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Abstract: The high price of noble metal resources limits its commercial application and stimulates
the potential for developing new catalysts that can replace noble metal catalysts. Tungsten-based
catalysts have become the most important substitutes for noble metal catalysts because of their
rich resources, friendly environment, rich valence and better adsorption enthalpy. However, some
challenges still hinder the development of tungsten-based catalysts, such as limited catalytic activity,
instability, difficult recovery, and so on. At present, the focus of tungsten-based catalyst research
is to develop a satisfactory material with high catalytic performance, excellent stability and green
environmental protection, mainly including tungsten atomic catalysts, tungsten metal nanocatalysts,
tungsten-based compound nanocatalysts, and so on. In this work, we first present the research status
of these tungsten-based catalysts with different sizes, existing forms, and chemical compositions, and
further provide a basis for future perspectives on tungsten-based catalysts.

Keywords: tungsten; single-atom catalysts; nanocatalysts; tungsten compounds

1. Introduction

In recent years, energy and environmental issues have been a part of the urgent needs
of the world’s social and economic development, which both play a decisive role in the
speed of this development. Therefore, saving energy and protecting the environment have
become important issues for every country to speed up the construction of the green indus-
try supply chain and to promote green development. At present, the research on energy
mainly focuses on three aspects: energy generation, energy transportation and energy con-
sumption. Currently, fossil fuels are commonly used, but they are a nonrenewable resource.
With the increase in usage, fossil fuels are becoming gradually depleted. In addition, the
low energy utilization rate of fossil fuels and serious environmental pollution have led to a
crisis of energy and materials. Figure 1 shows a schematic diagram of possible sustainable
energy development in the future [1]. Regarding the abovementioned information, the
generation of energy is the most critical and effective step to solving the energy shortage.
Researchers have mainly put forward three solutions to the energy generation process:
(1) Increase the use of green energy (solar energy and hydrogen energy): electrolyze water
through electrocatalysis technology and use sunlight to reduce CO, through photocatalysis
technology. (2) Extend the use of biomass energy. (3) Improve the utilization of low-chain
alkanes, such as methane coupling, aromatization and propane dehydrogenation. However,
regardless of the direction taken, accelerating the reaction rate, which means using catalysts
with high performances, is key to improving energy efficiency.

In the field of catalysis, catalysts are the most important part, as they affect the rate and
efficiency of the whole catalytic process. Noble metal platinum (Pt)-based catalysts are the
most commonly used electrocatalysts with the best-known performances. They possess high
specific surface area, many active sites, low overpotential (even close to 0 mV), and relatively
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small Tafel slope [2]. At the same time, they possess good catalysis for cathodic oxygen
reduction reactions and anodic microscopic molecule oxidation reactions [3]. At present, the
research on Pt-based catalysts mainly includes two aspects: (1) combining Pt nanoparticles
with supports by loading or growth and (2) designing three-dimensional structures such as
hollow, multi-hollow and spherical. In the research field of the first aspect, Han [4] supported
Pt nanoparticles on nitrogen-doped carbon nanotubes. The research demonstrates that the
catalyst that loaded 8.6 wt% Pt on the highest nitrogen-content graphite, has the best activity
performance. Under acidic and alkaline conditions, the activity and stability of the hydrogen
evolution reaction (HER) exceeded 40 wt% of the commercial Pt/C catalyst. On this basis,
Wang et al. [5] doped trace iron (Fe) in Pt-loaded nitrogen-doped carbon nanotubes so that
the catalyst had layered voids and a unique chemical composition. This kind of catalyst
can be used not only in HER, but also in oxygen reduction reactions (ORR). The starting
voltage is 918 mv, which is 117 mv higher than that of a commercial Pt/C catalyst under the
same conditions. In the research field of the first aspect, according to the different crystal
surfaces exposed by the catalyst, they retain different surface electronic structures, resulting
in different catalytic properties [6]. In the second research field, the catalyst core-shell is
an effective measure to improve the utilization of Pt, and there have been more and more
studies on these catalysts recently. The most representative is the palladium (Pd) @ Pt
catalyst prepared by Zhang [7]. The nanosize of the synthesized catalyst is uniform and
microscopic. This kind of modified shell can effectively protect the Pd core, and the core
can also regulate the electronic structure of Pt as the outer layer. Bai [8] further explored a
kind of composite material with a new multifunctional core-shell structure. On the basis of
giving the functionality of the composite material, through this double shell of a sandwich
structure, it can not only inhibit the aggregation of noble metals but can also improve the
stability of the catalyst. Pt-based catalysts are catalysts with excellent performance at present.
In order to improve the reaction activity, the reaction conditions will be optimized first.
The change of reaction condition may lead to the aggregation of the catalyst, and then the
activity of the catalyst may decrease with the progression of the reaction [9]. At the same
time, Pt resources are scarce on Earth and may not meet the commercial development of
catalysts. Therefore, to find a catalyst with great performance and rich resources may retain
great practical significance.
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Figure 1. Illustration of future sustainable energy development.

As displayed in Figure 2, the relationship between the exchange current density (jo)
and the bond energy (this value corresponds to the adsorption enthalpy of hydrogen atoms
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on metals) between different metals and hydrogen atoms in HER is shown, which is also
known as a volcanic diagram. Due to the adsorption phenomenon on the active site of
the reaction, when the adsorption enthalpy is microscopic, the adsorption will become the
main step of controlling the reaction, resulting in a low reaction rate; when the adsorption
enthalpy is too high, the intermediate adsorbent will be stably adsorbed on the surface,
resulting in a low reaction rate. If we want to obtain the fastest reaction, intermediate
adsorbent should have medium-adsorption enthalpy. Conversely, the adsorption enthalpy
is mainly formed by the electrons of the H atom and the unpaired d electrons in the metal,
which means that only the transition metal can significantly adsorb hydrogen. Combined
with the data in Figure 2, it is considered that transition metals can be used in the catalytic
field instead of noble metals. Figure 2 shows one of the important factors of reaction kinetics,
because on the electrode surface, in addition to the interaction between the adsorbed H
atom and the electrode, it is also affected by other conditions such as the solution; thus, the
specific catalytic performance needs to be calculated.
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Figure 2. Volcanic formation relationship between exchange current density and M-H bond strength
of the hydrogen evolution reaction on different metals.

In transition metals, tungsten (W) and molybdenum (Mo) are commonly used as
catalysts. W and Mo are homologous elements with the same atomic radius, belonging to
a body-centered cubic lattice. Furthermore, the lattice constants are almost the same [10].
Figure 3a demonstrates the state diagram of the two components. Through the curve, it
can be observed that the solidus and liquidus of W and Mo are close. Hollak et al. [11]
through research found that W has better selectivity than Mo, which can help W-based
catalysts have better functionality. The average content of W in the Earth’s crust (0.001%)
is higher than that of Mo (0.00011%). Compare with molybdenum resources, China has a
relatively large proportion of tungsten resources in the world (Figure 3b,c). At the same
time, W (Figure 3d) is also an environmentally friendly material, which can be —2, —1, 0,
+2, 43, +4, +5 and +6 in chemistry. It is one of the most complex elements in transition
metal elements [12], and it is a potential research object.
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Figure 3. Advantages of tungsten-based catalyst. (a) State diagram of W and Mo. (b) Distribution
of global tungsten resources and reserves. (c) Distribution of global molybdenum resources and
reserves. (d) Basic data of tungsten.

In the field of catalysis, in addition to selecting excellent elements, it is also important to
understand the reaction principle and process, such that a closed-loop study of theory-synthesis-
characterization has formed by testing the catalysts and by further understanding the theory
according to the actual demand and then by regulating the synthesis steps of the catalysts.

In electrocatalysis, HER is an important semi-reaction of electrocatalysis for electrolyzing
water, with two electron transfers. The reaction includes a Volmer step (discharge reaction),
and the subsequent reaction may be a Tafel step (composite reaction) or Heyrovsky step (elec-
trochemical desorption reaction) [13]. This means that there exist a Volmer-Tafel mechanism
and a Volmer-Heyrovsky mechanism (* indicates the surface-active site of the catalyst):

Volmer step : H + e~ + x — xH; @D
Tafel step : *H + H™ +e~ — Hy + %; )
Volmer Heyrovsky : 2+« H — Hy + 2 *. (©)]

Compared with HER, the hydrogen oxidation reaction (HOR) involves the same
reaction steps, except for that the reaction is opposite. Oxygen precipitation reaction (OER)
(2H20 — O, + 4H™ + 4e ™) is another important semi-reaction in electrolytic water. The
kinetic complexity of OER means that people have not fully understood it at the atomic
level, but it is generally believed that OER is a process with four electrons that cooperate
with a proton electron transfer reaction [13]; thus, the kinetic process of this kind of reaction
is relatively slow. Only a large overpotential can accelerate its reaction rate. Compared
with OER, ORR involves the same reaction steps, except for that the reaction is opposite.
Although these reactions involve different reaction intermediates, mechanisms and electron
transfer quantities, the description of evaluating activity and selectivity of these reactions
still conform to the volcanic diagram, which is an important step for a rapid understanding
of the principle of electrocatalysts.

In addition to the above reactions involving HER, HOR, OER and ORR, there are
many other emerging electrocatalytic reactions, such as nitrogen reduction (NRR), H,O,
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production, CO;, electroreduction, etc. NRR is a competitive reaction of HER: under
certain conditions it initiates electroreduction (N, + 6H" + 6e~ — 2NH3), which involves
multiple intermediates. The reason for the production of HyO; is to reduce oxygen to
hydrogen peroxide (O, + 2H™' 4+ 2e~ — HpO,). It is a process with two electron transfer
processes; thus, the complexity is similar to HER. CO, electroreduction is the same as ORR.
It is a process with a multi-electron reduction reaction involving multiple reactions, but
the products (water or hydrogen peroxide, also includes other possible CO, reduction
products) are different.

Among them, HER and OER are the most studied and often appear together. They
are two half reactions in the electrolytic water reaction. Direct current is applied to the
electrolyte, and then water as a solvent in the electrolyte undergoes electrolytic reaction.
The H* produced by electrolytic water migrates to the cathode, and the OH" produced
migrates to the anode; thus, the H* near the cathode obtains electrons on the cathode,
producing hydrogen (HER), and the OH at the anode loses electrons to produce oxygen
(OER). In practical research, overpotential is usually calculated, because in an electrochem-
ical reaction, the electrode potential will deviate from the equilibrium potential when
the current flows through the electrode, further leading to polarization and making the
actual electrolytic voltage greater than the theoretical electrolytic voltage. Usually, the
potential difference between the reduction potential determined by the half reaction under
thermodynamic conditions and the potential of the oxidation reduction reaction observed
in the experiment is defined as overpotential. In addition to the influence of overpotential
on the electrolytic voltage, current density, temperature and electrolyte type will also affect
the electrolytic voltage, because they will affect the polarization of electrochemistry and
further affect the electrolytic voltage.

The field of catalysis, in addition to electrocatalysis, includes photocatalysis and other
catalyses. Photocatalysis produces electron hole pairs through the irradiation of sunlight,
s0 as to produce strong redox potential and achieve the goal of purifying pollutants and
synthesizing substances. Semiconductor material is commonly used. The smaller the band
gap, the easier the electron transition and the higher the utilization of solar energy. However,
solar energy is considered as a free and infinitely renewable clean energy; it still has not
been widely used because of its high collection cost large floor area and unpredictability of
solar energy [14].

By understanding the principles of electrocatalysis, photocatalysis and other cataly-
ses, selecting excellent elements according to the theory becomes much easier. Scientific
researchers have studied W-based catalysts and have considered them to be better potential
research objects in transition metals. The most representative research is that Chen et al. [15]
found that the catalytic performance of a tungsten-based catalyst is close to that of a Pt-
based catalyst through electrochemical analysis. It was found that when W is loaded onto
the carrier material, the band gap of the semiconductor will narrow, providing a large
number of active sites, further improving the catalytic activity and stability. Meanwhile,
Tu et al. [16] also found that W plays the role of “adhesive” between Pt and Cu, enhanc-
ing the bonding between Pt and Cu. This conclusion also opens up new opportunities
for the preparation and application of efficient and stable tungsten-based nanocatalysts.
Because the existence of a heterostructure will improve the catalytic activity, scholars have
been studying the tungsten-based heterogeneous phase. Kou et al. [17] initially studied
the interface effect of W. They successfully prepared tungsten carbonitride (WCN) twin
nanocrystals. After characterization, it was found that WC and WN were chemically
bonded at the molecular level, which gradually improved the catalytic activity and stability
of the catalyst. These studies provide new opportunities for tungsten-based catalysts.

Although tungsten-based catalysts are efficiently used in the industry with a variety
of reactions, the research is still limited. Because tungsten-based catalysts are difficult to
recover, with more and more relevant reviews published in the past [18,19], the direction
and content of tungsten-based catalysts have been extended. These include tungsten
monomers and tungsten compounds. In this paper, the single atom catalysts, tungsten
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metal nanocatalysts and tungsten-based compounds nanocatalysts are comprehensively
reviewed and expanded in detail (Figure 4).

Figure 4. Learning direction of this paper.

2. Single Tungsten Atom Catalysts

In recent years, there has been an increasing amount of literature on single-atom
catalysts (SACs). The first serious discussions and analyses of SACs had been discovered
by Qiao [20]. SACs are defined as single or isolated metal atoms with catalytic activity
anchored on the support that forms a composite catalyst with catalytic activity, which is a
forward direction in the field of heterogeneous catalysis. Compared to nanocatalysts, SACs
have the advantage of more excellent metal-support interactions [21], larger surface-free
energy, higher selectivity, lower usage and so on, due to its particle size. As is displayed in
Figure 5a,b [22], the orange particles are both connected with the support and the reactant.
On the contrary, the yellow particles only touch the reactant, which indicates that SAC’s
utilization is much better than the nanocatalysts. Herein, Xu et al. [23] found that the
catalytic activity of SACs are highly correlated with the local environment of the metal
center. Meanwhile, Li et al. [24] reported that the existence of a single atom could reduce the
reaction energy barrier and weaken the competitive reaction adsorption, so as to promote
the catalytic reaction. The above research provides a specific direction for the later research
on SACs. The results show that [25] the microstructure, such as size effect, support effect,
coordination effect and electronic effect, play an important role in catalytic performance.
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Figure 5. (a) Structural diagram of nanocatalysts. (b) Structural diagram of SACs. Diagram of the
preparation method: (c) coprecipitation; (d) immersion; (e) atomic layer deposition. (f) Illustration
of the formation of W-SAC. (g) HAADF-STEM image of the W-SAC. (h) HAADF-STEM image of
the W-N-C catalysts. Band structures, total and projected density of states for (i) pure g-C3Ny and
(j) W-doped g-C3Njy.

Size effect is one of the most major influences in catalytic performance. The most
representative is a series of Pt-based catalysts with different sizes prepared by Cheng et al. [26]
through atomic layer deposition. By comparing the catalytic activities of nanoparticles,
subnanoparticles and single atoms, it is proven that single Pt catalysts show the best catalytic
performance, and the activity is 37 times that of commercial Pt/C. In terms of support effect,
the carrier plays a decisive role. It not only provides a region for anchoring active species but
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also optimizes the local geometric and electronic structure of active metals. It is important to
adjust the relationship between the metal carrier interaction and the catalytic performance.

The coordination effect describes differences in an adsorbate’s coordination with sur-
face metal atoms due to different crystal facets and defects of support. Relevant theories
show that the coordination environment of a single metal atom will change the adsorption
affinity of the metal center, thus changing the catalytic performance. The most representa-
tive is the research conducted by Jakub et al. [27], who explored the difference of adsorption
behavior of CO on a single iridium (Ir) atom under different coordination environments on
the Fe304(001) surface.

As for the influence of the electronic effect on catalytic performance, the most typical
catalyst is a catalyst composed of dispersed monatomic Fe reported by Gu et al. [28]. The re-
search shows that Fe®* has higher activity than traditional Fe?*. All the above studies provide
theoretical guidance to improve the activity of SACs and to open up new opportunities.

Inspired by this, it was found that there are two main catalytic modes of single tungsten
atom catalysts. There are common tungsten single atom catalysts; conversely, tungsten can
be used as a single atom to optimize other catalysts; that is, it plays the role of a co-catalyst.
The following are expanded from these two aspects.

2.1. Tungsten Single Atom Catalysts

SACs were studied to achieve application in many fields, such as HER, OER, ORR and
photocatalysis by using coprecipitation, immersion, atomic layer deposition, etc. [29-31]
(Figure 5c—e). With different types of supports, different properties are shown. The typical
supports include metal organic framework (MOF) and carbon material, to name a few.
Therefore, the central task is to understand the principle of the structures with atomic-level
precision and then design excellent SACs to promote the catalysts” properties. Electrochem-
ical parameter of single tungsten atom catalysts currently reported are exhibited in Table 1.

Table 1. Electrochemical parameter of single tungsten atom catalysts currently reported.

Overpotential (mV)

Support Reaction at Current Density Tafel Slope (mV/dec) Ref.
(mA/cm?)

N-doped HER 85at 10 (0.1 M KOH) 53 (1 M KOH) [15]

carbon 105 at 10 (0.5 M H,SOy) 58 (0.5 M H,SOy4)
ZIFs ORR - 71 (KOH) [32]
GO NRR - 8.35% at —0.70 V [33]

40 at 10 (1.0 M KOH) 47 (1 M KOH)

CoP HER 48 at 10 (0.5 M H,SOy) 56 (0.5 M H,S0y4) (341
NiSy 55ep5 HER 39 at 10 (1.0 M KOH) 51 (1 M KOH) [35]
NiSg 55e0 5 OER 171 at 10 (1.0 M KOH) 41 (1 M KOH) [35]

2.1.1. Tungsten Single Atom on Metal Organic Framework

Metal organic frameworks (MOFs), also known as porous coordination polymers
(PCPs), are a kind of crystalline composite formed by the connection of metal centers or
metal clusters with organic ligands in the form of coordination bonds. Compared with
most microporous materials, MOFs hold better performance, and the specific surface area
of MOFs is larger. At the same time, its structure and porosity can also be adjusted and
controlled with different metals or ligands to realize functional modification.

