high initial capacity of 315 mAh g~'at 100 mA g,
it could only maintain 87 mAh g~ after 6000 cyclesat 1 Ag~".
The same cycling issue also happened in metal selenide cath-
odes. Yu et al embedded CoSe, particles into an N-doped
porous carbon nanosheets (CoSe,@NPCS) to form a compos-
ite cathode for RABs. The CoSe,@NPCS cathode exhibited an
initial discharge capacity of 436 mAh g~' at 1 A g~ with only
less than 50% capacity retention after 500 cycles.

Coordination-type cathode

Recently, the choice of cathode materials for RABs has been
expanded to organic molecules owing to their availability of
flexible intermolecular spaces, which can be utilized for the
diffusion and storage of bulky aluminium complex ions. In ad-
dition, organic molecules are also chemically and structurally
diverse and can be functionally tailored to suit the needs of
RAB cathodes. Up to now, several organic cathodes (OCs)
have been reported for RABs, including phenantherenequi-
none (PQ)"', polyaniline (PANNIM2 polypyrenel''3], por-
phyrinl"4], poly (nitropyrene-co-pyrene)'3], tetradiketone
(TDK)'"l and anthraquinone (AQ)U'6, Normally, organic elec-
trodes are classified into n-type and p-type depending on
their charge states during redox reactions.

Materials Lab 2023, 2, 220055

In RABs, n-type OCs form anions during discharging to
combine with positive counterions from the electrolyte. This
type of OCs generally contains C=0 or C=N active sites to co-
ordinate with positively charged carriers, such as AICl,* and
AIC|2+ 1111151 resylting in fast reaction kinetics in electrochem-
ical processes. Unfortunately, small organic molecules suffer
from poor electrical conductivity and serious dissolution into
the electrolyte, thus limiting their electrochemical perform-
ances. Stoddart et al. designed a PQ-based triangular macro-
cycle (PQ-A) as the cathode for AIBs (Fig. 11a).'"" This archi-
tecture could not only prevent the dissolution of organic mo-
lecules into the electrolyte but also form layered structures
for AICl,* insertion and extraction during battery cycling (Fig.
11a). The PQ-A cathode exhibited a discharge voltage of ~1.2
V, a reversible capacity of 110 mAh g~', and superior cyclabil-
ity of up to 5000 cycles.

Choi and coworkers also designed a macrocycle based on
tetradiketone (TDK).[''5] Different from previous reports, they
proved that the TDK cathode could reversibly coordinate with
divalent (AICI?*) ions (Fig. 11b), eventually achieving a high
specific capacity of 350 mAh g~ at a very low current density
of 20 mA g~'. Long-term cycling results showed a reversible
capacity of around 170 mAh g~ for 300 cycles at 0.1 A g~
Another method is to use polymers as the OC. Compared with
organic molecules, their polymeric counterparts have better
chemical stability and electrical conductivity due to their
long-range conjugated structures and conjugated chemical
bonds. However, the number of active sites is relatively lower
in polymers. With these considerations, Niu et al. fabricated a
protonated PANI@SWCNT composite OC in AIBs.[''3] The pro-
tonation treatment is demonstrated to endow more active
sites for coordinating AICI,* ions (Fig. 11c) and improve the
conductivity of PANI. As a result, the protonated PANI@SW-
CNT cathode delivered a high specific capacity of ~ 200 mAh
g~'"2] which is twice as high as that of the non-protonated
counterpart (Fig. 11d). Moreover, remarkable rate/cycling per-
formance was observed, with a reversible capacity of around
100 mAh g~ at a high current density of 10 A g~' for 8000
cycles.

As an alternative, p-type OCs, commonly polycyclic hydro-
carbons (PAHs), undergo oxidation and bind negatively
charged carrier (AICl,7) during discharging (Fig. 12a).
Polypyrene was the first p-type OC for AlBs, reported by Kova-
lenko et al.l''3!in 2018. They used the polypyrene as OC, ex-
hibiting a high discharge voltage of ~1.7 V and a reversible

220055 (Page 10 of 15)



