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which includes the water reduction halfreaction at the cathode (hydrogen evolution reaction, HER) and water oxidation
half-reaction at the anode (oxygen evolution reaction, OER) (Figure 1a), is among
the most promising energy conversion technologies to address these challenges.[38–42] The water electrolysis can
be regarded as a reverse reaction of H2
combustion. The combination of the two
inverse transformations can form a close
cycle that enables the energy conversion
and flow with zero carbon footprint.[43,44]
In addition, the electricity that drives the
decomposition of water can be derived
from solar, wind, hydro, and geothermal
energies.[39,42,45] The sustainable energy
conversion not only realizes the storage
of these renewable energy resources as
chemical fuels through water electrolysis,
but also bridges the gaps between continuous applications and the temporal
or spatial intermittencies of these energy
resources (Figure 1b).
Theoretically, the catalytic decomposition of water into H2 and O2 requires
a minimum energy input of ΔG =
237.1 kJ mol−1 that corresponds to an applied voltage of 1.23 V
to provide the thermodynamic driving force for the uphill reaction.[46,47] However, in practice, a substantially larger voltage
is generally required because of the practical overpotentials
associated with the sluggish reaction kinetics, especially for
the OER which is a four-electron transfer process.[39,48,49] The
present commercial electrolyzers typically operate at a voltage
of 1.8–2.0 V.[46,49,50] The excess voltage input inevitably impacts
on the cost and conversion efficiency. As a result, although the
electricity-driven water splitting possesses fascinating perspective of producing clean and sustainable energy, its widespread
implementation is still lacking. At present, the contribution of
electrochemical water splitting to the global hydrogen fuel production is about 4%.[41,42]
To realize the envisioning of large-scale water electrolysis
for commercialization, improvement in the reaction kinetics
and minimization of the overpotential of electrolysis process
through the implementation of high-efficiency electrocatalysts is essential.[41,47] Traditionally, platinum (Pt) metal is the
most efficient for HER,[47,51] and the iridium/ruthenium oxides
(IrO2/RuO2) are highly active toward the OER.[50,52,53] Nonetheless, due to the well-known limitations of scarcity, high cost,
dissolution, and corrosion during the electrolysis process,[53–55]

The fast development of nanoscience and nanotechnology has significantly
advanced the fabrication of nanocatalysts and the in-depth study of the
structural-activity characteristics of materials at the atomic level. Vacancies,
as typical atomic defects or imperfections that widely exist in solid materials,
are demonstrated to effectively modulate the physicochemical, electronic,
and catalytic properties of nanomaterials, which is a key concept and hot
research topic in nanochemistry and nanocatalysis. The recent experimental
and theoretical progresses achieved in the preparation and application of
vacancy-rich nanocatalysts for electrochemical water splitting are explored.
Engineering of vacancies has shown to open up a new avenue beyond the
traditional morphology, size, and composition modifications for the development of nonprecious electrocatalysts toward efficient energy conversion.
First, an introduction followed by discussions of different types of vacancies,
the approaches to create vacancies, and the advanced techniques widely
used to characterize these vacancies are presented. Importantly, the correlations between the vacancies and activities of the vacancy-rich electrocatalysts
via tuning the electronic states, active sites, and kinetic energy barriers are
reviewed. Finally, perspectives on the existing challenges along with some
opportunities for the further development of vacancy-rich noble metal-free
electrocatalysts with high performance are discussed.

1. Introduction
The ever-increasing demand of energy as well as the deterioration of global climate and environment has spurred continuous research efforts to explore novel eco-friendly technologies,
such as photocatalysis,[1–13] electrocatalysis,[2,14–22] supercapacitors,[14,23–29] and batteries,[30–37] for the utilization of green and
renewable energy resources. Electrochemical water splitting,
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these noble-metal-based catalysts are economically not
viable for wide-scale application. Consequently, tremendous
endeavors have been devoted to exploring inexpensive, abundant, yet efficient catalytic materials with comparable performance to these noble-metal-based catalysts. Till now, a wide
variety of transition-metal (e.g., Mo, Fe, Co, and Ni) oxides,
hydroxides, chalcogenides, phosphides, nitrides, carbides, and
their inherited composite electrocatalysts have been developed.[41–44,48–50,56–65] Owing to their low cost, high activity, and
stability, these materials are considered to be promising alternatives for the practical water-splitting application. So far, the
achievements realized in this area have been summarized by
some excellent reviews.[41–44,48–50,56–61] However, these reports
mainly focus on tuning the dimensionalities, designing novel
structures, or constructing multicomponent hybrid materials,
whereas the importance of vacancies that profoundly influence
the functionalities of the nanomaterials is often neglected.
In fact, it has been known that the intrinsic vacancies
exist virtually in all solid materials because of the imperfect
arrangement of atoms.[66,67] Particularly, with the significant
advancement of nanoscience and nanotechnology, intentional
vacancies can now be artificially and controllably introduced
into nanocatalyst systems for functional purposes. Over the
past decades, the extensive researches in fabricating solid
materials with nanoscale size have revealed that the size
reduction would remarkably promote the exposure of interior atoms on the surfaces and induce easy escape of atoms
from the lattice, which will result in the formation of highcontent vacancies.[68,69] The study of vacancies has become a
key concept and hot research topic in the field of solid state
nanomaterials. The manipulation of the vacancies effectively
modulates the physicochemical, electronic, and thus catalytic
properties of nanomaterials, which thereupon inspires the
exploration of vacancy-rich nanomaterials for wide applications including solar/fuel cells, supercapacitors, ion batteries,
and catalysis.[66,67,70–72]
Most recently, the experimental and theoretical breakthroughs in electrocatalysis have revealed that the vacancies
play important roles in tuning the functionalities of transitionmetal-based nanocatalysts, which can (i) act as active sites or
promote the exposure of active sites, thus increasing the overall
density of catalytic active sites;[73–78] (ii) form new gap states
within the bandgap and/or narrow the bandgap of the electrocatalysts, thereby enhancing the electrical conductivity for fast
charge transfer;[79–83] and (iii) lower the energy barriers and
favor the adsorption/desorption of water molecules or intermediate reaction species (e.g., *H for HER; *OH, *OOH for
OER) on the surface of the electrocatalyst, hence optimizing
the reaction kinetics.[74,84–88] Taken together, substantial electrocatalytic activity enhancement can be attained by rational
design and engineering of the vacancies in nanocatalysts.
Moreover, careful in-depth studies of the vacancies in nanocatalysts promote the understanding of structure–catalytic
functions at the atomic level. This in turn brings more fundamental insights into the design of advanced catalysts. The
achievements realized in the preparation and application of
vacancy-rich electrocatalysts have opened up a new avenue for
the development of nonprecious metal-based electrocatalysts
for efficient energy conversion.
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As such, facing the increasing research efforts and significances of this topic, we herein aim to provide an overview of
the recent achievements in both experimental approaches and
the theoretical modelings of implementing vacancy-rich nanocatalysts for water electrolysis (Figure 1c). In the following sections, we first discuss the main categories of vacancies in the
available nanocatalysts. Then, a summary of the approaches
reported to create vacancies in electrocatalysts and the advanced
techniques widely used to characterize the vacancies are presented. Moreover, the correlations between the vacancies and
electrochemical activities of the vacancy-rich electrocatalysts
are elaborately reviewed. Finally, a summary of the research
advances and key challenges, along with some perspectives of
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Figure 1. a) Schematic illustration of electrochemical water splitting. b) Energy conversion and utilization cycle of electrochemical water splitting.
c) Overview contents of the review.

the future research directions for developing high-performance
vacancy-rich electrocatalyst materials, are discussed.

2. Classification of Functional Vacancies
Vacancies are the simplest defects that exist in all of the
materials above absolute zero (0 K), which correspond to the
absence of atoms at the lattice sites. The presence of vacancies
will change the entropy and enthalpy of a material system.
Thus, to reach a minimum free energy, there is a thermodynamically stable concentration of vacancies at a given
temperature (above 0 K) of a system.[66] The equilibrium concentration of vacancies Cv, denoted as the ratio of the number
of vacancies Nv to the number of atomic sites N, can be estimated by the Boltzmann distribution according to statistical
thermodynamics
Cv =

 Q 
Nv
= exp − V 
N
 K BT 

(1)


where QV is the energy required to remove one atom from
its lattice site and form a vacant site in a perfect crystal, KB is

Small 2018, 14, 1703323

the Boltzmann constant, and T is the absolute temperature.
According to the above equation, the thermal equilibrium
vacancies will be present in all materials. Moreover, in the case
of nonstoichiometric compounds, they may contain vacancies
with concentrations far above thermal equilibrium. As a result,
a large number of compounds with diverse high concentration
of vacancies have been developed.
To date, a host of the reported vacancy-rich transitionmetal-based nanocatalysts in both water reduction and oxidation are compounds, which consist of at least two different
kinds of atoms with opposite charges (ions), as summarized
in Table 1. In general, these nanocatalysts are made with deficient metal atoms (cations) or nonmetal atoms (anions), i.e.,
vacancies at the cation or anion site. Most recently, reports
show that cation and anion vacancies coexist in one material
system. Therefore, in terms of the deficient component, the
vacancies in the reported electrocatalysts are classified into
three different types: anion vacancies, cation vacancies, and
multi (anion and cation) vacancies (Figure 2a). These vacancies have shown to significantly improve the electrochemical
water-splitting efficiency, which will be briefly presented in
the following section. As for the specific functions of these
vacancies toward enhancing the electrocatalytic activity of the
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Table 1. Summary of the vacancy-rich nonprecious transition-metal-based electrocatalysts for water splitting. (Note: The “V” represents the materials
with vacancies while the “C” denotes the control samples for comparison; N.A. refers to not available).
Material

Vacancy type

Synthetic method

Performance

Ref. [Year]

Reaction

Electrolyte

Overpotential (η vs RHE)
at 10 mA cm−2 [mV]

Tafel slope [mV
dec−1]

Oxygen vacancy

Ar-plasma etching

OER

0.1 m KOH

V: 300
C: pristine Co3O4, 540

V: 68
C: 234

[78]
[2016]

CoFe LDH
nanosheets

O, Co, Fe multiple
vacancies

Ar-plasma etching

OER

1 m KOH

V: 266
C: bulk CoFe LDHs, 321

V: 37.85
C: 57.05

[107]
[2017]

CoFe LDH
nanosheets

O, Co, Fe multiple Water plasma etching
vacancies

OER

1 m KOH

V: 290
C: pristine CoFe LDHs,
332

V: 36
C: 52

[108]
[2017]

Co3O4 nanosheets

N-doped Co3O4
nanosheets

Oxygen vacancy

N2-plasma etching

OER

0.1 m KOH

V: 310
C: pristine Co3O4, 560

V: 59
C: 234

[94]
[2017]

NiCo2O4 nanosheets

Oxygen vacancy

Thermal treatment

OER

1 m KOH

V: 326
C: mesoporous Co3O4,
410

V: 30
C: 57

[98]
[2015]

La0.95FeO3−δ

Oxygen vacancy

Thermal treatment

OER

0.1 m KOH

V: 410
C: LaFeO3−δ, 510

V: 48
C: 77

[106]
[2016]

Porous Co3O4

Oxygen vacancy

Calcination of
ZIF-67-Co

OER

0.1 m KOH

V: 450
C: ZIF-67, unable to reach
10 mA cm−2 at 1.8 V

V: 89
C: 122

[133]
[2015]

Single-crystal CoO
nanorods

Oxygen vacancy

Thermal treatment

OER

1 m KOH

V: 330
C: polycrystalline CoO,
420

V: 44
C: 62

[85]
[2016]

NiCo2O4−δ

Oxygen vacancy

Thermal treatment

OER

0.1 m KOH

V: 390
C: Co3O4−δ, 440
MnCo2O4−δ, 530

V: N.A.
C: Co3O4−δ, N.A.
MnCo2O4−δ, N.A.

