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Atomic cation-vacancy engineering of two-dimensional 
nanosheets for energy-related applications
Chao Liu,†a Yifan Liu,†a Renzhi Ma,b Takayoshi Sasaki,*b Xin Wang,a Pan Xiong*a and Junwu Zhu*a

Two-dimensional (2D) nanosheets delaminated from their layered parent crystals have shown great promise in energy-
related applications, owing to their unique 2D features with atomic thickness, large specific surface area and tunable 
electronic properties. However, the performance of pristine 2D nanosheets is still insufficient for their further applications. 
Cation-vacancy engineering of 2D nanosheets is one of the most straightforward and effective approaches to improving 
their performance. Herein, the recent research progress in atomic cation-vacancy engineering of 2D nanosheets is reviewed, 
including layered transition metal oxide nanosheets, transition metal dichalcogenide nanosheets, layered double hydroxide 
nanosheets, transition metal carbide and nitride nanosheets, graphene, boron nitride and carbon nitride nanosheets. 
Various facile strategies are introduced for the incorporation of atomic-scale cation vacancies within these 2D nanosheets. 
The resulting superior electrochemical performances of these cation-deficient 2D nanosheets are discussed in detail for 
some typical energy-related applications, such as metal ion batteries, lithium-sulfur batteries, electrocatalysis and 
photocatalysis. Finally, the challenges and perspectives are outlined for future research.

1. Introduction
Two-dimensional (2D) materials have been extensively 
investigated for over a decade,1 especially those unilamellar 
nanosheets delaminated from their layered parent crystals, 
including transition metal oxides/dichalcogenides,2-4 layered 
double hydroxides (LDHs),5,6 transition metal carbides and 
nitrides (MXenes).7,8 Due to their unique 2D aspects such as 
atomic thickness, large specific surface area and tunable 
electronic properties, these 2D nanosheets show great promise 
in various energy-related applications. For instance, the 
graphene-based supercapacitor was first reported in 2008, 
which achieved a specific capacitance of 135 and 99 F/g in 
aqueous and organic electrolytes, respectively.9 The MoS2 
nanosheets delivered the superior hydrogen evolution reaction 
(HER) activity with an overpotential of about 320 mV at 10 mA 
cm-2, owing to their edge site activities and accessibility.10 
However, the reported performance of these pristine 2D 
nanosheets is still insufficient for their practical applications. 
Many strategies have been explored to improve the properties 
of 2D nanosheets in energy storage and conversion systems, 
including artificial heterostructures/superlattices,11-13 surface 
and interface engineering,14-17 size/composition tuning,18 phase 

engineering,19 heteroatom doping/substitution,20-23 and 
vacancy engineering.24-28

Among these strategies, vacancy engineering of 2D 
nanosheets is one of the most straightforward and effective 
approaches to achieving high performance. Vacancies exist 
widely in 2D nanomaterials, which enables tuning the electronic 
and structural properties. Especially, atomic vacancies can 
further regulate the electronic and surface structure of 
materials at an atomic level, thus resulting in unprecedented 
electrochemical properties. On the one hand, atomic vacancies 
can increase the electronic conductivity of 2D nanosheets and 
act as additional sites in the process of charge storage.29-31 On 
the other hand, introduction of atomic vacancies in 2D 
nanosheets can not only modulate electronic structures but 
also improve the number of effective active sites to boost 
catalytic activities.32-35 For example, the oxygen vacancies in 
LiV3O8 nanosheets not only improved the electrical conductivity 
but also enhanced the diffusion rates of lithium ions, resulting 
in high rate capability and stability of LiV3O8 nanosheet anodes 
for lithium storage.36 Through the introduction of sulfur 
vacancies, the MoS2 nanosheets obtained excellent HER 
performance because of the increased active sites.37 Compared 
with atomic anion vacancies, the atomic cation vacancies are 
less studied in this field, which may be due to the difficulty in 
the synthesis and characterization of cation vacancies. With the 
accelerating development of advanced synthetic strategies and 
characterization techniques, the incorporation of atomic cation 
vacancies within 2D nanosheets has also been extensively 
investigated in recent years.25,38,39 For instance, Xiong et al. 
reported that Ti atomic vacancies in Ti0.87O2 nanosheets can 
reduce the shuttling effect of polysulfide/polyselenide anions 
and promote fast transport of alkali ions, resulting in high-perf-
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Fig. 1 Schematic diagram of atomic cation-vacancy engineering of some typical 2D nanosheets for energy-related applications. 
Schematic showing the applications of 2D cation-deficient nanosheets of LTMO nanosheets, TMD nanosheets, LDH nanosheets, 
MXene nanosheets, graphene, BN and CN nanosheets in metal ion batteries, lithium-sulfur batteries, electrocatalysis, and 
photocatalysis. The cation vacancy engineering of 2D nanosheets improves their electrochemical performance in reaction activity, 
selectivity, kinetics and stability.

ormance Li-S, Li-Se, and Na-Se batteries with a long-term cycling 
stability.40 The cation vacancies in 2D nanosheets as electrode 
materials also play a key role in energy storage processes. Mn 
vacancies of 2D δ-MnO2 nanosheets provide additional ion 
intercalation sites for improved specific capacitances and 
cycling stability.41 In addition, the Fe or Ni vacancies in NiFe 
LDHs nanosheets could increase the adsorption capacity of 
reaction intermediates via tuning the surface electronic 
structure, which resulted in a superior OER activity.42 Those 
reports have demonstrated the recent great advances in atomic 
cation-vacancy engineering of 2D nanosheets for energy-
related applications. A timely summary of the latest discoveries 
and achievements should be systematically and 
comprehensively conducted for future research.

In this review, we focus on recent progress in the atomic 
cation-vacancy engineering of 2D nanosheets for energy-
related applications (Fig. 1). We introduce the synthetic 
strategies and characterization methods of cation vacancies in 
various 2D nanosheets, including layered transition metal oxide 
(LTMO) nanosheets, transition metal dichalcogenide (TMD) 
nanosheets, LDH nanosheets, MXene nanosheets, graphene, 
boron nitride (BN) and carbon nitride (CN) nanosheets. Then, 
we discuss the improved electrochemical performance of these 
cation-deficient 2D nanosheets for some typical energy-related 
systems, such as metal ion batteries, lithium-sulfur batteries, 
electrocatalysis and photocatalysis. Finally, we provide an 
outlook on current challenges and future perspectives.

