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Introduction

Since 2016, the editors of Carbon have published a biennial Perspectives article where
selected topics are discussed regarding current developments in carbon material research
[1-3]. Since 2020, a new Elsevier journal (“Carbon Trends”) was launched by Editors of
Carbon, to broaden the opportunities for scientists and engineers to share the fruit of their
research on carbon materials and to offer a full open-access vehicle to do so. For this
reason, this year, the Editors of Carbon are now joined by the Editor-in-Chief of Carbon
Trends to address current and upcoming challenges in carbon material science. This
document does not have the ambition to present an exhaustive review of the field. Instead,
it is an attempt to highlight selected topics that the editors consider relevant with strong
potential for growth and development in the field of materials science and engineering
applied to carbon systems. The emphasis is placed on very recent developments,

including — but not limited to — research published in both journals.

Carbon has six electrons but only at most four (valence) electrons actively participate to

the extraordinary properties carbon-based materials feature. Because of the flexibility in



the arrangement of those electrons in sp, sp?, and sp* hybridizations, carbon materials can
assume a large variety of allotropic forms with an array of dimensionalities, structure, and
physical and chemical properties. For example, recent years have witnessed a continued
growth in graphene-based science, in part due to the seemingly bottomless possibilities
of arranging carbon atoms into stable structures. While some specific research devoted to
graphene will be showcased in this perspective, we emphasize that carbon research is not
limited (or even dominated) by graphene-based science. In fact, both Carbon and Carbon
Trends continue to offer an ideal forum to share new findings on more traditional forms
of carbon. This is particularly true when new findings, both experimental and/or
theoretical, highlight original phenomena that can be translated into applications. For this
reason, we continue to strongly encourage the carbon scientific community to not hesitate

to revisit old forms of carbon in new disruptive technologies and applications.

This introduction would be incomplete without a mention to how carbon science is
positioned in the broader context of the COVID-19 pandemic. As the world is still
fighting against the COVID-19 outbreak, scientists from many different fields continue
to examine a variety of technological solutions, including carbon-based materials. SARS-
CoV-2 belongs to the RNA virus family and has created a medical emergency worldwide
due to its lethality and rapid transmission rate. In this context, various carbon
nanomaterials (e.g., fullerene, carbon nanotubes, graphene quantum dots, and graphene
oxide) have been tested as antiviral substances due to their biocompatibility, relatively
low toxicity, and their capability of inhibiting RNA type viruses.[4] Furthermore,
significant effort has been devoted to the study of carbon-based biosensors for different
types of viruses. There are many challenges: the reproducibility of the material, the
control of binding sites, and, in general the reliability and sensitivity of biosensors.[5]
Aligned carbon nanotubes have also shown a unique way to enrich viruses that could then
be detected via genomic techniques [6] or Raman spectroscopy in conjunction with
machine learning [7]. No doubt that more research will continue to help developing
methods to assist in tackling the challenges related to the current and (potential) future

pandemics.

Carbon and Carbon Trends Editors have contributed to different aspects of the state of

carbon research and crafted a series of editorial sections based on individual subfields.



Conchi Ania describes challenges related to energy conversion and integration of carbon
materials in technologies. Alberto Bianco explains the current understanding of
biomedical applications using graphene quantum dots and carbon nanodots. Mauricio
Terrones describes recent developments on Schwarzites while Chang Liu offers his
perspective on carbon nanotube films and fibers. Yuan Chen’s contributions addresses
the state-of-the-art in ultra-fast heating approach to produce carbon materials. Nikhil
Koratkar explains how carbon fibers can be used to develop structural batteries with
unprecedented capabilities. Juan Tascon revisits the science of rhombohedral graphite,
considering recent developments in this traditional area of carbon research. Yoon Ahm
Kim describes recent developments made in the quantification of edges in low-
dimensional carbon materials. Finally, Vincent Meunier describes several recent
examples of the use of machine learning techniques employed in both computational and
experimental studies. Our modest goal is that readers will find these personal opinions

and viewpoints helpful.

Energy conversion challenges (COA)

The ambition of developing and deploying clean energy technologies as part of the
worlds’ climate and clean energy transition policies has created significant pressure on
the demand for raw critical materials needed for catalytic reactions for clean energy
conversion and climate change mitigation. Some examples include their application to
promote oxygen and hydrogen evolution reactions (OER, HER) for water splitting,
hydrogen oxidation reaction (HOR), oxygen reduction reaction (ORR) in fuel cells,
metal-air batteries, and CO; reduction reaction (CO2RR) for the synthesis of solar fuels
and in Li-CO; batteries. For example, Pt-based catalysts (typically supported on carbon
black) are the most efficient solutions for ORR and HOR, while metal oxides (e.g., RuO»,
IrO,) are used for OER and HER.[8,9] To alleviate such strains on the demand of critical
materials, research efforts are directed towards the development of non-precious metal-
based catalysts. Even though some transition metals (e.g., Fe, Co, Ni) complexes have
proved to be promising for these reactions, there are still challenges concerning their
performance, stability, and long-term operational durability, when compared to

commercially available catalysts based on precious metals.[10,11]

Close attention is also being paid on the role of metal-free carbons (MFCs) to replace
(noble) metal-based catalysts (Figure 1). Carbon materials have long been used in

different catalysts. Interested readers may refer to Section 5 in the last Carbon perspective



published in 2020 for more information. [3] Besides the availability and cost benefits
compared to metal catalysts, unique catalytic performance, reusability and stability have
been reported for some MFCs in key catalytic reactions for energy conversion and climate
change.[12,13] In this context, many metal-free nanostructured carbons have
demonstrated excellent ORR performance in alkaline electrolytes, while the efficiency of
these materials in acidic electrolytes, which are of interest in polymer electrolyte
membrane fuel cells, is still challenging.[14] Metal-free carbon semiconducting
photocatalysts have proved to be very appealing for hydrogen generation using solar
radiation, their solar-to-hydrogen yields are still lower than those of metal containing

catalysts.[15,16]

Another example of energy conversion is in the application of the CO- reduction reaction
(CO2RR) for direct conversion of CO; into fuels and Li-CO; batteries and the nitrogen
reduction reaction (NRR) for the synthesis of NH3 at ambient (T, P) conditions. For
COzRR, excellent performance has been reported for N-doped carbon catalysts[12,17] in
terms of conversion, stability, and selectivity towards CO. Some promising results have
been also reported for graphitic carbon nitride-based photocatalysts under sunlight
activation.[18] The conversion into more reduced feedstocks (e.g., HCOOH, CH;0H,
C2H4, CH4, CO) using metal-free carbon catalysts still requires further development in
order to compete with metal-based electrocatalysts, and promising results on heteroatom-
doped diamonds and nanoporous carbons for the production of C1 and C2 products have

been recently published.[19,20]

For NRR, current technological challenges are related to the harsh (T and P) conditions
of the Haber-Bosch industrial process. Therefore, extensive research is focused on the
development of novel processes and more efficient catalysts capable of operating at lower
pressure and temperature, and in the separation step. The cleavage of the strong N-N bond
is critical in NRR, which is highly dependent on the interaction of nitrogen with the
catalyst’s surface for subsequent activation. Metal-doped carbons with atomically
dispersed metal centers, and the creation of non-electron neutral carbon sites upon
heteroatom doping have revealed efficient approaches to achieve high conversions to NH3
by facilitating the N> adsorption while suppressing the competing HER.[21] Tuning of
the charge distribution in the carbon framework upon functionalization would seem to be
the key to control the conversion of NRR. The immobilization of ionic liquids in the pores

of carbon materials has also been reported to increase the uptake of nitrogen gas in carbon



materials with varied porosity.[22] Although no further evidence has been provided about
the electrocatalytic activity of such systems, this opens up an interesting possibility for
the application of pore-confined ionic liquids in the catalytic activation of nitrogen. The
research in this field has progressed significantly, but many challenges remain before the
application of carbon-based catalysts for NRR in the production of ammonia can start to

compete with the well-established Haber-Bosch process.

Overall, the impact of heteroatom functionalization and the introduction of structural
defects on the catalytic activity of CMF catalysts are still quite controversial. The main
issues are associated to the unambiguous identification and location of the
dopants/defects/active sites of the catalysts, and to a lack of a complete understanding of
the catalytic mechanisms. In this regard, recent studies combining experimental and
theoretical approaches have addressed these issues on the relationship between catalytic
mechanisms, kinetics, and carbon’s properties (e.g., defects) to fully exploit the

synergistic effects of doping and defects. [14,23,24]

From the application viewpoint, the catalytic active sites for the different energy-related
reactions and the optimal operating conditions are usually not the same. For example,
most performing OER catalysts work well in neutral/basic conditions, whereas most HER
catalysts are only good in acidic medium. Unlike metal-based catalysts, MFCs may
present a variety of active sites that can be modulated upon functionalization (e.g., doping,
structural defects), enabling multiple catalytic functionalities simultaneously. Such
combinations provide attractive approaches for the application of different reactions in
self-powered integrated systems, consisting of a photo-electrochemical water-splitting
unit and Zn-air battery for renewable generation of electricity from sunlight and
water.[13,18,19] A rational design of heteroatom-co-doped porous graphitic networks
with interconnected 3D structures has shown that tri-functional catalyst can become
efficient at simultaneously catalyzing HER, OER, and ORR in alkaline electrolytes, due
to the synergistic effects of the dopants and the 3D porous network.[8] For example, a co-
doped MFC catalyst has been developed for the electrochemical overall water-splitting
(OER/HER) powered by a Zn—air battery (ORR) using the same catalyst. The integrated
units operated in ambient air with a high production rate of hydrogen and oxygen.[19,25]
The excellent catalytic activity for the ORR, OER and HER of multifunctional catalysts
has been attributed to the effect of heteroatoms on the local charge density distribution of

the carbon framework. However, despite the intense research and the promises of building



integrated energy systems, practical applications are still not ready to reach commercial

levels.

