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The search for cost-effective, abundant, and efficient alternatives to precious metal catalysts is vital for
advancing electrocatalytic performance. Despite various studies on non-precious metal catalysts, their
industrial application remains hindered by their inherent reactivity and poor stability. A promising
strategy, based on encapsulating non-precious active metal materials within 2D carbon supporting
materials, offers distinct benefits, including improved catalytic performance and long-term durability.
Such behaviors are attributed to their synergistic effect, which provides ample electrochemically active
sites, tunable electronic properties, and an innovative structural design that enhances interaction
between the constituents. This review summarizes the recent progress in preparation methods,
innovative micro/nano structures, and the widespread applications of nonprecious metal-derived
electrocatalysts confined within two-dimensional carbon layers. The main merits and demerits of various
synthesis strategies will be critically evaluated to elucidate the relationship between structure and
properties, with the aim of improving electrochemical performance. Furthermore, this review highlights
the significance of these hybrids for various potential electrochemical processes, including the oxygen
evolution reaction (OER), hydrogen evolution reaction (HER), and oxygen reduction reaction (ORR), in
the context of relevant fuel cells, metal—air batteries, and water electrolysis. Lastly, the existing issues in
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Introduction

Nanocatalysis, due to its superior activity and durability, serves
as a crucial tool in modern science and technology. In this
context, the most well-known precious metal catalysts, made
from Pt, Pd, or Ru, are advanced catalysts that have been
extensively applied in various areas of electrochemical appli-
cations due to their superior catalytic behaviour, selectivity, and
stability, surpassing traditional nanomaterials. However, the
most significant challenge to their large-scale industrial
implementation is their limited availability, which drives up
costs.™” Furthermore, although stable, precious metal catalysts
can still degrade over time due to structural changes triggered
by undesirable oxidation, carbon support corrosion, and
migration, resulting in a loss of surface area.®* There is
a pressing need to address the high-cost challenge posed by
precious-metal catalysts to the practical realization of related
technologies, such as fuel cells and green hydrogen production.
In this aspect, various strategies have been implemented,
including the efficient utilization of Pt, improved recycling
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methods, and the complete replacement of Pt.** Alternatively,
significant efforts are being made to develop catalysts with
superior physicochemical properties using either Pt alternatives
or coupling with other precious metals (alloys).*® Although this
approach, which utilizes inexpensive Pd, Ru, or their alloys, is
viable, it is not suitable for long-term adoption in practical
applications due to its limited activity and poor availability.
Another promising, inexpensive route with high abundance and
uniform worldwide distribution is the utilization of transition
metals (TMs) with various established structures, including
hydroxides, carbides, oxides, sulfides, selenides, borides, and
nitrides.”** Although extensive progress has been made in their
development, several challenges persist due to their inherent
reactivity, resulting in poor stability, low electrical conductivity,
and reduced activity."* Consequently, two-dimensional (2D)
conducting supports anchored with TMs have gained attention
as promising candidates for the development of catalysts,'**°
which can be fabricated using top-down and bottom-up
approaches, including hydrothermal synthesis, chemical reac-
tions, and electroplating.””>® These, together with the rise of
carbon allotropes having unique structural properties, i.e., large
surface area, high mechanical strength, and facile functionali-
zation, such as two-dimensional (2D) graphitic carbon nitride
(g-C3N,) and graphene sheets (GNS), can create advanced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hybrid materials with desirable characteristics in electro-
catalysis applications.>® Nevertheless, simply loading active
metal catalysts onto 2D carbon surfaces often fails to establish
strong interfacial interactions between the two components,
leading to accumulation and leaching that ultimately result in
insufficient catalytic activity and poor durability.”” The design of
a nanoarchitecture that ensures specific, strong interactions
between TMs and 2D-carbon-based supports by modulating
their (metals and carbon) electronic environments is highly
regarded as a promising method for achieving inexpensive,
efficient catalysts that surpass the performance of precious-
metal catalysts in electrochemical applications.*®*® Interest-
ingly, core-shell nanostructures featuring active nanomaterials
encapsulated within 2D carbon allotropes with tailored func-
tionalities have emerged as advanced candidates for diverse
electrochemical applications.>** The enhanced catalytic
activity and stability of these systems arise from the unique
interactions between active metal carbon shells to form efficient
conductive networks, improve interfacial contact, and suppress
nanoparticle self-agglomeration.**** Moreover, the geometric
configuration of these nanostructures helps mitigate the
volume increase and prevents leaching of the inorganic
components during the working process. Thus, the core-shell
architecture enhances the electrochemical surface area and
increases the number of active centers, resulting in superior
catalytic activity.

Recently, many review articles have extensively covered
hybrid systems of carbon allotropes and TM -catalysts.**
Although these comprehensive reviews have focused well on the
promising contributions of core-shell TM@C electrocatalysts in
electrocatalytic applications, the insight into the influence of
morphology and the correlation between structure and physi-
cochemical properties on the electrochemical behaviour of
various transition metal types encapsulated by a carbon layer
has not yet been emphasized. To bridge this gap, this review
provides a detailed insight into the research progress in TM@C
hybrids, focusing on their systematic synthesis approach,
structure-electrochemical properties relationships, and
prospective electrochemical applications. Furthermore, we
highlight the current challenges, scope for academic research,
and summarize their potential for practical implementation.
We believe this review provides a focused perspective on the
development of advanced catalysts and will also serve as
a knowledge base for global researchers dedicated to the
development of novel nanomaterials for electrochemical
applications.

2D carbon allotrope materials

Since the groundbreaking 2004 discovery and isolation of GNS
using the “Scotch Tape process” of mechanical exfoliation by
Geim and Novoselov, intense investigation on 2D nano-
structured materials has advanced rapidly across diverse
research areas, such as materials science and nanotechnology,
due to their unique physicochemical behavior, contradicting
their bulk counterparts.>****> Within this context, we present
a brief discussion of emerging 2D carbon allotropes, including
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g-C3N, and GNS, which hold great promise for various fields
due to their unique properties that enable them to serve as both
active and supporting components for innovative electro-
chemical applications. g-C;N, is a polymeric semiconductor
that is held together via van der Waals forces. This structure is
created by stacking sheets of C and N. Here, the lattice consists
of a hexagonal carbon configuration substituted by N via the sp>
hybridization of C and N atoms. Among the various forms of
carbon nitride, g-C;N, is regarded as the most thermodynami-
cally stable allotrope.*® Its synthesis typically involves thermal
polymerization of N-rich precursors, such as urea, cyanamide,
melamine, thiourea  (CH4N,S), and dicyandiamide
(Fig. 1a).****® Variations in N source choice and reduction
pathways yield g-C;N, with specific structures. Specifically, g-
C3N, could be constructed from the condensation of s-triazine
(C3N3) units or s-heptazine (CgN,).**' The N incorporation
endows g-C;N, with special surface characteristics, including
highly structural defects, diverse surface functional groups, and
charge-rich properties. These improve its interactions with
intermediates during electrocatalytic reactions. Furthermore, g-
C;3N, exhibits excellent physicochemical stability, which is
extremely favorable for catalytic and heterogeneous catalytic
applications (Fig. 1b).*” Due to its semiconducting nature and
a unique band gap of approximately 2.7 eV, g-C3N, is a prom-
ising material for photocatalysis. In particular, heptazine-based
g-C3N, serves as both an active component and a robust
substrate for diverse electrochemical processes.**** When
hybridized with active metals, g-C3N, can alter the electronic
states and AGy+ at the interfacial regions, thereby promoting
electron transfer and significantly enhancing electrochemical
activity.>

Graphene, a 2D sheet of sp>hybridized C atoms forming
a honeycomb lattice, which acts as the primary building block
for various graphitic carbon nanostructures (Fig. 1c).”* The
remarkable attention in GNS is attributed to its exceptional
features, including a very high theoretical surface area (2630 m>
¢~ "), outstanding thermal conductivity (~5000 W m' K'),
superior Young's modulus (~1100 GPa), and fracture strength
(125 GPa). Moreover, GNS exhibits a zero-bandgap architecture,
displaying excellent electrical conductivity (Fig. 1d).>**>*
Interestingly, its electronic and structural features could be
further modulated by creating a stacking heterostructure with
zero-dimensional, one-dimensional, or other two-dimensional
materials.>** Such hybrid materials could be horizontally
constructed via covalent interactions, ensuring excellent in-
plane strength, or vertically stacked via weak van der Waals
interactions, thus creating a specific heterojunction. Addition-
ally, defect engineering and heteroatom doping represent effi-
cient strategies for modulating the physicochemical and
electronic behavior of GNS.>* 1t is well established that edge
defects and electronic states localized at defect sites are highly
active for electrocatalysis.®® Beyond defects, heteroatom
doping—by substituting sp” carbon atoms with S, N, P, F, or B—
has proven effective in tailoring the properties of GNS to
improve its functions.®>* Therefore, GNS demonstrates a great
potential across diverse applications, including electronics,

energy and conversion, bioengineering, and polymer
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Fig. 1

(@ and b) Synthesis, structure, and electronic properties of g-CsN4 material (reproduced from ref. 47 with permission from Elsevier,

copyright 2022); (c) structure and (d) electronic properties of GNS material>® (Copyright from MDPI); (e) synthesis timeline of GNS material
(reproduced from ref. 69 with permission from Springer, copyright 2009).

nanocomposites.®**® Accordingly, diverse preparation routes,
such as chemical vapor deposition (CVD), plasma-assisted CVD,
chemical exfoliation, or arc discharge, have been reported to
produce a variety of GNS types with tailored properties for
specific applications (Fig. 1e).®® While bottom-up-synthesized
GNS with high-quality structure and excellent conductivity has
attracted considerable attention for high-performance elec-
tronic devices, chemically synthesized GNS is promising for
polymer nanocomposites and electrocatalysis due to its scal-
ability, high surface area, and functionality.”