2. Two-dimensional nanosheets with cation 
vacancies

Due to the fascinating and unique properties of atomic 
thickness, large specific surface area and excellent mechanical 
flexibility,43,44 2D nanosheets are promising candidates for 
atomic cation-vacancy engineering. So far, considerable efforts 
have been devoted to the preparation of various 2D cation-
deficient nanosheets (Fig. 2). These synthetic strategies of 
cation vacancies in diverse 2D nanosheets can be roughly 
classified into four categories, that is, wet-chemistry, thermal 
annealing, ion/electron beam irradiation and selective etching 
(Fig. 3). Wet-chemistry method is a relatively green and safe 
means to directly trigger the formation of cation vacancies 
accompanied by the preparation of ultrathin 2D materials. 
Generally, the cation vacancy content introduced by this 
method is not arbitrarily controllable. In contrast, thermal 
annealing, ion/electron beam irradiation and selective etching 
methods are based on post-treatment of ultrathin 2D materials 
to induce a tunable vacancy concentration.45 The cation 
vacancy concentration can be precisely regulated by controlling 
the reaction conditions, such as thermal annealing atmosphere 
and temperature, etchant concentration, and ion/electron 
beam dosage. But these synthetic methods might cause a lot of 
extraneous damage to the material during the preparation 
process.19 In this section, we discuss the synthetic strategies and 
characterization methods of cation vacancies in diverse 2D 
nanosheets, including LTMO nanosheets, TMD nanosheets, LDH 
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Fig. 2 Timeline of the development of fabrication and characterization of 2D cation-deficient nanosheets. Reproduced with 
permission.46 Copyright 2004, Springer Nature. Reproduced with permission.47 Copyright 2009, APS. Reproduced with 
permission.48 Copyright 2014, ACS. Reproduced with permission.39,41 Copyright 2017, Springer Nature. Reproduced with 
permission.42 Copyright 2018, Wiley-VCH. Reproduced with permission.49 Copyright 2019, ACS. Reproduced with permission.50 
Copyright 2019, RSC. Reproduced with permission.40 Copyright 2021, Springer Nature.

nanosheets, MXene nanosheets, graphene, BN and CN 
nanosheets.

2.1 Layered transition metal oxide nanosheets

LTMO nanosheets are ideal platforms to study the impacts of 
cation vacancies within the nanosheets.41,51-53 Some wet-
chemistry methods have been explored to create cation 
vacancies within the 2D LTMO nanosheets, such as ion 
exchange-assisted exfoliation method and pH-treatment. The 
ion exchange-assisted exfoliation method can directly induce 
the in situ formation of cation vacancies during the 
delamination of layered parent crystals into 2D LTMO 
nanosheets.54 Although the aforementioned synthesis method 
can be used for the preparation of ultrathin 2D cation-deficient 
LTMO nanosheets, the synthetic procedures are complicated 
and time-consuming, thus largely restricting their large-scale 
commercial applications.55,56 For example, cation-deficient 
titanium oxide nanosheets, Ti1–δ□δO2

4δ–, where □ represents the 
atomic Ti vacancies, are prepared via an ion exchange-assisted 
exfoliation process (Fig. 4a).51,57 The layered parent titanate, 
K0.8Ti1.73Li0.27O4, is first synthesized by a solid-state calcination 
process. In this structure, Li+ ions partially substitute Ti4+ sites in 

the host layer, and resulting negative charge is compensated for 
by accommodating K+ ions into the interlayer space. Then, 
during an ion-exchange process, the intercalated K+ ions are 
exchanged by hydrated protons while the Li+ ions are extracted 
from the lattices, resulting in the formation of a layered 
protonated form with Ti atomic vacancies, 
H1.07Ti1.730.27O4·H2O. In the last step, the layered protonated 
titanate is reacted with a solution containing organo-
ammonium ions, which induces enormous interlayer expansion 
as a result of the permeation of a massive volume of water. The 
swollen structure is collapsed by manual or mechanical shaking, 
generating a stable colloidal suspension of exfoliated Ti0.87O2 
nanosheets.58-60 The obtained Ti0.87O2 nanosheets are 
unilamellar 2D crystals with a thickness of ~1.1 nm (Fig. 4b). The 
atomic Ti vacancies and their distribution on Ti0.87O2 nanosheets 
can be directly observed in high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
images (Figs. 4c and 4d). Furthermore, compared to those of 
rutile TiO2 without Ti vacancies, Ti0.87O2 nanosheets show a 
stronger pre-edge peak in the Ti K-edge X-ray absorption near 
edge structure (XANES) spe-
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Fig. 3 Schematic diagram of synthetic strategies of intentionally incorporating cation vacancies into 2D nanosheets. Schematic 
showing the four synthetic approaches of various 2D cation-deficient nanosheets, including wet-chemistry, thermal annealing, 
ion/electron beam irradiation and selective etching. Reproduced with permission.48 Copyright 2014, ACS. Reproduced with 
permission.49 Copyright 2019, ACS. Reproduced with permission.61 Copyright 2020, Elsevier. Reproduced with permission.62 Copyright 
2019, ACS.

ctra (Fig. 4e), less intense Ti K-edge extended X-ray absorption 
fine spectroscopy (EXAFS) k3x(k) oscillation curve (Fig. 4f), and 
major coordination peak in Fourier transformed (FT) curves of 
Ti K-edge EXAFS (Fig. 4g). All these features indicate the 
presence of Ti vacancies in the resulting Ti0.87O2 nanosheets.