Challenges in Integrating Carbons in Technology (COA)

Recent years have seen significant progress in the development of novel materials with
unexpected properties for a variety of key enabling technologies, such as photonics,
nanotechnology, biotechnology, micro/nanoelectronics, energy storage, production and
conversion technologies, environment, machine learning, and health. Most innovation
research efforts are often based on basic research for optimizing and controlling the
materials’ properties (e.g., optical, electrical, catalytic activity, etc.), and have produced
a large body of scientific publications on record and breakthrough performance for
targeted applications.[26—30] Material innovation necessarily involves approaches for a
rational design and characterization of such materials, and incorporate tools for predictive
materials modelling to control their properties and life cycle performance.
Multifunctional materials fulfilling multi-criteria specifications at different scales are
desirable and progress in such aspects requires a systematic comparative study of
performance offered by other forms (processing or shaping) and architectures of the
materials, along with an accurate knowledge of the mechanisms governing the material’s

properties.

Beyond the incremental progress in carbon materials properties, the integration of
innovative materials into structures and systems at technological levels needs to be
pursued to validate and fully exploit the breakthroughs observed in materials
development. Such applied research is the first step toward the material's practical use in
devices, and to boost the technology transfer through the cooperation between research

centers and industry.

Attention must be paid to develop adapted processes for the upscale fabrication of such
materials (industrial development) and to their integration in large (microscale or
macroscale) systems; such integration should be optimized considering the performance
at different scales, combining in situ and in-operando characterization of the materials,
and boosting devices/processes development for a successful exploitation of the

material’s functionalities.

The degree of the integration of novel materials at high technological levels depends on

the maturity of the target application. Some fields require mainly technological



breakthroughs (e.g., porous carbon adsorbents for water treatment) based on specific
operational indicators to evaluate the efficiency of the implementation. Some other
sectors (e.g., energy conversion) still need much effort in the development of the devices
and testing of the materials in severe conditions (e.g., various loadings, under pressure/in

vacuum, at high/cryogenic temperatures, in corrosive atmospheres, etc.).

As an example, the use of porous carbons in wastewater treatment is a mature technology
implemented as an end-of-pipe solution in treatment plants. Fundamental research is
needed for the development of novel carbon adsorbents for the removal and degradation
of pollutants in classic adsorbers or hybrid systems coupling adsorption and advanced
process. While classical uptake capacity studies are needed for a first screening of new
carbon adsorbents, the best candidates should be investigated in realistic experimental
conditions reporting key performance indicators (e.g., carbons density, mechanical
properties, particle size, decantability, competitive effects) and key operating conditions
(water hardness, organic matter, toxicity, residence time, flow rate, regenerability,
reusability). Although these are of paramount importance in process engineering, they are

scarcely discussed in the scientific literature.[31-33]

Another example is the increased interest in the application of novel carbons in catalysis
(see previous section). Indeed, due to the rapid advance in several fields (e.g., fuel cells,
solar fuels production), the market value of carbon materials as substitutes for noble-
metal based ones is expected to be triggered in the near future.[34] There are several
issues of concern in this field related to data interpretation (nature and distribution of
catalytic active sites), comparison of the activity of different catalysts (even for the same
authors) and scalability. As the identification of the catalytic active sites of carbon
materials is still rather challenging, the comparison of the catalytic activity is usually
conducted confronting benchmark materials, or normalizing the activity per (geometrical,
porous) surface area or mass. Such practice very often leads to unfair comparisons among
catalysts of different nature, as it is the case of most carbons when compared to metallic

catalysts.[35,36]

For photocatalytic applications the situation is more complex as commonly defined
parameters (e.g., TON, TOF, quantum/photonic efficiency) cannot be easily determined
in certain strong light absorbing carbon-based catalysts.[37,38] Thus, it becomes
necessary to propose new protocols and descriptors to describe the activity of carbon

catalysts following a multiparametric approach considering the joint contribution of



relevant intrinsic properties of the catalyst at a bulk material level, as well as engineering
aspects of the reaction (geometry of the reactor, catalyst loading, pressure, residence time,

lifecycle, aging, efc.).[39—41]

Furthermore, reporting overall catalytic efficiency and performance requires being able
to demonstrate the response of the catalysts in the final targeted form (shaping,
processability) and considering upscaling aspects. The risks associated with research on
novel catalyst are high; materials synthesis’ feasibility at laboratory scale and an excellent
long-term performance at small scale are not a guarantee that these catalysts can be
neither manufactured in a cost-effective way, nor that they will still outperform
benchmark catalysts at higher scale. Laboratory scale processing methods should ideally
be considered in view of a future upscaling, or at least, basic validation in a relevant
environment should be provided. Regrettably, while investigations of fundamental
material research aspects are well-described, only very few studies cover engineering
aspects of the integration of carbon-based catalysts at relatively large scale.[42—44] Most
of the studies report performance on small scale electrodes (typically a few microliters of
catalyst ink casted on a few millimeters support), thus extrapolation of their capability to
operate in full conditions is not straightforward. Progress beyond materials development

urgently needs advances in this direction.
Biomedical engineering of carbon nanodots and graphene quantum dots.

Carbon nanodots (CNDs) and graphene carbon dots (GQDs) have reached in the last years
a high popularity within the family of carbon allotropes, with hundreds of publications
appearing every month covering a wide range of applications from material science to
biomedicine.[45,46] Carbon dots were first identified in 2004 as polyaromatic fragments
isolated from the synthesis of single-walled carbon nanotubes (CNTs).[47] They have a
size below 10 nm (typically below 5 nm) and a morphology resembling tiny spherical
nanoparticles. They are mainly constituted of amorphous and crystalline domains, with
the presence of functional groups (e.g., hydroxyl, epoxide, and carboxylic groups,
depending on the chemical source for their synthesis) that render them highly soluble.
When crystalline structures presenting the typical lattice of graphitic carbon are
predominant, they are also identified as carbon quantum dots (CQDs). Graphene quantum
dots were described for the first time in 2008.[48] GQDs are zero-dimensional graphene-
like structures made of one or few layers with lateral dimensions <10 nm (for an average

size of about 5 nm) with high crystallinity associated with the condensed aromatic



carbons.[49] Functional groups are mainly located at the edges, imparting also to these
materials a high solubility in all types of organic and aqueous solvents. Since the
discovery of CNDs and GQDs, a plethora of methods have been explored for their
synthesis covering both bottom-up and top-down approaches. For example, the bottom-
up method based on thermal treatment under pressure offers an almost unlimited number
of options, as one can burn any type of molecules and combinations thereof to obtain both
types of dots. In addition, the possibility of doping such materials with heteroatoms (e.g.,
nitrogen, sulfur, boron, phosphorous, efc.) within their structure allows to tune their

physicochemical properties.

Several challenges and limitations of GQDs have been recently reported,[45] and can be
equally extended to CNDs or CQDs (Figure 2). One key aspect that is often difficult to
characterize is the understanding of the boundary between CNDs, CQDs, and GQDs
when simply considering the methods of preparation. In the bottom-up synthetic
approach, these three types of carbon nanomaterials can be easily confused. In many
publications, the precursors and the protocols are similar, and the authors often categorize
the materials using one or the other name. CNDs and GQDs are rather complex, and the
variety of structures derives from the choice of their synthesis. Because of the challenge
of isolating them and precisely characterizing their structure, it is recommended to use
the combination of different analytical (spectroscopic and microscopic) techniques to
avoid confusion between the different types of carbon dots. For example, high-resolution
Transmission Electron Microscopy (TEM) analysis associated to Energy-dispersive X-
ray spectroscopy (EDX) should be applied in a statistical way. Nuclear Magnetic
Resonance (NMR) has also been recently proposed as a suitable technique to detect the
presence of molecular precursors that generate flaws in the preparation of CNDs when

the final materials are not carefully and correctly purified.[50]

The knowledge of the structure of a new material is fundamental in any applications
involving therapeutic and imaging uses. The biological responses are valuable, reliable,
and reproducible, provided that the materials are carefully synthesized, isolated,
thoroughly purified, and characterized. In many publications, there are frequent shortcuts
taken in both the preparation and characterization of CNDs and GQDs. Furthermore, the
purification protocols and the control of the absence of the precursors are often neglected.

