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a b s t r a c t

Heterogeneous catalysis is a vivid branch of traditional catalysis field, with the advantage of high

efficiency and being easily separated from reactants and products after reaction, and have received

widespread attentions in large-scale industrial production, especially in the field of energy utilization.

Boron has been found to be a key functional component for designing high-performance heterogeneous

catalysts. In this review, we cover and categorize the past and recent progress in boron-containing ma-

terials and their applications in heterogeneous catalysis particularly in energy-related fields. The funda-

mental roles of boron components in the emerging heterogeneous catalysis of construction, regulation

and stabilization of active phases/sites are highlighted, with the emphasis on how they regulating struc-

tural and electronic properties of host materials. We then categorize boron-containing catalysts into six

kinds mainly including intermetallic boride catalysts, metal boride-derived catalysts, boron-doped cat-

alysts, metal boride-decorated catalysts, boron-containing compounds as catalyst supports, and single-

boron-site catalysts, as well as try to establish structure-catalytic activity relationship. The catalytic ap-

plications of these six boron-containing catalysts are discussed separately, focusing on the energy-related

reactions such as hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction

reaction (ORR), carbon dioxide reduction reaction (CO2RR) and nitrogen reduction reaction (NRR). Fi-

nally, the opportunities and challenges related to boron-containing compounds in the field of catalysis

are prospected.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Boron, the fifth element in the periodic table, neighbores with

carbon but displays quite different physical and chemical proper-

ties with it. Boron presents chemical properties similar to Si, Ge

and As, which are also located on the boundary line between met-

als and nonmetals and are all well-known as metalloid. Unlike

other elements in ⅢA group, boron with the electronic structure of

1s22s22p1 has unique medium electronegativity and electron de-

ficiency characteristics [1,2]. Often it utilizes all three of its va-

lence electrons to form covalent compounds in the form of BR3

(R= hydroxyl, alkoxyl, alkyl, halo, etc.) with sp2 hybridized orbitals

in many solid-state boron-containing materials [3,4]. The earliest

report on elemental boron was made by Humphry Davy in a lec-

ture in the Royal Institution in London in 1807 [5,6]. He shared

his new findings in experiment that “dark combustibles” matter
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would be obtained by the reduction of wet boric acid with electric

current. This is the primary understanding of element B. Naturally

occurring boron is widely distributed in the environment with a

crustal abundance of ca. 0.001% [7,8]. Although relatively uncom-

mon element as it belongs to, the distribution of element B is uni-

versal as it exists in all natural waters, like freshwater lakes and

rivers, soils and borate ores [9–11]. Meanwhile, boron is also a key

element in the formation of RNA and plant cell wall and has been

found to play important roles in the regulation of plant enzymes in

nitrogen fixation reaction. Boron was used in glass and detergent

production as early as 30 years ago. Nowadays it has been widely

employed in drug synthesis, organic light-emitting diode (OLED)

screen and solar cell preparation [12,13].

Dominated by the medium electronegativity and electron de-

ficient character of boron, the bonding states of boron element

are unusual and variable in all of its compounds [4,14]. In or-

ganic boron chemistry, boron center has always been considered

as electrophilic reagent until the synthesis of boryllithium salt to

serve as a strong nucleophilic reagent in 2006 [15]. This finding

https://doi.org/10.1016/j.cclet.2022.02.080
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Fig. 1. Summary of physicochemical parameters and significant event related to el-

ement boron.

flipped the 100 years history of boron chemistry upside down.

Boron even shows the characteristics of transition metal elements

and can effectively activate nitrogen in the boron-containing car-

bonyl compounds synthesized in 2018 [16]. In terms of inorganic

boron chemistry, boron can bond with almost all metal elements

to form metal borides, owning vast and complex chemical bond-

ing forms, including metallic metal-metal bond, metallic metal-

boron bond, ionic metal-boron bond, and covalent boron-boron

bond. Metal borides also show a variety of crystalline forms, up to

more than 150 kinds of crystal structures [17–19]. The diversity of

element composition, chemical bonding and crystal structure en-

dows metal borides with significant bulk phase properties [20,21].

For example, the superconductivity of MgB2 and the superhardness

effect of ReB2 are research hotspots in recent years. Nd2Fe14B is

an important rare earth permanent magnet material. TiB2 is ap-

plied to the manufacture of crucible and electrolytic cell electrodes

as anti-corrosion materials [22–26]. Metal hydrides, particularly

sodium borohydride, have emerged as preeminent reducing agent

that was capable of reducing most functional groups in organic

chemistry [27]. Efforts in scientific research promote rapid devel-

opment of boron chemistry, and eventually research in the field of

boron awarded the Nobel Prize. For example, William N. Lipscomb

won the Nobel Prize in 1976 for his research on the structure and

chemical bonds of borane [28]. At the same time, Brown discov-

ered a brand-new boron-containing compound, organoborane, an

important reagent in organic synthesis, and was rewarded the No-

bel Prize [29]. Suzuki shared the prize in 2010 for his finding of

palladium catalyzed cross coupling reaction for organic synthesis

by using boron as a new universal connector for carbon-carbon

bond formation [30].

Application of boron-containing compound in catalysis can be

dated up to1950s [17] and important information related to boron

element is summarized in Fig. 1. Nickel-based boride was found

to be a more efficient catalyst for the hydrogenation reaction than

the famous Raney nickel catalyst. Doping of small amount of boron

promoter in the crystal lattice of silver electrode was found to

be effective in improvement of the effectiveness of silver as an

oxidant catalyst in fuel cells [27,31]. However, in most cases vir-

tually nothing is known about mechanism or reactive interme-

Fig. 2. Schematic illustration of the six types of boron-containing catalysts.

diates, as well as progress on metal borides as catalytic mate-

rials has not been much developed [32,33]. Because most metal

borides involved in catalytic reactions are amorphous borides or

boron doped alloys, having merits of uncertainty of boron content,

randomness of boron distribution and the limitation of metal el-

ements involved. Moreover, limitations on the backward techni-

cal means at that time also hindered research on boron contain-

ing catalysts [4]. There are two main difficulties: (1) It is hard to

synthesize metal boride with definite crystal structure [34,35]; and

(2) electronic interaction between metal and boron atoms on cat-

alytic properties of material surface is poorly understood. However,

things are different today. Renaissance in boron chemistry is all

the more remarkable in rational design of boride catalysts and un-

derstanding on structure-activity relationships, as well as their ex-

citing catalytic properties are the primary driving force [36]. That

is benefiting from the advancement of characterization technology

which can analyze crystal structure and bonding style directly, the-

oretical calculations can rapidly forecast novel catalysts and reveal

the roles of B in promoting catalytic performance. Especially in

the recent five years, catalytic applications of B-containing com-

pound in energy-related fields, such as the hydrogen evolution re-

action (HER), oxygen reduction reaction (ORR), N2 reduction re-

action (NRR), and CO2 reduction reaction (CO2RR) have attracted

continuous attention and many novel B-containing catalysts were

reported [37–40].

In this review, we summarize recent investigations on the use

of boron in designing high-performance heterogeneous catalysts

(Fig. 2). We first briefly summarize three important functions of

B in the boron-containing catalysts, including constructing active

phase, regulating active species and stabilizing active sites. After

that, we give a thorough classification of catalysts that element

boron involved in discussing their bond styles and surface struc-

tures as well as the understanding process on them. In this sec-

tion, we investigate the role B plays in electronic structure and sur-

face adsorption capacity modulation for many key heterogeneous

catalytic reactions in energy conversion fields. Finally, we discuss

the future directions and challenges on the development of boron-

based catalysts.

2. Fundamental roles of boron components in catalysis

Boron-containing materials are widely used in the field of en-

ergy conversion and catalysis. In this section, the role of boron in

the material was summarized and reviewed on the main results

obtained so far in the literature.

