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Preface

Carbon is one of the unique materials that exist in different forms such as fullerenes,
carbon nanotubes, graphene, etc. Nanocarbons are attracting considerable research
interest in electrochemical energy production and storage due to their tuneable
electrochemical behavior, electronic structure, and porosity. Currently, there is no
book covering unique aspects of nanocarbon including types, synthesis, character-
istics, and emerging applications in the energy area. There are many opportunities
in nanocarbons for energy applications as their properties can be tuned in many
ways. For example, heteroatom doping, functionalization, and making composites
with other materials can significantly improve their energy production and storage
capacity.

The main purpose of this book is to provide current, state-of-the-art knowl-
edge, fundamentals of electrochemistry, design strategies, and future challenges in
carbon-based materials for electrochemical energy storage devices. The key goals
for nanocarbon-based electrochemical devices are to provide safe operation, sustain-
ability, high energy and power density, long working life, and reduced cost. In this
book, the fundamentals and working principles of nanocarbon for electrochemical
energy applications are explored. Volume 1 covers fundamentals and advancement
in nanocarbon for energy storage applications. This book covers new approaches to
the synthesis of nanocarbons for energy applications. The future of electrochemical
devices and challenges for commercial applications are also explored. All the chap-
ters are covered by experts in these areas, making this a suitable textbook for students
and providing new directions to researchers and scientists working in science and
technology areas.

Ram K. Gupta

Professor of Polymer Chemistry
Department of Chemistry
National Institute for Materials
Advancement

Pittsburg State University
Pittsburg, KS, USA
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Introduction to Nanocarbon )

Check for
updates

Shivaraj Dhanushree and Chandrasekaran Nithya

Abstract The field of nanomaterials has received much attention in recent years
for its cutting-edge applications in areas such as energy, environmental, and life
sciences. Owing to their distinct physio-chemical characteristics, nanocarbon with
various dimensions such as OD fullerenes and carbon-dots, 1D graphene nanoribbons
and carbon nanotubes, 2D graphene oxides and graphene, and 3D nanodiamonds have
gained a great deal of interest for applications in photovoltaics, optoelectronics, and
electronics and as well as bio-imaging, sensing, and therapeutics. More interestingly
graphene and CNTs offer unique structural properties like flexibility, mechanical
stability, and electrical and thermal stability which create a revolution in the field of
energy storage and sensing applications. This chapter systematically summarizes the
synthesis of nanocarbons with distinct morphology and discusses how the synthesis
methods influence the structural properties of nanocarbons. Further, the challenges
in the synthesis methods and future perspectives of nanocarbons also discussed.

Keywords Nanocarbon + 2D graphene - Graphene oxides + Carbon nanotubes *
Hard/soft carbon *+ Nanodiamonds

1 Introduction

By means of coupled hybridizing and assembly in a 1D, 2D, or 3D network, carbon
bids an astonishing range of opportunities for the formation of various nanostructures
[1]. The phrase “nanocarbon” refers to a large class of carbon materials, and it is
believed that quantum dimensions at the nanoscale stages have a significant influence
in determining performances [2]. It includes many kinds of carbon materials, from
the more well-known ones, such as single or multiwalled CNTs, CNFs, fullerenes,
and graphene, to the less well-known ones, such as CNHs, nano coils, nanodiamonds,
CNDs, onions, and various hybrid forms, graphdiyne, etc.
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Due to three different carbon hybridizations (sp®, sp?, and sp') giving rise to a
distinct group of nanomaterials in the absence of an analogue in another group of
materials, there are a variety of different types of nanocarbons [3]. Other carbon
compounds, such as glassy carbon, soft carbon, carbon black, hard carbon, and
carbon foams, among others, exhibit a smaller amount of organized structure, as
do other amorphous carbon and active carbon materials. Nanocarbons are being
used to create better materials in several cutting-edge sectors of application, like
storage of energy and conversion, catalytic activity, and others [4]. The following
are some of the various industries that improved with carbon materials: solar panels,
batteries, supercapacitors, fuel cells, electrolyzers, and photo electrocatalytic systems
[5]. Particularly, manufactured nanocarbon substances including fullerenes, CNTs,
CNHs, and graphene have been demonstrated to be particularly advantageous in
several biology-related applications, including medicine transport, biolabeling, and
nanomedicine. Nakamura et al., for instance, recently discussed the use of func-
tionalized fullerenes to deliver the gene encoding the protein that glows green both
in-vivo and in-vitro; elevated expression of genes was seen in both the spleen and the
liver. The present study raises the possibility of using fullerenes as innovative gene
therapy agents. Both carbon nanotubes and carbon nano horns have been demon-
strated to serve as promising candidates for the delivery of drugs and controlled
discharge due to their high drug-loading capacities and protracted blood circula-
tion times. Nanodiamonds are a new platform for drug administration, imaging, and
sensors that has recently gained attention. These substances have higher biocompati-
bility, photostable fluorescence, and increased therapeutic efficacy. A comparatively
recent part of the nanocarbon family of materials, graphene, also exhibits potential
for use in biomedical procedures including drug delivery and regenerative medicine.
Numerous publications have already been written about the properties and potential
applications of nanotubes of carbon, graphene, as well as amorphous nanoparticles
of carbon in biomedicine [6].

Laser evaporation, plasma therapy, molecular beam epitaxy, deposition of chem-
ical vapor, microwave-assisted technologies, micromechanical splitting, chemical
removal, and arc discharge are only a few of the methods used to create carbon
nanomaterials. High temperatures for the reaction are required for these traditional
methods, which also have the shortcomings of complexity, high expenses, and
protracted growth cycles, which restrict their practical use. The advantages of these
traditional methods include high-purity products, effective composition manage-
ment, uniform particle dispersion, source of carbon variability, and access to a
wide range of morphologies. To produce crystalline substances at comparatively
low critical temperatures, control reaction parameters to enhance product purity
reduce agglomeration, and produce carbons with outstanding configuration speci-
ficity and distinctive physical characteristics, solvothermal processes methods are
used to produce the majority of synthetic and doped carbon [7].
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2 Synthesis of Various Types of Nanocarbon

2.1 Synthesis of Graphene

A variety of various precursors were used to create monolayer graphene using a
general direct solid-state pyrolytic conversion process. Now, let’s use its transfor-
mation from sodium gluconate as an illustration. Sodium gluconate (10.907 g) and
Na,COj3 powder (105.99 g) were typically thoroughly crushed in an agate mortar
and pestle at a 1:20 molar ratio. Using a corundum tube and boat, the product was
transferred into a corundum tube placed in a typical horizontal tube furnace (55 cm
length, 5 cm diameter). After being flushed with a flow of Ar for 30 min, the reactor
heated up to 950 °C at a rate of 3 °C/min and kept there for 10 min. After that, the
apparatus was put in an Ar flow and allowed to naturally cool to room temperature.
Treatment with weak hydrochloric acid was done to get rid of any last remnants
of the Na,COs salt. The pyrolysis products were then cleaned using vacuum filtra-
tion while being cleaned with distilled H,O and 100% ethanol until the filtrate’s
pH was neutral. The pure powder of monolayer graphene (7.37 g, 51.4%) was
obtained after a further 12 h of drying at 80 °C. When monolayer graphene was
produced, its crystalline structure and phase purity were determined using X-ray
diffractometry (XRD; Bruker D8, CuK source, A = 1.54178). Transmission electron
microscopy (TEM, JSM-2100F, 200 kV) images shown in Fig. 1 [8] and field emis-
sion scanning electron microscopy (FESEM, Hitachi S-4800) were used to examine
the product’s morphology and microstructure. On an FEI Tecnai G2 F20 microscope,
high-resolution TEM and high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) were carried out at a 200 kV accelerating voltage

[9].

Fig. 1 TEM micrographs of graphene. Adapted with permission [8]. Copyright (2023) Elsevier
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In 2004, Geim and Novoselov performed ground-breaking research on two-
dimensional graphene utilizing the scotch tape approach. To produce graphene,
both top-down and bottom-up methods are accessible. For instance, in the top-
down process of mechanical cleavage, graphite is converted into graphene, but in
the bottom-up approach of chemical vapor deposition, silicon carbide is transformed
into graphene.

2.1.1 Mechanical Exfoliation

As discussed earlier, weak van der Waals forces keep the sheets of graphene together.
High-purity graphene can be produced if these forces are dismantled. The weak
connections are broken, and the individual sheets are separated using mechanical
energy in the mechanical exfoliation procedure. Exfoliation typically involves regu-
larly peeling graphite to obtain layers of graphene. Highly oriented pyrolytic graphite
(HOPG) was used as a precursor when Geim and Novoselov first invented this
process. In this procedure, HOPG sheet with a thickness of 1 mm is utilized to
dry etch with oxygen plasma to produce several 5 m-deep mesas (an isolated surface
with a flat top). The mesas were then covered with these using photo resistance and
baking. The graphene layers on the graphite were then peeled off with scotch tape.
The acetone was then used to liberate these tiny flakes, which were subsequently
placed on a Si substrate. So, on a Si substrate, pure graphene flakes are created. This
method’s drawback is that it is impossible to scale up huge industrial output.

2.1.2 Liquid Phase Exfoliation

One of the most widespread procedures for producing graphene is liquid phase exfo-
liation (LPE), which was first described in 2008. Through the exfoliation of graphite,
a firm dispersion of a monolayer or a few layers of graphene is created using this
top-down approach. Graphite dispersion in an appropriate solvent, exfoliation, and
purification of the finished products are some of the main phases in LPE. By defeating
the van der Waals forces, graphene layers are separated via this method of exfoli-
ation. As a result, choosing the right solvent is crucial. Surface energy, Hildebrand
solubility, Hansen solubility parameters, and surface tension are a few of the char-
acteristics that have been considered when choosing a solvent. Surface energies (for
solids) or surface tensions (for liquids) within 40-50 mJ/m? or 70-80 mJ/m? were
discovered to be favourable for the formation of graphene, according to research.
Sonification is a crucial element to consider throughout this synthesis technique in
addition to the solvent. The ends and basal planes may be impacted by sonification,
despite the LPE approach being a successful way for producing graphene. By maxi-
mizing the sonification time, temperature, and intensity, this can be fixed. The yield
of this technology, which is insufficient for industrial applications at macroscopic
size, is one of its main drawbacks. Solvents’ high cost, toxicity, and shrinkage of the
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nanosheets’ size are other drawbacks. Future research should be done to increase the
effectiveness and viability of this strategy economically [10].

2.2 Synthesis of Graphite

The apparatus required for treating iron carbide with Cl under barometric pressure
has been extensively defined. Iron carbide was inserted into a long horizontal quartz
tube reactor and then positioned inside of it. Once the reaction temperature was
reached, argon gas was used to cleanse the reactor. The sample was later subjected to
running '?C gas for three hours before being purged with argon once more throughout
the cooling process. The stable temperature of the reaction and the flow rate of gases
were kept during the course of a single experimental run. At temperatures between
400 and 1200 °C, the reaction between iron carbide and chlorine was studied; all
other variables remained constant. When necessary, the carbon extracted from the
quartz boat was refined by eliminating any lingering impurity with 10% HCI, then
using de-ionized water three times in a row, followed by meticulously drying at a
temperature of between 100 and 1500 °C.

The environmental field-emission (FE) SEM from Philips, model XL-30, was used
to examine the chlorinated samples. EDS analysis was always performed in addi-
tion to SEM examination to confirm that the substance under study was carbon. To
construct the TEM samples, the synthesized products were distributed in propane-2-
ol across a TEM grid covered in a lacey carbon sheet. The examination was performed
using a JEOL JEM-2010F electron microscope. The carbon regions and impurities
were located using a GIF and EELS. Using Raman microspectroscopy with an exci-
tation wavelength of 514.5 nm (Ar ion laser), a range of 800-2000 cm™', and an
exposure time of 10 s, the level of carbon ordering was investigated. Each sample’s
spectra were gathered using a 2-mm spot size at a minimum of five separate places.
To prevent the sample from being damaged or heated, a low laser power was used.
Peak fitting and deconvolution were performed using GRAMMES 32 v5.2 spectral
analysis software. It is demonstrated that the ID/IG ratio—a measure of the rela-
tionship between the D band at (1350 cm™! and the G band at 1580 cm™! and the
in-plane crystallite size of graphite, La. According to Tuinstra and Koenig’s work 15
for 2.5 nm v, it can be estimated as: La 4.4 (ID/IG)~! (nm) [11].

2.3 Synthesis of CNTs

CNTs were created by catalysing the breakdown of ethyne over a Fe catalyst. Studies
were done on two acetylene/nitrogen (C,H,/N,) compositions of gases, 2.5% and
10%, respectively. The ethyne/N, mixture of gases was initiated into the chamber
at a rate of 110 cm?/min with an excess pressure of 180 Torr once the catalyst had
been lowered. The temperature immediately climbed, rising to 690 °C after 10 min,
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Fig. 2 SEM images of MWCNTs synthesized with (a) and (¢) 2.5% C2H2/N2; (b) and (d) 10%
C2H,/N,. Adapted with permission [12]. Copyright (2007) Elsevier

where it stayed for 5 min. The temperature controller was ultimately set for 3 h
at 6000 °C. Following the development of the CNTs, nitrogen gas was utilized to
bring the furnace’s temperature to room temperature. SEM images of synthesized
MWCNTs shown in Fig. 2. HR-TEM Philips CM200 and FEG-SEM Zeiss LEO
982 GEMINI were used to study the form, diameter, and wall structure of synthetic
CNTs. Shimadzu TGA-51 and Shimadzu DTA-50 were achieved with air flowing
at 50 cm® min~! and samples weighing 15 mg. The samples of the nanotube were
separated from the catalyst when necessary, using ultrasonic dispersal in C;HsOH
[12].

2.4 Synthesis of Hard Carbon

We used two distinct methods to create hard carbon from the argan shell: the conven-
tional method and the HCl-washing method. To remove any soluble organics, the raw
argan shell was first cleaned in acetone before being dried at room temperature and
smashed. It was subsequently warmed up in a furnace of horizontal tube at a 5 °C/
min heating rate, kept at 800, 1000, 1200, and 1300 °C for an hour, and then sprayed
with argon. The following abbreviations for the goods are Ar-800, Ar-1000, Ar-1200,
and Ar-1300, correspondingly. Alkali metals and transition metals are two examples
of the inorganic components that will be further eliminated during the HCl-washing
procedure. Acetone was used to clean the argan shell before it was powdered and
concerned with 2.0 mol/dm® aqueous HCI. For the procedure, the hydrochloric acid
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was mixed with the powdered crushed argan shell and aged for 20 h at 60 °C. Filtra-
tion was used to separate the powder, and it was then rinsed with deionized water to
eliminate any remaining HCI at a pH of 6.5-7.0. The resulting powder was dried in
an argon environment for one hour at 110 °C. The following carbonization/pyrolysis
settings mirror those of the typical procedure depicted. Since cellulose and lignin
make up the majority of an argan shell, we also created hard carbons by carbonizing
the two substances, as illustrated. We’ve fixed the carbonization temperature for
this method at 800 °C. Like the above samples, these hard carbons are designated
as Cellulose-800, Lignin-800, Cellulose-800W, and Lignin-800W. Since cellulose,
lignin, and hemicelluloses make up most of the shell of argan, a HTT approach was
used to manufacture the argan carbon material from it. After being cleaned with
acetone, the raw material powder turns brown, which should be caused by the pres-
ence of lignin. After HTT, the powder became black carbon powder. By measuring
XRD patterns, the crystallinity of carbon compounds made from argan shells was
examined. Ar800, Ar-1000, Ar-1200, and Ar-1300 XRD patterns are shown, and
physical parameters inferred from the XRD data are listed. The fact that two large
peaks at 22.2°-22.9°and 43° in 26 are given to the graphite 002 and 100/101 diffrac-
tion lines, correspondingly, demonstrates that the black particles formed are made
of non-graphitizable carbon. Small graphene domains are the cause of the extensive
and minor peaks for argan carbon seen for diffraction lines 100/101.

XRD and Raman spectrometers are used to describe the structure of hard carbons.
Surface characterization techniques such as SEM and TEM were used to investigate
the morphology. SEM images of synthesized hard carbon is shown in the Fig. 3 [13].
Additionally, we checked for the presence of metallic components in Ar-carbon prod-
ucts using an ED XRF spectrometer prepared through 3-D polarisation optics. Raw
materials were subjected to thermogravimetric analysis (DTG-60/60, Shimadzu) at
a warming rate of 5 °C min~! from 30 to 600 °C. The N, adsorption/desorption
isotherms at 77 K were used to evaluate the morphological features of the substances
with BET theory and BELSORP-mini II. Previous to analysis, the samples were
out-gassed in a vacuum for three hours at 200 °C. The specific surface area of BET
was calculated by means of a relative pressure (P/P0) range of 0.08-0.3 [14].

200 n m\

Fig. 3 The SEM images in (a) and (b) taken at different magnifications show the typical spherical
morphology of the hard carbon. Adapted with permission [13]. Copyright (2020) Elsevier
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2.5 Synthesis of Soft Carbon

Petroleum coke was mixed with 4 weight percent of phosphoric acid for an hour
at room temperature in a homogenizer. After that, the combination underwent a
two-hour heating process at 1100 °C with an Ar flow at a warming rate of 5 K/
min. The completed product was permitted to naturally cool at ambient temperature
before being sieved through a 250-mesh screen. A soft carbon sample that had just
been synthesised was examined using powder XRD, EDX, HR-TEM microscopy,
and FESE microscopy. The Raman spectra are captured using a confocal Roman
microscope (DXR, ThermoFisher Scientific, 532 nm excitation) [15].

2.6 Synthesis of Fullerene

David Jones in 1966 first proposed the idea of producing a hollow and spherical
C-molecule. It would be made of “a sheet-polymer like graphite, whose elementary
molecule is a sheet of flat carbon atoms bonded hexagonally, somewhat similar to
chicken wire,” according to what he wrote. After a few years, this idea was ignored
until Osawa in 1970 theorised the potential for polyhedral C-clusters. The molecule
Ce0, which has 60 carbon atoms organized in a truncated icosahedron, was invented
before he knew it existed. No one was able to experimentally validate or disprove
these predictions for a very long period. When a solid sample of graphite in 1985 was
exposed to laser light, Kroto et al. analyzed the resulting mass spectra and discovered
lines that they later identified as belonging to the Cgp and C79 molecules. Numerous
scholarly publications about novel techniques for synthesizing fullerenes and the
impact of different factors on their synthesis were published during the start of the
1990s. In general, temperatures of 1200 °C or more are required for the synthesis of
fullerenes to efficiently form molecules from the carbon source and transition it into
the gas phase. Several procedures, such as plasmatron, electron irradiation, high-
temperature treatment, shock waves, electric arc, etc., were projected to attain the
need for high temperature. The heat of combustion experiments estimates the strain
energy of Cg to be an additional of 600 kcal/mol. Laser ablation is the method used
the most frequently to create fullerenes. The effectiveness of this method was initially
demonstrated by Smalley and colleagues. In essence, the long quartz tube was used
by the team that was housed within the T-C tube furnace. The researcher was able
to regulate the gas flow and pressure by connecting this quartz tube at the front to
an aluminium input block. Usually, the back end was attached to a vacuum pump.
At pressures a few 100 Torr and 1200 °C temperatures, noble gas was used to create
fullerene. Shortly et al. identified the presence of endohedral LaCl; by detecting
signal of LaCg in the mass spectrum. For indicating the metal encapsulation in
fullerenes, they adopted sign “@”. Graphite and BN were combined, and when that
mixture was evaporated using a laser, fullerenes, and boron-containing analogs like
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Cs9B and Cs4B were created. By synthesizing fullerenes using the arc discharge tech-
nique, Kriatschmer and Huffman et al. invented the technique of direct current. One
technique for creating fullerenes in grams is the arc discharge approach. In the method
of arc discharge, a temperature of around 103 °C was used to warm up the resistant
graphite electrodes in a passive atmosphere of 100-200 Torr using either He or Ar gas.
The carbon in graphite is transformed into higher-density gas flow by an absorbed
pulsed laser. The yield of fullerenes has also been increased by adding transition
metals or catalysts of metal oxide. The arc discharge furnace was given N, gas during
the authors’ tests, and this occasionally resulted in Sc3N @ Cg, formation. Later, NH3,
S0O,, O,, and countless more chemical and inorganic compounds were introduced
in a variety of papers that used the same methodology. ErSc;N@Cgy, Sc;N@Cgy,
SC3C2 @Cgo, SC4C2 @Cgo, SC402 @Cgo, YCN@ng, Hz @Cﬁo, EI‘XSC3-XN@C80 (X =
1-3), and TiM,N@Cgy (M = Sc, Y) are a few of them that lead to the production of
filled fullerenes. Multi-shell fullerenes with a cage-in-a-cage concentrical structure
were made using the arc discharge technique. Examples include the double-shell
Ce0 @Cyyp and triple-shell Cgo@Cry9 @Csgp. Fullerene development without metals
is still up for debate.

Another method for creating fullerenes is the direct vaporization of carbon under
concentrated sunlight. Uniquely, large-scale solar furnaces can produce fullerenes
in large quantities using renewable energy. Methods based on the vaporization of
graphite and the burning of hydrocarbons in a fuel-rich flame have received a lot of
attention. A range of combined combustible substances have been identified through
research as having different fullerene produced in low-pressure premixed laminar
flames under varied conditions. A significant yield of fullerene species was obtained
when benzene and oxygen were combined at a 1:1 ratio in a laminar flow. Substan-
tial growth has been achieved in the fullerene preparation as well as in our compre-
hension of how they are produced. The most successful of these processes is the
fullerene synthesis using hydrocarbon combustion. Fullerenes can be produced using
this method in large quantities each year. However, it is still unclear how fullerene
is produced in flames. To comprehend the creation of fullerenes, the theories and
methodologies have been created. According to the universal theory, the C supply
is initially split down to its smaller components, such as C-atoms and maybe C-
dimers, within a specific pressure and temperature range, and these constituents
then undertake a sequence of actions earlier recombining to form fullerenes. Addi-
tional experimental data, however, did not back up this method. Another theory to
clarify the creation of fullerenes was the icospiral particle nucleation scheme. This
model predicts that the corannulene-like Carbon 20 molecule, with five hexagons
surrounding a pentagon, initiates the icospiral nucleation process. This structure with
high reactivity grows and has a predisposition to yield open spiral shells by collecting
particles of C that break on adsorption over the outermost layer of such shells. The
sequential preparation of fullerenes is described by the sporadic statistical closing of
a structure with the proper arrangement of pentagons. Another technique for creating
fullerenes is by annealing carbon clusters. With between 34 and 60 atoms, these C
complexes might be in 2- or 3-cycles, chains, or rings that cling to one another and
later anneal. Further, it was proposed that the hidden phase (or intermediate phase) at
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the nanoscale is where fullerenes first formed. The formation of groups in this inter-
mediate stage is commanded by non-equilibrium circumstances, known as kvataron.
According to the “the shrinking hot giant road to fullerene formation” theory put
forth by Irle and colleagues, by the shrinking of gigantic fullerenes, the formation
of fullerenes takes place. Based on the outcomes of studies of the dynamics of self-
assembling in a heated carbon vapor that is beyond thermodynamic equilibrium,
quantum chemical molecular dynamics, this mechanism was developed [16].

3 Properties of Various Types of Nanocarbon

3.1 Properties of Graphene

Graphene owns many outstanding properties such as electronic conduction, thermal
conduction, mechanical strength, and optical transparency [17].

The phrase “the mother of all carbon graphitic forms” refers to the 1-sheet of C-
atoms known as graphene, which binds via an interlocking framework of sp? hybrid
bonds. The remarkable features of graphene are due to the 2p orbitals, resulting
in the delocalization of state bands across the carbon sheet that constitutes it. Since
it has no effective mass, is gas-tight, has excellent carrying mobility, and is optically
transparent, graphene is also very stiff, has a very high heat conductivity, and is
without effective mass. About comparable materials that have been employed in
various applications, graphene has an edge thanks to all these characteristics [18].

The planar density of graphene is 0.77 mg/m? and is called a superlight material.
A hexagonal carbon ring having a surface area of 0.052 nm? makes up a single unit of
graphene. There are just 2 carbon atoms in this hexagonal carbon ring, and each one
at the vertex has been shared by the other three-unit rings. The structure of graphene,
which has a sheet of C-atoms 1-atom thick, gives it a special quality that makes it
an extremely light and thin material. Owing to the 1-atom thick sheet of C-atom in
graphene it is a highly transparent material of 97.7% and it absorbs only 2.3% of
visible light. This difference is the same between a single layer and a double layer
as well as a substrate and single layer of graphene. This is particularly important
since it shows the graphene layer’s effective numbers, which are further supported
by numerous simulation studies utilizing the non-interacting Dirac Fermion theory.

The mechanical strength and thermal conductivity of graphene is also very high
and considered the hardest crystal-structured material among all the known materials.
Graphene has a strength limit of 42 N/m with tensile strengths and elastic moduli of
125 GPa and 1.1 TPa, correspondingly. One square meter of graphene is capable of
supporting 4 kg of weight, which is nearly 100 times more powerful than steel. This
special attribute is considered for 2D augmentation in composite substances and has
a wide range of uses.

At ambient temperature, graphene has a thermal conductivity of approximately
53,103 W m~! K, which is ten times more than the thermal conductivity of 401 W
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m~! K of copper. It is discovered that graphene has a particular surface area of 2630
m? g~!. By analyzing the drastic variations in resistance caused by the adsorption
and desorption behavior of gas molecules, is utilized to detect gas molecules in micro
detectors. Additionally, simulations show that the porous mixture of graphene and
lithium has a great capacity to hold hydrogen [17].

3.2 Properties of Graphite

A semimetal crystalline allotropic form of carbon is called graphite. The unit cell
of a crystal in a semimetal has an even number of valence electrons, and the pres-
ence of free carriers at T50K results from the overlap of the conduction and valence
bands [19]. Extremely hydrophobic particles of commercially available microcrys-
talline graphite form thin films when they encounter a solvent. Graphite oxide is
created when treated in highly oxidizing acidic conditions. The structural makeup of
C30,(OH), an epoxidized variation of the sp>-bonded C system with acid functional
groups at the ends and electron acceptor interposed in the inter arcuate space provides
a method for quick de-intercalation of oxidants, which allows for the exfoliation of
graphite. To develop uses for graphite oxide, different oxidative routes have been
researched. The thinnest graphitic film thickness was 1.4 nm, and the components
created unstable dispersions [20].

Graphite nanoparticles offer another feature of carbon-based nanoparticles with
conjugated [ [-electron systems. The edges that wrap the graphite particles appear
whenever a graphite crystal is broken into nanoparticles. A nanoparticle of graphite
is made up of stacked nanoscale graphene sheets, each of which has dangling bonds
along its edges. In real life, however, oxygen and hydrogen react with these hanging
bonds to produce completed bonds [21].

The smallest energy state of graphite is represented by elemental carbon at stan-
dard pressure and temperature. The term “graphene layer” or “graphene sheet” refers
to a mono-carbon layer in the graphite lattice of a crystalline honeycomb. The crystal
lattice of graphite is composed of tons of parallel two-dimensional graphene sheets
with closely connected sp® hybridized C-atoms. Because the 2pz orbitals of the
C-atoms might coincide most efficiently if their positions are parallel, when the
graphene sheet is fully flat, it has the least energy. The anisotropic nature of graphite
is because of the contrast between the carbon atoms’ in-plane and out-of-plane
bonding. Diamond and graphite are stronger in the plane because the elastic modulus
of graphite is more parallel to the plane than it is perpendicular to the plane. The
graphene sheet is made thermally and electrically conductive by the orbital, which
is dispersed across the entire material. Graphite’s layered structure demonstrates
three-dimensional (3D) order [22].
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3.3 Properties of Carbon Nanotubes

Currently, there is a lot of attention on CNTs across the world. Given that the potential
of CNTs have exhibited unique physical properties that could have an impact on
many areas of science and business, from nanoelectronics to exceptionally strong
composites, this interest in them is not surprising. According to recent experimental
tests, carbon nanotubes are the stiffest material known to mankind. When subjected
to strong bending or compressive forces, they buckle elastically rather than breaking.
These mechanical properties unequivocally show that nanotubes have great promise
for cutting-edge composites [23].

The structure and inherent complexity of the nanotube result from the helicity
in the configuration of the C-atoms in hexagonal groupings on their surface honey-
comb lattices, which gives its uniqueness. Due to the considerable changes of states
in the electronic density brought about by helicity (local symmetry) and diameter,
nanotubes have a distinct electronic character. These innovative electronic properties
give rise to a vast range of exciting electronic device applications; Another crucial
element that defines the distinctiveness in physical attributes is topology, or a closed
system of every single nanotube shell. A portion of the anisotropic characteristics of
graphite are lost when layers are closed on themselves, causing the structure to stand
out from graphite. Nanotubes have significant mechanical properties due to their
combination of size, structure, and topography, as well as unique surface properties
(such as selectivity, and surface chemistry) [24].

3.4 Properties of Soft Carbon

Low porosity, comparatively high hydrogen, and low oxygen content materials are the
sources of soft carbons, which also have low porosity. Soft carbons can be converted
into graphitic carbon via the graphitization process. During the carbonization process,
most soft carbons go through a fluid (plastic) stage. Mesophase is formed in the liquid
phase while the system is fluid. Planar aromatic molecules are essentially layered on
top of one another in the mesophase’s tiny anisotropic spheres. Mesophase develop-
ment is a requirement for the material to continue growing into an ordered structure.
Complete graphitization of soft carbons is achievable with thermal treatment alone,
meaning that time and temperature play a role in the graphitization process. The
soft carbons include pitches, pitch coke, petroleum coke, and polynuclear aromatic
complexes.
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3.5 Properties of Hard Carbon

Hard carbons undergo pyrolysis rather than fusion. This is because of the heat
treatment procedure maintaining a crosslinked structure of molecules. Even after
prolonged extreme pressure and temperature conditions can hard carbides be fully
graphitized. Wood (cellulose), non-fusing coals, and glassy (vitreous) carbons are
all examples of hard carbons. Small and flawed aromatic layers result in spaces of
microporosity between the crystallites as well as erratic stacking patterns [25].

Hard carbons typically have a disordered structure made up of holes, different
types of faults, and are randomly concerned with and lightly stacked nanosheets
of graphite. To demonstrate the link between the Na* storage mechanisms and the
structure of hard carbon, Steven and Dahn presented the distinctive structure of
hard carbons. They achieved this by using the “House of Cards” model. According
to the model, hard carbons have two different sorts of areas with two different
microstructures, leading to two different mechanisms of Na* storage. Multiple layers
of parallel graphene, also known as graphitic nanodomains, are one sort of region
that is contained inside the domains of disorder. The additional form of the area is
the vacant space (porosity) within nanodomains of graphite, which is caused by the
haphazard adaption of layers or domains in relation to one another and the various
types of defects. A mixture of 2 different mechanisms, including (a) intercalation/
insertion between graphitic nanodomains of parallel graphene layer and (b) surface-
active sites absorption like deficiency and nanopore stuffing, has been proposed as
the mechanism by which sodium is stored in hard carbons [26].

3.6 Properties of Fullerene

The discovery of Buckminster fullerenes occurred in 1985. The n vertices of
fullerenes Fn are organized in 12 pentagons and hexagons. They are closed hollow
polyhedrons. On the cage surface, each sp> hybridized carbon atom is linked to
its three carbon neighbors by three carbon bonds (n/2 carbon bonds). All even n
20 and n 1/4 22 have the condition that Fn exists. Due to its availability, great
symmetry, and inexpensive cost, Cg is the fullerene that is most investigated. Major
synthesis pathways include the burning of hydrocarbons, inductively linked RF
evaporation, laser ablation, and graphite arc vaporization. The processability and
solubility of the fullerene molecule are both improved by functionalization. Their
commercial applications have thousands of patents. Electrical conductivity, cata-
lysts for hydrocarbon upgrading, artificial photosynthesis, organic photovoltaics,
cosmetics, nonlinear optics surface coatings, pharmaceuticals, and nonlinear optics
are the main applications (but they are still too expensive) [27].
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4 Conclusion and Future Perspectives

Materials of nanocarbon, including CNTs, graphene (graphene oxide), CNHs, and
carbon blacks, have set up a special class for the applications of nanomaterial such as
solar panels, batteries, supercapacitors, fuel cells, electrolyzers, and photo electrocat-
alytic systems. Most of the synthetic and doped carbon is produced by solvothermal
methods, which have the advantage of being able to crystallize substances at
extremely low critical temperatures, control the parameters of the reaction to improve
product purity and decrease agglomeration, and develop carbons with outstanding
configuration specificity and different physical properties. The extraordinary qual-
ities of graphene continue to make it a special substance with potential for useful
applications. The orbital, which is spread over the complete material, renders the
sheet of graphene electrically and thermally conductive. Nanotubes have a distinc-
tive electrical character as an outcome of the significant changes in the states of
electronic density brought about by helicity and diameter. The future perspective is
to utilize these nanocarbon materials for the electrochemical reaction during battery
operation. Nanocarbon catalysts are predicted to be used in bulk applications as
more effects become apparent. We review some recent initiatives that may be seen
as the nexus of energy and environmental sustainability and that sought to address
urgent demands in metal-free catalytic applications. A wide range of research has
been conducted with a wealth of fruitful findings thanks to the improved science
surrounding the underlying mechanisms of doped/defective nanocarbons and the
significance of these characteristics in their catalytic performances. In a more general
way, the CsHgO,- (Conc. HNO3; + NO,) system could be the starting point for a
future conversation about “carbon from rocket fuel,” mainly considering the abun-
dance of bipropellants of rockets currently available on the market and the field’s
ongoing advancement with new hypergolic fuels.
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Abstract Nanocarbons have become increasingly relevant in the field of energy
storage due to their diverse properties, which make them suitable for use in a variety
of devices such as batteries, supercapacitors, and fuel cells. The properties of carbon-
based materials are heavily influenced by the choice of precursor, process conditions,
and reactor type used in their synthesis. Thus, understanding the interplay between
these factors is crucial for designing carbon-based energy storage materials with
tailored performance characteristics. This chapter provides an overview of the latest
and traditional technologies used to obtain nanocarbon materials, including inno-
vative approaches like reactors that use concentrated solar energy and traditional
methods like tubular furnaces. We also outline the common methodologies used to
synthesize diverse nanocarbon materials, such as carbon nanotubes, graphene, and
nanoporous carbons. Furthermore, this chapter discusses the techniques commonly
used to characterize nanocarbon materials and evaluate their properties. These tech-
niques include surface area measurement, determination of chemical composition,
evaluation of the degree of order/disorder, identification of functional groups on the
surface, and electrochemical characterization for energy storage applications, among
others.
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1 Sustainable Precursor for Nanocarbon Materials

Nanocarbons are highly significant materials with diverse applications, notably with
a focus in energy storage. It is widely recognized that nanocarbons can be derived
from various precursors, each with varying environmental and social implications.
For instance, it may be considered inappropriate to utilize an edible precursor that
could potentially jeopardize food security. In this sense, it is extremely important
to continuously search for sustainable alternatives to be used as carbon precursors.
Among these alternatives, abundant materials should be considered. Additionally, it
is important to utilize materials that lack commercial value and have no other use,
in other words, wastes that are not relevant to industry and do not compromise other
human needs [1]. Lignocellulosic waste can be considered an excellent sustainable
alternative for carbon production, in this sense, biomass represents approximately
545 gigatons of carbon (Gt C) and lignocellulosic biomass accounts for 450 Gt C
[2]. Due to its abundance and versatility in being transformed into a wide variety of
products, lignocellulosic biomass is a promising candidate for valuable applications
[3]. A wide variety of lignocellulosic precursors that have no other applications have
been tested as precursors, such as residue lignin, durian husk, tea waste, jute fiber,
bamboo, rice husk, and date seed, among many others [4]. Using biomass to produce
carbon nanomaterials presents an appealing, environmentally friendly alternative
within the circular economy. The carbon materials that can be derived from renewable
sources include nanoparticles, graphene, carbon nanofibers, biochars, nanocellulose,
porous carbon, and carbon quantum dots, among others. Furthermore, biomass is
widespread globally and exhibits variability in composition due to differences in
climate and soil properties across regions. As a result, certain minor elements (such
as Ca, Mg, K, Ti, Si, Al, and Na) can play a decisive role in the properties of
carbon nanomaterials, while others (such as Cu, Fe, Mn, Mo, and Zn) may have
catalytic effects [5]. Similarly, precursors from other sources are also suitable for the
production of carbon materials. To mention some examples, it is possible to include
wasp hives that are abandoned by wasps after a short period of time [6] or disposable
diapers, which are extremely abundant residues, that can be a breeding site for new
pathogens and infectious diseases [7].

Carbon materials derived from wastes can be utilized for various purposes.
However, the central theme of this chapter is carbons for energy storage, including
their production and characterization techniques, as explained in greater detail in the
following sections.
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2 Process Conditions: Temperature, Heating Rate,
Activation

To transform a precursor into a carbon material, a thermochemical process must be
conducted, altering its chemical composition and structure. The properties of the
resulting carbon materials primarily rely on the precursor and the production condi-
tions, with temperature, heating rate, and activation being the key factors. Hence,
carbon materials generated under identical conditions but derived from distinct
precursors exhibit distinct physicochemical properties.

Temperature emerges as the paramount factor influencing the properties of the
resulting carbon material. It directly impacts the presence of heteroatoms on the
carbon surface, thereby influencing the abundance of functional groups and the
degree of structural order/disorder. These aspects, in turn, influence hydrophilic
properties and the distribution of porosity, along with other pertinent characteris-
tics. Typically, the elevation of the activation temperature promotes the development
of textural properties in carbonaceous materials, including pore size, pore volume,
and specific surface area, up to a certain optimal point [8]. Practically, it is suggested
that the increase in temperature is limited and varies depending on other experimental
factors, such as the activated agent and precursor involved in the carbon conversion
process. Moreover, the temperature factor not only influences the chemical and phys-
ical properties of the carbon but also affects the quantity of carbon yield resulting
from the conversion process [9].

On the other hand, the heating rate has an important impact on the performance of
the resulting carbon material. Specifically, an increase in the heating rate promotes
the presence of light volatile compounds that originate from the cracking of the
precursor. This leads to a shorter residence time and, in some cases, a reduction in
the yield of carbon produced [10]. Conversely, a lower heating rate necessitates a
longer residence time, which, in turn, can trigger secondary reactions. As a result, a
lower heating rate can yield approximately 30-35% of carbonaceous material [11].
Additionally, it has been observed that the heating rate influences the development
of porosity and, consequently, the surface area, although not to the same extent as
the temperature factor [12, 13].

The aforementioned factors heavily depend on the selected activation method for
converting the precursor into activated carbon (Fig. 1), in other words, carbons with
a high surface area due to an abundance of pores. Chemical and physical activation
methods are widely employed to obtain this type of material, whereas physicochem-
ical is less common. Chemical activation is characterized by simultaneous carboniza-
tion and activation stages, although it has recently been conducted in two steps. This
method typically requires temperatures of up to 900 °C. Similarly, chemicals such
as K,CO3, NaOH, KOH, ZnCl,, and H;PO, are widely utilized as activating agents,
promoting the development of the resulting carbon’s textural properties.

In contrast, physical activation requires separate stages for carbonization and acti-
vation. The first stage occurs at temperatures ranging from 400 to 700 °C, while the
second stage takes place at temperatures of 800—1100 °C. This results in a significant
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Fig. 1 Schematic representation of activated carbon production methods

increase in energy requirements. During the activation process, it is crucial to utilize
an oxidizing agent such as steam, air, or CO; [14, 15]. Otherwise, physicochemical
activation involves a combination of both physical and chemical activation. Essen-
tially, the process involves saturating the biomass with a chemical activating agent
and subjecting it to temperatures between 500 and 800 °C in the presence of an
oxidizing agent, which determines the temperature range [16].

3 Reactor Types

There are different reactor technologies to convert a precursor into nanocarbons. The
most widely used reactor types involve the use of electric resistances to increase the
system’s temperature, but recently, solar reactors (utilizing solar energy as the heat
source) have been studied more extensively.

Electrical tubular reactors have found extensive application in the production of
various types of nanocarbons from a wide range of precursors. This type of reactor
utilizes electricity to generate heat, facilitating the transformation of the precursor
into nanocarbon materials. These reactors offer several advantages, including precise
temperature control, and their operating conditions can be electronically regulated
through instrumentation systems. However, it has been reported that the use of elec-
tricity in these reactors significantly contributes to greenhouse gas emissions [17],
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thus presenting an environmental concern and posing a challenge to the sustainability
of nanocarbon production.

On the other hand, a solar reactor is a type of reactor that utilizes concentrated
solar energy, either directly or indirectly, for heating purposes. This has been achieved
through the application of concentrated solar technologies, operating within different
temperature ranges (200-3000 °C). Solar reactors can be classified based on the
method of heating reagents, either directly or indirectly. In Fig. 2, it can be observed
that an indirectly heated reactor provides energy for the reaction in a slower manner,
as the heat supplied must traverse from the heated external wall through the materials
until it reaches the reactive part. Typically, these reactors are constructed using metal
alloys, primarily stainless steel. Some drawbacks associated with this configuration
include lower heating rates and high thermal stress in the materials due to non-
homogeneous heat distribution caused by the linear heat distribution of concentrated
solar technologies. One significant advantage of these reactors is their capability to
operate at high pressures [18].

Conversely, a directly heated reactor is composed of materials with high trans-
mittance, such as borosilicate, quartz, and tempered glass, which facilitate direct
radiative heat transfer from the source to the reactive part. Direct heating reactors
can achieve temperatures and heating rates of up to 3000 °C and 450 °C/min, respec-
tively [3]. However, a drawback of using such window materials in solar reactors is
their inability to withstand higher pressures without breaking, and the gases released
during the reactions can contaminate the atmosphere and reduce the heating rate.
Nevertheless, this issue can be mitigated by implementing a sweeping gas.

Indirectly heated reactor Directly heated reactor

/ Concentrator fola}diation
\/ ﬁ w

Fig. 2 Schematic representation of solar irradiated reactor types
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4 Common Technologies for Diverse Nanocarbon Materials

Carbon has vast applications, and its production could assume several shapes or
structure for task specific application. Nanoporous carbons or nanoarchitectonics
have been of increasing appeal due to their exceptional characteristics such as high
surface area, durability, lightweight, conductivity, and abundant oxygen groups that
allows easy functionalization. In this section, the focus shifts to the discussion of
nanoporous carbons, which includes carbon nanotubes, graphene, and nanocompos-
ites, all of which represent noteworthy selections within the realm of carbon-based
materials.

4.1 Nanoporous Carbon

Nanoporous carbons are derived from various sources, primarily through the utiliza-
tion of an activating agent, as mentioned earlier in Sect. 2. The presence of porosity in
these materials (Fig. 3) renders them well-suited for energy storage applications due
to the advantageous electrical double layer (EDL) mechanism. This mechanism holds
immense importance in devices like supercapacitors. Supercapacitors are composed
of cells comprising two electrodes immersed in an electrolytic medium (liquid or
solid-state) containing dissolved ions. These electrodes are separated by a dielec-
tric material to prevent short circuits. The EDL phenomenon arises when the ions
dissolved in the electrolyte are attracted to the carbon surface through electrostatic
interactions, forming a closely situated layer. This phenomenon plays a crucial role
in the storage of energy within the system [19]. In this context, enhanced porosity
facilitates an increase in the specific surface area of carbon materials. This increased
porosity allows for a higher specific surface area of carbon materials, enabling them
to attract a greater quantity of ions and, consequently, achieve a higher capacity for
energy storage through the electrical double layer (EDL) mechanism.

It is crucial to highlight that the porosity of carbon materials derived from a
particular precursor varies when the production conditions, such as temperature,
heating rate, and activating agent, differ. For instance, when carbon materials are
obtained from agave leaves without any activating agent in the temperature range
of 600-950 °C, specific surface areas range from 47 to 298 m?/g. However, when
the carbon production process from this precursor is aided by the use of K,COj3, the
specific surface area of the resulting materials dramatically increases to more than
2800 m?/g [20, 21].

Not only lignocellulosic precursors suitable for nanoporous carbon production,
but it is also possible to utilize various abundant waste materials that contain carbon
atoms in their composition. Diapers, for instance, are known to be abundant residues,
particularly in densely populated urban areas. It has been demonstrated that these
materials can be transformed into activated carbon through impregnation with H; PO,
followed by a thermal process within the temperature range of 400-600 °C [7]. The
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Fig. 3 Representative
micrograph of nanoporous
carbon materials

resulting materials exhibit a hierarchical porosity, encompassing macro-, meso-, and
micropores, along with a specific surface area of up to 936 m?/g. These materials have
been evaluated as supercapacitor electrodes and have displayed promising character-
istics, including good energy retention and excellent coulombic efficiency. In a similar
vein, another non-lignocellulosic material that has been tested as a nanoporous carbon
precursor is wasp hives. These hives are constructed by wasps for temporary habi-
tation before being abandoned. A recent study [6] have successfully demonstrated
the production of highly porous carbon from this particular precursor, resulting in a
specific surface area of 765 m?/g. Furthermore, the resulting material was evaluated
as a supercapacitor electrode and exhibited a specific capacitance of up to 225 F/g.
Notably, it displayed superior electrochemical behavior compared to a commercially
available activated carbon that underwent testing under identical conditions.

4.2 Carbon Nanotubes

The history of carbon nanotubes can be traced back to the 1990s when they
were initially fabricated by lijima and co-workers using an arc-discharge evapo-
ration method [22]. As the name suggests, carbon nanotubes are one-dimensional
tubular structures (Fig. 4) composed of sp>-hybridized carbon atoms [23]. Given
their significant attributes, including excellent electrical conductivity, mechanical
strength, thermal resistance, and chemical stability, carbon nanotubes are commonly
utilized in energy storage applications, such as the fabrication of flexible (solid-state)
supercapacitors, fuel cells and hydrogen storage [24].

Carbon nanotubes have been synthesized using various precursors and method-
ologies. For instance, carbon nanotubes have been derived from algal biochar through
microwave-assisted synthesis [25]. In this particular case, the initial step involved
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Fig. 4 Schematic representation of carbon nanotubes

pyrolysis of Macrocystis pyrifera, Sarcothalia crispata, and Scenedesmus alme-
riensis species at 600 °C (with a heating rate of 3 °C/min) for 3 h in the presence of
nitrogen, resulting in the formation of biochar. Subsequently, the obtained biochars
were subjected to treatment in a microwave oven operating at 2.45 GHz and 17 psi,
with the addition of ferrocene as a catalyst. The synthesis process lasted for 5 min,
and the irradiation ranged from 100 to 300 W, leading to temperatures between 80
and 100 °C. The resulting materials were identified as multiwall carbon nanotubes
containing a substantial nitrogen content in their structure.

In addition to the utilization of plant-based materials, there have been endeavors to
explore the use of real-world plastics as sustainable precursors for carbon nanotube
production. The methodology employed for this purpose [26] involved the collection
of plastic raw materials, namely polystyrene, polyethylene, polyethylene tereph-
thalate, and polypropylene. These materials underwent a transformation process,
converting them into carbon nanotubes through a system consisting of two furnace
reactors that reached temperatures of up to 800 °C. The heating rate employed was
20 °C/min, and Fe@Al,0O;3 served as the catalyst. This process allowed a carbon
yield of approximately 32% and a purity level of 93%. Another important advance-
ment in environmentally conscious carbon nanotube production is the simultaneous
generation of carbon nanotubes and hydrogen gas, as described in [27]. This process
involved the catalytic conversion of biogas into a methane-rich gas utilizing Ni/CeO,
as the catalyst. In the subsequent step, this methane-rich gas was chemically decom-
posed in an oven using CoMo/MgO as the catalyst, leading to the formation of carbon
nanotubes and hydrogen gas. Through this procedure, multiwall carbon nanotubes
with a purity level of 90% were successfully obtained.
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4.3 Graphene

The history of graphene began in 2004 when this material was first produced
through mechanical exfoliation from graphite. Graphene is characterized by its
ortho-hexagonal honeycomb-like structure (Fig. 5), which arises from carbon atoms
exhibiting sp> hybridization and forming three chemical bonds with angles of 120°
[28]. Thanks to its unique chemical structure, graphene exhibits intriguing proper-
ties, including high electron mobility, remarkable mechanical strength, exceptional
electrical and thermal conductivity. These qualities make it highly suitable for a wide
range of energy storage applications, including batteries, supercapacitors, hydrogen
storage, among others [29].

Two primary forms of graphene commonly employed in energy storage appli-
cations are graphene oxide and reduced graphene oxide [30]. Graphene oxide is a
material composed of single or multiple layers with oxygen-based functional groups
incorporated into its structure. The presence of these functional groups leads to lower
electrical conductivity. However, graphene oxide exhibits higher reactivity compared
to graphene and serves as an excellent substrate for nanoparticles. Additionally, it
is well-suited for use in both aqueous and organic solutions, making it a versatile
choice for various applications. On the other hand, reduced graphene oxide is derived
from the reduction of graphene oxide and can be obtained through various methods.
As the name suggests, this material possesses fewer oxygen-based functional groups
compared to graphene oxide. However, it is crucial to note that reduced graphene
oxide differs from the pristine graphene structure, resulting in distinct properties
between the two materials. Although the electrical conductivity of reduced graphene
oxide is lower than that of graphene, the presence of oxygen-based functional groups
in its structure enhances electron transfer.

Different methods have been reported for the production of graphene, and they can
generally be classified into two main categories: bottom-up and top-down methods
[31]. Bottom-up methods involve the construction of graphene using simple carbon
molecules. These methods start with small carbon units and build up the graphene

Fig. 5 Schematic
representation of graphene
layer structure
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structure. On the other hand, top-down methods involve extracting graphene oxide,
which is a bulk material, from a carbon source or graphite. The top-down approach
is widely recognized as the most popular method for producing graphene deriva-
tives. Among these methods, three main routes to synthesize graphene-based mate-
rials, such as graphene oxide, can be mentioned: Brodie’s method, Straudenmaier’s
method, and Hummer’s method. The difference between these three methods lies in
the ability to vary the oxidation degree through factors such as stoichiometry, reac-
tion conditions (pressure, temperature, etc.), and the type of graphite used. Graphene
oxide can be synthesized by oxidizing graphite or by using alternative forms or
sources, whether they are synthetic or natural.

Hummer’s method and its variations are among the techniques that have been
employed for synthesizing graphene. For instance, it has been reported a preparation
of graphene oxide from graphite [32] in which initially, graphite was combined with
concentrated HySO4 and NaNOj at low temperatures. KMnQO,4 was gradually intro-
duced to maintain the temperature below 5 °C, and the mixture was stirred while
deionized water was added. The oxidation reaction was augmented with additional
water and H,SO, solution. The resulting product underwent a series of washes,
including treatment with an HCl1 + H,O solution, deionized water, and ethanol,
until the pH reached a neutral level. Reduction of graphene oxide to graphene was
accomplished through sonication in water and subsequent treatment with hydrazine
hydrate. The reduced graphene oxide was purified by filtration and subsequently
dried, yielding graphene powder. The resultant material exhibited excellent elec-
trochemical performance, demonstrating a capacitance of 525 F/g at a scan rate of
30 mV/s in a 3-electrode system.

5 Characterization Techniques

Providing a comprehensive description of the properties of activated carbon continues
to pose a challenge. As previously discussed, the attributes of activated carbon are
predominantly influenced by the precursor and the specific procedure employed,
leading to a divergence in properties among distinct samples. It is imperative to
acquire and analyze these variations in order to maximize the efficient utilization of
carbonaceous materials across applications including adsorption, electrochemistry,
cosmetics, and various other intended purposes. Noteworthy characterization tech-
niques for activated carbon encompass the assessment of textural properties, surface
chemistry, and elemental composition of the carbon samples [33]. Next subsections
will delve into detailed explanations of several of these techniques.
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5.1 Gasses Physisorption

Describing the properties of activated carbon comprehensively remains a challenging
task, as mentioned in previous sections. One of the key parameters that significantly
impacts the behavior of carbon-based materials in energy storage is their surface
area. Therefore, it becomes imperative to accurately measure this surface area.

The technique employed to measure the surface area of carbon materials is
gas physisorption. This technique involves a pretreatment process that begins with
purging the surface of the material. The procedure starts by placing the sample in
a quartz cell, followed by the application of a vacuum and an increase in temper-
ature. It is crucial to determine the upper temperature limit based on the specific
material under analysis to prevent any thermal decomposition of the sample. The
combined effect of vacuum and high temperature leads to the removal of particles
from the surface of the material, enabling the measurement of its surface area. After
the purging process, the sample is transferred to an analysis station where the pres-
sure is carefully controlled. A new vacuum is generated, and a gas is injected into the
system with the intention of being adsorbed onto the surface of the carbon material.
Various pressures are applied to the system, while maintaining a constant temper-
ature, in order to generate isotherms (Fig. 6a) that are conducive to the analysis of
the textural properties of the material. The amount of gas that is adsorbed provides
information about the surface area of the material. By measuring the quantity of gas
adsorbed, it becomes possible to determine the surface area of the material under
examination. Regarding the types of gases used for this technique, the most common
ones are nitrogen and argon; however, it is also possible to use others such as helium,
carbon dioxide, among others.

The isotherms obtained from this analysis indicate various properties of the carbon
materials. For instance, they provide information about the size of the pores and the
degree of interaction between the sample and the gas. The identified pores can be
categorized as macropores (>50 nm), mesopores (2—50 nm), and micropores (<2 nm).
Similarly, the shape of the isotherms can offer insights into the shape of the pores. For
example, it can determine whether the pores are uniform, inkbottle shaped, exhibit
network effects, or have blocked pores, among other effects [34].

5.2 Chemical Composition and Functional Groups

Chemical composition plays a crucial role in determining the performance of carbon-
based materials for energy storage applications. Therefore, it is of utmost impor-
tance to understand the elemental constituents of these materials. Several methods
can be employed for this purpose, including energy dispersive X-ray analysis,
which is conducted concurrently with electron microscopy. This technique involves
bombarding the material with high-energy electrons or X-rays and detecting and
measuring the resulting emitted X-rays. The emitted radiation is unique to each
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element, enabling the identification and quantification of elements and their concen-
trations. Another approach for characterizing carbon-based materials is CHNS/O
elemental analysis, which involves the destructive combustion of the sample and the
use of detectors to measure the amounts of carbon, hydrogen, nitrogen, and sulfur
(oxygen is determined by difference) [6, 35].

Additionally, it is essential to determine the functional groups present in carbon
samples. Two prominent techniques for this purpose are Fourier Transform Infrared
Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS). FTIR involves
the exposure of the sample to infrared radiation, causing specific frequencies of
the radiation to be absorbed by the sample’s molecules. The absorbed frequencies
correspond to the characteristic vibrational modes of the chemical bonds within
the molecules, each of which is distinct (Fig. 6b). The transmitted or reflected
infrared radiation is then analyzed to generate a spectrum, representing the intensity
of absorbed radiation as a function of wavelength or wavenumber. On the other hand,
XPS utilizes a high-energy X-ray source directed at the sample’s surface, resulting
in the emission of photoelectrons from the sample’s atoms. The energy of these
emitted photoelectrons is measured to produce an XPS spectrum (Fig. 6¢), which
provides information about the binding energies specific to the elements and chemical
environments present [35, 36].
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5.3 Raman Spectroscopy

Raman spectroscopy is a valuable characterization technique employed to determine
the physical and chemical properties of carbon materials. This analytical method
involves directing a laser beam onto the surface of the sample to assess its vibrational
modes and generate a corresponding spectrum. The resulting spectrum represents
the intensity plotted against the Raman shift, which signifies the energy difference
between the incident and scattered photons. Carbon materials typically exhibit char-
acteristic responses within the Raman shift range of approximately 1300-1700 cm™!,
manifesting as two distinct bands known as D and G (Fig. 6d). By nature, this tech-
nique provides insights into molecular vibrations encompassing stretching, bending,
and rotational modes. These parameters facilitate the acquisition of information
pertaining to the chemical bonds, molecular structures, and functional groups present
in the carbon material. Among the notable advantages offered by this technique are
the ability to obtain molecular-specific information, its non-destructive nature, and
the requirement of only a small sample quantity for analysis, among others [37].

5.4 Electrochemical Characterization

Electrochemical characterization plays a crucial role in assessing the performance
of carbon materials for energy storage applications. This characterization provides
valuable insights into the suitability of carbon materials for integration into various
energy storage systems. It is important for the utilization of this type of characteri-
zation that the carbon material be present as part of the electrodes that constitute the
analysis system. Below are some of the key techniques used in this field:

e Cyclic voltammetry: This technique consists of applying an electrical potential
to a working electrode, with another electrode serving as a reference, to obtain a
corresponding measured current. It is useful for determining the redox behavior of
chemical species present on the electrode and/or understanding the electrochem-
ical properties of the carbon surface. The resulting plot, comparing the obtained
current with the applied potential (Fig. 7a), is known as a cyclic voltammogram
[38]. In the field of supercapacitors, this technique enables the determination of
the capacitance of the carbon electrode through simple calculations. For a capac-
itive material, it is expected that the profile obtained exhibits a semi-rectangular
shape, indicating energy storage across the entire potential window. Conversely,
for a battery, well-defined redox peaks are observed due to the energy storage
occurring through chemical reactions at specific potentials [39].

e Galvanostatic charge/discharge: This electrochemical method is based on
applying a constant current to the system and monitoring the resulting voltage
response over time (Fig. 7b). In other words, the system is charged and subse-
quently discharged. During the charging phase, the system receives the current,
and energy is stored, resulting in a change in potential until a specified endpoint
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is reached. Subsequently, the polarity of the current is inverted, and the system
begins to discharge, releasing stored energy and causing the potential to decrease
until a specified point or complete discharge of the system occurs. By analyzing
the voltage response during both the charge and discharge phases, valuable infor-
mation about the energy storage and conversion processes in the device can be
obtained [40]. Parameters such as capacity, efficiency, power output, and voltage
stability can be determined from the galvanostatic charge/discharge curves.

e Potentiometric electrochemical impedance spectroscopy: Unlike the two
previously mentioned methods, potentiometric electrochemical impedance spec-
troscopy employs alternating current instead of direct current. For this reason, this
characterization technique utilizes a sinusoidal perturbation (usually in the range
of £5-10 mV) and measures the resulting current response at different frequen-
cies. This technique allows the acquisition of Nyquist plots (Fig. 7c) that illustrate
the real contribution of impedance (resistance, Zg.) and the imaginary contribu-
tion (reactance, Z, ), which is associated with the capacitive or inductive behavior
of the system. Similarly, potentiometric electrochemical impedance spectroscopy
is useful for obtaining information about charge transfer kinetics, double-layer
capacitance, adsorption/desorption phenomena, and diffusion processes. It finds
wide application in corrosion studies, fuel cell research, battery characterization,
and the development of electrochemical sensors [41, 42].
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e Coulombic and energy efficiencies: Other important parameters commonly
reported to gain a better understanding of the behavior of carbon materials for
energy storage applications are coulombic and energy efficiencies (Fig. 7d).
Coulombic efficiency measures the degree to which electrical charge is trans-
ferred during electrochemical processes. It can be expressed as the ratio of the
actual amount of charge participating in the desired reaction to the total charge
theoretically available. Supercapacitors typically exhibit values close to 100%
for this parameter, while batteries often have values exceeding 80%. In contrast,
energy efficiency represents the ratio of energy received by the electrode during
the charging process to the amount of energy released during discharge. As antic-
ipated, energy transfer processes exhibit efficiencies lower than 100% due to irre-
versible energy losses as heat resulting from non-reversible faradaic processes,
the generation of decomposition products, blockage of material porosity, among
other factors, resulting usually in energy efficiencies of ~60% [30, 43, 44].

6 Conclusions

Carbon-based materials can be obtained from a wide variety of precursors. However,
it is always important to prioritize those that are more sustainable or have minimal
environmental impact. Several parameters influence the production of these mate-
rials, with temperature, heating rate, and the type of activation employed being the
most crucial. Furthermore, from a production method standpoint, it is also possible
to explore alternatives in green chemistry, such as solar concentration processes to
raise the temperature instead of using traditional energy sources that generate higher
levels of harmful emissions to the environment.

Due to their versatility, various carbon-based materials have been employed for
energy storage, including nanoporous carbons, graphene, carbon nanotubes, among
others. These materials exhibit different properties that make them suitable for use in
various devices that can adapt to specific requirements. To gain a better understanding
of the behavior of carbon materials for energy storage, it is necessary to subject them
to various characterization techniques. These techniques allow for the determination
of parameters such as specific surface area, degree of order/disorder in the structure,
chemical composition, functional groups, and electrochemical performance.
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Abstract Carbon materials are essential for a wide variety of electrochemical util-
isations due to the fact that their electron-transfer and charge-storage capabilities
may be tuned. In order to rationally build various high-performance electrochemical
devices, it is essential to engage in careful structural manipulation of carbon in order
to control its chemical, electrical, and crystalline properties. This study focuses on
three different forms of carbon nanomaterials that have recently gained interest in
the field of electrochemistry. These are carbon nanofibres, carbon nanotubes (CNTs),
and graphene. The focus of this chapter is on the ways in which the structural differ-
ences among these carbon nanomaterials influence the electrochemical activities they
exhibit. In this Chapter, after providing a brief summary of the recent developments
in the fields of Nano carbon and nanofibres, Nano carbon and composites for energy
applications, and the future perspectives of Nano carbon electrochemistry, this study
will move on to discuss these topics in more depth. Focus is placed on delineating the
ways in which the electrical structure of carbon affects the electrochemical activity
of the element. Notice some of the modification approaches applicable to over one
utilization area through the examination of various electrochemical devices; as a
result, structural manipulation approaches utilized in one class of electrochemical
devices can be extended to other types of electrochemical devices.
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1 Introduction

It is necessary to do research into the ever-evolving landscape of nanotechnology
in order to acquire a comprehension of the current standing of these technologies.
One subfield of nanotechnology, known as nanocarbons, is undergoing continuous
development and expansion in search of applications that are not only effective but
also novel, robust, and efficient and have the potential to fill the gaps left by newer
technologies. In this context, the status of various nanocarbons should be evaluated
on a frequent and ongoing basis so that the current condition can be observed and the
outcomes of the future may be anticipated. Enhanced electrical and thermal conduc-
tivity, mechanical strength and transmissivity are some of the qualities that have been
reported in these nanocarbons. These properties provide these nanocarbons applica-
tions in electronic devices, energy storage, drug carriers, biosensors, biomedicine,
aerospace, and thermal management, amongst other fields.

This chapter primarily focused on the Class of Nano carbons, nanofibres
and their associated electronic structures and properties, 3D composite foams,
Current Progress in the Fields of Nano carbon and nanofibres, Graphene, CNTs,
Carbon Nanoparticles, Nano carbon and Composites for Energy Applications,
Super capacitors, Future Perspectives of Nano carbon Electrochemistry, and finally,
Conclusions.

1.1 Nanocarbons

The term “nanocarbons” is utilised to describe a wide variety of carbon-based mate-
rials that have dimensions, structures, and textures on the nanoscale [1]. Because of
the dimensional constriction of the electronic structures, nanocarbons have physic-
ochemical characteristics that are entirely their own. When compared to ceramics
or synthetic organics, nanocarbons have several advantages, including being abun-
dant, flexible, versatile, lightweight, and environmentally beneficial for a variety of
applications (Fig. 1) [2, 3].

Nanocarbons, in general, exhibit outstanding intrinsic features (such as surface
chemistry and electrical structures, for example), as well as extrinsic properties (such
as specific surface area and shape, for example), which are imparted by the nanoscale
confinement of their structures. As a result, synergistic catalytic performance can
be achieved with better thermal and chemical stabilities, enhanced activity, and
superior reusability by painting active catalyst (such as metal, oxide, and sulfide)
onto nanocarbon. This will result in the catalyst having a longer lifespan. These
nanocarbon composites have a wide variety of potential applications, some of which
include photonics, nanomedicine, environmental remediation, energy storage, and
industrial catalysis [5, 6].
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1.2 Carbon Nanotubes (CNTs)

CNTs are one-dimensional, cylindrically rolled, solitary layers of carbon. The
creation of ‘needle-like tubes’ of limited carbon structures is done by using an arc
discharge evaporation technique. The generated carbon structures were eventually
characterized as ‘multi-walled CNTs’. On the negative side of the electrode that was
participating in the arc discharge, the creation of needle-like tubes was observed [2].
CNTs are essentially tubular structures that are manufactured by rolling up hexagonal
sheets of carbon atoms or graphene. This process results in the formation of CNTs.
These structures are only able to maintain their alignment and cohesion thanks to the
presence of sp? bonds and the force of van der Waal. They can also be covered with
half fullerene molecules on each end, which makes them even stronger than the sp*
bonds despite the fact that their structure is completely unique [5].

Types of Carbon Nanotubes:

CNTs can be categorized into two distinct categories as shown in Fig. 2.

e Single-walled CNTs (SWCNT): Nanotubes made of single-walled carbon existing
in a one-dimensional (1-d) configuration. Armchair and zig-zag shapes are two
examples of SWCNTs.

e Multi-walled CNTs (MWCNT): It is made up of multiple CNTs arranged in a
nesting pattern. This particular variety of nanotubes possesses two diameters: the
first one is referred to as the outer diameter, while the second one is referred to
as the inner diameter. Chiral multi-walled CNTs are a type of multi-walled CNTs

[7].
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Fig. 2 Types of CNTs. Adapted with permission [7], Copyright 2023, Springer Nature

The following Table 1 can be utilised to provide an explanation of the character-

istics of CNTs.

Table 1 Properties of carbon nanotubes

Parameters MWCNTs SWCNTs
Key parameters

Aspect ratio 50-4000 Upto 10,000
Typical diameter 7-100 nm 1-2 nm
Typical length Upto 1 mm Upto 1 mm
Electronic structure properties

Minimum working dosage as an anti-static additive | 0.5% 0.01%
Thermal conductivity at room temperature 2000-3000 W/(m k) | 30006000 W/(m k)
Mechanical properties

Tensile strength 10-50 GPa 50-100 GPa
Elastic modulus 300-1000 GPa 0-3000 GPa
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2 Nanofibers Electronic Structure and Properties, Class
of Nano Carbons

In 1879, Thomas Edison was the first to successfully carbonise cotton and bamboo
strands to create carbon fibres, which were then utilised in energy conversion and
also storage, along with sensing devices, and also the reinforcing of composites.
Hughes and Chamber [8] filed for a patent on gas pyrolysis to create nanofilaments
of carbon in 1889. Carbon fibres were utilised in the areas of energy conversion
and also storage, along with sensing devices, and also composite reinforcement.
Tables 2 and 3 defines the properties of Nanofibers [6] and characteristics of different
nanocarbon. When compared to conventional carbon fibre, the architectures of carbon
nanofibres as shown in Fig. 3 can be described as having a few minor distinctions.
These are renowned for their mechanical, along with electromagnetic shielding, as
well as electrical, and also thermal stability with their existence at the nanoscale
scale. Additionally, they are quite adaptable [9].

2.1 3D Composite Like Foams

Closed cell foams made of thermoplastics are traditionally produced using compres-
sion or injection moulding techniques. These processes call for tooling, which can
be costly and time-consuming, to fabricate complicated parts. However, studies on
additive manufacturing (AM) show that fused filament fabrication (FFF) is one of
the methods most frequently employed to produce intricate functional parts [11,
12]. Additionally, additive manufacturing (AM) overcomes the conventional limi-
tations on component size and may produce extremely complicated parts with no
tooling expenses and minimal energy and also material usage [13]. Even though
most polymers are already used in FFF-based 3D printing (3DP), the development
of lightweight thermoplastic filaments for specialised applications remains in its
early stages [14]. Due to its versatility in processing and ability to be employed
in various engineering utilisations, thermoplastic composites are utilised in semi-
structural and also many other engineering utilisations. Industrial 3D printers employ
thermoplastic polymers as feedstock, such as polymethylmethacrylate, polylactide,
acrylonitrile butadiene styrene, polycarbonate, and polyetherimide filaments made

Table 2 Properties of Commercial name XFM60
nanofibres
Diameter (nm) 200-600
Length (Lm) 5-50
Density (g/m?) 2.1
Purity (%) >70
Surface area (m2/g) >18
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Table 3 NanoCarbon types
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Nanocarbon

Graphene

Carbon nanotubes

Fullerene

Graphene was successfully
demonstrated by Andre Gemi
and Konstantina Novoselov
from the University of
Manchester in 2004

CNTs are carbon-wall
structured tubes with a
diameter of less than 100 nm.
They were identified by Sumio
Lijima in 1991

Eiji Osawa predicted the
existence of Cgp in 1970 and
was observed in 1985 by
Richard E. Smalley, Robert F.
Curl, and Harold W. Kroto.
Macroscopic synthesis is
achieved in 1990

2-Dimensional structure

1-Dimensional structure

0-Dimensional structure

Mainly chemical vapor
deposition

Mainly chemical vapor
deposition

Mainly combustion and
arc-discharge

Highly transparent and
conductive, difficult transfer

Can be metallic and
semiconducting

Costly separation Difficult
dispersion

Semiconducting, costly
separation of higher number
fullerene

Graphene

Graphene oxide (GO)
Reduced graphene oxide
(RGO)

Single-walled CNT (SWCNT)
Double-walled CNT
(DWCNT)

Multi-walled CNT (MWCNT)

Higher number Fullerene
Fullerene derivates

Fig. 3 Structure of
nanofibres. Adapted with
permission [10], Copyright
2011, Elsevier
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Fig. 4 3D composite foam. Adapted with permission [18], Copyright 2018, Elsevier

from their respective mixes [15, 16]. There have been few studies on 3D Graphene
Foam-Reinforced Polymer composites as shown in Fig. 4 along with polymers like
HDPE with polypropylene, and also polyamide along with polycaprolactone, and also
polybutylene terephthalate, and others due to problems with warpage and delamina-
tion that can be resolved by using compounding techniques to add various inorganic/
organic fillers [17, 18].

3 Current Progress in the Fields of Nanocarbon
and Nanofibers

For creating an eco-friendly society within the biosphere, the development of envi-
ronmentally friendly, non-harmful materials that are also capable of keeping pace
with technological progress is not only extremely important but has also become a
difficult undertaking. Therefore, green chemistry plays a significant role in achieving
these goals, which are essential for a healthy society. For businesses, the number one
concern is zero waste creation, waste avoidance, and effective resource utilisation.
By reducing the use of harmful chemical substances in the development of benefi-
cial chemical products [19], green chemistry is widely acknowledged to be a safer
alternative to conventional chemical synthesis techniques.

Nowadays, due to the of carbon-based nanomaterials’ unique properties like good
electrical conductivity, along with ease in surface functionalization, as well as high
mechanical strength, and also good thermal stability of carbon-based fullerenes
CNTs, along with carbon fibres, as well as carbon quantum dots, and also graphene,
they have attracted a lot of interest towards research and are utilised widely in a
variety of utilisations. Therefore, within published literature, carbon nanomaterials
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are utilised directly or even modified for the aforementioned purposes [19]. These
materials have been referred to as wonder materials. Despite this, other synthesis
pathways, such as chemical vapor deposition (CVD), along with plasma CVD, and
also laser ablation, which are utilized for the synthesis of various carbon-based
nanomaterials, are not exactly the easiest things to work with because they require
the employment of complex procedures and pricey hydrocarbons, as well as other
specific dangerous sources. It has been demonstrated experimentally that carbon-
based nanoparticles have usefulness in remediation and sensing applications [20,
21]. There have been a few reports published in academic journals that describe
a technique to recovering carbon-based nanomaterials that is both economical and
kind to the environment. The creation of nanocomposites plays a key role in the
advanced applications that are being utilised today for things like energy storage,
electronic parts, environmental remediation, biomedicine, and so on [22]. Some of
the applications are listed below [23].

Catalyst Support of Hydrogen Fuel Cells and Two-Electron ORR: As the demand
for energy continues to rise, more and more people are becoming interested in the
study of fuel cells. The major reactions that take place in hydrogen fuel cells are
the hydrogen evolution reaction (HER)/oxygen evolution reaction (OER) and also
the hydrogen oxidation reaction (HOR)/oxygen reduction reaction (ORR). A two-
electron oxygen reduction reaction (ORR) also is vitalin the creation of hydrogen
peroxide (H,O,). In typical circumstances, the reaction that occurs when oxygen
and hydrogen combine to form water is spontaneous, although the process itself is
somewhat slow. As a result, the reactions require a catalyst in order to proceed more
quickly.

Sensor Material of Wearable Devices: Real-time monitoring of the human body is
possible with wearable electronics, which can provide information on the heart rate,
sleep activities, calories burned, and stress level. These benefits have made wearable
technology desirable and encouraged a variety of study. For the sensor materials, a
thin, stretchable, flexible, and affordable material is crucial. Due to their exceptional
conductivity, mechanical characteristics, etc., carbon-based materials, like CNFs and
also CNTs have been researched as very stable and sensitive sensors.

Direct Contact Membrane Distillation: Researchers have been looking towards
making freshwater from salt or contaminated water due to the lack of freshwater.
Reverse osmosis is a traditional technology that uses a lot of energy but has limited
uses. Due to its simple operating conditions (low temperature and pressure) and
superior capabilities (high solute rejection, little mechanical needs), membrane distil-
lation (MD) has become a viable alternative. With the simplest MD arrangement,
direct contact membrane distillation (DCMD) is utilised extensively in the food and
desalination processes.

Sensor Applications: Nanomaterial biosensor research is popular. Stacking, along
with hydrogen bonding, and also hydrophobic interactions, along with Van der Waals,
and also electrostatic forces allow these nanomaterials to interact non-covalently
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with organic molecules. These interactions and hollowness make them good analyt-
ical candidates. Carbon nanoparticle electrodes are highly electrocatalytic. Nano-
biosensors benefit from their high surface area and volume ratio. Its chemical stability
and biocompatibility make it a preferred sensor material.

3.1 Fullerenes

Fullerenes are spheroidal molecules that are comprised entirely of carbon. The most
well-known fullerene is Cgp, which has 60 individual carbon atoms in its structure.
Because of their nanoscale size and unusual electronic properties, they have been
the focus of numerous investigations into their possible use in nanomedicine [24].
These applications include medication delivery, photodynamic therapy, antioxidant
treatment, and even antiviral treatment.

Fullerenes can be manufactured by a variety of processes, the majority of which
require the vaporization of graphite or other similar carbon sources. These processes
include arc-evaporation, along with pyrolysis, as well as radio-frequency plasma,
and also laser ablation, among others. In addition, the relatively low solubility of
fullerenes necessitates the use of substantial amounts of organic solvents throughout
the purifying process. As a result, the creation of environmentally friendly processes
for their preparation is not at all a straightforward endeavour [25, 26]. The utiliza-
tion of microwaves, on the other hand, can be advantageous in terms of reducing
reaction times and also temperatures; nevertheless, even this practical advancement
has not resolved the numerous issues that the industry faces in terms of producing
fullerenes at minimal cost. One must keep in mind that fullerenes need to be deriva-
tized in order for them to be water-soluble in concentrations that are significant for
use in biomedical utilisations. As a result, chances for the environmentally friendly
production of fullerenes may lie in the development of such derivatives. For example,
hydrophilic polydopamine and also glutathione was utilised to solubilize fullerenes
by simply mixing them in water. This was followed by dialysis and also freeze-drying
so that the antioxidant activity of the fullerenes could be investigated [27]. A mixture
containing fullerene and gallium oxide was subjected to a sonochemical treatment in
water, which resulted in the production of nanostructured hybrids with possible uses
in sensing. Without considering how to synthesise the fullerene core structure, these
approaches just concentrate on derivatization. However, in a recent breakthrough,
plastic trash was catalytically converted into a magnetic fullerene-based composite.
The catalyst and precursor of magnetic nanoparticles, along with ferrocene, played
a crucial role in this [28].
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3.2 Graphene

As the class of graphene-based materials is so large and varied, it is essential to have
a thorough understanding of the particular sort of structure that is being investigated
and how it may be unique in comparison to previously published research on the
subject [29, 30]. Although graphene has captivated the imagination of scientists for a
number of applications in the medical field, unsolved difficulties exist in its extensive
deployment on a worldwide industrial scale in order for it to widely reach the market.
Nevertheless, significant work is being made in this area. There are several uses, but
the ones relating to antibacterial properties are the ones that have received the most
attention [31, 32]. When it comes to sensing applications, the one-of-a-kind features
that graphene-based materials possess because of their two-dimensional structure
are of utmost relevance. The biocompatibility of these materials has been the subject
of extensive research, and the findings obtained so far are encouraging; nonetheless,
because to the great variety of graphene-based materials, it is preferable to transition
from descriptive to predictive toxicology [33].

In particular, the reviews [32] looked at the creation of a biomolecular corona on
given graphene-based materials and also its implications for biodistribution and also
cytocompatibility. Exfoliating graphite in the presence of a variety of dispersants is
one of the many methods that may be utilised to make graphene; nonetheless, this
method is now the most widely used. Graphene, on the other hand, is commonly
oxidized to graphene oxide (GO) in order to provide good water dispersibility. This
is a process for which environmentally friendly solutions are being researched. So,
for instance, graphite’s electrochemical oxidation in acidic water was successful in
producing GO-based conductive materials in a matter of seconds [31]. Taking use
of synergy with photochemistry could result in further improvements to the process.
Figure 5 depicts different structures of graphene [31].

3.3 Diamane

The structural structure of diamane, a nano-allotrope of carbon, includes the pres-
ence of bilayer graphene that experiences sp? hybridization. The creation of covalent
bonds between the carbon atoms and hydrogen atoms of the two sub-lattices during
the hybridization is confirmed, resulting in the synthesis of a C,H layer on one
side and the formation of the diamane structure on the other side of the carbon
layer [34]. In 2009, Chernozatonskii et al. [35] utilised theoretical simulation studies
(Vienna Ab Initio Simulation Package (VASP)) to examine the synthesis, character-
istics, and structure of diamane for the first time. They discovered that diamane, a
diamond nanofilm, is created by hydrogenating bilayer graphene and has exceptional
mechanical and electrical properties [35, 36].

Although the term “diamane” is frequently utilised by researchers, the diamane
structure is also referred to by other names, including bilayer graphene, hydrogenated
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Fig. 5 Different structures of graphene. Adapted from Ref. [31]. Copyright The Authors, some
rights reserved; exclusive licensee Elsevier. Distributed under a Creative Commons Attribution
License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/

bilayer graphene, hydrogenated few-layer graphene, and interlayer-bonded bilayer
graphene [37]. Diamane is categorized as either Bernal stacking (the AB stacking
sequence of diamane) or Lonsdaleite stacking (the AA stacking sequence of diamane)
based on its shape. The most stable form of diamane in this situation is represented by
Lonsdaleite stacking, and under pressure, 3D graphene crystals can also be created
from them [35].

3.4 Carbon Nanotubes (CNT)

CNTs are essentially single-walled or multi-walled sheets of graphene, depending
on how many sheets make up their walls. They can be considered graphene sheets
that have been rolled up into a tube. They are identified as prospective materials to
innovate inside the biochemical field, much like the other nanostructures. Despite the
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Table 4 Properties of CNTs
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Properties Parameter Range
Density Armchair (10.9) 1.32 glem?
Chiral (12.5) 1.41 g/cm?
Zig zag (16.0) 1.33 g/em?
Structure during equilibrium Mean diameter 1.3-1.5 nm
Interlayer distance Arm chair 3.37 A°
Chiral 3.38 A0
Zig zag 3.40 A°
Lattice parameter Arm chair (10.9) 16.55 nm
Chiral (12.5) 16.53 nm
Zig zag (16.0) 16.53 nm
Elastic nature Tensile strength About 100 GPa
Young’s modulus 1.0-1.27 TPa
Electrical behaviour Conductance 13kQ!
Current density 1015 A/m?
Thermal property Thermal conductivity Around 2000 W/m K
Mean free Path Around 100 nm

fact that functionalization can reduce nanostructures’ toxicity, their physical resem-
blance to asbestos fibres has created many obstacles for their applications [38].
The academic community engaged in CNT research responded strongly, fearing
additional barriers to innovation. The biocompatibility profiles of these nanomate-
rials vary widely depending on a number of criteria such as functionalization and
also route of administration, and it was discovered that one specific form of CNT
proved hazardous [39, 40].

The following Table 4 can be utilised to provide an explanation of the character-
istics of CNT.

3.4.1 CNT with Metal-Oxides

Recently, numerous types of research is done looking at whether or not CNTs may be
utilised as adsorbents. Research has been done looking into how CNTs can be utilised
to filter contaminants out of water-based systems. Numerous laboratory investiga-
tions on the adsorption of dangerous chemical compounds and heavy metals have
already been conducted out [41].

