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Vacancies are ubiquitous in nature, usually playing an important role in determining how a material
behaves, both physically and chemically. As a consequence, researchers have introduced oxygen,
sulphur and other vacancies into bi-dimensional (2D) materials, with the aim of achieving high
performance electrodes for electrochemical energy storage. In this article, we focused on the recent
advances in vacancy engineering of 2D materials for energy storage applications (supercapacitors and
secondary batteries). Vacancy defects can effectively modify the electronic characteristics of 2D
materials, enhancing the charge-transfer processes/reactions. These atomic-scale defects can also serve
as extra host sites for inserted protons or small cations, allowing easier ion diffusion during their
Received 21st February 2023, operation as electrodes in supercapacitors and secondary batteries. From the viewpoint of materials
Accepted 20th April 2023 science, this article summarises recent developments in the exploitation of vacancies (which are surface
DOI: 10.1039/d3cc00815k defects, for these materials), including various defect creation approaches and cutting-edge techniques
for detection of vacancies. The crucial role of defects for improvement in the energy storage
rsc.li/chemcomm performance of 2D electrode materials in electrochemical devices has also been highlighted.

“ Department of Mechanical Engineering, Indian Institute of Technology, Kanpur 208016, Uttar Pradesh, India. E-mail: rajeshbhul @gmail.com

b School of Chemical Engineering, Yeungnam University, 280 Daehak-ro, Gyeongsan, Gyeongbuk 38541, Republic of Korea. E-mail: sumanta95@gmail.com, jjshim@yu.ac.kr
¢ Center for Information Technology Renato Archer (CTI), Campinas 13069-901, Brazil

 Department of Physics, ARSD College, University of Delhi, New Delhi, 110021, India

Sumanta Sahoo is currently
working as a Research Professor
in the School of Chemical Engi-
neering, Yeungnam University,
South Korea. He received his Ph.
D degree from the Indian Institute
of Technology Kharagpur (IIT
Kharagpur), India. His main
research areas are the synthesis of
graphene through chemical routes,
fabrication  of  supercapacitor
electrodes based on graphene,
conducting polymer, MXene etc.

Rajesh Kumar is a Ramanujan
Fellow at the Indian Institute of
Technology (IIT) in Kanpur,
India. His PhD in Physics was
awarded by the Department of
Physics at Banaras Hindu Uni-
versity (BHU), Varanasi, India.
He had previously held positions
at Korea Advanced Institute of
Science & Technology (KAIST),
Daejeon, and Yonsei University,
Seoul, South Korea; University of
Campinas (UNICAMP), Campinas,
and State University of Sao Paulo
(UNESP), Sao Paulo, Brazil. As a JSPS fellow, he worked at Toyohashi
University of Technology (TUT), Toyohashi, Aichi, Japan. His present
study focuses on innovative two-dimensional (2D) layered (organic/
inorganic) materials and their applications in energy, sensors, and
electromagnetic interference (EMI) shielding.

Rajesh Kumar Sumanta Sahoo

This journal is © The Royal Society of Chemistry 2023 Chem. Commun., 2023, 59, 6109-6127 | 6109


https://orcid.org/0000-0001-7065-3259
https://orcid.org/0000-0002-9429-3742
https://orcid.org/0000-0001-5041-1770
https://orcid.org/0000-0002-7061-0352
https://orcid.org/0000-0002-8027-9886
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cc00815k&domain=pdf&date_stamp=2023-04-29
https://rsc.li/chemcomm
https://doi.org/10.1039/d3cc00815k
https://rsc.66557.net/en/journals/journal/CC
https://rsc.66557.net/en/journals/journal/CC?issueid=CC059041

Published on 20 2023. Downloaded by Fail Open on 23-07-2025 09:10:05.

Highlight

1. Introduction

Two of the most severe problems facing modern civilization are
the recurring energy crises due to the dependence on quickly
depleting fossil fuel reserves, and the ever increasing environ-
mental pollution.'™ In an attempt to help solve both of these
major issues, research in energy storage has gradually been
shifted towards sustainable, “greener” technologies.”® As the
most promising charge storage devices, supercapacitors (SCs)
and secondary batteries (like Li-ion, Na-ion, K-ion batteries,
etc.) have been widely investigated in the recent decades.”* In
order to enhance the performance of these energy-related
devices, the optimization of all of their components (electrodes,
electrolyte and current collector) is essential. It is important to
notice that although both SCs and batteries store charge
through electrochemical processes, there is a distinct differ-
ence between the charge storage mechanisms in these two
types of devices. While SCs (mainly electric double layer capa-
citors - EDLCs) store energy through the formation of doubly
charged layers, the batteries rely on reversible chemical reac-
tions. When their electrochemical performances are compared,
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batteries usually exhibit higher energy density, but suffer from
poorer power density. However, by combining these two energy
storage approaches, researchers are developing integrated
devices with the potential to overcome the drawbacks of each
component.'?

Electrode materials which have demonstrated enhanced
energy storage characteristics are normally those exhibiting
high surface area, enhanced porosity, good conductivity,
chemical stability, and a rich electrochemical activity. In this
context, metal oxides (MOs)/mixed metal oxides (MMOs) have
been widely investigated, mainly due to their cost-effectiveness,
facile synthesis, enhanced chemical stability, and rich electro-
chemical activity.'®>® Metal sulphides (MSs) and mixed metal
sulphides (MMSs) have also displayed promising electro-
chemical performances, sometimes even better than their oxide
counterparts.>’>* For further improvement in device perfor-
mance, such materials have also been integrated with other
MOs, MMOs, MSs, MMSs, MXenes, conducting polymers, and
carbon-based materials like graphene, carbon nanotubes
(CNTs), etc.>"*>%?

The electrochemical performance of any electrode for charge
storage is highly dependent on its reaction kinetics. The above
mentioned electrode materials sometimes demonstrate poor
electrochemical performance due to sluggish kinetics. When
the electrical conductivity of the electrode material is increased,
reaction kinetics can be enhanced. Another approach to
improve the reaction kinetics is to boost the porosity of the
electrodes. By changing the intrinsic properties of the electrode
materials, defect engineering also plays an important role in
achieving fast reaction kinetics.**™*' The role of crystalline
defects on the electrochemical performance of electrodes has
progressively been recognized though the advancement in
characterization techniques, as well as in-depth theoretical
studies. Several types of defects with different dimensionalities
are always present in the crystalline solids, like point defects (0D),
line defects (1D), planar defects (2D), and volume defects (3D).
On the other hand, several approaches have been developed for
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the intentional introduction of crystalline defects. Some of the
most common strategies are based on hydrothermal/solvother-
mal treatments, thermal treatments (by various methods),
chemical reduction processes (using reducing agents), electro-
chemical processes, plasma treatments, ball milling, etc. The
generation of point defects through heteroatom doping has
been widely employed by researchers, modifying the electronic
structure and improving the electrochemical performance of
graphene.*”* In a similar way, inducing vacancies in metal
oxides or metal sulphides has generated a positive impact on
catalytic performance.**™® Line defects are associated with
dislocation of atoms in the crystal. As an example, the epitaxial
growth of ZnO on GaN thin films has been achieved through
nucleation in screw dislocations.”® On the other hand, planar
defects may span whole grains, as in twin boundaries, which
can act as redox active sites to boost the electrochemical
performance of MOs.”*? Further, volume defects are mostly
referred to as voids or lattice disorder. Such defects may
significantly reduce the charge transfer resistance and supply
additional edge sites for the improvement of electrochemical
characteristics.>>*

