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ARTICLE INFO ABSTRACT

Arfic{e history: Metallic-like transition metal-based nanostructures (MLTMNSs) has recently arisen as robust and highly
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}:ece“’e‘i‘z“ re"]‘:ec‘ f°r2m :”anuary 2019 conducting/insulating ones (in terms of fast reaction kinetics, rapid electrical transport, and intrinsically
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oped towards commercial applications in real energy technologies. This review summarizes and discusses

the progress in energy storages and conversions that employ MLTMNSs. After the introduction and funda-

;\(/z’ tV: ﬁirgz'ansition metal-based mental characteristics, developments in synthetic methodologies of MLTMNs and its application in energy
nanomaterials storage and conversion are provided with more attention on strategies to improve electrochemical per-
Enhanced electrical conductivity formances. Personal outlook on the challenges and opportunities of MLTMNs for industrial applications
Energy conversion in real energy technologies are proposed and discussed in the conclusion.
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Introduction Table 1

With the observation about the depletion of easily accessible
fossil fuels and climate changes, the exploration of renewable form
of energy conversions and energy carriers have turned out to be
an important research topic. Regarding energy storage devices,
secondary lithium/sodium-ion batteries (LIBs/ SIBs) and superca-
pacitors are considered as the key enabling devices [1]. Up to
now, they have partly met our demands for compact but powerful
energy storage. However, extending their application towards elec-
tric vehicles, military & aerospace applications, etc. requires much
higher performance by means of rate capability, safety, energy den-
sity, and cyclability. To achieve those goals, the development of new
electrode materials plays a crucial role. As for energy conversion
technologies, transforming renewable energy (eg. wind, solar, etc.)
to easily stored chemical energy (i.e. Hy) by electrocatalytic water
splitting is of great potential, in which electrocatalysts for hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) play
akeyrole[2-5]. Then, to utilizing H; as a clean fuel in fuel cells, oxy-
gen reduction reaction (ORR) also need to be facilitated to improve
the efficiency. However, the current state-of-the-art electrocata-
lysts for these conversion processes are still based on precious
metals (i.e. Pt [6] for HER, ORR and RuO,/IrO, [7] for OER), which
brutally hindered large scale applications. Hence, inexpensive and
natural abundant alternatives with good catalytic performance and
sturdiness over time are highly desired.

The combination of transition metals and elemental phospho-
rus, carbon, nitrogen, and boron give families of compounds;
namely, phosphides, carbides, nitrides, and borides. Those mate-
rials, which exhibit significant advantages of being cheap,
accessibility to synthesis at large scales and interesting prop-
erties, acquire a huge potential toward electrocatalysis and
energy storage applications. On the other hand, it is well-known
that different compositions (transition metal-rich or transition
metal-deficient) can give rise to the changes in crystal and
electronic structures, leading to metallic phase or semicon-
ducting/insulating phases. Compared to transition metal -based
phosphides/carbides/nitrides/borides that are semiconductors or
insulators, the metallic ones with electronic structures similar
to metals would have better conductivity facilitating electron
transfer among layers, which is advantageous in electrocat-
alytic applications [8]; some of those metallic compounds are
shown to have comparable performances to these of noble met-
als. In addition, the high electrical conductivity lowers the loss
of electrical transport, enabling the significant improvement in
performance of LIBs/SIBs or supercapacitors. More importantly,
apart from good conductivity, those metallic transition metals
compounds are more thermodynamically stable than the semicon-
ducting/insulating ones and show favorable resistance to oxidation
at high temperature (metallic-like properties of those materials
are summarized in Table 1) [9,10]. Although these metallic tran-
sition metal phosphides/carbides/nitrides/borides have been tried
out for various reactions (i.e. hydrogenation, hydrodesulfurization,
amination, ammonia synthesis/ decomposition, hydrogenolysis,
dehydrogenation, hydrazine decomposition, methanation, aroma-

Metallic-like properties of carbides, nitrides and metal-rich phosphides?. Repro-
duced with permission from [9] Copyright 2008, Wiley-VCH.

Phosphides and Nitrides
Carbides
Electrical resistivity (€2 cm) 10-80 900 - 25000
Hall coefficient (10" m3°C-1) —200 to 30 Unavailable
Magnetic susceptibility (106 emu mol-') 6 -30 110 - 260
Heat capacity (J mol~1 K1) 30-80 20 -50

2 Principally, Group 4-38, first row.

tization, isomerization, reforming, hydroprocessing, and water-gas
shift) [9], there is still lots of interest and room for developments
in their potential applications of improving existing battery tech-
nologies and energy conversion process (Fig. 1). Although there
are some metallic transition metal chalcogenides having similar
properties, they are mostly metastable and easily be transformed
to semiconducting/insulating phases [11]; hence, will not be dis-
cussed in this summary.

In this review, we mainly summarize and discuss the progress
in energy storages (LIBs/SIBs and supercapacitors) and conversions
(HER, OER, ORR) that employ metallic like transition metal-based
nanostructures (MLTMNSs). Fundamental characteristics in terms of
crystal structures are introduced. Then, we present comprehensive
insight and recent advances of synthesis methods, energy storage
and conversion applications with attention focused on strategies
to promote performances of each type of metallic transition metal
nanostructured. Lastly, we suggest our personal outlook on this
promising class of materials to pave the way for future stud-
ies.

Phosphides

Phosphorus (P) forms transition metal phosphides (TMPs) with
most of transition metals in the periodic table. However, as most
of the P-rich TMPs are semiconductors or insulators and much less
stable due to the fact that their electrons are localized in the neigh-
borhood of Patoms [9,12], which will not be ideal for energy storage
and conversion applications, the focal point of this section is on the
transition metal-rich phosphides (MP, M, P or M3P, etc.), also called
metallic transition metal phosphides (MTMPs) due to their metallic
character.

The nature of MTMPs (and nitrides and carbides as will be dis-
cussed later)is a combination of physical properties of ceramics and
electronic properties of metals; they are good heat and electrical
conductors, hard and strong, and have high thermal and chemi-
cal stability [9]. Regarding the crystal structure, huge differences
are observed between phosphides and carbides/nitrides. Interstitial
structure, which is observed later on in many carbides and nitrides,
is not feasible owning to the 1.5 times bigger in size of P compared
to N and C (0.109 nm of P to 0.071 nm and 0.065nm of C and N,
respectively). Instead, P is normally positioned in the center of the
triangular prism made of metal atoms in MTMPs [13].
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Fig. 1. Anillustration \of the key properties and application of MLTMNs for energy storage and conversion.

There are a lot of publications related to MTMPs; however, in
our perspective, most of them are very much alike in synthesis &
characterization methodology, and performance analyses. In this
part, typical synthesis methods of nanostructured MTMPs and their
main application in energy storage/conversion are summarized and
discussed accordingly; some typical and ground-breaking works
will be analyzed in detail to give an in-depth understanding.

Synthetic methodologies of (MTMPs)

Generally, the synthesis of MTMPs can be classified by means of
phosphorus sources. Regarding the application of energy storage
and conversion, the source mainly comes from organic phosphines
(i.e. trioctylphosphine, trioctylphosphine oxide, triphenylphos-
phine, alkyl- and aryl- phosphines) or inorganics (i.e. phosphate,
elemental phosphorus, or hypophosphite). Importantly, the rela-
tive advantages and disadvantages of each type of P sources will be
evaluated in detail.

Organic Phosphines (Oil-phase synthesis/ solution-phase) for
MTMPs synthesis

The most popular organic phosphorus source in oil phase syn-
thesis is trioctylphosphine (TOP). At the temperature of 300°C
and above, C-P bonds are broken and transition metal complexes
(metal acetylacetonates, metal carbonyls) would be phosphidated
under Ar or N, protective atmosphere. However, due to the above
mentioned high decomposition temperature, the synthesis needs
to be carried out with high boiling point organic solvents like 1-
octadecene, octyl ether, oleylamine, and squalene which causes the
reaction to be corrosive and flammable. The usage of those long
chain organic solvents and TOP also leads to the difficulty in wash-
ing the products and normally requires an extra annealing step
under O,-free environment at elevated temperature (higher than
boiling point of solvents/capping agents, usually 400 °C) to remove
those organic compounds. Attention should be also taken during
this annealing step since a high temperature of above 500 °C would
lead to serious sintering forming bulk phase instead of nanostruc-
ture.

Besides TOP, tri-octylphosphine oxide (TOPO) and other organic
phosphines (eg. tri-phenylphosphine (TPP), alkyl- and aryl- phos-
phines) can be used in a similar manner or mixed with TOP [14-18].
This method was first considered as the general approach for syn-
thesis of various TMPs including nickel phosphides [15,16,19,20],
cobalt phosphides [14,17,21,22], iron phosphides [18], etc. Con-
trolled compositions, morphologies, and sizes are obtainable
through changing reaction parameters. In this regard, Brock et al.

was one of the first to achieve the phase-pure hollow or solid
Nii»P5 and Niy P nanoparticles with 10-32 nm in size just by tun-
ing TOP: Ni ratio, temperature, reaction duration, and amount of
solvent (Fig. 2) [23]. Specifically, at low TOP: Ni ratio metal-rich
(Nij2Ps5) big hollow particles are formed, whereas small solid Ni,P
particles are formed otherwise. Higher reaction temperature and
longer reaction duration is also found to favor the formation of more
thermodynamically stable product — Ni,P. Interestingly, metal-rich
Niq»P5 was formed by increasing the volume of solvent (oleylamine
in this case) regardless of TOP: Ni ratio; and volume of solvent could
also be used to tune the void sizes of hollow Nij;P5 at a low TOP
concentration. The formation of hollow structures (favored by low
TOP concentration as mentioned) of Ni, P is also possible by adding
more TOP at crystallization temperature (300 °C). Similar studies
other than nickel phosphides were also conducted to further prove
the versatility of the TOP route, i.e. CoxP [22] and FexP [24].
Remarkably, Brock and his colleagues reported the synthesis of
MnP nanocrystals by organic phosphine route at record-breaking
low temperature of 220 °C (note that C-P bonds are broken only
at 300°C and above) [25]. This was achieved with the help of
tris(trimethylsilyl)phosphine which provides phosphorus source
through redox neutral desilylation. However, most of the silylphos-
phines are extremely toxic (much more toxic than TOP) and ignite
in air making it very difficult to handle; hindering their further uses.

Inorganic P and elemental P sources for MTMPs synthesis

As discussed above, the organic phosphines route has opened
a shape, size, and composition controllable synthesis method for
TMPs. Nevertheless, the sophisticated process is a big challenge for
scale-up production. A better way is to employ inorganic phospho-
rus precursors. The most common method at the early days was
via reduction of metal orthophosphate by H, or CH4 only at high
temperature (> 650 °C) due to strong P—O bonds. The mechanism
was explained as after adsorbing to metal sites, H spills over to
phosphate forcing the reduction [26]. Being mostly used for the
synthesis of molybdenum phosphides and tungsten phosphides;
however, this method is hardly ever used because of its energy-
intensive; and more importantly, the products are usually in bulk
form with large crystal size and irregular morphology, which limits
the application for energy storage and conversions.

Classical source of phosphorus - elemental phosphorus is
another source for phosphide nanoparticles synthesis. Unlike the
phosphate reduction, the usage of milder conditions inhibits the
aggregation of products. Surplus white phosphorus Py4, red phos-
phorus, and yellow phosphorus were used in hydrothermal and
solvothermal reactions with molecular metal salts (chlorides,
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Fig. 2. Summary of the roles played by various synthetic levers in controlling the size, morphology, and phase in nickel phosphide nanoparticles. Reproduced with permission

from [23] Copyright 2011, American Chemical Society.

nitrates, acetate, sulfate, etc.) at relatively low temperature (less
than 200°C) to prepare series of nanoparticles NiyP [27], Nij2P5
[28], nanocrystallites Ni, P [29,30], CuzP [30], Co,P [30,31], urchin-
like Co,P [32], and Fe,P [33]. Complex structures can also be
achieved by using mixtures of solvents, e.g ethylene glycol and
water in case of nano-dendritical Ni, P [34]. In addition, the cathodic
electroreduction of Ni salts and dissolved P4 in liquid ammonia at
160°C gave Ni,P nanocrystallites [35]. Our group was the first to
successfully use black P (BP) as phosphorus source in solvothermal
synthesis of phosphides [36]. An excess of exfoliated BP was reacted
with nickel (II) chloride in DMF at 160°C for only 3h (fraction
of 12-48 h when white/red/yellow P was employed). The reaction
results in well-dispersed Ni, P nanocrystals with an average diam-
eter of 5 nm on BP heterostructure. Later on, there were a series of
works that further proved the feasibility of this phosphide synthe-
sis method, namely, in-plane black phosphorus/dicobalt phosphide
(BP/Co,P) heterostructures and hybrid Ni,P/BP [37,38].

