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Abstract: This study describes a world of new carbon “fullerene” allotropes that may be synthesized
by molten carbonate electrolysis using greenhouse CO; as the reactant. Beyond the world of conven-
tional diamond, graphite and buckyballs, a vast array of unique nanocarbon structures exist. Until
recently, CO, was thought to be unreactive. Here, we show that CO, can be transformed into distinct
nano-bamboo, nano-pearl, nano-dragon, solid and hollow nano-onion, nano-tree, nano-rod, nano-belt
and nano-flower morphologies of carbon. The capability to produce these allotropes at high purity by
a straightforward electrolysis, analogous to aluminum production splitting of aluminum oxide, but
instead nanocarbon production by splitting CO,, opens an array of inexpensive unique materials with
exciting new high strength, electrical and thermal conductivity, flexibility, charge storage, lubricant
and robustness properties. Commercial production technology of nanocarbons had been chemical
vapor deposition, which is ten-fold more expensive, generally requires metallo-organics reactants and
has a highly carbon-positive rather than carbon-negative footprint. Different nanocarbon structures
were prepared electrochemically by variation of anode and cathode composition and architecture,
electrolyte composition, pre-electrolysis processing and current ramping and current density. Indi-
vidual allotrope structures and initial growth mechanisms are explored by SEM, TEM, HAADF EDX,
XRD and Raman spectroscopy.

Keywords: nanocarbon; carbon allotropes; carbon nanotubes; carbon nanofibers; carbon nano-onions;
carbon dioxide electrolysis; molten carbonate; greenhouse gas mitigation

1. Introduction

High atmospheric CO; levels are the largest cause of global warming. Atmospheric
CO; concentration, which had cycled at 235 4= ~50 ppm for 400 millennia until 1850 and
the advent of rising anthropogenic CO, emissions, is currently at 416 ppm and rising at a
rapid annual rate, creating global planetary climate disruptions, habitat loss, and species
extinction [1-4]. To date, international efforts to decrease CO, emissions have failed. The
Earth is in the grips of an existential threat and a mass extinction event generally defined
as loss of 75% of planetary species. This emphasizes the critical imperative of alternative
pathways of CO, conversion into another, stable non-greenhouse material (CO, utilization).
CO, is regarded as such a stable molecule that its transformation into a non-greenhouse
material poses a major challenge, as summarized in our NSF workshop on Chemical
Recycling and Utilization of CO, [5].

Graphitic carbon nanomaterials (CNMs) are high value, highly stable (with a graphite-
like geologic stability) state-of-the-art materials, which have the potential to be attractive
CO; utilization products. However, conventional methodologies of CNM production have
a high CO, footprint. For example, chemical vapor deposition (CVD) is an energy-intensive,
expensive process to produce CNM associated with an unusually massive release, as much
as 600 tons of CO, emitted per ton of CNM product [6]. Despite the attractive properties
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CO, direct air capture
or from flue gas

and application of CNMs, which range from extraordinary strength as materials with
the highest ultimate tensile strength to advanced electronic, thermal, electrical storage,
shielding and tribological properties, its demand is limited by a high market cost. Due to
high CVD production costs, the market price of CNMs is unusually high (USD 100,000
to over USD 1 million per ton). A “green”, rather than high carbon footprint CNT, will
increase demand. The use of CO; as a reactant to generate value-added CNM products
will provide motivation to consume this greenhouse gas to mitigate climate change, and
its transformation to CNMs can provide a stable material to store carbon removed from
the environment.

In 2009 (fundamental) and 2010 (experimental), a novel solar driven methodology to
split CO; into C and O, by molten carbonate electrolysis was demonstrated as a tool to
mitigate climate change [7,8]. This molten carbonate process is not limited to sunlight as
the electrolysis energy source. It was demonstrated that by using molten carbonate and a
variety of electrolytic configurations, the product can be pure CNM, such as CNT [8-29].
For example, this novel chemistry transforms carbon dioxide to carbon nanotubes (C2CNT
process), and as illustrated in Figure 1 directly captures atmospheric CO,, or concentrated
anthropogenic CO;, such as from industrial processes. Power plant and cement exhausts
have been investigated [23,24], and after a five-year-long international competition, this
C2CNT process was awarded the 2021 XPrize XFactor Award for transforming CO; from
flue gas into a valuable product using flue gas from the 860 MW Shepard natural gas power
plant (Calgary, AB, Canada) [30,31]. Composites of these high-strength CNTs can be mixed
with structural materials, such as CNT-cement, CNT-steel and CNT-aluminum, greatly
reducing the carbon footprint of structural materials, and acting to amplify the CNT’s CO,
emission reduction [11]. As presented in Figure 1, several different CNMs can be produced
by molten carbonate splitting including: magnetic CNTs [18], thin CNTs [19,29], long
CNTs [15,16,29], doped, high electrical conductivity CNTs [13,15,16], high Li-ion anode
storage CNTs [22], macroscopic CNT assemblies [29], a novel nanocarbon scaffold [28],
graphene and carbon nanoplatelets (CNP) [27], and carbon nano-onions (CNO) [25] and
helical CNTs (HCNT) [20]. This study introduces entirely distinct nanocarbon morpholo-
gies discovered by systematic variation of the electrochemical parameters of the molten
carbonate splitting of CO;. With the exception of a new methodology to form CNOs,
there are no overlaps or redundancies with the previous electrolytically formed CNM
morphologies that have been discovered.
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Figure 1. High-yield electrolytic synthesis of carbon nanomaterials from CO,, either directly from
the air or from smokestack CO,, in molten carbonate.
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The wide range of CNM morphologies observed shows the potential for product
tuning. Different CNMs have different applications. For example, CNTs are the strongest
known and most thermally conductive material along their major axis [32,33]. CNOs can
make excellent lubricants and their high surface area and other characteristics make them
appealing for batteries or supercapacitors, and they may have uses in refrigerants and in
EMF shielding [20,25,34-39]. Platelets can contribute to the formation of lightweight and
porous, but strong, nano-gels [40-42]. HCNTs have strong chiral, magnetic, piezo-electric
properties, and may act as nano-springs [43-52]. Even within the same group, such as
CNTs, different lengths, thicknesses, layers of graphene walls, etc. morphologies can
have different properties such as differing rigidity or surface areas [15,19,47]. This would
incentivize even greater CO, transformed to removable carbon by allowing products to
have access to a wide range of markets, which collectively could increase technological
progress and provide a growing demand as a buffer to remove anthropogenic CO,.

The C2CNT process has quantified the high affinity of molten carbonates to absorb
both atmospheric and flue gas CO, levels. It has been shown, utilizing the '3C isotope of
CO;, to track the carbon from its origin (CO; a gas phase reactant) through its transfor-
mation to nanocarbon product, that the CO; originating from the gas phase serves as the
renewable C building blocks in the observed CNT product [8,9]. The molten carbonate is
not consumed, but renewed, catalyzing the ongoing electrolysis of CO;. The net reaction is:

Dissolution: CO; (gas) + Li;O (soluble) = Li;COs3 (molten) D
Electrolysis: Li;CO3 (molten) — C (CNT) + LipO (soluble) + O, (gas) 2)
Net: CO; (gas) — C (CNT) + O, (gas) 3)

An important component of the C2CNT growth process is transition metal nucleated
growth. These catalysts lead to clearly observable CNT walls with thick graphene interlayer
separations. However, when these nucleation additives are excluded, rather than CNTs,
instead high-yield synthesis of CNOs or graphene is accomplished [25,27].

