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Abstract 

Crystal-defect engineering (CDE) in electrode materials is an emerging research area for 

tailoring properties, which opens up unprecedented possibilities not only in battery and 

catalysis, but also in controlling physical, chemical, and electronic properties. In the past few 

years, numerous types of research have been performed to alter the surface/interface 

electronic structure of electrode materials or to optimize the physical and chemical properties 

of electrode materials, which improves their electrochemical performance. However, it is still 

challenging to describe the effects of the inherent or intentionally created defects of various 

types on energy storage and energy conversion systems, dependent on the perspective of 

crystal structural defects. In this review, the definition, classification, characterization, and 

model simulation of crystal defects are firstly described. Subsequently, the manufacturing 

methods of crystal defects and the application of different kinds of crystal defects in the fields 

of batteries and catalysis are emphasized. Finally, the potential challenges and opportunities 

of defective electrode materials in relation to controllable preparation, in-situ characterization, 

and commercial applications are discussed, providing a perspective for future development. 

Keywords: crystal defects; electrode materials; energy storage; energy conversion; catalyst 
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1. Introduction

The reserve limitations of fossil fuels, such as coal, petroleum, and natural gas, and their

adverse impact on environmental protection become two unavoidable factors in developing an 

alternative, sustainable, and clean energy technology [1-3].Actually, solar, wind, and 

geothermal resources are becoming the  fastest-growing sources of power generation in the 

world. However, owing to some inherent characteristics of intermittent and geographical 

dispersion, energy storage and conversion systems are considered extremely significant means 

for their efficient utilization [4]. In a sustainable system, the electricity created from these 

renewable sources can either be stored directly in rechargeable batteries as a power source or 

turned into clean fuel through electrolytic cells and then converted into electricity by fuel cells 

[5]. These devices work using various mechanisms, they apply a similar configuration, in 

which two independent electrodes are ionically coupled via an electrolyte [6]. Since all 

reactions of the above devices take place on the electrodes, the development of novel 

high-efficiency electrode materials is of great practical significance for improving the 

efficiency of electrochemical energy storage and conversion systems. 

In the past decade, owing to the complexity and diversity of structure, increasingly 

advanced characterization techniques have been developed to reveal the influence of internal 

structure within electrode materials on electrochemical properties [7]. Researchers have 

altered the composition, size, morphology, dimension, porosity, crystal structure, and 

electrical conductivity of the electrode through rational design strategies, resulting in a good 

structure-performance relationship [8-10]. On the one hand, morphological control provides a 

large specific surface area and porous/hollow structure to facilitate ion 

adsorption/intercalation and relieve structural strain to accommodate serious volume changes. 

On the other hand, material composition strategies can improve electrical conductivity and 

electrochemical reactivity, such as combining transition metal oxides with conductive 

materials [11-13]. Although the above two methods are simple and efficient, they do not 
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change the modification of the atomic/electronic structure of matrix materials, which is the 

"extrinsic" method. As a result, the enhancement of electrode performance is minimal. More 

recently, a novel "intrinsic" strategy based on the intentional introduction of defects into the 

lattice structure of matrix materials has received increasing attention [14, 15]. Compared with 

the "extrinsic" strategies, the newly emerging CDE-based on "intrinsic" strategies can mainly 

manipulate the local atomic structure/coordination environment of electrode material in a 

controllable manner, enabling an efficient "intrinsic" strategy to tune the electronic and 

structural properties of electrode materials [16, 17]. Therefore, excellent electrochemical 

performance can be achieved by lowering the diffusion barrier, providing additional 

intercalation sites, and improving electrode kinetics. Basically, there are various types of 

intrinsic crystal defects in electrode materials, such as point, line, and plane defects, which 

can be obtained by different processing methods (Fig. 1) [18-23]. Moreover, due to the 

complex diversity of defect structures, various types concentrations, and distributions of 

crystal defects in electrode materials often have variable effects on reactivity [24, 25]. 

Therefore, as the smallest unit that affects the performance of electrode materials, crystal 

defects guide the construction of electrode materials and the development of the entire energy 

storage and conversion system [26-28]. However, few articles have discussed the relationship 

between crystal defect types and electrochemical performance. Moreover, it remains 

challenging to describe the effects of various types of inherent or intentionally generated 

defects on energy storage and conversion systems from the perspective of crystal defects. 

Therefore, the purpose of this review is mainly to clarify the types of defects and the 

contribution of various types of defects in electrochemical energy storage and conversion 

systems, and how to guide the construction of electrode materials from the perspective of 

defects. This will open up new directions for crystal defect engineering and clarify the 

mechanism for the performance enhancement of defect-rich electrode materials in 

electrochemical storage and conversion systems. 
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Herein, we primarily discuss the conception of different defects, analyze the principle of 

inducing defects of each method, and elaborate on two aspects of benefits and drawbacks. 

Subsequently, we concentrate on the uniqueness of each internal crystal defect, such as the 

controllable introduction of crystal defects and the performance-enhancing mechanism of 

defect electrodes, which are extremely helpful in broadening our understanding of 

electrochemical energy storage and conversion processes. Finally, we summarize the 

challenges and opportunities of CDE of electrode materials for energy storage and conversion 

applications. 

2. Crystal defect engineering

2.1. Definition of crystal defects 

A certain irregularity or imperfection in the arrangement of crystal structure, also known 

as crystal defects, is manifested in the phenomenon that the arrangement of particles deviates 

from the periodic repetition of the spatial lattice law in the local area of the crystal structure 

and appears disordered [26]. Based on the distribution range of disorderly arrangement, it is 

classified into three types: point defects, line defects, and plane defects (Fig. 1). Point defects 

(Zero dimensional defects) are deviations from the normal alignment of the crystal structure 

at nodes or adjacent microscopic regions. In other words, crystal defects involving only about 

one atomic size range in zero dimensions are indexed as point defects, including vacancies 

created by missing lattice atoms/ions in the lattice position; and doping induced by extra 

lattice atoms/ions filling the lattice gaps (Fig. 2a) [29, 30]. Specifically, in a crystal, when an 

atom has enough vibration energy to increase its amplitude to a certain extent, it may 

overcome the restriction effect of surrounding atoms on it, jump from its original position, 

migrate to the normal node position on the crystal surface or inner surface, and leave a 

vacancy inside the crystal, which is called Schottky defect (Fig. 2a). When the lattice is 

thermally vibrated, some atoms with enough energy leave the equilibrium position and 

squeeze into the lattice gap to form the gap atoms, while the vacancies are formed in the 
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original positions. This pair of point defects (vacancies and gap atoms) is called Frenkel 

defects (Fig. 2a). 

When a vacancy is formed, in which an interstitial defect is created at the new position 

or the disappearance of the oppositely charged ions. For example, anionic and cationic 

vacancies have been demonstrated as functional active sites for a variety of materials [31-37]. 

Zou et al. introduced O vacancies by hydrogenation and verified that they could enhance the 

rate capability of MAX@K2Ti8O17 as a sodium-ion anode material [37]. For doping defects, it 

is mainly divided into interstitial atom doping in which impurity atoms enter the gaps of the 

intrinsic atomic lattice, and substitution atom doping, in which impurity atoms replace 

intrinsic atoms [26]. When the charge of the foreign atom is different from that of the replaced 

atom, thus, the replaced atom will gain or lose electrons to reach charge equilibrium, and then, 

another vacancy or interstitial atom is produced (Fig. 2a). Therefore, heteroatom doping 

greatly influences the electronic structure of materials, improving the electrochemical 

performance [18]. In addition, when there are vacancies or tiny replacement atoms in the 

lattice, the surrounding atoms will move closer to the point defects, stretching the bonds 

between the surrounding atoms and generating a tensile stress field. When there are interstitial 

or large displacement atoms, the surrounding atoms will be pushed apart, resulting in a tensile 

stress field (Fig. 2a). 

The actual crystal is subjected to the stress caused by impurities, temperature change or 

vibration during crystallization, or due to the mechanical stress of the crystal, such as blowing, 

cutting, grinding, etc., the arrangement of the particles inside the crystal is deformed, resulting 

in the mutual slip between the atomic rows and columns. The one-dimensional defects formed 

by such crystals that do not conform to the ordered arrangement of the ideal lattice are called 

line defects. For example, edge dislocation, and screw dislocation (Fig. 2b, c) [38]. Among 

them, edge dislocation refers to a crystal surface with an extra half row of atomic surfaces in 

the upper half of the crystal, like a blade inserted into the crystal, resulting in atomic 
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misalignments between the upper and lower parts of the crystal surface (Fig. 2b). Unlike edge 

dislocations, a certain part of a crystal slips relative to the rest, the atomic plane spirals up 

along an axis, and the atomic plane rises by one interplanar spacing for each circle around the 

axis. At this time, the atomic disarrangement at the central axis is called a screw dislocation 

(Fig. 2c). Essentially, dislocation defects play a variety of roles in material mechanics, 

wherein they enhance the internal dislocation density through the activation of dislocation 

initiation and proliferation mechanisms. Since the dislocations in different slip systems are 

activated, the intersections between dislocations will also be increased due to the increment of 

dislocation density, significantly improving slip resistance and resulting in material hardening 

[39]. Furthermore, it is recently confirmed that dislocations greatly benefit Li transport 

channels by facilitating the insertion of Li ions, effectively increasing the reaction kinetics 

[40]. The possible reason is that atomic diffusion is a thermal activation process, and 

dislocations and other defects can significantly accelerate atomic diffusion due to their low 

activation energy under a lattice strain condition. 

Planar defects are crystal defects that destroy the symmetry of an ordered alignment 

from a one-dimensional direction, including twins composed of two or more non-parallel 

regular conjoined crystals of the same type, grain boundaries composed by interfaces between 

grains of the same structure but different orientations, and stacking fault caused by 

introducing abnormal stacking atomic surfaces into normal stacking sequence (Fig. 2d-f) [41]. 

