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Low-dimensional non-metal catalysts: principles for regulating
p-orbital-dominated reactivity
Si Zhou1, Wei Pei1, Yanyan Zhao1, Xiaowei Yang1, Nanshu Liu1 and Jijun Zhao 1✉

Activation of p-block elements to replace the rare and precious transition metals for renewable energy applications is highly
desirable. In this review, we go over recent experimental and theoretical progress on the low-dimensional non-metal materials for
clean energy production, including carbon, silicon, oxide, boron, and phosphorus-based nanostructures, with the p-block elements
serving as active sites. We aim to elucidate the mechanism for triggering activity in different kinds of non-metal systems, and
extract general principles for controlling the p-orbital-mediated reactivity from a theoretical point of view. The perspectives and
challenges for developing high-efficiency non-metal catalysts are provided in the end.
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INTRODUCTION
Catalysts play a pivotal role in human society and daily life. To
solve the energy and environmental crisis, a series of sustainable
energy strategies have been proposed, among which the
hydrogen economy is most promising and being pursued
worldwide. In this energy landscape, hydrogen serves as the
medium for energy production, storage, transport, and utilization,
which can be implemented by converting the feedstock of water,
carbon dioxide, and nitrogen from the earth’s atmosphere into
hydrogen fuels and valuable products via photo-/electro-chemical
processes coupled to renewable energy1. To make this vision a
reality, stable, high-efficiency, and inexpensive catalysts are
indispensable. Conventional catalysts are mainly based on the
transition metal elements, which have the combination of empty
and filled d orbitals with flexible oxidation states and coordination
patterns, and thus are suited to bind and activate molecules and
chemical species. Subject to the Sabatier principle, moderate
binding strength between catalyst and adsorbate is required for
an efficient catalytic cycle2. Quite often, such optimal adsorption
properties can only be provided by noble metals, which are scarce
and expensive for commercial uses. This prompts great interest in
exploiting the main group elements to replace transition metal
elements in catalytic applications3.
The light p-block elements with natural abundance and low

toxicity are attractive candidates for catalysts design. Organic
molecules, consisting of main-group elements such as carbon,
oxygen, nitrogen, sulfur, or phosphorus, form a large category of
metal-free catalysts. Multitudes of cheap and stable organocata-
lysts have been designed to drive a huge variety of chemical
reactions and even to produce asymmetric molecules, rendering
these main group species with a significant impact on the
pharmaceutical research4,5. Two pioneer scientists in organocata-
lysis, Benjamin List and David MacMillan, are awarded the Nobel
Prize in Chemistry 2021 for their development of asymmetric
organocatalysis (https://www.nobelprize.org/prizes/chemistry/).
The p-block elements can also form a myriad of elementary and

compound forms of inorganic materials with diverse composi-
tions, structures, and physicochemical properties. Compared with
transition metal elements, the p-block elements lack electronic

flexibility and are more addicted to certain oxidation states, which
may endow the p-block materials with outstanding stability but
high inertness. Strategies such as heteroatom doping, defect
engineering, chemical functionalization, material hybridization,
and nanostructuring offer a wealth of opportunities for activating
p-block materials6–8. In particular, lowering the material’s dimen-
sionality can give rise to exotic electronic structures, together with
large surface areas and high atom utilization efficiency, which are
advantageous for energy conversion and storage. Zero-
dimensional (0D) clusters, one-dimensional (1D) nanotubes and
nanowires, and two-dimensional (2D) materials composed of p-
block elements have been widely obtained in the laboratory9–12.
With definite structures, these p-block nanomaterials provide an
ideal platform to explore new reaction mechanisms associated
with p orbitals, understand the relationship between geometrical
structure, bonding character, electronic structure, and reactivity of
non-metals, as well as perform the proof-of-concept studies.
During the past decade, breakthroughs have been made in the

development of non-metal catalysts for renewable energy
applications13. Among them, carbon-based materials, such as
defective or heteroatom-doped graphene and carbon nanotubes,
are mostly adopted for water electrolysis, fuel cells, and metal–air
batteries8. Two-dimensional semiconductors like g-C3N4 and
phosphorene are suitable photocatalysts for solar energy conver-
sion13–15. Non-metal single-atom catalysts exhibiting unique
activity for certain reactions, such as dispersed B atoms on
substrates, have also been reported in the experiment16. Transition
metal chalcogenides in diverse nanostructured forms as well as 2D
transition metal dichalcogenides (TMDs) are among the most
promising electrocatalysts, in which the chalcogen atoms have
been shown to exhibit intrinsic bifunctional activity for hydrogen
evolution reaction and oxygen evolution reaction17–19. In addition,
Sn, In, and Bi-based electrocatalysts with unique selectivity are
obtained in laboratory20,21. Such success demonstrates the great
promise of p-block nanomaterials as substitutes of noble metal
catalysts for green energy production. In the meantime, extensive
theoretical efforts have been devoted to identifying the active sites
and reaction pathways in these new catalysts and to find the
descriptors of activity. However, compared with transition metal-
based materials, for which the d band theory is widely utilized for
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explaining their trend of activity22–24, the regulatory rule of non-
metals’ activity is much less understood. The large discrepancies
among different p-block elements make it challenging to establish
a general picture for the design principles of non-metal catalysts
for various reactions.
In this article, we present an overview of the latest advances in

the experimental and theoretical explorations of non-metal
catalysts for energy conversion—the clean energy reactions pivot
in hydrogen economy, such as oxygen evolution reaction (OER),
oxygen reduction reaction (ORR), hydrogen evolution reaction
(HER), carbon dioxide reduction (CO2RR), and nitrogen reduction
reaction (NRR) driven by sustainable energies. Water splitting is
the most effective route to produce hydrogen fuels via:

2H2O ! O2 þ 2H2 (1)

For the electro(photo)chemically driven processes in the
aqueous condition, water splitting comprises two half-reactions—
HER at the cathode and OER at the anode following the formulas
below:

2Hþ þ 2e ! H2 (2)

2H2O ! O2 þ 4Hþ þ 4e (3)

where the acidic reaction condition is considered as an example,
while water splitting in the alkaline media and even neutral water
is also possible25. The reverse of OER is ORR, which is a central
reaction in fuel cells and rechargeable metal–air batteries26. With
the hydrogen sources, CO2 and N2 reduction can proceed through

xCO2 þ yðHþ þ eÞ ! productþ zH2O (4)

N2 þ 6Hþ þ 6e ! 2NH3 (5)

in which hydrocarbon fuels and alcohols with high energy
density can be directly produced by CO2RR. Value-added
chemicals, such as ethylene and propylene as the most important
chemicals for petrochemical industry, ammonia (NH3) as the
essential source of fertilizers, can also be obtained by selective
reduction of CO2 and N2 gases, respectively.
Theoretical characterization of an electro(photo)catalyst’s activ-

ity is mainly based on the free energy curves calculated within the
standard hydrogen electrode model27,28. The overpotential or
limiting potential (sometimes also defined as onset potential) is
the key parameter for evaluating the activity of electro(photo)
catalysts in aqueous solution from the thermodynamic point of
view, which can be calculated from the maximum Gibbs free
energy of formation among the reaction steps27,29,30. As thermal
catalysis is mostly adopted for industrial CO2 conversion and
ammonia synthesis31,32, some essential works involving thermal-
driven CO2 and N2 hydrogenation by non-metal catalysts are also
discussed in this article. The mechanisms of the above chemical
reactions as well as the experimental and theoretical methods for
characterizing the performance of different types of catalysts have
been introduced by many literature1,33–35, and thus will not be
described in details here.
Herein we mainly focus on carbon, silicon, oxide, boron, and

phosphorous-based catalysts in various structural forms from
single atoms, clusters, nanotubes, 2D nanosheets, bulk crystals, to
their heterostructures. We are interested in the situations where C,
Si, O, B, and P atoms serve as the active sites, and the mechanisms
and feasible strategies for activating these p-block elements in
different nanostructures and bonding environments are discussed.
Since there are many reviews on these material systems from the
experimental aspect36–38, in this article we will emphasize the role
of first-principles calculations on the atomistic understanding of
the p-orbital-dominated catalysis and the underlying structure-
activity relationships, and disclose the cooperation between
theory and experiment to advance the precise design of new
catalysts with ultrahigh efficiency. Particularly, a simple and

physical framework named as the “p band model” is proposed
to illuminate the principles for modulating the activity of non-
metal-based catalysts akin to the d band theory for transition
metals. This model picture is found to be valid for various low-
dimensional materials, such as graphene, silicene, 2D metal
oxides, boron nitride nanotubes and nanocages, and phosphor-
ene by proper modification. There are also other materials with
the p-block elements playing an important role in catalysis, such
as transition metal chalcogenides and carbides, and 2D TMDs and
MXenes. The governing rules for their activity have been discussed
in somewhere else39–43, and thus will not be covered by this
article. We end this review by providing the prospects in the
challenges and research directions for future development of
renewable energy materials using the abundant p-block elements.

CARBON-BASED CATALYSTS
With advantages of extensive source and low price, diverse and
controllable architectures, superior chemical and thermal stabi-
lities, excellent electrical conductivity, carbon materials form a
major category of non-metal catalysts for many chemical
reactions. However, pure carbon materials are usually non-active
or exhibit much inferior catalytic performance in comparison with
transition metal-based materials. Fortunately, heteroatom doping
and defect engineering can trigger activity in the graphitic carbon
materials, such as carbon fullerenes and nanocages, carbon
nanotubes, and graphene, which have been widely adopted for
electrocatalysis of oxygen and hydrogen reactions44,45. For
reduction of the highly stable molecules like CO2 and N2, doping
transition metal atoms or decorating with dispersed metal atoms
or nanoparticles in the carbon materials would be necessary. The
transition metal–nitrogen–carbon (M–N–C) materials and metal-
organic frameworks (MOFs) are demonstrated with superior
activity for electrochemical CO2RR, which have been described
in many literature46–49. Besides, 2D porous carbon nitride and
boron carbon nitrides are potential photocatalysts owing to their
suitable band gap and outstanding light harvesting capability.
Howbeit, modification of these semiconductors or adding co-
catalyst is required to create the active sites50. Since we are
interested in the p-orbital-dominated catalysis, in this section we
will focus on those carbon systems with C atoms as the
active sites.

Heteroatom-doped graphitic carbon materials
The explosive exploration of high-performance electrocatalysts
based on carbon materials can date back to Dai’s pioneering work
on nitrogen-doped carbon nanotubes (NCNTs) in 200951. Dai et al.
synthesized vertically aligned NCNTs for electrocatalysis of ORR in
alkaline media, which exhibit a much better electrocatalytic
activity, long-term operation stability, and tolerance to crossover
effect than the commercial Pt/C catalyst. Density functional theory
(DFT) calculations using the B3LYP hybrid functional revealed a
substantially high positive charge density on the C atoms adjacent
to N dopants that have strong electronic affinity. The O2 molecule
chemisorbs on such C active sites in a side-on configuration,
which effectively weakens the O–O bonding and thus facilitates
ORR at the NCNTs electrode. Sooner later, N-doped graphene
materials have also been demonstrated as metal-free electro-
catalysts for ORR in both acid and alkaline medium52,53.
Theoretical efforts have been devoted to unveiling the origin of

activity of heteroatom-doped graphene for electrochemical ORR.
Zhang et al. suggested that the active sites in N-doped graphene
depend on not only charge distribution but also spin density
distribution54. Based on cluster models of graphene terminated by
H atoms, they showed that N doping introduces unpaired
electrons to the graphene sheet, resulting in asymmetry spin
density and charge density. The OOH* species strongly binds with
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the C atoms having either high spin density or high positive
charge density, while it cannot adsorb on pure graphene sheet. Yu
et al. investigated the full reaction path of ORR on graphene
doped by graphitic N atoms by considering the solvent effect and
coverage of oxygen intermediates on the surface55. Their DFT
calculations showed that O2 adsorption is significantly enhanced
in the aqueous environment due to hydrogen bonding with water.
ORR occurs via a four-electron pathway in alkaline medium, which
involves protonation of the chemisorbed O2* species, while
dissociation of O2 molecule is unlikely and requires a large kinetic
barrier of 1.56 eV. The rate-determining step of ORR is the removal
of OH* intermediates from the graphitic sheet involving a kinetic
barrier of 0.78 eV. A comparison between the activities of B, N, and
P doped graphene for ORR in the acid condition was carried out
by Del Cueto et al.56. Their DFT calculations demonstrated that
P-doping endows the neighboring C sites with stronger binding
capability with OOH* species and the reduction reaction is
energetically more favorable than that on N- or B-doped
graphene.
Bifunctional electrochemical activity for both ORR and OER was

achieved by a mesoporous carbon foam co-doped with N and P
atoms synthesized by Zhang et al.57. The samples comprise a large
number of edge-like graphitic structures, which play a crucial role
in the catalytic activity. Theoretical analysis further revealed that
for both ORR and OER, the reaction centers are located near the
edges of graphitic sheet, but at different distances from the edges.
Under the four-electron pathway, the singly N-doped graphene
yields the lowest overpotential of 0.44 V for ORR, with formation of
OOH* species being the rate-determining step. For OER, the edge
C sites in the N, P co-doped graphene have the lowest
overpotential of 0.39 V. These two values are even lower than
those of the benchmark catalysts ∼0.45 V for ORR on Pt and
∼0.42 V for OER on RuO2 calculated using the same method. Li
et al. performed a DFT study to gain deeper insights into the
bifunctional activity of N-doped graphene modeled by nanor-
ibbons58. They found the lowest overpotentials of 0.40 V and
0.44 V for electrochemical OER and ORR in the armchair
nanoribbons, respectively. The active site for OER is the C atom
adjacent to N dopant and in the interior of graphene nanoribbon,
while ORR occurs at the edge C atom adjacent to N atoms. Bader
charge analysis revealed the redistribution of surface charge in
graphene lattice induced by N doping and edge effect. The
positively charged C atoms would facilitate the adsorption of
reaction intermediates with negative charges; on the other hand,
moderate adsorption strength is required to achieve high
electrocatalytic activity.
In the synthetic N-doped graphitic carbon materials, N dopants

are present in different configurations, such as graphitic, pyridinic,
and pyrrolic N atoms in the carbon lattice. It is interesting to ask
where is the active site and whether the N doped configuration
has any effect on the catalytic activity of graphitic surface. Qiao
et al. reported a B, N co-doped graphene for electrocatalytic ORR
in an alkaline medium with synergistic enhancement of activity
compared with singly B- or N-doped graphene59. Their DFT
calculations identified a B–C–N heteroring, in which N plays the
role of electron-withdrawing group to indirectly activate B atom
through electron transfer with the C atom between them. The B
atom near a pyridinic N atom gains more extra electrons than that
near a graphitic N atom, and generally shows higher reactivity
with OOH* intermediate. For a more direct comparison, Nakamura
et al. prepared four model catalysts for electrocatalytic ORR in acid
condition based on pyridinic N-dominated, graphitic N-domi-
nated, edge-patterned, and clean highly oriented pyrolytic
graphite (HOPG)60. They showed that the ORR active sites are
created by pyridinic N atoms. After examining CO2 adsorption
behavior, they found that acidic CO2 molecule adsorbs only on the
pyridinic N-dominated HOPG catalyst, demonstrating that

pyridinic N endows the neighboring C atoms with Lewis basicity
and thus the activity for O2 chemisorption.
Furthermore, Jiao et al. proposed a molecular orbital concept to

understand the trend of activity of graphene materials doped by
various heteroatoms for electrocatalytic ORR61. They prepared a
series of singly doped graphene samples with different non-metal
elements (B, N, P, O, S). The ORR performance was evaluated in
terms of exchange current density, onset potential, reaction
pathway selectivity, and kinetic current density. These four
descriptors measured by experiment are in good agreement with
DFT calculations, both revealing that the trend of activity follows
B > N > P > O > S for different heteroatom-doped graphene sam-
ples (Fig. 1a, b). Their DFT calculations showed that the four
descriptors for electrocatalytic activity are well related to the
binding strength of oxygenated intermediates on the graphitic
surface. To further explore the relationship between oxygen
binding strength and the electronic structure of doped graphene
catalysts, the authors examined the valence orbital level of the
active sites (either heteroatoms or adjacent C atoms) by natural
bond order analysis of the cluster models of graphene. They
defined a parameter Ediff as the difference between the lowest
valence orbital energy of the active center and the highest
valence orbital energy of the entire graphene cluster to
quantitatively represent the valence orbital level. It turns out that
the free adsorption energy of reaction intermediates follows a
linear relationship with Ediff for various active sites of the doped
graphene sheets. Such behavior is similar to the transition metal
catalysts, whose activity is correlated to the d-band center. The
underlying principle can be understood as that the valence orbital
(ν) of active sites hybridizes with the bonding (σ) orbital of
adsorbates to form bonding (ν-σ) and antibonding (ν-σ)* states
(Fig. 1c). As the (ν-σ) state is fully occupied for the doped
graphene sheets, the filling degree of (ν-σ)* state depends on the
valence orbital levels of the active sites. A higher valence orbital
level leads to decreased filling of the antibonding (ν-σ)* state,
thereby stabilizing adsorbates on the graphitic surface. In this
manner, this theoretical model helps disclose the fundamental
rule for regulating the binding strength of reaction intermediates
on heteroatom-doped graphene electrocatalysts at the level of
molecular orbitals.
The linear relationship between activity and the valence orbital

level of reaction centers has also been validated for HER
electrocatalysis in heteroatom-doped graphene62. Zheng et al.
carried out DFT calculations on the free adsorption energy for H*
species (ΔGH*) on graphene doped by non-metal heteroatoms.
They focused on N and P doped graphene, as N and P have
different electron negativities and result in contrast differences in
charge population at the adjacent C atom, which is the active site
for HER electrocatalysis. The co-doping of N and P atoms into
graphene matrix may enable maximal activation of the adjacent C
atom by tailoring its electron donor–acceptor property and
consequently optimize its HER activity. The ΔGH* values of the
singly and co-doped graphene sheets show a linear trend with
Ediff. In particular, H* binding is notably strengthened on graphene
upon N and/or P incorporation. Pyridinic N and P co-doping yields
the highest value of Ediff, corresponding to the lowest value of
ΔGH*=−0.08 eV, signifying its highest HER activity with the most
favorable H* adsorption–desorption property. These theoretical
predictions were then verified by synthetic N and/or P doped
graphene samples, among which the co-doped system indeed
exhibits enhanced HER activity compared with the singly doped
samples. More encouragingly, these graphene-based catalysts
show favorable HER activity in a wide range of pH values, in
contrast to traditional metallic and nanostructured MoS2 electro-
catalysts, which are active under either acidic or basic conditions.
To design high-performance electrocatalysts for HER, Jiao et al.

elucidated the principle for electronic structure engineering of
graphene by dual heteroatom doping to optimize its HER
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performance63. They considered five kinds of heteroatoms (B, N, O,
P, S) to substitute either edge or central C atoms in the graphene
matrix. DFT calculations unveiled that the H* binding strength
generally follows the sequence of B > N > O > S > P for the doped
graphene, and the most active sites are the non-edge C sites. The
ΔGH* values are linearly correlated to the highest peak of density
of states (DOS) of the active center (Ep). Similar to the relation
between activity and valence orbital level described above, a
higher location of Ep corresponds to higher level of antibonding
states with a lower occupancy, and thus results in stronger
interaction between adsorbate and catalyst surface. To further
optimize ΔGH*, the authors considered dual doping of graphene
by N and another element (B, P, S) in various doping patterns. Dual
doping indeed leads to the change of DOS of active C atoms and
thus modulates the binding strength of H* species. In particular,
N and S co-doped graphene exhibits the highest activity with
ΔGH*= 0.23 eV, in comparison with ΔGH*= 0.81, 0.53, and 1.10 eV
for singly N-doped, N and P co-doped, N and B co-doped
graphene systems, respectively. Following these theoretical
results, proof-of-concept experiment was carried out by preparing
various dual doped graphene samples. The measured trend of
HER activity agrees well with the prediction that S or P co-doping
with N endows graphene with enhanced activity relative to singly
N doping, while N and B co-doping yields lowest HER activity for
the graphene-based sample. The success of developing high-
performance graphene-based electrocatalysts with the guidance
of DFT modeling demonstrates the predictive capability of first-
principles calculations. The proposed descriptors and electronic
structure-activity relationship would allow precise design of
doped carbon materials for various energy conversion processes.

