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Effective catalysts play a crucial role in enhancing methanol oxidation within in cells. In light of this, diverse cata-
lysts have undergone examination; however, recently, significant research interest has turned towards Ni-based metal car-
bides. Their appeal lies in their cost-effectiveness, high activity, and notably, the presence of metal-carbon bonds. These
bonds are formed due to carbon's s- and p-hybridization with the metal d orbitals. This combination heightens the d-band
activity of the metal, akin to that of Pt, as suggested by density functional theory (DFT) approximations. The catalytic po-
tential can be further augmented through the combination of metal carbides with other active materials. Furthermore, refin-
ing the catalyst's size and morphology has the potential to enhance its electrochemical application for methanol oxidation.
This involves maximizing the active surface area by optimizing its morphology and increasing the availability of metal
carbide atoms. The introduction of multiple metals to metal carbides or the incorporation of multi-metal-based electrocata-
lysts onto the metal carbide's surface is also an area of fervent exploration. Such endeavors hold the promise of enhancing
activity and devising economically viable methods for methanol oxidation-based fuel cells.
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INTRODUCTION

The primary energy source of current society
is non-renewable fossil fuel, and its excessive con-
sumption has led to energy and environmental
problems. To mitigate these issues, an effective
plan for environmentally friendly technology with
renewable energy is needed [1-3]. Chemical energy
conversion to electrical energy through fuel cells is
the best possible option, considering its minimal or
low environmental impact [4-6]. Among the avail-
able technologies, direct methanol fuel cells
(DMFCs) are hailed as one of the most promising

technologies, with methanol acting as the chemical
fuel. Methanol offers various advantages, such as
ease of transport and storage, low cost, low operat-
ing temperature, and high energy density [7-11].
However, DMFCs face two serious problems that
limit their performance for practical applications: 1)
the slow kinetics of electron transfer during the an-
odic oxidation of methanol, which affects the pro-
duction rate of protons and consequently impacts
power generation efficiency; 2) crossover of meth-
anol, which is related to the electrolyte’s catharsis
ability [12-14]. DMFCs require an electrocatalyst
to reduce the activation energy of the methanol ox-
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idation reaction (MOR). So far, platinum (Pt) is the
state-of-the-art electrocatalyst for MOR, but its poi-
soning effect caused by CO chemisorption signifi-
cantly restricts its practical application [15, 16].
Although extensive research has been conducted to
overcome this issue by combining it with other el-
ements like PtRu, PtZn [17, 18], or two or more
elements like PtRulr, PtRulrSn [19, 20], unfortu-
nately, high cost, low availability, and poor stability
still hinder their practical application [20-22].

Therefore, extensive investigative studies
have been conducted to develop non-precious met-
al-based electrocatalysts for MOR [23]. Among
these non-precious metals, nickel (Ni) has gained
special research attention due to its low price, envi-
ronmental friendliness, and, most importantly, its
excellent surface oxidation properties [24, 25].
However, the catalytic application of Ni-based
electrocatalysts faces challenges due to their poor
electrical conductivity, low surface area, and lim-
ited durability. Consequently, the study of Ni-based
MOR still offers unexplored opportunities for in-
vestigation [26].

To enhance the electrocatalyst's performance,
morphology plays a vital role. For instance, one-
dimensional (1D) electrocatalysts have demonstrat-
ed excellence in fast electron transportation, re-
markable durability, and a high exposure of active
lattice planes compared to their bulk counterparts
[27-30]. Similarly, three-dimensional (3D) mor-
phology retains the fundamental characteristics of
bulk materials while offering a large surface area,
excellent mechanical and chemical strength, high
flexibility, an open and porous structure, and re-
sistance to aggregation [31-33]. Additionally, 3D
morphology boasts advantages such as abundant
active sites, a high ratio for utilization, excellent
electron/mass transfer kinetics, and impressive
MOR activity coupled with outstanding stability
and durability [34, 35].