Materials LASS

DOI: 10.54227/mlab.20220055

a [=] i
Discharge
'r +3e7/3AI*
+3Al1,Clg j— +3AICl,”
Charge
3 —-3e7/3Al* Tl
PQ-A
[ a
b o = v “ij— & y L —
N o 4 o b 1
/ "_-':'r by Discharge '-\"“l’y- s H:"
= . +8e 4AICPT L e
i) LIl #2810, =/=—/——= ¥ Y\
o g Charge L by,
= - —86’,4A|C|er L o, /]
T e £
AN 4 L L.d % o .
o o
< Initial or charge to 2.0 V (half-oxidation state) Discharge to 0.3 V (reduction state)
-{{ }-mm--{ }—-m—-{ i.: qu'..: }.--..-.. Discharge r i
| o | d _Lh." f 1 1 !
| | i i
1000202, e T O=O012-0-51 05
Ll Charge
Active sites - Coordination bond
d
- 2.1 300 <
= o _ 4100 &
<18 g -
& -~ o 240 . >
<15t P < 0 C-capacity 180 &
£ .51 _.--""". paNI (Ho@swenT| 180 & D-capacity 60 &
A .. ==PANI@SWCNT = | 7 Coulombic efficiency @
T 09 e £120 140 5
©
306 \ 2 60 = 20 5
(] 1Ag™ L ] >
To3p 0 M. N 0 o &
0 40 80 120 160 200 240 0 1000 2000 3000 4000 5000 6000 7000 8000

Specific capacity (mA h g™')
Fig. 11

Cycle number

a Electrochemical redox chemistry of PQ-A cathode.[''"! Copyright 2019, Nature Publishing Group. b Electrochemical redox mechan-

ism of TDK cathode.l''>! Copyright 2021, Nature Publishing Group. ¢ Electrochemical redox mechanism and d charge-discharge curves and cyc-
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capacity of 70 mAh g~', higher than the crystalline pyrene (20
mAh g~') (Fig. 12b). Subsequently, Xing and co-workers eval-
uated the potential of a series of PAHs using first-principles
calculations, including coronene (Cy4H;,), perylene (CyoH;5,),
pyrene (C;¢H,0), anthracene (C;4H,), naphthalene (C,,Hg) and
benzene (C4Hq).''7! They suggested a negative correlation
between the theoretical capacity of PAHs and their number of
aromatic rings. Guided by the calculation results, they em-
ployed these PAHSs as AIB cathodes in practical. It is demon-
strated that C¢Hg, with three aromatic rings, showed the
highest specific capacity (157 mAh g-') at 100 mA g-' and
maintained at 130 mAh g~" after 800 cycles.

Reported OCs were listed in Table 3 and their electrochem-
ical performances are presented. In general, n-type OCs can
deliver good reversible capacities, but limited by low dis-
charge voltage (1.0-1.2 V). Compared to n-type OCs, p-type
OCs displayed high voltages (>1.5 V), which is more favorable
for high-performance AIBs. Nevertheless, their specific capa-
cities are limited. It remains a challenge for current OCs to
provide both high voltage and high capacity.
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Conclusions and outlook

RABs have exhibited advantages of resource abundance
and high safety over the state-of-the-art LIBs, and become
one of the promising post-LIB candidates. A broad range of
available RAB cathode materials have been developed for this
purpose. GCs, in particular graphene, hold a great potential
working as the RAB cathode due to their high operating
voltage, fast charge-discharge property, and long cycle life.
Although research progress in this front is remarkable, cur-
rent graphene cathodes for RABs are still limited by their low
capacities (~ 60-170 mAh g-'). Based on the fundamental sci-
ence acquired from previous reports, the ideal RAB graphene
cathodes should satisfy requirements from aspects of mor-
phology, structure and composition. Specifically, the
graphene cathode should possess 1) few-layer structure to af-
ford flexibility and mechanical strength for fast kinetics of Al-
Cl,~ insertion/extraction; 2) sufficient active sites (either from
edges or basal planes) to provide express pathways for AICl,~
ions; 3) high quality with no heteroatoms and functional

Materials Lab 2023, 2, 220055



Materials LAS

DOI: 10.54227/mlab.20220055

a S e b
ALCI T
= o
*8e @ 9 B o £120
g e, & RS = £
5 2 gz [ o e > 80
é & g o |f 32 sl e S
= L r . - 33 - H"' < 40
- XYL XY by L0/ B
| a1 [s| i v 0
Fig. 12

<
=
= Pyrene = i
i 20 '.'-|.__. .__--__
3 Polypyrene 4 —
L_Eurrent: 02Ag" § 1.5 I}-" T
g 1.0 [Pyrene  Polypyrene
: 8 % hioor e
o — cycle
: : S0 I
0 100 200 300 Y 0 20 40 60 80

Cycle number Capacity (mAh g™')

a Working mechanism of a RAB cell during charging with a polypyrene cathode. b Electrochemical performance of RABs with

polypyrene and pyrene as cathodes.!''3! Copyright 2020, Wiley-VCH Verlag GmbH & Co.

Table 3. Electrochemical performance of current OCs in RABs.

