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The development of high-performance supercapacitors (SCs) highly depends on the advanced electrode

materials, but they are plagued by the sluggish reaction kinetics. With the progress of advanced

technologies and deeper understanding of the underlying mechanisms governing electrode reactions,

introduction of defects in electrode materials can effectively optimize the intrinsic properties to boost

reaction kinetics, thus achieving the excellent electrochemical performances of SCs. Herein,

a comprehensive overview of recent progress and achievements in defect engineering of electrode

materials towards superior reaction kinetics for SCs will be presented in this review. The types of defects

and strategies for engineering defects, as well as advanced characterization techniques to identify

various defects, are systematically summarized. In addition, the specific roles of defects in promoting

reaction kinetics to enhance electrochemical performances are proposed in detail. Finally, the existing

challenges and opportunities regarding defect engineering in electrode materials are prospected to

emphasize the development directions of this research field, which aims to provide support for the

effective utilization of defects, especially in regards to high-performance SC electrode materials.
1. Introduction

The rapid consumption of fossil fuel accelerates the serious
energy and environmental crisis.1–3 Development of a variety of
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new energy storage devices is a promising solution to alleviate
these issues.4–6 Among various energy storage devices, super-
capacitors (SCs) have attracted tremendous interests in both
academia and industry by virtue of the fast charge/discharge
rate, long cycling life and high-power density, with wide appli-
cations in many elds such as digital cameras, portable devices
and hybrid electric vehicles.7–9 Fig. 1 presents the Ragone plots
for various energy storage devices.6 The direct comparison of
SCs with other energy storage devices is shown in Table 1. It is
evident that SCs are narrowing the gap between the conven-
tional capacitors and batteries.10–13 Despite the higher power
densities compared with batteries, SCs have relatively lower
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Fig. 1 Ragone plot for different energy storage devices. Reproduced
with permission from ref. 6. Copyright 2016, Wiley-VCH.
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energy densities, which seriously limits their widespread
applications.14–16 Therefore, signicant efforts have been made
to improve their energy densities by the means of maximizing
cell voltage and specic capacity.17–19 Typically, the voltage
window can be efficiently widened by constructing asymmetric
supercapacitors (ASCs)/hybrid supercapacitors (HSCs) or
utilizing different electrolytes which can offer wide and stable
potential windows, while the high specic capacity can be ob-
tained by developing advanced electrode materials.20–22

Despite the electrode materials are essential in determining
electrochemical performances of SCs, they are largely restricted
by the sluggish reaction kinetics, leading to undesirable
performances.23–26 Therefore, developing superior reaction
kinetics electrode materials is of great signicance, but some
critical difficulties must be overcome. For instance, semi-
conductors with low electrical conductivity are not conducive to
electrons and ions transport for achieving faster reaction
kinetics of the electrode materials, which is detrimental to
obtaining excellent rate capability.27–32 Moreover, the volume
contraction/expansion in the charge/discharge process pulver-
izes electrodes, which causes poor reaction kinetics, leading to
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Table 1 Electrochemical performance of traditional capacitors, supercapacitors and batteries

Parameters Supercapacitors Traditional capacitors Batteries

Energy density/(W h kg�1) 1–10 <0.1 50–200
Power density/(W kg�1) 500–10 000 >10 000 <1000
Cycle efficiency 90–95% 100% 70–85%
Charging time Seconds / minutes 10�5–10�3 s 0.5–3 h
Stability Good Good Low

Fig. 2 Schematic illustrations for the pristine crystal and different
types of defects.
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inferior stability.33–35 During the past decades, various aspects
have been developed to design the electrode materials with
enhanced reaction kinetics, including electrical conduc-
tivity,36,37 specic surface area,38–40 chemical and structural
characteristics.41 Two commonly “extrinsic” approaches are
proposed to mitigate these obstacles. On the one hand, to
accelerate the reaction kinetics, introducing a component with
good electrical conductivity is a promising strategy to facilitate
the electrons transport, therefore achieving desirable electro-
chemical performances.42,43 On the other hand, constructing
porous structures with large surface areas is another effective
way to promote the ion diffusion kinetics and alleviate the
structural strain to accommodate volume change, achieving
superior reaction kinetics.44,45 Nevertheless, the improvement
on reaction kinetics of SCs is quite limited, which is due to the
fact that the intrinsic restrictions cannot be removed by such
“extrinsic” approaches.

Among various design strategies, defect engineering, as an
“intrinsic” method, can effectively regulate the intrinsic proper-
ties in a controllable manner to boost reaction kinetics, thus
achieving excellent electrochemical performances.46,47 For a long
time, it was widely deemed that defects were only detrimental to
the performances of materials.48 The positive roles of defects in
improving electrochemical performances have been gradually
realized along with the development of advanced characteriza-
tion techniques and in-depth insight into the charge storage
mechanisms. Up to now, more research has been performed for
achieving faster reaction kinetics through defect engineering,
therefore enhancing electrochemical performances. For
instance, Liu and coworkers reported that the introduction of
sulfur defects in Bi2S3 could enhance electrical conductivity and
reduce the adsorption energy of electrolyte ions to facilitate
reaction kinetics, obtaining superior electrochemical proper-
ties.49 Yan and coworkers created oxygen vacancies in MoO3�x

nanobelts, resulting in larger interlayer spacing to boost charge
storage kinetics for obtaining desirable performances.50 Li and
coworkers demonstrated doping Cu into Ni3S2 could efficiently
improve the intrinsic electronic conductivity and electrochemical
activity, contributing to faster redox reaction kinetics, thus
demonstrating high-rate capability and long cycling stability.51

Despite these advances achieved, there is still a lack of systematic
summary of this kind of research efforts devoted to developing
defect-engineered electrodes in the applications of SCs.

In this review, we will summarize recent progress on
different types of defects in electrode materials towards supe-
rior reaction kinetics for SCs. The classication of defects based
on dimensionality in electrode materials is rst introduced,
This journal is © The Royal Society of Chemistry 2022
namely point defects, line defects, planar defects and volume
defects. Aerwards, strategies for engineering defects and the
advanced characterization techniques, as well as the discussion
about their inuence on electrodes, are summarized, and the
underlying mechanisms of defects on electrodes are briey
explained. Finally, we present the current status and future
prospects of defect engineering. This review aims to provide
supports for the effective utilization of defects, especially in
regards to SCs.
2. Classification of defects

Depending on dimensionality, the defects in electrode mate-
rials can be classied into four main types (Fig. 2), zero-
dimensional point defects (vacancies and dopants), one-
dimensional line defects (screw dislocations and edge disloca-
tions), two-dimensional planar defects (grain boundaries and
twin boundaries) and three-dimensional volume defects (voids
and lattice disorders).
2.1 Point defects

Point defects are the places that deviate from the normal
arrangement of the crystal structure at the node or the adjacent
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15269
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microscopic region. They are the simplest defects in crystals,
which are usually claried into two typical types, vacancies and
dopants. Vacancies are the position in the crystal structure that
caused by the absence of originally occupied with atoms. Anion
vacancies are a kind of prevalent point inmaterials. Particularly,
oxygen vacancies, as typical anion vacancies, have been widely
investigated in SCs, including Fe2O3,52,53 TiO2,54 MnO2,55,56

V2O5
57,58 and MoO3.59,60 Both experiments and theoretical

calculations have proven that the electronic structures are
related to oxygen vacancies that serve as shallow donors to
improve the carrier concentrations and therefore enhance the
electrical conductivity to boost the reaction kinetics.50,59,61 Apart
from affecting the electronic structures and electrical conduc-
tivity, the interlayers spacing can be expanded by the intro-
duction of oxygen vacancies, which boost faster charge storage
kinetics and enhance the redox reactions for improved elec-
trochemical performances.50 Besides these, the formation of
oxygen vacancies provides another approach to enrich the active
species of electrodes for superior reaction kinetics.62 For
instance, Fu and coworkers prepared the yolk–shell-structured
MnO2 microspheres with oxygen vacancies (Ov-MnO2@MnO2),
which delivered superior rate capability than MnO2@MnO2.63 It
was discovered that Ov-MnO2@MnO2 exhibited a much smaller
charge-transfer resistance in the Nyquist plots, conrming that
electrical conductivity was signicantly improved, which boos-
ted the redox reaction kinetics to obtain excellent rate capa-
bility. Zhang and coworkers reported that the oxygen defect
could modulate Ti2Nb10O29�x on graphene (TNOxG) and
suppress oxygen evolution reaction (OER) to achieve a wide
potential window.64 Specically, TNOxG based electrodes were
synthesized through solvothermal growth of Ti2Nb10O29 (TNO)
on the surface of graphene (TNOG) followed by subsequent
calcination in the NH3 atmosphere (Fig. 3a). The presence of
oxygen vacancies in TNOxG stimulated pseudocapacitive
behavior and simultaneously inhibited the side reactions of
water decomposition, which delivered a signicant enhance-
ment of electrochemical performances than that of pristine
TNOG electrode, achieving a high specic capacitance of 368.9 F
g�1 at 0.5 A g�1 with nearly 100% coulombic efficiency. The
prominent capacitive behaviors and reversibility could be
attributed to the fact that induced oxygen vacancies not only
generated more active sites, but also greatly improved the H-ion
diffusion rate and intrinsic conductivity for faster pseudoca-
pacitive reaction kinetics. In parallel to oxygen vacancies, other
anion vacancies have been developed for SCs, including sulfur
vacancies for MoS2,65 CuCo2S4 66 and CoNi2S4 67 and selenium
vacancies for NiSe2.68

Apart from anion vacancies, cation vacancies also have an
inuence on the properties of materials due to their different
orbital distribution and electron conguration.69 In contrast to
anionic vacancies, it is still a challenge to engineer the cation
vacancies because of the higher formation energy.70 The rst
comprehensive studies related to cation vacancies for charge
storage properties can date back to the mid-1980s.71–73 They
discovered that the cation vacancies efficiently lowered the
activation energy to facilitate reaction kinetics, ultimately
leading to superior rate capability of defective MnO2. Following
15270 | J. Mater. Chem. A, 2022, 10, 15267–15296
this pioneering study, more research was performed to intro-
duction of cation vacancies into materials and then further
investigate the effects of cation vacancies on enhancing the
performance, such as Fe2O3,74 TiO2,75 MnO2,76 ZnO77 and
ZnCo2O4.78 Density functional theory (DFT) calculations indi-
cate that the formation of cation vacancies could increase the
electrical conductivity and lower energy barrier for ion diffu-
sion, which is benecial to the faster reaction kinetics for
excellent energy storage.79,80 Specically, Gao and coworkers
prepared d-MnO2 nanosheets with controlled concentration of
manganese vacancies by proton exchange.76 The valence state of
the Mn was investigated by X-ray absorption near-edge spec-
troscopy (XANES) and X-ray photoelectron spectroscopy (XPS),
which displayed the higher intensity ratio of Mn3+/Mn4+ in the
samples with decreasing pH, indicating more manganese
vacancies were achieved. The pH ¼ 2 samples exhibited an
enhanced specic capacitance, lower charge transfer resistance
and superior cycling stability than those of the HxMnO2 and pH
¼ 4 samples, demonstrating that the formation of Mn vacancies
provided more ion intercalation sites and improved the elec-
trical conductivity towards faster reaction kinetics for excellent
electrochemical performances. In another case, Wu and
coworkers reported hierarchical ZnNi LDH architectures with
abundant zinc vacancies for SCs by a zeolitic imidazolate
frameworks derived method.81 The zinc vacancies-rich feature
of the ZnNi LDH was characterized by transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDX),
XPS and electron paramagnetic resonance (EPR), which effec-
tively improved electrical conductivity and exposed more
unsaturated metal atom active sites to accelerate the reaction
kinetics. Self-doping is oen accompanied with vacancies,
which balances the charge. Li and coworkers synthesized Ti3+

self-doped anatase TiO2 through proton intercalation.82 As
illustrated in Fig. 3b, anatase TiO2 lms were obtained by
anodization of Ti foil followed by a thermal treatment in air,
which were then transformed into as-doped TiO2 by anodiza-
tion and cathodization. During the process, the incorporated
Ti3+ ions in TiO2 promoted the introduction of oxygen vacancies
by replacing Ti4+ with Ti3+ to maintain charge neutrality. The as-
doped TiO2 delivered an enhanced specic capacitance, rate
capability and stability than the as-annealed sample, which was
due to the enhancement in electrical conductivity and carrier
densities of as-doped TiO2, therefore facilitating the transport
of charge carriers. Meanwhile, the density of hydroxyl groups on
TiO2 surface was increased, and thereby enriched the active
species to accelerate the reaction kinetics for improved the
pseudocapacitance.

