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a b s t r a c t

Production of cement, aluminum, magnesium, titanium, and steel structural materials generate more
than 2 gigatonnes of CO2 globally per year. Replacement of structural materials with lightweight,
stronger carbon nanotube (CNT) composites reduces the structural material's production aggregate re-
quirements by achieving the same strength with less material. This averts a massive CO2 emission in the
production of structural materials. CNTs have the highest measured tensile strength of all materials and
form strong composites, but until recently, they were produced only by high carbon footprint processes.
CNTs are synthesized in this study from CO2 (are carbon negative) by low-energy C2CNT (CO2 to CNT)
molten electrolysis. Four tonnes of CO2 electrolyzed forms one tonne of CNTs. This avoids several hun-
dred tonnes of CO2 by replacing structural materials with CNT composites. For example, a 2-tonne
cement block with 0.001 tonne of CNTs has the same strength as a 3-tonne block without CNTs. The 1-
tonne cement avoided eliminates its CO2 production emission. Specifically, a 0.048 wt% CNT-cement
composite eliminates 840 tonne of CO2/tonne CNT. CO2 is eliminated from the anthropogenic carbon
cycle at less than $1 per tonne. High carbon footprint materials such as aluminum trigger larger CO2

composite elimination effects, and 1 tonne of CNT extraordinarily eliminates more than 4000 tonne CO2/
tonne CNTs.

© 2019 Published by Elsevier Ltd.
1. Introduction

Cement and metals are structural materials pervasively used in
bridges, roads, architectural structures, vehicles, and industrial and
consumer appliances. However, their production is greenhouse
gaseintensive. For example, cement production alone accounts for
4e7% of all anthropogenic CO2 emissions. Society consumes more
than 3 � 109 tonne of cement annually, and the cement industry
releases 9 kg of CO2 for each 10 kg of cement produced, that is, a
carbon footprint (fc) of 0.9 tonnes CO2 per tonne cement. The ma-
jority of CO2 emissions occurs during the decarbonation of lime-
stone (CaCO3) at approximately 900 �C to lime (CaO) in a reactor
and the remainder (30e40%) from burning fossil fuels, such as coal,
to heat the reactor [1e4]. Virgin aluminum production is one of the
most greenhouse gaseintensive industrial processes emitting fc
(carbon footprint) of 11.9 tonnes of CO2 for each tonne of aluminum
produced [5,6]. Even greater, the magnesium industry releases fc of
14 tonnes of CO2 for each tonne magnesium produced [7]. Titanium
production has a carbon footprint lower limit of fc ¼ 8.1 tonnes CO2
per tonne Ti, which is higher when recycling is excluded [8]. The
massive global annual production of stainless steel of 1.6 billion
metric tonnes coupled with a high fc of 6.15 tonnes of CO2 emitted
per tonne of virgin stainless steel produced, including 5.3 tonnes of
CO2 per tonne for energy to drive the production [8,9], provide a
compelling incentive to reduce global greenhouse gas emission in
this industry.

Several materials are stronger than cement, aluminum, steel,
magnesium, or titanium. Carbon nanotubes (CNTs) have the highest
tensile strength (93,900 MPa) of any material measured [10,11].
CNT composites have engaged a growing interest among the en-
gineering and scientific community because of the observed sub-
stantial increases (higher than 10%) in beneficial mechanical
properties such as tensile, compressive, and flexural strength with
minimal addition (generally less than 0.1 wt%) of CNTs. Composites
studied include CNT-aluminum, CNT-steel, CNT-magnesium, and
CNT-titanium, and the most studied of CNT-composite structural
material alternatives, CNT-cement. As summarized in Fig. 1, the
number of published studies on CNT-cement (or mortar or con-
crete) composites has grown at an exponential rate in the past 15
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Fig. 1. The rapid growth of interest in CNT-cement composites as expressed by the
number of published studies. A listing of these studies is available using the Web of
Science and Google Scholar search engine in the ‘title’ category for CNT or carbon
nanotube(s) and cement(itious), mortar or concrete. CNT, carbon nanotube.
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years. Examples of these studies are included in the supplementary
information appendix.