In addition, isolation of the dots resides most of the time on a final dialysis. A useful



method to prove the absence of the precursors is the use of high-performance liquid
chromatography. It is unlikely that the dots pass through the columns, while small
molecular reagents will be easily identified. A careful interpretation of the NMR spectra
should also be considered, as one often sees the presence of sharp peaks, that probably
correspond to the reagents rather than to the dots which, because they are typically

inhomogeneous in size, yield broad bands in the NMR spectra.

In the field of biomedical applications, a mandatory characteristic that these carbon
nanomaterials hold is their biocompatibility as limited toxic effects have been reported in
most studies.[51] However, more systematic studies on chronic toxicity, possible adverse

effects on immune, reproductive and nerve systems are warranted.[52]

GQDs and CNDs are also widely explored for bioimaging. However, in this application
there is the challenge of improving the fluorescence quantum yield, which is rather low.
To overcome this limitation, the concentrations of CNDs and GQDs used in cell cultures
are very high. As the photoluminescence is dependent on particle size, shape, and
chemical functionalities, many efforts have been devoted in the last few years to enhance
this characteristic. Studies on their optical properties and related mechanisms have shown

that they are case-dependent, and very difficult to rationalize.[53]

Another challenge for bioimaging, besides increasing the emission quantum yield, is the
need to narrow the fluorescence emission bands to avoid overlapping with other
fluorophores for multi-staining. This is a critical limitation in imaging and diagnostic
applications. The excitation of CNDs or GQDs often falls into the range covered by the
organic dyes or quantum dots used together to stain multiple cellular compartments,
leading to possible misinterpretation of the results. For example, most of these materials
emit in the green and blue, leading to signals that are affected by high interference and
scattering with the tissues. One possibility to overcome this problem has been addressed
by developing dots with red or near infrared emission properties. This is still challenging
because of the low quantum yield, but holds potential to image deep tissues in vivo.[51]
Some CNDs have also up-conversion fluorescent properties, that make them good
alternatives in bioimaging, as the risk of overlapping in co-staining experiments is

negligible.
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Interesting features that have been demonstrated for certain CNDs or GQDs are the
intrinsic targeting capacity and the specific recognition of intracellular compartments and
organelles (e.g., mitochondria, nucleus, endosomes, lysosomes, Golgi apparatus, among
others). This presents an encouraging potential for developing such materials to tackle
diseases associated to the dysfunctions of the intracellular machinery. CNDs and GQDs
are also developed for photothermal and photodynamic therapies in combination with
drugs and photosensitizers, respectively. However, these materials are able to produce
intrinsically reactive oxygen species, under irradiation, being an alternative to the use of

photosensitizers, that often are endowed of undesired toxic effects.[54]

In conclusion, although the development of CNDs or GQDs has grown tremendously over
the last few years, there remain many opportunities for improvement. We suggest that
future innovation should emphasize the precise choice of precursors, and efforts should
be invested to obtain homogenous nanodots with optimal control over their chemical
structure. New effective methods to separate the nanodots should also be explored. For
example, the use of soft templates in the synthesis would allow to narrow the size
distribution and to obtain materials very close to monodispersing and facilitating the
elimination of the reagents. Unfortunately, the application of the fundamental advance
into industrial use has not reached the same level of interest and maturity of carbon
nanotubes and graphene so far. This is likely because there are no standard and well-
established methods universally used, as each research group has its own “best” recipe
that has led to thousands of materials with their own characteristics. A homogenization
and a better control of the synthesis would be a welcome development that would allow
for a faster transfer into automatic industrial scaled-up processes. This is also mandatory
for registration as new macromolecules/nanomaterials for commercialization. How long
GQDs and CNDs will remain at the Lab development? The synthesis, based on using
waste or disposals, can be considered green, but sustainability needs to be also
demonstrated. The development of CNDs and GQDs has reached a degree of Lab growth
that should allow to address the challenges that we have evidenced. Carbon and Carbon

Trends journals will consider papers addressing these challenges with great interest.

Schwarzite-inspired carbon composites and beyond

11



Periodic surfaces appear in different biological systems such as the skeleton of
echinoderms, water-lipid surfactant systems, etc. These structures divide the space in
interconnected channels that lead to complex surfaces (Figure 3).[55] Theoretically, it has
been demonstrated that it is possible to decorate complex labyrinth surfaces with sp?-
hybridized carbon atoms by interconnecting hexagons, heptagons, and octagons (Figure
3).[56-58] These theoretical architectures are mathematically based on triply periodic

minimal surfaces (TPMS).[59]

For more than twenty years, it has been very challenging to synthesize these fascinating
surfaces with carbon atoms. However, some efforts have shown that it is possible to
produce disordered covalently interconnected graphenes and carbon nanotubes exhibiting
outstanding properties.[60-62] The challenge ahead is the synthesis of periodic sp?
carbon surfaces in three dimensions (3D) with periodicities of nanometers. This would
require a 3D printer with nanometer resolution, which has not been developed yet. But in
the meantime, one could utilize current 3D printers, to print materials (or composites) at
the millimeter-centimeter scales and mimic these TPMS to study their mechanical and

electronic properties (Figure 4).

For example, some groups have reported superior mechanical properties of 3D polymer
networks using 3D printers.[63—65] These systems can be distinguished by their local
curvature and the hexagon-heptagon-octagon ratios.[65] These studies have shown that it
is possible to combine experiments at the macroscale with molecular dynamics
simulations and correlate atomic and macroscopic TPMS.[63,65] The studies indicate that
upon deformation, Schwarzite-inspired systems exhibit a unique impact resistance and
stress distribution. [65] In addition, these experiments revealed that high strength was
proportional to the density of the TPMS and the mechanical properties decrease rapidly
when reducing the material’s density.[63] Therefore, graphene-decorated TPMS, when
synthesized, will offer new materials with properties not seen ever before. From the
electronic, chemical, and optical perspectives, these TPMS graphenes will result in
materials capable of reversibly storing alkali metals, catalyze reactions (like zeolites) and

guide light with different wavelengths, depending on their periodicity and type of TPMS.

As 3D printing of nanometer scale systems is not developed yet, one should think of

alternatives to understand the mechanical properties of these TPMS and fabricate
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composites with carbon nanomaterials (e.g., nanotubes, graphene) and polymers via 3D
printing. These Schwarzite-inspired carbon composites could be a new area in Carbon
science, and we encourage our readers to work on these composites to unveil the

mysteries of Schwarzites at the macroscale with different nanomaterials embedded.

Single-wall carbon nanotube films and fibers

Single-wall carbon nanotubes (SWCNTs) have a unique one-dimensional tubular
structure and excellent physiochemical properties and are therefore expected to have a
wide range of important applications. Isolated semiconducting SWCNTs can be aligned
to construct micro devices like field-effect transistors where they constitute the channel
material of high-performance electronics.[45] However, in general SWCNT-based
assemblies including films and fibers are desired for multi-functional uses, since they are
structurally strong, flexible, and electrically and thermally conductive.[66] Considerable
effort has been devoted to the fabrication of SWCNT films and fibers in recent years, and
a key issue is how to translate the intrinsic properties of SWCNTSs from the nano- to the

macro- scale.

SWCNT films. SWCNTs with a high aspect ratio may connect with each other to form
networks, [67] i.e., films. An important potential application of SWCNT films is as
transparent electrodes, which should be optically transparent and electrically conductive,
and are widely used in various optoelectronic devices including touch screens, liquid
crystal displays, organic light-emitting diodes, and photovoltaics. Indium tin oxide (ITO)
is currently the most widely used commercial transparent conductive film material
because of its good optoelectronic performance. However, ITO is brittle, and the natural
reserves of indium are limited. Among the possible alternative transparent conductive
materials, SWCNT films are considered very promising due to their excellent flexibility,
low intrinsic electrical resistivity, and high structural stability.[68] Nevertheless, the
optoelectrical performance of SWCNT films needs to be further improved to reach the

level of ITO.
The conductivity of SWCNT films for a given transparency is closely related to their

fabrication technique, the structure of the SWCNTs used to assemble the film, the post-

fabrication treatment, and the interactions between the nanotubes. SWCNT films can be
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prepared by either a wet process or a dry process. For the former, raw SWCNTs are first
uniformly dispersed in a solution with the aid of a surfactant, followed by sonication, and
centrifugation.[68] SWCNT films are then fabricated by vacuum filtering,[69] spin
coating,[70] Langmuir-Blodgett coating,[71] dip coating,[72] spray coating,[73] or
Mayer rod coating.[74] In the dry process method, SWCNT films are prepared by the gas-
phase infiltration of SWCNTSs prepared by a floating catalyst chemical vapor deposition
(FCCVD) technique,[75] which involves no liquid. Because contaminants of residue
surfactant and defects are inevitably introduced during the dispersion of the SWCNTs,
the transparent conductive performance of the SWCNT films obtained by wet processing
is usually inferior to that of dry processing. Because SWCNTs usually aggregate into
bundles with diameters of tens of nanometers, which decreases the transparency while
not contributing much to the electrical conductivity of a film, researchers have tried to
make thin films composed of isolated or small-bundle SWCNTs to improve the
performance of SWCNT films (Figure 5).[76] Chemical doping has been shown to be a
promising way to increase the conductivity of CNT films by improving the concentration
of carriers and by decreasing the tunneling barrier between the SWCNTSs.[77] Doping
with dopants such as H>SO4, HNO3, H4AuCl, I, Br, etc. has been shown to improve the
conductivity of the films,[68] although a loss of performance over time may occur for
these doped samples. Two dimensional SWCNT thin films are comprised of self-
assembled CNTs, and there is usually a weak van der Waals interaction between the
overlapping CNTs, which leads to a high contact resistance and poor mechanical
properties of the films. It has been reported that “carbon welding” efficiently decreases
the contact resistance at SWOCNT junctions, and hence improves the film

conductivity.[76]