In recent years, vacancy engineering has drawn considerable
interest among energy researchers (Fig. 1). By inducing defects
in advanced electrode materials, one can drastically manipulate
their electronic state, effectively tailoring the band gap.
In terms of properties, the electrical conductivity may be
significantly enhanced, and the number of sites available for
charge storage might be increased, improving the electroche-
mical performance. As an example, the introduction of oxygen
vacancies significantly enhanced the photocurrent of In,0;
for application in water splitting.”> Moreover, sulphur vacan-
cies were shown to promote the photocatalytic performance of
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Fig. 1 Schematic diagram demonstrating the potential of vacancies
defects in 2D materials for energy application.
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metal sulphides by inhibiting the photocorrosion and promot-
ing charge separation.”®

The current review article discusses the recent advances in
vacancy engineering for electrochemical energy storage appli-
cations. The role of such vacancy-related defects on the electro-
chemical performance of 2D materials is briefly explained.
Further, the main synthetic approaches to generate vacan-
cies in electrode materials and the advanced characterization
techniques for detecting vacancies are summarized. The latest
research relying on the application of such vacancy-engineered
electrodes to SCs and batteries is then discussed.

2. Vacancy engineering in 2D materials

Vacancy engineering has significant impact on modern materials
science. The structure, properties, and performance of 2D
materials can be radically altered through proper controlling
of vacancy concentration. Depending on the nature of charge,
such vacancies can be divided into three categories: cationic,
anionic, and neutral. Among these, cationic vacancies have
been observed majorly in transition metal oxides/mixed metal
oxides like MnO,, Fe,03, TiO,, ZnCo,0, etc.*”>" %' However,
such vacancies have been found in MXenes t00.°>** On the
other hand, anion vacancies have been frequently observed in
metal oxides/mixed metal oxides, metal sulphides/mixed metal
sulphides, metal selenides, tellurides etc.**®® It is important to
notice that the Group-VI elements are mainly the deficient
elements for generating such vacancies. The vacancies
By reducing energy barriers, vacancies may significantly influ-
ence the transport-related phenomena. Neutral vacancies
have been observed in carbon materials, Group-IV semiconduc-
tors etc.®®”° Other monoatomic defects like C, N vacancies also
play a significant role in diverse electrochemical applications
like water splitting, supercapacitors, batteries, electrocatalysis,
etc. Apart from these, multivacancies have also been introduced
in metal oxides/metal hydroxides to improve the electrochemi-
cal characteristics.”' "> When compared to monoatomic vacan-
cies, multivacancies tend to yield better performance due to the
strong synergy between different types of vacancies. Recently,
dopant atoms and vacancies have been simultaneously intro-
duced in the same material to achieve the advantages of both
types of defects.”*””® From a thermodynamic point of view,
vacancies can further be categorized into two classes:
equilibrium and non-equilibrium. While the non-equilibrium
vacancies are related to high-energy particle irradiation, the
equilibrium vacancies are more commonly present in crystals,
and are found to be highly stable.

Introducing vacancies, one can trigger not only chemical
changes, but also changes in the physical properties of the
materials. In general, such defects induce lattice distortion,
electron localization, bond disruption or bond formation. With
the creation of vacancies, one can tailor the band structure,
improve electronic transport, optimize reaction Kkinetics,
increase the number of electrochemically active sites, and even
enhance room-temperature magnetism. However, accurately
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controlling the vacancy concentration as well as adjusting their
distribution are prime targets for researchers in this field.

In spite of the possible benefits of controlled defect intro-
duction, one should always keep in mind that when the
concentration of vacancies becomes too high, they can induce
unit cell distortion, which causes degradation of metastable
microstructures, precipitation, and an overall tendency for
decreasing mechanical properties. Once again, there are good
reasons for improving the control over vacancy concentration
and placement.

For energy-storage applications, anionic vacancies (elements
like O, S, Se, Te) have been frequently studied. The missing
oxygen atoms from the metal-oxygen crystalline lattice result
in the creation of oxygen vacancies. This specific defect has
the ability to alter the Fermi level. Such vacancies increase the
carrier concentration, improving the conductivity of the
material.”” On the other hand, S-vacancies are used to restrict
the electron-hole recombination, enhancing the lifetime of
electrons.”® Such characteristics are highly desirable for photo-
catalytic applications. When compared to O and S vacancies,
Se and Te vacancies have not been widely explored, and the
influence of such vacancies on the charge storage mechanisms
has not been significantly studied.

3. Development of vacancies in 2D
materials

In this section, we present the prominent methods for devel-
oping vacancy defects, including microwave irradiation, ion
implantation, hydrothermal and solvothermal methods, ultra-
violet irradiation, plasma treatments, liquid phase exfoliation.
We highlight the recently developed processing strategies and
discuss in detail the formation of vacancies and some of the
conditions used for their creation.

3.1. Microwave irradiation

Defective structures of 2D materials have attracted interest in
the field of energy because of their large surface area, layered
structure, and good physical and chemical properties.”*
Atomic vacancies and mesoporosity in 2D layered materials
are key factors for excellent electrochemical performance. Some
authors observed that unlike pristine graphene, oxygen-
containing structures in graphene can stably adsorb Li atoms,
enhancing their adsorption ability for C0O,.5°° In this study,
the authors found that as the size of the O vacancies increased,
the Li storage capacity was also increased.

MW irradiation can be applied to 2D layered materials,
inducing atomic vacancies and surface defects, usually improving
the performance of electrodes in energy-related applications.
The amount of vacancy-associated defects in 2D materials can
be regulated by controlling the microwave power, exposure
time and by the nature of the reaction medium. WO,
nanosheets have been synthesized using microwave-assisted
hydrothermal synthesis and modified with auxiliary agents
(oxalic acid, citric acid, and tartaric acid). The nanosheets
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Fig. 2 (a) Schematic presentation of the microwave-assisted formation
of nanoholes in graphene, and (b) SEM image of perforated graphene
structures.®? Reproduced with permission from ref. 92 Copyright 2015
American Chemical Society.

exhibited O vacancies, providing high surface charge migra-
tion.”" The creation of surface defects in graphene through
microwave treatments brings benefits in various practical engi-
neering applications. In this regard, surface defects in 3D
porous graphene materials have been generated via microwave
irradiation, with the help of Pd nanoparticles. The material has
demonstrated improved performance for CO oxidation.®* Fig. 2
displays the formation of nanoholes in porous 3D graphene
using Pd nanoparticles through microwave irradiation.
By stepwise increasing the power and time, the development
of defects in the graphene layers increased and the Pd nano-
particles diffused into the graphene materials.

3.2. Ion implantation

Another physical method which has been used for defect creation
in 2D materials is ion implantation.”*™” Significant research has
been devoted to ion implantation, which is frequently applied to
modify 2D materials through the creation of vacancies, doping
and intercalation. Interestingly, electron/ion bombardment of 2D
layered materials creates vacancies as defects. The deviations from
perfection by bombardment of materials can be used to improve
some of its properties. The process has allowed researchers to
tailor the local properties of the 2D materials. The ballistic
ejection of carbon atoms from graphene materials by irradiation
has been reported and it was responsible for the abundance of
point defects.”®*°° The synthesis of engineered defects in 2D
graphene materials has been extensively studied. For example,
Villarreal et al'® have recently published research on defect
formation in graphene materials due to the breaking of C-C
bonds and development of C-substrate bonds by ultralow energy
(15-40 eV) ion implantation (with He, Ne and Ar). The C-C bond
defect concentration was increased with the energy and the
atomic number of the implanted elements. Fig. 3 shows a
schematic illustration of defects formed upon the actual
removal of C atoms by ion bombardment.

