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1. Introduction

Currently, the increasing demand and consumption of
traditional energy have led to a variety of serious environ-
mental issues.[1] Sustainable and feasible energy storage and
conversion technologies are promising approaches to reduce
the dependence on fossil fuels.[2, 3] Electrocatalytic water
splitting as one energy-conversion technique has been
attracting enormous attention.[4, 5] Basically, the water split-
ting process contains two critical electrochemical reactions:
the cathodic hydrogen evolution reaction (HER) and the
anodic oxygen evolution reaction (OER).[4,6]

From the perspective of electron transfer, HER is a two-
electron process while OER is a more complicated four-
electron process. Both processes involve the adsorption of
reaction intermediates and the dissociation of gases. For
example, in basic media, HER starts from the adsorption of
water molecules and the subsequent breaking of the H�O
bond with one electron (the Volmer reaction). The adsorbed
H species continue to react with each other or adsorbed water
molecules to form a H�H bond followed by the desorption of
a hydrogen molecule via the Heyrovsky reaction or the Tafel
reaction.[3,7] As for OER, the multistep reactions, including
the dissociation of water molecules, the formation of inter-
mediates, the final desorption of O2, and the release of
electrons/protons, involve the breaking of four H�O bonds
and the formation of one O�O bond. Transition-metal atoms
usually act as the catalytic sites, and the eg orbital from the
metal d-band can couple with the s-orbital from the O atom
in H2O in the first step. Then, the intermediates produced in
the adsorbed state can undergo a stepwise transformation
from *OH to *O, *OOH, and O2 during the subsequent steps.
The reverse process of OER is the oxygen reduction reaction
(ORR), which is a reduction process from O2 to H2O.[6,8]

Undesirably, the electrocatalytic efficiency is typically sup-
pressed by the sluggish kinetics of the electrode reactions,
which result in large overpotentials and a great consumption
of electrical energy. Although some noble-metal electro-

catalysts exhibit high catalytic performance, their high cost
and scarcity impede their commercialization.

Over the past decades, the progress to realize cost-
effective electrocatalysts has been well developed in two
aspects: one is the low loading of noble metals and the other is
the development of noble-metal-free catalysts.[8] For the low
loading of noble metals, the design of nanostructures, such as
core–shell heterostructures and single-atom modulation has
become a notable research area,[9–12] not only can it lower the
dosage of noble metals but it can also improve the conversion
efficiency.[13–16] For the non-noble-metal materials, various
strategies mainly including surface modification, strain engi-
neering, phase transition, and heterostructure construction
have been explored to enhance the catalytic perfor-
mance.[17,18] These strategies focus on regulating energy
band structure and electron distribution to optimize the
electrocatalytic performance.[19,20]

Several groups have recently attempted to define the
fundamental relationship between electronic structure regu-
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lation and electrochemical properties.[21] Since the conductiv-
ity and adsorption strength (equivalent to the reaction
barrier) of the intermediates as two comprehensible behav-
iors of electronic structure directly determine the reaction
kinetics, the electronic structure has been identified as an
important descriptor to explain the corresponding catalytic
behavior.[22, 23] Shao-Horn and co-workers predicted the best
OER activity of perovskite oxides at an eg occupancy value
of 1 from the molecule orbital principles.[24] Xie and co-
workers highlighted the modulation of charge and spin
ordering of 2D ultrathin solids and clarified the structure–
property relationship.[5] This research brought electronic-
structure regulation further into the focus of the origin of
catalytic activity. The spin ordering, energy band structure,
and density of state (DOS) intrinsically characterize the
electronic behavior. Combining advanced operando spectro-
scopic techniques and powerful simulation methods, can
clearly identify the electronic structure.[25] These methods
provide a platform for understanding the atomic-structure-
induced regulation of the electronic structure. The derived
principles in turn are instructive in designing efficient
catalysts for water splitting, CO2 reduction, and N2 fixa-
tion.[10, 15]

In this Review, we summarize the strategies to regulate
the electronic structures of inorganic nanomaterials for water
splitting, and further to establish the structure–electronic-
behavior–activity relationship. The strategies adopted are
classified as follows: 1) artificial defects; 2) strain engineer-
ing; 3) phase transition; and 4) heterogeneous structure
(Figure 1). The working mechanisms of these strategies to
corresponding electronic structures are also fully discussed.

Finally, the challenges of achieving deeper insights into the
electronic states of electrocatalysts are highlighted.

2. Surface Modifications

The introduction of artificial defects is regarded as one of
the most effective strategies for surface modification. It aims
to create more active sites and tune the surface charge-
transfer properties.[26] The artificial defects can significantly
promote electrocatalytic activity by optimizing the surface-
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Figure 1. Schematic illustrations of the strategies for regulating elec-
tronic structure.
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adsorption ability for reaction intermediates.[27, 28] Addition-
ally, the defects can simultaneously tailor the hydrophilic
properties of the surface for a better electrolyte contact.[29–31]

Considering the diversity of defects, we first discussed the
origins of the activity of these artificial defects, which can be
generated as artificial vacancies and by heteroatom dopants.

2.1. Surface Vacancies
2.1.1. Non-Metal Materials

Carbon-based electrocatalysts (such as graphene, carbon
nanotubes, and porous carbon) are the main non-metal
materials used in electrocatalytic reactions. However, the
low activity of pristine carbon materials does not meet most
application requirements.[32] To tune the original activity of
electrocatalysts, vacancy engineering is an effective strategy.
In typical 1D and 2D carbon structures, there are two main
vacancies types: 1) single-atom vacancies and 2) multi-atom
vacancies. The vacancies usually lead to fluctuations in the
local electron spin and density, as well as the atomic
relaxation at the boundary.[33]

Recently, Xia and co-workers reported a comprehensive
analysis regarding the lattice defects in graphene, which
involved various single-atom vacancy configurations. Accord-
ing to the charge and spin density analyses, it was found that
the regulation of electronic structure by vacancy construction
could significantly enhance the catalytic activity of perfect
graphene.[34] Baek et al. simulated the edge-molecule orbital
configuration of sulfurized graphene nanoplatelets. They
proposed that the introduced sulfur atoms are beneficial to
the electron-transfer process during ORR.[35] This benefit was
attributed to both the significantly polarized highest occupied
molecular orbital and the lowest unoccupied molecular
orbital levels at the edge sites. These polarized boundaries
could provide an ideal electron-transfer capability for ORR
electrocatalysis and serve as the active sites. Hu et al.
employed carbon nanocages to investigate the roles of
intrinsic defects on ORR activity in more detail. This
unique microporous cage-structure contains various multi-
atom vacancies, including the hole-shaped defects and broken
fringes. Notably, this defective carbon nanocages delivered an
outstanding ORR activity with a high onset potential (0.11 V
vs. the normal hydrogen electrode (NHE)) and an electron
transfer number of approximately 2.90� 0.10 in 0.1m KOH.[36]

Analogously, the edges of other 2D structural electrocatalysts
were also demonstrated as the highly active sites to enhance
the electrocatalytic activity.[27]

2.1.2. Transition-Metal Oxides

Transition-metal oxides (TMOs), such as IrO2, RuO2,
exhibit excellent electrocatalytic performance for OER.[37,38]

As a result of the diverse spatial atomic configurations of
TMOs (such as spinel-/perovskite-/blende-type structures),
the electronic states of the vacancies are complicated. Instead
of a simple classification of the complicated structures, herein,
the effects of the TMO vacancies for electrocatalysts are

highlighted from the perspective of electronic structure
regulations.[18]

The formation of ion vacancies can change the original
stoichiometric ratio and induce the distortion of local electric
field, which would cause electron density redistribution (such
as, the valence state and the average number of eg electrons)
at the vacancy sites.[39,40] The occupancy of eg electron is
regarded as a critical descriptor for the HER and OER
efficiency. Earlier in the 1980s, Otagawa and Bockris sug-
gested that the application of transition-metal-antibonding-
states theory of eg orbital could be an effective descriptor for
the activity of perovskite-type electrocatalysts, especially in
OER.[41] The overlap between the s orbital of oxygen atom in
H2O and the eg orbital of transition metal is always more
stable than that between the p orbital and t2g orbital.[42]

Recently, according to a series of simulated data, Shao-
Horn and co-workers presented a universal principle to
explain the electrochemical OER mechanism, namely the
Shao-Horn (SH) principle.[43] It is noticeable that when the
number of transition-metal eg electron is 1, the corresponding
metal site will show the best OER and ORR activity in the
alkali environment. Consequently, the SH principle leads
a bright future for the syntheses of efficient electrocatalysts.