Under shear stress, crystal shearing occurs in a region in a continuous order along a certain 

crystal plane and crystal direction. As a result of deformation, the orientation of this part of 

the crystal is changed, but the deformed part of the crystal and the undeformed part of the 

crystal maintain a mirror symmetry relationship, and this symmetric mirror is called twin 

defect (Fig. 2d). Since the twin defect is an entirely coherent interface without distortion, thus 

the twin boundary has low energy and stable structure, which is highly stable in the field of 

energy storage and conversion [42, 43]. Stacking fault refers to surface defects caused by 
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introducing atomic planes of abnormal stacking order into normal stacking order, which 

mainly occurs in epitaxially grown crystals (Fig. 2e). Notably, the stacking fault does not 

cause lattice distortion, but due to the local destruction of the normal periodic arrangement of 

the crystal, stacking fault energy is introduced to increase the energy of the crystal, which can 

be applied as an active site for energy storage and conversion systems [22]. Grain boundaries 

are the interfaces between grains of the same composition and structure, mainly divided into 

high angle grain boundaries and low angle grain boundaries. Among them, the grain 

boundaries between grains in polycrystalline materials are called high-angle grain boundaries, 

that is, the grain boundaries with the potential difference of the high-angle grain boundaries of 

adjacent grains greater than 10 degrees [44-46]. However, the orientation difference between 

adjacent subgrains is less than 10 degrees, and the grain boundaries between these subgrains 

are called low angle grain boundaries, generally less than 2 degrees, which can be divided 

into inclined grain boundaries, torsional grain boundaries, overlapping grain boundaries, etc. 

(Fig. 2f) [44]. In addition, the characteristics of grain boundary are mainly as follows: 1. 

Large angle grain boundary has the highest grain boundary energy, so its grain boundary 

migration rate is the largest. Grain growth can reduce the total area of grain boundary and 

reduce the grain boundary energy, so grain growth is a process of energy reduction. 2. Many 

defects (dislocations, vacancies, etc.) at grain boundaries are conducive to atomic diffusion. 3. 

The solid phase transition occurs first at the grain boundary with high energy, so the grain 

boundary has a high nucleation rate. 4. High grain boundary energy results in higher grain 

boundary corrosion rate than inside grain. 

2.2. Classification of crystal defects 

To address the roles of crystal defects, characterization techniques relative to defect 

materials have been developed, which not only contribute to confirming the presence, type, 

and concentration of defects, but also provide direct proof to investigate coordination 

environment and local electronic states [7]. One is the spectroscopy strategy, which identifies 
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microstructural variations of materials by analyzing spectrogram signals. The other is 

micro-imaging, by which the microstructure of materials can be directly observed at the 

nanoscale or even the atomic level. In addition, the advantages, disadvantages and 

identification principles of specific characterization techniques are given in Table 1. 

2.2.1. Electron paramagnetic resonance (EPR) 

EPR spectroscopy is a powerful instrument for detecting the properties of unpaired 

electrons and surrounding structures [47]. Due to defects can trap electrons or holes, resulting 

in the occupation of unpaired electrons, inevitably causing to changes in the EPR signal [48]. 

Therefore, by analyzing the various g-values and signal intensities, information on the type of 

defect and its relative concentration could be acquired. Tian and colleagues introduced the 

disulfide (S2
2−) and sulfide (S2−) anion vacancies into the ZrS3 nanobelts in a controllable 

strategy [49]. The EPR spectrum showed that the characteristic peak of ZrS1-yS2-x(15/100) is 

located at g = 2.0075, implying the presence of both S2- and S2
2- vacancies in this compound 

(Fig. 3a). Moreover, the signal intensity of ZrS1-yS2-x(15/100) is higher than that of 

ZrSS2-x(15), indicating the presence of more sulfur vacancies in ZrS1-yS2-x(15/100). However, 

it is worth noting that numerous studies have ascribed the EPR signal with g factor 2.0023 to 

the electrons of the oxygen vacancies when demonstrating the existence of oxygen vacancies 

by EPR, but this explanation is not convincing due to the presence of g factor 2.0023 in other 

species, such as *OH radicals [50]. Thus, it is inaccurate to use EPR spectroscopy as the only 

evidence to confirm the presence of defects. It should be linked to additional techniques to 

further identify the presence of defects. Overall, the ultra-high sensitivity of EPR is an 

excellent technique for detecting low concentrations defects in electrode materials, but it may 

also cause misleading signals from other species.  

2.2.2. Raman spectroscopy 

Based on the principle that the Raman effect occurs when light irradiates the molecule 

and interacts with the electron cloud and molecular bonding in the molecule, the defect 
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structure of the material can be analyzed [51]. Specifically, defects alter the vibrational modes 

of the pristine hosts, manifesting as peak shifts, various vibrational enhancements, or new 

vibrational modes. The excitation of graphitic carbon by a light source with a wavelength of 

325 nm produces two Raman signals: ID and IG. The ID/IG ratio in graphitic carbon is 

determined by Raman spectroscopy to obtain the defect concentration in the graphitic material 

[52]. For example, the increment of the calcination temperature of carbon leads to faster 

molecular thermal motion and, thus higher internal defect content, as evidenced by the 

increased ID/IG ratio in the Raman spectrum (Fig. 3b) [53]. Although Raman spectroscopic 

analysis of defects does not require sample processing to avoid the introduction of other 

defects in the processing process, the overlap and intensities of different vibrational peaks in 

Raman spectra are susceptible to the influence of the parameters of the optical system. 

2.2.3. X-ray photoelectron spectroscopy (XPS) 

By measuring the binding energies of specific elements using X-ray photoelectron 

spectroscopy, surface defect states and electronic information of electrode materials can be 

obtained [54]. This is because the presence of defects in electrode materials can alter the 

electronic structure and chemical environment of the constituent elements, resulting in peak 

shift, changes in intensity or the creation of new peaks. Xu et al. demonstrated that the 

introduction of defects could be characterized by XPS peak shifts [55]. Specifically, for the 

pristine MoS2, the peaks of Mo 3d5/2 (at 229.7 eV) and 3d3/2 (at 232.8 eV) belong to Mo4+, 

while the peaks of S 2p3/2 (at 162.5 eV) and 2p1/2 (at 163.7 eV) are attributed to S2−. While for 

both Frenkel-defected (FD)-MoS2-3 and Pt-MoS2, the peaks in the Mo3d and S2p regions 

showed high binding energy shifts, respectively, suggesting the successful doping of Pt atoms 

into the MoS2 lattice (Fig. 3c, d). However, sometimes the binding energy calibration of the 

electron is wrong in the XPS test, because it is a flawed method to calibrate the binding 

energy value with the C 1s peak of adventitious carbon [56, 57]. Specifically, it is suggested 

that the C 1s peak splits into two distinctly different contributions due to the C-C/C-H bonded 
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atoms of the accumulated indeterminate carbon layer on the Al and Au foils as a consequence 

of the vacuum level alignment at the adventitious carbon/ foil interface [57]. This finding 

exposed a fundamental problem with the reliability of XPS data, since the C 1s peak of 

adventitious carbon is often used for binding energy value calibration. However, there is no 

suitable method to replace it at present. Therefore, the researchers are also developing new 

calibration methods, such as the introduction of noble metal and gas atoms or the analysis of 

chemical states with reference to Auger parameters. 

2.2.4. X-ray absorption spectroscopy (XAS) 

Depending on the absorption range, XAS can be classified into X-ray absorption near 

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) [58]. The 

two methods provide complementary structural information, with XANES offering details of 

the electronic structure and coordination environment of the metal atom and EXAFS showing 

the type, number and distance of ligands [59]. Xiong and colleagues proved the existence of 

Ti vacancies by XAS analysis [60]. Compared with rutile TiO2, the peak intensity of the 

pre-edge peak of Ti0.87O2 nanosheet increases in the Ti K-edge X-ray absorption near-edge 

structure (XANES) spectra, which indicates the reduced electron number of O 2p-Ti 4p 

hybridized orbital (Fig. 3e). This result shows the formation of unsaturated coordination O 

atoms, which is due to the existence of Ti vacancies. In addition, compared with rutile TiO2, 

the Ti K-edge extended XAFS (EXAFS) k3x(k) oscillation curve of Ti0.87O2 nanosheet shows 

a slight intensity decrease, and the intensity of the first major coordination peak 

corresponding to Ti-O bond in the Fourier transform Ti K-edge EXAFS data is significantly 

reduced (Fig. 3f, g). Both of these phenomena are strong evidence for the existence of Ti 

vacancies. It is worth noting that the XAS is mainly for an average assessment of bulky 

samples, which is unable to distinguish scattered atoms with a slight variation in atomic 

numbers. It is important to note that XAS is mainly used for the average evaluation of large 

samples and cannot distinguish between atomic information of similar atomic number. 



12 

2.2.5. Microscopic imaging characterization techniques 

In addition to the above optical and electromagnetic characterization techniques of 

defects, advanced microscopy imaging characterization techniques are also essential. For 

example, a number of advanced visual instruments, such as high-resolution transmission 

electron microscopy (HRTEM), aberration correction transmission electron microscope 

(ACTEM), and scanning transmission electron microscope (STEM) with high-angle annular 

dark-field (HAADF), annular bright-field (ABF), and annular dark-field (ADF) can directly 

image the atomic structure of the sample and reveal the presence of defects. In addition, 

unlike spectroscopic characterization of defects, microscope imaging technology can directly 

distinguish point/line/plane defects and characterize the type of defects more correctly. For 

example, the 7.5Co2P/Mn0.3Cd0.7S nanorods can be directly observed by TEM, and some 

obvious regular strip-like structures appeared, which was the typical feature of dislocation 

(Fig. 3h) [61]. Combined with a HAADF image, the atomic columns of the dislocations were 

labeled with blue spots (Fig. 3i). Additionally, red arrows represent dislocation regions 

according to the corresponding inverse fast Fourier transform (IFFT) patterns (Fig. 3j). 

Unlike dislocation defects, which exhibit linear misarrangements, vacancy defects in point 

defects show the disappearance of specific atomic sites. Take the sulfur vacancies in 

Ar-plasma-treated MoS2 films as an example, there are four types of spots containing two S 

atoms (brighter and bigger dots), one S atom (darker and smaller dots), and spots without S 

atoms (totally dark), but no Mo vacancies (Mo removal), confirming the formation of S 

vacancies (Fig. 3k) [62]. While the data from microscopic imaging techniques can easily 

interpret and distinguish defect types, its main limitation is thickness, which must be thin 

enough to obtain a clear image. 

