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Abstract: Once fundamental difficulties such as active sites and selectivity are fully resolved, metal-
free catalysts such as 3D graphene or carbon nanotubes (CNT) are very cost-effective substitutes
for the expensive noble metals used for catalyzing CO,. A viable method for converting environ-
mental wastes into useful energy storage or industrial wealth, and one which also addresses the
environmental and energy problems brought on by emissions of CO;, is CO, hydrogenation into
hydrocarbon compounds. The creation of catalytic compounds and knowledge about the reaction
mechanisms have received considerable attention. Numerous variables affect the catalytic process,
including metal-support interaction, metal particle sizes, and promoters. CO, hydrogenation into
different hydrocarbon compounds like lower olefins, alcoholic composites, long-chain hydrocarbon
composites, and fuels, in addition to other categories, have been explained in previous studies. With
respect to catalyst design, photocatalytic activity, and the reaction mechanism, recent advances in
obtaining oxygenated hydrocarbons from CO; processing have been made both through experiments
and through density functional theory (DFT) simulations. This review highlights the progress made
in the use of three-dimensional (3D) nanomaterials and their compounds and methods for their
synthesis in the process of hydrogenation of CO,. Recent advances in catalytic performance and
the conversion mechanism for CO, hydrogenation into hydrocarbons that have been made using
both experiments and DFT simulations are also discussed. The development of 3D nanomaterials
and metal catalysts supported on 3D nanomaterials is important for CO, conversion because of their
stability and the ability to continuously support the catalytic processes, in addition to the ability to
reduce CO, directly and hydrogenate it into oxygenated hydrocarbons.

Keywords: 3D nanomaterial; carbon nanotube; graphene; catalyst; hydrocarbon; oxygenated hydro-

carbon

1. Introduction

A common “Janus” type of molecule is carbon dioxide (CO;). Several issues, includ-
ing the cost of the ligand and/or the base, remain unresolved when using ecologically
desirable metals to reduce CO,. Hydrocarbons with oxygenated functional groups [1],
such as carbonylic (-CO-) [2] and alcoholic (-OH) groups, are known as oxygenated hy-
drocarbons (Oxy-HCs). Oxy-HCR has the potential to be a cleaner, more sustainable
substitute for current fossil fuels. Steam reforming of mixtures of Oxy-HCs (Oxy-HCSR) is
not thought to cause a net increase in atmospheric CO, because Oxy-HCs derived from
biological/renewable resources are thought to be CO, neutral. In the semiconductor, preci-
sion machining, alcohol distillery, and biodiesel industries, oxy-HCs are typically obtained
as waste byproducts [3]. Hydrocarbons are the principal constituents of petroleum and
natural gas. They serve as fuels and lubricants as well as raw materials for the production
of plastics, fibers, rubbers, solvents, explosives, and industrial chemicals. CO, is a stable
compound and reactions with CO, are thus challenging. Nevertheless, there are various
reaction pathways for CO, hydrogenation that are dependent on the nature of the catalyst,
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and a number of useful products can be obtained. Global climate change brought on by
greenhouse gases has become a serious issue due to the continued use of fossil fuels, which
has increased the amount of CO; in the atmosphere. Due to the continued increase in
atmospheric CO, concentration (which exceeded 400 ppm in 2016), and its detrimental
and potentially irreversible impact on the climate system, mitigation of CO, concentrations
in the atmosphere is urgently needed [4]. Globally, there are plans and goals for this;
the European Commission’s goal is to achieve a reduction of 80-95% in greenhouse gas
emissions by 2050 (compared to those of 1990) in order to achieve scientists’ recommended
reduction of at least 50% in global greenhouse gas emissions by 2050 [5]. China, Brazil,
and Korea, among other important international partners of Europe, are tackling these
problems by advancing the “low carbon economy” [6].

Currently, there are three approaches to minimize CO; emissions: by controlling
CO; emissions, by capturing and storing CO,, and by chemically converting and utilizing
CO; [7]. Carbon storage is crucial for quickly reducing CO, emissions; however, it has the
drawback of possible CO, leakage [8]. As a substitute for other carbon sources, CO, can
be used to create feedstocks and value-added products that include carbon. In addition
to providing a clean carbon supply for hydrogenation, using the CO, acquired through
capture also helps to solve the leaking issue associated with CO; storage. The Sabatier
reaction (CO, methanation) was therefore considered by the National Aeronautics and
Space Administration (NASA) as a stage in recovering oxygen in closed-cycle life support
systems [9]. It is possible to use even the CO, found in industrial exhaust gases directly as
a feed for hydrogenation [10]. Therefore, it is essential and advantageous to make efficient
use of renewable carbon resources in order to preserve the long-term and sustainable
development of our civilization. Since CO, conversion needs energy input, pairing it with
renewable energy would increase the sustainability and environmental friendliness of
this technique. Electrocatalysis can be used to catalyze the reduction of CO, [11], as can
photocatalysis [12] and thermal catalysis. Thermal catalysis stands out among these due to
its quick kinetics and adaptable mixing of active ingredients. Being a very stable molecule,
CO; requires energy just to be activated and then converted. The thermodynamics of the
CO; conversion will be improved by the addition of a second material with a comparatively
higher Gibbs energy. However, the fatal weakness of electrocatalysis and photocatalysis is
low energy efficiency. To date, different types of metal-based electrocatalysts such as Au [13],
Cu [14], Pd [15], Ag [16], Bi [17], Sn [18], and Co [19] have been intensively investigated
in connection with electrochemical CO, reduction. Very recently, Chen et al. reported on
the great importance of developing Au-based electrocatalysts with cost-effectiveness and
high performance in order to commercialize CO, reduction technology [20]. Among the
materials examined by Brouzgou et al. in 2016, reduced graphene oxide-based hybrid
electrocatalysts exhibit both excellent activity and long-term stability [21]. They concluded
that the development of the electrocatalyst by using materials with three-dimensional
structures facilitates the electron and mass transfer process.

CO; is usually captured from high-concentration sources such as thermal power or
chemical plants, steel mills, and cement factories. However, direct air capture (DAC) from
the ambient air requires a separation unit to generate a concentrated CO, stream [22].
Consequently, CO, is hydrogenated with Hj created using sustainable energy sources [23],
and this is an exciting area of research that could yield chemicals and fuels as shown in
Figure 1 [24]. CO; reacts over a catalyst with H, produced from water using renewable
energy [25] to produce formic acid [26], lower olefins [27], methanol [28], and the higher
alcohols [29], etc. In certain studies, the presence of H, was not detected, as reported by Sor-
car et al. In 2019, in a study where researchers relied on natural sources, sunlight was used
for a period of 6 h continuously (sustainable Joules) to recycle CO; into Joules-hydrocarbon
fuel with a photoconversion efficiency of 1% and an efficiency of quantity estimated at
86%. The researchers reported on the use of Cu-Pt nanoparticles (Cu-Pt NPs) for the pho-
toreduction of CO;. From this process, methane and ethane resulted in the proportions
of 3 mmol g~! and 0.15 mmol g~ !, respectively [30]. The former problem has received
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considerable attention, and researchers have already made significant strides in water
electrolysis to produce H; using electricity produced by solar, wind, or other renewable
energy sources, as well as in water splitting using photocatalytic, photo-electrochemical, or
other photochemical processes. Density Functional Theory (DFT) calculations and experi-
mental studies of the CO, conversion mechanism and hydrocarbon chain formation have,
however, received relatively little attention in reviews to date. This review highlights the
progress of research into the use of nanomaterials with three-dimensional (3D) structures
and their compounds, and methods for their synthesis, in the process of the hydrogenation
of CO;. Recent advances in catalytic performance and the conversion mechanism for CO,
hydrogenation into hydrocarbons that have been made both through experiments and DFT
simulations are also discussed. The development of 3D nanomaterials and metal catalysts
supported on 3D nanomaterials is important for CO, conversion because of their stabil-
ity and the ability to continuously support reverse transformation and Fischer-Tropsch
catalysis (FT), in addition to the ability to reduce CO, directly and hydrogenate it into
oxygenated hydrocarbons.
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Figure 1. CO; to be hydrogenated to produce chemical compounds and fuels.

2. Synthesis of 3D-Structure Materials

Furthermore, different carbon or 2D-based material categories like single- or few-
layer graphene are being employed for synthesizing 3D-based materials in the literature.
That is, in addition to graphene, a variety of zero-, one-, and two-dimensional carbon
compounds are also available, such as zero dimensional fullerene (0D) [31], 1D carbon
nanotube (CNT) [32], graphene nanoribbon (GNR), carbon nanofiber (CNF) [33], and 2D
transition disulfide (TMD) [34]. Due to the electrical properties being close to those of
graphene, graphitic carbon nitride (g-C3Ny) has been extensively exploited for 3D structure
formation [35]. The discovery of fullerenes marked the beginning of research into carbon
nanostructures (Figure 2a). The graphitization of nanodiamonds (ND) or monolithic
structures of 0D materials like fullerenes or onion-like carbon are examples. 3DGMs have
been created using fullerenes, which are C60 molecules [31]. The characteristics of C60 are
entirely distinct from those of CNTs due to differences in size and shape. Consequently,
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the 3D structure of 0D materials (C60 molecules) has various preparation techniques and
potential applications. One-dimensional CNTs have been employed much more to build
3D structures than 0D fullerenes. It is interesting to note that 3D CNT aerogels were first
published before 3D graphene [36]. The creation of freestanding CNT aerogels was possible
after the organic fabrication of a CNT suspension with an organogelator. For instance, some
organic solvents, like chloroform, can gelate single-walled CNTs (SWCNTs) modified by
ferrocene-grafted poly(p-phenyleneethynylene) to create sturdy 3D CNT aerogels [32]. C60
was converted into a 3D porous carbon by potassium hydroxide activation in ammonia
by Zhu et al. in their work [31]. A 3D porous carbon can be created by activating C60
powder with KOH in an Ar flow, as is briefly illustrated in Figure 2b. A 3D porous carbon
that has had N added to it can be produced if the KOH activation is carried out in an NH3
atmosphere. Pyridinic and pyrrolic nitrogen are the two kinds of doped N atoms. Meso-
and macropore volume in carbon results in the desired energy storage being significantly
increased by N-doping scenarios. This is actually done by the graphitization of GO and
ND films, such as the mesoporous graphite film prepared by Shi et al. in 2011 [37]. GO
is reduced to RGO during the graphitizing process, while ND is transformed into carbon
that resembles an onion. RGO sheets were sandwiched with carbon shaped like an onion,
which not only stops graphene sheets from aggregating but also creates mesopores.
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Figure 2. (a). Environmental uses of CNFs and CNTs, and (b) a diagram showing how KOH activates the

C60 molecules. Route A depicts the typical activation carried out in an Ar flow, while Route B displays N-
doping when NH3 flow is involved in the activation. Reprinted with permission from Ref. [31]. Copyright
© 2016, John Wiley and Sons.
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Surfactants are additionally employed to disperse the CNTs and produce the aerogels.
In 2007, various quantities of SWCNTs were floated in the water with sodium dodecylben-
zene sulfonate (from 5-13 mg mL~!) by Yodh et al. [38]. The suspensions were allowed to
be converted into elastic gels overnight before being dipped into poly(vinyl alcohol) (PVA)
aqueous solutions at 90 °C. Using a chemical vapor deposition (CVD) approach, Gui et al.
in 2010 reported injecting a ferrocene precursor solution into dichlorobenzene to design
a macroscopic and monolithic multi-walled CNT (MWCNT) sponge [39]. The fact that
the diameters and the lengths of these MWCNTs varied from 30-50 nm and 10-100 mm,
respectively, indicates a thick sponge of many layers of CNTs. Many CNT piles continu-
ously stack and reach a centimeter of thickness during the growing phase of CNT sponges.
The constructive vertical alignment of CNTs up from the bottom to the upper surface was
a promising method to construct a 3D CNT structure without the continuous-stacking
growing process. One- to three-WCNT carpets can operate well on their own, especially
when they are tightly coupled to high-quality graphene.