Purification and also activation or even functionalization of CNTs is needed and
can be accomplished through oxidation treatment [42]. These processes are necessary
for further enhancing the adsorption ability of CNTs. It is required to purify CNTs
in order to get rid of the impurities that can frequently be found mixed in with them.
Some examples of these impurities include catalyst particles, along with soot, as well
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as amorphous carbon, and also other forms. As a result of their coating on CNTSs’
surfaces, impurities can lower the amount of adsorption that takes place, which in
turn influences the amount of adsorption that takes place on the exterior surface of the
nanotubes. Treatment of CNTs with an oxidising agent (like nitric acid, along with
hydrogen peroxide, and also potassium permanganate, or even a mix of nitric acid
and also sulfuric acid) results in an increase in hydrophilicity, which likely accounts
for the improved adsorption ability. This is because the oxidation treatment increases
the hydrophilicity of the CNTs. When CNTs are subjected to oxidation treatment,
new functional groups are created on nanotubes’ surface.

Recently, metal oxide nanoparticles supported by CNTs are the subject of inten-
sive research. This research has revealed that these nanoparticles are an excellent
adsorbent for removing heavy metal ions and harmful organic compounds from
water, and that they can also function as catalysts.

3.4.2 Synthesis of CNT/Metal Sulfide Composites

CNTs’ combination with metal sulphides is done in order to boost the electrocatalytic
activity of CEs as well as their conductivity. CNTs’ combination and metal sulphides
(metals) produce a remarkable electron channel due to the CNT network’s high
electrical conductivity and the fact that metal sulphides improve electrochemical
performance due to the electrocatalytic behavior that they exhibit [41, 43].

The Ni foam was cleaned with acetone, along with ethanol, and also deionized
water (DI) for 10 min each, followed by ultrasonic etching with a 2 M HCl solution
for 30 min, before the synthesis could begin. We mixed 0.05 g of MWCNT powder
with 0.1 g of PVDF in 2 ml of N-Methyl-2-pyrrolidone (NMP) to make the counter
electrode. Coating a piece of Ni foam (1.31.6 cm?) with the slurry required first
thoroughly mixing the ingredients utilising a mortar and pestle. Sintered at 150 °C
for 30 min, the resulting thin film is the carbon nanotube (CNT) electrode [3].

Figure 6a illustrates CNT/metal-sulfides. The electrons in CNT/metal-sulfides
find the shortest path to accelerate charge transport and facilitate reduction of the
polysulfide electrolyte compared to the bare CNT network, which encourages the
enhanced electrocatalytic activity of the composite electrode material to enable
higher QDSSC and SC performance (Fig. 6b). To deposit metal sulphides on the
Ni-foam based CNT electrode, the simple solution method of chemical bath depo-
sition (CBD) was utilised. Metal sources of 0.1 M CuSO4-5H,;0 (or NiSO4-6H,0,
along with Pb(NO3),, and also CoCl,-6H,0) and also sulphur sources of 0.4 M
C,HsNS in 50 ml deionized water were used to create CuS, along with NiS, as well
as PbS, and also CoS deposition solutions. The CuS and NiS solutions were next
treated with 0.6 M C,H4O, while the CoS and also PbS solutions were treated with
0.4 M CH4N,O, both added drop by drop. CNT electrodes were dipped vertically
into CuS, along with NiS, as well as PbS, and also CoS solutions for 90 min at
90 °C to create composite electrodes. The electrodes were taken out of the oven after
deposition and washed with DI water and also ethanol. When everything was ready,
it was dried at 100 °C overnight. The solutions of PbS, along with CuS, as well as
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Fig. 6 a Schematic representation and b electron transfer process of CNT/metal sulphides. Adapted
from Ref. [3]. Copyright The Authors, some rights reserved; exclusive licensee Springer Nature.
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.
org/licenses/by/4.0/

CoS, and also NiS were used to make the CNT/PbS, along with CNT/CusS, as well
as CNT/CoS, and also CNT/NiS samples.

3.4.3 CNT with Chalcogenides

The chemistry behind CNTs’ functionalization is well understood due to the high
level of interest and research activity, which, along with their special characteristics,
makes them ideal templates for assembling with other functional nanomaterials.
Increasing the tunability of CNTs’ physical, electrical, and optical characteristics
has been shown to be possible by adding various organic or inorganic species to their
surface. Nanocomposites and functional CNTs with novel or even tunable features
may play a critical part in the miniaturisation procedure for nanoengineering and
nanotechnology as the need for smaller, along with quicker, and also more effi-
cient electronic devices increases. This covers the research and creation of novel
catalyst materials, along with solar cell sensitization, and also nanobatteries, etc.
Nanocomposites with semiconductor QDs covalently bound to CNTs have recently
gained significant attention for use in these areas. In many applications, the unique
ability of QDs to be tuned for key optical and electrical characteristics by changing
their size is of tremendous importance. As promising semiconductors for utilisation
in optoelectronic devices, multinary chalcogenide materials such as CulnS, (CIS),
Cu(In,Ga)S, (CIGS), and Cu(In,Ga)Se, (CIGSe) are of great interest due to their
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exceptional electronic and also optical properties (due to their characteristics as a
direct band-gap semiconductor), precise control of these by straightforward modi-
fication of the preparation conditions (size, along with surface chemistry, and also
composition), and also cost-effective [44].

3.44 CNT with HTS

High-temperature superconductors (HTS) feature layers that are extremely
anisotropic, and their critical current density, J., is influenced by microstructural
characteristics like connection between the grains and grain borders. Numerous
researchers investigated the improvement of J. using a variety of techniques, one
of the most widely utilised being the substitution or addition of various nanoma-
terials. Due to the improved connectivity of the grain boundaries and an increase
in their flux pinning capacities, the addition of nanomaterials enhances the electric
transport parameters of HTS materials, such as the critical current density. It has been
discovered that nanoparticles fill the spaces between the grains and have an impact on
superconductivity through mechanisms that strongly bind the grain borders. While
acting as impurities, these nanoparticles don’t alter the structure of HTS materials
[45].

Many researchers have also looked at the possibility of using carbon-based nano-
materials to enhance HTS performance, especially with regard to critical current
density. Recently, there has been a surge of interest in increasing the J. of these HTS
materials by adding CNTs. It has been claimed that the vital current density increases
by a factor of 10 when CNTs are added to YBa,Cu30;. These nanostructure phases
are excellent traps for preventing flux mobility. J. under the applied magnetic field
likewise rises as a result. The addition of the CNT increases the electric transport
capabilities between the grains without altering the materials’ structural makeup by
creating electrical networks between grains, as seen in the SEM image [45].

4 Nanocarbon and Composites for Energy Applications

Due to its unconventional characteristics, like their high power density, quick
charging time, and also high cycling stability, super capacitors are employed as
energy storage devices in electric vehicles, along with hybrid electric vehicles, as
well as backup power cells, and also portable electronic gadgets. Pseudo capac-
itance and electrochemical double-layer capacitance are the two basic methods of
energy storage in super capacitors. The mechanisms of faradic reactions are in charge
of charge transfer in a pseudo capacitor. Pseudo capacitance can be seen in several
metals, oxides, and conducting polymers. In contrast, inside electrochemical double-
layer capacitance procedures, charges are always accumulated at the interface by
the mechanism of electrolyte ion adsorption/desorption on electrode materials with
a wide surface area. Therefore, carbon-based nanomaterials can be crucial in the
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creation of super capacitors. Super capacitors made of Nano carbon are superior to
conventional (metal-based) super capacitors in several ways, including high cycling
stability, along with high power density, and also lower energy density requirements
for battery use [46].

CNTs, which have excellent mechanical and electrical properties, have an exposed
surface that can be functionalized to make them appropriate for energy storage.
However, it has significant drawbacks, namely a moderate capacitance brought on
by the low density of the nanomaterials. A different kind of energy-storing material is
the lithium-ion battery, which stores energy as chemical energy. It is superior to capac-
itors in several ways, including high power density and reduced potential for green-
house gas emissions. Since the structure of Nano carbon-based materials typically
expresses some common factors, like the lithium amount reversibly incorporated
into the carbon lattice, along with the faradic losses throughout the initial charge—
discharge cycle, and also the voltage profile throughout charging and discharging,
Nanocarbon materials and composites are utilised in lithium batteries [47]. Table 5
displays some Nano carbon-based compounds utilised in environmental and energy
applications.

Supercapacitors:

To make super capacitors, electro spun carbon nanofibres are used, and they do so
quite effectively. Electro spun CNFs can be produced with a variety of fibre diame-
ters, porosities, and surface chemistries, which has several advantages for improving
capacitor performance. Increasing the electrochemical capacitance of electrospun
carbon nanofibres has been achieved through the manipulation of fibre morphology
and also degree of graphitization via control of heat treatment conditions, utilisation
of catalysts throughout carbonization and/or activation, and also selection and even
combination of various polymer precursors like PAN/CA, along with PAN/PVP, and
also PAN/pitch [48].

Electrospun carbon fibres’ electrochemical capacitance may be greatly increased
by the insertion of redox-active species due to the simultaneous use of two charge
storage processes, along with electrical double layer and also redox reactions.
Ruthenium-embedded carbon nanofibres were made by electrospinning fibres made
of ruthenium(III) acetylacetonate and PAN in dimethylformamide (DMF), then stabi-
lizing, carbonizing, and activating those fibres. After adding Ru nanoparticles to the
carbon fibres, the specific capacitance significantly increased. Carbon nanofibres
without Ru had a capacitance of 140 F/g, whereas an electrode with 7.31 wt% Ru
had a capacitance of 391 F/g. The enlargement of the average pore diameter and the
additional pseudo capacitance made available by the well-dispersed Ru nanoparti-
cles were credited as having synergistic effects that increased electric double-layer
capacitance [8, 48]. Additionally, the pseudo capacitive contribution from the electro-
chemically active polymer PPy led to a further increase in capacitance when polypy-
role (PPy) was coated on the MWCNT-loaded fibres. Another strategy for improving
the electrochemical performance of electrospun CNFs is the encapsulation of many
highly conductive components like CNTs and also metallic nanoparticles to increase
electrical conductivity [8].
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Table 5 Applications of Nano carbon based materials in energy and environmental field
Nanomaterials Material used Methods Applications
Energy Carbon nanotubes | Graphite, Melting/ To prepare
application (CNT) nanoplatelets, heating, enhanced thermal
phase change sonicated conductive
materials material
Single wall carbon | HNO3, Ag/AgCl Absorption, Application in
nanotube electrode, drying, biofuel
(SWCNT) methylene blue nitration
Graphite powder K»>S,05, P05, Heating, Fabricating of
H>SO4, KMnOy, drying, various micro
H,O, filtration, electrical devices
mixing
Porous carbon and | Sulfuric acid Oxidation, Supercapacitor for
hydrous RuO; absorption energy storage
Graphene oxide Polyethylene Heating, To prepare higher
graphene glycol, H3POy, drying, thermal energy
nanoplates KMnOy, H>SOy4, filtration, storage
HCL, H,O» mixing
Environment Multiwall carbon | HySO4, HNO3 Oxidation, Heavy metal
Applications nanotube 3:1) filtration, removal (cadmium
(MWCNT) drying reduction)
Ethanol ferrocene | Oxidation/ Ciprofloxacin
thiophene reduction/ reduction from
pyrolysis aqueous solution
Oxidized MWCNT | NH; material EDA, Heavy metal
N-HATU, removal (cadmium
filtration, and lead reduction)
drying
Graphite oxide NaS,03 Oxidation, Heavy metal
sonication, removal (mercury
washed, dried | Hg?~ reduction)
NaNOj3, HySOyq4, Oxidation, ‘Waste water
KMnOy4, H,O, flietration, treatment
wahsed,
dispersed

5 Future Perspectives of Nanocarbon Electrochemistry

Due to the one-of-a-kind characteristics, carbon nanomaterials have made signifi-
cant contributions to the research, development, and advancement of electrochemical
sensors and biosensors. When compared to traditional, non-nanostructured elec-
trochemical systems, the innovative as well as the modified carbon-based probes
frequently demonstrate significantly improved analytical performance. Electroana-
lytical approaches incorporating sensing and biosensing devices employing carbon
nanostructure modified electrodes are displaying potential for utilisation in real-life
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analytical detection. Particularly useful as electrode materials for electrochemical
detection of a wide variety of analytes have been CNTs and diamond. Because of
their one-of-a-kind characteristics, CNTs, diamonds, and diamond-like films have
made significant contributions to the development of innovative nanostructured elec-
trochemical sensors and biosensors. These sensors have improved analytical perfor-
mance in comparison to conventional electrochemical sensing systems. In addition,
before any prospective commercialization can take place, more accurate assess-
ments of certain performance characteristics along with their application for sensing
analytes inside samples taken from the actual world are required [49].

The boosted active surface area of CNTs and also the anti-fouling capability of
diamond and also diamond-like surfaces are two examples of the novel properties
of carbon nanomaterials that contribute to their impact in modern electrochemical
systems beyond their analytical superiority. These properties help make diamond
and diamond-like surfaces resistant to fouling. In addition, the authors expect that
the continued development of novel, adaptable methodologies for the synthesis and
functionalization of carbon nanomaterial will soon lead to an increasing number of
significant electroanalytical applications in a variety of fields of interest, including
rapid and also sensitive medical analyses, along with drug quality monitoring, ad
also food and environment security.

6 Conclusion

In conclusion, carbon-based sensors, along with electrocatalyst, as well as super-
capacitors, and also LIBs share some electrochemical characteristics; some ways
of manipulating carbon’s structural properties apply generically to each applica-
tion area. For example, one way to modulate electrochemical activity is to disturb
the electronic structure of the material. This can be done through covalent (e.g.,
controlled oxidation, along with doping with heteroatoms, and also alteration of
synthesis conditions) or even noncolvent (adsorption of surfactants or even poly-
electrolytes) approaches. on addition to this, the architectural design plays a vital
effect on the electrochemical performance as a whole. For instance, substrate-
supported continuous carbon nanotube arrays (CNFs) that have outstanding mesh
integrity demonstrate wide-range sensing capabilities. Also, vertically aligned carbon
nanotube arrays along with graphene sheets offer both good rate performance and
also high sensitivities.
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and Vesselin Shanov

Abstract As the world transitions from fossil fuels towards more sustainable renew-
able energy options, carbon-based materials play a significant role due to the growing
demand for portable energy devices (for wearable electronics) and heavy-duty energy
sources (for power stations, long-distance transportation and electric vehicles).
Current, commercially available carbon-based energy materials are inadequate to
meet the energy requirements of a fossil fuel-free energy scenario. So, academia
and industry are shifting their interest toward advanced materials like nanocarbons,
including graphene, carbon nanotube, and fullerene for energy application. They
all exhibit extraordinary properties due to their nanoscale dimensions and unique
morphology. The tunability of physical, chemical, and electrochemical properties
of nanocarbon are their significant features that make them ideal candidates for
energy storage and conversion. Advanced tailoring approaches applicable to nanocar-
bons for energy storage applications are discussed here in detail. They include (a)
heteroatom doping, (b) design of hierarchically structured nanocarbon, (c) construc-
tion of ionic channels within the material, and (d) growing metal compound-based
nanoparticles on nanocarbon. Further, strategies like grafting fullerenes, patterning
CNT films, and compositing graphene with CNT and PANI are explored in energy
conversion applications like photovoltaics. The discussed electrocatalysis employs
tuning methods like nanocarbon doping, porous templating, defect engineering, elec-
trodeposition, and electro-reduction. On the other hand, fuel cell technology adopts
tailoring methods like nanocarbon doping, porosity engineering, and graphitiza-
tion metamorphosis. In summary, this study presents practical strategies that can
be adopted for fabricating efficient and high-performance, next-generation energy
conversion and storage devices using tailored nanocarbons.
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1 Introduction

The Role of Nanocarbon in the Future Energy Scenario

A significant portion of our current society’s energy supply relies heavily on fossil
fuels. However, these resources are rapidly depleting, and the imperative to mitigate
greenhouse gas emissions is calling for a reduction of their usage [1]. The main
solution to this problem appears to be exploring alternative and renewable energy
options to ensure sustainable progress. Thus, there is a necessity for transitioning
toward renewable energy sources. While research facilities worldwide are dedicated
to establishing the groundwork for the future energy landscape, the current focus
revolves around creating novel, property-tailored nanomaterials that will facilitate
the practical utilization of renewable energy sources. In this endeavor, carbon-based
materials assume a pivotal role.

The future fossil-free energy landscape is centered around two primary compo-
nents: energy conversion and energy storage. While various forms of renewable
energy will have their contributions, solar energy will emerge as the predominant
force in a sustained long-term energy outlook [2]. Carbon-based materials, while
having a limited role in energy scenarios centered around fossil fuels, are expected
to play a significant role in moving toward this novel energy paradigm. The evolving
societal demand for concentrated, portable energy that can be distributed drives this
shift. Graphite, widely used as an anode material, dominates commercial lithium-
ion batteries. Supercapacitors rely solely on activated carbon as active material, and
carbon black serves as a support for electrocatalysts in fuel cells. While these energy
conversion and storage devices can be adapted for a future reliant on solar energy, their
current performance falls short of meeting the requisites for a non-fossil fuel energy-
dependent society. The future requires power not only for personal devices like cell
phones, laptops, and cars but also for essential functions like power stations, long-
distance transportation, lighting, and heating. This appears to be the driving force
behind ongoing efforts in carbon materials research for advanced energy applications.
Numerous factors contribute to the preference for carbon: it is cost-effective, eco-
friendly, and abundant, and its various bonding configurations and structural forms
facilitate the creation of a diverse range of new carbon materials. The nanocarbon
materials are anticipated to assume a distinct role in the forthcoming energy scenario
that conventional carbon sources cannot fulfill [3]. The various nanocarbon prop-
erties, like optical, electrical, mechanical, or morphological, are outstanding due to
their uniquely high surface-to-volume ratio driven by their nanosized structure. This
distinction presents an opportunity for significant advancements in energy conversion
and storage capabilities when employing nanocarbon. The primary members of the
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nanocarbon family are graphene, carbon nanotubes (CNTs), and fullerene. Struc-
tures like nanocage, nanofiber, nanoribbon, nano horn, and others with nanomor-
phology are derivatives of the primary nanocarbon members. A shared advantage of
these new carbon materials lies in their reduced dimensions, distinct morphologies,
and nanostructure-defined properties. Nanocarbons with sp? hybridized backbone
possess a long range of highly ordered structures; however, they differ from conven-
tional bulk graphite. Dimension in the nanoscale and unique morphology render them
extraordinary properties encompassing greater surface area, advanced porous struc-
ture, high electrical conductivity, thermal conductivity, and remarkable mechanical
properties that distinguish them from traditional bulk carbon forms [4-9].

2 Tuning Electrochemical Properties of Nano Carbons
for Energy Storage

The tunability of physical, chemical, and electrochemical properties of nanocarbon
is one of the most significant features that makes nanocarbon a potential candidate
for energy storage applications. Major tailoring methods of nanocarbon structure are
discussed below.

(a) Heteroatom Doped and Oxygen-Functionalized Nano Carbons

Introducing heteroatoms like N, S, B, P, and F within carbon nanostructures has been
proven to be an effective strategy to enhance a wide variety of electrochemical perfor-
mances, leading to improvement in hydrophilicity, porosity, charge density, inter-
layer spacing, chemically active sites, and charge distribution properties. Heteroatom
doping is cost-effective and does not add additional mass to the energy storage device.
A schematic of the influence of heteroatom doping on the physicochemical proper-
ties of carbon nanostructure for energy application (specifically for supercapacitors)
is given in Fig. 1a [10].

Nitrogen Doping: Nitrogen doping has become a common strategy to improve
the energy storage performance in nanocarbons because the synthesis of N-doped
nanocarbons is simple and easy. In addition, they improve hydrophilicity, electrical
conductivity, and structural integrity and create electrochemically active sites. The
higher electronegativity of nitrogen (3.04), in contrast to that of carbon (2.55), aids in
improved adsorption of electrolyte ions. Additionally, introducing nitrogen into the
lattice structure hinders the creation of an insulating inactive layer of hydrocarbons,
which can detrimentally impact the performance of supercapacitors.

Oxygen Functionalization: Functionalization with oxygen, proven to enhance elec-
trode performances, has received wide attention in the energy storage field. Though
doped nanocarbons usually have greater oxygen content, the O/C ratio should be
high enough to modify the carbon surface from hydrophobic to hydrophilic. There-
fore, oxygen functionalization is employed as it is a simple and popular method to
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Fig. 1 a Schematic of doping in carbon and its influence on the physicochemical properties for
energy applications. Reproduced with permission [10]. b Possible O-configuration in graphene
matrix. Reproduced with permission [10]. ¢ Cls spectra of N-doped and oxygen functionalized
3-Dimensional (3D) graphene. d SEM images of pristine (top) and N-doped graphene (bottom).
e Water contact angle of N-doped 3D graphene before and after oxygen functionalization. f Cyclic
voltammetry plot comparing pristine 3D graphene (P3DG), N-doped 3D graphene (N3DG), Oxygen
functionalized, and N-doped 3D graphene (ON3DG) g Cyclic stability study on oxygen plasma
functionalized, nitrogen-doped three-dimensional graphene (ON3DG). Reprinted with permission

[11]

increase hydrophilicity and introduce oxygen functional groups. Figure 1b shows the
numerous possible C—O linkages [10]. Most of the above concepts have been proved
by our recent study on N-doped and oxygen plasma functionalized 3-dimensional
(3D) graphene [11]. The results confirm the possibility of achieving higher capac-
itance and greater electrochemical performance by the synergistic effects of N-C,
O-C, and NCO linkages (Fig. 1c).

The morphology of N-doped graphene (Fig. 1d bottom) exhibits a more open and
densely porous structure than pristine 3D graphene (Fig. 1d top). The interconnected
pores act as efficient channels for electrolyte-ion transport during electrochemical
reactions.
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Fig. 1 (continued)

A huge improvement in hydrophilicity after plasma functionalization is proven
by the water contact angle measurements (Fig. le). The increased wettability facil-
itates better electrode—electrolyte interactions. The interaction, in turn, accelerates
the movement of electrolyte ions toward the surface, reducing the resistance to mass
transfer, which leads to the formation of a more effective electrical double layer at the
interface (Fig. 1f). The symmetric supercapacitor device fabricated from N-doped
oxygen functionalized electrodes exhibits a high energy density of 54 Wh/kg and
a power density of 1,224 W/kg at a current density of 0.5 A/g. The higher energy
density is also due to ionic electrolytes with a wider voltage window. The device
shows an impressive cycle life of 15,000 with a capacitance retention of 107%.
(Fig. 1g).

(b) Designing Hierarchically Structured Carbon Material

Carbon-based nanocomposites featuring hierarchical structures offer substantial
specific surface area, exceptional electrical conductivity, and synergistic effects that
promote electrochemical reactions at interfaces. Building a hierarchical structure
of carbon nanomaterials (HSCNs) involves a primary carbon matrix upon which
nanocarbon units (OD nanospheres, 1D nanofibers/tubes, and 2D nanosheets) are built
either by growing the subunits or integrating them into the primary carbon matrix.
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Wang et al., in their detailed study on HSCNss, elaborated not only on the advantages
of the hierarchical structure but also the enhancement in electrochemical performance
in Lithium-ion Batteries (LIBs), Sodium-Ion Batteries (SIBs), supercapacitors (SCs),
and Li—Sulfur (Li-S) batteries [12].

Recently, Li—S batteries have emerged as an important energy storage and power
source for future electric vehicles due to their high theoretical capacity and energy
density. However, pure sulfur cathodes suffer from practical issues like poor elec-
trical conductivity, large volume expansion during cycling, and lithium polysul-
fide shuttling. HCNs with porous structure, when used to host sulfur cathode, can
address the above issues because the pores can store sulfur, and the carbon matrix
can increase the sulfur conductivity, reduce the volume change during the lithia-
tion process, and hinder the shuttle effect of lithium polysulfides. Cui et al. [13],
by using Anodic Aluminum Oxide (AAO) as a template, synthesized an array of
hollow carbon nanofiber, which was used as sulfur host for Li—S batteries (Fig. 2a,
b). The high length-to-diameter ratio of the nanofiber (~60 pm to ~200 nm) trapped
the polysulfide and facilitated the transport speed of lithium ions. The nanofiber
delivered a specific capacity of 1,560 mAh/g at a current density of 0.5 C, close to
the theoretical capacity of sulfur of 1,672 mAh/g. Post-cycling (after 150 cycles)
capacity was measured to be ~700 mAh/g (Fig. 2¢). These impressive results have
been achieved thanks to the high sulfur loading and the addition of 0.1 M LiNOj; to
the electrolyte.

(c) Constructing Ionic Channel for Nanocarbon

Efficient energy storage using nanocarbon relies on the quick transport of ions,
primarily determined by effective ionic channels in active electrodes. Mostly, the
origin of ionic channels is from the nanocarbon pore structure, which can be
created by controlled processing techniques. The commonly employed approaches
for producing these pores and their associated outcome are outlined in Fig. 3a[14]. A
notable illustration involves the creation of an electrode utilizing 3-D porous carbon
frameworks (referred to as HGF or Holey Graphene Framework) as the scaffold for
ion and electron conduction, combined with orthorhombic niobium oxide (Nb,Os)
serving as the electrochemically active substance (Fig. 3b, c¢) [15]. The resulting

D N N KXW
Cycie Mumber

Fig. 2 a Hollow carbon nanofiber encapsulating sulfur after etching away the AAO template.
b The schematic shows a high aspect ratio of the hollow carbon nanofiber for effective trapping of
polysulfides. ¢ Capacities of the carbon nanofiber-encapsulated sulfur electrode in electrolyte with
LiNO3 additive at C/5. Reproduced with permission [13]. Copyright 2011, American Chemical
Society
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electrode, comprising the porous 3D Nb, Os/HGF combination, exhibited impressive
performance metrics. Notably, it achieved an excellent rate capacity of 139 mAh/
g at a high current of 10 C, with a material loading of 11 mg/cm?. This electrode
also displayed remarkable stability over 10,000 charge—discharge cycles at 10 C,
maintaining a Coulombic efficiency exceeding 99.9%. These outcomes highlight
the durability of the established ionic pathways, representing a crucial advancement
towards the practical utilization of high-power lithium-ion batteries (LIBs).

(d) Nanoparticle-Enhanced Multifunctional Nanocarbon

As discussed in the previous sections, though nanocarbons (NCs) are widely recog-
nized for their potential as energy storage electrodes, they have limitations like low
charge-storage capacity, chemical inactivity, and insufficient hydrophilicity. To find
a solution for these issues, metal-based materials are being combined with carbon
matrices, which can improve electrical conductivity and enhance electrical perfor-
mance. Metal-based compounds, including metal oxides, nitrides, and chalcogenides,
offer high storage capacity but suffer poor electrical conductivity and stability during
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Fig. 3 a Common techniques for creating ionic pathways spanning from microscopic to macro-
scopic dimensions, each with specific objectives to enhance energy storage performances. Reprinted
with permission [14] b Illustration of the two-step process to prepare 3D hierarchically porous
composite architecture with efficient ion diffusion. ¢ Galvanostatic charge—discharge curves for
porous graphene/NbyOs with different mass loading. Reprinted with permission [15], Copyright
2017, American Association for the Advancement of Science
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electrochemical cycling. To address this, nanoscale structuring is proposed as a syner-
gistic solution to shorten the ion pathways, resulting in enhanced capacity and rate
capability. Growing nanoparticles (NPs) on nanocarbons (NCs) is a rapidly evolving
strategy for designing and making electrodes used in energy storage applications
termed here as NPs/NC composites. The composites can be prepared by two common
processes known as ex-situ and in situ, as given in Fig. 4a—c [16].

A recent example of NPs/NCs composite is described by Pei et al. as an anode for
the next generation energy storage devices like potassium ion batteries (KIBs) [17].
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Fig. 4 a Schematic of various methods of NPs/NCs preparation. b Example of in situ process
(NPs on carbon nanofiber). ¢ Example of ex-situ process (NP decoration on vertical graphene
by low-temperature DC plasma process). Reproduced with permission [16]. d Scanning electron
micrographs. e, f Transmission electron micrograph of VN-NPs/N-doped CNFs-600. The inset of
f shows particle size distribution. g Rate performance of VN-NPs/N-CNFs-600 and VN-NPs for
K* ion storage. h Rate performance of the VN-NPs/N-CNFs-600 electrode in various electrolyte
concentrations. (0.8 M KPF6-EC/DEC, 4 M KFSI-EC/DEC, and 1 M KPF6-DME electrolytes).
CNF: carbon nanofiber; KFSI: potassium bis (fluor sulfonyl) imide; EC: ethylene carbonate; DEC:
diethyl carbonate; DME: dimethoxy ethane. Reproduced with permission [17]
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Vanadium nitride (VN) nanoparticles, assembled into hollow microspheres within
nitrogen-doped carbon nanofiber framework, delivered outstanding K* ion storage
capabilities. The interconnection between the hollow microspheres of VN (NPs)
with the N-doped CNF can be observed in Fig. 4d—f. The anode exhibited impres-
sive rate capabilities for K* ion storage with varying current densities and also with
various electrolyte concentrations (Fig. 4g, h). The nanocarbons structure, N-doped
CNF in the composite shown above, played the following crucial roles: preventing
the nanoparticles from clustering, establishing conductive pathways, and enhancing
structural stability. The doping helped create active sites for electrochemical interac-
tions with the K* ions, while the hollow structure facilitated greater contact between
the nanoparticles and the electrolyte. The described composite also accommodated
volume expansions during cycling and enabled effective electrolyte penetration.
Beyond electrode material design, the other factors instrumental in remarkable K*
ion storage include the choice of potassium salt, solvent, electrolyte concentration,
and additives.

3 Tuning Electrochemical Properties of Nano Carbons
for Energy Conversion

3.1 Photovoltaics (PV)

As mentioned, solar energy will emerge as a predominant and sustainable energy
source. While selenium was the first element to be used in PV technology with an
efficiency of 1%, the current PV market is dominated by Si-based solar cells with an
efficiency of over 45%. Recently, various developments in solar cells can be witnessed
in the form of thin-film PVs comprising of CIGS (Copper Indium Gallium Selenide),
CdTe/CdS, DSSCs (Dyed and Sensitized Solar Cells), organic photovoltaics, and the
latest hybrid Perovskites. All of the above can be grouped under the third-generation
solar cells [18].

As the solar industry and research strive to fabricate high-efficiency solar cells,
advanced materials are being explored to overcome the limitations of conven-
tional materials. Nanocarbons like carbon nanotubes, graphene, fullerene, and other
nanohybrids are among the advanced materials used in photovoltaic (PV) technology
due to their exceptional photoelectric characteristics, abundant availability, strong
optical absorption, and excellent thermal and electrical properties. Due to the above
outstanding properties, they are employed in solar cells as electrodes, charged carrier
transport media, and active or interfacial layers. A recent trend in DSSCs (Dyed
and Sensitized Solar Cells) and PSC type (Perovskite Solar Cells) is engineering
interfaces with carbon nanomaterials. This practice reduces the extensive usage of
unstable or precious metals like platinum (Pt) and gold (Au) as counter electrodes
(CR) or back electrodes, which raise production costs, posing commercial viability
challenges. Recent advancements in tailoring nanocarbons for improving various
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types of solar cells to enhance the efficiency and stability of photovoltaic technology
are discussed below [18].

(a) Doped Nanocarbons for High-Performance Silicon-Based Solar Cells

The basic functioning of a solar cell is based on a p—n junction to convert sunlight
photons to electricity. The junction is formed when semiconducting carbon contacts
silicon, creating a C—Si heterojunction between p-type carbon and n-type Si. The
utilization of carbon nanomaterials has the potential to overcome some limitations
of silicon-based solar cells (SCs), which lack flexibility and transparency.

The doping of nanocarbons like fullerene (C60), CNTs, and graphene has been
proven to increase solar cells’ power conversion efficiency (PCE). PCE is a crit-
ical factor for every solar cell and can be defined as the ratio of the optical power
incident on the cell to the electrical power output. In organic PV cells, Fullerene,
or C60, is commonly used as an electron acceptor/transporter. Earlier studies of
heterojunctions consisting of C60/p-Si and C60/n-Si heterojunctions displayed a poor
PCE value below 0.1%. Later studies using a modified fullerene, n-type C60 with
grafted tertbutyl ammonium iodide (TBAI) and p-type Si reported a high efficiency
of 8.43%][18].

Similarly, for CNT films/Si heterojunctions, chemically doped CNT films demon-
strated greater PCE values. For example, a CNT/NAFION with Si heterojunction
solar cell exhibited a high efficiency of 15.25 and 18.9% in the front and back junc-
tions design of solar cells, respectively. This is mainly due to an intermix NAFION
layer, which acted as a CNT dopant and an anti-reflecting and passivation layer. The
observed high efficiency is also due to the cell design, where a greater active area for
the entire silicon wafer was available due to the front and back junction design [19].

Graphene is a potential candidate in the electronics industry thanks to its near-
zero band gap, outstanding electron mobility (2.5 x 10° cm?/Vs), and transparency.
Tailoring graphene properties can help achieve high PCE in graphene/Si heterojunc-
tion for the following reasons. (1) Increasing the work function of graphene can
expand the junction’s built-in potential. Here, P-type doping can increase the work
function of graphene. (2) Tailoring the number of layers of graphene can control the
transmittance, and (3) Adding an interfacial layer of GO/SiO; can increase the spec-
trum/band of light absorption. However, due to inhomogeneous oxide formation, the
graphene/n-Si Schottky diode interface has an issue suppressing the tunneling current
at the interface. Charge recombination at the interface is induced by the accumulated
trap charges at low current, which leads to a low fill factor of the solar cell. The fill
factor is the maximum achievable power in the solar cell at both open circuit voltage
and short circuit current. The charge recombination gives rise to a non-linear [-V
feature called an S-shaped kink in solar cells. Adhikari et al. [20] addressed this issue
by increasing the carrier mobility at the interface accomplished by doping graphene.
This approach helped transform the non-linear I-V to linear I-V. It increased the fill
factor and efficiency, as shown in Fig. 5.

Figure 5a, b give the device’s schematic with and without graphene, as further
illustrated by the SEM image in Fig. 5c. Figure 5d presents the space-charge limited
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Fig. 5 Schematic of graphene/n-Si device structure a before and b after graphene transfer and
chemical doping. ¢ SEM images of graphene/n-Si. d Current density—voltage (J—V) characteristics
of graphene/n-Si solar cells with one and two layers of graphene before and after doping with 1-
ethyl-3-methylimidazolium bis (trifluoromethyl sulfonyl) imide (TFSA). e Schematic of graphene/
n-Si device with Ionic Liquid (IL) and external bias configuration. f J-V characteristics of pristine
and IL-doped graphene/n-Si at various gate voltages (Vg). The dashed and symbol lines indicate
dark and illumination conditions, respectively. The inset shows a portion of the J-V curve in the
log scale to highlight the crossing of the dark and illuminated J-V marked by black and red arrows.
Reprinted with permission [20]

current, which yields a linear I-V curve after doping with Ionic Liquid (IL). The
latter caused an increase in the material’s electrical conductivity, which enabled a
decrease in the trap charge density. Figure Se displays a schematic of the graphene
being doped by IL called 1-ethyl-3-methylimidazolium bis (trifluoromethyl sulfonyl)
imide (TFSI). The resultant IL-doped Graphene/n-Si structure was reported to give
an efficiency of 13.6%. Further, current density—voltage (J—V) characteristics are
presented in Fig. 5f. Nevertheless, the theoretical efficiency limit can be pushed
further to 19% by optimizing various factors like graphene electrical conductance,
silicon carrier density, and interface oxidation.

(b) Nanocarbon Tuning for Advanced Performing Dyed and Sensitized Solar Cells
(DSSCS) and Perovskite Solar Cells (PSCS)

Dyed and Sensitized Solar Cells (DSSC) have significant potential as a renewable
source due to their environmentally benign nature, low cost, and simple fabrication
process. However, they reveal limitations that hinder their commercialization, like
(a) highly expensive electrode materials (transparent conductive oxide (TCO) and
Pt), (b) poor performance due to sluggish electron transport, and (c) recombination
of charges. The counter electrode (CE) and the photoelectrodes in DSSCs consist
of an important component called TCE or Transparent Conductive Electrode TCE),
usually made of Indium Tin Oxide (ITO) and Fluorine Doped Tin Oxide (FTO).
They are used due to their low sheet resistance (Rs = 5-100 £2/sq) and high optical
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transparency (80-97% at 550 nm). However, they have drawbacks like (1) poor
high-temperature stability, low salt and acid resistance, (3) high cost due to shortage
of indium supplies, (4) low transparency in the IR region, (5) brittleness, and (6)
defects created in the FTO devices leading to leakage. Nanocarbons, which can
undergo tailoring and fine-tuning, are capable of addressing the above issues [18].

Patterned CNTs: CNT films subjected to network architecture exhibit a high aspect
ratio, resulting in very low sheet resistance and high optical transmittance. A research
group studied the different CNT forms as CEs wherein CNT in planar and microarray
patterns was grown on n-type Si substrates by hot filament CVD process. The CNT-
based CEs performed better than Pt-coated Si-based CEs, giving a PCE of 7.13 versus
6.29% [18].

Graphene Composites: Bilayer graphene composite comprised of graphene and
MWCNT was used as CEs instead of Pt-based CEs in DSSCs. The bilayer elec-
trode gave a better PCE of 4.1% than the Pt-based, which showed a PCE of 3.4%.
Also, the bilayer electrode performed better than monolayer graphene and monolayer
MWCNT individually. Mehmood et al. [18] reported a composite of graphene with
PANI, which resulted in lower charge transfer resistance and better performance. The
PANI/9% graphene electrode exhibited an efficiency of 7.45% and a charge transfer
resistance of 20.1 . The performance depended on the concentration of graphene
in the composite.

Perovskite Solar Cells (PSCs) also hold great potential as future renewable energy
devices due to their ease of fabrication and outstanding performance. However,
short life and manufacturability issues hinder their commercialization. Nanocar-
bons, due to their uniqueness, are widely used in PSCs to overcome the above issues.
Nanocarbon is a promising component in the future high-performing PSCs because
it improves their stability. The latter is accomplished by the hydrophobic nature of
the nanocarbon, which shields the PSC from humidity.

In PSCs, when conventional mesoporous TiO; is replaced with planar ZnO as an
electron transport layer (ETL), it allows for scalability, resulting in cost savings and
feasibility of low-temperature processing. However, during annealing, the perovskite
materials get converted to lead iodide due to the presence of oxygen on the surface of
the ETL layer. Hence, to tackle the issue, Ahmed et al. [21] added graphene quantum
dots (GQD) to ZnO, forming a hybrid ETL layer of ZnO/GQD. The GQDs prevented
the recombination of electron—hole pairs by extracting electrons from the perovskite
film and passivating the oxygen agents on the surface of ZnO, thus avoiding the
formation of Pbl,. A hybrid ETL made of ZnO/GQD exhibited the highest PCE
of 17.63%, and the long-term and thermal stability performance were satisfactory.
During the long-term stability test, the ETL retained 80% of the PCE after exposure
to 1,500 h of 60% relative humidity. In contrast, in thermal stability, the PCE retention
was 90% after exposure to 80 °C for 1,500 h.

Although carbon materials research has brought enhancements in solar cell device
life and efficiency, there are hurdles to overcome, including long service life, high
yield, and cost-effective mass production.
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3.2 Electrocatalysis

Electrocatalysis represents the co-mingling of two branches of physical chemistry,
namely electrochemistry and catalysis. It is related to the electrochemical processes at
the electrode surface where the catalysts function. Within this mechanism, electron
(e7) and ion movement at electrode interfaces break and forge bonds, converting
chemical energy into electrical energy. This conversion allows for the accumula-
tion of electrical energy, supporting environmentally friendly and sustainable energy
technologies [22, 23]. These technologies play an important role in advancing
high-performance electrochemical devices like sensors, lithium-ion batteries, and
supercapacitors.

3.2.1 Characteristics of Nanocarbons in Electrocatalysis

Nanocarbon materials possess distinctive electrical, mechanical, and chemically
modifiable characteristics owing to their specific shapes, porosities, and atomic
arrangements. These attributes render nanocarbons exceptionally desirable as
tailored materials in applications involving electrocatalysis, referred to as Electro-
catalytic Nanocarbon (EN) [24, 25]. Therefore, in recent years, there has been a
surge in scientific investigations documenting the remarkable effectiveness of EN
across a range of reactions, including oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), nitrogen reduction reaction (NRR), carbon dioxide reduc-
tion reaction (CO,RR), hydrogen evolution reaction (HER), and methanol oxidation
reaction (MOR), as shown in Fig. 6. The interest in employing EN as electrocata-
lysts for energy conversion and chemical synthesis arises from several key aspects.
Firstly, EN is an economical alternative to costly noble metal electrocatalysts due
to its composition comprising readily available elements like carbon, nitrogen, and
trace amounts of transition metals. Secondly, its molecular structure predominantly
comprises sp>-hybridized graphitic carbon, rendering it an exceptional conductor
with a rapid electron transfer rate. Thirdly, the synthesis process of EN allows for the
substantial incorporation of different heteroatom dopants and catalytic designs into
their molecular framework. This similarity to homogeneous electrocatalysts enables
fine-tuning of the active site structure to enhance activity towards specific reactions.
Lastly, the 3D hierarchical structure of EN, particularly in terms of porosity, can be
readily tuned through synthetic techniques, providing extensive surface areas and
abundant access to catalytic sites [25].

3.2.2 Impact of Nanocarbon Structure Tuning on Electrocatalysis
The tuning of the compositions and arrangements of nanocarbon materials through

deliberate design and engineering involving various techniques can augment selec-
tivity, reaction rates, and the overall efficiency of electrocatalytic processes [25].
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Fig. 6 Reactions and utilizations of tuned electrocatalytic nanocarbons (EN). (i) Exemplary config-
urations of 3 EN varieties. Employment of EN in (ii) Hydrogen fuel cells and (iii) Water electrolyzers
to improve ORR, OER, and HER. (iv) Methanol fuel cells. (v) CO, reduction cells for MOR,
CO;,RR, ORR, and OER. (vi) Cathode electrocatalysis in zinc-air batteries for ORR and OER. and
(vii) nitrogen or oxygen reduction cells for NRR and 2e™ ORR, targeting electrochemical synthesis
of NH3 and H, O, respectively. Reprinted with permission [25]

(a) Doping

Graphene, among other nanocarbon materials, is an exceptionally versatile candidate
for electrocatalytic doping. For example, Zhou et al. conducted a remarkable exper-
iment to produce microelectrodes with tuned nanocarbons. They achieved this by
utilizing an electrocatalytic doping method on a self-assembled sequential arrange-
ment of graphene oxide (GO), polydopamine (PDA), and iron(III) chloride (FeCl;)
solution, resulting in the creation of PDA/GO/Fe** microelectrodes [26]. These
microelectrodes demonstrated advanced functionality as miniaturized electrochem-
ical sensors, showcasing remarkable attributes such as superior thermal stability,
structural integrity, sensitivity, electrical conductivity, and electrocatalytic properties.
Moreover, the sensor could detect substances at concentrations as low as 82 nmol per
liter within aqueous environments. This innovative approach holds the potential to
open novel avenues in electrocatalytic nanocarbon-based sensors. Moreover, incor-
porating nitrogen effectively adjusts the electron densities of exposed active sites,
developing high-performance nanocarbon-based electrocatalysts. As an illustration,
Song and his collaborators formulated a composite by dispersing iron carbide onto
nitrogen-doped graphene-like carbon nanosheets. This led to a significant enhance-
ment in the rate and longevity of lithium-sulfur (Li—S) batteries [27]. Remarkably,
these nanocarbon-based composites exhibited a specific capacity of 954.5 mA h/g
after the initial cycle and maintained 439.9 mA h/g over 500 stable cycles. This exem-
plary structure, characterized by unique catalytic activity and conductivity, can be
considered a remarkable model for electrocatalytic nanocarbon in high-performance
Li-S batteries. Furthermore, Shu et al. devised a straightforward oxidation method to
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achieve in-situ oxidation of a palladium—iridium alloy on nitrogen-doped graphene,
resulting in a significant enhancement in methanol electro-oxidation activity (1,374.8
mAmg~') and remarkable stability (retaining 44.9% of the current density after 500
cycles) [28]. Ali et al. also highlighted the potential of graphene-based nanomaterials
as versatile bifunctional electrocatalysts, specifically for the comprehensive splitting
of water into hydrogen and oxygen [29]. These materials offer distinctive attributes
such as substantial surface area, abundant active sites, and facile syntheses of various
co-doped nanomaterials.

(b) Porous Templating

The strategic utilization of porous templating is a crucial technique in fine-tuning
nanocarbon structures. This process involves a precisely designed porous template to
tailor porous carbon structures with a similar pattern to amplify the electrocatalytic
capabilities. For example, Cheng et al. employed a simple impregnation-adsorption
technique to create platinum solid-state supercapacitors combining micropore entrap-
ment and nitrogen-doping methods onto a 3D hierarchical carbon nanocage support
[30]. These carbon nanocage-based supercapacitors showcased a record-breaking
Hydrogen Evolution Reaction (HER) performance with minimal overpotential, low
Tafel slope, and long-term stability. In a separate study, Liu et al. introduced porosity-
tuned carbon nanosheets for supercapacitors and Oxygen Reduction Reaction (ORR)
activity. They included a process involving triethanolamine intercalation of layered
peanut seed coats followed by thermal exfoliation and pyrolysis [31]. These sheets
demonstrated elevated electrical conductivity (8.1 S cm™'), exceptional ultra-high-
rate capabilities, and remarkable stability after 20,000 cycles, positioning them as
efficient cathodes for zinc—air batteries.

(c) Defect Engineering

The controlled introduction of defects in nanocarbon holds significant promise in
tailoring their properties for electrocatalysis applications. For instance, Zhang et al.
synthesized a flawed graphene-like carbon nanomaterial using cost-effective and
widely available anthracite coal as the precursor [32]. This material displayed remark-
able ORR activity, selectivity, and an impressive H,O, production rate of 355.0 mmol
L' h™! cm=2 g cat™! with nearly 100% Faraday efficiency. Additionally, Zhang
et al. underscored the strong correlation between the ORR activities of ENs and
the presence of defects and heteroatom dopants. As a reference, they experimented
with pristine nanocarbons like graphite, graphene, and CNTs, which exhibited negli-
gible ORR activity. In contrast, defect-engineered nanocarbons exhibited the highest
ORR performance [33]. This result suggests that the arrangements of heteroatom
dopants and diverse defects play a significant role in shaping the distinctive electronic
structure of nanocarbons that leads to varied electrocatalytic activities.

(d) Electrodeposition

Electrodeposition is a technique used to modify and enhance the electrocatalytic
properties of nanocarbon materials by selectively depositing desired substances onto



72 K. M. Joseph et al.

their surfaces through an electrochemical process. A possible alternative to graphene
for generating catalytically active metal species through electrodeposition is electro-
spun carbon nanofibers (CNFs). For example, Hatton et al. described a method for
electrodepositing Pt clusters of random size and shape onto CNF surfaces using
several cyclic voltammetry scans. The created Pt/CNF revealed a much greater
peak current density in the forward scan than a commercial Pt/C electrode, indi-
cating increased methanol oxidation activity [23]. However, they also unveiled that
while these electrospun CNFs might not function as standalone electrocatalysts,
their potential can be unlocked through the electrodeposition of other materials,
offering new possibilities. CNTs can also be tuned using electrodeposition, enabling
their dual role as catalyst supports and metal-free catalysts. This holds for various
fuel cell types, including direct methanol fuel cells, half cells, and proton exchange
membrane fuel cells. To exemplify, Gao et al. conducted experiments involving
Pt deposition on multi-walled carbon nanotubes through an ion exchange method,
yielding excellent cathode electrocatalysts that exhibited enhanced performance in
oxygen reduction reactions. These catalysts demonstrated a notably increased Pt
utilization efficiency of 96.5% and greater oxygen reduction current even with a
reduced Pt loading [34]. Furthermore, using an electrophoretic deposition approach,
Kamat et al. established a reliable method for fabricating Pt electrodes supported by
single-walled carbon nanotubes [35]. The substantial surface area, unique architec-
ture, and inherent porosity of these nanocarbons enabled the use of relatively small
quantities of Pt while still attaining impressive current outputs. Consequently, these
electrodes displayed increased catalytic activity in the ORR and methanol oxidation
processes.

(e) Electroreduction

Electroreduction is a process that involves the reduction of particular chemical
species or molecules present in a solution onto the surface of nanocarbon mate-
rials to develop catalytically active sites for electrochemical reactions [36]. Among
others, using tuned nanocarbon materials for electrocatalytic CO, reduction emerges
as a crucial avenue in addressing global warming and promoting environmentally
sustainable energy approaches [24]. This is why researchers are actively exploring
and advancing this area of research. The utilization of single-layer graphene supports
has shown significant promise in achieving selective CO, reduction. For example,
Yu et al. have indicated that the creation and application of partially oxidized cobalt
nanoparticles dispersed on nitrogen-doped single-layer graphene can significantly
influence CO, reduction reactions [37]. The resultant materials displayed excep-
tional selectivity toward alcohol compounds and high yields of methanol and ethanol.
Moreover, this resulted in an amplified current output, reduced overpotential of —
0.1V, and sustained stability over a 10-h period of electrocatalysis. Another example
is provided by Han et al., who introduced a method to develop defective graphene
(DG) as a potential electrocatalyst. They initiated the process by nitrogen-doping
graphene and subsequently removing the nitrogen, resulting in DG. This mate-
rial is distinguished by its substantial presence of catalytically active sites and a
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notable capability for CO, reduction [38]. Compared to pristine graphene, nitrogen-
doped graphene, and edge-rich graphene, DG showcased superior performance with
a reversible hydrogen electrode, higher capacity of CO, chemisorption, and notably
higher current density. This result underscores the significant potential of defective
graphene in driving electrocatalytic CO, reduction with an impressive faradaic effi-
ciency of 84%, signifying a promising avenue in addressing carbon reduction in the
atmosphere through enhanced catalytic methods.

(f) Metal-Free Electrocatalytic Nanocarbons for Sustainable Future

A major goal in environmental-friendly chemistry is to substitute expensive and
precious metal catalysts with less expensive and more readily obtainable ones.
Nanocarbon-based electrocatalysts play a great role in this matter to fabricate metal-
free substitutions, as shown in Fig. 7. Li et al. significantly developed this area
by synthesizing dual-doped carbon nanosheets like graphene containing sulfur and
nitrogen. These sheets were accomplished using a simple pyrolysis procedure to
produce metal-free electrocatalysts for ORR by combining melamine and dibenzyl
sulfide [39]. The obtained carbon nanosheets displayed enhanced ORR reactivity
and excellent durability. This straightforward method could yield additional metal-
free ENs for various electrochemical applications, such as fuel cells and metal-air
batteries linked to ORR. Moreover, Hu et al. suggested using N-doped CNTs with
pristine CNTs as the core and N-doped carbon layers as the shell introduced as a
great alternative to the widely used and valuable Pt in ORR [40]. They claimed that
these carbon nanotube arrays with N-doping exhibit high electrical conductivity of
3.3 S cm™! and an elevated amount of N atoms on the surface of ordered mesoporous
CNTs, resulting in an increment of ORR activity of 51 mV, which was better than
Pt. This discovery generated a fascinating field of nanocarbon-based tailored, metal-
free ORR electrocatalysts. The latter enabled anticipatory design and adjustable
fabrication of microporous structures along with doping topologies enhancing the
performance of fuel cells.

In conclusion, electrocatalysis is a transformative pathway toward unlocking the
full potential of nanocarbon materials for energy applications. Researchers are paving
the way for more efficient, sustainable, and environmentally friendly energy tech-
nologies by leveraging the intricate interplay between catalysts and nanocarbon
structures.

3.3 Fuel Cells

In the quest for cleaner and more efficient energy solutions, fuel cells have emerged
as a groundbreaking technology with the potential to revolutionize how we energize
our world. A fuel cell operates by facilitating a continuous electrochemical process.
It generates electricity by splitting hydrogen into protons and electrons at the anode.
Protons travel through an electrolyte to the cathode, while electrons create an electric
current. At the cathode, oxygen combines with protons and electrons to produce
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Fig. 7 Illustrative overview of nanocarbons as sustainable noble, metal-free electrocatalysts.
Reprinted with permission [41]

water and heat, yielding clean electrical power with only water vapor as a byproduct.
Improving fuel cells’ efficiency involves enhancing ion conductivity, catalyst activity,
power density, and current conductivity [42]. All these improvements have been
explored by employing structurally adjusted nanocarbon materials.

3.3.1 Influence of Carbon Nanomaterial Structure Tuning on Fuel Cell
Performance

Fuel cell technology has made amazing progress in recent years, with carbon nanoma-
terials playing a key role in improving fuel cell performance. The precise engineering
of carbon nanomaterial structures is the main topic of this investigation, which also
looks at how specific alterations and tuning methods can significantly impact the
effectiveness and overall functionality of fuel cells.

(a) Porosity Engineering

Porosity engineering fine-tunes the electrochemical properties of nanocarbon for
fuel cells by optimizing internal structures to enhance reactivity and transport effi-
ciency. A functional loss occurs when oxygen cannot be transported to the elec-
trode active sites in the micro pores due to the overflow of the pores (flooding).
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The natural hydrophobicity and abundance of mesopores and macro pores in the
nano carbons-derived catalyst can ensure the purity of the O, in the gas diffusion
electrode. For instance, Peng et al. used pyrolysis to create customizable carbon
nanoshells (CNS) with macro and mesoporous structures [43]. Fe-N/CNS cata-
lysts developed based on CNS with varying microstructures demonstrated efficient
oxygen/ion transport due to their hierarchical mesoporous/macroporous structure.
This enhanced the Three-Phase Interface (TPI) in the Oxygen Reduction Reaction
(ORR) catalyst layer. The CNS structure with linked transfer routes promoted strong
ORR activity in a membrane-less Direct Formic acid Fuel Cell (DFFC). Moreover, in
pursuit of efficient and high-performance catalytic activity and oxygen reduction for
high-temperature Polymer Electrolyte Fuel Cell (PEFCs), Yang et al. created a strong
Pt electrocatalyst based on a 3D nanoporous carbon (NanoPC) substrate. NanoPC/
PyPBI/Pt-NPs where PyPBI denotes poly([2,2'-(2,6-pyridine)-5,5'-bibenzimidazole],
which was deposited on PyPBI-wrapped NanoPC. The obtained FC device demon-
strated exceptional electrochemical stability even after 10,000 start-up/shutdown
cycles [44]. Due to the NanoPC’s unique nanoporous shape, reactant diffusion was
enhanced, and the power density of this catalyst gave excellent results, outperforming
standard CB/PyPBI/Pt and CB/Pt catalysts where CB stands for Carbon Black).

(b) Graphitization Metamorphosis

Graphitization tunes carbon structure for fuel cell stability and conductivity. Carbon
aerogels are attractive Pt supports in this case, but standard heat treatment or catalytic
graphitization procedures have limits. The ideal carbon support for fuel cells requires
significant graphitization to resist electrochemical corrosion, as well as mesoporous
pore configurations for effective oxygen reduction. Although most nitrogen-doped
mesoporous carbons lack stability and graphitization, carbon aerogels emerge as
platinum (Pt) supports due to their adjustable features. Catalytic approaches are
used to avoid excessive temperatures and improve carbon aerogel graphitization.
Luo et al. used transition-metal salts (transition metals like Fe, Mn, and Cr) to
convert carbon aerogel into graphene layers, thus minimizing carbon-coated metal
impurities and enhancing stability [45]. This method, particularly when catalyzed
by MnCl,, produced promising Pt-supported catalysts with increased surface area,
completed graphitization, and corrosion resistance for fuel cell cathodes. Addition-
ally, Bock et al. investigated the effect of graphitization on thermal conductivity
in Catalyst Layers (CLs) of proton exchange membrane fuel cells. They discov-
ered that graphitized CLs have higher thermal conductivity (0.12 0.05 WK~ m™")
at 10 bar pressure than non-graphitized CLs (0.061 0.006 WK~' m~!) [46]. This
increased thermal conductivity and helped improve the catalytic activity of fuel cells
by tuning efficient charge transfer, stability, and power density. In addition, Qiao et al.
created stable Porous Graphitic Carbon (PGC) by pyrolyzing 3D polymer hydrogel
with Mn, displaying multilayer carbon sheets in flower-like nanoparticles [47]. The
high graphitization, hierarchical porosity, and nitrogen doping of PGC improved Pt
nanoparticle dispersion and corrosion resistance. The Pt/PGC catalyst demonstrated
better stability in fuel cell testing, losing only minimal voltage after 5,000 cycles.
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This was attributed to good graphitization, increased surface area, and porosity, along
with nitrogen doping effects, resulting in the effective stabilization of Pt.

(c) Transforming Nanocarbon Lattices via Doping

Doping nanocarbon materials like CNT and graphene lead to adding foreign atoms,
which can boost conductivity and catalytic activity for better fuel cell performance.
According to Xu et al., the existence of various nitrogen (N) configurations in N-
doped carbons, such as pyridinic-N, pyrrolic-N, graphitic-N, oxidized-N, and sp-
hybridized N, is critical for the carbon’s catalytic activity in the Oxygen Reduction
Reaction (ORR) for fuel cells [48]. However, it is difficult to determine the effect of
each configuration on the cathode reaction. This research group adjusted N-doping
by varying pyrolysis temperature and Ar gas flow rate. They discovered the following
catalytic activity sequence: pyridinic-N > pyrrolic-N > graphitic-N > oxidized-N >
C (carbon), thus explaining the increased fuel cell power output. Moreover, Dai
et al. developed a high-performance 3D nitrogen-doped carbon electrode (N-G-CNT
+ KB) for acidic fuel cells [49], where KB is “ketjenblack” carbon black. This
electrode integrates nitrogen-doped graphene and nitrogen-doped carbon nanotubes,
offering an expansive reaction area from N-doped graphene, enhanced conductivity
via the CNT core, and efficient water and gas transport through the KB separator.
The excellent energy dynamics and stability underscore the potential of heteroatom-
doped carbon nanomaterials as promising electrocatalysts in acidic fuel cells. Apart
from this, Hornberger et al. used a fluidized bed reduction reactor to create Pt electro-
catalysts based on N-doped carbons with catalytic activity and stability equivalent to
state-of-the-art PEMFC catalysts for the oxygen reduction reaction [50]. They inves-
tigated the effect of N-doping on Pt/N-C catalyst deterioration, discovering that
while N-doping does not prevent carbon corrosion during high-potential cycling, it
did improve cell performance under normal PEMFC operating circumstances. This
study adds to our understanding of the effect of N-doped carbon catalyst supports on
fuel cell performance.

(d) Electrode Evolution in Polymer Electrolyte Fuel Cells Based on Nanocarbon

Metal-based catalysts use porous carbon supports to boost the oxygen reduction
capacity of polymer electrolyte fuel cells, while carbon nanotubes (CNT) and other
nanocarbons act as carriers to improve catalyst efficiency. For example, Girishkumar
etal. demonstrated significantly lower charge transfer resistance for carbon nanotube-
based electrodes in hydrogen evolution reactions compared to Pt-supported carbon
black electrodes, indicating higher catalytic activity and current density, thus offering
the potential to reduce Pt usage. These metal-free nanocarbon-based electrocatalysts
improve fuel cell performance by tuning efficient catalytic activity and eliminating the
need for typical precious metal catalysts [51]. Further, Xue et al. recently combined
zigzag graphene nanoribbons with carbon nanotubes as the backbone to contribute to
higher FC efficiency. By doing this, they enhanced the nanocarbon current conduc-
tivity and reduced the resistance, achieving a peak power density of 520 mW mg~!
and a peak power field density of 161 mW c¢cm~2 [52]. In conclusion, the precise
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tuning of nanocarbon materials holds the key to unlocking the full potential of fuel
cells, paving the way for a cleaner and more sustainable energy future.

4 Conclusions

The study confirms the huge potential of nanocarbon tailoring in energy conversion
and storage applications. CNT and graphene have already shown great promise as
electrode materials in supercapacitors and rechargeable batteries due to their high
electrical conductivity and large specific surface area. Further, fullerene derivatives
are widely used in Perovskite Solar Cells (PSCs) as electron acceptors in energy
conversion devices like solar cells. CNTs and graphene are frequently employed as
counter electrodes, presenting an alternative to Pt electrodes in Dyed and Sensitized
Solar Cells (DSSC) due to their flexibility, low cost, and high catalytic activity. While
large-scale synthesis, structure control, and enhancement of physical and chemical
properties of nanocarbons will be the continuous focus and effort of industrialists
and researchers in the energy applications arena, controlling nanocarbon structures
is not easy on a large scale. For example, the reproducibility of SWCNT structure,
repeatable production of defect-free MWCNT, and controlling the consistency in the
size and number of graphene layers in a scaled-up production environment remain
technological challenges. Despite a lot of problems that need to be solved, there
is a huge possibility and plenty of room for new ideas and strategies in areas such
as material design, synthesis roots, and device configuration involving nanocarbon
tunability. All these are considered as primary tools to unlock the full potential of
future energy harvesting and storage devices.

References

1. Sheng, Su.D., Centi, G.: A perspective on carbon materials for future energy applications. J.
Energy Chem. 22, 151-173 (2013)

2. Dai, L., Chang, D.W., Baek, J.B., Lu, W.: Carbon nanomaterials for advanced energy conversion
and storage. Small 8, 1130-1166 (2012)

3. Jariwala, D., Sangwan, V.K., Lauhon, L.J., Marks, T.J., Hersam, M.C.: Carbon nanomaterials
for electronics, optoelectronics, photovoltaics, and sensing. Chem. Soc. Rev. 42, 2824-2860
(2013)

4. Yang, Z., Ren, J., Zhang, Z., Chen, X., Guan, G., Qiu, L., et al.: Recent advancement of
nanostructured carbon for energy applications. Chem. Rev. 115, 5159-5223 (2015)

5. Inagaki, M., Orikasa, H., Morishita, T.: Morphology and pore control in carbon materials via
templating. RSC Adv. 1, 1620-1640 (2011)

6. Sinde, L., Goela, S.J.: High Thermal Conductivity Materials. Springer (2006)

7. Che, J., Cagin, Goddard, W.A.: Thermal conductivity of carbon nanotubes. Nanaotechnology,
65-69 (2000)

8. Wen, Z., Li, J.: Hierarchically structured carbon nanocomposites as electrode materials for
electrochemical energy storage, conversion, and biosensor systems. J. Mater. Chem. 19, 8707—
8713 (2009)



78

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

K. M. Joseph et al.

Frackowiak, E., Gautier, S., Gaucher, H., Bonnamy, S., Beguin, F.: Electrochemical storage of
lithium multiwalled carbon nanotubes (1999)

Ghosh, S., Barg, S., Jeong, S.M., Ostrikov, K.: Heteroatom-doped and oxygen-functionalized
nanocarbons for high-performance supercapacitors. Adv. Energy. Mater. 10 (2020)

Joseph, K.M., Shanov, V.: Symmetric supercapacitor based on nitrogen-doped and plasma-
functionalized 3D graphene. Batteries 8, 258 (2022). https://www.mdpi.com/2313-0105/8/
12/258

Wang, Y., Wang, Z., Yu, X., Li, B., Kang, F., He, Y.B.: Hierarchically structured carbon
nanomaterials for electrochemical energy storage applications. J. Mater. Res. 33, 1058-1073
(2018)

Zheng, G., Yang, Y., Cha,J.J., Hong, S.S., Cui, Y.: Hollow carbon nanofiber-encapsulated sulfur
cathodes for high specific capacity rechargeable lithium batteries. Nano Lett. 11, 44624467
(2011)

Ye, J., Simon, P., Zhu, Y.: Designing ionic channels in novel carbons for electrochemical energy
storage. Natl. Sci. Rev. 7, 191-201 (2020)

Sun, H., Mei, L., Liang, J., Zhao, Z., Lee, C., Fei, H., et al.: Three-dimensional holey-graphene/
niobia composite architectures for ultrahigh-rate energy storage. https://www.science.org
Ghosh, S., Polaki, S.R., Macrelli, A., Casari, C.S., Barg, S., Jeong, S.M., et al.: Nanoparticle-
enhanced multifunctional nanocarbons—recent advances on electrochemical energy storage
applications. J. Phys. D. Appl. Phys. 55 (2022)

Pei, Y.R., Zhao, M., Zhu, Y.P,, Yang, C.C., Jiang, Q.: VN nanoparticle-assembled hollow
microspheres/N-doped carbon nanofibers: an anode material for superior potassium storage.
Nano Mater. Sci. 4, 104-112 (2022)

. Deshmukh, M.A., Park, S.J., Hedau, B.S., Ha, T.J.: Recent progress in solar cells based on

carbon nanomaterials. Sol. Energy 220, 953-990 (2021)

Chen, J., Tune, D.D., Ge, K., Li, H., Flavel, B.S.: Front and back-junction carbon nanotube-
silicon solar cells with an industrial architecture. Adv. Funct. Mater. 30 (2020)

Adhikari, S., Biswas, C., Doan, M.H., Kim, S.T., Kulshreshtha, C., Lee, Y.H.: Minimizing
trap charge density towards an ideal diode in graphene-silicon Schottky solar cell. ACS Appl.
Mater. Interfaces 11, 880-888 (2019)

Ahmed, D.S., Mohammed, M.K.A., Majeed, S.M.: Green synthesis of eco-friendly graphene
quantum dots for highly efficient perovskite solar cells. ACS Appl. Energy Mater. 3, 10863—
10871 (2020)

Banoth, P., Kandula, C., Kollu, P.: Introduction to electrocatalysts. In: ACS Symposium Series,
1432, pp. 1-37 (2022)

Mao, X., Rutledge, G.C., Hatton, T.A.: Nanocarbon-based electrochemical systems for sensing,
electrocatalysis, and energy storage. Nano Today 9, 405-432 (2014)

Melchionna, M., Fornasiero, P., Prato, M., Bonchio, M.: Electrocatalytic CO, reduction: role
of the cross-talk at nano-carbon interfaces. Energy Environ. Sci. 14, 5816-5833 (2021)
Askins, E.J., Zoric, M.R., Li, M., Luo, Z., Amine, K., Glusac, K.D.: Toward a mechanistic
understanding of electrocatalytic nanocarbon. Nat. Commun. 12 (2021)

Zhou, H., Shi, T., Cai, W.,, Wu, D.: All-in-one coupling of 3D hybridized nanocarbon
microelectrode for portable monitoring of doxycycline hyclate. Talanta 266, 124926 (2024)
Song, C.L., Li, Z.H., Li, M.Z., Huang, S., Hong, X.J., Si, L.P,, et al.: Iron carbide dispersed on
nitrogen-doped graphene-like carbon nanosheets for fast conversion of polysulfides in Li—S
batteries. ACS Appl. Nano Mater 3, 9686-9693 (2020)

Shu, J., Li, R., Lian, Z., Zhang, W., Jin, R., Yang, H., et al.: In-situ oxidation of Palladium-
Iridium nanoalloy anchored on Nitrogen-doped graphene as an efficient catalyst for methanol
electrooxidation. J. Colloid Interface Sci. 605, 44-53 (2022)

Ali, A., Shen, PK.: Recent progress in graphene-based nanostructured electrocatalysts for
overall water splitting. Electrochem. Energy Rev. 3, 370-394 (2020)

Cheng, X., Shen, Z., Jiao, L., Yang, L., Wang, X., Wu, Q., et al.: Tuning metal catalysts via
nitrogen-doped nanocarbons for energy chemistry: from metal nanoparticles to single metal
sites. EnergyChem 3, 100066 (2021)


https://www.mdpi.com/2313-0105/8/12/258
https://www.mdpi.com/2313-0105/8/12/258
https://www.science.org

Tunability of Electrochemical Properties of Nanocarbon for Sustainable ... 79

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

Liu, B., Yang, M., Yang, D., Chen, H., Li, H.: Graphene-like porous carbon nanosheets for
ultra-high rate performance supercapacitors and efficient oxygen reduction electrocatalysts. J.
Power Sources 456, 227999 (2020)

Zhang, C., Zhang, J., Zhang, J., Song, M., Huang, X., Liu, W,, et al.: Tuning coal into graphene-
like nanocarbon for electrochemical HyO, production with nearly 100% faraday efficiency.
ACS Sustain. Chem. Eng. 9, 9369-9375 (2021)

Zhang,J.,Zhang,J., He, F., Chen, Y., Zhu, J., Wang, D., et al.: Defect and doping co-engineered
non-metal nanocarbon ORR electrocatalyst. Nanomicro Lett. 13 (2021)

Wang, J., Yin, G., Shao, Y., Wang, Z., Gao, Y.: Platinum deposition on multiwalled carbon
nanotubes by ion-exchange method as electrocatalysts for oxygen reduction. J. Electrochem.
Soc. 154, B687 (2007)

Girishkumar, G., Vinodgopal, K., Kamat, P.V.: Carbon nanostructures in portable fuel cells:
single-walled carbon nanotube electrodes for methanol oxidation and oxygen reduction. J.
Phys. Chem. B 108, 19960-19966 (2004)

Zhu, M., Chen, J., Guo, R., Xu, J., Fang, X., Han, Y.F.: Cobalt phthalocyanine coordinated to
pyridine-functionalized carbon nanotubes with enhanced CO, electroreduction. Appl. Catal.
B 251, 112-118 (2019)

Zhao, K., Liu, Y., Quan, X., Chen, S., Yu, H.: CO; electroreduction at low overpotential
on oxide-derived Cu/carbons fabricated from metal organic framework. ACS Appl. Mater.
Interfaces 9, 5302-5311 (2017)

Han, P, Yu, X., Yuan, D., Kuang, M., Wang, Y., Al-Enizi, A.M., et al.: Defective graphene for
electrocatalytic CO; reduction. J. Colloid Interface Sci. 534, 332-337 (2019)

Li, J., Zhang, Y., Zhang, X., Huang, J., Han, J., Zhang, Z., et al.: S, N dual-doped graphene-like
carbon nanosheets as efficient oxygen reduction reaction electrocatalysts. ACS Appl. Mater.
Interfaces 9, 398-405 (2017)

Yang, L., Shui, J., Du, L., Shao, Y., Liu, J., Dai, L., et al.: Carbon-based metal-free ORR
electrocatalysts for fuel cells: past, present, and future. Adv. Mater. 31, 1804799 (2019)

An, F, Bao, X.Q., Deng, X.Y., Ma, Z.Z., Wang, X.G.: Carbon-based metal-free oxygen
reduction reaction electrocatalysts: past, present and future. New Carbon Mater. 37, 338-354
(2022)

James, L., Andrew, D.: Fuel Cell Systems Explained. Wiley (2003)

Peng, Q., Lu, Q., Fu, Q., Zhang, L., Li, J., Zhu, X., et al.: A microstructure tuning strategy on
hollow carbon nanoshells for high-efficient oxygen reduction reaction in direct formate fuel
cells. Int. J. Hydrog. Energy 48, 16678-16689 (2023)

Yang, Z., Moriguchi, I., Nakashima, N.: Durable Pt electrocatalyst supported on a 3D
nanoporous carbon shows high performance in a high-temperature polymer electrolyte fuel
cell. ACS Appl. Mater. Interfaces 7, 9800-9806 (2015)

Luo, Y., Feng, J., Wang, L., Jiang, Y., Li, L., Feng, J.: Highly stable nanocarbon supported
Pt catalyst for fuel cell via a molten salt graphitization strategy. Int. J. Hydrog. Energy 47,
20494-20506 (2022)

Bock, R., Karoliussen, H., Pollet, B.G., Secanell, M., Seland, F., Stanier, D., et al.: The influence
of graphitization on the thermal conductivity of catalyst layers and temperature gradients in
proton exchange membrane fuel cells. Int. J. Hydrog. Energy 45, 1335-1342 (2020)

Qiao, Z., Hwang, S., Li, X., Wang, C., Samarakoon, W., Karakalos, S., et al.: 3D porous
graphitic nanocarbon for enhancing the performance and durability of Pt catalysts: a balance
between graphitization and hierarchical porosity. Energy Environ. Sci. 12, 2830-2841 (2019)
Liu, J., Song, P., Xu, W.: Structure-activity relationship of doped-nitrogen (N)-based metal-free
active sites on carbon for oxygen reduction reaction. Carbon N Y 115, 763-772 (2017)

Shui, J., Wang, M., Du, F., Dai, L.: N-doped carbon nanomaterials are durable catalysts for
oxygen reduction reaction in acidic fuel cells. Sci. Adv. 1 (2015)

Hornberger, E., Merzdorf, T., Schmies, H., Hiibner, J., Klingenhof, M., Gernert, U., et al.:
Impact of carbon N-doping and Pyridinic-N content on the fuel cell performance and durability
of carbon-supported Pt nanoparticle catalysts. ACS Appl. Mater. Interfaces 14, 18420-18430
(2022)



80

S1.

52.

K. M. Joseph et al.

Girishkumar, G., Rettker, M., Underhile, R., Binz, D., Vinodgopal, K., McGinn, P, et al.:
Single-wall carbon nanotube-based proton exchange membrane assembly for hydrogen fuel
cells. Langmuir 21, 8487-8494 (2005)

Xue, L., Li, Y., Liu, X., Liu, Q., Shang, J., Duan, H., et al.: Zigzag carbon as efficient and stable
oxygen reduction electrocatalyst for proton exchange membrane fuel cells. Nat. Commun. 9,
3819 (2018)



One-Dimensional Carbon )
for Electrocatalytic Activities L

Niharika Maley, Pratik Patel, Felipe M. de Souza, and Ram K. Gupta

Abstract One-dimensional (1D) carbon structures like carbon nanotubes (CNTSs),
carbon nanofibers (CNFs), and graphene ribbons, for instance, have drawn a lot
of interest in the field of electrocatalysis because of their distinctive characteristics
and superior electrochemical performance. The purpose of this chapter is to give
a general review of the electrocatalytic properties of 1D carbon nanomaterials and
their prospective uses in a range of energy conversion and storage technologies.
The main attractive properties of these carbon structures are based on their satis-
factory electrocatalytic activity for several processes due to their high surface area
as well as conductivity. The first section provides a brief overview of some of the
main theoretical aspects related to technologies such as water-splitting electrolyzers,
fuel cells, and metal-air batteries. From that, some of their main electrochemical
reactions such as hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), oxygen reduction reaction (ORR), and hydrogen oxidation reaction (HOR)
are discussed based on the application of their respective electrochemical devices.
The second section provides some of the main techniques and approaches utilized
for the synthesis of 1D carbon-based materials while providing some of their main
advantages and drawbacks. The third section provides an in-depth discussion of some
of the most recent works from the literature under the scope of the electrochemical
performance of 1D carbon-based materials and the main phenomena that justify their
use in such technologies. Lastly, an outlook and future aspects regarding the main
advantages and current hurdles on the use of 1D carbon-based material are provided
to elucidate some of the main issues for the readers while providing some insight for
future experimental design.
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1 Introduction

The ever-growing consumption of fossil fuels is a concerning matter worldwide as it
caneventually lead to the exhaustion of this non-renewable resource along with severe
environmental impacts. To address that, it is deemed necessary to utilize alternative
sources of energy to diminish the burden of the excessive use of petrochemicals.
Some examples include the generation of energy through solar radiation, wind, tide
movement, waterfalls, and nuclear, for instance, which can serve as viable alternatives
when utilized in conjunction. However, such sources of energy are intermittent and
are influenced by geographical aspects. Because of that, more ways to generate energy
are necessary. Part of the challenge lies in developing a technology that is efficient,
eco-friendly, and can be reproduced on a large scale as such conditions can decrease
the strain on non-renewable sources leading to a more sustainable future. Some of
the technologies that can offer such conditions are water electrolyzers, fuel cells, and
metal-air batteries for example. Water electrolyzers are a two-electrode system-based
device that can perform the electrochemical water-splitting process. The cathode
generates H, at the potential standard of 0 V known as hydrogen evolution reaction
(HER) whereas the anode generates O, at +1.23 V known as oxygen evolution
reaction (OER), in an ideal scenario. Given, the renewability of this process and
zero carbon emission, water electrolyzers have been arduously researched as a viable
technology for the generation of clean and renewable energy [1, 2]. The schematic of
a water electrolyzer is presented in Fig. 1a. The fuel cells are devices that can convert
chemical energy into electricity as, in most cases, H, can react with O, to generate
electricity, heat, and H,O as a byproduct. Hence, fuel cells can be complementary to
a water electrolyzer as the H, generated by the latter can react with O, to generate
energy from the former. In a fuel cell, the hydrogen oxidation reaction (HOR) occurs
where H, is oxidized at the anode to generate H" or H,O if the electrolyte is acidic
or alkaline, respectively. Then, the electrons generated from the previous reaction
can flow to the cathode where oxygen reduction reaction (ORR) occurs at which O,
is reduced to H,O or OH™ in acidic or alkaline electrolytes, respectively [3]. The
schematic for a fuel cell is presented in Fig. 1b. Also, one of the emerging technologies
that has been attracting the attention of the scientific community is metal-air batteries
which are composed of a metallic anode, a cathode that can adsorb O,, and an
electrolyte that is usually an aqueous or aprotic solution. During the discharging
process, the metallic anode undergoes oxidation whereas O, undergoes reduction at
the cathode. Particularly, metal-air batteries are attractive because they can potentially
have a much higher energy density when compared to the current Li-ion batteries.
Hence, optimizing its properties for large-scale use can be a convenient way to
partially address the need for green and sustainable energy [4, 5]. The schematic
of a typical metal-air battery is presented in Fig. 1c. The proper introduction and
combination of these technologies can lead to a sustainable aspect for the generation
of energy and decrease the burden on non-renewable sources.

The presented electrochemical devices are governed by mainly three electrochem-
ical reactions which are HER, OER, HOR, and ORR. However, these reactions are
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Fig.1 Schematic of a water electrolyzer, b fuel cell, and ¢ metal-air battery. Adapted with
permission [6]. Copyright 2021, Elsevier

inherently sluggish, and, under practical conditions an extra voltage is required to
overcome the thermodynamic barriers to these electrochemical reactions to occur,
which is known as overpotential. Hence, most of the research is devoted to finding
materials that can decrease the overpotential required to catalyze these reactions.
Another challenge is that, even though some electrocatalysts can perform these elec-
trochemical processes under feasible conditions they are usually composed of rare
metals which makes it impractical for a large-scale scenario. Some examples include
Pt or its alloys for HER and ORR, and IrO, or RuO, for OER. Hence, for these tech-
nologies to be properly implemented it is required to use materials that are readily
available and cheaper. One of the promising candidates for that are carbon-based
materials which can present high conductivity, versatile synthetical approaches, a
broad range of chemical property tunability, and high chemical and electrochemical
stability which makes them suitable materials for the electrocatalysis of HER, OER,
and ORR processes [7-9]. The versatility of carbon materials can be noticed based
on the plethora of its allotropes which aside from graphite, diamond, and amorphous
carbon also include nanomaterials that go from 0D, 1D, 2D, and 3D which include,
fullerenes, carbon nanotubes (CNTs), graphene, and graphene aerogels, respectively,
to name a few. Based on that, this chapter is focused on the use of 1D carbon nano-
materials such as CNT, carbon nanofibers (CNF), and carbon nanoribbons (CNR),
among others that can perform electrocatalytic processes. The inherent properties
of these materials such as high conductivity, high surface area, electrochemical and
chemical stability, and broad property tunability, associated with the abundance of
carbon make them attractive to the scientific community in the field of electrocatal-
ysis and energy storage. Based on that, some of the variations that have been recently
performed on CNT are presented in Fig. 2. Under the line of the promising uses of 1D
carbon materials, the next section describe some of the synthetic and characterization
approaches followed by some of their recent applications regarding HER, OER, and
ORR.
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Fig. 2 Variations on the inner and outer layers of 1D carbon-nanostructures where some of the
structures include: peapod (fullerene encapsulated within the tubular structure of CNT), double-
walled carbon nanotubes (DWCNT), and boron nitride nanotube (BNNT). Adapted with permission
[10]. Copyright 2021, John Wiley and Sons

2 Type, Synthesis, and Characterization of 1D Carbon

One of the factors that prompted the research on 1D carbon nanomaterials is their
versatility in terms of synthetic approaches. Accompanied by that, the 1D carbon-
based nanomaterials present some highly desirable features due to their wide versa-
tility in terms of properties, structure, synthetical approaches, and applications.
Among those there are CNTs, graphene nanoribbons (GNRs), CNFs, and carbon
fibers (CFs). All these materials present a larger ratio between length and diameter
or width. Alongside that, they can be characterized by the conjugated sp” hybridized
carbons in their structure which enables high electronic conductivity. Also, the
strong covalent carbon—carbon bonds throughout the structure provide high thermal,
chemical, and electrochemical stability which greatly increase their robusticity for
a plethora of applications. Along with that, their high surface area enables proper
adsorption of ionic species that can contribute to energy storage properties. There
are considerable distinctions between such materials. In this sense, CNTs can be
obtained in the form of single CNTs (SCNTs) or as multi-walled CNTs (MWCNTs)
which display different properties in terms of surface area, wettability, and mechan-
ical properties. The GNRs consist of graphene strips with high lengths over a short
width ratio. Such structure provides some differences when compared to graphene
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as the decrease in width leads to a quantum confinement effect. Through that, its
properties can present a wider degree of tunability when compared to other 1D and
2D carbon-based materials due to the variations in the energy values in its band gap
attributed to the decrease in the width [11-13]. The CNF are also attractive mate-
rials given their inherent conductivity accompanied by relatively higher mechanical
strength and low density, which makes them attractive for applications that require
more robust conditions [14].

