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Abstract

The increasing concentration of carbon dioxide (COy) in the atmosphere, as one of the major environmental challenges
of this century, has drawn researchers’ attention to converting this greenhouse gas into valuable carbon materials. This
study reviews and compares various methods for converting CO; into carbon allotropes, with an emphasis on their
industrial applicability. Six main carbon allotropes — graphene, carbon nanotubes, carbon nanofibers, fullerenes,
diamonds, and porous carbons — have been analyzed in terms of yield, production cost, and operating conditions. The
results indicate that carbon nanotubes and nanofibers, with yields of 80-100% and production costs of 800-1600 USD
per ton, are economically viable and environmentally friendly options. In contrast, producing high-quality multilayer
graphene requires high temperatures and expensive catalysts. Fullerenes and diamonds, due to low yields of 0.2-9.6%
and the need for extreme conditions, are primarily limited to laboratory-scale applications. Porous carbons also remain
challenging due to operational costs and limited catalyst durability. Overall, molten carbonate electrolysis emerges as
a promising route for the industrial conversion of CO,, offering high vyield, suitable operating conditions, and
compatibility with renewable energy sources.

Keywords: Carbon dioxide conversion; Solid carbon materials; Carbon allotropes; Graphene; Carbon nanotubes;
Carbon nanofibers; Molten carbonate electrolysis
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! Carbon dioxide
2 Carbon capture and storage
3 Carbon capture and utilization
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! Graphene

2 Carbon nanotubes

3 Carbon nanofibers

4 Fullerenes

5 Porous carbon

¢ Supercapacitors

7 Lithium-ion batteries

8 Photodetectors

°Dry ice

10 Supercritical CO;

' Molten carbonate electrolysis
12 Metal-assisted thermal reduction
13 Hybrid

14 Renewable energy
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Table 1. Comparison of methods for converting CO: into solid carbon materials

Method

Use of Dry Ice

Supercritical CO,

Electrolysis in Molten

Salts

Thermal Reduction
with Metals

Mineral Reducing

Agents

MXenes and Hybrid
Materials

Reaction Conditions

Low temperature

High pressure and

temperature

High temperature,
high current density

Moderate to high

temperature

Moderate to high

temperature

High temperature

Advantages

High product purity,

precise control over

structure

Green solvent, high

reactivity

High efficiency,
compatible with
renewable energy
Milder conditions,
continuous
operation
Morphology
control, doping
capability
Innovative
structures, high
conductivity and
electrochemical

properties

Limitations

Requires special
cooling equipment,
low reaction yield
High energy
consumption,
specialized
equipment
High electricity
consumption,
complex equipment
Morphology control
challenges, material

cost

Material cost, need

for additives

High synthesis cost,
complex

composition

Scalability / Economic
Feasibility

Limited scale, moderate

operating cost

Limited scale, high cost

Industrially viable, high
product value

Semi-industrial, more
economical than
traditional methods
Medium scale,
economically feasible
for industry

Laboratory scale,
industrial potential under

study
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2 graphene-like

3 Silicothermic reduction

4 Graphitic carbon-silicon materials
5 Green solvent
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! Graphitic carbon

2 Stainless steel

3 Alkali metals

4 Post-synthesis annealing

> Plasma discharge

¢ Micro-discharges
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8 Cauliflower-like morphology
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Figure 1. A schematic of CO2 capture and conversion in molten salt and the role of external heat sources in
heat exchange [29].
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Figure 2. (a) LSV, (b) chronoamperometry of Galinstan-based catalysts for CO2 reduction, (c) Faradaic
efficiency with dominant solid carbon formation, and (d) TEM image [12].
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Figure 3. (a) Proposed mechanism and (b) application of the carbon material as a supercapacitor electrode
[12].
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Figure 4. (a—c) Electrochemical performance in lithium-ion batteries, and (d) the estimated value of CNTs
obtained from 1 kg of CO2[9].
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Photochemical hydrogenation
of CO, to CNTs

3 oty 3aIUT 31 08liol b oid JoSKis Aglgils syl () 01 salgi3ls (sl gt (st bromiaiah a3 () . S
1OY] Lalglgil 43 CO2 s puunsilSe ()

Figure 5. (a) Photochemical Bosch process for Oz regeneration, (b) confirmation of CNT formation using
Raman analysis, and (c) the mechanism of COz conversion to CNT [52].
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Figure 8. Schematic of graphene growth on copper foil via CVD using CO, as the carbon source [8].
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Figure 10. (a-b) SEM images, and (c) FE-SEM image of diamond microparticles synthesized from CO2 using
metallic sodium under high-pressure conditions [11].
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Table 2. Comparative summary of various CO2 conversion methods into solid carbon materials and their operating conditions.
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product method (°C)
Nano Plasma +
carbon molten salt -
Amorphous .
) Modified Bosch
solid 650
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Electrochemical
Carbon )
reduction of 25
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Electrochemical
conversion of
CNTs and CO; in molten
) 750
CNFs Li,CO3
(C2CNT
process)
Solar thermal
CNTs and .
electrochemical 750
CNFs
process (STEP)
Photochemical
CNTs hydrogenation -

Pressure
(atm)

0.7
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Electrode .
Voltage . Yield
Catalyst Cathode  Anode density %)
0
(mA/cm?)
Metal foam + CaO
+ transition metal - - - <10%
nanoparticles
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(Galinstan— Sn—Ce on carbon -0.31 - -
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