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Direct conversion of CO, to high value-added carbon products based on molten salt electrochemistry has
been proven to be a feasible approach to solve the climate problem and achieve carbon neutrality. In this
work, carbon nanotubes (CNTs), carbon spheres (CSs) and honeycomb carbon are synthesized by
electrolysis of a single or multiple alkali metal carbonate electrolyte. The elemental composition,
morphology and structure, crystallinity and graphitization degree of carbon products are characterized
by electron dispersive spectroscopy (EDS), scanning electron microscopy (SEM), transmission electron
microscope (TEM), X-ray diffraction (XRD) and Raman microspectroscopy (RAM). The
demonstrate that a high yield of CNTs is obtained in Li,COsz electrolyte by regulating the electrolysis
temperature and current density. Compared to pure Li,COs, Li-Na carbonate electrolyte with 1 wt%

results
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Accepted 16th August 2021 stannic oxide/cerium oxide (SNO,/GeO,) favors CS formation rather than CNT formation. Additionally,
honeycomb carbon products are generated in Li-Na—K electrolyte, when the electrolysis temperature is

DOI: 10.1039/d1ra03890g lower than 600 °C. Overall, this work provides a novel carbon neutral strategy where high value-added
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1. Introduction

Restraining the continuous increase of CO, concentration in
the atmosphere has attracted significant attention due to the
problems caused by global climate change, such as melting
glaciers and rising sea levels."* As the most oxidized state of
carbon, CO, is a highly stable, noncombustible molecule, and
its kinetic stability previously had made its transformation into
an economic, stable, non-greenhouse material a challenge.* At
present, distinct CO, splitting strategies have been proposed,
and the quantity of researches in this field has still grown
rapidly.>"® Recent studies on photocatalysis using metal
complexes"™ and metal oxide based photoelectrodes™
demonstrate CO, reduction performance. However, the cata-
lytic selectivity and activity of these photocatalysts have not yet
reached their optimal performance. Over the years, CO,
captured'” and subsequently converted into carbon monoxide
(CO),*® solid carbon and even CNTs,">** CSs** or honeycomb
carbon® through the aid of carbonate electrolytes*® have been
proposed. As an example, Wang et al. introduced the significant
influence of electrolysis temperature and voltage on the
morphology of carbon products in Li-Na-K ternary carbonate
mixtures and obtained nano-carbon particles and nano-carbon
flakes when the voltage and temperature were 3-6 V and 450-
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carbon products are synthesized using CO, as a carbon source.

650 °C, respectively.** As another example, Ijije et al. studied
a Li,CO3-K,CO; binary system under CO, or CO,/N, atmo-
sphere and observed a carbon deposition on a mild steel
cathode when the voltage and temperature were 3.0-5.0 V and
540-700 °C, respectively.”> However, in these publications, the
cathode products from molten salt electrolysis tend to be an
uncontrolled mixture of graphite and amorphous carbon, and
therefore, the cost of operation versus the perceived economic
value of carbon products becomes critical for the feasibility and
practicability of this method. In addition to conversion to
amorphous carbon materials, it has been recognized in recent
years that CO, can be reduced in carbonate electrolyte to carbon
products with desirable structures.***° In 2015, controllable
synthesis of CNTs was achieved in Li,COj; electrolyte, in which,
the Ni nanoparticles originating from anodic corrosion and
redepositing at cathodic surface acted as nucleating sites for
following CNTs growth,*" which further set off a research boom
in this field. Subsequently, researches on high value-added
carbon nanomaterials prepared via molten carbonates elec-
trolysis have been widely reported.*”** In summary, the tech-
nology for preparing carbon products by molten salt
electrochemistry is becoming more and more mature.
Compared with methods such as chemical vapor deposition
(CVD) and arc discharge, the technology can also reduce costs
by using renewable raw materials rather than conventional
chemicals from the natural gas or petroleum industry.

In this paper, in addition to the use of pure Li,CO; to produce
CNTs, low-cost Li-Na binary carbonate and Li-Na-K ternary
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carbonate are used to produce CSs and honeycomb carbon,
respectively. To the best of our knowledge, this is the first time to
synthesize CSs from electrochemical conversion of CO, by adding
SnO, or GeO, additives to the carbonate electrolyte. This study is
helpful to mitigate global climate change and promote the
reduction of CO, into high value-added solid carbon products
(CNT, CS and honeycomb carbon), which is of great significance to
the realization of sustainable development of human beings.