The pH-treatment is a post-processing method to ex situ 
introduce cation vacancies with tunable concentrations by 
controlling the pH value of the suspensions of 2D LTMO 
nanosheets. However, the obtained LTMO nanosheets normally 
do not remain as well-dispersed monolayers, but rather 
aggregate to form 3D porous nanostructures when using this 
method.63 For instance, Mn vacancies were introduced into δ-
MnO2 nanosheets via equilibrating the nanosheets at specific 
pH values.41 This type of defect as “surface Frenkel defects” 
includes an in-plane Mn vacancy and a six-fold coordinated 
Mn3+ site, which was formed by the reduction of Mn4+ to Mn3+ 
at the δ-MnO2 surface. The content of the Mn vacancy in δ-
MnO2 nanosheets could be controlled by adjusting the pH of the 
colloidal suspension. As the pH value decreased, the protons 
absorbed on the surface of δ-MnO2 nanosheets were increased. 
Consequently, the reduction of Mn4+ to Mn3+ was promoted, 
increasing the number of expulsed in-plane Mn and thus more 
Mn vacancies.
2.2 Transition metal dichalcogenide nanosheets

The introduction of cation vacancies within 2D TMD nanosheets 
could also be achieved by in situ construction and ex situ 
formation.64-68 The in-situ construction methods generally 
create cation vacancies during the synthetic processes of TMD 

nanosheets. For example, Xie’s group reported the synthesis of 
CoSe2 nanosheets with Co vacancies by chemical exfoliation of 
layered CoSe2/diethylenetriamine (CoSe2/DETA) intermediates 
(Fig. 5a).48 Since the EDTA is coordinately bonded to Co atoms, 
it could drag Co atoms out of the CoSe2 lattices during the 
ultrasonic exfoliation, thus forming Co vacancies on the CoSe2 
nanosheets. Both the tree lifetime components of positron 
annihilation spectroscopy (PAS) (Fig. 5b) and the peak 
intensities of the nearest Co-Se coordination in FT curves of Co 
K-edge EXAFS (Fig. 5c) indicated that Co vacancies were 
successfully generated in CoSe2 nanosheets. The cation 
vacancies could also be in situ constructed in TMD nanosheets 
during a chemical vapor deposition (CVD) process. Gao et al. 
prepared MoSe2 nanosheets with both Mo and Se vacancies by 
adjusting the growth temperatures of CVD (Figs. 5d and 5e).69 
Besides, more Mo and Se vacancies were formed in the 
nanosheets compared with the microparticles and nanoplates 
(Figs. 5f and 5g).

Compared with in situ construction, the ex situ formation 
is a post-synthesis method for the intentional generation of 
cation vacancies within TMD nanosheets, which has been 
realized by several techniques, including ion-beam 
irradiation,49,70 high-temperature annealing61 and acid 
etching.71 Note that these synthetic methods can induce a 
tunable vacancy by precisely controlling the reaction 
conditions, but the rigid preparation conditions could destroy 
the structure of TMD nanosheets.18,72 A focused Ga+ ion beam 
irradiation method (Fig. 5h) had been used to engineer cation 
vacancies in 
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Fig. 4 Formation of cation vacancies in LTMO nanosheets. (a) Schematic illustration of exfoliation of the layered titanate into 2D 
Ti1-O2

4δ– nanosheets. (b) AFM image, (c) high-resolution TEM image and (d) corresponding expanded image taken in the [010] 
direction of Ti0.87O2 nanosheets. Reproduced with permission.58 Copyright 2013, Springer Nature. (e) The Ti K-edge XANES spectra, 
(f) EXAFS k3x(k) oscillation curves and (g) corresponding FT curves of rutile TiO2 and Ti0.87O2 nanosheet. Reproduced with 
permission.40 Copyright 2021, Springer Nature.

WS2 and MoS2 flakes (Figs. 5i and 5j).73 Similarly, through He+ 
ion beam irradiation, Yang et al. introduced Mo vacancies in the 
basal plane of MoS2 nanosheet.49 Besides, the vacancy 
concentration could be controlled by changing the dosages of 
He+ ions (Fig. 5k). The generation of vacancies within the 
nanosheets induced deviation of atomic planes from their 
equilibrium positions (Fig. 5l). As a result, the variation of 
interatomic Mo-Mo distance was obviously detected near the 
vacancy sites (Fig. 5m).

2.3. Layered double hydroxide nanosheets

Introduction of cation vacancies within 2D LDH nanosheets has been 
widely examined as an effective approach to improving their 
electrochemical properties.74,75 Wang and co-workers explored a 
water-plasma-enabled exfoliation for the formation of multiple 

vacancies (including O, Co, and Fe vacancies) in the CoFe-LDH 
nanosheets (Fig. 6a).76 The water plasma can destroy the 
electrostatic interactions between host layers and interlayer ions, 
which leads to the efficient exfoliation of CoFe-LDH nanosheets and 
the introduction of abundant vacancies within the exfoliated 
nanosheets. Later, they reported the synthesis of CoFe-LDHs 
nanosheets with Co and Fe cation vacancies through a dry exfoliation 
method, Ar plasma etching-assisted exfoliation.77 However, it should 
be noted that the plasma-assisted exfoliation method could 
remarkably destroy the ionic bonds between cations and oxygen in 
the host layers, tending to the introduction of multiple vacancies.78 

In contrast to the above multiple vacancies, the selective 
formation of cation vacancies within LDH nanosheets is more 
attractive. Wang et al. reported NiFe-LDHs nanosheets with selective 
Fe or Ni vacancies via a strong alkaline etching strategy (Fig. 6b).42 A-
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Fig. 5 Introduction of cation vacancies within TMD nanosheets. (a) Schematic illustration of the formation of Co vacancies in 
CoSe2 nanosheets. (b) positron lifetime spectrum and (c) FT curves of Co K-edge EXAFS of CoSe2 nanosheets and bulk CoSe2. 
Reproduced with permission.48 Copyright 2014, ACS. (d) atomic HRTEM image, and (e) observations of Mo and Se vacancies. (f) 
Mo K-edge and (g) Se K-edge FT curves for MoSe2 nanoplates, nanosheets, and microparticles. Reproduced with permission.69 
Copyright 2018, Wiley-VCH. (h) Graphic of irradiation mechanism on a TMD flake using a Ca+ ion beam. HAADF images of (i) WS2 
and (j) MoS2 flakes after FIB irradiation. Reproduced with permission.73 Copyright 2019, Wiley-VCH. (k) HAADF-STEM images and 
(l-m) observations of local strain in MoS2 nanosheets with a vacancy concentration of 5.7 × 1014 cm−2. Reproduced with 
permission.49 Copyright 2019, ACS.

