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Abstract 

Disordered materials (DMs) have become promising materials in the advancement of lithium-

ion batteries (LIBs). Their disordered, open structure is conductive to facilitate efficiency 

lithium-ion storage. DMs with tunable compositions also possess abundant defects that can 

interact with Li+, further enhancing their electrochemical performances in LIBs. Yet, revealing 

the structural origin of the superior electrochemical properties of DM-based LIBs remains a 

challenge. In this article, we review recent advances in the development of DM-based 

components for LIBs, such as anodes, cathodes, coating layers, and solid-state electrolytes. We 

describe the primary preparation and characterization methods utilized for DMs, while also 

describing the mechanisms involved in DM synthesis. This review article also addresses the 

correlation between the structural properties of DMs and their electrochemical performances. 

Moreover, we elucidate the challenges and future perspectives in the advancement of DM-

based LIBs. We summarize the key advantages of DMs in enhancing LIB performance over 

their crystalline counterparts, providing insights for developing superior LIBs through tailored 

DM development. 
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1. Introduction 

The development of sustainable and renewable energy technologies is an effective way to 

deal with the problems of energy crisis and climate change [1,2]. As a key step to develop such 

technologies, it is a necessity to advance the energy storage devices, such as the high-energy 

density batteries for storing green energy [3-5]. These batteries can be divided into many 

different categories according to the moving cations between the electrodes, such as lithium-, 

sodium-, magnesium-, calcium-, aluminum-, and zinc-ion batteries. To date, lithium-ion 

batteries (LIBs) are still the most predominant power sources in portable electronic devices 

since their first commercialization [6,7]. To meet the ever-increasing demand for large-scale 

energy applications like hybrid electric vehicles and pure electric vehicles, scientists and 

technologists have been continuously developing new electrode and electrolyte materials for 

higher energy and power densities by means of various technical routes [8,9]. Among them, 

the disorder strategy on both electrode and electrolyte materials for LIBs is considered to be 

significantly effective for the enhancement in the battery performances [10-19].  

Disordered materials (DMs) differ from crystalline materials as they lack a periodic 

arrangement of atoms, displaying an irregular atomic structure. Disorder can manifest across 

different length scales, commonly categorized as short-range (< about 6 Å), medium-range 

(about 6-20 Å), and long-range (>20 Å) scales. DMs cover a wider range than amorphous 

substances. They include not only amorphous solids and liquids but also crystalline solids that 

contain significant defects like vacancies, interstitials, dislocations, clusters, and more. 

Crystalline materials can undergo complete or partial transformation into disordered solids 

through various disordering processes. These processes include chemical doping, impurity 

contamination, exposure to high-energy radiation, and ion intercalation/extraction in batteries 

[20]. Moreover, crystalline materials can transition into fully disordered states through 

mechanical impact, for instance, via high-energy ball milling. This process results in the 

disruption of long-range order and topological symmetry, primarily due to a substantial 

increase in defective surface area.  

Amorphous materials, as a subset of DMs, showcase long-range disorder. They can be 

categorized into two groups: 1) melt-quenched glasses and 2) non-melt-quenched varieties. 

The differences between these two groups of materials are reflected in the following five 

aspects: 

1) Melt-quenched glasses belong to the category of amorphous materials, but not all 

amorphous materials are classified as melt-quenched glasses. 2) Melt-quenched glasses result 

from melting raw materials and rapidly cooling the resulting melt. Conversely, non-melt-
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quenched glasses can form through chemical reactions within specific temperature-pressure 

conditions, even at ambient levels. For instance, they are synthesized using methods like the 

sol-gel process and other wet-chemistry approaches. These materials, such as gel, calcium 

silicate hydrate phase in cement, and spin glasses, display a long-range disordered structure. 

Some non-melt-quenched glasses, like amorphous carbon [21,22] and disordered graphene [23], 

can only be synthesized under high pressure at elevated temperatures. For convenience, non-

melt-quenched glasses can be referred to as amorphous materials. 3) Melt-quenched glasses 

undergo a calorimetric glass-liquid transition when heated, while non-melt-quenched glasses, 

despite lacking the X-ray Bragg diffraction patterns, do not demonstrate such a transition. 4) 

The key requirement for creating a melt-quenched glass is that the raw material should not 

decompose upon heating before reaching the melting point. The resulting liquid will undergo 

supercooling, quenching at a sufficiently fast rate, and eventually form glass. For instance, 

certain metal-organic frameworks (MOFs) can be melted before decomposing, while others 

tend to decompose before reaching the melting point. In the latter case, alternative methods, 

e.g., structural perturbation [24], are utilized to produce glasses. 5) Melt-quenched glasses can 

be categorized into four main families: inorganic non-metallic glasses (like oxide and 

chalcogenide glasses), organic glasses (such as polymer and molecular systems), metallic 

glasses, and MOF glasses. Notably, the structure of melt-quenched MOF glasses displays a 

significant degree of short-range disorder [25], differing from the other three families. The 

latter, while demonstrating long-range disorder, often display both medium- and short-range 

order within their structures. 

Due to their distinct structural differences from crystalline counterparts, DMs have 

compelling advantages in enhancing the electrochemical properties of LIBs. First, the 

disordered open network structures can both effectively accommodate the mechanical stresses 

and volume changes upon lithiation/delithiation [26,27], and facilitate an isotropic transport of 

Li+ ions [28,29]. Second, abundant defects in the structure of DM electrodes provide more 

reaction sites for Li+, thereby enhancing the specific capacity of LIBs [30,31]. Third, the easy 

tunability of the composition and structure of DMs allows us to optimize the end-properties of 

LIBs [32,33]. Last but not least, DMs are less likely to undergo a phase transition during the 

electrochemical reactions but may experience nano-crystallization during charge/discharge 

cycling. The latter leads to a significant improvement in the cycling stability of LIBs [34]. 

Recently, the disorder-order engineering concept was proposed to enhance LIB performances 

[11,12]. The results showed a promising development trend of the glass-based electrodes and 
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electrolytes for LIBs. The mechanism of the performance enhancement of glass-based 

electrodes has been revealed [14-16].  

This article presents a thorough overview of the applications of DMs in LIBs with an 

emphasis on cathodes, anodes, electrolytes, and coating layers (as illustrated in Fig. 1). We also 

scrutinize the synthesis methods of DMs and propose some future research directions and 

challenges of DMs in LIBs. We provide insight into the relationship between the structure and 

electrochemical properties of DMs in LIBs during cycling. This review article will benefit the 

rational design and property optimization of DMs for developing superior LIBs.   

  

Fig. 1. Schematic of DMs’ special merits, together with the functional applications of DMs in 

LIBs. 

2. Strategies of preparation for active DMs for LIBs  

The preparation methods of DMs can be generally divided into two categories according 

to their assembly modes, i.e., “bottom-up” and “top-down” approaches [35]. As 

illustrated in Fig. 2, the bottom-up approach refers to the one by which DMs are formed 

from the atomic level by reducing the reaction energy and/or time, such as chemical 

deposition, solvothermal, chemical vapor deposition (CVD) and laser deposition and 

electrochemical deposition [36]. In contrast, the top-down approach is the one that starts 

from the bulk crystal level. DMs are formed by destroying the original crystal structure 
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by means of melt-quenching, high-pressure, exfoliation, ball-milling, and so on [37]. 

These amorphization strategies are described and discussed in detail as follows.  

 

Fig. 2. Schematic illustration of DMs’ synthesis strategies. 

2.1 Bottom-up approach 

2.1.1 Solvothermal method  

It is well known that the solvothermal method is commonly used to prepare crystalline 

materials. The water/organic solvent can act as the reaction medium in a sealed vessel, where 

the pressure gradually rises with the volatilization of water/organic solvent at an elevated 

temperature (e.g., 200 ℃). Under such sealed conditions, the thermal energy (i.e., kinetic 

energy) can be increased to a level, where the energy barriers can be overcome for both 

formation and growth of crystals [38]. However, if the provided thermal energy is not 

sufficiently high to overcome the energy barrier, the formation of crystals can be avoided, but 

disordered intermediate products could be generated [39]. During the solvothermal reaction 

process, the thermal energy can be decreased by lowering the reaction temperature and/or even 

shortening the reaction time (Fig. 3a). For example, in the case of Ni-MOF synthesis, lowering 

solvothermal temperature led to the formation of large disordered clusters [40]. In addition, the 

solution pH can also affect the content of the disordered phase in the product [41]. 
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Fig. 3. Schematic illustration of the formation process of DMs by chemical precipitation 

method (a), CVD method (b) and electrochemical deposition method (c). 

