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Recent advances in nitrogen-doped graphene-
based heterostructures and composites:
mechanism and active sites for electrochemical
ORR and HER
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The energy crisis, dependence on non-renewable energy resources and environmental pollution pose a
great threat to the ecosystem. Consequently, the generation and utilization of hydrogen as a renewable,
pollution-free, sustainable energy resource has attracted significant attention. In this case, different
approaches have been explored, among which the electrochemical production of hydrogen through HER
provides an efficient, green and clean approach for the mass production of H,. Besides HER, other reac-
tions, such as OER and ORR, are core reactions involved in different electrochemical devices that are
being developed to produce green energy technologies. In all these reactions, the development of low-
cost materials with high electrochemical activity compared to the state-of-the-art noble metal electroca-
talysts is important. Over the last few decades, different catalyst materials have been developed for HER,
OER and ORR. Among them, graphene-based materials have been widely explored either as a support
material or active catalyst for the above-mentioned electrochemical reactions. Specifically, the intrinsic
electrochemical activity of graphene (G) is negligible, and therefore, different strategies, including hetero-
atom doping, composite development and development of heterojunctions, have been used to improve
its electrochemical characteristics for HER/OER and ORR. However, although great advancements have
been made using N-doped graphene (NG)-based heterostructures and composites as active electrocata-
lysts, there is still a lack of understanding of their reaction mechanism and the active sites responsible for
the enhanced electrochemical performances are still under debate. Hence, considering the research
interest over the past few years on NG-based electrocatalysts, herein we attempt to present a holistic
summary of the recent advances made in the synthesis strategies and understanding of the role played by
the interface, composite development and active sites in HER/OER and ORR over NG-based electrocatalysts.
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Fig. 1 (A) Population growth, (B) fossil fuel consumption and (C) greenhouse gas emissions since 1950. Data obtained from our world in data

website.

interrelated. For example, the growth and development of
various industries depend on energy as a basic and fundamen-
tal requirement. In this case, currently most of the energy
comes from fossil fuels, which are formed due to the
decomposition of animal and plants. Therefore, environment
issues lead to energy, industrial and health crises and vice
versa. Hence, for the smooth functioning of human civiliza-
tion, it is imperative to develop suitable clean, nontoxic and
renewable energy resources. Presently, the energy demand is
satisfied by fossil fuels. In this case, the formation, character-
istics and usage of fossil fuels have attracted significant atten-
tion from researchers and environmentalists. The data on
population growth, fossil fuel consumption, and production of
greenhouse gases is depicted in Fig. 1, showing the direct
relation between population growth and environmental
pollution.
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To meet the ever-increasing energy demands of the growing
population without sacrificing the ecosystem/environment, the
development and exploration of green, sustainable and clean
energy sources have become a hot research topic attracting
immense attention."® To date, various alternative energy
sources have been explored, among which electrochemical
energy is envisioned as a suitable candidate with potential to
solve the current energy and environmental crises.
Furthermore, it is expected that electrochemical energy
devices, such as solar cells, supercapacitors, fuel cells and bat-
teries, will have a high rate of commercialization depending
on the energy requirements of different regions across the
world."”" However, the main problem or concern is the devel-
opment and supply of a huge amount of green and sustainable
energy, which can possibly replace fossil fuels for industrial
applications. In this case, different chemical compounds, such
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as hydrogen, methanol, ammonia and methyl cyclohexane, are
considered promising candidates.">® Regarding sustainable
energy, the electrochemical splitting of water using fuel cells is
important technology to address issues related to energy.
Based on the natural abundance of water and high energy
density of hydrogen, electrochemical water splitting has
attracted significant interest."”'® To carry out water splitting
reactions at minimum energy input, suitable, highly efficient,
durable catalysts are highly important. Presently, for the HER,
OER and ORR, the state-of-the-art catalysts including noble
metal-based catalysts such as Pt, IrO,, and Pd are considered
benchmark catalysts.'®' However, these state-of-the-art cata-
lysts are associated with certain drawbacks including high
cost, limited reservoirs, dissolution during use, and CO poi-
soning, hindering their practical application on the industrial
scale.”®

Thus, to overcome the limitations associated with the state-
of-the-art HER, OER and ORR catalysts, it is necessary to
explore low-cost active catalysts that are highly stable, abun-
dant and durable. Presently, a large library of less expensive,
earth abundant, active catalyst materials has been developed
to investigate their possible application in the HER, OER and
ORR.**"?® These low-cost materials include metal oxides, phos-
phides, nitrides, dichalcogenides, and carbides. Recently,
carbon-based materials such as carbon dots, carbon nano-
tubes, carbon cloths, and graphene have been explored as fas-
cinating perspective electrocatalytic materials for water split-
ting reactions.>*° Considerable and persistent research
efforts have been devoted to the application of carbon-based
2D graphene sheets possessing hexagonal lattices with a single
layer of carbon atoms in electrochemical energy devices.
Although graphene is an electrochemically inert material, its
possible chemical modifications offer great scope to use its
conjugated carbon network as a potential alternative to noble
metal-based catalysts for the HER, OER and ORR.*" Graphene
offers various opportunities to realize enhanced electro-
chemical activity including doping with heteroatoms, and it
also acts as an efficient substrate material for different electro-
chemically active catalysts (like metals), thus improving their
exposed electrochemical active sites.”* In addition, 2D gra-
phene plays an important role in controlling the morphology
and microstructure of electroactive materials together with a
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strong synergistic coupling effect for improved electrochemical
HER, OER and ORR performances.*?

Considering that graphene is an intrinsically inert electro-
chemical material, different strategies have been explored and
utilized to improve its application of in electrochemical water
splitting reactions.>* The development of heterostructures and
composites are important strategies used to develop efficient
graphene-based electrochemically active materials. The devel-
opment of heterostructures offers significant advantages com-
pared to their single pristine components. As an efficient cata-
lyst, heterostructures provide a possible strategy to tune their
crystal structure and electronic structures, together with a
synergistic coupling effect.®> Compared to 3D materials, the
large active surface area of their 2D counterparts make them
excellent candidates for the development of heterostructures.
Among the 2D materials, graphene is an excellent and promis-
ing material with interesting characteristics such as large
number of reactive sites on its surface, high conductivity and
structural flexibility.*® All these characteristic properties of gra-
phene provide fast electrolyte active site interactions, fast kine-
tics in catalytic reactions and high stability under harsh
electrochemical conditions. Thus, due to these fascinating pro-
perties, graphene can easily form heterostructures with other
materials such as metals, metal oxides, nitrides, and dichalco-
genides.”” Furthermore, the diverse properties of graphene
help in the construction and design of hybrid multi-com-
ponent systems as catalysts, in which the merits of each com-
ponent are combined, resulting in an improved efficient cata-
Iytic performance.

However, the presence of unstable intrinsic bonding states
in heterostructures results in a high activated Fermi energy
state, which limits their practical.®® Therefore, to further
improve their practical application, another important strategy
is heteroatom doping of graphene, which not only improves
the catalytic activity but also controls the size and shape of gra-
phene, thus creating proper room for the manipulation of its
active sites and surface area density. The heteroatoms used for
doping include electronegative elements such as B, F, N and
8.>%%° The electronegative characteristic of dopant elements
improves the water adsorption activity of the materials, which
is highly beneficial for hydrogen evolution catalytic activity
and stability of the energy states of the modified material.
Alternatively, in the ORR, the difference in the electronegativity
of the dopant element and carbon atoms of graphene pro-
motes the adsorption of O,, thus weakening the O-O bond to
enhance the ORR. However, for easy and meaningful control of
the local active sites of graphene, the use of different dopants
depends on the knowledge of the local structure of each active
site. To analyse the local structure of pure and doped gra-
phene, different studies and investigations have been carried,
out, as discussed later in this article. Further, to prepare elec-
trochemically active, efficient and stable graphene-based
materials, the synergistic coupling of heteroatom doping,
incorporation of electroactive materials and heterostructures
has been evaluated.*""** Moreover, according to theoretical and
experimental investigations, it has been observed that the
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activity and lifespan of electrochemical-active materials for the
OER, HER and ORR are strongly dependent on their structure,
composition and morphology.**~** Therefore, the construction
of graphene-based materials with rational control of their size,
shape, morphology, composition and structure is highly desir-
able for electrochemical water splitting applications.

A large number of review articles focusing on the use of
heterostructures based on metals, metal oxides, metal phos-
phides, metal carbides and dichalcogenides has been pub-
lished to date.*>° In addition, comprehensive and critical
reviews regarding the application of either pure graphene or
doped graphene in electrochemical HER or ORR have been
published.”™>* However, to the best of our knowledge, there is
a lack of a comprehensive reviews regarding N-doped gra-
phene-based heterostructures and composite materials for
HER, OER and ORR electrocatalytic processes. Thus, in this
review article (Section 2), we aim to present an overview of the
different synthesis strategies used to develop both doped and
hetero-structured graphene-based catalyst materials. Then, in
Section 3, we systematically explore and summarize the pro-
gress made in the last few years on N-doped graphene-based
hetero-structured materials and electroactive-incorporating
composite materials for electrochemical water splitting reac-
tions including the HER/OER and ORR.

2. Advantages and types of N-doped
graphene-based heterostructures for
electrochemical applications

Considering the limitations (including low activity/perform-
ance, poor conductivity, low charge transfer activity, small
number of active sites, and low stability) of pristine electro-
chemical catalysts, the development of a heterojunction
between two or more different materials has emerged as a new
strategy to develop different novel catalysts, which offer better
activity, stability, and large number of active sites for the HER/
OER and ORR. In a typical heterostructure, two or more single
components with different properties and characteristics are
coupled, and consequently they possess unique properties
compared to their pristine counterparts. From the perspective
of electrocatalysis, heterostructure catalysts allow the
rearrangement of electrons at their interface, thus modifying
the number of active sites. In addition, the pristine com-
ponents are chosen in a manner to have a synergistic effect
between the active sites present on different single com-
ponents, which can promote the reaction kinetics for faster
electrochemical reactions.”® >® The main advantages of hetero-
structured catalysts include (i) large number of active sites pro-
duced due to lattice strain present at the interface of the het-
erojunction, (i) morphological diversity of heterostructures,
(iif) design privilege, providing high surface active catalytic
sites and high specific surface area and (iv) better charge
carrier and charge transfer ability due to complementary redox
properties between different components of the hetero-
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structure, promoting the activity and efficiency of hetero-
structure catalyst materials due to their synergistic effect.>®™°
Regarding graphene-based heterostructures, different types of
hybrid materials, as shown in Fig. 2, have been developed to
beneficially utilize the characteristics of both single com-
ponents for enhanced electrocatalysis.®’®*

3. Recent advances in the synthesis
of N-doped graphene
heterostructure-based catalysts

All catalytic reactions exhibit a notable difference in their
mechanism, which offers different construction and design
principles for the development of the corresponding active
catalyst materials. Similarly, for the HER, OER and ORR,
different design strategies and principles are followed.
Recently, graphene-based materials have been explored for the
HER, OER or ORR and great success and advancements have
been achieved. For the development of N-doped graphene,
different approaches have been employed with the main aim
to not only achieve unique physicochemical properties but
also incorporate desirable active sites for different electro-
chemical reactions. For the synthesis of pure graphene, five
different categories of synthesis approaches have been
employed, which include  solvothermal/hydrothermal
approach, electrochemical, chemical vapour deposition,
thermal treatment and physical approaches.®*™*® 1In this
section, we discuss the advances made in the design and syn-
thesis of N-doped graphene-based heterostructure/composites
for different applications.

3.1. Hydrothermal synthesis approach

Numerous researchers have certified that graphene can be
either used as a substrate for active catalysts or employed as a
non-metal ORR catalyst. For example, N-doped graphene was
successfully synthesized by Qu et al. using the CVD approach
and an excellent ORR performance was observed.®® Later, most
graphene-based materials were mainly synthesized using
chemical exfoliation or CVD method.”®”! Based on recent
investigations, it has been observed that together with
N-doping, the development of heterostructures is an important
approach to improve electrochemical performances based on
the effect of synergistic coupling.”> Regarding the development
of N-doped graphene-based heterostructures for improved
electrochemical performances, different approaches have been
employed. For example, the hydrothermal approach was used
to successfully synthesize N-TiO, nanowires (NW) and
N-doped graphene (NG)-based heterostructures.”>”* The
hydrothermal approach has been developed to overcome limit-
ations such as 100 °C as the upper limit temperature range for
reactions taking place in the aqueous phase, where this low
upper limit temperature range limits the use of aqueous-phase
reactions to synthesize materials that are produced at a rela-
tively high temperature. Using the hydrothermal/solvothermal

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Different types of hybrid heterostructures based on graphene.

approach, high-quality control of morphology, shape and size
can be achieved. Liu et al. have employed N-doped graphene
and N-doped TiO, for the development of a heterostructure.””
Both TiO, and graphene were doped with nitrogen, followed
by the development of the heterostructure to exploit the
benefits of both doping and heterostructure for efficient
photocatalytic reactions. During the synthesis process, urea
was used as the source of N for both TiO, NW and graphene.
In a typical synthesis approach, a hybrid N-TiO,/NG catalyst
was synthesized using a self-assembly-assisted hydrothermal
reaction by employing urea as a source of N. During the syn-
thesis, 0.3 g TiO, NW (synthesized using hydrothermal
approach in this report) and 15 g urea (as N source for both
TiO, and GO) were added to a homogenised graphene oxide
(GO) (prepared by modified Hammers process in this report)
aqueous solution. This reaction mixture was stirred for
15 min, and then transferred to a Teflon-lined autoclave and
heated at 200 °C for 10 h. After hydrothermal treatment, the
reaction mixture was cooled to room temperature and black
cylinders of the hybrid photocatalyst were obtained. The
obtained sample was analysed using different characterization
techniques and the successful N-doping in TiO, NW and GO
was confirmed using Raman and X-ray photoelectron spec-
troscopy. Another report demonstrated the use of the hydro-
thermal approach for the synthesis of a layered 3D architecture
of MoS,/N-doped graphene hybrid heterostructure using gra-
phene oxide (GO), sodium molybdate, urea and r-cysteine as
precursors for the final hybrid structure.”® During the syn-
thesis, GO was synthesized using graphite powder produced

This journal is © The Royal Society of Chemistry 2024

via the modified Hummers’ method. During a typical synthesis
process, 0.1 g of GO was added to 60 mL water, followed by the
addition of sodium molybdate (0.5 g) and r-cysteine (1 g) at
PH 6.5 (maintained by adding 0.1 M NaOH). After sonication,
10 g urea was added to the reaction mixture and transferred to
a Teflon-lined reactor and heated at 180 °C for 36 h to get the
final hybrid material. According to the investigation, it was
observed that layered MoS, was assembled face-to-face on gra-
phene sheets, followed by doping with N. Different analogues
were prepared with different ratios of precursors. The typical
process for the formation of hybrid MoS,/GNs and MoS,/NG is
depicted in Fig. 3a. During the synthesis of MoS,/NG, the
microstructure was tuned by changing the ratio of precursor
for Mo and GO (Na,MoO,:GO) (1.5:1, 3:1 and 5:1). The
microstructure at different ratios was analysed by SEM, as
shown in Fig. 3b-d. The formation of the 3D architecture was
due to the flexible nature of graphene, which showed a coales-
cing process during hydrothermal treatment. Also, the high
surface energy of the 2D material resulted in the formation
of a 3D architecture. The sample obtained at 180 °C corres-
ponding to a 1.5:1 ratio showed a petal-like morphology, as
observed in the TEM and HETEM analysis shown in Fig. 3e
and f, respectively. A similar morphology was also reported by
Chang et al., where MoS,/G was hydrothermally synthesized at
a1:2 M ratio and 240 °C.”’

Pie et al. reported the synthesis of a heterostructure
between N-doped graphene quantum dots and cadmium tung-
state nanorods using the solvothermal/hydrothermal
approach.”® The as-developed heterostructure was further ana-
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Fig. 3 (a) Schematic representation of the synthesis of MoS,/NG and MoS,/graphene nanosheet hybrids using typical hydrothermal approach, (b—
d) SEM micrographs at 1.5:1, 3:1 and 5:1 ratio of Na,MoO,4: GO respectively, and (e) TEM and (f) HRTEM micrographs of MoS,/NG at 1.5:1
Na;Mo0O,4:GO ratio. Reprinted with a permission from Reference (76). Copyright 2016, Elsevier.

lysed as a photocatalyst and photo-electrocatalyst for water
splitting reactions. In a typical synthesis procedure, firstly gra-
phene oxide (GO) and N-doped graphene (NG) were syn-
thesized using the Hummer’s process and solvothermal
process, respectively. During the synthesis of NG quantum
dots, GO (50 mg) was dissolved in N,N-dimethylformamide
(DMF, 20 mL), followed by sonication for 30 min. Then, the as-
obtained solution was transferred to a Teflon-lined autoclave
and heated at 200 °C for 6 h. After cooling, the black precipi-
tate from the suspension was filtered using a 0.22 pm mem-
brane and the filtrate containing N-GQD having a brown-
yellow colour was obtained. The final powdered product con-
taining N-GQD was obtained using a rotatory evaporator. The
concentration of aqueous solution of N-GQD was 0.1 mg mL™".
Finally, the heterostructure was prepared using the hydro-
thermal approach. During a typical process, different amounts
(5 mL, 10 mL, 20 mL and 40 mL) of as-developed N-GQD were
employed. Briefly, 0.44 g of Cd(OAc),-2H,0 was dissolved in
different amounts of aqueous solution of N-GQD, followed by
vigorous stirring for 2 h and addition of 25 mL aqueous solu-
tion of Na,WO,-2H,0 with constant stirring. The final reaction
mixture was heated in a 100 mL Teflon-lined autoclave at
160 °C for 24 h. After natural cooling, the final product was

62 | Green Chem., 2024, 26, 57-102

obtained and washed several times with water. Different
heterostructures were obtained by changing the amount of
N-GQD solution and denoted as N-GQDs-CdWO,-1 to N-GQDs-
CdWO,-4. The FESEM micrograph showed that nanorods of
CdwO, were formed with scattered N-GQD, as shown in
Fig. 4a and b.

Similarly, Zn,;Cd,¢S-incorporated N-GQD and graphene
heterostructure for enhanced photoelectric performance was
prepared by Jiang et al using the hydrothermal approach.
During the synthesis of the heterostructure, the required
amount of cadmium acetate, zinc acetate and thiourea was dis-
solved in water as the source of Cd, Zn and S, respectively, and
ultrasonicated for 15 min. Subsequently, 1 mL solution of
N-GQD and 2 mg of GO were added to the solution, followed
by ultrasonication and hydrothermal treatment in a 100 mL
autoclave at 140 °C for 4 h.”° Kang et al. designed a ternary
heterostructure comprised of 1D hollow nanofibers of g-C;N,
(HGCNF) having S/N-doped graphene and MoS, decorated on
it.*® The synthesis of HGCNF was carried out using the electro-
spinning and sintering approach. Alternatively, the hetero-
structure was synthesis using an in situ hydrothermal method,
in which 0.1 g of HGCNF was added and ultrasonically well
dispersed in an aqueous solution of GO, followed by the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4

addition of thiourea as a reducing agent and source of S/N for
GO. After 1 h stirring, 0.4 g of Na,MoO, was added to the reac-
tion mixture as the source of Mo, followed by stirring for 1 h
and addition of 0.8 g of thiourea. Finally, the obtained reaction
mixture was heated under hydrothermal conditions at 200 °C
for 24 h. Similarly, a binary heterostructure of HGCNF was syn-
thesized using the same approach without the addition of GO.
Recently, Zhou et al. reported the synthesis of ultrasmall NiS/
NiS, heteronanoparticles monodispersed on N-doped gra-
phene nanosheets via an in situ hydrothermal approach.®'
During a typical synthesis, 40 mg GO was dispersed in water
by the ultrasonication process, after which 1.5 mmol Ni
(NO3),-6H,0 was added and kept under vigorous stirring for
30 min. Then, 3 mmol of CH4N,S was added and after 30 min
stirring, the solution was finally treated under hydrothermal
condition in a 50 mL autoclave at 180 °C for 24 h. The sche-
matic formation of the ultra-fine monodispersed NiS/NiS, on
NG nanosheets is illustrated in Fig. 5. Recently, Wang et al.
reported the synthesis of vertically arrayed MoS, nanosheets
on N-doped reduced graphene oxide using a microwave-
assisted hydrothermal/solvothermal approach followed by
heating at 600 °C.%* In this report, 1 mg mL™" GO together
with 162.6 mg (NH,),MoS, and 15 mg ascorbic acid was dis-
solved in 25 mL DMF and transferred to a 35 mL vial and
heated at 200 °C for 10 h under microwave conditions. Finally,
the obtained powder after washing and drying at 60 °C was

@ Niz

electrostatic g
ﬁ & >
interaction o SO,
L s ®

GO nanosheet Ni*@GO nanosheet

<
>-¢ C,H,NS

5 hxdrothennala o
reaction 7

(a and b) SEM micrographs of N-GQD/CdWOQ, at different scales. Reprinted with permission from ref. 78. Copyright 2017. Elsevier.

heated at 600 °C under an NH; atmosphere for 2 h to get
N-doped GO. A schematic representation of the synthesis
process and micrographs of the as-prepared samples are
shown in Fig. 6a. The SEM and TEM micrographs show that
N-rGO was uniformly modified by the MoS, nanosheets, as
observed in Fig. 6b-h. Similarly, many other reports have
recently employed the hydrothermal approach for the syn-
thesis of N-doped graphene-based heterostructures for electro-
catalytic energy generation applications. Table 1 presents a
summary of the reports in the past five years using the hydro-
thermal/solvothermal approach for the preparation of N-doped
graphene (NG)-based heterostructure hybrid materials. Table 1
also includes the reaction conditions such as temperature, pH,
concentration and precursors used during the synthesis of NG-
based heterostructures.

