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The present study investigated the preparation of solid carbon through the electrolysis of a newly
formulated molten salt electrolyte containing CaCO3s-Li,CO3;-LiCl with a continuous cell voltage of
4 — 6V, and temperatures of 550 and 650°C. The process was carried out in a two-electrode cell using
AISI 304 stainless steel electrodes in CO, gas environment. CO, gas was captured and
electro-converted to solid carbon, and deposited on the cathode surface. SEM images revealed five
dominant microstructures: grape-like, tubes, thread-like, spheres, and flakes. These materials consist of
69 — 80% carbon content based on EA analysis. Single wall nanotube structures of 13 — 90nm outer
diameter was also detected under TEM analysis. The result revealed that electrolysis voltage and
temperature changes affected the microstructures, quantity of the deposited carbon, and the efficiency
of electro-conversion process. The size of the carbon microstructures declined, and carbon deposition
rate increased as both voltage and temperature were increased. However, it reduced the efficiency of
the process, thus using more energy per g of carbon produced.
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1. INTRODUCTION

Electrochemical conversion of CO, gas into fuels or solid carbon has attracted the attention of
many researchers, industries and governments due to its amenability to automation and the increasing
interest towards renewable energy [1]. Therefore, the electro-conversion of CO, gas to solid carbon is
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widely reported; mostly through a process using a molten salt electrolyte containing a carbonate [1-5],
or mixture of carbonate and chloride [6-8] in which solid carbon was deposited on the cathode surface.
Various mixtures have been reported, including pure carbonate salt mixtures of
LizCOg—N&zCOg—KzCOg [1,4,9], Li2C03—K2C03 [3,10], Na,CO3z-K,CO3 and CaC03-Na,C0O3;—K,CO3
[11], and carbonate-chloride salt mixtures of K,;COs;—KCI-LiCl [12], Li,COs-LIiCl [7,13],
CaCO3—CaCl,—LiCI-KCI [10], and Na;COs—LiCI-NaCl [14]. Despite the successful deposition of
carbon with one or more alkali or alkaline-earth metal carbonates in the presence of a molten salt
[1,2,4,7,10,13,15], the selection of the salt mixture was not clearly explained by the researchers.

The vast selection of salts makes it challenging to identify the optimum salt mixture to use as a
medium for the electro-conversion process, but most studies preferred to use an alkali carbonate. The
presence of carbonate ions (COs?) has been shown to substantially increase the amount of carbon
deposited [16]. The carbonate ions were directly reduced to carbon and oxide ions at the cathode. In
turn, the oxide ions reacted with CO, to regenerate the carbonate ions given CO, gas was supplied
throughout the electrolytic process [3,10]. In this research, the molten salt was formulated to have low
electrochemical stability but with high ability to absorb and convert CO, to carbon. In addition, the
melting temperature was lowered to reduce energy consumption.

Studies revealed that both electrolysis voltage and temperature have a direct effect on the
characteristics of the carbon produced. Using pure carbonate salt, Tang et al. [1] and Yin et al. [2]
claimed that in the electro-deposition from a Li,CO3-Na,CO3;—K,CO3 mixture, the carbon particle size
decreased as the voltage increased. Similar observations were reported by ljijie et al. [3] when using
Li,CO3-K,CO3; mixture. In studies on the effect of -electro-deposition temperature in a
Li,CO3-Na,CO3-K,CO3 mixture by Tang et al. [1] and Van et al.[4], it was found that carbon particle
size increased when deposition temperature was increased. By contrast, ljijie et al. [3] reported that
particle size reduced as temperature was increased for carbon electro-deposition in a Li,CO3—K,CO3
mixture. Ge et al [14] studied the effect of voltage and temperature variation for a carbonate-chloride
mixture of Na,CO3;-LiCI-NaCl, and reported that the quasi-spherical particle shape changed as voltage
increased. At high voltage and temperature, the current efficiency decreased due to formation of
lithium carbide or alkali metals at high voltage. In addition, the accumulation of carbon debris at the
bottom of the melt also affected the process performance. In this work, the effects of electrolysis
temperature and voltage were examined in the newly formulated CaCOs-Li,COs-LiCl mixture to
determine their impact on the carbon particle size, microstructures, current efficiency, and energy
consumption for the process.