2.1. Direct construction of catalytic active phases

Boron can combine with almost all metallic or metalloid ele-

ments to form intermetallic compounds, whose crystal structures
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are totally different from that of the constituent metal and boron

element [41,42]. Intermetallic borides have various compositions

and stoichiometries varying from M4B, M3B, M2B to MB4, MB6 and

MB12 [43,44]. They have subunits with isolated boron atoms, single

and double chains of boron and even three-dimensional array in

the metal atom lattice [27]. The electron-deficient merit and abun-

dant bonding modes of boron have endowed intermetallic borides

developed into a big family [45,46]. These intermetallic borides can

be used as catalysts to offer efficient active sites with multifar-

ious configurations toward numerous catalytic reactions. For ex-

ample, intermetallic borides such as RuB2, Pd2B, RhB, RuB were

found to be efficient electrocatalysts with Pt-like activities for HER

[47–51]. Their electrocatalytic activities are much higher than cor-

responding pure metal samples. Moreover, some precious-metal-

free intermetallic borides (e.g., MoB2, WB2) could exhibit high ac-

tivities toward HER [37,52]. Two dimensional borophene monolay-

ers existed in MoB2 was believed to endow borides high electri-

cal conductivity and activity due to the graphene like structures

of the subunits [53,54]. Chen et al. found that α-MoB2 compris-

ing borophene subunits can deliver large current densities in the

order of 1000 mA/cm2, demonstrating excellent catalytic stabil-

ity during HER [37]. Intermetallic borides are also helpful to con-

struct catalytic active phases for some reactions like NRR, OER and

ORR. The Liu Group theoretically investigated several molybdenum

boride catalysts (Mo2B, α-MoB and MoB2), and identified Mo2B

phase containing isolated B sites to be potential candidate for NRR

[55]. The M2B (M= Fe, Co, Ni) on metal sheets were highly active

phases to catalyze OER [56]. Sato’s theoretical modelling revealed

that B-doped Pd (Pd-B) weakens the absorption of ORR interme-

diates with nearly optimal binding energy by lowering the bar-

rier associated with O2 dissociation, suggesting that Pd-B should

be highly active for ORR [57].

The stability of intermetallic boride catalysts should also be

considered in catalytic process. For example, in intermetallic Pd-B

compounds, boron atoms would leach out from its position dur-

ing electro-catalyzing HER, leading to inactivation of the material

[58,59]. The leaching amount of B was found to be dependent on

the ordering of interstitial boron atom. Boron leached out more in

the disordered structure while less in an ordered structure. That

is to say, ordering of interstitial boron atoms helped keep struc-

tural and catalytic stability of borides [49]. Moreover, in some ox-

idation reactions like OER, intermetallic borides would experience

structural evolution [60,61]. For example, metal boride layers on

metal sheets were found to transform into metaborate modified

metal hydroxyl oxides, serving as the real catalytic active phase

[56,62,63]. The mechanism of boron leaching out and structural

evolution of intermetallic borides during some catalytic process

still maintain poorly understood and require continuous research

efforts.

2.2. Regulation of the properties of catalytic active phases

In addition to directly construct catalytic active phase, boron or

boron species can regulate the properties of catalysts through dop-

ing and surface modification. Doping boron atom into the metal

lattices of catalysts offers the possibility to tune the chemistry of

the host materials. As a light element with small atomic radius,

boron has long been known that it can penetrate into the inter-

stitial sites of noble metal lattices during synthesis and/or catal-

ysis easily [64,65]. Some studies have observed that the solubil-

ity, distribution and ordering of light elements in metal intersti-

tials will affect the lattice parameters, structural stability and other

bulk properties of host metal materials [66–68], and some stud-

ies have observed the influence on catalytic performance [69–71].

Introducing boron into metal lattices can trigger some interesting

electrochemical behaviors and boost the catalytic performances in

Fig. 3. (a) Schematic illustration of the synthesis process of the RhCoB aerogels. (b)

Schematic HER electrocatalysis process on RhCoB aerogels in an alkaline electrolyte.

Reproduced with permission [51]. Copyright 2020, Royal Society of Chemistry. (c) B-

doped Pd surface model. (d) Electrochemical performances of ORR catalysts, Pd–B,

Pd–N2H4 and Pd/C nanoparticles. Reproduced with permission [57]. Copyright 2016,

Wiley-VCH.

several processes. Rh and transition metal M (M=Co, Ni and Fe)

spongy aerogels incorporated with boron atoms can act as highly

efficient hydrogen evolution electrocatalyst, as illustrated in Figs.

3a and b [51]. Interstitial boron modification of palladium nanopar-

ticles (Figs. 3c and d) was found to lead a strong host-guest elec-

tronic interaction, which can catalyze hydrogenation process with

enhanced selectivity [57]. In another work, boron doping into pal-

ladium catalyst showed excellent catalytic performance towards

ORR by weakening the absorption of oxygen-containing interme-

diates and hence lowering the reaction barrier [38]. Though these

metal-B alloys exhibited improved catalytic activity/selectivity than

their metallic counterparts, there is still a lack of understanding on

the structure-activity relationship due to the small size, random

distribution and low content of boron in metal lattices. Accurate

synthesis of alloys with well-defined boron content and ordering

may be the future research hotpot.

In addition to alloy catalysts, boron doping also has the effect

of adjusting the catalytic active phase for some metal anchored

carbon-based catalytic materials. Boron doping was reported to

trigger synergetic effect of electronic interaction between dopant

elements and parent metals, which in turn promote the catalytic

efficiency by acting as bases to promote the discharge step and/or

modifying the hydrogen adsorption properties on active sites. Tsi-

akaras et al. reported the one-pot synthesis of boron-doped RhFe

alloy with diameter ranging from 1 nm to 5 nm, which is uni-

formly distributed on the carbon support. The boron-doped RhFe

alloy with molar ratio Rh:Fe=2:1 (named BRF21) showed the

most excellent catalytic performance for HER that it needed near

zero onset potential and 25 mV to deliver a current density of

10 mA/cm2. The remarkable property was originated from boron

doping and alloying, which would compress the lattice parameter

of BRF21 and change the overlapping rate of neighboring atoms’

electron orbitals. These changes may modify the energy of elec-

tron transfer and increase the d-band density of electron at Fermi

level and improve the catalytic activity [72].
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Fig. 4. (a) Schematic illustration of the molten salt-assisted borothermal reduction process to prepare TiB2. (b) Charge density difference plots representing charge transfer

induced by TiB2 films on the metal. (c) HRTEM images of Pt/TiB2-500 and Pt/TiB2-600. (d) H2 evolution as a function of reaction time for the dehydrogenation of different

concentration of formic acid (FA) catalyzed by Pt/TiB2-600 (20 mg, Pt loading amount is 12.0 wt%) in N2 atmosphere at 25 °C. Reproduced with permission [75]. Copyright

2021, Wiley-VCH.

Moreover, the B species can also be used as cocatalysts to dec-

orate the surface of photo(electo)catalysts and modify the chemi-

cal properties of parent materials. Recombination of photoinduced

electrons and holes is the main problem in photo(electo)catalysis.

Metal borides decorating on the surface as cocatalysts can inhibite

the recombination and thus improve catalytic efficiency [73]. The

most convincing reason is that the energy band of some boron-

containing cocatalyst matches with that of semiconducting photo-

catalysts, thus facilitating electron-holes seperation and optimizing

catalytic performance. Metals borides are emphasized as cocata-

lysts for efficient photocatalytic HER due to their excellent conduc-

tivity and kinetics. CoB nanosheets and FeB nanoplates were re-

ported to hydrothermally modify WO3 thin films and improve wa-

ter oxidation catalytic performance. This is due to the synergetic

effects produced by coupling WO3 with in situ formed core-shell

nanostructure [74].

2.3. Stabilization of catalytic active sites as supports

Developing advanced supporting materials to load metal cata-

lysts with good dispersion can expose more accessible active sites,

which results in increased mass activity and improved stability.

The strong metal-support interactions are key concept in hetero-

geneous catalysis and often play an important role in the prepa-

ration of stable noble metal nanocatalysts. The synthesis of TiB2

nanosheets was illustrated in Fig. 4a [75]. Ideal supporting mate-

rial should not only protect metal centers from aggregation but

also regulate the electronic structure of the host metals through

the strong metal-support interactions, providing opportunity to

change its structure, surface composition and optimize the cat-

alytic activities synergistically (Fig. 4b) [75]. The development of

two-dimensional layered boron nitride materials as supports in

heterogeneous catalysis has been a matter of fact for its low den-

sity, high thermal conductivity, electrical insulation, superb oxi-

dation resistance, excellent inertness, and low friction coefficient.

Monolayers of hexagonal boron nitride (h-BN) have been success-

fully used as dielectric substrates in graphene electronic devices,

thermally robust catalytic, sensing substrates and chemically inert

superhydrophobic films, etc. [76].

Metal-support interactions in these nanomaterials have a sub-

stantial influence on catalysis [77]. Esrafili et al. also claimed that

Pd loaded on the boron-vacancy defect of BN nanosheet preferably

to adsorb CO rather than O2 energetically. A termolecular Eley-

Rideal (TER) mechanism was proposed for its small activation en-

ergies. B vacancy defect induced strong interaction between the

Pd and undercoordinated nitrogen atoms as well as large electron

density loss over the Pd atom, leading to a high energy barrier for

surface Pd atom diffusion, that is high stability of Pd atom over

the B-vacancy defect of h-BN sheet [78]. Joshi et al. reported the

synthesis of iridium oxide (IrO2) nanoparticles supported on boron

and nitrogen co-doped reduced graphene oxide (BN-rGO) by sim-

ple pyrolysis and hydrothermal methods [79]. They found that the

B-N, B-C, and N-C functional groups in the hybrid can support and

stabilize the IrO2 catalyst nanoparticles. In particular, the chemi-

cally and electrochemically stable B-N bond would cause the elec-

tronic state of IrO2 to change, so that the composite exhibited ex-

cellent OER catalytic activity and stability. Besides being used as

substrates, boron in boron nitride was found to participate in the

catalyst synthesis as boron source to diffuse into the palladium

catalyst lattice. The dopant modified palladium nanoparticles, gave

unparalleled performance in the continuous semi-hydrogenation of

alkynes [80].