Furthermore, two-dimensional (2D) materi-
als have attracted extensive research attention ow-
ing to their shortened charge migration pathways,
large surface area, and rich diffusion channels for
molecules and ions. Prominent examples of 2D ma-
terials include transition metal dichalcogenides,
layered double hydroxides, and MXenes, where
MXenes encompass metal nitrides and carbides
[36-38]. Intriguingly, these materials can alleviate
stress resulting from volume changes and bubble
generation due to surface reactions, resulting in
excellent stability and activity.

Additional engineering approaches that can en-
hance catalyst performance encompass factors like
thickness, porosity, size, doping, defects, crystal phas-

es, and the preferential growth of active lattice planes
[39]. Electrochemical applications can be further en-
hanced through the incorporation of carbon as a car-
bide with Ni or the introduction of co-catalysts along-
side Ni. The incorporation of carbon with nickel en-
hances its catalytic performance due to improved
conductivity, altered electronic configurations, and the
presence of a large electronic cloud, particularly at
their junction points. Co-catalysts like tungsten car-
bide (WC) can also enhance performance by provid-
ing excellent stability under thermal and electrochem-
ical oxidation [40]. These co-catalysts serve both as
catalysts for MOR oxidation and as supports to pre-
vent the agglomeration of active materials, thus offer-
ing ample active sites for reactions [41, 42].

Scheme 1. A general diagram for the synthesis
of Ni based metal carbide

The primary focus of this review article is to
explore Ni carbides and other Ni-based metal carbides
employed for methanol electrooxidation reactions.
The study concludes that the incorporation of multi-
metal concepts with synergistic effects has led to per-
formance improvements. Additionally, the utilization
of conductive supports has also enhanced perfor-
mance. Morphology has played a significant role in
boosting performance by offering a large surface area
and active sites for reactions. A crucial consideration
that merits further investigation is that Ni-based metal
carbides possess the ability to facilitate MOR and
produce formate instead of carbon dioxide/monoxide.
The formate produced could find applications in vari-
ous industries, and the superiority of these carbides
over hydrogen oxidation has even been confirmed in
some studies.
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SYNTHETIC PROTOCOL

The synthetic route commonly employed for
the synthesis of metal carbides involves the anneal-
ing method, as demonstrated in Scheme 1, with
polyvinyl alcohol (PVA) being the most frequently
utilized carbon source. In the annealing process,
temperatures ranging from 700°C to 1300°C have
been applied in various studies (Fig. 1). The prima-
ry rationale behind employing such high tempera-
tures is the inherent stability of carbon bonds within
the precursor materials. These bonds are notably
robust and not easily broken under typical tempera-
ture conditions. Consequently, elevated tempera-

tures are necessary to disrupt these sturdy bonds,
initiating the desired reaction between carbon and
metal. While the energy consumption associated
with high temperatures is not ideal, the preparation
of metal carbides often demands these conditions.
Nevertheless, there are advantages to this method
that can mitigate its drawbacks. The elevated tem-
perature contributes to the formation of highly crys-
talline products and provides surface modifications
that enhance the catalytic properties of the materi-
als. Additionally, the high temperature facilitates
the creation of a porous structure by releasing car-
bon dioxide and monoxide during the decomposi-
tion of reactants [43-45].
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In tandem with the annealing method, some
researchers have employed pre-treatments for mate-
rials. These pre-treatments can influence the com-
position or morphology of the final catalyst prod-
uct. Notably, an intriguing procedure involves a
one-pot solution-based strategy for synthesizing
nickel carbide. In this approach, researchers dis-
solved nickel acetate in a mixture of oleylamine
and Octadecene solvents. The solution was then
subjected to a flux and reflux setup equipped with a
magnetic stirrer. Employing a vacuum pump, low-
boiling-point organic compounds, water, and air
were removed from the solution at 80°C for 1 hour.
Subsequently, the system was purged with argon
gas and heated to 240°C at a rate of 5°C per mi-
nute. Heating was halted when a change in solution
color was observed. The flask was then removed
from the heating setup and allowed to cool to room
temperature in a water bath. The resulting catalyst
was collected and washed with ethanol to remove
any unreacted reactants [46].