This study systematically explores the possibility to synthesize a variety of new molten
carbonate synthesized carbon “fullerene” allotropes, and opens a new world of inexpensive
nanocarbons, made from CO,, to be explored as incentivized (valuable) products for
the transformation and stable removal of CO; and climate change mitigation. Here the
conventional definition of allotrope of “different physical forms in which an element can
exist” is employed, rather than the alternative “structural modifications of an element
bonded together in a different manner”. Specifically, this study explores which reactive
pathway condition leads to the selection of new nanocarbon allotropes over another and
can lead to higher purity products and better formation of a single product

2. Results and Discussion
2.1. Electrolytic Conditions Varied to Synthesize New Nanocarbon Allotropes from CO,

This study varies conditions in which small electrolytic changes in a 770 °C molten
Li;COj3 yield major changes to the product consisting of new, non-CNT nanocarbon al-
lotropes. In a parallel study to this new carbon allotropes study, different systematic
changes to these same electrolytic parameters have revealed a wide range of electrochem-
ical conditions that synthesize only a high-purity, high-yield product consisting only of
various carbon nanotube morphologies. That sister study focuses on the transition metal
nucleation zone of CNT growth and also reveals molten electrochemical conditions which
produce assemblies of CNTs [29]. Straight CNT type carbon allotropes tended to dominant
when either 0.1% wt iron oxide was added or the anode contained a high amount of Fe
(Nichrome C: 24%, Inconel 718 18.5%, or Inconel 718 at 18.5%). The electrochemical condi-
tions varied here are composition and/or architecture of the cathode and anode, additives
and their concentrations to the LiCOj3 electrolyte, and current density and time of the
electrolysis. Electrolyte additives that are varied include Fe,O3 and nickel or chromium
powder. Electrolyses are varied over a range of electrolysis current densities. Variations of
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the electrodes include the use of cathode metal electrodes such as Muntz brass, Monel, or
Nichrome alloys. Anode variations include noble anodes such as iridium, various nickel
containing anodes including nickel, Nichrome A or C, Inconel 600, 625, or 718, or specific
layered combinations of these metals. Alloy composition of the metals used as electrodes
is presented in Table 1. Metal variation was further refined by combining the metals in
Table 1 as anodes, for example using a solid sheet of one Inconel alloy, layered with a screen
or screens of another Inconel alloy, such as an anode of Inconel 625 with 3 layers of (spot
welded) 100 mesh Inconel 600 screen.

Table 1. Compositions of various alloys used (weight percentage).

Alloy Ni% Fe% Cu% Zn% Cr% Mo% Nb & Ta%
Nichrome C 60 24 16
Nichrome A 80 20
Inconel 600 52.5 18.5 19.0 3.0 3.6
Inconel 718 72% min 6-10 14-17
Inconel 625 58 5 max 20-23 8-10 4.15-3.15
Monel 67 31.5
Muntz Brass 60 40

2.2. Electrochemical Conditions to Synthesize Bamboo and Pearl Nanocarbon Allotropes from CO;

We have conducted several thousands of different electrolyses to split CO, in molten
lithium carbonate. A fascinating, but rarely observed, product which occurred in less than
30 of those many electrolyses had nano-morphology analogous to the macro-structure
of bamboo, but had been only observed as a low fraction of the total product. Table 2
summarizes the systematic optimization of electrolysis conditions in 770 °C Li,COj3 to
optimize and maximize the electrolytic formation of this nano-bamboo. A few prior
electrolyses producing nano-bamboo were associated with nickel electrodes, or started
with ramping up of the current to encourage nucleation. Experiment Electrolysis I in the
top row of Table 2 includes both these features including nickel as both the cathode and
anode, and (not delineated in the table) an initial 10 min electrolysis at a constant 0.01 and
then 0.02 A /cm?, followed by 5 min at 0.04 and then 0.08 A/ cm?, after which the constant
current electrolysis was conducted at the tabulated 0.2 A/cm?. Nano-bamboo was evident
in the product SEM, but constituted a minority (30 wt%) of the total product. As seen in
Electrolysis II in Table 2, an increase in the nano-bamboo product is achieved with the
direct addition of Ni and Cr powders to the electrolyte, and the anode is replaced by a
noble metal (iridium) accompanied by a 5-fold decrease in current density. As noted in
the table, this Electrolysis II has the first majority, 60 wt%, of the nano-bamboo product.
Coulombic efficiency quantifies the measured available charge (current multiplied by the
electrolysis time) to the measured number of four electrons per equivalent of C in the
product. Coulombic efficiency tends to drop off with current density, and in this case the
coulombic efficiency of the synthesis was 79%.
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Table 2. Systematic variation of CO; splitting conditions in 770 °C Li,COj3 to optimize formation of
nano-bamboo and nano-pearl carbon allotropes.

. Additives Electr  Current Density Product
Electrolysis Cathode Anode (wt% Powder) Time Alem? Description
30% nano-bamboo carbon
I Nickel Nickel - 4h 0.2 40% regular CNT
rest: graphitic carbon
0.4% Ni 60% nano-bamboo carbon
I Muntz brass Iridium e 18 h 0.08 10% regular CNT
0.4% Cr "a
rest: graphitic carbon
Inconel 718 o Nis 89% 30-120 pm
I Muntz brass 2 layers Inconel 600 0.81% Ni powder 18 h 0.08 nano-bamboo carbon
Inconel 718 94% 30-80 um carbon
v Muntz brass 0.81% Ni powder 18 h 0.08 nano-bamboo, 6% conical
2 layers Inconel 600 .
carbon nanofiber
Inconel 718 94% 30-80 um carbon
A\ Muntz brass 0.81% Ni powder 18h 0.08 nano-bamboo, 6% conical
2 layers Inconel 600 .
carbon nanofiber
. . 0.4% Ni
VI Nichrome C Nichrome C 0.4% Cr 3h 0.4 95% nano-bamboo carbon
VII Monel Nichrome C 0.81% Ni 18 h 0.08 95% hollow nano-onions
. 0.4% Ni
VIII Monel Nichrome C 0.4% Cr 18 h 0.08 97% nano-pearl carbon
IX Monel Nichrome C 8140 g; 18 h 0.08 97% nano-pearl carbon

The low current ramping, pre-electrolysis conditions can have benefits and disad-
vantages. (1) Low current conditions may support the reduction and deposition of initial
graphene layers to facilitate ongoing reduction and growth. In addition, lower current can
favor transition metal deposition at the cathode and formation of nucleation sites, at low
concentrations compared to carbonate (from CO,) in the electrolyte. The analysis of bound
versus free metal cations in the molten electrolyte for a reduction potential calculation
has been a challenge. Without Nernst activity and temperature correction, the reduction
rest potentials of Ni, Fe, Cr and Cu and CO, at room temperature are CO,(IV/0) = —1.02,
Cr(III/0) = —0.74, Ni(I1/0) = —0.25, Fe(1I1/0) = —0.04, and Cu(II/0) = 0.34. Note, however,
that the free activity of tetravalent carbon as carbonate C(IV)O3%~ formed by the reaction of
C(IV)O, with electrolytic oxide in pure molten carbonate solutions is many orders of mag-
nitude higher than the dissolved transition metal ion activity in the electrolysis electrolyte.
This helps favor the thermodynamic and kinetic reduction of the tetravalaent carbon, over
metal deposition at the cathode. The practical observation is that, for the majority of molten
carbonate CO; electrolyses we have studied, the initial low current ramping is not observed
to promote highest purity carbon deposition.