A combination of the strategies mentioned above, and newly developed methods are
expected to further improve the optoelectrical properties of SWCNT films. From the
application perspective, techniques that permit the production of large-area, uniform,
high-performance, transparent, and conductive SWCNT films are greatly needed. Various
optoelectrical devices fabricated using a SWCNT film as a transparent electrode are
expected to emerge and to show intriguing properties. Finally, a CNT film may also be
used as a scaffold to construct hybrids/composites making use of their excellent

mechanical, optical, electrical, and thermal properties.
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SWCNT fibers. Due to the excellent mechanical properties and light weight of SWCNTs,
it was proposed that SWCNT fibers would be the only viable candidates for use as the
cable of a space elevator,[ 78] even if many other technological challenges may render the
prospect of space elevators very much in doubt. SWCNTs have a very high current
carrying capacity of 10°-10'° A/cm?, which is several orders of magnitude higher than
that found in copper. These properties elevate SWCNTs as ideal lightweight, highly
stable, and strong conducting wire materials. Individual SWCNTSs have diameters of less
than 5 nanometers and lengths usually in the micron scale, while assembled SWCNT
fibers have a micron-scale diameter and can be prepared in macroscopic lengths. It is
particularly desirable that a SWCNT fiber is comprised of well-aligned, densely packed
SWCNTs with a high crystallinity, so that the excellent properties of individual nanotubes

are translated onto those of the macroscale fibers.

SWCNT fibers can be prepared by self-assembly, gas-phase spinning, and liquid-phase
spinning. SWCNT fibers/ropes were initially collected from the products of SWCNTs
synthesized by FCCVD[79,80] or arc discharge methods.[81] These samples are self-
assembled in the gas flow during the synthesis process and usually have nonuniform
lengths and diameters, a low yield, a low packing density, and poor internal alignment of
individual SWCNTs. As a result, the mechanical properties of the ropes/fibers are much
lower than theoretically predicted.[80,82]. Li et al. first reported direct gas-phase
spinning of SWCNTs synthesized by FCCVD using a rotating spindle installed at the end
of the FCCVD furnace outlet, and fibers were fabricated continuously.[82] Ericson et al.
dispersed SWCNTs in fuming sulfuric acid to form an aligned phase of individual mobile
SWCNTs surrounded by acid anions, then this ordered dispersion was extruded using
solution spinning into continuous lengths of macroscopic SWCNT fibers.[83] The gas-
phase spinning method presents the advantage that the SWCNTs are directly spun from
an aerosol into fibers without experiencing any dispersion and cutting processes. As a
result, the SWCNTs retain their initial length, morphology, and structural integrity, which
is beneficial to achieve desirable physicochemical properties. However, the technique
also presents several disadvantages: the alignment of the SWCNTSs is not as good and the
packing density is relatively low. As for the liquid-phase spinning method, the SWCNTs
can be well aligned using a protrusion process, and the voids between SWCNTs are
largely eliminated using a coagulating bath. However, the nanotubes are usually cut short

during a dispersion and defects are inevitably introduced into the tube walls.
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There are ways to improve the properties of a SWCNT fiber, including using high-quality
CNT raw materials, achieving optimized packing of the nanotubes, and establishing a
strong interaction between neighboring SWCNTs. Well-crystallized, long SWCNTSs have
been considered the best candidates for fabricating high-performance CNT fibers, since
they have the highest theoretical strength and conductivity. However, recent results have
shown that fibers composed of double-wall CNTs (DWCNTs) performed even better.[84]
This property is attributed to the fact that the outer shell of a DWCNT protects the inner

tube from being destroyed during spinning.

By optimizing the gas-phase spinning, liquid-phase spinning, and post-treatment
techniques, well-aligned, densely packed SWCNT fibers with improved properties have
been synthesized.[85-87] However, the interaction between the packed SWCNTs is
usually weak, which leads to poor stress transfer and a high contact resistance. So, there
is still plenty of room to improve the properties of SWCNT fibers by interlinking the
nanotubes more efficiently. The strategies described above are expected to lead to the
significant improvement of the mechanical, electrical, and thermal properties of SWCNT
fibers. This, in turn, will facilitate their applications in ultra-strong and tough fibers and
composites, light-weight electrical conducting wires, fibrous energy storage devices and

sensors, efc.

Carbon material synthesis by ultrafast heating

Carbonization refers to the process of converting carbon-containing solid/liquid/gas
precursors into solid carbon materials under heat treatment, usually up to 1500 °C.
Forming graphitic structures above 2500 °C has been called ‘graphitization’. Standard
heating methods used for carbonization/graphitization in conventional furnaces, spray
pyrolysis, or solvothermal reactors, are based on thermal radiation, convection, or
conduction, in which thermal energy is transferred to carbon-containing precursors, often

via media such as a gas or liquid. The heating rate is typically below 100 °C s!.

Extensive studies have been carried out to understand carbonization/graphitization under
these conditions. The structure and texture of carbon materials strongly depend on the
temperature, rate, and duration of the heating procedure, as well as the environment. For

example, oxygen and nitrogen start to be released from carbon-containing liquid/solid
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precursors from temperatures around 600 °C. Hydrogen would go out from 1000 to 1300
°C, and small and randomly stacked (turbostratic) carbon layers may grow in size with
more graphitic regularity above 2500 °C.[69] In comparison, several other heating
methods, such as laser irradiation, arc discharging, Joule heating, microwave heating,
induction heating, or electron beam radiation, can realize much faster heating rates, e.g., >
10° °C s!. Historically, some fast-heating methods have played critical roles in the
discovery of carbon nanomaterials. For example, Ceo was first found in the soot of laser
irradiated graphite.[88] Carbon nanotubes were identified on carbon electrodes heated by

the arc discharge.[89]

In the last few years, ultrafast heating methods, especially laser irradiation and Joule
heating, have led to a number of developments for the synthesis of new carbon material.
When a laser beam irradiates an object, a hot spot is generated where the laser is absorbed.
Such a high-temperature hot spot can induce carbonization/graphitization. Laser-induced
photothermal effects do not require direct physical contact between heating elements and
heated objects, and they can raise temperatures faster than standard heating methods. In
2012, Kaner et al. reported the use of a low-energy infrared laser (788 nm and 5 mW) to
irradiate a graphene oxide (GO) thin film (10 um) (Figure 6a). The heat generated at
irradiated spots can quickly reduce the stacked GO film. The laser irradiation method
minimizes the restacking of reduced GO (rGO) nanosheets, resulting in porous rGO films
with high electrical conductivity of 17.38 S cm™! and a large specific surface area 1520
m? g'1.[90] In 2014, Tour et al. accidentally found that the irradiation by a high-power
CO; laser (10.6 um, 2.4-5.4 W) can convert a polyimide film (127 um) into carbon
materials containing randomly stacked graphene layers with an electrical conductivity of
5-25 S cm! and specific surface area of 340 m? g!, which is significantly different from
glassy carbon, the common carbonization (at 800—1500 °C) product of polyimide (Figure
6b). A threshold laser power is required to initiate the graphitization process. It was
proposed that laser irradiation could create high localized temperatures (> 2500 °C),
which drive out nitrogen and oxygen from polyimide. Aromatic and imide repeat units in
polyimide are essential for the formation of graphitic structures.[91] Further studies have
revealed that the porosity, composition, morphology, and surface chemistry-related
properties (e.g., superhydrophilicity and superhydrophobicity) of carbon materials could
be further engineered by adjusting laser parameters, atmosphere, and substrates or

introducing additives to precursors.[92] A wide range of precursors without aromatic and
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imide repeat units can also be graphitized in two laser irradiation steps. The precursor is
converted into amorphous carbon during the first laser irradiation, followed by
graphitization under a second laser irradiation at higher temperatures.[93] Notably, a
unique advantage of laser irradiation methods is their capability of selectively creating
micrometer-scale patterns under ambient conditions. In this case, the size of laser spots
limits the resolution. 3D structures can also be made by combining laser irradiation with

the physical assembly of multiple 2D layers.[94]

