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The increasing emission of carbon dioxide worldwide has emerged as a major global concern in the context of addressing climate
change. Converting CO2 to high-value carbon materials is a promising solution to capture emitted carbon for achieving carbon
neutrality. Furthermore, such conversion can provide carbon nanomaterials for key industries, including the lithium battery and
fuel cell industries. Here, it is shown that sub-50nm tangled carbon nanotubes (CNTs) can be synthesized by adjusting the
metaborate concentration and the current density through the electrochemical conversion of carbon dioxide in a molten carbonate
salt. The metaborate ion concentration affects the product selectivity and carbon morphology, and the current density is strongly
related to the particle size of in situ seed catalysts supplied by the dissolution of an Ni-Fe-Cr alloy anode. The optimized process
conditions control the nucleation and growth of carbon via a tip-growth mechanism, thereby promoting the formation of
sub-50 nm CNTs rather than bulky irregular carbon particles. The Raman and Brunauer–Emmett–Teller analyses showed that the
properties of the prepared CNTs depended on the synthetic parameters. This study provides deep insights into the mechanism
underlying carbon synthesis through the electrochemical reduction of a molten carbonate salt.

1. Introduction

The emission of carbon dioxide (CO2) has steadily increased
over the past few centuries, with CO2 being unequivocally
implicated as the primary driver of the worsening global
climate change. There have been numerous discussions on
technologies that involve the use of CO2 to produce high-
value chemicals. Among the technologies, molten salt-
based CO2 conversion technology is particularly promising
[1, 2]. In molten salt electrolyte system, the molten salt
exhibits significantly high electrical conductivity [3, 4]. Fur-
thermore, molten salt electrolytes have high ability to absorb
CO2 molecules in the form of carbonate salts, which renders
them well suited for handling CO2 and facilitating its reac-
tion. The products formed during molten salt electrolysis
are carbon, carbon monoxide (CO), and oxygen (O2); thus,
molten salts are ecofriendly [5–9].

Molten salt-based CO2 conversion can be used to con-
vert CO2 into valuable chemicals and substances, including
CO, hollow carbon spheres, graphene, carbon nanofibers
(CNFs), and carbon nanotubes (CNTs) [1, 10–14]. Among
these substances, CNTs not only have substantial market
value but also are widely used in various industries, for
instance, in cement [15, 16], construction materials [15],
batteries, capacitors, sensors [17], and textiles [15, 17].
Currently, the market share of CNTs is estimated at approxi-
mately $685.3 million, with CNT production facilities contin-
uously expanding worldwide [18]. CNTs exhibit superior
properties: low weight, high surface area, high electrical and
thermal conductivities, and good mechanical properties.
CNTs currently used in industrial sectors have an electrical
resistance ranging from 5 to 50μΩ, a specific surface area
ranging from 10 to 1000m2g-1, a diameter in the range of 2
to 100nm, and G/D ratios ranging from 0.5 to 58.8. CNTs
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used in lithium batteries are designed to have a small diameter
(5 to 100nm) and a large specific surface area below 400m2g-1

for better dispersion. If CNTs are to be employed as an active
material in Li batteries, the lithium-ion intercalation capacity
should be substantial, and the ion exchange rate should be
high. CNTs possess a tubular structure that provides ample
internal space for lithium-ion intercalation, and their external
surface is electrochemically active, rendering them suitable for
use as an active material in Li batteries. It is noteworthy that
the diffusion of lithium ions plays a pivotal role in determining
the performance of Li batteries, and as the length of CNTs
decreases, ion diffusion becomes more facile, resulting in the
enhanced capacity and performance of Li batteries. Further-
more, a reduction in the CNT diameter leads to higher perfor-
mance in terms of the lithium-ion absorption energy [19–24].