Active TM catalysts and advances of
their core—shell hybrids with 2D
carbon

Transition metals, including Fe, Co, Mn, V, Cr, and Ni... are
widely used as “non-precious catalysts” owing to their cost-
effectiveness, earth-abundance, and environmental friendli-
ness. Specifically, as shown in Fig. 2a, TMs found in groups 4
through 8 of the periodic table, including Cr, V, and Mn, have
gained significant attention from global research groups for

19804 | RSC Adv, 2026, 16, 19802-19825

catalysis due to their interesting physicochemical behavior.” In
1964, Raymond Jasinski introduced the role of Co-
phthalocyanine towards the oxygen reduction reaction (ORR)
in alkaline.” His groundbreaking discovery laid the foundation
for advanced research into non-precious metals for electro-
catalysis. Later in 1970, a notable investigation by Morcos and
Yeager on the role of metal-N4 macrocycles in supporting
superior area carbon materials laid the foundational step in
deciphering such materials. Despite the multitude of discov-
eries being made, the inherent reactivity of TMs was insufficient
to replace Pt.”> With gratitude for the year 2005, the advance-
ments related to stringent control over the catalyst layer struc-
ture and porosity have enabled the TMs catalysts to overcome
the limitations of both activity and stability.”*”® Every
advancement introduces new obstacles, such as active site
dissolution and leaching, as well as oxidation influence,
requiring new strategies to overcome them. In this context,
compositional engineering of TMs utilizing innovative fabrica-
tion approaches is being explored, including oxides, hydrox-
ides, phosphides, carbides, sulfides, and nitrides. These
materials have merits, including superior conductivity and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Different potential transition metals in Group IVB to IB
highlighted in blue for catalyst development (reproduced from ref. 71
with permission from AAAS, copyright 2022); (b) various potential TM-
based materials, such as oxides, hydroxide, phosphides, di-
chalcogenides, carbides, and nitrides, and (c) their unique properties
for electrochemical applications (reproduced from ref. 76 with
permission from MDPI, copyright 2024).

catalytic activity, making them suitable for electrochemical
applications (Fig. 2b, ¢ and Table 1).”® The deliberate insertion
of O, C, P, or N heteroatoms in TMs causes tuning in their
electronic properties, metal lattice structure, and interatomic
spacing, enhancing the density of states (DOS) and d-band
broadening, while adopting fce, hep, or simple hexagonal
structures.”””” The fabrication of nanostructured TM-based
catalysts results in notable changes in their physical, chem-
ical, and mechanical properties.*>®" Particularly, morphology
modulation affects lattice microstrain, defect generation, and
edge density, thereby increasing surface vacancies and tuning
the interaction between the catalyst and reactants.®>** A
previous investigation has revealed that the particle structure of
the active catalysts has a proportional influence on adsorption
behavior towards the reactants.** Zhao and coauthors developed
a NiO flower-like nanostructure with a large surface area and
uniform pore size distribution, thereby achieving superior
activity compared to NiO nanoparticles. Such performance was
attributed to the structure-property relationships with a flower-
like morphology, which provided coordinatively unsaturated Ni
atoms, rich defect sites, and a higher density of oxygen vacan-
cies, thereby creating an ample number of active sites and
stronger interactions with the reactants.®

It is essential to note that 3d-transition metals, particularly
Ni, Co, and Fe, have been the focus of research and develop-
ment over the past decade, serving as alternatives to Pt-group
metal nanomaterials. Despite their advantages, they suffer
from several challenges, including inactivation caused by metal
dissolution and accumulation in harsh operating conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it's necessary to explore new avenues for research.
Extensive research indicates that a carbon structure with N-
functionalization can enhance its immobilization and
strength towards metal catalysts; however, such methods offer
only limited effectiveness. In comparison, engineering well-
defined nanostructures based on active metal species-coated
2D carbon sheets has emerged as a far more effective strategy,
delivering greatly enhanced stability without compromising
catalytic activity. In recent years, such encapsulation strategies
have been employed to fabricate TM compounds, yielding
intriguing achievements in terms of morphology and physico-
chemical properties. In this review, we highlight pioneering
research on core-shell hybrids, focusing on innovations that
enhance the structure and catalytic behaviour for various
applications.

TMs confined by 2D carbon materials

A potential design for catalysts based on TMs-coated carbon
matrices creates unique physicochemical properties that offer
advantages, particularly in improving electrochemical perfor-
mance. A recent study demonstrated that Co NPs can be
uniformly encapsulated within N-doped GNS shells
(Co@NGNS).** The Co NPs exhibited an average diameter of
8.40 + 0.19 nm and were completely enclosed by GNS with
a thickness of approximately 5 nm or less. The presence of Co
metal and highly crystalline carbon, with no visible other Co-
based compounds, as confirmed by X-ray diffraction (XRD),
leads to exciting behaviors in oxidative dehydrogenation and
hydrogenation reactions. In addition, a similar core-shell
nanoarchitecture using Co NPs wrapped within GNS shells was
also reported by Liu and coauthors.*” Fu and coauthors
designed an interesting nanostructure with Ni NPs integrated
within a 3-4-layer g-C3;N, framework. This morphology
enhances performance by creating abundant active centers for
hydrogen adsorption and the subsequent activation of the CN
group for catalysis, without being physically involved in the
reaction environment, thereby blocking mass loss, poisoning,
and acid corrosion of Ni NPs.*®*° These studies were further
implemented on Ni@GNS to achieve long-term durability in
a harsh electrolyte.®® The construction of microsphere archi-
tectures in which an ultrathin GNS shell encapsulates regular
metallic Ni NPs indicates the formation of Ni NPs, all below
15 nm in size, fully confined within 2-6 nm thick GNS shells,
forming well-defined microspheres.”® Similarly, 2D carbon-
encapsulated TM NPs, including Ni-encapsulated C and Co-
encapsulated N-C,>** have exhibited remarkable electro-
catalytic activity coupled with exceptional durability. Neverthe-
less, the optimum exposure of TMs' active sites for catalysis can
be achieved by stringently regulating the carbon shell's thick-
ness. To support the above notion, Zhang and coauthors
designed Cu NPs encapsulated by GNS shell of 1-2 nm thick-
ness (Fig. 3a-c).** Copper (Cu) has shown the potential in terms
of cost and conductivity to surpass precious metals in conduc-
tive inks. However, its tendency to oxidize at ambient room
temperature limits its practical application. The study from
Wang and coauthors specifically offered a solution via the

RSC Adv, 2026, 16, 19802-19825 | 19805
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Table1 Common types of transition-metal compounds and their key advantages and limitations for electrocatalysis

Transition metal compounds Abbreviated name

Key advantages and limitations

Transition metal oxides TMOs
Transition metal hydroxides TMHOs
Transition metal nitrides TMNs
Transition metal carbides TMCs
Transition metal sulfides TMSs
Transition metal phosphides TMPs

encapsulation of Cu within a carbon framework of the appro-
priate thickness. As a clear advantage, the encapsulated Cu
cores distinctly retain their single-crystalline structure, as
shown in HR-TEM, even after 60 days of exposure to ambient
conditions.”

Additionally, they exhibit no XRD peaks for copper oxides,
ensuring oxidation resistance. Another report marked further
progress toward achieving improved chemical stability, a huge

19806 | RSC Adv, 2026, 16, 19802-19825

- Abundant and cheap raw materials suitable for
low-cost electrocatalysis, good OER activity due
to variable oxidation states, and prospective
corrosion resistance during OER

- Low conductivity; poor reaction kinetics;
limited structural stability with dissolution,
sintering...

- Abundance and low-cost catalysts, large
surface area due to formation of unique
morphology and structural flexibility, and
outstanding stability in alkaline medium

- Low conductivity, insufficient durability during
long-term operation due to structural collapse
or dissolution/sintering, poor catalytic behavior
in acid medium, and low thermal stability

- High conductivity with noble metal-like
electronic structure, good chemical and thermal
stability, and corrosion resistance in acidic or
alkaline environments, tunable structure/
composition

- Undergo surface oxidation under highly
oxidizing potentials during OER, a complicated
synthesis strategy, agglomeration during
synthesis, and reducing the effective surface

- Remarkable chemical stability in harsh
electrolytes, high conductivity with tunable
activity, and noble metal-like behavior, similar
to Pt for HER

- Challenges of the synthesis strategy with the
requirement of high temperature, surface
oxidation leading to reduced stability during
operation

- Abundance with cost effectiveness, excellent
HER/OER activity in alkaline media,
outstanding charge mobility and charge transfer
kinetics, structural tunability, and
thermodynamic stability in alkaline
environments

- Poor conductivity, potential surface oxidation
during OER, thus reducing stability for long-
term operation

- Metallic or quasi-metallic conductivity,
excellent HER/OER activity in both acidic and
alkaline media due to tunable electronic
structure, strong structural integrity with
corrosion resistance in acidic/alkaline media

- Surface oxidation to form oxides/phosphates
decreasing conductivity and activity, synthesis
challenges with the requirement of high
temperature, toxic chemical sources, and
specialized equipment

surface area, and high electrical conductivity through the
development of core-shell FeCo@N-C spheres anchored within
GNS.?® Carbon shells protect the NPs against harsh environ-
ments, providing long-term stability, while FeCo NPs reduce the
regional work function of the carbon surface, resulting in
a synergistic effect that significantly enhances catalytic activity.
A valuable report by Tu and coauthors designed ultrafine NiFe
NPs with a small size encapsulated within a few-layered GNS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) TEM images and (c) XRD pattern of the Cu encapsu-
lated by GNS (reproduced from ref. 94 with permission from ACS,
copyright 2018); (d) TEM image, (e and f) HR-TEM images, (g) sche-
matic illustration of core—shell structure, (g) statistical analysis of the
graphene layer number derived from FeNi NPs encapsulated by GNS,
and (h) its specific electronic properties for enhancing catalytic activity
towards OER (reproduced from ref. 97 with permission from Elsevier,
copyright 2018).

with significantly high loading via a universal strategy (Fig. 3d-
2).%” In this research, the author examines and resolves issues,
including large particle size, inhomogeneous distribution,
incomplete encapsulation, and lower loading caused by high-
temperature synthesis, by uniformly coating the dispersed
NPs with a 3-5-layer thick GNS. The encapsulation of FeNi
binary metal NPs within an ultrathin GNS layer can effectively
modulate the electronic properties, leading to an enhanced
catalytic activity towards OER (Fig. 3h).°” In a further noteworthy
study, Feng and coauthors fabricated a NiFe@N-GNS core-shell
structure, utilizing N-doped GNS (NGNS) that offers enhanced
electrical conductivity and a large surface area for retaining the
NiFe core, thereby achieving superior electrochemical perfor-
mance.”® In another study, 3D N-GNS foam architectures
incorporating Ge-QD@NGNS nanostructures have been re-
ported for flexible energy storage applications.* In this config-
uration, 3-7 nm Ge QDs are encapsulated by self-supporting
NGNS shells and uniformly anchored within the 3D foam. The
interconnected porous framework ensures intimate contact

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the Ge QDs and the conductive NGNS network, while
an internal void of ~2.2 nm effectively buffers the volumetric
expansion of Ge QDs during lithiation, thereby maintaining
structural integrity and enhancing electrochemical perfor-
mance. Furthermore, the open channels facilitate efficient
electrolyte infiltration, while the robust yet flexible framework
preserves high electrical conductivity, enabling rapid ion/
electron transport and outstanding battery performance.

