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Abstract: In this review, we focus on a small section of the extensive literature that deals with the materials
containing pristine defective CNs and those incorporated in the hybrid materials. We will discuss only those
topics that focus on structural defects related to the introduction of perturbation into the surface topology of a
nanostructure. We focus mainly on the method using microwave (MW) irradiation, which is a powerful tool
for synthesizing and modifying carbon-based solid materials. In addition, the simplicity of the technique,
economy, and the possibility of conducting the reaction in solvents and solid phase, in the presence of
components of different chemical nature, allows use in various combinations. In this review, we will emphasize
the advantages of synthesis using MW-assisted heating and indicate the influence of the structure of the
obtained materials on their physical and chemical properties. We will also highlight the role of the occurrence
of defects in the carbon material and the implication in designing their properties and applications.
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1. Introduction

The term “nanoscale” has been conventionally used to refer to size scales of 1-100 nm.
Nanotechnology is now ubiquitous. It also applies to structures that are built of many atoms, forming
groups called nanostructures. These consisting mainly of carbon atoms (carbon nanostructures, CNs),
are among the most popular in this group. Different morphological variations of CNs, for example,
nanocones [1], nanotubes [2], diamond-like carbon [3,4], onion-like carbon [5], nanofibers [1],
graphene [6], and graphdiyne [7-9], have become quite well known [1,5,6,10,11]. The widespread
fascination with discovering new allotropic forms of carbon materials and studying their
physicochemical properties is already passing away. However, in some areas, they are still in the
spotlight. For example, in materials science, CNs play a valid role in research and are considered an
essential component of future materials and devices.

We are familiar with the advantages and disadvantages of CNs [12,13], which are mainly made
of carbon atoms. We realize that combining several hundred or thousand carbon atoms in well-
organized macromolecular systems creates interesting structures with unique properties [14]. How
they are bonded defines the physicochemical properties of the formed CNs [15]. Despite almost
identical chemical compositions, the CNs differ significantly in their physical properties with
different dimensionality and chemical reactivity [14]. These greatly affect their subsequent use in
many areas, mainly in electronics [16,17], catalysis [18,19], energy conversion and storage [20],
sensors [21-23], for biomedical [24], for biological and environmental applications [25-27].

The electrochemical properties of carbon-based electrode materials are closely related to their
chemical composition, structure and defects [28-30]. Among all the candidates, graphene-like and
graphitic materials are perceived to be ideal for catalysis, electrocatalysis and electrochemistry due
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to their excellent conductivity and mechanical stability, large specific area with microporosity, easy
production of defective motifs in their structures (e.g., pentagon defects, edge defects, hole defects
from micropores) and high charged carrier mobility [31-34].

In this review, we focus on the materials containing pristine defective CNs (d-CNs) and those
incorporated in the hybrid materials. We focus mainly on the method using microwave (MW)
irradiation for the synthesis and modification of materials. A simplicity of the method, economy, the
possibility of conducting the reaction in solvents and solid phase, in the presence of components of
different chemical nature, allows to use it in various combinations. We will emphasize the advantages
of synthesis using MW-assisted heating, their chemical and physical properties and applications.

2. Definition of defective CNs

Defects are widely present in nanomaterials, and they are recognized as the ‘active sites’ for
reactions, which tune electronic and surface properties in the local region [35-37]. Concerning the
dimensions, defects in solid nanomaterials can be classified into four categories [35,38—40]:

(a) zero-dimensional (0D) point defects (e.g., doping, vacancy, reconstruction), which can be further
divided to:
- reconstructed or vacancy defects,
- non-metallic-atom-doping induced defects,
- metal defects [36,41];
(b) one-dimensional (1D) line defects (e.g., dislocation);
(c) two-dimensional (2D) planar defects (e.g., grain boundary)
(d) three-dimensional (3D) volume defects (e.g., spatial lattice disorder).

The disorder in the crystal structure is related to the ideal lattice structure [42,43]. Point defects
are defects on a tiny scale, referring even to the defect of a single atom in the crystal. Due to the
location of this defect, we distinguish among them vacancy, interstitial defect, replacement, and
antisite. Line defects are related to disturbances in the crystal structure along the crystalline (for
example, dislocation, steps). Surface defects have a very diverse nature. It is defined as any
disturbance of the crystal structure in one direction. Here we can indicate, for example, twin crystals,
grain boundary, etc. And the last group of defects, the largest in their scale, is defects of the structure
in three dimensions.

A division of defects is also introduced, considering materials” physical and chemical properties.
Here we can distinguish thermal defects (Frenkel and Schottky defects), heteroatom-doping (doping
defects), electron defects in crystal, and nonstoichiometric structured defects. No matter how the
structural defects in CNs are subdivided, they refer to some disturbance of the structure compared
to the ‘ideal structure’ of this nanomaterial. This ‘disturbance’ leads to a change in some specific
features of the nascent nanostructure, consequently modifying the physical and chemical properties
of the CNs.

3. Physical and chemical properties of defective CNs with relevance in catalysis, electrocatalysis
and electrochemistry

Carbon itself acts as a catalyst or material with satisfactory electrochemical performance.
However, amorphous or disordered carbon materials exhibit low activity, chemical, thermal and
electrochemical stability, and oxidation resistance [44—46]. The combination of carbon atoms in a 2D
or 3D manner increases its stability, and at the same time, an organized macromolecular architecture
defines its physical and chemical properties. As for photocatalysis [47,48], electrocatalysis [49,50] and
electrochemical capacitors [29,51,52], reactions usually occur on the contact interface between
catalytic or electronic materials and reactive species. Thus, the reactive interface and its physical and
chemical properties are crucial for an effective reaction. Defects modify the electronic structure of CNs
and optimize the chemisorption of the key intermediates, which should trigger enhanced kinetics for improved
electrocatalytic performance [53].

Microstructural variations of CNTs are strongly connected with their conductivity and field
emission. High-performance field emission (FE) requires low turn-on and threshold fields, good
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electrical and mechanical stability, and dense and uniform emission sites [54]. The CNTs with
excellent conductivity meet the criteria shown above. In Figure 1b,d, on TEM images, the influence
of the MW-assisted hydrogen plasma process on the structural changes of the CNs was presented.
The thinned and open-ended caps of the CNTs can yield larger FE. A schematic representation of the
FE process is illustrated in Figure 1g. The analysis of the intensity ratio of D- and G-peaks (Ip/Ic)
enabled to qualitative evaluate the formation of the CNT’s defects after the plasma processing.
Increasing the intensity of Ip/Ic with increasing irradiation time indicates the formation of defects in
the structure of CNTs. The created sp>-hybridized defects (defected graphite) on the CNT’s walls may
act as new emission sites [55,56]. Figure 1f shows FE J-E curves of the CNTs and CNTs modified at
MW irradiation (200 W, 30 and 60 min.) in terms of emission current density. Analysis of the curves
indicates typical F-N-type behavior [57]. The determined work function for the hydrogen plasma
process (4.75 eV) is attributed to the increased state density of defects after plasma processing. FE
stability of the CNTs and CNTs modified at MW irradiation (400 W, 60 min.) is presented in terms
of J vs. time. As is shown in Figure le, hydrogen plasma processing affects the stability of the
obtained material. Summarizing, both phenomena affect increasing electron transferring traces and
enhance CNT’s FE performance.

Open-end CNT

Figure 1. Low resolution TEM images of (a) a capped CNTs and (b) a thinned and open-ended CNTs.
HR-TEM images of (c) an as-grown CNTS with 60 layers and (d) an MW-assisted hydrogen plasma
processed CNT with ~40 layers and defected outer shells. Reprinted with the permission from
Elsevier, Ref. [54].