Based on the above discussion, it can be observed that the
hydrothermal/solvothermal method has been successfully
used for the synthesis of a variety of N-doped graphene-based
hetero-structured materials at low temperature compared to
other reported approaches such as CVD, thermal treatment,
and physical approaches.

3.2. Chemical vapour deposition (CVD)

For practical applications, new approaches are being adopted
for the scalable, low-cost production of new pristine and
heterostructure materials with novel properties, exotic physical

interface

NiS/NiS,@N-rGO NiS  NiS,

Fig. 5 Schematic reaction process for the synthesis of NiS/NiS,@N-rGO. Reprinted with permission from ref. 81. Copyright 2019, Elsevier.
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Fig. 6 (a) Schematic reactions steps involved in the synthesis of MoS,/NGO vertical heterostructure, (b and c) SEM micrographs, (d and e) TEM
micrographs, and (f and g) HRTEM images of MoS,/NGO vertical heterostructure. Reprinted with permission from ref. 82. Copyright 2021, Elsevier.

phenomena and high-quality applications. In this quest, CVD
is considered a powerful approach to meet the practical appli-
cations for electrochemical phenomena. In the case of gra-
phene, as a 2D material, several correlations have been
observed and demonstrated between developed graphene-
based materials and reaction parameters used in CVD. In a
typical CVD approach, materials are developed either by carry-
ing out vapour phase reaction of gaseous materials or reaction
on the surface of a substrate. Subsequently, the deposited
vapour phase is transformed into the desired solid material.
The main advantage of CVD is in the fact that the morphology,
orientation of planes, number of layers, size, defects and
dopants can be easily controlled by varying the reaction para-
meters, including temperature, distance between source and
substrate, substrate concentration, and flow rate of carrier gas.
Recently, traditional and modified CVD approaches have been
widely used for the development and fabrication of 2D gra-
phene-based materials and their heterostructures. Shi et al.
developed an MoS,/graphene heterostructure by employing an
all-CVD synthesis approach.®* During the typical synthesis
process, a monolayer of graphene was grown on Au foil under
ambient pressure CVD at 970 °C together with gases such as
CH,, H and Ar. For the growth of MoS,, MoO; and S were used
as the reaction precursors at low-pressure CVD and the growth
of all the samples was carried out in a three-zone furnace
having a quartz tube with a diameter equal to 1 inch. During
the synthesis, the temperature in the three-zone furnace was
equal to 680 °C, 530 °C and 102 °C for Gr/Au, MoO; and S
powder, respectively. After the successful growth, a monolayer
heterostructure of MoS,/Gr was detached from the substrate
surface and during the whole process, H, and Ar were used as

64 | Green Chem., 2024, 26, 57-102

carrier gases. A schematic illustration of the development of
the MoS,/Gr vertical heterostructure is presented in Fig. 7. Xia
et al. also employed the CVD approach for the synthesis of
N-doped graphene/ReSe,/Ti;C, MXene.** During the synthesis,
the first step was to obtain a template in the form of MXene.
Prior to the synthesis of the heterostructure, Ti;C,Tx
nanosheets and polymethyl methacrylate (PMMA) micro-
spheres were prepared, followed by the synthesis of a 3D
porous network of MXene. The ReSe,/MXene heterostructure
was prepared by mixing 100 mg as-prepared 3D MXene and
10 mg of NH,ReO, in a quartz boat placed at the centre of a
CVD furnace with three temperature zones. At the edge near
the gas inlet of the furnace, another quartz boat containing 1 g
of Se was placed. After 30 min Ar purging, the temperature in
the regions of the boats containing Se and NH,ReO, was
increased to 400 °C and 550 °C, respectively, and the process
was left to continue for 15 min under an Ar/H atmosphere.
Finally, the NG/ReSe,/MXene heterostructure was synthesized
using PECVD (Plasma enhanced CVD), during which the as-
synthesized hybrid ReSe,/MXene was placed in another
furnace near the plasma generator at 3 Pa, and for the growth
of NG/ReSe,/MXene, pyridine was used as both the nitrogen
and carbon source at the growth temperature of 550 °C for
30 min. This process was carried out under an Ar atmosphere.
A schematic representation of the synthesis of NG/ReSe,/
MXene together with SEM micrographs of pure MXene, ReSe,/
MXene and NG/ReSe,/MXene is illustrated in Fig. 8a and b-d,
respectively.

An important modified approach using CVD to develop a
vertically stacked monolayer of WS, heterostructure with gra-
phene was reported by Tan et al®® In this study, the CVD

This journal is © The Royal Society of Chemistry 2024
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Table 1 Different methods together with the reaction conditions used for the synthesis of NG heterostructures

Type of heterostructure

electrocatalyst Precursors Reaction condition Ref.
Hydrothermal method
MoSe,/NG GO, N,H,-H,0, Na,M00,-2H,0, hydrazine hydrate 220 °C, 24 h 105
Carbon rich C;N,/NG Melamine, glucose, NG, Isopropanol, HCI 180°C,12 h 106
N/Ti**-TiO,/Graphene GO, TiN 200 °C, 36 h 107
NG/BiFeO; GO, KOH, BiFeO; (Precursor for BiFeO; prepared via reverse co- 180°C,12 h 108
precipitation)
NG/Coy g5Se nanospheres GO, sodium stearate, CoCl,-6H,0 180°C, 15 h 109
NG/SnS,/TiO, Poly(diallyldimethylammonium chloride), GO, thioacetamide, 180°C,20 h 110
ethylenediamine, titanium glycolates, SnCl,-5H,0
NiCo0,04/NG Co(NO3),-6H,0, Ni(NO;),. 6H,0, hexamethylenetetramine 90 °C, 6 h 111
Annealing (300 °C, 2 h)
N-RGO/TiO, Ti(SO),, GO-NH,, GO, HF 180 °C, 12 h 112
MoS,/NG/Ionic Liquid GO, 1-butyl-3-methylimidazolium tetrafluoroborate, (NH,),MoS,, 240°C,24 h 113
N,H,-H,O and NH,-H,0
MoS,/Sb/NG Antimony(m) fluoride, sodium molybdate dehydrate, 200 °C, 24 h 114
polyvinylpyrrolidone, GO
NG-Co;0, CoCl,-6H,0, GO 120 °C, 16 h 115
MnSnO;/N-RGO GO, Na,Sn0;-3H,0, MnCl,-4H,0, NH, 180°C, 24 h 116
Heating at 400 °C, 200 min
SnS/NG Carbon disulphide, dodecanethiol, SnCl,-5H,0, ethylenediamine, 180 °C, 48 h (SnS) 117
200 °C, 24 h (SnS/NG)
N-doped graphene/Alloys GO, NiCo-NiOCo0, Ni(NO3),-6H,0, 150 °C, 12 h 118
(NiCo, CoFe)
CVD approach
N-doped graphene MgO as template, HCI Ar (up to 950 °C), CH, 119
(10 min), NH3, H,
C0,0,/NGF NG, Co(NO;),-H,0, Ni foam 250 °C, 2 h 120
C050,/CNT NG, Co(NO,),-6H,0, ethanol, Ni Foam, DI 60°C, 12 h 121
Annealing (350 °C, 2 h)
Co/Co30,4/N-doped graphene Cobalt acetate, GO NHj, Ar (800 °C, 2 h) 122
N-CoS,@Co050, Co(NO3),-6H,0, Isopropanol, Glycerol, sulfur powder, ethanol, NH;.H,O N, (700 °C, 2 h) 123
Fe;0,_rgo Fe(NO;);-9H,0, glucose, NaCl 80 °C, 24 h, Ar, CH, 124
(800 °C,30 min)
CoMn,0, N-doped graphene NCNTs, Co(NO3),-6H,0, Mn(NO3),-4H,0, urea, ethanol 150 °C, 10 h, Ar, H, (1000 °C, 125
15 min)
CH, (90 min)
N-doped CNT/ZnO NCNTs, diethyl zinc, Si-wafers N, gas 126
LaNiO3;-NCNTs La(NO3);-6H,0, C,Hg0,4Ni-4H,0, diethylene glycol, DW, melamine 60 °C 3 h, annealing (700 °C, 127
12 h) Ar flow
Nig.9C0q 1Fe,0,/NCNTs Cobalt(u)-nitrate hexahydrate, nickel(u)-nitrate hexahydrate, iron (ur)- 100°C,12 h 128
nitrate nonahydrate, diethylene glycol, NaOH, hexadecanoic acid, IPA, 600 °C, 3 h, Ar, H,
urea, SiO, Aerosil
RuO,/NCNTs (Ru;(CO),,, CNTS) 120-300 °C, 2 h 129
N-doped NiCo,0, Ni(NO3),-6H,0, Co(NO3),-6H,0,HCl, urea, Ni Foam Ar, NH;, 130
Co/CoS/Co030,-SNC Co(NO3),-6H,0, 2-methylimidazole, methanol 80°C,24 h 131
Ar (750 °C, 1 h)
MnOx/CoOx /NG Mn, Co, GO —55°C, 48 h 132
NH;, Ar (800 °C, 2 h)
N-doped CNTs/Ni/NiO PVP, Ni(AC),-4H,0, ethanol, pyridine, Al foil 660 °C, 2 h, N, (800 °C, 133
30 min)
Co@CoOx/HNCNTs Co(NO3),-6H,0, urea, DI, carbon fibre, melamine 60 °C, 8h 134
Ar, C,H, (900 °C, 30 min)
N-RGO/CNT-MnO, CNT, PEG, KMnO,, GO NH;, 900 °C 135
v-Fe,03/CNTs Ferrocene, thiophene, toluene, ethylene — 136
Al,03/BiVO,/WO3 bismuth oxide, vanadium oxide, butyl acetate, tungsten hexachloride, 773 K, 30 min 137
DMF, trimethylaluminum
ZnFe,0,/NG/ZnO Si0,/PDA, dopamine, Zn(CH;C0OO),-2H,0, NH;-H,0, PEG,EG, 600 °C, 12 h 86
FeCl;-6H,0, CH3COONa, Pyridine N,, annealing 500 °C, 3 h
Thermal annealing
C050,/MnO,/NGO Co(NO;3).6H,0, Mn (CH;COO),-4H,0, KMnO,, urea, 30% aqueous 90 °C, 12 h (under vacuum) 138
ammonia solution Annealing (650 °C, 8 h)
PdeCeO,-N-doped graphene Hydrazine, uric acid, graphite flakes, Al powder, PACl¢(NH,), CeO,-NR, 180 °C, 24 h 139
NaBH, 200°C,2h
MnO/CoMn/N-doped graphitic =~ Co(NO3),-6H,0, Mn(NOj3),-4H,0, K3Co(CN), N, (900 °C, 2 h) 140
composites
Co0/C0304/NC Co(NO;3),-6H,0, trimesic acid, 4,4-bipyridine, DMF, DEG 80°,48 h 141

This journal is © The Royal Society of Chemistry 2024
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Type of heterostructure

electrocatalyst Precursors Reaction condition Ref.
Fe;0,/NHCSs ZnO, DMF, FeCls, 2-aminoterephthalic acid 600 °C, 12 h 142
Ar (900 °C, 2 h),
CoO/Co/N-rGO Cobalt acetate tetrahydrate, GO ethylene glycol, melamine, acetone N,, 600°C 3 h 143
Fe/Co/CoO/N doped carbon Zn(NO3),-6H,0 and 2-methylimidazole, methanol, Co(NO3),-6H,0, 40°C,12h 144
frameworks FeCl;-6H,0,melamine Annealing N, (700, 800 °C,
900 °C, 3 h)
C0,0,/CN HNPs Co(OAc),-4H,0, PANI 70°C, 12 h 145
Annealing (300 °C, 4 h)
Co/CoO-NGA Co(NO);-6H,0, urea, GO 800 °C, 2 h 146
MnO/N-rGO KMnO,, N-rGO, sucrose 70°C, 12 h 147
Annealing N, (800 °C, 1 h)
Co/CoFe,04/N-graphene GO, Tris-buffer, FeCl;, Co (NO;),:6H,0, dopamine Ar (800 °C, 3 h) 148
N-GQDs/C0;0, CoCl,, N-GQDs, NaBH, 60°C, 10 h 149
Annealed Ar (600 °C, 2 h)
N-doped graphene-wrapped CCly, urea, metallic potassium 80°C,12 h 150
carbon nanoparticles Annealed Ar (1000 °C, 2 h)
Fe/C0304/N-GCFs Co (OAc),-4H,0, Fe(acac);, PAN, DMF 250°C, 4 h 151
Annealed H,, N, (800 °C, 3 h)
N-doped graphene/TiO, SDS, H,0,, Na,S0,, titanium trichloride 90 °C, 12 h 152

nanocomposite

N-doped graphene/Si;N,/SiC SiC, N,, Ar

Mo0O,/NG composite
Ni/NiO/NCSs

MoO,(acac),, urea, GO
NCSs, urea, Ni(CH3C0O0),-4H,0

ZnCo,0,@nitrogen doped gra-
phene oxide/PANI

approach was used to separately synthesize WS, and graphene.
For the synthesis of the WS, monolayer, SiO,/Si was used as
the template substrate. The typical synthesis was carried out in
a double-temperature zone furnace, in which two precursors of
WO; and S were separately placed in a double-walled quartz
tube and positioned at the external and internal tubes, respect-
ively. Both precursors were heated to their respective vaporiza-
tion temperature and carried to the substrate surface for sul-
furization reaction of WO; to give WS, as the final product.
Monolayer graphene was synthesised using W as the substrate
and Cu as the catalyst. During the synthesis process, 1 cm®> W
and Cu pieces were rinsed with iso-propyl alcohol (IPA) and
acetone, and before rinsing Cu, it was treated with HCI to
remove the oxide layer. Then, W with mounted Cu on it was

Aniline, ferric chloride, H,0,, PANI, N-GO, zinc nitrate, cobalt nitrate

Annealed at 800 °C to 1300 °C 153
2x107° to 2 x 107 Torr
Quenched to 500 °C

Ar (400-600 °C, 2 h) 154
600 °C, annealed Ar (500 °C, 155
2h)

90 °C, 12 h 156
550 °C, 8 h

placed in a furnace and annealed at 1090 °C for 30 min under
an H and Ar atmosphere at 100 sccm and 200 scem, respect-
ively, before the growth of the graphene sample. Finally, gra-
phene was grown on molten Cu under a flow of mixed carrier
gas containing Ar, H and CH, for 90 min, followed by a second
growth process at 1060 °C for 30 min. Subsequently, the
sample was moved out of the hot zone to cool to room temp-
erature. For the development of a G/WS, heterostructure, the
as-developed CVD samples were spin-coated and cured at
150 °C for 15 min using a PMMA scaffold at 4500 rpm. The W
and SiO,/Si substrates used during CVD synthesis were etched
using the electrochemical approach in NaOH solution and
KOH at 60 °C, respectively. The Cu substrate was removed by
etching with 0.1 M (NH,),S,0g. Finally, the floating PMMA/

Fig. 7 Schematic illustration of reaction steps involved in the synthesis of MoS,/Gr heterostructure using CVD approach. Reprinted with permission

from ref. 83. Copyright 2015, Wiley.
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NG/ReSe,/MXene

Fig. 8 (a) Schematic illustration of CVD synthesis of NG/ReSe,/MXene and (b—d) SEM images of MXene, ReSe,/MXene and NG/ReSe,/MXene
heterostructure, respectively. Reprinted with permission from ref. 84. Copyright 2015, Wiley.

WS, and PMMA/graphene were transferred carefully to deio-
nised water for washing to remove/dilute the residual contami-
nants and the as-developed films were deposited on an Si
chip, followed by baking at 150 °C for 30 min.

Wang et al. developed hollow spheres of monolayer
N-doped graphene and ZnO on ZnFe,0,.%® In this report first
hollow spheres of ZnFe,0,/ZnO were synthesized using dual
template and self-dissolution approach. Then in situ CVD
approach was employed to grow N doped graphene on
ZnFe,0,/Zn0. Firstly, nanospheres of SiO,/PDA/ZnFe,0,
were prepared using SiO, as a hard template, as shown in
Scheme 1. During the synthesis of NG/ZnFe,0,/Zn0O, 0.2 g of
as-prepared SiO,/PDA/ZnFe,0, was placed in a combustion
boat and transferred to a tubular furnace and heated at 700 °C
under an N, atmosphere. After 30 min, using a syringe pump,
0.02 mL pyridine was introduced at a flow rate of 400 sccm.
After 30 min incubation, the reaction system was allowed to
cool to room temperature to obtain SiO,/PDA/ZnFe,0,/NG.

Subsequently, the SiO,/PDA template was removed via an
etching process by employing KOH solution having a pH of
13.5 at 90 °C for 3 h. Simultaneously, during the etching
process, the Zn precursor was added in the form of
(CH3C00),-2H,0, followed by refluxing at 80 °C for 2 h, result-
ing in the formation of Zn-hydroxide precipitate. The obtained
precipitate was annealed at 500 °C for 3 h under an N, atmo-
sphere. During the etching process, Zn(u) in ZnFe,0, reacted
with alkali, resulting in the formation of oxide, and during cal-
cination, porous ZnFe,O, was formed, which finally resulted
in the formation of a heterostructure of ZnFe,0,/ZnO/NG.

Wei et al. developed an ultralight ReS,@NG hybrid hetero-
structure interlayer using an all-CVD approach.’” During the
typical synthesis procedure, a two-zone-temperature CVD
furnace was employed to grow vertically aligned ReS,
nanosheets on a clean glass substrate. For the synthesis of
ReS, nanosheets, S powder and NH,ReO, were placed in the
centre of the two heating zones with a glass substrate placed

Scheme 1 Reaction steps involved in the synthesis of ZnFe,04/NG/ZnO heterostructure. Reprinted with permission from ref. 86. Copyright 2021,

Elsevier.