In addition to vacancies and self-doped impurities, doped
heteroatoms are another type of point defects, which regulates
the composition of the host by introducing impurities to
improve the electrical conductivity and enrich the active species
for faster reaction kinetics.83,84 The dopants locate at the inter-
stitial positions of the lattice or replace the existing ions. In
general, the radii of interstitial dopants are substantially
smaller while the radii of substitutional dopants are compa-
rable to those of substituted ones. Either metallic or nonme-
tallic elements both can be used as dopants to optimize the
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Schematic diagram illustrating the growth processes for TNOxG. Reproduced with permission from ref. 64. Copyright 2018, Wiley-
VCH. (b) Schematic illustration for the formation of Ti3+ self-doped TiO2. Reproduced with permission from ref. 82. Copyright 2014, the Royal
Society of Chemistry. (c) Schematic illustration of the synthetic process for Cu doped CoP nanosheet arrays supported on carbon cloth.
Reproduced with permission from ref. 86. Copyright 2020, Elsevier. (d) HRTEM image, (e) inverse fast Fourier transform (IFFT) image of CuCo-
LDH. Reproduced with permission from ref. 94. Copyright 2022, American Chemical Society. Atomically resolved HAADF STEM images of the (f)
symmetrical twin boundaries, (g) asymmetrical twin boundaries in LMO-TB. Reproduced with permission from ref. 102. Copyright 2021, Springer
Nature. (h and i) HRTEM images of Ni0.6Co0.4Se2. Reproduced with permission from ref. 110. Copyright 2019, Elsevier.
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properties of the materials. Take CoP as a representative
example where metallic or nonmetallic elements as dopants
enhance the electrochemical properties. For instance, Elsha-
hawy and coworkers fabricated the S-doped CoP via thermal
treatment.85 The introduction of S into CoP effectively boosted
This journal is © The Royal Society of Chemistry 2022
conductivity, facilitated electrons transfer and increased elec-
troactive sites to enhance reaction kinetics for achieving supe-
rior performances. Sun and coworkers proposed a facile metal–
organic-framework-derived (MOF-derived) strategy to prepare
Cu doped CoP nanosheet arrays.86 Specically, CuCo-ZIF
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15271

https://doi.org/10.1039/d2ta02930h


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 2
9 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
7/

30
/2

02
2 

2:
56

:4
2 

A
M

. 
View Article Online
nanosheet arrays were rstly in situ grown on carbon cloth
directly, which were then transformed into Cu doped CoP
nanosheet arrays by oxidation and phosphorization processes
(Fig. 3c). The obtained Cu doped CoP nanosheet arrays deliv-
ered an improved specic capacitance, about 3.3 times higher
than that of CoP. And they discovered that the suitable amount
of Cu species in CoP enhanced the electrical conductivity of the
overall electrode to accelerate the redox reaction kinetics,
achieving excellent electrochemical performances.

2.2 Line defects

Line defects are mainly dislocations, including screw disloca-
tions and edge dislocations, which are generated in the crystal
lattice by misaligned atoms. The dislocation may cause fracture
and pulverization of electrodes, but can also bring many
advantages. The screw dislocation drives the growth of nano-
materials, supporting self-perpetuating growth and breaking
the symmetry of crystal growth, therefore affecting the reaction
kinetics of SCs.87–91 Sirisomboonchai et al. displayed a unipolar
pulse electro-deposition method to obtain CuOx

nanowires@NiMnOx nanosheets on copper foam (CuOx

NWs@NiMnOx NSs/CF).92 The screw dislocations were observed
in the HRTEM, leading to the atoms rearranged in a helical
pattern, where the crystal along a plane slips one half across the
other by a lattice vector. The screw dislocations could regulate
the electronic structures and subsequently enhanced the elec-
trochemical performances. Edge dislocations can be recognized
as an extra half plane of atoms in the lattice, which are
conducive to generation of dangling bonds to induce more
electroactive sites and regulation of electronic structures to
improve the electrical conductivity, accelerating reaction
kinetics for excellent electrochemical performances.93 Chu and
coworkers designed a facile MOF-derived strategy to fabricate
hierarchical CuCo-LDH hollow nanoarrays.94 Specically, CuCo-
MOF nanosheets were rstly grown on the nickel foam (NF) via
a facile co-precipitation method, which were then immersed
into a cobalt nitrate ethanol solution to allow ion exchange and
etching reaction to obtain the hierarchical CuCo-LDH hollow
nanoarrays. HRTEM analysis displayed that there were many
irregular pores distributed throughout the CuCo-LDH nano-
sheets and the corresponding inverse fast Fourier transform
exhibited that the crystalline fringes were discontinuous, con-
rming the formation of abundant edge dislocations (Fig. 3d
and e), which changed the periodically ordered permutation of
local atoms in the pristine structure. The presence of edge
dislocations produced highly active dangling bonds to expose
more electrochemical active sites, which contributed to faster
redox reaction kinetics for improving electrochemical
performance.

2.3 Planar defects

Planar defects usually contain grain and twin boundaries. As
a type of typical planar defects, grain boundaries are generated
between two grains in contact, which has been reported for
MnO2,95 MoO3,96 MoS2,97 Fe2O3

98 and CuO.99 The grain
boundaries can not only act as active sites to promote redox
15272 | J. Mater. Chem. A, 2022, 10, 15267–15296
reactions, but also perform as a channel to facilitate ions
transfer for improved electrochemical performances. For
instance, Shi and coworkers synthesized Ni3Se2 nanowire arrays
with rich-grain-boundaries as a multifunctional nanomaterial
for SCs, which exhibited excellent electrochemical energy
storage.100 The obtained Ni3Se2 nanowire arrays with rich-grain-
boundaries could provide more active sites to boost redox
reaction kinetics for excellent electrochemical performances.
Cheng and coworkers compared with the individual effect of the
surface coating and grain boundary engineering, conrming
that grain boundary showed superior electrochemical perfor-
mance than that of the surface coated sample, which was due to
the increased grain-to-grain bonding strength and ionic
conductivity, therefore accelerating the reaction kinetics.101

Twin boundary, as a special grain boundary, only exists in
a twinned crystal, featured with high symmetry between two
crystals, which can effectively reduce the barrier of the ion
diffusion to boost reaction kinetics for prominent electro-
chemical properties. For instance, Wang and coworkers
prepared LiMn2O4 with plenty of twin boundaries (LMO-TB) by
varying the addition of lithium salt to understand the rela-
tionship between electrochemical properties and defects.102 As
illustrated in Fig. 3f and g, two types of twin boundaries
(symmetrical and asymmetrical twinning) could be obviously
observed in atomically resolved high-angle annular dark-eld
scanning transmission electron microscopy (HAADF STEM)
images. It was reasonable to deduce that the generation of twin
boundaries was associated with the effect of excess lithium.
Based on the experiments and simulation calculations, the
presence of twin boundaries lowered the barrier of the ion
diffusion to obtain faster reaction kinetics for excellent elec-
trochemical performances.
2.4 Volume defects

Volume defects are mainly comprised of voids (or pits) and
lattice disorders, existing in crystalline or amorphous materials,
which can effectively tailor the electronic structures and phys-
icochemical characteristics of the materials to provide more
electroactive sites to accelerate the reaction. Voids, as the
vacancy clusters, are the small regions where the atoms are
absence, whereas pits can be regarded as the voids exposed to
the surface of the materials, which both can introduce into
many other materials, such as CeO2,103 ZnO,104 TiO2 (ref. 105)
and C3N4.106 The difference between pores and voids can be
distinguished in the shape. Strictly speaking, voids are empty
objects having an irregular (nonspherical) shape, whereas pores
are empty objects with a spherical shape. However, this
distinction is rarely mentioned in the literature.107–109 In
parallel, disorders are the small regions in which the periodi-
cally ordered permutation of atoms is disrupted to generate
disorder lattices. For instance, Xie and coworkers demonstrated
a two-step solvothermally method to fabricate the NixCo1�xSe2
with surface disorder for high-performance SCs.110 The disorder
lattices could be directly observed in the HRTEM (Fig. 3h and i),
which provided more active edge sites and reduced the charge
transfer resistance to improve the redox reaction kinetics,
This journal is © The Royal Society of Chemistry 2022
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achieving prominent electrochemical performances. Generally
speaking, the 3D defects endow the materials with a high
surface to volume ratio, low density and high shell permeability,
which are mainly responsible for facilitating surface redox
reactions.

In summary, the intrinsic properties of the materials can be
tailored to accelerate reactions by engineering various defects in
many synthetic methods. It is essential to regulate the defect
types and concentrations to optimize the properties of electrode
materials.

3. Strategies for defect engineering
3.1 Thermal treatment

Thermal annealing in an inner atmosphere or hydrogen envi-
ronment has been regarded as an effective strategy to introduce
defects based on precisely controlling the atmosphere and
temperature. High temperature stimulates the bond cleavage
and atoms escape from the material lattices. Motivated by the
idea, much effort has been made to synthesize various defects in
the materials, such as point defects and line defects. For
instance, Li and coworkers exhibited a facile strategy to prepare
WSe2�x/CNT with dislocations in basal planes, where edge
dislocations and Se vacancies were regulated by controlling the
atmosphere and temperature.111 It was found that Se vacancies
and edge dislocations appeared in the HRTEM. A moderate level
of defects could act as additional active sites for enhanced elec-
trochemical performances, but excessive defects had negative
effects on electron transport of the electrodes. Therefore,
WSe1.51/CNT delivered a high areal capacity of 11.3 mA h cm�2

and the excellent cycling stability. Lu and coworkers displayed
oxygen-decient a-Fe2O3 nanorods by annealing FeOOH under
N2 atmosphere (N–Fe2O3), which displayed signicantly
enhanced electrochemical properties compared with that of a-
Fe2O3 nanorods prepared in the air (A–Fe2O3).112 Mott–Schottky
plots shown the calculated donor densities of N–Fe2O3 and A–
Fe2O3 were 8.1 � 1019 and 5.5 � 1018 cm�3, respectively. It was
clear that donor densities increased by an order of magnitude
due to the formation of oxygen vacancies, which improved the
conductivity and the reactivity of the surface redox reaction to
accelerate the reaction kinetics, leading to high specic capaci-
tance, superior rate capability and excellent cycling stability.
Chen and coworkers systematically investigated the oxygen
defect density and location in TiO2 nanotube arrays (TNTAs) by
controlled post-annealing process.113 Specically, the as-
anodized TNTAs were rstly prepared by anodization, and
subsequently annealed in N2 under different temperatures to
tune the oxygen defect location and density (Fig. 4a). As shown in
Fig. 4b, X-ray diffraction (XRD) demonstrated that the enlarged
(101) peak shied to higher angles with increasing annealing
temperature, indicating the bulk oxygen defects decreased. More
details about the location and density of the oxygen defects were
obtained by the EPR measurements. It was found that the
surface-exposed oxygen defect density increased with increasing
annealing temperature, whereas the bulk-embedded oxygen
defect density decreased with increasing annealing temperature
(Fig. 4c and d). And DFT calculations revealed that the high
This journal is © The Royal Society of Chemistry 2022
density of bulk oxygen defects increased the excess electron
density near the adjacent Ti atoms, which facilitated the elec-
trons transfer to enhance the bulk charge storage. Similarly, the
high density of surface oxygen defects accelerated the Na+

adsorption kinetics, which boosted the surface charge storage
accordingly. Therefore, the N2-600 �C-annealed TNTAs displayed
the highest capacity of 289.2 mA h g�1 at 0.8C as well as
outstanding durability for Li-ion batteries, and the N2-900 �C-
annealed TNTAs exhibited a superior specic capacitance of
35.6 mF cm�2 and excellent stability in SCs.