Another important parameter known to influence electrocatalytic and electrochemical
properties is surface chemistry [58-61]. The chemical functionalization of the surface through
heteroatom incorporation, defect engineering, and structure modulation can provide efficient
approach to enhance the catalytic activity. When the non-metal dopants are introduced into the
carbon layer, they may lead to charge polarization between the heteroatom-doped and the adjacent
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C atoms due to their different electronegativity [53]. When the non-metal dopants are introduced into
the carbon layer, they may lead to charge polarization between the heteroatom-doped and the
adjacent C atoms due to their different electronegativity [53,62]. The six non-metallic heteroatoms
with various electron negativities were selected (Figure 2) [62], which act as active sites for catalytic
and electrocatalytic processes:

(i). N and O acting as electron acceptors for the adjacent C [41,63-65],
(ii). B, F, Sand P acting as electron donors for the adjacent C [66-68].

Some examples of heteroatom doping are presented in Table 1. The heteroatom incorporation
could trigger electron transfer to enhance the electrical conductivity of CNs. On the other hand, the
electrical conductivity is determined by the carrier concentration, specific band structure near the
Fermi level, and charge distribution [61]. These carbon defect-based motifs tailor the local charge in
graphene layers and lead to the improvement of the catalytic effect, which is mainly influenced by
the nature and amount of the doped heteroatoms [41,69-71]. The latter results from the doping
process using various substrates and methods. We can distinguish thermal annealing at the gaseous
atmosphere and pressure [63,72,73], pyrolysis [63], chemical vapor deposition [74], MW-assisted
synthesis [75], arc-discharge evaporation [76], etc. Some of these methods are used as one-step
processes; others must be supported by multi-step strategies that optimize the reaction conditions.

Doped graphene Incident microwaves _,
structures H
<% T
i

£

~Reflected microwaves
T

-Interfacial Polarization

MRG Sheet | Multiple Scattering
— Residual defects
and groups of MRG
sheet act as polarized/
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Figure 2. (a) Schematic representation of possible positions for dopant atoms in the graphene network.
In each case, the normal and cross-sectional views of the doped material are provided for easier
visualization. The representation does not include the actual number of chemical bonds between the
elements. Reprinted with the permission from Elsevier, Ref. [62], (b) Schematic representation of
possible MW absorption mechanism in B-N-MRG Sample. Reprinted with the permission from
American Chemical Society, Ref. [77].

Table 1. Some examples of CNs doped by heteroatoms and their short characteristic.

Heterqatom Substrates Carbon Methods Applications Ref.
doping nanostructures
Nitrogen Collagen OLC Thermal annealing ~ ORR catalysis [72]
o . ORR catalysis
Acetonitrile CNO Pyrolysis Nitride sensor [78]
Graphene .
Acetonitrile Graphene CVvD Supercapacitor [74]
h RR, OER, HER
Grap ene Graphene  Thermal annealing ORR, O g [79]
Melamine catalysis
Melamine Polymerization ORR and _OER
L-cvsteine Graphene Pyrolvsis catalysis [41]
Y yrow Zn-air batteries
CNT Cﬂiﬂfus Carbonization ORR catalysis  [73]
Ionic liquid Post-modification y

(Core-sheath)
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Pyrolysi
CNT CNT/porous YroLysis

Melamine carbon

ORR catalysis
Zn-air batteries

Polymerization [80]
Post-modification

MW-assisted
Citric acid assiste

Urea GQD hydrothermal Gas sensing [81]
s process
Aniline .
Polymerization
Acetonitrile, .
pyridine, amine Carbon Hard—templ.atmg Electrochemistry  [82]
nanoflakes Pyrolysis
N2 gas atmosphere
Halogen Graphite Electrochemical
8 Halogen- rGO exfoliation/post- ORR catalysis [83]
(F,Cl, Br, I) . . e
containing acids modification GO
Melamine Graphitic carbon
Sulfur . nitride (g-CsNas) Pyrolysis NO: gas sensors  [63]
Thiourea
nanoflakes
. Compounds
Multi- .. CNT . .
heteroatoms Contalmncg S,O,N, S,0,N) Post-modification ORR catalysis [84]
Compounds CNT I .
containing O, N, C (N, O) Post-modification ORR catalysis [64]
Solid graphite rod
Nitrogen CNT Arc-discharge Conductors
. [76]
atmosphere (N, B) evaporation Magnetoconductors
Amorphous boron
Melamine Graphitic carbon . .
Phosphoric acid nitride (P) Thermal annealing ~ ORR catalysis [85]
Citric acid GQD Hard-templating Fluorescence [86]
L-cysteine (N, S) Carbonization detection of Fe3+
ND CNO . .
Boric acid (N, B) Thermal annealing ORR catalysis [87]
Olive oil CNO Pyrolysis
Fuel cell 7
Nitric acid (N, O) CVD uet cetls 73]
Carbon .
Benzene nanocages (O, Hard—templatlr}g ORR catalysis [31]
N) Thermal annealing

* Abbreviations in alphabetical order. CNO: carbon nano-onion; CNT: carbon nanotube; CVD: chemical vapour
deposition; GO: graphene oxide; GQD: graphene quantum dot; HER: hydrogen evolution reaction; ND:
nanodiamond; OER: oxygen evolution reaction; OLC: onion-like carbon; ORR: oxygen reduction reaction; rGO:

reduced graphene oxide.

Doping is a critical process that significantly affects the conductive properties of carbon
materials, creating electron holes (p-type doping) in the graphene layer or places with an excess
negative charge (n-type doping) [88]. The authors observed the synergistic effect of two kinds of
heteroatom-doping (B- and N-co-doped and P- and N-co-doped CNs), where the electron transfer
and reaction energy in ORR and oxygen evolution reaction (OER) was strongly affected by co-doping
[66,68,89]. It should be noted that only some atomic configurations are preferred. Density functional
theory calculations indicated that the chemical coupling of B- and N-pyridinic active sites boosts the
ORR activity when the distance between two atoms is small [89,90].

Because the mt-conjugation, sp?-hybridized CNs can serve as electron donors or acceptors when
coupled with other elements with different electronegativity. The carbon 7 electrons are triggered by
breaking the integrity of m-conjugation [31]. N-doped CNs are activated by conjugating with the lone-
pair electrons from N dopants, and as a result, the C atoms neighboring N become ORR active [31].
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There is a hot debate on which type of N atoms (graphitic N or pyridinic N) is favorable in ORR
activity [91]. The most recent theoretical research demonstrates that the C atoms with Lewis basicity adjacent
to pyridinic N are the active sites for the ORR [67]. The carbon 7t electrons in B-doped CNs are activated
by conjugating with the vacant 2p- orbital of B. In these nanostructures, the B sites become active for
ORR [31]. In acidic electrolytes, CNs co-doped with N and S are very promising [30]. The presence of
N-C-S-defect-based motifs in carbon materials decreased the energy barriers for ORR in acidic
solutions. The half-wave potential was lower than that of Pt/C commercial electrocatalyst [30].
Apart from doping elements, other factors such as surface area/porosity/morphology of the materials
affect the catalytic activities [53]. CNs easily form pores of different sizes (micro-, meso- and
macropores) owing to their flexible bonding and surface properties. The porous structures and the
different pore size may affect different steps involved in the catalytic reaction:
(i). micro-pores allow more active sites into the electrolyte,
(ii). meso-pores can facilitate the mass transport in the catalyst layer,
(iii). macro-pores ensure the long-term stability of the catalyst [53].