3.3. Hydrothermal/solvothermal methods

The hydrothermal/solvothermal methods allow researchers to
study the creation of atomic vacancies during the synthesis of
2D materials. As an example, MnO, ultra-thin nanosheets with
high specific surface area have been synthesized by a hydro-
thermal method. The material contained abundant O vacan-
cies which enhanced its catalytic oxidation performance.'*?

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Snapshots of simulations for (a) one bond defect (b) two bond
defects (c) four bond defects and (d) five bond defects after a single ionic
impact.!®? Reproduced with permission from ref. 101 Copyright 2023
Elsevier.

The surface atoms simply break away from the crystalline
lattice, leaving vacancies in the material. In another work,
layered BiOCl nanosheets with huge O vacancies have been
produced via a solvothermal method using Bi(NO3);-5H,0 and
glycerol as solvent at 160 °C. In addition to anionic vacancies,
cationic vacancies in 2D materials may also have a significant
impact over the electronic structure, and ultimately the proper-
ties. Defective one-unit-cell Znln,S, atomic layers have been
synthesized via a hydrothermal treatment using Zn(NOs),,
In(NO3);, 1-cysteine and DI water at 200 °C.'%* The Zn vacancy
concentration was tuned by changing the hydrothermal tem-
perature. A one-unit-cell ZnIn,S, layer with tunable defect
concentration (Zn vacancies) is shown in Fig. 4. Sulphur
vacancies in single-unit-cell CulnsSg layers were created via a
solvothermal-assisted heating process.'®* Initially, InCl;-4H,0,
Cu(CH3CO00),-H,0 and ethylene glycol (as solvent) were sol-
vothermally treated at 180 °C. In sequence, the mixture was
rapidly heated (450 °C, 2 min) in 5% Ar atmosphere. Based on

Intensity (a.u.)

0.0 0.5 1.0 1.5 2.0 2.5
Distance (nm)

Fig. 4 Zn vacancy-rich one-unit-cell Znln,S, layers (a and b) HAADF-
STEM images and (c) intensity profile corresponding to the dark cyan arrow
in (b), demonstrating Zn vacancies in the atomic layer.*°® Reproduced with
permission from ref. 103 Copyright 2017 American Chemical Society.
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the above examples, one can notice that hydrothermal/
solvothermal methods can be applied for generating both kinds
of vacancies (anion or cation) by simply changing the precursor
materials and/or the solvent.

3.4. Ultraviolet irradiation

Ultraviolet irradiation has also been applied to form O vacan-
cies in layered materials.'® Several researchers have observed
that UV light irradiation produce O vacancies in BiOCL.'*®*°%
Due to low bond energy as well as long bond length between
Bi and O in BiOCl, the Bi-O bond is easily broken by high-
powered UV irradiation, leaving O vacancies. In situ genera-
tion of O vacancies in BiOCI nanosheets under UV light has
been reported using Bi(NO3)-5H,0, KCl and NaOH."” In this
study, the authors observed that in the (001) surface of
BiOCIO, is preferentially reduced to *O, by 1-electron trans-
fer, however the (010) surface favours the formation of 0,>~
via 2-electron transfer. The process was governed by the
different surface atomic structure and also by in situ produced
O vacancy characteristics of (001) and (010) surface under UV
light irradiation.'®” In another study, BiOCI with O vacancies
was prepared using BiCl;, triethanolamine, p-benzoquinone,
nitroblue tetrazolium, C,Hs;OH and NaOH. The mixture was
irradiated with UV light under Ar blowing.'®

3.5. High temperature treatment under gas atmosphere

Thermal treatments carried out under a controlled gas atmo-
sphere have been widely used for developing O vacancies in 2D
materials. WO,-carbon mesoporous materials were prepared
via calcination of inorganic/organic WOj;-ethylenediamine
hybrid precursors (700 °C, Ar gas flow). The products contained
a large amount of O vacancies, exhibiting high performance
in HER reaction.'®® NiSe/FeSe nanocubes with Se vacancies
wrapped by N-doped porous graphene have been synthesized
via in situ carbonization and selenization processes for
improved Na/K storage. The material revealed fast ion transport
kinetics and enhanced conductivity.''® Nanosheets of g-C;N,
with variable N vacancies, processed in hydrogen atmosphere
at different temperatures (475 to 550 °C) have been reported
by Tu et al.'™* The authors observed that yields of g-C;N, nano-
sheet materials with N vacancies was 80%, 56%, 42%, and 33%,
when heated at 475, 500, 525, and 550 °C, respectively. The
transmission electron microscopy revealed a thin, porous, and
flexible sheet-like morphology (Fig. 5a). A schematic drawing
of a tunable N vacancy in a g-C;N, nanosheet is displayed
in Fig. 5b.

3.6. Plasma treatment

Plasma treatment at low temperature develops surface vacan-
cies in 2D materials, and is generally applied in low pressure
treatments. Plasma treatments are categorized into high-
temperature and low-temperature. High-temperature plasma
treatments are usually found in nuclear applications; however
low-temperature plasmas (including thermal and cold plasmas)
is applied for synthesis and modification of materials
structures."**'** In cold plasma, the temperature achieved by

Chem. Commun., 2023, 59, 6109-6127 | 6113
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Fig. 5 (a) TEM image of g-CsN4 material prepared at 525 °C and (b)
schematic of g-C3N4 with nitrogen vacancies.''* Reproduced with permis-
sion from ref. 111 Copyright 2017 American Chemical Society.

electrons is nearly 10*-10° K (1-10 eV), however the gas as a
whole remains at room temperature. Cold plasma treatments
applied to 2D materials generates surface defects within a very
short time, when compared to other synthesis methods.'*®
Using dielectric barrier discharge plasma treatments, O vacan-
cies have been introduced into ultrathin pristine Bi,WOg
nanosheets in Ar atmosphere.'™* A 15 min treatment to Bi,WOq
ultrathin nanosheets by dielectric barrier discharge was enough
to generate a high concentration of O vacancies when com-
pared to pristine Bi,WO, nanosheets.

Ar plasma treatment has been widely used for the creation of
vacancy defects in nanosheets.''> A mild Ar plasma treatment
was applied to develop S vacancies in MoS, monolayer.""®
By tuning the Ar plasma exposure time on MoS, materials,
the concentration of S vacancies was controlled. Ar plasma was
developed with the help of 4 W RF power in a 15.2 cm diameter
vacuum chamber at 1 bar pressure. In another research work, a
high amount of surface defects have been created into g-C;N,
by Ar plasma treatment.'™ Initially, g-C;N, materials were
placed into a quartz tube furnace and Ar-plasma treatment
was carried out in a plasma-enhanced CVD furnace with
optimized conditions (power: 200 W, Ar flow rate: 50 mL s,
pressure: 40 Pa). The complete process for the formation of
defects in g-C;N, using Ar plasma is displayed in Fig. 6."**

urea g-C3N,

550 °C
U oy

F rate = 50 mL s™*

Ar e LRI Ar
- e | R
/

/
v Ar plasma d
- \:’-3 \
e =~y
*S\ -7
‘x By XYY
AT AP

Ar plasma-treated g-C;N,

Fig. 6 Schematic representation for plasma treatments of g-CsN4 con-
taining a high concentration of surface defects!'* Reproduced with
permission from ref. 114 Copyright 2020 Elsevier.
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3.7. Liquid phase exfoliation

Liquid-phase assisted exfoliation process is an effective
approach to produce 2D materials rich in vacancies."'” Using
liquid phase exfoliation, O vacancies have been developed in
monolayer BiOBr nanosheets with the help of formamide.""®
In this process, to create the O vacancies, monolayer BiOBr
nanosheets were added to a formamide solution and then
stirred (260 rpm, 6 h) along with ultrasonication. Due to
the mechanical stresses by stirring/ultrasonic treatment, BiOBr
lamellas experienced lateral sliding, and finally the mono-
layered BiOBr nanosheets with O vacancies were obtained.
The schematic representation of this process is shown in
Fig. 7.8 Also, BiOBr ultrathin nanosheets containing Bi vacan-
cies have been synthesized via centrifugation process using
liquid phase exfoliation in the presence of ionic liquids.'*’
In this process, BiOBr was centrifuged at 1000 rpm and
12 000 rpm, and after that washed with H,0O and C,HsOH to
achieve the Bi deficient BiOBr ultrathin nanosheets.