Among single tungsten atom catalysts, the most representative research using MOF as a
carrier was performed by Chen et al. [15]. They calculated the AGp+ of their W-SAC (a single
W atom is supported on a derived N-doped carbon by pyrolysis strategy). An excellent
electrocatalyst for HER usually gives a AGy+ value close to 0 eV. The results revealed that the
W-SAC has a low AGy~ value of only 0.033 eV. In comparison, WC and WN possess a much
higher AGy+ of —0.290 and —0.246 eV, respectively. These results suggested that the W-SAC
was more of an advantage to HER than other W species. The study by Chen et al. [15] is the
first example of single W atom catalysts. The obtained W-SAC exhibits high electrochemical
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HER performance under both alkaline and acidic media. Under a 0.1 m KOH solution, a
low overpotential of 85 mV at a current density of 10 mA/ cm? was shown, which was close
to that of commercial Pt/C. In this kind of solution, the Tafel slope was calculated to be
53 mV/dec, only 5 mV higher than that of commercial Pt/C. However, a low overpotential
of 105 mV at a current density of 10 mA /cm? and a microscopic Tafel slope of 58 mV /dec (in
0.5 m H,SOy solution) was calculated. It is easy to find that single atoms were observed in
HRTEM, mainly because amine groups in derived N-doped carbons prevent the aggregation
of W species, making single tungsten atoms much easier to form. On this basis, further
research was conducted by Jiang et al. [32]. They prepared W-SACs by loading tungsten
onto zeolite imidazoline frameworks (ZIFs). The results showed that without amine groups,
clusters can be observed (Figure 5f,g).

2.1.2. Tungsten Single Atom on Carbon Materials

Hu et al. [36] found that the combination of the active center of the transition metal
atom and the carbon support will give the transition metal catalysts excellent characteristics.
Common carbon materials include graphene and fullerene. Graphene is a two-dimensional
carbon nanomaterial with a hexagonal honeycomb lattice composed of carbon atoms with
sp? hybrid orbitals. It has the characteristics of simple preparation, good biocompatibility,
excellent electronic transmission performance, and so on. Fullerene is similar to graphite in
structure, which is a hollow molecule completely composed of carbon. Fullerenes have been
widely used in catalysts in recent years [37] because of their excellent chemical properties,
such as thermal stability and high hydrogen storage capacity. In recent years, carbon
material has attracted more and more attention and is one of the more excellent supports.
When the dispersed metal atoms are firmly anchored on the surface of carbon material,
such electrocatalysts will show ultra-high specific surface area and excellent electronic
performance [38], which provide great potential for innovation in the field of electrocatalysis.

The first to report the application of single-atom tungsten supported on graphene in
the NRR was Gu et al. [33], based on the theory that the tungsten atoms have high NRR
activity and selectivity for N, fixation [39]. Gu et al. fabricate tungsten on graphene oxide
(GO) through resin-chelating and self-template method. The reason for choosing GO as
the support is that the introduction of O coordination weakens the W-N bond strength,
which is a benefit for NRR. After DFT, the results showed that the single tungsten atoms
are the origin of activity of the high NRR activity, which provides a theoretical basis for the
application of single tungsten atom catalysts in NRR.

In comparison with the prevalent 2D material-supported SACs, the design of SACs is
still challenging. Li et al. [40] introduced a new type of SAC, which a recently identified
all-boron fullerene (Byy) employed as the support. Among a series of candidates, the single
tungsten atom supported By is screened out as the most feasible catalyst for the NRR with
a low overpotential and high selectivity to passivate the competitive hydrogen evolution
process. These results offer a promising NRR electrocatalyst and a hopeful pathway for a
performance enhancement strategy.

2.2. Tungsten Single Atom Co-Catalysts

Tungsten is also widely used as a single atom to optimize other catalysts. The most
representative work in HER is performed by Wu et al. [34]. Their work focused on prepar-
ing another kind of W-SAC, in which the support is cobalt phosphide (CoP). W-CoP was
prepared by etching and phosphating (Figure 5h). First, in 1.0 M KOH, it showed the over-
potentials of 40 mV to realize 10 mA/ cm? and reached a smaller Tafel slope of 47 mV /dec.
Conversely, a low overpotential of 48 mV at a current density of 10 mA/ cm? and a mi-
croscopic Tafel slope of 56 mV /dec (in 0.5 m HpSO4 solution) was calculated. Compared
with other W-SACs, the surface of W-CoP is coarser because of the 3D shape of the CoP.
It is speculated that there may be more surface-active sites. The above study provides a
research direction about single tungsten used as a co-catalyst.
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Developing a kind of electrocatalyst toward HER/OER is crucial for the spread of
hydrogen energy industrialization. Herein, Wang et al. [35] prepared a W single-atom-
doped heterostructure grown on nickel foam (NF), denoted as W-NiSg55ep5. The HER
performances were tested in 1.0 M KOH, showing that W-NiSy 5Seq5 exhibits a lower
overpotential of 39 mV to reach 10 mA/ cm?, which is comparable to commercial Pt/C
(36 mV). Furthermore, W-NiS( 5Se( 5 shows a Tafel slope of 51 mV/dec and a turnover
frequency (TOF) of 1.105/s at —100 mV (RHE), which is approximate to commercial Pt/C
(36 mV/dec) and higher than commercial Pt/C (0.222/s), respectively. In OER, the LSV
curves showed that W-NiSj 55Se( 5 exhibited a lower overpotential (171 M V) at 10 mA/ cm?
than that of IrO, on NF (337 mV). Furthermore, W-NiS;55¢p5 shows a Tafel slope of
41 mV/dec and a turnover frequency (TOF) of 1.85/s at —250 mV (RHE), which is smaller
than those of IrO; on NF (92 mV/dec) and better than IrO, on NF 0.0017/s. Finally, W-
NiSp55eq 5 is expected to assemble a two-electrode water splitting system by using it as
a cathode and anode, opening the application direction of the tungsten single atom as a
co-catalyst of bifunctional catalysts.

Tungsten single atom as a co-catalyst cannot only be used in electrocatalysis, but can
also be used in photocatalysis. Photocatalysis is considered as a promising strategy to
produce hydrogen. The most representative research is performed by Zhang et al. [41]. A
single W atom-dispersed graphitic carbon nitride (g-C3Ny) was prepared in combination
with a thermal oxidation etching process. Importantly, no significant clusters could be
observed in the HAADF-STEM images, which suggests that a single W atom appeared.
Meanwhile, the Brunauer-Emmett-Teller (BET) results show that the mesoporous struc-
ture was generated, which usually renders more active sites, had a higher mass transfer
efficiency, and was favorable for improving the photocatalytic activity. Based on the results
of the DFT calculations, it can be concluded that the bandgap of the W-doped g-C3Ny
decreases compared to the pure g-C3N, through density of states (DOS) results (Figure 5ij).
This work paves an efficient path toward a high-loading W-SAC and opens new insight
into its application.

On this basis, Gu et al. [42] further innovated a novel kind of W-SAC with a single W
atom supported on g-C3Ny4, compared with the study by Zhang et al., which was focused
on for a one-step calcination of mixed precursors, and this method is more convenient. The
results obtained are roughly consistent with those of their predecessors. They also reported
that single W atoms broaden the visible-light absorption of pure CN. The bandgap energy
from 2.66 eV (pure CN) reduces to 2.47 eV (W-CN).

2.3. Summary

Atomic tungsten is the origin of catalyst activity instead of other W-based species;
thus, W-SACs have broad prospects. However, there are still many deficiencies. When the
metal particles are reduced to the single atomic level, the specific surface area will increase
sharply, resulting in an increase in metal surface free energy. It is easy to agglomerate
and form large clusters during preparation and reaction, resulting in the deactivation of
the catalysts. Therefore, the stability and load of SACs are great challenges. To overcome
these problems, many strategies have been proposed, including defect engineering and
carrier selection. At present, choosing an appropriate support is the most effective way.
Zhang et al. [43] explored a new type of monatomic layer cluster for advanced catalytic
fields. Similarly to SACs, this kind of catalytic material is still in the early stages of research,
but it may still bring greater opportunities and challenges to the catalytic field in the future.

3. Tungsten Metal Nanocatalysts

As another kind of catalyst, nanoparticle catalysts have been widely used in industrial
production and have a longer development history than that of SACs. Compared to SACs,
nanoparticles loaded on the supports will hold a large specific surface area and many
electrochemical active sites; thus, the electrochemical active area is not the only area in
contact with the electrolyte. As shown in Figure 6a,b [44], the geometric area of traditional
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electrodes and nanostructured electrodes is compared with the electrochemical active area.
When the size of the catalyst decreases to a nano size, the surface effect, volume effect and
quantum size effect will be shown. This kind of special property is becoming a hot spot in
the 21st century.
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Figure 6. (a) Schematic diagram of conventional and (b) nanostructured catalysts. (c) Polarization
curves of the Co-W-Se catalysts toward ORR and a plot of the corresponding kinetic current density
jk at 0.5 V (versus SHE) versus W molar ratio. (d) Experimental linear sweep voltammetry curves of
the samples. (e) Tafel plots Mo0S,-W3 and pure MoS,. (f) Scheme of the structure transformation after
heat treatment. (g) HOR catalytic performances of NiW/CP, Ni/CP, W/CP, Pt/C/CP in Hp-saturated
0.1 M KOH electrolytes by LSV measurements.

During the past years, many more applications have become available on electrolytic
water, photocatalysis, low-chain alkanes and so on. At the same time, the supports of them
are in varied forms, from carbon to mesoporous materials, with each of them showing
different excellent performances. Carbon materials, especially carbon nanotubes (CNTs)
and graphene, exhibit a large 7= bond, which has good conductivity. Because of its high
theoretical specific surface area and good strength, it has immediately become a popular
material in the field of catalysts. In addition to the above carbon materials, biochar also has
the potential to become a widely used support. It has a wide range of resources and low
cast. In addition, biochar has a strong cross-linking effect with metal nanoparticles before
the reaction and high defect sites in the reaction [45]. Therefore, biochar has recently been
widely studied by researchers [46-48]. Mesoporous is another kind of support, it possesses
the characteristics of high specific surface area, regular and orderly pore structure, narrow
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pore size distribution and continuous adjustable pore size, which give it a role in catalytic
reactions. In addition to SiO,, the common mesoporous nickel foam and the self-made
mesoporous have also been studied [49,50].

Due to the characteristics of adjustable components and reconfigurable electronic
structure, nanocatalysts show broad development prospects in the field of catalysis. This
section is based on the review of nanocatalysts with metallic tungsten as the active com-
ponent and summarizes the existence form (including supporting, doping and alloy) of
nanometallic tungsten in nanocatalysts.

3.1. Supported Tungsten Metal Nanocatalysts

Supported catalysts are catalytic active components that are anchored on the surface
of the support. The support is mainly used to support the active components; thus, the
catalysts have specific physical properties, while the support itself generally does not
exhibit catalytic activity. Here, tungsten represents the catalytic active components.

Because it is difficult for a metallic simple substance to exist in chemical reactions, there
are little research results regarding metallic tungsten nanoparticles. The most representative
research was performed by Wang et al. [51]. They prepared a tungsten nanowire array on
5iO, substrates through Ni-assisted CVD. With the results of SEM, EDS and XRD, they
found that the tip of the nanowire was NiyW, while the stem of the nanowire was W. In
this work, they inferred W generated only by replacing the bare S5iO, substrate with the
Ni-coated SiO, substrate. The orientation relationship between the catalyst particles and
the nanowire is expected for other nanowires, providing a framework for further research.

3.2. Tungsten Alloy Nanocatalysts

At present, alloys hold broad application prospects in heterogeneous catalysis due
to their various catalytic active sites produced by their vast element combinations and
complex geometric structures [52]. Alloying Pt with transition metal elements is an effective
way to obtain high catalytic performance. However, the alloys are prone to electrochemical
leaching and dissolution at andic potential, which devastates the stability of the catalysts. In
recent years, PtxCuy alloy has been confirmed to exhibit high catalyst performance [53,54].
Therefore, finding out a technique to improve the stability is key. A nucleation-trapping
strategy performed by Tu et al. [16] was found to be effective in improving stability. Tu et al.
incorporated W atoms into the bulk of PtyCuy. The ORR polarization curves show that the
half-wave potential for Pt,CuWy 25/C was 0.929 V, which is higher than Pt/C (0.891 V). In
addition, its Tafel slope (55.8 mV /dec) is lower than that of Pt/C (63.4 mV/dec), showing
better catalytic performance. It was important to confirm whether the stability had im-
proved. The stability was evaluated via an accelerated durability test (ADT). After 30,000
cycles, the ECSA of Pt/C declined by 41.9% compared with the initial values. Conversely,
the ECSA of Pt,CuW)j 25/C increased by 4% compared with the initial values. This work
demonstrates a unique perspective in designing high-performance catalysts by using doped
tungsten alloys.

On this basis, Xiong et al. [55] studied the tungsten alloy in other fields, and they
found that NiW performs well in HOR activity; furthermore, both thermodynamic and
kinetic first-principle calculations demonstrated that the HOR performance of Ni (111) can
be largely enhanced by W alloying. They prepared NiW grown in situ on carbon paper
(NiW/CP), and compared the HOR activity of NiW/CP, Ni/CP, W/CP and Pt/C/CP.
Through LSV measurements (Figure 6¢), it was found that NiW /CP shows the best HOR
activity among all samples.

The existing theory shows that the increase in three-dimensional channel size can
effectively avoid the overlap of double electric layers on the catalyst surface [56], which
provides a new way for the design of three-dimensional nanomaterials. Based on this,
there is a large volume of published studies describing the role of 3D transition metal
hydroxides [57,58], which helps in promoting water dissociation. The most representative
research was performed by Zhang et al. [59], where they prepared the amorphous structure
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of CoW(OH)y by the electrodeposition method with Co and W precursors onto a Ni foam
substrate. Then, the electrocatalytic activity was assessed in 1.0 M PBS, with the results
showing that it only requires overpotentials of —73.6 and —114.9 mV to reach the current
densities of —10 and —20 mA /cm?, respectively. Furthermore, the CoW(OH)x also has a low
Tafel slope (149 mV/dec), as well as the lowest charge-transfer resistance (Rct) and largest
ECSA among all samples. Moreover, the stability was shown to be good, because there is
no obvious degradation observed after 10,000 cyclic voltammetry cycles. This study may
provide a new strategy to design efficient electrocatalysts for HER in neutral environments.

In summary, the above study about tungsten alloy nanocatalysts confirms that tungsten-
based alloys well retained structural rigidity, resulting in high catalytic performance and
long-time structural stability in an electrochemical environment. These works demonstrate
a new perspective to prepare excellent performance catalysts by simultaneously improving
activity and stability.

3.3. Nanocatalysts Doped with Tungsten Atoms

Doped tungsten atoms are a common form in tungsten nanocatalysts. The principle is
that tungsten ions enter the lattice vacancy or replace a little part of the support to form a
compound structure, resulting in lattice structure defects and an increase in the specific
surface area so as to improve the adsorption capacity and adsorption rate [60]. Conversely,
the tungsten is introduced to regulate the rate of water adsorption and for the dissociation
steps [61]. Based on this idea, W is popular in water splitting, because the W has a strong
affinity to water. Thus, there is a large volume of published studies describing the role of
doping [62]. In this process, particle agglomeration and melt sintering are inhibited.

Zhao et al. [63] were the first group to study tungsten doping. They investigated the
differential impact of tungsten content on CoSe,. Through the RDE polarization curves
for oxygen reduction on the tungsten-doped Co-Se catalysts recorded at 1600 rpm and
10 mV/s in Oy-saturated 0.5 M HySOy, the results showed that the addition of tungsten
enhances catalytic activity. The kinetic current density of the Co-W-Se catalysts at 0.5 V
(versus SHE) varies with tungsten content, and the highest value at 1.49 mol% W is larger
than that of the W-free Co-Se system (Figure 6d). Furthermore, the open circuit potentials
(OCP) were also tested, as shown in Table 2. The OCP value of 1.49 mol% W (0.81 V) is
higher than that of the W-free Co—Se catalyst, but lower than that of the commercial Pt
(1.08 V). These results provide a theoretical possibility, opening up new opportunities for
the development of tungsten atom doping.

Table 2. Electrochemical parameter of the Co-W-Se catalysts for the ORR in 0.5 M H,SO,.

W Molar Ratio/% OCP/V Versus SHE « —b/V jo<10%/mA cm 2
0.00 0.79 0.49 0.120 1.58
0.74 0.80 0.49 0.121 2.85
1.49 0.81 0.49 0.120 2.82
2.38 0.79 0.51 0.116 0.66
2.55 0.79 0.45 0.132 2.21

On this basis, Huang et al. [64] optimized the carrier material and prepared a carbon
layer-supported tungsten-doped vanadium nitride (VN) nanoparticle. Compared with its
predecessors, the advantage of this kind of catalyst is that a VN carrier is used. VN has
the function of refining grains, which can make the nanoparticles of W smaller and more
uniform so as to improve the catalytic activity.