2. EXPERIMENTAL

2.1 Chemical and materials

The newly formulated salt was prepared using as-received CaCO; (extra pure; Bendosen),
Li,CO3; (extra pure; HmbG) and LIiCl salts (extra pure; HmbG). The ternary mixture of
CaCOg3-Li,COs-LIiCl (mole ratio 0.09:0.28:0.63) has a liquidus temperature between 490 — 500°C.
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Composition selection is further discussed in the results and discussion section. The mixed salt was
contained in a custom-made stainless steel conical crucible (wall thickness: 1mm; dimensions:
80mm top-OD x 50mm base-OD x 120mm height). Stainless steel rods (type AISI 304; Cr 18 wt. %,
Si 0.75 wt. %, C 0.08 wt. %, Mn 2 wt. %, P 0.045 wt. %, S 0.03 wt. %, Ni 8 wt. %, N 0.10 wt. % and
Fe 71 wt. % with diameter of 9 mm) were employed for both the anode and cathode.

2.2 Carbon Electro-deposition

The electro-deposition process was carried out in a two-electrode configuration in a sealed
reactor made of stainless steel AISI 304 as shown in Fig. 1. CO, gas was continuously purged in at
200mL/min rate. The electrolytic process was initiated by applying a constant cell voltage using an
Agilent E3633A 20A DC power supply. The process was carried out for 3 hours to accumulate a
sufficient amount of carbon for the subsequent analyses.

DC Power Supply
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Figure 1. Schematic diagram (not according to scale) of (a) experimental set-up and (b) solid
deposition on cathode surface for electro-deposition of solid carbon via electrolysis of ternary
salt mixture, CaCO3-Li,CO3-LiCl, in CO, gas environment.

The effect of cell voltage (4, 5, and 6V) and electrolysis temperature (550 and 650°C) on the
newly formulated CaCO3-Li,CO3-LiCl salt mixture were investigated in this research. The collected
solid carbon was continuously washed with 1mol/L HCI followed by warm water (~50°C) to
completely remove any salt residue before drying in a vacuum oven at 80°C for 24 hours. The mass of
the collected carbon samples was recorded. It was recognized that very small amounts of carbon may
be lost during the washing. The very fine carbon powder was either suspended on the surface of water
and washed off, or formed a fine black layer on the surface of glass utensils.

The bulk elemental composition of the dried deposits was analyzed using an elemental analyzer
(EA, Elementar Vario Micro Cube). The microstructure of the dried carbon samples was characterized
using scanning electron microscopy (SEM, Hitachi S3400N with PC-SEM software). The SEM system
included an integrated energy dispersive X-ray system (EDX, Bruker Quantax with Esprit 1.9



Int. J. Electrochem. Sci., Vol. 13, 2018 9774

software) which was used to obtain the elemental composition of the attained microstructures. Higher
resolution analysis and imaging of the carbon microstructures were carried out using transmission
electron microscopy (TEM, TECNAI G2 Spirit BioTWIN). The structural analysis of the dried
deposits was observed using X-ray Powder Diffraction (XRD) (PANalytical X'Pert Pro Multipurpose
Diffractometer which powered by Philips PW3040/60 X-ray generator) and Raman Spectroscopy
(Micro-Raman spectroscopy UniRAM-3500 equipped with Andor SOLIS software).

The carbon mass in the collected dried deposits, carbon deposition efficiency and amount of
energy used to produce a 1 kg of carbon deposition was calculated according to equation (1), (2) and
(3) respectively.

Carbonmass (g) = Mass of deposit (g) X C purity from EA (data refer Table 2) Q)

Current ef ficiency (%) = Carbon mass (g) X100% (2)
urrent efficiency (%) = Calculated theoretical carbon deposited from I — tplot (g) .