The conventional synthesis of carbon nanomaterials by chemi-
cal vapor deposition (CVD) has a massive CO2-positive footprint,
emitting as much as 600 tonnes CO2 per tonne of carbon product
[12]. Perhaps owing to this as well as the high conventional pro-
duction costs of CNT synthesis, the carbon-negative CO2 avoidance
consequences of CNT composites had not been previously realized.
In this study, the massive CO2 avoidance of CNT composites is
calculated for the first time. Here, a lower cost, carbon-negative
process method to produce CNTs is delineated using CO2 as the
reactant.
2. Carbon nanotube e structural material composites

The tensile, compressive, and flexural strength increase of
cement, mortar, and concrete with the addition of small amounts of
CNTs has beenwidely reported [13e18]. Homogenous dispersion of
the CNTs and interaction with the cement has been achieved with
techniques including sonication, addition of surfactants, and stir-
ring. Sonication dispersion processes do not add a significant power
[19] or related CO2 emissive component. The cost impact in the
industrial production chain still needs to be determined. CNT
aqueous dispersion and addition in the cement aqueous mix step is
not a complex process, and stable aqueous CNT dispersion lifetimes
of at least 4 years have been measured [20]. In a comparison of CNT
and cement mixes with 0.5- to 30-mm CNTs ranging from 0.03 to
0.25 wt% in the composite, longer CNTs attained higher strength
composites [15]. Similarly, pure CNTs with a length of ~200 mm,
exhibited higher tensile strength than shorter length CNTs [11]. In
the composite, an addition less than 0.05 wt% CNT to cement
increases tensile (S, % strength increase), S ¼ 45% is the typical of
the reported large increases in cement strength with small addi-
tions of CNTs (as delineated in 300 þ titles in the supplementary
data).

CNT-metal composites have also been of interest. Processes to
disperse CNTs in the preparation of a CNT-Al composite have been
compared [21,22], and the addition of 0.1 wt% CNT to an aluminum
composites increases aluminum tensile strength by 37% [23]. Ho-
mogeneous dispersion of CNTs in CNT-magnesium composites has
been challenging. CNTagglomeration inhibits formation of effective
magnesium composites decreasing the CNT-metal interaction. Nai
et al. [24] have overcome this through nickel coating of the CNTs
providing an effective CNT-Mg2Ni interface, and their 0.3 wt%
CNTs-magnesium composite exhibits an increased tensile strength
of 39%. The higher melting point and processing temperatures of
titanium or steel than aluminum and magnesium poses challenges
to create a uniform dispersion of CNTs in the composite, and there
have been fewer reports of CNT-Ti or CNT-steel composites than
with other metals [25e29]. In a CNT-titanium composite, 102%
tensile strength increase occurred with inclusion of 0.3 wt% CNT
[25]. Patel et al. formed a 4 to 6 wt% CNTestainless-steel composite
using CVD to infiltrate CNTs directly into stainless-steel pellets. The
resulting composite had a substantial increase in the elastic
modulus, yield strength, and hardness by 47, 104, and over 93%,
respectively [28]. Loayza et al. [29] incorporated 0.75wt% CNTs, and
as with the high-strength titanium composite also using a Ni-
coated CNT, into 316 stainless steel via pulsed tungsten arc welding.
The 0.75 wt% CNT-stainless steel composite exhibit 35% higher
Vickers hardness (which can be correlatedwith yield strength). Cho
et al. incorporated ~0.75 wt% (3 vol%) CNTs by ball milling into 304
stainless steel. The 0.75 wt% CNT-stainless steel composite exhibits
37% higher yield strength [30].

3. CNT production

3.1. Traditional methodologies for CNT syntheses

Perhaps owing to their previous perception as costly, the sus-
tainability implications of structural material CNT composites had
been disregarded. However, as the material with the highest
measured tensile strength, CNTs can avoid carbon emissions from
humanity's pervasive use of structural materials. CNT composites
have not been previously synthesized with CNTs made from CO2.
CNTs have been synthesized by several methodologies including
flame-assisted and plasma-assisted CVD techniques [31e36]. CNT
demand is mainly limited by the complexity and cost of those
synthetic processes, which requires 30- to 100-fold higher pro-
duction energy than for aluminum [37,38]. Owing to the expense,
energy intensity, and complexity of the synthesis, industrial CNTs
currently are valued in the $100K ($85-$450K) per ton range and do
not use CO2 as a reactant [36e39]. For CVD processes, the cost,
complexity, and impactsmay eventually be significantly reduced by
using a continuous rotary or fluidized bed reactor and by using
alternative support and catalyst materials.