3.8. Other methods

Other techniques have also been applied to 2D materials in
order to generate vacancy defects. A template-assisted strategy
is one of these approaches. In this way, a soft template
approach has been suggested for preparation of mesoporous
MoO;_, nanocrystalline walls containing O vacancies. The
defects played a key role in the electrochemical performance.'*
The CVD technique has also been suggested for defect formation
in 2D materials. Oxygen vacancy-rich porous MnO/graphene
arrays were grown on flexible nanoporous Cu-Mn substrates
through CVD and hydrogen etching."”" The electrode material
exhibited structural stability, fast charge-transfer, effective
lithium-ion diffusion, and good storage performance. Ball-milling
has been reported as another method to change the original
structure, creating vacancies in 2D materials. Ball-milled
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Fig. 7 Schematic representation for the formation of O vacancies in
monolayered BiOBr nanosheets via liquid exfoliation by stirring and
ultrasonication.*® Reproduced with permission from ref. 118 Copyright
2017 American Chemical Society.
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graphite powder has been shown to contain a large number of
edge and surface defects."** Also, two types of defects (Bi and O
vacancies) were found in BiPO, materials by ball-milling.'**
Pristine BiPO, was mixed in C,H;OH and ball-milled at
300 rpm for 2 h. After drying in air, the powder was calcined
at 200-600 °C for 4 h.

4. Tools for detection of vacancies

Although many researchers have reported the presence of
vacancies and surface defects in 2D materials using various
characterization methods, however still difficult to accurately
quantify the concentration of vacancies."”* In this section we
provide a concise summary of the cutting-edge characterization
techniques toward defects analysis.

4.1. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) spectroscopy has been
applied as a useful technique for studying the magnetic
moment from unpaired electrons due to the transitions
between energy states.'>® EPR spectra can be interpreted for a
small subset of paramagnetic species, making it a useful tool
for studying complex materials. Single-electron-trapped vacancy
defects in materials have been detected using EPR spectroscopy.”
The types of defects and their relative concentrations may be
determined by varying g values and signal strengths. The EPR
technique has been used to extensively probe the structural
defects of graphene oxide."*® Due to the extended spin relaxation
periods indicated by the small line width of the EPR component,
it is probable that the defect-associated spins are oxygen-centred
radical species resulting from the redox response of the oxyge-
nated groups.’*”'*® An EPR signal is produced at g = 2.004 if a
single electron is trapped in a vacancy.'”**** A BiOCl-based
structured material produced a signal at g = 2.001 in the EPR
spectra, providing conclusive evidence for the presence of
O-vacancies.™?

4.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a very sensitive
spectroscopic method for determining the atomic composition
and chemical state of elements on surfaces."**'*® The XPS is
able to reflect surface information of materials since its testing
depth is so shallow (a few nanometers). As a result of the
atomic thickness of 2D materials, the measured XPS response,
closely matches the actual state of the material as a whole.
Changes in bonding energies, or the formation of new bonds as
a result of flaws induced in the 2D material network can be
detected in the spectrum as a peak shift or as a new peak. Based
on the relative element concentrations, bonding energy values,
and peak strength ratios, a comprehensive defect statistics for a
2D material might be attained. Further changes in the XPS
spectra of the atoms surrounding the vacancy element provide
additional evidence of vacancy creation. XPS analysis has
been performed to assess the presence of S vacancies in 2D
ZnIn,S, nanosheets.’*® Information about the presence of
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oxygen vacancies in 2D MnO, nanosheets has also been
collected using XPS."**

4.3. X-ray absorption fine structure spectroscopy

X-ray absorption fine structure (XAFS) spectroscopy allows for a
more comprehensive analyses of defects, when compared to
XPS."*771% The XAFS technique is applied to 2D materials using
synchrotron radiation in order to ascertain the local atomic and
electronic structures, providing exact information, down to very
minor alterations. XAFS may be used to gather knowledge
about oxidation states, types of bonding, bonding lengths,
bonding angles, and atomic coordination numbers. This
strongly implies that XAFS is well suited to studying defects
present in 2D materials.

4.4. Positron annihilation spectroscopy

Positron annihilation spectroscopy (PAS) provides a non-
destructive approach for the characterization of a wide range
of defects (from single vacancies up to mesopores). In order to
differentiate between the inherent defects in 2D materials, PAS
has been shown to be an effective method for vacancy-type
defects investigation.'*"'**> Thermalization and annihilation by
electrons upon the positron insertion in the material results in
the emission of photons that provide information on positron
lifetimes. The creation of vacancies can be detected using PAS,
and the nature of those vacancies may also be identified. When
vacancies are created in 2D materials, a certain range of life-
times becomes more dominant. As a result, a vacancy may be
identified by observing a shift in the relative intensity of a
single component, and the kind of vacancy can be determined
by counting the number of lifetime fitting parameters.”"*43714
Positrons tend to concentrate in areas with low electron den-
sity, like vacancy-type defects, vacancy clusters, and microvoids,
in contrast to the rest of the material."*® PAS has been used to
characterize the negatively charged vacancy defects present in
2D sheets.'*” The dissimilar positron lifetimes allow for the
differentiation of vacancy types and the determination of

relative concentrations. For example, the ViV, eeVy vacancy
(~325 ps) connections have been observed as defects in BiOCl
nanosheets, whereas isolated Bi vacancies (~ 250 ps) are mostly
in BiOCl nanoplates, based on the different positron annihila-
tion lifetimes for these two types of defects (Fig. 8)."*

4.5. Raman spectroscopy

The basic structural characteristics of 2D materials are often
investigated using Raman spectroscopy.'**"**' Raman spectro-
scopy measures vibrational level changes from molecules via
the Raman shift."”* It is the vibration modes of the various
chemical bonds and ground states that define the magnitude of
the energy gap between them. The structural properties of
crystals may be investigated by using the Raman shift, which
is connected to lattice vibrational modes. Vibrational modes
may be tuned by flaws in materials, notably in ultrathin 2D
crystals, leading to a shift, or to the appearance of new peaks
in the Raman spectrum. Using Raman spectra, various 2D
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materials have been characterized, regarding the layer thick-
ness and phases present in the material.’>® A single Se vacancy
is responsible for the emergence of a Raman peak at 250 cm ™"
in MoSe,, as calculated by density functional theory (DFT),
and this mode is an A;.-like localized mode, as validated by
polarized Raman scattering experiments.'>

4.6. High-resolution microscopy

Rapid advances in electron microscopy technology have made it
possible to directly image the atomic structure of 2D materials,
complementing the spectroscopic studies.'®*'** Defect types
may be detected and even counted by comparing the brightness
of individual atoms. The atomic arrangement in the crystal,
and spot deficiencies can also be studied by high-resolution
electron microscopy. High-resolution transmission electron
microscopy (HR-TEM) is often utilized in the characterization
of vacancies. In the HR-TEM micrographs, induced defects in
single layer h-BN often take the appearance of triangle-shaped
holes (or vacancies) of varying sizes, but maintaining the same
orientation."® Since boron and nitrogen atoms could not be
differentiated, it was not possible to determine the precise
atomic structure of these defects (Fig. 9a). In particular, vacancy
of B and vacancy of N should be oriented in the opposite
direction, whereas a vacancy of B and a vacancy of B + N defects
surrounded by two-coordinated N atoms should both display
the same orientation (Fig. 9b).