Voltage (V) X Charge passed X (1h/3600s) (3)

Carbonmass (kg) X Currentef ficiency

Energy consumption (kWh f kg) =

3. RESULT AND DISCUSSION

3.1 Formulating salt mixture

The salt mixture used in this work was formulated to produce an electrolyte that has (i) low
electrochemical stability to allow reduction of carbonate ions to carbon, (ii) a high affinity of the metal
oxide to CO, to regenerate carbonate ions, thereby allowing indirect absorption of CO, gas, and (iii) a
low melting temperature to reduce energy consumption.

Reaction (4) shows the decomposition of carbonate-based salt into oxides, solid carbon, and
oxygen, whereas reaction (5) shows the regeneration of carbonate-based salt.

M2xCO3 (s) = M2xO (I) + C (s) + O2 (9) (4)
MO + COz = M2xCOs3 (5)

Of the alkali and alkaline earth carbonates, BeCO3; (AG®°0oc = 69.1 kcal), MgCO;
(AGOGOOOC = 82.7 kcal), CaCO; (AGOGOOOC = 104.5 kC&'), SrCO;3 (AGOGOOOC = 116.7 kC&'), and L|2C03
(AG®gooec = 115.9 kcal) have the lowest electrochemical stability to form carbon, metal oxide and
oxygen gas, according to reaction (4), and were therefore pre-considered as potential salts for the
mixture. However, MgCO3; was rejected due to its low thermal stability i.e. AG®sg0-c = —3.9 kcal, while
SrCO3 were avoided due to its high melting temperature and BeCOg3 due to toxicity.

When considering the work of Espen [17] which shows that oxides play an important role in
capturing or absorbing CO, gas, it can be seen that Li,O (AG°spoc = —21.3 kcal) and CaO
(AG°6oooc = —10 kcal) demonstrate a strong affinity to CO, during the reformation to carbonates
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according to reaction (5). This indicates that both are strong candidates for the salt mixture. All AG®
values were derived from HSC Chemistry 6 software (Outotec).

Finally, the melting temperature of a eutectic mixture of CaCOs3-Li,CO3; (662°C m.p) can be
further reduced with addition of their respective chloride. The initial consideration to add chloride to
the mixture was either as additive to the carbonate salt, or to add a carbonate to the eutectic carbonate-
chloride of the other metal. Table 1 shows the possible salt mixtures that were considered. Experiments
were conducted to determine the melting point of various salt mixtures consisting of CaCQOs3, Li,COs,
and LiCl salt mixtures with small additions of CaCO3, CaCl,, Li,COs, and/or LiCl, as listed in Table 1.
The findings confirmed that a eutectic Li,CO3-LiCl mixture with 0.1mol CaCOj3 as additive (overall
salt mixture mole ratio CaCOs:Li,CO3:LiCl = 0.09:0.28:0.63) has the lowest melting temperature
(490 ~500°C m.p), and was therefore used in this work.

Table 1. Solidus and liquidus temperatures of various ternary and quaternary salt mixtures consisting
of CaCOs, Li,COs, LiCl and CaCl,.

Eutectic salt mixture Additive salt Solidus (°C) Liquidus (°C)
CaCO0s-Li,CO5 (662°C m.p) + 0.1mol LiCl 515 555
CaCO0s-Li,CO5 (662°C m.p) + 0.1mol CaCl, 545 575
CaCO0s-Li,CO5 (662°C m.p) + 0.1mol LiCl + 0.1mol CaCl, 455 545
CaCO0s-CaCl, (635°C m.p) +0.1mol Li,CO4 635 745*
Li,CO;-LiCl  (512°C m.p) + 0.1mol CaCO; 465 495

*The volume reduced drastically when fully melted, suggesting thermal decomposition.
3.2 Carbon electro-deposition.