2.2.6. Other characterization techniques 

In addition to the defect characterization techniques detailed above, there are other 

methods (i.e., X-ray diffraction (XRD), positron annihilation spectroscopy (PAS), 
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photoluminescence spectroscopy (PL), and electron energy loss spectroscopy (EELS)) that 

can be applied as complementary methods to detect defects. These characterizations can also 

provide relevant indications about defect formation [63-66]. In general, various advanced 

techniques have unique features in characterizing crystal defects. However, certain complex 

defects are still difficult to accurately and completely identify, significantly when the material 

is enriched with many different types of defects. Therefore, it is desirable in the future to 

develop surface and bulk characterization methods to exploit the fundamental characters of 

defects at both in-situ temporal and spatial scales. 

2.3. Simulations of crystal defects 

Nowadays, it is still impossible to precisely control the concentration of crystal defects 

and determine their structure through experimental means. Thus, simulations provide another 

possible way to elucidate crystal defects in electrode materials. On the one hand, the critical 

components between crystal defect structure/other intrinsic properties and their 

electrochemical activity can be designed to guide the experimental synthesis of target 

electrodes. On the other hand, theoretical models provide information on adsorption energies 

and electronic structures, which are critical to understanding elementary reaction pathways in 

defect-rich electrode materials [67]. 

By comparing the adsorption energy and electronic structure of different theoretical 

models, the most favorable catalyst configuration was selected to accelerate the process of 

catalytic design. Based on periodic DFT calculations, whether the catalyst is more conducive 

to producing H2O2 or H2O can be determined by the OOH* adsorption energy (GOOH*) 

function of the volcano plot [68]. Co has a higher oxophilicity and is therefore more prone to 

the cleavage of the OOH* intermediate to form H2O. However, when electron-rich species 

such as O* are adsorbed near the Co N4 moiety (CoN4(O)), the GOOH* increases from 3.9 

eV to 4.1 eV, which is extremely close to the optimal value for H2O2 generation (Fig. 4a). In 

other words, Co N4(O) retains most of its high catalytic activity and is more inclined to 
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produce H2O2. Based on this result, the Co1-NG(O) catalysts obtained by using graphene 

oxide containing oxygen-rich functional groups to support Co single atoms are designed to 

have both extremely high activity and high selectivity in the process of electrochemical 

production of H2O2. 

Based on the concept that the electronic structure of the collector can be provided by 

theoretical simulation, calculations show that the Fermi level of multi-vacancy 

defect-enriched carbon (MV) is much lower than that of bilayer graphene (BLG), indicating 

that the MV surface has a lower electronic energy level upon charging (Fig. 4b), which can 

alleviate electrolyte decomposition and prohibit SEI growth upon initial lithiation, thereby 

reducing the generation of inert lithium, enhancing the reversibility of galvanostatic cycling, 

and improving the cyclic stability properties of anode-free cells with a high areal capacity 

[69]. Dislocations affect adsorption energy in addition to changing the electronic structure 

[70]. On the one hand, the alloying of dislocation-strained IrNi alloy nanoparticles (DSIrNi) 

optimizes the electronic structure of the active site (Ir atom), resulting in the weakening of the 

Gibbs hydrogen adsorption free energy (ΔGH) on Ir (Fig. 4c). On the other hand, the d-band 

center of Ir atom is shifted down to the Fermi level to fine-tune the electronic structure of the 

active site, which shows the same trend of weakening hydrogen binding energy (Fig. 4d). 

Interestingly, based on the simulation of the charge difference, strain effect and unique 

synergistic geometric effect of plane defects, calculations illustrate that the electronic 

structure and adsorption energy can also be ameliorated by plane defects, such as twin-rich 

copper, stacking fault-rich silver and grain boundary-rich gold [22, 71, 72]. 

3. Strategies for introducing defects

Solid, liquid, and gas are three typical forms of the existence of matter in nature. Since

all crystal defects exist in solid state, solid-gas, solid-liquid, and solid-solid dual-phase 

interfaces are three typical systems in defect synthesis, which have been extensively studied 

in the synthesis of crystal defects. However, due to the increasing number of strategies to 
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manufacture defects, traditional methods of inducing defects tend to overgeneralize. To 

overcome this deficiency, four reaction methods for introducing defects were classified. 

Additionally, typical manufacturing defect strategies with their advantages and disadvantages 

are listed in Table 2. 

3.1. Solid-gas reaction 

Thermal redox of materials in the atmosphere is a simple and effective solid-gas reaction 

method to generate defects in electrode materials. The high temperature accelerates the 

movement of gas atoms, prompting the gas atoms to react with the solid electrode material, 

thereby forming point defects [29]. For example, in the atmosphere of NH3, and O2, it is a 

common method to introduce N and O doping defects to improve the electronic structure of 

carbon materials and thus enhance the electrochemical performance [18, 73]. Simultaneously, 

a versatile gas transport pathway has been demonstrated as a direct conversion of monolithic 

metal oxides into isolated single-atom electrocatalysts [74]. At elevated temperature, the 

surface metal oxides are initially vaporized to produce volatiles, which is then captured and 

reduced by the nitrogen-rich carbon support to form metal isolated single-atom sites/N doped 

carbon (MISAS/NC) catalysts (M = Cu, Mo, Sn) (Fig. 5a). Surprisingly, the proposed Cu 

ISAS/NC catalysts endow ORR with good catalytic activity in alkaline media, enabling high 

performance for Zn-air batteries [74]. In addition, the vapor deposition method is included in 

the solid-gas reaction for preparing electrode defects. Vapor deposition method is a 

technology that vaporizes the surface of material source into gaseous atoms or molecules 

under vacuum condition, and deposits some special functions on the substrate surface by 

means of low-pressure gas. For example, high nitrogen-doped bamboo-like carbon nanotube 

(B-NCNT) arrays were prepared by floating catalyst chemical vapor deposition (FCCVD) as 

metal-free catalysts for Li-CO2 batteries [75]. B-NCNTs have high nitrogen content, 

particularly abundant pyridine nitrogen, and a unique periodic bamboo-like morphology with 

an abundance of defects and efficient active sites exposed on the surface, which endow them 
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with excellent catalytic performance. However, the vapor deposition technology also has 

some disadvantages, such as a low deposition rate of a few hundred nanometres per minute; 

In addition, both the reaction sources and the residual gases after deposition are flammable, 

explosive or toxic, so measures are taken to prevent environmental contamination and, in 

addition to the equipment, there is often a requirement for corrosion resistance. 

3.2. Solid-liquid reaction 

Under subcritical and supercritical hydrothermal conditions, because the reaction is 

carried out at the molecular level and the reactivity is increased, the hydrothermal reaction can 

substitute some high-temperature solid-phase reactions. Therefore, for solid-liquid reactions, 

hydrothermal reaction is considered to be one of the most commonly used methods due to its 

short time and uniform doping. Peng et al. successfully induced Co-doped defects into MnO2 

surface through the microwave hydrothermal method, which obtained a composite material 

with high electrical conductivity and plenty of hierarchical channels, resulting in accelerated 

CO2 diffusion and suppressed electrode/electrolyte side reactions [76]. In addition to point 

defects, dislocations can also be generated in hydrothermal conditions. For example, MnOOH 

multilayer nanowires with high dislocation density have been successfully generated by a 

simple low-temperature hydrothermal method and investigated as anode materials for 

lithium-ion batteries [77]. As a result, the higher interlayer dislocation density ameliorates 

charge transfer and electronic conductivity, leading to excellent capacity retention and good 

cycling performance of the prepared MnOOH multilayer nanowires.. In addition, plane 

defects can also be formed in hydrothermal. Taking twinning as an example, adding Pd(NO3)2 

and Co(acac)2 to oleylamine, heating the reactor to 250 ºC and finally injecting AgNO3 

solution into the mixture rapidly ,for 25 minutes, twinned Pd2CoAg with vacancies can be 

obtained [78]. As a result, the surface charge density distribution can be adjusted by the 

synergistic effect of atomic vacancy and metal twin interface on the surface of Pd2CoAg, and 

the ORR mass activity at 0.9 V is 5 times higher than that of Pt/C. Additionally, as the most 
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common method in liquid phase, acid etching is often used as a strategy to obtain 

vacancy-rich materials. For example, Ti vacancy-rich MXenes were obtained by etching in 

LiF/HCl solution at 35 °C for 24 h (Fig. 5b) [79]. The prepared potassium-philic MXene 

sheet can induce the nucleation of K, make K uniform deposition, avoid dendrite generation, 

and improve the performance of K negative electrode. However, hydrothermal reaction and 

acid etching are carried out in liquid phase, and water, as the most common solvent, often 

introduces -O/-OH functional groups into the material, thus affecting the performance of the 

material. 

3.3. Solid-solid reaction 

The most typical representative of solid-solid reaction manufacturing defects is the ball 

milling method. The imposed force during ball milling makes the solid materials collide with 

each other to introduce a large number of strains, defects, and nanoscale microstructures, 

which enables the easy and rapid preparation of defect-rich electrode materials [80-82]. 

Taking Fe, an active non-noble metal element commonly used in electrocatalysis, as an 

example, it is easy to produce nanoparticles with single twin and multiple twin structure 

defects under high plastic deformation in the ball milling process, which is caused by the 

reduction of crystallinity [83]. In addition, the greatly reduced particle size, the generation of 

numerous grain boundary defects and the generation of cold welding effects are caused by 

strong collisions during ball milling, which has been confirmed in the ball milling of silicon 

electrodes [84]. Specifically, the ground powders are nanostructured containing micron-sized 

agglomerates (median size ~10 μm), consisting of submicron cold-welded particles with a 

grain size of 10 nm. Besides, compared with typical nano-Si materials, the diffusion path of 

Li+ is shortened by the presence of a large number of grain boundary defects, which enables 

the ball-milled Si nanoparticles to have a smoother phase transition during charge-discharge 

cycling. However, since the formation energy of point defects is smaller than that of plane 

defects, point defects are more common in the ball milling process than surface defects [80]. 
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For example, the researchers manipulated the vacancies defect density and sp2 cluster size in 

graphene by varying the ball milling time, while increasing the density of the material, 

resulting in a high defect content in graphene (Fig. 5c) [85]. As the main storage site in 

electrochemistry, the vacancies defect can store sodium through the rapid reversible process 

of sodium ion adsorption and desorption, and exhibit capacitive storage behavior. 