2. Materials and methods

2.1. Preparation

Li,CO3, Na,CO; and K,CO; that were supplied by BA Chemical
Reagent Factory of Tianjin China were of analytical purity.
Galvanized Fe wire (active area = 5 cm?) and Ni wire (active area
= 10 cm?®) were used as the cathode and anode, respectively.
SnO, and GeO, were purchased from Aladdin Chemical
Reagent. All the wires were rolled into a spiral for electrolysis
experiments. A corundum crucible (Al,O3, 99%) with a 50 mL
volume was used to contain the molten salt elec-trolytes and
was provided by the Tangshan KS Porcelain Chemistry Factory.

The corundum crucible was filled with the carbonate mixture
at the desired ratio and placed into a pit heating furnace. After
heating up to the presupposed temperature, the system was
supplied with a constant direct-current within the desired time.
Fig. 1 depicts the experimental conditions in detail. All experi-
ments in this paper were carried out under air atmospheric
unless otherwise indicated.

2.2. Purification and characterization of the carbon
materials

After electrolysis, the electrodes were pulled out from the
carbonates-melt and the carbon-products remained on the
cathode. After cooling to room temperature, carbon products
fell off when the cathode was unrolled. We used 3 M HCI
pickling carbon products for 24 h to remove the cooled elec-
trolyte adherent on the carbon product surface. Subsequently,
post-treatments including ultrasonic (10 min), filtration (0.4 pm

experimental conditions: | Galvanized Fe (5 cm?) cathode
and Ni anode (10 cm?)

. Li,C0O;-Na,CO, Li,CO;-Na,CO;-
Pure Li,CO; ’ (1:1 wt) ‘ K,CO4 (1:1 wt)
Different electrolytic Different current Add additives (1 Low temperature
temperatures (750, density (50, 100, )
775 and 800°C) 200 and 300 mA cm?), wt% Sn0,/GeO,) electrolysis (<600°C)
Microamount of High yield, High yield, uniform

amorphous carbon and
large amount of CNTs

clustered CSs honeycomb carbon

Before electrolysis, all experiments were pre-electrolyzed with gradually increasing small
current density of 6 mA cm™ for 15 min, 10 mA cm for 15 min and 20 mA cm for 5 min.

Fig. 1 Specific experimental conditions.
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Fig. 2 (a) Electrodes after the electrolysis in the Li-Na—K carbonate
electrolyte, (b) acid leaching of the cathodically generated carbon
products in a beaker, (c) purified carbon powders, (d) EDS analysis of
the obtained powders.

filter membrane) and drying (80 °C for 4 h) were carried out to
obtain the purified carbon products. The elemental composi-
tion of the purified cathode carbon product was identified by
using an energy dispersive spectrometer (EDS, X-Max, the
British Oxford Instruments Co., Ltd). The micromorphology
and microstructure of the carbon products were analyzed by
scanning electron microscopy (SEM, SIGMA, Zeiss Company)
and transmission electron microscope (TEM, JEM-2100, JEOL)
at a beam voltage of 200 kV. The crystal form of the carbon
products were determined by X-ray diffraction (XRD, D/MAX-
2200, Rigaku) with a sweep rate of 0.12 degree per minute and
a 0.01 degree slit width. The graphitization degree of the carbon
products were revealed by Raman spectroscopy (Raman, DXR,

e C
e O
!} CO>
o O2

Scheme 1 Schematic diagram of the experimental process.
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Table 1 Required standard potentials by converting alkali carbonates
into solid carbon (Ec), carbon monoxide (Eco) and corresponding alkali
metal (Ep)

T/K Carbonate Ec/V EcolV En/V
400 Li,CO; —2.26 —2.94 —3.67
Na,CO, —3.04 —3.97 —3.24
K,CO, —3.61 —4.73 —3.32
800 Li,CO; -1.79 —2.12 —3.07
Na,CO3 —2.60 —3.21 —2.65
K,CO; —3.13 —3.91 —2.70
1200 Li,CO, —1.45 —1.49 —2.56
Na,CO, —2.22 —2.52 —2.09
K,CO3 —2.68 —-3.13 —2.01

Fig. 3 Micromorphology of the carbon products generated in Li,COs
electrolyte at (a and b) 750 °C, (c and d) 775 °C, and (e and f) 800 °C.