In 2010, Zhang et al. used the CVD approach to create CNT-pillared GO and RGO
platelets, for which acetonitrile was used as a carbon source and nickel as a catalyst [40]. It
is possible to customize the CNTs” alignment, density, and length. A technique to create
carpets of covalently bound graphene and CNTs using a floating buffer layer was revealed
by Zhu et al. in 2012 [41]. In this procedure, the deposition of iron (catalyst layer) and
alumina (buffer layer) was achieved to coat the graphene in sequence by electron beam
(e-beam) evaporation after graphene was first produced on the Cu foil. It should also be
noted that hybrid graphene-CNT ohmic-linked carpets possess a high surface area without
sacrificing their standalone features [42].

In the publications cited above, CNTs can only grow on the graphene surface where
catalyst particles have been deposited via dip-coating or e-beam evaporation. This, in
turn, is one of the major reasons for the difficulty of producing the higher loading of active
components in these graphene-CNT hybrid materials, which is crucial for electrochemical
devices with high energy density. A straightforward method for creating a 3D structure
made of graphene foam (GF) and CNTs was devised by Liu et al. in 2014 [43]. Therein,
a hydrothermal approach was used for loading the NPs catalyst over GE. This enhanced
the active component (MnQO,) loading and allowed for significantly better CNT growth
on the GF than was possible with dip-coating or e-beam deposition. More recently, Jin
et al. in 2016 demonstrated how a 3D current collector could make a structure of covalent
carbon bonds [44]. Covalent carbon-carbon bonds bind several micrometer-long bundles
of CNTs into an ultrathin GF. The coupling of e-holes in the latter composite is enabled by
carbon—carbon bonds, and such bonds facilitate the charges’ transportation between out
circuits and electrochemically active materials.

It is important to highlight that the GNR composites created by longitudinally un-
zipped MWCNTs may retain their proper structure and improved electrical conductivity,
which are characteristics of both CNT and graphene. An in situ unzipped approach was
also realized through the CNT sponge conversion directly into GNR aerogel by Peng et al.
in 2014 [45]. In this instance, the walls were opened with KMnOj after the oxidative chemi-
cal fluid was in-filtered into the porous sponge in order to free the walls of the nanotubes
from any kind of defects. Furthermore, organic compounds like pyrrole were used by Chen
et al. in 2015 as nitrogen (IN) source and reagent to fabricate ultralight, highly conduc-
tive, 3D N-doped GNR aerogels [46]. GNRs are unique in that they differ from graphene
sheets in having higher length /width ratio and straight edges, as well as perfect surface
regularity with few flaws on the substrate. This is achieved by using GNR aerogels doped
with heteroatoms to get an enhanced electronic energy-gap modulation, boosting both
the reactivity of the materials and their ability in electrocatalysis when utilized as oxygen
reduction reaction (ORR) catalysts. The construction of 3D carbon material types frequently
involves CNFs’ self-assembly into a macroscopic structure [33]. Additionally, inexpensive
components like bacterial cellulose (BC) and pitch may enable large-scale production [47].
For instance, in 2014, Chen et al. worked to develop a free-standing heteroatom-doped
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CNF fabrication method [48]. Initially, BC was submerged for 10 h at normal conditions
in H3PO4-H3BO; liquid solution. A drying step was followed by thermal treating in Ny
atmosphere for the creation of 3D carbon CNF doping heteroatoms. Furthermore, such
heteroatom co-doped 3D CNFs prepared from inexpensive raw materials have outstanding
energy storage performance [49]. Additionally, the template-based method has also been
widely employed to create 3D CNFs [50]. Using an inexpensive melamine sponge (MS)
template, Zhu et al. in 2019 produced a macroscopic 3D porous graphite C3Ny structure
from 2D graphite C3Ny4 by one-step thermal polymerization of urea [51]. This approach
is practical for the production of 3D C3Ny structures due to high urea loading and the
light weight and good water absorbability of MS. In this instance, the produced 3D C3Ny
samples are readily shaped by blades. Without using strong acid, Wang et al. in 2017
created C3Ny4 aerogels using an aqueous sol-gel method [52]. First, C3N4 NPs were pro-
duced utilizing a salt molten technique along with temperature-induced condensation of
melamine using potassium thiocyanate as the solvent. The C3Ny hydrogels could then be
produced by the C3N4 NP sol solution self-assembling. C3Ny aerogels were made using a
freeze-drying process. This approach is notable because of the ability to vary the produced
size and mass through the process, and its affordability, as well as the assembly without
cross-linking agents.

The production and characterization of monolithic, ultra-low-density TMD (WS,
and MoS;) aerogels were described by Worsley et al. in 2015 [34]. Thermal degradation
of freeze-dried ammonium thio-molybdate (ATM) and ammonium thio-tungstate (ATT)
solutions produces the monolithic WS, and MoS, aerogels, respectively. By merely al-
tering the initial ATM and ATT concentrations, the densities of the pure TMD aerogels
may be changed to correspond to 0.4 and 0.5% of the densities of single crystals of MoS;
and WS,, respectively. In 2019, Abu Zied and Alamry invented a new green synthesis
method for producing 3D hierarchical Co3O4-C NPs [53]. The extract of basil leaves (BLE)
was used as a low-cost source of carbon and green template. For use as catalysts in hy-
drogen generation via sodium borohydride hydrolysis, various CozO4-C NPs have been
tested. Research findings have shown both the presence of 3D porous hierarchical NPs and
calcination temperature influence activity. Common features of 3D graphene, including
superior mechanical strength, hierarchical porosity, large surface area, and perfect electrical
conductivity, give such new materials considerable potential for applications related to
catalysis, the environment, biomedicine, and most importantly, energy. Liu and Xu rapidly
created a variety of 3D graphene compounds in 2019 by inventing a number of adaptable
techniques [54]. The fact that graphene is a naturally occurring 2D polymer (2DP) has
greatly sparked interest in the rational organic-chemical synthesis of novel 2DPs at the
atomic or molecular level. The development of synthetic polymer chemistry can benefit
greatly from the regulated synthesis of 2DPs with optimized molecules and superior ease
of processing. Additionally, it demonstrates tremendous strength in the creation of unique
polymer composites with desired characteristics and capabilities that are uncommon in
traditional 1D polymers. Designing and making 2DPs that simultaneously incorporate a
2D conjugated plane, in-plane homogeneous microporosity, and electrochemically active
groups is difficult yet important for the energy sector. On the other hand, due to the sub-
stantial effective surfaces, flexibility, and cycling stability, hierarchical 3D carbon nanoscale
is a promising material variety for electrochemical energy applications. In order to build
3D carbon nanostructures made from carbon fibers (CFs) and electro-spun CNF (ECNFs),
Alali et al. combined electrospinning with in situ CVD techniques in 2021, as illustrated in
Figure 3 [55]. Ni/CNFs/ECNFs demonstrated satisfactory hydrogen evolution reaction
(HER) activity in an alkaline medium with a low overpotential of 88 mV to give 10 mV cm?
current density and Tafel slope of 170 mV dec~!. This was based on the nano-nonwoven
structures and forest-like growing nanostructured CNFs.
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Figure 3. The steps resulting in the production of: (a) ECNFs and 3D-Ni/CNFs/ECNFs, (b) 3D-
Ni/CNFs/CFs, (c) 3D-Ni/CNFs/CFs, and (d) 3D-Ni/CNFs/ECNFs. Adapted with permission from
Ref. [55]. Copyright © 2021, Elsevier.

3. Graphene Production Methods
3.1. Chemical Vapor Deposition (CVD)-Based Methods

There are numerous CVD techniques that can be used today for synthesizing material
compounds depending on graphene, as illustrated in Figure 4. These procedures can be
categorized into seven major approaches based on the characteristics of process variables
(temperature, pressure, nature of the precursor, gas flow state, deposition time, activation
manner, and wall/substrate temperature) [56]. The procedures shown in Figure 5 accom-
plished by Arjmandi-Tash et al. in 2017 have developed the CVD-growth of graphene
modalities that combine cold- and hot-wall reaction chambers [57]. Such a hybrid approach
boosts growth quality to a level now comparable to other conventional CVD methods in
hot-wall chambers while preserving the benefits of a cold-wall chamber, such as steady
growth and high efficiency and maintaining power. Uniform monolayers of produced
graphene were formed. Especially in comparison to graphene produced in cold-wall reac-
tion chambers, charge transition experiments show a considerable increase in charge carrier
mobility. Using a cold-wall CVD reactor, Alnuaimi et al. (2017) investigated the influence
of graphene growth temperature and demonstrated that multilayer nucleation density is
decreased under high temperatures [58]. The temperatures in that work ranged from 1000
to 1060 °C. Multilayer graphene was growing remarkably at a temperature of 1000 °C, but
the nucleation rate was adversely affected at 1060 °C, so at lower growth temperatures,
larger defect densities were detected. In 2019, Al-Hagri et al. created a single layer of
vertically aligned graphene nano-sheet arrays (VAGNAs) with a high surface area on a
Ge substrate at 625 °C using the radio frequency (RF) approach [59]. When evaluated as a
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surface-enhanced Raman spectroscopy (SERS) platform, the obtained graphene demon-
strated detection performance reduced to 10~® M of Rhodamine 6G (R6G). By adjusting
Hy (Pyp) and CHy (Pcps) (Pcpa-Prp) partial pressure ratio, Chen et al. in 2020 created
single-crystalline hexagonal bi-layer graphene (BLG) in a single step with a controlled twist
angle between the layers [60].

Figure 4. Summary of CVD methodologies.
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Figure 5. (a) Cold-wall chamber CVD growth of graphene. Reprinted with permission from Ref. [57].
Copyright © 2017, Elsevier. (b) The strategies that have been adopted during CVD-based graphene
development. Adapted with permission from Ref. [58]. Copyright © 2017, RSC; (c) experimental
process diagram, using VAGNAs as the SERS substrate. Adapted with permission from Ref. [59].
Copyright © 2022, Elsevier; and (d) production of twisted bilayer graphene with a controlled twist
angle in sizes of mm and cm. Adapted with permission from Ref. [60]. Copyright © 2022, Elsevier.

3.2. Solution-Based Methods

Little if any specialist equipment is required for solution-based approaches, which
assemble GO sheets onto 3D templates before chemically reducing GO to RGO (Figure 6a).
In 2012, Sohn et al. succeeded in making 3D graphene capsules using spray pyrolysis with
a mixture of GO-polystyrene colloidal particles [61]. An evaporation-induced capillary
force was used for attaching the GO sheets to the polymer colloidal solution. The solvents
used in a solution-based approach can have a significant impact on the nanostructure
of the composites made of LiS-graphene. In 2014, Yan and his collaborators found a
new methodology employing alumina fiber blanket (AFB) as a template for large-scale
fabrication of microchannel-network graphene foams (mCNGFs) [62]. The procedure
steps to prepare mCNGFs are depicted in Figure 6b. For effectively absorbing the GO
suspension, a uniform GO solution had been used to immerse the AFB previously. AFB has
a hydrophilic exterior due to the existence of hydroxyl groups on its surface. As a result, GO
can readily bind to the carboxyl and hydroxyl groups on the surface of the AFB template.
Additionally, capillary forces help to drive the GO to penetrate the AFB template and fill
the unoccupied spaces between the alumina fibers. Following immersion in Nj fluid, the
GO-AFB composite was then freeze-dried, and the GO connected to the AFB template was
converted to RGO via a thermal treatment under nitrogen atmosphere at 500 °C. Finally,
HF was used to remove the AFB template to acquire the pure mCNGFs. In 2018, Shunxin
et al. reported that anhydrous N-methylpyrrolidone (NMP) has excellent wettability
characteristics with graphene and its functional groups have higher energies with Li,S.
NMP solvent was utilized in that study for LiS-graphene composite preparation [63]. The
researchers claimed that the graphene surface had a good amount of uniformly distributed
nano-LipS. Apparently, nano-Li;S presence reduces the p-p interactions between graphene
sheets, and the composite of LiS-graphene displays a honeycomb-like structures with
a majority of micropores. The LiyS-graphene composite showed better electrochemical
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performance in terms of high columbic efficiency, low potential barrier, highly energetic
capacity, and a high-rate capability.
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Figure 6. (a) rGO capsule production experimentally. Adapted with permission from Ref. [61].
Copyright © 2012, Royal Society of Chemistry. (b) The procedures involved in producing mCNGFs.
Adapted with permission from Ref. [62]. Copyright © 2014, Royal Society of Chemistry.