Except for the field of ORR, HER has also been studied widely. As a most common
reaction in electrolytic water, the research about it is more advanced. Due to nanocata-
lysts with different properties, it can be obtained zero-dimensionally, one-dimensionally,
two-dimensionally and three-dimensionally. The three-dimensional porous structure can
provide a larger specific surface area and catalytic active sites [65] so as to obtain nanocata-
lysts with better performance.
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On this basis, MoS; is considered to be a better 2D support because of its low cost, high
chemical stability and excellent electrocatalytic properties [66,67]. With respect to the issue,
the structure design of MoS; has attracted more interest because it obtains more active
sites [68]. Therefore, He et al. [69] reported that replacing Mo with W atoms will induce a
lattice distortion but will still retain a similar monolayered. They synthesized a 3D MoS;-
Wy nanoflower structure via the hydrothermal method. The different contents of tungsten
were also studied by them (Mo0S;-W1, M0S;-W3, MoS,-W5, MoS,-W7). Through SEM, the
surface of pure MoS; was smooth, with the content of tungsten increasing and the images
becoming much rougher, which suggested that after doping W into MoS;, MoS,-W presents
nanoparticle structures assembled by ultrathin flakes. Among them, MoS,-W3 shows the
best morphology. Under BET, all samples were tested, and 3D MoS,-W3 possessed the
richest microstructure and a relatively larger BET surface. Furthermore, the electrochemical
HER tests were performed under the condition of a 0.5 M H;SOy solution, using glassy
carbon-coated catalysts as the working electrode. The results indicated that 3D MoS,-W3 is
the most active catalyst among all samples, rendering a low onset potential at —0.20 V and
large current density of 124 mA/cm? at —0.5 V (Figure 6e), which is in agreement with the
results of SEM and BET, demonstrating that the catalyst performance is related to pore size
and specific surface area. However, it only proved that doping can help obtain more active
sites and lead in higher HER performance. Through the polarization curves and Tafel slope,
it is easy to find that there is still a gap with Pt/C (Figure 6f). Thus, there is a long way to
go for improving HER performance.

In the field of HER, doping crystalline tungsten can help improve performance. In
addition, since the doping of amorphous tungsten metal was reported for the first time [70],
amorphous tungsten metal has been a research hot spot in the field of catalysis. Because
of its special structure of long-range disorder and short-range order, this gives it a much
higher catalytic activity than the corresponding crystalline catalysts [71]. Jin et al. [72]
studied the crystalline structure and amorphous structure regarding HER performance
because heat treatment can make amorphous tungsten transform into a crystalline structure
(Figure 6g). Considering the decline in HER performance with increasing crystallinity, for
the above two reasons, three-dimensional amorphous materials are often used as support.

To the best of our knowledge, Jin et al. [72] are the first to successfully fabricate amor-
phous tungsten-doped nickel phosphide (a-WNP) microspheres with three-dimensionally
(3D) with a grain-mediated co-deposition method. A densely wrinkled surface is shown in
the TEM results, indicating that the spheres possess a rough three-dimensional structure.
Furthermore, the STEM images confirm that Ni, P and W are in the a-WNP microsphere
in a homogenous distribution. The catalytic performance for a-WNP deposited on the Ni
foam was investigated in 0.5 M H;SO4 by comparing it to Pt/C (20 wt%). The polarization
curves reveal the onset potential of a-WNP at —50 mV, which is close to that of Pt/C of
~0. Moreover, the Tafel plots demonstrate that a-WINP has a microscopic Tafel slope of
~39 mV/dec, close to 30 mv/dec of Pt/C. The exchange current density for a-WNP was
determined tobe 4.4 x 1072 mA /cm? compared to 7.0 X 10~1 mA /cm? for Pt/C, which has
a desirable value among the nonnoble metal HER catalysts. Durability is another important
property of catalysts, of which the authors also tested it by CV. After the sweep between
+0.2and —0.3 V for 1000 cycles, compared with the initial catalysts, there was still more than
95% activity remaining for a-WNP. Finally, the SEM of a-WNP before and after long-period
catalysis reveals that a-WNP almost keeps its initial 3D ravine-like structure, which may
extend into a specific area and into the active sites. Conversely, HER in alkaline solution
was also investigated, and the polarization curves reflect an overpotential of 160 mV at
20 mA/cm? for a-WNP. Although the performance declined compared with the acidic
electrolyte, such high activity in 1.0 M KOH is still good for HER catalysts. Moreover, they
also display a model of amorphous structure that exposes some unsaturated P sites bound
with a tungsten dopant. According to the report, the presence of the unsaturated active
sites would probably be helpful for HER [73]. The results promote a new route to gain both
3D and amorphous doped materials with special electrochemical properties. Perhaps in
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the near future, the doping of amorphous tungsten can be applied not only in HER, but
also in other electrochemical reactions.

Furthermore, OER is a significant part of the field of catalysts. The most representative
research has been performed by Nguyen et al. [74], in which they prepared an amorphous
tungsten-doped cobalt oxide (W:CoO) via an electrochemical oxidation process. Among all
the OER catalysts that have been reported, cobalt oxide is one of the most potential supports,
because of its high activity and robustness [75]. Nguyen's study shows that W:CoO requires
an overpotential of 350 mV to reach a catalytic current density of 10 mA/ cm?, even lower
than that of IrO, and RuO, [76] and it has been compared so as to achieve status as the best
cobalt-based OER catalyst. However, because CoO is harmful to water, it is deeply limited
in its development.

Compared with CoO or other metal oxides, silicates combine the merits of being
environmentally friendly, naturally abundant and chemically stable with ease [77]. On this
basis, Zhu et al. [78] conducted another study, in which they designed a kind of tungsten-
doped manganese silicate via thermal vapor deposition and a subsequent microwave
reaction. Without the doped tungsten, the Tafel slope of the sample is 114.55 mV /dec,
which is better than the Co-based materials at pH = 7 [79]. Specifically, when tungsten was
doped into the MnSi, the Tafel slope (109.38 mV /dec) was similar to the sample without
tungsten. Hence, the authors obtained a deeper study, the intrinsic catalysis of MnSi is better
than MnSi-W, indicating that W doping does not contribute to intrinsic OER activity but
instead plays an important role in enhancing the exposure of active sites and the durability
of catalysts. Although the intrinsic activity of MnSi is better, the OER activity of MnSi-W
is better because the intrinsic activity only shows the natural and physical chemistry of
single active sites. Based on the above research, we found that the W doping into silicates
combines differently from other types of doping, which directly alters the d-band center and
changes the activation energy. In contrast, W doping into combined silicates increases the
number of active sites and stabilizes the silicate. This research may provide a new theory
about W doping in the OER field and has created a new market for OER.

Regardless of the type of catalyst reaction, the preparation of an efficacious and
convenient catalyst is the main point. The most effective way to develop a catalyst is as a
dual function. However, it is difficult to couple HER and OER catalysts in an integrated
electrolyzer in the same electrolyte with good overall water-splitting performances because
of their different stabilities and activities [80]. On this basis, Ren et al. [81] innovatively
reported W-doped CoP nanoneedle arrays fabricated onto a flexible conductive carbon
cloth as HER and OER electrocatalysts for overall water splitting in an alkaline electrolyte.
The results showed that the sample had low overpotentials of 32 and 77 mV at a current
density of 10 mA /cm? in 0.5 M HySO4 and a 1 M KOH and microscopic Tafel slope of 57 and
65 mV/dec, respectively. Furthermore, the sample also presented good OER activity with a
low overpotential of 252 mV at a current density of 10 mA /cm? and a microscopic Tafel
slope of 74 mV /dec in 1 M KOH, respectively. Based on the above research, the authors
exemplified a small cell voltage of 1.59 V to generate a current density of 10 mA/cm?,
which is superior to many recently reported bifunctional electrocatalysts in overall water
splitting. The results provide a new strategy to design and prepare a kind of catalyst with
both HER and OER performances.

In addition to single metal doping, there is also bimetallic doping. Bimetallic doping
is a polymetallic synergistic effect that refers to the performance produced by doping
two or more metals, which is higher than any of its solitary components, such as higher
catalytic activity or better stability. It is believed that the reason for the improvement in
bimetallic properties comes from the mixing of more than one active metal, the generation
of proton position, or the change in electronic structure caused by the change in the surface
morphology of the nanoparticles. In the field of tungsten as one of the bimetals to doping,
the most iconic of all is the research performed by Wu et al. [82]. Here, ultrathin tungsten-
doped nickel iron-layered double hydroxide (Ni-Fe-W LDH) nanosheets were grown on
nickel foam (NF) by a water bath reaction. When applied as OER catalysis, the best sample
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required 230 mV to drive a current density of 50 mV/ cm?, and the Tafel slope was low
(64 mV/dec). Meanwhile, when the ratio of W doping increased, the overpotential also
increased, which might have been attributed to the introduction of W to create more
electrochemically active sites [83]. In this work, the introduction of W helped to enhance
conductivity, create favorable kinetics, and modify the electronic structure, producing good
synergistic effects for catalysis and a general way to fabricate bimetallic and trimetallic
W-based catalysts.

A comparison of catalytic activity of tungsten-doped nanocatalysts showed the expedi-
ency of doping. This is because W doping induces the re-arrangement of surface atoms and
effectively increases the number of active sites [84]. However, there is still a long way to go
to find out which materials should be doped and at what amounts. If these are studied, it
will be a major breakthrough in the direction of doping to improve catalytic activity.

3.4. Summary

Electrochemical parameters of tungsten metal nanocatalysts currently reported has
been exhibited in Table 3. The key objectives of nanocatalysts are to prepare catalysts with
high selectivity, high activity, low energy consumption and that last a long time. In order
to obtain nanocatalysts with better performance, more recent attention has focused on the
provision of more active sites, the regulation of doping and the regulation of phase [85].

Table 3. Electrochemical parameters of tungsten metal nanocatalysts currently reported.

Overpotential (mV)

Materials Reaction at Current Density (mA/cm?) Tafel Slope (mV/dec) Ref.
PtpCuWy25/C ORR Half-wave potential (929 mV) 55.8 (KOH) [16]
73.6 at 10 (0.1 M PBS)

CoW(OH)y HER 114.9 at 20 (0.1 MPBS) 149 (0.1 M PBS) [59]
MoS,-W HER 500 at 124 (0.5 M H,SOy) - [69]
a-WNP HER Onset potential (~50 mV) (0.5 M H,SO4) 39 (0.5 M H,SOy) [72]
W:CoO OER 320 at 10 (pH =13) 45 (pH = 13) [74]
MnSi-W OER - 109.38 (pH = 7) [78]

g 32 at 10 (0.5 M H,SOy) 57 (0.5 M H,50;)
W-CoP HER 77 at 10 (1.0 M KOH) 65 (1.0 M KOH) [81]
W-CoP OER 252 at 10 (1.0 M KOH) 74 (1.0 M KOH) [81]
Ni-Fe-W LDH OER 230 at 50 (1.0 M KOH) 64 (1.0 M KOH) [82]

Supported tungsten nanocatalysts is a method to add more active sites. In order to
provide more active sites, scientists also prepare nanoparticles with different morphologies
or carrier materials with different shapes (one-dimensional, two-dimensional and three-
dimensional) to expose more active sites. Doping is another common way to increase catalyst
properties. The key is to understand the relationship between load particle and carrier. Thus,
Deelen et al. [85] systematically introduced metal support interaction (MSI), including charge
transfer, contact interface range, nanoparticle morphology, chemical composition and metal
support strong interaction, which has a good guiding significance for the development
of nanocatalysts in the future. On this basis, Wang et al. [86] studied the size effect of
nanoparticles and the regulation of doping. Because nanosized catalysts have different
effects on catalytic activity from two aspects, geometric structure and electronic structure, the
development of nanocatalysts has always been limited, which is a major challenge in the field
of heterogeneous catalysis. In terms of geometric structure, the smaller the size of the metal
particles, the greater the exposure proportion of the atoms, and the more active sites there are
for the catalytic materials. From the perspective of electronic structure, the size effect affects
the electronic energy level of metal particles, and it will change the orbital hybridization
and charge transfer between catalytic materials and reactants. Wang et al. [86] found that
the geometric effect controls the performance of the dominant reaction on large (>4 nm)
particles. On smaller (<4 nm) particles, the electronic effect controls the performance of the
dominant reaction. This provides a guiding direction for the design of metal nanocatalysts
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with high activity and high selectivity, while it is seldom studied regarding adjusting the
electronic structure by changing the phase of the materials [87]. It is difficult to understand
the structure—property relationship of alloys. Therefore, there is a long way to go before
developing a kind of catalyst with excellent performance.

4. Tungsten-Based Compounds Nanocatalysts

In the field of tungsten-based nanocatalysts, there are not only tungsten metal nanocat-
alysts, there are also tungsten compound nanocatalysts. Scholars have extensively re-
searched the formation of these kinds of metal and nonmetallic transition materials due to
their low resistivity and electronic stability [88]. Compared with tungsten metal nanocata-
lysts, the research on tungsten-based compound catalysts is more extensive, which brings
new opportunities for the development of it. There are many methods to prepare nanocata-
lysts, mainly including the chemical reduction method, electrochemical method, and so on.
Chemical reduction is the most common method. The preparation of nanocatalysts by this
method is widely used in the laboratory because of its mild reaction conditions and low
requirements for instruments. Metal salts are reduced to metal nanoparticles under certain
conditions by using surfactants or other reducing agents. However, it is still difficult to
obtain a microscopic size and uniform nanoparticles, due to the phenomenon of particle
agglomeration in the calcination process. Zeng et al. [89] were the first to study this method.
Pt/C nanoparticles were prepared by using citrate as the reducing agent. It was found
that the selection of an appropriate reducing agent also affected the catalytic activity of
the catalysts. On this basis, Komvokis et al. [90] compared the catalysts prepared by the
chemical reduction method with the catalysts prepared by the impregnation method. The
results showed that the average particle size of the nanocatalysts prepared by the chemical
reduction method was 1-3 nm, which was much smaller than the average particle size
(10-80 nm) of the nanocatalysts obtained by the impregnation method, and which showed
greater dispersion. This provides a new opportunity for the preparation of nanocatalysts
by chemical reduction. Electrochemical reduction is another kind of effective reduction
method, which needs to provide external energy to the reaction system so that electrons
can be transferred to reduce the metal ions. The most representative study is the metal
nanocatalysts prepared by Zhou et al. [91] through the electrochemical method. It was
found that the electrochemical method can control the shape synthesis, breaking through
the limitations of the traditional chemical reduction method in that it can only synthesize
low surface energy, and opening up a new prospect for the shape control synthesis of
nanoparticle catalysts with high surface energy and high activity. Due to its energy con-
sumption, further development of the electrochemical method is limited. In addition to
the two preparation methods, there is chemical vapor deposition, the microwave-assisted
method, and the template method [92-94]. Based on the above research, this paper in-
troduces various components and structures of tungsten compounds (including tungsten
carbide, tungsten nitride, tungsten oxide and chalcogenide) in detail below.

4.1. Tungsten Carbide

As early as 1974, Bennett et al. [95] proved that near the Fermi level, the electron
density of tungsten carbide (WC) is closer to that of Pt than that of W (Figure 7a). In
addition, according to the performance of Pt, it was pointed out that the catalysts with
better performance should hold the following two characteristics: (1) high Fermi level;
(2) high magnetic susceptibility. Tungsten carbide has the above two advantages. After
this, relevant studies have also confirmed [96] that tungsten carbide has catalytic behavior
similar to Pt. In addition, tungsten carbide has been found to be used in hydrogenation
reactions, hydrocarbon isomerization, hydrogenolysis and methanol conversion [97]. It
is a black hexagonal crystal with metallic luster, and its hardness is similar to diamond.
Tungsten carbide is a good conductor of electricity, is insoluble in water, hydrochloric
acid and sulfuric acid, and is easily soluble in a mix of nitric acid and hydrofluoric acid.
The first serious discussions and analyses of tungsten carbide emerged during the 2000s
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with Venkataraman et al. [98] preparing Pt-Ru-W,C as a kind of ternary catalyst. The
study found that Pt-Ru-W,C oxidizes CO at a lower potential, and the polarization for
oxidation of hydrogen-containing CO was lower than the widely used Pt-Ru catalysts. At
low polarization, the Pt-Ru-W,C catalysts showed twice the activity of the Pt-Ru catalysts
when the oxidation currents were normalized to the Pt area. The above research shows that
tungsten carbide has a good application prospect in the field of catalysis.
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Figure 7. (a) Valence band XPS spectra of Pt, WC and W (111). (b) The XRD patterns of tungsten-
promoted biochar samples prepared by carbothermal reduction for 1 h at different temperatures.
Tungsten promoted the SEM image of biochar after carbothermal reduction at 1000 °C for 1 h (c-e)
and carbothermal reduction at 1000 °C for 3 h (f). TEM images of tungsten-promoted biochar after
carbothermal reduction for 1 h (g) and 3 h (h) at 1000 °C. (i) ORR polarization curves for CN, W-CN
and PtC in 0.1 M KOH with a scan rate of 5 mV /s and a rotating rate of 1600 rpm. (j) LSV curves
and (k) Tafel plots of WN-Ni(OH),, WN, Ni(OH), and Pt/C. (1) Atomic structure of a nanotriangular
transition metal sulfide in the monolayer.

In tungsten carbide catalysts, tungsten carbide usually exists in two forms. One is used
as a catalytic active component, and the other is used as a support. When tungsten carbides
work as a support, they not only provide a pioneering research idea for the construction of
metal alloy catalytic active centers, they also open up a promising new way for the further
development of high-efficiency catalysts.