The variety of these carbon-based nanomaterials is attributed to the broad number
of techniques available for their synthesis. Selecting the proper synthetic methods
to obtain nanomaterials with the desired properties is a core part of the process. For
that, the synthetic methods of nanomaterials can be divided into two large groups
which are top-down and bottom-up. The top-down approaches consist of utilizing
a bulk precursor and decreasing its size to the nanoscale. In this sense, some of the
most used methods to obtain 1D nanomaterials are pyrolysis and ball milling. The
bottom-up is based on obtaining a nanomaterial starting from an atom or molecule
which can be performed through chemical vapor deposition (CVD), arc discharge,
laser ablation, and electrospinning, among other methods. In most cases, bottom-
up approaches tend to be used for the synthesis of 1D carbon nanomaterials. For
example, CNTs can be synthesized through CVD, arc discharge, and laser ablation.
The GNRs can be synthesized through template-assisted polymerization to direct
its structure towards a 1D structure. Lastly, CNFs can also be synthesized through
CVD, template-assisted synthesis, or electrospinning.

The selection of the proper method plays a critical role in the overall properties
of the obtained material since several parameters can be varied. Through that, some
of the variations include the introduction of heteroatoms during a doping process,
compositing with nanomaterials or polymers, surface functionalization, increase in
the number of defects, disorders, or voids, among many other factors [15—17]. Pyrol-
ysis is a commonly employed method that consists of a thermochemical treatment
of a carbon precursor that is decomposed at high temperatures under an inert atmo-
sphere i.e., Ar or N,. The schematic of a tube furnace for pyrolytic processes is
presented in Fig. 3a. Aside from the relatively lower cost of this method it also
allows a facile doping process by performing the pyrolysis of the carbon precursor
along with a compound containing the desired heteroatoms. Some cases include
N doping (i.e., melamine, urea, or ammonia), S doping (i.e., hydrogen sulfide,
thiourea, or thiophene), and P doping (i.e., phosphoric acid), for instance. Aside
from doping, the morphology of carbon-based nanomaterials can also be varied
through the use of templates during the pyrolytic process which can include soft
(i.e., 1,3,5-trimethylbenzene), hard (i.e., SiO,), or highly porous templates such as
metal-organic frameworks (MOFs) [18, 19]. Other parameters related to the pyrol-
ysis technique include varying temperatures and ramping rate, reaction time, and
gas composition. Such factors play a major role in the nanomaterial’s surface area,
porosity, morphology, and dopant concentration, among others [20]. One common
case lies in finding the optimal temperature for the pyrolytic process as it can lead to
a proper graphitization degree which directly influences the conductivity. However,
excessive temperature can deteriorate such properties as it can induce a larger number
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Fig. 3 Schematics for some of the most common techniques for the synthesis of 1D carbon-based
materials through a pyrolysis and b CVD. Adapted with permission [30]. Copyright 2020, John
Wiley and Sons. (c) Arc discharge. Adapted with permission [31]. Copyright 2014, Elsevier

of voids in the structure that can disrupt the conjugation degree and promote the
formation of too many voids which can ultimately decrease the surface area. On
top of that, relatively unstable dopant heteroatoms can be removed from the carbon
matrix if the pyrolytic temperature is too high [21]. Even though pyrolysis is an acces-
sible method the synthesis conditions often require relatively long reaction times
which can be around several hours along with careful control of the parameters.
Some previous studies have demonstrated the synthesis of CNTs through pyrolysis
methods [22-26].

The synthesis of 1D carbon-based nanomaterials is often limited when consid-
ering top-down methods such as mechanical exfoliation, ball milling, laser ablation,
and ultrasonication, among others. Bottom-up methods such as CVD, for instance,
are better known to yield high-quality 1D carbon nanostructures. CVD is a versa-
tile technique that can be used to synthesize several types of carbon-based nano-
materials, yet it is the most employed for the synthesis of CNTs [24, 27, 28].
The schematic for this process is presented in Fig. 3b. Alongside that, there are
several variations of this technique which include hot-filament CVD (HFCVD), hot-
wire CVD (HWCVD), aerosol-assisted CVD (ACVD), microwave plasma-enhanced
(MWCVD), and liquid-injection (LICVD) [29]. Some of the main advantages of
CVD over other techniques are related to the relatively lower temperature require-
ments which can range from 550 to 1000 °C and the capability to obtain aligned
CNTs over a substrate. However, the nanostructure tends to be more defective under
CVD when compared to arc discharge or laser evaporation methods. Yet, the latter
methods require higher temperatures. Arc discharge is a method that consists of the
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generation of a highly energetic electric arc in between two carbon-based electrodes
at which the anode contains the carbon precursor material along with the catalyst
whereas the cathode is often made of a graphite rod. The system is immersed in an
inert atmosphere of He or Ar to prevent the oxidation of the carbon electrodes. After
a voltage is applied to the system the electrodes are placed around 1-2 mm to allow
for a steady discharge process. Through that, the arc current generates plasma that
can reach temperatures to the range of 4000-6000 K causing the carbon precursor
to sublime and migrate to the cathode leading to the formation of the CNT. The
schematic for the arc discharge process is presented in Fig. 3c.

Several characterization techniques can be performed on nanomaterials. One of
their most notorious aspects is their morphology which can be analyzed through
scanning electron microscope (SEM) which provides a 2D image of the material’s
surface which allows the determination of nanomaterial’s dimensions in terms of
diameter, length, alignment, physical arrangement over the substrate along with other
morphological aspects. Another related technique is transmission electron micro-
scope (TEM) which allows for the analysis of the internal structure as well as crys-
tallography aspects of the nanomaterial [32]. Through that, some of the structural
defects, and internal diameter of CNTs, for example, can be determined through this
characterization. The atomic force microscopy (AFM) provides a 3D image of the
nanomaterial’s surface which provides some information of their topography such
as surface roughness, alignment, and organization of the nanomaterials along other
aspects.

The spectroscopic characterizations are also extremely important for the eluci-
dation of specific properties of nanomaterials. Raman spectroscopy provides some
information regarding the vibrational modes of carbon bonds in a material which
can be either graphitic or diamond types of carbons which are defined by the G and
D bands, respectively. Through that, some of the levels of disorder and defects in
the structure can be determined. Furthermore, knowing the degree of graphitic and
diamond carbons in a material can provide information regarding their influence
on the electrocatalytic properties which enables researchers since a larger degree
of graphitic carbon improves the conductivity whereas diamond carbon can lead to
some defects that can act as active sites for catalysis [33, 34]. The X-ray diffraction
characterization can be used to determine the degree of organization through crys-
tallinity along with the interlayer spacing between the nanostructures [35, 36]. X-ray
photoelectron spectroscopy (XPS) is a widely used characterization as it can provide
information regarding the chemical composition and the types of bonds present in the
nanomaterial’s surface. Alongside that, Fourier-transformed infrared (FTIR) is one of
the most utilized spectroscopic characterizations as it can determine the presence of
polarized organic groups on the material. Through that, the presence of moieties such
as alcohol, aldehydes, carboxylic acids, amines, along any other polarized bonds can
be identified. The UV-Vis-NIR spectroscopy consists of emitting light that covers a
broad range of wavelengths that can be absorbed by the nanomaterial. Through that,
some of its optical and electronic properties can be elucidated such as the calculation
of band gap, for example. Gas adsorption analysis such as Brunauer—Emmett—Teller
(BET) is an important characterization to obtain the surface area of a material, which
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is a major factor for electrocatalytic performance. Lastly, theoretical studies are also
a valuable tool for the description of the electronic properties of nanomaterials, one
of the most employed characterizations in that regard is density functional theory
(DFT), which among other thing, can be used to calculate the theoretical band gap
which are related to the electrocatalytic efficient and the mechanism at which it
takes place. Based on that, is notable that there are several characterization tech-
niques available as each one can provide a piece of information to aid in the property
elucidation of a given material.

3 Applications of One-Dimensional Carbon
as Electrocatalysts

The water splitting reaction leads to the evolution of O, and H, which can be described
by the global Reaction (1).

2H20 — 2H2 + 02 (1)

This reaction can be divided into two half cells, which are HER and OER that
occur on the cathode (reduction) and anode (oxidation) electrodes of an electrolyzer,
respectively. Such reactions can occur in either alkaline or acidic media. In this sense,
in an alkaline environment, the HER and OER can be presented by Reactions (2)
and (3), respectively. Where E% and EOO are the standard half-cell potentials at 1 atm

and 25 °C.

4H,0 + 4e — 2H, + 40H™ E% = —0.826V 2)

40H™ — 0, +2H,0 + 4e~ E) = 0.404 V (3)

In an acidic environment, the HER and OER can be presented by Reactions (4)
and (5), respectively.

4H' + 4e” — 2H, EY =00V “4)

2H,0 — O, + 4H* + 4e~ E) =123V (5)

In a neutral environment, the HER and OER can be presented by Reactions (6)
and (7), respectively.

4H,0 + 4e — 2H, + 40H™ E% = —0.413V (6)

2H,0 — O, + 4H" + 4e~ E) = 0.817V (7)
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Based on that, for the water-splitting process to occur the cell potential (Ege") has

to be applied. For that, E,;; = EJ— EJ, thus the B2, is 1.23 V. Yet, it is worth noting
that the water splitting process is more favorable in alkaline and acid media due to
the larger populations of OH™ and H* which are active species for the occurrence
of reactions. Because of that, in neutral conditions, the water splitting has relatively
lower kinetic energy due to the relatively high stability of the water itself as the Gibbs
free energy required for the overall process is around 237.21 kJ/mol. Following
that, transition metal oxides are often used as electrocatalysts for water-splitting
processes. However, they usually display relatively high electric resistance and low
electrochemical stability. Such drawbacks can be countered by combining them with
carbon-based nanomaterials. Through that, the inherently high surface area, porosity,
conductivity, and electrochemical stability of these carbon-based nanomaterials can
optimize the overall electrocatalytic performance. Some examples of that include the
use of NiFeOy [37], NiOy [38—40], MnOx [41], and CoOy [42].

3.1 Nanocarbon for OER

The OER process is a half-cell reaction of the electrochemical water-splitting that
takes place on the anode electrode characterized by the release of O,. However,
the complexity and sluggishness of this reaction have been an aim of the study
as there are still further studies to fully elucidate the reaction mechanisms along
with finding feasible electrocatalysts for this process. Under this situation, carbon-
based nanomaterials have been considered good candidates for this process given
their broad versatility in several aspects including chemical modifications. Some of
these approaches are (i) defect engineering to better expose the active sites [43];
(ii) precise control of the amount of heteroatoms in the nanostructure to promote a
proper charge distribution on the basal plane that can lead to the improvement of
electrocatalytic activity [44]; (iii) compositing of carbon-based nanomaterials along
with other components such as transition metal derivatives that can enhance the
electron transfer processes and diminish the aggregation that tends to occur with
carbon [44, 45]; (iv) tunning of the pore size and structure also influences the ion
diffusion and electron transfer processes [46]. There is often a combination of these
four approaches to lead to an optimized electrochemical performance. Based on these
cases some studies have demonstrated the effect of ORR catalysis concerning the
number of outer layers in a CNT. In this sense, a previous report described that CNTs
presenting around 2 to 3 concentric tubes can display a more satisfactory activity for
OER when compared to SWCNT and MWCNTs [47].

From that, it was observed, for OER, that following the order of the number of
concentric tubes going from MWCNT, SWCNT to 2-3 walled CNT there was an
increase in current density at a voltage of 1.8 V that went from 1.6, 5.9, and 56 mA/
cm?. The proposed explanation for this observation was that a CNT presenting around
2 to 3 internal tubes could facilitate electron transport through tunneling between the
outer wall with the inner tubes. Such an effect could promote the adsorption of
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Fig. 4 CNTSs’ activity 3000
towards OER is based on the
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active species of OER at the outer wall while promoting electron transport to the
inner walls [48, 49]. For the case of SWCNT, such an effect could not take place as
it was proposed that despite the fast electron transfer the active species would not
be properly adsorbed to the SWCNT’s surface which resulted in a decrease in the
electrocatalytic activity towards OER. The schematics for this process are presented
in Fig. 4.

Another example was presented by Zhao et al. [51] who obtained a N-doped
carbon-based material that was suitable for OER electrocatalysis as it displayed an
overpotential of 0.38 V when reaching 10 mA/cm?. The electrocatalytic properties
arise due to the presence of the different types of N in the carbonaceous structure
such as pyridinic and quaternary, which can promote a stronger polarization of elec-
trons on the adjacent carbons which facilitates the adsorption of reactive species for
the catalysis. Another similar study was presented by Li et al. [52] who performed
the doping process on MWCNT which was followed by partial unzipping of the
nanotubes through oxidation and high-temperature treatment in the presence of NHj.
This approach led to the formation of a graphene-like structure attached to the inner
1D tubes which served as active sites for the ORR process in both alkaline and
acid environments. This study demonstrated a viable way to dope the structure of
a carbon-based 1D/2D nanomaterial without jeopardizing the conductivity, which
plays a major role in the electron transfer steps related to the electrocatalytic mecha-
nism. Based on that, Lu et al. [53] fabricated a composite electrocatalyst for both OER
and ORR which was based on a CNT/graphene nanoribbon doped with N containing
Co304 nanoparticles over its surface (CozO4/N-CNT-GNR). Their study demon-
strated that there was a considerable increment in electrocatalysis towards OER in
alkaline media (0.1 M KOH) with an onset potential of 1.51 V which corresponded
to an overpotential of around 280 mV. Also, the overpotential at 10 mA/cm? was
360 mV which was lower than state-of-art Ir/C electrocatalysts done in that study.
Yet, upon testing the electroactive materials separately there was a decrease in overall
electrocatalytic performance which suggested that the combination of both Co304
with N-CNT-GNR promoted an advantageous complementary effect. Such improve-
ment was attributed to the composite’s morphology as the carbon matrix functioned
as a pathway for electrons due to its high conductivity. Along with that, the porous
surface of the N-CNT-GNR served as a proper support as it allowed higher loads of
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Co304 to be incorporated. Lastly, it was proposed that the doping with N also posi-
tively influenced the electrocatalytic activity. Hence, the combination of factors such
as the linear and porous structure of N-CNT-GNR along with the higher loading and
proper distribution of Co3; O, throughout its surface along with the N-doping led to an
improvement in OER performance. The authors also utilized the same composite to
analyze the ORR electroactivity. For that, the Co3O4/N-CNT-GNR presented 40 mV
of onset potential. Along with that, the composite presented a half wave potential
(Ei2) of around 0.81 V at 1600 rpm which was more positive when compared to the
value obtained for the Pt/C according to the authors. Based on that, it was proposed
that the catalytic site for ORR originated from the synergy between Co and C atoms.
In this sense, in a previous work performed by Dai et al. [54], it was proposed through
X-ray absorption near edge structure (XANES) that there was the formation of Co—
N-C and Co-O-C bonds which could vary the electronic density among the C, O,
and Co-leading to an improvement in ORR electrocatalytic response.

3.2 Nanocarbon for ORR

The need to find electrocatalysts that can serve as alternatives to rare metals is a
decisive factor for the introduction of technologies such as electrolyzers, fuel cells,
and metal-air batteries. As discussed, there are several electrochemical reactions
related to the production of energy from H,O. Based on that, it is known that, in
an electrolyzer, two complementary reactions take place one being HER and the
other OER which are reduction and oxidation processes that generate H, and O,,
respectively. On the other hand, in a fuel cell, there are two complementary reactions
which are ORR and HOR. In this sense, ORR is a reduction reaction in which O, is
converted to H,O as presented in Reaction (8), whereas HOR is an oxidation reaction
based on the conversion of H, into H* as presented in Reaction (9).

0, + 4H" 4+ 4e~ — 2H,0 (8)

H, — 2H' + 2e” €))

Considering the nature of these processes there are some similarities between
HER and ORR which, even though are half reactions from different processes in
water splitting and fuel cells, respectively, are both reduction reactions. Based on
that, the electrochemical mechanism at which they take place is based on the gaining
of electrons which can be catalyzed by certain types of electroactive materials. In this
sense, carbon-based materials that present high surface area, tunable porous struc-
ture, and high conductivity can fit for such applications as electrocatalysts. Alongside
that, introducing transition metals such as Fe, Co, Cu, and Ni, for instance, are also
viable ways to promote a variation in the electronic density of the surrounding carbon
atoms that can promote some degree of electrocatalytic activity. Similarly, the doping
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process with N can induce a similar effect given its relatively higher electronegativity
than carbon creating a polarization on their covalent bond that facilitates the adsorp-
tion of electroactive species during the catalysis process [55, 56]. Under this premise,
the combination of factors such as favorable morphology, electronic polarization, and
high conductivity have been demonstrated to generally improve the electrocatalytic
activity allowing such materials to approach and sometimes even surpass the perfor-
mance of some rare metal-based electroactive materials. Based on that, Yang et al.
[57] obtained a 1D/2D hybrid nanocarbon-based material of CNT and graphene
respectively that was doped with both Co and N, hence obtaining a composite named
Co-N/N-CNT/N-G with the schematics presented in Fig. 5. The material was then
utilized to fabricate an electrode that was used for the electrocatalysis of both ORR
and HER. Within this line, for ORR it presented an E;; of 0.85 V against RHE
along with good electrochemical stability. The satisfactory electrocatalytic perfor-
mance for the Co-N/N-CNT/N-G was attributed to the presence of CoNy species
that were attached to the carbonaceous matrix, which allowed for the adsorption of
electroactive species from the ORR process along with efficient electron transport
from the conducting carbon, which made it as effective active sites for ORR [58,
59]. For HER, the nanocomposite Co—-N/N-CNT/N-G displayed an overpotential of
123 mV at a current density of 10 mA/cm? along with excellent stability in acidic
media (0.5 M H,SOy). It could be observed that the other tested composites such as
Co-N/G and Co—N/N-CNT prepared in the study displayed lower electrocatalytic
activity towards HER. Such an effect was initially attributed to the smaller population
of CoNy. On top of that, there was a decrease in the surface area of Co-N/G and
Co-N/N-CNT when compared to C-N/N-CNT/N-G. Through that, it was concluded
that CoNy species displayed better electro-catalytic activity towards ORR whereas
the metallic Co wrapped on CNTs supported by the graphene layers displayed the
best electro-catalytic for HER. Another important factor is that the combination of
the 1D and 2D nanostructures of carbon can prevent aggregation and therefore better
expose the electroactive sites to perform both ORR and HER [60, 61].

Fig. 5 Schematics for the
electroactive 1D/2D
composite for both ORR and
HER based on Co, N-doped
CNT/graphene. Adapted
with permission [57].
Copyright 2018, Royal
Society of Chemistry
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3.3 Nanocarbon for HER

The electrocatalytic production of H, through water splitting reaction is a highly
desired process as it can lead to an economically viable and sustainable way to
obtain an eco-friendly and highly efficient fuel. Likewise the other electrochemical
reactions, there are several ways to promote the improvement of electrocatalytic
activity by compositing carbon-based materials with transition metal derivatives such
as CoP nanocrystals/CNT, N, P nanoparticles/CNT, among others [62, 63]. HER has
relatively better kinetics than OER given that the former requires two electrons to
occur whereas the latter needs four, which makes it inherently sluggish. Despite that,
one of the challenges of HER surrounding its mechanisms lies in the differences
in the process based on the environment in which it takes place. For example, in
acidic media, the catalysis is based on the optimal interaction between the catalyst’s
surface with H* species, whereas in alkaline media is based on the equilibrium of the
interaction of the electrocatalysts with H,O and OH™ [64]. Zhang et al. [65] proposed
the synthesis of a CoP nanosheet/CNT (CoP-NS/CNT). The interaction between CoP
and CNT was enhanced by promoting the oxidation of the CNT through Hummer’s
method along with the addition of sodium dodecyl sulfate (SDS) to increase the
dispersibility of CNT. The components were then placed in a Teflon-lined autoclave
reactor at 160 °C at 12 h. Then, a phosphorization process was performed through the
vaporization of red P powder to form the CoP nanosheet over the CNT. The detailed
synthetical procedure is presented in Fig. 6.

From that, the electrochemical characterizations for the CoP-NS/CNT presented
a Tafel slope of 57 mV/dec which suggested that the HER process presented fast

|
| hydrothermal

—

160 T

/ CoPNS/CNT ||

HER
In alkaline

Fig. 6 Schematic for the synthesis of CoP-NS/CNT through hydrothermal followed by doping with
P through solid/gas-phase vaporization. The nanohybrid composite was utilized as electrocatalysts
for HER in alkaline media. Adapted with permission [65]. Copyright 2019, John Wiley and Sons
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kinetics along with a low overpotential of 68 mV at 10 mA/cm?. The satisfactory
performance of HER can be attributed to several factors. It was proposed that the
surface area was optimized due to the presence of hexamethylenetetramine (HMT)
which could lead to the formation of ammonia during the hydrothermal process
promoting the formation of small pores into the CNT’s surface. In this sense, the
active sites could be more exposed. The presence of SDS aided in the dispersion of
CNTs which allowed it to be properly grafted onto CoP nanosheet structure. Through
that, a better electron transfer process could occur, likely playing a role in the HER
performance. Another factor was alkaline media which required the H-O-H bonds
to be broken for the adsorption of H* afterwards. However, this process can be less
favorable than the reduction of H;O" [66]. Yet, the wettability of the CoP-NS/CNT
was an important step for the electrocatalysis. Based on that the proposed mechanism
is presented through Reactions (10)-(12).

H,O + ¢~ — H* + OH™ Volmer (120 mV/°) (10)
H,O + e~ 4+ H* — H, + OH™ Heyrovsky (40 mV/°) (11)
H* + H* — H, Tafel (30 mV/°). (12)

4 Conclusion

The 1D carbon nanomaterials such as graphene nanoribbons, CNTs, and CNFs have
been demonstrated to be promising components for the fabrication of electrocata-
lysts for several reactions given their versatility in terms of synthetical approaches
and tunability in terms of properties. In that sense, one of the most utilized methods
for the synthesis of CNTs through CVD has reached the industry. Even though
it is inherently limited it is a viable approach to obtain aligned CNT nanostruc-
tures that can be grown in a plethora of substrates. Also, the several parameters that
can be modified during the synthetical process account for great versatility in the
overall process leading to nanomaterials with a vast range of properties. Further-
more, 1D carbon-based nanomaterials are compatible with several components such
as transition metal derivatives, conducting polymers as well and other carbon-based
nanomaterials. Such variations allow for a considerably high number of materials
available that can be utilized in different types of electrocatalytic processes such as
HER, OER, ORR, and HOR, among others. Yet, despite such versatility in terms
of synthetical process, compositive, and application their performance might not
be satisfactory when employed as neat materials. Their properties can drastically
enhance when composited with transition metal derivatives. Such improvement can
be mostly attributed to the synergy that arises through the combination of such mate-
rials as the carbon matrix can provide a suitable platform for the electron transfer
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steps and the transition metal serves as the electroactive site for the electrochemical
process. There are several nuances in this process since the 1D carbon matrix must
present an optimized porosity to properly arrange the transition metal derivative
on its surface by providing intimate contact between the two. Also, carbon-based
materials are inherently hydrophobic, hence decorating their surface with polarized
nanoparticles, functionalizing with polar groups, and improving their surface area
are important aspects to facilitate their interaction with the electrolytes which usually
consist of either alkaline or acidic solutions. On the other hand, these carbon-based
materials present relatively high electrochemical stability, which serves as an impor-
tant factor for long-term usage. Despite the several advantages of the use of such
materials, there are challenges in terms of the full elucidation of the mechanistic
processes surrounding some of the electrochemical reactions that can help in the
design of novel electrocatalysts. Also, carbon-based materials present a tendency to
agglomerate, which even though can be addressed by the approaches mentioned, can
still jeopardize the electrochemical performance. Despite those drawbacks, there has
been appreciable progress in the use of 1D carbon-based materials in electrocatalytic
processes. Such findings are extremely important since the use of these materials in
technologies such as electrolyzers, fuel cells, and metal-air batteries is highly desired
for a more sustainable future. In that sense, a more sustainable way to harvest energy
can be obtained leading to a decrease in the strain applied on petrochemicals and
non-renewable sources. Thus, encouraging further research on this type of material
can aid in not only more sustainable but also efficient energy storage and energy
production devices.
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Abstract One can encounter some skepticism about clean, non-functionalized,
defect-free graphene being a catalyst for gas-surface reactions at ultra-high vacuum
(UHV). We will describe a few successful literature examples, focusing on our own
recent work, to illustrate that graphene indeed can act as a catalyst. Experimental and
theoretical results will be described. Our own work concerns the decomposition of
small sulfur compounds (SO;, H,S, thiophene) on epitaxial graphene characterized
in UHV by surface science experimental and theoretical techniques. Desulfuriza-
tion catalysis has some overlap with energy-related applications. Other recent works
from other groups concern the surface chemistry of organic compounds, as well
as the dissociation of hydrogen on corrugated graphene. This book chapter does
not provide a comprehensive review, however. A few liquid phase studies, work on
powder samples, electrochemistry, and photoelectrochemistry works are mentioned
but not discussed in any detail. The case studies focus on defect-free and clean (not
functionalized), epitaxial graphene as the catalyst studied at UHV.
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1 Introduction

1.1 Motivation

Metal-free heterogeneous catalysis using carbon catalysts is an intriguing alterna-
tive to traditional chemical synthesis [1-5]. Because carbon materials are practically
inexhaustible and as such sustainable, in contrast to precious metals. In addition, the
functionalization of carbon materials is already widely used today which could result
in highly selective catalysts reducing side reactions, waste products, and increasing
energy efficiency. The concept of noble metal-free catalysis dates back many years,
[1-4, 6, 7] but was so far mostly explored in liquid/solid phase reactions such as
organic synthesis or electro chemistry. However, gas-surface reactions are preferred
for large-scale industrial processes, generating less waste due to easier separation of
products and catalyst. A scientifically interesting allotrope of carbon is graphene (Gr).
In general, two-dimensional (2D) crystals are currently a highly regarded research
area [5, 8—10]. However, surface reactions on pristine graphene have not been studied
much in detail at ultra-high vacuum (UHV) using surface science techniques. The
current literature is dominated by synthetic liquid/solid phase processes, theory, and
engineering type works on powders at high pressure. Indeed, it is relatively simple
to synthesize multilayer (!) “graphene”/graphene oxide flakes in bulk quantities.
However, already a stack of a few layers of graphene shows basically the same prop-
erties as bulk graphite [11] (e.g., HOPG—Highly Ordered Pyrolytic Graphite), i.e.,
the intrinsic surface properties of graphene cannot be studied on thick “graphene”
flakes in liquid solutions. Generally, the UHV environment guarantees ultra-clean
samples. Unexpectedly, recently it turned out that even clean, non-functionalized
and defect free graphene is chemically reactive for a few processes [12-14]. In
some of these studies, graphene was epitaxially grown on metal single crystals (Ni,
Ru) which was according to density functional theory calculations (DFT) important
for graphene’s reactivity enhancement [12, 14]. However, graphene on nonmetallic
substrates (such as Si0,, graphene/SiC, etc.) could also be tested for catalytic activity.
Recent DFT studies now include the effect of the substrate which does allow poten-
tially to tune graphene’s reactivity [15—17]. One could consider other 2D crystals as
metal-free catalysts such as silicene (2D-silicon) or germanene which have greater
chemical reactivity than graphene due to sp?/sp> hybridization and differences in
the 1 bonding as compared to graphene. The drawback of overwhelming reactivity,
however, is that the reactions become likely stoichiometric and not catalytic. The
restriction of the book chapter to a few references, does not allow to include in
detail the many other strategies to develop environmentally sound catalysts such as
utilizing non-noble metals, reducing catalyst loadings, etc. The book chapter focuses
on UHV studies on non-functionalized graphene, exploring graphene’s intrinsic
catalytic properties. However, in a broader perspective, working on the catalysis
of graphene may extend the use of graphene beyond the utilization of its remarkable
electronic and mechanical properties.
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1.2

How Can Graphene Become a Catalyst—Possible
Mechanisms?

Let’s consider possible mechanisms explaining why a carbon-based system becomes
a catalyst. Searching the literature, several ideas for possible mechanisms become
apparent.

ey

@

3

Defects. According to DFT studies, Refs. [18, 19] defects in graphene create
carbon atoms with dangling bonds (i.e. unpaired valence electrons) which
enhance graphene’s reactivity. For example, the dissociation of C¢HsOH
(phenol) [18] and H,S (hydrogen sulfide), [19, 20] were noted to be catalyzed
by defected graphene. In that case, free-standing graphene was catalytically
active. Thus, here the substrate seems unimportant. Importantly, if correct, defect
enhanced reactivity should also be present for non-metallic substrates allowing
for truly metal free catalysis. Depending on annealing temperature and other
preparation details, the defect density of grain boundaries (extended defects) can
become significant, as shown in scanning tunnelling microscopy (STM) studies
specifically for graphene/ruthenium (short Gr/Ru) [21]. However, defect free
graphene can be made (see Sect. 2.2). Also, it seems from DFT studies that only
very specific defects make graphene reactive. On real samples, those defects
are unlikely present in large enough concentrations to dominate graphene’s
reactivity.

Geometrical induced electronic structure effects. Graphene growth on some
single crystal supports results in the formation of a Moiré pattern caused by a
graphene layer incommensurate to the support. In other words, C atoms are either
properly or improperly aligned with the support atoms (these sites are usually
termed top-fcc and top-hcp sites, i.e., face-centered-cubic and hexagonal-close-
packed, respectively) [22]. The different sites can show different chemical activ-
ities, Ref. [22] e.g., the properly aligned C atoms act as nucleation sites for metal
clusters [23]. Photoelectron spectroscopy (XPS) can in principle distinguish top-
fce, and top-hep sites [22, 24]. For non-surface chemists, this may appear as a
rather subtle effect, but let’s recall, however, that graphene on e.g., ruthenium
is a single crystal that even grows over step edges [10, 25-31]. That system can
be made virtually defect free.

Hybridization. Based on experimental data about CO adsorption on graphene/
nickel [22, 32] another mechanism was recently suggested by theory [15-17].
For that system, a hybridization of graphene’s C(p) and Ni(3d) orbitals was
predicted by DFT, increasing the binding energy of CO (consistent with exper-
imental data). The process is catalytic since graphene was not consumed [22,
32]. Hybridization effects (and strong substrate interactions) are dominant for
some metallic substrates. E.g., similar hybridization effects have been seen for
graphene/Ru in a photoemission study [24]. In most basic terms, hybridization
implies electron transfer, Ref. [33] i.e., this could lead also to the dissociation
of adsorbates. These effects will unlikely be present for nonmetallic substrates,
however.
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Polarization. Approximately 10 years back, the adsorption of water on epitaxial
graphene was a hot topic area. Back then theoretical works suggested that
some of the van der Waals interactions from a substrate are transmitted through
graphene. Thus, the polarization of the substrate can affect surface properties of
graphene [11]. Polarization effects are not per se restricted to metallic substrates
but, e.g., nonmetals such as glass or silica used as a substrate also can affect van
der Waals interactions [11]. Thus, that mechanism also could be relevant for
nonmetallic systems. Initially, polarization effects were considered for weak
molecularly interacting species. But conceptually, dipole—dipole interactions
between an adsorbate and catalyst enhance in general their interaction and may
promote chemical reactions.

Functionalization. In this book chapter we focus on model studies on pris-
tine non functionalized graphene. Therefore, only briefly, synthetic organic or
electro chemistry studies often use carbon flakes in liquid solutions rather than
graphene. These flakes are functionalized which determines the reactivity. For
example, when graphene oxide is formed, the sp? hybridized graphene changes
to a sp>. In principle, C-sp? and C-sp’ can be distinguished in XPS by chem-
ical shifts (as large as 1 eV) [34]. DFT studies have shown that the oxida-
tion of graphene can form a few different oxygen-containing functional groups
(epoxide, hydroxyl, and carboxyl) [35]. These reactive functional groups in
graphene oxide can make it a reactive material. Many published DFT works
describe the mechanism by which a functionalization modifies the reactivity of
graphene.

Bending, rippling and corrugation effects. For epitaxial graphene, the rough-
ness of the substrate can result in non-flat, bend graphene [36]. That out-of-
plane corrugation can potentially affect graphene’s reactivity. That the curva-
ture of carbon layers affects its electronic properties is well-known from carbon
nanotubes [28]. Graphene ripples can form on non-metallic substrates.
Acceptor/donor interactions. Literature seems to indicate that in particular
sulfur compounds are reactive on clean and defect free graphene (in UHV and
also in the liquid phase) [18-20] despite that alkanes, benzene, CO,, CO, H; are
unreactive (adsorb molecularly) on Gr/Ru (and Gr/Ni) in UHV. That raises the
question, what is special about sulfur? Conceptually, the sulfur atom in these
sulfur compounds has a d orbital which may act at the same time as an electron
acceptor from Ru/G and as an electron donor to the antibonding orbital of e.g.,
S—H bonds. Charge transfer into antibonding states dissociates the adsorbate.
Sulfur, located in the 3rd row of the periodic table, has empty d-orbitals that
are better accessible compared to elements in the 2nd row (see Sect. 2.3.2b for
details). Also, the d orbital of S is highly polarized.
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2 Case Studies

2.1 Molecular Adsorption of Small Gas Phase Species
on Graphene

In comparison with the reactive interactions discussed in the following sections,
most small gas phase species adsorbed at UHV on epitaxial graphene remain intact,
i.e., these just adsorb molecularly including alkanes, benzene, CO,, CO, water for
graphene grown on Ru(0001) and CO on Ni(111) [22, 32, 37-42]. For CO/graphene-
Ni, enhanced binding strength was present, apparently related to hybridization effects
(see mechanism 3 in Sect. 1.2) [22, 32]. Enhancement of binding strength also is
present for CO, on graphene oxide, Ref. [43] likely due to enhanced polarization
compared with graphene. Rippled graphene seems reactive towards H, dissociation
[13].

2.2 Synthesizing Defect Free Epitaxial Graphene

Interestingly, benzene does dissociate on Ru(0001) (according to C¢Hg(gas) —
3H,(gas) + 6C(ads)), but once a single carbon layer is formed, dissociation ceases
and benzene interacts just molecularly with graphene/Ru [39, 40]. Thus, graphene
growth is self-terminating making sure that only single layer graphene forms. Conse-
quently, using adsorption/desorption cycles to form graphene/Ru from benzene, by
monitoring the desorption of H; (as the dissociation product) one can monitor exactly
the completion of the graphene layer. Once the H, desorption signal disappears,
single layer graphene is completed. Importantly, an eventual residual H, signal corre-
lates with vacancy defect sites in the graphene/ruthenium layer. However, virtually
vacancy defect free graphene can be synthesized on Ru(0001) using adsorption/
desorption cycles; referred in the following as “low temperature preparation” (LT-
prep) [40]. The ability to study defect free systems is important since a number of
mechanisms suggested theoretically (see mechanism 1 in Sect. 1.2) describe various
defects as active sites on graphene. STM studies show that the LT-prep graphene does
have grain boundary defects, however [21, 23, 44]. Those grain boundary defects can
be eliminated by a one-step synthesis where e.g., benzene is dosed on ruthenium at
high temperature (“high temperature preparation”, HT-prep). In summary, vacancy
defect free and grain boundary free single layer graphene can be grown on Ru(0001).
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2.3 Dissociative Adsorption of Sulfur Compounds
on Graphene

2.3.1 Adsorption and Reaction of Sulfur Dioxide (SO,) on Graphene

Unexpectedly, SO, does dissociate on graphene/ruthenium besides that numerous
other gas phase species (alkanes, benzene, CO,, CO, water, H, see Sect. 2.1) just
adsorb intact using the same graphene preparation, the same experimental set-up,
and the same vacuum system in these studies [12]. The kinetics of the SO, dissocia-
tion was characterized by TDS (thermal desorption spectroscopy) which is a simple
temperature ramping technique. Here, gas is adsorbed onto a sample in a UHV
chamber at low temperature where the desorption/reaction rate is zero. Next, the
sample temperature is ramped up and simultaneously desorbing species are detected
with a mass spectrometer. In regular TDS experiments, usually just one mass is
monitored, but one also can register a few masses simultaneously (multi-mass TDS).

Figure 1 depicts the results of multi-mass SO, TDS experiments as compared
with the gas phase SO, fragmentation pattern [12]. If the pattern would agree (same
intensity for the same mass peaks), then the adsorption/desorption would purely be
molecular according to

SO;(gas) — SO;(ads) — SO;(gas) @))

with gas and ads denoting gas-phase species and adsorb species, respectively.
However, the SO(gas) and O(gas) signals detected in TDS are larger than expected
from the gas phase (Fig. 1). And, the sulfur signal does agree with expectations from
gas-phase data, i.e., no extra sulfur is found in the gas phase. The latter indicates that
sulfur if formed, does not desorb. These kinds of data allow for suggesting a kinetics
mechanism as follows. Sulfur dioxide could simply decompose such as

250, (ads) — 2SO(ads) + O,(gas) 2)

SO(ads) — SO(gas) 3)

forming the extra SO and O, gas seen experimentally. Also, the SO, parent mass
was detected [12]. Thus, a molecular adsorption pathway is present as well. From
intensity ratios a reaction probability of 0.5 was estimated, meaning that half of the
SO, molecules dissociate on the surface [12].

Indeed, sulfur was seen left behind on the surface after TDS experiments using
Auger electron spectroscopy (AES, see Fig. 2). Thus, one must add:

SO, (ads) — S(ads) + Os(des) 4)

AES data allow to estimate the sulfur coverage which turned out to be about half of
amonolayer (ML) for typical experimental conditions (see Ref. [12] for details). The
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Fig. 1 Multi-mass SO, TDS (thermal desorption spectroscopy) data as compared with the gas
phase SO, fragmentation pattern. Adapted with permission [12], Copyright (2021) AIP publishing

' LIS N B LN N B B B B A B B N N N N B N R NN R

Ru+S Ru
150 eV 231leV

153 eV

S0, / Graphene pm  S/IC  S/Ru

- — = -before TDS 044 008 0.28
after 12.4L. SO, 0.40 0.24 0.73

AES Intensity dN/dE (a.u.)

Lo b oo b a oo Lo o Lo o Lo oo Lo oo b o ol o o o |

120 140 160 180 200 220 240 260 280 300

electron energy (eV)
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ruthenium (Adapted with permission [12], Copyright (2021) AIP publishing
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reaction probability and sulfur concentration are much larger than the experimentally
determined defect concentration (<1% ML) which rules out vacancy defects as the
active sites. For SO,, experiments were only run on LT-prep samples.

Since carbon and ruthenium AES lines overlap, the positive to negative AES peak
ratio at 273 eV is used to determine the carbon concentration on the surface [23].
Accordingly, an increase of carbon on the surface was detected after SO, adsorption/
desorption experiments. First, graphene does not decompose due to SO, adsorption.
Second, as control experiments revealed, the increase in carbon is caused by the AES
system. The micro-CMA based AES is rather short. Therefore, carbon that desorbs
from the filament of the AES electron gun (which is in line of sight to the sample)
adsorbs on the sample. Meanwhile the manufacturer of this system seems to have
fixed this problem by using a different filament for the electron gun of the AES
system. For the H,S and thiophene projects (see next sections), a different, larger
AES spectrometer was used which does not suffer from this contamination effect.

2.3.2 Adsorption and Reaction of Hydrogen Sulfide (H,S)
on Graphene/ruthenium

(a) Experimental Results for H,S-graphene/ruthenium

For H,S adsorption on graphene/ruthenium only the parent mass and H, desorption
were detected by TDS [45]. In addition, adsorb sulfur was seen after adsorption/
desorption of H,S by AES. The system remained reactive for H,S dissociating even
when the surface was sulfur covered. For that reaction, nearly identical data were
obtained for the LT-prep and HT-prep. Thus, vacancy defect sites and grain bound-
aries can be ruled out as active sites. Recall again, that the vacancy defect density of
our samples is virtually zero. The AES carbon/ruthenium signal did not change upon
H,S adsorption. Thus, H,S adsorption also does not generate defects in graphene.
One could imagine other active sites besides graphene and sulfur on graphene. But
RuO, graphene oxide, or RuS, were not formed. The presence of oxygen would lead
to an oxygen AES peak at 500 eV [43] which was not present. Although RuS; is a
known desulfurization catalyst, it can only form on vacancy defect sites. In addition,
no significant desorption of water or CO (due to uptake from the residual gas in the
UHV system) were seen. The missing CO desorption again indicates that vacancy
defects are absent since CO does adsorb on Ru but not on Gr/Ru (at ~100 K).

Because only H,S and H, desorption was detected, the mechanism is simply given
by:

H,S(gas) — H,S(ads) (5)

H,S(ads) — S(ads) + 2H(ads) (6)

H(ads) + H(ads) — H;(gas) @)
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where H, S dissociation is 1st order in the hydrogen sulfide concentration (see Eq. (6)).
Assuming that H,S dissociation likely occurs at the same temperature as the H,
desorption (~125 K), the activation energy would amount to (28.5-31.2) kJ/mol
(with typical 1st order pre-factor of 1 x 10'3/sec).

The recombinative desorption of H, would be a 2nd order reaction (see Eq. (7)).
In that case, and with a preexponential of 10! cm?/(mol sec), [46] the H, desorption
energy would be (45.5-50.0) kJ/mol. However, the TDS data [45] are indicative
of Oth order kinetics. For Oth order H, desorption, one would obtain an activation
energy for H, desorption of 7.4 kJ/mol and a pre-factor of 7.0 x 10'° /sec (see Figure
S6 in Ref. [45]). Generally, Oth order kinetics appears when a two-phase regime is
formed. E.g., sulfur clusters form on the surface and are covered with hydrogen due
to reaction Eq. (6). H; starts to desorb along the rim of the islands which are refilled
by H, from terrace sites. Therefore, the desorption of H, along the rim sites of sulfur
clusters becomes H, coverage independent. Coverage independent kinetics is Oth
order.

Typical reaction probabilities and sulfur concentrations were estimated as 0.8 and
0.5 ML, respectively (see supplemental to Ref. [45]). Again, these numbers are much
larger than any defect density one could imagine.

The molecular adsorption pathway corresponds to a binding energy of 33.9 kJ/mol
(for a 1st order pre-factor of 1 x 10'3/sec). At large exposures, H,S forms condensed
layers desorbing at 110-120 K.

Sulfur could be removed by Ar* sputtering which, however, also destroyed the
graphene layer. Similarly, sulfur could be cleaned off the surface by oxygen annealing
(Fig. 3), but then RuO or graphene oxide were formed (according to AES) and
prolonged annealing also removes the graphene layer. Therefore, unfortunately, a
catalytic cycle cannot easily be formed for that system at UHV. Perhaps atomic
hydrogen cleaning would do the trick, but a hydrogen doser was not available.
Figures 3 and 4 depict more details of cleaning the surface by oxygen annealing.
According to Fig. 3, oxygen annealing gradually also removes graphene from the
surface. Based on the positive to negative AES peak ratio at 273 eV, Ref. [23] after
annealing in 1000 L of O,, clean ruthenium is obtained. Figure 4 seems to indicate
that sulfur remains mostly on the surface as long as some carbon is present. When
clean ruthenium is obtained (at 1000 L O,), also sulfur diminishes fast. One may
speculate that carbon and sulfur compete for the oxygen with carbon having a greater
reaction rate. This could indicate that indeed RusS is formed while the graphene layer
breaks down (due to O, annealing) and vacancy defects form. RuS is likely more inert
than carbon patches on ruthenium. That too would explain why relatively large expo-
sures of oxygen are needed to clean the surface. In case of very large sulfur surface
concentrations, some of that sulfur could be cleaned off just by UHV annealing, but
not all of it.

(b) DFT Modelling of H,S-graphene/ruthenium

The dissociation of H,S also was considered using DFT (density functional theory)
[45]. Through theoretical investigations using GGA (Generalized Gradient Approxi-
mation) calculations and the Perdew-Burke-Ernzerhof (PBE-D) approach augmented
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Fig. 3 Sample cleaning. The AES carbon signal decreases as a function of oxygen annealing time
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with long-range van der Waals (vdW) effects proposed by Grimme, we delve into the
mechanisms and reaction pathways of this process. This analysis provides a funda-
mental understanding of the catalytic behavior of graphene with ripples supported
by a substrate. By examining the molecular adsorption pathway, it was observed
that the adsorption energy of H,S on graphene/ruthenium depends on the adsorption
site, primarily due to the pronounced corrugation resulting from the lattice mismatch
between graphene and the Ru(0001) substrate. The most stable adsorption config-
urations ranged from —39.8 kJ/mol for adsorption in the “valleys” to —25.7 kJ/
mol for adsorption at the “on top” sites. Experimental evidence reveals broad TDS
peaks (see Fig. 1 in Ref. [45]), suggesting the presence of different adsorption sites
and lateral interactions. The averaged adsorption energy over these sites (—33 kJ/
mol) aligns well with the experimental estimate for the a-peak (—33.9 kJ/mol) at
saturation coverage. Comparatively, the adsorption energy is significantly higher for
epitaxial Gr/Ru compared to free-standing Gr (—16 kJ/mol), indicating the substan-
tial influence of the Ru substrate. The enhanced molecular binding can be attributed
to charge transfer, polarization, and van der Waals forces, which induce a surface
dipole moment in the corrugated Gr. The calculations reveal that H,S dissociation
is energetically unfavorable on defect-free, unsupported Gr. However, the presence
of the Ru substrate renders the dissociated configuration energetically favorable,
with a reduced activation energy compared to the undissociated state. Notably, when
examining the complex geometry of nanorippled graphene without the Ru substrate,
a high energy barrier of approximately 350 kJ/mol is encountered, underscoring
the significance of both the geometric and electronic effects of the Ru substrate for
this reaction. The calculated activation energy aligns well with the experimental
estimate of around 30 kJ/mol, confirming the agreement between simulations and
the observed dissociation process. To gain insight into the dissociation mechanism,
an electronic-structure analysis was performed. Charge transfer upon adsorption
weakens the covalent bonding between H and S, facilitating H,S dissociation. As
displayed in Fig. 5, when H,S is adsorbed on the Gr/Ru surface, its antibonding
orbitals effectively hybridize with the 4d orbitals of Ru, enhancing reactivity. In
contrast, this effect is nearly absent in adsorption on free-standing Gr, as some anti-
bonding states remain above the Fermi level, indicating that the S—H bonds are not
easily broken. Consequently, electron transfer to the antibonding orbitals is more
pronounced on Gr/Ru than on free-standing Gr, resulting in increased reactivity of
H,S. The valley sites of corrugated Gr serve as electron donor centers, efficiently trap-
ping H,S and promoting dissociation through interfacial charge transfer. Following
dissociation, the H, molecule desorbs more readily than the S atom from Gr/Ru,
leading to the presence of S atoms on the surface, which can aggregate into sulfur
clusters.

In summary, our findings demonstrate that nanorippled graphene supported by a
Ru substrate exhibits higher reactivity compared to unsupported graphene, owing to
acomplex interplay between geometric and electronic effects. Notably, the electronic
effects were found to be significant in the dissociation of the H,S molecule.
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Fig. 5 The figure presents
the Partial Density of States
(PDOS) of H,S, including
the total and s, p, and d
orbitals, in different
configurations: a as a free
molecule, b adsorbed on
graphene (Gr), and

¢ adsorbed on graphene
supported by a Ru substrate
(Gr/Ru). The zero line on the
energy axis corresponds to
the Fermi energy (EF).
Adapted with permission
[45], Copyright (2021) AIP
publishing
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2.3.3 Adsorption and Reaction of Thiophene (C4;H4S) on Graphene

Thiophene is one of the standard probe molecules for testing desulfurization catalysts.
It is beyond the scope of this book chapter to go into any details; the literature for
many different surfaces is extensive, although it seems that graphene has not been
considered so far. Interestingly, also C4Hy4S dissociates on defect free graphene/Ru
[47]. (1) TDS multi mass pattern deviates from gas phase thiophene. In fact, gas
phase species are detected which are not part of the gas phase fragmentation pattern
of C4H4S. (2) Sulfur and carbon remain on the surface after thiophene TDS.

Since the reaction pathways and possible side reactions of C4H4S dissociation on
graphene/Ru are complex, we did collect reactive mass scans at constant temperature.
These experiments allow for detecting all masses ranging from hydrogen (m/e = 1)
to the parent (molecular) mass of thiophene (m/e = 84) within one minute or so.
Rather than collecting TDS scans one by one for 84 different masses. To correct
for thiophene’s gas phase fragmentation pattern and the UHV background, such
a mass scan detected at the lowest possible surface temperature (where graphene
is non-reactive) was subtracted from mass scans collected at higher temperatures.
Figure 6 shows one example. The mass scan is dominated by the masses m/e = 2
(H»), 26 (C,Hy), and 58 (C,H,S). This suggests that the adsorbed thiophene (C4H4S)
dissociates into acetylene (C,H, with parent mass m/e = 26) and thioketene (C,H,S,
m/e = 58) via the pathway:

C4H4S(ads) — C,H,(ads) + C,H,S(ads) — C,Hj(gas) + CoH,S(gas) ()
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Fig. 6 Isothermal mass scan at 140 K where 1 x 1078 torr thiophene were leaked into the vacuum
chamber with a graphene/ruthenium(0001) sample present [47]. A similar mass scan collected at
100 K was removed as a background. Thus, the thiophene gas phase fragmentation pattern and the
UHYV background were removed, i.e., only the mass peaks generated by surface reactions are shown
(The scan is not corrected for sensitivity factors of the ionizer or the mass spec transmission factor.
Thus, the hydrogen signal is overexposed by a factor of roughly 16 in case of H S, see supplemental
to Ref. [45])

Briefly, along this pathway, the adsorbed thiophene likely forms a-carbene as
an intermediate which then subsequently dissociates into acetylene and thioketene.
Part of the formed thioketene could adsorb and further dissociate in adsorbed sulfur
and carbon (as detected by AES) as well as hydrogen gas (Fig. 6). That mechanism
was suggested in a DFT study [48]. For further details, see Ref. [47]. First experi-
ments suggest that graphene on silica is none reactive using the same small sulfur
compounds.

2.4 Dissociative Adsorption of Hydrogen on Graphene

24.1 Experimental Results for H,/graphene

Only a handful other examples are currently known where non-functionalized
graphene displays catalytic properties for gas-phase processes [13, 14]. Anintriguing,
very recent example (that also may have implications for energy related applications
of graphene) is the experimental finding that defect free (in the traditional sense)
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and clean graphene efficiently dissociates molecular hydrogen [13]. In addition,
the isotope exchange reaction of H, and D, was detected [13]. The reactivity of
graphene was attributed to geometrical effects (see next section), i.e., graphene not
being perfectly flat but rippled. Raman spectroscopy was employed for rippled and
pristine graphene to detect adsorbed hydrogen atoms. The Raman D-peak is indica-
tive of sp> bound hydrogen atoms. The ripples are induced by certain rough substrates
such as SiO, whereas these are missing when bulk graphite is used as a substrate for
graphene. This study is not a traditional surface science project, in fact the sample
was exposed to one bar hydrogen gas at 600 °C for 2 h, but it does provide an
interesting and important example of a gas-surface reaction well known for many
other surfaces. The above room temperature treatment is needed to circumvent an
activation barrier.

2.4.2 Theoretical Results for H,/graphene

In this section, we focus on theoretical studies from the literature that primarily inves-
tigate how the behavior of intact (defect free) graphene, both geometrically and elec-
tronically, is influenced by the substrate. These investigations, utilizing DFT, provide
insights into how controlled modifications at the atomic level of the graphene surface
can enhance or modify its reactivity in specific catalytic reactions. It should be noted
that graphene monolayers are inherently characterized by their lack of complete
flatness, primarily due to thermal fluctuations (flexural phonons) and unavoidable
local strain. These factors give rise to the formation of static nanoscale wrinkles
and ripples on the graphene surface [13]. While defected or functionalized graphene
flakes can exhibit catalytic activity towards the dissociation of certain molecules,
Ref. [13] intact and defect-free graphene is highly regarded for its ability to engi-
neer properties through appropriate strategies. For example, combining graphene
with electron-rich sources such as metals can enhance the driving force for reac-
tivity, as explained at least in one of the mentioned mechanisms in a previous section
(see Sect. 1.2). To gain a better understanding, let us begin by examining a few note-
worthy studies that have already been published on this subject, including the work of
Geim’s group [13]. Computational investigations, specially supported by DFT calcu-
lations, have shed light on the catalytic reactivity of intact graphene. In a seminal
study published in Ref. [13] the electronic structures of graphene were examined by
analyzing the shape of ripple, revealing intriguing findings. According to the simu-
lations, when the height (h) of the corrugation (also known as ripple) in graphene
exceeds a threshold ratio of 0.07 relative to its radius (R), a significant enhancement
in its chemical activity is observed. It was shown that functionalization can stabilize
ripples via strong strains, close to the breaking of carbon—carbon bonds. However, if
original corrugations are small enough, such that typical h/R is smaller than 0.07, the
ripples will disappear after elimination of the substrate. Furthermore, as the curva-
ture of the ripples increases, midgap states emerge, leading to a substantial rise in
chemisorption energy. In a recent study conducted by the research group of Geim,
Ref. [13] they demonstrated that a rippled graphene sheet can act as a catalyst for the
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reaction between H, and D,, producing HD as the resulting product. The detection
of HD serves as compelling evidence for hydrogen dissociation on graphene from a
H,/D; isotope mixture. Furthermore, this reaction allows for a comparison between
graphene and known catalysts. Interestingly, few-layer graphene displayed lower
efficiency in HD production compared to monolayer graphene. This observation
aligns with the fact that few-layer graphene possesses a smoother surface with fewer
ripples than monolayer graphene. This comparative investigation involving hexag-
onal boron nitride nanosheets (BNNS) and graphene as catalysts highlighted that the
energy barrier (Ey) for the hydrogen dissociation pathway decreases with an increase
in the curvature of nanoripples. Graphene nanoripples exhibited a significant reduc-
tion in the energy barrier, reaching values as low as 0.4 eV for specific curvatures (h/
R ~ 12%). Conversely, hBN nanoripples demonstrated an energetically unfavorable
reaction, with the central position being unfavorable across the entire range of h/
R considered. The study also analyzed the evolution of bond lengths and strengths
along the hydrogen dissociation pathway. It was observed that the dissociation of
H; on graphene ripples required a shorter elongation of H-H bonds compared to
h-BN ripples. Additionally, the reaction on graphene ripples could occur at a greater
distance from the surface. These factors contribute to a lower energy cost for the reac-
tion on graphene compared to h-BN. The bonding strengths of atomic hydrogen to
graphene and hBN ripples were further examined using the crystal orbital Hamilton
population (COHP) method. Graphene ripples exhibited bonding states below the
Fermi level, as illustrated in Fig. 7, indicating a stable adsorption configuration.
In contrast, h-BN ripples displayed a notable antibonding component in the occu-
pied states, leading to a less stable adsorption configuration and higher total energy.
Overall, the DFT analysis in the given work revealed that graphene with nanoripples
exhibits higher reactivity compared to hBN due to its lower energy barrier, shorter
elongation of H-H bonds, ability to accommodate longer distances from the surface,
and stronger bonding strengths. These factors contribute to graphene’s enhanced
capability for hydrogen dissociation, rendering it more reactive than h-BN. Impor-
tantly, these results have significant implications for various previously reported
observations in the literature. For instance, nanoripples may play a crucial role in
graphene oxidation, which predominantly occurs on monolayers and wrinkles but
has remained unexplained until now. They also concluded that nanoripples could
play a more significant role in catalysis compared to commonly considered factors
such as vacancies, edges, and residual functional groups on the surface of graphene.
The findings presented above indicate a substantial disparity in the chemical and
catalytic activities between graphene and hBN monolayers, particularly in the case
of hydrogen. However, when dealing with more complex molecules with bonding
energies higher than that of H-H, the situation may change. For instance, in the case
of H,S dissociation, neither flat nor rippled graphene alone can efficiently facilitate
the robust reactivity required for breaking S—H bonds (see Sect. 2.2.2b). Instead,
additional driving forces such as charge transfer, potentially from a substrate, are
necessary to facilitate the desired reactivity.
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Fig. 7 The figure illustrates the results of Crystal Orbital Hamilton Population (COHP) bonding
analysis showing the interaction of hydrogen adatoms with a graphene and b hBN ripples (t/D
= 12%). Insets: Atomic structures with hydrogen adatoms adsorbed at the central position for
graphene and hBN ripples. Adapted from Ref. [13]. Copyright (2023) by P. Z. Suna, W. Q. Xiong,
A. Bera, I. Timokhin, Z. F. Wu, A. Mishchenko, M. C. Sellers, B. L. Liu, H. M. Cheng, E. Janzen,
J. H. Edgar, 1. V. Grigorieva, S. J. Yuan, and A. K. Geim, some rights reserved; exclusive licensee
PNAS. Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativec
ommons.org/licenses/by/4.0/)

2.5 Other Surface Reactions on Clean Graphene at UHV

A somewhat exotic, perhaps, example, but there aren’t too many known today,
is the polymerization of 1,3,5-tris(4-bromophenyl)benzene via dehalogenation on
graphene/Ni(111) [14]. That system was studied at UHV using primarily STM and
DFT. The goal apparently is to synthesize covalent organic networks, i.e., self-
assembled molecular monolayers. The bromobenzene dissociation needed for the
polymerization is catalyzed by graphene/Ni(111) [14]. Also for that example, the
activation energy on graphene/Ni(111) is smaller than for freestanding graphene.

Another exotic but successful example of graphene acting as a catalyst in UHV is
the formation of a C—C bond between cyanomethylene (i.e., —CH,CN) and TCNQ
(7,7,8,8-tetracyano-p-quinodimethane which is (NC),CCsH4C(CN),) also studied
in UHV by STM and DFT. Here graphene facilitates charge transfer between the
surface and the adsorbates [49]. The catalytically formed molecule was manipulated
with the STM tip, forming a molecular magnetic switch.
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3 Conclusions

As noted, this short book chapter focuses on reactive gas-surface interactions on
clean, defect free graphene monolayers preferentially studied at UHV. Many more
liquid phase studies on thick “graphene” flakes and projects on powder samples at
high pressure have already been published. The decomposition of several small sulfur
compounds has been characterized experimentally at UHV and in DFT calculations.
So far metallic substrates were still used simply because it is experimentally simpler
to synthesize graphene that way. Thus, it remains to be tested if graphene’s reactivity
e.g., towards decomposition of sulfur compounds, is conserved for truly metal free
systems. Known today already is that H, dissociates on rippled graphene/SiO, which
indeed is a metal free catalyst [13].

Regarding similarities and differences in the decomposition kinetics of SO,, H, S,
and C4H,4S, sulfur dioxide does obviously not lead to H, desorption, but the other
molecules do, where H, desorbs at about the same temperature, namely at ~120 K.
H; desorption seems to follow Oth order kinetics. Adsorbed extra carbon is not seen
for SO, and H;S as well as the C-AES region does not change at all, i.e., graphene
remains intact. All molecules decompose to adsorbed sulfur that is difficult to clean
off. At the time this chapter had to be finished, detailed DFT calculations were
available only for H,S-graphene/ruthenium and reproduce the experimental findings
well.
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Abstract Nanocarbons, a diverse category of nanoscale carbon materials, have
transformed scientific and industrial fields. Graphene, a remarkable nanocarbon,
stands out due to its exceptional mechanical, electrical, and thermal properties.
Three-dimensional (3D) graphene, with greater surface area and conductivity than
its 2D counterpart, has gained recent popularity. In electrochemical sensing, the
key component is the electrochemical electrode, driving chemical reduction reac-
tions and generating signals. 3D graphene-based structures, featuring tailored meso-
and micropores, offer interconnected hierarchical architectures, high surface area,
intrinsic electrical conductivity, and a high signal-to-noise ratio, making them ideal
electrochemical sensors. Two main fabrication strategies produce 3D graphene: 3D
graphene aerogels and 3D graphene foams, each suited for different applications.
Graphene foam’s interconnected structure finds uses in electrochemical biosensors,
adsorbents, supercapacitors, strain sensors, flexible electronics, space vehicle protec-
tion, EMI and microwave shielding, dampers, thermal interface materials, and flame-
resistant materials. Incorporating nanomaterials like magnetite, doped elements,
carbon nanotubes, and MXenes enhances these graphene-based structures. This
chapter explores modification methods and applications of various 3D graphene-
based structures as electrochemical sensors and offers insights into future synthesis
and application prospects.
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1 Introduction

Nanocarbons represent a diverse and fascinating class of carbon-based materials
on the nanoscale. These materials, encompassing fullerenes, carbon nanotubes,
graphene, and other carbon allotropes, have become a central focus in the field
of nanotechnology. Their unique properties, such as high surface area, mechanical
strength, and electrical conductivity, have paved the way for groundbreaking appli-
cations in various fields, including electronics, energy storage, and sensing. Among
the various forms of nanocarbons, graphene has emerged as a particularly promising
material. As a single layer of carbon atoms arranged in a two-dimensional honey-
comb lattice, graphene exhibits high flexibility, remarkable electrochemical stability,
significant specific surface area, and three-dimensional porosity, leading to high mass
transfer rates and storage capacity [1]. Graphene-based nanomaterials can be synthe-
sized in various dimensions, such as quantum dots (0D), nanofibers (1D), nanosheets
(2D), and 3D stacks and gels with tailored properties. The pure graphene’s thermal
conductivity, attributed to its hole structure, sets it apart from other derivatives like
graphene oxides. Classifying graphene as metal, semi-metal, or non-metal remains
a challenge, but it best fits the semi-metal structure due to its low band gaps [2].

3D graphene nanostructures, a specific form of nanocarbon, have exceptional
properties for application in electronic devices, overcoming drawbacks faced with
other graphene-based materials. Issues such as low storage capacity, high agglomera-
tion tendency in solvents, and the zero-gap nature of graphene as a semi-metal can be
successfully addressed by employing 3D graphene structures [1]. The most common
method for preparing 3D graphene involves stacking 2D graphene nanosheets. The
resulting 3D graphene possesses low density, high mechanical and thermal proper-
ties, high specific surface area, and well-distributed porosity. Various types of 3D
graphene structures, such as graphene foams, aerogels, and core—shell structures,
have been developed according to research [2].

While the synthesis methods for 3D graphene structures are discussed in previous
chapters, this chapter will focus on the applications of 3D graphene-based struc-
tures in fields like fuel cells, batteries, supercapacitors, biomedicals, separation, solar
cells, etc. Specifically, we will review different components of an electrochemical
sensor and their fabrication procedures, followed by the application of 3D graphene
nanomaterials in electrochemical sensors. A detailed discussion will be provided on
the related reaction mechanisms of 3D graphene nanostructures as a component in
electrochemical sensors.

2 Electrochemical Sensors

The electrochemical sensing technique is remarkably considered a promising tech-
nique in sensor fabrications. Electrochemical sensors can be fabricated at low cost,
with simple instruments and can provide rapid response, with high sensitivity and
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selectivity. These sensors are capable of analyzing various species including organic/
inorganic structures, metallic compounds, ions, and neutral species [3]. Conventional
electrodes which were fabricated with no modifications, had many drawbacks in
application. They showed no signals at low concentrations as they had low sensitivity
and they usually displayed broad peak by which the analysis of samples with close
potentials together, were almost impossible [4]. In the last decade, the modification of
conventional electrodes put a spotlight on employing electrochemical sensing tech-
niques as a promising candidate in various applications. The modifications are most
often carried out by the incorporation of nanostructures into the as-prepared elec-
trodes. These modified electrodes can possess fascinating characteristics such as high
sensitivity and selectivity, low production cost, fast detection, and accurate quantifi-
cation analysis of the target molecule [3]. Metallic nanowires, non-metallic nanoma-
terials, nanostructured polymers, carbon nanotubes, and graphene-based structures
are the most applicable nanostructures in electrode modifications.

3 3D Graphene-Based Electrochemical Sensors

2D graphene structures, known as graphene nanosheets, are one of the hottest topics in
the field of electrochemical sensing due to their characteristic properties. high specific
surface area of about 2630 m? g !, tremendous electrical conductivity of 200 S m~!,
mechanical and thermal durability, and good chemical resistance are some of the most
critical properties of 2D graphene nanosheets [5]. However, some drawbacks were
faced while employing 2D graphene structures. The high agglomeration tendency
of the nanosheets is considered the most practical issue of these nanostructures.
Due to m-m interactions, 2D nanosheets are highly attracted toward agglomeration
which dramatically decreases the specific surface area and thus the electron transfer
efficiency of the structure.

Fabrication of 3D graphene nanostructures can effectively overcome the afore-
mentioned issue, leading to structures with high specific surface area and fascinating
conductivity which facilitates electron transfer leading to quick and accurate sensing
of the target molecule [6]. For example, El-Kady et al. [7], could prepare an elec-
trode for the high specific surface area of 1520 m? g~! with the aid of 3D graphene
structures. For this purpose, they used the restacking technique as well as laser induc-
tion for reducing graphene and stacking them as a 3D structure. Moreover, Li et al.
[8], could synergistically improve the electrode conductivity and capacity, by incor-
porating gold nanoparticles into the graphene network structure. The conductivity
was reported to be enhanced by about two orders of magnitude, reaching more than
10% S m~!. The graphene-based electrode sensitivity was reported to be improved
by Araujo et al. [9]. The electrochemical sensor was employed for the detection of
picric acid and the lowest detection limit for sensing was reported to be 0.48 mM. In
another study, by Vanegas et al. [10], a novel electrochemical sensor was fabricated
based on graphene structures for rapid, selective, and sensitive detection of biogenic
amines. The detection limit was reported to be 11.6 jumol L™! and the response
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time was measured to be about 7 s which makes the prepared electrode a promising
candidate for applications in rapid sensing technology.

3.1 Geometrical Classifications of 3D Graphene-Based
Structures

The various 3D graphene nanostructures are classified into two major groups, in this
chapter, regarding their chemical structures: (1) Solo 3D structures of graphene and
(2) Their hybrid structures with other nanomaterials such as magnetite nanoparticles,
carbon nanotubes, and other metallic or polymeric nanostructures. The subgroups are
then separated according to the geometrical structure of the final 3D nanomaterial.

3.1.1 Solo 3D Structures of Graphene

The 3D graphene nanostructures can be classified into 2 main groups regarding
their synthesis procedures. Randomly oriented 3D porous structures are mainly
prepared by self-assembly technique and hierarchical structures in which uniform
3D structures such as foams and sponges are obtained by the templating approach.

3.1.2 Crumpled Ball Structures of 3D Graphene

Graphene-based 3D hydrogels and monoliths can be fabricated with the aid of self-
assembly techniques, which include hydrothermal, laser engraving, and chemical
reduction approaches. In all of these strategies, the graphene-based 2D structure is
physically or chemically treated to be assembled and prepared 3D nanostructure
based on graphene nanosheets [5, 11]. The physical treatment and graving of the
surface with laser-based approaches are fully discussed by Vivaldi et al. [12]. The
surface of the electrode can be engineered by adjusting the laser properties. The radi-
ation of UV laser pulses onto the polymeric surfaces such as polyimide, induces a
local heat of about 1700 °C as well as pressure up to 500 mJ cm~2. The high temper-
ature and pressure can effectively break the available aromatic structure bonds (C =
O, C-N, C-H, and C-O bonds) and make new graphene-based structures followed
by gas release. Moreover, metallic salts such as FeCls can be added to the resin
precursor, for obtaining a 3D graphene structure with good conductivity and high
specific surface area [12]. Ball-shaped 3D structures of graphene are highly attrac-
tive as in this structure, graphene 2D nanosheets are assembled onto a specific core
structure, which limits their further aggregation issues. Moreover, these porous 3D
structures can provide abundant surfaces for ion and molecule transportation which is
a critical point for applications of electrochemical-based sensing devices or storage
systems. The obtained 3D graphene-based balls and spheres can be employed in
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Fig. 1 a Schematic illustration of the synthesis procedure of G@PANI@G, SEM images of
b GO@Si0;, ¢ PANI@GO@SiO; and d G@PANI@G. Adapted with permission [14], Copyright
2015, American Chemical Society

various devices in which the principal reactions are electrochemical ones including
sensors, fuel cells, batteries, electrocatalytic reactions, etc. [13]. A robust ball-shaped
core-double shell structure was reported by Liu et al. [14], the core and the outer shell
were prepared with graphene, and the interlayer shell was designed to be polyani-
line. The balls were prepared via a self-assembly approach. At first, GO@SiO, was
synthesized by the Stober process, in the next step, surface modification was carried
out to introduce amine to the surface of GO@SiO,. The as-prepared polyaniline
graphene oxide (denoted as PANI@GO) was added to the core mixture followed by
the reduction of GO for obtaining G@PANI@G structure as represented in Fig. la.
HF aqueous solution was employed for SiO, removal. SEM images at various stages
of the fabrication are represented in Fig. 1b-d.

The obtained structure was reported to be resistant to shrinkage or swelling, with
a high specific capacity of about 683 F g~! and outstanding cycling stability of about
93% after 1000 cycles, making it a promising candidate for electrode applications.

3.1.3 Hierarchical Structures of 3D Graphene

On the other hand, hierarchical 3D graphene structures including foams and sponges
are usually obtained via templating strategies. In this method, a specific template is
chosen, polystyrene beads for instance, on top of which the assembly of graphene
nanosheets is carried out. The process is continued by the elimination of the template
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molecule, leading to a highly porous 3D structure based on graphene [15]. The
template approach mainly consists of 3 main steps: (1) the graphene oxides are assem-
bled on top of the chosen template; (2) the 3D graphene is produced on the template
via various chemical approaches including chemical vapor deposition (CVD), (3)
the elimination of the template will result in 3D graphene-based structure with high
porosity and specific surface area. As a typical example in this regard, Zhu et al.
[16], has recently reported the fabrication of 3D graphene electrode for application
in lithium-ion batteries. For this purpose, the commercial Ni foam was washed thor-
oughly with deionized (DI) water and acetone. To remove the oxidized layer of the
foam, it was heated up to 900 °C under H, and Ar gases and then cooled down to the
ambient temperature. The graphene layer was produced onto the treated Ni foam,
via the CVD method. The 3D graphene foam was obtained by template removal. For
this purpose, a diluted solution of nitric acid at about 45 °C was prepared and the
foam was immersed in it. The elimination of Ni resulted in soft 3D graphene foam.
The Ni commercial foam was also employed for further treatment to make a 3D
hierarchical graphene structure with nanoholes. The procedure was carried out with
the aid of a self-made instrument which is fully discussed in the article. The obtained
sensor was characterized, and its electrochemical behavior was fully investigated.
The current density was set to be 200 mA g~! and the cut-off voltage was 2 V. The
discharge capacity for graphene Ni foam (denoted as G-NF) was measured to be
1700 mAh g~!, which was much higher than Ni foam with no graphene coating.
The bare graphene foam (GF) was obtained by the elimination of Ni. About 99.5%
weight loss could make the free graphene foam, a promising candidate for applica-
tions in portable sensing devices. Moreover, by eliminating Ni, the inside pores of
GF became accessible, leading to discharge capacity enhancement from 1700 mAh
27! to 2800 mAh g~!. From the obtained results, it was obvious that the increase
in graphene surface can influence the electrochemical performance of the obtained
cathode. For a deep insight into this phenomenon, a graphene foam with expanded
surface area (E-GF) was prepared by making hierarchical pores into the Ni foam, and
by making nanoholes into the graphene layers (P-E-GF). These two treatments could
effectively enhance the surface area and thus the discharge capacity of the cathode
to 4300 mAh g~! and 7400 mAh g~', respectively.

3.1.4 Combined Strategies for Preparation of 3D Graphene

A new strategy based on the synergistic effect of self-assembly and templating was
reported by Liu et al. [17]. In this article, a novel approach was introduced for
the fabrication of graphene-based anode electrodes for Li and Na storage. For this
purpose, the commercial Ni foam was immersed into the micro-sized GO suspen-
sion, followed by sonication for better diffusion of the suspension into the foam
micropores. In the next step, the overnight dried foam was immersed into a specific
mixture of nanosized GO and polystyrene beads with an average diameter of 0.5 pm.
The etching procedure was then carried out to obtain free 3D graphene foam with
graphene nanowires. The nanowires were obtained by self-assembly of nanosized
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graphene onto the microsized interconnected graphene foam. Figure 2 represents the
schematic illustration of the mentioned process as well as the SEM image of the
prepared structure.

Electrochemical investigations were carried out to assess the quantitative perfor-
mance of the prepared electrode. The results are represented in Fig. 3. The first
discharge capacity of the anode was calculated to be 734.7 mAhg~! at the rate of 0.1
C (0.1 C =37.2 mAhg~"). The next charge capacity was reduced to 545.6 mAhg~!,
as a result of solid electrolyte interface layer formation. The reversible capacity of
the 3D graphene hierarchical structure with nanowires (abbreviated as 3DGNW)
was compared to that of the 3D porous graphene structure (abbreviated as 3DPG).
The results revealed that the fabrication of a hierarchical 3D structure can increase
the transportation of Li ions and thus enhance the anode performance. The cycling
stability of 3DGNW showed an increase up to the 400th cycle which remained
unchanged at about 467 mAhg~! during the next cycles to 1000 repeated cycles. The
specific capacity was measured to increase continuously for 3DPG in all 1000 cycles.
The increase in specific capacity during repeated cycles is a known phenomenon that
is attributed to the formation of polymer film on top of the graphene surface. The
results showed that this has no negative effect on the Li storage performance of the
battery.

q.‘.&‘:

%

Fig. 2 Schematic representation of graphene nanowire fabrication. a—e and SEM image of 3D
graphene nanowires f. Adapted with permission [17], Copyright 2017, Elsevier
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Fig. 3 lithium storage performance of 3D graphene nanowires. a Rate capability of 3DGNW and
3DPG at various C rates of 0.1, 1, 3, 5, 10, and 20 C. b Capacity retention of the 3DGNW and
3DPG electrodes at 1 C. Adapted with permission [17] Copyright 2017, Elsevier

3.2 Hpybrid 3D Structures of Graphene

The functionality and chemical structure of the graphene nanostructures can be
modified by incorporation of other nanostructures such as nanopolymers, iron oxide
nanoparticles, carbon-based nanotubes, etc. This modification can be carried out
during the reduction and assembly of the 2D nanosheets. this approach, simulta-
neous assembly and functionalization procedure, can result in functionalized hybrid
hydrogels with fascinating properties [15]. The following will be a detailed discussion
on modified graphene-based nanostructures.

3.3 Doped Structures of Graphene

Many elements such as Nitrogen and Boron and Cobalt are doped to graphene-based-
3D nanostructures to enhance their catalytic and electrochemical performance. For
instance, Jiang et al. [18], have synthesized graphene microspheres with hollow
structures, in which Boron and Nitrogen were co-doped. The obtained structure was
assessed for further application as an electrocatalyst of Oxygen Reduction Reac-
tions (ORRs). The amino-modified SiO, nanoparticles with high porosity were
employed as sacrificial templates. The GO was synthesized onto the surface of
silica nanoparticles and then the homogeneous solution of NH3;BF; was added to the
GO @Si0; core—shell structured mixture and the resultant suspension was hydrother-
mally treated for 12 h at 180 °C. A further calcination procedure was carried out to
enhance the conductivity of the samples. The obtained structure was immersed in
HF solution for the illusion of the silica template. The electrochemical performance
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of the hollow spheres was assessed by cyclic voltammetry. For assessing the reac-
tivity of the samples toward O, the Oxygen or Nitrogen-saturated KOH solution
with a concentration of 0.1 M was chosen. The difference between the two cyclic
voltammetry curves of N, and O, suggested the specific attraction of the electrode
toward oxygen. Other electrochemical analyses revealed that the obtained electrode
can act more efficiently than the commercially available ones in ORRs. The N and
B doped structures could enhance the adsorption of the Oxygen and the hollow
structure provided higher available surface area to the electrolyte and thus reduce
the overpotential of the ORRs. The fabricated electrode was reported to be a good
candidate for further applications in fuel cells.

3.4 Graphene-Carbon Nanotube

Luo et al. [19], have recently reported the fabrication of a special 3D graphene
structure, with a caterpillar shape, hybridized with carbon nanotubes (CNTs) to
obtain a high-performance electrocatalyst. For this purpose, the 3D graphene oxide
hydrogels with nanoscroll structure were obtained followed by the annealing at 750
°C for obtaining 3D graphene nanoscrolls. After that, by introducing ethane gas to
the mixture at the same temperature, the CNTs were prepared onto the 3D graphene
structure via the CVD method. Co-MoSe,-3D graphene @CNTs were prepared after
that, with a facile solvothermal method. The various structures were denoted as Co—
MoSe,-GNS@CNT-y (y = 1, 2, 3, 4) according to the various amounts of MoSe,,
from about 71 wt% to 87 wt%, respectively. Moreover, various amounts of Co were
doped onto the structure which was represented by zCo—MoSe,—~GNS@CNT (z =
1, 2, 3, 4) according to the Mo: Co molar ratios. For better attachment of Co-doped
MoSe, onto the CNT brushes, Ni nanoparticles were employed and encapsulated into
the tip of the CNT brushes. Figure 4 represents the schematic illustration of the step-
by-step synthesis procedure and FESEM and TEM images of the 3D graphene-based
nanostructure.

The goal of this research was to prepare a porous 3D structure for better electron
transportation and the encapsulation of Ni nanoparticles could provide an effective
surface for Co-MoSe; decoration and thus better electron traversing through CNTs
resulting in lower catalytic energy barrier and more efficient hydrogen evolution reac-
tion catalyst. Electrochemical investigations were carried out to assess the perfor-
mance of the electrode kinetic and interface reactions., the Co-MoSe,—GNS@CNT
had the smallest Tafel slope, Fig. 5a, suggesting rapid discharge reaction in which the
electrochemical desorption is the rate-limiting step. The hierarchical 3D graphene-
based nanostructure was responsible for electron transfer rate enhancement. More-
over, the presence of 3D graphene @ CNTs could increase the conductivity. The Co—
MoSe,-GNS@CNT nanocomposite showed the smallest semicircle in the Nyquist
plots, Fig. 5b, with R = 3.2 Q. This reveals the facile charge transfer between the
electrolyte and electrocatalyst interface which improves the rate of the reaction.
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Fig.4 TEM and FESEM images for: a and b GONS, c-e GNS@CNT, and HRTEM image
of GNS@CNT. g Schematic illustration of the synthesis procedure for Co-MoSe;-GNS@CNT.
Adapted with permission [19], Copyright 2023, Elsevier

The unique 3D structure possessed excellent performance in both acidic and alka-
line media, with high specific surface area with hierarchical pores which could effec-
tively enhance the charge transfer and rate of the electrochemical reactions. This
structure provided a new insight for preparing novel graphene-based-3D structures
for electrochemical purposes including sensors and energy storage devices.
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Fig. 5 a corresponding overpotential at 10 mAcm~2 and value of the Tafel slope for different
catalysts, b Nyquist plots. All measurements are in 0.5 mol L~! H,SOy. Adapted with permission
[19], Copyright 2023, Elsevier

3.5 Graphene-Fe304

The incorporation of magnetic nanoparticles into graphene-based systems is one of
the hottest topics these days. Magnetic nanoparticles such as magnetite (Fe3O4) can
be introduced into the graphene via two main methods: in-sifu and ex-situ synthesis
methods [20]. In the ex-situ method, the magnetite and the graphene-based structure
are synthesized, separately, and then the final composite is prepared via mechan-
ical mixing, solvothermal methods, or other grafting approaches. On the other hand,
in the in-situ method, the magnetite nanoparticles are synthesized directly onto the
graphene nanosheets, making a seeded nanosheet structure. In a typical example
of an in-situ approach carried out by Cong et al. [21], ferrous ions were employed
for the in-situ reduction of graphene oxide and then the Fe;O4 nanoparticles and
a-FeOOH nanorods were directly synthesized onto the graphene nanosheets. In this
study, FeSO, salt was added to the graphene oxide suspension at 90 °C in an oil
bath, after the first hour, the black floating resultant was observed which could be
attributed to reduced graphene oxide. This was confirmed by XPS analysis in which
the C—C bond peak was improved and the bonds containing O such as C = O and
C-O were increased in intensity. With continuing the reaction, after 6 h, the black
cylindrical hydrogel was prepared. The advantage of this method was that the scaling-
up could be easily carried out resulting in the fabrication of 3D graphene hydrogel
for further applications. In another study by Ershadi et al. [20], the ex-situ method
was employed for the synthesis of amino-modified magnetite nanoparticles. The
synthesized magnetic nanoparticles were then introduced to the 3D graphene frame-
work. The results revealed that the electrodes based on magnetic 3D graphene have
better electrochemical performance in comparison to bare Fe;Oy4 electrodes. Better
nanoparticle distribution and less aggregation are responsible for this phenomenon.
In this way, the rapid ion and electron transfer from GO to magnetite nanoparticles
can increase the electrochemical performance, moreover, the higher porosity could
be provided by the presence of magnetite nanoparticles leading to more surface of
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contact between the electrolyte and the electrode and more available space for volume
change in charge/discharge cycles.