3.3. Three-Dimensional (3D) Printing

An efficient and simple methodology to facilitate direct fabrication of 3D bulk objects
is 3D printing. [64]. By carefully casting Ni and sucrose mixture onto a substrate, Sha et al.
in 2017 reported the effective development of an automated metal powder 3D-printing
approach for in situ synthesis of free-standing 3D GFs. They then used a commercial CO,
laser to transform the Ni-sucrose mixture into 3D GFs, as clearly shown in Figure 7a [65].
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This technology permits direct in situ 3D printing of GFs without the need for a rising fur-
nace temperature or an extended growing phase. It blends powder metallurgy templating
with 3D-printing techniques. The 3D-printed GFs exhibit multilayer, low density (0.015 g
cm—3), high quality, and high porosity rate (99.3%) for graphene characteristics. The GFs
have an impressive storage modulus of 11 kPa, an electrical conductivity of 8.7 S cm ™!,
and a high damping capacity of 0.06. By developing hybrid inks and printing schemes to
enable mixed-dimensional hybrid printability, Tang et al. (2018) proposed a generalized
3D-printing methodology for graphene aerogels and graphene-based mixed-dimensional
hybrid aerogels with complex architectures, overcoming the limitations of multicomponent
inhomogeneity and harsh post-treatments for additives removal (Figure 7b) [66]. The
3D-printed hybrid aerogels were also shown to act as ultrathick electrodes in a micro-
supercapacitor that could withstand symmetrical compression while still demonstrating
quasi-proportionally improved areal capacitances under heavy mass loading. The strong
ion- and electron-transition routes offered by the 3D-printed, densely linked networks were
responsible for the remarkable performance.
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Figure 7. (a) Diagram of an in situ 3D GF synthesis method that simulates 3D printing. Reprinted
with permission from Ref. [65]. Copyright © 2017, American Chemical Society, (b) images of 3D-
printed GF taken before and after the Ni was dissolved. Reprinted with permission from Ref. [65].
Copyright © 2017, American Chemical Society. (c¢) Mixed-dimensional hybrid aerogels based on
graphene. Reprinted with permission from Ref. [66]. Copyright © 2018, American Chemical Society.

3.4. Hydrothermal Method

Hydrothermal process flexibility increases the possibility of doping the graphene
lattice with nitrogen or boron, for example, to prepare better quality 3DGMs. Specific
additives, such as swelling and cross-linking agents, can be added to the GO dispersion
forming these 3DGMs [67]. To produce extremely effective graphene-metal oxide-based
hybrid supercapacitors, Bai et al. proposed in situ synthesis of 3D-graphene-MnO, foam
composite in 2020 [68]. The 3D graphene-MnO, composite underwent in situ conformal
development and exhibited excellent crystalline nature and low contact resistance, which
increased the electrolyte performance at transporting charges. Relatively, the 3D conduc-
tive graphene foam allowed electrolyte ions to migrate across the MnO, surface quickly
because of its porosity. In the supercapacitors, the 3D graphene-MnO, composite electrode
demonstrated high specific capacitance (333.4 F g~! at 0.2 A g~!) and remarkable cycle
stability in the absence of carbon black. This scientific method for creating a composite
made of 3D graphene and MnO; offers a potential method for producing energy storage
electrode materials to design high-performance supercapacitor devices. Pure 3D graphene
is regarded as a suitable platform to load catalytic components, including metals, due to its
low density, excellent electrical conductivity, exquisite flexibility, and high surface area [69],
metal oxides [70], and metal sulfides [71]. In fact, using hydrothermal techniques, inorganic
nanomaterials can grow in situ on the surface of 3D graphene.
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3.5. In Situ Chemical Reduction

A 3D graphene architecture can be created using in situ self-assembling graphene
fabricated by mild chemical reduction. The pore size, electrical conductivity, mechanical
strength, and density of the 3D graphene preparation are all significantly affected by the
choice of reducing agent. Different types of reducing agents have been studied, including
hydrazine hydrate [72], metals [73], metal hydrides [73], phenolic compounds [74], and
reduced sugars [75]. In 2011, Chen et al. created 3D graphene from a homogenous
dispersion of Fe3O4 NPs in GO aqueous suspension. Additionally, they produced a 3D
magnetic graphene-Fe3Oy aerogel during the reduction of GO to graphene [76]. This offers
a useful approach for preparing 3D graphene-NP composites for a variety of uses, such
as energy conversion and catalysis. For a superior and reasonably priced electro-catalyst,
Kabtamu et al. reported a 3D annealed tungsten trioxide nanowire-graphene sheet (3D
annealed WO3 NWs/GS) foam in 2017 [77]. It was produced using in situ self-assembling
graphene sheets that were prepared by mild chemical reduction, then freeze-dried, and
finally annealed using vanadium redox flow battery (VRFB) electrodes (Figure 8). A
3D annealed WO3 NWs/GS foam exhibited the desired electrocatalytic activity toward
V2+-V3*+ and VO**-VO?* redox couples. Charge-discharge tests further demonstrated
that the 3D annealed WO3; NWs/GS foam used in a single flow cell of a VRFB exhibited
excellent energy efficiencies of 79.49 and 83.73% at current densities of 80 mA cm~2 and
40 mA cm ™2, respectively. These energy efficiencies are significantly higher than those of
cells assembled with pristine graphite felt and 3D WO3; NWs/GS foam with no specific
heating process. It also does not appear to have degraded after 50 charge—discharge cycles.
Such findings indicate that every WO3 NW sample is firmly anchored to the GS and are
essential for aiding the redox reactions of the vanadium redox couples, are attributable
to the production of new W-O-C bonds. Additionally, WO3 NWs/GS foam confirms the
VREFBs electrochemical performance according to its 3D hierarchical porous structure after
annealing, as is illustrated in Figure 8.

GO WO, NWs/GS

3D annealed WO,
NWs/GS foam

Stlrrmg Irascurblc freeze dryin
ac1d annea]mg

Figure 8. Graphical representation of 3D annealed WO3 NWs-GS foam preparation. Adapted from
Ref. [77]. Copyright © 2017, Royal Society of Chemistry.

3.6. Pyrolysis of Organic Precursors

Pyrolysis of organic precursor materials such as glucose [78], resorcinol-formaldehyde [79],
phenol-furfural [80], and chitosan [81], is a quick and efficient way to manufacture 3DGMs on a
large scale. A 3D porous graphite carbon was created by pyrolyzing a conjugated polymeric
molecular precursor framework, according to To et al. in 2015 [82]. The obtained 3D porous
graphite carbon had a record-high surface area (4073 m? g~1), a sizable high porosity (2.26 cm?),
and outstanding electrical conductivity (300 S m™1).

4. Uses of Graphene as a Catalyst

One of the carbon allotropes is called graphene, and it is composed of hexagons.
Among the several elements of the carbon family, the use of graphene—a 2D single hexago-
nal carbon sheet is on the rise. Ever since the first manufacture of it was announced in 2004,
the scientific and technical sectors have examined graphene in great detail [83]. Fullerene
(0D), nanotube (1D), and graphite (3D) are some other allotropes, as seen in Figure 9.
Reduced GO, graphene quantum dots, and GO are examples of graphene-based nanomate-
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rials. Although some components of the graphene family have sp? and sp® carbon atoms
instead of the ideal sp? carbon atoms, this is because functional groups including hydroxyl
group, carbonyl group, carboxyl group, and epoxy group have been added. GO, which is a
single layer of graphite oxide, is typically created chemically by oxidizing graphite [84].
GO containing oxygen includes a variety of functional groups, as seen in Figure 9. With the
exception of a small quantity of carbonyl, carboxyl, phenols, lactone, and quinones groups
at the sheet’s borders, these functional groups are primarily hydroxyl and epoxide groups
in the basal planes [85]. GO possesses a wide variety of functional groups at its edges and
basal planes, which enables it to be functionalized and exfoliated to produce well-dispersed
fluids on distinct GO sheets in polar and non-polar fluids. As a result, it has many different
applications, including nanocomposites [86], photocatalytic degradation [87], batteries [88],
condensers [89], and sensors [90].
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Figure 9. (a) OD Fullerene, (b) 1D CNT, (c) 2D graphene, (d) 3D graphite structures, (e) GO, and (f)
reduced GO (light purple—carbon; red—oxygen; and green—hydrogen).

Geim et al. isolated a single-graphite nanosheet layer in 2004 using a scotch tape peel-
ing approach [91]. Because of the mentioned special characteristics in relation to chemical
reactions, physical science, materials science, and mechanical applications, graphene and
its compounds have received considerable attention ever since this significant advance. For
example, graphene has a remarkable specific surface area of B2630 m? g~!, B10,000 cm?
V~1s~1 carrier mobility, B5000 W m K1 thermal conductivity at ambient temperatures,
B97% optical transparency, strong chemical stability, and high mechanical strength with a
B1.0 TPa Young’s modulus [92].

Several synthesis techniques like CVD [93], physical exfoliation approach [94], graphi-
tization, and chemical oxidizing cleavages [92], have been used for the purpose of 2D
materials fabrication. Research on graphene in the areas of life sciences, energy appli-
cations, and environmental monitoring has advanced significantly as a result of simple
techniques for graphene synthesis. Graphene is a versatile 2D building block that has been
put together to form 1D fibers [95], 2D films [96], and 3D aerogels or hydrogels [97], all
of which significantly broaden the scope of graphene applications and upcoming specific
products. Due to the ability of 3D graphene to preserve the original properties of the
material in the 2D phase, there have been extensive studies on the design and develop-
ment of 3D graphene by assembling it from 2D graphene [65]. Based on these exciting
characteristics, 3D graphene has indeed met some of the prerequisites to be regarded as an
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advanced catalyst or as a catalytic support. Meso-, micro-, and macropores are combined
in 3D graphene-based materials (3DGMs) in such a way that the micro- and mesoporosity
provide them with a high specific surface area while the macroporosity ensures accessibility
to this surface, which is more advantageous for improving catalysis efficiency. It is impor-
tant to remember that the confinement effect of catalytic elements within 3D graphene can
stabilize effective regions through catalyzed reaction [98]. A distinctive benefit of these
3DGM monoliths is their integrated structure, thus making it simple to manipulate and
collect when in use and eliminating any potential ecological concern brought on by the
discharge of harmful graphene nanosheets [99]. The main functions and advantages of
using 3DGM are illustrated in Figures 10 and 11, respectively. Numerous 3DGMs made of
2D materials with various distinct morphologies have been successfully produced and used
as a result of the rapidly developing production approaches and evaluation procedures.
Significantly, these 3DGMs have also been proven to perform admirably within catalyst
regions. In addition to surface area, it is clear that the monolith contact angle will dictate
how easily they can access electrolytes, which will ultimately impact the effectiveness
of their catalysts. 3DGMs are stronger catalysts than 2DGMs because of their superior
wettability. In catalytic reactions, 3DGMs appear to provide more benefits over 2DGMs.
Unpolluted water shortages are a problem worldwide due to the rising demand for un-
polluted water resources brought on by the rapid rise of industrialization, rising pollution
emissions, and protracted droughts [100]. As a result, numerous approaches and solutions
have been used to increase the amount of water resources that are readily available [101].
Long-term reusing of rural or municipal wastewater from treatment plants originating
from agricultural and industrial operations can be accomplished with the use of chemical
processes. Advanced oxidation processes (AOPs) are a category of water purification tech-
niques based on the in situ generation of highly active transient species, like the reagents
O, and OH; such reagents help in mineralizing the organics and disinfecting the harmful
microorganisms in wastewater. Due to their potential to provide low-cost and extremely
efficient platforms, photocatalytic techniques using semiconductor devices have been in the
forefront of AOPs [102]. Using the hydrothermal approach, Qiu et al. (2014) embedded TiO,
nanocrystals into high-porosity graphene aerogels (TiO,-GAs) [103]. Substantial quantities
of organic pollutants can be absorbed by TiO,-GAs due to their higher surface area and
hierarchical channel structures. Additionally, TiO,-GA electron transmission facilitation
and electrical conductivity can be improved by the addition of high conductivity GAs to
the TiO; matrix. The researchers exploited this composite’s excellent photocatalytic activity
and its long-term stability for methyl orange (MO) degradation. The synergistic interfacial
connections between TiO; nanocrystals and GAs, high conductivity, faceted features, and
high elasticity were credited for these positive effects. Individual TiOp-GA composites
are considerably easier to separate from the liquid reaction medium due to their large
dimensions, and they can be separated with just a pair of hand tweezers. According to
Fan et al. in 2015, AgBr-GA composite is able to photoreduce CrVI and photooxidatively
degrade MO [104]. As per the researchers, AgBr-Gas photocatalytic capability and observed
stability resulted in the preservation of the AgBr-GAs quality and morphology even after
numerous photocatalytic cycles (only 0.8% losses were reached after carrying out all the
degradation cycles). In some traditional catalytic reactions, such as hydrolysis of ethyl
acetate, the high mass transfer resistance in 3DGMs hinders the catalytic performance as
compared to the 2D graphene. Although the defects from the formation process of 3D
structure are favorable to some catalytic reactions, they lead to a reduction in the electrical
conductivity of 3DGMs as compared to 2DGMs. The figures below list each function with
its structural benefits, and also the advantages of 3DGMs in catalysis.
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Figure 10. The main functions of 3DGMs in catalysis applications.
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Figure 11. The main advantages of using 3DGMs in catalysis applications.