In the first form, there is a large volume of published studies describing the role of
tungsten carbides working as catalytic active components [13,47]. The research shows that
the existence of tungsten carbide increases the density of hydrogen-activating sites and
hence enhances the catalytic activity. Commonly used support materials are biochar, carbon
nanotubes, MOFs, and so on. The most representative study was performed by Xu et al. [99].
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They prepared ultrafine tungsten carbide nanoparticles (with an average size of about 2 nm)
by pyrolysis with an RHO-type zeolitic metal azolate framework MAF-6 as the confinement
template and carboxyl tungsten as the guest. When the material was used as HER, in
0.5 M H;,SOy, the overpotential was 51 mV, and the Tafel slope was 49 mV /dec under the
current density of 10 mA/cm?. In terms of exchange current density, its value was twice
that of commercial Pt/C. At the same time, the catalysts showed excellent stability and
anti-aggregation after a long electrolytic process. The excellent catalytic performance was
attributed to the ultrasmall size of tungsten carbides and to the synergy of graphene shells.
In principle, this kind of strategy may be extended to synthesize other NPs/nanoclusters
for substituting noble metal catalysts.

On this basis, Li and et al. [100] constructed a catalyst composed of N-doped car-
bon hybridized with a bimetallic molybdenum-tungsten carbide (MoxW,.xC) to form
compound nanowires for HER. Under the action of tungsten carbides, catalysts obtain an
outstanding conductivity and a thermodynamically favorable hydrogen-adsorption free
energy (AGp+). The catalysts they prepared achieved a low overpotential (at the current
density of 10 mA /cm?) of 115 and 108 mV and a small Tafel slope of 58.5 and 55.4 mV/dec
in acidic and alkaline environments, respectively, which can maintain a stable performance
for 40 h. These studies provide theoretical and experimental bases for tungsten carbide as a
catalytic active component and promote it to obtain further development.

In the second form, the first study on the application of tungsten carbide as a support in
catalytic materials was performed by Sheng et al. [101]. In their work, they used ammonium
metatungstate (AMT), which was treated by spay drying as a precursor, and the WC
catalysts with meso-porosity were prepared by a gas—solid reaction in an atmosphere of
CH,4/H;. The WC-supported nanoPt catalysts were prepared by impregnation. The results
showed that Pt/WC exhibited an attractive catalytic activity in HER with parameter « in the
Tafel equation being 0.292 V, which was between Pt (0.31 V) and Pd (0.53 V). The exchange
current density of Pt/WC was 4.42 mA /cm?, which is on the same order of magnitude
as Pt. This research opens up a new field of tungsten carbide as a support, promoting the
development of tungsten carbide catalysts.

In order to further explore the characteristics of tungsten carbide as a supporter,
Chhina et al. [102] studied the differences between Pt-loaded WC and Pt-loaded carbon
material. The results concluded that WC as a supporter has better stability, but the catalytic
activity is relatively poor compared with carbon as the supporter. Since oxidation often
exists in the environment, Chhina et al. further explored the catalytic activity of two types
of materials after oxidation. The results showed that the catalytic activity of any material
decreased, but the catalytic activity of materials with WC as a supporter decreased less.
Based on this, we can conclude that WC has great potential as a supporter material, which
can realize the catalysts with high load and small size at the same time, which provides
guiding significance for future research.

On this basis, Li et al. [103] provided a clear guide for well-controlled growth of model
WCx catalysts and applied them to a monatomic field. They used tungsten carbides as
the atomic carriers of transition metals Fe and Ni. Breakthrough research has been made
regarding monatomic OER catalysts. Tungsten carbide is a new material that is different
from the traditional porous carbon monoatomic support. Tungsten carbides can strengthen
the complexation of the support to metal ions; conversely, the existence of tungsten oxide
clusters can use tungsten carbide as a weak coordination supporter of the monatomic
catalytic center in the process of carbonization. Due to the unique structure of tungsten
carbide, the atomically dispersed FeNi site has a weak binding force with W and C atoms on
the surface as well as high mobility. Therefore, the construction of metal monatomic OER
catalysts is realized. The overpotential of the catalysts at 10 mA /cm? is 237 mV. When the
catalyst load increases, the overpotential can be further reduced to 211 mV. This achieves
an ultra-high mass activity (33.5 A/mg FeNi, at 1 = 300 mV overpotential) and a catalytic
conversion (4.96 s~!1, at 1 = 300 mV overpotential). The catalysts also hold ultra-high
catalytic stability, and there is no obvious activity attenuation after continuous operation
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for 1000 h. The structural characterization of the sample after the reaction shows that a
stable atomic FeNi oxide layer will be gradually formed on the surface of the material in
the OER catalytic process, which protects the support tungsten carbide and maintains high
OER activity. This study confirmed that WCx supports constitute a new and promising
approach to developing transition metal-based and atomically dispersed catalysts for many
electrocatalytic reactions.

Although there are many research studies on the application of tungsten carbide in
catalysts, there are still hindrances in its development to a certain extent. With the deepen-
ing research on tungsten carbide, researchers have found that the formation temperature
of W,C and WC compounds is uncertain. When the components of the catalysts are not
understood enough, the characterization of them is meaningless. Therefore, Yan et al. [46]
used the carbothermal reduction method to explore the formation temperature and forma-
tion conditions of various tungsten carbides and prepared tungsten carbide nanoparticles.
The research shows that (Figure 7b): tungsten nanoparticles are generated at 800 °C, W,C
particles are generated at 850 °C, and WC is generated at 1000 °C. In the research pro-
cess, it was also found that the longer the carbonization reduction time, the smaller and
more uniform the particles (Figure 7c-h), which provides guidance for the preparation
of tungsten carbide nanomaterials and their nanocompounds. Ovari et al. [104] found
that the Mo,C-type catalysts can be prepared and can form during hydrocarbon reactions.
W, which has similar chemical properties to Mo, may also produce W,C under the same
conditions: a W,C overlayer with a homogeneous C distribution down on W by repeat-
ing CoH; adsorption. This method may directly produce W,C without WC. The above
research can clarify the components of tungsten carbide and find the formula of tungsten
carbide with the best catalytic activity, which provides application prospects for future
research. When discussing the similar properties of W,C and Mo;,C, another problem that
cannot be ignored is that tungsten carbide (similar to Mo,C) may cause the cyclization of
hydrocarbon [105]. How to solve this problem is also for future research.

4.2. Tungsten Nitride

The theoretical model of tungsten nitride is not as common as that of tungsten carbide.
Through theoretical derivation, it was found that [106] after the sp valence electrons of
N are combined with the spd band of W, tungsten nitride is similar to noble metals in
structure and chemical reactivity, which comes from the changes in the lattice parameter
and electronic properties caused by the N atoms [107,108]. Therefore, tungsten nitride has
become an important research direction in the field of catalysis because of its excellent
electrical conductivity. It is a brown cubic crystal with hard texture, which is soluble in
water and organic solvents.

Tungsten nitrides for catalysis include W;N and WN. W) N is usually prepared by
heating tungsten oxide (WOj3) and is used in block or particle structures. Wang et al. [109]
first explored the formation temperature of WoN through the programmed temperature
rise method in 1995. The results show that the temperature range from WO3 to W)N is
773~973 K, which opens up a new opportunity to research tungsten nitrides. Much of
the current literature on W) N pays particular attention to ORR, and the literature on WN
focuses on HER and OER.

The earliest research on W,N was carried out by Ma et al. [110], in which they explored
the relationship between the W, N structure cell coefficient and catalytic performance. The
research shows that the smaller the cell coefficient, the better the catalytic performance.
However, due to the constraints of the preparation and process, the development of W, N is
still limited. W, N did not continue to develop until Villaseca et al. [111] invented nitration.
They used WO3; and HyWOy as precursors to prepare W, N in a N, atmosphere, because
N, will produce special gas in the furnace and react with raw materials to form W;,N.
It was found that W,N is produced at 773~973 K. This result is the same as in previous
studies, which proves the accuracy of the temperature range, and the pure phase is obtained
at 875 K. After comparing the W,N prepared by two different precursors, it was found
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that the WoN with Hy WOy as a precursor has a smaller particle size and better catalytic
performance. On this basis, Podila et al. [112] prepared W,N by using citric acid. This
kind of catalyst achieved a morphology with high porosity, can be widely used in the
production of H, from NH3, and has good catalytic performance, which results in higher
activity compared to other tungsten nitride catalysts.

In addition to W,N zero-dimensional materials, researchers have studied W,N two-
dimensional materials. The most representative study is the research performed by
Xie et al. [113]. The catalysts obtained by loading W,N onto graphene nanorods (GO)
has good ORR performance and better catalytic effects than WO3/GO catalysts. The ORR'’s
onset potential at WO3 /GO is around 0.6 V, whereas that of W,N /GO shifted positively to
0.71V, in which the limiting diffusion current at 0.35 V is 1.4 times stronger than that of
WO3/GO. The above studies render W,N as a potential nonprecious-metal ORR catalyst in
many electrocatalysis applications.

In addition, a large and growing body of literature has investigated the use of WN in
the field of catalysis. The most representative work is performed by Zhang et al. [114]. They
designed a WN-doped porous carbon (nitrogen doped carbon) for ORR. Benefiting from
the doping of WN, it increased the amount of more exposed active sites. In O,-saturated
0.1 M KOH solutions, the results indicate that the doping of WN showed the best activity
in terms of the most positive half-wave potential (—0.099 V), which was better than that
of without doping of WN (—0.295 V) and was close to that of commercial Pt/C (—0.097 V)
(Figure 7i). The result shows that WN has an efficient catalytical performance for ORR,
which gives a theoretical basis for full research.

On this basis, Lv et al. [115] designed triple-function electrocatalysts, which is a
coating of a WN nanowire core with a Ni(OH); shell supported on a carbon fiber paper
(WN-Ni(OH),). In LSV curves, WN-Ni(OH), exhibits better high activity toward HER (720
of 170 mV, 1109 of 245 mV) than that of WN (#729 of 313 mV) and Ni(OH); (7729 of 529 mV).
However, Pt/C still presents the best high activity toward HER, with #¢ of 55 mV and 7199
of 137 mV. Meanwhile, Pt/C presents with a Tafel slope of 45 mV/dec. The values of the
Tafel slope are 96, 118, and 110 mV /dec for WN-Ni(OH),, WN, and Ni(OH),. Lv et al. also
tested the OER performance; in 1 M KOH, the overpotentials of WN-Ni(OH), required
to drive 100 and 200 mA /cm? are 330 and 368 mV (Figure 7j), which is far lower than
that of Ni(OH); (#7100 = 358 mV, 17200 = 417 mV) and WN (#100,7200 > 400 mV) (Figure 7k),
indicating the enhanced water oxidation of WN-Ni(OH),. The prominent performance
of WN-Ni(OH); makes it among the best investigated nitride-based OER catalysts. In
summary, Lv et al. synthesized a WN-Ni(OH); to act as a promising alkaline bifunctional
catalyst. These results offer promising bifunctional catalysts for water electrolysis and a
hopeful pathway for the performance enhancement strategy of WN catalysts.

In the field of tungsten nitride catalysts, although there have been many studies and the
formation temperatures of two kinds of tungsten nitrides are clear, in specific experiments,
the temperature of formation for W,N and WN also change with different experimental
methods and experimental conditions. Therefore, meticulous high-temperature nitridation
syntheses and inadequate anisotropy are becoming problems to hinder the development
of tungsten nitrides [116]. To solve these problems, in future research, scholars should
pay more attention to the specific formation temperature of W,N and WN and change the
crystal surface exposed by the catalysts through strategic regulation, to control the crystal
growth of W,N and WN nanostructures and to preserve electrochemical stability while
enhancing catalyst activity. Furthermore, exploring the effects of WoN and WN compound
catalysts on catalytic activity is also a relatively new research area.

4.3. Tungsten Oxide

Tungsten oxide as a potential candidate, endowed with a variable crystalline phase,
adjustable composition, excellent corrosion resistance in an acid electrolyte, and weak
oxygen binding, is also a kind of commonly used W-based nanocatalyst. It is a light yellow
triclinic powder crystal. WOj3 is the most stable of tungsten oxides. It is insoluble in water
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and inorganic acids except for hydrofluoric acid. When the temperature is higher than
650 °C, it can be reduced by Hj, and at 1000~1100 °C, it can be reduced by carbon to obtain
tungsten powder.

WOj3 can not only be used in common electrolytic water catalysts, it can also show
behaviors suitable for surface reactions and catalysis, such as light-stimulated reactions
under visible light [117], which provides a new opportunity for the use of WOj3 in pho-
tocatalytic applications. WO3 has also been studied by many scholars in the application
of low-chain alkanes [118,119]. It was found that WOj3 has the selectivity of decarbonyla-
tion and decarboxylation [120], which plays a guiding role for subsequent research. The
Schottky barrier is easy to form at the interface between a material-support electrode
and a material-electrolyte, due to the poor conductivity of tungsten carbide, resulting in
higher overpotential required for the reaction [121]. Therefore, when preparing tungsten
oxide catalysts, researchers usually use conductive substrates to improve their electrical
conductivity, such as nickel foam, carbon cloth, MOFs, etc. In recent years, it has been
found that the oxygen vacancy strategy can inspire electrocatalytic activity because it has a
positive effect on improving the charge transfer and compensating for the weak hydrogen
adsorption of the tungsten trioxide [122]. Therefore, tungsten oxide has invoked significant
interest for its unique properties and has been widely studying.

In the field of water splitting, for the above reasons, Lv [123] chose foamed nickel
as a substrate, making WO3_x /NF nanosheets and WO3/NF nanosheets to compare their
HER performances. The results show that the catalytic performance of WO3.x/NF is
higher than that of WO3/NF. Specifically, WO3_x/NF needs only 175 and 260 mV to reach
current densities of 10 and 50 mA /cm?, respectively. In addition, the initial potential
required for WO3.x/NF is only about 100 mV. Another indicator, the Tafel slope, shows
that the Tafel slope of WO5.x/NF is 110 mV /dec, which is relatively microscopic compared
with WO3/NF (140 mV /dec) and NF (146 mV /dec), indicating that WOs3_x /NF has good
catalytic reaction kinetics to accelerate the generation of hydrogen. Although compared
with Pt/C, there is still a certain gap, through further regulation and preparation, it is
believed that they can be comparable to a precious metal base. In this work, it is evidenced
that oxygen vacancy defects in tungsten oxide can promote the speed of charge transfer
and charge separation and can improve the catalytic performance.

On this basis, Lu et al. [122] further explored and investigated the relationships
between different contents of oxygen vacancies and catalytic activities. Lu showed that
increasing annealing temperature and the time to obtain a high performance is available.
The substoichiometric WOx with more oxygen vacancies exhibits higher HER activity. The
current densities at the same potential are proportional to the content of oxygen vacancies,
suggesting that these vacancies can boost the kinetics for catalytic reactions. The best
WOy /C shows that the overpotential at the current density of 10 mA /cm? is 202.60 mV.
However, the overpotential at the current density of 10 mA /cm? for Pt/C is 26.61 mV.

WOj3 can also be used as a support to increase the utilization of low-chain alkanes.
Szabé et al. [124] demonstrated that Pt nanoparticles over WO3; nanowires in ethanol
decomposition reactions show outstanding activity and selectivity. However, the number
of studies in this area is still limited. Therefore, there is still a long way to go for tungsten
oxides for use in HER.

Except for WO3, WO is regarded as a high-performance electrocatalyst, owing to its
high charge carrier density, cost-effectiveness and excellent stability. Zhao et al. [125] stud-
ied Ru-WO regarding electrocatalytic performance for HER. Ru-WO is a three-dimensional
structure that shows an onset overpotential of 32 mV in the LSV curve and a Tafel slope of
34 mV/dev. Moreover, Ru-WO demonstrates an excellent operation stability and a steady
current density up to 500 mA /cm? over 50 h. This work provides a promising strategy for
the future development of tungsten oxide catalysts for HER.

Because of strong acid and weak O-binding in tungsten oxide, Lu et al. [126], by
constructing W and Ir dual sites, achieved a tradeoff on the O-binding properties in OER.
They prepared a class of three-dimensional nanocatalysts: Ir-W as the metal core and
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Ir-WOj3 as the shell. The surface area of this kind of intermediate is larger than that of
the one-dimensional material, and it can also inhibit the formation of peroxides. The
overpotential of Ir-W at Ir-WO3 x toward OER catalysis at a current density of 10 mA /cm?
is only 261 mV, which is lower than that of Ir-WO;3 (310 mV) and IrO, (486 mV). In this work,
Lu et al. demonstrated that the existence of oxygen vacancies and three-dimensionality
can improve catalytic performance to a certain extent. This work can provide significant
insights for the design of tungsten oxide catalysts for water splitting.

In recent years, the relatively novel research was performed by Zhang et al. [127].
They prepared psesudocubic phase tungsten oxide as a photocatalyst for HER. In their
work, through alternate band structure and active site configuration to produce defect and
engineer phases, oxygen vacancies were induced in WO3 at a relatively low temperature,
accompanying the crystal structure transition from a monoclinic to orthorhombic or to
pseudocubic phase. The results demonstrate that the photocatalysts that can host the
highest amount of oxygen vacancies affords the highest photocatalytic H production rate
of 340 umol g~! h~!. This may be the first example of controlling the amount of oxygen
vacancies to improve the performance of photocatalysts for HER.

Although tungsten oxide is widely studied in the field of catalysts, there are still
some problems such as undesirable electronic conductivity and less active sites. Tungsten
oxide still has awhile to go before practical application. To break through the limited
electrocatalytic performance, more fundamental principles should be focused on, such as
controlling the morphology from one-dimensions to three-dimensions.

4.4. Tungsten Sulfide

In addition to the tungsten compounds mentioned above, some other tungsten com-
pounds have attracted the attention of researchers. The tungsten sulfide system is the most
representative, including tungsten sulfide and tungsten selenide.