Figure 6 represents the electrochemical performance of the optimum sample
denoted as Fe;04-E/rGO. The voltammograms of the sample at various rates and the
calculation of the current constants are shown in Fig. 6a and b. The contribution for
each supposed mechanism, diffusion-controlled reactions, and capacitive reactions,
are calculated in Fig. 6c, and the percentage for each mechanism is measured, in
Fig. 6d and e. At the cathode, reduction represented by peak A, about 90% of the
produced current was due to the diffusion of the ions and the rest is provided by
adsorption.

On the other hand, at the anode electrode, the oxidation denoted as peak B, espe-
cially at higher rates, the capacitive reactions become the most dominant mecha-
nism leading to faster kinetic reaction in comparison to diffusion-controlled mech-
anism. The higher specific surface area and better porosity are responsible for this
observation [20].

Zhao et al. [22], have reported the synthesis of hierarchical 3D structure based
on magnetite nanoparticles and GO nanosheets. In this study, in-situ synthesis of
Fe;O4 was carried out by which the magnetite nanoparticles were completely bonded
to graphene oxide nanosheets, enhancing the specific surface area by mesoporous
structure. The combination of magnetite mesoporous structure as well as macrop-
ores of rGO could synergistically improve the electrochemical performance of the
composite. The specific capacity of the fabricated electrode was reported to be as
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Fig. 6 a CV curves for Fe304-E/rGO sample at various rates, b log—log plot for reduction and
oxidation current peaks specific rates, ¢ 4/1/v dependence on the square root of scan rate, d and
e percentage contribution for each proposed mechanisms of capacitive and intercalation reactions.
Adapted with permission [20], Copyright 2022, Elsevier
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high as 551 mAh g~! after 2000 repeated cycles at a current density of 2 A g~!.
Further investigations through the dominant mechanism revealed that the capacitive
reactions are the most effective mechanism, leading to fast ion and charge transfer
through the electrode, making this nanocomposite a promising candidate for applica-
tions in lithium-ion batteries. In another study by Tian et al. [23], anovel 3D structure
of graphene-based magnetite aerogel was prepared and then employed for lithium-
ion storage applications. The N-doped graphene aerogel nanocomposite, abbreviated
as Fe304/NGA, was prepared through the following steps: (I) The commercially
prepared GO was obtained and incorporated for the synthesis of the nanocomposite.
(II) The iron (IIT) phthalocyanine (FePc) and GO were both dispersed in deionized
water. The weight ratio of FePc: GO was settobe 1:1, 1:1.5, and 1: 2. The mixture was
then heated at 180 °C for 12 h during which the GO was reduced to rGO, the Fe;O4
nanoparticles were synthesized in situ and the N element which was present in the
phthalocyanine was assembled onto the rGO to make Fe;O4/N-doped rGO aerogel.
(II) For improved electrochemical performance, further annealing was carried out
at 700 °C for three hours. The obtained 3D structure was employed as an anode
electrode in lithium-ion batteries. The optimized sample, with a FePc: GO ratio of
1:1.5, revealed outstanding electrochemical performance and cyclic stability with a
specific capacity of about 1185 mAh g~! at a current density of 1 A g~! after 500
continuous charge/discharge cycles.

There are many similar studies in which the graphene oxide properties are
improved by the incorporation of magnetite nanoparticles onto the graphene aerogel.
Other properties rather than electrochemical performance can be thermal, mechan-
ical, catalytic, etc. Jalaly et al. [24], could improve the thermal and mechanical
performance of 3D graphene-based structures by introducing Fe;O4 nanoparticles
into the system. Magnetite nanoparticles at various contents, 0-30 wt.%, were encap-
sulated into graphene nanosheets via the ex-situ method. The compressive strength
of 6.85 kPa could be obtained at 20 wt.% of Fe;O,4 and the best mechanical strength
was obtained at 10 wt.% of Fe;O4. Liu et al. [25], could also report the successful
synthesis of 3D graphene structure with magnetite incorporation, for better catalytic
performance. Highly active Fe;O; sites could effectively improve charge and mass
transfer through the composite. The most applicable achievement of this research was
limiting the metal-leaching issue which was faced when metal-organic frameworks
are employed.

3.6 Graphene-MXene

MXenes, as a two—dimensional material, have recently attracted a lot of interest
because of their unique electrical, chemical, and physical properties such as high
hydrophilicity, thermal stability, surface area, and electrical conductivities, being
environmentally friendly and unique layered morphology. Due to these characteris-
tics, they are appropriate for electronic applications, catalysis, and energy storage
devices. Their structure contains carbonitrides, nitrides, or metal carbides which
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are added to two-dimensional nanomaterials groups. MXenes general formula is
M;+1 X, Tk, i.e., n is an integer between 1-3 and T is surface functional groups
(-F, —OH and = O). In MXene, M represents various transition metals like Mo,
Cr, Nb, Ti, Sc, V, etc., and X represents nitrogen and/or carbon. Calcination and
alkalization treatment can also be carried out to make changes to the functional
groups based on the nature of the application. The number of MXenes is being
expanded with increasing various synthetic methods and they are highly employed
for fabrication of hybrid 3D graphene-based nanostructures. Gu et al. [26], synthe-
sized a three-dimensional hybrid film based on graphene and MXene (TizC,Tx)
via a simple mixing drying technique as an electrochemical biosensor to be used
in glucose sensing. The pore size is an important parameter for immobilizing the
enzymes and of course biosensing performance. They tuned the internal pore sizes
by changing in MXene and graphene ratios. The more graphene content, the more
porous the structure. It was shown that the 1:2 and 1:3 ratio in MXene: graphene
showed better sensing results. In another research work, Feng et al. [27], also made
a three-dimensional glucose sensor based on graphene, Ti;C,Tx MXene, and gold
nanoparticles. They used self-reduction and mixing-freeze-drying methods to build
a carrier for the immobilization of glucose oxides for better sensing efficiency. As we
mentioned before, the pore size has a great influence on sensing performance. Just
like Gu et al. [26], they also controlled the pore’s structure by changing the MXene to
graphene ratio. Adding gold nanoparticles can reduce the redox potential and increase
the electron transport efficiency along with the porous sensor structure. The sensor
they made showed a good and repeatable sensitivity at 2 uM until 0.4 mM glucose
concentration equal to 169.49 L A/(mM-cm?). This sensor can be potentially applied
in biochemistry, drug analysis, and clinical diagnostics. Ma et al. [28], made a highly
conductive porous aerogel material based on reduced graphene oxide and MXene.
These two important properties made the composite a good candidate to be used
as a pressure sensor. The sensor they made showed high repeatability over 10,000
times, below 200-ms response, and high sensitivity around 22.5 kPa~!. A Ti;C,
MXene/graphene oxide nanocomposite was synthesized by Zheng et al. [29]. They
applied this nanocomposite for making inkjet-printed hydrogen peroxide biosensors.
They showed that their printable nanocomposite showed outstanding electrochemical
sensing properties.

In another research work, Xie et al. [30], made an electrochemical sensor
based on MXene and reduced graphene oxide (rGO) for carbendazim sensing.
They used rGO to enhance the sensing performance of MXene. Carbendazim or
methylbenzimidazol-2-ylcarbamate is a broad-spectrum benzimidazole fungicide
and can be considered a toxic material. This material is widely utilized in seed,
soil, and foliar treatment. It could be harmful to human health even in low amounts.
Accordingly, the determination of carbendazim in vegetables and fruits is very
important. The authors showed that MXene/graphene composite can be used as
a reliable candidate as a carbendazim sensor. They utilized graphene as spacers in
MXene sheets. Graphene spacers isolate the sheets and prevent them from restacking
leading to an elevation in the interlayer spacing between MXene layers. It leads to
an increase in structural robustness, electrical conductivity, and specific capacities.
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The MXene nanosheet which is a water-soluble two-dimensional substrate inhibits
graphene aggregation. The sensor that they made showed a low limit of detection
(LOD) of about 0.67 nm and a linear and wide sensing range between 2 nm and
10 wm. They checked their laboratory outcomes with the actual orange juice and
cucumber samples and got reliable results. Aziz et al. [31], reviewed the effect of
wearable sensors based on graphene and MXene on the environment. Because of
their high electrocatalytic activity and surface area, they can be utilized in biochem-
ical and biophysical sensors. They mentioned that although MXene and graphene
have perfect sensing performance, their environmental impacts, biological toxicity,
and biocompatibility need more investigation, especially in in-vivo studies.

Wang et al. [32], who proposed a roadmap for the future of MXene-based mate-
rials, introduced graphene/MXene composite, a candidate to be used in biosensors.
On the other hand, Mostafavi et al. [33], specially reviewed the applications of
MXene/graphene in biomedical and electrochemical biosensors. They believed that
these kinds of sensors show low detection limit, fast response time (just about 15
ms to be recovered), high stability and performance. Liu et al. [33], synthesized a
three-dimensional aerogel based on MXene/rGO/SnO; by the hydrothermal process
as an electrochemical sensor for the detection of formaldehyde. The sensor they
made showed perfect reversibility, fast response/recovery rate, good selectivity, and
linearity between 10 and 200 ppm. They attribute the high sensing efficiency to the
presence of p-n junctions, their composition, and their special three-dimensional
structure. Wang et al. [33], have recently made a flexible three-dimensional electro-
chemical sample based on MXene and graphene for sensing uric acid, dopamine, and
ascorbic acid. They showed the proposed sensor could mention the amount of uric
acid, dopamine, and ascorbic acid precisely with no overlap. Furthermore, it showed
a good approach for the wearable continuous yet non-invasive monitoring system
for human well-being. It is also washable-free, user-friendly, and skin-adaptable.

4 Future Perspective of 3D Graphene-Based Sensors

Electrochemical-based electrodes are highly employed in various fields including,
energy storage devices, selective adsorption of analytes, fuel cells, etc. for assuring
accurate measurement, traditional electrochemical sensors require the attachment
and immobilization of the eluent, or analyte, to the surface of the electrode. This was
time-consuming, and limited the activity of the analytes, specifically when the adsor-
bate was a bio-based species and also the reusability of the electrode was dramati-
cally affected. New strategies are recently emerged in electrode fabrication, in which
there is no need for the adsorbate to be immobilized. Homogeneous electrochemical
sensors (HESs) are a new class of sensors in which there is no need for immobilization
of the analyte [34].

HESs are a subcategory of electrochemical sensors that the accurate detection of
the analyte quantity can be accrued with no immobilization. This detection lies on
many strategies such as the change in configuration of the electroactive dye which
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is attached to the electrode [35, 36], intercalation of the attached dyes [37], or the
controlled release of the attached dyes into the homogeneous media by which high
effective and accurate probe electrode can be fabricated for highly sensitive detection
of analytes [38]. The aforementioned technique is a promising one for the fabrica-
tion of electrochemical sensors, for the detection of various analytes. The approach
is facile, cost-effective, fast, and accurate, however, there is just a limited number of
research that focused on this method, during the past few years. Homogeneous elec-
trodes are fabricated for the detection of inhibitors [39], pesticides [40], heavy metal
ions [41], antibiotics [42], and biomarkers [43]. Many strategies and applications
were discussed in this chapter, for the synthesis and application of 3D graphene-
based nanostructures, however, no research could be found on incorporation of 3D
graphene-based structures in immobilized-free electrodes. Moreover, it seems that
there is a gap in the fabrication of HESs for applications in fuel cells, batteries, and
other storage devices. By employing the free-immobilization technique in the fabri-
cation of 3D graphene-based electrodes, novel and highly effective electrochemical-
based- based electrodes can be fabricated, which can open a new insight into the
world of electrochemical sensors.

5 Conclusion

Exceptional properties such as electrical, mechanical, and thermal properties have put
graphene under the spotlight of research. Compared with two-dimensional graphene-
based materials, three-dimensional graphene-based structures have a more specific
surface area and higher porosity, which means that more target molecules can be
loaded onto the structure. Moreover, many factors such as contact resistance, aggrega-
tion, and restacking tendency can be controlled in 3D graphene leading to higher elec-
trical conductivity in application. Electrode, as a critical part of the sensing system in
electrochemical sensors, can be designed with the aid of 3D graphene-based nanos-
tructures. For this purpose, a tailor-made architecture of 3D graphene with intercon-
nected mesopores and micropores is incorporated into the electrode fabrication. The
obtained electrode is reported to have outstanding properties including, high surface
area, fast kinetic and mass transportation, intrinsic electrical conductivity, high sensi-
tivity and selectivity, etc. making them a promising candidate for applications in
various fields such as solar cells, storage devices, separation, biomedical and electro-
chemical sensors. Two main categories of 3D graphene structures are fully discussed
in the chapter 3D structures which are prepared by self-assembly of graphene
nanosheets, and hierarchical structures by which graphene-based foams and sponges
are fabricated. Each aforementioned structure has its application, for example, foams
and sponges are widely used in adsorbents, biosensing materials, flexible sensors,
super-capacitors, strain sensors, aerospace vehicles, and flame-resistant materials.
Various nanomaterials can be incorporated into the 3D graphene frameworks to
enhance their properties. These nanomaterials can be named magnetite nanoparti-
cles, carbon nanotubes, MXenes, and doped structures of graphene. By fabrication
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of these hybrid structures, many new properties, such as magnetic response, can
be introduced to the system. Moreover, already existing features such as mechan-
ical and electrical conductivity, can be remarkably improved. This can guarantee
the performance of the fabricated electrode in electrochemical sensing devices. In
this chapter, we discussed strategies for the fabrication of various hybrid structures
of 3D graphene-based nanomaterials, and some of the most highlighted research in
each category were included for better insight. At the end, we took a look into the
future perspective of electrochemical sensing materials and their new potentials, in
synthesis and applications.
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Abstract Efforts to make low-cost photovoltaic devices are a major part of today’s
energy conversion research. The abundant, cheap, highly conductive, and easy-to-
tune nature of carbon allotropes makes carbon-based nanocomposites more attractive
to use in dye-sensitized solar cells (DSSC). DSSCs are photo electrocatalytic solar
cells that have a device architecture involving a nanoparticular electron transport layer
(ETL) which accommodates an adequate quantity of photo-active dye molecules in
their mesoporous morphology where the major transport is diffusion-based. Acces-
sion of carbon-based nanocomposite materials in the ETL matrix is well-researched
as they enable linear electron transport pathways. Carbon-based nanocomposites are
known for their conductivity and tunability in the regimes of work function and
catalytic activities. Foremost research involves nanocomposites of carbon allotropes
as a replacement for the high-cost traditional Platinum counter electrode used in
DSSC devices for effective regeneration. In this chapter, we will provide insight
into the application of various carbonaceous nanocomposite materials both in the
photo-anode and counter electrodes of a DSSC.
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1 Introduction

1.1 Types of Nanocomposite Carbons

1.1.1 Allotropes of Carbon

The importance of carbon in photovoltaic (PV) technologies stems from its diverse
roles that elevate the effectiveness, stability, and economic viability of converting
solar energy. Although carbon does not itself produce electricity within PV systems,
its distinctive characteristics and uses assume pivotal functions. Being a cost-efficient
and widely available resource, carbon plays a role in diminishing the production
expenses of PV panels. Furthermore, its lightweight and flexible characteristics
harmonize with the increasing need for adaptable and portable energy alternatives.

These materials act as conduits for charge transport and electrodes, effectively
ferrying and accumulating charge carriers produced through photon absorption.
Diverse carbon structures, encompassing fullerenes and carbon nanotubes (CNT)
at the nanoscale, graphene, and graphene oxide (GO) at the microscale, and porous
material like activated carbon or amorphous carbon (AC) at the macroscale display
a distinctive capacity to support crucial functions within PV systems [1-3].

1.1.2 CNT-Based Nanocomposites

CNT are widely researched from the day it was found by accident. The characteristics
of CNTs are very attractive as a low-cost component in multiple devices such as opto-
electronic devices, nano-electronic devices, thermo-electric devices, energy storage
devices, and many more. The use of CNTs helps charge transport in these systems
due to CNT’s high conductivity and unique one-dimensional transport pathways. As
a composite with other materials like polymers, metal nanoparticles, and transition
metal compounds, other properties of CNT like electrochemical activity, and defect
sites can be engineered for tuneable activity. Researchers have used single-walled
CNT (SWCNT), double-walled CNT (DWCNT), and multi-walled CNT (MWCNT)
as a conducting interface between the electron transport layer and the front electrode
in multiple solar cell device structures. High conductivity and surface area of CNTs
are major attractions for the reduction process via catalytic methods in any elec-
trochemical device. Thus, CNTs are combined with metal oxides like TiO,, SnO,,
and ZnO vastly to improve their overall conductivity. The ability to accommodate
other materials like polymers, nanoparticles, and bulk materials to form a composite
makes it attractive as a counter electrode used in a DSSC [4].
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1.1.3 Graphene and Graphene Oxide-Based Nanocomposites

Graphene is a 2-dimensional material with a thickness of a single atomic layer.
Electrical conductivity and optical transmittance of graphene are well researched
and have been used in multiple optoelectronic devices to reduce cost and increase
performance. PV is one other field where graphene is actively being used to replace
the existing component of a solar cell. As a sheet of carbon, graphene has a Dirac
point bandgap and a smooth plane. Introducing oxygen in to the matrix of the unique
honeycomb structure, GOs are formed. GO is a semiconducting material gener-
ally prepared via chemical methods using reagents such as KMnO, and subsequent
reduction to prepare reduced graphene oxide (r-GO). Graphene and GO/r-GO have
been used along with metal oxides, metal nanoparticles, polymers, and other carbon
allotropes to form composites which are used in solar cell devices to improve charge
transport properties and catalytic activities. Composites of graphene are used as a
replacement for Pt counter electrodes used in DSSC devices. In a study, nanocom-
posites comprising ZnO, ZnO/rGO (with varying weight percentages of rGO in the
composites: 0, 0.01, 0.1, 0.5, and 1%), and Sr-doped ZnO/rGO (with nanoparticle
stoichiometry Zn xSt O: x =0, 0.02, 0.04, 0.06, and 0.08) were produced and exam-
ined for their performance as DSSCs. The Zng 9> Srg 0 O/rGO-based DSSC achieved
the highest values for both the short-circuit current density (Jsc) at 18.4 mA cm~2
and the efficiency (n) at 7.90% [5].

1.1.4 Amorphous Carbon-Based Nanocomposites

AC is a low-cost, most commonly available resource of carbon allotropes. Tuneable
properties of AC like surface area and pore size play a vital role in its usage in
various applications. AC can be categorized into three types such as macro, meso
and microporous based on their porosity. The porosity of AC is tuned by varying
the particle size and synthesis process. Nanoscale AC gives microporous structures
when coated over a surface whereas bulk AC gives a macro-porous network. This
interconnected matrix of AC helps in charge transport and the exceptional surface
sites make AC one of the top contenders to platinum counter electrodes used in
DSSCs [6].

1.1.5 Carbon Black-Based Nanocomposites

Carbon black (CB) is thermally stable material with a high corrosion resistance
against liquid electrolytes. CB is actively used in energy storage and conversion
devices due to its high conductivity and the nature to effectively collect charges from
various functional materials. The use of CB in DSSCs is well studied, CB used as
counter electrodes and as electrically active material in photo anodes are widely
reported. The synthesis techniques used were different and a common conclusion
from the literature shows CB layers with less than 10 wm thick counter electrodes
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have higher performance than thicker layers. CB mixed with TiO, and other metal
oxides, increases the Jsc of the device by efficiently collecting the photo-generated
charges. Multiple composites of CB with transition metal compounds like TiN, SnO,,
TiC, etc., metal nanoparticles, and other carbon allotropes were studied to replace Pt
counter electrode in DSSCs [7].

1.1.6 Carbon Nanofoam Based Nanocomposites

Carbon nanofoam is a unique three-dimensional nano-structural variant of carbon.
Within this nanofoam, carbon atoms are organized into a complex hexagonal arrange-
ment that spans three dimensions. This intricate arrangement is frequently likened
to that of aerogel. Notably, carbon nanofoam showcases exceptional attributes,
including an expansive surface area and a visually transparent framework. The trans-
formation of 2D graphene into a 3D graphene nanofoam network has yielded impres-
sive improvements in solar cell efficiency. This advancement is particularly evident
in the context of DSSCs based on graphene nanofoam. These DSSCs have been
meticulously developed and scrutinized, with a focus on their environmental robust-
ness, lack of toxicity, cost-effectiveness, and potential applicability for commercial
purposes [8].

1.2 Dye-Sensitized Solar Cells

DSSCs are a part of third generation excitonic solar cells. The working principle
of excitonic solar cells widely varies from a typical first- and second-generation
solar cell. Unlike traditional single-junction solar cells, DSSCs work based on a bulk
heterojunction structure. DSSCs are photo-electrochemical devices consisting of an
organic light sensitizer to absorb the incoming photons and generate excitons. At the
photoexcited state of the sensitizer, electrons are inserted into an n-type mesoporous
network of a wide band gap nano particular semiconductor, and holes are regenerated
by the redox reaction of a liquid electrolyte. These photo-generated charges are then
availed by the electrodes. The electron transport mechanism in a DSSC is dependent
on diffusion-based Brownian motions.

1.2.1 Architecture

The DSSC operates through a series of intricate steps that culminate in the conversion
of sunlight into usable electrical energy. This process involves a careful orchestration
of components and physical phenomena. The journey commences with the absorp-
tion of sunlight by organic dye molecules adsorbed to the surface of the semicon-
ductor material used to transport the electrons generated through the photoexcitation
process. Here the dye molecules act as a sensitizer with the ability to absorb solar
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spectrum. The absorbed photons are then converted into excitonic pairs consisting of
an electron in the conduction band and a hole in the valence band of the dye. These
free electrons are injected into the conduction band of the semiconductor material,
commonly titanium dioxide (TiO,), forming the photoanode. The architecture of the
DSSC facilitates the conduction of these separated electrons through the mesoporous
structure of the semiconductor material [9].

In short, DSSCs follow a sandwich structure where the device is locked between
a transparent conducting oxide (TCO) electrode (anode) and a counter electrode
(cathode) to collect holes. It consists of an electron transport layer of wide bandgap
nano particular n-type material coated in a mesoporous way, a light-sensitive organic
dye to create excitons as a sensitizer, and an ionic electrolyte with a redox couple
matching the LUMO of the organic dye. This electrolyte transports the photogener-
ated holes and is known as the hole transport layer (HTL). Finally, a counter electrode
with high electrocatalytic activity to reduce the ionic electrolyte efficiently.

1.2.2 Photoanode or Electron Transport Layer (ETL)

At the core of a DSSC lies a comprehensive architecture that intricately orchestrates
the conversion of sunlight into electrical energy. The journey begins with a TCO,
often composed of materials like Fluorine-doped Tin Oxide (FTO) or Indium Tin
Oxide (ITO). This TCO coated substrate serves as the foundation, allowing sunlight
to penetrate while furnishing a conductive surface for the movement of electrons
as the front electrode. All DSSC devices require an interfacial layer to adsorb the
dye molecules and transfer the photo-generated electrons to the TCO electrode. This
layer is called ETL or photoanode. Wide band gap oxide materials are the most
preferred ETL used in any DSSC device. The most commonly used ETLs are TiO,,
SnO; and ZnO nano particles. The dye molecules are adsorbed to the surface of these
wide bandgap oxide semiconductors. To achieve high dye adsorption, a mesoporous
nanoparticular network has be adopted as the standard structure for any material used
as a photoanode.

1.2.3 Sensitizer

Sensitizers, at the heart of DSSCs, wield a critical role in the initial stages of solar
energy conversion. These organic molecules are carefully chosen for their unique
ability to interact with sunlight and facilitate the process of photon absorption. Their
absorption maxima are fine-tuned to match AM1.5 solar spectrum to allow them to
harness the incoming solar energy. Most commonly used light sensitizer in a DSSC
deviceis an organic dye with a general structure of ML, (X), where M corresponds to a
Ruthenium metal, L corresponds to 2,2’ -bipyridyl-4,4’dicarboxylix acid and X repre-
sents a halide, cyanide, thiocarbamate and other suitable compounds. However, the
ruthenium-based cis-bis (iso-thiocyanato)-bis (2, 2’-bipyridyl-4, 4’-dicalboxylato)
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Ru (IT) bis-tetrabutylammonium also known as N719 is used widely as the sensi-
tizer. N719 dye has maximum photon absorption peaks at 380 nm and 518 nm in
the visible spectrum of solar irradiance, making it one of the major contenders in
both exterior and interior energy conversion fields. The field of sensitizers is vast
and continuously evolving, with researchers exploring novel organic dyes, metal
complexes, and other molecular structures to enhance efficiency and stability.

1.2.4 Ionic Electrolyte or Hole Transport Layer (HTL)

The performance of a solar cell depends on the balance between the movement
of electrons and holes. If recombination occurs within the active layer, the energy
generated by the photons is lost. An ionic liquid electrolyte (commonly I7/I*7) is
introduced between the counter electrode and photoanode. As the photogenerated
electrons are injected into the ETL layer, the positive counterparts of the excitons
are accumulated in the dye molecule. This accumulation of holes in the dye leads to
the degradation of the organic dye. The I~ ions of the redox couple are ready to be
oxidized by effectively replacing the electrons in the HOMO of the dye. Whereas,
the abundant I>~ ions are efficiently reduced by the counter electrode. This process
of combining holes and electrons through the HTL is called regeneration and it plays
a vital role in stabilizing a DSSC device. The choice of materials for the HTL is
critical, they should have harmonized redox potential compatible with the specific
dye used as the sensitizer.

1.2.5 Counter Electrode (CE)

The CE, also known as the cathode, plays a pivotal role in preventing a solar cell
from charge exhaustion. CE is often made of high-work function metals to form
an ohmic contact for hole transport. In the case of DSSCs, the use of liquid elec-
trolytes implies that the CE should also possess high electrocatalytic activity and
abundant active sites along with its superior conductivity to enhance the reduction
reaction. Commonly used materials include metals like platinum (Pt), conductive
carbon materials, conductive polymers, and conducting metal oxides. Developing
counter-electrode materials that balance high catalytic activity, stability, and cost-
effectiveness is an ongoing challenge in DSSC research. The device architecture was
explained in Fig. 1 [10, 11].

1.2.6 Shortcomings of DSSCs

DSSCs, while holding promise as efficient solar energy conversion devices, are not
without their limitations. These shortcomings impact their overall performance and
practical viability for widespread adoption. However, the cost of production of a
DSSC panel for commercial use is higher than other potential technologies due to



Nanocomposites of Carbon for Dye-Sensitized Solar Cell Applications 145

FTO PtCE

Redox £
Potential

lodolyte

QLoad

Fig. 1 Working principle of a DSSC

the use of Pt CE. Also, most of the injected charge carrier are typically lost in the
mesoporous network of the photoanode due to diffusion-based transport. The lifetime
of a free electron is much lower than the time it takes to reach the front electrode.
These are the significant drawbacks of a DSSC along with their other limitations such
as dye degradation upon over exposure, liquid electrolyte stability and reliability. This
chapter discusses about how carbon allotropes are used to overcome these limitations
of a DSSC conversion device.

2 Discussion

2.1 Electron Transport Layer (ETL)

Acting as a conduit for the efficient movement of electrons generated through the
photoconversion process, the ETL assumes a critical function within the framework
of aDSSC. Its intricate task of fine-tuning electron transport significantly contributes
to ameliorating the cell’s quantum efficiency, rendering it a paramount component
in the intricate dance of photogenerated charges within the solar cell architecture.
Current studies are underway to modify the physical chemistry of ETL constituents
with the aim of enhancing the overall efficiency.

2.1.1 Nanocomposite CNT with TiO,

Tae et al. successfully engineered DSSCs utilizing a novel approach involving the
incorporation of TiO;-coated MWCNT (TiO,-CNTs) (Fig. 2). In contrast to a stan-
dard TiO; cell, the altered TiO; cell containing 0.1 wt.% TiO,-coated CNTs (TiO,-
CNTs) exhibited a notable enhancement of approximately 50% in the conversion
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efficiency value. The increase in J is attributed to the heightened interconnec-
tivity observed between the TiO, particles and CNTs within the porous film. This
phenomenon substantially improved the efficiency of electron transfer throughout
the film within DSSCs [12].

Ghartavol and colleagues documented the construction of DSSCs utilizing
photoanodes composed of TiO; and 1D core—shell structures formed by CNTs encap-
sulated TiO, (CTH). The primary responsibility for charge separation is predomi-
nantly assumed by TiO, in CTH structures, while the transport is taken care by CNT
rods. An interesting observation emerges wherein the fill factor (FF) of the devices
remains consistent between 61.9 and 62.1 although V¢ and Jsc exhibited an upward
trend with an elevated CTH: TiO, ratio. The power conversion efficiency (PCE) of the
devices exhibits fluctuations corresponding to alterations in the CTH: TiO, weight
ratio attaining its peak value at 0.3 wt.% CTH concentration demonstrating an effi-
ciency of 7.94% with 17.26 mA.cm~2 Jsc. Consequently, the anticipated gains from
the enhanced conductivity of CTH affect the dye adsorption in the TiO, structure.
This reduction in dye adsorption has a detrimental influence on exciton generation.
The findings elucidated the intricate relationship between material properties, charge
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transport mechanisms, and the delicate balance that governs the efficiency of dye-
sensitized solar cells [14]. This confirms the aid of CNTs in electron transport within
the mesoporous matrix of photoanode.

2.1.2 Nanocomposite Graphene/r-GO and GO with TiO,

The 2D layered material is attractive due to its surface transport abilities. Eshaghi
et. al conducted a study involving TiO, photoanodes with 0.5, 1, 1.5, and 2 wt.% of
graphene as a composite. The Jgc of the cells exhibited an incremental rise in tandem
with the increasing graphene concentration. This ascent culminated in an apex value
of 8.83 mA.cm™ at a graphene concentration of 1.5 wt.%. However, beyond this
juncture, the Jsc experienced a downward trend, tapering off to 3.615 mA.cm™
as the graphene concentration escalated further to 2 wt.%. In contrast, the Voc
demonstrated a relatively stable behavior, with minimal variations observed across
the range (0.61-0.68 V). The presence of graphene engenders a more facile pathway
for electron mobility, leading to the initial surge in Jsc. However, as the graphene
concentration exceeds an optimal threshold, the lack of dye adsorption and potential
adverse interactions contribute to the subsequent downturn in Jsc [15]. Madhavan
et.al, worked with graphene TiO, nanofibers-based photoanode to have a conformal
presence of graphene sheets in the bulk of the ETL. They used an electrospinning
approach to form graphene-incorporated TiO, and TiO,/ZnO nanofibers, through
this they achieved graphene embedded metal oxide fibers. The charge transport was
improved with the addition of graphene and Jsc increased from 6.3 mA.cm™ to
9.4 mA.cm™2 and from 13.9 mA.cm™2 to 16.2 mA.cm~2 and the devices attained
PCEs of 7.6% [16, 17]. GO with the more oxygen groups made strong coupling
with metal oxide semiconductors used in DSSCs. The presence of this coupling
helped in better interfaces between TiO, and GO, minimizing the recombination loss.
Research groups have achieved efficiencies of 7.83% with the use of commercial GO
incorporated in the bulk of TiO, photoanode. The addition of GO into TiO, increases
the overall pore volume and pore size of the photoanode film escalating the surface
area. When dye adsorption of these films is characterized, it is found that TiO, films
with GO have dye molecules up to 0.198 pwmol.cm™2 whereas pristine TiO, has
only 0.122 wmol.cm~2 adsorption. Nevertheless, the use of r-GO with few COO-
bonds attached to the surface is more preferred for DSSC photoanodes than the pure
graphene. Integration of r-GO with mesoporous TiO, increases the adsorption and
aids in charge transport, unlike GO whose conductivity is less. PCEs of 11.8% are
obtained by utilization of r-GO and 3D r-GO nanosheets in the photoanodes. This
clearly displays the competency of r-GO with metal oxides as a superior photoanode
for DSSC solar cells [18]. Fig. 3 (a-d) shows SEM images of the composites and
(e & 1) displays the device performance with CNF/G-TiO, composites [19].
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2.1.3 Nanocomposite Fullerenes with TiO,

In a study conducted by Hun and his team, they introduced a novel approach to
enhance the efficiency of DSSCs by leveraging a specific fullerene derivative known
as PC61BM (6,6-phenyl C60 butyric acid methyl ester). This fullerene derivative,
renowned for its electron-accepting properties, was strategically utilized for the
surface modification of arrays of TiO, nanotubes. By integrating PC61BM onto
the surface of TiO, nanotube arrays, the researchers aimed to optimize the elec-
tron transport and separation processes within the DSSCs. The inherent charac-
teristics of PC61BM, including its excellent electron-accepting nature, make it a
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suitable candidate for facilitating efficient charge transfer within the photoanode
material. This approach holds significant potential for advancing the performance of
DSSCs, as the tailored modification of the TiO, nanotube arrays with the fullerene
derivative lead to enhanced electron mobility and reduced recombination of charge
carriers. The incorporation of PC61BM onto the TiO, nanotube surface acts as a
crucial step in enhancing the photoconversion efficiency, ultimately contributing to
the overall effectiveness of the solar cell. The untreated samples and those coated
with PC61BM were immersed in a solution containing 0.3 mM N719 dye dissolved
in ethanol for 24 h. Following the immersion period, the samples were carefully
washed with ethanol to remove any excess dye and ensure a controlled experimental
condition. Pt-coated FTO glasses were employed as CEs in the experimental setup.
The photoanode, which had absorbed the dye, and the Pt-coated FTO glasses were
positioned with a separation achieved using a 60-pm surlyn film. The reduction in
total resistance resulting from the PC61BM coating primarily stemmed from the
reduction in charge transfer resistance occurring at the interface between the TiO,
nanotubes and the liquid electrolyte and notably, the resistance at the interface of
the counter electrode exhibited minimal change as a consequence of the PC61BM
coating. Upon increasing the concentration from 3 mg/ml to 6 mg/ml, there was a
concurrent decrease observed in both the Jgc from 5.47 mA/cm? to 5.06 mA/cm?
and the PCE from 1.44% to 1.38%. The presence of the PC61BM interlayer led to an
increase in the Jy, indicating enhanced charge generation and transport. However,
it was noted that the V. experienced a slight reduction with the introduction of the
PC61BM interlayer [20].

2.2 Counter Electrode (CE)

Different allotropes of carbon in its pristine form are used as counter electrodes for
DSSC devices. The electrocatalytic activity of carbonaceous materials makes them
suitable as a counter electrode, however, the disadvantages have to be accounted.
CNT asitis having a very high linear electrical conductivity with a large surface area
is appropriate for electrolyte reduction, yet SWCNT and hollow structure MWCNT
have smooth basal planes with fewer defects making them barely apt for electrocat-
alytic activity. Along with low catalytic activity, both SWCNT and MWCNT have
a high packing fraction blocking the ions of the electrolyte from being reduced effi-
ciently. Graphene and graphite are well known for their high surface area (2600
m2g!), electrical and thermal stability. Graphene is prone to oxygen vacancies
and defects with amplified hole mobility and corrosive corrosive-resistant nature
making it viable as a CE. Graphene demonstrates equivalent charge transfer resis-
tance (R.) values compared to that of Pt and lower R, when doped with halogens
like Cl, Br and 1. With these reduced R the device FF were improved to 71.3% and
a PCE of 10.31%. AC are known for their porosity and fine control over the specific
surface area. By changing the particle size of AC, a diverse range of surface area and
porosity can be acquired. The catalytic activity of any material is dependent on the
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surface defect states created by vacancies and dislocations. As AC can be tuned to
our needs, multiple groups have synthesized micro, meso, and macroporous carbon
with surface areas vary between 489 m?g~! to 3000 m?>g~!. The R, varies from
4.8 Q.cm™2 to 1.32 Q.cm™2 appropriate for electrolyte reduction process worthy for
DSSC devices. CB is widely studied as a viable CE for DSSC cells. Based on the
size of the particle and the thickness of the film coated over a conducting substrate
determined the device’s performance. Higher thickness (14.7 pm) with smaller parti-
cles results in PCEs as high as 9.1% compared to that of Pt CEs. CBs are known
for their high surface area to volume ratio, which helps the in-electro reduction of
Iodine electrolytes with numerous active sites in the mesoporous network. Carbon
nanofibers (CNF) have linear structures with a one-dimensional length extending
up to several centimetres whose diameter varies between a few nanometres to a few
hundred nanometres. CNFs also have a hollow active type with a cylindrical structure
at the edges of the fibers. Following a sp? hybridization, CNFs are graphitic in nature
with excellent directional electrical conductivity and have numerous morphologies
like tubes, cones, cups, etc. CNF used as CE for DSSCs shows promising results
when coated over a conducting oxide substrate. They also have low R values due to
their stacking morphology, however, this also amplified the series resistance of the
CNF films coated. Resulting in deteriorating the overall performance of the device
[21-23]. Fig. 4(a-h) displays the SEM images of carbon-carbon composite counter
electrodes while (i & j) shows the device performance [24].

2.2.1 Carbon Metal Composites

Hybridization of carbon allotropes with metal nanoparticles has been proven to
improve the electrocatalytic activity of the composite as well as retain its rich surface
area and conductivity. Pure CNTs without any dopants or composites with indigenous
catalytic activity give rise to DSSC devices with PCE ranging from 3.5% to 7.59%.
Their one-dimensional structure helps in linear charge transport and their unique
structure surges the electrolyte—CE interaction. Nitrogen-doped CNTs have better
intrinsic activity and an increased number of active sites due to the lattice distortions
created by the dopants. Metal nanoparticles such as Ni, Co, Fe, and Pt are incor-
porated into Nitrogen-doped and undoped SWCNTs and MWCNTs show higher
catalytic activity with good electrochemical performance with the power conversion
efficiency ranging between 7.75% to 9.55%. Graphene in its present state proves to
be a better CE and can replace Pt in DSSCs, researchers have created hybrid graphene
CE with varying concentrations of Pt. Graphene/Pt CE used in a DSSC shows a PCE
of 7.88% with 0.15 wt.% of Pt added. Other transition metal chalcogenides like MoS,
and CoS, were also used as the composite with graphene to induce better electro-
catalytic activity in the CE. Resulting composite electrodes with R values of 4.94
Q.cm™2 and 5.05 Q.cm~? and device efficiencies were comparable to traditional
Pt CE [23, 26]. Fig. 5(a & b) shows the device performance with PtFe-Graphene
composite as counter electrode [25] while Fig 5(c & d) displays the SEM image
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of Cu-Polypyrrole-CNT composite and its device performance as counter electrode
[27].

Hybridization of CB constructs multiple functionalities in a CE to improve the
device’s operational dynamics. Use of Pt nanoparticles as a composite material,
researchers have achieved higher efficiency like 6.72% with a Pt content of 1.5wt%.
This is due to the mutual contribution of CB + Pt nanoparticles in the redox reaction.
This efficiency was higher than both pristine CB and pristine Pt CE with 3.76% and
6.63% respectively. Nanocomposites of metal alloys like Pd-Co and NiCu nanopar-
ticles electrospun along with CNFs show promising results with 3.75% PCE of a
DSSC device. The bimetallic alloys increase the catalytic activity of the CNF yet
fail to reduce the series resistance of the fibers. This affects the charge transport
dynamics at the rear end of the device [28, 29].
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2.2.2 Carbon—Polymer Composites

Polymers are widely used in synthesis of carbon allotrope-based CE as binders
while conducting polymers are used as composite materials to enhance catalytic
activity and provide further active sites for the liquid electrolyte. Such commonly
used conducting polymers are polyaniline (PANI), polypyrrole (PPy) and Poly(3,4-
ethylenedioxythiophene) (PEDOT). These polymers are used as CE as such without
any allotropes of carbon, nevertheless, carbon—polymer hybrids help in the intercala-
tion of electrolyte ions into the structure of the CE. Polymers help not only in charge
mobility but also in the stabilization of the carbon allotropes. Studies conducted by
synthesizing SWCNTs with PANI results in providing large active surface sites for
electrocatalysis and achieved a remarkable efficiency of 7.81% due to the porosity
of PANI with 4% SWCNT compound. Also, PPy/MWCNTs have resulted in higher
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PCEs of DSSCs. CNTs wrapped with PEDOT create better charge mobility and
core—shell nanostructures with CNT cores and PEDOT shells were also studied as
CE. Providing an aligned morphology of CNT-PEDOT augmented the regeneration
process and amplified the device performance to 8.3%. This endorses the use of
polymer CNT composites as CE for DSSC devices are a sound replacement for Pt
CEs.

To increase the electrocatalytic activity of graphene, more basal plane sites must
be functionalized since the electronic conductivity of graphene is restricted only to in-
plane charge transfers. Composites of conducting polymers like PANI and PPy with
graphene sheets are examined as CEs for DSSC devices. Especially nano-graphite/
PANI composite used as a CE performed way better and achieved a PCE of 7.07%.
Due to the smooth defect-free basal planes of graphene, other functional materials like
GO and r-GO are considered to make composites with polymers. Such composites
with r-GO are mostly transparent and have a good electrochemical activity creating
new ways for DSSCs in indoor applications. This transparent nature of r-GO/PANI
electrodes and translucent windows with power conversion technologies are now a
possibility. PPy was doped with quantum dots of r-GO improving the charge transport
properties of the composite. AC with its rich surface-active sites is more stable
with the addition of conducting polymers. These polymers also provide transport
pathways for the charges to effectively reach the electrolyte ions. PEDOT:PSS with
AC paste has been observed as a CE for DSSC demonstrating an enrichment in
charge collection increasing the Jsc of the device. Dual doping via the addition of
metal nanoparticles along with the polymers increases the catalytic activity of the
CE by reducing the R.; and increasing the device efficiency up to 6.01% (Fig. 6).

CB added with conducting polymers not only acts as a CE but also acts as a
conducting substrate. This composition can be directly applied over a glass slide to
form a thin film and used as a CE. Multiple carbon allotropes like graphite and CB
are mixed together with PANI showing promising results with a PCE of 7.01% and
the series resistance was as low as 8 € and Ry was found to be 3.9 © cm~2. CNF
with polymers like polyoxy-ethylene tridecylether (POETE) was studied by research
groups as a binder for CE preparation part. These composites have a faster triiodide
reduction rate with a low R, compared to the traditional electrodes. CNFs by itself
adopt a fibrous network and can be easily electro-spuned to various designs over a
substrate or as a substrate with the help of certain polymers [30]. From this, we can
conclude that carbon polymer counter electrodes are a viable replacement for the
high-cost platinum electrode used in the DSSC PV devices.

2.2.3 Carbon—Transition Metal Compounds Composites:

Fig. 6(a & b) shows the TEM images of C-transition metal composite Fig. 6(c &
d) unveils the device performance [31]. Transition metal compounds comprises of
two major categories that are used in DSSCs for CE applications. They are transition
metal oxides and transition metal chalcogenides. Various transition metal oxides like
nickel oxide (NiO), molybdenum oxide (MoQj3), tungsten oxide (WO,), etc., have
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good catalytic activity yet, lack electrical conductivity due to their high resistive band
structure. Carbon allotropes are recognized for their superior conductivity and direc-
tional transport pathways. CNTs in adjunct with p-type transition metal oxides like
NiO have low charge transfer resistance and high electrocatalytic activity between
the electrolyte and the composite, which helps in charge collection and increases the
efficiency of DSSC to 7.63% which is higher than the reference device with Pt CE
(6.72%). Other metal oxides like TiO, and La, O3 synthesized along with SWCNT
and MWCNT were employed as CE for DSSC devices with N719 dye sensitizer, the
resultant PCEs were around 5% with different ratios of oxides and CNTs. Graphene
in general comes as r-GO and the amount of reduction process taking place on
GO is crucial in the interaction between CE and electrolyte. Graphene mixed with
metal oxides like CuO and WO, shows reduced R and also graphene enhanced the
conductivity of these metal oxides. This type of nanoparticular counter electrodes
shows a PCE of about 3.40% which is not comparable with that of Pt CE [32, 33].
Transition metal chalcogenides like MoS,, WS,, CoS, VS,, NiS, MoSe,, etc., are
some of the commonly investigated materials used as a carbon composite for CEs of
DSSCs. CNT-MoS, composites are investigated by Wu and team who found that the
charge transport resistance is very low along with a large surface area escalating the
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catalytic activity of the CE and achieving a PCE of 7.36%. With this as a base, various
groups investigated the role of TMDCs with CNT as CE and achieved good conver-
sion efficiencies. CVD-grown graphene/CoS, was used as a CE due to their low R,
values of 5.5 Q.cm™~2. Composites like NiSe/r-GO films are transparent and are used
to achieve a maximum efficiency of 9.35% with a low R, of 0.75 Q.cm™2. MoS,/AC
CEs are widely used in DSSC solar cells due to the facile way of synthesizing AC
from many natural resources. Multiple carbonaceous composites of transition metal
compounds were analysed to acquire a replacement for Pt based CEs [34]. Fig. 7
shows the device performance of VO,-CNF composite counter electrode comparison
with platinum counter electrode.
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3 Conclusions

The aim of the chapter was to provide a summary of the use of carbon allotrope and
their composites in DSSCs. Most metal oxide semiconductors are poor conductors
compared to the conductive allotropes of carbon. The addition of highly conductive
carbon to the photoanode provides a percolated pathway for electrons toward the
front electrode. The addition of a specific ratio of conductive carbon demonstrates
elevated charge collection in the photoanode along with adequate dye adsorption.
Carbonaceous composites with metal nanoparticles, transition metal compounds,
and polymers are used as CEs that show a significant increase in performance due
to their hybrid nature to incorporate multiple quirks. Other materials support carbon
allotropes to attain better porosity and increase active sites in the overall surface of
the CEs to improve the electro-catalytic activity. However, no material or carbon
composite has a substantial surge in efficiency of DSSCs when compared to Pt CE.
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1 Introduction

Energy is not just the material basis for human survival, it is also an important driver
of social progress and development. But in recent years, traditional fossil energy
sources have been unable to fulfill the needs of human production and life, mainly in
two aspects: firstly, due to massive exploitation and over-consumption, the problem
of energy shortage is becoming increasingly serious; secondly, the burning process
of fossil energy sources produces a large amount of toxic and harmful gases, which
brings pollution to the environment [1]. The development of a new energy system
that is environmentally friendly, efficient, and safe is the way to alleviate the energy
crisis and protect the environment.

Electrochemical technologies, such as fuel cells, metal-air batteries, water elec-
trolysis for hydrogen production, nitrogen reduction, etc., are used as means for clean
energy storage and conversion. These technologies react separately at the cathode
and anode, and chemical energy can be converted into electrical energy, resulting in a
continuous supply of renewable and green energy [2]. In the field of electrochemistry,
catalysts play a pivotal role in enhancing the conversion efficiency and selectivity of
the reaction process. Precious metal-based catalysts such as Pt, Ir, Pd, Os, Rh, and Ru,
have been widely adopted in renewable energy technologies. However, noble metal-
based catalysts still have several drawbacks, including high cost, instability under
operating conditions, and susceptibility to gas poisoning [3]. Recent advancements
in 3d transition metal-based catalysts have shown a potential to reduce dependence
on precious metal catalysts; however, their cost remains prohibitive for large-scale
applications. In addition, non-precious metal catalysts are prone to oxidation in the air
and may undergo unexpected morphological/structural changes during aging, leading
to unsatisfactory long-term stability [4]. Thus, the development of sustainable and
high-performance catalysts using the abundant resources available is a pressing and
meaningful endeavor to overcome the limitations of current catalysts.

Inrecent years, carbon nanomaterials have shown tremendous potential as efficient
metal-free catalysts to replace metals due to their cost-effectiveness, good conduc-
tivity, tunable structure and composition, environmental friendliness, and strong
tolerance to acidic/alkaline environments. The incorporation of non-metallic dopant
atoms such as B, N, P, and S into the carbon framework induces charge redistribution
on adjacent carbon atoms, thereby enhancing the catalytic activity of the material
[5]. Since the pioneering work of Dai and colleagues in 2009 on vertically aligned
N-doped carbon nanotubes (CNTs) arrays as metal-free catalysts for the oxygen
reduction reaction (ORR), numerous research activities on metal-free doped carbon
have ensued [6]. It has been demonstrated that metal-free dopant carbon materials
(CNMs) can catalyze the hydrogen evolution reaction (HER) and produce clean fuel
(Hy) through water electrolysis, assist in the ORR for energy generation/conversion
in fuel cells, facilitate the oxygen evolution reaction (OER) in metal-air batteries for
energy storage, enable the 2e~ ORR for the production of H,O, (an energy carrier
and green oxidant), and promote the N, reduction reaction (NRR) for the synthesis
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of NHj at room temperature. These findings have paved the way for the potential
large-scale application of renewable energy technologies.

Despite significant progress in the synthesis of CNMs with excellent catalytic
properties through serendipitous discovery or trial-and-error approaches, there is
a lack of fundamental understanding of the structure and doping diversity of the
induced active sites in CNMs. It is crucial to understand the doping-induced active
sites and their effects on the catalytic activity of CNMs for the rational design of
efficient catalysts. The electronic and geometrical properties of CNMs are inves-
tigated to reveal potential mechanisms controlling their catalytic behavior. More-
over, the doping diversity in CNMs provides a platform for tailoring their properties,
allowing for the optimization of specific catalytic reactions. Thus, this chapter intends
to provide an introduction to the electrocatalytic mechanisms of CNMs the design
principles of metal-free doped carbon catalysts, and the current challenges and future
perspectives in this field.

2 Synthesis of Heteroatom-Doped Carbon Materials

Carbon materials show potential applications in energy storage and catalysis because
of their abundance of storage on the earth, inexpensive price, excellent electrical
conductivity, and tunable structure and morphology. Conventional carbon materials
include graphene, carbon nanotubes, carbon fibers, activated carbon, carbon aerogels,
porous carbon, etc. However, pure carbon materials have fewer active sites, which
causes them to exhibit poor electrocatalytic activity, thereby limiting their applica-
tion in catalysis and energy storage. Heteroatom doping is a method of replacing
certain carbon lattice atoms with heteroatoms. Due to the difference in electronega-
tivity between carbon and heteroatoms, the doping process usually redistributes the
charge density and spin density of the carbon atoms in the lattice, which effectively
modulates the figure of merit and increases the adsorption of reactants at specific
locations, and endows it with new electrochemical activities [7]. In particular, doped
carbon materials have shown high electrocatalytic activity in areas such as fuel cells,
water electrolysis, and the NRR for energy storage and conversion.

2.1 Single Heteroatom-Doped Carbon Materials

The commonly used doping elements include N, B, O, F, P, S, Cl, Br, I, and Se. The
local geometry near dopant atoms changes doping due to the difference in atomic
radii between the dopant and carbon atoms. When the size difference between the
dopant atom (such as Se, Br, I) and the carbon atom is significant, this spatial distor-
tion significantly reduces the catalytic activity [8—10]. The electronegativity and
atomic radius of N are similar to that of C, N atoms and C atoms are more easily
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replaced, and N is the most extensively studied dopant atom in carbon nanomate-
rials. In 1999, the synthesis method of N-doped carbon nanotubes (N-CNTs) was first
reported through the thermal decomposition of iron phthalocyanine (FePc) precursor
containing carbon and nitrogen atoms [11]. In 2009, Dai et al. [6] successfully synthe-
sized vertically aligned N-doped carbon nanotubes (VA-NCNTs) through the thermal
decomposition of FePc under an ammonia atmosphere. The residual iron catalyst
was removed through electrochemical purification to obtain metal-free VA-NCNTs
suitable for the ORR. The metal-free VA-NCNTs exhibited a lower overpotential
(—0.08 V vs Ag/AgCl) compared to commercial Pt/C, demonstrating improved CO
tolerance and stability. This work also demonstrated the potential of using N-doping
as a method to design and develop efficient metal-free catalysts, opening up a new
avenue for research in non-metal carbon-based materials. To simplify the synthesis
steps and reduce the cost of nitrogen-doped carbon materials, Sheng et al. [12]
mixed inexpensive melamine with graphite oxide to synthesize N-doped graphene
with excellent ORR performance through a baking method. X-ray photoelectron
spectroscopy (XPS) analysis revealed that the doped nitrogen atoms accounted for
approximately 10.1% of the composition, with nitrogen mainly existing in the form
of pyridinic-N. Atomic force microscopy (AFM) analysis showed that the thickness
of the nitrogen-doped graphene sheets was only 1.0 nm. Huang et al. [13] devel-
oped a simple method to prepare highly conductive and highly N-doped hierarchical
porous carbon by carbonizing N-containing Schiff base polymers. Organic compo-
nents of the polymers with a benzene ring structure promoted the formation of more
sp2-graphitized carbon, which facilitated the increase of electrical conductivity. The
N-doped graded porous carbon calcined at 900 °C under NH; atmosphere has a high
nitrogen content of 7.48 at%, a large specific surface area of 1613.2 m?/g, and a high
electrical conductivity of 2.7 S/cm.

However, at present, there is still significant controversy regarding the active sites
of nitrogen-doped carbon and the effective types of nitrogen atoms (pyridinic-N,
pyrrolic-N, graphitic-N) that generate these active sites, and no clear explanation has
been provided. Professor Junji Nakamura from the University of Tsukuba addressed
this issue by designing four different types of N-doped model catalysts using ion beam
etching: pyridinic-N-doped model catalyst (pyri-HOPG), graphitic-N-doped model
catalyst (grap-HOPG), edge-eroded model catalyst (edge-HOPG), and pure model
catalyst (clean-HOPG) [14]. These catalysts were utilized to test the ORR activity
of various N-doped graphite models, allowing for the determination of effective N-
doping species. Through the utilization of these model catalysts, the research team
discovered that under acidic conditions, the effective catalytic nitrogen species in
N-doped carbon materials were pyridinic-N. Furthermore, they identified that the
active sites for ORR catalytic activity were located near the pyridinic-N nitrogen
species adjacent to carbon atoms. Nonetheless, ongoing research aims to provide a
clearer understanding of the mechanisms underlying the catalytic activity of N-doped
carbon materials, specifically the types of nitrogen species that facilitate enhanced
performance in ORR.

Unlike N atoms with abundant electrons, B dopants lack electrons but can alter the
electrically neutral state of sp>-hybridized carbon, resulting in positively charged sites
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favorable for oxygen adsorption. We employed a green strategy involving polymer
dehalogenation to synthesize boron-doped carbon materials (O-BC) and investigated
their 2-electron ORR properties [15]. By experimentally adjusting the dosage of the
boron source (H3;BO3) and annealing temperature, we optimized the catalytic activity
of O-BC materials. Electrochemical tests demonstrated that the optimal O-BC sample
exhibited up to 98% selectivity towards H,O,; in an alkaline electrolytic cell of the
H-type, the average yield of H,O, was 412.8 mmol~! h=!. As illustrated in Fig. 1,
density functional theory calculations further supported our findings, revealing that
the boron atom bonded to an oxygen atom is the most favorable active site. This
active site achieved the lowest Gibbs free energy difference (AG) of 0.03 eV during
the adsorption process of O, reduction.

Compared to N and B doping, S doping exhibits distinct changes in the electronic
density due to its electron-donating nature [16]. The introduction of S also leads to
enhanced local reactivity in carbon materials through the presence of lone pairs of
electrons. Sun et al. [17] firstly applied S-doped carbon nanospheres (S-CNS) for
electrochemical nitrogen reduction reduction (NRR). S-CNS achieved NH; yield
of 19.07 ugnys ! h™!, significantly higher than undoped carbon nanospheres (3.7
ugnys ' h™1). The incorporation of S atoms increased the number of catalytic active
sites in the materials, facilitating the adsorption of N, molecules and promoting
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NRR. In comparison to N, B, and S, P has a lower electronegativity and a larger
covalent radius. P doping can effectively modify the structure of carbon, introducing
more active sites into the carbon framework. For instance, Wen et al. [ 18] synthesized
large-scale two-dimensional phosphorus-doped carbon nanosheets (2D-PPCN) using
phosphorus pentoxide and glucose as precursors via a multifunctional templating
approach. 2D-PPCN exhibited a high phosphorus content and exceptional porosity,
enabling efficient ions and energy transfer within the framework. Consequently, cata-
lysts based on 2D-PPCN demonstrated catalytic activities comparable to commercial
Pt/C and It/C for both ORR and oxygen evolution reaction (OER) in half-cell testing.
It should be noted that the P-C bond length of 1.79 A is significantly longer than the
C-C bond length (1.42 A), which suggests that the sole doping of phosphorus may
cause severe structural deformation in the carbon framework. Therefore, phosphorus
doping is generally combined with other elements in carbon frameworks.

2.2 Binary Heteroatom-Doped Carbon Materials

Although carbon nanomaterials doped with individual impurity atoms such as N,
B, F, O, S, or P have been proven to be promising non-metal catalysts for various
reactions, the synergistic effects arising from the electronic interactions between
different dopants can further enhance their performance through co-doping N with
other impurity atoms [19]. The most common approach is co-doping N with a second
element such as B, S, P, F, or Si to improve the electrochemical properties of carbon
nanomaterials. Furthermore, there are also ternary-doped carbon materials, such as
B, N, and P ternary doping, as well as N, P, and S ternary doping, which can offer
additional advantages.

B, N co-doped carbon is one of the earliest materials studied for investigating the
synergistic effects of different dopant atoms. As early as 2000, Bai et al. [20] synthe-
sized B, N co-doped carbon nanofibers using bias-assisted hot-filament chemical
vapor deposition (CVD) at room temperature, where some of the carbon atoms in
the graphite layers were replaced by boron or nitrogen atoms. In 2011, Dai et al. [21]
used melamine and boron salts as precursors to synthesize vertically aligned B, N co-
doped carbon nanotubes (VA-BCN) and applied them for the first time in the ORR.
Due to the synergistic effects between carbon nanotubes and B, N co-doped atoms,
the resulting VA-BCN electrode exhibited higher electrocatalytic activity for ORR in
alkaline media compared to carbon nanotubes doped solely with boron or nitrogen.
In addition to forming active sites by coupling with neighboring carbon atoms, the
synergistic interaction between adjacent N and B atoms can further enhance charge
transfer efficiency and catalytic activity during the doping process of carbon mate-
rials for ORR. Theoretical results indicate that in the N-C-B doping configuration,
the electron-donating N atoms polarize the C atoms, providing additional electrons
to neighboring B atoms. This not only increases the electron occupancy of the mate-
rials but also improves the adsorption performance of doped carbon materials on O,
in alkaline solutions.
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Boric acid and NH; are commonly used as dopant sources for the synthesis of
B, and N co-doped carbon materials. However, under high-temperature annealing,
they tend to form boron nitride, which has poor conductivity and exhibits signifi-
cant inertness for most electrochemical reactions. Based on this, Liang et al. [22]
prepared N, S co-doped graphene (N-S-G) by heating a mixture of graphene oxide
(GO), melamine, and benzyl disulfide under an inert gas atmosphere. The alkaline
ORR catalytic activity of N-S-G was found to be comparable to Pt/C. Density func-
tional theory (DFT) calculations revealed that carbon atoms surrounding nitrogen
with high charge density serve as active sites for ORR in N-doped graphene, while
positively charged sulfur is considered the catalytic center for S-doped graphene.
When both sulfur and nitrogen are doped into graphene, N-S-G exhibits optimal
ORR catalytic activity, attributed to the synergistic effects of N and S co-doping
and the redistribution of spin and charge density, resulting in the formation of active
sites for adsorbing H* and HOO* reaction intermediates in the materials. Bandosz
et al. [23] recently studied N, S co-doped polymer-derived carbon (CPSN), and S-
doped polymer-derived carbon (CPS) as electrocatalysts for CO, reduction reactions
(CO,RR). CPSN exhibited higher faradaic efficiency (FE) than CPS for the reduc-
tion of CO; to CO and CHy. The positively charged carbon atoms near the pyridinic
N and S dopants were identified as the main active sites for CO,RR. These active
sites stabilized the negatively charged intermediate CO,"~ during the initial steps of
CO;,RR. Due to the lower electronegativity of S compared to N, the positive charge
on the carbon atoms adjacent to S was lower than those adjacent to pyridinic N.
Considering the low cost and ease of large-scale synthesis of N, S co-doped graphite
materials, they are expected to be excellent candidates for the next generation of fuel
cell electrode materials and demonstrate significant potential in applications such as
metal-air batteries and CO,RR.

In addition, P has been reported to improve the electrochemical activity of N-
doped nanocarbon materials. Zheng et al. [24] have found that doping P into the
carbon lattice effectively reduces the free energy barrier (AGy*) of the HER and
thus promotes the H* adsorption by DFT calculations, where the pyridine-N and
P co-doping model shows the lowest absolute value of negative AGy* (IAGy*l =
0.08 eV). Consequently, N, P co-doped graphene has higher HER activity in acidic
and alkaline solutions compared to N or P mono-doped graphene. Theoretical calcu-
lations indicated that co-doping N and P introduced additional active sites, resulting
in enhanced catalytic efficiency. Furthermore, Zhao et al. [25] synthesized N, P
co-doped carbon nanonetworks using a thermal decomposition method involving
molecular precursor self-assembly (MPSA/GO). The charge delocalization and edge
effects of the carbon atoms contributed to exceptional ORR activity in acidic media
for the N, P co-doped carbon nanonetworks. This represents the first reported dual-
functional non-metal catalyst. It is assembled into zinc-air batteries with high power
density (310 W g~!) and excellent stability.

The co-doping heteroatoms can introduce additional active sites into the carbon
lattice; thus, researchers aim to further enhance the catalytic activity of carbon mate-
rials by introducing more types of heteroatoms. Zhang et al. [26] reported the efficient
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synthesis of ternary B, N, and P-doped porous carbon materials via polymer dehalo-
genation strategy (Fig. 2a). The atomic contents of B, N, and P, as characterized
by XPS, are 11.5, 1.1, and 0.8%, respectively, yet intriguingly resulting in limited
water splitting activity due to the overwhelmingly presented B dopant (Fig. 2b—f).
Zhang et al. Razmjooei et al. [27] synthesized N, S, and P tri-doped carbon mate-
rials (N, S, P-rGO), which exhibited higher positive onset potential (0.93 V vs RHE)
compared to N, S co-doped rGO and P doped rGO. The introduced P synergistically
interacts with N, S co-doped rGO by forming active P-N bonds, thereby enhancing
the graphitic order and specific surface area for ORR catalysis. Recently, Pham et al.
[28] synthesized N, F, S tridoped reduced graphene oxide (N, F, S-rGO) by thermally
decomposing a mixture of perfluorosulfonic acid, dimethyl, and S-doped rGO. The
N, F, and S-rGO exhibited excellent ORR catalytic activity in rotating disk electrode
tests. While the co-doping of multiple heteroatoms in carbon materials contributes
to improving their electrochemical activity, determining the active sites for electro-
chemical activity remains a significant challenge. Compared to extensively studied
co-doped carbon materials, there is limited discussion in the literature on ternary or
multiple-doped carbon materials, representing an important area for future research.
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2.3 Preparation of Doped Carbon Materials

The synthesis methods of doped carbon materials can be divided into in-situ doping
and post-doping. In-situ doping refers to the direct pyrolysis of biomass and organic
precursors containing dopant atoms. Common in-situ doping methods include the
template method, activation method, chemical vapor deposition method, and acti-
vation method. For example, Yan et al. [29] synthesized N-doped carbon materials
using an ionic liquid ((BMIM][Br]) as the carbon source and mesoporous silica as
the template. The In-situ doping method is simple, requiring only the selection of
suitable carbon precursors for pyrolysis treatment. However, it is difficult to precisely
control the dopant content and doping form in carbon materials.

Post-doping involves first carbonizing the raw materials and then further
processing to achieve impurity doping. For instance, carbon precursors are synthe-
sized into N-doped carbon materials through high-temperature calcination in an NHj3
gas atmosphere. Mixing carbon precursors with a boron source, followed by calcina-
tion or arc discharge, leads to the synthesis of B-doped carbon materials. The dopant
content and pore structure of carbon materials can be controlled by adjusting the
calcination temperature and the amount of doping source [30, 31].

Heteroatom-doped carbon materials are usually synthesized using ultra-high-
temperature pyrolysis, where high-temperature pyrolytic synthesis, in addition to
the problems of high energy consumption and the production of a variety of toxic
gases, produces materials with a chemical structure that is less predictable than that
of conventional organic synthesis. For comparison, conventional organic synthesis
methods typically involve lower temperatures. Therefore, post-synthesis modifica-
tion of available carbon materials with nitrogen-containing reagents, preferably at
low temperatures, can also yield heteroatom-doped carbon materials.

Furthermore, Zhang et al. [32] discovered that halogenated polymers can de-
functionalize halogenated groups in the presence of inorganic bases at room tempera-
ture to form cyclic carbons via a C-C coupling reaction (Fig. 3). The halogenated poly-
mers have high reactivity at the moment of de-functionalization during the reaction
process, and when a doping source is added during the reaction process, these highly
reactive sites form covalent bonds with the contacted heteroatoms to synthesize the
doped carbon materials. Subsequently, the materials are further carbonized through
calcination to improve the conductivity of the materials, giving them better elec-
trochemical performance. This dehalogenation approach is one of the post-doping
methods. Moreover, Zhang et al. [33] synthesized N-doped carbon with polyvinyl
dichloride (PVDC) as the carbon source, N, N-dimethylformamide (DMF) as the
nitrogen source, and KOH as the dehalogenation agent (Fig. 4). These synthesized
materials were then applied in areas such as ORR and supercapacitors.
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Fig. 3 Schematic diagram of polymer dehalogenation reaction mechanism, M = alkali metal or
alkali earth metal, B = strong alkaline group [32]. Reproduced with permission [32]. Copyright
(2016) Wiley

3 Electrocatalytic Applications of Heteroatom-Doped
Carbon Materials

3.1 Metal-Air Battery

The main bottleneck in metal-air batteries is the slow ORR behavior of the air elec-
trode (cathode). Currently, noble metals are the most efficient ORR catalysts, but their
expensive cost limits their development. Introducing heteroatoms into carbon mate-
rials is a method to create efficient catalysts. Wang et al. [34] prepared nitrogen-doped
porous carbon (NPC) with graded micropores and a large surface area by ball-milling
polymerization and pyrolysis. The optimized NPC (NPC-1000) prepared at 1000 °C
showed excellent ORR activity with onset potentials and half-wave potentials of 0.9
and 0.82 V, respectively (compared to reversible hydrogen electrodes), which were
only about 30 mV lower than that of Pt/C. A rechargeable zinc-air battery assem-
bled using NPC-1000 and NiFe layered double hydroxide The open-circuit voltage
was 1.43 V. The discharge curves and corresponding power density of the ZAB
catalyzed by NPC-1000 are comparable to those of Pt/C, suggesting the superior
activity of NPC-1000 (Fig. 5). Zhu et al. [35] synthesized N, F co-doped carbon
materials (NF@CB) by direct pyrolysis of a mixture of carbon black, polytetrafluo-
roethylene, and melamine. Due to the synergistic interaction between N and F atoms,
NF@CB served as an air electrode catalyst for zinc-air batteries, achieving a voltage
of 0.852 V at 20 mA cm~2 and displaying over 49 h of cycling stability. Wang et al.
[36] proposed a simple alkali activation method to prepare N-doped carbon mate-
rials (NKCNPs-900) with specific surface area and pore structure. The introduced
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nitrogen atoms increased the quantity of pyridinic-N, pyrrolic-N, and edge defect
sites in the carbon materials, further enhancing its electrochemical performance.
Theoretical calculations revealed that the amount of N doping and edge defects were
related to the electrochemical activity of the materials. NKCNP-900 exhibited excel-
lent half-wave potential for ORR (0.79 V) and demonstrated a high energy density
of 889.0 Wh kg~ for a zinc-air battery with an extended lifespan.

Recently, Park et al. [37] prepared composites of ethylenediamine-derived N-
doped carbon nanotubes with thermally reduced graphene oxide (TRGO/NCNT)
using injection chemical vapor deposition. The N-doped carbon nanotubes in TRGO/
NCNT are uniformly distributed on graphene sheets and connected to multiple
graphene sheets. This interconnection not only enhanced its electronic conductivity
but also created a porous structure between graphene sheets, facilitating the diffusion
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of ions and O,. Electrochemical tests showed that the peak ORR current catalyzed
by TRGO/NCNT was higher than that of thermally reduced graphene oxide with a
stronger onset potential, indicating that TRGO/NCNT has higher ORR activity. This
indicates that heteroatom doping is beneficial to enhance the ORR activity of the
materials. Furthermore, the current density of TRGO/NCNT at 1.0 V (relative to the
saturated calomel electrode) was about 27.8 mA cm™—2, which was superior to that
of N-doped carbon nanotubes and Pt/C. This study confirms that the combination of
doped carbon with other types of carbon is an effective strategy for creating bifunc-
tional composite catalysts for chargeable and dischargeable metal-air batteries. Xu
et al. [38] synthesized two-dimensional N-doped carbon nanotube/graphene hybrids
(GNCNTs) by in situ growth of metal-organic framework compounds on graphene
oxide followed by roasting and used as efficient bifunctional catalysts for zinc-air
batteries. The GNCNTSs exhibit excellent catalytic activity and reaction durability
because of the synergy effects arising from the hierarchical structure and heteroatom
doping. The assembly of GNCNTs into zinc-air batteries achieved a high power
density of 253 mW cm~2 and a specific capacity of 801 mAh gz,~'. Additionally,
the flexible solid-state rechargeable zinc-air battery assembled from this catalyst
with a high discharge power density of 223 mW c¢cm~2 could power 45 light-emitting
diodes. In conclusion, both single and binary-doped atoms, along with their unique
porous structures, can effectively enhance catalytic activity for ORR or a combination
of ORR and OER, making them efficient methods for preparing high-performance
catalysts for metal-air batteries.
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3.2 Fuel Cells

ORR is a critical component of fuel cells. The most prominent explanation for the
catalytic activity of ORR in metal-free heteroatom-doped carbon materials is the
charge polarization of the covalent bonds between carbon and the dopant elements
due to the differences in electronegativity between the different elements. Dai et al.
[39] demonstrated that N-doped graphene/carbon nanotube composite (N-G-CNT)
as a cathode catalyst in acidic PEM fuel cells exhibited exceptionally high limiting
current (2000 A g~!) and a peak power density of 300 W g~!. Due to the strong
acid-corrosion resistance of carbon materials compared to most transition metal
catalysts, N-G-CNT also demonstrated remarkable durability in acidic PEM fuel
cells even when using pure H,/O; gas. Yang et al. [40] successfully synthesized
N, S co-doped multi-walled carbon nanotubes rich with edge defects by controlled
nanoscale cutting techniques. The study found that carbon catalysts with higher edge
content exhibited superior ORR catalytic activity. The edge sites provided anchoring
points for heteroatoms, accelerating ORR kinetics. Sun et al. [41] first synthesized
F-doped carbon black (CB-F) for ORR, with ORR performance comparable to Pt/C,
but at a significantly lower cost around ten thousand times cheaper than Pt or other
materials and with abundant availability, suggesting potential for commercial appli-
cations. These findings highlight that in practical PEM fuel cells, carbon-based non-
metal catalysts can serve as low-cost, efficient, and durable ORR catalysts, holding
substantial market potential.

3.3 Water Splitting for Producing Hydrogen

Water splitting is an effective method for hydrogen production in the future, involving
the cathodic hydrogen evolution reaction (HER) and the anodic OER. To mitigate
the overpotential of electrode reactions and accelerate reaction rates, the utilization
of electrocatalysts is crucial. Precious metals like Pt, Ir, and Ru serve as excellent
electrolysis catalysts, but their high cost and limited availability hinder widespread
practical application. In recent years, CNMs have shown significant potential as
electrocatalysts. Heteroatoms such as N, B, P, and S can effectively modulate the
electronic and chemical properties of carbon materials.

Dai et al. [42] harnessed the characteristics of polydopamine to synthesize N, S
co-doped multi-walled carbon nanotubes (N, S-CNT) for use as catalysts for water
electrolysis. In this process, dopamine underwent polymerization under alkaline
conditions to form polydopamine, which adhered to the CNTs. Subsequently, sulfur
was introduced into the polydopamine through a sulfur addition reaction, resulting
in the formation of N, S-CNT upon high-temperature treatment. Electrochemical
tests revealed that the overpotentials for hydrogen evolution and oxygen evolution
reactions were 0.45 V and 0.36 V at a current density of 10 mA cm™2, respectively.
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Theoretical calculations indicated that the N, S co-doping induced spin density vari-
ations in carbon atoms, promoting the adsorption of intermediates during the water
electrolysis process. Additionally, Qiao et al. [43] demonstrated by theoretical calcu-
lations of the free energy distribution of HER on different co-doped graphene sheets
that co-doping of the two elements with the largest electronegativity difference (e.g.,
N and P) resulted in the highest HER activity. For carbon catalysts doped with N/S, N/
P, and N/B separately, the catalytic activity is largely dependent on the electronically
active surface area (EASA). In addition, the enhanced charge density of S-doped
carbon atoms can stabilize H* intermediates on N/S co-doped carbon of HER. Li
et al. [44] put forward a spontaneous gas-foaming strategy to synthesize N-doped
ultrathin carbon nanosheets (NCNs) through simple one-step carbonization of citric
acid and NH4CI. At the optimal pyrolysis temperature (carbonization at 1000 °C)
and precursor mass ratio (1:1), the synthesized sample of NCN-1000-5 exhibits an
ultrathin lamellar structure, an ultrahigh specific surface area (1793 m? g~!)) and an
abundance of edge defects. It shows superior ORR activity (onset potential), even
better than that of commercial Pt/C, and the E,n; and measured potentials in the
alkaline electrolyte at a current density of 10 mA cm~2 are 1.55 and 1.64 V, respec-
tively, slightly lower than that of IrO, (1.48 V and 1.59 V) but comparable to that of
many of OER advanced catalysts. Moreover, it is also highly active and stable against
HER in acidic media, having almost the same positive Eonset as Pt/C (0.03 V), and
at a current density of 10 mA cm~2, the NCN-1000-5 (0.09 V) obtains a potential
that is only 51 mV more negative than that of Pt/C. DFT calculations revealed that
the intrinsically active sites of ORR, OER, and HER are carbon atoms located at the
edge of the armchair and adjacent to the graphite N dopant.

3.4 CO; Reduction Reactions

Carbon-based catalyst materials exhibit excellent catalytic performance closely asso-
ciated with heteroatom doping. For instance, the introduction of N into carbon-based
materials can show excellent electrical conductivity and more active sites. There-
fore, the preparation of doped carbon-based catalysts has been an important research
direction in the field of CO, electrochemical reduction. Zheng et al. [45] obtained
N-doped carbon materials enriched with pyrrole-type nitrogen by selectively etching
pyridine-type and graphite-type nitrogen in N-doped carbon nanotubes using high-
temperature water vapor etching. Through the high-temperature steam treatment, the
proportion of pyrrole-type nitrogen increased from 22.1% before treatment to 55.9%.
The catalytic system exhibited a maximum selectivity of 88% for CO production
during CO; reduction reaction (CO,RR) at —0.5 V versus RHE. Wang et al. [46]
synthesized F-doped carbon (FC) catalyst by thermally decomposing a commercial
BP 2000 mixed with polytetrafluoroethylene as the fluorine source. The FC catalyst
exhibited a maximum Faradaic efficiency of 90% at a low overpotential of —0.51 V
and a small Tafel slope of 81 mV dec™!. The partial current density of H, on FC was
lower than that on pristine carbon, indicating the suppression of the HER by F doping
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into the carbon lattice. Experimental measurements and DFT calculations showed
that F doping can modulate the electronic cloud structure of carbon atoms, increase
the number of active sites in carbon materials, enhance their adsorption capacity for
COOH¥* intermediates, and suppress the adsorption of HER intermediates, signif-
icantly enhancing the electrocatalytic performance for CO,RR. Furthermore, the
CO, decomposition cell equipped with FC achieved a solar-to-chemical efficiency
of 13.6%.

Han et al. [47] synthesized N, P co-doped carbon aerogel (NPCA) capable of
reducing CO, to CO. The Faradaic efficiency of NPCA can reach 99.1%, with a
partial current density of —143.6 mA cm~2. NPCA exhibits higher electrochemical
active surface area and overall electronic conductivity compared to N- or P-doped
carbon aerogels, enabling efficient electron transfer for the reduction of CO; to its
free radical anion or other key intermediates. The theoretical calculations revealed
that the pyridine-N species exhibited high activity for CO, reduction to CO, while the
co-doping of P and N significantly suppressed the HER, thus enabling high current
densities and Faradaic efficiency. Despite numerous recent studies on CO,RR, the
reaction mechanism and nature of active sites in heteroatom-doped carbon catalysts
remain unclear. Employing a combined experimental and theoretical approach is
crucial to gaining a deeper understanding and better catalyst design principles for
optimizing CO,RR. In this context, metal-free doped carbon deserves further explo-
ration to improve our understanding of complex electrocatalytic processes and to
facilitate the development of efficient carbon-based catalysts for CO, reduction.

3.5 N, Reduction Reaction

Electrocatalytic nitrogen reduction reaction has attracted research attention as one of
the alternative methods to the Haber-borsch process. However, most catalysts face
the dilemma of low efficiency of NHj synthesis. The introduction of heteroatoms
into carbon materials to distort their structure and increase the positive charge
density on neighboring carbon atoms can endow them with excellent NRR catalytic
performance.

Zeng et al. [48] fabricated F-doped carbon materials by pyrolysis of a mixture
of UiO-66 and poly(tetrafluoroethylene), and introduced F atoms into a three-
dimensional porous carbon skeleton. Because of the different electronegativity of
F (3.98) and C (2.55) atoms, Lewis acid sites are easily formed between F and C
atoms, and the repulsive effect of Lewis acid sites with proton H inhibits the electro-
catalytic hydrogen production process, thereby enhancing the pathway of selective
reduction of NH3 by Nj. Electrochemical tests indicated that the F-doped carbon had
a product content as high as 54.8% at —0.2 V, which is three times higher than that
of the pristine carbon skeleton, and its NH; yield reached 197.7 ugnys mg~! h=! at
—0.3 V (RHE). Subsequently, the Cl-doped reduced graphene (CI-RGO) is synthe-
sized by Zhu et al. [49] The CI-RGO achieves a high NHj yield of 70.9 ugnus
mg~! h~! at —0.3 V (RHE) with a Faraday efficiency of 5.97%. Experimental and
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theoretical calculations indicate that Cl doping facilitates the enhancement of N,
adsorption in the defective structure, and the electronegativity of chlorine can cause
the electron redistribution of adjacent carbon atoms, which is favorable to NRR. The
strong electron affinity of the B atom can act as a Lewis acid site to capture the lone
pair of electrons in nitrogen and activate the inert N, molecule. In this, Du et al. [50]
fabricated B-doped carbon materials including B-doped carbon fibers (B/CNFs), P, B
co-doped carbon fibers (P-B/CNFs), and S, B co-doped carbon fibers (S-B/CNTs) by
electrostatic spinning process and chemical vapor deposition method. Electrochem-
ical tests showed that S-B/CNTs exhibited Faraday efficiency up to 22.4% and NHj
yield of 0.22 umol~! h™! em™2 in 0.5 M K,SOj electrolyte at —0.7 V. Furthermore,
the catalysts exhibited excellent catalytic stability. Theoretical calculations show that
S doping leads to a change in the center of the Pz orbital of B, which facilitates the
adsorption of N, at the S-C-B site and lowers the energy barrier for the formation of
*NNH by protonation in the first step.

4 Conclusions and Perspectives

The core of green and renewable energy technologies, such as fuel cells, metal-air
batteries, water splitting, and chemical conversion, is crucial for achieving global
carbon neutrality. Until now, noble metals such as Pt, Ir, Ru, and Pd have been
reported as highly efficient electrocatalysts. However, the high cost and scarcity of
these precious metals hinder the commercialization of renewable energy technolo-
gies. CNMs have been widely studied in the field of energy conversion and storage
due to multiple advantages such as low cost, high electronic conductivity, morpho-
logical and structural tunability, and strong tolerance to acidic/alkaline media as a
metal alternative for efficient metal-free catalysis. By controlling the content and
types of heteroatom precursors, CNMs can generate various coexisting active sites
for multiple catalytic functions. These significant advantages have led to the develop-
ment of multifunctional CNMs capable of simultaneously catalyzing different elec-
trochemical reactions, such as ORR, OER, HER, NRR, and CO,RR. Their catalysis
performance can be further improved by rationally designing the carbon structure as
well as the physicochemical defects in the carbon lattice and edges.