3.2. Experimental. A new CNT synthesis: C2CNT e CO2 to CNT

We recently discovered a high-yield, high-purity, (low) elec-
tricity costeconstrained CNT synthesis, C2CNT (CO2 to CNTs)
[39e41]. C2CNT splits carbon dioxide by electrolysis in molten
carbonates. The physical chemical environment of the conventional
CVD CNT synthesis is different than that of the new C2CNT syn-
thesis in many aspects. The latter is an electrochemical process,
while the former is a chemical one. CVD generally utilizes organ-
ometallics as the reactant, while C2CNT consumes only CO2 as the
reactant. CVD generally occurs at a gas/solid interface, while C2CNT
occurs at the liquid/solid interface. There are also significant subtle
differences. C2CNT provides a higher density of reactive carbon (the
molten carbonate electrolyte) near the growth interface. An electric
field may, or may not, be applied to the substrate during CVD CNT
growth, and there is always an intense electric field rapidly
decreasing through the double layer adjacent to the cathode during
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C2CNT growth. Isotopic 13C tracking was used to follow CO2's
consumption as it is dissolved in molten carbonate and is split by
electrolysis to form the building blocks of CNTs [40]. C2CNT
transforms CO2 to CNTs by molten electrolysis [39e51]. Transition
metalenucleated electrolysis in lithium carbonate (pure or with
added oxides [39,42,50], added sodium, calcium, or barium car-
bonates [42,44], or added boron, sulfur, phosphorus or nitrogen
dopants [41,42,49]) forms CNTs, oxygen, and dissolved lithium
oxide:

Li2CO3 / CCNT þ O2 þ Li2O (1)

CO2 added to the electrolyte dissolves and chemically reacts
with lithium oxide to renew and reform Li2CO3:

CO2 þ Li2O / Li2CO3 (2)

Transition metals, such as Ni or Cr, nucleate CNT formation
[39,41,45] and comprise less than 0.1% by mass of the product and
can be variously added to the electrolyte or cathode or added by
leaching from the anode. The net reaction of Eqs. (1) and (2) is
splitting of CO2 by electrolysis to CNTs and oxygen:

CO2 / CCNT þ O2 (3)

CO2 dissolution in molten lithium carbonate is exothermic and
rapid, which along with heat generated by the electrolysis provides
thermal balance as shown in Supplementary Data Fig. 1.

At 750 �C, a carbon product can be formed in pure Li2CO3, mixed
binary, and ternary lithiated and lithium-free molten carbonates
Fig. 2. (A) Short thick, (B) short thin, and (C) long C2CNT carbon nanotubes synthesized by e
copper cathode, (B) using a stainless-steel cathode, and (C) using a Monel cathode. CNT, ca
[39e46,49,52]. Analogous to the case of the production costs of
aluminum smelting by electrolysis of the oxide (bauxite) in a
molten salt, the cost of CNTs by electrolysis of carbon dioxide in a
molten salt (molten carbonates) is only the order of $1000 per
tonne [42]. As with aluminum production that occurs at tempera-
tures above 900 C, CNT production at temperatures above 700 �C
forms a high-purity CNT product. Electrolysis temperatures lower
than 700 �C or the inclusion of K2CO3 in the molten carbonate
electrolyte tends to form a lower fraction of CNTs in the carbon
product. Molten carbonate electrolytes mixed with hydroxide in
the 480e650 �C domain form a solid carbon electrolysis product
along with hydrogen or methane [56,57].