TMOs and TMHOs and their core-shell materials

TMO catalysts offer advantageous physicochemical properties,
including superior theoretical specific capacities, durability,
and cost-effectiveness, as well as abundance, making them
a potential material for heterogeneous catalysis in various
industrial chemical processes. Typically, the facile preparation
of TMOs requires low temperatures; thus, they can be designed
in various tailored sizes and morphologies. Despite their
simplicity of synthesis and favorable activity for electrocatalysis,
TMOs exhibit lower electrical conductivity and thus seek opti-
mization in their electron transfer ability. In this context, defect
engineering and plasma treatment are effective strategies to
accelerate reaction kinetics, as opposed to their bulk counter-
parts.”>** TMOs are recognized as highly effective candidates
for energy conversion and storage, resulting from their exciting
catalytic behavior and exceptional capacities, as confirmed by
theoretical studies. However, the long-term cycling operation
often leads to large volume changes, which can cause break-
down (pulverization). As a result, the active material and the
current collectors lose electrical contact, leading to a rapid loss
of capacity over time. Furthermore, undesirable aggregation
and leaching during cycling add up to activity/capacity decay.*®
To overcome these challenges, forming a core-shell structure
with 2D carbons has emerged as an effective solution to
enhance performance. A recent report by Zhang and coauthors
indicates that coating the GNS layer on ternary Zn-Ni-Co oxide
microspheres creates a synergistic effect that enhances
conductivity, thermal/chemical stability, and mechanical
strength.'®* It was discovered that GNS acts as an efficient 2D
supporting substrate, retaining a uniform dispersion of the
active material while shielding volume expansion, thereby
offering excellent activity and longer cycling life. In another
compelling investigation, Jin and coauthors designed a unique
nanoarchitecture utilizing core-shell strategies, with 2D GNS
serving as an electron collector. They covalently anchored a CoO
core and a Co-doped g-C;N, shell to create ample active sites,
thereby delivering superior stability and catalytic activity
towards ORR.' The synthesis of a porous hybrid structure
derived from reduced graphene oxide (rGO) NSs uniformly
attached with Fe,03;-MoO; NPs of approximately 8 nm was also
reported.’® The highly dispersed Fe,O; provides additional
active centers, improves contact with the matrix, and enhances
stability, while also acting as pillars between GNS to form
a porous architecture that facilitates catalytic activity while
minimizing NPs detachment, thus enhancing charge transfer
and improving activity with excellent stability (Fig. 4a—d). More
recently, o-Fe,O; nanoplates, consistently distributed and

RSC Adv, 2026, 16, 19802-19825 | 19807
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Fig. 4 (a) SEMimage, (b and c) TEM images, and (d) HR-TEM image of
rGO NSs uniformly attached Fe,Oz—MoOs NPs (reproduced from ref.
103 with permission from Elsevier, copyright 2021); (e) SEM image, (f)
TEM image, and (g) HR-TEM image of Ni—Fe—Co-based mixed metal/
metal-oxides NPs confined within porous carbon nanosheets (repro-
duced from ref. 105 with permission from Elsevier, copyright 2021); (h)
TEM image and (i and j) EDS analysis of C@Ni—Al LDH material'°®
(reproduced from ref. 106 with permission from Springer, copyright
2019).

confined within the rGO network, were demonstrated to form
a fluffy microstructure.'®* Interestingly, when rGO nanosheets
are deliberately coated on another material's surface, they act as
a barrier to block agglomeration and restacking of rGO sheets.
In another study, a microsphere was formed by encapsulating
hollow V,05 on crumpled rGO, resulting in a 3D network with
strong mechanical features, enhanced mass transfer, and
reinforced structural stability. In an interesting study proposed
by Yaseen and coauthors,'® a 3D interconnected macro-porous
framework of hierarchical flower-like morphology constituted
uniformly dispersed Ni-Fe-Co-based mixed metal/metal-oxides
NPs with a particle size of 50 nm confined within porous carbon
nanosheets (Fig. 4e-g).'"® The developed material exhibits
a meso- and macroporous structure that improves interfacial
contact while mitigating the dissolution and accumulation
associated with NPs, thus boosting stability and activity.

TMHOs are a highly desirable electrode material for energy
storage applications. It offers several advantages, including
high theoretical capacitance, cost-effectiveness, compositional
flexibility, and eco-friendliness. For TMHOs, the major draw-
backs are low conductivity, agglomeration, and volume expan-
sion, which significantly hinder their ability to reach optimum
performance.

To address these limitations and achieve high power and
energy densities, novel architectural designs are needed to
enhance intrinsic features. In a recent report, GNS encapsulated
spheric structures of homogenously dispersed C@Ni-Al LDH
were pronounced (Fig. 4h-j)."*® This was confirmed by the
regular dispersion of GNS on C@Ni-Al LDH spheres, which
exhibit the role of spacers in blocking the restacking of GNS,
thereby ensuring mechanical integrity and improved electrical
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conductivity. A flower-like structure of Ni**/Mn**/Al** LDH@N-
GNS hybrids coating on nickel foam was reported.'®” In addi-
tion, Chen and coauthors also developed a specific architecture
derived from Ni-Mn LDH-coated carbon attached on nickel
foam.'* Such interesting 3D configurations have proven bene-
ficial in achieving an optimum mass diffusion rate and rapid
transfer pathway, thereby enabling high electrochemical
performance. A study by Markovic and coauthors revealed that
the catalytic activity of the TMHO series follows the trend Mn <
Fe < Co < Ni. This behavior could be attributed to a decrease in
the strength of OH,q-M?"°, with Mn-OH being the strongest
and Ni-OH being the weakest.'® Additionally, the combination
of multiple TMHOs can create various active sites, leading to an
overall enhancement of catalytic activity.''®"** As a general
trend, encapsulating TMOs and TMHOs within 2D carbon
materials improves electrochemical reaction kinetics by pre-
venting the agglomeration/leaching of active metals, enhancing
overall conductivity and activity, and accommodating volume
changes during cycling.

TMSs and their core-shell structure by 2D carbon materials

Transition metal sulfides (TMSs) are extensively studied for
many industrial applications, including hydrodesulfurization,
CO, reduction, and energy storage/conversions. In recent years,
their potential in energy storage has attracted growing atten-
tion, owing to their distinctive characteristics that enhance
catalytic efficiency. Among them, layered TMSs are the most
widely explored. The rationale behind their intensive research
includes lower volume expansion during lithiation and superior
rate capacity and cycling ability as compared to TMOs."> When
studying catalytic mechanisms involving layered TMSs, the
catalytically active sites were identified as 1D edge sites of the
layered structure.™® The recent success of TMSs in electro-
catalysis has spurred increased research efforts into specifically
layered TMSs as promising active and inexpensive catalysts.
Despite their high theoretical capacities compared to TMOs and
TMHOs, this potential class of nanomaterials suffers from
cracking, fracture, and particle isolation during volume
changes during cycling, resulting in insufficient cycle stability
and rate capability in electrocatalysis. Li and coauthors intro-
duced the controllable fabrication of N,S-doped GNS encapsu-
lating cobalt-rich sulfides (CogFeSg@NSGNS)-based hybrid
(Fig. 5a—e)."** The uniform distribution of CogFeSg NPs and an
encapsulated structure greatly promoted electron transfer,
which effectively optimizes the electronic structure to enhance
the ORR activity (Fig. 5f). In this context, Qiu and coauthors
have tried to address those issues using a novel nanostructure
based on CoS, spheres confined by N-GNS.'** The fabricated
CoS,@N-GNS exhibited spherical structures with diameters
ranging from 1.5 to 2 um and a narrow particle size distribution.
These spheres were uniformly wrapped by N-GNS, resulting in
crinkled, rough surfaces attributed to the presence of flexible
and ultrathin N-GNS layers. Such a mesoporous structure can
increase electron transfer, reactivity, and create a short ion/
electron diffusion pathway while minimizing volume changes

and suppressing interfacial reaction. The outstanding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Morphology, structure, and composition analysis based on (a)
TEM, (b and c) HR-TEM, (d) EDS, and (e) XRD characterizations for the
CogFeSg@NSGNS; (f) effect of core—shell CogFeSg@NSGNS towards
electronic properties for enhancing catalytic properties (reproduced
from ref. 114 with permission from Elsevier, copyright 2024); (g and h)
TEM images, (i) SAED analysis, (j) HR-TEM image, and (k and |) N,
adsorption—desorption isotherm measurement for the Fe sulfide/rGO
hybrid (reproduced from ref. 117 with permission from Elsevier,
copyright 2019); (m and n) SEM, (o and p) TEM, (q) HR-TEM images of
Ni-V sulfide NPs encapsulated on GNS (reproduced from ref. 118 with
permission from RSC, copyright 2024).

electrochemical performance was also demonstrated by Co
sulfide NPs (average size ~150 nm) uniformly wrapped by or
anchored onto GNS, as reported by Huang and coauthors.'*®
More recently, a distinct nanostructure consisting of Co sulfide
nanocages coated within GNS has been developed.** The anal-
ysis of the synthesized material reveals that it contains hollow,
uniform CoS, nanocages measuring 50-80 nm in diameter and
with 15-25 nm thick wall. These nanocages are then encased
within GNS to create a sandwiched configuration, which effec-
tively prevents the undesirable restacking of GNS, thereby
facilitating rapid mass diffusion. Gautam and coauthors
synthesized Fe sulfide/rGO hybrid, which shows the uniform
distribution of the FeS NPs (~5-10 nm) homogeneously
embedded on the surface of rGO sheet (Fig. 5g-j). The N,
adsorption-desorption suggests the mesoporous features of
such hybrid with the large surface area of (334.15 m’g ")
(Fig. 5k-1), highly beneficial to provide rich active sites, various
ion/charge transfer pathways, and reactant diffusion channels
for improving catalytic performance.*”

Tao and coauthors revealed a hierarchical structure of
CoS,@GNS, where CoS, NPs were tightly encapsulated within
a thin GNS layer to result in a synergistic effect, helping to buffer
the volume changes that CoS, undergoes during cycling and
also improving the electron/ion transfer, resulting in excellent
electrochemical activity over time. In another study, the
development of Co-Fe sulfides well-anchored within meso-
porous N-C was reported. The uniform distribution of Fe
positively affects the initial steps of the catalytic process, i.e.,
adsorption and activation of O-containing items, while the
strong connection of the Co-Fe-S NPs and carbon enhances the
overall stability and efficiency by promoting electron and ion

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transfer.”” Guo and coauthors introduced a hierarchical struc-
ture of Ni-V sulfide NPs encapsulated on GNS."*® TEM analysis
shows Ni-V-S NPs with an average size of approximately 20-
30 nm attached to GNS (Fig. 5m-q). The interconnection of GNS
coating Ni-V-S NPs efficiently decreases the ion diffusion route
among the electrolyte and electrode, thereby boosting electro-
chemical behaviors, significantly potential in energy storage
applications. In a recent study, Guo and coauthors achieved
uniform encapsulation of high-quality Co,CuS, in N-GNS.**
The SEM and TEM analysis indicate that N-GNS is uniformly
wrapped with Co,CuS, NPs with a typical size of ~21 nm. As
a result, the nanomaterial exhibits a high specific surface area
and excellent conductivity, which prevents accumulation while
maintaining nanoparticle morphology, thereby enhancing its
efficiency.