5. Energy related applications

Vacancy engineering plays a significant role in energy storage
applications, and this becomes evident from the rapidly
increasing number of scientific publications in recent years.
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Fig. 9 (a) HR-TEM image of lattice defects in h-BN (Scale bar = 1 nm).
(b) Model for the atomic defects in h-BN.1°® Reproduced with permission
from ref. 156 Copyright 2009 American Chemical Society.

The two main reasons for introducing defects in charge storage
materials are the improvement in the intrinsic conductivity,
as well as the increase in the number of lattice sites for
pseudocapacitive charge storage. In recent years, advanced
materials like metal oxides/mixed metal oxides, LDHs, MXenes,
perovskites etc. have been treated for creating defects, in order
to improve the electrochemical performance of the materials
for different energy-related applications.

The role of vacancy is different for supercapacitor and
batteries. For supercapacitors, the vacancies act as the active
sites as well as reprieve the electrochemical strains during
cycling test. Moreover, the formation of vacancies also resulted
in the expansion of interlayer distance to enhance the ion
intercalation pseudocapacitance. On the other hand, in case
of batteries, the formation of vacancies prevent the uninvited
phase transformation and reduce the energy barrier to accel-
erate the diffusion of metal cations.

5.1. Supercapacitors

Vacancy engineering has a positive impact on the active materials
for electrodes in energy-related applications, like supercapacitors.
The creation of vacancies generates many physical and chemical
changes, such as lattice distortion, shifting of the band gap,
electronic rearrangement, change in ionic mobility, etc.">” Such
significant changes can be used to improve charge kinetics,
ultimately enhancing the charge storage ability of the devices.
5.1.1. Oxygen vacancies. Metal oxides are one of the most
widely investigated components of supercapacitor electrodes.
The charge storage characteristics of MOs has been improved
by their pseudocpacitive nature. Development of studies in this
research field led to the formation of binary, ternary, as well as
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quaternary mixed MOs. The electronic properties of such MOs
can be tailored by creating oxygen-vacancies. The improvement
in conductivity through oxygen vacancies has been found to be
an efficient strategy for improving the capacitive nature of the
MO-based electrodes.>'>#71%% A recent study has demonstrated
that the introduction of Pd nanoparticles into Co;0, leads to
the formation of oxygen vacancies."®® However, the study
showed that the increase in the number of oxygen vacancies
results in the decrease of the crystallinity of the MO. However,
low crystallinity has a positive impact on the capacitive perfor-
mance of MO-based SC electrodes. A similar phenomenon has
also been observed for other metal oxides.'®*'®> Notably, the
introduction of vacancy resulted in a two-fold increment in the
capacitance of Coz0,.

Apart from the capacitance, oxygen vacancies can improve
the rate capability as well as the cycling stability of super-
capacitors based on MOs. For example, oxygen-vacancy rich
Co;0,/graphene composites displayed better rate capability
(capacitance retention of 85.8% from 1 to 10 A g ' current
density) and cycling stability (capacitance retention of 99.3%
over 20000 cycles) than pure Co;0,4.'®® The observed enhance-
ment in the electrochemical performance was further sup-
ported by the results of theoretical DFT studies. The higher
density of states of the MO in the presence of oxygen vacancies
clearly improved charge-transfer. In fact, such oxygen vacancies
acted as electron reservoirs for the electrochemical processes.
Researchers undertaking similar studies have also observed
drastic improvements in the electrochemical performance of
Co,0, with high oxygen vacancy content.”®'®” Such improve-
ment has also been reported for vacancy-engineered lithiated
C030,.'%® The controlled lithiation process was conducted
through solvothermal processing (Fig. 10a). The induction of
vacancies can develop a new electronic state, which has been
confirmed by the DFT calculations (Fig. 10b). Moreover, the
oxygen-vacancies drastically enhanced the charge carrier den-
sity (Fig. 10c). From the optimization of structural models,
it has also been confirmed that the lithiated Co;0, displayed
higher adsorption ability as well as better stability for the
electrolyte ions (OH ™) during electrochemical testing (Fig. 10d).
Such defect-induced strategies were further implemented to
other MOs, like MnO,,"*"*"% Ce0,,""" Bi,0;,"7>'"?
MoO;_,,'"* WO3,'”° Fe,0;.'77%'"7 Besides the common KOH
electrolyte, such vacancy engineering has been found to be
beneficial for devices based on other aqueous electrolytes, like
Na,S0,.°1% The ion diffusion in MnO, has been altered in the
presence of oxygen vacancies, as expected. The defects reduced
the energy barrier for the diffusion of solvated Na' ions during
the charge storage process, improving the pseudocapacitance.
The enhanced cycling stability of such defective MnO, can be
attributed to the easier movement of Na* ions among the layers
of MnO,. Additionally, the increase in surface area through
the creation of oxygen vacancies also helped to improve the
electrochemical characteristics. The researchers have also con-
cluded that the larger amounts of oxygen vacancies generated a
larger number of delocalized electrons, also helping to enhance
the conductivity of the MOs."*?
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Fig. 10 (a) Schematics for the synthetic approach of lithiation-induced
vacancy engineering of CozOy; (b) the density of state profiles and
(c) Mott—Schottky profiles for the bare CozO,4 and the lithiated CozOy;
(d) the structure of CozO4 before and after the lithiation process.’®®
(e) Schematics for the synthesis of N-doped and oxygen vacancy-
induced NiCo,O,4, grown on carbon fibres; density of state profiles for (f)
NiCo,0O4 and (g) N-doped and oxygen vacancy-induced NiCo,Oy4;
(h) charge-density differences and (i) OH™ adsorption energy of NiCo,O4
and N-doped and oxygen vacancy-induced NiCo,O;,. (j) Charge storage
mechanism indicating the pathways for electron transfer and ion diffusion.
(k) Detailed schematics for the charge storage mechanisms in MMO and
defective MMO.”® Reproduced with permission from ref. 75, 168 Copyright
2020 Wiley and 2022 Elsevier.
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Oxygen vacancy engineering also plays a significant role in
the improvement of electrochemical performance for mixed
metal oxides. Among different MMOs, NiCo,0, has been widely
used in supercapacitor electrodes due to its enhanced conduc-
tivity, as well as its rich redox chemistry. Along with heteroatom
doping, the introduction of oxygen vacancies has a great impact
on the electrochemical performance of NiCo,0,. For example,
the N-doped and high oxygen vacancy-induced NiCo0,0,
demonstrated a high capacitance of 2986.25 F g~ ' at the
current density of 1 mA cm ™2, and enhanced cycling stability,
with a 96.5% capacitance retention after 12000 charge/
discharge cycles.”” The authors adopted a plasma enhanced
CVD approach for introducing oxygen vacancies and N doping
in NiCo0,0, grown on carbon nanofibers (CNFs) (Fig. 10e). The
presence of oxygen vacancies was confirmed from a lowering of
the band gap, as seen from the density of states (DOS) profiles
(Fig. 10f and g). Moreover, the vacancy-induced MMO displayed
higher charge density than the pristine MMO, promoting the
electrical conductivity (Fig. 10h). Furthermore, calculations of
OH™ adsorption energy demonstrated a rich redox kinetics for
NiCo0,0, in the presence of vacancies (Fig. 10i). A higher OH™
adsorption energy for the defective MMO indicates its ability to
capture a higher number of electrolyte ions. The schematics in
Fig. 10j and k demonstrates the structural benefits of vacancy-
induced MMO for faster electron and electrolyte ion transport.