The first row of Figure 2 presents the product SEM of Electrolysis III, which continues
to use a low current density, continues to exhibit a coulombic efficiency of 78%, focuses on
a Ni powder addition to electrolyte, and refines the anode to Inconel 718 with two layers
of Inconel 600, with an increase to 89 wt% the nano-bamboo product. Additionally, this
electrolysis used an “aged” electrolyte (not delineated in the table). The freshly molten
electrolyte requires time (up to 24 h) to reach a steady state equilibrium (pre-equilibration
step) [16,20]. For Electrolysis III, the electrolyte was aged 24 h prior to melting and prior to
immersion of the electrodes. However, it was observed that the aging is disadvantageous
towards maximizing the nano-bamboo yield. A final refinement, in immediate use of
the freshly melted electrolyte (elimination of the aging step), increases the nano-bamboo
product to 90 wt% of the product (row 2 in Figure 2, and Electrolysis IV, and repeated as
V in Table 2). Interesting, the 6% non-bamboo product in Electrolyses IV and V appears
to be conical carbon nano-fiber (CNF) morphology, with its distinctive triangular-shaped
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voids in the morphology as seen in the second row of Figure 2. A simplified electrolysis
eliminates observed CNF impurities resulting in 95% of the nano-bamboo allotorope. This
Electrolysis VI is conducted without the current ramp activation at a high 0.4 A/cm? current
density, and exhibits a 99.7% coulombic efficiency. This electrolysis was tailored to have
a purposeful excess of nucleation metals accomplished both with the use of Nichrome C
electrodes, which contain Ni, Fe and Cr (Table 1), and through the direct addition of Ni and
Cr powders to the electrolyte.

#I11: 89% nano-bamboo
cathode; Muntz Brass
anode:incone| 718 &

#VII: 95% hollow nano-onjons.
gathode: N.IbneI ; e
anode: Nichr8ime C : e
additives; 0.81% Ni

J=0.08 ;K/cr'n2

Figure 2. SEM of the synthesis product of nano-bamboo and nano-pearl allotropes of carbon by
electrolytic splitting of CO; in 770 °C Li;CO3. Moving left to right in the panels, the product is
analyzed by SEM with increasing magnification. Scale bars in panels (starting from left) are for panels
U: 100, 10, 3 pm (different electrolysis) and 2 um; for panels T: 5, 2, 1 and 1 um; for panels 11: 50, 30,
20 and 15 um; for panels X: 50 pum 10, 1 and 2 pum.

The continued use of high concentrations of added transition metal powder to the
electrolyte and low current density, but a change of electrodes, yields another distinct
nanocarbon allotrope termed here as “hollow nano-onions”. Specifically, in Electrolysis
VII in Table 2 and Figure 2, the same concentration of Ni powder that had been used as in
Electrolyses VI and V was used, and again the electrolyte was not aged nor were ramped
initiation currents applied. However, a Monel cathode and Nichrome C anode were used,
resulting in a 95 wt% of the product having a distinctive hollow nano-onions morphology.
The hollow nature of the nano-onions will be revealed by TEM, but their spheroid character
is seen by SEM in the third row of Figure 2. When the pure nickel electrolyte additive was
changed to half nickel and half chromium powder, as summarized in Table 2 for Electrolyses



Catalysts 2022, 12, 125

7 of 28

VIII and IX, the product has a distinctive “nano-pearl” morphology with its similarity to
a beaded necklace. Here, the product fraction increased to 97% of this nano-pearl carbon
and is seen by SEM in the bottom row of Figure 2. Electolyses VII-IX conducted have low
J = 0.0 A/cm? and exhibit a diminished coulombic efficiency of 79 to 80%.

Figure 3 compares TEM of the new nano-bamboo, nano-pearl and conical CNF nanocar-
bon allotropes synthesized by molten carbonate electrolysis. As seen in the top left panel
of the figure, the conical carbon nanofibers (CNFs) exhibit conical voids typical of this
CNF structure. Growth of the nano-bamboo is seen in the left middle of the figure and is
nucleation driven, and the nucleation region appears to change shape, moving from tip to
interior of the structure. We hypothesize that the lateral walls forming the bamboo “knobs”
may be related to a periodic depletion of the carbon building leading walls. The walls of the
nano-bamboo and nano-pearl allotropes exhibit graphene walls characterized by the typical
intergraphene wall separation of 0.33 to 0.34 nm, as noted, and as measured by the observed
separation between dense carbon planes in the TEM. The lower left of the figure shows the
lateral multiple graphene layers separating the “knobs” of the nano-bamboo structure. The
lower right of the figure shows the curved multiple graphene layers comprising the walls
of the individual “beads” of the nano-pearl structure.

Figure 4 probes the elemental composition by HAADF (High Angle Annular Dark-
Field TEM) and compares TEM of the new nano-bamboo and nano-pearl nanocarbon
allotropes synthesized by molten carbonate electrolysis. As seen from the HAADF, the
nano-bamboo product is pure carbon. That is with the exception of the presence of copper
that, as shown in the lower left corner of the top left panel, is pervasively distributed at low
concentration throughout, and likely originates from the grid mount of the product sample.
HAADEF probes two nano-pearl samples. The first exhibits a high or 100% concentration of
carbon (the noise level is high) and little or no Ni, Cr or Fe. The second probes for carbon
at higher resolutions and the rise and fall of carbon levels is evident as the probe moves
from left to right over two separate nano-pearl structures.

The conical CNF, nano-bamboo and nano-pearl are new and unusual high-yield carbon
allotropes as synthesized by molten electrolysis. Similar CVD synthesized morphologies
have been synthesized by CVD. In particular, the CVD conical CNF structure has been
widely characterized as shown in the upper row of Figure 5 [53-56]. In that figure, it is
proposed that the morphology in CVD is due to repeated stress-induced deformation of
the shape of the nucleating (Ni) metal, which causes the metal particles to jump and form
the observed lateral graphene separation bridging the allotrope walls. Globular spaced
nano-bamboo and nano-pearl allotropes are less common in CVD but have been observed.
An example is shown in the lower left row of Figure 5, whose structures were attributed to
the periodic formation of pores in the structure due to defects on the outer layers [57-59].
One specific application of bamboo CVD CNTs is as platforms for building layer by layer
based biosensors [60]. Generally, carbon fibers are categorized as amorphous, or as shown
on the lower right side of Figure 5, as built from graphene platelets, carbon nanotubes or
conical type structures [61,62].

Figure 6 probes the TEM and the elemental composition by HAADF of the new hollow
nano-onion nanocarbon allotropes synthesized by molten carbonate electrolysis. As seen,
some of the nano-onion inner cores contain metal while others are void. The walls of
the hollow nano-onions are composed of graphene layers as characterized by the typical
intergraphene wall separation of 0.33 to 0.34 nm, as noted in Figure 6 and as measured by
the observed separation between dense TEM carbon planes. As seen in the HAADF of the
figure, when the core is vacant, the nano-onion is pure carbon, and when the core contains
metal, the metal is either nickel or a mix of nickel and iron.
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Figure 3. TEM of new molten carbonate synthesized carbon allotropes: Comparison of nano-bamboo,
nano-pearl and conical CNFE. (A): CNF; (B): Nano-bambpo; (C): Nano-pearl; (D), D-1, D-2 Nanobam-
boo; (E), E-1, E-2, E-1-1; E1-2 & E1-3 Nano-bamboo including measured graphene layer thick-
ness; (F-H) Nano-bamboo knobs, (I]J) Nano-pearl; J-1, J-2 Nano-pearl with measured graphene
layer thickness.