Besides loading noble metal catalysts on the well-known metal-

free boron nitride layered substrate, recent studies have also re-

ported on employing transition metal borides layers as substrates

for noble metal catalysts dispersion for their metal-like electronic

conductivity, high melting point, exceptional physical hardness and

low work function. Liu and colleagues reported TiB2 supportted

Pt reconstructed interface (Figs. 4c and d) were highly efficient

in catalyzing the dehydrogenation of formic acid at room tem-

perature. Strong metal-support interactions existed on the inter-

face of Pt/TiB2, which promotes catalytic activity and stability si-

multaneously. The fabrication of porous borides with large specific

surface area as the substrate for electrocatalyst maybe a promis-

ing method for stabilizing catalytic active sites, especially consid-

4
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ering the high conductivity and corrosion resistance of many tran-

sition metal borides. One should keep in mind that amorphous

boron oxide layer may be formed on the surface of transition metal

borides, which is unnegligible for loading method and cataytic per-

formance.

3. Boron-containing heterogeneous catalysts

Along with the inorganic boron chemistry renaissance, numer-

ous boron-containing compounds have been emerging as promis-

ing inorganic functional materials like catalysts. They possess ex-

cellent catalytic activity, stability and selectivity which depends

heavily on the flexibility of boron element on constructing, reg-

ulating and stabilizing active sites. Considering the role B plays

in hetero-catalysis, boron-based catalysts can be divided mainly

into six categories. Boron-based catalysts for constructing catalytic

active phases include (1) intermetallic boride catalysts; (2) metal

boride-derived catalysts; and (3) single-boron-site catalysts. In ad-

dition, boron-based catalysts for regulating catalytic active phases

include (4) metal boride-decorated catalysts; and (5) boron-doped

catalysts. And boron-based catalysts for stabilizing catalytic active

phases include (6) boron-containing compounds as catalyst sup-

ports.

3.1. Intermetallic boride catalysts

Owing to the electron-deficient properties, and moderate elec-

tronegativity of boron, intermetallic borides exhibit very diverse

compound types and bonding structures. Currently, more than 200

binary and 800 ternary intermetallic borides have been discovered,

covering 150 different crystal structure types. These crystal struc-

tures mainly include M-M/M-B metallic bonds, M-B ionic bonds

and B-B covalent bonds. The B-B covalent bonds also contain abun-

dant structural forms, ranging from 1D boron chains to 2D boron

layers to 3D boron frameworks [81,82]. Previous articles have re-

viewed the structure and synthesis methods of metal borides, so

here we mainly discuss the catalytic application of intermetallic

borides especially in fields of energy conversion.

In 2012, the commercially available molybdenum boride (MoB)

was first reported to be an active HER electrocatalyst by Park

et al. [83]. This work encouraged research on the Mo-B inter-

metallics toward HER. Subsequently, the Zou group systematically

investigated the HER catalytic activities of four Mo-B phases with

different structures, including α-MoB2, β-MoB2, MoB and Mo2B.

Among them, α-MoB2 with borophene subunits (Figs. 5a–c) exhib-

ited significantly higher activity than Pt/C in a wide current density

range above ∼250 mA/cm2 [37]. Density functional theory (DFT)

calculations indicated that such large current densities of α-MoB2

was benefited from its high conductivity (electrical resistivity of

(6.6 ± 1.7)×10–7 � m) and large density of catalytic active sites.

Furthermore, the catalytic activity trends of the four Mo-B phases

(decreasing in the order of α-MoB2 � β-MoB2 > MoB > Mo2B)

demonstrated that the presence of the borophene substructure in

α-MoB2 played a crucial role in catalysis. The Fokwa group also

verified the boron-dependency of Mo-B electrocatalysts for HER

[84].

Inspired by the correlation between high activity and

borophene substructure of α-MoB2 catalyst, more transition

metal diborides containing 2D boron layers have attracted the

interest of researchers. The Zou group combined both theoretical

and experimental study to investigate the electrocatalytic activity

of a family of 12 transition metal diborides for HER. According

to the theoretical results, their HER activity increased from group

IV B to group VIII metal diborides, and the d-band center can

be deemed as a good descriptor of activity for transition metal

diborides (Fig. 5d). The experimental results further identified

that RuB2 is a competitive catalyst with Pt-like activity (Fig. 5e),

especially in alkaline solution [47]. In addition, FeB2 and VB2

have also been studied as high-performance catalysts for HER

by the Geyer group and the Fokwa group, respectively [85,86].

Furthermore, in order to gain insight into the influence of boron

atoms on the surface hydrogen adsorption and HER catalytic

activity of boron-bearing intermetallics, the Zou group studied

the metal-boron electronic interaction of a family of 15 transition

metal monoborides. Because of the similar electronegativity of

metal and B atoms, charge transfers between metal and boron

(<0.15|e|) in metal borides are found to be very small. They found

that the strong hybridization of metal d orbital and boron sp or-

bitals can modify the d-band center of metal atoms, resulting in a

weaker hydrogen adsorption on the metal-terminated intermetallic

surfaces than on the corresponding pure metal [47].

Recently, intermetallic borides as NRR electrocatalysts have also

attracted great interests from researchers. Mbenes, the boron-

analogues of Mxenes with 2D layered structure, are believed to

be able to achieve high activity and large reaction region simul-

taneously for NRR. Using DFT calculations, the Zhang’s group pre-

dicted the NRR electrocatalytic activity of 16 stable 2D MBenes

representatives from four key aspects. After rational evaluation,

they identified that 7 MBenes (including CrB, MoB, WB, Mo2B,

V3B4, CrMnB2 and CrFeB2) have the intrinsic basal plane activity

for NRR, while suppressing competitive HER. Especially the CrMnB2

has reached a record level of theoretical activity, with a limit po-

tential of −0.22 V. Meanwhile, these 7 MBenes have the superior

capability to reduce O∗/OH∗ into H2O
∗ under reaction conditions

to prevent the active site blocking problem caused by surface ox-

idation, which is so-called “self-activating process”. They also es-

timated that the active sites density of these MBenes could reach

the order of 1019 m−2. In another work, Zhou et al. researched the

reaction sites of NRR on MBenes. The theoretical results show that

due to the co-existence of the occupied and unoccupied p(d) states

of boron (metal) atoms, both the surface boron and metal atoms of

MBenes can serve as the active sites, and the boron reaction center

provides superior activity [87].

The Qiao group modeled molybdenum borides (Mo2B, α-MoB,

and MoB2) to investigate the electrochemical activity of metal

borides toward NRR. The N2 adsorption strength was found to be

determined by the orbital hybrids between boron p-orbital and N2

π ∗-orbital, and the population on p-π ∗-orbital. The isolated boron

sites on Mo2B have less filled pz-orbital, which promotes the ac-

tivation of N2 and weakens the triple bond of dinitrogen. They

further screened out Fe2B, and Co2B with isolated boron sites and

moderate pz orbital filling as potential candidates for NRR electro-

catalysts. Although the researches of intermetallic borides on NRR

are mainly based on DFT calculations, some of them have been

experimentally proven to be high-performance NRR electrocata-

lysts, such as MoAlB single crystals and ZrB2 nanocubes. The as-

synthesized MoAlB SCs was first reported to afford an NH3 yield

of 9.2 μg h−1 cm−2 mg−1
cat. and a Faraday efficiency of 30.1% at

−0.05 V vs. RHE [55].

