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Abstract

Anafi Nur’aini
Effects of electrodes, current density, and dynamic operation on solid carbon produc-
tion in molten carbonate electrolysis
Lappeenranta 2026
82 pages
Acta Universitatis Lappeenrantaensis 1302
Diss. Lappeenranta–Lahti University of Technology LUT
ISBN 978-952-412-486-7, ISBN 978-952-412-487-4 (PDF), ISSN 1456-4491 (Print),
ISSN 2814-5518 (Online)

The urgency to reduce CO2 emissions has accelerated research into electrochemical con-
version of CO2 into valuable products, such as solid carbon, carbon monoxide gas, and
hydrocarbons. Investigations into each of these target products are ongoing, with the goals
of achieving high production efficiency, high purity, and low production cost. The CO2
electrolysis for solid carbon production involves a cathode and an anode that are immersed
in molten salt electrolytes. When a potential difference is applied, the reduction reaction at
the cathode produces solid carbon, while oxidation at the anode generates oxygen gas.

The carbon product from CO2 electrolysis in molten salt, commonly referred to as
electrolytic carbon, exhibits diverse morphologies including graphite, carbon nanotubes
(CNTs), spherical-like onion carbon, and amorphous carbon. Metal elements or compounds
originating from the cathode and the anode are commonly detected through scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD). Some of these metals are separated
from the carbon particles, while others remain on the surface or are incorporated within
the carbon particles. Electrolytic carbon has numerous potential applications, such as a
lithium-ion battery anode, an adsorbent, and bucky paper. Despite its promising properties,
commercialization remains challenging because production costs are significantly higher
compared with carbon obtained through conventional methods.

In this doctoral dissertation, experimental studies were conducted to investigate the effects
of electrode pair selection, applied current density, and dynamic operating conditions
using various waveforms during electrolysis on the properties of the solid carbon product.
Additionally, the influence of dynamic operation on electrical power consumption during
electrolysis was examined. Titanium, nickel, and nickel-based superalloy (Alloy X)
were tested as cathode and anode materials in a molten lithium carbonate. Among the
electrode pairs evaluated, a titanium cathode with a nickel anode (Ti–Ni) demonstrated
the most stable voltage performance, achieving the highest Faraday efficiency of 62%
and voltage efficiency of 48%. The SEM analysis of carbon produced using a Ti–Ni pair
revealed predominant spherical-like onion structures, whereas tubular and amorphous
carbon morphologies were observed when an Alloy X cathode and a titanium anode



(Ax–Ti) were employed.

Subsequently, using the Ti–Ni electrode pair, current densities ranging from 0.1 to
0.4 Acm−2 were applied. The highest Faraday efficiency of 67% and voltage efficiency
of 52% were achieved at 0.1 Acm−2. Notably, the trend of Faraday efficiency did not
correlate with the magnitude of applied current density. The SEM analysis indicated that
the applied current density had no significant effect on the morphology of the electrolytic
carbon, although it slightly influenced the diameter of the spherical onion-like shape of the
carbon structure.

Furthermore, dynamic operations using triangular, square, sine, ramp-up, and ramp-down
waveforms were applied during electrolysis. The SEM analysis revealed that waveform
variation had a minimum impact on the carbon morphology, with most products exhibiting
spherical-like onion structures, and a small fraction of tubular and hollow sphere struc-
tures. An analysis of electrical power consumption during electrolysis under dynamic
operation indicated higher electrical power consumption compared with constant DC, due
to additional losses introduced by the alternating current component. Ripple loss under
dynamic operation increased with amplitude, and among the tested waveforms, the square
waveform produced the highest ripple loss.

Keywords: CO2 conversion, molten carbonate electrolysis, solid carbon, electrode, current
density, dynamic operation
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1 Introduction
Global CO2 emissions remain a critical concern, especially given the prediction that by
the year 2030, the temperature on the Earth will likely increase by more than 1.5°C,
and it is difficult to limit the temperature increase to below 2°C during the 21st century
(Intergovernmental Panel on Climate Change, 2023). The impacts of climate change
include more frequent and intense heatwaves, rising sea levels, increased occurrence of
wildfires, and the thinning of polar ice. Even Nordic countries, with Finland among them,
are no longer safe from heatwaves, as in 2025, Finland recorded temperatures over 30°C
for 22 days (Carrington, 2025). In response, urgent actions to reduce CO2 emissions are
being implemented, such as shifting from coal-based electricity generation sources to clean,
renewable electricity generation based on solar and wind power. Fig. 1.1 illustrates the
trend of global electricity generation from 2000 to 2050, showing that coal-based energy
remains the largest source of electricity until around 2030, after which it begins to decline,
reaching nearly 60% of its current level by 2050 (International Energy Agency, 2025).
Meanwhile, solar and wind-based electricity generation increases drastically and becomes
the main contributor to renewable electricity generation, expanding from around 15% in
2024 to 40% in 2035 and 55% in 2050 (International Energy Agency, 2025).

Figure 1.1: Global electricity generation by source from 2000 to 2050 (International Energy
Agency, 2025). TWh = terawatt-hours; CCUS = carbon capture, utilization, and storage.
The category “other renewables” comprises bio-energy, renewable waste, concentrating
solar power, geothermal energy, and marine energy, while the category “other” consists of
oil, nonrenewable waste, and other sources.

In addition, the technology involving carbon capture, storage (CCS), and utilization (CCU)
has emerged and grown rapidly. The CO2 is captured through several techniques, such as
precombustion, postcombustion capture (adsorption, absorption, and membrane separa-
tion), and oxy-fuel combustion (Hanson, Nwakile, and Hammed, 2025). Subsequently,
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the CO2 can be stored in deep geological formations, including saline aquifer formations,
depleted oil and gas reservoirs, and deep unmineable coal beds, as these methods have
been implemented in various subsurface geological storage projects (Ajayi, Gomes, and
Bera, 2019). The captured CO2 can also be purified and liquidized or compressed into
a supercritical state so that it can be further used in applications such as enhanced oil
recovery (EOR), beverage carbonation, or as a feedstock for chemicals, as demonstrated by
several pilot and commercial projects worldwide (Hanson, Nwakile, and Hammed, 2025).
Furthermore, CO2 utilization involves electrochemical conversion technologies that can
electrochemically reduce CO2 into carbon monoxide (CO) gas, solid carbon, and other
C2

+ products (Jhong, Ma, and Kenis, 2013; Han et al., 2023). The CO2 electrolysis in
molten salt technology aligns with carbon capture and utilization (CCU), as the carbon
dioxide is converted into a stable and beneficial solid carbon product.

Table 1.1: Comparison of CCS and CCU technologies for mitigation of CO2 emissions.

Parameter CCS CCU

Goal Reduce CO2 emissions and long-term mitigation
of climate change

Enable industrial utilization of CO2 as a feedstock
in the production of materials and fuels

CO2 demand Large quantities from large point sources or ambi-
ent air

Limited by the amount of target products

Technology CO2 capture and compression into a supercritical
state or geological storage

CO2 capture with direct use or electrochemical/-
catalytic conversion

Form of product Compressed CO2, carbonic acid, carbonates Fuels, chemicals, syngas, solid carbon, construc-
tion materials

Storage time Long term Temporary or long term depending on product

Table 1.1 shows a comparison of CCS and CCU technologies to mitigate CO2 emissions.
CCS focuses on storing large quantities of CO2 in long-term forms, such as in deep ge-
ological formations, whereas CCU emphasizes the potential to convert CO2 into some
valuable products, including fuels, chemicals, and solid carbon. CCS and CCU technolo-
gies complement each other in reducing CO2 emissions, especially when the processes
of capturing, storing, and utilization are powered by clean electricity from renewable
electricity generation.

1.1 CO2 electrolysis

Within CCU technology, CO2 electrolysis emerges as a strategy to convert CO2 gas into
carbon-based products. CO2 electrolysis is a method for the electrochemical reduction of
CO2 molecules into various products, such as solid carbon, carbon monoxide (CO), and
other chemicals, depending on the electrolysis cell system. For example, in molten salt
electrolysis, CO2 is electrochemically reduced into solid carbon and oxygen. In addition,
the conversion of CO2 into CO gas can be accomplished through solid oxide electrolysis,
molten carbonate electrolysis, and low-temperature electrolysis in aqueous electrolytes
(Küngas, 2020).



19

The conversion of CO2 into solid carbon is written as (Laasonen et al., 2022):

CO2 → C + O2 (1.1)

and into CO as (Küngas, 2020):

CO2 → CO +
1
2

O2 (1.2)

Other routes of CO2 conversion in aqueous electrolytes (e.g., KHCO3, NaHCO3, KOH,
and KCl) result in C2

+ products such as formic acid (HCOOH), methane (CH4), ethylene
(C2H4), methanol (CH3OH), and ethanol (C2H5OH) (Martín, Larrazábal, and Pérez-
Ramírez, 2015).

2CO2 + 2H2O → 2HCOOH + O2 (1.3)
CO2 + 2H2O → CH4 + 2O2 (1.4)

2CO2 + 2H2O → C2H4 + 3O2 (1.5)
2CO2 + 4H2O → 2CH3OH + 3O2 (1.6)
2CO2 + 3H2O → C2H5OH + 3O2 (1.7)

Regardless of the reaction paths, the electrolyzer comprises two electrodes, called the
cathode and the anode, which are separated by the electrolyte that conducts the ions.
Meanwhile, the electrons migrate through the conductor, which electrically connects the
two electrodes to the terminals of the power supply. When the electrical energy creates a
potential difference between the cathode and the anode, the reaction begins with reduction
at the cathode, followed by oxidation at the anode. The standard cell potential (U◦) of
the CO2 electrolysis into solid carbon and oxygen at 750°C is approximately 1.024 V
(Nur’aini et al., 2024).

In this doctoral dissertation, the CO2 electrolysis process is limited to producing a solid
carbon product in a molten salt electrolyte. The experimental investigations were con-
ducted using molten lithium carbonate (Li2CO3), as discussed in Chapters 4 and 5. The
electrochemical reduction results in solid carbon deposition on the cathode and oxygen gas
evolution at the anode. After the electrolysis process, the solid carbon product attached
to the cathode is separated from the cathode using the hydrochloric acid (HCl) leaching
method (Li et al., 2018; Deng et al., 2019). This method is considerably simpler and the
most suitable method for small-scale experiments in the laboratory, compared with other
solid carbon separation methods, such as high-temperature press filtration (HTPF) (Wang,
Licht, and Licht, 2021), the ammonium chloride (NH4Cl) roasting approach (ACRA)
(Cheng et al., 2023), and ultrasound-assisted carbonation (Qiao et al., 2023). Various types
of molten salt to produce the solid carbon product are described in more detail in Section
2.3. The solid carbon product from the electrolysis, or electrolytic carbon, is discussed in
Chapter 3.
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1.2 Motivation and objectives

This dissertation explores molten carbonate electrolysis as one of the technologies to
reduce CO2 through an electrochemical conversion process. In this process, carbon dioxide
is reduced to solid carbon, which is potentially useful for many applications, such as
electrocatalysts, capacitors, adsorbents, battery anodes, and bucky papers. However,
several constraints regarding the electroreduction process must be addressed, including the
design of the reactor, the selection of the electrode and electrolyte, and optimization of the
operating conditions. These factors are critical to maximizing the yield and controlling
the structure of the carbon product. In general, this dissertation examines whether CO2
conversion by molten carbonate electrolysis can produce high-value solid carbon products,
the extent to which the characteristics of this solid carbon can be controlled, and whether
this approach could become techno-economically competitive compared with other carbon
production routes.

The optimization of the reactor setup was explored in a previous study (Laasonen, 2024).
Compared with that work, a downsizing of the reactor was implemented to reduce the
amount of molten carbonate required. Additionally, the orientation of the electrode was
shifted from vertical to horizontal to reduce the amount of carbon product that falls into
the electrolyte. Furthermore, the exploration of other types of molten salt was conducted
through a literature review (Publication I) and experiments as reported by Laasonen et al.
(2024). Therefore, this dissertation focuses on three main aspects: electrode pair selection,
operating current density, and dynamic operation during the electrolysis process.

The importance of material selection for the electrodes in molten carbonate electrolysis
stems from the fact that the process is conducted at a high temperature of 750°C. To survive
in this corrosive environment, the electrodes must be metals with a melting point higher
than the operating temperature and high stability at that temperature. Noble metals (Pt, Au,
Ir, Pt/Ir) meet these criteria, offering high melting points, stability, and excellent corrosion
resistance. However, from an economic perspective, these noble metals are prohibitively
expensive. Therefore, the search for non-noble metals that are cheaper, stable, and able to
survive in molten salt conditions is crucial for the feasibility of this electrolysis process.
Moreover, the morphology of the solid carbon product is also influenced by the electrode.
Thus, selecting the optimal cathode and the anode becomes an essential step in controlling
the carbon product morphology and purity.

During electrolysis, a constant direct current (DC) is applied between the cathode and
the anode. The current density flowing to the cathode directly affects the rate of carbon
deposition and, subsequently, the amount of solid carbon product. Furthermore, the current
density may or may not influence the morphology and the size of the carbon particle.
The limited attention paid to this aspect in the prior literature necessitates a thorough
investigation into the effect of applied current density on the characteristics of the solid
carbon product.
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The dynamic operation during electrolysis has been studied in water electrolysis, where it
has been shown to increase the loss resulting from current ripple. Dynamic operation has
also been explored in metal deposition to control the morphology, hardness, and roughness
of the metal product. Similarly, pulse electrolysis has been used in CO2 electrolysis,
specifically in KHCO3, to control the selectivity of the syngas product. However, dynamic
operation studies in molten carbonate electrolysis are very limited, primarily focusing
on the effect of pulse electrolysis on the modification of the carbon morphology and
microstructure. Therefore, it is of interest to investigate the influence of the basic waveform
during molten carbonate electrolysis on the solid carbon product and on the associated
electrical power consumption. Accordingly, the objectives of this doctoral dissertation are
summarized as follows:

• Objective 1: Investigate the effect of electrode pairs in molten lithium carbonate
electrolysis on the characteristics of the solid carbon product.

• Objective 2: Investigate the effect of applied current density in molten lithium
carbonate electrolysis on the characteristics of the solid carbon product.

• Objective 3: Investigate the effect of dynamic operation during molten lithium
carbonate electrolysis on the solid carbon product.

• Objective 4: Analyze the electrical power consumption during molten lithium car-
bonate electrolysis under dynamic operation across a specified range of frequencies
and amplitudes.

1.3 Summary of publications

This dissertation focuses on the electrochemical conversion of carbon dioxide into solid
carbon production through molten salt electrolysis. A comprehensive review was conducted
on the use of various molten salts—specifically molten chloride, molten chloride–oxide,
molten chloride–carbonate, and molten carbonate—as electrolytes for CO2 conversion into
solid carbon. Subsequently, experimental investigations were conducted to examine the
solid carbon products formed under different conditions, including electrode materials,
applied current densities, and dynamic operating modes. The results of these studies have
been published in four peer-reviewed journal articles that form the core of this dissertation.
The main findings and the primary contribution of this study are presented below:

• For the first time, molten chloride, molten chloride-oxide, molten chloride-carbonate,
and molten carbonate are compared as electrolytes in CO2 electrolysis for solid
carbon production (Publication I).



22

• Corrosion occurs in all types of molten salts, leading to the presence of metal ele-
ments in the solid carbon product and reducing the purity of the carbon (Publication
I).

• The titanium cathode and nickel anode (Ti–Ni) pair exhibits the most stable electrode
pair in molten Li2CO3 electrolysis (Publication II).

• Using the Ti–Ni electrode pair, the highest Faraday efficiency of 67% is achieved at
a current density of 0.1 Acm−2 (Publication II).

• The Ti–Ni electrode pair produces solid carbon with a spherical onion-like morphol-
ogy (Publication II).

• The diameter of the spherical onion carbon structures increases with the higher
applied current density (Publication II).

• Application of different current waveforms has a minimal impact on the morphology
of the solid carbon product, with spherical onion-like structures remaining dominant
(Publication III).

• A small fraction of tubular carbon structures is observed, attributed to nickel particles
originating from the anode (Publication II; Publication III).

• Application of the ripple current increases the electrical power consumption of the
electrolysis process compared with using a constant direct current (Publication IV).

• The electrical power consumption of electrolysis increases as a function of ripple
amplitude (Publication IV).

Summaries of these peer-reviewed journal articles are given below:

Publication I presents a comprehensive literature review on molten salt electrolytes for
solid carbon production. The study describes four types of molten salt electrolytes for
solid carbon production: molten salt chloride, molten chloride–oxide, molten chloride–
carbonate, and molten carbonate. The performance of these four types is examined from
the perspective of total electrical efficiency, and the advantages and disadvantages of
these molten salt electrolytes are presented. Given that the molten electrolysis process
requires high temperatures, corrosion cannot be ignored. The paper discusses corrosion in
molten chloride and molten carbonate, highlighting its consequences, as the resulting metal
elements can contaminate the solid carbon product. Finally, the economic perspective of
the solid carbon product from molten salt electrolysis is compared with carbon produced
by other methods (e.g., plasma pyrolysis). This comparison shows that, considering both
the SEC and the estimated price, carbon from plasma pyrolysis requires a lower SEC and
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has a lower price than carbon from molten salt electrolysis.

Publication II investigates five different electrode pairs for molten lithium carbonate: a
titanium cathode and a titanium anode (Ti–Ti), a titanium cathode and a nickel anode
(Ti–Ni), a titanium cathode and an Alloy X anode (Ti–Ax), a nickel cathode and a titanium
anode (Ni–Ti), and an Alloy X cathode and a titanium anode (Ax–Ti). Among these
pairs, the Ti–Ni pair achieved the highest Faraday efficiency and voltage efficiency, and
the most stable voltage performance. Observation using scanning electron microscopy
(SEM) showed that the Ti–Ni electrode pair resulted in the majority of the spherical-like
onion shapes. The study then continued using the Ti–Ni pair to investigate the effect of
the applied current density between 0.1 and 0.4 Acm−2. The highest Faraday efficiency of
67% and voltage efficiency of 52% were obtained using a current density of 0.1 Acm−2.
In addition, the SEM image analysis indicated that the diameter of the spherical-like onion
shape is larger at higher applied current densities.

Publication III explores a novel approach during molten carbonate electrolysis by using
dynamic operation. Five current waveforms were investigated: triangular, square, sine,
ramp-up, and ramp-down. The current density of these waveforms was oscillated between
0.1 and 0.4 Acm−2 at a frequency of 1 Hz. The SEM and X-ray diffraction (XRD)
analysis of the solid carbon product revealed that varying the applied waveforms has a
minimal influence on its morphology and structural characteristics. The SEM analysis
showed that the spherical onion shape was dominant for all samples, with a small amount
of tubular structures attributed to the presence of nickel particles shed from the anode.
Although titanium particles were also present alongside the carbon, they did not affect the
morphology due to their large size. The XRD analysis corroborates the SEM findings, as
distinct peaks corresponding to nickel oxide and titanium oxide were clearly observed.

Publication IV analyzes the electrical performance of molten carbonate electrolysis under
dynamic operation. The power consumption under the current ripple resulted in a ripple
loss that caused higher power consumption compared with a constant DC. However, a
consistent decrease in power consumption was observed during the experiment, making it
difficult to precisely calculate the increase in power consumption caused by the current
ripple. A compensation technique was therefore introduced and applied to mitigate this
issue. The ripple loss increases as a function of amplitude, but the effect of frequency
cannot yet be conclusively established from the measurements. Among the waveforms
tested, the square waveform exhibited the highest power loss, reaching up to 3.4% at 1 Hz
compared with the triangular, sine, ramp-up, and ramp-down waveforms.

1.4 Outline of the dissertation

This dissertation explores the electroreduction of CO2 into solid carbon in molten lithium
carbonate. The key contributions include introducing a titanium cathode–nickel anode
(Ti–Ni) electrode pair and investigating the effects of various dynamic current waveforms
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on both the properties of the resulting solid carbon product and the electrical power
consumption during electrolysis. The findings demonstrate that the Ti–Ni electrode
pair achieves the highest Faraday efficiency, while variations in current waveform have
a minimal influence on carbon morphology but lead to increased power consumption.
Chapter 1 presents an overview of CO2 electrolysis technology, outlines the motivation and
objectives of the research, and summarizes the publications included in this dissertation.
Chapter 2 provides a general overview of the electrochemical reaction of CO2 in molten
salt. This section summarizes the various possible reaction routes, thermodynamics of the
CO2 electrolysis process, and the different types of molten salts that have been studied
over the past decade. Additionally, the state of the art regarding Faraday efficiency
is discussed in brief, along with the corrosion that occurred during the electrochemical
process. Chapter 3 introduces the morphology of the solid carbon product from electrolysis,
also known as electrolytic carbon or E-carbon. The corrosion of the electrode leads to the
presence of metal elements alongside the electrolytic carbon, which is also being discussed.
Furthermore, the application and economic perspective of this electrolytic carbon are
introduced and discussed. Chapter 4 describes the research methodology applied in this
dissertation, covering the experimental setup, experimental procedure, analytical methods
to examine the structural and morphological characteristics of electrolytic carbon, and
the calculation of ripple loss. Chapter 5 presents a summary of the experimental results,
divided into four subsections. Section 5.1 covers the effect of electrode materials on the
solid carbon product, Section 5.2 addresses the effect of applied current density on the
solid carbon product, Section 5.3 discusses the effect of dynamic operation on the solid
carbon product, and Section 5.4 provides the analysis of electrical power consumption
during dynamic operation. Finally, Chapter 6 outlines the conclusions and future research.
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2 Electrochemical conversion of CO2 in molten salt

This chapter presents the process of converting CO2 gas into solid carbon through an
electrochemical reduction in molten salt. The electrochemical reaction, its thermodynamics,
and various types of molten salts are discussed. Furthermore, the current state of the
Faraday efficiency of this electrochemical conversion is presented, along with the corrosion
challenges of this process.

2.1 Electrochemical reaction mechanism

Since the concept was first introduced in the 1960s by Bartlett and Johnson (1966) and
Ingram, Baron, and Janz (1966), several routes for electrochemical reduction of CO2
gas into solid carbon have been proposed. Publication I and Laasonen (2024) provide a
comprehensive summary of these reaction routes discussed in the previous studies. Table
2.1 presents the proposed reactions for solid carbon production by molten salt electrolysis.

Table 2.1: Proposed cathodic, anodic, and total reactions for solid carbon production
through CO2 electrolysis in molten salts.

Route Cathodic Anodic Total reaction Ref.
1 CO3

2− + 4e− → C + 3O2− CO3
2− → CO2 + 1

2 O2 + 2e− 3CO3
2− → 3O2− + C +

2CO2 + O2 = 3MxCO3 →
3MxO + C + 2CO2 + O2

Bartlett and John-
son, 1966; Lorenz
and Janz, 1970

2 CO3
2− + 4e− → C + 3O2− O2− → 1

2 O2 + 2e− CO3
2− → C + O2 + O2− =

MxCO3 → C + O2 + MxO
Lorenz and Janz,
1970

3 3CO2 + 4e− → 2CO3
2− + C CO3

2− → CO2 + 1
2 O2 + 2e− CO2 → C + O2 Bartlett and John-

son, 1966; In-
gram, Baron, and
Janz, 1966

4 CO2 + 2e− → CO2
2− (1)

CO2
2− → CO + O2− (2)

CO + 2e− → C + O2− (3)
3CO2 +4e− → C+2CO3

2− (4)

2CO3
2− → 2CO2 +O2 +4e− CO2 → C + O2 Novoselova,

Oliinyk, Volkov,
et al., 2008; Ijije,
Lawrence, and
Chen, 2014

5 CO3
2− + 2e− → CO + 2O2−

CO + CO2 + 2e− → CO3
2− + C

O2− → 1
2 O2 + 2e− CO2 → C + O2 Ingram, Baron,

and Janz, 1966;
Lorenz and Janz,
1970

6 2CO2 + 2e− → CO + CO3
2−

CO + CO2 + 2e− → CO3
2− + C

CO3
2− → CO2 + 1

2 O2 + 2e− CO2 → C + O2 Ingram, Baron,
and Janz, 1966;
Lorenz and Janz,
1970

Reaction routes 1 and 2 share the same cathodic reaction, which involves the reduction
of carbonate into solid carbon. The difference between these two reaction routes lies in
the charge carrier, indicating CO3

2 – as the charge carrier in route 1 and O2 – in route
2. Lorenz and Janz (1970) reported that at low current densities and polarization poten-
tials, the oxidation of O2 – to O2 is the dominant anodic reaction. However, at higher
current densities (≥ 0.01 Acm−2) and polarization potentials (≥ 0.25 V), CO3

2 – begins
to contribute to the anodic reaction and eventually dominates the anodic process (Lorenz
and Janz, 1970). In this dissertation research, the experiments were conducted at current
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densities of 0.1–0.4 Acm−2. Thus, under these conditions, CO3
2 – ions are expected to act

as the dominant charge carrier governing the reaction mechanism.

According to Bartlett and Johnson (1966), the thermal decomposition of carbonate can be
suppressed by keeping the system supplied with CO2. However, this situation led to the
complication that CO2 itself can be reduced to carbon as shown in reaction route 3 (Bartlett
and Johnson, 1966). The idea of direct CO2 reduction is also proposed by Novoselova,
Oliinyk, Volkov, et al. (2008) and Ijije, Lawrence, and Chen (2014) in reaction route 4
through a cyclic voltammetry study. This reaction route suggests that elemental carbon
can be produced through the direct electrolysis of CO2, involving the steps of: (1) quasi
reversible electrochemical reduction of CO2 to radical CO2

2 – ; (2) chemical formation
of CO; and (3) irreversible electrochemical reduction of CO to carbon at the cathode
(Novoselova, Oliinyk, Volkov, et al., 2008; Ijije, Lawrence, and Chen, 2014). At the
same time, the CO2 also acts as an acceptor of oxide anions, and thus, the overall cathodic
reaction in route 4 is written as reaction (4) (Novoselova, Oliinyk, Volkov, et al., 2008; Ijije,
Lawrence, and Chen, 2014). Although the overall cathodic reaction in route 4 is identical
to that in reaction route 3, the mechanism proposed in reaction route 4 has limitations
in clearly explaining the balance reaction of step (1)–(3) while also accounting for the
formation of CO3

2 – through the reaction between O2 – and CO2. For this reason, the
cathodic reaction in route 3 is considered the more plausible one, further supported by the
argument that negatively charged CO3

2 – ions cannot migrate toward the cathode.

A sequence of simultaneous and consecutive gas-evolving processes suggests reaction
routes 5 and 6. In both routes, the cathodic process involves the formation of CO gas as
an intermediate product. Lorenz and Janz (1970) reported that the lowest temperature
at which CO gas was detected by gas chromatography during electrolysis was 775°C
(−1.8 V). This observed CO is thermodynamically calculated, attributed to carbonate
reduction as described in route 5 (Lorenz and Janz, 1970). Meanwhile, the CO evolution
through reaction route 6 was not detected chromatographically. This absence is attributed
to the significantly higher concentration of CO3

2 – compared with CO2 in the electrolyte
(Lorenz and Janz, 1970).

2.2 Thermodynamics of CO2 electrolysis

Total energy demand (∆H, enthalpy), total electrical energy demand (Gibbs free energy
(∆G)), and thermal energy demand (T∆S, entropy) of CO2 conversion into solid carbon
and oxygen gas can be calculated using the equations below:

∆H◦ = [∆H◦
f (C)+∆H◦

f (O2)]−∆H◦
f (CO2) (2.1)

T∆S◦ = T (S◦
C + S◦

O2
)− T S◦

CO2
(2.2)

∆G = ∆H − T∆S (2.3)
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Figure 2.1: Thermodynamics of CO2 into carbon and oxygen as a function of temperature
from 723 to 1223 K. The data are adapted from Chase (1998).

The standard potential (U◦) of CO2 electrolysis can be calculated by dividing the change
in Gibbs free energy (∆G) by the number of electrons (n= 4 for C production, n= 2 for CO
production) and the Faraday constant (F= 96485 Cmol−1).

U◦ =
∆G
nF

(2.4)

In addition, the thermoneutral potential (U tn) can be calculated from the enthalpy change
(∆H, kJmol−1) divided by the number of electrons and the Faraday constant.

U tn =
∆H
nF

(2.5)

Fig. 2.1 illustrates the thermodynamics of CO2 splitting into solid carbon and oxygen over
the temperature range of 723–1223 K, adapted from Chase (1998). This temperature range
was selected because CO2 electrolysis in a single molten salt or mixture of molten salts
typically operates between 450°C and 950°C. Within this range, ∆G varies from 395.453 to
396.128 kJmol−1, corresponding to a standard potential (U◦) of 1.024–1.026 V. Similarly,
∆H ranges from 394.037 to 395.110 kJmol−1, resulting in the thermoneutral potential
(U tn) of 1.021–1.023 V.
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2.3 Various types of molten salt

Carbon production from CO2 can be achieved through electrochemical reduction in molten
salt. Various types of molten salts used for carbon production have been summarized in
Publication I and Laasonen (2024).

2.3.1 Molten chloride

To examine whether solid carbon can be produced in a free-carbon-containing electrolyte,
molten chloride salts such as CaCl2 were employed, as shown in Fig. 2.2 (a). Experimental
results by Chen et al. (2019) demonstrated that carbon forms at the GLS-3PI (gas–liquid–
solid three-phase interline) when CO2 gas is supplied to molten CaCl2 at 850°C, shown in
Fig. 2.2 (c). In contrast, when argon gas was used, carbon was not evident in Fig. 2.2 (b),
highlighting the critical role of CO2 gas. During the reduction of Ta2O5 in CaCl2, O2 –

ions are generated, which subsequently react with CO2 gas to form CO3
2 – , serving as a

precursor for carbon formation (Chen et al., 2019).

Figure 2.2: Cathode and anode are Ta2O5 and graphite, respectively. (a, d) Schematics
of experiments in molten CaCl2 and CaCl2 – CaO, (b, c) digital photo of the electrolytic
product after the electrolysis in CaCl2 under argon and CO2, and (e, f) digital photo of the
electrolytic product after the electrolysis in CaCl2 – CaO under argon and CO2. The figure
is adapted from Chen et al. (2019).

When using the molten chlorides, the alkali chlorides in the system can undergo cathodic
reduction (Ge et al., 2016):

M+ + e− → M (2.6)
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and anodic reaction:
2Cl− → Cl2 + 2e− (2.7)

However, these reactions are less favorable compared with carbon reduction and the
oxidation of O2 – to O2.

Molten chloride electrolytes for solid carbon production are primarily composed of alka-
line/alkaline earth chlorides, such as CaCl2, NaCl, KCl, LiCl, and CsCl. A single molten
chloride, such as (CaCl2), has a relatively high melting point of 772°C, but the mixture of
molten chlorides exhibits lower melting points. For example, LiCl – KCl has the melting
point at 353°C (Deng et al., 2016), NaCl – KCl at 660°C (Novoselova, Oliinyk, Volkov,
et al., 2008), and CaCl2 – LiCl at 475°C (Ge et al., 2017). Various carbon morphologies,
including granular, flake, carbon nanotube (CNT), and amorphous carbon, have been
produced by electrolysis in molten chlorides, as further discussed in Publication I.

2.3.2 Molten chloride-oxide

In Figs. 2.2 (d), (e), and (f), the addition of 1 wt% of CaO to CaCl2 results in a greater
amount of carbon produced compared with pure CaCl2, under both argon and CO2 gas
(Chen et al., 2019). Fig. 2.2 (f) further indicates that more CO2 gas is converted into
carbon in CaCl2 – CaO (Chen et al., 2019). Therefore, the addition of metal oxide plays a
crucial role in molten chloride electrolytes.

The addition of Li2O or CaO to molten chloride aims to enhance the CO2 capture by
forming Li2CO3 (Laasonen et al., 2022; Kamali and Fray, 2015) or CaCO3 (Deng et al.,
2019):

CO2 + Li2O → Li2CO3 (2.8)

CO2 + CaO → CaCO3 (2.9)

The Li2CO3 and CaCO3 can be subsequently reduced to solid carbon. Another hypothesis
suggests that CaO or Li2O dissociates into metal and oxide ion (Deng et al., 2019):

MxO ↔ xMy+ + O2− (2.10)

The oxide ion then reacts with CO2 to form carbonate ions, which are subsequently reduced
to solid carbon (Ijije, Lawrence, and Chen, 2014; Deng et al., 2019):

O2− + CO2 → CO3
2− (2.11)

Publication I provides a summary of research on carbon production from CO2 electrolysis
in a molten chloride-oxide electrolyte. Metal oxides CaO or Li2O are added to molten
chlorides, such as CaCl2, LiCl, and NaCl. A previous study has investigated the solubility
of these metal oxides, showing that both CaO and Li2O dissolve in LiCl (Ge et al.,
2016). At 650°C, the solubility of CaO is higher in LiCl than in CaCl2 – LiCl (Ge et
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al., 2016). Similarly, Li2O exhibits greater solubility in LiCl compared with LiCl – KCl
and LiCl – NaCl (Ge et al., 2016). Furthermore, CO2 absorption is higher in molten
LiCl – KCl – CaO than in molten LiCl – KCl – LiO (Deng et al., 2019), and higher CaO
concentrations lead to increased CO2 uptake (Deng et al., 2019).

In addition to CaO and Li2O, GeO2 has also been added to CaCl2 – NaCl – CaO to form
germanium nanoparticles (Ge NPs) encapsulated within the carbon nanotube (Ge@CNT).
The addition of GeO2 provides two key benefits: first, it promotes the formation of O2 –

ions at the cathode, thereby enhancing CO2 absorption (Weng et al., 2020). Second, the
deposited Ge on the cathode becomes encapsulated by carbon, resulting in the formation
of Ge@CNT (Weng et al., 2020).

2.3.3 Molten chloride-carbonate

Instead of adding metal oxides (CaO or Li2O) to molten chloride to form CaCO3 or Li2CO3,
carbonate compounds themselves can be mixed with molten chlorides as an electrolyte for
solid carbon production. CaCO3 or Li2CO3 is preferred because the reduction potential of
these molten carbonates to metallic Li or Ca is higher than that for solid carbon or CO gas
(Deng et al., 2018). Previous studies have examined the addition of Li2CO3 or CaCO3 to a
single LiCl melt (Ge et al., 2015; Ge et al., 2016), or a mixture of LiCl – KCl (Deng et al.,
2016; Deng et al., 2018; Deng et al., 2019), and CaCl2 – LiCl – KCl (Gakim et al., 2015).
Li2CO3 or CaCO3 can decompose into carbon and metal oxide (Ijije et al., 2014; Deng et
al., 2018):

3MxCO3 → 3MxO + C + 2CO2 + O2 (2.12)

Because the resulting metal oxide has a strong affinity to CO2, this enables regeneration
of the carbonate compound through the following reaction (Deng et al., 2018; Jin et al.,
2018):

MxO + CO2 → MxCO3 (2.13)

In Eqs. (2.12) and (2.13), M denotes Li or Ca, and x is 1 or 2. The combined reaction
between Eq. (2.12) and two times of Eq. (2.13) yields (Ijije et al., 2014; Deng et al., 2018):

MxCO3 → MxO + C + O2 (2.14)

The addition of carbonate compounds to molten chlorides facilitates carbon deposition
on the cathode even without an external CO2 supply. Fig. 2.3 presents the cyclic voltam-
mograms of electrolysis in molten LiCl – KCl and LiCl – KCl – K2CO3 at 450°C under
argon gas (Song et al., 2012). The cyclic voltammogram shows that carbonate reduction
to carbon occurs only in the molten LiCl – KCl – K2CO3 system, as indicated by peak C9
in Fig. 2.3 (b) (Song et al., 2012). As shown in Figs. 2.3 (a) and (b), peaks C6 and
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Figure 2.3: Cyclic voltammogram of (a) molten LiCl – KCl and (b) molten
LiCl – KCl – K2CO3 at 450°C on titanium wires under argon atmosphere at a scan rate of
50 mV/s. The figure is adapted from Song et al. (2012).

C8 correspond to the reduction of metallic lithium deposition, while peaks A6 and A8
represent the anodic stripping of the reduction product (Song et al., 2012). In addition,
peaks C7 and A7 correspond to the reduction and oxidation of tin oxide (Song et al., 2012).
Furthermore, the same phenomena have been discussed in previous studies, indicating that
carbon can be formed on the cathode when the Na2CO3 or Li2CO3 is added to LiCl – NaCl,
LiCl, or NaCl systems even without an external CO2 supply (Ge et al., 2015; Ge et al.,
2016; Lv and Zeng, 2012).

2.3.4 Molten carbonate

Without molten chloride, molten carbonate can solely be used as an electrolyte for solid
carbonate production in CO2 electrolysis. Molten carbonate (MxCO3) consists of alka-
li/alkali earth metal ions (M), such as Li, Na, K, Ba, Ca, Mg, Sr, where x is either 1 or 2.
Among these, lithium carbonate (Li2CO3) is the most widely used due to its favorable
properties compared with other carbonates. Li2CO3 has a relatively lower melting point at
723°C, compared with K2CO3 at 891°C and Na2CO3 at 851°C (Kanai et al., 2019). The
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potential reduction of carbon in molten Li2CO3 is lower than that of the lithium metal,
making the carbon deposition on the cathode more favorable than metal deposition. In
addition, molten Li2CO3 can be reused multiple times without significant degradation
(Arcaro et al., 2019; Arcaro et al., 2022).

Figure 2.4: Scanning electron microscopy (SEM) images of electrolytic carbon from CO2
electrolysis in various molten carbonates at 600°C. The figure is adapted from Wu et al.
(2017).

While Li2CO3 alone can be used as an electrolyte for CO2 electrolysis (Licht et al.,
2010; Laasonen et al., 2022; Laasonen et al., 2023), mixing it with one or two molten
carbonates offers additional benefits, such as lowering the operating temperature, adjusting
the product morphology, and reducing cost. For example, the Li2CO3 – K2CO3 mixture can
reduce the operating temperature to 545°C (Gakim et al., 2015), while a ternary mixture
of Li2CO3 – Na2CO3 – K2CO3 can reduce it further to 397°C (Janz and Lorenz, 1961).
Reducing the operating temperature leads to lower energy consumption to heat the system.

A mixture of molten carbonate can influence the morphology of the electrolytic carbon.
Fig. 2.4 illustrates various carbon morphologies produced from different molten carbonate
mixtures (Wu et al., 2017). The presence of sodium in the molten Li2CO3 – Na2CO3
mixture promotes the formation of spherical carbon particles, as shown in Fig. 2.4 (a) (Wu
et al., 2017). In contrast, incorporating potassium in the Li2CO3 – K2CO3 mixture results
in thick nanoflakes around 50–200 nm, as depicted in Fig. Li2CO3 – Na2CO3 (b) (Wu et
al., 2017). Furthermore, using a ternary mixture of Li2CO3 – Na2CO3 – K2CO3 produces a
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microflake structure with sharp edges, as shown in Figs. 2.4 (c) and (d) (Wu et al., 2017).

Lithium is expensive and significantly less abundant than other elements, such as Ba, Ca, K,
Na, and Sr. Therefore, the idea of mixing Li2CO3 with other carbonates has been proposed
as a strategy to reduce costs. Several studies have explored lithium-free carbonate as an
electrolyte for solid carbon production, using molten Na2CO3 – K2CO3 (Shi et al., 2023;
Chen et al., 2020; Chen et al., 2021). Further modifications have been investigated by
adding MCO3 (where M= Mg, Ca, Sr, and Ba) (Chen et al., 2021) and NaVO3 (Chen et
al., 2020), which influence both the carbon morphology and its degree of graphitization
(Chen et al., 2020; Chen et al., 2021).

2.4 Faraday efficiency of the electrolysis process for carbon produc-
tion

The efficiency of carbon production through electrolysis in molten salt, commonly referred
to as current efficiency or Faraday efficiency, can be calculated by dividing the mass of
solid carbon obtained from the electrolysis (m) by the total electric charge passed through
the cell (Q). The Faraday efficiency (η) is defined as follows (Deng et al., 2019):

η =
nmF
QM

(2.15)

where n is the number of electrons transferred, which is 4. F is the Faraday constant
(96485 Cmol−1), and M is the molar mass of carbon (12.01 gmol−1).

Fig. 2.5 compares the Faraday efficiency of molten salt electrolysis systems based on data
collected from several previous studies. Unfortunately, only a limited number of previous
reports provide efficiency values, as most studies focus primarily on the morphology of the
solid carbon product. In addition, voltage–time (U − t) and current–time (I − t) profiles
are rarely provided, making it challenging to assess and compare the performance. As
shown in Fig. 2.5, the Faraday efficiency for solid carbon production in molten salts ranges
from approximately 45.7% to 89.7%. Most data points are heavily concentrated within the
range of 70%–85%.
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Figure 2.5: Comparison of the Faraday efficiency of carbon production from the CO2
electrolysis process from various types of molten salts at different applied cell voltages
(Publication I).

2.5 Corrosion in molten salt electrolysis

Electrodes used in molten salt electrolysis are typically metals with melting points higher
than that of the molten salt, such as nickel, nickel-based alloys, steels, and noble metals
(Pt, Ir, Au). Metal oxides, such as SnO2, exhibit better corrosion resistance compared with
Ni and Ni10Cu11Fe in molten Li2CO3 – Na2CO3 – K2CO3 (Yin et al., 2013). For Inconel
alloys (718, 617, and X-750), the addition of more than 1wt% Al and Ti can help reduce
the corrosion in molten carbonate (Frangini, Paoletti, and Della Seta, 2021). However,
even platinum as an inert material, still shows signs of corrosion after 100 h of electrolysis
in Li2CO3 – Na2CO3 – K2CO3 (Du et al., 2019).

The presence of oxygen in the molten salts causes the formation of peroxide and oxide as
follows (Luo et al., 2020; Sarvghad, Steinberg, and Will, 2017; Nishikata, Numata, and
Tsuru, 1991):

Ox + ne− → R (2.16)
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O2 + 2e− → O2
2− (2.17)

O2
2− + 2e− → 2O2− (2.18)

Metals (M), such as Ni, Fe, and Cr, undergo oxidation (Luo et al., 2020; Sarvghad,
Steinberg, and Will, 2017; Nishikata, Numata, and Tsuru, 1991):

M → Mn+ + ne− (2.19)

A reaction between these metals and the peroxide ions (O2
2 – ) or oxide ions (O2 – ) leads

to the formation of metal oxide (Luo et al., 2020; Sarvghad, Steinberg, and Will, 2017;
Nishikata, Numata, and Tsuru, 1991):

Mn+ +
n
2

O2− → MOn/2 (2.20)

For example, interactions between peroxide ions or oxide ions with metal ions (Fe, Ni)
result in the formation of Fe2O3 and NiO (Luo et al., 2020; Miguel et al., 2022):

2Fe3+ + 3O2− → Fe2O3 (2.21)

Ni + O2
2− → NiO + O2− (2.22)

Ni + O2− → NiO + 2e− (2.23)

Furthermore, Fe and Cr can react with Li2O to form LiFeO2 and LiCrO2 through the
following reactions (Luo et al., 2020; Miguel et al., 2022).

Cr3+ + Li+ + 2O2− → LiCrO2 (2.24)

Fe3+ + Li+ + 2O2− → LiFeO2 (2.25)

These metal oxides are typically detected through X-ray diffraction (XRD) analysis on
the electrode surface. For instance, metal oxides Fe3O4, LiFeO2, and LiCrO2 have been
identified on the surface of stainless steel 316 after immersion in Li2CO3 – Na2CO3 (Luo
et al., 2020). Similarly, NiO and LiFeO2 have been observed on 51Fe-24Cr-20Ni and
5Fe-23Cr-58Ni-8Mo alloys after immersion in molten carbonate (Miguel et al., 2022).
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3 Solid carbon product from CO2 electrolysis
This chapter presents solid carbon produced from CO2 electrolysis in molten salts, as
reported in previous studies. The discussion includes its morphology, purity, potential
application, and economic perspective.

3.1 Morphology of the electrolytic carbon

Solid carbon obtained from CO2 electrolysis, also referred to as electrolytic carbon,
exhibits diverse morphologies, such as nano onion, nanosheet, graphite, nanotube, and
amorphous structures. Within a single electrolysis batch, the carbon morphology can
be highly heterogeneous. Fig. 3.1 illustrates heterogeneity of the carbon morphology
produced using a nickel cathode and an Inconel 625 anode in molten Li2CO3 at 750°C and
7.5 A for 5400 s (Laasonen et al., 2023). The majority of carbon products have a round
onion-like structure, or a spherical one, as shown in Figs. 3.1 (a)–(c). In addition to these
spherical structures, other morphologies, such as amorphous, plates, and tubular structures,
were also observed within the same batch, as shown in Figs. 3.1 (d)–(f).

Figure 3.1: Various carbon morphologies under the scanning electron microscopy (SEM);
(a) nano onions, (b) magnified nano onions, (c) smaller spherical, (d) irregular or amor-
phous, (e) plates, and (f) tubular structures. The figure is adapted from Laasonen et al.
(2023).
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Similarly, Eom et al. (2022) showed a complex carbon morphology resulting from the
electrolysis in molten Li2CO3 – K2CO3 at 600°C and 4 V, as depicted in Fig. 3.2. Within
a single observation area, three to four distinct morphologies were identified. The mor-
phology also varies depending on the electrode material. For example, carbon nanotubes
were observed exclusively with the Ag electrode, whereas carbon sheets and quasispherical
structures appeared in all samples using Ag, Pt, Ni, and Ir electrodes. Furthermore, shell
shapes were found in the sample using Ag and Pt electrodes. These findings suggest that
electrode selection influences the resulting carbon morphologies.

Figure 3.2: Complex morphologies of electrolytic carbon consisting of shells, sheets,
quasispherical shapes, nanotubes, and aggregated nanoparticles. The figure is adapted
from Eom et al. (2022).

Efforts to control carbon morphology have involved varying the electrode materials,
electrolyte composition, and the cathode-to-anode surface area ratio. Additionally, other
operating parameters such as the gas inlet, temperature, and applied voltages or currents
have been studied. These efforts highlight the complexity of the tuning process of carbon
products, suggesting that a systematic approach focusing on one independent variable at a
time is essential to derive a clear conclusion.

3.2 Metal elements in electrolytic carbon

A key problem in producing high-value solid carbon through CO2 electrolysis in molten
salts is that the carbon product is never fully pure; metal elements originating from
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the electrodes consistently remain mixed with or embedded within the carbon. These
metal elements can originate from various sources, including the cathode, the anode,
electrolytes, the reactor, and the reactor holder. Metal impurities are typically detected
using techniques such as energy dispersive spectroscopy (EDS) color map, EDS scanning,
X-ray diffraction (XRD), and inductively coupled plasma atomic emission spectroscopy
(ICP-OES). Commonly observed metals are Ni, Cr, and Fe. Although the use of Pt as
a stable electrode can reduce the presence of these metals, previous studies have shown
that Pt can also be found in the carbon product and the electrolyte (Novoselova, Oliinyk,
Volkov, et al., 2008; Novoselova, Oliinyk, Voronina, et al., 2008).

Several factors contribute to the presence of metals in the carbon products. Laasonen et al.
(2023) demonstrated that the repeated use of electrodes increases the presence of metals in
the carbon product. Corrosion of metal components in the high-temperature electrolysis
cell is unavoidable. The anode undergoes oxidation reactions, making it prone to corrosion
and metal dissolution. Dissolved metals from the anode can subsequently be reduced at the
cathode, leading to contamination on the carbon product. Furthermore, the formation of
metal carbides on the cathode can create an interlayer between the cathode and the carbon
product, resulting in metal elements being incorporated into the carbon product.