It is important to notice that, similarly to what happens in
MOs, the formation of oxygen vacancies reduces the crystal-
linity of MMOs too."”® However, such decline in crystallinity
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does not deteriorate the capacitive properties of MMOs. Notably,
the morphology of MMOs remains intact upon vacancy creation.
For example, the introduction of oxygen vacancies in NiCo0,0,
nanowires and nanosheets improved their capacitive perfor-
mance, despite worsening their crystallinity."’® Apart from con-
ventional supercapacitors, such defect-induced strategy have also
been employed to improve the electrochemical performance of
NiCo,0,-based aqueous Zn-ion supercapacitors.*5°*5

Among the different synthetic approaches for creating oxy-
gen vacancies, the post thermal annealing process is the most
common one. By varying the annealing atmosphere, one can
control the percentage of oxygen vacancies. Feng et al. observed
an increase in oxygen vacancies for CuCo,0, coated on Ni foam
(from 59.4 to 72.9%) by changing the annealing atmosphere
from pure O, to a mixture of N, and 0,.'®* Like other MOs
and MMOs, the crystallinity was decreased by increasing the
concentration of oxygen vacancies. However, the improvement
in current response can be seen from the comparative CV
profiles of the vacancy-induced MMOs. In another work, the
simultaneous introduction of F dopant and oxygen vacancies
improved the capacitive performance of Co,MnO, coated on
CF.'®® The combined heteroatom doping and vacancy creation
reduced the band gap of Co,MnO, from 0.35 to 0.13 eV, which
improved the electrical conductivity. As a result, the defective
MMO displayed specific capacity of 269 mA h g~ * and cycling
stability of 93.2% after 5000 cycles. Unlike other MMOs, the
introduction of oxygen vacancies could not decrease the crystal-
linity of ZnCo,0,."** The sheet-like morphology was also well-
preserved after the the vacancy generation. Owing to the rich
redox activity, such defective MMO displayed an enhanced
cycling stability of 95.5%, which was found to be higher than
its pristine MMO counterpart (91.6%).

5.1.2. Sulphur vacancies. Regarding its pseudocapacitive
performance, metal sulphides (MSs) are found to be superior
than MOs, because of their enhanced conductivity. In such MSs
the sulphur vacancies played a vital role in enhancing the
electrochemical performance. In this context, a recent study
demonstrated the superior electrochemical performance of
metal-organic framework (MOF)-derived S-vacancy induced
NiS/C composite.'®> Despite the induced lattice distortion in
the composite, the S-vacancies enhanced the electrochemically
active sites by increasing the amount of cations having low
oxidation states. As a result, the defective MS/C composite
exhibited better electrochemical performance than MOF-derived
NiO/C. Interestingly, the surface area of the defective NiS/C
was found to be lower than NiO/C. However, the enhanced
conductivity of the vacancy-rich composite played an important
role on improving the electrochemical characteristics.
Moreover, this S-vacancy engineering also reduced the contact
angle, enhancing the wettability of the electrode, which dis-
played superior charge storage when compared to NiO/C.
In another work, S-vacancy rich MnS nanosheets were directly
grown on 3D reduced graphene oxide (rGO) in order to fabricate
advanced supercapacitor electrodes with high cycling stability."*
Herein the crystallinity of the MS has not been degraded, because
the S-vacancies were generated at appropriate levels. Helped by
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both the pseudocapacitive nature of the vacancy-rich MnS and
the EDLC characteristics of rGO, the composite electrode
exhibited a promising volumetric capacitance of 27.98 F cm >
Moreover, the electrode also retained 88.5% of its initial capaci-
tance after 5000 cycles. The role of S-vacancies in the improved
electrode performance of this composite electrode has been
evaluated through DFT analysis. The researchers found that the
diffusion barrier has been reduced from 0.31 to 0.19 eV upon the
introduction of S-vacancies in MnS. This further improved
the transport process of the charge carriers (the electrolyte ions),
and also increased the contact area between the electrode and
electrolyte. Such S-vacancy engineering has also been extended to
other MSs for supercapacitor applications. Some of the more
recently reported examples of electrodes based on metal sulphides
are CoS,”® MoS,,"%%'%” cus,'®® and Ni,S,."*°

Mixed metal sulphides (MMSs) have been considered as
having good potential for supercapacitor electrodes due to their
stable crystal structure as well as their multiple valencies.
As expected, the creation of S-vacancies in such MMSs further
enhances their electrochemical performance. As an example,
Tao et al. reported the growth of S-deficient bimetallic FeNi,S,
on rGO through a solvothermal approach.”®® The introduction
of S-vacancies enhanced the specific capacity of FeNi,S,/rGO
from 637.5 to 746.8 C g~ . The increase in the number of redox
active sites through S-vacancies further enhanced the rate
capability. In another work, the electrochemical reactivity of
CuCo,S,; was enhanced through S-vacancies, following the
conventional NaBH, reduction treatment.'" As a consequence
of the S-deficiency, a significant increment in surface area
(from 67.2 to 99.5 cm® g ') has been observed for hollow
CuCo,S,. Apart from the superior capacitance and rate cap-
ability, this vacancy-induced MMS displayed lower ionic diffu-
sion resistance, smaller diffusion time constant, and higher
fractional exponent than its pristine MMS counterpart, indi-
cating a faster rate of charge diffusion. The supercapacitive
properties of CuCo,S, have been further enhanced through
simultaneous F-doping and S-vacancies.”® Owing to the syner-
gistic effects from these two types of defects, the MMS dis-
played a maximum specific capacity of 2202.7 C g~ '. Herein,
the S-vacancies generated more impurity states in the forbid-
den band, whereas the F dopant acted as the electron donor.
In this way, the S-vacancies enhanced the conductivity, while
F-doping increased the density of free electrons in CuCo,S,.
In another research aimed to maximize the charge storage
capability of supercapacitors, defect-induced CoNi,S, with a
vacancy concentration of 3.125% displayed a maximum specific
capacity of 1117 C g "> Notably, the corresponding asym-
metric capacitor (ASC) with activated carbon (AC) as negative
electrode exhibited a maximum energy density of 55.4 W h kg™,
with a cycling stability of 80% after 10 000 cycles. It is important to
notice that the metallic character of CoNi,S, has been changed
through the induction of S-vacancies. In a similar work, the dual-
defects of P-doping and S-vacancies enhanced the capacitive
performance of NiCo,S,."*?

Proper control of vacancies is crucial for reaching
good electrochemical performance, since inducing an extreme

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3cc00815k

Published on 20 2023. Downloaded by Fail Open on 23-07-2025 09:10:05.