The conversion process takes place at the interface between the electrode and the molten salt
[5] once the voltage is applied to initiate the electrolysis process. The conversion of CO, gas to solid
carbon through an electrochemical process is explained in detail by other author [10]. To summarise:
the CO3% ion is reduced to solid carbon through electrolysis, either by a single step process [5,18,19]
according to reaction (6), or a two-step process [20,21] according to reaction (7) and (8).

COs> +4e — C (s) + 307 (6)
COs% + 26" — CO,* + 0% then CO,* + 2" — C (5) + 20% (7 & 8)
0% +CO; (g) = COs™ (9)

The CO, was absorbed into the molten carbonate salt through reaction (9) or O ions
transported to, and discharged at the inert anode to produce the O, gas. The decomposition of LiCl and
formation of Cl, gas due to too high over potential is made thermodynamically unfavorable due to the
presence of large amounts of COs* and O [22].

In this work, solid carbon was prepared at two electrolysis temperatures: 550 and 650°C. The
550°C temperature was selected as 50°C higher than the melting temperature of salt to ensure a
completely molten state but with minimal energy usage. In a study by Lorenz et al. [23] using
Li,CO3-Na,CO3-K,CO3 it was shown that the lowest temperature at which CO gas was detected was
775°C with a potential of —1.8 V (against a Pt wire reference electrode). As such, the second
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temperature for investigation was set to 650°C to avoid formation of CO gas.

The lowest cell voltage reported by other researchers for preparation of solid carbon in a pure
carbonate mixture of Li,CO3—Na,CO3;-K,CO3; and a carbonate-chloride mixture Li,CO3;-LiCl was
~2.8V [2] and ~2.2V [7] respectively. In this work, the newly formulated CaCO3;—Li,COs-LIiCl salt
had successfully deposited carbon using a voltage of 2.5V at 550 and 650°C, in which a thin layer of
carbon deposited on cathode surface. However, the electrolysis was carried out with 4 — 6V to increase
the rate of reaction (4). Fig. 2 shows an example of deposits formed on the cathode after 3 hours of
electrolysis process in CaCOs-Li,CO3-LiCl electrolyte at 550°C under voltage supply of 4V. All the
other deposits exhibit similar trait.

Figure 2. The example of deposited solid on the cathode surface after 3 hours of electrolysis process in
CaCO03-Li,COs-LiCl electrolyte at 550°C under voltage supply of 4V.

The surface morphology of the deposit was dense and gritty, with no presence of craters, which
confirms that there were no or very few retained CO bubbles. This demonstrates that there was no
substantial reduction of COs* ions, or reduction of CO, and oxidation of COs* as described in [10].
Elemental analyses confirmed that solid deposits prepared under electrolysis voltages of 4, 5 and 6V
and temperatures of 550 and 650°C consisted of 69 — 80% carbon (Table 2). At 550°C, increasing
voltage resulted in slightly increased carbon purity (4 — 5% increase per V) due to the increased rate of
reaction (4). The carbon prepared at 650°C was of generally higher purity at all voltages as compared
to 550°C but showed no clear correlation with cell voltage.

Table 2. Elemental analysis of collected solid deposits prepared at 550 and 650°C with voltage supply

of 4 - 6V.

Sample  Temperature (°C)  Voltage (V) C (%) N (%) H (%) S (%)
C1l 550 4 69.6 0.02 1.5 0.3
Cc2 5 74.6 0.04 1.3 0.2
C3 6 79.5 0.07 1.4 0.3
C4 650 4 78 0.06 1.1 0.2
C5 5 74.6 0.05 0.9 0.2
C6 6 79.4 0.09 1 1.9
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3.3 Characterization of deposited carbon

3.3.1. Microstructure analysis.

SEM images revealed that solid carbon prepared through electrolysis in the newly formulated
salt mixture at 550 — 650°C and 4 — 6V cell voltage showed five dominant microstructures: grape-like,
tubes, thread-like, spheres, and flakes, as shown in Fig. 3a — e respectively.

