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e with carbon nanotubes derived
from CO2†

Gad Licht,a Kyle Hofstetterb and Stuart Licht *abc

Unusual buckypapers, sheets of graphene nanocarbons (GNCs) such as carbon nanotubes, were formed

with GNCs directly derived from CO2 via molten carbonate electrolysis. Examples are presented for

buckypapers made from CO2 using either crushed or chemically washed GNCs, epoxy-infused CNTs, or

GNCs pressed directly using a hot electrolyte to remove excess electrolyte.
Introduction

Buckypapers are graphene carbon nanocarbon (GNC) sheets.
The majority of studies report on buckypapers are formed from
the GNC consisting of carbon nanotubes. Additionally, bucky-
papers of graphene, graphene oxide, and carbon nano-onions
have been studied. Buckypapers have demonstrated enhanced
physical and chemical properties, including but not limited to
high tensile strength; high electrical conductivity; high thermal
conductivity; electronic shielding; magnetic shielding; electrical
charge storage for use in batteries, fuel cells, and capacitors;
piezo resistivity; catalytic activity; reduced friction; and targeted
therapeutic activity.1–15 Many of these properties originate from
planar sp2 bonded carbons of graphene in different geometric
arrangements within a buckypaper GNC sheet. Sheet properties
can be modied through surface or covalent functionalization,
morphology modulation, and doping.16–21

Buckypapers are oen integrated within a composite to
enhance the physical, chemical, or electrical properties of the
buckypaper-free material.22–26 Buckypapers are attractive as they
are lower in weight, stronger, more conductive, and more
resilient for applications such as strain, fracture, chemical and
motion sensors;13,27–36 electrochemical reactors37 for water
treatment;4,37,38 EMF shielding/absorbent coatings;7–9 batteries
and supercapacitors;15,17,18,23,24 stronger plastic composites such
as aeronautics11,12,25 and medicine.39,40

Despite the extensive academic interest and wide range of
applications, the acceptance and widespread use of buckypaper
has been hampered by the high cost and carbon-footprint of
graphene carbon nanocarbon synthesis. The manufacturing
process generally includes a chemical vapor deposition (CVD)
process used in the commercial production of carbon
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nanotubes, graphene, and carbon nano-onions. GNCs have
shown promise, but their CVD production cost has remained
prohibitively high in commercial settings, with the resulting
products carrying both a signicant cost and a signicant
carbon footprint.41 Currently, the price of GNCs such as CNTs,
graphene, and carbon nano-onions are in the range of USD
$100,000–$10 million per tonne. Comparatively, steel is priced
at $400 to $700 per tonne.

To form buckypapers, CVD-formed GNCs are oen rst
added to a liquid, then sonicated to provide a homogenous
dispersion, and the liquid is ltered and/or dried off, leaving the
buckypaper formed as a solid sheet of dispersed GNCs.

The years 2009 and 2010 marked signicant milestones in
the exploration of splitting CO2 into carbon (C) and oxygen (O2)
through molten carbonate electrolysis, offering a decarbon-
ization path to combat climate change. Building upon this
progress, research in 2015 revealed that transition metal
nucleus growth during this electrolysis process facilitates the
direct conversion of CO2 into pure CNTs and other GNCs.42,60

CO3
2− (molten) +/− 4e− /

C (GNC) + O2 (gas) + O2− (dissolved) (1)

CO2 undergoes a chemical reaction with electrolytic oxide, as
depicted in eqn (1), to regenerate CO3

2− according to eqn (2).

CO2 (gas) + O2− (dissolved) / CO3
2− (molten) (2)

The integration of eqn (1) and (2) results in the following net
reaction:

CO2 (gas) / C (GNC) + O2 (gas) (3)

Various GNCs have been synthesized, including helical, thin-
walled, magnetic, and doped CNTs with carbon nano-bamboo,
nano-pearl, and nano-tree morphologies as well as single-
layered or multilayered graphene (nano-platelets), hollow or
concentric buckyball spheres (nano-onions), and three-
dimensional structures such as graphene nano-scaffolds.44–55

Manipulating the electrolysis parameters, such as temperature
RSC Adv., 2024, 14, 27187–27195 | 27187
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Fig. 1 Medium (top) and high (bottom) scanning electron microscopy
images of the carbanogel particles comprised of carbon nanotubes
formed at 770 °C Li2CO3 at J = 0.4 A cm−2.
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and current density, allows for the tailored production of
specic GNCs. For instance, lower temperatures of about 725 °C
are typical for forming carbon nano-onions,44 while a higher
range from 750 to 770 °C is utilized for CNT syntheses.45–47,49,52–58

This communication presents a new low-cost process for the
synthesis of graphene nanocarbons sheets (GNC buckypaper).
CO2 is the sole chemical reactant in eqn (3), and 4 tonnes of CO2

are consumed for each tonne of C(GNC) formed. Carbanogels are
GNC lattices formed by carbon capture directly through the
electrolytic splitting of carbon dioxide (CO2). The electrolysis
occurs inmolten carbonate. The reduced CO2 product builds up
as a carbanogel containing the GNC and excess electrolyte at the
cathode. The carbanogel product is recovered hot (as a red-hot
slush) or cold (as a solid) by scraping and/or pressing from the
cathode. Pressing returns excess electrolyte to the electrolysis
chamber. Residual electrolyte and impurities may be removed
with thermal, mechanical, or electrochemical treatment. The
carbanogel is crushed and compressed within a mold to form
the buckypaper product.

Herein, buckypaper was composed of GNCs derived from
CO2. This buckypaper presents an opportunity to utilize the
greenhouse gas CO2 for producing stable GNCs, contributing as
a reliable decarbonization methodology for the long-term
removal of CO2. Graphite, a macroscopic form of layered gra-
phene, serves as a geological stability benchmark with a life-
span spanning hundreds of millions of years, providing
a stability reference for GNC materials.

Results and discussion
Design of the experiment and carbanogel formation

Lithium carbonate was purchased at a battery grade >99.5% and
was used as received. As analyzed, the lithium carbonate had
a composition of 99.8% (Li2CO3, Shanghai Seasongreen
Chemical Co.). Muntz brass is a high-zinc brass alloy composed
of 60% copper and 40% zinc; this material is also referred to as
280 brass. This material serves as the cathode and was
purchased from https://onlinemetals.com/ and in larger
quantities from Marmetal Industries. Electrolysis was
conducted in 304 stainless steel “carbon pots”. The pot acts as
both the cell case and its inner walls serve as the anode.

