catalysts MBPY

Review

Recent Advances in Transition Metal Carbide
Electrocatalysts for Oxygen Evolution Reaction

Yuanfei Wang ¥, Qimeng Wu ¥, Bicheng Zhang *, Lei Tian T, Kexun Li * and Xueli Zhang *

College of Environmental Science and Engineering, Nankai University, 94 Weijin Road, Tianjin 300071, China;
1710659@mail.nankai.edu.cn (Y.W.); 1710665@mail.nankai.edu.cn (Q.W.); 1710679@mail.nankai.edu.cn (B.Z.);
1710657@mail.nankai.edu.cn (L.T.)
* Correspondence: likx@nankai.edu.cn (K.L.); 1120190190@mail.nankai.edu.cn (X.Z.);

Tel.: +86-156-2043-2665 (K.L.); +86-150-8310-4134 (X.Z.)
t The four first authors share same contribution to this article.

check for
Received: 15 September 2020; Accepted: 5 October 2020; Published: 11 October 2020 updates

Abstract: The electrolysis of water is considered to be a primary method for the mass production of
hydrogen on a large scale, as a substitute for unsustainable fossil fuels in the future. However, it is
highly restricted by the sluggish kinetics of the four-electron process of the oxygen evolution reaction
(OER). Therefore, there is quite an urgent need to develop efficient, abundant, and economical
electrocatalysts. Transition metal carbides (TMCs) have recently been recognized as promising
electrocatalysts for OER due to their excellent activity, conductivity, and stability. In this review,
widely-accepted evaluation parameters and measurement criteria for different electrocatalysts are
discussed. Moreover, five sorts of TMC electrocatalysts—including NiC, tungsten carbide (WC),
Fe;C, MoC, and MXene—as well as their hybrids, are researched in terms of their morphology and
compounds. Additionally, the synthetic methods are summarized. Based on the existing materials,
strategies for improving the catalytic ability and new designs of electrocatalysts are put forward.
Finally, the future development of TMC materials is discussed both experimentally and theoretically,
and feasible modification approaches and prospects of a reliable mechanism are referred to, which
would be instructive for designing other effective noble-free electrocatalysts for OER.

Keywords: oxygen evolution reaction; transition metal carbides; mechanism; hybridization;
morphology modification

1. Introduction

With the development of science and technology, the contradiction between the increasing demand
for resources and the limitations of traditional energy has become increasingly prominent. Hydrogen
energy has the characteristics of a high energy density and safe by-products, so it is an ideal substitute
for carbon-based fuel [1-5]. In recent years, researchers have been trying to find technologies for
large-scale hydrogen production, but almost all of these methods, including the alkaline water splitting
reaction, metal-air battery, and fuel cell, inevitably rely on a dual electrode system. Generally speaking,
this kind of system consists of two parts: The oxygen reduction reaction (ORR: O, + 4e~ + 4H" —
2H,0 or O, + 4e~ + 2H,0O — 40OH"™) or hydrogen evolution reaction (HER: 4H* + 4e~ — 2H, or 4H,0
+ 4e~ — 2H; + 40OH"7) that occurs in the cathode part, and the oxygen evolution reaction (OER: 2H,O
— 4H" + 4e” + O, or 4OH™ — 2H,0 + 4e™ + O,) that takes place in the anode part.

Restricted by the slow four-electron transfer process [6-8], OER is more likely to block the total
reaction than HER, which is merely a two-electron reaction [9]. The sluggish kinetic process of OER
requires a higher potential to cross the energy barrier, thus greatly increasing the cost of the reaction.
As a matter of fact, electrocatalysis is considered to be the most effective way to accelerate the kinetic
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process and reduce the cost [10,11]. However, the original electrocatalysts were noble metals, such as
platinum and ruthenium, especially their oxides, which had a satisfactory catalytic effect, but could
not be widely used due to their high cost [12-14].

Currently, transition metal carbides (TMCs), which have served as typical representatives of
burgeoning non-metal electrocatalysts, have attracted much attention due to their high electrical
conductivity, satisfactory mechanical strength and hardness, and excellent stability. After much
effort over a long period of time [15], researchers have gradually realized that TMCs and their rich
hybrid materials exhibit excellent OER performances. For example, Tang et al. [16] successfully
synthesized an Mo/Co carbide electrocatalyst, which was applied to OER and displayed a low
overpotential and good stability, showing advantages of hybrid electrocatalysts over traditional ones.
Very recently, the emerging nanotechnology improves the practical application of TMCs in OER
because it helps to overcome the large energy loss caused by the high-temperature calcination synthesis
method and is extremely beneficial for the constructing of surface morphology [17]. Therefore, TMC
electrocatalysts with a composite morphology perform a good application prospect in the OER field.
Benchakar et al. reported a TMC electrocatalyst fabricated by coupling cobalt layered double hydroxide
(Co-LDH) on TisC,Tx MXene, and it exhibited promising catalytic activity for OER [18]. Munir et al. [19]
synthesized Ni/Ni3;C nanoparticles (NPs) encapsulated in N-enriched carbon nanotubes (CNTs) and they
demonstrated that the exceptional activity for OER were attributed to the synergistic effect between
Ni/NizC and CNTs. All the above examples support that hybridization and composite morphology
play quite an essential role for OER in recent studies [20,21]. Therefore, the rapid development of TMC
electrocatalytic materials urgently needs to be comprehensively reviewed in light of recent progress.
Wang et al. [22] briefly summarized the synthesis and application of TMCs. At the same time, they paid
full attention to the hybridization of TMC materials, which was proved to be one of the decisive
factors affecting the catalytic performance. Unfortunately, the research on TMC electrocatalysts is still
very limited.

In this paper, TMCs are classified into five sections—NiC, WC, Fe3;C, MoC,
and MXene—according to their intrinsic properties and main structures. The mechanism analysis,
designed synthesis methods, and OER performance of TMCs are discussed in detail. Several new
developments of OER are also analyzed from both theoretical and experimental aspects. In the
second section, the basic parameters and measurement standards for evaluating electrocatalysts are
introduced. In the third part, application examples of the above five types of electrocatalysts and their
hybrids in the OER field are described at length. It is worth mentioning that MXene material has
been relatively less studied, but it shows a good application prospect of OER, so this paper mainly
introduces it. Finally, we make a brief summary of the whole research field, and put forward new
views on the material synthesis, morphology and structure, hybrid method, theoretical development,
and mechanism in different conditions of OER electrocatalysts, in order to benefit future research.

2. Parameters and Mechanism for OER

Generally speaking, OER electrocatalysts are catalytic materials, which can be coated on the
electrode surface or as the electrode itself. With high conductivity and special structure, the catalysts
accelerate the sluggish four-charge transfer process by absorbing reactants on the electrode surface,
which helps to overcome kinetic obstacles and reduce energy loss. Therefore, in order to objectively
analyze the performance of electrocatalysts, we need to introduce a series of specific evaluation systems
and parameters. To better explain the whole OER process and TMC catalysts, Section 2.1 briefly
introduces the key parameters and Section 2.2 clarifies the measurement standards. Importantly,
the following parameters constitute a comprehensive evaluation system of an electrocatalyst based on
the standard evaluation conditions established by McCrory et al. [23].
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2.1. Parameters and Measurement Criteria for OER

2.1.1. Overpotential (1)

Overpotential (1) is a basic parameter to evaluate the performance of electrocatalysts. Theoretically,
according to Gibbs free energy formula (Equation (1)), the potential of OER can be acquired and it
is 1.23 V vs. reversible hydrogen electrode (RHE). In this equation, AG denotes Gibbs free energy
change, n implies the number of transferred electrons, and F and Eeq are the Faraday constant and
standard electromotive force, respectively. It is essential to note that this thermodynamic potential
(1.23 V) for OER is defined in the case of standard condition (25 °C and 1 atm) and equilibrium state.
However, since the OER, which is a four electron-proton coupled reaction, requires more energy to
overcome the kinetic barrier caused by electron transfer process, the reaction needs a working potential
that is higher than the equilibrium value. Overpotential (1) is defined as the difference between the
two potentials in Equation (2), in which E is the applied potential. If n = 0, E = Eeq, the reaction is at
equilibrium condition and total net current is zero [24].