                                                 13-Sep-24 
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Figure 3.3: (a) FE-SEM images and the corresponding EDS line scan spectrum reveal that
the line crossing the octahedral structure shows a dominant Ti peak compared with Ni.
This suggests that the octahedral shape corresponds to titanium oxide and (b) T-SEM with
its corresponding EDS line scan spectra from the tip of tubular carbon, highlighting the Ni
located in the core of tubular carbon (Publication III).
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Fig. 3.3 shows FE-SEM and T-SEM images along with their corresponding EDS line
mappings of the product obtained from the CO2 electrolysis in molten Li2CO3 using a
titanium cathode and a nickel anode. In Fig. 3.3 (a), a strong Ti peak is observed across
the octahedral structure, indicating the presence of titanium oxide originating from the
cathode. Titanium oxide particles appear as large, distinct structures separate from the
carbon particles. In contrast, Ni can be incorporated into the tubular structure, influencing
its morphology as shown in Fig. 3.3 (b). The presence of Ni in Fig. 3.3 (b) indicates that it
can serve as a nucleation site for the tubular structure, functioning as a backbone. Nickel
from the anode can react with peroxide or oxide ions in the molten salt, as given by Miguel
et al. (2022):

Ni + O2
2− → NiO + O2− (3.1)

Ni + O2− → NiO + 2e− (3.2)

Therefore, it is not surprising that Ni is found alongside carbon in the end product. These
nickel oxides are likely dissolved in the molten carbonate electrolyte and subsequently
diffuse from the anode to the cathode. At the cathode, nickel oxide is reduced to metallic
Ni through the following reaction (Li et al., 2018; Li et al., 2019):

NiO + 2e− → Ni + O2− (3.3)

Fig. 3.3 (b) suggests that the presence of metals in the carbon product is not always
detrimental, because in some cases, metals act as nucleation sites and influence the carbon
morphology. The addition of a nickel trace from the anode can also act as a catalyst for
carbon nanotube nucleation on the cathode (Ren et al., 2015) and contribute to the high
yield of CNTs (Li et al., 2019; Suzuki et al., 2023). Similarly, the addition of ZnO to
Li2CO3 can lower the energy barrier of CO3

2 – and promote carbon formation through the
reaction given by Wang et al. (2021):

2Zn + Li2CO3 → 2ZnO + C + Li2O (3.4)

Wang et al. (2021) reported that adding an appropriate amount of ZnO can increase the
yield of carbon nanotubes (CNTs), as ZnO serves as a nucleation site for CNTs. Further-
more, Weng et al. (2020) demonstrated that incorporating GeO2 into NaCl – CaCl2 – CaO
facilitates the formation of Ge@CNT, which are functionalized as the anode material
of lithium ion batteries (LIBs). In this process, GeO2 reacts with CaO to form CaxGe,
which acts as an intermediate catalyst for the nanotubes. The resulting Ge@CNT as an
anode material for lithium-ion batteries (LIBs) exhibits high reversibility, superior cycling
performance, and high-rate capability (Weng et al., 2020).

3.3 Potential applications of electrolytic carbon

Carbon is a widely used element in industrial applications. Unlike fossil-based carbon
derived from coal, petroleum coke, and natural gas cracking, electrolytic carbon is produced
by CO2 electrolysis in molten salt. Table 3.1 summarizes the applications of electrolytic
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carbon produced in various molten salts.

Table 3.1: Potential applications of electrolytic carbon produced by CO2 electrolysis in
various molten salts.

Ref. Application Product Process Structure

Deng et al., 2018 Li-ion battery anode E-carbon CO2 electrolysis in molten
LiCl – KCl-CaCO3

Ultra thin carbon
sheet

Ge, et al., 2015 Li-ion battery anode E-carbon CO2 electrolysis in molten
LiCl – Li2CO3

Amorphous

Licht, et al., 2016 Li-ion battery anode E-carbon CO2 electrolysis in molten
Li2CO3, Li2CO3 – Li2O

CNT

Groult, et al., 2006 Li-ion battery anode E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3 and
heat at 400°C

Quasispherical

Tang, et al., 2017 Li-ion battery anode E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Licht, et al., 2016 Na-ion battery anode E-carbon CO2 electrolysis in molten
Li2CO3 – Li2O

CNT

Tang, et al., 2020 Supercapacitor E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Yin et al., 2013 Supercapacitor E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Yin et al., 2013 Cr(VI) adsorbent E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Mao et al., 2017 Cu(II) adsorbent E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Mao et al., 2017 Methylene Blue adsor-
bent

E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Yang et al., 2021 Tetracycline adsorbent E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Jiang, et al., 2020 Aniline adsorbent E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

NPs, flakes

Ma et al., 2021 2,4-DCP adsorbent Fe-doped E-carbon +
persulfate

CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3

Amorphous

Chen, et al., 2017 ORR Electrocatalyst Modified E-carbon CO2 electrolysis in molten
Li2CO3 – Na2CO3-K2CO3;
modified with Li2SO4-
containing molten salt and
aqueous CoSO4

Amorphous

Licht, et al., 2024 Bucky paper Carbanogel CO2 electrolysis in molten
Li2CO3; washed or pressed

CNT

Electrolytic carbon, also known as E-carbon, has been investigated for various applications,
including lithium-ion battery anodes, sodium-ion battery anodes, supercapacitors, adsor-
bents for organic and inorganic compounds, electrocatalysts, and bucky paper. Further
analysis is required to assess their performance in comparison with the carbon produced by
other techniques. Nevertheless, these studies highlight the potential of E-carbon and under-
score the need to advance its production in terms of both quality and quantity, particularly
for industrial-scale applications.

3.4 Economic perspective of electrolytic carbon

The cost of electrolytic carbon production depends on several factors, such as the electrodes,
electrolyte, and electrical energy consumption for electrolysis (Weng, Tang, and Xiao,
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2019). However, cost considerations should extend beyond these three aspects. When pure
CO2 is used as the feedstock, the costs associated with carbon capture and purification must
also be taken into account. In addition, corrosion occurring in the electrodes, particularly at
the anode, contributes to the consumable cost. These two factors have not been addressed
in the previous studies (Lau, Dey, and Licht, 2016; Johnson et al., 2017). Lau, Dey, and
Licht (2016) proposed integrating the molten electrolyzer into a conventional cycle (CC)
natural gas power plant, referred to as the CC CNF plant. In this configuration, the hot CO2
from the CC power plant is electrochemically reduced in molten electrolysis, producing
carbon nanofiber (CNF) and oxygen. As a result, the CC CNF plant can generate 8350
kWh of electricity and produce 0.75 tonnes of CNT without CO2 emissions (Lau, Dey,
and Licht, 2016), whereas a conventional CC power plant generates up to 9090 kWh of
electricity, but emits approximately 2.74 tons of CO2 (Lau, Dey, and Licht, 2016).

Furthermore, the concept of integrating a cement plant with C2CNT (CO2 to carbon
nanotube) was introduced by Licht (2017). In this system, the CO2 emitted by the cement
plant is supplied to a molten electrolyzer, where it is converted into carbon nanotubes
(CNTs) and oxygen gas (Licht, 2017). The cost of CNT production through C2CNT has
been compared with aluminum production using an aluminum smelter, showing that the
total cost per tonne of product is $660 for C2CNT and $1880 for aluminum smelting
(Johnson et al., 2017). A more recent cost analysis reports $791 per tonne for C2CNT and
$2005 per tonne for aluminum smelting (Hofstetter, Licht, and Licht, 2025). The updated
report includes the electrolyte cost for both processes, which explains the higher price.
CNT production through C2CNT remains less costly because it requires less electricity
consumption and no additional consumable costs from the electrode (Johnson et al., 2017;
Hofstetter, Licht, and Licht, 2025). Based on these assumptions, the estimated price of
CNT could be less than $1 per kilogram.

A rough estimation of the carbon production cost can be obtained by multiplying the
specific electrical energy consumption (SEC, kWh/kg) by the electricity price per kWh. The
SEC for electrolytic carbon ranges from 20.1 to 84.5 kWhkg−1 (Publication I). Assuming
an electrical energy price with distribution cost and taxes for an industrial end user in
Finland of approximately C0.04–C0.06 per kWh (Statistics Finland, 2026), the estimated
electricity cost to produce 1 kg of electrolytic carbon is approximately C0.80–C5.07 per
kg. Using the same approach, the carbon price for other production techniques can be
estimated. For example, the SEC for carbon black (CB) production by plasma pyrolysis
of natural gas is 4.8 kWhkg−1 (Labanca, 2020), and for plasma methane pyrolysis it
is 8.3 kWhkg−1 (Fulcheri et al., 2023). With the same assumption of electricity price,
the estimated carbon production cost is C0.19–C0.29 per kg and C0.33–C0.50 per kg,
respectively. Therefore, electrolytic carbon produced through molten salt electrolysis is
significantly more expensive than the carbon black produced from plasma pyrolysis and
plasma methane pyrolysis.

Weng, Tang, and Xiao (2019) estimated the production cost of electrolytic carbon by
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considering the electricity, labor, and capital costs. In their study, 273 kg of carbon
nanotubes (CNTs) were produced from one tonne of CO2 in molten Na2CO3 – Li2CO3 at a
cost of $1619 (Weng, Tang, and Xiao, 2019), which corresponds to an electrolytic carbon
price of approximately $5.93 per kilogram. The study by Weng, Tang, and Xiao (2019)
estimated a higher cost compared with other studies (Johnson et al., 2017; Hofstetter,
Licht, and Licht, 2025). Nevertheless, this cost estimation is lower compared with the
CNTs produced by the direct spinning process, which is approximately $30 per kg for a
plant with a capacity of 144 tonne/year (Smail, Boies, and Windle, 2019). Conversely,
a techno-economic study on CNT production using a simplified open-air arc discharge
method suggests that the cost can be reduced to $3 per kg (Saravanan et al., 2010). Another
techno-economic analysis on CNT production through chemical vapor deposition (CVD)
using liquefied petroleum gas (LPG) as a source of carbon and Fe-CO-Mo/MgO catalyst
reported a production cost of $0.36 per kg (Rahatwan, Wulan, and Solahudin, 2020). Other
studies have indicated that CNT prices can range from $100 to $10,000 per kg (Orozco
et al., 2022) or $100,000 to $10 million per tonne (Licht, Hofstetter, and Licht, 2024).
These wide price disparities are largely attributed to differences in production techniques,
product purity, and nanotube diameter.

Although based on literature, electrolytic carbon nanotube production appears economically
promising, it is important to consider the purity requirements for specific applications,
which may necessitate additional purification steps and increase overall cost. In addition,
previous studies (Weng, Tang, and Xiao, 2019; Johnson et al., 2017; Hofstetter, Licht, and
Licht, 2025) did not take into account the separation process of the carbon product from
the electrode and molten salt residues, which would inevitably add to the cost. Electrode
corrosion was also neglected, meaning that costs related to electrode replacement were
not included. Consequently, the actual cost of electrolytic carbon is likely higher than the
estimates reported in these studies.
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4 Methods
This chapter describes the experimental setup and procedures employed in this study.

4.1 Experimental setup

CO2 electrolysis in molten carbonate requires a molten carbonate electrolyte, contained in
an aluminum oxide crucible, and two electrodes that are immersed in the electrolyte. These
electrodes, referred to as the cathode and the anode, are connected to a DC power supply
(NGP 800, Rohde and Schwarz). In this configuration, electrical current flows through the
external circuit between the cathode and the anode, while ionic transport occurs through
the electrolyte.
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Figure 4.1: (a) Diagram of the experimental setup and (b) photograph of the experimental
setup (Publication III; Publication IV).

CO2 gas is fed directly into the molten carbonate during electrolysis and also 10 min before
electrolysis. The CO2 flow rate is controlled using a mass flow controller (Bronkhorst
F-201DV-AGD-33-V). Fig. 4.1 (a) illustrates the schematic diagram of the electrolysis
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system, and Fig. 4.1 (b) shows a photograph of the actual experimental reactor. The
photograph highlights the position of the cathode, the anode, and the gas inlet pipe near
the electrodes. These three components are immersed in the molten carbonate once
the temperature reaches 750°C. A stainless steel cup is used as an additional protective
component to prevent the leakage of molten carbonate in case of cracks in the alumina
crucible.

The electrolysis in molten Li2CO3 is carried out at 750°C. This temperature is selected to
ensure complete melting of the carbonate, as the melting point of Li2CO3 is reported to be
723°C (Kanai et al., 2019) or within the range of 714°C–733°C (Stober, 1986). In addition,
this temperature is chosen to minimize the CO gas production at higher temperatures
(Licht et al., 2010). The temperature inside the oven is examined using three K-type
thermocouples positioned inside the oven. Temperature data are recorded with a Keithley
DAQ6510 and used as the basis for controlling the oven heating, which is regulated by a
DC laboratory power supply (EA-PSI 9000 series). The entire system is automated and
controlled using LabVIEW software.

A power analyzer (HIOKI PW6001) equipped with a current sensor (HIOKI CT6862-05
50 A) is used to measure the voltage and current response and automatically calculate the
power consumed by the electrolyzer. To enable dynamic operation, an arbitrary function
generator (Tektronik AFG 31000 series) connected to a 4-quadrant amplifier (TOE 7621)
is employed to generate the required waveform for the system.

4.2 Experimental procedure

The following subsections outline the experimental procedures used to achieve Objectives
1–4.

4.2.1 Experiment on the effect of electrode material on solid carbon production

A constant current is applied between the cathode and the anode using molten Li2CO3 at a
temperature of 750°C and a current density of 0.2 Acm−2 for 120 min. Five cathode–anode
pairs, as listed in Table 4.1, were investigated. The cathode area is 25 cm2, while the anode
has an area of 20 cm2. It should be noted that the current density calculation is based on
the cathode area. CO2 gas is supplied to the molten Li2CO3 at a flow rate of 20 mLmin−1.

Table 4.1: Electrode pairs tested for CO2 electrolysis in molten Li2CO3 at 750°C.

Pair Cathode Anode Label

1 Alloy X Titanium Ax–Ti
2 Nickel Titanium Ni–Ti
3 Titanium Alloy X Ti–Ax
4 Titanium Nickel Ti–Ni
5 Titanium Titanium Ti–Ti
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The Faraday efficiency was calculated using Eq. (2.15), while the voltage efficiency (Ueff)
was calculated by comparing the average measured voltage during electrolysis (U) with
the thermoneutral voltage (Utn) (Amores et al., 2021):

Ueff =
Utn

U
(4.1)

4.2.2 Experiment on the effect of current density on solid carbon production

Titanium and nickel were used as the cathode and the anode, respectively. Electrolysis was
performed in molten Li2CO3 at 750°C under different constant current densities, as given
in Table 4.2. The Faraday efficiency and the voltage efficiency were calculated using Eqs.
(2.15) and (4.1), respectively.

Table 4.2: Parameters for the applied current density experiment of CO2 electrolysis in
molten Li2CO3 at 750°C.

j (Acm−2) I (A) t (min) CO2 flow (mLmin−1)

0.1 2.5 240 10
0.2 5 120 20
0.3 7.5 80 30
0.4 10 60 40

4.2.3 Experiment on the effect of dynamic operation on solid carbon production

Instead of applying a constant current, dynamic current profiles with five different wave-
forms were used during solid carbon production in molten carbonate electrolysis. Titanium
served as the cathode and nickel as the anode, while molten Li2CO3 was employed as the
electrolyte at an operating temperature of 750°C. The five waveforms used were triangular,
square, sine, ramp-up, and ramp-down. Each waveform operates at a frequency of 1 Hz
and oscillates between current densities of 0.1 and 0.4 Acm−2, corresponding to 2.5 and
10 A. The dynamic current was applied continuously for 96 min, with CO2 supplied at a
flow rate of 25 mLmin−1. The waveform patterns are illustrated in Fig. 4.2.
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Figure 4.2: Five current waveforms used to study the effect of different waveforms on
solid carbon production. The waveform is oscillating between 0.1 and 0.4 Acm−2 or 2.5
and 10 A at a frequency of 1 Hz. The total charge supplied to the electrodes is equivalent
in all the tests.

4.2.4 Experiment on electrical power consumption and ripple loss under dynamic
current

The study of the application of dynamic current during electrolysis in molten Li2CO3
was extended by observing the voltage response under dynamic current conditions and
comparing it with the constant DC operation. The electrolysis cell was supplied with
a constant DC current for 5 min, followed by a current ripple at 1 Hz for 5 min. This
sequential pattern was continued for ripple frequencies of 10 Hz, 100 Hz, 250 Hz, 500 Hz,
750 Hz, and 1 kHz, resulting in a total experiment duration of 75 min.

For any electrical system, including all water electrolysis and molten salt electrolysis tech-
nologies, the active power (P) consumption is defined as the time average of instantaneous
power (p) over a period (τ) (Puranen, Ruuskanen, et al., 2024; Puranen, Hehemann, et al.,
2024):

P =
1
τ

Z
τ

0
p(t)dt =

1
τ

Z
τ

0
u(t)i(t)dt (4.2)

where u and i denote the instantaneous voltage and power, respectively.
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In the case of pure DC operation, where both voltage and current remain constant, the
active power consumption is calculated as the product of integrals of current and voltage
over a period (Puranen, Ruuskanen, et al., 2024; Puranen, Hehemann, et al., 2024):

PDC =

�
1
τ

Z
τ

0
u(t)dt

� �
1
τ

Z
τ

0
i(t)dt

�
= U0 I0 (4.3)

where U0 and I0 represent the mean values of DC voltage and current.

For an alternating signal, Fourier’s theorem states that any periodic waveforms can be
expressed as a sum of sinusoidal waveforms at various amplitudes and phase shifts. These
sinusoidal waveforms are constructed from a DC component and a set of harmonic com-
ponents. If the waveform period is τ , the fundamental frequency is f1 = 1/τ . The nth
harmonic has the frequency n f1 and completes exactly n cycles within each period τ .
Therefore, the Fourier series of periodic voltage and current signal can be written as
(Puranen, Ruuskanen, et al., 2024):

u(t) = U0 +
N

∑
n=1

Un sin
�

n2π

τ
t +φu,n

�
(4.4)

i(t) = I0 +
M

∑
m=1

Im sin
�

m2π

τ
t +φi,m

�
(4.5)

where Un ≥ 0 and Im ≥ 0 are the amplitudes of the harmonic components, while φu,n and
φi,m are the corresponding phase shifts.

Furthermore, substituting Eqs. (4.4) and (4.5) into Eq. (4.2) and applying trigonometric
product identities yields a compact expression for the active power (Puranen, Ruuskanen,
et al., 2024; Puranen, Hehemann, et al., 2024; Järvinen et al., 2024):

P = U0I0 +
N

∑
n=1

UnIn

2
cos(φu,n −φi,n) (4.6)

By comparing Eq. (4.6) with the DC expression in Eq. (4.3), it is evident that the first term
represents the DC contribution to active power. Thus, the AC contribution to the active
power is defined as (Puranen, Ruuskanen, et al., 2024; Puranen, Hehemann, et al., 2024):

PAC = P − PDC =
N

∑
n=1

UnIn

2
cos(φu,n −φi,n) (4.7)

where Un and In correspond to the amplitude of the nth harmonic component of voltage
and current. Additionally, φU,n and φI,n are their respective phase shifts.

It should be noted that in this study, the quantities P, U0, and I0 are not computed manually.
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Instead, they are measured directly using a power analyzer (HIOKI PW6001) equipped
with a current sensor (HIOKI CT6862-05 50 A). Further, in this dissertation and Publication
IV, P and PDC are referred to as Pripple and PDC during ripple, respectively.

The ripple loss (∆P) induced by dynamic operation can be calculated according to Järvinen
et al. (2024):

∆P =
PAC

PDC
=

P − PDC

PDC
=

Pripple − PDC during ripple

PDC during ripple
(4.8)

Table 4.3: Parameters for the experiment on the amplitude variation for CO2 electrolysis
in molten Li2CO3 at 750°C.

Amplitude, Acm−2 DC offset, Acm−2 Ratio of amplitude to DC offset CO2 flow rate, mLmin−1

0.05 0.15 0.33 20
0.15 0.25 0.60 30
0.25 0.35 0.71 40
0.35 0.45 0.77 50

The ripple loss for different amplitudes, as specified in Table 4.3, was investigated. Addi-
tionally, the effect of five waveform types, namely triangular, square, sine, ramp-up, and
ramp-down, on the ripple loss was also studied. During waveform variation, the amplitude
was set to 0.15 Acm−2 with a DC offset of 0.25 Acm−2. A constant DC was also applied
at the same DC offset of 0.25 Acm−2 for comparison. Throughout the experiment, the
CO2 flow rate was maintained at 30 mLmin−1.

4.3 Post-electrolysis process

After the experiment, the electrolytic carbon was separated from the cathode and analyzed
to determine its morphology and structural characteristics.

4.3.1 Separation process of the product

After the electrolysis process, the electrolytic carbon attached to the cathode, along with
residual lithium carbonate, was separated using hydrochloric acid. Hydrochloric acid
(HCl) was slowly added to the cathode, causing residual lithium carbonate to dissolve and
the carbon product to detach from the cathode surface. To ensure complete leaching, the
mixture of carbon, Li2CO3, and HCl was left to rest overnight. The carbon was then rinsed
thoroughly with deionized water and filtered using vacuum filtration. Finally, the sample
was dried inside an oven at 100°C for at least 4 h and stored in a desiccator overnight. No
further treatment was applied before analysis.
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4.3.2 Analysis of the product

The solid carbon product was analyzed using Scanning Electron Microscopy (SEM) and
X-ray diffraction (XRD). SEM was used to examine the morphology of the solid carbon
product, with images captured from multiple locations to ensure representative results. For
Objectives 1 and 2, the structure of the carbon product was examined using an X-Ray
diffractometer (Bruker D8 Advance) equipped with a copper tube and radiation wavelength
of 1.5418 Å, scanning over a range of 10◦ < 2θ < 70◦. For Objective 3, the structural
analysis of the carbon product was performed using PANalytical B.V. with CoKa radiation,
scanning over a range of 10◦ < 2θ < 80◦.
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5 Results and discussion
This chapter presents the main results corresponding to Objectives 1–4 outlined in Chapter
1. The results for Objective 1 and Objective 2 are described in Sections 5.1 and 5.2,
respectively, incorporating findings from Publication II. The results of Objective 3 are
presented in Section 5.3, and further detailed in Publication III. Finally, Section 5.4
describes the results for Objective 4, integrating data from Publication IV.

5.1 Effect of electrode material on solid carbon production

The voltage responses during 120 min electrolysis in molten Li2CO3 at 750°C using
five electrode pairs are presented in Fig. 5.1. Among the pairs tested, the combination
of the titanium cathode and the nickel anode (Ti–Ni) exhibited the most stable voltage
performance, whereas the other pairs showed significant fluctuations, as shown in Fig.
5.1 (a). The primary cause of these potential fluctuations remains unknown; however,
factors such as temperature fluctuation (Wu et al., 2017) and mass loss of Li2CO3 due to
the decomposition of Li2CO3 into Li2O and CO2 (Li et al., 2018) have been suggested
in previous studies. In this experiment, the temperature was maintained at 750°C (see
Fig. A.1), and CO2 was continuously supplied to the molten Li2CO3 to prevent the mass
loss. Therefore, these two factors are unlikely to explain the observed fluctuations, but the
corrosion might become the issue that causes this fluctuation in voltage.
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Figure 5.1: (a) Voltage–time (U − t) characteristics and (b) Faraday efficiency and voltage
efficiency of CO2 electrolysis in molten Li2CO3 at 750°C for 120 min with a current
density of 0.2 Acm−2 using various cathode–anode pairs (Publication II).

Fig. 5.1 (b) presents the Faraday efficiency (FE) and voltage efficiency of each pair. The
Ti–Ni pair exhibits the highest FE at 62.6% and voltage efficiency at 48.6%. Overall, the
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FE in this study ranges from 35.8% to 62.6%, while the voltage efficiency ranges from
26.3% to 48.6%. Compared with the FE range reported in other studies summarized in
Section 2.4 (45.7%–89.7%), the Ax–Ti pair has a lower FE, whereas the other pairs fall
within the reported range. For voltage efficiency, Laasonen et al. (2022) reported values
between 40% and 50%; most of the pairs in this study exhibit lower values, except the
Ti–Ni pair. The higher cell voltages observed for the Ax–Ti, Ni–Ti, Ti–Ax, and Ti–Ti pairs
in Fig. 5.1 (a) result in increased overpotential losses, which negatively affect both the FE
and the voltage efficiency, as shown in Fig. 5.1 (b).

(a) (b)

(c) (d)

(e) (f)

Figure 5.2: Scanning electron microscopy (SEM) images of carbon produced in molten
Li2CO3 for 120 min at 750°C and a current density of 0.2 Acm−2 using (a)–(b) Ax–Ti
pair, (c) Ni–Ti pair, (d) Ti–Ax pair, (e) Ti–Ni pair, and (f) Ti – Ti pair. The first element
represents the cathode, while the second corresponds to the anode (Publication II).
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Figure 5.3: X-ray diffraction pattern of carbon produced in molten Li2CO3 for 120 min at
750°C and a current density of 0.2 Acm−2 of the Ax–Ti, Ni–Ti, Ti–Ax, Ti–Ni, and Ti–Ti
electrode pairs (Publication II).

These results indicate that the electrode pairs influence the Faraday efficiency of the
electrolysis cell, supporting the previous study by Eom et al. (2022). In addition to
electrode materials, other factors influencing the FE include operating temperature (Tang
et al., 2013), molten salt composition (Wu et al., 2017), and side reactions occurring
alongside carbon formation, such as CO gas evolution (Wu et al., 2016; Ijije and Chen,
2016), oxide formation (Ren et al., 2015), Li2C2 formation (Ijije and Chen, 2016), and
co-deposition of alkaline metals from molten salt (Tang et al., 2013).

The morphology of the carbon was examined using SEM, as depicted in Fig. 5.2. Figs.
5.2 (c)–(f) indicate that most samples exhibit a spherical shape-like onion, except for the
Ax–Ti pair, which produced tubular carbon along with amorphous carbon, as shown in
Figs. 5.2 (a)–(b). These SEM images confirm that cathode selection has a significant
impact on carbon morphology. For example, the use of Alloy X as a cathode in the Ax–Ti
pair resulted in amorphous and tubular structures as shown in Figs. 5.2 (a)–(b). Fig. 5.2
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(c) is consistent with the previous report by Laasonen et al. (2022); the nickel cathode
induces the onion-like structure. This study also suggests that the titanium cathode tends
to produce spherical shapes, as shown in Figs. 5.2 (d)–(f) from the Ti–Ax and Ti–Ni, and
Ti–Ti pairs.

The XRD patterns of the carbon products from five electrode pairs investigated in this
study are presented in Fig. 5.3. These patterns confirm the formation of graphite as
the primary product, indicated by the main peak at 26.0◦ and 44.0◦. The second peak
at 44.0◦ is less distinctive due to the interference of other compounds, such as NiO at
37.2◦, 43.3◦, and 62.9◦. Peaks corresponding to LiFeO2 were also observed at 37.4◦

and 43.5◦, which are close to NiO peaks. The Ti–Ax and Ti–Ni samples display broad
peaks in the ranges of 43◦–44.0◦ and 63◦–65◦, which may correspond to NiO, Li2Ni8O10,
and Li6Mo2O7. Additional peaks at 18.5◦ and 37.6◦ could be attributed to Li6Mo2O7 or
LiCrO2. The presence of Li2Ni8O10 is likely associated with the nickel or Alloy X anode,
while Li6Mo2O7 and LiCrO2 may originate from Alloy X, as it contains Mo and Cr.

5.2 Effect of applied current density on solid carbon production

Fig. 5.4 (a) illustrates the voltage response under applied current density of 0.1–0.4 Acm−2

in molten Li2CO3 at 750°C. As expected, increasing the applied current density results in a
higher voltage. Within this range, the voltage response is approximately 2.0–2.4 V, which
is lower than previously reported values for molten Li2CO3 – Na2CO3, Li2CO3 – K2CO3,
and Li2CO3 – Na2CO3 – K2CO3 systems under an applied current density 0.05–0.2 Acm−2,
where voltages of 2.2–3.0 V were observed (Wu et al., 2017).
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Figure 5.4: (a) Voltage–time (U − t) characteristics and (b) Faraday efficiency and voltage
efficiency of CO2 electrolysis in molten Li2CO3 at 750°C for 120 min with current density
0.1–0.4 Acm−2 using a titanium cathode and a nickel anode (Publication II).
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Fig. 5.4 (b) shows the calculated Faraday efficiency (FE) and voltage efficiency. Under the
applied current density of 0.1–0.4 Acm−2, the FE ranges from 57.5% to 67.4%. Notably,
the FE trend does not follow the trend of the magnitude of applied current density, which
is consistent with the findings of Wu et al. (2017). In the present study, when using
molten Li2CO3, the optimum FE is achieved at a current density of 0.1 Acm−2, whereas
Wu et al. (2017) reported the optimum FE at 0.1 Acm−2 for molten Li2CO3 – K2CO3 and
0.2 Acm−2 for molten Li2CO3 – Na2CO3. Furthermore, Fig. 5.4 (b) indicates that the
voltage efficiency decreases as the applied current density increases. This trend aligns with
the average voltage response shown in Fig. 5.4 (a), where higher current densities result in
an increased voltage response. Consequently, according to Eq. (4.1), the voltage efficiency
decreases with the rising applied current density.

(a) (b)

(c) (d)

Figure 5.5: Scanning electron microscopy (SEM) images of carbon produced in molten
Li2CO3 at 750°C using a titanium cathode and a nickel anode with applied current densities
of (a) 0.1 Acm−2 for 240 min, (b) 0.2 Acm−2 for 120 min, (c) 0.3 Acm−2 for 80 min, and
(d) 0.4 Acm−2 for 60 min (Publication II).

Fig. 5.5 presents the morphology of the carbon produced under applied current densities of
0.1–0.4 Acm−2, showing that the majority of the product exhibits a spherical, onion-like
shape. The applied current density does not significantly alter the overall morphology;
however, the particle diameter increases slightly at higher current densities. At 0.1 Acm−2,
the diameter ranges from 349 to 635 nm. When the current density increases to 0.2 Acm−2,
the size grows to 508–984 nm. Subsequently, at 0.3 and 0.4 Acm−2, particle size reaches
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the micron scale, ranging from 0.98–1.21 µm and 1.11–1.56 µm, respectively. This trend
is consistent with previous reports, which noted that higher current densities lead to larger
particle sizes (Wang, Wang, and Lu, 2021; Wu et al., 2016).

2 (°)

0.1 A/cm2

0.2 A/cm2

0.3 A/cm2
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SiO
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Figure 5.6: X-ray diffraction pattern of carbon produced using titanium as the cathode
and nickel as the anode in molten Li2CO3 at 750°C with an applied current density of
0.1–0.4 Acm−2 (Publication II).

The XRD pattern of the corresponding sample shown in Fig. 5.5 is presented in Fig.
5.6, indicating that graphite exhibits the most prominent peak at approximately 26.0◦.
Additional peaks corresponding to NiO and TiO2 suggest residual contributions from the
cathode and anode materials. Meanwhile, the presence of SiO2 and Al2CO3 is likely due
to contamination from the alumina crucible, which was reused during the experiments.
Overall, no significant structural differences are observed in the product as a function of
applied current density.

5.3 Effect of dynamic operation on solid carbon product

Fig. 5.7 shows SEM images of the electrolytic carbon produced under oscillating current
densities between 0.1 and 0.4 Acm−2 using different waveform shapes. In general, the
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waveform type does not significantly influence the electrolytic carbon morphology, as
shown in Fig. 5.7, but the majority of particles exhibit a spherical, onion-like shape. This
observation is somewhat similar to the previous studies on the electrodeposition of Ni-Cu
alloy and Zn under various waveform types, which reported negligible morphological
changes and only minor effects on surface roughness and crystal size (Geramipour, Khoei,
and Gugtapeh, 2021; Dai et al., 2013). Therefore, applying oscillating current densities
with various waveforms does not appear to be an effective strategy for controlling the
morphology of electrolytic carbon.

(a) (b)

(c) (d)

(e) (f)

Figure 5.7: Scanning electron microscopy (SEM) images of carbon produced in molten
Li2CO3 at 750°C using (a)–(b) triangular, (c) square, (d) sine, (e) ramp-up, and (f) ramp-
down waveforms. The applied current density oscillates between 0.1 and 0.4 Acm−2 for
96 min (Publication III).
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As shown in Fig. 5.7 (b), minor morphological variations, such as tubular structures and
amorphous carbon, are also observed. A large titanium oxide particle is also observed in
Fig. 5.7 (b), indicating the presence of impurities likely from the titanium cathode plate.
Additionally, Figs. 5.7 (d) and 5.7 (e) reveal the occurrence of hollow spheres alongside
the spherical onion-like shape. The formation of these hollow spheres has previously been
attributed to CO gas formation, where microbubbles form during electrolysis (Deng et al.,
2017).
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Figure 5.8: X-ray diffraction pattern of carbon produced in molten Li2CO3 at 750°C using
triangular, square, sine, ramp-up, and ramp-down waveforms. The applied current density
oscillates between 0.1 and 0.4 Acm−2 for 96 min (Publication III).

Fig. 5.8 presents the X-ray diffraction (XRD) patterns of samples produced using triangular,
square, sine, ramp-up, and ramp-down waveforms. The most prominent graphite peak
appears at approximately 30.5◦, with additional graphite peaks at 52◦ and 63.7◦. However,
the peak near 52◦ overlaps with Ni and FeNi3 peaks, making it difficult to distinguish
these phases solely by XRD analysis. Metallic Ni and FeNi3 also correspond to peaks
at approximately 52.1◦ and 60.7◦. The Ni likely originates from the anode, while the
formation of FeNi3 is attributed to the minor iron content in the Ni electrode.
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Furthermore, three distinctive peaks at 43.5◦, 50.6◦, and 74.5◦ correspond to nickel oxide
(NiO) and titanium oxide (TiO) originating from the cathode and anode materials. Lithium
titanium oxide (LTO) is also detected, as indicated by two small peaks at 21.4◦ and 41.5◦.
The formation of LTO is expected as a result of a reaction between the titanium cathode,
lithium ions (Li+), and oxide ions (O2 – ). These ions can be produced by the dissociation
of Li2O.

5.4 Analysis of electrical power consumption and ripple loss under
dynamic current

Fig. 5.9 illustrates the power consumption during molten Li2CO3 electrolysis under
alternating 5 min periods of constant DC current and sine waveform at various amplitudes.
Each data point represents the average value over a 30 s interval. Fig. 5.9 demonstrates
that the power consumption under the waveform condition (Pripple) is higher than under
constant DC (Pconstant DC), indicating that the ripple increases the power consumption.
Furthermore, this figure also shows that the power consumption rises with an increasing
amplitude. Minor fluctuations were observed during measurement, and therefore, shaded
regions (ribbon) around PDC during ripple and Pripple were generated to present the error
margin, indicated by PDC during ripple ribbon and Pripple ribbon, calculated using the percentile
method with 95% of the confidence interval. The heights of these ribbons are summarized
in Table 5.1.

Further analysis was conducted by calculating the ripple loss, as described in Eq. (4.8).
Fig. 5.10 shows ripple loss as a function of frequency and different amplitudes. Each data
point represents the average of ripple loss calculated over 5 min intervals shown in Fig. 5.9.
Fig. 5.10 shows that the ripple loss increases with amplitude. At the frequency of 1 Hz,
the ripple loss is 0.39%, 1.76%, 2.89%, and 4.14% for the amplitudes of 0.05 Acm−2,
0.15 Acm−2, 0.25 Acm−2, and 0.35 Acm−2, respectively. Additionally, Fig. 5.10 suggests
that frequency influences ripple loss, as higher frequencies result in a lower ripple loss.

Table 5.1: Height of Pripple and PDC during ripple ribbon at various amplitudes. The ribbon
height is calculated as the difference between the upper and lower bounds of the 95%
confidence interval.

Amplitude, Acm−2 Height of Pripple ribbon (%) Height of PDC during ripple ribbon (%)

0.05 0.35 0.23
0.15 0.63 0.22
0.25 0.95 0.28
0.35 1.50 0.92
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(d)

Figure 5.9: Power–time (P–t) graph of CO2 electrolysis in molten Li2CO3 at 750°C
under alternating 5 min periods of constant DC current and sine waveform at various
amplitudes and DC offset, with frequencies from 1 Hz to 1 kHz. Subfigure (a) presents
the response to an amplitude of 0.05 Acm−2 and a DC offset of 0.15 Acm−2. Subfigure
(b) presents the response to an amplitude of 0.15 Acm−2 and a DC offset of 0.25 Acm−2.
Subfigure (c) shows the response to an amplitude of 0.25 Acm−2 and a DC offset of
0.35 Acm−2. Subfigure (d) depicts the response to an amplitude of 0.35 Acm−2 and a DC
offset of 0.45 Acm−2. The shaded areas around Pripple and PDC during ripple represent the
95% confidence interval (Publication IV).

The significance of this effect was further examined by analyzing the difference in ripple
loss between 1 Hz and 1 kHz, considering the error margin of Pripple provided in Table 5.1.
The differences in ripple loss between 1 Hz and 1 kHz at the amplitudes of 0.05 Acm−2,
0.15 Acm−2, 0.25 Acm−2, and 0.35 Acm−2 are 0.17%, 0.59%, 0.78%, and 0.88%, respec-
tively. However, these values fall within the error margins of Pripple, preventing a definitive
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Figure 5.10: Ripple loss (∆P) due to dynamic operation with a sine waveform at amplitudes
of 0.05 Acm−2, 0.15 Acm−2, 0.25 Acm−2, and 0.35 Acm−2. The frequency range of the
sine waveform increases gradually from 1 Hz to 1 kHz (Publication IV).

interpretation of the effect of frequency on ripple loss. Therefore, although Fig. 5.10
suggests a 21%–45% reduction in ripple loss at frequencies between 1 Hz and 1 kHz, still,
further analysis leads to an uncertain conclusion about the effect of frequency on ripple
loss at amplitudes from 0.05 Acm−2 to 0.35 Acm−2.

Furthermore, other waveforms, such as triangular, square, ramp-up, and ramp-down were
studied at an amplitude of 0.15 Acm−2 with a DC offset of 0.25 Acm−2. The power
consumption during molten Li2CO3 electrolysis under these conditions is presented in Fig.
5.11. Similar to Fig. 5.9, each data point in Fig. 5.11 represents the average of power con-
sumption over a 30 s interval. Fig. 5.11 demonstrates that the power consumption during
constant current (Pconstant DC) is lower than during the application of current ripple (Pripple),
suggesting that the current ripple increases the power consumption. The shaded area of
PDC during ripple ribbon and Pripple ribbon represents the ribbon or error margin of PDC during ripple
and Pripple, and their respective heights are summarized in Table 5.2.

The ripple loss (∆P) caused by the AC component of the current ripple for each waveform
is calculated using Eq. (4.8), and the results are shown in Fig. 5.12. At a frequency of 1 Hz,
the ripple losses ranked from the highest to the lowest are as follows: square (3.40%), sine
(1.76%), ramp-up (1.10%), ramp-down (1.06%), and triangular (1.03%). The square wave-
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(d)

Figure 5.11: Power–time (P–t) graph of CO2 electrolysis in molten Li2CO3 at 750°C under
alternating 5 min periods of constant DC current and waveform, with an amplitude of
0.15 Acm−2 and a DC offset of 0.25 Acm−2. The frequency height is from 1 Hz to 1 kHz.
Subfigure (a) shows the response to the triangular waveform, (b) square waveform, (c)
ramp-up waveform, and (d) ramp-down waveform. The shaded areas around PDC during ripple
and Pripple represent the 95% confidence interval (Publication IV).

form exhibits the most significant distortion because it involves an instantaneous transition
between two fixed current density levels. In an electrolysis system, only the DC component
drives the electrolysis reaction, whereas the AC component contributes to additional power
consumption. Consequently, the high harmonic content of the square waveform leads to
greater ripple losses compared with other waveforms with lower harmonic amplitudes.
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Table 5.2: Height of the Pripple and PDC during ripple ribbons over 75 min of experiments at
various waveforms. The ribbon height is calculated as the difference between the upper
and lower bounds of the 95% confidence interval.

Waveform Height of Pripple ribbon (%) Height of PDC during ripple ribbon (%)

Triangular 0.34 0.33
Square 1.33 0.71
Sine 0.63 0.22
Ramp-up 0.50 0.33
Ramp-down 0.36 0.17
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Figure 5.12: Ripple loss due to dynamic operation with triangular, ramp-up, ramp-down,
sine, and square waveforms at an amplitude of 0.15 Acm−2. The frequency of the wave-
form increases gradually from 1 Hz to 1 kHz (Publication IV).

In a similar manner to Fig. 5.10, Fig. 5.12 suggests that the frequency affects the ripple
loss for each waveform, showing a 25%–36% reduction in ripple loss across the tested
frequency range from 1 Hz to 1 kHz. The differences in ripple loss between 1 Hz and
1 kHz for square, sine, ramp-down, ramp-up, and triangular waveforms are 1.24%, 0.59%,
0.27%, 0.37%, and 0.36%, respectively. However, these variations fall within the error
margin of Pripple for each waveform, as summarized in Table 5.2. The triangular waveform
exceeds the margin by only 0.02%, which can be considered negligible. Therefore, it is
challenging to draw a definitive conclusion about the effect of frequency on the ripple
loss at different waveforms. Nevertheless, the data clearly indicate that the current ripple
contributes to ripple loss, and its magnitude increases as a function of amplitude. Among
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the tested waveforms, the square waveform resulted in the highest ripple loss compared
with other waveforms.
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6 Conclusions and future research topics

The conclusions of this study are presented in accordance with the objectives introduced
in Chapter 1, followed by key challenges encountered and recommendations for future
research.

6.1 Conclusions

This doctoral dissertation experimentally investigated the electrochemical reduction of
CO2 to solid carbon in molten Li2CO3 at 750°C. The study was motivated by the global
challenge of reducing CO2 emissions and the need to convert CO2 into valuable products.
In addition, this work provided insights into molten carbonate electrolysis, complementing
the findings from the previous studies. Four research objectives were addressed. Objective
1 focused on identifying suitable electrode pairs for solid carbon production through CO2
electrolysis in molten Li2CO3 by comparing five electrode pairs: (1) Alloy X cathode–
titanium anode (Ax–Ti), (2) nickel cathode–titanium anode (Ni–Ti), (3) titanium cathode–
Alloy X anode (Ti–Ax), (4) titanium cathode–nickel anode (Ti–Ni), and (5) titanium
cathode–titanium anode (Ti–Ti). Among these pairs, the Ti–Ni pair exhibited the most
stable voltage over 120 min at a constant current of 0.2 Acm−2, achieving the highest
Faraday efficiency (62%) and voltage efficiency (48%). The SEM image analysis revealed
that most carbon products formed with the titanium cathode were of spherical onion-like
shape, whereas amorphous and tubular structures were observed when Alloy X was used
as the cathode.

Subsequently, using the most promising Ti–Ni electrode pair, the investigation proceeded
to address Objective 2, which focused on evaluating the effect of current density during
electrolysis on the solid carbon product. Current densities ranging from 0.1 to 0.4 Acm−2

were examined, showing no clear trend in the Faraday efficiency with respect to the
current density, and the highest Faraday efficiency of 67% was achieved at 0.1 Acm−2.
No significant changes were observed in the morphology of the carbon product, which
predominantly exhibited spherical onion-like structures. However, higher current densities
increased the particle diameter, with larger spheres forming at higher current densities. In
addition, electrolysis at 0.4 Acm−2 resulted in more pronounced corrosion, as evidenced
by stronger metal oxide peaks in the XRD analysis.

Objective 3 examined the effect of dynamic current application using five different wave-
forms: triangular, sine, square, ramp-up, and ramp-down, on the solid carbon product.
During electrolysis, the current density oscillated between 0.1 and 0.4 Acm−2 at a fre-
quency of 1 Hz for these waveforms. The SEM analysis revealed that the variation in
waveform had a minimum impact on the carbon morphology, with the majority of prod-
ucts exhibiting a spherical onion-like shape. Minor occurrences of tubular structures and
hollow spheres were also observed. Corrosion remained evident, as confirmed by XRD
analysis, which revealed the presence of titanium oxide and nickel oxide originating from
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the cathode and the anode, respectively.

Objective 4 analyzed the power consumption of the molten carbonate electrolysis un-
der current ripple compared with constant DC conditions. The application of current
ripple consistently increased power consumption compared with constant DC at various
amplitudes and waveform types. This additional power consumption is attributed to the
AC component of the ripple, which introduces additional losses known as ripple losses.
Ripple loss was found to increase with the ripple amplitude, with the square waveform
exhibiting the highest ripple loss among the tested waveforms. Additionally, although
visual observations suggest that the frequency influenced the ripple loss, no definitive
conclusion could be drawn due to the high error margins across different amplitudes and
waveform types.

6.2 Future research topics

Solid carbon was successfully produced through electrochemical reduction of CO2 in
molten Li2CO3 at 750°C. In this study, the temperature was carefully controlled, elimi-
nating losses associated with temperature fluctuations. However, the primary constraint
limiting the Faraday efficiency remained unresolved. Side reactions accompanying carbon
formation, such as the CO gas formation (Wu et al., 2016), Li2C2 formation (Ijije and
Chen, 2016), co-deposition of alkaline metal (Tang et al., 2013), and oxide formation have
been reported in the literature. Nevertheless, the most significant side reactions responsible
for the reduction in the Faraday efficiency have not yet been conclusively identified.

In addition, the presence of metals within the carbon products remains challenging to
eliminate, particularly when they are encapsulated inside the carbon structure. The car-
bon separation process from the molten salt residue using hydrochloric acid (HCl) was
insufficient to completely remove these impurities, as traces of metals and metal oxides
were still detected along the carbon. Therefore, advanced purification techniques are
necessary to enhance the purity of electrolytic carbon. Alternatively, employing noble
metals as electrode materials may help reduce the corrosion process, despite their high cost
as a significant limitation. Eliminating corrosion in high-temperature molten carbonate
electrolysis remains a considerable challenge.

For practical application, achieving a uniform morphology is essential. For instance, high-
purity single-walled carbon nanotubes (SWCNTs) are required to maximize the capacity
of the lithium-ion battery anode (Landi et al., 2009). However, this study found that within
a single batch, the product primarily consists of spherical onion-like structures, but small
fractions of tubular and amorphous carbon are detected. Because traces of metals and
metal oxides were detected alongside the carbon, identifying a suitable application of
the electrolytic product remains an interesting topic to be explored. Despite the potential
applications proposed in Section 3.3, the current production cost of electrolytic carbon
remains relatively high. To make this technology competitive, further research is needed to
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improve the Faraday efficiency by minimizing the side reactions, achieving more uniform
morphology, and enhancing product purity.
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Appendix A: Temperature measured inside the oven
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Figure A.1: Temperature–time (T − t) graph inside the oven during CO2 electrolysis in
molten Li2CO3 at 750°C using a titanium cathode and a nickel anode for 120 min with a
current density of 0.2 Acm−2. The temperature difference among the three thermocouples
is approximately 2°C.
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A B S T R A C T

The excessive amount of carbon dioxide in the atmosphere is a global problem, and thus, the mitigation
of carbon dioxide emissions should be an urgent issue. Technically, CO2 can be converted into  valuable
solid carbon through  electrolysis in a molten salt electrolyte.  Although  studies have been conducted on the
conversion of CO2 into  various morphologies of solid carbon, the molten salt itself has received less attention
in the research literature.