This journal is © The Royal Society of Chemistry 2024
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over the NH,ReO, powder under 1000 sccm Ar purging for
10 min. Subsequently, the furnace with two temperature zones
was heated up to 300 °C and 700 °C for 30 min under a con-
stant flow of Ar 50 sccm throughout the process. For NG at the
growth temperature, plasma-assisted evaporation of the pyri-
dine precursor was carried out and incorporated in the system.
During the CVD synthesis reaction, the system was purged
with H and Ar carrier gases at 30 sccm and 1000 sccm, respect-
ively, under a base pressure of 1 Pa. Then, after CVD treatment,
the as-prepared sample was spin-coated with PMMA at 2000
rpm for 1 min and dried at 160 °C for 5 min. The as-developed
film was etched using HF to remove the glass substrate and
the final PMMA/ReS,@NG film was obtained and attached to
commercial polypropylene. The removal of PMMA from the
film could be easily achieved during electrochemical analysis
in an electrolyte solution. A schematic illustration of the CVD
and PECVD approach used for the synthesis of ReS,@NG is
shown in Fig. 9a. Fig. 9b presents an FESEM micrograph of
the as-developed vertically aligned ReS, and ReS,@NG.

In addition to N doping, other metal- and non-metal-doped
graphene materials have been developed using the CVD
approach for different electrochemical applications. For
example, Zhang et al. developed an Si-doped graphene/GaAs
heterojunction using the CVD approach for a better perform-
ance in G/GaAs solar cells.®® The synthesis of pure SiG was

15t step CVD

View Article Online

Green Chemistry

accomplished using a Cu substrate during CVD synthesis.
During the synthesis, annealing of Cu was carried out in a
reactor heated at 1015 °C under an H, and Ar atmosphere for
30 min. Then, a precursor mixture of SiH, and CH, was intro-
duced in the reactor for the synthesis of SiG. For sample prepa-
ration, different flux ratios of SiH, and CH, was employed to
obtain different doping concentrations of Si in graphene.
However, under a high flux of precursors, SiG was not success-
fully prepared in this report. Finally, for the preparation of
GaAs/SiG, the as-prepared SiG film was transferred to SiO,/Si,
germanium or CaAs substrate using PMMA and baking
process at 120 °C for 2 min, followed by etching process to
remove the Cu substrate using Cu,SO,/HCI/H,O solution. Feng
et al. employed Ni foam (NF) as a substrate during the syn-
thesis of N-doped graphene.® In a typical synthesis, high-
purity methane was introduced in a preheated furnace con-
taining NF in a quartz tube at 1000 °C under a 12 sccm H,
flow. After cooling under a flow of mixed gases, the obtained
graphene was added to HCI solution for 12 h and washed
several times with water. N doping of the as-obtained graphene
sample was carried out using the hydrothermal approach,
during which the graphene sample was placed in urea solution
and heated at 180 °C for 12 h, followed by washing and anneal-
ing at 800 °C under an Ar atmosphere. Similarly, for the syn-
thesis of the heterostructure, the hydrothermal approach was

Fig. 9 (a) Synthesis steps involved in the two-step CVD synthesis of ReS,@NG, (b and c) SEM micrographs of ReS, and ReS,@NG nanosheets, (d and
e) cross-sectional SEM micrograph of ReS, nanosheets and ReS,@NG nanosheets with corresponding elemental mapping, and (f-i) corresponding
TEM and HRTEM micrographs of ReS, and ReS,@NG nanosheets. Reprinted with permission from ref. 87. Copyright 2019, Elsevier.
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employed, during which different precursors such as NiCl,
(0.064 g), Na,Mo00O,-2H,0 (0.1 g), and urea (0.1 g) were added
to 40 mL water, followed by the addition of as-prepared NG to
a Teflon-lined autoclave and heated at 160 °C for 3 h in a
furnace. Finally, the cooled samples were collected, washed
and dried to get the NiMoO,/NG heterostructure. The whole
synthesis process is schematically presented in Fig. 10.

Recently, Aydin et al. developed an N- and S-doped gra-
phene 2D heterostructure on MoOx for efficient hydrogen
generation.”® In this report, firstly graphene and MoOx were
synthesized separately. For the synthesis of graphene, the
thermal CVD approach was used by employing Cu foil as the
growth substrate. After proper cleaning in water, HF, IPA, and
acetone using ultrasonication, the Cu foil was dried using N,
gas and inserted in the quartz tube. The temperature of the
tube was increased to 1050 °C under Ar:H, at 200:30 sccm
and the Cu foil was annealed at this temperature for 2 h.
Using a mixture of Ar: CH, : H, at100: 5 : 100 sccm, the growth
of graphene was completed. MoOx was prepared by plasma
processing using Mo pellets deposited via electron beam evap-
oration. The Mo seed layer was oxidised in 13.5 MHz induc-
tively coupled plasma (ICP). The residual cleansing of the ICP-
developed layer was carried out by introducing several gases
including Ar at 20 scem for 10 min and H, plasma at 20 sccm
for 15 min for the removal of the native oxide from the metal
surface. Final oxidation of Mo metal was carried out at 150 °C
under O, plasma at 10 sccm and a pressure and power of
50 mTorr and 550 W, respectively. Then, in the next step, CVD-
developed graphene was transferred to MoOx using PMMA via
spin coating. The as-developed PMMA/G/Cu was cured at 90 °C
for 10 min, followed by vacuum treatment for several hours for
proper interface formation. Finally, the Cu substrate was separ-
ated by an etching process and the remaining PMMA/G was
transferred to the as-synthesized MoOx sample with the
removal of PMMA by employing acetone to obtain G/MoOx/
GCE. In the last step, S and N were doped in G/MoOx/GCE
using the plasma doping process under Ar:H,S and N,
plasma. A schematic representation of all the steps involved in
the synthesis process are depicted in Fig. 11.

Ni Foam

-

CVD
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Bie et al. used an alternative method to the traditional
approach for developing a catalyst on NG. In this report, the
in situ development of NG over CdS hollow spheres was carried
out using a three-step strategy, as shown in Fig. 12a.”" During
the first step, spherical SiO, was employed as a template for
the development of the CdS/SiO, composite. Then, the as-
developed composite was placed in a tube furnace, followed by
the introduction of pyridine feedstock for the synthesis of NG
over the CdS/SiO, composite. During the synthesis, pyridine
was transformed into carbonaceous residue via pyrolysis and
dehydrogenation reactions and was deposited on the surface
of CdS due to the coordination between the N and Cd atoms.
During the cooling process, compared to ordered carbon, the
disordered carbon was transformed into graphene due to the
energy difference between them. By using the alkali-assisted
etching process, the SiO, template was removed to obtain the
final CdS/NG heterostructure with a large contact area between
CdS and NG, as is clear from the SEM and TEM micrographs
in Fig. 12b+j.

It has been observed that it is very difficult to synthesize a
uniform monolayer of graphene via the CVD approach. Thus,
to obtain a monolayer of graphene, Pang et al. employed a
simple confinement method.”> During the synthesis process,
SiO,/Si was employed as the substrate with three different con-
figurations, as shown in Fig. 13. The three configurations
included (a) Si/SiO, with the oxide face exposed and facing up,
(b) Si/SiO, with the oxide phase masked and facing down and
(c) sandwiched oxide face using two wafers of Si/SiO,. During
the CVD synthesis in a horizontal tube furnace, Si/SiO, was
first cleansed up by sonication in acetone and dried in an N,
atmosphere. Under the flux of a mixture of Ar/H,/CH, gases at
flow rates of 120/30/1.5 sccm, respectively, samples with
different growth times were heated at 1185 °C under ambient
pressure. Before passing the mixed gas of Ar/H,/CH,, the
sample was heated under an Ar/H, flow until a stable reaction
temperature was achieved. In this report, the cleanest gra-
phene monolayer was obtained when the sample was post-
treated with Ar/H, before cooling. According to the investi-
gation, it was observed that using the sandwiched configur-

Graphene 3D NG/NiMoO,
o—o: Sclf-asse ﬂlbly
NiMoO,

Fig. 10 Illustration of the fabrication process of NG/NiMoO,. Reprinted with permission from ref. 89. Copyright 2020, Elsevier.
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Fig. 11 Schematic illustration of reaction steps used to synthesize NSGr@MoO, thin film heterostructure by ICP-assisted CVD approach. Reprinted

with permission from ref. 90. Copyright 2023, Wiley.

]
. —

Fig. 12 (a) Schematic illustration of reaction steps involved in the syn-
thesis of NG@CdS hollow spheres, (b—e) FESEM of sequential appear-
ance of material at each step from left to right in (a), (f and g) FESEM
images of sample represented as CdG,, where 2 represents concen-
tration of pyridine used, (h and i) TEM and HRTEM micrographs of CdG,
sample, and (j) STEM images of CdG, with corresponding elemental
mapping, respectively. Reprinted with permission from ref. 91. Copyright
2019, Wiley.
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ation, high-quality graphene with almost the same properties
as that grown on other metal substrates such as Cu was pro-
duced. Also, it was observed that the formation of hexagonal
faceted graphene starts from a round nucleating island. The
faceting phenomenon occurs to minimize the energy, thus
resulting in the formation of hexagonal facets similar to that
present in beehives. Thorough investigations have shown that
once the whole surface of a substrate is covered with a gra-
phene layer, the formation of graphene stops, and thus this
synthesis approach is considered as self-terminating, resulting
in the formation of monolayer graphene. Table 1 presents the
precursors and reaction conditions employed by different
researchers for the synthesis of NG-based heterostructures.

3.3. Thermal-assisted approach

In addition to the above-mentioned method, another common
and the most widely used method for the synthesis of NG-
based heterostructure catalyst materials is the thermal treat-
ment approach. The high reaction temperature employed
during the synthesis process improves the degree of graphitiza-
tion. Considering the limitation of the CVD approach, thermal
treatment is considered an effective and less expensive method
to synthesize graphene-based heterostructures. Chen et al
employed a facile, inexpensive, thermal decomposition
reduction approach for the synthesis of NG/MoS,/NG.%?
During the synthesis process, as-purchased GO was ultrasoni-
cated in deionised water for 2 h, followed by the addition of
(NH4)6Mo0,0,4-4H,0 (1.12 g) and CHyN,S (1.16 g) with con-
stant stirring. Subsequently, after freeze drying at —20 °C, the
as-obtained precursor (GO-(NH,)6Mo0,0,,-CH,N,S)  was
annealed at 750 °C for 2 h in a tube furnace under an Ar atmo-
sphere at 100 sccm to obtain the final product in the form of
NDG/MoS,/NDG. The same strategy was employed for the syn-
thesis of NG/MoS, and MoS, samples. The reaction mecha-
nism for the synthesis of the NG/MoS,/NG heterostructure
was elucidated using the same reaction conditions in the
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Fig. 13 (a) Schematic illustration of direct synthesis of graphene over Si/SiO, employing CVD approach with different configurations of substrate:
(a) SiO, facing up, (b) SiOy facing down, and (c) Si/SiO,—SiO,/Si sandwiched configuration. Reprinted with permission from ref. 92. Copyright 2019,

Wiley.

absence of (NH4)sMo,0,,-4H,0, CH,N,S and CH,N,S-(NH,)
6Mo0,0,,4-4H,0, respectively. A schematic representation of the
mechanistic steps involved in the synthesis process is pre-
sented in Fig. 14. During the initial step of the reaction, the
well-dispersed GO adsorbs Mo,0,,°” ions on its surface, fol-
lowed by the adsorption of CH,N,S around the Mo0,0,,%~
anions. Freeze drying of the sample resulted in the in situ
layer-by-layer arrangement of the GO/(NH,)6Mo,0,,-CH,N,S/
GO precursor with an exposed GO layer. Under an Ar atmo-
sphere, the annealing process at 750 °C resulted in the

Dissolution

[[=eeamecd

Self-assembly

NDG/MOS,/NDG

B (NH,)sMo,0,,-4H,0 @ > CHN,S ®Mo OF s (NH,)¢Mo,0,4-CH,N,$ precursor

thermal decomposition of CH,N,S and (NH,)¢Mo0,0,, into
H,S/NH; and MoO,/NH;, respectively. Finally, MoO, was
in situ reduced to MoS, by H,S and GO was doped by N with
the help of NH; to obtain the final product.

Another important catalyst hybrid material consisting of
Ni-Fe nitride coupled with NG was designed and developed by
Fan et al. using the thermal annealing approach. During the
synthesis, an ex situ approach was employed to prepare Ni-Fe
hydroxide nanosheets by the exfoliation of Ni-Fe double-
layered hydroxide.”® The as-obtained Ni-Fe hydroxide

e,
,’ —::z‘.‘; ——

° M070246 :

Fig. 14 (a—e) Schematic representation of different steps involved in the synthesis of layer-by-layer NG/MoS,/NG stacking heterostructure.

Reprinted with permission from ref. 93. Copyright 2017, Elsevier.
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nanosheet colloidal suspension was added to GO colloid in
100 mL formamide. After centrifugation, the sample was lyo-
philised, and the obtained powder was thermally treated at
700 °C in ammonia for 2 h to obtain the final Ni-Fe nitride/
NG hybrid material. The ex situ approach was employed to
avoid Ni-Fe nitride phase separation in the hybrid material.
During the synthesis of N-doped based heterostructures,
GO is one of the main precursors used; however, the synthesis
of GO or RGO is a highly complex, time-consuming and labor-
ious process. Therefore, the direct synthesis of graphene-based
heterostructures without the use of GO or RGO is highly desir-
able. The use of thermal treatment has been observed to
directly produce graphene-based materials using some other
precursors besides GO. For instance, Huang et al. designed
and synthesized MoP nanoflake-intercalated NG nanobelts by
employing MoOj-amine hybrid.”” During the synthesis, a one-
step thermal approach was used for the preparation of MoP/
NG using phosphiding organic inorganic hybrid dodecylamine
(DDA)-incorporated MoO; nanobelts. During a typical syn-
thesis process, 30 mL alcoholic solution of hydrothermally syn-
thesized MoO; nanobelts and DDA was placed in a 50 mL
Teflon-lined autoclave and heated at 100 °C for 24 h. The as-
obtained white precursor MoO;/DDA was placed in a furnace
downstream to NaH,PO, at a distance 20 cm. Subsequently,
the furnace temperature was increased to 700 °C for 2 h under
an Ar atmosphere to get the hybrid MoP/NG catalyst. During
the reaction, the intercalated DDA molecules were carbonised
to NG and sandwiched MoO; was converted to MoP to produce
the alternately stacked MoP/NG hybrid. Similarly, an important
investigation was carried out by Cai et al., in which graphene
nanoribbons (GNR) and their heterojunction/heterostructure
were synthesized using different non-GO precursors as the
starting material.”® During the synthesis, Ar-ion bombarded a
highly clean single crystal of Au(111) annealed at 470 °C as the
substrate for the growth of GNR. For the synthesis of GNR, the
deposition of the monomer 6,11-dibromo-1,2,3,4-tetraphenyl-
triphenylene on the substrate surface was done using the sub-
limation process at a rate of 2 A min™". The substrate with de-
posited monomer was kept at 200 °C for dehalogenation and
radical addition reactions for the synthesis of N-GNR, and
finally annealed at 400 °C for 10 min to carry out cyclodehy-
drogenation of the polymers for GNR formation. For the pris-
tine GNR, a similar approach was used with a slight change in
the substrate temperature, i.e., 250 °C for monomer deposition
and 450 °C for the post-annealing process. For the synthesis of
the heterostructure, two precursor species were deposited on
the Au (111) substrate in a layer-wise fashion one after another
and heated at 200 °C with subsequent annealing at 400 °C.
The two substrates employed included 1,2-di(pyrimidin-5-yl)
ethyne and 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene.
Similarly, Yan et al. developed NGQD-BiVO,/g-C3N4 Z scheme
photocatalysts using a non-GO precursor of nitrogen-doped
graphene quantum dots (NGQD). Here, g-C;N, was synthesized
using the thermal treatment approach, during which urea was
heated in a crucible at 550 °C for 4 h. Subsequently, the BivO,
and NGQD samples were synthesized using the hydrothermal
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and pyrolysis approach, respectively, followed by the develop-
ment of the hybrid heterostructure. For NGQD, C¢H;,N;0, was
used as the precursor. For the preparation of the NGQDs-
BivVO,/g-C3;N, sample, the as-prepared BiVO, was added to a
mortar and pestle together with g-C3N, and ground and
mixed, followed by calcination at 400 °C for 4 h to obtain
the BiVO,/g-C3N, sample. To prepare NGQDs-BiVO,/g-C3Ny,
different amounts of NGQD were dissolved in 25 mL water and
the NGQDs-BivO, sample added and kept for 24 h, and finally
the sample was dried at 80 °C to obtain the NGQDs-BiVO,/
2-C3N, Z-scheme catalyst material.

Similarly, Feng et al. used the coprecipitation method, fol-
lowed by post-synthesis annealing to synthesize an NG-encap-
sulated NiFe alloy by employing a non-GO precursor.”” During
a typical synthesis process, Prussian blue (PB) analogue gels of
NiFe were prepared. By controlling the amount and changing
the precursors, a wide range of NiFe-PB analogues was syn-
thesized. During the synthesis process, firstly, two solutions
containing 143 mg and 132 mg of NiCl,-xH,0 and K;[Fe(CN)¢],
respectively, were prepared in 20 mL water, followed by mixing
of the two solutions under stirring for 1 min. After mixing, the
solution was aged for 24 h, followed by the collection of the
precipitate by centrifugation. For the synthesis of nanocubes
of NiFe-PBA, a solution of 20 mL water containing 143 mg of
NiCl,-xH,O and 180 or 330 mg of sodium citrate was prepared,
together with an aqueous solution of K;[Fe(CN)g]. The as-pre-
pared solutions were mixed in a similar fashion as discussed
above. Similarly, nanoplates were synthesized using a similar
approach except that different amounts of NiCl,-xH,O (95 mg)
and aqueous solution of potassium tetracyanonickelate(i)
(96 mg) in 20 mL water were used. Finally, the as-prepared
NiFe-PBA and NiNi-PBA were annealed at 600 °C, 700 °C and
800 °C for 4 h at a heating rate of 5 °C min~" using an Ar atmo-
sphere. The N-doped graphene was developed by carrying out
the etching process in 1 M H,SO, for 24 h for the sample
annealed at 700 °C.

During thermal treatment, it has been observed that high
temperature for a much longer time is required for the syn-
thesis of different NG-based hybrid materials. Thus, to reduce
the thermal treatment reaction temperature, energy and reac-
tion time, different hybrid approaches have been employed,
for instance, the use of hydrothermal-assisted thermal treat-
ment and microwave-assisted thermal treatment approach,
which are considered suitable for the easy synthesis of NG
catalyst materials. For example, Zhang et al reported the
preparation of an efficient hybrid electrode material based on
hierarchal ordered 1D MnO/graphene scroll (GS) core sheath
together with 2D nitrogen-doped ribbons (NGR) using a hydro-
thermally developed precursor, followed by thermal annealing,
as shown in Fig. 15.°® During the synthesis process, firstly
ultralong nanowires of MnO, were prepared via a modified
hydrothermal approach, followed by the synthesis of MnO/
N-GS/GR. For the synthesis of MnO/N-GS/GR, a dispersion of
as-developed MnO nanowires (80 mg) in aqueous PDDA was
added to an aqueous suspension of GO (20 mL) with constant
magnetic stirring for 4 h. During the stirring process, an
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Fig. 15 Schematic representation of the synthesis of hierarchical 3D MnO@NGS, which involves two steps, i.e., self-scrolling and self-assembly
process between GO sheets and MnO, nanowires, followed by annealing treatment. Reprinted with permission from ref. 98. Copyright 2017,

Elsevier.

electrostatic interaction took place between the cationic PDDA-
modified MnO and anionic GO sheets. Then, the MnO/GO
sample was collected by centrifugation, followed by washing
and freeze drying. Subsequently, the MnO/GO hybrid was
employed to develop MnO/N-GS/GR hybrid materials using the
hydrothermal approach. During the hydrothermal reaction, an
aqueous dispersion of MnO/GO was prepared in urea, and an
additional 2 mL aqueous dispersion of GO was added to it, fol-
lowed by hydrothermal treatment at 120 °C for 3 h in a Teflon-
lined autoclave. After cooling, a 3D macroscopic hydrogel was
obtained, followed by freeze drying and annealing at 600 °C
for 2 h under Ar conditions to get the final 3D MnO/N-GS/GR
hierarchal sample.