3.2. Transition metal boride derived catalysts

Intermetallic borides have also got ahead some considerable

progress as OER electrocatalysts. The intermetallic borides with

promising OER activity are mainly concentrated in iron-based (e.g.,

Fe2B, FeB2) [88], cobalt-based (e.g., Co2B, Co3B) [89,90], nickel-

based (e.g., Ni3B, NixB) borides [89], and some ternary metal

borides (e.g., AlFe2B2, FeNiB, (NixCo1−x)2B) [91–93]. With the de-

velopment of operando and in situ techniques, these non-oxide in-

termetallic borides were found generally not remain stable and un-

dergo surface reconstruction to form metal oxides/hydroxides as

the new active species in situ in the catalytic oxidation condition

5
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Fig. 5. (a) Crystal structure of α-MoB2, in which Mo-Mo metallic bonds are not shown for clarity. (b) 3D metallic Mo-Mo framework in α-MoB2. (c) 2D graphene-like

borophene units in α-MoB2. Reproduced with permission [37]. Copyright 2017, American Chemical Society. (d) Fitted linear relationship between hydrogen adsorption free

energy (�GH∗ ) and d-band center of MB2, Pt, and Ru. (e) Reaction pathways for water molecule dissociation on the RuB2 (001) and Pt (111) surfaces. Optimized structures

for water molecule dissociation on the RuB2 (001) surface in the initial state, transition state, and final state are shown in the side views. Ruthenium, boron, oxygen and

hydrogen atoms are in pink, grey, red and yellow, respectively. Reproduced with permission [47]. Copyright 2019, Wiley-VCH.

of OER [94]. Noteblely, B atoms in the structure were depleted in

the anodic polarization and were replaced by oxygen atoms, and

the as-evolved products have been proven to be more active than

the corresponding parent catalysts and the same catalyst mate-

rials synthesized directly [90]. Reasons for the activity improve-

ment still call for investigations. Depending on materials struc-

tural features and experimental testing conditions (applied over-

potential, electrolyte pH, temperature, pressure, etc.), the transfor-

mation can proceede completely or partially on the surface that

core-shelled metal compounds coating with a layer of metal ox-

ides/hydroxides were often obtained during the catalysis. A thor-

ough understanding on the behavior of surface reconstruction pro-

cess and the origin behind the scenario is of vital importance

in proposing structure-composition-property relationships and un-

veiling the mechanism for OER as well as guiding our future re-

search work.

As to metal borides, they are mainly encountered as pre-

catalysts, that they can inevitably be oxidized into borates, boron

oxides, and corresponding metal oxides/hydroxides in situ, making

the latter the real catalytically active species. In 2017, Schuhmann

et al. reported the synthesis of ultrathin amorphous nickel boride

(NixB) nanosheets. The as-synthesized nanosheets can act as ef-

ficient OER catalyst with remarkable activity and stability that it

drives the OER at 20 mA/cm2 under only 0.28 V overpotential in

1.0 mol/L KOH. However, structural reconstruction occured on the

surface and Ni-B core with nickel hydroxide shell (Ni-B@Ni(OH)2)

structure was obtained. Under the assitance of X-ray absorption

fine structure (XAFS), the authors observed a contraction of the

Ni-O bonds in NiOOH accompanied with increase in disorder of the

layer and pointed out Ni-B@NiOOH (core@shell) structure to be ac-

tive phase [95]. Furthermore, Yujin Chen and coworkers developed

a serize of crystal CoxB catalysts (x=1 to 3) material to catalyze

OER and the materials had an activity sequence of Co2B > Co3B >

CoB. Co2B exhibits the best OER activity, with a current density of

10 mA/cm2 at an overpotential of 287 mV in 1 mol/L KOH solu-

tion, comparable to the state-of-art commercial IrO2. By character-

izing the structural morphology and valence state of the post-OER

materials, the authors confimed the reconstruction of catalysts and

further analyzed the OER catalytic mechanism. They found CoxB

coated with a thin layer of polycrystalline CoOOH with enriched

defects was formed and the outermost CoOOH layer act as the real

active sites [96]. The both literatures all found that thermodynam-

ically stable lower valence metals converted into corresponding

high valence state and they hold the view that transition metals

in higher valance state are the active phases and are responsible

for the enhancement in catalytic activity regardless of the effect of

boron [97,98].

These researchers observed the surface structral reconstruction

and proposed the as-evolved oxyhydroxides are active sites in the

reaction in regardless of B. Schuhmann et al. noticed this and de-

tected B in the samples after catalysis in their experiment. They

found B was still exist in the post-OER material and several ex-

isting forms were proposed. However, they failed to disclose the

effect of B in catalysis [90]. With researches going on, the role of

B has been gradually revealed. Some researchers claimed that B

aslo made contribution to the surface reconstruction and played

a positive role in activity enhancement. The Li group reported a

core-shell structure consisting of a NiII-Bi shell on a nickel boride

(NB) nanoparticle core, namely, Ni-Bi@NB to serve as efficient OER

electrocatalyst (Figs. 6a–c) [99]. In addition, they found the crys-

tallinity of the outermost NiII-Bi shell was tunable and in turn

modulate material’s OER activity. Crystallinity is neither the higher

the better nor the lower the better that the partially crystallined

Ni-Bi@NB (pc-Ni-Bi@NB) catalyst exhibits the best activity with an

overpotential of only 302 mV, which is 23 mV less than that of

the commercial IrO2 catalyst. The surface composition was char-

acterized to consist of only B2O3 and Ni-Bi, as B2O3 was inactive

to the reaction, the activity was considered to be originated from

Ni-Bi. The authors attributted the enhanced performance to the

higher intrinsic OER catalytic activity of partially crystalline Ni-Bi

with the more grain boundaries, point and line defects, undercoor-

dinated sites, and edges at steps or kinks due to its partially crys-

talline nature. Just recently, Liang et al. recognized metal borides

in-situ formed metal borates are responsible for their high activity

and synthesized NiFe-Boride as a templating pre-catalyst to form

an active NiFe-Borate catalyst. The derived metal oxides/borates
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Fig. 6. (a) XRD patterns of a-Ni-Bi@NB and pc-Ni-Bi@NB. (b) HRTEM images of pc-Ni-Bi@NB. (c) Overpotential at 10 mA/cm2 and Tafel slope of the state-of-the-art OER

electrocatalysts supported on glass carbon electrodes in 1 mol/L KOH. Reproduced with permission [99]. Copyright 2017, Wiley-VCH. (d) The cell configurations of NiB4O7

and FeBO3. (e) The schematic illustration of the 4-step OER pathway. (f) Predicted OER reaction energy diagram for NiB4O7, FeBO3, γ -NiOOH, and γ -NiFeOOH in the alkaline

electrolyte at 1.23 V vs. RHE. Reproduced with permission [39]. Copyright 2021, Nature Publishing Group.

can catalyze oxygen evolution efficiently with an overpotential of

167 mV at 10 mA/cm2 and maintain its performance for over

400 h at current density of 1 A/cm2, surpassing the benchmark of

IrO2 and RuO2. Borate remained in the NiFe after catalysis as con-

firmed by operando spectroscopies. Comprehensive considering ex-

perimental findings and DFT calculations, they concluded that the

in-situ formed new phase NiB4O7 and FeBO3 can function as active

site to facilitate ∗O→ ∗OOH (Figs. 6d–f), enhancing the electrocat-

alytic activity of NiFe-Boride in OER [39].

Guo et al. prepared surface-activated amorphous FexB catalysts,

Fe–B–O@Fe2B and Fe–B–O@FeB2 by the reaction of alkali borohy-

dride and corresponding iron salt followed by a simple oxidation

treatment in air. They exhibited remarkable catalytic activity to-

ward OER that they needed overpotential of 273 and 260 mV to

deliver a current density of 10 mA/cm2. They realized straight-

forward preparation of metal boride with active surface. Chemical

surface state changes of products after OER was observed, recon-

struction of surface structure and reproduction of the active sur-

face was suggested. XPS results revealed the oxidation layer on the

surface to be metal oxide/hydroxide and borate moieties, the newly

formed species was considered to be the active phase and played

a synergistic effect on the promotion of OER activity was proposed

[88]. Gao et al. also revealed that in the active layer of Fe2B NWs

covered with metaborate and FeOOH, the metaborate species can

improve the catalytic stability and activity [93].

The Zou group also devoted to the synthesis and electro-

chemical water splitting catalytic investigation of transition metal

borides and proposed that the catalytically active phases are BO2
−.

In 2019, the Zou group adopted a boronization strategy to trans-

form a series of metal sheets (including Ni, Co, Fe, NiFe alloys

and steel sheets) into M2B borides layers on the correspond-

ing metal sheets, which can be used as highly active and stable,

corrosion resistant oxygen evolution electrodes. The OER activi-

ties of boronized metal sheets are an order of magnitude higher

than those of the corresponding metal sheets. In particular, the

boronized NiFe alloy exhibits better intrinsic catalytic activity than

the state-of-the-art materials, which overcome the overpotential

barrier of 320 mV for OER. The boronized NiFe alloy can be stably

operated in 1 mol/L KOH for more than 3000 h. Comparative XPS

analysis of Ni and B in primary and post-OER material revealed

surface of the boronized Ni sheet is further oxidized into γ -NiOOH

films and boron species into metaborate. They demonstrated that

the catalytic active phase for the boronized metal sheets is the in

situ formed, amorphous, ultrathin (2–5 nm), metaborate-containing

oxyhydroxide thin films [56].