Defective graphitic carbon materials
Since the activity of heteroatom-doped graphitic carbon materials
originates from the charge redistribution and modification of local

electronic structure, it is natural to ask whether defects can trigger
any activity. Point and line defects, such as vacancies, dislocations,
and grain boundaries, are inevitable in the synthetic graphitic
carbon materials. They can also be created by post-synthesis
treatment such as plasma or chemical etching, and removing
heteroatom dopants from carbon matrix by thermal treatment. In
principle, C atoms at the defective regions have unsaturated
bonding configurations and thus may become reactive.
To clarify this issue, Zhao et al. considered a divacancy in

graphene comprising two pentagons and one octagonal (denoted
as “585 defect”) for ORR electrocatalysis using DFT calculations64.
The limiting step of ORR was found to be the protonation of O2 to
OOH* intermediates, involving a Gibbs free energy of formation
ΔG= 0.41 eV, much lower than that of pristine graphene (ΔG=
0.88 eV) and N-doped graphene (ΔG= 1.03 eV). As a proof of
concept, the authors synthesized N-doped and defective graphitic
carbon materials by heat treatment of an N-enriched porous
organic framework material (PAF-40). By heating at different
temperatures, N atoms would be released, leaving vacancies in
the carbon lattice. It was shown that the carbon sample with
extremely low N content (0.21 at.%) has excellent ORR activity
(comparable to benchmark Pt/C catalyst) and better durability as
well as methanol tolerance. Therefore, it is reasonable to
hypothesize that defects play an important role in the observed
high performance of such graphitic carbon-based electrocatalysts.
The ORR activity of various point and line defects in graphene

has also been theoretically explored by Zhang et al.65. Based on
the cluster models of defective graphene, the pentagon ring at
the zigzag edge was found to have the activity for electrochemical
ORR, while single vacancy and Stone-Wale defect are inactive. The
line defects containing an odd number of heptagon or octagon
carbon rings can also catalyze ORR. The activity is related to the
spin density or high charge density at the C atoms in the defective
regions. Later, there are more experimental reports on the high

Fig. 1 HER, ORR, and OER performance of graphene-based materials. a Tafel plots and b volcano plot between jtheory 0 and ΔGOOH* for
different heteroatom-doped graphene catalysts. c Scheme of orbital hybridization of valence band from active sites and adsorbates bonding
orbital. EF refers to highest valence orbital energy of the entire graphene cluster (a–c are reproduced with permission from ref. 61, Copyright©

American Chemical Society 2014). d HAADF image (left) and simulation model (right) of defective graphene. Linear sweeping voltammetry
curves of the pristine, N-doped, and defective graphene for e ORR and f OER (d–f are reproduced with permission from ref. 68, Copyright©

WILEY-VCH 2016).
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electrochemical activity of defective carbon materials. For
instance, Jiang et al. fabricated defective carbon nanocages using
in situ MgO template method with benzene as the precursor,
which present abundant holes, edges, and positive topological
disclinations66. These defective carbon nanocages exhibit good
ORR performance with a high onset potential of ∼0.11 V versus
the normal hydrogen electrode (NHE) in the alkaline medium.
Tang et al. observed high bifunctional activity for ORR and OER in
the N-doped and edge-rich graphene materials by direct
carbonization of sticky rice as carbon precursor67. In both studies,
DFT calculations demonstrated that the pentagon rings and edges
in graphene have unique activity for oxygen reactions.
To directly identify the defect type, Jia et al. adopted high-

resolution transmission electron microscopy (HRTEM) and
observed a variety of defects including pentagons, heptagons,
and octagons in the graphene samples obtained via a facile N
removal procedure from a N-doped precursor (Fig. 1d)68. The
defective graphene exhibits trifunctional activity for ORR, OER, and
HER electrocatalysis, and the corresponding activities are all much
better than those of N-doped graphene (Fig. 1e, f). Then DFT
calculations were performed by considering the observed defect
rings, i.e., edge pentagon, 585, 7557, and 5775 defects. The edge
pentagon was predicted to be the most active site for ORR and
OER with Gibbs free energy of formation ΔG= 0.47 and 0.94 eV,
respectively, while 7557 defect exhibits the highest activity for
HER with ΔGH*=−0.19 eV. These combined experimental and
theoretical results manifest that defects in the graphitic carbon
materials can induce electrocatalytic activity for oxygen and
hydrogen reactions.
The unique activity of pentagon defect has been confirmed by

Jia et al., who synthesized HOPG with specific edged pentagon
defects by controllable doping and removal of pyridinic N atoms
from the HOPG sample69. The specific pentagon defects were
directly identified by the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). It was observed
that N dopants at the edge sites are in the form of pyridinic
configuration. After high-temperature treatment, N atoms are
removed from the graphene edges, and the remaining dangling
bonds of C atoms are reconstructed to form pentagon ring at the
edges. Work-function analyses coupled with macro and micro-
electrochemical performance measurements suggested that the
pentagon defects in HOPG are the major active sites for ORR in the
acidic condition, which are much superior to the pyridinic N sites
in N-doped HOPG. Consistent results were also given by DFT
calculations, which predicted higher ORR activity for the graphene
model with edge pentagon defect than that of the
N-doped model.
More evidence on the electrochemical activity of pentagon

defect was provided by the experiment performed by Zhu et al.70.
They cut C60 fullerene into fragments with in situ alkaline etching
strategy and obtained a pentagon-defect-rich carbon nanomater-
ial. The aberration-corrected scanning transmission electron
microscopy (ac-STEM) showed the resulting sample has a three-
dimensional porous carbon structure with vast structural defects.
Pentagons as well as common hexagons in the carbon framework
are evident in the ac-STEM images. Such unique structure results
in enormous promotion of ORR activity and supercapacitor
performance with excellent long-term stability. Combined with
N doping, the ORR activity can be further enhanced to compete
with the commercial Pt/C catalysts. The dominant role of
pentagon defects on the profound electrochemical properties
was confirmed by comparing with the defective graphene sample
containing only holes, edges, and pore structure.
The above experimental results demonstrate the possibility of

defect engineering of graphitic carbon materials for improving
their electrochemical performance. These studies also arouse the
attention for reconsidering the relative importance of heteroatom
doping and structural defects to the activity, and shed light on

synergizing both factors for designing high-efficiency electro-
catalysts for various energy conversion processes.
Besides the clarification of active sites in defective carbon

materials, Tao et al. explored the relationship between surface
charge and activity in defective HOPG71. Argon plasma was
applied to irradiate the HOPG surface to create defects, inducing
localization of surface charge onto defective active sites as
characterized by scanning ion conductance microscopy (SICM)
and Kelvin probe force microscopy (KPFM). The electrocatalytic
activities for ORR, OER and HER can be enhanced by the increased
defects and surface charge. DFT calculations showed a typical
volcano plot curve between the onset potential (exchange
current) and the charge of active C atoms. No doubt, these results
provide a new perspective to tailor the activity of graphitic carbon
materials by charging active sites via defect engineering.

Hybrid catalysts of graphitic carbon and transition metal-
based materials
The graphitic carbon-based materials by proper modification can
possess high activity; however, they usually work in the alkaline
condition. More often, these metal-free electrocatalysts suffer
from low activity and/or poor stability in the acidic medium. For
some energy conversion processes such as water electrolysis and
fuel cells, electrocatalysts under the acidic environment is more
desirable owing to their better performance and fewer unfavor-
able reactions72,73.
Regarding this issue, Deng et al. raised a concept of

encapsulating nonprecious metals by carbon shell to resist the
harsh condition. They synthesized a peapod-like structure
consisting of carbon nanotubes shelling Fe nanoparticles, in
which each compartment of carbon nanotubes (CNTs) containing
one or two Fe particles and the graphitic wall ranges between 1
and 8 layers74. Such chainmail nanostructures exhibit high
resistance to oxidation and corrosion by the acidic medium.
Intriguingly, the protection by CNTs does not suppress the activity;
instead, this hybrid electrocatalyst exhibits a high activity for ORR
with long-term stability in the acidic environment. According to
the DFT calculations, electrons penetrate through the carbon shell
from the encapsulated metals to promote ORR on the outmost
CNTs surfaces. Due to the interaction from the encapsulated Fe
particles, the DOS from the p orbitals of C atoms near the Fermi
level is increased and the work function of carbon surface is
decreased by about 0.5 eV, which are expected to enhance the
surface reactivity. Consistently, O2 molecule can readily adsorb on
the chainmail structure with an adsorption free energy of 0.03 eV,
which is much less than that on pristine CNTs (1.43 eV). Doping N
atoms in CNTs leads to further increase of the DOS at the Fermi
level and the adsorption free energy of O2 is lowered to −0.44 eV,
suggesting the strengthened binding of O2 on nanotube surface
and thus higher ORR activity upon N doping and Fe particle
encapsulation.
In the successive series of studies, Deng and co-workers

fabricated various chainmail electrocatalysts for oxygen and
hydrogen reactions using carbon nanotubes or graphene sheets
to encapsulate transition metal or alloyed nanoparticles, and
aimed to clarify how the type of metal element, N doping in the
graphitic lattice, and number of carbon layers affect the
electrocatalytic activity75–77. In particular, they prepared a
hierarchical architecture consisting of ultrathin graphene shells
(with only 1 to 3 layers) encapsulating a uniform CoNi nanoalloy,
and achieved outstanding HER performance in the acidic
medium78. DFT calculations revealed that increasing the amount
of N dopants and reducing the number of graphene layers can
significantly increase the electron density on graphene surface
and enhance the H* binding as well as HER activity. Specifically,
enclosing a metal cluster by monolayer graphene lowers ΔGH* by
0.8 eV, whereas the change in ΔGH* significantly drops to about
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0.1 eV when the cluster is covered by three graphene layers. Thus,
the carbon layer thickness has substantial impact on the activity of
such chainmail catalysts, i.e., thinner graphitic shell yields higher
activity. Besides, Deng and co-workers also synthesized single-
layer graphene encapsulating various 3d transition metals,
including Fe, Co, Ni, and their alloys. The FeNi alloy embedded
in graphene was found to have the best activity and high
durability for OER in the acidic medium, even superior to the
commercial IrO2 catalyst79.
Later, vast core-shell structures have been developed in the

experiment, and the embedded materials in the carbon shells
included transition metals, transition metal carbides, nitrides to
phosphides. For instance, encapsulated Co, NiCu, CoP, Ni2P, and
MoN nanoparticles have been reported for HER electrocatalysis80–85.
The encapsulated noble metal nanoparticles (Pd, Pt, Ru, and Au) and
Fe3C-Fe hybrids were adopted for OER and ORR, respectively86,87.
Bifunctional and multifunctional electrocatalysts have also been
achieved, such as encapsulated Fe3C-Co hybrids for ORR, OER, and
HER88, and encapsulated FeCoNi ternary alloy for overall water
splitting89. Relevant theoretical modeling revealed the occurrence of
electron transfer between the metal core and carbon shell, which
enables modulation of activity of the carbon surface.
Despite of the aforementioned success, a deeper understanding

of the interplay between metal filler, N dopant, and carbon shell is
still lacking. The basic rules for choosing proper metal element
and heteroatom dopant to precisely tune the catalytic perfor-
mance of these core-shell nanostructures are highly desirable. To
address these issues, Zhou et al. carried out a series of theoretical
studies on the heterostructures of N-doped graphene covering
various transition metals and transition metal compounds for
electrocatalysis (Fig. 2a). They predicted that N-doped graphene
on Co(111) and Fe(110) surfaces exhibit bifunctional activity for
ORR and OER with overpotentials as low as 0.37 V, even better
than the benchmark Pt and RuO2 catalysts (Fig. 2c)90. The surface
C atoms have different activities, depending on their relative
positions to the underlying metal surface as well as the N dopant
in graphene. For instance, the most active sites for ORR on
N-doped graphene supported on Co(111) are the C atoms next to
the pyridinic N dopant, and those for OER are the C atoms in the
hollow site with respect to Co surface and meanwhile near the N
dopants. A simple theoretical picture was proposed to understand
the synergistic effect in such heterostructures: the interlayer
charge transfer from transition metal surfaces and intralayer
charge redistribution in the graphitic sheet induced by N dopants
break the π conjugation of carbon network. As a consequence, the
pz orbitals of C atoms are partially occupied and thus become
reactive, with activity correlated to the local charge density, which
are in turn mediated by the interlayer and intralayer charge
transfer (Fig. 2b).
On the experimental aspect, Co and Fe metals encapsulated by

carbon shells have been demonstrated to be highly active for ORR
and OER electrocatalysis. Liu et al. prepared hybrid carbon
nanocages with inner shell of N-doped microporous carbon, and
the outer shell dominating the activity is N-doped mesoporous
graphitic carbon encapsulating Co nanoparticles91. As an electro-
catalyst, such double-shell nanocages exhibit superior activity and
durability for both ORR and OER in comparison with Pt and RuO2

catalysts, and hold potential as a bifunctional electrode for
rechargeable Zn–air batteries. Yu et al. fabricated N-doped carbon
nanotubes embedding Fe nanorods as cathode catalyst for
rechargeable Li–O2 batteries92. They showed that incorporation
of Fe nanorods inside CNTs greatly enhances the reversibility and
activity toward Li–O2 reaction, which indicates their suitable
reactivity with O2 molecule. The experimental results corroborate
the theoretical model considered for the core-shell structures of
transition metals and graphitic carbon materials, and verify the
computational scheme for describing the electrocatalytic proper-
ties of these hybrid nanostructures.

To unveil the principles for precisely tailoring the electroche-
mical activity of core-shell structures of graphitic carbon materials
and transition metal-based materials, Zhou and co-workers
systematically explored the HER activity of N-doped graphene
on various material surfaces, including transition metals Co and Fe,
transition metal oxides Co3O4 and Fe3O4, and transition metal
carbides TiC, WC, and VC93. The graphitic sheets on Co, Fe, WC,
and VC substrates exhibited suitable ΔGH* values of –0.02–0.13 eV
for HER, quite competitive to Pt(111) (ΔGH*= –0.10 eV). The impact
of different transition metals or compounds on the electronic
structures of carbon shell lies in the modification of the energy
levels and occupancies of pz orbitals of the C atoms, which can be
reflected by the pz band center (εpz) defined as

εpz ¼
Z

ED Eð ÞdE=
Z

D Eð ÞdE (6)

where D(E) is the density of states from pz orbitals of the surface C
atoms at a given energy E; the integral is taken for all occupied
states (Fig. 2d). As displayed by Fig. 2f, ΔGH* follows a linear
relationship with εpz for all the considered graphene-based
heterostructures, with lower εpz (relative to the Fermi level)
corresponding to stronger H* binding. This trend of activity is
opposite to the d band theory for transition metal catalysts23 as
well as the valence orbital theory proposed for heteroatom-doped
graphene61 discussed in the section “Heteroatom-doped graphitic
carbon materials”. Such discrepancy can be ascribed to the fact
that for the present graphene-based heterostructures, the
antibonding states are almost fully occupied, as evident from
the few electron states available in the conduction bands (Fig. 2e).
In this case, the stability of bond formation can be understood by
the extended Hückel theory94. The valence orbital levels of the
graphitic sheet (referred to the vacuum level) determine the off-
diagonal Hamiltonian matrix element Hμν that is correlated to the
bonding strength with adsorbate. The deeper center of the C pz
bands, the lower Hμν and thus stronger binding with the reaction
intermediates. This established electronic structure-activity rela-
tionship, namely “p band model”, explains the trend of activity for
the graphitic carbon hybrid electrocatalysts from the level of
electronic band structures.
The “p band model” has also been verified for the hetero-

structures of N-doped graphene and MXenes95. Zhou et al.
predicted that the bare surfaces of V2C and Mo2C MXenes
coupling with N-doped graphene can endow bifunctional activity
for ORR and HER electrocatalysis on the graphitic sheet. MXenes
with distinct work functions exhibit different coupling strengths
with the graphitic sheet, resulting in differences in the band shift
of the graphitic sheet. Consequently, the binding energies of
adsorbates on the graphene/MXene heterostructures follow a
linear relationship with not only εpz but also the work function of
MXene (Fig. 2i). N-doped graphene supported by MXene with a
larger work function has a lower εpz and stronger binding
capability with adsorbates. This provides a new descriptor, which
can be directly measured and modulated in the experiment to
tune the C pz band center and ultimately optimize the surface
reactivity for the graphitic carbon-based hybrid electrocatalysts.
Moreover, oxygen reduction can proceed via dual pathways of
O2→OOH* and O2→ 2 O* involving kinetic barriers as low as
0.20 eV (Fig. 2g, h), demonstrating both favorable thermody-
namics and fast kinetics of ORR on the graphene/MXene
heterostructures.
The above theoretical picture has been supported by experi-

ment. Wu et al. designed a HER electrocatalyst in full pH range by
few graphitic carbon layers wrapping CoxMo2−xC particles
supported on MXene 2D sheets96. With proper Co substitution
(x= 0.31) in Mo2C, HER performance of the hybrid system is
greatly enhanced. DFT calculations suggested that Co doping
increases the work function of Mo2C and leads to more optimal H*
binding strength on the carbon shell, which is consistent with the
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experimental ultraviolet photoelectron spectrometer (UPS)
measurement.
To summarize this section, encouraging progress has been

made in utilizing graphitic carbon-based materials as electro-
catalysts for water electrolysis, fuel cells, and metal–air batteries
with outstanding stabilities. The C atoms can be activated by
proper heteroatom doping, defect engineering, or charge transfer
with transition metals or transition metal compounds through
interfacial coupling. Analogous to the d orbitals of transition
metals catalysts, the pz orbitals of the activated C atoms with
broken π conjugation are partially filled, whose energy levels and

occupancy govern the activity. The established electronic
structure-activity relationships provide useful guidance to tailor
the catalytic performance of not only graphitic carbon-based
materials, but also other non-metal materials, as will be discussed
in the following sections.