Catalysts 2022, 12, 125

9 of 28

100Lm

Intensity

*Energy (KeV) |

100

@ HAADF
® Carbon

® Chromium|
@ Iron

® Nickel

Elemental
RSl v Profile
OO'Hm\.vF{a #1, along
5 green arrow
inBArea #1

c@r -

Intensity

o SIO 1;0 1;0 200
Position (nm)

Elemental Profile
along

green arrow

in CArea #1

@ HAADF
@ Carbon

Integrated Atomic Fraction
over Area #1: 100% C

Intensity

L]
0 100 200 300 400 500
Position (nm)

Figure 4. High angle annular dark-field TEM (HAADF) elemental analysis of nano-bamboo (panel A)
and nano-pearl (panels B and C and HAADF elemental profiles) carbon allotropes synthesized by
molten carbonate electrolysis. (A): Nano-bamboo with elemental analysis; (B): Nano-pearl with
Elemental profile; (C): Nanopearl with Elemental profile.
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Figure 5. Top row: Conical variations of bamboo carbon nanofibers, and their proposed mechanism
of growth, as formed by nickel nucleated CVD using methane and hydrogen. Reproduced open
access from Reference [53] Left bottom: Knotty bamboo nanocarbon variations by CVD, and their
proposed mechanism of growth. Modified from Reference [58] Right bottom: General graphene layer
conformations occurring in carbon nanofibers. Modified from Reference [61].
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Figure 6. TEM and HAADF elemental analysis of the hollow nano-onion carbon allotrope synthesized
by molten carbonate electrolysis. (A) and A-1: Hollow nano-onions with and without trapped metal.
(B) and B-1: Hollow nano-onion without trapped metal. Note, measured graphene layer thickness
is part of sub-figure B-1. (C) and C-1: Hollow nano-onion with trapped metal. Note, measured
graphene layer thickncess and the elemental profile are part of sub-figure (C). (D): Hollow nano-onion
with and without trapped metal. Note, measured elemental HAADF and elemental analysis are part
of sub-figure (D).

2.3. Electrochemical Conditions to Synthesize Nickel-Coated CN1Ts, and Onion and Flower
Nanocarbon Allotropes from CO;

A nickel anode or an excess of added nickel leads to nickel-coated CNT. Rather than
forming alternative allotropes, such as nano-bamboo or nano-pear], the use of excess nickel,
particularly (i) when employed with a stainless steel cathode, (ii) when utilized at higher
electrolysis current densities, and (iii) with the activation by an initial current ramp, tends
to coat the carbon nanotube with nickel. This is summarized in the top row of Table 3
as Electrolysis X, in which 0.81 wt% Ni powder is added to the LiCOj3 electrolyte, and
Nichrome C is used as the anode. The electrolysis is conducted at 0.20 A /cm? and exhibits a
coulombic efficiency of 98.9%. The Ni coating is further improved (appearing more uniform
in the SEM) in Electrolysis XI in Table 3 and as the top row in Figure 7, when a pure nickel,
rather than Nichrome C, anode is used, but no Ni powder is added to the electrolytes,
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and there is no current ramp employed. The electrolysis is conducted at 0.15 A/cm? and
exhibits a coulombic efficiency of 93.4%.

Table 3. Systematic variation of CO;, splitting conditions in 770 °C Li,COj3 to optimize formation of
nickel-coated CNTs and onion, flower, dragon, belt and rod nanocarbon allotropes.

T
X SST Nichrome C 0.81% Ni 3h 02 60% i)iofgr_tliglifﬁacteNdTCNT
W e S e om pmsmamgon
XII Muntz brass Nichrome C 8% Liz POy 4h 0.2 98% nano-onions
XIII Monel Nichrome C 8% Liz POy 18 h 0.08 97% nano-onions
X1V Muntz brass Nichrome C 0.81% Co 18 h 0.08 97% nano-flowers
XV Muntz brass Nichrome C 0.81% Co 18h 0.08 97% nano-flowers
XVI Monel Inconel 718 0.1% Fe, O3 2h 04 94% 50-100 pm nano-dragon
Inconnel 718 . nano-trees: .
XVII Muntz brass 2 layers Inconel 600 0.1% Li,O 4h 0.13 98'7;80—21(30 pdeNT with
ranches and trunk
XVIIL Muntz brass Inconel 718 0.1% Fe, O3 18 h 0.08 80% nano-belt
XIX Monel Iridium 0.81% Ni 18h 0.08 91% nano-rod CNT

The exclusion of transition metals from the molten electrolysis environment prevents
their activity as nucleation points for carbon growth and suppresses the growth of carbon
nanotubes. Suppression of the metal nucleated growth of CNTs, such as through use
of a noble metal anode, was found to be an effective means to promote the growth of
another nanocarbon: carbon nano-onions [25]. Here, another molten electrolysis pathway
is found to ensure a high nano-onion product yield, that is through addition of lithium
phosphate to the electrolyte. As summarized in Electrolyses XII and XIII in Table 3, with
the addition of 8 wt% Li3POy to the Li;COj electrolyte, the product is nearly pure (97-98%)
carbon nano-onions as summarized in Table 3. This nano-onion product is the observed to
be the case for a wide range of electrolysynthesis current densities (0.08 to 0.20 A /cm?),
with either Muntz Brass or Monel as the cathode, and with (Electrolysis XII) or without
(Electrolysis XIII) inclusion of an initial current ramp step during the electrolysis. In a
future study, it will be interesting to probe whether phosphates bind or suppress specific
free metal availability in molten carbonates in a manner comparable to their tendency to
chelate certain metals under ambient aqueous conditions.

A variation of the low current density, Muntz brass cathode, Nichrome C anode,
utilizing an aged electrolyte leads to a fascinating new high-purity molten electrolysis
nanocarbon allotrope: nano-flowers. Specifically, after the 24 h aging of the electrolyte, an
excess (0.081 wt%) of chromium metal powder is added to the electrolyte. The electrolysis
is conducted at 0.08 A/cm? and exhibits a coulombic efficiency of 78%. The electrolyses
are repeated (as Electrolyses XIV and XV) and yield the same results as summarized in
Table 3 and shown by SEM in Figure 7. As seen in the lower right panel of Figure 7,
the product does appear as hollow tubes within the flower morphology. However, the
product morphology is highly unusual in several aspects. Collections of tubes seem to
burst from a single point, giving the flower-like arrangement. This will require further
study and could represent base, rather than tip, growth and multiple growth patterns
activated from singular activation points. An alternative mechanism to be explored is
tip based, in which the metal nucleation tip is sintered (decreasing in size) as growth
progresses, which with continued growth would decrease the diameter of the nanocarbon
product. The tubes appear as short, very straight spikes. The spikes have a diameter which
diminishes towards the end of the spike. A small percentage of platelets and garnet-like
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material is interspersed throughout the floral arrangement. Although new as a majority
molten electrolytic synthesis product, nano-flowers have been observed not only from
carbon, but also from gold, platinum, and silver as well as from zinc and titanium oxides,
and have been described as “a newly developed class of nanoparticles showing structure
similar to flower” [62-65]. Chromium may drive both of the proposed mechanisms for
nano-flower growth by making nano-metal nucleation points less fluid or bound to the
electrode, promoting base growth, or, when it grows from the tip, the chromium does not
keep pace with the growing CNM, causing the particle to decrease in size.