Thermo Fisher Scientific) with a 532 nm™" laser excitation, 10 s
exposure time, and 10% laser power analysis.

3. Results and discussion
3.1. Reaction mechanism

Fig. 2a-d respectively show electrode images after electrolytic
reaction, the pickling of the resultant carbon powders, purifi-
cation of carbon powder and energy spectrum analysis.

The picture of electrodes (Ni anode and Fe cathode) after
electrolysis is shown in Fig. 2a. Ni anode excepts for some
condensed electrolyte, no obvious changes are observed, while
a thick layer of black carbon product is deposited on the surface
of Fe cathode while some condensed electrolyte adhered to the
carbon products. Therefore, the post-treatments of the carbon
products purification are proved to be necessary. Cathodically

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of carbon products obtained in 750 °C Li,COs
electrolyte: (a) 50 mA cm™2, (b) 100 mA cm~2, (c) 300 mA cm™2, (d)
TEM of CNTs prepared at 100 mA cm 2.
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Fig. 5 The outer diameter distribution of CNTs obtained under
different current densities in 750 °C Li,COzs electrolyte (a) 50 mA cm~?,
(b) 100 mA cm™2, (c) 200 mA cm~2, (d) 300 mA cm™2.

generated carbon products are pickled (Fig. 2b), filtered and
dried, the carbon powder obtained is shown in Fig. 2c for
subsequent characterization and analysis. Fig. 2d shows the
EDS analysis results of the carbon powder obtained in Li-Na-K
(1:1:1wt) system. Besides the main C element accounting for
~90% of the mole fraction, trace amount of O, Ni, Na, Cl and K
are presented. After electrolysis, the molten transparent elec-
trolyte becomes green due to the corrosion of Ni anode, so Ni is
observed in the elemental analysis of the carbon products.
Presumably, Na K and ClI are detected due to the incomplete
acid leaching step and residual acid. The presence of O, as re-
ported by Tang et al., may be ascribed to the existence of oxygen-
containing functional groups in the carbon products.”* In the
infrared spectrum, the obvious visible peaks at 3450 cm™ " and
1110 cm ™" can be attributed to the stretching vibration of ~-OH

RSC Adv, 2021, 11, 28535-28541 | 28537
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Fig. 6 SEM images of the carbon products generated in 750 °C Li—Na
(1:1 wt) eutectic: (a and b) 1 wt% SnO,, (c and d) 1 wt% GeO,.

Fig. 7 SEM images of the carbon products generated from Li—Na-K
(1:1:1wt) carbonates eutectic at (a and b) 500 °C, (c and d) 550 °C.
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Fig. 8 XRD diffraction patterns of the carbon materials: (a) CSs
prepared in Li—-Na eutectic with 1 wt% SnO,, (b) CNTs prepared in
750 °C Li,CO3 electrolyte.

and C-C-O, respectively, which indicates the presence of
oxygen-containing functional groups in carbon products. It is
generally acknowledged and believed that these observed
oxygen-containing functional groups are common for active
carbons and preferable for capacitance performance.*
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Fig. 9 Raman spectrum of the carbon materials: (a) CSs prepared in
Li-Na eutectic with 1 wt% SnO,, (b) CNTs prepared in Li,COs
electrolyte.

Scheme 1 is a schematic diagram of molten carbonate elec-
trolysis carbon generation. CO, is indirectly converted to solid
carbon through CO5%~ reduced to C and O®>~ on the surface of
the cathode (eqn (1)). A part of the generated O>  that is
transported to the anode side through the molten salt electro-
Iyte, loses electrons on the anode and oxidizes into O, (eqn (2)),
while the other part reacts with CO, to generate CO;>~ to ach-
ieve electrolyte regeneration (eqn (3)). Therefore, the total net
reaction (eqn (4)) is the electrolysis of CO, into C and O,.