Unfortunately, the high temperature and high pressure in the tank can only be generated by 

extremely high ball milling process speed, which has disadvantages such as high energy 

consumption, long preparation cycle, etc., and at the same time, solid impurities from 

grinding media and grinding tanks are easily introduced into the final product [86]. 

Additionally, a large amount of material waste is caused by the cold welding effect in the ball 

milling process, which increases the synthesis cost. Although adding grinding aids such as 

n-hexane can effectively prevent the cold welding effect, most grinding aids have high

toxicity, threatening the safety of researchers [87]. 

3.4. Other reactions 

Plasma-assisted (PA) etching methods have received increasing attention due to their 

distinctive "species response characteristics" and wider and adjustable operating requirements 

[88]. Plasma, in short, is an aggregate of ions, excited atoms, ionized atoms/molecules, free 

electrons, and free radicals (not a solid, liquid, or gas), which are derived from ionized gases 

by providing sufficient energy [89]. Within the plasma, the main chemical reactions are based 

on free radical chemistry, and the unique properties of which are ascribed to the 

physicochemical equilibrium property of electrons [90]. The generation of defects by the 

plasma etching strategy can be ascribed to a fundamental collision mechanism [90]. Firstly, in 

the presence of a strong electric field, the high-energy species in the plasma system constantly 

attack the surface of the material, leading to the destruction of the surface structure, the 

fracturing of chemical bonds with lower bond energies and the removal of excess reactants, 

ultimately leading to the effect of creating defects. Subsequently, defects on the surface of the 
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electrode material further interact with other radicals or ionized atoms/molecules to create 

new relatively stable chemical bonds or elemental states, resulting in heteroatom doping, 

surface modification and functionalization, which affect the performance of the electrode 

material. For example, CHF3 plasma etching method is used to prepare MoS2 active edge sites 

in large quantities while conducting controlled fluorine doping on the edge sites (Fig. 5d) [91]. 

However, despite many recent studies utilizing plasma to fabricate defect-rich electrode 

materials, it is difficult to understand the exact role of free radicals, electrons, and ions in 

plasmas in creating defects due to the physicochemical complexity and non-equilibrium 

thermodynamic properties of plasmas [90]. 

Light irradiation can induce a variety of electron and molecular movements, but light 

does not belong to any of the solids, liquids, or gases. As a non-contact manufacturing tool, 

the irradiation process is accurately regulated, permitting the heating of specific parts to 

actuate the reaction at the required position to produce defect-rich structures in a highly 

controlled manner [92]. In comparison to the conventional reaction environment generated by 

classical strategies, a surge in temperature is usually expected when the focused laser beam 

hits the intended region, followed by rapid cooling as the irradiation stops [93]. Unique 

reaction conditions are created by this rapid heating and cooling, which facilitates the directly 

preserve structural defects in the final product, such as the formation of heptagons and 

pentagons in graphene's hexagonal lattice [94, 95]. Local surface charges can be caused by 

these inherent carbon defects, and these defects can act as, storage, adsorption, or activation 

sites for external species during electrochemical processes. Taking advantage of this property, 

the researchers fine-tuned the in-plane porous structure of GO to produce nanocarbon 

suspension bonds by adjusting the laser energy or time, allowing the metal species to be 

extracted from the bulk metal under environmental conditions and transformed directly into a 

single atomic structure [96]. This method not only greatly reduces the synthesis cost and the 

lowest energy consumption, but also helps to maintain the structural integrity of the GO 
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matrix and prevent the electrical conductivity of the catalyst from being affected. In addition 

to carbon materials, metal nanocrystals and metal compounds can also introduce defects using 

similar principles to effectively load single metal atoms or directly catalyze reactions [31, 97]. 

For example, the unique characteristics of ultrafast laser, ultrahigh intensity, and ultrashort 

pulse duration result in the formation of defects and metastable CeOx species on the CeO2 

support surface (Fig. 5e) [98]. Simultaneously, the metastable CeOx migrated to the Pt 

particles under the induction of laser, forming a discontinuous porous coating layer with a 

thickness of several atomic layers. Due to the porous nature of the defection-rich coating, the 

catalyst has better catalytic activity and stability. However, as an emerging method for defect 

preparation, laser-mediated precise structural modulation mechanism of materials is still 

controversial [93]. Photothermal and photochemical effects and their combinations are 

difficult to explain the unique processing of materials. 

4. Defect regulation of energy materials

4.1. Point defect 

4.1.1. Doping 

Heteroatoms doping in energy storage and conversion systems is considered as 

extremely critical CDE. After heteroatoms doping, the density of states, electronegativity and 

charge distribution of electrode materials will change fundamentally, which tunes the 

physicochemical properties and composition of electrodes and provides low kinetic and 

thermodynamic pathways for electrochemical reactions [76, 99]. Theoretically, the 

electronegativity difference between heteroatoms and carbon atoms is favorable to form 

electronegative centers to adsorb lithium ions (Fig. 6a) [100]. The formation of "local dipole" 

is beneficial to further enhance the ion-dipole interaction between lithium ion and nucleation 

site. Charge transfer is one of the necessary conditions to reduce the lithium barrier confirmed 

by the in-situ etch the MAX phase (Ti3SiC2) to form S-F co-doped carbon (SFC5) [53]. As 

shown in Fig. 6b, the positive binding energy of Li to carbon demonstrates that Li interacts 



21 

loosely with pure graphene (0.8068 V). However, when the S/F heteroatoms are doped, the 

interaction between the adsorbent and the substrate increases, indicating that the lithiophilicity 

of the S/F co-doped defective carbon is enhanced. In addition, as shown in Fig. 6c, the charge 

transfer from lithium to D-SF-1 of SFC5 is more pronounced than that to pure graphene, 

which is evidenced by the delocalized electron in-between the conjugation structure. Finally, 

Symmetrical batteries equipped with SFC5 are able to operate stably over a wide temperature 

range and possess the lowest overpotential compared with other batteries (Fig. 6d). 

Single-atom doped catalysts have recently been studied in electrocatalytic reactions due 

to their excellent atomic utilization, high catalytic activity and selectivity [86]. A convincing 

example is the preparation of novel Zr-N/O-C catalysts by ball-milling solution-assisted 

pyrolysis [18]. As shown in Fig. 6e, high-energy ball milling can induce high temperature and 

high pressure, which is sufficient to reorganize Mg and Zr atoms and form MgZr alloys, 

resulting in Zr-N/O-C after further calcination and acid etching as observed from the TEM 

image (Fig. 6f). Compared with ZrN4, the charge depletion on the Zr of unsaturated 

dual-ligand confining ZrN4O structure is more evident, resulting in a lower electron 

population on the metal. (Fig. 6g, h). Therefore, the ZrN4 is located in the region with poor 

adsorption energy, while the ZrN4O structure is close to the optimal center with better binding 

energy of reactants. However, the single atoms easily cause migration agglomeration, and the 

loading content of dopant atoms is extremely low, which leads to poor durability under harsh 

conditions [101]. 

4.1.2. Vacancies 

The atoms located at the lattice points in the crystal are constantly thermally vibrating at 

their equilibrium positions. At any moment, some atoms' energy is large enough to overcome 

the binding of surrounding atoms to them, thereby leaving their original equilibrium positions 

and migrating elsewhere, and vacancies appears in the original position. Removal of a 

positively charged atom from the normal lattice position in the crystal results in an anion 
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vacancy, whereas removal of a negatively charged atom results in a cation vacancy. Cation 

vacancies and anion vacancies can potently tune the electronic properties of electrode 

materials, thereby facilitating redox reaction kinetics and charge transfer. Additional host sites 

for intercalated protons or cations can also be served by these defects, facilitating ion 

diffusion during electrochemical cycling [26]. Among them, anion vacancies are the most 

widespread intrinsic defects, such as oxygen vacancies. For example, oxygen vacancies are 

introduced by a hydrogenation process, which modifies the K2Ti8O17/Na surface state (Fig. 7a) 

[37]. As a result, the electrical conductivity of the MAX@K2Ti8O17 core-shell structure 

composite was greatly improved, and thus the rate performance of the composite was 

maintained at 75 mAh g-1 after 10,000 cycles at a rate of 10 A g-1 (Fig. 7b). Experimentally, 

the single S vacancies of MoS2 (MoS2-EGMO) can optimize the surface electronic structure, 

which is facilitated to the adsorption of hydrogen on the surface of MoS2, thus adding more 

active sites on the inert basal plane (Fig. 7c, d) [19]. Different from another classical vacancy 

defect, cationic vacancy is rare, probably due to the lack of suitable matrix materials [26]. For 

example, introducing a Ti vacancy into the nitrogen atom-containing MXene layer can 

significantly enhance the binding energy between MXene and K atoms (Fig. 7e, f) [79]. 

Finally, the synergistic effect of anion vacancies and cation vacancies to improve the 

performance of electrode materials has also been reported [17]. A convincing result is that in 

MXene-derived TiO2, the defect structure can be stabilized by Ti vacancies, thereby 

improving the reducibility of lattice oxygen and lowering the activation energy barrier of 

ethane, while the activation of O2 and recovery of lattice oxygen is due to the presence of O 

vacancies [17]. Theoretical calculations show that better electronic conductivity and lower 

ionic diffusion energy barrier can be obtained through the introduction of cation vacancies; 

However, experimental measurements of more detailed structure and oxidation state changes 

are still required to further correlate the process of charge storage with intentional cation 

vacancies. 
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4.2. Line defect 

4.2.1. Dislocation 

The formation of dislocations in the crystal is divided into two situations: 1) The 

irregular arrangement of one or more rows of atoms in a crystal leads to the formation of 

dislocations. 2) Generation of dislocations due to the movement of defect lines perpendicular 

to the direction of stress and atomic displacement [40]. Unlike point and planar defects, 

dislocations are easily generated by strain or thermal process control [20, 102]. A 

non-equilibrium high-temperature thermal-shock method (HTS) to induce dislocations in 

nanocrystals by using liquid nitrogen has been reported (Fig. 8a) [20]. The dislocations 

induced by thermal and structural stress are frozen in nanoparticles (Fig. 8b, c). Furthermore, 

the high-energy surface structure generated by dislocations can prevent surface reconstruction 

during the catalytic process and improve its hydrogen evolution reaction performance (Fig. 