Subsequently, the team designed a multilayered oxygen-

evolution electrode, composing of the surface oxidized NiFeBx al-

loy layer as the catalytic active layer, the NiFeBx alloy interlayer

as the corrosion-proof layer, and the NiFe alloy as structural sup-

port. In situ Raman techniques were used to unravel the interfa-

cial electrocatalytic behavior of boronized nickel sheet during the

electrochemical process. Authors observed phase transformation

from Ni(OH)2 to NiOOH under testing potential conditions and γ -

NiOOH was preferentially formed in the presence of Fe dopants.

They pointed out that the boron species are present in the form

of metaborate in the outermost oxidized NiFeBx layer, and their

existence is conductive to the generation and stabilization of the

catalytic active phase γ -(Ni,Fe)OOH. Furthermore, DFT calculations

demonstrated that metaborate modified γ -(Ni,Fe)OOH can achieve

a relatively optimized adsorption with intermediates and hence

higher intrinsic catalytic activity [100]. Though the evolution and

working way of B in facilitating OER process is still controversial,

the above findings together with the advanced in-situ characteriza-

tion enlighten us to further explore the dynamic mechanism and

manipulate the in situ catalyst surface reconstruction rationally.

3.3. Boron-doped catalysts

Heteroatom doping in catalysts is considered to be an effec-

tive strategy to adjust the electronic structures and/or electronic

conductivity, thereby improving the electrocatalytic activity. Inter-

estingly, the electronic structures of catalysts can be engineered

to varied degrees according to the species and concentration of

dopants. So far, a series of catalysts doped with metallic atoms (Fe,

Co, Ni, etc.) and non-metallic atoms (N, P, S, etc.) have achieved

great breakthroughs [101–105]. Different from the most widely in-

vestigated non-metallic dopant nitrogen, boron is less electroneg-

ative and is an important dopant that can exhibit novel proper-

ties. Therefore, boron-doped catalysts have attracted widespread

attention in many electrocatalytic fields. Due to the small atomic

radii, boron elements have been known to easily incorporate into

the interstitial sites of metal lattices. The interstitial boron atoms

can regulate the surface adsorption property and catalytic activity

through multiple effects such as strain and ligand effects. This sec-

tion focuses on the application of boron-doped catalysts in many

reactions like CO2RR, ORR and NRR.
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CO2RR on Pd is an electrocatalytic system model for funda-

mental research. In 2018, the Jiang group explored a boron-doped

Pd catalyst (Pd-B/C) for electrocatalytic CO2 RR over the potential

range of −0.2 V to −1.0 V (vs. RHE) [106]. They found that the B-

doping in the Pd lattice interstice made the adsorption energy of

HCOO∗ more negative than that of ∗COOH, thereby improving the

CO tolerance of Pd-B and facilitating the selectivity of the formic

acid pathway. Specifically, the Pd-B/C obtained a Faradaic efficiency

of ∼70% for formate after 2 h of electrolysis at −0.5 V, leading to a

formate concentration of 234 mmol L−1 mgPd
−1, which was about

18 times as high as that on Pd/C. In 2021, the Cai group further

conducted an in situ spectroscopic study on the electrocatalytic

CO2 RR on Pd and Pd-B electrodes. This work provided a direct

observation at molecular level of the role of surface CO as well

as the B-doping effect at varied potentials. The results revealed

that at lower overpotentials, CO gradually accumulated to poison

the dominant formate pathway, while at higher overpotentials, the

linearly bonded CO (COL) species acted as an active precursors

for CO gas production, and the strongly adsorbed bridge-bonded

CO (COB) act as the spectators or poisoning species. They also

confirmed the inhibiting effect of boron-doping in Pd electrode

on CO production and the promoting effect on formate formation

[107].

In another study on Cu-based electrocatalysts for CO2 RR, Sar-

gent et al. used boron to tune the ratio of Cuδ+ to Cu0 active sites,

thereby improving both stability and C2-product generation. By the

in situ X-ray absorption near-edge spectroscopy (XANES), the av-

erage oxidation state of copper in the Cu(B) samples was found

to vary from 0 to +1 with the increase of B content. The Cu(B)-2

with an average copper valence of +0.35 exhibited an impressive

C2 Faradaic efficiency of about 80%, and maintained a high C2 se-

lectivity over a wide potential window of −0.9∼−1.2 V vs. RHE.

The high selectivity of C2 products is attributed to the regulation

of the average copper oxidation state by the boron dopant, which

enable the control over CO adsorption and dimerization [108]. Re-

cently, the Schuhmann group has developed B-doped Cu (B-Cu)

and B-Cu-Zn gas diffusion electrodes to efficiently and stably con-

vert CO2 into C2+ products efficiently and stably at industrially

relevant current densities. The B-Cu catalyst was tested to have

high activity and selectivity, and its long-term stability for C2+ for-

mation can be improved by incorporating an optimal amount of

Zn [109].

In electrocatalytic ORR, it was found that B-doping can also

weaken the surface adsorption energy of oxygen-containing inter-

mediates to promote ORR catalytic activity. The B-doped Pd mate-

rial (Pd-B) synthesized by Sato’s group exhibits 2.2 times and 8.8

times higher specific activity and 14 times and 35 times less costly

than commercial pure Pd and Pt catalysts, respectively. Combining

DFT calculations and X-ray photoelectron spectroscopy (XPS), they

found that the B-doping negatively shifted the surface core level

of Pd, which implies that electrons are transferred from Pd to B

atoms, and the additional electrons on Pd-B surface would weaken

O bonding to Pd and improve catalytic activity [57]. For Pd-B cat-

alysts, Chen et al. explored three types of surface sites, including

Pd-BO2 assemblies, neighboring Pd-BO2 assemblies, Pd atoms, and

subsurface B modified Pd atoms, which were responsible for en-

hancing ORR activity (Fig. 7). The oxophilicity of both neighboring

Pd-BO2 assemblies Pd atoms and subsurface B modified Pd atoms

were found to near the top of the activity volcano plot for ORR.

This means that these two types of Pd atoms sites could catalyze

ORR much more efficiently than Pt. Meanwhile, the O adsorption

energy at Pd-BO2 assemblies sites is ∼0.4 eV more positive than

that of Pt, which suggests that these sites have Pt-like activity. The

mass and specific activity of the synthesized B-Pd nanoalloy on

ORR are about 14 and 14.6 times higher than that of state-of-the-

art commercial Pt catalyst, respectively [110].

Fig. 7. (a) Illustrations of the synthesis procedure and formation mechanism of B-

Pd/C. (b) Representative TEM image and (c) HRTEM image of B-Pd/C. (d) ORR po-

larization curves for B-Pd/C, Pd/C and Pt/C; the inset in (d) is the mass and specific

activity at 0.9 V. (e) ORR activity of different surface sites on the B-Pd alloy sur-

face, versus that on platinum. Reproduced with permission [110]. Copyright 2017,

American Chemical Society.

In 2019, after exploring 21 boron-based concept NRR catalysts,

the Sun group predicted that the single boron atom doped into h-

MoS2 or supported on graphene are promising catalysts with ex-

cellent activity and selectivity against HER. Subsequently, the Tang

group compared the difference between diatomic boron doped

single-layer MoS2 (B2@MoS2) and single boron atom doped single-

layer MoS2 (B@MoS2) as NRR catalysts in terms of thermodynam-

ics, selectivity, and kinetics analysis. It was found that B2@MoS2
showed excellent structural and thermodynamic stability, and sig-

nificant improvement in the conductivity as compared to that of

MoS2. Due to the efficient electron transfer and the synergistic

effect of diatomic boron, B2@MoS2 exhibited better N2 capture

and reduction activity [111]. Chu et al. found that boron-doping

in MnO2 nanosheets can induce abundant oxygen-vacancies, which

can synergistically promote the conductivity and enhance the in-

trinsic NRR activity. By DFT calculations, they further revealed that

the synergistic effect of boron-doping and oxygen-vacancies cause

the asymmetric charge distribution, which activates neighboring

Mn atoms for stabilizing the key intermediate ∗N2H on MnO2 and

lowering the reaction energy barrier [112].

In addition to boron-doped metal-based catalysts, some boron-

doped non-metal materials for electrocatalysis have also been de-

veloped, mainly boron-doped carbon materials. Compared with

metal-based catalysts, these metal-free catalysts have obvious ad-

vantages, such as low cost, high stability. Zheng et al. devel-

oped a boron-doped graphene NRR electrocatalyst, in which boron-

doping leads to redistribution of electron density, and the electron-

deficient boron sites enhance the binding capability with N2

molecules. DFT calculation results revealed that among several

types of boron-doped carbon structures, the G-like BC3-type struc-
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ture had the lowest energy barrier for electro-reducing nitrogen

to ammonia. The NH3 production rate and Faraday efficiency of

boron-doped graphene with a doping level of 6.2% are 9.8 μg h−1

cm−2 and 10.8% at −0.5 V vs. RHE, respectively [113]. Yasuaki et

al. studied a boron-doped diamond (BDD) electrode used in a two-

compartment flow cell, which can efficiently electrochemically re-

duce CO2 to formic acid, with a Faraday efficiency of 94.7% and

a selectivity of over 99% [114]. Earlier, the Ma group developed a

boron-doped carbon nanotubes electrocatalyst, which exhibited a

good ORR performance in electrocatalytic activity, stability and im-

munity to methanol crossover and CO poisoning [115].