AG = —nFEeq 1)

T]:E_Eeq ()

Therefore, the overpotential (1) can be understood as the excess energy required to achieve a
specific current density and the electrocatalysts with a lower overpotential are more suitable for OER.
Additionally, the two most commonly used potential values as electrocatalyst evaluation criteria
are the onset overpotential of OER (1p) and the overpotential when the current density is equal to
10 mA/cm? (m10). Among them, the onset overpotential is the point that indicates a sudden increase
of current density, while nyy implies that the commercially equivalent photoelectrochemical water
splitting efficiency equals 12.3%. Therefore, it is appropriate to choose these two values as a widely
accepted standard [25]. The main approach to calculating the overpotential of an electrocatalyst is to
normalize the polarization curves of cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
to obtain the potential values under different exchange current densities, and the overpotential can be
acquired by then subtracting the equilibrium potential.

2.1.2. Tafel Slope

In the assessment methods of the properties of electrocatalysts, the Tafel slope (b) plays an
essential role. To better interpret the Tafel slope, the exchange current density (ip) will be discussed
first. For a certain electrochemical reaction, the total current (j) is the sum of currents in both the anode
(ja) and cathode (jc) (Equation (3)); more importantly, according to the famous Bulter—Volmer (B-V)
equation (Equation (4)), «, and o refer to the transfer coefficient in the anode and cathode, respectively.
n denotes the number of electrons transferred in the reaction and F indicates the Faraday constant,
whilst R and T represent the universal gas constant and absolute temperature, respectively. Moreover,
jo is the exchange current, which can be divided by the electrode area (A), so the exchange current
density (ip) is obtained in Equation (5).

j=Ja +]c )
j = jolexp(xanFn/RT) — exp(anFn/RT)] (4)
jo/A =g (5)

The B-V Equation (Equation (4)) can be simplified to the form of Equation (6), which is originally
put forward by Tafel as an empirical formula, in which a refers to the overpotential at a current density
of 1 mA/cm? and b is the Tafel slope.

1 = a + blog(j) 6)
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Considering that the Tafel slope (b) represents “the potential rise corresponding to the increase
of unit exchange current density”, it is obvious that a lower Tafel slope (b) indicates a higher current
increasing efficiency, which refers to a more promising electrocatalyst. Tafel slope (b) is also an indicator
clarifying the rate determining step (RDS) of the whole process of water splitting reaction, including
Volmer mechanism, Volmer-Tafel mechanism, and Volmer-Heyrovsky mechanism [26]. The profound
role of Tafel slope (b) in OER mechanism needs to be further studied.

2.1.3. Electrochemically Active Surface Area (ECSA)

It has to be pointed out that the electrochemically active surface area (ECSA), which can be
measured by means of testing double-layer capacitance (Cqj), is an indispensable measurement
parameter for a given electrocatalyst, especially for porous substrate materials. Through analysis
of CV polarization curve, there is enough evidence to prove that in the non-Faradaic overpotential
region (0.1 V window area near the open-circuit voltage region), all the current changes are because of
the charge-discharge processes of double-layer capacitance (Cq;). The charging current (i.) varies at
different scan rates (v), so Equation (7) is frequently utilized to calculate the value of Cqj; as the slope
of ic-v curve equals to Cqj, the method is precise and practical. When Cq; is known, the magnitude of
ECSA can be easily obtained with Equation (8). Cs is the specific capacitance of each sample, and for
transition metals, Cs often ranges from 20 to 60 pF-cm™2 [27].

ic =vCq ()

ECSA = Cq;/Cs 8)

A relatively high ECSA, which certifies that there are sufficient coordination unsaturated atoms
and exposing active sites in the catalyst, implicates a better catalytic performance.

2.1.4. Faradaic Efficiency (FE)

Faradaic efficiency (FE), which can be calculated by the ratio between the effective oxygen yield
and the theoretical oxygen evolution, is a special parameter employed to evaluate the performance
of electrocatalysts and implies the efficiency of electrons involved in an electrochemical reaction.
However, FE is often not accounted for by researchers, who just assume it as 100%; as a result, the effect
of some catalysts is overestimated, leading to the consequence that a proportion of the research is
invalid. In fact, the FE plays an essential role in the assessment procedure as it indicates the ultimate
effect of OER. In different cases, the catalytic performance of electrocatalysts may differ somewhat,
especially when phase change and substance decomposition exist.

2.1.5. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a safety disturbance technique that is often used
to detect the internal process of an electrochemical system and measure the impedance of a battery in a
certain frequency range. These data can determine the state of health (SOH) and state of charge (SOC)
of the battery. In the case of its use for OER, it is also one important module of the electrochemical
workstation and essential for the conductivity test of electrocatalysts. EIS test is significant for OER
kinetics research. By measuring the position and size of semicircle region in EIS, the voltage of solution
resistance loss can be obtained, and normalization of LSV curve can then be completed. Apart from
that, EIS test also helps to analyze the impedance changes with specific morphological transformation,
representing an assisted approach in material evaluation.

2.1.6. Stability

Apart from the above parameters, long-term stability, which has a close connection to the practical
use of electrocatalysts, undoubtedly plays an important role in OER evaluation process. Most often,
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we test the stability of materials by accelerated CV detection or a long-time (>10 h) constant voltage
(current) test, and there should be no obvious current falling occurring for acceptable electrocatalysts.
For all kinds of electrocatalysts, stability is always a problem needs to be solved [28].

2.2. Mechanism for OER

As introduced in Section 2.1, the applied potential of OER is much higher than the theoretical one
at equilibrium state, which is 1.23 V vs. RHE. The total overpotential consists of overpotential in anode
(na) and cathode (1) and the Ohm polarization overpotential (11,). Ohm polarization overpotential is
caused by contact resistance of solution, and can be measured by EIS test mentioned in Section 2.1.5
and reduced by optimizing the design of electrolytic cells (Equation (9))

N ="at+MNc+MNo )

Therefore, 1, and 1 are the main factors which lead to a high applied potential, with the
parameters above, we can assess the performance of electrocatalysts through the overpotential test.
However, another problem then arises. For OER, the half reaction of water splitting reaction shows
different reaction paths in acidic and alkaline conditions. As a result, in different measurement
backgrounds, the experimental data, even for the same electrocatalysts, are totally diverse. In order to
maintain the consistency of the experimental result of electrocatalysts fabricated in a wide variety of
methods, McCrory et al. set a widely accepted standard for the testing environment considering various
measurement techniques and conditions. They suggested that, for alkaline electrolytes, the medium is
1.0 M NaOH, while for acid electrolytes, 1.0 M H,SOy is recommended. The main function of the media
is to provide the reaction with the environment that electrons can transfer intermediates through [29].

The detailed mechanism of OER can be obtained through density functional theory (DFT).
Yu et al. [30] studied the OER mechanism in acidic solution and proposed the four-step elementary
reactions as follows, in which * denotes the active site on electrocatalysts.

H,O++ — OH +e +H" (10)
OH' - O +e +H" (11)
H,O+ O - OOH* +e” +HT (12)
OOH' »e 4+ 0, +HT (13)

It is significant to note that in this mechanism model, metal dissolution and corrosion are not
considered due to the stability of metal carbides. The author also indicates that MC, (M refers to metal),
with increased carbon content, behave better corrosion resistance towards acid solution. With the
protection of carbon atoms, metals are prevented from being exposed to the surface, thus increasing the
stability of electrocatalysts. Besides, the mechanism in neutral and alkaline media have been widely
investigated as the equations below [31].

OH™ ++— OH' +e” (14)

OH* + OH™ — O" + HyO + e~ (15)
O*+OH™ — OOH" +e" (16)
OOH* + OH™ — %+ Oy + HyO + e (17)

Note that in the above reactions, chemical groups such as O, OH, and OOH, are absorbed on
the active sites (*) of catalysts, including physical or chemical absorption with no radicals involved
as many literatures reported [31-36]. Generally, the formation of intermediates O* (Equation (15))
and OOH* (Equation (16)) has been considered as RDS for OER, and previous literature has reported
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that TMCs are of great value to decrease overpotential for OER as it usefully accelerates RDS in kinetic
process [32]. For instance, Ouyang et al. [33] found out that oxygen was favorable to Co sites adjacent
to 3-Mo,C, because the doping of 3-Mo,C created a heterointerface and thus effectively lowered the
energy barrier. In addition, the research of Wang et al. [34] suggests the similar conclusion. Their study
revealed that Ni-NizC exhibited smaller Gibbs free energy change (1.815 eV) for the RDS than Ni
(3.877 eV) and Ni3C (3.701 eV), indicating the important role of Ni3C, which efficiently accelerating
kinetic process, thus deceasing the overpotential. Note that in different conditions, carbon atoms
play diverse roles but similarly contributing to enhancing OER performance [35]. In the mechanism
research, DFT calculation is essential, but the drawback of which is also clear. Since particles like Co
and Fe3;C may be oxidized at OER potential, the mechanism under harsh oxidative conditions is still
not confirmed [36], including oxidation in the bulk or only on the surface of TMC electrocatalysts.
With the understanding of OER evaluation parameters and mechanism, we have lucid and unified

criteria to assess the performance of electrocatalysts, which makes it possible to find promising catalysts
for OER.