In a 770 °C molten Li2CO3 environment, CO2 underwent
splitting according to eqn (1)–(3), utilizing a Muntz brass
cathode and a 304 stainless steel anode at a constant electrolysis
current density J of 0.4 A cm−2. Throughout the electrolysis
process, CO2 was divided into O2 and GNCs. The GNCs devel-
oped as a network of interconnected graphene nanocarbons
and electrolyte on the cathode. An expanded description of this
electrolysis procedure, including product separation from
excess electrolyte and product washing, has been recently
delineated.56 The mixture of GNCs and carbonate electrolyte is
referred to as a carbanogel and further rened through the
electrolyte's separation process, as detailed in the ESI.†,56,57

Thermogravimetric analysis (TGA) of the product, conducted
using a PerkinElmer STA 6000 TGA/DSC, revealed a purity
exceeding 97% (with less than 3% residual oxidation impurities
at 800 °C) and exhibited an inection temperature of 608 °C,
27188 | RSC Adv., 2024, 14, 27187–27195
indicating remarkable resistance to oxidative combustion,
characteristic of graphene-like materials. Scanning electron
microscopy was studied using a PHENOM Pro-X scanning
electron microscope to examine the products of the electrolysis
process at various magnications.

Fig. 1 presents a carbanogel with reduced electrolyte content
achieved through a concentrated HCl wash. In a later example,
the carbanogel was instead directly pressed to remove residual
electrolyte. In Fig. 1, the 770 °C molten Li2CO3 electrolyzed
sample was observed at two different SEM magnications (x720
and x8600). This specic example illustrates the CNT carbano-
gel synthesized through CO2 electrolysis, synthesized in 770 °C
molten Li2CO3 detached from the cooled cathode, fragment,
acid washed, and utilized in the rst several buckypaper GNCs.
Due to its lower combustion temperature compared to GNCs,
amorphous carbon is more susceptible to oxidation, and both
© 2024 The Author(s). Published by the Royal Society of Chemistry
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amorphous carbon, residual electrolyte, and metal impurities
can be removed by oxidation and/or washing, as conrmed by
electron dispersive spectroscopy (EDS) and TGA. Useful alter-
native post-electrolysis product washes include formic acid,
copious water, or ammonium sulfate, although the latter two
primarily remove excess electrolyte without affecting the
amorphous carbon or metal impurities. Another alternative
wash, combining hydrochloric acid and hydrogen peroxide,
eliminates excess electrolyte, metal impurities, and amorphous
carbon impurities, particularly coupled with sonication during
the product wash.

The top SEM image in Fig. 1 presents a large collective size of
the intertwined CNTs forming the carbanogel. One advantage of
grouping nanoparticles within an intertwined macroscopic
matrix is the mitigation of respiratory hazards typically associ-
ated with nanoscale particles during transportation.

Higher-resolution SEM image (Fig. 1 bottom) reveals that the
GNC product comprises highly pure carbon nanotubes. The
SEM shows the diverse lattice intertwined orientation of the
carbanogel product. This product is utilized in subsequent
buckypaper formation steps. Additionally, this structure offers
electrical and thermal conductivity pathways, along with
a highly porous framework suitable for accommodating poly-
mers, catalysts, or battery intercalation. We have recently re-
ported extensive SEM, TEM, X-ray, Raman, high angle annular
dark-eld (HAADF) elemental analysis/TEM of the CNT and
various GNC products, as detailed in the ESI.†,51,58

For the electrolytic CO2 splitting and transformation elec-
trolyses of this study, the kilns utilize a direct (untreated) feed of
5% CO2 from the emissions of the adjacent 860 MW (Shepard,
Calgary Canada) natural gas electric power plant or direct air.
The large kiln modules designed and utilized are pictured in
Fig. 2. These kilns simultaneously sustain electrolysis in several
carbon pots. Cathodes show an increase in the surface area to
over 10 000 cm2. In each case, the cathode is mounted vertically
in the electrolyte, across from which are the 304 stainless steel
anodes; the anodes simultaneously function as the electrolysis
Fig. 2 The Genesis Device® kiln modules facilitate large-scale CO2

molten carbonate electrolysis and was used in this study. Carbon Corp
operates these modules in Calgary, Canada, for onsite
decarbonization.

© 2024 The Author(s). Published by the Royal Society of Chemistry
anodes and as the chamber walls of the 304 stainless steel
“carbon pot”. The electrolyte has a strong affinity for CO2 from
the open air. The kilns shown in Fig. 2 can also be congured
for direct air use. Finally, an amine concentrator is also in place
at the site that can concentrate the 5% CO2 ue gas. From the
amine concentrator as an alternative source, 98% CO2 (con-
taining 2% H2O) was used as the kiln/carbon pot input,
producing equivalent GNCs.
CO2 buckypaper (BP) with CNTs

Fig. 3 presents a typical example of a GNC buckypaper produced
from CO2. In this initial example, the GNC buckypaper was
generated through electrolysis to convert CO2 into carbanogel. The
carbanogel product was cooled, removed from the electrode,
ground, washed, dispersed, and molded to CNT buckypaper.
Specically, the process involved utilizing a 304 stainless steel case
within a 770 °C Li2CO3 molten electrolyte, employing a Muntz
brass cathode and a 304 stainless steel anode to yield the CNT
carbanogel product (Fig. 1). Subsequently, this carbanogel product
underwent cleaning with hydrochloric acid (HCl) and 0.2 grams of
the washed product was mixed in 300 mL of isopropyl alcohol,
followed by sonication for 30 minutes to ensure even dispersion.

The dispersed isopropanol CNT mixture was then transferred
into a vacuum lter assembly (Whatman nylon membrane lter;
0.2 mm Pore, 47 mm diameter), pressed, the liquid was extracted
under vacuum, dried, pressed, and detached by liing from the
membrane lter. The GNC buckypaper had a thickness of 96 mm,
and a measured conductivity of 11 000 S m−1 (s = length/(R,
resistance, x cross section)). This conductivity is consistent with
our measurements of carbonate-synthesized CNTs and may be
increased an order of magnitude by boron doping (addition of
a boron salt during the electrolysis).52,53
Composite, larger, and improved dispersion BP from CO2

Buckypaper strengtheners can include, but are not limited to
epoxies, resins and other polymers, cementitious materials, and
Fig. 3 A 4.7 cm diameter carbon nanotube buckypaper prepared via
the electrolysis of CO2 to form a carbanogel, grinding of the product,
dispersion in isopropanol, pressing and filtering, and forming on a 0.2
mm pore nylon membrane.