The focus of this study is theoretical calculations of green-
house gas CO2 reductions using CNT composite structural mate-
rials when formed with CNTs made from CO2, rather than
conventional high-CO2-emissive production techniques such as
CVD. In line with that theoretical focus, we also include experi-
mental results of CNTs produced by molten carbon electrolytic
splitting of CO2. As shown in Fig. 2 using a PHENOM Pro-X SEM
(top), or FEI Teneo LV SEM bottom), the electrolysis product from
CO2 (C2CNT) in 770 �C molten lithium carbonate is short thick
(Fig. 2A), short thin (Fig. 2B), or long (Fig. 2C) CNTs as synthesized
on simple (non-noble) metal cathodes such as a copper, stainless
steel, or Monel cathode. In each case, the product forms on the 5-
cm2 cathode during constant current electrolysis, and after
electrolysis, the cathode is extracted and the cooled black product
peeled off the electrode and washed before microscopy as pre-
viously delineated [38]. We demonstrated tangled 5- to 8-mm-
long CNTs grown on a copper cathode as nucleated with Ni
powder added to the electrolyte to provide nucleation points for
lectrolysis of carbon dioxide. In molten Li2CO3 at 770 �C, CNTs are synthesized (A) using
rbon nanotube.
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CNT growth [42]. Here, on a copper cathode, we synthesize
straight 5- to 10-mm-long CNTs from nickel nucleation points as
shown in Fig. 2A. The straight CNTs are formed when excess Ni
powder is pasted directly on the copper cathode before elec-
trolysis. As previously presented and as summarized in the bot-
tom of Fig. 2B, when an extended charge, Monel cathodee and
nickel- and chromium-induced nucleation electrolysis is instead
applied, a high yield of very long CNTs, i.e., 200e2000 mm, is
produced [41]. As summarized in Fig. 3, the control of electrolysis
conditions produces controlled, uniform thickness, and either
twisted, straight, or thicker straight CNTs. The short C2CNT CNTs
described in Fig. 2A (a copper cathode in molten 770 �C Li2CO3)
are produced by electrolysis for either 15, 30, or 90 min to yield
thin- (~20 nm), medium- (~47 nm), or thick- (~116 nm) walled
CNTs as evident by transmission electron microscopy (TEM), as
shown in Fig. 3A, B and 3C, respectively, and exhibiting the
distinctive graphene-layered characteristic 0.335-nm separation
between concentric cylindrical walls. The lower section of Fig. 3
presents the CNT product after synthesis for 5 h using a brass
cathode under various controlled conditions to yield bunched
(Fig. 3D), straight (Fig. 3E), or thicker (Fig. 3F) CNTs.

Details of small- and large-scale C2CNT syntheses are refer-
enced in the Supplementary Data. C2CNT is currently being scaled
as shown in Fig. 4, up to 2e5 tonnes CO2 removal daily as one of
five Carbon XPrize finalists to transform the greenhouse gas car-
bon dioxide to the most valuable product at a natural gas power
Fig. 3. Molten carbonate electrolysis conditions, such as electrolysis time, cathode material, o
CNTs are bunched or straight. (AeC) TEM images of short C2CNT carbon nanotubes synthesiz
electrolysis time of 15 min (A), 30 min (B), or 90 min (C). Synthesis for 5 h using a brass cath
CNTs, as shown by SEM. CNT, carbon nanotube; SEM, scanning electron microscopy; TEM,
plant as detailed in [55]. The production at laboratory scale has a
higher specific cost and environmental impact than that at in-
dustrial scale.

Homogeneous dispersion of CNTs is key to the formation of
strong composites. For example, tangled CNTs agglomerate and are
not readily miscible in aqueous mixtures. Modification of C2CNT
electrolysis conditions provides precise control over the CNT
product morphology. Untangled CNTs with a high aspect ratio
(Fig. 5A) readily disperse in water with sonication and without the
need of a surfactant (Fig. 5B), and the water-dispersed CNTs are
mixed to form CNT-cement composites (Fig. 5C).

Alkali (lithium, sodium, and/or potassium) carbonate mixtures
are less viscous than the pure molten carbonate salt [58e60]. We
avoid anodic corrosion during C2CNT electrolysis by exclusion of
potassium carbonate from the electrolyte [53]. Here, CNTs are
formed by electrolysis in a low-viscosity binary lithium-sodium
carbonate electrolyte, and we have additionally observed that
the addition of metaborate salt to the electrolyte improves the
aspect ratio. The product scanning electro microscopy
image shown in Fig. 5A is that of 90% CNTs, and the electrolysis
occurred at 97.5% coulombic efficiency (determined using Eq. (3)
comparing the moles of carbon product to the integrated elec-
trolysis current). As will be shown, small quantities of such CNTs
added at a low concentration (less than 0.8%) form cement or
metal composites having the same strength but decreased mass
by at least 25%.
r addition of oxide to the electrolyte, control the C2CNT CNT thickness and whether the
ed as described in Fig. 2 e grown on a copper cathode in molten Li2CO3 at 770 �C for an
ode under various controlled conditions yields bunched (D), straight (E), or thicker (F)
transmission electron microscopy.