3. Transition Metal Carbide Electrocatalysts for OER

3.1. Synthesis Methods of TMCs

Firstly, the typical synthetic methods of TMCs need to be introduced. Syntheses of TMCs
can be divided into template-free method and template-assisted method, both of which are based
on a high-temperature carbothermal reaction. For example, in the template-free method, metals
and carbon are usually heated directly above 800 °C. The difference is that in the template-assisted
method, templates such as metal organic framework (MOF), are first made, after that, the synthesized
templates are burned. The distinction between the two methods lies in the control of structure and
composition, the template-free method has a poor control effect, while the template-assisted method
has a better operability.

Through different synthesis methods, we can obtain various structures of electrocatalysts, such as
nanodots, nanowires, two-dimensional (2D) layered structure, core-shell structure, and mosaic
structure. A wide variety of examples will be discussed in detail based on experimental results as
Table 1 displays.
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Table 1. Important transition metal carbide catalysts employed for water splitting reaction.

Overpotential (mV)
Catalysts for OER at a Specific Synthesis Strategies Reference
Current Density

MXene
. _ Constructing aggregation-resistant 3D Mxene architecture via
Co-P/3D TisC; MXene 298 @10 mA-em™ a capilla%y—%frcgd assembling strategy (template free).
Decorating nickel-based bimetal phosphorus trisulfide
Nig 7Fep3PS; @ TizCpTx 282 @ 10 mA-cm™2 nanomosaic on the surface of MXene nanosheets [38]
(template free).
Incorporating IrCo into basal-plane-porous titanium carbide
MXene (template free).
Free-standing flexible films with hierarchically porous
TCCN 420 @ 10 mA-cm ™2 structure was constructed from 2D graphitic carbon nitride [40]
and titanium carbide nanosheets (template free).
Hybridizing 2D cobalt 1,4-benzenedicarboxylate (CoBDC)
TizCoTx—CoBDC 410 @ 10 mA-cm™2 with TizC,T x nanosheets via an interdiffusion [41]
reaction-assisted process (template free).
Simultaneous phosphorization and sulfurization processes
CoNiPS;/C 262 @ 30 mA-cm ™2 and Co-Ni Prussian-blue analogues (PBA) as templating [42]
precursor (template assisted).

[37]

IrCo @ ac-Ti3C, 220 @ 10 mA-cm™2 [39]

Fe3C (Cementite)
Assembling graphene oxide with graphitic carbon nitride and
Fe;C/Fe; O3 @ NGNs - FeOOH nanorods, nanostructure of carbon layers coated iron [43]
species was constructed (template free).
_ Annealing a Fe-based MOF (MIL-88B) loaded with melamine
. em~—2 &
Fe @ C-NG/NCNTs 450 @10 mA-cm at 800 °C in N to get a hybrid structure (template assisted).

NiC

[44]

Carburizing treatment is carried out in argon/H, atmosphere
Fe-NizC-2% 275 @ 10 mA-cm™2 and then dope heteroatom of Fe into NizC nanodots via a [45]
co-precipitation method (template assisted).
After preparing NiMoOy/NF nanorod arrays, NiMoOy
nanorods react with dopamine at a high annealing

. . . -2 /
NiC/MoC/NiMoO, 280 @10 mA-cm temperature to form 3D NiC/MoC/NiMoOy [40]
(template assisted).
Co-NisC/Ni @ C 305 @ 10 mA-cm-2 Co-NizC/Ni @ C is prepared via pyrolysis of the bimetallic [47]

MOF (Co/Ni-BTC) (template assisted).
Nanosheets are prepared on nickel-coated copper foil by mild
d-NiCy,NS/Ni/CF 228 @ 10 mA-cm™2 electrodeposition with high index polyhedral dendritic [48]

hexagonal NiCy (template free).

Mix MWCNTs together with MERCK via a solvothermal
process and then collect the resultant mixture for the post
treatment of further heating under argon atmosphere
(template free).

Ni/NGNRs 380 @ 10 mA-cm™2 [49]

Mo, C
Reduction of MoO3 with decolorizing carbon (Mo,C-DC) and
3-Mo,C 267 @5 mA-cm™2 multiwalled carbon nanotubes (Mo, C-MW) at 950 °C resulted [50]
in phase pure Mo, C (template free).
Mo,C @ CS is synthesized through a one-pot process with
Mo,C@CS 320 @ 10 mA-cm™2 ammonium molybdate and glucose as the Mo and C source [51]
(template free).

NiMoOy4-xH,O nanobelts serve as a single source for the

synthesis of both Ni and MoyC nanoparticles, while melamine

. 2 -

Ni-Mo,C @ NC 328 @10 mA-cm simultaneously serves as the precursor and dopant for the (52]
formation of Ni-Mo,C @ NC (template assisted).

B,N:Mo,C @ BCN 360 @ 100 mA-cm-2 Obtaining hybrid structure via an eco-friendly organometallic 53]

complex of Mo imidazole and boric acid (template assisted).

3.2. Nickel Carbide

Among common transition metal carbides, nickel carbide has the advantages of a high
cost efficiency and great electric conductivity. Therefore, it is suitable for the manufacturing of
high-performance electrocatalyst for OER. In 1988, Zhao et al. publicized the fabrication of highly
disordered hexagonal NiCy filaments by chemical vapor deposition (CVD) [54]. After that, hexagonal
NiCy with other forms of nickel carbide constituted the nickel carbide family, and moreover, provided
us with valuable alternative materials as promising HER and OER electrocatalysts.

One of the necessary factors for a good catalyst is a large surface area. Unless the material made
of nickel carbide can reach a small particle size, its electrocatalytic performance will be reduced. In a
way, smaller particle size means larger surface area, leading to more active sites during the process of
reaction. Fadil et al. [55] reported atomically ordered Ni3zC, synthesized in the form of NPs smaller than
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10 nm. Yang et al. [48] reported a facile route for the controllable orientation-dependent crystal growth
of high-index faceted dendritic hexagonal NiCy nanosheets on Ni-coated copper foil, with an optimized
carbon content of 16.7 at %, by a mild electrodeposition approach (Figure 1). The material obtained was
fully exposed {120} high-index facets, contributing to improving the mass/electron transport capability
and fully exposed active sites during the OER process. Impressively, the as-prepared material (denoted
d-NiCy»,NS/Ni/CF) exhibited remarkable catalytic activity (with overpotential of 121 and 228 mV at
10 mA-cm~2 for the HER and OER, respectively), simultaneously giving a nearly 100% Faradaic yield
and affording a superior catalytic stability (beyond 100 h) as a bifunctional electrocatalyst for both the
HER and OER in basic media.

Figure 1. Schematic illustration of the synthetic route for d-NiCy,NS/Ni/CFE. By using nickel sulfate
and polystyrylpyridine resins (PSP) as the nickel and carbon precursor, the samples were obtained via
a controllable and mild electrodeposition process with ultrasonic treatment at 60 °C Reproduced with
permission from [48]. Copyright 2016 Journal of Materials Chemistry A.

Moreover, d-NiCj,NS-coated copper foil (d-NiCy,NS/CF) samples, Pt/C-loaded CF and
RuO,/C-loaded CF (Pt/C/CF and RuO,/C/CF) were prepared and then tested separately for a comparison.
From the results, owing to its dendritic nanosheet morphology, optimized 16.7 at % carbon content,
and fully exposed high-index facets, d-NiC( ;NS/Ni/CF displayed an improved mass/electron transport
capability and fully exposed active sites, resulting in its high performance in OER and HER.

