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Abstract:

Embodiments of the present disclosure relate to methods and systems for providing an electrolysis
reaction in a molten carbonate electrolyte to synthesize helical carbon nanostructures {HCNSs). The
electrolyte, electrode composition, current density, temperature and additives all may have important
roles in the formation of HCNS. With control of these parameters, a variety of specific, uniform high
yield HCNS can be synthesized by molten carbonate electrolysis, according to embodiments of the
present disclosure.
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SYSTEMS AND METHODS FOR MAKING CARBON NANOSTRUCTURES

[0001]deleted

TECHNICAL FIELD

[0002] The present disclosure relates to making carbon nanostructures. In particular,
the present disclosure relates to systems and methods for making helical carbon

nanostructures using a molten carbonate process.

BACKGROUND

[0003] Carbon nanotubes (CNTs) are comprised of cylindrical walls of rolled graphene
sheets. An occasionally reported, and unusual, variation of this morphology is termed coiled
or helical carbon nanotubes (HCNTs). Examples of this unusual HCNT allotrope are shown in
FIG. 1 (as provided in Zhang, M. and Li, J. Carbon nanotube in different shapes. Materials
Today, 2009. 12(6), 12-18).

[0004] HCNTs were first predicted to exist in 1993, and then were first discovered in
1994. To date, the few reported examples of HCNT synthesis have been accomplished by
chemical vapor deposition (CVD) using metal catalyzed organic or organometallic precursors.
CVD is an energy intensive and expensive process that is associated with a large carbon
footprint of up to 600 tons of carbon dioxide (CO2) emitted per ton of carbon nanomaterial
produced. CO2 emissions are a growing global problem that all of us confront because
anthropogenic CO2 emissions are responsible for the increasing the concentration of

atmospheric CO2 and the resultant climate change.
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carbon input into the inter-electrode space; applying a current across the electrodes; and

collecting a product that comprises the HCNS from the electrode.

[B00TE In some emboadiments of the present disclosure, the method further includes
a siep of applying at least two of the following parameters: applying the current with a
high electrolysis current density; heating the inter-electrode space to at least 725 °C;
adding into the inter-electrode space an electrolyte additive agent; and adding iron oxide
to the inler-electrode space.

[30038} Some embodiments of the present disclosure relate to a system for making
helical carbon nanostiuctures. The system comprises an anode and a cathode that
together define an inter-electrode space. The system further includes a source of current
for applying a cumrent density is at least 0.2 A f cm?2 across the elecirodes, a source of
heat for regulating the inter-elecirode space at a temperature of at least about 725 °C,
and a source of carbon for introducing a carbon input into the inter-electrode space.

6009} Some embodiments of the present disclosure relate to HONS such as, but
not imited to: a helical carbon nanctube (HCONT). a helicat carbon nanofiber {HCNF), a
doubie stranded HONT, a braided HCNT, a helical nano-platelet {HCNP), a sp3 defective
CNT, a deformed CNT, a bent CNT, a curved CNT or combinalions thereof.

30103 As compared o siraighl carbon nanciube (CNT} growth, the growth of
HCNTs has been proposed to occur via two independent, but not exclusive, mechanisms.
One moded that combines localized stresses and anisclropic rates of carbon deposition
on catalyst particles is widely accepted. The first mechanistic pathway for HCNT growth
is that an uneven growth causes pentagonal and heptagonal defects that lead to curving.
This may be due to ether the catalyst or the subsirate having different faces or use of g
catalyst thatis composed of different metals and, therefore, that promotes different growth
rates. An example of such a heterogeneous metal catalyst is a tin and iron (Sn/Fe)
catalyst or indium and iron (In/Fe} catalyst that promotes HCNT growth by chemidcal vapor
deposition {CVD). For exampie, tin accelerates CNT growth, but iron seems o grow at a
slower pace resulting in defective CNTs during CVD growth. Qur moiten carbonate growth
precess has a complex mixture of metals from electrodes that may cause this feature to
appear.

60113 The second proposad mechanistic pathway for HCNT growth is that strain
or fast growth-rales cause coiling. For example, if a CNT is growing faster at a catalyst
then i can organize in a sleaight fashion, it will coil like yam coming out a hole ioo rapidly
to be laid down straight on a mat during chemical vapor deposition (CVD) growth.

CA 03156243 2022-4-26
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BRIEF DESCRIPTION OF THE DRAWINGS

(20123 These and other features of the present disciosure will become more
apparen in the following detailed description in which reference is made to the appended

drawings.
[B0133 FlG. 1 provides images of helical carbon nanciubes (HCNTs).
[e0143 FiG. 2 provides transmission electron microscopy (TEM) images of carbon

nanotubes {CNTs) synthesized in molten carbonate, wherein panel {(a) shows CNTs
synthesized after 15 minutes; panel (b) shows CNTs synthesized after 30 minutes,; panel
{c) shows CNTS synthesized afier 90 minutes; and, panel {d) shows a closer image of
the CNTs shown in panel {c).

[G015] FIG. 3 is a schematic that represents an overview of molten carbonate
processes for making various carbon nanosinictires, including HCNTs and helical carbon
nanofibers (HCNFs).

(60163 FiG. 4 shows images of HCNS synthesized according to embodiments of
the present disclosure, wherein: FiG. 4A shows scanning eleciron microscope {SEM)
images of HCNS, with a scale bar of 100 microns; FIG. 48 shows TEM images of HCNS
synthesized according to embodiments of the present disclosure, wherein {i) and {ii} have
scale bars of 500 nm, (i) has & scale bar of 100 mm, (iv) has a scale bar of 20 nm and
{v) and (vi} have scale bars of 500 nm.

60173 FIG. & shows SEM images of CNTs synthesized by a molten carbonate
electrolysis process, with or withowut ron oxide present within the moilen carbonate,
wherein FiG. 54 shows CNTs synihesized without iron oxide and has a scale bar of 50
microns; FIG. 8B shows CNTs synthesized without iron oxide and has a scale bar of 10
microns; FiG. BC shows CNTs synthesized with 0.1% iron oxide and has a scale bar of
100 microns; and, FIG. 5D shows CNTs synthesized with €.1% iren oxide and has a scale
bar of 10 microns.