In addition to these inorganic phosphorus precursors described
above, there is PH3. The main problem is that PHj3 is extremely
toxic and lethal even at a few ppm. Hence, hypophosphite that
can generate PH3 on-site, i.e. sodium hypophosphite (NaH,PO;)
at around 250°C are widely used as substitution: 2NaH,PO, —
Na,HPO4 + PH3. The reactionis called pseudo-chemical vapor depo-
sition (pseudo-CVD) in which the generated PH3 upstream will be
carried by protective gas flow (Ar or N, ) and react with various tran-
sition metal precursors (metal oxides, hydroxides, metal-organic
frameworks (MOFs), and even metal some cases, etc.) in the down-
stream at 300-350°C to produce TMPs. The biggest advantage of
this method is to maintain the morphology of the downstream pre-
cursors. In addition, the reaction is facile, free of surfactant, wider
ranges of transition metal precursors can be employed in compar-
ison with organic phosphine routes, and the generated by-product
NayHPOQy4 in the upstream is easily washed away. While the above-
listed method struggles when it comes to multi-metal phosphides
(they normally form a mixture of transition metal phosphides),
one of the few exceptions is presented by Taeghwan Hyeon and
his colleagues in which NiFeP nanorods was synthesized by TOP
route; however, even in this rare case, varied Ni: Fe ratios are dif-
ficult to achieve and maximum Ni content of 25% was obtained
[39]. Nonetheless, this PH3 route brings multi-metal phosphides
synthesis to whole new level due to the versatility of metal pre-
cursors. For examples, start off with layer double hydroxides/MOF,
NiCoP [40,41], (FexNij_x)2P [42], with tunable metal compositions
and most recently (VxNi;_y )P by our group had been successfully
synthesized [40-46]. Still based on phosphidation of metal pre-
cursor by on-site generated PHs, a slightly modified method was
presented by Liang et al. in which the hydrothermally synthesized

NiCo-LDH/Ni foam was placed into plasma-enhanced chemical
vapor deposition (PECVD) system, followed by PH3 plasma treat-
ment at 250 ° for 15 min [40]. Compared to the common PH3 route
described above, this small modification allows a lower tempera-
ture phosphidation at a much shorter time (15 min compared to
~1-3 hours).

Applications of MTMPs for Energy storage and conversion with
strategies for enhancing performances

Electrode materials (Batteries and Supercapacitors)

Among the various electrode materials for Li and Na batteries,
MTMPs have received lots of attention [47-49]. They have shown
attractive Li and Na storage properties (theoretical capacity can
reach 1200mA h g-! for LIBs and 900mA h g! for SIBs) through
the conversion reaction: MxP + 3Li (or Na) — LizP (or Na3P) + xM
[50]. Nevertheless, the practical application of these MTMPs is hin-
dered by a serious capacity fading during cycling most likely due to
irreversible conversion reaction and volume expansion.

To address that problem, Yu's group has developed the
yolk-shell SnyP3@C nanospheres as the advance anode for SIBs
which restrains the problem of volume changes during cycling.
The SnyP3@C is composed of SnyP3; nanoparticles shielded by a
thin carbon layer. This yolk-shell structure with the void space
suppressed volume expansion to a great extent. Besides, the self-
supporting carbon shell can protect the SnyP3 nanoparticles from
surface oxidation. Hence, a specific capacity of 360mA h g1 at
1.5A g1 after 400 cycles [51]. Remarkable reversible specific
capacity of 790mA h g-! at 100mA g1, good rate capability
(421mA h g ! at 3A g 1) were obtained as well. This strat-
egy of suppressing volume expansion via porous/hollow structure
and carbon confinement were then widely studied. CoP hol-
low nanoparticles encapsulated in amorphous carbon layer [22],
Fe,P nanoparticles enveloped in sandwich-like graphited carbon
envelope nanocomposite (Fe,P/GCS) [52], 3D porous molybde-
num phosphide @carbon hybrid (3D porous MoP@C hybrid) [53],
peapod-like C@NiCoP [54], and peapod-like composite with Ni;,P5
nanoparticles encapsulated in carbon fibers [55] were reported as
promising anode materials for LIBs and SIBs.

The utilization of MTMPs toward LIBs was also expanded
through hybridizing with other materials like black phosphorus
(BP) with which Ni;P@BP is an example [36]. Due to its metallic
nature, Ni, P has tuned the charge carrier concentration; and conse-
quently, increased electrical conductivity (from 2.12 x 102Sm™! to
6.25 x 10* Sm™1). Moreover, the agglomeration of MTMPs nanopar-
ticles could be prevented while they are dispersed all over the BP
nanosheet; thus, higher surface area and larger number of active
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sites for electrochemical reaction were obtained. As a result, much
better Li ion storage properties compared to bare BP has obtained
with ~4-fold higher in reversible capacity (1196.3mAh g1 at0.1A
g~1); high rate capabilities (322.0mAh g ! at 10A g-!), and decent
long-term cycling performance of 94.1% capacity retention after
1000 cyclesat 1A g1,

Another type of energy storage device has gained lots of atten-
tion is supercapacitors. With good conductivity, MTMPs are also
considered to be suitable as electrode materials for supercapaci-
tors [56-58]. However, phosphides for supercapacitors application
mostly relied on nickel phosphides or their composites, wherein
the charge storage in alkaline condition is attributed to the Faradaic
NiZ*/Ni3* redox couple.

Ni®*+20H~ < Ni(OH),

Ni(OH),+OH~ < NiOOH + H,0 + e~

For examples, Ni,P nanoparticles on reduced graphene oxide
[59], amorphous Ni-coated Ni,P [60], and Ni,P grown on Ni foam
[61] showed incredibly high specific capacitance (some even higher
than Ru0,), and stable cycling performance. Apart from Ni;,P, Co,P
has recently been tried for supercapacitors [17]. Co,P nanoflow-
ers with the capacitance of 416F g1 at 1.0A g~! was revealed to
be better than that of Co,P nanorods (284 F g-1). Good cycling sta-
bility was observed as well with 97% specific capacitance retention
after 600 cycles. When employed as an anode in asymmetric super-
capacitor (graphene as cathode), high energy and power densities
were obtained (8.8 Wh kg~! at 6 kW kg~1). These results pave new
ways to expand the scope of MTMPs for supercapacitor other than
Ni,P; even though, finding new MTMPs with high capacitance and
large potential window are of big challenge.

Electrocatalysts (HER, OER, and ORR)

More than a decade ago, theoretical calculation has already pre-
dicted that Ni,P (001) is a promising candidate to replace Pt for
HER [62]. However, it was not until 2013 when Popczun et al. [19]
reported high HER performance of Ni,P hollow nanoparticles and
paved the way to MTMPs research toward electrocatalysis. The pre-
pared Ni, P showed high density of exposed (001) facets; hence, an
expectedly high exchange current density of 3.3 x 107> mA cm™
and a low Tafel slope of ~46 mV dec™! were obtained. Since then,
nickel phosphide family (Nij2Ps, NisP4) [15,16,20], cobalt phos-
phide family (CoP, Co,P) [21,63], MoP [6,64,65], WP [66], FeP [18],
and CusP [67] were also reported as very active and durable elec-
trocatalysts for HER.

With good HER performance, MTMPs were also expected to
have good OER electrocatalytic activity due to several reasons. First,
bifunctional OER and HER catalysts would streamline water split-
ting devices and make it much more possible at industrial scales.
Secondly, the surface of MTMPs can be easily oxidized during high
oxidative OER condition to give hydroxides/oxyhydroxides surface
which was proven to be highly active toward OER. However, only
metallic nickel and cobalt-based phosphides were studied inten-
sively; most likely due to the good OER activity of Ni or Co-based
hydroxides/oxyhydroxides [68-70].

Recent years witness lots of publications that directly grow
MTMPs on 3D conductive substrate like Ti foil, carbon cloth, carbon
paper, or Ni foam, etc. With this way, better mechanical adhesion
between MTMPs and substrate is obtained without binders, result-
ing in promoted charge-transfer in comparison with conventional
post-transferred to the substrate, which later on has a bigimpact on
electrocatalytic HER and OER performance. For example, FeP [71],
Ni,P [72], and CoP [73] were grown on carbon cloth/carbon paper
and showed significantly improved current density (by 5-6 times)
at given overpotential compared to the normal ones. In addition, a

direct growth on conductive substrate would make the electrode
hydrophilic and aerophobic at the same time; hence, facilitating
mass transfer and addressing the gas bubble adhesion problem dur-
ing electrolysis. This phenomenon has been widely observed in the
cases of Ni,P and CusP [67,74].

Hybridizing with carbon (carbon nanotubes, graphene, porous
carbon) or phosphorus is another possible way to improve elec-
trocatalytic activity through fully capitalize all the active sites by
good dispersity. On top of that, the coupled C or P can modulate
electron density and electronic potential distribution of the het-
erostructure [75]. Taking the synthesized BP/Co, P by Wang and his
co-workers as an example, BP/Co,P showed much improved HER
and OER performances in alkaline condition (pH = 14) [38]. Similar
results were also seen in the case of Ni, P@BP [36] which needs only
-107 mV at -10 mA cm~2; while the values for Ni,P and bare BP are
at-311 and —600 mV. The electrode indicated fast kinetics as well,
shown by Pt-like Tafel slope of 38.6 mV dec~!. Another example is
carbon nanotubes decorated with CoP nanocrystals (CoP/CNT) that
showed much enhanced HER performance than bare CoP (-122 mV
of CoP/CNT compared to -226 mV of CoP to drive -10 mA cm~—2) [ 76].

Another strategy to improve their catalytic activity is to dope
MTMPs with other transition metals. In this regard, the PH3 route
offers the best way to achieve multi-metal phosphides which nor-
mally shows better catalytic activity toward single metal ones,
which has been proven theoretically and experimentally. Theoret-
ically, guidance by DFT calculations, a much-increased density of
state (DOS) intensity of NiCoP compared to Ni,P indicates faster
charge transfer kinetics. In addition, D-states of NiCoP is shown to
be closer to Fermi level in comparison with Ni;, P, suggesting a lower
OH~ adsorption energy which is normally the rate-determining
step (RDS) of OER (Fig. 3a-b, d-e) [40,41]. Regarding HER, it can
be traced back to a decade ago when TMPs were famous for
hydrodesulfurization (HDS) catalysis, TMPs were expected to have
good activity toward HER as well. Since what important in both
HDS and HER are the adsorption/desorption reversibility of H on
the catalyst surface. HER consists of 2 steps (initial state of H* + e,
intermediate H* where* is the adsorption site, and ¥2H; as product)
in which the Gibbs free energy for H adsorption (AGy+) is usu-
ally employed to predict the HER catalytic activity [40]. According
to Sabatier principle, the H binding should be neutral (AGy+=0),
either too strong or too weak binding would result in blockage of
active sites or sluggish reaction, respectively. In this respect, the
most stable surface of NiCoP, which is NiCoP (0001), revealed the
AGy- value significantly close to O than that of NiyP (-0.15 and
—0.14 eV compared to —0.86eV and —0.45eV for sites 1 and site
2, respectively) (Fig. 3c). Another point needs to be considered is
that the HER reactions in neutral and basic environments require a
prior step of water dissociation, and the adsorption energy of H,O
molecules on both Ni;P (0001) and NiCoP (0001) mark the value
of 18 eV, even higher than Pt (111) at 8.97 eV suggesting NiCoP is a
promising HER electrocatalyst to replace Pt in non-acidic condition
(Fig. 3f). Experimentally, Kuang and co-workers developed NiMoP;
nanowire that required only -195 mV to drive -100 mA cm~2 with a
Tafel slope of 56 mV dec’!, surpassing single metal TMPs Ni5P,4 and
MoP [44]. Another study that took advantage of this concept was
presented by Seong Chan Jun’s group [77]. Derived from NiCoFe-
LDH, their NiCoFexP indicated a decent overpotential of 39 mV at
-10mA cm~2 toward HER alongside with a Tafel slope of 50 mV
dec’!; while all other double metal phosphides show poorer perfor-
mances, i.e. NiFeP (109 mV, 112mV dec~!); CoFeP (91 mV, 102 mV
dec™1); NiCoP (86 mV, 88 mV dec™1). Considering the other half of
water electrolysis — OER, similar performance trend was observed
in which NiCoFexP (nsq of 275 mV, and Tafel slope of 56 mV dec!)
outperforms other double metal phosphides and even the bench-
mark RuO, by a great margin.
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Advances in synthesis methodology also attribute to the elec-
trocatalytic performance of MTMPs [40]. The NiCoP synthesized
by PH3 plasma via PECVD system described above was evaluated
toward HER and OER application (Fig. 3g-j). Not surprisingly, the
NiCoP exhibited a substantially better activity than Ni, P and NiCo-
LDH. In addition, the utilization of PH; plasma not only offers

