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Table 1 Classification of clay minerals
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Clay mineral Interlayer material

Stacking type ~ Group

Octahedral character Species

Nonionic clay None or H,O only, &=0 1:1 (TO) Serpentine—kaolin Trioctahedral Amesite, berthierine,
mineral brindleyite, cronstedtite,
fraipontite, kellyite,
lizardite, nepouite
Dioctahedral Dickite, halloysite (planar),
kaolinite, nacrite
Di-trioctahedral Odinite
None, &=0 2:1 (TOT) Talc—pyrophyllite Trioctahedral Kerolite, pimelite, talc,
willemsite
Dioctahedral Ferripyrophyllite,
pyrophyllite
Cationic clay Hydrated exchangeable 2:1 (TOT) Smectite Trioctahedral Hectorite, saponite,
mineral cations, £=0.2-0.6 sauconite, stevensite,
swinefordite
Dioctahedral Beidellite, montmorillonite,
nontronite, volkonskoite
Hydrated exchangeable 2:1 (TOT) Vermiculite Trioctahedral Trioctahedral vermiculite
cations, ¢=0.6-0.9 Dioctahedral Dioctahedral vermiculite
Non-hydrated monovalent 2:1 (TOT) True (flexible) mica Trioctahedral Biotite, lepidolite,
cations, £&=0.6-1.0 phlogopite, etc.
Dioctahedral Celadonite, illite, glauconite,
muscovite, paragonite, etc.
Non-hydrated divalent 2:1 (TOT) Brittle mica Trioctahedral Anandite, bityite, clintonite,
cations, =1.8-2.0 kinoshitalite
Dioctahedral Margarite
Hydroxide sheet, & 2:1 (TOT) Chlorite Trioctahedral Baileychlore, chamosite,
variable clinochlore, nimite,
pennantite
Dioctahedral Donbassite
Di-trioctahedral Cookeite, sudoite
Anionic clay mineral ~ Hydrated exchangeable Layered double MgAIl-LDH, CuFe-LDH, etc.
anions hydroxides (LDH)

& Net layer charge per formula unit.
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Fig. 3 Cycling properties and rate properties of Si nanoflakes and Si nanotubes
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Table 2 Electrochemical performances of clay mineral-derived silicon-based anode nanomaterials
Clay minerals Silicon-based anode materials Cycling properties Rate properties Ref.
Sepiolite Silicon nanorods 1.0A/g, 1350mA-h/g (100 cycles) 10.0 A/g, 478 mA-h/g [20]
5.0A/g, 816 mA-h/g (500 cycles)
Montmorillonite ~ Si(Montmorillonite) 1.0A/g, 1369 mA-h/g (200 cycles) 10.0A/g, 562mA-h/g [21]
Talc PSNs 1.0A/g, 1303 mA-h/g (500 cycles) 1.0A/g, 1985mA-h/g [27]
10A/g, 878 mA'h/g
PSNs//LiCo0O, 0.5C, 142mA-h/g (50 cycles) 5C, 90mAh/g
Halloysite H-Si 0.2C, 22243 mA'h/g (100 cycles) 5C, 500mA-h/g [62]
1C, 838.9mAh/g (1000 cycles)
Halloysite Si 1.0A/g, 3752.4mAh/g(lcycle) 10A/g, 1050mA-h/g [64]
3.5A/g, 1469.0 mA-h/g (400 cycles)
5A/g, 735.1 mA-h/g (1000 cycles)
Halloysite SNTs 0.2 A/g, 3044 mA-h/g (1 cycle) 2.0A/g, 947mAh/g [77]
1.0 A/g, 1033 (1000 cycles)
SNTs//LiCoO, 1C, 104mA-h/g (1 cycle)
1C, 41 mA-h/g (100 cycles)
Montmorillonite ~ Carbon-coated Si nanosheets 0.2C, 1250mAh/g (200 cycles)  Capacity of 20 C/ [19]
0.5C, 865mAh/g (500 cycles) Capacity of 2 C=60%
1.0C, 670mA-h/g (700 cycles)
Talc Carbon-coated hyperporous silicon flakes 0.5C, 1619mAh/g (200 cycles) 10C, 580mA-h/g [24]
Montmorillonite  Silicon flake/nitrogen-doped graphene-like carbon composite 1.0 A/g, 1138 mA-h/g (240 cycles) 8.0A/g, 434mA-h/g [82]
Montmorillonite ~ Si/SiCl (11% (in mass) SiC) 1.0A/g, 1507 (100 cycles) 10.0A/g, 440mA‘h/g [22]
Si/SiC1//LiCoO, 0.5C, 148 mA-h/g (100 cycles) 3C, 84mA-h/g
Talc C@(Si/SiOy) 1C, 470 mA-h/g (300 cycles) 0.1-2.0C, Almost identical capacity[25]
Talc C@porous-Si/SiOy