Fig. 4. C2CNT carbon dioxide modules are readily scalable and proportional to the electrode surface area. Modeling, building, and demonstration of the electrolyzer for the 0.2 tonne
daily conversion of CO2 to CNTs is shown [54]. (A) Increasingly scaled C2CNT electrolyzer cells and electrodes from 2015 to 2017. Diagrams (B) and photos (C) are of a 0.2-tonne daily
CO2 to CNT electrolyzer. CNT, carbon nanotube.
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4. CO2 avoidance of CNT composites

4.1. Massive CO2 avoidance of CNT-cement composites

Conventional (noneCO2-based) synthesized CNTs have a high
carbon footprint and production cost. Likely, owing to these rea-
sons, their carbon-negative, large CO2 avoidance consequences had
not been previously realized. CNTs are cost-effectively synthesized
using CO2 as the reactant and cast as composites, for example, as
CNT-cement composite as shown in Fig. 5C, but howmuch CO2 can
be avoided by the CNTs? As illustrated in Fig. 6A, replacement of a
largemass of cement with a small mass of CNTs forms a lower mass
composite of equal strength (that is, higher strength per cross
section multiplied by a smaller cross section) to the CNT-free
cement, which avoids the large carbon dioxide emission of the
replaced cement. The tensile, compressive, and flexural strength
increase of cement with the addition of small amounts of CNTs has
been widely reported [13e16]. In the more than 300 studies sum-
marized in Fig. 1, as delineated by the titles collated in the sup-
plementary material, the range of CNT additives is consistently
small. This additive is generally less than 0.1 wt%, and the strength
increase, whether tensile, compressive, and/or flexural, is large,
generally in the range of 30e60%, without sand (cement), with sand
and/or fly ash (mortar), or with sand and gravel aggregates (con-
crete). There are a variety of strength increase reports of more than
50% in CNT-cement composites [61e66]. Examples for CNT-
concrete composites include increases of 45% compressive
strength, 31% flexural strength, and 42% fracture energy [67]; a 37%
increase in cracking load and a 25% increase in flexural strength
with 0.05% CNT [15]; increases of 21% compressive, 35% tensile, and
14% flexural strengths with 0.03% CNT [68]; and up to 118% increase
in toughness (resistance to brittle failure) [69]. Although reported
strength trends vary, presumably owing to variations in CNT quality
and dispersion methodologies, generally an increase in compres-
sive strength is accompanied by increases in tensile and flexural
strengths, for example, increases of 58%, 22%, and 38%, respectively,
with 0.05e0.1 wt% added CNT-cement composites [70]. These
comprehensive strength increases with CNT addition are of pro-
found importance because of the wide variety of useful cement
strength and antifracture properties and applications from unre-
inforced cements and mortars such as those used to fill voids in
injection grouting for repair and in rig cement and cement blocks
and to bind bricks and for unreinforced and reinforced (for example
rebar reinforced) concrete usage such as in countertops, building
structures, and cement pavement for roadways.

To introduce the fundamental new calculation of carbon dioxide
avoidance through the composites, we assume here (i) a strength
increase of 45%, (ii) a generic composite estimate of 0.048 wt% CNT
addition to cement, and (iii) a conventional, direct cement usage
(such as a cement block). An addition of 0.048 wt% CNT to cement
which increases tensile strength, S, by 45% is typical of the reported
large increases in cement strength with the small addition of CNTs.
It is interesting to note that CNT increases the composite tensile,
compressive, and flexural strength with minimal CNT addition
acting as a ‘nanorebar’ tending to make CNT-cement less brittle. For
strength applications, concrete is generally used as it has load-
bearing capacity, whereas cement is brittle and less useful. Re-
ported CNT-concrete strength increases are comparable with those
of CNT-cement strength increases (Supplementary Data compiled
study titles), and the usage here of the term ‘CNT-cement com-
posite’ generically refers to both CNT-cement and CNT-concrete
composites. Thinner cement composite with added CNTs will have
the same strength as thicker cement. In a simple-usage case, such
as a thinner block to bear the same load but with a 45% stronger
CNT-composite, a 1/1.45 (or 69%) as thick, CNT-cement composite
has the same strength as the cement without CNT, that is, a com-
posite of 1 tonne CNT (0.048 wt%) in 2082 tonnes of cement has the
same strength as 3021 tonnes of cement. The elimination of
structural material mass in the composite is derived from the
respective W (composite) and N (non-composite) mass in tonnes,