CO5*" +4de” = C + 30*" (1)
207 —4e” =0, (2)
CO, + 0*~ = CO;*~ 3)
CO,=C+0, (4)

The theoretical potential values of Li,CO;, Na,CO;, and
K,CO; decomposing at different temperatures to produce cor-
responding decomposition products, as listed by Table 1. From
the perspective of thermodynamics, the more positive the reduc-
tion potential is for the cathode reduction process, the easier the
reduction process is. With the increase of temperatures, the elec-
trolysis potential moves in the positive direction, that is, the acti-
vation energy required for the reaction is reduced, and the reaction
is more likely to occur. Compared with Na,CO; and K,COs3, the
absolute value of the potential required for the de-composition of
Li,CO; to produce carbon (Ec) is lower than the absolute value of
the potential for the decomposition of CO (Eco) and Li metal (Ey)
at the same temperature, indicating that the carbon generation
reaction proceeds preferentially in Li,COj; electrolyte. However, the
absolute value of the electric potential required by Na,CO; and
K,COs; to deposit the corresponding alkali metal (Ey,) is lower than
the electrolytic potential required to form carbon (Ec), so the
reduction of alkali metals has more advantages in thermody-
namics. Therefore, the electrolyte system used in this article
contains Li,COs;.

3.2. Morphology controlled synthesis of carbon products

CNTs formation in pure Li,CO; electrolyte—we established
pure Li,COj; electrolyzer with galvanized Fe as cathode and Ni as
anode. By regulating electrolytic temperature and current

© 2021 The Author(s). Published by the Royal Society of Chemistry
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density, a large number of CNTs were found in cathode
products.

After pre-electrolysis nucleation at a current density of 6-10-
20 mA cm %, carbon is produced by constant current electrol-
ysis at 200 mA cm 2. The morphology and structure of carbon
products obtained at diverse temperature are shown in Fig. 3. It
can be observed that the carbon products are mainly CNTs, but
the micromorphology is still slightly different. CNTs (>80%)
obtained by electrolysis at 750 °C (Fig. 3a and b) are in a curly
shape, with diameters ranging from 34-80 nm. With the increase
of temperature, the tubes changed from a curly shape to a long
straight shape. When the electrolysis temperature rises to 775 °C
(Fig. 3c and d) and 800 °C (Fig. 3e and f), the straight CNTs with
smaller diameter exhibit a smooth-surfaced tube wall, and no
obvious defects are observed. In addition, a yield of amorphous
carbon in carbon products increases, due to the increase of side
reactions with increasing temperature which affects the carbon
deposition process. During the process of electrolysis, the NiO
from Ni anode corrosion is reduced to the Ni metal in cathode
surface, which acts as the nucleating agent to promote the growth
of CNTs. At low temperature, the Ni anode corrodes severely, which
increases the concentration of NiO in the electrolyte, leading to an
increase in Ni metal clusters and enlargement the diameter of the
CNTs. The carbon atoms in CNTs are dominated by sp” hybrid-
ization, accompanied by a small amount of sp® hybridization,* so
the CNTs have high modulus and high strength, and the tensile
strength reaches 50-200 GPa. In Li,CO; electrolyte, the bending
degree of CNTs is obviously enhanced at low temperature, that is,
the content of sp® increases. This kind of CNTs with more defects
have higher electric capacity and can be used as electrode mate-
rials for lithium-ion batteries.>*

In order to further reveal the influence of applied current on
the morphology of CNTs, pure Li,COj; electrolyte is electrolyzed
with different current densities at 750 °C, and the morphology
of carbon products obtained after the reaction is observed, as
shown in Fig. 4a-c. When the current densities are 50 mA cm >
and 100 mA cm ™2, the SEM images (Fig. 4a and b) shows that
carbon deposits contain >90% fraction of CNTs and trace
amount of carbon particles. In the upper right corner of Fig. 4a
and b, the high-magnification SEM images of CNTs obtained at
50 mA cm > and 100 mA cm 2, respectively, show that the
morphology of CNTs is slender, with smooth tube walls and no
obvious defects. When the current density increases to 300 mA
cm 2 (Fig. 4c), a yield of 80% CNTs with larger diameter is
presented, commixing with irregular carbon particles. TEM is
used to further characterize the CNTs prepared at 100 mA cm ™,
as shown in Fig. 4d. The obvious hollow structure was observed,
and the thickness of the tube wall is 50-100 nm. Today's CNTs
(90% purity, industrial grade) produced by traditional CVD
methods are valued at ~$300 000 per ton.*” Due to high price
and high synthesis cost, CNTs' application has been limited.
The production of CNTs through molten salt electrochemistry is
only limited by the cost of electricity. Here, without considering
the power consumption of molten salt pretreatment and heat-
ing, according to the calculation of electric power and carbon
product quality, the energy consumptions required for elec-
trolysis are calculated. In the Li,CO;, the control electrolysis