It has been reported that the precise control of reaction
conditions, such as the seed catalyst size, reaction time, electro-
lyte composition, electrode geometry, and electrode composi-
tion, in molten salt-based CO2 conversion can facilitate the
production of CNTs in various forms, such as multiwalled
carbon nanotubes (MWCNTs), tangled CNTs, and CNT wool
[15, 25–28]. To satisfy the requirements for certain applications
of CNTs, researchers have devoted considerable effort to finely
tune the properties of CNTs. CNTs with a diameter in the
range from 500 to 22nm can be prepared by controlling the
size of the metal (or metal oxide) seed catalyst responsible for
CNT nucleation and by changing the type of alkali metals in
the electrolyte. Increasing the reaction time from 3 to 60min
also facilitates the growth of CNTs with a diameter between
13 and 22nm [25]. It has also been reported that the morphol-
ogy of synthesized carbon materials depends on the geometric
structure (foil, foam, or wire) and metal composition (whether
Ni, Fe, or Pt is present) of the electrodes [29, 30]. Additionally,
the addition of oxide materials to the electrolyte has been
shown to yield CNTs with high crystallinity at high current
densities. In particular, borate can be introduced to increase
the conductivity of CNTs [2, 13, 25, 26, 28, 29, 31–40].

In this paper, it is shown that sub-50nmCNTs can be suc-
cessfully prepared by controlling the current density and the
electrolyte composition. Different concentrations of borate
were added to the electrolyte to investigate the effect of borate
concentration on the carbon morphology and the Faradaic
efficiency (FE) for carbon production. Furthermore, the
dimensions of CNTs (or CNFs) were found to strongly
depend on the current density. Transmission electron micros-
copy (TEM) and scanning electron microscopy (SEM) analy-
ses suggested that the seed catalysts, which were supplied in
situ by an anodic reaction and deposited on the cathode side,
acted as active sites for the nucleation and growth of CNTs.
Controlling the synthesis conditions can help produce CNT
materials with an average diameter of 26nm, a specific surface
area of 1136.9m2g-1, and a G/D ratio of 0.55. CNT materials
with a small diameter and a high surface area are suitable for
use in lithium battery application.

2. Experimental

2.1. Materials. Lithium carbonate (Li2CO3, 98.0%, Daejung),
lithium chloride (LiCl, 98.0%, Daejung), and lithium meta-

borate (LiBO2, 99.9%, Thermo Scientific) were used as elec-
trolyte components. Sodium carbonate (Na2CO3, 99.0%,
Daejung), potassium carbonate (K2CO3, 99.5%, Daejung),
and silver sulfate (Ag2SO4, 99.5%, Daejung) were used as
internal electrolyte components of a homemade reference
electrode. A nickel sheet (0.2mm thick) and Inconel 718
(0.3mm thick) were used as the working electrode and
counter electrode, respectively.

2.2. Electrochemical Measurements. All electrochemical mea-
surements were conducted in an alumina crucible placed in a
furnace. Pure CO2 (50mL/min) flow was maintained during
the entire process. The Li2CO3-LiCl (68.8 : 31.2mol%) electro-
lyte containing different concentrations of LiBO2 was dried at
200°C under vacuum conditions before being heated. Lithium
chloride was added to lower the temperature based on the
phase diagram [41]. A Ni sheet cathode (contact area of
4.5 cm2) was used as the working electrode, and an Inconel
718 anode (contact area of 9 cm2) was the counter electrode.
A homemade Ag/Ag2SO4 (0.1mol/kg Ag2SO4) reference elec-
trode filled with a Li-Na-K carbonate (43.5 : 31.5 : 25mol%)
internal electrolyte and sealed with a silver wire (1mm in diam-
eter) in a one closed-end alumina tube was used. Before the
electrochemical measurements, the working electrodes were
polished using sandpaper and were washed by ultrasonication
in deionized water, acetone, and ethanol. Cyclic voltammetry
(CV) and chronopotentiometry (CP) were performed using
an electrochemical workstation (Ivium-n-Stat, Ivium Technol-
ogies B.V., Netherlands).

2.3. Product Purification. The raw products were collected
from the working electrode after the cooling process, washed
by ultrasonication in dilute hydrochloric acid to remove the
hardened electrolyte and other impurities, and then filtered
using a vacuum filter with 0.2μm pore size filter paper.
The products were then dried overnight at 60°C.