RSC Adv., 2024, 14, 27187–27195 | 27189
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Fig. 4 (A) Medium and (B) higher magnification scanning electron
microscopy images of the carbanogel particles composed of carbon
nanotubes. (C) TGA of the carbanogel product, formed in 750 °C
Li2CO3 at J = 0.09 A cm−2.
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metals. Catalysts to expedite chemical or electrochemical reac-
tions can also be included. Dopants to affect the physico-
chemical properties of the BP can be added. Effective GNC
dopants can enhance the conductivity, catalytic activity, and
battery storage capacity properties. Dopants include boron,
nitrogen, sulfur, and phosphorous.52–54 A magnetic material is
one or more of those with ferromagnetic properties, para-
magnetic properties, diamagnetic properties, and any combi-
nation thereof.4,46

Jetset-Metlab epoxy is a rapidly cured BPA epoxy. Its resin
comprises 80–90 wt% propane, 2,2-bis[p-(2.3-epoxypropoxy)
phenol] polymers, and 10–20 wt% alkyl (C12–14) glycidyl ether.
The hardener consists of 60–70 wt% diethylenetriamine, 30–
40 wt% bisphenol A, less than 0.8% aminoethylpiperazine, and
less than 0.2% ethylenediamine. In a manner similar to the
buckypaper shown in Fig. 3, buckypaper (BP) was formed from
0.25 g of the carbanogel. However, the buckypaper was not
pressed, resulting in a considerably thicker (1133 mm) BP with
an order of magnitude lower density (0.2 g cm−3). 3.6 g of the
Jetset-Metlab epoxy was mixed with 0.38 g of the Jetset-Metlab
hardener. 0.38 g of the epoxy mix was spread on the BP. A sili-
cone sheet was placed over the epoxy-BP, compressed with
a heavy (0.500 thick) stainless steel plate, and cured overnight.
The silicone sheet was readily removed and the epoxy was
infused into the BP and hardened. The composite, again
formed with CNT from CO2, was readily handled and highly
resistant to fracturing or breakage. In an upcoming paper, we
will present that compared to samples without CNTs, even low
levels of added CNTs (1.5 to 2 wt% CNT) increase the tensile
strength of several epoxies. Specically, Timber Cast, Varathane
and Jetset-Metlab epoxies' tensile strengths were increased by
40 to 60% in ASTM D638 “dogbone” type V mold samples tested
with an ETM-10 kN Computer Controlled Electronic Universal
Testing Production Machine (Shore D Durometer). The hard-
ness was also increased. Equivalent tests on the BP resin
composite, upon completion, will be reported in an expanded
paper.

The buckypaper from CO2 presented in Fig. 3 is scalable.
However, thinner BPs, consisting of BP formation with
a decrease in the grams of carbanogel per unit area of the
membrane, were increasingly difficult to detach from the lter
paper. Intermediate diameter BPs could be formed and
removed. Specically, when 0.3 g of ground carbanogel was
washed in HCl, dispersed by sonication for 30 minutes in iso-
propanol, and vacuum ltered through a 270 mmWhatman 0.2
mm pore (grade 4) nylon lter, the BP was formed but could not
be removed in one piece from the lter paper.

A modied dispersion method to facilitate BP detachment
was sought. Polyvinylpyrrolidone (PVP) was utilized to promote
the dispersion of CNTs.59 0.05 g of 10 000 molecular weight PVP
(PVP10, from Sigma Aldrich) was added along with 0.10 g of
CNTs, rather than 0.20 g, ground from the washed CNT, and
dispersed in 300 mL of isopropanol with 15 minutes, rather
than 30 minutes, of sonication. The CNTs were prepared in
a manner similar to those presented in Fig. 1, also in Li2CO3,
but at a lower temperature of 750 °C and a lower current density
of 0.09 A cm−2. Further, the carbanogels were more extensively
27190 | RSC Adv., 2024, 14, 27187–27195
ground using a Magic Bullet Blender. The CNT's SEM and TGA
are presented in Fig. 4.

Once again, in Fig. 4, the carbanogel particles are evident in
the lower magnication SEM (panel A), and the TGA tempera-
ture of inection of 603 °C is high, although the oxidized 9%
residual (panel D) is higher than that in the previous sample.
Fig. 5 presents a typical example of a GNC buckypaper produced
with the PVP isopropanol-dispersed CNT from CO2. The
unpressed BP is considerably thinner at 58 mm than the
unpressed sample prepared without the PVP dispersant.
Direct press CO2 buckypaper

The electrolyte has a strong affinity for CO2, directly from air
(pCO2 = 420 ppm and climbing), or directly sourced from an
industrial stack. Industrial CO2 feedstocks tested vary from
pCO2 = 50 000 ppm (from the Shepard Energy Centre 860 MW
natural gas power plant, Calgary, Canada) to pCO2 = 980
000 ppm (from a liquid amine concentrator onsite at Alberta
Carbon Capture Technology Centre, ACCTC, at the plant). The
electrolysis provides a continuous source of oxide (eqn (1)),
reacting with CO2 (eqn (2)). The capture and transformation of
CO2 was determined by 13C isotopic labeling,60 and the real-time
simultaneous measurement of CO2 and the eqn (1) co-product
O2 was done as presented previously.55 In the rst examples,
buckypapers were formed with carbanogels by the trans-
formation of CO2 in the air. In this next example, the BP was
formed from 50 000 ppm CO2 fed from the Shepard Energy
Centre natural gas power plant exhaust.

Fig. 6 presents an alternate methodology for the preparation
of a GNC buckypaper derived from CO2. This GNC buckypaper
was produced from CO2 transformed into carbanogel, following
the process outlined in the previous example. However, instead
of chemical washing, the electrolyte content of the carbanogel
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A 4.7 cm diameter carbon nanotube buckypaper prepared via
the electrolysis of CO2 to form a carbanogel, grinding of 0.10 g of the
product, dispersion with PVP in isopropanol, pressing, filtering, form-
ing on the 0.2 mm pore nylon membrane, and lifting from the
membrane.
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was reduced through direct compression while the carbanogel
was hot (containing the GNC product and residual, excess elec-
trolyte). Specically, the carbanogel, containing the solid GNC
and molten electrolyte, was generated at the cathode and then
compressed at 500 psi through layers of 60 mesh 304 alloy
stainless steel mesh while hot, as recently delineated.56 Notably,
the 250 mmmesh pore size is signicantly larger than that of GNC
but smaller than that of the carbanogel particle size. The small
area of the lighter brown discoloration in Fig. 6 is where the GNC
buckypaper adhered to the mesh screen during separation.