SILICON-BASED CATALYSTS
Silicon as a naturally abundant semiconducting material has long
been pursued for solar energy conversion owing to its superior
electronic and optical properties. Crystalline silicon remains the

Fig. 2 Active origins of N-doped graphitic carbon/transition metal hybrid materials. a Model structures and b schematic illustration of
charge transfer of N-doped graphene (NG) on Co(111) substrate. c Volcano plots of ORR overpotential vs binding energy of OOH* on various
sites of NG on Fe(110) substrate in alkaline media (a–c are reproduced with permission from ref. 90, Copyright© American Chemical Society
2017). d Local density of states (LDOS) of C atoms in freestanding NG, and the NG/Co hybrid system. e LDOS of a H atom adsorbed on the
most active site of NG and the NG/metal hybrid system (upper panel). Schematic illustration of formation of H–C bonds for the NG/metal
hybrid system (bottom panel). f The C pz band center as a function of the lowest ΔGH* value (d–f are reproduced with permission from ref. 93,
Copyright© Elsevier Ltd. 2018). g Dual reaction pathways of ORR on NG supported on the V2C MXene monolayer. h Kinetic barriers and
transition states (middle panel) for O2 dissociation via two reaction pathways. i The pz band center (top panel) and work function (bottom
panel) as a function of the lowest binding energies of OH* species for various graphene/MXene heterostructures (g–i are reproduced with
permission from ref. 95, Copyright© The Royal Society of Chemistry 2018).
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material of choice for solar cells. Moreover, silicon nanostructures
in various forms, such as nanosheets, nanowires, and quantum
dots, are commonly adopted as photoelectrode in the photoelec-
trochemical cells for energy and environmental applications97.
However, silicon itself usually lacks catalytic activity, such that
elemental doping or addition of co-catalysts is necessary to
achieve high efficiency for the photo- or electro-chemical
processes. Nevertheless, direct usage of silicon-based nanomater-
ials for catalytic reactions is possible by proper modification. The
underlying mechanism for activation of silicon and the principle
for tuning its activity may be distinct from those of carbon-based
materials. In this section, we will focus on silicon nanowires
(SiNWs), silicon hydrides, and 2D elementary and compound
forms of silicon, which have been demonstrated or proposed to
possess intrinsic activity for water splitting and CO2 reduction with
the p states of surface Si atoms governing the activity.

Silicon nanostructures for water splitting
Silicon nanowires have been widely used for solar energy
conversion, owing to their outstanding photoelectronic proper-
ties, easy synthesis, and morphology control98. They can absorb a
large portion of sunlight from ultraviolet to visible (UV-vis) and
near infrared (IR) regimes, and exhibit a broad visible emission
centered near the red-infrared wavelength, indicating the
sufficient energy of excitons generated in SiNWs to drive many
photoelectrochemical reactions99. The vertically aligned SiNWs
arrays, which can be facilely obtained in laboratory, are favorable
configuration for photoelectrodes, as they not only allow for
enhanced light absorption through multiple scattering, but also
enable radial charge carrier collection100. So far, H2 production by
water splitting and CO2 reduction to certain products through
photo(electro)catalysis on SiNWs has been realized in the
experiment; however, the performance is either unsatisfactory or
degrades rapidly101–104. More often, transition metal dopants or
co-catalysts are required to enhance the photoelectrochemical
performance of SiNWs105–109. Compared with carbon-based
nanomaterials, the intrinsic activity of SiNWs is seldom addressed
due to their more complex surface chemistry. As a result, the
catalytic mechanism for various chemical reactions and the
regulatory rule for controlling the chemical reactivity of SiNWs
remain largely elusive.
Using DFT calculations, Zhang et al. investigated the electronic

band structures of SiNWs110. They considered SiNWs with (100),
(111), and (112) surfaces terminated by H or Cl atoms, and showed
that these systems have suitable band gap of about 2.0 eV and
proper band edge positions with respect to the redox potentials
for photocatalysis of water splitting. Moreover, the top valence
band mainly distributes on the nanowire surface especially for
those with increasing coverage of Cl atoms; meanwhile the
bottom conduction band resides in the interior of SiNWs, which is
beneficial for electron-hole separation.
An experimental exploration of the mechanism of water splitting

on SiNWs was carried out by Liu and co-workers111. They fabricated
SiNWs from Si wafers by metal-assisted etching. During the
synthesis process, hydrofluoric acid (HF) was used to remove
the oxide layer to ensure clean Si surface, which inevitably leads to
the formation of Si−H bonds on the nanowire surface. Fourier
transform infrared (FTIR) spectroscopy confirmed the presence of
both Si−H and Si−OH bonds during photocatalysis. The experi-
mental characterization revealed that the photocatalytic activity of
SiNWs dramatically decays as the reaction proceeds to the third
cycle. Both Si−H and Si−OH bonds facilitate charge separation to
ensure long carrier lifetime. But Si−H bonds offer high activity for H2

production, while Si−OH bonds do not. The bare Si surface does not
contribute to photocarrier separation or H2 generation. Combining
the experimental results with DFT calculations, the mechanism of
water splitting on SiNWs has been decoded. The Si−OH bonds are

generated by H2O dissociation, with the remaining H proton reacts
with Si−H bonds to form H2. The authors also used HF to treat the
SiNWs surface after photocatalysis, and found that the Si−H bonds
are recovered and the photocatalytic performance is significantly
improved, which supports the proposed mechanism for water
splitting on SiNWs.
Porous Si nanomaterials have been reported as promising

photocatalysts for H2 production112–117. For instance, Dai et al.
developed a bottom-up synthesis strategy of mesoporous Si
materials for photocatalytic H2 production, with tunable structural
characters such as surface area, pore size, and primary particle
size113. They showed that the surface area, crystallinity, and
content of surface oxides jointly affect the H2 evolution
performance of the mesoporous Si materials. By removing their
surface oxide and improving crystallites at heat treatment of
600 °C, the H2 generation rate largely increases from 191 to
882 μmol H2 h−1 g−1 Si. Meanwhile, the small particle sizes shorten
the migration distance of photogenerated carriers to the surface
active sites, which is also beneficial for the photocatalytic
efficiency. Ryu et al. prepared high-purity porous Si nanosheets
with thickness of ~5 nm, whose morphology and activity closely
depend on the reaction temperature114. Ultrathin Si nanosheets
have a higher activity with 486 μmol H2 h−1 g−1 Si at 650 °C,
compared with 233 and 160 μmol H2 h−1 g−1 Si at 550 and 700 °C,
respectively. The high catalytic ability is attributed to the ultrathin
thickness, high specific surface area, and high crystallinity, which
allow easy access to the reactants and offer more active sites for
effective utilization of the photo-generated charge carriers. The
enlarged band gap (~1.9 eV) of the ultrathin Si nanosheets
endows it with higher reduction potential for photo-reduction of
H2O molecules. Song et al. fabricated highly-crystalline mesopor-
ous Si spheres, whose band gap is also increased (~1.84 eV) in
comparison with bulk Si, thus yielding high reduction capability
under visible light116. Moreover, the mesoporous structure
enhances the multiple scattering effect and leads to strong light
absorption. An excellent photocatalytic activity with H2 evolution
rate of 1785 μmol H2 h−1 g−1 was achieved, significantly higher
than that of Si nanoparticles (61 μmol H2 h−1 g−1). Martell et al.
investigated the influence of HF etching on the photocatalytic H2

evolution by mesoporous Si nanoparticles117. They showed that a
lower volume (0.2 mL) of HF does not remove enough oxide
contents in the porous Si nanoparticles, whereas higher volumes
(>1.0 mL) introduce reaction byproducts and morphological
changes, both resulting in reduced H2 evolution rates. The highest
H2 evolution rate of ~1398 μmol h−1 g−1 was observed when
0.5 mL per 0.010 g of Si was used. All these experimental results
reveal the key factors for achieving optimal photocatalytic
efficiency in these silicon nanostructures.

Silicon hydrides for CO2RR
Nanoscale silicon with surface hydrides exhibits intriguing activity
for CO2 photo(thermal)-reduction. A series of studies have been
carried out by Ozin’s group to explore the underlying reduction
mechanism and pursue strategies to improve the activity and
durability of these abundant and low-cost materials118. Sun et al.
reported photo-conversion of CO2 to CO by using the hydride-
terminated Si nanocrystals at a rate of hundreds of μmol h−1

g−1 119. The Si nanocrystals were synthesized by thermal treat-
ment of SiO in the H2/Ar environment followed by HF treatment.
The obtained Si nanocrystals have an average diameter of about
3.5 nm, and exhibit strong broad-band optical absorption with
increasing absorptivity from near infrared to ultraviolet wave-
length range (Fig. 3a). The FTIR spectroscopy showed plenty of
Si−H bonds on the Si nanocrystals surfaces (Fig. 3b). Intriguingly, a
CO production rate as high as 4.5 μmol h−1 g−1 was observed on
these samples in the absence of H2 and under an incident solar
intensity of 1 sun at 150 °C, with the rate decreasing in the

S. Zhou et al.

8

npj Computational Materials (2021)   186 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



following cycles (Fig. 3c). In contrast, an increased CO production
rate was observed when H2 was introduced into the reactor. In
most cases, the samples showed higher CO production rate under
the light at the same heating temperature, and higher rate at
increasing temperature. By DFT modeling of a Si35H36 cluster, the
authors revealed that the dangling bonds at the Si sites can
adsorb and activate CO2 molecule with a binding energy of
0.63 eV (Fig. 3d). The Si−H site dissociates CO2 into CO, leading to
endothermic formation of Si−OH bonds. Recovery of Si−H bond
by reaction between H2 and Si−OH is kinetically difficult, resulting
in degraded activity over time. Nevertheless, the presence of H2 is
believed to suppress the oxidation of Si nanoparticle surface, as
the formation of Si−O−Si bonds is much reduced compared with
the situation without H2 according to the FTIR spectrum and
ultraviolet-vis diffuse reflectance spectrum.
Selective CO2 conversion to methanol (CH3OH) by porous Si

nanoparticles with hydride surfaces was reported by Dasog and
co-workers120. These nanoparticles were synthesized via magne-
siothermic reduction method and etching with HNO3/HF. The
thermal reduction of CO2 on the hydride surfaces of Si
nanoparticles, which was monitored by in situ IR spectroscopy,
occurs at minimum temperature and pressure of 100 °C and 10
bars, respectively. The IR spectrum showed an increase in Si−O
−Si, Si−O−H, and Si−O−CH3 vibrations during the reaction
process. The yield of CH3OH did not change significantly with the
reaction temperature. The porous Si nanoparticles were recyclable
up to four reaction cycles without significant loss of CH3OH yield
(~0.2 mmol), and after that, aggregation of the nanoparticles was
observed. In another study, doping effect on the activity of Si
hydride nanocrystals for CO2 photo-reduction was investigated by
Wong and co-workers121. They found that P-doping endows the Si
nanocrystals with the highest activity for CO2RR to form CO
compared with B-doping or B and P co-doping, exhibiting a

maximum CO production rate of 275 nmol m−2 h−1 (correspond-
ing to 71 μmol g−1 h−1) and excellent long-term stability in air.
The rate drastically decreases in the second run for all samples, as
most of the Si−H bonds have been converted to Si−O−Si and
Si−OH groups upon CO2 reduction. The enhanced activity is
attributed to the addition of electronegative dopants, which
create surface polar bonds and render the Si atom more positively
charged, and thus increase the CO2 adsorption capability and
capacity.
As silicon hydrides react stoichiometrically with CO2 but cannot

achieve catalytic conversion, Qian et al. decorated silicon hydride
nanosheets with Pd nanoparticles (Pd@SiNS), which enable the
reverse water-gas shift reaction in a catalytic cycle under light
irradiation and a temperature of 170 °C122. The scanning
transmission electron microscopy (STEM) image showed that the
Pd nanoparticles with size of about 5 nm are highly dispersed on
the silicon hydride nanosheets, and meanwhile the Pd nanopar-
ticles as separators result in less stacked nanosheets with higher
surface area. Thanks to that, a CO production rate of 10,000 nmol
(g cat)–1 h–1 was achieved, and the rate remains at this level during
long cycles up to 50 h. For comparison, pristine silicon hydrides
nanosheets have lower CO production rates that drop more
rapidly and are unstable. The controlled experiment also
demonstrated negligible contribution of Pd nanoparticles for
CO2 reduction, as Pd nanoparticles loaded on fully oxidized Si
nanosheets have no activity. Furthermore, with Pd decoration, the
surface oxides and hydroxides of Si nanosheets are largely
reduced by H2 to reinstate surface hydrides, according to in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) with isotope labeling. DFT calculations were then
performed to unveil the role of Pd nanoparticles. The mechanism
for recovery of the hydrides surface involves the reaction of H2

with Si−O−Si bonds to the formation of Si−OH and Si−H, and

Fig. 3 Catalytic CO2 reduction by silicon nanocrystal. a UV-vis diffuse reflectance spectra of Si nanocrystals deposited on the glass fiber filter.
b FTIR spectra of fresh powder of hydride-terminated silicon nanocrystals before and after the reaction. c CO production rates (pure 13CO2 in
the batch reactor at 150 °C) for eight cycles, and CO production rates (13CO2 and H2 with 1:1 ratio in the batch reactor at 150 °C) for 10 cycles,
both under light (one sun). d The initial and final optimized models of CO2 adsorption on SiH (top panel) and Si surface sites (bottom panel)
(a–d are reproduced with permission from ref. 119, Copyright© Springer Nature 2016).
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then the reaction of H2 with Si−OH to produce Si−H and H2O,
with the latter step being endothermic. Due to the favorable
interaction between Pd nanoparticles and H2, the reduction of
Si−OH to H2O becomes much less endothermic compared with
that of the pristine Si nanosheets, and thus help reinstate the
surface hydrides for catalytic reaction.
To gain deeper insights into the above intriguing experimental

results, Ji et al. modeled the possible reaction pathway of CO2RR
on H-terminated Si(111) surface by DFT calculations123. For fully
H-terminated Si(111) surface, direct reaction of CO2 with the
adsorbed H* species to form COOH* intermediates requires an
effective barrier of 2.96 eV, which is much lower than that for
inserting CO2 into Si−H bond to form CO and Si−OH. Higher
activity can be achieved on the surface Si atom without H
termination, which may be produced during light illumination,
heat, and loading of the metal nanoparticles. On an isolated
exposed Si atom or two neighboring exposed Si atoms, CO2

molecule can be chemisorbed on the Si sites, and the most
efficient pathway for the reduction reaction is direct decomposi-
tion of CO2 into a CO gas molecule and an O adatom. The isolated
exposed Si site has higher activity with an effective barrier of
1.49 eV. Then, the remaining O* species can combine with an
adjacent H atom on the Si surface to generate an OH* species,
which may be further reduced to H2O in presence of Pd
nanoparticles as a beneficial H2 decomposer.
Besides the H-modified silicon nanostructures, SiC quantum

dots functionalized by hydroxyl groups were reported to have
remarkable activity for CO2 hydrogenation. Peng et al. synthesized
SiC quantum dots by etching the commercial SiC powders in cubic
(3C) polytype by nitric acid and hydrofluoric acid124. The quantum
dots with an average diameter of 3.2 nm are highly dispersed, and
the Si−O and O−H bonds are observed by FTIR measurements,
indicating the presence of OH groups on the SiC surfaces. Under
32 bar of CO2/H2 mixed gas (CO2:H2= 1:3) at 150 °C, the SiC
quantum dots selectively produce methanol with mass activity of
169.5 mmol g−1 h−1, about three orders of magnitude higher than
that of commercial SiC (0.1 mmol g−1 h−1). To confirm the role of
OH groups on the activity, the authors removed the surface OH
groups from SiC quantum dots by heating at 280 °C under a flow
of N2 and used water with DMF as the solvent for CO2

hydrogenation to avoid the recovery of OH groups. As a result,
the mass activity is reduced to only 9.5 mmol g−1 h−1. Further
thermal treatment in water can activate the SiC quantum dots
or the commercial SiC surface via the formation of OH species. In
addition, the isotope experiments and in situ DRIFTS measure-
ments proved that the surface OH groups of SiC quantum dots are
directly involved in the hydrogenation of CO2 into HCOO* species.
By DFT calculations, the authors disclosed that the SiC(111) surface
with exposed Si sites strongly binds CO2 molecule with an
adsorption energy of 3.2 eV and can spontaneously dissociate H2.
Hydrogenation of CO2 to HCOO* intermediate by reaction with an
adsorbed H atom on SiC(111) requires a kinetic barrier of 2.10 eV,
while reaction with the H atom in the surface OH groups of SiC
(111) involves a barrier of 1.36 eV, leaving an O atom at the bridge
site. This O adatom can further react with a dissociated H atom to
reinstate an OH group on the SiC(111) surface. These experiments
shed light on utilizing silicon for photo- and thermal-catalysis of
CO2 conversion by proper surface functionalization, provide the
essential insights into the underlying mechanism, and offer
feasible strategies to improve their performance.

2D silicon-based materials
Stimulated by the rise of graphene, 2D silicon-based materials
have attracted tremendous attentions125. The elementary form as
well as several compound forms of 2D Si have been predicted and
synthesized126–129. Their well-defined structures, large area, and
unique electronic band structures render them as ideal platforms

for exploring the catalytic mechanism and unveiling the funda-
mental principle for manipulating the activity of silicon-based
nanostructures. Silicene, the Si analog of graphene, is a single
layer of Si atoms arranged in low-buckled honeycomb lattice.
Same as graphene, silicene also exhibits Dirac cones at the Fermi
level. Therefore, the low-energy charge carriers in silicene behave
as massless Dirac fermions, which is a great advantage for many
device applications. Theoretical efforts have been devoted to
understanding the intrinsic reactivity and environmental stability
of freestanding silicene130–135. It was shown that silicene is a
potential gas sensor for detecting pollutant gases, such as NO,
NO2, NH3, and SO2. These gas molecules can even dissociate on
silicene by overcoming relatively low kinetic barriers, indicating
the appreciable activity of silicene surface. In particular, silicene
was predicted to be hydrophilic and strongly interact with H2O
molecule.
DFT calculations showed that H2O dissociation on freestanding

silicene is easy with a moderate barrier of 0.85 eV, and becomes
almost barrierless on silicene with presence of single or double
vacancies134. Monomer, dimer, and trimer of H2O molecules were
found to exhibit distinct adsorption behavior on silicene136. A
single H2O molecule physisorbs on freestanding silicene through
weak vdW interaction with an adsorption energy of –0.17 eV.
Dimeric and trimeric H2O molecules are chemically adsorbed on
silicene by forming Si–O bonds, with adsorption energies of –0.67
and –1.19 eV, respectively. Ab initio molecular dynamics (AIMD)
simulations further demonstrated that H2O molecules at room
temperature change from physical adsorption to chemical
adsorption on silicene, and finally dissociate after 1 ps. Electronic
structure analysis revealed that hydrogen bonding has significant
effect on the proton transfer between H2O molecules and charge
transfer between silicene and H2O. Specifically, the hydrogen
bonding between dimeric or trimeric H2O molecules induces a
weakened O–H bond of the donor H2O molecule (signified by
the elongated O–H bond length), which in turn activates the
corresponding O atom on top of silicene and leads to the
formation of Si–O bond. In consistency, the frontier molecular
orbital levels of the donor molecule become closer to the Fermi
level of silicene; thus their interaction is stronger than that of H2O
monomer. Moreover, silicene supported on Ag(111) substrate
exhibits even higher activity, with the enhanced adsorption
energy of H2O dimer and trimer (–0.93 and –1.64 eV, respectively),
due to electron transfer from Ag substrate to silicene, while a
single H2O molecule still physisorbs on silicene. The hydrophilicity
would endow silicene with broad applications in metal-free
electrocatalysis of ORR and water splitting.
Experimentally, silicene has been grown on various substrates,

such as Ag, Ir, Al2O3, ZrB2, ZrC, and MoS2125. The substrate
interaction not only stabilizes the atomic Si layer, but also provides
an opportunity for modulating the electronic band structure and
surface reactivity of silicene. In this regard, Zhou et al. proposed to
use monolayer and few-layer silicene on Ag(111) substrate for
catalysis of CO2 hydrogenation, with product selectivity controlled
by the number of silicene layers137. They considered mono- and
few-layer silicene on Ag(111) substrate with Si(√7 × √7)/Ag
(√13 × √13) reconstruction, which has been well identified in
laboratory. Using DFT calculations, the authors showed that the
supported monolayer and bilayer silicene sheets exhibit recon-
struction with notable distortion from the perfect honeycomb
lattice, while trilayer and tetralayer silicene start to become
ordered, similar as that of bulk Si(111) structure. The silicene
surface presents dangling bonds as revealed by the prominent
electronic states near the Fermi level, mainly arising from the pz
orbitals of the surface Si atoms and indicating their chemical
reactivity (Fig. 4a). As the number of silicene layers increases, the
dangling bond states are more restricted to a narrow energy
range and shift to a higher energy level in the DOS, signifying the
enhanced activity (Fig. 4b). Accordingly, these silicene
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superstructures can chemisorb CO2 molecule with adsorption
energy enhancing from –0.49 to –1.18 eV as the thickness
increases from monolayer to tetralayer (Fig. 4c). The adsorbed
CO2 molecule is bent with one O atom and one C atom bonded to
Si atoms having an O–C–O angle of about 120°, demonstrating the
activation of CO2 molecule. Meanwhile, the silicene superstruc-
tures can also dissociate H2 into two H atoms with kinetic barriers
of 0.06–0.49 eV, and thus are suitable for catalyzing CO2

hydrogenation. The monolayer to tetralayer silicene on Ag
substrate exhibit distinct free energy diagrams for CO2 reduction
toward C1 products due to their different binding capability with
the reaction intermediates. Monolayer silicene on Ag(111)
provides relatively weak binding strength, such that CO and
HCOOH molecules as the main reduction products can desorb
easily from silicene surface. Tetralayer silicene on Ag(111) has
stronger binding capability and may be able to promote CO2

reduction toward CH3OH and CH4 products. The activity is related
to the energy levels of the surface dangling bond states (εDB),
which in turn is mediated by the covalent interaction between
silicene layers and suffers from the screening effect from Ag
substrate (Fig. 4d). Specifically, εDB is defined as