Generally, in comparison to thermally annealing in the inner
atmosphere, hydrogenation is easier to obtain defects. The rst
induced oxygen vacancies under hydrogen environment can be
traced back to 1950s.114 Since then, hydrogenation has been
a universal strategy to introduce defects into the materials. In
2012, Lu and coworkers reported a hydrogenated TiO2 NTAs (H-
TiO2) at different temperatures as the electrode material for
SCs.62 The H-TiO2 NTAs prepared at 400 �C delivered enhanced
specic capacitance, approximately 40 times higher than that
obtained from air-annealed TiO2 (air-TiO2), which could be
attributed the fact that the H-TiO2 owned more oxygen vacan-
cies and hydroxyl groups, leading to improved electrical
conductivity and faster surface redox reactions to boost reaction
kinetics. Recently, Chi and coworkers made use of hydrogen
reducing atmosphere to prepare hydrogenated CoMoO4 (GF/H-
CoMoO4) and Fe2O3 (GF/H-Fe2O3) nanoplates on graphene
foam (Fig. 4e).115 During the hydrogenation process, Mo6+ and
Fe3+ were partially reduced to Mo4+ and Fe2+, respectively,
introducing oxygen vacancies. The assembled ASCs delivered an
improved volumetric specic capacitance, about 2 times higher
than that of Ni/GF/CoMoO4//Ni/GF/Fe2O3 device. The prom-
inent electrochemical performances for the GF/H-CoMoO4//GF/
H-Fe2O3 was attributed to the formation of oxygen vacancies
giving rise to their enhanced electrical conductivity for superior
reaction kinetics. Meanwhile, the presence of oxygen vacancies
can act as active sites to facilitate the redox reaction kinetics.
3.2 Chemical reduction

As an alternative to the above defect engineering relying on high
temperature, the chemical reduction has been developed to
engineer defects by using various reductive reagents like H2O2,
NaBH4, N2H4, CaH2, ethylene glycol, etc. Tao and coworkers
prepared FeNi2S4 with rich sulfur vacancies on the rGO nano-
sheets (r-FeNi2S4-rGO) via a solvothermal method followed by
NaBH4 reduction (Fig. 5a).116 During the reaction process, the
lattice S reacted with the NaBH4 to leave sulfur vacancies, which
could narrow the band gap, thus boosting intrinsic electrical
conductivity and charge transfer. At the same time, it could also
act as active sites to improve the utilization efficiency of the
electroactive surface for faster reaction kinetics and nally boost
the electrochemical performances. Taking LDH as an example,
NiMn-LDH was treated by H2O2 to form oxygen-vacancy abun-
dant NiMn-LDH (Ov-LDH) (Fig. 5b).117 The formed oxygen
vacancies endowed the LDH with more adsorption sites to boost
the interaction between LDH and OH�. Similarly, sulfur vacancy-
abundant CuCo2S4 could also be obtained through the former
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15273
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Fig. 4 (a) Synthesis procedure of black TNTAs. (b) The enlarged (101) peaks of XRD patterns of TNTAs annealed at 600 �C, 700 �C, 800 �C, and
900 �C in N2. EPR spin density of TNTAs annealed at 600 �C, 700 �C, 800 �C, and 900 �C in N2 atmosphere. (c) Bulk oxygen vacancy and (d)
surface oxygen vacancy. Reproduced with permission from ref. 113. Copyright 2021, Elsevier. (e) Schematic illustration of the synthesis of Ni/GF/
H-CoMoO4 and Ni/GF/H-Fe2O3 electrodes and the assembly of flexible solid-state ASC device with Ni/GF/H-CoMoO4 as the positive electrode
and Ni/GF/H-Fe2O3 as the negative electrode. Reproduced with permission from ref. 115. Copyright 2017, American Chemical Society.
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reduction method (Fig. 5c).118 Although these induced defects
have no obvious effect on crystal structure, defects endow the as-
prepared materials with enhanced electrical conductivity,
modulated electronic structures and increased active sites to
accelerate the reaction kinetics.
15274 | J. Mater. Chem. A, 2022, 10, 15267–15296
3.3 Electrochemical methods

Electrochemical approaches have attracted much attention due
to its low-energy-cost and short reaction duration, which can
engineer various defects, including point defects, line defects,
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Illustration of the synthesis process of FeNi2S4, FeNi2S4-rGO and r-FeNi2S4-rGO. Reproduced with permission from ref. 116. Copyright
2021, the Royal Society of Chemistry. (b) Schematic illustration of the two-step fabrication strategy for the hierarchical Ov-LDH 3D architecture
on nickel foam. Reproduced with permission from ref. 117. Copyright 2020, Wiley-VCH. (c) Schematic illustration of the synthesis of sulfur
vacancy-abundant CuCo2S4 on carbon fiber substrate. Reproduced with permission from ref. 118. Copyright 2021, Wiley-VCH.
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planar defects, and volume defects. The number of defects can
be adjusted by regulating the current density, voltage, reaction
time, etc. For instance, Mofarah and coworkers prepared
CeO2�x lms of different oxygen-decient concentrations by
varying the cyclic voltammetry scan rates and the number of
cycles.119 The Ce(OH)4 were rstly deposited on uorine-doped
tin oxide (FTO) glass substrates, followed by partial conver-
sion of Ce(OH)4 to CeO2, and nally CeO2�x were formed during
reverse scanning (Fig. 6a–c). XPS measurements veried that
the proportions of Ce3+ and O–Ce3+ were improved with the
increasing scan rates, indicating that more oxygen vacancies
were achieved. As displayed in Fig. 6d, the as-obtained CeO2�x

lms delivered volumetric capacitance of 1873 F cm�3, which
was about eightfold enhanced with the Ce3+ concentration
increased 2.5 times.

A constant voltage electrodeposition process is a typical elec-
trochemical method. Recently, Guo and coworkers developed
a universal converse voltage process to preparemany transitional-
metal-based compounds, including Co-, Ni-, Mn-, Fe-, and Cr-
based hybrids.120 As a representative example, the electrodeposi-
tionmethod was rstly used to construct the Co(OH)2 nanosheets
at a controlled voltage of �1.5 V, subsequently applying the
converse voltage at 1.5 V to obtain electric eld-activated CoOOH
(EA-CoOOH) (Fig. 6e). As shown in Fig. 6f and g, the as-prepared
EA-CoOOH hybrids displayed the ultrathin nanosheets with
abundant holes and defects, which was due to the partially
oxidized and in situ re-construction of Co(OH)2. The presence of
abundant holes and defects was benecial to expose more active
sites to boost the charge and mass transfer, responsible for the
improved electrochemical performances. Consequently, the EA-
CoOOH hybrids exhibited an excellent specic capacitance of
832 F g�1 at 1 A g�1 along with 78% retention as the current
increased to 200 A g�1 (Fig. 6h). Furthermore, a series of other
transition metal-based hybrids were synthesized via a converse
voltage process, which all demonstrated signicantly enhanced
capacitance for SCs compared with their untreated counterparts
(Fig. 6i). These results provided a universal method to introduce
defects in transition metal compounds. Ye and coworkers dis-
played a facile electrochemical strategy to prepare the low-
crystalline CoOOH nanosheet arrays (LC-CoOOH NAs), which
displayed signicantly enhanced electrochemical perfor-
mances.121 Numerous grain boundaries existed among the
different oriented grains, which could be identied in the
HRTEM. The grain boundaries would further introduce coordi-
native unsaturated Co edge sites, thus decreasing the total coor-
dination numbers of the Co–Co pathway in LC-CoOOH NAs to
enhance the electrochemical performances.

Additionally, electrochemical anodization of metals is also an
effectivemethod to engineer the defects. During anodization, the
metal will be oxidized to ions and then reacted with O2� to form
metal oxides.122 Introduction of oxygen vacancies into metal
oxides relies on the concentration of oxygen in the electrolyte
(e.g., H2O). The supply of oxygen is limited by the content of H2O,
resulting in an unsaturated oxide state and engineered oxygen
vacancies, which can adjust the content of oxygen vacancies to
some extent. For instance, Hazra and coworkers tuned the
content of oxygen vacancies in TiO2 nanotubes by controlling the
15276 | J. Mater. Chem. A, 2022, 10, 15267–15296
content of H2O in the electrolyte during anodization.123 Similarly,
other oxygen-vacancy abundant metal-oxides (e.g., Al2O3 and
ZnO) were prepared by the same method.124,125

3.4 Lithium-induced conversion

Lithium-induced conversion is recognized as a novel strategy
for the generation of defects in electrode materials. For
instance, Wu and coworkers displayed a universal electro-
chemical lithiation–delithiation method to prepare low-
crystalline CoO (LCCO) with disordered structure, which
demonstrated an excellent specic capacitance of 2154.1 F g�1

(299.2 mA h g�1) at 0.8 A g�1, superior rate capability and
cycling stability.126 Commercial CoO were used as precursors
and then assembled in the CR2025 coin cell for lithiation–
delithiation process. Li+ rst reacted with metal oxides in the
discharging procedure, suffering crystalline decomposition and
amorphization by the reduction reaction of CoO, then the
lithiation process caused volume expansion and Li2O matric
dispersed in the metallic Co. In the following delithiation
process, Li+ was extracted from the compounds, which caused
Li2O decomposition and the oxidation of metallic Co. In the
lithiation–delithiation process, the pristine CoO are transferred
into LCCO with disordered structure. The presence of disorder
obviously improved the electrochemical performance of the as-
assembled SCs. Wang and coworkers adopted the lithium-
induced conversion method to create defects in transition
metal oxides (TMOs, M ¼ Fe, Co, Ni, and their mixture).127 The
pristine CoO nanoparticles were rstly grown on carbon nano-
bers (CoO/CNFs), then assembled in a Li-ion battery pouch cell
for galvanostatic lithiation and delithiation processes (Fig. 7a),
in which the variation of morphology and crystalline nature
could be observed with the TEM, HRTEM and selected area
electron diffraction (SAED) (Fig. 7b–e). With the limited number
of lithium cycles, the metal oxides were transformed into
smaller ones and well preserved. Meanwhile, a number of grain
boundaries, dislocations and defects were introduced during
the delithiation process, which could be acted as additional
active sites and provided larger surface areas, leading to excel-
lent electrochemical performances. Zhang and coworkers
synthesized lithiated Co3O4 via Li intercalation process to
introduce oxygen vacancies, where the Li+ ions partially occu-
pied the tetrahedral sites and nearby empty octahedral sites to
form highly reactive Co2+ and Co3+ for fast redox reaction
kinetics (Fig. 7f).128 DFT calculations veried that the lithiated
Co3O4 shortened Co–O bond length and lowered adsorption
energy of OH�, allowing high reactivity for fast redox reactions
and promoting the charge storage capacity (Fig. 7g). Meanwhile,
lithiation-induced oxygen vacancies dramatically boosted the
electrical conductivity, leading to improved rate capability.
Therefore, the lithiated Co3O4 electrode displayed a superior
specic capacity of 260 mA h g�1, approximately fourfold
enhancement than the pristine Co3O4 (Fig. 7h).