During compression, the larger size of the intertwined CNTs
in the carbanogel is retained above the mesh, while the electro-
lyte passes through. The resulting GNC buckypaper's thickness is
linearly proportional to the starting mass of the carbanogel and
approximately inversely proportional to the applied pressure.
Fig. 6 A 35 cm diameter carbon nanotube buckypaper prepared via
the electrolysis of CO2 to form a carbanogel, and pressing of the
carbanogel product while molten to separate residual carbanogel
electrolyte from the graphene nanocarbon, carbon nanotube, and
product.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The GNC buckypaper shown in Fig. 6 has a diameter of 350
mm, and larger versions, approximately two-fold in size, were
produced. A 3700 psi example is seen in our recent carbanogel
electrolyte extraction study.56 Unlike other buckypaper forma-
tion protocols, which call for a prerequisite dispersion step such
as sonication, to provide a homogeneous distribution of the
GNC components, the GNC components are already homoge-
nously distributed in the unground carbanogel. Hence, the BP
formation process does not need a prerequisite GNC dispersion.
CO2 BP generalization and future potential

A broad array of lter pore sizes and solvents are found to be
effective for forming buckypaper from CO2 transformed into the
carbanogel using these BP formation methodologies. Varying
the CO2 electrolysis parameters, including temperature, current
density, and cathode, anode, and electrolyte composition,
generates alternative GNCs for buckypaper (such as CNOs,44 to
be described for buckpaper in a subsequent study).

Forces to align, rather than disperse, the CNMs can additionally
be applied during the carbanogel buckypaper formation and or
liquids added before the pressing to maintain more even layering
of the carbanogel particles. The alignment can provide directional,
anisotropic properties to the carbanogel buckypaper and provide
enhanced carbanogel buckypaper properties, including but not
limited to enhanced strength, conductivity, and directional inter-
actions with visible and other electromagnetic radiation. The
applied alignment forces can be linear, radial, cylindrical, or
spherical to produce directional geometries of anisotropy.23,60–64

The GNC components in the BP can be aligned mechan-
ically, electrically, or magnetically during the BP formation or
a combination thereof to further enhance the BP properties,
including enhancements of the BP strength and/or electrical
and thermal conductivities and EMF absorption, and will be
presented in an expanded article. The mechanical alignment
can be achieved with the application of shear force, such as by
pulling or spinning during the BP preparation steps or dragging
a piston applying the formation pressure. Alternatively, the
shear force can be directionally applied to increase rather than
align the GNC entanglement. The electrical and/or magnet
alignment is achieved with the application of an orienting
electrical or magnetic eld during the BP preparation or pro-
cessing stages. Magnetic GNCs are prepared to incorporate
magnetic materials, such as metals or metal carbides, during
the GNCs preparation stage. The decrease in the distance of the
magnetic eld is greater than that for the electric eld, and the
magnetic alignment is more offset than the electric alignment
effect by the competing random disorder of Brownian motion,
which increases with temperature and modes of freedom and
decreases with increasing molecular mass and viscosity. Hence,
the alignment is enhanced by the decrease in temperature or
molecular mass (as exemplied by multiwalled versus single-
walled carbon nanotubes) and increases with viscosity.

The carbanogel buckypaper may be used alone, such as in
liners, heat retardants, or shields, or in combination, such as
laminates, with other materials to impart improved properties
to other materials. CNT materials have displayed a shape-
RSC Adv., 2024, 14, 27187–27195 | 27191
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memory property (spontaneously returning to their original
shape) under thermal, mechanical, electrical, or magnetic
activation conditions which can be incorporated into BP.65–74

This shape-memory effect is promoted by anisotropic properties
in the buckypaper. The electrical and thermal conductivity of
buckypaper present superior properties for their applications as
heating elements. Both shape-memory and heating element
behavior have been studied alone and in combination with
other material layers.68
Incentivized carbon mitigation

Innovative approaches, such as employing high-solubility
molten pathways and harnessing renewable energy for elec-
trolysis, have shown promise in reducing energy consumption
and production costs. In the formation of graphene nanocarbon
composites (GNCs) via CO2 to carbon nanoallotrope technology
(C2CNT®), the process solely requires CO2 as a reactant. The
energy required for electrolysis to convert CO2 into GNCs falls
within the range from 0.8 to 2 volts.60 When produced in bulk,
they are approximately $1000 per tonne.53 These are akin to the
costs of the industrial aluminum production electrolytic
process, which involves splitting aluminum oxide to yield
commercial-grade aluminum metal.53 C2CNT® costs will be
further reduced as solar and wind energy are increasingly used
as alternative power sources.75–84

An estimate of cost and decarbonization benets is exem-
plied in the context of one application. Typical ratios of plastic
resin to ber infusion are in the range of 60 : 40. The price index
for plastic materials and resins has been $300–$400 per tonne
over the last three years.85 Hence, the infusion of resin in
buckypaper may decrease the material costs to the order of $500
per ton buckypaper resin composite while signicantly lowering
the quantities of the material to achieve the properties needed
for various applications. The buckypaper-resin composite
provides the capability of enhancing the strength, tearing
resistance, and fracture toughness several folds while
increasing the electrical and thermal conductivity by several
orders of magnitude. Reducing the amount of plastic needed to
achieve the desired properties through buckypaper resins made
with GNCs from CO2 provides the incentive of both cost and
carbon footprint reduction.
Conclusions

Buckypapers with GNCs, such as carbon nanotubes made from
CO2, are demonstrated to form a range of conductive, liquid-
dispersed and unusual direct molten pressed forms of bucky-
papers, all prepared from lattices of intertwined carbon nano-
tube carbanogels synthesized by the electrolytic splitting of CO2

in molten carbonates. As with industrial aluminum production
by the electrolytic splitting of aluminum oxide, the production
of GNCs by the electrolytic splitting of carbon dioxide is inex-
pensive, providing a cost-effective path for the synthesis of
buckypapers. The only reactant used in the production of the
GNCs is CO2 (3.7 tonnes of CO2 are consumed for each tonne of
C(GNC) formed), providing a decarbonization path to mitigate
27192 | RSC Adv., 2024, 14, 27187–27195
the greenhouse gas CO2. The captured carbon, transformed
from CO2, provides a storage buffer to remove CO2. Further-
more, the removed CO2 in the form of GNCs is highly stable,
with the potential to permanently sequester CO2 from the
carbon cycle. It is anticipated that with the further alignment
and shape-memory effects that can be achieved with bucky-
papers, a range of useful lightweight, high strength, and high
conductivity applications can be demonstrated with these new
materials.
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Evaluation of Fe3O4 incorporated functionalized carbon
nanotube self-standing buckypaper as electrodes for solid-
state symmetric supercapacitor, J. Energy Storage, 2023,
73(Part C), 109101, DOI: 10.1016/j.est.2023.109101.