Zheng Hu and coworkers presented an exciting example of carbon nanocages preparation and
the influence of defective CNs on electrocatalytic activity in 2015 [31]. Carbon nanocages were
synthesized by the hard-templating method from benzene as the precursor. The pyrolysis at the
different temperatures (700, 800 and 900°C) results in the formation of carbon nanocages with a
cuboidal hollow structure 10-20 nm in size with a shell thickness of four to seven graphitic layers
(Figure 3a). Increasing the temperature led to increasing of the average size and wall thickness of the
nanocages, and simultaneously, to decreasing specific surface areas of 1713 m?/g (700°C), 1009 m?/g
(800°C), and 614 m¥/g (900°C). Temperature also affects the distribution of pores and the number of
defects in the structure. Micropores (~0.6 nm) and mesopores (5-50 nm) coexist in the materials.
However, an increase in temperature causes the pore distribution to shift towards the mesopores
(Figure 3b). As the temperature increases, the crystallinity of the material increases, i.e., the number
of defects in the material decreases (Figure 3c). The highest concentrations of the defects was detected
for the material pyrolyzed at 700°C. Defects in carbon nanocages are recognized as the topological
disclinations at the corner, the surficial broken fringes, and the holes through the shell (Figure 3d).
The theoretical and experimental studies showed that zigzag edge and pentagon defects are responsible for the
electrocatalytic activity of carbon nanocages.
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Figure 3. Characterizations and schematic structural characters of the carbon nanocages. (a) HR-TEM
image of CNC700. (b) Pore size distributions. (c) Raman spectra. Ip/Ic is the area ratio of the D peak
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to the G peak. (d) Schematic structural characters of the carbon nanocages. I, II, and III in panels a and
d represent three typical defective locations, i.e., the corner, the broken fringe, and the hole,
respectively. Reprinted with the permission from American Chemical Society, Ref. [31].

Carbon materials used as active materials in capacitors show direct relationship between the
electrostatic capacitance and their specific surface area (SSA) values [92]. However, the increase of
the specific capacitance is only observed for low SSA values, but it tends to plateau rapidly. Therefore,
how the surface is developed significantly impacts the value of specific capacitance achieved [92]. For
example, carbon nanoonions (CNOs) derived from NDs in the temperature range between 1,300 and
1,800°C have displayed high SSA values. The SSA values determined by N2 gas adsorption were
between 380 and 680 m?/g [93], which is lower than that of many carbon materials. Still, it is fully
accessible for ion adsorption due to the absence of a porous network inside the particles [94,95].

Nanoscale systems do not directly comply with the above rules. In this case, the nanoscale and quantum
effects must be frequently considered. The nanoscale implies a large surface area to volume ratio,
indicating the enhanced role of the surface for capacitive storage [96]. Indeed, more than the total
porous volume, the pores’ formation (pore size and distribution) is more important. In addition, the
carbon defects such as dislocation, atom vacancies and stacking faults constitute the active sites area (active
surface area, ASA) [97]. It is an intrinsic structural characteristic of graphitic CNs [98]. Several
experimental, as well as theoretical studies, have shown that the experimental conditions during
temperature annealing treatments have an influence on ASA of the CNs [98]. The studies confirmed
that defects in graphitized carbons at the nanoscale play a significant role in enhancing the
electrochemical behavior in aqueous electrolytes. A comparison between different energy storage
devices designed for microelectronics power applications showed that using the ‘small’ spherical
nanostructures resulted in high power and high energy [99]. Compared to conventional carbon black
and graphite nanoparticles, for example CNOs consistently lead to better gravimetric and volumetric
performance [12,99].

4. MW-assisted synthesis for the preparation and modification of materials containing defective
CNs

4.1. Definition of MW-assisted synthesis

Microwave-assisted (MW) irradiation is a powerful heating method for carbon-based solid
materials because they are usually very good absorbents of MW irradiation [100,101]. This high-
frequency electromagnetic radiation with a wavelength between 0.001 and 1 m (frequencies between
300 and 0.3 GHz) can achieve a temperature of over 1,000°C within a few minutes. Heating of the
material is possible due to the interaction of charged particles in some materials with the electric field,
which is a component of electromagnetic radiation of appropriate energy [102,103]. When polar
molecules interact with MW radiation, this causes them to rotate and move, and this, in turn, causes
friction. Consequently, the generated energy is dissipated as heat (dipolar polarization). In the case of
solid phase materials that are dielectrics, charged particles such as pi electrons in carbon materials
induce a current flow in the material. In this case, the energy is also dissipated as heat, which is related
to the Maxwell-Wagner effect (interfacial polarization). For the optimal interaction of MW with solid
materials, its penetration depth also has to be considered when using the MW heating method [102].
However, it has to be noted that penetration depth becomes a critical factor in micron-scale materials.
For the materials in the nanoscale, this problem should not occur.

Major advantages of using MW heating [101]:

contactless heating;

a direct transfer of energy to the reactants;

independence from heat convection;

rapid heating rates;

easy control of irradiation parameters;

selectivity of heating, the possibility of conducting the reaction locally and volumetrically.
The MW-based methods may be divided into two groups:

ANENENENENEN
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v top-down; methods, which include the transformation of solid materials into carbon
nanomaterials;

v bottom-up; methods, which include the preparation of carbon nanomaterials from liquid or
gaseous carbonaceous precursors.

It is possible to use the energy of the MW irradiation to create new carbon materials and as a
method for purification, functionalization or annealing of CNs [103]. It is often a method supporting
other processes and procedures. Depending on the specific structural properties of the CNs, MW
irradiation interacts specifically with the material due to the particular absorption properties of the
CN5s [104]. The temperature reached in a given process will depend on many parameters. Depending
on the type of CNs, their purity (for example, metallic dopants), the defects structure, functional
groups on the surface (for example, containing oxygen), and during the interaction of the carbon
material with MW irradiation, local heating may occur. Conversely, when the carbonaceous material
is a poor absorber of MW irradiation, it is necessary to add substances to make the MW heating
process more efficient [102,105]. In this case, substances such as polymers, conducting materials or
ionic materials, metallic nanoparticles, etc., are added [106-108].

4.2. MW-assisted synthesis for the preparation and modification of defective CNs: implications on properties
and applications

MW-assisted synthesis is a powerful heating method for preparing or modifying carbon-based
solid materials [109]. Currently, this method is most often used to design and modify graphene (G),
carbon nanotubes (CNTs), carbon quantum dots (CQDs) and nitride carbon. By MW-assisted heating
with the different carbon source (graphite [110,111], metallocenes [104,111], carbon nanoparticles
[112], polymers [113,114], etc.), the power and reaction time, in the presence of catalyst and in the gas
phase, different CNs were synthesized. Some examples with a brief description are presented in Table
2.

Table 2. Some examples of using MW-assisted synthesis for the preparation and modification of
pristine d-CNs and hybrid materials containing d-CNs.

. Materials containin Methods . Refs.
Defective CNs d-CNs & Parameters Applications
d-G (hydrogel) MW -assisted Supercapacitors [115]
synthesis (340 F/g at 0.5 A/g)
(800 W; 5 min.)
Hydrothermal
process
N,5-GO MW -assisted Supercapacitors [88]
synthesis
(800 W; 5 min.)
MW-assisted Supercapacitors [116]
S-r1GO synthesis (238 F/g)
(140°C; 30 min.) &
N,B-rGO MW-assisted EMI shielding [77]
Pristine d-CNs synthesis devices
rGO (porous) MW -assisted Supercapacitors [117]
synthesis (568 F/g at1 A/g)
(700 W; 180°C; 6
min.)
rGO IL-assisted Supercapacitors [118]

MW synthesis (135 F/g; 58 Wh/kg;
(700 W; 15 5.) 246 kW/kg)
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d-CNT MW hydrogen
plasma processing
d-CNT MW-assisted
synthesis
(C2H2/Hz, 0.6 ratio;
900 W; 35 min.)
N-CQD/ox-MWCNT MW -assisted
synthesis
(700 W; 10 min.)
GO/g-CsNa Ultrasonic-MW-
assisted synthesis
(700 W; 5 min.)
N-PGF MW-assisted
synthesis
(800 W; 4 s.)