[134]
[2015]

5% Ni–Co3O4

Oxygen vacancy

Thermal treatment

OER

0.1 m KOH

V: 381
C: undoped mesoporous
Co3O4, 390

V: 72.5
C: 74.3

[135]
[2016]

Reduced Co3O4
nanowires

Oxygen vacancy

NaBH4 reduction

OER

1 m KOH

V: 400
C: pristine Co3O4, unable
to reach 10 mA cm−2 at
1.7 V

V: 72
C: 82

[83]
[2014]

Iron–cobalt oxide
nanosheets

Oxygen vacancy

NaBH4 reduction

OER

0.1 m KOH

V: 308
C: iron–cobalt oxide
nanoparticles, 400

V: 36.8
C: 71.7

[92]
[2017]

Reduced Co3O4
nanoparticles

Oxygen vacancy

NaBH4 reduction

OER

1 m KOH

V: 340
C: Co3O4, ≈390

V: 47
C: 72

[136]
[2016]

CaMnO2.5 perovskite

Oxygen vacancy

Reduction by
annealing in H2

OER

0.1 m KOH

V: N.A.
C: CaMnO3 precursor,
N.A.

V: 149
C: 197

[75]
[2014]

Layered
PrBaMn2O5+δ

Oxygen vacancy

Reduction by
annealing in H2

OER

0.1 m KOH

V: 500
C: pristine PrBaMn2O5+δ,
unable to reach 10 mA
cm−2 at 1.8 V

V: N.A.
C: N.A.

[100]
[2016]

Co3O4/rGO
composites

Oxygen vacancy

Hydrothermal
synthesis

OER

1 m KOH

V: 290
C: 380

V: 68
C: 95

[93]
[2017]

Ni-doped CoFe2O4
nanospheres

Oxygen vacancy

Hydrothermal
synthesis

OER

0.1 m KOH

V: 295
C: CoFe2O4, 355

V: N.A.
C: N.A.

[137]
[2016]

Bi2WO6
Nanoplates

Oxygen vacancy

Hydrothermal
synthesis

OER

0.5 m
Na2SO4 (pH = 6.6)

V: 540
C: Bi2O3 nanorods and
W18O49 nanowires with
oxygen vacancy, unable
to reach 10 mA cm−2 at
1.8 V

V: N.A.
C: N.A.

[81]
[2016]
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Table 1. Continued.
Material

Vacancy type

Synthetic method

Performance

Ref. [Year]

Reaction

Electrolyte

Overpotential (η vs RHE)
at 10 mA cm−2 [mV]

Tafel slope [mV
dec−1]

1 m KOH

V: 310
C: Co1−xS, 440

V: 79
C: 118.32

[87]
[2017]

V: 88
C: 261

[138]
[2017]

Co1−xS/rGO
nanosheets

Cobalt vacancy

Hydrothermal
synthesis

OER

Co3O4 nanocrystals/
Ti

Oxygen vacancy

Hydrothermal
synthesis

OER

LiCoO2 nanosheets

Oxygen vacancy

Chemical exfoliation
and hydrothermal

OER

0.1 m KOH

V: 410
C: bulk LiCoO2, unable
to reach 10 mA cm−2 at
1.8 V

V: 88
C: 156

[91]
[2017]

BaTiO3−x perovskite

Oxygen vacancy

Sol–gel method and
reductive thermal
treatment

OER

0.1 m NaOH

V: ≈330 mV (at
1 mA cm−2)
C: IrO2, ≈350 mV (at
1 mA cm−2)

V: N.A.
C: N.A.

[139]
[2015]

Ni-doped
La0.8Sr0.2Mn1−xNixO3
nanoparticles

Oxygen vacancy

Sol–gel method and
thermal treatment

OER

0.1 m KOH

V: 540 mV (at 5 mA cm−2)
C: undoped
La0.8Sr0.2MnO3, 710 mV
(at 5 mA cm−2)

V: N.A.
C: N.A.

[99]
[2016]

Spinel NiCo2O4
nanowire arrays

Oxygen vacancy

Room-temperature
solution reaction

OER

1 m KOH

V: 428
C: NiO, 648
Co3O4, 478

V: 62
C: NiO, 107
Co3O4, 67

[96]
[2015]

Reduced NiCo2O4
nanosheets

Oxygen vacancy

NaBH4 reduction

OER

0.1 m KOH

V: 379
C: RuO2, 376

V: 63.4
C: 76.1

[97]
[2016]

Nanoporous CoOx
particles

Oxygen vacancy

Electrochemical
etching of CoSn(OH)6

OER

1 m KOH

V: 313
C: IrO2, 326

V: N.A.
C: IrO2, N.A.

[140]
[2016]

Mn3O4@MnxCo3−xO4
nanoparticles

Oxygen vacancy

Exchange of Co ions
with Mn3O4

OER

1 m KOH

V: 246
C: RuO2, N.A.

V: 46
C: RuO2, N.A.

[95]
[2017]

δ-MnO2 nanosheet

Oxygen vacancy

Hydrothermal

OER
HER

1 m KOH

V: 320
C: IrO2, 340
V: 196
C: Ni foam, 378

V: 40
C: IrO2, 68
V: 66
C: 89

[79]
[2017]

TiO1.23 film/Ti foil

Oxygen vacancy

Cathodic reduction

HER

0.5 m H2SO4

V: 198
C: TiO2, 700

V: 88
C: 393

[82]
[2016]

Sulfur vacancy

Thermal treatment

HER

0.5 m H2SO4

V: 57
C: CoS2, ≈210

V: 48
C: N.A.

[129]
[2017]

Oxygen vacancy

Thermal treatment

HER

0.1 m KOH
0.1 m H2SO4

V: 138
C: commercial MoO3,
314
V: 179
C: commercial MoO3,
422

V: 56
C: 130
V: 72
C: 146

[141]
[2016]

Selenium vacancy

Reduction by
annealing in H2

HER

0.5 m
H2SO4
1 m KOH

V: 245
C: WSe2, 563
V: 316
C: WSe2, ≈760

V: 76
C: 95
V: 103
C: 265

[76]
[2016]

Ta-doped WO3

Oxygen vacancy

Hydrothermal
synthesis

HER

1m
H2SO4

V: ≈520
C: WO3, unable to reach
10 mA cm−2 at −0.52 V

V: 65
C: 90

[142]
[2014]

Mesoporous
1T phase MoS2
nanosheets

Sulfur vacancy

Liquid-ammoniaassisted lithiation

HER

0.5 m
H2SO4

V: 153
C: 1T MoS2 nanosheets,
203

V: 43
C: 48

[101]
[2016]

N-doped CoS2
Mesoporous MoO3−x

WSe2 monolayer
nanosheets
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1 m phosphate buffer
V: 544
saline solution (pH C: Ti+Co3O4, unable to
reach 10 mA cm−2 at
= 7)
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Table 1. Continued.
Material

Vacancy type

Synthetic method

Performance

Ref. [Year]

Reaction

Electrolyte

Overpotential (η vs RHE)
at 10 mA cm−2 [mV]

Tafel slope [mV
dec−1]

WO2–carbon

Oxygen vacancy

Calcination of
WO3-ethylenediamine

HER

0.5 m
H2SO4

V: 58
C: WO3 porous nanowires, 203

V: 48
C: 56

[113]
[2015]

P-doped MoO3−x
nanosheets

Oxygen vacancy

Thermal treatment
in N2

HER

0.5 m
H2SO4

V: 166
C: MoO3/4-BBPA, 407

V: 42
C: 98

[143]
[2017]

MoS2

Sulfur vacancy

Liquid exfoliation by
NH3

HER

0.5 m
H2SO4

V: 160
C: MoS2·NH3, 230

V: 54.9
C: 55.3

[103]
[2016]

MoS2 monolayer

Sulfur vacancy

Remote H2-plasma
etching

HER

0.5 m
H2SO4

V: 183
C: pristine MoS2, 727

V: 77.6
C: 164.5

[104]
[2016]

MoS2

Sulfur vacancy

Electrochemical
desulfurization

HER

0.5 m
H2SO4

V: ≈320
C: pristine MoS2, N.A.

V: 102
C: 151

[73]
[2017]

Sulfur vacancy

Ar-plasma etching

HER

V: 170
C: pristine MoS2, N.A.

V: 60
C: 98

[74]
[2016]

H2SO4
(pH = 0.2)

Monolayer
2H-MoS2
Sulfur vacancy

Remote H2-plasma
etching

HER

0.5 m
H2SO4

V: 143
C: pristine MoSx, 206

V: 39.5
C: 84.2

[84]
[2016]

Selenium vacancy

Bottom-up colloidal
synthesis

HER

0.5 m
H2SO4

V: 288
C: bulk MoSe2, N.A.

V: 98
C: 346

[77]
[2014]

Sulfur and selenium Ar/H2-assisted CVD
growth
vacancies

HER

0.5 m
H2SO4

V: 55.5
V: 183
C: WS2, 244; WSe2, 220 C: WS2, 104.2; WSe2,
81.2

[102]
[2016]

HER

0.5 m
H2SO4

V: 167
C: Co@N-doped CNT,
260

[144]
[2017]

Amorphous MoSx
MoSe2−x nanosheets
3D MoS2(1−x)Se2x
nanosheets
Defective TiO2/
Co@N-doped carbon
nanotube (CNT)

Oxygen vacancy

Thermal treatment

V: 73.5
C: Co@N-doped
CNT, 105.1

Figure 2. a) The types of vacancies in transition-metal-based electrocatalysts. b) Linear sweep voltammetry (LSV) curves of OER for vacancy-rich Co3O4
(L-Co3O4), pristine Co3O4 (R-Co3O4), hydrothermal synthesized Co3O4 (H-Co3O4) and RuO2 in 1 m KOH. Reproduced with permission.[89] Copyright
2016, American Chemical Society. c) LSV curves of OER for vacancy-rich Co3O4 (reduced Co3O4), pristine Co3O4, IrOx and Pt/C in 1 m KOH. Reproduced
with permission.[83] Copyright 2014, John Wiley & Sons, Inc.
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transition-metal-based nonprecious nanocatalysts, the detailed
discussion will be presented in Section 5.

