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Metal nanocrystals have been recognized as the main catalytic materials in many fields, but insufficient
activity and stability, as well as high prices, have limited their large-scale potential applications. As one of
the extremely promising alternatives toward metal in boosting their catalytic performance, nonmetallic
atoms-doped metal nanocrystals have recently received extensive attention because of their high
efficiency, chemical and structural durability, abundant reserve, and low cost. In this review, we highlight
the most recent progress in this field and provide insights into their catalytic applications. The metal-
nonmetal nanocrystals prepared by doping metal nanocrystals with nonmetallic atoms are introduced
and classified based on the types of nonmetallic atoms, including metal hydrides, borides, carbides,
nitrides, oxides, phosphides, and chalcogenides. Besides, their applications in catalysis, especially in
electrocatalysis and organic catalysis, have been summarized and discussed. Finally, the conclusions and
perspectives are given for the catalysis-driven rational design of metal-nonmetal nanocrystals in this
minireview.
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1. Introduction

As one of the important parts of nanomaterials, metal nano-
crystals own intriguing electronic, optical, magnetic, and catalytic
properties, making their applications an explosive growth during
the past few decades [1-5]. Particularly, the outstanding perfor-
mance of metal nanocrystals in catalytic applications has become
the focus of “green chemistry” [5-8]. However, it should be noted
that, although the metal nanocrystals usually exhibit favorable
catalytic activities for certain reactions, most of them are difficult
to commercialize for practical applications [9-12]. For example,
the first-row transition metals cannot meet all the requirements
for a given catalytic application due to their labile nature and
insufficient reactivity profiles [9,10]. Especially the unsatisfactory
stability caused by the dissolution of metal atoms during the
catalysis process is a massive problem that severely hinders their
practical applications [10,11]. The second- and third-row late
transition metal, like Pt, Pd, Ru and Au has been widely exploited as
the most effective catalyst in the field of electrocatalysis and
organic transformation [7,8,12]. Nevertheless, the high price of
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these noble metals causes serious concerns in their potential large-
scale applications. As well, their catalytic durability remains
unsatisfactory for most commercial applications.

To resolve the above-stated issues, numerous efforts have been
devoted to improving the catalytic performance of metal nano-
catalysts via different strategies. In the past few decades, many
strategies have been successfully developed to improve the
catalytic performance of metal nanocrystals, including preparing
bi- or poly-metallic alloys, constructing metal/support interaction,
and manipulating the size, morphology, and crystalline phase of
metal nanocrystals [5-7,13]. These strategies can efficiently
modulate the catalytic property of metal nanocrystals and thus
provide ways to generate efficient and stable nanocatalysts. Most
recently, metal-nonmetal nanocrystals derived by filling non-
metal elements into host metals, such as metal hydrides [14-21],
metal borides [22-25], metal carbides [26-33], metal nitrides [34-
40], metal oxides [41-48], metal phosphides [49-55] and metal
chalcogenides [56-60], have received increasing attention owing
to their excellent catalytic performance in many important
reactions. Indeed, the metal-nonmetal nanocrystals have diverse
stoichiometries and phases, as well as specific physical-chemical
properties associated with the type of nonmetallic elements. These
advantages, combining with low cost and excellent corrosion
resistance, making metal-nonmetal nanocrystals extensively
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explored as the most attractive candidates for noble metal
nanocrystals in catalytic applications [14,57-60].

In this minireview, we will discuss recent advances in the
synthesis of metal-nonmetal nanocrystals with diverse stoichio-
metries, morphologies, and their resulting performance as
catalysts for a set of catalytic reactions. First, we review the latest
reported metal-nonmetal nanocrystals and classified these nano-
crystals into seven groups based on the type of nonmetallic
elements, which are metal hydrides, metal borides, metal carbides,
metal nitrides, metal oxides, metal phosphides, and metal
chalcogenides (Fig. 1). We then present several examples to
highlight the use of metal-nonmetal nanocrystals as catalysts in
electro- and organic-catalytic reactions, including electrocatalytic
methanol oxidation reaction (MOR), formic acid oxidation reaction
(FAOR), oxygen reduction reaction (ORR), hydrogen evolution
reaction (HER), oxygen evolution reaction (OER), CO, reduction
reaction (CO,RR), N, reduction reaction (NRR), catalytic hydro-
desulfurization (HDS), hydrodenitrogenation (HDN), hydrodeox-
ygenation (HDO), hydroazidation, CO, hydrogenation, and
semihydrogenation. Finally, we will propose some perspectives
for the catalysis-driven rational design of metal-nonmetal nano-
crystals. We hope this review could offer information on the
research of metal-nonmetal nanocrystals timely and provide
guidance for their applications in catalysis.

2. Classification and catalytic application of metal-nonmetal
nanocrystals

2.1. Metal hydrides

Metal hydrides are a class of hydrogen compounds composed of
metals and hydrogen elements. As the smallest of all atoms,
hydrogen can diffuse into their host metals at extraordinary high
mobility and reach the thermodynamic equilibrium in a short time,
resulting in metal hydrides in which hydrogen occupies octahedral
or tetrahedral interstitial sites of the metal lattices (Fig. 2a) [61].
The nature of metal-hydrogen bonding makes metal hydrides
numerous unique physical and chemical properties, which are very
different from those of their host metals. Specifically, the electrons
from the inserted hydrogen atoms join the conduction band near
the Fermi level of the host metal and increase the electron density
as well, thereby affecting the electronic, magnetic, and optical
properties of metal hydrides. On the other hand, the insertion of
hydrogen into the interstitial sites of metals expands the crystal

2
&
o

metal-nonmetal

»
S1sApere™®

carbides

Fig. 1. Schematic illustration of various metal-nonmetal nanocrystals for electro-
and organic-catalytic applications.
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lattice and changes the mechanical properties of the metal
hydrides.

Most metal hydrides, such as LiH, NaH, MgH,, CaH,, AlH; and
TiH; can be synthesized via a gas-solid method by directly reacting
metals with hydrogen gas at elevated temperatures [62]. Due to the
limited thermal stability of the resulting metal hydrides, hydro-
genation synthesis of metal hydrides is usually carried out at
moderate temperatures (< 500 °C). For some metal hydride phases
with high coordination numbers or high metallic oxidation states,
such as Sr;MgHg and K;PtHg, the insertion of hydrogen needs to be
combined with necessary high hydrogen pressure (up to 10 GPa).
Besides gas-solid method, some other alternative approaches such
as solution method, ion implantation, ball-milling, and electro-
chemical synthesis could also be used to synthesize metal
hydrides, but they are not very widely used techniques and only
for some specific metal hydrides owing to the difficulties
encountered during their synthesis. For example, ZnH,, K;ReHg
and PdHy can be prepared through a solution route, while the
preparation of CrH can be achieved via electrochemical synthesis.
Additionally, the ion implantation and ball-milling in a hydrogen
atmosphere can be used to prepare some hydrogen storage
materials, such as BaReHg, LaNisHg, FeTiH; 7 and Mg,H, [62,63]. It
is worth mentioning that many metal hydrides are sensitive to air
and moisture and must be stored under an inert atmosphere. Metal
hydrides, especially those containing heavy alkaline metals, are
highly reactive and have to be kept in inert gas atmospheres [63].

In the past few decades, metal hydrides have been known as
natural candidates for hydrogen storage materials. There have
already been several books and reviews on metal hydrides,
introducing the synthesis, characterizations, and hydrogen storage
capabilities [64-67]. In this review, we mainly focus on the
electrocatalysis and organic catalysis of metal hydrides, as the
interest in catalytic applications of metal hydrides has grown
dramatically in recent years. Metal-hydrogen bonds have been
proven to play a critical role in catalytic processes [14-17]. For
example, Ni-H bonds are found to be involved in many catalytic
processes, such as electrocatalytic oxidation of H,, Ni-containing
enzyme (e.g., NiFe hydrogenase and methyl-coenzyme M reduc-
tase) catalysis, suggesting the nickel hydrides to be the key
component for the catalysis [14]. In another important industrial
reaction, the ZrCo-catalyzed hydrogenation of CO,, methane
products were found to form on ZrCoHy in the course of hydrogen
desorption but not on the pristine metals, meaning that the real
catalyst is the hydrides [15]. LiH, NaH, KH, MgH, and CaH, can be
used to crack ammonia into hydrogen and were able to perform the
reaction under mild conditions [16]. More importantly, due to the
feasibility of tailoring metal-hydrogen bond strengths by forming
metal hydrides, the application of metal hydrides in electro-
catalysis (e.g., HER and NRR) and organic catalysis have recently
attracted increasing attention [15,15,16,17].