19 I. Y. Toth, G. Veress, I. Szenti and A. Kukovecz,
Characterization of the solvent specic evaporation from
© 2024 The Author(s). Published by the Royal Society of Chemistry
a carbon nanotube buckypaper doped by goethite
nanowires, J. Mol. Liq., 2023, 389, 122816, DOI: 10.1016/
j.molliq.2023.122816.

20 X. Guo, J. Song, S. Wang, L. Lei, O. Odunmbaku, A. Taallah,
Y. He, A. Gu and F. S. Boi, Evidencing contributions arising
from disorder-rich rhombohedral stacking-order regions in
S-doped carbon nanotube buckypapers, Diamond Relat.
Mater., 2024, 141, 110647, DOI: 10.1016/
j.diamond.2023.110647.

21 S. Kim, J. Ji and Y. Kwon, Paper-type membraneless
enzymatic biofuel cells using a new biocathode consisting
of exible buckypaper electrode and bilirubin oxidase
based catalyst modied by electrograing, Appl. Energy,
2023, 339, 120978, DOI: 10.1016/j.apenergy.2023.120978.

22 S. Qu, et al., Carbon nanotube lm based multifunctional
composite materials: an overview, Funct. Compos. Struct.,
2020, 2, 022002, DOI: 10.1088/2631-6331/ab9752.

23 M. Rani, M. J. Sehrawat, S. Sharma and B. P. Singh, Recent
advancement and challenges in multifunctional carbon
nanotube buckypaper and its composites for energy
storage and conversion applications, J. Energy Storage,
2023, 73, 109063, DOI: 10.1016/j.est.2023.109063.

24 S. Roseline, Manufacturing of Buckypaper Composites for
Energy Storage Applications, Chapt., In Materials for
Sustainable Energy Storage at the Nanoscale, CRC Press, 2023.

25 Q. Xia, Z. Zhang, Y. Liu and J. Leng, Buckypaper and its
composites for aeronautic applications, Composites, Part B,
2020, 199, 108231, DOI: 10.1016/j.compositesb.2020.108231.

26 J. Liu and P.-Y. Shen, Heat-Annealed Zinc Oxide on Flexible
Carbon Nanotube Paper and Exposed to Gradient Light to
Enhance Its Photoelectric Response, Nanomaterials, 2024,
14, 792, DOI: 10.3390/nano14090792.

27 L. F. de Paula Santos, F. M.Monticeli, B. Ribeiro, M. L. Costa,
R. Alderliesten and E. C. Botelho, Does carbon nanotube
buckypaper affect mode-I and II interlaminar fracture
toughness under quasi-static loading?, Compos. Struct.,
2023, 323, 117507, DOI: 10.1016/j.compstruct.2023.117507.

28 L. Zhang, X. Wang, S. Lu, Y. Guo, Y. Wang, X. Liu and
X. Wang, Strain and crack growth monitoring of
aluminum alloy sheet using high-sensitivity buckypaper
lm sensors, Sens. Actuators, A, 2023, 363, 114697, DOI:
10.1016/j.sna.2023.114697.

29 H. Hwang, J. Song, H. S. Kim, et al., Real-time fatigue crack
prediction using self-sensing buckypaper and gated
recurrent unit, J. Mech. Sci. Technol., 2023, 37, 1401–1409,
DOI: 10.1007/s12206-023-0226-y.

30 A. K. Prabhat and K. Vinay, Qualifying Carbon Nanotube
Buckypaper as Large Strain and Interlaminar Damage Sensor,
2023, available at SSRN 4607457, DOI: 10.2139/ssrn.4607457.

31 L. Zhang, X. Wang, S. Lu, X. Liu, B. Zhang and X. Wang,
Monitoring the damage evolution of Al 6061-T6 laser
welded T-joint structure using nano-carbon tube based
buckypaper lm sensor, Diamond Relat. Mater., 2024, 146,
111217, DOI: 10.1016/j.diamond.2024.111217.

32 L. Duan, X. Liu, X. Meng and L. Qu, Highly sensitive SERS
detection of pesticide residues based on multi-hotspot
buckypaper modied with gold nanoparticles, Spectrochim.
RSC Adv., 2024, 14, 27187–27195 | 27193

https://doi.org/10.1039/D3TA06676B
https://doi.org/10.1002/app.53154
https://doi.org/10.1007/s13391-022-00382-4
https://doi.org/10.1007/s13391-022-00382-4
https://doi.org/10.1002/pc.27299
https://doi.org/10.1016/j.ijmecsci.2022.107798
https://doi.org/10.1007/978-3-031-57843-4_3
https://doi.org/10.1007/978-3-031-57843-4_3
https://doi.org/10.3390/s20113067
https://doi.org/10.3390/s20113067
https://doi.org/10.1007/s00366-021-01538-w
https://doi.org/10.1007/s00366-021-01538-w
https://doi.org/10.1016/j.jallcom.2022.167424
https://doi.org/10.1016/j.surfin.2023.102713
https://doi.org/10.1016/j.carbon.2023.01.051
https://doi.org/10.1016/j.carbon.2023.01.051
https://doi.org/10.1016/j.est.2023.109101
https://doi.org/10.1016/j.molliq.2023.122816
https://doi.org/10.1016/j.molliq.2023.122816
https://doi.org/10.1016/j.diamond.2023.110647
https://doi.org/10.1016/j.diamond.2023.110647
https://doi.org/10.1016/j.apenergy.2023.120978
https://doi.org/10.1088/2631-6331/ab9752
https://doi.org/10.1016/j.est.2023.109063
https://doi.org/10.1016/j.compositesb.2020.108231
https://doi.org/10.3390/nano14090792
https://doi.org/10.1016/j.compstruct.2023.117507
https://doi.org/10.1016/j.sna.2023.114697
https://doi.org/10.1007/s12206-023-0226-y
https://doi.org/10.2139/ssrn.4607457
https://doi.org/10.1016/j.diamond.2024.111217
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra04358h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 3

:0
3:

16
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Acta, Part A, 2024, 308, 123665, DOI: 10.1016/
j.saa.2023.123665.

33 L. Ferreira, P. Pimheiro, N. B. Neto and M. Reis, Buckypaper-
Based Nanostructured Sensor for Port Wine Analysis,
sensors, 2033, 22, 9732, DOI: 10.3390/s22249732.

34 J. DeGraff, P. J. Cottinet, M. Q. Cottinet, T. Dickens, K. Joshi,
K. Pollard, et al., Scalable and passive carbon nanotube thin-
lm sensor for detecting micro-strains and potential impact
damage in ber-reinforced composite materials,
Nanocomposites, 2023, 9, 215–230, DOI: 10.1080/
20550324.2023.2291625.