Since Hinnemann et al. [128] first found that MoS; has a similar catalytic performance
to Pt-based catalysts, two-dimensional sulfide has always been the research hot spot of
amorphous nanocatalysts. W is a kind of transition metal, and the structure of WS,
is similar to MoS,; thus, it has also attracted the attention of more and more scholars.
Bonde et al. [129] found that MoS; and WS; showed almost the same activity. Transition
metal sulfides are connected by the van der Waals force of S-W-S, and the band gap
can be regulated; thus, they are promising catalysts for HER. According to the lamellar
structure, there are many shapes of WS;, including hexagon, star, tie and triangle, among
which triangle is the most common shape (Figure 71) [130]. According to relevant research
findings [128], the catalytic activity of WS, mainly comes from the edge position of the
structure, which especially depends on the S atom that provides guidance for the catalytic
activity of WS, later.

The most representative research on WS; as an electrocatalyst is the WS, thin film
prepared by Matteo et al. [66] using pulse laser deposition (PLD) combined with heat
treatment. PLD is a method that is performed by laser ablation of a target material to
provide uniform coverage. PLD can be deposited at room temperature, which helps to
explore the impact of the material structure. The results show that when the annealing
temperature is 500 °C, the starting potential of this kind of catalyst is lower, and the
catalytic performance is close to that of Pt. This may be because WS, has a high-density
metal edge [131]. It was confirmed by Voiry et al. [132], in which they found that the more
the metal phase changes, the greater the state density of the Fermi level and the more
enhanced the catalytic activity.

On this basis, Kim et al. [133] further studied WS, grown on W/Si in the case of atomic
layer deposition (ALD). In this method, the reactant (tris(hexyne) tungsten monocarbonyl
(W(CO)(CH3CH,C=CCH;CHs)3) and H)S were fed in an alternating pulsed manner
separated by the purging of inert gas. In the LSV curve, annealing at 600 °C achieved a
current density of 5 mA/ cm? atan overpotential of 374 mV. However, the HER performance
showed a significant increase for the 700 °C annealed WS. A current density of 10 mA /cm?
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was achieved at a relatively low overpotential of 282 mV. This improvement in HER was
mainly due to the increased enhancement in the crystallinity of the sample. The study
revealed the importance of sulfur content and crystallinity on the HER performance of
W-based sulfides. In addition, the above research also showed that the presence of the oxide
phase in the tungsten sulfide catalyst reduced the catalytic activity, where a significant
amount of oxygen can negatively impact performance [134], which provides a theoretical
direction for the development of a tungsten sulfide catalyst.

Furthermore, An et al. [67] studied the effect of doping Me atoms (Cr, Mn, Co) on WS,.
The calculation shows that doping Me atoms will change the electronic state near the Fermi
level, making the electron transfer rate faster and the catalytic activity better. Therefore,
loading is a method to improve the catalytic activity of WS,. These studies provide new
opportunities for the research of W-based two-dimensional materials as electrocatalysts.

Based on the study of tungsten oxide and tungsten sulfide, researchers have focused
on tungsten selenide, which is a similar sulfur compound. Selenium (Se) and S are in
the same main group and different cycles in the periodic table. The outermost layer has
six electrons. The chemical properties of tungsten sulfide and tungsten selenide are both
similar and different. The atomic radius of Se is larger than S, the ionization energy is
less than S, and the metallicity is greater than S. Therefore, the conductivity of selenide is
greater than that of sulfide, which will help to improve the catalytic activity of the material.

In recent years, researchers have made many attempts to research tungsten selenide as
a hydrogen evolution catalyst. Tsai et al. [135] found that the catalytic active sites of WSe,
were mainly concentrated on the edges of Se through the periodic density pan function,
which was similar to tungsten oxide and tungsten sulfide. Therefore, the main way to
optimize the catalytic hydrogen evolution performance of tungsten selenide is to change
the material structure and improve the utilization efficiency of marginal active sites. The
main approaches include: (1) preparing single-layer or few-layer WSe; nanoparticles to
improve the edge active sites, such as stripping technology; (2) selecting excellent carriers,
such that WSe; is grown on the surface of excellent electronic conductors to improve the
electronic conductivity.

Romanov et al. [136] demonstrated that the layers stack one by one via the van der
Waals force and expose mostly the basal plane with a small portion of edge sites, which
is not favorable for electrochemical HER. Thus, they prepared thin films of WSe,, which
were obtained by using a method of shadow-masked PLD. The reduction current density
reached 10 mA /cm? at an overpotential around 245 mV. Although it had lower activity
than nanocrystalline, it is still an interesting work that first reported that WSex could be a
great electrocatalyst for HER.

On this basis, Wang et al. [137] synthesized few-layered WSe, nanoflowers anchored
on graphene nanosheets through a facile one-pot solvothermal method. In this way, not
only was the catalyst conductivity improved, the exposed edge sites were as well, which
lead to an enhancement of the charge transfer kinetics between the catalytic edge sites and
the graphene nanosheets. Compared with bare WSe;, RGO/WSe; demonstrates a highly
effective and stable electrocatalytic performance. RGO/WSe; delivers a microscopic Tafel
slope of 57.6 mV /dec, a remarkably low onset potential of 150 mV, a high current density
of 38.43 mA/cm? at 300 mV and excellent long-term stability. This work could provide
significant insights for the design of tungsten selenide catalysts for water splitting.

A large and growing body of literature has investigated chalcogenide tungsten cata-
lysts. It can be concluded that forming compounds, changing material morphology and
obtaining more surface defects are effective methods to enhance the catalytic activity of
chalcogenide tungsten catalysts.

4.5. Summary

Electrochemical parameters of tungsten-based compound nanocatalysts currently re-
ported has been exhibited in Table 4. In the future, the electrochemical method will become
one of the most important ways to obtain sustainable energy. At present, nanomaterials
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and nanocompounds formed by transition metals and nonmetallic elements are considered
to be effective electrocatalytic hydrogen evolution catalysts because of their high chemical
stability, good electronic conductivity and low resistivity. A growing body of research backs
up the argument that the type of tungsten compounds, i.e., different crystal structures,
will greatly affect catalytic performance. Inspired by this, crystal engineering strategies
involving the target morphology, specific crystal phase and orientation, the local atomic
structure as well as charge densities [138,139] are widely concerned by scholars.

Table 4. Electrochemical parameters of tungsten-based compound nanocatalysts currently reported.

Overpotential (mV)

Materials Reaction at Current Density (mA/cm?) Tafel Slope (mV/dec) Ref.
WC at NPC HER 51 at 10 (0.5 M H,SO4) 49 (0.5 M HpSOy) [99]
] 115 at 10 (0.5 M H,SOy) 58.5 (0.5 M H,SOy)
MoxW2.xC at N-Doped carbon  HER 108 at 10 (1.0 M KOH) 55.4 (1.0 M KOH) [100]
a=0292V

Pt/WC HER - o o1oaV [101]
FeNi at WCy OER 211 at10 (1.0 M KOH) - [103]
W,N/GO ORR 120 at 72.96 (1.0 M KOH) - [113]
WO3/GO ORR 120 at 27.39 (1.0 M KOH) - [113]
WN/Porous carbon ORR Half-wave potential (99 mV) - [114]
WN HER 313 at 20 (1.0 M KOH) 118 (1.0 M KOH) [115]

N 170 at 20 (1.0 M KOH)
WN-Ni(OH), HER 245 2t 100 (1.0 M KOH) 96 (1.0 M KOH) [115]
WN OER >400 at 100 (1.0 M KOH) - [115]

. 330 at 100 (1.0 M KOH)
WN-Ni(OH), OER 368 at 200 (1.0 M KOH) [115]
WOy HER 202.6 at 10 (0.5 M H,SOy) - [122]
WOj3.x/NF HER  175at 10 (0.5 M H,SOy) 260 at 50 (0.5 M H,SOy) 110 (0.5 M H,SOy) [123]
Ru-WO HER 32 at 0.5 (0.5 M HpSOy) 34 (0.5 M HpSOy) [125]
I-WOs.x OER 310 at 10 (1.0 M KOH) - [126]
WSx HER 282 at 10 (0.5 M H,SOy) - [133]
WSex HER 245 at 10 (0.5 M H,SOy4) - [136]
RGO/WSex HER 300 at 38.43 (0.5 M H,SOy) 57.6 (0.5 M H,SOy) [137]

5. Perspectives for Future Development of Tungsten-Based Nanocatalysts

With the increasing consumption of Pt resources in recent years, it is important to
choose a catalyst that can replace commercial Pt/C. Among the many kinds of catalysts
that can be selected, W, as a kind of transition metal, has a wide-application prospect. In
addition, W is an environmentally friendly material and a potential research object. In
terms of existing research, tungsten has a strong Bronsted acid site and excellent water
resistance [140], which can be used as a catalyst in electrolytic water. In addition, other
types of catalysts retain different advantages; thus, it is expected that there will be var-
ious practical application prospects in the future. Tungsten-based catalysts have many
advantages. First, W has a variety of oxidation states from —2 to +6; these compounds
have diversity in structure, and they are innocuous. Thus, it has great potential in the field
of catalysis. Second, more and more countries have mined W, which reduces the price of
W. However, the relationship between the structure and performance of tungsten-based
catalysts still needs to be solved. Scientific researchers are still in the exploratory stage
of the activity, stability and real reaction mechanism of tungsten-based catalysts. How to
solve the relationship between the structure and performance of tungsten-based catalysts
and then guide and design the catalysts is important for future research and development.
This poses a challenge to the potential application of tungsten-based catalysts.
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5.1. Research Direction of Tungsten-Based Catalysts in the Future
5.1.1. Developing Stable Single Tungsten Atom Catalysts

Theoretically, the dispersion limit of supported catalysts is evenly distributed on the
support in the form of a metal single atom. At this time, each atom of a metal catalyst has
been fully utilized, and each individual atom is an independent active site. The energy level
structure and electronic structure of the particles will face huge changes, such as rapidly
increasing surface free energy, quantum size effect, interaction with the metal-support, etc.
(Figure 8), which will improve the catalytic efficiency. Therefore, monatomic catalysts have
better catalytic activity or selectivity than nanoparticles and sub nanoclusters.
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Figure 8. Relationship between particle size and surface free energy.

Due to the unique structure of a single atom, single W atom catalysts often show different
activity, selectivity and stability from W-based nanocatalysts. Single W atom catalysts can not
only reduce the use of W, but can also improve the utilization efficiency of W. Therefore, the
vigorous development of a single W atom catalyst is of great significance for the utilization
of energy. However, although many remarkable achievements have been made in the field of
SACs in recent years [141,142], most of them are carried out in the laboratory, which limits
the application of SAC. This is mainly because SAC only has one type of active center, which
makes it difficult to break the linear scale relationship [143] between the adsorption energy
of reaction intermediates. Therefore, it is necessary to overcome the relationship between
particle size and surface adsorption energy before application.

5.1.2. Designing High-performance Tungsten-based Nanocatalysts

The activity of W-based nanocatalysts is usually affected by the conductivity, surface
morphology and active sites of materials. Between the conductivity of W itself and the
good chemical stability of nanomaterials formed by W and nonmetallic elements, W-based
catalysts will become one of the important ways to obtain sustainable energy in the future.
Therefore, how to improve the catalytic performance of W-based nanocatalysts has become
an urgent problem to be solved. In the laboratory, different researchers have different load-
ing qualities and preparation methods of catalysts on the electrode, resulting in deviation.
Therefore, we should formulate a unified standard test to screen the best catalysts for appli-
cation more accurately. At the same time, in order to find the best electrocatalysts, there
are still many problems to be solved: (1) The particle size of an effective catalyst material
should be evenly distributed. (2) Compared with zero-dimensional, one-dimensional and
two-dimensional structures, three-dimensional structures exhibit the most active sites, that
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is, high crystallinity materials are the best for catalysts. (3) In order to reduce costs, the
catalysts that can be applied to two or more catalytic reactions at the same time have the
highest benefit.

In addition, with the application of W-based catalysts, the use of W will increase
exponentially in the next 10 years. Therefore, we must pay attention to the recycling of W
resources and realize the concept of “green environmental protection”.

5.2. Theoretical Calculations for Tungsten-Based Catalysts
5.2.1. DFT Calculations Supporting the Improvement of Catalyst Performance

DFT is a theory for solving single electron problems. At the beginning of the 20th
century, researchers established quantum mechanics to describe the objective laws of the
micro world. It was found that the motion of microparticles followed the Schrodinger
equation. However, the key to the successful solution of the Schrodinger equation is
that there is no interaction, but in the actual micro world, we face the interacting multi-
particle system. Therefore, researchers simplify the multi-particle system and realize the
development from a multi-electron system to a single electron system (Hatree Fock method),
which makes it possible to solve the Schrodinger equation.

DFT is developed on the Schrodinger equation. Kohn and Sham proposed to replace
the interacting functions in the Schrodinger equation with a noninteracting function and
then to add an exchange correlation function to the equation to eliminate all errors. In this
way, the kinetic energy and potential energy calculated theoretically can be brought into
the equation, and the difference between theory and practice can be offset by exchanging
correlation functions. The obtained energy value is the accurate value. Using the modern
electronic structure method based on DFT, the quantum chemical calculation of small
clusters at two adjacent metal positions in the W compound can be carried out, which can
effectively understand the micromorphology on a nano scale, and which has a far-reaching
impact on the effective design of reasonable W-based catalysts.

5.2.2. In-Depth Understanding of the Catalytic Reaction Mechanism

No matter what kind of catalysis, its essence is to reduce the reaction activation energy
and speed up the reaction process. For electrocatalysis, more theories and experiments
are needed to deeply understand the electrochemical reaction mechanism and the changes
at the cathode and anode electrodes. By understanding the reaction mechanism, we can
simulate the changes of chemical properties in the middle of the reaction and effectively
improve the stability of W-based catalysts. In the future, the study of transport mechanisms
and kinetics of W ions under different reaction conditions can lay a foundation for the
wider application of W-based catalysts.

5.3. Preparation Methods of Catalysts

The preparation methods of catalysts have great influence on the shape of catalysts.
The usual preparation methods include precipitation, impregnation, the hydrothermal
method, the sol-gel method, and so on. However, regardless of the kind of preparation
method, the catalysts should preferably be subject to reduction pretreatment, which is
generally carried out at the last step of the preparation of W-based catalysts in order to
activate the catalysts and effectively avoid reoxidation due to contact with air. This step can
effectively improve the stability of the catalysts and can lay a foundation for the preparation
of efficient and stable W-based catalysts.

5.4. Optimizing Design on Catalysts Supports for Applications

Although current researchers have performed a lot of research on W-based catalysts,
W-based catalysts still do not meet the commercial development in terms of stability and
catalytic activity. As one of the important components of catalysts, the support material
plays a key role in the particle size, catalytic performance, stability and even service life
of catalysts. Generally, the ideal catalyst support material should have the following
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characteristics: (1) high conductivity; (2) large specific surface area and ability to load more
and more atoms evenly; (3) stable physical and chemical properties; (4) low price and
high safety. Hu et al. [34] found that the combination of the transition metal atom and the
carbon material gives the transition metal catalysts excellent catalytic properties. Carbon
nanomaterials have a special layered porous structure. When used as a catalyst support,
they can provide channels for the transportation of electrolyte ions and electrons, as well
as rich active sites for atoms [144]. These advantages give the catalysts good stability and
catalytic activity. Therefore, choosing carbon as the support for W-based catalysts is a
promising research direction.

5.5. Improving Catalytic Activity

In the future, the field of catalysis will become indispensable in research regarding
obtaining sustainable energy. In the laboratory, different researchers have different loading
qualities and preparation methods of catalysts on electrodes, resulting in deviation. There-
fore, we should formulate a unified standard test to screen for the best catalysts for more
accurate application. At the same time, in order to find the best catalysts, there are still
many problems to be solved: (1) The particle size of the effective catalyst material should
be evenly distributed. (2) High crystallinity materials have the best effect on catalysts. (3)
In order to reduce costs, the catalysts that can be applied to two or more catalytic reactions
at the same time have the highest benefit. It is believed that in the near future, with the
improvement in theory and the progress in technology, tungsten-based catalysts will be
applied in various catalytic fields to improve daily life.

Author Contributions: Conceptualization, S.K. and X.M.; methodology, S.K. and X.M.; validation,
Y.L., RM. and X.W,; formal analysis, Z.H. and M.F,; investigation, S.K.; resources, X.M.; data curation,
S.K.; writing—original draft preparation, S.K.; writing—review and editing, X.M.; funding acquisition,
X.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Open Foundation of State Key Laboratory of Mineral
Processing (BGRIMM-KJSKL-2021-11), the Fundamental Research Funds for the Central Universities
(No. 265Q72022004), the Young Elite Scientist Sponsorship Program by CAST (YESS20200103), and
the National Natural Science Foundation of China (No. 5217042069).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  She, Z.W.,; Kibsgaard, J.; Dickens, C.E; Chorkendorff, I.; Nerskov, ].K.; Jaramillo, T.F. Combing Theory and Experiment in
Electrocatalysis: Insights into Materials Design. Science 2017, 373, 6555.

2. Kemppainen, E.; Bodin, A.; Sebok, B.; Pedersen, T.; Seger, B.; Mei, B.; Bae, D.; Vesborg, P.C.K.; Halme, J.; Hansen, O.; et al.
Scalability and Feasibility of Photoelectrochemical H, Evolution: The Ultimate Limit of Pt Nanoparticle as an HER Catalyst.
Energy Environ. Sci. 2015, 8, 2991-2999.