3.4. Metal boride-decorated catalysts

In addition to act as catalytic active phases, transition metal

borides have recently been employed as cocatalysts in heteroge-

neous catalysis, especially in photocatalysis and photoelectrocatal-

ysis. Precious metals Pt [116], Ru [117], Rh [118], Pd [119], Au

[120] and Ag [121] have long been employed as traditional cocata-

lysts, which can improve the charge-separation efficiency by acting

as electron sink to suppress electron-hole pairs recombination and

provide abundant active sites for the proton-reduction reaction at

the same time. Yet the high price and scarcity hampere the prati-

cal application of noble-metal based cocatalysts in energy produc-

tion. Therefore, developing new cocatalysts constructing from in-

expensive and earth-abundant elements can solve the bottleneck

problem of photocatalytic development and hence have attracted

tremdous research efforts. Suitable energy band structure, remark-

able stability and easy availability are requisites to a good cocata-

lyst. Nanosized transition metal are a typical representative candi-

dates family for their low cost, excellent chemical stability, non-

toxicity, and high reactivity. It was since the Xu group reported

the construction of NixB/CdS composite to act as highly efficient

photocatalyst with H2 production rate of 4.8 mmol h−1 g−1 in

2015, transition metal borides have attracted trmendous research

interest in photocatalysis. NixB/CdS composite was synthesized by

a simple reduction reaction and found to be 20 times more effi-

cient than that of CdS alone. Related characterization and assump-

tion were presented in therir report, however, the mechanism on

the performance enhancement was ambigious [122]. Subsequently,

the Bao group optimized the photocatalytic activity of Ta2O5 by

surface decorating Ta3B2. Experimental results showed that Ta3B2

combined tightly with Ta2O5 to form a core-shell Ta2O5/Ta3B2 het-

erostructure. Hybrid structure offered good interfacial contact and

therotical calculation revealed that boron doping in Ta2O5-OVs can

modify the surface electronic structure of Ta2O5 from semiconduc-

tor to metallic states [123]. The Zhang group reported amorphous

nickel boride (NiB) dispersed uniformly over graphite carbon ni-

tride (C3N4) with higher hydrogen evolution performance. Proper

loading amount of NiB on C3N4 leaded to remarkable HER activ-

ity of 464.4 μmol g−1 h−1 and apparent quantum yield of 10.92%

with 365 nm light irradiation (Figs. 8a and b). The suitable band

structure of NiB was consisdered to be responsible for the facili-

tion that photoinduced electrons of C3N4 can quickly transfer to

NiB nanoparticles through the B(δ−)−Ni(δ+)−N(δ−) bonds, fol-

lowed by transfering to the active sites on the surface to partici-

pate in HER [124]. The above examples all indicated that deep col-

ors and narrow band gaps of borides increased the light absorption

and lowered activation energy for the H2 evolution reaction. Fur-

thermore, suitable band structure of the boride cocatalysts makes

it accept electrons easily, which accelerates the electron-hole pair

seperation and hence promotes reaction kinetics and maximizes

utilization efficiency of solar energy.

Several factors, such as composition, crystal phase and loading

amount, have been found to be critical in regulating the catalytic

properties of metal borides-decorated photo(electro)catalysts. Li

Fig. 8. (a) Photocatalytic hydrogen production rates on C3N4/NiB photocatalysts

loaded with different amounts of NiB under the irradiation of a 300 W Xe lamp

(AM1.5 air mass filter). (b) Charge separation and transfer in the C3N4/NiB7.5 sys-

tem under irradiation. Reproduced with permission [124]. Copyright 2018, Ameri-

can Chemical Society. (c) Proposed photocatalytic HER mechanisms of CdS-Mo2B4

(15 wt%, left) and CdS-Mo2B (15 wt%, right). Boron and molybdenum are in green

and orange, respectively. Reproduced with permission [127]. Copyright 2021, Else-

vier Ltd.

et al. reported low-cost Ni3B/Ni(OH)2 can boost the photocatalytic

H2 production over g-C3N4 nanosheets. The Ni3B/Ni(OH)2 hybird

was fabricated by reducing Ni2+ followed by photodeposition of

Ni(OH)2. Authors found the introduction of both Ni3B and Ni(OH)2
could narrow the band gap and promote the interficial charge trap-

ping and separation efficiency. The main reason for the improved

hydrogen generation was consisdered to be the facililated electron

transfer from g-C3N4 to Ni3B and then to Ni(OH)2 through the inti-

mate interface [125]. Loading amount is also of vital importance to

the behavior of cocatalyst. For example, Zhao et al. found MAPbI3
coupled with amorphous NiCoB with the amount of 30% possessed

the maximum H2 generation yield of 2625.57 μmol g−1 h−1, ex-

ceeding that of Pt/MAPbI3 and was 114 folds higher than its un-

loaded counterpart. The HER rate increased with the increasing of

NiCoB amount and reached the top at the NiCoB content of 30%,

while further increasing NiCoB amount cannot enhance hydrogen

production any longer probebly because excessive NiCoB could af-

fect the light absorption of MAPbI3 and may block some active

sites [126]. Due to the electron deficient features of B, local elec-

tron density of the interface of composits can be severly tuned and

catalytic performance would be optimized. And recently, the Ding

group investigated the influence of B content in MoBx on photo-

catalytic HER activity. Coupling Mo2Bx on CdS nanoparticles can

significantly improve its photocatalytic HER performance (Fig. 8c).

Mo2B4 decorated material performed obviously better in electron

transfer and photocatalysis than that of Mo2B, exhibiting MoBx

demonstrate a strong B dependence in photocatalytic HER. Ow-

ing to the electron deficient property of B, it attracts electron from

neighboring CdS, then potential difference exists in the CdS/Mo2B4

hybird. Photoluminescence (PL) spectra and surface photovoltage

spectroscopy (SPV) demonstrate that the photogenerated carrier

signal for CdS/Mo2Bx is stronger and lifetime is longer, indicating

that the photogenerated charge is not easy to recombination. Inhi-

bition of recombination may be because of the existence of Mo2Bx,

which can accept photogenerated electrons from the conduction

band of CdS due to the presence of potential difference. So the
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larger potential difference between CdS and B-rich Mo2B4 is beni-

ficial to electron transfer and hydrogen evolution process [127].

Apart from water splitting, transition metal borides are receiv-

ing increasing interest in various fields including photocatalytic

CO2 reduction reaction (CO2RR). A recent study by Ye and co-

workers demenstrated cocatalytic effect of the TMBs (Ni3B, Co3B

and Fe2B) for photocatalytic CO2 reduction. The reaction converts

CO2 to valuable chemical fuels (such as CO, CH4 and HCOOH)

with solar energy, which not only address energy shortage but

also alleviate the greenhouse effect. The authors found Ni3B, Co3B

and Fe2B were effective and low-cost cocatalysts in enhancing the

performance of photocatalytic CO2 reduction in the presence of

[Ru(bpy)3]Cl2 as a light absorber under visible light, while TaB2,

NbB2 and MoB were not. Ni3B exhibits the highest activity among

them of 157.7 mmol/h CO evolution rate and selectivity of 93.0%.

Valence band XPS (VB-XPS) spectrum indicates that charges are

accumulated on the Ni-B bond, making it electronic reservoir to

transport electrons for metal active sites. Photoluminescence (PL)

decay spectroscopy gave hint for dynamic charge behavior and re-

vealed Ni3B/[Ru] had the longest lifetime. Together with the DFT

calculations, Ni-B bond in Ni3B is beneficial for the desorption of

the CO molecule in photocatalytic CO2 process, the authors con-

cluded that the highest catalytic performance of Ni3B originated

from its metallic character and the electron enriched Ni-B bond to

provide abundant long-lived electrons and lower the overpotential

for facilitating the CO2 reduction [127]. This work provided a com-

pletely new application for borides, refreshed our understanding

on it and enlightened us to explore more boride modified catalysts

and act as promising cocatalyst candidates for more photocatalytic

reactions (i.e. organic degradation, ethanol oxidition reaction and

methane conversion).