To date, many experimental and theoretical results proved
that the filling state of eg electron of the surface transition-
metal sites could play a significant role in tailoring the
electrocatalytic activity, especially for the perovskite-type
oxides.[44–46] Shao group presented a practical application of
the SH principle to select the excellent perovskite-type
candidates for OER (Figure 2a).[47] By introducing the
vacancies of A sites in LaFeO3, the oxidation state of Fe
atoms at B sites was partially increased from Fe3+ to Fe4+, as
indicated by the Mçssbauer spectra in Figure 2b. These
induced Fe4+ with optimized eg orbital filling state (t2g

3eg
1) met

the expectation of SH principle, so the cation deficient
La1�xFeO3�d exhibited an optimized catalytic performance
with the Tafel slope decreasing from 77 to 48 mVdev�1 and
the specific activity increasing from 0.061 to 0.364 mA cm�2.
Meanwhile, the surface-oxygen vacancies of LaFeO3 had also
been found contributing to the electronic-structure rearrange-
ment. Conclusively, the tailoring of the eg-electron configu-
ration and the adsorption-coupling strength was demon-
strated effective for optimizing the electrocatalytic capabil-
ities for both OER and ORR.[44–46, 48,49] Furthermore, Yang
et al. proposed a geometrical effect to explain the role of
oxygen vacancies in Ca2Mn2O5 during OER. For the first step,
the oxygen atom in an OH� ion tended to adsorb at the
oxygen-vacancy site and then to form an O-octahedron
structure around Mn3+.[49] They explained that the Mn3+

cations with the t2g
3eg

1 configuration in Ca2Mn2O5 could
provide a high spin state to overlap the O-ps orbital of OH�

ions. Therefore, the oxygen vacancies neighboring the Mn3+

cations could act as the adsorption sites during OER process.
Notably, it is important that the deeply overlapped orbits
could accelerate the ion-exchange and the rate-determining
step during OER.[50] To modify the eg-electronic structure, Xie
and co-workers introduced oxygen vacancies into
Ca0.9Yb0.1MnO3�d by means of Yb doping and hydrogen
reduction.[48] They found that the eg-electron filling degree of
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Mn atoms and the conductivity both showed positive linear
relationships with the oxygen vacancy density (Figure 2c).
Therefore, the exposed metal sites with an optimized energy-
band state showed much lower thermodynamic barriers to
form a metal-oxygen bond, so the reaction intermediates
could be adsorbed more facilely during OER and ORR
(Figure 2d).

Similarly, the electrocatalytic activities of spinel-type and
blende-type TMOs can be optimized by tailoring the energy-
band configuration and the electron-density distribu-
tion.[31, 39,51] There are two different effects of artificial
vacancies on the reconstruction of energy band. The first
one is that the artificial vacancies can generate new electronic
states in the original band gap, which are called defect levels.
The newly induced states were mainly contributed by the d-
band electrons of metal atoms.[51] Therefore, the coupling
between the d-band and 2p orbital was strengthened and
could result in the reduced thermodynamic barriers for the
adsorption of intermediates. It is noteworthy that the split
energy level and the increased electronic DOS enhance the
intrinsic conductivity of the oxides.[31, 40] For instance, Zheng
et al. implemented the in situ formation of the oxygen
vacancies on Co3O4 surface by using NaBH4 as a reductant.[31]

Comparing the partial DOS (PDOS) structures, it was found
that a new state, close to Fermi level, was induced into the
original band gap, which provided a coupling orbital for the
2p electrons of the adsorbed oxygen atom (Figure 2 e). Since
the formation energy for the bivalent (Vo2+) vacancy was
relatively low, the new state was lack of electrons and the
filling degree of antibonding orbital under the adsorption
state was also reduced (Figure 2 f). Consequently, the stron-
ger oxygen adsorption contributed to the faster reaction
kinetics with reduced Tafel slope of 72 mVdec�1.[39]

Another one is the orbital interaction. When vacancies
are introduced, the energy band structure is tailored by
decreasing the d-band electronic density of states and
simultaneously increasing the 2p electronic density of states.
Because the bonding and antibonding orbits under the O-
adsorbed states were both downshifted, the antibonding
states under O adsorption could be enhanced accompanying
with the weakened free energy barriers for O adsorption
(Figure 2g,h).[39] The similar phenomenon also occurred in
the n-type semiconductor materials, proved by Chen�s study
about the OER on the O-vacancy-rich MnO2.

[52] Likewise, the
improved activity was found as results of the decline of the d-
band electronic density and the reduced adsorption strength
of *OH radical.[53, 54]

2.1.3. Transition-Metal Dichalcogenides

Transition-metal dichalcogenides (TMDs) are promising
noble-metal-free electrocatalysts for water splitting.[55] TMDs
not only have higher specific surface areas due to the
hierarchical structure, but also possess greater plasticity for
further activity improvement.[56] Considering the original
activity from geometrical edges, activating the inert basal
planes of TMDs via defect engineering is a viable strategy to
boost the electrochemical performance.[57]

According to the aforementioned SH principle, the
activity of the reaction sites can be effectively tailored by
vacancy-induced eg-electron configuration regulation of the
active atoms. Xie et al. studied the cation-vacancy effect of
CoSe2 nanosheets for OER.[58] After Co-vacancy introduc-
tion, the octahedron-coordination field induced the splitting
of electron orbits of Co cation into the eg- and t2g-degenerate
states, accompanying with a single-electron-occupied state of

Figure 2. a) The illustration of the O and Fe4+ vacancies in perovskites-type La1�xFeO3�d ; b) The Mçssbauer spectra of La1�xFeO3�d samples at
room temperature;[47] Copyright 2016, American Chemical Society. c) The synergistic effect of the hydrogen reduction treatment and Yb-doping on
the conductivity (s) and the number of eg electrons and d) diagram of the relationship between the hydrogen treatment and the electronic-state
regulation;[48] Copyright 2015, Wiley-VCH. e) The PDOS and TDOS results for the reduced Co3O4 and the pristine Co3O4; f) The simulated
formation energy of the O-vacancy with different numbers of electrons present.[31] Copyright 2014, Wiley-VCH. Illustration of the coupling between
the d-band and s-orbital g) before and h) after generating artificial vacancies.[39] Copyright 2016, American Chemical Society.

