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A B S T R A C T

This study demonstrates that CO2 can be split by molten carbonate electrolysis (1) to grow magnetic carbon
nanotubes (CNTs) and (2) that the process can be initiated by carbide nucleation points acting as growth cat-
alysts. This opens the path to other similar electrochemically prepared magnetic carbon nanomaterials. Magnetic
carbon nanomaterials have a variety of applications, such as in directing medical therapy to localized regions
and recoverable catalysts. In the presence of an iron or nickel containing case to house the molten carbonate
electrolysis, or the presence of Fe or Ni in the electrochemical components, ferromagnetic CNTs can grow at the
cathode. For example, EDS elemental analysis confirms the presence of iron in the CNTs, and XRD confirms the
presence of iron carbide at the CNT nucleation site. The observed interlattice spacing of 0.20 nm of the iron
carbide is distinct from the observed 0.36 nm graphene lattice spacing of the CNT walls. An excess iron release
can be facilitated into the electrolyte using an iron rich alloy anode, such as Incoloy. The excess iron results in
graphene layer coated iron carbide nodules on the exterior of the carbon nanotube product formed at the
cathode, as well as iron carbide within these CNTs as observed by SEM and TEM.

1. Introduction

Multiwalled carbon nanotubes consist of concentric walls of cy-
lindrical graphene sheets. Graphene was produced and identified in
2004 and is regularly described as a novel 2-D honeycomb-structured
material formed by a single layer of sp2 hybrid orbital carbon atoms
[1,2]. Its thickness is about 0.335 nm, corresponding to the thickness of
one carbon atom, or the distance between two layers of graphene in
graphite. Carbon nanotubes (CNTs) have the highest measured tensile
strength (strength 93,900MPa) of any material [3,4]. CNTs have other
useful properties including high electrical and thermal conductivity,
flexibility, and in addition have the capability to be chemically mod-
ified. This has led to a steady rise in their applications: ranging from
lightweight structural composites including cement, aluminum, and
steel admixtures [5], drug delivery and medical application [6,7],
electronics and energy storage [8–12], sensors and analytical chemistry
[13,14], resins and polymers [15–19] and textiles [20], to hydrogen
storage [21] and water treatment [22,23].

The principle method by which CNTs are produced is chemical
vapor deposition, CVD [24,25]. However, the CVD of CNTs is expensive
and has a high carbon footprint [26]. A less expensive source of CNTs,
will accelerate its market usage. Additionally, if one uses CO2 as a

reactant to generate a value-added product such as carbon nanoma-
terials, this provides impetus to consume this greenhouse gas to miti-
gate climate change.

A 750 °C molten Li2CO3 electrolyte in contact with the current 0.041
% CO2 in the air, contains an equilibrium concentration of lithium
oxide of 0.2 molal in accord with [13]:

Li2CO3(molten) ⇌ Li2O(dissolved) + CO2(gas) (1)

In 2013, we introduced the low voltage splitting of CO2 directly to
CNTs by electrolysis in molten carbonate solutions in 2013 [27], and in
2015 and thereafter described the production of uniform CNTs and
carbon nanofiber product at high coulombic efficiency [5,28–37]. CO2

from the air is directly converted to CNTs as determined by isotope
(13C) tracking [29]. The electrolytic splitting of CO2 in molten carbo-
nates can occur at electrolysis potentials less than 1 V [30]. The CO2

molten carbonate to Carbon NanoTube process has been termed
C2CNT. This electrolytic process can occur as direct carbon capture and
conversion from the air without CO2 pre-concentration, with exhaust
gas CO2, or with concentrated CO2. By variation of the electrolysis
configuration the process can produce in addition to conventional
morphology CNTs, doped CNTs, extended CNTs, nanofibers, other
carbon nanomaterials including carbon nano-onions, carbon platelets
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and graphene [31,29–36]. The synthesis of carbon nanomaterials from
CO2 has been of growing interest [37–46].