6018} FtG. 6 shows SEM images of a mixiure of HCNS and CNTs synthesized by
a molten carbonate electrolysis process, with iron oxide present within the molten
carbonsate, wherein FiG. 6A shows a photograph of the cooled and extracted product
priot to removal from the cathode; FIG. 8B shows a mixture of HCNS and CNTs with a
scale bar of 30 microns,; and, FIG. 6C shows the same mibdure of FiG. 6B with a scale
bar of 10 microns.

[B0193 FIG. 7 shows low magnification TEM images of HCNS synthesized
according lo embodiments of the present disclosure, wherein FiG. 7A has a scale bar of
200 nm; FiG. 7B has a scale bar of 160 nm; FIG. 7C has a scale bar of 200 nm; and, FIG.
7D has a scale bar of 200 nm.
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80203 FIG. 8 shows high magnification TEM images of HCNS synthesized
according to embodiments of the present disclosure, wherein FIG. 8A shows the same
image as FIG. TA with an area of interest identified by A and the distance between layers
of the HCNS; FIG. 8B shows the area of interest A with a scale bar of 1 iy FIG. 8C
shows the same image as FIG. 7D with an area of interest dentified by B; FIG. 8D shows
the area of interest B in FiG. 8C with a scale bar of 20 nm; FIG. 8E shows another portion
of a HCNS, synthesized according 1o embodiments of the present disclosure, with a scale
bar of 50 nm and an area of interest identified by F. FiG. &F shows the area of interest F
in FiG. 8E with a scaie bar of 28 nm and further areas of interest Ct, C2 and C3; FIG. 8G
shows the area of interest C1 in FIG. 8E with a scale bar of 1 nan; FIG. 8H shows the area
of interest C2 in FIG. 8E with a scale bar of 1 nm and the distances between layers of the
HCNS therein measured at the black transecting line; FIG. 8f shows the area of inferest
<3 in FIG. 8E with a scale bar of 1 nm and the distances between layers of the HCNS
therein measured at the black transecting line; FIG. 8J shows ancther portion of a HONGS,
synithesized according to0 embodimenis of the present disclosure, with two areas of
interest identified with D1 and D2; FIG. 8K shows the area of interest D1 in FIG. 8J with
a scale bar of 20 nm; FIG. 8L shows the area of interest D2 in FIG. 8J with a scale bar of
20 nm and a further area of interest identified as d2; FIG. 8M shows the area of interest
d2 in FIG. 8L and the distances between layers of the HCNS therein measured at the
black transecting line; FKG. 8N shows another portion of a HCNS, synthesized according
to embodiments of the present disclosure, with three areas of interest identified with E14,
E2 and E2 and a scale bar of 56 nmi: FIG. 80 shows the area of interest E1 in FIG. 8N
with a scaie bar of 1 nm; FIG. 8P shows the area of interest E2 in FIG. BN with a scale
bar of 1 nm, FIG. 8Q shows the area of interest E3 in FIG. 8N with a scale bar of 1 nm
and the distances between layers of the HCNGS therein measured at the black transecting
Ene.

[6021} FIG. 9 shows TEM images of a minor proportion of the mibdure shown in
FiG. 6, wherein FIG. 9A shows a portion of both HCNS and CNTs with a scale bar of 500
nm; FIG. 98 shows a portion of a single CNT with a scale bar of 108 nm; FIG. 9C shows
a portion of 2 HONS and a CNT with a scale bar of 50 nm; FIG. 8D shows another postion
of a CNT with a scale bar of 20 am and two areas of interes! idenlified with Bt and B2;
FiG. 9E shows the area of interest B1 in FiG. 9D with a scale bar of 1 mm and the
distances between layers of the CNTs therein measured at the black transecting line;
FiG. 9F shows the area of interest B2 in FIG. 9D wilh a scale bar of 1 nm and the
distances between layers of the CNTs therein measured at the black transecting fine;
FiG. 9G shows another portion of a CNT with a scale bar of 20 nm and two areas of
interest identified with C1 and C2; FIG. 9H shows the area of interest C1 in FIG. 96 with
a scale bar of 1 nm and the distances between layers of the CNTs therein measured at
the black transecting ling; and FIG. 3 shows the area of interest C2 in FIG. 9G with a
scale bar of 1 nm and the distances between layers of the CNTs therein measured at the
black transecting line.
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80223 FIG. 18 shows eleciron dispersive spectroscopy (EDS) results of the minor
preportion of the mixdure shown in FIG. 6, wherein FiG. 10A shows the EDS results within
the CNT wali; and, FiG. 10B shows the EDS resuits within the interior of the CNT.

[6023} FIG. 11 shows 3SEM images of HCNS synthesized according fto
embodiments of lhe present disclosure, wherein FIG. 11A shows HCNS with a scale bar
of 30 microns and a magnified inset panel with a scale bar of 3 microns; FIG. $4B shows
HCNS with a scale bar of 10 microns; FIG. 110 shows HONS with a scale bar of 8
microns; and, FIG. 11D shows HCNS with a scaile bar of 5 microns.

[G0243 FIG. 12 shows SEM images of HCNS synthesized according to
embodiments of the present disclosure, wherein FIG. 12A shows HCNS with a scale bar
of 20 microns; FIG. 12B shows HCNS with a scale bar of 10 microns; FiG. 12C shows
HCNGS with a scale bar of 20 nm and an area of interest identified by the dotted rectangle
and the distances between layers of the HCNS therein measured at the white transecting
fine in FIG. 12D; FiG. 12D shows the area of interest in FIG. 12C; FIG. 12E shows another
porticn of HCNS with a scale bar of 500 nm; and, FIG. 12F shows a portion of the HCNS
in FIG. 12E with a scale bar of 20 nm.