Electrochemical application

Fuel cells have demonstrated their potential as
a promising energy source capable of addressing

both energy and environmental concerns. Methanol
serves as the primary fuel for these cells, with the
oxidation of methanol yielding high energy output
due to its remarkable energy density. Nevertheless,
this process of methanol oxidation necessitates a
catalyst to lower the activation energy required for
oxidation. In this regard, numerous catalysts have
undergone extensive study in pursuit of optimal per-
formance. Among these catalysts, Ni-based metal
carbides have garnered special research attention for
various reasons, which will be extensively explained
in the following lines. A comparative analysis for
better understanding is presented in Table 1.

Among the array of catalysts investigated,
Pt/Ni-WC was synthesized by Wang et al. [44] us-
ing a microwave-assisted annealing method. This
catalyst exhibited a nanoparticle morphology and
showcased catalytic performance of 0.51 mA/cm?
at 0.4 V vs Ag/AgCI in an electrolyte comprising
1.0 M CH3OH and 0.5 M H3SO.. Notably, this
catalyst exhibited superior stability compared to
Pt/C, attributed to the robust interaction between Pt
and Ni-WC, resulting in sustained durability over a
span of 7000 seconds. Although this catalyst
demonstrated activity in the methanol oxidation
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reaction, its response remained modest, falling
short of meeting the societal energy demands. The
intrinsic value of Pt, being a precious metal, further
raises concerns among scientists regarding its prac-
tical application in fuel cells. Consequently, the
pursuit of precious metal-free electrocatalysts with
efficient performance has become a paramount ob-
jective. Urgent attention is required to enhance the
efficiency of the methanol oxidation reaction, ad-
dressing the pressing need for higher energy output.

Comparatively, good work in this direction
was achieved by Wang et al. [43], who introduced
PtNiPb/WC in an electrolyte comprising 0.5 M
CH30H and 0.5 M H,SOg. This catalyst exhibited a
remarkable current density of 2.67 mA/cm? at an
overpotential of 0.85 V vs RHE. This enhanced
performance, surpassing the capabilities of previ-
ously discussed materials, can be attributed to the
presence of multiple metals in the sample. The syn-
ergistic effects resulting from these multimetals
within the catalyst contributed to its heightened
performance. Impressively, the catalyst also
demonstrated excellent stability over a prolonged
duration of approximately 1.5 h. Despite this im-
provement, the achieved performance still falls
short of effectively addressing the energy crisis.
The inclusion of Pt within the catalyst remains a
drawback due to its associated cost and availability
limitations.

In a similar vein, Zhang et al. [48] utilized a
microwave-assisted reduction approach to craft a
Ni-MoC,/C-supported Pt (10 wt%) electrocatalyst
(10Pt/Ni-MoC,/C), which exhibited pronounced
electrocatalytic proficiency in methanol oxidation.
The outcomes underscored the superior electrocata-
Iytic activity and stability of the 10Pt/Ni-MoC,/C
electrocatalyst in comparison to the 20 wt% Pt/C
(20Pt/C) alternative. Notably, the electrochemical
surface area of 10Pt/Ni-MoC,/C attained 68.4 m?/g,
surpassing 20Pt/C's 63.2 m?/g. This heightened sta-
bility and activity within the 10Pt/Ni-MoC,/C elec-
trocatalyst can be ascribed to two key factors: first-
ly, the anchoring effect stemming from Ni and
MoCy formation during the carbonthermal reduc-
tion process; and secondly, the synergistic interplay
among Pt, Ni, MoOx, and MoCx. These findings
underscored the promise of 10Pt/Ni-MoC,/C as an
effective electrocatalyst for direct methanol fuel
cells.