2.4. Characterization. Scanning electron microscope (SEM)
images were recorded using a scanning electron microscope
(JSM-7410F, JEOL Ltd., Japan) equipped with an energy dis-
persive X-ray spectrometer (EDS). Transmission electron
microscope (TEM) images were obtained using a transmis-
sion electron microscope (JEM-2100F, JEOL Ltd., Japan)
with an EDS. The Brunauer–Emmett–Teller (BET) analysis
was conducted using an ASAP 2460 (Micromeritics, Korea)
surface area and porosity analyzer. The Raman spectra of
carbon under different conditions were acquired under laser
excitation at 633nm.

3. Results and Discussion

Figure 1(a) shows a schematic of chemical reactions that
could have occurred (on the basis of previous reports) in
the molten salt-based CO2 electrolysis [6, 7, 39]. At the
cathode, CO3

2- contained in the Li2CO3-LiCl-LiBO2 molten
salt electrolyte (66.7 : 30.3 : 3.0mol%) was electrochemically
reduced to carbon (Eq. (1)). Carbonate reduction to CO also
occurred as a major competing reaction (Eq. (2)). At the
anode, the O2- species in the electrolyte was oxidized, result-
ing in oxygen gas being produced (Eq. (3)). It has been
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Figure 1: (a) Schematic of chemical reactions in the molten salt-based CO2 electrolysis. (b) Cyclic voltammograms of the Ni working electrode
measured for different borate concentrations at a scan rate of 10mVs-1. The (c) potential and (d) CO concentration monitored during 2h of
chronopotentiometry at current densities of 25, 50, and 100mAcm-2 and a borate concentration of 3mol%. (e) FEs for CO and carbon
production at different current densities for a borate concentration of 3mol%. (f) The effect of borate concentration on the FE at a current
density of 25mAcm-2.
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reported that anodic corrosion of metal electrodes occurs as
shown in Eq. (4) [39]. The metal ions could have migrated
toward the cathode and could have been deposited on it to
form a metal seed catalyst at the cathode surface. The seed
catalyst could have facilitated the nucleation and growth of
carbon. When a borate additive (BO2

-) was added to the
molten salt electrolyte, BO2

- would have played a pivotal role
in controlling the concentration of O2- ions owing to the
existence of chemical equilibrium between BO2

- and BO3
3-

as shown in Eq. (5) [6]. Furthermore, CO2 molecules would
have reacted with O2- in the electrolyte to regenerate CO3

2-

(Eq. (6)).

Cathode CO3
2− + 4e− ⇄ C + 3O2− 1

Cathode CO3
2− + 2e− ⇄ CO + 2O2− 2

Anode 2O2− ⇄O2 + 4e− 3

Anode Ni + O2− ⇄NiO + 2e− 4

Electrolyte BO2
− + O2− ⇄ BO3

3− 5

Electrolyte CO2 + O2− ⇄ CO3
2− 6

The electrochemical reactions involved in the molten salt-
based CO2 conversion were investigated by performing cyclic
voltammetry analysis at a scan rate of 10mVs-1 in the Li2CO3-
LiCl-LiBO2 molten salt electrolyte (66.7 : 30.3 : 3.0mol%)
under CO2 flow of 50mLmin-1 at 750°C. The Ni foil and
Inconel 718 (Ni-Fe-Cr alloy) electrodes were used as the
working and counter electrodes, respectively. As shown in
Figure 1(b), the cathodic current gradually increased from
-0.5 to -1.3V vs. Ag/Ag2SO4. This reduction reaction can be
assigned to the reduction of CO3

2- [6]. At high borate concen-
trations, a reduction peak at approximately -0.9V vs. Ag/
Ag2SO4 was prominent, and the peak has previously been
reported to indicate borate-involved reduction of CO3