3.5 Doping

As a conventional strategy to regulate the ingredients and
properties of electrode materials, doping heteroatoms into the
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Mechanism of CeO2�x thin-film deposition. Voltammograms obtained at a scan rate of 300 mV s�1: (a) 1st cycle. (b) 25th cycle. (c) 50th

cycle. (d) Three-dimensional plot showing volumetric capacitances at scan rates of 5–500 mV s�1 for thin films with Ce3+ concentration of 18,
26, 34 and 44 at%. Reproducedwith permission from ref. 119. Copyright 2019, Springer Nature. (e) Schematic illustration for the fabrication of EA-
CoOOH by the converse voltagemethod and the molecular structure of EA-CoOOHwith Co2+- and defects-enriched properties. (f) TEM image
of the EA-CoOOH hybrids. (g) HRTEM image of the EA-CoOOH hybrids. (h) Specific capacitance of the hybrids at different current densities. (i)
Schematic of the converse voltage technique for producing different hybrids including Co–OH, Mn–OH, Ni–OH, Cr/Cr(OH)3, and Fe/FeOOH.
Reproduced with permission from ref. 120. Copyright 2019, Wiley-VCH.
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Fig. 7 (a) TMO particles gradually change from single crystalline to ultra-small interconnected crystalline NPs. TEM, HRTEM and SAED images of
(b) pristine CoO/CNF, (c) 1-cycle CoO/CN, (d) 2-cycle CoO/CNF and (e) 5-cycle CoO/CNF. The yellow dash line in the upper image represents
the boundary of the whole particle. Scale bars in (b–e), upper, 5 nm; lower, 2 nm. Reproduced with permission from ref. 127. Copyright 2015,
Springer Nature. (f) Schematic illustration of the fabrication of lithiated Co3O4 via lithiation treatment. (g) Optimized structural models of Co3O4

with different lithiation state and corresponding OH� adsorption energies on Co site. (h) Specific capacity at various current densities. Repro-
duced with permission from ref. 128. Copyright 2020, Wiley-VCH.
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lattice of pristine compounds can also introduce defects.
Heteroatoms can be introduced into crystal lattices through
diffusion doping, accompanied with the generation of defects.
Various dopants including metal and nonmetal doping can
both enhance electrochemical performances to some extent. It
has been reported that the defects can be induced with the
doping of different metal ions. The anion vacancies will be
created to rebalance the charge when the low valence state
metal dopants substitute the original high valence state metal
nodes. For instance, Chen and coworkers reported the inuence
of Zn doping on R–MnO2 by DFT.129 The formation energies of
oxygen vacancies for the pristine and Zn-doped R–MnO2 in the
different sites were calculated, which demonstrated that the
introduction of Zn2+ could decrease the formation energies of
vacancies evidently. Fig. 8a displayed the charge density
difference of (010) and (110) lattice planes of Zn-doped R–MnO2

with oxygen vacancies. Aer the formation of oxygen vacancies,
the coordination number of Mn atoms near the vacancies was
decreased and the dangling bonds density by coordinative
unsaturated Mn was increased, leading to the improved
conductivity and activity of R–MnO2. As shown in Fig. 8b, it
could be observed that the surface oxygen vacancies obtained
the electrons from bulk Zn dopants, and then transferred to the
reaction sites where the oxygen vacancies and reduced Mn ions
would boost the redox reaction kinetics. Hao and coworkers
proposed a strategy to engineer defects in Co3O4 by introducing
lower valence-state Pd2+ doping.130 It was noted that the intro-
duced Pd2+ reduced the crystallinity of Co3O4 while obtaining
oxygen vacancies, which facilitated the ion/electron transfer,
leading to fast redox reaction kinetics and enhanced electro-
chemical reactivity. Beneting from these advantages, the Pd–
Co3O4 displayed a high specic capacitance of 1353 F g�1 at
a current density of 7 mA cm�2, which was almost two times
higher than that of pristine Co3O4 (Fig. 8c). Asaithambi and
coworkers reported the improved electrochemical properties of
SnO2 via different transition metals (Fe, Cu and Zn) doping.131

When the Sn4+ was substituted by other transition metals (Fe,
Cu and Zn), the oxygen vacancies would be formed to maintain
the local charge balance. Similarly, when the high valence state
dopants replace the host low valence state metal ion, the cation
vacancies can be engineered for charge balance, and thus
exhibits improved electrochemical performances. Hahn and
coworkers displayed the doping of Mo6+ into the g-Fe2O3 to
form ferrum vacancies, achieving excellent electrochemical
charge-storage performances in terms of capacity and
potential.132

Apart from metallic doping, nonmetallic doping can also
generate defects. For instance, Liu and coworkers proposed
a strategy to prepare phosphorus-containing CoMoO4 with
oxygen vacancies (P–CoMoO4�x).133 Specically, Co–Mo
precursor nanosheets were rstly grown on Ni foam through
a facile hydrothermal method, which were transformed into
CoMoO4 by a post-annealing treatment. Aer phosphorization,
P–CoMoO4�x nanosheets were achieved (Fig. 8d). As shown in
Fig. 8e, the main peaks of the Mo 3d binding energy of P–
CoMoO4�x corresponding to Mo6+ shied to higher binding
energy compared with CoMoO4 and the P–CoMoO4�x showed
This journal is © The Royal Society of Chemistry 2022
additional peaks of Mo4+ and Mo5+ at 229.6 and 230.4 eV,
respectively. The experiments and DFT calculations both
demonstrated that the introduction of P and oxygen vacancies
could efficiently regulate the electronic structures, thus
decreasing the band gap to boost electrical conductivity.
Furthermore, the Co–O bond energy was weakened by the
incorporating P into P–CoMoO4�x, resulting in the formation of
the lower oxidation state of Mo species, substantially facilitating
redox reaction kinetics and improving electrochemical perfor-
mances. Wang and coworkers prepared NiCo2O4/NiCoON core–
shell nanocomposite electrode via the hydrothermal and
nitriding method (Fig. 8f).134 The oxygen vacancies accompa-
nied with multivalent nickel and cobalt cations were introduced
to maintain neutrality when N atoms partially substituted the O
atoms in the NiCoON layer. The addition of N as dopants could
induce oxygen vacancies and generate an amorphous layer
(NiCoON) on the surface of NiCo2O4, which demonstrated
improved rate capability and energy density. Furthermore, the
discovery of the roles of other nonmetallic elements for defects
was investigated, such as F-doped TiO2

135 and S-doped, oxygen-
defective V6O13.136
3.6 Plasma treatment

Plasma technology has attracted tremendous attention in
recent years, which offers a possibility to quickly introduce
defects without damaging the pristine structures. Recently, low-
temperature plasma is applied in the fabrication and modi-
cation of materials due to their high electron temperature, high
energy properties and low gas temperature.137 During plasma
treatments, ionic or covalent bonds will be broken to release the
lattice atoms, thus inducing defects. Moreover, plasma treat-
ment simplies the process of synthesis and guarantees the
purity of the as-prepared samples. Wei and coworkers prepared
N-doped and oxygen vacancy-rich NiCo2O4 microporous nano-
grass (N-Ov-NCO MiNG) via a plasma activation (Fig. 9a).138 The
amount of oxygen vacancies was controlled by varying the pro-
cessing time of NCOmesoporous nanograss (NCOMeNG) in N2/
Ar plasma. EPR of pristine NCO MeNG and N-Ov-NCO MiNG
with plasma treatment of different time were performed, which
displayed higher intensities of EPR signals with the plasma
treatment, indicating that more oxygen vacancies were ach-
ieved. The DFT calculations further disclosed the presence of N
dopants and oxygen vacancies effectively improved the elec-
trical conductivity and lowered adsorption energy of OH�, thus
boosting redox reaction kinetics to achieve superior energy
storage performance. Chang and coworkers successfully
prepared NiSe2 nanosheets with ultrathin porous structure and
selenium vacancies (NiSe2 PNSvac) via plasma-exfoliation
method (Fig. 9b).68 The incorporation of selenium vacancies
improved the conductivity to promote the electron transport,
which delivered the superior electrochemical performances
including specic capacity, rate capability and cycling stability.
Apart from the formation of vacancies, the plasma treatment
could also introduce other defects. For instance, the PH3

plasma treatment on Fe2O3 could engineer abundant line
dislocations and expose more active sites.139 Additionally,
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15279

https://doi.org/10.1039/d2ta02930h


Fig. 8 (a) Charge density difference of Zn-doped (010) and (110) surfaces for R–MnO2 with the oxygen vacancy of site I. The blue and yellow
areas stand for electron loss and gain, respectively. (b) Sketch of the influences on the materials from Zn doping. Reproduced with permission
from ref. 129. Copyright 2015, the Royal Society of Chemistry. (c) Specific capacitance of the as-prepared Co3O4 and Pd–Co3O4 as a function of
current density. Reproduced with permission from ref. 130. Copyright 2018, The Royal Society of Chemistry. (d) Schematic of the three-step
strategy in preparing P–CoMoO4�x nanosheets. (e) High-resolution XPS spectra of Mo 3d. Reproduced with permission from ref. 133. Copyright
2019, Elsevier. (f) Schematic of the fabrication procedure of the NiCo2O4/NiCoON core–shell nanowires and it as electrodes for redox reaction.
Reproduced with permission from ref. 134. Copyright 2020, Wiley-VCH.
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Fig. 9 (a) Schematic illustration for fabrication of the N-Ov-NCO MiNG-x. Reproduced with permission from ref. 138. Copyright 2022, Elsevier.
(b) Schematic procedure for the preparation of NiSe2 PNSvac. Reproduced with permission from ref. 68. Copyright 2018, American Chemical
Society. (c) Schematic diagram of the formation mechanism for the UCNG composites. Reproduced with permission from ref. 141. Copyright
2018, Wiley-VCH. (d) The fabrication process of the MoS2�x@CNTs/Ni. Reproduced with permission from ref. 65. Copyright 2019, Elsevier. (e)
Morphology change of NiFe-LDH treated by flame for different periods of time. Reproduced with permission from ref. 143. Copyright 2018,
Wiley-VCH. (f) The structural evolution of EG during ball-milling. Reproduced with permission from ref. 150. Copyright 2019, Wiley-VCH.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
7/