Although nickel carbide has a good catalytic effect on OER, it is actually more used to dope other
elements or form a composite structure, such as Fe-doped [56], nitrogen-doped [57,58], and metal
phosphide-mixed structure [47]. These electrochemical catalysts, most of which are doped with iron,
nitrogen, or other metals, exhibit better results. For example, Haosen Fan et al. developed Fe-doped
Ni3C nanodots in N-doped carbon nanosheets [45]. In their experiment, by employing the method of
carburization, 2D nickel-cyanide polymer precursors reacted and formed a structure in which NizC
nanodots were dispersed in ultra-thin N-doped carbon nanosheets. After the carburization process in
Ar/H; atmosphere, 2D hybrid nanosheets with uniform NizC nanodots embedded in N-doped carbon
nanosheets were successfully obtained. The hybrid nanosheets had the lateral size of about 200-300 nm
and thickness of about 10 nm, with uniform dispersion of 3-5 nm Ni3;C nanodots. When further
doping heteroatoms of Fe in different amount into NizC nanodots, the test results indicated that
the 2 at % Fe-doped Niz;C nanodot-based nanosheets (Fe-NizC-2%) showed outstanding HER and
OER properties, with a low overpotential (292 mV for HER and 275 mV for OER in 1.0 M KOH)
and small Tafel slopes (34.6 mV dec™! for HER and 62 mV dec™! for OER in 1.0 M KOH). In addition,
among these three catalysts, pure NizC displayed less of an OER response, indicating that Fe doping can
significantly improve the catalytic activity. The FeNizC-2% catalyst also showed a small overpotential
of 275 mV at an anode current density of 10 mA-cm~2, which is lower than those of pure NizC and
Fe-Ni3C-5% samples.

In another example, Jaison Joy et al. reported the synthesis of nickel-incorporated nitrogen-doped
graphene nanoribbon (Ni/NGNRs) through a facile solvothermal process [49]. After incorporating
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nitrogen functionalities, graphene nanoribbon with tunable nickel content functions efficiently
facilitated the water oxidation reaction and accelerated the catalytic reactivity, exhibiting an
overpotential of 380 mV with a Tafel slope of 60 mV dec™! to sustain 10 mA-cm~2 in 1.0 M KOH.

In addition, nickel carbide is often used to form a composite structure with other substances,
such as transition metal [59], as well as their oxides and carbides [60], and some of them have intensive
electrocatalytic properties for OER. For instance, Shuo Geng et al. synthesized a three-dimensional
(3D) heterostructure NiC/MoC/NiMoOy electrocatalyst in a simple and feasible way [46]. As shown in
Figure 2, NiMoOy4/NF nanorod arrays were synthesized by hydrothermal method with the precursors
of NiMoOj, nanorods and nickel foam (NF), which was the Ni source. Then, at a high annealing
temperature, the reaction between NiMoO, nanorods and dopamine accounted for the conversion of
NiMoOy to NiC/MoC, which led to the formation of NiC/MoC/NiMoOy heterostructure nanorod arrays.

\
\ H,)Mo,0,,-4H,0 i
I\C \ :“) G e / 1. soak in dopamine
» :
: N\ -~
* ~1507T, 8 W )‘1\/ 2.450 C,2h, Ar

l // .\’_\4 3.700 C, 2 h, Ar
NF NiMoO,/NF NiC/MoC/NiMoO,/NF

Figure 2. Schematic illustration of the synthesis process for NiC/MoC/NiMoO,/NF. Reproduced with
permission from [46]. Copyright 2019 Chemistry-An Asian Journal.

Through electrode performance test, the optimized NiC/MoC/NiMoO,4 behaved alow overpotential
of 280 mV at a current density of 10 mA-cm~2 in 1.0 M KOH for OER. Moreover, it showed quite low
cell voltage of 1.52 V at 10 mA-cm~2 and remarkable stability for more than 20 h, demonstrating the
superiority of the NiC/MoC/NiMoOQO, heterostructure for OER. Besides, Qing Qin et al. [59] in situ
synthesized Ni/NizC core/shell hierarchical nanospheres through an ionic liquid-assisted hydrothermal
method at a relatively low temperature. Resulting from the high electrical conductivity, more exposed
active sites, and core—shell interface effect, the material obtained exhibited superior OER performance
with a low overpotential, small Tafel slope, and fantastic stability (with overpotential of 350 mV at
10 mA-cm™! and Tafel slopes of 57.6 mV dec™!).

MOF is a crystalline material with a one or multi-dimensional network structure formed by
coordination between metal ions and an organic complex. Due to the high surface area of MOFs,
they serve as both homogeneous and heterogeneous catalytic sites. Furthermore, MOFs possess
controlled pore structure. These peculiarities lead to the result that MOFs are widely applied in many
fields, varying from industrial gas separation and storage [61] to heterogeneous catalysis [62] and sensing
devices [63], including synthesis of high-performance electrocatalysts for OER. Jia et al. [64] prepared
Co-doped NizC/Ni embedded in a carbon matrix (Co-NizC/Ni@C) by pyrolysis of bimetal-MOF
(Co/Ni-MOF) under a flow of Ar/H, at 350 °C. The synthesis of the precursor bimetal-MOFs is displayed
in Figure 3. Uniform cubic Co/Ni-BTC was constructed through a simple method. After carbonization
at 350 °C under a flow of Ar/H; gas, Co-NizC/Ni@C was obtained.
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Figure 3. Schematic illustration of the synthetic route for Co/Ni-350. Reproduced with permission
from [64]. Copyright 2019 International Journal of Hydrogen Energy.

For comparison, Ni3C/Ni@C was also prepared and then tested. As shown in Figure 4a, due to
surface oxidation of the catalysts during OER, the oxidation peaks in the LSV curves appeared at
~1.35 V vs. RHE, meaning that Co-NizC/Ni@C showed a smaller onset overpotential (as introduced
in Section 2.1.1, the onset overpotential can be obtained by means of using the potential where there
is a sudden increase of exchange current density in the LSV curve to subtract 1.23 V) of 220 mV in
comparison to Ni3C/Ni@C (290 mV) in the OER. Co-NizC/Ni@C also showed higher activity in the OER,
reaching an overpotential of 325 mV at the current density of 10 mA/cm? (19 can be obtained by means
of using the potential at the current density of 10 mA-cm~2 to subtract 1.23 V), which is close to IrO,
(330 mV) and lower than NizC/Ni@C (350 mV) (Figure 4b), indicating that Co-doping can significantly
improve the catalytic activity. Besides, the Tafel plot (According to Equation (6), Tafel plot is the slope
of logi-V curve, and a lower Tafel slope indicates better performance for OER) for Co-NizC/Ni@C
(67.76 mV/dec) was much lower than NizC/Ni@C (112.45 mV/dec) and IrO; (79.92 mV/dec), verifying
the efficient reaction kinetics in the OER (Figure 4c). As can be seen in Figure 4d, the LSV curves
showed small negative variation after 1000 cycles, indicating its high stability in OER.
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Figure 4. (a) OER polarization curves tested in 1.0 M KOH of Co-NizC/Ni@C. (b) OER polarization
curves tested in 1.0 M KOH of Co-NizC/Ni@C, Ni3C/Ni@C and IrO;. (c) Tafel plots of different samples.
(d) Polarization curves of Co-NizC/Ni@C before and after 1000 cycles, and the chronoamperometric
response at a constant current of 10 mA/cm? of Co-NizC/Ni@C. Reproduced with permission from [64].
Copyright 2019 International Journal of Hydrogen Energy.
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3.3. Tungsten Carbide

Tungsten carbide (WC) was discovered to possess similar catalytic properties to those of platinum
group metals for certain reactions by Levy and Boudart [65]. Therefore, it was considered as an
attractive non-noble metal catalyst for proton exchange membrane (PEM) fuel cell applications.
In general, there are two ways to synthesize tungsten carbide [66]. One of them is to first reduce
a tungsten precursor to a reaction intermediate (usually tungsten powder). Then, the powder is
carbonized at a high temperature in reductant atmosphere. The other way is to first obtain a highly
active tungsten precursor (such as WO3). The precursor powder is usually carbonized in Hy and CHy
mixed atmosphere. The electrocatalytic performance of product WC is affected by many factors, such as
source materials, activation process, and preparation method. Therefore, exploring new carbonizing
approaches is a method worth considering for improving the performance.