2- [6].
It appears at a more positive potential compared with the
CO3

2- reduction peak.
In a reverse scan, without borate addition, anodic reac-

tion started from -0.3V vs. Ag/Ag2SO4 and subsequently
increased at more positive potentials. The reaction involved
is known to represent the oxidation of the deposited carbon
and the Ni contained in the Inconel 718 anode [6, 39, 42].
However, in the presence of the borate additive, the oxida-
tion reaction occurred at a shifted potential of -0.6V vs.
Ag/Ag2SO4. The current density values from -0.6 to -0.3V
vs. Ag/Ag2SO4 were quite similar, regardless of the borate
concentration and the amount of charge accumulated dur-
ing the cathodic cycling in the potential range from -0.6 to
-1.3V vs. Ag/Ag2SO4. It is likely that the potential shift
originated from the anodic oxidation of Ni foil, as previously
reported [39]. On the other hand, above -0.3V vs. Ag/
Ag2SO4, the oxidation current increased with the borate
concentration, indicating that deposited carbon was oxi-
dized above that potential. These results indicated that
borate not only facilitated carbonate reduction but also
enhanced metal oxidation in the molten salt-based electro-
chemical system.

Figure 1(c) shows a potential vs. time plot obtained
during chronopotentiometry at current densities of 25, 50,
and 100mAcm-2 in the presence of 3mol% borate. The
potential became more negative as the current density
increased, with higher overpotentials being required for car-
bonate reduction. On-line gas analysis was performed using
a gas analyzer to quantitatively analyze gas products. As evi-
dent in Figure 1(d), CO gas was detected as a major product.
On the basis of an E-pO plot, it has been reported that CO
production from carbonate salt is thermodynamically feasi-
ble at the reaction temperature of 750°C in the potential
range of -1.52 to +0.58V vs. Ag/Ag2SO4 [7]. The concentra-
tion of the CO gas produced gradually increased with time,
indicating that the cathode surface underwent dynamic
changes during electrolysis.

To examine the effect of the current density on the
product selectivity, FEs for carbon and CO production were
calculated. As shown in Figure 1(e), the CO FE tended to
increase as the current density decreased, while the FE for
carbon production decreased. This implies that CO genera-
tion was favored over carbon production at low current
densities and more positive potentials. This result agrees well
with the thermodynamic expectation from the E-pO plot,
where the onset potential of CO evolution is more positive
than that of carbon production [7].

Chronopotentiometry experiments were conducted at
25mAcm-2 for different borate concentrations to investigate
the effect of borate concentration (Figure S1). The CO FE
was determined to be 22.3%, 53.2%, and 88.0% for borate
concentrations of 3, 5, and 7mol%, respectively (Figure 1(f)).
At higher borate concentrations, CO evolution was preferred,
and carbon production was relatively suppressed. It has been
reported that a borate additive not only participates in
carbonate reduction to produce CO but also lowers the local
concentration of O2- anions owing to the existence of
chemical equilibrium between BO2

- and BO3
3- as shown in

Eq. (5). At low O2- concentrations, E-pO plots have shown
that CO generation is energetically preferred [7].

For the investigation of the effects of borate concentra-
tion and current density on the carbon morphology, SEM
analysis of Ni cathodes was conducted after 2 h chronopo-
tentiometry experiments. Figures 2(a)–2(d) show SEM
images of carbon samples synthesized with borate concen-
trations of 0, 3, 5, and 7mol% at a current density of
25mAcm-2. Irregularly shaped carbon particles with sizes
in the range of 30-150 nm were mainly observed for borate
concentrations of 0 and 7mol%, whereas one-dimensional
CNTs were found in the other samples. In particular, at
the borate concentrations of 3 and 5mol%, the CNT diame-
ter was in the approximate ranges of 18-38 and 15-19 nm,
respectively. These results show that the borate additive sig-
nificantly changed the carbon morphology and that there is
an optimal concentration range for CNT production. SEM
analysis of carbon samples synthesized at different current
densities of 10, 25, 50, and 100mAcm-2 was also performed
at a borate concentration of 3mol% (Figures 2(e)–(g)).
There was no carbon deposition at the current density of
10mAcm-2. However, interestingly, the CNTs were thicker
at higher current densities. The diameter of CNTs increased
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from 13-55 to 75-338 nm as the current density increased
from 25 to 100mAcm-2. Thus, the dimensions of CNTs
were closely related to the current density. According to
previously reported research findings [40], an increase in
current density is associated with an enlargement of the

diameter of CNTs. This trend aligns with the results pre-
sented in Figure 2.