Despite the encouraging progress achieved so far, there is still a lack of funda-
mental understanding of the doping effects and structural diversity of such carbon
catalysts, particularly in terms of the molecular structure of the active center (e.g.,
dopant type, position, distribution) and the specific doping effects that control the
electrocatalytic reaction. While DFT calculations can provide a basic theoretical
foundation for the working mechanisms of dopants, there still exists a significant
gap between current theoretical models and practical systems. Elucidation of the
factors controlling the electrochemical behavior of catalytic active centers in CNMs
poses a temporary challenge, but in the meantime opportunities for precise control
and guidance of catalytic activity through active center modification and interfa-
cial functionalization. Furthermore, the catalysis performance of CNMs needs to
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be further enhanced to meet the requirements of industrial applications. Through
continued research efforts, we believe that CNMs will achieve commercial success
and surpass metal-based catalysts in the competitive renewable energy technology
market.
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Abstract The utilization of electrochemical conversion and energy storage has
become feasible in tackling the growing concerns related to energy and environ-
ment. One of the primary challenges in the practical application of these devices
is the sluggishness of their reaction kinetics. There should be a heightened focus
on examining electrocatalysts that exhibit superior efficiency and enhance kinetics
rate. Graphene is one of the most extensively researched electrode materials for
electrochemical applications among advanced nanomaterials. The incorporation of
graphene with nanomaterials can make it easier to take advantage of the material’s
inherent features. Particularly, graphene and graphene derivatives have been utilized
as templates for the synthesis of numerous noble-metal nanocomposites, which have
demonstrated exceptional performance in electrocatalytic applications, such as the
sensors, ORR, OER, HER, CO,RR, SCs, and so on. In this chapter, we under-
take an examination of the progress made in the development of graphene and its
composites-based electrodes for the electrocatalytic field.

Keywords Electrocatalyst - Carbon-based materials - Graphene - Sensors -
Biosensors

1 Introduction

The global community is confronted with a pressing concern known as the energy
crisis, which has emerged as a significant challenge due to the exponential increase
in energy use and the gradual exhaustion of traditional energy equipment [1, 2].
Electricity, which is the most extensively utilized energy source, is predominantly
generated by the combustion of fossil fuels such as petroleum, coal, and natural gas.

T. R. Adriani - A. A. Ensafi ()
Department of Chemistry, Isfahan University of Technology, 84156-83111 Isfahan, Iran
e-mail: ensafi @iut.ac.ir; aensafi@uark.edu

A. A. Ensafi
Department of Chemistry & Biochemistry, University of Arkansas, Fayetteville, AR 72701, USA

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 179
R. K. Gupta (ed.), NanoCarbon: A Wonder Material for Energy Applications,
Engineering Materials, https://doi.org/10.1007/978-981-99-9935-4_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-9935-4_10&domain=pdf
mailto:ensafi@iut.ac.ir
mailto:aensafi@uark.edu
https://doi.org/10.1007/978-981-99-9935-4_10

180 T. R. Adriani and A. A. Ensafi

The combustion of fossil fuels results in the generation of substantial quantities of
toxic gases, which contribute to the pollution of marine ecosystems and food webs,
in addition to the emission of carbon dioxide that influences climate change [3].
Electrocatalyst active sites can be employed to mitigate excessive electrical energy
consumption. This technology holds significant promise in addressing our impending
energy demands and mitigating the challenges posed by climate change.

Electrocatalysts play a vital role in facilitating the efficient conversion between
electrical and chemical energies, thereby enabling the implementation of water,
carbon, and nitrogen cycles dependent on renewable energy sources. The desired
electrocatalysts should exhibit exceptional performance in terms of activity, stability,
and product selectivity, while simultaneously reducing or eliminating the reliance
on precious metals [4]. At least three factors should be met at the same time by
the catalytically active sites of desirable electrocatalysts. (I) It is imperative that the
catalysts possess a substantial level of intrinsic activity. (ii) The catalysts must have a
significant density on their surfaces. (iii) The catalysts should be readily accessible to
molecules participating in the reaction. The advantages stem from the fact that elec-
trocatalytic processes can be used to transform surplus and off-peak electricity into
chemical bonds in molecules. This opens several potential commercial opportunities.

Some surface sites contribute to catalyst activity, known as catalytic active sites.
Determining catalytic sites is of great significance in furthering our understanding of
electrocatalytic reactions and promoting the advancement of improved electrocata-
lysts. The usual approach utilized for the identification of active sites in heterogeneous
catalysts entails the production of catalysts with various sizes, employing the scan-
ning transmission electron microscopy (STEM) analysis. There exists a clear corre-
lation between the dimensions of catalyst particles and the number of corners and
edges they possess, which subsequently impacts their catalytic activity [5]. Porous
electrocatalysts are a significant category of materials that exhibit a variety of prop-
erties that enable efficient electrocatalysis. The presence of carbon-based materials
(CBMs) can lead to the formation of electrocatalytic active sites, owing to their
inherent properties. The objective is accomplished through the manipulation of the
charge distribution and spin density of neighboring CBMs, as well as the optimiza-
tion of their adsorption and desorption properties concerning essential intermediate
species. The utilization of defect engineering can be employed as a strategy to acti-
vate the m electrons present in undoped CBMs, thus leading to the generation of
active sites that facilitate electrocatalysis.

Recent studies have further confirmed the importance of dopant-induced and
intrinsic defect sites in CBMs concerning their electrocatalytic activity. To date, a
variety of SACs including, platinum (Pt), palladium (Pd), ruthenium (Ru), iridium
(Ir), molybdenum (Mo), and iron (Fe), have been successfully prepared to facilitate
a wide range of electrochemical reactions. The main cause of this phenomenon
can be ascribed to the unique characteristic of metal atoms that exist in isolation
at the atomic scale, frequently attached to supporting materials. Recently, single-
atom catalysts (SACs)-based CBMs have emerged as highly promising materials for
electrocatalysis in a diverse array of applications.
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The establishment of effective coordination between metal atoms and support
materials, such as CBMs, has the potential to generate electrocatalytically active
sites exhibiting significant levels of activity. These catalysts’ high electro-catalytic
activity is often due to their strong metal-support interactions. These interactions
change the local coordination environment, regulate metal atom-support material
electronic transfer, and increase reaction intermediate chemisorption energies.

CBMs, like carbon quantum dots (CQDs), nanowires, nanotubes ((CNTs) (multi-
wall carbon nanotubes (MWNTs)), single-wall carbon nanotubes (SWCNTs), fibers,
and graphene, graphene oxide (GO) are predicted to play crucial roles in overcoming
obstacles and making advances in catalysis process. The fundamental cause of this
phenomenon can be attributed to their distinct composition and inherent charac-
teristics, which include large specific surface area, electrochemical and chemical
inertness, and good biocompatibility, on the other hand, straightforward synthesis
procedures have boosted research in life science, energy, and environmental domains.
Graphene, an up-and-coming star in the fields of material science and technology,
is speculated to be capable of resolving a wide variety of critical problems. It
has been demonstrated that graphene possesses a substantial variety of fascinating
features, some examples of which are as follows: charge transport mobility (~10,000
cm? V~! s71), excellent chemical stability (~1.0 TPa), and huge specific surface area.
In addition, given its exceptional mechanical strength and flexibility, outstanding
thermal and electrical conductivity (~5000 Wm~! K~1), optical transparency (~97%),
and remarkable electronic characteristics [6].

The electrical characteristics of graphene exhibit variations based on the number
of layers and the relative arrangement of atoms in neighboring layers, often known as
stacking order. Double-layer graphene can have a stacking order of AA (atoms on top
of each other) or AB (second layer atoms on top of first layer hexagon center). Several
techniques have been devised for the synthesis of this promising graphene material,
including the Hummers method, chemical vapor deposition (CVD), direct liquid
exfoliation, and others [7, 8]. From the perspective of condensed matter physics,
graphene is composed of carbon atoms bound together through sp, hybridization of
their atomic orbitals, specifically s, px, and py orbitals. This hybridization results
in the formation of three robust ¢ bonds between each carbon atom and its three
neighboring atoms.

Graphene can be divided into two-dimensional (2D) and three-dimensional (3D)
materials, with carbon atoms arranged in a honeycomb-like hexagonal lattice [6].
Specifically, the design of 3D graphene that is formed through the assembly of 2D
has significant attention has been drawn to 3D graphene due to its unique features
and ability to retain 2D graphene properties. Some notable characteristics of this 3D
material include the ability to modify pore shapes, high mechanical strength, and
exceptional electronic conductivity. Based on these fascinating characteristics, 3D
graphene as a catalyst or electrocatalyst support has already met a number of the
prerequisites for consideration as an advanced catalyst process, which contributes
more to the improvement of catalytic performance. It should be noted that the 3D
confinement of electrocatalytic components graphene stabilizes catalytic active sites.
In addition to the described here, the use of 3D graphene offers catalysis benefits:
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(i) 3D graphene modified with functional groups such as -NH,, -COOH, and -OH
directly contributes to catalysis. (ii) The utilization of defect-related or heteroatom-
doped 3D graphene has demonstrated commendable efficacy in catalytic reactions,
particularly in the domain of electrocatalysis. (iii) 3D graphene is widely recognized
as a substrate that enhances catalytic functions, including metal oxides, phosphides,
chalcogenides, and nitrides. (iv) The utilization of 3D graphene has been seen to serve
as cocatalysts to enhance the efficiency of photocatalytic reactions. For modifying
graphene’s electronic/optical properties, heteroatom doping is a simple method for
creating n-type, p-type, or hybrid graphene. Similar variations are also observed in
other parameters, such as thermal conductivity and thermal expansion. The incorpo-
ration of foreign elements such as nitrogen (N), boron (B), and sulfur (S) into support
materials has been shown to enhance their electrical properties and catalytic perfor-
mance [9, 10]. Carbon materials have been widely utilized as support materials to
stabilize single-metal catalytic sites, owing to their numerous significant advantages.
Vital progress has been made in the past decade regarding the application of graphene-
based electrocatalyst materials in various electrochemical reactions. These reactions
include the solar cells (SCs), oxygen reduction reaction (ORR), hydrogen evolution
reaction (HER), oxygen reduction reaction (ORR), carbon dioxide reduction reac-
tion (CO,RR), and oxygen evolution reaction (OER), supercapacitors, sensors, and
biosensors (Fig. 1).

2 Application

2.1 Solar Cells

Fossil fuels possess the characteristic of being non-renewable resources, with their
reserves undergoing depletion at a rate that surpasses the discovery or creation of
new reserves. The advancement of clean and sustainable energy sources is crucial to
address the continuously growing global energy needs resulting from rapid economic
growth and the expanding world population. At present, there is a significant focus on
the extensive investigation of emerging technologies for energy conversions, such as
SCs and fuel cells, as well as energy storage, including super-capacitors. The perfor-
mance of these devices is heavily influenced by the materials utilized. Several elec-
trocatalysts exhibiting specific nanostructures and significant surface/interface areas
have been successfully synthesized for utilization in energy-related devices. CBMs
have been significant in driving industrial and technical progress since the onset of
the previous century. In contrast to conventional energy materials, carbon nanostruc-
tures demonstrate distinctive features that are influenced by their size and surface
characteristics. These qualities, which include morphological, electrical, optical, and
mechanical attributes, contribute to the improved performance of energy conversion
processes. In recent times, significant endeavors have been undertaken to explore
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Fig. 1 Electrocatalysts application of graphene

the potential applications of graphene in energy-related devices and enhance their
efficiency, processability, stability, and cost-effectiveness.

There is a projected demand for the global energy supply to undergo a twofold
increase by the year 2050. In typical photovoltaic cells, inorganic semiconductors
like amorphous silicon, gallium arsenide, and sulfide salts are commonly utilized to
directly produce free electrons and holes from photon absorption. Although (semi-
conductor [II-V) inorganic multijunction SCs have achieved over 40% power conver-
sion efficiency (PCE) in the lab. Their widespread use is limited due to challenges
in modifying their bandgap and high costs associated with elaborate fabrication
processes at elevated temperatures and vacuum [11]. The cost of inorganic SCs
remains prohibitively high in comparison to conventional grid electricity, hindering
their competitiveness. Dye-sensitized solar cells (DSSCs) are a new subtype of
photovoltaic cells that employ a sensitizer molecule, typically in the form of dye
molecules, to convert sunlight into electrical energy. The most current reported peak
PCE achieved for a DSSC stands at 12.3%. Even though DSSCs now exhibit lower
efficiency compared to silicon SCs, their affordability and straightforward manu-
facturing process have rendered them highly appealing for “low-density” purposes,
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such as rooftop solar collectors. As elucidated in this section, graphene has been
employed in nearly all constituents of a DSSC. Given the inherent properties of great
transparency and excellent conductivity exhibited by graphene, numerous research
groups have utilized graphene as a transparent cathode in DSSCs.

Claudia et al. directed their attention on examining the technical viability of
utilizing graphene synthesized through CVD as a potential substitute for tin oxides
inside the photoanode component of DSSCs. This study represented the pioneering
utilization of graphene as the photoanode transparent conductor in a tin oxide-free
DSSC, where ZnO serves as the mesoporous semiconductor. The superior optical
transparency exhibited by graphene led to the generation of higher open circuit
voltage and short circuit current density compared to devices utilizing FTO [12].

The utilization of organic or polymer materials as alternative ways has
garnered significant interest due to their advantageous characteristics such as cost-
effectiveness, lightweight nature, flexibility, and capacity to be processed. Unlike
inorganic SCs, conjugated polymers with graphene commonly form bound elec-
tron—hole pairs termed excitons during photon absorption at ambient temperature.
Active layers in polymer solar cells (PSCs) are often a mixture of donor and acceptor
materials that are sandwiched between a cathode and an anode [13].

Fei Pan et al. fabricated a solution-processable n-doped graphene cathode inter-
facial material (CIM) PDINO-G was formulated for organic solar cells (OSCs)
through the incorporation of graphene into the conventional PDINO ((N, N-dimethyl-
ammonium N-oxide) propyl perylene di imide) material. PDINO-G CIM with n-
doping exhibited enhanced conductivity, decreased work function, diminished charge
recombination, and augmented charge extraction rate. The impact of the charge injec-
tion material (CIM) on the photovoltaic efficiency of organic solar cells (OSCs) was
investigated using a photovoltaic model system consisting of PTQ10 as the donor
and IDIC-2F as the acceptor. The organic solar cells (OSCs) utilizing PTQ 10: IDIC-
2F with PDINO-G CIM exhibited the highest power conversion efficiency (PCE) of
13.01%. This PCE was notably improved compared to the devices lacking graphene
modification on the PDINO CIM, which achieved a PCE of 12.23% [14]. During
illumination, photoinduced charge transfer between donor and acceptor generates
electrons and holes, which travel to and are collected by the cathode and anode. To
enhance the efficiency of charge collection by the electrodes, it is common practice
in perovskite solar cells (PSCs) to incorporate an electron extraction layer between
the cathode and the active layer, as well as a hole-extraction layer between the
anode and the active layer. The most popular transparent electrode in PSCs, indium
tin oxide (ITO), has several drawbacks including its high production cost and its
fragility. Another disadvantage of using ITO electrodes is the limited amount of
indium in nature. To investigate their involvement in PSCs, nitrogen and sulfur func-
tionalized GQDs were produced using a hydrothermal technique. These GQDs were
subsequently employed to modulate the interfacial characteristics of all-inorganic
CsPbIBr, PSC. The highest possible efficiency of carbon-electrode-based the highest
possible CsPbIBr, PSCs with excellent long-term stability is achieved through the
interaction between GQDs and under-coordinated Pb?* ions, based on Lewis’s acid—
base chemistry. This interaction effectively reduces the detrimental non-radiative
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recombination, particularly for functionalized GQDs-tailored PSCs. As a result, the
efficiency of these PSCs reaches 9.80% [15].

2.2 Cathodic Reaction: ORR, HER, ECR

The cathode catalyst, which is involved in the ORR and HER is a crucial component
in both fuel cells and metal-air batteries, as it significantly influences their perfor-
mance. Efficiency in transforming chemical energy into electrical energy is one of
the performance characteristics of energy devices. The factors that are commonly
considered in evaluating the performance of a system include energy efficiency,
cycling life, kinetic reaction, and other relevant parameters. The effective conver-
sion of molecular oxygen (O;) to water (H,O) plays a pivotal role in various energy
systems, encompassing essential biological processes such as respiration and photo-
synthesis, as well as developing energy technologies. This section presents a short
overview of the fundamental aspects of the ORR, encompassing mechanism and
catalytic materials. The process of ORR can occur in two pathways. The first is a
four-electron process where oxygen interacts directly with electrons and protons to
produce water. The second is a less efficient two-step, two-electron approach that
involves the formation of hydrogen peroxide ions as an intermediary. The ORR would
exhibit a sluggish rate in the absence of a catalyst at the cathode [16].

Pt nanoparticles (NPs) have historically been recognized as the most effective
catalyst for the ORR. However, electrodes based on Pt are prone to time-dependent
drift and deactivation caused by carbon monoxide (CO). The exorbitant expense
associated with Pt catalysts poses a significant barrier to the widespread adoption
of fuel cells in commercial settings. Recently, there has been a significant surge in
research endeavors aimed at mitigating or substituting Pt-based electrodes in ORR.
To enhance the effectiveness and productivity of Pt catalysts, a commonly employed
strategy involves the immobilization of Pt constituents onto a cost-effective and
highly conductive substrate. CBMs, specifically graphene, are extensively employed
as a carbon substrate for Pt catalysts due to their notable attributes of possessing a
large surface area and being economically advantageous. The researchers from the
Xin Tong group investigated three different categories of graphene materials, which
were utilized as support materials for immobilizing Pt through a wet impregnation
technique. The superior ORR performance found in this study can be due to the
decreased size and minimized aggregation of Pt NPs that are immobilized on the
graphene sheets. This process led to the fabrication of catalysts known as Pt/graphene
catalysts.

The influence of the composition of supporting materials on catalytic performance
was examined and elucidated through the utilization of DFT simulation. The surface
characteristics of graphene materials have the potential to influence both the size and
distribution of Pt on the surface, as well as alter the electrical structure of Pt [17].
Seonghee Kim’s group investigated the utilization of a pyridinic-N doped few-layer
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graphene material that encapsulates a cobalt catalyst (Co-N/C) as a promising elec-
trocatalyst for rechargeable seawater batteries (SWBs), as shown in (Fig. 2). The
presence of Cl~ ions on the metal surface has been observed to have a detrimental
effect on the catalytic activity, resulting in a decrease in reaction kinetics. This is
attributed to the interference caused by Cl~ ions in the cleavage of O—O bonds
during the oxygen reduction reaction (ORR), thereby altering the reaction mecha-
nism from a 4-electron process to a 2-electron process. This study represents the
inaugural utilization of a meticulously designed interface dipole moment in cobalt-
graphene heterojunctions to impede the ingress of negatively charged chloride ions
through Coulombic repulsion. In the experimental investigation, it was shown that
the catalytic activity of a certain configuration of N-doped graphene-encapsulated
cobalt (Co 4 mmol-N/C) with several layers exhibited exceptional performance in
both alkaline and seawater environments [18]. The performance of catalyst is typi-
cally influenced by ion transport. Therefore, an optimal catalyst for ORR in seawater
should possess both corrosion resistance and high activity. This can be achieved
by repelling chloride ions (CI1™) and attracting hydrogen ions (H*) to its surface.
Furthermore, theory and experimental research have shown that heteroatom-doped
graphene nanomaterials, like those doped with nitrogen, can change their electronic
properties and chemical reactivity. Also, these nanomaterials that have been doped
can have new functions. So, they are seen as a very hopeful group of electrocatalysts
for ORR that don’t use noble metals.

Joseph H. Dumont et al. have conducted a study whereby they have success-
fully synthesized catalysts composed of nitrogen-doped GO. These catalysts exhibit
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Fig. 2 Illustration of the conversion of pyridinic-N to pyrrolic-N in Co 4 mmol-N/C after cycling
test. Adapted with permission [20], Copyright (2022), Elsevier
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increased activity and four-electron selectivity for the ORR, achieved through the
implementation of the simplest solvent and electrochemical treatments. The selection
of solvents, guided by Hansen’s solubility parameters, significantly influences the
morphological characteristics of functionalized graphene materials. This influence
is observed through two main mechanisms: (i) the creation of microporous voids in
the graphitic sheets, resulting in the formation of edge defects, and (ii) the induction
of a 3D structure within the graphitic sheets, which enhances the ORR. The experi-
ment revealed a significant level of ORR activity in an alkaline electrolyte. The ORR
activity commenced at an onset potential of around 1.1 V and reached a half-wave
potential of 0.84 V compared to the reversible hydrogen electrode (RHE). In addi-
tion, the results of long-term stability potential cycling experiments demonstrated a
little decrease in the half-wave potential (<3%) for both N,- and O,-saturated solu-
tions. Moreover, the selectivity towards the four-electron reduction was enhanced
after 10,000 cycles [19].

The HER is a notable electrocatalytic process that takes place at the cathode of
electrolyzes employed in the process of water splitting. The process is of utmost
importance in facilitating the generation of hydrogen gas (H,) through the utiliza-
tion of water. Two distinct reaction pathways lead to the HER, known as the Volmer-
Tafel mechanism and the Volmer-Heyrovsky mechanism. The determination of the
possible reaction way and rate-determining step (RDS) at an active site can be
achieved by the application of experimental Tafel slope analysis [20]. The general
rate of the HER reaction depends considerably on how well the adsorbed H* species
bind to the surface. According to the Sabatier principle, an effective catalyst for the
hydrogen evolution reaction (HER) should have weak binding interactions between
the hydrogen species (H*) and its active sites. In recent years, significant progress
has been achieved in the development of alternative electrocatalysts that do not rely
heavily on Pt or contain reduced levels of Pt [21].

Numerous breakthroughs in this field have been achieved using knowledge about
active sites and reaction mechanisms of HER on various catalysts. Graphene-based
catalysts have exhibited superior environmental compatibility in terms of reduced
heavy metal contamination and cost-effectiveness, as compared to conventional cata-
lysts [22, 23]. Graphene-based catalysts commonly demonstrate four fundamental
structural advantages in the context of the HER: (I) Efficient delivery of electrolytes
to the active sites is facilitated by a significant surface area. (I) A significant level of
electrical conductivity is necessary to provide rapid catalytic reaction kinetics. (III)
Graphene-based catalyst exhibits a notable degree of chemical stability, enabling
its structural integrity to be maintained even under the harsh conditions encoun-
tered during electrocatalysis. (IV) The presence of oxygen-containing groups in
GO contributes to its improved dispersibility in different solvents. Additionally,
these groups can establish chemical interactions with other materials, leading to
the formation of desirable designs characterized by high conductivity and stability.

The incorporation of metal NPs and alloys with graphene is facilitated by
the exceptional electrical conductivities, robust mechanical strengths, and efficient
charge transfer that occurs between the catalyst and graphene material. The elec-
trochemical features of graphene-based catalysts can be modified effectively by
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different methods such as doping with heteroatom. Doping can be accomplished
through two methods: carbonization of heteroatom-enriched compounds in an inert
atmosphere, or post-treatment involving the use of toxic gases. Nitrogen as a dopant
has garnered attention. In their groundbreaking study, Wenxin Li et al. successfully
synthesized a novel core shell structure known as NiSe, @nitrogen-doped graphene
(NiSe, @NG). This structure consists of NiSe, NPs that are enclosed within ultra-
thin graphene shells, which have been doped with nitrogen. The graphene shells are
generated from a Ni-based metal—organic framework. In both alkaline and acidic
conditions, the hybrid has a relatively low onset potential of —163 mV (or —171 mV)
compared to the RHE. Additionally, it demonstrates a minor overpotential of 201 mV
(or 248 mV) vs. RHE at a current density of —10 mA cm™2. Notably, it possesses
a low Tafel slope of 36.1 mV dec™! (or 74.2 mV dec™!). The exceptional catalytic
performance of the hybrid can be ascribed to its distinctive core—shell structure. This
architecture not only enhances conductivity and generates a multitude of active sites
to boost electrocatalytic activity, but also ensures the chemical and structural stability
of the NiSe, core, thereby enhancing the overall stability of the electrocatalyst [24].

Mohd. Khalid et al. have reported a method for the simultaneous electro-reduction
of GO, ruthenium chloride, and gold chloride precursors in a single step. This
method does not require any pre- or post-mechanical, hydrothermal, or carbonization
processes. The objective of this study was to prepare a homogeneous structure by
anchoring ruthenium (Ru) and gold (Au) NPs onto RGO, which serves as an efficient
electrocatalyst for the HER. The Ru Au-RGO catalyst has remarkable HER activity,
as evidenced by an overpotential of 56 mV at a current density of 10 mA cm~2 [25].

In the future decades, fossil fuels will probably remain the predominant energy
source. The inordinate consumption and subsequent emissions of carbon dioxide
(CO,) have resulted in significant challenges relating to resources, the environ-
ment, and climate change, also known as global warming [26]. The utilization of
direct electrochemical CO; reduction (ECR) for the production of fuels and chem-
ical substrates, such as hydrocarbons, shows potential as an early-stage technique
to mitigate the adverse effects and decrease the atmospheric CO, concentration.
Graphene is commonly used as a support for active phases (NPs or nanosheets) due
to its large accessible surface areas and high conductivity. It has been discovered
that the incorporation of metallic species (such as Ni, Fe, Co, Zn, Mn, Ru, Rh, Ir,
Os, Ag, Cu, and Pt) into graphene significantly enhances the electrocatalytic activity
of CO, redaction. In this study, Tooba et al. reported a highly effective electrocat-
alyst composed of copper (Cu) and tin (Sn) supported on nitrogen-doped graphene
(NG). This catalyst demonstrates remarkable performance in the reduction of carbon
dioxide (CO;) across a broad range of potentials. The CuSn alloy NPs were synthe-
sized on a substrate of NG using a hydrothermal approach to achieve a homogeneous
distribution of the alloy nanoparticles. The electrocatalytic reduction of CO; into C1
products was conducted using a CuSn NP catalyst with a Cu/Sn ratio of 0.175. The
catalyst exhibited a high faradaic efficiency (FE) of around 93% at an overpotential of
1.0 V versus RHE. This efficiency was significantly greater than that observed for the
individual Cu and Sn catalysts, which were 32% and 58%, respectively. This study
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describes a novel approach that employs inexpensive non-noble metals as electrocat-
alysts with exceptional efficiency for the reduction of CO, in aquatic environments
[27].

2.3 Anodic Reaction: OER

The current leading approach to produce hydrogen is the process of water splitting.
The crucial complementary reaction for these processes is the OER, which entails
the production of oxygen at the anode. The reaction kinetics of OER are inherently
slow due to the involvement of many proton-coupled electron transfer stages. To
overcome this limitation, an efficient electrocatalyst is necessary to enhance the pace
of the reaction. The electro-oxidation chemical reactions that occur in acidic and
alkaline environments exhibit minor variations due to the involvement of different
reactive species [28]. In acidic settings, the reactive species involved is H,O, while
in alkaline conditions, it is OH™.

To establish design principles for OER catalysts that exhibit improved activity and
stability, it is crucial to undertake thorough mechanistic investigations on the surfaces
of the catalysts, regardless of the operational conditions in which OER electrocat-
alysts are utilized. The RDS can be assessed by analyzing the Tafel slope derived
from the polarization curve. There is a prevailing pattern wherein the latter stage
of the reaction induces a heightened transfer coefficient, subsequently resulting in a
diminished Tafel slope and accelerated kinetics. The correlation between the activity
and stability of OER catalysts poses a challenge. Typically, materials that possess
enhanced catalytic activity for the OER tend to display heightened susceptibility to
surface structural instability during OER, which frequently leads to the dissolution
of cations. Graphene and related materials have the potential to enhance the stability
of these catalysts.

In 2023, Ibrahim Khan et al., present the development of water-splitting elec-
trodes that are both self-supported and exhibit long-term stability. As can be seen
clearly in Fig. 3, this is achieved through the decorating of NPs onto a 3D porous
structure known as laser-induced graphene (3D-LIG). The 3D-LIG electrodes are
uniformly decorated with CuO and Pt NPs by an electrochemical technique that does
not require the use of binders. The electrodes are subjected to individual analysis to
determine their long-term performance in terms of OER and HER activities. This
paper shows such a design, HER reaction on Cu-3D-LIG paired with OER reaction
over Pt-3D-LIG. The 3D-LIG has a porous and wrinkled architecture, which results
in a significant increase in surface area. This unique structure also promotes the
easy flow of electrolytes via the channels. The electrodes demonstrate exceptional
electrochemical durability when subjected to demanding alkaline conditions [29].

An electrocatalytic OER process of tri-metal atoms (Ni, Fe, Co) embedded
nitrogen-doped graphene monolayer and coordinated with pyridine nitrogen atoms
was investigated by Chen Ma et al. The objective of this study is to evaluate the
stability of dual-metal and tri-metal sites and to quantitatively analyze the charge
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Fig. 3 Schematic image of the process of fabricating a three-dimensional laser-induced graphene
(3D-LIG) electrode. Adapted with permission [30], Copyright (2023), Elsevier

redistribution of doped structures by the utilization of Bader charge analysis. The
aforementioned discoveries provided significant insight into the relationship between
metal-active sites and catalytic activity. [30].

2.4 Energy Storage Device: Supercapacitors

Supercapacitors (SCs) have substantial potential in facilitating the conversion and
storage of electrochemical energy. SCs are electrochemical instruments that possess
the ability to store energy and subsequently discharge it with notable power capacity
and elevated current density within a brief temporal duration [31]. The fundamental
concept underlying energy storage in a supercapacitor is either: (I) The accumulation
of electrostatic charge at the electrode—electrolyte interface (electric double-layer
capacitance) or (II) charge transfer to the layer of redox molecules that sit on the
surface of the electrode (also known as pseudo capacitance) [32]. The efficacy of these
systems is intrinsically linked to the properties of the materials utilized. Hence, the
integration of material technology assumes a crucial role in enabling the advancement
of SCs [33].

Extensively investigated materials for SCs electrodes encompass CBMs, metal
oxides, and conducting polymers. The study of electrochemical devices has focused a
lot of attention on CBMs because they enhance the electrode’s electrical conductivity
by increasing the mobility of the electron produced during the redox reaction. The
latter will increase the electrode’s ability to absorb electrolytes, hence reducing the
polarization effect. Electrode materials made of CBMs have been used due to their
extensive surface area, improved conductivity corrosion resistance, which allows
them to operate based on electric double layer capacitance [34].
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CBMs extraordinary chemical stability over a broad temperature range in both
acidic and basic environments makes them highly desirable for use as electrodes
in electrochemical energy devices. Due to the distinctive properties exhibited by
graphene, significant attention has been directed to exploring the potential applica-
tions of graphene in the field of high-performance SCs. With a theoretical surface
area of 2.63 x 106 m? kg~', graphene is a viable material for SCs electrodes due to
its superior conductivity, tunable microstructure, and thermal/mechanical durability.
Nithin Joseph Panicker et al. demonstrated a novel supercapacitor electrode mate-
rial consisting of a band-gap controlled h-BN/rGO wrapped CdS/PPy. This mate-
rial demonstrates exceptional performance in terms of specific capacitance, power
density, and cycling stability. The compound was produced using a hydrothermal
technique in conjunction with a chemical oxidative polymerization mechanism. The
use of the h-BN/rGO-CdS core—shell structure effectively mitigates the phenomenon
of swelling and shrinking in CdS, hence enhancing the electrochemical performance
and stability of the SCs electrode [35]. Another study conducted by Jilei Liui’s
group fabricated NiCo,S4/nitrogen and sulfur dual-doped 3D holey-reduced GO
(NiCo0,S4/N, S-HRGO) composite structures using a two-step hydrothermal method
for synthesis. As displayed in Fig. 4, TEM and HRTEM of the final stages of the
composite show excellent distribution of this material. The enhanced super capac-
itive performance of the NiCo,S4/N, S-HRGO composite can be attributed to the
utilization of 3D interconnected and highly conductive holey-reduced GO with a
mesopore-rich structure, which facilitates fast electron/ion transport [36].

2.5 Sensors and Biosensors

An electrochemical sensor refers to a device or apparatus utilized to ascertain the
observable existence, concentration, or amount of an analyte. The measurement of
the electric current that is generated by chemical reactions within the electrochemical
system is the fundamental principle underlying the detection of analytes by electro-
chemical sensors. The fundamental components of an electrochemical sensor consist
of two essential elements: a chemical recognition system, which is accountable for the
identification of the analyte species, and a physicochemical transducer, which facili-
tates the conversion of chemical interactions into electrical signals. The detection and
display of these signals can be simply achieved through the utilization of modern elec-
trical devices. The electrochemical reactions taking place at the electrode’s surface
interface between the recognition element and the target/binding analyte result in
the formation of an electrical double layer. This potential is subsequently quanti-
fied by converting the chemical reactions into a measurable electrochemical signal
using a recognition element and a sensor transducer. Electrochemical sensors have
notable characteristics such as heightened sensitivity, rapid response time, afford-
ability, instrumental simplicity, the potential for downsizing, and incorporation into
portable devices.
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Fig. 4 a—c TEM pictures captured at various magnifications of the NiCo,S4/N, S-HRGO sample.
d HRTEM picture of the NiCo,S4/N, S-HRGO sample, and the inset is corresponding SAED
pattern. Adapted with permission [35], Copyright (2021), Elsevier

Additionally, electrochemical systems can detect a diverse array of substances,
encompassing organic, inorganic, ionic, and neutral molecules, as well as metal
ions [37]. The combination of CBMs and their characteristics has led to powerful
electrochemical sensing platforms using “CBMs-modified electrodes” for deter-
mining various analyte species. The electrochemical sensor has undergone signifi-
cant advancements over time due to its notable efficiency, straightforward function-
ality, and particularly, its adaptability to various chemical, physical, and biological
attributes. The categorization of electrochemical sensors is based on the specific elec-
troanalytical technique employed for the quantification of chemical interactions. The
main categorizations encompass conductometric, voltammetric, and potentiometric
sensors. The utilization of graphene-based nanohybrids has been widely recognized
as a highly promising approach in the field of electrochemical sensing. When they
were used as modifiers, the combination of these intriguing features has the potential
to not only augment the kinetics of electron transfer and reduce overpotential but also
boost sensitivity by increasing the peak current. Graphene has been widely used to
detect and determine many analytes, including pharmaceutical formulations, biolog-
ical species, and heavy metals, because of their superior properties. Usually, it is vital
to apply alterations to graphene to produce GO or RGO. The underlying justification
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behind this is: (I) the surface functional group of the original graphene is too minus-
cule to form strong bonds with other substances and, (II) the compound possesses
a delocalized p-electron system and exhibits a significant surface area, rendering it
prone to agglomeration and resistant to dispersion. Considering this, the functional-
ization and dispersion of graphene nanosheets are of the utmost significance for the
application to which they will ultimately be put. As previously stated, hybrid CBMs,
such as RGO composites, have already demonstrated enormous potential for electro-
chemical sensor construction due to their exceptional catalytic capabilities, making
them emerge high-performance materials in the electrochemical sensor area. Sanaz
Ghanbari et al. conducted an experimental procedure wherein RGO was subjected
to functionalization through an amidation reaction with l-arginine (I-Arg), resulting
in the bonding of the support and amino acid. The addition of a strong ligand, 1-Arg,
onto the electrode surface, resulted in the fabrication of a highly efficient catalytic
sensor capable of detecting Pb(II) ions by differential pulse anodic stripping voltam-
metry (DP ASV). The findings of this study have emphasized the potential of RGO
as a viable substrate for optical and electrochemical sensors. The electrochemical
sensor that was proposed exhibits a broad linear range and a limit of detection of
0.06 nM, enabling the convenient identification of Pb(II) even in the presence of
other cations [38].

Graphene-based modified electrodes have detected and determined organic pollu-
tants and carcinogenic compounds like pesticides, anti-bacterial and anti-fungal
agents, phenolic compounds, organophosphate insecticides, and toxic pharmaceu-
tical and personal care ingredients. From the perspective of the graphene-based
nanocomposite, electrochemical sensors may be categorized into two groups: ‘“non-
enzymatic sensors” and “biosensors”. Electrochemical biosensors possess the capa-
bility to identify a diverse range of biomolecules within the human body, including
but not limited to glucose, cholesterol, uric acid, lactate, DNA, hemoglobin, blood
ketones, and other relevant substances. To accomplish this objective, it is impera-
tive to establish a proficient electrical connection between the active redox centers
(enzymes, DNA, antigen, and so on), and the surface of the electrode. The first
case pertains to electrodes that have been modified with graphene-based nanocom-
posite and are utilized for the analysis of samples connected to biology. The second
situation involves sensing platforms that incorporate bioreceptors, such as enzymes
and aptamers, capable of detecting certain biological substances. The utilization of
graphene as an electron mediator in the development and production of biosensing
platforms incorporating redox proteins is facilitated by their redox properties, high
electrical conductivity, and biocompatibility.

Yusuf Dilmac et al. investigated a study wherein they deposited gold nanoparticles
(AuNPs) onto carboxylated graphene oxide (GO-COOH) for the purpose of electro-
chemical oxidation, as well as enzyme-free voltammetric and amperometric measure-
ment of glucose. The GO-COOAu modified glassy carbon electrode (GCE) demon-
strated superior sensitivity and stability when used for glucose electro-oxidation in
alkaline environments. The working electrodes were subjected to electrochemical
characterization through the utilization of cyclic voltammetry (CV), electrochem-
ical impedance spectroscopy (EIS), and amperometry techniques. The GO-COO
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Au/GCE sensor exhibited exceptional electro-catalytic efficiency in the oxidation
of glucose, demonstrating a linear range from 0.02 to 4.48 mM (R? = 0.9919) at
a potential of +0.35 V shown in (Fig. 5). Additionally, the sensor had a low limit
of detection (LOD) of 6 uM and a high sensitivity of 20.218 pA mM~! cm~2
[39]. In this study, Sopit Phetsang et al. successfully established a straightforward
electrochemical synthesis method for producing a nanocomposite film consisting
of Pt, RGO, and poly (3-aminobenzoic acid) (Pt/rGO/P3ABA) on a screen-printed
carbon electrode (SPCE). Furthermore, explored the potential application of this
nanocomposite film in the construction of highly sensitive amperometric biosensors.
Electro polymerization of P3ABA, co-electrodeposition of rGO and Pt, and GO
reduction to rGO were done using cyclic voltammetry. A Pt/rGO/P3ABA-modified
SPCE demonstrated effective electrocatalytic oxidation of H,O, and can be used to
produce glucose and cholesterol biosensors by integrating glucose oxidase (GOx) and
cholesterol oxidase (ChOx). Under the optimized experimental parameters, specifi-
cally at a working potential of +0.50 V, the biosensors that were proposed exhibited
highly desirable linear responses to glucose and cholesterol. These linear responses
were observed within the concentration ranges of 0.25-6.00 mM for glucose and
0.25-4.00 mM for cholesterol. The biosensors demonstrated sensitivities of 22.01
and 15.94 wA mM~! cm~ for glucose and cholesterol, respectively. Additionally,
the biosensors exhibited low detection limits (LODs) of 44.3 and 40.5 uwM for glucose
and cholesterol, respectively [40].

In 2022, Mantian Xue et al. fabricated a robust array of bioelectronic sensors
based on graphene comprised of more than 200 integrated graphene-based sensing
devices, custom-built speeds readout circuits, and portable, and trustworthy measure-
ments. The platform provides a reversible, highly sensitive, and real-time response
for sodium, potassium, and calcium ions in complex solutions despite variations in
device performance [41]. In 2018, Thiago C et al. demonstrated the procedure for
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Figure. 5. Amperometry responses of the GO-COOAu/GCE electrode to different concentrations
of glucose (0.02 (a), 0.04 (b), 0.06 (c), 0.08 (d), 0.1 (e), and 0.2 mM glucose (f)) were measured
at a potential of 4+ 0.35 V. (b) The calibration curve was generated for the amperometry technique
of glucose measurement. Adapted with permission [38], Copyright (2020), John Wiley and Sons
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synthesizing GO and then reducing it utilizing carbon NPs, without the use of stan-
dard chemical reducing agents or external energy sources. The endocrine disruptor
bisphenol A was detected by using a printed carbon electrode coated with the rGO-
CNPS nanomaterial. The SPE-rGO-CNPS electrode presented an excellent response
for bisphenol A at concentrations varying from 7.5 x 10 t0 2.6 x 10~ mol L™! in
PBS, pH 7 with sensitivity 189.5 umol L' and a detection limit of 1 x 10~ mol
L~!. The electrode demonstrated exceptional performance, even when exposed to
significant phenolic interferences. Consequently, it was employed to quantify the
concentration of bisphenol A in drinking water stored in plastic bottles [42].

3 Conclusion

To accomplish efficient electrochemical energy storage and conversion, it is essen-
tial to develop electrocatalysts with both high activity and low cost. Graphene-based
materials have distinctive structures and characteristics, rendering them potentially
suitable electrocatalysts. This study primarily examines the current advancements
in graphene materials for electrocatalysis. The scope of the chapter encompasses
several aspects, including catalytic properties, functional modification, and electro-
catalytic applications specifically ORR, OER, HER, CO,RR, SCs, supercapacitors
and sensors, and biosensors.
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Emilia Gradzka

Abstract This chapter provides a comprehensive review of research related to the
electrocatalytic properties of fullerenes and their derivatives. The paper begins with
general information about problems that occur in electrocatalysis and its role in
the modern technology of clean energy sources. Next, general information about
fullerenes and their derivatives is presented. Additionally, their role in many applica-
tions is mentioned. An electrocatalytic area is noticed. Thus, chemical processes
based on the electrocatalytic properties of fullerenes, and their derivatives are
described. The electrocatalytic activity of materials such as doped, exo-, and endo-
hedral fullerenes is described. Additionally, fullerene-like materials or materials
formed from fullerenes are mentioned. Composite materials of fullerenes and carbon
nanostructures, metal-organic frameworks, metal oxides, metallic nanoparticles, or
bimetallic systems are discussed. Their electrocatalytic performance is compared to
commercial catalysts used in these systems. To date, many different catalytic systems
have been studied, and this scientific area is very broad. Recently, carbon nanoma-
terials have been studied intensively due to their unusual chemical and physical
properties. Among them, special attention has also been paid to fullerenes as pure
carbon allotropes with unique structures and properties.

Keyword Fullerenes - Electrocatalytic properties, - Oxygen reduction reaction, -
Hydrogen evolution reaction, - Oxygen evolution reaction, - Methanol oxidation
reaction, * Catalyst

1 Introduction

Currently, electrocatalysis plays a key role in today’s world due to the global energy
crisis, which forces the use of “clean” energy sources such as fuel cells, which use
the chemical energy of hydrogen or other fuels. Fuel cells have many potential prac-
tical applications. They can be used in a wide range of fuels and feedstocks and can
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provide power for systems as large as a utility power station and as small as a laptop
computer. However, their efficiency is hindered by the sluggish kinetics of electrode
reactions. Thus, scientists are searching for new catalysts with excellent activities for
oxygen and/or hydrogen and alcohol that can substantially outperform the catalytic
activity and long-term electrochemical stability properties of conventional bench-
mark catalysts. Mostly, carbon black is used as a catalyst support [1]. However,
during fuel cell operation, carbon undergoes electrochemical oxidation to oxidized
carbon and eventually to CO, when it is subjected to high acidity, high potential, high
humidity, and high temperature (~80 °C). Carbon corrosion results in the detachment
of noble metal nanoparticles from the electrode or the ripening of larger aggregates.
Oxidation of the carbon support can also lead to changes in surface hydrophobicity
that can cause gas transport difficulties [2]. Therefore, increasing attention has been
given to solving carbon corrosion by finding another alternative material. Recently,
special attention has been given to carbon nanostructures such as carbon nanotubes,
graphene, and fullerenes due to their high surface area and electrical conductivity.
Among these supports, fullerene could be a good choice due to its high surface area
and high thermal and mechanical stability [3].

Fullerenes are one of the groups of carbon allotropes. They are zero-dimensional
(OD) hollow spherical carbon spheres characterized by a closed-cage structure with
no edges. The first fullerene, Cgp, was discovered in 1985, but the family of fullerenes
includes a wide range of carbon-based molecules with different numbers of carbon
atoms and symmetries. They are built from pentagon and hexagon rings. The most
stable fullerenes are those in which each pentagon is surrounded by hexagons. Their
well-defined structure, unique chemical, optical, and electronic properties, high elec-
tron affinity, and high physicochemical stability provide them with many practical
applications [3]. The main advantage of fullerenes over other carbon nanomaterials
is their well-defined molecular structure, which can be easily covalently modified.
Extensive progress in organic chemistry research on fullerene facilitates the produc-
tion of a variety of fullerene derivatives with different structures and physicochem-
ical properties. Additionally, the polyhedral structure of fullerenes containing many
bonding sites provides an opportunity for a wide range of covalent modifications.
Moreover, they can also be polymerized. Polymeric structures containing fullerene
moieties represent a particularly large class of materials with unique properties. Due
to the empty space inside the fullerene structure, fullerene can enclose many species.
Recently, unfolding fullerenes have been shown to generate a carbon matrix with
rich topological defects and active sites, which may facilitate binding with other
heteroatoms. Fullerenes also exhibit a high affinity for constructing supramolecular
assemblies [4].

The large number of different fullerene-based material properties provides many
potential practical future applications, among which the significant applications
are related to systems that exhibit electrocatalytic properties in the many chemical
processes described below.
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2 Oxygen Reduction Reaction

Currently, rapid technological progress provides large-scale production of new and
fast devices that need efficient storage systems, such as fuel cells, batteries, or super-
capacitors. Fuel cells and metal — air batteries are promising technologies, especially
for automotive industries, due to their high energy densities, low operating temper-
ature, and environmental compatibility. The main problem that occurs in fuel cells
and metal-air batteries is the slow kinetics of the oxygen reduction reaction (ORR)
at the cathode, which limits their efficiency [5]. Due to the sluggish rate of the ORR
reaction, it has been the most intensively studied last time [5, 6]. The second problem
is the corrosion of the carbon support. The most popular catalysts are carbon black-
supported platinum nanoparticles (Pt/C), but their corrosion under fuel cell oper-
ating conditions drastically affects the performance of PEMFCs (proton-exchange
membrane fuel cells). Pt/C degradation includes the two aspects of the catalyst (Pt)
and one aspect of the carbon support, which influence each other. Pt catalyzes the
oxidation of carbon, and the oxidation of carbon further accelerates Pt sintering [5,
7]. The application of Pt-based catalysts is also hindered by Pt’s high cost and its
sensitivity to deactivation in the presence of CO [8]. Thus, much attention has been
given to improving the efficiency of Pt-based catalysts or to searching for new more-
effective catalysts. Apart from platinum, palladium has also been studied thus far.
However, Pd nanoparticles resulted in lower activity than Pt catalysts [5].

Recently, it was demonstrated that pristine fullerenes or fullerene-based mate-
rials can be used as efficient electrocatalytic systems. Such an approach based on
mesoporous fullerene Cgp and a copper/copper oxide catalyst (MFCgy/Cu/Cu,0)
was proposed by Saianand and coworkers [9]. The copper anchored in meso-
porous fullerene displays excellent catalytic properties due to the synergistic effects
arising from the well-defined and robust structures and contact interface with the
catalytic metal nanoparticles. Mesoporous fullerene decorated with Cu/Cu, O exhib-
ited superior electrocatalytic properties toward the oxygen reduction reaction with
onset potential, diffusion-limiting current density, and stability higher than pristine
nonmodified mesoporous Cgo. This system was also characterized by high selec-
tivity with exclusive four-electron transfer pathways. The high ORR performance
of MFCgy/Cu/Cu,0 has two sources: (i) a hierarchical porous structure with a high
surface area tuned by Cu and (ii) enhanced electrical conductivity due to the presence
of Cu, which can facilitate ORR activity. Thus, more ORR active sites can be exposed
to molecular oxygen, and the mass transport resistance may decrease significantly
due to the appropriate structure. Sufficient exposure of ORR active sites can create
shorter channel lengths, resulting in high electrochemical activity of the electrocat-
alyst. For the four-electron transfer process, there can be two possible dissociative
pathways.

0, +2* — 20* (1)

20* + 2e + 2H,0 — 20H* + 20H" 2)
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20H* + 2e — 20H™ +2* 3)

and an associative 4e pathway,

Or+" — 0} 4)
0; + H,O + ¢ > OOH* + OH™ (5)
OOH* +e — O* + OH™ (6)
O0* +H,0 +e — OH* + OH™ (7
OH* +e - OH +* (8)
or an associative 2e pathway
Or+" — 0} ©)
O} + H,O0 + e - OOH* + OH™ (10)
OOH* +e — OOH +* 11

mechanism in alkaline solutions, where * represents the catalytic active site on the
surface. This mechanism involves the initial adsorption of O, and then O—-O bond
cleavage to form two adsorbed atomic O* species. The O* species are transformed to
water or OH™ through the gaining of two protons and two electrons to form OH*, and
OH™ is eventually formed by the addition of two electrons. In the case of the MFCg/
Cu/Cu,0 system, where high electrocatalytic activity derives from the synergistic
effect of the porous Cgy and catalyst Cu, Eq. (4) may proceed with the following
first-order rate-determining step:

Cu,0— 0y +e - CuO -0,y (12)

The rate-limiting first electron transfer reaction involved the adsorbed O, to form
superoxide on Cu,0 (Eq. (12)), with a concurrent reaction with water:

Cu;0 — O, + H,O + ¢ - Cu,O — HO, + OH™ (13)
Mao and coworkers performed a comprehensive computational study of the

catalytic activities of various fullerenes and fullerene fragment species by using
density functional theory (DFT) and computational hydrogen electrode (CHE)
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methods [8]. They showed that pentagon rings play a crucial role in boosting
catalytic activities for the oxygen reduction reaction. The active sites associated
with more pentagon rings show stronger adsorption toward O*, OH* and OOH*
species. However, the fundamental chemical mechanism underlying the remarkable
catalytic effect of the pentagon rings toward the ORR is still not fully understood.
It was shown that fullerene-based fragments exhibit higher electrocatalytic activity
toward the ORR than fullerenes. The highest electrocatalytic activity and suitable
adsorption-free energy of OH* and OOH* species were observed in the case of
Cego-fragl and Cgp-frag2 (Fig. 1). This can be attributed to the high-energy HOMO
orbitals induced by the low-symmetry fullerene fragment structures.

The combination of experimental and theoretical methods by Sanad and coworkers
[10], who studied spheroidal Cgy and C7g fullerenes and tubular Cgygy, Coq and Cjgg
fullerenes, showed that Cy displayed the highest oxygen reduction reaction activity
close to the state-of-the-art Pt/C benchmark. Both the onset potential and halfway
potential were like those obtained in the case of Pt/C. It was found that the valence
band of Cy is closer to the standard water splitting and oxygen reduction reaction
standard potentials (Fig. 2a), which indicates the potential capability of Cyg to reduce
oxygen. The density of states (DOS) calculations showed a high density of states near
the Fermi level in the case of Cyg, Cog, and C¢p, supporting the high electrocatalytic
activity of the fullertubes, as shown in Fig. 2b. Figure 2¢ shows the Gibbs free energy
and ORR reaction intermediates for both Cgs and Pt/C. Free energy calculations
showed that the limiting elementary step for the ORR is OH,q45, which has a small
energy barrier in the case of Cog and thus its more favorable adsorption to the Coqg
surfaces.

Theoretical studies were also performed for heteroatom-doped fullerenes such
as Cs9N, CsoP, Cs50Si, C59B and Cs9S [11]. It was shown that combining curva-
ture, unique defects, and suitable dopants should be a promising strategy to explore

Ceo-frag1 Ceo-frag2

Fig. 1 Two Cgp-based fragment structures with H passivation at the edges. The blue spheres
represent C atoms, and the green spheres represent H atoms
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Fig. 2 X a Experimental band structures of Cgp, C79, Cop, Cos, and Cygp. b Density of states of
Cs0, C70, Cop, Cog, and Cjgp. ¢ Gibbs free energy of the oxygen reduction reaction calculated using
benchmark Pt/C and C ¢¢ molecular catalyst. Adapted with permission [10], Copyright (2022),
Wiley—VCH GmbH

advanced fullerene-based metal-free electrocatalysts. Promising results were also
obtained in the case of codoped transition metal M and heteroatom Ny in vacancies
of fullerene (M-N4-Cg4), where such metals as Fe, Co, and Ni were studied [12].
Mulliken charge analysis shows that the metal center is the reaction site of the ORR
and that the electron transfer from the metal center to N4-Cg4 is the largest in the
case of Fe-N4-Cg4. From a theoretical point of view, endohedral metalofullerenes
also exhibit good electrocatalytic performance [13]. A significant improvement was
also obtained by the formation of composites of fullerenes with different carbon
nanostructures, such as carbon nanotubes [ 14] and graphene [15]. High ORR electro-
catalytic activity was also reported for fullerene Cg( encapsulated inside imidazolate
framework-8 (ZIF-8) [16].

Additionally, fullerene-like carbons have been demonstrated as effective electrode
materials for electrocatalytic reactions. Gao and coworkers proposed a nitrogen-
doped fullerene-like shell (Fig. 3) as an efficient electrocatalytic system for the
oxygen reduction reaction [17]. The N-doped carbon material (NDCS) was prepared
by using a facile method with fallen ginkgo leaves, which are naturally available
and constantly renewable as carbon and nitrogen precursors. The NDCS was shown
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800°C/2h, N,/60ml/min
EE—
2 M HCV12h

Fig. 3 Illustrated procedure for fabricating N-doped fullerene-like carbon shells from organic-rich
fallen ginkgo leaves. Adapted with permission [17], Copyright (2015), Elsevier

to catalyze a four-electron transfer process for the ORR with much higher electro-
catalytic activity, lower overpotential, smaller crossover effect, and better long-term
operation stability than commercially available platinum-based electrodes in alkaline
electrolytes.

N-induced charge delocalization could change the chemisorption mode of O,
from the usual end-on adsorption at the nanocarbon surface, named the Pauling
model, to side-on adsorption, described as the Yeager model, on the nitrogen-doped
nanocarbon electrodes. The parallel diatomic adsorption could effectively weaken
the O—O bonding to facilitate the ORR. Doping carbon nanostructures with nitrogen
heteroatoms can efficiently create metal-free active sites for the electrochemical
reduction of O,. In N-doped fullerenes, charge transfer occurs between the N and
C atoms, resulting in an unbalanced charge distribution in the carbon cage skeleton.
Thus, N-doped fullerene-like carbons seem to be the best type for electrocatalysis
[17, 18].

Promising electrocatalytic properties can also be obtained by the incorpora-
tion of carbon structure by additional, other than nitrogen, atoms such as sulfur
[19], phosphorous [20] or ferric [21]. The solid-state growth of fullerene-derived
carbon nanotubes from Fe-Cg hierarchical microstructures at different temperatures
is shown in Fig. 4a. Depending on the synthesis temperature, different structures
of synthesized materials were obtained (Fig. 4b). The largest number of carbon
nanotubes exhibiting curved and entangled structures was obtained in the case of
synthesis carried out at 730 °C (MN7-10/3). These nanotubes of 10-12 nm in diam-
eter have less than seven layers of walls with a lattice distance of 0.34 nm, corre-
sponding to the (002) plane of graphite. Figure 4c shows cyclic voltammetric curves
of all synthesized materials and Pt/C catalyst indicative of superior ORR performance
in the case of MN7-10/3. This material has the most positive potential corresponding
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Fig. 4 X a Illustration of the in situ growth from fullerene derivative Fe-Cg to carbon nanotubes.
b SEM images of (al) MN6-10/3, (b1) MN7-10/3, and (c1) MN8-10/3 and TEM images of (a2)
MN6-10/3, (b2) MN7-10/3, and (c2) MN8-10/3. ¢ CV curves of MN6-10/3, MN7-10/3, MN8-10/
3, and Pt/C in N»- (dotted line) and O;-saturated (solid line) 0.1 M KOH solutions (scanning rate:
10 mV s~ 1. d LSV curves of MN6-10/3, MN7-10/3, MN8-10/3, and Pt/C at 1600 rpm in Oz-
saturated 0.1 M KOH solutions (scanning rate: 10 mV s~1). e Electron transfer numbers calculated
based on K-L plots. f Stability of MN7-10/3 and Pt/C. Adapted with permission [21], Copyright
(2022), American Chemical Society

to the oxygen reduction reaction. Moreover, it exhibited the highest half-wave poten-
tial and the largest onset potential (Fig. 4d) among all synthesized systems. These
values are comparable to those obtained for commercial Pt/C catalysts. The average
electron transfer number estimated at operating voltages from 0.3 to 0.5 V is approx-
imately 3.95 (Fig. 4e), which indicates a preferential four-electron ORR process. The
long-term stability performance of MN7-10/3 was also significantly higher than that
of the Pt/C benchmark (Fig. 4f).

3 Methanol/Ethanol Oxidation Reaction

Finally, direct methanol (DMFC) or ethanol (DEFC) fuel cells have received
increasing attention and have been extensively studied as promising energy conver-
sion devices to replace current fossil fuels. The sources of methanol and ethanol are
abundant and have good electrochemical activity due to their eco-friendly nature,
facile storage, cost-efficiency, and easy transport of gaseous hydrogen fuel [22].
The most common catalyst used for methanol oxidation is platinum. However, the
short lifespan due to the formation of poisoned CO intermediates during the irre-
versible reaction in alcohol oxidation, high cost and low abundance are key prob-
lems that hinder the commercialization of alcohol fuel cells. Increasing attention has
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been given to fullerenes and other carbon nanostructures because they are attractive
support materials for alcohol fuel cells due to their extraordinary physical properties,
abundance, processability, environmental friendliness and relative corrosion stability
in both acidic and basic conditions [23, 24]. The Pt or Pd-fullerene hybrid catalyst
exhibits significantly enhanced electrocatalytic activity and stability for the alcohol
oxidation reaction compared to the unsupported Pt or commercial catalyst. Fullerene
derivatives such as fulleropyrrolidine [25], fullerene ammonium iodide [26] or poly-
hydroxy fullerenes [27] have been studied as carbon supports. Promising electrocat-
alytic properties toward ethanol oxidation were also obtained for palladium nanopar-
ticles supported on hydroxypropyl-b-cyclodextrin-modified Cgg fullerene [28]. The
carbon support area was extended to fullerene derivative composites with carbon
nanostructures. Such an approach was proposed by Zhang and coworkers [29], who
fabricated graphene oxide-multisubstituted fulleropyrrolidone hybrid materials as a
support deposition of Pd nanoparticles.

Moreover, bi and trimetallic catalytic materials [22] and Pt- or Pd-free catalysts
based on fullerenes have been formed [24]. Bhavani and coworkers [24] proposed
a nanocomposite material employing gold nanoparticles and fullerene-Cgy at a
glassy carbon electrode (AuNP @reduced-fullerene-Cg/GCE) as an anode for high-
performance oxidation of methanol (Fig. 5). Fullerene-Cgy was manually dropped
on a pretreated GCE electrode and partially electroreduced in KOH to make it more
conductive. Gold nanoparticles (AuNPs) were deposited on a reduced-fullerene-
Ceo modified electrode under cyclic voltammetric conditions. In the obtained cata-
lyst, AuNPs are uniformly distributed on the reduced fullerene surface. The cyclic
voltammetric response of AuNP@reduced-fullerene-Cgo/GCE is characterized by
two well-defined peaks (Fig. 5B), indicating the facile oxidation of methanol, whereas
fullerene-Cgo/GCE and GCE do not exhibit these signals. The forward voltammetric
peak corresponds to the oxidation of methanol, and the reverse peak reveals the forma-
tion of intermediates. This material also exhibits good linearity between the peak
current and scan rate, indicating that the oxidation reaction of methanol is diffusion
controlled. Compared to other catalytic systems based on Pd or Pt, it exhibits superior
electrocatalytic properties. This result shows that the addition of gold nanoparticles
to fullerene could enhance electrocatalytic properties due to the change in electronic
structure and the improvement in the electrochemically active surface area. Changes
in the electronic structure of the catalyst are strongly associated with the secondary
oxidation peak in the reverse scan. This peak can be attributed to the inability of
the gold atoms’ surface to equilibrate with the lattice atoms after the reduction of
the blocking oxide film. This consequently leads to superior catalytic activity by
the exposed high-energy sites (Fig. SA). The presence of hydrogen adsorption and
desorption peaks confirms the availability of many active sites at the surface of the
electrocatalyst. The enhancement in the anodic peak corresponds to the desorption
of hydrogen, also suggesting the potential catalytic tendency of AuNP@reduced-
fullerene-Cgo/GCE for methanol electro-oxidation. This electrocatalyst also exhibits
low charge transfer resistance (Fig. 5D) due to its high surface area and conductivity.
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Fig. 5 Schematic illustration of the preparation of the electrocatalyst/electrode and methanol oxida-
tion performance. A CV of AuNP-reduced-fullerene-Cg catalyst recorded in 0.5 M H>SOy in the
potential scan-0.3 V -1.5 V. B CVs of fullerene-Cg0/GCE (a), GCE (b), reduced-fullerene-Cgo/GCE
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NaOH. C Effect of scan rate on the voltammetric behavior of methanol at AuNP-reduced-fullerene-
Cs0/GCE. D EIS plots of all five electrodes in 1 M methanol containing 1 M NaOH. Adapted with
permission [24], Copyright (2019), Elsevier

4 Hydrogen and Oxygen Evolution Reactions

Because of accelerated global warming due to the accumulation of greenhouse gases,
the most promising fuel is hydrogen. Unlike fossil fuels, the combustion of hydrogen
does not produce greenhouse gases that contaminate the natural environment but
only water vapor. Hydrogen can be generated by splitting water with excess renewal
energy in an electrolyzer. Electrocatalytic water splitting, which is a reverse process
of fuel cell reactions, involves the cathodic hydrogen evolution reaction (HER) and
the anodic oxygen evolution reaction (OER). Both reactions require efficient catalysts
to accelerate the reaction kinetics to make the electrolyzer practically feasible (Fig. 6)
[30].

Noble Pt is the most used catalyst due to its high exchange current density and
small Tafel slope. However, the high cost of Pt prohibits its commercial application
for sustainable hydrogen and oxygen production [32]. Thus, much attention has been
given to the preparation of low-cost, stable, and effective catalytic materials. Among
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Fig. 6 Xa Scheme of conventional water electrolyzers. b Water splitting reactions under acidic and
alkaline conditions. Adapted with permission [31], Copyright (2018), American Chemical Society

different carbon materials, such as carbon nanotubes or graphene, fullerenes have
been adopted for the improvement of hydrogen and oxygen evolution reactions.

The hydrogen evolution reaction includes the adsorption and removal of adsorbed
hydrogen atoms on the electrode surface. The first step of the hydrogen evolution
reaction is the discharge of H;O* or H,O dependent on the pH to produce a hydrogen
atom absorbed on the catalyst’s surface (Volmer reaction):

acid solution : H30" + ¢ — Hyy + H,0O (14)

alkaline solutions : HO + e — OH™ + H,qs (15)

The second step can be two possible pathways. One is the electrochemical
desorption step, described as the Heyrovsky reaction:

acid solution : Hygs + HT + e — Hy (16)

alkaline solutions : Hygs + HO + e — OH™ + H 17

The other is the Tafel recombination reaction involving two adsorber hydrogen
atoms:

acid solution : Hygs + Hags — Ho (18)

alkaline solutions : Hygs + Hags + Ho (19)

These are competitive processes, and a good catalyst should have an ideal balance
between binding and releasing of adsorbed reaction intermediates [30].
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Narwade and coworkers showed for the first time the electrocatalytic activity
of Cgp decorated with Ag nanoparticles [33] toward hydrazine oxidation, which
is one of the fuel cell reactions for hydrogen generation. The obtained electrocat-
alytic activity is comparable to that of Pt in acidic, neutral and basic media. The
product of oxidation is characterized by no emission of CO, or CO, which suggests
that it is an environmentally eco-friendly hydrogen generation system. Next, studies
devoted to the hydrazine oxidation reaction were expanded to Cgy nanocomposites
functionalized with ethylenediamine (EDA @Cg) [34].

Electrocatalytic studies of the hydrogen evolution reaction using a combination
of experimental and theoretical methods were performed for a series of endohedral
fullerenes (EMFS), such as Gd3N@1h(7)-C80, Y3N@[h(7)—Cg(), Lll3N@[h(7)-Cgo,
SC3N@Ih(7)-Cg(), SC3N@D5h(6)-C30, SC3N@D3h(5)-C78, and SC3N@D3(6140)-C68
[35]. From all of them, the best catalytic performance toward the generation of molec-
ular hydrogen was obtained for Sc;N@D3;(6140)-Ceg (Fig. 7), which exhibited the
lowest onset potential, high mass activity and excellent electrochemical stability.
The high catalytic activity of the Sc;N@D3;(6140)-Cgg catalyst derives from the
relatively high negative charge densities on the pentalene groups, which can favor
the adsorption of the intermediate catalytic species and significantly improve the
catalytic HER rates. The superior intrinsic catalytic performance was also veri-
fied by double-layer capacitance studies, which showed that the obtained capaci-
tance for ScsN@D;(6140)-Cgs is significantly higher than the capacitance of other
endohedral fullerenes and comparable to those of low-dimensional hydrogen HER
catalysts. This suggests a high number of accessible catalytic sites on the catalyst
surface. It was shown that in the case of other materials, such as Sc;N@17,(7)-
Cgo, SC3N@D3h(5)-C78, SC3N@D5h(6)-C80, Gd3N@1h(7)-C8(), Y3N@1h(7)-C80, and
LusN@1,(7)-Cgp, the HER catalytic activities are similar, indicating that their struc-
tural variations, based mainly on the nature of the metal, symmetries, and degree
of pyramidalization of the metal clusters, do not play a significant role in their
catalytic performances. For Gd;N@1,(7)-Cgg, ScsN@1,(7)-Cgg, ScsN@ D3, (5)-Crg,
and ScsN@Ds;,(6)-Cgp, a very high Tafel slope was observed, indicating that the
Volmer step mainly controls the catalytic processes, leading to sluggish kinetics
on the fullerene surfaces. The observed decrease in the Tafel slope in the case of
ScisN@D;3(6140)-Ceg, LusN@1,(7)-Cgp, and Y3N@1,(7)-Cgy suggests better HER
activity based on the Volmer-Heyrovsky pathway.

A drastic improvement in the electrocatalytic HER properties of van der Waals 1 T-
MoS,/Cgp heterostructures was obtained by the formation of well-organized arrays
of Cgo molecules in a very narrow fullerene concentration range [36]. The modulation
of the MoS,-Cg and Cg(-Cg interactions at specific ratios allowed us to obtain one
of the lowest onset overpotential values among low-dimensional nonprecious HER
nanomaterials. Density functional theory calculations of the electronic structures of
different pristine fullerenes, such as Cgg, C76, Cga, and Cjgg, show that Cy4 fullerene
exhibits the most convenient electronic structure suitable for the HER. This molecule
is characterized by the lowest bandgap energy. Therefore, the formation of the C7¢/
Ni catalyst results in a drastic decrease in the free energy compared to bare Cyg
and bare nickel foam. The electron density difference (EDD) calculations showed
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Fig.7 X a LSVs of HER for Cgo, C79, Gd3sN@1,(7)-Cgp, Y3N@I(7)-Cgo, LusN@1,,(7)-Cgo,
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2 mV-s~! in 0.5 M HpSO4. b Onset overpotential and current density HER values for Cgp,
C70, GdzN@1;(7)-Cso, Y3N@I;(7)-Cso, LusN@11,(7)-Cgo, ScaN@1,(7)-Cgo, ScsN@ Dy, (6)-Cgo,
Sc3N@Dj3;,(5)-Crg, and ScaN@D3(6140)-Ceg. ¢ Corresponding Tafel plots of the EMFs and Pt/C.
d Mass activity values of EMFs, Pt/C and other state-of-the-art catalysts at — 0.4 V vs. RHE. e Aj
vs. scan rate for the EMF catalysts. f I — t curves for ScsN@D3(6140)-Ceg and Pt/C. Adapted with
permission [35], Copyright (2021), American Chemical Society

charge redistribution at the C7¢/Ni interface, where the electron density increased
on fullerene and decreased on nickel, indicating the synergistic effect between Crg
and Ni foam, allowing electron transfer from nickel to C7¢ and acting as a superior
bifunctional catalyst. The C74/Ni catalyst exhibited an HER overpotential comparable
to that obtained for the benchmark Pt/C catalyst [37].

Excellent catalytic activities were found in theoretical studies for M@Cgy (M
= Na, K, Rb, Cs, Sc, Ti, Mn, Fe) endohedral metallofullerenes [38]. These studies
showed that charge transfer from the metal to the Cgy cage can enhance the adsorption
of hydrogen on endohedral metallofullerenes during hydrogen evolution. The high
electrocatalytic activity is attributed to the charge transfer between the metal atom and
the Cgp cage. The electronic structure analysis showed that the charge transfer from
the metal to C¢yp modified the charge distribution of the Cgy cage, which enhanced
the adsorption of H-atoms on M@Cgy. Promising catalytic properties toward the
hydrogen evolution reaction were obtained for p- and n-doped inorganic fullerene
MoS, with an onion-like morphology [39]. The obtained excellent HER activity in
both basic and acidic media provides better strategies for designing electrocatalysts
for many practical applications, such as electrolyzers for proton exchange membrane
fuel cells operating over a wide pH range.
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Because HER activity is limited by the participation of only Pt surfaces in
contact with the electrolyte in the hydrogen evolution process, increasing atten-
tion has been given to reducing the size of bulk Pt or Pt nanoparticles to single
atoms, which achieves nearly 100% Pt utilization in catalytic processes. For
the first time, the formation of single-atom platinum anchored on Cg fullerene
was proposed. In this system, Cgy was used as an electron-accepting support to
anchor Pt atoms (Fig. 8). Highly loaded and highly dispersed Pt catalysts (Pt/
Ceo) were synthesized at room temperature with different molar ratios of Cg to
Pt(bis(dibenzylidenoacetone)platinum). The inner structure was a Pt-Cgy polymer,
and the Pt sites were confined by two Cgy molecules [40]. The spz-hybridized
carbon surface of Cg is sufficiently reactive with metals due to the presence of
electron-deficient olefinic C = C bonds (i.e., more m-electron delocalization), to
which metal atoms can bind in an 12-Cg m-type bonding mode. The Pt atoms
were mainly in a divalent form, indicating that atomically dispersed Pt single atoms
predominate and prefer to be tetracoordinated. Therefore, one Pt atom binds to
two Cgo in an 12-Cgy T-type bonding mode. The best electrocatalytic properties
were obtained for the Pt/Cg(-2 catalyst formed in the toluene solution with a Cgg to
Pt(bis(dibenzylidenoacetone)platinum) ratio of 2:1. This system exhibited an amor-
phous spherical-like structure (Fig. 8b) with many single Pt atoms and some Pt clus-
ters (Fig. 8c). First, the excellent HER activity of Pt/Cg-2 was derived from the highly
loaded and highly dispersed atomic Pt active sites, which maximized the utilization of
Pt atoms. Moreover, the charge redistribution between Pt and Cg( delivers favorable
adsorption energy toward H,O* and H*. The experimental results were confirmed
by theoretical calculations. As shown in the exemplary results presented in Fig. 8d,
the adsorption of H,O occurs almost spontaneously for Pt/Cgy-2 and P35 clusters,
while a high energy barrier of 0.35 eV needs to be overcome in the case of the Pt
(111) surface. The observed AG*H value close to 0 eV is typical for ideal HER
catalysts. Although the adsorption of H,O on the Pt;3 cluster occurs spontaneously,
the adsorption of H* on the Pt;3 cluster needs to overcome a high energy barrier of
1.35 eV, which greatly hinders the efficient formation of H, molecules. However, the
connection of Ptj3 to Cg significantly enhances H* adsorption. These results open
new perspectives in the new generation of electrocatalytic systems.

A significant accelerating hydrogen evolution reaction was also obtained for
fullerene lattice-confined ruthenium nanoparticles coupled with single ruthenium
atoms [39].

The oxygen evolution reaction involves a four-electron transfer and is much more
complicated than the HER. The OER can be divided into four steps. The first step is
the formation of adsorbed OH (OH*) on the catalysts with the first electron transfer:

acid solution : HyOiquia + * — OHags + (H+ + e) (20)

alkaline solutions : OH™ + * — OHyys + € 201

The second step is the transformation of OH* to O*:
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Fig. 8 X a Synthetic scheme of Pt/Cgq catalyst formation. b SEM and ¢ HAADF-STEM images
of Pt/Cgp. d Calculated adsorption energies of HoO and H on the surface for Cgo-Pt-Cgp-1, Ceo-
Pt13-Cg0-2, Ceo-Pt13-Ceo-3, Pt (111), and Pt;3 clusters. Adapted with permission [40], Copyright
(2023), Nature

acid solution : OHygs — Oags + (H+ + e) (22)

alkaline solutions : OHygs + OH™ — Oygs + HoOjiquia + € (23)

The third step is the transformation of O* to OOH* with another H,O molecule
or OH™:

acid solution : Oy + HyOriguia = OOHyqs + (HY + ) (24)
alkaline solutions : Oy + OH™ — OOHy4s + € (25)

The last step is the release of O,. Each step occurs with the release of one electron:

acid solution : OOHugs =" 4 Oaas) + (H + ¢) (26)

alkaline solutions : OOHygs + OH™ —* + Op(gas) + HaOiquia + € 27
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The overpotentials of the OER can be determined by the reaction free energies
of all four steps. The sluggish four-electron transfer kinetics of the OER hinder its
practical application [30].

Munawar and coworkers proposed a facile and simple synthesis method for a
catalyst composed of a bimetallic sulfide nanocomposite and fullerene CeNdS/Cg
[40]. The covered Cgy over CeNdS provides a strong interface between CeNdS and
Ceo. This system exhibits a very small overpotential, a small Tafel plot and good
stability. The high OER activity derives from the high surface area of CeNdS/Cgg
with porous channels. Additionally, the increase in the superb intrinsic OER catalytic
activity is associated with the presence of Nd and Cg ions in the CeNdS/Cg catalyst
and large active sites by the Ce** and Ce>* peroxidation step with a low overpotential.
The synergistic effect between CeNdS and Cgy improves the electronic structure and
energy barrier and enhances the catalytic active sites.

In the area of oxygen evolution reaction studies, doped fullerenes take place.
Theoretical studies showed that compared with pristine fullerene C79, both B and
N heteroatom doping of this carbon cage can reduce the oxygen evolution reaction
overpotential value and improve OER performance [41]. Promising results toward
the oxygen evolution reaction were found for fullerene Cgp with an embedded tran-
sition metal atom coordinated by three carbon atoms (TM-Cg, where TM = Fe, Co,
or Ni) in theoretical studies [42]. The TM-Cgy system combines the charge reser-
voir character of Cgy with the catalytic activity of metal for electrocatalysis. The
performed calculations showed that the electrocatalytic activity of TM-Cgp with 0-
3e* charge states exhibits a volcano-shaped trend, while in the case of Co-Cg with a
le* charge state, the lowest overpotential was observed. This suggests that the charge
state greatly affects the catalytic activity, which can be interpreted as the charge state
changing the interactions between the active site and reactant species and finally
resulting in the variation in catalytic activity.

Some of the studied electrocatalysts exhibit bifunctional properties, and they
can effectively accelerate both the HER and OER [30], OER and ORR [43] or
OER and photochemical processes of pollutant elimination [44]. The ORR, OER
and HER activities can also be combined in one catalytic material. Thus far, such
properties have been found in such systems as metal-free catalysts composed of
Ceo-adsorbed single-walled carbon nanotubes [14]. The metal-free boron carbon
nitride nanosheets/Cg catalyst exhibits multifunctional electrocatalytic properties
for hydrogen evolution/oxidation reactions (HER/HOR) and oxygen evolution/
reduction reactions (OER/ORR) [45].

5 Other Electrocatalytic Activity

Fullerenes play an important role as a component of electrode materials in all-
vanadium redox flow batteries. It was found that the addition of Cy¢ fullerene to
hydrated tungsten oxide (HWO) boosts the electrode kinetics toward the VO,*/VO,*
redox reaction. Moreover, the composite material showed a significant inhibitory
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effect on the parasitic chlorine evolution reaction due to the W-OH functional groups.
The parasitic chlorine evolution reaction is a significant problem for third-generation
all-vanadium redox flow batteries in which a mixed acid-based electrolyte (H,SO4/
HCI) is used [46].

Endohedral fullerenes with embedded transition metal atoms, such as Fe, Co,
or Ni, coordinated by three carbon atoms can be effective electrocatalysts in the
nitrogen reduction reaction (NRR), a very important reaction that is a source of NH3,
which is an important energy carrier for fuel cell applications [42]. Noncovalently
functionalized graphene oxide by a p-methoxy zinc porphyrin-fullerene derivative
can be used as an electrocatalyst for the reduction of hydrogen peroxide [47]. Such a
sensor exhibits high sensitivity and a low limit of detection. Excellent electrocatalytic
properties toward the electrocatalytic oxidation of ascorbic acid were obtained for
coil-like fullerene (Cgp)-doped polyaniline acid [48].

6 Conclusions

Electrocatalysis is an inherent, very important pillar of modern technology. The
increase in the greenhouse effect resulting from large amounts of pollutants emitted
by cars and other systems forces the search for alternative clean fuels and energy
sources. Among them, a special place is dedicated to fuel cells. However, these
systems need catalysts that will accelerate processes that occur on their electrodes
and thus increase their efficiency. Apart from the catalyst, electrode material supports
also play an important role in fuel cell operation. Commonly used carbon black is very
sensitive to many factors and is destroyed during fuel cell operation. Thus, both the
acceleration of electrode reactions and the stable performance of the carbon support
are research objects. In both cases, fullerenes can be applied due to their unique
structure, many possibilities of transformations, and excellent physical and chemical
properties. The studies presented in this work showed the promising properties of
fullerenes and their derivatives as electrocatalytic systems. They can compete with
commercially produced platinum or palladium catalysts both in the case of electro-
catalytic properties and stability performance. The unique structure and properties
of fullerenes are inspirations for the formation of fullerene-like inorganic materials
that also exhibit excellent catalytic properties.
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as Electrocatalyst i

Veena Mounasamy and Ponpandian Nagamony

Abstract Earnest efforts in developing electrochemical energy production, conver-
sion, and storage devices to meet the energy requirements globally routes to the
research and development of highly efficient and sustainable electrocatalysts. The
escalated physicochemical characteristics and ease in tunability of carbon mate-
rial and its allotropes (viz., graphene, graphite, carbon nanotubes, carbon quantum
dots, nano diamond, etc.,) facilitated to exercise of its remarkable footprints in
the electrocatalytic applications. Due to the trade-off between its conductivity and
intrinsic activity, carbon materials are often combined with several metal oxides,
sulfides, nitrides, or carbides and form their respective composites. In addition to
their enhanced conductivity and stability, carbon nanocomposites will exhibit higher
catalytic activity due to their higher surface-to-volume ratio which is crucial for an
electrocatalyst. In this chapter, several carbon nanocomposites electrocatalysts used
in water splitting (OER, ORR and HER), fuel cells (methanol and proton exchange
membrane) and air batteries (lithium and zinc) applications are majorly discussed.