Joule heating refers to the conversion of electrical energy to heat when an electrical
current flows through a conductor. Joule heating has been widely used in conventional
furnaces, for example, graphite furnaces in industrial graphitization processes. In 2016,
Hu et al. reported that adjacent carbon nanofibers (CNFs) derived from polyacrylonitrile
can be welded together by Joule heating CNF film at a high temperature (>2227 °C). The
welded CNF film shows an electrical conductivity of 380 S ¢cm™.[95] The same method
was also applied to achieve fast annealing of rGO film (4 um in thickness) at (2477 °C),
resulting in a high electrical conductivity of 3112 S em™.[96] These two studies proposed
that Joule heating can efficiently remove defects and other functional groups from
original carbon structures,[97] facilitate better linkage/bridging among neighboring
carbon nanostructures (e.g., CNFs or rGO nanosheets), leading to continuous 3D carbon
networks. Gao et al. developed this method into a high-throughput roll-to-roll process
(Figure 6¢) to fabricate flexible rGO films with the electrical conductivity of 4200 S cm-
!"and thermal conductivity of 1285 W m'K-!.[98] Using Joule heated rGO or CNF films
as fast heating and cooling platform to control the nucleation and aggregation of different
elements, metal nanoparticles,[96] multi-metallic alloy nanoparticles,[99] single metal

atom catalysts,[100] and ceramics[101] have been synthesized for various applications.

In 2020, Tour et al. reported a new Joule heating process, in which a large capacitor bank
quickly delivers electrical energy to conductive and amorphous solid carbon powder
loosely packed inside a quartz tube (Figure 6d), bringing the temperature higher than 2727
°C in less than 100 ms and releasing gases through the gap.[102] Using this method, bulk
carbon materials with a yield of 80 to 90% were obtained from carbon black, which have
a specific surface area of 295 m? g'! and contain small graphene sheets (13 nm in size) in
a turbostratic arrangement. They are more oxidatively stable than rGO obtained from the

Hummers’ method. Carbon material structures derived from the Joule heating process
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depend on process parameters and carbon precursor compositions.[103,104] For example,
carbon materials derived from coffee grounds or anthracite coal contain larger graphene
sheets with an average size of 0.5 and 1.2 um, respectively. A short healing period of
30-100 ms is critical to prevent the stacking of turbostratic graphene layers into bulk
graphite.[105] Using organic fluorine compounds and fluoride precursors, different
carbon allotropes, including fluorinated nanodiamonds, fluorinated turbostratic graphene,

and fluorinated concentric carbon, have also been synthesized.[106]

These new developments show that ultrafast heating can produce new material structures
and textures. Carbon materials produced by ultrafast heating methods often have fewer
defects, more uniform crystalline structures, and more continuous 3D networks. They are
also more oxidation resistive with higher electrical conductivity. Future research efforts
are needed to understand the relationship between ultrafast heating parameters and short-
range and long-range orders in carbon materials. These efforts will broaden the
application potential of these carbon materials. It may also bring improvement for

existing carbonization/graphitization processes.

Carbon-Fibers for Next-Generation Structural Batteries

Housing rechargeable batteries in electric mobility applications involves the use of dead-
weights that can severely affect the range and time of operation.[107] A compelling
solution to this problem is the integration of batteries as both power sources and structural
parts of vehicles with mechanical load-bearing capability. This idea of “structural battery”
or “mass-less energy storage”, has attracted the attention of researchers and leading
automobile manufacturers alike.[108] In this context, carbon fibers (CFs) consisting of
more than 90% pure carbon, and which are traditionally used as reinforcements in
structural composites, are of great interest because of their exceptional multi-
functionality. Like graphite, CFs also have low lithium insertion potential, which makes

them a favorable anode material for structural lithium-ion batteries (SLIBs).

A typical CF structure consists of graphene planes that are mis-oriented with respect to
each other and contains defects.[109] As a result, their lithium insertion mechanism
closely resembles to that of disordered carbons in which defects provide additional

lithium storage sites.[110] Between pitch-based and polyacrylonitrile (PAN)-based CFs,
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the latter shows better charge storage capacity because of higher disordering in the carbon
structure.[111] Nevertheless, initial SLIB prototypes based on CFs have not delivered
satisfactory performance, possibly due to poor electrical insulation, fewer solid
electrolyte candidates, lack of compatibility, and absence of scalable manufacturing
processes. While there is no standard design for SLIBs, many of the previous works have
revolved around either laminated type (more common) or 3D-fiber type SLIBs (Figure

7).

As these designs[112—-115] feature CFs embedded inside the electrolyte matrix, it is
important to understand the effect of lithiation of CFs and its impact on the battery
composite. Jacques et al. observed that the ultimate tensile strength drops by 20 to 30%
when the CF anode is fully lithiated and is only recovered partially during
delithiation.[116] This indicates that some lithium gets trapped in the turbostratic
structure of CF during delithiation. Recently, Duan et a/ used corrosion protected carbon
fibers to demonstrate that the transverse modulus of lithiated CF is nearly twice as large
as that of either pristine or delithiated CF.[117] This increase is attributed to stiffening of
the out-of-plane (Cs3) and shear (Cas) elastic constants. In addition, a softening effect is
observed for longitudinal modulus after lithiation, which is like the softening effect of the
in-plane (C11) elastic constant of graphite. Despite this longitudinal softening, the impact
of lithium insertion does not appear to be a significant impediment to the utilization of

CFs in structural battery development.

A key driver to improving SLIB performance is the design of the electrolyte. An ideal
structural battery electrolyte should have high ionic conductivity (> 0.1 mS cm™) and it
should form an intimate contact with CFs such that mechanical load and ions can transfer
between the fibers and electrolyte matrix. Solid polymer or gel polymer electrolytes (SPE
or GPE) are usually preferred due to their semi-solid nature; however, a trade-off is
commonly observed between stiffness and ionic conductivity. A bi-continuous polymer
electrolyte, developed recently via reaction-induced phase separation, showcased a high
stiffness of 0.5 GPa and conductivity of 0.2 mS ¢cm™.[118] Very recently, Asp et al
employed IMS65 CF and similar electrolyte, to design a laminated structural battery
composite with energy density of 24 Wh kg™! and elastic modulus of 25 GPa.[119] This
design, which consists of multifunctional components, surpasses previous structural

battery reports that prioritized either electrical or mechanical properties. Another
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promising design consists of carbon fiber tow (~1000 CFs) surrounded by a polymer
matrix coating that is in contact with a lithium iron phosphate electrode and an aluminum
current collector.[114] Unfortunately, this SLIB while promising showed a low-capacity

retention, especially with increasing CF content per tow.

While significant progress has been made to date, there is still a long way to go before
SLIB technology can be implemented in practice. Combining new designs that can
improve the overall structural performance, along with other strategies such as building
stronger constituent materials, while simultaneously developing advanced material
chemistries, will be necessary to move SLIB technology forward. If this can be achieved,
then the ramifications can be immense, especially for transportation applications. While
the automotive industry (e.g., electric vehicles) will benefit greatly, the impact of this
technology can be particularly transformative on the aerospace industry. Structural
weight is at a premium in both manned and unmanned aerospace vehicles including fixed-
wing aircraft and helicopters. Unless the battery is fully integrated into the structure and
is the primary load bearing element, it is difficult to visualize how electrification of
aerospace vehicles can become a reality. SLIB technology therefore seems to hold the

key to enabling the next generation of all-electric aircraft.

Rhombohedral Graphite

There are two possible types of graphene layer stacking in natural graphite: hexagonal,
Bernal type (ABA sequence) and rhombohedral (ABC sequence). They are shown in
Figure 8 together with a third hypothetical stacking (i.e., simple hexagonal, AAA
sequence). These structures differ in the horizontal shift imposed on the middle plane in
the ABA-stacking, on all planes in the ABC-stacking, while all the planes are directly
above each other in the AAA-stacking. The rhombohedral structure is metastable and
transforms to the hexagonal structure upon heating above 1300 °C. For this reason, it is
generally considered that it cannot be found in synthetic graphites obtained by heat
treatment. Furthermore, attempts to prepare pure thombohedral graphite have hitherto
failed. Therefore, very little knowledge is available about this form of graphite compared
with the hexagonal form. In fact, in view of the minor importance of rhombohedral
graphite, the [UPAC terminology norms explicitly tolerate the use of the term “graphite”

instead of the more accurate term “hexagonal graphite”.[120] We present here an
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overview of salient facts concerning rhombohedral graphite with some focus on recent
results obtained with trilayer graphene and also on recent results from the van der Waals
technology, which has made it possible to produce high-quality rhombohedral graphite
films up to a thickness of 50 layers of graphene, offering a promising way to tailor

graphitic materials with novel properties.