In the process of CO2 molten carbonate electrolysis, small transition
metal “seeds” were observed at the ends of the CNT product, and it was
shown that the mechanism of molten carbonate CNT growth is acti-
vated by both tip and root transition metal nucleation processes
[28,32]. CNTs have been demonstrated in lithiated carbonate electro-
lytes including pure molten Li2CO3 (melting point 723 °C), or Li2CO3

mixed with other carbonates such as Na2CO3, K2CO3, MgCO3, CaCO3,
BaCO3, or Li2CO3 mixes with other salts including oxides, borates,
sulfates, phosphates or nitrates [28,31,34]. Interestingly, all initial
studies of molten carbonate synthesized CNTs assumed a transition
metal nucleation seed as the starting point of CNT and did not observe

that CNTs synthesized from molten carbonate could be ferromagnetic.
The physical chemical environment of the conventional CVD pre-

paration of CNTs is different than that of the new C2CNT synthesis in
most aspects. The latter is an electrochemical process, while the former
is chemical. The latter utilizes CO2 and occurs at the liquid/solid in-
terface, while the former utilizes organics as the reactant and generally
occurs at a gas/solid interface. There are also significant subtle differ-
ences. C2CNT provides a higher density of reactive carbon (the molten
carbonate electrolyte) near the growth interface, and while an electric
field may, or may not, be applied to the substrate during CVD CNT
growth, there is always an intense electric field rapidly decreasing
through the double layer adjacent to the cathode during C2CNT growth.
Both CVD and C2CNT had been associated with the transition metal

Fig. 1. Oxygen evolution during CO2 molten carbonate electrolysis and magnetic carbon nanotubes. (A) Stainless steel electrolysis cell. (B) Oxygen (red) and CO2

(blue) composition of the output gas during the electrolysis [33]. (C) The cathode electrolysis product under many such molten carbonate electrolysis conditions
contains carbon nanomaterials, and as shown when grown in an iron containing electrolysis case, or generally in an electrolytic environment containing iron or nickel
is strongly attracted to a magnet. The product can be highly uniform magnetic carbon nanomaterials, including magnetic carbon nanotubes (MCNTs).

Fig. 2. (A) SEM and (B and C) TEM images of CNT cathode product from electrolysis of 5 cm2 Inconel 718 anode and brass cathode in 24-hr equilibrated Li2CO3

electrolyte. The scale bars are 40 μm in panel A and are respectively 200 and 2 nm in panels B and C.
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nucleation of carbon to grow CNTs. While an additional mechanism of
CVD CNT growth via the ability of carbides to dissolve carbon and
thereby nucleate growth had been observed, it had not been evident or
contemplated that such an alternative mechanism might apply to the
electrochemical environment of the C2CNT process.

Iron carbide, Fe3C, is an intermediate transition metal carbide. It is
ferromagnetic, and begins to decompose to graphitic carbon and γ–iron
at temperatures above 723 °C. The study of iron carbide, nucleated CNT
growth in CVD has been widely explored, as well as the related CVD
growth of graphene encapsulated iron carbide nodules on the CNT
walls, and iron and iron carbide filling within the CNTs [47–56]. Within
the CVD grown CNT, the iron carbide exhibits a lattice separation of
∼0.2 nm compared to twice that for graphitic structures [57] Other
carbon nanomaterials and nanographitic structures, including gra-
phene, spheroids and nanocapsules, have also been grown by CVD with
iron carbide [58–64]. Other metal carbides, principally cobalt and
nickel carbide, but potentially also zirconium, tantalum and hafnium,
can also nucleate CNT and other carbon nanomaterial growth in CVD
[65–69]. Mechanisms of a non-metal carbides, silicon carbide, SiC, CVD
formation of CNTs have also been explored and demonstrated [70,71].
While Ge+C may not thermodynamically form stable carbide phases,
phases containing nano-germanium and carbon can form in carbide like
phases. Ge nucleated CVD CNTs growth has also been reported [72–75],
and the properties of germanium carbide, GexC1-x, have been in-
vestigated [76,77], and while the two have not been linked, in a
manner analogous to the silicon carbide effect, germanium carbide
mediated CNT growth is a possibility.

Carbon nanomaterials containing iron carbide or other ferromag-
netic magnetic materials such as iron or magnetite are attracted to
magnets and have been of growing interest for a wide range of fields
including medicine and catalysis. There has been a wide range of in-
terest in magnetic CNTs in medical applications as a tool for targeted
drug delivery and imaging, in fields including MRIs, stem cells, and
anticancer agents for the colon, lymph nodes, melanoma and bladder

[78–90]. For catalyst applications, the magnetic properties allowing for
recoverable nano and dendritic materials is a growing field of interest
[91–96]. Specific applications include magnetic CNTs [97–100], mag-
netic graphene [101–104], and magnetic carbon sphere and nano-onion
catalysts [105–108].