30
/2

02
2 

2:
56

:4
2 

A
M

. 
View Article Online
oxygen vacancies were also created accompanying the forma-
tion of dislocations. Compared with the pristine Fe2O3, plasma-
activated Fe2O3 showed simultaneously improved conductivity
as well as more active surface area, and thus achieving greatly
enhanced performances. Tao and coworkers exhibited the edge-
rich and dopant-free graphene by Ar plasma treatment.140 The
SEM images displayed the similar macroscopic surface of
pristine graphene and plasma-treated graphene, suggesting
that Ar plasma etching did not seriously damage on graphene
structure. However, it could be clearly seen that the pristine
graphene demonstrated a smooth surface, whereas there were
many voids on the plasma-treated graphene, leading to
improved active sites. And in the Raman spectra, it further
veried that the defect sites increased by generating voids and
edges. Therefore, it delivered a superior electrochemical
performance. As such, the kinds and concentrations of defects
This journal is © The Royal Society of Chemistry 2022
can be efficiently adjusted based on the plasma gas types, pro-
cessing time and intensity.
3.7 Laser treatment

Laser irradiation, acting as an advanced method to introduce
the defects, can afford high-temperature environment and lead
to rapid heating or cooling rate, which promote the formation
of defects. Yang and coworkers developed a novel laser irradi-
ation method to prepare the oxygen-vacancy abundant and
ultrane Co3O4 nanoparticles/graphene (UCNG) composites.141

During the irradiation process, the reduced graphene oxide (LG)
and abundant oxygen vacancies on the ultrane Co3O4 nano-
particles surface were achieved by virtue of the generation of
electrons from water in such an extreme nonequilibrium reac-
tion system (Fig. 9c). Meanwhile, LG with numerous defect sites
provided nucleation sites for anchoring the ultrane Co3O4
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15281
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nanoparticles. DFT calculations revealed that the oxygen
vacancies could effectively facilitate the charge transfer by
building midgap electronic states. The resulting of the UCNG
composites delivered high specic capacitance and excellent
cycling stability. Sun and coworkers proposed the pulsed laser
deposition (PLD) to deposit sulfur-decient MoS2 nanolayer
(MoS2�x) on CNTs surface to form MoS2�x@CNTs core–shell
structure (Fig. 9d).65 Experiments and DFT calculations veried
that sulfur vacancies could introduce deep acceptor levels in
MoS2 monolayers to trap electrons and boost the electron
mobility, which enabled the MoS2�x@CNTs with superior
energy storage capability. This strategy is a powerful way to
introduce defects into materials for SCs.

3.8 Flame reduction

Flame treatment as a novel strategy, has unique characteristics of
open atmosphere operation, tunable reduction environment, and
ultra-fast aming rate. In 2002, Khan et al. rstly reported ame
reduction to prepare TiO2, which displayed enhanced photo-
chemical water splitting performance than the TiO2 synthesized
by oven method.142 Following this pioneering study, more
research was performed to introduce defects into materials by
this strategy. Recently, Zhou and coworkers used ame treatment
to create abundant oxygen vacancies into NiFe-LDH nanosheets,
which demonstrated excellent electrochemical performances.143

As shown in Fig. 9e, the oxygen vacancies were rstly generated
due to the reducing ame treatment (CO to CO2). As treatment
time prolonged, the oxygen vacancies were gradually accumu-
lated in some specic areas and hexagonal cavities with (110)
edges were exposed. Finally, the LDH nanosheets were collapsed
by ame treatment for 120 s. Treated by reducing ame for only
30 s, the engraved NiFe-LDH array exhibited prominent electro-
chemical performances, which could be attributed to the fact that
the induced defects facilitated the adsorption and diffusion of
OH�, O2, and other intermediates for faster reaction kinetics. Wu
and coworkers reported the fabrication of TiO2�x with control-
lable oxygen vacancies by varying the deposition time of the
samples on the substrate.144 EPR studies demonstrated that the
signal at g ¼ 1.93 signied the existence of Ti3+ in TiO2�x. Almost
no signal was observed with prolonged exposure to air during the
deposition, which was attributed to the Ti3+ oxidized to Ti4+. It
was found that a moderate level of defects together with the
formation of grain boundaries and oxygen vacancies could
enhance the charge separation to achieve superior performances.
The versatility of the ame reduction was applied in many other
various materials, such as CeO2,145 ZnO,146 BiVO4

147 and SnO2.148

Although ame reduction is a feasible strategy to introduce
defects, the possible effects of doping non-metallic elements,
such as carbon are not clear.

3.9 Ball milling

Ball-milling treatment is an economical method to create
defects in materials. During the process, the materials suffer
from decrease in volume and more defects are exposed, which
contribute to optimized electrochemical performance.149 For
carbon materials, more edge defects are engineered by
15282 | J. Mater. Chem. A, 2022, 10, 15267–15296
mechanical ball-milling. Dong and coworkers prepared defect-
enriched graphene block (DGB) by ball-milling treatment
(Fig. 9f).150 A large number of intrinsic defects were engineered
into the expanded graphene (EG) on the inner and edge of the
layer by the high energy mechanical shock where the randomly
distributed sp3 carbon was surrounded by the sp2 carbon to
form sp2/sp3 hybrid structure. Moreover, the original at and
crystallized EG platelets were folded, cut, and reassembled into
a clumpy morphology aer ball-milling. These abundant
defects led to inhomogeneous charge distributions and crystal
lattice distortions, which acted as active sites for electro-
chemical storage. With respect to the ball-milling treated
commercial graphite powder, Li and coworkers found that
different proportions of basal-, edge- and defect-surfaces were
obtained during the ball-milling process.151 It revealed that the
defect-surfaces played an important role in the specic capaci-
tance, whereas the basal-surfaces had less effects on the specic
capacitance. Although the defect concentration can be regu-
lated by varyingmilling power and time, there is still a challenge
to control the type of defects.

3.10 Hydrothermal/solvothermal reaction

The hydrothermal/solvothermal reaction is a simple route to
engineer defects into the materials. For instance, Xie and
coworkers demonstrated a novel strategy for engineering
defects into MoS2 to expose more active edge sites by tailoring
the ratio of hexaammonium heptamolybdate tetrahydrate and
thiourea.152 Many dislocations and distortions were observed in
the HRTEM, suggesting a novel defect-rich structure. Moreover,
it could be seen that a relatively disordered atomic arrangement
on the basal surface, which led to the cracking of the basal
planes, thus exposure of additional active edge sites. With the
unique defect-rich structure, the defect-rich MoS2 ultrathin
nanosheets displayed excellent electrochemical performances.

3.11 Vacuum treatment

Vacuum treatment is a universal strategy to introduce defects
into metal oxides, which can engineer planar defects while
introducing point defects. For instance, Wu and coworkers
fabricated anatase-TiO2–rutile-TiO2 composites with oxygen-
decient and high grain-boundary density (a-TiO2�x/r-TiO2�x)
by the electrospinning and subsequent vacuum treatment.153

The HRTEM of a-TiO2�x/r-TiO2�x displayed the lattice disorder
on the surface, suggesting the presence of oxygen vacancies,
which improved the electronic conductivity. Moreover, the
grain boundaries between the rutile and anatase phase could be
observed for a-TiO2�x/r-TiO2�x sample, which served as chan-
nels to facilitate ions diffusion in TiO2 matrix. Consequently,
the a-TiO2�x/r-TiO2�x exhibited a high specic capacity, supe-
rior rate capability and excellent cycling stability.

In conclusion, the defects can be engineered by the following
aspects. On one hand, the ionic or covalent bonds are broken to
release the atoms or add the atoms for disrupting the periodi-
cally ordered permutation of the crystal and rearranging the
atoms in the pristine crystals. On the other hand, the growth
kinetics of crystals can be adjusted to realize the defects
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta02930h


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
7/

30
/2

02
2 

2:
56

:4
2 

A
M

. 
View Article Online
formation during the synthesis process. Various methods have
different effects on electrochemical properties. In order to
obtain desirable electrochemical performances of SCs, precise
control of the strategies to optimize the defect is necessary. The
preparation of some electrode materials by defect engineering
is summarized in Table 2. In addition to the above-mentioned
methods, there exist some other novel strategies, including
etching method,154 pressure hydrogenation,155 photo-reduc-
tion156 and so on. An appropriate method needs to be chosen
based on comprehensive considerations (e.g. simple operation,
low cost and environmental friendliness).
4. Characterization of defects

The characterization of defects is essential to gain a deep
insight into the relationship between structure and reactivity,
which offers a basic guide for designing high-performance
electrodes. Therefore, some common characterizations
towards defect studies will be summarized in this section for
further defective exploration.
4.1 Electron Paramagnetic Resonance (EPR)

EPR spectroscopy is a powerful tool to detect unpaired electrons
and surrounding structural properties.157 Defects can trap
electrons or holes to generate an unpaired electron-occupied
Table 2 Summary of defect engineering in electrode materials

Electrode
materials

Defect
type Defect category Methods Ele

F–CuCo2S4�x Point
defects

F doping and S
vacancies

Chemical reduction 1 M

r-CoNi2S4 Point
defects

S vacancies Chemical reduction 6 M

NiSe2 PNSvac Point
defects

Se vacancies Plasma 1 M

UCNG Point
defects

O vacancies Laser treatment 2 M

EA-CoOOH Point
defects

O vacancies Electrochemical
methods

6 M

Li1–Co3O4 Point
defects

O vacancies Lithium-induced
conversion

6 M

N-Ov-NCO
MiNG-15

Point
defects

N doping and O
vacancies

Plasma 6 M

Cu–Co9S8 Point
defects

Cu doping Doping 6 M

Pd–Co3O4 Point
defects

Pd doping Doping 6 M

Co(P,S) Point
defects

S doping Doping 6 M

Cu:CoP-0.5 Point
defects

Cu doping Doping 2 M

DGB Point
defects

Self-doping Ball milling 6 M

M/RGO-6 Line
defects

Edge defects Hydrothermal
reaction

1M

Fe2O3–P Point
defects

P doping and O
vacancies

Plasma 1 M
Na

N–Fe2O3 Point
defects

O vacancies Thermal treatment 5 M

This journal is © The Royal Society of Chemistry 2022
state, inevitably leading to change of the EPR signal, which
has a high sensitivity of 1010 spins, corresponding to the species
mole sensitivity of 10�14 mol.158 The information about the
kinds of defects and relative concentration can be obtained by
analyzing the different g values and signal intensities. Zhang
and coworkers investigated the oxygen-vacancy content in Fe2O3

by annealing at different temperatures.159 The EPR spectra dis-
played that the signal at g ¼ 2.002 signied the existence of
oxygen vacancy. Moreover, the intensity of EPR spectra
enhanced with the increased temperature, indicating that more
oxygen vacancies were achieved (Fig. 10a). Many researchers
attributed the EPR signal with a g factor of 2.0023 to the elec-
trons of oxygen vacancies,160 but the explanation is uncon-
vincing, which is due to the fact that other species like the cOH
radicals also possessed a g factor at 2.0023.161 Therefore, it is not
safe to take EPR as the only evidence to verify the existence of
the defects. It should be associated with other technologies to
further conrm the presence of the defects. In summary, the
ultra-high sensitivity of EPR makes it a good candidate to detect
the low concentration of defects, but may also mislead inter-
pretation by the signals from other species.
4.2 Raman spectroscopy

Raman spectroscopy is a versatile method to detect impurities
and defect states by the ngerprints of vibrational signals.162
ctrolyte
Potential
window Capacity Stability Ref.