TMCs and their core-shell structure by 2D-carbon materials

TMCs are a type of interstitial alloy where carbon atoms are
placed into the interstitial sites of the TM crystal. The three
primary types of atomic interactions involved in the synthesis of
TMCs are covalent bonds (shared electrons), ionic bonds
(electron transfer), and metallic bonds (electrons holding metal
atoms together).””> These compounds exhibit high melting
points, exceptional conductivity, and favorable physical prop-
erties, crucial for catalytic processes.’ In addition, this class of
materials has high anticorrosion ability in harsh conditions.*
Owing to the promising potential of TMCs, ongoing research
continues to explore their synthesis with tailored morphologies
and properties, aiming to unlock applications across diverse
fields of energy storage and conversion applications.'*>*** TMCs
show great potential as earth-abundant, promising alternatives
to expensive platinum-metal-based catalysts due to their Pt-like
activity. However, TMCs require further in-depth research and
development to overcome the drawbacks associated with these
materials before they can be widely commercialized. In this
respect, various strategies are being implemented to achieve
higher efficiency and reliability, including tunable nano-
architecture, which enhances the interaction between the con-
ducting support and the active material to achieve an optimal
binding energy for the reaction and sufficient active sites.
Specifically, a reduction in particle size has proved to be an
effective approach to achieve higher electrochemical perfor-
mance. In this context, constructing core-shell TMCs@carbon
nanostructures not only enables the controlled production of
small NPs but also significantly enhances the communication
between the active catalysts and their 2D support. Zhang and
coauthors reported designing ultrasmall TMC NPs encapsu-
lated in N,S-doped GNS as precious metal-free electrocatalysts
for HER," in which a high density of MoC, (=2.8 nm) NPs is
encapsulated in a porous N,S-GNS matrix (Fig. 6a-e). The
structure and composition of the developed catalyst were well
analyzed by powder XRD and XPS (Fig. 6f-i). In another case, Li
and coauthors developed a hybrid containing Mo,C coated
by N,P-C layer, which appears to have rough and wrinkled
under SEM and TEM imaging."*® The Mo,C NPs are uniformly
distributed with an average particle size (dia: 2-5 nm) with
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Fig. 6 (aand b) TEM, (c) size distribution, (d and e) TEM-EDS color
mapping, (f and i) XPS analysis for the MoC, NPs encapsulated in
a porous N,S-GNS (reproduced from ref. 127 with permission from
Wiley, copyright 2018); (j—n) SEM and TEM images, (o-r) XPS analysis
for the hybrid of Mo,C coated by N,P—C layer (reproduced from ref.
128 with permission from Springer, copyright 2016).

a high density and strong interaction with carbon shells,
thereby preventing aggregation (Fig. 6j-n). The XPS study
effectively elucidated the valence states of the components in
the hybrid structure, as well as its composition (Fig. 60-t).
Interestingly, the unique, enriched microporous structure of
the as-fabricated hybrid material offers an enhancement in
both electrolyte penetration and charge transfer abilities. In
another aspect, previous reports have indicated that incorpo-
rating N-C cages with TMs into a single, regular nano-
architecture could significantly enhance the catalytic behavior
of the catalyst product. A report on the fabrication of Co;ZnC/Co
nano-heterojunctions indicates the formation of NPs with
a particle size of approximately 10-30 nm, encapsulated by 3-5
N-GNS layers, uniformly assembled into spherical architectures
with an average diameter of approximately 900 nm.** This
offers protection against corrosion and aggregation of NPs,
ultimately providing ample active sites for enhanced catalytic
activity and stability.

In a recent investigation by Liu and coauthors, they devel-
oped electrocatalysts consisting of ultrasmall Mo,C nano-
particles with an average particle size of approximately 3.6 nm,
embedded within 2-4 sheets of N-doped carbon structure,
which was realized through the deliberate engineering of active
sites.”®® The ability of Mo,C to act as a charge donor while N
species act as charge acceptors creates a synergistic response to
generate superactive non-metallic catalytic sites within carbon
layers. Such a mechanism enables the hybrid material to ach-
ieve excellent electrochemical HER performance in a universal
pH medium. Liu and coauthors,"”" reported a distinctive
Fe;C@Fe/N-doped GNS catalyst, exhibiting a silk veil-like
morphology with Fe;C NPs encapsulated within GNS. Further-

more, a mesoporous architecture featuring uniformly
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distributed Fe;C NPs embedded in GNS layers was also
designed by Jiang and coauthors,™* in which small Fe;C NPs
were effectively dispersed on N-GNS, offering them strong
chemical stability. The synergistic behavior was observed due to
the activation effect of Fe;C NPs on carbon layers, as well as C-
N, active sites, leading to excellent electrochemical properties.
In a continued pursuit, Yang and coauthors fabricated MoC,
NPs with a small particle size of approximately 16.5 nm,
uniformly encapsulated within N-GNS, forming a robust
superstructure in which the graphene layers effectively prevent
surface oxidation and stabilize the hybrid during catalytic
reactions.”® Various TMCs@carbon hybrids with distinct
nanostructure and tailored physicochemical features have also
been recognized as effective nonprecious
catalysts.'>*%”

metal-based

TMNSs and their core-shell structure by 2D carbon materials

TMNs, a class of materials with low nitrogen content, exhibit
superconducting behavior, higher refractoriness, and enhanced
hardness properties.’*®***° The above physicochemical proper-
ties make them an ideal choice for a wide range of applications.
Besides TMC, these materials have the potential to replace
platinum-group metals due to their “platinum-like” behavior.
The formation of carbide and nitride undergoes electronic
modulation, specifically in the d-band, which influences their
catalytic activity. Although various structures of TMNs have
been explored, TMNS still offer significant potential for further
study, particularly in comparison to TMOs and TMHOs mate-
rials. In the current state, a new potential class of 2D TMCs and
TMNs has garnered noteworthy attention due to their extraor-
dinary electrochemical properties, specifically MXenes.*** They
offer various advantages, including higher electrical conduc-
tivity, hydrophilicity, making them an ideal choice for electro-
chemical applications. As discussed earlier, TMNs have been
shown to possess superior properties compared to other alter-
natives; therefore, they are a favorable class for electrochemical
reactions. Although TMNs have emerged as important multi-
functional nanocatalysts with well-known properties, inte-
grating them with carbon materials to form effective
nanoarchitectures further enhances their prospective func-
tionalities and usage. Regarding this, an advanced electro-
catalyst featuring FeN with a particle size of ~10 nm, anchored
on N-GNS with a thickness of ~3 + 0.2 nm, was reported."*> The
hybrid material achieved excellent performance in solar cell
applications due to its strong interactions among the constit-
uent materials and the blockage of the core FeN NPs agglom-
eration. Further reports contributed an important step forward
in enhancing the properties of core-shell FeEN@NGNS by
fabricating an aerogel.'*® The construction of 3D networks
maximizes the synergistic benefits of integrating GNS with FeN.
Uniformly dispersed FeN NPs (5-20 nm) across the extensive
GNS surface prevent agglomeration, offering abundant active
sites, shortened mass diffusion pathways, and superior charge
transfer, thereby delivering markedly enhanced performance
than the simple FeN/NGNS mixture. Lately, Li and coauthors
have successfully designed a GNS-encapsulated TMNs

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00427j

Open Access Article. Published on 16 April 2026. Downloaded on 4/19/2026 3:20:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(FeyMng_,Co4-N@C), which allowed precise control over the
resulting hybrid material.*** The porous structures, uniformly
encapsulated by GNS, offer protection against harsh conditions
and thereby extend the stability of the electrocatalysts. A
distinctive 3D structure, consisting of intertwined mesoporous
VN nanowires encapsulated by N-doped carbon layers and
assembled into a self-supported film, has been reported.** In
this respect, the synergistic effect brought about by VN nano-
wires and an N-doped carbon shell offers desirable capacitive
performance, featuring a 3D porous network and excellent
conductive properties due to the accessible active sites at VN
nanowires, which facilitate higher charge storage and chemical
stability from the carbon shell, thereby resisting the leaching of
active VN nanowires during operation. Chen and coauthors
reported the fabrication of an N-GNS encapsulating Fe nitride
(Fe;,N@NC) electrocatalyst to explore the influence of the
interaction of Fe,N and N-GNS on the catalytic activity.**® The
TEM image shows that the Fe,N NPs with an average size of
approximately 50 nm are uniformly dispersed on the wrinkle-
rich N-GNS (Fig. 7a-d). The structural analysis of the devel-
oped catalyst, conducted via XRD, XPS, and DFT studies,
confirms the charge density redistribution in Fe,N@N-GNS,
resulting from the formation of charge-deficient Fe due to
distinct charge transfer from Fe to N-GNS, thereby enhancing
its catalytic activity towards the conversion of nitrate to
ammonia (Fig. 7e-h).

Shu and coauthors introduced a unique worm-like archi-
tecture of hierarchically porous N-rGO embedded with Cos_4,N
NPs (Fig. 7i-r).'*” Advantaging from the special worm-like
configuration to expose rich active centers, the close contact
between Cos4-N NPs and N-rGO, and the modified electronic
structure of the Cos4;N due to strong interaction between
catalyst and substrate, the Cos,;N@N-rGO displays
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Fig.7 (aandb) TEM, (c) HR-TEM, (d) EDS mapping, (e—g) XPS analysis,
and (h) electronic properties of N-GNS encapsulating Fe nitride
(Fe,N@NC) (reproduced from ref. 146 with permission from RSC,
copyright 2025); (i and j) SEM, (k and |) TEM, (m) XRD patterns, (n)
Survey XPS spectrum, (o) Raman spectra, (p—r) High resolution XPS
spectra for porous N-rGO embedded with Cos 47N NPs (reproduced
from ref. 147 with permission from Elsevier, copyright 2020).
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outstanding bifunctional catalytic activities. A novel 3D hybrid
in which Cos,,N NPs were encapsulated within N-carbon was
also reported, featuring a dodecahedral-like morphology with
a rough and shrunken surface due to its porous structure. This
polyhedral structure ensures strong interfacial contact between
Cos 47N and the carbon matrix, encapsulated with 3-5-layer
thick graphitic shell, thereby enhancing the catalyst's stability.