2.1. Anion Vacancies
Oxygen vacancy is thus far the most popular anion vacancy
in the reported vacancy-rich transition-metal-based electrocatalysts. Owing to the reducibility of MO (metaloxygen)
bonds and low hopping barriers for oxygen vacancy, the
preparation of oxygen-deficient nanomaterials has been
extensively reported to enhance the electrocatalysis performance.[79,89–92,133,144] For instance, Co3O4, which is a typical
spinel-type oxide with mixed oxidation states of Co2+ located
at the tetrahedral site and Co3+ occupied the octahedral
site, has been demonstrated for facile formation of oxygendeficient structure by several groups.[78,83,89,90,93,94] Du and
co-workers have prepared Co3O4 nanoparticles with abundant oxygen vacancies (L-Co3O4) for OER (Figure 2b).[89] The
generation of oxygen vacancies significantly facilitates the
adsorption of H2O molecules, improves the conductivity, and
increases the exposure of surface active sites. As a result, the
Co3O4 displays high catalytic performance with an overpotential of 294 mV (vs reversible hydrogen electrode (RHE)) at
10 mA cm−2 and a Tafel slope of 74 mV dec−1, which even outperforms the noble-metal catalyst of RuO2 (298 mV at 10 mA
cm−2 and a Tafel slope of 78 mV dec−1). Zheng and co-workers
have reported a reduced mesoporous oxygen-deficient Co3O4
nanowires for electrochemical O2 production.[83] The existence
of oxygen vacancies leads to the formation of new gap states

and enhancement of the electrical conductivity. The reduced
Co3O4 nanowires exhibit a much larger current of 13.1 mA cm−2
at 1.65 V versus RHE and a much lower onset potential of
1.52 V than pristine Co3O4 nanowires (1.8 mA cm−2 at 1.65 V,
and an onset potential of 1.57 V) (Figure 2c).
In addition to Co3O4, the oxygen-vacancy-induced electrocatalytic activity enhancement has also been observed in other
transition-metal oxides. Recently, Gong and co-workers have
devised an edge-site-enriched core–shell Mn3O4@CoxMn3−xO4
oxides nanoparticles (Mn@CoMnO NPs) (inset in Figure 3a)
through an ion exchange of Co ions with Mn ions on the surface of Mn3O4 seed for OER.[95] They reveal that the existence
of abundant edge sites has promoted the generation of oxygen
vacancies in the hybrid particles, which results in the direct
structural exposure of Co atoms with open coordination sites,
as illustrated in Figure 3b. Such unsaturated coordination sites
with missing oxygen atoms are proposed to be unstable in
alkaline condition and are easily filled by OH− groups, which
can reduce the overpotential for the H2O dissociation or favor
the OH− conversion to a more active oxyhydroxide species.
Meanwhile, the heterojunction between the cores and shells
has contributed to lowering the charge transfer resistance
and promoting the charge transport kinetics. As a result, the
optimal edge-site-enriched Mn@CoMnO NPs with unsaturated coordination present an overpotential as low as 246 mV
at 10 mA cm−2, which is 10 and 46 mV lower than the samples
with less edge-site-enriched shells of Mn@CoMnO-90 NPs and
Mn@CoMnO-150 NPs, respectively (Figure 3a). Importantly,
the performance of the as-prepared Mn@CoMnO NPs even
outperforms the commercial benchmark electrocatalyst, RuO2.

Figure 3. a) LSV curves of OER for Mn@CoMnO NPs, RuO2, and Ni foam in 1 m KOH (inset shows the structural model); b) structural illustration
of the edge-site-enriched Mn@CoMnO NPs with unsaturated coordination. Reproduced with permission.[95] Copyright 2017, John Wiley & Sons, Inc.
c) LSV curves of HER for Pt foil, Pt/carbon cloth (Pt/CC), MoS3.1, and MoS1.7 in 0.5 m H2SO4. Reproduced with permission.[84] Copyright 2016, John Wiley
& Sons, Inc. d) LSV curves of OER for hierarchical vacancy-rich Fe-doped NiOx nanotubes, Fe-doped NiOx nanosheets, NiO nanotubes, and IrO2 in 1 m
KOH. Reproduced with permission.[105] Copyright 2017, Elsevier. e) OER mass activity (MA) and specific activity (SA) of LaFeO3 (LF), La0.98FeO3−δ
(L0.98F), La0.95FeO3−δ (L0.95F), and La0.9FeO3−δ (L0.9F) catalysts at 1.63 V in 0.1 m KOH. Reproduced with permission.[106] Copyright 2016, American
Chemical Society. f) LSV curves of OER for pristine CoFe LDHs and water-plasma exfoliated CoFe LDH nanosheets with multivacancies. Reproduced
with permission.[108] Copyright 2017, John Wiley & Sons, Inc.
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Moreover, CoO,[85] MnO2,[79] NiCo2O4,[96–98] and perovskite
oxides[75,80,86,99,100] with abundant oxygen vacancies have also
been reported for remarkably improving the electrocatalytic
water-splitting efficiencies. These reports together validate the
effectiveness of oxygen vacancies in modulating the functionalities of transition-metal-based electrocatalysts and constitute the
main body of vacancy-mediated electrocatalysis.
Apart from the oxygen vacancy, sulfur and selenium vacancies
are another two commonly reported anion vacancies, which are
frequently observed in the metal chalcogenides electrocatalysts
such as MoX2 and WX2 (X = S and Se).[73,74,76,77,84,101–104] The
sulfur and selenium vacancies can facilitate favorable hydrogen
adsorption and introduce more basal plane active sites. Li and coworkers have developed a high-sulfur-vacancy amorphous MoS2
(a-MoS1.7) for HER.[84] The creation of sulfur vacancies leads to a
significant enhancement in the performance of a-MoS1.7 (overpotential of 143 mV vs RHE at 10 mA cm−2) compared to its
pristine MoS3.1 counterpart (overpotential of 206 mV vs RHE at
10 mA cm−2). In particular, the vacancies also change the surface energy of the catalysts, which inhibits the bubble trapping
on catalyst surfaces at high current densities. As a result, the
HER performance of the a-MoS1.7 outperforms Pt catalyst at high
current density (Figure 3c). Analogously, Cai and co-workers
have reported a controllable engineering of selenium vacancies in basal planes of mechanically exfoliated WSe2 monolayer
nanosheets for efficient electrocatalytic H2 evolution.[76] The
selenium vacancies have been verified to act as highly active and
tunable catalytic sites for HER. Consequently, the Se-vacancyrich WSe2 exhibits a ≈15 times larger current density than WSe2
nanosheets at the voltage of 400 mV.

2.2. Cation Vacancies
In spite of the fact that anion vacancies are the most common
surface defects, recently, some reports have shown that metal
cation vacancies can also be prevalent for nanocatalysts.[87,88,105]
The cation vacancies have demonstrated to display similar roles
as that of anion vacancies for altering the catalytic properties of
nanomaterials. For example, Li and co-workers have prepared a
hierarchical Fe-doped NiOx nanotubes assembled from ultrathin
nanosheets.[105] Investigations suggest that the incorporation of
Fe results in abundant trivalent nickel (Ni3+) and nickel vacancies,
which drastically modify the local atomic and electronic structure.
The as-prepared hierarchical Fe-doped NiOx nanotubes exhibit
outstanding OER activity and stability. As shown in Figure 3d,
the overpotential of the vacancy-rich Fe-doped NiOx nanotubes
for achieving a current density of 10 mA cm−2 is 310 mV, which
is lower than that of Fe-doped NiOx nanosheets (355 mV),
NiO nanotubes (418 mV), and even better than IrO2 (360 mV).
The Tafel slope of hierarchical Fe-doped NiOx nanotubes is also
the smallest (≈49 mV dec−1) among the tested catalysts, which
reveals the favorable kinetics toward electrochemical OER.
In addition, Xie and co-workers have prepared a cobalt
vacancy-rich ultrathin CoSe2 nanosheets with atomic thickness.[88] The developed Co-deficient CoSe2 ultrathin nanosheets
effectively catalyze the OER with low overpotential, small Tafel
slopes, and large turnover frequencies, which are all superior
to those of its bulk counterparts and most reported Co-based
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electrocatalysts. Notably, compared to the plentiful studies in
construction and exploration of anion vacancy-rich electrocatalysts, the reports of electrocatalysts with abundance metal cation
vacancies are limited, which may be hindered by the high formation energy requirement of metal cation vacancies. In this
sense, more efforts are needed in this preliminary research area
to foster the development of cation vacancy-rich electrocatalysts.

2.3. Multi (Anion and Cation) Vacancies
In addition to the commonly recognized single-type vacancy-rich
(anion-rich or cation-rich) nanocatalysts, several recent studies
have proven that these two types of vacancies also coexist within
one material system and function in a synergistic way to accelerate the water electrolysis process.[106–108] For example, perovskite oxide is an important class of mixed oxide that offers great
flexibility in controlling and tailoring of multi (anion and cation)
vacancies. The general formula of perovskite materials is ABO3,
in which A is a rare-earth or alkaline earth metal element and
B is a transition metal element. The numerous combination of
mixed A and B cations and nonstoichiometry oxygen may be
constructed for enhanced electrocatalysis. Zhou and co-workers
have developed an efficient LaFeO3 perovskite nanocatalyst by
tuning cation deficiency for enhancing the electrocatalytic O2
evolution and reduction activity.[106] In their work, A-site cation
deficiency is introduced merely by changing the amount of La
precursor. The La deficiency induces the creation of surface
oxygen vacancies and the small amount of Fe4+ species in the
A-site cation-deficient La1−xFeO3−δ, which synergistically promote the La1−xFeO3−δ to display higher OER activity than the
pristine LaFeO3, as shown in Figure 3e.
Moreover, layered double hydroxides (LDHs) containing multivacancies with enhanced electrocatalytic performance have
also been reported recently.[107,108] LDHs are a class of lamellar
ionic crystals consisting of positively charged brucite-like
host layers and exchangeable charge-compensating interlayer
anions.[58,108] By etching the charge-balancing anions, hence
interrupting the electrostatic interactions, and separating the
positively charged host layers from each other, multiple vacancies can be generated. Wang and co-workers have exfoliated
bulk CoFe LDHs into ultrathin LDH nanosheets, which contain
multivacancies including O, Co, and Fe vacancies.[108] Owing
to their ultrathin 2D structure, the LDH nanosheets expose a
greater number of active sites, and the multiple vacancies significantly improve the intrinsic activity for OER (Figure 3f).
The as-exfoliated ultrathin CoFe LDH nanosheets exhibit an
obvious lower overpotential (290 mV at 10 mA cm−2) and faster
kinetics (Tafel slope of 36 mV dec−1) than bulk CoFe LDHs
(332 mV at 10 mA cm−2, 52 mV dec−1).

3. Engineering of Functional Vacancies
In light of the success of improving the water-splitting
efficiency by vacancies engineering, a number of
strategies have been developed to create functional vacancies
in transition-metal-based nanomaterials with diverse morphologies. Some of the processes are carried out in conjunc-
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Figure 4. Summary and schematic presentation of the methods reported for the creation of vacancies in transition-metal-based electrocatalysts.

tion with the synthesis, while the other via post-treatment.
Broadly, these approaches can be categorized into “top-down”
methods, such as liquid exfoliation, plasma etching, or
thermal treatment, as well as the “bottom-up” assembly, for
instance, hydrothermal and chemical vapor deposition (CVD).
In terms of the energy input and processing time, these
methods have been summarized and presented schematically
in Figure 4. Importantly, the density and distribution of the
vacancies can be manipulated to a certain extent by controlling the processing parameters, which allows the tuning of
the electrocatalytic activity to maximize the efficiency.

3.1. Liquid Exfoliation
Liquid exfoliation refers to the delamination of laminarstructured bulk crystals in liquid dispersions into individual,
atomically thin nanosheets with highly exposed surfaces of
large planar dimensions.[109] In order to overcome the binding
forces (e.g., van der Waals interactions) between the interlayers, intense means are often used, such as ultrasonication
that imposes high-amplitude sonication waves to facilitate the
exfoliation. It is reported that some of the atoms on the surface of the electrocatalyst that can be strongly bonded to specific
surfactants/intercalators are simultaneously dislodged or displaced from the lattice during the exfoliation, hence producing
vacancies. Xie and co-workers have successfully created a large
number of cobalt vacancies on the surfaces of ultrathin CoSe2
nanosheets (Figure 5a) by ultrasonic exfoliation of the lamellar
hybrid intermediates CoSe2-diethylenetriamine (DETA).[88] The
Co atoms that are initially coordinated with DETA are detached
from the CoSe2 lattices under the ultrasonic treatment, leaving
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behind vacancies. The as-formed cobalt vacancies can serve as
favorable adsorption sites for H2O molecules to markedly lower
the OER overpotential.
Similarly, Xu et al. have also used ultrasonication to exfoliate the ammonia (NH3)-intercalated MoS2 into monolayer
nanosheets (Figure 5b) that are rich in sulfur vacancies.[103]
The NH3 molecules are adhered to the SMoS layers by
van der Waals forces and hydrogen bonds, which can extract
the sulfur atoms from the lattices to form sulfur vacancies by
the shear sonication and cavitation forces.[103] The liquid exfoliation technique exhibits simplicity and versatility in obtaining
vacancy-rich nanosheets. However, it usually involves lengthy
intercalation (hours or even days) and post-treatment steps.
This method also relies heavily on the choice of liquid media
for good dispersion of bulk materials and the stabilization
of as-exfoliated thin nanosheets as poor solvents may cause
re-stacking of the nanosheets. Furthermore, the solvent molecules could be adsorbed on the final products, which may block
the active sites to reduce the electrocatalytic activity.