KOH 0–0.6 V 2202.7C g�1 at 1 A g�1 96.7% aer 5000
cycles

66

KOH 0–0.5 V 1117C g�1 at 2 A g�1 81% aer 4000
cycles

67

KOH 0–0.7 V 466 F g�1 at 3 A g�1 81.3% aer 1000
cycles

68

KOH �0.05 to 0.45
V

978.1 F g�1 1 A g�1 99.3% aer 20 000
cycles

141

KOH 0–0.6 V 832 F g�1 at 1 A g�1 90% aer 10 000
cycles

120

KOH 0–0.5 V 260 mA h g�1 at 1 A g�1 92% aer 5000
cycles

128

KOH 0–0.5 V 2986.25 F g�1 at 1 mA
cm�2

96.5% aer 12 000
cycles

138

KOH 0–0.5 V 2636 F g�1 at 2 A g�1 94.0% aer 5000
cycles

47

KOH 0–0.6 V 1353 F g�1 at 7 mA cm�2 95.0% aer 5000
cycles

130

KOH �0.2 to 0.45
V

610 F g�1 at 1 A g�1 99% aer 10 000
cycles

85

KOH �0.1 to 0.6 V 113.3 mA h g�1 at
8 A g�1

85.7% aer 5000
cycles

86

KOH �0.9 to 0.1 V 235 F g�1 at 1 A g�1 100% aer 10 000
cycles

150

H2SO4 �0.8–�0.1 V 442 F g�1 at 1 A g�1 90.3% aer 1000
cycles

26

2SO4

�0.8 to 0 V 340 mF cm�2 at 1 mA
cm�2

83% aer 5000
cycles

139

LiCl �0.8 to 0 V 382.7 mF cm�2 at 0.5
mA cm�2

95.2% aer 10 000
cycles

112
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Fig. 10 (a) EPR spectra of the pristine and annealed Fe2O3 samples. Reproduced with permission from ref. 159. Copyright 2020, Elsevier. (b)
Raman of CVD grown MoS2 with oxygen plasma treatment. Reproduced with permission from ref. 165. Copyright 2016, American Chemical
Society. High-resolution XPS spectra of MnOx nanowires and MnOx/PPy nanowires. (c) O 1s and (d) Mn 2p. Reproducedwith permission from ref.
167. Copyright 2020, Elsevier. High-resolution XPS spectra of NiCoS-12 with different plasma treatment durations. (e) Co 2p and (f) Ni 2p.
Reproduced with permission from ref. 168. Copyright 2020, the Royal Society of Chemistry.
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Various chemical bonds possess their unique vibration modes,
which can verify the presence of defects in the as-prepared
materials. Specically, the defects will change the vibrational
modes of the pristine hosts manifested by peaks shi, varied
vibration strengthen or new vibrational modes. The G and D's
bands of graphene in Raman spectra are typical examples to
conrm the presence of defects.163 Similarly, the MoS2 display
two characteristic Raman peaks with A1g and E1

2g.164 Ye and
coworkers displayed a detailed analysis of the Raman modes in
defective MoS2 by oxygen plasma that were accompanied with
blue and red shi of their respective A1g and E1

2g (Fig. 10b).165

Meanwhile, the intensity of A1g and E1
2g peaks demonstrated

a signicant decrease compared with the initial monolayer
MoS2. These Raman spectra veried the existence of lattice
distortion by oxygen plasma. Raman spectroscopy can also
analyze black or water-containing samples, but the overlap of
15284 | J. Mater. Chem. A, 2022, 10, 15267–15296
different vibration peaks and the intensity are easily affected by
optical system parameters.
4.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS is an effective spectroscopic technique to investigate the
chemical compositions and electronic states of materials.166 The
existence of defects in the as-prepared samples will change the
electronic structures and chemical environment of constituent
elements, leading to peak shi, intensity variation or generation
of new peaks. Fu and coworkers demonstrated the O 1s spectra
of MnOx and MnOx/PPy, which could be frequently deconvo-
luted into two distinct peaks corresponding to the (Mn)–O–(H)
at 532.3 eV and the (Mn)–O–(Mn) at 529.5 eV.167 But the peak at
531.3 eV corresponding to the oxygen vacancies only appeared
in the MnOx/PPy (Fig. 10c), which conrmed the generation of
the oxygen vacancies. Meanwhile, Mn2+ and Mn3+ in the MnOx/
This journal is © The Royal Society of Chemistry 2022
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PPy were produced based on electrostatic equilibrium when
there existed oxygen vacancies in MnOx/PPy (Fig. 10d). Wang
and coworkers reported that variation of sulfur-vacancy
concentration could be characterized by the changes of
cationic valence state.168 The ratio of Ni2+/Ni3+and Co2+/Co3+ for
NiCoS-12 with different plasma treatment durations increased
from 1.078 and 1.329 to1.344 and 1.820, respectively (Fig. 10e
and f), indicating more Co2+ and Ni2+ obtained with longer
plasma treatment duration, which veried more sulfur vacan-
cies were achieved in the plasma-treated samples.

4.4 X-Ray Diffraction (XRD)

XRD is a basic but essential means to study crystalline structure,
which can identify the phase of examined materials and provide
details about structural information such as lattice parame-
ters.169 The defects in the materials disrupt the periodically
ordered permutation of the crystal, leading to the variation in
the dimension of nanomaterials, such as peak shi and peak
width. For instance, Kim and co-workers prepared the reduced
a-MoO3�x (R–MoO3�x) by microwave hydrothermal synthesis.170

As shown in Fig. 11a, the diffraction peaks of R–MoO3�x were
corresponding to the a-MoO3 (JCPDS No. 35-0609). A higher
magnication of the blue rectangular area shown in the
Fig. 11b, the diffraction peaks of R–MoO3�x shied to lower
angles compared with fully oxidized MoO3 (F–MoO3), indicating
that the larger interlayer spacing was achieved. Although the
easy-operation of XRD makes it a good choice to study the
defects, it is still a challenge to detect the concentration of
defects due to the sensitivity of XRD. Taking TiO2 as an example,
0.1 mol% oxygen vacancies was too low to be detected for XRD,
even though they can lead to four orders of magnitude carrier
concentration higher than the pristine TiO2.171

4.5 X-Ray Absorption Spectroscopy (XAS)

According to the absorption range, XAS can be classied into X-
ray absorption near edge structure (XANES) and extended X-ray
absorption ne structure (EXAFS). These two methods provide
complementary structural information in which the XANES
provides details about the electronic structure and coordination
environment of the metal atoms, and the EXAFS demonstrates
the types, number, and distance to ligands.172 Fenta and
coworkers utilized EXAFS and XANES to investigate defects in
Cu–MnO.173 As shown in Fig. 11c, the Cu K-edge XANES showed
the presence of Cu0 and Cu+. The Mn K-edge XANES in Fig. 11d
displayed the predominantly Mn2+ and Mn4+ in Cu–MnO and a-
MnO2, respectively, but the absorption edge of Cu–MnO shied
to a higher energy compared with the corresponding standard
MnO, indicating that a higher average oxidation state of Mn was
achieved, which could be attributed to the formation of Mn
vacancies. The corresponding tting results of the EXAFS
spectra were shown in Fig. 11e. For a perfect cubic MnO, the
coordination number of the Mn–O and the Mn–Mn was 6 and
12, respectively, whereas the lower coordination number in Cu–
MnO was 4.3 and 5.9, respectively, indicating the generation of
Mn vacancies and O vacancies in the Cu–MnO. It is worth noted
that the XAS is mainly for an average assessment of bulky
This journal is © The Royal Society of Chemistry 2022
samples, which is unable to distinguish scattered atoms with
little variation of atomic number.

4.6 Positron Annihilation Spectroscopy (PAS)

PAS is a sensitive technique for the investigation of vacancy-type
intrinsic defects, which utilizes annihilation of positrons with
electrons to achieve information on the defect state.174 When the
positrons enter into the crystal, they will emit g-rays due to
annihilated with electrons, which delivers information about the
positron lifetime. Defects (such as vacancies, voids and disloca-
tions), as effective traps for the injected positrons, vary the
positron lifetime, which reects the information regarding the
type and their relative concentration of defects. Yin and
coworkers characterized a series of MoSe2 by PAS to gain infor-
mation about the type and relative concentration of defects.175 As
shown in Fig. 11f, the MoSe2 displayed three representative
lifetime components whereas the s3 could be ignored due to its
low fraction. The shortest life component of s1 was ascribed to
positron annihilation trapped at molybdenum vacancies, while
the longer component (s2) could be assigned to the large disorder
clusters. The content of molybdenum vacancies was further ob-
tained by the relative intensity (I) of positron lifetime. It was
observed that I2 decreased with the temperature increased from
140 to 200 �C, indicating that the large disorder clusters were
dominant in the as-prepared samples at low temperature.
Conversely, molybdenum vacancies became predominant in the
as-prepared samples at the temperature higher than 160 �C
(Fig. 11g). Thus, the PAS results exhibited that the reaction
temperature could effectively tune the content of molybdenum
vacancies. Although PAS allows nondestructive characterization
in common modes of operation, the application of PAS needs
relatively more samples and the procedures are slow.176

4.7 Scanning and transmission electron microscopies

With the innovation of transmission electron microscopy
technologies, some advanced visual tools, namely high-
resolution transmission electron microscopy (HRTEM), scan-
ning transmission electron microscopy (STEM) and aberration-
corrected transmission electron microscopy (ACTEM), are
available to directly image the atomic structure of the samples
to unveil the existence of defects.177 For example, Yan and
coworkers directly observed vacancies, dislocations and voids in
the HRTEM images (Fig. 11h–j).178 Furthermore, Li and
coworkers utilized the ACTEM to study the sulfur vacancies in
Ar-plasma-treated MoS2 lm.179 As shown in Fig. 11k, there were
four types of spots in which contained spots with the two S
atoms (brighter and bigger dots), one S atom (darker and
smaller dots) and no S atom (totally dark), but no Mo-vacancies
(Mo removal), which conrmed the formation of S vacancies. In
addition, the concentration of S vacancies was further quanti-
tatively analyzed. By counting the number of the sulfur vacan-
cies and Mo atoms in Fig. 11k, it was estimated that the average
sulfur vacancies percentage over ten such areas was 12.5% �
2.5%. While the data of the visual tools are straightforward to
interpret, its principal limitation is thicknesses, which must be
thin enough to transmit electrons.
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15285
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4.8 Other complementary characterization techniques

In addition to the above-mentioned characterization methods,
other techniques (i.e., inductively coupled plasma atomic
emission spectrometer (ICP-AES), photoluminescence spec-
troscopy (PL), X-ray uorescence (XRF) and Fourier transform
infrared spectroscopy (FTIR)) can also be employed as assisted
methods for detecting defects. These characterizations are
easily accessible, which provides a rst indication on the
formation of defects.

