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Abstract

Graphene Nano-Carbons (GNCs) have a huge potential, but current production meth-
ods limit their exploration and use. Many GNCs will be explored here with a focus on
CNTs (Carbon NanoTubes) (which have some of the highest strengths of any known ma-
terial, conductivity, EMF absorptivity, and many other useful properties. Manufacturing
them abundantly, inexpensively, and in eco-friendly ways remains a significant challenge.
Two CNT/GNCs production methods are compared and reviewed. Traditional Chemical
Vapor Deposition (CVD) production heats organic reactants with metal catalysts to form
GNC/CNTs. As of now, the CVD CNT production has been limited by the high-energy
costs, costs per weight comparable to precious metals, and a high CO2-footprint. C2CNT is
an electrochemical methodology that overcomes the constraints of CVD, while producing
high-quality CNT/GNCs. C2CNT is a molten carbonate CO2-electrolysis that makes GNCs.
The C2CNT process also selectively produces a wider variety of CNTs (including helical,
magnetic, and doped) and GNCs with higher product specificity than CVD by fine-tuning
electrolysis parameters. The wide variety of CNTs/GNCs that can be produced by each of
these methods is reviewed and discussed. The goal of this perspective is to compare GNC
production methods.

Keywords: carbon nanotubes; chemical vapor deposition; molten carbonate electrolysis;
carbon dioxide utilization; graphene nanocarbon

1. GNC and CNT Overview and Environmental Impact
GNCs (graphene nanocarbons) are a series of carbon allotropes, derived from 0D, 1D,

2D or 3D arrangements of graphene. One of the most widely explored of these GNCs
are CNTs (carbon nanotubes), with one dimensional symmetry consisting of one or more
concentric graphene cylinders. CNTs, due to their layered cylindrical morphology and
graphene-based structure, exhibit high strength, flexibility, efficient charge storage, great
thermal conductivity, and catalytic functionality [1–14]. These properties have resulted in
CNT applications in a growing number of charge storage, polymers, medical, electronic and
composite uses. Commercially. CNTs are mass produced by traditional Chemical Vapor
Deposition (CVD). The high energy use and high materials consumption in the production
of CNTs by CVD, along with the high carbon footprint of CVD production, has led to a
high market cost for commercial CNTs, which has limited the rate of market growth of
these materials. Nevertheless, these unique one-dimensional graphene allotropes of carbon

Crystals 2025, 15, 887 https://doi.org/10.3390/cryst15100887

https://doi.org/10.3390/cryst15100887
https://doi.org/10.3390/cryst15100887
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-2157-341X
https://orcid.org/0000-0002-8273-2875
https://doi.org/10.3390/cryst15100887
https://www.mdpi.com/article/10.3390/cryst15100887?type=check_update&version=3


Crystals 2025, 15, 887 2 of 22

have a burgeoning global 2025 market of $US 3 billion, which is projected to more than
double by 2030 [15].

To facilitate global use of these highly functional GNC materials, including CNTs,
there is a need for more cost effective and more environmentally benign GNC production
methodologies. The goal of this perspective is to compare and review two GNC production
methods, with a focus on the production of CNTs. Traditional Chemical Vapor Deposition
(CVD) GNC production is compared to an alternative, large scale electrochemical produc-
tion methodology, C2CNT (CO2 to Carbon Nanomaterial Technology). C2CNT produces
high-quality CNT/GNCs by the electrolysis of CO2 in a molten carbonate bath.

The selective fabrication of tailored GNCs, such as doped CNTs, Helical CNTs (HC-
NTs), Magnetic CNTs, Nano-bamboo or Nano-pearl morphology CNTs, or macro assem-
blies of CNTs, is relatively straightforward within the electrochemical system, while it
can be complex in the CVD process [16–22]. Switching between the molten carbonate
production of various GNCs is straightforward and does not incur additional costs. CNT
Doping is accomplished by introducing the appropriate inorganic dopant salts into the
electrolyte for C2CNT or in the precursor stream for CVD. Among the various dopants
investigated, boron, nitrogen and phosphorous have been studied more extensively than
sulfur [1,20]. Replacing carbon atoms with nitrogen or phosphorus induces curvature in the
graphene structure through the formation of pentagonal rings and facilitates cross-linking
between graphene layers. The curvature and interconnection of graphene layers enhance
the mechanical strength of the planar sp2-bonded network by extending it into three di-
mensions. Energy calculations indicate with sulfur doping in CSx structures, pentagon
and double-pentagon defects, exhibit notable stability. This stability arises from the sulfur
atom’s ability to utilize its expanded d-orbitals, which helps stabilize the curvature in
S-doped, pentagon-rich graphene-like layers [23,24].

B-doping has been shown to enhance the CNT’s electronic conductivity by about
an order of magnitude [1,20]. Magnetic CNTs (MCNTs), with Ni or Fe in them, which
are recoverable for recycling, have been synthesized by C2CNT and, to a lesser degree,
CVD. Other forms of CNT synthesized include nano-bamboo; HCNTs from under high
growth rate conditions, particularly in the presence of oxide species that promote sp3 defect-
induced curvature; porous CNT networks, and nano-pearl CNT morphologies [16–19].
GNCs in composite materials can further contribute to greenhouse gas (GHG) reduction
by decreasing the GHG-footprint of conventional products such as metals, cement, and
plastics [25–28]. In composites of metals or cements, GNCs incorporated at a dosage of
0.05–3 wt%, can increase tensile strength >35% and durability, while additions of 0.5–3 wt%
to polymers increase strength by 50%, and hardness by 4% [26]. Buckypaper, produced
purely with CNTs, exhibits a low electrical resistivity of 0.9 × 10−11 Ohm meters, which
is expected to decrease further with B-doping [29]. Beyond their established applications,
such as in energy storage and structural composites, CNTs have been successfully used in
a variety of functional materials, including buckypaper, polymers/plastics, and plasma-
based systems [25–38].