3.4. Other synthesis approaches

Based on elevated temperature in the thermal treatment
approach and tedious CVD approach, new approaches or meth-
odologies are being explored and used to develop NG-based
heterostructures. In this quest, other approaches such as
electrochemical approach, microwave-assisted, biomass-
assisted method and chemical precipitation approaches have
attracted significant attention.”®'°' Given that herein we are
focused on the electrochemical application of NG-based
hetero-structured catalysts, the electrochemical synthesis
approach offers certain advantages compared to the above-dis-
cussed methods. Using the electrochemical approach, post-
synthesis transfer of the synthesised material on the electrode
surface is not required, which proves to be helpful to preserve
the original characteristic of the catalyst material without any
degradation in its catalytic properties. Using and controlling
electrochemical parameters, the final characteristics such as
morphology, particle shape and size can be easily modulated.
Wang et al. employed the electrochemical deposition tech-
nique to synthesize N-doped TiO,/graphene hybrid catalysts."*>
In this report, firstly, pure and N-doped TiO, nanotubes were
synthesized using the electrochemical approach. For the syn-
thesis of N-TiO,, TiO, nanotubes were prepared using Ti foil

This journal is © The Royal Society of Chemistry 2024

as the anode and graphite as the cathode in a two-electrode
system during the electrochemical synthesis reaction. During
the synthesis, 0.138 M NaF, 0.5 M H;PO, and 10 mL ethylene
glycol were used as the electrolyte under a potential of 20 V for
30 min. The as-developed TiO, nanotubes were used for the
development of N-doped TiO, by carrying out NH*" enrich-
ment on TiO, nanotubes using NH,Cl at 5 V for 1 h.
Subsequently, after washing, the as-obtained sample was
annealed for 2 h. Finally, the as-developed N-doped TiO, was
electrophoretically deposited with graphene from an electro-
lyte solution containing 1 mg mL™" GO solution at 2 V for
30 min. During the final step, N-doped TiO, was employed as
the cathode and graphite was used as the anode. Similarly, a
solution-phase self-assembling approach was employed by
Xing et al. to develop a heterostructure between a non-equili-
brium rock salt solid solution of MnS, 5Se, s nanocubes and
NG.'® In this report, initially, MnS, sSeos and NG were syn-
thesized separately using a one-pot single-step simple route
and hydrothermal approach, respectively. During the typical
synthesis of MnS, sSeq s, 0.2 mmol, 0.05 mmol and 0.05 mmol
of manganese acetylacetonate, dibenzyl disulfide, and dibenzyl
diselenide were added to a 100 mL three-neck flask, together
with oleylamine and 1-octadecene as the ligand and solvent,
respectively. The obtained solution was heated and stirred at
150 °C for 30 min under an Ar atmosphere to remove possible
impurities and moisture content. Then, to get the final
product, the sample was heated at 320 °C for 10 min, followed
by washing with toluene and IPA. The next step involved the
synthesis of NG using GO (20 mg) and urea (400 mg) precur-
sors under hydrothermal conditions at 160 °C for 3 h. Finally,
using the as-synthesized NG and MnS, 5Se, 5, a hybrid material
was developed by employing the self-assembling strategy.
During the synthesis, the as-prepared MnS, sSe, s and NG were
dispersed in toluene and mixed, followed by sonication for 1 h
to obtain a hybrid material. The as-prepared sample was dried
under vacuum and heated under an Ar/H, flow at 250 °C
for 2 h.
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Bu et al. employed another important strategy, in which the
ultrafast microwave-assisted thermal conversion approach was
used to synthesize FeNiP/graphene composites, which could
be transformed into adjustable heterostructures such as
FeNiP/PG and FeNiP/GC/PG. During the synthesis, different
precursors such as GO and different PBA analogues of NiFe/
GO were initially synthesized.'®* For instance, the synthesis of
GO was carried out by adding 3.0 g of graphite to a concen-
trated H,SO, (70 mL), followed by the addition of sodium
nitrate (1.5 g) and cooling of the reaction mixture to 0 °C. In
the next step, potassium permanganate was added slowly to
keep the temperature of the reaction mixture to below 20 °C.
Then, the reaction mixture was put in a water bath at 35-40 °C,
resulting in the formation of a thick paste. To this paste,
150 mL water was added for 15 min, followed by the further
addition of 500 mL water and 20 mL H,0,, which turns the
colour from brown to yellow. Finally, the as-prepared sample
was washed with HCI solution, followed by centrifugation and
dialysis filtration to get the pure GO sample. Simultaneously,
in this report, the synthesis of Ni-Fe-PBA/GO composite ana-
logues such as Ni-Fe PBA/GO sponge and Ni-Fe PBA/GO/
NaH,PO, sponges were synthesized. In general, 20 pL 0.5 M
Na,Fe(CN), was added to 1 mL GO (4 mg mL™") dispersion
and sonicated for 10 min. Then, 0.2 mL 0.5 M NiCl, solution
was added to this mixture, followed by centrifugation to obtain
the Ni-Fe-PBA/GO composite. Similarly, metal organic frame-
work/GO composites were synthesized using the same
approach as that employed for the Ni-Fe-PBA/GO composites
except the metal ions and ligands were changed. Finally, for
the synthesis of transition metal phosphide (TMP) phospho-
rous-doped graphene (PG) heterostructure, as-prepared MOF/
GO/NaH,PO, sponges were loaded in a glass vial containing
carbon cloth under an Ar atmosphere and subjected to micro-
wave irradiation at 1000 W for 20 s. Similarly, for FeNiP/PG,
0.0625 mmol of NaH,PO, containing Ni-Fe PBA/GO/NaH,PO,
sponge was employed, while for FeNiP/GC/PG, 0.25 mmol
NaH,PO, containing Ni-Fe PBA/GO/NaH,PO, sponge was
employed. From this investigation, it was observed that the
ultrafast preparation of NG-based heterostructures could be
easily achieved using the microwave-assisted approach.
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3.5. Advantages and disadvantages of different synthesis
approaches

As discussed above, several approaches are being used to syn-
thesize different NG-based heterostructure materials. Based on
the final application of the synthesized NG catalyst materials,
each method has its own advantages and disadvantages. Some
of the advantages and disadvantages of the different methods
used for the synthesis of NG-based hybrid materials are pre-
sented in Table 2.

4. Advances in ORR applications of
N-doped graphene (NG)
heterostructures

In sustainable and renewable energy devices such as metal air
batteries, fuel cells and water electrolysis, the ORR is one of
the important reactions.
The reaction mechanism involved in the ORR includes the
following steps:
(1) 0, + H,0 + 2¢” — HO*>™ + OH™
(2) HO*” + H,0 + 2e~ — 30H"
Overall ORR reaction involved:

O, +2H,0 +4e” — 40H™

As is known, the industrial-scale application of these
devices is dependent on the development of highly active, low-
cost, stable electrochemical catalysts that have potential to
replace the most active scarce noble metal catalysts. Among
the different already explored alternative catalyst materials,
carbon-based electrochemical catalysts are considered as
potential alternatives to noble metal electrocatalysts. However,
their practical application is hindered either by their low
activity or poor stability. Thus, to improve their ORR catalytic
efficiencies, different strategies have been adopted, including
the incorporation of foreign elements as dopants and develop-
ment of heterostructures. In the case of doping, N is con-
sidered as an important desirable heteroatom, which not only
improves the ORR activity but also improves the active site

Table 2 Advantages and disadvantages of different methods used for the synthesis of NG-based heterostructures and composites

Synthesis method  Advantages

Disadvantages

Hydrothermal/
solvothermal

Good control over crystallinity, phase purity and
morphology

Thermal treatment Rapid reaction process, Simple to use.

method

CVD Significant control over shape, size and
morphology

Electrochemical Good control over composition, scalable for bulk

approach synthesis, cost effective, controlled thickness and

morphology, and solution processing compatibility.

74 | Green Chem., 2024, 26, 57-102

Difficult optimization the reaction condition and reaction parameters
such as concentration of precursors, pH, optimum temperature and
pressure for the desired morphology and active plane.

Needs detailed knowledge of phase diagrams of catalytic systems.
Use of organic moieties for control over shape, size and morphology
adds extra effort for synthesis and reduces activity.

High temperature, no control over shape, size and morphology

Highly expensive, limited substrates explored, Substrate and reaction
chamber size limitation for large scale synthesis. Use of gases during
synthesis may be toxic.

Limited substrate options, difficult to develop specific
heterostructure, and requirement of post-synthesis thermal treatments.
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density in graphene. In addition to N, Qiao et al. employed
other heteroatoms such as B, O, P and S to investigate the
effect of heteroatom doping on the ORR electrochemical
activity of graphene."” Similarly, Dai et al. also developed
carbon foam co-doped with N and P."*® In these investigations,
it was observed that the B, C and P atoms either bonded to N
or near to the N heteroatoms on the graphitic sheet act as an
active sites for the ORR or OER. Based on the configuration of
N in the carbon framework of graphene, N exists in different
configurations including pyridinic-N, pyrrolic-N, graphitic-N,
oxidized-N and interstitial-N in NG."*® The different configur-
ations of N in NG are illustrated in Fig. 16. The activity of NG
toward the ORR or HER is attributed to these different N con-
figurations. In the case of ORR activity, the role of these N con-
figurations is still ambiguous given that many researchers
attributed the superior ORR activity to pyridinic-N or pyrrolic-
N, while as many researchers believe that graphitic-N is mainly
responsible for the enhanced ORR activity. Further, the cata-
lytic efficiencies were observed to be dependent on the valence
orbital levels, spin density and charge density of the C atoms
in the graphene sheet. However, despite the improved ORR
activity due heteroatom doping, the activity still does not
match the state-of-the-art noble metal-based ORR catalysts.
Hence, the development of heterostructures based on NG has
been explored to investigate and understand how the synergis-
tic effect arises from the atomic level and what is the corre-
lation between the electronic band structure and catalytic
activities of hybrid structures? According to recent investi-
gations, it has been observed that the synergistic effect of
different metal-based compounds with carbon-based nanodi-
mensional materials has demonstrated enhanced electro-
catalytic activity for both the ORR and OER. To utilize the
different properties (beneficial for ORR activity) of NG at their
full potential, different heterostructure strategies have been

Fig. 16 Different configurations of N in nitrogen-doped graphene.
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employed. Either NG has been utilised as an active catalyst
material for the ORR or a substrate material for the dispersion
of different catalytic active materials on it.

Among the different non-precious heterostructures or com-
posites, NG and less expensive non-noble earth abundant tran-
sition metals have shown remarkable synergism for both the
electrochemical ORR and OER. The interaction of the = elec-
trons of NG and d electrons of the metal leads to the favour-
able adsorption of O, and other intermediates formed during
the ORR or OER, thus leading to the enhanced activity of
heterostructures. Luque-Centeno et al. reported a simple one-
pot method for the synthesis of nanocomposites of Ti and Co
with NG for electrochemical ORR and OER applications.'®°
From the investigations, it was observed that both Ti/NG and
Co/NG composites were electrochemically active and their
activity in this report was compared with Pt/C. According to
the electrochemical analysis, Pt/C showed a more positive
onset potential and the onset potential of Co/NG was 100 mV
more positive compared to that of Ti/NG. The enhanced
electrocatalytic ORR activity of the Co/NG composites was
attributed to the improved kinetics on the active sites present
due to Co species. The lower net-limiting diffusion current
density of both composites compared to that of the Pt/C-based
electrode was attributed to the lower number of electrons
transferred, as deduced using the Levich equation in this
report. The mechanistic investigation showed that the number
of electrons transferred for the ORR in both composites was
the same for Co/NG and Ti/NG (3.6 and 3.5), respectively. In
addition, the number of electrons produced showed an insig-
nificant change with the applied potential, thus indicating
that the reduction mechanism closely follows a complete four-
electron reduction process of oxygen. The significant differ-
ence in ORR activity was found in the potential at which the
reduction reaction occurs rather than in the mechanism

C
Pyridinic-N
Graphitic-N
Pyrrolic-N

© 0 e 0 O

Pyrazole-N

Green Chem., 2024, 26, 57-102 | 75


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

Critical Review

involved in the reaction. According to the already reported
investigations based on use of NG as an active catalyst material
for ORR application, the role of N doping is under investi-
gation and two types of active N species, ie., pyridinic and
quaternary N, are considered to play a crucial role. It has been
observed that the difference in electronegativities between N
and C plays a crucial role in the improved ORR activity. The
quaternary and pyridinic N are beneficial for the promotion of
electron transfer between the C p, orbitals adjacent to N and
low onset potential, respectively. However, in this report, using
Co/NG and Ti/NG, the role of both pyridinic and quaternary N
was different compared to NG. It was observed that the percen-
tage of different N in the as-prepared sample primarily
depends on the transition metal employed. The improved ORR
activity of Co/NG compared to Ti/NG was attributed to the
higher concentration of pyridinic N in Co/NG and possible
beneficial Co-N interactions, as reported by Liang et al. for a
Co;0, reduced graphene oxide heterostructure.'®

Liu et al. developed NG nanosheets co-decorated with Cu
and Co as a bifunctional electrocatalyst for the OER and
ORR.'® Different composites consisting of CuCo@NG,
Co@NG, Cu@NG and NG were developed to analyse their com-
parative electrochemical activity towards the ORR and OER.
According to the observed results, it was deduced that the
CuCo@NG-based composites showed efficient ORR activity
compared to the other developed catalysts with an onset poten-
tial of 0.92 V and half-wave potential of 0.81 V. According to
the kinetic process investigations, the electron transfer
number was found to be 3.89 for CoOCu@NG, which suggests
that compared to the other developed materials in this report,
a four-electron transfer process occurred on the surface of the
catalyst, reducing the generation of peroxide to a negligible
amount. The same mechanism of the ORR was verified using
a rotating ring disk electrode (RRDE), which showed that the
electron transfer number was equal to 3.89 and the percentage
yield of peroxide formation was less than 3.9% for the
CoCu@NG electrode, suggesting that Cu and Co co-decorated
NG is an efficient (better than Pt/C electrode used in this
study) ORR electrocatalyst. The efficient enhanced ORR and
OER activity of CoCu@NG was attributed to the strong boosted
electron exchange between Cu and Co decorated in the NG
nanosheets, improved conductivity and increase in the
number of catalytic active sites. Another important investi-
gation was carried out by Liu et al, in which a trifunctional
FeNi;N (110 exposed active site)/NG electrocatalyst was devel-
oped."®® Prior investigations showed the better electrochemical
performance of FeNi for the HER and OER with negligible
activity towards the ORR. However, together with HER and
OER activities, the as-developed ultrasmall (7.6 nm) FeNi;N
nanoparticles deposited on NG showed unprecedently
enhanced ORR activity. The reason for this unprecedented
ORR activity was investigated using theoretical investigations.
According to the experimental HRTEM results, it was demon-
strated that both NiyN and FeNizN have (110) exposed facets
and the DFT investigations over both catalysts showed that the
affinity of the FeNi;N (110) surface towards O, adsorption is
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very high compared to NiyN, and based on theoretical obser-
vations, the cleavage of O, on the FeNi3;N surface is much
easier compared to NiyN. Similarly, according to the DOS ana-
lysis, the electron transfer from the Fe active site to the half-
filled = orbitals of O, takes place more conveniently compared
to from Ni 3d. Thus, easy and more filling of the O, n* orbital
leads to easier cleavage of the O-O bond, which thoroughly
explains why FeNi;N shows better ORR activity compared to
Ni,N. Another interesting study was carried out by Wang et al.,
in which trifunctionality (HER, OER and ORR activity) in a
defect-rich NG-encapsulated Co nanostructure was investi-
gated.’®® During the investigation, six different samples were
prepared and investigated for their ORR and HER/OER activity,
and regarding the ORR, sample consisting of Co/defect-
induced NG prepared at 900 °C (CoDNG900) outperformed all
the other catalysts including Pt/C. The as-prepared CoODNG900
showed an onset potential of 0.943 V and half-wave potential
of 0.864 V, which was comparable to that of the state-of-the-art
Pt catalyst. In addition, the reaction dynamics results also
showed that CoODNG900 acts a better catalyst with smallest
Tafel slope (47 mV dec™ "), which was even smaller than that of
Pt catalysts (56 mV dec'), as can clearly be observed in
Fig. 17I(a-f). The K-L plot investigation showed that for the
reduction of one O, molecule, the electron transfer number is
3.97, and thus the ORR follows the 4e™ pathway. The enhanced
ORR activity of Co incorporated in defected NG was attributed
to the higher concentration of N and defect sites induced in
NG due to Zn evaporation, as observed from the HRTEM
results depicted in Fig. 17II(a—f). Thus, it was concluded that
by incorporating Co nanoparticles, the formation of sufficient
M-N moieties and constructive defective sites in NG had a con-
siderable positive influence on the ORR activity. Another
important way to improve the ORR activity is to develop single
active isolated atoms attached to a support material. These
hybrid catalysts show high selectivity, high activity, excellent
durability and optimal utilization of active metal atoms.
However, the synthesis of single-atom-based active ORR hybrid
catalysts is quite challenging because of their agglomeration
and easy dissolution. Thus, an interesting, novel highly active
and stable dual-deposited Fe single atom/Fe nanoparticle-
incorporated NG was investigated by Nguyen et al. for ORR
applications.'® According to this report, important results
were inferred, which showed that the as developed hybrid cata-
lysts outperformed commercial Pt/C catalysts with a positive
onset (0.94 V) and halfwave potential (0.81 V). The developed
hybrid ORR catalysts showed only 10% loss of activity after
15000 s with improved methanol tolerance. These improved
catalytic characteristics on Fegy—Fenps/NG were attributed to
the formation of a unique nanoarchitecture with improved
conductivity and specific surface area. Therefore, a high
surface area provides a large number of active sites and con-
ductivity results in fast charge transfer, resulting in better,
effective adsorption and catalytic reduction of O, to the final
product. According to the detailed investigation, the main
reasons responsible for the enhanced ORR activity were evalu-
ated. The enhanced catalytic activity was attributed to the for-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

View Article Online

Green Chemistry Critical Review

~~
L
~—1
~
—_—
=
__\i
5
—
-
~—t
oo
s

PR P == il IR TR
D -!u - P un un L 050 aap M -~
E o go'” ——CONGI 2 s ¢ 4 0.9:
+= CoDN
E E u___// ‘_ _._:.n\::: ) ./,“’“ :‘_-':M/n u\.’:ﬁ ) g.
) By £ 090 - ChDN = | vemis 397 ag 40| 8
%‘ 2] ot ¥ uRiE) g _._(M o §4 6.3 364 349 3 0.6£
£ wm | = -
] : £085 z
'.E -4 _n\:— g =P 03 g
E % — oG] 2 0.80 S 2
Q - - - - hu T T T T T &
02 04 06 08 1.0 0 05 00 05, 10 15 = ORGP G G0 o i€
- NGTgN NGIORONGY
(d) Potential (V vs.RHE) (e) Log(jk/mAcml) D0 o™ oD o0
2 (fh - NGO > DNGOO
4= CoNG0 ~v- CoDNGSM
:\: ;\? 100 34 CoDNG0 x .
) — < AS— o [r-CopNGIeo %
§ $0.7% E 75 U ¥ E *-PUC o/
= 60 < 2 2
= F o
v —CoDNG0 | & 50 g ' g
g 40 e PUC 2 2
3 32 :
s 20 ] —CoDNC900
-4 -1 s
0 e N I . e
0 2 4 6 8 10 0 100 200 300 400 500 600 10 20 30 40 50 60 70
Time ‘h] Time (s) Scan rate ngIs!

54

NG00
| = —

= [CoNG! I

= 2

] I ) (220
~ KoDNGN

£ == =~
2 [CoDNG90O

s

=

= oDNG 1000

Co rlw-fs-«iim(;'[' l 3
10 20 30 40 50 60 70 80
__ 2 Theta (degree)

ﬂ 5
e ‘.‘%K(,,/"”‘ 0.205 nm

. Co(111)

100 nm 100 nm 100 nm

100 nm 100 nm 100 nm 100 nm

Fig. 17 | (a) represents ORR LSV polarization plot of CoDNG900, CoNG900, DNG900, NG900 catalysts, (b) shows Tafel plot of as prepared
samples, (c) represents half-wave potential, onset potential and number of electrons (n) for as-synthesized catalysts, (d) showing comparative i—t
curves for Pt/C and CoDNG900 at 0.6 V (e) showing methanol resistance curves of Pt/C and CoDNG900 and (f) represents Aj = ja—jc at 1.15 V at
different scan rates for as-prepared samples Il (a—n) XRD patterns of all the catalysts, TEM and HRTEM micrographs of CoDNG900, STEM images
and corresponding elemental mapping of different atoms, respectively. Reprinted with permission from ref. 164. Copyright 2021, Elsevier.