Remarkably, the catalyst 10Pt/Ni-MoC,/C
exhibited a current density of 260.5 mA/mg at an

overpotential of 0.9 V vs RHE in an electrolyte
comprising 1.0 M CH3OH and 0.5 M H,SO.. This
exceptional performance can be attributed to the
presence of Pt, along with the extensive surface
area where nanoparticles are uniformly dispersed,
preventing agglomeration and ensuring maximum
active sites for reactions. The inclusion of Mo in
the composition notably heightened the responsive-
ness to methanol oxidation. The synergistic interac-
tion among multiple atoms (Ni, Mo, Pt) facilitated
heightened electronic cloud density, particularly at
their junctions, thus proving immensely effective in
methanol oxidation reactions. Additionally, the
presence of carbon as a support accelerated rapid
electron transport, further amplifying this catalytic
activity. While the material exhibits excellence and
holds potential for practical applications, the pres-
ence of precious metals might impede industrializa-
tion due to their elevated costs and limited availa-
bility. Consequently, it is highly advisable to focus
on developing electrocatalysts based on transition
metals and their carbides, excluding precious met-
als, to overcome these limitations.

In recent times, non-precious catalysts with
efficient performance have been extensively inves-
tigated. For instance, Hou et al. [49] developed a
Ni-WC based catalyst on the surface of a carbon
aerogel derived from bacterial cellulose. The cata-
lyst exhibited a current density of 105.7 mA/cm? at
an overpotential of 0.8 V vs SCE. The optimal re-
action medium was found to be 0.5 M CH3;OH and
1.0 M KOH, showcasing excellent stability over
3600 s. Moreover, with the introduction of a novel
electrolyte, the peak current density rebounds to
88.42% of the initial value, highlighting notable
stability. The synergy between Ni and WC produc-
es a collaborative effect that facilitates the for-
mation of NiOOH, subsequently diminishing the
surface adsorption of CO. This effect effectively
mitigates the temporary blockage of active catalytic
sites. The achieved W:Ni/CA composite in this
study, known for its affordability, substantial spe-
cific surface area, elevated catalytic efficiency, and
impressive resistance to CO-induced inhibition,
emerges as a promising catalyst for application in
DMFC scenarios. The response is promising but
still requires performance improvement, leaving
room for further advancements in catalytic applica-
tions that require research.
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Fig. 2. SEM images of the produced Mo2C-Ni—C composite nanofibers calcined at 850 °C and obtained from electrospun nanofibers
containing 10 (A) and 35 (B) wt.% MoCl2 compared to Ni(AC)2. TEM image of Mo2C/Ni/graphite composite nanofibers generated
from 10% Mo/electrospun solution calcined at 850 °C (C) and linear elemental mapping for Ni and Mo along randomly selected (D).
Reproduced with permission from Marwa M. Abdel-A, Polymer; published by MDPI, 2023 [47].
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Fig. 3. (a) CV curves of Ni/WC@C in 1 M NaOH with and without 1 M methanol. (b) Chronoamperograms of Ni/WC@C in 1 M
NaOH +1 M CH3OH at 0.5 V versus Ag/AgCI/3.5 M KCI with a salt bridge. [Inset: chronoamperograms of Ni/WC@C when using
GC (red), NF (purple),and CP (green) as substrate]. (c) Chronoamperograms (red line) and FExcoo™ (blue columns) of Ni/WC@C at
0.5V versus Ag/AgCl/3.5 M KCI with a salt bridge. (d) CV curves of different samples for MOR in 1 M NaOH + 1 M CH3OH. (e)
CV curves of different catalysts for MOR in1 M NaOH + 1 M CHsOH. (f) Chronoamperograms of different catalysts in 1 M NaOH
+1 M CH3sOH at 0.5 V versus Ag/AgCI/3.5 M KCI witha salt bridge. Reprinted with permission from [45]. Copyright (2022) Amer-
ican Chemical Society
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Notably, the integration of Mo has demon-
strated exceptional efficacy in electrocatalytic ap-
plications. For instance, Abdel-Aty and her team
[47] developed an electrocatalyst, Mo.C/Ni-CNFs
(5%) for MOR, where the CNFs provide one-
dimensional support for well dispersion of
Mo>C/Ni as shown in Fig. 2. The catalyst, necessi-
tating a 1.0V overpotential vs Ag/AgCI to yield a
current density of 107 mA/cm? in a 3.0 M CH3;OH
and 1.0 M KOH electrolyte as shown in Fig. 4. This
catalyst was synthesized through electrospinning a
blend of poly(vinyl alcohol), nickel acetate, and
molybdenum chloride, followed by vacuum calci-
nation. This procedure resulted in the formation of
zero-valent nickel and molybdenum carbide nano-
particles within amorphous graphite nanofibers due
to the breakdown of metal constituents and polymer
graphitization. The optimization of molybdenum
content significantly contributed to achieving con-
sistent and efficient electrocatalytic performance in
methanol electrooxidation. For attaining the maxi-
mum methanol electrooxidation rate alongside elec-
trode regeneration, employing a 5 wt.% molyb-
denum precursor relative to nickel acetate in the
initial electrospun solution was identified as ideal.
The calcination temperature played a pivotal role,
notably enhancing methanol electrooxidation ac-
tivity at 850°C. Employing Taguchi's robust design
approach facilitated the identification of optimal
conditions, resulting in the highest achievable cur-
rent density. The parameters derived from this ap-
proach were as follows: 5 wt.% molybdenum con-
tent, 2.65 M methanol concentration, and a reaction
temperature of 50°C. Interestingly, the reaction rate
exhibited an inverse relationship with the medium
temperature. The peak rate of methanol electrooxi-
dation was attained at 45°C, while Taguchi's analy-
sis pinpointed the optimum at 50°C. Given its re-
markable performance, the proposed nanofibrous
composite of Mo,C/Ni-incorporated carbon emerg-
es as a strongly recommended electrocatalyst for
methanol oxidation, warranting further exploration
of its potential with other organic substrates. The
exceptional material response stems from the syn-
ergistic effects of multimetal interactions, particu-
larly the bonding of Mo with carbon, leading to
significant alterations in electronic configuration
and the generation of a substantial electronic cloud
at the junction. This electronic cloud was further
augmented by the inclusion of Ni. Furthermore, the
well-dispersion of active materials with minimum
agglomeration and maximum active spots for reac-
tion enhanced its application. The presence of car-
bon nanofibers, with their conductivity and one-
dimensional structure, enhances electron transport