Angewandte
ChemieReviews

&&&& www.angewandte.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 2 – 21
� �

These are not the final page numbers!

http://www.angewandte.org


eg orbital, as the SH principle predicted (Figure 3a). In order
to provide visual images of the electronic structure at the
vacancy area, Xie et al. also used the positron annihilation
spectrum (PAS) technique to image the defect region. From
the PAS results, the electronic structure around the Co
vacancy was clearly pictured and the shorter distinct lifetime
of positron suggested that Co vacancy was the main defect
type in CoSe2 nanosheets (Figure 3 b). Moreover, first-prin-
ciples calculations revealed that these Co vacancies could
serve as active sites for OER. It was further supported by the
following electrochemical investigations with the Tafel slope
dropping from 108 to 44 mVdec�1 and the overpotential (h10)
decreasing from 590 to 320 mV (Figure 3c,d). Besides pro-
viding the reacting sites, the enriched vacancies could also
accelerate the electron transfer, which was further confirmed
by the increased DOS near Fermi level and the corresponding
electrochemical impedance spectroscopy (EIS) analyses. The
same conclusions were achieved experimentally and theoret-
ically as well by our group on the investigations of ion-
vacancy effects of ReS2 nanosheets.[54]

Similar to the TMOs, band gap splitting with the
formation of a new defect energy level near Fermi level via
vacancy introduction also occurs in TMDs.[59] As reported by
Zheng et al., the new energy level could reduce the excited
energy of electron from the valence band to conduction band
of MoS2 layers.[60] Moreover, the increase of S-vacancy density
could broaden the new energy level, which facilitated more
electrons transit to the conduction band, achieving a better
conductivity (Figure 3 e,f). In another aspect, the related
Kohn–Sham orbital of the defect level was located at the S
vacancy site with the stronger electron-donating ability, which
indicated that the S vacancy of MoS2 was the adsorption site
in Volmer process for HER. Their DFT results further
indicated that when 12.5 % S-vacancies was introduced, the
hydrogen adsorption free energy decreased from around 2 eV
to approximately 0 eV. It was conclusive that the enhanced

conductivity and more thermoneutral adsorption energy
synergistically accelerated the rate of Volmer reaction,
ultimately improving the HER efficiency (Figure 3g).

2.2. Heteroatom Doping

In parallel with the strategy of introducing surface
vacancies, heteroatom doping is another inspiring motivation
for activity enhancement.[61–64] The introduction of heteroa-
toms or radicals can destroy the periodicity of the lattice, thus
it generates a locally changed electronic structure.[65, 66] This
change can effectively modify the adsorption abilities for the
reaction intermediates and thus enhance the electrocatalytic
efficiency.[62, 63,67] In this section, the relationships among the
different doping types, the electronic structure and the
electrocatalytic performance are well discussed.

2.2.1. Metal-Atom Dopants

According to the different supporting materials, the
metal-atom doping can be divided into two groups: the
metal-based materials and non-metal-based materials. Owing
to the differences of atomic radii and the electronic config-
uration of the substituted atoms, the original lattice tends to
distort and induce the local electron redistribution. These
changes can activate the dopants or neighboring atoms to be
the active sites.[66, 68] Meanwhile, the electron redistribution is
beneficial to charge transfer on the active sites from the
electrode interface to the adsorbed reactants.[30,69–71]

In the case of the metal compound based material, doping
by the non-noble atoms is one of the most common strategies.
Xie et al. reported the V-doped MoS2 with a modified energy
band structure (Figure 4a).[69] As shown in the DOS patterns,
the V-atom dopant created a new defect level in the band gap
of MoS2 accompanying with a narrowed energy gap when the

Figure 3. a) The electron-configuration scheme of the Co cation; b) The PAS result at the Co vacancy; c) Linear sweep voltammetry (LSV) curves
and d) the corresponding Tafel plots in 0.1m KOH;[58] Copyright 2014, American Chemical Society. The simulated band-structure scheme of MoS2

with e) 0% and f) 25% concentration of S vacancies. g) The change in the energy-band structure caused by an increasing of S-vacancy
concentration.[60] Copyright 2015, Springer Nature.
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dopant concentration was increased to 8% (Figure 4b). Since
the defect level was very close to the bottom of conduction
band, the electrons could transfer more easily into the
conduction band by virtue of the defect levels. The corre-
sponding isosurface of the empty-state distribution revealed
that the interaction between V dopant and neighboring Mo
atoms could increase the in-plane conductivity for better
charge transport. In addition to the hierarchically structured
TMDs, Ding and co-workers also effectively reduced the
internal impedance of spinel-type Co3O4 and remarkably
improved its OER performance by Zn doping.[70] Some
similar results were also observed in the perovskite-type
electrocatalysts.[30, 71] Noble-metal atom is also used as
a dopant to tune catalytic activity. Bao et al. reported the
Pt-doped MoS2 with the significant h10 value decreasing from
390 to 140 mV.[68] The related calculated results demonstrated
that a series of defect levels were induced near Fermi level of
the in-plane S atoms, which was quite analogical with the
DOS of the active edge S atoms in pure MoS2. As a result,
these reconstructed electronic configurations of the Pt-doped
MoS2 reduced the hydrogen adsorption energy from around
1.83 to approximately 0 eV and consequently boosted the
specific activity of HER.

As for the doping on the non-metal materials, the dopant
heteroatoms need to embed into the vacancy sites and
coordinate with the neighboring non-metal atoms to form
a stable configuration as typical single-atom electrocata-
lysts.[11, 12, 19,72] At the doping site, the electron polarization
could tailor the electronic affinity of both the doped metal
atoms and the pristine non-metal atoms, and thereby enhance
the reaction charge-transfer kinetics in the vicinity of doping
site. Some dangling bonds (incomplete filling electronic
orbits) on the anchored metal atoms are usually exposed to

the electrolyte solution and tend to couple with the reaction
intermediates at the adsorption sites.[66, 73] Meanwhile, the
commonly used non-metallic-supporting materials derived
from carbon-based materials typically exhibit large surface
areas and admirable conductivities.[74–76] Therefore, metal-
atom-doping can not only increase the active sites through the
unsaturated coordination of metal atoms, but also activate the
neighboring non-metallic atoms via electronic polarization.[77]

For example, Rossmeisl et al. described the dynamic evolu-
tion process of electron configuration of Co atom in CoN4C
structure during the four-step ORR (Figure 4c).[66] In the
square-planar-coordination field adjacent to the anchored Co
atom, the d-orbital of Co2+ ion could split into several
degenerate sub-orbits. And in the dz2 sub-orbital, the single
unaligned electron could act as an adsorption site for the
unpaired electrons of O atom and OH� ion (Figure 4d). As
a result, the CoN4C configuration could thermodynamically
accelerate the ORR activity. More interestingly, Wang group
developed a method from the perspectives of DOS distribu-
tion and the local modification of the d-band center to explore
the performance differences of single-atom electrocatalysts
with various metallic atom dopants on the non-metallic
supporting materials.[72] Based on the antecedent theoretical
calculations of the overpotential for the multistep reactions of
OER and ORR, they demonstrated that the overpotential
could evolve as a function of the d-band center energy
(Figure 4e). Moreover, from the curve, it was found that the
structure with an energy of around 2.82 eV at the d-band
center (relative to Fermi level) could achieve the minimal
theoretical overpotential for OER. To prove the above
hypothesis, Wang et al. initially constructed a series of
structures and found that Ni atoms on the boron monolayer
exhibited the closest d-band center to 2.82 eV.[72] Additionally,

Figure 4. a) The empty-state isosurface (blue shadowing) above the Fermi level of the V0.08Mo0.92S2; b) PDOS diagram of the V0.08Mo0.92S2

nanosheet;[69] Copyright 2014, Royal Society of Chemistry. c) The square coordination environment and the electron configuration of the Co2+ ion;
d) The trend of adsorption energies with the group of the coordinated transition-metal atoms in graphitic materials with 4 N atoms;[66] Copyright
2011, Royal Society of Chemistry. e) The potential of each reaction step as a function of the d-band center;[72] Copyright 2017, American Chemical
Society. f) The orbital hybridization of the valence band of the active sites and the bonding orbital of the adsorbates;[81] Copyright 2014, American
Chemical Society. g) The DOS of the oxygen-incorporated MoS2 slab (top) and the pristine 2H-MoS2 slab (bottom). h) The charge-density
distributions of the valence band (left) and conduction band (right) near the oxygen atom.[64] Copyright 2013, American Chemical Society.
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several other groups concretely confirmed the high perfor-
mance of Ni-single-atom catalysts even better than other
metal-doped configurations on carbon-based substrates.[78–80]