Fig. 5. (A) Untangled CNTs are synthesized at 740 �C in a mixed molten carbonate containing (by wt%) 73% Li2CO3, 17% Na2CO3, and 10% LiBO2 by electrolysis using a brass cathode
and an Inconel cathode. (B) During sonication, CNTs readily disperse in water without the addition of surfactants. Without sonication, CNTs agglomerate and the homogenous black
liquid is not formed. (C) Upon mixing the aqueous dispersed CNTs with Portland cement, the mix is readily cast as CNT-cement composites. CNT, carbon nanotube.
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from C, the CNT wt% concentration, and from S, the strength in-
crease. The composite mass, W, that contains 1 ton CNT is in tonnes

W ¼100%=C (4)

The non-composite weight, N, is determined from the strength
and relative weight of the composite mass in tonnes:
Fig. 6. Massive carbon dioxide avoidance by the addition of carbon nanotubes synthesize
mitigation with CNT-Al. The latter (B) includes a cascade effect due to virgin Al's large carbo
figure "ton" refers to metric tonne and CNT, carbon nanotube.
N¼W �ð100%þ SÞ =100% (5)

As illustrated in Fig. 6, the tonnes weight decrease in the com-
posite compared with the non-composite ¼ N e W, and upon
substitution of Eqs. (4) and (5), the weight decrease in the com-
posite is in tonnes
d from CO2 to CNT-composites. (A) Carbon mitigation with CNT-cement. (B) Carbon
n footprint, triggering larger CNT-composite induced CO2 emission elimination. In the
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¼N�W ¼Wð100%þSÞ=100%�W ¼W�ðS=100%Þ¼S=C (6)

Hence, the CNT-cement composite eliminates the need for 938
tonnes of cement (¼S/C). One tonne of CNTs replaces 938 tonnes of
cement to achieve the same strength. These values are summarized
in Table 1 and are illustrated in the left and middle portions of
Fig. 6A.

The cement industry releases 0.9 tonne of CO2 for each tonne of
cement produced [1e4]. Using the CNT-cement composite, the
tonnes of CO2 avoided per tonne of CNT are calculated in Table 1
from the product of the tonnes of cement replaced (per tonne of
CNT used in the composite) and 0.9 tonnes of CO2 emitted per
tonne of cement produced. This avoidance of 844 tonnes of CO2 per
tonne of CNT is illustrated in the right side of Fig. 6A. Note that one
dimension of strength increase is exemplified in this study. How-
ever, if the composite's increased tensile strength was utilized in
multiple dimensions, then the formed cement is thinner in several
dimensions and even greater mass reductions can be achieved with
the stronger CNT composite.

4.2. CNT-amplified CO2 avoidance of high carbon footprint metals

Compared with cements, to date, there are fewer studies on the
strengthening effect of CNTs on metals although they too present a
large strength increase in the metal with a small CNT additive
(composite). The massive tonnage (844 tonnes) of CO2 avoided per
tonne of CNT in a cement composite can be surpassed, when the
virgin material displaced by CNTs has a carbon footprint greater
than 1. In this case, the composite material leads to a cascade-
multiplicative effect in which the elimination of one mass unit
further leads to the elimination of many mass units. This is the case
for the CNT-Al composite. As with CNT-cement, a key to effective,
strong CNT-Al composites is the homogeneous dispersion of the
CNTs within the composite [21,22]. Inductive heating and melting
of aluminum provides an effective media to homogenously
disperse CNTs as a CNT-Al composite. As with the cement com-
posite, the addition of a small fraction of CNTs to an aluminummelt
does not add a significant additional CO2 emissive component to
the aluminum preparation. The addition of 0.1 wt% CNT increases
aluminum tensile strength by 37% [23]. Hence, for a simple (one-
dimensional applied force) usage case as summarized in Table 1,
such as a thinner CNT-Al composite foil to bear the same load, 1
tonne of CNT replaces S/C¼ 370 tonne of aluminum as illustrated in
the middle portion of Fig. 6B.

Fig. 6A and B compare the carbon avoided through the use of a
CNT-cement and a CNT-aluminum composite. As illustrated in
Fig. 6B, the use of a CNT-Al composite avoids an extraordinarily
Table 1
CO2 avoidance of CNT-X (X ¼ cement, Al, Mg, Ti, or stainless steel) composites.