the facile TMPs synthesis at lower temperature but also provides
defect-rich nanosheets which can be observed through the uni-
form distributed nanopores in the TEM images and the presence
of edge dislocations in the STEM inverse Fourier-filtered images
(Fig. 3k-m). This defect-rich structure would grant higher elec-
trochemically surface active area, increase electrolyte diffusion to
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better utilize the active sites; consequently, boost up the electrocat-
alytic activity. Therefore, toward HER, the NiCoP by PECVD method
showed a current density of -10mA cm~2 at only 32 mV overpo-
tential and Tafel slope of 37 mV dec~!, which is much better than
86 mV and 88 mV dec~! of the NiCoP synthesized via common PH3
route presented by other works [77]. The OER performance shows
similar pattern where overpotential at specific current density and
Tafel slope of the former is notably lower than the latter (330 mV
and 87mV dec~! compared to 346 mV and 121 mV dec™!). Very
recently, our group reported a combined-strategy of cation tuning
and surface engineering into Ni,P nanosheets [78]. The resultant
oxygen plasma treated V-doped Ni,P shows noticeably improve-
ment toward HER and OER, which were attributed to the better
charge transfer kinetics and enhanced wettability.

Regarding ORR - an important counterpart to HER in Proton-
exchange membrane fuel cell, MTMPs is normally added to carbon
materials to improve the performance [79-81]. For example, Huang
et al. prepared a series of MTMPs (Mn;P, Co,P, NiyP) nanoparticles
and individually hybridized with doped carbon nanotubes (HCNT)
forming core (nanoparticles)/shell (carbon) structure [79]. Among
those MTMPs, HCNTs-Co, P and HCNT-Mn,P presented favorable
kinetics with average electron transfer number of 3.52-3.78, much
closer to the desirable 4-electron process as compared to that of
HCNTs-Ni, P (2.89-3.37). In addition, low overpotential, superior
methanol tolerance, and high stability were obtained. This aston-
ishing performance was explained by the host-guest electronic
interaction (MTMP nanoparticles core and CNT shell). Concretely,
the strong electron donating property of Mn,P, Co,P pushes the
p electrons of the doped carbon to higher HOMO, making it more
susceptible to oxidation; and hence, better catalytic activity. How-
ever, there was not much of experimental evidence to support the
proposed electronic interaction. Therefore, more comprehensive
efforts are needed to address the real catalytic active sites, cat-
alyticmechanism, and improve the performance of MTMPs towards
ORR.

Carbides

Due to the advantages of high electrical conductivity, excellent
chemical stability, and intrinsic catalytic activity, transition-metal
carbides (TMCs) have been widely studied as active materials for
various applications, such as batteries, electrocatalysis, and fuel
cell. Normally, all the transition metals from group IVB to VIB can be
able to form TMCs except the Pt-group metals. Normally, the TMCs
have the same crystal structures as their parent metals since the
smaller carbon atoms tend to locate at the interstitial sites of the
parent metals. Owing to the different intrinsic structures and physi-
cal properties of metals, the TMCs usually have three different kinds
of formulas, namely, MC, M,C, and M3C. The monocarbides like
TiC, ZrC, TaC usually crystallize in cubic texture as NaCl, while the
M,C and M5C have much more complex atomic arrangements by
forming orthorhombic and hexagonal structures. Accordingly, the
physical & chemical properties of the TMCs are highly dependent on
their crystal and electronic structures. Overall, the TMCs show the
integrated properties of covalent solids, transition metal, and ionic
crystals [82]. Typically, some metallic TMCs (MTMCs) not only show
comparable electronic conductivity as parent metals but also have
similar catalytic properties as precious Pt-group metals. As such,
this category of MTMC materials has been attracting increasing
attention in fundamental studies as well as practical applications in
many fields. Typically, as a 2D family member of MTMC materials,
metallic “MXene” materials, developed by Gogotsi’s group in recent
years, are emerging as highly fascinating materials, have been well
documented and established in many recent reviews [83-85]. Con-
sidering the rapid development in this field, in this section we will

mainly discuss recent advances of the MTMCs beyond MXene that
are promising materials for energy storage and conversion appli-
cations with low-cost and environmental friendless, such as TiC,
Ni3C, Co,C, MoC, and WC, etc.

Synthetic methodologies for MTMCs

As known, the design and preparation of high quality MTMCs
are highly important to explore their applications in energy stor-
age and conversion fields. To achieve a good performance, MTMC
architectures with a high specific surface area and many accessi-
ble active sites are preferable. In the following sections, we will
focus on reviewing some recent advances in the preparation of
typical MTMC nanostructures, including carbothermal methods,
controllable deposition approaches, wet strategies, and other alter-
native methods. The relative strengths and weaknesses of each
synthetic methodologies will be discussed with regards to their
applications.

Carbothermal methods are the most commonly used method for
the preparation of MTMCs. The reaction mechanism for this method
is the direct carbonization of metal or metal oxides. As such, this
method usually involves the mixing the precursors of metal and
solid carbon followed with a long-time thermal treatment at an
extremely high temperature over 1200 °C. The traditional carboth-
ermal methods often produce metal carbides in a large scale but
with large particle size caused by the high temperature. In order to
decrease the reaction temperature as well as control the morphol-
ogy and size of the final products, the carbon and metal reactants
are usually required to be specially designed. Biomass carbon like
cotton and plants have been widely used as both carbon sources
and growth templates due to the low-cost and unique architec-
tures [86-88]. Besides, graphene has been also widely explored
as the carbon source and substrate to prepare various nanostruc-
tured MTMCs with good tailored dimensions and morphologies
[89-91]. For example, our group achieved the preparation of unique
3D interconnected TiC nanoparticle chains by using macroporous
graphene/TiO, aerogels as the precursors [92]. The graphene not
only serves as the carbon source but also as the growth substrate
to regulate the size of the final TiC nanoparticles. Despite of the
universality of carbothermal methods, the inhomogeneous car-
burization at high reaction temperatures make it still difficult to
prepare MTMCs with well-controlled structures due to the serious
aggregation.

The controllable deposition approaches like CVD/PVD are usu-
ally used to produce thin MTMC films or crystals with clean
surfaces. The reaction mechanism of this method is direct car-
bonization of metal surfaces under carbon atmosphere. The
deposition approaches often refer to the usage of hydrocarbons
(e.g. CHy, C3Hg, or their mixtures, etc.) as the carbon sources. This
is good for decreasing the carbonization temperature as well as
growing high-quality crystals with exposure of specific facets. For
example, Xu et al., achieved the growth of large-area high-quality
2D ultrathin «-Mo,C crystals over 100 wm in size on Mo foil by
CVD method [93]. They found that a low concentration of methane
and the fast cooling after CVD growth are vital for the preparation
of ultrathin o-Mo,C crystals with clean surfaces. Such 2D a-Mo,C
crystals were found to be mainly exposed with (100) facets, as
shownin Fig. 4. Similarly, this method could be also used for prepar-
ing 2D high quality ultrathin WC and TaC crystals along [0001] and
[111] facets. Besides, the deposition method can be used to pro-
duce MTMCs with heterostructures. Recently, Zeng and co-workers
developed a liquid-metal-solvent based co-segregation (LMSCS)
strategy to direct fabricate 2D WC/graphene nanojunctions over
a large-scale [94]. Although the deposition approaches have many
advantages, the high cost of hydrocarbon reactants and compli-
cated post-treatments hinder their large-scale productions.
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Fig.4. Characterization of 2D ultrathin a-Mo;C crystals. (a) Low-magnification ADF-STEM image of a hexagonal 2D a-Mo,C crystal. (b-d) EDS elemental mapping of (b) C-K,
(c) Mo-K, and (d) Mo-L lines. (e) SAED pattern along the [100] zone axis. (f) CBED pattern along the [100] zone axis. (g) Atomic-level HAADF-STEM and (h) BF-STEM images
of the a-Mo,C sheet in a (Mo atoms: white dots in g, C atoms: black dots indicated by red circle in the inset of h). Reproduced with permission from [93] Copyright 2015,

Nature Publishing Group.

Wet chemical approaches are highly advantageous over the
traditional high-temperature methods for preparing MTMC nano-
materials. On one hand, this method can be carried out at much
lower temperatures (less than 400 °C). This is favorable for lowering
the cost and reduce energy consumption. Furthermore, this method
is able to control the morphology and phase of the final MTMC
products. At this relatively high reacting temperature, liquid polyol
solvents are usually explored as the medium due to their high boil-
ing points. Besides, inert gas protection and the use of appropriate
surfactants or other capping agents are often employed to prevent
the oxidation of metal ions as well as control the growth rate of
particles. For example, Harris and co-workers realized the prepa-
ration of acicular cobalt carbide nanostructures composed of Co3C
and Co,C phases by using a single-step polyol reduction of metallic
cobalt salts at 300°C [95]. Poly-vinylpyrrolidone (PVP) and NaOH
were used to adjust the ratio of phase composition, volume, par-
ticle sizes, as well as the packing density. Chen et al., reported the
preparation of urchin-like Co,C/Co3Cnanoparticles in size from 180
to 290 nm by refluxing Co?* in polyethylene glycol-200 medium at
270°C for 3 hunder a N, atmosphere [96]. Metallic Co,C nanoflakes
with exposure of (020) facet could be prepared by reduction of
Co?* in the mixed solvent of triethylene glycol and oleylamine at
300°C for 3h under Ar atmosphere [68,97]. These studies well-
demonstrated the controllable growth of MTMC nanomaterials at
a low temperature. The disadvantageous of wet strategies, such
as relatively small-scale preparation, time consumption for post-
washing processes, and high cost of polyol and gas protection, may
limit their commercial applications to some extent.

In recent years, some other alternative methods have been
developed for MTMC nanostructures, like mechanical ball milling

[98], direction carbonization of novel precursors [99-101], and
so on. Typically, preparing MTMC nanomaterials by a direct car-
bonization of metal-organic frameworks (MOFs) under inert gas
atmosphere is emerging as an effective strategy [100,102]. Due
to the presence of both organic ligands and metal cations, no
additional carbon and metal sources are needed. Besides, the uni-
form distribution and protection of organic ligands make it is
easy to obtain ultrasmall MTMC nanocrystals distributed homo-
geneously on carbonaceous matrix with uniform size due to the
confinement of organic ligands. Such MTMC/C hybrid is favorable
for electrocatalytic and energy storage and conversion applica-
tions [102]. For example, our group recently prepared ultrafine
Fe-doped Ni3C nanodots (35 nm) dispersed well in N-doped carbon
nanosheets by annealing 2D nickel cyanide coordination polymer
precursors under Ar atmospheres at 400 °C. [99] 3D porous molyb-
denum carbide with hierarchical structure and high specific surface
area were also obtained by using the porous nitrogen-doped car-
bon framework as both template and carbon precursor [103]. Wu
and his colleagues reported the preparation of mesoporous MoCx
nano-octahedrons composed of ultrafine nanocrystallites by a car-
burization of metal-organic frameworks composed of copper and
molybdenum at 800°C under N, flow [102]. Besides, there are
some other newly developed strategies for the atomic-scale con-
trolled preparation of MTMCs. Recently, Sang et al., proposed a
bottom-up synthesis method for the synthesis of TiC single layer on
surfaces of MXene substrates by thermal exposure activation and
electron-beam irradiation [104]. Although this strategy is unable
to prepare MTMC on a large scale, it is practicable for the growth
of higher quality single-layer MTMCs for insightful fundamental
studies.