© 2021 The Author(s). Published by the Royal Society of Chemistry
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power is 1 A h at 50-300 mA cm ™2, and the energy consumption
is 12 800-20 500 kW h per ton. Using an electricity cost of $0.10
per kW h, the electrosynthesis of CO, to CNTs suggests an
equivalent $640 to $1025 per ton of CNTs. In addition, due to
the low cost of Ni anode, Fe cathode and auxiliary equipment
during the electrolysis process, it is estimated that the upper
limit of the cost is $2000 per ton of CNTs. Compared to today's
conventional CVD production costs of $100 000-200 000 per ton
of CNTs (90% industrial grade),* CNTs are synthesized at a 50-
100 fold price reduction. The low cost of CNT (from CO,
conversion) production increases revenue, while providing
significant incentives for CO, removal.

The Nano Measurer 1.2 software is used to calculate the
outer diameter size distribution of CNTs under different current
densities of Li,CO; electrolyte, as shown in Fig. 5. The diameter
distributions follow lognormal distributions with a diameter
distribution shifting with the current density during electrol-
ysis. We observed the general trend that the smaller the current
density yielding CNTs with smaller and tighter diameter
distributions. At 50 mA cm ™ (Fig. 5a), the diameter of the CNTs
ranges from 24 to 69 nm with an average diameter of about
42 nm. Current density of 300 mA cm 2 (Fig. 5d) results in the
widest and largest diameter distribution ranging from 40 to
124 nm with a mean diameter around 79 nm. The raw data of
the diameter distribution of 100 mA cm > and 200 mA cm ™2 are
shown in Fig. 5b and c. The diameter distributions are 30-
66 nm and 34-80 nm, respectively. The results further demon-
strate the trend of increasing CNT diameter from increased
current density. The reason might be that the high current
density promotes the dissolution behavior of NiO, so it is easier
to form large-sized Ni nanoparticles, making the diameter of
the catalytically grown CNTs larger.*

CSs generated in binary carbonate electrolyte—herein,
add SnO, and GeO, to Li-Na (1 : 1 wt) eutectic for electrolysis
and the corresponding carbon structures are presented in
Fig. 6. During the process of electrolysis, a small current
density is applied to the system to deposit Ni particles on the
cathode surface, and then the carbon deposition reaction
begins at 200 mA cm 2. For carbon products of adding 1 wt%
SnO, or GeO, in Li-Na eutectic (Fig. 6a-d), CSs rather than
CNTs previously reported*> become the preferable
morphology. Formation of CSs might be related to the Na*
induced interference effect and trace amount of SnO,/GeO,
to adequately modify the interface between the electrolyte
and cathodic surface, facilitating CSs deposition. Another
observation is that the diameter and degree of bending of the
CNTs formed in the Li-Na system (Fig. 6a and b) have slightly
increased. It may be due to the addition of Na,CO; which
increases the alkalinity of the electrolyte, thereby increasing
the solubility of NiO, which results in an increase in Ni metal
clusters and expands the diameter of CNTs.

Honeycomb-structured carbon production generated in
ternary carbonate electrolyte—during this process, initial low
current step is still utilized to activate the Ni nucleating sites
formation, which may lead to carbon materials with desirable
structures deposition at cathode.