εDB ¼
Z

ED Eð ÞdE=
Z

D Eð ÞdE (7)

where D(E) is the density of states from pz orbitals of surface Si
atoms at a given energy E; the integral is taken for the occupied
states of surface dangling bond, with this energy range
determined by the partial charge density distribution (Fig. 4b).
As the number of silicene layers increases, εDB shifts to higher
position that may interact with the 2π* orbital of CO2 more
favorably, thus leading to stronger binding strength with CO2

molecule. This electronic structure-activity relationship can be
regarded as another version of the aforementioned “p band
model” in the section “Hybrid catalysts of graphitic carbon and
transition metal-based materials”, and illuminates the basic rule
for precisely modulating the catalytic behavior of silicon-based
nanostructures.
The above catalytic mechanism based on surface dangling

bonds can also be extended to Si clusters, which have high atomic

utilization. In the intermediate size range, pure Si clusters usually
have irregular shapes and do not favor hollow cage structures as
that of carbon fullerene138. By encapsulating a transition metal
atom into the Si cluster, it is possible to form cage-like structure of
Si. A variety of endohedrally doped Si clusters have been
theoretical predicted and produced in laboratory, which have
relatively high stability and sizeable HOMO-LUMO gap139. Among
them, Ti- and V-doped Si clusters (MSin, M= Ti or V, n= 12–16)
were predicted to have high activity for CO2 hydrogenation, with
the product selectivity determined by cluster size140,141. All these
clusters have cage-like structures with the endohedral transition
metal atom accepting electrons from the surrounding Si atoms
(Fig. 4e). The dangling states of surface Si atoms are not fully
saturated, since electron accumulation is evident on the Si cage
(Fig. 4f). CO2 chemisorption and hydrogenation are possible on
these MSin clusters, leading to the formation of various C1
products with low kinetic barriers. The correlation between CO2

adsorption energy and the p orbital center of Si atoms is also
observed for these endohedrally doped Si clusters, i.e., the
smaller-size Si cluster has a higher p orbital center, and provides
stronger binding with CO2 (Fig. 4f, g).
Siloxene, with the chemical formula of Si6H3(OH)3, is H- and OH-

modified silicene, and can be prepared by topochemical
deintercalation of Zintl phase CaSi2142. Siloxene possesses a 2D
structure featured by an array of Si chains interconnected with O
bridges and terminated by H atoms. It is a direct semiconductor
with band gap of 2.50 eV, and it effectively absorbs visible light
and has sufficient reduction capacity. Li et al. proposed that the
HOMO and LUMO of siloxene are delocalized over the p-
conjugated skeletons, which is helpful for the molecular charge-
transfer transition under light irradiation and beneficial for
photocatalysis143. They fabricated siloxene nanosheets for photo-
catalysis of overall water splitting, and achieved a maximum H2

production rate of 11.4 mol g−1 h−1. The UV-vis spectrum revealed
the generation of H2O2, suggesting that photocatalytic water
splitting on siloxene undergoes a two-electron pathway. Siloxene
has also been reported to possess activity for electrocatalysis of
ORR and HER144 as well as photocatalysis of NO removal145.

Fig. 4 Silicene on Ag(111) substrate for CO2 hydrogenation. a LDOS from surface Si atoms in monolayer and few-layer silicene on Ag(111)
projected onto various atomic orbitals. b Partial charge density distributions (gray colors) of the surface dangling bonds at Fermi energy. c Top
panel: Si–Si bond order between neighboring silicene layers (red symbol) and electron transfer (CT) from the Ag substrate to silicene (blue
symbol); bottom panel: energy levels of surface dangling bonds states (εDB) as a function of CO2 adsorption energy (ΔECO2*). d Differential
charge density distributions between the silicene sheet and Ag(111) substrate (a–d are reproduced with permission from ref. 137, Copyright©

The Royal Society of Chemistry 2019). e Structures of VSin clusters chemisorbed with a CO2 molecule. f The p-orbital center (εp, black symbols)
and coordination number (CN, red symbols) of Si atoms as a function of the cluster size. g From left to right: DOS of a free CO2 molecule,
bended CO2 molecule, CO2 chemisorbed on the VSi12 cluster, and a standalone VSi12 cluster, respectively (e–g are reproduced with permission
from ref. 140, Copyright© American Chemical Society 2019).
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Besides siloxene, nanosilica has also been exploited as a
catalyst. Mishra et al. prepared amorphous defective nanosilica
and achieved excellent stability, activity and selectivity for thermal
conversion of CO2 to methane146. Three types of defects with
controllable concentrations were introduced in nanosilica, which
synergistically contribute to the high activity with maximum
methane production rate of 9569 μmol g−1 h−1 at 550 °C. DFT
calculations revealed that the CO2 molecule chemisorbs on silica
surface in a bidentated configuration with an adsorption energy of
−0.77 eV. The C atom interacts with the non-bridging O hole
center and one O atom of CO2 interacts weakly with neighboring
Si site. At these defect sites, CO2 hydrogenation to CH4 is
energetically and kinetically more favorable than that of CO
production. Therefore, defect engineering is also a potential
strategy for tailoring the abundant silicon-based nanomaterials for
selective CO2 conversion.
Some other 2D compound forms of silicon have been predicted

in theory. Monolayer SiXn (X= P, As; n= 1, 2) have moderate band
gap ranging from 1.89 to 2.65 eV and are regarded as potential
photocatalysts147,148. For instance, monolayer SiP2 and SiAs2 can
exist in the tetragonal and orthorhombic phases, and have good
mechanical, dynamical and thermal stabilities. With small cleavage
energies comparable to that of graphene, these new 2D materials
may be exfoliated from their bulk counterparts. Moreover, they
have high carrier mobility, strong optical absorption in the visible
region, and suitable band edge positions, which are eligible for
photocatalytic water splitting149,150.
In summary, silicon-based nanomaterials, with the advantages

of natural abundance and excellent capability of solar energy
harvesting, can be utilized for many renewable energy applica-
tions. Silicon nanowires, compound nanocrystals or nanoscale
derivatives of silicon, 2D elementary and compound forms of
silicon, and 0D endohedrally doped silicon clusters are reported to
possess unique catalytic properties. The surface Si atoms with
dangling bonds usually exhibit high activity for water dissociation
and CO2 activation, providing the opportunity for efficient water
splitting and CO2 conversion. The activity can be correlated to the
p orbital energy level of the Si atoms. More mechanistic studies
are still required to disclose the catalytic behavior of various
silicon-based nanostructures from the atomic level, and prescribe
the principles for manipulating their performance for energy
conversion.

OXIDE-BASED CATALYSTS
Metal oxides provide a large family of non-precise catalysts with
the advantages of natural oxidation resistance, relatively high
stability, easy synthesis and control, myriad compositions and
structures, and diverse electronic properties. These oxide materials
have been widely used for industrial catalysis, photo- and electro-
chemical processes. For example, the composites of metals (e.g.,
Cu, Fe, Co, Ni) and metal oxides (e.g., Al2O3, ZnO, ZrO2) are
commercial catalysts for CO2 hydrogenation to selectively
generate value-added chemicals or fuels151. Transition metal
oxides and perovskite oxides are commonly adopted for oxygen-
related electrochemical reactions152,153. Photocatalysis of CO2

reduction and N2 reduction largely relies on metal oxides, such as
TiO2, WO3, ZrO2, CdS that have suitable band gap and outstanding
light harvesting ability154. Sculpturing metal oxides into 2D
nanosheets or 0D nanoclusters results in large surface area and
abundant active sites, which may trigger peculiar catalytic
behavior for challenging reactions155.
For many reported metal oxides, the reaction centers are

considered to be surface or interface metal atoms, oxygen
vacancies, or defects156. Actually, the O atoms in metal oxides
can also play an important role in the catalysis. Oxide metal hybrid
nanostructures, either metal nanoparticles loaded on metal oxide
substrates, or oxides supported on metals (the so-called inverse

catalysts), exhibit remarkable synergistic effects to enable
challenging reactions157,158. They provide diverse binding sites
for the reaction intermediates, i.e., on the metal domains, on the
oxide surface or overlayer, or at the metal oxide interface, which
afford complementary chemical properties and lead to special
reaction pathways. The cooperation between metal and O sites in
such hybrid catalysts has been largely addressed in litera-
ture159,160. A common example is the tuning of product selectivity
for CO2 hydrogenation on transition metal nanoparticles by simply
changing the oxide substrate, due to the variation of binding
strength of some key reaction intermediates on the oxide
surfaces161.
The lattice O atoms in metal oxides can even dominate the

catalytic reactions. Early studies on metal clusters have shown that
the oxygen-centered radicals (O−•) may present in some transition
metal clusters, and they play a key role in the oxidation or
oxidative transformation of very stable molecules at low
temperature, such as CO oxidation and CH4 activation. Mass
spectrometric studies combined with DFT calculations have been
performed to unveil the chemical compositions of the transition
metal oxide clusters that carry such O−• radicals, as well as the
dependency of their activity on the cluster size, structure, and
charge state. It was found that the mono-nuclear O−• radicals
generally exist over the oxide clusters of groups 3–7 metals
(except Cr and Mn). For C–H activation of alkanes like CH4, the
reactivity of O−• radicals depends on the charge state of oxide
cluster and the degree of spin density localization. The transfer of
O atom usually occurs during the reactions from the oxide clusters
to CO and alkenes molecules. The structure-activity relationships
of metal oxide clusters with both mono-nuclear and hetero-
nuclear O−• radicals are well understood. As this category of low-
dimensional catalysts has been comprehensively addressed in
literature162,163, we will not discuss this topic in details in the
present review.
In this section, we will focus on the solid-state metal oxides with

the lattice O atoms as the active sites for energy conversion. We
aim to disclose the origin of activity of lattice O atoms, their
catalytic mechanism, and the key factors governing the activity,
and discuss the strategies to trigger and manipulate the activity of
surface O atoms in various metal oxides.

Lattice O atoms for OER
Transition metal oxides and perovskite oxides are mostly adopted
for OER electro- and photo-catalysis. Conventionally, surface metal
atoms are considered as the active sites, where the oxygenate
intermediates are adsorbed. The reaction occurs on a single metal
site via either four-electron pathway or two-electron pathway,
both belonging to the so-called adsorbate evolution mechanism
(AEM) (Fig. 5a). The intrinsic activity based on the AEM is limited
by the scaling relations between different reaction intermediates
(O*, OH*, and OOH*), yielding a minimum OER overpotential of
about 0.37 V164. Experiments found that the surface O atoms in
perovskite oxides can have redox activity and participate in the
bonding and charge transfer with the reaction adsorbate
species165. The lattice oxygen mechanism (LOM) was proposed
by Kolpak and co-workers for LaNiO3, a perovskite oxide with high
activity but low stability for OER electrocatalysis166. The LOM
initiates from the adsorption of OH− on a metal site, followed by
the deprotonation of OH* to generate O* species, which then
couples with a lattice O atom to form O–O*. The release of O2

leaves two vacant metal centers, where adsorption and deproto-
nation of OH* occur to restore the lattice O atom. As OOH* is not
an intermediate in the LOM catalytic cycle, the OER activity is no
longer restricted to the scaling law, and higher activity may be
achieved. By DFT calculations, the authors predicted that LOM
overwhelms AEM in LaNiO3 under certain pH values and applied
electrode potentials, yielding a low overpotential of 0.31 V
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(Fig. 5b). For a range of perovskites ABO3 (A= La, La0.5Sr0.5, Sr, and
B=Mn, Fe, Co, Ni), OER prefers LOM for decreasing catalysts
stability, i.e., LOM would be dominant on the perovskites that are
less stable than La0.5Sr0.5CoO3.
In the successive studies, Kolpak and co-workers showed that

the adsorbed O* species diffuses from the surface metal site to O
site to form O–O* and an O vacancy167. Therefore, diffusion of O*
is crucial for LOM, which is more favorable for the weakly binding
perovskites like LaCuO3. The origin of LOM is related to the surface
metal atoms recovering from the highly oxidized state to the
electronically more stable and lower oxidation state throughout
the reaction. The different thermodynamic driving forces of lattice
O participation on different perovskites can be understood by the
differences in the transition metals’ tolerance toward high
oxidation states. They also established the volcano plots for AEM
and LOM on a variety of perovskite oxides168. The higher peak of
the LOM volcano successfully explains the experimental observa-
tion that some perovskites such as Pr0.5Ba0.5CoO3−δ and SrCoO3−δ

have higher OER activity than the conventionally predicted
optimum compounds such as LaNiO3 and SrCoO3. By reversing
LOM, ORR electrocatalysts can be computationally screened, and
some bifunctional electrocatalysts for both OER and ORR may
even be designed169.
On the experimental aspect, LOM has been demonstrated in

various kinds of material systems, such as perovskite oxides,
transition metal oxides, and transition metal-based layered double
hydroxides (LDHs)170,171. Based on in situ 18O isotope labeling
mass spectrometry, Grimaud et al. provided direct experimental
evidence that the O2 generated during OER electrocatalysis on
some highly active oxides come from the lattice O atoms172.
Specifically, electrochemical OER in LaCoO3, La0.5Sr0.5CoO3−δ,
Pr0.5Ba0.5CoO3−δ, and SrCoO3−δ was examined, and the release
of 16O16O, 16O18O, and 18O18O was observed in the latter three
systems. In consistency, OER activities on the reversible hydrogen
electrode (RHE) scale for these three perovskites become higher
with increasing pH value, indicating that the non-concerted

proton–electron transfer steps are coupled to the activation of
lattice oxygen redox reactions. In contrast, the activity of LaCoO3 is
independent on the pH value, as expected from the conventional
OER mechanism. The electronic structure analysis suggested that
the metal–O covalency plays a key role in both activity and OER
mechanism. For La0.5Sr0.5CoO3−δ, Pr0.5Ba0.5CoO3−δ, and SrCoO3−δ,
the presence of divalent ions on the A-site shifts the Fermi level
closer to the O 2p-band center, accompanied by a reduced energy
gap between the metal 3d and O 2p-band centers, and signifying
greater covalency of the metal–O bond. As the O 2p states at the
Fermi level lie above the redox potential of O2/H2O, holes are
created in the O band, allowing the oxidized O ions to form (O2)n−

species. Thus, oxidation of lattice O in the perovskites with strong
metal–O covalency is thermodynamically more favorable. Further-
more, it was observed that the more O2 generated during OER, the
greater value for 18O/16O, indicating that the amount of lattice O
atoms detected during the OER process indeed depends on the
position of the O p states relative to the Fermi level and correlates
with the OER activity.
The reaction mechanism in the benchmark OER electrocatalysts

RuO2 and IrO2 has also been re-visited from both experimental
and theoretical aspects173. DFT calculations suggested that
structural defects or heteroatom doping can make the LOM
competitive to AEM for rutile RuO2 (Fig. 5c)174. In particular, the
(110), (211), and (121) double-kink surfaces of RuO2 with metal
vacancies or substitutional dopants (Ni and Co) prefer LOM and
the overpotentials are much lower than that of AEM. The
simultaneous presence of both metal vacancy and elemental
doping can synergistically promote LOM, which well interprets the
experimentally observed involvement of lattice O atoms in
the nanocrystalline RuO2, but not for the ideal RuO2 films. The
projected DOS reveals a clear correlation between the O 2p-band
center and OER overpotential as shown in Fig. 5d, i.e., the closer of
O 2p-band center to the Fermi level, the higher OER activity. These
plots also suggest that the LOM in RuO2 is more sensitive to the
formation of metal vacancies than that of IrO2, as reflected by their