ChemComm

degree of vacancies in the material could trigger high structural
deformation. During the charge/discharge processes, such
defective electrodes may degrade into amorphous phases with
high resistance, hampering device performance. For example,
the creation of S vacancies exerted a negative impact on the rate
capability and cycling stability of another MMS, NiCo,S,."**
Despite it higher initial capacitance, the highly defective NiCo,S,
has been changed into an amorphous phase (with high resis-
tance) during the consecutive charge/discharge cycles. S-vacancy
manipulation has also been studied in other bimetallic sulphides,
like Zn-Co sulphide."®'® The impact of S vacancies over the
electrochemical performance of some MS and MMS is illustrated
in Fig. 11a-f.

5.1.3. Other vacancies. Besides oxygen and sulphur, other
two VI group elements (Se, Te) have already been studied in
compounds where they can generate vacancies. Like the other
vacancy defects, Se-vacancies also have the ability to adsorb
more electrolyte ions and thus enabling a rich redox kinetics.
A recent work have demonstrated the impact of Se-vacancy
engineering in Ni(Co)Se,/Co(Ni)Se, heterojunctions.’®” Owing
to the porous structural features and abundant defects, such
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Fig. 11 Sulphur vacancies and their impact on electrochemical proper-
ties: (a) synthetic approach for defect-rich FeNiS4/rGO composites,**©
(b) schematics illustrating the S-vacancies as the active sites for absorbing
OH™ ions in S-vacancy rich CuCo0,54** (c) mechanism for introducing
S-vacancies in NiS through a NaBH,4 reduction process*®>; comparative (d)
CV curves and (e) GCD plots of FeNi,S,, defective FeNi>S, (r-FeNizSy),
FeNi,S4/rGO, and S-deficient FeNi»S4/rGO (r-FeNi»S4-rGO),*° (f) cycling
stability of S-vacancy rich CuCo,S4 over 13000 cycles.*®* Reproduced
with permission from ref. 185, 190, 191 Copyright 2021 & 2022 Elsevier and
2021 Royal Society of Chemistry.
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Se-vacancy rich heterojunction displayed high rate capability
(capacity retention of 60.4% upon increasing the current den-
sity by 250 times). From theoretical calculations, the diffusion
barrier was found to be lower for this defective heterojunction
than its defect-free monometallic and bimetallic counterparts.
Moreover, the Se-deficient material also displayed higher OH™
ion adsorption energy than its other counterparts. Benefited by
such special characteristics, the defective heterojunction exhib-
ited good cycling stability of 97.7% after 5000 cycles. In another
work, S-vacancy induced porous NiSe, demonstrated higher
capacitance (466 F g~ ') than defect-free NiSe, nanosheets
(328 F g7') and NiSe, particles (251 F g~")."*® Apart from Se,
Te-vacancies also played a vital role in enhancing the electro-
chemical performance of GaTe nanosheets.’®® Along with the
Ga, Te vacancies enhanced the semiconducting characteristics
of the nanosheets due to the formation of dangling bonds
through defects. As a result, the defect-induced chalcogenide
exhibited a high cycling stability of 96% after 10 000 cycles.

5.2. Secondary batteries

Secondary batteries are another class of energy storage devices
which which has drawn significant research interest in the past
few years. Owing to their enhanced energy density and good
cycle-life, such rechargeable devices have been extensively used
in portable electronic appliances. Among the rechargeable
batteries, Li-ion batteries (LiBs) are the most popular ones.
However, with rapid progress in this field, many other types of
batteries like Na-ion, Li-air, Zn-ion, Al-ion, Al-sulphur batteries,
etc. have been developed.?°2°* Great attention has been paid
in the development of such batteries because of their enhanced
theoretical capacity as well as their low cost. Vacancy engineering
played a vital role on the improvement in battery performance for
various electrode materials, including metal oxides/mixed metal
oxides, sulphides, hydroxides, etc.

5.2.1. Oxygen vacancies. In parallel to the developments
in supercapacitor devices, in battery technology oxygen vacan-
cies also played a significant role by improving the redox
kinetics, enhancing the conductivity as well as the capacitive
characteristics of the metal oxides. In this context, Hou et al
demonstrated the formation of vacancy-rich hollow Co;0,
microspheres for application in Li batteries.*>> Owing to its
mesoporous structure, this oxygen-deficient MO displayed a
maximum discharge capacity of 2164.1 mA h g~ . It is note-
worthy to mention that the electrode exhibited a capacity of
1307.9 mA h g~ ' after 1000 cycles. However, vacancy creation
through calcination did not alter the crystal structure of Co;0,.
However, the enhancement in donor density through vacancy
generation led to the formation of nonstoichiometric Coz0,.
The introduction of vacancies generated local in-built electric
fields, improving Li-ion storage ability (Fig. 12c). Moreover, the
vacancies also promoted Li ion migration during both charging
and discharging processes. The unintended creation of oxygen
vacancies during charge cycling has a negative effect on the
capacity, inducing capacity fading. A recent article has investi-
gated capacity fading, maintaining that in most of the transi-
tion metal oxide-based cathode materials, the gradual fading is
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Fig. 12 O and S-vacancies and their impact on battery performance:
(a) schematics for the catalytic mechanism of S-vacancy induced hetero-
junctions for interconversion of LiPSs in Li—S batteries: conventional
CogSg/M0S; vs. CogSg_x/MoS;_, heterojunctions,?*? (b) schematics for
the catalytic conversion of LiPSs on MoS;,_,—CosSs_,/rGO heterostruc-
tures for Li—$ batteries,?!! (c) schematic representation of the mechanism
of charge storage through oxygen vacancy derived local built-in electric
field in Coz0, for LiBs?°; (d) SEM image, (e) HAADF-STEM image, and
(f) magnified atomic structure of the microcraks formed in Li;,RuOz-based
LiB cathode after electrochemical cycling.2°* Reproduced with permission
from ref. 203, 204, 211, 212. Copyright 2018 & 2022 Royal Society of
Chemistry, 2022 Elsevier and 2029 Wiley.

caused by the appearance of microcracks generated through the
continuous diffusion and accumulation of oxygen vacancies.>**
For Li-based transition metal oxides, such microcraks are gene-
rated along the''" plane of the oxygen sublattice (Fig. 12d-f).
Therefore, it is necessary to prevent the diffusion of oxygen
vacancies in order to restrict the degradation of the electrode
materials. However, Al-doping of Li-based metal oxides can
reduce the structural deformation by reducing Mn-ion migra-
tion, which can be caused by both the oxygen vacancies and any
phase transitions. In another example of the important role
played by vacancies, oxygen-deficient N-doped KMngO,¢ dis-
played superior charge storage performance for its application
in aqueous Zn-ion batteries.>®> The battery electrode exhibited
only 9% capacity fading over 2500 cycles. The theoretical
studies confirmed the presence of electrons gathering in the
Mn atoms near to oxygen vacancies, and doped N atoms, which
indicates strong interaction between Mn, O, and N atoms.
Moreover, the diffusion coefficient was found to be higher than
for pristine MnO,, indicating faster ion diffusion. Additionally,
the insertion energy of H' in the defective KMngO,, was also
calculated to be lower than for MnO,. Therefore, the dual effect
of doping and vacancy formation was found to be beneficial for
enhanced cycling performance. In another work, vacancy-
induced NiCoMnO, achieved the capacity retention of 89.3%
after 2800 cycles.”’® In this case, the oxygen vacancies
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significantly restricted the steady dissolution of Mn>', which
prevented fast capacity fading during cycling. Moreover, the
electrochemical analysis of the corresponding full cell also
displayed lesser surface/plating characteristics, indicating
minimal ion diffusion resistance and efficient charge transport
behaviour. Apart from these studies, such vacancy strategy has
been investigated for other batteries like Zn-air,”®” Li-air,>*®
Li-O, batteries®*® etc.