RSC Adv, 2021, 1, 28535-28541 | 28539
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At Li-Na-K (1:1:1 wt) ternary carbonates, a mixture of
carbon flakes and 10% CNTs is observed when electrolytic
temperature is over 600 °C. Interestingly, when the temper-
ature is lower than 600 °C degrees, honeycomb carbon
becomes the preferred product, as shown in the Fig. 7. The
honeycomb carbon material obtained is different from the
disordered butterfly wing carbon flake, and shows a higher
regularity, and the yield is more than 80%. Notably, in Fig. 7b
and d, the SEM images of higher magnification show
a honeycomb-like structure with nano-sized cells, and
simultaneously, a little graphite impurities are observed to
disperse on the surface of the honeycomb-like structure.
Unlike nanoflakes formed in molten salts reported by other
researchers,* this honeycomb-like structure is composed of
densely packed carbon flakes, rather than dispersedly
distributed, endowing a compressed panel with minimal
weight and excellent rigidity. At Li-Na-K (1:1:1 wt) elec-
trolyte, electrolysis temperature has a significant influence
on morphology evolution of carbon products. When the
electrolysis temperature is 500 °C, the cell voltage is 2.85-
2.95 V, which is much higher than the reduction potential of
Na' and K' at this temperature. Therefore, the carbon
deposition process is accompanied by the deposition reac-
tion of alkali metals, inferring that the honeycomb structure
is caused by the co-deposition of alkali metals.

3.3. Characterization of the carbon materials

The crystallinity of carbon products is characterized and
analyzed by X-ray diffractometer, and the results are shown in
Fig. 8. The XRD spectrum of CNTs obtained in 750 °C Li,CO;
electrolyte is shown by Fig. 8b. The CNTs have a significantly
enhanced characteristic peak at 26° (002), and the peak width is
relatively narrow, indicating that the graphite hexagonal crys-
tals in CNTs are relatively regular and have a high degree of
crystallinity. Fig. 8a shows the XRD spectrum of CSs prepared by
adding 1 wt% SnO, to 750 °C Li-Na eutectic. The intensity of
characteristic carbon peak at 26° is lower than the CNTs, indi-
cating that the crystallinity of CSs is less than that of CNTs.
Additionally, the diffraction peaks at 43° and 44° are observed
in Fig. 8b, which proves that the CNTs formed by electrolysis
have exceptional uniformity.*

Raman spectroscopy is utilized to measure and evaluate the
graphitization degree of CSs and CNTs, as shown in the Fig. 9a and
b, respectively. Two characteristic peaks are observed at 1350 cm ™
and 1580 cm ™', corresponding to the characteristic disorder peak
(D band) and graphitization peak (G band) of carbon products,
respectively. The intensity ratio of D band and G band (I/I) as an
indicator reflects the degree of graphitization of carbon products,
and the higher Ip/I; ratio, the higher the disorder and defect
density of carbon products will be. For CSs of the Li-Na eutectic
with 1 wt% SnO, (Fig. 9a), the ratio of I/I; falls in the range of 0.9
to 1.0. Compared with the Raman spectrum of CNTs prepared by
electrolytic Li,CO; system, it can be clearly observed that the Ip/I5
value has greatly increased, indicating that the disorder of the
graphite crystal arrangement has increased and the degree of
graphitization has decreased. The higher surface disorder is
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caused by the Na'-induced interference and the SnO, and other
oxides-induced interface modification.

4. Conclusion

In this paper, CNTs, CSs and honeycomb carbon value-added
carbon materials are prepared by molten carbonate electrol-
ysis and greenhouse gas CO, as a carbon source. It is proved
that current density in Li,COj; electrolyte exhibits stronger
interference with the yield of CNTs as only 80% CNTs are
observed at 300 mA cm™2, lower than >90% CNTs at 50 mA
cm 2. Besides, the diameter of CNTs generated at 50 mA cm ™2
decreases to merely 24-69 nm due to form small-sized Ni
nanoparticles on cathode surface. Binary eutectic Li-Na (1: 1
wt) carbonates with 1 wt% SnO, or GeO, favor the CS structure
formation presumably due to the presence of Na™ as well as the
interface modification of Sn0O,/GeO,. The Li-Na eutectic
provides a chemical environment for the larger diameter of CNT
production as well, 100-200 nm, where the degree of curling of
CNTs is greater than that of pure Li,CO;. For Li-Na-K (1:1:1
wt) ternary eutectic, surpass 80% honeycomb-like carbons
become the preferred carbon products at 500 °C. In conclusion,
CNTs, CSs and honeycomb-like carbon with varying structural
parameters are prepared by regulating the composition of alkali
metal carbonate and adding additives. Further researches on
preparing CNTs, CSs and honeycomb carbon material with
desirable size and exploring their application prospects in
diverse fields are expected. The electrochemical conversion of
CO, into value-added carbon products via molten salt electro-
lyzer provides a practical method for solving energy shortages
and climate change issues.
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