X wt%
CNT

Property Increase in
property

Tonnes X removed per tonne CNT to
achieve equal strength

Cement 0.048% Tensile
strength

45% 938

Aluminum 0.10% Tensile
strength

37% 370

Magnesium 0.30% Tensile
strength

39% 130

Titanium 0.3% Yield
strength

102% 339

Stainless
steel

0.75% Tensile
strength

37% 49

CNT, carbon nanotube.
The final column of the table normalizes the net energy consumed by CNT production in
high value of 4403 tonnes of CO2 upon addition of 1 tonne of CNT
because of the cascade effect of a high carbon footprint in the
production of aluminum. By relative mass, aluminum production is
one of the most greenhouse gaseintensive industrial processes
emitting fc ¼ 11.9 tonnes of CO2 for each tonne of aluminum pro-
duced [5,6]. This value and the CO2 avoidance of 4403 tonnes of CO2
per tonne CNT are summarized in the right side of Fig. 5B and
Table 1.

CO2 elimination can be magnified through other large carbon
footprint structural materials. In CNT-Mg composites, an uneven
dispersion of CNTs decreases effectiveness of the CNT-metal inter-
action [22,71,72]. Dispersion has succeeded through effective
Mg2Ni interface between Mg and the CNT by first nickel coating of
the CNTs. CNT (0.3 wt%) as a CNT-magnesium composite exhibits an
increased tensile strength of 39% [24]. Magnesium production re-
leases fc ¼ 14 tonnes of CO2 per tonne of magnesium [7]. From this
high footprint and the stronger composite made with low CNT
additions, 1820 tonnes of CO2 are avoided per tonne of CNTs in the
CNT-Mg composite. These values are summarized in Table 1.

As previously noted, the higher melting point of titanium and
steel than that of aluminum and magnesium structural metals
poses challenges to create a uniform dispersion of CNTs in the CNT
composite, and there have been fewer reports of these CNT com-
posites than with other metals [25e29]. A CNT-Ti composite with
inclusion of 0.3 wt% CNT exhibits a 102% tensile strength increase
[27]. As summarized in Table 1, this composite proportionally re-
places 339 tonnes of titanium by 1 tonne of CNT. With a carbon
footprint of titanium production of fc ¼ 8.1 tonnes CO2 per tonne Ti
[8], 2750 tonnes of CO2 are avoided per tonne of CNT in the CNT-Ti.
Starting with widely used stainless steel (SS 304), Cho et al. [30]
incorporated by 3 vol% CNTs ball milling. The ~0.75 wt% CNT-
stainless steel composite exhibits 37% higher yield strength.
Coupled with the high carbon footprint, fc ¼ 6.15 tonnes of CO2
emitted per tonne of stainless steel [6,9], this avoids 302 tonnes of
CO2 per tonne CNT in the CNT-stainless steel composite as sum-
marized in the final row of Table 1.
5. C2CNT CNT composite energy balance and energy
consumption

5.1. C2CNT energy recovery through the O2 product

C2CNT splits CO2 by electrolysis forming CNTs. The second
product of the C2CNT process (in addition to CNT) is hot oxygen. As
delineated in the Supplementary Data, this product is useful in a
range of industrial processes. Compared with air, oxygen improves
the efficiency of ozone generation and is an essential feedstock in
Tonnes CO2 emitted per
tonne X produced

Tonnes CO2 avoided per
tonne CNT

kWh consumed per tonne
CO2 avoided

0.9 840 2.45

11.9 4400 0.47

14 1820 1.14

8.1 2750 0.75

6.15 302 6.85

the Energy consumption section 5.2 by the CNT's CO2 avoidance.
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the manufacture of a variety of industrial chemicals. Using oxygen
in lieu of air consumes proportionally less fuel or generates a higher
combustion temperature. The fuel savings by retrofitting air/fuel
systems with oxy/fuel is 30e60% for the steel, copper, aluminum,
lead, and glass industries and 50% for waste incineration and sul-
furic acid recovery.