TMPs with their core-shell structure by 2D carbon materials

TMPs possess an anisotropic crystal structure, where metal
atoms are arranged in a triangular prismatic fashion, with
phosphide atoms surrounding them. This arrangement results
in a large number of unsaturated surface atoms that favor
specific properties. Interestingly, metal and phosphorus (P)
atoms are capable of acting like functional centers,"*®'** with
a true active center within this class of material being in situ
generated surface oxy/hydroxides and phosphates. At the same
time, phosphides promote rapid charge transfer owing to their
high electrical conductivity, surpassing their counterparts.'*
TMPs exhibit greater electrocatalytic stability than TMNs.™°
TMPs as electrocatalysts have gained significant attention for
multiple electrochemical applications, and their catalytic
behavior generally surpasses that of the corresponding TMSs,
primarily due to their superior capability towards hydrogen
adsorption.” To further enhance the performance of such
TMPs in harsh environments, hybridizing these NPs with 2D
carbon layers is a promising strategy. This hybrid material
creates a synergistic effect, with carbon acting as a protective
cage that neutralizes non-metal elements, resulting in
enhanced chemical stability. One such finding by Pu and
coauthors, synthesized FeP NPs confined by N,P-C sheets.'>
Analytical analysis demonstrated the homogeneous distribu-
tion of FeP NPs within carbon layers, promoting high electronic
conductivity, high anticorrosion in the electrolyte, and pre-
venting agglomeration. Wang and coauthors reported an
advanced catalyst with FeP NPs embedded in N,P-C layers of
microporous carbon nanofibers achieved by electrospinning.*>*
The active catalyst is available in the form of well-defined NPs
encapsulated in the N,P-C shell having a thickness of around
6.5 nm (Fig. 8a-d). The structure indicates a microporous
structure with large specific surface area (Fig. 8e), beneficial for
more stable active sites to increase electrocatalytic perfor-
mance. Zhuang and coauthors synthesized uniformly dispersed
Co,P NPs encapsulated within wrinkled N, P-doped GNS,***
which exhibits Co,P NPs (30 = 5 nm in diameter) dispersed
both within and partly outside the GNS structure without
aggregation. Furthermore, it has been demonstrated that
utilizing 3D carbon with heteroatom doping, specifically N and
P, can enhance the electrochemical activity and corrosion
resistance in harsh electrolyte media. The enhancement stems
from the creation of catalytically active sites and the synergistic
behavior of constituent atoms. Yang and coauthors designed
a porous carbon sandwich configuration containing 0D
Co,P@C NPs dual-doped with N and P,*** which demonstrated
a synergistic effect responsible for improving charge transfer,
mass diffusion, and providing ample active sites. The possible
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Fig. 8 (a) TEM, (b) HR-TEM, (c and d) EDS analysis, and (e) BET
measurement of the FeP NPs embedded in N,P-C layers (reproduced
from ref. 153 with permission from Elsevier, copyright 2019); TEM
images of (f—h) FeP/N-GNS and (i—k) NiP/N-GNS, and (l-o) their XPS
analysis (reproduced from ref. 157 with permission from Cell Press,
copyright 2022).

explanation for higher HER performance can be attributed to
Co,P and N, P dopants that specifically enhance the free
adsorption energy towards hydrogen. Another 3D porous
network derived from N-doped carbon-confined Co,P nano-
particles was reported to offer significant advantages, including
abundant active centers and improved charge/ion transfer rates
and distances.” In subsequent research, a Cu3P coverage by
porous N,P-C was designed to create a 3D hierarchical porous
morphology with homogeneous tiny Cu NPs and a high specific
surface area. Overall, these unique nanoarchitectures offer
several advantages, including ample active sites and rapid
reaction kinetics, as well as smooth transportation of reactants
and products.

Zhang and coauthors®® reported a novel hybrid structure
combining TMC and TMP nanostructures (e.g., MoP and Mo,C)
encapsulated within N-doped graphitic carbon shells. This
architecture enables the achievement of narrow particle sizes
(~4-10 nm) for the MoP/Mo,C@C NPs, which are coated with
graphitic carbon nanolayers, thereby preventing the aggrega-
tion of anchored NPs and ensuring favorable durability during
electrochemical reactions over a wide pH range. Hu and coau-
thors developed a method for synthesizing Ni,P, Fe,P, and FeP
supported by N-GNS."” TEM analysis indicates Ni,P NPs
homogeneously dispersed with an average diameter of 6.5 +
1.1 nm, while Fe,P and FeP NPs appear to have a much wider
distribution of size, ranging from 20 to 200 nm (Fig. 8f-k).
The surface chemical analysis investigated by XPS shows
a strong interaction between the metal phosphides and N-GNS
(Fig. 8l-0), resulting in outperformance in terms of activity and
stability for catalytic reactions.

158

Synthesis methods of core—shell
catalyst derived from carbon material

The core-sell hybrids are an emerging class of nanostructures,
where TM clusters are fully encapsulated by few-layer graphitic
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carbon nanosheets, providing improved activity and stability.
The 2D carbon layers can anchor, homogenously dispersing,
along with the stabilization of active metal within their struc-
ture.”®>'®® The surface electronic states are tunable through
precise changes in the geometric parameters of metal nano-
particles, thereby affecting both the local strain and the atomic
coordination number on their surface. In addition, these
materials exhibit special interactions between core and shell
components, along with facilitated charge and mass trans-
port.*>*** To achieve optimal catalytic performance from the
outer carbon surface, the charges of TMs can enter the graphitic
shell, while the graphitic carbon can prevent the reactant and
electrolyte from physically contacting TMs in order to provide
chemical stability in harsh conditions. Therefore, precise
control over the core-shell hybrid structure via tailored strate-
gies is essential to modulate the properties and thereby
enhance the performance of the resulting materials.

Hydrothermal and solvothermal methods

Hydrothermal/solvothermal reactions have been widely
accepted as a synthesis technique for fabricating TM@carbon
materials. This is due to their various advantages, including
simplicity in operations, robustness, inexpensiveness, and
scalability. In this context, Qiu and coauthors designed
CoS,@N-doped GNS using a simple and non-templated sol-
vothermal approach.'*® Typically, CoS, spheres were synthe-
sized via a hydrothermal method at 160 °C for 24 h in a solution
containing CoCl,-6H,0 and Na,S,0;-5H,0. The resulting CoS,
was subsequently treated with (NH,),S,0s and then combined
with GO and other reagents under stirring for 2 h, followed by
heating at 150 °C for 4 h. In a separate report of interest,
a hydrothermal reaction at 200 °C during 12 h is employed to
synthesize a hierarchical GNS-encapsulated CoS2 hybrid using
a homogeneous solution comprising GO, Co(OAc),, and Na,-
S,03-5H,0."*° Research from Liang and coauthors® introduced
a two-step hydrothermal process of Co3;O4 NPs uniformly coated
within N-GNS to form a hybrid structure. Initially, (Co(OAc),)
underwent a stepwise synthesis of hydrolysis and oxidation at
80 °C to achieve Co;04 NPs anchored to GO. In the subsequent
step of hydrothermal at 150 °C, the Co;0, crystallization as well
as GO reduction is achieved. A facile impregnation-sol-
vothermal approach for fabricating mesoporous rGO micro-
spheres reported by Xu and coauthors'®* revealed that uniformly
dispersed Fe,O3; NPs were effectively encapsulated by graphene
sheets. The fabrication process involves the preparation of
a homogeneous dispersion comprising rGO and Fe(NO3)
3-9H20, which is then suffered a thermal treatment at 353 K for
8 hours. Another study proposed a hybrid material with inter-
connected 3D Fe,O; NPs confined by GO sheets, prepared by
heat treatment of urea, Fe(NO3);, and GO mixture for 8 h in
hydrothermal conditions. In the next step, the as-prepared
mixture is freeze-dried at low temperature and pressure
during 24 h.'*®* Wang and coauthors'* recently reported 3D B-
Ni(OH), spheres encapsulated within GNS. After the hydro-
thermal process of NiCl, and PSS solution (pH = 11) at 180 °C
for 6 h, B-Ni(OH), was as-prepared. It then suffered

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) A hydrothermal process for the synthesis of 3D Fe,O3/N-
GN/CNTs hybrid*®* (Copyright from RSC); (b) a hydrothermal process
for the synthesis of FeFs/GNS (reproduced from ref. 166 with
permission from RSC, copyright 2013).

a solvothermal reaction at 180 °C during 12 h in the presence of
PLL, EG, and GO to get the encapsulation structure. Zhou and
coauthors introduced the formation process of the Fe,O3/N-GN/
CNTs hybrids prepared by a simple solvothermal route
(Fig. 9a)."** First, GO synthesized by a modified Hummers’'
method was mixed with GO, CNTs, and Fe*" cations to achieve
a uniform solution, in which the functionalized surface of the
GO sheets anchored Fe*' via electrostatic interactions. After
that, the solution was added with urea under vigorous stirring
condition, followed by hydrothermal treatment at 180 °C for 6 h
to produce 3D Fe,03/N-GN/CNTs hybrid. Ma and coauthors
introduced the fabrication procedure of GNS-wrapped FeF;
nanocrystals, in which Fe;0,/GO composite was initially fabri-
cated via a solvothermal method based on starting materials of
GO, NaAc, and FeCl;-6H,0, followed by annealing at 500 °C for
2 h under Ar/H, gas to convert into Fe;O,/GNS (Fig. 9b).'*®
Finally, the Fe;0,/GNS powder was heat-treated with HF at 120°
to achieve FeF;-3H,0O/G and then 200 °C for 4 h in an Ar
atmosphere to produce the final product of FeF;/GNS. Recently,
Co,CuS,;@N-GNS was successfully synthesized through a sol-
vothermal reaction at 180 °C for 6 h with the use of a solution
containing GO, Cu(NOs),, Co(NO3),, and CH,N,S."*” Several
studies have also demonstrated the employment of the hydro-
thermal process to prepare core-shell hybrids. Notable exam-
ples include Co sulfides@GNS by Huang and coauthors,'®
Fe,O;@NGNS by Yang and coauthors,” a«-Fe,O; nano-
plates@rGO by Quan and coauthors,™ and Ni*/Mn?>"/AI**
layered triple hydroxide@NGNS hybrids by Ishaq and coau-
thors.*” The challenges associated with the above-discussed
techniques for developing high-quality hybrid materials
include the use of surfactants, organic solvents, and stabilizers.
Thus, to ensure optimal interaction between TM catalysts and
2D carbon support, these techniques could be combined with
post-annealing treatment. Several reports have demonstrated
the successful synthesis of hybrid materials. Gue and coauthors
performed a solvothermal reaction involving CoCl,-6H,0,
CH,N,S, EG, and GO for 24 h, maintained at 160 °C. To achieve
GNS wrapped monodispersed CoS, nanocages, the product
from the initial step was subjected to annealing in Ar at 400 °C
during 5 h.**

In another study, a Co@CoO, material coated with
a graphitic layer was designed using a hydrothermal and
subsequent post-annealing process.*” Specifically, the Co-EDTA
complex achieved by a solution of NaOH, Co(NOjs),, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Na,EDTA was treated in a hydrothermal vessel for 24 h at 200 °©
C. Finally, this Co-EDTA complex was heat-treated for 2 h in H,
to produce Co@CoO,@C solid.