Although the performance of WC is inferior in direct comparison to platinum, WC has received
much attention due to its low price and insensitivity to catalyst poisons, such as H,S and CO [67,68].
Therefore, tungsten carbide became one of the most promising alternatives to noble metal electrocatalysts
for the HER. Nevertheless, nothing has been reported on its application in the OER until the work
of Han et al. [69] in 2018. In the experiment, they synthesized a superaerophobic nitrogen-doped
tungsten carbide nanoarray electrode, exhibiting high stability and activity toward OER and effectively
accelerating oxygen evolution in acid. In testing process, the performance of N-WC nanoarray toward
OER was measured in 0.5 M H,SO,, and for a comparison, commercial 20 wt % Ir/C and IrO, catalysts
were measured. As displayed in Figure 5a, OER starts at about 1.35 V on the nanoarray electrode,
while at about 1.5 V on commercial 20 wt % Ir/C and IrO,. The synchronized variation between voltage
and O, concentration in Figure 5b demonstrated that OER really occurs at about 1.35 V vs. RHE.
In addition, the current density increases drastically with potential, reaching up to 60 mA-cm~2 at
about only 1.7 V vs. RHE.
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Figure 5. (a) OER polarization curves tested in 0.5 M HpSO,; of an N-WC nanoarray, IrO,,
and 20 wt % Ir/C. (b) O, concentration in 0.5 M H,SO4 when different potentials are intermittently
applied to an N-WC nanoarray electrode. (c) Stability test of an N-WC nanoarray for OER at 10 mAcm 2.
(d) X-ray diffraction (XRD) patterns of an N-WC nanoarray before and after an OER test. Reproduced
with permission from [69]. Copyright 2018 Nature Communications.
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Except for its instability, N-WC nanoarray is a promising electrocatalyst for OER. The XRD
patterns of the nanoarray before and after the OER (Figure 5d) indicate that a small amount of tungsten
oxides structured on the nanoarray, resulting in an increase of potential after 1 h of water splitting at
10 mA-cm~2 (Figure 5¢). Although its catalytic stability is not satisfactory, N-WC nanoarray provides a
research direction for noble-metal-free electrocatalysts in OER.

Regarded as a promising candidate for applications as a non-noble metal electrocatalyst for HER,
WC itself is not a suitable catalyst for OER due to its high overpotential, which consequently leads
to low electrocatalytic activity. In recent years, most researchers have preferred to study WC as an
electrocatalyst substrate combined or doped with other substances, such as cobalt [70] and nitrogen [71].
Most of them are widely used in HER and ORR, while their application in OER is seldom reported.
From the experiment carried out by Han et al. [69], tungsten oxides formed on the electrode during the
process, which hindered the OER. This may be a possible reason why WC exhibited low electrocatalytic
activity toward OER.

With the use of MOFs (Co?* and W°* as metal ions, and DMF as a ligand), Tao Zhao et al. [72]
produced a material composed of porous nitrogen-doped carbon materials encapsulating cobalt and
tungsten carbide (Co/W-C@NCNSs), working as a bifunctional catalyst for overall water splitting.
They synthesized nanoscale MOFs through a microwave method and the MOFs obtained were then
annealed under N, atmosphere at the temperature of 600 °C and 800 °C. Finally, the samples were
obtained. The results show that, among the two samples obtained, Co/W-C@NCNSs (800 °C) has better
electrocatalytic activities, with an overpotential of 323 mV at a current density of 10 mA-cm~2 in
the OER. Although the overpotential is not low enough compared with some noble-metal-based
electrocatalysts, it has great potential to become an efficient electrocatalyst toward OER.

3.4. Iron Carbide

Iron carbide is a kind of intermetallic compound formed by iron and carbon, owning high
conductivity and good stability [73-77]. The chemical formula of iron carbide is Fe;C and it is
usually applied for metal-air batteries [78-81]. The crystal structure of this material is a complex
orthorhombic system, with high hardness, zero plasticity, and great brittleness. At present, the most
common methods to prepare Fe3C are reduction carburization, thermal decomposition, laser and CVD.
The as-obtained morphology of Fe3C is mainly powder, filled with carbon nanotubes or coated with
carbon nanospheres. Fe;C has many excellent properties and has been widely studied. How to further
improve its performance and expand its application range have gradually become the main points of
research in recent years.

Due to the combination of nitrogen atoms in graphite structure, nitrogen-doped carbon materials
can perform impressive ORR catalytic activity. In addition, Defilippi et al. [82] took advantage of the
sol-gel technique and successfully synthesized HfN NPs (less than 15 nm in diameter), which exhibited
a quite low overpotential of 358 mV at 10 mA-cm~2 and long term stability as an OER electrocatalyst.
This recent study indicates that metal nitrides possess high conductivity, stability, and melting point,
and these properties make them qualified to be active both for ORR and OER. It has been shown that
the electrocatalytic ability can also be developed by combining transition metals and metal oxides with
carbon nitride materials [83]. At present, graphite carbonitride (g-C3N4) with 2D layered structure has
been widely developed for effective OER and ORR electrocatalysts [84]. However, the relatively low
conductivity and surface area of g-C3Ny seriously limit its application in electrocatalysis [85]. Therefore,
the simple method shown in Figure 14 can be used to prepare N3-doped graphene-encapsulated
Fe3C/Fep O3 heterostructures (named Fe3C/Fe,O3@NGNSs) to make it a better catalyst [43].

The polarization curves can be utilized to study the electrocatalytic activity of synthetic samples
for ORR and OER. As shown in Figure 15a, the reduction peak of the metal-free N-doped graphene
catalyst was positively shifted after the Fe element had been incorporated, thus the as fabricated
Fe3C/Fe,O3@NGNSss displayed a halfwave potential of 0.86 V, which was the same as commercial Pt/C.
Simultaneously, Fe3C/Fe,O3s@NGNSs, with an Tafel slope of 73 mV/dec, also outperformed NGNs and
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Pt/C, indicating the gratifying kinetic process for ORR (Figure 15b). As for OER, the electrocatalyst
showed an overpotential of 1.69 V at 10 mA-cm~2 and a Tafel slope of 163 mV dec™! (Figure 15¢,d).
As a matter of fact, the enhanced ORR and OER performance could be attributed to the combination
of the Fe3C/Fe;O3 heterostructure, which provided more inherent active sites, thereby making this
structure a promising dual-functional electrocatalyst.

Among many developed materials, Fe-N-C is considered a promising candidate. Especially in
recent years, a large number of researchers have reported studies in which NPs, such as iron and/or its
carbides, oxides, and nitride, are encapsulated in various N-doped carbon nano structures, such as
CNTs, carbon layers, and carbon nanofibers. As a result, these modified materials exhibited satisfactory
properties in some fields. Given the fact that some materials with a high surface area and large pore
volume have poor electrical conductivity, conductive carbon materials such as graphene and CNTs
must be introduced into them, in order to enhance catalytic ability. For instance, Zhao et al. [44]
utilized porous, conductive NCNT/NPC hybrids, which possessed high density of Fe-N active sites,
to fabricate a new catalyst named Fe;C@NCNT/NPC and it exhibited excellently in OER.

Wang et al. [86] reported a new type of electrocatalyst, the construction of which is based on a
CNT framework, with NPs of Fe and carbon embedded in it (called Fe@C-NG/NCNTs). Therefore,
it provides us with an idea that it is possible to construct an electrocatalyst as a ‘framework active
site” structure with a large number of Fe-N active sites. DE (the potential gap between OER and
ORR) is usually measured to reflect bifunctional activity of ORR/OER and a lower DE indicates better
performance [87-89]. As shown in Figure 6, according to the curve, the DE value of Fe@C-NG/NCNTs
is estimated to be 0.84 V, which is better than Pt/C catalyst (1.05 V). Therefore, Fe@C-NG/NCNTs seems
to be of great value for research on bifunctional catalysts for ORR and OER.
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Figure 6. OER/ORR performance of Fe@C-NG/NCNTs and Pt/C is shown in the figure. Reproduced
with permission from [86]. Copyright 2017 Journal of Materials Chemistry A.

Carbon materials functionalized with transition metal-based inorganic NPs can effectively improve
electrocatalysis. For example, FeCo@NC core-shell nanospheres, with the carrier graphene, can be used
as efficient dual-functional OER electrocatalysts [87]. Besides, Cui et al. [90] fabricated a great bimetal
carbide-based bifunctional catalyst consisting of iron-molybdenum carbide (FesMo3C) and IrMn
nanoalloys, which was not only chemically stable in alkaline medium, but also in acidic environment.
Under alkaline condition, the active OH* can be provided by free OH™ in the solution, while in acidic
condition, the OH* just derived from the ionization of water. As a result, the alkaline medium is a more
suitable environment for OER, thus the electrocatalysts can be more effective in alkaline condition.
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3.5. Molybdenum Carbide

Molybdenum carbide (Mo,C) has been extensively described as a low-cost catalyst for the
HER [91-93], but, as for OER, it has not been reported until 2015 [50]. In a comparative experiment
of transition metal carbides, Yagya N. Regmi et al. indicated that Mo,C is the most active HER
catalyst [94]. In addition, Fe;N-type molybdenum carbide (3-Mo,C) showed the best performance
in HER activity and the lowest overpotential among materials synthesized via an amine-metal oxide
composite intermediate. Morphology and surface structure of electrocatalysts often play an important
role in their catalytic activities, and these physical characteristics vary with the synthesis methods.
From this perspective, Yagya N. Regmi et al. [50] dived deeper into their research and indicated
that Fe,N-type Mo, C displayed bifunctional catalytic activities. Therefore, it is believed to act as an
OER electrocatalyst.