[20253 FIG. 13 shows SEM images of HCNS synthesized according to
embodiments of the present disclosure, wherein FIG. 13A shows HCNS with a scale bar
of 20 microns; FIG. 13B shows HCNS with a scale bar of 10 microns; FIG. 13C shows a
portion of HONS with a scale bar of 104 nm and an area of inleres! identified by a dotled
rectangte; FIG. 13D shows the area of interest in FIG. 13E with a scale bar of 1 nm and
the distances between layers of the CNTs therein measured ai the while lransecting line;
FiG. t3F shows a portion of HCNS with a scale bar of 20 nm and an area of interest
identified by a dotted reclangle; and, FiG. 136 shows the area of interest in FIG. 13F with
a scale bar of 1 nm and the distances between lavers of the CNTs therein measured at
the black transecting line.

(20263 FIG. 14 shows panel A shows TEM and paneis B-D SEM images of curved
carbon pano-morphologies synthesized according to embodiments of the present
disclosure, wherein FiG. 14A shows curved carbon nanotubes with a scale bar of 500
microns; FIG. 14B shows curved carbon nanomaterials including helical morphologies
with a scale bar of 10 microns with an insert panel (i} that shows themn with a scale bar of
1 micron and an insert panet (i) that shows them with a scale bar of 3 microns; FIG. 14C
shows curved carbon nanomateriais with a scale bar of 20 microns; and, FiG. 14D shows
curved carbon nanomatenials including helical morphologies with a scale bar of 10
microns and an insert panet ) that shows them with a scale bar of 30 microns and an
insert panel (i} that shows them with a scale bar of also of 30 microns.
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DETAILED BESCRIPTION

6027} It is known thal mollen carbonates have an affinily to absorb both
atmospheric and flue gas levels of CO2. For example, 13C isotope has been used in
CO2 1o track and demonstrale that CO2 originating from the gas phase serves as the
renewable carbon building biocks in the observed CNT product in an electrochemical
process that uses moflten lithium carbonate. The net reaction for this elecirochemical
pracess follows:

Dissolution: COz{gas) + LizO(solubie) — LizCOs{molten) {1}
Electrolysis: LizCQa{molten} — C{CNT)} + Liz0O (solubie) + Q:z{gas) 2)
Net: CCOzigas) — CICNT) + Oz{gas) {3)
[G0283 An important component of this electrochemical process includes transition

metal nucleated growth, such as the addition of nickel powder which {eads to clearly
observabile non-helicat carbon nanotube (CNT) walls as shown in FIG. 2. FIG. 2 includes
#nages from a fransmission elechron microscope (TEM)} of CNT walls that were
synthesized in molten carbonated synthesized CNTs. The synthesis of the CNT shown
in FIG. 2 was achieved by performing electrolysis in 770°C lithium carbonate {(moften
Li2CO3) at a 5 cm2 coiled copper wire with nickel powder. Panel d of FIG. 2 shows an
expanded view of the CNT product after 90 minites of the electrochemical synthesis
reaction. The synthesis produced a pure CNT product whose diameter increases with
elecirolysis time. TEM of the synthesized CNT product subsequeni to 15 minttes (panel
a}, 30 minutes (panel b) or %0 minutes {panel ¢} electrolysis reaction. The graphene
spacing between the CNT walls is about 0.34 nanometlers (nm) for adjacent graphene
layers. However, when the nucleation additive (nickel powder) is excluded during the
synthesis, the result is a high-yield synthesis of carbon nano-oniens (CNO}Y and carbon
platelets instead.

[8029% FIG. 3 is schematic that shows pathways for high-vield electrolytic synthesis
of carbon nano materials that consume CO2 as a reactant, either directly from the air or
from smoke/flue stack CO2, in molten carbonatse,

(30303 Under appropriste electrochemical conditions, an electrolysis reaction that
is performed in molten carbonate transforms CO2, eilher from atmosphere or from flue
gas, into specific carbon nanomaterial products at high yield.

[E0313 By ailtening the conditions of the electrolysis reaction, such as the materials
used to form either electrode and electrolyte additives, the electrolysis reaction can
produce a variety of carbon nanostructures morphologies, including large diameter
(between about 500 nm and abowd 1 um}, fong about 1 mim), wooklike CNTs; straighi,
moderate diameter (about 175 nm), medium length (about 100 pm) CNTs; tangled,

CA 03156243 2022-4-26
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srmaller diameter (about 125nm) CNTs, shori{about 50um) CNTs; much shorter {(about 10

umy CNTs and smalier diameter ( about 50 mm} CNTs; thinner walled, smaller diameter {
about 50 pm) CNTs or combinations thereof.

[o0323 For example, different electrode materials can produce different CNT
products (FIG. 3). Nickel containing alloys are often used as ancde materials during the
elecirolysis reaction for at ieast two reasons;

50332 13} nicke! from the electrode thal dissolves in the elecirolyte acts as a good
nucleation point, and

[GO343 2) under oxidation, the nickel forms a stabie nicke! oxide layer on the anode
that acis as an effective electro-catalyst for oxygen generation at the anode {see reaction
{2) above).

[B035% As such, anodes made from varicus nicksl containing alloys have been
investigated. Nichrome (nickel chromium based alloys) including stainless steeis such as
88 304 or 88 318, and inconel alloys, such as Inconel 800, 825, and 718 or Nichwomes
such as Chromet A, B or, as the co-nucleation of the alloy components are known to
produce high quality CNTs. Binary and ftemary transition meial nucieation agents that
inciude, but are not limited to: Ni, Cr, Sn, In, Fe, and Mo can also effect CNT growth.

3036} Cathode material compositions ¢an also influence the electrolysis reaction
for synihesizing ONTs, CNOs and graphene. Examples of materials used {0 make
suitable cathodes include, bist are not limited to: galvanized steel (which ulilize Fe and
Zn and Ni from the anode to form nudeation points); Cu, Monel, and brass {which utilize
co-nucieation of Ni, Cu, Zn, and trace Fe or combinations thereof.

(80373 However, what has not yet been clearly demonstraied is how to manipulate
the conditions of the electrolysis reaction in order io synthesize various morphologies of
helical carbon nanostructures (HCNS) using €02 as a reactant and a molen carbonate
as the electrolyte.