CO2 induced global warming is of grave concern. CO2 emissions globally in 2024
reached 37.8 Gt annually and continue to increase [39–42]. Despite renewable energy
growth, the United States of America has increased fossil fuel infrastructure, and total
energy-related CO2 emissions increased by 0.8% in 2024, hitting an all-time high of 37.8 Gt
CO2 [43]. Accelerated GHG-emissions are driving global temperature increases, rising sea
levels, and extreme climate events at rates faster than predicted, posing an existential threat
to Earth. CO2 removal is crucial to mitigate climate-driven biodiversity loss and economic
disruption; a transition to renewable power alone will not suffice to curb the catastrophic
pace of global warming [39–42].
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CVD production of carbon nanotubes is a significant CO2 emitter [1,2]. Alternatively,
GNCs such as CNTs could trap carbon if formed from CO2, as they have stability on the
order of 100s of millions of years, as demonstrated by the stability of graphite, which is
composed of many imperfect layers of graphene [26,27]. CNTs offer greater stability than
graphene as they have fewer exposed edges. This may make it ideal to store captured
carbon, if it does not release more than it captures during formation, and may store
other pollutants, such as sulfur, through doping and adsorption/absorption. Matrixes of
other materials surrounding the GNC and intermetallic compounds may provide further
stabilization, acting as a catalyst to repair damage, as a physical barrier, or as a sacrificial
element instead. This matrix may also increase their safety.

One common carbon feed source for CVD production is methane [44]. Some emis-
sions from CVD have a higher ability to warm the Earth than CO2. For example, CH4

is 27–30× more potent, N2O is 273× more potent, and fluorine-based compounds are
even more [45–47].

Large-scale pathways to produce GNCs include:
CVD (Chemical Vapor Deposition): CVD is currently used in the commercial produc-

tion of GNCs. CVD functions by depositing a chemical vapor on a substrate, generally by
introducing a feed gas or gases at high temperature and reacting them on a substrate. CVD
is energy intensive, limited by Carnot Cycle (heat engine) and secondary energy losses.
Carnot cycle limited efficiencies are expressed by:

EFC = (TH − TC)/TH (1)

EFC is Carnot Efficiency, TH is the hot cycle temperature, and Tc the cold cycle.
Chemical vapor deposition has existed for arguably millennia and has been used

to manufacture a wide variety of substances, such as silicon wafers, germanium wafers,
specialized ceramics and glasses, and more beyond GNCs [2]. CVD is known for producing
high-purity, uniform, and large crystal structures with few or no defects. Variants of CVD
that are used in the production of CNTs are summarized in Figure 1.

 

Figure 1. (A) A general diagram of CVD. (B) Types of CVD commonly used to explore CNT,
graphene, and carbon nano-onion production. (C) CVD Base CNT growth example. (D) CVD Tip
CNT growth example.



Crystals 2025, 15, 887 4 of 22

C2CNT, uses high-temperature molten carbonate electrolysis of CO2. CO2 is split
into a high purity GNC carbon product at the cathode and O2 at the anode. The specific
GNC product, such various CNTs, is selected for, and controlled by, the electrochemical
conditions (such as electrolyte and electrode composition, current density). The High
temperatures of the electrolysis increases efficiencies beyond that of heat engines.

C2CNT is an electrochemical process that increases efficiency, which as with the
increased efficiency of batteries and fuel cells compared to heat engines, is not limited by
Carnot Efficiency losses by rather by the Gibbs free Energy:

∆G = ∆H − T∆S (2)

where G = Gibbs free energy, H = enthalpy, T = temperature in kelvin, and S = entropy.
As illustrated in Figure 2, C2CNT, from introduction of the feedstock CO2, to pro-

duction of the GNC product at the cathode, is a single step process. In C2CNT, the high
concentration of carbonate at the cathode surface minimizes mass transport losses and
ensures low electrolysis potentials. Variations of C2CNT that have been developed include,
the use of renewable electricity to drive the electrolysis process, the specific use of split
solar (termed STEP Carbon Capture, in which solar visible generate PV electricity, and
solar IR heat) [16], CCUS C2CNT for decarbonization of concentrated (such as industrial)
CO2 sources [48,49], and DAC C2CNT, for direct air decarbonization [50].

 

Figure 2. CO2 electrolysis in molten carbonate producing “C”, GNC products. From reference [19].

The goal of this perspective is to compare GNC CVD and C2CNT production methods,
with a focus on the production of CNTs.

2. CVD History
The first use of CVD may have originated in the Syrian cultures ~300 B.C. [51,52].

These cultures had priests who deposited CuS and CuAs by using vapor reactions on
copper or copper alloy surfaces for artistic reasons. Later in the 1880s, industrially, carbon
was deposited on metallic surfaces to make filaments for carbon lamps, and for the Mond
process, which was used to make high-purity nickel deposits [1,51,52]. Atmospheric-
pressure CVD with precursor hydrides is one of the oldest and most common methods
for thin film forming, utilizing PH3, silane gas, B2H6, and O2 diluted with nitrogen at
510–770 k [51–53]. CVD in the 1950s was used to coat graphite susceptors (carriers and
heaters for substrates used in other CVD methods) for the zone-refining of InSb and Ge,
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as well as direct growth of Ge. During the 1960s, epitaxial films of III-IV semiconducting
compounds were obtained by CVD. They opened the way for Si-based electronics devices
and production of integrated circuitry [51,52].