Although Mo,C has shown great electrocatalytic performance in oxygen revolution activity,
the stability still needs improving. An increasing number of researchers are studying how to convert it
into nanomaterials, with an expectation of obtaining more efficient catalysts for OER. Due to excellent
characteristics, graphite-like carbon nanomaterials (CNMs) have received great attention. Therefore,
in the field of nanotechnology, the synthesis of CNMs is developing rapidly. Benefiting from high
surface area, CNMs have been widely researched as a catalyst in electrochemical activities [95-97]. Asa
result, some researchers have been trying to apply CNMs in OER electrocatalysts, thus synthesizing
molybdenum carbide coupled on carbon nanomaterials. For example, H. Wang et al. [51] designed
highly crystalline Mo,C NPs supported on carbon sheets (Mo,@CS) as a bifunctional catalyst toward
HER and OER. The materials were obtained through a one-pot process where Mo was sourced from
ammonium molybdate and carbon was from glucose (Figure 7).

\

Glucose

; 1000 °C
MoOs/glucose-derived syrup Ar

Figure 7. Schematic illustration of the synthetic process of an Mo, C@CS electrocatalyst for the oxygen
evolution reaction. Reproduced with permission from [51]. Copyright 2017 ChemSusChem.

The result was that Mo,C@CS displayed excellent electrocatalytic performance, as well as a great
stability over 100 h in the OER, with an overpotential of 320 mV at 10 mA-cm™! in 1.0 M KOH.

According to theoretical calculations, nitrogen-doped carbon nanotubes (N-CNTs) show metallic
behavior [98], meaning more active catalytic activity. Thus, a number of researchers were inspired to
investigate methods on how to synthesize N-CNTs. Mo,C combined with N-CNTs were designed
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as effective electrocatalysts for the OER. Das D. et al. [52] developed a Ni/MoxC NPs-supported
N-doped graphene/CNT hybrid catalyst, showing great bifunctionally catalytic activity toward both
OER and HER. The overpotential was only 328 mV, while achieving a current density of 10 mA-cm™
in 1.0 M KOH. Apart from N-CNTs, nitrogen-doped carbon materials (N-CNMs), including carbon
nanosheets, were applied for the OER. At the same time, materials based on molybdenum carbide
combined with N-CNMs are usually doped with other transition metals, such as cobalt [99,100]
and cobalt phosphide [101]. For instance, Zhu X. et al. [102] reported cobalt-doped (3-molybdenum
carbide encapsulated within nitrogen-doped carbon (Cog 1-fMo,C@NC), which showed superior
catalytic activity toward OER. In the synthesizing process, bimetallic zeolitic imidazolate framework
(ZIFs) of different Co/Zn mole ratios were saturated with a dimethylformamide (DMF) solution of
MoOs(acac),, and the mixture was calcined under nitrogen atmosphere at 900 °C (Figure 8). In the
test for its electrocatalytic performance, the result of low overpotential of 262.2 mV at 10 mA-cm™!
(in 1.0 M KOH) was outstanding. However, the large resistance which had a bad effect on water
splitting limited its application.

MoO (acac),
in DMF

Figure 8. Schematic diagram of Con-3-Mo,C@NC synthesis. Reproduced with permission from [102].
Copyright 2019 Chemical Communications (Cambridge England).

As mentioned earlier, cobalt-doped molybdenum carbide combined with N-CNMs has shown
great catalytic activity in OER. Furthermore, it has been reported that materials based on Mo,C-doped
with two or more elements possess excellent catalytic activity. Anjum M.A.R. et al. [53] successfully
synthesized boron and nitrogen co-doped molybdenum carbide NPs embedded in B,N-doped carbon
networks (B,N:Mo,C@BCN). With B and N doped, as well as formation of NPs embedded in BCN
networks, the surface area was increased and charge transfer characteristics were improved, resulting
in both great catalytic activity and a robust stability. For comparison, they also synthesized IrO,,
Mo,C@C, and N:Mo,C@C in the experiment. As displayed in Figure 9, the material obtained displayed
excellent electrocatalytic performance and remarkable stability. It had a rather low overpotential,
both before and after chronoamperometry (Figure 9a,b,e,f,h), and it still exhibited a relatively low Tafel
slope of 61 mV dec™! (Figure 9¢c) and satisfactory stability after the durability test (Figure 9d,g).
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Figure 9. (a) OER IR-corrected polarization curves of Mo,C@C, N:Mo,C@NC, and B,N:Mo,C@BCN
catalysts in 1.0 M KOH loaded on an NF electrode. (b) Comparison of njp values with other
electrocatalysts based on Mo. (c) Tafel plots. (d) Electrode stability. (e) LSV curves and
comparison of nygg values (inset) before and after a 20-h durability test. (f) Polarization curves of a
two-electrode electrolyzer using cathode-anode combinations of B,N:Mo,C@BCN-B, N:Mo,C@BCN,
and Pt/C-RuO,@NF catalysts at a scanning rate of 2 mV/s and comparison of current densities at a
cell voltage of 1.8 V before and after choronoamperometry (inset). (g) Electrolyzer stability test by
choronoamperometry. (h) Pulse chronopotentiometric curve for Hy/O, evolution in a B,N:Mo,C@BCN
electrolyzer with the current density of —10/10 mA-cm~2. The reversion time interval between the
anode and cathode was 600 s in 1.0 M KOH solution. Reproduced with permission from [53]. Copyright
2018 American Chemical Society Catalysis.

3.6. MXene

MXene materials and their nanocomposites are considered emerging electrocatalysts for OER
due to their high surface area, tunable electric structure, and thermal stability. They are a burgeoning
class of 2D transition metal carbide or carbonitride nanosheets which are 3, 5, or 7 atomic layers thick
and have some special properties compared to traditional 3D counterparts. Graphene is the most
well-known 2D material with only a single atomic carbon layer, which leads to its limited use. Recently,
MXene materials have gained great attention for the large variety of compositions, conductive property,
and special morphology. A conventional synthesis method of MXenes is via selective etching of the “A’
elements in MAX phase precursors (general formula My,1AXy, in which ‘M’ represents early transition
metals; ‘A’ is a group A element mainly in IIIA and IVA; ‘X’ is carbon or nitrogen; and 'n’ usually
equals 1, 2, or 3, Figure 11) by hydrofluoric acid or fluoride (HF, NHsHF;, and so on) [40]. The other
synthesis approaches include a high temperature method and CVD [103]. Meanwhile, method of
etching from a non-MAX phase to form MXene has also been reported [104].

MXene materials are mainly used in supercapacitors and lithium-ion batteries. However, in recent
years, researchers have gradually realized the merits of MXene as catalyst materials for OER, and they
have achieved good results. For a long time, there had been a view that transition metal oxides
displayed better catalytic activity than most TMCs. However, some MXene materials, which are stable
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in aqueous media and immune to oxidation, show good practical application effect compared with
transition metal oxides, which proves the potential advantages of TMCs [73]. The mainstream view
is that the best strategy for maximizing the utilization of MXene is to use it as the substrate, which
makes it easy to hybridize with other nano materials, so as to prepare electrocatalysts with higher
catalytic activity.