mphoteric Al3+ and Zn2+ cations could be etched in strong alkaline 
solutions for the creation of M3+ and M2+ vacancies, respectively. As 
a result, two kinds of precursors, NiFeAl-LDHs and NiZnFe-LDHs, were 
designed for the precise introduction of Fe3+ and Ni2+ vacancies in the 
resulting NiFe-LDHs, respectively. Similarly, Ni2+, Fe3+, and 
Ni2+/Fe3+vacancies were selectively introduced into the NiFe-LDH 
nanosheets by alkaline etching of Zn2+, Al3+, and Zn2+/Al3+-doped 
NiFe-LDHs, respectively.79 A newly formed Raman signal 

corresponding to cation vacancies was clearly observed for all cation-
deficient NiFe-LDH samples (Fig. 6c). Moreover, FT-EXAFS curves at 
Fe K-edge showed that the introduced Ni2+ vacancies can lower the 
Ni-M and Fe-M coordination numbers (Figs. 6d and 6e). While the 
introduction of Fe3+ vacancies mainly decreased the Ni-M 
coordination number (Fig. 6e). 
2.4 Transition metal carbide and nitride nanosheets
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Fig. 6 Introduction of cation vacancies into LDH nanosheets. (a) Schematic illustration of the water-plasma-enabled exfoliation of 
CoFe-LDH nanosheets. Reproduced with permission.76 Copyright 2017, Wiley-VCH. (b) Schematic illustration of the synthesis of 
NiFe-LDH nanosheets with the selective cation vacancies by strong alkali etching strategies. Reproduced with permission.42 
Copyright 2018, Wiley-VCH. Raman spectra (c), FT-EXAFS curves at (d) Fe K-edge, and (e) Ni K-edge for NiFe-LDH nanosheets with 
cation vacancies and pristine NiFe-LDH nanosheets. Reproduced with permission.79 Copyright 2021, Wiley-VCH

The MXene nanosheets are generally obtained by selective 
etching assisted-exfoliation of layered MAX phases.80-82 Sang et 
al. observed that Ti vacancies were formed on Ti3C2Tx 
nanosheets during a hydrofluoric acid (HF) etching assisted-
exfoliation process (Fig. 7a).83 Excessive HF removed Al layers 
and further destroyed the interlayer Ti-C covalent interactions 
to form Ti vacancies. Furthermore, the average concentrations 
of Ti vacancies could be controlled by the HF concentrations 
(Fig. 7b). Chen et al. also found that Ti vacancies in disordered 
single sites or clusters form on Ti3-xC2Ty nanosheets prepared 
through the selective etching assisted-exfoliation under mild HF 
conditions.62 However, the above HF etching assisted-
exfoliation process usually generated disordered vacancies and 
random vacancy clusters. The introduction of ordered vacancies 

within the MXene nanosheets is a great challenge.62,84,85 In this 
regard, Rosen et al. realized the introduction of ordered 
divacancies in Mo1.33C nanosheets by a HF selective etching 
strategy (Fig. 7c).39 In pristine (Mo2/3Sc1/3)2AlC, HF completely 
etched the amphoteric Al and Sc atoms but maintained the 
Mo1.33C framework. The obtained Mo1.33C nanosheets displayed 
hexagonal-based crystals with ordered divacancies (Figs. 7d and 
7e). Based on this divacancy concept, Persson’s group achieved 
the synthesis of Mo1.33C nanosheets with highly uniformed and 
ordered bivacancies via controlling the HF concentration and 
etching time (Fig. 7f).38 Apparent vacancy clusters were 
observed at a high HF concentration (Figs. 7g and 7h). In 
contrast with high concentration HF etching, mild HF etching 
produced the Mo1.33C nanosheets with highly ordered bivacanc-
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Fig. 7 Identification of cation vacancies in MXene nanosheets. (a) HAADF-STEM image of Ti3C2Tx showing the Ti atom hexagonal 
lattice aligned along the c axis. (b) Scatter plot of cation vacancy concentration from images acquired from samples produced using 
different HF concentrations. Reproduced with permission.83 Copyright 2016, ACS. (c) Schematic of (Mo2/3Sc1/3)2AlC before etching, 
after etching and after delamination. (d) Atomically resolved image of Mo1.33C nanosheets with overlaid schematic atomic 
structure. (e) Ideal atomic structure of Mo1.33C nanosheets from theoretically simulated parent MAX phase. Reproduced with 
permission.39 Copyright 2017, Springer Nature. (f) Left: STEM image of (Mo2/3Y1/3)2AlC with corresponding structure model. Middle: 
two different structures are obtained depending on etching protocol. Right: top view of corresponding structures. (g) STEM image 
of (Mo2/3Y(1−x)/3)2C nanosheet. (h) Enlarged region indicated in panel (g). (i) Atomically resolved image of the vacancy ordered 
Mo1.33C nanosheets. (j) Magnified view of the atomic structure of (i) and top view of corresponding structures. Reproduced with 
permission.38 Copyright 2018, Wiley-VCH.

ies (Figs. 7i and 7j). In addition to the traditional HF etching, Luo 
et al. introduced Ti cation vacancies into Ti3C2 MXene 
nanosheets by an NH3-etching pyrolysis approach.86 During the 

NH3-assisted annealing process, partial Ti atoms would be 
removed through the formation of volatile titanium species.87

2.5 Graphene, boron nitride and carbon nitride nanosheets
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Fig. 8 The regulation of electronic structures of 2D cation-deficient nanosheets for improving electrochemical performances. 
Schematic illustrating the regulation of electronic structures of 2D cation-deficient nanosheets for electrochemical energy storage, 
including low diffusion energy barriers, serve as additional host sites and improve electrode reaction kinetics. The regulation of 
electronic structures of 2D cation-deficient nanosheets for electro/photocatalytic reactions, including provide abundant catalytic 
sites, improve charge separation efficiency and increase electrical conductivity. 

In addition to the above 2D nanosheets, generation of cation 
vacancies within graphene, BN and graphitic carbon nitride 
(GCN) nanosheets has been explored. Among various synthetic 
methods of graphene oxides, the most common way is the 
Hummers method, which involves a strong oxidation process.88-

90 This may lead to the removal of carbon atoms from the 
lattices, resulting in the formation of carbon vacancies in 
reduced graphene oxide or graphene nanosheets.91 Hence, a 
monovacancy containing a 5-element ring and a 9-element ring 
was observed in the graphene lattice.92 In addition to the 
monovacancy, divacancy and trivacancy have been introduced 
in graphene by electron beam irradiation. 