Although the intrinsic activity of metal hydrides meets the
criteria of superior catalysts, there are few examples in which
metal hydrides are individually prepared into stable nanoparticles
for catalytic reactions, especially as electrocatalysts. Until recently,
metal hydride nanomaterials for electrocatalytic applications have
been reported. The most typical example is the extensive research
of PdHx nanocrystals, which provide a breakthrough in the
prospect of hydride electrocatalysis applications [18-21]. In
2015, Huang and coworkers prepared shape-controlled PdHg 43
nanocrystals using a solution method with N,N-dimethylformide
(DMF) as a hydrogen source (Fig. 2b) [ 18]. During the synthesis, the
in-situ hydrogen gas generated by the catalytic decomposition of
DMF can diffuse into Pd lattices to form PdHg43 nanocrystals.
Remarkably, the obtained PdHg 43 nanocrystals demonstrated high
stability under ambient conditions and elevated temperatures, as
well as strongly enhanced catalytic activities toward MOR. In
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Fig. 2. (a) The position of hydrogen atoms in a representative Cu-type structure (cubic closet packed structure). Large spheres represent metal atoms, small filled spheres
represent octahedral interstitial sites, and the small empty spheres represent the tetrahedral interstitial sites. Reprint with permission [61]. Copyright 2003, Elsevier. (b)
Comparison of cyclic voltammetry (CV) curves for Pd nano-tetrahedra and PdHg 43 nano-tetrahedra in 0.1 mol/L KOH and 0.1 mol/L methanol solution. Inset in (b) is the TEM
image of PdHy 43 nano-tetrahedra. Reprint with permission [18]. Copyright 2015, American Chemical Society. (c) Compositions of as-prepared PdH, nanocatalysts obtained at
different reaction temperatures and (d) the CV curves of Pd black and PdH, nanocatalysts with different H contents in 0.25 mol/L HCOOH and 0.5 mol/L H,SO4 solution. Inset in
(c) is the TEM image of obtained PdHy nanocatalysts. Reprint with permission [20]. Copyright 2018, Elsevier. (e) TEM image of PdHg 706@Ni-B composites and (f) their ORR
polarization curves before and after 10,000 potential cycles in 0.1 mol/L HClIO, solution. Reprint with permission [21]. Copyright 2017, Wiley-VCH.

another work, Xie et al. reported the successful synthesis of PdHy
nanocatalysts with controllable hydrogen contents by a solvo-
thermal condition (Fig. 2c¢) [20]. Due to the downshift of the p-band
center of Pd caused by the penetration of H, the binding strength
between catalyst surface and reaction intermediates can be
effectively modified, thereby improving the catalytic activity of
the resulting PdHy nanocrystals. When served as electrocatalysts
for FAOR, the PdHg 43 nanocrystals could exhibit an extraordinarily
low peak potential of 0.04V vs. saturated calomel electrode (SCE)
and high mass activity of 1.06 A/mg (Fig. 2d), as well as the much-
enhanced catalytic stability compared with commercial Pd black.
PdH, 706@Ni-B composites can be prepared by embedding PdHg 706
nanocubes in NiB nanosheets, which were proven to be excellent
ORR electrocatalysts in acidic medium (Figs. 2e and f) [21]. At
0.90V vs. reversible hydrogen electrode (RHE), the mass activity of
PdHy 706@Ni-B composites reached 1.05 A/mg, which is nearly 5
times higher than that of commercial Pt/C catalyst. Moreover, there
is a negligible loss in their catalytic activity after 10,000 potential
cycles (Fig. 2f). Overall, these pathbreaking reports have led to the
application of metal hydrides as electrocatalysts, and the current
research on this aspect is still ongoing.

Given the primary position of hydrogen in the periodic table
and many important properties of metal hydrides, the research on
the synthesis of metal hydrides remains an important topic of
chemical technology. We believe that more attention and efforts
for the synthesis and application of metal hydrides will be paid in
the future.

2.2. Metal borides

Metal borides represent another important class of binary or
multiparty inorganic solids, often formed by the reaction between
metal and boron, in which boron is the electronegative partner.
Recently, metal borides have been reported to possess high
activity, long-term stabilities, and cost-effectiveness in many
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electrocatalytic reactions. For example, CoB, NiBx and MoB were
found to exhibit excellent catalytic performance toward HER in a
wide pH range, representing low-cost alternatives to noble metal-
based electrocatalysts [68-70]. Therefore, metal borides have
attracted considerable attention in recent years and a set of metal
borides have been reported, such as NiB, CoB, MoB, FeB,, TiB,, VB,
[68-72]. Conventionally, almost all metal borides can be synthe-
sized via the solid-state reaction between metal and boron, such as
those mentioned above. However, these solid-state reactions can
only take place at high temperatures, in which case would
undoubtedly lead to metal borides with large particle sizes,
uncontrolled crystallization, and/or mixed phase products [73,74].
In this case, great efforts have been devoted to developing general
and low-temperature methods for the preparation of metal borides
in the past decades and new approaches such as reduction of metal
salts or oxides with boron compounds have been successfully
developed [23,72]. For example, Fokwa et al. reported a series of
3d-based metal borides, such as CoB, FeB, VB,, NbB, NbB,, MoB, WB
and TaB, nanocrystals with well-defined morphology and small
particles, which were obtained by the reaction of anhydrous metal
chlorides and boron in the presence of reducing tin metal under
low temperatures [72].

These new approaches enable us to produce a large number of
metal borides and further extend our capability to manipulate
their morphologies and stoichiometries. Both the morphology and
stoichiometry could play key roles in determining the catalytic
performance of metal borides. For example, it has been reported
that metal borides show strong boron-dependency catalytic
activities when served as electrocatalysts for HER [70,73,75]. a-
MoB, p-MoB and MoB,, which possess higher boron contents,
would exhibit much higher HER activities than Mo,B. Moreover,
the H, generation rate using Co-B film catalyst is about 6 times
higher than that of Co-B particle catalyst, showing a significant
morphology effect [76]. On the other hand, filling boron atoms into
metal lattices to form metal borides can further lead to lattice
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strains within the metal borides, which may further endow the
materials with superior catalytic properties. As been reported
recently, FeB,, Co,B, Co-Ni-B and other metal borides nanocrystals
have been proven to be excellent bifunctional electrocatalysts for
overall water splitting [22,23,77]. Schuhmann and co-workers
reported that the incorporation of boron elements in Co lattices
can induce lattice strain in the crystal structure of Co metal and
thus diminish the thermodynamic and kinetic barrier of the
hydroxylation reaction, which is a rate-determining step in the
OER (Fig. 3) [23]. As shown in Fig. 3¢, only 1.6 V vs. RHE on inert
support and 1.59V vs. RHE on nitrogen-doped graphene (NG) are
required for Co,B-500 catalysts to achieve a current density of
10 mA/cm?, which is the highest value for cobalt-based catalysts
reported to date. Moreover, no activity loss can be observed after
60h electrolysis, indicating the superior stability of Co,B-500
toward OER (Fig. 3d). As a bifunctional electrocatalyst, Co,B
catalysts can also deliver high activities toward HER.

Water splitting devices with Co,B-500 nanocrystals as anodic
and cathodic catalysts can show a cell voltage of 1.81V at
10 mA/cm?. Cell voltages could be well maintained after 5000
cycles, implying that Co,B-500 is a potentially very stable catalyst
for water splitting (Figs. 3e and f). These examples demonstrate
that metal borides can show excellent performance toward a set of
electrocatalytic reactions, and could be applied as a type of low-
cost alternatives for noble metal electrocatalysts. However, it is
noteworthy that the applications of metal borides are far less
extensive than metal carbide or metal phosphides. This is mainly
due to the difficulties encountered in their synthetic process,
which may need high temperature or pressure. In addition to
electrocatalytic applications, metal borides have also been
recognized as an important type of catalysts for organic reactions.
Taking HDS reaction as an example, it has been found that Ni-B and
Co-B can exhibit superior catalytic activities toward this reaction
[24]. Ni-B nanocrystals can also be applied as active catalysts for
syngas synthesis from the partial oxidation of methane and steam
reforming [25,78], while Co-B nanocrystals can be used as efficient
Fischer-Tropsch catalysts [79]. In addition to binary borides,
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ternary metal borides (e.g., Ni-Mo-B and Co-Mo-B) have also been
synthesized and reported, while some of them can exhibit
extremely high activities for the HDO of bio-oil [80,81].

Compared with metal nanocrystals, metal borides can exhibit
superior catalytic performance, mainly due to the strong host-
guest electronic interaction between metal and subsurface boron
atoms. Such electronic structure modification can also take effect
on noble metal nanocrystals [82-84]. Recently, Cai and co-workers
demonstrated that Pd-B (or B-doped Pd) can be prepared by
reducing Na,PdCl,; with dimethylamine borane in the presence of
H,BO5; and NH4F [82]. These Pd-B nanocrystals can show much-
enhanced activity toward hydrogen production from a mixed
solution of formic acid and sodium formate at room temperature as
compared with the commonly used Pd/C, Pd/Au and Pd/Ag
catalysts. The turnover frequency (TOF) of Pd-B nanocrystals for
H,, production reaches 1184 h~!, which is about 3 times higher than
that of the commercial Pd/C catalyst. Real-time attenuated total
reflection infrared (ATR-IR) spectroscopy revealed that the
important role of boron filling in modifying the Pd surfaces to
impede Co,q accumulation.