3. Introduction to CVD
3.1. General CVD

CVD, as illustrated in Figure 1A, is the most used process to make GNCs, mostly
CNT and graphene [53]. It functions by heating a vapor, sometimes ionizing, and then
depositing it on a substrate [52,53]. The substrate often acts as a catalyst that induces
the correct chemical reactions and selects the correct products. For example, in CVD for
making carbon products, the substrate may be numerous metallic (Cu, Cu-alloys, Ni, and
iron alloys are widely used) or semi-metallic (usually silicon and, to a lesser extent, Mn
or, 79Ge) [51], alternatively, a metal catalyst can be incorporated as part of the feed gas
(es), such as in metallo-organics. The main reactions in CVD can be simple or complex,
with various organic or metallo-organics being reduced to carbon with waste products of
either H2, water, CO2, CO, metal nanoparticles, metal carbides, or metal oxides [51–53].
The input gas can be as simple as methane to much more complex organometallics such
as Fe(C5H5)2, or even more complex substances [45,51–64]. Thermal chemical vapor
deposition (CVD) is now a well-established and efficient method widely used in industry,
such as for producing vertical graphene nanosheets, as shown in Figure 3 [65]. It offers
advantages like compatibility with substrates of various shapes and sizes, high production
yield, and relatively low equipment costs, for large-scale manufacturing [66].

Figure 3. SEM of CVD CNT grown with a fixed CH4:NH3 = 70:50 sccm gas flow ratio 800 ◦C, for 1 h.
From reference [65]. Open access by CC 3.0.

As illustrated in Figure 1C,D CNT CVD growth can occur either from catalyst remain-
ing at the base of the substrate (1C), or from catalyst which remains at the tip of the growing
CNT (tip growth), which often leads to higher product purity and can produce longer
CNT. Both types of growth occur in most systems, and the substrate may get poisoned or
disrupted after repeated use [46,53–59].
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Organometallics CVD inputs have the advantages of metallic components acting as
a catalyst for principal reactions and for correcting defects that might arise. However,
they may increase waste due to several factors. For example, in the case of ferrocene it
is not widely produced for any applications, and current ferrocene production methods
often generate a lot of reactive or environmentally unfriendly waste; other metallo-organic
compounds are similar [51,53]. Other metallo-organics do not fare better. Scale-up in
the future may lead to improved syntheses with organometallics; however, ferrocene
and related compounds used for CVD do not yet have many uses [54,55]. Additional
downsides include that the metallic component reacts and produces waste for certain CVD
input streams; and after or during production, metal and metal-element-containing waste
needs to be purified out or disposed of, or could lead to the risk of the product being
contaminated, clog up the system, or excess can inhibit the desired chemical reactions from
happening [45,46].

To prevent undesired interactions of more complex gas mixtures, higher temperatures [67–69],
and certain pressure regimes may be used. Sometimes, input gas contains functional groups
that promote reaction at lower temperatures, and/or remove defects by reacting with less
stable carbon bonds. Input gas may also contain rings to act as larger blocks to build
graphene nano-carbons, and constituents that do not react directly to form GNC but instead
to get rid of defects (such as hydrogen gas to remove less stable carbon compounds) [44–46].
However, all of this may reduce energy efficiency or create environmental problems in
similar ways to using organo-metallic compounds. Some of the input gas may be used as a
carrier to make pumping and directional control of the incoming gas stream better, control
pressure, and absorb excess. Some commonly used gases as additions: hydrogen; CO2; CO;
Ar and, to a lesser extent, other noble gases; nitrogen; oxygen; organometallic compounds;
atmospheric feed gases; dopant gases; cleaning gases in between cycles; seed material;
fluoride/fluorocompounds and other halogen-based compounds; dust or particles for
actively cleaning CVD surfaces during or after making the product.; and ammonia [68].

Lower temperatures can lead to more undesirable products, partly due to higher
temperatures selecting for often more stable graphene nano-carbon allotropes than the
less stable amorphous carbon compounds, or organic compounds, and taking away waste
better. However, higher temperatures limit which gases can be used stably [46,54,67,68].
Researchers have explored facilitating CVD production using several processes, including
microwave irradiation, photon, radio waves and electron beams to selectively heat and
reduce certain bonds, including inducing high or low temperature plasmas localized
along carbon nanostructures [54,56,69–76]. Coupled with CVD, molecular, atomic, ion,
EM or electron beams selectively deposit atoms with higher energy in a select direction
along a certain direction. Feed gas modification: Pulses or phased gas sequences provide
quicker depositing, a cleaning phase, and a phase for fixing or getting rid of defects, and
prevent gas scattering [46,53–55]. Finally, the CVD feed gas has been changed to improve
initiation, growth, repairing defects in products, and controlling the amount of catalyst
involved [46,53–55].

3.2. CVD Methodologies and Modifications

The CVD process offers numerous tunable parameters to enhance nanocarbon product
selectivity, but these also increase complexity and energy demands. Variants of CVD,
summarized in Figure 1B and detailed in Table 1. Examples of Plasma-enhanced CVD
and Atomic-layer CVD are shown respectively in Figures 4 and 5. The dynamic reaction
environment of CVD variants complicates chemical understanding, modeling, and control
of selectivity and energy use. Multiple simultaneous reactions at varied interfaces and
energy levels lead to local fluctuations in temperature, pressure, and energy. Excess
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input energy, often inefficiently used, can disrupt catalytic processes or degrade products.
Additives, while potentially enhancing properties (e.g., conductivity in doped CNTs), may
hinder product formation. Prolonged growth can reduce substrate contact, sometimes
aiding catalysis. Due to high costs, optimization is typically limited to select products [53].
Additionally, graphene detachment during growth may obstruct CNT formation and
disrupt gas flow, impairing the overall CVD process.