Here, the first ferromagnetic CNTs produced from CO2 by the
C2CNT process are observed; leading to a search and discovery of a
carbide, rather transition metal, nucleation of the C2CNT process. On a
practical note, CO2 electrolysis in a cast iron case leads to highly uni-
form, high coulombic efficiency, and high aspect ratio CNTs.

2. Experimental section

Lithium carbonate (Li2CO3, 99.5 %), and lithium oxide (Li2O, 99.5
%), are combined to form various molten electrolytes.

Electrolyses are driven at 0.5 A (amp) current at a constant current
density as described. The electrolysis is contained in a pure stainless
steel 304 case or cast iron pot. Inconel 718, Nichrome, or Incoloy was
the (oxygen generating) anode, and Muntz brass as the cathode. During
electrolysis, the carbon product accumulates at the cathode, which is
subsequently removed and cooled. After electrolysis the product re-
mains on the cathode but falls off or peels off when the cathode is ex-
tracted, cooled, and tapped. The product is washed with either DI water
or up to 6m HCl (both yield similar product, but the latter solution
accelerates washing), and separated from the washing solution by ei-
ther paper filtration or centrifugation (both yield similar product, but
the latter accelerates the separation).

2.1. Characterization

The carbon product is washed, and analyzed by PHENOM Pro Pro-X
SEM (with EDS), FEI Teneo LV SEM, and by FEI Teneo Talos F200X
TEM. XRD powder diffraction analyses were conducted with a Rigaku
Miniflex diffractometer and analyzed with the Jade software package.

Fig. 3. SEM (panels A-C) and high resolution SEM (panels D and W) of the CNT product of CO2 splitting in a molten Li carbonate electrolyte containing 2wt% lithium
oxide. The scale bars in the SEM A-C are respectively at 200, 10, and 10 μm. The scale bars in the SEM D and E are respectively at 3 and 1 μm.
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3. Results and discussion

The reduction of CO2 in lithiated carbonate electrolytes is a 4 e−

(electron) process:

Li2CO3(molten) + 4e- → C (nanomaterial;) + O2(gas) + Li2O(dissolved) (2)

CO2 added to the electrolyte chemically reacts with lithium oxide to
renew and reform Li2CO3: CO2(atmospheric or stack) + Li2O(dissolved) ⇌
Li2CO3(molten) (3)

Eq 2 combined with Eq 3 yields the net electrolysis reaction:

CO2(gas) + 4e− → C(nanomaterial) + O2(gas) (4)

Lithium carbonate melts at 723 °C. At temperatures higher than
800 °C, a two, rather four, electron reduction increasingly dominates,
and by 950 °C, the electrolysis product is pure carbon monoxide, rather
than carbon [109]:

CO2(gas) + 2e− → CO(gas) + 1/2 O2(gas) (5)

Fig. 1A presents the electrolysis of pure CO2 gas bubbled into
molten lithium carbonate with and without 1m lithium oxide (1mol
Li2O per kg Li2CO3) added to the electrolyte as reported in reference
[34]. As seen in the middle panel, after a brief period of activation, the
gas phase portion of the electrolysis product rises in time to 100 %
oxygen and no CO2 escapes the electrolysis. The electrolysis is con-
ducted in the stainless steel 304 case shown, and internally the anode is
Inconel 718 and the cathode is Muntz brass [34]. In accord with Eq 4, a
carbon nanomaterial product grows on the cathode, and after cooling
and washing, the carbon nanomaterial is found to be CNTs. Specifically,
after the synthesis the extracted cathode is cooled, the solid product is
readily peeled off the cathode and washed to remove excess electrolyte.
Unexpectedly, when the electrolysis is conducted in an iron containing
case, the product is these magnetic carbon nanomaterials. Here, as
shown in Fig. 1B, and as reported for the first time, the electrolytically
grown CNTs are ferromagnetic and strongly attracted to a magnet.