#XI: 89% Ni coated CNTs
Cathode: Stainless Steel

Anode: Nickel
Additives: none
J=0.15 A/cm?

(Initial current ramped)

#X11'98% Nano-onion -

Cathode: Muntz'Brass A 97% Nano-onlo'

Anode: Nichrome.€ Cathdde: Mohel -

Additives: 8.0% L|3PO4
-)=0:2 A/cm2

{Initial current fampet;) 1=0108'A/cm?

50 pm

Xlllzazt

Anode: Nlchromec <,
Additives*8.0. :.wt% L|3POA

.k (Noeutrent ramp)

XV 97% N'ano-ﬂo,
Cathode Muntz Brass .
30 Anode. Nichrome LT
* Additives: 0.31% Co 5t

~ 3=0:

Figure 7. SEM of the synthesis product of nano-flowers, nano-broccoli, nano-onions and Ni-coated
CNT allotropes of carbon by electrolytic splitting of CO, in 770 °C LiCO3. Moving left to right in the
panels, the product is analyzed by SEM with increasing magnification. Scale bars in panels (starting
from left) are for panels XI: 150, 20, 15 and 2 pum; for panel XII: 50 pm; for panels XIII: 50 and 15 um;
for panels XIV: 300, 80 and 20 um; for panels XV upper row: 100, 30, 15 and 10 um; for panels XV
lower row: 100 pm 30 and 5 um.
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2.4. Electrochemical Conditions to Synthesize Nanocarbon Dragon, Tree, Belt and Rod Allotropes
from CO,

Variation of the electrochemical conditions of CNT product formation to those of
Electrolysis XVIleads to a change in allotrope from carbon nanotubes to another fascinating
morphology referred to here as nano-dragons and presented in Table 3 and Figure 8.
The changes from the earlier syntheses that produced CNTs under similar circumstances,
include an Inconel 718 anode, rather than Nichrome C, a higher current density of 0.4,
rather than 0.1, A/cm?, (exhibiting a 100% coulombic efficiency), and that the electrolyte is
not aged. Unlike the other unique electrolytically synthesized nanocarbon morphologies,
carbon nano-dragons do not consist of a a simple, repeated geometric shape, but rather
a complex combination of cylinders, platelets and spheres. The small “legs” observed
in the Figure 8 SEM images could be smaller branched CNTs or small metal nodules of
metal growth.

The addition of low levels of lithium oxide has led to high quality of CNTs [21]. With
use of a specific anode (Inconel 718 with two layers of Inconel 600), the quality of the product
is retained, but the morphology of the CNT changes substantially. We have previously
observed larger transition metal nodule growth from the CNTs [18]. With the addition of
Li; O, branched carbon nano-trees are included as Electrolysis XVII in Table 3 and Figure 8.
The electrolysis is conducted at 0.13 A/cm? and exhibits a coulombic efficiency of 98.7%.
The nano-trees exhibit distinct growth of smaller CNT branches emanating from larger
CNT trunks. The red circled area on the right panel of Electrolysis XVII in Figure 8 shows
an example of y section branching. Addition of low levels of iron oxide leads to high quality
CNTs. However, with 24 h aging of the electrolyte followed by subsequent addition, as in
Electrolysis XVIII in Table 3 and Figure 8, an alternative flattened nanocarbon morphology
is observed, which is referred to here as nano-belts. The electrolysis is conducted at
0.08 A/cm? and exhibits a coulombic efficiency of 79%. The nano-belt structure appears to
consist of a flattened (or “deflated”) carbon nanotube.

TEM and HAADF elemental analysis of the nano-dragon, nanobelt and nanotree
structures are presented in Figures 9-13. In Figure 9, the nano-dragon structure is seen
as a graphitic structure, albeit complex. A similar looking Pt, rather than C, structure
has been previously observed and described as a bumpy surface on one-dimensional Pt
nanowires [66]. The nano-tree allotrope is seen in Figure 10 to consist of CNTs, but differs
from the conventional CNT structures, which generally do not contain merged CNTs. How-
ever, the nano-tree morphology includes intersecting CNTs as seen in Figure 10, whose
structures merge and appear to branch off one another. A nanocarbon CVD growth branch-
ing mechanism has been suggested and is shown in Figure 11, catalyzed by fractionation
of the nucleation sites leading to carbon branches [67]. In Figures 10 and 12, it can be
seen that the interior of nano-trees and nano-belts can respectively contain nickel and iron,
or nickel in the structure interior. As seen in Figure 12, the nano-belt product is flat and
consists of graphene layers, but other than the measured presence of nickel, the mechanism
of this unusual flat morphology is evident from the TEM. CVD nano-belt CNT structures
have been previously synthesized with a schematic structure illustrated on the right side
of Figure 11 [68].
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Figure 8. SEM of the synthesis product of nano-dragons, nano-trees, nano-belts and nano-rod
allotropes of carbon by electrolytic splitting of CO, in 770 °C LiCO3. Moving left to right in the
panels, the product is analyzed by SEM with increasing magnification. Scale bars in panels (starting

from left) are for panels k: 50, 10, 5 and 5 pum; for panels Q: 100, 100, 5, 1 and 100 um; for panels Z: 50,
5and 5 um; for panels 9: 30, 10, 5 and 1 um.
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Figure 9. TEM and HAADF elemental analysis of the nano-dragons carbon allotrope synthesized by
molten carbonate electrolysis. (A,C,D): Nano-dragon; (B) and B-1: Nano-dragon wall and measured
graphene layer thickness (E); Nano-drageon and (right side) elemental analysis.
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Figure 10. TEM and TEM HAADF elemental analysis of the nano-trees carbon allotrope synthesized
by molten carbonate electrolysis. (A,B), B-2, B-3, (C), C-1, C-1-1, (D), D-1, (E), E-1, E-2-1, (F), F-1,
(G), G-1. G-2, TEM of Nano-trees; B-1, B-4, D-1-1, E1, G1-1, G1-2, G2-1; TEM of Nano-trees with
measured graphene layer thickness; (H,I) HAADF of Nano-tree with elemental profile (right side).
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Figure 11. Left: A scheme illustrating the growth of an observed CVD synthesized amorphous
branched carbon nano-tree catalyzed by iron carbide (include as the yellow domains). a—f and g-k
show fractionation of the yellow iron carbide nucleation site leading to one or more purple-colored
carbon branches. Modified from Reference [64]. Right: A scheme illustrating the structure of a CVD

synthesized carbon nano-belt. Modified from Reference [65].
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Figure 12. TEM and TEM HAADF elemental analysis of the Nano- belt carbon allotrope synthesized
by molten carbonate electrolysis. (A—C) TEM of Nano-belts; B-1, B-2, C-1, C-2 TEM of Nano-trees
with measured graphene layer thickness; (D) HAADF of Nano-belt with elemental analysis (E) and

profile (middle and right side).
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Figure 13. TEM and HAADF elemental analysis of nano-rod carbon allotrope synthesized by molten
carbonate electrolysis. TEM and TEM HAADF elemental analysis of the Nano-rod carbon allotrope
synthesized by molten carbonate electrolysis. (A,B) TEM with (right side) HAADF elemental analysis
of Nano-rods; A-1, B-1, B-2, B-3 TEM of Nano-rods.