Table 1. Variants of the CVD process [2–14,51–86].

CVD Variant CVD Benefits and Limitations

Catalytic CVD (CCVD) Selects and controls product purity.

Ultra-high vacuum, high vacuum, vacuum, low pressure,
sub-atmospheric, atmospheric, or high-pressure CVD Controls feed gas/substrate interactions.

Floating catalyst CVD (FCCVD) Catalyst is “floating” in the gas and not fixed to
a substrate

Fluidized Bed CVD (FBCVD)

This method integrates CVD with a fluidized bed reactor,
where solid particles are suspended in a gas stream,
mimicking fluid behavior. This ensures uniform and
consistent exposure of each particle to reactive
gas precursors.

Microwave Enhanced or radio-assisted CVD.
Increases feed gas reactivity and catalyst directed growth.
Increase equipment complexity and can lead to
product inhomogeneity.

Timed release of the CVD input gas

Involves successively introducing precursors into the
reactor rather than continuously. This offers significant
control over the deposition process, but adds complexity,
cost, incomplete evacuation of chamber and
scaling challenges.

Plasma-enhanced CVD (PECVD)

Plasma-enhanced CVD (PECVD) exposes the chamber or
substrate to plasma, accelerating reactions but creating
more extreme, energy-intensive condition as shown in
Figure 4. In remote PECVD, plasma is generated away
from the substrate or chamber walls, reducing damage
from direct contact but limiting catalytic use of
the substrate.

High-temperature CVD Enhanced production rate; limits useable feed gases
and selectivity.

Hot wall CVD

CVD walls are kept hot actively to promote reaction
conditions. Heating may prevent or increase deposition
of some materials in a beneficial or harmful manner, and
is energy intensive.

Cold Wall CVD

Actively cooling CVD chamber walls can improve
reaction selectivity and deposition on cooler surfaces by
promoting condensation from gas or plasma phases, but
is energy intensive.

Atomic-layer CVD Deposits successive layers of different compounds to
make layered, crystalline films as exemplified in Figure 5.
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Figure 4. Simple (a,b) parallel plate Plasma-enhanced CVD from reference [69]. Note, substrates
other than Si wafer are also useful.

 

Figure 5. Principle (a) and equipment (b) of Atomic-layer CVD from reference [69].

3.3. CVD Alternative Precursors and Products

To reduce CVD environmental impacts, decrease price, and increase production capac-
ity, attempts have been made to include solid precursor, sometimes sourced from biomass
or recycled material [46,54–60]. For example, reducing polymers in the CVD chamber
with a copper substrate or reducing biomaterials, such as rice husks, in the CVD chamber
with a copper substrate [62]. A widening body of precursors is being used to optimize
the CVD CNT process [70–72]. Mixed biological-derived compounds can be used in the
CVD process [45,54–62]. However, this usually requires higher temperatures to produce
the desired products and still give a greater variety of often lower-quality products [30–36].
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However, the defect-ridden product, porous product, may have some select usages due
to its higher surface area and reactivity [46,54–60]. This may also lead to better doping of
the final product if the dopant is mixed in a solid precursor, easier separation from the
substrate, and more fine-tuned micro and macrostructures [6,54–59,62].

Additional environmental costs may arise from the difficulty of removing the product
from the CVD chamber, cool it, detach it from the substrate, and purify the product, and
renewing chamber conditions (appropriate atmosphere, pressure, remaking substrate,
etc.) [46,54–57,62]. Attachment to substrate can also be beneficial in some cases, as it may
make handling the product easier, improve the metal or semiconductor or other interface,
or allow for a tighter and more specific assembly of nanocarbons, such as nano-forests
of vertically aligned nano-carbons that excel at absorbing light due to overall structure,
absorbing certain chemicals, and emitting electrons [46,54–57,62,63].

In addition to CNTs and graphene, CVD can make nano-diamond surfaces or nano-
diamonds, but not inexpensive or larger diamonds [64]. CVD has also been used for
other chemical processes, such as depositing of molybdenum and other metallic sulfides,
arsenides, carbides, silicides, and nitrides and metals as coatings including tungsten,
molybdenum, tantalum, titanium, and nickel [87–92]. A particular use of these CVD
processes is depositing thin films directly on the desired substrate, which may serve as
the back or front side of the final product, such as an electrical contact for a thin-film solar
cell or an electrical contact for a radiation sensor. These processes differ greatly from the
production of GNCs as structural materials, which are consumed at a much higher rate than
materials used for advanced electronics and solar cells. For example, silicon for films, had
a production level of 4.6 metric Mt in 2024 [78], while production levels of the structural
material cement were 3 orders of magnitude higher [79]. Large-scale CVD production
techniques are not readily adaptable to changing parameters for different outputs to adjust
to different markets.