650°C; 6V

”\\ Necking
”

A

OkV 4 6mm x10.0k 11/05/5 S

Figure 3. Example of SEM images for dominant microstructures found in the deposited samples
prepared at 550 and 650°C with voltage supply of 4 — 6V, where (a) grape-like, (b) tubes,
(c) thread-like, (d) sphere, and (e) flakes.

EDX elemental analysis shows that the all the microstructures have high carbon content
i.e. >87 at. %, with tubes and flakes have >92 at.%. Traces of salt contaminants, due to inadequate
washing and electrode, and crucible materials that corroded were also detected by EDX analysis.

The detected oxygen may be present as metal oxide in the salt residue or iron oxide, whereas
the Au was from the gold-coating used for SEM analysis. The overall EDX elemental at. % for the
various microstructures are listed in Table 3.

Table 3. The EDX elemental at. % for various carbon microstructure found in solid carbon prepared
under 550 and 650°C with voltage supply of 4 — 6V.

Salt /post-prep. Electrode materials Others
Elements in at. % C Ca Cl Cr Fe Ni S @) Au
Grape-like 87.7 0.8 0.2 001 0.02 11.3 0.05
Tubes 92.1 0.05 0.7 0.01 0.04 0.02 7 0.06
Flakes 92.9 0.01 0.7 0.01 0.02 6.3 0.06
Thread-like 92.6 0.06 0.9 0.04 06 0.04 0.06 5.7 0.03
Sphere 88.4 0.1 1.4 10 0.02
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Figure 4. Agglomeration of grape-like microstructure with increasing voltage (a & d) 4V, (b & e) 5V

and (¢ & f) 6V, and temperature (a — c) 550°C, (d — f) 650°C.

It is interesting to note that the carbon prepared at 550°C and 4V (the grape-like microstructure

in Fig. 4a) became progressively agglomerated as cell voltage increased to 5V and 6V (Fig. 4b —c). At
the same time, the diameter of the microstructure increased as indicated in Table 4. At the higher
temperature of 650°C the agglomeration was denser, diminishing the grape-like shapes, as shown in
Fig. 4d — e. However, increasing the voltage to 6V seems to retain the grape-like shapes (Fig. 4f). The
size however was smaller than that produced at 550°C process. The sizes of these microstructures were
listed in Table 4.

Table 4. Micro- and nano-structure shapes, and sizes of carbon samples obtained from SEM and TEM

analysis.

Temp.Voltage

Shapes and sizes of microstructure and nanostructure
Grape-like  Tubes  Thread-like Sphere  Nanotubes Nanotubes Ring-like

O M Tm)  @m @m) m)  od(m) id(m) ()
550 4 0.45-05 045-12 0.15-0.18 6.5-6.6 13-42.5 3-13.5 22-144
550 5 0.6-0.9 0.5-1.2 - 55-5.6 17-39.5 3-26 112-629
550 6 0.65-1.05 0.6-1.3 - 2.5-3 23.5-63 555 290-438
650 4 (@) - 0.05-0.15 - 18-90 7-30 107-112
650 5 (@) - - - 17-76 7-27.2 34-37
650 6 0.35-05 0.75-1.25 - - 28-50 6-27 282-545
* a; agglomerates, i.d; internal diameter, 0.d; outer diameter

The tubes microstructure seems to appear when the agglomerated grape-like microstructure as

seen in Fig. 4b, 4c and 4f is present. Thus, it is proposed that the grape-like microstructure had built-up
or elongated to become tubes as shown in Fig. 5. The SEM image in Fig. 3b also supports this
mechanism because it shows that the tubes has necking instead of tubes with uniform diameter.
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t,; 2 carbon particles t,; Formation of necking  t3; propagation of tubes

Figure 5. Linear progression of the particulates to single tube. t indicates time.

Thread-like (Fig. 3c) were produced under 4V cell voltage, and this microstructure is obtained
at both 550 and 650°C. The diameter was found to reduce with increasing temperature as shown in
Table 4. An interesting large spherical microstructure (Fig. 3d) was obtained when carbon was
prepared at 550°C and 4 — 6V, with size decreasing with voltage increase. However, the spherical
microstructure was not detected at 650°C. Flakes (Fig. 3e) seem to be a common microstructure and
present abundantly at all temperature and voltage combinations.