5. CNT Production Methods

Several methods in the literature have been developed to produce large quantities
of CNTs via process gases or vacuum. In Figure 12, arc discharge, laser ablation, high-
pressure carbon monoxide disproportionation, and chemical vapor deposition (CVD) are
shown [33].
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Figure 12. Various schematics for CNT fabrication techniques: (a) arc discharge apparatus, (b) parallel
plate PECVD system, (c) direct aerosol spinning process, (d) laser ablation method, (e) thermal CVD
system with a tube furnace.

5.1. Arc Discharge

In 1991, lijima presented the creation of a novel class of finite carbon structures made
of needle-like tubes [105]. Identical to how fullerene is made, the tubes were made utilizing
an arc discharge evaporation process. The carbon electrode utilized for the direct current
(dc) arc-discharge evaporation of carbon in a vessel filled with argon at a pressure of
around 100 Torr was used to develop the carbon needles, which ranged in size from 4 to
30 nm in diameter and up to 1 mm in length. This process yielded both single-walled
and multi-walled nanotubes with lengths of up to 50 pm and minimal structural flaws,
with up to a 30% weight yield. Higher temperatures (over 1700 °C) are used in the arc-
discharge method for CNT synthesis, which often results in expansion of CNTs with fewer
structural flaws [106]. In another study, SWCNTs were produced by Zhao et al. in 2019
utilizing a modified arc-discharge furnace with buffer gas of 500 Torr helium at 600 °C [107].
Transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy
were used to investigate the impact of the catalyst type on the generation of the SWCNTs.
According to the research observations, the catalytic structure had a significant effect
on the rate and purity of the final SWCNTs produced. At a catalyst loading of 3 wt%,
Fe-Ni-Mg and Co-Ni powder catalysts displayed superior photocatalytic activity. The
mean diameter of the SWCNTs was about 1.3 nm, and the soot production rate could
reach 15 g/hr. Regarding the electrical energy storage and conversion devices application,
Tepale-Cortés et al. in 2021 used the arc-discharge method to synthesize the required
CNT structure by vaporizing the graphite rods while using Ni and a Ni/Y combination
as catalysts. [108]. In a cylindrical glass reactor with a regulated Argon flow rate of 1.43
cm?® min~! and a chamber pressure of 39 kPa, CNTs were produced. Carbon powder
had been gathered first from the reactor following chemical treatment with HCI solution
at 1 M for metallic contaminants removal. SEM and TEM morphological characteristics
revealed that MWCNTs have amorphous carbon particles stuck to their surfaces. FT-IR
spectra showed bands at 1550 and 1200 cm ™! that corresponded to C=C bonds specific
to CNT skeletons which were absent in the pristine graphite. UV-Vis was used to detect
electromagnetic absorption, with peaks at 204 and 256 nm being associated with MWCNTs’
sp? hybridization property.
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5.2. Laser Ablation

Richard Smalley et al. in 1996 used a laser ablation method to vaporize graphite
rods with a tiny quantity of cobalt and nickel at 1200 °C, yielding >70% high yields of
SWNT [109]. The laser ablation technique requires bleeding an inert gas into a chamber,
and laser pulses of pulsed-laser type supply a higher temperature for graphite evaporation.
As the evaporated carbon particles condense on the reactor cooler surface, nanotubes will
be developed there. A water-cooled surface should be used in the setup for collecting nan-
otubes. The tubes grow up until an excessive number of catalytic atoms accumulate at the
nanotube end. The yield of the laser ablation approach is about 70% and it predominantly
yields SWCNTs of a controlled size dictated by the reaction temperature. However, it costs
much more than the CVD or arc-discharge methods. In 2017, Khashan et al. studied the
antibacterial property of iron oxide NP-decorated CNTs that had been effectively created
using liquid laser ablation with Nd:YAG pulses [110]. The composite NPs were observed us-
ing TEM, which revealed semi-spherical iron oxide NPs that were aggregated around rolled
and unrolled graphene sheets. The existence of carbon and other iron oxide NP phases was
demonstrated by the XRD spectra. Then, utilizing iron oxide-enhanced nutritional broth
and nutrient agar procedures, the NPs’ antibacterial activity was evaluated against various
bacteria. Wu et al. in 2019 accomplished a patterning and ablation of CNT film using a
femtosecond laser with various parameters [111]. Investigating the effects of laser pulse
energy and pulse number on ablation holes led to the discovery of a 25 m]/cm? ablation
threshold. The pattern behavior groove was evaluated using Raman spectroscopy and
SEM analysis. The outcomes demonstrated that the laser ablation removed the oligomer
from the CNT film, which increased the Raman G band intensity. Once the pulse’s energy
was able to break the C-C bonds between distinct carbon atoms, the CNTs” ablation was
brought about by the interaction of photon energy with laser-induced thermal elasticity.
During laser cutting at higher energy, contaminants including amorphous carbon were
discovered at and around the cut edge, and significant distortion and tensile stress formed
on the CNT groove. In order to adorn CNTs with various concentrations of ZnO NPs on
their tubular surface in only one step for catalytic degradation against methylene blue
dye, Mostafa et al. in 2021 used the laser ablation procedure in liquid media [112]. By
maximizing the laser ablation period, the number of decorated ZnO NPs was kept under
control. The nanocomposite’s structure was investigated using a variety of techniques, in-
cluding optical, structural, and morphological analyses, which revealed that the interaction
between ZnO and the CNTs had a different impact on the absorbance characteristic peak. It
has been observed that if the ablation duration increasesd, the amount of ZnO coating on
the CNTs increased. The researchers in this work demonstrated that the CNTs’ presence in
the composite significantly increased the photocatalytic performance when compared to
pure ZnO.

5.3. Chemical Vapor Deposition (CVD)

Probably the most popular technique for creating CNTs is CVD [113]. A layer of
metal catalyst particles, such as nickel, cobalt iron, or a mixture, is produced on a substrate
during the CVD technique. Oxide reduction and oxide solid solutions are other methods for
making metal NPs. The sizes of the metal NPs from which the nanotubes are to be generated
will vary [114]. An annealed metal layer, patterned metal deposition, or plasma etching
of a metal layer can all be used to manage this. In the CVD process, the reaction chamber
is filled with a mixture of hydrocarbon gas, such as acetylene, methane, or ethylene, and
nitrogen. When the hydrocarbons break down throughout the reaction at temperatures
ranging from 700-900 °C and air pressure, nanotubes are constructed on the substrate.
The direction of the electric field will be followed by the growing nanotube if a strong
electric field is applied (plasma-enhanced CVD). Due to its low cost per unit and ability
to produce nanotubes directly on a specified substrate, CVD holds the greatest promise
for industrial-scale deposition [115]. The development of CNTs from liquefied petroleum
gas (LPG) on a Fe;O3-Al,O3 precatalytic by using CVD procedure without hydrogen was
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reported by Duc et al. in 2019. The resulting MWCNTs had identical external tube diameters
of 50 nm, but they had a less imperfect construction. The Fe,O3-Al,O3 precatalytic had
been reduced to Fe-Al,O3 during the synthesis process utilizing the byproducts of LPG
breakdown, according to the CNTs” growth mechanism, and a tip-growing process was
proposed. The resulting CNTs were employed to adsorb the copper from liquids after being
surface-modified with potassium permanganate in the acid medium. The adsorption data
were evaluated using the Freundlich and Langmuir isotherm models, and the maximum
adsorption capacity of Cu(ll) was 163.7 mg g~! [116]. First principles nonequilibrium
quantum chemical molecular dynamics simulations of the breakdown of ferrocene (Fc)
during floating catalyst CVD (FCCVD) were described by Mclean et al. in 2021 [117].
The key growth agents for the nucleation of carbon chains from Fc-derived species like
cyclopentadienyl rings are produced when these species are dissociated into C,Hy radicals
and C atoms, according to their analysis of the effects of additional growth precursors
like ethylene, methane, CO, and CO, on the Fc decomposition method. Without the need
for an extra growth precursor, Fc degrades due to the spontaneous cleavage of the Fe-C
and C-H bonds, allowing for the clustering of Fe atoms to create the floating catalysts.
They described the two competing chemical routes that were present during the earliest
stages of FCCVD—the growth of Fe NPs catalysts and the growth of carbonic chains—on
the basis of these simulations. The latter can be facilitated in the presence of additional
growth precursors, with the type of precursor dictating how these conflicting pathways
are balanced. The latest CVD development of SWNTs from plastic polymers, such as
low-density polyethylene (LDPE) and polypropylene (PP), was presented by Zhao et al.
in 2022 [118]. Successfully developed cobalt catalysts supported by porous magnesia
(Co-MgO), the porosity of which restricts the mobility of reduced Co NPs and facilitates
the nucleation of small diameter SWNTs, was credited with the successful synthesis of
SWNTs from the polymers. The method was also expanded to catalyze the creation of
SWNTs from waste plastics such as food packaging film and melt-blown mask filters. This
proof-of-concept development shows the potential of using plastic pollution as a feedstock
to create valuable carbon nanomaterials.