Similar to graphene, BN nanosheets possess an atomically 
thin 2D structure with alternating B and N atoms. Therefore, 
atomic B vacancies in BN nanosheets could also be created by 
using controlled energetic electron irradiation.47 GCN 
nanosheet is also a graphene-like 2D structure with strong 
covalent C-N bonds rather than C-C bonds.93 Recently, Shen et 
al. reported a GCN nanosheet with C vacancies (GCN-Vc) 
through a high temperature treatment under an NH3 

atmosphere.50 These C vacancies were introduced due to the 
loss of C atoms via NH3 etching. Note that the conjugated 
aromatic rings of GCN nanosheet might suffer slight destruction 
during selective etching.94 Different from the high temperature 
treatment under certain atmospheres, Guan’s group reported 
the introduction of C vacancies into GCN nanosheets via a mild 
chemical oxidation etching with H2SO4.95

3. 2D cation-deficient nanosheets for energy-
related performances
The ultimate goal of rational 2D cation-deficient material design 
is to improve electrochemical performance as much as possible 
for certain applications. Deliberately incorporated cation 

vacancies endow them with abundant advantageous 
characteristics on electrochemical performances including 
enhanced electrical conductivity, lower energy barrier for ion 
diffusion, extra sites for charge storage, etc. In this section, we 
review the recent progress on improving electrochemical 
energy storage and conversion performances of these 2D 
materials through the introduction of cation vacancies.
3.1 Cation vacancies for tuning the electronic structures of 2D 
nanosheets
The electrochemical performances of 2D cation-deficient 
nanosheets are usually strongly associated with their electronic 
structure (Fig. 8). In general, vacancy engineering via 
introducing cation vacancies is believed to be one of the most 
efficient strategies to regulate the electronic structure of 
materials, thus resulting in unprecedented electrochemical 
properties. On the one hand, in the process of electrochemical 
energy storage, cation vacancies can lower the diffusion energy 
barriers, thus promoting the proton or alkali cation 
intercalation/deintercalation process. Besides, cation vacancies 
also serve as additional host sites for alkali cation intercalation 
to provide a much higher charge storage capacity. The 
incorporation of cation vacancies is favorable to the charge 
transfer process, which improves the electrode reaction 
kinetics. For example, Gao and co-workers reported that the 
Mn vacancies present in 2D d-MnO2 nanosheets can change 
their electronic structure, and the introduction of Mn vacancies 
was confirmed to enhance the charge transfer process.41 This 
could further results in improved rate capability. On the other 
hand, cation-vacancy engineering of 2D nanosheets not only 
provides abundant catalytic sites but also improves charge 
separation efficiency for catalytic reaction processes. In 
addition, the electrical conductivity of the catalyst can be 
increased through the introduction of cation vacancies. 
Undoubtedly, these alterations to the electronic structure of 
catalysts are very bene-
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Fig. 9 Cation-vacancy engineering of 2D nanosheets for metal ion batteries. (a) Schematic of Na ion intercalation mechanism in the 
Ti0.87O2/graphene superlattice. (b) Capacity retentions at 25 and −5 °C at different current densities. (c) Intercalation energies for Na ions in 
anatase TiO2, stoichiometric lepidocrocite-type TiO2 nanosheet, and Ti-deficient lepidocrocite-type Ti0.87O2 nanosheet. (d) Effects of 
Ti0.87O2/graphene superlattice structure for Na diffusion. Reproduced with permission.12 Copyright 2018, ACS. (e) Possible intercalation sites 
in Ti-defected TiS2 structure during metal ion intercalation processes. (f) Volume expansions and (g) diffusion barriers for Li, Na, and K ions 
in different sites. (h) Cycling performance of TiS2 and D-TiS2 at a current density of 50 mA g−1 for PIBs. Reproduced with permission.61 
Copyright 2020, Elsevier.

ficial for increasing their catalytic activity.96,97 Xia et al. reported 
that intentional cation vacancy incorporation can not only result 
in an increased electrical conductivity but also produce more 
catalytic sites in MoSe2 nanosheets.70 This leads to a low 
overpotential and Tafel slope, ensuring an excellent 
electrocatalytic capacity in the HER process.
3.2 2D cation-deficient nanosheets for energy-related applications
Considerable efforts have been devoted to the preparation of 
diverse 2D cation-deficient nanosheets to improve their 

electrochemical performances. Herein, we summarize the 
recent progress on electrochemical energy storage and 
conversion technologies of these materials for some typical 
energy-related systems, such as metal ion batteries, lithium-
sulfur batteries, electrocatalysis and photocatalysis.
3.2.1 Metal ion batteries
Metal ion batteries such as sodium-ion batteries (SIBs), potassium-
ion batteries (PIBs) and zinc-ion batteries (ZIBs) have been 
considered promising alternatives to conventional lithium-ion batte-
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Fig. 10 Cation-vacancy engineering of 2D nanosheets for lithium-sulfur batteries. 2D negatively charged Ti0.87O2 nanosheets with Ti 
vacancies provide electrostatic interaction with (a) Li+ ions and (b) PS anions, resulting in homogeneous distribution of Li+-ion flux and 
effective suppression of PS shuttling, respectively. The distribution of Li+ ions passing restacked nanosheets (c) with and (d) without Ti 
vacancies. Ex situ Raman spectra of (e) Ti0.87O2/PP and (f) PP separators retrieved from Li-S cells during the discharge and charge processes. 
(g) Comparison of surface area mass loading and cycling performance for Ti0.87O2 nanosheets and some other reported materials. Reproduced 
with permission.40 Copyright 2021, Springer Nature.

ries (LIBs) due to the abundance of sodium and potassium 
resources.98-100 However, the development of suitable electrode 
materials with a robust storage capability of large Na+, and K+ ions is 
a challenge. Besides, divalent Zn2+ ions usually exhibit strong 
electrostatic interactions with the host materials, which can lead to 
slow Zn2+ diffusion and thus greatly diminish reversible capacity.101 
One of the most effective methods to increase the charge-storage 
capability of the electrode materials is introduction of cation 
vacancies as additional ion storage sites.