2.1.2 Chemical precipitation method  

Chemical precipitation is a process in which certain agents, such as counter-ions, are added 

to a solution to convert some dissolved ions into insoluble compounds. To obtain disordered 

precipitates, some special agents such as N,N-dimethylformamide (DMF) are screened out [42]. 

Similar to the solvothermal method, effectively controlling the reaction time at room 

temperature can promote the formation of DMs (Fig. 3a) [22]. Ouyang et al. obtained 

disordered interconnected SiOx-resorcinol-formaldehyde resin precipitates through a 24-hour 

condensation reaction at room temperature [43]. Additionally, the solubility of precipitates and 

the state of the end-products are affected by two key factors: 1) the reaction temperature and 

2) the pH value of the solution [44]. For instance, the solubility of metal hydroxide is extremely 

low at low temperatures and under strong alkaline conditions. When the correct solution of 

metal ions is added to an alkaline solution, a disordered precipitate will form [45,46].  

2.1.3 Chemical vapor deposition method  

Chemical vapor deposition (CVD) is currently the most effective method for low-cost 

scalable preparation of two-dimensional materials. CVD is defined as the deposition of a solid 

material on a heated surface by a chemical reaction in the vapor phase [47]. Rapid deposition 

of atoms or molecules in the vapor phase occurs when they come into contact with a low-

temperature (Low-T) substrate. However, due to the rapid deposition rate and low temperature, 

these deposited species struggle to arrange themselves into a crystal structure spontaneously, 

resulting in the formation of DMs (as shown in Fig. 3b). Using the CVD method, Rho et al. 

obtained disordered silicon films with lowered extinction coefficients compared to their 

crystalline counterparts [48]. Laser deposition is a special type of chemical vapor deposition 

method, using high-energy laser bombardment to convert the target components into a gaseous 

state. The resulting gases diffuse onto the surface of the substrate, subsequently forming new 
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films. To obtain DMs, it is necessary to lower the temperature around the substrate to reduce 

the thermal energy available [49].  

2.1.4 Electrochemical deposition method  

Electrochemical deposition is a straightforward and effective method with easily controlled 

process parameters for preparing DMs. As illustrated in Fig. 3c, driven by the current generated 

by an external circuit, the cations and anions in the electrolyte solution migrate onto the surface 

of the electrode to create a coating [50]. Gao et al. fabricated a three-dimensional (3D) self-

supported nano-porous disordered S-doped NiFe2O4/Ni3Fe composite electrode via 

electrochemical deposition for electrocatalysis [51]. This disordered electrode exhibited higher 

electrocatalytic activity for oxygen evolution reaction and durability in alkaline media 

compared to its crystalline counterpart. Current density is a significant factor in the 

electrochemical deposition process [52]. Xu et al. found that the solid electrolyte interface (SEI) 

film is monolithic and disordered when it was prepared by the electrochemical deposition at 

low current densities (0.1 mA cm–2). When the current density exceeded 2 mA cm–2, the 

disordered structure of the SEI film was transformed into a crystal-embedded disordered 

structure [53].  

2.2 Top-down approach 

2.2.1 Melt-quenching method 

Melt-quenching is a conventional preparation method for preparing glasses. To prevent 

crystallization, a liquid must be quenched at a sufficiently high rate (see Fig. 4a). The cooling 

rate of the melt is a vital factor for glass formation. The glass is not in a state of thermodynamic 

equilibrium as the liquid progresses from its supercooled state through the glass transition, 

ultimately reaching the glass state [54,55]. Zhang et al. prepared the V2O5-TeO2 (VT) glasses 

using the melt-quenching method and explored the performances of the VT glass-based anodes 

for LIBs [11,12]. The plasma synthesis is a special type of melt-quenching method for 

producing a glass state, and it involves the injection of reactant powders into a hermetically 

sealed plasma torch. When the powders leave the plasma torch, they encounter a quenching 

gas and undergo rapid quenching, particularly for small-sized powers. The reactants will 

eventually evolve into disordered materials [56]. Westover et al. prepared the disordered 

Li2.7Si0.7P0.3O3.17N0.22 electrolyte nanopowders via plasma synthesis method at a lower 

preparation temperature of 800 ℃ compared to the conventional powder sintering approach (at 

1000 ℃). This method can avoid the Li loss [57].  
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Fig. 4. Schematic illustration of the formation process of DMs by (a) melt-quenching method 

and (b) high-pressure method. 

2.2.2 High pressure-induced amorphization method 

High pressure-induced amorphization is a process whereby a crystalline material undergoes 

a transformation into a disordered solid by adjusting the pressure at a specific temperature. As 

the pressure exerted on the crystalline material gradually increases, the lattice is gradually 

distorted until it becomes completely disordered, forming a DM (see Fig. 4b) [22]. Wu et al. 

found that C60 crystals can become disordered due to dimerization and lattice collapse when 

the pressure is increased to 26.9 GPa [58]. The pressure-induced high-density phase, i.e., 

disordered C60, played an important role in improving the energy density of LIBs when it 

served as an electrode material. This means that, to achieve an optimum DM for high-

performance LIB, a suitable pressure should be applied during the preparation process. Wu et 

al. found that the cyclic stability of the La0.7Mg0.3Ni3.3 alloy anode treated at 1 GPa pressure 

was improved by 8.7%, whereas it decreased when the pressure was increased to 3-5 GPa [59].  

2.2.3 Exfoliation method 

Layered crystals exhibit strong interlayer coupling and weak van der Waals bonding between 

layers [60]. This unique two-dimensional feature enables the layered crystals to be readily 

exfoliated into the partially disordered nanosheets [61,62]. The exfoliation process can be 
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either physical or chemical one, with the latter often employed in preparing disordered 

nanosheets. In the process of chemical exfoliation (Fig. 5a), some blocking factors such as 

quick reaction [63], modified ions [64], functional groups or molecules [65] can weaken the 

van der Waals forces. This in turn leads to changes in the bond length, bond angle and the ion 

position within the cell, resulting in the formation of the disordered substance. By means of the 

chemical exfoliation method, a high-quality ultrathin disordered 2D nanosheet was prepared to 

serve as a separator in lithium-sulfur batteries. The separator exhibited improved 

electrochemical properties, mechanical properties, and thermal conductivity [66].  

 

Fig. 5. Schematic illustration of the formation process of DMs by (a) exfoliation method and 

(b) ball milling method. 

2.2.4 Ball milling method 

Ball milling is a widely used method to produce DMs by grinding the crystal materials into 

powders [67,68]. During this process, the powders are subjected to constant impact and friction 

caused by the grinding balls, resulting in a gradual breakdown of the crystal structure. 

Furthermore, the milling will introduce some structural defects. Breaking down the crystal 

structure and introducing defects both increase the free energy of the materials, causing a 

transformation from crystals to disordered substances (see Fig. 5b) [69]. Using this method, 

Xiong et al. successfully prepared the disordered/ordered NaFePO4 composite used as a 

cathode for sodium-ion batteries. The degree of its disorder was elevated by extending the 

milling time [10].  
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3. Characterizations and Applications of DMs in LIBs 

DMs, serving as anodes, cathodes, solid-state electrolytes and protective layers, play a 

crucial role in the development of LIBs with high energy density and long cycling stability. 

The recent progress in the applications of DMs in LIBs will be discussed in detail in this section, 

with a focus on both the active materials for electrodes and the solid-state electrolytes. The 

discussion contributes to a comprehensive understanding of the impact of DMs on the energy 

density, power density, cycle life, and safety of LIBs.  

3.1. DMs-based cathodes 

3.1.1 Organic disordered cathode materials 

Organic materials, found abundantly in nature, are renewable resources of great variety 

[70,71]. Constructed from light elements like carbon, hydrogen, and oxygen, organic materials 

exhibit a promising theoretical specific capacity as cathode materials for LIBs and are therefore 

being widely studied [72]. Due to their high glass-forming ability and production conditions, a 

significant proposition of organic materials exists in a disordered state. Conjugated 

microporous polymer (CMP) is a representative type that holds large potential for use as a 

cathode for LIBs [73,74]. Yang et al. prepared disordered fluorinated covalent quinazoline 

network-type CMP materials through ionic thermal condensation [75]. Their high nitrogen 

content (23.49 wt%), extended π-conjugated architecture, layered structure and bipolar 

combination of benzene and tricycloquinazoline all contributed to CMP’s capability to deliver 

high capacity (250 mAh g–1 at 0.1 A g–1) and superior rate cycling properties (115 mAh g–1 

after 2000 cycles at 2 A g–1). Molina et al. prepared a CMP material based on anthraquinone 

moieties via a combined miniemulsion-solvothermal method [76]. This resulting CMP material 

exhibited resilient conjugated microporous and mesoporous nanostructures with remarkably 

high specific surface area (2200 m2 g–1). Benefiting from these structural features, the initial 

discharge capacity of this CMP cathode was 82 mAh g–1 at 2C and remained 46.7 mAh g–1 

after 9000 cycles.  