Fig. 4. XRD of the cathode product of electrolyses conducted under similar configuration, but in one case (XRD A) the electrolyte was held molten for 1 day prior to
immersion of the electrodes and start of the electrolysis, and in the second case (XRD B) the electrolysis was conducted when the electrolyte was freshly melted. Both
electrolyses were conducted for 4 h in a stainless steel 304 case, and utilized a 770 °C Li2CO3 electrolyte with 2 wt% added Li2O, with a brass cathode and a nichrome
anode.
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Molten Li2CO3 has a strong affinity for CO2, and the electrolysis is
effective using airborne CO2 (direct air carbon capture of the 216 ppm
in the air, without CO2concentration), rather than pure CO2 gas. The
basic morphology of the C2CNT grown CNTs is the same whether
grown in ceramic (alumina) or steel electrolysis cases. The observed
exception will be shown in the last example when excess iron is in-
troduced from the anode or case during the electrolysis. SEM Fig. 2A
shows the highly uniform CNT product using CO2 from the air as the
reactant, as previously described and again using an Inconel 718 anode
and a Muntz brass cathode. The molten Li2CO3 electrolyte has been

exposed to (hot) air 24-hr prior to the electrolysis [34]. Fig. 2B and C
use TEM to show the CNT walls, and that the graphene spacing between
the CNT walls is the expected 0.33 to 0.34 nm.

Magnetic CNTs, such as those shown in Fig. 3, can be grown even
when the anode contains no iron. This electrolysis was conducted using
a Nichrome A (composed of 80 % nickel and 20 % chromium) anode
and a Muntz brass (composed of 60 % copper and 40 % zinc) cathode in
molten Li2CO3 containing 0.67m Li2O. Fig. 3 presents SEM of the CNTs
grown in 770 °C Li2CO3 with 2 wt% Li oxide electrolyte at a constant
current density 0.1 A/cm2 for 4 h using a nickel alloy anode and brass

Fig. 5. EDS of the washed cathode product of an electrolysis for 4 h at 0.2 A cm−2 in a stainless steel 304 case, which utilized a 770 °C Li2CO3 electrolyte with 2 wt%
added Li2O, with a brass cathode and a nichrome anode.
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cathode. Nickel and chromium alloy anodes and brass cathodes have
been shown to be particularly stable for repeated use in CO2 splitting by
molten carbonate electrolysis [14]. The electrolysis chamber walls can
be lined with nickel or a nickel alloy to further decrease iron release
from the cell walls into the cell. After the synthesis, the extracted
cathode is cooled, and the solid product readily is peeled off the
cathode and washed to remove excess electrolyte prior to microscopy.
The product is∼98 % uniform CNTs as determined by visual inspection
of multiple SEMs and the TEM. The coulombic efficiency approaches
100 % during this electrolysis. The coulombic efficiency of electrolysis
is the percent of applied, constant current charge that was converted to

carbon determined as:

100 % x Cexperimental / Ctheoretical (6)

This is measured by the mass of washed carbon product removed
from the cathode, Cexperimental, and calculated from the theoretical mass,
Ctheoretical = (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 (96485 As mol−1 e−), and the n= 4e- mol−1 reduction of
tetravalent carbon.

Fig. 4 presents XRD of two different products of electrolyses con-
ducted in stainless steel 304 cases. XRD A is diffraction spectra of the

Fig. 6. A) Nucleation and CVD growth of a MWCNT from an iron carbide nanoparticle on a silicon substrate as observed by ref. [38]. Graphene layers are formed on
the iron carbide and then an MWCNT is suddenly expelled from the deformed iron carbide particle. B) The proposed catalytic reaction for the inner-tube growth by
CVD. I) The iron carbide nanocrystal is acting as a reactor absorbing carbon atoms from one side and generating a nanotube to another side. II) Proposed movement
of iron atoms and oxidation and aggregation proposed by ref. [39]. C) CNTs with nodules grown from ferrocene vapor [45]. Figured 3A, B and C are respectively
modified with permission from references [38,[39 and 45.
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product of an electrolysis conducted after the electrolyte has sat molten
in the case for 24 h. XRD B is of the product of an electrolysis conducted
with freshly melted electrolyte. The bottom of the figure comprises a
library XRD of compounds relevant to the product (graphitic carbon,
iron carbide, and nickel lithium oxides or chromium lithium oxides).
XRD A exhibits evidence of significantly more iron carbide in the gra-
phitic carbon product than XRD B. While the electrolysis case had no
visible sign of corrosion after either electrolysis, it is evident that the
long electrolyte soak prior to the electrolysis and XRD A of the product
resulted in greater iron carbide in that product. Significant peaks are
observed at 2Ø of x= 19°, y= 26°, and z = ∼44°. Specifically, as
compared to the XRD library in the lower portion of the figure, both
XRDs exhibit either chromium or nickel oxide peaks at x and z, and
both XRD exhibit graphitic peaks at y. However, the ratio of the peaks
in the XRD A, which is the relative height of peak z to either peak x or y
compared to XRD B, shows the strong contribution of the iron carbide
spectra at y and z. Furthermore, at “z” (∼44°) there is an evident
doublet peak. In XRD A the dominance of the left peak compared to
either the right peak, and the dominance of that peak compared to the
peak at “x” (19°), is consistent with the contribution of the iron carbide
diffraction spectrum. EDS of sample A, as shown in Fig. 5, is consistent
with the XRD results, showing an elemental analysis at three spots on
the CNT product a point that is 100.0 % atomic percent C, a point that is
94.9 % C and 5.1 % Fe, and a point that is 92.4 % C, 5.8 % Fe and 1.9 %
Cr. While the source of the iron producing the carbide is evidently from
the electrolysis chamber walls, it is evident that alternate sources can be
from oxidation of a component of the anode (for iron containing an-
odes), as a direct additive to the electrolyte, or from a component of the
cathode (for iron containing cathodes). EDS is an elemental analysis an
incapable of discerning between metallic iron and iron carbide (or
chromium carbide) at the carbon nanotubes. However, the XRD of
Fig. 4 definitively establish the presence of iron carbide, As observed in
a different synthetic process (the chemical gas/solid phase and dilute