35 H. Abeysinghe, G. Wickramasinghe, S. Perera and
T. Etampawala, MWCNT Buckypaper as Electrochemical
Sensing Platform: A Rapid Detection Technology for
Phthalic Acid Esters in Solutions, Chemistry Europe, 2022,
7, e303302900, DOI: 10.1002/slct.202201900.

36 S. J. Paul, I. Elizabeth, S. Srivastava, J. S. Tawale, P. Chandra,
H. C. Barshilia and B. K. Gupta, Epidermal Inspired Flexible
Sensor with Buckypaper/PDMS Interfaces for Multimodal
and Human Motion Monitoring Applications, ACS Omega,
2022, 7(42), 37674–37682, DOI: 10.1021/acsomega.2c04563.

37 B. Lee and C. Kim, Innovative membrane technology for
water treatment solutions: Current status and future
prospects of carbon nanotube membranes, Environmental
Engineering Research, 2024, 29, 240104, DOI: 10.4491/
eer.2024.104.

38 M. Baratta, A. V. Nezhdanov, A. I. Mashin, F. P. Nicoletta and
G. De Filpo, Carbon nanotubes buckypapers: A new frontier
in wastewater treatment, Sci. Total Environ., 2024, (924),
171578, DOI: 10.1016/j.scitotenv.2024.171578.

39 C. M, G. A. Carru and D. A. and C. A. I. Fegatelli, Benets and
Biosafety of Use of Buckypaper for Surgical Applications: A
Pilot Study in A Rabbit Clinical Trial Model, J. Surg., 2023,
8, 1776, DOI: 10.29011/2575-9760.001776.

40 I. Jeerapan, Y. Nedellec and S. Cosnier, Conductive
Microcavity Created by Assembly of Carbon Nanotube
Buckypapers for Developing Electrochemically Wired
Enzyme Cascades, Nanomaterials, 2024, 14, 545, DOI:
10.3390/nano14060545.

41 K. A. Shah and B. A. Tali, Synthesis of carbon nanotubes by
catalytic chemical vapor deposition: A review on carbon
sources, catalysts and substrates, Mater. Sci. Semicond.
Process., 2016, 41, 67–82, DOI: 10.1016/j.mssp.2015.08.013.

42 J. Ren, F.-F. Li, J. Lau, L. Gonzalez-Urbina and S. Licht, One-
pot synthesis of carbon nanobers from CO2, Nano Lett.,
2015, 15, 6142–6148, DOI: 10.1021/jp9044644.

43 J. Ren and S. Licht, Tracking airborne CO2 mitigation and
low cost transformation into valuable carbon nanotubes,
Sci. Rep., 2016, 6, 27760, DOI: 10.1038/srep27760.

44 X. Liu, J. Ren, G. Licht, X. Wang and S. Licht, Carbon nano-
onions made directly from CO2 by molten electrolysis for
greenhouse gas mitigation, Adv. Sustainable Syst., 2019, 3,
1900056, DOI: 10.1002/adsu.201900056.

45 X. Wang, X. Liu, G. Licht and S. Licht, Calcium metaborate
induced thin walled carbon nanotube syntheses from CO2

by molten carbonate electrolysis, Sci. Rep., 2020, 10, 15146,
DOI: 10.1038/s41598-020-71644-0.
27194 | RSC Adv., 2024, 14, 27187–27195
46 X. Wang, F. Sharif, X. Liu, G. Licht, M. Leer and S. Licht,
Magnetic carbon nanotubes: Carbide nucleated
electrochemical growth of ferromagnetic CNTs, J. CO2 Util.,
2020, 40, 101218, DOI: 10.1016/j.jcou.2020.101218.

47 G. Licht, X. Wang, X. Liu and S. Licht, CO2 Utilization by
Electrolytic Splitting to Carbon Nanotubes in Non-
Lithiated, Cost-Effective, Molten Carbonate Electrolytes,
Adv. Sustainable Syst., 2022, 10084, DOI: 10.1002/
adsu.202100481.

48 X. Wang, G. Licht, X. Liu and S. Licht, One pot facile
transformation of CO2 to an unusual 3-D nan-scaffold
morphology of carbon, Sci. Rep., 2020, 10, 21518, DOI:
10.1038/s41598-020-78258-6.

49 X. Liu, G. Licht and S. Licht, The green synthesis of
exceptional braided, helical carbon nanotubes and
nanospiral platelets made directly from CO2, Mater. Today
Chem., 2021, 22, 100529, DOI: 10.1016/
j.mtchem.2021.100529.

50 X. Liu, X. Wang, G. Licht and S. Licht, Transformation of the
greenhouse gas carbon dioxide to graphene, J. CO2 Util.,
2020, 236, 288–294, DOI: 10.1016/j.jcou.2019.11.019.

51 X. Liu, G. Licht, X. Wang and S. Licht, Controlled Growth of
Unusual Nanocarbon Allotropes by Molten Electrolysis of
CO2, Catalysts, 2022, 12, 137, DOI: 10.3390/catal12020125.

52 J. Ren, M. Johnson, R. Singhal and S. Licht, Transformation
of the greenhouse gas CO2 by molten electrolysis into a wide
controlled selection of carbon nanotubes, J. CO2 Util., 2017,
18, 335–344, DOI: 10.1016/j.jcou.2017.02.005.

53 M. Johnson, J. Ren, M. Leer, G. Licht, J. Vicini and S. Licht,
Data on SEM, TEM and Raman spectra of doped, and wool
carbon nanotubes made directly from CO2 by molten
electrolysis, Data Brief, 2017, 14, 592–606, DOI: 10.1016/
j.dib.2017.08.013.

54 M. Johnson, J. Ren, M. Leer, G. Licht, J. V. X. Liu and
S. Licht, Carbon nanotube wools made directly from CO2

by molten electrolysis: Value driven pathways to carbon
dioxide greenhouse gas mitigation, Mater. Today Energy,
2017, 5, 230–236, DOI: 10.1016/j.mtener.2017.07.003.

55 X. Wang, X. Liu, G. Licht, B. Wang and S. Licht, Exploration
of alkali cation variation on the synthesis of carbon
nanotubes by electrolysis of CO2 in molten carbonates, J.
CO2 Util., 2019, 18, 303–312, DOI: 10.1016/
j.jcou.2019.07.007.

56 G. Licht, K. Hofstetter and S. Licht, Separation of Molten
Electrolyte from the Graphene Nanocarbon Product
Subsequent to Electrolytic CO2 Capture, Decarbon, 2024, 4,
100044, DOI: 10.1016/j.decarb.2024.100044.