Ongoing research explores the production of materials other than GNCs, usually
produced by CVD, for production alternatives, for example, the electrochemical deposition
of perovskites and thin-film semiconductors to reduce energy use. CVD systems face
limitations beyond chemistry; designing chambers capable of withstanding and main-
taining reaction conditions is technically challenging, costly, and often difficult to scale.
This is especially true for systems requiring uniform or precisely controlled environments,
extreme conditions, or high-energy beams. Maintenance and operational expertise are also
significant barriers, particularly for highly specialized setups. While advances in non-GNC
CVD may offer some benefits, their relevance is limited due to the unique scaling and
customization challenges in GNC production. Nonetheless, developing processes that
overcome CVD’s fundamental constraints could accelerate broader research, especially
with support from adjacent fields

4. CVD Pricing
CNT pricing depends on purity, length, quantity, width, and how many walls. CVD

CNTs currently costs around $60–1000 per gram for over 98% purity, high quality CNT and
$100 to $200 per kg for low quality CNT under 95% purity when purchased in bulk [82–84].
This does not include the cost of more exotic CNT structures, and the cost of CNT CVD
production is not expected to decrease significantly due to intrinsic energy, materials and
equipment costs, even if capacity dramatically increases. Even at these high costs, scale up
continues and production levels continue to grow. For graphene and CNOs produced by
CVD, costs are several orders of magnitude higher [82–86].
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5. CVD Scale-Up
Maintaining an isolated chamber to conduct CVD is challenging, but a plasma window,

which is a technology that fills a space with an electrically or magnetically confined plasma,
can be utilized. A plasma window’s viscosity, which increases with temperature, allows it
to separate a vacuum from gas at standard atmospheric pressure and can reportedly handle
a pressure difference of up to 9 atmospheres. At the same time, the plasma window will
allow radiation to pass through. Currently, this window is very small [73–77]. Electron-
beam welding is a major application of plasma windows [76]. Other ideas beyond plasma
window include better protective gases and their usage, higher-pressure CVD process,
better repair correcting agents for defective GNCs, better use of seed agents, cleaning of
chamber, pumps, better substrates, and high-energy controlled and directed beams from
EUV to radio frequency to electron beams may all help with scale-up.

6. C2CNT Processes Introduction
From 2009–2010, carbon capture by CO2-splitting through molten carbonate electroly-

sis was introduced as a potential climate change solution. By 2015, it was shown that the
transition metal nucleated growth process could directly turn CO2 into CNTs [16]. This
C2CNT method of transforming the carbon dioxide into valuable GNCs offers a promising
way to address climate change [93]. This procedure has a 4-e redox reaction of carbonate to
GNCs and O2 (Equation (3)):

CO3
2− −→ CGNC + O2 + O2− (3)

CO2 exothermally reacts with oxide, to continuously renew the carbonate, such as for
the carbonate, Li2CO3 (Equations (4) and (5))

CO2 + O2− −→ CO3
2− (4)

CO2 + Li2O −→ Li2CO3 ∆H (770 ◦C) = −158,000 J/mol. (5)

C2CNT is illustrated in Figure 2, and shown as deployed at a large-scale in Figure 6.
Hot O2 byproducts can be used to power more efficient combustion for power plants,
pollution filtering, ozone generators, used in chemical production plants, or released [93].

The planned C2CNT decarbonization process scale-up to capture from 0.1–1 kt of
this O2 annually involves increasing kiln dimensions from 3.3 × 1.8 m by either 1.8 m or
2.4 m tall for the 0.1 or 1 kt unit [93]. This scale-up includes carbon pots and electrodes [66]
(Figures 6 and 7). In the 1kt Genesis kiln, each cathode sheet is 3× larger, with additional
cathodes. The kilotonne module unit is significant because current aluminum production
already employs electrolyzers with a similar throughput (kt/module annually), with 10 s
connected in series for aluminum output at the MT-scale. The C2CNT electrolysis operates
at 350 kA (Figure 7). The C2CNT process shares similarities with aluminum smelting,
both molten electrolysis and non-precious materials. In Al-smelting, alumina is reduced
to aluminum metal at 960 ◦C via electrolysis in a cryolite, unlike at a colder temperature
(770 ◦C). Another key difference is that the C2CNT process uses an inert O2 anode, typically
304SS, which does not consume carbon, unlike the aluminum process that consumes a
carbon electrode that releases CO2. Also, C2CNT has a lower capital costs, as it works
at colder temperatures, does not require coke production, and avoid bauxite refinement.
The top-right image in Figure 7. shows a typical aluminum smelter potline producing
1 Mt of Al annually. Each of the three potlines operates at ~350 kA and consists of 100 s of
pots arranged in series with consumable coke anodes, replaced periodically. The molten
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aluminum (mp 660 ◦C) is heavier than the electrolyte and is collected using a mobile
vacuum crucible.

 

Figure 6. C2CNT decarbonization has been scaled to an industrial scale at Carbon Corp (a subsidiary
of C2CNT LLC, in Calgary, CA, USA. (A): In the medium and large-scale C2CNT processes, CNTs are
grown from CO2 in a 304 Stainless Steel (304 SS) electrolysis pots on planar Muntz brass cathodes.
Modern large-scale industrial electrolysis at the site utilizes cathodes with > m2 area. (B): An
extracted cathode containing the deposited cathode product grown during a 16-h electrolysis of
0.05 CO2 concentration in 770 ◦C Li2CO3 electrolyte. (C1,C2), SEM and (C3), TGA of the product and
(D): the TGA GNC purity over multiple runs in various electrolytes [66–68]. Bottom (E): The C2CNT
coulombic efficiency versus the applied electrolysis current density for medium-scale C2CNT®

electrolyses. 10 electrolyses are done at each current density. From reference [93]. Open access by
CC 3.0.

The aluminum and C2CNT processes proceed at high current densities of 100’s of
mA/cm2. Both processes’ cells are constructed from readily available components [86].
Al-electrolysis operates at ~4 V, compared to the C2CNT process 0.8–2 V, depending on
current density.