2.2.2. Non-Metallic-Atom Dopants

Non-metallic atom dopants could either directly introduce
active sites or activate the nearby atoms to be the active
sites.[64, 65, 81] This activation of nearby atoms is derived from
the deformation of the local electronic orbitals and the band
structure. For example, Valentin et al. elaborated the trans-
formation of band structure and electron distribution at the
doping sites by theoretical analysis.[67] It was found that this
tuning could produce certain positive effects on electro-
catalytic process. Simultaneously, Qiao and co-workers exper-
imentally investigated the performance of the single-doped
graphene electrocatalysts by various non-metal elements.
And all the doped graphene demonstrated a better ORR
activity than the primary one.[81] Consequently, they general-
ized a suitable descriptor of Ediff for the non-metal electro-
catalysts, which was defined as the difference value between
Fermi level and the lowest valence-orbital energy at the active
sites (Figure 4 f). From the descriptor, the higher valence
band leads to the increase in the filling state of antibonding
orbital and thus indicates the reinforced adsorption of ORR
intermediates. It is desirable to achieve high electrocatalytic
performance for the graphene-based ORR electrocatalysts by
constructing the active centers with the higher valence-orbital
energy level and the smaller value of Ediff.

As for the case of doping the non-metal atoms into the
transition-metal compounds, a substitution of the native non-
metal atoms usually happens, which could result in the charge
density redistribution at the doping sites due to different
bonding length and electronegativity.[61, 64] Xie and co-workers
reported that O dopants could drastically improve the HER
performance of 2H-MoS2 nanosheets,[64] where the dopant O
atoms unexpectedly redistributed the charge densities in both
conduction and valence bands in comparison with those of the
original 2H-MoS2. Further DFT analyses demonstrated that
the dopant O could significantly reduce the energy barrier of
2H-MoS2 nanosheets for hydrogen adsorption from 0.81 to
0.32 eV, along with an increase of charge transfer. These were
reflected experimentally by the decrease of the band gap from
approximately 1.75 to 1.08 eVand a reduced Tafel slope value
from 81 to 55 mVdec�1 (Figure 4g,h). Additionally, Li et al.
studied how could the coordination number contribute to the
H adsorption energy (DGH*) on the surface sites of N-doped
Ni3S2.

[65] It was found that the stronger coordination capability
of N than S along with the larger difference of charge between
the bulk and the surface Ni atoms (DQNi) led to the lower
DGH* value. In their experiments, the higher electronegativity
of N (3.04) over S (2.58) could generate a larger DQNi value
(0.417 for N site and 0.008 for S site on (100) facet,
respectively) of the N-doped surfaces and a stronger hydro-
gen-adsorption ability (DGH* decreased from 1.086 to
0.036 eV). Besides, the lower coordination number of surface
S in Ni3S2 nanosheets especially on the (�111) facet with more
dangling bonds was also found to contribute to the reduced

DGH* (coordination number decreased from 4 to 3, corre-
sponding DGH* reduced from 0.434 to 0.133 eV).

3. Strain Regulation

The lattice strain, either compressive or tensile, can tailor
the surface electronic structure via changing the dispersion of
surface atoms and their bond lengths.[60, 82–84] According to the
different strategies of introducing lattice strain, we classify the
strains as the inherent strain and the acquired strain. The
inherent strain is spontaneously generated during the mate-
rial preparation process. It was influenced by for example, the
hetero-atom substitution, lattice vacancy, phase transforma-
tion, lattice mismatch and geometry effect.[85,86] The acquired
strain is introduced by the external operation. The induced
changes of energy band structure and atomic structure can
lead to the optimization of electrocatalytic performance.
Notably, tailoring the acquired strain is more flexible than the
inherent strain.[86, 87]

3.1. The Inherent Strain

How to induce active sites by the inherent strain depends
on the properties of materials.[88–90] For the traditional noble-
metal materials, the fabrication of nanostructure is an
effective strategy to induce lattice stain via increasing the
number of the corner- or the edge-site atoms with larger
lattice distortion.[91] As for the non-noble metal materials,
there are various strategies to introduce the inherent strain,
such as, local phase transition, lattice mismatch, vacancy
introduction, hetero-atom doping.[82, 92–95]

The commercial noble-metal electrocatalysts (such as the
Pt/C) usually exhibit a relatively high cost which counteract
their existing advantages in performance. To change that, it is
feasible to boost their electrocatalytic activities by engineer-
ing their nanostructures.[84,89, 96–100] Recently, Duan and co-
workers increased the record of ORR efficiency by tailoring
the rhombohedral geometric structure of the jagged ultrafine
Pt nanowires,[89] in which the mass activity and specific activity
of the reported electrocatalyst reached 13.6 AmgPt

�1 (at 0.9 V
vs. NHE) and 11.5 mAcm�2, respectively. And it was found
that the stress residual on the zig-zag Pt nanowires was caused
by the post-annealing and the electrochemical dealloying
processes, which compressed the lattice spacing of Pt (111)
plane from 0.23 to 0.21 nm. Furthermore, the first principle
calculations showed that the d-band center of the Pt nano-
wires downshifted along with the decrease of surface adsorp-
tion energy.[84, 100–103] Back in the 1990s, the relationship
between the chemical activity of the transition-metal surface
and the filling state of d-band was proposed by Nørskov and
Hammer.[97] Later, they further elaborated the relationship
between the transition d-band center and the adsorption free
energy.[98] The d-band center theory predicted that the tensile
lattice strain could reduce the d-band width of the late
transition metal. As a result of the charge conservation during
the distortion, the d-band could shift to preserve its filling
degree relative to Fermi level. Thus, the orbital filling
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condition of bonding and anti-bonding orbits exhibited the
significant influence on the adsorption bond strength and thus
on the electrocatalytic activity.[84,99, 100]

Although the d-band center theory could explain most
inherent strains, the recent experiments and theoretical
simulations showed that the traditional d-band center model
was not suitable for some certain cases. For example, two
typical representatives beyond the traditional d-band center
models are the PtNi twinned nanostructure and the Pt/PtPb
core–shell structure.[91, 104–106] The twinned PtNi nanocrystals
exhibited an interesting geometric structure and an entirely
different electrocatalytic property.[104] Taking octahedra and
icosahedra Pt3Ni nanocrystals as the examples, the electro-
catalytic efficiency of the icosahedral one was 50% higher
than that of the octahedral one. Besides the inherent strains
induced by the different ratio and coordination numbers of
the edge and corner atoms mentioned above, another
important factor is the surface strain.[91] The simulated results
demonstrated that the octahedral and icosahedral geometries
showed a reverse state of surface strain (surface compressive
strain on octahedral nanoparticles, while surface tensile strain
on icosahedral nanoparticles). DFT calculations further
confirmed that the *OH adsorption energy barrier and d-
band center of the icosahedra Pt twinned crystal were
optimized by the in-plane stress.[105, 106] In addition to the
twinned crystal, Adzic and co-workers fabricated a core–shell
structure with a Pt shell covering internal PtPb compounds
core (Pt/PtPb). Due to the geometric and ligand effects, the
tensile stress was remained in the Pt shell.[107] The enlarged
bond length and the shifted energy-band not only accelerated
the oxygen reaction rate but also created additional adsorp-
tion sites. More studies also demonstrated that the expanding
strain on the stepped surface of metal electrocatalysts could
reduce the adsorption barriers of reaction intermedi-
ates.[108,109]