K.N. Dinh et al. / Nano Today 25 (2019) 99-121 107

a L

0.00 = Tic, | 3 C O y
’_\-0.08 O o
S O (e
£ .0.16 0
> V. (») o
: fric,Na, \*
< G3d £ TiC,Na, Ni

: -
! TiC,Na,
TiCan
-0.32

00 02 04 06 038
Composition (% of Na)

TiC;Na, d TiC;Na; e TiC;Nay
a o q (¢ Q < o
C o q O '
G q O g < O
o ¢ (] q ( 1
\, o ® \,d© ®©
S S © o

10 8 5%0g 7%  057,%0, % *OOO.“OON 005 %0e %

o o o
o (¢]

Fig. 5. (a) Relative stabilities of TiC3Na, (n=1-4) with respect to an elemental solid Na and TiC3 monolayer at 0 K. The optimized monolayers corresponding to the data
points located on the convex hull are thermodynamically stable. (b-e) The most stable structures with different Na concentrations in TiC3Na, (the Na atoms of the first and
second adsorbed layer are marked by yellow and green, respectively). Reproduced with permission from [118] Copyright 2018, American Chemical Society.

Applications of MTMCs for Energy storage and conversion with
strategies for enhancing performances

The high intrinsic conductivity and catalytic activity, and good
chemical stability make MTMCs to be good candidates for promis-
ing electrocatalysts and electrode materials for energy storage
and conversion. There are several good reviews about the use of
metal carbides for electrochemical energy storage in recent years
[85,105-109]. In this section, we will focus on summarizing some
new progress about using MTMCs for energy storage (supercapaci-
tors, LIBs/SIBs) and electrocatalysis (OER, HER, and ORR) and show
some mechanistic discussions for comprehensive understanding.

Electrode materials (Supercapacitors and batteries)

The good intrinsic conductivity enables the MTMCs to be highly
attractive electrode materials for various batteries such as lithium
ion [110-115], sodium ion [116-119], and supercapacitors [120].
Yu et al., explored first-principles to search the potential use of
2D TaxCy as the anode for LIBs [121]. They found that the increase
of the carbon composition in the TaxCy would help to increase
specific capacity and decrease the diffusion energy barrier. As
such, designing C-rich 2D MTMCs is possibly a good strategy to
improve performance towards LIBs. Apart from the composition,
the structures include the size and morphology can greatly affect
the electrochemical performance of MTMCs for LIBs. For example,
our group designed a 3D interconnected TiC nanoparticle chain
that could deliver 450mAh g1 and 137mAh g1 at0.1Ag! and
20A g1, respectively [92]. More importantly, a stable capacity of
170mA h g~ could be still obtained after 8000 cycles at 10A g~ 1.
Such remarkable Li-storage properties are attributed to the fast ion
and electron transport contributed from the high intrinsic conduc-
tivity and 3D interconnected porous structure. A similar 3D porous
Moy C@N-C with Mo vacancies was reported to show a high dis-
charge capacity of 8253 mAh g1 at0.5A g1 [122]. The 3D porous
structure combined with Mo vacancies resulted in more active sites,
easier penetration of the electrolyte, and faster diffusion of ions. As
such, a capacity of 266.6 mA h g~1 could be achieved despite a high
current density of 5.0A g1,

In addition to LIBs, MTMCs also of great potential for SIBs. For
example, Yu and coworkers theoretically predicted that metal-
lic TiC3 monolayer with C;/m symmetry is an attractive anode
for SIBs with a high capacity of 1278 mA h g~! as well as an
extremely low barrier energy (0.18 eV) and open-circuit voltage
(0.18-0.5V) (Fig. 5) [118]. They found that the TiC3 monolayer
maintains metallic properties even after absorbing sodium atom
due to the containing of zig-zag Ti atom chain and n-biphenyl
unit. They further demonstrated that such TiC3 monolayer func-

tionalized with oxygen was able to improve the Na-ion storage
capacity. Also, the presence of covalent, ionic, and metal bonds
enables the feasible preparation in practical experiments. These
results are instructive for the development of promising MTMCs for
SIBs. Furthermore, to afford a stable Na-ion storage performance,
the MTMC s are usually hybridized with carbon nanomaterials to
prevent rupturing during cycling process. For example, Li et al.,
reported the in situ formation of ultrafine MoC nanoparticles inside
the pores of graphitic carbon matrix as anode for SIBs [119]. The
abundant pores of the highly conductive carbon support and the
ultrafine structure of MoC nanoparticle was able to alleviate stress,
accommodate large volume changes, and improve the transport of
electrons and electrolyte during the repeated charging-discharging
processes. A stable discharge capacity of 250mA h g~! could be
delivered after 50 cycles at 0.05A g~1.

Besides that, there are also few studies reported MTMC
nanostructures as the electrode materials for supercapacitors
[120,123,124]. This is mainly ascribed to the outstanding electrical
conductivity and excellent chemical stability. In order to achieve
a high capacity for supercapacitor, MTMCs were usually designed
with high specific surface area. For example, Fan and co-workers
prepared 3D tubular all-TiC hierarchical fibres (HFNT TiC) by car-
bothermal method using the commercial T-shirt cotton fibers as
both template and carbon sources [120]. Such HFNT TiC was highly
porous and showed a high specific surface area of 255m? g-!. An
extremely high capacitance of 185F g1 at 2.0A g~! and a remark-
able cycling stability at high-rates even at low temperature (67%
retention at —15 °C after 50,000 cycles) were realized in such HFNT
TiC when used as electrodes for supercapacitors. Overall, these
studies highlight the advantages of nanostructured MTMCs with
high intrinsic conductivity and more active sizes for promising
energy storage applications.

Electrocatalysts (HER, OER, and ORR)

The MTMCs like MoCx and WCx have been widely employed
as efficient electrocatalysts due to high resistance to CO poison-
ing, superior corrosion tolerance over the whole range of pH and
potential; and more importantly, their highly similar electronic
structures as platinum [125]. It can be traced back to as early
as 1974, detailed valance band examination by X-ray photoelec-
tron spectrum demonstrated that the electronic states of tungsten
carbide (both WC and W,C) were more similar as that of plat-
inum than the corresponding tungsten metal [125,126]. With the
great promise to replace the commercial precious metal-based
electrocatalysts, various MTMCs have been widely studied as the
electrocatalysts for HER [90,94,127-130], OER [87,99,131-134],
and ORR [91,135-137]. In order to enhance the catalytic per-
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formance to realize their potential, there are increasing number
of reports on developing MTMCs by various strategies, such as
decreasing size, design proper architectures, incorporation of con-
ductive substrates, and defects engineering. Most of these attempts
aim to improve the reaction kinetics by increasing the active sites
as well as exposing more active sites to the electrolytes. For exam-
ple, Zhang and co-workers report the ultrasmall MoCx (2.8 nm) and
WCx (2.0nm) nanoparticles encapsulated in porous N,S-codoped
graphene matrix with excellent HER activity in a broad range of
pH, showing potentials of —130mV, -150mV, and —140mV at -
10mAcm~2inpH=0,7.2,and 14, respectively [ 130]. Such excellent
HER performance is attributed to the abundant catalytically active
sites as well as the good electrical conductivity. Recently, our group
designed novel 2 at% Fe-doped Ni3C nanodots encapsulated in N-
doped carbon matrix demonstrates low overpotentials and modest
Tafel slopes in 1.0 M KOH for both HER (292 mV, 41.3mV dec!)
and OER (275mV, 62mV dec!) [138]. The nanoporous N-doped
carbon matrix not only could prevent the aggregation of Ni3C nan-
odots but also increase the electronic conductivity as well as the
number of active sites for fast electrochemical dynamic. Besides
the physical and structural optimization methods, surface chem-
istry is also favorable for activating the HER activities of MTMCs.
Our group proposed several approaches for improving the HER
performance of Mo, C by tuning the surface properties [101,103].
Such as, we designed monolayered 2D Mo,C nanosheets with
various dopants to improve the wettability properties, as shown
in Fig. 6a. The hydrophilic nitrogen and sulfur-doping resulted
in greatly increased electrolyte—electrode contact points, favoring
the electron transfer between the 2D Mo, C nanosheets and the
redox species. The adjacent N-S pair doped in Mo,C also signif-
icantly improved the reaction kinetics through electron-acceptor
and electron-donor interactions (Fig. 6d). As such, a low operating
potential with -86 mV at -10 mA cm2 was achieved (Fig. 6b-c).

In addition to HER, the MTMCs also show promising application
for ORR. For example, Guo and co-workers developed ultrasmall
WOC clusters encapsulated in high-defective graphitic layers for
electrocatalytic ORR with both remarkable activity (4-electron
transfer) and stability (80% activity retention after 30,0005s) in
0.1M KOH electrolyte [137]. Due to the D-electrons positioned
both at external corners and edges of unsaturated W atoms,
such sub-nanometer WC clusters showed much increased den-
sity of states near the Fermi surface and improved ORR activity,

as verified theoretical simulation by DFT calculation. Furthermore,
the as-wrapped graphitic layers accelerated the transportation
of ions and electrons, accompanying with decreasing the chemi-
cal/thermal corrosion of WC catalysts. These combined advantages
resulted in the greatly improved electrocatalytic activity and sta-
bility. The ORR performance of MTMCs are also related to their
metal composition. Normally, the MTMCs with two or more met-
als show better ORR activity than the single-metal counterpart
owing to the synergistic functions resulting from charge trans-
fer between each components; thus, enhancing the surface strain
and active sites [91,139,140]. For instance, Gautam and co-workers
recently reported the preparation of cobalt iron carbide nanopar-
ticles enwrapped by N-doped graphene as highly efficient ORR
electrocatalyst through an easy refluxing method followed by a
post sintering process [91]. Such bimetallic carbide followed 4-
electron reaction process accompanying with good diffusion limit
current density, remarkable onset potential (—40mV) and half-
wave potential (—110 mV). Additionally, coupled with the unique
mesoporous structure, the high interactions between two Co and
Fe enable the hybrid electrocatalysts with superior stability (96.2%
activity retention after 12000s) and exceptional methanol toler-
ance (no noticeable change in activity) compared to Pt/C. The above
studies provide numerous effective guidelines for the design of
various high performance electrocatalysts based on MTMCs.

Compared to HER and ORR, there are less interest focused on
developing MTMCs for electrocatalytic OER. Among the few stud-
ies, cobalt and molybdenum-based MTMCs have attracted the most
attention [87,131]. Tang et al., found that the Co/Mo molar ratio
is of critical significance to electrocatalytic OER performance. The
optimized CogMogC; exhibits an overpotential of 260 mV at 10 mA
cm~2 and a Tafel slope of 50mV dec™! [87]. A optimized composite
of nitrogen-doped carbon encapsulating cobalt and molybdenum
carbide nanoparticles (CoxMoy@NC) developed by Jiang and co-
workers also afforded 10 mA cm~2 at an overpotential of 330 mV
with a Tafel slope of 48.7 mV dec’! [131].