As a group of important catalysts, noble metal nanocatalysts
have shown their importance in our modern society, catalyzing
numerous important reactions related to modern industry. Boron
filling has shed light on the modification of noble metal
nanocatalysts to achieve higher activities and/or better stabilities,
but so far only Pd-B has ever been reported. More works on metal
borides are still required, not only to develop efficient approaches
for the synthesis of metal borides, but also to uncover the role of
boron in improving their catalytic properties in important
reactions.

2.3. Metal carbides

Metal carbides, which are composed of metal and carbon, are
often described as interstitial compounds, with carbon atoms fit
into the interstitial sites in metal lattices. Different from metal
hydrides and borides, metal carbides would tend to show metallic
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Fig. 3. (a) TEM image of Co,B-500 catalyst with the SAED pattern of the circular marked region shown in the inset. (b) HRTEM image of Co,B-500 catalyst with the inset
showing the unit cell structure of Co,B. The large blue spheres represent Co atoms, and the small orange spheres represent the B atoms. (c) LSV polarization curves of Co,B-
500, Co,B-500/NG, and nitrogen-doped graphene in 0.1 mol/L KOH and (d) galvanostatic stability data of Co,B-500 catalysts. (e) Complete water electrolysis in 3 mol/L KOH,
the inset is the photographic image of the cell during electrolysis. (f) Chronopotentiometry stability data of Co,B-500 catalysts at different current densities during electrolysis

of water. Reprint with permission [23]. Copyright 2019, Wiley-VCH.
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properties and can exhibit a range of stoichiometries. Some metal
carbides have already been used as important industrial materials
for a few hundred years, such as Fe-C. Thanks to the in-situ studies,
researchers have found that metal carbides played key roles in
some catalytic processes. Therefore, studies related to metal
carbides have attracted intensive attention in recent years. By far,
many metal carbides have been successfully prepared with size
located at the nanoscale, which can be easily used as catalysts for
electrocatalysis or organic catalysis [26-33,85-94]. The tempera-
ture-programmed reduction (TPR) method has been considered as
the prominent strategy for the preparation of nanostructured
metal carbides, which mainly involves the gas-solid reaction
between related oxides and carburizing gases [85]. Carburizing
gases mainly include CO, hydrocarbons (HC), and mixed gases such
as CO/CO,, CO/H;, and HC/H,. Various metal carbides, such as Mo,C,
Fes;C, WC, TiC and NiC can be prepared by TPR method. Typically,
pyrolysis of metal precursors (metallic salts or oxides) in organic
solvents under inert atmospheres was also be used in the process
of preparing metal carbides, even introducing various morphol-
ogies of products. For example, Mo,C can be prepared by the
pyrolysis of appropriate metal precursors under suitable con-
ditions, which could result in different morphologies (nanowires
or nanotubes) and composite catalysts (Mo,C@carbon or
Mo,C@NCNT), and thus exhibit excellent HER catalytic properties
[26,27,86,87]. Additionally, based on the confined carburization in
the metal-organic frameworks (MOFs) matrix, researchers have
developed a MOFs-assisted to prepare the MoCy nano-octahedrons
[88]. Recently, researchers have also developed many other
synthetic approaches for preparing metal carbides with controlla-
ble stoichiometries and structures, such as hydrothermal/solvo-
thermal synthesis. By treating pre-formed Pd nanocubes with
glucose under hydrothermal conditions, our group have prepared a
series of PdCy nanocubes with controllable C/Pd atomic ratios from
0.04 to 0.18 [33].

Due to the strong binding of metal carbides towards a wide
range of reactants and the high chemical and thermal stability,
many metal carbides have been reported to show excellent
electrocatalytic performance when served as catalysts or catalyst
supports for noble metal nanocrystals [89]. Some metal carbides,
which tend to show metallic properties, possess high electrical
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conductivity, and thus would benefit for their applications in
electrocatalysis [90]. Besides metal-like conductivity, metal
carbides with carbon atoms filled in the interstitial sites usually
show different electronic structures relative to their parent metal
nanocrystals due to the charge transfer between the metal and
carbon atoms [91]. Therefore, one would be able to improve the
catalytic performance of a given metal catalyst by finely controlling
the electronic structures of metal carbides. By far, many metal
carbides have been proven to be efficient catalysts for HER, with
their intrinsic activities comparable to those of Group VIII noble
metals [26-28,86,87]. For example, Peterson and co-workers have
carried out steady-state polarization experiments and electronic
structure calculations to reveal the catalytic activities of eight
mono- and bimetallic carbides (WC, Mo,C, NiC, TiC, CosC, FesC and
CoWC) toward HER and found these metal carbides to have
activities higher than those of their parent metals [92].

Taking Mo,C as a notable example, nanoporous Mo,C nano-
wires (np-Mo,C NWs), which were prepared by pyrolysis of MoOy/
amine hybrid precursor, can deliver a superior HER activity with a
Tafel slope of ~53 mV/dec in acid solution due to the enriched
nanoporosity and large reactive surface [86]. Besides, the catalytic
current density could be well maintained at ~12 mA/cm? for 25 h
of operation. Hierarchical p-Mo,C nanotubes constructed from
porous nanosheets have also been reported to facilitate the charge/
mass transport during the electrochemical process, with an
overpotential of only 112mV (or 172 mV) at a current density of
10 mA/cm? in alkaline (or acidic) electrolytes [87]. Moreover, the
stability of metal carbides can be improved by combining metal
carbides with conductive supports, such as graphene and carbon
nanotubes. For example, Mo,C nanoparticles embedded in a
carbon matrix (Mo,C@carbon) or N-doped carbon nanotubes
(Mo,C-NCNT) can serve as highly active and stable HER electro-
catalysts [26,27]. Similarly, other metal carbides, such as WC, W,C
and Fe3C also possess superior catalytic activities for HER
[28,92,93]. More interestingly, further stability studies revealed
that WC can even exhibit enhanced stability in a wide pH range,
especially under low pH conditions, which is another advantage for
their practical applications [93]. In addition to HER, metal carbides
were demonstrated to be efficient electrocatalysts for other fuel
cell reactions, including FAOR, MOR and ORR [29,94]. For example,

b 0 C o-
0.1 MHCIO4 0.1 MKOH
T T
E ] E
< < . —— Initial
é Initial é ~ = After 10000 cycles
) -~ = After 10000 cycles 2
G -a G
< c -4
) )
< ]
= -
s S
2 .6 8
5 5 -6
© T N3 T o © T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE) Potential (V vs. RHE)
C 9000 f I conversion I selectivity
Pdc_o.1s 100
7500 =
s PdCo.15, = 80
6000 PdCq (5, o
©
S 4500 Pad T 60
e 0.11 g
3000 PdCq o7, E 40
PdCq 04 ,
1500 . LPd/C 20
Pdecube » Lindlar
0 0

2 3
Cycles

Fig.4. (a) TEM image of FesC/NG catalyst and their ORR polarization curves before and after 10,000 potential cycles in O,-saturated 0.1 mol/L HCIO,4 (b) and 0.1 mol/L KOH (c),
respectively. Reprint with permission [94]. Copyright 2015, Wiley-VCH. (d) TEM image of PdC 15 nanocube catalyst. The inset in (d): crystal structure of PdCx nanocube, the
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Xiao and co-workers demonstrated that FesC encapsulated in
graphitic layers (FesC/NG) can act as an efficient and stable catalyst
for ORR in both acidic and alkaline electrolytes, achieving highly
competitive performance at a much lower cost compared with the
state-of-the-art Pt/C catalysts (Figs. 4a-c) [94].

As we know, transition metals, such as W, Zr, Mo, Pd, Rh, are
frequently used as catalysts for many reactions [5,6,33]. Filling
carbon atoms into the metal lattices can be expected to further
enhance the catalytic performances of these metal catalysts.
Therefore, WC, ZrC, VC, Mo,C, Cr3C; and PdCy nanoparticles have
recently been fabricated and reported to show excellent catalytic
activity or selectivity toward a set of catalytic reactions. For
example, WC, ZrC, VC, Mo,C, and Cr3Csz nanoparticles can serve as
highly efficient catalysts for oxidation of CO and H [30], Mo,C and
WC materials can be used as efficient catalysts for methane
reforming with CO, [31], while Mo,C catalyst for NH; decomposi-
tion and PdCy for efficient semihydrogenation reaction [32,33].
Compared with their parent metal catalysts, metal carbides exhibit
the enhanced catalytic activities and improved yields of target
products. Most recently, our group have successfully prepared a set
of PdC, with controlled stoichiometries, including PdCg g4, PdCo o7,
pdCO_n, PdC0'13, PdCO']s and PdC()Jg (Flg 4d) [33] The interstitial C
atoms in Pd lattices can increase the Fermi level of the Pd sites
through the hybridization of the Pd d band with C s-p bands,
leading to changes in the electronic structure. These changes can
lower the adsorption energy of alkenes during the alkyne
semihydrogenation process, resulting in much higher selectivity
toward alkenes. As shown in Fig. 4e, PdCy g nanocube catalysts
exhibit a record-high TOF of 7896 h~! for 4-ethynyl-1,1’-biphenyl
(EB-H) semihydrogenation reaction, which is ~7.8 and ~38 times
higher than that of the commercial Pd/C and Lindlar catalyst,
respectively, as well as selectivity of > 99%. Such outstanding
catalytic performance can be well maintained after 4 cycles
(Fig. 4f). Based on the above conclusions, it should be noted that
metal carbides with carbon atoms filled into the interstitial sites of
metal lattices can act as one of the most likely alternatives for
metal catalysts, serving as efficient catalysts in many catalytic
reactions. Especially in the field of electrocatalysis and organic
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catalysis, metal carbides could be expected to fulfill the promise of
efficient and fruitful catalysts and play the dominant role in
inorganic catalysts.