and catalytic application of the final material. The
catalytic application response can be further im-
proved through morphological engineering and by
providing a conductive support to enhance electron
transport and achieve excellent MOR performance.
In this context, Xie et al. [26] developed CNT-
Ni/SiC, an electrocatalyst for MOR application.
The system yielded an outstanding current density
of 210 mA/cm? at an overpotential of 0.8 V vs
Ag/AgCl in an electrolyte of 3.0 M CH3;OH and 1.0
M KOH. The catalyst exhibited exceptional dura-
bility for 4000 seconds continuously. The remarka-
ble electrochemical performance of the composite
stems from the uniform dispersion and secure an-
choring of Ni nanoparticles, combined with the fa-
vorable electrical conductivity of the network-style
framework established by CNTs and SiC. This
three-dimensional structure offers a substantial sur-
face area, optimizing reactive sites and minimizing
diffusion paths. The synergistic effects of Ni and
SiC amplify the electronic cloud at the junction,
resulting in configuration changes that further en-
hance the response. Furthermore, the conductive
surface and one-dimensional architecture accelerate
electron transfer, leading to an enhanced response.
Anticipations suggest that this cost-effective and
practical synthesis method could be extended to
create varied carbon-based and metallic hierar-
chical nanostructures with a wide range of applica-
tions.

Metal carbides open up another intriguing
avenue that could enhance energy applications. Par-
ticularly, Ni-based metal carbides show promise in
converting methanol into formate, exhibiting im-
pressive performance and yielding high current
densities. Moreover, this formate could be subject-
ed to further oxidation to harness more energy or
could find applications across diverse industries. In
line with this, Li et al. [46] introduced Nis;C as an
electrocatalyst for methanol oxidation to formate,
achieving a noteworthy current density of 127
mA/cm? at an overpotential of 0.6V vs Ag/AgCl.
The catalyst also demonstrated stability over 5
hours in an electrolyte containing 1.0 M CHsOH
and 1.0 M KOH. This excellent performance arises
from the strong nickel-carbon bonding, which en-
hances electron flow at their junction by modifying
their configuration to facilitate the reaction. Fur-
thermore, the morphology also plays a vital role:
the material exhibits a nanostructure with nanon-
eedles that amplify surface area, diminish diffusion
kinetics, and maximize active sites for reactions.
This research is immensely valuable and merits
further attention due to its exceptional energy re-
sponse while emitting zero carbon.
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Fig. 4. Influence of molybdenum carbide content on the electrocatalytic activity of Mo.C—NiCNFs prepared at 850 °C calcination
temperature from electrospun solutions having different molybdenum chloride content: 5; (a), 10; (b), 15; (c), 25; (d) and 35 wt.%);
(e), at different methanol concentration and scan rate of 50 mV/s. Reproduced with permission from Marwa M. Abdel-A, Polymer;