3.2. Chemical Reduction
Chemical reduction involves the reaction of electrons (e−) with
atoms in the lattices to form corresponding vacancies in the
matrix.[110] In general, two routes have been reported: (i) the
high-temperature annealing in reductive atmosphere, such
as hydrogen gas, and (ii) the aqueous chemical reaction using
reducing agents. For the first route, the hydrogen that is adsorbed
on the nanocatalyst can transfer electrons to the lattice atoms at
high temperature, which could reduce the catalysts and lead to
the formation of vacancies. Sun et al. have introduced selenium

1703323 (9 of 24)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

small
NANO

MICRO

www.small-journal.com

www.advancedsciencenews.com

Figure 5. a) Atomic force microscopy (AFM) image of CoSe2 nanosheets. Reproduced with permission.[88] Copyright 2014, American Chemical Society.
b) Transmission electron microscopy (TEM) image of the MoS2 nanosheets. Reproduced with permission.[103] Copyright 2016, Royal Society of Chemistry. c) TEM image of WSe2 nanosheets. Reproduced with permission.[76] Copyright 2016, Royal Society of Chemistry. d) TEM image of the reduced
Co3O4 nanowires. Reproduced with permission.[83] Copyright 2014, John Wiley & Sons, Inc. e) TEM image of the as-prepared Fe1Co1–O nanosheets.
Reproduced with permission.[92] Copyright 2017, John Wiley & Sons, Inc. f) Scanning electron microscopy (SEM) image of Ar-plasma-engraved
Co3O4. Reproduced with permission.[78] Copyright 2007, John Wiley & Sons, Inc. g) AFM image of a single crystalline MoS2 monolayer flake after
hydrogen plasma. Reproduced with permission.[104] Copyright 2016, Elsevier. h) TEM image of WO2–carbon nanorods. Reproduced with permission.[113]
Copyright 2015, American Chemical Society. i) SEM image of CoO nanorods. Reproduced with permission.[85] Copyright 2016, Nature Publishing
Group. j) TEM image of Co3O4 nanoparticles. Reproduced with permission.[89] Copyright 2016, American Chemical Society. k) TEM image of the
hierarchical MoSe2−x nanosheets. Reproduced with permission.[77] Copyright 2014, Royal Society of Chemistry. l) SEM image of vertically oriented
3D Mo(S0.53Se0.47)2 nanosheets on carbon cloth. Reproduced with permission.[102] Copyright 2016, Royal Society of Chemistry.

vacancies into tungsten selenide (WSe2) nanosheets (Figure 5c)
via reductive annealing treatment in Ar/H2 of 95:5 volume ratio
atmosphere.[76] It is shown that selenium vacancies increase with
annealing temperature up to 900 °C while the degree of structural disorder remains admissible. It is observed that the inert
basal planes are activated due to the introduction of selenium
vacancies, which provide the active sites for hydrogen adsorption
to enhance the HER. Similar work of using reductive annealing
has also been reported for the effective creation of oxygen vacancies in CaMnO3[75] and Ln2Ti2O7 perovskites.[111]
However, the annealing in the reducing atmosphere is
unsuitable to process thermally unstable materials. Alternatively, a mild room-temperature aqueous reduction method
involving reducing agents, e.g., sodium borohydride (NaBH4),
hydrazine (N2H4), can be employed. NaBH4 has a strong
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reductive capacity, which can release H2 for reducing purpose.
Zheng and co-workers used NaBH4 to partially reduce Co3+
into Co2+ ions for the in situ generation of oxygen vacancies
in mesoporous Co3O4 nanowires (Figure 5d) to enhance the
OER performance.[83] The mesopore feature facilitates fast
mass transfer which enable efficient reduction treatment. Zhu
and co-workers have observed that the reduction rates of iron–
cobalt oxide nanosheets (Figure 5e) can be adjusted through the
use of different reducing agents.[92] They disclose that NaBH4
shows a stronger and faster reducing capability than N2H4,
which ensures homogeneous dispersion of metal ions to deter
the phase separation of different metals as such nanosheets’
structure is preserved. This greatly benefits the generation of
more oxygen vacancies in the FexCoy–O nanosheets than the
FexCoy–O nanoparticles. Reduction by borohydride is a generic
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and feasible approach to create vacancies in many other material systems, such as NiCo2O4.[97] Compared to the high-temperature reduction that demands higher energy input and
imposes safety concerns, the wet chemical reduction strategy is
comparatively cheaper, scalable, and convenient.

3.3. Plasma Etching
Plasma etching is a dry form of etching where the process gas
converts the material to be etched from the solid to the gaseous
phase (volatile etched products), which are then evacuated. The
plasma etching introduces ion bombardment onto a nanocatalyst surface, where highly energetic ions transfer the energy
to surface atoms by collisions which break the covalent bonds,
leading to the ejection of the surface atoms to produce vacancies. Other than the physical etching, reactive gases such as
O2 and H2 can bring about chemical plasma etching that triggers reactions of the gas radicals with surface atoms to effectively create vacancies. The few key parameters that affect the
plasma etching process include pressure, flow rate, gas species,
and excitation source.
Wang and co-workers have shown the creation of abundant
oxygen vacancies on the Co3O4 nanosheets (Figure 5f) via a onestep Ar plasma treatment of 100 W, pressure 40 Pa for 60–240 s.[78]
The plasma treatment is reported to bombard the oxygen atoms
out of the Co3O4 lattices and meanwhile reduces a part of Co3+
ions to Co2+, thereby giving rise to oxygen vacancies. The same
group has also demonstrated that the N2 plasma treatment
of higher plasma power (300 W) with similar pressure and
irradiation time can simultaneously introduce heteroatom N
doping and create oxygen vacancies in Co3O4 nanosheets.[94]
The doped N atoms that alter the electronic properties of the
metal hosts, along with the abundant oxygen vacancies, are
responsible for an OER enhancement. Other than single-type
vacancies, plasma is capable of creating multiple vacancies.[107]
Oxygen and metal (Co and Fe) vacancies are introduced into
monolayer CoFe LDH nanosheets through Ar plasma etching
of 100 W under 0.2–0.4 Pa for 60 min.[107] The low-pressure
plasma etching compensated by the longer duration enables
the breaking of the covalent bonds of the host layers in the
lateral direction, facilitating the escape of surface metal and
oxygen atoms from the lattice to produce multiple vacancies.
These vacancies can effectively tune the electronic structures
and increase the valence states of surrounding metal centers,
hence contributing to higher OER activity. However, the structures of some ultrathin nanomaterials, such as the ultrathin
Co3O4[78,94] and MoS2 nanosheets,[112] are easily destroyed and
decomposed into fragments by the plasma treatment due to the
strong sputtering effect.
To mitigate the breakage issue and warrant the structural
integrity, Li and co-workers have devised a remote hydrogen
plasma strategy (20–50 W, 13 Pa for 30 min) that imposes
mild plasma treatment on MoS2.[84] The amorphous MoS2/
carbon cloth sample is located at a remote position from the
plasma coil to avoid direct plasma bombardment. The active
hydrogen atoms/ions react with the sulfur atoms in MoS2 to
create sulfur vacancies. In addition, the same research group
has also shown that high-density sulfur vacancies can be intro-
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duced into the basal planes of monolayer crystalline MoS2
(Figure 5g).[104] They have successfully tuned MoS2 with a wide
range of atomic ratios from MoS1.97 to MoS1.20 using the same
remote H2 plasma technique to greatly enhance the HER performance. The plasma-mediated vacancies’ creation approach is
highly efficient as the whole process can be accomplished in
minutes and moreover, precise plasma power, pressure, gas
flow, and irradiation time can be fine-tuned to enable rich stoichiometry vacancies. However, the scalability of this technique
is largely restricted by the high equipment cost of the plasma
generator, vacuum, and power supply.

3.4. Thermal Treatment
Annealing at elevated temperatures leads to the loss of oxygen
atoms in the case of metal oxides, thereby forming oxygen
vacancies. Such thermal annealing is usually carried out in a
vacuum system at a specific heating ramp rate and temperature
under carrier gas, such as Ar, N2, O2, and air. The gas is introduced into the system at a constant flow rate to a desire pressure. The reaction temperature and pressure are held constant
for a certain period to create vacancies, most probably, by the
physical vaporization process. For materials that are easily oxidized, such as metal sulfides and selenides, thermal treatment
can be conducted in an inert atmosphere, e.g., N2 or Ar gas, in
which sulfur and selenium vacancies can be created owing to
the intrinsically higher volatility of the chalcogen atoms.
Zhang et al. have transformed the WO3/ethylenediamine
hybrids into WO2–carbon mesoporous nanowires (Figure 5h)
with a high concentration of oxygen vacancies via calcination in
Ar gas at 700 °C for 5 h.[113] During the annealing process, the
N atoms in the ethylenediamine can extract the O atoms out
of WO3 to generate NOx, thus giving rise to WO2 with oxygen
vacancies. Consequently, the WO2 nanowires are rendered with
metallic electronic structure as well as a large amount of active
sites, which show high catalytic performance for HER. Xie and
co-workers have prepared ultrathin NiCo2O4 nanosheets with
rich and poor oxygen vacancies, which are realized by thermal
transformation of Ni–Co/Co hydroxides in air and O2 atmosphere at 300 °C, respectively.[98] The escaping of O atoms from
the lattices could be retarded owing to the high density of surrounding O2 gas, therefore generating fewer oxygen vacancies.
In addition to the gas atmosphere, other conditions such as
temperatures can also be tuned to manipulate the vacancies.
Ling et al. have reported that cation exchange temperatures can
considerably affect the concentration of the generated oxygen
vacancies of 1D single-crystal cobalt oxide (CoO) nanorods
(Figure 5i).[85] The temperature ranging from 600, 650, to 700 °C
for 30 min under Ar gas has shown to vary the composition of
CoOx (x = 0.97, 0.91, and 0.82), which corresponds to oxygen
vacancies of 0.03, 0.09, and 0.18. It is evident that the higher
exchange temperature supports the formation of increasing
oxygen vacancies. However, it is noteworthy that the high temperature damages the structural features and decreases the
electronic conductivity as well as electrocatalytic activity of the
CoO. This is in agreement with other reported works where
the presence of excessive oxygen defects induces adverse structural instability and electronic conductivity.[80,114,115] Despite the
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requirement of elevated temperature and controlled gas flow,
the fairly straightforward thermal treatment is able to process
materials of high throughput, showing great potential for largescale applications. Unlike the plasma etching route, thermal
treatment is less stringent on specific equipment setup and
requirement, hence providing an easier and cheaper access to
create vacancies in a nanocatalyst system.

techniques, and can be further engineered by tuning synthetic
or processing conditions. The advantages and disadvantages of
different approaches have been briefly discussed, in which the
effectiveness, complexity, operation, cost, and safety should be
taken into consideration. Moreover, the development of new
techniques that focus on creating different types of vacancies
and precisely controlling the density and distribution of vacancies is essential for enhancing the electrocatalytic performances.