Without aging the electrolyte, the low current density (0.08 A/cm?, exhibiting a
coulombic efficiency of 80%), long-term growth (18 h) growth of carbon nanotubes with a
Monel cathode, iridium anode, 0.81% Ni, and no ramped current activation step, leads to
squat, ring-like nano-rod allotropes seen in Figure 13, and included in Table 4, as Electrolysis
XIX. Of the electrolyses presented here, the product is singularly unusual from two physical
chemical perspectives: (1) The TEM in Figure 13 reveals no evidence of a layered graphene
structure. However, as shown in a later section, this morphology does exhibit an XRD
peak and Raman spectrum typical of graphitic layered graphene structures. (2) As seen
in the elemental analysis in Figure 13, the nano-rods are the only one of the new molten
synthesized nanocarbon allotropes in which a significant concentration of oxygen (7.0 to
9.4%) is observed. With the bulbous rod-like morphology, rather than a growth which
increases a CNT’s length along with its diameter in time, this appears consistent with a
long-term growth dominated by diameter, rather than length, increases.
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Table 4. Raman spectra of a diverse range of carbon CNMs formed by molten electrolysis.

CO; Molten Electrolysis VD vg VoD In/L Lo/l

Product Description (cm—1) (cm™1) (cm™1) brG DTG
Multi-wall carbon nanotube 1342.4 1576.5 2688.7 0.30 0.60
Hollow nano-onion 1346.3 1577 2694.6 0.33 0.61
Helical carbon nanotube 1346.1 1578.2 2692.8 0.45 0.40
Nano-dragon 1346.7 1580.3 2695.0 0.67 0.62
Nano-flower 1347.9 1582.7 2692.2 0.78 0.50
Nano-tree 1343.7 1583.7 2696.4 0.82 0.47
Nano-bamboo 1352.0 1586.2 2696.9 1.04 0.72
Nano-pearl 1352.9 1588.5 2689.3 1.05 0.52
Nano-rod 1351.6 1586.0 2695.9 0.78 0.81
Carbon nanofiber 1349.3 1594.9 2696.0 1.27 0.37
Nano-belt 1348.5 1590.5 2705.1 1.30 041

2.5. The Diverse Range of Carbon Allotropes Formed by Molten Electrolysis

The top row and middle row of Figure 14 compares microscopy of this study’s new
carbon allotropes to those structures in the second row that were previously formed by
molten electrolysis. The new electrolysis synthesis structures shown are conical CNF,
nano-bamboo, nano-pearl, Ni coated CNT, nano-flower, nano-dragon, nano-rod, nano
belt, nano-onion (also previously synthesized by alternative methodology in [25]), hollow
nano-onion, and nano-tree. The previous distinct nanocarbon structures synthesized were
carbon nanotubes ([11], and onward), nano-platelet [28], graphene (a two-step synthesis of
CO; molten electrolysis followed by exfoliation) [27] and nano-helices [20].

Annual anthropogenic emissions of carbon amount to about 7 Gigatons. Can molten
carbon splitting of CO; occur at a sufficient level to mitigate this anthropogenic carbon and
mitigate global warming? Yes, but at a massive scale, as previously described [69].

Rather, than building stockpiles of CNMs to mitigate climate change, we put forth that
the collective physical chemical properties of graphitic nanocarbon allotropes (including
highest strength, high thermal and electrical conductivities, electronic and electrical storage
properties, lubrication, medical applications, durable textiles, etc., and properties yet to be
discovered) are greatly preferred over conventional materials and provide an incentive for
their replacement by CNMs. Coupled with the very low cost of inorganic molten electrol-
ysis (a low cost analogous to the industrial cost of aluminum production by splitting of
aluminum oxide, but instead nanocarbon production by splitting of carbon dioxide), these
new CNMs provide a value-added logical choice for replacement of these conventional
materials, while eliminating CO,. Collectively, replacement of today’s annual 9 Gigaton (Gt)
usage of these conventional materials (including, annually, production of cement = 4 Gt,
steel = 1.6 Gt, aluminum = 0.058 Gt, plastics = 0.37 Gt, wood construction = 2.0 Gt, cotton
and wool = 0.1 Gt, paper and cardboard = 0.4 Gt) provides the opportunity to eliminate net
anthropogenic CO, and mitigate climate change.
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Figure 14. SEM of nanocarbon allotropes synthesized by the electrolytic splitting of CO, in molten
carbonate. Top and middle row: nanocarbon allotropes as introduced and synthesized in this
study. Bottom row: as previously synthesized. Top row (from left to right): (A): conical CNF,
(B): nano-bamboo, (C): nano-pearl, (D): Ni-coated CNT, (E): nano-flower, (F): nano-dragon. Mid-
dle row: (G): nano-rod, (H): nano-belt, (I): nano-onion (also previously synthesized by alternative
methodology in [25]), (J): hollow nano-onion, and (K): nano-tree. Bottom row (from left to right)
(L): Carbon nanotube ([9]), (M): nano-scaffold ([28]), (N): nano-platelet ([27]), (O): graphene (2 step
process, [27]), (P,Q): nano-helices ([20]).

2.6. Raman and XRD of the New Structures Formed by Molten Electrolysis

Figure 15 presents the effect of variation of the electrolysis conditions on the Raman
spectra and XRD of the new carbon products of CO; electrolysis in 770 °C Li,COs. For
comparison purposes, also included are the Raman spectra of the CNTs [29,38]. The
graphitic fingerprints lie in the 1880-2300 cm~! and are related to different collective
vibrations of sp-hybridized C-C bonds. The tangential G-band (at ~1580 cm™!) is derived
from the graphite-like in-plane mode of Eyg symmetry, and can be split into several
modes, two of which are most distinct: the Gy (1577 cm™!) and G, (1610 cm™!). The
Raman spectrum exhibits two sharp peaks ~1350 and ~1580 cm ™!, which correspond to the
disorder-induced mode (D band) and the high frequency E first order mode (G band),
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respectively, and an additional peak, the 2D band, at 2700 cm~!. The G’ peak at ~2300, is
related to the collective stretching vibrations of sp-hybridized C-C bonds.
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Figure 15. Raman of the synthesis product consists of various labeled CNMs and packed carbon
nanotube assemblies synthesized by the electrolytic splitting of CO, in 770 °C Li;CO3 with a variety
of systematically varied electrochemical conditions.

The intensity ratio between D band and G band (Ip/Ig) is a useful parameter to
evaluate the relative number of defects and degree of graphitization. Table 4 summarizes
Raman band peak locations and includes calculated (Ip/Ig) and (I,p /1Ig) peak ratios for
the various carbon allotropes. A higher ratio Ip/Ig or a shift in Ig frequency!® is a measure
of increased defects in the carbon graphitic structure [70]. Defects that can occur in the
graphitic structure include replacement of carbon sp? bonds, typical of the hexagonal
carbon configuration in the graphene layers comprising the structures, with sp?, increase in
pores or missing carbon in the graphene, and enhancement of defects that cause formation
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of heptagonal and pentagonal, rather than the conventional hexagonal, graphene building
blocks of graphene [71].

Typically, Ip /1Ig for multi-walled carbon nanotubes is in the range of 0.2 to 06. Com-
pared to these values, with the exception of the hollow nano-onions, the new carbon
allotropes generally exhibit a higher than 0.6 Ip /I, evidence of a higher number of defects
and perhaps consistent with the greater morphological complexity of these new allotropes.
The nanocarbon bamboo, pearl, annular and belts each exhibit a relatively high level of
defect, often associated with greater pores and twists and turns in the structure due to the
higher presence of sp> carbons. As observed from Table 4, the order of the increasing I /Ig
ratio is

CNT < hollow nano-onion < dragon < flower < trees < bamboo < pearl < rod < CNF
< belt.