carbon source) of CVD, we are likely observing a dynamic range of iron
metal to iron carbide compositions which varies with CNT growth as
enumerated for CVD in the next paragraph, and as will be the topic of
future electrochemical investigations.

Despite the difference in physical chemical environments, the novel
iron carbide occurrences and processes observed in the electrochemical
deposition C2CNT process, exhibit several mechanistic and physical
chemical behaviors analogous to those seen previously in chemical
vapor deposition. In a CVD nucleation process from iron particles em-
bedded in silicon, as seen in Fig. 6A, Yoshida et al. have observed CVD
growth in real-time (t, the time is shown in the figure panels) of CNTs,
The structure of the iron carbide nucleation particles is seen to fluctuate
in time, and when discussing multiwalled CNTs (MWNTs) from nano-
particle catalysts (NPCs) the researchers state: “In the nucleation pro-
cess of a MWNT, graphene layers are first formed on a facet of a NPC, as
seen in the Fig. 2 (t 0 s). As is noted above, individual graphene layers
can be clearly observed. The graphene layers gradually extend and bend
along the facets of the NPC (t 0.35 s), and additional graphene layers
nucleate beneath the existing ones. Accordingly, the NPC is gradually
deformed (t 0.7 s), forming the characteristic protrusion (t 2.1 and
3.85 s). The NPC expels a MWNT suddenly, exhibiting the facet at the
tip of its protrusion (t 4.9 s), and this MWNT grows rapidly (from t
4.9–5.95 s). Naturally, this root-grown MWNT is encapsulated at the
tip.” [49]. A mechanism for iron carbide mediated CVD growth of a
wall within a CNT wall has been proposed by Shiozawa et al. [50] and is
summarized in Fig. 6B as an iron carbide nanocrystal acting as a reactor
absorbing carbon atoms from one side and generating a nanotube to
another side. As summarized in Fig. 6C Liu et al. have observed graphite
coated iron carbide nodules both on and within CNTs grown from
ferrocene (melting point 172.5 °C and boiling point 249 °C) in the vapor
phase at 1000 °C and higher in enclosed quartz capsules [56].

Fig. 7 presents an experiment in which the electrolysis is purposely
conducted in an environment that contains an excess of iron.

Fig. 7. C2CNT grown MWCNT with a high iron content anode can exhibit nodules on the CNT. SEM (panels A-C) and TEM (panels D-F) of the CNT product of CO2