2.4. Metal nitrides

Metal nitrides, which are composed of metal and nitrogen
atoms, are also known as non-stoichiometric and interstitial
compounds since nitrogen atoms would like to fill into the
interstitial sites in metal lattices with various stoichiometries.
However, due to the relatively larger electronegativity of nitrogen
compared with carbon, the properties of metal nitrides are
strongly dependent on the content of nitrogen. Taking conductivi-
ty, for example, metal nitride is highly conductive when the
content of nitrogen is low, and the conductivity would gradually
decrease with the increase of nitrogen content [95]. Therefore, the
synthesis of metal nitrides with controllable nitrogen contents has
become the main focus of many recent investigations. In general,
the synthesis of metal nitrides involves similar experimental
procedures with the TPR method for metal carbides except
replacing the carburizing gases with pure NHs, a mixture of NH3
and inert gas or compounds that can produce NH; (e.g., urea). In
this process, metal nitrides, such as Mo-N, Fe-N, Co4N, NisN,
NiMoN and W,N nanocrystals can be prepared through the
reaction between metal or metal precursors and NHs during the
annealing process [34,35,37-39,96-98]. Some other methods such
as hydrothermal synthesis was also applied to prepare PdNy
nanocrystals [40]. Due to the strong attraction of nitrogen for the
metal atoms, most metal nitrides are often refractory materials
that are of high thermal and stability and corrosion resistance [99-
101]. The stability and corrosion resistance of metal nitrides can be
attributed to the high energy of the triple bonds between metal
and nitrogen atoms and simultaneously, most metal nitrides are
more stable than their oxides and hydroxides [102,103].

Metal nitrides with low nitrogen contents would have superior
electrical conductivities, showing metallic states with continuous
conductivity near the Fermi level [104]. The poor conductivity of
the electrocatalysts may strongly limit their catalytic performance
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permission [37]. Copyright 2015, American Chemical Society. (b) The HER polarization curves of NiMoN,/C and their component electrocatalyst, commercial Pt/C, and
graphite in 0.1 mol/L HCIO4 solution. Reprint with permission [38]. Copyright 2012, Wiley-VCH. (c) OER polarization curves of as-prepared nanoporous FeyN film in
comparison with iron oxide and support. Reprint with permission [39]. Copyright 2017, American Chemical Society. (d) The TEM image of the obtained Pd,N nanocrystal
catalysts. The inset in (d): HAADF-STEM image and relative EDS mappings of Pd,N nanocrystal. (e) ORR polarization curves and (f) histogram of mass activities at 0.90V vs.
RHE of original Pd nanocubes, commercial Pd/C and Pt/C catalysts, and Pd,N nanocrystals before and after ADTs of 10,000 cycles. Reprint with permission [40]. Copyright 2021,

Royal Society of Chemistry.

2684



R. Guo et al.

due to the difficulties in electron transfer among the reactant, the
catalyst and the electrode [95]. Therefore, metal nitrides with
lower nitrogen contents could be expected to show higher
activities than those with higher nitrogen contents toward
electrocatalysis. As one of the notable examples, two-dimensional
NisN materials can be used as novel OER electrocatalysts (Fig. 5a)
[37]. The excellent catalytic performance in terms of both activity
and stability could be attributed to the superior electrical
conductivity and the atomically disordered structure of two-
dimensional NisN. NiMoNy sheets, which consist of y-Mo,;N and
Ni;MosN phases, were also demonstrated to exhibit significantly
enhanced HER activity compared with MoN and NiMo catalysts
(Fig. 5b) [38]. Mo,N nanocrystals can be used as highly stable and
efficient electrocatalysts in NRR [98]. Fang and colleagues
synthesized cubic CusN nanocrystals by a facile one-phase process
and demonstrated their high ORR electrocatalytic activity in
alkaline media [36].

When further combined with certain supports, metal nitrides
can deliver even higher activities and better stabilities during the
electrochemical processes. For example, nanoporous Fey,N film
supported on three-dimensional highly conductive graphene/Ni
foam was demonstrated to be highly active for OER (Fig. 5¢) [39]. It
should be noted here that Fe-N active sites can also weaken the
adsorption energy of ORR intermediates and reduce the reaction
barriers of potential limiting step, making Fe-N-C nanocrystals
highly active for ORR [105]. Generally, electronic structures of the
metal catalysts modified by forming metal-nitrogen bonds would
lead to metal nitride electrocatalysts with better durability,
economic efficiency, and higher activity than their parent metals
[34-40,104]. In addition to electrocatalysis, metal nitrides can also
act as efficient catalysts for many other reactions, such as CO,
hydrogenation and HDN. As an important processing step in
upgrading hydrocarbon feedstocks to commercially useful prod-
ucts, HDN has long been considering as one of the most important
catalytic reactions in the industry [35]. Metal nitrides have been
proven to show their outstanding capabilities in denitrogenating
catalysis without saturation of the surrounding aromatic rings
[34,35]. For example, by TPR of MoOs and NHs, Mo nitrides can be
prepared and show exceptional catalytic properties toward
pyridine HDN, with much higher activities and better C—N bond
hydrogenolysis selectivity than commercial sulfide Co-Mo hydro-
treatment catalyst [34]. Hydrogenation of CO, into fuels and useful
chemicals can also be accelerated by using metal nitrides as
catalysts. Although this reaction can be catalyzed by metal
catalysts, it should be mentioned that the catalytic activity can
be significantly enhanced by incorporating nitrogen atoms into
metal lattices. As a notable example, Zeng and co-workers have
recently prepared CosN nanosheets by doping N into Co nano-
sheets [96]. The catalytic evaluation revealed that the TOF of CO,
hydrogenation on Co4sN nanosheets is 64 times that of Co
nanosheets, which is also higher than that of commercial Cu/
ZnO/Al,0O5 catalyst. Mechanistic studies suggested that Co4N
nanosheets were converted into Co4NHy by adsorbing H atoms,
in which amido-hydrogen atoms can directly interact with CO, to
form intermediate HCOO*. Besides, the adsorbed H,0* can activate
amido-hydrogen atoms through the interaction of hydrogen bonds,
thereby promoting the hydrogenation process.

Although great success has been achieved in the synthesis of
transition metal nitrides, there are relatively few reports on the
synthesis of noble metal nitrides due to the unreactive nature of
the most common nitrogen regents and strong bonding between
metal atoms. Not until recently, Cao and co-workers reported the
successful synthesis of AgN3 nanocatalysts and found the AgNs to
be a highly robust catalyst for hydroazidation of terminal alkynes
[106]. Even with loading as low as 5 mol%, AgN5; was still highly
efficient, suggesting the excellent catalytic property of noble metal
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nitrides. Raymond E. Schaak has recently demonstrated the
preparation of ternary metal nitrides CusPdN through reacting
copper(ll) nitrate and palladium(II) acetylacetonate in 1-octade-
cene with oleylamine at 240°C [107]. When served as electro-
catalysts for ORR, CusPdN nanoparticles can deliver much higher
mass activity and better stability than both Pd and CusN catalysts,
showing the great enhancement by filling nitrogen into metal
lattices. Most recently, our group has successfully prepared PdNy
nanocrystals (x <0.5) with controllable stoichiometries by incor-
porating nitrogen atoms derived from the hydrothermal decom-
position of urea into Pd nanocubes (Fig. 5d) [40]. Importantly, the
obtained PdNy nanocrystals can deliver superior catalytic perfor-
mance for a wide range of fuel cell reactions, such as cathodic ORR,
anodic FAOR and MOR, far surpassing the commercial Pd/C and Pt/
C catalysts. Especially for ORR in alkaline electrolyte, the Pd;N
nanocrystals showed a mass activity as high as 0.83 A/mg at 0.90V
vs. RHE, outperforming most of the Pd-based electrocatalysts
reported previously. Moreover, as shown in Figs. 5e and f, Pd,N
nanocrystals can exhibit excellent cycling stability toward ORR
with activity decay only ~9% after accelerated durability tests
(ADTs) of 10,000 cycles, suggesting a huge impact of nitrogen
atoms on enhancing the stability of noble metal nanocatalysts.
Despite these successes, it should be noted that noble metal
nitrides are notoriously difficult to be prepared into nanoparticles.
Therefore, in the future, it is highly encouraged to develop the
efficient synthesis of noble metal nitrides nanocrystals for efficient
electrocatalysts applications.