8d) [103, 104]. In contrast, researchers have also found that dislocations can enhance the ion 

mobility and promote the insertion of lithium ions into the crystal to effectively improve the 

reaction kinetics [40, 105]. The transition metal oxide-Co3O4, whose practical application is 

limited by the shortcomings of the conversion reaction, the slow kinetics of lithium ion 

transport and the drastic volume change after long-term cycling seriously affect the practical 

application of commercial pure Co3O4. In turn, the synergistic effect of edge dislocations and 

crystal planes is observed in the modified Co3O4, providing a good buffer band for 

unprecedented electrochemical behavior with high specific capacity, excellent cycling 

stability, and superior high-rate performance [105]. Additionally, lithium nucleation is 

affected by changes in the dislocation density in the current collector.  Lowering the 

nucleation barrier and promoting the uniform nucleation of lithium can be caused by the 

increment of dislocation density [102]. As shown in Fig. 8e, f, the binding energy of lithium 

for the strained copper foil with dislocation is higher than that of the copper foil without 

dislocation. Furthermore, the homogenization of nucleation behavior can be promoted by the 
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increase of dislocation density, resulting in nuclei being steadily grown above the critical 

radius, and large nuclear sizes and low nuclear densities being formed. 

Although many defects are formed by dislocations at the crystal structures, providing 

abundant active sites for storing ions, numerous researchers have believed that large 

dislocation structures with strain and stress are generated through severe volume changes, 

leading to fracture and comminution of electrodes s [103, 106, 107]. For example, the 

dislocation cloud gradually propagates along the SnO2 nanowires, causing the nanowires to 

swell, elongate and helicate upon charging observed by Huang et al. Therefore, it remains a 

challenge to create a large number of active sites and suppress severe volume expansion by 

controlling the dislocation density. In addition, dislocations are more easily formed in 

lithium-rich layered oxides than in conventional layered oxides, suggesting that the formation 

and evolution of dislocation defects are related to voltage decay [108]. However, there are 

currently few techniques for dynamic characterization and observation of dislocation defects. 

Therefore, the development of technology to observe the nucleation and evolution of 

dislocations in electrode materials is one of the future directions in the field of defect 

research. 

4.3. Plane defect 

4.3.1. Twin 

In contrast to point defects, the distribution of planar defects has less homogeneous, and 

it is largely influenced by the variation of the thermodynamic state [41]. Twin boundaries are 

the simplest type of plane defects. The twinning relationship refers to the orientation 

relationship in which two adjacent grains or two adjacent parts within a grain form a 

symmetrical mirror relationship along a common crystal plane. The atoms on the twin 

boundary are located at the junction of the two crystal lattices at the same time, and are shared 

by the two parts of the twin. [42, 109, 110]. The properties of materials are significantly 

affected by the presence of twin boundaries, such as the improvement of tensile and 
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compressive properties, thermodynamic stability, electromigration resistance, etc. [111]. Twin 

boundaries with low interfacial energy are considered to be one of the most stable defects in 

typical face-centered cubic metals [112]. For example, the quintuple twinned silver obtained 

by direct reduction of AgNO3 by the reductive nature of alkaline intercalated MXene 

solutions possesses intentional ORR catalytic performance [113]. Specifically, the formation 

of Ag seeds was induced by the addition of PVP solution, and then Ag/Ti (Ag0.9Ti0.1) 

bimetallic nanowires were generated (Fig. 9a, b). The four-electron transfer process is 

facilitated by the unique five-twinned Ag-rich bimetallic nanowires with high current density 

and great stability, which results in a large number of oxygen adsorption sites being provided 

and the diffusion path of adsorbed oxygen being shortened. In addition, the atom-specific 

activity of the twin-boundary edges is not significantly different from that of the single-crystal 

edges formed from the crossing of two (100) surfaces, and it shows two orders higher activity 

than the silver nanocubes (100) surface (Fig. 9c, d) [114]. Nevertheless, the catalytic effect of 

twinned silver structures is often influenced by factors such as strain, size effects and capping 

agents. So, it remains challenging to reveal the catalytic role of the twin boundary under 

definite conditions. To eliminate unnecessary factors in the nanocatalyst, high-density silver’s 

twin boundary (twin density is 1.5 × 104 cm−1) on a flat graphene film using the current pulse 

deposition technique. Driven by these twin boundaries, the electrocatalyst effortlessly 

transfers electrons to CO2, resulting in direct electrosynthesis of 52% concentrated CO2. 

High temperature thermal shock strategy, as a non-equilibrium solid-phase preparation 

strategy, can successfully complete the rapid heating and cooling process of electrode 

materials in an extremely short time, which allows the entire nucleation and growth process of 

crystals to be controlled in an instant, resulting in the intercession of twin defects in the 

crystal [43]. Molecular dynamics simulation results show that under non-equilibrium 

conditions, the twinning of Pd nanoparticles is dominated by rapid cooling, and the particle 

size is positively correlated with the twin boundary density. Consequently, the binding of CO 
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and OH at different surface sites can be altered by the presence of TBs, resulting in 

heterogeneous adsorption of CO on the surface while enhancing the adsorption of OH (Fig. 

9e), enabling the carbon electrode material composed of twinned structure with the best EOR 

catalytic effect compared to twin-free Pd/C and commercial Pd/C (Fig. 9f). 

However, the liquid-phase synthetic route is considered as the main strategy for the 

synthesis of TBs, which obtains TBs by adjusting specific synthetic conditions or reagents to 

control the reaction kinetics (such as reduction, nucleation, or growth). [115, 116]. 

Additionally, the agglomeration of particles and/or impurities associated with reagents is the 

most significant challenge. Currently, the preparation of abundant TBs by solid-phase 

synthesis is limited by the slow reaction rate. Therefore, it is considered of great significance 

to introduce crystal surface defects directly into the nanostructures by solvent-free assisted 

strategies. Such as the high temperature thermal shock strategy described above, this 

emerging non-equilibrium solid-phase preparation strategy can successfully complete the 

extreme heating and cooling process of electrode materials in a short time. Compared with the 

traditional mild liquid phase, near-equilibrium preparation strategy, the period is extremely 

short, resulting in numerous twinned defects in the material. 

4.3.2. Stacking fault 

Stacking faults inside crystals are introduced by changing the stacking order of metal 

atoms, thus introducing multiple stepping positions, as shown in Fig. 10a, b [22]. As the 

periodic crystallinity of these sites is disrupted, resulting in changes in the surface atomic 

coordination numbers and electronic structure of the crystal (Fig. 10c). Hence, interaction and 

adsorption with the intermediates and reactants can be intrinsically regulated, thus improving 

catalytic performance (Fig. 10d). Unexpectedly, the intrinsically inactive nanometallic 

crystals, such as silver (Ag) nanoparticles, can be tuned to become powerful HER 

electrocatalysts when stacking faults are introduced (Fig. 10e, f). Additionally, as shown in 

Fig. 10g, stacking faults with the fault vector b/6[110] were observed during the delithiation 
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of Li2MnO3 [117]. The low mobility of the stacking faults contributes minimally to the release 

of oxygen from the structure and promotes reversible redox reactions. In contrast, another 

type of defect (Burgers vector for c/2[0 0 1] of dissociative dislocations) due to its higher 

sliding mobility, dissociative dislocations lead to the formation of oxygen-associated species 

and assist in the transport of oxygen-associated species to the electrode surface, resulting in 

the irreversible formation and release of O2 gas (Fig. 10h). 

However, stacking faults can also have negative effects on electrode materials. A classic 

example has been shown that stacking faults hinder lithium intercalation in Li2RuO3 [118]. 

Specifically, the formation energy difference between Li2RuO3 with and without stacking 

faults structure has little effect on the thermodynamic delithiation potential. Stacking faults 

exhibit a "labyrinth effect" on Li intercalation in layered oxides, resulting in severe first-cycle 

capacity loss. As a result, the back-intercalation of Li+ is hindered due to the large number of 

residual stacking faults in the low delithiation state and the newly generated stacking faults 

during the discharge process, resulting in the low first-cycle Coulombic efficiency of 

Li2RuO3. 

Therefore, it is necessary to visualize stacking faults and correlate the existence of 

stacking faults with incomplete phase changes in positive electrode materials to understand 

the relationship between significant abnormal capacity loss of cathode materials and the 

evolution of stacking faults. This will provide a new idea for the design of new cathode 

materials and improve the performance of existing materials by adjusting stacking structure or 

reducing stacking fault defects. 

4.3.3. Grain boundary 

The junction between the different crystal orientations in a crystal is called grain 

boundaries (GBs) [84, 119]. The lattices along these boundaries is to a large extent distorted. 

The resultant local strain provides highly active surfaces with optimized electronic structures 

for catalysis. Taking Au nanoparticles (NPs) as an example, the surface density of grain 
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boundaries on Au NPs decreases by increasing the annealing temperature [72]. Moreover, the 

monotonic increment of the CO2 reduction reaction (CO2RR) current density varies with the 

total GB surface density. However, the HER activity did not correlate with the GB surface 

density. These two phenomena confirm that the presence of GBs in Au NPs is quantitatively 

correlated with the electrocatalytic activity of electrochemical CO2 reduction, but not with 

HER activity (Fig. 11a). To clarify the selective catalytic phenomenon of GBs region on Au 

electrode, the effect of GBs with large grain size on flat polycrystalline Au electrodes was 

further investigated. This effect was observed by scanning electrochemical microscopy to be 

due to a selective increase in CRR activity at the terminations of the grain boundaries (Fig. 