[G038% The embodiments of the present disclosure relate to a high-efficiency
system and method for direclly removing CO2 from the atmosphere or chemical/energy
plants and tumning the removed CO2 into useful products. in particular, the embodiments
of the present disclosure relate to the synthesis of various morphologies of HCNS from
CO2 or other sources of carbon.

[2039% As a general category of carbon nanostructures, HCNS can include: helical
carbon nanotubes (HCNTs), helical carbon nanofibers {(HCNFs), double stranded
HCNTs, braided HCNTs, helical nano-platelets (HCMNPs), sp3 defective CNTs, deformed
CNTs, bent CNTs, curved CNTs or combinations thereof. For clarity, lthe term HCNS
includes regular repeating helical morphologies, both symmetlric and non-symmetric
morphologies and defective or deformed CNTs that do not have a regutar, repeating

7
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helical morphology but include bends, curves or other morphologiss that distinguish them

from CNTs that are not defective or deformed.

[0040% HCNTs may have many uses, including but not imited i6: high-performance
electromagnetic wave absorbers, sensors, resonators, nanoscale mechanical springs,
eleciricatl inductors, and generators of magnelic beams and various medical-applications.

[B041} HCNTs exhibit properiies that relate 1o high degrees of magnetization. For
example. if electricity is applied to HCNTs. the bends in the HCNTs create a magnetic
field, acting much like a solencid. VWhen a high frequency magnetic field is applied to an
HCNTs, the HCNTs create electricity. These properties make for strong interactions with
electromagnetic waves.

[00423 Furthermore, if HCNTs are compressed, the curve experiences strain
differently and has different electronic properiies in different regions allowing for a strong
piezo-electric effect where a mechanical force can be turned to electricity and an electiic
current can be turned inlo a mechanical force such as a compressive force or vibralions.
These properties of HCNTs may provide for mechanically tunable electronic properties.
Collectively, ail of these properties may make HCNTs an ideat candidate for
nanoelectronics, nanomechanical systems, and nanosensors. HCNTS may also act as 2

superconductor.

(204533 HCNTs are aise known {o enhance an early immune response influence
phagocytosis duning bacterial infection with Pseudomaonas aeruginosa.

[o0443 The embodimenis of the present disclosure relate 1o the electrochemical
conditions that resull in converting CO2 into HCONS, including HCNTs, HCNFs (helical
carbon nanofibers), HCNPs chelical carbon platelets), defective CNTs, bent CNTs, neariy
or completed filled carbon nanciubes that comprise carbon nancfibers, or combinations
thereof.

[O0453 Some embodiments of the present disclosure relate 0 a system that
provides an electrolysis reaction that synthesized HCNS. The system comprises a pair
of electrodes, a cathode and an anode that define an inter-electrode space, which may
also be referred to as an elecliolysis space, which can receive and contain electrolyte.
The sysiem also includes a source of electric current, a source of a carbon input and a
source of heat.

8046} In some embodimenis of the present disclosure, the cathode is formed as
planar structure, a wire structure a screen, a porous structure, a conductive plate, a flat
or folded shim, a coiled structure or the cathode can form at least part of the inner sides
of the case. The cathode can be formed of various conductive materials that reflect the
need for variation of the nucleation point and the carbon produdt that forms on the
cathode. Such cathode forming materials include, but are not imied to: any conductive
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material, galvanized {zinc coated) sieel, titanium, graphite, iron. an alloy that comprises
copper and zinc, Monel (Ni 400, a Ni/Cu alloy), Inconel, Nichrome, pure Cu, and brass
aloys may alsc be suitable. it has been observed that each cathode material had an
effect on the Bnear (non-coiled} CNT products. As one example, Cu cathodes produce
very small diameter tubes, steel cathodes produce very tangled CNTs, Muntz brass (60%
Cu, 40% Zn alloy) cathodes resuit in a high purity of CNTs.

[G0473 In some embodiments of the present disclosure, the anode is formed as a
planar structure, a wire struciure, a screen, a porous structure, a conductive plate, a fiat
or foided shim, a coiled structure orthe anode can form at least part of the inner sides of
the case. The anocde can be formed of various conduciive materials so lhat the anode
may be oxygen generating or not.  Such anode forming materials include, but are not
limited to: any conductive materiai that establishes a highly stable oxide outer layer that
is conducive o oxygen produclion during the electrolysis reactions performed according
to the ernbodiments of the present disclosure, Ni, Ni alloys, galvanized (zine coated) steel,
titanium, graphite, iron, and a wide variety of metal which establish a highly stable oxide
outer layer thal is conducive 10 oxygen production. Examples of suitable materials for
forming the anode include Nichrome (hickel chromium based alioys) including stainless
steels such as S8 304 or S8 318, and inconel alloys, such as Inconel 600, 825, and 718,
alloy C-264, or Nichromes such as Chromel A, B or, as the co-nucieation of the alloy
components are known o produce high quality CNTs. Binary and ternary transition metai
nucleation agents that include, but are not limited to: Ni, Cr, Sn, in, Fe, and Mo can also
effect carbon product growth.

[0048} In some embodiments of the present disclosure, a transition metal such as
nicke! may be added on the anode, which can be dissolved from the anode to migrate
through the electrolyte onto the cathode. The added transition metal can funclion as a
nucleating agent, which may be selected from nickel, iron, cobalt, copper, titanium,
chromium, manganese, zircenium, molvbdenum, silver, cadmium, tin, ruthenium, or a
mixture thereof. The transition metal may also be introduced as a dissolved transition
metal sall o the electrolyie directly to migrate onto the cathode. H is also possible {6 add
the transition melal nucleating agent directly onto the cathode.