The shift to higher frequencies of the frequency, v, of the G band generally correlates
with the observed Ip /I variation, with variations due to near lying ratios, and with the
exception of an unusually large shift for nano-bamboo.

High levels of Ni, Cr or Co added to the electrolyte (nano-bamboo, nano-pearl and
nano-flower allotropes) also appear to correlate with an increase in defects, and the very
high added Ni powder used in the nano-rod synthesis correlates with a very high level
of defects as indicated by the shift in I frequency and an increase in Ip/Ig. Previously,
increased concentrations of iron oxide added to the Li,COj electrolyte correlated with
an increasing degree of disorder in the graphitic structure [20,21]. Interestingly, it is the
synthesis with a low level of added iron oxide powder (but only added prior to the 24 h
aging of the electrolyte) that results in the CNMs with the highest level of defects, the
nano-belt CNM.

Lower defects are associated with applications which require high electrical conduc-
tivity and strength, while high defects are associated with applications which permit high
diffusivity through the structure, such as those associated with increased intercalation and
higher anodic capacity in Li-ion batteries and higher charge super capacitor.

Along with the XRD library of relevant compound spectra, XRD is presented in
Figure 16 of the new nanocarbon morphologies products, prepared as summarized in
Tables 2 and 3, and with SEM in Figures 2, 7 and 8. Each of the spectra exhibit the strong,
sharp diffraction peak at 20 = 27° characteristic of graphitic structures, and no indication
of the broad peak indicative of amorphous carbon. In addition to graphite, the products
XRD are grouped by which metal salts are present. Nano-bamboo exhibits the simplest
composition with only a lithiated nickel salt present. The next most complex compositions,
seen in the middle of Figure 16, are nano-dragons, nano-flowers and nano-trees, which also
include the iron carbide salt Fe3C. The next most complex composition is exhibited in the
figure in the lower left hand corner, for hollow nano-onions, which exhibit each of those
previous metal salts as well as a lithiated chromium(IlII) salt. Finally, both nano-belt and
nano-pearls include an additional lithiated copper salt, and it may be noted that they were
respectively synthesized with a Muntz brass and a Monel cathode which contain copper.
However, the source of the copper requires further investigation. To enter the nanocarbon,
the copper may need to dissolve from the cathode, which is under cathodic bias. This
did not occur with the other CNM products. The nano-belt XRD spectra is distinct from
the others having a dominant peak at 26 = 43°, reflecting a higher concentration of metals
than in the other products. The diminished presence of defects previously noted by the
Raman spectra for the hollow nano-onion morphology, along with the XRD presence of
LipNigOqg, LiCrO, and Fe;C provide evidence that the co-presence of Ni, Cr and Fe as
nucleating agents can diminish defects in the structure compared to Ni. On the other
hand, the enhanced presence of defects previously noted by the Raman spectra for the
nano-belt and nano-pearl morphologies, along with the XRD presence of LiCuO,, provide
evidence that the copper salt increases defects in the structure compared to Ni, Fe or Cr as
transition meal nucleating agents. Finally, it should be noted that the singular (amongst all
the electrolyses) addition of cobalt powder to Electrolyses XIV and XV must be correlated
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with the subsequent observed formation of the nano-flower allotrope. However, this cobalt
does not make its way into the product as analyzed by XRD in Figure 16, is observed only
in trace quantities by HAADF TEM (to be delineated and probed in future studies) and
presumably has another role in promoting formation of this unusual products.

Nano-bamboo 20=10-25 degree A
Nano-tree I A It contains: @ @ A Nano-bamboo
Nano-dragon VAN
Hollow Nano-onion Y, ph—
Nano-flower A-1 y It contains: ® @ /\ Nano-tree
Nano-pearl AN -~ N
Nano-belt VAN /|
T — T T It contains: ® @ Nano-dragon
v v A . A\,
| I I I " L'2N|B°10 1
T | ] 1 1 W= 1 & .
LiCrO; It contains: ® @ Hollow Nano-onion
T T T T T T T A
L] 1 I LS L ) = N\ ~
T | Li,CuO, 3 /\
! I J | y ! ! ~ | ltcontains:® @ © Nano-flower
10 12 14 16 18 20 22 24 g« A A o
z
Nano-bamboo 20 = 30-60 degree ‘3 It contains:® @ © © @ Nano-pearl
Nano-tree = A A ¢\
o~ P e
Nano-dragon A It contains:® @ © © @ Nano-belt
Hollow Nano-onion A\ A- Z A A
Nano-flower
@ Graphite ! ! L !
Nano-pear| c
Nano-belt @ Lithium Nickel Oxide | J J y
INigO1o ) !
i c L ! @ Lithium Chromium Oxide ! !
: i ! TLi,NigOyo LICrO,
T T T TLicro,) I I I !
! ! ! ! : T T T T
T T T T T @ Lithium Copper Oxide |
' " I 1 ,Li2Cu0, | L,Cu0, | | o I | | N
1 1 | 1 Ll 1 I 1 1 1
30 35 40 45 50 55 60 10 20 30 40 50 60
20 (degrees) 20 (degrees)

Figure 16. XRD of the synthesis product consisting of various labeled unusual nanocarbon morpholo-
gies synthesized by the electrolytic splitting of CO, in 770 °C Li,CO3 with a variety of systematically
varied electrochemical conditions. (A,A-1,A-2): XRD over various ranges of 26.

3. Materials and Methods
3.1. Materials

Lithium carbonate (Li;COj3, 99.5%), lithium oxide (Li, O, 99.5%), lithium phosphate
LizPOy4 (LizPOy4, 99.5%), iron oxide (Fe; O3, 99.9%, Alfa Aesar) and boric acid (H3BOj3, Alfa
Aesar 99 + %) were used as electrolyte components in this study. For electrodes, Nichrome
A (0.04-inch-thick), Nichrome C (0.04-inch-thick), Inconel 600 (0.25-inch-thick), Inconel
625 (0.25-inch-thick), Monel 400, Stainless Steel 304 (0.25-inch-thick) and Muntz Brass
(0.25-inch-thick) were purchased from onlinemetals.com. Ni powder was 3-7 pm (99.9%,
Alfa Aesar). Cr powder was <10 um (99.2%, Alfa Aesar). Co powder was 1.6 pm (99.8%,
Alfa Aesar). Iron oxide was 99.9% Fe,O3 (Alfa Aesar). Co powder was 1.6 pm (99.8%, Alfa
Aesar). Inconel 600 (100 mesh) was purchased from Cleveland Cloth. The electrolysis was
a conducted in a high form crucible >99.6% alumina (Advalue).
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3.2. Electrolysis and Purification

Specific electrolyte compositions of each electrolyte are described in the text. The
electrolyte was pre-mixed by weight in the noted ratios then metal or metal oxide additives
were added if used. The cathode was mounted vertically across from the anode and im-
mersed in the electrolyte. Generally, the electrodes are immersed subsequent to electrolyte
melt. For several, as noted, electrolyses, once melted, the electrolyte was maintained at
770 °C (“aging” the electrolyte) prior to immersion of the electrolytes followed by immedi-
ate electrolysis. Generally, the electrolysis was driven with a described constant current
density. As noted, for some electrolyses, the current density is ramped in several steps
building to the applied electrolysis current which is then maintained at a constant current
density. Instead, most of the electrolyses are initiated, and held, at a single constant current.
The electrolysis temperature was 770 °C.