11b, c) [72]. Furthermore, the width of the active enhancement region depends mainly on the 

geometry of the GBs, which determines the concentration of dislocations in the GBs region. 

Nonetheless, the mechanism behind this process is still unclear, and the structure-activity 

relationship cannot be precisely constructed. Therefore, the same group used electron 

backscatter diffraction (EBSD) combined with scanning electrochemical cell microscopy 

(SECCM) to study bulk defects on gold surfaces (Fig. 11d-f) [120]. The results show that the 

improvement of the above selective catalytic activity comes from the increase in the number 

of coordinately unsaturated atoms at the grain boundaries (Fig. 11g-j). Specifically, the 

uncoordinated sites are considered to be the most active sites for CO2 reduction, and the 

dislocation density can be enhanced at GBs where dislocation migration is hindered. This 

phenomenon is attributed to step nucleation at the termination of the dislocation surface, 

which changes the number of uncoordinated sites. Comparatively, the HER does not depend 

on uncoordinated sites and does not exhibit an enhancement in the rate of hydrogen evolution 

at these sites.  

Due to the high activity of grain boundaries, it can also negatively affect the electrode 

material. For example, typical polycrystal Li1.2Ni0.2Mn0.6O2 will have a significant volume 

change (2.34%) in the process of Li+ de-intercalation, which will cause serious cracks in its 
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particles during long-term cycling, and the electrolyte will enter the inside of the cathode 

particles along the cracks and cause secondary reaction, further reducing the cycling 

performance of the material [121]. In contrast, single-crystal Li-rich Li1.2Ni0.2Mn0.6O2 can 

effectively suppress this volume change (1.47%) with almost no cracks during cycling, thus 

exhibiting more stable cycling performance. Moreover, since the majority of synthetic solid 

electrolytes are polycrystalline, GBs have an unavoidable effect on their properties [122, 123]. 

For instance, many studies have demonstrated that the resistance at GBs is associated with a 

decrease in ionic conductivity in solid electrolyte [124, 125]. In addition, GBs may promote 

the growth of Li dendrites in solid electrolyte, resulting in short circuit of the cell [126, 127]. 

Heterogeneous depletion of GBs and low ionic conductivity are reported to be responsible for 

dendrite growth [128]. Especially, recent studies have proposed that dendrite propagation 

results from high electron conductivity, which appears in GBs [129, 130]. To fully unravel 

these serious GBs problems requires a comprehensive understanding of the ionic diffusion, 

defect chemistry, and electronic properties of GBs. In particular, the Li-ion conductivity of 

GBs was revealed using classical simulation methods [123, 131]. First principles simulations 

based on atomic models are a forceful tool to provide comprehensive studies on the properties 

of solid electrolytes. It has been widely used to explain phase transitions [132], migration 

mechanisms [133], electrochemical windows [134], crystal defects chemistry [135], and 

surface and interface phenomena with lithium metals [136]. Unfortunately, there is still a lack 

of research on major GBs problems in solid electrolyte based on first-principle simulation, 

which is also one of the research directions of grain boundary defects in the field of energy in 

the future. 

5. Summary and Outlook

CDE is recognized as a powerful method to enhance the efficiencies of electrochemical

energy storage/conversion technologies. At present work, we mainly summarized and 

discussed the strategies for generating defects, the methods of defect characterization, the 
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classification of various defects and their effects on the electrochemical performances of 

electrode materials. As listed in the Table3, 4, the preparation methods of electrode materials 

become more and more abundant in terms of defects in the field of catalysis or batteries in the 

last decade. Theoretically, the generation of defects requires a large amount of energy to cause 

atoms in material to detach or move to other positions, such as high temperature to accelerate 

atom movement, laser irradiation to promote atomic transition, strong plastic deformation of 

ball milling to change the crystal structure, and strong etching of plasma to change electrode 

composition.  

In addition, according to the second law of thermodynamics, defects in crystalline 

materials are considered essential [137]. And the type of defect is also affected by 

thermodynamics, taking vacancies as an example, double vacancies can be created either by 

the coalescence of two single vacancies or by removing two adjacent atoms. In addition, there 

are no dangling bonds in the fully reconfigured double vacancy, so that instead of four 

hexagons, two pentagons and an octagon appear in the perfect graphene. In the case of slight 

perturbations of the bond lengths around defects, the atomic network remains coherent. The 

simulation results show that the formation energy Ef of double vacancies is of the same order 

as for single vacancies (about 8 eV). The current absence of two atoms results in each missing 

atom having a much lower energy than the individual missing atoms [138, 139]. Therefore, 

double vacancies are thermodynamically favored over single vacancies. 

Generally speaking, according to the nature of crystal defect engineering, the main roles 

of defects in energy storage and conversion systems can be summarized as follows (Fig. 12): 

I). Crystal defects can be exploited as energy storage/adsorption/active/nucleation sites. II). 

Defective sites can reduce the thermodynamic energy barrier for electrochemical reactions. 

III). Crystal defects can enhance the electron conduction rate and activity of electrode 

materials. IV). Crystal defects facilitate the rapid diffusion of ions inside the electrode 

materials. V). Crystal defects can be used to adjust the charge density distribution. 
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With the rapid development of material synthesis technology, the role of CDE in 

electrochemical energy storage and conversion systems has gradually been attracted more and 

more attention. However, there are still lots of unsolved scientific and engineering issues. 

Firstly, in comparison to point defects, the researches on line defects and plane defects are 

very rare, dependent on traditional synthesis processes (Fig. 13). Noticeably, these two 

defects have many advantages in electrochemical energy storage, such as extremely fast ion 

diffusion. More recently, defect preparation methods under extreme conditions, including 

high-temperature pulse, laser irradiation, high-energy ball milling and plasma bombardment, 

can be regarded as a possible method to tune linear and planar defects, which pave some new 

paths to achieve one dimensional or two dimensional defects in the future. 

Secondly, defect synthesis in electrode materials is generally considered to be 

uncontrollable so far, and it is still a great of challenge to attain of certain single type of 

defects (Fig. 13). Appropriate preparation techniques are desirable for obtaining more 

exposed active sites. Also, it is difficult to distinguish defect synergistic effects of many 

complex defect types in electrode materials. The combination of advanced performance 

testing methods and microscopy techniques has gradually attracted the attention of 

researchers. However, transport blockage of electrode materials, and even structural 

degradation or collapse may be caused by excessive defects. Thus, quantified or customizable 

direction to design electrode material through CDE is the trend of future research. Therefore, 

reasonable defect concentration and controllable defect structure have been considered as 

important strategies to enhance the electrochemical performance of electrode materials.  

Thirdly, defect-rich electrode materials rarely meet the practical needs of industrial 

production (Fig. 13). Therefore, methods for large-scale fabrication of defective electrode 

materials must be further researched and developed. There are two main directions as follows: 

1. The improvement of the synthesis efficiency and yield, such as simplifying the

experimental process for fabricating defect-rich electrode materials. 2. The reduction of the 
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noble metal utilization rate, such as reducing the proportion of noble metal atoms doping 

defects, so as to improve the utilization rate of noble metals in catalysis. 

Fourthly, the specific reliable mechanisms of crystal defects in electrode materials 

remain vague, due to the absence of advanced characterization techniques (Fig. 13). At 

present, ex-situ electron microscopy is still the main method for defect identification, which 

can achieve the observation of a certain state of electrode material, but cannot monitor the 

dynamic change of defects in the electrochemical cycle. Therefore, more advanced electron 

microscopy detection strategies, especially in-situ measurement techniques (such as in-situ 

transmission electron microscopy), are the critical to further differentiating the variation of 

defects in electrochemical reactions in order to gain more insight into the reaction 

mechanisms of defects in electrode materials. Besides electron microscopy, spectroscopy is 

also an important tool for measuring defects, which can be used to measure the concentration 

and type of defects by optical signals without complex pretreatment of samples. However, 

single spectroscopy often has limitations in measuring defects and may generate bias or even 

erroneous information (such as misjudgment caused by the overlap of Raman peaks, deviation 

caused by the binding energy of C 1s peak calibration in XPS). Therefore, the accuracy of the 

results can be ensured by mutual verification of various spectral measurement methods. In 

addition, the development of in situ spectroscopy is still the future trend, so that the changes 

of defects in the electrochemical process can be better detected to determine the action 

mechanism of defects in the reaction. 

Fifthly, the application of electrochemical measurement is a necessary means to prove 

that defects have good performance (Fig. 13). These electrochemical measurements focus on 

what changes in electrochemical properties are induced by the defects. Certainly, 

electrochemical measurements are the most intuitive representation of the effect of defect-rich 

electrode materials on performance. For example, Shi et al. showed that in MoSe2 with N 

doping (DN) and Se vacancy (VSe), N doping significantly reduced the Tafel slope of the 
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peak representing the nucleation of Li2S, while further merging of Se vacancy seriously 

reduced the dissociation peak of Li2S [140]. Since a smaller Tafel slope implies a faster 

electrokinetic process, it can be confirmed that DN and VSe selectively accelerate the 

nucleation and dissociation reactions of Li2S. However, electrochemical measurements often 

only show the changes in the electrochemical performance of the defective electrodes, but do 

not provide a mechanistic explanation. Therefore, it is necessary to combine the 

characterization techniques and theoretical calculation of the mechanism analysis, so as to 

clarify how the defects enhance the performance of the electrochemical system.  

In addition, the application of theoretical guidance from computational simulations in 

defect electrochemistry has greatly facilitated the development of novel defect-rich electrode 

materials (Fig. 13). The theoretical guidance results of these computational simulations are 

mainly focused on predicting defects as new active sites or verifying of defect-induced 

changes in electrochemical properties [141]. Undoubtedly, the theoretical guidance of these 

computational simulations has certain guiding significance for the design of high performance 

defect rich electrode materials and the deep understanding of defect electrochemical 

mechanism. On the one hand, it provides a feasible method for determining the true active 

centers of electrochemical energy storage and conversion systems. For example, Zhang et al. 

obtained insights into various defects (including topological defects and heteroatom doping) 

through DFT simulations and revealed the defect structure-electrochemical activity 

relationship based on DFT calculations and electrochemical measurements [142]. On the 

other hand, the combination of DFT simulations and electrochemical measurements can 

elucidate a wider range of guiding principles, enabling further understanding of various 

electrocatalytic mechanisms and energy storage mechanisms. 