2.5. Metal oxides

Up-to-date, metal oxides have been regarded as one of the most
well-known inorganic compounds to scientists, which contain the
most extensive types and can be prepared by nearly all chemical
synthesis methods. The easiest way to prepare metal oxides is
calcination the commercial precursors refined from natural, for
example, using relatively metal nitrates or carbonates to prepare
Mn, Zn, La and Ce associated oxides, and using metal ammonium
salts for the preparation of V, Mo and W oxides [108]. The most
common method for obtaining metal oxides is to precipitate oxide
precursors in an aqueous solution and/or subsequently perform
thermal activation. In this method, the as-prepared metal oxides
could be able to inherit the morphological characteristics from
their precursors, which makes precipitation method an easy way
for preparing variants of the same oxide, regardless of particle sizes
and shapes. For example, alumina catalysts with different
morphologies and crystallizations can be synthesize by adjusting
the characteristics of the different aluminum hydroxides [108]. In
addition, metal oxides of the first line of transition metals, such as
Mn, Fe, Co, Ni, Cu and Zn oxides can also be prepared via a
solvothermal synthesis. Nowadays, owning to the huge progress in
nanoscience, researchers have developed many other excellent
strategies for preparing metal oxides nanocrystals, which can
exhibit unique stoichiometries and morphologies. For example,
NiO thin film can be prepared via the use of sol-gel method, WO3
nanowires can be synthesized by a vapor transport method, ZnO
nanocrystalline thin film is made of spray pyrolysis and SnO,
nanowires are able to prepare through thermal evaporation [109].
As for the applications of metal oxides, it has been associated with
a variety of brand-new developments and many advanced
technologies in this field. In terms of catalytic applications, metal
oxides cover the majority of catalyst families in the industrially,
involving silica, alumina, TiO,, ZnO, ZrO,, perovskites and so on
[110-112]. Most of them are very important heterogeneous
catalysts and involve in many important chemical reactions,
including petrochemicals, intermediates, fine chemical and
biomass transformation reactions. For example, V oxides are being
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developed as catalysts for fuel production [41], Zn0O-Al, 03 catalysts
are extremely crucial for the biomass conversion reactions, and
CuMnO,; and CoFeOy can efficiently catalyze the gas-phase partial
oxidation of hydrocarbons [42,43]. Besides the high-activity in
organic catalytic reactions, in the past few decades, metal oxides
have also shown high efficiency and great potential in electro-
catalytic applications [44-48]. Some noble metal oxides are even
considered as members of the most durable and active water
oxidation catalyst owing to their high electrocatalytic performance
toward OER in both acidic and alkaline solution, such as IrO, and
RuO, [113,114]. Moreover, some other metal oxides have demon-
strated noble metal-like catalytic properties in many reactions. For
example, it was reported that the ABOs; (A=alkaline earth,
B =transition metal) perovskite-based metal oxides and spinel
oxides exhibit a high OER rate, and some even surpass the
performance of benchmark noble metal OER catalysts, which is of
great significance in energy storage and conversion system [47].
Table 1 listed the kinetic parameters of the important and
representative metal oxide electrocatalysts toward OER, suggest-
ing that they are low-cost alternatives to noble metal-based
electrocatalysts [44,113-121].

To further obtain high-performance metal oxide electrocata-
lysts, researchers are committed to constructing metal oxides with
specific nanostructures, which can facilitate exposure of a large
number of surface-active sites. Taking MoO, as an example, Jin and
co-workers have demonstrated that porous MoO, nanosheets can
be used as bifunctional electrocatalysts for overall water splitting
in alkaline media [44]. As reported, porous MoO, nanosheets
catalysts only need a cell voltage of 1.53 V to reach a water-splitting
current density of 10mA/cm?. In another work, the nanoflower-
like MoO, on nickel foam only needs about 55 and 80mV
overpotentials to achieve current densities of 10 and 20 mA/cm?,
respectively, showing an excellent HER activity [45]. In addition,
thanks to the doping of Co/N into MoO,, Co-N-doped MoO,
nanowires exhibited high ORR catalytic activity and outstanding
HER performance with a low overpotential, high electrochemical
activity and robust stability in alkaline media [46]. These examples
clearly demonstrate that the specific nanostructures of metal
oxides can increase the surface-active sites, and thus improve their
catalytic activity. It is worth noting that the conductivity of metal
oxides is usually much lower compared with metal catalysts,
which is unfavorable for the charge transfer in the electrocatalysis
process. Therefore, some metal materials or carbon-derived
materials have been usually used as support of metal oxides to
improve their electronic conductibility, just like the abovemen-
tioned hybridization of MoO, nanoflower on Ni foam. As another
example, Tong et al. reported an efficient bifunctional electro-
catalyst for OER and ORR by firmly coupling CoO, nanoparticles
with B, N-decorated graphene [122]. They proposed that the
superior performance resulted from a strong bridging Co-N-C bond

Table 1

The OER performances of representative metal oxides electrocatalysts.
Catalyst Electrolyte N (mV)®  Tafel slope (mV/dec)  Ref.
RuO, 0.5 mol/L KOH 310 108.8 [113]
IrO, 1 mol/L KOH 338 47 [114]
CoOx 1 mol/L KOH 260 - [115]
Co304 1 mol/L KOH 290 72 [116]
Ru@RuO, 0.1 mol/L KOH 320 86 [117]
Mn-RuO, 0.5mol/L H,SO, 158 42.94 [118]
Fe-NiO 0.5 mol/L KOH 297 37 [119]
MoO, 1 mol/L KOH 1490 54 [44]
ZnCoy04 0.1 mol/L KOH 350 70.6 [120]
LiCoO, 1 mol/L KOH 430 48 [121]

@ 110 is the potential (vs. RHE) to achieve the current density of 10 mA/cm?.
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Table 2
HER performance of different metal phosphides.
Catalyst Electrolyte N1 (MV) *  Tafel slope (mV/dec)  Ref.
Ni,P 1 mol/L H,S04 42 38 [49]
Ni,P 1 mol/L NaOH 69 118 [49]
NisPs 1 mol/L H,S0,4 23 33 [49]
NisPs4 1 mol/L NaOH 49 98 [49]
CoP 0.5mol/L H,S04 75 50 [51]
Co,P 0.5mol/L H,S04 95 45 [51]
WP 0.5mol/L H,S0, 130 69 [52]
WP 1 mol/L KOH 150 102 [52]
Ni,P 0.5mol/L H,S0, 45 46 [131]
Ni2Ps 0.5mol/L H,SO, 208 75 [133]
NisP4 0.5mol/L H,S0, 118 42 [133]
CoP 0.5mol/L H,S0; 85 50 [134]
CoP 0.5mol/L H,S04 67 51 [135]
CoP 1 mol/L KOH 209 129 [135]
FeP 0.5mol/L H,SO; 58 45 [138]
FeP 1 mol/L KOH 218 146 [138]
FeP 0.5mol/L H,SO, 52 49 [139]
MoP 0.5mol/L H,S0,  130=180 54 [143]
MosP 0.5mol/L H,S04 500 147 [143]

@ nq0 is the potential (vs. RHE) to achieve the current density of 10mA/cm?.

between CoO, and graphene, which promoted electron transfer
capability and provided highly active sites of CoOy catalysts.

Even though considerable progress has been acquired in the
field of fabrication of metal oxides for catalytic applications, many
questions should be addressed for their practical applications. In
particular, more attention should be focused to improve the
conductivity and catalytic stability of metal oxides, which are
essential for the development of more efficient organic and
electrocatalytic applications.

2.6. Metal phosphides

A metal phosphide, which consists of metal and phosphorus
atoms, usually have metallic properties, and thus could be used as
catalysts for electrocatalysis and organic reactions. By far, there
have already been hundreds of metal phosphides synthesized and
investigated on the nanoscale. The synthesis of metal phosphides
nanostructures is much more difficult than that of carbides and
nitrides and usually contains the use of toxic phosphorus source.
The representative synthesis strategies for metal phosphides
include the traditional solid-state method, gas-solid way, and
solvothermal synthesis. The traditional solid-state method refers
to direct reactions of red/white phosphorus and metals at a high
temperature and under an inert atmosphere or vacuum. Using this
approach, many metal phosphides such as CoP, NiP, FeP and MoP
can be routinely accessed in high purity and on a large scale
[123,124]. To accelerate the diffusion of the elements in the solid
states, long reaction times and high temperatures would be
required for the synthesis of metal phosphides by the solid-state
method. The gas-solid way mainly depends on the PHs gas or the
phosphates (such as NH4H,PO, or NaH,PO,) which can in situ
generate PH; during heating process [125-127]. The PHs gas can
directly react with metal precursors (such as metal oxide,
hydroxides, salts, or metal-organic frames) to form metal
phosphides nanocrystals under an atmosphere condition. For
example, some important catalysts, such as FeP, Ni,P, CoP, WP, and
CusP could be obtained via gas-solid strategies. Solvothermal
synthesis usually uses organic phosphines, such as tri-n-octyl-
phosphine (TOP), tri-n-octylphosphine oxide (TOPO) or tri-
phenylphosphine (TPP) as phosphorus sources. The C-P covalent
bond of organic phosphines can be easily broken at a temperature
around 200°C and thus release phosphorus. The phosphorus then
reacts with the metals during the reaction to form a series of metal
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phosphides such as Ni,Ps, Ni,P, Co,P and WP [126]. Compared with
the solid-state method and gas-solid method, solvothermal
synthesis can prepare metal phosphides with controlled sizes or
morphologies and can be carried out at a much lower temperature,
so that solvothermal synthesis has been widely adopted for the
preparation of metal phosphide nanocrystals in recent years. For
example, our group has successfully converted 5nm-Pt nano-
particles into Pt;P nanocrystals by using TOP as a phosphorus
[128]. More interestingly, many studies showed that metal
phosphide nanocrystals can be prepared into hollow structures
via solvothermal synthesis due to the Kirkendall effect [129,130].