In contrast to crystalline organic materials, their disordered counterparts offer comparative 

advantages as cathode materials for LIBs. Zheng et al. synthesized covalent crystalline and 

disordered polymers cathode material-based on tetramino-benzoquinone, i.e., CCP and CAP, 

respectively [77]. CAP showed higher reversible capacity (~140 mAh g–1) and Coulombic 

efficiency (approximately 100%) than those of CCP at a low temperature of –60 ℃ (Fig. 6a). 

The impressive enhanced electrochemical performances of CAP were possibly attributed to its 
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relatively low impedance value (Fig. 6b) of CAP, ensuring fast Li+ transport kinetics. The 

structural origin of this enhancement could be related to the channel-rich disordered structure 

revealed by the molecular dynamics (MD) simulation (Fig. 6c).  

 

Fig. 6. (a) Comparison of cycle performance of CAP or CCP-based LIBs at the low temperature 

of –60 ℃. (b) Typical Nyquist plots of CAP (red) and CCP (blue). (c) Schematic diagram of 

the reasons for the difference in low-temperature performance between crystalline and 

disordered electrodes. Reprinted with permission from Ref. [77]. Copyright 2021, Wiley-VCH. 

3.1.2 Disordered vanadium oxide cathode materials 

V2O5 is considered to be a promising cathode material for LIBs owing to its high theoretical 

specific capacity (437 mAh g–1) and low cost [78,79]. However, the irreversible phase change 

(from γ- to ω-phase) of crystalline V2O5 could cause a significant capacity loss at the first 

discharge. Even at a relatively low current density of 10 mA g–1 for 10 cycles, the capacity 

diminishes to half of its initial capacity. This significantly hampers the practical application of 

V2O5 cathode [80]. In contrast, Christensen et al. found that the disordered ω-phase V2O5 could 

deliver a reversible capacity of 310 mAh g-1 without reverting to the crystalline state upon 

charging [81]. This finding implies that the disordering strategy is an effective way to solve the 

problem of rapid capacity decay of the crystalline V2O5 cathode. Xie et al. deposited disordered 
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V2O5 on a multi-walled carbon nanotube paper by the atomic layer deposition (ALD) technique 

[82]. The disordered composite cathode material exhibited a capacity of 400 mAh g–1 after 15 

cycles at a current density of 100 mA g–1 in LIBs. Mattelaer et al. deposited 

amorphous/crystalline (a/c)-V2O5 and -VO2 on silicon micropillar arrays using the ALD 

technique along with precise heat treatment (Fig. 7a) [83]. The reversible capacity of the a-

VO2 cathode was higher than that of the c-VO2 cathode and was much higher than that of c-

V2O5 at any current rate due to the absence of irreversible phase change during 

charging/discharging cycles (see Figs. 7bc). This confirms the superiority of the disordered 

state of vanadium oxides over the crystalline one in improving the electrochemical 

performances, especially the cycling stability.  

 

Fig. 7. (a) XRD patterns recorded before and after crystallization of the films. (b) Cyclic 

voltammograms and (c) rate capability for planar and micropillar electrodes of 40 nm c-V2O5 

(black), a-VO2 (red), and c-VO2 (B, blue) films, coated on silicon micropillar substrates. The 

potential was varied at 1 mV s–1. Reprinted with permission from Ref. [83]. Copyright 2017, 

Elsevier. Rate performance of (d) A-VP and (e) R-VP at different current rates. (f) The 

transition between VO5 trigonal bipyramid (V2O8)n zigzag-chains and VO4 tetrahedrons (VO3)n 

single-chains structures. Reprinted with permission from Ref. [84]. Copyright 2019, Elsevier.  

In addition to the disordered V2O5 materials described above, some V2O5-based glasses are 

also electrochemically active electrode materials. Recently, Li et al. developed a series of 

glassy V2O5-based cathodes for LIBs. They found that the high-rate and cycling performances 

of the V2O5-P2O5 glass cathode prepared under a reducing atmosphere (marked as R-VP) were 

significantly better than that of the one prepared under an air atmosphere (marked as A-VP) 

(Figs. 7de) [84]. Compared to the A-VP glass, the zigzag chain structure of the R-VP was easily 

transformed into VO4 and V2O7 units during melting (Fig. 7f), and the network consisting of 
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these units provided more channels for Li+ transport. In addition, the reducing atmosphere is 

in favor of the formation of a lower valence state of V, thus leading to the enhancement in 

electric conductivity. The same phenomenon was also observed in other vanadium-based glass 

cathode materials, e.g., V2O5-Li3PO4-Ca and V2O5-Li3PO4-BMo2 glasses [85,86].  

Interestingly, the charging/discharging cycling can induce the formation of nanocrystals in 

the V2O5-LiPO4 glass cathode, thereby enhancing the electrochemical performances such as 

initial specific capacity and high-rate performances [87,88]. Note that the disorder-order 

engineering was first proposed by some of the present authors to enhance the performances of 

V2O5-TeO2 glassy anode materials [11,12], as described in chapter 3.2.2. 

3.1.3 Poly-anion disordered cathode materials 

Poly-anionic materials as a typical class of cathodes for LIBs have drawn significant 

attention owing to their superior thermal stability and ionic conductivity, suitable operating 

voltage, and excellent safety [89,90]. However, the poly-anionic crystal cathodes suffer from 

a serious issue of high-volume expansion during lithiation [91]. To address this issue, 

disordering engineering is an effective method to develop poly-anion cathode materials for 

LIBs.  

As a representative of polyanion-type materials, disordered FePO4 (AFP) has attracted 

considerable attention of battery scientists owing to its high theoretical capacity (~178 mAh g–

1), low cost, environmental friendliness, and intrinsic thermal safety [92,93]. Generally, AFP 

can be obtained by thermal treatment of commercially available disordered FePO4·2H2O. The 

open disordered network structure of AFP enhances the electronic conductivity and lithium-

ion diffusion, leading to improved rate capability of AFP cathode [94]. Nonetheless, the AFP 

cathode suffers from low electronic and ionic conductivity. To overcome this problem, the 

incorporation of conductive agents into AFP has been recognized as a promising approach to 

improve electronic conductivity, and hence the electrochemical performance of the AFP 

cathode. Lu et al. designed a hierarchical 3D AFP/carbon nanotube (CNT) composite through 

a micromixer to achieve homogeneous co-precipitation [95]. As shown in Figs. 8ab, this 

cathode material showed neither a pronounced charge-discharge platform nor redox peaks, 

characterizing the disordered nature. The 3D heterogeneous conductive network (Fig. 8d) 

composed of CNT and carbon black (CB) enabled the AFP/CNT composite cathode to exhibit 

high reversible discharge capacities (175.6 mAh g–1 at 0.1C and 139 mAh g–1 at 5C) and 

superior cycling stability (no apparent capacity degradation after 500 cycles at 5C) (Fig. 8c). 

Zhang et al. prepared a uniformly dispersed AFP/CNT nanocomposite using a mild sonication-
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assisted micromixer synthesis method [96]. The resulting cathode material exhibited capacities 

of 162 and 117 mAh g–1 at 1C and 5C, respectively. In addition, Mo et al. prepared a 3D holey-

graphene (HG) framework cross-linked with encapsulated mesoporous AFP nanoparticles 

(denoted as MFPO/HG) for LIBs by applying a hydrothermal assisted self-assembly strategy 

(Figs. 8ef) [97]. The presence of a large number of pores embedded in graphene nanosheets 

(Fig. 8g) can significantly increase the contact area between the electrode and the electrolyte, 

thereby enhancing the efficiency of Li+ transport. Through the synergistic effect of both the 

unique structure and the good conductivity of graphene, the MFPO/HG exhibited a high-rate 

capability (76 mAh g–1 at 50C) and remarkable cycle stability (92.5% reversible capacity 

retention over 1000 cycles) (Fig. 8h). 

 

Fig. 8. (a) Charge-discharge profiles of FePO4/CNT composite at current rates ranging from 

0.1 to 5C. (b) Cyclic voltammetry (CV) curves of FePO4 cathodes with CNT/CB and single 

CNT additives. (c) Cycling performances and Coulombic efficiency of FePO4/CB-CNT 

cathodes at 5C. (d) Schematic diagram of FePO4/CB-CNT microstructure. (a-d) Reprinted with 

permission from Ref. [95]. Copyright 2019, ACS. Schematics illustrating the synthesis of 

MFPO/HG (e) and the ion/electron conductive pathways and spatial arrangement of the 

electrode materials in MFPO/HG cathode (f). (g) TEM image of MFPO/HG architecture. (h) 

Cycling stability of MFPO/HR electrode under 20C for 1000 cycles. (e-h) Reprinted with 

permission from Ref. [97]. Copyright 2021, Elsevier. 
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Table 1. Summary of electrochemical performance of disordered cathode materials for LIBs. 