60493 The cathode and anode may be aligned substanlially parailel 1o each other
within a case, such as a stainless steef case or 2 case made of substantially pure or pure
alumina. The casemay be made of any material that is suitable to contain the molien
carbonate and to sustain the temperatures achieved by the sysiem. The elecirodes may
be ariented in any orientation, including but not limited to substantially horizontally or
substantially vertically, but spaced apast from each other so as to define an inter-electrode
space therebetween. insome embodiments of the present disclosure, the infer-elecirode
space is between abouf 0.1 cm and about 10 cm. in some embodiments of the present
disclosure, the inter-electrode space is about 1 om. As will be appreciated by those skilled
inn the art, the dimensions of the inter-electrode space will be dictated by the scale of the

g
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system, such as the size of each electrode, the plenum defined within the case, the

amount of electric current applied and combinations therecf.

[B050% The source of elecisnic currert can be any source of an alternating current or
a direct current, either constant or noi, that provides a current density of at least about
0.1 Afcm2. In some embodiments of the present disclosure, the current density provided
between the eleclrodesis alleast 0.2 A/om2, 0.3 A/fom2, 04 A/ om2, 05 A/ cm2, 0.6
Afocmz, 07 A/omz2, 08 A/om2, 0.9 Afom2, 1.0 A/ om2 or greater. The power for the
source of electric current may be any power source or combination of power sources,
including electrical power sources, solar power sources and the like.

(G051} The source of heat can be any source of heat increases the temperature
within the space within the case to a temperature of ai least about 725 °C. In some
embodimenis of the present disclosure, the temperature within the case can be increased
to between about 758 °C 1o about 800 °C or hotter. In some embodiments of the present
disclosure, the source of heat is provided by, or is supplemented by, the exothemmnic
reaction of carbon dioxide abscorption and conversion to carbonate, or an overpotentiat
of applied electrolysis current,

[0523 The source of a carbon input may be any source of carbon including COZ.
For example, environment air may provide a CQO2 source. Emission gases from various
planis or chemical reactors may provide CO2 sources. For example, power generating
planis, sieam generation facilities, or pyrolysis reaclors may emit CO2. COZ emilled from
these types of systems or in the production of the high carbon footprint substance may
also be used as a CO2 source. In addition, the CO2 product of the combustion or
iransformalion of fossil fuels for heating, transportation, and carbon products such as
polymers and plaslics can aiso be sources of CO2. The case is configured to receive the
carbon input, such as CO2, within the inter-electrode space.

[o0533 In some embodimentis of the present disclosure, the electroiyte may
comprise carbonate that can be healed by the heat source until it transitions {0 a molten
phase. Conveniently, carbon nanomaterials produced from a molten carbonate by
electrolysis can be produced with a relalively low carbon footprint and even a negative
carbon foolprint - because CO2 is consumed as a reactant - and a relatively low cost, as
compared to carbon nanomaterials produced by other conventional techniques such as
chemical vapor deposition (CVD) synthesis, flame synthesis, or plasma synthesis. For
example, the carbonate may be a lithium carbonate or lithiated carbonate. Molten
carbonates, such as a lithium carbonate Li2CO3, which has a melting point of 723 °C, or
tower melting point carbonales such as LiBaCaCO3, having a meiting point of 620°C,
when containing oxide that is a result of electrolysis, such as exernplified, but not limited
by, in eguation 2, or when mixed with highily soluble oxides, such Li2O and BaO, sustain
rapid absorption of CO2 from the atmospheric or the exhaust CO2. Suitable carbonates
may include alkali carbonates and alkali easth carbonates. Alkali carbonates may include
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Hthitm, sodium, potassium, rubidium, cesium, or francium carbonates, or mixiures
thereof. Alkali earth carbonates may include beryHium, magnesium, calcium, strontium,
barium, or radium carbonates, or midures thereof. In some embodiments of the present
disclosure, the electrolyte can be a mixed composition for example, a mix of alkali and
alali earth carbonates and one or more of an adde, a borate, a sulate, a nilrale, a
chioride, a chliorate or a phosphate. Without being bound by any particular theory, a
mixed electrolyte may also inrduce HCNS growth for at least the foliowing reasons; (i) a
complex mixture may make the jengthening of CNT slower than its extrusion owt of the
catalyst alfowing for improved helical growth; (i) the more complex electroivte mixture
may introduce anisotropic growih conditions by either directly causing different growth
rates or indirectly effecting catalysts morphology or what species appear in solution; (i}
the more complex elactroiyte midiure may lower “correction” of pentagonal or heptagonal
defects and perhaps even increase them resuiting in repeated curvature or defects that
cause such curvature: or (iv) combinations thereof. Eutectic mixtures of different
carbonates may also offer different temiperature regimes due 1o their lower melting points,

[30543 In some embodiments of the present disclosure, the molten carbonate
elecirolvie may be supplemenied wilh one or more additives by adding the one or more
additives inlo the inter-electrode space - for exampie by divect addition into the molten
elecirolyle, a non-molten elecirolyle precursor, or combinalions thereof. Metal oxide
elecirolyte additives can be used as an sp3 defect inducing agent that increases sp3
campare ko sp2 bonding, and these defects may be compatible with the increased twisting
observed in the various HCNS morphologies. Some non-imiting examples of metal
oxides that act as sp3 defect inducing agenis include lithium oxide, iron oxide, barium
oxide, nickel oxide, cobait oxide, and chromium oxide. Additive axides may also increase
CO2 absorption and may lower the electrolysis voltage requirements. Other elecirolyte
additives may include borates, sulfates, nitrales and phosphates.

(00553 Transition metal nucleating agents may also affect helical carben nanctube
grown by molten carbonate electrosynthesis. Ni is a known CNT nucleating agent, and
nicke! containing metals such as nichrome and inconel alloys may provide highily siable
anodes during molten carbonate as well as a source of nickel for nucleation.

[6056} In some embodiments of the present disclosure, the electrolyte additives
and the transition melal nucleating agents may be positioned within the inter-electrode
space as a separate component that is added there, thal is added to 2 non-molien
electroiyte precursor or they may be positioned within the inter-electrode space as part of
one or more of the elecirodes.

[0057] Examples

[6058} Exampie 1 - General Procedures
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[e0593 Li#nium carbonate {Li2C0O3, 90.5%), and lithium oxide {(Li20, 98.5%), are

combined with various additives - or not - and heated to form different molten electrolytes.