Nitrides

Nitrogen is the most abundant component of the earth’s atmo-
sphere. Similar to its neighbors, which are carbon and phosphorus,
nitrogen can form metallic transition metal nitrides (MTMNs) with
almost all of the transition metals. With regards to the com-
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mon close package lattices including face-centered cubic (fcc)
and hexagonal close-packed (hcp) of transition metal atoms, the
MTMNs crystal structure, similar to that of MTMCs, can be consid-
ered as an interstitial alloy of nitrogen atoms in transition metal
lattices. With the intercalation of nitrogen atoms, the distance
between metal atoms is expanded. But the MTMNs with general
formulae of MN, M;N, and MyN can still maintain cubic or hcp
structure [141]. The MTMNs are well known for their high con-
ductivity, refractoriness, and hardness. These properties make the
MTMNs especially suited for crucibles, thermocouple sheaths, and
cutter coating. Interestingly, the applications of some MTMNSs in
heterogeneous catalytic reactions are discovered in the last cen-
tury. For instance, iron nitrides as Fischer-Tropsch catalysts [142].
In addition, it was found that the nitrogen can replace carbon atoms
in most of the MTMCs, forming the substitutional solid solution (N-
doped MTMCs, so called MTMCNS ). In regard to the widely studies
and application of MTMNs and MTMCNs; herein, we offer a brief
summary of recent advances on the synthesis and applications
of MTMNs in energy storage and conversion. The representative
works in this field will be discussed in detail to give an in-depth
understanding.

Synthesis of MTMNs

Conventionally, MTMNs are also prepared by CVD) or
PVD techniques, in which the MTMNs thin film can be
prepared from metal halides or metal organic precur-
sors (such as TICly, [W(NtBu),(NMe,){(iPrN),CNMe,}] and
[W(NtBu),(H){(iPrN);CNMe, }])by the direct pyrolysis reaction
or evaporation/sputtering methods [143-145]. However, direct
deposition of MTMNSs through CVD and PVD methods usually
results in condensed products. For the application of energy
storage and conversion, the materials are required to be porous,
which can offer enough path for the transportation of charge car-
riers in the electrolyte and large surface for reactions. Therefore,
alternative synthesis methods were required to obtain MTMNs
nanostructures.

During the past decade, the most common method to prepare
MTMNSs nanostructures is via ammonolysis reaction where metal
oxide precursors are nitrided in NH3 atmosphere at high temper-
ature (MxOy + NH3 — MN + H,0 at 600-800°C). Similar to PH3
route for MTMPs synthesis, the synthesized MTMNs would inherit
the nanostructures of the metal precursors [146-148]. In addition,
this method allows the synthesis to be done at a lower temperature
and pressure as compared to the conventional method that uses Ns
gas as the nitrogen source (M + N, — MN), in which the N=N bonds
is hard to break down (requires 945 k] mol~1) [149-151]. Beyond
this, recently, another method involved N, RF-plasma treatment
was introduced to synthesize Nig;MoggN film at a lower reac-
tion temperature of 450 °C and shorter duration of 10-15 minutes
(compared to the lowest of 600-800 °C for few hours by the NH3
route) [147]. As there are various excited N, N,* and N species
in the N, RF-plasma, with which the Ni and Mo atoms would
easily react during the sputtering process, resulting in the recrys-
tallization of Nig>MoggN phase from NiMo alloy film. This facile,
effective, and environmentally benign method was quickly becom-
ing a major focus for the synthesis of MTMNSs, and a comprehensive
review on this method was published last year [152]. However, this
ammonolysis method suffers from the hazardousness of NH3 and
the difficulty to have complete nitridation.

Besides, the precursors contain amine or other nitrogen-
contained species are also can directly transform into MTMNs
through the pyrolysis process [153,154]. Among these nitrogen-
contained species, urea was one of the most economic nitrogen
sources. Therefore, the pyrolysis of urea-contained precursor
named “urea glass route” has been widely studied CrN, VN, Mo;N,

NbN, W5 N, and TiN [155,156]. In this method, metal chlorides need
to be reactive with ethanol to obtain metal orthoester gels (and
release HCl) after which appropriate amount of urea is added. Sub-
sequent pyrolysis under N, at around 800 °C would transform the
gels to MTMNs (MClyx + CO(NH;), — MN+CO + HCI). Still based
on this versatile route, Dai et al. recently has developed a strategy
to obtain high-entropy MTMNSs, by which instead of reacting with
ethanol, the transition metal chlorides and urea were ball-milled to
form a metal-urea gel which was then annealed in N, atmosphere
(Fig. 7a-1) [157].

Applications of MTMNs

When turning to the application of MTMNs in the fields of energy
storage and conversion, it should be pointed out that the high con-
ductivity of MTMNs endows them great potential in these fields,
similar to MTMPs and MTMCs. However, some of the MTMNs (such
as TiN and WN) are usually suffered from their low capability when
exposed to water or oxygen atmosphere, which is originated from
the irreversible electrochemical oxidation [158,159]. In addition,
when applied to LIBs, although the LizN product provides much
higher theoretical capacity, the conversion of MN into elemental
M and LisN will lead to the pulverization of MN nanostructure,
resulting in poor cycling and rate performance [114,160-165]. In
this section, we focus on the recent progress on how to design and
synthesize stable MTMNSs nanostructures for energy storage and
electrocatalytic applications.

Electrode materials (Supercapacitors and Batteries)

For the energy storage devices such as LIBs/SIBs, very much
similar to MTMPs, the MTMNs are usually undergo a conversion
reaction, the general reaction mechanism can be expressed as:
3MN, + 3yLi* (or Na*) + 3ye™ — xM + yLi3N (or yNa3zN). However,
although the conversion mechanism can offer a high theoretical
specific capacity (1300 mA h g~ for TiN in case of LIBs) [160], the
volume change during cycling process will result in the pulveriza-
tion of electrode and the rapid capacity decay, which is the main
obstacle for the further application of MTMNs.

In order to enhance the cycling and rate performance, Tong et al.
recently reported a 3D NizN/carbon cloth (CC) composite obtained
by nitridation of nickel hydroxide under ammonia atmosphere
[166]. The Ni3N nanosheets grown on CC consist of small particles
with an average size of tens of nanometers. It was believed that the
diffusivity of Li-ion in the material could be effectively promoted
by reducing the characteristic dimensions of MTMNs particles. As a
result, the 3D Ni3N/CC composite delivered a reversible capacity of
593 mAhg-! at 1 C. With increasing current densities, the compos-
ite still achieved a reversible capacity retention of over 50% at 10
C(304mAh g~1) (Fig. 8a-d). This strategy of incorporating MTMNs
(WN nanowires, TiN nanowires, etc.) into 3D structure to enhance
the diffusivity of lithium ion was also reported by a number of
groups [160,162].

By applying the recent-developed plasma-active method, Fan
and Rawat synthesized a hierarchical Ni3N nanocoral covered by
graphene quantum dots (GQD@hNi3N) for Li-ion storage [167]. The
Ni3sN@hNi3N nanocoral was obtained by a simple N, RF-plasma
treatment of nickel foam, followed by electrolytic deposition of
GQDs. The reversible capacity of this nanocoral was 450mA h g1
at the current density of around 1 C after 500 cycles. Though the
maximum capacity of GQD@hNi3N was lower than that of the 3D
Ni3N/CC composite reported by Tong et al., the cycle stability of
GQD@hNi3N improved significantly. This might be because the
GQDs layer can facilitate the transfer of Li-ion and form a stable
SEI film.

Another way designing and constructing nanostructured MTMN
electrodes to suppress the volume changes after long cycling was
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reported by Jin et al. [164] In this work, the nanostructured porous
Fe;N encapsulated in carbon microboxes (Fe;N@C) was synthe-
sized via an innovative ammonolysis of polymer coated Fe,O3
microcubes. The carbon microboxes helped to secure the core Fe; N
from oxidation and keep a thin, stable SEI layer. In addition, the
sufficient voids in the Fe2N cubes guaranteed there is less vol-
ume expansion during charge/discharge processes. Concretely, by

measuring the thickness of the both electrodes Fe;N and Fe;N@C
before and after lithiation; the Fe,N@C indicated only 9% change
in volume while the as-synthesized Fe2N showed 90% increase in
volume. Consequently, the Fe,N@C anode demonstrated superior
volumetric capacity of 1030 mA h cm~3 and excellent cycling per-
formance with 91% capacity retention after 2500 cycles at as high
current density as 10 Ag~1.Supercapacitor is another kind of energy
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storage device with high power density [168-173]. In Tong’s work,
the 3D Ni3N/CC composite was also tested as electrode for super-
capacitor. The composite showed pseudocapacitances of 990, 845,
793, 783, 771 and 800F g1 at 10, 15, 20, 25, 30 and 40 mA cm2,
respectively (Fig. 8e-h) [166]. Fan’s group also reported a Fe;N-
Tiy N (FTN) core-shell nanorod array electrodes for supercapacitive
device [148]. The supercapacitor displays a steady working volt-
age of 2.0V with high capacitance of 86F g~ at 2.7A g1, which
could be maintained for more than 20,000 cycles. Recently, Dai et al.
reported a novel high-entropy MTMNs for supercapacitive devices
[157]. However, there are still lack of in-depth research about the
energy-storage mechanism of MTMNSs for supercapacitors.

Electrocatalysts (HER, OER, and ORR)

The studies of MTMNs in the application of electrocatalytic
HER, OER, and ORR have emerged over several decades [174-180].
It was confirmed that with their good conductivity, activity, and
selectivity, MTMNs are promising superior electrocatalysts with
comparable activity to noble metals [142,174,181-184].

For HER application, the surface metal M—H binding plays a
critical role on the catalytic activities. Traditionally, the Ni3N has
been widely evaluated as an effective catalyst for HER process
[183]. However, the Ni-H binding is relatively weak, which ham-
per the further improvement of HER activities. Rawat and Fan
recently employed the strategy of heteroatom incorporation into
metal nitrides and studied the HER performance of a 3D hierar-
chical porous nickel-molybdenum nitride (NiMoN) obtained by
the innovative N, RF-plasma treatment of nickel-molybdenum
alloy [147]. The plasma-treated NiMoN showed a coral-like struc-
ture, which might be originated from the recrystallization of metal
nitride species. As compared to Ni3N, which required an overpo-
tential of 208 mV at -10mA cm~2 in the 1.0 M KOH solution, the
NiMoN only needed 109 mV. In consideration of the HER perfor-
mance enhancement, the 3D hierarchical porous structure and the
synergy between weak Ni-H binding energy and strong Mo-H bind-
ing energy provided a valuable guidance towards the design of
high-efficiency MTMNSs HER electrocatalyst.

Besides outstanding conductivity, some of the MTMNs (like WN)
are also known for their exceptional corrosion resistivity in acidic
condition. However, they still show poor performance towards
HER. Until recently, Shao et al. designed a WNy/nitrogen-rich
porous graphene-like carbon (NRPGC) composite, which combined
the advantages of both WN, and NRPGC [185]. That is, the pyroly-
sis process suppressed the growth of WNx nanoparticles, creating
more available active sites for HER; in addition, the graphene-like
carbon endowed the rapid electron transfer pathway. In compar-
ison with the bulk WN that showed an overpotential of 492 mV,
the as-derived WN,-NRPGC catalyst showed a great improvement
of HER performance, which required only -132 mV to drive -10 mA
cm~2 in 0.5M H,S0, solution.

Another material design strategy is to confine the MTMNs
nanoparticles in a conductive framework, in which the electron can
immigrate freely even in case of the damaged catalyst surface. Wu
and the co-workers recently reported a cobalt nitride-based elec-
trocatalyst [186]. The Cos 47N nanoparticle was encapsulated in a
3D N-doped porous carbon (Cos 47N NP@N-PC), which was synthe-
sized by directly annealed Co-ZIF-67 in an ammonia atmosphere.
When evaluated as an electrocatalyst for HER reaction, the Cos 47N
NP@N-PC reached -10mA cm~2 in 1.0 M KOH with an overpoten-
tials of only 149 mV.