Metal phosphides can exhibit superior catalytic performance
toward an array of reactions compared with their parent metals,
and both the metal phosphides and metals have similar
conductivity, which could benefit for their catalytic applications
in electrocatalysis. To date, a large number of metal phosphides
have been reported, such as Ni,P [49,50,131-133], NisP4 [49,133],
CoP [50,51,134-136], Co,P [51,137], FeP [138,139], Fe,P
[50,138,139], MoP [50,136,139,140], WP [50,52,137], CusP [53],
AgP, [141], PtyP [128], and demonstrated to show excellent
catalytic performance in a set of reactions. For example, many
metal-rich phosphides can exhibit excellent activity and stability
for catalytic hydrogenation reactions, including HDS, HDN, and
HDO reactions [50,132,137], since hydrogen can adsorb or desorb
reversibly on the surface of metal phosphides. All of the MoP, WP,
Fe,P, CoP and NiP have been reported to show excellent
performance in HDS and HDN, with Ni,P proving to be the most
active. Oyama'’s review has already comprehensively covered the
major development of these transition metal phosphides in
hydroprocessing catalysis [50]. Besides hydrogenation reactions,
metal phosphides have recently been proven to be efficient
electrocatalysis, especially for HER. The catalytic performance of a
given catalyst for HER and hydrogenation reaction both strongly
depends on the reversibly associating and dissociating hydrogen
atom, implying that metal phosphides should be also active for
HER [142]. Table 2 has listed the recent superior catalytic
performance achieved for HER on metal phosphides. More
interestingly, some metal phosphides can even show high catalytic
activity and stability toward HER in a wide pH range. For example,
Ni,P, NisP4, FeP, CoP and WP can exhibit excellent performance
both under acidic and alkaline conditions [49,5,135,138]. The
feasibility under a wide pH range makes them great potential to
cooperate with OER catalysts for efficient overall water splitting
reaction. Recently, Liu and coworkers demonstrated that CoP
nanosheets arrays on carbon cloth can be used as a bifunctional
water-splitting catalyst with high activity and durability in alkaline
and neutral media [54]. Song’s group prepared MoP/Ni,P nano-
crystals on three-dimensional Ni foam and found that these
bimetallic phosphides can exhibit superior catalytic performance
for OER and HER in alkaline electrolytes [55]. Importantly, it can be
seen from Table 2 that metal phosphides with higher phosphorus
content usually exhibit higher HER activity than those with lower
phosphorus content. Specifically, in Ni-P, Co-P and Mo-P systems,
the P-rich phases show much lower overpotentials and smaller
Tafel slopes in either acidic or alkaline solutions. For instance,
NisP,4, CoP and MoP show higher activity than Ni,P (Ni;3Ps), Co,P
and MosP, respectively [49,51,133,143]. It is also worth noting that
metal phosphides are an important class of compounds with
metalloid characteristics and good electrical conductivity, even
some metal-rich phosphides can exhibit superconductivity, which
is beneficial for their electrocatalytic applications [144].

In recent years, noble metal phosphides have attracted
enormous research interests purposed for further improving the
catalytic performance of noble metal catalysts and reduce the mass
loadings of these expensive noble metals [128,139,145,146]. Ag has
been frequently used as benchmarked electrocatalysts for CO, to

2687

Chinese Chemical Letters 32 (2021) 2679-2692

CO conversion but the high overpotential has largely limited the
efficiency. Impressively, Li and co-workers have recently demon-
strated that more than 3-fold reduction in overpotential can be
achieved by filling P into Ag lattices to form AgP, [141]. Fig. 6a
indicates the successful preparation of AgP, with size around
3.5 nm through a solvothermal synthesis. For CO, electrocatalytic
reduction, the onset potential for initial CO generation on AgP,
nanoparticles is —0.22V vs. RHE, while it is —0.59V on Ag
nanoparticles with similar size (Fig. 6b). Density functional theory
(DFT) reveals that the HER process can proceed via phosphorus
sites, and the AgP, (111) surface has phosphorus sites with free
energy for atomic hydrogen adsorption (AGy+) of 0.036 and
—0.039eV. The strong adsorption of H* on phosphorus sites can
effectively suppress the HER rate, while the adsorbed H* could also
be delivered to the adsorbed carbon species on adjunct silver sites
to promote the hydrogenation reaction [141]. This study suggests
the key role of phosphorus alloying on the enhancement of
catalytic performance of noble metal catalysts. Most recently, our
group demonstrates the successful synthesis of a new type of metal
phosphide, Pt;P nanocrystals, by treating Pt nanoparticles with
TOP at 300°C for 3 h (Fig. 6¢) [128].

After filling phosphorus into Pt lattices, the catalytic perfor-
mance of Pt catalysts can be markedly enhanced by factors of 10.3
in mass activity and 10.2 in specific activity, respectively. The
durability test further demonstrated the superior stability of Pt,P
nanoparticles relative to Pt nanoparticles, with a drop of 9.1% in
mass activity in the acidic medium after 30,000 potential cycles,
showing another advantage of the noble metal phosphides
(Fig. 6d). As been demonstrated, the catalytic performance of
noble metal catalysts can be significantly improved toward
electrocatalysis in terms of both activity and stability by filling
phosphorus atoms. Later, Sun and co-workers reported that PdP,
nanoparticles loaded on reduced graphene oxide (PdP,-rGO) can
be prepared by a modified high-temperature solid-state method
via the reaction between Pd-GO and red phosphorus at 900 °C for
three days [145]. The prepared PdP,-rGO can reduce the energy
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barrier required for N, activation and the subsequent hydrogena-
tion process, making PdP, the high-performance NRR electro-
catalysts for ambient N,-to-NHs; conversion with excellent
selectivity.

Incorporation of phosphorus into metal lattices represents one
of the most effective ways to tailor the electronic structure and
surface properties of metal catalysts. The binding strength of
reaction intermediates adsorbed on active metal sites can be
regulated, thereby enhancing the catalytic activities. While the
above-listed noble metal phosphides, including AgP,, Pt,P and
PdP, nanoparticles, are proven to be attractive catalysts for
electrocatalysis, it is still a tremendous challenge in the prepara-
tion of noble metal phosphides due to the lack of synthetic
methods to fill phosphorus into noble metal lattices. Therefore, it is
urgent to develop effective synthetic approaches for the prepara-
tion of noble metal phosphides. More importantly, a deep
understanding of how phosphorus affects the catalytic efficiency,
stability, and/or even selectivity of a noble metal catalyst toward
specific catalytic reactions would benefit the rational-design of
high-performance catalysts. In this case, a synthetic approach that
can further regulate the stoichiometry of noble metal and
phosphorus elements is highly desirable and has yet not been
achieved by far.

2.7. Metal chalcogenides

Metal chalcogenide is known as a compound composed of
metal and chalcogen elements, mainly including metal sulfide,
metal selenide, and metal telluride. Although metal chalcogenides
usually have simple stoichiometries similar to metal oxides, such
as 1:1 and 1:2 for transition metal chalcogenides, it should be
mentioned that metal chalcogenides with other stoichiometries
have also been frequently reported in recent years with typical
examples include metal-rich phases (e.g., MS) of extensive metal-
metal bonding and chalcogenide-rich phases (e.g., M2S; and M5Sg)
of extensive chalcogen-chalcogen bonding [147-156]. Compared
with the chalcogenide-rich phases, metal-rich chalcogenides
possess much higher conductivity, which can greatly accelerate
the electron transfer during electrocatalysis and thus enhance the
catalytic performance of metal chalcogenides for electrocatalysis
[147]. By far, there have been many synthetic approaches reported
in the literature for metal chalcogenides, including the solid-state
method, molten flux synthesis, and hydro(solvo)thermal prepa-
rations [148-150]. Similar to the synthesis of metal phosphides,
synthesis of metal chalcogenides via solid-state method requires a
high temperature (usually higher than 600 °C) to activate the solid-
solid diffusion and initiate the reaction between metal precursors
and alkali-metal chalcogenides. However, it is extremely difficult
to prepare the desired metal chalcogenides with well-designed
sizes and structures via the solid-state method owing to the
limitations in kinetic control of the reactions at high temperatures.
Compared with the solid-state method, molten flux and hydro-
(solvo)thermal synthesis can yield finely dispersed metal chalco-
genides nanoparticles with well-defined sizes and morphologies
through the reactions between metal precursors and alkali-metal
sulfides or covalent sulfiding agents in molten salts or polar organic
solvents. For example, Co-based sulfides with varying S content
such as CoS, CoS,, CosS; and CogSg have been prepared by
solvothermal methods and reported with different morphologies
[149,151]. These two approaches have been recognized as the most
powerful synthetic methods that can be used to prepare metal
chalcogenides with metastable phases, such as low dimensional
metal chalcogenides, which are not accessible at high synthetic
temperatures.