One defect that limits the practical use of MXene materials is their tendency to intersheet
aggregation driven by van der Waals force [105]. To solve this problem, freeze-drying, NPs
forming, and polymer and hollow shell structures may be beneficial, but are restricted in large-scale
production [106]. Xiu et al. [37] reported a hierarchical 3D architecture MXene material CoP@3D
Ti3Cp-MXene (Figure 10b) with high resistance towards aggregation. The capillary-forced strategy was
utilized, which proved to be successful in forestalling aggregation between intersheets, and highly
enhanced the electrochemical activity, thus accelerating the kinetic process. The synthesis method of
CoP@3D TizCy-MXene is as follows: NPs of Co3zO4 are dispersed on 3D architecture Ti3C; MXene
(produced by selectively etching Al from the Ti3AlIC, MAX phase with LiF/HCI), and the obtained
product is then modulated via phosphorization at a high temperature to fabricate the CoP@3D
Ti3Cp-MXene material (Figure 10a).
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Figure 10. (a) Fabrication, hybridization, and advantages of the 3D MXene architecture. (b) Images,
dispersion, and elements mapping of CoP@3D TizCp-MXene material. Figure (by,b2) are the scanning
electron microscopy (SEM) images of CoP@3D TizC,-MXene catalyst. Besides, Figure (b3-bs) exhibit the
transmission electron microscopy (TEM) images of CoP@3D TizCp-MXene material, which demonstrate
the dispersion of CoP NPs on the surface of 3D MXene. Figure (bg) is the high resolution transmission
electron microscopy (HRTEM) image of CoP NPs, which reveals the clear lattice fringes from the plane
of CoP crystal and proves the single crystalline nature of CoP NPs. Figure (by) is the element mapping
that displays the homogeneous scattering of C, Co, Ti, and P elements in the CoP@3D Ti3Cy-MXene
architecture. (c) The IR-corrected LSV, (d) Tafel plots, and (e) chronopotentiometric response at a
current density of 10.0 mA-cm~2 of CoP@3D TizCy-MXene, CoP@Ti3Cp-MXene (different architecture),
CoP@3D reduced graphene oxide (rGO), CoP, 3D Ti3Cp, MXene (different hybridization), and RuO,
(commercial catalyst) catalysts for OER in alkaline solution (1.0 M KOH). Reproduced with permission
from [37]. Copyright 2018 American Chemical Society Nano.

Via electrochemical tests, the CoP@3D Ti;C,-MXene material displayed an overpotential (nj=19)
value of 220 to 340 mV vs. RHE, with a Tafel slope of 51 to 60 mV decade™! (changed with the
proportion of added CoP), which outperformed commercial RuO; in identical conditions (Figure 10c,d).
Additionally, this electrocatalyst exhibited a constant operating potential for 10 h (Figure 10e), which
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demonstrated its superior durability. Surprisingly, CoP@3D TizC,-MXene/CP, which was fabricated
by loading carbon paper (CP) on a CoP@3D TizC,-MXene catalyst, was a bifunctional electrocatalyst
efficient for the overall water splitting reaction, proving that modulating the architecture of MXene,
and/or coating other material on it to improve its electrocatalytic ability is possible. Similarly, another
bifunctional MXene material reported by Le et al. [39] was synthesized by combining the known
catalytic active phase IrCo with plane-porous Tiz;C, MXene (named IrCo@ac-TizC;). The as-fabricated
electrocatalyst had an overpotential value of nj=19 = 220 mV, as shown in Figure 12a, with a long-term
stability in 1.0 M KOH, thus it outweighed the activity of the other prepared catalysts in HER (displayed
in Figure 12b).

Figure 11. MXene materials have three different formulas (M;XTx, M3X;Tx, and MyX3Tx)
and three different structures, including mono-M elements, solid solution double-M elements,
and ordered double-M elements. In the ordered double-M elements MXene, one transition metal forms
the peripheral layers, while the other occupies the central layer, whereas the solid solution double-M
MXene has no sequence like this. Reproduced with permission from [40]. Copyright 2019 Small.
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Figure 12. (a) OER and (b) HER IR-corrected polarization curves of IrCo@ac-Ti3C, with a scan rate of
10 mV/s in 1.0 M KOH that demonstrate its bifunctional ability. Reproduced with permission from [39].
Copyright 2020 ChemSusChem.

The above two electrocatalysts demonstrate that some MXene compounds display superior
performance for OER. Besides, the importance of material modification also lies in porosity engineering,
which efficiently shortens the charge transmission passways and speeds up the kinetic process.
More significantly, Ti3Cy; MXene can be molded into various structures to enhance its conductivity,
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which is expected meaningful for the future development of OER. For example, Michael et al. [107]
reported a clay-shaped Tiz;C; MXene which could be dried into solid or rolled into films with extremely
high volumetric capacitance of up to 900 farads per cube centimeter, and the property of this architecture
is possibly suitable for OER. We have to indicate that plenty of TMCs with a high conductivity and
porous quality have been proven to be efficient electrocatalysts for OER. Therefore, synthesis procedures
with apt controlling might be beneficial for yielding ideal electrocatalysts, which gives eloquent proof
of the importance of research on synthesis.

Graphene material has also been one of the most popular 2D catalysts in recent study. g-C3Ny,
as we mentioned in Section 3.4, originating from interaction between metal centers and an N-rich
network [108], has similar morphology to MXene. In the study of Tian et al. [109], g-C3N4 was coupled
with TizCy MXene nanosheets to form a rich-surface area electrocatalyst (called TCCN) through Ti-Nx
interaction. The TCCN film, which achieved an onset potential of 1.44 V and an Ei=10 magnitude of
1.65 V with a Tafel slope of 74.6 mV decade™ in 0.1 M KOH, exhibited a better OER catalytic activity
than IrO,/C. Notably, the freestanding TCCN film afforded a high double layer capacitance (Cq;)
of 29.7 mF cm™~, which outperformed the powdery TCCN (ball-milled film TCCN, Cq; = 10.3 mF cm™2),
and revealed that the freestanding film structure was more effective in magnifying the active surface
area, thus also demonstrating the superiority of MXene materials for OER from another perspective.
As they noted, coupling different 2D materials to form hybrid catalysts through interactions between
them is a worthwhile way of enhancing their electrocatalytic activity.

Coincidentally, another extensively researched material, named 2D MOF, with porous structure
and fast electron transfer property, was also utilized to hybridize Ti;C, MXene nanosheets, in order to
achieve further improved OER performance [110,111]. Zhao et al. [41] focused on in situ hybridizing
2D cobalt 1,4-benzenedicarboxylate (CoBDC) with TizC; MXene nanosheets through an interdiffusion
reaction-assisted process (Figure 13a), the aim was to combine the porous structure (CoBDC
MOF) and conductivity and hydrophilia character (TizC, MXene nanosheets) to form a composite
electrocatalyst, in order to facilitate the four-electron transfer process.
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Figure 13. (a) Illustration of the hybridization procedures of Ti;C, MXene nanosheets and a cobalt
1,4-benzenedicarboxylate (CoBDC) MOF. (b) LSV curves, (c) Tafel plots, and (d) Cq; of CoBDC, TizC, Ty,
and Ti3C,Tx—CoBDC hybrid. (e) Nyquist plots (EIS) of CoBDC, Ti3C,Tx, TizCyTx—CoBDC hybrid,
and IrO;. (f) CV curves of Ti3C,Tx—CoBDC hybrid at a scan rate of 20 to 100 mV/s at a potential
range of 1.11 to 1.15 V vs. RHE without obvious Faradaic process. (g) The specific surface area of
Ti3CTx—CoBDC hybrid. Reproduced with permission from [41]. Copyright 2017 American Chemical
Society Nano.
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The Ti3C, Tx-CoBDC hybrid material displayed a potential of 1.64 V vs. RHE and a Tafel slope
of 48.2 mV decade™! at a current density of 10 mA/cm? in 0.1 M KOH (Figure 13b,c). As can be
seen in Figure 13d,e, it also exhibited a higher double layer capacitance (9.6 mF/cm?) and smaller
semicircle region than its pure components, which was in good agreement with its high surface area
of 199.1 m? g~! (Figure 13g) caused by the porous morphology. Such a large surface area and high
conductivity provided more active sites for the electron transfer process, therefore leading to an
extraordinary OER efficiency. Moreover, the authors also pointed out that TizC; MXene nanosheets
might prevent the aggregation of CoBDC MOF, and thus put forward a new idea for tackling the
problem of assembling intersheets of 2D materials. The work of above two groups suggest that
combining diverse 2D catalysts may help to gather their desirable functional properties together to
form an outstanding electrocatalyst for OER.

Except for Ti-based MXenes, we intend to introduce other 2D materials which have similar
properties to MXenes as comparison to preferably analyse the intrinsic characters of these sorts of
catalysts. Liang et al. [42] reported a single crystalline CoNiPS3 incorporated with N-doped carbon
nanosheets electrocatalyst (CoNiPS3/C). This electrocatalyst formed a mosaic structure and exhibited an
overpotential of 262 mV at 30 mA-cm™2 (Figure 16a,c), and a Tafel slope of 56 mV decade™! (Figure 16b)
in a traditional three-electrode system in 1.0 M KOH. Furthermore, after being separated into CoNiPS3/C
nanodots, the electrocatalyst showed a much better catalytic ability; however, the stability was severely
decreased (Figure 16d).
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Figure 14. Synthesis method for Fe3C/Fe,O3@NGNSs. Reproduced with permission from [43]. Copyright
2019 Carbon.

