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ABSTRACT 

Electrochemical conversion of CO2 into solid carbon is one of the conversion 
techniques that had been developed which contributes in the carbon capture and 
utilisation (CCU). The electro reduction process in molten alkali/earth alkali carbonate 
salt reduces carbonate ion to form solid carbon and alkali/earth alkali metal oxide. 
Then, the metal oxide reacts with CO2 to reform carbonate ion. This cycle is called 
the fixation process. However, at a low operating temperature, the charge transfer 
of the electrolysis process was low and experience current drop after the operation 
period was prolonged. These leads to the low production rate of solid carbon. The 
factor that caused the low charge transfer has been described in this thesis. The 
motivation of study is to improve the charge transfer at operating temperature range 
550 - 570 °C and driven at constant voltage 4V which was previously claimed could 
promotes high current efficiency at this temperature. Therefore, the main objective 
was to instigate an experimental understanding of electrolysis process on carbon 
electrodeposition under different voltage feeding. The voltage feeder was invented 
as to provide electrochemical agitation in the electrolysis system. The electrolysis 
system with Double Pole Double (DPDT) switch was developed in the electrolysis 
system as the voltage feeder. The agitation was done by changing the DC current 
flow manually to drive the electrolysis process. The gated pulse and alternate voltage 
feeding operation was described in this thesis. The effect of the voltage feeding on 
electrolysis in molten Li2CO3 - Na2CO3 - K2CO3 with mole ratio (0.44: 0.30: 0.26) and 
salt mixture CaCO3 - Li2CO3 - LiCI with mole ratio (0.09: 0.28: 0.63) was studied. The 
effect of voltage feeding on total charge transfer and carbon yield was studied. The 
succeeded electrodeposited products were characterised through EA, SEM-EDX, TEM, 
XRD and ATR-FTIR. The results showed the total charge transfer under alternate 
voltage feeding was extremely high compared to gated pulse and continuous voltage 
feeding which leads to high carbon deposition rate. Through EA characterisation, it 
was found that the produced sample under different voltage feeding exhibit higher 
than 60% of carbon content, therefore the deposited samples were carbon dominant. 
However, approximately 12% of carbon content was observed for samples produced 
in Li2CO3 - Na2CO3 - K2CO3 under alternate voltage feeding. Under the SEM-EDX 
analysis, the observed essential carbon structure was found differed based on the 
types of the salt bath and also effected with voltage feeder. Carbon nanotubes 
structure was seen in the samples prepared under alternate voltage feeding for both 
salt mixtures. TEM analysis confirmed the existence of carbon nanotubes. Through 
XRD analysis, the obtained dominant carbon deposition was amorphous type. Due to 
the corrosion of the electrode, crystallite of metallic compound was significantly 
observed for sample prepared using alternate voltage feeding in molten mixture 
Li2CO3 - Na2CO3 - K2CO3. The functional group on the surface of the sample was 
hard to determined due to the noise from the strong IR spectra of intrinsic diamond 

peak from the FIR probe at region 1700 - 2700 cm-1. In alternate voltage feeding, 
the charge transfer in the process was high, however the carbon yield was relatively 
low. Henceforth, it leads to low current efficiency, and therefore high energy density 

was necessary to produce carbon. It was found that with the increased of carbon 
loses during the process, it reduced the current efficiency and thus increased the 
energy consumption. 
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ABSTRAK 