CNT/Fe20s CVD growth of
CNTs
Hard templating
Hydrothermal
method
MW-assisted
synthesis
N-MWCNT/FesOs4 CVD growth of
MWCNTs
MW-assisted
solvothermal
synthesis
(800 W; 1.5 min.)
CNT/NiMn204 MW-assisted
hydrothermal
synthesis
(800 W; 160°C; 1 h)
MWCNT/CoMoO: MW-assisted solid-
state synthesis

Hybrid materials
containing d-CNs

(480 W; 8 min,;
720 W; 7 min.)
NiS@CNT/NiO MW-assisted solid- ~ Supercapacitors
state synthesis (810 F/gat1 A/g)
(1000 W; 60 s.)
0x-CNT/o-PDA-co- MW -assisted Supercapacitors
ANI synthesis (147 F/g at 0.5 A/g)
rGO/NiS MW-assisted Supercapacitors
hydrothermal (1746 F/g at 1 A/g)
synthesis Solid-state
(700 W; 4 min.) Supercapacitors
(14.20 F/g; 7.1 Wh/kg;
1836 W/kg)
rGO/FesOu Chemical exfoliation Lithium-Ion Battery
MW-assisted Electrodes

synthesis

Vacuum electron
sources
Sorbents (removing
organic pollutants
from wastewater)

Electrocatalysis
DSSC

Photocatalytic
H: evolution

Supercapacitors
(12.3 mW h/cm;
0.42 W/cm)
Sorbents
Lithium-Ion Battery
Electrodes

Superparamagnetic
materials

Supercapacitors
(916 F/gat1 A/g;
36.5 Wh/kg;
800 W/kg)
Supercapacitors
(170 F/g at 0.1 A/g)

[54]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]
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rGO/CNT/Ninp

GO/NiO

rGO/NiO/Co030s

rGO/CoAl-LDH

rGO/NiAl-LDH

rGO/NiMoOa4

N-G/NiS

rGO/MnCo0204

G/a-MoOs

rGO/CoSe2

G/Co09Ss

rGO/MnN

rGO/MnO:2

(700 W; 1.25-1.75
min.)

Thermal exfoliation Lithium-Ion Battery

MW-assisted
synthesis
(700 W; 5 min.)
Exfoliation
MW-assisted
synthesis
MW-assisted
synthesis
(700 W; 45 sec.)
MW-assisted reflux
synthesis
(1000 W; 100°C; 2 h)
MW-assisted reflux
synthesis
(1000 W; 100°C; 2 h)
MW-solvothermal
synthesis
(200 W; 115°C; 25
min.)
Thermal annealing
MW-assisted
synthesis

Exfoliation
Reduction
MW-assisted
synthesis

(900 W; 45, 55 and 70

s)
MW-assisted
synthesis
(700 W; 7 min.)
MW -assisted
synthesis
(700 W; 7 min.)
Thermal annealing
MW -assisted
hydrothermal
synthesis
(700 W; 160°C; 30
min.;
8-10¢ Pa)
MW-assisted
synthesis
(900 W; 1 min.)
Conventional
synthesis

Electrodes

Energy storage

devices

(549 F/g at 10 mV/s)
Supercapacitors

Supercapacitors

Supercapacitors

Supercapacitors

Supercapacitors
(1468 F/g at1 A/g;

66.6 Wh/kg;
405.8 W/kg)

Supercapacitors
(562 F/g at 20 mV/s)

Supercapacitors
(483 F/gat1 A/g)

Supercapacitors
(761 F/gat1 A/g;

43.1 Wh/kg)
LED

Supercapacitors
(1150 F/g at 5 mV/s)

Sodium ion batteries
Supercapacitors

EMI shielding

Supercapacitors
(140 F/g at1 A/g)
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MW -assisted

synthesis
(700 W; 2 min,;
21 cycles)
N-rGO/Pd MW-assisted Direct-Ethanol Fuel [144]
synthesis Cells
(900 W; 1 min.)
rGO/Pd MW-assisted Electrocatalysis [145]
synthesis (Ethanol Oxidation)
S-rGO/NiFeS: MW-assisted Supercapacitors [146]
synthesis (1073 F/g at1 A/g;
45.7 Wh/kg;
222 W/kg)
3D Pd-E-PG MW -assisted H: storage [147]
synthesis CO oxidation
(700+900 W; 30+60
sec.)
NiF-G/SimonK MW-hydrothermal  Supercapacitors [148]
synthesis (836 F/g at1 A/g)
G/NiCoS MW-assisted Supercapacitors [149]
synthesis (1186 F/g at1 A/g;
(600 W; 20 min.) 46.4 Wh/kg)
G/CNT/Pd IL-assisted MW Energy storage [150]
synthesis systems
(1615 F/g at 10 mV/s)
CMK-3/CNT Hard-templating Supercapacitors [151]
method (B15F/gat1 A/g)
MW -assisted
synthesis
(700 W; 305s.)

* Abbreviations in alphabetical order. CMK-3: ordered mesoporous carbon; CNT: carbon nanotubes; CQD:
carbon quantum dot; d-CNT: defective carbon nanotube; DSSC: dye-sensitized solar cells; EMI: electromagnetic
interference; G: graphene; GO: graphene oxide; rGO: reduced graphene oxide; g-CsNa: graphitic carbon nitride;
LDH: layered double hydroxide; LED: light emitting diode; MnN: manganese nitride; MWCNT: multi-walled
carbon nanotube; N-PGF: nitrogen-doped porous graphene framework: NCS: nickel cobalt sulfides; NiF: nickel
foam; ox-CNT: oxidized carbon nanotubes; 0-PDA-co-PANI: copolymer of ortho-phenylenediamine and aniline;
3D Pd-E-PG: Pd-embedded three dimensional porous graphene; SimonK: Simonkolleite (Zns(OH)sCl2-H20).

Figure 4 presents two examples of MW irradiation’s use for synthesizing different compositions
of carbon-based materials. Panel (I) shows the preparation of N-CQD/MWCNT material using the
conventional method and MW-assisted synthesis [120]. The first stage of the process was based on
the most popular way of MWCNT oxidation using concentrated nitric acid. As a result of this
reaction, oxygen-containing functional groups were introduced on the MWCNT surface. In the
further stage of the reaction, these sites, called structural defects, are active sites for further
functionalization.

Further, in the presence of urea and citric acids and under heating, nitrogen-doped carbon
quantum dots are formed on the surface of MWCNTs (Panel (I), Figure 4). The authors of this work
also carried out, for comparison, the stage of N-CQD production under conventional reaction
conditions. The data summarized in the table indicate that using MW irradiation to synthesize N-
CQDs shortens the reaction time and energy consumption and increases the efficiency of the reaction.

Panel (II), Figure 4 shows the possibility of multifunctional use of MW irradiation, depending
on the power and duration of its use. Kumar and colleagues used the MW irradiation process to
obtain nanohole-structured and Pd-embedded 3D porous graphene (3D Pd-E-PG) [147]. The process
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was multi-stage, but thanks to the short times of using MW irradiation, it was easy to perform, as
shown schematically in the figure. The first stage was graphene’s exfoliation and adding ethanol and
palladium acetate to the reaction mixture.

(1) A

Fluorophore
Bare

)
_ Conventional Microwave
10

Time (min) 720
Production yield (%) 50 -60 95 | s
Energy (kJ) 15480 420

: NCQDs@
i MWCNTs

Pafladium acetate < i 3D Pd-E-PG

Figure 4. Panel (I): Schematic illustration of synthesis of MWCNT/NCQD, where mild oxidation
generates active sites for the growth of NCQDs. The inset table compares the conventional synthesis
with MW-assisted process. Reprinted with the permission from Elsevier, Ref. [120]. Panel (II):
Synthesis route of nanohole-structured and Pd-embedded 3D porous graphene (3D Pd-E-PG) and
corresponding SEM images. Schematic illustration of the MW fabrication process of the 3D Pd-E-PG.
(a) SEM image of MW-exfoliated graphene oxide. (b) SEM image of the uniform decoration of Pd
nanoparticles on graphene layers after low-power MW irradiation. (c) SEM image of the aggregation
of Pd nanoparticles after successive high-power MW irradiation. (d) SEM image of nanohole
generation and the perforated graphene structures after multistep MW irradiation. Reprinted with
the permission from American Chemical Society. Ref. [147].