The nanostructural and compositional properties of a
CNT sample prepared in this study were investigated using
TEM analysis. Figures 3(a) and 3(b) show a TEM image of

100 nm
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Figure 2: SEM images of nickel cathodes collected after 2 h of chronopotentiometry at 25mA cm-2 in molten salt electrolytes with borate
concentrations of (a) 0, (b) 3, (c) 5, and (d) 7mol% under CO2 flow of 50mLmin-1 at 750°C (scale bar: 100 nm). SEM images of nickel
cathodes prepared at current densities of (e) 10, (f) 25, (g) 50, and (h) 100mA cm-2 for a fixed borate concentration of 3mol% (scale
bar: 1μm).
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the CNT sample prepared with 3mol% borate and a current
density of 25mAcm-2. The CNTs had a randomly entangled
morphology, while the seed catalysts, observed as black par-
ticles, were sparsely distributed on the CNT surface. In a
magnified view (Figure 3(b)), branched CNTs were found
to have grown at the surface of some CNTs, forming a
CNT network. Since metal seeds can serve as nucleation sites
for CNT growth [2, 25, 34], it appears that extensive and
continuous electrodeposition of the metal seed catalyst dur-
ing constant-current electrolysis led to the formation of the
CNT network.

The CNT nanostructure was further characterized
through high-resolution TEM analysis of a representative
CNT sample. As shown in Figure 3(c), the seed catalyst
was precisely incorporated within the CNT, and the seed
catalyst’s diameter (5.2 nm) matched the CNT’s internal
diameter (5.2 nm). A lattice fringe image (Figure 3(d))
showed that the CNT wall was about 4 nm thick and con-
tained less than 10 layers with an interlayer spacing of
~0.33 nm (d-spacing of the (002) crystallographic plane for
graphitic carbon). Thus, the nanostructure resembled that
of MWCNTs. These results showed that CNTs had been
successfully synthesized.

High-angle annular dark-field scanning transmission
electron microscopy–energy-dispersive X-ray spectroscopy
(HAADF STEM-EDS) analysis was performed to determine
the elemental distribution and composition of CNTs
(Figure 3(e)). Carbon was found to be distributed over CNT
surfaces, and the distributions of Ni and Fe elements matched
well with that of the seed catalyst particles. For the CNT net-
work, the atomic percentages of C, Ni, Fe, Cr, and O elements
were ascertained to be 98.95, 0.27, 0.12, 0.10, and 0.56 at%,
respectively (Figure S2 and Table S1). This indicates that Ni,
Fe, and/or Ni-Fe alloy particles were the main seed catalysts
involved with the nucleation and growth of CNTs. Since the
Inconel 718 anode used in this work was a Ni-Fe-Cr alloy
(55 : 17 : 21wt%), it can be inferred that the metal particles
incorporated into the CNTs originated from the anode.
These results suggest that CNT growth occurred through a
tip-growth mechanism [43, 44]. This mechanism involves
the growth of CNTs below the metal catalyst onto a cathode
substrate, with the CNTs pushing the metal catalyst in the
opposite direction of the substrate as they continue to grow.

In molten salt-based CO2 electrolysis, nucleation, and
growth of CNTs can be promoted and controlled through
seed supply by regulating anodic dissolution and the
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Figure 3: (a–c) High-resolution TEM and (d) lattice fringe images of a CNT sample collected after 2 h of chronopotentiometry at a current
density of 25mA cm-2 and a borate concentration of 3mol%. (e) HAADF STEM-EDS mapping analysis results for the CNT sample. Size
distributions of (f) seed particles and (g) CNTs measured after electrolysis for a borate concentration of 3mol%.
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cathodic deposition of the catalyst particles. A higher current
density facilitates the formation of a larger seed catalyst at
the cathode surface (Figure 3(f)), which is likely to lead to
the growth of larger CNTs (Figure 3(g)). The size distribu-
tion of CNTs and seed particles was statistically analyzed
by counting the number of CNTs formed, which was more
than 100 (Figure S3). The CNT diameter was determined
to be 26 3 ± 6 9, 156 2 ± 63 1, and 184 9 ± 55 8nm at the
current densities of 25, 50, and 100mAcm-2, respectively.
The seed particle size at these current densities was
9 8 ± 3 3, 95 0 ± 39 2, and 135 2 ± 26 6nm, respectively.
The borate-containing electrolyte reveals a bright and
distinct manifestation of metal particles in the carbon
product, whereas seed particles were not easily found
without the borate additive (Figure S4).