57 X. Wang, G. Licht and S. Licht, Green and scalable
separation and purication of carbon materials in molten
salt by efficient high-temperature press ltration, Sep.
Purif. Technol., 2021, 244, 117719, DOI: 10.1016/
j.seppur.2020.117719.

58 X. Liu, G. Licht and S. Licht, Controlled Transition Metal
Nucleated Growth of Carbon Nanotubes by Molten
Electrolysis of CO2, Catalysts, 2022, 12, 137, DOI: 10.3390/
catal12020137.
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1016/j.saa.2023.123665
https://doi.org/10.1016/j.saa.2023.123665
https://doi.org/10.3390/s22249732
https://doi.org/10.1080/20550324.2023.2291625
https://doi.org/10.1080/20550324.2023.2291625
https://doi.org/10.1002/slct.202201900
https://doi.org/10.1021/acsomega.2c04563
https://doi.org/10.4491/eer.2024.104
https://doi.org/10.4491/eer.2024.104
https://doi.org/10.1016/j.scitotenv.2024.171578
https://doi.org/10.29011/2575-9760.001776
https://doi.org/10.3390/nano14060545
https://doi.org/10.1016/j.mssp.2015.08.013
https://doi.org/10.1021/jp9044644
https://doi.org/10.1038/srep27760
https://doi.org/10.1002/adsu.201900056
https://doi.org/10.1038/s41598-020-71644-0
https://doi.org/10.1016/j.jcou.2020.101218
https://doi.org/10.1002/adsu.202100481
https://doi.org/10.1002/adsu.202100481
https://doi.org/10.1038/s41598-020-78258-6
https://doi.org/10.1016/j.mtchem.2021.100529
https://doi.org/10.1016/j.mtchem.2021.100529
https://doi.org/10.1016/j.jcou.2019.11.019
https://doi.org/10.3390/catal12020125
https://doi.org/10.1016/j.jcou.2017.02.005
https://doi.org/10.1016/j.dib.2017.08.013
https://doi.org/10.1016/j.dib.2017.08.013
https://doi.org/10.1016/j.mtener.2017.07.003
https://doi.org/10.1016/j.jcou.2019.07.007
https://doi.org/10.1016/j.jcou.2019.07.007
https://doi.org/10.1016/j.decarb.2024.100044
https://doi.org/10.1016/j.seppur.2020.117719
https://doi.org/10.1016/j.seppur.2020.117719
https://doi.org/10.3390/catal12020137
https://doi.org/10.3390/catal12020137
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra04358h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 3

:0
3:

16
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
59 M. Pourmadadi, A. Shamsabadipour, A. Aslani,
M. M. Eshaghi, A. Rahdar and S. Pandey, Development of
Polyvinylpyrrolidone-Based nanomaterials for biosensors
applications: A Review, Inorg. Chem. Commun., 2023, 154,
110714, DOI: 10.1016/j.inoche.2023.110714.

60 A. Yin, A. Ding, H. Zhang and W. Zhang, The Relevant
Approaches for Aligning Carbon Nanotubes,
micromachines, 2022, 13, 1863, DOI: 10.3390/mi13111863.

61 P. Liu, Super-aligned carbon nanotubes neutralizers for
aerospace, Nat. Rev. Electr. Eng., 2024, 1, 73–74, DOI:
10.1038/s44287-024-00021-0.

62 C. E. Nwanno and W. Li, W. Aligned carbon nanotubes for
lithium-ion batteries: A review, Nano Res., 2023, 16, 12384–
12410, DOI: 10.1007/s12274-023-6006-2.

63 G. L. Goh, A. Agarwala and W. Y. Yeong, Directed and On-
Demand Alignment of Carbon Nanotube: A Review toward
3D Printing of Electronics, Adv. Mat., 2019, 6, 1801318,
DOI: 10.1002/admi.201801318.

64 J. Tengxiao, F. Yiyu, M. Feng, Q. Mengmeng and F. Wei,
Thermal conducting properties of aligned carbon
nanotubes and their polymer composites, Composites, Part
A, 2016, 91, 351–369, DOI: 10.1016/
j.compositesa.2016.10.009.

65 D. Li, J. Li, P. Wu, G. Zhao, Q. Qu and X. Yu, Recent Advances
in Electrically Driven So Actuators across Dimensional
Scales from 2D to 3D, Adv. Intell. Syst., 2023, 6, 2300070,
DOI: 10.1002/aisy.202300070.

66 R. K. Rao, S. Gautham and S. Sasmal, A Comprehensive
Review on Carbon Nanotubes Based Smart
Nanocomposites Sensors for Various Novel Sensing
Applications, Polym. Rev., 2024, 64, 575–638, DOI: 10.1080/
15583724.2024.2308889.

67 M. Shin, S. Kim, A. A. Melvin, et al., Towards Nanomaterial-
Incorporated So Actuators: from Inorganic/Organic
Material-Based So Robot to Biomaterial-Based Biohybrid
Robot, BioChip J., 2024, 18, 68–84, DOI: 10.1007/s13206-
023-00134-y.

68 Y. Sliozberg, M. Kroger, T. Henry, S. Datta, B. Lawrence,
A. Hall and A. Chattopadhyay, Computational design of
shape memory polymer nanocomposites, Polymer, 2021,
217, 123476, DOI: 10.1016/j.polymer.2021.123476.

69 S. Datta, T. Henry, Y. Sliozberg, B. Lawrence, A. Hall and
A. Chattopadhyay, Carbon nanotube enhanced shape
memory epoxy for improved mechanical properties and
electroactive shape recovery, Polymer, 2021, 212, 123158,
DOI: 10.1016/j.polymer.2020.123158.

70 Z. Zhang, Y. Liu and J. Leng, Electric heating recovery
performance of shape memory polymer based on
embedded buckypaper, 2015 Fih International Conference
on Instrumentational and Measurement, Computer,
Communication And Control (IMCCC), 2015, p. , p. 1002,
DOI: 10.1109/IMCCC.2015.217.

71 H. Lu, M. Lei and J. Leng, Signicantly Improving Electro-
Activated Shape Recovery Performance of Shape Memory
Nanocomposite by Self-Assembled Carbon Nanober and
Hexagonal Boron Nitride, J. Appl. Polym. Sci., 2015, 131,
40506, DOI: 10.1002/APP.40506.
© 2024 The Author(s). Published by the Royal Society of Chemistry
72 H. Lu, F. Liang, J. Gou, W. Huang and J. Leng, Synergistic
effect of self-assembled carbon nanopaper and multi-
layered interface on shape memory nanocomposite for
high speed electrical actuation, J. Appl. Phys., 2014, 115,
064907, DOI: 10.1063/1.4865326.