PEMBANGUNAN DAN KAIIAN SISTEM ELEKTROENAPAN LEBURAN GARAM 
MENGUNAKAN PEMBEZA PACUAN VOL TAN 

Penukaran C02 kepada karbon me/a/ui kaedah e%ktrokimia ada/ah sa/ah satu teknik 
yang telah dimajukan dan mampu menyumbangkan kepada penangkapan dan 
pengunaan karbon (CCU). Proses e%ktro penurunan da/am leburan garam karbonat 
alkali/bumf alkali akan melibatkan penurunan ion karbonat untuk membentuk pepejal 
karbon dan oksida logam alkali/alkali bum, Kemudian, oksida logam ini bertindak 
ba/as terhadap CO2 untuk membentuk semu/a , on karbonat, K, taran , n, disebut 
sebagaiproses penetapan. Wa/au bagaimanapun, pada operas, e/ektrol, s, s suhu yang 
rendah, pem, ndahan cas e%ktrol, s, s ada/ah lemah dan mengak, batkan kadar 
penghas, lan pepejal karbon yang perlahan. Motivast kajian ada/ah untuk 
men, ngkatkan jum/ah perp, ndahan cas pada ju/at suhu 550 - 570 °C dan d, pacu pada 
vo/tan tetap 4 DCV, dimana voltan , n, telah d, laporkan mampu member, kecekapan 
arus yang t, ngg, pada ju/at suhu tersebut. Oleh , tu, objektif utama kajian , n, ada/ah 
untuk menel, t, proses e/ektrol, s, s menerusipembeza pacuan masukan vo/tan. Pacuan 
masukan vo/tan telah d, reka untuk member, kan kesan ag, tas, e%ktrok, m, a da/am 
s, stem e%ktrol, s, s S, stem DPDT (suis dua kutub dua arah) diperkenalkan da/am 
s, stem e%ktrol, s, s sebagai pemacu masukan vo/tan. Pengag, tas, an telah dibuat 
dengan mengubah al, ran arus DC secara manual yang memacu proses e%ktrol, s, s 
menerus, DPDT, Operas, pacuan vo/tan nad, berpagar dan po/a bergant, telah 
d#elaskan da/am tes, s , n,, Kesan pacuan vo/tan pada e%ktrol, s, s da/am campuran 
leburan garam Li2C03 - Na2CO3 - K2CO3 (nisbah mol 0.44: 0.30, "0.26) dan campuran 
leburan garam CaCO3 - Li2C03 - L, CI (nisbah mol 0.09: 0.28: 0.63) to/ah dipe/ajari. 
Penc, r, an sifat produk enapan bagi setiap pacuan vo/tan telah diuji meta/ui EA, SEM- 
EDX, TEM, XRD, dan ATR-fTIR, Hasil uj, kaj, menunjukan jum/ah pemindahan cas 
yang t, nggi ber/aku menerus, pacuan vo/tan po/a bergant, berband, ng pacuan vo/tan 
nad, berpagar dan pacuan voltan berterusan. Menerusi penc, r, an EA, sampel enapan 
bag, set, ap pacuan voltan mengandungi 60 % kandungan karbon kecuali sampel 
yang dpna da/am leburan garam Li2C03 - Na2CO3 - K2CO3 menerus, pacuan polar 
berganti , a, tu kandungan karbon hanya sek, tar 12 %. Anal, s, s SEM-EDX mendapat, 
struktur-struktur karbon yang terhasil adalah bergantung pada jenis leburan garam 
dan turut dipengaruh, dengan voltan yang dipacu. Pacuan vo/tan po/a berganti 
mampu menghas, lkan struktur tiub nano karbon da/am sampel enapan bagi kedua- 
dua jen, s garam yang d, gunakan, Anal, s, s TEM telah memastikan kehad, ran dub nano 
karbon. Menerusi analysis XRD, sampel karbon ada/ah jen, s armofos. Kesan dar, pada 
kak, san pada electrode, kehadiran strutur kompos, s, logam to/ah d, kesan da/am 
sampel enapan vo/tan po/a berganti da/am L, 2CO3 - Na2CO3 - K2CO3. Kumpulan 
ben`ungs, da/am sampel karbon tidak kelihatan sela, n spektra yang menunjuk s, sa 
penyerapan struktur berl, an dar, pada prob F77R sek, tar 1700 - 2700 cm-1. 
Perp, ndahan cas menerus, pacuan po/a bergant, adalah tinggi namun re/at, fnya 
terhadap penghas, lan karbon ada/ah rendah. In, mengak, batkan kecekapan arus 
rendah dan seterusnya mengak, batkan pengunaan tenaga yang tingg,, Peningkatan 
keh, langan penghas, lan karbon semasa operas, to/ah menyebabkan penurunan 
kecekapan arus dan seterusnya men, ngkatkan pengunaan tenaga operasf 
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Figure 4.10: Polarisation output for electrolysis under gated pulsed voltage 91 

feeding salt bath of CaCO3 - Li2CO3 - LiCI. 

Figure 4.11: Deposition of cathodic product under gated pulsed voltage 92 

feeding in molten mixture of CaC03 - Li2CO3 - LiCI. 

Figure 4.12: Polarisation output of alternated terminal polar voltage 96 

feeding under controlled duration of ramping polar position in 

salt bath Li2C03 - Na2CO3 - K2CO3- 

Figure 4.13: Progression of the deposition growth under alternate voltage 98 

feeding. 
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Figure 4.14: Dense cathodic deposition product under alternate voltage 100 

feeding in molten Li2C03 - Na2CO3 - K2CO3- 

Figure 4.15: The collected cathodic slurry from deposited product in 101 

carbon collector after undergoes 3.0 hours alternated voltage 

feeding with ramping position (5: 5) in molten salt bath Li2CO3 

- Na2CO3 - K2CO3. 

Figure 4.16: Polarisation output of alternated terminal polar voltage 104 

feeding under controlled duration of ramping polar position in 

salt bath CaCO3 - Li2CO3 - LiCI. 