published by MDPI, 2023 [47].

In contrast, other fuel cells that undergo
complete methanol oxidation release carbon diox-
ide (albeit at low levels). This field requires addi-
tional exploration to enhance performance, whether
through the introduction of multimetal catalysts,
surface engineering, conductive support surfaces,
and more. In this regard, Zhang et al. [45] em-
ployed the concept of multimetal synergy to
achieve a high electronic cloud for exceptional
MOR application. They prepared an electrocatalyst,

Ni/WC, which required an overpotential of 0.6 V vs
Ag/AgCl to achieve a current density of 325
mA/cm? in an electrolyte of 1 M CH;OH and 1 M
NaOH aqueous solution as shown in Fig. 3. The
catalyst exhibited outstanding stability over a dura-
tion of 10 hours, confirming its robustness and
practicality for MOR application in fuel cells.

The hybrid Ni/WC nanoparticles synthesized
in this study display remarkable electrooxidation
capabilities when employed for the oxidation of
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methanol, ethanol, iso-propanol, ethylene glycol,
and propylene glycol in an alkaline solution. Par-
ticularly noteworthy in the context of methanol ox-
idation, the Ni/WC nanoparticles exhibit height-
ened reaction activity (with a mass activity of 1363
mA/mg) alongside exceptional stability (with only
approximately a 6.8% drop in catalytic current after
4 hours). During the initial 6-hour electrolysis peri-
od, methanol efficiently transforms into formate
with an approximate Faraday efficiency of 93.8%.
Through the utilization of in situ IR spectra and

control catalyst experiments, it has been established
that both tungsten carbide (WC) and nickel oxyhy-
droxide (NiOOH, derived from Ni) species are ca-
pable of activating distinct functional groups within
methanol. Importantly, their synergistic hybrid
structure (Ni/WC) leads to an enhanced catalytic
performance in converting methanol into formate.
The catalyst's exceptional performance can be at-
tributed to its nanosized particles, which provide an
excellent large surface area for electrochemical re-
actions.

Table 1. Comparison of Ni based metal carbide MOR performance

S.No  Catalyst Potential Current density Electrolyte Ref
1 CNT-Ni/SiC 0.8V vs Ag/AgCI 210 mA/cm? ig m E'gf“ [26]
2 PNiPb/WC 0.85 VV vs RHE 2,67 mA/cm? Y 3?3384“ [43]
3 PYNI-WC 0.4V vs Ag/AGCI 0.51 mA/cm? (1)2 v ES‘;&H [44]
4 Ni/WC 0.6V vs Ag/AGCI 325 mA/cm? Lo SHaoH [45]
5 NisC 0.6 V vs Ag/AgCI 127 mA/cm? 18 m Egi’_?H [46]
6 Mo,C/Ni-CNFs (5%) 1.0V vs Ag/AGCl 107 mA/cm? fg v &ng [47]
7 10PYNi-MoCx/C 0.9V vs RHE 260.5 mA/mg (1)2 v ES‘;&H 48]
8 Ni-WC 0.8V vs SCE 105.7 mA/cm? 2:8 m ﬁgf“ [49]
9 Ni/TaC 0.4 V vs SHE 1.1 mA/cm? 15 M H,SO. [50]