Keywords Carbon allotropes - Energy conversion and production + Water
splitting - Air batteries - Fuel cells

1 Introduction to Electrocatalyst

The electrochemical energy sector gained significant interest over decades owing
to the demand for sustainable and renewable energy devices. Electrocatalysts are
indispensable entities in electrochemical energy devices. The catalysts involved in
the electrochemical reactions are called electrocatalysts. The electrocatalysts are
responsible for a number of electrochemical applications such as oxygen evolution
reaction (OER), oxygen reduction reaction (ORR) and hydrogen evolution reaction
(HER) in water splitting [1], carbon dioxide reduction reaction (CRR) [2], lithium
and zinc air batteries [3, 4], methanol and proton exchange membrane fuel cells [5,

V. Mounasamy - P. Nagamony (&)
Department of Nanoscience and Technology, Bharathiar University, Coimbatore 641 046, India
e-mail: ponpandian@buc.edu.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 219
R. K. Gupta (ed.), NanoCarbon: A Wonder Material for Energy Applications,
Engineering Materials, https://doi.org/10.1007/978-981-99-9935-4_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-9935-4_12&domain=pdf
mailto:ponpandian@buc.edu.in
https://doi.org/10.1007/978-981-99-9935-4_12

220 V. Mounasamy and P. Nagamony

6]. In the electrochemical process, the electrocatalysts are usually electrodes that are
involved in facilitating the charge transfer reactions and chemical transformations
carried either at their surfaces or interfaces. Mainly, the electrocatalysts decrease the
activation energy of the charge transfer reaction, thereby improving the reactivity
of the electrochemical process. Nanomaterials play a vital role as an efficient elec-
trocatalyst owing to their higher surface-to-volume ratio leading to larger reactivity,
efficient interfacial activity, higher adsorption and desorption of ions, improved rate
of reaction etc. Several class of nanomaterials viz., metal oxides, sulphides, nitrides,
carbides, metal free catalysts and noble metals are largely explored towards elec-
trocatalyst applications. Majority of the studies proved that carbon-based materials
integrated to the above class of nanomaterials or standalone carbon-based mate-
rials (viz., graphene oxides, carbon quantum dots, carbon nanotubes etc.) are highly
regarded as electrocatalyst and provided significant performance in electrochemical
process.

2 Carbon Based Electrocatalyst

Right from the first industrial revolution carbon acts as an integral part in the materials
development in various streams of energy sector. Carbon nanomaterials exhibits in
various allotropic forms namely graphite, graphene, quantum dots, nanotubes, nano
diamond and various forms such as porous carbon, activated carbon, etc. and is
applied in various applications as shown in Fig. 1. The characteristics of carbon
based materials such as its electrical conductivity, chemical stability in alkaline
and acidic medium, highly abundant, thermal stability, high durability, cost effec-
tive and less toxic makes it well suitable for electrocatalyst [7]. The noble metals
such as ruthenium, platinum and iridium were used as an efficient electrocatalysts
until the discovery of the carbon electrocatalysts. The exploration of carbon and
carbon composite electrocatalyst replaced the expensive noble metal based elec-
trocatalysts retaining its electrocatalytic efficiency that is suitable for large scale
employability. The carbon based electrocatalysts improve the kinetics of the reaction
thereby increasing the reactivity of the electrochemical process.

2.1 Graphite

The chemical and electronic properties of the carbon nanomaterials can be very well
tuned by doping the heteroatoms such as boron, nitrogen, and oxygen into its graphitic
network. The doping also helps in altering the electronic distribution in g-C3Ny [8].
The limitation of graphite are its intercalation kinetics and surface passivation which
could be tackled by making it as nanocomposite with other materials. The surface
functional groups of graphite acts as a key role in improving the catalytic activities

[91.
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Fig. 1 Schematic representation of carbon electrocatalyst and its applications

2.2 Graphene

The invention of graphene revolutionized the materials research and development
for several applications due its characteristic functional properties. Graphene, an
allotrope of carbon, atomically thin sheets of carbon, having C—C bond length of
~1.42 A exhibits tremendous outstanding properties such as flexibility, electronic
properties, ultra-thin structure and so on [ 10]. Graphene is one of the potential electro-
catalysts boosting electrochemical reactions. Graphene can be well defined as carbon
atoms with sp2 hybridization in a hexagonal framework with two-dimensional sheet
structure. In other words, the exfoliated graphite sheets render graphene sheet. By
stacking, rolling and wrapping process graphene can be converted to 3D, 1D and 0D
structures [11]. Due to its excellent physical characteristics, graphene is employed
as electrocatalyst for various application and its significance as electrocatalyst have
been reviewed by N. Shaari et al. [7]. The types of graphene-based material are shown
in Fig. 2a.
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Fig. 2 a Types of graphene-based materials, b Types of carbon nanotubes

2.3 Carbon Nanotubes

Carbon nanotubes are 1D nanostructures with the length being in few micrometres
with nanoscale tube diameter. The types of carbon nanotubes are given in Fig. 2b.
The geometry of carbon nanotubes is distinctive that are bonded by sp2 carbon-
carbon chemical bonds. Gedefaw Asmare Tafete et al., reported the works of carbon
nanotube electrocatalyst in detail. The structural uniqueness of carbon nanotubes
provide enhanced electronic conductivity, mechanical and chemical stability [12].

2.4 Carbon Quantum Dots

The carbon quantum dots are zero dimensional unique quasi spherical nanoparticles
of size less than 10 nm. They have better surface properties with 7-7 stacking, higher
surface area, higher crystallization and larger diameter, higher solubility, robustness,
and chemical inertness. In energy conversion applications, graphene quantum dots
are widely used usually with heteroatom doping enhancing oxidation and reduction
reactions. Graphene quantum dots are usually less than 30 nm in size having few
atomic layer thickness and mainly used in luminescence applications [11].

3 Carbon Nanocomposites

Due to its outstanding properties, carbon-based materials are often incorporated with
several class of materials including metals, metal oxides, metal organic frameworks
etc. Due to its higher surface to volume ration influencing the surface activity and
conductivity carbon-based materials are largely employed in electrocatalytic appli-
cations. Applications involving carbon-based electrocatalyst, mainly energy storage
and conversions are discussed in this chapter.
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4 Applications

Electrocatalyst is the major element in an electrochemical process and it acts as
an electrode. Depending on the applications, electrocatalyst acts either as anode or
cathode. The electrochemical activity occurs either at surface or interfaces of the
electrodes. They can be either homogeneous such as platinum or heterogeneous
material. A brief study on the applications involving electrocatalyst such as water
splitting (OER, ORR and HER), fuel cells (methanol and proton exchange membrane
fuel cells) and batteries (zinc air, lithium air and lithium-ion batteries) are discussed
in this chapter.

4.1 Water Splitting

Hydrogen economy is at the growing phase due to its scope of green energy produc-
tion from water. Water splitting is one of the wonders in the chemistry which opened
a wider path towards renewable energy production eliminating fossil fuels. Oxygen
evolution reaction (OER), hydrogen evolution reaction (HER) and oxygen reduction
reaction (ORR) are major reactions that need to be realized and improved for a better
performance water splitting. The electrocatalysts plays a major role in deciding the
efficiency of the electrochemical reactions involved in water splitting reaction.

4.1.1 Oxygen Evolution Reaction (OER)

OER, four electron transfer reaction occurring at anode with sluggish kinetics is one
of the biggest challenges in electrochemical water splitting. Hence, a material with
higher electronic conductivity and charge transport characteristics are preferred to
be an OER electrocatalyst. In that row, several single and mixed metal oxides are
employed in water splitting application. In addition, reports suggest that incorpo-
rating carbon- based materials with metal oxides will compliment metal oxides in
improving the surface area, influencing the catalytic activity etc.

Fengcui shen et al., studied the catalytic activity of CoV,0¢-V,05/N-doped rGO
synthesized by direct carbonization of its precursors towards OER. The CoV,0Og-
V,0s5/N-doped rGO nanocomposite was coated on glassy carbon electrode which
acts as working electrode and its electrocatalytic activity was studied in 1 M
KOH saturated using nitrogen. The studies revealed that CoV,04-V,0s/N-doped
rGO nanocomposite required an overpotential of 239 mV at the current density of
10 mA cm~2. The Tafel slope value (49.7 mV dec™!) of CoV,04-V,05/N-doped
rGO nanocomposite which is lower than other compared electrocatalysts in this
work revealed that indicates exhibits better reaction kinetics due to its faster charge
transport and improved surface area. The cyclic stability was observed for over
1000 cycles at the scan rate of 100 mV/s in the potential 1.3 and 1.5 (V versus
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RHE). The durability of the CoV,04-V,05/N-doped rGO nanocomposite was also
confirmed using chronoamperometry. The turnover frequency (TOF) was found to
be 1.80 s! representing the better performance of the electrocatalyst. Therefore, this
work proved that V,05/N-doped rGO nanocomposite as an excellent electrocatalyst
for OER with higher TOF and lower overpotential [13].

Xiaolin Xing et al., studied the OER as well as ORR performance of manganese
vanadium oxide—N-doped reduced graphene oxide (MnVO, @N-rGO) composite
synthesized using hydrothermal synthesis. The OER studies were studied using
linear sweep voltammetry and electrochemical impedance spectroscopy by coating
MnVO,@N-rGO on carbon fibre paper in 1 M KOH. The MnVO,@N-rGO
nanocomposite rendered an overpotential of 1.65 V at 10 mA/cm? with Tafel slope
value of 271 mV. The over-all oxygen activity was determined by finding the potential
difference (AEogr—AEorr) between OER and ORR potential at the current density
of 10 mA/cm?. The MnVO, @N-rGO yielded AEggr—AEqrr value of 0.85 V versus
RHE. This minimum potential difference implies the better oxygen activity of the
MnVO; @N-rGO catalyst [14].

Hybrid electrocatalysts plays a significant role in improving the electrochemical
efficiency due to its synergistic effects. Several reports on electrocatalysts involving
more than two materials are found in literature which emphasize on the individual
material’s advantages complimenting the composite.

A work on two step gas phases synthesized Co3;O4—MnO,—CNT nanocomposite
as OER electrocatalyst was reported by Kunpeng Xie et al. As the metal oxides limits
the conductivity compared to noble metals, usually carbon- based materials are incor-
porated with metal oxides to improve the conductivity and reduce the charge transfer
resistance as well. In this work, Co304—MnO,—CNT nanocomposite was treated with
nitric acid (HNO3) at 200 °C and the electrochemical characteristics were studied.
The Co304,—MnO,—CNT nanocomposite exhibited good catalytic performance at the
current density of 10 mA/cm? and the cyclic stability was found over a period of
around 37 h. This work proved that employing Co3O4—MnO,—CNT nanocomposite
as electrocatalyst would yield a scalable electrode helping large scale production
[15].

4.1.2 Hydrogen (H,) Evolution Reaction (HER)

The ardour for electrochemical water splitting research is purely for H, produc-
tion to enable green energy society. For several decades, splitting H,O into H,
and O; is prevailing using electrolysis method. But developing a method suitable
for large scale production, low cost and environmentally safe procedures are chal-
lenging and hence still research is moving towards developing the same. Though
metal oxide possesses several advantages in terms of its availability, cost, nanostruc-
tured morphology, stability and better catalytic behaviour, its wider band gap limits
its electronic conductivity. Hence, usually carbon-based materials are incorporated
with metal oxides to increase the electrocatalytic activity of the material. The HER is
a cathodic reaction in the water electrolysis reaction. In their work, Bishal Das et al.,
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reported photocatalytic hydrogen evolution reaction of metal complex (VO (acac),)
and dual (sodium and sulfur) doped graphitic carbon nitride (VNS-GC). The VNS-
GC composite exhibited a hydrogen evolution rate of 310.63 wmol g~' h™! in the
presence of platinum co-catalyst. The results support the better cyclability as well as
photoactivity of the metal complex/carbon composite [16].

Yanping Zhu et al., reported one pot synthesis of tungsten nitride and nitrogen-rich
graphene-like carbon nanocomposite (WN-NRC) that are hierarchically arranged
and employed it as an electrocatalyst for HER. The electrochemical characteristics
of WN-NRC was studied in a three-electrode system in 0.5 m H,SOy4. From linear
sweep voltammetric studies, it was found that WN-NRC exhibited an overpotential
of 255 mV at 10 mA cm~2, which is very much less compared to its bulk coun-
terpart which had an overpotential of 492 mV. It shows that the nanocomposites of
WN-NRC are excellent catalyst for HER due to its increased active sites. In addi-
tion, the counter electrode also plays a vital role in deciding the electrocatalytic
activity of the catalyst. In this work, the catalytic activity of WN-NRC was found
to be high when platinum counter electrode was used compared to the graphite rod
counter electrode. The charge transfer resistance (Rct) observed from electrochem-
ical impedance spectroscopy indicated that the Rcr value of WN-NRC is lower due
to its porous morphology than its bulk particles. The work provides a rational for
scalable synthesis of WN-NRC and its application as electrocatalyst in hydrogen
evolution reaction [17].

4.1.3 Oxygen Reduction Reaction (ORR)

The ORR is a crucial process in electrochemical conversion process such as fuel
cells and batteries. Deshuang Yu et al., reported metal organic framework (MOF)
based electrocatalyst cobalt nano- particles encapsulated in nitrogen-doped carbon
and carbon nanotube (Co/N-CCN) for ORR application as well as its employability
for OER. The ORR characteristics of Co/N-CCN was studied using rotating disk
electrode (RDE) and rotating ring disk electrode (RRDE) in 0.1 M KOH. The RDE
study showed that the Co/N-CCN exhibited onset potential and half wave potential
of 0.924 and 0.81 V respectively. The better efficiency of Co/N-CCN towards ORR
is due to the presence of active pyridine-N and graphitic-N in the MOF and carbon
nanotube network. The work also supports the use of Co/N-CCN composite in Zn-air
battery applications [18].

Yu Pan et al., reported the electrochemical characteristics of palladium/iron
nanoparticles supported by carbon towards ORR. Usually, noble metals are better
catalytic agents in electrochemical studies. That way, Pd plays a huge role in the
catalytic performance. In addition to catalytic activity, the conductivity and reduc-
tion in overpotential are the major factors to support the electrocatalysis. In this work,
the addition of iron to the palladium decreased the overpotential of the composite
and the carbon improved he charge transfer due to its surface properties. The consis-
tency of the electrocatalyst was studied using linear sweep voltammetry where even
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after 50 scans, the trend remained same showing the stability and durability of the
electrocatalyst [19].

4.2 Fuel Cells

The fuel cells play an important role in meeting energy demands in global arena.
Basically, fuel cells convert chemical to electrical energy in an electrochemical
process. There are several types of fuel cells such as alkaline, phosphoric acid, molten
carbonate and solid oxide fuel cells in addition to methanol and proton exchange
membrane fuel cells. In this chapter, the carbon-based nanocomposites employed as
electrocatalyst in methanol and proton exchange membrane fuel cells are discussed.

4.2.1 Methanol Fuel Cells

The demand for sustainable and clean energy sources has led to the development of
research and development in methanol fuel cells. To commercialize methanol fuel
cells as an efficient energy source, its expensive applicability due to the use of plat-
inum anode and sluggish kinetics remains as its challenging factor. To overcome this,
research on carbon-based materials and its composites are widely studied in recent
times which possess good electrocatalytic activity, higher surface to volume ratio and
better stability during chemical reactions. An extensive discussion on the progress
and challenges in carbon-based materials (mesoporous carbon, carbon black, carbon
nanofibers, carbon nanotubes, graphene) as anodes for methanol oxidation reaction
was reported by Huajie Huang et al. [20].

In addition to these major carbon materials, other carbon materials such as carbon
aerogel and carbon paper were also studied as an electrocatalyst towards ethanol
oxidation reaction for the fuel cells applications. The materials such as nitrogen
doped carbon, CeO,, MnO,, TiO, and conducting polymers such as polyaniline
and poly(2-amino-5-mercapto-1,3,4-thiadiazole) are studied largely as an efficient
co-catalyst of carbon for methanol oxidation reaction. B. Rajesh et al., reported Pt—
WO3s/carbon nanotube composite for the methanol oxidation in acidic medium. Self-
poisoning due to CO production at the time of dehydrogenation remains a challenging
task in selecting the anode catalyst in the methanol oxidation reaction. Hence, this
work reports that the Pt/WO3 provides better stability during the catalytic reaction
of methanol oxidation. But Pt/WO; lower activity in the catalytic reaction. Hence,
in this work, Pt/WQO3; were loaded inside carbon nanotubes and CNT/Pt-WO; coated
on glassy carbon electrodes were used for electrochemical studies towards methanol
oxidation reaction. In the forward scan, at room temperature condition, the methanol
oxidation onset potential started at + 0.1 V and higher current density of 98.5 mA/
cm? was obtained at + 0.7 V versus Ag/AgCl without any self-poisoning at the
reverse scan. Zhenyu Sun et al., reported the methanol oxidation electrochemical
performance of Pt-Ru/CeO,/multiwalled carbon nanotube composite. In this work,
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the Pt-Ru/CeO, were attached to the surface of multiwalled carbon nanotube through
sonication method. The electrochemical characteristics of Pt-Ru/CeO,/multiwalled
carbon nanotube composite towards methanol oxidation were studied using cyclic
voltammetry and chrono-amperometry in 0.5 M H,SOy,. The electrochemical surface
area of Pt-Ru/CeO,/MWNT (122.4 m? g~!) was found to be higher than Pt-Ru/
MWNT (77.4 m* g~!) and PUMWNT (36.6 m*> g~!). From chrono-amperometric
studies, it was found that the oxidative current of the Pt-Ru/CeO,/MWNT nanocom-
posite was higher than the Pt-Ru/MWNT and PUMWNT inferring that the methanol
oxidation reaction was better for Pt-Ru/CeO,/MWNT than other catalysts [5].

Yuehe Lin et al., reported an interesting work on low temperature fuel cells using
Pt/CNT synthesized in supercritical fluid. The self-poisoning of the electrodes occur-
ring in the middle of the methanol oxidation reaction can be understood using the
difference between forward (I¢) and reverse anodic peak current (I,). Higher the I¢/
I value, better the methanol oxidation to CO,. This work suggested that the use of
CNT with Pt reduced the catalyst poisoning as well as increased the surface activity
due to the increased surface area of CNT and decrease in overpotential [21].

4.2.2 Proton-Exchange Membrane Fuel Cells (PEMFC)

In a view to develop eco-friendly energy sources, research on PEMFC is on a larger
interest in global arena. The PEMFC consists of an anode where the hydrogen will
be oxidized and a cathode where the oxygen will be reduced and an electrolyte
membrane. The proton is migrated from anode to cathode through proton exchange
membrane. There are two types of PEMFC depending on the temperature namely low
temperature PEMFC (60-80 °C) and high temperature PEMFC (110-180 °C). The
high temperature PEMFC provides higher proton conductivity with better chem-
ical and thermal stability. In addition, high PEMFC also offers low permeability
towards fuel and carbon monoxide poisoning occurring at low temperature PEMFC
is controlled in high PEMFC. To overcome its lower power density limitation in
PEMFC, focus on developing efficient catalyst is believed to deliver better perfor-
mance. Platinum is the ideally used catalyst for PEMFC applications. But, due to its
cost and availability as well as poisoning limitations, Pt is often supported by carbon-
based materials. Hence, recently carbon based electrocatalyst is studied at a larger
scale to enhance the PEMFC performance. The Pt/C also delivers attractive elec-
trocatalytic activity improving the cell performance. Among various carbon-based
materials, carbon nanotubes (CNT) are majorly used for PEMFC application owing
to its nanoscale morphology, higher surface area, better stability and corrosion resis-
tance in addition to higher electrical conductivity. Both single wall and multi walled
CNTs exhibit higher surface area improving the electrochemical activity.

Weimin Zhang et al. studied the electrocatalytic performance of Pt/CNT nanocom-
posite synthesized using microwave heating towards PEMFCs. The CNT were func-
tionalized and the difference in electrocatalytic performance of raw and functional-
ized CNT were studied. The Pt/CNT electrodes with functionalized CNT exhibited
an electrochemical active surface area of 72.9 m?/g and the Pt/CNT electrodes with
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unfunctionalized CNT exhibited an electrochemical active surface area of 48.2 m?/g.
This shows that the CNT electrodes which are functionalized possess better catalytic
activity towards proton membrane exchange fuel cells [22].

A. Leela Mohana Reddy et al., reported electrochemical performance of Pt/
SWNT (single wall nanotube) —Pt/C (carbon) nanocomposite towards PEMFC. The
enhanced electrochemical performance of Pt/SWNT-Pt/C was found when 50 wt %
Pt/SWNT + 50 wt% Pt/C was taken as both anode and cathode where 20% of Pt was
loaded. The uniform distribution of Pt/C over Pt/SWNT was observed in this study
using transmission electron microscopy. The PEMFC performance with a potential
of 540 mV exhibited a current and power density of 485 mA cm~? and 262 mW
cm™2. The performance of PUSWNT was found to be better than Pt/C indicating the
advantages of SWNT. The membrane with thickness of 89 pm exhibited a membrane
resistance of 0.1072 €2 cm?. The study exhibited PUSWNT as a better cathode catalyst
than Pt/C with enhanced electron transfer and higher catalytic activity [6]. In addi-
tion to being an electrocatalyst, carbon/chromium composite coating as bipolar plates
in PEMFC yielded better interfacial conductivity as well as anticorrosive property.
Elisabete 1. Santiago et al., reported the use of PtMo/C composite as electrocatalyst
for PEMFC. The Mo/C diffusion layer helped in lowering the CO concentration in
the electrodes hence promoting the CO tolerance of PtMo/C composite. The perfor-
mance of Mo/C in reducing the CO concentration was also confirmed using gas
chromatographic technique [23].

4.3 Batteries

4.3.1 Lithium Air (Li-Air) Batteries

Littauer and Tsai introduced lithium air batteries in the year 1976. Due to its higher
theoretical energy density Li-O; batteries are considered as a good choice for electro-
chemical power source. For a material to exhibit better electrochemical performance
towards Li-O; battery must be exhibit a better catalytic activity towards ORR. In
that case, noble metals like platinum (Pt), usually exhibit effective ORR activity. As
the noble metals as ORR catalyst are expensive and challenging to employ in real-
time, carbon-based materials plays a vital role as its alternative. Oi Lun Li discussed
the challenges and prospects in using carbon electrodes towards lithium air battery
applications. The role of electrolyte (aqueous, non-aqueous, hybrid (aqueous/non
aqueous) and solid electrolytes) also plays an important role in the functioning of the
electrocatalyst. Carbon materials are often used as cathode in Li-air batteries where
the cell voltage drop occurs [4].

Co304 doped hollow carbon nanospheres were grown in-situ by Wang et al.,
and employed it for lithium-air battery application. Co3O4/nitrogen-doped hollow
carbon nanospheres was used as air electrode in coin type Li-O, battery. The incor-
poration of Co30, into carbon composite are believed to reduce the overpotential
and improve catalytic activity. The carbon nanospheres used in this works supports
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electron mobility as well as develops nucleation sites for the transition metal oxides.
The synthesized Co3O4/nitrogen-doped hollow carbon nanospheres exhibited meso-
porous structures with the surface area of 278.3 m?>g~! helping faster transport of
oxygen and increasing the reactivity supporting the discharge reactions. The specific
discharge capacity of the nanocomposite was about 3325 mAhg~!. The work also
discussed the limitation of the cyclic stability of the synthesized nanocomposite.
Hence, by improving the stability and optimizing the electrode efficient air-batteries
as bifunctional catalysts can be achieved [24].

The electrochemical performance of 8-MnO, /N-rGO towards the studies on Li-
O, battery was discussed by Awan Zahoor et al. The porous nature, higher theoretical
energy density, abundance, ease in ion transportation makes MnO, as a better elec-
trocatalyst to be used in Li-O; battery application. In this work, the battery specific
capacity of 8-MnO, /N-rGO nanocomposite was found to be 5250 mAhg~"'. The §-
MnO, /N-rGO electrodes also exhibited better discharge capacity of 3300 mA h g~!
at 0.1 mA cm~2. The N-graphite species combined with 8-MnO; in this work acted
as a better ORR catalyst with improved reaction kinetics and energy conversion
efficiency [25]. Masoumeh Salehia et al., studied the effect of rtGO/CNT nanocom-
posite with specific surface area of 564.48 m?/g as electrocatalyst for Li-air batteries
application. The work yielded better cyclability for about 50 cycles and at 100 mA/
g it delivered the capacity of 9000 mA h/g. At 50 mA/g, the discharge capacity of
12,350 mA h/g is obtained The work also employed constant current and constant
current/voltage discharge method [26].

The carbon materials are usually doped using nitrogen to make it as an effective
electrochemical catalyst in terms of improved electron conductivity and durability as
well as surface active sites. Hence, doping carbon with nitrogen while synthesizing
nanocomposites with transition metal oxides is one of the effective strategies in
enhancing the electrocatalytic performance.

4.3.2 Zinc Air (Zn-Air) Batteries

Due to its high theoretical energy density and low cost than Li-air batteries research
on zinc-air (Zn-air) batteries gained significant attention in energy storage applica-
tions specifically for rechargeable batteries [27, 28]. In addition, Zn based materials
are highly stable, abundantly available, less toxic and cost effective. Due to its physic-
ochemical properties, electrical conductivity and its cost-effectiveness, carbon-based
materials are widely used as a bifunctional catalyst for Zn-air battery applications
[29]. Daolan Liu et al. reported the recent advances in Zn-air batteries using carbon
based bifunctional catalyst [3].

Qing Qin et al. reported the multifunctional catalytic activity (OER, HER, ORR
and Zn-air battery) of nitrogen and phosphorous co-doped carbon-supported Fe
nanocomposite prepared through one-pot pyrolysis approach. In this work, carbon
has been derived from tannic acid which is highly helpful in adsorbing properties.
The developed nanocomposite exhibited an overpotential of about only 75 mV at
10 mA/cm? towards HER catalysis. The charge and discharge voltage gap was found
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to be less at longer cycles which makes this nanocomposite an ideal candidature for
the Zn-air battery application [30]. Xiaopeng Han et al., reported NiCo,S4/nitrogen
doped carbon nanotubes as an efficient bifunctional catalyst with better performance
than the ideal RuO, and Pt/C electrodes with lower overpotential of about 0.63 V
corresponding to charge/discharge and cyclability of 150 cycles. The nitrogen doped
carbon nanotubes facilitated the surface conductivity as well as adsorption [31]. Sun
et al., reported the synthesis and electrochemical studies of reduced graphene oxide/
carbon black/amorphous cobalt borate (rGO/CB/Co-B) nanocomposites towards
rechargeable Zn-air batteries. Herein, sandwich like structure of the nanocomposite
with surface area of 1052.3 m? g~! is developed where the graphene oxide sheets
are separated by cobalt borate that are densely packed. The nanocomposite exhib-
ited minimum charge transfer resistance followed by the higher diffusion kinetics
from the LSV polarization. From the Koutecky—Levich plot signified that the synthe-
sized rGO/CB/Co-B nanocomposite exhibited four electron transfer and rGO/Co-B
exhibited two electron transfer pathways with the electron transfer number of 3.93
and 2.76 respectively. It shows that the addition of carbon black in rGO/CB/Co-
B nanocomposite helps in enhanced conductivity and decreases the Lewis acidity
making them thermodynamically favourable. The study proved that the rtGO/CB/
Co-B nanocomposite is an efficient catalyst towards OER as well as ORR and hence
has been taken forward as a better cathode for Zn-air battery. In the primary study,
the rGO/CB/Co-B nanocomposite exhibited a steady discharge curve up to 2000 min
and also the battery exhibited the power density of ~ 76 mW cm™2. The rechargeable
Zn-air battery made up of rGO/CB/Co-B nanocomposite was stable in 124 h cycling
at the current density of 10 mA/cm?. The room temperature synthesized sandwich
rGO/CB/Co-B nanocomposite exhibited lower discharge voltage and voltage gap at
charging as well as discharging proving that the carbon based electrocatalyst as a
robust Zn-air battery electrode [32].

Yan et al. reported an interesting perovskite/carbon nanocomposites synthesized
using gel auto-combustion method as an electrocatalyst for oxygen reduction reac-
tion in Zn-air batteries. The synthesized Laj 99MnOs (3/C nanocomposite exhibited a
specific surface area of 120 m?>g~! with pore volume of 0.401 cm®g~!. The perovskite
carbon composite delivered the energy and power density of 0.401 cm?g~! and 430
mW cm~ respectively with a stability along 340 h at current density of 10 mA/cm?
[33].

4.3.3 Lithium-Ion (Li-Ion) Batteries

Due to its layered structures, vanadium pentoxide (V,0s) is widely used in appli-
cations involving adsorption and diffusion kinetics including sensors, supercapac-
itors and batteries [34, 35]. It is largely employed as cathode material in Li-ion
battery application. The layered structure helps in efficient lithium intercalation and
deintercalation. In addition to the advantage of layered V,Os, integrating carbon-
based materials will enhance the electrocatalytic performance due to its larger
surface area, conductivity and chemical stability. Yifang Zhang et al., reported the
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synthesis of dodecahedron-shaped carbon framework encapsulated by V,0s making
carbon/V,05 nanocomposites and employed it as a cathode material for lithium-ion
batteries. The as-synthesized carbon/V,0s nanocomposite exhibited higher porosity
with homogeneous structure. With change in calcination temperature in the synthesis
process, carbon/ V,Os nanocomposites exhibited varied surface morphology because
of varied carbon combustion at different temperatures. The work reported better elec-
trochemical performance of carbon/V,05 nanocomposite than pure V,05 because
of synergistic performance of carbon and oxide. The carbon/V,0s nanocomposite
exhibited specific capacity of 121.6 mAhg~!, whereas pure V,0s rendered a specific
capacity of only 20 mAh/g. In addition, from electrochemical impedance spec-
troscopy it was noticed that the charge transfer resistance (Rcr) of is 267.9 Q lower
than V,05 electrodes which exhibited the Rcr value of 638.8 2. The Li* ions diffu-
sion coefficient of carbon/V, 05 nanocomposite was also found to be 2—4 times higher
than the V,0j5 electrodes [36].

Bin Sun et al., reported V,0s nanosphere/MWCNT electrocatalyst as cathode
material for Li-ion battery. In this work, V,0s5 and MWCNT are arrange layer-by-
layer with V,0s having thickness of ~2-3 pm and MWCNT having thickness of
~1 pm and the whole stack possessed thickness of about ~20 wm. From cyclic
voltammetric studies of V,0s/MWCNT undergone a multistep reduction process
corresponding to V*3 signifying the phase changes from a-V,05 — &-Lig5V,05 —
d-Li V2,05 — y-Li, V,,05. Good reversibility of oxidation and reduction was noticed
for three cycles and the galvanostatic charge/discharge cycles were also found to
be consistent. The reversible capacity of about 275 mAh/g was observed after 50
cycles. The work reports that the layered structure had good stability and cycla-
bility helping better lithiation/delithiation due to its electrostatic interaction. Hence,
the layered V,0s/MWCNT electrode can be used as an efficient electrocatalyst for
Li-ion batteries [37]. Hongbin Zhao et al., reported the electrochemical character-
istics of V,05/rGO and VO,/rGO and exhibited better cyclic stability and specific
capacity towards Li-ion battery studies. The specific surface area of V,05/rGO and
VO,/rGO were found to be 64 cm?/g and 35cm?/g using BET studies. The rGO
helped to increase the surface area of vanadium oxides which will improve the elec-
trocatalytic activity of the composite cathode material. Even after 100 cycles, the
discharge specific capacity of V,0s/rGO was 171 mAh/g, which is 1.3 times greater
than pure V,0s implying the higher electrocatalytic activity of rGO. In addition to
specific capacity, the addition of rGO to V,0s also improved the cyclic stability
of the nanocomposite. Hence, V,0s/rGO was found to be a potential candidate as
carbon composite for Li-ion battery application [38].

Linfei Zhang et al. reported V,0s5-C-SnO, synthesized using hydrothermal
method as anodes for Li-ion batteries. In this work, glucose is used as carbonating
agent and V,0s5 and SnO, are linked to carbon to achieve high power and energy
density. The nanocomposite retained reversible capacity of 800 mAh/g after 100
cycles which proved the cyclic stability of the synthesized nanocomposite material.
The resistance was calculated from electrochemical impedance spectroscopy which
showed lower resistance for the V,05-C-SnO, than V,05/Sn0O,. The work showed
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that the carbon addition to V,0s5/SnO, improved its reverse cyclic stability and rate
capability suitable for Li-ion battery application [35].

4.4 Carbon Dioxide (CO;) Reduction

Two major challenges prevailing in this century is global climate change and energy
demand. To enjoy a sustainable environment both these challenges must be met using
renewable energy sources. Carbon dioxide (CO;) one of the major greenhouse gas
responsible for climate change must be controlled or converted to any useful gas/or
fuels. In that row, the research is carried out widely to covert CO; to fuels even before
its release into the environment. The electrocatalyst plays a major role in electrochem-
ical reduction of CO, and several reports indicate that carbon based electrocatalyst are
efficient electrocatalyst for the CO, reduction. Xing Zhi et al. reported the interfacial
electron transfer characteristics of graphitic carbon nitride (g-C3Ny)/graphene doped
with heteroatom boron, nitrogen, oxygen and phosphorous towards CO, reduction
reaction through density functional theory (DFT) computational analysis. The work
suggested that the carbon atom (C1) in the g-C3Ny, acts as an active site and the
graphene provides better conductivity in the reaction. Increase in electron transfer
was observed when nitrogen is doped with graphene. The strong adsorption capacity
of g-C3N, towards CO, makes it an ideal material for CO, reduction reaction [2].

Xunyu Lu et al., reported the CO, reduction of covalently bonded g-C3Ny4/
multiwall carbon nanotube nanocomposite. The bonding between carbon and
nitrogen of multiwall carbon nanotube and g-C3Ny acted as core active sites for CO,
reduction reaction. The highlights of g-C3N4/multiwall carbon nanotube nanocom-
posite is its conductivity, active sites due to C-N bonding, increased specific surface
area and mainly the aggregation of g-C3;N4 could be hampered through multiwall
carbon nanotube addition which results in higher surface area improving the catalytic
performance for better CO, reduction reaction [8§].

M. Nur Hossain et al. reported copper/reduced graphene oxide (Cu/rGO)
nanocomposite for CO, reduction. The work also studied the Faradaic efficiency
of the Cu/rGO catalyst using chemical oxygen demand for the first time. The chem-
ical oxygen demand method which is different from CO, reduction, measures the
total number of electrons taken part in the conversion of CO, gas to any other gas or
fuel. While coming to the electrochemical characteristic study, linear sweep voltam-
metry and chronoamperometry are majorly used to understand the electrochemical
behaviour of Cu/rGO nanocomposite. From the study it was found that the Cu/
rGO nanocomposite exhibited minimum onset potential and better energy density
compared to pure Cu nanoparticles as well as pure rGO implying that the synergistic
effect of Cu/rGO nanocomposite plays a tremendous role in influencing the catalytic
activity. From electrochemical impedence spectroscopy, the charge transfer resis-
tance of Cu/rGO nanocomposite was found to be 355.40 Q/cm, whereas Ret value
of pure Cu nanoparticles was 612.90 2/cm. In addition to Rcr value, the constant
phase element value of Cu/rGO nanocomposite (1817.60 wF/cm) was also higher



Nanocomposites of Carbon as Electrocatalyst 233

than pure Cu nanoparticles (427.38 wF/cm) and rGO (781.40 wF/cm). For better
electrochemical performance, the electrocatalyst must possess lower Rt value and
higher constant phase element value and hence the values observed in this work
proves that Cu/rGO nanocomposite is an efficient electrocatalyst. In the cathodic
potential range —0.4 to —0.6 V, it was found that carbon monoxide (CO) production
from CO, was increased. This work confirmed that Cu/rGO nanocomposite exhibited
higher Faradaic efficiency and lower overpotential making Cu/rGo a better candidate
for CO, reduction [39].

S Summary and Future Perspectives

The research on efficient electrocatalyst is thriving among researchers worldwide
due to the demand for sustainable energy devices. The existing efficient electrocat-
alyst that are into commercialization are majorly noble metals (Pt, Ru, Ir) which are
expensive and less abundant. In order to overcome these limitations of the existing
electrodes, carbon-based materials are explored at a larger scale. The carbon-based
nanocomposites with heteroatom doping, introducing functional groups, developing
composites with metal oxides and sulphides are found to be effective. Though carbon-
based materials are making a revolution in developing renewable energy devices,
understanding the mechanisms underlying the improved electrocatalytic activity
while making carbon integrated composites needs further exploration.
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Abstract Graphene has received much attention in energy conversion devices due
to its remarkable properties such as unique thermal, mechanical, electronic, and
chemical properties. Also, graphene has an isolated layer of carbon hexagons with
Sp? hybridized C—C bonds with electron clouds. Thin flakes made of a few layers
of carbon atoms, such as mono-layer graphene, can be very significant from an
engineering perspective due to their intriguing structural and physical properties as
well as their potential for exciting technology applications. Hybrid structures based
on graphene have been used to create a wide range of effective and long-lasting fuel
cell energy systems. Graphene in fuel cell technology exhibits excellent catalytic
performance in potential applications of fuel cell devices. This chapter focuses on
the fuel cell device used by graphene and how graphene is used in contemporary fuel
cell technology, including in electrodes.

Keywords Graphene - Catalytic performance - Fuel cell

1 Graphene—Historical Overview

A two-dimensional crystalline carbon ‘Graphene’ is either a multiple connected
layer of atoms forming a honeycomb (hexagonal) lattice or a single layer of carbon.
Graphene is a much-hyped honeycomb 2D lattice of carbon atoms, which is the
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strongest, lightest, and thinnest substance widely known and the finest heat and elec-
trical conductor ever discovered—and the list proceeds. It is the tiniest item ever
made, being a million times thinner than a human hair. Even though graphene is
flexible and lightweight, it is also the world’s strongest substance (stronger than steel
by 200 times). Konstantin Novoselov and Andre Geim of the University of Manch-
ester and colleagues extracted graphene (single-layer) in 2004 using an exceedingly
easy way of exfoliation from graphite. Their “scotch-tape method” involved using
adhesive tape to remove a graphite sample’s top layers and then applying them to a
substrate material. When the tape was removed, some single-layer graphene remained
on the substrate. Producing graphene is not a difficult operation by itself; every time
someone draws with a pencil on paper, the pencil trace contains a small amount
of multilayer and single-layer graphene. The Manchester group isolated graphene
flakes, and examined their physical properties. They demonstrated that electrons in
graphene had high mobility, and were utilized in electronic applications [1, 2].

The graphene substrate was naturally coated by a thin transparent layer of silicon
dioxide on a silicon wafer by a process called either micromechanical cleavage or the
Scotch tape technique for which Geim and Novoselov were awarded the Nobel Prize
in Physics in 2010. It was discovered that single-layer graphene provided a strong
enough optical contrast with silicon dioxide to make the graphene visible under a
normal optical microscope. Graphene also conducts electricity more quickly than
most other materials and, when piled in layers, forms graphite, which is also present
in pencils [3].

2 Structure of Graphene

Carbon, the earliest element discovered by humanity remains one of the most fasci-
nating chemical elements. Carbon materials are used for a wide range of applica-
tions due to their unique diversity of forms and features, which range from chem-
ical bonding between carbon atoms to nanostructures, crystallite alignment, and
microstructures. Carbons three-dimensional (3D) crystalline forms are graphite and
diamond. Graphite is made up entirely of Sp> hybridized bonds, whereas diamond
is made up entirely of Sp? hybridized bonds. Diamond’s carbon atoms are organized
in a face-centered cubic (fcc) crystal structure. The exceptional physical proper-
ties of diamonds are due to the strong covalent bonding between their atoms (Sp*
hybridization).

Graphite has a lamellar (planar, layered) structure, unlike diamond. Carbon atoms
are organized in a hexagonal lattice in each layer with a separation of 0.142 nm (Sp?
hybridization), and the distance between planes (layers) is 0.335 nm. Graphite has
two known forms, (hexagonal) and (rhombohedral), which are extremely similar.
The forces within the lateral planes of lamellar structures are substantially stronger
than the forces between the planes. All graphitic forms, such as three-dimensional
graphite, one-dimensional carbon nanotubes, and zero-dimensional fullerenes, are
descended from graphene. Graphite, carbon nanotubes (CNT), fullerene (C60), and
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Fig.1 Schematic structure of the graphene sheet

other related materials (carbon fiber (CF), amorphous carbon (AC), and charcoal)
all contain the fundamental structural component known as graphene. A single atom
forms each vertex of the 2D, atomic-scale hexagonal lattice known as graphene,
which is an allotrope of carbon. The carbon—carbon bond has a length of roughly
0.142 nm, which is shown in Fig. 1.

Each lattice comprises three solidly connected linkages that combine to create
a sturdy hexagonal framework. The electrical conductivity of graphene is mostly
attributed to the bond connection located vertically to the lattice plane. Because of
its tightly packed carbon atoms and a sp? orbital hybridization, which combines the
orbitals s, py, and py to produce the -bond, graphene is stable. The final pz electron
creates the -bond. The bonds join to form the m-band and w*-bands. The majority
of the notable electrical characteristics of graphene are attributed to the half-filled
band that permits free-moving electrons. Graphene derivatives such as graphene
oxide (GO), and reduced graphene oxide (rGO) possess unique features, which are
revealed in Fig. 2 [4, 5].

A unit structure of graphene is composed of graphite, carbon nanotubes, and
fullerene, as well as aromatic molecules of unlimited size, like planar polycyclic
aromatic hydrocarbons. Carbon atoms bind with adjacent carbon atoms via Sp?
hybridization to create a benzene ring, with each atom donating an unpaired electron.
The thickness of graphene is 0.35 nm, which is 1/200,000th the diameter of human
hair. Graphene structure is however relatively stable. The link between carbon atoms
is strong enough to endure external stress through a twisting lattice plane, preventing
atom reconfiguration. Graphene has a constrained nanoribbon structure, producing an
energy barrier near the canter point because of lateral charge flow. The energy barrier
increases as the width of the nanoribbon decreases. Thus, the energy barrier can be
controlled by the width of the graphene nanoribbon, which is a desirable feature for
possible graphene-based electrical devices. Furthermore, like CNTs, graphene edges
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Fig. 2 Structure of a Graphene, b Graphene oxide (GO), and ¢ Reduced graphene oxide (rGO)

may be categorized as zigzag or armchairs based on distinct carbon chains, as seen
in Fig. 3a—c [5, 6].

3 The Versatile Properties of Graphene

Graphene’s characteristics are distinct due to its all-carbon structure and nanoscale
shape. Graphene possesses exceptional mechanical, electrical, optical and thermal
characteristics [6-9]. Graphene is very light, weighing only 0.77 mg per square
meter. It has the most surface area of any substance since it has a single 2D sheet.
When left alone, graphene sheets stack to create graphite, the most durable 3D
form of carbon in typical conditions. Graphene has a high electrical mobility, and
electrons behave similarly to photons in terms of movement. Graphene’s electrical
mobility has been demonstrated to be extraordinarily high, with previously published
findings exceeding 15,000 cm? V~! s~! and theoretically potential limits of 200,000
cm? V™! s7! (constrained by the dispersion of acoustic photons in graphene). The
electronic properties of the electrons, which function as massless charge carriers with
exceptionally great mobility, are responsible for this. The thermal conductivities of
low dimensional carbon materials like graphene and carbon nanotubes, which range
from 3000 to 6000 W/m/K [6-13].
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a)

b) Arm chair c) Zig zag
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Fig. 3 aHoneycomb lattice of Graphene both directions (armchair and zigzag), b armchair structure
of graphene, and zigzag structure of graphene

4 Synthesis of Graphene, Graphene-Based Electrocatalysts
and Membrane

In 2004, Geim and Novoselov performed ground-breaking studies on two-
dimensional graphene utilizing the scotch tape technique. For graphene production,
both bottom-up and top-down techniques are possible. For example, chemical vapour
deposition develops graphene in silicon carbide (bottom-up), whereas the mechan-
ical exfoliation method is the mechanism by which graphite is broken down into
graphene (top-down) [14—19].
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4.1 Synthesis of Graphene

Exfoliation is a peeling process that is performed in graphite to create layers of
graphene. The graphene layers were then peeled away from the graphite using scotch
tape Using graphite foils, plates, rods, and powders as electrodes in an aqueous or non-
aqueous electrolyte and applying an electric current to promote electrode expansion
are the key components of the Electrochemical exfoliation method. A basic method
for producing graphene is the thermal breakdown of silicon carbide (SiC). High
temperatures cause Si to desorb, leaving C atoms remaining to create a few layers
of graphene. The CVD development of graphene was accomplished using cold-wall
and hot-wall reaction chambers. The development of graphene in this approach is
quick, excellent quality, and requires little power [14—19].

4.2 Synthesis of Graphene-Based Electrocatalysts

Graphene is a promising electrocatalyst supporting material for composite electro-
catalysts owing to the material’s enormous surface area, superior electric conduc-
tivity, and electrochemical stability. In order to anchor metal or metal oxide on the
graphene substrate as well as conducting polymer and other carbon-based materials,
several physical or chemical techniques, such as chemical reduction, thermal treat-
ment, hydrothermal or solvothermal processes, self-assembly, and electrochemical
processes, have been studied.

Chemical reduction is a typical method for producing graphene-supported metal
catalysts that use a variety of reducing chemicals such as ethylene glycol (EG),
sodium citrate, sodium borohydride (NaBH,), and GO (or rGO). As well as In
general, doping with heteroatoms (e.g., S, N, B, and P) is an excellent method
for increasing graphene’s intrinsic catalytic activity by producing additional active
canters or modifying carbon atom charge density. For example, created a unique
NG with a 3D porous nanostructure. The 3D graphene material was discovered
to have more accessible active sites, exceptional, durability, and catalytic activity.
Furthermore, the electron-accepting capacity of N atoms contributed significantly
to the exceptional electrocatalytic ORR performance. Graphene -based electrocat-
alysts are very suitable electrocatalysts for all applications such as energy storage
and conversion (Supercapacitor, Batteries, and Fuel cells), sensor, and biomedical
applications (drug delivery, cancer therapy, and biological imaging) [20-23].

4.3 Synthesis of Graphene-Based Membranes

Graphene oxide’s (GO) strong proton conductivity, chemical stability, and
outstanding mechanical qualities make it a perfect filler material for fuel cell polymer
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membranes. To make GO-polymer composites, in situ intercalative polymerization
and solution intercalation are two common techniques. GO is combined with liquid
monomer precursors in the in situ intercalative polymerization process, and the poly-
merization is subsequently initiated by an initiator under regulated circumstances.
Epoxy and polyaniline (PANI) are two common polymers that are in situ polymerized
with graphene. Using sonication or mechanical mixing, the well-dispersed soluble
polymer and GO were rejoined to form a composite during the solution intercalation
process. This method is simple and widely utilized in the manufacture of GO-polymer
composites. Due to its higher proton conductivity and low permeability to reactant
species, GO may be used directly as a proton electrolyte in fuel cells in addition to
the creation of GO-polymer composites [24-26].

5 Graphene-Based Materials for Fuel Cell

5.1 Electrochemical Energy Conversion Device: Fuel Cell

Our daily lives necessitate the use of energy. A rapid increase in overall popula-
tion and consistent personal income growth are two variables that contribute to
increased energy consumption. The global population is expected to surpass 8.7
billion by 2035, implying that an extra 1.6 billion people would require energy. Due
to this rapid development of economic growth, supplying energy cannot satisfy the
increasing demand, as well as fossil resource depletion such as coal, petrol, oil, and
environmental pollution, are worldwide.

The fundamental challenge is growing energy consumption and declining fossil
fuel availability, as well as concerns about the impact of traditional fossil fuels on
human health. There is an urgent need to replace existing non-renewable fossil fuels
with green alternatives and sustainable energy. It has been observed that worldwide
renewable energy generation is increasing. According to research of the literature, a
renewable electricity capacity of around 1560 GW was used by the end of 2013, nearly
doubling the 895 GW reported at the beginning of 2004. However, the conversion
of energy devices is necessary for automobile industry applications. Over the past
decades, clean and sustainable energy technologies (solar energy, wind energy, and
biomass fuels) have been rapidly developed along with energy conversion technolo-
gies have also been on the rise. Electrochemical energy is an electrochemical process
of conversion between chemical energy and electrical energy. In most electrochem-
ical energy technologies, the electrode and electrolyte materials must possess the
required ionic and electronic transport properties and a great deal of research is still
to be performed at a fundamental level to study and optimize the electrochemistry
of candidate materials, composites, and assemblies (such as catalyst and interface
designs). As a result, the curtailment strategy was used to fix these costly problems
and prevent further escalation. Aside from the energy storage approach, fuel cell
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technology is one of the most current technologies that gives a quick solution to the
aforementioned challenges.

The dynamic application of fuel cell technology is mainly for the insistence of
global energy such as fossil fuel depletion, biomass, natural gas, and environmental
pollution. The basic principle of the fuel cell was discovered by William Grove in
1839. The fuel cell converts fuel into electricity through an electrochemical reaction
in which, the only products are heat, carbon dioxide, and water. Conversion paths
of chemical energy to electrical energy have many steps. The conventional method
of converting the chemical energy of fuel into heat energy and this heat energy is
converted into mechanical energy, which in turn is converted into electrical energy.
It has an efficiency of about 30% because of a minimum of three intermediate steps
to attain energy. Whereas the fuel cell which converts the chemical energy of a fuel
and an oxidant (pure oxygen or air) directly into electricity has a higher efficiency
of about 80% without any intermediate steps involved. Water and heat are the only
components of the electrochemical processes of a hydrogen fuel cell engine. Carbon
dioxide emissions can be minimized by exploiting the better energy efficiency of fuel
cell engines if hydrogen is produced from hydrocarbon reforming or electrolysers
driven by fossil-based electricity. Emissions may be lowered to zero if hydrogen is
produced using sustainable energy sources such as wind, solar thermal, and nuclear
power.

Fuel cell benefits include high efficiency and reliability, multi-fuel capability,
durability, scalability, noise-free, and ease of maintenance. Hence, fuel cells find
wider characteristics such as being portable, stationary, and power for transportation
[27-30].

5.2 Types of Fuel Cell

Since the discovery of this technology, several fuel cell types have been studied and
developed. Fuel cells are usually classified in terms of the type of electrolyte, chem-
ical reactions, and operating temperature (low and high-temperature fuel cells). The
classification of fuel cells. Low-temperature fuel cells which operate at a temperature
range of 80-200 °C. They are Polymer Electrolyte Membrane Fuel Cells (PEMFC),
Phosphoric Acid Fuel Cells (PAFC), Direct Methanol Fuel Cells (DMFC), and Alka-
line Fuel Cells (AFC). High-temperature fuel cells such as Solid Oxide Fuel Cell
(SOFC) and Molten Carbonate Fuel Cell (MCFC) operate at temperatures in the range
600-1000 °C. Each type of fuel cell has its own problem which can be overcome by
other types of fuel cells [31].
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5.3 Working Principle of Fuel Cell System

The fuel cell is an energy conversion device that interconverts chemical energy to
electrical energy. The cathode, anode, electrolyte, membrane, and external circuit
known as the load are the major components of a typical fuel cell system, which is
illustrated in Fig. 4.

Despite the complicated setup, the functioning of the fuel cell system is easy.
The anode will be fed with hydrogen fuel (or any other fuel) indefinitely, while the
cathode will be fed with the oxidant in the air. The hydrogen supplied is diverted into
two kinds in the anode: the hydrogen positive ion, H, and the hydrogen negative
ion, H™. The electrolyte separates the cathode and anode pathways conceptually.
The electrolyte only permitted the H* ions to pass from the anode to the cathode
and acted as an insulator to prevent the H™ ions from traveling. The three primary
reaction stages that occur at the anode and cathode in the fuel cell system are depicted
in the equations below.

Anode : Hy — 2H" + 2e~ (1)

Cathode : 1/2 O, +2H" 4+ 2¢~ — H,0 ()

Modeling a fuel cell system is worthwhile because it is a useful tool for improving
the design of the fuel cell by gaining a better knowledge of the internal operating
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Fig. 4 A basic schematic structure of a fuel cell system
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mechanism. Running a modeled fuel cell is faster and less expensive than running a
real-scale system, which aids in the design process. Over the last 10 years, substantial
research efforts have been devoted to the development of realistic computational fuel
cell models [32-34].

5.4 Role of Graphene in Electrocatalytic Reactions

5.4.1 Substrate

Graphene has a large specific surface area for a 2D material. Furthermore, it is proved
that some functional groups, such as O- and N- containing functional groups, may
operate on the surface of graphene. On the one hand, functional groups serve as nucle-
ation sites in the formation of metal nanoparticles or single atoms. However, it is also
proved that these functional groups are advantageous for attaching metal nanopar-
ticles. As a result, graphene may be widely used as an appropriate substrate for
loading single-atom metal nanoparticles to significantly boost their electrocatalytic
efficiency [35].

5.4.2 Active Center

Graphene, in addition to functioning as a substrate, may also operate as an active
center to enhance electrochemical processes. Despite its high potential for electrocat-
alytic processes, graphene’s catalytic activity remains much lower than that of metal
nanocatalysts. Heteroatom doping is an efficient method for significantly altering
the electronic characteristics of graphene in order to improve its catalytic activity.
Furthermore, nitrogen (N) and phosphorous (P) co-doping can control their elec-
trical conductivity and surface characteristics to function as catalytically active sites,
significantly boosting electrocatalytic performance [35].

5.4.3 Conductor

The electrical conductivity of graphene is 1 x 10° S m~!. As a result, graphene may
be used as an excellent conductor to increase the electrical conductance of hybrid
catalyst composites. When graphene is combined with another material, such as metal
or metal oxide, the resultant composite has a better conductivity than graphene. This
increased electrocatalytic activity [35].
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Fig. 5 Schematic illustration of fuel cell system incorporating graphene-based materials in each
component

5.5 Graphene-Based Materials for Fuel Cell

The vast specific area, excellent electrochemical stability, strong electrical conduc-
tivity, and quick recovery of platinum catalysts make graphene a promising choice
for energy conversion applications. Graphene is important in fuel cell technology
because of its appealing features. The fuel cell is gaining a lot of interest as a potential
alternative energy source. Because fuel cells are an environmentally benign method
of producing water, heat, and electricity, with no pollutants or harmful by-products,
many studies are currently concentrating on lowering the cost and increasing the effi-
ciency of fuel cells. The cathode, anode, and separation membrane are the three main
components of a fuel cell. Graphene-based electrocatalyst is an essential material in
these main components due to its properties (Fig. 5) [35-50].

5.5.1 Graphene-Based Anode Electrocatalysts for Fuel Cell

Graphene-based materials have high electrical conductivity, vast surface area, and
adjustable anchoring sites that can boost inert metal dispersion and enable charge
mobility in fuel oxidation. There has been a lot of work put into developing effective
graphene-supported electrocatalysts for methanol oxidation reaction (MOR), ethanol
oxidation reaction (EOR), solid oxide fuel cell (SOFC), and formic acid oxidation
reaction (FAOR). Because of their fast charge transfer rate and biocompatibility,
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graphene-based materials are especially promising as anodes for microbial fuel cells
(MFC) [39-44].

Graphene—Noble Metal Hybrids

As previously stated, graphene has several potential electrochemical uses, partic-
ularly for fuel cell applications such as methanol and ethanol oxidation reactions.
Methanol, a liquid fuel with a high volumetric energy density that is easy to carry
and store, may be used to power DMFCs directly, although its electrochemical reac-
tivity is lower than that of hydrogen. Furthermore, the chemical intermediates easily
obstruct the active sites of frequently employed platinum-based catalysts. Pt nanopar-
ticles can be immobilized in graphene-based materials to improve their activity and
durability for MOR.

For example, Eunyoo and Okata et al. have investigated Pt catalysts supported on
GNS Pt/GNS were created using a platinum precursor [Pt (NO,),(NH3),] and GNS
powder. Inductively coupled plasma (ICP) analysis determines the loading quantity
(about 20 wt.%) of Pt clusters to GNS, which is essentially similar to Pt on activated
carbon (Pt/C, Vulcan XC-72R) for fair comparison. When compared to the Pt/carbon
black catalyst, the Pt/GNS electrocatalyst demonstrated particularly high activity for
the methanol oxidation process. Among the tested catalyst samples, the Pt/GNS
electrocatalyst had a markedly distinct profile for CO oxidation. It is discovered that
Pt particles smaller than 0.5 nm in size develop on GNS, acquiring the particular
electronic structures of Pt and altering its catalytic activities. MOR current—potential
curves in 1 mol dm—3 CH;OH + 0.05 mol dm—3 H,SOy for Pt/carbon black, Pt/GNS,
and PtRu/carbon black. The quantity of metals was 0.0169 mg for Pt/carbon black
and Pt/GNS, and 0.0184 mg for PtRu/carbon black Per apparent area of the electrode.
For Pt/carbon black, Pt/GNS, and PtRu/carbon black, the onset potential of methanol
oxidation was 0.6, 0.5, and 0.4 V relative to the reference hydrogen electrode (RHE),
respectively. According to the findings of this work, GNS is projected to be a novel
carbon support material capable of changing the catalytic characteristics of Pt fuel
cell catalysts [39].

Ethanol is a renewable energy source that may be created from agricultural waste
or biomass. Ethanol has a greater mass-energy density (8.01 kWh kg~!) and lower
toxicity than methanol (6.07 kWh kg™!). Noble metals, like MOR, are necessary to
break the C—C bond in ethanol in order to complete oxidation and prevent overpoten-
tial loss. Graphene-based materials are excellent supports for increasing noble metal
dispersion and facilitating charge transfer. For example, Lifeng and Gari colleagues
produced Pt and Pt-Ru nanoparticles on graphene sheets and examined their elec-
trocatalytic performance for methanol and ethanol oxidation. In terms of diffusion
efficiency, oxidation potential, forward oxidation peak current density, and the ratio
of the forward peak current density to the reverse peak current density, graphene-
supported Pt and Pt-Ru nanoparticles outperform the widely used Vulcan XC-72R
carbon black catalyst supports in both methanol and ethanol electro-oxidations. For
example, the forward peak current density of methanol oxidation for graphene- and
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carbon black-supported Pt nanoparticles is 19.1 and 9.76 mA/cm?, respectively, with
ratios of 6.52 and 1.39; the forward peak current density of ethanol oxidation for
graphene- and carbon black-supported Pt nanoparticles is 16.2 and 13.8 mA/cm?,
respectively, with ratios of 3.66 and 0.90. These findings suggest that graphene sheets
can be used as catalyst supports in both direct methanol and ethanol fuel cells [40].

Graphene—Alloy Hybrids

Bimetallic nanoparticles have piqued the interest of researchers due to their superior
catalytic characteristics when compared to single nanoparticles. Nickel-palladium
alloy nanoparticles over graphene nanosheets (NiPd alloy NPs/GNS) are synthesized
by Karthikeyan and Jayaraman et al. utilizing an ammonia-hydrazine technique in
a surfactant-free hydrothermal procedure. NiPd alloy NPs/GNS are a novel type
of electrocatalyst with improved activity and stability in formic acid and ethanol
oxidation processes. According to research, bimetallic alloy nanoparticles have better
catalytic activity than monometallic catalysts in electro-oxidation processes. The
enhanced activity is mostly due to the robust assembly of bimetallic NiPd alloy
NPs on graphene sheets. The innovative NiPd alloy NPs/GNS catalysts offer a new
approach to improving electro-catalytic performance in next-generation fuel cells
[41].

As an alternative energy conversion technique, the solid oxide fuel cell is a viable
possibility. In this regard, graphene-included composite anode materials were synthe-
sized using a solid-state reaction with anode composition Aly ;Nip2Zng 7 oxides, and
varying quantities of 1 wt.%, 1.3 wt.%, and 1.5 wt.% graphene were subsequently
integrated in the resulting composite material. A direct current (DC) four-probe
approach was used to assess electrical conductivity as a function of temperature
from 300 to 650 °C, and the highest value was reported to be 0.53 Scm~' at 370
°C with 1.3% graphene inclusion. With 1.3% graphene inclusion, the highest power
density was 375 mWcem™2 at 600 °C. Even at lower temperatures 330-370 °C, a
substantial improvement in conductivity from 0.42 to 0.52 S cm™' was seen for the
sample containing 1.3% graphene concentration. The decreased activation energy of
0.09 eV shows that graphene-incorporated nanostructured material improves elec-
trical conductivity and cell performance. In the H*/air gaseous settings, the highest
values of OCV were 0.95 V and power density was 375 mWcm™2 at 600 C for the
same sample with 1.3% wt ratio graphene. Based on the data presented above, it
was determined that the ANZ-1.3%G composition is optimised in all aspects and
is a viable anode material for low temperature SOFC applications. This graphene-
incorporated study will be used as a starting point for the SOFC research community
to explore for similar materials in order to improve fuel cell performance [42].
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Functionalized Graphene Hybrids

Graphene or graphene-doped heteroatom hybrid materials improve electrocatalytic
performance for use in fuel cells. Karim and Rahnavardi researched reduced graphene
oxide (RGO) and nitrogen-doped RGO (N-RGO), which are generated electrochem-
ically and then decorated with palladium nanoparticles through a solvothermal tech-
nique to produce Pd/RGO and Pd/NRGO. The bare RGO and NRGO electrodes
are the most active for the oxygen reduction reaction (ORR) and ethanol tolerance,
with the best Tafel slope and onset potential. However, the resulting PA/NRGO elec-
trocatalyst exhibits superior electrocatalytic performance in both ORR and ethanol
oxidation reaction (EOR), with higher peak current density and lower Tafel slope
than Pd/RGO, which can be attributed to PdA/NRGO’s higher electrochemical active
surface area (53 m> g‘l) than Pd/RGO’s (41 m? g‘l). The fundamental reason for
Pd/NRGO’s increased efficiency is due to its larger electrochemical surface area and
nitrogen doping of graphene [43].

Alper and colleagues disclosed polyoxometalate (NaPWO) functionalized
graphene quantum dots (GQDs) with several mono-metallic and bi-metallic nanopar-
ticles such as platinum nanoparticles (PtNPs), palladium nanoparticles (PdNPs), and
platinum-palladium nanoparticles (Pt-PdNPs), simple and cost-effective catalysts
have been developed. The Pt-PdNPs/NaPWO/GQDs also had a larger peak current for
methanol oxidation than similar PANPs/NaPWO/GQDs and PtNPs/NaPWO/GQDs,
indicating greater electro-catalytic activity [44].

5.5.2 Graphene-Based Cathode Electrocatalysts for Fuel Cell

Cathode materials are critical components for the commercialization of fuel cell
systems. Currently, the most well-known cathode materials for the oxygen reduction
process (ORR) are pricey noble metals such as platinum (Pt), gold (Au), ruthenium
(Ru), and their alloys. Pt is the most extensively researched noble metal as an elec-
trocatalyst. However, it is prohibitively costly and has a finite supply on Earth. As a
result, at least one of the three solutions must exist. One strategy is to increase surface
area using nanoparticles to reduce the need of costly catalysts. Another option is to
look for less cost but more efficient metal catalysts to replace pricey noble metals. The
final step is to create effective metal-free catalysts. However, Pt-based catalysts have
a low tolerance for carbon monoxide toxicity and fuel crossover. To make fuel cells
one of the most promising energy sources, a new class of materials with cheap cost,
high efficiency for ORR, and strong durability is required. In this context, carbon-
based metal-free electrocatalysts with high catalytic activity, extended cycle stability,
reduced poisoning impact, and anode crossover are being developed [45-49].
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Graphene-Supported ORR Electrocatalysts

Graphene-based materials are more conductive in nature that are commonly used
as supports for metal nanoparticles, allowing electrons to transfer to the electrode
surface. For example, Muhammad et al., reports an effective technique for improving
fuel cell conductivity and performance at low temperatures in solid oxide fuel cell
by partially integrating graphene in the Lij ; CugZng 7-oxide (LCZ) composite. The
outstanding performance of graphene-incorporated LCZ is attributable to the favor-
able charge transport routes with low area-specific resistance. The electrical conduc-
tivities of all materials are determined using the DC four-probe method, and LCZ-
1.5% graphene exhibits an excellent conductivity of 3.5 S/cm in air atmosphere
at 450 C with a minimum value of 0.057 cm? area-specific resistance (ASR) that
demonstrates significantly good performance [45].

Three-dimensional graphene nanosheets (3D-GNS) were employed as cathode
catalysts for microbial fuel cells (MFCs) functioning in neutral conditions, according
to Santoro et al. In comparison to activated carbon (AC), 3D-GNS catalysts demon-
strated superior performance in neutral medium oxygen electroreduction with high
current densities and reduced hydrogen peroxide production. With three distinct
loadings (2, 6, and 10 mg cm?), 3D-GNS was combined into air-breathing cathodes
based on AC. In MFCs, 3D-GNS performed best, with power densities of 2.059 0.003
Wm~2, 1.855 0.007 Wm~2, and 1.503 0.005 Wm~? for loadings of 10, 6, and 2 mg
cm?, respectively [46]. Iron- and nitrogen-functionalized graphene (Fe-Ne-G) as a
non-precious metal catalyst is synthesized by Sizhe Li et al. using a simple thermal
treatment of a Fe salt, graphitic carbon nitride (gC3Ny), and chemically reduced form
of graphene. The activity of the prepared electrocatalysts towards oxygen reduction
reaction (ORR) as measured by linear sweep voltammetry shows that the Fe-Ne-G
catalyst has a higher positive onset potential and higher reduction current densities
than the pristine graphene (P-G) catalyst, indicating that the Fe-Ne-G catalyst has
improved ORR activity. More crucially, the Fe-Ne-G-MFC has a maximum power
density of 1149.8 mW m~2, which is 2.1 times that of the Pt/C-MFC (561.1 mW
m~2) and much higher than that of the P-G-MFC (109 mW m~2). These findings
show that the Fe-Ne-G catalyst has the potential to be a viable alternative to the more
expensive Pt catalyst in practical MFC applications [47].

Noori and colleagues employed graphene/Vulcan XC as conductive support and
V,05 as a catalyst in MFCs for bioelectricity recovery from fish market effluent. The
electrocatalytic activity of a low-cost V,05-NRs catalyst coupled with graphene is
notably improved, leading to increased power production and organic matter elimi-
nation in MFC. When compared to expensive platinum, the larger power generated
by MFC employing a very low-cost V,05/rGO cathode makes it a suitable candidate
for MFC scale-up [48].
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5.5.3 Graphene-Based Membranes

The electrolytes used in a fuel cell must have strong conductivity of ions, electrical
non-conductance, and low reactant accessibility. Nafion is the most often utilized
polymeric film in PEMFCs because of its strong conductivity of proton and chem-
ical retainability. However, humid circumstances, operating temperature, and fuel
crossover concerns restrict its performance. Graphene-root compounds have been
investigated as a cartridge to improve polymer membrane ionic conductance and
minimize gas passable, as well as conductivity of proton in electrolytes for fuel cells.

Graphene-based materials are routinely utilized to increase the conductivity of
ions and gas impermeability to the membrane of the polymer. The composite
membranes outperform typical polymer membranes in terms of conductivity of ions,
fuel gas possibility, mechanical toughness, and chemical retained, boosting fuel cell
performance and durability. Graphene was synthesized by Ghosh et al. using chem-
ical oxidation followed by thermal exfoliation of natural graphite. The chemical
treatment of the synthesized graphene resulted in functionalized graphene (FG). As-
grown graphene and FG were characterized and employed as Pt support materials.
Precipitation was used to create catalysts with 20% Pt/G and 20% Pt/FG. When
compared to the commercial carbon-supported platinum catalyst, the electrochem-
ical surface area of the FG-supported platinum catalyst was found to be more than
45% larger. The new catalyst (Pt/G and Pt/FG) was substantially more stable than the
commercial Pt/C. Using the catalysts, the membrane electrode assembly was created
and tested in a PEMFC. The greatest power densities of the fuel cell were determined
to be 314, 426, and 455 mW cm™2, respectively, employing Pt/C, Pt/G, and P/FG
[49].

Synthesized nanocomposites (F-GO/Nafion) are proposed as a viable proton
exchange membrane (PEM) substitute for high temperature PEM fuel cell. The GO
nanosheets were synthesised from natural graphite peel using a modified Hummer’s
technique and functionalized with 3-mercaptopropyl trimethoxysilane (MPTMS) as
the sulfonic acid functional group precursor. A simple solution casting approach was
used to create F-GO/Nafion composite membranes. Proton conductivity and single-
cell test findings showed that F-GO/Nafion membranes (4 times) outperformed recast
Nafion at 120 °C with 25% humidity [50].

6 Conclusion

We summarised graphene’s history, structural characteristics, production process,
and use to fuel cells in this chapter. Graphene and its derivative’s unique chemical and
physical properties (heteroatom-doped graphene, graphene oxide, and functionalized
graphene) have imitated enormous efforts and made remarkable activity toward fuel
cell applications, primarily graphene-based anodes, graphene-based cathodes, and
graphene-based membranes for fuel cells. Graphene-supported catalysts promote a
wide range of electrochemical reactions, including ORR, MOR, EOR, and FAOR.
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Low-temperature polymer membrane-based fuel cells benefit greatly from graphene-
based materials.
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Abstract A vast number of resources have been invested into the design of interme-
diate and low-temperature fuel cells such as the microbial fuel cell (MFC), proton
exchange membrane fuel cell (PEMFC), direct borohydride fuel cell (DBFC), and
direct methanol fuel cell (DMFC). This class of fuel cells has displayed varied limita-
tions owing to their respective principal components. Hence, the need to investigate
different materials and nanocomposites with the capacity to enhance the performance
of fuel cells. Due to the exceptional properties of carbon molecules in their nano state,
nanocarbons have gained global attention as catalyst supports in fuel cell applications.
The triumphs and challenges of the application of carbon nanotube-based electrocat-
alysts in fuel cell technology have been presented in this book chapter. This chapter
will review the application of carbon-based nanocomposite materials in the interme-
diate processes of MFC, PEMFC, DBFC, DMFC, and other recently designed fuel
cells. Comparative study of the mechanism of action, applications, yield, merits,
and demerits of various carbon-based nanocomposite materials will be assessed.
Recent advances in important cutting-edge synthetic routes will be assessed. The
sole purpose of this work is to act as a substantive reference for the application of
carbon-based nanocomposite fuel cell energy generation reviews.

Keywords Nanocomposite - Fuel cells - Electrocatalyst + Graphene - Fullerene *
Aerogel

1 Introduction

The recent technological advances with increasing global industrialization, demand
a high volume of energy to function effectively. The global dependence on
hydrocarbon-based fossil fuels, as her basic source of energy, has resulted in the
depletion of fossil fuel resources, and this is a potential threat to the well-being of
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man. Apart from the advantages of using fossil fuel as an energy source, man and his
environment have faced significant hurdles due to the emissions of CO, SOx, NOx,
and particulate matter [1]. In 2015, about 7, 8, and 85% of energy were sourced from
renewable energy, nuclear energy, and fossil fuels respectively in the USA [1]. Mean-
while, 12, 27, and 56%, of the energy consumed in Germany (in 2006) were sourced
from renewable, nuclear, and fossil fuels respectively [2]. The statistical data plainly
demonstrates the world’s overreliance on fossil fuels, which might be disastrous for
global health and the environment. Therefore, it is essential to diversify the world’s
energy sources by utilizing technology that is pollution-free, reasonably priced, and
renewable.

Fuel cells have demonstrated the capacity to be an effective and sustainable energy
source with the capacity to convert chemicals to electrical energies with little or no
secondary pollutants. With years of intensive and innovative development of fuel
cell technology, this green energy source has demonstrated the capacity to serve as
an alternative to conventional energy generation technology. These devices are clas-
sified based on the operating temperature and nature of the employed electrolyte.
Some of these are solid oxide fuel cell (SOFC), alkaline fuel cell (AFC), direct
methanol fuel cell (DMFC), molten carbonate fuel cell (MCFC), proton exchange
membrane fuel cell (PEMFC) and phosphoric acid fuel cell (PAFC) [3]. Owning to
the abundance of fuel sources, portability, low system temperature and little or no
pollutant emissions, PEMFC and DMFCs are considered an ideal power source. The
basic component of PEMFC and DMFC include the electrocatalyst that is needed to
speed up the electrochemical process, the anode (for methanol or hydrogen oxida-
tion) and the cathode (reduction of oxygen). The effectiveness of any electrochemical
process in a fuel cell is a function of the suitability of its electrocatalyst. Iridium,
platinum, lead, and their alloys are commonly used in fuel cells, and this could
be due to their high efficiency. On the contrary, these catalysts are scarce sourced
and expensive. Hence, it is imperative to design a cost-effective electrocatalyst with
superior electrochemical activity for fuel cell application. To achieve this, stake-
holders have invested resources in the search for porous catalyst supports in the
design of fuel cell applications. In the quest to validate the implication of support
in electrocatalyst design, carbon nanotubes (CNTs), carbon black, single-walled
carbon nanotubes (SWCNTSs), graphene, multiwalled carbon nanotubes (MWCNTS),
graphite, Nafion—carbon (NC), and other forms of carbons have been employed [4].

However, good catalyst supports for PEMFC and DMFC should demonstrate good
stability against redox attack, excellent surface activity, outstanding conductivity,
high porosity, and robust surface area. Several porous materials have been examined
as catalyst support amongst which porous carbon was found worthy due to their inter-
changeable carbon framework, biocompatibility, porosity, electrical conductivity,
mechanical strength, cost-effectiveness, chemical stability, and surface area, which
was found to match the desired physicochemical characteristics of a perfect catalyst
support [5].

To reduce the cost of operating a potable fuel cell via the reduction in the amount
of non-precious metal catalysts employed, carbon support-based electrocatalysts are
thereby fabricated for commercial purposes. However, the efficiency of this class
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of electrocatalyst was observed to decline due to the deterioration of the carbon
support. To mitigate the catalytic failure due to the structural limitation of most
electrocatalysts, robust synthetic routes have been used to obtain nanoporous carbon-
based electrocatalysts with adjustable physicochemical properties. Furthermore, the
application of nano-casting and self-assembly of organic molecules methods in the
fabrication of superior carbon-based electrocatalysts with unique properties have
been reported. Meanwhile, the integrated hard and soft template technique has been
used to fabricate mesoporous carbon. A substantial amount of review papers has
been published on the application of nanocomposite of carbon as an electrocatalyst
in various fuel cells. Hence, this study aims to methodically provide an overview
of the nanocomposite of carbon proposed as electrocatalyst support for fuel cell
applications. Recent advances in important cutting-edge synthetic routes will be
reviewed. It is our aim to present this piece as a reference tool for beginners and
established researchers.

2 Types of Fuel Cells

Fuel cells are classified based on the operating temperature of the system and the type
of electrolyte employed. Due to the variation in their operating conditions, the effi-
ciency of fuel cells is known to vary. To gain extensive insight into how to enhance
the efficiency of fuel cells using carbon-based nanocomposites, basic knowledge
of simple fuel cells must be assessed. The engineering design of proton exchange
membrane fuel cells displayed two basic compartments which include the catalyst
layers and the gas diffusion layers. This membrane-electrode assembly technology is
known to use palladium, iridium, gold, platinum, ruthenium or alloys of these metals
as its catalysts and can operate effectively at a relatively low temperature with high
power density and low cost of operation [6]. The constrained operational temper-
ature range, susceptibility of the catalyst to CO poisoning and expensive nature of
the metal catalyst are the demerits of PEMFC. Hence, the need to optimize the
application of metal catalysts calls for the inclusion of porous carbon-base support
[7]. Another efficient fuel cell with a similar fundamental design as PEMFC is the
phosphoric acid fuel cell (PAFC). On a global scale, PAFCs are the most advanced
and marketed fuel cell. This could be attributed to its capacity to resist contami-
nants, elevated power density and robust efficiency of operation. PAFCs consist of
bipolar plates that were fabricated from graphite, liquid phosphoric acid as an elec-
trolyte and a diffusion chamber (consisting of platinum/carbon). The drawback to
the application of PAFCs in automobiles includes the high cost of the metal catalyst,
huge warm-up time and poisoning of the anode. Massive generation of power at
high temperature (600 °C) involving the application of eutectic (a mixture of molten
carbonates and alkalis salt) solution as the electrolyte is the unique characteristic of
molten carbonate fuel cells (MCFCs) [8]. MCFCs are stationary energy-generating
sources with approximately 80% maximum efficiency [9]. This fuel cell employs
coal, natural gas or bio-fuels as fuel and is considered to be green and renewable
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Fig. 1 Different types of fuel cells and their working condition

due to its carbon capture and storage characteristics [9]. Meanwhile, the application
of MCFCs is limited due to corrosion tendency and low power density. The most
economical fuel cell is the alkaline fuel cells (AFCs) which function effectively with
the elimination of heat, H,O and electrical power as byproducts [10]. AFCs make
employs nickel and concentrated potassium hydroxide as their electrocatalyst and
electrolyte respectively. However, a promising outcome was reported when noble
metals were employed as catalysts in the operation of AFCs. Moderate operating
cost, 60% efficiency and elevated oxide reduction at the anode are the advantages
of AFCs [11]. Solid oxide fuel cells (SOFCs) are high-power generating cells that
operate at ~1000 C with solid nonporous metal oxide as electrolytes [12]. SOFCs
function with 60% efficiency for a long duration with high electrical power and a
vast amount of heat as a by-product (Fig. 1).

2.1 Graphene-Based Electrode Materials

Graphene consists of a unit atom-carbon sheet that is held together by SP? hybridiza-
tion. Layers of graphene can be rolled into graphene sheets (2D) and flower balls
(fullerene) (3D). This material can be sourced as graphene liquid, graphene powder
or graphene film. These forms of graphene are essentially due to the condition of
synthesis. Graphene is synthesized using different synthetic paths and they include
electrochemical, oxidation—reduction, chemical vapour deposition (CVD) (epitaxial
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growth), mechanical stripping and heating methods amongst others. There are other
synthetic routes that have been optimized for the fabrication of graphene. The goal
of many stakeholders is to obtain a graphene material that fits their application with
superior physicochemical properties. The unique thermal, chemical, and physical
properties of this material present graphene as a promising candidate for applications
in different energy devices. Meanwhile, graphene-based materials have demonstrated
superior mechanical properties, robust electrical conductivity and excellent surface
area that surpassed the estimated surface area obtained for single-walled carbon
nanotubes [4]. The application of graphene in energy devices (catalyst support) has
gained massive attention and this is due to its extraordinary properties [13]. The
physicochemical characteristic of graphene confers on this material the ability to
support metal catalysts with a hierarchical structural framework that supports high
loading of metal catalysts (Fig. 2).

The application of graphene in the design of electrocatalyst and membrane for fuel
cells have been reported with merit and drawback. Outstanding oxidation of methanol
was observed using an electrocatalyst fabricated from Pt-loaded N-graphene for

@ ®0. & Ho ®HO

Fig. 2 Porous graphene-supported Pt catalysts for proton exchange membrane fuel cells. Adapted
with permission [13], Copyright (2014) Elsevier



262 J. F. Amaku and R. Taziwa

PEMEFC. The thermally treated (180 °C) nitrogen-doped graphene was further modi-
fied with functionalized multiwalled carbon nanotubes (MWCNTs). The electrocat-
alyst obtained was noticed to have a current and power density of 1.20 A cm™2 and
704 mW cm™2 respectively. We believe that the application of MWCNTSs containing
pore-trapped Pt metals will further enhance the efficiency of the electrocatalyst [14].
Meanwhile, Co3;04@graphene microspheres and reduced graphene oxide-nickel
foam have displayed excellent performance in biosensor [15] and microbial fuel cell
[16] applications. On the other hand, Pt-loaded graphene aerogel showed distinct
efficiency as an anode for microbial fuel cells [17].

In a one-pot reaction in which ascorbic acid was employed as a reductant in
the fabrication of graphene decorated with Pt-nanoclusters, the composite exhibited
good stability and electrocatalytic characteristics against the oxidation of methanol
[18]. Meanwhile, the fabrication of Pt-clusters anchored on graphene nanosheet
was noticed to exhibit enhanced catalytic activity than Pt/carbon black and better
tolerance to CO in hydrogen oxidation reactions [19]. Lei et al. successfully fabri-
cated Pt/graphene catalysts by making use of polydiallyldimethyl ammonium as
a Pt dispersant, the uniform dispersion of Pt on the graphene was observed to
enhance the catalytic characteristics of the composite [20]. Cu and Pt-doped ionic-
liquid-assisted graphene was successfully fabricated and was noticed to have supe-
rior stability and electrocatalytic properties [21]. Furthermore, the application of
graphene in the design of electrocatalysts has been reported amongst which include
Pt/G nanocomposites [22], Pt/GNS [23], Pd/graphene nanosheet [24], graphene/
carbon cloth [25] and FeTsPcgraphene [26]. On the other hand, graphene has also
demonstrated promising potential in the space of membranes for fuel cells. The
graphene-based membrane was observed to have good selectivity, robust conducting
performance within a wide temperature range and high-power density.