Xiong et al. explored a nanosheet superlattice composite as an 
anode material for SIBs, which was composed of 2D Ti0.87O2 
nanosheets with Ti vacancies and graphene nanosheets. The 
influences of Ti vacancies on sodium ion storage were systematically 
examined.12 During the charge and discharge processes, Na+ ions are 
reversibly inserted into both the Ti vacancies and interlayer galleries 
of superlattices without a change in fundamental structure (Fig. 9a). 

Consequently, a superior low-temperature rate capability was 
achieved (Fig. 9b). One of the main reasons for the excellent SIB 
performance could be attributed to favorable Na+ ion intercalation 
within the defective nanosheets (Fig. 9c). In addition, the superlattice 
structure contributed to ultrafast diffusion dynamics of Na+ ions (Fig. 
9d). Similarly, Zhang and co-workers developed an ultrathin MoS2 
nanosheet with Mo vacancies, which not only provides additional 
storage sites to vastly accelerate the charge transport but also 
enhances Na+ ion interaction by influencing the electronic 
configuration of the host material.71 Therefore, an excellent specific 
capacity and high cycle stability were achieved by using the Mo-
deficient MoS2 nanosheet anodes for SIBs.

Recently, Liu et al. investigated the possible alkali-metal 
(Li/Na/K) ion intercalation processes on TiS2 nanosheets with Ti 
vacancies (Fig. 9e).61 They found that alkali metal ions insertion into 
the Ti vacancy sites showed the smallest volume expansion rate com-
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Fig. 11 Cation-vacancy engineering of 2D nanosheets for electrocatalytic applications. (a) The calculated HER free energy results in the case 
of Mo edge with Mo and Se vacancies. (b) LSV curves of different nanostructures of MoSe2 with Mo vacancies and Pt/C for HER. Reproduced 
with permission.69 Copyright 2018, Wiley-VCH. (c) Density of states (DOS) of Mo vacancy in MoSe2 unit cell. Reproduced with permission.70 
Copyright 2018, ACS. (d) NH3 yield rates and Faradaic efficiencies of the Ru-Mo2CTx with consecutive recycling electrolysis. (e) The projected 
density of states (PDOS) for the N atoms bonded to Ru atoms and Mo atoms of Ru-Mo2CTx. (f) The charge density differences calculations of 
N2 bonded to Ru atoms and Mo atoms of Ru-Mo2CTx. Reproduced with permission.109 Copyright 2020, Wiley-VCH. (j) LSV curves and (k) 
Chronoamperometry data of different types of cation-vacancy NiFe LDH nanosheets for OER. Reproduced with permission.79 Copyright 2021, 
Wiley-VCH.

pared with the other intercalation processes (Fig. 9f). Different from 
Li+ and Na+ ions, K+ ions cannot occupy the Ti vacancy sites due
to a high diffusion barrier (Fig. 9g). As a result, a superior cycle 
performance was achieved for the Ti-deficient TiS2 nanosheets as 
anodes for PIBs, outperforming the TiS2 counterparts without Ti 
vacancies (Fig. 9h).

In addition to the above alkali-metal ion batteries (LIBs/SIBs/ 
PIBs), multivalent ion batteries such as ZIBs have remarkable 
electrochemical performance for the storage of metal ions through 
the introduction of cation vacancies. Pioneering work exploring the 
Zn ion energy storage of H-vacancy-enriched CoNi LDH 
demonstrated that H vacancies can provide additional intercalation 
sites for cations.102 The partial occupancy of H vacancies by Zn ions 
could effectively increase electrical conductivity, accelerate diffusion 
kinetics and enhance the storage capacity. Therefore, a high specific 

capacity was achieved by using the H-deficient CoNi LDH nanosheet 
cathodes for high-performance mild Zn ion batteries.
3.2.2 Lithium-sulfur batteries

Lithium-sulfur batteries are an attractive next-generation energy 
storage system due to their high theoretical energy densities and low 
cost.103-105 However, some major challenges associated with both S 
cathodes and Li anodes have severely impeded their commercial 
applications, such as the detrimental shuttle effect of soluble 
polysulfide (PS) intermediates and the formation of Li dendrites.106-

108 All these obstacles are related to the uneven migration of PS 
anions and Li+ cations. Thus, a desirable approach should focus on 
the regulation of migration of both PS anions and Li+ cations 
simultaneously.

In this regard, Xiong et al. designed a polypropylene (PP) 
separator coated with Ti0.87O2 nanosheets with Ti atomic vacancies t-
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Fig. 12 Cation-vacancy engineering of 2D nanosheets for photocatalytic applications. (a) Degradation of bisphenol A (BPA) (b) and 
corresponding k values with GCN-Vc and GCN under visible light. Reproduced with permission.24 Copyright 2018, ACS. (c) The photocatalytic 
H2 evolution of GCN-Vc, GCN and other reference samples. Reproduced with permission.95 Copyright 2021, RSC. (d) The photocatalytic CO 
evolution, (e) photoluminescence (PL) spectra, and (f) transient photocurrent response of GCN-Vc and GCN. (g) Band position schematic of 
GCN-Vc and GCN. (h) Schematic representation of the activated CO2 photoreduction activity on GCN-Vc. Reproduced with permission.50 
Copyright 2019, RSC.

o tackle these issues.40 The advantage of Ti atomic vacancies of 
Ti0.87O2 nanosheets manifest when acted as a selective ionic sieve, 
can simultaneously regulate the migration of Li+ cations and PS 
anions at an atomic scale. On the one hand, Ti vacancies endow the 
Ti0.87O2 nanosheets with negative charges, leading to a strong 
electrostatic interaction for promoting the uniform distribution of Li+ 
ions and then a reduced growth of Li dendrite (Fig. 10a). On the other 
hand, Ti0.87O2 nanosheets show a strong electrostatic repulsion for 
effective mitigation of PS anion shuttling (Fig. 10b). Moreover, Ti 
atomic vacancies act as sub-nanometer pores, not only providing fast 
diffusion pathways of small Li+ ions but also selectively excluding the 
migration of large PS anions, which results in the uniform distribution 
of Li+ ions (Figs. 10c and 10d) and suppression of PS shuttling (Figs. 
10e and 10f). Therefore, Ti0.87O2 nanosheets with Ti atomic vacancies 
exhibited a better cycling performance as functionalized separators 

for Li-S batteries compared with some reported materials (Fig. 10g). 
In addition, the same excellent performance can be obtained in Li-Se 
and Na-Se batteries by using the PP separator coated with Ti0.87O2 
nanosheets.