Then, under the influence of MW irradiation with a power of 700 W, within 30 sec. Pd
nanoparticles were created. Next, MW irradiation with a power of 700 W for 60 s was applied again,
which caused the formation of a 3D structure consisting mainly of agglomeration of Pd nanoparticles.
In the last stage of the process, a higher power MW irradiation (900 W, 60 s) was used, which caused
the perforation of graphene layer (creation of defects). Holes of a size analogous to Pd nanoparticles
enabled the distribution of nanoparticles in the entire volume of the carbon material, creating a
compact and interconnected structure of 3D Pd-E-PG. The course of each stage was confirmed by
scanning electron microscopy (SEM) imaging (Figure 4a-d, Panel (II)). Figure 4a (II) shows the
graphene layers, which, as a result of MW irradiation form a brush-like and wrinkled structure. In
the next stage, the Pd nanoparticles are evenly distributed on the graphene layers (Figure 4b (II)). As
a result of MW irradiation of a certain time and power, the graphene layers are covered with a large
amount of Pd nanoparticles. Further irradiation leads to the formation of nanoholes (10-100 nm)
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(Figure 4c (II) and Figure 4d (II)), in which metallic nanoparticles are placed, creating a 3D structure
of Pd-E-PG, with the simultaneous formation of increasingly larger metallic agglomerates.

Generally, the synthesis or modification of carbon-based materials using MW irradiation follows
the presented paths. In some cases, it is necessary to run the reaction in multiple steps, mainly to
increase the yield of the reaction. Despite this, the procedures are much more straightforward, thanks
to the short reaction times under MW-assisted heating. In addition, in the case of these methods, the
purification process is much simpler.

Graphene is a 2D atomic crystal with extreme mechanical strength and high electronic and
thermal conductivities. Due to these outstanding properties, it has been one of the most frequently
used CNs in scientific research in recent years. In the case of this carbon structure, MW irradiation is
not used to prepare it in bottom-up processes. However, MW irradiation is used to modify graphite
precursors due to its simplicity. Exfoliation is therefore possible, yielding graphene oxide (GO) [152];
reduction of GO [115], resulting in reduced GO (rGO) [117]; doping of graphene layers with
heteroatoms [88,116,118] or combination of two kinds CNs in one material [121,122].

MW irradiation is often used to functionalize graphene layers. Controlled creation of defects in
graphene based materials is a promising strategy to tailor the electrical, electrochemical, and
electrocatalytic properties. For example, a hydrogel was obtained from oxidized graphene during
MW-assisted synthesis in hydrothermal conditions (Figure 5a) [115]. This one-step process resulted
in a 3D carbon structure resembling crinkled paper. Such a 3D graphene structure can accelerate the
transport and diffusion of ions, and functional groups reduce the aggregation of graphene layers.
The obtained material exhibits a high specific capacitance (Cs) of 340 F/g at the current density of 0.5
A/g and excellent stability with approximately 97.3% retention of the initial Cs after 20,000 cycles (at
10 A/g) (Table 2). These parameters indicate that d-G (hydrogel) may be a promising electrode
material for high-performance supercapacitors.

Analogous conditions were also used to obtain GO-based gelatin aerogels (Figs. 5B and 5e) [152].
In binary aerogel, non-covalent and covalent interactions are under acidic and alkaline conditions.
The modulus of elasticity increased 6-fold and 1.38-fold, and the swelling ratio (SR) increased 1.2-
fold and 1.4-fold for aerogels at acidic and alkaline pH, respectively, when the gelatin content
increased. In addition, a higher SR value was found for the aerogel synthesized in an alkaline
environment. The properties of the aerogel obtained using MW irradiation were compared with this
synthesized using conventional heating. Similar physicochemical properties of both aerogels were
identified; however, the SR value was 1.5 times higher for the aerogel synthesized using MW
irradiation.

The following example shows the possibility of using the MW-assisted method to produce
porous reduced graphene oxide (rGO) (Figs. 5e and 5f) [117]. Conducting the synthesis under MW
irradiation conditions causes a shorter period and lower temperature employing hydrochloric acid
as an etching agent. In addition to lowering energy consumption, preparing the material under these
conditions leads to obtaining material that avoids the restacking of subsequent rGO layers and
numerous pores and promotes the improvement of material transport efficiency. It is a critical
phenomenon because reduced GO is characterized by a strong stacking effect of individual graphene
layers, which significantly limits the potential of using this material in devices that accumulate
electric charge. The combined macro/mesopore effect in porous rGO provides accessible ion transport
pathways for the base electrolyte compared to conventionally prepared rGO. The electrochemical
studies show, that for the synthesized rGO calculated Cs was 568.5 F/g at 1 A/g with a remarkable
capacity retention after longer charge/discharge cycles (Table 2).

An exciting example of using MW irradiation to modify GO is the method presented by Kwang
S. Suh et al. [118]. The proposed facile and scalable method leads to the production of rGO by ionic
liquid-assisted MW chemistry. Ionic liquids were used as sources of dipoles and the doping element
rGO. The resulting material is characterized by the open porous architecture of rGO filled with IL
moieties that results of easy ions transportation, and consequently exhibited a high Cs of 135 F/g.
Additionally, a device operated at a voltage of 3.5 V exhibited a high energy density (~58 Wh/kg)
and power density (246 kW/kg).
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Figure 5. SEM image of (a) functionalized graphene [115]. (b) Photograph of gelatin-GO aerogel [152]
and (c) SEM image of gelatin-GO aerogels G10GOs [152]. SEM images of (d) 1:1.5NSG [88], (e) prGO
(GO:ZnO=1:4) [117], (f) rGO/ZnO (GO:ZnO=1:4 (without HCI)) composites [117], (g) S-rGO-0.25 [116].
Reprinted with the permission from Elsevier, Refs. [115-117,152]. (h-j) TEM images of (h) MRG, (i) B-
MRG, and (j) HRTEM image of B-N-MRG, Reprinted with the permission from American Chemical
Society, Ref. [77]. .

MW radiation can easily be adapted to modify the graphene structure so that the carbon atoms
in the graphene layer are replaced with other heteroatoms, such as N, S, P, or B [82,88,116] (please
see Table 2). Interesting example was presented by Deepak K. Pattanayak and coworkers in 2020
(Figure 5d) [88]. A facile and one-pot MW-assisted synthesis resulted in doping of graphene with
nitrogen and sulfur atoms (N,S-GO). Due to a superior amount of heteroatoms content (14.9% of N
and 4.3% of S) in the graphene, the obtained material shows Cs of 310 F/g in two electrodes symmetric
configuration using 1 M H2S0x4 electrolyte. N,5-GO was also used in non-aqueous organic and ionic
liquid electrolytes, where N,S-GO shows Cs of 226 F/g and 150 F/g with an energy density of
32 Wh/kg, respectively. The explanation of the heteroatom-doped graphene layer and the effect on
the change of physical properties are described in detail in paragraph 3. Here we will limit ourselves
to discussing only some interesting literature examples of the preparation of this type of doped
structure.

Doping heteroatoms are an effective way to modify the physical properties of rGO. The
modification of rGO using MW-assisted synthesis was applied to prepare S-doped rGO with different
concentrations of sulfur (Figure 5g) [116]. The synthesis was performed in mild experimental
conditions; at 140°C for 30 min, which led to the wrinkling and folding of graphene sheets. The
material with the highest content of sulfur shows the excellent electrochemical performance. A five-
fold increase in the number of sulfur atoms in the graphene sheets leads to an increase in the value
from 61.7 to 237.6 F/g. With simultaneous high electrochemical stability, a capacitance retention of
106% after 10,000 cycles; the synthesized material has a promising potential for supercapacitor
applications.


https://doi.org/10.20944/preprints202308.0283.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0283.v1

15

MW-assisted synthesis was also used to prepare B- and N-doped; and B, N-co-doped rGO
(Figs. 5h-5j) [77]. The synthesized material possesses electromagnetic interference (EMI) shielding
properties and high electrical conductivity. B,N-doped rGO shows high electrical conductivity
compared to other materials: rGO, N-doped rGO and B-doped rGO, which results in better EMI
shielding ability. A high EMI shielding of —42 dB (~99.99% attenuation) for B,N-doped rGO was
measured compared to undoped rGO (-28 dB). The electrical conductivity increases from 21.4 (rGO)
to 124.4 S/m (B, N-co-doped rGO) due to the nano junction inside the material. Their temperature-
dependent electrical conductivity follows 2D-variable range hopping and Efros-Shklovskii-VRH
conduction model in a low-temperature range (T < 50 K).