5.2.2. Sulphur vacancies. Sulphur vacancy manipulation
has been widely employed in electrode materials for Li-S
batteries. Sulphur vacancy creation in metal sulphides/mixed
metal sulphides results in enhanced charge-transfer kinetics as
well as improved catalytic activity. For example, by accelerating
the polysulfide conversion kinetics, sulphur-deficient MoS,/
rGO composites displayed a low capacity fading rate of
0.083% per cycle over 600 cycles.”'® The capacity loss has been
reduced because the formation of insoluble sulphur products
has been avoided. Sulphur vacancies have been simultaneously
introduced in both MoS, and Co¢Sg to improve the battery
performance of a covalent MoS,-Co,Sg heterostructure, grown
on rGO sheets.”'" The formation of Mo-S—-Co heterojunction
(MoS,_,~Co0sSg_,) in the heterostructure served as an active site
for enhancing such batteries (Fig. 12b). By tuning the band gap,
the vacancy-induced heterostructure improved the conductivity
as well as the bidirectional catalytic activity. As a result, the
electrode displayed low capacity fading over 600 cycles (0.06%
capacity fading per cycle). It is noteworthy to mention that,
compared to CosSs_,, MoS,_, displayed a lower Li* diffusion
barrier, indicating its enhanced Li" diffusion kinetics. In another
work, the authors demonstrated that the creation of S-vacancies in
MoS,/CosSg heterojunctions can generate LiS;* radicals, which
further improve the battery performance by reducing the
growth of liquid Li polysulfides (LiPSs).>'* In particular, with
the S-vacancies, the sulphide heterojunction materials homo-
geneously absorbed the LiPSs and simplified the conversion
of LiPSs to Li,S (Fig. 12a). Moreover, the S-vacancies also
improved the redox kinetics of LiPSs. The S-vacancy engineer-
ing strategy was further extended towards other metal sulphides
like In,S;. A recent publication demonstrated the anchoring
role of S-vacancies in a In,S; ,/rGO composite to promote the
conversion of LiPSs.”"* Such vacancies favoured the formation of
thiosulfate and polythionate, which strongly absorbed the LiPSs.
Overall, such vacancy-induced composite acted as a cathode
catalyst, which not only seized polysulfide to restrict the loss of
active materials, but also speeded the conversion of polysulfides
to prevent its accumulation on the electrode surface. The intro-
duction of S-vacancies has significantly enhanced the catalytic
kinetics of VS,.'*® Owing to the enhancement of coordination
unsaturated sites and charge re-distribution, such S-deficient
metal sulphide displayed a maximum discharge capacity
of 1492.2 mA h g ' and minimal fading rate of 0.07% over
1000 cycles. Such vacancy engineering was further employed to
improve the electrochemical performance of Zn-ion batteries.
In this context, Lei et al. demonstrated the enhanced Zn”* storage
capacity of CuS;_,/polyaniline anodes.”** Herein, the S-vacancies
enhanced the surface active sites to improve the storage capacity
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of Zn>", while the conductive polyaniline improved ionic conduc-
tivity, and restricted the structural deformation upon volume
expansion during cycling. Such dual effects are beneficial for
not only the capacity enhancement, but also for the improvement
in rate capability. Most importantly, the corresponding Zn-ion
battery full cell with Zn,MnO, cathode exhibited maximum
capacity retention of 80% after 10000 cycles. In another work,
defective MoS,_, was uniformly coated on CNT webs to develop
effective cathode catalysts for Li-O, batteries.”> The S-vacancies
significantly enhanced the oxygen reduction and evolution reac-
tions. Overall, S-vacancies have demonstrated a positive effect on
the electrochemical performance of several types of secondary
batteries.

5.2.3. Other vacancies. Like the S-vacancies, Se-vacancies
also improved the performance of Li-S batteries by restricting
the polysulfide shuttling. The introduction of Se-vacancies
in Sb,Se;/rGO composites enhanced the chemical affinity to
LiPSs, yielding devices with a low capacity fading rate of 0.027%
per cycle over 500 cycles.>'® In particular, the defective Sb,Se;_,
served as the multifunctional barrier to tackle the issue of slow
conversion kinetics in LiPSs. In another work, the authors
introduced P-doped NiTe, electrocatalyst rich in Te vacancies
in order to accelerate the redox kinetics of Li-S batteries.”"” The
theoretical study demonstrated a lower Li,S decomposition
barrier on the defective NiTe, when compared to its pristine
counterpart, which indicates enhanced Li,S transformation
kinetics as well as improved catalytic activity. As a result,
such Te-deficient NiTe, anchored on maize straw-derived
carbon demonstrated an excellent capacity decay rate of
0.0139% per cycle over 1800 cycles. Besides these types of
vacancies, P vacancies in CoP have also promoted the diffusion
kinetics of Li* for its application in Li-S batteries.*'® Like other
vacancies, such P vacancies modified the electronic structure
of CoP, enhancing the redox kinetics in LiPSs liquid-phase
conversion.

6. Conclusions and future perspective

This review article highlighted some of the recent improvements
in the performance of energy storage devices (supercapacitors
and secondary batteries). The creation of vacancies in 2D materials
is considered to be largely responsible for the optimized electro-
chemical behaviour, highlighting the essential role of defect
engineering. Despite the significant experimental effort spent
on vacancies creation, vacancy engineering research in 2D
materials is still in its development phase, keeping a lot of
potential for progress.

Several of the most effective experimental approaches for
vacancy creation have already been applied to 2D materials,
such as microwave irradiation, ion implantation, ultraviolet
irradiation, hydrothermal/solvothermal treatments, high tem-
perature treatments under controlled atmospheres, plasma
treatments, liquid phase exfoliation. Notably, there is an essential
need for further improvements in a wide range of methodologies
for characterizing the vacancy defects, regarding their type, location
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and concentration in 2D materials. EPR, XPS, XAFS, PAS, Raman
spectroscopy, and high-resolution microscopy are some of the best
characterization methods that may allow the precise identification
and quantification of a wide variety of surface and vacancy defects
in 2D materials.

Vacancy defects in 2D electrode materials have a significant
impact on the impressive performance records seen in the
scientific literature for charge storage devices. By studying the
impact of vacancies, researchers have fabricated electrode
materials containing oxygen or sulphur vacancies. Their suc-
cess is widely referred and has been associated to some of the
best performing supercapacitors and secondary batteries.
Vacancies and surface defects work as active sites to make a
positive contribution to the working mechanisms of these
devices. It has been proven through theoretical calculations,
structural characterization, and electrochemical research that
the inclusion of vacancies in 2D materials can improve the
charge-transfer properties, as well as the ion diffusion pro-
cesses, boosting the rate capability by increasing the electronic
conductivity, lowering the energy barriers for ion intercalation,
and providing additional sites for charge storage in energy
storage devices.

In spite of the many developments discussed in this concise
review, there are several significant challenges still remaining
in the design, synthesis, and application of defective 2D mate-
rials. Besides graphene, it is still challenging to synthesize large
scale, ultrathin 2D materials having a controlled number
of layers over large areas. It is very crucial for researchers in
this area to focus on finding solutions related to a better way
to characterize vacancies regarding their type, location, and
concentration. An even better control over the creation of
defects (including vacancies) in 2D materials will surely allow
for better energy storage devices in the near future.
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