5.4. Plasma Torch

A thermal plasma technique can also be used to create SWCNTs [119]. More CNTs
can be continuously created using the plasma torch process. Since 2001, a number of
academic institutions have studied how to make CNTs in plasma jet reactors using this
method [120]. The procedure is inexpensive and ongoing. The atmospheric pressure
plasma in a microwave’s plasma torch, which takes the shape of an intense “flame”, at-
omizes a gaseous combination of ethylene and argon. SWNT, metallic, and carbon NPs,
as well as amorphous carbon, are all present in the flame’s emissions. Using an induction
thermal plasma technique with a plasma torch is another way to make SWCNTs. SWCNTs
with various diameter distributions can be created. With this process, it is possible to
manufacture two grammes of nanotube material each minute, which is more than with arc
discharge or laser ablation [121]. An electron-rich poly(fluorene-co-carbazole) derivative is
used to extract semiconducting species from the initial HiPCO or plasma-torch nanotube
starting material, and then an electron-poor methylated poly(fluorene-co-pyridine) poly-
mer is used to isolate the metallic species that are still present in the residue. Bodnaryk
et al. reported this two-polymer system in 2018 [122]. The metallic species in the sample
were two times more enriched using this process than they were from the raw starting
material. These findings suggest that an efficient method for enriching metallic species is
the use of polymers with low electron density. Assa et al. combined regioregular poly(3-
hexylthiophene) (P3HT), 1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61 (PCBM), and
torch-plasma-grown SWCNTs as a hybrid photoactive layer for bulk heterojunction solar
cell devices in 2019 [123]. Investigators showed that even when sputtering is done using a
Cs* 2000 eV ion source, chemical information can be properly acquired by time-of-flight
secondary ion mass spectrometry throughout the hybrid organic photoactive solar cell
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layers. The highest results were attained with 0.5 wt% SWCNT loads, resulting in a power
conversion efficiency of 3.54% and an open-circuit voltage (VOC) of 660 mV. To better un-
derstand the charge-transfer mechanisms occurring at the PAHT:PCBM:SWCNT interfaces,
Jsc was measured with respect to light intensity and exhibited a linear dependency (in
the double logarithmic scale). This suggests that monomolecular recombination is more
likely to be responsible for charge carrier losses at this optimal SWCNT concentration of
0.5 wt%. Finally, they reported that hybrid devices are able to significantly increase the
exciton dissociation efficiency thanks to the fullerene’s electron-accepting nature and the
SWCNT’s fast electron transit feature. In 2021, Gotthardt et al. demonstrated that 1,2,4,5-
tetrakis(tetram-ethylguanidino)benzene (TTMGB), a guanidino-functionalized aromatic
compound, is a successful n-dopant for field-effect transistors (FETs) with gold contacts
and networks of semiconducting SWCNTs with small diameters and large band gaps [124].
After TTMGB treatment, the work functions of gold, palladium, and platinum were found
to have decreased by about 1 eV, according to Kelvin probe measurements. In turn, gated
four-point probe measurements revealed orders of magnitude lower contact resistances
for electron injection into SWCNT networks. TTMGB treatment did not affect the electron
transport or maximum mobilities in SWCNT networks at high carrier densities, according
to measurement techniques that were temperature- and carrier concentration-dependent,
but it significantly increased the subthreshold slope of nanotube FETs by removing shallow
electron trap states.

6. Uses of CNT as a Catalyst

A variety of carbon bonds work to construct a new different structure of unique
features. A layered structure with a weak out-of-plane van der Waals bond can be built by
sp? hybridized carbon. The strong in-plane bonds play a major role in this purpose. A few
to a few tens of concentric cylinders with regular periodic interlayer spacing locate around
ordinary central hollow and made MWCNTs. The real-space analysis of multiwall nanotube
images has shown a range of interlayer spacing (0.34 to 0.39 nm) [125]. It was discovered
that CNTs had superior thermal transfer properties. For instance, it was discovered that
CNTs had extraordinarily high axial thermal conductivities, around 2000 W/mK or more
than 3000 W/mK for MWCNTs, and much higher for SWCNTs [126], and it was found that
CNT-in-polymer and CNT-in-oil suspensions had massively enhanced thermal conductivity.
Even the short CNTs agglomeration, randomly entangled with one another, have been
employed in earlier studies [127]. Then, on ceramic spheres, large-scale CNT arrays with
millimeter vertical alignment have been constructed [128]. High-speed shearing can easily
spread them into fluffy CNTs. CNTs also demonstrated incredible catalytic uses [129]. Long
CNTs (over 500 m) intercrossed Cu/Zn/Al/Zr catalyst (CD703) were produced in 2010
by dispersing CNT arrays of vertical alignment in Na,COj3 fluid and co-precipitating with
metal nitrite. When comparing Cu/Zn/Al/Zr catalytic compound without CNTs, the space
time yield (STY) of methanol on CD703 rose by 7 and 8%, respectively, to 0.94 and 0.28
g/ (gcat h) for CO and CO, hydrogenation. Additionally, dimethyl ether (DME) has been
formed by one step CO and CO, hydrogenation with a STY of 0.90 and 0.077 g/(gcat h) at
270 °C when paired with y-Al,O3 catalyst and HZSM-5. A CD703 catalyst exhibited great
action with production of methanol as a result of phase separation, ions dopant, valence
compensating, hydrogen reversibly adsorbent and storage on CNTs promoting hydrogen
spillover. Since CNTs have higher thermal conductivity, CD703 has better stability. It was
thus revealed that using Cu/Zn/Al/Zr catalytic compounds for the synthesis of methanol
and DME from CO/CO; hydrogenation was well-promoted by long CNTs [130]. Typically,
bulk linked CNT constructions are used in the aerospace, automotive, robust electronics,
and biomedical industries and have interesting properties [131]. It is still difficult to join
CNTs at interconnects to form effective 3D constructions with a desired strength [132].
Spark plasma sintering (SPS) has been used under a range of pressure and temperature
settings to synthesize bulk CNT linked structures. The interconnected 3D structures and
the impact of processing conditions on structural damage to CNTs were examined with
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considerable detail using spectroscopic and microscopic techniques. Double-walled CNTs
(DWCNTs) were produced in bulk by Guiderdoni et al., adopting SPS at 1100 °C and 100
MPa pressure [133]. According to reporting requirements, DWCNTs remained intact under
those conditions. Extensive molecular dynamic simulations have been used to better study
welding of CNTs that resulted in interconnected constructions. The Ozden team previously
investigated how density and CNT structure are affected mechanically, electrically, and
in terms of hydrophilicity (Figure 13) [134]. Al-Hakami et al. in 2013 investigated an
approach to remove Escherichia coli (E. coli) bacteria from water using both naturally
occurring CNTs and modified / functionalized CNTs containing 1-octadecanol groups (C18).
As per their findings, E. coli was removed by CNT alone by 3-5%; however when paired
with microwave radiation, unmodified CNT was able to remove up to 98% of bacteria.
When CNT-C18 was employed in similar conditions, the bacteria had been removed by
100% [135]. Most textile wastewater is harmful and non-biodegradable. Semiconductor
catalysts can be utilized to treat the environmental contamination. TiO; is a significant
photocatalyst; unfortunately, TiO, has a limited spectrum of light sensitivity and poor
efficiency. However, TiO, and CNT together can boost photocatalytic activity [136]. Using
MWCNT and Ti as source materials, Ming-liang et al. synthesized a CNT-TiO, composite in
2009 to accelerate the photocatalytic oxidation of water contaminants [137]. The composite’s
photoactivity was assessed through the conversion of methylene blue in liquid phase under
UV radiation. Researchers came to the conclusion that the CNT-TiO, composite’s ability to
remove methylene blue is facilitating the transfer of electrons between MWCNT and TiO,,
as well as MWCNT adsorption and TiO, photodegradation.

a Initial heated
/ region

thermostat

Figure 13. (a) Two CNTs are first arranged with their axes aligned at 180°. The atoms in red are heated
from outside and are located at the contact tips of both tubes. (b—e). The tubes’ final configuration
following heating with heat fluxes of 1.0, 4.1, 4.3, and 5.4 kcal mol 1 fs—1, respectively. Reprinted
with permission from Ref. [134]. Copyright © 2016, John Wiley and Sons.

In 2016, Jauris et al. reported a relationship between SWCNTs and two artificial dyes
(methylene blue and acridine orange) [138]. Because of 7t-7t interactions’ prevalence between
each dye and the nanotubes, the researchers reached a conclusion that long-term config-
uration stability was where the dye is generally plano-parallel to the nanotube. SWCNT
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is a prospective adsorbent for dye degradation and could be employed commercially for
treating wastewater. By increasing the nanotube’s radius, the dye-nanotube binding energy
increases. In order to prepare Au-TiO,@CNT composite photocatalysts for photocatalytic
gaseous styrene removal, Zhang W. et al. used a simple micro/nano-bubble approach [139].
High ternary-structure stability can be formed by reacting Au, and TiO, NPs coated onto
CNTs can be efficiently facilitated by the micro/nano-bubbles. The response surface central
composite design approach has been applied to examine Au-TiO,@CNTs’ photoactivity.
Rapid development of a compact structure increased the photocatalytic degradation and
mineralization of styrene over Au-TiO,@CNTs dramatically as the reaction temperature
increased. The increased photocatalytic mechanism of Au-TiO,@CNTs was further dis-
closed through the examination of EPR, UV-vis DRS, electrochemical characteristics, and
TPD-O5,. The further identification of free radicals revealed that oxidative radicals like
hydroxyls and superoxides were closely related to the photocatalytic degradation and
mineralization of styrene, which was primarily because of CNT and Au NP synergistic
influence for increased activity through the photocatalysis process.

7. CO; Hydrogenation into Hydrocarbons and Oxygenated Hydrocarbons

Under certain conditions, it is thought that CO; catalytic hydrogenation with renew-
able hydrogen is an appropriate method for the chemical recycling of this hazardous and
chemical resistance molecule into energy-carrying agents and chemical compounds. With a
precise hydrogenation product, CO, can be hydrogenated into C; compounds like methane
and methanol. It is more difficult to produce high (Cy,) hydrocarbons and oxygenates on
a selective basis. Due to its higher volumetric energy density within a specific volume
and compatibility with the current fuel infrastructure than C; compounds, such produced
materials are desirable as entry platform chemicals and energy vectors [140]. The main chal-
lenge is integrating catalytic functions as effectively as possible for both the reductive and
chain-growth stages [141]. The transformation of renewable energy also makes use of CO,
as an energy carrier. Because renewable energy sources are intermittent by nature, there is
presently a need for scalable storage [142]. Consequently, a much more practical and easier
method for storing significant volumes of intermittent energy generated from renewable
sources for longer durations is the generation of synthetic natural gas or liquid fuels. The
power to gas (PtG) concept has received considerable attention, as seen in Figure 14 [143].
An alternate source of natural gas is produced when CO; combines with Hy, which is cre-
ated by water electrolysis using renewable wind or solar energy. In Copenhagen, especially
in 2016, a commercial-scale PtG project with 1.0 MW of capacity had been operating and
successfully exploiting the transition to a sustainable energy system [144]. In the period
2003-2009, with capacities ranging from 25-6300 kW, there were five initiatives in Germany
utilizing CO, methanation at pilot-plant or commercial scale [145]. The French chemist Paul
Sabatier published his first study on CO, methanation in 1902 [146]. This age-old craft has
gained fresh traction as a result of the growing need to combat global climate change and
store excess renewable energy. The Sabatier reaction is an excellent method for converting
CO; into chemical feedstocks and fuels, storing renewable energy sources like wind and
solar energy, and efficiently converting biogas to biomethane [147]. CO, methanation is an
endothermic reaction with higher equilibrium conversion between 25 and 400 °C [148]. By
using the right catalysts, CO, methanation can achieve 99% CHy selectivity, avoid further
product separation, and get around the challenges of dispersed product distribution. As a
result, such a thermodynamic characteristic increases the importance of CO, methanation
in terms of energy effectiveness and commercial viability.
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Figure 14. Chemical compounds and fuels produced sustainably using CO,. At various temperatures,
the equilibrium conversion of CO, to methane is plotted from the previous literature data.

In order to synthesize C,, hydrocarbons, Fujiwara et al. (2015) investigated CO;
hydrogenation over composite catalytic compounds made of Cu-Zn-Al oxide catalyst
and HB zeolite via combining the production of methanol over Cu-Zn-Al oxide and the
simultaneous conversion of methanol over HB zeolite [149]. The yield of Cy, hydrocarbons
was low (0.5 C-mol%) and lower than that of oxygenated compounds when a non-modified
zeolite was employed for the composite catalyst (methanol and dimethyl ether). For
the conversion of dimethyl ether to C,; hydrocarbons, the strong acid sites of zeolite
were severely inactivated. The catalytic activity of the associated composite catalysts was
significantly enhanced by the use of zeolites treated with 1,4-bis(hydroxydimethylsilyl)
benzene to create Cy, hydrocarbons in yields of more than 7C-mol%. Under a pressure of
0.98 MPa, the best C,, hydrocarbon production selectivity was approximately 12.6 C-mol%.
Hydrophobic zeolites with water contact angles more than 130° were created by the disilane
modifications. The disilane molecule was converted into a few condensed aromatics during
CO;, hydrogenation at 300 °C, although the hydrophobicity was maintained even after the
reaction. The hydrophobic surface of the HB zeolite inhibits the deactivation of the strong
acid sites, increasing catalytic activity. Even under low pressure situations, this enhanced
composite catalyst will support the synthesis of C,, hydrocarbons from CO,.