3. Zhang, ].; Yuan, Y;; Gao, L.; Zeng, G.; Li, M.; Huang, H. Stabilizing Pt-based Electrocatalysts for Oxygen Reduction Reaction:
Fundamental Understanding and Design Strategies. Adv. Mater. 2021, 33, 2006494. [CrossRef] [PubMed]

4. Han, F. Electrocatalytic Performance of Pt Catalyst Loaded on Nitrogen-doped Carbon Nanotubes. Master’s Thesis, China
University of Mining and Technology, Xuzhou, China, 2020.

5. Wang, Q.; Chen, Z.; Wu, N.; Wang, B.; He, W.; Lei, Y.; Wang, Y. N-Doped 3D Carbon Aerogel with Trace Fe as an Efficient Catalyst
for the Oxygen Reduction Reaction. ChemElectroChem 2017, 4, 514-520. [CrossRef]

6. Porter, N.S.; Wu, H.; Quan, Z.; Fang, J. Shaped-control and Electrocatalytic Activity-enhancement of Pt-based Bimetallic
Nanocrystals. Am. Chem. Soc. 2013, 46, 1867-1877.

7.  Zhang, L. Preparation of Platinum-based Catalysts and Study of Oxygen Reduction Reaction Catalytic Performances for Fuel
Cells. Ph.D. Thesis, Beijing University of Chemical Technology, Beijing, China, 2020.

8. Bai, L. Preparation and Properties of Magnetic Core-shell Nanocomposites. Ph.D. Thesis, University of Science and Technology of

China, Anhui, China, 2020.


http://doi.org/10.1002/adma.202006494
http://www.ncbi.nlm.nih.gov/pubmed/33825222
http://doi.org/10.1002/celc.201600799

Molecules 2022, 27, 4751 29 of 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bond, G.C. Supported Metal Catalysts: Some Unsolved Problems. Chem. Soc. Rev. 1991, 20, 441-475. [CrossRef]

Zhu, Q.; Wang, L.; Yang, Q.L. Study on Microstructure and Properties of Molybdenum Tungsten Alloy. China Molybd. Indust.
2013, 37, 49-51.

Hollak, S.A.W.; Gosselink, RW.; Van Es, D.S.; Bitter, ].H. Comparison of Tungsten and Molybdenum Carbide Catalysts for the
Hydrodeoxygenation of Oleic Acid. ACS Catal. 2013, 3, 2837-2844. [CrossRef]

Dong-sheng, M. A. Progress in Research on Geochemistry of Tungsten. Geol. J. China Univ. 2009, 15, 19-34.

Fu, Q.; Peng, B.; Masa, J.; Chen, Y.-T.; Xia, W.; Schuhmann, W.; Muhler, M. Synergistic Effect of Molybdenum and Tungsten
in Highly Mixed Carbide Nanoparticles as Effective Catalysts in the Hydrogen Evolution Reaction under Alkaline and Acidic
Conditions. ChemElectroChem 2020, 7, 983-988. [CrossRef]

Morales-Guio, C.G.; Hu, X. Amorphous Molybdenum Sulfides as Hydrogen Evolution Catalysts. Acc. Chem. Res. 2014, 47,
2671-2681. [CrossRef] [PubMed]

Chen, W,; Pei, J.; He, C.T.; Wan, J.; Ren, H.; Wang, Y.; Dong, ].; Wu, K.; Cheong, W.-C.; Mao, J.; et al. Single Tungsten Atoms
Supported on MOF-drived N-doped Carbon for Robust Electrochemical Hydrogen Evolution. Adv. Mater. 2018, 30, 1800396.
[CrossRef] [PubMed]

Tu, W.; Luo, W,; Chen, C.; Chen, K.; Zhu, E.; Zhao, Z.; Wang, Z.; Hu, T.; Zai, H.; Ke, X,; et al. Tungsten as “Adhesive” in Pt,
CuW) 25 Ternary Alloy for Highly Durable Oxygen Reduction Electrocatalysis. Adv. Funct. Mater. 2019, 30, 1-9.

Kou, Z.; Wang, T.; Wu, H.; Zheng, L.; Mu, S.; Pan, Z.; Lyu, Z.; Zang, W.; Pennycook, S.].; Wang, ]. Twinned Tungsten Carbonitride
Nanocrystals Boost Hydrogen Evolution Activity and Stability. Small 2019, 15, €1900248. [CrossRef]

Dai, W.-L.; Ding, J.; Zhu, Q.; Gao, R.; Yang, X. Tungsten Containing Materials as Heterogeneous Catalysts for Green Catalytic
Oxidation Process. Catalysis 2016, 28, 1-27.

Messinis, A.M.; Wright, WR.H.; Hanton, M.J.; Dyer, PW. Additives Boosting the Performance of Tungsten Imido-mediated
Ethylene Dimerization Systems for Industrial Application. Chem. Commun. 2020, 56, 6886-6889. [CrossRef]

Qiao, B.; Wang, A.; Yang, X.; Allard, L.F; Jiang, Z.; Cui, Y,; Liu, J.; Li, J.; Zhang, T. Single-atom Catalysis of CO Oxidation Using
Pt /FeOx. Nat. Chem. 2011, 8, 634—641. [CrossRef]

Wang, L.; Li, H.; Zhang, W.; Zhao, X.; Qiu, J.; Li, A;; Zheng, X.; Hu, Z.; Si, R.; Zeng, J. Supported Rhodium Catalysts for
Ammonia-borane Hydrolysis: Dependence of the Catalytic Activity on the Highest Occupied State of the Single Rhodium Atoms.
Angew. Chem. Int. Edit. 2017, 56, 4712-4718. [CrossRef]

Today, Let’s Talk About a Familiar Chemical Term. Available online: https:/ /mp.weixin.qq.com/s/-av2t-VK5NIE_QkRvz42QA
(accessed on 5 August 2018).

Xu, H.; Cheng, D.; Cao, D.; Zeng, X.C. A Universal Principle for a Rational Design of Single-atom Electrocatalysts. Nat. Catal.
2018, 7, 339-348. [CrossRef]

Li, E; Li, Y;; Zeng, X.C.; Chen, Z. Exploration of High-performance Single-atom Catalysts on Support M; /FeOx for CO Oxidation
via Computational Study. ACS Catal. 2015, 5, 544-552. [CrossRef]

Pan, Y.; Zhang, C.; Liu, Z.; Chen, C.; Li, Y. Structural Regulation with Atomic-level Precision: From Single-atomic Site to Diatomic
and Atomic Interface Catalysis. Matter 2020, 2, 78-110. [CrossRef]

Cheng, N.; Stambula, S.; Wang, D.; Banis, M.N.; Liu, J.; Riese, A.; Xiao, B.; Li, R.; Sham, T.-K,; Liu, L.-M.; et al. Platinum
Single-atom and Cluster Catalysis of the Hydrogen Evolution Reaction. Nat. Commun. 2016, 7, 13638. [CrossRef] [PubMed]
Jakub, Z.; Jan, H.; Matthias, M.; Roland, B.; Florian, K.; Martin, S.; Michael, S.; Ulrike, D.; Cesare, F.; Gareth, S.P. Local Structure
and Coordination Define Adsorption in a Model Irq /Fe30, Single-atom Catalys. Angew. Chem. 2019, 131, 14099-14106. [CrossRef]
Gu, J; Hsu, C.S,; Bai, L.; Chen, HM.; Hu, X. Atomically Dispersed Fe3* Sites Catalyze Efficient CO, Electroreduction to CO.
Science 2019, 364, 1091-1094. [CrossRef]

Lin, J.; Wang, A ; Qiao, B,; Liu, X,; Yang, X.; Wang, X; Liang, J.; Li, J.; Liu, J.; Zhang, T. Remarkable Performance of Ir /FeOx
Single-atom Catalyst in Water Gas Shift Reaction. J. Am. Chem. Soc. 2013, 125, 15314-15317. [CrossRef] [PubMed]
Moses-DeBusk, M.; Yoon, M.; Allard, L.F.; Mullins, D.R.; Wu, Z.; Yang, X.; Veith, G.; Stocks, G.M.; Narula, C.K. CO Oxidation
on Supported Single Pt Atoms: Experimental and ab Initio Density Functional Studies of CO Interaction with Pt Atom on
0-Al,03(010) Surface. J. Am. Chem. Soc. 2013, 135, 12634-12645. [CrossRef] [PubMed]

Xing, J.; Chen, ].E; Li, YH.; Yuan, W.T; Zhou, Y.; Zheng, L.R.; Wang, H.E; Hu, P.; Wang, Y.; Zhao, H.].; et al. Stable Isolated Metal
Atoms as Active Sites for Photocatalytic Hydrogen Evolution. Chem. A Eur. ]. 2014, 20, 2138-2144. [CrossRef]

Jiang, B.; Sun, H.; Yuan, T.; He, W.; Zheng, C.; Zhang, H.].; Yang, ].; Zheng, S. A Framework-derived Tungsten Single-atom
Catalyst for Oxygen Reduction Reaction. Am. Chem. Soc. 2021, 35, 8173-8180. [CrossRef]

Gu, Y; Xi, B,; Tian, W.; Zhang, H.; Fu, Q.; Xiong, S. Boosting Selective Nitrogen Reduction via Geometric Coordination Engineering
on Single-tungsten-atom. Catal. Adv. Mater. 2021, 33, 2100429. [CrossRef]

Wu, ].; Han, N.; Ning, S.; Chen, T.; Zhu, C.; Pan, C.; Wu, H.; Pennycook, S.J.; Guan, C. Single-atom Tungsten-doped CoP Nanoarrays
as a High-efficiency pH-Universal Catalyst for Hydrogen Evolution Reaction. Am. Chem. Soc. 2020, 8, 12832-14825. [CrossRef]
Wang, Y,; Li, X.; Zhang, M.; Zhang, J.; Chen, Z.; Zheng, X.; Zhao, N.; Tian, Z.; Han, X.; Zaghib, K,; et al. Single-atom Tungsten Doped
Nis0.55e0.5 Nanosheets@Nanorods Heterostructures Catalyze Water Splitting Highly Active and Durable. Res. Sq. 2021, 7, 369139.
Hu, C; Lin, Y.; Connell, ] W.; Cheng, H.; Gogotsi, Y.; Titirici, M.; Dai, L. Carbon-based Metal-free Catalysts for Energy Storage and
Environmental Remediation. Adv. Mater. 2019, 31, €1806128. [CrossRef] [PubMed]


http://doi.org/10.1039/cs9912000441
http://doi.org/10.1021/cs400744y
http://doi.org/10.1002/celc.202000047
http://doi.org/10.1021/ar5002022
http://www.ncbi.nlm.nih.gov/pubmed/25065612
http://doi.org/10.1002/adma.201800396
http://www.ncbi.nlm.nih.gov/pubmed/29888491
http://doi.org/10.1002/smll.201900248
http://doi.org/10.1039/D0CC03077E
http://doi.org/10.1038/nchem.1095
http://doi.org/10.1002/anie.201701089
https://mp.weixin.qq.com/s/-av2t-VK5NlE_QkRvz42QA
http://doi.org/10.1038/s41929-018-0063-z
http://doi.org/10.1021/cs501790v
http://doi.org/10.1016/j.matt.2019.11.014
http://doi.org/10.1038/ncomms13638
http://www.ncbi.nlm.nih.gov/pubmed/27901129
http://doi.org/10.1002/ange.201907536
http://doi.org/10.1126/science.aaw7515
http://doi.org/10.1021/ja408574m
http://www.ncbi.nlm.nih.gov/pubmed/24090210
http://doi.org/10.1021/ja401847c
http://www.ncbi.nlm.nih.gov/pubmed/23952672
http://doi.org/10.1002/chem.201303366
http://doi.org/10.1021/acs.energyfuels.1c00758
http://doi.org/10.1002/adma.202100429
http://doi.org/10.1021/acssuschemeng.0c04322
http://doi.org/10.1002/adma.201806128
http://www.ncbi.nlm.nih.gov/pubmed/30687978

Molecules 2022, 27, 4751 30 of 33

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Fernandez-Delgado, O.; Santiago, A.R.P; Betancourth, J.G.; Sanad, MLE; Sreenivasan, S.T.; Echegoyen, L. Diazonium Functionalized
Fullerenes: A New Class of Efficient Molecular Catalysts for the Hydrogen Evolution Reaction. Nanoscale 2022, 14, 3858-3864. [CrossRef]
Zhang, Q.; Zhang, X.; Wang, J.; Wang, C. Graphene Supported Single-atom Catalysts and Applications on Electrocatalysis.
Nanotechnology 2020, 32, 1361-6528. [CrossRef] [PubMed]

Liu, X; Jiao, Y.; Zheng, Y.; Jaroniec, M.; Qiao, S.Z. Building Up a Picture of the Electrocatalytic Nitrogen Reduction Activity of
Transition Metal Single-atom Catalysts. J. Am. Soc. 2019, 141, 9664-9672. [CrossRef]

Li, W.Y; Sun, Y.B.; Li, M.Y.; Zhang, X.Y.; Zhao, X.; Dang, ].S. Anchored Atomic Tungsten on a Byy Cage: A Highly Active and
Selective Single-atom Catalyst for Nitrogen Reduction. Phys. Chem. Chem. Phys. PCCP 2021, 23, 2469-2474. [CrossRef]

Zhang, F; Zhang, J.; Wang, H.; Li, ].; Liu, H,; Jin, X.; Wang, X.; Zhang, G. Single Tungsten Atom Steered Band-gap Engineering
for Graphitic Carbon Nitride Ultrathin Nanosheets Boots Visible-light Photocatalytic H, Evolution. Chem. Eng. ]. 2021, 424,
130004. [CrossRef]

Gu, Y,; Xu, T; Chen, X.; Chen, W.; Lu, W. High-loading Single-atom Tungsten Anchored on Graghitic Carbon Nitride (melon) for
Efficient Oxidation of Emerging Contaminants. Chem. Eng. . 2022, 427,131973. [CrossRef]

Zhang, B.-W.; Ren, L.; Wang, Y.-X,; Du, Y;; Jiang, L.; Dou, S.-X. New Monatomic Layer Clusters for Advanced Catalysis Materials.
Sci. China Mater. 2018, 62, 149-153. [CrossRef]

Voiry, D.; Chhowalla, M.; Gogotsi, Y.; Kotov, N.A.; Li, Y.; Penner, R.M.; Schaak, E.R.; Weiss, P.S. Best Practices for Reporting
Electrocatalytic Performance of Nanomaterials. ACS Nano 2018, 12, 9635-9638. [CrossRef]

Lee, J.; Kim, K.H.; Kwon, E.E. Biochar as a catalyst. Renew. Sustain. Energy Rev. 2017, 77, 70-79. [CrossRef]

Yan, Q.; Lu, Y,; To, F; Li, Y,; Yu, F. Synthesis of Tungsten Carbide Nanoparticles in Biochar Matrix as a Catalyst for Dry Reforming
of Methane to Syngas. Catal. Sci. Technol. 2015, 5, 2044-4753. [CrossRef]

Tran, C.-C.; Akmach, D.; Kaliaguine, S. Hydrodeoxygenation of Vegetable Oils over Biochar Supported Bimetallic Carbides for
Producing Renewable Diesel under Mild Conditions. Green Chem. 2020, 22, 6424-6436. [CrossRef]

Liu, X.; Huo, Y.Q,; Yan, L.K; Fan, N.; Cai, K.Z.; Su, Z.M. Hollow Porous MnFe;O, Sphere Grown on ElIm-money-derived Biochar
towards Energy-saving Full Water Electrolysis. Chemistry 2020, 26, 14397-14404. [CrossRef] [PubMed]

Park, G.-E.; Le, H.T.; Kim, H.-S.; Didwal, P.N.; Park, C.-J. Mn/Co oxide on Ni foam as a Bifunctional Catalyst for Li—air Cells.
Ceram. Int. 2020, 46, 20335-20344. [CrossRef]

Rivoira, L.; Martinez, M.L.; Beltramone, A. Hydrodeoxygenation of Guaiacol over Pt-Ga-mesoporous Catalysts. Microporous
Mesoporous Mater. 2020, 312, 110815. [CrossRef]

Wang, C.; He, YH.; Hou, L.Z,; Wang, S.L.; Liu, X.L.; Zhang, Q.; Peng, C.Q. Catalytic Synthesis and Growth Mechanism of
Tungsten Nanowire Arrays on SiO, Substrates. Nano 2013, 8, 1350010. [CrossRef]

Yang, Z.; Gao, W. Applications of Machine Learning in Alloy Catalysts: Rational Selection and Future Development of Descriptors.
Adv. Sci. 2022, 9,2106043. [CrossRef]

Lu, B.-A.; Sheng, T.; Tian, N.; Zhang, Z.-C.; Xiao, C.; Cao, Z.-M.; Ma, H.-B.; Zhou, Z.-Y.; Sun, S.-G. Octahedral PtCu Alloy
Nanocrystals with High Performance for Oxygen Reduction Reaction and their Enhanced Stability by Trace Au. Nano Energy
2017, 33, 65-71. [CrossRef]

Du, X,; Sun, S;; Ma, G.; Yu, H.; Wang, M.; Lu, Z; Yu, X,; Li, L.; Zhang, X.; Yang, X. Cu-template-dependent Synthesis of PtCu
Nanotubes for Oxygen Reduction Reactions. Int. |. Hydrogen Energy 2022, 47, 6217-6226. [CrossRef]

Xiong, B.; Zhao, W.; Tian, H.; Huang, W.; Chen, L.; Shi, J. Nickel-Tungsten Nano-alloying for High-performance Hydrogen
electro-catalytic Oxidation. Chem. Eng. J. 2022, 432, 134189. [CrossRef]