Fig. 5 Types of OER and relation between OER activity and O p-band center. a Schematics of AEM and LOM. b Computed surface phase
diagram relevant to AEM for LNO in aqueous solution. Surface structures are labeled in each colored region (a and b are reproduced with
permission from ref. 166, Copyright© American Chemical Society 2016). c Top view of the structural models for MO2(110) (M= Ru, Ir) containing
one, two, and three M vacancies. White polyhedra depict the positions of vacancies. d Correlation between the computed OER overpotential
and O 2p-band center for AEM (solid line) and LOM (dashed line) for MO2(110) (M= Ru, Ir) surface (c and d are reproduced with permission
from ref. 174, Copyright© American Chemical Society 2020).
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different angles between the lines for LOM and AEM. The less
preferential LOM in IrO2 explains its higher stability under the OER
conditions than that of RuO2. In another study, the authors
explored the OER mechanism and electrochemical activity for
various Ir oxides175. Some of them, such as the pyrite IrO2(100),
favor LOM rather than AEM and exhibit enhanced OER activity
with lower kinetic barriers than that of the rutile IrO2. The higher
activity of these Ir-based oxides comes at the expense of their
electrochemical stability since lattice O atoms are involved in the
reaction.
On the experimental side, Grimaud et al. designed a model

catalyst La2LiIrO6 to understand the correlation between surface
activity and stability of Ir-based oxides for OER electrocatalysis176.
By changing pH from acidic to alkaline condition, La2LiIrO6

undergoes oxidation and delithiation, accompanied by the drastic
surface reconstruction as revealed by the transmission electron
microscopy (TEM). The results showed that the metallic t2g-like π*
states are inactive and the Ir5+−O bond is not active for OER.
Instead, formation of the oxidized surface at pH= 1 leads to an
enhanced OER activity as the Fermi level enters the non-bonding
pure oxygen states, creating oxygen radicals on the surface that
behave as electrophilic centers for reaction with H2O. The
enhanced reactivity of surface oxygen species is at the expense
of surface stability, as the consumption of lattice O atoms
eventually leads to the Ir migration from the bulk interior to the
catalyst surface. Zhang et al. fabricated Ru–Ir binary oxides for OER
electrocatalysis in the neutral electrolyte177. By incorporating
hydrated metal cations (Ca2+), the surface oxygen environments
of binary oxides can be modulated to generate either lattice O or
adsorbed O species. The synthetic RuIrCaOx catalysts exhibit 2, 7,
and 45 times higher turnover frequency (TOF) compared to RuIrOx,
benchmark RuO2, and IrO2 catalysts, respectively. According to
in situ X-ray absorption spectroscopy (XAS), in situ 18O isotope-
labeling differential electrochemical mass spectrometry, and 18O
isotope-labeling secondary ion mass spectroscopy measurements,
the incorporation of Ca2+ shortens the Ru–O and Ir–O bonds to
endow them greater covalency. As a result, the surface metal-
bonded O species exhibits enhanced electrophilic nature, which
accelerates H2O adsorption and lattice O-involved reaction and
thus improves the overall OER performance of RuIrCaOx.
The lattice O-dominated OER has also been demonstrated in

the transition metal oxyhydroxides. Huang et al. incorporated
catalytically inactive Zn2+ cations into CoOOH to induce oxygen
non-bonding states with different local configurations178. Their
DFT calculations suggested that the OER mechanism can be
switched from AEM to LOM only if two neighboring oxidized O
atoms can hybridize their oxygen holes without sacrificing
metal–O hybridization significantly. As a proof of conc
ept, they designed Zn0.2Co0.8OOH electrocatalyst with the
Zn–O2–Co–O2–Zn configuration that manifests the optimal
activity. Raman spectra further identified the negative peroxo-
like species from LOM of OER. Zhang et al. fabricated oxyhydr-
oxides of multicomponent FeCoCrNi alloy to engineer the
oxidation state of Ni atom179. During the OER electrocatalysis,
the alloyed oxyhydroxides undergo irreversible surface recon-
struction and form highly oxidized metal species. The spectro-
scopic measurements and theoretical modeling revealed that
interatomically electronic interplay plays a key role in the
engineering of oxidation state of Ni and its preferential OER
mechanism. Specifically, Fe atoms induce electron depletion at Ni
sites to form high oxidized Ni4+ species that favor the LOM
pathway. The pre-adsorbed bridging OH* species at the Ni–Co
sites allows a multistep evolution of Ni2+→Ni3+→Ni4+ with
lowered energy barriers. The Ni4+ species drives holes into O
ligands to facilitate intramolecular oxygen coupling, and triggers
the lattice O activation. The coupled peroxo-like oxygen species
forms at the Fe–Ni dual-site, which serves as the catalytic center
for LOM with high intrinsic activity. Besides, LOM was also

reported in transition metal oxyhydroxides composited with
perovskites. Zhao et al. deposited FeOOH clusters on the surface
of LaNiO3, which exhibit increased activity for electrocatalytic OER
by up to a factor of five relative to pristine LaNiO3

180. The
decoration of FeOOH enhances OH* adsorption, weakens the
Ni–O bonds in LaNiO3, and meanwhile shifts the O 2p bands closer
to the Fermi level; all of these effects promote the lattice O
participation in OER.
Regarding the active O atoms on various metal oxides surfaces,

a more general picture based on chemical bonding theory has
been proposed to establish a direct correlation between the
electronic structure and binding properties of oxide catalysts akin
to the d band theory for transition metals181. Dickens et al.
examined the reactivity of adsorbed O atoms on transition metal
and transition metal oxide surfaces. Specifically, they were
interested in the energy required to deprotonate adsorbed OH*
species to create O* species (ΔEO–ΔEOH). A universal linear
relationship was found between (ΔEO–ΔEOH) and the average O
2p-state energy (ɛ2p), which is applicable for a wide range of
material systems, including FCC metal (111) surfaces, rutile metal
oxide (110) surfaces, and cubic perovskite (100) surfaces. Here the
definition of ɛ2p has the same form of Eq. (6), with the integral
taken from −10 to 2 eV relative to the Fermi level, in order to
include all the occupied and unoccupied O 2p states that are
chemically relevant for the transformation between adsorbed O*
and OH* species. The bound O atoms with higher-lying 2p-states
have higher (ΔEO–ΔEOH), namely, stronger affinities for binding H
atom. Such correlation can be understood as that the variation of
O 2p-states actually manifests the changes in M–O bond strength
and metal d-band center, while (ΔEO–ΔEOH) is a good proxy for the
M–O hybridization energy. As the reactivity of surface O atoms is
important for many reactions such as OER and methane
activation, ɛ2p can be used as a descriptor to identify the active
sites on complex metal oxide surfaces for various reactions.
In short, the above experimental and theoretical studies

highlight the key role of lattice O atoms in catalysis, and
demonstrate the importance for considering new reaction
mechanisms when optimizing or designing catalysts. By illuminat-
ing the electronic structure-activity relationship for the surface O
atoms, several feasible strategies have been provided to precisely
tune the OER activity of metal oxides and design new electro-
catalysts with ultrahigh efficiency.

2D metal oxides with active O atoms
Two-dimensional metal oxides hold many advantages for energy
conversion and storage, such as outstanding stability and
resistance to oxidation, large surface area and abundant active
sites, tunable electronic band gap and optical properties, fast
charge transport due to the ultrathin thickness. In laboratory,
there are a variety of synthesis methods to produce 2D metal
oxides or their ultrathin films, including the “top-down” and
“bottom-up” approaches. Numerous kinds of 2D metal oxides
have been fabricated, such as MnO2, Co3O4, Cr2O3, HfO2, Al2O3,
Gd2O3, as well as 2D perovskites182. Only some of 2D metal oxides
have intrinsic layered structures (such as MoO3, WO3, Ga2O3, and
V2O5) and can be exfoliated from their bulk crystals183. Those with
non-layered geometries may comprise a large number of defects
or dangling bonds on the surface, whose atomic structures are not
well defined184. Some oxide monolayers, such as 2D FeO, may
have to be stabilized on substrates185, while some mono- or few-
layer metal oxides like 2D ZnO may collapse to stable 2D
arrangements during the transformation from 3D to 2D
structures186.
Although there are many experimental reports on the utilization

of 2D metal oxides for energy conversion and storage184,187, the
material systems definitely having O atoms as the active sites are
very limited. It is known that wurtzite ZnO sheet transforms into a
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non-polar graphene-like structure when it is reduced to atomic
thickness (1–7 layers). As the number of layers reaches 8, ZnO
sheet starts to recover the wurtzite structure with buckled layers in
the vertical direction186. So far, monolayer and few-layer ZnO
sheets have been obtained in laboratory both in the freestanding
form and deposited on various substrates. A number of
experimental reports demonstrated their catalytic activity for
certain reactions188–190, and the intrinsic activity of the lattice O
atoms in 2D ZnO has been predicted by DFT calculations191.
Zhao et al. computationally explored the photocatalytic proper-

ties of 2D ZnO sheets with different numbers of layers for CO2

reduction (Fig. 6a)192. They showed that CO2 molecule can be
chemisorbed on the ZnO sheets, with adsorption energies
enhancing from 0.04 to −0.95 eV as the number of ZnO layers
increases from 1 to 6 (Fig. 6c). Upon adsorption, the CO2 molecule
is bent having the C atom bonded with the O site of ZnO sheet,
and the two O atoms of CO2 weakly interact with the two
underneath Zn atoms (Fig. 6b). Further reduction of CO2 on 2D
ZnO is possible, leading to the formation of CO. The 4-layer ZnO
sheet provides optimal binding strength with CO2 and COOH*
intermediate, such that it exhibits the minimum limiting potential
of 0.23 V for CO production (Fig. 6d). Meanwhile, the band gap at
HSE06 level of theory decreases from 3.13 to 2.66 eV when the
number of ZnO layers increases from 1 to 6, all of which show
strong optical absorption in the ultraviolet regime. Their conduc-
tion band minimum (CBM) and valence band maximum (VBM)

positions straddle the redox potentials, rendering monolayer and
multilayer ZnO suitable for photocatalysis of CO2 reduction. The
intrinsic activity of 2D ZnO is attributed to the electron
accumulation on the surfaces, i.e., 0.04–0.07e per formula unit
carried by the O atoms, while the interior layers are positively
charged to give a zero net dipole moment (Fig. 6h). As the
thickness of ZnO sheet increases, the covalency of Zn−O bonds is
greater (as indicated by the larger Zn−O bond order shown in
Fig. 6e) and the activity of O atoms is enhanced, consistent with
the regulation found for the active O atoms on transition metal
oxide surfaces described in the section “Lattice O atoms for OER”.
Furthermore, the electron accumulation on the ZnO surfaces is
associated with the shift of O 2p band to a higher energy relative
to the Fermi level, as revealed by Fig. 6f, g. A linear relationship
was established between the CO2 adsorption strength and the
p band center (εp as defined in Eq. (6)) of the surface O atoms in
2D ZnO. As εp is a measure of metal−O covalency, increasing the
number of layers leads to higher εp and greater covalency of
Zn−O bonds, and thus induces higher activity for the O atoms to
bind with CO2 molecule.
Sculpturing ZnO into 0D nanoclusters can also trigger activity

for the O atoms193. Zn12O12 cage cluster was predicted to be able
to adsorb and reduce CO2 molecule. Similar to the aforemen-
tioned 2D ZnO, the C and O atoms of CO2 are bonded with the O
and metal atoms in the Zn12O12 cluster, respectively, with an
adsorption energy of −0.37 eV. By substitutional doping of a Zn

Fig. 6 2D ZnO sheets for CO2 reduction. a Atomic structures of 2D ZnO (top panel: top view; bottom panels: side views of 1L, 4L, 7L, and bulk
ZnO). b Atomic structures of CO2, COOH*, and CO* intermediates adsorbed on 2D ZnO. c Adsorption energies of CO2, CO, and HCOOH on 2D
ZnO as a function of the number of layers. d Free energy diagram of CO2 reduction to CO on 2D ZnO. e Mulliken bond order of Zn–O bonds
from adjacent layers. f Mulliken charge per formula unit, and g 2p band center of the surface O atoms of 2D ZnO as a function of CO2
adsorption energy. h Electron localization function of 5 L ZnO with red (blue) color showing maxima (minima), and schematic plot of electron
distribution on the surface and in the interior of 2D ZnO (images are adapted from ref. 192, Copyright© The Royal Society of Chemistry 2019).
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atom with transition metal, the electron density on the adjacent O
atoms can be modified, which enables the tuning of both activity
and selectivity of the ZnO clusters for CO2 reduction.
MgO is another kind of earth-abundant and environmentally

friendly metal oxide. To date, MgO ultrathin films down to few
layers and monolayer with different facets have been epitaxially
grown on Ag, Au, Mo, and Ni substrates194–198. Bulk MgO has the
FCC structure, such that cleaving MgO from the <100> and <111>
directions results in MgO monolayer with square and graphene-
like lattice, respectively. Experimental and theoretical studies have
shown that supporting MgO ultrathin film on metal substrates not
only stabilizes the MgO sheet, but also induces high reactivity for
MgO to interact with O2, H2O, CO, and CO2 molecules199–201.
Early experiment based on the high-resolution electron energy

loss spectroscopy (EELS) and X-ray photoelectron spectroscopy
(XPS) probed the interaction of H2O with the ultrathin MgO films
grown on Ag(100) substrate202. Molecular adsorption is found to
be dominant on the MgO sheet at low temperature, while only OH
groups are observed on the MgO surface at 310 K. For the single-
layer and submonolayer MgO, the reactivity can be enhanced by a
factor of 6 at room temperature. The authors attributed such high
activity to the low-coordinated sites at the borders of MgO islands
and important role of the Ag substrate. Using low-temperature
scanning tunneling microscopy (STM), Shin et al. achieved state-
selective dissociation of a single H2O molecule on the ultrathin
MgO film203. They prepared few-layer MgO with (100) facet on the
Ag(100) substrate. Two types of H2O dissociation were realized by
injecting tunneling electrons from the STM tip, i.e., dissociation
into hydroxyl groups by excitation of the vibrational state and
dissociation into atomic oxygen by excitation of the electronic
state. The MgO sheet is responsible for the unique state-selectivity
by enhancing the lifetime of tunneling electrons in molecules,
which signifies the great potential of MgO ultrathin film as a
platform for chemical reactions.
On the theoretical side, the H2O dissociation behavior on

supported MgO sheets has been explored. DFT calculations
showed that monolayer and bilayer MgO(100) sheets on the Ag
(100) substrate can decompose H2O molecule into H and OH
species bonded with the surface O and Mg atoms, respectively204.
The activity is tunable by doping 3d transition metal atoms into
the Ag substrate. Ti doping of the Ag surface yields the highest
activity for the supported MgO sheet, with stronger adsorption of
H2O molecule and lower kinetic barrier for H2O dissociation than
those of the undoped system. The chemical reactivity of the
ultrathin MgO film is related to the adhesion energy, which
reflects the amount of local hybridization between the electronic
states of the transition metal dopant and oxide film. The extent of
d state splitting in the dopant induced by the ligand field of oxide
film fully correlates with the variation trend of activity. The MgO
(100) film deposited on the Mo(100) substrate was also predicted
to have the capability for water splitting205. The in-plane strain
caused by the lattice mismatch between MgO film and the
underlying substrate greatly affects the activity, and a 4%
expansion of the MgO lattice is beneficial for H2O dissociation.
Besides 2D MgO, (MgO)n clusters supported on g-C3N4 were

theoretically proposed for photocatalysis of overall water split-
ting206. The subnanometer (MgO)n clusters (n= 6–15) with tubular
geometry exhibit high activity for water splitting in the aqueous
environment regardless of cluster size, leading to formation of OH
and H species adsorbed on the Mg and O atoms of the cluster,
respectively. The synergistic effect between the (MgO)n clusters
and g-C3N4 substrate contributes to high absorbance of visible
light, excited carriers with long lifetime and large reduction/
oxidation powers, as well as bifunctional activity for OER and HER
with the active sites from (MgO)n clusters and g-C3N4, respectively.
The MgO ultrathin films have also been demonstrated to enable

CO2 activation207,208. Liu et al. explored the electrocatalytic
behavior of CO2 reduction on MgO overlayers supported by

different metal substrates209. They considered monolayer and
bilayer MgO with (100) and (111) facets, deposited on the (100)
and (111) surfaces of on Ag and Au substrates, respectively, as
displayed in Fig. 7a. According to their DFT calculations, these
MgO overlayers have outstanding stability in the aqueous
environment and keep their planar structures well upon CO2

chemisorption, while freestanding MgO monolayer and bilayer
have poor stability and suffer from severe deformation upon CO2

adsorption. Similar to 2D ZnO, the MgO overlayers on metal
substrate can activate CO2 molecule with the O and Mg atoms
bonding to the C and O atoms of CO2, respectively. The adsorption
energies vary from −0.47 to −0.86 eV, depending on the facet and
thickness of MgO sheet as well as the type of metal substrate.
Reduction of CO2 on the MgO overlayers is energetically favorable,
with the main products CO and HCOOH formed through the
COOH* and HCOO* pathways, respectively. Both O and Mg atoms
provide the active sites for binding with COOH* and HCOO*,
respectively. In particular, the (111) facet of MgO overlayer
provides stronger binding strength than that of the (100) facet,
leading to distinct selectivity, i.e., the former favors CO formation
while the latter prefers HCOOH when the MgO overlayer is
deposited on the Ag substrate (Fig. 7b). Interestingly, the reverse
situation occurs for the Au substrate. Overall speaking, 2D MgO on
Au substrate exhibits higher activity for CO2 reduction, with more
proper binding strength with COOH* and HCOO* intermediates.
As MgO is a p-block insulator and both Mg and O atoms in the
MgO overlayers act as the active sites, herein, their p states are
directly related to the binding strength with the reaction
molecules and intermediates. Band structure analysis showed
that the MgO overlayer with a higher p band center (εp, as defined
by Eq. 6) would interact more favorably with 2π* antibonding
orbital of CO2 molecule, thereby providing stronger binding with
CO2 (Fig. 7c, e). The p band center of the supported MgO sheet is
actually governed by the interfacial charge transfer. The MgO
overlayer donates electrons to the metal substrate, because of the
lower lying of the Fermi level of metal substrate than the VBM of
freestanding MgO sheet. More pronounced electron transfer leads
to the lower shifting of p bands of the MgO overlayer relative to
the Fermi level of the whole system (Fig. 7d). Therefore, by
choosing proper metal substrate, the electronic structures and
adsorption properties of MgO overlayer can be finely tuned to
optimize the catalytic performance.
The 2D structures of other alkaline-earth metal oxides have also

been exploited for CO2 reduction210. According to DFT calcula-
tions, the (100) surface of alkaline-earth metal oxides can
chemisorb CO2 molecule, with the binding strength in the order
of MgO < CaO < SrO < BaO. The surface O atoms of metal oxides
form chemical bond with the C atom of CO2 in the bent
configuration. Placing SrO monolayer on the anatase TiO2(001)
surface leads to dramatic enhancement in CO2 adsorption and
activation compared to the bare TiO2 surface. Meanwhile,
desorption of CO from the SrO overlayer is easier, making CO2

reduction to CO more efficiently than that on the bare TiO2.
According to the above results, 2D metal oxides can possess

balanced stability and activity. Their catalytic properties are highly
tunable by the facet, number of layers, and substrate interaction.
The lattice O atoms can serve as the reaction centers for CO2

activation, water splitting, and so on, with activity governed by the
O 2p states. Certainly, more experimental and theoretical studies
are desired to elucidate the fundamental principles for steering
the lattice O activity in various 2D metal oxides for energy
conversion applications.

BORON-BASED CATALYSTS
Compared to carbon, boron is electron deficient and can carry
both empty and occupied orbitals. Meanwhile, resembling
transition metal elements, boron holds the capability to
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participate in both electron-withdrawing (“pull”) and electron-
donating (“push”) types of interaction, and thus exhibits unique
activity for the reactions such as N2 fixation. Therefore, boron plays
a special role in catalysis and has attracted tremendous interests3.
For instance, borylene and borylene compound molecules have
been proven to be highly active for N2 reduction for ammonia
synthesis211,212. In this section, we will focus on the low-
dimensional boron-based catalysts, including dispersed B atoms
anchored on 2D materials, elementary 2D boron sheets, boron
compounds (2D boron nitride and phosphide, 1D nanotubes, and
0D cages of boron nitride), and transition metal borides for energy
conversion. The mechanisms and strategies for activating the B
atoms in various coordination environments, and the principles for
manipulating their catalytic behavior will be addressed.