In 2017, Zhang et al. suggested a procedure to create ethanol from paraformaldehyde,
CO,, and H; [150]. Under benign conditions, a ruthenium-cobalt (Ru-Co) bimetallic
catalyst using Lil as the promoter in 1,3-dimethyl-2-imidazolidinone (DMI) may effectively
speed up the process. Overall products had a selectivity of 50.9 C-mol% for ethanol, which
was obviously higher than that of the disclosed methods. Additionally, the TOF for ethanol
based on Ru metal reached a maximum of 17.9 h~! as seen in Figure 15.
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Figure 15. Synergy between the processes used to fabricate ethanol from paraformaldehyde, CO,,
and Hj. The active species of Ru and Co are represented, respectively, by Ru* and Co*. Reprinted
with permission from Ref. [150]. Copyright © 2017, Royal Society of Chemistry.

Significant information about the involvement of oxygen in the electrochemical re-
duction of CO, on Cu electrodes was presented in 2017 by Le Duff and colleagues. They
also regulated the surface structure and composition of Cu single crystal electrodes over
time [151]. Since the pulse sequence may be controlled to ensure consistent beginning
conditions for the reaction at every fraction of time and at a certain frequency, this was ac-
complished using pulsed voltammetry. Compared to the selective CO, reduction achieved
using cyclic voltammetry [152], and chronoamperometric techniques [153], under alter-
nating voltage, a wide range of oxygenated hydrocarbons was discovered. The cover-
age of oxygen species, which is reliant on surface structure and potential, was linked to
product selectivity towards the synthesis of oxygenated hydrocarbon. A nanowire-like
WSe;-graphene catalyst was created by Ali and Oh in 2017 and examined for its ability to
photocatalytically convert CO, into CH30H when exposed to UV-visible light. XRD, SEM,
TEM, Raman, and XPS were used to further characterize the produced nanocomposite.
Using gas chromatography (GCMS-QP2010SE), the photocurrent analysis was further
evaluated for its photocatalytic reduction of CO,. The sacrificial agent (NayS-NaySO3) was
added to WSe,-graphene nanocomposite to further increase the photocatalytic effectiveness,
and it was discovered that this improved the photocatalytic efficiency, with the methanol
output reaching 5.0278 mol g~! h~! [154]. In a different study, Biswas et al. (2018) reported
using ultrasonic techniques to create a WSe,-Graphene-TiO; ternary nanocomposite [155].
According to estimates, the WSe,-Graphene-TiO, band-gap is 1.62 eV, which is adequate
for the photocatalytic degradation when exposed to UV-visible light. For the conversion
of CO, to CH30H, the photocatalytic capability of nanocomposites was examined. After
48 h, WSe,-G-TiO, with an optimal graphene loading of 8 wt% shown high photoactivity,
yielding a total CH;OH yield of 6.3262 mol g~! h~1. The gradual synergistic relationship
between the WSe,-TiO; and graphene components in the heterogeneous system is what
causes this exceptional photoreduction activity. Ethylene could be produced from CO,
electroreduction; however, present systems are constrained by low conversion efficiency,
slow production rates, and unstable catalysts. In contrast to a reversible hydrogen electrode
(RHE), Dinh et al. (2018) found that a copper electrocatalyst at an abrupt reaction interface
in an alkaline electrolyte converts CO; to ethylene with a 70% faradaic efficiency (FE) at
a potential of —0.55 volts [156]. The activation energy barriers for CO, reduction and
carbon monoxide (CO)-CO coupling are lowered by hydroxyl ions on or near the copper
surface, and as a result, ethylene evolution begins at —0.165 volts versus an RHE in 10
molar potassium hydroxide virtually concurrently with CO generation. By sandwiching
the reaction interface between different hydrophobic and conductive supports, a polymer-
based gas diffusion layer was introduced to increase operational stability while maintaining
continuous ethylene selectivity over the first 150 operating hours. In 2019, Ma and Porosoff
proposed reaction mechanisms by combining in situ characterization techniques with DFT
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calculations, identifying structure—property relationships for the zeolite support, strategiz-
ing methods to increase catalyst lifetime, and developing advanced synthesis techniques
for depositing a metal-based active phase within a zeolite for highly active, selective, and
stable tandem catalysts [157]. The critical research topics of reaction mechanism elucidation
by combining in situ characterization methods with density functional theory calculations,
identifying structure—property relationships for the zeolite support, developing advanced
synthesis techniques for depositing a metal-based active phase within a zeolite for highly
active, selective, and stable tandem cations, and strategizing methods to extend catalyst
lifetime, are suggested as future research directions. An appealing method for storing
such a renewable energy source in the form of chemical energy is the conversion of CO,
into hydrocarbons using solar energy. A system that couples a photovoltaic (PV) cell to
an electrochemical cell (EC) for CO; reduction can do this. Such a system should have
minimum energy losses related to the catalysts at the anode and cathode, as well as the
electrolyzer device, in order to be advantageous and usable. It should also use inexpensive
and easily processed solar cells. All of these factors were taken into account by Huan et al.
in 2019 when setting up a reference PV-EC system for CO; reduction to hydrocarbons [158].
Combined with a fairly priced, state-of-the-art perovskite photovoltaic minimodule, this
system sets a standard for a low-cost, all-earth-abundant PV-EC system with a solar-to-
hydrocarbon efficiency of 2.3%. In 2019, Wu et al. demonstrated cobalt phthalocyanine
(CoPc) catalysis for the six-electron reduction of CO, to methanol with considerable activity
and selectivity when immobilized on CNTs [159]. They discovered that the conversion
produces methanol with FE > 40% and a partial current density exceeding 10 mm/cm? at
—0.94 volts with respect to the reversible hydrogen electrode in a near-neutral electrolyte.
CO serves as an intermediary in a special domino mechanism that moves the conversion
along. By adding amino substituents that donate electrons to the phthalocyanine ring, it
is possible to prevent the harmful reduction of the phthalocyanine ligand from having
a negative effect on the catalytic activity. With significant activity, selectivity, and stable
performance for at least 12 h, the enhanced molecule-based electrocatalyst converts CO,
to methanol.

A novel multifunctional catalyst made of Fe,O3 encapsulated in K,CO3 was intro-
duced by Ramirez et al. in 2019 and has the ability to use a tandem process to convert
CO; into olefins [160]. The authors established that, unlike the conventional systems in FT
processes, very large K loadings are essential to activate CO, via the well-known “potas-
sium carbonate mechanism.” While utilizing CO; as a feedstock, the suggested catalytic
process proved to be just as productive as currently used commercial synthesis gas-based
techniques. By employing Cu-doped MgAl,O,4 (Mg _xCuxAl,O4) and a straightforward
deposition-reduction process, Tada et al. in 2020 investigated the synthesis of Cu NPs.
The following three Cu?t species were present in Mgj_,CuxAl,O4 [161]: short O-Cu oc-
tahedrally coordinated [CuOg]s, elongated O-Cu octahedrally coordinated [CuOg]e, and
tetrahedrally coordinated [CuOy];. The first two were discovered in Mg;_CuyxAl,O4 of the
inverse-spinel type, and the third was discovered in Mg;_,CuxAl,Oy4 of the normal-spinel
type. In addition, they made it clear that their percentage is related to Cu loading by
concentrating on the variation in the reducibility of the Cu®* species. Mg; _,CuxAl,Oy
predominantly comprised the [CuOg]s species at low Cu loading (x < 0.3). In contrast,
the fraction of the [CuOg]e; and [CuOy4]; species rose with high Cu loading (x > 0.3). No-
tably, the Hp-reduced Mg sCug,Al,O4 (x = 0.2) catalyst showed the best photocatalytic
activity among the synthesized catalysts because it had the most exposed metallic Cu sites.
Therefore, the formation of metallic Cu NPs on metal oxides depends on the H; reduction
of [CuOg]s.

In 2021, Tada et al., suggested bifunctional tandem ZnZrOy catalysts for the hy-
drogenation of CO, to methanol along with a number of solid acid catalysts (for subse-
quent methanol conversion to light olefins) [162]. Researchers used zeolites and silicoalu-
minophosphates with a variety of topologies, including MOR, FER, MFI, BEA, CHA, and
ERI, as solid acid catalysts. A study using ammonia adsorption revealed that they likewise
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displayed the equivalent acid characteristics. Lower olefins were being synthesized in one
step using the tandem catalysts, whereas with ZnZrOy alone, no hydrocarbons could be
produced. There appears to be no relationship between product yields and acid strength,
at least according to the reaction test and ammonia adsorption. The product selectivity is
influenced by the pore sizes and the channel dimensionality of the zeolites; zeolites with
small pores, like MOR, SAPO-34, and ERI, are promising, whereas zeolites with bigger
pores, like MFI, generate heavier hydrocarbons. The outcomes offer fresh perspective on
the creation of creative catalysts for CO, usage. A low-temperature atmospheric surface di-
electric barrier discharge reactor that converts biogas into liquid chemicals was introduced
by Rahmani et al. in 2021 [163]. The effect of steam on the conversion of methane and CO,
was investigated, as well as the distribution of products in relation to a given energy input
based on the operational circumstances. The authors reported conversion rates of 44%
for CHy4 and 22% for CO,. When steam was introduced at the in-feed, the lowest energy
cost of 26 eV /molecule was attained. For liquid hydrocarbons, a selectivity of 3% was
attained. The transformation of biogas (CH4 + CO,) resulted in the production of more
than 12 compounds. At ambient temperature, the most prevalent oxygenated hydrocarbon
liquids were acetone, methanol, ethanol, and isopropanol. Hy, CO, C,Hy4, and C,Hg were
the major gases produced.

In order to explain an alternative approach for the chemical CO; reduction reaction,
Islam et al. in 2021 subjected up to 3% CO;-saturated pure water, NaCl, and artificial
seawater solutions to high-power ultrasound (488 kHz ultrasonic plate transducer) [164].
The converted CO, products under ultrasonic settings were discovered to be mostly CHy,
C,Hy, and CyHg, as well as a significant amount of CO that was later converted into CHy.
The analysis revealed that adding molecular H; to the CO, conversion process is essential,
and that raising the hydrogen concentration boosted hydrocarbon yields. However, it was
found that the overall conversion decreased at higher hydrogen concentrations because
hydrogen, a diatomic gas, is known to reduce cavitation activity in liquids. Additionally, it
was discovered that the maximum hydrocarbon yields (nearly 5%) were achieved with 1.0
M NaCl solutions saturated with 2% CO, + 98% Hj, and that increasing salt concentrations
further decreased the yield of hydrocarbons due to the combined physical and chemical
effects of ultrasound. By diluting the flue gas with hydrogen, it was demonstrated that the
CO; present in a synthetic industrial flue gas (86.74% Np, 13.5% COy, 0.2% O,, and 600 ppm
of CO) could be transformed into hydrocarbons. Additionally, it has been demonstrated
that the conversion process can be carried out in ambient circumstances, i.e., at room
temperature and pressure, without the use of catalysts, when low-frequency, high-power
ultrasound is used. Tian et al. in 2022 newly manufactured In,Os, MnO-In,03, and MgO-
In, O3 catalysts using the co-precipitation method, and they looked into the hydrogenation
of CO; to methanol [165]. The ability of InpOj3 to absorb CO, was significantly improved
by the addition of Mn and Mg oxides. The CO; adsorption capacity and the changing trend
of methanol selectivity were consistent. As opposed to In,O3, the methanol selectivity of
MnO-In;O3 and MgO-In,O3 catalysts is higher. ODP, or oxidative dehydrogenation of
propane with COy, is a promising solution for efficient CO, usage. In a new study published
in 2022, Chernyak et al. included various C-materials for the first time as supports for
Cr-based catalysts of CO;-assisted ODP [166]. A commercially available activated carbon
was evaluated alongside CNTs, jellyfish-like graphene nanoflakes, and their oxidized and
N-doped derivatives. The oxidized CNT- and pure GNF-supported catalysts showed the
highest activity and a propylene yield of up to 25%. Raman spectroscopy was used to
confirm that these two catalysts were stable throughout tests against disintegration and
particle sintering. The oxidized CNT- and pristine graphene nanoflakes-supported catalysts’
high activity and durability were explained by their macro- and mesoporosity, which
improve reagent and product diffusion, as well as by the highest surface graphitization
degree, which was validated by XPS. These catalysts performed significantly better than
the catalyst supported by activated carbon. As a result, CNTs and graphene nanoflakes are
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suitable supports for CO,-ODP catalytic compounds. Several main catalysts used in the
hydrogenation of CO; to hydrocarbon were summarized in Table 1.