Chen, Q.X;; Liu, YH.; He, Z,; Wang, ].L.; Liu, ].W,; Jiang, H.].; Huang, W.-R.; Gao, G.-Y.; Hou, Z.-H.; Yu, S.H. Microchemical
Engineering in a 3D Ordered Channel Enhances Electrocatalysis. J. Am. Chem. Soc. 2021, 143, 12600-12608. [CrossRef] [PubMed]
Subbaraman, R.; Tripkovic, D.; Chang, K.C.; Strmenik, D.; Paulikas, A.P,; Hirunsit, P.; Chan, M.; Greley, J.; Stamenkovic, V,;
Markovic, N.M. Trends in Activity for the Water Electrolyser Reactions on 3D M (Ni, Co, Fe, Mn) Hydr(oxy)oxide Catalysts. Nat.
Mater. 2012, 11, 550-557. [CrossRef] [PubMed]

Wang, L.; Lin, C.; Huang, D.; Chen, J.; Jiang, L.; Wang, M.; Chi, L.; Shi, L.; Jin, J. Optimizing the Volmer Step by Single-layer
Nickel Hydroxide Nanosheets in Hydrogen Evolution Reaction of Platinum. ACS Catal. 2015, 5, 3801-3806. [CrossRef]

Zhang, L,; Liu, PF; Li, YH.; Wang, C.W.; Zu, M.Y,; Fu, H.Q.; Yang, X.H.; Yang, H.G. Accelerating Neutral Hydrogen Evolution
with Tungsten Modulated Amorphous Metal Hydroxides. ACS Catal. 2018, 8, 5200-5205. [CrossRef]

Suo, Z.; Dai, J.; Li, Z.; Gao, S. First Principle Study of Mn-doped and Vacancy on the Magnetism and Optical Properties of CdS.
Results Phys. 2019, 15, 102801. [CrossRef]

Wu, H.; Kong, L.; Ji, Y; Yan, J.; Ding, Y.; Li, Y.; Li, S.-T.; Liu, S. Double-site Ni-W Nanosheet for Best Alkaline HER Performance at
High Current Density >500 mA / cm?. Adv. Mater. Interfaces 2019, 6, 1900308. [CrossRef]

Barakat, T.; Idakiev, V.; Cousin, R.; Shao, G.-S.; Yuan, Z.-Y.; Tabakova, T,; Siffert, S. Total Oxidation of Toluene over Noble Metal
Based Ce, Fe and Ni Doped Titanium Oxides. Appl. Catal. B Environ. 2014, 146, 138-146. [CrossRef]

Zhao, D.; Zhang, S.; Yin, G.; Du, C.; Wang, Z.-B.; Wei, ]. Tungsten Doped Co-Se Nanocomposites as an Efficient Non Precious
Metal Catalyst for Oxygen Reduction. Electrochim. Acta 2013, 91, 179-184. [CrossRef]

Huang, K,; Bi, K,; Liang, C.; Lin, S.; Zhang, R.; Wang, W.J.; Tang, H.L.; Lei, M. Novel VN/C Nanocomposites ad Methanol-tolerant
Oxygen Reduction Electrocatalyst in Alkaline Electrolyte. Sci. Rep. 2015, 5, 11351. [CrossRef]


http://doi.org/10.1039/D1NR05498H
http://doi.org/10.1088/1361-6528/abbd70
http://www.ncbi.nlm.nih.gov/pubmed/33002887
http://doi.org/10.1021/jacs.9b03811
http://doi.org/10.1039/D0CP06178F
http://doi.org/10.1016/j.cej.2021.130004
http://doi.org/10.1016/j.cej.2021.131973
http://doi.org/10.1007/s40843-018-9317-7
http://doi.org/10.1021/acsnano.8b07700
http://doi.org/10.1016/j.rser.2017.04.002
http://doi.org/10.1039/C5CY00029G
http://doi.org/10.1039/D0GC00680G
http://doi.org/10.1002/chem.202002134
http://www.ncbi.nlm.nih.gov/pubmed/32510739
http://doi.org/10.1016/j.ceramint.2020.05.122
http://doi.org/10.1016/j.micromeso.2020.110815
http://doi.org/10.1142/S1793292013500100
http://doi.org/10.1002/advs.202106043
http://doi.org/10.1016/j.nanoen.2017.01.003
http://doi.org/10.1016/j.ijhydene.2021.11.215
http://doi.org/10.1016/j.cej.2021.134189
http://doi.org/10.1021/jacs.1c04653
http://www.ncbi.nlm.nih.gov/pubmed/34288654
http://doi.org/10.1038/nmat3313
http://www.ncbi.nlm.nih.gov/pubmed/22561903
http://doi.org/10.1021/cs501835c
http://doi.org/10.1021/acscatal.8b01076
http://doi.org/10.1016/j.rinp.2019.102801
http://doi.org/10.1002/admi.201900308
http://doi.org/10.1016/j.apcatb.2013.05.064
http://doi.org/10.1016/j.electacta.2013.01.001
http://doi.org/10.1038/srep11351

Molecules 2022, 27, 4751 31 of 33

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kumar, A.VN,; Li, Y; Yu, H; Yin, S.; Xue, H.; Xu, Y,; Li, X;; Wang, H.; Wang, L. 3D Graphene Aerogel Supported FeNi-
P Derived from Electroactive Nickel Hexacyanoferrate as Efficient Oxygen Evolution Catalyst. Electrochim. Acta 2018, 292,
107-114. [CrossRef]

Schenato, M.; Ricardo, C.L.A.; Scardi, P.; Edla, R.; Miotello, A.; Orlandi, M.; Morrish, R. Effect of Annealing and Nano Structuring
on Pulsed Laser Deposited WS, for HER Catalysis. Appl. Catal. A-Gen. 2016, 510, 156-160. [CrossRef]

An, Y,; Fan, X.; Liu, H.; Luo, Z. Improved Catalytic Performance of Monolayer Nano-triangles WS, and MoS, on HER by 3D
Metals Doping. Comput. Mater. Sci. 2018, 159, 333-340. [CrossRef]

Wang, D.; Pan, Z.; Wu, Z.; Wang, Z.; Liu, Z. Hydrothermal Synthesis of MoS, Nanoflowers as Highly Efficient Hydrogen
Evolution Reaction Catalysts. J. Power Sour. 2012, 264, 229-234. [CrossRef]

He, J.N,; Liang, Y.Q.; Mao, J.; Zhang, X.M.; Yang, X.J.; Cui, Z.D.; Zhu, S.L.; Li, Z.Y.; Li, B.B. 3D Tungsten-doped MoS, Nanostructure:
A Low-cost, Facile Prepared Catalyst for Hydrogen Evolution Reaction. J. Electrochem. Soc. 2016, 163, 299-304. [CrossRef]
Smith, G.V.; Brower, W.E.; Matyjaszczyk, M.S.; Pettit, T.L. Metallic Glasses: New Catalyst Systems. In Studies in Surface Science and
Catalysis; Elsevier BV: Amsterdam, The Netherlands, 1981; Volume 7, pp. 355-363.

Wang, W.-Y,; Yang, Y.-Q.; Bao, ].-G.; Chen, Z. Influence of Ultrasonic on the Preparation of Ni-Mo-B Amorphous Catalyst and its
Performance in Phenol Hydrodeoxygenation. J. Fuel Chem. Technol. 2009, 37, 701-706. [CrossRef]

Jin, Z.; Li, P; Huang, X.; Zeng, G.; Jin, Y.; Zheng, B.; Xiao, D. Three-dimensional Amorphous Tungsten-doped Nickel Phosphide
Microsphere as an Efficient Electrocatalyst for Hydrogen Evolution. ]. Mater. Chem. A 2014, 2, 18593-18599. [CrossRef]

Daniel, M.; Heron, V.; Stephane, F. Amorphous Molybdenum Sulfide Films as Catalysts for Electrochemical Hydrogen Production
in Water. Chem. Sci. 2011, 2, 1262-1267.

Nguyen, L.N.; Thuy, U.T.D.; Truong, Q.D.; Honma, I.; Nguyen, Q.L.; Tran, P.D. Electrodeposited Amorphous Tungsten-doped
Cobalt Oxide as an Efficient Catalyst for the Oxygen Evolution Reaction. Chem. Asian J. 2018, 13, 1530-1534. [CrossRef]

Roger, I.; Shipman, M.A.; Symes, M.D. Earth-abundant Catalysts for Electrochemical and Photoelectrochemical Water Splitting.
Nat. Rev. Chem. 2017, 1, 0003. [CrossRef]

Lee, Y.; Suntivich, J.; May, K.J.; Perry, E.E.; Shao-Horn, Y. Synthesis and Activities of Rutile IrO, and RuO, Nanoparticles for
Oxygen Evolution in Acid and Alkaline Solutions. J. Phys. Chem. Lett. 2012, 3, 399-404. [CrossRef] [PubMed]

Wang, Q.; Zhang, Y.; Jiang, H.; Li, X.; Cheng, Y.; Meng, C. Designed Mesoporous Hollow Sphere Architecture Metal (Mn, Co,
Ni) Silicate: A potential Electrode Material for Flexible all Solid-state Asymmetric Supercapacitor. Chem. Eng. ]. 2019, 362,
818-829. [CrossRef]

Zhu, S; Le, J; Li, J.; Liu, D.; Kuang, Y. Tungsten Doped Manganese Silicate Films as Stable and Efficient Oxygen Evolution
Catalysts in Near-neutral Media. J. Mater. Chem. A 2021, 9, 17893-17904. [CrossRef]

Xu, Y.-T.; Ye, Z-M,; Ye, ] -W,; Cao, L.-M.; Huang, R.-K.; Wu, ].-X.; Zhou, D.-D.; Zhang, X.-F; He, C.-T.; Zhang, ].-P.; et al. Non-3D
Metal Modulation of a Cobalt Imidazolate Framework for Excellent Electrocatalytic Oxygen Evolution in Neutral Media. Angew.
Chem. 2018, 131, 145-149. [CrossRef]

Jiao, L.; Zhou, Y.-X,; Jiang, H.-L. Metal-organic Framework-based CoP/reduced Graphene Oxide: High-performance Bifunctional
Electrocatalyst for Overall Water Splitting. Chem. Sci. 2016, 7, 1690-1695. [CrossRef]

Ren, Z.; Ren, X.; Zhang, L.; Fu, C.; Li, X.; Zhang, Y.; Gao, B.; Yang, L.; Chu, P; Huo, K. Tungsten-doped CoP Nanoneedle
Arrays Grown on Carbon Cloth as Efficient Bifunctional Electrocatalysts for Overall Water Splitting. ChemElectroChem 2019, 6,
5229-5236. [CrossRef]

Wu, L; Yu, L.; Zhang, F; Wang, D.; Luo, D.; Song, S.; Yuan, C.; Karim, A.; Chen, S.; Ren, Z. Facile Synthesis of Nanoparticle-
Stacked Tungsten-doped Nickel Iron Layered Double Hydroxide Nanosheets for Boosting Oxygen Evolution Reaction. ]. Mater.
Chem. A 2020, 8, 8096-8103. [CrossRef]

Li, P; Duan, X.; Kuang, Y,; Li, Y,; Zhang, G.; Liu, W.; Sun, X. Tuning Electronic Structure of NiFe Layered Double Hydroxides with
Vanadium Doping toward High Efficient Electrocatalytic Water Oxidation. Adv. Energy Mater. 2018, 8, 1703341. [CrossRef]

Tu, W.; Chen, K,; Zhu, L.; Zai, H.; Bin, E.; Ke, X.; Chen, C.; Sui, M.; Chen, Q.; Li, Y. Tungsten-doping-induced Surface Reconstruc-
tion of Porous Ternary Pt-based Alloy Electrocatalyst for Oxygen Reduction. Adv. Funct. Mater. 2019, 29, 1807070. [CrossRef]
Deelen, T.W.; Mejia, C.H.; Jong, K.P. Control of Metal-support Interactions in Heterogeneous Catalysts to Enhance Activity and
Selectivity. Nat. Catal. 2019, 2, 955-970. [CrossRef]

Wang, H.; Gu, X.-K,; Zheng, X.; Pan, H.; Zhu, J.; Chen, S.; Cao, L.; Li, W.-X,; Lu, J. Disentangling the Size-dependent Geometric
and Electronic Effects of Palladium Nanocatalysts beyond Selectivity. Sci. Adv. 2019, 5, 6413. [CrossRef] [PubMed]

Murata, K.; Mahara, Y.; Ohyama, J.; Yamamoto, Y.; Arai, S.; Satsuma, A. The Metal-support Interaction Concerning the Particle
Size effect of Pd/Al,O3 on Methane Combustion. Angew. Chem. 2017, 129, 16209-16213. [CrossRef]

Chen, T.; Hu, YW.; Zhang, C.; Gao, Z.]. Recent Progress on Transition Metal Oxides and Carbon-supported Transition Metal
Oxides as Catalysts for Thermal Decomposition of Ammonium Perchlorate. Def. Technol. 2021, 17, 1471-1485. [CrossRef]

Zeng, ].; Lee, ].Y,; Zhou, W. Activities of Pt/C Catalysts Prepared by Low Temperature Chemical Reduction Methods. Appl. Catal.
A Gen. 2006, 308, 99-104. [CrossRef]

Komvokis, V.G.; Marti, M.; Delimitis, A.; Vasalos, I.A.; Triantafyllidis, K.S. Catalytic Decomposition of N,O over Highly Active
Supported Ru Nanoparticles (<3nm) Prepared by Chemical Reduction with Ethylene Glycol. Appl. Catal. B Environ. 2011, 103,
62-71. [CrossRef]


http://doi.org/10.1016/j.electacta.2018.08.103
http://doi.org/10.1016/j.apcata.2015.11.009
http://doi.org/10.1016/j.commatsci.2018.12.032
http://doi.org/10.1016/j.jpowsour.2014.04.066
http://doi.org/10.1149/2.0841605jes
http://doi.org/10.1016/S1872-5813(10)60016-3
http://doi.org/10.1039/C4TA04434G
http://doi.org/10.1002/asia.201800401
http://doi.org/10.1038/s41570-016-0003
http://doi.org/10.1021/jz2016507
http://www.ncbi.nlm.nih.gov/pubmed/26285858
http://doi.org/10.1016/j.cej.2019.01.102
http://doi.org/10.1039/D1TA01524A
http://doi.org/10.1002/ange.201809144
http://doi.org/10.1039/C5SC04425A
http://doi.org/10.1002/celc.201901417
http://doi.org/10.1039/D0TA00691B
http://doi.org/10.1002/aenm.201703341
http://doi.org/10.1002/adfm.201807070
http://doi.org/10.1038/s41929-019-0364-x
http://doi.org/10.1126/sciadv.aat6413
http://www.ncbi.nlm.nih.gov/pubmed/30746440
http://doi.org/10.1002/ange.201709124
http://doi.org/10.1016/j.dt.2020.08.004
http://doi.org/10.1016/j.apcata.2006.04.019
http://doi.org/10.1016/j.apcatb.2011.01.009

Molecules 2022, 27, 4751 32 of 33

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

Zhou, Z.Y; Tian, N.; Huang, Z.Z.; Chen, D.J.; Sun, S.G. Nanoparticle Catalysts with High Energy Surfaces and Enhanced Activity
Synthesized by Electrochemical Method. R. Soc. Chem. 2009, 140, 81-92.