The Genesis Device is made for bolt-on, modular deployment. C2CNT nodes can be
serially connected, enabling scalability from initial installations capturing kilo to mega-
tonnes of carbon dioxide annually. Similar to Al-plants, the 1 Mt carbon dioxide yearly
C2CNT facility consists of 3 potlines, each comprising several hundred kt CO2 annually
Genesis Devices in series. The right-hand sections of Figure 7 offer a view of an Al-facility
compared to the proposed MT-scale C2CNT decarbonization plant. Interestingly, higher
current densities promote increased efficiencies, which is another positive sign for scale-up
as shown in Figure 6E.

As shown in Figure 6C3, compared to amorphous C (oxidation ~300 ◦C), these GNCs
resist oxidation up to 600 ◦C (Figure 5) [93]. Under N2, CNTs (whether produced by
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CVD or C2CNT) are stable and can retain their viscoelasticity to 1000 ◦C [94,95]. CNTs
under vacuum or inert environment have been reported as thermally stable and providing
twice the thermal conductivity of diamond at temperatures up to 2800 ◦C for use in the
aerospace industry [96]. The resistance of GNCs to oxidation and their high thermal
conductivity is useful for applications including aerospace components, high temperature
lubricants, flame retardants, tire and rubber durability, coatings and paintings, crucibles,
and semiconductor manufacture.

Figure 7. (A) (left and right): Commercially operable aluminum smelting facility. (B): Design of the
current 100 t/y (tonne/y) CO2 Genesis Device® for decarbonization and production of GNCs such
as CNTs. (C): Planned design of the Genesis Device to deliver 1 Mt/yr CO2 decarbonization (and
produce ¼ Mt GNCs) based on the analogous Mt Al facility using a ten-fold increase (kt/y) from the
current module Genesis Device used in series.

The modular design of C2CNT facilitates localized decarbonization and production of
CNTs and other CNTs Local production, reduces long-distance shipping and environmental
costs. Over 18% of NOx emissions and 3% of greenhouse gas originate from shipping [96–98].
GNCs might partly mitigate this by allowing for fewer materials to be used; for example,
stronger materials may mean fewer materials used in construction [26,27,29]. GNCs produced
locally may also make for less sensitivity to supply chain disruptions, shorter delivery time,
and the use of less energy-intensive methods of transport.

7. IC2CNT (Insulation Facilitated C2CNT)
In IC2CNT, the carbon dioxide in the feed gas passes through membranes into a

headspace and then into molten electrolyte, which act as a carbon sink. Industrial feed
and atmospheric gases principal components (N2, O2, and H2O) are insoluble in molten
carbonates [49]. The membrane insulates the feed gas from the hot molten carbonate
chamber, mitigating the need to heat the (non-CO2) majority of the feed gas to high
temperature. The C2CNT is highly impervious to ppm-levels of SO2, NOx, or CO found in
a typical flue gas [38]. Older designs of C2CNT brought room-temperature gases in direct
contact with the electrolysis chamber, causing heating of the complete gases, which is not



Crystals 2025, 15, 887 13 of 22

done in the new IC2CNT [49]. This chemistry avoids heat transfer to the non-CO2 flue
gas components by implementing a CO2-diffusion zone [The gas output that is not O2 gas
produced contains less CO2 and may contain fewer organic compounds, making it easier
to clean].

8. Beyond Pure Lithium Electrolyte C2CNT
Li2CO3 is expensive, partly due to the competitive demand for Li2CO3 for batteries.

Global Li2CO3 prices for 2022–2024 vacillate in the range of $10–75 k/t [99,100]. With these
prices and competition, an effective, lower cost alternative electrolyte would be useful for
the C2CNT process.

Pure lithium, sodium, and potassium carbonate melt respectively at 723, 851, and
891 ◦C [48]. Eutectic ternary mixes of these salts have been well characterized as molten
carbonate electrolytes and do not produce significant amounts of CNTs. The synthesized
CNTs are increasingly defect-ridden at contents of 20% potassium carbonate or higher,
making it not an ideal for electrolyte mixtures. Upon electrolysis, a binary mixture of
sodium and lithium carbonate produces CNTs up to 20 wt% Na2CO3, but above that, the
product is increasingly deformed. Interestingly, colder 670 ◦C electrolysis, rather than
770 ◦C, 50 wt% sodium carbonate and 50 wt% Li2CO3 form another GNC, other than
CNTs, which we have termed carbon nano-scaffolds. However, adding Na2CO3 to Li2CO3

considerably increases the electrolysis potential [100].
The basis of cement production is CaCO3 to lime thermal decomposition (>840 ◦C).

Barium carbonate (mp. 811 ◦C) with lithium carbonate has a eutectic at 609 ◦C. CNTs can be
grown in lithium carbonate with a maximum of ~20 wt% Ca and Ba carbonate. CO2-electro-
splitting in a mixed calcium/lithium carbonate electrolyte proceeds differently from that in
other Li2CO3-based electrolytes [100]. In Li or Li/Ba electrolytes, the respective oxide is
highly soluble, whereas lime only dissolves at 0.2 m in Li2CO3. Hence, during electrolysis,
rather than reacting with CO2, lime precipitates out, consuming calcium carbonate. Using
Ba, Mg, or Ca carbonate additives with lithium carbonate was observed to harmfully
increase the electrolysis potential. Despite a high melting point, SrCO3 (mp. 1494 ◦C)
was shown to be unusually soluble in lithium carbonate [100]. Strontium carbonate is the
only carbonate with a similar thermodynamic affinity for CO2 to that of Li2CO3, and as
with Li2CO3, supports low-energy CO2-electro-splitting to make useful CNT products [90].
Concentrated strontium carbonate electrolytes are demonstrated to form high-purity CNT
products, but SrCO3 is available at a more stable global price of ~$1700/t, a cost that is
10 times less than lithium carbonate [100–102]. Strontium is the 10th most abundant metal,
while lithium is the 24th most abundant metal in the Earth’s core. SrCO3 is widely mined
and refined to form strontium carbonate or sulfate.