[o060% Etectrolysis reactions were driven at a constant cumrent density as described
further below. The electrolysis reaction was contained in a pure alumina or pure, stainless
steel 304 case. Inconel, Nichrome, or stainless steel were used i form an oxygen-
generating anode. Muntz brass or Monel were used as to form a cathode.

[e0613 During the elecirolysis reaction. the details of which are described further
below, the synthesized carben product accumulated at the cathode, which was
subsequently removed and cooled. Afier the electrolysis reaction, the carbon product
remained on the cathode but feill off or peeled off when the cathode is exdracted from the
stainless steel 304 case, cooled. and tapped or scraped.

[eo62} The carbon product is then washed with either deionized water (DI water)
or in up to 6 molar hydrochioric acid (HCH. Both washes vieid a similar product, but the
acid solution accelerates washing. The washed carbon product is then separated from
the washing solution by either paper fillration or cenlrifugation. Both separation
techniques yiekd a similar carbon producl, but centrifugation accelerates lhe separation.

[c063} The washed and separated carbon product was then analyzed by PHENOM
Fro Pro-X SEM with electron dispersive spectroscopy (EDS)Y and by FEI Teneo Talos
F200X TEM and by scanning eleciron microscopy (SEM, PHENGOM Pro-X SEM with

EDS).
[o0643 Example 2 - HCNS Synthesis
[G065 One unusual carbon product may form when conducting the electrolysis

reaction at high current densities, according {0 embodiments of the present disclosure.
For these electrolysis reaclions, the cathode was a coil of 5 cm2 Monel wire situated
about 0.5 cm below an 0.5 em2 coiled wire Ni anode. The carbon product for this
synthesis was synthesized using about 0.4 A/ em2 current density {as compared to about
0.056 A / cm2 to about 0.3 A / om2 when non-heilical CNTs are formed through known
electroiysis reaction methods) in 770°C Li2ZCO3 for about 2.5 hours in an alumina
crucible. A scanning electron microscope (SEM) of this unusual product is shown in FIG.
4. FIG. 4A shows SEM images and the panels of FIG. 4B show TEM images of this
carbon product. The SEM images of the carbon product show a mix of conventional,
tangied CNTs and HCNTs.

[20663 Example 3 - CNT Synthesis

[o0673 FIG. 5 presenis SEM images of cleaned and separated carbon product
synthesized by an eleclrolysis reaction, according {o embodimenis of the present
disclosure. I particular, 8 planar 27 cm2 Muniz Brass cathode was vertically separated
about 1 cm from a 27 cm2 Nichrome C planar anode. These electrodes were used with
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a high current density of about 0.6 A / cm2 in a 758°C molten LE2CO2 electrolyte that
contained about 2 wi% dissolved Li2C. This electrolysis reaction ran for about 30 minutes
using CO2 as a reactant. Based on the product mass, elecirolysis occurred at greater
than 90% cowlombic efficiency {of the 4e- conversion). The elecirolysis reaction product
shown in FiG. 5C and FIG. 5D contained an additionat 0.1 wi% of Fe203 within the molten
electrolyte. As seen, the product is highly uniform and are straight; based on the
product's mass the product is formed at over 98% coubombic efficeiency. The carbon
nanotube product purity is 87% purity and the CN¥Ts are about 150 pum in length. Similar
syntheses in which the 2 wi% Li20O additive was replaced by 1D wi% dehydrated borax,
and in which the Muniz Brass Cathode was replaced by a Monel Cathode, or in which the
NiCr anode was repiaced by an Inconel 718, or 55 304 or C-264 produced similar results.

60683 Without being bound 1o any particuiar theory, the predominance of HCNSs
shown in FIG. 4 and FiG. 5 may be produced by molten carbon electrolytic splitting under
growth conditions that: {1} maximize torsional stress, such as those that may oceur during
rapid, nucieated growth, {2} enhance defects that cause formation of heptagonal, ralher
than the conventional pentagonal building blocks of graphene cylindrical walis;, (3)
uniformly control those snhanced defecis to repeatedly induce a uniform spiral

coenformation; and {(4) empley combinations of (1), (2) and (3).
[5069} Example 4 - Further HCNS Synthesis

[G070} Sumprisingly, it was found that HNCS synthesis may be achieved by
applying at least two of the following four experimental parameters: (i} high electrolysis
current density growth, such as about 0.35 A f cm2 or higher; (i} high temperature
electrolysis temperalures, such as 770 °C or higher; (i} using an sp3 defect inducing
agents, such as added oxide, or, (iv) adding a conirolled concentration of iron to the
electrolyte or cathode surface. As will be appreciated by those skifled in the art, three or
more of these experimental parameters are also contempiated.

[B0713 lron is an unusuak transition metal carbon nanomaterial growth nucleating
agent with a very high oxide solubility in iithiated molten carbonate. For example, it is
known that up to 50 wi% of von can be disschved in molten lithium carbonate. In the
embodiments of the present disciosure, swprisingly it was found that a controbled
concentration of added Fe203, combined with an added oxide (such as Li20) may induce
defects during the formation of HCNSs, and applying a high current density of about 0.6
A/ cm2 resuited in a high yield of HCNSs.

[B072% FIG. 6 shows SEM images of an entirely different product than the CNT
Exampie 3 where the parameters of the electrolysis reaction were the same (Muntz Brass
cathode, Nichrome C anode, high current density of 0.6 Afem2 in a 750°C motten Li2C02
eleciroivie thal contained about 2 wi% dissolved Li20). The electrolysis reaction of this
Example 4 ran for the same 30 minutes using CO2 as a reaciant, but the concentration
of Fe203 is increased from 0.1 10 T wi% in the electrolyte. Prior to deaning to remove
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exess electrolyte the product appears the same (see FIG. 8A). However, rather than
conventional CNTs, the carbon product now comprises a mixiure of about 90% purity of
small HCNTs (0. 1um diameter by 3 pm length) and about 10% straight CNTs.