3.5. Other Methods
Apart from the above-mentioned methods, there are other
means of creating vacancy-constituted nanocatalysts. Laser
fragmentation has been employed to rapidly form fine Co3O4
nanoparticles (Figure 5j) that are rich in oxygen vacancies.
The entire process is realized using a nanosecond pulsed
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
(power density of 6 × 107 W cm−2) in 20 min at room temperature.[89] The high-temperature and -pressure laser ablation of
an ideal fluence of 0.6 J cm−2 with rapid heat quenching process assists the formation of oxygen vacancies. This method
is likely a physical process without the need of chemical precursors or surfactants, contributing to a clean exposed surface
with high reactivity. Another more scalable technique of producing vacancies involves the electrochemical desulfurization.
It has been reported that sulfur atoms in the basal plane of
MoS2 can be electrochemically reduced and removed as H2S
gas. Consequently, stabilized clusters of sulfur vacancies are
formed.[73] Changing the voltages between −2.0 and 0.0 V (vs
RHE) can vary the degree of desulfurization, resulting in different densities of active sites to tune the HER activity. It is
also anticipated that the electrochemical reduction could, in
principle, be used to create vacancies in sulfide, selenide, and
phosphide materials.
A few bottom-up approaches that also work perfectly to
create desired vacancies in the electrocatalysts have been
reported, such as hydrothermal and CVD. Distinct from the
top-down approaches that mostly involve postactivation of electrocatalysts, the bottom-up methods offer the advantage of creating built-in vacancies during the crystal growth, which enables the production of large homogeneous vacancy-enriched
nanocatalysts. For instance, Yang and co-workers have reported
a simple bottom-up colloidal synthesis approach to create
selenium vacancies on ultrathin MoSe2−x nanosheets (Figure
5k).[77] The process can be completed within 20 min to avoid
long reaction time and expensive equipment cost. Of note, this
colloidal reaction pathway could also be expanded to synthesize ultrathin WSe2, SnSe, and PbSe nanosheets,[77] demonstrating the universality of the strategy. Moreover, a bottomup gas-phase CVD method has been used to grow vertically
oriented 3D MoS2(1−x)Se2x alloy nanosheets on carbon cloth
(Figure 5l) with both sulfur and selenium vacancies, arising
from the introduction of different proportions of sulfur and
selenium powders into MoO3 precursors.[102] Although performed at atmospheric pressure, this CVD process requires
high temperature of 650–850 °C for 10–30 min and high purity
Ar gas flow to keep out oxidation of the material.
In brief, vacancies can be created in the electrocatalysts
during the material synthesis or post-treatment using various
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4. Advanced Characterizations of Functional
Vacancies
After the intentional creation of vacancies in the nanocatalysts, it is necessary to identify and study these vacancies using
advanced measurement and characterization tools down to the
atomistic level. Cutting edge microscopy and imaging techniques have been developed to examine the micro/nanostructures, local coordination atoms, and electronic structures/states
of the vacancy-rich transition-metal-based electrocatalysts. In
the following section, a few representative examples are used to
illustrate the indispensable characterization techniques that can
provide an in-depth understanding, insight, and quantification
of the nanocatalyst vacancies. We will highlight and compare
these commonly used complementary techniques.

4.1. X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive
spectroscopic technique that is widely used to analyze the
elemental composition and chemical state, as well as provide
quantitative information of the elements within a material.[116]
In the vacancy-rich nanocatalysts, the presence of vacancies
would alter the electronic structure and chemical environment
of the elements in the materials, which affects the bonding
energies and results in the change of XPS spectrum, including
peak shift, intensity variation, or the generation of new XPS
peaks. Xie and co-workers have prepared ultrathin oxygen
vacancy-rich NiCo2O4 nanosheets for enhanced electrochemical
H2O oxidation.[98] The deficiency of oxygen in the as-obtained
ultrathin nanosheets and the corresponding bulk samples
have been studied by XPS. As displayed in Figure 6a, the
O 1s core level spectra present three identified peaks. The main
O1 peak located at 529.7 eV is a typical lattice oxygen (O2−) for
metaloxygen bonds, whereas the O2 peak at 531.2 eV is attributed to a high number of defect sites with low oxygen coordination and the O3 peak at 532.6 eV is associated with hydroxyl
species of surface-adsorbed water molecules. The large deconvoluted O2 peak area indicates the existence of abundant
oxygen vacancies.
In addition, the characterization of sulfur/selenium vacancies in metal sulfide/selenide nanocatalysts has also been
realized by XPS analysis.[73,74,76,77,84,104] In a recent contribution, Zheng and co-workers have introduced a scalable generation of sulfur vacancies on the 2H-MoS2 basal plane by
selective removal of S atoms.[73] As presented in Figure 6b, the
S 2p peaks for vacancy-rich MoS2 (V-MoS2) are much weaker
than those of pristine MoS2 (P-MoS2), indicating the removal
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Figure 6. a) O 1s XPS spectra of the different NiCo2O4 samples. Reproduced with permission.[98] Copyright 2015, John Wiley & Sons, Inc. b) S 2p and
c) Mo 3d XPS peaks of pristine MoS2 (P-MoS2) and MoS2 with sulfur vacancies (V-MoS2). Reproduced with permission.[73] Copyright 2017, Nature
Publishing Group. d) Co 2p and e) S 2p XPS spectra of Co1−xS/rGO, Co1−xS, and CoS/rGO. Reproduced with permission.[87] Copyright 2017, Springer.
f) Positron lifetime spectrum of ultrathin CoSe2 nanosheets with vacancies and bulk CoSe2; g) schematic representations of trapped positrons of
cobalt vacancies. Reproduced with permission.[88] Copyright 2014, American Chemical Society. h) EPR spectra of LiCoO2-NS, partially delithiated bulk
LiCoO2 sample (LiCoO2-BD), and LiCoO2-B. Reproduced with permission.[91] Copyright 2017, American Chemical Society. i) EPR spectra of bulk MoS2
and sulfur vacancy-rich monolayer MoS2. Reproduced with permission.[103] Copyright 2016, Royal Society of Chemistry.

of sulfur atoms and creation of vacancies during the desulfurization process. In contrast, the Mo 3d peaks of P-MoS2 and
V-MoS2 are similar (Figure 6c), suggesting that the Mo atoms
are not significantly affected. Moreover, through the normalization of S 2p spectrum using Mo 3d intensities, the S:Mo peak
area ratio for V-MoS2 is about 25% smaller than that of P-MoS2
with the atomic ratio of 2.0, indicating the sulfur vacancies ratio
for V-MoS2 is about 25%.
Apart from the detection of anion vacancies, the XPS analysis has been further demonstrated to be efficient for studying
cation vacancies. Ren and co-workers have designed an Codeficient Co1−xS/reduced graphene oxide (rGO) electrocatalyst
for high-efficiency OER.[87] For comparison, the Co1−xS and
the CoS/rGO hybrid have also been prepared and studied.
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Initially, the atomic ratio of cobalt to sulfur in the Co1−xS/
rGO hybrid was calculated to be ≈0.81:1, which is much lower
than that in Co1−xS (0.87:1) and CoS/rGO (0.95:1). Moreover,
the high-resolution Co 2p spectra of Co1−xS/rGO hybrid and
Co1−xS show new peaks at 780.3 and 796.3 eV assigned to
CoIII (Figure 6d), which are absent in the spectrum of the
CoS/rGO. The presence of CoIII in the Co1−xS/rGO hybrid
and Co1−xS is attributed to the formation of cobalt vacancies,
which leads the neighboring S atoms to share their electrons.
Moreover, a peak at 161.75 eV originating from CoIIIS is
also observed in the S 2p XPS of the Co1−xS/rGO hybrid and
Co1−xS (Figure 6e). The easily accessible XPS technique has
the merits of good precision and accuracy, and sensitive to a
variety of elements. It is thus far the most commonly used
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technique for the characterization and study of vacancy-rich
nanocatalysts.

4.2. Positron Annihilation Spectroscopy
Positron annihilation spectrometry (PAS), sometimes
referred to positron annihilation lifetime spectroscopy, is
also a well-established technique to study the defects in
solids.[117,118] The utilization of the PAS technique for studying vacancies is mainly based on the following two principles: (i) positrons are antiparticles to electrons. The positrons
injected into a solid will annihilate with electrons and emit
energy as annihilation gamma rays, which hold information
about the electronic environment around the annihilation
site; (ii) the vacancies can trap positrons and change the annihilation characteristics such as the lifetime of the positron,
which makes it possible to distinguish a sample containing
vacancies from a defect-free one.[118,119] Thus, measuring the
positron lifetime can give information about the type and
relative concentration of vacancies in a solid material, even at
the parts-per-million level.
Xie and co-workers have prepared a cobalt vacancy-rich
ultrathin CoSe2 nanosheets and studied the vacancies by
PAS,[88] as shown in Figure 6f. The positron lifetime spectra
of both CoSe2 ultrathin nanosheets and bulk CoSe2 can be
fitted by an exponential function of three distinct lifetime
components, τ1, τ2, and τ3, with relative intensities I1, I2,
and I3. The two τ2 and τ3 components with longer lifetime
can be assigned to the large defect clusters and the interface presented in the material, respectively. The shortest
component (τ1) can be attributed to the trapped positron
annihilation by cobalt vacancies (Figure 6g). In addition,
further information about the relative concentration of the
vacancies can be obtained by the relative intensity (I) of
the positron. The highest intensity of τ1 of ultrathin CoSe2
nanosheets indicates that cobalt vacancies are predominant
in this sample.
In addition, Jin and co-workers have adopted the PAS technique to study the MoS2 nanosheets with abundant sulfur
vacancies.[101] They reported similar positron lifetime spectra
with three lifetime components, corresponding to the annihilations at the bulk, sulfur vacancies, and MoS2 voids/surface,
respectively. They also found that the higher sulfur vacancies results in higher intensity of I. This can be ascribed to
that the positron lifetime which is inversely proportional to
the electron density encountered by the positron.[120] Owing
to the fact that the average electron density at the vacancies
is lower than that in the bulk, consequently, the lifetime of
the trapped positron is increased compared to the value in the
perfect bulk lattice.
In short, the PAS technique is a well-established technique
to probe the size, type, and relative concentration of various
defects/vacancies on an atomic scale.[117,121] Moreover, since the
annihilation characteristics of PAS can be calculated from first
principles, the PAS technique is strongly supported by theory,
which can substantially facilitate the analysis and interpretation
of data measured by PAS. In these regards, more attention can
be devoted to this technique.
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4.3. Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy, also
known as electron spin resonance spectroscopy, is another
effective method for the characterization of vacancy-rich nanocatalysts. This technique is based on the absorption of microwave radiation by unpaired electrons when it is exposed to a
strong magnetic field.[122] Since the generation of vacancies
is normally accompanied by broken or missing of chemical
bonds, the nanocatalysts with vacancies would have considerable unpaired electrons and present typical EPR signals.
Taking the metal oxide materials as an example, the deficiency of oxygen has been well demonstrated to induce a characteristic EPR peak at the position of about g = 2.0, and the
EPR signal intensity is positively correlated with the vacancies amount. For instance, Li and co-workers have reported an
ultrathin LiCoO2 nanosheets (2–3 nm) with abundant oxygen
vacancies for OER.[91] They have proven that the ultrathin
LiCoO2 nanosheets (LiCoO2-NS) display a strong signal at
about g = 2.0 in the EPR spectrum, which is attributed to the
single-electron-trapped oxygen vacancies. In contrast, the counterpart samples of bulk LiCoO2 (LiCoO2-B) and partially delithiated bulk LiCoO2 (LiCoO2-BD) with negligible vacancies show
no obvious peak at the position, as presented in Figure 6h.
Besides the detection of oxygen vacancies, the EPR analysis
has also been applied to characterize the sulfur vacancies. Luo
and co-workers have synthesized a monolayer 2H phase MoS2
nanosheets with a large concentration of sulfur vacancies.[103]
As shown in Figure 6i, a signal at about 3015 G is observed in
both the MoS2·NH3 precursor and monolayer MoS2 samples.
Notably, this peak is ascribed to the contribution from MoS
dangling bonds rather than the sulfur vacancies. A higher
intensity indicates less sulfur vacancies. Therefore, the monolayer MoS2 with abundant sulfur vacancies reveals an obvious
decrease of signal intensity compared to the MoS2·NH3 counterpart. A similar phenomenon has also been observed in
the work of Jin and co-workers.[101] They have synthesized a
mesoporous metallic 1T phase sulfur-deficient MoS2 nanosheet.
The generation of large concentration of sulfur vacancies in the
1T MoS2 sample significantly decreases the S signal in comparison with pristine bulk MoS2. It is notable that EPR detection of sulfur vacancies is different from the aforementioned
case for the detection of oxygen vacancies, in which the signal
is generated from the vacancies and its intensity increases with
the vacancies’ content.
At present, the EPR technique for the study of vacancy-rich
nanomaterials in electrocatalysis mainly focuses on the detection of oxygen and sulfur vacancies. The report of identifying
other vacancies such as cation vacancies with this technique
is rare. However, it should be noted that the EPR technique is
sensitive for the study of a variety of cations, e.g., Co, Fe, Ni,
and Mn,[123–126] which are typical constituents of transitionmetal-based electrocatalysts.