9. Unique Properties of C2CNT GNCs Compared to CVD
To date, CNCs, such as CNTs, produced by C2CNT, offer a greater range of selective

carbon nano-allotrope products and properties than those currently produced by CVD. CO2

molten carbonate electrolysis conditions, including electrolyte composition, current density,
and electrode materials, influence GNC properties [17–22,26–30,49,50,93,100]. Varying
conditions yield doped, magnetic, thin, long, bamboo, pearl, or helical CNTs. A different
composition, such as 54/41/5 wt% SrCO3/Li2CO3/Na2CO3, produces CNOs, some of
which are seen in Figure 8. Graphene and carbon nano-scaffolds have also been synthesized.
Morphological variations to the basic graphene structure bring additional properties to
these GNC variants, as summarized in Table 2.
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Figure 8. SEM of nanocarbon allotropes synthesized by C2CNT. Top row (from left to right):
(A): conical CNF, (B): nano-bamboo, (C): nano-pearl, (D): Ni-coated CNT, (E): nano-flower, (F): nano-
dragon. Middle row: (G): nano-rod, (H): nano-belt, (I): nano-onion (J): hollow nano-onion, and
(K): nano-tree. Bottom row (from left to right) (L): Carbon nanotube, (M): nano-scaffold, (N): nano-
platelet, (O): graphene, (P,Q): nano-helices. From reference [18]. Open access by CC 3.0.

Multi-walled carbon nanotubes (MWCNTs) synthesized through the C2CNT method
utilize microwave energy to form localized hotspots that can directly generate microwave
plasma—something not observed with CNTs produced via chemical vapor deposition
(CVD) [30]. This prompts an important question: what are the key physicochemical
distinctions between CVD-grown CNTs and those made using the C2CNT approach?

While all CNTs are known to absorb microwaves effectively due to their high dielectric
properties (both dielectric constant and loss factor), C2CNTs offer additional advantages.
These include: (i) strong ferromagnetic behavior, and (ii) enhanced electrical conductiv-
ity, which contribute to better microwave absorption and the ability to maintain higher
operational temperatures.

The narrower electromagnetic emission spectra of MWCNTs may support more ef-
ficient constructive interference, potentially boosting plasma generation—though this
remains to be confirmed. Furthermore, because nanotubes with varying diameters interact
with different wavelengths, MWCNTs can absorb a broader microwave spectrum [30]. This
broader absorption is largely attributed to the narrow emission bands and the redistribution
of electromagnetic energy across their surface through the skin effect.
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Table 2. Variants of the C2CNT GNC products [17–22,26–30,49,50,93,100].

GNC Variant Comparison of properties (in addition to those in
2D graphene)

Graphene High strength, high conductivity, durability.

CNT record strength, higher conductivity, ultra-black,
charge storage

Nano-bamboo CNT Solid graphite core, doped catalyst, EMF
periodicity shielding

Nano-pearl CNT Hollow graphite core, doped catalyst, EMF
periodicity shielding

Single/double/spiral Helical CNT
Chiral light filters and polarizers, chiral molecule
selectors, nano-inducers, piezo-electric
effect, nano-springs

Magnetic CNT Water filtration, recycling

Doped CNT Recovering, recycling, medical target delivery

CNT assemblies (e.g., nano trees) Enhanced production rate; limits useable feed gases
and selectivity.

conical carbon nanofiber Solid graphite core, doped catalyst, EMF
periodicity shielding

Solid core carbon nano-onions Solid lubricants, EMF shield,

Hollow core carbon nano-onions Li-ion battery enhanced charge storage

Metal coated CNTs Catalysts, energy storage

Nano- platelets Catalysts, energy storage

Nano-scaffolds High surface area charge storage, catalytic activity,
low reflectivity

The structural rigidity of MWCNTs helps them maintain their form under extreme
conditions. Their layered construction also protects internal walls, resulting in longer
lifespan. Unlike single-walled CNTs (SWCNTs), which only exhibit metallic behavior
at certain larger diameters [30], MWCNTs are generally metallic. This metallic nature
allows for more efficient movement of electrons and holes both between tubes and within
tube bundles.

Interactions between the concentric layers in MWCNTs further enhance the transport
of charge carriers, improving microwave coupling. Additionally, when plasma strips away
electrons or holes, MWCNTs are more resilient due to their capacity to conduct higher
currents. Their robustness, higher carbon density, and current tolerance contribute to
improved self-repair during plasma exposure.

Moreover, MWCNTs are less likely to fail at defect points and are more resis-
tant to physical displacement thanks to their greater mass and density. Their thermal
properties—such as more vibrational modes and higher heat capacity—also enable more
effective radiation and dissipation of surface energy.

C2CNT-based graphene-nanotube composites (GNCs) are magnetically active and
enriched with metals or metal carbides, which improves charge mobility and overall con-
ductivity. In general, longer CNTs enhance mechanical strength, electrical performance, and
accommodate more vibrational modes. The wider structures of MWCNTs made through
C2CNT can carry higher currents, display improved skin effects, absorb microwaves more
efficiently, and remain more chemically and physically stable.

These characteristics also support better charge transport (electrons and holes) and
thermal conductivity. Additionally, the unique hierarchical structure of C2CNTs—from
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nanoscale to macroscale—originating from carbanogel material directly deposited on the
cathode, contributes to better ion capture, microwave absorption, and heat retention [30].