Thermal treatment methods

Thermal synthesis has proven to be an effective approach for
deliberately achieving core-shell catalyst@carbon hybrids. The
application of thermal energy can transform reaction precur-
sors into desirable hybrid materials. Nevertheless, the limited
morphological control of TMs nanostructures’ distribution, as
well as their size, needs to be addressed and could be overcome
through doping, using specific chemicals and processes. In this
context, a CoO@CN hybrid structure through calcination of Co-
MOF, as well as ZIF-67 in an inert argon atmosphere, was
proposed by Zhong and coauthors at 800 °C during 8 h.'*®* Wang
and coauthors prepared the catalyst through a three-step
method, in which PAN/Fe CNFs were initially prepared by the
electrospinning technique (Fig. 10a).'** After that, N-CNFs
depositing Fe;O, NPs were achieved by an oxidative stabiliza-
tion step at 240 °C, followed by a carbonization process at 800 ©
C. Finally, an annealing step in N, in the presence of NaH,PO,
source was applied at 350 °C to produce FeP NPs in a final
product. Meanwhile, Wu and coauthors successfully fabricated
GNS encapsulating 3d TM NPs (Ni, Co, Fe@GNS) through
a pyrolysis process (Fig. 10b).** In a typical process, Ni(NO;),-
-6H,0 and NaOH was dissolved in water to form two solutions,
which were then mixed to result in green precipitate of Ni(OH),.
Then, Ni(OH)2 and citric acid were dissolved in water to form
a solution, followed by drying at 110 °C in air for 12 hours. After
that, the sample was placed in a furnace under a N2 atmosphere
for thermal treatment at high temperatures to achieve the
Ni@GNS material. Hu and coauthors prepared Fe/Ni phos-
phides confined porous 3D GNS via a simple and scalable
preparation procedure (Fig. 10c)."™ In brief, Fe** or Ni*" salts
were dissolved in an aqueous chitosan solution, followed by
a subsequent precipitation step in NaOH solution to create
hydrogel microspheres, which were impregnated with P,O;,.
After drying the sample, a pyrolysis step was performed to
produce metal phosphides grafted on porous 3D NGNS. Wang
and coauthors reported N,P-C-anchored Cu phosphide NPs.
The synthesis process involves the self-assembly of Cu®" in the
presence of linkers to synthesize Cu-NP MOF, which is then
subjected to carbonization and phosphidation as a further step
to achieve a Cu NPs confined N, P-doped carbon layer."”® Mo,C
coated within N,P-C shells and integrated with rGO codoped
with N and P was developed by Li and coauthors."® The hybrid
was synthesized by annealing PMo;,-PPy/rGO under N, flow at
900 °C during 2 h, followed by treatment with 0.5 M H,SO, to
remove unnecessary species. A simple strategy to prepare Co
NPs encapsulated by NGNS via annealing in Ar for the colloids
of Co-based Prussian blue at 400-900 °C."”* Balamurugan and
coauthors developed FeN@NGNS hybrids by pyrolyzing in Ar for
CH,N,, FeCl;-6H,0, and GO at 900 °C during 150 min. After
that, the resulting material was treated by H,SO, solution,
washed with water and ethanol, followed by drying during 6 h at
60 °C.***'> Cui and coauthors proposed a facile two-step

RSC Adv, 2026, 16, 19802-19825 | 19813
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(a) Schematic illustration for the fabrication of Fe oxide and phosphide encapsulated within N,P-doped microporous carbon nanofibers

via a three-step method (reproduced from ref. 153 with permission from Elsevier, copyright 2019); (b) schematic procedure for the synthesis of
Ni@GNS (reproduced from ref. 169 with permission from Elsevier, copyright 2022); (c) preparation procedure of metal phosphides-anchored 3D
N-GNS and formation mechanism (reproduced from ref. 157 with permission from Cell Press, copyright 2022).

strategy to prepare catalyst of FeO, encapsulated within NGNS-
C, which involved pyrolyzing a Fe precursor and phenanthroline
at high temperatures for 120 min in the presence of Ar gas,
followed by treatment with HCl to eliminate unnecessary
species.'”?

A report by Zhang and coauthors describes the design of
MoP and Mo,C NPs coated within a few-layered N-carbon.™®
The synthesis procedure involves heating a solution of P,Mog
and DCA in water at 100 °C to achieve dissolution, followed by
drying to collect the powder material. Finally, the as-obtained
powder material was subjected to stepwise annealing at 500 °©
C for half an hour, followed by annealing at a high temperature
for 6 h. A core-shell structure of bimetallic TMs coated by GNS
has been reported for the NiFe@N-GNS system, which involves
the preparation of NiFe-Prussian blue analogues (PBA) through
co-precipitation, then this gel-like precursor was subjected to
annealing at 700 °C. This allows the CN-linkers in precursor
PBA, to in situ transform at higher temperature and inert Argon
atmosphere into NGNS layers along with the reduction of Ni
and Fe metals to NiFe alloy NPs. Recently, Su and coauthors
reported a zero-dimensional CozZnC/Co confined by N-NS,
prepared by thermal treatment of PBA under a nitrogen atmo-
sphere at high temperatures for 4 h."* The thermal synthesis
process has been widely applied to fabricate diverse core-shell
hybrids based on TMs and 2D carbon layer materials.*®***174177

19814 | RSC Adv, 2026, 16, 19802-19825

Other methods

In addition to the aforementioned hydrothermal and thermal
processes, several other approaches have also been developed to
fabricate core-shell hybrids for various widespread purposes.
Yang and coauthors proposed a co-assembly strategy for
preparing CozO, confined within GNS. Here, the oxide NPs
(Co304 NPs) are grafted with aminopropyltrimethoxysilane to
impart a positive charge. Then, the electrostatic force between
the negatively charged GO and the positively charged NPs
undergoes assembly. Finally, chemical reduction is per-
formed.*”® In this manner, the as-obtained hybrid material
prevents the agglomeration of NPs and offers various advan-
tages, including excellent conductivity and good controllability
of volume during the reaction. Liu and coauthor introduced
a laser synthesis procedure (Fig. 11a),"”® in which chlorides of
Cr, Mn, Fe, Co, and Ni with the same molar ratios were
dispersed in water to form a homogeneous solution. After that,
the solution was coated on the LIG-coated carbon paper, fol-
lowed by drying at 80 °C for 30 min in a vacuum oven. Finally,
the sample was subjected to laser irradiation with the employ-
ment of Nd: YAG laser having a wavelength of 1064 nm in Ar at
a scanning rate of 2000 mm s~ ' to achieve the final product of
GNS shell encapsulated high-entropy alloy NPs. Hang and
coauthors developed a robust approach to produce 3D Zn-Ni-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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GNS shell encapsulated high-entropy alloy NPs (reproduced from ref.
178 with permission from Springer, copyright 2024); (b) schematic
diagram for the synthesis process of NGNS/C@Si/CNF hybrid material
(reproduced from ref. 180 with permission from Springer, copyright
2022).

Co oxide coated by GNS."” Regarding this, the ternary oxide was
initially synthesized through a chemical reaction between
Zn(NOj3),, Ni(NOj3),, and Co(NOs),, followed by an annealing
step. The resulting core-shell hybrids were fabricated through
electrostatic assembly between PAH-modified Zn-Ni-Co oxide
and GO, followed by treatment with N,H,. Aadil and coauthors
reported an o-Fe,O; entangled rGO layer prepared by a facile
ultra-sonication process of a-Fe,0; NPs and rGO for an hour.*®
A noteworthy study has been reported, achieving superior
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electrochemical performance through the unique engineering
of nanoarchitecture. A Cu@GNS hybrid material was synthe-
sized via facile, inexpensive, and high-yield metal-organic
CVD, utilizing Cu(u) acetylacetonate as the metal precursor at
600 °C.”” The hot-filament CVD (HF-CVD) technique offers an
attractive approach to design TMCs (Fe;C, Cos;C, and Ni;C)
nanocrystalline confined within graphitic shells anchored on
vertically aligned GNS nanoribbons.'® In addition, the arc-
discharge offers an appealing route for preparing Ni-coated
GNS hybrids via the use of a direct current (DC) arc discharge
generated in a He/CH, environment at a pressure of 0.08 MPa
and a current of 40 A. Cong and coauthors reported the depo-
sition of NGNS/C-encapsulated Si NPs onto carbon nanofibers
(CNFs) through surface alteration, electrostatic self-assembly,
cross-linking with thermal treatment, and carbonization
(Fig. 11b).*®°

Initially, CNF was prepared by a co-precipitation method,
and Si-NH, was achieved by modifying the surface of Si NPs
with APTES. After that, the N-GNS/C@Si/CNF hybrid was
produced by mixing Si-NH,, CNF, and GO through a simple
physical process to form a highly stable dispersion. Then,
formaldehyde and melamine were added under stirring condi-
tions, followed by transferring the solution into a Teflon-lined
stainless-steel autoclave for a hydrothermal reaction at 180 °C
for 12 hours. The product obtained after hydrothermal
synthesis was dried and then heated to 800 °C in Ar gas for 5
hours to obtain the final product. Table 2 summarizes the
advantages and disadvantages of different synthesis methods
for fabricating the active metallic nanostructures-encapsulated
carbon hybrid materials towards electrocatalysis applications.

ORR, HER, and OER applications of
core—shell hybrid catalysts
ORR applications

Electrochemical fuel cell devices generate electricity directly
from the chemical reactions of fuels. In the reaction mecha-
nism, ORR at the cathode end is relatively sluggish compared to

Table 2 Common synthesis method for core—shell catalysts and their key advantages and limitations

Synthesis methods Advantages

Disadvantages

Hydrothermal/solvothermal method

- Facile to manage reaction stoichiometry, ease,
cost-effectiveness, and precise control of the

- Safety issues due to organic solvent usage, and
difficulty in directly seeing the reaction progress

morphology/size distribution/composition

Ultra-sonication method

- Facile method with rapid reaction rates and
short time, accurately control composition/
structure, facile processing, and potential for

- This method requires high equipment costs,
and it is restricted to adhesion between the
substrate and the catalyst

large-scale production, cost effectiveness

Co-assembly method

Thermal treatment method

density TM@C formation

© 2026 The Author(s). Published by the Royal Society of Chemistry

- Facile and scalable method, the material can
be formed with high purity, composition, and
the type of catalyst can be easily controlled

- Generation of finely controlled catalyst NPS
covered by carbon shell, potential for high-

- Complex optimization process, difficult to
achieve uniform shell thickness, challenge of
template removal without destroying the
catalyst structure

- High temperature, requirement of specialized
equipment, challenge for large-scale
production, and critical control of synthesis
process parameters

RSC Adv, 2026, 16, 19802-19825 | 19815
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Fig. 12 (a) TEM, (b) HR-TEM, (c-d) EDS analysis, and (e) BET
measurement of the FeP NPs embedded in N,P-C layers (reproduced
from ref. 153 with permission from Elsevier, copyright 2019); TEM
images of (f—h) FeP/N-GNS and (i-k) NiP/N-GNS, and (l-o0) their XPS
analysis (reproduced from ref. 157 with permission from Cell Press,
copyright 2019).

hydrogen oxidation at the anode. Thus, most of the study is to
overcome the slow reaction rate of ORR in order to deliver high
device efficiency. The carbon layer in a core-shell structure with
metals offers various benefits, including improved catalytic
activity, stability, and lifetime of the nanomaterial, due to its
ability to disperse metal nanoparticles uniformly and prevent
their undesirable dissolution and agglomeration. Zhang and
coauthors reported synthesizing Fe/Fe;C@NC-GNS hybrid
(Fig. 12a-d),"® which presents an outstanding ORR perfor-
mance in terms of a high onset potential (Eose) of 0.97 V and
half-wave potential (E;,,) of 0.88 V, respectively, reaching those
of the commercial Pt/C in alkaline solution (Fig. 12e and f). In
addition, the Fe/Fe;C@NC-GNS exhibits stable operation with
a 95% retention rate, indicating outstanding running stability
(Fig. 12g). The excellent resistance to the methanol crossover
effect further demonstrates its high applicability as an ORR
electrocatalyst (Fig. 12h). Liang and coauthors recently
demonstrated this effect using a hybrid of Co;0,4 encapsulated
within rGO towards ORR.** While Co;0, and rGO individually
exhibit insufficient activity, the formation of core-shell hybrid
demonstrated remarkable ORR performance, delivering
comparable catalytic behaviour to Pt in alkaline media but with
superior stability.