In summary, various advanced techniques have their unique
features in characterizing defects. Table 3 lists their identica-
tion and limitation to detect defective materials. The combi-
nation with some of these techniques is performed together for
mutual conrmation purposes, which can achieve a compre-
hensive understanding of the defects. Even so, it is still a great
challenge to further improve the accuracy of the
characterizations.
Fig. 11 (a) XRD patterns of R–MoO3�x and F–MoO3 and (b) the corre
Reproduced with permission from ref. 170. Copyright 2016, Springer Natu
the Cu–MnO nanospheres. (d) Mn K-edge XANES spectra of d-MnO2 an
fitting results of the EXAFS spectra of MnO and Cu–MnO. Reproduced
Chemistry. (f) Positron lifetime spectra of the MoSe2-x-T samples, where
T denotes the hydrothermal reaction temperature. (g) I1 and I2 as a functio
with permission from ref. 175. Copyright 2017, Wiley-VCH. (h–j) HRT
Reproduced with permission from ref. 178. Copyright 2018, American Ch
about 43 S-vacancies (�11.3% S-vacancy). Reproduced with permission

15286 | J. Mater. Chem. A, 2022, 10, 15267–15296
5. The role of defects in electrode
materials

As an important component of SCs, electrode materials have
decisive effects on electrochemical performances. The exis-
tence of defects is believed to deteriorate the charge storage
performances of the host materials in the past decades. With
the development of advanced characterization combined
with electrochemical analysis, the researchers nd the fact
that the deliberately incorporated defects are benecial to
the energy storage by improving electrical conductivity,
promoting ion diffusion and electron transfer, and providing
extra electroactive sites, etc. The major effects of defects on
electrode materials will be summarized in this part to
provide a comprehensive insight into the engineering of
defects.
sponding selected XRD pattern insets of the (020), (040) and (060).
re. (c) Linear combination fit results of the Cu K-edge XANES spectra of
d Cu–MnO with the corresponding standards MnO and MnO2. (e) The
with permission from ref. 173. Copyright 2020, the Royal Society of
x represents the molar ratio of NaBH4 to NaMoO4$2H2O precursor and
n of the reaction temperature for theMoSe2-4-T samples. Reproduced
EM images of cobalt oxalate ions intercalated Co(OH)2 nanosheets.
emical Society. (k) ACTEM image of a 4 � 4 nm2 MoS2 monolayer with
from ref. 179. Copyright 2016, Springer Nature.

This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta02930h


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
7/

30
/2

02
2 

2:
56

:4
2 

A
M

. 
View Article Online
5.1 Tuning the electronic structures

Tuning the electronic structures is of critical importance for
optimizing electrochemical energy storage ability. The atoms
neighboring defects may cause variation of chemical environ-
ments, and both spin and charge will be redistributed by
regulating the electronic structures, leading to improved elec-
trochemical performances accordingly. Meng and coworkers
investigated the electronic structures of the Ni doped W18O49

(NWO) by DFT.180 As shown in Fig. 12a, the Fermi energy level
(Ef) of the pristine W18O49 (PWO) was located in the range of
conduction band, which belonged to the conductor. Compared
with the PWO, the d orbit of Ni contributed greatly to the Ef of
the NWO, leading to enhanced electric conductivity for superior
redox reaction kinetics (Fig. 12b). Moreover, the electron
density difference was calculated to visually exhibit the elec-
tronic structures of PWO activated by Ni atoms (Fig. 12c and d).
Due to doped Ni atoms, the electron cloud of W atoms near the
Ni atoms was deformed and even overlapped with that of some
O atoms and the electron density difference of W atoms near Ni
atoms enhanced, which were benecial to enhance the pseu-
docapacitance performance of PWO. However, it should be
noted that excessive dopants led to distorting the crystal
structures. With the electronic structure engineering by Ni
atoms, the optimal NWO with 4.21 at% Ni delivered an ultra-
high specic capacitance of 557 F g�1 at a current density of
1 A g�1 with excellent long-term cycling stability. Huang and
coworkers prepared Ni0.85Co0.15WO4 with edge dislocations by
a chemical coprecipitation method.36 The edge dislocations
were clearly observed in the fast Fourier transformation
diffraction patterns, which efficiently decreased the band gap to
improve the electrical conductivity. As a result, the Ni0.85-
Co0.15WO4 electrode delivered a high specic capacity and
superior rate capability. Wu et al. prepared defect-rich MoS2
ultrathin nanosheets, where structural defects or disorder
affected the electronic structures of the as-prepared samples to
tailor the activity of the reactive sites.181 The HRTEM image of
Table 3 Summary of techniques to characterize defects in electrode m

Techniques Identication

EPR Electron spin states with diffe
value correspond to various d

Raman Peaks shi, varied vibration
strengthen or new vibrationa
modes appear

XPS Peaks shi, intensities vary o
peaks generate

XRD Shi in the peaks position an
broaden the peaks width

XAS Valence states or bond length
change

PAS The positron lifetime varies

Scanning and transmission electron
microscopies

Interlayer spacing or arrange
of atoms changes, and atomi
monitors

This journal is © The Royal Society of Chemistry 2022
the defect-rich MoS2 ultrathin nanosheets displayed many
defects in the crystals, indicating a defect-rich structure, which
regulated the electronic structures to improve the activities and
electrical conductivity as well as contributed to enhanced
stability of the ultrathin nanosheets. Zhang and coworkers
exhibited that Fe atoms could effectively regulate the electronic
structures to optimize the electrochemical properties of Fe-
doped Co3O4 electrode, which displayed a high specic
capacity of 1997 F g�1 at 1 A g�1, superior rate capability and
outstanding cyclic stability.182 The differential charge densities
of Fe-doped Co3O4 with different Fe doping concentrations were
shown in Fig. 12e–g. It could be observed that the electrons were
accumulated on the Co and O atoms in each case, whereas the
holes were le on the Fe atoms, thus facilitating faradaic redox
reactions on the Co sites. Moreover, the DOS displayed that the
introduction of Fe atoms regulated the local electronic struc-
tures, leading to an improved electronic conductivity of Co3O4

(Fig. 12h). Specically, compared with that of pure Co3O4, the
contribution from d orbit of Fe greatly increased the electronic
states around the Fermi level, which further veried that the
presence of Fe atoms as electron donors was benecial to
enhance the conductivity of Co3O4 for superior reaction
kinetics. Similar results have also been conrmed experimen-
tally by electrochemical impedance spectroscopy (EIS). For
instance, Chang and coworkers demonstrated a lower Rs value
of Fe doped NiCoP nanoarrays with different doping concen-
trations (Fe–NiCoP/NF-x%, x ¼ 4, 6.25, 12.5, 25) compared with
the pristine NiCoP in the high frequency region, indicating that
the introduction of the Fe ions signicantly enhanced electrical
conductivity (Fig. 12i).183 In the low frequency region, Warburg
coefficient (s) of the Fe–NiCoP/NF-x% were smaller than the
pristine NiCoP, which veried the faster ion transport aer the
Fe doping (Fig. 12j). Meanwhile, the corresponding character-
istic relaxation time constant s0 of Fe–NiCoP/NF-x%was smaller
than the pristine NiCoP, further indicating the high-speed ion
diffusion behavior, which was in good agreement with the
aterials

Limitation Ref.

rent g
efects

Unpaired electrons are all EPR-
active

158 and 160

l
Easily affected by optical system
parameters

162 and 165

r new The analyses are limited to the
surface and subsurface of materials

166

d Detect concentration of defect is
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Fig. 12 Density of state (DOS) and the partial density of state (PDOS) of (a) PWO and (b) NWO-L. The electron density difference of (c) PWO and
(d) NWO-L. Reproduced with permission from ref. 180. Copyright 2018, Wiley-VCH. (e–g) Differential charge densities of Fe-doped Co3O4 with
different Fe doping concentrations, the cyan color indicates the loss of electrons whereas orange shows the gain of electrons. (h) Spin-up and
spin-down total DOS for pure Co3O4 and Fe-doped Co3O4. Reproduced with permission from ref. 182. Copyright 2017, the Royal Society of
Chemistry. Pristine NiCoP/NF and Fe–NiCoP/NF-x% electrodes for (i) Nyquist profiles. (j) Z0 versus u�1/2 plots at a low-frequency zone. (k) Bode
plots of the phase angle versus frequency. Reproduced with permission from ref. 183. Copyright 2021, the Royal Society of Chemistry.
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Nyquist plots (Fig. 12k). Overall, defects engineering by tuning
the electronic structures can effectively improve the electrical
conductivity towards faster reaction kinetics and obtain
unprecedented electrochemical charge storage performances.
5.2 Promoting ion diffusion kinetics

For most SC electrodes, ion diffusion kinetics is one of the most
important factors to achieve excellent rate capability, especially
at high scan rates and current densities. In recent years,
researchers have found that the existence of the defects can
signicantly decrease the diffusion energy barriers, thus
promoting the ion diffusion kinetics. Liu and coworkers
investigated the insertion and extraction behavior of Na+ in
MoS2 with and without P-doping by DFT.184 Two extreme cases
were calculated, respectively, corresponding to the low and high
concentration of Na+ on MoS2 and P doped MoS2. The energy
proles of dilute Na-ion diffusion on the pure MoS2 and P
doped MoS2 were shown in Fig. 13a and b. It should be noted
15288 | J. Mater. Chem. A, 2022, 10, 15267–15296
that the barrier of diffusion path 2 was lowest among the
accessible diffusion paths, where the P-doped MoS2 demon-
strated the lowest diffusion energy barrier of 0.1 eV, which was
slightly higher than that of pure MoS2 (0.088 eV), but the
magnitude of diffusion coefficient was about 10�4 cm2 s�1 for
both pure MoS2 and P-doped MoS2. When the concentration of
Na+ intercalation was high, Na+ diffusion could be considered
as the Na-vacancy diffusion. The energy proles of dilute Na-
vacancy diffusion on the pure MoS2 and P-doped MoS2 were
shown in Fig. 13c and d. Evidently, the lowest energy barrier of
dilute Na-vacancy diffusion on P-doped MoS2 (0.11 eV) was
substantially lower than that of pure MoS2 (0.19 eV). Since P
doped into the MoS2, the Na-vacancy diffusion coefficient was
signicantly enhanced by around two orders of magnitude at
room temperature. The high diffusion coefficient and low-
energy barrier of P-doped MoS2 promoted Na+ insertion and
extraction kinetics, therefore achieving prominent rate capa-
bility. Chen and coworkers studied the effects of oxygen
vacancies on Li+ diffusion into the V2O5.185 As shown in Fig. 13e
This journal is © The Royal Society of Chemistry 2022
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Fig. 13 Energy profiles of Na+ ion diffusion on (a) pure MoS2 and (b) P-doped MoS2. Energy profiles of vacancy diffusion on (c) pure MoS2 and (d)
P-dopedMoS2. Reproduced with permission from ref. 184. Copyright 2018, Wiley-VCH. (e and f) The energy barriers for two kinds of Li+ diffusion
pathway of the amorphous V2O5 and the defective amorphous V2O5, respectively. Reproduced with permission from ref. 185. Copyright 2021,
Elsevier. (g and h) Diffusion coefficients of PHCs calculated from GITT curves for lithiation and delithiation processes. Reproduced with
permission from ref. 186. Copyright 2020, Elsevier.
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and f, the ion diffusion energy barrier in two different ways was
calculated, which could be seen that the low-energy barrier of
Li+ on the defective amorphous V2O5 (�0.25 eV and �0.32 eV)
was lower than the amorphous V2O5 (�0.34 eV and �0.43 eV).
This result indicated that the defects contributed to enhancing
Li+ diffusion kinetics and accelerating the electrochemical
reactions, leading to a high-capacity retention. The effects of
defects for promoting ion diffusion can also be testied exper-
imentally by the galvanostatic intermittent titration technique
This journal is © The Royal Society of Chemistry 2022
(GITT) technique. Yang and coworkers prepared different
contents of P doped hard carbon (PHC-x, x representing phytic
acid volume) via the esterication reaction, followed by the
carbonization.186 As shown in Fig. 13g and h, the diffusion
coefficients (DLi) of all PHCs were calculated. In contrast to
PHC-0, PHC-2 and PHC-6, PHC-4 displayed a higher diffusion
coefficient of 10�9–10�7 cm2 s�1 at the charge and discharge
processes, indicating that the optimized P doping could effec-
tively facilitate Li+ ion diffusion. Zheng et al. prepared
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15289
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FeCo2S4@Ni@graphene nanocomposites by an interface engi-
neering strategy.187 The abundant defects, including the
vacancies and dislocations were clearly observed in the HRTEM.
The rich defects engineered into the interface regions were due
to the lattice mismatch, which could provide more ion diffusion
channels to boost ions transfer for enhanced faradaic pseudo-
capacitance. Therefore, the optimized FeCo2S4@Ni@graphene
delivered a specic capacity of 390.0 mA h g�1 at 1 A g�1 and an
excellent cycling stability. Wang et al. displayed a facile strategy
to prepare Ni–Zn binary system hydroxide, oxide and sulde
materials with high density of grain boundaries, which deliv-
ered an excellent electrochemical performances.188 The pres-
ence of grain boundaries provided more effective channels for
the electrolyte to promote the ion diffusion kinetics, and thus
boosted the electrochemical reaction. Ye and coworkers re-
ported the preparation of chain-like amorphousMoS3 by a facile
acid precipitationmethod in ethylene glycol, which delivered an
excellent rate capability and long-cycling stability.189 The DFT
calculations revealed that the disordered 1D chains of MoS3
possessed lower Na+ diffusion energy barrier, which is condu-
cive to the Na+ diffusion kinetics and therefore achieved the
superior electrochemical performances. Similar results were
reported in many other works, which demonstrated that
Fig. 14 (a) Adsorption energies of OH� on CoNi0.5Zn0.5P, CoZnP, CoNi
deprotonation process on CoNi0.5Zn0.5POH, CoZnPOH, CoNiPOH, and
value is 0.04 eV Å�3) for the deprotonation process on Co–Ni–Zn–P
respectively. Reproduced with permission from ref. 192. Copyright 2019,
oxygen vacancies. Reproduced with permission from ref. 193. Copyrigh
versus scan rate. Reproduced with permission from ref. 194. Copyright 2