In conclusions, the impacts of CDE on electrode materials have been confirmed as an 

irreplaceable trajectory to enhance electrochemical properties in the energy storage and 

conversion fields. In this regard, it is desirable to perform abundant works in related to CDE. 
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Herein, this review provides a profound understanding and enlightenment on the 

design/mechanisms of advanced defect electrode materials, which plays an essential role in 

accelerating the development of the electrochemical energy storage and conversion industry 

in terms of this new strategy. 
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Fig. 1 Illustration of CDE in the battery and catalytic systems. 
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Fig. 2 Schematic illustrations for the different types of crystal defects. (a) point defects 

include doping and vacancies; (b-c) line defects include (b) edge dislocation and (c) screw 

dislocation; (d-f) plane defects include (d) twin, (e) stacking dislocation and (f) grain 

boundaries. 
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Fig. 3 (a) EPR spectra of the ZrS3, ZrSS2-x(15) and ZrS1-yS2-x(15/100) NBs [49]. Copyright 

2021, Springer Nature. (b) Raman spectra of the SFC4, SFC5, and SFC6 [53]. Copyright 

2022, Elsevier. (c, d) Deconvoluted S 2p and Mo 3d spectra of pristine MoS2, FD-MoS2-3 and 

Pt-MoS2 [55]. Copyright 2021, Springer Nature. (e) X-ray absorption near edge structure 

(XANES) of Ti K edge, (f) the k3-weighted EXAFS in K-space and (g) Fourier transforms of 

k-space oscillations of Ti K edge of rutile TiO2 and Ti0.87O2 [60]. Copyright 2021, Springer

Nature. (h) TEM images of 7.5Co2P/Mn0.3Cd0.7. (i) HAADF–STEM images of the areas 

marked in orange of (h). (j) IFFT image of (i) [61]. Copyright 2022, Wiley. (k) ACTEM 

image of MoS2 monolayer with S-vacancies [62]. Copyright 2016, Springer Nature. 
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Fig. 4 (a) Catalytic active volcanoes producing H2O (blue) and H2O2 (red) by ORR 

calculations [68]. Copyright 2020, Springer Nature. (b) Relaxed structures of lithiated BLG, 

MV, and fully lithiated MV (Li3C8), corresponding DFT calculations of the Fermi level, and 

redox potential of MV at different lithiation degrees [69]. Copyright 2021, Springer Nature. (c) 

The Gibbs free energies of DSIrNi for HER under various strains. (d) Comparison of PDOS 

profiles between 10%-strained and pristine structure [70]. Copyright 2020, Wiley. 



39 

Fig. 5 (a) Schematic representation of Cu2O vapor being trapped by N doped carbon to form 

Cu ISAS/N-C [74]. Copyright 2019, Springer Nature. (b) Schematic representation of tMAX 

etching into MXene with Ti vacancies in the liquid phase [79]. Copyright 2019, Wiley. (c) 

Diagram of the morphological and structural evolution process from expanded graphene to 

dense graphene bulks after ball milling [85]. Copyright 2020, Elsevier. (d) Schematic diagram 

of in-situ generation and doped etched edges of CHF3 plasma on MoS2 [91]. Copyright 2021, 

Wiley. (e) Diagram of the ultrafast laser-induced strong metal-support interactions in Pt/CeO2 

[98]. Copyright 2021, Springer Nature. 
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Fig. 6 (a) Schematic representation of the Li nucleation processes on conductive frameworks 

including absorption, Li bond formation, and charge transfer [100]. Copyright 2019, National 

Academy of Sciences. (b) Summary of calculated binding energies of Li with Cu, pure 

graphene, and different doping sites on SFC5. (c) The top view and the side view of the 

charge density differences of graphene, and D-SF-1 site with one Li atom adsorbed. (d) 

Cycling stability of symmetric cells that incorporated the different electrodes [53]. Copyright 

2022, Elsevier. (e) Schematic representation of the synthesis procedure of atomic-dispersed 

Zr-N/O-C. (f) HAADF-STEM image of the Zr-N/O-C. g, h) Differential charge densities of 

ZrN4 (g) and ZrN4O (h) moieties, respectively [18]. Copyright 2022, Elsevier. 
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Fig. 7 (a) Effects of reaction time and hydrogenation treatment on the conductivity and KTO 

concentration of various samples. (b) Cycling properties of the H-KTO electrode at a current 

rate of 10 A g−1 [37]. Copyright 2017, Wiley. (c, d) Top-view and side view electron density 

difference maps of (c) P-MoS2, and (d) MoS2-EGMO [19]. Copyright 2020, American 

Chemical Society. (e, f) The deformation charge density of K atoms absorbed on Ti3−xCNO2

(e), and Ti3CNO2 (f) [79]. Copyright 2019, Wiley. 
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Fig. 8 (a) Schematic diagram of dislocation-rich platinum nanoparticles prepared by ambient 

HTS. (b) Filtered IFFT patterns of (011) planes of the Pt nanoparticle. (c) Strain distributions 

of exx and eyy, which is related to the (011) planes. (d) Comparison of the overpotential of 

dislocation-rich dislocations in Pt with other state-of-the-art electrocatalysts at 10ma cm-2 [20]. 

Copyright 2021, Wiley. (e, f) DFT results and models for adsorption energy of copper foils 

with and without dislocations [102]. Copyright 2022, Elsevier. 
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Fig. 9 (a) The high magnification TEM image and the SAED fringe of Ag/Ti nanowires. (b) 

The high magnification TEM image of nanoparticle with a five-fold twin [113]. Copyright 

2016, American Chemical Society. (c) The ratio of atoms on SCEs (TBEs) and surface (N(100)) 

in Ag NCs (NWs ) as a function of the edge length (diameter). (d) Atom-specific activities for 

the formation of CO and CH4 on single atom of the (100) surfaces, SCEs, and TBEs [114]. 

Copyright 2021, Elsevier. (e) Binding energy intensity distribution of d-band centers and CO 

and OH at different surface locations in defective Pd. (f) Histogram of mass activities and 

current densities of TS-Pd/C, AT-Pd/C, and commercial Pd/C [43]. Copyright 2022, Wiley. 
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Fig. 10 (a, b) Illustration of stacking fault (a) and AC-HAADF-STEM image (b) of stacking 

faults in Ag nanocrystal. (c) The average coordination numbers of laser-generated Ag (L-Ag), 

monocrystal-Ag (S-Ag) and twin crystal-Ag (T-Ag). (d) ΔGH* comparison of the reaction 

coordinates of HER on different catalyst facets. (e) Polarization curves of L-Ag, S-Ag, T-Ag 

and Pt/C in 0.5 M H2SO4 with a scan rate of 5 mV s−1, without insulation resistance 

compensation. (f) Polarization curves of L-Ag and Pt/C recorded before and after 5,000 CV 

cycles between 0 V and -0.1 V (versus RHE) [22]. Copyright 2019, Springer Nature. (g, h) 

Stacking fault (g) and dissociated dislocations (h) in Li2MnO3 during delithiation [117]. 

Copyright 2019, Springer Nature. 
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Fig. 11 (a, b) jCO and jH2 versus total GB density for the five Au samples. b) Line scan 

generated from single constant potential electrolysis across the GB under 1 atm Ar. (c) EBSD 

orientation map of sample after annealing at 970 ºC [72]. Copyright 2017, National Academy 

of Sciences. (d) A typical grain boundary structure probed by correlative SECCM and 

HR-EBSD measurements. (e) Illustration of voltammetric SECCM and (f) schematic of 

HR-EBSD grain mapping on polycrystalline Au surface. (g) EBSD directional plot of a 

typical polycrystalline Au sample along the z-direction. (h) SEM image of the region scanned 

with SECCM, showing residues left from droplet contact points. (i) The current density 

measured from SECCM at 1.05 V versus Ag/AgCl. (j) Histogram of current density for all 

pixels in the grains and grain boundaries regions. Copyright, 2021, Springer Nature [120].  
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Fig. 12 Diagram of the relationship between defect type and electrochemical characteristics. 
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Fig. 13 Future development directions of the crystal defects engineering in the energy storage 

and conversion systems. 
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Table 1. Summary of techniques to characterize crystal defects in electrode materials. 

Techniques Identification Advantages Limitation Ref. 

EPR 

Electron spin states with 

different g values correspond 

to various vacancy defects 

One of the most 

direct and highly 

sensitive methods to 

observe 

paramagnetic 

substances; No 

complex processing 

of samples required 

Unpaired electrons are 

all EPR active; Only 

paramagnetic samples 

can be tested 

[48, 50, 

143] 

Raman 

Peak shift, altered vibrational 

intensification, or appearance 

of new vibrational modes 

High sensitivity, low 

sample concentration 

required 

Susceptible to optical 

system parameters; 

Fluorescence 

interference; Low 

Raman signal strength 

[52, 

144] 

XPS 
Peak shift, intensity change 

or creation of new peaks 

Suitable for a variety 

of materials, 

including insulation 

materials 

Analysis of crystal 

defects limited to the 

surface of the material 

[54, 

145] 

XAS 
Valence states or bond length 

change 

Available in a wide 

range of material 

sizes, including the 

single-atom level 

Difficulty in 

distinguishing between 

dispersed atoms with 

small variations in 

atomic number 

[59, 

146] 

XRD 
Shifting peak positions and 

widening peak widths 

No complex 

processing of 

samples required 

Detecting defect 

concentrations is 

difficult due to low 

sensitivity 

[147] 

Microscopic imaging 

characterization 

techniques 

Variation in interlayer 

spacing or atomic 

arrangement, atomic scale 

detection 

Crystal defects types 

can be directly 

observed 

The thickness must be 

thin enough to transmit 

electrons; Difficulties in 

sample preparation 

[61, 62] 

Table 2. Several typical manufacturing crystal defects strategies and their advantages and 

disadvantages. 