3.3. Product Characterization

The raw product was collected from the cathode after the experiment and cooldown,
followed by an aqueous wash procedure which removes electrolyte congealed with the
product as the cathode cools. The washed carbon product was separated by vacuum
filtration. The washed carbon product is dried overnight in a 60 °C oven, yielding a black
powder product.

The coulombic efficiency of electrolysis is the percent of applied, constant current
charge that was converted to carbon determined as:

100% x Cexperimental/ Ciheoretica 4)

This is measured by the mass of washed carbon product removed from the cathode,
Cexperimental, and calculated from the theoretical mass, Cineoretical = (Q/nF) x (12.01 g C mol 1)
which is determined from Q, the time integrated charged passed during the electrolysis, F,
the Faraday (96,485 As mol ! e~), and the n = 4 e~ mol~! reduction of tetravalent carbon
consistent with Equation (2).

Characterization: The carbon product was washed and analyzed by PHENOM Pro
Pro-X SEM (with EDX), FEI Teneo LV SEM, and by FEI Teneo Talos F200X TEM (with EDX).
XRD powder diffraction analyses were conducted with a Rigaku D = Max 2200 XRD diffrac-
tometer and analyzed with the Jade software package. Raman spectra were collected with
a LabRAM HR800 Raman microscope (HORIBA). This Raman spectrometer/microscope
uses an incident laser light with a high resolution of 0.6 cm~! at 532.14 nm wavelength.
The Raman spectrometer/microscope uses an incident 0.13 mW laser light with a high
resolution of 0.6 cm ™! at 532.14 nm wavelength with 1800 gr/mm, 800 mm focal objective,
and 100 ms integration. The PHENOM Pro SEM provides over 100,000 x electron opti-
cal magnification and uses up to a 15 kV acceleration voltage for imaging and analysis.
Specifications of the other instruments are available online from the manufacturers.

4. Conclusions

Known conventional carbon allotropes include diamond and graphite, and more
recently buckyballs, graphene, carbon nanofibers and CNTs. In this study, the range of
carbon allotropes and morphologies, and in particular nanocarbon morphologies, that can
be synthesized by the molten carbonate electrolysis of CO, has been greatly expanded. Fas-
cinating high purity morphologies that have been obtained in this study by the systematic
variation of electrolysis conditions are conical CNF, nano-bamboo, nano-pearl, Ni-coated
CNT, nano-flower, nano-dragon, nano-rod, nano-belt, nano-onion (also previously synthe-
sized by an alternative methodology in [25]), hollow nano-onions and nano-trees. Each of
these CNMs have their unusual and distinctive morphologies, such as the nano-trees with
their branching CNT structure, or the nano-bamboo and -pearl with their different, but
repeated knob or bulb shapes. These distinctive morphologies may lead to unusual physical
chemical properties with implications useful to applications, such as those utilizing the high
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strength, high thermal, magnetic, electronic, piezoelectronic, tribological characteristics of
graphene-based materials, but which distribute these properties differently throughout the
unusual geometries of this novel allotropes. For example, alternative applications such
as high-capacity Li-anodes, unusual electronics, EMF shielding, improved lubricants, and
new structural or polymer composites may be anticipated.

This study has explored a variety of electrochemical configurations, systematically
varying electrode composition, current density and electrolysis time, current ramping
initiation, and variation of electrolyte additives and their concentrations. The observed
nanocarbon structures were analyzed by SEM, TEM, including with HAADEF, Raman and
XRD. With the exception of the nano-rod structure, each of the structures is graphitic in
nature, containing graphene layers arranged in a variety of geometries. The graphene layers
exhibit the characteristic inter-layer spacing of 0.33 to 0.34 nm. Except for the presence of
Ni, Fe, Cr and occasionally Cu, which may serve as nucleating growth sites, each of the
structures is pure carbon. Generally, intersecting graphene layers did not merge, but in the
nano-tree, the graphene layers bend at intersections leading to the observed branching.

Many of the structures including nano-bamboo, nano-pearl, Ni-coated CNTs and
conical CNFs exhibit walls containing concentric graphene layers. The nano-dragon and
nano-belt structures include layered planer or planar-twisted graphene layers. Several of
the observed structures, including nano-trees, and hollow and filled nano-onions, exhibit
concentric, highly spherical graphene layers generally composed of carbon and containing
a low level of internal transition metal. A new pathway to the formation of nano-onions via
phosphate addition to the electrolyte is demonstrated, and the hypothesis that phosphate
selectively binds transition metal ions should be pursued.

Each of the syntheses were conducted in a 770 °C Li,COs electrolyte with or without
various additives, on a variety of metal or metal alloy electrodes, and with a range of
current densities. In a sister paper [29], slight variations of these same synthesis parameters
form high-purity carbon but only with the CNT structure. The varied anode and cathodes
contained either pure Ni, or mixes also including Fe and Cr, or various mixes of an extended
variety of transition metals. However, the changing conditions led to variations of the
CNT morphology (length, diameter, curled or straight, added defects etc.). All syntheses
in the study from Electrolysis IV onward produced a high-purity product of the stated
structure, with the exception of the conical CNFs that were a minority (6%) within a
majority of nano-bamboo carbon, and the moderate purity (85%) nano-belt carbon product.
Coulombic efficiency of the electrolyses ranged from 79 to 80% at lower current densities
of 0.08 A/cm?, to over 99% at current densities of 0.2 A /cm? or higher. The high purity
products each exhibited sharp XRD graphic peaks, and a moderate (0.3 to 1.3) Raman Ip/Ig
ratio indicative of a moderate level of defects in the structure. In addition to a majority of
pure, graphitic carbon, the XRD also exhibited different singular or mixed transition metal
salts of either iron carbide, or nickel, chromium or copper lithiated oxides.

TEM HAADF of the new nanostructures shows that their inner core is generally
metal-free (void, with the walls 100% carbon), but in other areas, the void is filled with
transition metals: Ni, Fe and/or Cr. Except for the nano-rod product, each of the structures
included distinct graphene layers with a graphene characteristic, inter-layer spacing of
0.33-0.34 nm. Depending on the nanostructure, adjacent graphene layers were organized
either in a planer, cylindrical or spherical geometry. When the internal transition metal is
in the tip, the layered graphene walls are observed to bend in a highly spherical fashion
around the metal supporting the transition metal nucleated CNT growth mechanism. The
use of a Ni-anode, or an excess of added Ni to the electrolyte, leads to Ni-coated CNTs
when stainless steel is used as the cathode. Generally, intersecting graphene layers did
not merge, but in the nano-tree allotrope, graphene layers bend to become part of a CNT
intersection consistent with branching.

Molten carbonate electrolysis of CO, provides an effective path for the synthesis
of a portfolio of unusual, valuable nanocarbon allotropes. Mass production of these
structures from CO, will provide a valuable incentive to consume this greenhouse gas. Such
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structures are rare, or were previously non-existent, and are not generally commercially
available. However, those that are in use, such as nano-onions made by pyrolysis of nano-
diamonds [35], or by CVD, have high carbon footprints and associated costs at over USD
1 million/ton. CNT production by the molten carbonate electrolysis of CO,, the C2CNT
process, is an inexpensive synthesis comparable to the cost of aluminum oxide splitting
in the industrial production of aluminum [14]. The scale-up of this process was awarded
the 2021 Carbon XPrize XFactor award for producing the most valuable product from
CO; [31,32]. The new synthesis conditions consist of small variations of the scaled C2CNT
process with a comparable, straightforward path to scale up to contribute to consumption
of CO; for climate change mitigation.
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