Recently, Zhang’s group reported a Zn defective Zn0.875Co2O4 
nanosheets applied to the PP separator for lithium-sulfur 
batteries.106 Through introducing Zn vacancies, the Zn0.875Co2O4 
nanosheets can act as a PS-blocking layer to anchor PS molecules by 
strong chemical adsorption, which shows a superior effect on 
suppressing the PS shuttle and improving reaction kinetics of PS 
conversion. This can be explained by the fact that Zn0.875Co2O4 
possesses stronger binding energies with Li2Sx via density functional 
theory calculations, relative to ZnCo2O4 without Zn vacancies. As a 
result, lithium-sulfur battery with an extremely high loading can be 
achieved, which delivered a stable cycle performance and high areal
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Fig. 13 The challenges and perspectives for atomic cation-vacancy engineering of 2D nanosheets in energy-related applications. The 
challenges of cation-vacancy engineering of 2D nanosheets still retain in the synthetic strategy, characterization technique, and mechanism 
investigation. The research directions of in situ characterization, machine learning technique and high-throughput computation are promising 
for cation-deficient 2D nanosheets in energy-related systems in the future.

capacity.
3.2.3 Electrocatalysis

Intentional creation of atomic cation vacancies has been explored to 
increase the electrocatalytic activity of 2D nanosheets by activation 
of the inert basal plane,69 enhancement of electron-transferring 
properties,70,110 and regulation of favorable atomic strain.49 Ding et 
al. theoretically investigated that Mo vacancies can activate the inert 
basal plane of MoSe2 for HER (Fig. 11a).69 The most prominent 
electrocatalytic activities were experimentally demonstrated for 2D 
MoSe2 nanosheets with Mo vacancies (Fig. 11b). In addition, they 
demonstrated that incorporation of Mo vacancies yielded additional 
electronic states in the vicinity of Fermi level, thus benefiting 
enhanced electron-transferring properties for MoSe2 (Fig. 11c). Due 
to identifiability of concentration of atomic cation vacancies 
compared with other types of vacancies, Chhowalla et al. found the 
HER activities of cation vacancies are strongly dependent on the local 
atomic strains.49 The atomic strain near the Mo vacancies is 
thermodynamically favorable for hydrogen adsorption, which is 
essential for improving the HER catalytic activities of single layer 
MoS2 nanosheets.111

The cation vacancies also provide abundant anchoring sites to 
confine single atoms on nanosheets for high electrocatalytic 
stability.109,112,113 Taking electrochemical N2 reduction reaction (NRR) 
as an example, under ambient conditions, the low selectivity and 
poor resistance make them uncompetitive for the synthesis of 
ammonia in comparison to the industrial Haber-Bosch process.114 
Tan’s team reported cation-vacancy Mo2CTx nanosheets modified 

with Ru atoms (Ru-Mo2CTx) as electrocatalysts toward NRR.109 Ru-
Mo2CTx showed excellent stability and negligible degradation in the 
process of recycling electrolysis test (Fig. 11d). Density functional 
theory (DFT) simulations revealed that Ru 3d has a stronger 
hybridization with adatom N 2p orbitals than Mo 3d orbitals around 
the Fermi level (Fig. 11e). Besides, a stronger electronic interaction 
between Ru sites and *N2 than Mo sites was shown during NRR 
process, (Fig. 11f), which accounts for the NRR durability of Ru-
Mo2CTx.

Moreover, different cation vacancies may play different roles in 
promoting electrocatalytic properties. For example, introduction of 
divalent metal (M2+) and trivalent metal (M3+) cation vacancies can 
enhance electrocatalytic stability and activity, respectively.79 The 
existence of M2+ vacancies could accelerate the evolution of surface 
active phases and optimize the binding energies of intermediates on 
the catalyst surface, thereby boosting the oxygen evolution reaction 
(OER) activity (Fig. 11g). While, whereas M3+ vacancies could relieve 
lattice distortions and dramatically mitigate metal dissolution during 
OER process, resulting in enhanced OER durability (Fig. 11h). The 
research on different kinds of cation vacancies is a cutting-edge 
strategy for the development of highly active and stable 
electrocatalysts. 
3.2.4 Photocatalysis

Although 2D nanosheets have been extensively investigated as 
photocatalysts, the main drawback, including the fast recombination 
of photogenerated electrons and holes, had hindered their practical 
applications.115-117 The introduction of atomic cation vacancies with-
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in the 2D photocatalysts could effectively inhibit the negative effect 
and improve photocatalytic performance. Taking GCN, a typical 2D 
photocatalyst, as an example,118,119 C vacancies in GCN nanosheets 
could generate unpaired electrons around adjacent N atoms and 
attract electrons from external substances, which further modify the 
electronic structure and thus improve the photocatalytic ability of 
GCN nanosheets.24 For instance, Zhang’s group found that bisphenol 
A could be effectively removed by GCN-Vc via the photocatalytic 
degradation process (Fig. 12a), and the photocatalytic degradation 
kinetic constant of GCN-Vc is around 2 times larger than that of 
pristine GCN (Fig. 12b).24 Besides, Guan et al. found that GCN-Vc was 
endowed with a superior photocatalytic hydrogen evolution rate, 
which was 18.3 times higher than that of pristine GCN (Fig. 12c).95 

These remarkable performance improvements encouraged 
researchers to study the intrinsic photocatalytic properties of GCN-
Vc and underlying atomic mechanisms associated with the C 
vacancies, which benefit from a good research platform of GCN 
nanosheets with atomic C vacancies. Typically, Shen and co-workers 
studied the beneficial role of C vacancies in GCN-Vc for CO2 
photoreduction (Fig. 12d).50 The strengthened PL emission peak (Fig. 
12e) and enhanced transient photocurrent response (Fig. 12f) in 
GCN-Vc are due to that C vacancies, widening the band gap and 
boosting the photoinduced charge carrier concentration (Fig. 12g). 
Besides, abundant reactive oxygen species, such as singlet oxygen 
and superoxide radicals, were produced to synergistically benefit the
electron-involved photocatalytic reactions for CO2 photoreduction

Table 1 Summary of the synthesis methods, characterization techniques and tunable properties for the investigated 2D materials.