4.4. X-Ray Absorption Fine Structure Spectroscopy
Besides the above techniques, recently, synchrotron-based
atomic X-ray absorption fine structure (XAFS) spectroscopy has
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also been extensively adopted to characterize vacancies. Typically, the XAFS spectrum includes two regimes: X-ray absorption near-edge spectroscopy (XANES) and extended X-ray
absorption fine-structure spectroscopy (EXAFS). The XANES
is exceptionally sensitive to oxidation state and coordination
chemistry (e.g., octahedral and tetrahedral coordination) of the
absorbing atom, while the EXAFS is used to determine the distances, coordination number, and species of the neighbors.[127]
Collectively, the XAFS provides a powerful element-specific tool
to study the local atomic geometry and the chemical state of the
atoms for a specific constituent element in a material.
The existence of vacancies would strikingly change the local
chemical and electronic environment of the atoms in materials,
which is reflected as obvious XAFS spectral change. The XAFS
has been generically used to detect various vacancies including
metal and nonmetal in the nanocatalysts.[76,88,91,105,107,108,128,129]
Zhang and co-workers have synthesized an ultrathin δ-MnO2
nanosheets electrocatalyst (≈1.4 nm, denoted as NS-MnO2) with
abundant oxygen vacancies for overall water splitting.[79] The
local atomic structure around Mn with deficient oxygen has
been studied by XAFS. Figure 7a shows the Mn K-edge XANES
spectra of bulk-MnO2 and NS-MnO2, which discloses that the
absorption edge of NS-MnO2 shifts by about 0.5 eV to lower
energy than that of bulk-MnO2, implying a slightly lower oxidation state of Mn in the NS-MnO2 sample. In addition, the
Mn K-edge EXAFS k2χ(k) oscillation curve of the ultrathin
NS-MnO2 displays a noticeable amplitude difference in comparison with that of the bulk-MnO2 (Figure 7b), which indicates

that the local atomic arrangements of Mn atoms in the two
samples are different. The Fourier transformation of EXAFS
data further supports the analysis. As shown in Figure 7c,
the two main peaks in R-space spectra correspond to the first
MnO and MnMn shells, respectively. The weaker intensities
of these peaks for NS-MnO2 reveal reduced MnO coordination number (4.9) and MnMn coordination number (5.4) compared to the corresponding values for bulk-MnO2 (both 6.0).
These results provide solid evidence for the existence of oxygen
vacancies in NS-MnO2.
The XAFS spectroscopy reveals the details of how X-rays are
absorbed by an atom at energies near and above the core-level
binding energies of that particular atom. It allows direct detection of chemical and physical states of the nanocatalyst vacancy
systems, which needs to be accompanied by rigorous data analysis for factual interpretation. Essentially, the XAFS technique
can be used to atomically probe any element vacancies based
on the core-level electrons.

4.5. High-Angle Annular Dark-Field Scanning
Electron Microscopy
From the above discussion, the techniques including XPS,
PAS, EPR, and XAFS are all effective for the characterization
of vacancies. Nonetheless, these techniques for the analysis
of vacancies are based on the spectral analysis and normally
regarded as nonvisual type. In order to visually distinguish the

Figure 7. a) Mn K-edge XANES spectra, b) Mn K-edge EXAFS oscillation function k2χ(k), and c) magnitude of k2-weighted Fourier transforms of Mn
K-edge EXAFS spectra for Bulk-MnO2 and NS-MnO2 (vacancy-rich). Reproduced with permission.[79] Copyright 2017, John Wiley & Sons, Inc. d) ACTEM
image of a 4 × 4 nm2 MoS2 monolayer with about 43 sulfur vacancies (≈11.3% sulfur vacancy). Reproduced with permission.[74] Copyright 2016, Nature
Publishing Group. e) STEM image of a single-layer CVD-grown MoS2 nanosheet with different types of vacancies single sulfur vacancy (orange circles)
and double sulfur vacancy (yellow circles); f) intensity profiles along lines L1–L3. Higher contrast is obtained from the Mo atoms compared to one
sulfur atom (≈30% of the Mo intensity) and two sulfur atoms (≈45% of the Mo intensity). In the absence of sulfur atoms (L3), the intensity decreases
to <10%. Reproduced with permission.[130] Copyright 2016, Nature Publishing Group.
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vacancies, transmission electron microscopy (TEM) technique,
specifically aberration-corrected TEM (ACTEM), has shown
remarkably improved signal-to-noise ratio, resolution, and sensitivity for precise calculation of vacancies’ concentration. In the
high-angle annular dark field scanning mode TEM (HAADFSTEM), the illumination aberration corrector reduces coherent
aberration effect on the electron probe and increases the probe
convergence angle such that nanocatalyst vacancies’ analysis for
both lateral and depth resolution can be improved.
Zheng and co-workers have recently reported an Ar plasmainduced creation of sulfur vacancies on monolayer 2H-MoS2
basal planes and employed ACTEM to directly study the sulfur
vacancies.[74] As shown in Figure 7d, the image shows that
the Ar-plasma-treated MoS2 contains four types of spots with
different brightness, in which the biggest and brightest spots
(rhombus) are Mo atoms, while the small bright dots (star),
small dim dots (circle), and dark spots (triangle) correspond to
a pair of S atoms (2S, one S atom above and the other below
the Mo plane), a single S atom (1S, only one S atom below the
Mo plane), and zero S atoms (0S, both top and bottom S atoms
removed), respectively. The missing of the S atoms (one or two)
and absence of Mo removal confirm the successful formation
of sulfur vacancies. In addition, the size of the ACTEM image
is 4 × 4 nm2 MoS2 monolayer. By counting the number of the
Mo atoms (190) and those sulfur vacancies (43) with dimmer
or absent brightness (43), the percentage of sulfur vacancies is
calculated to be ≈11.3%. Following the same way, the average
sulfur vacancies’ percentage over ten such areas is 12.5% ±
2.5%, which is consistent with the 13.0% ± 2.0% sulfur vacancies estimated by XPS.
Moreover, Chhowalla and co-workers have also reported
direct observation of sulfur vacancies in a single-layer CVDgrown MoS2 nanosheet through HAADF-STEM owing to the
contrast obtained by the presence and the nature of the atoms
under the electron beam.[130] As shown in Figure 7e, single
sulfur vacancy (orange circles) and double sulfur vacancy
(yellow circles) are naturally present in the samples. Figure 7f
shows the intensity profiles along lines L1–L3. The contrast is
in accordance with the HAADF-STEM analysis, further supporting the presence of single and double sulfur vacancies. Furthermore, a careful analysis of the MoS2 basal plane in large
area (>500 nm2) has also been carried out, which reveals that
the large majority of the defects consist of single sulfur vacancies with a density of the defects of up to ≈9%. With unmatched
spatial and temporal resolution, STEM coupled with electron
energy loss spectroscopy can be used to provide indisputable
visualization, quantification, and identification of the vacancies.
More information on the exact location, distribution, depth, lattice distortion, chemical composition can be further derived.
To sum up, the above-discussed techniques are the most
commonly used ones to study functional vacancies in electrocatalysts. Generally, two or more of the complementary techniques
are combined to confirm the presence and identify the type of
vacancies. Moreover, apart from these techniques, some other
in situ or operando characterization techniques such as synchrotron-based X-ray diffraction, hard X-ray microscopy, nuclear
magnetic resonance, mass spectroscopy, and Raman spectroscopy also offer reliable and invaluable mechanistic fundamental,
real-time monitoring, and evolution studies of vacancies,
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especially important in guiding future defects design and
optimization.

5. Correlations between Vacancies and
Electrochemical Activities
Many works have already established clear correlation and corroborative influence of vacancies on electrochemical OER and
HER performance. Consequently, precise control of vacancies
and more comprehensive understanding on various catalyst
systems’ research have flourished. In this section, the predominant effects of vacancies on modulation of active sites’ density,
electrical conductivity, and kinetic energy barriers of water splitting are primarily highlighted.