The local phase transformation can produce the inherent
strain, which induces band distortion in the non-noble-metal
polymorph electrocatalysts to affect the electrocatalytic
performance.[110] For example, the synergistic effect of the
inherent strain and the phase transition could tailor the
thermodynamic adsorption processes of intermediates.[83]

Through calculating the DOS evolution process of 1T’-MoS2

before and after hydrogen adsorption under different inher-
ent strains, Kuo et al. found that the positions of the bonding
and anti-bonding states were not apparently shifted under the
inherent strain, even when the PDOS was enhanced to Fermi
level.[111] It could not be explained by d-band theory. But from
the perspective of better conductivity, the calculated reaction
barrier dropped from around 0.75 to approximately 0.25 eV.
A similar study focusing on the movements of conduction
band of monolayer MoS2 and NbS2 was also reported by Wang
group.[112] They derived the proportional relationship between
the change of free energy and the electron affinities (Eea) by
thermodynamic analyses. The tensile strain derived down-
ward shift of the conduction-band minimum could directly
result in the increase of Eea value, which further strengthened
the weak hydrogen adsorption of pristine materials and
reduced the reaction barriers of HER.

The heteroatoms and lattice vacancies can generate the
inherent strain in the surrounding lattices. The elongated or
shortened bond length indirectly tunes the electron config-
uration and the adsorption ability of the surface atoms for
electrocatalysts.[60, 90] Qiao and co-workers employed the
cation exchange methodology to enrich oxygen vacancies on
the CoO (111) surface, which could directly induce tensile
strain to the nearby lattices.[90] As a result, this approach
facilitated the upshift of the 2p band of oxygen atoms and
intensified the Co�O adsorption bonding. Thus, the oxygen
atoms have relatively low possibility to adsorb H atoms and
the CoO exhibited an optimized hydrogen-adsorption free
energy from �1.8 to about 0 eV and a decreased h10 of 73 mV.
Meanwhile, Nørskov and Zheng groups identified the indi-
vidual effects of vacancies and tensile strain.[60] It was verified
that the vacancies could create new states in the original band
gap while the tensile strain could subtly tailor the band
structure. Clearly, the cooperative effect between the vacancy
and inherent strain from the above two examples is beneficial
in improving the electrocatalytic ability. The performance of
non-metallic electrocatalysts can also be tailored by the
inherent strain regulation.[88, 113–116] Du and co-workers
reported a method to induce the compressive strain of g-
C3N4 by iso-electronically doping of Si atoms.[88] From the
DFT simulations of the varied lattice strain between � 5%,
the band gap and adsorption free energy showed a declined
trend when the inherent strain intensity was increased
(Figure 5a,b). Meanwhile, they discussed the influence of
different hydrogen-coverage states on the adsorption energy
besides the inherent strain (Figure 5c), where the positive
synergistic effect between the hydrogen-coverage states and
inherent strain was confirmed by the results of adsorption
energy. Furthermore, a dynamic electrocatalysis experiment
by changing the surface strain of g-C3N4 was carried out. It
was revealed that the cycling of the adsorption and desorption
of hydrogen atoms on compressed or stretched g-C3N4 could
indeed accelerate the electrocatalytic reaction rate (Fig-
ure 5d).

As has been established, the core–shell structure can bring
in the inherent strain, thus it facilitates the upshift of the d-
band center and enhances the electrocatalytic activity.[102,117]

For instance, Strasser and co-workers demonstrated the Pt/
PtCu core–shell structure as a high-performance ORR
electrocatalyst. Owing to the lattice mismatch, the compres-
sive stress was induced by the Pt-enriched layer via the
smaller interatomic distance of Pt. According to the d-band
center theory, the inherent strain contracted the d-band
width. As a result, the weakened adsorption strength between
the Pt-enriched layer and the O-containing intermediates
boosted the ORR efficiency.[117,118] The similar core–shell
structures were also used to enhance the stability of alloy
nanoparticles.[102,103] Alternatively, the alloying of Pt with the
rare-earth elements or early transition-metals is another
effective strategy to boost the ORR performance.[119] The
polycrystalline alloys of platinum with these elements showed
changed oxygen-adsorption free energies. As the d-band
center theory predicted, the volcano-shaped relationship was
developed between the d-band center energy and the specific
activity.[120–122]
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Apart from the above-discussed inherent strain effects on
the electrocatalytic performance of Pt-based materials, the
interface engineering between the substrate and loaded
catalysts is another impressive method to control the inherent
strain.[123–125] As for TMOs, it noted that some TMOs obey the
band center theory. Yang and co-workers found the evolution
of the inherent strain was correlated with the OER activ-
ity.[123] In the IrO2-coated MoO2 nanorods, the inherent strain
of IrO2 from the lattice mismatch between MoO2 and IrO2

could be controlled by the size of IrO2 particles. And the
extrusion of the oxygen octahedrons induced by the com-
pressive strain could lead to the decreased binding energy of
Ir 4f7/2 and the down-shift of d-band. Furthermore, the X-ray
photoelectron spectroscopy (XPS) and X-ray absorption near
edge structure (XANES) results demonstrated that the
charge transfer from MnO2 to IrO2 could result in a higher
oxidation state of Mn element and a lower oxidation state of
the Ir element. These active catalyst–substrate interactions
directly boost the OER catalytic activity with a 3.7 times
increased specific mass activity than that of pure IrO2.

[124] As
for the TMDs, the ones with the special 2D structure were

often selected as typical examples to investigate the relation-
ship between the inherent strain and electronic struc-
ture.[111, 126–129] Chen et al. adjusted the inherent strain of
MoS2 via the lattice mismatch between MoS2 and Au
substrate (Figure 6 a).[125] Based on the results from the
high-angle annular dark field scanning transmission electron
microscope (HAADF-STEM) and high-resolution STEM,
they calculated the S-Mo-S bonding angle for MoS2 mono-
layer and proved the existence of atom migration and in-plane
strain (Figure 6b,c). Meanwhile, they found that the charge-
density distribution was regulated by the existence of lattice
strain, atom migration along with the ohmic contact between
MoS2 and Au substrate (Figure 6d,e). Moreover, by simulat-
ing the MoS2 model with different S-Mo-S bonding angles,
they explained that the reverse migration between S and Mo
atom could gradually decrease the band gap from 1.8 to 0 eV
and reduce the DGH* value from approximately 0.5 to around
0.2 eV (Figure 6 f,g). As a result, the optimized DGH* value
and the superior conductivity of MoS2/Au achieved a reduc-
tive Tafel slope of 46 mVdec�1. Similar results from other
TMDs (such as WS2 and MoSe2) further verified that

Figure 5. a) The energy-band structures of g-C3N4 with 4–6% strain intensity; b) The DGH* values versus the intensity of strain under the H-
coverage ratio (q); c) The simulated HER energy-barrier scheme for g-C3N4 under different H-coverage ratios; d) The dynamic-strain-cycle scheme
of g-C3N4 during HER.[88] Copyright 2015, Elsevier Inc.
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introducing inherent strain was a fruitful way to enhance the
HER performance.[111, 129]

3.2. The Acquired Strain

The acquired strain is admirable in electrocatalytic
process, owing to the feasible controllability and operability.
In recent years, different physical or chemical methods to
tailor the acquired strain from external operation have been
proposed.[86,87, 117, 130] The controllable substrate deformation is
the main way to introduce the mechanical strain into the
electrocatalyst films. Bard and co-workers used the NiTi-
shape-memory alloy (SMA) substrate to load the Pt nano-
films as the ORR electrode,[117] where the SMA exhibits the
reversible deformation performance as a function of temper-
ature. When the SMA was bended, the tensile or compressive
strain could be transmitted from substrate to the deposited Pt
membrane. By controlling the deformation degree, they
found that the compressive strain could prominently reflect
a 27 mV positive shift of the half-wave potential and a 52%
enhancement of the kinetic rate constant than pristine Pt,
which was consistent with the theoretical predication.[98,104]