Based on the inorganic  mixture  composition, various molten salts for CO2 electrolysis are classified into
four categories: molten chloride,  molten chloride-oxide,  molten chloride-carbonate, and molten carbonate. This
review aims to fill  the gap in the literature  by describing the state of the art of each molten salt category with
some experimental data collected in previous studies. The exploration  is followed  by an investigation  of the
performance, focusing on the efficiency, specific electrical energy consumption, corrosion of electrodes, and
the presence of metal elements in the carbon product. The use of molten carbonate eliminates the potential  of
corrosion from Cl2 and has a reported Faraday efficiency of up to 94.9%. However, electrode corrosion occurs
in all types of molten salt, leading to the presence of metal elements in the solid carbon product. The economic
perspective on this CO2 electrolysis in molten carbonate is also discussed as an important  area that should be
attended to when considering future  potential  commercialization.  Finally,  this review provides guidance on
selecting molten salt electrolyte  by taking account their  advantages and disadvantages.
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Nomenclature

Variables

C Faraday efficiency
F Faraday constant
I Current
M Molar  mass
m Mass
P Power
t Time
U Voltage
W Specific electrical energy consumption
z Number of electron transferred

Subscripts

eff Efficiency
heat Heat
tn Thermo neutral

Abbreviations

NH4Cl Ammonium  chloride
ACRA Ammonium  chloride  roasting approach
BN Boron nitride
C2CNT CO2 to carbon nanotube
CB Carbon black
CC Conventional cycle
ClER Chloride evolution  reaction
CNF Carbon nano fiber
CNT Carbon nanotube
CoMoCAT Cobalt molybdenum catalyst
CVD Chemical vapor deposition
E-carbon Electrolytic  carbon
EDS Energy dispersive spectroscopy
EDX Energy dispersive X-ray spectroscopy
FE Faraday efficiency
GC Glassy carbon
GLS-3PI Gas�liquid�solid  three phase interline
GLS-TPB Gas�liquid�solid  triple  phase boundary
HiPco High-pressure carbon monoxide
HTPF High-temperature  press filtration
ICP-MS Inductively  coupled plasma mass spectrom-

etry
ICP-OES Inductively  coupled plasma optical  emis-

sion spectrometry

1. Introduction

The excessive amount of CO2 in the atmosphere released by indus-
tries that use fossil fuels as a power source is causing global warming
and climate change. Human activities  including  burning  of coal, gas,

MCFC Molten  carbonate fuel cell
MO Metal oxide
MWCNT Multi-walled  carbon nanotubes
NPs Nanoparticles
OER Oxygen evolution  reaction
SEC Specific electrical energy consumption
SEM Scanning Electron Microscopes
SOEC Solid oxide electrolysis
SS Stainless steel
SWCNT Single-walled carbon nanotubes
XRD X-ray diffraction
XRF X-ray Fluorescence

and oil  in the energy sector, product use, and transportation  are ac-
tivities  that are responsible for greenhouse gas emissions. Moreover,
deforestation caused by agriculture  and farming  activities  is contribut-
ing to the amount of CO2 and other greenhouse gas emissions. This
motivates efforts to work  toward  reducing the amount of CO2 by cap-
turing  and converting  the CO2 gas into  chemical feedstock or valuable
carbon particles [ 1� 3].  The electrochemical reduction  of CO2 in the
electrolysis process allows the conversion of CO2 into  CO gas, syngas,
hydrocarbon gases, or solid carbon [ 4,5].

CO2 can be transformed into  CO, CH4, C2H4, HCOOH, and other hy-
drocarbon products by using some technologies, such as low-
temperature electrolysis in aqueous and ionic  electrolytes [ 6� 10],  solid
oxide electrolysis (SOEC) [ 11� 14],  and molten salt electrolysis [ 15�
18].  The electrochemical process of reducing CO2 in these technologies
has been compared considering their  efficiency, robustness, product
selectivity,  and economic benefit [ 19].  The transformation  of CO2
into  CO in aqueous electrolytes may not be effective because of the
competition  of the CO2 reduction  with  the hydrogen evolution  reaction
that produces hydrogen gas [ 20].  Besides, co-electrolysis of CO2 and
H2O is beneficial for syngas production,  which  usually occurs in solid
oxide electrolysis [ 21,22].  Interestingly,  molten salt electrolysis can
be used for both CO gas and solid carbon production  depending on
the operating temperature, salt composition, and electrodes [ 23� 26].
Molten  salt electrolysis become a promising  technology to produce
solid carbon because of its low  theoretical  decomposition voltage, low
overpotential  of electrode reaction, and high specific conductance of
electrolysis [ 19].  To obtain the desired carbon morphology  and high
efficiency of CO2 transformation  into  solid carbon, the selection of
electrolyte  composition, materials, and operating temperatures should
be considered.

The electrolysis of CO2 into  CO has been summarized in [ 27� 29],
and the reduction  of CO2 into  solid carbon as the end product has been
reviewed in [ 3,30,31].  However, the topic has not been discussed from
the perspective of the type of molten salt because of the wide variety
of inorganic  compounds that comprise molten salt electrolytes. Thus,
this review focuses on carbon production  from  CO2 electrolysis from
this perspective. The electrochemical reaction of CO2 conversion and
its thermodynamics are also being discussed. Afterward,  the state of
the art of molten salts in CO2 electrolysis is reviewed.

Based on the general composition of the molten salt for CO2 elec-
trolysis, it  can be classified into  four  general categories: molten chlo-
ride, molten chloride  combined with  alkaline/alkaline  earth metal
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Fig. 1. Schematic illustration  of electrochemical transformation  of CO2 into  carbon
and oxygen in a molten salt electrolyte.

oxide (molten  chloride-oxide),  molten chloride  combined with  alka-
line/alkaline  earth metal carbonate (molten  chloride-carbonate), and
molten carbonate. The category represented by molten chloride  leads
to the notion  that CO2 electrolysis can be conducted in a carbon-
free or carbonate-free electrolyte.  The addition  of oxide and carbonate
modifies the solubility  and absorbance of CO2 in molten chloride.  On
the other hand, molten carbonate is present as chloride-free molten salt.

The variety  of electrolytes, electrodes, operating temperatures, ex-
perimental  conditions, and morphologies of electrolytic  carbon in each
category of molten salt will  be presented in tables in this review. These
track records allow  comparisons and help to make decisions on future
experimental plans. Finally,  the economic perspective of electrolytic
carbon is discussed by comparing it  with  the cost of commercial carbon
and carbon produced through  other techniques. The novelty  of this
review is further  emphasized by a comprehensive comparison of molten
salt electrolytes, covering the state of the art and performance analysis
in terms of the efficiency, specific electrical energy consumption, cor-
rosion of electrodes, and the presence of metal elements in electrolytic
carbon.

2. Electrochemical  conversion  of CO2 into  solid  carbon

The process of carbon dioxide  electrolysis is illustrated  in Fig. 1.
The specific characteristic of this process is the utilization  of molten
salt as an electrolyte,  thus enabling the production  of solid carbon. The
cathode and the anode are immersed in the electrolyte  when the salt
is completely melted. To melt the salt, a high temperature is required,
being around 450� 800ýC depending on the inorganic  mixture  in the
salt and its melting  point.

Fig. 1 shows a schematic illustration  of CO2 electrolysis in a molten
salt electrolyte.  In the electrolysis, the cathode and the anode are
immersed in a molten salt electrolyte.  When a potential  difference is
applied between the cathode and the anode, the reduction  process of
CO2 on the cathode begins, resulting in solid carbon deposited on the
cathode. Simultaneously, the oxide or carbonate ions are oxidized into
oxygen and/or  carbon dioxide  on the anode. Electrons flow  through
the external electrical circuit  from  the anode to the cathode, and ions
migrate in the electrolyte  from  the cathode to the anode. In this section,
the reaction mechanism of carbon dioxide  electrolysis into  solid carbon
and its thermodynamics are described.

2.1. Reaction mechanism of CO2 electrolysis

The electrochemical conversion of CO2 in molten salt may have
multiple  reaction routes on the cathode and the anode. Lorenz and

Janz [ 32]  and Bartlett  and Johnson [ 33]  proposed the reaction routes
of CO2 into  both solid carbon and carbon monoxide. However, the CO
acts as an intermediate  before it  is finally  reduced into  solid carbon.
First, the CO2 is reduced by two  electrons into  CO and a carbonate
ion [ 32,33].

2 CO2 + 2 e* ™ CO + CO3
2* (1)

Then, CO is reduced by another two  electrons into  solid carbon [ 32]:

CO + CO2 + 2 e* ™ CO3
2* + C (2)

or

3 CO + 2 e* ™ CO3
2* + 2 C (3)

The carbonate ion from  the reaction in Eqs. (1) and (2) or (3)
migrates to the anode and oxidizes into  oxygen and carbon dioxide  [ 32,
33].

CO3
2* ™ CO2 +

1
2

O2 + 2 e* (4)

In addition,  many publications  have shown that the conversion into
carbon monoxide or solid carbon involves the reduction  of carbonate
ion (CO3

2 � ) at the cathode as follows  [ 32� 37]:

CO3
2* + 2 e* ™ CO + 2 O2* (5)

or

CO3
2* + 4 e* ™ C + 3 O2* (6)

Eqs. (5) or (6) occur depending on the molten salt and the operating
temperature. The carbonate compound in molten salt is expected to
dissociate into  carbonate ions and then reduced into  CO gas or solid
carbon, leaving the oxide ions as a charge carrier  in the system.

Alternatively,  the carbonate ion might  be reduced via a two-step
process written  in Eqs. (7) and (8). [ 34,38]:

CO3
2* + 2 e* ™ CO2

2* + O2* (7)
CO2

2* + 2 e* ™ C + 2 O2* (8)

The total  reaction of Eqs. (7) and (8) will  be Eq. (6), which  denoted
into  Eq. (9):

CO3
2* + 4 e* ™ C + 2 O2* + O2* (9)

Subsequently, the 2 O2 � migrates to the anode and undergoes the
anodic reaction in Eq. (10) [ 32,34,35,37].

2 O2* ™ O2 + 4 e* (10)

Meanwhile  the O2 � regenerates the CO3
2 � by capturing  the CO2

(Eq. (11)) [ 34,39].

O2* + CO2 ™ CO3
2* (11)

In the case of direct  reduction,  four  electrons reduce the CO2 on the
cathode to produce solid carbon and carbonate ions [ 33,34].

3 CO2 + 4 e* ™ 2 CO3
2* + C (12)

These carbonate ions are active charge carriers in electrolytes, migrat-
ing from  the cathode to the anode. Afterward,  they are oxidized into
oxygen and carbon dioxide  [ 33],  as written  in Eq. (4). Thus, the total
reaction from  Eq. (12) and two  times of Eq. (4) will  be as follows:

CO2 ™ C + O2 (13)

2.2. Thermodynamics of carbon production by CO2 electrolysis

The energy required for the transformation  of carbon dioxide  (CO2)
into  solid carbon and oxygen can be calculated following  the reaction in
Eq. (13). The correlation  between electrical energy demand (Gibbs free
energy (�G )), total  energy demand (�H , enthalpy),  and heat demand
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Fig. 2. Thermodynamics of CO2 into  carbon and oxygen as a function  of temperature from 723 to 1223 K.
Source:The data are adapted from [ 41].

(T�S , entropy)  is given in Eq. (14). �G is used to determine whether
the reaction is spontaneous.

�G = �H * T �S (14)

The total  energy demand (�H ) or enthalpy for that reaction can be
calculated as shown in Eq. (15):

�H ý
f = .�H ý

f .C/ + �H ý
f .O2//  * �H ý

f .CO2/ (15)

Also, the heat demand (T�S ) as a function  of temperature can be
expressed in Eq. (16):

T �S ý = T.Sý
C + Sý

O2
/ * T Sý

CO2
(16)

By knowing  the Gibbs free energy, the electrical energy demand in
terms of voltage can be calculated by Eq. (17):

E0 =
�G
n F (17)

where n is the number of electrons, and F is the Faraday constant of
96 485 C mol*1 . In the case of CO2 conversion into  solid carbon, the
number of electrons is 4 [ 40],  and for CO2 into  CO gas it  is 2 [ 27]. E0

is the standard decomposition voltage or minimum  potential  required
for CO2 to be decomposed into  carbon and oxygen.

The enthalpy change (�H , k J mol*1 ) converted into  electrical
change results in the thermoneutral  potential  (E tn ). The thermoneutral
potential E tn of carbon dioxide  conversion into  solid carbon and oxygen
is calculated as shown in Eq. (18):

E tn =
�H
n F (18)

The data of the entropy and enthalpy of carbon dioxide,  carbon, and
oxygen in the range of 723�1223  K are adapted from  [ 41].  Following
Eqs. (14), (15), and (16), the thermodynamics of CO2 splitting  into
carbon and oxygen is calculated and presented in Fig. 2. The inset figure
shows details of �G and �H values. The energy difference between �H
and �G indicates the heat produced or consumed during  the reaction.

The operation temperature of CO2 electrolysis in molten salt is
around 450� 950ýC or 723� 1223 K. At 450� 950ýC, �G is 395.435�
396:128 k J mol*1 , resulting in the standard potential  (E0) of 1.024� 1:026
V. In addition, �H at 450� 950ýC is 394.037� 395:110 k J mol*1 , and thus,
the thermoneutral  potential  (E tn ) is 1.021� 1:023 V.

Using the Nernst equation, the reversible potential  (E rev) of CO2
electrolysis can be calculated by Eq. (19):

E rev = E0 +
R T
n F ln

[CO]
[CR]

(19)

where R is the universal gas constant (8:314 J mol*1 K *1 ), T is the
absolute temperature, [CR] is the concentration of the reactant, and
[CO] is the concentration of the product. [CR] and [CO] are equal to
the partial  pressure of CO2 gas as a reactant and the partial  pressure of
O2 gas as a product. Assuming that the partial  pressures of the reactant
and the product gases are the same, the value of E rev equals E0.

3. Morphology  of electrolytic  carbon

This chapter aims to provide a general idea of solid carbon or
electrolytic  carbon morphology  that can be produced by electrolysis in
molten salt, thus the discussion is limited  to a few examples of carbon
morphology  and its complexity.  The CO2 electrolysis in molten salt
produces various morphologies of solid carbon including  amorphous,
nano onion, nanotubes, plates, hollow  spheres, honeycomb -like  porous
carbon, and graphene. These varieties of electrolytic  carbon have been
investigated for some applications, such as lithium-ion  battery an-
odes [ 42� 44],  sodium-ion battery anodes [ 45],  supercapacitors [ 46,
47],  adsorbents of organic and inorganic  compounds [ 46,48� 51],  and
electrocatalysts [ 52].

The black solid and white  deposits on the cathode after the electrol-
ysis in the molten salt are suggested as a carbon product or electrolytic
carbon with  a molten salt residue. The separation of carbon from
molten salt residue has been proposed to be carried out, e.g., by
hydrochloric  acid leaching [ 38,54,55],  dissolving CaCO3 in CaCl2 [ 56],
high-temperature press filtration  (HTPF) [ 57],  ultrasound-assisted car-
bonation [ 58],  and ammonium chloride  (NH4Cl) roasting approach
(ACRA) [ 30].  Among these techniques, hydrochloric  acid leaching is
the easiest one, continued by washing with  deionized water and drying
in an oven at 60� 120ýC [ 54,55].  However, on an industrial  scale
the hydrochloric  acid leaching technique is not feasible because it
produces CO2 gas along with  lithium  chloride  and water as described in
Eq. (20) [ 59].  As an alternative,  Wang et al. (2021)  have demonstrated
the HTPF technique for scalable and sustainable separation of carbon
from  molten salt residue [ 57].

Li2CO3 + 2HCl ™ 2LiCl + CO2 + H2O (20)
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Fig. 3. Various carbon morphologies under the scanning electron microscopy (SEM); (a) nano onions, (b) magnified nano onions, (c) smaller spherical, (d) irregular  or amorphous,
(e) plates, and (f)  tubular.
Source:Reprinted from [ 53]  with  permission from Elsevier.

Within  one batch of the electrolysis process, a large variety  of
carbon morphology  can be observed. Fig. 3 shows a scanning electron
microscopy (SEM) images of electrolytic  carbon produced in molten
Li2CO3 at 750ýC and 7:5 A, employing  a nickel cathode and an Inconel
625 anode [ 53].  Even though the major morphology  found in the
sample is nano onions or spherical as shown in Fig. 3(a)�(b),  other mor-
phologies such as amorphous, plate, and tubular  are also found along
with  nano onions as shown in Fig. 3(c)�(f).  Depending on their  size
and orientation,  these tubular  are also referred to as carbon nanotubes
(CNTs), carbon nanofiber (CNF), or nano wool.

In addition,  the complexity  of carbon morphology  within  one batch
of electrolysis is shown in Fig. 4. Four types of electrode pairs including
Ag, Pt, Ni, and Ir  are used in molten Li2CO3 � K 2CO3 at 600ýC and 4 V to
produce solid carbon [ 60].  The inhomogeneous morphology  of carbon
produced from  each electrode pair is shown in Fig. 4 consisting of sheet,
quasispherical, and aggregate nanoparticles. Additionally,  nanotubes
are found only from  Ag electrode pairs, and shells are observed only
from  Ag and Pt electrode pairs. The complexity  of carbon products is
not only related to the material  of the electrodes but also caused by the
CO gas production  along with  the solid carbon [ 60].

Furthermore, the study on the electrochemical conversion of CO2
and the mechanism involved  in the formation  of various carbon mor-
phology have been summarized in the review articles [ 3,31,61],  and
[ 62].  The effect of operational  parameters including  electrolytes, elec-
trodes, operating temperatures, applied voltages or current, and gas in-
let composition towards the morphology  behavior has been discussed in
reviews [ 19,63],  and [ 64].  Tuning the electrolytic  morphology  behav-
ior  is a complex issue, therefore it  is important  to conduct a systematic
study that only focuses on one parameter as an independent variable
to obtain a clear conclusion.

For example, using SnO2 anode and nickel cathode in
Li2CO3 � Na 2CO3 � K 2CO3 at applied voltage of 3 V, Tang et al. (2013)

demonstrate the morphology  of carbon particles when the temperature
is varied from  450� 650ýC [ 65].  Particles of carbon (150 � 250 nm) are
seen at 450ýC, flake-like  carbon (500 nm � 1 �m ) are found at 550ýC,
while  wire-like  and thin  sheet carbon larger than 2 �m are observed
at 650ýC [ 65].  Another example of a systematic study on the effect
of molten carbonate has been conducted by Wu et al. (2017)  using
Fe cathode and Ni anode at 100 mA cm*2 and 600ýC [ 66].  The result
shows that using Li2CO3 � Na 2CO3 of 50:50 wt% produces spherical
carbon, whereas Li2CO3 � K 2CO3 of 50:50 wt% produces flakes [ 66].
In addition,  the variation  of alkaline  earth carbonate additives (MCO3,
M = Ca, Sr, and Ba) into  Li2CO3 has been investigated to modulate
the carbon nanotubes (CNT) diameter [ 67].  Using the same material
of electrode, operating temperature, applied current density, and time,
the result shows that the addition  of alkaline  earth carbonate produces
a thicker  diameter of CNT and the hollow  structure is also more
pronounced [ 67].

4. Molten  salt  electrolyte  for  carbon  production

The molten salt electrolyte  is a solid inorganic  compound that
becomes liquid  at high temperatures beyond its melting  point.  Molten
salt has been used as an electrolyte  in some technologies, such as bat-
teries [ 68� 70],  molten carbonate fuel cells (MCFC) [ 71� 73],  and CO2
electrolysis [ 24,39,74].  On the laboratory  scale, some types of molten
salts have been experimented, e.g., molten chloride,  molten chloride
mixed with  oxide, molten chloride  mixed with  molten carbonate, and
molten carbonate. Molten  salt electrolytes for carbon production  are
expected to have low  operating temperatures to reduce energy con-
sumption [ 75].  The electrolysis in molten salt requires an electrolyte
that has a high ionic  conductivity,  affordable, abundant resources, a
reasonable melting  temperature (under 800ýC), low  corrosion, a low
mass loss, and a low  overpotential  of carbon formation.
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Fig. 4. Complex morphology  of electrolytic  carbon consisting of shells, sheets, quasispherical shapes, nanotubes, and aggregated nanoparticles.
Source:Reprinted from [ 60]  with  permission from Elsevier.

4.1. Molten chloride

The idea behind the use of molten chloride  is to prove that CO2
reduction  can occur under a carbon-free or a carbonate-free inorganic
electrolyte  [ 24].  In the case of molten carbonate or molten chloride-
carbonate, the carbonate ion (CO3

2 � ) is expected to become the main
compound that is reduced into  CO or C and an oxide ion (O2 � ) as
described in Eqs. (5) and (6). In contrast, in the absence of carbonate
in the molten chloride  electrolyte,  the formation  of solid carbon is
still  observed on the cathode when CO2 gas is supplied to the molten
chloride  salt [ 24,76� 78].  This introduces the alternative  reaction routes
that are possible during  CO2 electrolysis as described in Eqs. (1), (2),
(3), and (12), which  are dominating  the carbon formation  process.

Meanwhile,  the alkali  chloride  (MCl, M = Li, Na, K) might  be
involved  in the system but the electroreduction  potential  of alkali
chloride  to metal in the cathode as written  in Eq. (21) is higher than
the carbon deposition potential  from  the CO2 [ 42,79,80].

M+ + e* ™ M (21)

Correspondingly, the anodic oxidation  of Cl � to Cl2 is thermodynam-
ically  less favorable compared to the oxidation  of O � to O2 [ 79,
80].

2 Cl* ™ Cl2 + 2 e* (22)

The total  reaction of Eqs. (21) and (22) can be written  in Eq. (23) [ 42,
79]:

2MCl ™ 2M + Cl2 (23)

In addition,  some studies proposed the hydrolysis process within  the
molten chloride.  The presence of moisture (H2O) in LiCl or eutectic
LiCl � KCl  induces the hydrolysis process at <600ýC, forming  lithium
hydroxide  (LiOH)  and hydrochloric  acid (HCl) via Eq. (24) [ 81,82]:

H2O + LiCl ™ LiOH + HCl (24)

The HCl is reduced, forming  H2 gas through  Eq. (25) [ 82]:

HCl + e* ™ Cl* +
1
2

H2 (25)

At a higher temperature, LiOH undergo the following  sequence (Eqs.
(26) and (27)) to form  lithium  oxide Li2O [ 82]:

LiOH + e* ™ LiO* +
1
2

H2 (26)

LiCl  + LiO* ™ Li2O + Cl* (27)

Alternatively,  2LiOH decompose into  Li2O and H2O at >800ýC (Eq.
(28)) [ 81,83]:

2LiOH ™ Li2O + H2O (28)

The Li2O act as CO2 capture agent, forming  lithium  carbonate (Eq.
(29)) [ 59,81]  which  then can be reduced into  solid carbon.

CO2 + Li2O ™ Li2CO3 (29)

Chloride-based electrolytes are mostly composed of alkaline/
alkaline  earth chloride,  such as CaCl2, NaCl, KCl, LiCl, and CsCl.
A summary of carbon production  from  CO2 electrolysis in molten
chloride  salt is presented in Table 1. Molten  chloride  is an inter-
esting salt mixture  because of its low  melting  point  and the abil-
ity  to dissolve alkaline/alkaline  earth metal oxide and carbonate.
LiCl � KCl  has the eutectic point  at 353ýC [ 39],  NaCl � KCl  at 660
ýC [ 76],  and CaCl2 � LiCl  at 475ýC [ 26].  Molten  chloride  electrolytes
have an operating temperature range from 450ýC to 850ýC [ 78,85].

A carbon lump  was found at the GLS-3PI (gas�liquid�solid  three-
phase interline)  during  electrolysis in molten CaCl2 at 850ýC under
the CO2 gas atmosphere [ 84]. Fig. 5(b) and (c) show the difference
between the electrolytic  product after electrolysis under argon and CO2,
indicating  that the presence of CO2 is crucial  for carbon formation
in molten CaCl2. As shown in Fig. 5(a), the reduction  of the metal
oxide Ta2O5 in CaCl2 will  produce O2 � . This oxide ion reacts with
the CO2 gas supply to form  CO3

2 � , which  is subsequently reduced into
carbon [ 84].

Fig. 5b shows that under argon gas, the graphite anode became
the only source of carbon, and thus, there is no real reduction  process
of CO2. The O2 � from  the cathode diffuse in CaCl2 and oxidize the
graphite anode to form  CO/CO2 [ 84,85].  However, the diffusion  of O2 �

in CaCl2 is slow, causing a low  formation  of CO2. Since the amount of
CO2 is insufficient  for carbon production,  it  implies that the formation
of solid carbon only occurs under CO2 atmosphere during  electrolysis
in molten CaCl2 [ 84].

Another potential  use of molten CaCl2 is as an electrolyte  for
graphitization  of amorphous carbon by cathodic polarization  at 2.6 V
for 1�4  h at 820ýC [ 86].  This technique can be an alternative  to produce
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Table 1
Summary of carbon production  by the CO2 electrolysis process in the molten chloride electrolyte.

Electrolyte Cathode/Anode Temp. (ýC) Conditions Products Ref.

CaCl2 Ta2O5/graphite 850 2.8 V, 12 h Carbon layer at GLS-3PI [ 84]

LiCl � KCl Nickel/GC 450 1.2 V, 30�180  min MWCNT [ 78]

NaCl � KCl Fe-Ni foam/Ni10Cu11Fe alloy 700 100 mA cm*2 , 600 s Granular and flake carbon [ 24]

NaCl � KCl Pt/GC 750 10� 200 mA cm*2 , 1 h CNTs, nanofibers, crystalline
graphite, amorphous

[ 77]

NaCl � KCl Pt/GC 750 5� 200 mA cm*2 , 5 h CNTs, amorphous [ 76]

NaCl � KCl � CsCl Pt/GC 550 5� 200 mA cm*2 , 2 h Amorphous, CNTs [ 76]

Fig. 5. Cathode and anode are Ta2O5 and graphite. (a,d) Schematics of experiments in molten CaCl2 and CaCl2 � CaO, (b,c) digital  photo of the electrolytic  product after the
electrolysis in CaCl2 under argon and CO2, (e,f) digital  photo of the electrolytic  product after the electrolysis in CaCl2 � CaO under argon and CO2.
Source:Reprinted from [ 84]  with  permission from Elsevier.

high-quality  graphite for the cathode material  of batteries owing  to its
stability  during  charge/discharge in Pyr14TFSI ionic  liquid  [ 86].

Binary molten chloride-based electrolytes, such as KCl � LiCl  and
NaCl � KCl,  have been investigated in [ 24,76� 78].  The operating tem-
perature of binary  molten chloride  is lower  than that of single molten
CaCl2. The use of LiCl � KCl  for CO2 electrolysis is interesting because
carbon is also formed over the molten salt level or at GLS-3PI [ 78].  This
phenomenon can be due to the low  solubility  of CO2 inside LiCl � KCl,
formation  of a super meniscus on the electrode, and direct  reduction  of
CO2 [ 78].

In molten NaCl � KCl,  the diffusion  of CO2 is enhanced by using a
stainless steel capillary  connected to a FeNi foam electrode [ 24].  In
addition,  the deposition rate of carbon in molten NaCl � KCl  can be
enhanced by adding CsCl to NaCl � KCl  [ 76].  The addition  of CsCl to
NaCl � KCl  also lowers the melting  point  from 660ýC to 480ýC and the
operating temperature from 750ýC to 550ýC [ 76,77].

4.2. Molten chloride-oxide

The objective of oxide introduction  into  the molten chloride  is
to modify  the solubility  of CO2 and enhance the CO2 capture. The
CaO or Li2O is added to the molten chloride  electrolyte  in the range
from  1 wt% to 5 wt% [ 26,38,84,85,87].  As shown in Fig. 5(d), (e),
and (f),  the addition  of CaO to molten CaCl2 facilitates  better carbon

production  compared with  pure CaCl2, both under argon and CO2

gas [ 84]. Fig. 5(f)  also shows that the carbon formation  increases
significantly  under CO2 atmosphere, because more CO2 is captured and
converted into  solid carbon in CaCl2 � CaO [ 84].

There are some alternative  routes of carbon formation  in molten
chloride-oxide.  First, the presence of Li2O or CaO will  capture CO2 to
form  Li2CO3 as described in Eq. (29) [ 59,81]  or CaCO3 Eq. (30) [ 38]
and then reduced into  solid carbon.

CO2 + CaO™ CaCO3 (30)

Second, instead of directly  capturing  CO2, the CaO or Li2O may
dissociate into  metal and oxide as described in Eq. (31). The oxide
captures the CO2 gas forming  carbonate ion which  is then reduced into
solid carbon as described in Eq. (11) [ 34,38].

MxO › xMy+ + O2* (31)

The oxide additive  as a reductant agent should dissolve completely
into  the molten salt, so the CO2 gas molecules inside the molten salt
can also be split  effectively.  Deng et al. (2016)  calculated the CO2

absorption rate in LiCl � KCl  with  additional  Li2O to be 33.7 mmolCO2
h�1

molsalt
�1 , and the additional  CaO was shown to have a higher absorption

rate of 53.6 mmolCO2
h�1 molsalt

�1 [ 39].  Furthermore, Deng et al. (2019)
investigated the kinetics of molten LiCl � KCl  with  the addition  of CaO
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Table 2
Summary of carbon production  by the CO2 electrolysis process in the molten chloride-oxide  electrolyte.

Electrolyte Cathode/Anode Temp. (ýC) Conditions Products Ref.

CaCl2 � CaO SS/ZrO2 900 3:1 V, 20 000 s,
CO2-Ar gas mix

CNTs, amorphous [ 88]

CaCl2 � CaO Ta2O5/Graphite 850 2.8� 3 V, 10�12  h TaC [ 84,85]

LiCl � Li 2O SS/ZrO2 650 3:1 V, 20 000 s,
CO2-Ar gas mix

CNTs, amorphous [ 88]

CaCl2 � LiCl � CaO Ni or Cu
rod/SnO2

600 3 V, 1 h Amorphous, quasi-spherical,
tubular,  plates, rod

[ 26]

CaCl2 � LiCl � CaO Mo/0.5 CaTiO 3 �
0.5 Ni

600 500 mA cm*2 , 2 h Graphite, spherical carbon [ 89]

CaCl2 � NaCl � CaO SS, Cu,
Ni/RuO 2 � TiO 2

650, 750 2:6 V, 4 h Graphite flake, graphene ball,
graphene sheet

[ 25]

CaCl2 � NaCl � CaO Graphite rod or
GC/RuO2 � TiO 2

650, 750, 850 2:6 V, 4 h Quasi-spherical, hollow  MWCNT,
platelet, porous

[ 90]

CaCl2 � NaCl � LiCl � CaO Graphite rod or
GC/TiO2.Ni

725 0:8 A, 14 400 s Compact rod, amorphous [ 91]

NaCl � CaCl2 � CaO � GeO2 C, Cu, Ni, or
Fe/Carbon

750 2:2 V, 2 h Ge@CNT [ 92]

as illustrated  in Fig. 6 [ 38]. Fig. 6(a) shows that the CO2 absorption
increases as the CO2 pressure increases because of easier carbonation
of CaO at higher pressures [ 38].  The absorption of CO2 at 450ýC
has a linear  correlation  with  the CaO concentration as depicted in
Fig. 6(c) [ 38].  In Fig. 6(d), the conversion ratio  of 2.0 mol% CaO under
an initial  CO2 pressure of 50 kPa is shown, indicating  a slight difference
in the conversion ratio  at 400� 550ýC [ 38].  However, the conversion
ratio  is lower  at 600� 650ýC because of poor thermodynamic  tendencies
as the carbonation of CaO is an exothermic reaction [ 38].

Table 2 provides a summary of research on carbon production
from  CO2 electrolysis in molten chloride-oxide.  In the table, most of
the molten chlorides are based on CaCl2, LiCl, and NaCl, with  the
addition  of CaO. The mixture  of CaCl2- and LiCl-based molten salt is
interesting because of the high solubility  of the oxide ion (O2 � ), which
is expected to increase the CO2 absorption [ 93].  Both CaO and Li2O
can be dissolved in LiCl. At 650ýC, the solubility  of CaO is higher in
LiCl than in CaCl2 � LiCl  [ 93].  Similarly,  the solubility  of Li2O is higher
in LiCl than in LiCl � KCl  and LiCl � NaCl  [ 93].  Molten  LiCl � Li 2O has a
lower  operating temperature than CaCl2 � CaO [ 88].

The investigation  of CO2 electrolysis was conducted in a CaCl2 � CaO
system, indicating  that solid carbon can be produced in this elec-
trolyte  [ 84,85,88].  To reduce the operating temperature, NaCl is added,
forming  CaCl2 � NaCl � CaO  [ 25,90].  In addition,  LiCl is added to form
CaCl2 � LiCl � CaO  [ 26,89].  Solid carbon can be produced in all these
mixtures; however, the graphitization  of solid carbon is improved  by
the addition  LiCl to CaCl2 � NaCl � CaO,  forming  a
CaCl2 � NaCl � LiCl � CaO  mixture  [ 91].

Table 2 shows that the same carbon morphology  can be produced
using the same type of electrodes and conditions, even when different
molten salts and temperatures are used. For instance, both CaCl2 � CaO
and LiCl � Li 2O operating at different  temperatures produce nanotubes
and amorphous carbon [ 88].  However, using the same molten salt and
operating temperature with  different  electrode pairs and conditions can
result in different  carbon morphologies.

Molten  CaCl2 � LiCl � CaO  produces various carbon morphologies,
including  amorphous, graphite, spherical, rods, and plates when dif-
ferent cathode and anode pairs, as well  as applied voltage or cur-
rent, are used [ 26,89].  It  appears that the cathode material  signifi-
cantly influences carbon morphology.  As shown in Table 2, molten
CaCl2 � NaCl � CaO  produces the different  morphologies even though
the anode and operating conditions are the same [ 25,90].  At 750ýC,
wrinkled  graphene is produced from  stainless steel cathode, graphene
ball from  a Cu cathode, graphene sheet from  a nickel cathode, hollow
multi-walled  carbon nanotube from  a glassy carbon cathode, and quasi
spherical carbon from  a graphite rod cathode [ 25,90].

In the special case of germanium (Ge) NPs encapsulated in the CNT
(Ge@CNT) production  for lithium  storage, soluble GeO2 is added to
the mixture  of CaCl2 � NaCl � CaO  allowing  the additional  formation  of
O2 � from  the reduction  of GeO2 on the cathode [ 92].  Two benefits are
reaped at the same time, because O2 � can help to absorb CO2, and
the deposited Ge on the cathode is encapsulated with  carbon, forming
Ge@CNT [ 92].  However, the addition  of GeO2 is not widely  used in
other salt mixtures because of the deposition of Ge, which  might  be an
undesired product for other purposes.

4.3. Molten chloride-carbonate

Apart from  alkali/alkali  earth metal oxide, the carbonate com-
pounds including  Li2CO3, Na2CO3, K2CO3, and CaCO3 can be mixed
with  the molten chloride  electrolyte.  In a molten chloride-carbonate,
the addition  of carbonate increases the solubility  of CO2 into  the
melt [ 94]. Table 3 shows a summary of research on carbon production
from  the CO2 electrolysis in molten chloride  with  carbonate additive.

Among the compounds listed in Table 3, Li2CO3 and CaCO3 are
preferred because the potential  reduction  of metal carbonate to metal Li
and Ca is higher than to solid carbon or CO gas [ 42].  Li2CO3 or CaCO3

can be added to a mixture  of LiCl � KCl  [ 38,39,42],  but it  is also possible
to add both carbonates to a single LiCl melt [ 43,95]  or CaCl2 � LiCl � KCl
melt [ 96].  Li2CO3 and CaCO3 undergo splitting  mechanism through
Eq. (32), producing solid carbon also releasing Li2O and CaO [ 35,42].
The metal oxide is expected to have a high affinity  to CO2, and thus,
the carbonate compound can be regenerated through  the reaction of
Eq. (33) [ 42,75]:

3 MxCO3 ™ 3 MxO + C + 2 CO2 + O2 (32)
MxO + CO2 ™ MxCO3 (33)

for M is Li, Ca, and x is 1 or 2. When K2CO3 and Na2CO3 combined
into  the mixture,  due to their  standard potential  reduction,  the metal
formation  may occur through  Eq. (34) [ 35,42]:

2 MxCO3 ™ 2xM + 2 CO2 + O2 (34)

for M is K, Na, and x is 1. The net reaction of Eq. (32) and two  times
of Eq. (33) will  result in Eq. (35) [ 35,42]:

MxCO3 ™ MxO + C + O2 (35)

It  should be noted that in the higher potential,  the alkali/alkali  earth
metal chlorine  is split  into  metal and chloride  as shown in Eq. (23) [ 42,
79].
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Fig. 6. Kinetics of the CO2 absorption in molten LiCl � KCl  with  additional  CaO under different  (a) pressures, (b) concentrations, and (d) temperatures. (c) Linear correlation
between the absorbed amount of CO2 and CaO concentration.
Source:Reprinted from [ 38]  with  permission from Elsevier.

Based on Table 3, the operating temperature of molten chloride-
carbonate is in the range of 450� 900ýC. A suitable operating tem-
perature should be examined for each molten salt mixture  because
the composition might  affect the electrochemical process during  elec-
trolysis. Deng et al. (2018)  investigated the effect of temperature on
the CO2 electrolysis in molten LiCl � KCl � CaCO 3 [ 42].  The operating
temperature at 450ýC was suggested because at 550ýC and 650ýC,
the current efficiency is lower,  suggesting the occurrence of another
reaction than carbon deposition [ 42].  In molten LiCl � KCl � CaCO 3,
when the temperature is higher than 550ýC, CaCO3 is expected to react
with  LiCl, forming  CaCl2 and Li2CO3 following  the Eq. (36) [ 42]:

CaCO3 + 2LiCl ™ CaCl2 + Li2CO3 (36)

The addition  of carbonate in molten chloride  salt enables carbon
deposition possible even though without  CO2 supply, as the carbonate
serves as the source of carbon mentioned on Eqs. (5) and (6). In
molten LiCl � KCl,  no carbon deposition is observed, but when K2CO3
is added, the carbon deposition can proceed [ 97,98]. Fig. 7 shows the
different  cyclic voltammograms of Ti wires in molten LiCl � KCl  and
LiCl � KCl � K 2CO3 at 450ýC under argon gas [ 97].  The reduction  peaks
of C6 and C8 correspond to metallic  lithium  deposition; meanwhile, the
anodic peaks of A6 and A8 correspond to the stripping  of the reduction
product [ 97].  In molten LiCl � KCl,  the reduction  and oxidation  peaks
of C7 and A7 are attributed  to the reduction  of tin  oxide and its
reoxidation  [ 97].  The reduction  peak of C9 in molten LiCl � KCl � K 2CO3
is the reduction  of carbonate into  carbon [ 97].

The same phenomena were also demonstrated by Ge et al. (2015),
showing that there is no reduction  reaction to form  carbon in the
LiCl � NaCl  melt, but the addition  of Na2CO3 made the carbon starts
to be deposited on the cathode [ 17].  The addition  of Li2CO3 to LiCl
also shows the carbon production  without  CO2 supply [ 95].  Similarly,
Lv and Zeng (2012)  showed the carbon deposition without  CO2 supply
in a Na2CO3 � NaCl  system [ 99].  These findings  indicate that instead of
the CO2 gas feed, the carbonate compound acts as the primary  source
of solid carbon deposition. The carbonate compound in molten chloride
dissociates into  an alkali/alkali  earth metal oxide and CO2. CO2 might
be directly  reduced into  solid carbon and carbonate ions as indicated
by Eq. (12). On the contrary,  CO2 might  be captured by the O2 � to
form  CO3

2 � as denoted in Eq. (11). This O2 � is originated  from  the

metal oxide dissociation as suggested in Eq. (31). Subsequently, the
solid carbon and oxygen are formed through  the reaction in Eqs. (6)
and (10).

It  should be noted that the absence of CO2 feed to the molten salt
leads to the expectation that all carbonate compounds will  be consumed
after some time of electrolysis. Thus, it  is suggested that the investiga-
tion  is continued into  the carbonate compound composition analysis
after electrolysis. Without  CO2 supply, the carbonate compound in
the molten chloride-carbonate salt cannot be regenerated. As a result,
carbon will  no longer be produced when the carbonate compound is
unavailable in the melt.

The morphologies of carbon remain consistent when all parameters
are the same. As shown in Table 3, LiCl � KCl � CaCO 3 molten salt with
nickel cathode and graphite anode are operated at 450ýC produces
hollow  spherical carbon at 2:8 V and produce sheets at 3:5 V [ 38,42].
Similarly,  spherical amorphous like  a grape aggregate can be produced
from  molten LiCl � CaCO3 � Li 2CO3 salt with  stainless steel cathode and
anode at 4 V despite a slight difference in operating temperature [ 75,
96].

Meanwhile,  quasi spherical carbon can be produced using tungsten
cathode and platinum  anode pair at 700ýC even though different
molten salt and operating voltage are different.  Molten  LiCl � Li 2CO3
produces quasi-spherical carbon at 2:2 V, while  LiCl � NaCl � Na 2CO3
produces quasi-spherical carbon at 2:8 V [ 43,79].  Additionally,  com-
pletely  different  carbon morphologies can be produced from  the same
molten salt under different  electrode pairs, operating temperatures,
and conditions. For example, molten LiCl � KCl � K 2CO3 produces quasi-
spherical, graphite, and amorphous carbon using a titanium  cathode
and graphite anode pair, while  carbon film  is produced using an
aluminum  cathode and glassy carbon anode [ 97,98].

4.4. Molten carbonate

Molten  carbonate emerges as molten chloride-free salt, which  can
be comprised of alkali/alkali  earth metal ions in Mx CO3, where M
is Li, Na, K, Ba, Ca, Mg, Sr, and x is 1 or 2. Molten  carbonate should
be abundant and have a good stability  and CO2 absorbance, a high
conductivity,  a low  melting  point,  a low  price, and low  potential
conversion into  solid carbon. Therefore, to obtain optimum  results, a
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Table 3
Summary of the carbon production  by the CO2 electrolysis process in the molten chloride-carbonate electrolyte.

Electrolyte Cathode/Anode Temp. (ýC) Conditions Products Ref.

LiCl � KCl � CaCO 3 Ni/Graphite 450, 550, 650 2.8� 4:5 V, 2000 s Hollow  sphere, amorphous,
sheet, CNT

[ 42]

LiCl � KCl � CaCO 3 Ni/Graphite 450 2.8� 3:5 V, 30 min Hollow  spheres, sheet [ 38]

LiCl � KCl � CaCO 3 Ni/Graphite 450 25� 100 mA cm*2 ,
2000 mAh

Sheets, shell-like, NPs [ 39]

CaCl2 � LiCl � KCl � CaCO 3 SS/SnO2 575�585 4 V, 1 h Amorphous spherical [ 96]

LiCl � KCl � Li 2CO3 Ni/Graphite 450 25� 100 mA cm*2 ,
2000 mAh

NPs, quasi-spherical, sheets [ 39]

LiCl � Li 2CO3 W/Pt 700 2:2 V, 2�4  h Quasi spherical [ 43]

LiCl � Li 2CO3 Ni/Pt 650�750 2:4 V, 2 h Amorph, quasi-spherical,
fibers

[ 95]

LiCl � NaCl � Na 2CO3 W/Pt 650�800 2� 2:8 V, 3 h Quasi spherical, wire-like,
flakes

[ 79]

NaCl � Na 2CO3 Mild  steel/SnO2 800 1� 2:5 V, 1 h FeC [ 100]

LiCl � CaCO3 � Li 2CO3 SS/SS 550, 650 4� 6 V, 3 h CNT, spherical, amorph [ 75]

LiCl � CaCO3 � Li 2CO3 SS/SS 545�555 4 V, 1 h Amorph spherical [ 96]

LiCl � KCl � K 2CO3 Ti/Graphite 500 *1 :2 V, *1 :8 V, 1�6
h, no CO2 feed

Quasi spherical, graphite,
amorph

[ 97]

LiCl � KCl � K 2CO3 Al/GC 723 0.9� 1:1 V, 100
C/cm2, no CO2 feed

Carbon film [ 98]

LiCl � NaCl � Na 2CO3 Mo/Pt 900 2:2 V, 1 h Quasi spherical, graphite [ 17]

NaCl � Na 2CO3 Bare SS, SS
coated Cr or Ti/
graphite

900 192 mA cm*2 , 1 h,
no CO2 feed

Amorphous, graphite [ 99]

Fig. 7. Cyclic voltammogram of molten LiCl � KCl  and LiCl � KCl � K 2CO3 at 450ýC on
titanium wires under argon atmosphere at a scan rate 50 mV/s.
Source:Reprinted from [ 97]  with  permission from Elsevier.

common approach is to create eutectic molten carbonate by combining
two  or three carbonate salts. Table 3 shows a summary of research
on carbon production  from  the CO2 electrolysis in molten chloride
with  carbonate additive. Table 4 presents a summary of studies on the
conversion of carbon dioxide  to solid carbon using molten carbonate
salt.

Among these types of carbonate salts, Li2CO3 is the most popular
one and widely  used in many experiments because of its melting  point
of 723ýC, which  is lower  than that of K2CO3 (891ýC) and Na2CO3
(851ýC) [ 101].  Li2CO3 also has a more favorable CO2 absorbance
compared with  K2CO3 and Na2CO3 [ 101].  In the case of using nickel as
electrodes, K2CO3 and Na2CO3 are more corrosive than Li2CO3 [ 55].
The potential  conversion of molten carbonate into  solid carbon, carbon
monoxide, and metal at different  temperatures (127� 927ýC) has been
investigated, e.g., in [ 34,102].  The conversion potential  of Li2CO3 into
solid carbon is more positive than into  Li metal, meaning that carbon
deposition is more favorable in the Li2CO3 electrolyte  [ 34,102].  In
contrast, the conversion potential  of Na2CO3 and K2CO3 into  solid
carbon is quite competitive  with  the conversion potential  into  Na and
K metal [ 34,102].  In addition,  the conversion potential  of Li2CO3 into
carbon monoxide is more positive than Na2CO3 and K2CO3 [ 102].

Indeed, an advantage of Li2CO3 is that it  can be reused without
any significant  degradation [ 103,104].  Li2CO3 alone can be used as
an electrolyte  for CO2 electrolysis [ 23,53,59].  The conductivity  of
Li2CO3 at 900ýC is 5:42 S cm*1 , which  is higher than that of Na2CO3
(2:94 S cm*1 ), K2CO3 (2:01 S cm*1 ), Rb2CO3 (1:51 S cm*1 ), and Cs2CO3
(1:36 S cm*1 ) [ 105].  However, it  is also possible to combine it  with
other carbonates, such as K2CO3 [ 55,60,66,96,100],  Na2CO3 [ 66,102],
CaCO3 [ 67,104],  SrCO3 [ 67],  and BaCO3 [ 55,67].  The eutectic of
molten carbonate can be comprised of two  molten salts (binary),  or
three molten salts (ternary).  The solubility  of CO2 in various eutectic
molten carbonate salts has been investigated, and it  has been found that
Li2CO3 � Na 2CO3 and Li2CO3 � K 2CO3 at 650ýC have high solubility  val-
ues of 1:1 •  10*1 and 1:7 •  10*1 mol* 1 atm* 1 L* 1, respectively [ 106].

There are several reasons for using binary  or ternary  molten car-
bonate, including  (1) reduction  in the melting  point  and operating
temperature; (2) adjustment of the yield  morphology;  and (3) reduction

�5�H�Q�H�Z�D�E�O�H���D�Q�G���6�X�V�W�D�L�Q�D�E�O�H���(�Q�H�U�J�\���5�H�Y�L�H�Z�V�������� ���������������������������� ��

���� ��



A. Nur'aini et al.

Fig. 8. Carbon monoxide concentration during  CO2 electrolysis in molten Na2CO3 � K 2CO3 at (a) 750ýC and (b) 800ýC.
Source:Reprinted from [ 24]  with  permission from Elsevier.

in the cost. Li2CO3 has a melting  temperature around 714ýC to 733ýC
depending on the surrounding  atmosphere (i.e., air or CO2) and the
degree of dissociation of Li2CO3 to Li2O and CO2 when approaching
the melting  point  [ 107].  Therefore, the operating temperature for CO2
electrolysis in pure Li2CO3 is mostly around 750ýC to 950ýC [ 23].
However, in binary  molten carbonate (Li2CO3 � K 2CO3), the operating
temperature can be lowered to 545ýC [ 96].  In ternary  molten carbonate
salt (Li2CO3 � Na 2CO3 � K 2CO3), the operating temperature can be even
lowered to 397ýC [ 108].  Lowering the operating temperature helps to
reduce the heating time and also the energy required to heat the system.