Since the first Ti3Cp Tx MXene has been successfully fabricated, it has developed rapidly based
on its electrical and mechanical properties. However, the applications of exfoliated MXene material
without appropriate surface morphology modification (denoted “bare MXene”) have rather limited
further development [112]. Heterostructure and hybridization approaches for future prospects of
MXene are of great importance. We also have to indicate that the hybridization and heterostructure
modification methods of MXenes for OER are restricted to a specific form (MXene substrate) and TizC,
MXene phase are widely focalized, while the other kinds of MXenes have been less studied. For example,
Pt/Nb,CTx MXene material and its compounds have been reported beneficial for water-gas shift light
alkane dehydrogenation [113]. Besides, Mo,CTx, which delivered an overpotential of 283 mV at
10 mA-cm~2 in 0.5 M H,SO, for HER, also deserves more research [114].
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Figure 15. (a) ORR LSV curves of N-doped graphene (NGNs), Fe3C/Fe, O3@NGNs, and commercial
Pt/C electrocatalysts in O;-saturated 0.1 M KOH condition. (b) The ORR Tafel plots of NGNS,
Fe3C/Fe;O3@NGNS, and Pt/C electrocatalysts obtained by fitting LSV curves using linear equation at
1600 rpm. (c) OER LSV curves of Fe3C/Fe;O3@NGNs, NGNs and IrO, in Nj-saturated 0.1 M KOH.
(d) The OER Tafel plots of Fe3C/Fe;O3@NGNs, NGNs and IrO,. Reproduced with permission from [43].
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Figure 16. (a) OER curves, (b) Tafel plots, and (c) polarization curves of NiPS3/C, CoNiPS;/C, and the
mosaic CoNiPS;/C nanosheets and nanodots. The inset image in (c) shows the mosaic CoNiPS3/C
nanosheets used in water electrolysis. (d) Chronoamperometric curves of nanosheets and nanodots of
CoNiPS3/C. Reproduced with permission from [42]. Copyright 2018 Advanced Functional Materials.

Another important MXene material, 2D Mo,C, which has recently attracted the attention of many
researchers, displays promising prospects for HER. Geng et al. [115] successfully synthesized a 2D
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Mo, C-on-graphene film by means of molten copper-catalyzed CVD. In this material, nanometer-thin
Mo, C particles grow on the base of graphene and form a vertical heterostructure, which is an extremely
excellent electrocatalyst for HER. The as-fabricated Mo,C MXene displayed an overpotential of 236 mV
vs. RHE at 10 mA/cm? and a Tafel slope of 73 mV dec™!, and after 1000 CV cycles, no obvious decrease
could be seen. However, despite the satisfactory performance of Mo,C MXene for HER, the CVD
synthesis method requires a high temperature to melt the metals, especially the most common catalyst
of Cu, which severely wastes energy. Therefore, Chaitoglou et al. proposed a new low-temperature
CVD method, by using a liquid Sn-Cu alloy as the catalyst. In this way, the temperature demand could
be reduced to 880 °C, compared with the usual 1084 °C, and the cost of energy decreased without
sacrificing the quality of the Mo,C/graphene film. The electrocatalyst also exhibited a better result
than the pure Mo,C [116]. As the synthetic method has been developed, Mo,C, which is proved to be
an excellent catalyst for HER, might also become low-cost and efficient OER electrocatalyst.

The applications of MXenes are few in number on account of the lack of theoretical predictions
and experiments [38], the utilization of unexplored MXene materials for OER is worth anticipating.

4. Conclusions and Future Perspectives

Searching for a newly-developing renewable energy system to replace traditional fossil fuels has
recently been an essential task for fulfilling the progress of sustainable requirements. Simultaneously,
converting new resources into storable energies is also one of the main objects of current research.
Therefore, electrocatalysis for OER is of great significance as it provides us with the possibility to
address both goals. To enhance the electrocatalysis efficiency, promising electrocatalysts undoubtedly
play a critical role in OER system. In this review article, we have outlined fundamental understandings
and experimental examples in the field of OER, the concepts of parameters, and measurement criteria
for OER. Intrinsic properties, hybridization, and synthesis methods of different types of TMCs are
emphasized. Additionally, the morphology, performance, and comparison with precious metal
catalysts are proposed to evaluate the effects of recently fabricated TMCs, as well as their hybrids.

There has been great interest in TMC materials for OER because of their amazing catalytic
abilities, including high conductivity, malleable property, abundant active sites, and stability. Moreover,
their low cost and easy accessibility make them potential candidates for OER and other energy systems
in the future. The major TMCs researched in OER field consist of MXene, Ni3C, FesC, Mo,C, and WC,
with various kinds of morphologies and useful characters, but similarly exhibit excellent activities as
catalytic electrodes. TMCs are promising substrates and frameworks, through hybridization, coating,
and combination with perovskite spinel and graphene families, their catalytic ability can be highly
enhanced due to heterostructure and high electrochemical active sites for the charge transfer of kinetics.
Some also exhibit amazing conductivity and can act as bifunctional catalysts, being beneficial for
overall water splitting. Transition metal carbide compounds doped with foreign elements exhibit
more efficient performance than the pure TMCs, indicating the vital importance of combinations for
electrocatalysts. In a manner of speaking, these works have laid the foundation for the development
of OER.

Although progress has been achieved, the drawbacks of TMC electrocatalysts are also evident.
We have to point out that, compared with precious metals and traditional metal oxides, as catalysts,
problems for TMCs are more difficult to address. Here, we put forward some issues that need to be
tackled and potential research trends, respectively, as follows.

One of the most basic problems for TMC electrocatalysts for OER is that the mechanism is still
debated and needs to be researched. Considering this reaction is under harsh oxidative condition,
including the oxidation to the outer surface or inner core and the oxidation of both, the mechanism of
which has not been investigated by DFT to date because the complexity caused by the oxides of catalytic
materials as confirmed by Yang et al. [36]. Therefore, focusing on mechanism and kinetics in different
conditions is of paramount necessity. It mostly depends on the development of advanced technology
since they can indicate the accurate catalyst structure and thus helping to analyse the concrete
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mechanism. Regarding this situation, in situ characterization techniques may help. For example,
the in situ X-ray absorption spectroscopy (XAS) once used by Yang et al. [117] has recently become
quite popular in OER mechanism research. Besides, Massel et al. [118] took advantage of in situ XAS
and XRD to evaluate the actives sites and mechanism of co-phosphate catalysts in solid fuels. Note that
under existing experimental conditions, in situ characterization cannot be easily carried out, thus the
research of kinetic process and reaction pathways deserve further study.

Secondly, the lack of large-scale fabrication techniques limits the pragmatic applications of TMCs
as electrocatalysts for OER. As we have mentioned, the conventional synthesis methods—both the
template-free and template-assisted one—require a high-temperature environment, which consumes
excessive energy, so they are both unaffordable for industrial production. Herein, effective and
energy-saving approaches for TMC synthesis are required, the development of which will certainly
promote the applications of TMCs in many fields, particularly in OER. The long and sophisticated
process of yielding pure and high-quality TMCs also sets a barrier for the improvement of TMCs.
The properties of catalysts, which affect the performance for OER profoundly, depend on the crystalline
structure. However, the orientation growth in the surface or inter-surface area of TMC materials is
unpredictable and difficult to control. As a result, it takes an extremely long period of time to synthesize
satisfying electrocatalysts, even if we already know the specific ideal structure. The situation asks for
more accurate manipulation of synthesis process, which requires long-term research. Nevertheless,
some hybridization and mosaic methods may help. For example, doping extraneous elements and/or
changing the morphology in order to modify pure TMCs is one of the main ways of enhancing
the material’s catalytic ability. In addition, combining perovskite or graphene with the original
electrocatalyst may have a large effect on the catalytic properties, which may result in high conductivity
and more active sites in the catalyst and make it a promising catalyst. Other than this, another approach
is to optimize the synthesis approach, or invent new ones, modulating dimensions and crystalline
forms, such as 2D structure or nanostructure, in order to adapt to OER.

In short, whilst TMCs have recently been focused on, there is still only a small amount of research
on them. We have to point out that TMC electrocatalysts deserve to be deeply explored due to their
excellent performance for OER in the overall water splitting reaction and their low-cost property,
which are very promising for the future compared with other materials. The development of highly
active structures—such as MOF, graphene, and nano technology—will allow TMCs to exhibit varied
possibilities. We believe that with the support of principles, theoretical mechanism, and experimental
standpoints, applications for practical and large-scale use of TMCs as electrocatalysts for OER can
be highly anticipated. Moreover, the advantages of TMCs will facilitate the development of other
electrocatalytic systems as they share similar conditions and issues.
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