73 H. Lu and J. Gou, Study on 3-D High Conductive Graphene
Buckypaper for Electrical Actuation of Shape Memory
Polymer, Nanosci. Nanotechnol. Lett., 2012, 12, 1155, DOI:
10.1166/nnl.2012.1455.

74 A. Zhang and Z. Li, Thermal Properties of Buckypaper
Enabled Polymer Composites, 2017 International
Conference On Electronic Information Technology And
Computer Engineering (EITCE 2017), 2017, 128, 03005, DOI:
10.1051/matecconf/201712803005.

75 J. Ren, J. Lau, M. Leer and S. Licht, The minimum
electrolytic energy needed to convert carbon dioxide to
carbon by electrolysis in carbonate melts, J. Phys. Chem. C,
2015, 119, 23342–23349, DOI: 10.1021/acs.jpcc.5b07026.

76 S. Licht, STEP (solar thermal electrochemical photo)
generation of energetic molecules: A solar chemical
process to end anthropogenic global warming, J. Phys.
Chem., C, 2009, 113, 16283–16292, DOI: 10.1021/jp9044644.

77 S. Licht, B. Wang, S. Ghosh, H. Ayub, D. Jiang and J. Ganley,
New solar carbon capture process: STEP carbon capture, J.
Phys. Chem. Lett., 2010, 1, 2363–2368, DOI: 10.1021/jz100829s.

78 S. Licht, B. Wang, T. Soga and M. Umeno, Light invariant,
efficient, multiple band gap AlGaAs/Si/metal hydride solar cell,
Appl. Phys. Lett., 1999, 74, 4055–4057, DOI: 10.1063/1.123259.

79 S. Licht, L. Halperin, M. Kalina, M. Zidman and N. Halperin,
Electrochemical potential tuned ranirsolar water splitting,
Chem. Commun., 2003, 2003, 3006–3007, DOI: 10.1039/
B309397B.

80 S. Licht, Thermochemical solar hydrogen generation, Chem.
Commun., 2005, 2005, 4635–4646, DOI: 10.1039/B508466K.

81 S. Licht, N. Myung and Y. Sun, A light addressable
photoelectrochemical cyanide sensor, Anal. Chem., 1996,
68, 954–959, DOI: 10.1021/ac9507449.

82 S. Licht and B. Wang, High solubility pathway for the carbon
dioxide free production of iron, High solubility pathway for
the carbon dioxide free production of iron, Chem. Commun.,
2010, 46, 7004–7006, DOI: 10.1039/C0CC01594F.

83 S. Licht, O. Chitayat, H. Bergmann, A. Dick, H. Ayub and
S. Ghosh, Efficient STEP (solar thermal electrochemical
photo) production of hydrogen–an economic assessment,
Int. J. Hydrogen Energy, 2010, 35, 10867–10882, DOI:
10.1016/j.ijhydene.2010.07.028.

84 J. Ren, A. Yu, P. Peng, M. Leer, F.-F. Li and S. Licht, Recent
advances in solar thermal electrochemical process (STEP) for
carbon neutral products and high value nanocarbons, Acc.
Chem. Res., 2019, 52, 3177–3187, DOI: 10.1021/
acs.accounts.9b00405.

85 US Producer Price Index: Plastics Material and Resins
Manufacturing, Ycharts, Com, https://ycharts.com/indicators/
us_producer_price_index_plastics_material_and_resins_
manufacturing#:∼:text=US-Producer-Price-Index%3A-
Plastics-Material-and-Resins-Manufacturing-is,5.81%25-
from-one-year-ago.
RSC Adv., 2024, 14, 27187–27195 | 27195

https://doi.org/10.1016/j.inoche.2023.110714
https://doi.org/10.3390/mi13111863
https://doi.org/10.1038/s44287-024-00021-0
https://doi.org/10.1007/s12274-023-6006-2
https://doi.org/10.1002/admi.201801318
https://doi.org/10.1016/j.compositesa.2016.10.009
https://doi.org/10.1016/j.compositesa.2016.10.009
https://doi.org/10.1002/aisy.202300070
https://doi.org/10.1080/15583724.2024.2308889
https://doi.org/10.1080/15583724.2024.2308889
https://doi.org/10.1007/s13206-023-00134-y
https://doi.org/10.1007/s13206-023-00134-y
https://doi.org/10.1016/j.polymer.2021.123476
https://doi.org/10.1016/j.polymer.2020.123158
https://doi.org/10.1109/IMCCC.2015.217
https://doi.org/10.1002/APP.40506
https://doi.org/10.1063/1.4865326
https://doi.org/10.1166/nnl.2012.1455
https://doi.org/10.1051/matecconf/201712803005
https://doi.org/10.1021/acs.jpcc.5b07026
https://doi.org/10.1021/jp9044644
https://doi.org/10.1021/jz100829s
https://doi.org/10.1063/1.123259
https://doi.org/10.1039/B309397B
https://doi.org/10.1039/B309397B
https://doi.org/10.1039/B508466K
https://doi.org/10.1021/ac9507449
https://doi.org/10.1039/C0CC01594F
https://doi.org/10.1016/j.ijhydene.2010.07.028
https://doi.org/10.1021/acs.accounts.9b00405
https://doi.org/10.1021/acs.accounts.9b00405
https://ycharts.com/indicators/us_producer_price_index_plastics_material_and_resins_manufacturing#:%7E:text=US-Producer-Price-Index%3A-Plastics-Material-and-Resins-Manufacturing-is,5.81%-from-one-year-ago
https://ycharts.com/indicators/us_producer_price_index_plastics_material_and_resins_manufacturing#:%7E:text=US-Producer-Price-Index%3A-Plastics-Material-and-Resins-Manufacturing-is,5.81%-from-one-year-ago
https://ycharts.com/indicators/us_producer_price_index_plastics_material_and_resins_manufacturing#:%7E:text=US-Producer-Price-Index%3A-Plastics-Material-and-Resins-Manufacturing-is,5.81%-from-one-year-ago
https://ycharts.com/indicators/us_producer_price_index_plastics_material_and_resins_manufacturing#:%7E:text=US-Producer-Price-Index%3A-Plastics-Material-and-Resins-Manufacturing-is,5.81%-from-one-year-ago
https://ycharts.com/indicators/us_producer_price_index_plastics_material_and_resins_manufacturing#:%7E:text=US-Producer-Price-Index%3A-Plastics-Material-and-Resins-Manufacturing-is,5.81%-from-one-year-ago
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra04358h

	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h

	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h
	Buckypaper made with carbon nanotubes derived from CO2Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra04358h