In another study, Jin and co-authors developed a g-C3;N,@-
cobalt oxide core-shell hybrid supported by GNS-derived cata-
lyst, which exhibited high activity and stability as an ORR
electrocatalyst.’® They demonstrated that the developed cata-
lyst exhibited outstanding ORR performance with a predomi-
nant 4e reaction pathway in alkaline. Moreover, its kinetic-
limiting current density was nearly identical to that of
commercial Pt/C. The catalytic behavior of the catalyst could be
further improved by designing 3D aerogel based on Fe;O, NPs

19816 | RSC Adv, 2026, 16, 19802-19825
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encapsulated within N-GNS. The 3D network of Fe;O, NPs,
uniformly decorated on GNS, exhibits enhanced ORR perfor-
mance in basic media, along with improved J, reduced H,O,
generation, a positive onset potential (Vonser), and higher elec-
tron transfer compared to either Fe;O, NPs/N-carbon black or
individual NGNS, alongside durability that outperforms Pt/C.***
The development of TMOs encapsulated GNS-based hybrid
nanostructures has garnered significant attention due to their
unique structure and physicochemical properties. Lin and
coauthors designed a petal-like NiCo,O, covered with rGO
nanosheets hybrid structure (2D NiCo,0, nanoflowers/rGO).
This good coupling offers more positive onset potential (0.92
V), high charge transfer, good durability of 10 000 s continuous
operation with 93.6% retention."”” Recently, a core-shell
composite of FeCo@NC within GNS was designed, exhibiting
a desirable electrode potential of 0.87 V and superior dura-
bility.°® Furthermore, N-doped carbon layers with covalently
anchored CogsFe,sS have the potential to improve ORR
performance. Specifically, the covalent attachment between the
carbon layer and active sulfide nanoparticles, along with the
dispersion and precise addition of Fe in the sulfide structure,
can accelerate electron/mass transport with adequate O,
adsorption and activation, thereby providing a high half-wave
potential of 0.808 V and long-term stability.”* In another
report,'*® a Co;ZnC/Co nanojunction anchored on N-GNS layers
was fabricated for use as an ORR electrocatalyst, indicating the
efficiency of TMCs. The catalyst demonstrated superior perfor-
mance with an onset potential of 0.912 V. Similarly, Fan and
coauthors reported outstanding ORR activity of M3C (M = Fe,
Co, Ni) nanocrystals encapsulated within GNS nanoribbons
with a low Tafel slope, high onset potential, high transfer
number approximately 4, and remarkable durability with no
performance decay during 20 000 s."® Similarly, other studies
have reported superior ORR performance with an N-GNS layer
doped with Fe atoms and coated with Fe;C NPs.**> A represen-
tative study has been reported that substantiates and reinforces
the effectiveness of this technique. Jiang and coauthors found
that a specific nanostructure could achieve comparably superior
catalytic activity than Pt/C when annealed at 800 °C, with its
behavior deviating from ideal performance at annealing
temperatures either lower than 700 °C or higher than 900 °C.
TMNs, such as homogeneously distributed FeN NPs anchored
on microporous GNS aerogel, have also been studied to inves-
tigate their ORR performance.*****¢ The improved performance
could be attributed to the large specific surface area, porosity,
high density of Fe atoms, smaller Fe,N NPs size, and the
synergistic effect brought about by the strong contact between
NPs and GNS. Notably, it delivered activity on par with Pt while
demonstrating superior stability and alcohol tolerance.
Recently, Amiinu and co-authors designed a core-shell nano-
structure by combining TMNs/TMSs and graphitic carbon to
achieve a favorable electrochemical performance.” This
material features excellent flexibility, a large surface area, and
an interconnected porous network with a hierarchical archi-
tecture, thereby offering various advantages, including a high
onset potential of 0.9 V and a charge transfer number of
approximately 3.96. There are also numerous reports that have

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The ORR, HER, and OER performance of different core—shell nanostructure electrocatalysts

Material HER (mV) OER (mV) ORR (Eyp) V Electrolyte References
CoFe@NC/NCHNSs 120 285 0.92 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 197
CoP/C NWs 40.1 230 0.85 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 198
FeS/Fe;C@Fe-N-C — 276 0.91 0.1 M KOH (ORR), 1.0 M KOH (OER) 199
NC@Fe;C-900 — — 0.98 0.1 M KOH 200
CoSnOH/S@C NPs 137 0.88 0.1 M KOH (ORR), 1.0 M KOH (OER) 201
FeNiPt@C NFs 25 294 0.93 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 202
CS-NFO@PNC-700 200 217 0.85 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 203
IrCo@NCNT/PC 37 240 0.83 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 204
CoFeN-NCNTs//CCM 151 320 0.84 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 205
Copps/NC/CeO, — 230 0.86 0.1 M KOH 206
Ni; Co3/N-CNTs-2 — 400 0.85 0.1 M KOH 207
RuNi/Ni@C-CNF 9 — — 1 M KOH 208
NizFe@NCS 212.2 288.8 — 1.0 M KOH 209
Ce-NiCoP@C/NF 37 255 — 1.0 M KOH 210
Co@CNS;00 — 301 — 1.0 M KOH 211
HEAS@ACWSs 7 — — 1.0 M KOH 212
LDH/CNT/CC — 200 — 1.0 M KOH 213
C0/C0ySg@NSC-2 — 139 0.88 0.1 M KOH 214
PtNigs_nps/NDCF 24.7 — 0.91 0.1 M HCIO, (ORR) and 0.5 M H,SO, (HER) 215
Co,P@NPC/CPE 173 349 — 1.0 M KOH 216
NT@NC-8 326 355 0.64 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 217
FeNiP/NC — 240 — 1.0 M KOH 218
FeCoP@NC — — 0.86 1.0 M KOH 219
Fe-Co,P/CoP@CNT NCPs 138 296.7 — 1.0 M KOH 220
Fe-Co,P@Fe-N-C 77 300 0.88 0.1 M KOH 221
Ni,Co;_,@Ni,Co,_,O/NCNT 74 380 0.79 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 222
Co/N-CNF 241 380 0.86 0.1 M KOH (ORR/OER), 1.0 M KOH (HER) 223
Co@IC/MoC@PC 68 277 0.875 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 224
Ni-Pd-P/C — 330 0.923 0.1 M KOH (ORR), 1.0 M NaOH (OER) 225
Ni@Ni-NC — 371 — 1.0 M KOH 226
Fe, Co/N-C 249 388 0.86 1.0 M KOH 227
CoP,/Co,P@CNT-CC 94.4 280 — 1.0 M KOH 228
Co,P/Co@N-CNT/NPG 86 309 0.91 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 229
CoONiP/CoNi/N—RGO 160 300 — 1.0 M KOH 230
Ir@N-G-600 92.5 314 1.0 M KOH (HER), 0.5 M H,SO, (OER) 231
Ni;FeN/VN-NG — 230 0.87 0.1 M KOH 232
CoFe,0,/rGO 343 421 — 1.0 M KOH 233
3D Fe-N/P-G — 420 0.86 0.1 M KOH 234
NS/G-AD — 350 0.87 0.1 M KOH 235
FeNi/(FeNi)ySg/N,S-CNS — 283 0.86 0.1 M KOH (ORR), 1.0 M KOH (OER) 236
Co@NC/rGO — — 0.86 0.1 M KOH 237
NiFe-N-CNT-rGO — 270 — 1.0 M KOH 238
FeCoMoS@NG 137 238 0.83 0.1 M KOH (ORR), 1.0 M KOH (HER/OER) 239
Ni,P@NSG 110 240 — 1.0 M KOH 240
Re-Ni;S,/NG/NF 100 247 0.66 1.0 M KOH 241

demonstrated the application of core-shell nanoarchitecture
derived from carbon structures to enhance ORR -catalytic
activity.'#5°

Niu and coauthors developed GNS-encapsulated Co NPs
embedded in porous N-C NSs (Fig. 12i-k),”* which show
exceptional ORR activity with a half-wave potential of 0.86 V and
electron transfer number (n) values of 3.96, similar to 3.94 of Pt/
C (Fig. 121-n). The alcohol crossover effect and stability tests of
the catalysts demonstrate high methanol resistance, with only
~a 12 mV decay of the half-wave potential after 2000 cycles,
significantly better than that of Pt/C (20 mV) (Fig. 120-p). In
addition, the amperometry test for ORR indicates that the
developed catalyst maintains 89% of its initial current density

© 2026 The Author(s). Published by the Royal Society of Chemistry

value, which is superior to that of Pt/C (69%) (Fig. 12q),
demonstrating the intensely improved durability of the catalyst.
Various core-shell electrocatalysts have been developed for ORR
applications, and their performance is compared in Table 3.

HER applications

Water electrolysis is a promising technology for generating
green hydrogen, offering a carbon-neutral alternative to
hydrogen derived from fossil fuels. In this process, electric
current is utilized to split water into H, and O,, thus making
this technology a potential solution of clean and renewable
energy for the future. Despite its potential, water electrolysis

RSC Adv, 2026, 16, 19802-19825 | 19817
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(@ and b) TEM images and (c—f) HER properties of N-doped graphitic carbon shell-encapsulated FeCo alloy material (reproduced from

ref. 192 with permission from Elsevier, copyright 2021); (g and h) TEM images and (i—l) HER properties of Ni NPs encapsulated in few-layer N-GNS
material, (m and n) water splitting process based on Ni NPs encapsulated in few-layer N-GNS material**® (reproduced from ref. 195 with

permission from Wiley, copyright 2016).

doesn't achieve theoretical efficiency because the sluggish OER
kinetics require a high overpotential, resulting in energy losses.
Specifically, hydrogen is crucial for decarbonizing hard-to-abate
sectors, such as the steel industry. Therefore, designing suitable
electrocatalysts to perform the hydrogen evolution reaction at
a lower overpotential has been a hot topic for over a decade.
Based on experimental results and theoretical modeling, core-
shell nanostructure design prevents the accumulation, leach-
ing, and corrosion of the hybrid catalyst in electrolyte media,
thereby creating a large number of electroactive sites. In this
manner, the catalyst could achieve superior catalytic activity as
well as stability. Liu and coauthor introduced a hybrid of FeCo
alloy NPs with a diameter around 50 nm embedded in a porous
N-C layers (Fig. 13a and b), which needs an overpotential of
233 mV at 10 mA cm > for fast kinetics of HER along with the
excellent stability after a continuous CV scanning for 1000
cycles in 1 M KOH (Fig. 13c-¢e)."*> The high ECSA is favorable for
exposing electrochemically accessible active sites, thereby
facilitating the interaction between active sites and the elec-
trolyte solution, which leads to high catalytic efficiency
(Fig. 13f). Recently, highly dispersed Co NPs confined by Co,N-