The physicochemical properties of metal chalcogenides, such as
conductivity and thermal stability can be regulated by tailoring the
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stoichiometry and morphology. As we have concluded at the
beginning of this part, metal chalcogenides can be prepared as
metal-rich phases, in which case metal chalcogenides would
exhibit extensive metal-metal bonds and thus high electrical
conductivity could be expected. Therefore, many metal-rich
chalcogenides have been reported to show excellent catalytic
performance in electrocatalysis. Taking HER for example, a large
number of metal-rich sulfides, such as Ni3S,, CoS and Cu,S have
been reported to exhibit superior catalytic activities and low
overpotentials owing to their high electrical conductivities [152-
154].

Table 3 provides a summary of recent superior HER electro-
catalytic performance achieved on these metal chalcogenides. It
has been highlighted that many metal sulfides and selenides, such
as FeS, FeS,, CoS, CoS,, NiS,, Ni3S,, NiSe and CoSe, are the ones
frequently reported for the HER, representing promising alter-
natives to noble metal-based electrocatalysts [157-167]. Among
them, the chalcogenide-rich compounds, on the other hand, are
often hybridized with conductive supports and then applied as
catalysts for electrocatalysis, providing an overall high electrical
conductivity and sintering resistance. For example, the beaded-
stream-like CoSe, nanoneedles on Ti foil (CoSe,-BSND/Ti) were
prepared by treating Cos;0, nanoneedles array with Se vapor,
which could exhibit superior electrocatalytic performance toward
HER with a small overpotential and long-term stability in the acidic
electrolyte [56]. The excellent performance could be attributed to
the unique three-dimensional conductive hierarchical structure
which can provide highly accessible active sites, improved charge
transfer kinetics, and attractive force between water and catalysts
surface. In addition to the HER, metal chalcogenides are also
promising candidates as efficient electrocatalyst for the OER.
Taking CoSe; as a notable example, as reported, the CoSe; ultrathin
nanosheets containing a large number of Co vacancies which
served as active sites to efficiently catalyst the reaction, manifest-
ing an OER overpotential as low as 0.32V at 10 mA/cm? in alkaline
medium [168]. As reported, it is also allowed to combine
hybridization methods and heteroatom doping to further improve
the OER performance of CoSe, electrocatalysts. For example, Mn-
modulated CoSe, nanosheets exhibited a 5.8-fold enhancement in
electrocatalytic activity relative to CoSe, (Figs. 7a and b) [169].
Moreover, precious metals such as Au and Ag are often used to
regulate the electronic structure and electrical conductivity of
CoSe, to constructure composite catalysts (such as Au/CoSe, and
Ag-CoSe,) with better OER catalytic performance [170,171].

The co-doping of nonmetallic atoms in metal nanocrystals is
usually achieved by doping other nonmetallic atoms in metal
chalcogenides, which has proven to be another effective strategy to
improve their electrocatalytic activity [58,60,172-174]. According
to earlier reports, nanostructured MoS, and WS, with exposed
edges have emerged as promising HER electrocatalyst [57]. To

Table 3
Comparison of the HER performance with recently reported metal chalcogenides
electrocatalysts.

Catalyst Electrolyte N0 (mV) ?  Tafel slope (mV/dec) Ref.

FeS, 0.5mol/L H,SO4 217 56.4 [157]
CoS, 0.5mol/L H,SO4 128 52 [158]
NiS 1 mol/L KOH 150 83 [159]
FeNiS 0.5mol/L H,SO4 105 40 [160]
CosSy 0.5mol/L H,SO4 140 70 [161]
NisSe; 1 mol/L KOH 70 82 [162]
MoS,/CoSe, 0.5mol/L H,SO, 68 36 [163]
CoSe; 0.5mol/L H,SO, 137 40 [164]
NiSe 1 mol/L KOH 96 120 [165]
Coo.13Nipg7Se> 1 mol/L KOH 64 63 [166]
CoPSe 0.5mol/L H,SO4 370 46 [167]

2 10 is the potential (vs. RHE) to achieve the current density of 10 mA/cm?.
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further improve their performance, Xie's group prepared the
oxygen-incorporated MoS, ultrathin nanosheets (O-MoS, NSs) via
a hydrothermal method (Fig. 7c) [60]. The as-prepared O-MoS; NSs
showed a low onset overpotential of 120 mV, extremely large
cathodic current density, and excellent stability toward HER
(Fig. 7d). The report reveals that the superior electrocatalytic
performance benefited from the increased active sites provided by
the disordered structure and the intrinsic conductivity improved
by the incorporation of oxygen. In another work, Zeng's group
constructed MoS,-BP (black phosphorus) nanosheets through
deposition of MoS, flakes on BP nanosheets [172]. Due to the
electron donation of BP, the MoS,-BP nanosheets exhibited
enhanced HER catalytic activity in acidic solution, which was 22
times higher than that of MoS,. Moreover, the N-doped CogSg on
graphene supports (N-CogSg/G) obtained by NHs plasma treatment
of CogSg/G can be applied as an advanced bifunctional electro-
catalyst for ORR and OER in alkaline media, where their ORR
performance is close to that of commercial Pt/C catalyst (Figs. 7e
and f) [58]. It was proposed that the N-doping and etching of CogSg/
G were proceeded simultaneously, which could efficiently adjust
the electronic properties of the catalyst and expose more electro-
catalyst active sites, thereby improving the ORR and OER
performance greatly. These fruitful results make metal chalcoge-
nides competitive potential catalysts in the field of electrocatalysis.

In addition to electrocatalysis, MoS;, NbS,, ReS,, RuS, and CogSg
have also been proven to be highly affordable catalysts for
hydrotreating reactions, such as HDS, HDN, and HYD reactions
[155]. For example, thiol-treated Pd catalysts displayed excellent
catalytic selectivity and activity toward the semihydrogenation of
internal alkynyls [156]. It is also worth noting that metal
chalcogenides are considered as promising alternative electrode
materials in lithium/sodium-ion batteries and supercapacitors as
well. Apart from the low cost, earth abundance, and convenience for
fabrication, metal chalcogenides have a much higher theoretical
capacity compared with traditional graphite for energy storage
systems. Recently, Huang and coworkers proved that the theoretical
specific capacity of FeS, would be even higher than that of LiMO,
intercalation cathodes for lithium-ion batteries [175].
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More interestingly, metal chalcogenides have attracted tre-
mendous attention recently due to their low-dimensional meta-
stable structures, as well as their recently discovered outstanding
catalytic capabilities in photocatalysis, electrocatalysis, and
organic catalysis [176,177]. For example, metal chalcogenides
can be fabricated into two-dimensional morphologies, which
would show interesting physical phenomena such as the quantum
spin Hall effect, valley polarization, and two-dimensional super-
conductivity [178-180]. By far, hundreds of two-dimensional
metal chalcogenides have been reported, including binary com-
pounds and alloys [151]. These two-dimensional metal chalcoge-
nides can be prepared via sulfurization, selenization, and
tellurization of metals and metal compounds in organic solvents
or molten salts.