B-decorated 2D materials
The success of single-atom catalysts based on various transition
metal elements stimulates the exploration of non-metal atoms as
alternative catalysts for energy conversion. Among p-block
elements, boron with the electron-deficiency character resembles
transition metal elements most, and hence has aroused tremen-
dous attention from both experimental and theoretical aspects. A
pioneering theoretical study on B single-atom catalyst has been
done by Ling and co-workers213. They proposed that a B atom in
sp3 hybridization, which simultaneously carries occupied and
empty orbitals, can bind N2 molecule through a side-on pattern
due to the compatibility of orbital symmetry, and thus holds the
potential for N2 fixation. They decorated 2D g-C3N4 semiconductor
with B single atoms for photocatalysis of NRR. According to the
DFT calculations, the B atom is located in-between two 2-fold-
coordinated N atoms, forming two N–B bonds (Fig. 8a). The high
thermal stability of such nanostructure was assessed by AIMD at
1000 K. The decorated B atom forming sp3 bonds with two
adjacent N atoms provides one occupied and one empty sp3

orbital to enable the “acceptance–donation” charge transfer with

N2 molecule. As a result, it interacts strongly with N2 having the
adsorption energy of −1.04 and −1.28 eV for side-on and end-on
adsorption configuration, respectively (Fig. 8b). Efficient NRR
proceeds on the B atom anchored on g-C3N4 through the
enzymatic mechanism (Fig. 8c), involving a low onset potential of
0.20 V. Moreover, B decoration notably enhances the visible light
absorption of g-C3N4 owing to the reduction of band gap to
1.12 eV from 2.98 eV for pristine g-C3N4 calculated by the HSE06
functional. Therefore, the dispersed B atoms not only provide
active sites for NRR, but also boost solar energy harvesting for the
semiconductor substrate.
Following the above prediction, the NRR electro- or photo-

activity of B atom dispersed on other 2D porous carbon nitrides
has also been explored in theory214–219. For instance, Lv et al.
showed that B single atom can stably adsorb at the hole edge of
g-CN monolayer, which promotes NRR under the enzymatic
pathway involving a low overpotential of 0.15 V and a small kinetic
barrier of 0.61 eV, along with prohibited HER side reaction and
enhanced visible light absorption220. Remarkably, decoration of B
single atom on g-CN reduces the exciton binding energy to
0.62 eV compared with 1.08 eV for pristine g-CN, which may
prevent the recombination of photoexcited carriers due to
the weakened electron-hole Coulomb interaction. Moreover, the
carrier effective mass of g-CN is much reduced, indicating the
faster migration of photogenerated carriers to the surface to
participate in NRR, which would in turn benefit efficient
photocatalysis. Single B atom anchored on C2N monolayer has
also been proposed to have high activity for N2 photoreduction,
with the same reaction mechanism and similar overpotential as
that of B atom on 2D g-C3N4 and CN215. The B atom staying in-
between two neighboring N atoms at the hole edge of C2N
monolayer induces a magnetic moment of 1 μB, which is mainly
localized on the B atom and plays an important role in N2

activation. In another study, Yin et al. showed that the B atom on
C2N monolayer may also stay in-between two C atoms at the hole

Fig. 7 CO2 reduction on metal-supported MgO. a Top- and side-view structures of 1L and 2L MgO on the (111) and (100) surfaces of Ag and
Au substrates, respectively. b Limiting potentials (UL) of CO2 reduction to produce CO and HCOOH for various metal-supported MgO
overlayers. c DOS of a free CO2 molecule, a bent CO2 molecule, and MgO/metal heterostructure, respectively. d, e Charge transfer per Mg atom
from MgO sheet to the substrate (CT/NMg) and p-band center (εp) vs. CO2 adsorption energy (ΔECO2) (images are adapted from ref. 209,
Copyright© The Royal Society of Chemistry 2020).
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edge, which is sp2 hybridized and can effectively suppress the
competing HER process221.
Encouragingly, Wang et al. fabricated B-doped g-C3N4 by a

facile thermal treatment approach in laboratory and verified its
outstanding photocatalytic performance for NRR222. The success-
ful incorporation of B atoms in g-C3N4 nanosheets was confirmed
by the FTIR and XPS characterizations, and a B doping content of
13.8 wt% was achieved. Enhanced visible light absorption and
suppressed recombination of photogenerated carriers were
observed in the B-doped g-C3N4. The measured NH3 yield rate is
313.9 μmol g−1 h−1, nearly 10 times of that for pristine g-C3N4.
Besides 2D carbon nitrides, B single atom anchored on other 2D

materials such as phosphorene, group III monochalcogenides, and
transition metal dichalcogenides (TMDs) for NRR electrocatalysis
has also been theoretically proposed223–225. Liu et al. system-
atically investigated the catalytic behavior B atom on various 2D
materials226. Eight kinds of 2D materials have been considered,
including graphene, boron nitride (BN), boron sulfide (BS), boron
phosphide (BP), black phosphorus, S-stiazine based and tri-s-
triazine based g-C3N4, H-MoS2, and T-MoS2 monolayers, which
provide a total of 21 possible configurations for B doping (Fig. 8d).
DFT calculations suggested that the B atom substituted into
H-MoS2 and B atom adsorbed on graphene exhibit high NRR
activity through the distal pathway, with low overpotentials and
small kinetic barriers of 0.31 and 0.46 eV, respectively, as well as
suppressed HER side reaction (Fig. 8e). Bader charge analysis

indicated that the supported B atoms carrying small or even
negative charge density tend to have both high activity and
selectivity for NRR (Fig. 8f).
On the experimental aspect, electrochemical NRR in the

aqueous solution has been achieved in B-doped carbon materials
at ambient conditions227–230. Yu et al. synthesized B-doped
graphene by thermal annealing of graphene oxide and boric
acid227. Compared with the pristine graphene, B doping at a
concentration of 6.2% leads to significantly enhanced NRR
performance with a high NH3 production rate of 9.8 μg h−1 cm−2

and a faradic efficiency of 10.8% at −0.5 V. Later, co-doping of B
and N in carbon materials has been demonstrated to further
improve the NRR activity compared with the singly doped
systems. Kong et al. prepared B and N co-doped porous carbon
nanofiber by an electrospinning and calcination strategy228. The
sample exhibits superior electrocatalytic performance for NRR in
an alkaline electrolyte with a high faradic efficiency of 13.2% at
−0.5 V and a NH3 yield rate of 32.5 μg h−1 mgcat.−1 at −0.7 V.
Comparison between co-doped and B/N singly doped systems
suggested that B atoms efficiently enhance N2 adsorption, and N
atoms promote the electron conductivity and charge transfer
kinetics.
The B-doped 2D TMDs for electrochemical NRR has also been

realized in the experiment. Guo et al. synthesized B-doped MoS2
nanosheets for NRR, which yield an excellent NH3 production rate
of 44.09 μg h−1 cm−2 at −0.2 V and a Faradaic efficiency of 21.72%

Fig. 8 B-decorated 2D materials for NRR. a Simplified schematic of orbitals of N2 bonding to transition metals and the design concept of B/g-
C3N4 as a photocatalyst for N2 fixation. b Difference charge density of B/g-C3N4 with the adsorption of N2 via side-on and end-on patterns.
c Schematic depiction of distal, alternating, and enzymatic mechanisms for N2 reduction to NH3 (a–c are reproduced with permission from
ref. 213, Copyright© American Chemical Society 2018). d Proposed 2D materials and potential B-sites. e Computational screening of 14 catalyst
combinations by the selectivity (ΔGmax

HER vs. ΔGmax
NRR). f ΔGmax

HER and ΔGmax
NRR vs. Bader charge (δ) for single B atom in or on a 2D

substrate (d–f are adapted from ref. 226, Copyright© American Chemical Society 2019).
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in acidic aqueous electrolyte231. Their DFT calculations proposed
that the B atom occupying the S vacancy and the adjacent Mo
atoms form a strong-weak electron polarization pair due to their
different electron accepting and back-donating capacities, which
facilitates N2 chemisorption via N≡N bond polarization and drives
the first protonation step. High NRR activity has also been
observed in VS2 nanoflowers comprising both B dopants and S
vacancies in the basal plane, which exhibit a NH3 yield of 55.7 μg
h−1 mg−1 at −0.4 V and a Faradaic efficiency of 16.4% at
−0.2 V232.
Apart from 2D materials as substrates, B doping in nanodia-

monds has also been reported to yield high activity for
electrochemical N2 and CO2 reductions. Liu et al. fabricated
B-doped diamond nanocones for NRR and achieved a high NH3

yield rate of 19.1 μg h−1 cm−2 and a Faradaic efficiency of
21.1%233. Their DFT calculations suggested that the accumulation
of surface charges on the nanotips contributes to the high activity,
which can reduce the reaction free energy for N2 dissociation on
the B active sites on the (111) and (110) surfaces of diamond. B
and N co-doped nanodiamonds have also been exploited for CO2

electroreduction, showing unique selectivity for ethanol
(C2H5OH)234. The B dopants enhance CO2 capture, while the N
atoms adsorb and transfer H atom during the hydrogenation
process, thereby resulting in the synergistic effect.
The dispersed B atoms have also been proposed to have unique

activity and selectivity for other challenging reactions, such as CO
hydrogenation. Using DFT calculations, Chen et al. predicted high
activity of B-decorated C2N monolayer for CO hydrogenation to
ethylene (C2H4) and propylene (C3H6) with a free energy increase
of only 0.22 eV235. They showed that the B dopant and the host N
atoms can form frustrated Lewis pairs to facilitate C–C coupling
toward the formation of multi-carbon products. The B site acts as a
Lewis acid to strongly capture one CO molecule, while the N site
serves as a Lewis base to push another CO molecule to couple
with the first CO. In another study, Chen et al. predicted that B
doping in phosphorene can also endow unique selectivity for CO
hydrogenation to yield value-added chemicals, such as CH4,
CH3OH, and C2H4

236. Under compressive strains, the unoccupied
p-orbital level of B-dopant is shifted, leading to the modulation of
activity and product selectivity. All these extensive experimental
and theoretical studies suggest the feasibility and great promise of
B single atom catalysts. Choosing appropriate substrate offers a
large degree of freedom to modulate the catalytic property of
dispersed B atoms for various energy conversion processes.

Elementary 2D materials of boron
The 2D elemental form of boron, namely borophene, has received
great research attentions owing to their diverse structures and rich
physical properties237. Different from graphene with a honeycomb
lattice, borophene typically comprises triangular and hexagonal
holes due to the electron-deficiency nature of boron. A variety of
stable phases of borophene have been predicted in theory, most
of which exhibit metallic behavior238–242. On the experimental
side, several phases of borophene have been grown on Cu, Ag, Au,
Ir, and Al substrates243–249. Benefited from its unique holey
structures, borophene has been proposed to anchor various
transition metal and non-metal single atoms, which are able to
catalyze several energy conversion processes250–253.
Moreover, borophene sheets in several phases have been

predicted to possess intrinsic activity254. Shi et al. theoretically
investigated the HER electrochemical activity of β12, χ3, and
trigonal phases of borophene, which have been synthesized in the
laboratory255. DFT calculations showed that all these phases of
borophene can provide active sites for HER with ΔGH* close to
zero. Placing borophene on Ag(111) substrate can even enhance
the HER performance due to the competitive effect of mismatch
strain and charge transfer. The partial density of states (PDOS) of B

pz orbital revealed that the occupancy of valence band gradually
decreases as the H* binding strength at the B site increases, due to
the less occupancy of the antibonding orbital with H* adsorbate
and subsequently weaker H–B bond strength. In another study,
Liu et al. predicted that the α phase of borophene, which is the
most stable phase in theory, has high NRR electrocatalytic activity
than the experimentally synthesized β12 sheet256. The hexagonal
triangular B atoms are identified as the active site, with the first
protonation step as the rate-determining step requiring an energy
of 0.77 eV. Depositing on Cu and Ag substrates can further
improve the NRR activity due to the electron injection from the
substrate to borophene sheet. Besides, the β12 and χ3 borophene
have been proposed as electrocatalysts for CO2 reduction to
selectively produce CH4, with a limiting potential of −0.27 V and
the largest kinetic barrier of 0.98 eV257.
Experimentally, electrochemical NRR in 2D boron-based

nanosheets has been realized by several groups. Qiu et al.
prepared B4C nanosheets by liquid exfoliation of bulk B4C, whose
structure is built up of boron clusters connected by C atoms258.
The TEM images confirmed the formation of few-layer B4C
nanosheets. An average NH3 yield rate of 26.57 μg h−1 mgcat.−1

was achieved with a high Faradaic efficiency of 15.95% at 0.75 V
(vs. RHE) in the acidic electrolyte. According to the DFT
calculations, N2 molecule can be chemisorbed in both end-on
and side-on configurations on the B4C(110) surface, with the
vertical B atoms on the boron clusters serving as the active sites.
The rate-limiting step of NRR is the protonation of NH2* to form
NH3, requiring an energy of 0.34 eV
Few-layer nanosheets of β-boron stably dispersed in six organic

solvents have been obtained by Fan et al. for N2 electroreduc-
tion259. They achieved a low onset overpotential (<0.15 V), a high
NH3 yield rate of 3.12 μg h−1 mgcat.−1, and a Faradaic efficiency of
4.84% under –0.14 V, nearly twice higher than that of bulk boron.
STEM revealed that the exfoliated boron nanosheets well preserve
the crystalline structure of bulk boron with uniform arrangement
of boron icosahedra. DFT calculations suggested that the
icosahedron B atoms on (104) and (021) surfaces, which are the
two most dominant facets observed in the experiment, serve as
the active sites for NRR by providing strong binding with N2

molecule and promoting the reduction reaction with small energy
cost (below 0.39 eV). The enhancement of NRR activity in the
boron nanosheets relative to the bulk counterpart has also been
observed by Zhang and co-workers260. The XPS measurement
indicated the presence of oxidized B atoms in the nanosheets.
According to the DFT calculations, the B atoms on (104) surface in
both oxidized and H-deactivated forms have higher NRR activity
than that on the clean surface.
More theoretical insights into the NRR activity of boron

nanosheet have been provided by Jiang and co-workers261. They
examined the (001) surface of rhombohedral α-boron, which is a
layered structure composed of B12 units and has the common σ
bonds and three-center two-electron bonds. Bader charge analysis
showed that the charge distribution in α-B12 is amphoteric, with
the surface B atoms carrying negative charges and the B atoms
beneath the surface carrying positive charges. As a result, the
surface B atoms strongly bind with N2 molecule, and electro-
chemical NRR proceeds through the enzymatic mechanism with a
low limiting potential of 0.36 V. The above experimental and
theoretical results manifest that the elemental boron nanostruc-
tures are potential metal-free catalysts with special activity for NH3

synthesis.

Boron nitride nanostructures
Boron nitride, as an important compound form of boron, exists in
diverse structures, such as bulk BN of cubic and hexagonal phases,
2D h-BN, 1D BN nanotubes (BNNTs), and 0D BN nanocages. They
usually possess excellent stability against oxidation, heat, and
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corrosion, which are great merits for industrial applications. Hence,
activation of BN-based materials for catalytic reactions is highly
desirable. Many experimental and theoretical efforts have been
devoted to inducing activity in various BN nanostructures by
strategies such as introducing defects and edges, heteroatom
doping, chemical functionalization, and hybrid with transition
metals.
Uosaki et al. performed a proof-of-concept study to show that

the inert h-BN monolayer can be activated by depositing on Au
(111) substrate262. Their DFT calculations disclosed a metastable
adsorption state of O2 molecule on Au(111)-supported h-BN
monolayer with an adsorption energy of −0.05 eV, where O2 binds
to two B atoms nearest to the N atom sitting on top of Au atom in
the first metal layer. This metastable configuration for O2

adsorption serves as the precursor for ORR electrocatalysis,
making the reduction reaction possible via the two-electron
pathway to form H2O2 or via the four-electron pathway to
generate H2O. Then, the ORR electrochemical activity of a gold
electrode modified by mono- and few-layer h-BN was examined
by experiment. It was shown that the overpotential for ORR is
reduced upon modification by ca. 0.27 V, which verifies the
theoretical prediction.
Later, the ORR activity of 2D h-BN supported on various

transition metal substrates was theoretically investigated by Koitz
and co-workers263. Their calculations suggested significant influ-
ence of metal substrate on the reaction energetics for the
supported h-BN monolayer. Monolayer h-BN on Cu(111) surface
has high activity for ORR electrocatalysis with an overpotential of
0.34 V, comparable to that on Pt(111). For Co(0001) and Ni(111)
substrates, binding of OH* species on the supported h-BN
monolayer is over-strong, which impedes efficient ORR.
Boron nitride nanotubes encapsulating transition metals

provide another kind of model systems for investigating the
effects of both metal filling and curvature of BN surface on the
activity. Actually, BNNTs stuffed with guest molecules, clusters,
and nanowires of transition metals (Fe, Co, Ni, Cu), noble metals
(Ag, Au, Pt, Pd), and post-transition metals (Al, In) have been
widely synthesized in laboratory264–267. By DFT calculations, Zhou
et al. predicted that encapsulating early transition metal (such as
Ti, Zr, V, Cr, and Sc) nanowires into single-wall BNNTs can induce
activity of the surface B atoms for N2 fixation (Fig. 9a)268. The
activity originates from the strong electronic coupling between
BNNT and the metal filler. The metal nanowires donate electrons
to BNNT, which destructs the π conjugation of BN network and
liberate the pz orbitals of B atoms. The partial occupancy of B pz
orbitals enables donation and back-donation of electrons with N2

molecule (Fig. 9b), such that N2 can chemisorb on the two
neighboring B atoms in the side-on configuration (Fig. 9c). The
adsorption strength of N2 is related to the energy level and
occupancy of B pz orbitals, which can be controlled by the type of
metal filler and the diameter of nanotube. By microkinetic
modeling, the Ti encapsulated BNNT with a diameter about
1 nm was predicted to have the maximal turnover frequency for
NH3 production, with the energy diagrams and reaction pathways
of N2 hydrogenation on Ti/BNNTs presented in Fig. 9g. The
electronic structure-activity relationship of the metal-encapsulated
BNNTs can be described by their work function (Fig. 9d, e), which
reflects the pz orbital level of B atoms, as the DOS emerging at the
Fermi level upon metal encapsulation are mainly from the B pz
states (Fig. 9f). The encapsulated BNNTs with smaller work
function have the Fermi level closer to the π* state of N2, and
thus donate electrons to N2 more readily and provide stronger
binding with N2. Such correlation can be regarded as another form
of the “p band model” proposed for the carbon-based hybrid
catalysts described in the section “Hybrid catalysts of graphitic
carbon and transition metal-based materials”, suggesting a
general rule for regulating the activity of non-metal materials by
steering their p orbitals.