ND powders with different average particle sizes (from 10 nm to 1 um) are sensitive to MWs
between 2.49 and 9.43 GHz [153]. Increased permittivity with decreasing particle size, polarization
and MW loss has already been observed. The oxygenation and hydrogenation of the NDs (sp-
hybridization was raised in the sample) led to dielectric polarization, and the loss increased [105].
Various methods have been applied to increase the heating rate further and induce demanding
reaction conditions. For example, specific substances, coating (MW-transparent substrates) or
triggers have been added to tune the reaction conditions [101,103,105]. Using NDs in the environment
of conducting polymers (ND-polyaniline) in MW-assisted synthesis significantly enhanced the MW
absorption due to additional and intense polarization originating from the HN-CO groups acting as
asymmetric centers [106]. These studies showed that ND particles might be applied as MW absorbers
in MW-assisted heating. In some cases, such synthesis may require the addition of easily polarizing
substances to tune the reaction conditions and to increase temperature.

MW-assisted synthesis was also applied for the preparation of onion-like structures the heavy
crude oil and carbon catalyst (activated carbon and NiO-MoOs/y-Al:Os; 1:1 w/w) and
tomatoes/carrots as a source of carbon and 30% NaOH [154,155]. The obtained CNs were non-
homogenous with structural imperfections and an empty core; their structure did not resemble ND-
derived CNOs.

The MW-assisted method was also successfully used to prepare and modify other CNs. An IL-
assisted splitting method using MW irradiation as an external energy source produced graphene
nanoribbons from MWCNT or SWCNT [156]. The process was based on two strategies: oxidation
with strong acids and reduction with hydrazine. The MW-assisted method leads to splitting and
expanding tubular graphite nanofibers, which consequently results in the preparation of graphene
nanoribbons in the hundred nanometers. The MW-assisted synthesis was employed to prepare CNTs
from acetylene and hydrogen as precursor gases [119]. The CNTs were tested for their ability to
remove the crystal violet dye. The sorption capacity of CNTs was optimized on the adsorption
process through response surface methodology. It was found that the sorption capacity was 81% at a
pH value of 7.0 with 10 mg/L and a contact time of 25 min.

Using MW irradiation, it was possible to modify the tube walls in such a way as to remove the
capped parts of the CNTs [54]. MW irradiation led to the opening of the nanotubes and the removal
of fragments of the outer layers of CNTs. Moreover, it led to the formation of sp3-hybridized defects
in the nanostructure. The morphology of CNTs was controlled by adjusting MW powers. The thinned
and open-ended structure of CNTs can facilitate electron tunneling through barriers, and the wall’s
defects can serve as new active emission sites.

MW-assisted synthesis was applied to grow N-doped carbon quantum dots (N-CQDs) on the
surface of MWCNTs [120]. In conventional methods, N-CQDs are incorporated into the MWCNT
surface by multistep processes, including synthesis of the N-CQDs, their complex purification,
surface activation, and crosslinking with the MWCNT surface. Using MW irradiation, the method is
simplified by direct MW-assisted growth of NCQDs on the MWCNT surface. Additionally, this
method of surface modification of MWCNTs effectively modulated their surface reactivity and
internal band structure, which has a significant impact when studying electrocatalytic and
photovoltaic processes. The dye-sensitized solar cells based on N-CQDs/MWCNTs, as a counter
electrode, showed 50% higher photovoltaic performance as compared to pristine MWCNTs.
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MW irradiation was applied to synthesizing composite containing GO and graphitic carbon
nitride (g-CsNs), showing photocatalytic activity [121]. The enhanced photocatalytic activity of GO/g-
CsNu is the result of the ability of GO to accept and transport electrons from excited g-CsN4, which
promotes charge separation. The GO/g-CsNs photocatalysts possessed enhanced activities for H
production than pure g-CsNs under visible light irradiation. The GO/g-CsNa photocatalysts can reach
a Hz-production rate of 224.6 umol/h, a value nearly 12 times higher than those obtained for pristine
g-CsNa. The studies show a promising potential of this nanocomposite for an electron collectors in
photocatalytic hydrogen production.

An example of MW irradiation is presented at Gengchao Wang et al. [122], where N-doped
porous graphene frameworks were synthesized. It is another example of creating a composite
consisting of graphene and CQDTs. An N-doped porous graphene framework is synthesized quickly
during several processes running simultaneously. A readily dispersible graphene was an effective
receptor for MW absorption and initiated GO reduction. Next, the reduced part of GO, as an MW
absorbing receptor, results in a reduction of the chain and allows N-doped porous graphene
frameworks formation. The synthesized material possess a very good electrochemical performance
and a volumetric absorption capacity which presents potential application value in catalysis, energy
storage, and environmental protection (Table 2). The electrodes made of GO/g-CsNs4 delivered a
volumetric energy density of 12.3 mWh/cm? at a power density of 0.42 W/cm?. The N-doped porous
graphene frameworks exhibited extremely high volumetric absorption capacity of 100-243 g/cm? for
different oils and organic solvents.

These studies showed that CNs might be applied as MW absorbers in MW-assisted synthesis. In
some cases, such synthesis may require the addition of easily polarizing substances to tune the
reaction conditions and to increase temperature. Optimizing these parameters allows for the
synthesis or modification of the CNs quickly.

4.3. MW-assisted synthesis for the preparation of hybrid materials containing defective CNs: implications on
properties and applications

MW irradiation is also a precious energy source for the preparation of multicomponent systems,
often when conventional synthesis is highly complicated due to its multi-stage nature, product
purification or time-consuming. In addition, it is possible to carry out the synthesis in different
experimental conditions, such as, in the presence of a solvent or the solid phase, in ionic liquids or
using materials of various origins, including inorganic and organic. Combining materials into larger
supramolecular systems or composites is simple, with little time and energy consumption.

An ultrafast MW process allows synthesizing a carbon composite with the ordered mesoporous
carbon as the core and CNT as the shell [151]. A 10-30 seconds MW irradiation catalyzed in-situ CNTs
growth within the nanochannel of ordered mesoporous carbon. The whiskers morphology of the
obtained composite looks like a rambutan. Such interconnection between CNTs and mesoporous
carbon particles effectively bridges 3D conducting networks, promoting ion adsorption and diffusion
of the supporting electrolyte. The preparation of a composite consisting of a copolymer and CNTs
was also performed [128]. The oxidized CNTs were incorporated into the polymer matrix consisting
of poly(o-phenylenediamine-co-aniline) using MW irradiation (for 45 min at intervals of 5 min) to
accelerate the polymerization. The oxidation of CNTs was also supported by MW irradiation for 30
min at 160°C. The combining of these synthetic procedures led to the preparation of a composite with
a needle-like structure of the copolymer. The structure of the copolymer and nanocomposite enables
the effective accumulation of electric charge. They exhibited a high Cs of 147.14 F/g at 0.50 A/g with
a capacitance retention of 82%.

MW irradiation is more often used to combine materials of different chemical nature, mainly for
the synthesis of composites containing CNs and metallic nanoparticles [124,129,138,139,144,147,149],
nanopellets [148] or core-shell structures [125-127]. Metallic nanoparticles can, of course, consist only
of pristine metallic nanoparticles [147,150]; they can form metallic connections of various elements
[125,126], metal hydroxide [132], metal oxides [130,157], nitride [142] or sulfides [129,146], in various
combination, etc.
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Since then, the world-wide studies of electrocatalytic processes have been dominated by
precious-metal-based-materials: Pt-, Pd-, Mo-, Fe- and Co-based catalysts for ORR and HER [158-
160]. Au- and Ag-based catalysts for electrocatalytic CO: reduction reaction (CO2RR) [161,162], and
Ru- and Ir-based catalysts for OER [163,164]. Generally, metal-based catalysts are characterized by
low selectivity, poor durability and susceptibility to gas poisoning. Due to the cost and the scarcity
of some metals, their practical and large-scale using is still limited. Pt nanoparticles have long been
regarded as the best catalyst for ORR. However, due to its notable disadvantages listed above, the
commercialization of these technologies is hampered. Therefore, it is necessary to search for
alternative earth-abundant materials. CNs demonstrate excellent electrocatalytic activity with high
stability [31,41,165]. A new generation of electrocatalysts is developed, in which multiple-proton-
coupled electron transfer and mass transportation is promoted by defective surface of materials [35].
In this context, combining materials of the different chemical nature can optimize the properties of
the designed materials.