Metal-based impurities present in C2CNT GNCs can increase the density of charge
carriers, enhance electrical pathways, catalyze molecular splitting reactions, promote CNT
regeneration, and intensify magnetic interactions with electromagnetic fields, all of which
improve absorption efficiency. Their high thermal conductivity also aids in effectively
transferring microwave heat to plasma-facing substrates and any ejected material [30,31].

10. Future Tech for C2CNT
In the future, custom or different feedstock gases may lead to more customizable prod-

ucts, such as prepared doped products or CO2 gas feed rate (dependent on concentration
and gas flow rate), compared to the current input density affecting structures grown [16–18].
Custom structures may be grown by reducing a solid organic substrate and perhaps turn-
ing organic waste into GNC Heating solid or waste carbon products to CO2, which is
unlikely to lead to custom structures. This may further be enhanced with custom metals for
electrodes, electrical connections (including one GNC to make metal more conductive by
order of magnitude–need to delete or state what GNC), etc., that may allow for even higher
efficiencies or better control of what allotropes are produced, which also might come about
through more experimentation. Better electrical connections, transformers, and renewable
energy might all lower the environmental impact, along with economies of scale. Better
modular designs may allow for more widespread adoption, development, advantages that
come with local production, and better adaptability. Some designs could be transported if
they cannot be built locally. Automation may greatly reduce cost and waste. Better ability
to change electrolysis parameters, and perhaps even electrolyte, may lead to more control
of the allotrope expanding market and flexibility. Better heat recovery and usage may occur
with things like heat pumps or counterflow devices, along with better insulation and better
bricks to build the outside structure of the device. Ultrasonicating or vibrating device while
in use may produce fluffier scaffolds, or dislodge platelets, or other thin layers. Energy
could be stored in molten salts to be used later, like a heat battery. Finally, direct nano-gel
and buckypaper-like products could be refined from the electrode.

11. Comparative Process and Future Economics Speculation
Processes for the CVD production of carbon nanotubes (CNTs) are energy-intensive

and can require extensive purification. CVD production of CNT and other carbon nanopar-
ticles are on the order of 2 to 100 times more energy-intensive than aluminum, even with
production idealized production models, a principal factor and the present high cost of
commercial CNTs [103,104]. C2CNT uses substantially less energy from 2–4 GJ/t CO2, with
the added benefits of being a complete carbon capture process, and of producing graphene
nanocarbons and oxygen as useful, valuable byproducts. The C2CNT energy requirement
is half that of aluminum, and ranges from a low of 2 GJ by (i) recovering the heat from
the carbon product, (ii) looping the hot O2 product as an oxy-fuel reactant, and using low
voltage carbonate electrolytes, up to the 4 GJ to drive high current density electrolyses [105].

Carbon taxes and carbon-free future grants or promotions will decrease demand for
CVD and support demand for the C2CNT decarbonization process. This carbon exchange,
tax, and grant market is currently evaluated at over 100 billion USD annually and expected
to grow, increasing funding, which will mean more money for green technology and
penalization for other technologies [106]. More accessibility of the C2CNT process through
incentives will mean more experimentation with it, leading to faster adoption and better
development. More usage of it will lead to a feedback cycle.
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CVD emits greenhouse gases with a CO2-equivalent ranging from 480 to 34,000 g
per gram of CNT (not all gases CO2, but global warming potential is equivalent to that
many grams of CO2, some gases such as NOx or hydrocarbons may have other delete-
rious effects to human and environmental health), while the C2CNT process consumes
approximately 3.7 g of CO2 per gram of CNT produced [90,104] Water use in CVD ranges
from 0.1 to 1 g per gram of CNT, whereas C2CNT does not consume water (excluding
purification/device-related use in both). CVD also requires 5–9 g of hydrogen, acetylene,
or ethylene, and 600–650 g of argon per gram of CNT, none of which are consumed in the
C2CNT process [105]. Though C2CNT uses lithium carbonate, it is fully recycled—unlike
newer methods using strontium carbonate—and avoids the material consumption inherent
in CVD. Recycling solids or liquids, as in C2CNT, is also simpler than handling the gases
and high-temperature plasmas used in CVD. CVD consumes 0.2 to 10 kWh per gram of
CNT, while C2CNT’s energy use is 0.007 kWh per gram of CNT. Additionally, substrate
detachment is more challenging in CVD, which also poses greater safety and cleanliness
concerns compared to C2CNT [93,107].

12. Conclusions
This review presents a comprehensive analysis of Graphene Nanocarbon and Car-

bon Nanotube production methods, comparing traditional Chemical Vapor Deposition
(CVD) with the emerging CO2 to Carbon Nanotechnology (C2CNT) process. Unlike CVD,
C2CNT is both a GNC production and decarbonization technology. While CVD remains
the dominant method for synthesizing high-quality carbon nanomaterials, it suffers from
significant environmental, economic, and scalability limitations. In contrast, the C2CNT
approach introduces a paradigm shift-transforming CO2 emissions into valuable nanoma-
terials through molten carbonate electrolysis, offering a carbon-negative, energy-efficient,
and economically scalable alternative. The C2CNT process produces a wider portfolio of
CNT and GNC product types, and the production is more energy and cost effective.

This perspective is timely and necessary, as current literature lacks integrated evalua-
tions of both the technical and environmental dimensions of these competing processes.
It is particularly novel in its detailed comparison of the structural, electromagnetic, and
thermal properties of CVD- versus C2CNT-derived GNCs, alongside an exploration of
emerging electrolytes and insulation strategies (e.g., IC2CNT). By highlighting the potential
of C2CNT to simultaneously address material demand and climate change mitigation, this
work provides critical insight for researchers, policymakers, and industry leaders aiming
to accelerate sustainable nanomaterial production at scale.
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