5.1. Modulating the Density of Active Sites
In general, the catalytic performances (OER and HER) of the
electrocatalysts are lower than expected, which is restricted by
the lack of active sites. Vacancies at atomic level give rise to
unsaturated coordination and modified electronic structures,
which have been demonstrated to largely augment the number
of accessible active sites. Consequently, the overall density of
active sites in nanocatalysts along with the electrocatalytic activities can be significantly improved.
Taking the most well-studied layered transition-metal chalcogenide MoS2 as an example, various experimental and computational studies have shown that the creation of sulfur vacancies
generates new catalytic sites and increases the active site density in the MoS2 nanosheets.[73,74,84,101,103] Zheng and co-workers
have introduced sulfur vacancies and strain in the basal plane
to enhance the HER performance of monolayer 2H-MoS2
(Figure 8a).[74] Their theoretical and experimental results show
that the sulfur vacancies in the basal plane of 2H-phase monolayer MoS2 act as new highly active and tunable catalytic sites
for HER. The mechanism has been proposed to that the creation
of vacancies introduces new gap states around the Fermi level
(Figure 8b), which allows favorable hydrogen adsorption on the
sulfur vacancies. At a certain range of density of sulfur vacancies, the hydrogen bond to the catalyst surface is neither too
strong nor too weak, which is beneficial for HER. Moreover, it
is noteworthy that this work has also revealed that further application of external strain on the sulfur vacancy-rich MoS2 can
shift the positions of the vacancy-induced new bands toward the
Fermi level, resulting in a narrowing bandgap and increasing
number of gap states around the Fermi level (Figure 8c).
As a result, the adsorption strength on the sulfur vacancy
sites can increase and thus further optimize the HER performance of vacancy-rich MoS2. In a subsequent work of Zheng
and co-workers,[131] they revealed that the strained S vacancy
has an electron-transfer rate four times higher than that of
the unstrained S vacancy, confirming that the tensile elastic
strain accelerates the HER kinetics of sulfur vacancies in MoS2.
Therefore, these works unambiguously demonstrate that the
creation of vacancies can induce new catalytic sites, while the
applied strain can further “activate” the generated catalytic sites
and boost the reaction kinetics. The creation and straining of
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Figure 8. a) Schematic of the top (upper panel) and side (lower panel) views of MoS2 with strained sulfur vacancies on the basal plane, where sulfur
vacancies serve as the active sites for hydrogen evolution and applied strain further tunes the HER activity; b) tuning of the band structure due to
increasing S-vacancy concentrations (calculated using the full 4 × 4 unit cell); c) fine-tuning of the band structure for 25% S-vacancy under applied
strain. Reproduced with permission.[74] Copyright 2016, Nature Publishing Group. d) Unit cell structures of CaMnO3 (left) and Ca2Mn2O5 (right);
e) illustration of possible effect of oxygen vacancies in the Ca2Mn2O5 crystal structure on oxygen evolution kinetics. Reproduced with permission.[75]
Copyright 2014, American Chemical Society. f) Partial charge density of the reduced Co3O4 obtained from DFT calculation (oxygen vacancy-rich) (the
states of Vo2+ are displayed in yellow and the iso-surface levels are 0.037 eÅ−3; g) calculated conductivity for the reduced Co3O4 and the pristine Co3O4
(inset shows an expansion of the plot of reduced Co3O4). Reproduced with permission.[83] Copyright 2014, John Wiley & Sons, Inc.

sulfur vacancies display different functions but synergistically enhance the performance of vacancy-rich electrocatalysts,
which can be combined as a general way of constructing new
highly efficient electrocatalysts.
Similarly, Li and co-workers have also reported the proliferated
active site density in amorphous MoS2 by the creation of sulfur
vacancies. Their study reveals that when vacancies are created
on MoS2, a bound state is generated slightly below the Fermi
level.[84] This state is responsible for hydrogen adsorption on the
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sulfur vacancies, which can activate the H2 evolution, and thus
enhance the HER activity of MoS2. This conclusion is consistent
with the previous report.[74] Moreover, selenium and sulfur elements belong to group (VI) chalcogen. Thus, in the reported selenium vacancy-rich metal selenides, the selenium vacancies have
been reported to display a similar role as that of sulfur vacancies.
This has been demonstrated in the selenium vacancy-rich exfoliated WSe2[76] and MoSe2−x[77] nanosheets. The studies validate
that the selenium vacancies in MSe2 (M = Mo and W) act as new
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catalytic sites, which improves the active sites’ density and thus
enhances the catalytic performance of MSe2.
Besides acting as new catalytic sites directly, another important way for improving the active sites’ density through the
introduction of vacancies is to promote the generation/exposure of metal active sites. For instance, Yang and co-workers
have prepared a pure phase perovskite oxygen-deficient
Ca2Mn2O5 with square pyramid MnO5 subunit by removing
the lattice oxygen from perovskite CaMnO3 with octahedral
MnO6 subunit (Figure 8d).[75] They have demonstrated that the
removal of oxygen atoms from CaMnO3 remarkably modifies
the unit cell structure, electron configuration on manganese,
and results in the chemical transformation of Ca2Mn2O5. This
modification has been illustrated as (i) the oxygen-deficient
Ca2Mn2O5 contains a unique square pyramid MnO5 subunit
with a zigzag structure, which gives ordered oxygen vacancies and the molecular level oxygen porosity beyond the mesoscale porosity, thus favoring the facile transport of OH−;
(ii) the larger ion radius of Mn3+ (0.645 Å) in Ca2Mn2O5 than
Mn4+ (0.53 Å) in CaMnO3 induces a more distorted structure
and larger cell volume in Ca2Mn2O5, facilitating OH− ion
uptake into the oxygen vacant sites. Meanwhile, the Mn3+ (3d4)
in Ca2Mn2O5 gives t32g e1g electron configuration (the high-spin
state on manganese), which can easily forms bonding structure
with OH− (Figure 8e), leading to the formation of intermediate
of OH−–MnO5 octahedral unit. The moderate bonding strength
by overlapping of two orbitals (eg orbital on Mn3+ and the Opσ
orbital on OH−) can facilitate the ion exchange of O2− and O22−,
which is the rate-determining step in the OER process. These
factors collectively lead to a fast OER kinetics and high activity
of oxygen vacancy-rich Ca2Mn2O5.
This vacancy-induced generation/exposure of active sites
has also been reported in other vacancy-rich nanocatalysts
such as Co3O4 and MnO2.[78,79] Zhang and co-workers reported
the oxygen vacancy-engineered ultrathin δ-MnO2 nanosheet
arrays for overall water splitting.[79] They disclose that abundant
oxygen vacancies in δ-MnO2 nanosheets lead to the increased
exposure of Mn3+ active sites. The HER and OER are envisaged to proceed via the oxidation of Mn3+ to Mn4+ (i.e., Mn3+ +
H2O → Mn4+ + 1/2H2 + OH−) and reduction of Mn3+ to Mn2+
(4Mn3+ + 4OH− → 4Mn2+ + O2 + 2H2O), respectively. Thus, the
abundance of oxygen vacancies in MnO2 nanosheets creates
and stabilizes the active Mn3+ sites, and ultimately underpins
the excellent overall water-splitting performance. Therefore,
it is concluded that creating vacancies activates new catalytic
sites and/or promotes the exposure of active sites. Accordingly, the catalytic performance with augmented reaction sites
by the introduction of vacancies will exceed that of the pristine
catalyst.

5.2. Tuning the Electrical Conductivity
In addition to the lack of active sites, poor electrical conductivity
is another dominant factor that suppresses the electrochemical
water-splitting performance of transition-metal-based nanocatalysts. The electrical conductivity of nanocatalysts is strongly
correlated with the charge transfer, which plays a key role in
the electrochemical reaction (OER and HER) kinetics. High
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electrical conductivity could facilitate the charge separation and
transfer, thus accelerating the rate of the water splitting and
lowering the overpotential efficiently. Introducing vacancies has
been proven to enhance the conductivity of the electrocatalysts,
hence promoting the activity of the electrochemical reactions.
Zheng and co-workers have reported an improved conductivity of oxygen vacancy-rich Co3O4 compared to its pristine
counterpart.[83] Density functional theory (DFT) calculations
show that the presence of oxygen vacancies results in the formation of a new gap state within the bandgap of Co3O4. The
two electrons that previously occupy oxygen 2p orbitals become
delocalized around the three Co3+ atoms neighboring the
oxygen vacancy, as well as the adjacent O atoms (Figure 8f).
This induces a much higher degree of electron delocalization
in the reduced vacancy-rich Co3O4 than the pristine one. The
electrons in the delocalized electronic structure are calculated
to be easily excited into the conduction band, leading to an
enhanced electrical conductivity (Figure 8g). Similar conclusions have been drawn in the works of oxygen vacancy-rich
Co3O4 nanosheets and oxygen-deficient Co3O4 nanoparticles,
reported by Wang and co-workers[78] and Du and co-workers,[89]
respectively. They have also demonstrated the conductivity of
Co3O4 can be improved by introducing oxygen vacancies, which
ensures good charge separation and transport, beneficial for
high electrocatalytic performance.
Other than that, Chen and co-workers have synthesized a
series of nonstoichiometric perovskite CaMnO3−δ for OER.[80]
The moderate oxygen-defective CaMnO2.75 with one oxygen
vacancy per unit cell displays a much higher electrical conductivity than CaMnO3 (without oxygen vacancy) and CaMnO2.5
(two oxygen vacancies per unit cell). To reveal the origin for
the optimal electrical conductivity of CaMnO2.75, DFT calculations have been carried out. As shown in Figure 9a, the calculated density of states (DOS) shows the bandgap of stoichiometric CaMnO3 is ≈1.56 eV, which indicates a semiconducting
behavior. As for CaMnO2.75, the DOS profile suggests that near
the Fermi level, states exist for spin-up while a gap is present
for the spin-down states. This large spin polarization implies
a half metallicity, which enhances the electrical conduction in
metal oxides (Figure 9b). However, in the case of CaMnO2.5,
despite spin polarization, no obvious states are positioned at
the Fermi level, demonstrating insignificant half-metal properties relative to CaMnO2.75. The study proves the importance
of introducing optimal concentrations of oxygen vacancies for
enhancing electrical conductivity.
Moreover, the vacancy-induced electrical conductivity
enhancement is also realized for HER nanocatalysts. For
example, Zhang and co-workers have demonstrated an oxygen
vacancy-rich metallic WO2–carbon mesoporous nanowires for
HER.[113] DFT calculation was performed to study the position
of valence and conduction bands in addition to the projected
density of states (PDOS) of the vacancy-rich WO2–carbon. As
shown in Figure 9c,d, the simulated band structure of WO2–
carbon shows no clear bandgap. Accordingly, the PDOS shows
sharp downshift of valence and conduction bands of WO2–
carbon. Consequently, the Fermi energy level lies in the conduction band of WO2–carbon, which makes it metallic and suggests
enhanced electron mobility. The oxygen vacancies are also found
to facilitate the charge transfer in a highly substoichiometric
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Figure 9. a) DFT calculation of the density of states (DOS) of pristine CaMnO3, CaMnO2.75, and CaMnO2.5; b) electrochemical impedance spectra of
pristine CaMnO2.93 and CaMnO2.76 at 0.7 V. Reproduced with permission.[80] Copyright 2014, American Chemical Society. c) Simulated band structure and d) projected density of states of metallic WO2−carbon mesoporous nanowires. Reproduced with permission.[113] Copyright 2015, American
Chemical Society. e) Mott−Schottky plot of TiO2 and TiO1.23. Reproduced with permission.[82] Copyright 2016, American Chemical Society.

TiO1.23. The numerous oxygen vacancies have imparted
metallic behavior to TiO1.23, which is confirmed by Hall effect
measurement and Mott–Schottky analysis.[82] As exemplified
in Figure 9e, TiO1.23 exhibits a weak capacitance dependence,
while a strong capacitance dependence in TiO2 is observed, corresponding to metallic and semiconductor behaviors, respectively. In addition, the creation of vacancies renders a ≈25 times
improvement in electron density and negative flat band potential shift of TiO1.23 (7.3 × 1026 cm−3, −0.146 V) in comparison
with TiO2 (2.89 × 1025, cm−3, 0.245 V), which infers negligible
IR drop and continuous electron transport in TiO1.23. This leads
to an improved surface charge transfer and kinetics for HER.
In short, construction of vacancies enhances the electrical
conductivity by means of narrowing the bandgaps or creating
new gap states to attain a higher degree of the electron delocalization. The improvement of conductivity is responsible for the
modified electron structure and accelerated charge separation
and transfer process, thus leading to fast electrocatalytic reaction kinetics.