Figure 4.17: Cathodic deposition product with fine crater like surface 107 

produced under alternate voltage feeding in molten mixture 

of CaCO3 - Li2CO3 - LiCI. 

Figure 4.18: The collected felled deposition fragment from deposited 108 

product in carbon collector after undergoes 3.0 hours 

alternated voltage feeding with ramping position (5: 10) in 

molten salt bath CaCO3 - Li2CO3 - LiCI. 

Figure 4.19: The surface condition of the electrodes SSE2 and SSE1 114 

surfaces after 3.0 hours electrolysis under alternate voltage 

feeding in salt bath Li2CO3 - Na2CO3 - K2CO3- 

Figure 4.20: The surface condition of the electrodes SSE1 and SSE2 117 

surfaces after 3.0 hours electrolysis under alternate voltage 

feeding at positioning ramping ratio (10: 10) in salt bath 

CaCO3 - Li2CO3 - LiCI. 

Figure 5.1: SEM images of (a) particulates, (b) flake, and (c) honeycomb 119 

- like carbon structures, and the EDX elemental composition 
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for sample produced in molten salt bath mixture of Li2C03 - 
Na2CO3 - K2CO3 under continuous and gated pulse voltage 

feeding. 

Figure 5.2: TEM image of carbon structure with rhombus shape in sample 120 

prepared in salt bath Li2CO3 - Na2CO3 - K2CO3 under 

continuous voltage feeding. 

Figure 5.3: SEM images of (a) cotton and (b) tread - like carbon 121 

structures, and the EDX elemental composition for sample 

produced in molten salt bath mixture of Li2C03 - Na2CO3 - 
K2CO3 under alternate voltage feeding. 

Figure 5.4: TEM image of crystal nanoparticle shape in cathodic sample 122 

prepared in Li2CO3 - Na2CO3 - K2CO3 under the alternate 

voltage feeding. 

Figure 5.5: TEM image on CNT structure found in samples produced 122 

under the alternate voltage feeding in molten salt bath of 

L12C03 - Na2CO3 - K2CO3- 

Figure 5.6: Example of SEM images of (a) particulate, (b) flake and (c) 124 

tube structures, and the EDX elemental composition for 

carbon produced in molten salt bath mixture of CaC03 - 
Li2C03 - LiCI under continuous and gated pulse voltage 

feeding. 

Figure 5.7: TEM image of carbon with flake structure in sample prepared 125 

in CaC03 - Li2CO3 - LiCI under continuous voltage feeding. 
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Figure 5.8: SEM images of tube structure and the EDX elemental 126 

composition for carbon produced in molten salt bath mixture 

of CaC03 - Li2CO3 - LiCI under alternate voltage feeding. 

Figure 5.9: TEM images on CNT structure found in samples produced 127 

under (a) continuous voltage feeding, (b) gated pulse voltage 

feeding (GP20'), and (c) alternate voltage feeding (tPj: tp2 = 
10: 5) in CaCO3 - Li2CO3 - LiCI. 

Figure 5.10: XRD patterns of the cathodic product that being produced in 129 

salt bath L12CO3 - Na2CO3 - K2CO3 under continuous and 

gated pulsed voltage feeding. 

Figure 5.11: XRD patterns of the cathodic product that being produced in 130 

salt bath Li2CO3 - Na2CO3 - K2CO3 under alternate voltage 

feeding. 

Figure 5.12: XRD patterns of the cathodic product that being produced in 131 

salt bath CaC03 - Li2CO3 - LICI under continuous and gated 

pulsed voltage feeding. 

Figure 5.13: XRD patterns of the cathodic product that being produced in 132 

salt bath CaC03 - Li2C03 - LiCI under alternate voltage 

feeding. 

Figure 5.14: FUR spectra of carbon sample produced in L'12C03 - Na2CO3 134 

- K2CO3 under (a) continuous and gated pulse and (b) 

alternate voltage feeding. 

Figure 5.15: FTIR spectra of carbon sample produced in CaC03 - Li2CO3 - 136 

LiCI under (a) continuous and gated pulse and (b) alternate 

voltage feeding. 
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Figure 6.1: (a) Theoretical and actual yield carbon, (b) Current efficiency 142 

and (c) Energy to produced 1 kg of carbon via electrolysis 

process in Li2CO3 - Na2CO3 - K2CO3 under variation of voltage 

feeding. 

Figure 6.2: (a) Theoretical and actual yield carbon, (b) Current efficiency 146 

and (c) Energy to produced 1 kg of carbon via electrolysis 

process in CaC03 - Li2C03 - LiCI under variation of voltage 

feeding. 
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