The idea of using MW irradiation in composite preparation containing metallic nanoparticle and
CNTs is schematically presented in Figure 6. In the first stage, CNs with metallic precursors and
substances that are good MW absorbers are placed simultaneously in an MW reactor (Figure 6a).
Graphene platelets in ionic liquids and palladium acetate were mixed in this case. Impregnation and
partial exfoliation of graphene happened due to MW irradiation and weak van der Waal’s and -t
interaction. The ionic liquid reduced the diameter of dissolved Pd cations. As a result, they created
Pd nanoparticles, which were distributed on graphene sheets. At the same time, structural defects
are formed in the graphene layer due to MW irradiation or the catalytic activity of the ionic liquid.
These defects act as nucleation sites for core-shell structures of the Pd nanoparticles with imidazolium
shells. During further MW irradiation, the outer organic layer decomposes, resulting in it being
formed carbonaceous gasses. These are carbon sources for CNT growth. Carbon diffuses on the Pd
nanoparticle’s surface and comprises multi-walled core-shell nanoparticles.

It has to be noted that direct bonding between CNTs and graphene was detected due to the
defect-based growth mechanism (Figure 6b). Under these conditions, we get a dense brush of CNTs
with Pd nanoparticles placed perpendicularly to the graphene surface (Figure 6d). By manipulating
the amount of graphene used for Pd and MW irradiation power and time, we can also quantitatively
control the composition of the resulting hybrid material (Figure 6e). It is one of the most exciting
literature examples of using MW irradiation to obtain hybrid materials. In many cases, it is simplified,
mainly when we want to get two-component composites with a random 3D organization. This type
of functionalization was presented in works, in which the carbonaceous component was graphene
[147] and N-doped GO [144]. This process is illustrated in detail in Figure 3 and discussed in
paragraph 4.2. Briefly, in multi-stage MW-assisted reactions, the agglomerated Pd nanoparticles
(diameters of ~10 nm) create physical nanoholes in the graphene sheets. In contrast, much smaller Pd
nanoparticles are incorporated inside graphene layers and bonded to graphene surfaces (Figure 4,
Panel (II)) [147]. The composite is assigned as a nanohole-structured and Pd-embedded 3D porous
graphene (3D Pd-E-PG) (Figure 4, Panel (II)). The results show that the 3D Pd-E-PG nanostructure
has a ~5.4 wt % hydrogen storage capacity under 7.5 MPa and CO oxidation catalytic activity at 190
°C. The synthesized N-GO/Pd material was also used as catalysts for electrooxidation of ethanol with
current density of 10 mA/cm? [144]. Analogous N-rGO/Pd material was used in direct-ethanol fuel
cells [145]. The electrocatalytic activity of N-rGO/Pd was accessed by cyclic voltammetry in the
presence of ethanol. The N-rGO/Pd catalyst exhibit better electrocatalytic performance than rGO/Pd,
with electroactive surface area of 6.3 m?/g and ~3.7 m?/g, respectively.
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Figure 6. Schematic representation of one-pot MW synthesis of 3D carbon hybrid nanostructures
showing vertically grown CNTs on graphene sheets: (a) scheme and (b) mechanism. (c-h) SEM images
of 3D CNs showing CNTs vertically attached to graphene sheets: (c) Pd nanoparticles initially
anchored on a graphene, (d) vertically standing CNTs grown on graphene by Pd nanoparticles, (e)
CNT forest extensively grown on graphene surfaces after lengthy MW irradiation, (f) direct bonding
between CNTs and graphene, (g) mass production of 3D G-CNT-Pd nanostructures, and (h) terrace
structures of hybrid material. Reprinted with the permission from American Chemical Society, Ref.
[150].

In addition to composites containing pure metallic nanoparticles, bimetallic nanoparticles or
other compounds containing a metallic component are often synthesized. To the most common, it
may include metal oxides [124,130,132,138,139,157], nitride [142] or sulfides [129,146], in various
combinations, etc. MW-assisted synthesis is an effective method for the facile and fast preparation of
hybrid materials. It is usually the last stage of the synthesis, often preceded by obtaining CNs or their
initial modification.

A good example is an article on preparing a composite containing MWCNTSs and FesOa [124].
The pristine MWCNTs and N-doped MWCNTs were drilled through the chemical vapor deposition
(CVD) method. Next, the FesOs nanoparticles, with diameters between 5-15 nm, were synthesized
directly on the MWCNT surface in an MW-assisted process. The homogeneous distribution of
nanoparticles on the surface of CNs, formation of defects on the surface of MWCNTs during MW
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irradiation and doping of CNs with nitrogen improve the saturation magnetization of the resulting
composites.

An MW irradiation was also used as an energy source to support the preparation of NiO [132],
MnCo20s [138], and a-MoOs [139,143]. Nanoparticles of metallic oxides were directly grown on
graphene sheets using in situ MW irradiation method. A periodic repetition of MW irradiation
through several cycles significantly increases the efficiency of the synthesis reaction leading to large-
scale processes [143]. Multi-step preparation of sulfides [129,137,148,149] may also be simplified by
using MW-hydrothermal preparation of nanoparticles. In this case, it is not necessary to use chemical
surfactants, and the preparation time is significantly reduced from several days even to a few
minutes. The homogenous distribution of CNs in solution was preceded by partial exfoliation of
graphene, which was carried out by MW irradiation. This approach ensured a homogeneous
distribution of nanoparticles in the bulk of the composite. The nanoparticles were covered with
graphene sheets or intercalated inside the materials. It, in turn, provides a conductive scaffold
constructed from graphene sheets, increasing the material’s specific surface area and chemical
stability. Hybrid composites’ porous and interconnected structures promote charge transport by
encapsulating agglomerated metallic nanoparticles.

Using MW irradiation, it is also possible to obtain core-shell structures quickly [125-127]. In this
case, the CNTs, are surrounded by an inorganic phase, as shown in Figure 7a-d [125]. Briefly, in the
first step, the oxidation of the MWCNTs was performed to increase their dispersibility and to
introduce the nucleation sites for the inorganic nanoparticle creation. Next, a mixture of inorganic
salt and an oxidizing agent was subjected to MW irradiation at elevated temperatures. Consequently,
the walls of the MWCNTs were uniformly covered with an inorganic crystalline phase of various
forms of crystallites. Depending on the irradiation power, temperature or reaction time, the degree
of coverage of MWCNTs varied.

It is also possible to obtain a core-shell structure in the inorganic phase alone (Figure 7f-i). Then
two phases with different crystal structures are distinguished [126]. A CoMoOs nanopellets have a
core-shell form with a well-crystallized bulk. The shell of CoMoOs crystallite is amorphous. In both
cases, the oxidized CNTs were utilized as MW absorbers and heterogeneous nucleation sites for
inorganic nanocrystals formation. The MWCNT/CoMoO: composite shows a promising Cs of 170 F/g
with a potential window of 0.8 V and a cycling stability of 93.2% after 1,000 cycles [126].