Prototype 
construction 

Specific disordered materials 
Highest specific 

capacity/rate (mAh 
g–1/mA g–1) 

Voltage 
window 

(V) 

Rate performance 
(mAh g–1/mA g–1) 

Cycling performance [mh 
g–1/cycle numbers 

(N)/mA g–1] 
Ref 

Organic based 

dibromotetraoxapentacene 108/120 3.0-4.8 71.4/6000 - [73] 
fluorinated 

covalent quinazoline networks 
250/100 1.5-4.5 105/5000 115/2000/2000 [75] 

anthraquinone moieties 104/149 1.5-3.5 82/198 21.3/80000/4470 [76] 
tetramino-benzoquinone-

cyclohexanehexaone dimer 
162.8/50 at –60 ℃ 1.5-3.5 100/1000 ~120/500/100 [77] 

Vanadium 
oxide based 

V2O5/CNT paper 400/100 1.5-4.0 ~300/2000 300/100/100 [82] 
V2O5-P2O5 glass 342/17 2.0-4.2 193/170 175/300/85 [84] 

65V2O5-30Li3PO4-5BMo2 glass 289.9/50 1.5-4.2 102/500 246.9/50/50 [85] 
75V2O5-25Li3PO4-20%CaC2 glass 319.3/100 1.0-4.0 - 280.3/100/100 [86] 

Li3PO4-V2O5-LiF glass 344.3/50 1.5-4.2 120/800 269.7/200/50 [87] 
70V2O5-30P2O5 glass 269.4/50 1.5-4.2 118.1/100 227.4/50/50 [88] 

Poly-anion 
based 

FePO4 nanosheets 185/17.8 2.0-4.2 107/356 181/400/17.8 [93] 
FePO4 147/85 at 80  2.0-4.3 - ~120/20/85 [94] 
FePO4 153/0.1 mA cm–2 2.0-3.9 - - [98] 

FePO4/CB-CNT 175.6/17.8 2.0-4.2 139/890 ~130/500/890 [95] 
FePO4/CNT 162/17.8 2.0-4.2 117/890 ~105/2000/890 [96] 

FePO4/graphene 156/89 2.0-4.0 76/8900 ~72/500/8900 [97] 
Li4NiPO6 330/320 2.0-4.8 240/9600 - [99] 

1.3LiF-FeSO4 ~130/0.2 mA cm–2 2.5-4.3 125/1.0 mA cm–2 130/30/0.2 mA cm–2 [100] 
Li2Fe0.94Ti0.06SiO4/C/MWCNT 240/238 1.5-4.8 138/3320 157/1000/332 [101] 

Na2Fe(PO4)3(CO3) 128/10 2.0-4.2 40/2000 91/150/50 [102] 
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In addition to the AFP cathode, there is intensive research on the disordered LiMPO4 (where 

M can be Mn, Fe, Co, Ni, etc.) within the category of poly-anion cathodes. Indeed, these 

materials hold promise due to their advantageous features, including high theoretical specific 

capacity, cost-effectiveness, eco-friendliness, and inherent thermal stability. Sabi et al. prepared 

a series of disordered LixMyPOz cathode materials by a sputtering method and measured their 

electrochemical properties as a function of composition [99]. It was found that the disordered 

LiNiPO cathode exhibited the highest capacity of 330 mAh g–1 at 1C. Since the redox potential 

of poly-anionic cathodes depends on the type of the anion groups, the cathode performance can 

be improved by adjusting the proportion of the tetrahedral anion groups or their derivatives in 

poly-anionic-like disordered materials, such as SO4
2– [100], SiO4

2– [101], CO3
2– [102]. Table 1 

displays the electrochemical performances of the above-mentioned AM cathodes for LIBs.  

3.2 DM-based anodes 

According to their reaction mechanisms, anodes can be classified into three main categories: 

intercalation-, conversion-, and alloying-type anode [103,104]. In general, crystalline anodes 

inevitably undergo significant volume expansion during electrochemical processes, presenting 

a major challenge in the development of novel anode materials. From a microstructural 

perspective, DMs are a promising alternative to their crystalline counterparts. This is because 

the DMs can sustain part of the volume expansion induced by their reaction with Li during the 

charging and discharging process [105]. This section discusses the recent progress made in the 

disordered anode materials.  

3.2.1 Intercalation-type anode materials 

Carbon and titanium-based materials, including TiO2 and Li4Ti5O12, are two crucial 

candidates for fabricating the intercalation-type anodes [106,107]. These anode materials allow 

for reversible intercalation/extraction of lithium ions from their interlayer space [108]. In 

contrast to crystalline materials, DMs possess abundant interlayer space, multiple defects, and 

strong stability. These characteristics are highly beneficial to the storage and transfer of lithium 

ions. 

Currently, carbon is the most commonly used anode material due to its advantageous features, 

including high specific surface area, tunable porous structure, diverse morphologies, and high 

electronic conductivity [109]. In the scope of disordered carbon-based materials, an important 

subject is to improve the electrochemical performance through the smart design of morphology 

and pore structures by adjusting synthesis parameters [110]. Liang et al. synthesized a 

disordered CNT anode material through pyrolysis of sulfonated polymer nanotubes/SiO2 

hybrids under varying atmospheric conditions [111]. They found that the disordered CNTs 
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synthesized in a N2-H2 atmosphere exhibited an ideal pore structure with abundant defect sites, 

resulting in outstanding lithium storage performances with a capacity of 400.6 mAh g–1 at 2 A 

g–1 after 200 cycles and 212.1 mAh g–1 at 10 A g–1 after 400 cycles. Apart from the synthesis 

atmosphere, the carbonization temperature stands as a crucial factor that influences the 

morphology of disordered carbon (Fig. 9a) [112]. Wang et al. found that the disordered carbon 

nanosheets obtained at the carbonization temperature of 800 °C displayed a capacity of 579 

mAh g–1 at 2 A g–1 after 900 cycles. (Fig. 9b). This outstanding cyclability surpasses that of a 

large number of previously reported carbonaceous electrodes and could compete with that of 

the heteroatom-doped carbon anodes [113,114]. Yang et al. synthesized a 3D porous disordered 

carbon using the pyrolyzing sucrose method. This anode delivered a high reversible specific 

capacity of 400 mAh g–1 at a current density of 50 mA g–1 owing to the increased adsorption 

site for Li+ ions within the investigated potential range (0.01-3.0 V) [115]. Furthermore, the 

synergy between the disordered carbon and other high-specific capacity nanocrystal materials 

is also a focusing point in the development of anode materials [116,117]. In addition, as a 

typical disordered carbon material, hard carbon has also gained continuously growing attention 

in the field of energy storage [118] due to its large interlayer spacing (>0.34 nm) and a low 

working potential [119]. In particular, as anode materials for Na+ ion batteries, hard carbon 

materials can provide more active sites for sodium storage by means of nanostructure design 

[120] and heterogeneous element doping [121].  

Additionally, a disordered Ti-based material, which belongs to the intercalation-type anode 

category, has undergone extensive research [122,123]. Liu et al. prepared disordered 

mesoporous TiO2 nanosheets as anode materials using potassium chloride as a template [124]. 

Its unique structure could effectively accommodate stress without pulverization after 1000 

cycles and maintained a reversible capacity of 103 mAh g–1 at 6 A g–1. However, nanosheets 

are prone to agglomeration due to their high surface energy. To address this issue, Qi et al. 

prepared disordered TiO2 porous nanosheet aerogels by a surfactant-free assembly technique 

[125]. Thanks to the porous aerogel structure, the disordered TiO2 anode exhibited a capacity 

of 310 mAh g–1 at 1 A g–1 after 300 cycles, which was considerably higher than that of 

crystalline TiO2. Yuwono et al. compared the storage mechanism of Li+ between disordered 

and ordered TiO2 anode materials [126]. The diffusion energy barrier of Li+ in disordered TiO2 

was found to decrease with the increasing molar fraction of lithium. Moreover, the loose 

structure of disordered TiO2 provided more lithium storage sites than its ordered counterpart. 