Embedding transition metal atom or cluster into BN nanocage
can also activate the surface B atoms. Yang et al. proposed to
encapsulate a B36N36 nanocage with a transition metal tetramer
(M4) for solar-driven N2 fixation and considered a series of early
and middle transition metal elements, including Sc, Ti, V, Cr, Y, Zr,
Nb, Mo, Hf, Ta, and W269. Similar to the metal-filled BNNTs, the
electron transfer from the M4 cluster to the B36N36 nanocage leads
to partial filling of B p orbitals, and endows the B atoms with
strong binding capability with N2 molecule. Mo4@B36N36 was
found to have the highest activity for N2 reduction, with an onset
potential of −0.19 V. In addition, metal encapsulation of B36N36

nanocage leads to broad-band light absorption in the ultraviolet,
visible and infrared regimes, owing to the large number of
excitation states induced by the metal filler. Therefore, the
encapsulated B36N36 nanocages may harvest a large portion of
sunlight to further promote the NRR catalysis.
Besides mixing with transition metals, the edges and defects of

BN nanostructures were created to trigger activity in laboratory.
Zhang et al. synthesized h-BN nanosheets by liquid exfoliation of
bulk h-BN powders270. In the acidic solution, the h-BN nanosheets
were able to electrocatalyze NRR at ambient condition attaining a
high NH3 formation rate of 22.4 μg h−1 mgcat.−1 and a high
Faradaic efficiency of 4.7% at −0.75 V, with excellent stability and
durability. The HRTEM image showed that the (100) surface of h-
BN nanosheets is exposed, which corresponds to the zigzag edge
of the layered structure. According to DFT calculations, the
unsaturated B atoms at the zigzag edge of h-BN sheet can strongly
adsorb N2 molecule, and promote NRR under the distal and
enzymatic dissociative pathways involving an energy step of
0.60 eV. Mesoporous BN and defective BN nanosheets have also
been reported to exhibit strong long-term electrochemical
durability and excellent electrocatalytic activity for NRR owing to
the more abundant exposed active sites271,272.
The catalytic mechanism of 2D h-BN edges for NRR has been

further addressed by Lee et al. from the theoretical point of
view273. They showed that the zigzag edge of h-BN monolayer,
when the exposed B atoms at the edge are hydrogenated, can
promote N2 hydrogenation for NH3 production. The H functional
group induces local conversion between sp2 B and sp3 B sites at
the edge, which facilitates the hydrogenation of N2. By
microkinetic modeling, the NH3 yield at a temperature of 1500 K
was estimated to be 6.6 μg h−1 mghBN−1 for h-BN nanoribbons
with a width of 2 nm. Decoration of h-BN edge with single B atom
can also induce activity for NRR. Mao et al. showed that a single B
atom anchored at both zigzag and armchair edges can act as the
reaction center for NRR electrocatalysis, with an overpotential of
only 0.13 V under the distal pathway274. As a unique advantage,
the zigzag edge decorated by B atoms provides strong binding
with N2 but weak binding with NH3, with the adsorption energy of
−1.25 and −0.35 eV, respectively. As a result, the NH3 product can
be readily released from the catalyst, which would be beneficial
for the durability and stability of the electrocatalysts.
Inspired by the promising catalytic performance of BN-based

materials, the electrochemical activities of BP and boron arsenide
(BAs) have also been explored. Using DFT calculations, Chen et al.
investigated different surfaces of cubic BP and BAs for NRR,
including (100), (110), and (111) facets275. They showed that
B-terminated (111) polar surfaces of BP and BAs exhibit prominent
electronic states near the Fermi level. Each surface B atom forms
three covalent bonds with the neighboring P or As atoms, leaving
one empty orbital and thus enabling the donation and back-
donation with N2 molecule. As a result, the (111) surface of BP and
BAs provides strong binding with N2 and can effectively reduce it
to NH3 via the enzymatic pathway with low limiting potentials of
−0.12 and −0.31 V, respectively. Meanwhile, the undesired HER
side reaction is inhibited on these B-rich surfaces.
On the experimental aspect, boron phosphide has been indeed

exploited for energy conversion. Mou et al. fabricated BP
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nanoparticles of cubic phase, which exhibit high activity and
selectivity for electro-reduction of CO2 to CH3OH, with a Faradaic
efficiency of 92.0% at −0.5 V and a CH3OH yield rate of 127.5 μg
h−1 mgcat.−1 at −0.6 V276. Their DFT calculations revealed that CO2

molecule is strongly adsorbed on the exposed B atoms on BP(111)
surface, with an adsorption free energy of −1.38 eV. The rate-
determining step for CO2 reduction to CH3OH is the protonation
of OH* to form adsorbed H2O* species, involving an energy step of
1.36 eV in the free energy diagram. Charge analysis suggested that
the interior P atoms donate electrons to the surface B atoms,

thereby synergistically promoting the CO2 activation and
reduction.
Apart from BN and BP nanostructures, 2D boron carbonitride

(BCN) and 2D COFs are also possible forms of boron-containing
materials with certain activity. Liu et al. prepared B-rich COFs and
achieved high NRR activity with a Faradaic efficiency of 45.43%
through electrochemical excitation277. Combining experimental
characterization and DFT simulations, they disclosed that the B
atoms in COFs serve as the active sites for N2 fixation. In particular,
the COFs undergo an evident transformation from the crystalline

Fig. 9 Metal-encapsulated boron nitrogen nanotubes for NRR. a Side-view and top-view structures of Ti encapsulated BNNTs with various
tube diameters. b Mechanism of activation of BNNTs by metal encapsulation for N2 fixation. c Differential charge density distributions of Ti/(8,
8) BNNT and a N2 molecule chemisorbed on it. d Work function and e charge transfer (CT) from metal nanowire to each B atom in BNNTs as a
function of N2 adsorption energy (ΔEN2*) for Ti/(n, n) BNNT as well as bulk Ti/h-BN heterostructure. f DOS of a free N2 molecule (top panel),
PDOS of B atoms in Ti/(8, 8) BNNT (middle panel), and LDOS of B and N atoms in Ti/(8, 8) BNNT (bottom panel). g Energy diagram of N2-to-NH3
conversion on Ti/(8, 8) BNNT, Ti/(9, 9) BNNT, and bulk Ti/h-BN heterostructure (imaged are reproduced with permission from ref. 268,
Copyright© American Chemical Society 2019).
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to amorphous phase under the electrochemical process. Such
reconstruction further facilitates N2 diffusion and adsorption in the
catalyst. Taking advantage of the “Lewis acid” character of boron,
a series of BCN materials were designed and synthesized by
Chang and co-workers278. Their DFT calculations indicated that the
B atoms in BCN are more likely to lose electrons to the adjacent N
and C atoms, forming local electron-deficient environment and
thus offering a strong binding site for a Lewis base (N2). Therefore,
by adjusting the B:N ratio, the “Lewis acid catalysis” sites can be
tuned, and a high-performance B-enriched BCN electrocatalyst
was obtained with a high NH3 yield of −41.9 μg h−1 mgcat.−1 and a
Faradaic efficiency of 9.87%. All these experimental and theore-
tical studies shed light on utilizing the abundant and inexpensive
boron compound nanomaterials for electro-, photo-, and thermal
catalysis, and provide essential physical insights for precisely
tailoring their activities by band structure engineering.

Transition metal borides nanostructures
Transition metal borides remain exotic for scientists due to their
relatively difficult synthesis compared with other transition metal
compounds, such as transition metal oxides, carbides, and
chalcogenides. The unique bonding nature between metal and
B atoms renders transition metal borides a huge compositional
and structural diversity279. With recent progress in synthesis
technology, rich forms of transition metal boride nanomaterials
have been obtained, showing great promise for energy conver-
sion, such as electrochemical NRR and water splitting280,281. By
choosing proper transition metal elements in metal borides or
adjusting the atomic ratio of bimetal borides, the activity can be
optimized, indicating the key role of metal species in the
catalysis282,283. Intriguingly, the presence of B atoms also notably
affects the electrochemical performance of these transition metal
compounds. For instance, the HER activity of different phases of
molybdenum borides (Mo2B, α-MoB, β-MoB, and MoB2) have been
compared in the experiment, showing strong dependency on the
B content284. The B-rich MoB2 and β-MoB were found to have the
highest activity in the acidic solution, while Mo-rich Mo2B showed
the lowest activity for HER. Nickel borides and cobalt borides with
different B contents have also been considered for HER
electrocatalysis285. The NiB and CoB0.71 with high B content were
found to exhibit the lowest HER overpotential in the alkaline
medium. These experimental observations signify the intrinsic
activity for both metal and B atoms, and thus have attracted many
theoretical efforts for mechanistic understanding.
Liu et al. performed a mechanistic study on the activity of a

series transition metal borides for NRR electrocatalysis286. Using
DFT calculations, they examined B-terminated (001) surfaces of
Mo2B, α-MoB, and MoB2, and confirmed the stability of these B
exposed surfaces (Fig. 10a). Mo2B was found to have a unique
surface structure with isolated B atoms embedded in the lattice
without bonding with the neighboring B atoms on the surface
(Fig. 10b). The isolated B site endows Mo2B the highest NRR
activity among different molybdenum borides, with a limiting
potential of −0.82 V. This concept of isolated B sites can be
extended to the other transition metal borides (M2B, M= Ti, Cr,
Mn, Fe, Co, Ni, Ta, and W), among which Fe2B and Co2B with the
same surface structures were also screened with relatively low
limiting potential of −0.75 and −0.84 V for NRR, respectively (Fig.
10d). Electronic structure analysis revealed that the filling degree
of pz-orbital of B active sites in the transition metal borides
governs the N2 adsorption strength (Fig. 10c). When B pz orbital is
less filled (as in the case of Mo2B), N2 binding is stronger and N≡N
triple bonding is weaker.
In another theoretical study, Qin et al. proposed that transition

metal diborides, such as TiB2, VB2, and NbB2, have superior activity
and selectivity for N2 electro-reduction287. The reduction process
occurs via the associative or dissociative Heyrovsky mechanism.

VB2 was predicted to be the most efficient electrocatalyst with a
low limiting reaction energy of 0.28 eV. Then, ZrB2 nanocubes with
layered structures have been synthesized in the experiment,
which achieve attractive NRR performance with a NH3 yield of
37.7 μg h−1 mg−1 and a Faradaic efficiency 18.2% at −0.3 V282.
Their DFT calculations revealed that the surface Zr centers enable
effective activation of N2 molecule via a unique tetranuclear side-
on mode, which lowers the reaction energy barrier and
concurrently impedes the undesired HER by restricting H*
adsorption. Besides, amorphous FeB2 and NiFeB nanosheets have
been reported to exhibit outstanding performance for electro-
catalysis of NRR283,288. The activity can be effectively modulated
by adjusting the morphology and chemical composition of the
metal borides.
The 2D form of transition metal borides, namely MBenes,

provide an excellent platform for understanding the fundamental
rule for activity tuning of boride materials, owing to their
outstanding electrical conductivity, high stability, and well-
defined surface structures without termination by functional
groups as indicated by experimental characterization289. So far, a
variety of stable phases of MBenes with different chemical
compositions and structural patterns have been predicted, and
some of them have been realized in laboratory. Both metal and B
atoms can be exposed on the MBene surfaces, thus offering the
opportunity for clarifying the impacts of metal and B sites on the
catalytic performance. Yang et al. systematically explored the NRR
electrochemical activity of ten kinds of MBenes by DFT calcula-
tions (Fig. 10e)290. The outstanding stability of MBenes in the
aqueous solution at room temperature was confirmed by AIMD
simulations. Both metal and B exposed surfaces of MBenes
provide strong binding with N2 molecule and can effectively
suppress the HER side reaction. In particular, OsB2, FeB2, and RuB2
with B exposed surfaces exhibit superior NRR activity compared to
the metal active sites, having much lower onset potentials of
−0.03 to −0.26 V. The co-existed B and metal atoms both carrying
occupied and unoccupied p/d states cooperatively serve as
electron reservoirs with large adaptability to interact with the
reaction intermediates. The total number of empty p orbitals of B
atoms and empty d orbitals of metal atoms in MBenes follow a
volcano relation with the NRR onset potential. In addition, the N2

binding strength and onset potential show an approximately
linear relationship with the work function of MBenes (Fig. 10f),
which actually reflects the frontier orbital levels of the surface
atoms of MBenes as they dominate the DOS near the Fermi level.
Overall, MBene with larger work function exhibits weaker binding
capability with N2 and lower NRR onset potential. Therefore, these
established electronic structure-activity relations provide an
important clue for optimizing the NRR activity of MBenes by
choosing appropriate chemical composition and work function.
The electrocatalytic properties of MBenes for NRR have also

been theoretically investigated by Guo et al.291. The advantages of
high NRR activity and unique selectivity against HER were also
confirmed for 16 kinds of MBenes, which mainly have the metal
exposed surfaces as the active sites. Moreover, the surface
Pourbaix diagram suggested that these MBene surfaces, once
covered by O* and OH* oxygenated species, can be reduced to
H2O under the reaction conditions. Thus, MBenes with the
antioxidation nature may hold great promise for pH-universal
electrocatalysis of NRR for NH3 production.
To summarize this section, boron is of great interest for catalysis

owing to its electron-deficiency nature and thus the capability to
carry both filled and empty orbitals that can mimic transition
metal d orbitals. Boron in the forms of dispersed atoms, elemental
2D sheets, and compound nanostructures possess superior activity
for various energy conversion processes. Even the intrinsically
inert boron nitride sheets and nanotubes can be effectively
activated by mixing with transition metals. In particular, the
presence of empty or partially filled p orbital of B atom endows it
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the specialty for electron donation and back-donation with N2

molecule and hence unique activity for N2 fixation. The orbital
energy level and filling degree of B p orbitals generally determine
the activity, such that some relevant descriptors can be identified
to guide the experimental optimization of the performance of
these non-metal catalysts.

PHOSPHORUS-BASED CATALYSTS
Phosphorus, an abundant element in earth crust, has also attracted
interest for heterogenous catalysis. Phosphorus in the form of
ligands, molecules, elementary, and compound materials have
been widely adopted for various chemical reactions292–294. Doping
or alloying P into some known catalysts can effectively improve the
performance, signifying the intrinsic activity of P atoms in certain
valence states and coordination environments295–297. In this
session, we will focus on 2D black phosphorus and transition
metal phosphides, as they have been demonstrated as promising
electro- and photo-catalysts for energy conversion. Their well-
defined geometries and surface structures provide the opportunity
for understanding the active sites and catalytic mechanism in the
P-containing materials, and disclosing the governing rule of the

activity of P atoms in various elementary and compound
nanostructures.

2D black phosphorus-based catalysts
Monolayer black phosphorus, namely phosphorene, is an easily
accessible 2D semiconductor with moderate band gap, high
carrier mobility, and strong visible light absorption, all of which are
precious merits for photocatalysis. However, the band edge
position of VBM of phosphorene is higher than the redox potential
of H2O/O2 for water splitting, and thus the photoexcited hole
carriers do not have sufficient oxidation power for OER. As a result,
phosphorene can only be used as the photocathode for HER in
solar water splitting cell. Meanwhile, the basal plane of pristine
phosphorene lacks the activity to interact with the environmental
gas molecules such as H2, N2, and CO2, although phosphorene
usually suffers from oxidation in the ambient condition. Therefore,
modification of phosphorene to tailor both electronic band
structure and surface reactivity is desired to achieve high photo
(electro)catalytic performance.
Numerous strategies for manipulating the electronic band

structure of phosphorene have been proposed in theory,
including heteroatom doping, strain engineering, creation of
defects and edges, chemical functionalization, and construction of

Fig. 10 Transition metal borides for NRR. a Crystal structures of Mo2B, α-MoB, and MoB2. b Charge density difference of end-on N2
adsorption on Mo2B. c PDOS and schematic illustrations of B orbitals of molybdenum borides, π*-orbitals of the N2 gas molecule, and their
interactions with Mo2B. d Relationship between the filling of B pz-orbital and the adsorption energy of *NNH (a–d are reproduced with
permission from ref. 286, Copyright© American Chemical Society 2020). e Structural prototypes of MBenes. f NRR onset potential vs. N2
adsorption energy and work function on MBenes (e, f are reproduced with permission from ref. 290, Copyright© The Royal Society of
Chemistry 2020).

S. Zhou et al.

23

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2021)   186 



heterojunctions, such that its band gap and band edge positions
can be effectively modulated to the desired ranges suitable for
photocatalysis298–302. On the experimental aspect, high-efficiency
photocatalysis of HER and NRR based on phosphorene nanosheets
have been realized, with an H2 evolution rate of 512 μmol h−1 g−1,
and a NH3 yield rate of 102.4 μg h−1 mgcat.−1 and a Faradaic
efficiency of 23.3% at −0.4 V, respectively303,304. Partial oxidation
and incorporation of edges of crystalline domains in phosphorene
were adopted to enhance the photocatalytic efficiency for HER
and NRR, respectively305,306. Moreover, phosphorene can act as a
co-catalyst to boost the photogenerated carrier separation and
transfer at the heterojunction. A series of hybrid materials of
phosphorene with CdS, ZnS, CoP, and g-C3N4 have been
synthesized and exhibit outstanding performance for photocata-
lysis of HER and NRR307–310.
Electrocatalysis of OER based on phosphorene has also been

widely achieved311. It was shown that few-layer phosphorene
nanosheets prepared by liquid exfoliation exhibit preferable
electrocatalytic OER activity and structural robustness with onset
potential and Tafel slope of 1.45 V and 88mV dec−1, respectively.
Interestingly, reduction in the thickness of phosphorene
nanosheets compliments to the OER activity, which may be
ascribed to extra active sites and enlarged specific surface area312.
Furthermore, Prasannachandran et al. synthesized phosphorene
quantum dots with in situ surface functionalization by
N-containing groups, and they obtained efficient and stable
electrocatalytic activity for OER with an overpotential of 1.66 V at
10mA cm−2 and a low Tafel slope of 48 mV dec−1. They attributed
the improved OER performance to the charge separation induced
by the N-containing functional groups, which in turn is resulted
from the electronegativity difference between P and N atoms,
leading to the enhanced adsorption of OH species on the P
atoms313.
The mechanism for creating active sites in phosphorene has been

explored from the theoretical point of view. Zhang et al. disclosed
the role of vacancies and edges in phosphorene on the HER
activity314. According to their DFT calculations, the odd-sized
vacancies like monovacancy and trivacancy provide enhanced
and optimized H* binding strength for HER electrocatalysis with
ΔGH*= –0.02–0.14 eV and 0.07–0.11 eV, respectively. The active sites
are the nearest neighbors of the dangling atom. In contrast, the
divacancy in phosphorene is fully passivated with all atoms having
a coordination number of three, and thus the defective phosphor-
ene has weak H* binding with ΔGH*= 0.69–1.45 eV, similar to that
of perfect phosphorene (ΔGH*= 1.25 eV). Electronic structure
analysis showed that the monovacancy induces spin splitting and
gives rise to a singly occupied defect level, which is responsible for
the HER activity, while for the case of divacancy, there is no
dangling state in the band gap. Moreover, the phosphorene edge
also exhibits HER activity owing to the empty edge states highly
localized at the unpassivated edge atoms. Along the ribbon width
direction, the ΔGH* value decreases gradually as the H* adsorption
site gets closer to the phosphorene edge, and it reaches –0.02 eV
when the H* species is adsorbed on the edge P atom. The authors
suggested that the unique HER activity of phosphorene is attributed
to the favored H–P hybridization associated with local bond
distortions around the defects and partial compensation of the
localized defect states by the H* species, while similar atomic
vacancies in some other isostructural layered semiconducting
materials are inactive.
The effect of oxygen functionalization on the OER and ORR

activity of phosphorene has been theoretically explored by Feng
et al.315. They showed that the pristine phosphorene provides too
strong binding with the oxygenated intermediates involved in
OER and ORR, while by oxidation functionalization, the binding
capability of phosphorene can be effectively tuned to improve the
electrocatalytic performance for OER and ORR. Specifically, the
authors examined the phosphorene structures with different

oxidation degrees and configurations, and disclosed the variation
behavior of OER/ORR overpotential as a function of the local
oxidation degree of phosphorene (DO local). With the increase of
DO local, the activity first decreases and then increases, with the
lowest ORR overpotential of 0.69 V achieved at a partially oxidized
state (DO local= 3.4), while the highest oxidation state with a
chemical composition of P2O5 yields the lowest OER overpotential
of 0.70 V.
Hybridization of phosphorene with other 2D materials such as