[G073} Low magnification TEM images of the HCNT product (also referred 1o as
the major product} are shown in FIG, 7. The HCNT carbon producl has a geomelric
configuration of a braided helix. High magnification TEM of the HCNT product is shown
in FIG. 8. Using this higher magaification the spacing of the graphene layers in the HONT
walls was consisiently about G.34 nm, typical for adjacent graphene layers, and the
observed HONT wall thickness in all the TEM images varied from about 17 nm i¢ about
38 nm.

[B0743 FiG. 9 shows TEM of the straight CNTs (also referred {0 as the minor
producty. The minor product comprises CNTs, rather than HCNTs. As shown in FIG. 9A
and FIG. 9C, these CMNTs are either holiow or partially filled with Fe, Ni and/or Cr.

[2075} FIG. 10 shows the EDS results of the minor product al two points: within the
CNT wall and at the interior “dark” portion of the CNT, which is indicative of metal. The
CNT walis consist of subsntially pure carbon (FiG. 10A}, while when not empty, the
interior conlains iron and nicksl {not shown) and/or chromium {FIG. 108B}. The siraight
CNTs in the minor product appear neasly defect free. The measured straight CNT
diameters varied from about 32 to about 200 nm, the diameter walls were comprised of
as few as 16 and as many as 72 walis consisting of cylindricai graphane shells separated
about 0.34 nm part. Without being bound te any theory, it is postulated that the fron
regulates the rate at which nanocarbon building blocks are available, and when controlled
properly and combined with a high rate of defects to provide heplagonal rather than
pentagonal carbon, and a high, controlied growth to regulate torsional stress provides the
first observed environment i which the principle product of molten carbonate electrolytic
splitting of CO2 is HCNTs.

[B0763 Example 5 - Further HCNS Synthesis

[B0773 in this Example 5, the electrolysis reaction was performed according {o the
foliowing parameters: a planar 27 cm2 Muniz Brass cathode was veitically separaled 1
cm from a 27 cm2 Nichrome C planar anode, a high current density of about 0.6 A cm-2
in & 750°C mohten Li2C0O2 elecirolyte that contained about 2 wit% dissolved Li2Z0. The
elecirolysis reaction of this Example 5 ran for about 30 minutes using CO2 as a reactant
and 1.7 wi% Fe2C0O3 was added 1o the molien electrolyte.

[G0783 At the higher amounts of FeZ03 {i.7%) added to the lithium carbonate
eleciroiyte, the HCNT growth is disrupted. HCNS growth continues, but in a planar spiral,
rather than a CNT spiraf morpholoqgy, referred to as helical carbon nanoplatelets
(HCNPs). FIG. 11 skows SEM images of the HCNS product of this 1.7 wi% Fe203
foliowing about 30 minules of a molen electrolysis reaction, according to embodiments
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of the present disclosure. The washed product consists of over 80% of the HCNP
morphology and the remainder of the preduct is a mix of helical platlets, nano-onions and
nanotubes, and a small percentage of single (rather than double helix} HCNTs. The
abserved cortkscrew HCNP morphoiogy resembles a classical macrescopic rotind or fusilli
pasta shape, and it is noted that this shape may be formed as solid or hollow tubes are
twisted into corkscrew shapes. Without being bound o any theory, it is postulated that
carpon building blocks, as ejected by the combined carbon reduction and formed iron
carbide nucieation, are produced at too high a rate to maintain growth of the helical
nanotube morphology and this may resuit in the HCNP mormphology.

[B079% Example 8 - Further HCNS Synthesis

[Go803 Further phenomena are observed at intermediate concendrations of Fe203
between 1% and 1.7% while maintaining high cumrent density {(about 0.6 A/ cm2), which
is chserved to produced a high purity of HCNTs at the 1% Fe203 concentration and a
high purity of HCNPs at the 1.7% Fe203 concentration. With all other electrolysis reaction
parameters the same as in Example 5 (a planar 27 om2 Muntz Brass cathode vertically
separated abowt 1 om from a 27 cm2 Nichsome C planar angde, 750°C Li2C0O3 with 2
wit% Li2O at a high cument density of 0.6 A cm-2 for 30 minutes) except using 1.3%
Fe203, the carbon building blocks may be forming faster than at the lower concentrations
of Fe203 (such as in Example 4} and the carbon nanciubes, whether regular or helical,
tend to filt up with concentric cylindirical graphene shells, such that the there is no open
core within the nantubes. This morphology has previcusly been described as carbon
nanofibers (CNF), although this helical CNF vanant (HCNF) was not observed.

[00813 As shown in FIG. 42, when using 1.3 % Fe203 the carbon product
consisted of about 60% CNF, aboui 20% HCNFs, about 15% HCNPs, and about 5%
nearly defeci-free CNTs. The diameter of the helical nanostructures is between about 300
nmto about 700 nm. As shown in FIG. 13, with an increase 1o 1.5% Fe2(03, in the product
the concentration of HCNPs increased to aboudl 30% and the observed remainder largely
consist of single, imegularly coiled helical HONS.

[e0823 Exampie 7 - Further HCNS Synthesis

[60833 in the absence of (i} high electrolysis current density growth; {ii} high
temperature electrolysis growih (such as 725°C or higher); (i} a sp3 defect inducing
agents, such as added oxide: or, {iv} a controlied conceniration of iron added 1o the
elecirolyte or calhode surface, deformed, curved or bent CNTs can still be formed that
stilf are HCNS but without reguiar repeating helical pattemns.

[6084} In this Exampie 7, HCNS were synthesized by an electrolysis reaction,
acoording 1o embodimentis of the present disclosure, with the following parameters: &
Muntz Brass cathode spaced from a 30 cm2 area planar Nichrome C anode, applying a
current density of about 0.5 A/ om-2 in pure 750°C Li2C03 (without additives) using C0O2
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as a reactant for about 2 hours. But as shown in FIG. 14A, the HCNS product can be

without a regular, repeating helical morphology such as, but not limited te; defect CNTs,
deformed CNTs, bent CNTs, curved CNTs combinations therecf.