Furthermore, to visually illustrate the effect of acquired
strain, Peterson and co-workers designed a strain-regulable
electrolytic cell to in situ measure the electrocatalytic ability
under different strain environments,[131] where the poly(meth-
yl methacrylate) (PMMA)-loaded tungsten carbide (WC)
with an outstanding stretch ability was used as the HER
electrocatalyst.[86] In particular, the strain intensity was
controlled within � 1.6% by a universal tensile tester. From
the cyclic voltammetry measurements, they found a positive
relationship between overpotential and strain with the over-
potential shifting 10–20 mV per 1% strain. It was noting that
the compressive strain increased the catalytic activity, while

the tensile strain contributed the opposite effect. Further
DFT simulations verified that the d-band center was down-
shifted along with an increase in the axial compressive strain.

Besides the substrate-treating strategy for the acquired
strain, some physical methods such as external electric field
and magnetic field have also been applied to induce the
structure strain.[86,87, 130, 132] Frauenheim and co-workers inves-
tigated the relationships among external electric field,
magnetic moment and in-plane strain in MoS2 nanoribbons
via spintronic methods,[130] where the PDOS and band
structure evolution predicted that the external electric field
could tune the internal polarization and the magnetic moment
spin. Furthermore, the effect of the introduced electric field
on the HER activities for MoS2 and MoSe2 was experimen-
tally verified by Mai and co-workers.[86, 132]

Chemical treatments can also control the acquired strain.
Cui and co-workers applied a novel ion-inserting strategy for
LiCoO2 to bring in the distortion of atomic structure during
the lithiation and delithiation processes.[87] They firstly
deposited Pt nanoparticles on the LiCoO2 substrate. Then,
the delithiation and stretching of LiCoO2 substrate could
induce the tensile strain in the (111) plane of Pt particles.
Notably, the compressive stress was obtained by a reversed
method (Figure 7a,b). Consequently, from the results of the
electrostatic repulsion between lithium ion and Co�O
octahedron, the interplanar distance of LiCoO2 (003) plane
extended from 0.469 to 0.482 nm, ultimately generating� 5%
lattice strain into the Pt nanoparticles. Meanwhile, the XPS
and theoretical simulations proved that when the strain was
changed from 5% to �5%, the d-band center of Pt could
downshift from �2.32 to �2.69 eV (where the initial value is
ca. �0.25 eV) (Figure 7c). Comparably, the approximately
5% tensile strain could lead to an upshift of approximately
0.17 eV of the d-band center. Furthermore, they calculated
the results of the adsorption energy barriers for the adsorp-

Figure 6. a) The single-layer MoS2@NPG; b) The cross-sectional HAADF-STEM image and c) HR-STEM image of single-layer MoS2@NPG. Scale
bars: 1 nm; d) The distorted lattice structures with S translation (top); Mo translation (middle panel); S and Mo translation (bottom). e) The
charge-density distributions in pristine monolayer MoS2 and bent monolayer MoS2. f) The DOS distribution and g) the free energy of hydrogen
adsorption under a series of S�Mo�S bond angles a.[125] Copyright 2014, Wiley-VCH.

Angewandte
ChemieReviews

&&&& www.angewandte.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 2 – 21
� �

These are not the final page numbers!

http://www.angewandte.org


tion energies of *O, *OH, and *OOH intermediates on the
strained surface, and the results showed accordance with the
analysis of the d-band model. As a consequence, the
adsorption energies with the rational compressive strain
could lead to the decreased overpotential for OER (Fig-
ure 7d).

4. Phase Transition

The properties of electronic structure are highly depen-
dent on the crystal phases of materials, owing to the different
charge distributions from various atomic configurations.[133,134]

The adjustment of crystal phase usually tailors the surface
adsorption properties and the charge states, which can lead to
better conductivity and higher surface activity.[135, 136] There-
fore, phase engineering is usually identified as a promising
method to enhance the electrocatalytic activity.[136, 137]

There are several ways to control phase transitions. The
exfoliation is one of the most common strategies to induce
phase transformation, especially for the layered TMDs.
Taking bulk MoS2 as an example, the 2H-phase is the
thermodynamically stable state whereas the basal plane of
the 2H-MoS2 is inert for hydrogen evolution. It was found that
the phase transition from the 2H to 1T phase could activate
the basal plane and enhance its HER activity.[136,138] As early
as the 1970s, a chemical method via lithium intercalation was
reported to exfoliate the bulk MoS2.

[139,140] After the insertion
of lithium atoms into MoS2 interlayers, the rearranged
electronic structure and the intra-strata shear strain synerg-
istically derived the phase transition.[137, 141–143] Besides the
exfoliation strategy, Reed et al. reported another mechanical
deformation method to realize the phase transition of
TMDs.[144] In 2014, Suenaga et al. developed a new strategy
for phase transition via electron beam irradiation. The

irradiation could introduce external electrons and then
transform the phase from 2H-MoS2 to 1T-MoS2 with high
crystallization.[145] In the same year, Fang and co-workers
found that the plasmonic hot-electron injection from the Au
nanoparticles could lead to the phase transition of TMDs
under light irradiation due to the local plasmon resonance
excitation.[146] Notably, the phase transition of TMDs was also
observed under heating treatment and epitaxial growth
conditions.[147–150]

As mentioned above, the phase transition of TMDs from
the 2H to 1T phase was usually caused by the introduction of
hot electrons. To investigate the influence of inserted hot
electrons to electronic structures, many pioneering works
were reported using theoretical methods. Lau group calcu-
lated electronic band structures for the 2H-, 1T- and 1T’-MoS2

(Figure 8a).[155] When the phase transmitted from 2H to 1T,
the original band gap disappeared due to the partially
overlapped conduction-band minimum and valence-band
maximum. On the other hand, the 1T’ phase as a disordered
configuration derived from 1T phase showed a narrow band
gap of 0.09 eV, which meant a decreased conductivity
compared to 1T structure. Meanwhile, as demonstrated by
Seifert et al. , when a hot electron was injected in the tri-prism
MoS6 unit of 2H-MoS2, the inherent degenerate state could no
longer be the lowest energy state. According to the Jahn–
Teller effect, the MoS6 unit would transform to the octahe-
dron obeying the minimal energy principle (Figure 8b).[151]

Thus the crystal phase of MoS2 spontaneously transformed
from the 2H to the 1T state. Notably, the formation energy of
the 1T’ phase was 0.15 eV lower than that of the 1T phase per
MoS2 unit. Therefore, the 1T phase could evolve to the 1T’
phase in certain conditions.[143] Conclusively, the formation of
a new phase with enhanced conductivity is a viable way to
accelerate the reaction kinetics and realize lower reaction
barriers for HER (Figure 8 c).[136] Besides the hierarchical

Figure 7. Schematic representation of how a) delithiation and b) lithiation processes induce in-plane strain in Pt nanoparticles and change the
layer spacing of LiCoO2 (LCO) substrates. c) Illustration of the relationship between the strain intensity and the energy of the d-band center.
d) The relationship between the binding energies of OER intermediates and the overpotential (h) versus the strain intensity.[87] Copyright 2016,
American Association for the Advancement of Science.
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materials, IrO2 also has different phases, such as the rutile
type, niobite type, which have different DOS distributions
and electrocatalytic activities for OER. For example, the
rutile-type IrO2 has more t2g states near Fermi level. It is
noteworthy that the enhanced t2g states could weaken the eg

anti-bonding state and the O-coupling strength.[152] Thus, the
OER barriers will be reduced (Figure 8d,e). Summarily, the
redistribution of t2g-band electrons can indirectly tune the
OER activity.