Discharge voltage (V) Current density (A g~") Initial capacity (mAh g~') Final capacity (mAh g=") Cycle number

Material

Phenanthrenequinonel''" ~1.2 2

Tetradiketonel'" ~1.2 0.1
Porphyrint''4 - 0.2
Anthraquinonel''® ~1.0

Polyanilinel''? ~1.0 10
Polypyrenel3! ~17 0.2
Poly (nitropyrene-co-pyrene)!''?! ~17 0.2
Anthracenel'"”! ~16 0.1

90 50 5000
~230 ~170 300
~85 ~75 5000
160 120 500
100 100 8000
~95 70 300
~110 ~ 80 1000
157 130 800

groups to avoid side reactions and supercapacitive beha-
viour; 4) expanded interlayer space to accommodate large-
size AICl,~ ions; 5) economic preparation method to provide
opportunities for scalable production. It can be expected that
simultaneously fulfilling the above-mentioned requirements
hold great promise towards high-capacity and low-cost
graphene cathodes for RABs. Unfortunately, current graphene
processing methods failed to realize this delicate design.
Hence, more efforts should be paid in this aspect.

Furthermore, the Se cathode is also a promising candidate
because of its high theoretical capacity and high voltage (>
1.5 V). Currently, Al-Se batteries can deliver high initial capa-
cities, but decay rapidly in the first tens of cycles, leading to
inferior reversible capacities. This is mainly ascribed to the
continuous dissolution of Se and polyselenide intermediates
and slow redox kinetics during charging and discharging.
Mesoporous carbons have made remarkable contributions to
Al-Se batteries, due to their ability to confine Se species and
enhance electrical conductivity during charging and dischar-
ging processes. Previous studies on Se-based RAB cathodes
mainly focused on their working mechanisms, but lacked ra-
tional design of mesoporous carbon host materials. Ideal host
materials for Al-Se batteries should possess high surface area,
good conductivity and suitable mesopore geometry. There-
fore, more attention should be given to such research.

In the aspect of OCs, p-type OCs are more favorable to be
utilized in RABs because of their high redox voltages (> 1.5 V).
However, previously reported p-type OCs, can only deliver
limited specific capacity (70-150 mAh g~'), due to their in-
trinsic one-electron reaction mechanism. According to
Faraday's law, if increasing the electron transfer number of a
certain p-type OC, the theoretical capacity would be remark-
ably improved. Generally, p-type OCs develop single charged
radical intermediates (SCRIs) during charging followed by re-
acting with AICl;~ ions, which is an energy-consuming pro-
cess. Further generation of multiple charged radical interme-
diates (MCRIs) requires more energy and thus occurs at a
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higher potential than SCRIs. However, the voltage threshold
of AICI;/[EMIm]CI electrolyte is limited (~2.3 V), making p-type
OC cathodes very difficult to form MCRIs in AIBs during char-
ging. As a result, enabling multi-redox chemistry of p-type
OCs is still of great challenge. Grafting electron-donating sub-
stitutes at organic compounds has been reported as an ef-
fective strategy to promote electron transfer in applications
such as redox flow batteries. The feasibility of this strategy for
p-type OCs in RABs should be evaluated for the capacity im-
provement. The n-type OC with multiple active units (C=0,
C=N...) offer multi-electron transfer but suffer from low work-
ing voltage. However, previous work only focused on demon-
strating the feasibility of various high-capacity n-OCs, in-
depth investigation of high-voltage design is overlooked. In-
creasing the coordination affinity between n-OCs and
chloroaluminate ions through designing the structure and
distribution of active units could potentially improve the
voltage profile. Moreover, small organic molecules have high
solubility in the electrolyte, leading to low cycling stability.
The selection and design of the proper molecular structure of
OCs and electrode modification approaches are eagerly ex-
plored to construct green, sustainable and high-performance
OCs for RABs.

Another two perspectives can be considered at the RAB
configuration level. (1) The fundamental chemistry of Al strip-
ping/plating in current non-aqueous RTIL electrolytes re-
quires a large amount of electrolyte, significantly reducing
the energy density of a whole RAB cell. In addition, the RTILs
are expensive and need highly specialized cell materials (e.g.,
Ta, Mo) to avoid corrosion. Therefore, exploring more suit-
able electrolyte systems is desirable for the development of
RABs. (2) To accelerate the practical use of RABs, researchers
should pay attention not only to the cathode materials and
their electrochemistry but also to the battery configuration
design. For instance, the currently used glass fibre separator
has a high price, high thickness and poor mechanical proper-
ties. Therefore, cost-effective substitutes with flexible, thin,
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and anti-corrosive features are favorable in RABs, which is
worth studying.
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