Integrating materials with high theoretical capacity into the TiO2 matrix is an effective 

approach to further enhance the capacity of the disordered TiO2-based anode materials. For 
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example, Lai et al. proposed a novel 3D porous core-shell carbon fiber (PCSF) scaffold 

containing well-dispersed disordered TiO2 and disordered SiO2 with high specific capacity 

(~1965 mAh g–1) [127]. The Li@PCSF anode material with heterostructure was obtained by 

further Li plating. The morphology of the Li layer deposited on the carbon fibers was 

determined by the plating capacities (i.e., the amount of deposited Li) (Figs. 9c-f). Through the 

density functional theory calculation, the authors found that lithium preferentially entered the 

pores of the fibers until saturation, followed by deposition on the outer surface of the fibers (as 

presented in Fig. 9g). The Li@PCSF, Li@Cu, and Li@carbon fiber (CF) anodes were, 

respectively, assembled to full cells being paired with LiNi0.5Co0.2Mn0.3O2 (NCM) cathodes. 

The Li@PCSF/NCM full cell exhibited the best rate performance (Fig. 9h). 

 

Fig. 9. (a) Schematic illustration of the evolution process of molten-salt carbons (MSCs). (b) 

Cycling performance at a current density of 1 A g–1 of MSCs with different preparation 

conditions and PAC. (a, b) Reprinted with permission from Ref. [112]. Copyright 2018, ACS. 

Cross-sectional SEM images of the PCSF host after plating (c) 1 mAh cm–2, (d) 3 mAh cm–2, 

(e) 8 mAh cm–2 and (f) 10 mAh cm–2. (g) Schematic illustration of the Li plating in the PCSF 

host at different states. (h) Cycling performance of Li@PCSF/NCM full cells. (c-h) Reprinted 

with permission from Ref. [127]. Copyright 2019, ACS. 

3.2.2 Conversion-type anode materials 

It is known that the conversion-type (CT) anode materials exhibit higher theoretical specific 

capacities than the insertion-type anode materials. The CT anode is mainly composed of 

elements from Group IVA and VA of the periodic table, along with their corresponding 

compounds including oxides, sulfides, nitrides, phosphides, and selenides. In this section, we 

review the recent advances in the development of CT-disordered materials for LIBs. 
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Fe2O3 has been regarded as an attractive anode for LIBs, owing to its low cost, high 

electrochemical activity, and high theoretical capacity (1007 mAh g–1) [128]. Zhao et al. 

fabricated button-shaped disordered Fe2O3/rGO/carbon nanofiber film as a freestanding flexible 

anode for LIBs [129]. Benefitting from its outstanding reversibility of the conversion reaction 

of disordered Fe2O3, unique hierarchical structure, and high electronic conductivity, the 

Fe2O3/rGO/carbon nanofiber film anode presented a high reversible capacity of 811 mAh g–1 at 

0.1 A g–1 and a remarkable rate performance, i.e., a capacity of 584 mAh g–1 after 400 cycles at 

2 A g–1.  

Another example of CT-disordered anode materials (CT-DAMs) is molybdenum trioxide 

(MoO3), which is a promising anode candidate for LIBs thanks to its high electronic 

conductivity [130]. Yan et al. synthesized a disordered-MoO3-x@Ti3C2-MXene material with a 

2D non-van-der-Waals heterogeneous structure for LIBs [131]. As shown in Fig. 10a, the 

disordered MoO3 was uniformly anchored on Ti3C2-MXene. Due to the weak interactions 

between the adjacent disordered MoO3-x layers, the lithium storage was caused by two diffusion 

modes of Li+ ions, i.e., 1) the capacitor-like diffusion on the surface of the disordered layer and 

2) the diffusion-controlled mode within the disordered layer. The former one was confirmed to 

give a larger contribution to high-rate performance (Fig. 10b). Wu et al. compared the 

electrochemical properties between the ordered and disordered MoO3 anodes for LIBs [132]. 

The disordered MoO3 showed better performances than the crystalline counterpart due to its 

rapid ion transport and more active sites.  

Yue et al. have proposed a disorder-order engineering concept to enhance their 

electrochemical performances of the V2O5-TeO2 based glass anodes in LIBs [10-14,16]. They 

selected this glass system because it demonstrates high electronic conductivity, tunable 

composition, and the capacity to intercalate lithium ions [11,133,134]. The nanocrystals and 

the remaining glass matrix gave a synergetic effect to facilitate the ionic and electronic transport 

and to maintain the glass structure stable against discharging/charging. As a result, both the 

capacity and cycling stability were greatly enhanced, maintaining 124 mAh g–1 after 5000 

cycles at a current density of 1 A g–1. The structural origins of both the electrochemical reaction-

induced nanocrystallization and structural stability were clarified by means of the state-of-the-

art solid-state nuclear magnetic resonance (SSNMR) [15]. Upon the lithium interaction and 

extraction, the glass network was first dissociated into isolated units and then transformed into 

different types of ordered nanostructured clusters (Fig. 10e). In addition to examining the 

electrochemical properties, a comprehensive characterization of the mechanical and dynamic 

properties of V2O5-TeO2-P2O5 glasses was conducted, contributing to optimizing the various 
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performances of glass anodes [135]. The disordered-order engineering concept has been 

successfully applied to other oxide glass anodes [136-143], MOF-based glass anodes [13,14,16] 

and polyanion-based cathodes [10,144]. It should be noted that the MOF glass utilized for 

constructing the anodes in [16] was a cobalt-based zeolitic imidazolate framework (ZIF) glass, 

namely ZIF-62 glass [145]. The disorder-order engineering strategy, combining the unique 

advantages of both ordered and disordered structures, holds great promise as a crucial pathway 

for advancing electrode materials specifically for LIBs.  

  

Fig. 10. (a) Illustration of facile capacitor-like interlayer diffusion and diffusion-controlled 

intralayer diffusion. (b) Capacitive contribution ratios at different scan rates. (a, b) Reprinted 

with permission from Ref. [131]. Copyright 2021, Elsevier. The XRD analysis (c) and Nyquist 

plots (d) of the fresh (ball milled) VT60 glass, the VT60 glass anode after 1000 and 5000 

discharging/charging cycles at a current density of 1 A g–1 and the γ-phase Li3VO4 crystal. (c, 

d) Reprinted with permission from Ref. [12]. Copyright 2019, Elsevier. (e) Schematic 

representation for the local structural evolution induced by cycling. Reprinted with permission 

from Ref. [15]. Copyright 2021, Elsevier. 

Disordered FeP is another attractive conversion-type anode material. Zheng et al. designed a 

3D flake-carbon nanosheets (CNs)-like configuration through confining disordered FeP 

nanoparticles into ultrathin 3D interconnected P-doped porous carbon nanosheets (denoted as 

FeP@CNs) [146]. The FeP@CNs anode exhibited the reversible capacity of 956 mAh g–1 at 1 

A g–1 without obvious capacity decay for 500 cycles (Fig. 11a). Additionally, it showed superior 

cycling stability, maintaining capacity retention of 98% even after 2500 cycles at 4 A g–1) (Fig. 
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11b). These performance levels surpassed those of both pure CNs and pure FeP anodes. The 

3D-interconnected CNs in FeP@CNs facilitated rapid electron/ion-transport kinetics. The 

disordered FeP with intrinsic buffering voids offered abundant lithium storage sites and 

preserved space to accommodate the expansion of active materials during cycling (Fig. 11c). 

In addition to disordered FeP, other conversion-types of disordered anode materials, such as 

ZnP2 [147], Fe2N [148] and FeSe [149], are currently under intensive investigation.  

 

Fig. 11. (a) Cycling performances of FeP@CNs, CNs and bare FeP electrodes at 1 A g–1. (b) 

Schematic illustration of the morphology evolutions of bare FeP nanoparticles, FeP-C and 

FeP@CN electrodes. (c) Long-term cycling performance of FeP@CNs electrode at 4 A g–1. (c-

e) Reprinted with permission from Ref. [146]. Copyright 2020, ACS. 

3.2.3 Alloying-type anode materials 

Silicon (Si), germanium, silicon monoxide, and tin oxide are among the materials capable of 

reacting with lithium through an alloying/de-alloying mechanism [150]. Although these 

alloying-type materials exhibited a higher specific capacity than commercial graphite, their 

short cycling life and large irreversible capacity at the initial cycle limited their applications in 

LIBs [151]. To address this problem, amorphization of these materials is one of the most 

promising solutions. Si is well-known with a high theoretical specific capacity of 4200 mAh g–

1, but its huge volume change and low electronic conductivity hindered its practical application. 

In this section, we use Si anode as a typical case to review the recent progress in studying the 

disordered alloying-type anode materials. 