[6085} The electrolysis reaction parameters described herein demonsirated a high
yield of HCNT, HCNP or CNT formation, but other molten electroiyle conditions can
synthesize such nanomaterials, albeit at lower yield. For example, in a pure LIZCO3
elecirolyte {without any Li20O or Fe2O3 additives) at a relatively high cutrent density of
0.5 A cm-2, a smaller fraction of about 20% HCNTs and HCNPs are produced along with
a majorily of curled CNTs, as shown ins FIG. 14 B.

(G086} FIG. $4€ and FIG. 14D show HCNTs and HCNPs can be synthesized in
certain temary electrolytes, even at lower current density and in the absence of Fe203,
albeit at lower vield. Specifically, the product of a molten carbonaie electrolysis
containing 20 wit% Na2CC3 and 80 wiSe Li2CO3 and an additional additive of about 8 wi
% dehydrated borax was used §o split COZ at a low curvent density of 0.2 A/cm-2. FIG.
14C shows that the major electrolysis product was curled CNTs with a significant co-
product of HCNTs and HCNPs {shown in FiG. 14D).

[E08TE Both elecirolyle, and elecirode composition, and ¢high) cument densily,
defect and growth controlling additives all may have imporiant roles in the formation of
HUNS. With controf of these parameters, according fo the embodimenis of the present
disclosure, a variety of specific, uniform high-yield HCNS can be synthesized by molien
carbonate electrolysis reaclions.
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| claim:

1. A method for synthesizing helical carbon nanostructures (HCNS), the method
comprising steps of:

(a) aligning an anode spaced from a cathode for defining an inter-electrode space;
(b) introducing a molten carbonate electrolyte into the inter-electrode space;
(c) introducing a carbon input into the inter-electrode space;
(d)  applying a current across the electrodes;
(e) applying at least two of the following parameters:
(i) applying the current with a high electrolysis current density;

(ii) heating the inter-electrode space to at least 725 °C before the step of applying a
current;

(iiiy  adding into the inter-electrode space an electrolyte additive agent; and
(iv)  adding iron oxide to the inter-electrode space, and
(f) collecting a product that comprises the HCNS from the electrode.

2. A method for synthesizing a high yield of helical carbon nanostructures (HCNS), the
method comprising steps of:

(a) aligning an anode spaced from a cathode for defining an inter-electrode space;
(b) introducing a molten carbonate electrolyte into the inter-electrode space;

(c) introducing a carbon input into the inter-electrode space;

(d) applying a current across the electrodes; and

(e) collecting a product that comprises the HCNS from the electrode, wherein the high yield
of HCNS is a percentage of HCNS within the product of at least 20%.

3. The method of claim 2, further comprising applying at least two of the following
parameters:

0] applying the current with a high electrolysis current density;

(i) heating the inter-electrode space to at least 725 °C before the step of applying a
current;

(i)  adding into the inter-electrode space an electrolyte additive agent; and
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(iv)  adding iron oxide to the inter-electrode space.

4, The method of claim 1, 2 or 3, wherein the HCNS within the product comprises a helical
carbon nanotube (HCNT), a helical carbon nanofiber (HCNF), a double stranded HCNT, a
braided HCNT, a helical nano-platelet (HCNP), a sp® defective CNT, a deformed CNT, a bent
CNT, a curved CNT or any combination thereof.

5. The method of claim 1, 2 or 3, wherein the HCNS comprises a deformed CNT, a bent
CNT, a curved CNT or any combination thereof.

6. The method of any one of claims 1 through 4, wherein the step of applying the current
occurs at a high electrolysis current density of about 0.2 A / cm?.

7. The method of any one of claims 1 through 6, wherein the inter-electrode space is heated
to at least 750 °C before the step of applying a current.

8. The method of claim 1 or 3, wherein the electrolyte additive is a sp® defect inducing
agent.

9. The method of claim 8, wherein the sp® defect inducing agent is an oxide.
10.  The method of claim 9, wherein the oxide is a metal oxide.

11.  The method of claim 1 or 3, wherein the additive is one or more of a borate, a sulfate, a
nitrate, a phosphate or any combination thereof.

12. The method of claim 1 or 3, wherein the iron oxide is added into the inter-electrode space
by adding the iron into the electrolyte, dissolving iron from the anode, an electrolyte precursor,
including iron on a surface of the cathode, or any combination thereof.

13. The method of claim 1, wherein the molten carbonate electrolyte comprises an alkali
carbonate, an alkali earth carbonate or any combination thereof.

14. A product of a molten carbonate electrolysis method, wherein the product comprises a
high yield of a helical carbon nanostructure (HCNS).

15.  The product of claim 14, wherein the high yield of HCNS is a percentage of HCNS within
the product of at least 20%.

16.  The product of claim 14, wherein the HCNS comprises one or more of a helical carbon
nanotube (HCNT), a helical carbon nanofiber (HCNF), a double stranded HCNT, a braided
HCNT, a helical nano-platelet (HCNP), a sp® defective CNT, a deformed CNT, a bent CNT, a
curved CNT or any combination thereof.

17. A system for making a high yield of helical carbon nanostructure (HCNS), the system
comprising:

(a) ananode;
(b) acathode;
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(c) aninter-electrode space that is defined between the anode and the cathode;

(d) a source of current for applying a current density of at least 0.2 A / cm2 across the
electrodes;

(e) a source of heat for regulating the inter-electrode space at a temperature of at least
about 725 °C; and,

) a source of carbon for introducing a carbon input into the inter-electrode space, wherein
the high yield of HCNS is a percentage of HCNS within a cathode product of at least 20%.

18.  The system of claim 17, wherein the source of carbon is carbon dioxide gas.
19.  The system of claim 17, wherein the current density is at least 0.4 A / cm?.
20. The system of claim 17, wherein the temperature is at least about 750 °C.

21.  The system of claim 17, further comprising an electrolyte that is received within the inter-
electrode space.

22. The system of claim 17, wherein the electrolyte is a molten carbonate.

23. The system of claim 17, further comprising an additive within the inter-electrode space,
wherein the additive is one or more of a metal oxide, a borate, a sulfate, a nitrate, a phosphate
or any combination thereof.
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