3.5. Boron-containing compounds as catalyst supports

By dispersing metal catalysts on the appropriate supports, the

catalysts can obtain high specific surface area and good dispersity,

thereby fully exposing the catalytic active sites and improving the

catalytic efficiency of active components per unit mass. Similar to

graphene, the h-BN with layered structure has been widely used

in various catalytic fields due to its low density, large surface area,

unique electronic properties, excellent thermal and chemical sta-

bility [128]. However, the progress of h-BN as an electrocatalyst

support is relatively slow, mainly for the following two reasons:

(1) h-BN has low electrical conductivity because of the interlami-

nar insulation and wide band gap; (2) h-BN has better resistance

of oxidation and intercalation than graphene, so it is difficult to

exfoliate h-BN through conventional routes [129]. In recent years,

many theoretical and experimental results have indicated that the

conductivity and band gap of h-BN can be tuned through chemical

modifications, e.g., vacancy defects, hetero-atom dopants or metal

substrates (Fig. 9) [130]. At the same time, a variety of improved

methods have been developed to synthesize stable 2D h-BN nanos-

tructures which can be used to support and disperse metal atoms.

These studies have renewed researchers’ interests in h-BN as an

electrocatalyst support for energy conversion.

Although Pt-based nanomaterials are the state-of-the-art cata-

lyst for the ORR at cathode of proton exchange membrane fuel

cells, they still face the problem of activity deterioration. In or-

der to improve the durability and activity of Pt-based electrocat-

alyst for ORR, the Li group employed porous boron nitride (p-BN)

as functional support to stabilize ultrafine Pt nanoparticles (Pt/p-

BN) and engineer its electronic structure. The experimental re-

sults show that the Pt/p-BN exhibits significantly enhanced ORR

activity with ∼53 mV positive shift of half-wave potential com-

pared to commercial Pt/C. After 10,000-potential cycle durability

tests, the electrochemical active surface area of Pt/p-BN remains

almost unaltered, and the ORR half-wave potential only negatively

shifts by 2 mV. They further studied the synergistic co-catalytic ef-

fect between Pt NPs and p-BN by DFT calculations. It was found

that electrons transfer from electron-rich N atoms to Pt NPs, and

from Pt NPs to electron-deficient B atoms, resulting in an electron

donation-back donation process [131]. This process strengthens the

bonding between Pt NPs and p-BN, and optimizes the electronic

structure of Pt. Besides Pt nanoparticles, Li’s group studied the iso-

lated Au atom supported on defective p-BN (Au/p-BN-VN) in term

of stability, catalytic activity and catalytic mechanisms. The defec-

tive p-BN also has a strong anchoring effect on Au atoms. They

predicted that Au/p-BN-VN was an effective ORR catalyst according

to frontier molecular orbital and charge-density analysis [132].

Combining experiments and DFT calculations, the Sun group

designed and synthesized h-BN/Pd as a durable and efficient

hetero-structured electrocatalyst for ORR. The h-BN has been

demonstrated as a robust catalyst support, whilch not only sup-

presses the agglomeration of Pd NPs, maximizes the exposure of

active sites, but also endows the heterostructures with a superhy-

drophobic surface, facilitating the adsorption capability and diffu-

sion kinetics of O2. The strong interaction between h-BN and Pd

can downshift the Pd d-band center, thereby optimizing the affinity

with the oxygen-containing reaction intermediate [130]. Another

nanocomposite catalyst composed of MnO2 nanorods supported on

h-BN and carbon has been reported [132]. The catalyst exhibits a

substantially higher onset potential of 0.9 V vs. RHE and limiting

kinetic current density of 5.6 mA/cm2 at 1600 rpm for the ORR.

Furthermore, it is theoretically confirmed that single Co atoms,

PdxCu4−x subnanoclusters supported on defective 2D BN can be

used as ORR electrocatalysts [133].

Since TMNx (TM= transition metal) compounds exhibit high

catalytic activity for NRR, the unsaturated N atoms around B

monovacancy in a defective BN nanosheet have been studied to

immobilize single metal atoms for nitrogen activation. By means

of DFT computations, the Zhao group screened the NRR potentials

of a series of single TM atoms (TM= Sc to Zn, Mo, Ru, Rh, Pd

and Ag) supported on the defective BN monolayer with B mono-

vacancy. They found that the single Mo atom supported on BN

nanosheet possesses the highest NRR catalytic activity at room

temperature through an enzymatic mechanism with a quite low

overpotential of 0.19 V. And high spin-polarization, selective sta-

bilization of N2H
∗ or destabilizing NH2

∗ species are the main rea-

sons for the high activity of Mo-embedded BN nanosheet [134].

The Jiang group creatively introduced graphene to design a sin-

gle TM atom sandwiched between h-BN and graphene sheets

(namely, BN/TM/G, TM= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb,

Mo, Ru, Rh and Pd) as an efficient single-atom catalyst (SAC)

for the electrochemical NRR. They found that these sandwich

structures can form stable and tunable polarization interface po-

larization fields, which enable the TM atoms to donate elec-

trons to neighboring B atoms. The B atoms serve as active sites

for N2 capture and activation through the electronic acceptance-

donation process. BN/V/G and BN/Ti/G systems were evaluated as

promising NRR electrocatalysts with high activity and selectivity

[135].

In experiments, Shanmugam et al. demonstrated a single step

in-situ nitridation method to support cubic molybdenum nitride

(γ -Mo2N) nanoparticles on a 2D h-BN sheet as a cost-effective

NRR electrocatalyst. EPR and Raman investigations suggested that

the nanoparticle size governs the provocation of N-vacancies, and

the fine-tuning of their significance emanates the highest Faradaic

efficiency of 61.5% and NH3 yield rate of 58.5 μg h−1 mg−1 [136].

In addition to the NRR and ORR, h-BN-supported electrocatalysts

have also been developed for other electrocatalytic reactions. For

example, Back and Siahrostami have used BN nanosheets to anchor

bimetallic Pd-Fe nanoparticles for Suzuki-Miyaura coupling cata-
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Fig. 9. (a) Schematic illustration showing exfoliation of h-BN and preparation of h-BN/Pd and h-BN/C/Pd. (b) TEM of h-BN/C/Pd:17 (inset: particle size distribution of Pd

NPs). (c) Pd Kedge k3-weighted EXAFS oscillations. (d) Free energy diagrams during the ORR at U=0 V vs. NHE. Reproduced with permission [130]. Copyright 2020, American

Chemical Society.

Fig. 10. (a) Simplified schematic of N2 bonding to transition metals. (b) Design con-

cept of B atom decoration on g-CN. The B atom bonds with two N atoms of g-CN

to form two B−N bonds, leaving one half-occupied sp2 orbital and one empty sp2

orbital. Therefore, the as-designed B@gCN can facilitate the binding and activation

of N2. (c) Schematic of N2 bonding to B atom on B@g-CN. Reproduced with per-

mission [140]. Copyright 2019, American Chemical Society. (d) DFT-calculated eNRR

reaction cycle through distal pathway on the B site in B-VC model. (e) Free energy

diagrams of distal eNRR pathway on the V site of VC, V site of B-VC and B site of

B-VC. Reproduced with permission [139]. Copyright 2021, Wiley-VCH.

lysts [128]; Liu et al. used the laser-modified BN with C, O dopants

to load IrOx for the oxygen evolution [137].

Strong metal-support interactions (SMSI) are essencial to sup-

ported nanoparticle catalysts for multiple functions include in-

creasing supported metal dispersion, promoting charge transfer,

and so on. Besides BN catalyst support, metal boride has recently

emerged to act as promising support because of high electrical

conductivity, high melting point and the ability to offer SMSI like

that in classical metal/oxide catalyst structure. Noble metals play

an important role in heterogeneous catalysis. Reducing usage is

the main challenge for their low abundance. In this sense, com-

bining the advantages of metal boride and noble metal to con-

struct SMSI may have great potential to achieve highly active and

stable catalyst for efficient hydrogenation. Li et al. confirmed the

SMSI between noble metal Pt and 2D TiB2 supports [75]. The TiOx-

terminated TiB2 surfaces are the active sites catalyzing the dehy-

drogenation of formic acid at room temperature. The Pt/TiB2 cata-

lyst displayed an outstanding hydrogen productivity of 13.8 mmol

g−1
cat h

−1 and >99.9% selectivity toward CO2 and H2. Interplay be-

tween covalent and electrostatic interactions is resonable for the

stabilization of TiB2 overlayers, as suggestted by computational re-

sults. Such progresses undoubtedly make a step forward in sup-

ported nanoparticle catalyst development. However, some critical

matters still need to be carefully considered in catalyst design,

for example, construction of layered structure and/or porous struc-

ture of metal boride, anti oxidation of boride substrate, etc. There-

fore, new discoveries and comprehending of new boride support-

ing nanoparticles with strong SMSI are important in the design and

application of supported catalysts.