Due to their disordered and loosely connected network structure, disordered Si anodes 

showed advantages over their crystalline counterparts in mitigating volume changes during 
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cycling [152]. Due to their disordered and loosely connected network structure, disordered 

silicon anodes exhibit advantages over their crystalline counterparts in mitigating volume 

changes during cycling. It is important to note that the disordered Si anode is mainly utilized in 

the form of thin films. The electrochemical performances of these films depend on their 

thickness. Generally, in the way that thinner films tend to yield better performances [153]. In 

this regard, disordered Si is usually compounded with other materials to improve the 

electrochemical performance. For instance, Cui et al. produced core-shell silicon nanowires 

with an ordered-disordered structure to be used as an anode for LIBs. Specifically, the ordered 

Si cores serve as a stable mechanical support and an efficient electrical conducting pathway, 

whereas the disordered shells store Li+ ions. This combination results in outstanding cycling 

performance, achieving approximately 1000 mAh g–1 with a retention of about 90% of capacity 

over 100 cycles [154]. Similarly, Wei et al. fabricated a Si/SiOx anode material with a 

disordered/ordered heterostructure that could accommodate the expansion of Si volume and 

relieve the mechanical stress during the charging/discharging process [155]. This anode 

delivered a high capacity of 1200 mAh g–1 at 8 A g–1 and showed nearly 100% capacity retention 

during long-term cycling at 0.5 A g–1. Zhou et al. conducted a series of investigations in 

improving SiOx anode performances through morphology design [156-158]. A monodisperse 

and homogeneous SiOx/C microsphere anode exhibited a reversible capacity of 689 mAh g-1 at 

a current density of 500 mA g-1 with a capacity retention of 91.0% after 400 cycles [157]. They 

designed the yolk-shell structured SiOx/C microsphere anode materials [158], which had large 

internal voids to accommodate volume changes inherent in SiOx. Beneficially, this yolk-shell 

structured SiOx/C microsphere anode showed excellent rate capability (725 mAh g-1 at 1000 

mA g-1) and superior cycling stability (972 mAh g-1 after 500 cycles at 500 mA g-1). Exploring 

the evolution of defects within these anodes during cycling could be incredibly intriguing, 

especially regarding how these changes might influence their electrochemical performance. 

While enhancing the electrochemical performance of ordered/disordered heterostructure Si 

anode, the issue of limited electronic conductivity needs to be urgently addressed. The most 

commonly used method is to composite Si with other conductive materials [159]. Ryan et al. 

constructed a core-shell structured Cu15Si4/disordered Si nanowire composite anode (Figs. 12a-

c) [160]. The conductive yet electrochemically inactive Cu15Si4 core facilitated the rapid 

electron transfer between the collector and the disordered Si, resulting in significantly enhanced 

anode capacities up to 1367 mAh g–1 and 1520 mAh g–1 at 5C in half cell and full cell, 

respectively (Figs. 12d-e). The core-shell structured Si anode was also developed by Lin et al. 

[161]. The graphene nanowalls in the core played a crucial role in improving the electronic 
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conductivity while the partially disordered Si served as the shell to accommodate volume 

changes. This anode exhibited a discharge capacity of 1116.2 mAh g–1 after 200 cycles at 0.1C, 

which was significantly higher than that of the pure Si anode (704.2 mAh g–1 at 0.1C). The 2D 

porous disordered silicon nanoflakes were integrated with long multi-walled carbon nanotubes 

(MWCNTs) to form a flexible freestanding film anode for LIBs (Fig. 12f) [162]. Benefiting 

from the hierarchical structure of Si (Figs. 12gh), its aggregation and pulverization were greatly 

alleviated. The carbon nanotubes were capable of establishing highly conductive pathways for 

lithium ions. This flexible Si-MWCNT anode material exhibited the high capacities of 1664, 

1403, 1224, 989, 668, and 381 mAh g–1 at current densities of 200, 400, 800, 1600, 3200, and 

6400 mA g–1, respectively (Fig. 12i). The electrochemical performances of some disordered 

anode materials for LIBs are listed in Table 2. 

 

Fig. 12. (a) Low and (b) higher magnification SEM images of the Cu15Si4/Si core/shells NWs. 

(c) TEM image of the length of a core/shell wire with corresponding EDX elemental maps for 

Cu (green) and Si (blue). Charge and discharge capacities in half-cell (d) and full-cell (e) were 

tested at rates of C/10, C/5, C/2, C, 2C, 5C, and C/10. (a-e) Reprinted with permission from 

Ref. [160]. Copyright 2019, ACS. (f) Digital photo illustration of the freestanding Si-MWCNT 

film. (g) Cross-sectional SEM images. (h) HRTEM images of the Si-MWCNT film. (i) Rate 

capability of freestanding Si-MWCNT electrode at various current densities. (f-i) Reprinted 

with permission from Ref. [162]. Copyright 2020, RSC.  
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Table 2. The electrochemical performances of disordered anode materials for LIBs. 

Reaction type Specific disordered materials 
Highest specific 

capacity/rate (mAh g–1/mA 
g–1) 

Rate performance 
(mAh g–1/mA g–1) 

Cycling performance (mAh 
g–1/N/mA g–1) 

Ref 

Intercalation 
type 

Sulfonated polymer 
nanotubes/SiO2 

~1130/500 246/8000 212.1/400/10000 [111] 

C nanosheets ~1350/100 283/10000 396/900/5000 [112] 
Porous C ~1470/50 - ~600/120/50 [115] 

Si/FexSiy@NC/CNTs 1190.1/200 572.0/5000 994.4/600/1000 [116] 
Graphene/IOC@Si 1528.1/100 62/5000 484/450/1000 [117] 

TiO2 nanosheet 158/200 108/10000 103/1000/6000 [124] 
TiO2 porous nanosheet 740/100 194.6/2000 310/300/1000 [125] 

SiO2-TiO2/porous carbon skeleton 137.8/155 74.2/3100 114.4/200/1550 [127] 

Conversion 
type 

Fe2O3/rGO/CNFs ~1378/100 664/1000 584/400/2000 [129] 
MoO3-x@Ti3C2-MXene 1600/50 139/1000 ~500/500/200 [131] 

Ordered/disordered MoO3 
Nanosheets 

935/100 100/5000 510/200/1000 [132] 

FeP/Carbon  ~1200/200 403/16000 563/2500/4000 [146] 
ZnP2/C ~1800/100 410/15000 1300/2730/2000 [147] 

Fe2N@AC@rGO ~880/200 303/10000 505/500/1000 [148] 
FeSeO-C-CNT ~1400/500 560/30000 617/1800/30000 [149] 

Alloying type 

Ordered-disordered core-shell Si 
nanowires 

~3200/850 807/3400 ~800/100/6800 [154] 

Disordered/ordered Si/SiOx 2500/200 1200/8000 2100/300/500 [155] 
monodisperse and homogeneous 

SiOx/C microspheres 
999/100 689/500 627/400/500 [157] 

GNW@Si ~2000/190 526.2/9510 - [161] 
Si/MWCNTs ~2766/200 381/6400 844.9/200/1600 [162] 
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3.3 Disordered solid-state electrolytes 

Organic liquid electrolytes are widely used in LIBs due to their high ionic conductivity and 

easy accessibility. However, the limited thermal stability of liquid electrolytes poses a 

significant challenge for most LIBs, potentially leading to battery explosion or flammability 

[163,164]. Therefore, solid-state electrolytes (SSEs) are perceived as one of the most promising 

alternatives to conventional organic liquid electrolytes and have attracted great attention 

[165,166]. However, SSEs need to overcome the challenges of poor interfacial compatibility 

and low ionic conductivity before they can be used in practice [167,168]. Aiming at these 

problems, a number of research strategies have been proposed, including the disorder strategy.  

Disordered polymers have been extensively explored as electrolyte materials due to their 

structural flexibility and easy adhesion to the electrodes. Xue et al. synthesized crystalline and 

disordered poly(ethylene oxide)3:LiCF3SO3 (PEO3:LiCF3SO3) polymer electrolytes, 

respectively, for LIBs [169]. They found that the transport of Li+ ions in disordered SSE is 

faster than that in crystalline SSE since the activation energy of the Li+ in disordered 

PEO3:LiCF3SO3 (0.6 eV) is lower than that of its crystalline counterpart (1.0 eV). Lin et al. 

fabricated a 3D cross-linked silyl-terminated disordered polymer electrolyte that exhibited an 

enhanced ionic conductivity (~0.36 mS cm–1) and thermal stability due to its relatively high 

melting temperature (Tm=379 °C) [170]. Compared to the disordered organic SSEs, the 

inorganic electrolytes have better mechanical and thermal properties. Therefore, taking 

advantage of organic and inorganic SSEs, Self et al. developed a hybrid electrolyte containing 

high ionic conductive Li3PS4 in the disordered state and poly(ethylene oxide) (PEO) binder 

[171]. A suitable PEO content limited to 1-5 wt.% in these hybrid electrolytes ensured a 

reasonable Li+ conductivity (e.g., 1.1×10-4 S cm–1 at 80 °C) and a satisfactory bond quality.  