2.2 Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) are one-dimensional materials with nanoscale measure-
ments. This cylindrically structured carbon material is known to have a diameter-to-
length ratio of 1:28,000,000 with exceptional optical, mechanical, magnetic, chem-
ical, and electronic properties [27]. Hence, the demand for CNTs in different appli-
cations is quite amazing. The poor solubility of CNTs is a drawback to their appli-
cation in some fields. Notwithstanding the solubility status of CNTs, surface modi-
fication of CNTs via chemical treatment (acidification) provides a leeway to the
application of CNTs on surfaces that requires homogeneous dispersion of CNTs. In
fuel cells, CNTs have played a vital role in the design of electrocatalysts. This was
observed with improved catalyst performance that resulted in larger current density,
elevated transmission capacity, robust corrosion resistance, improved stability, and
cost-effectiveness. Lin et al. [28], successfully synthesized Pt/RuO,-0.56H, O/CNT
catalyst exhibiting superb efficiency for direct methanol electrooxidation. The incor-
poration of the CNTs was noticed to enhance the microstructure and the power
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output of the electrocatalyst. Notwithstanding the cellular toxicity of CNTs, a surface-
based modification of CNTs can present carbon nanotubes as a value-added mate-
rial for microbial fuel cell design. Wei and co-workers [29] produced MoS,/CNTs
nanocomposite with strong electrocatalytic activity and improved biocompatibility
when employed in microbial fuel cells. The composite was observed to exhibit supe-
rior power density (645 £ 32 mW m~2) with a moderate start time. Abbasi and group
[30] developed a composite (CNT@Si0,-PWA) as a membrane for direct methanol
fuel cells. The Nafion-assisted composite demonstrated good electrocatalytic activity
via fast proton transmission with reduced methanol permeability. A similar observa-
tion was made using ZrO,-CNT nano-filler modified Nafion® membrane [31] and
Nafion/SCNTs-SUCNTSs composite [32]. Meanwhile, using the chemical oxidative
method CNT/polypyrrole nanocomposite was carefully fabricated and assessed for
catalytic activity using microbial fuel cells, the novel nanocomposite was noticed to
exhibit approximately 113 mW m~2 and 21% power density and coulombic efficiency
[33].

2.3 Multi-Walled Carbon Nanotubes (MWCNTs)-Based
Materials

Polypyrrole-modified nanocomposite (MWCNT-MnO,/PPy) was fabricated and
coated on carbon cloth using an electrochemical technique. Good electrical conduc-
tivity and band gap were recorded for the electrode. The application of MWCNT-
MnO,/PPy as an anode in microbial fuel cells demonstrated good adaptability,
enhanced power density and robust biocompatibility. The authors opined that the
incorporation of the MWCNTs aided the microstructure and enhanced the active
surface area of the nanocomposite. Hence the electrocatalytic properties of the
nanocomposite were greatly enhanced [34]. Another report demonstrating the
uniqueness of MWCNTs in fuel cell design was noticed in the fabrication of SGNR via
the instantaneous opening and sulfonation of MWCNTSs technique. The nanocom-
posite membrane showed good durability and water retention. Hence, the proton
transmission was improved resulting in enhanced current (840 mA cm~2) and power
(660 mW cm™2) density output [35]. Mirzaei et al. employed the hydrothermal
method to produce MWCNTs decorated with Pt. The nanohybrid was further used
to fabricate membrane electrode assemblies with high stability and excellent elec-
trochemical activity [36]. The application of noble metal nanoparticles (MN) and
MN-graphene composite in fuel cells have been vastly assessed and the outcome
showed room for improvement. In the light of existing literature, Jha et al. success-
fully fabricated PtRu/graphene/MWCNTSs composite as a value-added electrocata-
lyst for direct methanol fuel cell. The nanocomposite demonstrated enhanced power
density (68 mW cm™2) and the authors believed that the incorporation of the func-
tionalized MWCNTs altered the microstructure and the morphology which resulted
in a synergy and better electrocatalytic activity [37]. A similar nanocomposite (Ni/
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Cu/Mo@MWCNTSs) was produced by making use of the chronological wetness
impregnation technique supported with a freeze-drying procedure. The nanocom-
posite (40% of ternary alloy (Ni/Mo/Cu) anchored on MWCNTs)) displayed good
electrocatalytic activity when employed in alkaline direct methanol fuel cells [38].

2.4 Single-Walled Carbon Nanotube-Based Materials

The unique physicochemical properties of single-walled carbon nanotubes
(SWANTS) have increased their application in various fields. Amongst these quali-
ties, the structural benefit, excellent surface area, unique electrical potential, robust
catalytic properties, and mechanical characteristics have presented SWCNTs as
value-added material in fuel cell design. Shukla and group fabricated nanocom-
posite membranes using the solution cast method. The electrocatalyst prepared from
single-walled carbon nanotubes and polyaminobenzene sulfonic acid demonstrated
enhanced power density (150 mWem—2), better durability over a period of 100 h,
reduced methanol passage and enhanced proton conductivity when assessed in a
direct methanol fuel cell [39] (Fig. 3). Hu and co-workers discovered that the encap-
sulation of fullerene, iron and potassium in SWCNTs will significantly distort the
electronic states of CNTs. They opined that the material loaded into the SWCNTs
will make nanotubes to be either more positive or negative. Meanwhile, the electron
(n-type) doped SWNT prefers the four-electrons procedure, which produces little
H,0,, but the hole (p-type) doped SWNT prefers the two-electrons route, which
produces a lot of H,O,. As a result, they determined that modifying the carbon
atoms of SWCNTs to make them more negative or positive would favour the four-
electrons pathway (n-type) and the two-electrons route (p-type), respectively [40].
Meanwhile, in the electrochemical oxidation of methanol, Pt-loaded SWCNTSs were
observed to exhibit excellent electrocatalytic activity with robust power density [41].

2.5 Fullerene-Based Electrode Materials

The allotrope of carbon Buckminsterfullerene or Cg is an unpopular material in
industrial fabrication processes. This is own to its difficult and expensive synthetic
route. However, the unique structural stability, exceptional electron-accepting ability
and robust electron transporting characteristics of fullerene have drawn the attention
of researchers towards the application of fullerene in fuel cell design. Studies have
shown that material with undesirable physicochemical properties can be turned into
unique material with exceptional quality via chemical modification. Neelakandan
and group reported the application of sulfonated fullerene polymer membranes in
direct methanol fuel cells. Besides the exceptional proton conductivity of this elec-
trocatalyst, the sulfonated fullerene polymer membranes exhibited high resistance
to methanol transportation. Meanwhile, the authors attributed the high stability of
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Fig. 3 a The nanocomposite membrane representing the zwitterion and hydrogen bonding inter-
actions of PABS-SWCNT with a sulfonic acid group of sSPEEK enhancing the transport of proton.
b DMFC performance of SPEEK/PABS-SWCNT nanocomposite membrane, SPEEK and Nafion.
The enhanced performance for SPEEK/PABS-SWCNT (0.15 wt %) is seen in comparison to pris-
tine SPEEK and Nafion 117. ¢ A comparison of the durability of SPEEK/PABS-SWCNT (0.15 wt
%), sPEEK and Nafion membranes in DMFC reveal better durability for composite compared to
pristine SPEEK and Nafion 117. Adapted with permission [39], Copyright (2019) Elsevier

the fullerene-supported electrocatalyst against oxidation to its radical scavenging
behaviour. This electrolyte membrane demonstrated 0.332 S cm™! proton conduc-
tivity at 80 °C and 74.38 mW cm~2 power density at 60 °C [42]. Another fullerene-
based polymer electrolyte was prepared by Rambabu and Bhat for application in
direct methanol fuel cells. In their study, the solution cast methodology technique was
used to fabricate a superior polymer electrolyte consisting of sulfonated fullerene and
sulfonated polyether ether ketone. The composite membrane electrolyte exhibited
96.3 mS/cm proton conductivity, 1.73 10~’cm?/s methanol permeability 103 mW/
cm? peak power density. The incorporation of sulfonated polyether ether ketone
onto the surface of sulfonated fullerene is displayed in Fig. 4 [43]. Meanwhile,
Rambabu and group also synthesized a polymer electrolyte membrane for direct
methanol fuel cell application. The membrane was obtained via the amalgamation of
functionalized fullerene and Nafion ionomer. The membrane electrocatalyst demon-
strated enhanced proton conductivity due to the availability of -SO3H groups, good
methanol permeability and a peak power density of 146 mW cm~?2 [44].
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e

Fig. 4 Ball-stick model representing hydrogen bonding interaction between sPEEK and sulfonated
fullerene. Adapted with permission [43], Copyright (2015) Elsevier

2.6 Aerogels-Based Electrode Materials

Aerogels are mesoporous solid foams with hierarchical structural characteristics,
high surface area and low density. Aerogel is synthesized via polymerization followed
by crosslinking to form a wet gel that is thereafter freeze-dried and thermally treated
(Fig. 5). As catalyst support, carbon-based aerogels have demonstrated enhanced
electrocatalytic activity due to their unique properties. Besides its application as a
support, aerogels can be modelled to function as a self-standing aerogel with the
potential to function as a support and catalyst in one platform. Abdelwahab and
Abdelwahab reported the fabrication of black phosphorous/palladium functionalized
carbon aerogel nanocomposite exhibiting highly efficient ethanol electrooxidation
capacity. The carbon aerogel was prepared via sol-gel method and the hybrid obtained
was noticed to sustain exceptional catalytic activity with a mass peak current density
of 8376 mA mg~!. The authors opined that the application of the aerogel as support
provided high catalyst dispersibility and leaching inhibition. This resulted in sponta-
neous ethanol electrooxidation reaction kinetics [45]. The design of the electrocata-
lyst s an integral part of fuel cell design that make the overall process affordable and
desirable. Carbon aerogels can be designed to sustain a bifunctional characteristic
with the ability to catalyze oxygen-reduction reaction (ORR) and oxygen-evolution
reaction (OER) (Fig. 5) [46]. This further demonstrates the robust nature of carbon
aerogels as support in the fabrication of superior electrocatalysts for fuel cell appli-
cations. Another interesting finding in the quest to obtain an effective electrocatalyst
was reported by Jiang et al. The group used the one-step fast reduction technique
to fabricate carbon aerogel-supported platinum-nickel catalysts. This electrocata-
lyst demonstrated exceptional capacity for oxygen reduction reaction (ORR) with
elevated mass and specific activities of 0.25 A mgp,~! and 4.69 A m~2 respectively
[47].
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2.7 Nanosheets of Carbon

Carbon nanosheets are forms of carbon with an ultrahigh surface-to-volume ratio.
This unique material is commonly synthesized via self-assembly, chemical vapour
deposition, templating, solvothermal synthesis and physical or chemical exfoliation
methods. Meanwhile, due to the robust stability, excellent mechanical strength, high
specific surface area, exceptional conductivity, easy preparation and functionaliza-
tion, significant attention has been given to the application of carbon nanosheets in
fuel cell design. This study aims to assess the effectiveness of carbon nanosheets
in the design of electrocatalysts for fuel cells. The conventional path to enhance
the efficiency of carbon nanosheets as support in electrocatalytic design is via the
incorporation of nanoparticles and the covalent or non-covalent modification.
Zhong et al. used the facile in-situ growth technique to affix molybdenum
disulfide onto carbon nanotubes and the product was thereafter anchored on the
sulfonated polyether ether ketone (SPEEK) matrix which is depicted here in Fig. 6a.
The membrane obtained exhibited enhanced dispersibility, good compatibility and
improved mechanical strength. The group also reported a significant decrease in
methanol permeability of the composite membrane which was observed to have
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exceptional fuel cell accomplishment with a high peak power density of 98.5 mW
cm~2 at 70 °C (Fig. 6) [48]. Another study involving the application of carbon-based
nanosheets as efficient electrocatalyst support in the design of microbial fuel cells
was reported by Lai and co-workers. The study employed a cutting-edge synthetic
route that involves chemisorption, calcination, and photodeposition in the fabrica-
tion of a zeolitic imidazole framework (Ag-Fe-N/C) electrocatalyst. Meanwhile,
the fuel cell performance of the electrocatalyst demonstrated tremendous power
generation with a maximum power density of 523 + 7 mWm~2 and longstanding
stability [49]. On the other hand, Masih et al. reported a novel synthetic approach
(casting process) for the fabrication of cellulose acetate-strengthened graphene oxide
nanosheets for fuel cell applications. The composite was utilized as a proton exchange
membrane and was reported to sustain excellent tensile strength, improved proton
conductivity and exceptional membrane performance. The membrane was reported
to have a maximum power density of 519 mW/cm~2. Hence, the sturdy provided a
synthetic path for the fabrication of cost-effective and nature-friendly membranes
for application in proton exchange fuel cell technology [50].

The electrochemical characteristics of carbon-based electrode materials employed
in fuel cell applications were summarized in Table 1. We observed that the varia-
tion of power and current density for the different electrodes may be associated
with the quality and quantity of the basic materials used in the fabrication of the
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Fig. 6 Schematic illustration of MoS; @CNTs preparation procedure. Power density curves and
polarization curves of DMFCs using a SPEEK/MoS; @CNTs-1 composite membrane with 1, 2 and
5 M methanol and b pristine sSPEEK, sSPEEK/MoS; @CNTs-1 and Nafion 115 membrane with 2 M
methanol at 70 °C. Adapted with permission [48], Copyright (2022) Elsevier
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electrodes. We also believe that the form of carbon used as support may have signif-
icant implications on the efficiency of the overall electrochemical process. Carbon-
based aerogels demonstrated exceptional current density and we therefore recom-
mend further research on the application of this form of carbon support in the design

of electrocatalysts for different fuel cells.

Table 1 Studies on nanocomposites of carbon employed in the construction of electrodes for fuel

cells
Forms of carbon | Electrodes Power density/current density/ | References
specific activity

Graphene Pt/NG180 + MWNT 704 mW cm~2 [14]
GA/Pt 1460 mW m—2 [17]
PtNCs/graphene 62.5 mA mg_1 [18]
Pt/GNS 0.80 mA cm—2 [19]
Pt/graphene-PDDA 1.63 mA cm~2 [20]
Pto.17Cugq g3/graphene 780 mA mg~! [21]
Pd@GN 1.75 kwg™! [24]
graphene/carbon cloth 52.5 mW m—2 [25]
FeTsPc-graphene 817 mW m~2 [26]

CNTs Pt/Ru0,-0.56H,O/CNT | 0.60 mA mg™~! [28]
MoS,/CNTs 645 + 32 mW m~2 [29]
Nafion/SCNTs-SUCNTs | 0.343 W cm 2 (32]
CNT/PPy ~113 mW m~2 [33]

MWCMTs MWCNT-MnO,/PPy 1125.4 mW m~2 [34]
SPEEK/sGNR 660 mW cm 2 [35]
PYMWCNT MEA 160 mW cm—2 [36]
Pt/(50 wt% -MWNT + | 68 mW cm™2 [37]
50 wt% f-G)

SWCNTs sPEEK/PABS-SWCNT 150 mW cm—2 [39]

Fullerene BSPAEKS/s-Fu 74.38 mW cm 2 [42]
Sulfonated fullerene 103 mW/cm? [43]
Nafion-FF 146 mW cm 2 [44]

Aerogels BP/Pd/CA 8376 mA mg_1 [46]
Pt3Ni/CA 4.69 A m~? [47]

Nanosheets SPEEK/MoS,; @CNTs 98.5 mW cm 2 [48]
Ag-Fe-N/C 523 + 7 mWm™2 [49]
CA/GO 519 mW/cm—2 [50]
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3 Conclusion

To attain the high energy demand calls for the diversification of energy sources.
Electrochemical technology has demonstrated the capacity to provide clean and
sustainable energy. However, the sustainability of the electrochemical process greatly
relies on the efficiency and stability of the electrocatalyst employed. Electrocatalysts
are either self-sustained or designed using a support. The design of cost-effective
and nature-friendly carbon-based electrocatalysts for various fuel cell technology
has been substantively investigated. In the quest to obtain high-efficient electrocata-
lysts, synthetic routes such as self-assembly, chemical vapour deposition, templating,
pyrolytic, casting, polymerization, solvothermal, and crosslinking amongst others
have been employed. Meanwhile, authors generally hold the opinion that effective
functionalization improves the dispersions of nanoparticles on the carbon support
and increases the surface areas, which may result in enhanced electrochemical prop-
erties and exceptional stability of electrocatalysts. This chapter demonstrated the
successful application of various forms of carbon (carbon aerogels, carbon nanosheet,
fullerene, SWCNTSs, carbon nanotubes, graphene, MWCNTs) in the fabrication of
carbon-based composite electrodes. This chapter also revealed the cost-effectiveness
and the improved fuel cell potential of carbon-based electrocatalysts as several
authors compared the synthesized electrocatalyst to the commercial electrodes in
these regards. Hence, the fabrication of novel carbon-based electrocatalysts using a
cost-effective and scalable synthetic route should be encouraged. Finally, this chapter
conveys the significant progress made in designing low-cost carbon-based electrocat-
alysts for different fuel cells. However, the pilot scale study for large-scale commer-
cial applications, its stability assessment and financial implications have not been
exhaustively addressed. Hence, the drawback should be investigated in the future.
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Carbon Nanomaterials as One m)
of the Options for Hydrogen Storage L

B. Viswanathan

Abstract For the Hydrogen economy, cost-effective and safe storage of hydrogen
assumes importance. Among the various modes of storage, solid-state storage has
definite advantages for mobile and stationary applications. However, among the prob-
able solid-state materials, the desired levels of storage (~6 Weight %) can be possible
in carbon materials suitably modified with activation centers. A variety of modifica-
tions of carbon materials have been examined for hydrogen storage. However, the
search has to continue till the desired levels of storage under ambient conditions are
achieved.

Keywords Hydrogen storage - Carbon nanomaterials - Graphene * Activation
centers + Carbon allotropes + Solid-state storage

1 Introduction

The energy needs of the world have been centered around carbon-based materials for
anumber of centuries. There are various forms of carbon materials that are available.
It appears that the variety of carbon forms may be endless, and a simple classification
is given in Table 1.

Five decades ago, a concept based on the Hydrogen Economy has been evolving
and the transformation towards this economy essentially depends on the three compo-
nents namely generation, storage, and delivery of hydrogen. There are consistent
attempts to generate hydrogen from the decomposition of water (from renewable
sources) and this pursuit is an ongoing exercise to make this process economically
feasible, though the desired level of success is still to be achieved. Commonly avail-
able methods for the storage of hydrogen, namely in high-pressure gas cylinders (up
to 800 bar) and as liquid hydrogen in cryogenic tanks (at 21 K) are energy inefficient
and not safe for certain applications, especially for mobile applications. Hydrogen
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Table 1 A classification scheme for carbon allotropes, molecular crystals, and derived forms

Sp3 sz Sp1
Diamond Graphite Carbyne
Cubic Hexagonal A-Carbyne
Hexagonal Rhombohedral B-Carbyne
Chaoite
Sp> + Sp? + Sp! Sp"B<n>1,n#2)
Mixed forms of carbon Intermediate forms of carbon Intermediate forms of carbon
Amorphous carbon 3>n>2 2>n>1
Glassy carbon Fullerene Cy Cyclo (N) carbons
Carbon black X =60, 70, 84 N =18, 24,30
Adamantine carbon (When x = 0o, n =2) (WhenN =o00,n=1)
Carbon onions
Carbon nanotubes

adsorption/absorption on solid materials with high specific surface area and chem-
ically bonded in covalent and ionic bonds appears to be attractive. Materials such
as metal hydrides, alloys, complex hydrides, and high surface area porous materials
are showing an affinity for ab(ad)sorbing large amounts of hydrogen. However, each
of these storage materials suffers from some particular drawbacks. These materials
crystalize in closed packed configurations giving rise to tetra-/octahedral- or other
voids thus possibly restricting one hydrogen species per void space at room temper-
ature and atmospheric pressure, which means the weight percent of storage capacity
depends on the atomic or molecular weight of the nature of solid storage medium.
In the solid-state hydrogen storage, hydrogen is bonded by either physical forces
(Physical adsorption or van der Waals forces), e.g., MOF and carbon-based mate-
rials, or chemical forces (chemisorption involving chemical bonds), e.g., hydrides,
imides, and nitrides. Physisorption has the advantages of higher energy efficiency
and faster adsorption/desorption cycles, whereas chemisorption results in the adsorp-
tion of larger amounts of gas but in some cases, is not reversible and requires higher
temperatures to release the adsorbed gas which is not suitable for mobile applications.

The development of hydrogen storage materials with lightweight, high capacity,
high stability, and better safety is imperative for portable electronics and transport
applications. Carbon-based materials with different (allotropic) forms and chemical
affinity are favorable for hydrogen storage application due to their low atomic weight,
high surface area, porous nature, and higher safety characteristics. Carbon can be
hybridized in Sp, Sp?, and Sp? bonds, and exist in 0D, 1D, 2D, and 3D forms. Addi-
tionally, chemical and physical properties of these materials can be altered by using its
different sources, composites, functional derivatives, or doping with other elements.
It may possess pores of different shapes and sizes, which are ideal physisorption/
ad(ab)sorption sites for hydrogen storage. In the following, the hydrogen storage
capacities of different carbon nanostructures, including activated carbon, graphite,
graphene, CNTs, fullerene, and CNFs, are discussed. The attempts to store on modi-
fied (especially metal loaded) carbon materials also will be considered. Recent and
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relevant efforts for improving the hydrogen storage capacities are also considered.
There are a variety of these materials and nature has shown that this is one of the
potential storage media for hydrogen (in the form of hydrocarbons) and also shown
that storage can go up to 25 weight percent (as in methane). However, one must be
aware these hydrocarbon molecules are covalent in nature and thus may not readily
release hydrogen when required as in transport applications. In this presentation, the
scope of carbon materials for hydrogen storage application is considered.

The microporosity of carbon materials is not directly related to hydrogen storage
application but a nearly linear relationship has been realized with respect to BET
surface area, typical plots can be seen in the following reference and references
cited therein [1]. There have been many attempts to modify the surface of carbon
materials so that the storage capacity can be increased. One such attempt deals
with the presence of heteroatoms on the surface of carbon materials for various
reasons like the possibility of dissociating molecular hydrogen or facilitating the
spill-over process However, the current situation with respect to hydrogen storage
in carbon materials with heteroatoms can be stated that typically N-doping is only
apparent when considering the hydrogen uptake as a function of microporosity (rather
than total porosity). This possibly leads to the conclusion that pores larger than the
micropore size range have a lesser role in hydrogen storage capacity.

The advanced design and testing of carbon materials for energy storage devices
appear to be important. The main shortcomings of these materials are related to irre-
versible capacity loss, big voltage crosstalk, and low density [2]. Novel composites
containing multifunctional nanostructured carbon and other dopants can synergisti-
cally take advantage of the combination of ordered building block units with other
desired properties. Since most physisorption is involved in this process of hydrogen
storage, only a small amount of hydrogen could be stored even at a pressure of 90 bar.
Obviously, temperature (~room temperature) will have an almost negligible effect
on hydrogen storage capacity.

2 Activated Carbon

Activated carbon is one of the widespread and commercially used porous carbon
materials, consisting of graphite crystallites and amorphous carbon. It has been used
for centuries as an adsorbent due to its good adsorption capacity, high specific surface
area (up to ~3000 m2/g), porous structure, inertness, surface reactivity, and thermal
stability. The pores range from micro to macro size with an abundance of micro-sized
pores of <1 nm. Due to its widespread pores, it is a potential material for hydrogen
storage. In general, the hydrogen adsorption on such materials is proportional to the
specific surface area (SSA) and pore volume. Several research efforts are devoted
to finding the hydrogen uptake in activated carbon materials with different pore
sizes, pore volume, and specific surface area. Most of the experimental findings have
demonstrated the hydrogen storage capacity of activated carbon as 2.5 and 5.5 wt.%
at low pressure (1-10 bar) and high pressure (up to 60 bar), respectively. It was
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observed that at 100 bar and room temperature, the hydrogen uptake of activated
carbon was <1 wt.%, even with a highly porous structure and high specific surface
area. It has been observed by different researchers that the optimum pore size in
activated carbon for hydrogen storage is 0.6 nm. Table 2 shows the experimental
results reported (complied) of hydrogen storage capacity of activated carbons at
different temperatures and pressure conditions. Different chemical treatments and
doping of activated carbon were also utilized to improve the hydrogen uptake of
activated carbon materials. However, they do not meet the U.S. Department of Energy
(DOE) target, and further efforts are needed to realize their potential for enhanced
hydrogen storage capacity.

One can assess that the highest value of excess adsorption of hydrogen reported
for a commercial activated carbon is around 5 wt.% at 77 K and pressures from 3 to
6 MPa. In the case of activated carbons prepared on a laboratory scale, the best value
obtained is ~7 wt.% at 77 K and 20 MPa. Most of the studies reported in the literature
mainly concentrated on increasing the surface area of the activated carbon (by an
appropriate method for (mostly chemical) activation) and the porosity of the material.
The linear correlations connecting adsorption capacity and physical parameters like
surface area and pore volume of activated carbons have been attempted but the results
available indicate only limited applicability. It is also to be noted that activated
carbons show hydrogen adsorption capacities at cryogenic conditions and this is not
very suitable for the applications envisaged for hydrogen economy.

Table 2 Data on hydrogen storage capacities of different activated carbon materials (Data from
literature)

Adsorbent employed Reported hydrogen storage | Conditions (temperature and
(wt.%) pressure)
Activated carbon 0.67 303 K 10 MPa
Activated carbon 1.4 77 K 0.1 MPa
Activated carbon 1.6 298 K 13 MPa
Activated carbon 4.5 77K
Activated carbon 5.7 77 K 3 MPa
Activated carbon 32 298 K 20 MPa
Activated carbon 6/5 298 K 50 MPa
Chemically activated carbon 8.0 77 K 4 MPa
Activated carbon 2.3-5.8 77 K 4 MPa
Activated carbon (treated with | 6.6 4 MPa
KOH)
Activated carbon (activated with | 1.8 77 K 0.1 MPa
Ni)
Activated carbon (activated with | 2.3 298 K 10 MPa
Pt)
Activated carbon (activated with | 5.5 298 K 8 MPa
Pd)
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3 Graphite

Graphite has Sp?> hybridized carbon atoms arranged in a hexagonal lattice with
a layered structure such that the layers themselves are held together by van der
Waals forces of interaction. Graphite can be naturally obtained or can be artifi-
cially prepared. It is also widely explored for hydrogen storage applications. Various
studies have modified their porosity, chemical bonding, and surface area by using
different activation methods as well as doping them with different metals. Ball-milled
graphite and intercalated graphite are widely explored for hydrogen storage applica-
tions. Ball-milled graphite contains tremendous defect sites and high surface area,
which lead to chemisorption resulting in high hydrogen storage capacity. The ball-
milling-induced rupture of graphite sheets and the emerging active edges and defects
on the fragmented part are also confirmed by neutron scattering and spin resonance
studies.

4 Graphene: The Hydrogen Adsorption/Desorption
Isotherm

The hydrogen adsorption/desorption isotherm of the nitrogen-doped graphene,
Graphitic Oxide and Graphite powder is shown in Ref. [3]. The hydrogen adsorption
isotherm has been carried out at 298 K and 90 bar pressure. The nitrogen-doped
graphene material showed nearly ~1.5 wt.% hydrogen storage capacity at room
temperature and 90 bar pressure. In this context, the graphitic oxide (GO) showed
~0.21 wt.% hydrogen storage capacity at room temperature and 90 bar. This value
is less than that of nitrogen-doped graphene material. However, nitrogen doping of
graphene materials takes up substitution positions in the carbon lattice, there is trans-
portation of hydrogen atoms on to the graphene surface. Furthermore, these results
reveal that the nitrogen doping on graphene materials can extensively modify the
catalytic effect of the graphene materials for hydrogen dissociative adsorption, fore-
most for the improvement of the dissociative hydrogen adsorption. This observation
suggests that the nitrogen atoms possibly take partin arole in the hydrogen adsorption
capacity at room temperature. A previous study recommended that the presence of
nitrogen atoms in graphene sheets increases the enthalpy of hydrogen adsorption [4].
Potentially almost all the adsorbed amount can be desorbed which is an interesting
characteristic expected for hydrogen storage materials. Various attempts have been
made to modify or adopt different preparation procedures for graphene materials and
it has been shown that N and P doping in graphene does not improve the materials’
hydrogen storage capacity [5]. It has been proposed that the hydrogen binding energy
can be tuned as a function of the graphene local curvature. The adsorption is facili-
tated by convex sites and desorption is facilitated on concave sites. The corrugation
of graphene flakes and its control with large variety of functionalization may make
these materials can impact in the search for hydrogen storage [6].
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5 Modification of Activated Carbon

For conventional activated carbon materials, the hydrogen uptake is proportional to
the surface area and pore volume; and normally the data are fitted well with the
Langmuir isotherm model (monolayer adsorption). High adsorption capacity is only
obtained at extremely low cryogenic temperatures and high pressures. Hydrogen
adsorption on various types of commercial and modified activated carbon products
has been extensively studied. Experimental results show that products with micropore
volumes greater than 1 mL/g are able to store ca. 2.2 wt.% of hydrogen due to
physisorption and it is expected that optimization of the adsorbent and sorption
conditions could lead to a storage capacity of 4.5-5.3 wt.%. Agricultural waste
materials such as coconut shells, coconut fibers, jute fibers, nut shells, oil seeds,
etc., are popular raw materials for producing activated carbon materials. Carbon
materials and their activation have been extensively discussed in Ref. [7]. Jin et al.
[8] prepared activated carbons with different porosities using chemically activated
coconut shells. They reported a maximum hydrogen adsorption capacity of 0.85
wt.% at 100 bar and 298 K. Sharon et al. [9], produced activated carbon fibers (ACF)
using soybean and bagasse. The authors measured hydrogen storage capacities of
1.09-2.05 wt.% at a pressure of 11 Pa and room temperature. Another form of AC,
the advanced AC monoliths, with good mechanical strength (maximum compression
strength of 22 MPa), high volume of micropores (up to 1.04 cm?/g), and high density
(up to 0.7 g/lcm?) have been shown to adsorb 29.7 g/L of hydrogen at 77 K and
4 MPa [9]. Mechanically milled AC consists of some form of defective nanostructure,
which increases the specific surface area. Research findings have revealed that after
10 h of milling, the hydrogen storage capacity increases from 0.90 wt.% to ca. 1.7
wt.%. Studies have shown that the loading of precious metals, e.g., Pt, onto AC,
increases the adsorption capacity. The merging of the two adsorption phenomena,
i.e. chemisorption (on the Pt surface) and physisorption (on the carbon surface) gives
rise to a significant amount of spillover hydrogen.

6 Carbon Nanotubes

Ever since the discovery of carbon nanotubes was reported in 1991, there have been
various attempts to use this new type of carbon material for hydrogen storage. These
studies have led to some unexpected levels of storage up to nearly 60 wt.% or even
more. However, the consensus now is that these reports claiming over 60 wt.% are
flawed by experimental aberrations.

Only limited data are given in Table 3. For more extensive compilations, one
is directed to references [35]. Various nanotubes like carbon nanotubes, boron
nitride nanotubes, silicon carbide nanotubes, carbon nano-scrolls, pillared Graphene,
and porous nanotube network materials have been extensively investigated and the
final suggestion is that one should design novel materials with the following key
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parameters namely high accessible surface area, large free pore volume and strong
interactions between the surface-active sites and the substrate hydrogen.

In a recent review, Lyu et al. [36] propose that “a detailed study of the optimum
number of metal atoms without aggregation on CNT should be performed. (1) At
the same time suitable preparation methods for realizing controllable doping sites
and doped configurations should be devised; (2) The material synthesis, purification,
and activation methods have to be optimized; (3) Active sites, molecular configura-
tions, effectively accessible surface area, pore size, surface topology, the chemical
composition of the surface, applied pressure and temperature, defects, and dopant,

Table 3 Selected data (for comparison) on the storage of hydrogen by carbon nanotubes

Sample Temp (K) |P (MPa) |Hydrogen storage (wt.%) | Refs.
Herring bone GNFs RT 11-35 67.5 [10]
Platelet GNFs RT 11-35 53.68 [10]
Graphitic nano fibers RT 101 10 [11]
Graphitic nano fibers RT 8-120 10 [12]
SWNTs (low purity) 273 0.4 5-10 [13]
SWNTs (high purity) 80 70-80 8.25 [14]
SWNT (high purity + Ti alloy) | 300-600 0.7 3.54.5 [15]
Li-MWNTs 473-673 1 20 [16]
Li-MWNTs (KOMWNTSs) 473-673 1 2.5(1.8) [17]
MWNTs RT Ele- <1 [18]
SWNTs 300-520 1-100 0.1 [19]
Various CN RT 1 <0.1 [20]
SWNTs (+ Ti alloy) RT 35 0 [21]
SWCNT RT 0/8 4.5 [22]
SWCNT 295 10 0.93 [23]
SWCNT RT 0.1 1.2 [24]
SWCNT 323 4.8 4.77 [25]
SWCNT - - —-0.8 [26]
MWCNT - 3 2 [27]
MWCNT 77 0.005 0.54 [28]
MWCNT 298 0.1 0.2 [29]
NWCNT 425 10 3.8 [30]
MWCNT 143 3 3.5 [31]
MWCNT RT 7.5 1.5-2.1 [32]
MWCNT - - 2.7-3.8 [31]
Carbon nano onion 77 1.5 >18.2 [33]
g-C3Ny4 nanotubes RT 37 0.78 [34]
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which are some of the important factors that strongly affect the hydrogen absorption
in carbon nanotubes” should be elucidated.

In contrast, Lobo et al. [37], propose carbon nanostructures are promising mate-
rials for hydrogen storage applications. They emphasize that hydrogen can be
physisorbed in carbon nanotube bundles on various sites such as external wall
surfaces, grooves, and interstitial channels. Therefore, it can have a large energy
density (as required for mobile applications). It is also known that by tuning the
adsorption conditions, hydrogen can be either chemisorbed or physisorbed in carbon
nanotubes. In a review, Lee et al. [38] and others [39] propose that a more detailed
understanding of the interfacial interactions between adsorbent and adsorbate should
be evolved and the phenomenon of spill-over can contribute to adsorbent surfaces to
achieve the desired levels of hydrogen storage.

7 Impact of Structures on Hydrogen Storage in Different
Carbon Materials

Increasing hydrogen storage to the levels advocated by DOE through materials in
the nanoscale has been proposed and intensively researched but the success appears
to elude us. Among the several options available, various allotropic forms of carbon,
like CNTs, graphene, and activated carbons have been considered to be appropriate
systems owing to their unique properties like high surface area, (this parameter has
limited linear variation with absorbed hydrogen) porous nature (but pore volume is
limited for each material) and high thermal and mechanical stability, and all these
have been so far considered though questionable, as vital factors for hydrogen storage.
Emphasis has been given to the hollow and porous structure of CNTs which is
supposed to give the possibility of hydrogen storage both in the inner and outer
surfaces that are well investigated by many theoretical as well as experimental studies.
These studies though have relevance did not answer the stumbling block in achieving
the goal of reaching the DOE standards. CNTs are termed to be one of the promising
nanostructures for hydrogen storage however this expectation also has not yielded
the desired result.

Moreover, the simultaneous presence of defects, both topological and structural
types, and other irregularities affect the activation and adsorption and hence the
amount of hydrogen stored in the system. In addition to this, doping also leads to
structural and electronic property variations. However, these modifications so far
have not shown enormous improvement in hydrogen storage capacity. It is however
believed that estimated values of hydrogen storage still show the high impact of
structure on the storage capacity. Nanomaterials are also analyzed and found that
some of these strongly affect the storage capacity. But still, the DOE target could not
be achieved which makes this issue an interesting topic of study even today.
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Different types of nanotubes like metallic and semiconductor (also single or multi-
walled) with varying structures were considered. It has been observed that the adsorp-
tion binding energy values as a function of different orientations of adsorbed species
and at different sites of nanostructures are compared and the results show the strong
impact of CNT structure on the storage capacity of hydrogen. Hydrogen can be
adsorbed on graphene in two different ways: physisorption or chemisorption. While
the first one is due to Van Der Waals interaction, the second is by forming a chemical
bond with the C atoms. Physisorption usually happens with hydrogen in molecular
form and in chemisorption, dissociation of H, into atomic hydrogen takes place and is
a rather favorable process unlike in CNTs where physisorption is the most preferred
way of storage. A single graphene layer is a quasi-2D system, and its VD is not well
defined, thus in the evaluation of the potentialities of graphene for hydrogen storage,
different forms of graphene such as multilayers, three-dimensional assemblies, or
nanostructures of graphene are considered. However, it should be remarked that the
standards for the necessary hydrogen storage for the projected applications should
be realized at the earliest.

8 Modified Carbon Materials for Hydrogen Storage

Modification of the equipotential surface of carbon materials has been attempted
for various reasons. Usually, the activation is aimed at introducing active centers on
supported phases. It is usually to disperse active metals so that the exposed metal
surface area is maximum. Hydrogen adsorption involves dissociation of molecular
hydrogen and any storage medium should have dissociating centers for molecular
hydrogen. Recognizing this aspect, heteroatom substitution has been proposed as one
of the options. DFT calculations have also shown that molecular hydrogen dissocia-
tion energy is considerably reduced on heteroatoms like N, P, or B substituted carbon
surfaces (Table 5), however, these studies so far have not led to the levels of storage
of hydrogen on these materials.

8.1 Nitrogen Doping in Carbon Materials

Nitrogen is an abundant (80%) element in the terrestrial atmosphere. Molecular
nitrogen is stable and has a minor role in the lower atmosphere. N-doped carbon
materials are the much-studied area in energy storage. Depending on the type of
N bonding within the carbon matrix, nitrogen can share one to two m-electrons
with the m-electron system of the carbons. This sharing of electrons causes an n-
type doping if N atoms directly substitute the C atoms in the graphitic lattice. N-
doping in carbon generally manifests itself in three different forms namely, pyrrolic-
N, pyridinic-N, and quaternary-N, and each form alters the carbon electronic band
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gap differently. The band gaps of pyrrolic-N, pyridinic-N, and quaternary-N-doped
carbons are reported to be 1.20, 1.40, and 1.39 eV, respectively.

Particularly, all materials obtained by these techniques have a nitrogen content
lower than 10 atoms % because of the high temperature environment that was used
in carbonization. An alternate synthesis method needs to be developed that enables
the preparation of carbon material with high nitrogen content and time they should
be stable at high temperatures. It will be beneficial if one can adopt a polymerization
and low-temperature growth process to create nitrogen-doped carbon materials.

Nitrogen is essentially introduced into the carbon matrix in two ways, either
by the carbonization of N-containing precursors or by post-modification methods.
The common nitrogen-containing precursors are urea, melamine, cyanide, polyacry-
lonitrile, and ammonia. Another resourceful approach for the synthesis of N-doped
carbon materials is based on naturally (sustainable) nitrogen-containing precursors

Table 4 Bond length and dissociation energy of hydrogen on the CNTs calculated using B3LYP
with 6.31G (P,D) basis set on the UFF optimized structures [40]

Substitution Total energy Bond length H;—H; (A) | Dissociation energy
(Hartrees) €V)
Hydrogen —1.175 0.708 4.76
CNT —3686.5502 | ......
CNT + Hy —3687.7161 0.776 4/51
NCNT —3702.5908
NCNT + H, —3703.5989 0.815 0.22
PCNT —3989.1694
PCNT + H, —3990.2550 0/815 233
SCNT —4046.0020 .. e
SCNT + H» —3047.0067 0.817 0.13
BCNT —3671.7254 B P
BCNT + H» —3672.9440 0.818 5.95
2BCNT (adjacent) —3658.6666
2BCNT (adjacent) + Hy | —3659.8092 0.813 3.88
2BCNT (Alternate) —-3659.3491 | ...... ...
2BCNT (alternate) + Hy | —3660.3594 0.928 0.28

Table 5 Technical system targets for on-board hydrogen storage for light-duty fuel cell vehicles
2020 2025 Ultimate

Usable specific energy from H, [kWh/kg] 1.5 1.8 2.2
Net usable energy/mass system mass [kg Ho/kg system] 0.045 0.055 0.065
Usable energy density from Hy [kWh/L] 1.0 1.3 1.7

Net usable energy/max system volume [kgH>/L system] 0.030 0.040 0.050
System cost [USD/kWh net] 10 9 8
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like amino-carbohydrates or other N-enriched polymers, amino acids, proteins, N-
ionic liquids, and waste crab shells. Another possible way is to pyrolyze the nitrogen
and carbon-containing precursors, such as heterocycles or melamine, by which direct
incorporation of nitrogen atoms into the forming of carbon backbone becomes
possible. One of the procedures for deriving N-doped carbon is hydrothermal
treatment of carbohydrate-rich biomass. Using nitrogen-containing biomass-related
precursors and hydrothermally treating them yields nitrogen-containing carbona-
ceous materials that offer tremendous possibilities for further treatments and energy
applications. The application of nitrogen-doped carbon materials has been investi-
gated as a material for hydrogen storage at room temperature and ambient pressure
[41]. It has been reported that nitrogen-enriched graphitic carbon material exhibits
a hydrogen storage capacity of 0.34 wt.% at 298 K under 100 bars [42]. It has also
been reported that the addition of N-species in mesoporous carbons showed hydrogen
adsorption capacity of 1.1 wt.% at 298 K and 100 bar pressure [43]. It has also been
reported that the microwave plasma CVD process enables the growth of specific
nanostructured nitrogen-doped carbons. Nitrogen incorporation into these forms of
carbon is approximately 1 at.%. It shows a gravimetric hydrogen storage capacity of
0.7-0.8 wt.% under 300 K and 0.1-7 MPa [44]. Hydrogen adsorption on nitrogen-
doped carbon xerogels showed maximum hydrogen uptake of 0.28 wt.% at 308 K
[45].

8.2 Phosphorus-Doping in Carbon Materials

The changes in the physical properties of Sp? carbon motifs after the addition of
phosphorous into their lattice are considered. However, P has a larger atomic radius
and higher electron-donating ability, which makes it an option as a dopant. Phos-
phorus is not a common element in carbons, although it is present in carbons obtained
using phosphoric acid activation. Due to the addition of P in the carbon matrix, the
density of states near the Fermi level is also found to increase, which increases with
the increase in the P-doping level. In these reactions, the formation of phosphate
and polyphosphate bridges provokes the expansion and cross-linking of the carbon
matrix, driving to an accessible pore structure after the removal of the acid. The
chemical state of phosphorus in carbons is a rather controversial issue. Some exper-
imental evidence using different analytical techniques (FTIR and XPS) has shown
that the most abundant P species introduced in carbons by phosphoric acid activa-
tion are —-C—P— or —-C—O-P bonds in phosphate and phosphonate-like structures. The
XPS analysis further allowed for an insight into the binding states, proving the true
incorporation of the phosphorus atoms into the graphite sheets, besides some P-O
binding sites, most likely on the surface of the material. The existence of pentava-
lent phosphorus and elemental phosphorus is very infrequently detected, except when
high temperatures are applied. Recent studies have reported that P-containing groups
might be significant for the progress of graphitic crystallites which contrasts with far
reported role of P as an inhibitor of carbon graphitization. Yang et al. [46] reported that
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phosphorous-doped ordered mesoporous carbon was synthesized by co-pyrolyzing a
phosphorus-containing source and a carbon source collectively using ordered meso-
porous silica (SBA-15) as a template without the use of any metal components. More
recent approaches have recognized dissimilar synthetic pathways in the direction of
phosphorus-doped carbon materials, proving themselves as promising candidates for
energy storage applications. It has been shown in the previous section that carbon
materials with substitution by heteroatoms like N, S, and B, show hydrogen sorption
capacity. However, the effect of substitution of phosphorus in carbon materials has
not been investigated to the same extent.

8.3 Boron-Doping in Carbon Materials

Boron is an element with unique properties. It is thus an interesting candidate
for doping of carbon materials, modifying the properties of pure carbons. Several
researchers have started focusing not only on basic studies on B-doping, but also on
applying the obtained materials and exploiting their favorable properties in energy-
related applications. Due to its three valence electrons, B is well thought-out as a
good dopant. Substitutional boron enhances the graphitization of carbon. It has been
found that boron atoms are favored to be substituted in the graphite lattice. The
existence of B—C bonds in the carbon framework can lower the Fermi level of the
structure and then tune the properties of oxygen chemisorption and electrochemical
redox reactions. The synthetic procedure, in which elemental B and graphite powder
served as precursors, yielded a mixture of different B-containing carbon nanostruc-
tures, such as thin graphitic sheets, tubes, and filaments. The substitutional doping
of carbon atoms in Sp?> and Sp® configurations with boron can modify the elec-
tronic and structural properties of the resulting carbon. Over the years boron-doped
carbons have been synthesized by standard CVD process using BCl;. Substituted
boron atoms in the carbon lattice accelerate the graphitization and suppress the
oxidation of carbon materials, which seems promising for their use as reinforce-
ment materials in aerospace applications. The positive effect of boron doping on
diamond and carbon electrodes and in the field of hydrogen storage has also been
reported, although further optimization of the boron doping environment seems yet
to be needed.

The storage of hydrogen in carbon nanomaterials requires appropriate chemical
activators in suitable geometry. Sankaran et al. reported different types of carbon
materials employed for the hydrogen sorption capacity. The storage capacity of
2 wt.% at 298 K and 80 bar pressure is obtained for boron boron-substituted carbon
nanotube. However, a maximum storage capacity of 2 wt.% is attained at 80 bar
and 300 K for boron-containing carbon nanotubes (BCNT) whereas pure carbon
nanotubes (CNT) show only 0.6 wt.% at 300 K and 80 bar and B-doped bulk
carbon material (PBC) shows only 0.2 wt.%. Mike Chung et al., reported the microp-
orous boron-substituted carbon (B/C) materials show a significantly higher hydrogen
binding energy and reversible hydrogen physisorption capacity of 0.6 and 3.2 wt.%
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at 293 and 77 K, under 40 bar of hydrogen pressure [47]. B-containing polymeric
precursors and pyrolysis were employed to synthesize microporous B/C materials
with a high B content (7.2%) and high surface area (780 m?/g). The substitutional
B elements in B/C material serve as internal p-type dopants and polarize the C
surface, which exhibits a significantly higher hydrogen binding energy [48]. For
efficient hydrogenation and hydrogen storage, these boron atoms should be incor-
porated geometrically and chemically into the carbon network. Wang et al. reported
that B- and N-doped microporous carbon had a hydrogen storage capacity of 0.55
wt.% at 298 K and 10 MPa. By doping 6.0 wt.% Ru metal on the B- and N-doped
microporous carbon, the hydrogen uptake at 10 MPa was increased to 1.2 wt.%, i.e.
The improvement of hydrogen storage was due to the spillover of atomic hydrogen
from the Ru metal particles to the B-and N-doped microporous carbon [49].

9 Perspectives

The standards that one wishes to achieve in the storage of hydrogen are:

e Gravimetric H density in the range of 5-10 wt.% H,, and energy density of 1.6-3.2
kWh/kg.

e Volumetric H density >50 kg H, m~3 and energy density >1.6kWh/L.

e Thermodynamics: T 0 < 85 °C (transport applications) or <200 °C (stationary
applications).

e Kinetics (tank level): fill time 3—5 min; H; release flow 1.6 g/s.

e Durability: 1500 cycles (1/4 tank to full).

One of the recent specifications and the time to achieve them are assembled in
Table 5.

Of all the available hydrogen storage materials, why carbon materials are preferred
option? What is the maximum hydrogen storage capacity that can be expected and
what will be the limit that can be practically achieved? It may be remembered that
nature mostly provides hydrogen source in combined form with carbon and oxygen
though other elemental compositions are also possible. If carbon materials can be
obtained in an atomic state, then the maximum storage capacity can be expected to
be around 25 wt.%. However, since it is not possible to get atomic hydrogen, the
carbon materials can be obtained at the limit with one vacant valency in carbon two-
dimensional material and the maximum storage can be expected to be 6.25 wt.%.
This limit is arrived at assuming that hydrogen is held by the solid by valence forces.
If hydrogen is stored or retained by other forces, this limit may not hold good.

If the stored hydrogen were to occupy the interstitial sites in carbon materials,
then the energetics of storing and releasing should also be considered for practical
application.

Since normally carbon materials are microporous in nature, hydrogen may be held
in these pores by condensation forces and hence one can hope for higher storage
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capacity, however, the experimental variables for this process namely temperature
and pressure have to be different from normal ambient conditions.

10 Conclusion

Hydrogen storage characteristics and treatments for improving the storage capacities
of different carbon materials are presented. The following deductions can be stated:

1. The hydrogen storage capacity of carbon materials depends upon surface area,
which is affected by micropore size distribution that counts for the presence of
narrow micropores.

2. Thermal treatments and metal doping on carbon nanostructures are observed to
be useful for improving hydrogen storage capacities but higher storage capacities
can be obtained at cryogenic temperature and higher pressure. Further investiga-
tions on modified carbon nanostructures may be useful to achieve the target of
7.5 wt.% for automobile applications.

3. Theoretical studies show a strong structural dependence of carbon materials on
hydrogen adsorption capacity, especially in CNTs. The defects influence the
adsorption capacity.

4. Several theoretical studies predicted amazing storage capacities but were not
confirmed experimentally. Also, higher storage capacities like 20 wt.% for metal
doped MWCNT and 10 wt.% for CNF measured experimentally are reported in
the literature but are to be confirmed.

5. Experimental and theoretical studies on adsorption storage reactors are scarce
in the literature. Studies on the design, material, and thermophysical properties
of reactors can be done for isotherm measurements, especially for automotive
applications. These vital issues will be a good technical contribution in the field
of hydrogen-adsorption systems for onboard applications.

Spill-over is one of the phenomena invoked by the transport of hydrogen from the
site of impact to other normally inactive sites. This phenomenon has been investigated
and is commonly accepted alternate way of surface transport. This transport requires a
transporting medium and in the case of hydrogen, it is usually water and its fragments.
In the case of carbon, this transporting medium can be either adsorbed water species
or the carbon species themselves. The role of spillover in hydrogen sorption and
storage needs more information.
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Nanocarbon as Catalyst Support for Fuel | m)
Hydrogen Generation by Hydrolysis L
of Sodium Borohydride

Iterlandes M. Junior, Gabriel H. Sperandio, Renata P. L. Moreira,
and Tiago A. Silva

Abstract Climate change-related disasters have occurred worldwide due to the
exhaustive use of fossil fuels. One promising fuel alternative is hydrogen (H,),
which has a high energy potential (1.42 x 10% J Kg~') and is considered the future
fuel. However, its storage processes, such as gas compression or liquefaction are
still unfeasible due to its low density and boiling point. Inorganic hydrides such as
sodium borohydride (NaBH,4) can be used as storage systems, but the hydrolysis
reaction needed to release H, is slow and requires catalysts. In this sense, several
recent research efforts have been made to propose heterogeneous catalysts based on
metallic nanoparticles anchored in different support materials for the generation of
H,. Special emphasis can be given to nanocarbon as a support for nanostructured
catalysts, such as carbon nanotubes, graphene, and biochar obtained from biomass,
considering the availability of these materials, high surface area, and versatility in
terms of functionalization. This book chapter provides a review of recent advances in
the use of metallic nanocatalysts supported by nanocarbon to generate fuel hydrogen
from NaBHy4, detailing aspects related to the synthesis, characterization, and appli-
cation of the materials. Future perspectives on the use of these catalysis systems are
also addressed.

Keywords Energy storage - Hydrogen storage - Supported catalysts - Sustainable
fuels + Carbon nanomaterials

1 Introduction

Recently, there has been a global effort to replace the energy matrix based on fossil
fuels with renewable sources. These efforts are primarily motivated by the need to
address climate change. To support this transition, the United Nations (UN) launched
Sustainable Development Goals (SDGs), which include objectives aimed at achieving
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sustainable economic growth and eradicating poverty by 2030. Notably, the goals of
‘Accessible and Clean Energy’ and ‘Combating Climate Change’ stand out among
these objectives. Although wind and solar energy are valuable sources of renewable
and clean energy, they are intermittent. Therefore, it is crucial to explore other means
of producing renewable energy.

Hydrogen possesses significant energy potential, with a high energy content of
1.42 x 10 J kg~!, and its combustion for energy generation results in the produc-
tion of only water vapor. However, practical challenges arise due to its low density
(0.0899 g L~') and low boiling point (20.37 K), rendering storage methods like
gas compression or liquefaction unsuitable for widespread applications. Further-
more, hydrogen is frequently produced through processes such as steam reforming
of hydrocarbons or coal gasification, which unfortunately lead to inevitable carbon
dioxide emissions, being classified as brown hydrogen [1]. Hydrogen color classi-
fication involves a scale that facilitates the identification of the source of hydrogen
production, primarily based on its carbon emissions. Green hydrogen is produced by
the electrolysis of water using nuclear or renewable energy.

To address the storage and transportation challenges, solid-state storage methods,
such as hydrides, have emerged as promising alternatives. This is attributed to
their significant hydrogen storage capacity and robust process stability, drawing
global attention [2]. This process can be categorized into two main mechanisms: (1)
physisorption or physical adsorption, which takes place through Van der Waals forces
(dipole—dipole or induced dipole) between the adsorbate and the adsorbent; and (2)
chemisorption, where hydrogen gas molecules undergo a chemical reaction with
solid-state materials, leading to the formation of stable hydrides. The latter can be
categorized into three types: elemental hydrides, intermediate hydrides, and complex
hydrides. There are different materials employed for physisorption including metal—
organic structures, zeolites, and carbon-based materials (Fig. 1). Nevertheless, these
materials are generally considered less effective when compared to Light-weight
Solid-state Hydrogen Storage (LSHS) [2]. As examples of these materials, one can
mention elemental hydrides, intermetallic hydrides, and complex hydrides.

Solid-state

hydroge
storage

Physisorption Chemisorption

Complex
hydrides

(NaBH,)

Carbon-based Elemental Intermettalic

Metal-organic

frameworkers el

materials hydride hydrides

Fig. 1 Different types of solid-state hydrogen storage. Adapted with permission [2], Copyright
(2022), Elsevier
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Among LSHS materials, the hydrogen evolution from sodium borohydride
(NaBH4) has emerged prominently, primarily owing to its remarkable theoretical
storage capacity of 10.8% m/m. Schlesinger and coworkers [3] were pioneers in the
utilization of NaBH, for hydrogen evolution, and there have been significant recent
advancements in this area. The frequency of papers containing the keywords ‘solid-
state hydrogen storage’ and ‘hydrogen’ in Web of Science indicates a total of 5,779
publications as of August 15, 2023.

The release of hydrogen from NaBH4 can occur by hydrolysis, according to
Eq. (1). It is important to highlight that the associated high gravimetric hydrogen
storage capacity (GHSC) is contingent upon the hydration state of the resulting by-
product NaBO, (GHSC = 10.8% when x = 0; GHSC = 7.3% when x = 2; and
GHSC = 5.5% when x = 4) [4].

NaBH. + (2 + x) H,O — NaBO,.x H,O + 4 H, (1)

NaBHy is a chemical hydride with a molar mass of 37.83 g/mol, and it exhibits
a tetrahedral structure characterized by a boron atom with sp? hybridization. The
tetrahedral anion (BH,4 ™) interacts in electrostatic interactions with the Na* cation
along its tetrahedral faces. Notably, NaBH, is not a naturally occurring substance.
It is synthesized through either the Brown-Schlesinger or Bayer processes [1]. The
first method, which is the most employed, involves the reaction of sodium hydride
with trimethylborate, resulting in the formation of sodium borohydride and sodium
methoxide (Eq. (2)). The reaction yield is close to 100%.

B(OCH3); + 4NaH — NaBH; + 3NaOCH; 2)

The second method involves the combination of borax, metallic sodium, hydrogen,
and silicon oxide at a temperature of 973 K (Eq. (3)) The reaction is conducted
in a batch process, yielding NaBH, and sodium silicate (Na,SiO3). This process,
however, has low efficiency due to limitations in mass transfer and water vaporization.

Na;B407 + 16Na + 8H, + 7Si0, — 4NaBH4 + 7Na,SiO; 3)

The hydrogen evolution rate (#) (mL min~') from the alkaline hydrolysis of
NaBHy, as described in Eq. (4), is thermodynamically favorable, but kinetically
slow.

r = AeC7)[catalyst]*[NaBH4]’[NaOH]® 4)

wherein A represents the pre-exponential factor; E denotes the activation energy; R
is the universal gas constant (0.082 atm L K~ mol™"); T is the absolute temperature;
and ‘a,” ‘b,” and ‘c’ denote the reaction orders with respect to the dose of the catalyst,
NaBH,, and NaOH, respectively.

Therefore, catalysts based on transition metals are widely used in these processes
[5]. In general, decorating a porous substrate with nanoscale catalysts is a viable
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way to increase the surface area of the catalysts, in addition to enabling their reuse in
different catalytic cycles [6]. Among the supports used for this purpose, carbon-based
materials stand out.

2 Nanocarbons as Catalyst Support for Fuel Hydrogen
Generation

Carbon is a chemical element found in the second period of Group 14 on the periodic
table. It possesses an electron configuration of 1s> 2s* 2p? (2px, 2py, 2pz), with 4
electrons in its outermost electron shell. To form a chemical bond, carbon’s atomic
orbitals undergo hybridization, leading to the creation of molecular orbitals capable of
forming sigma and pi bonds. Carbon exhibits different hybridization states, including
sp3 hybridization (an s orbital combines with 3 p orbitals); sp? (an s orbital combines
with 2 p orbitals) and sp (an s orbital combines with a p orbital). The wide range of
atomic orbital combinations enables carbon atoms to create various types of bonds
with each other, giving rise to a variety of allotropic forms, including the remarkable
substance known as graphene.

2.1 Graphene-Based Catalysts

Graphene was first discovered by Geim and Novoselov in 2004 [7]. It is character-
ized by a carbon atom structure with sp? hybridization, forming hexagonal planar
structures that systematically repeat across the xy plane (Fig. 2).

Graphene stands out as the resistant and thinnest material ever discovered [8]. Due
to sp? hybridization, 1t electrons are conjugated inside the hexagonal ring, granting
the material a high capacity for conducting electricity, along with minimal thermal
energy loss. Other properties include high thermal conductivity (5000 W/m K), flexi-
bility and rigidity, lightness, and transparency, being able to absorb only 2.3% of light
[9]. These properties make graphene suitable for various applications in the fields of
science and engineering. It can be employed as sensors, transistors, capacitors, as a
polymeric material, for chemical energy storage, and in catalytic reactions.

While the original structure of graphene consists of just a single carbon sheet,
other structural variants are also considered, including materials formed by multiple
graphene sheets arranged in an organized manner, as shown in Fig. 2 [10]. Its surface
is a highly crystalline containing a plane without defects, making it inert or mini-
mally reactive. Consequently, interactions with other compounds can occur through
physisorption [8]. Hence, studies have employed graphene as a solid-state hydrogen
storage medium.

According to Tozzini and Pellegrini [11], hydrogen can be adsorbed onto graphene
through two mechanisms: physisorption and chemisorption. The process to promote
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Fig. 2 Structure of graphene and materials produced from it (fullerene, nanotubes, and graphite).
Adapted with permission [7], Copyright (2007), Springer Nature

hydrogen physisorption and chemisorption presents different levels of energy
involved, and Fig. 3 shows the energy level diagram for the graphene-hydrogen
system.

In the case of physisorption, the binding energy of H, has been theoretically
calculated to fall within the range of 0.01-0.06 eV, typically occurring under high
pressure and low temperature conditions. Under these circumstances, H, can form
a compact and uniform monolayer on the graphene sheet, resulting in a gravimetric
density (GD) of 3.3%. This value can be doubled if both sides of the graphene sheet
are considered. Conversely, molecular hydrogen chemisorption on graphene presents
substantial barriers, estimated at around 1.5 eV, as it necessitates the dissociation of
H; (dissociative adsorption). In contrast, atomic hydrogen chemisorption is a highly
favorable process, characterized by H binding energy and chemisorption barriers on
the order of ~0.7 eV and ~0.3 eV, respectively. Graphene offers distinct advantages
for this application, including its high gravimetric density, expansive surface area and
remarkable mechanical strength. Moreover, its cost-effective production is facilitated
by the readily available raw material, graphite [12].
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Fig. 3 Energy level diagram for the graphene-hydrogen system. Adapted with permission [11],
Copyright (2013), Royal Society of Chemistry

To employ graphene in catalysis reactions, it requires modification. Typically,
oxidation reactions are employed to introduce oxygenated groups into its structure,
facilitating the creation of interaction sites on the basal carbon plane [13]. Addition-
ally, graphene can be doped with boron or nitrogen atoms, and there’s also the possi-
bility of oxidizing the carbon structure, thereby introducing defects on the surface
via the incorporation of oxygenated functional groups.

Graphene quantum dots (GQDs) have garnered significant attention due to their
outstanding performance and promising applications. GQDs typically exhibit sizes
within the range of 2-20 nm and possess surfaces functionalized with various organic
groups, including hydroxyl, epoxy, and carboxylic acid [14]. GQDs exhibit excel-
lent hydrophilicity, low biotoxicity and stable photoluminescent (PL) properties
[15]. Liu and colleagues synthesized a CoOx@C-rGO core—shell structure using
a solvothermal process followed by calcination (Fig. 4) [16].

The CoOx@C-rGO was employed as a catalyst for the hydrolysis of NaBH,4
and NH;BH3, resulting in the production of hydrogen. Additional studies exploring
graphene-based catalysts for NaBHy hydrolysis catalysis are detailed in Table 1.

2.2 Carbon Nanotubes-Based Catalysts

Carbon nanotubes (CNTs) belong to the fullerene structural family and can be
classified into single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon
nanotubes (MWCNTs) [25]. Both MWCNTs and SWCNTs were discovered by
Sumio Iijima in 1991 and 1993, respectively [43, 44]. MWCNTs can reach lengths
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Fig. 4 Synthesis of CoOx@C-Reduced graphene oxide composite with catalytic activity towards
hydrogen generation. Adapted with permission [16], Copyright (2019), Elsevier

of up to 1.0 wm and exhibit external diameters ranging from 4 to 30 nm. They are
composed of two or more layers of graphene. SWCNTSs typically have diameters
within the range of 0.8 to 2.0 nm and are composed of a single layer of graphene.
These materials have similar electrical conductivity properties [24]. Various methods
have been employed in the synthesis of CNTs, the most common being chemical
vapor deposition (CVD), laser ablation, electric arc discharge, and template-based
approaches. Additionally, less conventional techniques such as solar furnace, elec-
trolysis, diffusion flame methods, and low-temperature solid pyrolysis have also
found application [24].

CNTs possess a substantial surface area and excellent electrical conductivity,
making them versatile materials with applications at spanning nanotechnology, elec-
tronics, optics, composite materials, and biomedicine [34]. Furthermore, they exhibit
a thermal conductivity exceeding 3000 W/m K at room temperature, surpassing that
of both graphite and diamond [24]. However, CNTs possess high hydrophobicity,
which can lead to limited material dispersion in aqueous reactions [22]. This issue can
be addressed by surface functionalization of CNTs through the introduction of func-
tional groups, such as hydroxyl (-OH), carboxyl (~COOH), or amine (-NH;). CNTs
can be suspended and stabilized by incorporating additional conductive polymers
to enhance their conductivity, solubility, and chemical properties. Wang et al. [33]
synthesized CoPt nanoparticles supported on poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) functionalized MWCNTs. This material was successfully
used in the hydrogen evolution from NaBHy.

The properties of carbon nanotubes can be modulated to meet specific require-
ments. One approach involves decorating CNTs with metallic nanoparticles, which
enhances their conductivity and electron transfer capabilities, thereby improving the
catalytic activity of these nanocatalysts [36]. Different researchers describe the use
of CNTs for evolution of hydrogen from NaBH,, as shown in Table 1.
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Table 1 Different carbon-based nanomaterials used as catalysts in the evolution of hydrogen from

NaBH4
Catalyst NaBHjy hydrolysis conditions | Ej HGR Ref
(kJ mol™1) | (mL
min~! gfl)

Co-NieC 50 mg of catalyst; 0.1 g 30.3 6364 [17]
NaBHy; 0.1 g NaOH; 25 °C

Ni-Co/r-GO 5 g of 10 wt% NaBH4. 5 wt% | 55.12 1280 [18]
NaOH; 0.05 g of catalysts;
25°C

Co/PGO 0.1 g PGO + 6 mL (NaOH 55.22 5955 [19]
0.25 M, NaBH4 0.25 M)

Cop.7Mog 3/3DGO 0.25 mM NaBHy4 and 35.6 7023.3 [20]
0.25 mM NaOH + 6 mL
ultrapure water + 0.10 g of
catalyst

PA/MWCNT 10 mg of catalyst; 835 pwmol | 62.66 23 [21]
of NaBHy; 22 °C

Au-MWCNT 835 pwmol of NaBHy; pH 7; 21.1 29 [22]
30 °C

Fe, O3 @OMWCNTSs 37 mg of material (7.5% wt), |15.92 264.09 [23]
0.5 g of NaBH4; Room
temperature

Co/MWCNTs-20 30 mg of catalyst (Co 20% 51.3 410 [24]
wt); 200 mg of NaBHy; 35 °C

Pto3-MWCNT 0.03 g of Pty 3-MWCNT (30% | 27 1107 [25]
wt of Pt on MWCNT), 5.03%
wt of NaBHy; 27 °C

Co-Fe304-CNT2 0.5 g de NaBHy; 0.03 g de 42.79 1213 [26]
Co-Fe304-CNTy,, where
subscript denotes the starting
wt% of the CNT (Co 5% wt);
25°C

PAN/CoCl,/CNTs 0.5 g of NaBH4 (1.0 wt. %); | 52.857 1255.1 [27]

where PAN is PAN/CoCl,/CNTs (4.5 mg of

polyacrylonitrile CoCl; and 12.0 wt.% of
CNT); 25 °C

(CNTs-Fe304)(1:4)-Co10%) | 96 mg of catalyst; 720 mg of | 57.639 1664.802 [28]
NaBHy; 40 °C under
microwave irradiation

PdRu/MWCNT-GNP 0.2 mol L~ of NaBHy, 22.33 2065 [29]

where GNP is graphene 0.2 mol L~! of NaOH, 0.02 g

nano platelet of the catalyst; 45 °C

Co-B (17.33 wt%) / 20 wt.% of NaBHy; 3 wt.% of | 44.40 5100 [30]

MWCNT

NaOH, 10 mg of catalyst;
30 °C

(continued)
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Catalyst

NaBHy hydrolysis conditions

E,
(kJ mol~1)

HGR
(mL
min~! g~1)

Ref

CoB-LDH-CNT-50

1.5 wt.% of NaBH4 + 5.0
wt.% of NaOH; 0.1 g of
catalyst; 30 °C

29.93

5167.72

(31]

CoB/0o-CNTs

50 mL of alkaline solution
containing 0.5 g of NaBHy4
(1.0% by weight) and 1.875 g
of NaOH (3.75% by weight);
25 °C. All catalysts contained
0.0100 g of CoB

37.63

5248

(32]

CoPt-PEDOT:PSS/
MWCNT

150 mmol of NaBHy4; NaOH
concentration = 0.4% by
weight; 10 mg of catalyst;
25°C

47.3

6900

[33]

MWCNT-COOH

50 mg of MWCNT-COOH as
the catalyst, 20 mL of NaBH4
(500 mmol) in 20 mL of
methanol; 25 °C

20.1 14

8766 £+ 477

[34]

Co-B-10CNTs

10 mL of solution containing
5% by weight of NaBHy and
5% by weight of NaOH/0.1 g
of catalyst; 25 °C

23.5

12,000

(35]

Ru-Co/CNTs

NaBHy (7% by weight),
NaOH (1% by weight), 20 mg
of catalyst; 25 °C

34.35

21,190

[36]

3% Ru-Mo (80:20) /CNT

50 mg of catalyst, 0.26 mol
L~! of NaBHj; 30 °C

35.11

82.758,43

(37]

3% RuW/MWCNT

10 mL of solution containing
0.26 mol L~ NaBHj, 50 mg
of catalyst; 30 °C

16.327

95,841.4

[38]

3% RuCo(80:20)/MWCNT

50 mg of catalyst, 0.26 mol
L~! NaBHj4; 30 °C

35.978

123.9385

(39]

Co-PDA@BC

1.0 wt% NaBHy, 1.0 wt%
NaOH; 30 mg of catalyst;
35°C

31.3

25

[40]

Ru-Co/C

10 wt% NaBHyg4, 1.0 wt%
NaOH; 20 g of catalyst;
25°C

36.83

9360

[41]

Co-B/Carbon Black

10 wt% NaBHg4, 10 wt%
NaOH; carbon supporting
containing 5 mg of Co; 25 °C

56.7

8033.89

[42]

* Hydrogen Generation Rate (HGR)
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2.3 Biochar-Based Catalysts

Biochar (BC) is a material more recently defined as the carbon-rich solid product
resulting from the thermochemical conversion of biomass under anoxic conditions
[45]. In this sense, different sources of biomass can be explored for the BC synthesis
process, including residual biomass from agro-industrial processes, such as sugar-
cane bagasse, malt bagasse, straw, sewage sludge, among others, configuring a great
option for waste management [46]. The chemical composition and structure of BC
depend on the characteristics of the biomass feedstock (for example, cellulose and
lignin content), the working temperature and the type of thermochemical process.
In general, the basic elemental composition of BC consists of C, H, O, N, S, P, K,
Ca, Mg, Na and Si, and is based on a well-developed pore network that guarantees
a high specific surface area [45].

Thermochemical conversion (or carbonization) can be carried out by different
processes, such as pyrolysis, gasification, or hydrothermal carbonization (HTC) [46].
Pyrolysis is the thermoconversion of biomass into solid (biochar), liquid (bio-oil) and
gaseous (biogas) materials, being carried out in a closed system, with an atmosphere
free of oxygen gas and under conditions of high pressure and temperatures (300 to
1000 °C). HTC is similar to the previous process in terms of methodology, but it
allows the use of water in the reaction medium and lower temperatures (160 to 350
°C) [47]. In contrast, gasification uses an atmosphere of air, oxygen, or steam to
obtain another gas with a high calorific value as a product. Pyrolysis is the most used
process to obtain biochar due to its high yield rate, in addition to the possibility of
varying and studying different operational parameters, such as temperature, heating
rate (divided into slow, intermediate, fast, and flash) and residence time in the reactor,
to optimize the process [48].

BCs can be utilized in different ways, such as an adsorbent to remove pollu-
tants from water, including dyes and pharmaceuticals [49], fertilizer [50], and as a
support for nanocatalysts [51]. In this sense, an interesting aspect is that the rich
surface chemistry of BC makes it highly susceptible to various chemical function-
alization strategies. In recent work of our group [52], BC was functionalized by
carboxyl groups with triazole groups to improve its characteristics as a support for
gold nanoparticles with recognized catalytic activity. Figure 5 shows a schematic
representation of the synthetic route of triazole-functionalization. AuNPs anchored
on the triazole-functionalized BC surface displayed high catalytic activity towards
hydrogen evolution from an aqueous solution of B,(OH),, with a maximum H,
generation of 715 mL g~! min~!.

Focusing on works using sodium borohydride as a solid H, storage, Table 1 lists
the recent work of Akti [40], who reported using pistachio shell-derived biochar deco-
rated with cobalt nanoparticles synthesized by the modified impregnation-reduction
method. The obtained nanocatalyst (Co-TA @BC) under optimal conditions provided
the generation of hydrogen from sodium borohydride with a maximum rate of
25 mL g~! min~! and activation energy of 31.3 kJ mol~"'.



Nanocarbon as Catalyst Support for Fuel Hydrogen Generation ... 303

24 h,70 °C 0
S H (2)
c” el -S0,, -HCl cl

o !O
I
i
=0

0 24 h,70°C

o
H : o K,COs
=\ S (3)
S NH, CHACN s
-HCI \\

0 24 h,50°C (4)
= CH4CN
ok N_-,N . NH
N” CuS0,.5H,0 CeHs
\\ sodium ascorbate = N——'—/
\ il
N=N

Fig. 5 Scheme for the synthesis of triazole-functionalized biochar. Adapted with permission [52],
Copyright (2023), Copyright The Authors, some rights reserved; exclusive licensee PubliSBQ.
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.
org/licenses/by/4.0/

2.4 Carbon Black-Based Catalysts

Carbon black (CB) is a petrochemical product consisting of finely powdered
elemental carbon. It is produced through the incomplete combustion of gaseous
or liquid hydrocarbon derivatives under controlled conditions, resulting in various
CB grades with specified properties ranges [53, 54]. Carbon black finds application
as a black pigment in paints and toners, serves as an antistatic agent, and is primarily
used as a filler in the tire industry [55]. It is characterized by spherical graphitic
particles ranging in diameter from 10 to 100 nm, with some extending to hundreds
of microns (Fig. 6). Carbon black falls within the category of substances known as
Industrial Aciniform Aggregates (IAA), resembling grape-like structures [55, 56].
Considering its very low cost, adequate electrical conductivity and high surface
area, CB has been extensively explored, for example, as a support for nanostructured
electrocatalysts [57]. Furthermore, the use of CB as a support for metallic nanopar-
ticles for the H, generation from sodium borohydride has been reported. Table 1
shows some examples in this line of application. For example, Baydaroglu et al.
[42] showed that carbon black acted as a better support than activated carbon for
Co nanoparticles prepared by the reduction—precipitation method. This was in terms
of catalytic activity against the evolution of hydrogen from sodium borohydride,
reaching a maximum H, generation rate of 23,939.39 mL g~! min~! at 40 °C.


https://creativecommons.org/licenses/by/4.0/
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Fig. 6 Carbon black structure. Adapted with permission [54], Copyright (2013), Elsevier

3 Conclusions and Future Perspectives

Over the last few years, there has been a clear increase in the number of research using
nanocarbons as support for metallic nanocatalysts to act in the evolution of hydrogen
from sodium borohydride. This is a promising technology, considering favorable
technical aspects resulting from the use of solid hydrogen storages, such as reduced
storage and transportation costs, exponential increase in safety and reduced H, gas
pressurization costs. Regarding nanocarbon-based catalysts, the chapter review work
highlights materials such as graphene, carbon nanotubes, biochar, and carbon black,
with carbon nanotubes standing out. The maximum H, evolution rates vary greatly,
making it difficult to establish a better nanocarbon-nanocatalyst combination, which
perhaps creates the need for better standardization of the minimum quality require-
ments for catalysts. Furthermore, investments must be implemented in the coming
years to validate the economic viability of the catalysts developed and carry out
production scale-up. Nanocarbon-based support materials from residual biomass
should be an important line of work, to add value to agro-industrial waste and reduce
catalyst production costs. Without a doubt, the field of nanocarbons as a support for
catalysts for hydrogen evolution is vast and promising for countless research and
advances soon.

Acknowledgements The authors are grateful to CAPES, CNPq (Grant Number: 405828/2022-5)
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Abstract This work comprehensively reviews recent advancements and applica-
tions of Carbon Nanotube (CNT) nanofluids, specifically concentrating on their inte-
gration into energy harvesting systems, particularly solar collectors. The effective-
ness of collectors. Utilizing CNT nanofluids is assessed, accompanied by exploring
preparation methods and factors influencing thermal conductivity and optical prop-
erties. Also mentioned are the drawbacks and potential directions for using CNT
nanofluids in thermal collectors. CNTs, possessing the highest thermal conductivity
among known nanoparticles, offer promising potential as heat transfer fluids when
dispersed into various base fluids, creating CNT nanofluids. However, maintaining
prepared CNT nanofluids’ homogeneity and sustained durability poses a significant
challenge. The paper provides a detailed study of the preparation techniques and
reported stability periods of stationary CNT nanofluids. Various treatment methods,
including chemical and physical treatments, are systematically analyzed, offering
insights into overcoming stability challenges and future directions. The paper advo-
cates for a balanced combination of techniques to achieve CNT dispersion without
excessive treatment. Methods for analyzing nanofluid stability are also surveyed,
emphasizing the need for cost-effective and rapid stability prediction methods.
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1 Introduction

In the last several decades, research in nanoscience and nanotechnologies has
risen quickly, positioning it at the vanguard of contemporary scientific advance-
ments. Because of their excellent thermal, physical, optical, and electrical quali-
ties, carbon nanotubes (CNTs) have significantly contributed to the nano revolution.
These remarkable attributes have propelled CNTs into becoming among the most
comprehensive scrutinized Materials at the nanoscale.

The astonishingly high thermal conductivity of CNTs is one of its most notice-
able features, which sets them apart from other nanoparticles. The revelation of this
remarkable thermal conductivity in nanoparticles has ignited significant interest in
research endeavors focusing on heat transfer fluids. The pioneering work of Choi
et al. [1] marked the inception of this concept, as they stumbled upon an unexpect-
edly increased thermal conductivity in nanofluids in contrast to their base fluids. This
discovery triggered a flurry of research efforts, documented in the literature, exploring
various nanofluids in the context of energy harvesting and cooling systems. Consis-
tent results throughout this research show how incorporating nanoparticles inside
the fluid substantially enhances heat transmission. A specific emphasis is placed on
the various preparation techniques used to maintain the stability of these nanofluids.
While it is worth acknowledging that a few earlier review articles have explored this
subject, it is imperative to highlight the burgeoning research trends revealed by the
Scopus database. These trends unequivocally indicate a consistent upward trajectory
in research activities related to CNT-infused nanofluids, with the past couple of years
witnessing an unprecedented surge in interest from researchers worldwide.

Notably, most of the previously mentioned review articles predominantly focused
on the thermal aspects of CNT nanofluids. A sizable body of research has recently
been devoted to improving heat transfer by altering the thermophysical characteristics
of working fluids. Their exceptional strength, electrical conductivity, and thermal
conductivity result from their distinctive atomic arrangement. CNTs find applications
across materials science, electronics, and nanotechnology, reflecting their potential
for diverse technological and scientific progress.

A few reviews delved into the chemical and non-chemical modification of CNTs. t
is worth noting that stability analysis presents a significant challenge, often requiring
costly equipment and substantial time. In numerous studies, stability was either
not addressed or was reported insufficient. Consequently, there is a pressing need
to develop an economical and rapid approach to forecasting the stability of CNT
nanofluids. Furthermore, itis noted that chemical and material scientists conduct most
studies and investigations associated with preparing CNT nanofluids. In contrast,
scientists in mechanical, chemical, and thermophysical engineering. Primarily inves-
tigate the thermal applications of nanofluids. Bridging this interdisciplinary gap and
fostering knowledge exchange among these fields is essential for advancing the
development of stable CNT nanofluids for thermal applications.

Furthermore, surfactants are more accessible to remove than polymers or proteins,
and surfactant-attached CNTs can be easily removed by rinsing with deionized water
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(DIW). SDS has found extensive application in preparing CNT solutions for various
purposes, including nanocomposites, nanofluids, substances with antibacterial prop-
erties, and materials for coating applications. Numerous research studies have inves-
tigated the influence of SDS surfactants in solutions containing CNTs, considering
variables like temperature, SDS concentration, sonication power, and binding energy.

There has been constrained investigation into the optimal Concentration of SDS
in solutions containing carbon nanotubes for electrokinetic manipulation systems,
specifically in the context of dielectrophoretic deposition multi-walled carbon
nanotubes (MWCNTSs) involving the use of non-uniform electric fields to manipulate
and position CNTs within a solution.

CNTs have emerged as promising reinforcements for high-strength metal matrix
composites. Compared to pure metals, a metal matrix composite featuring CNTs
boasts a higher strength-to-density ratio, specific modulus, improved fatigue resis-
tance, and a lower coefficient of thermal expansion (CTE). Among MMCs,
aluminum-based composites have gained significant attention and found applica-
tions across various industrial sectors due to their outstanding strength and a favorable
combination of properties. The synergistic effects resulting from the unique proper-
ties of CNTs and aluminum alloys have prompted extensive research into manufac-
turing aluminum/CNT nanocomposites, especially for weight-sensitive applications.
Typically, significant enhancements in the strength of aluminum alloys occur with
the addition of small concentrations of CNTs. However, a substantial increase in rein-
forcement content can lead to embrittlement of the composite. Achieving an increase
in strength with only a slight reduction in flexibility is possible by incorporating CNTs
in small concentrations.

One significant approach that has garnered attention in recent years is using
nanofluids. Nanofluids are a class of engineered fluids consisting of a base fluid
and solid nanoparticles Suspended at nanoscale dimensions within the base fluid.
Incorporating nanofluids into various thermal devices has shown promise in modi-
fying their performance. For instance, scientists have evaluated the effectiveness of
a pulsating heat pipe when filled with water and a nanofluid consisting of graphene
oxide and water, demonstrating a significant lowering of heat resistance when
utilizing nanofluid, ascribed to altered thermal conductivity and the presence of
nucleation sites. In another study, Ni/water-glycerol nanofluid was used in a ther-
mosyphon, revealing a decrease in overall thermal performance due to the addition
of Ni nanoparticles. Nanofluids have also found applications in heat exchangers,
where the use of 7'i O, /water nanofluid resulted in a substantial improvement in
heat transfer compared to pure water. In addition to these applications, nanofluids
have been integrated into clean energy technologies to enhance their efficiency.
Geothermal systems, for example, benefit from nanofluids in heat exchangers, leading
to size reduction and efficiency improvements. Nanofluids have also found applica-
tion in fuel cells for thermal management, enhancing the reliability of these systems.
However, one area where nanofluids have demonstrated significant potential is in
solar technologies. They have been utilized in various solar systems, including solar
collectors, ponds, and PVT systems, contributing to increased efficiency. The choice
of nanofluid type and solid nanoparticles significantly impacts thermal performance,
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as the thermophysical properties depend on the specific materials used. Carbon
nanotubes, known for their excellent heat transfer properties, have become a focus
of Concern about solar energy devices’ utilization of nanofluids.