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 57-102 | 77


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

Critical Review

mation of positively charged Fe ion centres, which promote
the strong adsorption of O,. The further formation of Fegs—
Fenps centres alters the surface properties and electronic con-
figuration, producing more electroactive sites for the reduction
of O-O bond strength in O, molecule for fast reduction
reaction.

Barman et al. developed NG tubes with highly dispersed
ultrathin Ru nanocrystals as a bifunctional catalyst for the
OER or HER.'®® RDE and RRDE in 0.1 M KOH were employed
to analyse the ORR activity of the as-developed Ru@NG cata-
lyst. The ORR activity was monitored under O, saturation
showing an onset potential of 0.97 V, 1 V and 0.92 V for
Ru@NG, Pt/C and NG, respectively. In addition, Ru@NG
showed an enhanced limiting current density compared to
that of Pt/C and NG. Further, fuel intolerance, which is the
main disadvantage of Pt/C-based electrodes, was investigated,
showing that the Ru@NG-based cathode showed better metha-
nol tolerance compared to the Pt/C-based cathode. The cata-
lytic poisoning analysis showed that in the case of pure NG,
there is a small change in current density compared to
Ru@NG. This was attributed to the fact that in the case of NG,
surface poisoning of Co-Nx occurred, and thus Co as an active
site plays little role in the ORR. Alternatively, in the case of
Ru@NG 40%, a reduction in the limiting current was observed
during the surface poisoning analysis due to the poisoning of
the Ru-Nx or N-Og-Ru/O-Og-Ru sites, thus clearly confirming
the role of these sites in the ORR. After extensive investi-
gations, the enhanced OER activity of RU@NG was attributed
to the formation of the Ru-oxo-N, centre. Due to the formation
of the Ru-oxo-N, centre, Ru has a high oxidation state, which
results in the favourable shifting of the free energy of different
intermediates formed during the ORR, thus finally resulting in
the favourable ORR activity of Ru@NG. The kinetic analysis of
ORR activity during the investigation using RRDE showed that
the reaction follows the four-electron reduction pathway.
Chuong et al. developed a ternary heterostructure consisting of
hierarchal-arranged a-Fe,O; homogenously dispersed and
entrapped in MoS,/NG nanosheets as an effective electrocata-
lyst for the ORR.' The development of ternary hetero-
structures was aimed to overcome the limitations of each pris-
tine counterpart. For comparative analysis, different compo-
sites were synthesized such as MoS,, NG, «-Fe,03,
a-Fe,03;@Mo0S,/NGNS, and o-Fe,0;@MO0S,/NG. During the
ORR activity analysis, it was observed that the development of
a heterostructure of MoS, well dispersed in graphene
nanosheets (GNS) showed better electrochemical ORR activity.
This was attributed to the presence of a large number of active
sites and better charge transfer between the two components.
Further, the incorporation of a-Fe,O; in the MOS@GNS hetero-
structure significantly shifted the onset and half-wave poten-
tial towards a positive potential. Among the developed hetero-
structures, a-Fe,O3;@Mo0S,/NGNS showed the highest impress-
ive ORR activity with a low onset potential of 0.947 V, small
half-wave potential of 0.854 V and low Tafel slope of 73 mV
dec™. The enhanced ORR activity of a-Fe,0;@MO0S,/NG was
attributed to the low charge resistance due to the uniform dis-
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persion of ultrasmall a-Fe,O; in MoS, embedded in a highly
conductive NGNS hierarchal hybrid structure. The stability
analysis showed significantly high stability even after 1000
cycles without any change in onset and half-wave potential.
The enhanced overall ORR activity was attributed to the syner-
gistic effect of the physicochemical properties of homoge-
nously dispersed a-Fe,O; entrapped in the hierarchical hetero-
structure of MoS,/NGNS. The structural similarities between
MoS, and NGNS resulted in the formation of an ideal interface
with beneficial modification of electronic and structural
characteristics, thus providing improved active adsorption
sites and enhanced charge transfer for the ORR. The presence
of S and N on the MoS,/NGNS core shell heterostructure effec-
tively anchors and disperses the o-Fe,O; nanoparticles with
unique electronic interactions between the different com-
ponents of the heterostructure. Thus, these interactions lead
to an alteration in the electronic states of the nanoparticles
with amplified electrochemical active surface for better ORR
activity. In the comparative analysis, it was observed that
a-Fe,0;@MoS,/NG outperformed Pt/C in terms of efficiency,
cost effectiveness, durability and methanol tolerance. In
addition to the formation of enhanced active sites, the devel-
opment of the hybrid o-Fe,0;@Mo0S,/NG heterostructure
resulted in low resistance to the flow of charge compared to
the other samples. Further, the mechanistic investigations
indicated that the ORR over a-Fe,O;@Mo0S,/NG follows the
four-electron reaction pathway under alkaline conditions, as
follows.

Another important intriguing investigation was carried out
by Jeong et al.,, who developed an NG-encapsulated alloy of
CoFe/mesoporous NG foam and used it as a bifunctional elec-
trocatalyst for the OER and ORR.'®® The linear sweep voltam-
mogram (LSC) measurements revealed that the as-developed
CoFe@mesoporous NG showed strikingly enhanced ORR
activity with a low onset potential and Tafel slope compared to
the Pt/C-based electrode. The kinetics analysis using the
Koutecky-Levich (K-L) equation showed that the electron
transfer number changes from 2.1 to 3.6 at different potentials
ranging from 0.15 V to 0.35 V, indicating that with an increase
in potential, there is change in the mechanism pathway for
the ORR. The change in mechanism pathway was attributed to
the presence of an NG shell on the CoFe alloy nanoparticles
and mesoporous NG as a substrate during the ORR analysis.

As discussed and previously reported, heteroatom-doped
graphene/carbon materials show significantly enhanced
electrochemical activity. However, their aggregation in terms of
bundle formation and restacking in the case of carbon nano-
tubes and graphene, respectively, significantly hinder the
exposure of active sites and mass transfer process, thus limit-
ing their potential as ORR catalysts. Therefore, considerable
attention and research are needed in this direction to develop
efficient NG-based ORR catalysts without aggregation. In this
direction, Cheng et al. developed an NG/carbon nanotube
heterostructure with enhanced inter-molecular charge transfer
for improved ORR activity.'®® The as-developed NG/CNT-900
(900 represents the thermolysis temperature at which the
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sample was prepared) showed enhanced ORR activity with con-
siderable methanol tolerance. The efficient ORR activity was
attributed to the highly porous architecture, abundant defec-
tive sites and high specific surface area. All these character-
istics impart efficient hetero-interlayer charge transfer and
accumulation of electrons on the surface layer carbon atoms,
thus improving the adsorption and catalysis of O, molecules
on the surface. The enhanced ORR activity was also attributed
to the reduced aggregation of the NG layers due to the incor-
poration of CNT, which improved the accessibility of the elec-
trolyte to more active sites present in the bulk of the material.
The origin of the enhanced electrocatalytic activity was evalu-
ated using first principal simulations and DFT. According to
the DFT investigations, the charge transfer at the 2D/1D inter-
face was investigated as the main contributor to the ORR
activity using the NG/CNT hybrid structures. Three different
hybrid structures (Npy:i~G/P-CNT, Npy;i~G/Ng-CNT, and Npyi~
G/NP,,;-CNT) were constructed and analysed, where Npy,; and
Ng represent pyridinic N and graphitic N, respectively, and
P-CNT represents pristine CNT. It was observed that the incor-
poration of N, in the carbon network induced Lewis basic
character in the carbon atoms next to Ny, which distinctly
enhanced the ORR activity of the hybrid structure. For the
comparative analysis, a single layer of Np,i~G layer was also
established. According to the observed results, as shown in
Fig. 18, the developed Np,;~G/CNT showed excess charge
transfer at the interface from the bottom CNT to the top Npyi—
G layer, which resulted in the accumulation of more electrons
on the Np,,;-G surface, especially in Np,;~G/NG-CNT, as shown
in Fig. 18b and c. The obtained results showed that all the
Npy:i~G/CNT heterostructures possess a large density of states
near the Fermi level, resulting in the easy transfer of electrons
and enhanced conductivity compared to the single Npy,i-G
layer. All the theoretical results were found to be consistent
with the experimental results. Thus, according to the simu-
lation studies, it was concluded that the more negatively
charged carbon atom on the top of the heterostructure favours
O, activation, and consequently results in a 4e- transfer
process for the ORR. An optimized reaction mechanism
atomic model was developed, as shown in Fig. 18d. All these
investigations showed that the interaction of M-N, signifi-
cantly modifies the electronic interactions due to the differ-
ence in the electronegativities of the metal, N and C present in
NG-based hybrid catalysts. Hence, the different metals present
in the NG heterostructure behave differently, as is clear from
the above discussion. However, in addition to the metal, N
also plays a significant role. Therefore, the role of N has been
under extensive investigation since the last decade. Jia et al
carried out an important investigation, in which metal carbide
wrapped with an NG layer was synthesized using a self-sacrifi-
cing dual N source strategy.'’® Graphitic carbon nitride and
dopamine were employed as the source of N during the syn-
thesis. During the investigation, different samples with
different metal precursor concentrations and different heat
treatment temperatures were prepared. The detailed character-
ization of all the prepared samples showed that in the sample
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heated at 900 °C, the g-C3N, structure was completely pre-
served despite the addition of dopamine. According to the
Raman analysis, the highest ratio of the intensity of the D
band and G-band was found in Fe3C@NG40-900, depicting
the presence of more Sp” hybridized C and defect sites, which
is responsible for the rapid charge transfer during the ORR.
Thus, among the synthesized samples, the highly porous
Fe;C@NG40-900 showed enhanced ORR activity with a positive
onset potential, limiting current density of 6.3 mA cm™> half-
wave potential of 0.87 V and low peroxide yield, which was less
than 2.5%. This enhanced ORR activity of the reported catalyst
was attributed to more than one factor such as highly porous
hierarchical arrangement of graphitic layers, offering highly
exposed active sites, enhanced charge and mass transfer from
the surface to the bulk of the catalyst material, use of dual-
source strategy, which enriched the graphitic layers with N,
thus modifying the electronic structure for better ORR activity,
and synergism between Fe;C and NG. According to the experi-
mental characterizations and ORR activity analysis, it was
observed that more N is immobilised due to the incorporation
of Fe. In addition, among the prepared samples, Fe;C@NG40-
900 showed the highest N content, thus confirming that the
dual N source enabled more N to be present in the catalyst.
According to the X-ray photoelectron spectroscopic (XPS) ana-
lysis, five different N configuration (pyridinic-N, Fe-N, pyrrolic-
N, graphitic-N, and oxidized-N) with different binding energies
were present in the samples. Also, the content of the different
configurations was found to be temperature dependent.
Among these configurations, pyridinic N was beneficial for sta-
bilising the metal centres, while the four-electron mechanism
was strongly dependent on graphitic-N and additional active
sites for enhanced activity were provided by the Fe-N centres.
All these factors were considered to play vital role in control-
ling the mechanism and enhanced ORR activity of the
Fe;C@NG40-900 sample. Another strategy for enhanced ORR
activity was adopted by Roy Chowdhury et al, in which a
hybrid catalyst was developed by employing CuCo,S, and dual
heteroatom (B,N)-doped rGO.'”* The electrocatalytic investi-
gations showed that the as-developed hybrid catalyst possessed
enhanced bifunctional ORR and OER catalytic activity. In the
case of the ORR, the as-synthesized CuCo,S,;@B,N rGO exhibi-
ted significantly enhanced activity compared to CuCo,S,
without B,N-doped rGO and Pt/C with a positive onset poten-
tial of 0.88 V, half-wave potential of 0.73 V and improved
methanol tolerance. The electron transfer number during the
ORR was nearly equal to 4, showing that the reaction follows
the typical four-electron pathway for the reduction of O,. The
enhanced catalytic activity in this report was attributed to the
synergistic effect between the two pristine materials and dual
heteroatom doping. The improved ORR activity was further
supported by the theoretical DFT investigations in previous
studies. In these reports, it was theoretically determined that
for the ORR activity, N doping facilitates bond dissociation in
O, due to the formation of the superoxide ion, thus improving
the catalytic efficiency. Similarly, other investigations revealed
that the formation of B-C-N is highly effective and crucial for
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Fig. 18 (a) Charge density difference between NG-CNT and Npy,i—=G in Np,i—G/NG-CNT with top and side view having augmented and reduced
charge marked by yellow and cyan colours, respectively, active sites are represented by red circles, C atom demonstrated by grey balls and N atoms
by blue balls. (b) 1-D charge difference between NG-CNT and Npy,i—G in Np,,i—G/NG-CN, (c) partial density of states with Fermi level shown by black

line and (d) mechanistic steps of ORR over Np,,i—G/NG-CNT catalyst.

the ORR. This bond formation first results in the polarization
of C due to the bonded N atom, which further induces charge
transfer from C to B, thus activating B as an active site for the
ORR. On the contrary, it has been reported that the B-N con-
figuration without C bridging is highly determinantal for ORR
activity. Therefore, the formation of the B-C-N configuration
in this report is considered one of the possible reasons for the
better ORR activity. Similarly, several studies have been
reported in which the properties of NG such as introduction of
defects on adjacent catalysts in the hybrid material, which
alters the charge density and asymmetric spin density for
improved superoxide ion formation to weaken the O-O bond
for enhanced ORR activity, formation of a bond between the
metal and highly polar C-N group for enhanced stability, pre-
vention of recrystallization, agglomeration and dissolution of
active materials are utilized. In this quest, Gautam et al. devel-
oped a proper hybridization between crystalline spinel
Zn,Mn;0g nanocrystals stabilized in NG nanosheets.'”” The
as-developed shape, size and morphology-controlled hybrid
catalysts showed enhanced ORR activity with a positive onset,
half-wave potential and enhanced methanol tolerance. The
enhanced electrocatalytic ORR activity was attributed to the
synergistic effect, efficient charge and mass transfer tendency,
better conductivity, surface area and diffusion channels.
According to the ORR investigations on the as-developed
hybrid structure, it was observed that the reaction follows the
four-electron reaction pathway under alkaline electrolyte con-
ditions. Regarding the enhanced electrochemical activity, the
formation of more defect sites in graphene due to N doping
and development of hybrid structures were considered as the
primary reason according to the Raman analysis.

Considering the construction of hybrid NG-based electroca-
talysts, two of the commonly developed and used hybrid struc-
tures include (a) core shell structure (which includes the for-
mation of a coating of NG on another pristine material) and
(b) adhering of different particles on NG surface. However,
both approaches have certain obvious drawbacks such as the
loss of active sites due to the formation of the NG coating and
agglomeration of the particles adhered on NG. Therefore,

80 | Green Chem., 2024, 26, 57-102

efforts have been devoted to developing possible novel strat-
egies to overcome these limitations. For instance, Bai et al.
developed a confined CoySg@NG catalyst derived from an
intercalated Co(OH), precursor for enhanced ORR catalytic
activity.'”® Co0,Ss@NG with a flower-like morphology was
obtained through the interlayer-confined carbonization of
metanilic intercalated Co(OH), together with sulfidation of the
host layers. The investigation showed that CosSg was covered
by a few layers of NG, thus preventing its agglomeration and
producing better ORR activity with a half-wave potential of
0.861 vs. RHE. It was observed that pristine NG showed lower
ORR activity, and therefore in the hybrid catalysts, CosSg was
considered the main active site with additional synergism
offered by NG. The electron transfer number was calculated to
be equal to 4, which indicates that the ORR on the as-syn-
thesized catalyst occurs in a single step with only 2.5% pro-
duction of H,O, as a product of the 2e” process. During the
ORR investigation and post-ORR characterization, it was
observed that the surface cobalt sulphide is partially oxidised
into the corresponding CoO, during the initial stage of the
ORR. It was observed that this conversion is beneficially self-
activating for ORR activity of the as-prepared sample. The
increased ORR activity due to surface oxidation was attributed
to the increase in electrochemical surface area, thus providing
more active sites for the ORR. The role of surface oxidation
was further elucidated using DFT analysis. Using DFT investi-
gations, two models of non-oxidised surface (100 (crystal
plane)) and oxidised surface were employed to determine the
energy of adsorption of different ORR intermediates. Using the
non-oxidised and oxidised surface for different intermediates,
the corresponding adsorption models were developed, as
shown in Fig. 19. According to the free energy measurements
for the rate-determining step at equilibrium potential, it was
observed that the energy barrier for the non-oxidised surface
was 0.88 eV, whereas that for the oxidised surface was only
0.35 eV. These theoretical calculations revealed how the for-
mation of an oxide layer on the surface of a material enhances
its ORR activity. The observed results and theoretical results
were consistent. The reaction steps involved in ORR were eval-
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uated using both the non-oxidised and oxidised models, as
follows:

0, + H,O +4e +* — OOH * +OH ™ + 3e~
OOH *x +3e~ — Ox+0OH™ + 2¢~
Ox*x+H,O+2e — OHx*x+0OH +e~

OH * +e~ — OH™ + *

Another important device used for sustainable energy is sea
water batteries (SWB). SWB have attracted tremendous atten-
tion due to their beneficial and superior characteristics.
However, the performance of SWB and durability of their
cathode are limited by the presence of chloride ions. Thus, to
develop a Cl-resistant cathode electrocatalyst, Kim et al. devel-
oped a bifunctional ORR/OER hybrid catalyst consisting of a
pyridine N-rich graphene layer encapsulating Co.'’* During

E-field (VIA)
e B88S

R
k=)

the investigation, the authors for the first time employed the
interface dipole moment to reduce the poisoning caused by Cl
ions due to coulombic repulsion. The theoretical DFT investi-
gation revealed that doping of pyridinic N significantly
enhanced the catalytic performance of the NG-encapsulated
Co nanoparticles together with the strengthening of the elec-
tric field of the hybrid catalyst surface. According to both the
theoretical and experimental investigations, the overall ORR
activity was enhanced in the case of the heterostructure due to
the large difference in work function between the two com-
ponents, which improved the charge transfer capacity for the
ORR. The theoretical induced electric field developed at the
surface of Co@G and Co@NG is depicted in Fig. 20, which
showed that a strong negative electric field developed (more in
case of Co@NG), due to which Cl ions may be repelled, thus
improving the durability of cathode electrocatalysts in SWB
toward Cl poisoning. Further, the experimentally improved
electrocatalytic ORR activity was attributed to the efficient
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charge transfer and synergistic effect between Co nanoparticle
and NG.