TEM analysis revealed the presence of dispersed nanotubes microstructures (Fig. 6a) at all
temperature and voltage combinations. The outer diameter of the CNTs varies from 13 to 97.5nm,
while the internal diameter ranges from 3 to 30nm (Table 4). Under electrolysis at 550°C, the
nanotubes size (outer diameter) increased as the voltage increased, whereas at 650°C the nanotubes
size decreased as the voltage increased. Although preparation of carbon nanotubes via electrolysis is
reported elsewhere [24-27], the process employed a chloride molten salt with a graphite cathode as the
source of carbon. In the reported electrolysis process, the graphite cathode experienced erosion and
electrolytically converted to carbon nanotubes in molten salt chlorides.

Figure 6. Example of TEM micrographs of (a) nanotubes, (b) amorphous, (c — e) ring microstructures
on lacey support film, where the nano-structures were found in all deposited samples.

Agglomerate and ring-like amorphous microstructures were also detected in TEM analysis,
similar to those reported by Kaplan et al. [19] and ljije et al. [3]. Agglomerated amorphous carbon
(Fig. 6b) and amorphous ring-like carbon with diameters between 22 — 629nm (Fig. 6¢ —) were again
found at all voltage and temperature combinations. The ring-like amorphous carbon appeared to be
either circular (Fig. 6¢) or square-shapes with either blunt (Fig. 6d) or sharp angles (Fig. 6e). Although
ljije et al. [3] reported that the ring-like microstructures of carbon deposited in Li,CO3-K,CO3 began
to cleave as the voltage increased, this was not observed for carbon prepared in CaCO3-Li,CO3-LiCl
salt.
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3.3.2 XRD and Raman analyses

The XRD patterns of the deposited carbon powders obtained at 550°C and 4 — 6V are displayed
in Fig. 7. The two broad peaks that feature at 26 ~ 24° and 42° are typical of amorphous carbon [28].
This feature was observed in all carbon prepared at 550 — 650°C and 4 — 6V, which supports the results
of the TEM analysis.

The broad (002) peak at 26 ~ 24° can be attributed to the graphitic carbon in the samples
[29-31]. The broadness of the peaks indicates disordered carbon structures between the graphitic
layers for all samples [28], and was again observed on all carbon prepared at 550°C and 4 — 6V.
Although the intensity of this peak for carbon prepared at 5 and 6V and 550°C was comparable, the
intensity was slightly higher for samples prepared at 4V. Increasing the electrolysis temperature to
650°C also decreased the intensity of the broad peak. The intensity changes suggest changes in the
structure of the deposited carbon.

The peak at 260 ~ 42° was attributed to (100) diffraction of hexagonal graphite, and is
supported by the work of Mohan and Manoj [31] who also claimed that the 26 ~ 42° peak is a
signature of the hexagonal graphite lattice of multi-walled CNTs. However, it is also proposed by ljije
et al. [3] that this peak be attributed to magnetite LisFesOs.

Carbon prepared at 550°C and 4V exhibited the highest intensity peak at 26 ~ 42°. Carbon
prepared at 5 and 6V are again comparable to each other but lower than that at 4V. Increasing the
temperature slightly reduced the peak intensity for similar voltages. The intensity changes again
suggest possible changes in the structure of the deposited carbon.

3 550°C, 6V
| 550°C, 5V
550°C, 4V
650°C, 4V
10 30 50 70 90
26

Figure 7. XRD pattern for deposited carbon prepared at 550°C under 4 — 6V and 650°C with 4V
voltage supply.