It is highly interesting and needs more atten-
tion that Burstein et al. [50] conducted a study on
metal carbides; the Ni/TaC catalyst displayed an
excellent response to heated methanol when intro-
duced to a chamber for catalytic applications. The
system exhibited a current density of 1.1 mA/cm? at
an overpotential of 0.4 V vs SHE in an electrolyte
of 1.5 M H,S0.. This study demonstrates the supe-
riority of methanol-based fuel cells over hydrogen
oxidation reactions. The described electrocatalyst,
composed of tantalum, nickel, and carbon, demon-
strates higher catalytic activity in the anodic oxida-
tion of methanol compared to hydrogen. This dif-
ferentiation is attributed to the functionalization of
surface carbon atoms through anodic oxidation,
enabling them to adsorb and react with methanol.
The proposed surface intermediate adopts a ring
structure. This innovative mechanism for the anod-
ic oxidation of methanol is exclusive to carbon-
based surfaces and doesn't apply to metal electro-

catalysts. Furthermore, it is specific to the anodic
oxidation of carbon-based fuels and isn't relevant to
hydrogen oxidation. The presence of the nickel
and/or tantalum component is thought to enhance
this observed behavior.

CONCLUSION AND FUTURE
PERSPECTIVE

The growing concern over energy crises and
environmental issues has prompted significant re-
search endeavors toward the development of re-
newable energy sources as potential solutions.
Among these, fuel cells emerge as a promising
technology to address these challenges. Extensive
research has been dedicated to exploring diverse
electrocatalysts capable of efficiently oxidizing
methanol to generate energy. Within this landscape,
nickel-based metal carbide materials have garnered
notable attention, attributed to their cost-
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effectiveness, efficiency, and suitability for electro-
chemical methanol oxidation reactions (MOR).
Hence, the focus of this study is directed toward
nickel-based metal carbides.

The heightened catalytic efficacy of metal car-
bides can be traced to the formation of metal-carbon
bonds arising from the hybridization of carbon's s-
and p-orbitals with the metal's d-orbitals, corroborated
by DFT calculations. This hybridization leads to the
expansion of the metal d band, rivaling that of Pt.
Empirical evidence affirms that electrochemical MOR
applications are positively correlated with diminishing
catalyst size. Similarly, enhanced morphology facili-
tates optimal utilization of the expansive surface area
and maximal incorporation of metal carbide atoms.
Moreover, the catalytic impact can be further en-
hanced when metal carbides are amalgamated with
other active materials. Incorporating doped and multi-
metal elements in electrocatalysts has demonstrated
improved sensing activity.

To markedly enhance catalytic performance
and achieve practically efficient electrocatalysts for
MOR, it is recommended to reduce and control the
catalyst size down to the nano or sub-nano scale.
Counteracting nanoparticle agglomeration is pivotal
to preserving a heightened active surface area and
attaining elevated activity levels. In this context,
various supporting materials, such as 3D graphene,
boron nitride, graphitic carbon nitride, and carbon
nanotubes, can be employed to mitigate nanoparti-
cle agglomeration. These materials, in addition to
curbing agglomeration, offer high conductive sur-
faces that expedite electron transport, further facili-
tating catalytic applications.

Morphology also exerts a substantial influ-
ence on catalytic activity. Transforming metal car-
bides into diverse morphologies, such as nanoflow-
ers, nanoneedles, urchins, nanotubes, nanofibers,
porous structures, and ultrathin layers, can amplify
their activity. These unique morphologies confer
extensive surface areas, enabling optimal utilization
of active materials for targeted reactions while min-
imizing wastage of materials embedded deep within
the catalyst's bulk structure. Additionally, the stra-
tegic integration of multiple metals within a single
catalyst can augment activity by introducing a
greater pool of active materials for catalytic pro-
cesses. The observed synergistic effects in multi-
metal-based electrocatalysts contribute to their
heightened activity levels as well.
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METAJIHU KAPBU/M IITO COAPKAT HUKEJI KAKO KATAJIN3ATOPU
3A PEAKIIMJATA HA OKCHUJAIIUJA HA METAHOJIOT