As discussed above, different factors such as heteroatom
doping, pyridinic N, graphitic N, and hetero-structured devel-
opment play a vital role in improving the overall ORR activity
of carbon-based materials and non-noble metal-based electro-
catalysts. In the case of M-N-C (where M is a metal and NC
represents N-doped carbon material), single atomic site
loading on a matrix having different nanostructures has been
explored; however, the synthesis of these materials will a high
concentration and low agglomeration is still challenging.
Thus, to overcome these challenges, different researchers have
suggested that the development of nanoclusters/particles in
NG also act as promising electrocatalysts for ORR with simple,
cost-effective and easy synthesis. Several nanodimensional par-
ticles embedded in NG have been developed, for example,
Fe;C@NG has been considered an effective ORR electrocata-
lyst. For instance, Yang et al. developed Fe;C quantum dots
embedded in Fe and N-codoped hollow carbon nanospheres
by employing a triblock copolymer as the C source and N-rich
melamine formaldehyde as the N source.'”” The ORR activity
measurements showed that the as-develop Fe;C-based catalysts
have great potential for practical applications in place of the
commercially used Pt/C electrocatalyst. However, the exact
mechanism of how the electronic structure, electron transfer
and O, adsorption reduction capacity of NG are modified due
to the addition of Fe;C is still far from being understood. In
addition, the understanding of the degradation of Fe;C@NG
during the ORR is still not clear. Therefore, to investigate and
understand all these issues, Fe;C quantum dots well dispersed
in NG mesoporous spheres were developed by Yang et al. using
in situ-produced silica as a template. Based on experimental
and theoretical investigations, the formation of a Mott-
Schottky heterojunction between Fe;C and NG was proposed.
It was observed that the as-prepared Fe;C quantum dot@NG
Mott-Schottky heterojunction showed enhanced ORR activity
and extreme stability under corrosive electrolyte conditions.
The enhanced ORR activity was explored both experimentally
and theoretically, revealing that the fast electron transfer
from Fe;C to the valence band of NG contributed to the
improved ORR activity. The highly porous nano hierarchal
structure of NG provides a large number of active sites and
rapid mass transfer dynamics. In addition, graphene provides
a shielding effect for Fe;C in the highly corrosive environ-
ment. The as-developed Fe;C@NG together with Zn/G as the
anode using a solid-state electrolyte was assembled as a
battery and optimised, which delivered an open circuit
voltage of 1.506 V together with an energy density of 706.4 W
h kg™" and stability for about 1000 h. A schematic representa-
tion of the Fe;C@NG Mott-Schottky heterojunction before
and after contact, energy profile of different intermediates,
energy profile at different potentials and molecular dynamic
simulations of the as-prepared ORR catalyst are presented in
Fig. 21. Similarly, other studies investigated the role of hybrid
NG/oxide-based heterostructures for ORR application, as pre-
sented in Table 3.
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5. Advances in HER applications of
N-doped graphene (NG)
heterostructures

For sustainable electrocatalytic water splitting, the HER and
OER are the two half-cell reactions involved. Considering
future green energy, hydrogen is considered to play a signifi-
cant role as an alternative to the finite, pollution-creating
fossil fuels. To produce hydrogen from water or any other
source, both the HER and OER occur simultaneously.
Regarding the HER and OER, the basic chemistry involved was
discussed in detail in a previous report. From an energy per-
spective, with respect to the standard hydrogen electrode
(SHE), the HER requires an external potential of 0.0 V, while
that for OER with respect to the SHE is 1.23 V. From a mechan-
istic viewpoint, the HER and OER are 2e~ and 4e” processes,
respectively, and thus the OER requires more external energy
compared to the HER. Thermodynamically and kinetically,
both these reactions are non-spontaneous and do not take
place in the absence of external energy and catalysts.'®’
Regarding external energy, different sources (light, electric
potential, electric field, etc.) are employed, while as the cata-
lyst, different materials have been developed and investigated
for application as photocatalysts, electrocatalysts, photo-elec-
trocatalysts, etc. The main steps involved in the HER are pre-
sented below.

The HER is an important two-electron reaction taking place
at the cathode. The mechanistic reaction steps involved in the
HER under acidic electrolyte conditions are as follows:

(1) Step one involves the adsorption of an H' ion on the
catalyst surface.

H" + e~ = Hadsorbea) (Volmer step)

(2) In the second step, another H' is adsorbed and reacts
with the already adsorbed H" ion as follows:

Hadsorbea) + H" + €~ = H, (Heyrovsky reaction/step)
(3) Finally, the adsorbed H, molecule gets desorbed from
the catalyst surface.

Hy(adsorbed) = Ha2 (Tafel Step)

The HER in acidic medium takes place as follows:

2H(aq) +2€° = Hy(ga)

Alternatively, under alkaline conditions, the reaction
follows:
1. 2H,0 + 2€” = 2Hadgorbed) + 20H™ (Volmer step)
2. H,0 + Hadsorbed) T € = H, + OH ™ (Heyrovsky reaction/
step)
3. 2H,dsorbed = H, (Tafel step)
The HER in alkaline medium takes place as follows:

2H,0 + 2e” = Hy(g) + 20H5q)

For electrocatalytic HER, currently the state-of-the-art cata-
lysts displaying the highest activity is noble metal-based Pt

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

Green Chemistry

a
B

Electrical energy (eV)

View Article Online

Critical Review

g i
oI — Ta— e
— Y —
ST = O
4] romeia Sl eeww T |
) prm— > “O+H,042(H'+e)
. o -2
g 2 O+H 0+2(H'+¢) § — N
Ig 3 g ‘OH#H,O%H'se’
E § —U=1.23V —
= _— i 4] —u=0s75V Mo
T, 2H0 0.5 —U=0V
54 e} b
Reaction Coordinate

T ey

Co0cee
©“ozx O

Fig. 21 Mott—Schottky heterojunction in FesC@NG (a) before and (b) after contact, (c) mechanism of the ORR, (d and e) charge distribution model
of FesC@NG, (f) ORR on FesC@NG model, (g) energy profiles and (h) energy change in ORR process on different active sites over G, NG, FezC, and
FesC@NG materials, (i) energy profile diagram at different potentials for FesC@NG, and (j) molecular dynamics simulation of FesC@NG in H,SO,4
solution (0.5 M). Reprinted with permission from ref. 175. Copyright 2022, Wiley.

electrocatalysts. However, the practical application of Pt is sig-
nificantly hindered by its high cost and limited resources.
Similarly, for the OER, the state-of-the-art catalysts are based
on IrO,, which also belongs to the noble family. Therefore, it
is necessary to develop alternative efficient catalyst that can
overcome these limitation with comparable activity and stabi-
lity of the state-of-the-art HER and OER electrocatalysts. In this

This journal is © The Royal Society of Chemistry 2024

quest, different catalysts have already been developed, which
show promising results, but still more efforts are needed to
completely replace the state-of-the-art noble metal-based elec-
trocatalysts. In this quest heteroatom doped graphene has
evolved one of an important material, which can either func-
tion as pristine electrocatalysts for the HER/OER or function as
a substrate material to enhance the activity of other active
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Table 3 Representative NG-based hetero-structured electrocatalysts employed for the ORR

Type of electrocatalyst Type of electrolyte Onset potential Half-wave potential ORR mechanism (4e/2e) Ref.
N-doped CNT/Co,P-CoN 0.1 M KOH ~0.96 V 0.85V 4e” 176
GC@COF-NC 0.1 M KOH 0.923 V 0.841V 4e” 177
C0;_,Zn,Se@NCF 0.1 M KOH 913 mV 0.83 V/829 mV de” 178
NC/BiOCI-CNTs 0.1 M KOH 0.98V 0.85V 4e” 179
Co/Co;0,@NHCS 0.1M KOH 0.95V 0.82V 4e” 180
Co3ZnC/Co@CN 1 M KOH 0.912V 725 mV 2e /4e” 181
Fe,05-M00;/NG 0.1 M KOH — ~0.82 V de” 182
Co-B-Nx 0.1 m KOH 1.05V 0.94V 4e” 183
Pd,S,-Mo0S,/N-GR 0.1 M KOH —-0.141V -0.214 V 4e~ 184
N-doped porous C/CoO/MoC 0.1 M KOH 0.941V 0.841V de” 185
Fe;C/Fe,03/N-doped graphene 0.1 M KOH/0.1 M HCIO,4 80 mV 0.86 V de” 186
C030,4_,/N-C 0.1 M KOH 0.936 V 0.845V 4e” 187
Fe,05;/Fe;0,/hNCNC 0.1 M KOH 1.03V 0.838V 4e” 188
MoS,/Co/CNT 0.1 M KOH 931 mV 792 mV 189
PBA/PPy/N-doped/FeCo 0.1 M KOH . 0.83V 4e” 190
C04S5/Ce0,/Co/NCNTSs 0.1 M KOH — 0.875V de” 191
Ag/Ce/Mn;0, 0.1 M KOH ~0.96 V ~0.88 V 4e” 192
MnO-Co@NC 0.1 M KOH 09V 0.75V 4e” 193
fet-PdFe/Pd/NG 0.1 M KOH ~0.97 V ~0.83 V 4e” 194
MoS,/CoP/NPC 0.1 M KOH — 0.790 V 4e” 195
NCNS/Fe,0;/Fe,;C 0.1 M KOH/1 M Na,SO, 0.90 V 0.82V de” 196
NiCo/NC 0.1 M KOH 0.94V 0.84V 4e” 197
Mo,C/FesC,/NC 0.1 M KOH 0.92 V 0.78 V de” 198

materials (including metal oxides, metal sulphides, metal
phosphides, and MXenes). Here, in this section, we discuss
the recent advances in improving the catalytic activity of
N-doped graphene-based heterostructures for the HER and
OER. Further, the role of different active sites such as pyridinic
N, quaternary N, metals and metal oxides dispersed uniformly
in NG for enhanced HER/OER activity will be discussed. Most
of the single-component electrocatalysts investigated to date
do not produce the expected activity to replace noble metal-
based electrocatalysts. Therefore, doping and development of
multicomponent heterostructures have been explored and are
expected to attain higher HER activity compared to the state-
of-the-art electrocatalysts. Among the different non-noble
metal-based electrocatalysts, graphene shows great potential
compared to other carbon-based electrocatalysts due to its
several advantageous structural characteristics such as large
active surface area, efficient electron transport channels, abun-
dant catalytic active sites and impressive stability. Utilising
these favourable characteristics for the HER, the development
of NG-based heterostructures has shown great potential as
HER catalysts.

As an alternative HER catalyst, different single-component
non-noble metal-based electrocatalysts such as Co, Ni, and Fe
have been explored. Alternatively, multicomponent HER cata-
lysts are associated with a series of merits such as better con-
ductivity, large number of active sites, and synergism between
two or more components in multicomponent heterostructures.
Utilizing these beneficial characteristics, an enormous
number of NG@metal heterostructures have been developed
for the HER. For instance, Jiao et al. developed a multicompo-
nent NG-based heterostructure for the HER."® In this report, a
Co@Zn-based heterostructure (Co@Zn@NG) was successfully
synthesized and investigated for the HER. The HER investi-
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gations showed that the Co@Zn@NG sample heated at 850 °C
displayed considerable enhanced HER activity (such as lower
overpotential #;, (34 mV), smaller Tafel slope (36 mV dec™))
as compared to bare NG, Co;0,@ZnO@NG and commercial
Pt/C. The enhanced HER activity was attributed to the faster
reaction kinetics and low impedance of Co@Zn@NG, as
observed during the analysis. Hence, due to the lower impe-
dance of the as-developed Co@Zn@NG catalyst, it showed
efficient charge transfer ability with a high density of active
sites and no change in morphology, thus confirming its stabi-
lity. From a mechanism viewpoint, the role of carbon-based
materials has been divided into three categories including (a)
substrate, (b) main catalyst and (c) auxiliary catalysts.
According to this investigation, it was concluded that the C
atom attached to N acts as an active site for the HER, which
was also illustrated by the XPS analysis before and after the
catalytic investigation. Further, the role of the developed
heterostructure in the enhanced HER activity was investigated
and it was confirmed that after heterostructure development,
electron transfer from NG occurs rapidly due to the more elec-
tron-deficient Co (Co**), thus promoting the HER activity of
Co@Zn@NG. From a mechanistic view point, a kinetic analysis
was carried out and it was observed that in the case of the
most active sample, Co@Zn@NG prepared at oxidation temp-
erature of 800 °C has a low Tafel slope. Thus, it was concluded
that the Tafel step is the main rate-controlling step for the
HER, while the sample prepared at 750 °C had the highest
Tafel slope, and thus the Volmer step is considered the main
HER-controlling step. Further, the EIS analysis demonstrated
that the Co@Zn@NG sample showed a low resistance to elec-
tron flow, thus contributing to the enhanced HER activity.
Another interesting study was carried out by Wang et al., in
which Ni,P@FeP (NFP) hybrid nanoparticles were incorpor-
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ated in NG nanosheets and investigated as multifunction elec-
trode materials for overall water splitting reactions.?° For the
HER, the as-developed heterostructure hybrid catalyst showed
considerably improved activity with low onset potentials (—110
and —144 mV) and low overpotential (—250 and 240 mV at
10 mA cm™>) both in alkaline and acidic electrolyte, respect-
ively. The as-synthesized NFP@NG was simultaneously investi-
gated as an anode and cathode, which revealed long-term
stability and a current density of 10 mA cm™ at a low cell
voltage of 1.69 V for overall water splitting. The superior HER
activity of NFP@NG was attributed to the presence of a high
electrochemical specific surface area and large number of
active sites, as observed from the ECSA studies. In addition,
the synergistic effect between bimetallic phosphide and NG
resulted in faster charge transfer due to the enhanced conduc-
tivity. Another important transition metal phosphide hetero-
structure was developed by Suryawanshi et al., in which Ni,P
(0D) was encapsulated in 2D N and S-doped graphene (NSG)
nanosheets. The as-developed NP@NSG sample was analysed
for overall water splitting activity and better HER activity was
observed in 1.0 M KOH electrolyte solution.>*" In the compara-
tive analysis, other electrodes were utilised including
Ni,P@NG, Ni,P@SG, Ni,P, NG, Ni,P@G, Ni,P and Pt materials
as the catalyst. The linear sweep voltammetry (LSV) measure-
ments showed that the overpotential required for the HER to
obtain a current of 10 mA cm™? for Ni,P@NSG was lower
(110 mV) compared the other catalysts except Pt/C. This
enhanced and effective HER activity was ascribed to the syner-
gistic effect of defective NSG and Ni,P. In addition, the use of
the Ni,P (001) plane comprised of highly exposed P and Ni
sites possessed both hydride acceptor Ni site and proton
acceptor P site, which resulted in enhanced HER activity.
Rather than showing pure metal character, Ni,P (001) acts as
hydrogenase due to the presence of a P atom on its surface. In
addition, the slight positive and negative charges (observed
from XPS analysis) on the Ni and P atoms promote the easy
adsorption and desorption of the reactant and products mole-
cules, respectively. Further, the encapsulation of Ni,P in the
defective NSG significantly enhances the HER activity due to
the possible synergistic effect, large number of surface-active
sites and rapid transfer of charge carriers. To analyse the reac-
tion mechanism and rate-determining step for the HER over
the Ni,P@NSG electrocatalysts, a Tafel investigation was
carried out. The Tafel measurements showed that the HER
follows the Volmer-Heyrovsky pathway, and hydrogen adsorp-
tion and desorption are considered as the possible rate-deter-
mining step. According to the different investigations on this
type of composite hybrid catalyst, it was established that gra-
phene or doped graphene consists of most of the electro-
catalytic active sites responsible for the HER. Specifically, pyri-
dinic N and graphitic N are considered more active for the
HER compared to pyrrolic N. Moreover, the formation of
surface defects, lattice distortions and structural edge defects
due to heteroatom doping are considered as the main reasons
responsible for better HER activity. In the case of the
Ni,P@NSG hybrid electrocatalyst, the strong interaction
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between 0D Ni,P and 2D NSG alters the electronic structure of
NSG, which significantly tunes the binding energy of the
different reaction intermediates formed during the HER. Also,
further insight into the mechanism or reasons responsible for
the enhanced HER activity in the Ni,P@NSG sample was
gained by carrying out DFT studies of the different developed
samples in this report. The DFT analysis indicated that the
interaction of N and S dopant with Ni,P reduces AGH,O* to
—0.15 eV and AGH* to —0.22 eV, which is close to optimum
AGH,O0* of 0 eV. Therefore, the as-developed Ni,P@NSG
hybrid catalysts benefit from the coordinated dual interaction
of N and S doping together with optimized adsorption ener-
gies for better HER activity.

Another important class of metal-based catalysts includes
transition metal oxides (TMOs). Owing to their semiconduct-
ing properties, low cost, natural abundance and catalytic activi-
ties, TMOs act as important functional materials. Among the
different TMOs, 2D MoOx have attracted significant attention
and considered as non-metallic catalysts compared to FeOx,
NiOx catalysts for the HER and considered a suitable candidate
for the design of non-metal-based electrocatalysts. However,
under acidic conditions, MoOx-based materials undergo cor-
rosion and do not possess hydrogen adsorption sites, making
these materials ineffective for the HER. Thus, to overcome
these limitations, Aydin et al. developed a hybrid catalyst con-
sisting of N and S-doped graphene and MoO,, and then ana-
lysed its activity towards the HER.” In this report, layered
MoO, was synthesized, and then a thin film of graphene was
transferred to it, followed by doping with N and S. The HER
analysis showed that the as-developed hybrid catalyst showed a
significantly improved catalytic performance with significantly
low overpotential of 359 mV at 10 mA cm™> compared to pure
graphene and MoO,. The observed enhanced activity was
attributed to the presence of oxygen in graphene, which
resulted in the better electrical contact and interfacial inter-
actions between graphene and MoO,. The activation energy
analysis showed that the main active sites for the HER come
from the superficially deposited N and S-doped graphene. In
addition, the better HER catalytic performance of the
MoO,@NSG hybrid catalyst was attributed to the synergistic
effect of co-doped atoms present at the interface between NSG
and MoO, and the presence of more pyrrolic N atoms, which
provide more active sites for catalytic action. The pyrrolic N-C
configurations have a lower hydrogen binding free energy com-
pared to the graphitic N and pyridinic N, and thus promote
efficient H adsorption, enhancing the catalytic performance of
the hybrid catalyst. CV activation of the hybrid catalysts was
carried out and it was observed that after 1000 cycles of CV
activation, the hybrid catalysts showed the optimum HER
activity, which was reduced after further cycles due to the poss-
ible degradation of the catalyst in terms of cyclic potentio-
metric analysis. The HER mechanism was evaluated using
different characterization techniques. According to the Raman
analysis, a schematic of the material surface was developed, as
shown in Fig. 22. The Raman investigation of undoped gra-
phene on an MoOx/glass calomel electrode (GCE) structure

Green Chem., 2024, 26,57-102 | 85


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

Critical Review

(A) Non-defective Graphene
H‘

no adsorption

Reaction on Graphene

View Article Online

Green Chemistry

(B) Defective Graphene

Reaction on both Graphene and MoO,

Fig. 22 Schematic illustration of the reaction steps involved in the HER over (A) undoped graphene and (B) N and S-co-doped graphene@MoOx/
GCE hybrid electrode. Reprinted with permission from ref. 90. Copyright 2023, Wiley.

showed that the absence of defective graphene prevented the
adsorption of H' ions. Hence, the coupling of non-adsorbed
H' ions only with the electrons present on graphene surface
takes place without MoOx playing any role besides transferring
electrons from the GCE to graphene. In the case of graphene
doped with N and S, the formation of defects in graphene
resulted in the adsorption of H' ions. The adsorbed H' ions
are transferred to the MoOx materials, where the reduction
process occurs, thus resulting in the evolution of H, in
addition to the H, produced on the graphene surface due to
the reduction of non-adsorbed H' ions, as shown in Fig. 22.
Therefore, this synergistic effect due to doping and hetero-
structure development resulted in an enhanced HER perform-
ance by the MoO,@NSG hybrid catalyst.