Moreover, to prevent undesired products, such as CO gas, the op-
erating temperature of molten carbonate should be considered. Licht
et al. (2010)  mentioned that at 950ýC, CO2 is not converted into  carbon
anymore but into  carbon monoxide [ 23].  At temperatures higher than
800ýC, carbon monoxide (CO) formation  is preferable [ 24,84].  This
is reasonable because based on the thermodynamics analysis, the �G
of CO2 electrolysis to CO at 800ýC is 189 k J mol*1 , which  is equal to
0:97 V [ 27].  According to the graph in Fig. 2, at 800ýC the �G of CO2
electrolysis to C and O2 is 395:969 k J mol*1 , which  is equal to 1:026 V.
Shi et al. (2023)  showed that CO gas is produced along with  carbon at
the temperature of 750ýC in Na2CO3 � K 2CO3, see Fig. 8(a) [ 24].  The
amount of CO production  increases at higher temperatures and current
densities as shown in Fig. 8(b) [ 24].

The composition of the molten carbonate mixture  can influence the
morphology  of carbon products. The investigation  of the CNTs mor-
phology in different  molten carbonate mixtures by Li et al. (2019)  indi-
cates the spherical particle  formation  along CNTs in the Li2CO3 � CaCO3
mixture,  a larger outer diameter of CNTs in Li2CO3 � BaCO3 than
in pure Li2CO3, and a more coarse surface of CNTs produced in
Li2CO3 � SrCO3 [ 67].  The addition  of 10�30  wt% of BaCO3, CaCO3,
and SrCO3 into  a mixture  of Li2CO3 � K 2CO3 � Na 2CO3 has been studied,
showing that the morphology  of the electrolytic  carbon changes from
honeycomb-like into  the irregular  shape of carbon, flakes, and sphere-
like  carbon [ 109].  The addition  of >5wt~ of CaCO3 to Li2CO3 also
produces a smaller diameter of CNTs with  fewer defects and a more
uniform  morphology  compared with  pure Li2CO3 [ 104].  Moreover,
spherical carbon formation  is obtained along with  CNTs by combining
Na2CO3 with  Li2CO3 [ 102].  As shown in Fig. 9(a), the presence
of sodium in Li2CO3 seems to induce the formation  of a spherical
structure [ 66].  Meanwhile,  the addition  of potassium to Li2CO3 results
in thick  nanoflakes around 50�200  nm, shown in Fig. 9(b) [ 66].

In a ternary  molten carbonate of Li2CO3 � Na 2CO3 � K 2CO3, the
morphology  from  spherical carbon or thick  nanoflakes turned into
a structure of micromorphology  flake structure with  sharp edges;
Fig. 9(c) and (d) [ 66].  In another ternary  system of molten car-
bonate, spherical carbon produced in Li2CO3 � CaCO3 � Na 2CO3 car-
bonate has a smaller diameter compared with  the spherical carbon
produced in Li2CO3 � CaCO3 � K 2CO3 carbonate [ 55].  The addition  of
alkaline/alkaline  earth metal carbonate to Li2CO3 might  increase the
alkalinity  of the electrolyte,  which  induces a morphological  change in
the carbon yield  [ 67,102].

Another rationale  of the binary  and ternary  molten carbonate is
to reduce the cost of carbon production  with  pure Li2CO3 [ 67,104].
In 2017, the battery grade of Li2CO3 costed about $13 900 per metric
ton [ 67]  and increased to $37 000 in 2022 [ 113].  Lithium  is quite
expensive, and thus, mixing  it  with  other types of alkaline/alkaline
earth metal carbonates helps to reduce the cost. CaCO3 is one of the
most abundant compounds on earth, and therefore, this compound
becomes interesting as an additional  compound in Li2CO3. Fig. 10
shows the trend of price for each carbonate and the abundance of its
alkaline/alkaline  earth metal. The element abundances in earth's crust
are adopted from  A.A. Yaroshevsky, 2006 [ 114].  Besides, the price of
carbonates in the market around 2022 to 2023 are referenced from
sources [ 113,115� 120].  Cesium (Cs) has the lowest abundance and
the highest price of its carbonate, while  calcium (Ca) has the highest
abundance. Sodium (Na) has the lowest price of its carbonate compared
with  the others. Lithium  (Li)  has the second least abundance and second
highest price of its carbonate. Potassium (K) and sodium (Na) are
quite abundant and have relatively  low  prices of carbonate compared
to others. Moreover, barium  (Ba) and strontium  (Sr) have moderate
abundance and price of their  carbonate. Instead of lithium  carbonate
and cesium carbonate, other carbonates are of interest considering their
price and element abundance.

Among non lithium  carbonate, thermodynamic  calculations indicate
that carbon deposition is more favorable in MgCO3, CaCO3, SrCO3, and
BaCO3 [ 35,74,80].  Meanwhile,  metal deposition is more favorable in
Na2CO3, K2CO3, and Rb2CO3 [ 35,80].  The use of single lithium  free
carbonate is not recommended. Instead of depositing carbon, more met-
als are deposited, leading to increased metal impurities.  Additionally,
a higher potential  is required to deposit carbon, which  implies lower
Faraday efficiency and higher specific electrical energy consumption.

In the case of the lithium-free  carbonate, most experiments are
conducted in eutectic carbonate salts. Some experiments on lithium-
free carbonate have been conducted in eutectic molten Na2CO3 � K 2CO3
at the temperatures from 750ýC to 800ýC [ 24,56,74,112].  Additives
that can be combined with  Na2CO3 � K 2CO3 are, e.g., MCO3 (M = Mg,
Ca, Sr, and Ba) [ 74]  and NaVO3 [ 112].  If the alkaline  earth metal
oxide (MO) is soluble in the molten carbonates, it  will  capture CO2
and replenish the carbonate, and thus, the composition of electrolyte
in electrolysis remains the same when producing solid carbon and
oxygen [ 74].  If the MO is not soluble, the end products will  be MO,
C, and O2 [ 74].  The addition  of CaCO3 to Na2CO3 � K 2CO3 allows a
rapid mass transfer in the electrolysis [ 56],  and the addition  of NaVO3
helps to enhance the graphitization  degree of carbon materials [ 112].

5. Performance  analysis  of the  molten  salts electrolyte

Previous studies on CO2 molten salt electrolysis have largely focused
on product characterization.  Meanwhile,  the analysis lacks coverage
of both Faraday and voltage efficiency, specific electrical energy con-
sumption, corrosion of electrodes, and metal contamination  in the
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Fig. 9. SEM images of electrolytic  carbon from CO2 electrolysis in various molten carbonates at 600ýC.
Source:Reprinted from [ 66]  with  permission from the Royal Society of Chemistry.

Fig. 10. Trend of element abundances in ppm and price of carbonate in $ per metric ton. The data of element abundances in earth's crust are cited from [ 114]  and the price of
carbonate in the market are adopted from various sources [ 113,115� 120].

carbon product. Indeed, the development of large-scale CO2 molten salt
electrolysis requires further  studies that take these aspects into  account.
In a sense, the discussion about production  costs and product viability
will  also depend on these factors, projecting  the competitiveness of
the carbon produced through  other technologies. Therefore, further
research in the CO2 molten salt electrolysis is still  open and highly
needed, particularly  focusing on these aspects.

5.1. Total electrical efficiency of electrolysis process for carbon production

The total  electrical efficiency of molten electrolysis consists of volt-
age efficiency and current efficiency. The specific electrical energy
consumption can be predicted by knowing  the voltage and current

efficiencies. The specific electrical energy consumption is inversely
proportional  to the voltage efficiency and the current efficiency. The
higher the voltage and current efficiencies, the lower  the specific
electrical energy consumption, and vice versa. Hence, a higher total
efficiency leads to a lower  specific electrical energy consumption.

Voltage efficiency is calculated in Eq. (37) by comparing the ther-
moneutral  voltage (Utn ) with  the measured voltage (U) during  the
experiment [ 121].

Ueff =
Utn

U
(37)

Thermoneutral  voltage can be calculated by Eq. (18). This efficiency is
also known  as the thermodynamic  efficiency for electrical conversion.
However, voltage efficiency is not commonly mentioned in publications
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Table 4
Summary of carbon production  by the CO2 electrolysis process in the molten carbonate electrolyte.

Electrolyte Cathode/Anode Temp. (ýC) Conditions Products Ref.

Li2CO3 Ni/SS 750 150 mA cm*2 , 90 min Nano onion [ 59]

Li2CO3 Galvanize Fe/Ni 750�800 50� 300 mA cm*2 CNTs with  various size and
smoothness

[ 102]

Li2CO3 Ni, SS, Galvanize
SS/Inconel 625

750 150 mA cm*2 , 90 min Spherical, tubular,  wool,
CNT, nanoflakes

[ 53]

Li2CO3 � K 2CO3 Mild  steel/SnO2 800 1� 2:5 V, 1 h FeC [ 100]

Li2CO3 � K 2CO3 Ag, Pt, Ni, Ir/Ag,
Pt, Ni, Ir

600 4 V, 12 h NPs, quasi spherical, sheet,
sheel, nanotube

[ 60]

Li2CO3 � K 2CO3 SS304/SS304 545�555 4 V, 1 h Flakes amorph [ 96]

Li2CO3 � Na 2CO3 Galv.Fe/Ni 750 200 mA cm*2 Carbon spheres [ 102]

NaCO3 � K 2CO3 Fe-Ni
foam/Ni10Cu11Fe
alloy

750�800 100� 150 mA cm*2 , 1
h

Flaky and amorphous [ 24]

Li2CO3

Li2CO3 � CaCO3

Li2CO3 � SrCO3

Li2CO3 � BaCO3

Galvanized SS/Ni 750 6� 200 mA cm*2 ,
7000 s

CNTs with  various size and
smoothness

[ 67]

Li2CO3 � CaCO3 Galvanized SS/Ni-Cr 770 1000 mA cm*2 , 2�4  h CNTs with  various
diameter

[ 104]

Li2CO3 � Na 2CO3 � K 2CO3 Galvanized Fe/Ni 500�550 200 mA cm*2 Carbon flakes, honeycomb [ 102]

Li2CO3 � Na 2CO3 � K 2CO3 Ti, V, Cr, Mo, W,
Fe, Co, Ni, Cu/Pt

650 5 mA cm*2 , 2 h Flakes, carbide, graphene,
amorphous, fibers

[ 37]

Li2CO3 � Na 2CO3 � K 2CO3 Ni/Pt 450�750 1:5 C cm*2 Amorphous, flakes [ 110]

Li2CO3 � Na 2CO3 � K 2CO3 Ni/graphite 450 25� 100 mA cm*2 , 3.3
and 0.83 h

Nanoparticles [ 39]

MCO3 � Na 2CO3 � K 2CO3

(M: Mg, Ca, Sr,
Ba)

Ni/Ni10Cu11Fe
alloy

750 3 V, 1 h NWs, amorphous,
spherical, sheets

[ 74]

Li2CO3 � CaCO3 � MCO 3

(M: Na, K, Ba)
Galvanized Fe/Ni 750 10� 200 mA cm*2 ,

5�90  min
Spherical, CNTs [ 55]

Li2CO3 � Na 2CO3 � K 2CO3 Ni/SnO2 500 2.8� 5 V, 4 h Amorphous, NPs [ 46]

Li2CO3 � Na 2CO3 � K 2CO3 Ni/SnO2 450�650 3� 6 V, 6000 mAh Amorphous, flakes [ 65]

Li2CO3 � Na 2CO3 � K 2CO3 Fe/Ni 600 50� 200 mA cm*2 , 30
min

Nanoflakes [ 66]

Li2CO3 � Na 2CO3 � K 2CO3 Ni/SnO2, Pt plated
Ti

475�825 62:5 mA cm*2 , 7 Ah Honeycomb, carbon film,
amorphous

[ 111]

Na2CO3 � K 2CO3 � CaCO3 Ni/Ni10Cu11Fe 710�850 2.1� 3:2 V Amorphous, graphite [ 56]

Na2CO3 � K 2CO3 � NaVO 3 Ni/SnO2 800 3� 4 V, 5�10  h Graphite, nanotubes, sheets [ 112]

on molten salt electrolysis. According to Laasonen et al. (2022),  the
voltage efficiency of carbon production  with  pure Li2CO3 salt is 40%�
50% [ 59]  which  is obtained from  the current density of 0:15 A cm*2 .
Deng et al. (2019)  reported that the voltage efficiency of CO2 electrol-
ysis in LiCl � KCl � CaCO 3 is approximately  50% at the current density
of 0:025 A cm*2 [ 38].

Current efficiency or Faraday efficiency (FE) is calculated by con-
sidering the amount of solid carbon obtained from  the electrolysis. In
this context of electrolysis, the Faraday efficiency is described as the
fraction  of the total  electrolysis charge that is used for the electrochem-
ical conversion of CO2 into  solid carbon. The Faraday efficiency can
be lower  than the voltage efficiency because some of the solid carbon
may be lost during  separation from  the cathode and salt, or some of
the carbon may also drip  into  the salt when the electrode is taken out
from  the electrolyte.  The Faraday efficiency (Ceff) equation is written
in Eq. (38):

Ceff =
mzF
M  I  t (38)

m is the mass of carbon produced, z is the number of electrons
transferred (4), F is the Faraday constant (96 485 C mol*1 ), M is the
molar mass of carbon (12:01 g mol*1 ), I is the applied current (A), and
t is the time (s) of the electrolysis process.

The efficiency of the electrochemical conversion of CO2 into  solid
carbon and oxygen in different  types of molten salts has received scant
attention  in the literature.  Only a few publications  have paid attention
to voltage efficiency or current efficiency because most of the studies
focus on the morphology  of solid carbon as a performance parameter.
Moreover, most of the publications  do not provide the voltage�time
curve (U�t)  or current�time  (I�t)  curve during  the electrolysis, and thus,
it  is difficult  to calculate and compare the voltage efficiency and the
current efficiency. Even though the voltage or current constant can be
applied freely to make a potential  difference between the cathode and
the anode, the performance of the voltage and current are not always
measured properly.

So far, to the best of the authors' knowledge, no reports have
been published about the current efficiency of electrolysis with  molten
chloride  salt. The current efficiency of electrolysis using the molten
chloride-oxide  ranges between 60.23% [ 91]  and 89.76% [ 88].  In
molten chloride-carbonate, the current efficiency ranges between
45.7% [ 42]  and 88.9% [ 79].  For molten carbonate salt, the current
efficiency varies from  54.55% [ 24]  to 94.9% [ 66].  These efficiencies
are from  different  combinations of chloride  or carbonate molten salts.

Fig. 11 shows that the Faraday efficiency of carbon production  from
CO2 electrolysis is from  70% to 85% and rarely  reach 90%. The loss
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Fig. 11. Comparison of the Faraday efficiency of carbon production  from the CO2 electrolysis process from various types of molten salts.

of efficiency might  also be due to some side reaction, such as CO gas
production  [ 40,54,122],  Li2C2 formation  [ 54],  oxide formation  [ 40],
and reduction  of alkali  metal ions [ 40,122].

In addition,  the loss of efficiency is related to the overpotential
losses that result in the production  of heat [ 123].  Because of the
thermal  effect, the electrical energy intended for converting  reactant
to the product is lost as heat and reducing the efficiency.

The graph of Fig. 11 also shows that at higher voltages and temper-
atures the efficiency tends to decrease. In this figure,  the comparison
is based on both applied and measured voltages. However, this graph
excludes the publication  that uses the applied current density without
mentioning  the value of the measured voltage.

The type of molten salt affects the voltage efficiency because it  is
related to the conductivity  of the electrolyte  [ 105]  and the potential  of
the CO2 conversion into  carbon as discussed in previous studies [ 34,
35,40,54].  Besides the molten salt, the materials of the cathode and
the anode also play a role in the conductivity  of electrons and the
charge transfer between the cathode and the anode. The applied voltage
or current density and the temperature also affect the efficiency. The
applied voltage and temperature affect the deposition current, the
electrical conductivity,  and the ion diffusion  rate [ 79].  Ge et al. (2016)
show that the current increases when a higher voltage and temperature
are applied to the electrolysis system [ 79].  The higher the applied
voltage, the faster the carbon deposition, but the co-electrodeposition
of alkaline  metal can occur at a higher voltage [ 65,79].  The applied
current density also affects the deposition rate at the cathode and the
corrosion rate at the anode [ 66].  A low  applied current density leads to
a low  deposition rate and slower corrosion, whereas at a high current
density, the deposition rate is faster but violent  corrosion might  occur
in the anode [ 66].  Moreover, at higher temperatures, the growth  of
carbon nuclei might  be faster but also potentially  produce CO bubbles
along with  solid carbon [ 42].  This CO bubbles induce formation  of
hollow  carbon spheres [ 42,124].

5.2. Specific electrical energy consumption (SEC) of electrolysis for solid
carbon production

5.2.1. Calculation of SEC
Specific electrical energy consumption is determined by the amount

of electrical energy during  the electrolysis divided  by the amount of
carbon collected after the electrolysis. SEC can be calculated by the
Eq. (39) [ 38]:

W =
U I  t
m

(39)

U is the cell voltage (V), I is the current (A), t is electrolysis time (h),
and m is the mass of carbon product (k g). In this case, the power in
Eq. (39) only considers the DC voltage and current between cathode
and anode that applied or measured during  electrolysis process.

The specific electrical energy consumption in the CO2 electrolysis
process is not commonly calculated in the publications,  and only a few
studies involve  the SEC; thus, it  is difficult  to compare the studies with
each other. Fig. 12 shows a comparison of SEC to produce electrolytic
carbon through  CO2 electrolysis for various molten salts and applied
voltages. The specific electrical energy consumption ranges from  20.1�
84:5 k W h k g*1 at 2� 6 V. The trend of SEC follows  the voltage: the higher
the voltage, the higher the specific energy consumption. The electrical
energy consumed at a higher voltage may be due to some side reactions,
such as the co-deposition of alkali  metals [ 56,65]  or the intercalation
of Li+ , Na+ or K+ in the produced carbon [ 65].

Fig. 12 indicates that, in general, the voltage affects the specific
electrical energy consumption. Molten  Na2CO3 � K 2CO3 � CaCO3 [ 56]
and LiCl � NaCl � Na 2CO3 [ 79]  have a lower  operating voltage, and
thus, they have a lower  specific electrical energy consumption. It  is
noteworthy  that at 2.8� 3 V, molten Na2CO3 � K 2CO3 � CaCO3 [ 56]  has
the lowest SEC compared with  other molten salts. In addition,  at 2 V,
molten LiCl � NaCl � Na 2CO3 [ 79]  has quite a competitive  SEC with
Na2CO3 � K 2CO3 � CaCO3 [ 56],  approximately 20 k W h k g*1 .

Moreover, as shown in Fig. 12, the operating temperature affects
the specific electrical energy consumption. At the same operating tem-
perature of 650ýC, LiCl � NaCl � Na 2CO3 [ 79]  has a lower  SEC than
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Fig. 12. Comparison of specific electrical energy consumption of carbon production  from the CO2 electrolysis process from various types of molten salts.

Li2CO3 � Na 2CO3 � K 2CO3 [ 65].  At the operating temperature of 750
ýC and 800ýC, LiCl � NaCl � Na 2CO3 [ 79]  also has a lower  SEC than
Na2CO3 � K 2CO3 � CaCO3 [ 56].  Even though the operating temperature
is lower  at 450� 650ýC, molten Li2CO3 � Na 2CO3 � K 2CO3 [ 46,65]  and
LiCl � CaCO3 � Li 2CO3 [ 75]  have a higher operating voltage and SEC. In
addition,  Deng et al. (2019)  reported that the SEC of CO2 electrolysis
at 25 mA cm*2 in LiCl � KCl � CaCO 3 at 450ýC is 31.4 kWh/kg,  and it
decreased to 16.3 kWh/kg  at 650ýC [ 38].

As mentioned in Section 2, the reaction routes for carbon formation
can be through  direct  reduction  to carbon or indirect  reduction  through
a CO intermediate.  The formation  of CO reduces the amount of carbon
production,  which  is related to the Faraday efficiency. In addition,  the
molten salt has a different  electrochemical stability  to allow  the carbon
formation,  metal oxide, and oxygen as given by Eq. (35) [ 35,42,75].
CaCO3 and Li2CO3 have a low  electrochemical stability  compared with
other molten salts, such as BeCO3 and MgCO3 [ 75].  Kanai et al. (2019)
showed that the CO2 absorbance is affected by the temperature and the
molten salt [ 101],  which  subsequently affects carbon production.  The
CO2 absorbance in eutectic mixture  molten salt increases at a higher
ratio  of Li2CO3 and a higher temperature [ 101].

5.2.2. Effect of balance of plant on SEC
Before proceeding with  the electrolysis in molten salt, electrical

energy is required to heat the reactor and melt the salt. Unfortunately,
the amount of electrical energy for heating the reactor and melting  the
salt is often neglected. Indeed, external electrical power for heating pro-
cess is involved  in the system and affects the specific electrical energy
consumption. During  electrolysis, the system can generate or consume
the heat depending on the difference between measured voltage (U)
and current (I ), and the thermoneutral  voltage (Utn ).

The heat power (Pheat) generation or consumption can be calculated
in Eq. (40) [ 59]:

Pheat = .U * Utn /I (40)

When the measured voltage exceeds the thermoneutral  voltage, the
reaction is exothermic, resulting in heat generation from  the elec-
trolysis [ 59].  In contrast, if  the measured voltage is lower  than the

thermoneutral  voltage, the reaction is endothermic, indicating  that the
electrolysis consumes the heat. The thermal  balance in the molten salt
electrolysis should be examined, thus the generated or consumed heat
by the electrolysis can be compensated by the external electrical power.
The fluctuation  of heat power (Pheat) should be involved  because it
affects the amount of electrical power that used in Eq. (39). Therefore,
it  is recommended in the future  research to consider this factor during
calculating  the specific electrical energy consumption of electrolysis
process.

5.3. Corrosion of electrodes in molten salt electrolytes

The corrosion of metal in molten carbonate has been analyzed
especially in the CO2 electrolysis [ 125� 128]  and some applications of
molten salts, such as concentrated solar power plants [ 129� 131],  ther-
mal energy storage [ 132,133],  and fuel cells [ 134,135].  The corrosion
process in the CO2 electrolysis may be different  from  the corrosion
process in solar power plants and thermal  energy storage because the
current or voltage applied for redox reaction is involved  in the system
and CO2 gas is used in the ambient. Indeed, the immersion of metal
material  as electrodes in molten salt induces the corrosion process.
Therefore, the metal material  in the molten salt system should have cor-
rosion resistance, otherwise, a material  failure  will  occur and affect the
purity  of the electrolysis product. The corrosion process of electrodes in
molten salt is more complicated than in an aqueous electrolyte,  which
only involves oxygen and protons as oxidant  candidates [ 136].

Metals that are commonly used in molten carbonate systems as elec-
trodes are mostly nickel, nickel-based alloys, austenitic steels, and no-
ble metals. Platinum  as a noble material  seems to be a promising  anode
material  due to its excellent catalytic  performance for oxygen evolution
reaction (OER) and its stability  in Li2CO3 � Na 2CO3 � K 2CO3 for 100 h
of electrolysis [ 127].  The corrosion rate of Pt is 4:09 •  10*2 mm/a,  which
is quite low  compared with  the suggested standard inert  anode for
molten salt electrolysis of 10 mm/a  [ 127].  Through the inductively  cou-
pled plasma- optical  emission spectrometry (ICP-OES) measurement,
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41.37 ppm of platinum  was found in the electrolytic  carbon [ 127].
The platinum  coating on titanium  substrate also shows good durabil-
ity  during  electrolysis in molten Li2CO3 � Na 2CO3 � K 2CO3 [ 127].  This
suggests that platinum  might  be a good option  for the anode in molten
carbonate because of corrosion resistant.

Additional  Al and Ti of more than 1 wt% in Inconel 718, 617,
and X-750 help rapid passivation in molten carbonate, which  results
in less corrosion after the experiment [ 128].  Yin et al. (2013)  inves-
tigated the corrosion of Ni, Ni10Cu11Fe, and SnO2 anodes in molten
Li2CO3 � Na 2CO3 � K 2CO3, resulting in serious corrosion for Ni and
Ni10Cu11Fe, but less corrosion for SnO2 [ 46].  It  is noteworthy  that Ni
is not suitable for the anode because of heavy corrosion and cracks are
found after electrolysis in molten Li2CO3 � Na 2CO3 � K 2CO3 [ 46,125,
137]  and Na2CO3 � K 2CO3 [ 126].

Regardless of the type of molten salt, the corrosion of electrodes
happens as a result of anodic corrosion and chemical corrosion within
the system. In any molten salt, the oxygen causes corrosion through  the
formation  of peroxide and oxide as follows  [ 129,132,136]:

Ox + ne* ™ R (41)
O2 + 2 e* ™ O2

2* (42)
O2

2* + 2 e* ™ 2 O2* (43)

Besides, the oxidation  of metal (M),  such as Ni, Fe, Cr in molten salt
occurs as written  in Eq. (44) [ 129,132,136]:

M ™ Mn+ + ne* (44)

The corrosion process then continues through  a reaction between
these peroxides (O2

2 � ) or oxide (O2 � ) with  metal immersed in the
molten salt to form  metal oxide [ 129,132,136].

Mn+ +
1
2

nO2* ™ MOn_2 (45)

For example, after immersion in Li2CO3 � Na 2CO3 � K 2CO3 at 700ýC,
the X-ray diffraction  (XRD) of stainless steel 316 surface shows peaks
of LiFeO2, Fe3O4, and LiCrO2 [ 129].  In the same type of molten
carbonate, the XRD of 51Fe-24Cr-20Ni and 5Fe-23Cr-58Ni-8Mo alloys
indicate peaks of LiFeO2 and NiO [ 130].  The formation  of metal oxide
Fe3O4 and NiO is due to the reaction between peroxide ions or oxide
ions with  metal ions as follows  [ 129,130]:

2 Fe3+ + 3 O2* ™ Fe2O3 (46)
Ni + O2

2* ™ NiO + O2* (47)
Ni + O2* ™ NiO + 2 e* (48)

Besides, the interaction  between iron  and chrome ions with  the
diffusion  of Li+ and O2 � from  the dissociation of Li2O will  form  LiCrO2
and, through  LiFeO2, the following  reactions [ 129,130]:

Cr3+ + Li+ + 2 O2* ™ LiCr O2 (49)
Fe3+ + Li+ + 2 O2* ™ LiFeO2 (50)

5.3.1. Corrosion of electrodes in molten chloride
In the case of molten chloride  system, the traces of moisture (H2O)

and oxygen act as oxidants [ 136].  H2O is reduced as follows  [ 82,136,
138]:

H2O + e* ™
1
2

H2 + OH* (51)

and [ 136]:

H2O + O2* ™ 2 OH* (52)

The OH � is reduced into  hydrogen and oxide [ 82,136,138]:

OH* + e* ™
1
2

H2 + O2* (53)

At the presence of H2O, oxygen is reduced to produces OH � [ 136]:

O2 + 2 H2O + 4 e* ™ 4 OH* (54)

Moreover, at temperature 450� 600ýC, the existence of H2O and O2
induce the formation  of HCl and Cl2 gases, which  support the corrosion

process in the molten chloride  as described in Eqs.(55) and (56), where
R is K or Na [ 139]:

RCl + H2O ™ ROH + HCl (55)

4HCl + O2 ™ 2Cl2 + 2 H2O (56)

The HCl and Cl2 gases then react with  metal electrodes (M = Fe, Ni,
Cr) to form  metal chloride  as follows  [ 139]:

M + 2HCl ™ MCl2 + H2 (57)

M + Cl2 ™ MCl2 (58)

The Cl2 gas can diffuse inward  the oxide protective  layer and react
with  metal alloys, forming  metal chloride  [ 139,140].  Afterward,  the
presence of oxygen facilitates  the oxidation  of metal chloride  back to
metal oxide, while  chloride  gas diffuses outward  to the metal alloy
surface [ 139].

2MCl + O2 ™ 2MO + Cl2 (59)

Unfortunately,  this liberating  chloride  gas can diffuse back to the metal
alloys, and thus, the cycle of the corrosion process is repeated [ 139,
140].  Besides, at higher temperatures (650� 750ýC), the corrosion pro-
cess accelerates which  causes metal spalling and metal failure  or frac-
ture [ 139].

Furthermore, the occurrence of metal dissolution in molten chloride
has been discussed in previous study. Cai et al. (2018)  describe the
dissolution process of Cu-Zr alloy  in molten LiCl � KCl  at 500ýC under
anodic polarization  [ 141].  As shown in Fig. 13(a), the Zr atom diffuses
from  the internal  Cu-Zr alloy  matrix  into  the diffusion-dissolution  layer
and then oxidizes into  Zr4

+ . Subsequently, Zr4
+ enters the dissolving

layer on the alloy  surface and diffuses into  molten salt. Under the
applied potential  of *0 :8 V, the dissolution mass and rate during  90 min
are depicted in Fig. 13(b). The dissolution mass or loss increases grad-
ually  from  10 to 90 min,  meanwhile, the dissolution rate increases for
40 min  and decreases afterward.  This circumstance may be attributed
to the large amount of Zr at the beginning of dissolution, until  after
40 min  the Cu transition  layer emerges gradually  on the surface. In
addition,  the digital  photos in Fig. 13(b) illustrate  the increasing exfo-
liation  of the Cu layer on the Cu-Zr alloy  surface as more Zr dissolves
into  the molten salt.

5.3.2. Corrosion of electrodes in molten carbonate
In molten carbonate, the carbonate ion reacts with  oxygen gas

dissolved in the salt, forming  peroxide ion, which  is subsequently
reduced into  superoxide ions as follows  [ 136,142]:

CO3
2* +

1
2

O2 ™ O2
2* + CO2 (60)

O2
2* + 2 e* ™ 2 O2* (61)

In addition,  the mechanism of corrosion in a molten carbonate
system, also proposed by Zheng et al. (2018)  [ 143],  indicated that the
metal anode is reacted with  carbonate ion to form  metal oxide and
LiFeO2 as follows:

Fe + CO3
2* ™ FeO + CO2 + 2 e* (62)

Fe + 2 CO3
2* + Li+ ™ LiFeO2 + 2CO2 + 3 e* (63)

The formation  of LiFeO2 also can be caused by FeO, which  reacts with
carbonate ion and lithium  ion [ 143]:

FeO + CO3
2* + Li+ ™ LiFeO2 + CO2 + e* (64)

Severe corrosion of electrodes during  electrolysis in molten car-
bonate may cause electrode fracture. As an example, Wang et al.
(2022)  demonstrate the behavior of nickel anode corrosion in molten
Li2CO3 � Na 2CO3 � K 2CO3 [ 125].  Since the electrodes are partially  im-
mersed in the electrolyte,  the chemical corrosion occurs in the area
which  is divided  into  three parts: the atmospheric part, the gas�
liquid�solid  triple-phase boundary (GLS-TPB), and the immersed area
(Fig. 14). The atmospheric area is the area that is not immersed in
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Fig. 13. (a) Diagram of the anodic dissolution of Zr in Cu-Zr alloy in molten LiCl � KCl  at 500ýC, (b) Dissolution mass and dissolution rate of Zr in Cu-Zr alloy into  molten
LiCl � KCl  under an applied potential  of *0 :8 V for 90 min at 500ýC. The digital  photos of the alloy are presented.
Source:Reprinted from [ 141]  with  permission from The Royal Society Publishing.

Fig. 14. Corrosion process on the gas�liquid�solid  triple-phase boundary (GLS-TPB) of a nickel anode during  electrolysis in molten carbonate.
Source:Reprinted from [ 125]  with  permission from IOP Publishing.

electrolytes and is only in contact with  the gas in the system. The GLS-
TPB area is formed as a result of the surface tension of the molten salt,
allowing  electrolyte  creep into  the electrode. It  leaves a thin  film  of
molten salt on the electrode and also the meniscus region just upper
the molten salt level. Compared with  the atmospheric and immersed
areas, the GLS-TPB area is more prone to corrosion attacks because of
the continuous oxidation  and penetration of molten salt into  the inner
corrosion [ 125].

As shown in Fig. 14, in an immersed area, the compact oxide covers
the area, which  then protects from  oxidation  and further  dissolution
of the electrode [ 125].  The corrosion at the GLS-TPB is more severe
because of hot corrosion that combined with  the effect of oxygen pro-
duced in the system. The oxide layer at the GLS-TPB area is insufficient
to protect the electrode from  continuous oxidation.  In addition,  an
anodic reaction of O2

� consumption also occurs in the meniscus region,
but because the reaction rate is slow, it  induces the dissolution of metal
oxide, leaving the metal unprotected. The oxygen gas produced on this
side also supports the spalling of the metal oxide from  the substrate.
In the long run, continuous reoxidation  and spallation processes in the
meniscus region result in complete depletion of the metal substrate,
which  causes fracture of the electrode [ 125].

The corrosion rate in the GLS-TPB area increases because of the CO2
supply, the higher applied current density, and the longer electrolysis
time [ 125].  However, the increasing temperature helps to slow down

the corrosion rate in the GLS-TPB area because of the formation  of
compact metal oxide on the metal without  any spallation [ 125].  The
application  of an insulative  Al2O3 sheath in the GLS-TPB area can
help to prevent the gas�liquid  interfacial  corrosion and provide a more
stable electrode [ 125].  An insulative  Al2O3 sheath also protects the
carbon growth  in the GLS-TPB area of the cathode [ 84,125].  The use
of a sheath either made from  Al2O3 and boron nitride  (BN) can protect
the GLS-TPB area from  undesired effects, such as corrosion and carbon
growth  in the GLS-TPB area [ 84].

5.4. The presence of metal in electrolytic carbon

Metal dissolution during  electrolysis cannot be hindered. Regardless
of the type of electrolyte,  metal elements are also found in the carbon
product or electrolytic  carbon and molten salt. Table 5 shows the list
of metal elements found in the carbon product from  electrolysis in
various molten salt electrolytes. The metal dissolution effect in the
carbon product and the electrolyte  can be observed through  EDS, XRD,
and ICP-OES.

In general, Ni, Cr, and Fe are commonly found in carbon products.
These elements are possibly from  the cathode, anode, or reactor. Even
though Pt is a stable electrode, it  is also found in carbon products and
electrolytes [ 76,77,127].  Metal elements possibly originate  from  the
corrosion and dissolution of metal materials in the electrolysis system,
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including  the cathode [ 53,96],  the anode [ 55,67],  the reactor, and
the crucible holder [ 76,77,96].  In addition,  alkali/alkali  earth metal
deposition from  the molten salt also causes the presence of metal
in the electrolytic  carbon. Potassium (K), sodium (Na), and calcium
(Ca) found in the carbon product most probably  come from  the salt
components, especially K2CO3, CaCO3, and Na2CO3 [ 42,66,75,79,92,
112].

Some theories of the source of metal elements have been presented.
One source of metal elements could be the low  adherence of the
metal oxide in the meniscus region of the GLS-TPB of the electrode,
resulting in it  easily dissolving in the salt [ 125].  The oxidation  reactions
on the anode cause the anode to be more prone to corrosion and
metal dissolution. The mass loss of the metal oxide on the anode is
subsequently followed  by the reduction  on the cathode side, resulting
metal element in the carbon [ 55,67].  Repeated use of the cathode also
causes more metal elements to be released into  the salt and combined
with  the carbon product [ 53].  The presence of metal from  the cathode
material  in carbon is caused by the formation  of an interlayer  between
the cathode and graphite [ 17].  Ge et al. (2015)  found that on the
molybdenum surface, a Mo2C layer was formed as a result of carbon
diffusion  into  the Mo substrate and provided  a good adhesion surface
between the substrate and the carbon product [ 17].

As shown in Fig. 15, hollow  carbon fibers and sheets are observed
as a result of the CO2 electrolysis in molten Na2CO3 � K 2CO3 with
the addition  of 10 wt% NaVO3. In these figures, two  observation
points were analyzed using energy dispersive spectroscopy (EDS). The
addition  of transition  metal vanadium in the form  of NaVO3 left  a
trace of vanadium in the carbon product, proving  that the presence of
metal elements can be from  the molten salt [ 112].  Furthermore, traces
of alkali  metal Na and K were detected, which  likely  originated  from
Na2CO3 � K 2CO3.

Furthermore, alongside the metals, other elements, such as Cl, Si,
and S, also present in the carbon product. Chlorine (Cl) is expected
as a residue from  HCl during  washing the sample, or it  can be from
the salt if  a chloride-based salt is used [ 75,89].  Silica (Si) can come
from  the glassware during  the sample handling.  Sulfur (S) possibly
originates from  the impurities  in the metal electrode, salt, or the gas
supply. The sulfur  is detected in carbon products when the flue gas or
mixture  of CO2 and SO2 is used as the gas feed [ 111].  Oxygen (O) is also
present in carbon products because of the oxygen-containing functional
group [ 48,65,79]  or due to the existence of metal oxides in the salt
residue [ 75].

The presence of metal in carbon does not always cause unfavorable
effects, because in some cases, the metal is beneficial for nucleation
sites, affecting the morphology  of carbon produced by the CO2 elec-
trolysis. During  the electrolysis in Li2CO3, the addition  of Ni, Cu,
and Co from  NiO, CuO, and CoO to the molten salt induce a nu-
cleation site of carbon nanofiber formation  in molten Li2CO3 [ 144].
Laasonen et al. (2023)  also found mixed morphologies and needle-
like  carbon that contain high amounts of nickel and chromium  [ 53].
Various morphologies were produced by Ag, Pt, Ni, and Ir  electrodes,
suggesting that metals influence carbon nucleation and growth  [ 60].
Moreover, GeO2 was purposely added to NaCl � CaCl2 � CaO in order
to produce Ge@CNT [ 92].  The GeO2 was reacted with  CaO to form
Cax Ge alloys, which  function  as an intermediate  catalyst for the tubular
nanostructure [ 92].  This Ge@CNT is functionalized  as anode material
of lithium-ion  batteries (LIBs), showing a high reversibility,  superior
cycling performance, and high-rate capability  [ 92].

Moreover, an appropriate amount of additional  ZnO helps to en-
hance the amount of CNTs in the carbon product as ZnO becomes
the nucleation site of CNTs [ 145].  The addition  of ZnO supports the
formation  of carbon [ 67]  because the Zn metal reduces the energy
barrier  of CO3

2 � and promotes the deposition through  the reaction
given in Eq. (65) [ 145]:

2Zn + Li2CO3 ™ 2ZnO + C + Li2O (65)

The addition  of nickel trace from  the anode also acted as a catalyst
for carbon nanotube nucleation on the cathode [ 144]  and contributed
to the high yield  of CNTs [ 67,78].  The nickel oxide from  the anode dif-
fuses to the cathode and is reduced into  nickel following  Eq. (66) [ 55,
67]:

NiO + 2 e* ™ Ni + O2* (66)

Interestingly,  Zn can also react with  NiO to promote the formation  of Ni
as shown in Eq. (67), which  is beneficial for carbon deposition [ 145].

Zn + NiO ™ ZnO + Ni (67)

Therefore, it  is not surprising that Ni is found along with  carbon in the
end product.

5.5. Competitiveness of molten salt for carbon production

The competitiveness of each molten salt category based on the
characteristics and their  performance explained in Sections 4 and 5 is
summarized in Table 6. Molten  chloride  proves the direct  reduction  of
CO2 gas in molten salt electrolysis. The addition  of oxide in molten
chloride  enhances the CO2 gas absorption. Besides, the other molten
salt with  carbonate proves that the solid carbon can be produced
despite CO2 gas supply, indicating  the carbonate reduction  into  carbon
occurs.

Table 6 assists in selecting the type of molten salt by considering
their  advantages and disadvantages for further  development of solid
carbon production.  This table indicates that the molten chloride-based
electrolyte  carries a risk of corrosion due to the presence of Cl2.
Although  molten carbonate is free from  potential  corrosion of Cl2, the
use of lithium  increases the cost since lithium  carbonate is expensive
and the least abundant.

The anodic corrosion occurs in molten electrolysis using any type of
molten salt, resulting in metal elements often being present in the solid
carbon product. Additionally,  the use of molten carbonate salt for solid
carbon production  has potential  to obtain high Faraday efficiency up
to 94.9% percent, which  is higher than that achieved with  other type
of molten salt. Further investigations are suggested for future  research
regarding Faraday efficiency, voltage efficiency, and specific electrical
energy consumption.

6. Economic  perspective  of electrolytic  carbon

Owing to many cost considerations, estimation of the price of elec-
trolytic  carbon is quite complicated. The cost input  includes cathode
and anode materials, molten salt for the electrolyte,  heat to maintain
the high operating temperatures, and also energy consumption for the
electrolysis [ 31].  The cost of electrodes could possibly be ruled out if
the depletion of these materials is negligible  [ 31].  In addition  to the
electrolysis process, the cost of carbon capture should be considered
especially if  pure CO2 is used. Lau et al. (2016)  proposed the idea of a
CC CNF (conventional  cycle carbon nanofiber)  plant by combining  the
molten electrolysis with  the conventional  cycle (CC) natural  gas power
plant [ 146].  Instead of being emitted to atmosphere as a greenhouse
gas, it  is demonstrated by the CC CNF that the hot CO2 from  the
CC power plant can be supplied to the molten salt electrolyzer and
converted into  solid carbon nanofiber (CNF) and oxygen [ 146].  The
oxygen gas produced from  the anode is supplied back to the combustion
chamber [ 146].  According to the thermodynamic  analysis, a CC CNF
plant can produce 8350 kWh of electricity  along with  0.75 tons of CNT
without  CO2 emissions [ 146].  Meanwhile,  a conventional  CC natural
gas power plant can produce up to 9090 kWh of electricity,  but with
CO2 emissions of 2.74 ton [ 146].

Licht (2017)  introduced  a C2CNT (CO2 to carbon nanotube) cement
wind  plant,  combining  the cement plant with  wind  as the electrical
source [ 147].  The CO2 gas from  the cement plant is converted into
CNTs and oxygen gas in the molten electrolyzer [ 147].  The oxygen
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Fig. 15. (a�d)  SEM image of electrolytic  carbon results from electrolysis in molten Na2CO3 � K 2CO3 with  additional  10 wt% of NaVO3. EDS results of points A and B from (c) and
(d).
Source:Reprinted from [ 112]  with  permission from Elsevier.

produced is supplied back to the cement line, through  a calciner or a
clinker  cooler and kiln  [ 147].  The production  cost of CNT production
through  C2CNT is compared with  an aluminum  smelter, resulting in
a total  cost for the C2CNT and the aluminum  smelter to be $660 and
$1880, respectively [ 148].  Both the C2CNT and the aluminum  smelter
have the same labor and capital costs. The aluminum  smelter has a
higher electricity  consumption and additional  consumable expenses,
such as the costs of alumina and carbon [ 148].  However, the C2CNT has
a lower  electricity  consumption and no additional  consumable expenses
from  the electrode [ 148].  It  is recommended that in future  calcula-
tions, the consumable cost for electrodes is included in the system,
considering the corrosion that occurs in the electrode, especially the
anode.

Even though electricity  is not only the major cost item, the specific
electrical energy consumption (W, kWh/kg)  is beneficial to roughly
estimate the cost of electricity  to produce electrolytic  carbon. It  can be
done by multiplying  the specific electrical energy consumption (SEC)
by the price of electricity  per kWh. Based on Fig. 12, the SEC of
electrolytic  carbon production  from  CO2 electrolysis is in the range of
20.1� 84:5 k W h k g*1 . Thus, if  the electricity  cost per kWh is $0.04 [ 56],
the cost of electricity  to produce 1 kg of electrolytic  carbon is from
about $0.8 to $3.38 per kg. However, when the electricity  cost per kWh
is $0.1 [ 31],  the cost of electricity  becomes higher, around $2.01 to
$8.45 per kg of electrolytic  carbon. This range is similar  to the previous
report,  about $0.8 to $1.4 [ 56]  or $4.72 to $4.86 per kg of electrolytic
carbon [ 31].  It  should be noted that the price estimation can differ
depending on the electricity  price, and also the electricity  for heating
the reactor is neglected.

Unless mentioned in the morphology,  carbon is present in the form
of, e.g., carbon black, activated carbon, graphite, nanotube, nanofiber,

or fullerenes. Carbon can be produced from  fossil fuels and biomass.
For example, activated carbon is produced from  bamboo [ 149,150],
coconut shells [ 151,152],  and other agricultural  waste products [ 153�
155].  In addition,  there are two  types of graphite; natural  graphite,
which  is available in the earth's crust, and synthetic graphite, obtained
through  the graphitization  process [ 156].

Table 7 provides information  about the pricing  of various car-
bon morphologies available in the market. The information  was gath-
ered from  manufacturers' and suppliers' websites. The differences in
prices are due to many factors, including  the location,  purity,  size of
nanoparticles, and production  method. Carbon black and amorphous
carbon are the cheapest among other types of carbon. Meanwhile,
single-walled carbon nanotubes (SWCNT), fullerene, and hollow  car-
bon are far more expensive than graphite, multi-walled  carbon nan-
otubes (MWCNT), carbon nanofiber (CNF), flake graphite, and carbon
nanoparticles. This price list  can serve as a baseline for comparing the
estimated electrolytic  carbon produced by CO2 electrolysis in molten
salt.

The prices listed in Table 7 may be higher than the bulk  prices,
because the prices correlate strongly with  the purchase quantity.  For
example, the bulk  carbon black price is $1.88 per kilogram  [ 157],
which  is much cheaper than in Table 7. The price of industrial  MWCNT
with >95% purity  is $83 to $250 per kilogram,  depending on the
diameter [ 158],  which  is a much lower  price than in Table 7. The
price of graphite flakes in 2020 was $1165 per metric  ton [ 159]  and
increased to $1600 per metric  ton in 2021 [ 160].  The report in 2023
shows that the price of graphite for the battery was up to $1860 per
metric  ton [ 161].

Several techniques have been utilized  to produce carbon, such
as chemical vapor deposition (CVD), high-pressure carbon monoxide
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Table 5
Metal contaminant and possible source of carbon product of the CO2 electrolysis in various molten salts.

Electrolyte Cath./Ano. Analysis
method

Metal contaminant Concentration Possible sources Ref.

KCl � LiCl Ni/GC EDS (spectra) Ni � Cathode [ 78]

NaCl � KCl Pt/GC XRD Pt, Fe � Cathode, reactor, crucible
holder

[ 76]

NaCl � KCl � CsCl Pt/GC XRD Pt, Fe � Cathode, reactor, crucible
holder

[ 77]

CaCl2 � LiCl � CaO Mo/0.5 CaTiO 3-
0.5 Ni

EDS (spectra) Ni, Ca 2.49, 3.44 wt% Anode, salt [ 89]

NaCl � CaCl2 � CaO � GeO2 C, Cu, Ni, or Fe/
Carbon

EDS (spectra) Ge, Cu � Salt, cathode [ 92]

CaCl2 � KCl � LiCl � CaCO 3 SS/SnO2 EDX K, Fe, Cr 0.28, 1.04, 0.10
wt%

Cathode, salt, SS crucible [ 96]

LiCl � NaCl � Na 2CO3 W/Pt EDX Na 7.87 wt% Salt [ 79]

Li2CO3 � K 2CO3 SS/SnO2 EDX K, Fe 0.78, 3.29 wt% Cathode, salt, SS crucible [ 96]

LiCl � Li 2CO3 � CaCO3 SS/SS EDX Cr, Fe, Ni, Ca 0.04, 0.6, 0.04,
0.06 wt%

Cathode, anode, salt [ 75]

LiCl � Li 2CO3 W/Pt EDX W 3.23 wt% Cathode [ 43]

LiCl � KCl � CaCO 3 Ni/Graphite EDX K 0.95 wt% Salt [ 42]

Li2CO3 Ni/SS XRD Ni � Cathode [ 59]

Li2CO3 Ni, Galvanize
SS/Inconel 625

EDS
(mapping)

Fe, Cr, Ni Cathode, Anode [ 53]

Li2CO3 � Na 2CO3 � K 2CO3 Ni/Pt XRF Ni, Na, K 0.03, 0.07, 0.11
wt%

Cathode, salt [ 110]

Li2CO3 � Na 2CO3

� K 2CO3 � Li 2SO4

Ni/SnO2, Pt plated
Ti

ICP-MS Co, Ni, Sn, Ti, Cr 4.5, 1.8, 0.05, 8,
1.8 ppm

Cathode, anode [ 111]

Na2CO3 � K 2CO3 � NaVO 3 Ni/SnO2 EDS V, Na, K 1.3, 2.03, 3.39
wt%

Salt [ 112]

Table 6
Summary of advantages and disadvantages of molten salt for carbon production  by CO2 electrolysis in molten salt electrolytes.