Following seminal reports on the structure of graphite, [121-123] the existence of
rhombohedral graphite was first documented by Lipson and Stokes.[124,125] In the
1950s, several authors [126—129] contributed further crystallographic data to characterize
this graphite-type structure and/or reported on the effects of mechanical stress, exposure
to high pressure, and high temperature treatments on the proportions of rhombohedral
versus Bernal’s hexagonal forms. Later, Gasparoux modified the magnetic properties of
graphite by means of a moderate grinding carried out with the objective of creating
rhombohedral sequences.[130] Alternatively, the variation of the magnetic susceptibility
with high temperature treatment provided information on the transformation of the
rhombohedral structure into hexagonal. Wilhelm et al. [131] also studied the formation
of rhombohedral sequences and developed a model to describe the interstratification of
the hexagonal and rhombohedral forms. Based on these and other works, the structure of

rhombohedral graphite has been considered as an extended stacking fault in hexagonal

graphite.[120]

With regard to theoretical works, the band structure and electronic properties of
rhombohedral graphite were first investigated using the nearest-neighbor tight-binding
approximation.[132,133] Charlier et al. [134] examined the effect of graphene stacking
on the electronic properties of graphite in a first-principles study. They considered the
Bernal and rhombohedral structures, in addition to the hypothetical “simple hexagonal”
graphite with an AAA stacking sequence shown in Figure 8. Band structure and density
of states results indicate that these three allotropic forms of graphite possess a semi-
metallic behavior with the overlap between conduction and valence bands depending on
the stacking position of graphene sheets. More recently, Dadsetani et al.[135]
computationally studied the near-edge structure of rhombohedral graphite and several
other carbon allotropes within the density functional theory (DFT) approach. The main

objective of that work was to interpret data reported for “n-diamond”, a new phase that
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certain authors considered as a possible intermediate between rhombohedral graphite and

diamond. [136]

Several experimental works over the last two decades have reported on application of
new characterization techniques and/or finding of rhombohedral graphite in a variety of
products, for example exfoliated graphite flakes,[137] or graphite blocks produced from
natural graphite flake.[138] In the latter, isolated rhombohedral crystallites with
homogeneous ABC stacking were detected for the first time in graphite blocks in addition
to mosaic distributions of the rhombohedral phase in a hexagonal host (previously, the
rhombohedral structure was widely considered as a mosaic that was produced only by
mechanical shear or milling). Roviglione and Hermida [139] found a large amount of
rhombohedral graphite in spherical carbon particles (nodules) extracted from a ductile
iron matrix. According to the authors, this can only be attributed to plastic deformations
produced during the growth of the nodules from the melt, and formation of the
rhombohedral phase is the response of graphite to the large requirements of out of
equilibrium conditions. Ortiz-Morales et al. [140] reported the finding of rhombohedral
graphite (mixed with hexagonal graphite and residues of Ni, Fe and Co catalysts) in

single-wall carbon nanotubes synthesized by hydrogen-arc-discharge.

The advent of graphene has sparked increased interest in few-layer graphene materials,
of which trilayer graphene is particularly relevant due to the clear differences in properties
between ABA or ABC stacking configurations. Pierucci et al. [141] synthesized large-
area uniform trilayer graphene (consisting of large and flat domains) on SiC. They used
photoemission spectroscopy and scanning tunneling microscopy/spectroscopy to
examine the electronic structure of ABA and ABC trilayer graphene and compared it to
DFT calculations. Their findings demonstrate a pronounced effect of stacking order and
charge transfer on the electronic structure of trilayer or few-layer graphene. Zhang et al.
[142] found that ABA and ABC stacking, which are very common in few-layer graphene,
can be well distinguished by whether their highest-frequency shear modes are observed
in their Raman spectra at room temperature. In fact, as Figure 9 shows, they can be
observed in N-layer graphene (NLG, N = 3, 4, 5, 6) with ABA stacking (denoted by the
authors as “AB” in Figure 9), but not in the case of ABC stacking. Consequently, as

proposed in a number of other studies as well,[143] these authors proposed Raman

23



spectroscopy as a method to characterize the stacking order in these and other two-

dimensional layer materials.

Recently, Latychevskaia ef al. [144] have demonstrated two possible ways to controllably
and locally transform the ABC stacking in few-layer graphene into the ABA stacking.
One method proceeds using Joule heating and the transition between the two phases is
characterized by monitoring the 2D peak in the Raman spectra. In a second approach, the
transition was achieved by heating through illumination of the ABC region with laser
pulses, and the transition was visualized by TEM. The first method allows starting the
transition with a spatial resolution of about 1 pum, while the second method allows
triggering the transition of larger areas (2040 pm, depending on laser intensity). No

evidence for diamond formation was obtained in either case.

Yang et al [145] have demonstrated an efficient strategy to control the stacking order of
graphene layers in graphite using the van der Waals heterostructure technology.[146] This
technology consists of layer-by-layer assembling of different one atom-thick structures,
thus yielding materials that exhibit strong bonding within each individual layer and weak
bonding between layers. This has resulted in high-quality rhombohedral graphite films
up to 50 graphene layers thick.[147] The authors performed a directional encapsulation
of ABC-rich graphite crystallites with hexagonal boron nitride (hBN) and found that this
encapsulation, which is introduced parallel to the zigzag edges of graphite, preserves the
ABC stacking, while the encapsulation along the armchair edges transforms the stacking
to ABA. As Figure 10a illustrates (using ABC trilayer as an example), a shear force
applied to graphite leads to a displacement of the graphene planes in a “stick—slip”
fashion. If the displacement occurs along zigzag edge directions, it will preserve the
stacking order, while displacement parallel to armchair edges will alternate stacking order
between ABA and ABC. The encapsulation protocol for ABC-stacked graphite was
modified with the goal of significantly increasing the chance of the survival of this
energetically less stable stacking allotrope. To do this, the authors used the
polydimethylsiloxane (PDMS) transfer technique, in which this viscoelastic polymer
allows precise control of the contact area between the poly(methyl methacrylate)
(PMMA) adlayer and the substrate (Figure 10b). This research was carried out with the
aim of investigating the fascinating, electronic properties for ABC-stacked graphite that

have been theoretically predicted (see Ref. [145] and references therein), as prior to this
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there were no experimental results on electron transport in ABC-stacked graphite films
thicker than tri- or tetralayer. In a subsequent work, the same team studied the electronic
transport behavior of the obtained high-quality multilayer graphene films and showed a
pronounced hysteresis and other characteristic signatures of electronic phase separation,
which have been attributed to the appearance of strongly correlated electronic surface

states.[147]

Finally, we wish to emphasize that this section is titled “rhombohedral graphite” rather
than “rhombohedral carbon”. Rhombohedral symmetry occurs in some non-sp? carbon
solids, which are deliberately excluded from this brief account for the sake of
homogeneity. This is, for example, the case of a C¢o rhombohedral phase, which has been
found both theoretically [148] and experimentally,[149] as well as several rhombohedral
ultrahard carbon phases that resemble diamond more than graphite. Thus, a new ultrahard
rhombohedral carbon polymorph whose structure is very close to diamond’s has been
found in impacted meteorites.[150] A simulation of the structural transformation of
rhombohedral graphite-like carbon into three-dimensional dense forms has recently been
performed by geometry-optimization calculations within DFT. The resulting
rhombohedral solids, th-C2 [151] and rh-C4,[152] have been predicted to possess slightly

better mechanical properties than diamond and lonsdaleite.

Quantifying Edges in Low-dimensional Carbon Materials

In reduced dimensions, carbon materials consist of two different types of surfaces: the
basal and edge planes. The basal plane is homogeneous and composed of only carbon
atoms, whereas the edge plane is heterogeneous and terminated by passivating atoms and
groups of atoms such as hydrogen and oxygen functional groups. Generally, it is the edge
plane that makes the most significant contributions to the electronic and chemical
properties of carbon materials. For example, the edge plane has much higher
electrocatalytic activity and oxidation reactivity than the basal plane. The edge sites in
carbon materials are closely related to side reactions, such as corrosion, gas evolution and
formation of a solid electrolyte interphase layer. The edge plane also acts as the main
reactive sites of doping and functionalization because the functional groups or
heteroatoms can be more easily attached to chemically active edge sites than the basal
plane. However, although the importance of the edge plane has been established

qualitatively thus far, a limited number of studies have been reported on the effect of edge
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density on the physicochemical properties of carbon materials. Therefore, many efforts
continue to be made to develop analytical tools to measure the edge plane quantitatively

to understand surface properties of carbon materials.

In 1960, the concept of active surface area was developed to evaluate the number of active
sites by measuring the amount of chemisorbed oxygen around 300°C.[153] Although this
concept is highly helpful in understanding the carbon-oxygen gasification reactivity, the
active surface area has no direct relationship with the carbon edges. The second method
involves estimation of the number of edge sites, basal planes and defect sites using their
different adsorption energies from nitrogen adsorption data. [154] However, the accuracy

of this approach is limited and is only applicable to graphite.