Apart from the ionic conductivity, the interface compatibility between the SSEs and electrode 

materials is critically important for ensuring the high electrochemical performance of LIBs 

[172]. Tian et al. reported a novel interface modification method, which involves embedding 

Li6.75La3Zr1.75Ta0.25O12 (LLZTO) particles in disordered Li3OCl [173]. As illustrated in Fig. 13a, 

a large number of voids formed between pure LLZTO particles, leading to the increased 

interfacial impedance between the LLZTO and the anode, and hence, facilitating the lithium 

dendrite growth. The introduction of disorder Li3OCl into the interfaces between LLZTO 

particles led to the formation of the ionic-conductive continuous structural network, thereby 

lowering the interfacial impedance (Fig. 13b). This design provided the disordered composite 

LLZTO/Li3OCl SSE with high ionic conductivity (2.27×10–4 S cm–1), low interfacial resistance 

(90 Ω), and excellent thermal stability (Tm=350 °C). Recently, Lai et al. proposed a novel 
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strategy, by which the Li2S could in-situ grow on the interfacial layer between the lithium anode 

and the disordered-sulfide-LiTFSI-poly-(vinylidene difluoride) (PVDF) composite solid 

electrolyte (SLCSE) [174]. The Li2S-modified interfacial layer improved the wettability of 

lithium metal and electrolyte, resulting in the composite electrolyte exhibiting an ionic 

migration energy barrier as low as 0.22 eV (Fig. 13c), thereby enhancing electrochemical 

performances of LIBs (Fig. 13d). Zhao et al. engineered the lithium metal-glassy SSE 

(Li2S+SiS2+P2O5) interface by forming an in-situ interlayer via heat treatment [175]. The good 

compatibility between the electrolyte and lithium metal ensured that the equipped battery 

presented a capacity of 2 mA h cm–2 at 1 mA cm–2 and cycled stably for 1200 h. Likewise, it is 

important to improve the interface state between the cathode and solid electrolyte in the cell 

[176].  

 

Fig. 13. Schematics of Li deposition behavior using (a) LLZTO particles solid-state electrolyte 

and (b) LLZTO-2wt.% Li3OCl composite solid-state electrolyte, formation of the interfacial 

layer between LLZTO-2wt.% Li3OCl and Li metal by in-situ reaction of Li3OCl and Li metal. 
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(a, b) Reprinted with permission from Ref. [173]. Copyright 2018, Elsevier. (c) The migration 

energy barrier of Li ions passing through the Li2S layer. (d) Rate performance of 

Li||LCSE||LiFePO4 and Li||SLCSE||LiFePO4 cells at different current densities. (c, d) Reprinted 

with permission from Ref. [174]. Copyright 2020, ACS. 

In addition to the channels for Li+ transport and interface compatibility, factors, such as 

the concentration of vacancies, the chemical and electrochemical stability of electrode 

interfaces, the blocking mechanism of lithium dendrite growth and the mechanical properties 

of the disordered SSEs, are critically important for improving the overall performance of LIBs. 

McGrogan et al. determined the mechanical properties of the disordered Li2S-P2S5 SSE, 

including Young’s modulus, hardness and fracture toughness [177,178]. They found that the 

low stiffness of Li2S-P2S5 facilitated the accommodation of elastic mismatch with adjacent 

phases. Gao et al. prepared a 75Li2S-15P2S5-10B2S3 SSE through a ball-milling and then melt-

quenching method [4]. Utilizing non-lithiophilic boron species as blocks could inhibit the 

formation and growth of lithium dendrites, resulting in the prolongation of all-solid-stated LIB 

lifetimes. More importantly, the authors confirmed the chemical and structural heterogeneity 

of the interface between SSEs and lithium metal anode by systematic characterization, and 

proposed a “multi-layer mosaic like” interface structure model. The findings are instructive for 

the subsequent development of SSEs with strong dendrite inhibition and ultra-long cycling life. 

As mentioned above, it is believed that DMs, especially disordered organic materials, have 

great potential in improving the interface compatibility between SSE and electrode materials. 

Organic materials offer the advantages of flexible structural and functional design [179,180]. 

Designing lithophilic functional groups on organic SSEs may be a feasible strategy to reduce 

the interfacial impedance between SSEs and electrode materials, thereby enhancing the 

electrochemical performance of all-solid-state batteries. Unlike crystalline materials with rigid 

characteristics, many disordered organic materials exhibit plasticity. Therefore, organic SSEs 

can be in “soft contact” with electrode materials, thus reducing the interfacial impedance 

[181,182]. Notably, the anisotropic and open network structural features of DMs allow for 

enhancing Li+ ion conduction in SSEs [183]. 

Wang et al. developed superior MOF glass-based SSEs for stable all-solid-state lithium–

oxygen batteries [6]. Specifically, the MOF glass referred to the zinc-based ZIF-62 glass. These 

SSEs effectively inhibited dendrite growth and showcased long-term Li stripping/plating 

stability, resulting in high Li+ conductivity (5 × 10−4 S cm−1 at 20 °C), a high Li+ transference 

number (0.86), and improved electrochemical stability. They found that the deposition behavior 

of discharge products at the solid-solid interface can be effectively regulated by the ion/electron 

mixed-conducting cathode, which was fabricated using MOF glass and electronically 
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conductive polymers. Moreover, Ding et al developed solid-state polyethylene oxide 

electrolytes by applying a MOF glass (i.e., zinc-based ZIF-62 glass) as an isotropic functional 

filler [184]. They found that adding MOF glass reduced the Tg of the polymer phase, thus 

improving the mobility of the polymer chains, and thereby facilitating lithium-ion transport. 

The Li–lithium iron phosphate full batteries, which was constructed using the obtained 

electrolyte feature high cycle stability and rate capability. MOF glass displays great application 

potential in energy storage systems with good safety and high energy density. 

3.4 Disordered coating layers 

During the first charge/discharge cycle of LIBs, the electrolyte decomposition at the anode-

electrolyte interface leads to the formation of a coating layer, namely a solid electrolyte 

interface (SEI), on the electrodes. This layer can protect the electrodes from electrolyte 

corrosion and guide the uniform Li+ deposition/stripping [185,186]. The ideal SEI layer should 

also be homogeneous, facilitating Li+ transfer. However, the in-situ formed SEI is usually 

fragile and grows unevenly, thereby inducing dendrite growth. Therefore, a homogeneous and 

robust artificial SEI layer, which can act as a dendrite barrier allowing for longer operation of 

LIBs, is urgently needed [187]. DM layers, showing a macroscopically homogeneous structure, 

high compositional flexibility, and no grain boundaries, could be good candidates for the 

formation of artificial SEI layers.  

For the Si anode, the volume expansion occurs during the alloy/de-alloying reaction with 

lithium, leading to the anode collapse and hence, to irreversible capacity loss of the LIBs [188]. 

Li et al. prepared an artificial disordered SEI on the Si anode, which consisted of an inner layer 

of polydopamine and an outer layer of SEI film [189]. They demonstrated the capability of 

artificial disordered SEI in protecting Si crystal clusters from volume expansion. Dou et al. put 

disordered TiO2 and graphene coatings onto the Si anode. They found that the maximum 

volume expansion of the composite anode was only 53% of that of the pure Si anode [190].  

Apart from the protective function against volume changes of electrodes, the disordered 

coating layer can also facilitate uniform Li deposition and enhance Li+ transport. In addition to 

its protective function against volume changes in electrodes, the disordered coating layer can 

also facilitate uniform Li deposition and enhance Li+ transport. Xie et al. applied an 

electroplating method to deposit a disordered carbon nanocoating on the surface of a garnet-

type SSE surface [191]. As illustrated in Fig. 14a, for the pure porous SSEs, lithium was 

deposited preferentially on the surface of SSE rather than on the internal pores (Figs. 14a1 and 

a2). In contrast, the lithium deposition was observed simultaneously on both the surface and 

internal pores of disordered carbon-coated SSEs (Figs. 14b, b1, and b2). Moreover, both the 
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initial and post-cycle impedance values of the disordered carbon-coated electrolyte were 

significantly lower than those of pure SSEs (Figs. 14cd). Therefore, the disordered carbon 

coating strategy can not only improve the ionic conductivity of the electrolyte but also promote 

the uniform deposition of lithium metal. Yoon et al. proposed a ‘coating-plus-infusion’ strategy 

whereby the cobalt boride (CoxB) metallic glass was coated onto the surface and infused into 

grain boundaries (GBs) of LiNi0.8Co0.1Mn0.1O2 (NCM) [192], (Figs. 14e, f, f1, and f2). The 

addition of CoxB metal glass enhanced the electronic conductivity of NCM and suppressed the 

side reactions between the electrode and the electrolyte. Therefore, the CoxB-NCM composite 

cathode delivered a much better rate performance than the pure NCM cathode (Fig. 14g). 
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Fig. 14. Schematics to show the Li deposition (a) without or (b) with disordered carbon coating 

after cycling. SEM images to show local morphologies at the porous garnet electrolyte side (a1, 

a2) without or (b1, b2) with disordered carbon. EISs before and after cycling at room 

temperature of the solid-state Li-S battery in trilayer garnet (c) without or (d) with disordered 

carbon in the anode. (a-d) Reprinted with permission from Ref. [191]. Copyright 2021, ACS. 