Molten salt Advantages Disadvantages

Molten chloride * Proves direct reduction of CO2 into  solid carbon or carbon monoxide [ 78]
* Molten chloride mixture  has a low melting  point  (353� 660ýC) [ 26,38,77]

* Low CO2 solubility  in molten chloride [ 78,84]
* Cl2 is a corrosive agent [ 26,42,139]
* Metal elements in carbon product [ 42,77,78]

Molten chloride-oxide * Higher CO2 absorption compared with  pure molten chloride [ 38,39]
* FE ranges 60.23�89.76%  [ 88,91]

* Cl2 is a corrosive agent [ 26,42,139]
* Metal elements in carbon product [ 89,92]

Molten chloride-carbonate * Possible to use a low operating temperature at 450ýC [ 38,39,42]
* FE ranges 45.7�88.9%  [ 42,79]

* Cl2 is a corrosive agent [ 26,42,139]
* Metal elements in carbon product [ 43,75,96,99]

Molten carbonate * Molten carbonate mixture  helps to decrease the operating temperature to 450ýC
[ 39,65,110]
* Corrosion due to Cl2 can be hindered
* FE ranges 54.55�94.9%  [ 24,66]

* Lithium  carbonate is expensive and least abundant [ 56,74]
* MCO3 (M = Li, Na, K) has a high melting  temperature
[ 101]
* Metal elements in carbon product [ 53,59,66,96,110� 112]

(HiPco) disproportionate,  pyrolysis, electric arc, laser ablation,  and
solar furnace. Unlike  carbon production  by molten carbonate, which  re-
quires CO2 as feedstock, CVD, HiPco, and pyrolysis require gas or liquid
hydrocarbon, or CO gas [ 164].  Meanwhile,  electric arc, laser ablation,
and solar furnaces require a solid feedstock, such as graphite [ 164].  The
specific energy consumption of various types of carbon production  by
different  processes is summarized in Table 8. In the table, the specific
energy consumption is divided  into  thermal  and electrical specific
energy consumption. However, the price estimation is only based on the
electrical specific energy consumption, with  the electricity  price of $0.1
per kWh. Therefore, there are some price differences between Tables 7
and 8, even though the carbon black price is quite comparable. It
should be noted that the estimated price of amorphous carbon produced
by CO2 electrolysis as mentioned in Table 8 is more expensive than the
carbon black and amorphous carbon available in the market, as shown
in Table 7.

The amount of electrical energy in plasma pyrolysis and CO2 elec-
trolysis is only used to convert the feedstock to the product. Compared
with  carbon black produced by plasma pyrolysis [ 162,163],  the elec-
trolytic  carbon produced by CO2 electrolysis in molten salt is more

expensive. However, if  the product is MWCNT or SWCNT, the price
will  be much higher. The electrical specific energy consumption for
SWCNT and MWCNT is much higher because the value presented in
Table 8 includes many subprocesses, such as catalyst production,  acid
production,  gas purification,  process heating, compression, and purifi-
cation [ 164].  The MWCNT produced by the solar furnace technique is
cheaper compared with  MWCNT obtained by other methods because
the technique uses solar energy, and may become a potential  alternative
to reduce the price.

The calculation  of the production  cost of electrolytic  carbon by CO2
electrolysis has been discussed considering the cost of electricity,  labor,
and capital expenses [ 31].  The production  cost of 273 kg electrolytic
carbon nanotube from  one tonne of CO2 in molten Na2CO3 � Li 2CO3 is
estimated at $1619 [ 31],  meaning that the production  per kilogram  of
carbon will  be approximately  5.93 $/kg.  This cost estimation of CNT
through  CO2 electrolysis is cheaper than through  alumina electrolysis,
which  is estimated to be around $1880 [ 148]  or 6.59 $/kg.  More-
over, the price is much lower  than that of the MWCNT and SWCNT
production  by other methods, as shown in Table 8. In contrast, the
CNT produced by the HiPco process and CoMoCAT are more expensive,
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Table 7
Price list of a variety  of carbon morphologies.

Product Process Purity  (%) Price per gram Website

Carbon black (4 �m ) Unknown >99.99 " 1.72 www.nanografi.com
Carbon black Unknown >99 " 0.46 www.graphene-supermarket.com
Amorphous carbon Unknown >99 $0.30 www.luciteria.com
Graphite (<20 �m ) Unknown Unknown " 2.04 www.sigmaaldrich.com
Graphite (<50 nm) Unknown >99.9 " 9.2 www.nanografi.com
MWCNT (OD:10�20  nm) CVD >95 $27.6 www.acsmaterial.com
MWCNT (OD:30�50  nm) CVD >95 $12 www.acsmaterial.com
MWCNT (OD:8�18  nm) CVD >96 " 46 www.nanografi.com
CNF (D:50�150  nm) CVD >95 " 27 www.nanografi.com
CNF (D:100 nm) Floating catalyst vapor grown >98 " 6.24 www.sigmaaldrich.com
SWCNT (1 nm) CVD >96 " 215 www.nanografi.com
SWCNT (1�2  nm) CVD >90 " 1440 www.sigmaaldrich.com
Fullerene C-60 Arc discharge >99.5 $342 www.acsmaterial.com
Fullerene C-60 Unknown >99.5 $268 www.sigmaaldrich.com
Fullerene C-70 Unknown >98 $1750 www.sigmaaldrich.com
Flake natural graphite Natural >99 $5 www.acsmaterial.com
Flake graphite Unknown >99.9 " 0.47 www.graphene-supermarket.com
Hollow  carbon Soft template 99 $520 www.acsmaterial.com
Hollow  carbon Hard template 99 $750 www.acsmaterial.com
Nanoparticles (<100 nm) Laser technique Unknown " 8.41 www.sigmaaldrich.com

Note: All  websites last accessed March 2024.

Table 8
Energy required to produce 1 kg of carbon from different  processes and the estimated price of electrolytic  carbon per kilogram  based on the electricity  price of 0.1$ per kWh.

Reference Process Product Thermal specific
energy consumption
(kWh/kg)

Electrical specific
energy consumption
(kWh/kg)

Estimated price
per 1 kg ($)

[ 162] Plasma pyrolysis of natural gas Carbon black (CB) Unknown 4.8 0.48
[ 162] Plasma pyrolysis of mixture  oil  and

natural gas
Carbon black (CB) Unknown 2.3 0.23

[ 163] Plasma methane pyrolysis Carbon black (CB) Unknown 8.3 0.83

[ 79] Molten salt electrolysis
(LiCl � NaCl � Na 2CO3)

Amorphous carbon Unknown 20.1 2.01

[ 56] Molten salt electrolysis
(CaCO3 � Na 2CO3 � K 2CO3)

Amorphous carbon Unknown 20.6 2.06

[ 164] Fluidized bed CVD SWCNT 91.11 173.88 17.38
[ 164] Floating catalyst CVD MWCNT 81.94 51.94 5.94
[ 164] High-pressure carbon monoxide (HiPco) SWCNT 13.05 1602.5 160.25
[ 164] Pyrolysis C60 , C70 1761.38 208.05 20.80
[ 164] Electric arc MWCNT, SWCNT 83.33 605 60.5
[ 164] Laser ablation MWCNT, SWCNT 58.61 2617.77 261.77
[ 164] Solar furnace MWCNT 83.33 39.44 3.94

Note: The specific energy consumption for price estimation in this table is limited  to the electrical energy consumption. The thermal specific energy consumption is neglected in
the price estimation.

estimated to be $38 and $25 per kg [ 165].  The CNT price produced by
the direct  spinning process is estimated to be approximately  $30 per kg
from  144 tonne/year  plant capacity [ 166].

It  should be noted that even though the production  of electrolytic
carbon by molten carbonate electrolysis seems promising,  the purity  of
carbon is also doubtful  because the calculation  in the Ref. [ 31]  is only
based on the stoichiometry  of the reaction in Eq. (13). Moreover, there
is the cost of the separation or washing process of carbon from  salt,
CO2 capture, and electrodes that typically  corroding  over time. On an
industrial  scale, separation process utilizing  acid washing is not feasible
due to its production  of CO2 as discussed in Eq. (20). Besides, when
the electrode is removed from  the molten salt batch, residual molten
salt are attached on the electrode and product, leading to unavoidable
molten salt loss after electrolysis process. This loss will  also increase the
cost of carbon production  which  in turn  affects the final  product price.
Therefore, if  these neglected costs are included into  the calculation,
the cost of CNT by CO2 electrolysis discussed in the Ref. [ 31]  and
amorphous carbon in Table 8 might  be higher than the estimation.
Most importantly,  it  is suggested that the electricity  for CO2 electrolysis
should be from  renewable energy, otherwise, this technology loses its
purpose of reducing the emission of CO2.

7. Conclusions  and  future  perspective

Electrochemical reduction  of CO2 in a molten salt electrolyte  is an
interesting approach to reduce the amount of CO2 in atmosphere and
transform it  into  a valuable product. As an electrolyte,  molten salt
plays a role in transferring  ions from  the cathode to the anode and
in capturing  CO2 gas in the atmosphere. The selection of molten salt
is crucial  since it  can affect the operating temperature, the amount
of CO2 capture, the morphology  of the carbon product, and corro-
sion of the metal involved  in the system. In general, molten salts in
CO2 electrolysis comprise alkali/alkali  earth metal cations, such as
Li+ , K+ , Na+ , Cs+ , Ca2

+ , Ba2
+ and Sr2

+ . The anion is mostly chlorine
(Cl � ) and/or  carbonate (CO3

2 � ); however, molten chloride  is relatively
more corrosive than carbonate. Oxides, such as CaO and Li2O are used
as an additive  to enhance the CO2 capture.

Four categories of molten salt, including  molten chloride,  molten
chloride-oxide,  molten chloride-carbonate, and molten carbonate, were
discussed. The utilization  of molten chloride  proves that the conversion
of CO2 into  solid carbon can be completed in a carbonate-free com-
pound. The addition  of oxide or carbonate in the molten chloride-based
electrolyte  can help to modify  the solubility  of CO2 and enhance the
CO2 capture. As a chloride-free molten salt, a single or eutectic mixture
molten carbonate is also widely  used as an electrolyte.  Li2CO3 is the
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popular molten carbonate, but it  is expensive and has a high melting
point.  Hence, lithium  free-carbonate or a mixture  of Li2CO3 with  other
carbonate compounds is explored to lower  the price and obtain other
benefits, such as a reduction  in the melting  point  and adjustment of the
morphology  of the carbon product.

The performance of molten salts was discussed in terms of effi-
ciency, specific electrical energy consumption, corrosion of metals, and
presence of metal in the product. It  is recommended that the upcoming
research not only focuses on the morphology  but also on these factors.
A high efficiency of carbon production  is difficult  to achieve because of
some factors, such as a loss of carbon during  separation from  the salt,
co-electrodeposition of alkali  metal, and side reactions that produce
CO gas. The specific electrical energy consumption is not only affected
by the applied voltage or current but also by the temperature. The
higher temperature may provide a better conductivity  for ion migra-
tion,  but the side reaction that produces CO can degrade the Faraday
efficiency, which  leads to a high electrical energy consumption. There-
fore, to achieve a higher efficiency of carbon production  and lower
specific energy consumption, the selection of molten salt becomes one
of the main factors besides the selection of metal electrodes, operating
temperature, and operating conditions. Compared to chloride-based,
carbonate-based molten salts are recommended for further  exploration.
Investigation  into  non-lithium  carbonate as an alternative  also becomes
interesting for further  research.

The corrosion of metal and the presence of metal element in the
carbon product were reviewed. Regardless of the composition of molten
salt, the immersion of metal in molten salts induces metal dissolution
and redox reaction of the metal on the electrode. Thus, some metal
elements are found along with  the carbon produced on the cathode.
However, sometimes the presence of metal in carbon is beneficial as a
nucleation site and to modify  the morphology  of the end product, thus a
functional  carbon-based material  can be obtained. The removal process
of metal elements may be necessary, albeit challenging, to obtain a high
purity  of carbon. To minimize  metal elements, less corrosive molten
salt and noble metal electrodes are recommended despite the possibly
higher cost. Furthermore, high catalytic  activity  of the electrode is rec-
ommended to minimize  the cathodic and anodic overpotential,  which
leads to higher efficiency and lower  specific energy consumption.

The solid carbon price from  CO2 electrolysis in molten salt was
compared with  other solid carbon available in the market and produced
by other techniques. The price is higher than that of carbon black pro-
duced by plasma pyrolysis. Even though it  seems cheaper than carbon
nanotubes produced by the conventional  method, many factors were
neglected during  the price estimation, such as the cost of electrodes,
separation cost, and electricity  price for melting  the salt. The separation
of solid carbon from  the cathode presents significant  challenges, as the
utilization  of hydrochloric  will  produce the CO2 which  is not feasible
on an industrial  scale, therefore other separation techniques are urgent
to be studied. Moreover, the purity  of the electrolytic  carbon becomes
a further  concern that must be considered, potentially  resulting in a
higher price than the current estimation.

Finally,  the technology of transforming  CO2 into  solid carbon using
molten salt electrolysis has a potential  to reduce the CO2 emission
which  is beneficial for climate change mitigation.  It  should be noted
that further  research should consider the amount of electricity  that
is required to heat the system and maintain  the temperature. At an
industrial  scale, the electricity  used for producing solid carbon via
molten salt electrolysis also must be zero-carbon, which  is ideally
sourced from  renewable energy. By implementing  this policy,  carbon
neutrality  can be achieved.
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A B S T R A C T

Molten carbonate electrolysis is a technology that can convert CO2 into valuable solid carbon and oxygen gas.
Different materials of electrode pairs are considered in molten carbonate electrolysis, including a titanium
cathode and a titanium anode (Ti�Ti), a titanium cathode and a nickel anode (Ti�Ni), a titanium cathode
and an Alloy X anode (Ti�Ax), a nickel cathode and a titanium anode (Ni�Ti), and an Alloy X cathode
and a titanium anode (Ax�Ti). The electrode pairs are assessed based on their electrolysis performance and
characteristics of carbon, which are analyzed using scanning electron microscope (SEM), x-ray diffraction
(XRD), and energy dispersive spectroscopy (EDS). The results show that the Ti�Ni pair exhibits the most
stable potential performance, the highest Faraday and voltage efficiency, the lowest specific electrical energy
consumption, and the fastest carbon deposition rate. Moreover, regardless of the anode, the use of titanium as
a cathode results in a spherical onion-like shape, while Alloy X as a cathode produces an amorphous structure
with some tubular form.

Based on these results, the effect of the applied current density for the Ti�Ni electrode pair is investigated.
The applied current density of 0:1 A cm*2 shows the highest Faraday efficiency of 67.4% and voltage efficiency
of 52.3%. It also has the lowest specific electrical energy consumption for a solid carbon product of
25:9 kW h kg*1 . The fastest carbon deposition rate is 0:027 g cm*2 h*1 , which is obtained by applying a current
density of 0:4 A cm*2 . The morphology of carbon produced with the applied current density between 0.1 and
0:4 A cm*2 shows a dominant spherical-like onion shape with a larger diameter at a higher applied current
density. Furthermore, some tubular forms are found as a result of the applied current densities of 0:2 A cm*2

and 0:3 A cm*2 . Plate shapes are also observed, yet only as a result of the applied current density of0:4 A cm*2 .
This finding suggests that the applied current density affects the diameter of the carbon particles, but does
not significantly change the morphology.

Introduction

Molten  carbonate electrolysis reduces the CO2 emission by trans-
forming  CO2 gas into  solid carbon and oxygen gas. This process is
conducted by immersing two  electrodes in a molten carbonate salt
electrolyte  and applying  a voltage between them. As a result, solid
carbon will  be formed in the cathode and oxygen gas in the anode.
Various morphologies of carbon have been produced by this process,
including  carbon nanotubes (CNT) [ 1� 3],  nano-onions [ 4,5],  nanoparti-
cles [ 6],  carbon flakes [ 7� 9],  and amorphous carbon [ 10� 12].  This solid
carbon, known  as electrolytic  carbon or E-carbon, has been investigated
in some applications, such as capacitors [ 11,13],  lithium-ion  battery
anodes [ 14� 16],  sodium-ion battery anodes [ 17],  adsorbents [ 18� 21],

< Corresponding author.
E-mail address: anafi.aini@lut.fi (A. Nur'aini) .

and electrocatalysts [ 22].  These possible applications motivate  further
development of E-carbon production  in terms of quality  and quantity,
especially on an industrial  scale.

Several parameters of the molten carbonate electrolysis process
have previously  been studied, including  temperature [ 9,23],  electrolyte
composition [ 3,6],  and electrode materials [ 10,24].  Because the elec-
trolysis process in the molten salt is conducted at a high temperature
of around 450� 850°C [ 25,26],  it  is difficult  to find  materials for elec-
trodes that are stable and durable in this environment.  The operating
temperature is strongly correlated to the electrolyte  composition and
its melting  point.  The melting  point  of lithium  carbonate (Li2CO3) is
at 723°C [ 27]  or 714� 733°C [ 28],  and thus, the operating temperature
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of electrolysis using this salt is approximately  at 750� 800°C [ 3].  At the
temperature of 750°C, the molar ratio  of carbon to carbon monoxide
in the cathodic product is 20:1 [ 29].  However, at 850°C the molar
ratio  of carbon to carbon monoxide is 2:1, meaning that the more
unwanted product is formed [ 29].  Therefore, if  solid carbon is the
main product, a temperature of less than 800°C is recommended. This
operating temperature can be reduced by forming  eutectic molten
carbonate with  potassium carbonate (K2CO3) and sodium carbonate
(Na2CO3) [ 6,9,25].  However, pure lithium  carbonate is still  the most
popular electrolyte  due to its conductivity,  which  is higher than that
of Na2CO3 and K2CO3 [ 30].  Furthermore, Li2CO3 can be used several
times in experiments without  significant  deterioration  [ 1,31].

The selection of electrode pairs has been discussed in previous
studies, recommending that the electrodes should survive at high tem-
peratures while  they are also exposed to a corrosive molten carbonate
salt. Moreover, because the electrodes also affect the morphology  of
the carbon product, the selection of electrode pairs also motivates the
desired morphology.  Titanium,  nickel, and Alloy  X (Ni�Cr�Fe�Mo  alloy)
are non-noble metals that have the potential  to be used as electrodes.
Yu et al. (2023)  reported that the titanium  (Ti)  cathode has a super
strong carbon-binding  ability  that leads to stable carbide production,
while  the nickel (Ni)  cathode has an appropriate carbon-binding  ability
that produces graphite [ 32].  Nickel has been widely  studied as a
cathode [ 4,10,25]  and an anode [ 3,7,10]  in molten carbonate elec-
trolysis, indicating  nickel as a promising  electrode material  for molten
carbonate electrolysis, despite its susceptibility  to corrosion [ 11,33,34].
Previously, Alloy  X has been reported as a promising  cathode and
anode in Li2CO3 because it  has the lowest carbon deposition onset
potential  compared with  nickel and stainless steel [ 35].  The option  of a
cathode and anode pair using these three metals has not been studied,
presenting an opportunity  for additional  exploration  in this area.

This study aims to select the best cathode and anode pair for
carbon production  through  electrolysis in molten lithium  carbonate.
Titanium,  as the main focus of material  selection, will  be paired with
nickel or Alloy  X (abbreviated as Ax). Five pairs are investigated: a
titanium  cathode and a titanium  anode (Ti�Ti),  a titanium  cathode and
a nickel anode (Ti�Ni),  a titanium  cathode and an Alloy  X anode (Ti�
Ax), a nickel cathode and a titanium  anode (Ni�Ti),  and an Alloy  X
cathode and a titanium  anode (Ax�Ti).  The most suitable electrode
pair is identified,  with  the aim of stable electrical performance and
a high amount of carbon yield,  which  leads to a high efficiency. In
addition,  the quality  of carbon morphology  is also considered, indicated
by non-amorphous carbon and a high percentage of carbon in elemental
analysis. Based on the experimental results, the best electrode pair is
selected for further  investigation  on the effect of the applied current
density.

A constant current density of 0.1, 0.2, 0.3, and 0:4 A cm*2 will
be applied for the selected electrodes in molten carbonate electroly-
sis. This range of values is the most common one for electrolysis in
molten carbonate [ 24,36� 38].  The effect of constant current density
is investigated in relation  to the electrical performance and carbon
morphology  as well  as the particle  size. In the previous studies, the
trend of the Faraday efficiency is not linear  with  the amount of current
density [ 7]  or applied voltage [ 9].  A low  current density induces a
slower carbon deposition rate, and a high current density leads to
aggressive corrosion [ 7].  Unfortunately,  due to variations  in current
density, electrical performance and efficiency have received limited
attention  in the literature,  and thus, further  studies in this area are
required.

Furthermore, the applied voltage shows an impact on the mor-
phology and particle  size of the carbon product [ 9,39].  Similarly,
the applied current density affects the formation  of carbon nanotubes
(CNT) and their  diameter [ 24,40].  In contrast, the report of Le Van
et al. (2019)  shows that the application  of various voltages has no
effect on the particle  size and morphology  [ 23].  Wu et al. (2016)
also found that the current density does not affect the morphology,

even though it  affects the diameter of the carbon nanoparticles, the
aperture size of the honeycomb-like structure, and the thickness of
the platelet structure [ 36].  However, these studies on the effect of the
applied voltage or current density in terms of carbon morphologies are
limited  and show inconsistent results, highlighting  the need for further
investigation  in this area.

Our findings  suggest that changes in current densities influence
the deposition rate, but the trend of the Faraday efficiency does not
correspond to the changes in current density. The magnitude of current
density also does not significantly  alter the morphology  of the carbon
product but affects its particle  size. Therefore, our research will  not
only facilitate  further  investigation  of the potential  electrode pair for
molten carbonate electrolysis but also enhance understanding of the
formation  of a controlled  carbon material.

Methodology

Reaction mechanism

The chemical reaction of carbon formation  from  carbon dioxide
reduction  can be expressed by Eq. (1) [ 41,42]:

3 CO2 + 4 e* ™ 2 CO3
2* + C (1)

The carbon dioxide  is reduced into  carbonate ions and solid carbon in
the cathode. Subsequently, the carbonate ions migrate to the anode
and are oxidized into  oxygen along with  carbon dioxide  as shown in
Eq. (2) [ 42]:

2 CO3
2* ™ 2 CO2 + O2 + 4 e* (2)

Therefore, the total  reaction between the cathode and the anode results
in Eq. (3):

CO2 ™ C + O2 (3)

In addition,  other carbon formation  reaction mechanisms that involve
CO gas formation  as an intermediate  have been described in previous
studies [ 41� 44].

Because lithium  carbonate (Li2CO3) is used as an electrolyte,  pre-
vious studies described Eq. (4) as a chemical process within  lithium
carbonate [ 4,11,45,46]:

Li2CO3 ™ C + Li2O + O2 (4)

The lithium  carbonate is transformed into  solid carbon, lithium  oxide,
and oxygen gas. In addition,  the lithium  carbonate may also dissociate
into  lithium  metal, carbon, and oxygen as given by Eq. (5) [ 11]:

Li2CO3 ™ 2 Li  + C + 1:5 O2 (5)

Due to the heating process, Li2CO3 also decomposes into  lithium
oxide and carbon dioxide  as described in Eq. (6) [ 27,47].  This decom-
position  starts to happen close to the melting  point  and depends on the
pressure of CO2 above the melt. The use of synthetic air flowing  above
Li2CO3 may remove the CO2 product, leaving Li2O in the melt [ 27].

Li2CO3 ™ Li2O + CO2 (6)

However, the supply of CO2 into  Li2CO3 may induce a rapid re-
action between lithium  oxide and carbon dioxide,  and thus, lithium
carbonate can be formed as indicated by Eq. (7) [ 4,11,45,46].

Li2O + CO2 ™ Li2CO3 (7)

In Eq. (8), however, the lithium  oxide may also dissociate into  lithium
and oxygen [ 27,48]:

Li2O ™ 2 Li+ + O2* (8)

According to previous studies, the formation  of solid carbon may
arise from  the reduction  of carbonate ion (CO3

2 � ) [ 41� 43,49].  Because
the carbonate ion cannot migrate into  the cathode, the formation  of
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carbonate most probably  occurs in the cathode through  Eq. (9) [ 48� 50]:

O2* + CO2 ™ CO3
2* (9)

The oxide from  Eq. (8) reacts with  carbon dioxide  supply to form
carbonate ion. Therefore, the reduction  of carbonate ion into  solid
carbon can occur as given by Eq. (10) [ 41� 43,49]:

CO3
2* + 4 e* ™ C + 3 O2* (10)

In this case, the oxide becomes an active species that migrates to the
anode and is oxidized into  oxygen gas as shown by Eq. (11) [ 41,43,49].
The total  reaction from  Eqs. (9), (10), and (11) will  be Eq. (3).

O2* ™
1
2

O2 + 2 e* (11)

Calculation of faraday efficiency, voltage efficiency, specific electrical en-
ergy consumption, and carbon deposition rate

By knowing  the carbon product mass (m, g) and the number of
charges passing by during  the electrolysis (Q, C), the Faraday efficiency
or current efficiency (� ,-) can be calculated using Eq. (12) [ 48]:

� =
mnF
M  Q (12)

where n is the number of electrons transferred in the system, which  is 4,
F refers to the Faraday constant (96 485 C mol*1 ), and M is the carbon
molar mass (12:01 g mol*1 ).

Voltage efficiency (Ueff) is calculated using Eq. (13) by comparing
the thermoneutral  voltage (Utn ) with  the measured voltage during  the
experiment [ 51].

Ueff =
Utn

U
(13)

In this case, the thermoneutral  voltage of carbon dioxide  electrolysis at
750ýC is 1:023 V, which  has been discussed in a previous study [ 35].

The specific electrical energy consumption of electrolysis (SEC) is
calculated by dividing  the amount of electrical energy by the carbon
product mass (m, k g) as written  in Eq. (14) [ 48]:

W =
U I  t
m

(14)

where U (V) and I (A) refer to the voltage and current between the
cathode and the anode, and t (h) denotes the electrolysis time (h).

Deposition rate (D t , g cm*2 h*1 ) of solid carbon can be calculated
using Eq. (15) [ 39]:

D t =
m• wc arbon

A • t
(15)

where wc arbon is the mass fraction  of the carbon element (C), which  is
obtained by energy dispersive spectroscopy (EDS) (wt~ c arbon/100),  and
A (cm2) is the active area of the cathode. It  should be noted that EDS
is a local analysis technique, and thus, the results may not be highly
accurate but can provide an estimated value.

Experimental setup

The reactor consists of a cathode and an anode that are placed in the
electrolyte  within  an alumina crucible (ID: 70 mm, height: 200 mm) as
depicted in Fig. 1. The alumina crucible is protected with  a stainless
steel cup to prevent salt from  spreading in the oven in case of any
cracks in the alumina crucible. The cathode is positioned 2 cm below
the anode. The anode is placed above the cathode to facilitate  an easy
release of oxygen gas from  the system. Titanium,  nickel, and Inconel
HX or Alloy  X from  Harald Pihl AB, Finland were used as electrodes.
The area of the cathode is 25 cm2 and anode is 20 cm2.

A 261 g of solid pure Li2CO3 (Honeywell, g 99% wt  purity)  was
prepared as electrolyte  by melting  at 750ýC in an oven under ambient
air. This temperature was selected to ensure that the salt was com-
pletely  molten to facilitate  the electrochemical reaction. The heater
of the oven was controlled  by a power supply EA-PSI 9500-30, and

Fig. 1. (a) Illustration  and (b) actual experimental setup. Cathode and anode are
immersed in molten Li2CO3 at 750ýC, and CO2 is purged into  the molten Li2CO3

during  the electrolysis.

the temperature was measured by thermocouples (Jumo K type, DIN
43710) and recorded by a data acquisition  and logging multimeter
system (Keithley  DAQ 6510). These temperature data were then used
for the heating power control  of the oven at the desired temperature.

The CO2 gas supply to the reactor was controlled  by a mass
flow  controller  (Bronkhorst F-201DV-AGD-33-V MFC). A direct  current
power supply (NGP 800 Rohde and Schwarz) was used to supply a
constant current between the cathode and the anode. The potential
between the cathode and the anode was measured and recorded using
Keithley  DAQ 6510 with  a time interval  of 2 s.

Experimental procedure

Experiment of electrode pair selection
The cathode�anode pairs under study consisted of (1) Alloy  X

cathode�titanium  anode (Ax�Ti),  (2) nickel cathode�titanium  anode
(Ni�Ti),  (3) titanium  cathode�Alloy  X anode (Ti�Ax),  (4) titanium
cathode�nickel  anode (Ti�Ni),  and (5) titanium  cathode�titanium  an-
ode (Ti�Ti).  The experiment of electrode pair selection was conducted
by applying  a constant current density at 0:2 A cm*2 or 5 A for 120 min.
It  should be noted that the calculation  of current density is based on the
cathode surface area. The CO2 gas was purged into  the molten salt at a
flow  rate of 20 mL min*1 for 10 min  before the electrolysis was started
and during  the whole electrolysis process.

Effect of applied current density experiment
The effect of the applied current density was investigated by using

a titanium  cathode and a nickel anode in molten Li2CO3 at 750ýC.
Table 1 gives the experimental parameters for the applied current
density. In this experiment, the constant variable is the theoretical
product mass. Because all samples are expected to produce the same
amount of carbon product, following  Eq. (12), the time of electrolysis
is different  for each current density.

Carbon product extraction and characterization

After  the electrolysis, the electrodes were lifted  from  the molten
salt electrolyte  and cooled down in the air. The carbon product was
separated from  the cathode, and the remaining  salt was removed using
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Table 1
Parameters for the applied current density experiment.

i , A cm*2 I , A t, min CO2 flow, mL min*1 mtheoretical , g

0.1 2.5 240 10 1.12
0.2 5 120 20 1.12
0.3 7.5 80 30 1.12
0.4 10 60 40 1.12

Fig. 2. Voltage�time  (U * t) characteristics during  electrolysis for various pairs of
cathode�anode in molten Li2CO3 at 750ýC for 120 min with  a current density of
0:2 A cm*2 .

hydrochloric  acid (HCl). The mixture  of salt, carbon, and HCl was left
to rest overnight  to facilitate  the leaching process of carbon from  the
salt. After  this, the carbon was rinsed with  deionized water and filtered
by a vacuum filter  to remove the salt and HCl residue. The carbon was
dried at 100ýC for at least 4 h and stored in the desiccator overnight
before further  analysis.

X-ray diffraction  (XRD) analysis was performed with  X-ray diffrac-
tometer (Bruker D8 Advance) using a copper tube and radiation  wave-
length of 1.5418 Å. The measurements were taken over a range of
10ý < 2�  < 70ý. Morphological  characterization  was conducted using
scanning electron microscopy (SEM) with  Hitachi  SU3500 microscope.
The elemental analysis of the product was characterized by an energy
dispersive spectroscopy (EDS) detector from  the same device of SEM.
No further  treatment was required before characterization.

Results  and  discussion

Selection of electrode pairs

Electrolysis performance of various electrode pairs
Five pairs of cathode and anode were investigated to find  the best

pair for further  experiment. The voltage�time  (U * t) characteristics
for each pair are illustrated  in Fig. 2. Among these pairs, the titanium
cathode and the nickel anode (Ti�Ni)  pair show the most stable and the
lowest average potential  of 2:1 V during 7200 s (120 min) of electrolysis.
This stable trend of the voltage�time  graph during  electrolysis may
suggest that this pair has a stable site for carbon deposition.

In the first 2000 s, the Ti�Ax  pair shows an almost similar  average
potential  with  the Ti�Ni  pair, but after that, the voltage of the Ti�
Ax pair increases to around 3 V and remains stable until  the end of
electrolysis. Meanwhile,  the Ti�Ti  pair and the Ax�Ti  pair show almost
similar  trends by having fluctuation  of potential  in the first 1000 s, then
gradually  becoming stable after 4000 s. On the other hand, the potential
of the Ni�Ti  pair fluctuates for around 3000 s from  the beginning of the
electrolysis and constantly increases up to 5 V after 7200 s.

Although  the cause of this potential  fluctuation  during  electrolysis
is unknown,  some issues may become contributing  factors. According
to Wu et al. (2017),  the fluctuation  of voltage might  be caused by
variations  in the electrolytic  temperature, the stability  of the electrolyte
system, and electrode corrosion [ 7].  In this study, there is no variation
of the operating temperature, and thus, the factor of the variation
of electrolytic  temperature can be neglected. According to Eq. (6),
the Li2CO3 can be decomposed into  Li2O and CO2. However, during
the electrolysis, CO2 is constantly supplied into  the molten salt in
a sufficient  amount to regenerate Li2CO3 as described by Eq. (7).
Therefore, the amount of Li2CO3 is assumed to be stable during  the
electrolysis. In addition,  the mass loss of Li2CO3 during  heating under
an open atmosphere has been studied previously,  showing that the loss
of Li2CO3 will  be less than 2% at 750ýC and will  increase significantly
when the temperature is above 850ýC [ 47].  Because the operating
temperature in our study is 750ýC, the mass loss due to heating is
predicted to be quite minimal.  Nevertheless, electrode corrosion is most
likely  to occur during  electrolysis as the EDS result in Table 2 confirms
the existence of metal elements along with  carbon products.

The Faraday efficiency (FE) of five pairs of electrodes investigated
in this study is calculated using Eq. (12). Fig. 3 demonstrates that
carbon dioxide  can be converted into  solid carbon with  an efficiency
range of approximately  35%�62%.  The highest FE results from  the
Ti�Ni  pair (62.6%), while  the lowest is produced by the Ax�Ti  pair
(35.8%). The Ni�Ti,  Ti�Ax,  and Ti�Ti  pairs have an FE between those
ranges, i.e., 41.7%, 53.4%, and 48.9%, respectively. The elevated cell
voltage of Ax�Ti,  Ni�Ti,  Ti�Ax,  and Ti�Ti  pairs in Fig. 2 leads to higher
overpotential  losses, which  are detrimental  to the Faraday efficiency
and the voltage efficiency as shown in Fig. 3.

In a previous study, the Faraday efficiency of electrolysis using a
Fe�Ni10Cu11Fe alloy  pair for 1 h in molten Na2CO3 � K 2CO3 at 750ýC
was 54.55% [ 52].  This value is close to the Faraday efficiency obtained
in this experiment by using Ti�Ax  and Ti�Ni  electrode pairs. However,
these FEs are still  lower  than that reported by Wu et al. (2017)  when
using Li2CO3 � K 2CO3 at 600ýC and 0:1 A cm*2 for half an hour by a Fe�
Ni pair, which  was around 61%�94%  [ 7].  It  should be noted that the FE
is not only affected by the electrode pairs [ 10],  but also by the molten
salt composition [ 7]  and the operating temperature [ 9].  Furthermore,
the low  Faraday efficiency may occur due to a side reaction that takes
place along with  carbon formation,  such as CO gas formation  [ 36,44],
reduction  of oxygen from  the anode side [ 9],  oxide formation  [ 53],
and Li2C2 formation  [ 44].  At the temperatures of 450� 1200ýC, the
dissociation potentials of Li2CO3 into  metal Li and CO are higher than
its dissociation potential  into  carbon [ 3,41,54].  In addition,  a higher
cell voltage also induces the co-deposition of alkaline  metal from  the
molten salt or intercalation  of Li+ ions into  the carbon product [ 9].
Unfortunately,  the metal EDS cannot detect metal Li due to its light
weight.

The voltage efficiency of each electrode pair is calculated by
Eq. (13), and the results are illustrated  in Fig. 3. The voltage efficiency
of the Ti�Ni  pair is the highest among the other pairs, followed
by the Ti�Ax  pair. The Ax�Ti,  Ni�Ti,  and Ti�Ti  pairs have voltage
efficiencies lower  than 30%, specifically  28.5%, 26.3%, and 26.2%,
respectively. The heavy fluctuation  of potential  between the cathode
and the anode up to 5 V or 6 V leads to a high average voltage. This
high average voltage results in higher overpotential  losses and voltage
efficiency [ 55].  The voltage efficiency of the Ti�Ni  pair is close to the
voltage efficiency of the Ni�stainless  steel pair (40%�50%)  in molten
Li2CO3 reported in a previous study [ 4].

The specific electric energy consumption (SEC) of five pairs of
electrodes is calculated using Eq. (14), and the results are shown in
Fig. 4. As shown in Fig. 4, the SEC of these five pairs is approximately
30� 89 k W h k g*1 . This value is close to the result presented by Tang
et al. (2013),  who used eutectic Li2CO3 � Na 2CO3 � K 2CO3 operating
at 450ýC and using a Ni�SnO 2 pair from  3� 6 V, which  is around 41�
82 k W h k g*1 [ 9].  The Ti�Ni  pair has the lowest SEC at 30:1 k W h k g*1 ,
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Fig. 3. Faraday efficiency and voltage efficiency of electrolysis in molten Li2CO3 at
750ýC for 120 min with  a current density of 0:2 A cm*2 using various cathode�anode
pairs.

Fig. 4. Specific electrical energy consumption (SEC) of electrolysis in molten Li2CO3

at 750ýC for 120 min with  a current density of 0:2 A cm*2 using various cathode�anode
pairs.

meaning that to produce 1 k g of electrolytic  carbon, it  requires 30:1
k W h of electrical energy. The Ax�Ti  pair, in turn,  has the highest
SEC at 89:5 k W h k g*1 , more than two  times the SEC of the Ti�Ni  pair.
Meanwhile,  the Ni�Ti  pair has the second highest SEC at 83:4 k W h k g*1 ,
followed  by the SEC of the Ti�Ti  pair at 71:3 k W h k g*1 . The Ti�Ax  pair
has the second lowest SEC at 44:8 k W h k g*1 .

The deposition rate of each electrode pair is presented in Fig. 5.
The Ti�Ni  pair has the fastest deposition rate, up to 0:013 g cm*2 h*1 ,
and the Ax�Ti  pair has the slowest deposition rate at 0:006 g cm*2 h*1 .
The deposition rates of the Ni�Ti,  Ti�Ax,  and Ti�Ti  pairs are 0:009
g cm*2 h*1 , 0:011 g cm*2 h*1 , and 0:010 g cm*2 h*1 , respectively. This re-
sult indicates that the electrode selection will  also affect the deposition
rate of carbon. The fluctuation  of voltage for Ax�Ti,  Ni�Ti,  and Ti�Ti
up to 5 V or 6 V is expected to have more side reactions, such as metal
deposition instead of carbon deposition. The EDS results in Table 2
confirm  that the highest percentage of carbon is produced by the Ti�Ni
pair, and the lowest carbon percentage results from  the Ax�Ti  pair.

Characteristics of carbon products from various electrode pairs
The morphology  of carbon resulting from  electrolysis using different

electrode pairs was investigated. Figs. 6(a) and 6(b) show some tubular
carbon along with  amorphous carbon produced by using the Ax�Ti
pair. This morphology  is completely different  from Figs. 6(e) and 6(f)

Fig. 5. Deposition rate of solid carbon during  electrolysis in molten Li2CO3 at 750ýC
for 120 min with  a current density of 0:2 A cm*2 using various cathode�anode pairs.

of the Ti�Ax  electrode pairs, which  mainly  exhibit  spherical carbon,
suggesting that the cathode and anode selection affect the morphology.

The spherical carbon products in Figs. 6(c)� 6(j) are attached to each
other, creating an onion shape. These results indicate that the use of
a nickel cathode and a titanium  cathode leads to the formation  of
spherical shapes, while  the Alloy  X cathode produces tubular  shapes.
Similar  carbon morphologies are observed in Figs. 6(g)� 6(j) , resulting
from  the Ti�Ni  and Ti�Ti  electrode pairs.

The titanium  cathode was paired with  the Alloy  X, nickel, and
titanium  anodes. As shown in Figs. 6(e)� 6(j) , the morphology  of carbon
looks similar  to each other, showing an onion shape as an accu-
mulation  of spherical carbon. This result suggests that the use of
the titanium  cathode induced the formation  of spherical carbon even
though different  anode materials were used.

The XRD data of each sample are presented in Fig. 7, confirming
the formation  of graphite as the primary  product, indicated by strong
peaks at 26:0ý and lower  peak at 44:0ý. However, the peak around
44ý is relatively  wide and indistinct  due to the presence of other
compounds contaminating  the sample. Some impurities  are identified
in the sample, identified  as NiO which  reflects by peaks around 37:2ý,
43:3ý, and 62:9ý. The sample from  Ax�Ti  exhibits prominent  NiO peaks
while  weaker NiO peaks are also detected in the sample from  Ni�Ti.
Moreover, nickel oxide peaks are located near LiFeO2 peaks at 37:4ý

and 43:5ý, suggesting the potential  formation  of LiFeO2 in the sample
from  Ax�Ti  pair, as the Fe was detected in the EDS analysis. Broad
peaks are noticed around 43�44 ý and 63�65 ý, originating  from  Ti�Ax
and Ti�Ni.  Some possible compounds corresponding to these regions,
including  NiO, Li2Ni8O10, and Li6Mo2O7. In addition,  minor  peaks at
18:5ý and 37:6ý are identified,  which  may correspond to Li6Mo2O7 or
LiCrO2. The Li2Ni8O10 formation  could be attributed  to nickel or Alloy
X anode, while  the Li6Mo2O7 and LiCrO2 are strongly associated to the
Alloy  X as Mo and Cr are the metal elements that compose Alloy  X.

Additional  minor  peaks are found at 38:6ý which  identified  as TiO2,
clearly observed in the sample produced from  Ti�Ni  and Ti�Ti.  Minor
peaks of TiO2 are also noted around 62:7ý and 65:5ý, even though these
regions are somewhat unclear due to overlapping peaks from  other
compounds. It  should be noted that the SiO2 peaks appear at 26:6ý and
36:5ý which  are close to the peaks of graphite, Li6Mo2O7 or LiCrO2,
suggesting the possible presence of SiO2 in the sample.

The SiO2 likely  originated  from  the alumina crucible as it  is one of
the compounds that compose the alumina crucible. Additionally,  the
SiO2 may arise from  the silica impurities  in the metallic  electrodes,
especially from  nickel and Alloy  X. The peaks associated with  Al2O3
are observed at 36:7ý, 43:8ý, and 45:3ý, which  might  interfere  with
other compounds such as SiO2, NiO, Li2Ni8O10, and Li6Mo2O7. Because
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Fig. 6. Scanning electron microscopy (SEM) images of carbon produced in molten
Li2CO3 at 750ýC using (a)�(b)  Ax�Ti  pair, (c)�(d)  Ni�Ti  pair, (e)�(f)  Ti�Ax  pair, (g)�
(h) Ti�Ni  pair, and (i)�(j)  Ti�Ti  pair. The first  element represents the cathode, while
the second corresponds to the anode. The electrolysis time was 120 min in all the
experiments, and the current density was 0:2 A cm*2 .

the alumina crucible was re-used for the experiment, therefore it  is
plausible that some Al2O3 particles dissolved and contaminated the
carbon product. Nonetheless, most of the impurities  coexisting with
graphite have been identified,  even though the crystal phase for each
compound is unclear.

The elemental analysis of the electrolysis products was conducted
using EDS.Table 2 shows the element concentration (in  at% and wt%)
of the electrolysis products of five electrode pairs which  were obtained
from  one of the observed areas. This table provides brief  summary of
elements present in the product from  different  electrode pairs, along
with  contaminants. These findings  can be cross-referenced with  the
XRD result in Fig. 7 and SEM-BSE images in Fig. 8. The EDS spectra

and observation from  other areas are presented in Fig. S1�S5 of sup-
porting  information.  As shown in Table 2, each sample has a relatively
high percentage of carbon content approximately  90%. However, some
metal contaminants are also detected along with  carbon which  results
from  unavoidable electrode corrosion during  the electrolysis.

Chromium (Cr), manganese (Mn),  iron  (Fe), nickel (Ni),  and molyb-
denum (Mo),  which  are the main components of Alloy  X, significantly
contaminate the carbon product from  the Ax�Ti  electrode pair. Tita-
nium  (Ti)  is observed in the product, obviously resulting from  the
titanium  cathode or anode. Other metal elements, such as aluminum
(Al),  silicon (Si), and potassium (K), may come from  the aluminum
crucible that has been reused several times or the metal debris from
the stainless steel structure that supports the electrode. The non-metal
elements, such as oxygen (O) and chlorine  (Cl), may come from  metal
oxide formation  [ 56],  oxygen-containing functional  groups [ 9,18],  and
chlorine  residue during  the acid washing process [ 14,57].

The metal release due to corrosion during  the electrolysis process
in molten carbonate has been previously  summarized [ 58].  The process
begins with  the oxidation  of metal (M)  into  metallic  ion as described
by Eq. (16) [ 59,60].

M ™ Mn+ + ne* (16)

Besides, dissolved oxygen gas in the molten salt will  react with  the
carbonate ion to form  peroxide ion and superoxide ion as written  in
Eq. (17) and (18) [ 60].

CO3
2* +

1
2

O2 ™ O2
2* + CO2 (17)

O2
2* + 2 e* ™ 2 O2* (18)

Subsequently, the metal from  electrodes can react with  the peroxide
ion or superoxide ion to form  a metal oxide or lithium  metal oxide as
indicated by XRD result in Fig. 7. For instance, NiO is formed through
the reaction shown in Eq. (19) or (20) [ 61].

Ni + O2
2* ™ NiO + O2* (19)

Ni + O2* ™ NiO + 2 e* (20)

Furthermore, the chromium  and iron  may interact  with  the Li+ and
O2 � , resulting from  the dissociation of Li2O to form  LiCrO2 and LiFeO2
as described by Eq. (21) and (22) [ 59,61].

Cr3+ + Li+ + 2 O2* ™ LiCr O2 (21)

Fe3+ + Li+ + 2 O2* ™ LiFeO2 (22)

Similar  reaction routes may apply to the formation  of other metal oxide
and lithium  oxide, including  TiO2, Li2Ni8O10, and Li6Mo2O7.

Fig. 8 presents the backscattered electron images (BSE) of the
product from  each electrode pair, highlighting  the contamination  in the
product. The color contrast in these images reflects variations  of atomic
number of elements, showing that the brighter  color indicates higher
atomic number. Metallic  elements, having higher atomic numbers than
carbon, are represented by brighter  areas in the images. Fig. 8(a)� 8(b)
reveal the metal contaminants dispersed around the carbon, with  some
possibly incorporated  inside the carbon. Compared to other figures, the
amount of metal contaminants appear more abundant, which  consistent
with  the result from Table 2, indicating  that the product from  Ax�
Ti electrode pair contains more metal contaminants than those from
other pairs. More metal particles released from  Alloy  X cathode are
somewhat affecting the morphology  of carbon causing the amorphous
morphology.  In contrast, when less metal particles released from  Alloy
X anode, spherical carbon are seen in Figs. 8(e) and 8(f) . Additionally,
some titanium  oxide particles are marked in the red circle in Fig. 8(e),
and other metal contaminants aggregate marked in the blue box in
Fig. 8(f) .

Nickel and titanium  become the main metal contaminant  in the
product from  Ni�Ti  electrode pairs, as shown in Fig. 8(c). In this
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Table 2
Elemental composition of carbon produced on the cathodes from the EDS measurement based on various cathode�anode pairs. The first  element
denotes the cathode and the second refers to the anode. The electrolysis is conducted in molten Li2CO3 at 750ýC with  the applied current
density of 0:2 A cm*2 for 120 min.