Reaction types Strategies Advantages Limitation Ref. 

Solid-gas 

reaction 

Thermal treatment High efficiency; Simple operation 
High thermal energy 

consumption 
[18, 74] 

Vapor deposition 
Continuous and controllable 

large-area preparation 
Low deposition rate [75] 

Solid-liquid 

reaction 

Hydrothermal 

reaction 

Short preparation time; 

Homogeneous distribution of 

defects in the material 

Easily introduced -O/-OH 

functional groups 

[37, 76] 

Acid etching [79] 

Solid-solid 

reaction 
Ball milling 

High efficiency; Simple operation; 

Easy for large-scale production; 

Wide range of applications 

Cold welding effects; High 

energy consumption; Easily 

introduced solid impurities 

[82, 86, 

87] 

Other reactions 

Plasma-assisted 

etching 

Distinctive species response 

characteristics; Adjustable 

operating requirements Expensive equipment 

[88, 90] 

Laser irradiation 
Low thermal energy consumption; 

Selectivity; Rapid preparation 

[92, 93, 

148]
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Table 3. Application of electrode material CDE reported in the literature in recent years in the 

field of batteries. 

Battery 

type 
Electrode 

Defect 

category 
Methods 

Electrolyte Potential 

window 
Capacity Ref. 

Li ion 

battery 
N-doped SnO2 N doping Other (Laser) 1M LiPF6 0.01-3V 

1195 mAh 

g-1 (1.4 A 

g-1, 500

cycles)

[149] 

Li ion 

battery 
S/F doped carbon S/F doping 

Solid-gas 

(Thermal 

treatment) 

1M LiPF6 2.5-3.8V 

107 mAh

g-1 (0.1 A 

g-1, 300

cycles)

[53] 

Li ion 

battery 
Li4Ti5O12-TiO2-C 

Grain 

boundary 

Solid-gas 

(Thermal 

treatment) 

1M LiPF6 1.0-2.5V 

110 mAh

g-1 (10 C,

100

cycles)

[119] 

Li ion 

battery 
Nanometric Si 

Grain 

boundary 

Solid-solid 

(Ball milling) 
1M LiPF6 0.01-1V 

1600 mAh 

g-1 (0.48 A 

g-1, 600

cycles)

[84] 

Li ion 

battery 
LiMn2O4 Twin 

Solid-gas 

(Thermal 

treatment) 

1M LiPF6 3.4-4.5V 

107 mAh

g-1 (1 C,

500

cycles)

[42] 

Li ion 

battery 
Co3O4 Dislocation 

Solid-gas 

(Thermal 

treatment) 

1M LiPF6 0.01-3V 

1142 mAh 

g-1 (1 A 

g-1, 200

cycles)

[40] 

Li ion 

battery 

MnO-Vo hexagonal 

sheets 
O vacancies 

Solid-gas 

(Thermal 

reduction) 

1M LiPF6 0.01-3V 

825.2

mAh g−1

(1 A g-1,

1000 

cycles) 

[35] 

Li ion 

battery 

SnS2/SnO 

nanosheets 
S vacancies 

Other 

(Plasma) 
1M LiPF6 0.01-3V 

998 mAh 

g−1 (200 

mA g−1, 

200 

cycyles) 

[150] 

Li ion 

battery 
Bi2MoO6 sheets O vacancies 

Solid-liquid 

(Wet-chemical 

method) 

1M LiPF6 0.01-3V 

478 mAh 

g−1 (2 A 

g−1, 1500 

cycles) 

[151] 

Li ion 

battery 
TB-NMC442 Twin 

Solid-gas 

(Thermal 

treatment) 

1M LiPF6 2.5-4.7V 

124 mAh 

g–1(1 C, 

100 

cycles) 

[152] 

Na ion 

battery 
HMF-MoS2 

Mo 

vacancies 

Solid-liquid 

(Acid etching) 
1M NaClO4 0.01-3V 

384.3 

mAh g−1 

(100 mA 

g−1, 100 

cycles) 

[32] 

Na ion 

battery 

Dense graphene 

blocks 
O vacancies 

Solid-solid 

(Ball milling) 
1M NaSO3CF3 0.01-2.8 V 

174 mAh 

g-1 (5 A 

g-1, 3000

cycles)

[85] 

Na ion 

battery 
NC@MoS2-VS 

N doping 

and S 

vacancies 

Solid-gas 

(Thermal 

reduction) 

1M NaClO4 0.001-3V 

495 mAh

g−1 (100

mA g−1,

100 

cycles) 

[33] 

Na ion 

battery 
R-TiO2−x-S S doping 

Other 

(Plasma) 
1M NaClO4 0.01-3V 

265 mAh 

g−1 (50 

mA g−1) 

[153] 

Na ion 

battery 

N-doped 3D

graphene
N doping Other (Laser) 1M NaClO4 0.005-2.5V 

425 mAh 

g−1 (100 
[154]
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mA g−1, 

200 

cycles) 

Mg ion 

battery 

B-TiO2−x

nanoflakes
O vacancies 

Solid-gas 

(Thermal 

oxidation) 

0.4 M APC 0.05-2.1V 

77 mAh 

g−1 (300 

mA g−1, 

300 

cycles) 

[13] 

K-ion

battery

N-doped hollow

carbon
N doping 

Solid-gas 

(Thermal 

treatment) 

0.8 M KPF6 0.01-2.5V 

161.3 

mAh g−1 

(1 A g−1, 

1600 

cycles) 

[155] 

Zn ion 

battery 

vanadium-defective 

V2O3 
V vacancies 

Solid-gas 

(Thermal 

treatment) 

3 M 

Zn(CF3SO3)2 
0.1-1.3V 

97 mAh 

g-1 (5 A 

g-1, 30000

cycles)

[36] 

Li-S 

battery 
Ti0.87O2 Ti vacancies 

Solid-gas 

(Thermal 

treatment) 

1 M LiTFSI 1.7-2.8V 

585 mAh

g-1 (1 C,

5000

cycles)

[60] 

Li-S 

battery 
MoS2−x/rGO/S S vacancies 

Solid-liquid 

(Liquid phase 

exfoliation) 

1 M LiTFSI 1.7-2.8V 

628.2

mAh g−1

(0.5 C,

600 

cycles) 

[156] 

Table 4. Application of electrode material CDE reported in the literature in recent years in the 

field of electrocatalysis. 

Catalytic 

type 
Electrode 

Detect 

category 
Methods Electrolyte Performance Stability Ref. 

HER L-Ag NPs
Stacking 

faults 
Other (Laser) 1M KOH 

Overpotentials 

of 32 mV at 

10 mA cm-2 

negligible 

decay after 

2000 cycles 

[22] 

HER 
2D CeO2 

nanosheets 

Co doping 

and O 

vacancies 

Solid-gas 

(Thermal 

treatment) 

1M KOH 

Overpotentials 

of 132 mV at 

100 mA cm-2 

5% decay 

after 14 h at 

150 mV 

[157] 

HER Dr-Pt Dislocation 

Solid-gas 

(Thermal 

treatment) 

1M KOH 

Overpotentials 

of 26 mV at 

10 mA cm-2 

negligible 

decay after 

2000 cycles 

[20] 

HER NiTiO3/Ni 
O 

vacancies 

Solid-solid 

(Ball milling) 
1M KOH 

Overpotentials 

of 10 mV at 

10 mA cm-2 

15 mV decay 

after 200 h at 

100 mA cm2 

[34] 

HER 2H-MoS2 
Grain 

boundary 

Solid-gas 

(Thermal 

treatment) 

0.5M 

H2SO4 

Overpotentials 

of 136 mV at 

10 mA cm-2 

negligible 

decay after 

200 h at 10 

mA cm2 

[105] 

OER L-Co3O4
O 

vacancies 
Other (Laser) 1M KOH 

Overpotentials 

of 270 mV at 

10 mA cm-2 

4% decay 

after 30h at 

10 mA cm2 

[31] 

OER CoFeLDHs-Ar 

O, Co, and 

Fe 

vacancies 

Other 

(Plasma) 
1M KOH 

Overpotentials 

of 266 mV at 

10 mA cm-2 in 

OER 

negligible 

decay after 

2000 CV 

cycles 

[158] 

OER N-Co9S8/G N doping 
Other 

(Plasma) 

0.1M 

KOH 

Overpotentials 

of 409 mV at 

10 mA cm-2 

slightly 

positive shift 

after 2000 CV 

cycles 

[159] 

OER NiCo/NLG-270 N doping Other (Laser) 1M KOH 

Overpotentials 

of 310 mV at 

10 mA cm-2 

2% decay 

after 10 h at 

10 mV 

[160] 

OER 
(NiCo)3Se4 

SABM 

Ni and Co 

vacancies 

Solid-solid 

(Ball milling) 
1M KOH 

Overpotentials 

of 268 mV at 

4 mV 

overpotential 
[81]
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10 mA cm-2 increase after 

100 h at 10 

mA cm2 

ORR N,P-CGHNs 
N and P 

doping 

Solid-gas 

(Thermal 

treatment) 

0.1M 

KOH 

Half-wave 

potential of 

0.82 V 

negligible 

decay after 

5000 CV 

cycles 

[161] 

ORR Pd2CoAg Twin 

Solid-liquid 

(Hydrothermal 

method) 

0.1M 

KOH 

Half-wave 

potential of 

0.81 V 

negligible 

decay after 

5000 CV 

cycles 

[78] 

ORR s-Zr-N-C
O, N, and 

Zr doping 

Solid-solid 

(Ball milling) 

0.1M 

KOH 

Half-wave 

potential of 

0.913 V 

negligible 

decay after 

10000 CV 

cycles 

[18] 

ORR NSP-Gra 
N, S, and P 

doping 

Solid-solid 

(Ball milling) 

0.1M 

KOH 

Half-wave 

potential of 

0.82 V 

1 mA cm-2 

decay after 

5000 CV 

cycles 

[82] 

EOR TS-Pd/C Twin 

Solid-gas 

(Thermal 

treatment) 

1M KOH 

Mass activity 

of 1846 mA 

mg-1 

~10% decay 

after 900 CV 

cycles 

[43]
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