3.6. Single-boron-site catalysts

Single atom catalysts generally refer to isolated metal centers

which coordinate with either nonmetal atoms (such as N, O atoms)

or other metal atoms, usually acting as highly active catalytic

sites towards a specific reaction. With the vigorous development

of energy-related catalytic applications, non-metallic single atoms

(especially single site boron) have attracted more attention in re-

cent years. In these single-boron-site catalysts, boron atoms are

spatially separated by metal atoms or other non-metallic atoms,

and they do not directly bond to a second boron atom. Some

single-boron-site catalysts were found highly efficient to some cat-

alytic process especially in NRR. This is due to good interaction be-

tween electronic structure of single boron matches that of nitrogen

molecule [16]. The unique combination of unoccupied p orbitals as

well as lone-pair electrons at the same boron atom, which can ac-

cept σ donation from triple bond of nitrogen and give π backdona-

tion to N2, enhances the N2 adsorption and activation, facilitating

intermediate transferring.

The understanding of single-boron-site starts with the research

of Legare and co-workers in 2018 [16]. They reported N2 bind-
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ing and reduction by a dicoordinate borylene that central N2 unit

could bind to two borylene fragments through their boron atoms

and resulted in either neutral (B2N2) or dianionic ([B2N2]
2–) as

products. The experiment was achieved at −80 °C with the ex-

istance of KC8, which is critical and harch. With their continu-

ous efforts, they realized room-temperature conversion of dinitro-

gen to ammonium by a one-pot binding strategy. They discov-

ered the direct binding of dinitrogen to boron in the complex

[((CAAC)(Dur)B)2(N2)] in an end-on bridging fashion and multiple

reduction-protonation steps cleavage of the N-N triple bond and

total reduction of N2 to 2 equiv. of ammonia on B sites [138]. The

above two examples and related research enlightened scientists to

study single B sites supported in C and N containing materials and

their application towards conversion nitrogen to ammonia in re-

cent years. Inspired by the biological process one could envisage

N2 fixation to occur on the surface of inorganic solid materials,

which are efficient and recyclable. These findings and related study

make researchers relized B sites coordinated by nitrogen and car-

bon atoms are ideal research model for experimental and calcula-

tions.

To investigate the single B sites in CN materials, some theoret-

ical models were built for catalytic studies (Fig. 10) [139,140]. Dai

et al. theoretically reported single B atom supported on holey g-

CN (B@g-CN) can serve as metal-free photocatalyst for highly effi-

cient N2 fixation and reduction on the basis of the “σ donation−π ∗

back-donation”. The centralized spin-polarization on the B atom,

reduced exciton binding energy and efficient prohibition of com-

petitive HER were considered as key factors of high reactivity and

selectivity for NRR. In addition, they theoretically disclosed that

the external potential provided by photogenerated electrons for

NRR/HER endowing B@g-CN spontaneous catalyze NRR and inac-

cessible HER [140]. Lately, the Wang group performed extensive

first-principles calculations on B sites with different electronic con-

firgurations (i.e., sp2- and sp3- hybridized B species) in C2N [141].

They found both sp2- and sp3- hybridized B can fix and reduce

dinitrogen efficiently only sp3-B fails to suppress the competing

hydrogen evolution. They clearly plot the activity and selectivity

of sp2- and sp3- B for NRR and more importantly build up the

structure-performance correlations. Mechanism on how B site par-

ticipates in the process of nitrogen fixation was also disclosed that

the π ∗ orbital of N2 interacts with the two sp3 orbitals of B with

similar symmetry and appropriate energy via a p-bonding inter-

action, leading to lone pair electrons of nitrogen transfer to the

empty orbit of B and electron back-donation from the filled B sp3

orbital into the empty p∗ state of N2. The nitrogen triple bond is

thus substantially weakened and N2 adsorption is simultaneously

stabilized.

Apart from nonmetallic atoms isolated single B sites, re-

searchers have also devoted to construct appropriate structure

to achieve single B sites isolated by metallic atoms and delve

into their catalytic behavior. For example, Chen et al. rationally

designed and synthesized isolated single-B atoms in intermetal-

lic carbide as NRR catalyst with enhanced selectivity [139]. The

contiguous boron atoms in the ordered intermetallic structure of

vanadium carbide (VC) was isolated into single B-sites with spe-

cific electronic structures. The electron deficient boron sites trig-

gered charge density redistribution in the hybird material, ex-

hibiting excellent selectivity towards NRR. DFT calculations re-

vealed that the unique configuration could regulate local elec-

tron density of the composite through B-C-V bond and effec-

tively favor the N2 adsorption, activation, and hydrogenation pro-

cess, endowing the distinguished activity and selectivity, as evi-

denced by excellent Faradaic efficiency of 46.1% and NH3 yield of

0.443 μmol h–1 cm–2.

Boron doping into the graphene framework leads to the redis-

tribution of electron density, making the electron deficient boron

position provides enhanced binding ability with N2 molecules. DFT

calculations reveal the catalytic activities of different boron doped

carbon structures and suggest BC3 structure give the lowest en-

ergy barrier of N2 electroreduction to NH3 [113]. The boron-doped

graphene with a doping level of 6.2% achieved a NH3 production

rate of 9.8 mg h−1 cm−2 and an excellent Faradic efficiency (10.8%

at −0.5 V vs. RHE). In addition to its application in NRR reaction,

single boron site catalysts are also expected to be applied in other

energy conversion reactions.

4. Conclusions and outlook

Boron-containing materials have been emerging as an impor-

tant branch of heterogeneous catalysts for their unexpected cat-

alytic performance presented. Identification the roles of boron in

the material systems and design of the composition and structure

of boron-containing materials are important for catalysis research.

We have reviewed the applications of boron-containing materi-

als in heterogeneous catalysis in detail. We discussed the existing

forms of boron in these compounds, and highlighted their roles

in heterogeneous catalysis and interpret how they work. Although

significant progress has been made, there are still some challenges

to be further addressed in future research.

(1) Rational design and accurate synthesis of boron-containing

catalysts. Traditional preparation of ordered metal borides

in pure phase often requires harsh conditions, high pres-

sure and/or high temperature. Developing mild, green and

energy saving methods for massive preparations of inter-

metallic boride is necessary. The obtained boride products

are generally large in size due to the high temperature/high

pressure conditions, which limit the morphology and size

control of borides and hamper their applications in cataly-

sis or as catalyst supports. From this point of view, develop-

ing synthetic methods to prepare nano borides with specific

morphology, crystal phase and exposed crystal facet is vital

to boride family. To boron-doped catalyst system, controlling

the position, concentration and order of boron atoms in the

host is still a great challenge and an important research di-

rection in the future.

(2) Establishment of clear structure-activity relationship in

boron-containing catalysts. For boride catalysts, introducing

boron into metal lattice brings a series of geometric and

electronic structure regulation effects, such as lattice ex-

pansion, crystal phase transition, charge transfer, orbital hy-

bridization and so forth. It is really hard work to accurately

identify the contribution of each effect on the catalytic re-

action. Theoretical calculation and accurate design of com-

parative experiment may bring a turn for the better. For

boron doping systems, observing the existing position and

form of B experimentally is still a great challenge due to

the small size, uneven distribution and low content of boron

in the metal lattice. Using advanced characterization meth-

ods, such as aberration-corrected scanning TEM (STEM), X-

ray pair distribution function (XPDF) and synchrotron X-ray

absorption spectroscopy (XAS), are of significant importance

to study the existing forms and chemical properties of boron

in catalysts, as well as to reveal the roles of boron play

in catalysis. The surface or the whole bulk of some boride

catalysts would undergo self-reconstruction during electro-

catalysis, because of metal ions leaching out or being oxi-

dized under electrocatalytic conditions. Thus, it is very im-

portant to reveal their evolution pattern by means of in-situ

microscopy, diffraction and spectroscopy.

(3) Exploiting new boron-containing catalysts toward various

chemical reactions. The present research on boride catalysts
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is mainly focused on binary, and ternary and even mul-

ticomponent borides receive rare attention, which deserve

further theoretical and experimental study. For boron dop-

ing system, current research focuses on boron doping in

metal lattice, while boron doping in carbon-based catalytic

materials is less when compared with the doping of other

non-metallic atoms such as N, S and P. Furthermore, multi-

doping, such as nitrogen and boron co-doping, is also an ef-

fective strategy for optimizing materials’ catalytic properties.

In view of the above challenges, we propose the following

directions for future development of boron-containing catalysts

[142]. Theoretical calculation and simulation will be popular in ac-

curate prediction and screening of boron containing catalysts for its

instructive and effective effect. More accurate in situ characteriza-

tion to study the existing valence of boron and evolution process of

boron-containing catalysts will be developed to learn about reac-

tion mechanism and in turn guide catalysts design. More green and

mild preparation of boron-based catalysts is appealing to environ-

mental protection and sustainable development, and attracts more

research interest. Boron containing catalysts can make a significant

contribution to a much broader range of catalytic reactions. For ex-

ample, metal borides could be considered as efficient electrocata-

lysts for some new electrosynthesis and photosynthetic reactions

such as H2O2 generation.
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