Cathode�anode pair

Element concentration Ax�Ti Ni�Ti Ti�Ax Ti�Ni Ti�Ti

wt% at% wt% at% wt% at% wt% at% wt% at%

C K 77.44 90.74 93.25 96.11 93.04 96.24 90.96 94.75 92.36 96.70
O K 5.56 4.89 3.91 3.01 3.08 2.39 5.0 3.91 2.14 1.68
Al K 0.26 0.14 0.26 0.12 0.19 0.09 0.28 0.13 0.07 0.03
Si K 0.22 0.11 0.22 0.22 1.76 0.78 0.92 0.41 2.35 1.05
K K � � 0.70 0.22 � � 0.9 0.29 0.50 0.16
Cl K � � � � 0.26 0.09 � � � �
Ti K 0.45 0.13 0.35 0.09 0.78 0.20 1.94 0.51 0.26 0.07
Cr K 6.67 1.81 � � 0.90 0.22 � � � �
Mn K 0.09 0.02 � � � � � � � �
Fe K 2.90 0.73 � � � � � � � �
Ni K 5.29 1.27 1.03 0.22 � � � � � �
Mo L 1.12 0.16 � � � � � � 2.32 0.30
Total 100 100 100 100 100 100 100 100 100 100

figure,  nickel oxide particles are clearly dispersed on the carbon surface
while  titanium  oxides are rather separated from  the carbon particles,
marked in the red circle. More evidence in nickel contamination  on
the spherical onion carbon is presented in Fig. 8(d). Apparently,  tita-
nium  contamination  is also observed in the carbon product from  Ti�Ni
electrode pair, depicted in Figs. 8(g) and 8(h) . The accumulation of
titanium  oxide particles is displayed in Fig. 8(h) , which  vary in size of
micron-scale dimensions. Moreover, Figs. 8(i) and 8(j) are highlighting
titanium  contaminant  in the carbon product from  Ti�Ti  electrode pair.
Some of the titanium  also shattered into  small pieces, creating an
aggregate as shown in Fig. 8(j) .

Finally,  based on the electrolysis performance, the Faraday and
voltage efficiency, the specific electrical energy consumption, and the
deposition rate, the Ti�Ni  pair has the most stable and optimum  values,
indicating  that this pair is the most reliable  one for further  experiments.
Moreover, the SEM and EDS results show that the Ti�Ni  pair has the
potential  to produce a high-quality  carbon product. Therefore, the Ti�
Ni pair was selected as the electrode pair for the investigation  of the
effect of the applied current density.

Effect of applied current density

Electrolysis performance of various current densities
The voltage of electrolysis under constant applied current density

at 0.1� 0:4 A cm*2 was recorded and presented as a U * t graph, shown
in Fig. 9. This range of current density produces an average voltage of
2.0� 2:4 V. This voltage range is lower  than in the previous report of ap-
plied current densities at 0.05� 0:2 A cm*2 in molten Li2CO3 � Na 2CO3,
Li2CO3 � K 2CO3, and Li2CO3 � Na 2CO3 � K 2CO3, which  result in a volt-
age range between 2.2� 3:0 V [ 7].  As expected, when the applied current
density increases, the overpotential  elevates, resulting in a higher volt-
age between the cathode and the anode. The overpotential  elevation
is related to the ohmic resistance (iR), which  increases along with
the current density. In a previous study [ 35],  the theoretical  ohmic
resistance of molten Li2CO3 at 750ýC at a current density of 0:2 A cm*2

was 0:094 V. Thus, the ohmic resistance (iR) at the current densities
of 0.1, 0.3, and 0:4 A cm*2 can also be calculated, resulting in 0.047,
0.141, and 0:188 V, respectively.

As shown in Fig. 9, at the beginning of electrolysis under 0:1 A cm*2 ,
the voltage starts at 1:7 V, and then rises up to 2 V and fluctuates
by 0.1� 0:2 V around this value. During  electrolysis at 0:2 A cm*2 , the
voltage is first  around 1:8 V and slowly  increases up to 2:2 V. Similarly,
the fluctuation  of 0.1� 0:2 V is also observed at the applied current
density of 0.2� 0:4 A cm*2 . The voltage performance at an applied cur-
rent density of 0:1 A cm*2 appears to be the most stable one among
the others, indicating  that a stable electrolysis is obtained below 0:2
A cm*2 . The fluctuation  is more pronounced at a higher applied current

Fig. 7. XRD pattern of the sample after washing, produced from Ax�Ti,  Ni�Ti,  Ti�Ax,
Ti�Ni,  and Ti�Ti  electrode pairs in molten Li2CO3 at 750ýC. The electrolysis time was
120 min in all the experiments, and the current density was 0:2 A cm*2 .

density, demonstrating an unstable electrolysis process. The U * t graph
of 0:3 A cm*2 and 0:4 A cm*2 exhibits a nearly identical  trend, with
the voltage gradually  increasing at the start of the electrolysis and
gradually  decreasing after 2200 s.

The Faraday efficiency (FE) was calculated based on Eq. (12), which
considers the electricity  that is consumed during  the electrolysis and the
mass of fine product after the extraction  process from  the electrode and
salt. As described in Fig. 10, the Faraday efficiency of molten carbonate
electrolysis by applying  a current density of 0.1� 0:4 A cm*2 ranges from
57.5% to 67.4%. The FE trends do not follow  the magnitude of applied
current density, as the highest percentage is obtained by 0:1 A cm*2 at
67.4%, followed  by 0:4 A cm*2 at 66.9%. The previous report by Wu
et al. (2017)  also shows that the trend of the FE does not follow  the
trend of the applied current density, but indicates the optimum  FE at
0:1 A cm*2 in molten Li2CO3 � K 2CO3 and the optimum  FE at 0:2 A cm*2

in molten Li2CO3 � Na 2CO3 [ 7].
The voltage efficiency of the applied current density of 0.1� 0:4

A cm*2 is depicted in Fig. 10. The voltage efficiency decreases as the
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Fig. 8. Backscattered electron (BSE) images of carbon produced in molten Li2CO3 at
750ýC using (a)�(b)  Ax�Ti  pair, (c)�(d)  Ni�Ti  pair, (e)�(f)  Ti�Ax  pair, (g)�(h)  Ti�Ni
pair, and (i)�(j)  Ti�Ti  pair. The first  element represents the cathode, while  the second
corresponds to the anode. The electrolysis time was 120 min in all the experiments, and
the current density was 0:2 A cm*2 .

applied current density increases. The applied current density of 0:1
A cm*2 has the highest voltage efficiency of 52.3%, while 0:4 A cm*2

has the lowest voltage efficiency of 42.6%. This efficiency is correlated
to the average voltage during  the electrolysis as depicted in Fig. 9.
Based on Eq. (13), the higher voltage will  result in a larger difference
with  the thermoneutral  voltage, meaning that more electrical supply
power is required to conduct the electrolysis. In addition,  the volt-
age efficiency obtained at an applied current density of 0:2 A cm*2 in
Li2CO3 at 750ýC in this experiment is lower  than in the electrolysis in
molten Li2CO3 � BaCO3 and Li2CO3 � CaCO3 at the temperature 750�
775ýC [ 55].  This suggests that the molten salt and temperature impact
the voltage efficiency during  the electrolysis.

The specific electrical energy consumption (SEC) of the applied cur-
rent density is calculated using Eq. (14). The higher Faraday efficiency

results in a relatively  lower  SEC value. The lowest SEC is 25:9 k W h k g*1

obtained with  the applied current density of 0:1 A cm*2 , and the highest
SEC 32:2 k W h k g*1 results from 0:2 A cm*2 . The SECs of the applied
current densities of 0.3 and 0:4 A cm*2 fall  in between, at 32:1 k W h k g*1

and 32:0 k W h k g*1 , respectively. This range of SEC is lower  than in
the previous report by Yin et al. (2013),  where the SEC varied from
approximately 38 k W h k g*1 to almost 60 k W h k g*1 when applying  a
constant voltage between 2.8 and 5 V using a Ni�Ni10Cu11Fe  pair in
molten Li2CO3 � Na 2CO3 � K 2CO3 at 500ýC [ 11].  However, the use of
a Ni�Ni10Cu11Fe  pair in molten Na2CO3 � K 2CO3 � CaCO3 at 750ýC
when applying  a constant voltage between 2.1 and 3:2 V results in
20.57� 30:12 k W h k g*1 , which  is slightly  lower  than in our report [ 26].

Likewise, in this study, the trend of the SEC value does not follow
the magnitude of applied current density either. The higher applied
current density results in a higher voltage as shown in Fig. 11, but
does not result in a higher Faraday efficiency and a lower  specific
electrical energy consumption. Similarly,  the higher applied voltage
results in a higher current, but the trends of the Faraday efficiency
and the SEC do not follow  the trend of the applied voltage [ 9,11,26].
Some factors affecting both the Faraday efficiency and the SEC include
the probability  of co-deposition of alkali  metal, competition  of solid
carbon deposition with  lithium  carbide, and CO gas formation.  The
maximum  voltage at the highest applied current density as depicted in
Fig. 9 is approximately 2:5 V, and thus, the possibility  of molten Li2CO3
conversion into  pure alkali  metal (Li)  can be eliminated  because the
standard potential  of metal lithium  formation  at 700� 800ýC is 2.82�
3:07 V [ 3,41,54].  However, the formation  of CO gas may occur because
the standard potential  conversion of molten Li2CO3 into  CO lies in
between carbon and alkali  metal formation,  which  at 700� 800ýC is
1.79� 2:12 V [ 3,41,54].

In addition,  the lithium  carbide (Li2C2) formation  from  molten
Li2CO3 through  Eqs. (23) and (24) may also compete with  the forma-
tion  of carbon because the standard potential  for this reaction is at 1:76
V [ 44].  Some other factors include the loss of carbon particles during
the electrolysis and the separation process. Carbon particles that have
strong adhesion to the electrode are still  intact  in the electrode, but
some particles with  low  adhesion to the electrode might  drop into  the
salt during  electrolysis, and this is difficult  to measure. Furthermore,
the separation process with  the acid washing method may cause a loss
of some carbon particles. Therefore, the value of the FE is possibly
higher than the value presented in Fig. 10.

2 Li+ + 2 CO3
2* + 4e* ™ 6 O2* + Li2C2 (23)

7 Li2CO3 ™ 6 Li2O + Li2C2 + 5 CO2 + 2:5 O2 (24)

The deposition rates of carbon during  electrolysis with  an applied
current density of 0.1� 0:4 A cm*2 are shown in Fig. 12. This deposition
rate possibly correlates with  the conversion rate of CO2 into  solid
carbon, which  is influenced by the amount of electrical charge supplied
to the system. The low  current density is expected to have a slower
deposition rate, and the high current density has a faster deposition
rate [ 7].  The fastest carbon deposition rate is 0:027 g cm*2 h*1 at the
applied current density of 0:4 A cm*2 , and the slowest deposition rate is
0:007 g cm*2 h*1 at the applied current density of 0:1 A cm*2 . The carbon
deposition rates of the applied current density of 0.2� 0:3 A cm*2 are
0.012, and 0:019 g cm*2 h*1 , respectively.

Meanwhile,  a study by Ijije  et al. (2014)  shows that the trend of
the deposition rate of carbon in molten Li2CO3 � K 2CO3 at 700ýC with
applied voltages of 3� 5 V is faster at the lower  applied voltage [ 39].
However, this trend is not the same when the temperature is changed
to 540ýC and 593ýC, showing that the fastest reposition rate is at 4
V [ 39].  Instead of the applied current density or the applied voltage, the
carbon deposition rate is also affected by the operating temperature and
time [ 39].  Prolonging the deposition time will  reduce the deposition
rate [ 39],  which  is in line with  our results. To produce the same
amount of product, the lower  applied current density requires a longer
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Fig. 9. Voltage�time .U * t/ characteristics during  electrolysis of the applied current
density 0.1� 0:4 A cm*2 using a Ti cathode and a Ni anode in molten Li2CO3 at 750ýC.

Fig. 10. Faraday efficiency and voltage efficiency of carbon dioxide electrolysis of the
applied current density 0.1� 0:4 A cm*2 using a Ti cathode and a Ni anode in molten
Li2CO3 at 750ýC.

electrolysis time, and it  results in a slower carbon deposition rate. In
addition,  according to Ijije  et al. (2014),  a higher temperature should
improve  the salt conductivity,  but it  does not always accelerate the
deposition rate [ 39].  Therefore, the effect of operating temperature on
the deposition rate should be investigated further.

Characteristics of carbon products from various current densities
The morphologies of the electrolytic  products obtained from  the Ti�

Ni pair electrode with  an applied current density of 0.1� 0:4 A cm*2 are
depicted in Fig. 13. As illustrated  in Figs. 13(a), 13(d) , 13(g), and 13(j) ,
the majority  of morphologies in all electrolytic  products have a spher-
ical onion-like  shape, and thus, there is no significant  morphological
change caused by the applied current density, supporting the previous
study by [ 36],  but this also contradicts with  some other studies [ 24,40].

Figs. 13(b), 13(e), 13(h) , and 13(k) show that the size of the carbon
particles is affected by the applied current density. In a similar  vein
to the previous studies by [ 3,36],  a larger particle  size results from
the higher applied current density. The higher current density may
accelerate the growth  process of carbon deposited on the cathode, and
thus, larger particle  diameters are observed. The range of particle  sizes
produced as a result of the applied current density of 0:1 A cm*2 is
from  349 to 635 nm. The size becomes larger, from  508 to 984 nm,
when a current density of 0:2 A cm*2 is applied. At higher applied
current densities of 0.3 and 0:4 A cm*2 , the sizes of particles are on a

Fig. 11. Specific electrical energy consumption (SEC) of carbon dioxide electrolysis of
the applied current density 0.1� 0:4 A cm*2 using a Ti cathode and a Ni anode in molten
Li2CO3 at 750ýC.

Fig. 12. Deposition rate of solid carbon during  carbon dioxide electrolysis of the
applied current density 0.1� 0:4 A cm*2 using a Ti cathode and a Ni anode in molten
Li2CO3 at 750ýC.

micron  scale, ranging from  0.98 to 1:21 �m and from  1.11 to 1:56 �m ,
respectively.

Apart from  spherical carbon like  the onion shape, Fig. 13(c) shows
that some aggregate of smaller spherical carbon is observed, resulting
from  the current density of 0:1 A cm*2 . In higher current densities of
0.2 and 0:3 A cm*2 , some tubular  forms are discovered along with  the
spherical shape, presented in Figs. 13(f) and 13(i) . Furthermore, as
shown in Fig. 13(l) , plate shapes are found only when the current den-
sity of 0:4 A cm*2 is applied. The formation  of these unique structures
may be due to different  rates of electrodeposition of carbon at higher
applied current densities. It  should be noted that even though these
unique shapes are observed, the main morphology  is still  a spherical-
like  onion, and thus, the applied current density does not drastically
affect the main product.

The XRD pattern of the carbon product obtained at current density
of 0.1� 0:4 A cm*2 is presented in Fig. 14, showing the most prominent
peak corresponds to graphite around 26:0ý. It  should be noted that the
SiO2 has a peak at 26:6ý which  is close to the graphite, suggesting that
the presence of SiO2 alongside graphite. This observation is supported
by the detection of Si for all samples in the Table 3. A broad peak
is observed around 43� 44ý for the sample obtained at the current
density 0.1� 0:3 A cm*2 , and even broader to 45ý for the current density
0:4 A cm*2 . This suggest the presence of other contaminants near 44ý
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Fig. 13. Scanning electron microscopy (SEM) images of carbon produced in molten Li2CO3 at 750ýC using a Ti cathode and a Ni anode with  applied current densities of (a)�(c)
0:1 A cm*2 for 240 min, (d)�(f) 0:2 A cm*2 for 120 min, (g)�(i) 0:3 A cm*2 for 80 min, and (j)�(l) 0:4 A cm*2 for 60 min.

Fig. 14. XRD pattern of the sample after washing, produced with  an applied current
density of 0.1� 0:4 A cm*2 . The electrolysis was conducted in molten Li2CO3 at 750ýC
using titanium  as cathode and nickel as anode.

such as NiO and Al2O3. Another broad peak appears around 63� 65ý,
indicating  some possible compounds including  NiO and TiO2, likely
originated  from  the electrodes. A sharp peak at 38:7ý is observed in
the sample produce at the current density 0:4 A cm*2 , providing  clear
trace of TiO2. Overall, the XRD result reveal no significant  difference
in the products obtained from  Ti�Ni  electrode pairs at various current
densities.

An aggressive corrosion at applied current density of 0:4 A cm*2 on
the cathode surface may induce more titanium  release as indicated by
the EDS result in Table 3 and Fig. 15(b). Figs. 15(a) and 15(b) show the
TiO2 particles adhered to the carbon thin  layer formed on the cathode
surface, referred to as the interface area. Compared to the interface area
from  the current density of 0:2 A cm*2 shown in Fig. 15(a), the current
density of 0:4 A cm*2 results greater accumulation of TiO2 particles on
the interface area.

The elemental composition of electrolytic  carbon from  the electrol-
ysis at an applied current density of 0.1� 0:4 A cm*2 was analyzed using
EDS, and the results are presented in Table 3. The data presented in this
table is based on a single observation area, and this is aimed to provide
an overview  of the elemental content within  the product. Additional
details of the EDS spectra are presented in Fig. S6�S9 in the supporting
information.  The average carbon content is more than 90 at.%, which
is considered quite high, even though there is still  some contamination
originating  from  metals (Ti,  Al, K, Ba), and non-metals (O, Si). More
than 2 wt% of titanium  is found at 0:4 A cm*2 , which  is most probably



A. Nur'aini et al.

Table 3
Elemental composition of carbon produced on the cathodes based on the EDS measurement. The electrolysis is conducted using a Ti cathode
and a Ni anode in molten Li2CO3 at 750ýC with  the applied current density of 0.1� 0:4 A cm*2 .

Applied current density (A cm*2 )

Element concentration 0.1 0.2 0.3 0.4

wt% at% wt% at% wt% at% wt% at%

C K 88.09 92.85 94.02 96.28 86.17 91.47 90.03 94.66
O K 6.27 4.96 3.46 2.66 8.14 6.49 4.30 3.40
Al K 0.59 0.28 0.33 0.15 0.83 0.39 0.84 0.39
Si K 4.03 1.81 1.89 0.83 3.00 1.36 1.19 0.54
K K � � 0.16 0.05 0.53 0.17 1.00 0.32
Ti K � � 0.13 0.03 � � 2.64 0.7
Ba L 1.01 0.09 � � 1.34 0.13 � �
Total 100 100 100 100 100 100 100 100

Fig. 15. Backscattered electron (BSE) images of the interface area between the carbon and cathode surface, produced in molten Li2CO3 at 750ýC using titanium  cathode and
nickel anode with  current density of (a) 0:2 A cm*2 and (b) 0:4 A cm*2 .

due to a more aggressive corrosion process at a high current density.
Aluminum,  silicon, potassium, and a small amount of barium  may
be attributed  to some contaminants found in the aluminum  crucibles
that have been reused many times, or from  the small particles of the
stainless steel that supports the electrodes. Oxygen contamination  may
be caused by the metal oxides in the molten salt residue [ 56]  or by the
oxygen-containing functional  group [ 9,18].

Corrosion of the electrode occurs during  the electrolysis process,
leading to the presence of metal oxide in the product. This is somewhat
expected as indicated by XRD result in Fig. 14 and EDS data in Table 3.
The contaminants in the product are further  highlighted  through  SEM-
BSE images shown in Fig. 16(a)� 16(d) . Titanium  oxides are clearly
observed in Fig. 16(a), 16(c), and 16(d) , as well  as the NiO are found
on the carbon surface in Fig. 16(b). The TiO2 particles are distributed
around the spherical onion carbon and not affecting the overall  carbon
morphology  due to their  relatively  larger size. The size of TiO2 particles
varies from  approximately  2� 11 �m as shown in Figs. 17(a) and 17(b).

Conclusions

Carbon dioxide  was converted into  solid carbon in molten carbonate
electrolysis. Five different  electrode pairs: a titanium  cathode and a
titanium  anode (Ti�Ti),  a titanium  cathode and a nickel anode (Ti�
Ni),  a titanium  cathode and an Alloy  X anode (Ti�Ax),  an Alloy  X
cathode and a titanium  anode (Ax�Ti),  and a nickel cathode and a
titanium  anode (Ni�Ti)  were investigated in molten Li2CO3 at 750ýC
for 120 min.

It  was found that the Ti�Ni  pair has the most stable voltage during
electrolysis compared with  the other pairs. The Ti�Ni  pair also showed
the highest Faraday efficiency and voltage efficiency at 62.6% and
48.6%, respectively. This pair also had the lowest specific electrical
energy consumption of 30:1 k W h k g*1 and the fastest carbon deposi-
tion  rate at 0:013 g cm*2 h*1 . The other pairs showed extreme voltage

fluctuation,  which  contributed  to the lower  Faraday and voltage ef-
ficiency,  the higher specific electrical energy consumption, and the
slower carbon deposition rate.

The majority  of the carbon morphologies produced in the titanium
cathode were spherical, like  the onion shape, while  those originating
from  the Alloy  X cathode showed amorphous carbon with  some tubular
form.  The XRD patterns indicates the presence of metal oxide and
lithium  metal oxide alongside graphite as main product. On average,
the EDS analysis indicated that the products from  the molten carbonate
electrolysis process with  these five pairs of electrodes had more than
90 at.%. Based on these results, the Ti�Ni  pair was selected for further
investigation  in the effect of current density.

The voltage between the cathode and the anode increases as the
applied current density increases, suggesting that the voltage efficiency
decreases as the applied current density increases. Similarly,  the carbon
deposition rate is faster as the applied current density increases. The
applied current density of 0:1 A cm*2 showed the highest FE and voltage
efficiency at 67.4% and 52.3% and the lowest SEC at 25:9 k W h k g*1 .
The trends of the Faraday efficiency and the specific electrical energy
consumption did not follow  the trend of the applied current density.

In general, there were no significant  changes in the morphologies
of carbon resulting from  the applied current density of 0.1� 0:4 A cm*2 ,
indicated by spherical carbon, like  the onion shape, as the most com-
mon shape. However, the particle  size of the carbon is larger with  the
higher applied current density. Along with  spherical carbon, like  the
onion shape, tubular  forms were observed with  the applied current
densities of 0.2 and 0:3 A cm*2 , and also plate shapes with  the applied
current density of 0:4 A cm*2 . The XRD peaks indicates severe corrosion
occur at the current density of 0:4 A cm*2 , resulting greater formation
of TiO2, as supported by the EDS result and SEM-BSE images on the
interface area. Overall, this comprehensive and systematic study helps
to select the most suitable electrode pair in molten lithium  carbonate
salt electrolysis and also the best parameters to obtain the optimum
efficiency and the desired morphology.
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Fig. 16. Backscattered electron (BSE) images of carbon produced in molten Li2CO3 at 750ýC using titanium  cathode and nickel anode with  current density of (a) 0:1 A cm*2 , (b)
0:2 A cm*2 , (c) 0:3 A cm*2 , and (d) 0:4 A cm*2 .

Fig. 17. SEM images of TiO2 in the sample produced in molten Li2CO3 at 750ýC using titanium  cathode and nickel anode with  current density of (a) 0:3 A cm*2 and (b) 0:4 A cm*2 .
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The�gdynamic�goperation�gof�gcurrent�gdensity�gpositively �gimpacts�gmetal�gdeposition�gand�gCO2�gelectrolysis�gfor�gsyngas�g
production �gbut�gnegatively�gaffects�gwater�gelectrolysis�gefficiency.�gThis�gpaper�ginvestigates�gthe�ginfluence�gof�gapplied�g
dynamic�gcurrent�gdensity�gwith �gvarious�gwaveforms�gduring �gCO2�gelectrolysis�gin�gmolten�gLi2CO3,�gusing�ga�gtitanium �g
cathode�gand�ga�gnickel�ganode.�gFive�gcurrent�gwaveforms�gare�gstudied:�gtriangular, �gsquare,�gsine,�gramp-up,�gand�g
ramp-down.�gThe�gtriangular �gwaveform�gachieves�gthe�ghighest�gFaraday�gefficiency�g(FE),�gup�gto�g51.5%,�gand�gthe�g
ramp-down�gwaveform�gobtains�gthe�glowest�gspecific�gelectrical�genergy�gconsumption�g(SEC)�gof�g25:9 kW h kg*1 �gfor�g
solid�gcarbon�gproduction. �gThe�gcharacteristics�gof�gsolid�gcarbon�gproducts�gfor�geach�gwaveform�gare�ginvestigated�gusing�g
x-ray�gdiffraction �g(XRD),�gRaman,�gscanning�gelectron�gmicroscopy�g(SEM),�genergy�gdispersive�gspectroscopy�g(EDS),�g
and�gx-ray�gfluorescence�g(XRF).�gThe�gdifferent �gcurrent�gwaveforms�ghave�ga�gminimal �geffect�gon�gthe�gmorphology �gof�g
the�gproduct,�ggenerally�gresulting�gin�ga�gspherical�gonion�gshape,�gwith �ga�gsmall�gfraction �gof�gtubular �gstructures.�gNickel,�g
nickel�goxide,�gand�gtitanium �goxide�gare�gfound�galong�gwith �gcarbon,�gindicating �gthat�gmetal�grelease�gcannot�gbe�gprevented�g
by�gdynamic�gcurrent�gdensity.�gThis�gstudy�gprovides�ginsights�ginto �gthe�gapplication �gof�gdifferent �gcurrent�gwaveforms�g
during �gCO2�gelectrolysis,�grevealing�gdifferent �gvalues�gfor�gFE�gand�gSEC,�gbut�glimited �geffect�gon�gthe�gmorphology �gof�g
solid�gcarbon�gproducts.

1.�gIntroduction

CO2�gemissions�gare�ga�gproblem�gthat �gshould�gbe�gaddressed�gimmedi-
ately�gto�gslow�gdown�gclimate�gchange.�gThrough�gvarious�gelectrochemical�g
processes,�gCO2�gcan�gbe�gconverted�ginto �gsolid�gcarbon,�gCO�ggas,�gand�gother�g
hydrocarbon�gproducts,�gsuch�gas�gCH4,�gC2H4,�gand�gHCOOH�g[ 1� 4]. �gIn�g
the�gpast�gfew�gdecades,�gCO2�gelectrolysis�gin�gmolten�gcarbonate�ghas�gbeen�g
considered�ga�gpromising �gtechnology�gto�greduce�gCO2�gemissions�gand�gpro-
duce�gvarious�gsolid�gcarbon�gmorphologies.�gThe�gsolid�gcarbon�gproduct �gof�g
CO2�gelectrolysis,�gknown �gas�gE-carbon�gor�gelectrolytic �gcarbon,�ghas�gbeen�g
experimentally �gapplied�gto�gbattery �ganodes�g[ 5� 7], �gadsorbents�g[ 8,9], �gelec-
trocatalysts�g[ 10], �gcapacitors�g[ 11,12], �gand�gbucky�gpaper�g[ 13]. �gThe�gwide�g
range�gof�gapplications�gof�gelectrolytic �gcarbon�gsuggests�gthat �gthis�gmolten�g
carbonate�gtechnology�gis�gpromising �gand�gworth �gdeveloping�gfurther.

Several�gstudies�ghave�gbeen�gconducted�gto�gmodify �gthe�gcarbon�gmor-
phology�gand�genhance�gthe�gFaraday�gefficiency �gof�gelectrolytic �gcarbon�g
production �gin�gthe�gmolten�gcarbonate�gelectrolysis�gsystem;�gthese�gstudies�g
have�gfocused,�ge.g.,�gon�gthe�gselection�gof�gthe�gelectrode�gmaterial �g[ 14,15], �g
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electrolyte �gmixture �g[ 5,16,17], �goperating�gtemperature�g[ 18� 20], �gand�gap-
plied �gcurrent �gor�gvoltage�g[ 16,18,21,22]. �gHowever,�gin�gthese�gefforts,�gthe�g
dynamic�goperation�gof�gthe�gapplied�gcurrent �gor�gvoltage�ghas�gnot�gbeen�g
addressed.�gMeanwhile, �gthe�gapplication �gof�gdynamic�goperation�ghas�gbeen�g
widely �gdiscussed�gin�gthe�gcontexts�gof�gthe�gelectrochemical�gdeposition�g
process,�gCO2�gelectrolysis�gin�gaqueous�gmedia,�gand�gwater�gelectrolysis.

Waveforms�gthat �gare�gcommonly�gused�gin�gelectrochemical�gdeposition�g
include�gtriangular, �gramp-up,�gramp-down,�gsquare,�gand�gsine�gwaveforms.�g
The�gdifferent �gapplied�gcurrent �gor�gvoltage�gwaveform�gshapes�gaffect�gthe�g
morphology �gof�gthe�gdeposited�gmaterial �g[ 23], �gas�gwell �gas�gits�ghardness�g[ 24], �g
roughness�g[ 25], �gand�gadhesion�gto�gthe�gsurface�g[ 25]. �gThe�gdynamic�gop-
eration�gis�galso�greported�gto�gsignificantly �galter�gthe�gsize�gof�gthe�ggrains�gof�g
metal�g[ 25,26]. �gIn�gthe�gcase�gof�gCO2�gelectrolysis,�gthe�gpulse�gCO2�gelectrolysis�g
in�gKHCO3�ghas�gbeen�gdemonstrated�gto�gimprove �gthe�gselectivity �gof�gsyngas�g
products�g[ 27� 29], �gsuppress�gthe�ghydrogen�gevolution �greaction�g(HER),�gand�g
enhance�gthe�gFaraday�gefficiency �g[ 30,31]. �gFurthermore,�gdynamic�gopera-
tion �gin�gwater�gelectrolysis�ghas�gbeen�greported�gto�genhance�gthe�gefficiency �g
of�ghydrogen�gproduction �g[ 32� 34]. �gIn�gcontrast,�gsome�gother�gstudies�ghave�g
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shown�ga�glower �gefficiency �ginstead�g[ 35� 37]. �gThese�gstudies�gsuggest�gthat �g
the�gdynamic�goperation�gholds�gthe�gpotential �gto�gimprove �gthe�gefficiency �gand�g
modify �gthe�gcarbon�gmorphology �gresulting �gfrom �gthe�gCO2�gelectrolysis�gin�g
molten�gcarbonate.

The�geffect�gof�gdynamic�goperation�gin�gmolten�gcarbonate�gelectrolysis�g
for �gsolid�gcarbon�gproduction �gremains�gquestionable,�gthus�gmotivating �g
further �ginvestigation �ginto �gthis�gtopic. �gHu�get�gal.�g[ 38] �gapplied�gcurrent �g
pulse�gfor �gCO2�gelectrolysis�gin�gmolten�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO�gin�gvarious�g
Ton�gand�gcycles�gof�gpulse,�gshowing�gthat �gthese�gparameters�gaffect�gthe�g
diameter�gof�gthe�gtubular �gform �gof�gcarbon�gand�gthe�gFaraday�gefficiency. �g
The�goptimum �gparameter�gTon�gand�gcycles�gof�gpulse�gin�g[ 38] �gis�g120�gs�gfor �g
120�gcycles�gwhen�gusing�ga�gRuO2�g� �gTiO2�ganode.�gIt �gshould�gbe�gnoted�gthat �g
within �gthe�gsame�gpulse�gparameter,�gthe�gutilization �gof�g8 Ni�g� �g2 TiO2�gand�g
7 Ni�g� �g3 TiO2�gproduces�ga�glower �gefficiency �ginstead�g[ 38]. �gMoreover,�gthe�g
experiment�gof�ga�gone-minute�gpulse�gcurrent �gat�gthe�gbeginning�gof�gone-
hour�gelectrolysis�gin�gmolten�gLi2CO3�gby�gAlaei�get�gal.�g[ 39] �gresulted�gin�g
a�gsmall�gdiameter�gof�gmultiwalled �gcarbon�gnanotubes�g(MWCNTs).�gTheir�g
experiment�gsuggested�gthat �gthe�gtemporary �gpulse�gcurrent �galso�greduces�gthe�g
power�gconsumption�g[ 39]. �gBecause�gtheir �greport �gapplied�gthe�gpulse�gonly �g
for �ga�gshort�gperiod�gof�gtime, �gthere�gremains�ga�gsignificant �gopportunity �gto�g
investigate�gthe�gfull �gdynamic�goperation�gin�gmolten�gcarbonate�gelectrolysis,�g
especially�gin�gmolten�gLi2CO3.�gHence,�gcompared�gto�gprevious�gstudies,�gthis�g
work �ghighlights �gthe�gapplication �gof�gvarious�gcurrent �gwaveforms�gin�gmolten�g
Li2CO3�gelectrolysis�gusing�ga�gtitanium �gcathode�gand�gnickel �ganode,�gwith �ga�g
controlled �gfrequency�gand�gamplitude, �gwhich �gremains�glargely�gunexplored�g
in�gterms�gof�gthe�gelectrical �gperformance�gand�gthe�gsolid�gcarbon�gproduct.

To�gthe�gauthors'�gknowledge,�gthis�gis�gthe�gfirst �gstudy�gto�ginvestigate�g
the�geffect�gof�gdynamic�gapplied�gcurrent �gdensity�gin�gmolten�gcarbonate�g
electrolysis.�gThe�gnovel�gcontributions �gof�gthis�gstudy�gare�gsummarized�gas�g
follows:

* The�gdynamic�goperation�gin�gmolten�gLi2CO3�gusing�gtitanium �gcathode�g
and�gnickel �ganode�gis�gapplied�gcontinuously �gthroughout �gthe�gentire�g
duration �gof�gthe�gelectrolysis�gprocess.

* Presenting�gthe�geffect�gof�gdifferent �gtypes�gof�gwaveforms�gon�gthe�gelec-
trical �gperformance,�gFaraday�gefficiency �g(FE),�gand�gspecific�genergy�g
consumption�g(SEC).

* Five�gcurrent �gwaveforms�gare�gstudied:�gtriangular, �gsquare,�gsine,�g
ramp-up,�gand�gramp-down,�gwith �ga�gcontrolled �gfrequency�gand�gam-
plitude.

* Investigating �gthe�geffect�gof�gvarious�gtypes�gof�gcurrent �gwaveforms�g
towards�gthe�gsolid�gcarbon�gproduct �gof�gmolten�gcarbonate�gelectrolysis.

We�gshow�gthat �gthe�gFaraday�gefficiency �gand�gthe�gspecific�gelectrical �genergy�g
consumption�gvary�gfor �geach�gwaveform,�gwith �gthe�gtriangular �gwaveform�g
producing �gthe�ghighest�gFaraday�gefficiency. �gWith �gthe�gsupport�gof�ganalysis�g
based�gon�gX-ray�gdiffraction �g(XRD),�gRaman,�gscanning�gelectron�gmicroscopy�g
(SEM),�genergy�gdispersive�gspectroscopy�g(EDS),�gand�gX-ray�gfluorescence�g
(XRF),�gour�gfindings �gsuggest�gthat �gthe�gdynamic�goperation�gunder�gvarious�g
current �gwaveforms�gdoes�gnot�gsignificantly �gaffect�gthe�gstructure�gand�gmor-
phology�gof�gthe�gelectrolytic �gcarbon.�gTherefore,�gfurther �ginvestigation �ginto �g
the�goptimization �gof�gwaveform�gparameters�gor�galternative �goptimization �g
methods�gis�grequired�gto�gimprove �gthe�gquality �gof�gelectrolytic �gcarbon.

2.�gMethodology

2.1.�gReaction�gmechanism

The�greaction�gmechanism�gof�gsplitting �gCO2�ginto �gcarbon�gand�goxygen�g
has�gbeen�gdiscussed�gin�gmany�gprevious�gstudies,�ge.g.,�gin�gthe�gcontext�gof�g
molten�gcarbonate�g[ 40,41], �gmolten�gchloride �g[ 42� 44], �gmolten�gchloride �g
oxide�g[ 45,46], �gmolten�gchloride �gcarbonate�g[ 5,47], �gand�gmolten�galkaline �g
fluoride �g[ 48,49]. �gIn�gmolten�gcarbonate,�gthe�gformation �gof�gsolid�gcarbon�gon�g
the�gcathode�gfrom �gCO2�gmay�gundergo�gdirect �gor�gindirect �greduction. �gThere�g
are�gtwo �galternatives�gfor �gdirect �greduction �gas�gwritten �gin�gEq.�g�g(1)�g[ 41,43] �g

and�g(2)�g[ 44,50,51], �gresulting �gin�gtwo �gdifferent �gcharge�gcarriers,�geither�g
oxide�gions�gor�gcarbonate�gions.�g

CO2 + 4 e* ™ C + 2 O2* (1)

3 CO2 + 4 e* ™ 2 CO3
2* + C (2)

The�gindirect �greduction �goccurs�gthrough �gthe�gcarbonate�groute,�gwithin �g
one�gstep�g(Eq.�g(3))�gor�gtwo �gsteps�g(Eqs.�g�g(4)�gand�g(5)).�gThe�gone-step�greduction �g
reaction�ginvolves�gfour �gelectrons�gas�gdescribed�gin�gEq.�g(3)�g[ 14,40,47,48], �g
and�gthe�gtwo-step�greduction �greaction�guses�gtwo �gelectrons�gin�geach�gstep�gas�g
written �gin�gEqs.�g�g(4)�gand�g(5)�g[ 42,47,48]. �g

CO3
2* + 4 e* ™ C + 3 O2* (3)

CO3
2* + 2 e* ™ CO2

2* + O2* (4)

CO2
2* + 2 e* ™ C + 2 O2* (5)

These�gconsumed�gcarbonate�gions�gare�gthen�gregenerated�gby�gintroducing �g
CO2�ggas�ginto �gthe�gsystem.�gThe�greaction�gbetween�gCO2�gand�gthe�goxide�gion�g
(O2�g� �g)�gis�gexpected�gto�gform �gthe�gcarbonate�gion�gas�gwritten �gin�gEq.�g(6)�g[ 14,
48]. �g

CO2 + O2* ™ CO3
2* (6)

Meanwhile, �gthe�ganodic�greaction�gis�gnot�gsimple,�gas�git �gdepends�gon�gthe�g
charge�gcarrier �gavailable�gin�gthe�gsystem.�gIf �gthe�goxide�gion�gacts�gas�gthe�gcharge�g
carrier, �gthe�greaction�gpresented�gby�gEq.�g(7)�gwill �goccur�g[ 40,47]. �gInstead,�gif �g
the�gcarbonate�gion,�gas�ga�gnegative�gion,�gacts�gas�gthe�gcharge�gcarrier, �gthen�gthe�g
reaction�gaccording�gto�gEq.�g(8)�gruns�gas�gan�ganodic�greaction�g[ 40,44,50,52]. �g

2 O2* ™ O2 + 4 e* (7)

2 CO3
2* ™ 2 CO2 + O2 + 4 e* (8)

The�gcombination �gof�greactions�gaccording�gto�gEqs.�g�g(1)�gand�g(7)�gor�gEqs.�g
(2)�gand�g(8)�gwill �gresult�gin�ga�gtotal �greaction�gof�gCO2�gsplitting �gas�gdescribed�g
in�gEq.�g(9).�gAdditionally, �gEqs.�g(3),�g(6),�gand�g(7),�gwhich �gcomprise�gthe�gfull �g
reaction�gof�gcathodic�gand�ganodic�greactions,�gas�gwell �gas�gthe�gregeneration�g
of�gcarbonate,�gwill �gproduce�gthe�gsame�gtotal �greaction�gas�gEq.�g(9).�g

CO2 ™ C + O2 (9)

2.2.�gCalculation�gof�gFaraday�gefficiency�g(FE)�gand�gspecific�gelectrical�genergy�g
consumption�g(SEC)

Faraday�gefficiency, �galso�gknown �gas�gcurrent �gefficiency �g(� ,-),�gis�gcalcu-
lated�gby�gEq.�g(10)�g[ 47]: �g

� =
nmF
QM

(10)

where�gn�gis�gthe�gnumber�gof�gelectrons�gtransferred�gin�gthe�gsystem�g(n = �g4),�g
m�g(g)�gis�gthe�gelectrolytic �gproduct �gmass�gafter�gthe�gwashing�gand�gdrying �g
process,�gand�gF �gis�gthe�gFaraday�gconstant�g(96 485 C mol*1 ).�gIn�gaddition, �gQ
(C)�gis�gthe�gnumber�gof�gcharges�gpassing�gby�gduring �gthe�gelectrolysis,�gand�gM
is�gthe�gmolar�gmass�gof�gcarbon�g(12:01 g mol*1 ).

The�gspecific�gelectrical �genergy�gconsumption�gof�gCO2�gelectrolysis�g(W ,�g
kW h kg*1 )�gis�gcalculated�gby�gEq.�g(11)�g[ 47]. �gThe�gelectrical �genergy�gthat �gis�g
being�gsupplied�gto�gthe�greactor�gfor �gelectrolysis�g(kW h)�gis�gdivided �gby�gthe�g
amount�gof�gelectrolytic �gproduct �gmass�g(m,�gkg).�g

W =
UIt
m

(11)

where�gU�g(V)�gis�gthe�gvoltage�gbetween�gthe�gcathode�gand�gthe�ganode,�gI �g(A)�g
is�gthe�gcurrent �gflowing �gin�gthe�gsystem,�gand�gt�g(h) �grefers�gto�gthe�gduration �gof�g
electrolysis.
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Fig.�g1.�g(a)�gExperimental�gsetup�gfor�gthe�gdynamic�goperation�gof�gcurrent�gdensity�gduring �gCO2�gelectrolysis�gin�gmolten�gLi2CO3,�g(b)�gphotograph�gof�gthe�gactual�greactor,�gshowing�gthe�gelectrodes�g
and�galumina�gcrucible�gcontaining �gLi2CO3.

2.3.�gExperimental�gsetup

The�gexperimental�gsetup�gis�gdepicted�gin�gFig.�g�g1(a).�gThe�greactor�gconsists�g
of�gtitanium �gas�gthe�gcathode�gand�gnickel �gas�gthe�ganode,�gimmersed�gin�g
an�galumina �gcrucible�gcontaining �gmolten�gLi2CO3.�gThe�gselection�gof�gthe�g
cathode�gand�ganode�ghas�gbeen�ginvestigated�gpreviously �g[ 53], �gresulting �gin�g
the�gtitanium �gcathode�gand�gnickel �ganode�gas�gthe�gmost�gstable�gelectrode�gpair �g
in�gmolten�gLi2CO3.�gA�gtitanium �gtube�gis�gused�gto�gfeed�gthe�gCO2�ggas�gin�gthe�g
molten�gsalt,�gand�gthe�ggas�gflow �gis�gregulated�gusing�ga�gmass�gflow �gcontroller �g

(Bronkhorst �gF-201DV-AGD-33-V).�gThe�ganode�gis�gpositioned�g2 cm�gabove�g
the�gcathode�gto�gfacilitate �gthe�gescape�gof�goxygen�ggas�gfrom �gthe�gsystem.�g
The�gsurface�garea�gof�gthe�gcathode�gis�g25 cm2,�gwhile �gthat �gof�gthe�ganode�gis�g
20 cm2.�gIn�gthis�gexperiment,�gthe�gcalculation �gof�gcurrent �gdensity�grefers�gto�g
the�gcathode�gsurface�garea.

The�greactor�gis�gplaced�gin�gan�goven�gheater,�gcontrolled �gby�ga�gDC�glabora-
tory �gpower�gsupply�g(EA�gPSI�g9500-30).�gThe�gtemperature�ginside�gthe�goven�g
is�gmeasured�gusing�gthree�gthermocouples�g(K-type)�gand�grecorded�gwith �ga�g
data�gacquisition �gand�glogging�gmultimeter �gsystem�g(Keithley �gDAQ6510).�g
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Fig.�g2.�gIllustration �gof�gthe�gcurrent�gwaveform�gused�gin�gthis�gstudy.�gThe�gwaveform�gis�goscillating �gbetween�g0.1�gand�g0:4 A cm*2 �gor�g2.5�gand�g10 A�gat�ga�gfrequency�gof�g1�gHz.�gThe�gtotal �gcharge�g
supplied�gto�gthe�gelectrodes�gis�gequivalent�gacross�gall�gthe�gtests.

This�gtemperature�gvalue�gis�gused�gas�ga�greference�gto�gcontrol �gthe�gheating�g
system�gof�gthe�goven.�gDuring �gelectrolysis,�gthe�gtemperature�ginside�gthe�goven�g
measured�gfrom �gthree�gthermocouples�gis�g750� 752ýC,�gindicating �gthat �gthe�g
temperature�ginside�gthe�goven�gis�gquite�ghomogeneous�gand�gstable.�gThis�gop-
erating�gtemperature�gis�gchosen�gbased�gon�gthe�gmelting �gpoint �gof�gLi2CO3�gat�g
723ýC�gand�gto�gminimize �gCO�ggas�gproduction �gat�ghigher�gtemperatures�g[ 20].

The�gdynamic�goperation�gof�gcurrent �gdensity�gis�gregulated�gby�gan�gar-
bitrary �gfunction �ggenerator�g(Tektronik �gAFG�g31000�gseries),�gwhich �gis�g
connected�gto�ga�g4-Quadrant�gamplifier �g(TOE�g7621).�gThe�garbitrary �gfunc-
tion �ggenerator�gis�gemployed�gas�ga�gwaveform�ggenerator,�gwhile �gthe�gpower�g
supply�ggenerates�gthe�gpotential �gdifference�gbetween�gthe�gcathode�gand�g
the�ganode.�gThe�gsignal�goutput �gbetween�gthe�gcathode�gand�gthe�ganode�g
is�gmeasured�gand�grecorded�gusing�ga�gpower�ganalyzer�g(HIOKI�gPW6001),�g
equipped�gwith �ga�gcurrent �gsensor�g(HIOKI�gCT6862-05�g50�gA)�gfor �gaccurate�g
monitoring.

2.4.�gExperimental�gprocess

Five�gdifferent �gcurrent �gwaveforms�gare�gstudied:�gtriangular, �gsquare,�g
sine,�gramp-up,�gand�gramp-down.�gFig.�g�g2�gillustrates �gthese�gfive�gcurrent �g
waveforms,�goscillating �gbetween�g0.1�gand�g0:4 A cm*2 �gor�g2.5�gand�g10 A
at�g1�gHz�gfrequency.�gThis�gfrequency�ghas�gbeen�gused�gto�ginvestigate�gthe�g
effect�gof�gcurrent �gand�gvoltage�gfluctuation �gin�gwater�gelectrolysis�g[ 36,54]. �g
In�gaddition, �gthis�grange�gof�gcurrent �gdensity�gis�gcommon�gfor �gmolten�gcarbon-
ate�gelectrolysis�g[ 14,21,22,55]. �gThe�gdynamic�gcurrent �gdensity�gis�gapplied�g
continuously �gfor �g96�gmin. �gCO2�ggas�gis�gintroduced �ginto �gthe�gmolten�gsalt�g
10�gmin �gbefore�gthe�gelectrolysis�gbegins�gand�gmaintained �gthroughout �gthe�g
entire�gelectrolysis�gprocess,�gwith �ga�gflow �grate�gof�g25 mL min*1 .�gThis�gCO2
gas�gsupply�gensures�gthe�gregeneration�gof�gLi2CO3�gconsumed�gduring �gthe�g
electrolysis�gprocess.�gAfter �gthe�gelectrolysis�gprocess,�gthe�gelectrodes�gare�g
carefully �gremoved�gfrom �gthe�gmolten�gsalt�gand�gcooled�gdown�gin�gthe�gair.