As for the OER application, Ouyang et al. also reported the OER
activity of a nitrogen-plasma-treated hierarchical NisN (hNizN)
nanocorals on Ni foam. Although the hNi3N is grown on a con-
ductive Ni foam and possessed a corals-like nanostructure, it still
revealed an overpotential of 325 mV at 10mA cm~2 in 1.0 M KOH
solution [167]. Similar to MTMPs, this unsatisfied performance

might be due to the fact that the real OER active sites of MTMNs,
which are the in-situ surface-generated poor electrical conductivity
metal hydroxides/oxyhydroxides, also plays as an insulating layer
hindering electron transport [70,187-191]. While in another work,
Vaidhyanathan et al. reported a benzimidazole covalent organic
frameworks (COFs) supported Ni3N catalyst, in which the Ni3N cat-
alyst with a crystal size < 2 nm was restricted in the channels of the
COF [192]. In this form, the porous COF support could restrict the
exposed surface of Ni3N nanoparticles and offered a higher active
surface area. As a result, the NisN@COF composite showed an OER
overpotential of 230 mV at 10mA cm~2 in 1.0 M KOH, which was
about a 100 mV lower than the plasma-treated hNi3N nanocorals.
These works indicate that in order to realize the high-efficiency
OER catalysis, the MTMNs might need to be increased the active
surface area while restricting the thickness of the surface oxide
layer.

The Cos47N NP@N-PC were also evaluated as an OER catalyst
by Wu and the co-workers [186]. The Cos 47N NP@N-PC reached
10mA cm~2 in 1.0 M KOH with overpotentials of 248 mV. By evalu-
ated the turnover frequencies (TOFs) and charge-transfer resistance
of Cos 47N NP@N-PC and Co NP@N-PC, it was concluded that the
high electrocatalytic water splitting performance is related to the
rich active sites and fast charge transport character in the Cos 47N
NP@N-PC.

Beyond HER and OER applications, the ORR is also an important
electrocatalytic process in fuel cell. In consideration of the cost-
efficiency and potential activities of MTMNs, they have received
increasing interest in recent years. Siahrostami et al. had studied
the ORR catalytic actives of cobalt nitride (CoN) by DFT calculation
[193]. After comparing the interaction energies of various interme-
diates on different facets of CoN, the authors demonstrated that
the surface oxidation layer on CoN could reduce the ORR overpo-
tential significantly. Especially, the (111) facet of zinc blend phase
cobalt nitride (CoNzg) with a single surface CoO layer was the
most active facet for the ORR process. Titanium nitride (TiN) was
another promising ORR catalyst to replace precious metals [141].
However, the efficient electron transport in TiN required a proper
design of morphology and particle size. For this reason, Liao and
Song had designed a 3D nitrogen-doped carbon-coated hierarchical
Tip.95C00.05N composite [194]. The as-obtained Tigg5C0g 5N cata-
lyst showed a significant enhancement of ORR activity. This might
be ascribed to the synergism of Co doping and surface nitrogen-
doped carbon coating, which resulted in a higher surface area and
offered better mass and electron transfer. As a result, the optimal
Tip.95C00.05N catalyst with 20% C presented almost comparable ORR
performance to 20% Pt/C in 1.0 M KOH.

Borides

Compared to transition metal carbides, nitrides and phos-
phides, transition metal borides (TMBs) are less well explored for
energy storage and conversion applications. Similar to metal phos-
phides/nitrides, boron can form borides with most of the transition
metals [195]. Most of TMBs share (M — B) bonds with a strong cova-
lent component. These bonds are normally stronger than those
seen in TMCs and TMNs. With increasing boron content, TMB com-
pounds display numerous compositions (from M3B to MBgg) with
the character from metallic to semiconducting state. Among those,
metallic TMBs (MTMBs) with unique properties, just like those
MLTMNs discussed above, has attracted more attention [12,196].In
addition to the character of hardness, MTMBs also show a variety
of interesting electronic ground states, including superconductivity
and high chemical and thermal stability [197-200]. In this section,
we summarize the typical synthesis methods and recent progress
of MTMB:s for energy applications.
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Synthetic methodologies

There are lots of methods for preparing MTMBs, which has been
well summarized in the literature [12]. Here, we just focus on these
methods used to prepare MTMBs for energy conversion processes.

CVD methods for preparing of MTMBs can be dated back to
1970s when gaseous reactive B were used for B doping in semi-
conductor industry [201-203]. The CVD processes can be divided
into self-catalyzed CVD and metal-catalyzed CVD process. In the
self-catalyzed CVD process, the metal substrate acts as the cata-
lysts itself and react directly with the gaseous boron sources to
form metal borides [23,204,205]. Whereas, in the metal-catalyzed
CVD process, an additional metal is required to serve as catalyst
[206,207]. For example, the MosB films were obtained through
metal-catalyzed CVD process, in which the mixture of boron and
boron oxide (B,03) served as boron source and the metal Mo foil
acts as the catalyst and growth substrate.

Other than CVD, chemical reduction of soluble transition metal
salts by metal borohydrides is the most used method [208-210].
Generally, the chemical reduction process was carried out by
adding the chilled reducing solution containing metal borohydrides
(NaBH4 or KBHy4 ) into the metal precursor (usually metal chlorides)
aqueous solution under the argon gas atmosphere. After continu-
ous vigorous stirring until the bubble stops, the precipitates were
collected by centrifugation and washing. The proposed reaction is
shown as below:

MCl+NaBH,+H;0 — MyB + NaCl + Hy+B(OH)s

With this method, the products are usually in amorphous phase.
However, by a subsequent annealing step, the crystallinity can be
increased, giving MB, M,B, or M3B or mixture of those depending
on temperature and annealing duration [208,209]. For examples,
Schuhmann et al. reported the transformation of Ni-B amorphous
to mixture of Ni3B as the major phase and Ni;B as a minor phase
at annealing temperature of 600 °C. Further increase of annealing
temperature to 1000 °C would increase the Ni3B content (up to 79%
according to their Rietveld refinement) but Ni,B signals were still
detected [209].

Applications of MTMBs

MTMBs, such as Fe-B alloy, Co-B alloy and Mg-Co-B alloys,
have been reported as electrodes for secondary alkaline batter-
ies [211-214]. However, to the best of our knowledge, MTMBs are
rarely studied as electrodes for LIBs/SIBs. Using first principles cal-
culations, Sun et al. reported that by selectively etching the A layer
from a family of layered transition metal borides (MAB phases), a
new family of 2D transition metal borides can be obtained. Their
calculation results show that Mo;B, and Fe,;B, are metallic-like
with excellent electronic conductivity and have an omnidirectional
small diffusion energy barrier and high storage capacity for Li
atoms, suggesting their promising application as electrode materi-
als in LIBs [215]. Kumta et al. reported that the TiB, is inactive for
LIBs, but it appears to increase the stability of the capacity of the
nanocomposite electrodes due to a probable homogeneous distri-
bution of the induced stress during cycling [216].

As discussed in previous sections, MTMPs, MTMCs, and MTMNs
have been described to exhibit promising HER, OER, and ORR
performance. This is due to the fast charge transfer between differ-
ent elements, the modified electronic structures, and the lowered
kinetic energy barriers of the electrochemical processes. MTMBs
have the similar bonding schema to MTMPs, indicating that they
should have the similar properties for electrocatalytic activities.
Some studies focus on MTMBs have already shown the great poten-
tial of them for HER, OER and ORR applications.

Currently, most of reports on MTMBs as electrocatalysts for HER
are on molybdenum, cobalt, and nickel borides [198,217-220]. Hu
et al., reported for the first time of using polycrystalline molybde-
num boride (a-MoB) for HER. In their case, the MoB nanoparticles
show high activity in both acidic and alkaline conditions. At a
current density of -20mA cm~2, the overpotentials for MoB at
pH=0 and pH =14 are all located between 210-240 mV with Tafel
slope of 55mV dec’! and 59mV dec!, respectively [217]. Apart
from the OD molybdenum borides, ultrathin 2D hexagonal Mo3B
films of 6.48 nm thicknesses on Mo foils, prepared by chemical
vapor deposition, exhibit the smallest Tafel slope of 52 mV dec™! in
acidic solution (pH =0) among the reported molybdenum borides.
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The reasons for such good HER performance was well-explained
by first-principles calculations. First, the density of state (DOS)
confirms the metallicity of the materials, which benefit electron
transport along the active edges (Fig. 9a-b). Furthermore, there is
a decrease in electron density around Mo atoms (Fig. 9¢), which
consequently lowers the p-band center of Mo and halves |AGy+|
from 0.56 eV of the Mo to 0.22 eV and 0.30 eV of the MosB surfaces
terminated with Mo-B and Mo, respectively (Fig. 9d). They also
demonstrated the importance of the thin 2D nanostructure. The
thinner the nanofilms, the narrower the p-band center energies of
Mo3B, which lead to smaller | AGy+| (Fig. 9e) [198].

The strategy of incorporating more metal species to improve
electrochemical performance applies well for MTMBs. Wang et al.,
reported the bi-metalic Co-Ni-B nanoparticles grown on nickel
foam, in which the nanocrystallites were embedded in amorphous
phase. This amorphous layer acted as a stabilizer to keep the
metallic core from coarsening and oxidation. By annealing in Ar
atmosphere, the annealed Co-Ni-B@NF catalyst exhibited high and
stable activity toward HER in alkaline solution (pH=14) with an
overpotential of 205mV at -10mA cm~—2, which was much lower
than 306 mV of single-metal NiBg54@Ni foil reported by Sun and
co-workers [221,222].

Regarding OER, the investigation of MTMBs for OER activity is
as early as the 1980s. In that report, Co- and Ni- based borides indi-
cated favorable activity compared to other TMBs [223]. Therefore,
most of the works later only focused on developing these two kinds
of borides. Hu and his group reported a core-shell structure con-
sisting of a Ni'l-Bi shell on a nickel boride (NB) nanoparticle core
(Ni-Bi@NB). In their report, the OER activity was tuned by regu-
lating the crystallinity of the Ni''-Bi shell. At 10mA cm~2, 364 mV
overpotential was needed for amorphous Ni-Bi@NB (a-Ni-B;@NB)
electrocatalyst. The number was downed significantly to 302 mV
for partially crystalline one (pc-Ni-B;@NB), which was lower than
that of the commercial IrO; (325 mV). Further improving the crys-
tallinity of the Ni-B; shell would lower the activity. The higher
OER performance of pc-Ni-Bi@NB was explained by the quanti-
tative turnover frequencies (TOF) analysis in which pc-Ni-B;@NB
showed 7-fold TOF higher than that of a-Ni-B;@NB. The Tafel slope
was 52mV dec! for partially crystalline Ni-Bi@NB [224].

Bi-metallic boride Co-xNi-B was also reported for OER by Wang
et al. The optimized Co-xNi-B showed an overpotential of 310 mV
at 10mA cm~2. Just like MTMPs and MTMNSs, the facile formation
of hydroxides/oxyhydroxides intermediates during the catalytic
processes and a substantial increase in surface area due to the incor-
poration of the second metal into monometallic boride were the
main contributors to the superior catalytic performance [225].In a
similar manner, Albert et al., reported the combination of Co and Fe
in metallic borides. Their optimized (Cog7Feq3),B displayed a low
onset overpotential of 0.27V in 1.0M KOH solution with a Tafel
slope of 39 mV dec~!, which was comparable to that of IrO,/Ru0,
and surpass the single metal Co,B and Fe,B by a great margin
[210].

In respect of ORR, MTMBs are less explored. There are only a few
reports up to date. For instance, Schuhmann et al., directly grew the
nitrogen-doped carbon nanotubes (NCNTs) on cobalt boride (CoB)
nanoparticles by CVD method. The optimized CoB/NCNT exhib-
ited excellent activity towards OER and ORR in 0.1 M KOH solution
with an overpotential of only 0.73 V between ORR (at —1 mA cm~2)
and OER (at 10 mA cm~2). Importantly, by CoB/NCNT catalyst oxy-
gen was reduced via 4-electron pathways other than 2-electron
pathway which gives lower discharge current and facilitated H, O,
by-product[226]. Different from the normal understanding that the
ORR activity originates from the surface of the NCNTs, they believe
that the small CoB nanoparticles uniformly distributed within the
NCNT could supplement ORR electrocatalysis by either playing the
role as active sites or promoting the ORR via secondary effects such

as modulating the chemisorption energy of molecular oxygen and
the intermediates involved in the ORR.