15290 | J. Mater. Chem. A, 2022, 10, 15267–15296
introduction of defects could promote ion diffusion during the
charge/discharge processes.190,191
5.3 Regulating the active sites

Active sites mean the position where reactions take place.
Defects on the electrodes of SCs plays two important roles in
affecting active sites, (i) the number of electroactive sites is
signicantly increased to possess the larger electrochemically
active surface area for accelerating the reaction kinetics, and (ii)
the adsorption ability of electrolyte ions is optimized to enable
them more accessible for electrochemical reactions. For
example, Li and coworkers exhibited that co-doping of the
anion (P) and cation (Zn and Ni) has a great inuence on the
active sites.192 Specically, the compositional complexity of
ZnNiCo–P led to synergetic effects to offer more active sites and
the introduction of Zn and Ni induced more Co3+ ions as
additional active sites, which increased the number of electro-
active sites to boost the redox reaction kinetics. In addition, the
doped of Zn and Ni decreased the adsorption barrier of OH� to
achieve a thermodynamically favorable OH� adsorption on
ZnNiCo–P (Fig. 14a). The rate-determining step of the super-
capacitive reactions was the deprotonation/protonation, which
was further investigated, indicating that the existence of Ni
P, and Co2P systems. (b) The calculated deprotonation energy for the
Co2POH systems. (c) Charge density difference isosurfaces (isosurface
; red and blue denotes charge accumulation and charge depletion,
Elsevier. (d) The adsorption of Na+ for perfect MoO3 and MoO3�x with
t 2021, the Royal Society of Chemistry. (e) Plots of the current density
021, Elsevier.

This journal is © The Royal Society of Chemistry 2022
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reduced the deprotonation energy, and then further decreased
by adding Zn (Fig. 14b). Overall, the synergistic effect of Zn and
Ni cosubstitution led to a decrease in deprotonation energy by
0.15–0.22 eV. The charge density difference isosurfaces of the
deprotonation process for Zn0.5Ni0.5Co–POH model were
demonstrated in Fig. 14c, which displayed that the Zn and P
atoms exhibited barely charge transfer whereas intimate charge
interchange existed mainly between Ni/Co and H atom. By
virtue of the unique compositional, the ZnNiCo–P displayed
a high specic capacity of 958C g�1 at 1 A g�1, excellent rate
capability and outstanding cyclic stability. Zhao and coworkers
reported an in situ growth process for the synthesis of oxygen-
defective MoO3 on N-doped graphene nanotubes (N-
GNTs@MoO3�x), which demonstrated superior electrochemical
performances.193 To gain a deep insight into the relationship
between the oxygen vacancies and electrochemical perfor-
mances, DFT calculations were performed to elucidate the
mechanism. As shown in Fig. 14d, the Na+ ion adsorption
energies on MoO3 and MoO3�x were calculated, respectively,
which demonstrated that the Na+ ion adsorption energy on
MoO3�x (�2.81 eV) was much lower than that on MoO3 (�1.12
eV) and the Mo–O bond length (2.01 Å) of MoO3�x was shorter
than that of the MoO3 (2.37 Å), implying a more favorable Na+

adsorption and stability on the MoO3�x, so that contributed to
faster reaction kinetics to achieve better electrochemical
performances. Similar results were also reported by Qiu et al.,
who investigated the introduction of oxygen vacancies into
MnO2 nanorods (OV-MnO2 NRs) for signicantly increased
electroactive sites by estimating electrochemically active surface
areas (ECSAs).194 As shown in Fig. 14e, the OV-MnO2 NRs elec-
trode manifested a steeper slope compared with the pristine
MnO2 NRs, indicating that the existence of oxygen vacancies
could create more electroactive sites. Utetiwabo et al. proposed
an ethanol-thermal method mediated with surfactant-template
and subsequent annealing to induce dislocation into titanium
niobium oxide (Nano-DL-TNO).195 Geometrical phase analysis
veried that the existence of dislocations in the TNO, whichmay
be due to the decomposition of organic components of F127
during the crystallization of TNO. The dislocations provided
more active sites for energy storage, which enabled fast lithium-
ion transport. As a result, Nano-DL-TNO delivered an enhanced
electrochemical performance, including high specic capacity,
superior high-rate capability and good cycling stability. Guo and
coworkers demonstrated a colloidal method to synthesize
ultrathin VS2 nanoplates with rich defects in the basal plane
and the side edge.196 Many disorders and disarrangements were
observed in the fast Fourier transform image, suggesting the
various defects in the basal plane. Moreover, the atomic inten-
sity and the spacing of the defective area in (012) facets dis-
played irregular states, further conrming the variety of in-
plane defects. These rich defects, including atomic disorder
and the break of the out-of-plane crystal lattice are conducive to
the exposure of more active sites for the redox reactions, leading
to an enhanced electrochemical activity. Chen and coworkers
developed a facile strategy to realize CoTe/Co/CoO composite
nanosheets with rich grain boundaries, which exhibited prom-
inent capacity performance.197 The TEM characterization
This journal is © The Royal Society of Chemistry 2022
veried that the CoTe/Co/CoO composite possessed rich grain
boundaries, which provided more active sites to enhance the
electrochemical performances. In general, defects engineering
is regarded as an efficient strategy for regulating the active sites
to accelerate reaction kinetics for achieving excellent electro-
chemical performances.

As discussed above, the introduction of defects endows the
as-prepared materials with some special properties towards
superior reaction kinetics, which can effectively improve energy
storage properties by tuning the electronic structures,
promoting ion diffusion kinetics and regulating the active sites.
6. Conclusions and perspectives

This review highlights recent progress of defect engineering in
electrode materials for realizing superior reaction kinetics of
SCs. Strategies for engineering different types of defects,
including point defects, line defects, planar defects and volume
defects, assisted by various techniques such as high tempera-
ture treatment, chemical reduction, lithium-induced conver-
sion, elemental doping and ball-milling, have been
summarized. Based on advanced characterization techniques,
defects in electrodes can be identied and quantied. The
active roles of defects for improving energy storage properties
are systematically summarized, in terms of tuning the elec-
tronic structure, promoting ion diffusion kinetics and regu-
lating active sites. Despite great achievements made in the
defect-modied nanomaterials for SCs, there are still some
challenges in the synthesis, characterization and applications,
which are summarized as follows.

(1) Controllable generation of defects: the synthetic strate-
gies are optimized to precisely and controllably engineer
defects. The concentrations of defects in the electrodes play an
essential role in determining the energy storage performances.
Excessive concentration of defects may lead to undesirable
effects such as decreased conductivity, while low density can
hardly introduce abundant active sites and tune the electronic
structures. Identifying precisely defect structures may further
guide us to gain deep insights into the pivotal mechanisms of
defects generation, which contributes to the controllable
synthesis of defects. Therefore, it is of signicant importance to
develop new synthetic methods to accurately introduce
moderate defects for achieving excellent electrochemical
performances.

(2) Stability of defects: reasonable introduction of defects
into electrodes should maintain the stability of the structure
while promoting the superior energy storage properties.
Usually, the defect structures are metastable and suffer physi-
cochemical instability issues. The defected materials may
experience distortion of their original structure at elevated
temperatures. In addition, the irreversible phase trans-
formation and structural destruction induced by redox reac-
tions and ion intercalation may decrease the concentration of
defects and thereby affect the charge storage capacity. For
example, some defects such as oxygen vacancies may be
repaired by ambient O2 or H2O during the cycling process,
J. Mater. Chem. A, 2022, 10, 15267–15296 | 15291
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resulting in the loss of local advantages. Thus, the stability issue
should be further explored.

(3) To distinguish the contribution of individual defects to
the electrochemical performances: defect engineering has
positive effects on the electrochemical performances, but
identifying the effect of different defects is a challenging topic.
To accurately clarify the role of each type of defects, the other
possible factors that affect the performances of materials need
to be excluded. For example, multiple defects (e.g. anion
vacancies, cation vacancies lattice distortion and so on) may be
generated simultaneously and all contribute to the electro-
chemical properties of the SCs. Therefore, evaluating the indi-
vidual contribution from each species on the overall
performances is vital. Besides, other factors (e.g. crystal struc-
ture, porosity, morphology and so on) also need to be assessed
when performing electrochemical measurements to investigate
the materials with defects. Overall, it is not easy to precisely
infer the effect of individual defects on the SCs and more efforts
are highly desired in the future.

(4) Improvement in characterizing defects: advanced in situ
techniques can afford an opportunity to investigate the active
centers and their electrochemical behaviors. Although DFT
calculations display enhanced electronic conductivity, lower ion
diffusion energy barrier and decreased ion adsorption energy,
experimental works are demanded to verify predicted structural
and oxidation states and further understand the relationship
between defects and the charge storage process. There are few
reports involving the charge storage mechanism of defects
during the electrochemical measurements, and the role of
defects for improving SCs performances is not clear yet. With
the aid of advanced characterization methods, especially the
utilization of in situ techniques, future research should be
focused on clarifying the roles of defects in electrochemical
processes and mechanisms.
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