19818 | RSC Adv, 2026, 16, 19802-19825

C have been introduced as efficient HER electrocatalysts,
exhibiting a low overpotential of 10 mA cm ™2, which signifi-
cantly outperforms previous non-precious metal catalysts.'>*
Zeng and coauthors reported the development of N-enriched
multilayer GNS shells decorated with metallic Co NPs, which
indicates the crucial catalytic active centers of Co-N-C moieties
for HER in alkaline media. The catalyst delivered an over-
potential of 220/183 mV at J value of 10 mA cm > and Tafel slope
of 112/100 mV dec™' in alkaline/acidic medium.””* The TMCs,
for example, Mo,C coupled with rGO, were developed for effi-
cient HER, offering an overpotential of ~34 mV to reach 10 mA
cm™?, surpassing that of commercial Pt/C (40 mV).*** Moreover,
the as-developed catalyst has a 33.6 mV dec ™" Tafel slope, which
is quite comparable to that of Pt/C (30 mV dec™ "), indicating the
synthesis of an exceptional nanomaterial for high-efficiency
HER performance. The theoretical and experimental findings
elucidate the synergy between Mo,C and C-pyridinic N, which
facilitates rapid adsorption/desorption of hydrogen for the HER
process, with AGy+ = —0.22 eV. Lately, TMPs-based electro-
catalysts have demonstrated competitive HER and OER activity,
compared to other compounds. Conceptually, introducing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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phosphorous atoms into TM crystal lattices enhances the HER
performance because phosphorus's high electronegativity
draws electrons from TM atoms and creates positively charged
H' ions that bond with phosphorous atoms, thus acting as
Lewis bases. Pu and coauthors reported that FeP nanoparticles
encapsulated within N,P-C layer exhibit excellent activity across
the entire pH range for HER." The catalyst can deliver over-
potentials of 130 mV in an acidic medium, reaching a current
density of 10 mA cm 2. Furthermore, the catalytic performance
remained nearly unchanged after 10 h of continuous operation
in all pH conditions, confirming that the carbon encapsulation
effectively protects FeP NPs from corrosion. In another note-
worthy study, Wang and coauthors achieved a significant HER
performance, including low overpotential (89 mV at 10 mA
cm %), and Tafel slope (76 mV dec™').*”° This catalytic activity is
attributed to the synthesis of an N,P-C layer shell-encapsulated
Cu3P NPs, which offer various advantages, including a large
specific surface area with a hierarchical porous architecture, as
well as a layered carbon shell that provides protection for the
NPs against the harsh electrolyte environment. Considering
another dimension, the reactivity of TMPs towards HER could
be further improved by developing a nano-hybrid with GNS
sheets.

Li and coauthors reported an architecture composed of tiny
MoP NPs coated with rGO sheets, representing one of the most
efficient MoP-derived materials for HER in acidic conditions.**®
The developed material exhibited a low overpotential of 218 mV
at 10 mA cm ™2 and a Tafel slope of 57 mV dec™*, attributed to its
abundant active centers. Moreover, the structural design
endowed the catalyst with excellent durability, maintaining
nearly identical performance even after 1000 cycles.

Xu and coauthor developed Ni NPs encapsulated in few-layer
N-GNS via a Ni-based MOF-based precursor.” The resulting
Ni@N-GNS material, featuring numerous sphere-like nano-
structures with diameters of 20-30 nm, exhibits highly efficient
and stable electrocatalytic activity for HER by obtaining
a current density of 10 mA cm ™2 at an overpotential of 70 mV
(Fig. 13g-1). The overall water splitting process based on the
developed material achieves a current density of 10 mA cm™ 2 at
a cell voltage of 1.60 V and remains stable for at least 50 hours
(Fig. 13m-n), comparable to many reported electrocatalysts. A
recent report by Zhang and co-authors proposed a novel nano-
structure based on TMPs (MoP) and TMCs (MoC) decorated
with carbon layers. Such architecture was able to achieve
remarkable performance over a wider pH range compared to
MoP, Mo,C, and their mixture.'*® The nanomaterials delivered
lower Ve, of 89, 136, and 75 in acid (pH = 0), neutral (pH = 7),
as well as base (pH = 14) media, alongside long-term durability.
So far, many studies have focused on developing core-shell
electrocatalysts to improve HER performance, as shown in
Table 3.

OER applications

In reference to OER, Feng and co-authors fabricated N-GNS
decorated with NiFe NPs,>” resulting in the superior OER
reaction kinetics, attributed from its small particle size (~16

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nm), that leads to ample number of active sites alongside large
specific surface area (2.98 mF cm™?), which is smaller than
other comparative samples with particle size ~61/33 nm and
reported surface area of 2.25/2.61 mF cm 2. The optimized
material exhibited an impressively low overpotential of 281 mV
at a current density of 10 mA cm ™ * and a Tafel slope of 53 mV
dec™, both of which are smaller than those from IrO,/C and
previous Ni-derived materials. Fe and Co-based bimetallic alloy
encapsulated within N-C anchored within N-GNS®*® delivered an
exceptional electrochemical performance with an overpotential
of 440 mV at 10 mA cm > and a small Tafel slope (90 mV dec™ %),
owing to their synergistic effect arising from FeCo NPs as well as
N-C layer. Interestingly, another noteworthy report by Shen and
coauthors investigated the transformation of iron-cobalt into
iron-cobalt sulfide NPs through encapsulation via covalent
interaction with a mesoporous N-C layer.””® The developed
material can achieve an overpotential of 410 mV at 10 mA cm 2
and a Tafel slope of 159 mV dec™'. Cui and coauthors directly
synthesize monolayer GNS encapsulating uniform TMs NPs,
such as Fe, Co, Ni, and their alloys, which immensely boosts the
charge transfer from the core metals to the GNS surface
(Fig. 14a and b), thereby efficiently optimizing the electronic
properties for improving OER activity (Fig. 14c and d).>** They
found that the FeNi alloy encapsulated in GNS exhibits the
highest OER activity in alkaline with an overpotential of only
280 mV at 10 mA em > while maintaining high durability
during 10 000 cycles, superior to commercial IrO, (Fig. 14e-h).
Su and coauthors successfully proposed the use of TMCs
confined within N-GNS for the OER." The unique Co3;ZnC/Co
nanojunction architecture confined in N-GNS layers exhibited
an overpotential as low as 366 mV at 10 mA cm™ 2, along with
a Tafel slope of 81 mV dec ™' and excellent durability after 5000
cycles. This performance surpasses that of Pt/C and RuO, in
alkaline medium. Recently, Zhang and co-authors designed an
intriguing nanoarchitecture featuring a uniform dispersion of
hollow NisP,/Fe;P nanocubes coated with NC sheets.>*® The
distinctive construction and composition of this material
enable remarkable electrocatalytic activity with an overpotential
of 252 mV to reach 10 mA cm ™2 and deliver exceptional kinetics,
evidenced by a low Tafel slope (24.0 mV dec™'). Interestingly,
the catalyst exhibited outstanding electrocatalytic and
mechanical durability, even working at a high current of 250 mA
cm 2, further suggesting that the material holds great potential
as a replacement for commercial Pt-based OER electrocatalysts.
Cui and coauthors studied theoretical modeling to decipher the
benefits of anchoring the FeNi NPs on carbon layers for a high-
performance OER process.”*® Asbemarz and coauthors present
a novel bimetallic Fe-Ni MOF anchored on rGO (Fig. 14i and
j):>** The stronger Fe-O bond promotes effective proton and
charge transfer, facilitating the OER rate (Fig. 14k). The devel-
oped material exhibits high OER performance with a required
overpotential of 217 mV at 10 mA ¢cm >, while maintaining
stable catalytic activity with a 16.1% decrease in current density
over 100 h (Fig. 14l-q). The improvement in OER activity
through the development of core-shell electrocatalysts is also
reported in many other studies in Table 3.
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(@ and b) TEM images of the FeNi alloy-confined GNS layer, (c and d) The calculated properties of different materials for OER, (e and h)

electrochemical performance of FeNi alloy-confined GNS layer for OER (reproduced from ref. 243 with permission from RSC, copyright 2016); (i
and j) TEM images of iron-nickel MOF anchored on rGO, (k) electronic state of Fe—O bond in the hybrid, (l and q) OER performance of the iron-
nickel MOF anchored on rGO (reproduced from ref. 244 with permission from Elsevier, copyright 2025).

Challenges, potential solutions, and
future research directions

Research on potential materials with high catalytic activity and
durability is crucial for a range of electrochemical energy
storage and conversion applications, including fuel cells,
batteries, and water electrolysis. In this context, constructing
unique nanostructures confined within carbon support has
emerged as a promising strategy. Such a nano-hybrid offers
various advantages, including ample electrocatalytic active
sites, electrical conductivity, and a high specific surface area,
thereby serving as an ideal alternative to precious-metal-based
catalysts, with comparatively high cost-effectiveness, eco-
friendliness, and appreciable performance. We have provided
a scientific overview of recent advancements in the preparation
of core-shell materials. Despite the potential of the metallic
nanostructures-encapsulated carbon hybrid materials, signifi-
cant research challenges remain for their fundamental catalytic
mechanisms, synthesis, and long-term stability. Specifically, the
catalytic center remains unclear, and the complex dynamics of
charge transfer at the interface between the metal core and the
carbon shell remain poorly understood. In addition, obtaining

19820 | RSC Adv, 2026, 16, 19802-19825

good control over the number of carbon layers and defects
during synthesis is difficult to optimize fast charge transfer
while maximizing the anticorrosion effect. Among the various
synthesis routes, hydrothermal/solvothermal methods and
electrostatic self-assembly have attracted considerable attention
due to their simplicity, cost-effectiveness, and suitability for
large-scale production. However, these approaches often suffer
from limited product quality and poor controllability over
structural and compositional features. In another regard,
thermal treatment via CVD has demonstrated high synthetic
efficiency, combined with ease of large-scale production;
however, this process is relatively expensive. In future research
directions, operando and in situ analysis techniques should be
applied to clarify structural evolution and find the main active
sites during catalytic reactions. Development of new industrial-
scale synthesis strategies for fabricating scalable metal-
encapsulated carbon hybrids. In this context, combining the
experimental approach with theoretical study, such as DFT,
machine learning, and AlI, will be an effective approach to
produce core-shell catalyst materials, which can offer a precise
control of their structure, a good understanding of their cata-
Iytic mechanism, and a scalable and precise synthesis method
with low production cost and high yield. The precise synthesis

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of high-quality, controllable materials is expected to elevate
catalytic performance and stability, offering extensive potential
of metallic nanostructures-encapsulated carbon hybrid in
electrochemical applications.
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