MXene, N-doped graphene, and MoS2 can effectively enhance the
electrocatalytic activity for water splitting316. Zhu et al. fabricated
black phosphorus quantum dots on Ti3C2 MXene nanosheets,
which exhibit remarkable bifunctional activity for HER and OER in
the alkaline media317. The overpotential is 360mV with a Tafel
slope of 64.3 mV dec−1 for OER, and the overpotential is 190mV
for HER with a Tafel slope of 83.0 mV dec−1 for HER, significantly
lower than those of their individual components and competitive
to the commercialized RuO2 or Pt/C electrocatalysts. It was
suggested that the role of MXene substrate lies in the confine-
ment of the black phosphorus quantum dots to prevent them
from aggregation, and to provide excellent electrical conductivity.
Moreover, their DFT model calculations revealed that the coupling
between MXene and black phosphorus quantum dot endows the
interfacial P atoms with HER activity (ΔGH*=−0.17 eV) and strong
adsorption with H2O molecule (adsorption energy of −1.01 eV)
that benefits OER. Yuan et al. coupled ultrathin black phosphorus
with N-doped graphene for water electrolysis318. Due to the lower
Fermi level of black phosphorus relative to N-doped graphene,
their electronic interaction induces directional interfacial electron
transfer, leading to enriched electron density on the black
phosphorus sheet and positive charge density on the graphitic
layer. DFT calculations showed that such electron redistribution
results in enhanced H* binding on black phosphorus with ΔGH*=
0.1 eV. Meanwhile, the positively charged C sites on N-doped
graphene promote the formation of OOH* intermediate with a
reduced energy step of 0.43 eV for OER, compared with 0.51 eV for
standalone N-doped graphene. This synergistic effect leads to a
low cell voltage of 1.54 V at 10 mA cm−2 by using such non-metal
nanohybrids as anode and cathode, which is even smaller than
that of the costly integrated Pt/C@RuO2 system (1.60 V).
Since P atom is isoelectronic to N atom with three electrons in

the valence p orbitals, the synthetic phosphorene nanosheets,
which inevitably present large number of defects during the
exfoliation process, should be a potential electrocatalyst for NRR.
As a proof of concept, Zhang et al. prepared few-layer black
phosphorus nanosheets and achieved a Faradaic efficiency and a
production rate for NRR in the acidic aqueous solution as high as
5.07% and 31.37 μg h−1 mgcat.−1 at –0.7 V, respectively319. By DFT
calculations, the authors unveiled that the zigzag edge of
phosphorene has a non-localized and asymmetric electron
distribution, which are beneficial for N2 adsorption. An alternating
hydrogenation pathway in the association mechanism is most
efficient for NRR at the zigzag sites, involving a limiting potential
of 0.85 V.
The photocatalytic behavior of defective phosphorene has been

investigated by Pei et al.320 in terms of chemical reactivity, optical
absorption, and photocarrier dynamics using DFT calculations and
time-dependent ab initio nonadiabatic molecular dynamics
(NAMD) simulations321. The effects of various point defects in
phosphorene were examined, and the double vacancy consisting
of pentagon and octagon rings denoted as the (5|8|5) defect
exhibits the best photocatalytic performance (Fig. 11a). In
particular, chemisorption of N2 molecule on the phosphorene
defects is endothermic, with positive adsorption energies of
0.25–1.86 eV. Nevertheless, the defects provide a metastable state
for N2 adsorption, in which the N≡N triple bond is considerably
weakened as indicated by the elongated N–N bond length to
1.25–1.46 Å from 1.11 Å in the free N2 molecule. Further
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dissociation of N2 molecule on the phosphorene defects has to
overcome kinetic barriers of 0.15–1.92 eV (Fig. 11c). The (5|8|5)
double vacancy is most reactive to bind and dissociate N2

molecule (Fig. 11b), and the following hydrogenation reaction
toward NH3 production is energetically favorable with a limiting
potential of only 0.28 V under the distal pathway. Similar to the
other non-metal catalysts discussed in the previous sections, the
distinct activity of various defects in phosphorene is determined
by the frontier orbital level of P atoms at the defective region,
which dominates the charge donation and back-donation with N2

(Fig. 11d). Again, the aforementioned “p band model” in the
section “Hybrid catalysts of graphitic carbon and transition metal-
based materials” is applicable for defective phosphorene, i.e., the
N2 adsorption energy shows an approximate linear relationship
with the p-band center of P atoms (calculated by Eq. (6)). As the π*
antibonding orbital of N2 locates below the Fermi level of
defective phosphorene, a deeper p-band center of P atoms leads
to stronger interaction with N2 (Fig. 11e). Meanwhile, the presence
of vacancy defects not only retains the semiconducting character
of phosphorene, but also widens the band gap by 0.1–0.2 eV, such

that the band edge positions of defective phosphorene straddle
the NRR redox potentials to endow the photoexcited carriers with
sufficient reduction and oxidation power (Fig. 11f). The light
absorption in the visible regime is also notably enhanced by the
defects (Fig. 11g). In addition, NAMD simulations revealed that the
relaxation of photoexcited electrons to the bottom conduction
band at the defective region occurs rapidly in a characteristic time
of 491 fs, while the electron-hole recombination is much slower
and retarded compared with perfect phosphorene due to the
increase of band gap (Fig. 11h). These theoretical results provide
essential knowledge for activating the basal plane of phosphorene
and optimizing both photocarrier dynamics and catalytic activity
for high-efficiency solar energy conversion.

Transition metal phosphides
As an important category of transition metal compounds,
transition metal phosphides have been demonstrated to be
promising electrocatalysts to replace Pt for hydrogen fuel
production via water splitting, owing to their easy synthesis, low

Fig. 11 Mechanism and carrier dynamics of N2 fixation on defective black phosphorene. a Schematic illustration of N2 fixation on the
defective black phosphorene. b Transition states and c kinetic barriers of N2 dissociation on defective phosphorene. d Orbital interaction
between absorbed N2 molecule and DV-(5 | 8 | 5) of black phosphorene. e The p orbital centers of defective phosphorene as a function of the
adsorption energy of N2. f Band edge positions with respect to the redox potentials of NRR and g optical absorption spectra of various
defective phosphorene. h Time-dependent averaged energy evolution (blue dashed lines) of hot electron relaxation and recombination in DV-
(5|8|5) of black phosphorene calculated by using the fewest switches surface hopping and decoherence induced surface hopping methods,
respectively (images are adapted from ref. 320, Copyright© The Royal Society of Chemistry 2020).

S. Zhou et al.

25

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2021)   186 



cost, and excellent activity. Transition metal phosphides exhibit a
vast range of chemical compositions322. The mostly adopted ones
for HER electrocatalysis include molybdenum phosphides (e.g.,
MoP, Mo3P, MoP2)323–327, nickel phosphides (e.g., NiP2, Ni5P4, Ni2P,
Ni3P)328–332, cobalt and iron phosphides (e.g., CoP, FeP, Co2P,
Fe2P)333–336, and their alloys337–340. In these compounds,
the surface exposed metal atoms are typically considered as
the reaction centers, while the high stability of P-terminated
surface and the role of P atoms on the electrocatalytic process are
drawing great attentions.
Kibsgaard et al. combined DFT calculations and experimental

characterization to design transition metal phosphides with
optimal H* binding strength for HER electrocatalysis341. They
examined various phosphides with different exposed surfaces,
and considered possible binding sites for H* species such as the
metal site, P site, and the bridge site between metal and P atoms.
Several phosphide surfaces with high HER activity were compu-
tationally screened, including MoP(001), FeP(011), Fe2P(100), CoP
(101), Co2P(101), and Ni2P(001). Different reaction sites of these
systems all occupy a narrow range at the top of the volcano plot,
signifying their excellent intrinsic activity, although there is no
clear trend of activity with respect to the material constituents.
Based on the volcano plot, in which CoP and FeP lie almost
equally far apart on the opposite legs of the volcano, iron cobalt
alloy phosphide was predicted to have optimal HER performance.

By calculating ΔGH* for the alloyed phosphides with different Fe:
Co ratios, the Fe0.5Co0.5P(101) surface was identified to have the
highest activity with ΔGH*= 0.004 eV, which was then verified by
the experimental measurement.
The surface termination and reconstruction of nickel phos-

phides as well as the active role of P atoms during the
electrochemical processes have been thoroughly investigated
using DFT calculations by Wexler et al.342. They found that the
surface P content on Ni2P(0001) depends on the external
electrode potential, i.e., at −0.21 V ≥ U ≥−0.36 V versus the
standard hydrogen electrode and pH= 0, and a PHx-enriched
Ni3P2 termination is most stable for Ni2P(0001), while beyond this
potential range, the Ni3P2 surface is passivated by H at the Ni3-
hollow sites. In contrast, Ni5P4(0001) does not favor the P adlayer
on the surface; instead a Ni4P3 bulk termination passivated by H at
both Ni3 and P3-hollow sites is most stable (Fig. 12a–d). As a result,
the Ni5P4(0001) surface with Ni4P3 termination has the lowest
overpotential of −0.16 V for HER electrocatalysis (Fig. 12e), owing
to the abundant P3-hollow sites that provide optimal H* binding.
Ni2P(0001) with Ni3P2 termination and a P adlayer has a higher
overpotential of −0.21 V (Fig. 12f), with the P adatoms serving as
the reaction centers. These theoretical results explained the trend
of activity between Ni5P4 and Ni2P observed in the experiment.
The authors emphasized that the structural flexibility of P, i.e., the
capability to form either adlayer or in-plane clusters (P3-hollow

Fig. 12 HER on transition metal phosphides. a Surface phase diagram of Ni2P(0001). b–d The evolution of the surface through adsorption
−desorption equilibrium of P. P dissolves off the surface as phosphates. e, f Free energy of intermediates in the HER for Ni2P(0001) and
Ni5P4(0001), respectively (a–f are reproduced with permission from ref. 342, Copyright© American Chemical Society 2017). g The H* adsorption
free energy as a function of H* coverage (nH) for the three stable Ni3P(001) surfaces on h Ni3P(s)/Ni4P4 (left) and i Ni3P(s)/Ni4P4+VNi+P (right)
(reproduced with permission from ref. 351, Copyright© American Chemical Society 2018).
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site) on the surface of transition metal phosphides, plays a key role
in the outstanding activity of these compound materials for HER
electrocatalysis.
Experimental evidence for P atoms as the active sites in the

transition metal phosphide electrocatalysts was provided by
Laursen et al.331. They synthesized single-phase Ni3P crystallites,
which exhibit high HER activity (only slightly lower than that of
Ni5P4 and Pt) and high corrosion tolerance in both acid and alkali
despite its low P content. Electrochemical studies revealed that
poisoning of surface Ni sites does not block HER catalysis in the
Ni3P crystallites, indicating that the surface P atoms are the active
sites (Fig. 12g, h). Their DFT calculations suggested that the Ni3P
(001) surface, which is the dominantly exposed surface observed
in the experiment, undergoes reconstruction that strongly favors P
enrichment to form the Ni4P4 termination. Such P-enriched (001)
surface of Ni3P is highly active for HER electrocatalysis, providing
nearly thermoneutral H* binding (ΔGH*= 0.04 eV). The P adatoms
on such reconstructed surface are the active sites, and they show
lower overpotentials than any of the possible sites on other
terminations of the Ni3P(001) surface.
As chemical doping of nickel phosphides has been widely

demonstrated in the experiment to improve their activity for HER
electrocatalysis343–346, the underlying mechanism of doping effect
has been explored by Partanen et al. from the theoretical point of
view347. By examining Ni2P doped by Mg, Mo, Fe, Co, V, and Cu,
their DFT calculations showed that for Ni2P(0001) with Ni3P2
termination, heteroatom doping would weaken the H* binding at
the Ni3-hollow sites and improve the HER activity. The Co and Fe
doping may be more readily than the other transition metal
elements, while Cu doping is rather unlikely according to their
formation energies. The P-rich surface of Ni2P(0001) with Ni3P2
termination and P adlayer has inherently high activity for HER,
irrespective of the type of doping or the absence of doping. Each
surface P adatom can adsorb several H atoms, which can then
evolve into H2 spontaneously during structural optimization,
suggesting the high activity of the surface P atoms.
The P-rich surface and the associated high activity have also

been observed in the Rh2P electrocatalyst by Duan et al.348. They
fabricated Rh2P nanocubes dispersed on the carbon material with
high surface area, and obtained remarkable performance for both
HER and OER comparable to Pt/C and Rh/C electrocatalysts,
respectively. The annular dark-field scanning transmission electron
microscopy revealed a P-rich outermost atomic layer on the Rh2P
nanocubes, consistent with their DFT results on the surface
energies of P-terminated and Rh-terminated surfaces. Moreover,
their calculations showed that the Rh atoms on the Rh-terminated
surface exhibit too strong binding with H* species under all H
coverage. On the P-terminated surface, ΔGH* approaches zero as
the H coverage increases from 25 to 50%, demonstrating the vital
role of P atoms on the HER activity. On the other hand, the OER
activity is attributed to the instability of P-terminated surface in
the OER potential range in the acidic electrolyte, such that
dissolution of P atoms may promote the formation of oxidized
surface suitable for OER.
The HER activities of other transition metal phosphides have

also been examined in theory. Wang et al. investigated a series of
transition metal phosphides (MP) (M= Cr, Mn, Fe, Co, and Ni)
with the orthorhombic MnP-type structure (space group Pnma),
having the low surface-energy (101) facet exposed for electro-
catalysis349. The top sites of P atoms and the bridge sites between
metal and P atoms exhibit high activity, particularly for FeP, CoP,
and NiP, having |ΔGH*| below 0.2 eV and fast reaction kinetics with
small Tafel barriers. The magnetic properties can actually affect
the chemical activities, as spin polarization results in prominent
electronic states from the spin up channel in the vicinity of the
Fermi level, which mainly interact with H* species. Moreover,
creating metal defects on the MP surface can activate the P sites,
and the presence of P defects can also boost the HER activity at

the metal involved sites. In particular, M-deficit CrP, MnP, and NiP
would be more reactive than their pristine counterparts, while
P-deficit FeP, CoP, and NiP were found to have enhanced HER
performance due to either better catalytic activities or more
active sites.
It is also proposed the high valence transition metals can spread

their activity to the non-metal elements in the compound
materials. Wang et al. considered binary vanadium phosphorus
oxides (VPO) as a model catalyst for activation of n-butane350.
Their DFT calculations suggest that the V5+ species serve as
electron acceptors, while the V=O and P=O species can act as
proton acceptors to oxidize n-butane. The activity of P=O is
favored over V=O and depends on the separation of −OP−
chains from the V5+ species. Interestingly, the activities of different
P=O sites can be quantitatively related to the centers of P=O
lone-pair bands (εlp), which directly interact with H proton. The
non-metal oxides, even far away from the reducible transition
metal center, can have the ability to activate the C−H bond in n-
butane, suggesting the long-range interaction between metal and
non-metal sites.
In short, the above experimental and theoretical explorations

demonstrate the unique activity of P atoms in the transition metal
phosphides, and reveal their highly tunable electrocatalytic
properties by controlling the chemical compositions, exposed
facet, surface termination, doping, and defect engineering. Future
studies are necessary not only to unveil the explicit electronic
structure-activity relationships for various transition metal phos-
phides, but also to explore the interaction mechanism between P
and transition metal atoms to synergize different kinds of active
sites to meet the requirements of complex energy conversion
processes.

FUTURE AND OUTLOOK
The ever-growing demands in energy and alerts for global
warming have impelled the exploration of advanced strategies
to invent a green energy economy. This relies indispensably on
the development of high-performance and cost-effective
catalysts to replace the rare and precious metals for energy
conversion. During the past decade, numerous kinds of non-
metal nanostructures have been designed and synthesized in
laboratory, in which the p-block elements exhibit the transition-
metal-like reactivity. Remarkable performance has been widely
achieved in the graphitic carbon-based materials for electro-
catalysis of ORR, OER, and HER, silicon-based nanostructures for
CO2 photoreduction, boron nanosheets, and dispersed atoms as
well as black phosphorus nanosheets and heterostructures for
water splitting and NRR, and so on. Transition metal oxides,
borides, and phosphides have also been demonstrated as
promising substitutes for noble metal catalysts, with the surface
O, B, and P atoms playing an important role in the catalysis.
First-principles calculations help disclose the mechanisms for
activating the p orbitals of non-metal materials and illuminate
the structure-activity relationships. Remarkably, the occupancy
and energy level of the p orbitals have been found to govern
the binding properties of many non-metal systems. Analogous
to the d band theory for transition metals, a “p band model” has
been proposed to successfully explain the reactivity of C, Si, O,
B, and P elements in various low-dimensional forms. Nowadays,
commercial utilization of these new catalysts is still facing many
challenges, and requires future efforts from both theoretical
and experimental aspects, which should focus on the following
directions:

(1) Stability is the most important quality to be considered for
catalysts design. Especially for the unprecedented non-
metal nanomaterials, their stability under the realistic
reaction conditions has to be comprehensively assessed
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before exploration for chemical reactions. Exposure of
catalysts in the air, humidity, solvent solution, illumination,
and reaction adsorbates may induce surface oxidation,
reconstruction, irreversible structural deformation, and
activity degradation, which should not be overlooked
during the computational design. Meanwhile, advanced
techniques and strategies are required to fabricate the
predicted non-metal catalysts in laboratory and stabilize
them for practical uses.

(2) The temperature and pressure for thermal-driven reactions,
as well as the solvent effect and pH values for electro-
chemical processes greatly impact the catalysts’ perfor-
mance and have to be properly simulated in the
computational studies. Cooperation of in situ and/or
operando experimental techniques and theoretical model-
ing at relevant reaction conditions is necessary to under-
stand the nature of active sites and catalytic mechanisms for
non-metal elements, as well as to determine the optimal
reaction conditions to achieve the best catalytic perfor-
mance.

(3) Non-metal materials constitute a vast space for designing
photocatalysts for solar energy conversion. It is imperative
to elucidate the exact influence of different factors (such as
chemical reactivity and photo-electronic properties) on the
photocatalytic efficiency from both experimental and
theoretical aspects. Encouragingly, time-dependent ab initio
non-adiabatic molecular dynamics simulation offers a
powerful tool for modeling the dynamic properties of
excited carriers on a time scale up to nanoseconds.
Multiscale simulation of the photocarriers transport in
microseconds is necessary to access the photocatalytic
process occurring in the experimental characteristic time.

(4) Due to the different natures of p and d orbitals, the p-
block-based catalysis encounters unprecedented chal-
lenges, requiring abundant research efforts to rise to. In
contrast to transition metals with incompletely filled d
orbitals, the catalytic activity of p-block elements usually
arises from the partial occupancy of p orbitals, which
may not be described by a definite oxidation state and
hence is difficult to control in the experiment. Moreover,
the p band often extends to a wide energy range
compared to the localized d band. The energy and
profile of p bands may exhibit large discrepancies among
different p-block materials, such that they can hardly
obey a simple and universal model like the d band theory
for transition metals. It would be necessary to exploit
machine learning techniques to decode the recessive
structure-activity relationships for different kinds of p-
block materials.

(5) In many transition metal compounds and hybrid
materials, both transition metal atoms and p-block
elements play important roles in the catalysis. They
either act together as the reaction centers whose activity
are governed by the p-d orbital hybridization, or provide
individual active sites to cooperatively realize a bifunc-
tional or multifunctional catalytic process. Future work is
desired to explore the interaction between d-block and
p-block elements during energy conversion, and syner-
gize them to design new catalysts with more efficient
reaction pathways and breakthrough performance.

To conclude, non-metal materials for energy conversion still
present their own challenges. Nevertheless, the press need of
inexpensive and eco-friendly catalysts will motivate perpetual
exploration of p-block-element-mediated reactions, toward the
goal of using renewable energy to produce clean fuels and
chemicals, and ultimately to build a sustainable future.
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