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Research progress of cathode materials for aluminum-ion batteries
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Abstract: With high theoretical specific capacity, high safety, low cost, and sufficient raw material sources, alumin-
um-ion batteries have been regarded as potential alternatives to lithium-ion batteries. However, the shortcomings
of the inherent characteristics of the cathode material have greatly limited the further development of aluminum-
ion batteries. In this paper, the important role of cathode materials in the application filed of aluminum ion battery
was summarized, the mechanism of action and research progress of aluminum ion electrode materials were
reviewed, and the effects of various cathode materials such as carbon-based, transition metal oxides and sulfides,
organic materials and metal-organic skeletal compounds on the electrochemical performance of aluminum ion
batteries were summarize. Finally, the problems that need to be solved urgently in the field of positive electrode
materials for aluminum ion batteries are discussed, and the future development direction of positive electrode
materials for aluminum ion batteries is proposed.
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Fig.2 (a)Schematic drawing of the Al/graphite (PG) cell during discharge; (b) Charge and discharge curves of an Al/PG cell;

(c) Cycling performance of an Al/PG cell"
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Fig.3 (a) Schematic illustration of the preparation process of small
graphite nanosheets (SGN); (b) SEM image of natural graphite
(NG); (c) SEM image of SGN™!!
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Fig.4 Charge and discharge curves (a) and rate performance test (b) of the cycle of NG and SGN at different current densities;

(c) Cycling performance of SGN!
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Fig.5 (a) SEM image of the original expanded graphite (EG3 K) free-

standing film; ((b), (c)) Surface and cross-section SEM images of the free-

standing EG3 K cathode film at the fully charged state; ((d), (e)) TEM
images of the EG3 K cathode material at the fully charged state!*
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((b), (c)) Cycling performance at different current densities of the EG3 K-coating AIBs system!'”!
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Fig. 10 Electrochemical characterization of Al/GA: (a) Charge-discharge curves; (b) Rate capability;

(c) Long-term cycling stability at different current densities'*’!
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Fig. 11 (a) Scheme describing low-layer graphene nanosheets (FLG) cathode formation; (b) TEM image showing the flat surface, and high crystallinity
(inset diffraction spots) of FLG; (c) HRTEM images of single-layer (left), double-layer (middle), and five-layer (right) FLG nanosheets; Cross-section (d)
and top-view (e) SEM images of FLG film'*"
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Fig.12 Electrochemical characterization of FLG-AIBs: (a) Rate capability; (b) Charge-discharge curves at different cycle;
(c) Cycling stability tested at 10 A/g®"
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Fig. 13 (a) Multi-walled carbon nanotubes (MWCNTs) which cannot
store AICI}; (b) Unzipped multiwalled carbon nanotubes (UCNTSs) to
store AICI}; (c) Digital photograph of a bendable flexible electrode
prepared using the optimized UCNTSs; ((d), (e)) SEM image and TEM
image of the optimized UCNTs; (f) HRTEM image for the external
edge of the optimized UCNTs'*"
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Fig. 14 (a) Charge-discharge curves of UCNTs electrode; (b) Cycle performance of UCNT-AIl pouch cell*”!
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Fig. 15 (a) Schematic illustration of the fabrication steps for the
synthesis of carbon nanoscrolls; (b) SEM image of the intermediate state
product when the annealing temperature reaches 1 000°C; ((c), (d)) SEM
images of the as-prepared carbon nanoscrolls; (e) Typical TEM image of
the sample; (f) High-resolution TEM (The IFFT image in the illustration

exhibits a single graphene layer)'*®!
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Fig. 16 Cycle performance of as-synthesized carbon nanoscrolls: (a) Charge-discharge curves; (b) Long-term cycle

performance of carbon nanoscrolls'*®!
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Fig. 17 (a) SEM image of LiV;04 (LVO); Low-magnification (b) and high-magnification (c) TEM images of LVO!*"
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Co,S, microspheres (Inset in Fig.19(b) is an EDS spectrum of the Co;S,
microspheres; Inset in Fig.19(d) is an HRTEM image of the
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Fig. 20 Initial discharge/charge curves (a) and cycling performance (b) of Co;S, cathode; (c) Comparison of the cycling performance of CosS, cathodes

with other representative metal oxides/sulfides for AIBs; (d) Rate performance of CoS, cathode at different current densities'
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Fig.21 Schematic illustration of the MoSe, helical nanorod arrays
(HNRA) toward AIBs: (a) Growth of Mo HNRAs by the glancing angle
depositing system; (b) Plasma-assisted selenization process; (c) Working

mechanism of the MoSe, HNRA-based AIBs/*?
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Fig. 24 Molecular structures of carbonyl compounds
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Fig. 25 (a) Structural formulae of phenquinone (PQ) monomer (PQ-Ref), linear PQ trimer (PQ-Lin) and PQ triangle (PQ-A); (b) Electrochemical redox

chemistry of PQ-A and its schematic representation; (c) Cycling performances of PQ-A and PQ derivatives; (d) Rate capability measurement of PQ-A; (e)

Extended cycling test of PQ-A at 2 A/g; (f) Cycling performance of PQ-A-HY at the current rate of 0.2 A/g; (g) Rate capability measurement of PQ-A-HY'*
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Fig. 26 (a) Polymerization reaction mechanism of perylene-3, 4, 9, 10-tetracarboxylic dianhydride (PTCDA); Electrochemical redox reaction (b),
rate capability and cycling stability ((c), (d)) of PTCDA in the process of charge and discharge; (e) Schematic diagram of soft pack battery;
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Fig. 28 (a) Chemical structures of tetracyanoethylene (TCNE), tetracyanoquinodimethane (TCNQ), and tetrakis(4-cyanophenyl)methane (TCPM);

((b), (c)) Molecular electrostatic potential (MESP) map, the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital

(HOMO) of TCNE, TCNQ, and TCPM calculated using density functional theory (DFT); (d) Electrochemical redox reactions based on two-electron

reaction; (e) Cycling performance of TCNQ in the Al batteries with and without acetylene black modified separator'®”
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Fig. 30 Electrochemical performances of CuTe@C: (a) Rate performance at different current densities; (b) Comparison of CuTe@C electrode with other

reported materials; (c) Cycling performance™
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Fig. 32 SEM images: ((a), (b)) Ti;AICy; ((c), (d)) TizCy; ((e), (f) TisC,@CTAB; ((g), (h)) Ti;C,@CTAB-Se at different magnifications'™
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Fig. 33 (a) Charge-discharge curves of Ti;C,@CTAB-Se at different current densities; (b) Cycles performance; (c) Comparison of capacity and voltage of

aluminum batteries cathode materials in this work and literature!™
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Fig.34 (a)Illustration of discharge process for Al-S batteries; Charge/discharge curves (b) and cycling stability (c) of an Al-S battery ™
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Fig.35 (a)Preparation schematic diagram of hollow nanotube carbon-coated tellurium (Te@CT);
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Fig. 37 (a) Schematic illustration of the synthetic procedure of the N-PC-Te and N-PC-rGO-Te composite electrodes; SEM images ((b)-(e)) and
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Fig. 38 Electrochemical performances of N-PC-rGO-Te positive electrode: ((a), (b)) Rate performance and corresponding charge/discharge curves

at various current densities; (c) Cycling performance at a current density of 500 mA/g!
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