Haou Yaax!, lapuym 'y:xujescku!, Cymanpa Upym Kan?, Hoaman Myxaman®, Ata Yaax4, ®@apuaa Paxajy’

'0en 32 HeOpraHcKa W aHAJMTHYKA XeMHja, XeMUCKH (akyirer, Yuusep3urer Bo Jlor, ITocka
2Onnen 3a papmarija, YHABEP3UTET 3a HAyKa M TEXHOJIOTHja ,,Mupiyp*; Mupryp, [Takncran
SllenTpanna qpkaBHa 1ab0paTOpHja 32 CHCTEMCKO HHKEHEPCTBO, MefyHapoaHa nabopaTopuja
32 MHKPO-/HaHO-IIPOM3BOJCTBO M MEPHU TeXHOJIOTHH, Y HUBep3uTeT ,,Kcuan [Iuarour®, [llankcu, HP Kuna
“IenTtpanHa apxkaBHa 1abopaTopHja 3a CHIMIIMYMCKH MaTepujand, [lIkona 3a Hayka Ha MaTepHjaid U HHKEHEPCTBO,
Yuusepaurert ,,llejanr, Xanny, HP Kuna
SHcTpaxkyBauky LEHTAp 3a IIPUMEHETa MUKpoOHosornja, HanuoHaaHa HCTpakyBauka areHIuja 3a HHOBA LUK,
Borop, Manone3unja

Karanuzaropure urpaar BaykHa yjora 3a nojoOpyBame Ha e(UKacHOCTa Ha MPOIECOT Ha OKCHAAlMja Ha
MeTaHoNoT. ['oleM Opoj Karanu3aTopu ce MpeAMEeT Ha TEeKOBHM HMCTPaKyBama, MpPU IITO OJl HEOJaMHa IOCTOM
3HAUMTEJICH MHTEPEC 3a KaTaln3aToOpH IITO COAPXKAT HUKeJ. HHUBHAaTa COOJBETHOCT MPOU3JNEryBa OJ MOCTOCHETO Ha
MeTall-jaryiepo/iHa BpCKa, Kako U o (aKTOT AeKa THE ce eBTUHU M 3HAUUTENHO edukacHH. MeTal-jarnepoaHara Bpcka
ce Qopmmpa Mery s- U p-XHOPUAHUTE OpOWTAIM Ha jaryIepomoT W d-OpOHWTaNHTe HAa HHUKENOT, CIMYHO KaKO Kaj
IUIATMHCKHUTE KaTaJu3aTOpH, CIIOpe] 3aKIydoLUTe Ha TeOopeTckuTe cTyauu. Karanmutudkuor edexr Moxke pa Oune
3roJIEMeH U NpeKy KOMOMHMpamke Ha MeTalKapOUIUTe CO Jpyru akTUBHM Metanu. Of apyra crpana, Mop¢oiorujara u
roJieMHHaTa Ha KaTaJMTUYKATE YECTHYKH MMaar 3Ha4ajHa ynora. [IpuToa, 0coOEHO € BaXKHO ONTHMHU3UPAHETO Ha
MopdoIorijara Ha YeCTUYKUTE BO HACOKA HA IMOroJieMa JOCTAalHOCTa Ha CYNCTPATOT JI0 MeTaJkapOuaHaTa BpcKa Ha
karanu3atopot. [lokpaj Toa, ocobeH mHTepec MoOyayBa KOMOMHAIMjaTa HAa METATKApOWIUTE CO YECTUYKUTE Ha
pa3IMuyHM METaIM 3aIlTO OBO3MOXKYBa 3HAUMTEIHO I0JI00pYBame Ha KaTAIUTHYKUTE ocoOMHH. OBaa IENoKyIHa
o0acT Ha NCTPaXyBamkbe OBO3MOXYBA JN3ajHUpamke Ha e(UKAacCHU W €BTHMHU METOJH 3a Pa3BOj Ha TOPUBHM KEJIMH ILITO
KOpHCTaT METaHOII.

Kityunu 300poBM: HUKET, MeTa KapOuIu, TOPUBHU KEJIMH, EHEPTHja, HyJla-jaryiepoHa eMICH]ja
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