A recently developed method to measure the number of active sites, the high temperature
programmed desorption (TPD) (up to 1800 °C), allows a quantitative evaluation of edges
with high accuracy through measurement of evolved gases.[155,156] Since the edge sites
in carbon materials are usually terminated by hydrogen or oxygen functional groups, they
typically decompose to Hz, H2O, CO and CO; below 1800 °C (Figure 11a), and the
number and surface area of those sites can be calculated from deconvoluted TPD profiles
(Figure 11b). It is assumed that H; is released from the reaction between two C-H bonds,
while H>O is generated due to reaction between a C-H bond and a hydroxyl group. The
number of hydrogen atoms that are terminated at the edge sites, Nu, has been calculated
from two H»> and one H>0.[157] Additionally, the anhydride and the lactone groups were
counted as two edge sites from their functional group structures. From these assumptions,

the number of edge sites, Neaqe, can be calculated as follows:

Nedage = Nu + Carboxylic™P + 2-Anhydride™P + 2-Lactone™” + Phenol™P + Ether™™ +

Carbonyl™P

Using the number of edge sites, the surface area of the edge sites, Seqge, can be further

calculated using the area assigned to each carbon atom from:
Sedge = Nedge X Aedge X Ny

where Aeaee = 0.083 nm? is the calculated average area of each carbon atom, and N =

6.022 x 10%* mol .
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Based on the application of the TPD method on edge-enriched carbon nanofibers (CNFs)
as a model compound, it can be inferred that the edge density is directly related to the
electrocatalytic performance of carbon materials.[158] The edges on the surface of the
CNFs were physically passivated by forming loops between adjacent edges using high-
temperature thermal treatment. The physically passivated CNFs were then chemically
inactivated with amine groups via amination reaction. Finally, it was verified that the
hydrogen evolution reaction was directly related to the number of active edge sites in the
CNFs (Figure 11c). Furthermore, the edge sites can act as corrosion reactive sites in
electrochemical applications of carbon materials.[159] In addition, tailored porous carbon
with a small number of edges can be used to fabricate powerful and durable energy

storage devices under extreme operating conditions.[160,161]

Although the importance of edge planes in carbon materials has been intensively studied
for the last 40 years, their full potential could not be realized to-date. This is mainly
because of the following reasons: (1) the edge configuration changes continuously due to
chemical functionalization, (2) although the quantitative tool for measuring the edges in
carbon materials has been established, there is no characterization method to evaluate the
spatial distribution of edges on the surface of the carbon materials, and (3) there is no
simple way to create specific types of clean and stable edges in a controllable fashion.
Therefore, more advanced characterization tools should be developed which can
accurately measure the density and the type of edges, and their spatial distribution on the

surface of the carbon materials.

Machine Learning in Carbon Research

The popularity in the use of materials informatics continues the sharp increase we already
noted in the 2020 Carbon perspective article. Materials informatics encompass a broader
and broader range of applications, such as the management of big data, high-throughput
computational investigations, and the use of artificial intelligence (AI) methods. The
sustained growth in this field is intimately linked to the availability of increasingly
accurate theoretical descriptions of materials properties and to the continuous
development of supercomputing power accessible, at a modest cost, to a larger and larger
number of researchers. This availability is now allowing huge advances in materials data
science and, specifically, machine learning (ML) techniques. ML consists in the

application of mathematical principles and computer algorithms that aim at improving
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performance (i.e., predictable power) based on the training performed on well-established
data. In carbon research, we are clearly at a crossroad where broadly two types of research
now proceed in parallel: on one hand, algorithms and computational techniques continue
to be developed at a high rate by computer scientists and applied mathematicians and, on
the other hand, materials engineers and scientists are users of those algorithms as they
become available in the form of open-source libraries, often in the Python programming
language. In this context, it is not surprising that the Editors of Carbon and Carbon
Trends keep receiving a growing number of original article submissions on this topic and

we strongly encourage authors to use our journals to disseminate their work in this area.

A large portion of recently reported studies deals with machine learning algorithms using
computational data as learning dataset. However, the portion of ML studies related to the
treatment of experimental data has been growing steadily, as ML algorithms are becoming
more and more available to the broad community. The goals of both types of investigation
are the same: using a subset of well-understood data to develop predictive models applied

to systems that are difficult to treat explicitly.

Machine learning and computed data: Several ML studies have been devoted to
understanding nanomechanical properties. For instance, shallow neural networks were
used to predict the fracture stress in defective graphene, including parameters such as
temperature, vacancy concentration, strain rate, and loading direction. Data required to
model Convolutional Neural Networks (CNNs) were obtained from molecular dynamics
(MD) simulations. [162] In a separate study, a deep learning framework was built using
tensile tests performed by MD at room temperature on SWCNTSs up to 4 nm in diameter.
An artificial neural network was trained using the MD dataset and subsequently used to
predict the mechanical properties with high fidelity. [163] Likewise, h-BC2N lattices
were investigated using theoretical models based on machine-learning interatomic
potentials (MLIPs) to explore the mechanical/failure and heat transport properties under
ambient conditions. [164] In general, studies have shown that the use of MLIPs can
significantly reduce computational costs while achieving accuracy close to that of ab
initio methods. MLIPs are trained on large datasets obtained from ab initio calculations.
For instance, a deep learning approach was used to train neural network potentials (NNPs)
using the CA-9 dataset, (made up of results obtained for 9 carbon allotropes) to accurately

reproduce structural and vibrational properties, with accuracy similar to that of DFT.
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[165] Passively-trained MLIPs were also employed to study thermal expansion of several
carbon-based nanosheets. MLIPs were found to be very accurate at reproducing DFT
phonon properties.[166] In addition, the thermoelectric performance of g-graphyne
nanoribbons (g-GYNRs) was optimized using a combination of nonequilibrium Green’s
function and Bayesian optimization, showing that Bayesian optimization can accurately
identify the optimal structure with best thermoelectric efficiency, identifying room-
temperature figure of merit of optimal defective g-GYNR as high as 2.315, which is 5
times of that of pristine g-GYNR. [167] Stochastic ab initio random structure search
algorithm was combined with the use of interatomic potentials to predict the structure of
a large dataset of carbon clusters spanning a wide range of sizes (Figure 12). The study is
particularly illuminating as the researchers systematically compared the transferability
and predictive capability of seven popular carbon potentials, including classical and
machine-learning potentials, finding that the GAP-20 potential [168] is the most accurate

at predicting the properties of carbon clusters. [169]

Machine learning has been used in several studies where the computed vibrational
properties of a carbon sample are employed to determine the underlying structure. For
instance, in a study focused on point vacancies in a carbon nanotube. a polynomial
support vector machine (SVM) was developed to successfully classify pristine and
(vacancy) defective SWCNTs at test accuracy greater than 90%. [170] In another
research, a machine learning-based approach was developed to provide a continuous
model between the twist angle and the simulated Raman spectra of twisted bilayer
graphene (tBLG). Once trained, the machine learning regressors (MLRs) quickly provide
predictions without human bias and with an average 98% of the data variance being
explained by the model. [171] Evolutionary algorithms can also be used for crystal
structure prediction, such as stable two-dimensional (2D) carbon allotropes. For instance
PAI (polymerized as-indacenes) graphene was predicted as a stable 2D allotrope of

graphene using these types of techniques. [172]

Carbon researchers also exploit machine learning techniques to develop new interatomic
potentials that are both accurate and transferrable. [168,173,174] For example, a
geometry-driven deep learning framework Geometry Orbital of Deep Learning
(GOODLE) was recently developed to accurately predict carbon properties in both real

and reciprocal spaces. These properties include energy, equation of states, phonon
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structure, electronic band structure, and optical absorption. GOODLE is trained on small
lattice carbon structures and was found to be capable of accurately describing an array of

structures, including magic-angle tBLG. [175]

Machine learning and experiment: Moving to recent studies involving experimental
characterization and synthesis techniques, a Convolutional Neural Network was
developed to assist in the tedious determination of chiral indices in CNTs, based on the
analysis of high-resolution transmission electron microscopy (HRTEM) images. This
approach allows the analysis of a large number of HRTEM images of carbon nanotubes,
leading to predictive estimates of experimental chiral distributions.[176] In another study,
Raman spectroscopy was used to understand the structural development that occurred in
the biomasses during pyrolysis. A multivariate analysis based on the combined Principal
Component Analysis, partial least square-discriminant analysis (PLS-DA) was employed
for the Raman data to classify biomass with respect to their source and activation
temperature. Deep learning methods (e.g., LeNET, ResNet, CAE) were evaluated to
classify the bio-carbon samples with respect to temperature and precursor material,

yielding excellent classification with respect to the temperature of activation. [177]