The Raman spectra were measured using a 633nm laser to
characterize the crystallinity of the CNT products prepared at
different current densities (25, 50, and 100mAcm-2) with a
borate concentration of 3mol% (Figure 4(a)). The crystallinity
of CNTs was determined as the intensity ratio between the D
and G bands of graphitic carbon [45]. The D band indicates
defective sp3-hybridized carbon, while the G band represents
plane sp2-hybridized carbon [45, 46]. A higher G/D ratio
implies higher crystallinity. The synthesized CNTs showed G
/D ratios of 0.55, 0.69, and 0.74 at 25, 50, and 100mAcm-2,
respectively. At higher current densities, the G/D ratio tended
to slightly increase. Furthermore, the specific surface area of
the synthesized CNTs was evaluated through BET analysis.
The N2 adsorption-desorption isotherms showed a type 4 pat-
tern, indicating that the synthesized CNTs are mesoporous
materials. And the specific surface area of CNTs increased
with a decrease in the current density since the CNT diameter
was directly proportional to the current density (Figure 4(b)).
The BET surface area increased from 55.9 to 1136.9m2 g-1

when the current density decreased from 100 and 25mAcm-

2 (Figure 4(c)). It was also identified that the XRD pattern of
the CNT material shows a strong peak at ~26° corresponding
to the (002) plane of graphitic carbon (Figure S5).

Various CNT materials prepared through molten salt-
based CO2 electrolysis have been previously reported. Their
material properties, namely, the specific surface area, crystal-
linity (G/D ratio), and outer diameter, are presented in
Table S2 [2, 25, 27, 35, 46, 47]. Compared with commercial
CNT materials, the CNTs prepared in the current study had
a considerably high surface area because of the nucleation-
controlled synthesis process (Figure 4(d)). Furthermore,
although commercial CNTs produced for industrial use by
using the chemical vapor deposition (CVD) method have
smaller diameters (<20nm), our CNTs showed a higher
specific surface area and comparable G/D ratios (Table S3).
These results indicate that the electrochemically produced
CNTs have promising properties and high potential for use
in industrial fields.

4. Conclusions

In this study, the effect of borate concentration and current
density on CNT synthesis through the electrochemical
reduction of CO2 in a molten salt electrolyte was investi-

gated. The results show that the borate concentration plays
a critical role in determining the carbon morphology and
product selectivity. Specifically, when the borate concentra-
tion was as high as 7mol%, CO generation predominated
over carbon formation. Thus, at high borate concentrations,
the formation of carbon materials, including CNTs, is signif-
icantly hindered. However, moderate borate concentrations
(e.g., 3 and 5mol%) are conducive to CNT growth. Without
the borate additive (0mol%), irregularly shaped carbon was
mainly formed; however, carbon production was preferred
over CO evolution. Since borate addition could facilitate
the dissolution of the metal anode and the formation of a
seed catalyst on the cathode, for small borate concentrations,
nucleation and growth of CNTs could occur with the aid of
the seed catalyst. Therefore, optimizing the borate concen-
tration is important to synthesize CNTs while relatively sup-
pressing CO evolution. Furthermore, the dimensions of the
synthesized carbon materials were closely related to the
current density. At a fixed borate concentration of 3mol%,
current densities of 25, 50, and 100mAcm-2 resulted in the
formation of CNTs with average diameters of approximately
26, 156.2, and 184.9 nm, respectively. Comprehensive TEM
analyses showed that the seed catalyst particles, originating
from anodic dissolution and deposition on the cathode surface,
were smaller at lower current densities, resulting in the growth
of CNTs with smaller diameters through a seed-mediated tip-
growth mechanism. Future research should more clearly inves-
tigate the mechanisms behind seed-mediated CNT growth and
conduct quantitative studies on how various factors influence
the properties of CNTs. This study provides deep insights into
the mechanism of CNT synthesis through molten-carbonate-
salt-based electrochemical conversion.
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