2D materials
Cation vacancy 
types

Synthesis methods
Characterization 
techniques

Tunable properties

Ti0.87O2 nanosheets40 Ti atomic 
vacancies

Wet-chemistry HAADF-STEM, XAFS
Li-S, Li-Se and Na-Se batteries 
(long-term cycling stability)

δ-MnO2 nanosheets41 Mn vacancies Wet-chemistry
XAS, X-ray scattering, 
PDF analysis

Supercapacitor (specific 
capacitance, charge transfer 
resistance and cycling stability)

δ-FeOOH nanosheets53 Fe vacancies Wet-chemistry HRTEM
HER and OER (catalytic active 
centers)

CoSe2 nanosheets48 VCo″ vacancies Wet-chemistry PAS, XAFS
Water oxidation (activity and 
durability)

MoSe2 nanosheets70 Mo vacancies
Ion/electron beam 
irradiation

Raman, ESR, XPS, 
HRTEM

HER (catalytic active sites and 
electrocatalytic capacity)

MoS2 nanosheets49 Mo vacancies
Ion/electron beam 
irradiation

HAADF-STEM, 
Raman, PL

HER (charge-transfer kinetics)

TiS2 nanosheets61 Ti vacancies Thermal anneal EPR, XPS
Lithium-ion, sodium-ion and 
potassium-ion batteries (cycle 
ability and kinetic performance)

CoFe LDHs 
nanosheets76

Co and Fe 
vacancies

Wet-chemistry HRTEM, XAS OER (electrocatalytic activity)

NiFe LDHs 
nanosheets42

Ni and Fe 
vacancies

Selective etching XPS OER (electrocatalytic activity)

NiCu LDH 
nanosheets120 Cu vacancies Selective etching HRTEM, XPS

OER (long-term stability and 
improved kinetics)

Monolayer Ti3C2Tx 
flakes83 Ti vacancies Selective etching HAADF-STEM

2D electronic device (metallic 
conductivity)

Mo1.33C MXene39 Al and Sc 
vacancies

Selective etching HAADF-STEM
Supercapacitor (conductivity and 
volumetric capacitance)

Ti3−xC2Ty MXene62 Ti vacancies Selective etching HAADF-STEM, XAS CO2 functionalization (selectivity)

Graphene46 C vacancies
Ion/electron beam 
irradiation

HRTEM /

Hexagonal boron 
nitride47

Boron 
monovacancies

Ion/electron beam 
irradiation

Aberration corrected 
HRTEM

/

Graphitic carbon 
nitride50 C vacancies Selective etching TEM, XPS, ESR

CO2 photocatalytic reduction 
(CO2-to-CO conversion rate)

Page 15 of 20 Materials Chemistry Frontiers



Review Materials Chemistry Frontiers

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

(Fig. 12h).

4. Conclusions and perspectives
In this review, we have summarized the recent progress in synthesis 
methods and characterization techniques of cation vacancies in 
various 2D cation-deficient nanosheets and applications of such 2D 
nanosheets in various energy-related systems such as metal ion 
batteries, lithium-sulfur batteries, electrocatalysis, and 
photocatalysis (Table 1). The 2D nanosheet is an ideal platform to 
create cation vacancies due to its unique properties. By introducing 
cation vacancies, 2D nanosheets can be provided with additional 
sites, open channels and regulated electronic structures to achieve 
improved or unprecedented features. Although great advances have 
been achieved in the preparation, characterization, and application 
of 2D nanosheets with cation vacancies, there are still some 
challenges that are worthy of our further exploration and 
investigation (Fig. 13).

Reasonable and scalable methods should be developed to 
controllably generate cation vacancies in 2D nanosheets. Especially, 
the techniques of controllable mass production of cation vacancies 
in diverse 2D nanosheet systems are very significant toward the 
commercial scale. In addition, the cost of introducing cation 
vacancies in 2D nanosheets should also be taken into account. 
Therefore, developing more low-cost, efficient and eco-friendly 
methods to construct cation vacancies on 2D nanosheets is highly 
needed in the future. At the same time, the precise design of cation-
vacancy engineering in 2D materials is critical to investigate their 
performance and stability. At present, there are some difficulties in 
efficiently introducing cation vacancies in targeted regions, which 
results in our limited understanding of how cation vacancies affect 
material properties. 2D cation-vacancy nanosheets need to be 
precisely designed at the atomic scale according to requirements in 
order to achieve tailored preparation. There are possible approaches 
to achieve this goal including the synthesis of high-quality 2D 
nanosheets, the designation of certain chemical reactions for the 
introduction of cation vacancies, and precise control of the 
preparation conditions of cation vacancies in various 2D 
materials.121-123 However, it is still difficult to detect the quantity and 
spatial distribution of cation vacancies in 2D nanosheets with 
standard characterization techniques. Considering the probable 
inhomogeneity of the existence of cation vacancy, it is essential to 
gain an in-depth understanding of the vacancy distribution, 
especially to acquire its intrinsic effect on the performance for 
energy storage and conversion. Therefore, more attention should be 
paid to the development of powerful characterization techniques in 
the future. In addition, the atomic-scale mechanism of cation 
vacancies in 2D nanosheets for their improved electrochemical 
performance is not clear yet. Although some works have revealed the 
role of cation vacancies as additional sites before or after the 
reaction, we do not still know its dynamic evolution in the 
electrochemical process. Advanced in situ characterizations such as 
in situ TEM and X-ray absorption spectroscopy, are promising to 
reflect the real-time changes of the vacancy structure during the 
reaction process. A novel DFT (e.g., high-throughput computation) 
and machine learning hybrid computation method might track the 
interaction changes and charge transport at the deficient nanosheet 

interfaces, which is also suitable for investigating the atomic-scale 
mechanism of cation-deficient nanosheets in energy storage and 
conversion systems.

Overall, the recent progress has definitely made us expect a 
promising future of 2D cation-deficient nanosheets in energy-related 
applications. Considering that cation-vacancy engineering has 
become a universal approach for designing 2D materials, vast other 
materials will continue to be explored. With the development of 
advanced in situ techniques, the role of cation vacancies in 2D 
materials will be further understood at the atomic level. The cation-
vacancy engineering strategy of 2D nanosheets is expected to be 
widely applied in many other applications not limited to the above to 
solve the social necking problems.
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