Another important study was carried out by Gao et al, in
which Ru/RuS, nanoparticles were composited with NG as an
electrocatalyst for the HER in alkaline medium.>** As observed

86 | Green Chem., 2024, 26, 57-102

from different investigations, the adsorption and desorption of
H on the catalyst surface play a vital role in the HER. The
theoretical investigations indicated that Ru offers strong
binding towards H, which is unfavourable for the HER,
whereas RuS, shows a moderate HER performance due to its
similar binding energy for H as that of Pt. Subsequently, Gao
et al. developed a hybrid catalyst to utilise the characteristics
of both Ru and RuS, for moderate H adsorption and desorp-
tion. The Ru/RuS,@NG hybrid catalyst was utilised for the
HER under alkaline electrolyte conditions and the effect of the
annealing temperature on its HER activity was investigated.
The observed HER results depicted that the as-developed
hybrid catalyst annealed at 500 °C showed significantly
enhanced activity with a low overpotential of 18 mV at 10 mA
em~? compared to the samples annealed at higher tempera-
tures. According to the results, it was inferred that the crystalli-
nity of the as-synthesized catalyst plays significant role in its

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

Green Chemistry

HER activity, and hence the material synthesized at 500 °C
with low crystallinity demonstrated higher HER activity. The
kinetic investigations and double-layer capacitance measure-
ments showed that the Ru/RuS,@NG sample annealed at
500 °C offer fast reaction kinetics together with a high electro-
chemically active surface area (ECSA), thus providing more
active sites for efficient HER activity. The enhanced HER
activity was attributed to the easy dissociation and adsorption
of H,0 and H on Ru and RusS,, respectively. According to the
comparative investigation, the sample without N doping offers
higher resistance to charge transfer compared to the sample
having NG as one of the main components. Therefore, it was
concluded that N doping significantly accelerates the charge
transfer between the different components of the hetero-
structure catalyst. Similarly, Wang et al. engineered Rh,P/Rh
heterostructure nanoparticles on P,N-co-doped graphene to
investigate the effect of heterojunction and degree of phosphi-
dation on HER activity under both alkaline and acidic con-
ditions.*®* It was observed that phosphides of Pt group metals
such as Ru, Ir and Rh show interesting electrochemical HER
activity and the dosage of P in these materials has a consider-
able influence on the overall activity of the catalyst. However,
during the synthesis process, it is exceedingly difficult to
control the degree of phosphidation. In this report, the suc-
cessful synthesis of Rh,P was conducted with a highly con-
trolled P dosage and its influence on HER activity was investi-
gated. Subsequently, it was inferred that the P-deficient Rh,P/
Rh heterostructure with a mixed metallic and phosphide
phase outperformed both pure Rh,P and metallic Rh nano-
particles. Then, the as-developed heterostructure was coupled
with P,N-co-doped graphene (PNG) and employed as a catalyst
for the HER in alkaline and acidic electrolyte solution.
According to the HER analysis of Rh,P/Rh@PNG, it exhibited
remarkable activity with a significantly small overpotential of
19 and 17 mV at 10 mA cm™> current density in acidic and
alkaline solution, respectively. The activity of the as-developed
catalyst in this report surpasses the benchmark Pt/C- and Rh-
based competitive catalysts. This enhanced HER activity of the
as-developed Rh,P/Rh@PNG electrocatalysts was attributed to
the near to zero adsorption energy of H, which results in accel-
erated water dissociation and boosted H evolution activity. It
was also observed that most of the active sites in this hybrid
catalyst were present at the interface of Rh,P and Rh, thus pro-
moting efficient charge transfer, while PNG provides a highly
conductive skeleton for better charge carrier conductivity.
Another important new family of materials consisting of van
der Waals (vdW) heterostructures has emerged via the layer-by-
layer assembly of 2D materials. For practical catalytic appli-
cations, vdW 3D heterostructures offer molecular-level design
and precision. Utilising a plurality of 2D materials with
different electronic affinities and bandgaps, Duan et al. devel-
oped a 3D vdW hybrid catalyst consisting of artificially
assembled 2D WS, nanolayers with 100% surface-exposed
atoms coupled with N, P and O-doped G.>** The as-developed
3D material was employed as a self-supported electrode cata-
lyst for the HER. According to the HER analysis, the WS,@P,N,
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OG catalysts showed superior HER activity close to the Pt/C
electrode with efficient favourable kinetics and durability. The
superior HER activity was attributed to the hierarchical porous
structure, continuous conducting network, expanded exposed
surface-active site and synergistic effect between different com-
ponents of the catalyst. The results obtained during the HER
analysis are shown in Fig. 23. The Tafel analysis showed that
the electrochemical desorption Heyrovsky step is the rate-
determining step of the HER over the WS,@P,N,OG catalyst.
Thus, in the HER process, the Volmer-Heyrovsky mechanism
was considered as a possible mechanism over the WS,@P,N,
OG catalyst surface. The Volmer-Heyrovsky mechanism fol-
lowed by HER in acidic medium consisted of two steps, which
proceeds via two proton-electron-coupled steps, as follows:

In step 1, the Volmer reaction takes place, during which
electro-sorption of the solvated proton takes place, as follows:

[(H,0),-H] + e~ = H=x+(H,0),

The second step involves the Heyrovsky step, in which Eley-
Rideal-type recombination takes place between the adsorbed
H* and other solvated protons to produce molecular hydrogen,
as follows:

[(H,0),-H] + Hx = H, + (H,0),

According to the HER mechanism, the dual active sites
(first arising due to heteroatom doping and second type arises
due to strained metallic edges in 1T structure of WS, com-
pared to 2H structure) were considered responsible for
superior activity.

Another intriguing study was conducted by Song et al, in
which doping and heterostructure strategies were coupled to
efficiently utilize all the active sites and all components of the
heterostructure for better electrocatalytic application.””® In
this report, V-doped NizFeN was integrated with Ni, and then
anchored on NG. The HER investigation showed that the as-
developed hybrid catalyst demonstrated better HER and OER
activity with an overpotential of 66 mV and 252 mV, respect-
ively, at 10 mA cm > current density. The enhanced electro-
catalytic activity was attributed to the d-band modulation of
the host Ni and Fe due to V doping, change in local charge dis-
tribution at the interface of the V-Ni;FeN/Ni heterojunction
and better transfer of charge carriers due to the introduction
of highly conductive NG skeleton. All these factors contributed
to the efficient HER and OER activity of the hybrid V-NizFeN/
Ni@NG heterojunction electrocatalyst.

Based on the HER/OER analysis of metal-based electrocata-
lysts, it has been observed that these catalysts face certain
limitations such as poor charge carrier and charge transfer
ability. Therefore, metal-free electrocatalysts are being explored
to overcome these limitations. In this quest, different metal-
free electrocatalysts such as black phosphorous (BP), exfoliated
BP (EBP), and carbon nitride have been developed. Using
metal-free ultrathin black phosphorous, Yuan et al. developed
a hybrid catalyst on NG for overall water splitting.”’® In this
report, solution-processible EBP was coupled with NG having
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Fig. 23 (a) LSV polarization curves below 10 mA cm2, (b) Tafel plots, (c)
chronoamperometric response plot of WS,@P,N,O-doped graphene film,
inset. Reprinted with permission from ref. 203. Copyright 2017, Elsevier.

higher Fermi energy levels to form a unique novel metal-free
2D/2D heterostructure with unique electronic configuration
and well-modulated interface for HER activity. By coupling the
intrinsic activity and stability of pristine EBP and NG, the HER
activity was significantly enhanced. The electrocatalytic investi-
gations showed that among the different as-developed hetero-
structures with different ratios, 2D/2D EBP@NG (1 : 4) showed
efficient HER activity with a low onset potential (191 mV) at
10 mA cm 2, which was significantly lower than that of pure
EBP (370 mV) and NG (445 mV). In addition, the kinetic ana-
lysis showed that the as-developed EBP@NG(1:4) has a
smaller Tafel slope of 76 mV dec™" with lower charge transfer
impedance compared to that of pristine EBP and NG of
135 mV dec™" and 102 mV dec™', respectively. The electro-
chemical double-layer capacitance investigations showed that
EBP@NG(1: 4) possess significantly improved electrochemical
surface area, thus contributing to the significant improvement
in electrochemical HER activity. It was observed that using
different mass ratios, the electrochemical activity could be
easily modulated because different sites are responsible for
HER activity. During the investigation, it was observed that
EBP is mainly responsible for the HER activity, whereas NG
showed better charge transport activity compared to EBP.
However, the electronic interactions occurring in the hybrid

88 | Green Chem., 2024, 26, 57-102

EIS spectra with enlarged spectra of as-prepared catalysts in inset, and (d)
with LSV polarization curves before and after 20 h of operation shown in

catalyst are responsible for the enhanced HER activity. The
development of a heterostructure between the lower Fermi
energy EBP and higher Fermi level NG results in directional
charge transfer at the interface, and consequently electronic
enrichment of the EBP surface with the optimized adsorption/
desorption of H, thus enhancing the HER activity of the hybrid
catalyst material. The redistribution of charge after the for-
mation of the heterojunction, differential charge density of
EBP and NG and theoretical free energy for the HER at 1.23 V
are shown in Fig. 24. Many other novel electrocatalysts, as pre-
sented in Table 4, have been explored for the HER and signifi-
cant advancements have been achieved to meet the current
expectations of a material that can replace the state-of-art
noble metal-based electrocatalysts.

6. Theoretical investigations

6.1 Theoretical DFT investigation of ORR activity of NG
based heterostructures

Presently, theoretical DFT investigation is considered a crucial
tool to theoretically investigate the actual reason responsible
for the enhanced properties of NG-based hetero-structured cat-
alysts. Using DFT analysis, different models are employed to
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the American Chemical Society.

investigate the energetics of different intermediates formed
during the ORR to elucidate the possible mechanism involved
in the reaction. For example, Reda et al. performed a DFT
investigation for the ORR on Fe and Fe;C coated with
carbon.”*” Based on materials such as NG and graphene (G)
supported on Fe (110) and Fe;C (010), different models were
used to conduct the computational investigation. The compu-
tational analysis results evidenced that the Fe;C@NG model
has higher ORR activity compared to that of the Fe-supported
model, which agreed with the experimental results. During the
calculation, the solvation layer on the surface of a hybrid cata-
lyst was also modelled given that the ORR is always carried out

This journal is © The Royal Society of Chemistry 2024

in aqueous medium. For a comparison, the free energy dia-
grams for each model employed were determined at a fixed
potential of U = 0.8 Vgzyr. The Gibbs free energy of adsorption
obtained are depicted in Fig. 25(I-1V). According to this figure,
all the ORR intermediates (*OOH, *O and *OH) are signifi-
cantly stabilised over both Fe;C and Fe-supported NG.
However, the stabilization is even stronger on the Fe-supported
model and O* is more stabilised compared to the other inter-
mediates. This strong binding of O* was correlated with the
charge on the oxygen atom. As evidenced by the DFT calcu-
lations, the Fe;C@NG heterostructure shows superior ORR
activity due to the accumulation of O* on its surface and the
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Table 4 Includes different NG-based hybrid hetero-structured electrocatalysts together with their activities towards the electrochemical HER

Types of electrocatalyst Current density Overpotential at 10 mA cm™> Onset potential Tafel slope (mV dec™) Ref.
N-doped MoS,/Ti;C, 140 225 — 100 207
Co,P/CoN/NCNTs 10 98 ~0.96 V 57 172
CoP(MoP)-CoM00O3;,CN 10 198 — 95 208
CoP/NiCoP/NC 10 60 — 58 209
Mo,C/MoC/MoP/NC 0.398 109 — 52 210
N-NiS/NiS, 10 185 — 106 211
(Ni/NiO/NCW) 10 105.3 55.2 212
N-doped Ni;S,/VS, 10 151 — 107.5 213
Ni/MoN/NCNT/CC 10 207 — 93.0 214
N-doped NiMoO,/NizN 100 112 — 45.47 215
Co/Mo,C-NCNTs 10 170 — 79.5 216
Co/Mo,C/NC 50 146 — 218.06 217
Ni/C-V,0;/NF 500 254 — 58.10 218
MoC-MoP/BCNC 10 158 114 58 219
Mo,C/NC/Pt 10 27 — 28 220
Fe-Co-oxide/Co/NC-mNS 10 112 — 96 221
MoS,/Mo,/NC 10 129 28 78 222
MoS, NSs/NGR 10 208 — 79 223
MoC;_,MoP/C 10 173 — 57 224
Au/CoP/NC 10 118.2 — 57.75 225
Ru/RuO,N-rGO 10 11 — 44.2 226
NC/Vo-WON 10 16 — 33 227
Fe;C-Mo,C/NC -10 116 42 43 228
HGCNF/SNG/MoS, 10 —282 -0.16 83 80

CoMoS/CoMo0O,/NRGO 10 80 35 58 229
Mo-N/C/MoS, 10 ~117 ~0.90V ~64.3 230
Mo,C/HNCPs 10 89 — 39 231

ORR occurs when oxygen coverage is between 0.5 < TO < 1.0.
However, in the case of Fe-supported NG, the binding of O* is
so strong that the surface of the catalyst becomes effectively
blocked for the ORR. The effect of the NG layers also showed
that although only two layers of NG converge, the ORR activity
of the supported system was superior to that on the unsup-
ported NG. The effect of electron donation by the substrate
was also investigated. According to this investigation, it was
reported that the stronger electron donation, which is a key
parameter for the ORR, may result in the suppression of ORR
activity, as observed in the case of the Fe-supported catalyst.
Therefore, it was concluded that any substrate material have
electron-donating affinity as strong as that of Fe;C but lower
than that of Fe can have similar or enhanced activity as that of
the Pt (111) surface.

Similarly, another study regarding the DFT investigation of
an MXene-based NG heterostructure was carried out by Chen
et al. In this report, the M-N,-Gr/V,C heterostructure was
employed as the model for the DFT investigation of the
ORR.?*? Eight different metals (M = Ti, Cr, Mn, Fe, Co, Ni, Cu,
and Zn), together with NG and V,C were explored. All the
samples except Zn-N,-Gr/V,C were found to be thermo-
dynamically stable. Among the 8 samples, the Ni- and Co-
based heterostructures showed potential better ORR activity
with a theoretical onset potential of 0.32 and 0.45 V, respect-
ively. In this report, four N atoms were used for graphene
modification and the metal atom was placed at the centre of
the N atoms, as depicted in Fig. 261. The free energy of adsorp-
tion of the different intermediates formed during the mechan-
istic reduction steps on the different MXene/NG/V,C hybrid

90 | Green Chem., 2024, 26, 57-102

catalysts at zero electrode potential, equilibrium potential and
working potential determined by DFT is depicted in Fig. 26IL.
It was observed that the strong binding of O hinders the
further reaction. According to the active volcano map, hetero-
structure stability, electronic structure of the transition metals,
electrical conductivity and adsorption energy of the intermedi-
ates, it was observed that Ni-N,G/V,C has the highest potential
to act as an ORR catalyst with an overpotential of 0.32 V and
good volcanic curve of d-band centre with potential. The incor-
poration of V,C was considered to be responsible for the
improved conductivity due to the strong electron jump at the
Fermi energy level. Thus, the DFT investigations showed that
the free energies of adsorption of the different intermediates
play a vital role in predicting the efficiency of ORR catalysts.
The higher the interaction and adsorption energy of the
different intermediates, the lower the ORR activity.

In another report, a rational design approach was proposed
for enhancing the electrocatalytic sites and electron-transport
behaviours of CuMo,ON by encasing it in NC shells and
anchoring it on an NG matrix.”** The catalytic activity of
CuMo,ON@NG was attributed to the synergistic electron trans-
fer observed between the active CuMo,ON nanoparticles,
doped N species, and graphitic carbon, as demonstrated by
first-principles DFT calculations. The generation of O* inter-
mediates on the CuMo,ON lattice in the core-shell
CuMo0,ON@NG nanohybrid was shown to be an important
and energetically demanding step that governs the rate of
achieving both ORR/OER activities. Initially, the structure
optimization was carried out to achieve the optimal catalyst.
During the process of pyrolysis, it was observed that the nitro-

This journal is © The Royal Society of Chemistry 2024
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Chemical Society.

gen (N) atom exhibited partial substitution of oxygen (O)
atoms. This substitution led to the emergence of a delocalized
electron environment, which was characterized by the density
of states (DOS) in the vicinity of the Fermi level. The electron
distribution of the metal and basic structure modified by
elemental nitrogen insertion simplified the adsorption of reac-
tive hydrogen. The introduction of nitrogen in the Cu/Mo cata-
lyst at the ideal molar ratio resulted in a wide DOS peak in
close proximity to the Fermi level. This phenomenon has
the potential to improve the electronic conductivity of
CuMo,ON@NG. Additionally, it is worth noting that the DOS
of CuMo,ON®@NG exhibited a significantly elevated charge
density around the Fermi level, resulting in a substantial abun-
dance of charge carriers. The DOS distribution of the
CuMo,ON@NG material around the Fermi surface is ben-
eficial for enhancing the conductivity. However, superior cata-

This journal is © The Royal Society of Chemistry 2024

Iytic activity is not necessarily correlated with superior conduc-
tivity. The high conductivity and strong hydrogen adsorption
capacity of oxynitride have been found to increase its HER
activities. Moreover, it has been proposed that the presence of
CuMo0,ON@NG may lead to an improvement in OER and ORR
activities, which can be attributed to the increased affinity of
CuMo,ON@NG towards OH* reactants, particularly during the
development of a highly porous network. Similarly, Pham et al.
used DFT to investigate the electrocatalytic activity of the gra-
phitic edge and in-plane defects in pyridinic-N-doped single
and bilayer graphene for the ORR in alkaline media.>*®
Compared to the N-doped single-layer graphene, the N-doped
bilayer graphene demonstrated superior ORR activity. The 4e™
associative ORR mechanism was facilitated by graphitic-N-
doped multilayer graphene, with OOH* production serving as
the rate-limiting step. The interlayer covalent n-n bonding
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Chemistry.

between the graphene layers in N-doped Bernal bilayer gra-
phene structures strengthened the binding of the intermediate
species of the ORR (OOH*, O*, and OH*) in comparison to the
N-doped single-layer graphene. Moreover, the Bernal stacking
in bilayer graphene can significantly increase the ORR and
stability. To study Cu-nitrogen-doped fuel cell cathode cataly-
sis, a novel Cu-N-doped graphene nanocomposite catalyst was
developed by Balasooriya et al.>*® They utilized the Gaussian
software for the DFT computations to examine the ORR on the
developed catalyst in low-temperature fuel cells. To explore the
properties of the fuel cell, three distinct nanocomposite struc-
tures including Cu,-Ng/Gr, Cu,-Ng/Gr, and Cu-N,/Gr were
considered in acidic medium under standard conditions
(298.15 K, 1 atm). Based on the findings, each structure was
found to be stable in the potential range of 0 and 5.87
V. According to the HOMO-LUMO and Mulliken charge energy
calculations, Cu,-Ng/Gr and Cu,-Ng/Gr are structurally more
stable. However, based on the free energy calculations, the
Cu,-Ng/Gr and Cu-N,/Gr structures enable spontaneous ORR.

Similarly, Bhatt et al.>*” investigated the ORR on the surface
of M-N,-G (M = Ru, Ti, Mo, Cu, and Nb,) electrocatalysts

92 | Green Chem., 2024, 26, 57-102

through DFT computations. The authors examined the adsorp-
tion qualities of six intermediates (O,, O, OOH, OH, H,0 and
H,0,) to provide a clearer explanation for the -catalytic
efficiency of the M-N,-G electrocatalyst. Moreover, they also cal-
culated the adsorption property of the ORR intermediates on
Cu-N,-G in the presence of H,0, OH™, and H;0". Based on the
findings, it was apparent that the most stable adsorption site
for the ORR intermediates in the presence of H,O, acid, and
base is the top. Furthermore, it was also observed that the
adsorption characteristics of the ORR intermediates compared
to acid are quantitatively more stable than base. Tian et al.**®
developed a heterogeneous CoS/CoO nanocrystalline material
with well-defined interfacial structure assisted with N-doped
graphene via rational interfacial regulation. Based on their
DFT measurements, it can be assumed that the boundary
interface between CoO and CoS induces a charge transfer
effect, which significantly modulates the electronic structure
and improved their electronic conductivity. The DFT investi-
gation showed that compared to pure CoS (100) and CoO (111),
a greater density of states was present near the Fermi energy
level in the CoS/CoO heterostructure interface, thus inducing

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc03576j

Published on 07 December 2023. Downloaded on 11/2/2025 12:48:50 PM.

Green Chemistry

metallic characteristic or improved intrinsic conductivity,
which can be highly beneficial for improved electrocatalytic
performance. In this study, the role of NG as a substrate was
investigated and it was observed that the graphene layer acts
as a stabilising agent for CoS/CoO heterostructures with
improved electrocatalytic performances. Also, the robust inter-
action between CoS/CoO and N-doped graphene further
increases the transfer of electrons and enhances the stability
of the catalyst. The synthesized noble-metal free bifunctional
CoS/CoOO@NGNs as an electrocatalyst offers outstanding
electrocatalytic activity and improved stability toward the ORR.