Summary and outlook

The small addition of phosphorus, carbon, nitrogen, or boron
into the host transition metals results in classes of MLTMNs
with flexibility and wide scope of applications. To this end, we
have comprehensively summarized and discussed MLTMNSs for
energy storage and conversion applications in terms of synthetic
methodologies with their own advantages and disadvantages of
each approach as well as strategies to improve the performance
or overcome their limitations. We have also highlighted some
recently break-through works for improving the efficiency of the
materials in respective applications. The synthesis methods, result-
ing morphologies, and performances of various MLTMNs towards
respective energy conversion (HER, OER) and storage (LIBs/SIBs,
supercapacitors) applications are summarized in Tables 2-5. In
general, considerable efforts have been made with understand-
ing of structural characteristics, electrochemical performances, and
intrinsic catalytic activity. Several advances have been made in
this promising field. Due to much-improved electrode kinetics
and charge transport, MLTMNs show superior electrocatalysis and
energy storage performance compared to these of semiconduct-
ing/insulating counterparts which inspire researchers to attain
in-depth mechanism underneath together with further optimiz-
ing the materials for even better performance. The performance of
those materials has been advanced remarkably with many strate-
gies like optimization of compositions, especially those targeting
for better electrocatalysis. This has been achieved by slight modi-
fied conventional techniques or innovative processing techniques,
i.e. plasma enhanced CVD, BP for phosphides synthesis, hybridized
with carbon nanomaterials, etc. where important parameters
involved were finely tuned.

However, the development of MLTMNs is still facing some
obstacles that decelerate its progress, of which solving those would
provide more guidelines for the future of this promising domain.
Firstly, there is still not much of knowledge on the nature of
intermediates during the synthesis which is necessary for the
development of rationally designed synthesis method to produce
materials that are phase-pure or with certain facet, or to control the
morphology and sizes. In this regard, the blend of in-situ equipment
and experimental techniques to achieve time resolution and spatial
resolution measurement is urgently needed to reveal the inter/intra
-molecular interaction. Moreover, modeling targeted compounds
would visually give better understanding to synthesis methodol-
ogy from molecular thermodynamics point of view. Additionally,
not only new and innovated materials are necessary but also com-
prehensive mechanistic understanding at atomic/molecular level
of electrochemical reactions happening in batteries, supercapaci-
tors, and electrocatalysis. Catalytic behavior at the surface/interface
during operation can be monitored via in situ HRTEM, EXAFS,
etc. Many fundamental problems are still there, namely, precise
capture of reaction intermediates or charge/discharge products,
interface characteristics. By these in-depth investigations, ratio-
nally designed materials and optimization of their performance
are more feasible. Last but not least, the practical feasibility of
the materials should be taken into account. There is currently a
huge gap between fundamental research of MLTMNs and their
practical applications toward energy storage and conversion. The
materials synthesized should be judged for feasibility in indus-
trial scale. Facile, scalable and sustainable synthesis and milder
reaction conditions for industrial needs should be taken into con-
sideration, especially in the case of carbides. The development in
synthetic methodologies and engineering may possibly resolve the



Table 2
Summary of the HER performances of MLTMNs synthesized via various methods.

vLL

Material and morphology Synthesis method Electrolytes Substrate Mass loading (mg Mo Tafel slope (mV jo (MA cm~2) Ref.
cm2) (mV) dec™!)
Ni» Ps nanoparticles TOP route 0.5M H,S04 Ti foil 3 143 @ -20mA cm 2 63 n.a. [15]
Nis P4 nanoparticles TOP route 1M H;S04 Self-standing 29 62 @ -100 mA cm—2 33 0.96 [16]
FeP nanoparticles TOP route 0.5M H,S04 Ti foil 1 50 37 043 [18]
Ni, P hollow nanoparticles TOP route 0.5M H;S04 Ti foil 1 130 @ -20mA cm2 ~46 0.49 [19]
Co, P hollow nanoparticles TOP route 0.5M H,S04 Ti foil 1 95 45 n.a. [21]
CoP hollow nanoparticles TOP route 0.5M H,S04 Ti foil 1 75 50 n.a. [21]
0.5M H,S04 68
Ni, P nanosheets TOP route 0.5M PBS NF 7.2 na 142 n.a [74]
1M KOH 50
MoP @ porous honeycomb carbon Phosphate route 0.5M H,S04 GCE na 129 48 n.a. [65]
Ni, P nanoparticles@BP Elemental P route 0.5M H;S04 GCE n.a 107 38.6 n.a [36]
-2
BP/Co, P nanoparticles Elemental P route ?'fﬂl\{ig;so‘l GCE n.a ;iﬁ g jgg 2: §2*2 35 n.a [38]
WP nanorod arrays Elemental P route 0.5M H,S04 CcC na 130 69 0.29 [66]
. 0.5M H,S04 162 58.8 0.24
Ni-P nanosheets Elemental P route 1M KOH cP 25.8 250 854 na. [72]
. 0.5M H;S04 88 50.4 na.
MoP nanoparticles@C PH3 route 1M KOH CcC 6 49 54 0.69 [6]
NiCoP nanosheets Plasma-assisted PHs 1M KOH NF n.a 32 37 1.36 [40]
route
NiMoP, nanowire PH5 route 0.5M H,S04 CcC 5 195 @ -100 mA cm 2 56 na [44]
0, plasma treated CoP nanowire PHj3 route 1M KOH CccC n.a n.a 42.8 n.a. [63]
0.5M H,S04 74 50 0518
N, P doped carbon-encapsulated MoP nanocrystal PH; route 1M PBS cC 242 106 52 na [64]
1M KOH 69 73 0.706
FeP nanorod arrays PHj3 route 0.5M H2S04 CcC 1.5 58 45 0.5 [71]
0.5M H,504 67 51
CoP nanowire arrays PHj3 route 1M PBS CcC 0.92 106 93 0.288 [73]
1M KOH 209 129
CoP nanocrystal/CNT PH3 route 0.5M H,S04 GCE 0.285 122 54 0.13 [76]
NiCoFeyP nanosheets PH3 route 1M KOH CccC 2 39 50 n.a [77]
Oxygen plasma treated V-Ni, P nanosheets PH; route 1M KOH GCE na 108 723 n.a [78]
0.5M H>S04 135 62
MoCx nanoparticles encapsulated in N,S-doped graphene carbothermal 0.2 M PBS GCE 0.45 165 105 n.a [130]
1M NaOH 150 99
0.5M H,S04 154 65
WCx nanoparticles encapsulated in N,S-doped graphene carbothermal 0.2 M PBS GCE 0.45 220 115 na [130]
1M NaOH 262 115
Mo, C nanoparticles on rGO carbothermal 0.5M H,S04 GCE 0.196 280 @ -5mA cm 2 134 na [90].
N,S doped-Mo, C nanosheets carbothermal 0.5M H,S04 GCE n.a 86 47 0.035 [101]
3D Hierarchical Porous Mo, C carbothermal 0.5M H,S04 GCE na 97 60 0.28 [103]
W,C@WC films carbothermal 0.5M H,S04 GCE 2.7 310 108 na [127]
Mo, C nanoparticles-Graphene carbothermal 0.5M H,S04 GCE 0.8 150 57 2.58 [127]
x10~2
in-plane WC-graphene heterostructure (i-WC-G) CVD 8? m 26?404 Ga-W foil -0.00222 ;22 :1)’38 na [94]
Fe-doped Ni3C nanodots encapsulated in N-doped carbon carbonization 1M KOH GCE n.a 292 41.3 n.a [138]
Co,C nanoparticles wet-chemistry 0.5M H,S04 GCE na 181 89 na [128]
Ni3N nanoparticles Plasma-assisted 1M KOH CcC 1.1 208 113 0.12 [147]
ammonolysis
3D hierarchical porous (NiMoN) coral-like Plasma-assisted 1M KOH CcC 1.1 109 95 0.92 [147]
ammonolysis
WN,/N-rich porous graphene-like carbon Ammonolysis 0.5M H;S04 GCE 0.362 132 86 0.37 [185]
Cos.47N nanoparticle encapsulated in a 3D N-doped carbon Ammonolysis 1M KOH GCE na 149 86 na [186]
-3
o-MoB na ?‘f/l’\ﬁglflso“ GCE na 210-240 @ -20 mA cm2 gg ;:g i }g,g [217]
MosB films CVD 0.5M H,S04 Free-standing n.a 249 @ -20mA cm~2 52 n.a [198]
Co-Ni-B nanoparticles@NF NaBH4 1M KOH NF na 205 n.a na [221]
0.5M H;S04 45 43 0.380
NiBos54@Ni nanoparticles NaBH4 1M PBS Cu foil 14 54 77 0.851 [222]
1M KOH 135 88 0.275

1Z1-66 (610Z) ST AbpoL oupN /o 32 yuid ‘N

Abbreviations are as followsNF =Ni foam, CC = Carbon cloth, CP=Carbon paper, GCE = Glassy carbon electrode, CNT = carbon nanotubes, rGO =reduced graphene oxide, m;o = overpotential at the current density of 10 mA cm~2;
jo=exchange current density; n.a: represents that the corresponding data are not provided in the papers cited.



Table 3

Summary of the OER performances of MLTMNs synthesized via various methods.

Material and morphology Synthesis method Electrolytes Substrate Mass loading MN1io (MV) Tafel slope (mV Ref.
(mg/cm?) dec1)
NiCoP nanosheets Plasma-assisted PHs3 route 1M KOH NF n.a 330 87 [40]
CusP PH3 route 1M KOH NF n.a 290 84 [67]
NiCoFe4P nanosheets PH3 route 1M KOH CC 2 275 @ 50 mA cm—2 56 [77]
NiCoP nanosheets PH3 route 1M KOH CcC 2 346 @ 50 mA cm 2 121 [77]
CoFeP nanosheets PH; route 1M KOH cC 2 389 @ 50 mA cm—2 137 [77]
NiFeP nanosheets PH3 route 1M KOH CcC 2 425 @ 50 mA cm—2 147 [77]
Oxygen plasma treated V-Ni,P NSs PH3 route 1M KOH GCE n.a 257 435 [78]
CoP and defective carbon (CoP-DC) Elemental P route 0.1 M KOH GCE 0.357 320 52.5 [68]
Ni-P nanosheets Elemental P route 1M KOH CcP 25.8 300 @ 53.8 mA cm—2 73 [72]
Fe-doped Ni;C nanodots encapsulated in N-doped carbon carbonization 1M KOH GCE na 275 62 [138]
CogMogCa hydrothermal 1M KOH GCE 0.14 260 50 [87]
N-doped carbon encapsulating cobalt and molybdenum carbide nanoparticles carbothermal 1M KOH GCE n.a 330 48.7 [131]
Mo, C nanoparticles supported on carbon sheets carbothermal 1M KOH GCE 0.4 320 95 [132]
Co3ZnC/Co nanojunctions encapsulated in N doped graphene Decomposition of single source 1M KOH GCE 0.344 366 81 [134]
Ni/MoxC nanoparticle-supported N-doped graphene/CNT carbothermal 1M KOH GCE 0.86 328 74 [133]
hierarchical Ni3N (hNi3N) nanocorals Plasma-assisted ammonolysis 1M KOH NF na 325 50 [167]
Cos 47N nanoparticle encapsulated in a 3D N-doped carbon Ammonolysis 1M KOH GCE na 248 86 [186]
benzimidazole COF supported NizN Urea-glass route 1M KOH GCE 5ug 230 79 [192]
Fe,Ni;N nanoplates Ammonolysis 1M KOH NF n.a 180 34 [175]
Nanoparticle-stacked porous CosFeNx nanowires Ammonolysis 1M KOH NF na 222 @ 20 mA cm—2 46 [176]
CoN nanowires Plasma-assisted ammonolysis 1M KOH NF n.a 290 70 [177]
Ni-Mo nitride nanotubes Ammonolysis 1M KOH (@ 35 295 94 [178]
iron nitride (FesN/Fe4N) nanoporous film on graphene Ammonolysis 1M KOH NF 4 238 44.5 [179]
Mn3N, nanoparticles Ammonolysis 1M KOH NF 3 270 97 [180]
(Coo.7Fep3)2B nanoparticles NaBH4 1M KOH GCE n.a 330 39 [210]
Co, B nanoparticles NaBH4 1M KOH GCE na n.a 63 [210]
pc-Ni-B;@NB nanoparticles NaBH4 1M KOH GCE 0.3 302 52 [224]
Co-xNi-B nanoparticles NaBH4 1M KOH GCE n.a 330 66 [225]