2 Categories and Arrangement

While carbon is abundant in the natural world, CNTs are a product of human engi-
neering. These methods yield distinct shapes of CNTs, categorized into Single-walled
carbon nanotubes (SWCNTs), composed of a mono seamless graphene layer rolled
into a cylinder, and MWCNTs, formed from multiple rolled-up graphene sheets.
The nearest example we found was a study where researchers used this approach to
create nanofluids containing carbon nanoparticles in flake form, which are distinct
from carbon nanotubes. Traditional Essential fluids like water and ethylene glycol oil
are frequently used as coolants, and primary fluids like water and ethylene glycol oil
are commonly used as heat storage mediums. Still, they have limitations regarding
their thermal and physical properties. Incorporating nanoparticles into these fluids has
demonstrated a notable improvement in their thermophysical characteristics, leading
to the emergence of novel terminologies and distinct functions for these nanoparticle-
dispersed fluids. These include nano coolants or heat-storage nanofluids, nano lubri-
cants, nano greases, nano refrigerants, and nanofluids. A different class of founda-
tional fluid, an ionic liquid, essentially consists of molten salt and exhibits unique
thermal and physical attributes, including a notable heat storage capacity, outstanding
thermal resilience, and elevated viscosity. The dispersion of nanoparticles into ionic
liquids gives rise to nanofluids. However, the concept of nanofluids was first proposed.

2.1 Carbon Nanotubes

CNTs are truly exceptional formations, representing a significant advancement in
nanostructures. They are cylindrical monolayer sheets of carbon atoms and can be
synthesized in various ways. Such frameworks are excellent for various applications
because of their unique characteristics. SWCNTs, for instance, are constructed by
seamlessly rolling a single graphene sheet into a tube, while MWCNTSs are formed
by rolling multiple graphene sheets. This classification is based on how many layers
there are comprising the nanotube and affects their dimensions, density, and specific
characteristics. This exceptional thermal conductivity makes CNTs an attractive
candidate for improving the thermal properties of various fluids.

To harness the benefits of CNTs in heat transfer applications, researchers have
explored the creation of CNT nanofluids. These nanofluids involve dispersing CNTs
into different fluids or solvents, such as H,O, ethylene glycol, or ionic liquids, to
enhance their thermal and physical properties. Similarly, adding CNTs to engine
oil at a 2% volume concentration results in a 30% conductivity of heat rising.
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These improvements in thermal conductivity suggest that CNT-based nanofluids
hold promise as heat transfer fluids. Various studies have investigated their impact
on heat transfer in different applications. For instance, researchers have used CNT
nanofluids in pulsating heat pipes, heat exchangers, and other thermal devices, consis-
tently observing reductions in thermal resistance and enhancements in heat transfer
performance. In solar thermal technologies, where the efficiency of systems heavily
relies on the heat transfer properties of the operating fluid, the incorporation of CNTs
can be transformative. CNTs not only possess superior thermal conductivity but also
exhibit favorable optical properties. When dispersed in fluids, they can alter the spec-
tral absorptivity of the fluid across the solar spectrum. By reducing transmittance,
CNT-based nanofluids can enhance their performance in solar systems. Studies have
demonstrated that nanofluids containing CNTs reduce the transmittance of light,
particularly in the visible and long-wavelength ranges. The extent of transmittance
reduction is correlated with a specified volume fraction of CNTs in the primary
fluid. Additionally, the absorption properties of nanofluids with CNTs significantly
improve, making them efficient radiation absorbers. This enhanced absorption is
especially beneficial in solar applications, as it allows for the effective utilization
of solar energy-based nanofluids and offers exciting prospects for enhancing heat
transfer efficiency and solar energy utilization.

2.2 CNT-Based Nanofluids

The distinguishing factors between these two types include differences in length,
diameter, density, and other intrinsic traits, rendering them suitable for specific
applications. The historical development of CNTs reveals that the first CNT was
an MWCNT.

Traditional base fluids like water have been conventionally employed for cooling
and heat storage, albeit with limited thermal and physical capabilities. The addition
of nanoparticles to these fluids enhances their heat transfer capabilities, leading to the
emergence of nanofluids with various designations, including nano coolants, heat-
storage nanofluids, nano lubricants, nano greases, nano refrigerants, and nanofluids.
Intriguingly, some of these nanofluids were first created by introducing CNTs into
them, as exemplified by the introduction of “nano grease” by Hong et al. [2]. Their
work demonstrated improved thermal conductivity and lubricity in nano lubricants
and nano greases containing MWCNTs dispersed in commercial oils. Furthermore,
a distinct category of base fluid comprises molten salts characterized by unique
physical attributes such as high heat storage capacity, excellent thermal stability, and
high viscosity.

Integrating nanoparticles into ionic liquids results in nanofluids, a concept
pioneered. Consequently, nanofluids containing these CNTs have become attrac-
tive alternatives for thermal medium operating fluids. CNTs possess favorable optical
properties, making them well-suited for solar applications. When CNTs are dispersed
in different fluids, they modify spectral absorptivity across the solar spectrum.
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Studies have indicated that the presence of CNTs in nanofluids reduces transmit-
tance. Notably, the presence of SWCNTs in water at a 0.5% volume fraction signif-
icantly increased its absorption, enabling the nanofluid to absorb nearly all emitted
light. Increasing the volume fraction of SWCNTSs had a relatively minor impact on
the absorption characteristics of the nanofluid. It was demonstrated that increasing
the nanofluid’s temperature led to a reduction in radiation absorption levels. These
higher absorption properties of nanofluids containing CNTs make them particularly
advantageous for solar applications. Carbon nanotubes (CNTs) boast many enticing
qualities, ranging from their remarkable aspect ratio to their outstanding mechanical,
thermal, and optical attributes. These characteristics position them as up-and-coming
candidates for application in many mediums and devices. Notably, CNTs exhibit an
exceptionally high thermal conductivity, typically ranging from 2000 to 6000 % .An
enlightening study by Liu et al. [3] provides valuable insights into this enhancement.
Numerous investigations have delved into the influence of employing nanofluids
that include solid-phase carbon-based particles in thermal devices. Tanshen et al.
[4] implemented a pulsating heat pipe charged with water functionalized with multi-
walled carbon nanotubes at various concentrations, spanning from 0 to 0.3% wt. This
caused a significant decrease in thermal resistance.

Qu et al. [5] examined how adding MWCNTs to water affected transmittance.
They observed that the tiny increase in MWCNTS resulted in a considerable decrease
in transmittance. For instance, compared to pure water, a nanofluid containing
0.0015% weight of MWCNTs in water had a 40% lower transmittance throughout
wavelengths between 200 and 880 nm. The concentration of nanostructures in the
water was increased to reduce transmission further. Additionally, a study found that
the 0.5% volume fraction of SWCNTSs in water caused a noticeably higher absorp-
tion rate. This led to the nanofluid absorbing almost all the light being released.
Contrary to expectations, additional increases in the volume fraction of SWCNTSs
did not appreciably change its absorption rate.

3 Durability of CNT Nanofluid

Mechanical treatment involves physically mixing nanoparticles in a solvent through
ultrasonication, irrespective of whether the CNTs have been functionalized. Qualita-
tive observation of nanofluids in static conditions and quantitative measurements like
zeta potential provide insights into colloidal stability. Zeta potential, representing the
degree of repulsion between charged particles on CNTs and the base fluid, is a crucial
parameter. Positive or negative values indicate repulsion, with higher values signi-
fying better stability. Both functionalization and the addition of surfactants can alter
the iso-electric point, where nanoparticles carry no net electrical charge, impacting
stability. Regarding the electrostatic charge on particle surfaces, pH measurement is
critical in determining stability.
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The interplay of these forces determines the stability of the nanofluid. High attrac-
tive forces, dependent on interparticle distances and nanoparticle shape, lead to aggre-
gation. The shape of nanoparticles impacts the attractive forces, with larger contact
areas favoring stronger attraction and aggregate formation aggregation, resulting
in increased particle size, promoting settling, and affecting dispersive behavior.
Conversely, high repulsive forces maintain suspension stability.

Nanofluids subjected to repeated heating and cooling cycles in heat exchangers
suffer processes that promote nanoparticle aggregation. Brownian motion is accel-
erated by high temperatures, which increases the likelihood of nanoparticle colli-
sions and encourages aggregation formation. A dragging force and a reduced fluid
viscosity also support aggregation. The coordinated, directed movement of nanopar-
ticles encourages aggregation and interferes with homogenous dispersion due to
CNTs’ proclivity for irreversible aggregation over time, fueled by strong-interactions;
CNT nanofluids, particularly, encounter difficulties.

Depending on interparticle distances and nanoparticle shape, high attractive
forces lead to aggregation. Aggregation results in increased particle size, promoting
settling and affecting dispersive behavior. Conversely, high repulsive forces maintain
suspension stability.

In heat exchangers, nanofluids undergoing repeated heating and cooling cycles
experience phenomena that enhance nanoparticle aggregation. Elevated tempera-
tures accelerate Brownian motion, increasing nanoparticle collision probability and
favoring aggregate formation. Reduced fluid viscosity and dragging force further
support aggregation. The collective directional movement of nanoparticles disrupts
homogeneous dispersion and promotes aggregation. The quest for harnessing the
full potential of CNT nanofluids requires addressing challenges related to disper-
sion and stability. Chemical and mechanical treatments offer promising avenues,
and researchers continue to explore novel functionalization techniques and stability
assessment methods.

4 Heat-Conducting Properties of CNT Nanofluids

A distinguishing quality of carbon nanotube CNT-nanofluids over base fluids is their
excellent conductivity. The transient hot-wire method is one of several methods
that can be used to evaluate the conductivity of nanofluids. The thermal conduc-
tivity enhancement observed in nanofluids varies depending on factors. A dual-
phase procedure is typically utilized for synthesizing CNT nanofluids, involving
the dispersion of CNTs in a base fluid followed by stabilization through chemical
and physical treatments. One of the most straightforward techniques for stabilizing
CNT nanofluids is homogenization using an ultrasonication device. An effective
procedure commonly used involves chemicals. They are altering the surfaces of
CNTs by treating them with acids before achieving homogeneous dispersion in base
fluids through ultrasonication. Another way involves dispersing CNTs into the foun-
dational fluid and adding a surfactant before homogenization using ultrasonication.
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Covalent functionalization, which utilizes a combination of acids, constitutes one of
the chemical treatments applied to CNTs to enhance their thermal conductivity.

In a study conducted in 2009, investigating the consequences of covalently func-
tionalizing multi-walled carbon nanotubes using nitric and sulfuric acids on the
thermal conductive characteristics of water-based nanofluids were examined. Specif-
ically, a 16% enhancement was recorded for f-MWCNT nanofluids at 0.5% of
MWCNTs, compared to a 4.6% enhancement for pristine MWCNT nanofluids. A
similar outcome was observed in another study involving water-based nanofluids.

Non-covalent alteration, in contrast to covalent functionalization, involves using
surfactants to modify the surface of CNTs. This process aims to make the CNTs
hydrophilic, allowing them to interact favorably in conjunction with the foundational
fluid and repel alternative CNTs, thus preventing aggregation. Researchers have
conducted studies to identify the most effective concentration of different surfactants
for achieving the most stability and the highest thermal conductivity of nanofluids.
The outcomes revealed that all surfactants enhanced thermal conductivity generally
rise in higher surfactant concentrations, except in the case of SDS (sodium dodecyl
sulfate), which led to a decrease in thermal conductivity enhancement. Maintaining
the homogeneity of nanoparticles in the solvent is crucial for achieving high thermal
conductivity in nanofluid suspensions. Ultrasonication, especially at elevated power
levels, supplies ample energy to disperse particle clusters, fostering the creation of
uniform suspensions. Moreover, the duration of ultrasonication was found to signif-
icantly impact thermal conductivity, with longer ultrasonication times leading to
increased thermal conductivity, especially at higher concentrations of nanoparticles.

Han et al. [6] conducted experiments on water-based SWCNT nanofluids with
varying SWCNT concentrations (0.05-0.25 vol%) in the presence of SDS surface-
active agents at temperatures ranging from 40 °C.

Furthermore, higher temperatures provide the suspended nanoparticles with
increased energy, enhancing their random movement and collision frequency, which
is essential to the mechanics of heat conduction.

The diameter and length of CNTs have been investigated for their impact on CNT
nanofluids’ thermal conductivity. The diameter of CNTs is mainly associated with
the number of layers and affects their thermal properties. In a work by Lee et al. [7],
the minor Functionalized Multi-Walled Carbon Nanotubes (f-MWCNT) diameter,
10 nm, was found to boost thermal conductivity in a water-based nanofluid by up
to 16% when compared to larger -MWCNT width sizes at a concentration of 0.5
vol%. Wu et al. [8] investigated the thermal conductivity of nanofluids based on
water, incorporating distinct types of CNTs, such as SWCNTSs measuring 1-2 nm in
diameter and MWCNTs with an 8 nm diameter.

They found that SWCNTSs exhibited a more substantial enhancement in thermal
conductivity, reaching approximately 40%, while MWCNTs showed a lower
enhancement of only 10% at a concentration of 0.38 vol%. This suggests that
SWCNTs, with their smaller diameter, are more effective in enhancing thermal
conductivity in this study. Glory et al. [9] investigated the effect of ultrasonication
time on conductivity enhancement. They found that longer CNTs (5 pm in length)
led to a noticeable increase in thermal conductivity enhancement to 45% compared
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to shorter CNTs (0.5 iwm in length) when the sonication time was reduced from 700
to 50 min. The diameter and length of CNTs can impact the thermal conductivity
enhancement of CNT nanofluids, with smaller-diameter CNTs and longer CNTs
generally leading to higher enhancements. However, the relationship between CNT
properties and thermal conductivity can be influenced by various factors, including
the type of base fluid and experimental conditions.

The adjustment of MWCNT lengths was achieved through a controlled process of
ball milling, yielding a noteworthy enhancement in thermal conductivity of approx-
imately 29.5% and a temperature of 63.9 °C. In a parallel investigation, the same
research group, Chen and Xie [10], delved deeper into the impact of varying CNT
lengths achieved through ball milling on the silicon oil-based nanofluids thermal
conductivity, which incorporated functionalized MWCNTs (f-MWCNTs). Notably,
at a concentration of 0.05 vol% and a temperature of 65 °C, they recorded a peak
enhancement of 27.5% after 20 h of ball milling. However, the enhancement began
diminishing as the ball milling treatment extended beyond this point. Regarding
the impact of CNT length, they discerned no significant alterations in thermal
conductivity when the temperature was near room temperature. However, beyond
310 K, nanofluids with shorter MWCNTs exhibited higher thermal conductivity than
those with longer counterparts. This observation led to the hypothesis that shorter
MWCNTs are more mobile and capable of faster movement at elevated temperatures.
In contrast, longer MWCNTs may tend to entangle to a greater extent. Numerous
studies have highlighted the potential for achieving more excellent thermal conduc-
tivity enhancements in CNT nanofluids when employing lower inherent thermal
conductivity base fluids. For instance, A notable 46% improvement in thermal
conductivity was observed by Jiang et al. [11] for a nano-refrigerant containing
MWCNTs distributed in R113. The 13% improvement attained in a water-based
nanofluid at an analogous nanoparticle volume fraction of 0.2% was significantly
outperformed by this improvement. In contrast, hybrid nanofluids featuring CNTs
yielded opposing effects compared to their base fluids regarding thermal conduc-
tivity enhancement. In some instances, water-based hybrid nanofluids exhibited more
remarkable thermal conductivity enhancements than their EG-based counterparts
despite EG having lower inherent thermal conductivity than water [12, 13].

5 Utilization of CNT Nanofluids in Solar Applications

Over the past decade, substantial research efforts have been directed toward under-
standing nanofluids’ fundamental principles and practicality, explicitly focusing on
carbon nanotube (CNT) nanofluids within solar collector applications. This discus-
sion will provide an extensive overview of solar thermal technology, emphasizing the
potential enhancements achieved by employing CNT nanofluids as heat-absorbing
fluid. Solar collectors, designed to harness solar energy, have a rich history dating
back centuries.
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Research efforts have also extended to evaluating the evacuated tube’s thermal
performance using nanofluids. Sabiha et al. [14] conducted experiments to assess the
improved heat transfer by employing water-based nanofluids, including SWCNTs,
as capturing media. Their study considered varying nanoparticle concentrations and
mass flow. They reported that both nanoparticle concentration and mass flow signifi-
cantly contributed to the application of evacuated tube solar collectors. Notably, they
achieved a peak collector 93.43% efficiency with 0.2 vol% Nanofluid of SWCNT
and a flow rate of 0.025 kg/s, representing a remarkable 71.84% improvement over
pure water. Moreover, they observed that on cloudy days, the collector’s efficiency
utilizing 0.2 vol% SWCNT nanofluid surpassed water on sunny days, underlining
the advantages of nanofluid-based systems in diverse weather conditions.

Theoretical investigations have also delved into the application of enclosed-type,
nanofluid-using evacuated U-tube collectors. Tong et al. [15] performed a compre-
hensive review of U-tube collectors equipped in the U-tube with a copper fin,
analyzing varying Reynold’s ratios (ranging from 400 to 2000) with constant heat
flux and utilizing MWCNT/water nanofluids with varying MWCNT concentrations
(up to 0.24 vol%). Their results revealed an average 8% relative rise in pure water’s
heat transfer coefficient ratio.

Collector efficiency rapidly increased with rising radiation levels under low-
radiation conditions, leveling off under high-radiation exposure. In recent research,
the heating capacity and energy efficiency potential of a U-tube collector for sunlight
using nanofluids have been studied by Kim et al. [16]. They investigated nanofluids
containing MWCNTs spread among a combination of 20% propylene glycol and
water. They also emphasized the environmental and economic benefits, estimating a
reduction of coal usage by up to 131.3 kg annually and a savings of about 0.64 MW/ h
of electricity annually when 50 solar collectors employing nanofluids as the absorbed
substance were deployed. While evacuated tubes and flat plates have played a vital
role in harnessing solar energy, they are not without limitations, particularly in
terms of efficiency due to the conductive and convective absorbent surface and its
impedance and the working fluid, resulting in significant heat losses. To address these
challenges, a novel concept emerged in the 1970s aimed at minimizing heat losses
while efficiently absorbing solar energy. This innovation led to the development of
direct absorption solar collectors (DASCs), a unique category of solar collectors.
DASC:s directly absorb solar radiation and convert it into heat, offering a promising
alternative to traditional collectors. Researchers have made significant strides in
understanding the complex interplay of factors affecting nanofluid behavior within
various collectors, including flat-plate, evacuated tube, and direct Absorption solar
collectors. From pH adjustments to the addition of surfactants and careful consid-
eration of nanoparticle concentrations and flow rates, these studies have provided
valuable insights into optimizing nanofluid-based solar collector systems. Further-
more, theoretical analyses have underscored the advantages of CNT nanofluids,
particularly SWCNT-based nanofluids, over other nanofluid types and pure water
in terms of energy and exergy efficiencies, as well as reductions in entropy genera-
tion and enhancements in heat transfer coefficients. These findings can potentially
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revolutionize the field of solar thermal technology, offering more efficient and envi-
ronmentally friendly solutions for harnessing solar energy. In particular, the remark-
able performance enhancements achieved in evacuated tube solar collectors and U-
tube solar collectors using CNT nanofluids have significant implications. The capa-
bility of carbon nanotube (CNT) nanofluids as absorbent media in direct absorp-
tion solar collectors offers an exciting avenue for further research and innovation
in solar energy capture. As researchers continue to delve into optical character-
istics and the long-term consistency of CNT with nanofluids within DASCs, the
future of solar collector systems appears increasingly promising by harnessing the
sun’s energy more efficiently and sustainably. These developments open the door
for a brighter and greener future powered by nanofluid-enhanced solar technology.
The researchers prepared a nanofluid based on water with varying concentrations of
MWCNTs, ranging from 0.0005 to 0.005 volume percent. They used Cetyltrimethy-
lammonium Bromide (CTAB) as a surfactant and employed a self-assembled appa-
ratus based on the Lambert—Beer law to measure the extinction coefficient. Surpris-
ingly, they discovered that nanofluids with a volume fraction of 0.0005 and exceed-
ingly low percent could completely absorb solar energy up to a depth of 10 cm.
They conducted an analytical investigation to explore the impact of varying wave-
lengths from 200 to 2000 nm. Their findings highlighted the crucial role of MWCNT
nanofluids in absorbing sunlight within the visible and near-infrared wavelength
ranges, specifically from 200 to 1400 nm, a feat not achievable with pure water
alone.

5.1 Photovoltaic-Thermal (PVT) Systems

Applying photovoltaic (PV) solar cells for electricity generation has seen signif-
icant growth. While PV cells are known for their low greenhouse gas emissions
during electricity production, the commercial versions often suffer from relatively
modest efficiencies. Moreover, these efficiencies tend to decrease as the operating
temperature of the cells rises. To address this challenge, substantial efforts have been
devoted to managing the thermal conditions of PV cells, ensuring they operate at
optimal temperatures for peak performance. Various advanced techniques, such as
Heat pipes, PCM, and active cooling techniques, have tackled this thermal manage-
ment issue. One efficient approach in this sector is PV/T (Photovoltaic/Thermal)
systems.

The heat produced by the PV cells in PV/T systems is used for focused thermal
functions, such as heating water or air. Nanofluids have been used as the operating
liquids in PV/T systems to increase their efficiency further their efficiency.

Alous et al. [17] conducted an experimental study on a Photovoltaic/Thermal (PV/
T) system. This system incorporated a sheet and tube heat exchanger connected to
the rear of a monocrystalline PV cell. Three different coolants were employed: water,
graphene nanoplatelet/water, and MWCNT/water nanofluids, all at a concentration
of 0.5% by weight. The results demonstrated energy efficiency enhancements of
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53.4%, 57.2%, and 63.1% when using water, MWCNT/water, and graphene/water
nanofluids, respectively. Researchers monitored PV cell temperatures at different
times of the day. It was shown that using nanofluids during hours of higher solar
irradiation was more advantageous since the temperature differential between the
cooling conditions and the reference condition grew during these hours. Compared
to water, the entropy generation in the system was reduced by 0.82%, 1.23%, and
2.88% when these nanofluids were used as coolants.

The efficiency of PVT systems, particularly in comparison to standalone PV
systems, is a multifaceted aspect influenced by various factors. Beyond the intrinsic
nature of the nanofluid used, the operational conditions play a pivotal role in deter-
mining the enhancement rate in PV/T systems, especially when juxtaposed with stan-
dalone PV systems. This intricate relationship was investigated by Sangeetha et al.
[18], who explored the impact of three different nanofluids—CuO/water, A1203/
water, and MWCNT/water—on a PV/T system. The study revealed that the highest
efficiency improvement occurred around mid-day, aligning with peak solar irradi-
ance. This finding underscores the significance of effective cooling mechanisms for
PV panels, particularly in regions characterized by intense sunlight and elevated
temperatures.

MWCNT/water nanofluids with concentrations ranging from 0% to 0.3% by
volume were used in an inquiry by Abdallah et al. [19] in a PV/T system. Intrigu-
ingly, the study identified the concentration of 0.075% by volume as the maximum
average efficiency enhancement point. This shows that there may be an ideal concen-
tration where changes in specific heat, thermal conductivity, and viscosity change
combine to produce the best outcomes. The study underscores the nuanced interplay
between nanofluid composition and concentration in achieving optimal PV/T system
efficiency. Moving beyond active cooling methods, passive thermal management
strategies have garnered attention, particularly in the context of PV cell temperature
control. Among these, using phase change materials (PCMs) is noteworthy. This
suggests the promising potential of MWCNT-based nanofluids in passive thermal
management strategies, presenting an avenue for improving the overall efficiency
and longevity of PV/T systems.

In conclusion, the efficiency of PV/T systems is intricately linked to the inter-
play of nanofluid characteristics, operating conditions, and cooling strategies. As
research in this field progresses, a comprehensive understanding of these factors will
be crucial for advancing the efficiency and applicability of PV/T systems in diverse
environmental contexts.

5.2 Solar Collector

To transform solar irradiance into helpful heat energy, solar collectors are essen-
tial. The thermophysical characteristics of the fluid being significantly used impact
how well these collectors perform. Different nanofluids, including those comprising
metallic, metal oxide, hybrid, and carbon-based nanoparticles, have been used to
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increase the efficiency of solar collectors. Carbon-based nanofluids have garnered
considerable interest due to their exceptional heat transfer properties, making them
popular for improving solar collector efficiency. Using MWCNT/water nanofluids
in a U-tube solar collector was the subject of a significant study that tested different
concentrations of MWCNTs in water, ranging from 0.06% to 0.24% by volume. It
found that the highest enhancement in efficiency was achieved with a 0.24% concen-
tration. Compared to using water as the operating fluid, employing the nanofluid
resulted in an average heat transfer enhancement of 8% across various Reynolds
numbers. Importantly, this transition to nanofluid usage also had positive environ-
mental implications. A thorough environmental analysis revealed that when 50 such
collectors were employed, replacing water with nanofluid led to annual reductions of
1600 kg and 5.3 kg in Carbon Dioxide and Sulfur Dioxide emissions, respectively. As
previously mentioned, carbon-based nanofluids, particularly those containing Carbon
Nanotubes (CNTSs), exhibit superior optical properties compared to pure fluids. This
makes them ideal for use in direct-absorption solar collectors.

However, it is worth noting that higher nanofluid concentrations result in more
excellent Absorption of solar radiation at the collector’s top, and the subsequent
temperature rise can lead to higher heat losses. Interestingly, it has been observed
that SWCNTs offer even more significant improvements in thermal conductivity
compared to MWCNTs. Said et al. [20] used volume fractions of 0.1% to 0.3% of
SWCNT/water nanofluid in a flat plate solar collector. The energy effectiveness of
the collector was found to be 89.26% and 95.12%, respectively, when employing
nanofluids with concentrations of 0.1% and 0.3% at a mass flow rate of 0.5 kg/min,
compared to just 42.07% when using water. The effectiveness of an evacuated tube
using SWCNT/water nanofluid at three distinct concentrations and varied mass flow
rates was investigated by Sabiha et al. [21]. The highest collector efficiency observed
was 93.43%, achieved at a mass flow rate of 0.025 kg/s and a volumetric nanofluid
concentration of 0.2%.

A further inquiry by Mahbubul et al. [22] demonstrated the potential of SWCNT/
water nanofluid in improving evacuated tube solar collecting’ efficiency. Carbon
nanotube-containing nanofluids have shown promise in high-temperature collec-
tors. A linear Fresnel collector was numerically studied by Ghodbane et al. [23],
employing MWCNT/diathermic oil (DW) nanofluid as the working fluid.

5.3 Solar Pond

Solar ponds featuring a layered salt solution structure are innovative systems that
capture and preserve solar energy. These ponds typically consist of layers with
varying salt concentrations, reaching saturation at 1-2 m. The Non-Convicting Zone
(NCZ)’s upper layer contains water with lower salinity and density than the Lower
Convicting Zone (LCZ) beneath it. The increased salt concentration in the LCZ
inhibits free convection, effectively trapping and storing the energy from the sunlight
hits over here. The ratio of the total energy collected from a solar pond to its
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predicted capacity is known as its efficiency, and it depends on several variables,
including the heat recovery temperature and the specific layers from which energy
is extracted. By harnessing nanofluids in solar pond tubes, it becomes possible to
significantly enhance heat extraction efficiency from these innovative solar energy
storage systems, thereby increasing their practicality and effectiveness in various
applications.

5.4 Generation of Solar Steam

Solar energy holds great potential for various applications, including generating
steam required for seawater desalination, waste sterilization, and power generation.
Nanotechnology has played a pivotal role in significantly enhancing the perfor-
mance of these solar steam generation systems. Using appropriate nanofluids in these
systems can lead to substantial improvements in efficiency. Research findings from
a study have demonstrated that using plasmonic nanofluids containing gold particles
can result in an approximate 300% increase in system efficiency. Regarding solar
steam generation, nanofluids containing Carbon Nanotubes (CNTs) are particularly
promising choices. Wang et al. [24] conducted a study where they employed SWCNT-
based nanofluids in direct gas creation from a solar energy setup. For instance, when
using a nanofluid with a concentration of 19.04 x 10~* vol% and solar power for
lighting 10 Suns, this system achieved an impressive efficiency of 46.8%. In contrast,
if pure water were employed in the system, the efficiency would not exceed 7.8%.
This substantial improvement underscores the remarkable potential of nanofluids
containing CNTs in enhancing the performance of solar power systems. The study
concentrated on applying nanofluids with CNTs in solar energy systems, which has
yielded significant modifications in system performance. The extent of enhancement
depends on several elements, including the kind and concentration of CNTs used,
the specific system under investigation, and the operating conditions employed.

6 Conclusion

According to our in-depth literature research, preserving a uniform dispersion and
long-term stability are essential for the CNT nanofluids to keep their superior thermal
characteristics. The goal of maintaining the conditions mentioned above is chal-
lenging due to the hydrophobic nature of the CNT against most fluids and the potent
van der Waals interaction among CNT nanoparticles. Nevertheless, many scholars
have made countless attempts to meet those requirements.

However, it should be highlighted that numerous obstacles must be found and
overcome for various CNT nanofluid applications, particularly solar devices. Two
significant barriers to its commercialization are the stability and production cost.
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Because of this, it is necessary to redesign the majority of solar collectors to accom-
modate the practical usage of nanofluid in water heating systems used in home and
industrial settings. By overcoming these obstacles, it is anticipated that nanofluids
will have a significant impact on both the engineering and industrial sectors, as well
as improve people’s quality of life.

To attain good thermal characteristics of the CNT nanofluids for an extended
period, homogeneous dispersion and long-term stability must be maintained. It isn’t
easy to uphold the criterion above because of the CNTs’ hydrophobicity toward most
fluids and their robust van der Waals interaction. Chemical treatments (covalent and
non-covalent functionalization) and physical treatments are the two main ways to
stabilize CNTs in any base fluid.

Depending on the base fluids, CNT concentrations, and CNT kinds utilized, each
treatment results in varying stability periods, according to prior studies’ findings.
For comparing covalent functionalization to non-covalent functionalization, it was
discovered that covalent functionalization was more effective at maintaining the
stability of CNT nanofluids. Physical treatment is frequently applied following chem-
ical treatment to produce homogeneous solutions. In this regard, deagglomerating
CNTs in suspensions using ultrasonication was a successful technique. The long-
term stability and homogeneity of CNT nanofluids were shown to be maintained by
covalent functionalization and ultrasonication, respectively. Still, the effects of each
method’s prolonged treatment on these properties were adverse.
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Abstract The healthcare system heavily relies on quantitative analyses of samples,
including blood work, laboratory tests, vitals, imaging, health risk assessments,
and health records. However, trends in point-of-care diagnostics and accurate,
real-time monitoring of patient’s physiological parameters must meet demands to
cut healthcare expenditures, optimize treatment efficiency, and ameliorate patient
outcomes. One revolutionary solution in biomedical technology and diagnostic bio-
instrumentation is the biomedical sensor, an analytical device capable of transducing
biological signals into electrical signals to detect and quantify chemical substances
or biological molecules with robust sensitivity. Conducting polymers (CPs) are a
pivotal advancement in biosensor design due to their biocompatibility, inherent and
tunable electroactivity, selectivity, and inexpensive synthesis. CP-based biosensors
pave the way for minimally invasive, continuous patient monitoring, wearable, flex-
ible, and implantable applications, personalized diagnoses, point-of-care treatments,
early disease interventions, and affordable devices for underserved populations. This
comprehensive review will cover different types, and characterization of conducting
polymers commonly used in biosensors, followed by an introduction to types of
biosensors, the requirements and challenges of biomedical sensor design, and recent
advancements in the field, the lattermost focusing on the benefits of employing
conducting polymers. Finally, CP-based biosensors for pathogen, DNA, protein, and
early disease detection are reviewed.
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1 Introduction

New technological developments in biomedical sensing are rapidly taking over the
healthcare industry. By definition, a biomedical sensor is a device made for measuring
chemical, physical, and biological processes, predominantly biomolecules, known
as (bio)analytes, and translating their detection into electrical signals that provide
crucial monitoring data for medical applications. Biomedical sensors are generally
utilized to detect specific physical or chemical qualities, such as temperature, pH,
blood glucose levels, etc., while biosensors strictly detect bioanalytes. To this extent,
a biomedical sensor can also be a biosensor, and this review will use the terms inter-
changeably. Nonetheless, a biosensor is generally made up of three main compo-
nents: (i) a substrate with high mechanical flexibility to act as the backbone for the
system; (ii) electrodes for exporting the electronic signals; and (iii) sensing elements/
bioreceptors to capture and recognize analytes [1-3]. Figure 1 depicts the under-
lying fundamentals of a biomedical sensor. The benefit of biomedical sensors is
their analytical versatility, as they can also report data on electrolytic levels, namely
Na*, K*, NH,*, Ca**, H* (pH), uric acid, lactate, ascorbic acid, and urea metabo-
lites. In addition, biomedical sensors can supply real-time and long-term health data
monitoring through wearable applications, allowing healthcare workers to formu-
late early-stage diagnoses for potential diseases and patients to employ preventative
measures and observe their health and lifestyle holistically [4-6].

Several key aspects are considered for a biosensor to display a satisfactory
performance which are sensitivity, selectivity, speed, stability, reproducibility, detec-
tion limit, biocompatibility, portability, integration easiness, durability, and cost-
effectiveness. Sensitivity is related to the biosensor’s capability to detect an analyte
in small concentrations, all while providing outstanding accuracy. Selectivity lies in
the biosensor’s ability to identify a specific analyte with negligible interference from
other components in the media. The speed of the measurement is an essential aspect
of a quick diagnosis to enable a fast treatment response. Stability and reproducibility
lie in the biosensor’s consistency in providing accurate results over time which is
a core aspect of long-term analysis and data reliability. The detection limit is the
lowest concentration of a given analyte that can be accurately detected. Hence, a
biosensor is desired to present a low detection limit as it enables it to measure trace
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Fig. 1 A basic principle of how a biosensor transduces biological signals into electrical signals.
Adapted with permission [4]. Copyright 2021, American Chemical Society
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concentrations of an analyte. To avoid triggering an allergic reaction or inflamma-
tion, a biosensor should also be biocompatible with the tissue or biological sample
with which it enters contact. Thus, there are multitudes of materials used in biomed-
ical sensors, but most fall into the categories of either nanomaterials or polymers.
Nanomaterials, through their quantum size effect, can enhance molecule adsorption,
signal response speed, and electrode stability and come in different structures, such
as nanospheres, nonporous structures, nanotubes, nanowires, or combined with other
nanomaterials to form nanocomposites. Specifically, metallic nanomaterials consist
of gold nanoparticles (AuNPs), metal-oxide derivatives, noble metals, and alloys,
all with different properties and roles. By the same token, bimetallic nanocrystals
possess stability and hefty catalytic properties, while microporous nanomaterials can
supplement interfaces with their sizeable effective area and capacitive properties.
Regarding polymeric materials in biosensors, there are three most common types
of polymers are chitosan, cellulose membrane, and conducting polymers (CPs).
Chitosan offers biocompatibility, adhesive forces, film-formability, and, thus, a
powerful force to bind proteins and enzymes. The glucose-based cellulose polymer
is highly transparent, dimensionally stable, easily modifiable, and suitable for cova-
lent bonding, physical adsorption, and immobilization. Moreover, since plant cell
walls are made of cellulose, it displays excellent biocompatibility and can easily
interact and detect biological substances such as urea, lactic acid, glucose, ribonu-
cleic acids (RNAs), deoxyribonucleic acids (DNAs), amino acids, cholesterol, and
proteins. Finally, conductive polymers, covered in depth later, are materials whose
inherent properties permit them to transmit electrical signals dependent on responses
from biological stimuli. Though both types of materials have their roles, a combina-
tion of nanomaterials and polymers provides greater biosensor efficiency, sensitivity,
and stability than either alone, often referred to as a synergy effect [7]. Conductive
metals have often been used to power analytical devices such as biomedical sensors
because of their widespread accessibility. However, they can incite an immuno-
logical response through corrosion and imminent contact with some proteins in
the skin, blood, and connective tissue [8]. CPs has grown as its features not only
mimic semiconductors and metals in their electric, electronic, magnetic, and optical
properties through delocalization of w-electrons in polymer double bonds (Fig. 2a)
but, in some cases, can also include providing biodegradability and biocompati-
bility in vivo and in vitro. Molecularly, CPs present multiple functional groups
that can augment the loading quantity of an enzyme, a trait favorable for biosensor
production. Another advantage of CPs is their increased sensitivity and versatile
nature. CPs can be covalently or physically modified by multiple biomaterials, such
as proteins, nucleic acids, or neurotransmitters, or doped/hybridized with carbon
nanotubes, graphene, metal nanoparticles, or metal oxide nanoparticles to produce a
desired biosensor with improved catalytic activity, adsorbent, and interactive proper-
ties. Moreover, the polymers’ adaptability with nanomaterials and hydrogels allows
for the enhancement of surface area and electrical conductivity, providing better
sensitivity and response times. Such attributes, combined with low cost, stability,
and ease of preparation, have enabled CPs to be applied as biosensors in the fields of
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healthcare, DNA sensors, immunosensors, food analysis, and environmental moni-
toring. Ongoing projects in the biomedical industry involving CPs include tissue
engineering and regeneration, drug delivery, biosensing, and bioimaging. The most
used CPs are polyacetylene (PA), polypyrrole (PPy), polyaniline (PANI), polythio-
phene (PTh), poly (3,4-ethylene dioxythiophene) (PEDOT), polyfluorenes (PF),
poly(p-phenylene) (PPP), poly (p-phenylenevinylene) (PPV), and poly (p-phenylene
ethynylene) (PPE) (Fig. 2b) [9-11].

This chapter covers CPs, biomedical sensors, and the role of CPs in the procure-
ment of biomedical sensors. First, the basics of CPs are discussed, followed by their
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Fig. 2 Molecular structure for general and most common CPs. a Molecular structure depicting
the process of electron delocalization on CPs, which accounts for the flow of electrons and, thus,
electrical conductivity. b Chemical structures for some of the most common CPs. Adapted with
permission [11]. Copyright 2018, American Chemical Society
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general and specific characteristics of various known CPs, developing an under-
standing of why they are favorable materials in current scientific research. The
succeeding section dives into detail about biomedical sensors, mainly analyzing
types of biosensors, requirements and challenges in biomedical sensor design, and
advancement, outlook, and obstacles. Finally, this newfound knowledge is accu-
mulated to explore real-world applications of CP-based biomedical sensors, i.e.,
biosensors specific for the detection of pathogens, DNA, proteins, and early stages
of disease.

2 Basics of Conducting Polymers

A polymer is a chain of identical monomers, building blocks of a particular substance.
Thus, a conducting polymer is a chain of electrically potent monomers that resemble
inorganic semiconductors in their electrical and optical properties yet retain their
lightweight and corrosion-resistant polymeric properties [12—14]. Other advantages
of conducting polymers are their easily modifiable chemical and charge transfer prop-
erties to match a desired function, relatively straightforward and inexpensive produc-
tion procedures, thermal and environmental stability, electromagnetic shielding,
microwave absorption, and ability to capture and release biomolecules. These char-
acteristics give them preference in applications such as (bio)sensor designing, elec-
tronics, solar cells, transducers, plastic batteries, light emitting devices (LEDs),
supercapacitors/conductors, etc. [15]. In terms of the molecular structure that confers
these advantages, CPs comprise conjugated carbon chains with alternating single
and double bonds of polyenes or aromatic rings, giving the backbone the conju-
gated status and the mechanical property of a polymer [5]. While solubility and
processability are dependent on attached side chains, the electrical/charge-carrying
and optical behaviors that mimic semiconductors/metals come from the delocal-
ized, polarized, and electron-dense w bonds in the main chains. Apart from these
electrical properties, CPs also possess optical and electrochemical properties. The
optical properties include electroluminescence, electrochromic and photochromic
effects. Electroluminescence is an organic and inorganic semiconductors process
that generates light via electrical excitation. The electrochromic aspect is the visible
color change through reversible redox procedures, generally affected by excitation/
ionization impurities, presence of phonons, strain factor, recombination excitons,
degree of anisotropy, conjugation length, and topochemical reaction (UV, Gamma,
X-ray radiation). Polyaniline, polypyrrole, PEDOT, and PEDOT: PSS, polymers all
display photochromic effects [16]. On the other hand, the electrochemical properties
of CPs include reversible oxidation and reduction, pseudo capacitance, swelling/de-
swelling, and electrochromism. Reversible oxidation and reduction reactions (redox)
essentially modify polymers into either their conductive or pristine/undoped states
through the loss of electrons (oxidation) or gain of electrons (reduction). This mecha-
nism provides the underlying functionality for polymer-based sensors and capacitors.
Pseudo capacitance is the process of storing charge in electrodes through oxidation/
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reduction reactions rather than absorption of electrolyte ions on electrodes. Thus,
this method can increase the specific capacitance and energy density for applica-
tions compared to the traditional electrochemical double-layer capacitors. Finally,
the swelling/de-swelling of a conducting polymer can be attributed to the notion that
CPs can change these volumetric dimensions based on different redox states. As a
result, such a process can be used to make actuators from CPs that drive mechanisms
in systems such as sensors [16].

When discussing conducting polymers, the term “doping” is almost always
referred to. Doping stabilizes the conjugation of the double bonds in polymer chains
and either reduces or oxidizes the main chain through Lewis’s acids or bases, known
as doping agents or dopants. Since the organic state of conducting polymers is not
sufficiently conductive, doping allows the m-electrons of the double bonds to get
ousted and flow through the polymer chain. This results in the procurement of
charge carriers like polarons, bipolarons, and solitons; augmentation of the solu-
bility, processability, stability, and, most importantly, electrical conductivity of a
polymer; and transition from an insulative state to a metallic state. The techniques
to apply doping include electrochemical, chemical, in-situ, radiation-induced, or
charge-injection, but electrochemical and chemical methods are the most common
due to low cost and feasibility. Doping, or even de-doping, can be acted on conducting
polymers through either positive-doping or negative-doping. The p-doping method
enables oxidation and movement of electrons from the polymer’s highest occupied
molecular orbital (HOMO) to the doping agent, hence the loss of electrons. The
n-doping method is the reverse, as it transfers electrons from the doping agent to the
lowest unoccupied molecular orbital (LUMO), hence the addition of electrons and
improved electrical conductivity. Therefore, the molecular/monomer arrangement,
length of a polymer chain, type of dopant, concentration of dopant, as well as envi-
ronmental conditions can all be tuned to determine the level of conductivity for a
conducting polymer [12—15]. To appreciate the importance and impact, conducting
polymers have had in countless industries since their discovery, Heeger, MacDiarmid,
and Shirakawa, who established the effects of CPs and doping, were esteemed the
Nobel Prize in the year 2000 [12].

2.1 Types of Conducting Polymers

The following are the most common types of conducting polymers, and a brief
overview of these polymers and their properties is depicted in Fig. 3. Such
CPs can exist as functionalized CPs, CP nanostructures (nanowires, nanotubes,
microspheres), porous CPs, CP nanocomposites (carbon composites, metal oxide
nanoparticle composites), conducting copolymers, and CP hydrogels [3].
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Fig. 3 A comprehensive review of types of conducting polymers, molecular units for visualization,
synthesis technique, properties, state of existence, and application. Adapted with permission [15].
Copyright 2021, John Wiley and Sons

2.1.1 L Polyaniline

Polyaniline (PANI) is one of the most studied conducting polymers with immense
environmental, chemical, and thermal stability, high tunable conductivity, and is
comparatively simple and inexpensive to synthesize. PANI is found in the four states
of leucoemeraldine base, pernigranaline base, emeraldine base, and emeraldine salt,
the first two of which are insulating states and the second two are conducting states
through doping/de-doping. With an electrical conductivity of 10-100 S/cm (Siemens
per centimeter, the unit for measuring conductivity), raw PANI has been widely used
in corrosion protection, circuit board manufacturing, and pH sensors. In contrast,
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doped PANI has been used in conducting material, electromagnetic shielding, elec-
trochromic glass, supercapacitors, flexible electrodes, LEDs, sensors, and conductive
fibers. It can be synthesized through either electropolymerization, (oxidative) chem-
ical polymerization, or the plasma polymerization method, with chemical oxidation
the most common [13-15].

2.1.2 II. Polypyrrole

Polypyrrole (PPy) is a CP with a conductivity near 10-1000 (average: 300) S/cm
(depending on dopant and forms) and presents strong redox properties, towering
conductivity, electrical and optical properties, water solubility, environmental,
thermal, and oxidized stability, biocompatibility, nontoxicity, and is commercially
accessible. These properties not only make it suitable for supercapacitors, semi-
conductors, electrochemical sensors, batteries, microwave shielding, and corrosion
protection but also allow for combination with other polymers to be used as efficient
wearable and non-wearable sensors to detect organic compounds, gasses, disease, and
bioanalytes like cholesterol, bilirubin, and glucose. PPy is synthesized through either
the electrochemical method, which is most often used to produce highly conductive
PPy, or chemical oxidative polymerization. Polypyrrole can also be prepared by the
chemical oxidation of a pyrrole monomer with hydrogen peroxide [14, 15].

2.1.3 IIIL Poly (3,4-Ethylene Dioxythiophene) (PEDOT)

PEDOT, a 3,4-ethylene dioxyl thiophene polymer, confers transparency in thin,
oxidized films, increased stability, biocompatibility, large surface area, and a fast
electron transfer rate. Thus, PEDOT displays a high conductivity for thin films at
6,259 S/cm and 8,797 S/cm for a single-crystal nanowire. Although PEDOT itself
is not soluble in water, combining it with a polyelectrolyte, namely polysulfonates
(PSS), drives the matrix to be more soluble in aqueous environments, conductible,
mechanically flexible, and thermally stable in the long term. PEDOT can be used
in antistatic coating, conductive shells, organic LEDs, nano-fiber electrodes, solar
cells, cathodes, transparent electrodes, and semiconductors. Due to the enhanced
biocompatibility, it also has applications in bone, cardiac, and neural tissue engi-
neering, drug delivery, biosensors, and bioelectronics. PEDOT is synthesized through
one of 3 methods: electrochemical polymerization (electropolymerization), oxidative
chemical polymerization, or transition metal-mediated coupling [14, 15].

2.1.4 1IV.Polyacetylene

Polyacetylene (PA), a polymer created through the polymerization of acetylene,
offers efficient electrical conductivity, photoconductivity, liquid crystal properties,
chiral recognition, and optical and magnetic properties (through higher doping



Recent Advancements in Conducting Polymers for Biomedical Sensors 333

concentrations), making it one of the core structures found in many conducting
polymers. Doping is necessary for PA as its conductivity is 10~ S/cm without any
doping and in the magnitude of 1010 S/cm with doping. PA in both its doped and
undoped form has been applied for electrical conductors, semiconductors, recharge-
able batteries, solar cells, and battery electrodes. The synthesis of polyacetylene can
be achieved through many methods, including catalytic polymerization, non-catalytic
polymerization, catalytic polymerization through other polymers, pre-cursor assisted
synthesis, and interfacial polymerization, which is the most common polymerization
method, along with chemical polymerization. Both catalytic and interfacial polymer-
ization utilize Ziegler—Natta catalysts as it is highly soluble in organic solvents and is
quite selective. PA can also be synthesized through metathesis polymerization, elec-
trochemical polymerization, and high-pressure polymerization, which, along with
reaction mediums and type of catalyst, determine the attributes of PA [14, 15].

2.1.5 V. Polythiophene

Polythiophene (PT) is a conducting polymer with thermal and environmental stability
and relatively high optical properties. Nanosized PT is used for its great surface area
and consistent porosity. The applications of this polymer often include electrical
supercapacitors, polymer LEDs, electrochromics, photoresists, antistatic coatings,
non-linear optics, sensors, batteries, electromagnetic shields, solar cells, transistors,
and imaging materials. Polythiophene can be synthesized through green synthesis,
microfluid system synthesis, chemical polymerization, or electrochemical polymer-
ization; however, electrochemical synthesis is the most common as the conductivity
of PT rises to 100 S/cm with this method compared to conductivity with a magnitude
of 1072 S/cm via (oxidative) chemical polymerization [14, 15].

2.2 Characterization of Conducting Polymers

As displayed in Fig. 3, there are many types of conducting polymers used. Therefore,
there are numerous techniques used to characterize CPs. The first method of dielec-
tric relaxation spectroscopy and electron paramagnetic resonance is used to analyze
the electric properties of CPs, namely PANI and its composites. The analysis is done
by compressing the powder form of such polymers into pellets. Next, Fourier Trans-
form Infra-Red Spectroscopy (FT-IR) and UV-vis are employed to determine which
functional groups a polymer exhibits [15]. The mechanism behind FT-IR involves
molecules absorbing infrared radiation at specific wavelengths from a spectrometer
to reach an excited molecular state from the ground state. The vibrational energy gap
between these states affects the frequency of the absorption peak, while the inten-
sity of the peaks reflects changes in the molecule’s dipole moment. Thus, an FT-IR
graph can analyze the structural information of a molecule, specifically during the
processing of conducting polymers. UV—vis utilizes visible light rather than infrared
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radiation for the excitation of molecules. Third, the analyses which measure prop-
erties as a function of temperature include differential scanning calorimetry (DSC)
and thermo-gravimetric analysis (TGA); DSC displays the change in heat capacity
as a function of temperature while TGA shows material weight as a function of
temperature [15]. In addition, X-ray diffraction (XRD) techniques are used not only
for quantitative and qualitative analyses of crystalline structures but also for polymer
nanocomposites. XRD can relay amorphous nanocomposite crystalline arrangement,
bond nature, and changes in microstructure and interlayer spacing [17]. Likewise,
the morphological techniques of scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) can be implemented. SEM produces images of
the surface of a material, but TEM gives information on the topography, internal
structure, spatial distribution, and defect visualization of a material. Finally, the last
characterization technique most often used is electrical resistivity. Using a probe
station, a direct-current source, an ammeter, and a voltmeter, two of the four probes
produce a current, while the other two measure the voltage of a material.

Some other useful characterization techniques include cyclic voltammetry (CV),
optical characterization of conducting polymers, nuclear magnetic resonance (NMR),
gel permeation chromatography, Raman Analysis, temperature, electric field and
magnetic susceptibility, and electroluminescence. Markedly, CV is used in the oxida-
tion and reduction processes in conducting polymer development; NMR provides
chain orientation, molecular motion, and structure confirmation; gel permeation
chromatography determines molecular weight; Raman Analysis displays vibra-
tional assignments; temperature, electric field, and magnetic susceptibility analyze
conducting mechanisms; and electroluminescence has applications in LEDs [18].

3 Introduction to Biomedical Sensor

3.1 Types of Biomedical Sensors

Biomedical sensors are defined as a device that can detect chemical, physical, and
biological processes and employ the data from these signals in medical devices and
applications for healthcare?. The types of biosensors are generally grouped into the
category they identify; thus, there are three types of biosensors: physical, chemical,
and biological. Physical sensors consist of geometric, mechanical, thermal, hydraulic,
electrical, and optical sensors and measure pressure, body temperature, blood flux,
blood viscosity, and the biological magnetic field. Chemical sensors consist of gas,
electrochemical, and photometric and can identify ingredients and concentrations of
body liquids, like pH value, Ca* concentration, and glucose concentration. Finally,
biosensors consist of sensors that detect enzymes, antigens, proteins, ligands, cells,
antibodies, hormones, DNA, RNA, and microbes [19].

Biomedical sensors can also be grouped as implantable, wearable and ampero-
metric flexible. Implantable biosensors are devices used in vivo, or inside a living
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organism, that continuously monitor metabolites or read the organism’s electrophys-
iological signals. Furthermore, this advantage of being in vivo enables implantable
biosensors to provide health trends to patients for their observation without needing
a visit to a healthcare professional [20]. Wearable sensors are defined as devices that
present mobility, wearability, sustainability, simple operation, and interactivity and
assume various forms, such as smart glasses, watches, wristbands, helmets, belts,
armbands, rings, running shoes, and buttons. Their proximity to the body allows
them to wire or wirelessly relay information through biocompatible and highly sensi-
tive sensors to the user or other medical staff to prevent and manage health condi-
tions. Most of their applications are as physical and chemical sensors as they mostly
measure body temperature, pulse rate, blood pressure, respiratory rate, and blood
sugar [2]. Amperometric flexible sensors function by applying a constant potential
through the electrochemical cell’s working electrode and reference electrode. The
level of current going via the working electrode can be measured to specify a reac-
tion, and, as the working electrode undergoes electrochemical redox reactions with
biomolecules in electrolytic solutions, fluctuations in current are mapped as a func-
tion of time while potential remains constant. As a result of this mechanism, ease
of configuration, and low detection limit, amperometric sensors are highly appli-
cable as biosensors in biocatalytic and affinity-sensing situations. On the other hand,
biosensors utilizing potentiometry measure change in potential as opposed to the
current through the working electrode and reference electrode while keeping the
current constant. Modification of the working electrode with a biological recogni-
tion element and materials like graphene or carbon nanotubes allows the sought-
after bioanalyte in an electrolytic solution to interact with the biological recognition
element, producing a biochemical signal that resultingly induces a potential change
for measurement and detection by an external meter [4].

3.2 Requirements and Challenges in Biomedical Sensor
Design

As biomedical sensors are complex devices and must be foolproof in their appli-
cations, especially inside the human body, they require strict protocols for design
and functioning. Thus, many requirements must be met to achieve an appropriate
and applicable biosensor. The most basic requirements for a sensor are defined as
follows: range of measurement, sensitivity, accuracy, precision, resolution, repro-
ducibility, offset, linearity, response time, drift, and hysteresis. First, the range of
measurement is the minimum and maximum threshold that a sensor can accurately
read measurements within. Sensitivity, defined mathematically, is the ratio of the
change in output to the change in input, or the slope of a calibration line. For instance,
a high sensitivity indicates a higher change in the output compared to the input values.
Next, accuracy is the difference between the value measured by the sensor and the
actual/true value and is presented as a percentage of how close the determined value
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is to the actual value. Precision, on the other hand, is how repeatable the detection
of a measurand is (i.e., high precision detections indicate that the sensor measures
a similar value for the same conditions). Resolution refers to the minimum value
for an input until which a detectable output is produced or the slightest change in
input that can be measured. Reproducibility is defined as the proximity of measure-
ments detected by the sensor at the same input under the same conditions. It relates
to the range of measurement as a smaller range establishes greater reproducibility.
Offset is the output value for a sensor when the input is zero. Next, the linearity of a
sensor is described as the most significant difference between the calibration curve,
which indicates the performance of the sensor, and the best fit/linear regression line.
Response time is the time a sensor requires to reach its maximum value when the
input value is changed. Shorter response times mean the sensor needs less time to
detect a change in the input. Drift is the change in the output of a sensor reading
when the input is kept constant. Ideally, drift should be as low as possible to promise
accuracy and precision for detection. Hysteresis is the lag between the input and
output values when there is a change in measurements, such as reversing the input
from its maximum value back to zero. In conclusion, these are the requirements for
which sensors should demonstrate [19].

Biosensors, specifically, share similar requirements but have additional specifi-
cations. Primarily, sensors must be able to immobilize metabolites, and reagents
should be available for reuse in the repeated detection of similar biological param-
eters. Next, biosensors must present extreme sensitivity in that they only detect the
desired material and are not distracted by non-desired particles in the solution. Such
sensors should also provide a fast response time with immense accuracy, preferably
within a 1% margin of error. The final must-haves include a non-complex design and
inexpensive cost. However, this is not all; since biomedical sensors have applications
in and on the human body, they must be comfortable, reliable, and safe for interaction
with human skin and organs [19]. Figure 4 provides an overarching visual of some of
the most essential required characteristics of a viable biosensor, combining specific
aspects of the biosensor with the general needs of any sensor.

3.3 Advancement and Challenges

Due to advancements in research and the discovery of suitable materials for the design
of sensors, many upgrades have come to light, improving the overall viability, perfor-
mance, and capabilities of sensors, especially biomedical sensors. Therefore, such
sensors enable increased access to point-of-care treatments by bringing the diag-
nosis, treatment, and management solutions to the patient rather than vice versa to
avoid a backlogging or overflowing of the medical system. The main advancements
receiving the most attention in today’s biomedical sensor research is the Internet of
Things, wearable sensor technology (smart textiles), and the use of novel materials.



Recent Advancements in Conducting Polymers for Biomedical Sensors 337

Specificity

Transmission A Sensitivity

an
\ Y

Self-sufficiency Biocompatibility

Fig. 4 Five most important qualities of a biosensor. Adapted with permission [20]. Copyright 2018
The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

However, as these breakthroughs are quite recent, there continue to be various obsta-
cles that need to be conquered before they can be considered safe in the industry of
biosensing.

The Internet-of-Things (IoT) is a “smart” network of interconnected devices
consisting of electronic equipment, sensors, and connectivity to gather and commu-
nicate data efficiently. The challenge with IoT is mostly maintaining and exchanging
real-time communication of data between itself and other devices to keep observation
of parameters, such as vitals, on a live loop. The other challenge is the interpreta-
tion of such large amounts of data from various origins since it requires training
artificial intelligence and machine-learning software first to gather the data, analyze
it, and finally return its investigations to the user for a real-time report; however,
this problem which involves “big data” goes beyond IoT-sensors and is a significant
roadblock to smooth streaming of biosensing data [21, 22].

The advancement in the world of smart textiles—precisely what they sound like—
materials that can sense and respond to environmental stimuli. Essentially, the back-
ground is textile-based but with an additional component serving various functions,
especially sensing. By the same token, they are produced by combining traditional
textile production methods of weaving, knitting, and embroidery with novel tech-
niques like coating, lithography, and ink-jet printing, producing textiles as small as
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fibers to complete clothing materials. Textiles are preferred for their lightweight
properties, flexibility, dimensional variability, and modifiability of structure and
surface properties to reach a desired sensing mechanism. The in vitro biosensing
applications of smart textiles in healthcare include bandages, medical personnel
uniforms, plasters, monitoring cardiovascular, hemodynamic, neural, muscle kine-
matics, respiratory, and thermoregulation activity, and electrical stimulation therapy
and physiotherapy. In vivo, applications include sutures, soft tissues, and cardiovas-
cular and orthopedic implants. In surgery, textile technology has granted 2-D and 3-D
implantable structure development that promotes cell distribution and adhesion in the
body, while non-implantable miniature fiber textile-based biosensors can oversee and
augment healing [21, 23]. The challenges with smart textiles include their complex
manufacturing process that must combine old and new synthesis techniques; mechan-
ical and tensile duress/stability; bulky, insufficient, and lack of integrable power
sources; struggles to employ smart textiles due to imbalance between fashion and
electronic industries; inefficient software reliability; obtrusiveness; balancing user
needs with privacy; cost; ethics; technological, acceptance, and dependence barriers,
especially with the elderly population; legislation; and interoperability [24, 25].
Finally, yet importantly, in the list of advancements is the most impactful advance-
ment yet: novel materials, namely conducting polymers. The first type of material
is graphene quantum dots (GQD). GQDs prove to be likable for biomedical fluores-
cent sensors because of their strong optical properties, a high specific surface area,
a sufficient -conjugated system, and modifiable edge groups, which allow them to
be tweaked through physical and chemical methods to detect a certain bioanalyte
in vivo. GQDs can also work in tandem with fluorescence imaging technology to
observe in vivo targets in real time. Other applications with fluorescence technology
include loading GQD-based fluorescent sensors with drugs for drug release mech-
anisms, drug targeting, dynamic monitoring, analysis, and diagnosis. A current and
tested application of the GQD fluorescent sensor could detect glutathione reductase in
human body fluids, such as blood, urine, sweat, and tears, for early-stage disease anal-
ysis and diagnosis by combining GQDs with gold nanoparticles (AuNPs) [26]. CPs
have advanced biomedical sensors not only by keeping their metallic/semiconductor
properties but also displaying flexibility, ease in synthesis, large surface area, modi-
fiability with nanoparticles, hydrogels, and other novel materials, immobilization of
metabolites, functionalization with many biorecognition molecules, and biocom-
patibility in neutral aqueous solutions. Taking a deeper dive, the inherent char-
acteristic of CPs to transfer electrons from biochemical reactions allows them to
act as transducers in the intermediate layers of biosensors between the biological
sample and electronic parts that produce a readable signal. The most common CPs
used are PANI, PPy, and PEDOT. For example, PANI has been commonly used
in sensors that can detect pH, creatinine, cancer markers, prostate-specific antigens
in blood samples, tumor necrosis factor-alpha antibodies, and, due to its structure.
Similarly, PPy showed how its administrative capabilities as it could be polymer-
ized onto the surface of a leather band to produce a wearable electrocardiogram
(ECG) electrode, supplementing the conductivity and antimicrobial properties of the
surface, boosting the stability beyond gel-assisted electrodes, and multiplying the
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detection level compared to commercially available electrodes. The biocompatibility
and conductivity of these two materials proved to be not only ideal for the growth
and differentiation of myoblast and neuronal cells but also desirable for tissue engi-
neering scaffolds, implantable electrodes, and other low-cost point-of-care/wearable
devices. Finally, due to their biocompatibility and electrical properties, PEDOT: PSS
matrices have been arguably the most often used in biomedical sensors. Primarily,
they can integrate with graphene oxide to immobilize glucose oxide for enzyme-
based glucose sensors or be deposited on gold microelectrodes for neural implants.
Lastly, PEDOT has been applied in organic implantable applications, such as for
producing the electrode in neural probes that were later grafted into the visual cortex
of mice. It should be mentioned that the electrode formed a looser glial scar and
was functioning well even several months after implantation compared to similar
electrodes of its nature.

Within CPs-based biosensing, conducting polymer hydrogels (CPHs) have shown
immense advancement and contribution to the field within the last five years. Exam-
ples of applications using CPH-based biosensors are shown in Fig. 5 [5]. Part of
this growth is due to the healthcare industry shifting its focus towards less inva-
sive, non-surgical procedures, such as the implantation of bioresorbable sensors that
can monitor real-time biophysical and biochemical conditions in vivo and do not
require a second surgery for removal. Moreover, CPHs can respond to environ-
mental stimuli, such as changes in temperature, pressure, light, pH, humidity, or the
presence of compounds, and accordingly experience physical and chemical transi-
tions. These unitive properties of biopolymers’ biocompatibility and biodegradability
and the electroactivity of conductive hydrogels make CPHs preferable in biocom-
patible and biodegradable sensor synthesis. Regardless, as the industry develops to
overcome these limitations, the potential effects for conducting polymers through
biosensing can have profound worldwide implications in today’s healthcare system
as both patients and clinicians can transition from off-site and lengthy laboratory
analysis methods to on-site detection/quantification, supervise treatment efficacy and
disease recurrence, and apply biomarker-based screening for early disease detection,
preventative measures, and personalization of medicine to the unique biomolecular
fingerprint of the patient and their physiology [27, 28].

4 Conducting Polymer-Based Biomedical Sensors

4.1 Biosensors for Pathogen Detection

Pathogens are agents of infectious diseases, usually in the forms of viruses-such as
norovirus, influenza virus—bacteria, like E. coli, fungi, protozoa, or prions. Detec-
tion of pathogens occurs either through immunoassays, in which the antibodies
produced during or after infection are measured, or through toxin-producing genes or
viral-producing DNA. Compared to enzyme-linked immunosorbent assays (ELISA)
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and polymerase chain reactions (PCR), which take extensive steps and increase the
time-to-results (TTR), conducting polymer-based electrochemical biosensors offer
a lower TTR, cost-efficiency, robustness, high sensitivity and selectivity, on-site
detection, lower required sample volumes, miniaturization capabilities, and, thus,
point-of-care sensing. Furthermore, using pathogen-detecting biosensors can reduce
the chance and duration of hospitalization, antimicrobial use, and mortality rate
[29, 30]. CPs are used in such biosensors for their high sensitivity, simple produc-
tion mechanisms, high porosity, electrical conductivity, signal conversion from a
binding/adsorption event, ease and variety in immobilization, organic and sustain-
able biomolecular environment, and, specifically for pathogen biosensors, ability to
produce array sensing devices. The most common use of CPs is either on electrodes
or nanowires, known as electrically conducting polymer nanowires (ECPNWs), and
include PANI, PPy, and PEDOT [31, 32]. The CP electrodes display thin-film form
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factors and are deposited on the insulating substrates through layer-by-layer methods,
spin-coating, or electrochemical polymerization, and are dispersed throughout most
of the polymer layer rather than just the surface [30]. An ECPNW-based biosensor
involves, primarily, manufacturing of the ECPNWs through either chemical or elec-
trochemical polymerization, template-assisted synthesis, ink-jet printing, nanoim-
printing, or dip-pen lithography (scanning probe nanopatterning/nanowire produc-
tion technique in which an atomic force microscope tip delivers molecules to a surface
via a solvent meniscus). The general process for producing a general biosensor for
pathogenic detection begins with a transducing element, an electrochemical cell in
which the main component is an electrode. For CP-based biosensing, the electrodes
are polymeric materials—conducting polymers or polymer composites-because of
their tunable electrical conductivity, biocompatibility, environmental stability, and
capability to implement various biorecognition element immobilization approaches.
The most common CPs for pathogen biosensors are PANI and PPy since they are
highly conductive in their doped state. The next part is to determine the type of
biorecognition element. The most common biocatalytic elements include enzymes,
whole cells, and tissues. Bio complexing elements produce a response in the sensor
system by facilitating reactions between analytes and macromolecules or molec-
ular assemblies. The most common bio complexing elements in pathogen detection
sensors include antibodies, peptides, phages, and imprinted polymers. Antibodies
are the most frequent element and comprise immunosensors due to their strong
selectivity, binding affinity for target analytes, and broad production range for many
pathogens. Further, antibodies can bind to antigens at specific recognition sites known
as epitopes and come in either monoclonal or polyclonal forms in which the former
is produced via hybridoma technology, highly selective, capable of binding to one
epitope, more expensive, and lengthier in production. On the other hand, polyclonal
antibodies are developed by separating immunoglobulin proteins from the blood of
an infected host, and they target various epitopes on one antigen, have more robust
measurement levels, and are less expensive [33]. As the field of pathogen biosensors
grows along with advancements in biomedical engineering, conducting polymers,
and other novel materials, the industry will expand to fit more niches in the medical
sectors and beyond.

4.2 Biosensors for DNA Detection

Deoxyribonucleic acid (DNA), is the genetic sequence that allows our cells, tissues,
and organs to function, making each organism immensely unique. Biosensors for
DNA detection are sensors that can recognize strands of complementary DNA on its
surface, producing areadable electrical signal for analysis. Specifically, electrochem-
ical biosensors are the leading choice due to their ability to convert the hybridization
of DNA directly and quickly into an electrical signal. As such, these biosensors, also
known as genosensors, do not require elaborate signal transduction equipment but
rather other affordable electrochemical analyzers. Conducting polymers are used in
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DNA biosensors to immobilize/bond the DNA probes as per a desired orientation and
recognize target DNA via the Watson—Crick complementary base-pairing rules that
adenine and guanine are base pairs, and cytosine and thymine are base pairs. Further-
more, sensors not only rely on CPs for the recognition process of target DNA but also
the transmission of the generated signal. Multiple CPs are used, including polypyr-
role, polyaniline, and polythiophene. Using DNA as a recognition element in biosen-
sors is common practice in many industries since DNA analysis influences the diag-
nosis of infectious diseases, personal identification, toxicology, genetic mutations,
drug discovery/pharmacology, forensics, and food technology. Similarly, the speci-
ficity of DNA sequences, namely single-stranded DNA sequences, to each organism
allows for unique detection of micro-organisms. DNA biosensors and other biosen-
sors are made first by immobilizing the probe, an oligonucleotide complimentary
copy of the target DNA in the case of DNA biosensors, onto the biosensor trans-
ducer through physical adsorption, electrochemical adsorption, covalent attachment
(most often used), or avidin—biotin. The selection of electrodes—which, defined in
the context of biosensors, are electronic conductors through which charge is trans-
ported by the movement of electrons and holes- for DNA immobilization, route of
immobilization, and procurement of linkers for DNA coupling must also be decided,
specifically to produce an immobilization method that confers high DNA density,
amplifies the output signal, efficiently hybridizes with the target, is reproducible,
sensitive, and stable, and has minimal background noise. Furthermore, for immobi-
lization of a biomaterial, especially for DNA biosensors, there are numerous require-
ments: (i) the biological recognition/catalytic properties of the biomaterial should
endure the immobilization process; (ii) the biomaterial should be fixed on or within
the substrate, otherwise the biosensor can lose its activity; (iii) improvement or,
minimally, decreasing selectivity of the constructed biosensor; (iv) improvement of
electron transfer if amperometric measurements are applied as the signal transductor.
A signal is then produced when the probe is hybridized by the target sequence by
optical, electrochemical, or piezoelectrical routes. Electrochemical transduction is
preferable for most applications as biorecognition events result in direct electrochem-
ical signals and possible miniaturization capabilities of the sensor. The signal can
be read via amperometry, conductometry, impedimetry, or potentiometry. A reca-
pitulation of a conducting polymer-based DNA biosensor design is shown in Fig. 6
[35-37].

Biosensors made from CPs that detect DNA have multiple varied applications.
For instance, a PPy film-based DNA biosensor has been used to detect Escherichia
coli bacteria, while another can detect the Variola major pathogen. Furthermore, a
poly(pyrrole-NHS) material was used to covalently immobilize a probe that could
detect complementary DNA sequences from the West Nile Virus through amperom-
etry. One such revelation involves introducing a variety of bioreceptors to the clus-
tered regularly interspaced short palindromic repeats (CRISPR)-based biosensors
for nucleic and non-nucleic acid target detection [36, 38].
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4.3 Biosensors for Protein Detection

Proteins are crucial organic compounds to the human body and comprise a consid-
erable quotient of the macromolecules housed in the organs. Molecularly, they form
the enzymes that accelerate all biochemical reactions in the body, antibodies neces-
sary for fending off infection, biomarkers for identifying various diseases like tumor
formation, and are found within cellular structures, which make tissues, organs, and
organ systems; in other words, they are vital for life [39]. Although traditional tech-
niques of detecting proteins, such as enzyme-linked immunosorbent assay (ELISA),
offer low limits of detection and strong specificity, they cannot be used for point-
of-care treatments due to extensive assay times, lack of multiplex sensing capabili-
ties, low cost-effectiveness, and lack in portability [40]. Thus, detecting proteins by
biosensors in a timely, sensitive, and accurate manner is essential. For the synthesis
of such a sensor, there should be an interfacial protein-surface interaction and a
resulting electronic or optical signal dependent on protein detection. Unlike some
other sensors, such as immunosensors in which the biorecognition element is different
from the target element (antibody vs. antigen), biosensors for protein detection often
contain proteins themselves as biorecognition elements to detect other protein target
elements and transform them for signal transduction. To exemplify this concept, a
previous study immobilized glucose oxidase-an enzyme and, thus, a protein-to a
polymer matrix to transfer glucose to gluconic acid and H,O,, of which H,O, could
be detected via the polymer’s electroactive properties. Glucose oxidase, specifically
within PPy films, has often been used in studies involving biosensors for protein
detection, paving the way for advances in multilayer and multienzyme biosensors. It
should be noted that the process of transduction to produce the signal based on
the recognition event is like previously discussed biosensors. The most popular
conducting polymers for biosensors for protein detection are PPy, PEDOT, and PANI,
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and are often come in the form of nanomaterials [41]. Label-free options exist for
such biosensors as well [42].

Due to the extensive presence of proteins in the human body, there are multiple
applications for biosensors detecting proteins, including cancer biomarkers like anti-
gens, thrombin, human serum albumin (HSA), and antigens belonging to bacterio-
phages/viruses [43]. One study fabricated a CP-based biosensor for detecting vascular
endothelial growth factor (VEGF), a protein regulator for blood vessels, namely the
processes of angiogenesis, vasculogenesis, endothelial cell growth, and is a role
player in tumor formation, and metastasis of cancer cells. The flexible biosensor,
shown in Fig. 7, was produced through silk protein photolithography, while the
sensing was carried out by photolithographically micropatterned electrodes made
from conductive ink with PEDOT: PSS. VEGF 45 was detected by integrating anti-
VEGF¢s antibodies into the conductive ink, establishing an electrode mechanism
for the sensor. Electrochemical impedance spectroscopy (EIS) allowed for the rapid
and label-free detection of low concentrations of VEGF, which has been done in
this study through buffer, human serum, and simulated urine with and without urine
[40]. The challenges associated with CP-based and traditional biosensors for protein
detection mainly involve immobilizing biorecognition elements, such as antibodies
and aptamers, and signal transduction. These issues are the root causes for large
molecule biomarkers, namely proteins, due to their electrochemical inactive nature,
not being viable targets, hindering the use of protein sensing biosensors as point-
of-care tools and wearable devices that could detect protein biomarkers like VEGF
on bio-interfaces/biofluids [40]. Another challenge involving CPs is their lack of
biodegradability and, thus, a lack of regenerative biosensing devices [41].

4.4 Biosensors for Early Disease Detection

Early disease detection, also known as screening, is a medical testing process done
on asymptomatic patients to evaluate qualitative and quantitative signs of preclin-
ical disease, often utilizing biomarkers, which are defined as indicators of biolog-
ical or pathogenic processes. Additionally, screening aims to prevent by means of
discovering signs of illness and treating them before they develop into serious health
complications leading to disability and disease [44]. For instance, considering the
recent COVID-19 pandemic, several screening methods, namely polymerase chain
reaction (PCR) tests and antigen tests, were employed to halt the rapid, contagious
outbreak and, thus, limit the morbidity and mortality rate of the disease: the earlier
one gains the knowledge that they may develop the infection, the earlier they can
quarantine themselves and prevent contagion [45].

The discussions on biosensors in this section have had applications in which detec-
tion of the target element played a role in discovering components of disease, such as
the CP-based DNA biosensor identifying HIV. However, the following applications
focus on the early detection of disease rather than the detection of disease when it
gains symptomatic status. A biosensor composed of nanocomposites from graphene
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Fig.7 a SEM image of the PEDOT: PSS-based conductive ink micropatterned electrodes, b
close-up SEM image of the rolled-up electrode, ¢ image of electrode surface, d VEGF-biosensor
demonstrating flexibility and conformability to tissue interfaces for in situ detection applications of
biomarkers as shown in panels e and f. Adapted with permission [40]. Copyright 2019, American
Chemical Society

oxide, zinc oxide, PPy, and PANI displayed comparable selectivity and enhanced
sensitivity for detecting cholesterol and bilirubin while lowering detection and quan-
tification limits. As cholesterol is the principal agent in atherosclerosis and cerebral
thrombosis (both leading to angina, heart attack, and stroke) and bilirubin is a critical
analyte for measuring liver complications, premature detection of these biomarkers is
vital for healthy and disease-free cardiovascular and liver operation [46]. By the same
token, a biosensor was developed using PANI nanostructures and immobilization of
horseradish peroxidase and glucose oxidase to detect hydrogen peroxide and glucose.
The purpose of this device was for the early, accurate, and quick detection of diabetes
mellitus, a disease affecting nearly 422 million people worldwide and claiming the
lives of 1.5 million annually [10]. One recent study from 2021 attempts to form a CP-
based biosensor to detect COVID-19 as the infectious disease resulting from exposure
to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. Modern
research has shed light on multiple approaches to overcome the above challenges: (i)
improving the stability of CPs via functionalization with various functional groups
or blending with other nanomaterials (graphene, CNTs, metals, metal oxides, or
insulator polymers); (ii) enhancing electrochemical and charge transport properties
of CPs by implanting them as nanostructures (nanotubes, nanowires, and micro-
spheres); (iii) increasing CP surface area and thus facilitating interactions between
CP surfaces and biomarkers through microporous structures; and (iv) fabricating CP
structures with high flexibility, such as CP hydrogels, as they are preferred in the



346 A. Mehra et al.

design of wearable biosensors [3]. To evince the recent advancements of CP-based
biosensors for early disease detection that have implemented these approaches, a
report synthesized a sensor to detect varying concentrations of cancer antigen 125
(CA125), a 19-base pair-long breast cancer gene sequence, plaque-forming T7 and
MS2 bacteriophages, and a colony of Bacillus globigii in the presence of non-target
bacteria Escherichia coli. The remarkable versatility of this chemiresistive biosensor
was single-handedly achieved through PPy nanowires.[47] With growing attention
towards conducting polymers and their multiplex capabilities, vast possibilities arise
in the field of biosensing, especially with the advent of the IoT, for the early detection
of disease and improved patient outcomes.

5 Conclusion

This review accentuates the importance of biomedical sensors along with the chief
role of conducting polymers in the functioning of these devices. As discussed previ-
ously, conducting polymers are materials whose principal property is an inherent
electroactivity state, mimicking metals, and semiconductors, hence the name. These
characteristics can be attributed to delocalized, polarized, and electron-dense 1 bonds
in the main chains of the polymers. The most widely used CPs in biosensing include
PPy, PANI, and PEDOT: PSS, among others, as they either offer strong biocom-
patibility, ease in synthesis, high conductivity, stability, or combinations of these.
Oxidative chemical polymerization and electrochemical polymerization are the most
common synthesis routes for the polymers. Biomedical sensors are pivotal agents in
the healthcare system because of their high order of sensitivity, versatility in detecting
awide range of bioanalytes, and accurate, real-time monitoring of patient parameters.
These sensors fall into the categories of chemical, physical, and biological, in which
they are commonly recognized by their target element (i.e., immunosensors detect
antigens and genosensors detect DNA, while blood pressure sensors and glucose
sensors detect blood pressure and glucose, respectively). Further, requirements for a
successful biosensor include identifying and optimizing the range of measurement,
sensitivity, accuracy, precision, resolution, reproducibility, offset, linearity, response
time, drift, and hysteresis. On the other hand, challenges in biomedical sensor design
pertain to biocompatibility, sensitivity, specificity, miniaturization, and battery life.
The most notable advancement in biomedical sensors has been the advent of CPs.
Still, other notable upgrades that will take the CP-based biosensor to a step above
principally involve the Internet of Things (IoT). Biosensors for pathogens, DNA,
and proteins all involve notions for early disease detection, but improving multiplex
capacities will promote accuracy and rapid response in disease detection.

Despite the recency in development and research on biosensors, the current and
potential applications, as well as the possibilities in combining newer materials and
technological advancements, will be deemed vital for any patient interaction within
healthcare. This is evident as biosensors become the sought-after choice in point-
of-care diagnostics in which tests are brought to the patient for rapid and accurate
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diagnostic results rather than being sent to a clinical laboratory where they experi-
ence delays. Additionally, with enhancements to CP synthesis and their specificity
properties, personalized medicine will no longer be of the future; healthcare profes-
sionals could take advantage of real-time, CP-based parameter monitoring to contrive
diagnostic and treatment procedures specifically for a patient to reduce side effects
and improve patient outcomes. Continuous monitoring, which can be enhanced to
remote monitoring via IoT, can allow rapid response teams to act quickly to severe
fluctuations in physiological parameters before they prove to be injurious or fatal.
Even outside of a healthcare facility, wearable health monitoring by CP-based sensors
woven into smart textiles can bestow patients with portable and accurate detection for
fitness, management of chronic diseases, and early disease detection/prevention. This
review sheds light on such beneficial applications and the profound potential for CP-
based biosensors and biotechnology to introduce reliability, rigor, and uninterrupted
flow through the healthcare system.

Before biosensing technology can have its impact on medicine, multiple kinks in
sensor design and functioning must be straightened out. The first and possibly most
pressing is the stability of conducting polymers for their applications within biosen-
sors. The long-term electro stability of CPs currently needs to be improved for many
sensors due to degradation and exposure to oxidation, resulting in diminished sensor
performance. The second most crucial issue is biocompatibility since any lingering
toxicity within a sensor can lead to more harm than good—a violation of the Hippo-
cratic Oath. The methods to increase the signal-to-noise ratio to augment sensitivity
and specificity in biomolecular/biomarker detection must be explored before CPs can
replace other metal and semiconducting materials. Finally, poor regenerative capabil-
ities, lack of reproducibility, fabrication complications, and cost-effectiveness are all
obstacles needing further research. Current and future research seems promising in
the face of these drawbacks, especially given the dawn of the IoT and integration with
propitious materials such as nanomaterials and smart textiles. Future directions for
CP-based biomedical sensors should focus on multiplex sensing of various bioan-
alytes from a single solution, implementation of nanostructures, more significant
presence of implantable and wearable applications, affordable commercialization,
and embracing machine learning/artificial intelligence to improve patient outcomes.
Nonetheless, the present-day viability of conducting polymers in biomedical sensors
outlined in this review alone is a sufficient reason to be optimistic for the future of
medicine and healthcare.
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