2.5.�gCarbon�gproduct�gseparation�gand�gcharacterization

The�gcarbon�gproduct �gaccumulated�gon�gthe�gcathode�gsurface�gis�gseparated�g
using�ghydrochloric �gacid�g(HCl).�gTo�gensure�ga�gcomplete�gleaching�gprocess,�g

the�gmixture �gof�gcarbon,�gsalt,�gand�gHCl�gis�gleft �gto�gsit�governight. �gAfterward, �g
the�gcarbon�gis�grinsed�gwith �gdeionized�gwater�gat�gleast�gthree�gtimes�gand�g
filtered �gwith �ga�gvacuum�gfilter �gto�gremove�gthe�gremaining �gsalt�gand�gHCl.�g
The�gcarbon�gis�gthen�gdried�gin�gthe�gdrying �goven�gat�g100ýC�gfor �gat�gleast�g4�gh�g
and�gstored�gin�ga�gdesiccator�governight.

Before�gany�gcharacterization, �gthe�gcarbon�gis�gnot�gsubjected�gto�gfurther �g
treatment. �gPANalytical �gB.V.�g(with �gCoKa�gradiation) �gis�gused�gfor �gthe�gXRD�g
analysis�gwith �ga�gmeasurement�grange�gof�g10ý < 2� < 80ý.�gThe�gpeaks�gare�g
identified �gwith �gMatch! �gsoftware�gby�gCrystal�gImpact.�gRaman�gspectroscopy�g
analysis�g(Renishaw�ginVia . �gQontor+ )�gis�gconducted�gto�gmeasure�gRaman�g
maps�gfrom �gseveral�ghundred�glocations.�gThe�gresults�gare�gaveraged�gover�g
the�gmeasured�gpatterns,�gand�gbased�gon�gthe�gresults,�gthe�gdegree�gof�ggraphi-
tization �gcan�gbe�ganalyzed.�gA�gwavelength�gof�g532�gnm�gand�glaser�gpower�gof�g
0.3�gmW�gare�gused.�gThe�gmorphology �gof�gcarbon�gis�ganalyzed�gusing�gscanning�g
electron�gmicroscopy�g(Hitachi �gSU3500).�gThe�gelemental�gcomposition�gof�g
the�gcarbon�gproducts�gis�ginvestigated�gthrough �gEDS�gspectra�gand�gthe�gcor-
responding�gquantitative �gresults�gfrom �gseveral�gspatially �gextensive�gregions�g
of�geach�gsample,�gusing�ga�gJEOL�gSEM�gmicroscope�g(JSM-IT�g500)�gwith �gan�g
integrated�genergy-dispersive�gX-ray�gspectrometer�g(EDS,�gJEOL�gDry�gSD30).�g
To�gobtain �greliable �gquantitative �gresults,�gthe�gsamples�gare�gmounted�gon�gthe�g
SEM�gholder�gusing�gcopper�gtape�ginstead�gof�gtypical �gcarbon�gtape.�gA�gfield-
emission�gscanning�gelectron�gmicroscope�g(Zeiss�gUltraPlus)�gin�gscanning�g
(FE-SEM)�gand�gtransmission�g(T-SEM)�gimaging�gmodes,�gwith �gan�genergy-
dispersive�gX-ray�gspectrometer�g(EDS,�gOxford�gInstruments�gXMaxN�g80),�gis�g
used�gfor �gthe�gmorphological �gand�gEDS�gline �gscan�ganalysis�gof�gthe�gproducts�g
on�gthe�gnanoscale.�gFurthermore,�gbulk �ganalysis�gis�gperformed�gusing�gan�gX-
ray�gfluorescence�gspectrometer�g(XRF,�gBruker�gNano�gGmbH�gM4�gTornado)�g
in�gvacuum�gto�gidentify �gthe�gelemental�gcomposition�gpresent�gin�gthe�gsample.

3.�gResults �gand �gdiscussion

3.1.�gDynamic�gbehavior�gof�gvoltage�gand�gcurrent

The�gdynamic�gbehavior�gof�gvoltage�gand�gcurrent �gduring �gthe�gdynamic�g
operation�gof�gcurrent �gdensity�granging�gfrom �g0.1�gto�g0:4 A cm*2 �gis�gpresented�g
in�gFigs.�g�g3(a)� 3(e).�gThe�gleft �gaxis�gshows�gcurrent �gfluctuation �gbetween�g2.5�g
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Fig.�g3.�gThe�gleft �gaxis�grepresents�gcurrent�g(A)�gand�gthe�gright �gaxis�gthe�grespective�gvoltage�g(V)�gresponse�gduring �gthe�gelectrolysis�gin�gLi2CO3�gat�g750ýC�gapplying �gfive�gdifferent �gcurrent�g
waveforms:�g(a)�gtriangular, �g(b)�gsquare,�g(c)�gsine,�g(d)�gramp-up,�gand�g(e)�gramp-down.�gThe�gapplied�gcurrent�gdensity�goscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�g
was�g96 min�gin�gall�gthe�gexperiments.�gThe�gdashed�glines�gshow�gthe�gmean�gvalues�gfor�gvoltage�gand�gcurrent.

and�g10 A�gacross�gall �gwaveforms,�gwhile �gthe�gright �gaxis�gpresents�gthe�gcor-
responding�gvoltage�gresponse.�gFig.�g�g3(a)�gdisplays�ga�gtriangular �gwaveform,�g
characterized�gby�gequal�grise�gand�gfall �gtimes�gof�gthe�gcurrent. �gWhen�gthe�grise�g
or�gfall �gtimes�gare�gextended,�gthe�gwaveform�gtransitions �gto�ga�gramp-up�gor�g
ramp-down�gpattern,�gas�gshown�gin�gFigs.�g�g3(d) �gand�g3(e).�gFinally, �gFigs.�g�g3(b)�g
and�g3(c)�gillustrate �gthe�gsquare�gand�gsine�gwaveforms,�grespectively.

The�govershoot�gof�gcurrent �gobserved�gin�gFigs.�g�g3(b)�gand�g3(e)�goccurs�g
due�gto�gthe�glimitations �gof�gthe�gcurrent �gcontroller �gof�gthe�gamplifier. �gOn�g
the�gother�ghand,�ga�gslower�grate�gof�gcurrent �gchange�gavoids�govershoot,�gas�g
demonstrated�gin�gFigs.�g�g3(a),�g3(c),�gand�g3(d).�gFurthermore,�gthe�gvoltage�g
response�gin�gFig.�g�g3(b)�gexhibits�gslight �gdamping,�gwhich �gcan�gbe�gattributed �g
to�gthe�geffect�gof�gthe�gelectric�gdouble�glayer�g(EDL)�gcapacitance�gof�gthe�g
system.�gThe�gspontaneous�gcurrent �gstep�gcauses�gcharge�gaccumulation �gon�g
the�gelectrode�gsurface,�gleading�gto�gthe�gformation �gof�gan�gEDL.�gThis�gEDL�g
subsequently�gdischarges�gupon�gspontaneous�gcurrent �gdrops,�ginfluencing �g
the�gobserved�gvoltage�gbehavior.

3.2.�gFaraday�gefficiency�g(FE)�gand�gspecific�gelectrical�genergy�gconsumption�g
(SEC)

The�gFaraday�gefficiency �gof�gtwo �grepetitions �gof�geach�gcurrent �gwave-
form �gis�gpresented�gin�gFig.�g�g4.�gThe�gtriangular �gwaveform�gachieves�gthe�g
highest�gFaraday�gefficiency �gamong�gother�gwaveforms,�greaching�gup�gto�g
51.5%.�gMeanwhile, �gthe�gsine�gwaveform�gexhibits�gthe�glowest�gFaraday�geffi-
ciency,�gstarting�gfrom �g26.7%�gin�gthe�gfirst �grepetition. �gThe�gsquare�gwaveform�g
demonstrates�gthe�gsecond�ghighest�gFaraday�gefficiency, �granging�gbetween�g
39%�gand�g41%,�gwhile �gthe�gramp-up�gand�gramp-down�gproduce�galmost�g
similar �gFaraday�gefficiencies�gof�gapproximately �g35%�38%. �gFig.�g�g4�gfurther �g
suggests�gthat �gthe�gtype�gof�gcurrent �gwaveform�gresults�gin�gdifferent �gFaraday�g
efficiencies.�gEven�gthough�gthe�gtotal �gcharges�g(Q)�gthat �gare�gdelivered�gto�g
the�gelectrodes�gare�gequivalent�gfor �gall �gwaveforms,�gthe�grates�gof�gcurrent �g
step�gfrom �g0:1 A cm*2 �gto�g0:4 A cm*2 �gor,�gvice�gversa,�gare�gdifferent �gbetween�g
the�gcurrent �gwaveforms,�gwhich �gmay�gcause�ga�gdifferent �gcarbon�gdeposition�g
rate.�gThe�gFaraday�gefficiencies�gshown�gin�gFig.�g�g4�gare�ggenerally�glower �g

than�gthose�gachieved�gwith �gconstant�gcurrent �gat�g0.1� 0:4 A cm*2 ,�granging�g
between�g57.5%�gand�g67.4%�g[ 53]. �gAdditionally, �gthe�gspecific�gelectrical �g
energy�gconsumptions�gshown�gin�gFig.�g�g5�gare�galso�gslightly �ghigher�gthan�g
those�gachieved�gwith �gconstant�gcurrent �g0.1� 0:4 A cm*2 ,�garound�g25.9� 32:2
kW h kg*1 �g[ 53].

In�ggeneral,�gthe�grange�gof�gthe�gFaraday�gefficiency �gobtained�gin�gthis�gstudy�g
is�g26.7%�51.5%. �gThis�grange�glies�gin�gbetween�gthe�gFaraday�gefficiency �gof�g
the�gprevious�greports�gby�g[ 38], �gwhich �gis�garound�g10.3%�83.75%. �gTable�g�g1�g
shows�ga�gsummary�gof�gthe�greports�g[ 38,39] �gon�gFaraday�gefficiency �gof�gdy-
namic�goperation�gfor �gsolid�gcarbon�gproduction �gby�gmolten�gsalt�gelectrolysis.�g
According�gto�gHu�get�gal.�g[ 38], �gnot�gall �gpulse�gcurrent �gelectrolysis�gtechniques�g
can�genhance�gthe�gFaraday�gefficiency, �gmeaning�gthat �gsome�gparameters�g
of�gpulse�gcurrent �gresult�gin�ga�glower �gor�ga�ghigher�gFaraday�gefficiency. �gAs�g
shown�gin�gTable�g�g1,�gthe�gbest�gFaraday�gefficiency �gduring �gthe�gelectrolysis�gin�g
molten�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO�gis�gobtained�gusing�ga�gRuO2�g� �gTiO2�ganode�g
with �ga�gpulse�gwaveform�gduty �gcycle�g(DC)�gof�g96%�gand�ga�gfrequency�gof�g
0.008�gHz.�gThe�guse�gof�gdifferent �ganodes,�gduty �gcycles,�gand�gfrequencies�g
results�gin�ga�glower �gFaraday�gefficiency. �gAlaei�get�gal.�g[ 39] �greport �ga�gFaraday�g
efficiency �gof�gí 85 %�gby�gapplying �gthe�gpulse�gcurrent �gfor �g1�gmin �gat�gthe�g
beginning�gof�gconstant�gcurrent �gelectrolysis.�gHowever,�gthe�gunknown �gduty �g
cycle�gand�gfrequency�gmake�git �gchallenging�gto�gcompare�gthe�gresults�gwith �g
other�greports.

The�gspecific�gelectrical �genergy�gconsumption�g(SEC)�gof�gsolid�gcarbon�g
production �gfor �gfive�gdifferent �gcurrent �gwaveforms�gis�gdepicted�gin�gFig.�g�g5.�g
Variations�gamong�gthe�gwaveforms�gare�gattributed �gto�gthe�gdifferences�gin�g
voltage�gdynamics,�gwhich �gthen�gaffect�gthe�gpower�gconsumption�gof�gthe�g
system.�gIn�ggeneral,�gtriangular �gand�gsquare�gwaveforms�gexhibit �gsimilar �gSEC�g
values,�granging�gfrom �g33�gto�g39 kW h kg*1 .�gThe�gsine�gand�gramp-up�gwave-
forms�ghave�ghigher�gSEC�gvalues,�gapproximately �g48� 56 kW h kg*1 ,�gwhile �g
the�gramp-down�ghas�gthe�glowest�gSEC,�garound�g25� 33 kW h kg*1 .�gThe�gSEC�g
values�gin�gthe�gpresent�gpaper�gare�gmuch�glower �gthan�gthe�gmajority �gof�gthe�gSEC�g
values�gin�gTable�g�g1.�gThe�glowest�gSEC�gvalue�gin�gTable�g�g1�gas�greported�gby�g[ 38] �gis�g
32:45 kW h kg*1 ,�gwhich �gis�gsimilar �gto�gthe�gSEC�gvalue�gfor �gthe�gtriangular �gand�g
square�gwaveforms.�gIt �gis�gnoteworthy �gthat �gthe�gcalculation �gof�gSEC�gfor �gsolid�g
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Table �g1
Experimental�gparameters,�gFaraday�gefficiency�g(FE),�gand�gspecific�gelectrical�genergy�gconsumption�g(SEC)�gfrom�gthe�gliterature �gon�gdynamic�goperation�gfor�gsolid�gcarbon�gproduction �gby�gmolten�g
salt�gelectrolysis.

�gElectrolyte Cathode/Anode Temp.�gýC Waveform f �g(Hz) FE�g(%) SEC�g(kW h kg*1 ) Ref. �g
�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO Graphite/RuO 2�g� �gTiO2 725 Pulse�gDC�g92.3% 0.015 24.35 127.45 [ 38] �g
�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO Graphite/RuO 2�g� �gTiO2 725 Pulse�gDC�g94.7% 0.011 30.56 109.04 [ 38] �g
�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO Graphite/RuO 2�g� �gTiO2 725 Pulse�gDC�g96% 0.008 83.75 32.45 [ 38] �g
�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO Graphite/8 Ni �g� �g2 TiO2 725 Pulse�gDC�g96% 0.008 18.9 221.99 [ 38] �g
�gCaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO Graphite/7 Ni �g� �g3 TiO2 725 Pulse�gDC�g96% 0.008 10.3 448.55 [ 38] �g
�gLi2CO3 316�gstainless�gsteel�g

coated�gFe/Al 2O3�gcoated�g
Ni�gwire

750 Pulse�gat�gthe�gbeginning�g
for�g1�gmin

� í 85 � [ 39] �g

Fig.�g4.�gFaraday�gefficiency�gof�gelectrolysis�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�gthe�g
triangular, �gsquare,�gsine,�gramp-up,�gand�gramp-down�gwaveforms.�gThe�gapplied�gcurrent�g
density�goscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min
in�gall�gthe�gexperiments.

carbon�gproduction �gpresented�ghere�gonly �gconsiders�gthe�gelectrical �genergy�g
used�gfor �gelectrolysis,�gexcluding�gthe�gelectrical �genergy�grequired�gto�greach�g
the�goperating�gtemperature�gand�gmaintain �gthe�gtemperature�gat�g750ýC.

3.3.�gAnalysis�gof�gsolid�gcarbon�gproducts

The�gXRD�gpatterns�gof�gsolid�gcarbon�gproducts�gfor �gfive�gdifferent �gcurrent �g
waveforms�gare�gshown�gin�gFig.�g�g6.�gCarbon�gin�gthe�gform �gof�ggraphite�gis�gindi-
cated�gby�gpeaks�garound�g30:5ý.�gA�gsmaller�gpeak�garound�g63:7ý�gis�gobserved�g
particularly �gin�gthe�gramp-down,�gsine,�gand�gsquare�gwaveforms,�gwhich �gis�g
also�gattributed �gto�gcarbon.�gThe�gpeak�groughly �gat�g52ý�gis�gindicated �gfor �g
carbon,�gnickel, �gand�gFeNi3.�gThese�gcompounds�ghave�gpeaks�gthat �gare�gvery�g
close�gto�geach�gother,�gmaking�git �gdifficult �gto�gdistinguish �gthem�gbased�gon�g
the�gXRD�gmeasurement.�gLithium �gtitanium �goxide�g(LTO)�gis�galso�gdetected,�g
although �gat�ga�gquite�glow �gintensity �gespecially�gfor �gthe�gramp-up,�gramp-
down,�gand�gsine�gwaveforms,�gapproximately �gat�g21:4ý�gand�g41:5ý.�gThe�g
presence�gof�gLTO�gis�gnegligible �gin�gthe�gsquare�gand�gtriangular �gwaveforms.�g
The�gformation �gof�gLTO�gresults�gfrom �gthe�greaction�gbetween�gtitanium �gwith �g
lithium �gions�g(Li+ )�gand�goxide�gions�g(O2�g� �g),�gwhich �gare�gproduced�gdue�gto�gthe�g
dissociation�gof�gLi2O.

Pronounced�gpeaks�gare�gobserved�garound�g43:5ý,�g50:6ý,�gand�g74:5ý,�g
reflecting �gtwo �gpossible�gmetal�goxides,�gspecifically �gnickel �goxide�g(NiO) �g
and�gtitanium �goxide�g(TiO). �gThese�gtwo �gmetal�goxides�gare�gidentified �gfrom �g
both�gthe�gcathode�gand�gthe�ganode.�gAdditionally, �gpeaks�garound�g52:1ý�gand�g
60:7ý�gare�gindicated �gfrom �gtwo �gpotential �gmetallic �gelements,�gNi�gand�gFeNi3.�g
The�gnickel �gmetal�gis�gmost�glikely �gderived�gfrom �gthe�ganode,�gwhile �gFeNi3
is�gsomewhat�gexpected�gas�giron �gis�ga�gminor �gcomponent�gin�gthe�gnickel �g
electrode.

Fig.�g5.�gSpecific�gelectrical�genergy�gconsumption�gof�gelectrolysis�gin�gmolten�gLi2CO3�gat�g750ýC
using�gthe�gtriangular, �gsquare,�gsine,�gramp-up,�gand�gramp-down�gwaveforms.�gThe�gapplied�g
current�gdensity�goscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g
96 min�gin�gall�gthe�gexperiments.

The�gnucleation�gand�ggrowth �gof�gcarbon�gmorphologies�gproduced�gby�gthe�g
dynamic�goperation�gof�gCO2�gelectrolysis�gin�gmolten�gcarbonate�gremain�gun-
clear,�gdespite�gsome�gspeculations�grelated�gto�gmetal�gdeposition�g[ 23,25,56]. �g
According�gto�gWong�get�gal.�g[ 23], �gthe�gramp-down�gwaveform�gduring �gNi�g
electrodeposition�gproduces�gthe�ghighest�gcathodic�gpeak�gcurrent �gdensity,�g
which �ggenerates�gthe�ghighest�goverpotential; �gthus,�git �gtends�gto�gform �gnew�g
crystal�gnuclei�grather�gthan�gbuilding �gon�gexisting�gcrystal,�gresulting �gin�gfiner �g
grain�gsizes.�gThis�gstudy�gis�gsupported�gby�gHu�get�gal.�g[ 56], �gwho�gshowed�g
that �gthe�gramp-down�gwaveform�ghas�ga�ghigher�ginstantaneous�gpeak�gcurrent �g
for �gcharge�gtransfer�gcompared�gwith �gthe�gramp-up�gwaveform,�gleading�gto�g
finer �ggrain�gsizes�gduring �gNi-SiC�gelectrodeposition.�gDai�get�gal.�g[ 25] �galso�g
observed�gthat �ga�gslower�gcharging�gcurrent �grate�gto�gthe�gmaximum �gcurrent �g
in�ga�gsawtooth�gwaveform�gcauses�ga�gslower�gdeposition�grate,�gproducing �ga�g
smoother�gsurface.�gFor�gthe�gtriangular, �gsine,�gand�gsquare�gwaveforms,�gthe�g
charging�gcurrent �grate�gto�gthe�gmaximum �gcurrent �gis�gfaster,�gresulting �gin�ga�g
faster�gdeposition�grate�gand�ggrowth, �gand�gthereby�grougher�ggrains�g[ 25].

Fig.�g�g7�gshows�gthe�gRaman�gpattern�gfor �geach�gsample�gproduced�gby�g
various�gcurrent �gwaveforms,�gidentifying �gthree�gmain�gbands:�gthe�gD�gband�g
at�gapproximately �g1350 cm*1 �greferring �gto�gthe�gdefect�gpeak�gof�ggraphene;�g
the�gG�gband�garound�g1580 cm*1 �greferring �gto�gE2g�gsymmetry;�gand�gthe�gG¨

(or�galso�gknown �gas�g2D�gband)�garound�g2700 cm*1 ,�gwhich �garises�gdue�gto�gthe�g
two �gphonon�gdouble�gvibrational �gtransition �gwith �gopposite�gmomentum�gin�g
the�gcarbon�gatom�g[ 57]. �gThe�gdetails�gof�geach�gband�gfor �gthe�gsamples�gare�g
described�gin�gTables�gS1�S5.�gSimilar �gto�gprevious�greport �g[ 58], �ga�gfew�gminor �g
bands�gare�grecognized�gin�gFig.�g�g7,�gsuch�gas�gD¨¨�gband�gat�g1150 cm*1 ,�gappearing�g
as�ga�gshoulder�gon�gthe�gleft �gside�gof�gthe�gD�gband;�gthe�gD¨�gband�gat�g1620 cm*1

which �gis�gcovered�gby�gthe�gG�gband;�gand�gthe�gDD�gband�garound�g2460 cm*1 ,�g
which �gemerges�gfrom �gthe�gcombination �gof�gphonon�gD�gand�gD¨¨.�gThe�gpres-
ence�gof�gan�gamorphous�gstructure�gis�gindicated �gby�ga�gbroad�gpeak�gbetween�g
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A.�gNur'aini�get�gal.

Fig.�g6.�gX-ray�gdiffraction �gpattern�gof�gcarbon�gproduced�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�gtriangular, �gsquare,�gsine,�gramp-up,�gand�gramp-down�gwaveforms.�gThe�gapplied�gcurrent�gdensity�g
oscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min�gin�gall�gthe�gexperiments.

Table �g2
Raman�gband�gintensity �gratio �gof�gsample�gproduced�gin�gmolten�g
Li2CO3�gat�g750ýC�gusing�gthe�gtriangular, �gsquare,�gsine,�gramp-up,�g
and�gramp-down�gwaveforms.

�gWaveform ID_IG IG¨ _IG�g
�gTriangular 0.91 0.37 �g
�gSquare 0.61 0.86 �g
�gSine 0.65 0.84 �g
�gRamp-up 0.97 0.56 �g
�gRamp-down 0.57 0.79 �g

the�gD�gand�gG�gband�g[ 59], �gcentered�groughly �gat�g1490 cm*1 .�gIt �gis�gobserved�g
that �gthe�gintensity �gof�gthis�gbroadening�gin�gthe�gD�gand�gG�gbands�gfor �gthe�gsample�g
produced�gfrom �gtriangular �gand�gramp-up�gwaveforms�gis�grelatively �ghigher�g
than�gother�gsamples.�gThis�gobservation�gis�gconsistent�gwith �gthe�gXRD�gresults�g
shown�gin�gFig.�g�g6,�gwhich �gindicate �gthat �gthe�gsamples�gfrom �gtriangular �gand�g
ramp-up�gwaveforms�ghave�gsmaller�ggraphite�gpeaks.�gAdditionally, �gthe�gG¨

band�gof�gsamples�gfrom �gtriangular �gand�gramp-up�gwaveforms�gis�gmuch�glower �g
than�gin�gother�gsamples,�gsuggesting�gan�gamorphization �gof�gcarbon�gstruc-
ture�g[ 59]. �gThe�gintensity �gratio �gof�gthese�gthree�gmain�gbands�gis�gdescribed�g
in�gTable�g�g2.�gThe�gintensity �gratio �gof�gthe�gG�gand�gD�gbands�g(ID_IG)�gis�gused�g
to�gexamine�gthe�gdegree�gof�ggraphitization �gin�gthe�gsample.�gA�glower �gID_IG
ratio �gis�gassociated�gwith �ga�ghigher�gdegree�gof�ggraphitization, �gindicating �g
more�gorderly �gcarbon�gstructures�gdominating �gthe�gsample�g[ 58,59]. �gAs�g
shown�gin�gTable�g�g2,�gthe�gsamples�gfrom �gtriangular �gand�gramp-up�gwaveforms�g
have�gID_IG�gof�g0.91�gand�g0.97,�grespectively,�gindicating �ga�glower �gdegree�gof�g
graphitization �gcompared�gto�gsamples�gproduced�gusing�gother�gwaveforms.�g
This�gfinding �gconfirms�gthe�gXRD�gresults�gshown�gin�gFig.�g�g6.

Furthermore,�ga�gprevious�gstudy�g[ 57] �greveals�gthat �gthe�gratio �gof�gIG¨ _IG
or�gI2D_IG�gis�grelated�gto�gcontinuous�grotational �gspiral�gstructure�gor�ggraphite�g

whiskers,�gwhich �gresemble�ga�gtubular �gshape�gin�gthis�gstudy.�gThe�gsample�g
produced�gusing�gthe�gtriangular �gwaveform�ghas�gthe�glowest�gIG¨ _IG�gratio �gof�g
0.37,�gsuggesting�ga�gsmaller�gamount�gof�gtubular �gstructures�gcompared�gto�g
other�gsamples.�gThis�gis�ginferred �gfrom �gthe�gamount�gof�gnickel, �gwhich �gserves�g
as�gthe�gbackbone�gof�gthe�gtubular �gstructure,�gas�gdepicted�gin�gFig.�g�g11(a).�g
According�gto�gthe�gEDS�gand�gXRF�gresults�gshown�gin�gFig.�g�g10(a)�gand�gTable�g�g3,�g
the�gsample�gproduced�gusing�gthe�gtriangular �gwaveform�ghas�ga�gsimilar �gmass�g
percentage�gratio �gof�gtitanium �gto�gnickel, �gwhile �gsamples�gproduced�gusing�g
other�gwaveforms�gcontain�gmore�gnickel. �gThe�gXRF�gresults�greveal�gthat �gthe�g
sample�gproduced�gusing�gthe�gtriangular �gwaveform�ghas�gthe�ghighest�gmass�g
percentages�gof�gtitanium �gand�goxygen.�gSince�gtitanium �gdoes�gnot�ginfluence�g
the�gformation �gof�gthe�gtubular �gstructure,�git �glikely �gforms�gan�goctahedral�g
structure�gof�gtitanium �goxide,�gas�gdemonstrated�gin�gFigs.�g�g12(a)� 12(c).�gIt �g
should�gbe�gnoted�gthat �gRaman�gspectroscopy�gcannot�gdetect�gpure�gmetals,�g
and�gthe�gspectrum�gwill �gonly �gshow�goxide�gforms�gor�gother�gstructures.�gFig.�g�g7�g
also�greveals�ga�gsmall�gband�gin�gthe�gregion�gof�g500 cm*1 �gwhich �gcorresponds�g
to�gtitanium �goxide�g[ 60]. �gAs�gexpected,�gthe�gsample�gproduced�gusing�gthe�g
triangular �gwaveform�gshows�ghigher�gintensity �gin�gthis�gregion�gcompared�gto�g
other�gsamples.�gAs�gseen�gin�gTable�g�g2,�gthe�gsample�gproduced�gusing�gramp-up�g
waveform�ghas�gthe�gsecond�glowest�gIG¨ _IG�gratio �gof�g0.56,�gsuggesting�gsome�g
formation �gof�gtitanium �goxide�gas�gwell, �gas�gindicated �gby�gthe�gintense�gpeak�g
at�g500 cm*1 .

The�gSEM�gimages�gfor �gfive�gdifferent �gcurrent �gwaveforms�gare�gpresented�g
in�gFig.�g�g8,�gshowing�gthat �gthe�gdifferences�gin�gcarbon�gmorphology �gbetween�g
the�gwaveforms�gare�gnot�gsignificant. �gThis�gis�gin�gline �gwith �gthe�gprevious�g
studies�gon�gthe�geffect�gof�gwaveform�gduring �gthe�gelectrodeposition�gof�gNi�Cu �g
alloy �gand�gZn�gcoating,�gwhich �galso�grevealed�gan�ginsignificant �gdifference�gin�g
the�gmorphology, �gwith �gonly �ga�gslightly �gaffected�gcrystal�gsize�gand�gsurface�g
roughness�g[ 25,26]. �gTherefore,�gthe�gapplication �gof�gdynamic�gcurrent �gden-
sity�gwith �gdifferent �gcurrent �gwaveforms�gis�gnot�gthe�goptimum �gmethod�gto�g
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A.�gNur'aini�get�gal.

Fig.�g7.�gRaman�gpattern�gof�gthe�gsample�gproduced�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�gtriangular, �gsquare,�gsine,�gramp-up,�gand�gramp-down�gwaveforms.�gThe�gapplied�gcurrent�gdensity�goscillates�g
between�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min�gin�gall�gthe�gexperiments.

control �gthe�gmorphology �gof�gelectrolytic �gcarbon.�gThe�gmajority �gof�gsolid�g
carbon�gmorphologies,�gregardless�gof�gthe�gwaveform�gtype,�grepresent�ga�g
spherical�gonion-like �gstructure,�gas�gshown�gin�gFigs.�g�g8(a)� 8(b),�g8(d) � 8(e),�g
8(g)� 8(h) ,�g8(j) � 8(k) ,�gand�g8(m)� 8(n) .�gThese�gspherical�gonions�gform �gag-
gregates�gthat �gadhere�gto�geach�gother�gon�gthe�gmicron �gscale.�gAccording�gto�g
Wu�get�gal.�g[ 16], �gthis�gmorphology �gis�gdue�gto�gthe�gnucleating�geffect�gof�gcar-
bon�gparticles,�gproviding �ga�gsubstrate�gfor �gcontinuous�gcarbon�gdeposition.�g
Additionally, �ga�gminority �gof�gthe�gsamples�gcontain�gcarbon�gnanotubes,�gas�g
observed�gin�gFigs.�g�g8(c),�g8(f) ,�g8(l) ,�g8(o).�gSome�gnanotubes�gare�galso�gvisible �g
in�gthe�gcorner�gof�gFig.�g�g8(g),�galong�gwith �gthe�gspherical�gonions.�gThe�gpresence�g
of�glarge�gtitanium �goxide�gparticles�gin�gFigs.�g�g8(c)�gand�g8(f) �gverifies�gthe�gXRD�g
results�gshown�gin�gFig.�g�g6.

Interesting�gthin �gfilm-like �gstructures�gare�gvisible �gin�gFig.�g�g8(i) ,�gwhich �g
are�gabsent�gin�gother�gsamples.�gThis�gtype�gof�gmorphology �gis�gassumed�gto�g
be�ga�gresult�gof�gthe�gaccumulation �gof�gsome�gbroken�ghollow �gspheres�gas�g
also�gobserved�gin�gFigs.�g�g8(h) �gand�g8(k) .�gThe�gformation �gof�ghollow �gspheres�g
has�gbeen�gpreviously �gdiscussed�gin�g[ 61], �gconsidering�gthe�gmicrobubble �g
effect�gcaused�gby�gCO�ggas�gformation �gduring �gelectrolysis.�gDeng�get�gal.�g
proposed�gthe�gmechanism�gof�gcarbon�gformation �ginvolving �gCO�ggas�gas�gan�g
intermediate �g[ 61]. �gFollowing �gthe�greduction �gof�gCO3

2�g� �g�gto�gCO2
2�g� �g�gshown�g

in�gEq.�g(4),�gthe�gCO�ggas�gis�ggenerated�gby�greaction�gEq.�g(12)�gbefore�git �gfinally �g
forms�gsolid�gcarbon�gthrough �gEq.�g(13)�g[ 61]. �g

CO2
2* ™ CO + O2* (12)

CO + 2 e* ™ C + 2 O2* (13)

Moreover,�gFig.�g�g8(n) �ghighlights �gthe�ginterface�gbetween�gthe�gthin �gcar-
bon�gsheets�gand�gthe�gspherical�gonion�gstructures,�goffering �ginsight �ginto �g
the�gnucleation�gprocess.�gIt �gsuggests�gthat �gthe�gnucleation�gprocess�goccurs�g
following �gthe�gformation �gof�gcarbon�gsheets�gas�gan�ginterface�glayer�gon�gthe�g
cathode�gsurface.�gA�gcloser�gexamination �gof�gFig.�g�g8(d) �greveals�ga�glarge�gthin �g

sheet�gin�gthe�gcorner,�gproviding �gevidence�gof�gcarbon�gsheet�gformation. �gThe�g
additional �gimages�gin�gFig.�g�g9�gdemonstrate�gthat �gcarbon�gsheets�gare�gpresent�g
in�gall �gsamples�girrespective�gof�gthe�gwaveform�gtypes.�gThe�gformation �gof�g
carbon�gsheets�gis�gassumed�gdue�gto�gthe�ginstantaneous�gcurrent �gjump �gat�gthe�g
start�gof�gelectrolysis�gfrom �g0 A cm*2 �gto�g0:1 A cm*2 ,�gwhich �glikely �gtriggers�ga�g
rapid �gnucleation�gprocess.

Figs.�g�g9(a)�gand�g9(b)�gare�gproduced�gof�gtriangular �gand�gsine�gwaveforms,�g
showing�gsheets�gwith �grounded�gshapes,�gmost�gprobably �ginfluenced�gby�gthe�g
gas�gbubbles�gduring �gthe�gformation. �gA�gdistinct �gformation �gof�gspherical�g
onion�gstructures�gon�gthe�gcarbon�gsheets�gis�gshown�gin�gFigs.�g�g9(c)�gand�g9(d),�g
generated�gusing�gthe�gsquare�gwaveform.�gFurthermore,�gsome�gcarbon�gsheets�g
are�glocated�gclose�gto�gspherical�gonions�gin�gFig.�g�g9(e),�gresulting �gfrom �gthe�g
ramp-up�gwaveform.�gSupporting�gthe�gobservation�gin�gFig.�g�g8(n) �gof�gthe�g
ramp-down�gwaveform,�gFig.�g�g9(f) �gillustrates �ga�gcarbon�gsheet�gbeneath�gthe�g
spherical�gonions.�gThese�gfindings �gsuggest�gthat �gcarbon�gsheets�gact�gas�gan�g
interface�gbetween�gthe�gspherical�gonions�gand�gthe�gcathode�gor�gserve�gas�gan�g
interfacial �glayer,�gplaying �ga�gcrucial �grole�gin�gthe�gformation �gprocess�gof�gthe�g
carbon�gmorphology.

Dynamic�goperation�gof�gcurrent �gdensity�gwith �gdifferent �gcurrent �gwave-
forms�gduring �gmolten�gcarbonate�gelectrolysis�gdoes�gnot�gprevent�gcorrosion,�g
resulting �gin�gthe�gpresence�gof�gsome�gmetal�goxides�gand�gmetal�gin�gthe�gproduct �g
alongside�gcarbon.�gAn�gEDS�ganalysis�gof�gthe�gproduct �gof�geach�gwaveform�g
is�gpresented�gin�gFigs.�g�g10(a)� 10(e).�gEven�gthough�gthe�gEDS�ganalysis�gis�g
obtained�gfor �ga�gsingle�gobservation�garea,�gthe�gresult�gprovides�gan�goverview �g
of�gthe�gelemental�gcomposition�gthat �gis�gavailable�gin�gthe�gelectrolysis�gprod-
uct.�gAdditional �gobservation�gareas�gare�gpresented�gin�gFigs.�gS1�S5�gin�gthe�g
supporting�ginformation. �gAll �gof�gthe�gproducts�gfrom �gtriangular, �gsquare,�g
sine,�gand�gramp-down�gwaveforms�gyield �gcarbon�gpercentage�gmore�gthan�g90�g
at.%�gand�g84�gwt%, �gwhile �gthe�gramp-up�gwaveform�ghas�gthe�glowest�gcarbon�g
percentage�gof�gapproximately �g84�gat.%�gand�g68�gwt%.

Obviously,�gtitanium �gand�gnickel, �gused�gas�gthe�gelectrodes,�gare�gfound�g
in�gall �gsamples�gwith �gvarying �gamounts.�gFigs.�g�g10(a)� 10(e)�gshow�gthat �gthe�g
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A.�gNur'aini�get�gal.

Fig.�g8.�gScanning�gelectron�gmicroscopy�g(SEM)�gimages�gof�gcarbon�gproduced�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�g(a�c) �gtriangular, �g(d�f) �gsquare,�g(g�i) �gsine,�g(j�l) �gramp-up,�gand�g(m�o) �g
ramp-down�gwaveforms.�gThe�gapplied�gcurrent�gdensity�goscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min�gin�gall�gthe�gexperiments.

amount�gof�gtitanium �gand�gnickel �gimpurities �gvaries�gbetween�gdifferent �g
current �gwaveforms.�gThe�ghighest�gamounts�gof�gtitanium �g(1.43�gwt%) �gand�g
nickel �g(15.56�gwt%) �gare�gobserved�gin�gthe�gsamples�gthat �gare�gproduced�gusing�g
the�gramp-up�gwaveform.�gIn�gcontrast,�gthe�gtriangular, �gsquare,�gsine,�gand�g
ramp-down�gwaveforms�gproduce�glower �gamount�gof�gtitanium �gand�gnickel. �g

These�gresults�gare�gconsistent�gwith �gthe�gXRD�gresults�gin�gFig.�g�g6,�gwhich �g
demonstrate�gthat �gthe�gramp-up�gwaveform�ghas�gthe�gmost�gintense�gpeaks�g
and�gthe�gother�gwaveforms�ghave�gweaker�gpeaks�gof�gTiO,�gNiO,�gand�gNi.�g
Additionally, �gFigs.�g�g10(a)� 10(e)�greveal�gother�gtrace�gelements,�gincluding �g
Fe,�gCu,�gMo,�gCr,�gand�gK.�gOther�gmetals,�gsuch�gas�gFe,�gCu,�gand�gMo,�gmost�g
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A.�gNur'aini�get�gal.

Fig.�g9.�gScanning�gelectron�gmicroscopy�g(SEM)�gimages�gof�gcarbon�gsheets�gproduced�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�g(a)�gtriangular, �g(b)�gsine,�g(c�d) �gsquare,�g(e)�gramp-up,�gand�g(f) �g
ramp-down�gwaveforms.�gThe�gapplied�gcurrent�gdensity�goscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min�gin�gall�gthe�gexperiments.

probably �gcome�gfrom �gimpurities �gin�gthe�gNi�ganode.�gThe�gsmall�gamounts�g
of�gCr�gand�gK�gdetected�gin�gsome�gsamples�gpotentially �goriginate �gfrom �gthe�g
stainless�gsteel�gplate�gthat �gsupports�gthe�gelectrodes�gor�gthe�galumina �gcrucible�g
that �ghas�gbeen�greused�grepeatedly.

The�gbulk �gsample�gwas�ganalyzed�gusing�gXRF�g(X-ray�gfluorescence)�gto�g
observe�gthe�ginorganic �gcomponents�gpresent�gin�gthe�gsample.�gTable�g�g3�gshows�g
the�gaverage�gvalues�gof�gXRF�ganalysis,�gobtained�gfrom �gfive�gto�gseven�gdata�g
points,�gas�gdetailed�gin�gTables�gS6�S10�gin�gthe�gsupporting�ginformation. �g
The�gXRF�ganalysis�gsupports�gthe�gEDS�ganalysis�gresults,�gindicating �gthat �g
titanium �gand�gnickel �gare�gthe�gmain�gtrace�gelements�gin�gthe�gsamples.�gThe�g
mass�gpercentage�gratio �gof�gtitanium �gto�gnickel �gin�gthe�gsample�gproduced�g
by�ga�gtriangular �gwaveform,�gas�gshown�gin�gTable�g�g3,�gis�gsimilar �gto�gthe�g
ratio �gdetected�gby�gthe�gEDS�gin�gFig.�g�g10(a).�gMeanwhile, �gsamples�gproduced�g
using�gsquare,�gsine,�gramp-up,�gand�gramp-down�gwaveforms�gshow�ga�ghigher�g
mass�gpercentage�gof�gnickel �gcompared�gto�gtitanium. �gFor�ginstance,�gthe�g
ratio �gof�gnickel �gto�gtitanium �gin�gTable�g�g3�gfrom �gthe�gsquare�gwaveform�gis�g
approximately �gfive�gtimes�gthat �gof�gthe�gtitanium. �gThis�gmass�gpercentage�g
ratio �gis�gconsistent�gwith �gthe�gEDS�gresult�gshown�gin�gFig.�g�g10(b).�gAdditionally, �g
other�gtrace�gelements�gsuch�gas�gSi,�gCl,�gK,�gCr,�gand�gFe�gare�galso�gidentified �gby�g
the�gXRF,�gcorroborating �gthe�gEDS�ganalysis.�gIt �gshould�gbe�gnoted�gthat �gthe�g
carbon�gcannot�gbe�gdetected�gusing�gXRF�gdue�gto�gits�gatomic�gnumber�g(Z=6) �g
being�gmuch�glower �gthan�gthat �gof�gsodium�g(Z=11). �gNevertheless,�gthe�gXRF�g
results�gsupport�gthe�gEDS�gfindings �gshown�gin�gFigs.�g�g10(a)� 10(e).

The�gloss�gof�gnickel �ganode�gmass�gafter�gelectrolysis�gin�gmolten�gcarbonate�g
has�gbeen�gstudied�gpreviously �gin�g[ 62,63]. �gThe�gNiO�gis�gformed�gdue�gto�gthe�g
reaction�gbetween�gNi�gand�gthe�gperoxide�gion�gor�gthe�gsuperoxide�gion�gin�gthe�g
molten�gsalt�gas�gdescribed�gin�gEq.�g(14)�gor�gEq.�g(15)�g[ 64]. �g

Ni + O2
2* ™ NiO + O2* (14)

Ni + O2* ™ NiO + 2 e* (15)

These�gnickel �goxides�gare�gmost�glikely �gdissolved�gin�gthe�gmolten�gcarbonate�g
electrolyte �gand�gdiffused�gfrom �gthe�ganode�gto�gthe�gcathode.�gIn�gthe�gcathode,�g
the�gnickel �goxide�gis�greduced�ginto �gNi�gmetal�gthrough �greaction�gEq.�g(16)�g[ 17,
65]. �g

NiO + 2 e* ™ Ni + O2* (16)

The�gNi�gparticles�gserve�gas�gnucleation�gsites�gfor �gthe�gtubular �gstructures�g[ 63,
66], �gwhich �gthen�gcontribute �gto�gthe�ghigh�gyields�gof�gcarbon�gnanotubes�g[ 43,
65]. �gTherefore,�git �gis�gnot�gsurprising�gthat �ga�gsmall�gamount�gof�gtubular �g
carbon�gmorphology �gis�gobserved�gin�gevery�gsample,�girrespective�gof�gthe�g
waveform�gtype,�gas�gshown�gin�gFig.�g�g8.�gThe�gT-SEM�gimage�gin�gFig.�g�g11(a)�g
clearly�gdemonstrates�gthat �gnickel �gis�gincorporated �gwithin �gthe�gtubular �g
structure,�gfunctioning �gas�ga�gbackbone.�gThis�gis�gfurther �gsupported�gby�gthe�g
T-SEM�gimage�gand�gthe�gcorresponding�gEDS�gline-scan�gspectral�ganalysis�gin�g
Fig.�g�g11(b).

The�gEDS�gline �gscan�gspectra�gin�gFig.�g�g11(c)�gshow�gstrong�gNi�gand�gO�g
peaks�gwhen�gthe�gline �gcrosses�gthe�glarge�gaggregate,�gindicating �gformation �g
of�gNiO�galongside�gthe�gcarbon�gsample.�gThis�ganalysis�galso�gidentifies �gtrace�g
elements,�gsuch�gas�gNi,�gFe,�gTi,�gand�gMg.�gHowever,�gthe�gpeaks�gcorresponding�g
to�gthese�gelements�gare�gnot�gprominent, �gsuggesting�gthat �gthese�gelements�g
are�gpresent�gonly �gin�gminimal �gamounts.�gDespite�gtheir �glow �gconcentra-
tions,�gthese�gelements�gseem�gto�ginfluence�gthe�gmorphology �gof�gthe�gsample,�g
pointing �gto�ga�gnonoriented�gcarbon�gstructure.

Furthermore,�gthe�gpresence�gof�gTiO�gin�gthe�gcarbon�gproduct �gis�gpre-
dictable�gas�gtitanium �gis�gused�gas�ga�gcathode.�gAn�ganalysis�gof�gthe�gFE-SEM�gand�g
T-SEM�gimages�gconfirmed �gthe�goctahedral�gshape�gof�gTiO,�gshown�gin�gFigs.�g
12(a)�gand�g12(b).�gUnlike �gnickel, �gwhich �gis�gincorporated �gwithin �gthe�gtubular �g
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Fig.�g10.�gEDS�gspectra�gof�gthe�gproduct�ggenerated�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�g(a)�gtriangular, �g(b)�gsquare,�g(c)�gsine,�g(d)�gramp-up,�g(e)�gramp-down�gwaveforms.�gThe�gapplied�gcurrent�g
density�goscillates�gbetween�g0.1�gand�g0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min�gin�gall�gthe�gexperiments.
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Table �g3
X-ray�gfluorescence�g(XRF)�ganalysis�gof�gproduct�ggenerated�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�gtriangular, �gsquare,�gsine,�gramp-up,�g
and�gramp-down�gwaveforms.�gThe�gelectrolysis�gis�gconducted�gusing�ga�gTi�gcathode�gand�ga�gNi�ganode�gwith �gthe�gapplied�gcurrent�gdensity�g
that�goscillates�gbetween�g0.1� 0:4 A cm*2 .�gThe�gduration �gof�gelectrolysis�gwas�g96 min�gin�gall�gthe�gexperiments.

Mass�gpercentage�g(%)

�gElements Triangular Square Sine Ramp-up Ramp-down�g
�gO 17.11 7.73 5.17 6.40 4.97 �g
�gSi 3.52 1.33 1.08 0.77 1.79 �g
�gCl 0.88 1.85 1.46 0.23 0.41 �g
�gK 0.62 0.90 0.32 0.00 0.00 �g
�gTi 32.91 12.38 13.74 7.13 10.40 �g
�gCr 1.52 0.48 0.79 5.34 0.70 �g
�gMn 1.91 1.08 2.44 0.92 3.85 �g
�gFe 7.62 5.11 11.15 7.71 14.02 �g
�gNi 33.91 69.14 63.86 71.51 63.86 �g

Fig.�g11.�g(a)�gT-SEM�gimage�gof�gcarbon�gnanotubes,�gshowing�gthat�gnickel�gis�gincorporated�gin�gthe�gtubes.�g(b)�gT-SEM�gwith �gits�gcorresponding�gEDS�gline�gscan�gspectra�gfrom�gthe�gtip �gof�gtubular �g
carbon,�ghighlighting �gthe�gNi�glocated�gin�gthe�gcore�gof�gtubular �gcarbon.�g(c)�gFE-SEM�gwith �gits�gcorresponding�gEDS�gline�gscan�gspectra,�gindicating �gthat�ga�gsmall�gamount�gof�gNi�gis�gfound�gin�gthe�g
tubular �gstructures,�gbut�gNiO�gforms�gan�gaggregate�gin�ga�grandom�gshape.�gThe�gsolid�gcarbon�gin�gimages�g(a),�g(b),�gand�g(c)�gis�gproduced�gusing�gthe�gsquare�gwaveform.

structures�gand�ginfluences�gthe�gcarbon�gmorphology, �gthe�gTiO�gparticles�g
have�ga�glarge�gshape�gand�gare�gseparate�gfrom �gthe�gcarbon�gparticles.�gThis�g
suggests�gthat �gTiO�gdoes�gnot�gsignificantly �gaffect�gthe�gcarbon�gmorphology. �g
Fig.�g�g12(c)�gshows�gan�gintense�gpeak�gof�gTi�galongside�gcarbon�gwhen�gthe�g
line �gcrosses�gthe�goctahedral�gshape.�gThe�gTi�gpeaks�gare�gmore�gdominant �g
than�gthe�gNi�gpeaks,�gsuggesting�gthat �gthe�goctahedral�gshape�gcorresponds�g
to�gTiO.�gMeanwhile, �gwhen�gthe�gline �gcrosses�gthe�gamorphous�gshapes,�gthe�g
Ni�gpeaks�gare�gmore�gdominant �gthan�gthe�gTi�gpeaks,�gsuggesting�gthe�gpresence�g
of�gNiO.