Table 1. Some of the main catalysts used in the hydrogenation of CO, to hydrocarbon products.

Preparation

Catalysts Metal/Metal-free Method Process Type Conversion Selectivity
The production of
Cu-Zn-Al oxide Co-precipitation Cy, hydrocarbons o o
and HB zeolite Metal method by CO, 2.8% 12.6 C-mol%
hydrogenation.
The production of
ethanol from o
Ru-Co Metal - paraformaldehyde, - 50.9 C-mol%
CO,, and H,
.. Photocatalytic 1
WSe;,-graphene Metal Ultr?;i?}r:locc?tlon reduction of CO, 5'0278}1%?01 & -
into CH3;0OH :
WSe;-graphene- Hvbrid Ultra-sonication CO; reduction to 6.3262 pumol g~ )
TiO, y method CH;0H h-1
hydroxide- Hydroxide- .
mediated Metal mediated abrupt CO; conversion to 70% 65%
o ethylene
Cu reaction interface
CoPc/CNT Hybrid €O, reduction to Dispersion process 40% -
methanol
CO; conversion to .. o o
Fe, O3@K,COs3 Metal Mortar mixing 40% 60%

olefins

Although the technique of hydrogenating carbon dioxide to produce methanol is
inexpensive and environmentally benign, nevertheless, because of the increased stability
and inertness of CO,, this reaction is thermodynamically constrained. The reaction below
reveals the process of methanol production.

CO, + 3H, < CH30H + H,O, AHys oc = —49.5 kJ-mol !

The reaction is thermodynamically advantageous at low temperatures and high pres-
sure, according to the Le Chatelier’s principle. The enhanced thermal stability and chemical
inertness of CO, means that this method of methanol synthesis requires a high tempera-
ture to proceed. Indeed, at elevated reaction temperatures (for example, higher than 240
°C), CO; activation and subsequent methanol production are facilitated. However, the
higher temperature procedure strongly conflicts with the reaction’s thermodynamics. Fur-
thermore, when the reaction is conducted at a higher temperature, undesired byproducts
including higher alcohols and hydrocarbons are formed. Similar to this, because the CO,
hydrogenation process produces methanol, which is a molecular reducing reaction, it is
thermodynamically more advantageous at high pressure. By employing various catalysts,
various reaction pressure sizes have been suggested for the best CO, conversion [140].

8. Mechanism of Conversion

Alternative catalytic routes for CO, fixing into chemicals have the disadvantage of not
being connected to the well-established array of technologies for the conversion of syngas
mixtures (CO + Hj) into synthetic liquid fuels and platform chemicals. Hydrogenation
routes, on the other hand, have the advantage of being connected to these technologies
and could, therefore, first achieve an on-purpose CO,-recycling industrial application.
CO; hydrogenation is being used to create a variety of different chemicals [141]. CH4 and
CH30H, which seem to be important examples of compounds that could be produced by
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established or industrial-scale technologies like the methanation and methanol synthesis
processes, have received the majority of research attention. Another C; product that has
already received attention is the derivative dimethyl ether, which would also be formally
a C; product. Nevertheless, due to a number of factors, high (C,,) hydrocarbons and
alcohols, whose production is essentially thermochemically more favorable than that
of methanol, may be more desirable products [161]. If somehow the major aim of the
hydrogenation process should be applied to produce energy carriers, then lengthening the
products’ carbon chains will result in ever-higher volumetric energy densities. By directly
injecting short-chain alkanes (C,—C4) into gas distribution networks, it is possible to raise
the calorific value of natural gas or biogas. Furthermore, average volumetric concentration
limits for ethane, propane, and butane in conventional pipeline specifications are around
10, 5, and 2%, respectively [167]. Under ambient conditions, the liquid higher alkanes
(Cs4) [168], are quite desirable as predecessors of, e.g., jet fuels, because they combine
higher energy densities with complete compliance to current liquid-fuel distribution and
end-use infrastructures. Base chemical compounds with a chain length between C; and
C4 and considered light olefins [169], for the creation of polymers, are an illustration.
Regarding oxygenated products, C,, alcohols have higher energy densities than methanol
and are less poisonous and corrosive. As a result, they are better suited for use in existing
internal combustion engines as blending fractions or even as pure fuels. In addition, strong
alcohols like ethanol and butanol are great precursors for short-chain (C;—Cy) olefins [170],
which, when manufactured very selectively through alcohol dehydration under relatively
uncomplicated reaction conditions, can be added to the value chains already in place.
Overviews on the catalytic hydrogenation of CO, have been published in earlier surveys of
the literature [171]. Processes for the manufacturing of C; products, particularly methane
and methanol and its derivatives, have undergone more concentrated changes [172].

Attention should be paid to the opportunities and intrinsic kinetic constraints, some-
times intimately connected to thermodynamic bounds, that exist for certain catalytic sys-
tems and which must be taken into account in the creation of new catalysts and proce-
dures [173].

Due to its capacity to generate clean hydrocarbons like CO, CHy, and C,, products,
carbon dioxide hydrogenation is a potential reaction that is being studied. Through thermal,
photocatalytic, and photothermal catalysis, hydrogenation reactions can move forward.
First, CO, will be hydrogenated in the Reverse Water Gas Shift (RWGS) reaction (Equation
(1)) to yield CO. Then, CHy4 can be created by either directly methanizing CO, through
the Sabatier reaction (Equation (3)) or further hydrogenating CO (Equation (2)). Both
the CO and CO, methanation processes are exothermic and take place at temperatures
between 200 and 500 °C. Other than that, the Fischer—Tropsch process can be used to create
paraffins (alkanes) and olefins (alkenes), which are both significant and pricey chemical
feedstocks. Additionally, because they are volume-reducing reactions, a rise in pressure
favors the production of CO and hydrocarbon products. This is because, in accordance
with Le Chatelier’s principle, the equilibrium will change as pressure rises to favor the side
of the reaction that contains less moles of gas. Most significantly, as the pressure of the
reactor was raised from ambient pressure to 4 bar, the CO, methanation activity over RuF
catalyst was improved. Additionally, it was noted that the reduction in apparent activation
energy caused by the pressure rise helped the methanation reaction progress [174].

CO, + H; <+ CO+H,0 @)
CO+3H, «+ CH4 + H,O 2)

CO, +4H; +» CH4 + 2H,0 3)

(21’1 + 1)H2 4+ nCO — CyHy, + nH,O 4)

2nH; + nCO — C,Hjy, + nH,O (5)
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Examples of Conversion Mechanisms

Liu et al. examined the advancement of CO, direct hydrogenation to value-added com-
pounds such as CO [175], CH3OH [154], CHy4 [176], DME [177], higher hydrocarbons [178],
and olefins [27]. There has also been a summary of heterogeneous catalysis, plasma catalyst
supports, and CO, hydrogenation research activities [179-181]. A method to increase the
oxygen vacancies of nickel-based catalysts for CO, methanation was reported by Zhu et al.
in 2021 [182-184]. At low reaction temperatures (300 °C), a Y,O3-promoted NiO-CeO,
catalyst was developed and found to have a remarkable methanation activity that is up to
three times higher than NiO-CeO, and six times higher than NiO-Y,O3. The addition of
Y,03 to CeO; significantly speeds up the production of surface oxygen vacancies during
the reaction, as researchers showed both theoretically and experimentally. That study also
demonstrated that these regions support CO, dissociation directly, which is kinetically more
advantageous than associative routes. As a result, it significantly increased the activity of
CO; methanation. In the feed stream including methane and traces of H,S, Gac et al. in 2021
discussed CO, methanation over ceria- and alumina-supported nickel catalysts in [185].
With a packed-bed reactor, stability tests conducted for 20 h at 350 and 600 °C revealed
the catalysts” great resistance to sintering processes. At 350 °C, a higher conversion has
been seen for the nickel catalyst assisted by ceria. According to a thermodynamic analysis,
under certain reaction conditions, the CO; present in biogas can be transformed to methane
without carbon production. The decrease in CO, conversion and increase in CHy selectivity
were caused by the addition of CHy4 to the CO,-H, feed stream. When trace amounts of
H,S were added to the feed stream, CO, conversion and CHy selectivity quickly decreased.
Aly,Os-supported catalysts were shown to be more durable (20%) than CeO;-based catalysts.
Heterogeneous nanocatalytic compounds’ atomic usage and activity are typically improved
as their size is decreased in a variety of catalytic reactions. This method has, however, been
less successful for Cu-based electrocatalysts in the reduction of CO, to multi-carbon (Cp,)
products because of the excessively strong intermediate binding to small-sized (15 nm)
Cu NPs. Here, Chang et al. in 2022 effectively added pyrenyl-graphdiyne (Pyr-GDY) to
ultrafine (2 nm) Cu NPs to give them a greatly increased selectivity for CO,-to-Cy, conver-
sion [186]. By adjusting the catalyst d-band center, Pyr-GDY would be aided in reducing
the excessively tight binding between adsorbed H* and CO* intermediates on Cu NPs as
well as maintain the ultrafine Cu NPs due to a higher affinity between alkyne moieties
and Cu NPs. In comparison to support-free Cu NPs of Cy, 20% FE, CNT-supported Cu
NPs of 18% C,4 FE, GO-supported Cu NPs of 8% C,, FE, and other reported ultrafine Cu
NPs, the resultant Pyr-GDY-Cu catalytic composite gave up to 74% FE for C,, products.
Their findings highlight the crucial role graphdiyne plays in the selectivity of Cu-catalyzed
CO; electroreduction and highlight the potential of ultrafine Cu NP catalysts to transform
CO;, into a product with added value (Cp,). Kattel et al. (2016) used DFT calculations
to identify the mechanism of CO, hydrogenation at the metal-oxide contacts [187]. In
experiments on PtCo-TiO, and PtCo-ZrO,, *HCOO and *HOCO were both shown to be
reaction intermediates, but *CH3O was only found on PtCo-ZrO;.

9. Theoretical Studies of CO, Conversion

DFT calculations were performed by Kumari et al. in 2016 to study the mechanisms of
CO, reduction to CO and the hydrogenation of CO, to methanol on both the stoichiometric
and reduced CeO;(110) surfaces [188]. It was found that CO, dissociates to CO through
interaction with the oxygen vacancy on the reduced ceria surface, and the produced CO
can be further hydrogenated to methanol. In 2016, Cheng et al. investigated the conversion
of CO, to methanol on the reduced CeO,(110) surface by performing DFT calculations
corrected by on-site Coulomb interaction (DFT + U) and microkinetic analysis [189]. They
also found that the HCOO route is the dominant pathway for methanol formation on the
reduced CeO,(110). DFT studies show that the energy required to hydrogenate CO to
*CHO on PtCo-TiO; is substantially lower than that required to desorb it. The result was a
selective generation of CO since the chemisorbed CO preferred energetic desorption over
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the subsequent hydrogenation. Mostly on PtCo-ZrO, catalysts, however, CO generation
was hampered, and CHy was produced instead. Chai and Guo demonstrated in 2016
that the interaction of N-doping and curvature can successfully control the activity and
selectivity of graphene-CNT catalysts using both DFT and ab initio molecular dynamic
calculations [190]. For graphitic N-doped graphene edges, as opposed to the un-doped
equivalent, the CO, activation barrier can be adjusted to 0.58 eV. While the (6, 0) CNT with
a high degree of curvature is efficient for both CH3OH and HCHO synthesis, the graphene
catalyst without curvature demonstrated great selectivity for CO-HCOOH generation.
Curvature played a significant role in adjusting the overpotential for a particular product,
e.g., for the synthesis of CO, from 1.5 to 0.02 V, and for CH3OH, from 1.29 to 0.49 V.
Thus, as demonstrated here for CO, reduction, graphene-CNT nanostructures provide
significant scope and flexibility for effective tuning of catalytic efficiency and selectivity.
Green chemistry is a fascinating field that deals with chemicals like ethanol produced from
CO, transformation. Li et al. in 2019 investigated the mechanism of thermal catalytic
hydrogenation of CO; to methanol on reduced CeO,(100) by using DFT calculations [191].
They found that CO, was hydrogenated via the HCOO route rather than the COOH route.
These results then indicate that oxygen vacancies on the reduced CeO; surface are crucial
to the conversion of CO, to CH30OH.