Abbreviations are as follows: NF=Ni foam, CC= Carbon cloth, CP = Carbon paper, GCE =Glassy carbon electrode, CNT = carbon nanotubes, COF = covalent organic frameworks, 1o = overpotential at the current density of 10 mA

cm~2; n.a: represents that the corresponding data are not provided in the papers cited.
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Table 4
Summary of the LIBs/SIBs performances of MLTMNs synthesized via various methods.
Material and morphology Apps Synthesis method Specific capacity Current density Number of Capacity Ref.
(mAhg) (Ag™) cycles retention
720 02C
yolk-shell Sn4P;@C nanospheres SIBs Elemental P route 505 15C 400 85.5% [51]
421 3C
i i 630 02C
CoP hollow nanoparticles encapsulated in amorphous LIBs TOP route 100 83.3% [22]
carbon 256 5C
Fe, P nanoparticles enveloped in sandwich-like 602 0.1 .
graphited carbon LIBs Phosphate route 362 10 200 93% [52]
. 1028 0.1
3D porous MoP @carbon hybrid LIBs Phosphate route 384 5 500 83.8% [53]
. 670 0.2
C@NiCoP Peapods LIBs Phosphate route 402 10 350 95% [54]
. . . 660 0.1 ~
Nii»Ps nanoparticles encapsulated in carbon fiber LIBs Phosphate route 388 3 200 98% [55]
. . 1196.3 0.1
Ni, P nanoparticles@BP LIBs Elemental P route 322 10 1000 94.1% [36]
Sandwiched Ni, P/C LIBs Hydrothermal ng (])OZCC 200 92.3% [47]
Ni3P/Ni/C nanocomposite LIBs Single source precursor 635 0.1 200 n.a [48]
Peapod array of Ni, P @ graphitized carbon on Ti substrate LIBs Phosphate route 634 0.2 200 97% [49]
. . . 650.3 0.2 350 93.4%
MoC/C nanowires LIBs Decomposition of single source 455.4 5 5000 02% [115]
. . o 825.3 0.5
3D porous MoxC@N-C with Mo vacancies LIBs Carbonization 266.6 50 200 61.9% [112]
Mo, C/N-doped carbon hierarchical nanowires SIBs Decomposition of single source ;?)51; 825 100 53.9% [116]
=, o2 0 o
MoC ultrafine nanoparticles in graphitic carbon - Decomposition of single source 2734 0.05 “ 33% [119]
s 183.7 0.2 68%
. . . . 450 0.1
3D interconnected TiC nanoparticle chain LIBs Carbothermal 137 20 8000 92% [92]
. 1010 0.2
MoCy ¢54@N-doped graphitic carbon nanosheets LIBs Carbothermal 495 5 680 98% [111]
3D Ni3N/CC? LIBs Ammonolysis 593 1¢ 250 50% at 10 C [166]
304 10C
Ni3sN@hNisN nanocoral LIBs Plasma-assisted 450 1C 500 n.a [167]
ammonolysis
. 777.59 0.4
Ni3N-Co3N nanoparticles on CNTs P LIBs Ammonolysis 534 12 600 71.1% [161]
WN nanowires LIBs Annealing under N, 400 0.2 100 >90% [162]
TiN nanowires Flexible Ammonolysis 567 0.335 100 80% [160]
LIBs
Fe,N nanoparticles Flexible Ammonolysis 900 6 300 76% [163]
LIBs
. 1295 0.1
Carbon coated Fe,N nanocubes LIBs Ammonolysis 356 10 2500 >91% [164]
LIBs 715 0.24 -
201 24 800 100%
2D-0D Graphene-VN Quantum Dots SIBs Ammonolysis 237 02C [165]
149 5C 800 100%
. 815 0.1
Moz N nanolayer coated MoO, hollow nanostructures LIBs Ammonolysis 415 5 100 91% [114]

1Z1-66 (610Z) ST AbpoL oupN /o 32 yuid ‘N

3 CC=Carbon cloth, ® CNT = carbon nanotubes; n.a: represents that the corresponding data are not provided in the papers cited.



Table 5

Summary of the supercapacitor performances of MLTMNs synthesized via various methods.

Material and Synthesis method Reference Electrolyte Capacitance No. of capacitance Voltage window Ref.
morphology electrode cycles retention
Ni, P nanoparticles PH; Hg/HgO 2 M KOH 2266F g~! at 5mA 2500 100% 0-0.55V [59]
grown on reduced cm~2
M -
graphene oxide
T Ni-coated Ni P electroless plating Hg/HgO 2M LiOH 1115Fg ' at2A 3000 92.3% 0-0.7V [60]
M nanoparticles g1
P Ni foam supported PH3 SCE 6 M KOH 1109Fg~' at 83.3A 5000 91.3% 0-1.4V. [61]
s Ni, P nanosheet g1
Co, P nanoflowers TOP route Hg/HgO 6 M KOH 416Fg'at1.0A 600 97% -02t0 0.5V [17]
gl
Co,P nanorods TOP route Hg/HgO 6 M KOH 284Fg'at1.0A n.a n.a n.a [17]
gfl
Niz P nanoparticles on PHj3 route Hg/HgO 3 M KOH 1912Fg~!' at 5mA 2500 77.1% 0-0.55V [56]
graphene sheets cm—2
NiCoP nanoparticles Elemental P route n.a 6 M KOH 571Cg'at1.0A 3000 91.8% 0-04V [57]
g—1
Nii2Ps nanocapsules Elemental P route Hg/HgO 6 M KOH 949Fg ! at 1.0A 2000 81% 0-0.55V [58]
g !
M 3D tubular all-TiC carbothermal n.a 1.5M LiClO4 in ACN 185F g at2.0A 150,000 97% 0-16V [120]
T hierarchical fibres g !
M TaC/C nanosheets Laser-assisted CVD Ag/AgCl 6 M KOH 223Fg'at1.0A 5000 >94% 0.2-09V [123]
C g*]
S Mo, C incorporated carbothermal Ag/AgCl 1M H2S04 750F cm—3 10,000 n.a 0.2-0.8V [124]
onto porous carbon
Fe;N-TixN core-shell Ammonolysis Ag/AgCl 1M LiCl 86Fglat2.7Ag™! 20,000 99% Oto2V [148]
nanorod array
M high-entropy metal Mechanochemical- Ag/AgCl 1M KOH 230Fg ! at n.a n.a -1to0V [157]
T nitride including V, Cr, assisted urea glass 210mV s!
M Nb, Mo, Zr route
N 3D Ni3N nanosheet/CC Ammonolysis Ag/AgCl 1M KOH 990F g~! at 10mA 2000 94% -0.1t00.45V [166]
s R cm-2
800F g~! at 40 mA
cm—2
VN nanoparticles Ammonolysis Hg/HgO 1M KOH 554Fg! at 1000 >90% -1.2-0V [173]
100mV s—!
Nanostructured Ammonolysis Hg/HgO 6 M KOH 270F g ! n.a 58% at 30A g~! na [172]
VN/CNTs composites °
core-shell (TiN-VN) Ammonolysis SCE 1M KOH 2475F g at2mV 500 88% -12Vto-0.2V [171]
fibers s1
160.8Fg! at
50mV s!
Self-supported carbon Ammonolysis Ag/AgCl 1M KOH 167Fg' at 1.0A 6000 70% -1to 0OV [170]
coated TiN nanotube g1
arrays 95Fg!at50Ag!
W;,N@carbon ultrathin Ammonolysis Ag/AgCl 2M H,S04 693 mF cm~2 at 20,000 91% -0.25t0 0.6V [169]
layer core-shell 5mVs!
structures
MosN; nanowires Ammonolysis Hg/HgO 1M KOH 220F g ! at 50mV n.a n.a -1.1to-03V [168]

s-1

3 CC=Carbon cloth, ® CNT = carbon nanotubes; n.a: represents that the corresponding data are not provided in the papers cited.
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issues. Also, out-of-the-normal concept thinking and building up
the exceptional nanostructures like defect-free 2D graphene might
generate amazing outcomes. In addition, instead of demonstrat-
ing chemical/physical stability for few hours for electrocatalysis
or few hundred cycles for LIBs/SIBs, maintaining high perfor-
mance for orders of magnitude longer time/cycles is also of great
importance.

As for electrocatalysis, bifunctionality of MTMPs and MTMNs
as well as MTMBs towards HER and OER makes it stands out to
be simplified anode/cathode to replace the IrO,-Pt couple. How-
ever, future works are in needs to identify the real active sites of
MTMPs, MTMNs, and MTMBs during the anodic half OER. Many
open questions are still left open. For instance, if the surface hydrox-
ides/oxyhydroxides in-situ generated under high oxidizing OER
condition or the interface between phosphides nitrides/borides and
hydroxides/oxyhydroxides the main contributor to high catalytic
activity? Is the role of MTMPs and MTMNs only as conduc-
tive scaffold for the surface hydroxides/oxyhydroxides? To what
extent the in-situ conversion process takes place; are the con-
version the same for MTMPs, MTMNs, and MTMBs? In these
regards, probing into atomic-level interfacial structure of catalysts
during electrochemical reaction via in-situ spectroscopic surface
analysis (Raman spectroscopy, XANES, EXAFS) would fit nicely.
However, during electrocatalytic processes (i.e. HER, OER, and
ORR), the drastic generation of hydrogen and oxygen make the
measurements rather difficult. Therefore, advances in engineering
characterization equipment is also necessary. Additionally, due to
the importance of electrocatalyst surface, investigating and con-
trolling surface-atoms arrangement and preferable exposed facets
are of great interest to understand the mechanism behind. How-
ever, most of MLTMNSs investigated so far are polycrystalline;
synthesis methodology needs to be further accelerated. Equally
important, theoretical calculations also need to be pushed for-
ward to speculate the activity changes due to crystal structures,
chemical states, doped-elements, interaction between materials in
heterostructures. Answering these questions theoretically will help
to have a comprehensive insight on how MLTMNs work and remain
active during electrolysis; hence, speeding up the development of
MLTMNs for energy conversion process. Another challenge is the
surface oxidation of MTMPs, MTMNSs, and MTMBs when stored
at ambient conditions due to the under-coordinated non-metal
sites. This may not affect OER performance but decrease the con-
ductivity significantly and block HER active sites. In this respect,
non-metal doping (S, Se-doping for examples) could be an effec-
tive way to suppress this issue. Although MTMPs and MTMNs show
their superior performance in alkaline electrolyzer, IrO,/Ru0; is
still the most active OER catalyst in acidic electrolyte. Hence, more
efforts are needed to fulfill their full potential for energy conversion
processes.

Compared to the above energy conversion process, the applica-
tions of MLTMNSs in energy storage (batteries, supercapacitors) are
less but increase rapidly due to the possibility of greatly enhanced
properties. Despite the promising results initially, MLTMNs are
still facing many obstacles on its way to commercialization. For
examples, unsatisfied capacity, poor cycle stability resulting from
volume changes/irreversible conversion reaction, lower conduc-
tivity/stability during electrode reactions; and most importantly,
safety issues. To address these concerns, many post-engineering
strategies to achieve plentiful pores and channels would partially
help. Besides, reducing the content of inactive constituents (current
collectors, binders) by developing self-support or binder-free elec-
trode is promising. Moreover, extra efforts should be put by means
of employing novel nanoscience and nanotechnologies to fabricate
innovative materials and investigate their structural/composition
optimization. An in-depth understanding of the mechanism by in-
situ electrochemical and optical characterizations would be of great

interest as well. Regarding applications toward supercapacitors,
there is still a huge gap between the theoretical predicted spe-
cific capacitance and the one measured; while other performance
indicators other than specific capacitance should be optimized as
well. All things considered, researching and developing MLTMNSs
for energy storage and conversion is highly rewarding but daunting,
in which slightly improvement might bring remarkable break-
throughs to the energy field.
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