1C, 700mAh/g (800 cycles)

5C, 675mA-h/g [26]
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Extended Abstract

With the rapid development of science and technology and the growth of human demand for green energy, lithium-ion batteries
as an efficient and reliable energy storage solution are widely used in batteries, power batteries and energy storage batteries. The
effectiveness of these batteries is highly contingent on the quality of their electrode materials, with an emphasis on the anode. To meet
the growing demand for batteries with a high energy density and an extended cycle life, some innovative approaches are explored to
anode material. Despite the strides made in enhancing anode performance, the existing challenges include the often-expensive
manufacturing processes and raw materials involved. This factor hinders widespread adoption and affordability in a large scale. A
focus in the field shifts towards the next generation of anode materials for lithium-ion batteries. The pursuit of materials are
high-performance and cost-effective.

Clay minerals as vital mineral resources have natural unique micro-/nano-structures, substantial specific surface area, and good
thermal/chemical stability, which have broad applications in environmental remediation, mechanical manufacturing, and
petrochemical industries. A recent focus on clay minerals extends to energy storage, particularly in the field of lithium-ion battery
anode materials. Clay minerals can serve as inorganic templates for crafting carbon-based anode materials and act as precursors for
silicon-based anode materials in lithium-ion batteries due to their abundant silicon elements and micro-/nano-structures. Despite the
existing research, there is still a gap in meeting commercialization needs. Summarizing research progress is thus crucial to unearth a
potential of clay minerals in preparing anode materials for lithium-ion batteries and advancing their commercialization.

This review was to sort out the coupling between the structural features of clay minerals and the structure/ properties of clay
mineral-derived nanomaterials. This review categorized clay minerals by ionic type, providing a detailed description of natural clay
minerals, particularly the often-overlooked anionic clay minerals, in a systematic manner. Clay mineral-derived nanomaterials are
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classified into carbon-based and silicon-based materials, accompanied by detailed preparation methods. This review also outlined the
specific applications of clay mineral-derived carbon-based and silicon-based nanomaterials in lithium-ion battery anode materials. In
addition, some challenges hindering the commercialization of clay mineral-derived anode nanomaterials in the lithium-ion battery
anode field were summarized.

Summary and prospects Clay minerals with their distinct morphology, crystal structure and surface physicochemical properties
have some advantages in the realm of carbon-based and silicon-based materials, having an application potential in commercialized
lithium-ion battery anodes. However, the preparation of clay mineral-derived nanomaterials and their commercialization as anode
materials still have several challenges.

Clay minerals from different geographic environments or mineral sources, along with differing origins and purification methods
have challenges to ensure uniformity in the structure and performance of clay mineral-derived carbon-based and silicon-based
materials. To address this, there is a need to strengthen mineralogical and process research of clay minerals from diverse origins,
structures, and compositions. This can contribute to a comprehensive understanding of the diversity and complexity of clay minerals,
and provide abundant basic data for the subsequent development of low-cost, green and efficient clay mineral purification methods
and modification technologies.

The preparation of clay mineral-derived silicon nanomaterials through magnesium thermal reduction has some challenges like
impurities in the products and inhomogeneous properties. The existing process is in the laboratory stage, and there is a need to
improve the magnesium thermal reduction method or develop cost-effective methods for producing high-performance silicon
nanomaterials to enhance commercialization possibilities. Improving reaction condition (i.e., slower ramp rates, staged ramping and
the use of thermal scavengers) can mitigate some issues related to excessively high temperatures and ensure product quality. The
emerging electrochemical reduction method is also in the early stages of development and requires a continuous improvement.

The development of low-cost and simple preparation methods for silicon/carbon nanocomposites is crucial for their scale-up
applications. The development of more low-cost preparation techniques for silicon/carbon nanocomposites in combination with the
easily tunable structure and properties of clay minerals is expected to accelerate the commercialization of silicon/carbon anode
materials.

Clay mineral-derived nanomaterials are widely used in lithium-ion battery anode materials. The further developments on raw
materials, preparation methods, and performance optimization are essential to meet commercialization demands. Collaborative
research efforts between academia and industry are crucial to exploring key issues in the preparation process. Accelerating the
transition from laboratory-scale research to industrial manufacturing via combining practical production experience with advanced
technology through industry cooperation is vital for the in-depth development of clay mineral-derived nanomaterials in lithium-ion
battery anode materials.

Keywords clay minerals; nanomaterials; lithium-ion batteries; anode materials