The combined experimental and density functional theory (DFT) study of Liu et al.
in 2020 reported that the morphology control of CeO, nano-catalysts is important for
methanol synthesis [192]. They also proposed that methanol was likely generated via the
so-called formate (HCOO) pathway where the adsorbed CO; is firstly hydrogenated to
the HCOO* species. In 2020, Coufourier et al. created a catalytic system that was both
effective and affordable [193]. The CO; reductions, hydrogenocarbonate, and carbonate
in pure water were described for use in an iron catalyst system that is very effective,
has higher stability, is free of phosphine, and is simple to produce. Carbonic derivative
hydrogenation occurs in good yields with good catalytic performance in just the existence
of the bifunctional cyclopentadienone iron tricarbonyl. For the hydrogenation of CO,,
hydrogenocarbonate, and carbonate into formate in pure water, turnover numbers (TON)
of up to 3343, 4234, and 40, respectively, have been obtained. Cao et al. in 2021 coupled
the DFT calculations with micro-kinetic modeling [194]. The lack of interactions between
adsorbed formate and intermediates, which would understate the rate of CO, pathway
by possessing a too high formate coverage, was shown to be the cause of the discrepancy
between the investigational rate and the earlier simulated predictions in the literature. The
researchers demonstrated that CO, hydrogenation dominates for pure Cu catalysts, which
is consistent with results, when adsorbate-adsorbate interactions, particularly the generated
H bond, were considered. In particular, it has been found that the adsorbed HCOOH?* can
hydrogenate in a new transition state that is already being stable by hydrogen bonds. In
an earlier study in 2022, Rasteiro et al. applied DFT calculations to analyze the impact of
alloy—support synergy on the catalytic performance of NisGas supported by SiO,, CeO5,
and ZrO; [195]. The most promising catalyst, NisGa3-ZrO;, had a reaction mechanism that
the researchers proposed according to DFT results. In 2022, Kovalskii et al. examined Au-h-
BN(O) and Pt-h-BN(O) nanohybrids in CO oxidation and CO, hydrogenation reactions,
and on the basis of DFT calculations, postulated potential catalytic reaction pathways [196].
Oxygen-related chemical reactions were accelerated by a charge density distribution at the
Pt-h-BN interface via increasing oxygen absorption. In order to elucidate the mechanism
underlying the catalysis of selective hydrogenation of CO; to methanol, Wang et al. in 2022
performed extensive DFT calculations corrected by on-site Coulomb interaction (DFT + U)
to investigate the H; dissociation and the reaction between the active H species and CO,
on the pristine and Cu-doped CeO;(111) (denoted as Cu/CeO,(111)) surfaces [197]. Their
calculations evidenced that the heterolytic H, dissociation for hydride generation can more
readily occur on the Cu/CeO;(111) surface than on the pristine CeO;(111) surface. They
also found that the Cu dopant can facilitate the formation of surface oxygen vacancies,
further promoting the generation of hydride species. Moreover, the adsorption of CO,
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and the hydrogenation of CO, to HCOO* can be greatly promoted on the Cu/CeO,(111)
surface with hydride species, which can lead to high activity and selectivity toward CO,
hydrogenation into methanol.

10. Preparation and Approximate Cost of CNTs

Table 2 describes the numerous purification steps and the mass variations during each
purification stage. Based on this, each step in the purification table is clearly intended to
remove some contaminants in order to produce pure CNTs [198]. The definition of “yield”
varies considerably from author to author; some claim that yield is based on removing only
metallic particles, while others claim that it is based on removing everything extraneous
other than the CNTs. The second reason is thought to constitute the foundation for the
yield in the current experiment. As a result, although having what seem to be lower
yields, the current technique of synthesis has a more cost-effective yield because it is less
expensive [199].

Table 2. Purification stages and each stage’s effective mass variation.

Method Set up Purity Cost in USD
TIG power source, inert
Conventional arc discharge in atmosphere, metal cabinet
& with water cooling system, 8095 wt% 15 USD/gm
vacuum
automated process, and
chemical purification
Chemical vapor deposition Furnace, inert atmosphere, o
(CVD) metal catalyst 95% 40 USD/gm
Due to the high capital cost of
Laser source, furnace, inert the laser and the lower
Laser ablation atmosphere, metal 20-80 wt% quantity of CNT after final
catalyst—graphite composite purification, this method is
not commercially viable.
It requires a complicated set
Floating catalyst method Tubular reactor, quartz tube, 70-90 wi% up. The cost of aromatic

thermocouples, inert gas hydrocarbons is very high

(Benzene: 44 USD/10 g).

Cyclic oxidation

Even though the source
materials are cheap,
pre-treatment and heating
takes longer duration in a
high pressure vacuum
chamber. Yield details are not
available.

Plant materials, ceramic

N t i
reactor (0] repor S ONn purlty

EDM process

It requires costly equipment
such as plasma-sputtering
unit and microelectric
discharge unit. Yield details
are not mentioned.

Plasma sputtering unit,
microelectric discharge
apparatus, metal catalyst

No reports on purity

Combustion process

This method is simple but the
yield seems to be much less
compared to other methods

(in mg).

Bunsen burner, liquefied

" .
butane, metal catalyst No reports on purity

Simplified arc discharge in air

Manual metal arc welding
machine and chemical
purification

75-80 wt% 3USD/gm
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11. CNTs as Catalysts

For catalytic reactions, carbon nanostructures offer a catalytic support framework that
demonstrates good adhesion, metal particle stability at high temperatures, and relative
chemical inertness [129]. In the past, FT catalysis has been carried out using carbon-
based catalysts, including carbon nanotubes. C;, hydrocarbons can now be formed with
good selectivity using carbon-based catalysts [149]. Due to the well-stressed and superior
graphical nature of the curved support, metal particles placed on carbon nanotubes behave
differently from those deposited on flat non-carbon nanosupports. It has been demonstrated
that hydrogen spillage from conductive nanoparticles on stents is superior to that from
non-conductive analogues. Where there is a physical route for hydrogen to get from the
NP to the support surface, bridging happens [189]. As the hydrogen travels to the surface
supporting the nanotube, it interacts with the nanoparticles and needs to be stabilized. In
the absence of a physical bridge, hydrogen species created by the nanoparticles cannot
be transferred to the support surface. The intrinsic capacity of the substrates to support
hydrogen species is ruled out in the event of poor transport from the nanoparticles to
the surface. Less hydrogen on the nanotube’s surface results from decreased hydrogen
leakage, which hinders the catalyst’s capacity to reduce carbon dioxide or carbon dioxide
throughout the reaction [200].

With many more potential uses in the future, CNTs have already found commercial
success in the domains of energy storage (such as consumer lithium-ion batteries), coatings
and films (such as fouling-resistant paints for ship hulls), and composite materials (such as
enhanced wind turbine blades). They are also desired as support materials for catalytic
transition metal nanoparticles in the field of chemical catalysis. The high surface area,
tunable structure (e.g., diameter, porosity, and surface composition), and excellent chemical
and thermal stability of CNTs have all been recognized to make them particularly desirable
as catalyst supports. Their surface area, which ranges from 400 to 900 and 200 to 400 m?
g~ ! for SWCNTs and MWCNTS, respectively, is desirable because it enables the deposition
and dispersion of catalytic metal nanoparticles with a high surface area-to-volume ratio.
An sp? hybridized network of carbon atoms that forms a tube with a nanometer-scale
diameter and often a high aspect ratio is known as a CNT. Due to their many attractive
characteristics, CNTs have attracted considerable research attention for uses in everything
from construction to electronics, catalysis, and beyond [201].

12. Conclusions

CO; is a significant greenhouse gas that, due to its growing atmospheric concentra-
tions, is thought to be the primary cause of both global warming and climate change.
As a result, global attention has shifted to CO, concentration reduction. The chemical
transformation of CO, produces carbon compounds that can be used as precursors for
the production of chemicals and fuels. The conversion of CO, into fuels and chemicals
presents options for reducing the rising CO, buildup because CO, is both a renewable
and ecofriendly source of carbon and it can be used as a C; building block for valuable
chemicals. Studies have shown that increased concentrations of carbon dioxide increase
photosynthesis, spurring plant growth. While rising carbon dioxide concentrations in the
air can be beneficial for plants, they are also the chief culprit in climate change. There are
only three sources of renewable carbon: renewable carbon from the recycling of already
existing plastics (mechanical and chemical recycling), renewable carbon obtained from all
types of biomass, and renewable carbon from direct CO, utilization of fossil point sources
(while they still exist), as well as from permanently biogenous point sources and direct air
capture. All three sources are essential for a complete transition to renewable carbon, and
all of them, in equal shares, should be used by industry, supported by politicians, and ac-
cepted by the population. In a sustainable chemical industry, bulk chemicals will primarily
rely on chemical CO, utilization through methane, methanol, and naphtha, while specialty
chemicals and complex molecules will more likely be produced from biomass (and CO,
fermentation). At the same time, mechanical and chemical recycling will reduce the overall
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need for additional renewable carbon. Whereas traditional recycling re-uses products and
materials, the use of biomass and direct CO, utilization is tantamount to a recycling process,
which also constitutes part of an extended circular economy. The hydrogenation of CO,
is a practical and efficient procedure in this respect, as has already been mentioned in the
review. One of the main issues in developing an exergonic CO, conversion reaction is
thermodynamically unfavorable CO, thermochemical properties. This gas is in the highest
oxidation state of carbon, which results in its relatively low standard enthalpy of formation.
That is the reason for this molecule being one of the main products of combustion reactions.
Different technical directions and targeted research methods on the logical design of cata-
lysts, reactor optimization, and investigation of reaction mechanisms have been proposed
to overcome the limits on conversion and selectivity. In fact, oxides have been found to be
able to overcome the limits on CO, conversion into oxygenated hydrocarbons by means of
the supported metallic catalysts at moderate temperatures and pressures. Furthermore, the
preparation of bifunctional catalysts combining metal oxides and zeolites has demonstrated
an effective way to control the product selectivity for the conversion. Graphene and CNT
have been extensively studied by academics over the past 15 years as 3D nanostructured
materials for catalytic applications because of their impressive chemical and physical prop-
erties. There have been numerous reviews of the heterogeneous catalytic hydrogenation of
CO; that can be categorized by the methods used, such as thermal, electrochemical, and
photochemical hydrogenation, as well as by the homogeneous and heterogeneous catalysts
used, or by the resulting product distributions or catalysts used. Despite the difficulties, the
transformation of CO; to value-added chemicals still receives great attention worldwide
because of its significance for providing sustainable alternatives to solve urgent issues
such as those of energy and the environment. Recent years have seen the emergence
of experimental and computational technologies for more efficient search and design of
catalysts and other materials. Experimental technologies are increasingly being employed
for the rapid discovery of novel catalysts and materials. On the other hand, a similar array
of computational technologies, including high-throughput and automated computational
simulations and reaction modeling, coupled with machine learning algorithms, have also
started to enable the theoretical understanding and prediction of new catalysts.
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