(e) Schematic coating-plus-infusion microstructure in which CoxB uniformly coats the surface 

of NCM secondary particles and infuses into GBs between the NCM primary particles. (f) TEM 

image of cross-sectioned CoxB-NCM near the surface. EDS mappings of site A (f1) and site B 

(f2) in k. (g) Discharge curves at different rates for CoxB-NCM (top) and pristine NCM 

(bottom). (e-g) Reprinted with permission from Ref. [192]. Copyright 2021, Nature. 

Although significant progress has been made in the development of disordered coating layer 

materials on the electrodes and other components in LIBs [193,194], there are still many 

unresolved issues. These include determining if the coating is completely encapsulated on the 

surface of the target material, ensuring the uniformly distributed composition and optimal 

thickness of the coating. Reaching a consensus on these issues is essential for enhancing the 

efficacy of coating layer materials in LIBs. 

 

3.5  Approaches for investigating Li ion storage and transfer mechanisms 

The lithium charging/discharging process in disordered materials is accompanied by their 

microstructural evolutions, e.g., structural ordering. It is crucial to probe the microstructural 

evolution in disordered electrode materials during cycling and thereby reveal the mechanism of 

Li-ions storage and transfer. Yet, it is a great challenge to accurately detect and quantify this  

microstructural evolution. Nevertheless, recent years have witnessed notable advancements in 

understanding the lithium discharging/charging mechanisms within disordered electrode 

materials as described above. Some of the most effective methods are outlined here.  

First, various in-situ/operando testing techniques, including X-ray diffraction, Neutron 

diffraction, XPS, Raman, X-ray absorption spectroscopy and synchrotron radiation, prove 

effective in detecting the changes of the local structure and chemical state of disordered 

materials throughout cycling processes. For example, operando pair distribution function 

analysis (PDF) and X-ray absorption spectroscopy were utilized to elucidate the structural 

evolution of the order-disorder transition and shed new light on the Cr-migration in the 

disordered state, which is the cause of the irreversibility of the Na-ion storage [195]. Second, 

PDF data derived from total X-ray scattering data can unveil alterations in the local atomic 

structure of disordered electrode materials throughout cycling, as demonstrated in [16]. This 

elucidation helps clarify the substantial enhancement observed in the Li-ion storage capacity 

during cycling. Third, solid-state nuclear magnetic resonance (NMR) stands as another potent 

technique capable of detecting local structural changes within disordered electrode materials. 
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This method also reveals the Li-ion storage mechanism and provides insights into Li-ion 

transfer kinetics within disordered materials, as reported in [15]. Fourth, theoretical 

calculations and simulations can contribute to clarifying the ion storage mechanism and ion 

transfer kinetics. Density functional theory (DFT) calculations are helpful for revealing Li/Na 

ion storage and transfer mechanisms, as well as redox reactions within the disorder electrode 

materials. Molecular dynamics (MD) simulations can provide insights into the dynamic 

behavior of disordered electrode materials during charge/discharge cycles. Fifth, the machine 

learning-based structural descriptor termed “softness” can be used as an indicator for both 

fracture resistance and ionic conductivity within glassy electrolytes as reported in [178]. 

 

4. Summary and Perspectives 

Compared with the crystalline materials applied in LIBs, disordered materials have exhibited 

great promise owing to their many advantages, such as compositional flexibility, disordered 

open structure, structural stability, and redox reaction efficiency. This review demonstrated a 

range of research efforts focusing on synthesizing and applying novel DMs across various roles 

within LIBs, encompassing their use as cathodes, anodes, solid-state electrolytes, and protective 

layers. 

After reviewing the application of DMs in LIBs, it becomes evident that these materials offer 

distinct advantages over their crystalline counterparts in four crucial aspects: 

(1) Li+ storage advantage. The open network structure of DMs used as anode materials can 

provide more storage sites for Li+, thus improving the Li+ storage capacity of anode materials. 

In addition, since the composition of DMs can be easily tuned, redox reactions can be tailored 

to enhance the Li+ storage capacity of cathode materials.  

(2) Li+ transport advantage. DMs with open network structures and isotropic characteristics 

can provide a large number of transport channels for Li+ transport in terms of number and 

direction, thus exhibiting excellent Li+ transport performance. The Li+ transport advantage of 

DMs is extremely attractive for cathode, anode, SSE, and coating layer materials.  

(3) Volume change-buffering advantage. DMs with loose structures can maintain 

electrochemical activity even when subjected to repeated and substantial volume changes 

resulting from Li+ insertion/extraction. This aspect holds particular significance for both anode 

and cathode materials. 

(4) High structural reversibility. DMs generally exhibit excellent structural reversibility 

since they do not have a periodic atomic arrangement and thus do not undergo any irreversible 

structural transformation of crystalline materials (e.g., the order-to-disorder transition during 
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Li+ insertion/extraction). Therefore, the strategy of amorphization can avoid the irreversible 

phase transition, which occurs in some cathode materials (e.g., V2O5) during Li+ 

insertion/extraction. It should be mentioned that the accumulation of energy during deep 

charging/discharging may lead to the appearance of a transition from disorder to order.    

While DMs exhibit numerous fascinating features in connection to LIBs, more in-depth and 

refined studies are needed to expand our understanding of the disorder-performance 

relationship of LIBs so that superior LIBs can be developed. To further enhance DM 

performance in LIBs, future investigations should prioritize consideration of these four key 

aspects: 

(1) The microscopic mechanism of the disorder-induced enhancement of the LIB 

performances. There is a necessity to establish universal laws governing such mechanisms.  

(2) The flexibility of the component adjustment in DMs. This advantage should be further 

utilized to design redox reaction pairs with higher reaction potentials and to achieve a larger 

number of these pairs for disordered inorganic cathode materials.  

(3) Rational structural design and characterizations. According to the storage mode of Li+ 

in disordered anode materials, the lithium storage spaces (such as holes and vacancies, as well 

as Li+ transport channels) can be designed by tuning atomic structures through precise 

composition adjustment. More advanced testing techniques should be developed for in-situ 

observation of the structural evolution in DMs during Li+ insertion/extraction. Thus, the derived 

structural information will be used to optimize the DMs for superior LIBs.  

(4) Seeking solutions for interface problems. Interfacial issues are a significant challenge in 

the development of SSEs and coating layer materials. Disordered organic SSEs and coating 

materials are expected to lower the interfacial impedance caused by the rigid contact between 

conventional SSEs and electrodes since these materials are mechanically deformable. Under 

this premise, the big question is how we can achieve optimum compatibility and higher ionic 

conductivity in the interface between SSEs and electrodes. This question must be answered by 

the future investigation. 

(5) Structural heterogeneity in DMs. It is recognized that inherent structural heterogeneity 

characterizes both melt-quenched glasses and other DMs [196-198], serving as a precursor to 

nano-phase separation and nano-crystallization. Thus, it can be deduced that structural 

heterogeneity could benefit the disorder-to-order transition frequently observed in DMs during 

charging/discharging cycles within LIBs. Moreover, the degree of structural heterogeneity 

varies among different DM systems. Therefore, it is important to investigate the impact of 

structural heterogeneity in DMs on the electrochemical performance of LIBs. Such an 
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investigation could contribute to a rational design of DMs, particularly melt-quenched glasses, 

towards achieving enhanced performance in LIBs. 

In this review article, we have outlined the promising potential of DMs in the development of 

advanced LIBs for diverse applications. Additionally, we have shed light on the influence of 

structural disorder on electrochemical performances of LIBs. However, there remain 

unresolved challenges in enhancing both the electrochemical and mechanical characteristics of 

DMs. Addressing these issues, we foresee that a collaborative effort among scientists and 

technologists across various scientific disciplines will lead to further breakthroughs. 
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