The CNT/NiMn20: composite synthesized by a MW-assisted hydrothermal process exhibited
excellent electrochemical performance [125]. The electrochemical studies performed for this materials
is shown in Figure 8. Briefly, the CNT/NiMn20s electrode exhibits a high Csup to 915.6 F/g at 1 A/g
and an excellent cycling stability of 93.0% after 5,000 cycles at 5 A/g. This properties are affected by
the weaker crystallinity of NiMn20Osand more defects and vacancies in CNTs. As shown in Figure 7c,
the CV curves exhibit similar the electrochemical characteristic in the potential window from 1.3 to
1.6 V. An increasing of the voltage window, up to 1.7 V, results in current leap of charge due to the
oxygen and/or hydrogen evolution reaction. The charge-discharge (GCD) curves show good linearity
and symmetry within 1.3-1.6 V potential windows at 1.5 A/g (Figure 8d). An asymmetric
supercapacitor device with a positive electrode composed from CNT/NiMn20: shows the maximum
energy density of 36.5 Wh/kg at a power density of 800 W/kg and a cycling stability of 82.8% after
10,000 cycles at 5 A/g (Figure 8i). This parameters are higher than for other supercapacitor devices
based on NiMn.
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Figure 7. Schematic representation of the core-shell structures prepared by MW-assisted synthesis.
(a,b) The low and high magnification of FESEM images of CNT/NiMn20s composite (c,d) TEM images
of CNT/NiMn204 composite; inset shows the selected area electron diffraction pattern. (e) Schematic
representation of the formation of core-shell structures of the CNT/NiMn204 composite. Reprinted
with the permission of Elsevier from Ref. [125]. (f,g) SEM and (h) BF TEM images of
MWCNT/CoMoO.s. (i) TEM image of individual CoMoOs crystallite (core-shell structure). Reprinted
with the permission from RSC, Ref. [126]. (j) Schematic illustration of the formation of NiS@CNT/NiO
nanocomposites. SEM image of NiS@CNT/NiO. Cycling stability of the ASC (five red LED indicators
were successfully lit). Reprinted with the permission from Elsevier, Ref. [127].

A multi-component nanocomposite consisting of CNTs, NiO and NiS (NiS@CNT/NiO) was
prepared quickly (60 s) using a one-step MW-assisted method (please see Table 2, Figure 7j) [127].
The electrochemical performances of the electrodes were studied concerning different mass ratios of
used substrates and MW conditions performed reaction. The composites containing both inorganic
components: NiS and NiO, showed optimal electrochemical performance. The NiS@CNT/NiO
electrodes showed a Cs of 809.7 F/g at 1 A/g and a cycling stability of approximately 100% retention
after 20,000 cycles at 5 A/g. In the following example, MW-assisted hydrothermal synthesis was also
used to prepare the composite containing NiS and rGO (rGO/NiS) [129]. Compared to the
conventional multi-step preparation process, the MW-assisted synthesis eliminates chemical
surfactants and reduces the preparation time from several days to only 6 h [129]. The electrodes
fabricated from rGO/NiS exhibits a ultrahigh Cs of 1745.7 F/g at 1 A/g and a high capacity retention
after 3,000 cycles with high reproducibility.
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Figure 8. (a) Schematic diagram of CNT/NiMn2O4 asymmetric supercapacitor device. (b) Comparative
CV curves of AC CNT/NiMn20s electrodes in a three-electrode system, 50 mV/s. (c) CVs of the device
measured at different potential window, 50 mV/s. (d) GCD curves of the device measured at different
potential window at 1.5 A/g. (e) CVs at the different scan rates from o to 1.6 V. (f) GCD curves
measured at different current densities. (g) EIS spectra of device. (h) Cyclic performance of the device
at 5 A/g for 10,000 cycles. (i) The Regone plots of the CNT/NiMn204 and comparison with literature
data. Reprinted with the permission from Elsevier, Ref. [125]. .

The symmetric solid-state supercapacitor shows a Cs of 14.20 F/g, an energy density of 7.1 Wh/kg
and a power density of 1836 W/kg. The supercapacitor device based on N-rGO/NiS exhibit similar
electrochemical performance with a Cs of 1467.8 F/g at 1 A/g [137]. In an asymmetric configuration of
N-rGO//N-rGO/NiS in 6 M KOH and graphite sheet as the current collector, the device shows a cyclic
stability of 86.6% after 5,000 cycles, energy density of 66.6 Wh/kg at a power density of 405.83 W/kg.
Due to their high energy and power density and excellent cycling stability, the hybrid materials show
potential for energy-storage applications.

The 3D S-rGO/NiFeS: composite was synthesized by one-step MW alcohothermal method, in
which mercaptoacetic acid is used as a sulfur source for doping of graphene and as precursor of
nickel-iron sulfide [146]. The composite shows a very porous structure and a large specific surface
area, and thanks to chemical bonds with sulfur, it increases the binding of the nickel-iron precursor
to the carbon material. These phenomena ensure the Cs value of 643.9 C/g (1073.2 F/g) at the current
density of 1 A/g in 6.0 M KOH electrolyte. The asymmetric supercapacitor device delivers a energy
density of 45.7 Wh/kg at a power density of 222 W/kg under a wide potential range of 1.6 V. Due to
high energy and power density and excellent cycling stability, the hybrid materials containing carbon
nanostructures and Ni component show potential for energy-storage applications.

Simonkolleite (Zns(OH)sCl>H20) nanoplatelets were deposited on nickel foam-supported
graphene (NiF-G/SimonK) using an MW-assisted hydrothermal method [148]. In this condition, the
porous NiF-G/SimonK composite was obtained, in which the structural and morphological
characteristic significantly affects the electrochemical performance. The NiF-G/SimonK composite,
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used as electrodes, exhibits a Cs of 836 F/g at a current density of 1 A/g and a cycling stability with
capacitance retention of 92% after 5,000 charge/discharge cycles. An MW-assisted synthesis was used
to prepare honeycomb-like graphene/NiCoS (G/NiCoS) composite [149]. The defect-rich structures
of G/NiCoS ensure excellent electrochemical properties of this composite. The device with the
electrodes made of G/NiCoS exhibit a high Cs of 1186 F/g at 1 A/g and a capacity of 89.2% after 10,000
cycles, and an energy density of 46.4 Wh/kg.

Due to their high energy and power density and excellent cycling stability, the multi-component
hybrid materials show potential for energy-storage applications and electrocatalysis.

5. Concluding Remarks

The electrochemical properties of carbon-based electrode materials are closely related to their
chemical composition, structure and defects. They are ideal for catalysis, electrocatalysis and
electrochemistry due to their excellent conductivity and mechanical stability, large specific area with
microporosity, easy production of defective motifs in their structures and high charged carrier
mobility. They are also good candidates for electrocatalysis due to the easy formation of the defects
in their networks that affect decreasing the reaction kinetic barriers while simultaneously increasing
the efficiency and selectivity of the chemical transformation involved. From a chemical point of view,
the essence of catalysis is breaking and re-forming chemical bonds under the influence of an external
force. A simple carbon-carbon or carbon-heteroatom bond formation can produce fuels (Hz and Oz)
using green chemistry processes. Since all these parameters are easily achievable during the creation
or modification of CNs during MW irradiation, it has recently become an increasingly used method.
It was not only the simplicity, reaction time and the possibility of conducting it both in solution and
in the solid phase that decided about it, but mainly the possibility of combining substrates of different
chemical natures. Despite the many advantages of CNs, in some cases, it is necessary to combine
them with an inorganic component. Here, too, an MW irradiation is an excellent source of energy that
activates the course of a chemical reaction between organic and inorganic phases.

In our review, we indicated that it is possible to create multi-component materials thanks to
MW-assisted synthesis. Not only is it easy and quick to combine inorganic and carbonaceous
materials, but often the resulting materials exhibit unique structures and morphologies that need to
be more attainable using conventional methods. Their physical and chemical properties make it
possible to use them in many scientific fields. Here, we focused mainly on the electrochemical and
electrocatalytic properties of the obtained materials because, in these areas, new solutions are
constantly being sought that will enable the production of nanodevices with the optimal parameters.
Unfortunately, many of the solutions presented here still need to meet the parameters desired on an
industrial scale. Despite this, the examples of creating hybrid materials with MW irradiation
presented here have great potential, and this trend should be developed in the future.
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