splitting in molten Li carbonate electrolyte oxide. SEM: The scale bars in A-C are respectively 30, 20, and 10 μm. SEM: The scale bars in D-F are respectively 500, 50,
and 10 nm.
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Specifically, rather than a nichrome anode, the electrolysis includes an
anode that contains an Incoloy alloy that is composed of over 40 % iron,
30–35 % nickel and 19–23 % chromium. The electrolysis is still con-
ducted in a stainless steel case. With this high content of iron, the anode
may release excess iron oxide during the electrolysis, and in this elec-
trolysis in Li2CO3 at 0.1 A/cm2, the measured coulombic efficiency
drops to 89 %. SEM and TEM of the electrolysis product are shown in
Fig. 7, and unlike the CNTs in Figs. 2 and 3, graphene-coated nodules
are seen to grow on the outside of the CNTs and the interiors of the
CNTs are partially filled with a deposit. Similar, nodules and filling
have been observed in CVD grown in iron carbide driven CNT growth
and the interior of the nodules and the CNT filling identified as iron
carbide [47,49,56–58]. As presented in the TEM Fig. 7F of the excess
iron electrolysis product, the inter-lattice distance between the layers is
only 0.20 nm, which is significantly smaller than the graphene inter-
lattice layer of 0.33 to 0.34 nm between the CNT graphene walls. This is
0.20 nm inter-lattice separation has previously been identified as iron
carbide [57,63,64].

We have observed that an electrolysis conducted in a Li2CO3 elec-
trolyte with a low concentration of added Li2O, or an electrolyte aged
for 24 h can lead to a higher yield of uniform CNTs, than an equivalent
pure Li2CO3 electrolyte that has not been aged. This leads to the novel
idea in Fig. 7 that an electrolysis with pure Li2CO3 electrolyte that has
not been aged, but is conducted in a cast iron (iron that contains 2–4.3
% carbon), rather than stainless steel case, may promote iron carbide
formation of graphitic structures and lead to a more uniform electro-
lysis product. Cast iron pot synthesis of CNTs from CO2 with 20 cm2

Muntz brass cathode and nichrome anode at a constant current of 0.1
A/cm2 in 770 °C L for 4 h was conducted and the product is shown in
Fig. 8. The CNTs are highly uniform and have a high aspect (length to

diameter) ratio. The coulombic efficiency, as measured by Eq. 6, ap-
proached 100 % and the product was uniform (∼98 % pure) ultrathin
CNTs.

4. Conclusions

Here, the first ferromagnetic CNTs produced from CO2 by the
C2CNT process are observed. This observation leads to the search and
discovery of a carbide, rather transition metal, nucleation of the carbon
nanotube electrolysis growth process. CO2 can be split by molten car-
bonate electrolysis to grow magnetic carbon nanotubes (MCNTs). This
opens the path to other similar electrochemically prepared magnetic
carbon nanomaterials.

In the presence of an iron or nickel containing case to house the
molten carbonate electrolysis, or the presence of Fe or Ni in the anode,
ferromagnetic CNTs can grow at the cathode. For example, EDS ele-
mental analysis confirms the presence of iron in the CNTs, and XRD
confirms the presence of iron carbide at the CNT nucleation site. The
observed interlattice spacing of 0.20 nm of the iron carbide is distinct
from the observed 0.36 nm graphene lattice spacing of the CNT walls.
An excess iron release can be accomplished into the electrolyte using an
iron rich alloy anode, such as Incoloy, and the excess iron results in
graphene layer coated iron carbide nodules on the exterior of the
carbon nanotube product formed at the cathode, as well as iron carbide
within these CNTs as observed by SEM and TEM.

On a practical note, CO2 electrolysis in a cast iron case leads to
highly uniform, high coulombic efficiency, and high aspect ratio
MCNTs. Magnetic carbon nanomaterials have a variety of applications,
such as in directing medical therapy to localized regions and recover-
able catalysts. On a second practical note, the new production of

Fig. 8. Cast iron pot synthesis of CNTs from CO2 with 20 cm2 brass cathode and nichrome anode at a constant current of 0.1 A/cm2 in 770 °C L for 4 h. A: The small
(10 cm diameter x5 cm height) cast iron pot used in the synthesis (without the cover). Li2CO3 is heated inside the pot overnight to remove the surface layer (and then
replaced with 300 g of fresh Li2CO3 as the electrolyte, and is without additives). After the electrolysis, the electrodes are extracted and cooled; the brass cathode with
carbon product and the nichrome anode are shown on the left, and the front view of the cathode is adjacent. SEM of the washed product is shown with scale bars.
B:200 μm, C:20 μm, D:5 μm, E & F: 10 μm.
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magnetic carbon nanotube is substantially more cost-effective and
green house gas mitigating than those grown by conventional CVD. The
electrolysis costs are similar to those in well-established aluminum
production by electrolysis, a cost that is two orders of magnitude less
expensive than CVD [32,33].
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