Oxygen is conventionally produced principally by cryogenic
cooling. Pure oxygen separation from air requires a thermodynamic
energy of 53.1 kWh/tonne and a practical energy of 196 kWh/tonne
oxygen. Heating oxygen to 770 �C requires an additional enthalpy of
0.22 MW/tonne O2. As delineated in the supplementary data, the
C2CNT hot oxygen product has an energy value:
Conventional energy to produce hot O2
�
770

�
C
�¼0:4MWh = tonne O2 (7)
5.2. Energy consumption CO2 avoided for CNT composites

As delineated in the SI, the net energy required by the C2CNT
transformation of CO2 to CNTs, including the energy recovered of
one O2 per CO2 electrolyzed using the hot oxygen product in Eq. (7),
is
EC2CNT;net energy consumed¼2:0MWh per tonne CO2 reacted to CNT ð1:6MWh at 0:8VÞ (8)
The C2CNT net energy used in the CNT synthesis, Eq. (8), will
decrease further with heat recovery from the hot CNT product, with
excess heat from the dissolution reaction of CO2 in carbonate, and
from additives (such as oxides or borates), which decrease the
electrolysis potential to ~0.8 V.

The massive (tonnes) of CO2 avoided per tonne of CNTs in
cement-, aluminum-, magnesium-, titanium-, or stainless
steeleCNT composites is summarized in Table 1. The higher
strength per unit weight of the CNT-cement composite than that of
cement avoids 840 tonnes of CO2 per tonne of CNTs in the com-
posite. Al-CNT composite avoidance is even larger at 4400 tonnes
CO2 per tonne of CNT because of the higher CO2 emission per tonne
of Al produced. The final column of Table 1 normalizes the net
energy consumed by C2CNT transformation of CO2 to CNTs and O2
in Eq. (8) by this CO2 avoidance. The less than 7 kWh per tonne
energy to eliminate a portion of the greenhouse CO2 from the
anthropogenic carbon cycle is lower than the current discussed tax
credits for carbon capture which generally range above $30 tonne
per CO2. Based on kWh costs of electricity ranging from a low value
of $0.029 per kWh for Texas wind [7] up to a conventional cost of
$0.10 kWh, the final column costs range from $0.01 per tonne as a
minimum cost for carbon avoidance with the CNT-Al composites to
a maximumvalue of $0.69 per tonne CO2 for carbon avoidance with
the CNT-stainless steel.

Larger C2CNT syntheses have been reported [73] and recently
conditions of the CO2molten carbon electrolysis modified to produce
a variety of other carbon nanomaterials (CNMs) such as carbon
nanoplatelets, graphene, graphene scaffolds and carbon nano-onions
[74], each with a unique morphology and useful properties. As with
CNTs, each is also readily dispersed inwater by sonication to produce
an aqueous disperion which can be mixed to produce a CNM-com-
posite, such as CNM-cement, or mixed at higher temperature to
produce CNM-metal composites such as CNM-aluminum.
6. Conclusions

CNTs are switched around from a massive (CVD production
induced) carbon footprint material to a massive CO2 avoidance
material through their production by CO2 electrolysis C2CNT and
applications as lighter weight, strong CNT composite structure
material. CNTs have the highest measured tensile strength of all
materials and form strong composites. CVD production of CNTs
emits hundreds of tonnes of CO2 per tonne CNT, whereas
C2CNT-produced CNTs avoid hundreds of tonnes of CO2 per
tonne CNT as CNT composites. The large carbon avoidance and
low energy cost provide a compelling greenhouse gas mitigation
incentive to drive conventional structural materials replacement
by the CNT composites. The global CO2 emissions of cement,
aluminum, magnesium, titanium, and steel production are more
than 2 gigatonnes of CO2 per year (1.5 Gt CO2 from cement
alone). For example, a 0.048 wt% CNT-cement composite elim-
inates 840 tonnes of CO2/tonne CNT. CO2 is eliminated from the
anthropogenic carbon cycle at less than $1 per tonne. Replace-
ment of these with CNT-aluminum, CNT-magnesium, CNT-tita-
nium, or CNT-stainless steel composites will significantly
decrease the global annual anthropogenic emission of the
greenhouse gas carbon dioxide to help mitigate climate change.
This averts a massive CO2 emission in that production. A life
cycle assessment where long-term effects pertinent to individ-
ual applications are considered will be coupled in the future
with experimental optimization of CO2 transformed to CNTs
physical properties (composite fracture resistance; tensile, flex-
ural, and compressive strength; and composite lifetime tailored
to the application).
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