Chen, M,; Zhang, A.; Liu, Y.; Cui, D,; Li, Z.; Chung, Y.-H.; Mutyala, S.P.; Mecklenburg, M.; Nie, X.; Xu, C.; et al. Gold-vapor-
assisted Chemical Vapor Deposition of Aligned Monolayer WSe, with Large Domain Size and Fast Growth Rate. Nano Res. 2020,
13, 2625-2631. [CrossRef]

Fang, H.; Yang, ].; Wen, M.; Wu, Q. Nanoalloy Materials for Chemical Catalysis. Adv. Mater. 2018, 30, 1705698. [CrossRef]
Costa, N.J.S.; Rossi, L.M. Synthesis of Supported Metal Nanoparticle Catalysts using Ligand Assisted Methods. Nanoscale 2012, 4,
5826-5834. [CrossRef]

Bennett, L.H.; Cuthill, ].R.; McAlister, A.J.; Erickson, N.E.; Watson, R.E. Electronic Structure and Catalytic Behavior of Tungsten
Carbide. Science 1974, 184, 563-565. [CrossRef]

Hua, X.; Ma, L.; Gan, M.; Li, X.; Wang, L.; Zhao, W.; Zhang, Y. MOF-assisted Construction of Mesoporous Tungsten Carbide as
Siperior Pt-based Catalyst Support for Methanol Electro-oxidation. J. Solid State Chem. 2022, 306, 122756. [CrossRef]

Bretzler, P.; Huber, M.; Rane, A.A_; Jentoft, R.E.; Kohler, K.; Jentoft, EC. Selective Synthesis of Tungsten Carbide Phases W,C and
WC as Hydrogenation Catalysts. J. Catal. 2021, 405, 60-73. [CrossRef]

Venkataraman, R.; Kunz, H.R.; Fenton, ].M. Development of New CO Tolerant Ternary Anode Catalysts for Proton Exchange
Membrane Fuel Cells. J. Electrochem. Soc. 2003, 150, 278-284. [CrossRef]

Xu, Y.T.; Xiao, X.; Ye, Z.M.; Zhao, S.; Shen, R.; He, C.T.; Zhang, ].P; Li, Y.; Chen, X.M. Cage-confinement Pyrolysis Route to
Ultrasmall Tungsten Carbide Nanoparticles for Efficient Electrocatalytic Hydrogen Evolution. J. Am. Chem. Soc. 2017, 139,
5285-5288. [CrossRef] [PubMed]

Li, H;; Hu, M,; Zhang, L.; Huo, L.; Jing, P,; Liu, B.; Gao, R.; Zhang, J.; Liu, B. Hybridization of Bimetallic Molybdenum-Tungsten
Carbide with Nitrogen-doped Carbon: A Rational Design of Super Active Porous Composite Nanowires with Tailored Electronic
Structure for Boosting Hydrogen Evolution Catalysis. Adv. Funct. Mater. 2020, 30, 2003198. [CrossRef]

Ma, C.; Sheng, J.; Brandon, N.; Zhang, C.; Li, G. Preparation of Tungsten Carbide-supported Nano Platinum Catalyst and its
Electrocatalytic Activity for Hydrogen Evolution. Int. |. Hydrogen Energy 2007, 23, 181-186. [CrossRef]

Chhina, H.; Campbell, S.; Kesler, O. Thermal and Electrochemical Stability of Tungsten Carbide Catalyst Supports. |. Power
Sources 2007, 164, 431-440. [CrossRef]

Li, S.; Chen, B.; Wang, Y.; Ye, M.-Y,; van Aken, PA.; Cheng, C.; Thomas, A. Oxygen-evolving Catalytic Atoms on Metal Carbides.
Nat. Mater. 2021, 20, 1240-1247. [CrossRef]

Ovari, L.; Kiss, J.; Farkas, A.P.; Solymosi, F. Surface and Subsurface Oxidation of Mo,C/Mo (100): Low-energy Ion-scarttering,
Auger Electron, Angle-resolved X-ray Photoelectron, and Mass Spectroscopy Studies. J. Phys. Chem. B 2005, 109, 3645-
4638. [CrossRef]

Solymosi, F.; Cserényi, J.; Szoke, A.; Bansagi, T.; Oszko, A. Aromatization of Methane over Supported and Unsupported Mo-based
Catalysts. J. Catal. 1997, 165, 150-161. [CrossRef]

Oyama, S.T. Crystal Structure and Chemical Reactivity of Transition Metal Carbides and Nitrides. J. Solid State Chem. 1992, 96,
442-445. [CrossRef]

Youn, D.H,; Bae, G.; Han, S.; Kim, J.Y,; Jang, ].-W.; Park, H.; Choi, S.H.; Lee, ].S. A Highly Efficient Transition Metal Nitride-
based Electrocatalyst for Oxygen Reduction Reaction: TiN on a CNT-graphene Hybrid Support. J. Mater. Chem. A 2013, 1,
8007-8015. [CrossRef]

Huang, T.; Mao, S.; Zhou, G.; Wen, Z.; Huang, X.; Ci, S.; Chen, J. Hydrothermal Synthesis of Vanadium Nitride and Modulation of
Its Catalytic Performance for Oxygen Reduction Reaction. Nanoscale 2014, 6, 9608-9613. [CrossRef] [PubMed]

Wang, X.; Wei, Z; Ren, T.; Xin, Q. Study on Synthesis of Mo,N and W, N by TPN. Chin. ]. Catal. 1995, 16, 345-346.

Ma, Y;; Cui, Q.; Shen, L.; He, Z. X-ray Diffraction Study of Nanocrystalline Tungsten Nitride and Tungsten to 31GPa. J. Appl. Phys.
2007, 102, 013525. [CrossRef]

Villaseca, L.; Moreno, B.; Lorite, I.; Jurado, J.; Chinarro, E. Synthesis and Characterization of Tungsten Nitride (W;N) from WO3
and HyWOQO4 to be used in the Electrode of Electrochemical Devices. Ceram. Int. 2015, 41, 4282-4288. [CrossRef]

Podila, S.; Driss, H.; Zaman, S.F.; Al-Zahrani, A.A.; Daous, M.A.; Petrov, L.A. Development of High Surface Area Bulk W,N
Catalysts for Hydrogen Production from Ammonia Decomposition. Int. |. Hydrogen Energy 2020, 45, 16219-16226. [CrossRef]
Xie, Y.; Zhang, Y.; Zhang, M.; Zhang, Y.; Liu, J.; Zhou, Q.; Wang, W.; Cui, J.; Wang, Y.; Chen, Y,; et al. Synthesis of W,N
Nanorods-graphene Hybrid Structure with Enhanced Oxygen Reduction Reaction Performance. Int. J. Hydrogen Energy 2017, 42,
25924-25932. [CrossRef]

Zhang, D.; Xiang, Q. Sub-nano Tungsten Nitride (WN) Loaded on N-doped Porous Carbon as Efficient Catalyst for Oxygen
Reduction Reaction. Mater. Lett. 2020, 278, 128411. [CrossRef]

Lv, C.; Wang, X; Gao, L.; Wang, A.; Wang, S.; Wang, R.; Ning, X; Li, Y,; Boukhvalov, D.W,; Huang, Z.; et al. Triple Functions of
Ni(OH); on the Surface of WN Nanowires Remarkably Promoting Electrocatalytic Activity in Full Water Splitting. ACS Catal.
2020, 10, 13323-13333. [CrossRef]

Xie, J.; Xie, Y. Transition Metal Nitrides for Electrocatalytic Energy Conversion: Opportunities and Challenges. Chem.—A Eur. J.
2015, 22, 3588-3598. [CrossRef] [PubMed]

Can, F; Courtois, X.; Duprez, D. Tungsten-based Catalysts for Environmental Applications. Catalysts 2021, 11, 703. [CrossRef]


http://doi.org/10.1007/s12274-020-2893-7
http://doi.org/10.1002/adma.201705698
http://doi.org/10.1039/c2nr31165h
http://doi.org/10.1126/science.184.4136.563
http://doi.org/10.1016/j.jssc.2021.122756
http://doi.org/10.1016/j.jcat.2021.11.025
http://doi.org/10.1149/1.1543567
http://doi.org/10.1021/jacs.7b00165
http://www.ncbi.nlm.nih.gov/pubmed/28376618
http://doi.org/10.1002/adfm.202003198
http://doi.org/10.1016/j.ijhydene.2006.12.022
http://doi.org/10.1016/j.jpowsour.2006.11.003
http://doi.org/10.1038/s41563-021-01006-2
http://doi.org/10.1021/jp045693a
http://doi.org/10.1006/jcat.1997.1478
http://doi.org/10.1016/S0022-4596(05)80279-8
http://doi.org/10.1039/c3ta11135k
http://doi.org/10.1039/C4NR02646B
http://www.ncbi.nlm.nih.gov/pubmed/25029261
http://doi.org/10.1063/1.2751087
http://doi.org/10.1016/j.ceramint.2014.11.114
http://doi.org/10.1016/j.ijhydene.2020.04.067
http://doi.org/10.1016/j.ijhydene.2017.08.126
http://doi.org/10.1016/j.matlet.2020.128411
http://doi.org/10.1021/acscatal.0c02891
http://doi.org/10.1002/chem.201501120
http://www.ncbi.nlm.nih.gov/pubmed/26494184
http://doi.org/10.3390/catal11060703

Molecules 2022, 27, 4751 33 of 33

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.

143.

144.

Yang, X.-L.; Dai, W.-L.; Gao, R.; Fan, K. Characterization and Catalytic Behavior of Highly Active Tungsten-doped SBA-15
Catalyst in the Synthesis of Glutaraldehyde Using an Anhydrous Approach. J. Catal. 2007, 249, 278-288. [CrossRef]

Jin, M; Zhang, G.; Guo, Z.; Lv, Z. Tungsten Doped Mesoporous SBA—16 as Novel Heterogeneous Catalysts for Oxidation of
Cyclopentene to Glutaric Acid. Appl. Organomet. Chem. 2018, 32, e4317. [CrossRef]

Gosselink, R.W.; Stellwagen, D.R ; Bitter, ].H. Tungsten-based Catalysts for Selective Deoxygenation. Angew. Chem. Int. Ed. 2013,
52,5089-5092. [CrossRef]

Sun, Y,; Gao, S.; Lei, F; Xie, Y. Atomically-thin Two-dimensional Sheets for Understanding Active Sites in Catalysis. Chem. Soc.
Rev. 2014, 44, 623-636. [CrossRef]

Lu, J; Qian, G.; Luo, L.; He, H.; Yin, S. Contributions of Oxygen Vacancies to the Hydrogen Evolution Catalytic Activity of
Tungsten Oxides. Int. ]. Hydrogen Energy 2020, 46, 676—682. [CrossRef]

Lv, Y. Preparation of Tungsten-based Materials and their Electrocatalytic Hydrogen Evolution Properties. Master’s Thesis, Hunan
University, Changsha, China, 2019.

Szabo, M.; Halasi, G.; Sapi, A.; Juhasz, K.L; Kiss, J.; Kukovecz, A Koénya, Z. Outstanding Activity and Selectivity of Controlled
Size Pt Nanoparticles Over WO3 Nanowires in Ethanol Decomposition Reaction. ]. Nanosci. Nanotechnol. 2019, 19, 478-
483. [CrossRef]

Zhao, Y.; Gao, L.; Wang, Q.; Gao, K.; Mu, M.; Tang, Q. Robust Tungsten Oxide Nanostructure for Efficient Photoelectric Conversion
and Hydrogen Evolution. Mater. Lett. 2021, 312, 131626. [CrossRef]

Lu, Z.; Wei, C,; Liu, X.; Fang, Y.; Hao, X.; Zang, Y.; Pei, Z.; Cai, J.; Wu, Y,; Niu, D,; et al. Regulating the Adsorption Behavior of
Intermediates on Ir-W@Ir-WOj3_x Boots Acidic Water Oxidation Electrocatalysis. Mater. Chem. Front. 2021, 5, 6092-6100. [CrossRef]
Zhang, X.; Hao, W,; Tsang, C.S.; Liu, M.; Hwang, G.S.; Lee, L.Y.S. Psesudocubic Phase Tungsten Oxide as a Photocatalyst for
Hydrogen Evolution Reaction. ACS Appl. Energy Mater. 2019, 2, 8792-8800. [CrossRef]

Hinnemann, B.; Moses, P.G.; Bonde, J.; Jergensen, K.P,; Nielsen, J.H.; Horch, S.; Chorkendorff, I.; Nerskov, J.K. Biomimetic
Hydrogen Evolution: MoS; Nanoparticles as Catalyst for Hydrogen Evolution. Am. Chem. Soc. 2005, 127, 5308-5309. [Cross-
Ref] [PubMed]

Bonde, J.; Moses, P.G.; Jaramillo, T.F; Nerskov, ] K.; Chorkendorff, I. Hydrogen Evolution on Nano-particulate Transition Metal
Sulfides. Faraday Discuss. 2008, 140, 219-231. [CrossRef]

Jaramillo, T.F; Jergensen, K.P.; Bonde, J.; Nielsen, J.H.; Horch, S.; Chorkendorff, I. Identification of Active Edge Sites for
Electrochemical H, Evolution from MoS; Nanocatalysts. Science 2007, 317, 100-102. [CrossRef]

Bollinger, M.V.; Helveg, S.; Jacobsen, K.W.; Lauritsen, J.V.; Nerskov, ].K. One-dimensional Metallic Edge State in MoS,. Phys. Rev.
Lett. 2001, 87, 196803. [CrossRef] [PubMed]

Voiry, D.; Yamaguchi, H.; Li, J.; Silva, R.; Alves, D.; Fyjita, T.; Chen, M.; Asefa, T.; Shenoy, V.B.; Eda, G.; et al. Enhanced Catalytic
Activity in Strained Chemically Exfoliated WS, Nanosheets for Hydrogen Evolution. Nat. Mater. 2013, 12, 850-855. [CrossRef]
Kim, D.-H.; Ramesh, R.; Nandi, D.K,; Bae, ].-S.; Kim, S.-H. Atomic Layer Deposition of Tungsten Sulfide using a New Metal-
organic Precursor and HjS: Thin Film Catalyst for Water Splitting. Nanotechnology 2021, 32, 075405. [CrossRef]

Chen, T.-Y.; Chang, Y.-H.; Hsu, C.-L.; Wei, K.-H.; Chiang, C.-Y.; Li, L.-]. Comparative Study on MoS, and WS, for Electrocatalytic
Water Splitting. Int. |. Hydrog. Energy 2013, 38, 12302-12309. [CrossRef]

Tsai, C.; Chan, K.; Abild-Pedersen, F.; Norskov, ] K. Active Edge Sites in MoSe, and WSe, Catalysts for the Hydrogen Evolution
Reaction: A Density Functional Study. Phys. Chem. Chem. Phys. 2014, 16, 13156-13164. [CrossRef]

Romanov, R.; Grigoriev, S.; Fominski, V.; Volosova, M.; Demin, M. Preparation and Study of thin Films of Tungsten Selenides for
Electrocatalytic Hydrogen Evolution. Phys. Procedia 2015, 71, 348-353. [CrossRef]

Wang, X.; Chen, Y.; Zheng, B.; Qi, F; He, ].; Li, P; Zhang, W. Few-layered WSe, Nanoflowers Anchored on Graphene Nanosheets:
A Highly Efficient and Stable Electrocatalyst for Hydrogen Evolution. Electrochim. Acta 2016, 222, 1293-1299. [CrossRef]

Ayuel, K.; Zakaria, A. Charge Densities of Transition-metal Compounds. |. Magn. Magn. Mater. 2022, 556, 169315. [CrossRef]
Ju, M.; Wang, X.; Long, X.; Yang, S. Recent Advances in Rransition Metal Based Compound Catalysts for Water Splitting from the
Perspective of Crystal Engineering. CrystEngComm 2020, 22, 1531-1540.

Enferadi-Kerenkan, A.; Do, T.-O.; Kaliaguine, S. Heterogeneous Catalysis by Tungsten-based Heteropoly Compounds. Catal. Sci.
Technol. 2018, 8, 2257-2284.

Li, Z.; Wang, D.; Wu, Y.; Li, Y. Recent Advances in the Precise Control of Isolated Single-site Catalysts by Chemical Methods. Natl.
Sci. Rev. 2018, 5, 673-689.

Sui, X.; Zhang, L.; Li, J.; Doyle-Davis, K.; Li, R.; Wang, Z.; Sun, X. Enhancing Metal-support Interaction by in situ Ion-exchanging
Strategy for High Performance Pt Catalysts in Hydrogen Evolution Reaction. |. Mater. Chem. A 2020, 8, 16582-16589. [CrossRef]
Zhang, J.; Huang, Q.A.; Wang, J.; Wang, J.; Zhang, ].; Zhao, Y. Supported Dual-atom Catalysts: Preparation, Characterization, and
Potential Applications. Chin. |. Catal. 2020, 41, 783-798. [CrossRef]

Tang, Z.; Pei, Z.; Wang, Z.; Li, H.; Zeng, J.; Ruan, Z.; Huang, Y.; Zhu, M.; Xue, Q.; Yu, J.; et al. Highly Anisotropic, Multichannel
Wood Carbon with Optimized Heteroatom Doping for Supercapacitor and Oxygen Reduction Reaction. Carbon 2018, 130, 532-543.


http://doi.org/10.1016/j.jcat.2007.05.002
http://doi.org/10.1002/aoc.4317
http://doi.org/10.1002/anie.201209809
http://doi.org/10.1039/C4CS00236A
http://doi.org/10.1016/j.ijhydene.2020.09.229
http://doi.org/10.1166/jnn.2019.15783
http://doi.org/10.1016/j.matlet.2021.131626
http://doi.org/10.1039/D1QM00551K
http://doi.org/10.1021/acsaem.9b01790
http://doi.org/10.1021/ja0504690
http://doi.org/10.1021/ja0504690
http://www.ncbi.nlm.nih.gov/pubmed/15826154
http://doi.org/10.1039/B803857K
http://doi.org/10.1126/science.1141483
http://doi.org/10.1103/PhysRevLett.87.196803
http://www.ncbi.nlm.nih.gov/pubmed/11690441
http://doi.org/10.1038/nmat3700
http://doi.org/10.1088/1361-6528/abc50b
http://doi.org/10.1016/j.ijhydene.2013.07.021
http://doi.org/10.1039/C4CP01237B
http://doi.org/10.1016/j.phpro.2015.08.350
http://doi.org/10.1016/j.electacta.2016.11.104
http://doi.org/10.1016/j.jmmm.2022.169315
http://doi.org/10.1039/D0TA02681F
http://doi.org/10.1016/S1872-2067(20)63536-7

	Introduction 
	Single Tungsten Atom Catalysts 
	Tungsten Single Atom Catalysts 
	Tungsten Single Atom on Metal Organic Framework 
	Tungsten Single Atom on Carbon Materials 

	Tungsten Single Atom Co-Catalysts 
	Summary 

	Tungsten Metal Nanocatalysts 
	Supported Tungsten Metal Nanocatalysts 
	Tungsten Alloy Nanocatalysts 
	Nanocatalysts Doped with Tungsten Atoms 
	Summary 

	Tungsten-Based Compounds Nanocatalysts 
	Tungsten Carbide 
	Tungsten Nitride 
	Tungsten Oxide 
	Tungsten Sulfide 
	Summary 

	Perspectives for Future Development of Tungsten-Based Nanocatalysts 
	Research Direction of Tungsten-Based Catalysts in the Future 
	Developing Stable Single Tungsten Atom Catalysts 
	Designing High-performance Tungsten-based Nanocatalysts 

	Theoretical Calculations for Tungsten-Based Catalysts 
	DFT Calculations Supporting the Improvement of Catalyst Performance 
	In-Depth Understanding of the Catalytic Reaction Mechanism 

	Preparation Methods of Catalysts 
	Optimizing Design on Catalysts Supports for Applications 
	Improving Catalytic Activity 

	References