The solid carbon samples were further characterized by Raman spectroscopy as shown in Fig.
8. The observation on Raman spectra is focused in the range 1000 — 2000 cm™. Within this range,
peaks at 1600 and 1350 cm™ were visible for carbon prepared under all conditions. These peaks are
characteristic of carbon material. The Raman peak at 1600 cm™ is attributed to crystalline graphite and
usually called G band, whereas the peak at 1350 cm™ is referred to as D band and is due to structural
disorder that breaks the translational symmetry e.g. impurities, edges, finite size effects, etc. [7,32].
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Figure 8. Raman spectra of carbon prepared at (a) 550 and (b) 650°C with voltage supply of 4 — 6V.

3.4 Current efficiency and energy consumption

The calculated carbon mass from the dried deposits according to equation (1) is listed in Table
5. As the voltage and temperature were increased, the mass of carbon increased, and this is due to the
increased activity of COs® under these conditions [3]. The efficiency of carbon deposition was
calculated in terms of current efficiency using equation (2), while the amount of energy used to
produce a 1kg carbon deposit at various temperatures and voltages was calculated with equation (3)

[10]. The calculated values are listed in Table 5.

Table 5. Calculated values of carbon mass (g), current efficiency (%) and energy consumption

(kWh/kg)
Electrolysis temperature 550°C Electrolysis temperature 650°C
Collected Current Energy Collected Current Energy
Voltage carbon mass Efficiency consumption Voltage carbon mass Efficiency consumption
V) (9) (%) (kWh/kg) V) (9) (%) (kWh/kg)
4 0.17 70.9 71.2 4 0.34 43.6 186.3
5 0.28 84.5 62.6 5 0.37 *28.3 553.1
6 0.27 79.1 84.5 6 0.47 459 251.3

*value varies due to loss of very fine carbon particles during washing process.

For operation of the process at 550 and 650°C, the current efficiency ranges between 70 — 85%
and 28 — 46%, respectively. The significant difference in these values indicates that process operation
at 550°C is more efficient for carbon deposition. The decreased current efficiency at 650°C is due to
the lower stability of the COs* at higher temperature and this resulted in a shift in equilibrium towards
the decomposition which reduced the absorption of CO,. Moreover, the salt has greater electronic
conductivity at increased temperature, meaning more current may be wasted just passing through the

salt [33].
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Further, these conditions resulted in the consumption of less energy to produce 1 kg of solid
carbon. It is notable that energy consumption is not directly proportional to the value of the current
efficiency. This is because energy consumption in electrolysis is predominantly dependent on the
electrolyte temperature and electrochemical stability. The formation of COs* and the subsequent
formation of C could have different AGs base on the temperature. The formation of carbon could either
be a single step reaction (6) or two steps reactions (7 & 8). In the two steps reaction, charge is passed
without the formation of carbon and would result in lowered current efficiency. Another factor that
gives rise to an energy penalty is the required over potential in the electrode reactions and the
electrolyte IR drop during the process [2].

The effect of voltage could not be clearly concluded, although for a fixed temperature, there
were differences in current efficiency of up to 4% and 17% for 550 and 650°C, respectively.

4. CONCLUSION

Solid carbon was successfully deposited in a molten salt mixture of CaCO3-Li,CO3-LiCl at 550
and 650°C and 4 — 6V applied cell voltage over a period of 3 hours. Carbon particles with various
microstructures were produced, including grape-like, tubes, thread-like, spheres, and flakes. The effect
of operating temperature and cell voltage on the microstructures and particles size was significant, and
particles exhibiting sizes ranging from micro to nanometre scale were observed depending on the
chosen parameters. TEM analysis revealed that deposited nanotubes outer diameter increased with
increasing voltage at 550, and at 650°C the nanotubes size decreased. All carbon samples were
amorphous carbon with a disordered structure. Increasing both process temperature and voltage lead to
a change in carbon structure and degree of disorder. At high operating temperature and voltage, the
rate of deposition was high due to the rapid nucleation of solid carbon. Current efficiency and energy
consumption were more favorable for samples prepared at 550 compared to 650°C, where the optimum
electro-deposition process at 550°C, 5V, attained current efficiency of 84.5% and energy consumption
of 62.6 kWh/kg.
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