5.3. Optimization of the Kinetics Energy Barrier
Beyond tuning the density of active sites and electrical conductivity of electrocatalysts, the influence of vacancies on the
kinetic energy barriers is also of great importance for water
splitting. Due to the fact that the electrochemical OER and HER
both involve multielementary steps from the initial to final
states, it is imperative to reduce the energy barriers, i.e., activation energy (ΔG), encountered during these reaction steps. The
vacancies in electrocatalysts have been widely demonstrated to
effectively decrease the adsorption free energies of the OER and
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HER intermediates, thus leading to a more favorable kinetic
energy barrier for catalytic reactions.
For example, in the HER process, it is generally considered
that the adsorption of hydrogen atom on the catalyst electrode
surface forming catalyst−H*, also known as Volmer reaction, is
the rate-limiting step for many HER catalysts (Figure 10a).[47]
The Gibbs free energy for the hydrogen adsorption (∆GH*) in
this step is proposed as a fundamental descriptor for HER
catalytic activity. DFT has been used for calculating the free
hydrogen binding energy ∆GH* and providing insights into the
catalytic activity of a material. The optimal ∆GH* is calculated
to be zero, which is an ideal adsorption–desorption energy of
the absorbed H* to form H2. The adsorption and desorption
steps limit the overall reaction rate when the hydrogen to surface bond deviates from the optimal value. Thus, it is rational
to tune the ∆GH* value of the HER catalysts close to zero and
introducing vacancies into the catalysts has been proven to be
an effective strategy.
In the work of Zheng and co-workers, they have shown that
the creation of sulfur vacancies on the basal plane of monolayer
2H-MoS2 can effectively change the activation energy of ∆GH*.[74]
Importantly, the optimization of ∆GH* can be facilely realized
by controlling the amounts of sulfur vacancies. As shown
in Figure 10b, the DFT computation indicates that the ∆GH*
value of pristine 2H-MoS2 is ≈2 eV, revealing an inert nature
of the basal plane for HER. However, when a small quantity of
sulfur vacancies (3.12%) is introduced, hydrogen can be stabilized on the exposed Mo atoms and the ∆GH* value significantly
*
decreases to 0.18 eV. The ∆GH value continues to decrease with
the increase of the sulfur vacancies. For sulfur vacancies in the
range of 9–19%, the ∆GH* value lies between ± 0.08 eV, which is
close to the ideal value of 0 eV, denoting a low-energy barrier
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Figure 10. a) The mechanism of electrochemical HER catalysis. Reproduced with permission.[47] Copyright 2016, Elsevier. b) Free energy versus the
reaction coordinate of HER for sulfur vacancies in the range of 0–25%. Reproduced with permission.[74] Copyright 2016, Nature Publishing Group.
c) Free energy versus the reaction coordination of HER for selenium vacancies in the range of 0–25%. Reproduced with permission.[76] Copyright 2016,
Royal Society of Chemistry. d) The mechanism of electrochemical OER catalysis. Reproduced with permission.[38] Copyright 2017, Royal Society of
Chemistry.

(low overpotential) to drive the HER process. Notably, further
increase of sulfur vacancies results in a negative shift of ΔGH*,
which significantly strengthens the hydrogen adsorption on
the catalyst, leading to detrimental HER activity. Similar variation trend toward the ΔGH* value is observed for the selenium
vacancy-rich WSe2 monolayer nanosheets.[76] The ∆GH* value of
the pristine monolayer WSe2 basal planes is 2.44 eV. In contrast, the introduction of a suitable range of selenium vacancies
decreases the ΔGH* value to 0.02–0.08 eV (Figure 10c) through
the stabilization of hydrogen on the exposed W atoms, resulting
in a low overpotential and high HER activity.
For OER, it typically involves four elementary reaction steps,
which proceeds through the sequential formation of HO* from
adsorbed H2O/OH−, transformation to O* and HOO*, and
finally conversion into O2 (Figure 10d).[38] The common consensus is that the bonding interactions between catalysts and
the intermediates (OH*, O*, and HOO*) are crucial for the
electrocatalytic OER. The ideal thermodynamic free energy
change of these intermediates should be ΔGOH* = ΔGO* =
ΔGOOH* = 0, indicating that no energy is needed to activate the
reactions. The vacancy-induced effects include energy barrier
reduction and intermediate oxygenated species’ formation.
Qiao and co-workers have manipulated OER activity of
single-crystal CoO nanorods by creating oxygen vacancies on
nanofacets to optimize the adsorption energies for OER intermediates.[85] The combined experimental and theoretical studies
reveal that the vacancies are mainly located at the oxygenterminated (111) nanofacets due to a much lower oxygen vacancy
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formation energy than on the (100) and (110) facets. DFT computations are conducted to disclose the free energy diagram
at 1.23 V on different facets of CoO, as shown in Figure 11a.
Accordingly, the ΔGOOH*, ΔGO*, and ΔGOH* values of all intermediates in the OER process are much closer to zero with the
oxygen vacancy on (111) facets, indicating a more favorable
thermodynamic free energy change of the intermediates than
that of the vacancy-free facets.
Such a mechanism of improved OER activity, i.e., lowering
the adsorption of water molecules and intermediates by creating
vacancies, has also been shown in other material systems such
as perovskite oxides. Stevenson and co-workers have reported
that vacancies can alter the OER pathway in an oxygen-deficient
La1−xSrxCoO3−δ/SrCoO2.7 perovskite electrocatalyst, due to the
modified electronic structures.[86] They propose that for the
vacancy-free catalyst, the OER follows a general adsorbate evolution mechanism (upper panel of Figure 11b). All intermediates during the reaction originate from the electrolyte, and Co
in the active site undergoes the catalytic redox reactions. This
allows Co to access a higher oxidation state of Co4+. In contrast,
the OER mechanism in the vacancy-rich catalyst is mediated by
lattice oxygen, which allows the exchange of lattice oxygen with
the adsorbed intermediate to yield the superoxide ion O2− rather
than oxidizing Co to Co4+ (lower panel of Figure 11b). DFT calculations of the electrochemical OER free energy of SrCoO3
and SrCoO2.7 have been performed to demonstrate the switch
in the reaction mechanism. The result reveals that the adsorption potential of OH to I0 (for SrCoO3) that complies with the
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Figure 11. a) The calculated oxygen reduction reaction (ORR)/OER free energy diagram at the equilibrium potential on different CoO facets. Reproduced
with permission.[85] Copyright 2016, Nature Publishing Group. b) Oxygen evolution mechanisms on La1−xSrxCoO3−δ; c) the OER free energy changes of
the adsorbate evolution mechanism (AEM) and lattice oxygen-mediated mechanism (LOM) on SrCoO3 at the concentration of 1/4 monolayer (ML),
with indicated intermediates structures and potential-determining steps. Reproduced with permission.[86] Copyright 2016, Nature Publishing Group.

adsorbate evolution mechanism is 0.4 V, which is the potentialdetermining step. However, it becomes energetically favorable
when it conforms to the lattice oxygen-mediated mechanism
for SrCoO2.75. In this case, superoxide ion OO (VO) adsorbed
intermediates are formed first, which require relatively small
energy barriers to evolve into OH (VO), and electrochemically fill the vacancies by OH (aq) in the following two steps
(2 and 3). The subsequent step of electrochemical deprotonation
is identified as the potential-determining step, for which the
computed overpotential of 0.22 V is fully consistent with experiments, as shown in Figure 11c. As such, the oxygen vacancies
remarkably change the OER reaction pathway of SrCoO2.75 and
promote the proceeding of OER with a low overpotential.
In brief, introduction of vacancies alters the free energy of
the intermediates or establishes new reaction pathways in the
OER and HER processes. On the basis of the working mechanisms and functions of the different types of vacancies, they
contribute differently to enhancing the electrochemical HER
or/and OER performances. In brief, the cation vacancies
mainly contribute to enhancing the OER performance of transition-metal-based nanocatalysts. This mainly originates from
that the missing metal atoms which generate “positive holes”
at the vacant sites, thereby beneficial for facilitating the adsorption of the H2O molecules/OH− groups and promoting the
transformation to other active oxyhydroxide species.[87,88] For
anion vacancies, the present review show three types of vacancies: oxygen, sulfur, and selenium vacancies. Among them,
the sulfur and selenium vacancies are mostly demonstrated
to introduce gap states that allow hydrogen to bind directly to
the exposed metal atoms, which can tune the hydrogen adsorption free energy (ΔG) to optimal value (close to zero),[74,76,84]
and thus resulting in remarkable HER activity improvements.
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On the contrary, the oxygen vacancies are generally shown to
readily induce bonding between the exposed oxygen-coordination-deficient metal atoms/centers and OH−,[75,85,86] which promotes the OH− uptake and accelerates its conversion, thereby
leading to enhanced OER activity. As for the multivacancies,
because they are mainly composed of cation metal vacancies
and oxygen vacancies,[106–108] both of which are beneficial for
the OER reactions. Consequently, the present available multivacancies in the literatures are reported to boost the OER process.
Moreover, it is noteworthy that although we discuss the functions of vacancies including tuning the density of active sites,
enhancing the electrical conductivity, as well as optimizing the
kinetic energy barriers separately, the underlying reason that
imparts the high electrochemical OER and HER properties is
due to their synergistic effects. It is undeniable that creating
and engineering of vacancies at the atomic level have shown
a huge effect on the reactivity of catalysts, hence constituting a
strategic design toward highly efficient nanocatalyst for water
splitting.

6. Conclusion and Future Perspectives
In this review, we have given an overview of the recent literatures in exploring and studying of vacancy-rich noble-metal-free
nanocatalysts for efficient electrochemical water splitting. Engineering favorable vacancies on the electrocatalysts has demonstrated to boost the sluggish reaction thermodynamics and
kinetics. The great progresses achieved by different research
groups in this field provide a new fertile ground for the development of high-performance nonprecious electrocatalysts
toward efficient energy conversion. In spite of the significant
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achievements described in this review, some challenges as well
as opportunities remain in this relatively nascent field. Further
attention can be devoted to the following aspects.
First, the existing vacancy-rich nanocatalysts are mostly rich
of anion vacancies, especially of oxygen vacancies. The fabrication and application of other types of vacancies (i.e., metalcation-deficient materials) are still limited. Given the diverse
composition of the nonprecious transition-metal-based electrocatalysts, novel anion (such as P, N, and C), cation, as well as
multivacancies can be exploited. This will enrich the varieties of
vacancy-rich nanocatalysts and lead to the further advancement
of electrochemical water splitting.
Second, the recent advances made on exploring novel
vacancy-rich electrocatalysts highlight that the vacancy engineering not only tunes the activity of commonly active catalysts,
but also endows the pristine electroinactive materials with high
performance. This has been demonstrated by two paradigms
of oxygen vacancy-rich metallic titania (TiO1.23)[82] and concave
Bi2WO6 nanoplates[81] recently. The tailoring of vacancies presents unique feature for designing and fabricating novel nonprevious electrocatalysts for water splitting, which is difficult
to be realized by the traditional morphology and size tuning
approaches.
Third, at present, although most of reported studies of
vacancy-rich nanomaterials highlight that the vacancies are
beneficial for electrocatalytic applications, there are still some
conflict reports.[129,132] For example, Smith and co-workers
studied oxygen vacancies in perovskite SrCoO3 using first principles calculations from thermodynamic, electronic, and kinetic
points of view. They investigated the effect of surface vacancies
on the OER activity and found that oxygen vacancies are detrimental to the performance.[132] In this context, in-depth fundamental investigations of the vacancy-induced catalytic activity,
especially with the modern in situ or operando spectroscopic
and microscopic characterizations, are desirable. This would
provide scientific guidance regarding how to optimize the catalyst performance through the engineering of vacancies.
Finally, considering the outstanding performances of the
vacancy-rich nanocatalysts that have been realized, further
improvement of the catalytic activity can be expected when
other strategies such as doping, straining, or hybridizing with
conducting substrates (e.g., metal or carbon materials) are combined with the vacancy-modification method. Through the collective, harmonious optimization of the components, material
structure, as well as interfacial interaction, the exploration of
highly efficient nonprecious nanocatalysts for practical application of electrochemical water splitting is anticipated.
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