The mechanism of catalytic reaction and the distribution
of active sites could be essentially changed by the phase
transition.[136,138] Taking the work of Cui and co-workers as an
example, they verified how the phase transition of MoS2 had
different effects on the HER electrocatalysis.[137] Based on the
traditional electrochemical lithium intercalation, they con-
trolled the lithiation process by anode potential during the
galvanostatic discharge in a pouch battery cell (Figure 8 f).
The crystal phase was changed from the pristine MoS2 to the
LixMoS2, which was confirmed by the XPS and TEM results.
During the phase transition from the 2H-MoS2 to 1T phase in
LixMoS2, the incoming electrons accumulated in the MoS2

layers and could increase the d-band filling degree for the Mo

atom. Meanwhile, the oxidation state of the Mo element was
reduced and it thus could decrease the reaction barriers for
HER. Consequently, the Tafel slope significantly dropped
from 123 to 44 mVdec�1 (Figure 8g). And the dramatic
decrease in the Tafel slope indicated the different rate-
determining steps of HER for the 2H- and 1T-phase MoS2.

[153]

Jiang et al. pointed out that the S sites in 2H- and 1T-MoS2

had different hydrogen adsorption free energies (0.78 eV for
2H-MoS2 and 0.62 eV for 1T-MoS2). The simulation results
therein for HER showed that the Volmer-Heyrovsky reaction
exhibited the higher priority than the Volmer-Tafel reaction
on the 1T-MoS2 surface.[136] In addition to the different
reaction mechanisms, Chhowalla et al. verified the difference
in the active-site distribution between the 2H- and 1T-MoS2.
Through partially oxidizing the edge of the 1T- and 2H-MoS2,
the electrocatalytic performance of 2H-MoS2 sharply dropped
while the 1T-MoS2 still showed a stable HER activity, which
demonstrated that the active sites of 1T-MoS2 nanoparticles
were located on the basal plane rather than the edge sites in
2H-MoS2.

[138, 154] The same results were also proved by the
simulated DGH* values.[60, 155] The relationship between the
lattice structures and the corresponding catalytic activities for

Figure 8. a) The energy-band structure and PDOS of the 2H-MoS2 (top), 1T-MoS2 (middle), and 1T’-MoS2 (bottom);[155] b) Illustration of the
transition from the octahedral to the triangular-prism MoS6 structure and the simultaneous translation of the electron configuration.[151] Copyright
2011, American Chemical Society. c) The simulated free-energy profile of the HER process on the edges and basal planes of 2H-, 1T-, and 1T’-
MoS2;[155] Copyright 2014, Royal Society of Chemistry. d) The relationship between the adsorbed energies (DE) of different intermediates and the
intensity of strain for various phases; e) the relationship between different DE values (left) and the volcano-shaped relationship between over
potential and oxygen evolution (right).[152] Copyright 2015, Royal Society of Chemistry. f) The galvanostatic discharge curve and the change in
interlayer spacing during the lithiation process; g) The Tafel slope of the pristine 2H-MoS2 and lithium-inserted MoS2 under different anode
potentials;[137] Copyright 2013, National Academy of Sciences.
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the two phases of CoSe2, namely the cubic (c-CoSe2) and
octahedral (o-CoSe2) phases, was recently reported by Xie
et al.[135] By analyzing the R-space map of the o-CoSe2 and c-
CoSe2 phases from the X-ray absorption fine structure
(XAFS), they demonstrated that the c-CoSe2 phase had
a larger Co–Se bond length (2.13 �) than that of the o-CoSe2

(2.08 �). Notably, the larger bond length could boost the local
electron density around Se atoms. As a result, the activated Se
atoms showed a smaller reaction barriers (�0.163 eV for
water adsorption and ca. 0.05 eV for hydrogen adsorption),
further supported by a lower Tafel slope of 85 mVdec�1 for
HER.[156–158] Conclusively, the overall electron-transporting
kinetics could be optimized by the phase transition. From the
simulated results of band structure, the narrower band gap of
the c-CoSe2 phase indicated that the c-CoSe2 phase could
have better intrinsic conductivity, which was further proved
by the EIS results.

5. Heterostructure

Design of heterostructure is an important strategy to
construct the active interface for electrocatalysis, which can
create new catalytic sites by tailoring the interface electronic
structure and lattice strain, as well as enhance interface
charge-transfer kinetics.[18, 148, 159, 160] During the past years, the
different structural features (such as, core–shell, yolk–shell,
hetero-layer stacking, surface particles) have been fabricated
to realize the desired electrocatalytic performance.[147, 148,161]

For a deeper insight into the heterostructure strategy, more
and more experimental and theoretical efforts have been paid
to clarify the relationship between the heterostructure and
catalytic activity. In this section, the relationship is summar-
ized from the perspective of nanostructure-induced electronic
structural changes.

According to most of heterostructure electrocatalysts, the
active semiconductive material are usually loaded on con-
ductive materials. This contact between semiconductor and
conductive materials is referring to the Mott–Schottky con-
tact which can lead to the interfacial-energy-band distortion
and charge migration between two materials.[162–165] However,
only a small number of heterostructures can induce the
electronic structural changes and thus increase the catalytic
efficiency by reducing the contact resistance. After the
detailed analysis, it is conclusive that the matched electronic
affinities and Fermi level of the materials are the precondition
to fabricate the efficient Mott–Schottky electrocata-
lysts.[162–164] Mai and co-workers designed a MoB/g-C3N4

Mott-Schottky electrocatalyst to improve the HER efficiency,
where they illustrated the band structure of MoB and g-C3N4

before and after Mott-Schottky contact (Figure 9a,b).[164]

Because the electronic affinity of MoB under vacuum was
larger than that of g-C3N4, the electrons could transfer from g-
C3N4 to MoB and thus the electron-enriched MoB could
catalyze HER more efficiently. And the simulated results of
charge density showed that the positive (red) and negati-
ve (blue) charges could accumulate on both sides of the
interface (Figure 9 c). Further XPS and energy-loss near-edge
structure (ELNES) analyses clearly demonstrated the

increased electron density of MoB and the existence of
Schottky structure. In summary, it was confirmed that a Mott–
Schottky structure could contribute to the electron trans-
portation and accelerate the HER kinetics. Similar to the
Mott-Schottky contact, Zhu and co-workers reported a verti-
cal heterojunction of graphene loaded n-type MoS2 (n-MoS2).
Since the stronger electron affinity of graphene than n-MoS2,
electrons could transfer from n-MoS2 to graphene sponta-
neously, resulting in the formation of an internal electric field
near the interface.[166] Because of the high potential state of
MoS2 layer, the electrons could transfer facilely from
electrode to graphene and then to the MoS2 during the
electrolysis. The excessive negative charge density of MoS2

layer could dramatically shift the hydrogen adsorption energy
to a more thermoneutral value. Meanwhile, the electron
offset of similar structures has also been confirmed by other
experimental and theoretical results.[167, 168] Recently, Yao
et al. reported the heterostructure of the defective graphene
(DG) and the NiFe-layered double hydroxide nanosheets
(NiFe LDH-NS).[159] The electron transportation could sep-
arate and redistribute electrons and holes in DG and NiFe
LDH-NS. The increased electron density on DG favors the
HER performance, while the enriched holes on NiFe LDH-
NS could enhance the OER performance. The heterostruc-
ture is one of the breakthroughs for preparing efficient
bifunctional electrocatalysts.