In another study, Zhao et al**° designed a metal-free
heterostructure via the in situ coupling of N-SMCTs with
N-rGO nanosheets by controlling the N configurations in the
respective component. Their results revealed that the efficient
redistribution of electrons at the interface of the heterojunc-
tion results in the rapid transfer of electrons, which results in
the generation of abundant positive charge on N-SMCTs and
increasing electron density on N-rGO. Due to this fact,
N-SMCTs@N-rGO presents outstanding ORR/OER. The DFT
calculations demonstrated a well organised dual-site mecha-
nism, in which the carbon adjacent to pyridinic-N in N-rGO
benefits the adsorption of *O/*OH. However, the carbon adja-
cent to graphitic-N in N-SMCTs facilitates the adsorption of
*OOH, thus achieving the lowest possible calculated overpo-
tential values of 0.28 eV and 0.47 eV for the OER and ORR,
respectively.

The catalytic activity and stability of N-doped graphene
reinforced on a metal-iron carbide heterostructure, i.e., Co-Zn,
Ta-W, M = Cr-Mn and Nb-Mo, towards the ORR was studied
by Patniboon et al. with the help of DFT calculations.>*° The
metal-iron carbide heterostructure was developed by encapsu-
lating iron carbide on N-doped graphene by the substitution of
the Fe atoms in Fe;C near the interface of NG/Fe;C with the
metal. The DFT calculations revealed that the incorporation
of the metal atom significantly affected the work function of
the overlayer of N-doped graphene, which is largely correlated
with the binding strength of the ORR intermediate. The NG/
Fe;C heterostructure displayed enhanced ORR activity by the
introduction of Co or Ni atoms around the interface, thus sta-
bilizing the heterostructure. In this report, the authors
focused on the energetically more favourable associative
mechanism (given below) compared to the dissociative
mechanism. As in the case of the dissociative mechanism,
the dissociative barrier for O, dissociation at the NG active
sites is very high (1.20 eV), which is unlikely to occur at room
temperature.

x4+ Oy +H" +e~ — «xO0H
*OOH + H' + e~ — *0 + H,0
*O+H" + e~ — xOH
*OH +H' +e~ — %+ H,0

The DFT investigation showed that the presence of a new
metal near the NG/Fe;C interface significantly alters the free

This journal is © The Royal Society of Chemistry 2024
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energy of adsorption of the different ORR intermediates, thus
resulting in different activities corresponding to a particular
metal. Among the different metals used in place of Fe near the
NG/Fe;C interface, it was observed that the Co and Ni atoms
show more prominent enhanced ORR activity compared to
other metals. The effect of an increase in metal concentration
was also evaluated and it was observed that with an increase in
concentration, the binding energy of different intermediates of
the ORR can be tuned, thus reducing the overall overpotential
of the ORR. Therefore, based on all these investigations, it can
be concluded that DFT investigation plays a vital role in pre-
dicting the mechanism of the ORR by measuring the adsorp-
tion free energies of the different intermediates formed during
the reaction. However, for further accurate results, many other
reaction parameters (free N in the case of NG or presence of
free metal ions) affecting the reaction pathway or interaction
of activation sites with reactants need to be included during
the measurements.

6.2. Theoretical DFT investigation of HER activity of NG-
based heterostructures

To improve the development of clean hydrogen energy, it is
important to investigate the composition and structures of
electrocatalysts with high performance for the HER. Recently,
Zhang et al. presented a report based on first-principles study
over W,C and N-doped graphene heterostructures for
improved HER performance.>*" Several catalytic hetero-struc-
ture models were proposed using DFT, which included com-
bined W,C and graphene-like models, with particular focus on
N-doped graphene-like models (GN, P3N, and P,V,N). Initially,
to compare the HER properties on bulk W,C (W,C (001)
surface) with G-like models (G, GN, P;N, and P,V,N), theore-
tical calculations were conducted. Then, the HER performance
of small W,C (W,C and W,C,) NPs on G-like structures was
determined. The HER characteristics of W,C and W,C, NPs on
G-like models were estimated to understand the comparatively
small W,C with a diameter of 0.2 to 0.5 nm. Moreover, the
bulk W,C combined with G-like structures also investigated to
estimate their high HER performance mechanisms. Finally,
the HER characteristics of the above-mentioned models under
the entire pH range (0-14) were evaluated, providing a theore-
tical basis for W,C-based catalysts under varying experimental
conditions. To deduce the mechanism of the HER, the for-
mation energies (Eformation) Of all the heterogenous models
were calculated, in which the Eymation Of the W,C,@G-like
model group (W4C,@G, W,C,@GN, W,C,@P;N,
w,C,@P,V,N-1 and W,C,@P,V,N-2) was more stable than the
other groups of models (W,C@G-like and G-like@W,C
groups). On comparing the Eformation Of the W,C@G-like and
W,C,@G-like groups, it appears that the bigger W,C NPs
exhibit a higher affinity for binding to the surfaces of the
G-like models (G, GN, P;N, and P,V,N). To investigate the
potential HER mechanism, the hetero-structure models
W,C@GN, W,C,@P,V,N-2, P,N@W,C-2, and P,V,N@W,C-2
are energetically preferable. The adsorption of a second hydro-
gen atom on the surface of W,C@GN exhibits a high degree of
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ease, suggesting that the HER process on this surface likely
follows the Volmer-Tafel mechanism. Alternatively, second H
adsorption on the surface of W,C,@P,V,N-2, P;N@W,C-2, and
P,V,N@W,C-2 shows greater difficulty, indicating that the
HER process on these surfaces probably complies with the
Vomer-Heyrovsky mechanism. The total density of states
(TDOS) of all the proposed individuals and heterostructures
models were calculated. The incorporation of N atoms and
vacancies in graphene can lead to an increase in the TDOS in
close proximity to the Fermi level (Ef). Consequently, this
modification has potential to enhance the conductivity of gra-
phene. The hybridization of electron orbitals C-p, W-d, and
N-p is a significant factor in governing the variations in AGy
in the proposed W,C and G-like coupled heterostructures, par-
ticularly in relation to the active sites. Also, the impact of pH
on AGy in the vicinity of the electrode/electrolyte interface has
also been examined for these heterostructures. The impact of
pH on the HER performance of all the sites included in the
proposed models is displayed in Fig. 27. The results revealed
that the heterostructure consisting of N-modified graphene-
like structures and W,C includes catalytically active sites with
AGy = 0 eV, regardless of the acidity level (acidic, neutral or
alkaline). This suggest that the introduction of nitrogen
doping allows these heterostructures to maintain a high level
of catalytic activity through a broader pH range. Thus, this
report offers a theoretical basis for the design and generation
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of catalysts that demonstrate superior performances in the
HER process.

Several researchers also investigated MXenes with versatile
chemistry and high electrical conductivity and found that they
are breakthrough materials for energy storage and catalysis. In
a recent report, Zhou et al proposed heterostructures of
N-doped graphene supported by MXene monolayers as bifunc-
tional electrocatalysts for the ORR and HER, inspired by
recent hybridization experiments of MXenes with carbon
materials.”*> The first principles study showed that the graphi-
tic sheet on V,C and Mo,C MXenes is very active, with an ORR
overpotential as low as 0.36 V and reaction free energies for
the HER that are close to zero and low kinetic barriers. The
electrical coupling between the graphitic sheet and MXene, p,
band center of the carbon atoms on the surface, and the work
function of the heterostructures are responsible for the excel-
lent catalytic properties. The heterostructures formed by com-
bining graphene with MZXene exhibit interlayer distances
ranging from 2.13 to 2.40 A, as well as binding energies
ranging from —0.42 to —0.17 per carbon atom in graphene.
Due to the presence of robust interfacial coupling, the signifi-
cant transfer of electrons was observed from MXene to the gra-
phitic sheet. This transfer of electrons would occupy C p, orbi-
tals, hence causing a disruption in the conjugation of gra-
phene. The total strength of oxygen binding was observed to
follow the sequence of G/V,C > G/Mo,C > G/Nb,C > G/Ti,C.

AGy (V)

pH

Fig. 27 pH-dependent H adsorption Gibbs free energy AGy. (a) Bulk W,C and G-like models, (b) W,C@G-like models, (c) W,C,@G-like models, and
(d) G-like@W,C models. Area in grey (HER preferable area) —0.1 to 0.2 eV. Reprinted with permission from ref. 236. Copyright 2021, Elsevier.
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The binding energies and ORR overpotentials of the graphene/
MXene hybrids are influenced by the structural environment
of the surface C atoms. The graphitic sheet of heterostructures
has a non-uniform electron density distribution due to elec-
tron transport from MXene to the surface C atoms and C to N
atoms. The carbon atoms with lower electron density bind
oxygen intermediates efficiently. In contrast, MXene C atoms
on the top site for chemical bonds with the metal atoms below
them and gain more electrons than that on the hollow site,
binding the oxygen intermediates weakly. The hollow-site C
atoms in G/V,C and G/Mo,C creating many active sites and C
atoms near the pyridinic N dopants had the lowest overpoten-
tials, i.e., 0.36 and 0.39 V for G/V,C and G/Mo,C, respectively.
The G/Nb,C and G/Ti,C systems show weaker binding
strengths and overpotentials of above 0.54 and 0.64 V, respect-
ively. The increased surface reactivity of graphene/MXene
heterostructures is also advantageous for HER catalysis. The
strong binding of C atoms with oxygen intermediates also pro-
motes the adsorption of H* species, as indicated by the linear
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relationships between the binding energies of the different
reaction intermediates. The heterostructures G/V,C and G/
Mo,C exhibit moderate binding strength for H* adsorption,
with the adsorption free energy being approximately in equili-
brium with that of gaseous H,. The C atoms near the hollow-
site of the V,C substrate displayed AGy« ranging from —0.04 to
0.17 eV, making them suitable for catalysing the HER. The
hollow-site C atoms near the pyridinic and graphitic N
dopants showed the highest activity with AGy~ values of —0.04
and 0.04 eV, respectively. These values are comparable to the
activity of Pt, which has a AGy-« value of —0.10 eV. In the case
of G/Mo,C, which is less reactive than G/V,C, only a few
hollow-site C atoms proximal to the N dopants can offer appro-
priate binding strength for HER catalysis with AGy~ 0.05-0.26
eV. The H* binding energy is too weak for HER catalysis with
AGy-~ greater than 0.2 eV in the case of G/Nb,C and G/Ti,C.
Further, the kinetic process for the HER was also studied for
the above-mentioned heterostructures through the Tafel
mechanism, which includes the desorption of two H* mole-

2.0

0.8

Reaction Coordinate

(b)

(0)

Fig. 28 Typical electron transfer process Ni — C — N. (a) Theoretical model used in DFT calculations and obtained adsorption site of H* on model
surface. (b) Computed free energies for adsorption sites. (c) Charge density difference of the Ni(111)@NC model, where red and blue areas signify
low and high electron density, respectively. Reprinted with permission from ref. 239. Copyright 2020, The Royal Society of Chemistry.
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cules and formation of an H, molecule. The reaction barriers
for G/V,C and G/Mo,C are 1.33 and 1.56, respectively, which
are higher than Pt and comparable to the values of the MoS,
edges.

In comparison to the tremendous advances in electrical
and optoelectrical applications, there are very few papers on
electrocatalysis by metal-free exfoliated black phosphorus
(EBP)s. For example, Zhonge et al. fabricated processable ultra-
thin EBP nanosheets with a higher Fermi level of N-doped gra-
phene into a new metal-free 2D/2D heterostructure (EBP@NG)
with well-designed interfaces and a unique electronic configur-
ation as efficient and durable bifunctional catalysts towards
the HER and OER. The synergy of EPG and NG was completely
exploited by rational interface engineering, which not only
increased the stability of EBP but also efficiently adjusted the
electrical structures of each component to boost their intrinsic
activities. Because EBP has a lower Fermi level than NG, their
electronic interaction caused directional interfacial electron
transfer, which not only enriched the electron density on EBP
and optimized the H adsorption/desorption for the HER, but
also incorporated abundant positively charged carbon sites on
NG and favoured the formation of key OER intermediates
(OOH*) to improve the OER energetics. Thus, although pure
EBP or NG alone has weak or insignificant activity, EBP@NG
exhibited significantly improved HER/OER activities.>*?

Similarly, in another report, N-doped graphene-encapsu-
lated Ni NPs combined with MoO, nanosheets self-supported
on 3D nickel foam were investigated theoretically and experi-
mentally to confirm the electron transfer from Ni to NG at the
interfaces, which further enhanced the HER performance.>**
The DFT calculations were performed by constructing a corre-
lative theoretical model of Ni(111)@NC with an N-doped
carbon layer covering the Ni (111) surface. It is important to
note that the configurations where H is adsorbed at the bridge
or hollow site could not be achieved, as H readily moves to the
corresponding top site. Four primary sites were identified
including ortho-, meta-, and para-carbon atoms, which were
referred to as o-T¢, m-T¢, and p-Tg, respectively, together with
a nitrogen atom denoted as TN, as shown in Fig. 28(a). The
0-T¢ and p-T¢ sites displayed the lowest AGy~ value, indicating
their superior HER catalytic activity. The main reason for this
is the positioning of the ortho- and para-carbon atoms on the
Ni-Ni-Ni hollow sites. The m-T site is positioned above the Ni
atom on the Ni(111) surface. This arrangement decreases the
interatomic distance, leading to a more robust bonding inter-
action between the Ni and C atoms in m-Tc compared to o-T¢
and p-Tc. Consequently, during H attack, the ortho- and para-
carbon atoms exhibit a greater tendency to deviate from the
NC plane to facilitate their reaction with H. The computed
AGH* results predict that this leads to an improvement in the
HER activity. Hence, the ortho- and para-carbon atoms exhibit
high reactivity, making them ideal sites for the HER and
enhancing the catalytic activity. As depicted in Fig. 28(b), the
0-T¢c and p-T¢ sites can also have substantially lower AGH*
values than pure NC (0.615 eV) or Ni(111) (0.390 eV), indicat-
ing that the hybrid material has stronger catalytic activity for
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the HER. The charge density difference (Ap) for the Ni(111)
@NC model was also subjected to correlative computation.
Fig. 28(c) demonstrates that the Ni(111) surface can undergo a
complex electron transfer process (Ni - C — N) when the
N-doped carbon layer is applied. In this process, the Ni atoms
act as electron donors, N atoms act as electron acceptors, and
the C atoms are in closer proximity to the N atom. This elec-
tron transfer process effectively activates the corresponding
carbon atoms in the NC layer, resulting in hybrid systems that
exhibit excellent catalytic activity for the hydrogen evolution
reaction (HER).

7. Conclusions, perspectives and
challenges

For the development of sustainable green energy electro-
chemical devices such as fuels cells, metal-air batteries and
electrolytic cells have attracted tremendous attention. In all
electrochemical devices, different reaction such as the HER/
OER and ORR under different electrolytic conditions occur in
the presence of an electrocatalysts. For each reaction, different
set of characteristic electrocatalysts have been developed.
However, the most active and efficient electrocatalysts devel-
oped to date for these processes are noble metal-based catalyst
materials, which are very expensive to employ in practical
applications. Therefore, carbon-based NG has been explored to
overcome the limitations (high cost, poor long-term stability,
methanol intolerance for the ORR, etc.) of noble metal-based
electrocatalysts. Due to their important characteristics such as
superior conductivity, high stability, and high surface area,
graphene-based materials have been extensity explored by
different researchers as HER, OER and ORR catalyst materials.
Herein, we mainly focused on heteroatom-doped graphene-
based hetero-structured catalysts and discussed the recent
advancements in synthesis strategies (such as hydrothermal,
CVD, thermal treatment and other methods) to develop a uni-
versal, simple, cost-effective, energy-efficient and environmen-
tally benign approach for the synthesis of NG heterostructures.
Then, we attempted to provide a comprehensive, focused
understanding of the effect of heteroatom doping and hetero-
structure development of active sites and activity of graphene-
based electrocatalysts. In addition, the multiple functionalities
of graphene to promote the ORR and HER/OER activity of
hetero-structured electrocatalysts were discussed. The under-
lying mechanism and active sites responsible for the better
performance of NG-based heterostructures was discussed in
detail, which showed that the pyridinic N and C atoms adja-
cent to it play a significant role in rapid electron transport due
to the difference in their electronegativity, which is further
enhanced by the development heterojunctions. Meanwhile,
further investigations are being carried out to improve the
density of catalytic active sites to obtain electrocatalysts that can
replace noble metal-based catalysts for practical applications.
Although significant advancements have been achieved in
the application of graphene either as a support material for
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active catalysts or an active catalyst for the OER and HER/ORR,
there are still different challenges that need to be addressed.
Firstly, the real catalytic active sites responsible for the
boosted electrocatalytic activity are still unclear. During
electrochemical investigation under different electrolytic con-
ditions, the as-developed NG-based heterostructures may
undergo significant structural, morphological and electronic
changes, which may result in a change in the nature of the
catalytic active sites, and therefore the understanding of the
exact behaviour of the active sites under this condition is
highly difficult. To avoid these difficulties, the development of
in situ operando characterization techniques together with
electrochemical workstation-coupled electron microscopy is
required to investigate and unravel the evolution of the struc-
tural changes of the catalytic active sites, which can be highly
beneficial for the design of efficient electrocatalysts. Secondly,
for the ORR, the catalysts suffer from methanol poisoning,
while for the HER/OER, the graphene-based network under-
goes a performance degradation during the electrochemical
investigation. Due to the harsh electrolyte conditions, the
carbon atoms undergo oxidation, resulting in the formation of
CO, and the structural collapse of the carbon network and
deterioration of the catalytic performances. This deterioration
is usually caused by the presence of defects, and therefore it is
imperative to design catalyst systems with a controlled defect
density and preserved catalytic active sites and long-term stabi-
lity. Thirdly, another challenge associated with graphene-
based hetero-structured catalysts is the absence of a universal
cost-effective synthesis approach. Given that the different
methods used for the synthesis of graphene-based materials
produce different physicochemical characteristics, during the
application analysis, different graphene samples pose a barrier
to reproduce high performances by HER/ORR electrocatalysts.
Therefore, it is necessary to have a unified standard to analyse
the properties of graphene-based samples, which can result in
the development of an approach for the continuous measure-
ment and monitoring of electrochemical activity. Fourthly, the
important challenge faced by NG-based heterostructure cata-
lysts is the discrepancy between theoretically and experi-
mentally measured HER/ORR activities. The deviation from
theoretically measured values is still not clear, and therefore
further investigations are needed to achieve close to theoretical
performance by NG-based catalysts. DFT measurements have
been used to investigate the effect of active sites on the
mechanistic steps of different electrocatalytic reactions;
however, in the case of hetero-structured NG catalyst materials,
multiple active sites are responsible for the better perform-
ances, and hence it is very difficult to deduce the exact mecha-
nism of the reaction steps taking place on heteroatom-doped
graphene heterostructure catalysts.

However, despite all the above-mentioned challenges, NG
based hetero-structured catalysts have attracted significant
attention from researchers worldwide for the development of a
better combination of NG and other active catalysts for
enhanced HER/OER/ORR performances. These continuous
efforts have resulted in the development of NG hetero-
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structures that outperform the ORR activity of Pt/C in terms of
activity and methanol tolerance stability. However, we believe
that a better understanding of the mechanism and electron
transfer process between the different components of NG
heterostructures can help in further improving the electro-
catalytic efficiencies to achieve the dream of cost-effective sus-
tainable energy. Further, the detailed understanding of the
structural and electronic properties and electronic interactions
taking place between the different components present in the
heterostructure will be highly beneficial to provide an
enhanced output performance by developing favourable mul-
tiple interfaces. Moreover, these multiple interfaces may
provide multifunctionalities, which can aid in the develop-
ment of multifunctional catalyst materials that can simul-
taneously act as an efficient electrode material for the HER,
OER and ORR. We believe that there are many other fascinat-
ing features of graphene-based materials that need to be
explored and utilised for efficient catalytic performances.
Thus, we consider that this article will trigger interest among
researchers and readers to further explore the effect of hetero-
atom doping and heterostructure development on the catalytic
performance of graphene-based materials and to understand
the role of the active sites in determining the final mechanism
of the reaction steps involved in the electrocatalytic processes.
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