Another study was reported on the optimization of the yield of CVD-grown single-wall
carbon nanotubes under the constraint of minimizing the tube diameter. A total of eight
process parameters were considered in the constrained optimization. Then, an artificial
neural network (ANN) coupled with a Taguchi analysis was able to highlight the interplay
between process parameters. This approach features a 90% accuracy, showing that
furnace temperature primarily affects the diameter, whereas, methane flow-rate
determines the yield. [178] The optimization of laser-induced graphene (LIG) is also
time-consuming and expensive. For this reason, an automated parameter tuning technique
based on Bayesian optimization was developed for the rapid single-step laser patterning
and structuring capabilities with the goal of facilitating the fabrication of graphene-based
electronic devices. Experimental parameters that were optimized include laser power,
irradiation time, pressure, and type of gas. [179] Carbon fiber manufacturing is a complex
activity as it involves up to 70 processing variables. ML models (e.g., vector regression
(SVR), multi-layered perceptron (MLP) neural network, gradient boosted regression trees
(GBRT), and recurrent neural network (RNN)) are particularly well suited for the

optimization of such a parameter space. Those techniques were used to map precursor
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information and carbonization process parameters to mechanical properties, using an
experimental dataset of 600 distinct points with 31 features. The results indicate that ML
can be used to approximate the underlying function describing the effect of the
manufacturing process parameters on the carbon fiber tensile properties, with the RNN

model outperforming all other models under consideration [180]

Finally, we note that ML can also be used to optimize energy applications of carbon
materials. For instance, insight into understanding hydrogen uptake in porous carbon
materials can be gained from the development of machine learning models, and, in turn,
could lead to the rational design of materials with optimal hydrogen storage. For example,
random forest was used on a dataset containing 68 different experimental samples and
1745 data points, along with an analysis based on Shapley Additive Explanations
(SHAP). The analysis indicated that pressure and Brunauer-Emmett-Teller (BET) surface
area are the two strongest predictors of excess hydrogen uptake. Strikingly, a positive
correlation was also found with oxygen content. The pore size distribution is also found
to be important, since ultramicropores (size below < 0.7 nm) are found to be more

positively correlated with excess uptake than micropores (size below < 2 nm). [181]

It is expected that despite the growing popularity of ML techniques in the Carbon
community, the field is still largely in its infancy, and we anticipate that ML techniques
will become mainstream in synthesis, characterization, and device development within
the next few years. The availability of advanced ML techniques and the relative ease to
deploy them efficiently will continue to drive the tremendous progress in this area and
will continue to pave the way to discoveries. However, to harness the full potential of
materials informatics will require sustained efforts in the development of broadly adopted

approaches to data storage, curating, and analysis.

Conclusions and perspectives

This perspective has summarized some of the most impactful carbon research developed
worldwide over the past couple of years and emphasizes the challenges that lie right
ahead. Innovation in carbon materials’ science must move beyond the incremental
progress in new design methods. For instance, advances towards the integration of new
carbon materials with promising features at higher technological levels are needed to

validate the performance at large scales. This is particularly critical given the fact
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materials synthesis’ feasibility and performance at small scale are not a guarantee for
reproducible upscaling. Furthermore, most research efforts cover fundamental material
research aspects and the extrapolation of materials’ capability to operate in relevant
environments is not straightforward from small scale laboratory tests. Nontraditional
processing methods (e.g., Joule heating, laser heating, van der Waals heterostructure
technology...) are continuously contributing to the synthesis of novel forms of carbon.
Perhaps more important, they are expected to provide efficient ways to finely tailor
carbon materials structure and texture according to future needs. Creating novel carbon
structures relies on suitable chemical precursors and carbonization/graphitization
conditions. Although heating conditions have been studied for many years, recent
developments in ultrafast heating methods show the formation of new carbon material
structures and textures. Understanding the precise control of these methods will open the
opportunities to create a wide range of novel carbon materials. These materials will find
application opportunities in catalysis, energy storage, waste management, construction,
smart systems, etc. SWOCNT films and fibers have shown appealing optoelectrical,
electrical, thermal, and mechanical properties, in addition to their light weight and
desirable chemical stability, these macroscopic nanotube assemblies are expected to find
applications in a wide range of areas. Finally, recent advances have clearly indicated the
major role that machine learning approaches will play in the foreseeable future in both
the treatment or large-data and the optimization of synthesis/processing methods. We
anticipate seeing a sharp increase in publications involving ML in Carbon and Carbon

Trends.

Both journals Carbon and Carbon Trends keep receiving more manuscripts every year.
Our editorial teams are devoted to research novelty and encourage authors to submit
manuscripts reporting breakthroughs and significant advances in many subfields of
carbon research, including those described in this document. Carbon and Carbon Trends’
mission is to continue to publish cutting edge research (both fundamental and applied,
encompassing the physics, chemistry, engineering, and biophysics aspects of carbon).
Based on our experience with the review process, we encourage submission of
computational works performed in tandem with experiment directly to Carbon but, at the
same time, we suggest that purely computational and theoretical works (including ML
based research) be submitted to Carbon Trends, as one of our new journal’s objectives is

to become a medium of choice to share this type of reports.
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Figure 1: Timeline showing important developments in the application of metal-free

carbons in electrocatalysis in the energy conversion field. Reprinted with permission

from Ref. [13].
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Figure 2: Current challenges and limitations of GODs. Reproduced from Ref. [45] with
permission. Copyright 2021, Wiley-VCH.
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Figure 3: Molecular models of Schwarzites consisting of TPMS decorated with sp2
hybridized carbon atoms (courtesy of H. Terrones).
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Figure 4: 3D polymer printed models of gyroid structures similar to those used by
Buehler’s group (models courtesy of A.L. Mackay).
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Figure 5: SEM images, length distribution, and Raman spectra of a SWCNT thin film
composed of isolated and small-bundle nanotubes. (A-B) SEM images of SWCNT
networks. Scale bars, 0.5 um (A) and 10 um (B). (C) Length distribution of the SWCNTs

measured by SEM. (D) RBM mode Raman spectra of the SWCNTs excited by 532-, 633-
, and 785-nm lasers.[76]
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Figure 6: (a) Schematic illustration of GO film reduction by laser irradiation and SEM
images of rGO and GO thin films. Adapted with permission from Ref.[90] Copyright
2012, American Association for the Advancement of Science. (b) Schematic illustration
of laser irritation on a polyimide film and Cross-sectional SEM of carbon materials
synthesized on the polyimide film, the insert shows the porous structure of carbon
materials. Adapted with permission from Ref. [91]. Copyright 2014, Springer Nature.
(c) Schematic illustration of the roll-to-roll process to fabricate flexible rGO films.
Adapted with permission from Ref. [98]. Copyright 2019, Elsevier B.V. (d) Schematic
illustration of a new Joule heating process, the temperature rise vs. time plot, and a
photo of the quartz tube reactor used and the resulting carbon material. Adapted with

permission from Ref. [102]. Copyright 2020, Springer Nature.

62



2 =
2
o
o
=
§
o
o
=
s
@
o
(-9

Structural body with
batteries distributed

Figure 7: lllustration of structural battery concept: Laminated (below) and 3D fiber
based (above) structural battery composite, using carbon fiber as anode and LiFePOy
particles as cathode, along with polymer electrolyte matrix, for their application in

automobiles and aerospace vehicles. [112—114]
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Simple Hexagonal Bernal Rhombohedral
Graphite Graphite Graphite

Figure 8: Comparison between three different graphitic structures: simple hexagonal
(left), hexagonal (Bernal) (center), and rhombohedral (right) graphite. The unit cells
are also shown in the different structures with their respective number of incorporated
carbon atoms (grey). C is the interlayer distance, and a is the distance between nearest-

neighbors. Adapted from ref. [134], with permission from Elsevier.
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Figure 9: Raman spectra of ABA- and ABC-NLG (N = 3, 4, 5, 6) in the C, G and 2D
peak spectral regions. The C modes are observed in ABA-NLG (N = 3, 4, 5, 6), but not
in ABC-NLG. Adapted from ref. [142], with permission from Elsevier.
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Figure 10: Stacking order control in graphite films. (a) Crystal structure and top view
of the stacking order transformation of a model trilayer graphene. The top, middle, and
bottom layers are labeled yellow, red, and blue, respectively. The left figure is the
original ABC stacking trilayer. The middle and right figures are the final stacking order
after the energetically favorable displacement of the top layer along zigzag (red arrow)
and armchair (blue arrow) directions, respectively. o is the C—C bond length. (b)
Schematic of the shear force applied to the flakes during micromechanical transfer.

Adapted from ref. [145], with permission from ACS.
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Figure 11: (a) Oxygen containing functional groups on the surface of carbon materials,
(b) Peak fitting data of the deconvolution of CO desorption profiles using a multiple
Gaussian function for the carbon nanofiber and (c) schematic illustration of depressing
hydrogen evolution reaction via the physical and chemical passivation of edges.

Adapted from ref. [158] ,with permission from ACS.
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Figure 12: Visualization of the minimum-energy structures in a selection of ordered
carbon clusters generated with AIRSS p DFT. Clusters are labelled as Cn where n
indicates the number of atoms. Point group symmetries are shown in parentheses. Carbon
atoms are colored according to their hybridization: blue, green and red correspond to
sp, sp2 and sp3, respectively. Reproduced from [169]
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