The strong electron interaction of heterostructures could
rearrange the electronic states and consequently optimize the
adsorption and conductivity for electrocatalyst materi-
als.[160, 169] Owing to the strong electron coupling, the DOS
distributions of the active atoms are tailored, and the
physicochemical properties are optimized at the contact
position. The strong electron interaction usually occurs in
the materials that have incompletely-filled d or f sub-shells
and narrow energy bands. In these materials, the Coulomb
interaction between electrons is not negligible and so the
mean field theory is no longer applicable.[170] To better
analyze and understand the catalytic process, the local-density
approximation and Hartree–Fock theory analysis are often
required. A typical example reported by Fu et al. was the
heterostructure constructed by the reduced graphene oxide,
molybdenum carbide (Mo2C) and nitride (Mo2N).[169] And
this heterostructure electrocatalyst showed excellent catalytic
activity for HER and the outstanding stability over a wide
range of pH values. Meanwhile, the minute size of the N�
Mo�C heterojunction could provide more active sites for
electrocatalytic reactions (Figure 9 d). As a result, the holey
reduced graphene oxide not only provided abundant surface
for the grown of N�Mo�C but also facilitated the charge
transportation of the catalysts. The simulated results revealed
that the reaction barrier for HER was decreased to a near-
zero value at the Mo2N�Mo2C interfacial sites (Figure 9e),
and a better charge-transfer capability was achieved from the
higher DOS near Fermi level (Figure 9 f). The same law has
also been confirmed by Fu�s work.[160] They drew a conclusion
that the higher DOS at the Fermi level could drive the
electrocatalysts to be more conductive and active.

For better electron transportation, it is a common strategy
to use carbon nanotube, carbon cloth, nickel foam, and other
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conductive materials as the substrates, since they exhibit
superior electronic conductivity and are beneficial to the
electron transporting between the electrode and reaction
sites.[159, 168, 169] For example, instead of fabricating the stacked
and aggregated heterostructures, Fu et al. synthesized a 2D
in-plane WC/graphene heterostructure. This structure en-
sured the electrons transfer more efficiently between gra-
phene and WC.[171–174] Consequently, the HER performance
was improved with a remarkably lower Tafel slope of
38 mVdec�1. In addition to the 2D structure, Ramakrishna
et al. reported a 3D nanocomposite architecture of cobalt
disulfide/reduced graphene oxide/carbon nanotubes (CoS2/
RGO/CNTs) as the HER catalyst,[32] where the 2D RGO and
1D CNTs could construct a 3D framework for electron
transportation and the anchoring of CoS2 nanoparticles.
Consequently, this synergistic effect reduced the Tafel slope
to 51 mVdec�1. This result is better than most non-noble-
metal electrocatalysts.

6. Conclusions and Outlook

In the last few decades, various functional inorganic
namomaterials have been synthesized for energy conversion
applications. The strategy of tuning the electronic states of

nano-catalysts has become a vital way to accurately and
controllably regulate the catalytic performance for electro-
catalysts for water electrolysis and CO2 reduction. In this
Review, we summarized the working mechanisms of various
atomic structures on the electronic structures and the
corresponding catalytic capabilities of nanocatalysts.

In general, the intrinsic catalytic activity was determined
by the adsorption ability of the active sites and the con-
ductivity of the electrocatalysts. For the adsorption ability,
a suitable adsorption energy can effectively reduce the
overpotential of the catalytic process. The tailored electron
density at the active sites, which could be caused by the
polarization effect in the orbital coupling, results in an
enhanced chemical adsorption ability. Some semi-empirical
conclusions have been proposed, such as the SH principle and
the d-band modulation theory. These semi-empirical conclu-
sions emphasize the electron configuration and energy band
structure for explaining the optimized adsorption ability. A
better conductivity can efficiently transmit electrons from the
electrode to the reactive interface and then accelerate
sequential electrocatalytic processes. DOS investigations
clearly illustrate the origin of the electron-conductive
capacity from the perspective of band structure evolution,
especially the band gap readjustment. It is well established
that the electron obeys the Fermi–Dirac distribution. Thus,

Figure 9. a) Band-structure diagrams of MoB and g-C3N4 (n-type semiconductor) before and b) after Mott–Schottky contact, where Ec denotes
conduction band; Evac denotes vacuum energy; EF denotes Fermi level; Ev denotes valence band; c denotes vacuum ionization energy; F denotes
vacuum electrostatic potential ;[162] Copyright 2018, Wiley-VCH. c) The charge density diagram of MoB/g-C3N4; d) The side view (top) and top view
(bottom) of the Mo2N-Mo2C heterostructure; e) The HER energy profiles for the different active sites and f) the corresponding PDOS simulation
results.[169] Copyright 2017, Wiley-VCH.
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the narrowed or broken band gap can effectively boost the
electron density in the conduction band, which directly
contributes to enhancing the conductivity. In addition to the
band gap readjustment, constructing a Schottky junction is
another effective strategy to modulate the energy band
structure for better charge transportation. The interfacial
band bending caused by the Schottky contact effectively
reduces the contact resistance and in turn facilitates the
catalytic performance.

Despite the remarkable progresses in achieving high
catalytic performance, several key challenges still remain.
Firstly, the simulation-guided understanding of the reactivity
mechanism still find it challenging to rationally demonstrate
the adsorption ability and electronic behaviors. The results of
DFT calculations show considerable dependence on the
simulated conditions and methods during modeling and
optimizing. In particular, there is no definite strategy to
mimic the real electrolytic system with a liquid environment
and a specific pH regime. Thus, a more complete theoretical
system based on the actual electrochemical environment is
needed. Secondly, another troublesome challenge is the
problem of origin of the activity of the conversion to metal
hydroxides/oxides on the surface of most OER catalyst,
especially the sulfide, phosphide, and nitride catalysts. It
cannot be simply defined as the real electrochemical property
of the material itself. Nevertheless, in most cases, the structure
reconstruction has not been incorporated and simulated
theoretically when we illustrate the origin of activity. It is
important that calculations track the complete process of
catalytic reactions and show the evolution of activity through
a rational model modification, which is then relevant for
theory-guiding material synthesis. Thirdly, from the exper-
imental perspective, further advanced in situ characterization
methods are in great demand to unravel the active sites and
the catalytic reaction process, which provide direct evidence
for understanding the electronic behavior and electrocatalytic
mechanism, as well as constructing theoretical models. With
the operando-observed structural evolution information
obtained during electrolytic processes, we can clearly build
a bridge between catalytic activity and the electronic structure
of the electrocatalyst, and set a direction for the development
of novel non-noble-metal electrocatalysts with superior
activity, selectivity and durability. For scaling-up the com-
mercialization of electrocatalysis techniques, it is necessary to
replace the noble-metal catalysts. In view of the importance of
the basic theory and the application of electronic structure
regulation in 2D materials, it is reasonable to extended these
ideas to other challenging fields of energy conversion,
catalysis and photoelectronic devices, including air-batteries,
CO2 and N2 fixation, photoelectrochemical cells and photo-
detectors.
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Water Splitting

X. Du, J. Huang,* J. Zhang, Y. Yan, C. Wu,
Y. Hu, C. Yan, T. Lei, W. Chen, C. Fan,*
J. Xiong* &&&— &&&

Modulating Electronic Structures of
Inorganic Nanomaterials for Efficient
Electrocatalytic Water Splitting

Making split happen : Strategies to regu-
late electronic structures of materials to
optimize their electrocatalytic activities in
water splitting are summarized in this
Review. The structure–electronic-behav-
ior–activity relationships are highlighted
as well as current challenges on under-
standing the electronic behaviors.
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