3. Conclusions and perspectives

Over the past few decades, metal-nonmetal nanocrystals have
stood out as one of the most effective catalysts because of their
outstanding catalytic performance. This review provides an
overview of recent progress in metal-nonmetal nanocrystals,
including metal hydrides, borides, carbides, nitrides, oxides,
phosphides, and chalcogenides, as well as their catalytic applica-
tions. The catalytic applications mainly cover the research fields of
electrocatalysis and organic catalysis. Table 4 gives the summary
and quick comparison of these seven groups of metal-nonmetal
nanocatalysts with their main corresponding synthesis and
catalytic applications. According to these reported catalysts,
researcher can choose feasible approach for the preparation of
metal-nonmetal nanocrystals for specific practical applications. In
addition, it was found that many well-defined metal-nonmetal
nanocrystals displayed inherent advantages of high catalytic
activity, selectivity, superior durability, and economic efficiency
for catalytic applications. Even though considerable progress has
been made in the field of metal-nonmetal nanocrystals, there are
still several challenges for the development of highly efficient and
stable metal-nonmetal based catalysts. Here is a shortlist of those
challenges, together with the potential solutions.
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Fig. 7. (a) TEM image of ultrathin (CosMn;)Se; nanosheets and (b) the comparison of OER polarization curves of (Co4Mn;)Se,, CoSe, and IrO, electrocatalysts. Reprint with
permission [169]. Copyright 2018, Elsevier. (c) FE-SEM image of the typical 0-MoS, NSs and (d) their HER polarization curves before and after 30,000 cycles. Reprint with
permission [60]. Copyright 2013, American Chemical Society. (e) TEM image of N-CooSg/G catalyst, the red open circles show nanosized holes induced by the NH3-plasma
etching. (f) LSV curves of the indicated electrocatalysts for ORR in O,-saturated 0.1 mol/L KOH. Reprint with permission [58]. Copyright 2016, Royal Society of Chemistry.
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(1) Precise control over the composition, size, and morphology of

metal-nonmetal catalysts. Unlike introducing secondary me-
tallic atoms into metal nanocrystals which can be routinely
regarded as a common strategy now, the colloidal synthesis of
high-quality metal-nonmetal nanocrystals has met with
limited success, especially for noble-metal-nonmetal nano-
crystals. For example, how to accurately choose the nonmetal
source, metal precursor and synthetic conditions to control the
morphology, particle size and composition of the products
remains an unsolved problem. Generally, these parameters will
change the electronic structure and chemical state of the
obtained metal-nonmetal catalysts, which can affect the
adsorption/desorption properties of reactant molecules or
intermediates, and thus influence their catalytic behaviors.
Therefore, the development of synthetic approaches, which
can accurately control the composition, size and morphology of
metal-nonmetal nanocrystals, are highly required and will
benefit for their practical applications.

(2) Elucidating the role of nonmetallic elements in improving the

catalytic performance of metal-nonmetal catalysts. Although
more and more metal-nonmetal catalysts have been reported
to show much enhanced catalytic performance compared with
their parent metal catalysts, there are still few in-depth
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mechanistic studies on the role of nonmetallic elements in
enhancing the catalytic activity, selectivity, and/or stability.
Therefore, more attention is suggested to be paid to the
mechanistic study of metal-nonmetal nanocrystals in catalytic
processes. For example, the in-situ characterization of nonme-
tallic atoms and theoretical calculations of the catalytic process
can help reveal the role of nonmetallic elements on the
performance enhancement of metal-nonmetal catalysts, which
will in turn guide the rational design of metal-nonmetal
catalysts to achieve further development of catalytic perfor-
mance.

In conclusion, metal-nonmetal catalysts have received consid-
erable interest owing to their unique catalytic properties. Among
them, metal hydrides, metal borides, metal carbides, metal
nitrides, metal oxides, metal phosphides, and metal chalcogenides
consisting of different nonmetallic elements and with tunable
stoichiometries would be the most excellent candidates for
catalytic applications. However, there are still many challenges
that should be addressed before they can be applied in practical
catalytic applications. It is hoped that the introduction of metal-
nonmetal catalysts in this review can provide guidance or serve as
a resource for researchers who are interested in this topic. It is

Table 4

The main preparation methods and typical catalytic applications of different metal-nonmetal nanocrystals.

Metal-nonmetal nanocrystal

Synthesis

Typical catalytic application

Metal hydrides

Metal borides

Metal carbides

Metal nitrides

Metal oxides

Metal phosphides

Metal chalcogenides

Gas-solid method: LiH, NaH, MgH,, CaH,, AlH3, TiH,,
SroMgHg, K;PtHHg;

Solution method: ZnH,, K;ReHo, PdHy, Ni-PdHg 43,

PdH 706@Ni-B;

Ion-implantation: BaReHyg, LaNisHg, Mg,Ho;
Electrochemical synthesis: CrH

Solid-state reaction: Ni-B, Co-B, Mo-B, FeB,, TiB,, VB,,
CoNiBy;

Pyrolysis of metal precursor: PdB, CoB, FeB, VB,, NbB, NbB,,
MoB, WB, TaB,

TPR (gas-solid reaction): Mo,C, Fe3C, WC, TiC, NiC, CosC,
Cr3C3; MOFs-assisted method: MoCy; Pyrolysis of metal
precursors: Mo,C, TiC, WC; Hydrothermal (solvothermal)
synthesis: PdCx

TPR: MoNy, FeN,, NisN, NiMoN, W,N, TiN, VN, NisFeN,
TiN@Ni3N;

Pyrolysis of metal precursors: CusN, CusPdN, NiMoNy;
Hydrothermal (solvothermal) synthesis: TiN, FeN, WN,
MozN, NisFeNy, PdNy.

Calcination commercial precursors: Mn-, Zn-, La-Ce-, V-,
Mo-, W-oxide;

Precipitation method: SiO,, Al;03, TiO,, CeO,, V-Mo oxide,
Cu-Cr oxides, V-Mo oxides; Sol-gel: NiO, V,0s, Nb,Os,
Cr,03, SnOy;

Vapor transport method: WOs;; Spray pyrolysis: ZnO;
Thermal evaporation: V,05
Solid-state method: CoP, NiP, FeP, MoP;

Gas-solid reaction: CoP, FeP, Ni,P, CusP, MoP, MosP, WP;
Liquid-phase synthesis: Co,P, FeP, Ni,P, NisP,4, Nil;Ps, Pt,P
Solid-state method: FeS,, CoS,, CogsFegsS, CogSs, NiS,
MoS,, WS,, NiSe, CoSe,, CoTe,, NisSey;

Molten flux synthesis: NiSy, CoSe, ReS,;

Hydro(solvo)thermal synthesis: CoOS@CNT, CoS,, C03Sg,
CogSs, NiS,, NisS,, CoSe;, NiSe

MOR: PdHg 43; FAOR: PdHy; ORR: PdHq 706@Ni-B;
Benzylalcohol oxidation: Ni-PdHg 43; HOR: Ni-H;
CO, hydrogenation: ZrCoHy;

Crack ammonia: LiH, NaH, KH, MgH,, CaH,;
Hydrogenation/dehydrogenation: LaNis, CaNis, LaNi4Al
HER: CoB, Co,B, MoB, MoB,, Mo,B, Mo,B4, Ni-By;

OER: FeB, Co,B, CoNiBy; Water splitting: FeB,, NiBy, CoNiBy,
Co,B; ORR: Pd-B; Hydrogen production: Pd-B

HDS: Ni-B, Co-B; HDO: NI-Mo-B, Co-Mo-B; Syngas synthesis:
Ni-B; Fischer-Tropsch reaction: Co-B; Semihydrogenation: Pd-
B

HER: TiC, Mo,C, NiC, CosC, MoC, WC, Cr;Cs; ORR: WC, FesC;
Water splitting: Mo,C; Methane reforming: Mo,C, WC;
CO/H; oxidation: WC, ZrC, VC, Mo,C, Cr3Csz; HDS: Mo,C;

NH3 decomposition: Mo,C; Semihydrogenation: PdCy

HER: W5N, NiMoNy, TasNs, MoN, Mo,N; OER: FesN, FesN, FeyN,
NisN; Water splitting: NisFeN, TIN@NisN CO,RR: GaN;

ORR: CusN, Fe-N, TiN, Cu3PdN, PdNy; CO, hydrogenation: Co4N;
FAOR: PdN,; MOR: PdN; Hydroazidation: AgN3; HDN: Mo-N;
Hydroazidation of terminal alkynes: AgNs

OER: Ru0,, Ir0O,, Co0, Co0y, Co304, MnOy, NiyCo3_404, ZNC0,04,
NigoFep10x, MnFe,04, CaFeO3, LaFeO3; HER: NiO-Ni, NiOy;
Water splitting: MoO,, NiCo,04, COMnO@CN; ORR: MnOy;
Acid-catalyzed reactions: SiO»-Al,03; Fisher-Tropsh reaction:
Fe;03;

Fuel production: V-oxides; Biomass conversion: ZnO-Al,0s;
Gas-phase partial oxidation of hydrocarbons: CnMnO,, CoFeOy;
Industrial catalysts: SiO,, Al,03, TiO, Zn0,, ZrO,

HER: Ni,P, NiP,, NisP,4, FeP, CoP, Co,P, WP, MoP, MosP, Ru,P, RuP5,
PdP,; OER: CoP, MoP-Ni,P; Water splitting: CoP, Ni,P, MoP,
Rh,P;

ORR: CoP, FeP, NiyP, Pt;P; NRR: PdP,; CO,RR: AgP»;

MOR: PdNiP; HDS/HDN/HDO: Ni,P, Fe,P, CoP, WP, MoP

HER: FeS,, CoS;, Co3S4, NiS, FeNiS, MoS,, MoS, WS,, NiSe,
NisSe,, CoSe, CoSe,, CoPSe, MoSy; OER: NisS,, Fe;Sg, Co3S,,
CoSe,, CoTe,;

Water splitting: NiSx, MoS,@Ni, MoS,-Ni3S,; ORR:
CosFeS15(0H)s, CogSg; HDS/HDN/HDY: MoS,, NbS,, ReS,, RuS,,
CogSs;

Semihydrogenation: PdS, Pd@SPhF,
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believed that this new class of catalysts would be the most
promising candidate for noble metal catalysts, playing important
role in catalysis, especially in electrocatalysis.
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