4.�gConclusions

The�geffect�gof�gdynamic�gcurrent �gdensity�gon�gtriangular, �gsquare,�gsine,�g
ramp-up,�gand�gramp-down�gwaveforms�gis�ginvestigated�gduring �gCO2�gelec-
trolysis�gfor �gsolid�gcarbon�gin�gmolten�gLi2CO3�gat�g750ýC.�gThe�gFaraday�g
efficiency �g(FE)�gand�gthe�gspecific�gelectrical �genergy�gconsumption�g(SEC)�g
are�gcalculated,�grevealing�gthat �gthe�gcurrent �gwaveform�gtype�ghas�gonly �ga�g
modest�gimpact.�gThe�gtriangular �gwaveform�gproduces�gthe�ghighest�gFaraday�g
efficiency, �gup�gto�g51.5%,�gwhereas�gthe�gsine�gwaveform�gproduces�gthe�glowest�g
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Fig.�g12.�g(a)�gFE-SEM�gimage�gand�g(b)�gT-SEM�gimage�gof�gthe�gcarbon�gproduced,�gpresenting�gthe�gspherical�gonion-like �gcarbon�galong�gwith �gTiO,�ghighlighted �gby�gred�grectangles.�g(c)�gThe�gFE-SEM�g
image�gand�gthe�gcorresponding�gEDS�gline�gscan�gspectrum�greveal�gthat�gthe�gline�gcrossing�gthe�goctahedral�gstructure�gshows�ga�gdominant �gTi�gpeak�gcompared�gwith �gNi.�gThis�gsuggests�gthat�gthe�g
octahedral�gshape�gcorresponds�gto�gTiO.�gThe�gsolid�gcarbon�gin�gimages�g(a),�g(b),�gand�g(c)�gis�gproduced�gusing�gthe�gtriangular �gwaveform.

FE�gof�g26.7%.�gThe�ghighest�gspecific�gelectrical �genergy�gconsumption,�gup�gto�g
56 kW h kg*1 ,�gresults�gfrom �gthe�gsine�gwaveform,�gwhile �gthe�glowest�gSEC�gof�g
25:9 kW h kg*1 �gis�gproduced�gby�gthe�gramp-down�gwaveform.

The�gcurrent �gwaveform�ghas�ga�gminimum �geffect�gon�gthe�gquality �gof�g
solid�gcarbon�gproducts.�gAcross�gall �gthe�gwaveforms,�gthe�gmajority �gof�gthe�g
morphologies�gconsist�gof�gspherical�gonion-like �gstructures�gthat �gcreate�gag-
gregates�gof�gmicron �gsize.�gTubular �gstructures�gare�galso�gobserved�gas�ga�g
minority �gof�gthe�gproduct. �gThese�gtubular �gstructures�gare�gattributed �gto�gthe�g
presence�gof�gnickel �gparticles,�gacting�gas�gnucleation�gsites.�gUnlike �gnickel, �g
titanium �gparticles�gare�gpresent�gin�gthe�gcarbon�gproduct �gas�ga�gcontaminant; �g

however,�gdue�gto�gtheir �glarge�gsize,�gthey�gdo�gnot�gaffect�gthe�gmain�gmor-
phology�gof�gcarbon.�gThe�gamounts�gof�gthese�gmetals�gin�gthe�gsamples�gvary,�g
suggesting�gthe�gcurrent �gwaveform�gaffects�gthe�gcorrosion�gof�gthe�gelectrodes�g
and�gsubsequently�gthe�gamount�gof�gmetal�gimpurities.

The�gfindings �gof�gthis�gstudy�gindicate �gthat �gthe�gdynamic�goperation�gof�g
current �gdensity�gin�gdifferent �gcurrent �gwaveforms�gleads�gto�gvariation �gin�g
the�gFaraday�gefficiencies�gand�gspecific�gelectrical �genergy�gconsumptions�g
of�gsolid�gcarbon�gproduction. �gHowever,�gits�gimpact�gon�gthe�gmorphology �g
of�gthe�gsolid�gcarbon�gproduct �gremains�glimited. �gFurther�ginvestigation �g
into �gother�gparameters�gduring �gdynamic�goperation,�gsuch�gas�gthe�grange�g

�-�R�X�U�Q�D�O���R�I���&�2�����8�W�L�O�L�]�D�W�L�R�Q������ ���������������������������� ��

���� ��



A.�gNur'aini�get�gal.

of�gcurrent �gdensities�gor�gamplitudes,�gcurrent �goffset,�gand�gfrequency,�gmay�g
reveal�gsignificant �gimpacts�gon�gthe�gsolid�gcarbon�gmorphology.
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Dynamic�goperation�ginvolving �gcurrent�gripple �ghas�gbeen�gshown�gto�gincrease�gpower�gconsumption�gin�galkaline �gand�g
proton �gexchange�gmembrane�gwater�gelectrolysis.�gHowever,�gthis�gphenomenon�gremains�gunexplored�gin�gmolten�g
carbonate�gelectrolysis.�gThis�gstudy�ginvestigates�gthe�ginfluence�gof�gcurrent�gripple �gon�gvoltage�gresponse�gand�gpower�g
consumption�gduring �gcarbon�gdioxide �gelectrolysis�gin�gmolten�glithium �gcarbonate.�gThe�geffects�gof�gthe�gsine-wave�g
current�gripple, �gacross�gdifferent �gamplitudes�gand�gfrequencies,�gon�gvoltage�gresponse�gand�gpower�gconsumption�gare�g
analyzed�gusing�gvoltage�gand�gcurrent�gwaveform�gmeasurements.�gSubsequently,�gthe�geffect�gof�gother�gbasic�gwaveforms�g
across�gfrequencies�gon�gpower�gconsumption�gis�galso�ganalyzed�gusing�gthe�gsame�gtechnique.�gResults�gindicate�gthat�g
compared�gto�gconstant�gdirect �gcurrent,�gthe�gapplication �gof�gcurrent�gripple �gincreases�gpower�gconsumption,�gwith �g
power�gconsumption�gincreasing�gas�ga�gfunction �gof�gripple �gamplitude. �gAcross�gthe�gtested�gfrequency�grange,�gthe�geffect�g
of�gfrequency�gon�gripple �glosses�gcannot�gbe�gconclusively�gestablished�gfrom �gthese�gmeasurements.�gAdditional �ganalysis�g
of�gbasic�gwaveforms�greveals�gthat�gat�g1�gHz,�gthe�gripple �glosses�gordered�gfrom �ghighest�gto�glowest�gare�gsquare,�gsine,�g
ramp-up,�gramp-down,�gand�gtriangular. �gOverall,�gthe�gdynamic�goperation�gwas�gfound�gto�gincrease�gthe�gelectrical�g
power�gconsumption�gin�gthe�gmolten�glithium �gcarbonate�gelectrolysis�gsystem.

1.�gIntroduction

Global�gwarming �gand�gthe�gintensified �ggreenhouse�geffect�gare�gcon-
sequences�gof�gcarbon�gdioxide �g(CO2)�gemissions�gfrom �ghuman�gactivities �g
that �guse�gfossil�gfuels�gas�genergy�gsources.�gTo�greduce�gCO2�grelease,�gCO2
is�gcaptured�gthrough �gcarbon�gcapture�gtechnology�gand�gstored�g(CCS)�gor�g
utilized �g(CCU)�gby�gconverting �git �ginto �gother�gvaluable�gproducts.�gThrough�g
electrochemical�greduction, �gCO2�gcan�gbe�gconverted�ginto �gvarious�gproducts,�g
such�gas�gcarbon�gmonoxide�ggas�g[ 1], �ghydrocarbons�g[ 2], �gand�galcohol�g[ 3]. �g
Moreover,�gCO2�gcan�gbe�greduced�ginto �gbeneficial�gsolid�gcarbon�gusing�gelec-
trolysis�gin�gmolten�gchloride �g[ 4], �gmolten�gchloride �goxide�g[ 5], �gmolten�g
fluoride �g[ 6], �gand�gmolten�gcarbonate�g[ 7]. �gThese�gCO2�gconversion�gprocesses�g
constitute�gan�gimportant �gstep�gin�greducing�gCO2�gemissions�gand�gprogressing�g
toward �ga�gcarbon-negative�gfuture.

Electroreduction �gof�gCO2�gto�gsolid�gcarbon�gin�gmolten�gcarbonate�gsalt�gis�g
the�gmost�gpromising �goption �gamong�gother�gtypes�gof�gelectrolytes�gbecause�gof�g
its�ghigh�gFaraday�gefficiency �gup�gto�g94.9%�gfor �gsingle-cell�gexperiment�g[ 7], �git �g
is�gfree�gfrom �gpotential �gcorrosion�gof�gchloride �g(Cl2)�g[ 8] �gand�ghas�ga�glow �goper-
ating�gtemperature�gat�g450ýC�g[ 9]. �gPrevious�gstudies�gon�gmolten�gcarbonate�g
electrolysis�ghave�ginvestigated�gkey�gparameters,�gincluding �gthe�gcomposi-
tion �gof�gcarbonate�gsalt�g[ 7], �gmolten�gcarbonate�gadditive �g[ 10], �gmaterial �g
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selection�gfor �gthe�gelectrodes�g[ 11], �gand�gtemperature�goptimization �g[ 12]. �g
Through�gelectrolysis�gin�gmolten�gcarbonate,�git �gis�gpossible�gto�gproduce�gdif-
ferent�gmorphologies�gof�gsolid�gcarbon,�galso�gknown �gas�gelectrolytic �gcarbon�g
(E-carbon).�gThese�gmorphologies�ginclude�gcarbon�gnanotubes�g[ 10], �gnano�g
onions�g[ 13], �gnanoflakes�g[ 7], �gand�gamorphous�gcarbon�g[ 11]. �gThese�gtypes�g
of�gcarbon�ghave�gthe�gpotential �gto�gbe�gfunctionalized �gas�ga�gbase�gmaterial �g
for �gthe�ganode�gof�gbatteries�g[ 14], �gcapacitors�g[ 12], �gbucky�gpapers�g[ 15], �g
electrocatalysts�g[ 16], �gand�gadsorbents�g[ 17]. �gTherefore,�gmolten�gcarbonate�g
electrolysis�ghas�gbecome�ga�gpromising �gtechnology�gin�gCO2�gutilization �gand�g
reduction �gof�gCO2�gemissions.

The�gelectrolyzer�gis�gusually�gsupplied�gusing�gconstant�gdirect �gcurrent �g
(DC).�gAlternating �gcurrent �g(AC)�gfrom �gthe�ggrid �gis�gtypically �gused�gfor �gtrans-
mitting �gand�gdelivering �gpower,�gafter�gwhich �git �gis�gconverted�ginto �gDC�gand�g
further �gprocessed�gusing�ga�gDC�DC�gconverter.�gHowever,�gthe�gutilization �g
of�grectifiers �gintroduces�ga�gcurrent �gripple, �gwhich �gin�gturn �gincreases�gthe�g
power�glosses�gin�gboth�galkaline �g[ 18] �gand�gproton �gexchange�gmembrane�g
(PEM)�g[ 19] �gwater�gelectrolyzers.�gAlthough �gthe�gpresence�gof�gcurrent �gripple �g
reduces�gthe�genergy�gefficiency �gof�gthe�gelectrolysis�gcell,�git �gdoes�gnot�gaffect�g
the�ghydrogen�gproduction �grate�gin�geither�galkaline �g[ 20] �gor�gPEM�g[ 19] �gwater�g
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electrolysis.�gIn�gboth�gsystems,�gpower�gconsumption�gincreases�gas�ga�gfunction �g
of�gthe�gripple �gamplitude �g[ 18,21]. �gThe�gripple �gfrequency�ghas�ga�gsubtle�g
effect�gon�gthe�galkaline �gwater�gelectrolyzer,�gindicating �gthat �gthe�gadditional �g
power�glosses�gdecrease�gas�gthe�gfrequency�gincreases�g[ 22]. �gSimilarly, �gin�ga�g
PEM�gwater�gelectrolyzer,�gthe�gpower�gconsumption�gdecreases�gas�gthe�gripple �g
frequency�gincreases�g[ 19].

In�gcontrast,�gthe�gpulse�gCO2�gelectrolysis�gin�gaqueous�gelectrolyte �gresults�g
in�gmany�gbenefits.�gThe�gpulse�gincreases�gthe�gselectivity �gof�gsyngas�gproduc-
tion �g(CH4,�gCO,�gC2H4)�gduring �gCO2�greduction �gin�gKHCO3�gwith �ga�gcopper�g
electrode�g[ 23] �gand�ga�gsilver�gelectrode�g[ 24]. �gThe�ghydrogen�gevolution �g
reaction�g(HER)�gcan�gbe�gsuppressed,�gfavoring �gCO2R�gproduct �ginstead�gof�g
H2�gand�gincreasing�gthe�gFaraday�gefficiency �gduring �gpulse�gCO2�gelectrolysis�g
in�gKHCO3�g[ 25]. �gThe�gFaraday�gefficiency �gof�gC2�gproduction �gis�galso�gaffected�g
by�gthe�gpulse�gCO2�gelectrolysis�gwith �gCu,�gAg,�gand�gCu�g� �gAg�galloy �g[ 26]. �gThese�g
benefits�gof�gthe�gdynamic�goperation�gof�gCO2�gelectrolysis�gin�gaqueous�gmedia�g
encourage�gresearch�ginto �gits�gimpact�gon�gsolid�gcarbon�gproduction �gin�gmolten�g
salt�gmedia.

The�gdynamic�goperation�ghas�greceived�glimited �gattention �gin�gthe�gcon-
text�gof�gthe�gmolten�gcarbonate�gelectrolysis�gfor �gsolid�gcarbon�gproduction. �g
Previous�gstudies�gon�gthe�gdynamic�goperation�gof�gCO2�gelectrolysis�gfor �gsolid�g
carbon�gproduction �gmostly�gfocus�gon�gthe�gmodification �gof�gthe�gcarbon�gmor-
phology�gand�gmicrostructure. �gAlaei�get�gal.�g[ 27] �gmodified �gthe�gdiameter�gof�g
the�gmulti-walled �gcarbon�gnanotube�g(MWCNT)�gby�gapplying �gpulse�gcurrent �g
for �gone�gminute �gat�gthe�gbeginning�gof�gelectrolysis�gin�gmolten�gLi2CO3.�gFur-
thermore,�gthe�gapplication �gof�gthis�gtemporary �gpulse�gis�gsuggested�gto�greduce�g
power�gconsumption�g[ 27]. �gThe�gmodification �gof�gthe�gmicrostructure �gof�g
the�gcarbon�gproduct �gwas�galso�gcarried�gout�gby�gHu�get�gal.�g[ 28] �gin�gmolten�g
CaCl2�g� �gNaCl�g� �gLiCl�g� �gCaO.�gThe�goptimum �gparameters�gto�gproduce�gthe�gbest�g
graphitization �gdegree�gare�g120�gs�gof�gton,�g5�gs�gof�gtoff ,�g120�gcycles,�gwith �gthe�g
use�gof�ga�gRuO2�g� �gTiO2�ganode�g[ 28]. �gThese�gparameters�galso�gproduce�gthe�g
highest�gFaraday�gefficiency �gand�gthe�glowest�genergy�gconsumption�g[ 28]. �g
Among�gthese�gprevious�gstudies,�gother�gaspects,�gsuch�gas�gvoltage�gresponse,�g
power�gconsumption,�gand�gripple �gloss,�ghave�gnot�gyet�gbeen�gexplored,�gthus�g
leaving�groom�gfor �ginvestigation �gin�gthis�garea.

The�geffect�gof�gdynamic�goperation�gon�gthe�gcarbon�gproduct �gmorphology, �g
Faraday�gefficiency, �gand�gspecific�genergy�gconsumption�ghas�gbeen�gprevi-
ously�gstudied�g[ 29]. �gTo�gthe�gauthors'�gknowledge,�gthis�gstudy�gis�gthe�gfirst �gto�g
investigate�gthe�geffect�gof�gdynamic�goperation�gon�gelectrical �gperformance�gin�g
molten�gcarbonate�gelectrolysis.�gThe�gnovelty �gof�gthis�gpaper�gis�gsummarized�g
as�gfollows:

* Studying�gthe�gvoltage�gresponse�g(Sections�g3.2 and 3.3)�gand�gripple �g
loss�g(Section�g3.4)�gunder�gcurrent �gripple �gusing�ga�gsine�gwaveform�g
with �gvarious�gamplitudes�g(0.05� 0:35 A cm*2 )�gand�gfrequencies�g(1
Hz� 1 kHz).

* Demonstrating�gthe�gpower�gconsumption�gprofile �gof�gmolten�gLi2CO3

electrolysis�gunder�gboth�gconstant�gDC�gand�gcurrent �gripple �g(Sec-
tion �g3.4).

* Implementing �ga�gcompensation�gtechnique�gto�gmitigate �gthe�gconsis-
tent�gdecrease�gin�gthe�gpower�gconsumption�gprofile �g(Sections�g3.4 and
3.5).

* Analyzing �gthe�gripple �gloss�gunder�gthe�gcurrent �gripple �gwith �gvari-
ous�gbasic�gwaveforms,�gincluding �gtriangular, �gsquare,�gramp-up,�gand�g
ramp-down,�gacross�ga�grange�gof�gfrequencies�g(Section�g3.5).

The�gvoltage�gresponse�gunder�gthe�gripple �gis�gcompared�gwith �gthe�gstatic�g
polarization �gcurve�gto�gevaluate�gthe�geffect�gof�gthe�gdynamic�goperation�gon�g
the�gvoltage�current �gprofile. �gIn�gaddition, �gexperiments�gon�gthe�galternating �g
period�gbetween�gconstant�gDC�gand�gcurrent �gripple �greveal�gthe�gdifference�gin�g
power�gconsumption�gcaused�gby�gthe�gAC�gcomponent�gof�gthe�gcurrent �gripple. �g
A�gcontinuous�gdecrease�gin�gpower�gconsumption�gobserved�gthroughout �gthe�g
experiments�gcomplicates�gthe�ganalysis�gof�gripple �gloss�gas�ga�gfunction �gof�g
frequency.�gA�gcompensation�gtechnique�ghas�gbeen�gproposed�gto�gaddress�gthis�g
issue,�gbut�gthe�grandom�gvariations �gin�gthe�gsystem�gcontinue�gto�gpresent�ga�g
challenge.

Fig.�g1.�gExperimental�gsetup�gfor�ginvestigating �gthe�gelectrical�gperformance�gof�gthe�g
CO2�gelectrolysis�gin�gmolten�gLi2CO3.

2.�gMethods

A�gtest�gbench�gwas�gdeveloped�gto�ginvestigate�gthe�gelectrical �gperfor-
mance�gof�gmolten�gcarbonate�gelectrolysis�gunder�gdynamic�goperation.�gIn�g
this�gsection,�gthe�gexperimental�gsetup�gand�gexperimental�gprocedure�gare�g
described.

2.1.�gExperimental�gsetup

The�greactor�gof�gthe�gCO2�gelectrolysis�gconsists�gof�ga�gcathode�gand�gan�g
anode�gthat �gare�gimmersed�gin�ga�gmolten�gcarbonate�gelectrolyte �gin�gan�goven.�g
The�gcathode�gis�ga�gtitanium �gplate�gwith �ga�gsurface�garea�gof�g25 cm2,�gand�gthe�g
anode�gis�ga�gnickel �gplate�gwith �ga�gsurface�garea�gof�g20 cm2.�gThe�gelectrodes�gare�g
not�gpretreated�gbefore�gthe�gexperiment,�gand�gonly �grinsed�gwith �gdeionized�g
water�gto�gremove�gthe�gsurface�gcontaminants.�gThe�ganode�gis�gpositioned�g
2 cm�gabove�gthe�gcathode�gto�gfacilitate �gthe�grelease�gof�goxygen�gfrom �gthe�g
electrolysis�gcell.�gThe�gconfiguration �gof�gcathode�gand�ganode�gis�gshown�gin�gthe�g
photograph�gof�gthe�gexperimental�greactor�gin�gFig.�gS1a.�gIt �gshould�gbe�gnoted�g
that �gthe�gcurrent �gdensity�gis�gcalculated�gbased�gon�gthe�gcathode�gsurface
area.

In�ga�gceramic�gcrucible�g(Fig.�gS1b),�glithium �gcarbonate�g(Li2CO3)�gis�gused�g
as�gan�gelectrolyte, �gwhich �gmelts�gapproximately �gat�gits�gmelting �gpoint �gof
723°C�g[ 30] �gor�g714� 733°C�g[ 31]. �gTherefore,�gall �gexperiments�gin�gthis�gstudy�g
are�gconducted�gat�g750ýC�gto�gensure�gthat �gthe�gcarbonate�ghas�gmelted�gand�gto�g
minimize �gthe�gCO�ggas�gproduction �gat�ghigher�gtemperatures�g[ 32]. �gFig.�gS2�g
shows�gthe�gtemperature�time �g(T * t)�gprofile �gof�gthe�gtemperature,�grecorded�g
by�gthree�gthermocouples�ginside�gthe�goven.�gThe�gresults�gindicate �gthat �gthe�g
temperature�gremained�gstable�gduring �g12 000�gs�gof�gCO2�gelectrolysis�gin�g
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Fig.�g2.�gIllustration �gof�gtriangular, �gsquare,�gsine,�gramp-up,�gand�gramp-down�gwaveforms.�gThe�gwaveform�goscillates�gwith �gan�gamplitude �gof�g0:15 A cm*2 �gand�ga�gDC�goffset�g
of�g0:25 A cm*2 .

Fig.�g3.�g(a)�gMeasured�gvoltage�current �gdensity�gcharacteristic�gand�g(b)�gpolarization �gcurve�gduring �gCO2�gelectrolysis�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�ga�gtitanium �gcathode�g
and�ga�gnickel�ganode.

molten�gLi2CO3,�gexhibiting �gmaximum �gdeviation �gof�gapproximately �g2ýC
across�gthe�gthree�gthermocouples.�gThis�gconfirms�gthat �gthe�gtemperature�g
inside�gthe�goven�gis�guniform �gand�gstable�gwith �gminimal �gheat�gloss�gduring �g
electrolysis.

Fig.�g�g1�gshows�gthe�gexperimental�gsetup�gfor �ginvestigating �gthe�gelectrical �g
performance�gof�gCO2�gelectrolysis�gin�gmolten�gLi2CO3�gunder�gthe�gdynamic�g
operation.�gThe�gheat�gof�gthe�goven�gis�gcontrolled �gusing�ga�gDC�gLab�gpower�g
supply�g(EA-PSI-9500-30),�gand�git �gis�gequipped�gwith �gthree�gthermocouples�g
(K-type)�gto�gmeasure�gthe�gtemperature�gin�gthe�goven.�gThe�gdata�gfrom �gthe�g
thermocouples�gare�grecorded�gby�ga�gdata�gacquisition �gand�glogging�gmultime-
ter�gsystem�g(Keithley �gDAQ6510),�gwhich �ghenceforward�gis�gused�gto�gcontrol �g
the�gtemperature�gin�gthe�goven.�gA�gdirect �gcurrent �gpower�gsupply�g(NGP�g800�g
Rohde�gand�gSchwarz)�gis�gutilized �gto�gsupply�gthe�gconstant�gcurrent �gduring �g
the�gstatic�gpolarization �gcurve�gmeasurement.

The�gdynamic�goperation�gof�gcurrent �gdensity�gripple �gat�gdifferent �gam-
plitudes,�gfrequencies,�gand�gwaveforms�gis�ggenerated�gusing�gan�garbitrary �g
function �ggenerator�g(AFG�g31000�gseries),�gwhich �gis�gconnected�gto�ga�g4-
quadrant�gamplifier �g(TOE�g7621)�goperating�gin�gthe�gcurrent �gcontrol �gmode.�g
The�gvoltage�gresponse�gbetween�gthe�gcathode�gand�gthe�ganode�gis�gmeasured�g
using�ga�gpower�ganalyzer�g(HIOKI�gPW6001),�gwhich �gis�gequipped�gwith �ga�g
current �gsensor�g(HIOKI�gCT6862-05�g50�gA)�gto�gobtain �gthe�gcurrent �gdata.�g
Before�gthe�gelectrolysis�gbegins,�gCO2�ggas�gis�gsupplied�gfor �g10�gmin �gto�gprevent�g
the�gCO2�gdeficit �gin�gmolten�gLi2CO3,�gand�gthis�ggas�gsupply�gis�gcontinued�g
during �gthe�gelectrolysis.�gThe�gCO2�gflow �gto�gthe�greactor�gis�gregulated�gusing�ga�g
gas�gflow �gcontroller �g(Bronkhorst �gF-20�g1DV-AGD-33-V).�gThe�gCO2�ggas�gpipe�g
is�gimmersed�gin�gthe�gmolten�gcarbonate,�gallowing �gCO2�gto�gbe�gdirectly �gfed�g
into �gthe�gelectrolyte. �gFig.�gS1a�gshows�gthe�gposition �gof�gthe�gCO2�ggas�gpipe�g
near�gthe�gcathode�gand�ganode.�gThese�gcomponents�gare�gimmersed�gin�gthe�g

�(�Q�H�U�J�\���&�R�Q�Y�H�U�V�L�R�Q���D�Q�G���0�D�Q�D�J�H�P�H�Q�W�������� ���������������������������� ��

����



A.�gNur'aini�get�gal.

Fig.�g4.�g(a,�gc)�gCurrent�gdensity�gand�gvoltage�gof�gthe�gsine�gwaveforms�gwith �gfrequencies�gof�g1�gHz�gand�g10�gHz,�grespectively.�gThe�gdashed�glines�gshow�gthe�gmean�gvalues�gof�g
current�gdensity�gand�gvoltage.�g(b,�gd)�gVoltage�current �gdensity�gprofiles�gof�gthe�gsine�gwaveforms�gis�gcompared�gwith �gthe�gpolarization �gcurve.�gThe�gsine�gwaveform�goscillates�g
with �gan�gamplitude �gof�g0:25 A cm*2 �gand�ga�gDC�goffset�gof�g0:25 A cm*2 �gat�gfrequencies�gof�g1�gHz�gand�g10�gHz,�grespectively.�gThe�gmeasurements�gwere�gconducted�gduring �gCO2

electrolysis�gin�gmolten�gLi2CO3�gat�g750ýC,�gusing�ga�gtitanium �gcathode�gand�ga�gnickel�ganode.

molten�gcarbonate�ginside�gthe�galumina �gcrucible�gat�g750ýC.�gThe�galumina �g
crucible�gis�gprotected�gwith �ga�gstainless�gsteel�gcup�gto�gprevent�gelectrolyte �g
leakage�gin�gcase�gthe�galumina �gcrucible�gcracks.

2.2.�gExperimental�gprocedure

The�gstatic�gpolarization �gcurve�gmeasurement�gis�gused�gto�gdetermine�gthe�g
characteristics�gof�gthe�gmolten�gcarbonate�gelectrolysis.�gSeveral�gexperimen-
tal�gprocedures�gare�gconducted�gto�gexamine�gthe�geffect�gof�gcurrent �gripple �g
on�gthe�gsystem,�gincluding �galternating �gsequences�gof�gconstant�gDC�gand�g
current �gripple �gat�gvarious�gfrequencies�gand�gamplitudes,�gas�gwell �gas�gthe�g
application �gof�gdifferent �gwaveform�gshapes.�gThe�gcompensation�gtechnique�g
for �gmitigating �gpower�gconsumption�greduction �gbaseline�gdrift �gand�gthe�g
method�gfor �gcalculating �gripple �glosses�gare�galso�gdescribed.

2.2.1.�gPolarization�gcurve�gmeasurement
The�gpolarization �gcurve�gis�gobtained�gby�gapplying �ga�gstepped�gcurrent �g

between�gcathode�gand�ganode,�granging�gfrom �g0.04�gto�g0:8 A cm*2 �gwith �gan�g
increment�gof�g0:04 A cm*2 .�gThis�gcurrent �gdensity�grange�gcorresponds�gto�gthe�g
normal �goperating�grange�gof�gmolten�gcarbonate�gelectrolysis�g[ 33,34]. �gThe�g
CO2�gflow �grate�gis�gmaintained �gat�g80 mL min*1 �gduring �gthis�gmeasurement�g
and�g10 min�gbeforehand.�gThis�gstepped�gcurrent �gmethod�ghas�galso�gbeen�g
used�gto�gmeasure�ga�gpolarization �gcurve�gin�gprevious�greports�g[ 35,36]. �gEach�g
current �gstep�gis�gheld�gfor �g10 min,�gresulting �gin�ga�gtotal �gmeasurement�gduration �g

of�g200 min.�gPrevious�greports�gindicate �gthat �ga�gtime �gstep�gof�g5 min�g[ 35] �gto�g
10 min�g[ 36] �gis�gsufficient �gto�gobtain �gstable�gmeasurements.

The�gmeasurement�gis�grepeated�gon�gtwo �gdifferent �gdays�gto�gverify �gthe�g
repeatability �gof�gthe�gdata.�gThe�gmeasured�gvoltage�time �ggraphs�g(U * t)�g
are�gpresented�gin�gFig.�gS3.�gThe�gmean�gvoltages�gof�gthese�gtwo �grepeated�g
measurements�gare�gplotted �gas�ga�gfunction �gof�gthe�gcurrent �gdensity�g(U * i),�g
and�gthe�gfitting �gcurve�gis�gapplied�gto�gobtain �ga�gpolarization �gcurve.

The�gequation�gof�gthe�gpolarization �gcurve�gis�gexpressed�gas�gin�gEq.�g(1)�g
[ 18], �gand�gthe�gfitting �gparameter�gvalues�gare�gpresented�gin�gTable�gS1.�g

U = Urev + ri +
RT

�n eF
asinh

0
i

2i0

1
(1)

Urev�gis�greversible�gvoltage,�gr�gis�gthe�garea�gspecific�gresistance,�gR�gis�gthe�g
universal�ggas�gconstant,�gT �gis�gthe�goperation�gtemperature�gin�gKelvin, �g� �gis�gthe�g
electron�gtransfer�gcoefficient, �gne�gis�gthe�gnumber�gof�gelectron�gtransferred,�g
F �gis�gthe�gFaraday�gconstant,�gi�gis�gthe�ginput �gcurrent �gdensity,�gand�gi0�gis�gthe�g
exchange�gcurrent �gdensity.

2.2.2.�gMeasurement�gsequence�gwith�gvarious�gfrequencies
The�gexperiment�ginvolves�galternating �g5 min�gperiods�gof�gconstant�gDC�g

current �gand�gcurrent �gdensity�gripple. �gIt �gbegins�gwith �gthe�gapplication �gof�g
5 min�gof�gconstant�gDC�gat�gwaveform�gDC�goffset,�gfollowed �gby�ga�g5-minute �g
current �gdensity�gripple. �gThis�galternating �gpattern�gcontinues�gsequentially�g
through �gthe�gripple �gfrequency�gof�g1�gHz,�g10�gHz,�g100�gHz,�g250�gHz,�g500�gHz,�g
750�gHz,�gand�g1�gkHz,�gresulting �gin�ga�gtotal �gexperiment�gduration �gof�g75 min.�g
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A.�gNur'aini�get�gal.

Fig.�g5.�gMeasured�gcurrent�gdensity�gand�gvoltage�gof�gthe�gsine�gwaveforms�gwith �gvarious�gripple �gamplitudes�gshown�gin�gTable�g�g1�gand�gfrequency�gof�g1 Hz�gin�gCO2�gelectrolysis�g
in�gmolten�gLi2CO3�gat�g750ýC�gusing�ga�gtitanium �gcathode�gand�ga�gnickel�ganode.�gThe�gvoltage�current �gdensity�gprofiles�gof�gthe�gwaveforms�gare�gplotted �gtogether�gwith �gthe�g
polarization �gcurve.�gSubfigures�gshow�gthe�gsine�gwaveform�gwith �gamplitude �gof�g(a)�g0:05 A cm*2 ,�g(b)�g0:15 A cm*2 ,�g(c)�g0:25 A cm*2 ,�gand�g(d)�g0:35 A cm*2 .

Table �g1
Parameters�gfor�gthe�gexperiment�gon�gthe�gamplitude �gvariation.

�gAmplitude, �g
A cm*2

DC�goffset,�g
A cm*2

Ratio�gof�gamplitude �g
to�gDC�goffset

CO2�gflow �grate,�g
mL min*1

�g

�g0.05 0.15 0.33 20 �g
�g0.15 0.25 0.60 30 �g
�g0.25 0.35 0.71 40 �g
�g0.35 0.45 0.77 50 �g

This�gfrequency�grange�ghas�gbeen�gselected�gto�galign�gwith �gstudies�gconducted�g
in�gdynamic�goperation�gof�gwater�gelectrolysis�g[ 20,22].

2.2.3.�gAmplitude�gvariation
The�gsame�gmeasurement�gprocedure�gas�gdescribed�gin�gSection�g2.2.2�gis�g

applied�gusing�ga�gsine�gwaveform,�gwith �gamplitude �gand�gDC�goffset�gvaried�gas�g
shown�gin�gTable�g�g1.�gThe�gamplitude �gand�gDC�goffset�gare�gselected�gbased�gon�g
the�gcurrent �gdensity�gapplied�gin�gthe�gprevious�gpublication �g[ 37], �gand�gchosen�g
value�granges�gare�gtypical �gfor �gmolten�gcarbonate�gelectrolysis�g[ 33,34]. �gThe�g
voltage�gand�gcurrent �gwaveform�gare�gmeasured�gat�geach�gapplication �gof�g
constant�gDC�gcurrent �gand�gcurrent �gdensity�gripple. �gThe�gsine�gwaveform�g
is�gselected�gover�gother�gbasic�gwaveforms�gbecause,�gin�ga�gwater�gelectroly-
sis�gsystem,�gdue�gto�gthe�gthyristor �grectifiers, �gthe�gcurrent �ginput �gproduces�g
harmonics�gthat �gare�gclose�gto�gthe�gsine�gwaveform�g[ 22].

2.2.4.�gWaveform�gshapes�gvariation
Five�gbasic�gwaveforms�gare�gexplored:�gtriangular, �gsquare,�gsine,�gramp-

up,�gand�gramp-down,�gand�gillustrated �gin�gFig.�g�g2.�gThe�gexperimental�gpro-
cedure�gfollows �gthat �gdescribed�gin�gSection�g2.2.2.�gFor�gall �gwaveforms,�g
the�gamplitude �gis�gset�gto�g0:15 A cm*2 �gwith �ga�gDC�goffset�gof�g0:25 A cm*2 .�g
The�gconstant�gDC�gis�galso�gapplied�gat�gthe�gsame�gDC�goffset�gof�g0:25 A cm*2 .�g
During �gthe�gexperiment,�gthe�gCO2�gflow �grate�gis�gmaintained �gat�g30 mL min*1 ,�g
consistent�gwith �gthe�gparameters�goutlined �gin�gTable�g�g1.

2.2.5.�gCompensation�gtechnique�gand�gripple�gloss�gcalculation
The�gpower�gconsumption�gprofiles�gof�gmolten�gLi2CO3�gelectrolysis�gunder�g

alternating �gperiods�gof�gconstant�gDC�gcurrent �gand�gcurrent �gripple �gare�gpre-
sented�gin�gFigs.�g�g8 and 10�g(Sections�g3.4 and 3.5),�gwith �gthe�gcorresponding�g
labels�gsummarized�gin�gTable�g�g2.

The�gtrend�gof�gPDC�gduring �gripple �gdata�gis�gvisually �gexamined�gto�gidentify �g
an�gappropriate �gfitting �gapproach.�gUsing�gMATLAB�gpolynomial �gfitting �g
functions,�ga�gsecond-degree�gpolynomial �gprovides�gthe�gbest�gapproximation �g
for �gthe�gPDC�gduring �gripple �gdata.�gThe�gpolynomial �gfitting �gcurve�gis�gexpressed�g
in�gEq.�g(2).�g

Pfit = at2 + bt + c (2)

The�gcoefficients�ga�gand�gb�grepresent�gthe�greduction �grates�gof�gthe�gpower�g
consumption�gover�gtime, �gwhile �gc�gcorresponds�gto�gthe�gmeasured�gpower�g
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A.�gNur'aini�get�gal.

Fig.�g6.�gMeasured�gcurrent�gdensity�gand�gvoltage�gof�gthe�gsine�gwaveforms�gwith �gvarious�gfrequencies�gduring �gCO2�gelectrolysis�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�ga�gtitanium �g
cathode�gand�ga�gnickel�ganode.�gThe�gwaveform�goscillates�gwith �gan�gamplitude �gof�g0:15 A cm*2 �gand�ga�gDC�goffset�gof�g0:25 A cm*2 .�gSubfigures�gshow�gthe�gfrequency�gof�g(a)�g1�gHz,�g
(b)�g10�gHz,�g(c)�g250�gHz,�gand�g(d)�g500�gHz.�gThe�gdashed�glines�gshow�gthe�gmean�gvalue�gof�gcurrent�gdensity�gand�gvoltage.

Table �g2
Definition �gof�glabels�gused�gin�gFigs.�g�g8 and 10.

�gLabel Definition �g
�gPripple Active�gpower�gwhen�gthe�gcurrent�gripple �gis�gapplied. �g
�gPDC�gduring�gripple Power�gof�gDC�gcomponent�gwhen�gthe�gcurrent�gripple �gis�g

applied.
�g

�gPconstant�gDC Active�gpower�gwhen�gthe�gconstant�gDC�gcurrent�gis�gapplied.�g
�gFitting �gcurve�gof�g

PDC�gduring�gripple

A�gpolynomial �gfitting �gcurve�gapplied�gto�gthe�gdata�gof�g
PDC�gduring�gripple .

�g

�gPripple �gribbon The�gshaded�garea�grepresents�g95%�gconfidence�ginterval �g
of�gthe�gcompensated�gPripple �gdata,�gestimated�gusing�gthe�g
percentile�gmethod.�gThis�gribbon �grepresents�gthe�gerror�g
margin�gof�gthe�gcurrent�gripple.

�g

�gPDC�gduring�gripple

ribbon
The�gshaded�garea�grepresents�g95%�gconfidence�ginterval �g
of�gthe�gcompensated�gPDC�gduring�gripple �gdata,�gestimated�g
using�gthe�gpercentile�gmethod.�gThis�gribbon �grepresents�g
the�gerror�gmargin�gof�gthe�gconstant�gcurrent.

�g

at�gthe�gy-axis�gintercept. �gUsing�gthese�gcoefficients,�gthe�gamount�gof�gpower�g
reduction �gcan�gbe�gcalculated�gusing�gEq.�g(3).�g

Preduced = * at2 * bt (3)

Subsequently,�gthe�gPconstant�gDC,�gPDC�gduring �gripple ,�gand�gPripple �gare�gcom-
pensated�gfor �gbaseline�gdrift �gby�gadding�gthe�gcorresponding�gvalues�gbefore�g
compensation�gthat �gare�gobtained�gby�gthe�gmeasurement�g(Pmeas)�gwith �gthe�g
amount�gof�gpower�greduction �g(Preduced),�gas�gdescribed�gin�gEq.�g(4).�g

Pcompensated = Pmeas + Preduced (4)

The�gadditional �gpower�gdue�gto�gthe�gAC�gcomponent�gor�gripple �gloss�g(�P )�g
can�gbe�gcalculated�gusing�gEq.�g(5)�g[ 22]. �g

�P =
Pripple * PDC�gduring �gripple

PDC�gduring �gripple
(5)

3.�gResults �gand �gdiscussion

In�gthis�gsection,�gthe�gpolarization �gcurve�gof�gmolten�gcarbonate�gelectroly-
sis�gis�gpresented.�gThe�gvoltage�gresponse�gof�gthe�gcurrent �gripple �gis�gdescribed,�g
followed �gby�gan�ganalysis�gof�gthe�ginfluence�gof�gamplitude �gand�gfrequency�g
on�gthe�gvoltage�gresponse.�gThe�gpower�gconsumption�gunder�gconstant�gDC�g
and�gcurrent �gripple �gis�gdiscussed,�galong�gwith �gan�ganalysis�gof�gthe�gripple
losses.

3.1.�gPolarization�gcurve�gof�gmolten�gcarbonate�gelectrolysis

The�gmeasured�gvoltage�current �gdensity�gcharacteristic�g(U * i)�gof�gthe�g
carbon�gdioxide �gelectrolysis�gin�gmolten�gLi2CO3�gusing�ga�gtitanium �gcathode�g
and�ga�gnickel �ganode�gat�g750ýC�gis�gshown�gin�gFig.�g�g3(a).�gThe�gdata�gin�gthis�gfigure �g
is�gobtained�gby�gcalculating �gthe�gaverage�gof�gvoltages�gat�geach�gcurrent �gden-
sity�gfrom �gtwo �grepetitions �gof�gthe�gstepped�gcurrent �gmeasurement,�gwhich �gis�g
performed�gwithin �gthe�gcurrent �gdensity�grange�gof�g0.04� 0:8 A cm*2 �gas�gshown�g
in�gFig.�gS3.�gA�gfitting �gcurve�gis�gcreated�gas�gdescribed�gin�gSection�g2.2.1�gand�g
depicted�gin�gFig.�g�g3(b).
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A.�gNur'aini�get�gal.

Fig.�g7.�gMeasured�gvoltage�current �gdensity�gprofile �gof�gthe�gsine�gwaveform�gwith �gvarious�gfrequencies�gduring �gCO2�gelectrolysis�gin�gmolten�gLi2CO3�gat�g750ýC�gusing�ga�g
titanium �gcathode�gand�ga�gnickel�ganode.�gThe�gvoltage�current �gdensity�gprofile �gof�gthe�gwaveforms�gin�gFig.�g�g6�gis�gplotted �gas�ga�gU * i�gplot. �gSubfigure�g(a)�gshows�gthe�gfrequency�g
of�g1�gHz,�g(b)�g10�gHz,�g(c)�g250�gHz,�gand�g(d)�g500�gHz.

3.2.�gVoltage�gresponse�gof�gthe�gcurrent�gripple�gin�gmolten�gcarbonate�gelectrolysis

Fig.�g�g4(a)�gshows�gan�gexample�gof�gvoltage�gresponse�gand�gthe�gcurrent �g
density�gof�gthe�gsine�gwaveform�gthat �goscillates�gwith �gthe�gamplitude �gof�g0:25
A cm*2 �gand�gthe�gDC�goffset�gof�g0:25 A cm*2 �gat�ga�gfrequency�gof�g1�gHz.�gA�gslight �g
phase�gshift �gbetween�gthe�gcurrent �gand�gvoltage�gwaveform�gcan�gbe�gobserved�g
in�gFigs.�g�g4(a) and 4(c)�gdue�gto�gthe�gpresence�gof�gdouble-layer�gcapacitance�g
in�gthe�gelectrolyzer�g[ 18]. �gIn�gthese�gfigures,�gthe�gvoltage�gincreases�gslowly �g
during �gthe�grising �gphase�gof�gthe�gwaveform�gdue�gto�gthe�gcapacitor�gcharging.�g
During �gthe�gfalling �gphase,�gthe�gvoltage�glags�gbehind�gthe�gcurrent �gdensity�gas�g
the�gcapacitor�gdischarges.�gAt�gthe�gfrequency�gof�g10�gHz,�gas�gillustrated �gin�gFig.�g
4(c),�gthis�gvoltage�glag�gbecomes�gmore�gpronounced�gdue�gto�gthe�gincreased�g
current �gpassing�gthrough �gthe�gdouble-layer�gcapacitance.

The�ginfluence�gof�gthe�gdouble-layer�gcapacitance�gis�geven�gmore�gnotice-
able�gin�gthe�gvoltage�current �gdensity�gprofile �gshown�gin�gFigs.�g�g4(b) and 4(d) �g
where�gthe�gshape�gcan�gbe�gseen�gto�gbe�gelliptic. �gThese�gfigures�gdepict�gthe�g
voltage�current �gdensity�gprofile �gof�gwaveforms�gby�gplotting �gvoltage�gas�ga�g
function �gof�gcurrent �gdensity,�gin�gthe�gsame�gmanner�gas�gthe�gpolarization �g
curve.�gThis�gdata�gplotting �gmethod�ghas�gbeen�gused�gin�gthe�gprevious�gstud-
ies�g[ 18,22,38], �gwhich �gallows�gfor �geasy�gcomparison�gbetween�gthe�gdynamic�g
operation�gduring �gelectrolysis�gand�gthe�gstatic�gpolarization �gcurve.�gThis�gdata�g
plotting �gmethod�galso�genables�gthe�gobservation�gof�gwhether�gthe�gvoltage�
current �gwaveform�gfollows �gthe�gnonlinearity �gof�gthe�gpolarization �gcurve,�g
particularly �gin�gthe�gactivation �goverpotential �gregion.

As�gshown�gin�gFig.�g�g4(b),�gthe�gvoltage�current �gdensity�gprofile �gexhibits�g
a�gslight �gteardrop�gshape�gat�glow �gcurrent �gdensities,�gbut�ggenerally�git �gdoes�g
not�gfollow �gthe�gtypical �gnonlinear �gcharacteristic�gof�gthe�gpolarization �gcurve,�g
especially�gat�glow �gcurrent �gdensities�gwhere�gthe�gactivation �goverpotential �g
is�gdominant. �gInstead,�gthe�gvoltage�current �gdensity�gprofile �gtends�gto�gbe�g
linear, �gshowing�ghigher�gvoltage�gvalues�gat�glow �gcurrent �gdensities�gcompared�g
to�gthe�gpolarization �gcurve.�gThis�glinearization �gof�gthe�gvoltage�gresponse�g
becomes�gmore�gpronounced�gat�ga�gfrequency�gof�g10�gHz,�gas�gillustrated �gin�g
Fig.�g�g4(d).�gAt�glow �gcurrent �gdensities,�gthe�gvoltage�gresponse�gat�g10�gHz�gis�g
higher�gthan�gthat �gat�g1�gHz,�gwhereas�gthis�gtrend�greverses�gat�gthe�ghigh�gcurrent �g
densities,�gas�gindicated �gby�gthe�glowest�gand�ghighest�gpeaks�gof�gthe�gwaveform�g
in�gFigs.�g�g4(c) and 4(d).

The�gresult�gshown�gin�gFig.�g�g4(b)�galigns�gwith �gthe�gprevious�gstudy�gon�g
PEM�gwater�gelectrolysis�g[ 38], �gwhere�gthe�glinearization �gof�gthe�gvoltage�
current �gdensity�gis�galso�gobserved�gat�g1 Hz.�gIn�gcontrast,�gfor �galkaline �gwater�g
electrolysis,�gsuch�glinearization �goccurs�gat�ghigher�gfrequencies,�gabove�g10
Hz�g[ 39], �gand�geven�gabove�g50 Hz�gfor �gsome�gcases�g[ 18]. �gThis�gdifference�g
in�glinearization �gbehavior�gobserved�gin�gthe�galkaline �gelectrolyzer�ghas�g
been�gattributed �gto�gthe�gdifferences�gin�gelectrode�gmaterials�g[ 22]. �gIn�gthe�g
alkaline �gwater�gelectrolysis�gsystem,�gthe�gadvanced�gmaterial �gwith �ga�glarger�g
surface�garea�gand�ghigher�gcapacitance�gtends�gto�ghave�ga�glower �glinearization �g
frequency�g[ 22]. �gAt�ga�gfrequency�gof�g1 Hz,�gthe�galkaline �gwater�gelectrolysis�g
exhibits�ga�gteardrop�gshape�gof�gvoltage�current �gdensity�gprofile �gat�glow �gcur-
rent�gdensities,�greflecting �gthe�gnonlinearity �gof�gthe�gpolarization �gcurve�g[ 22]. �g
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A.�gNur'aini�get�gal.

Fig.�g8.�gPower�time �g(P� t)�ggraph�gof�gmolten�gLi2CO3�gelectrolysis�gunder�galternating �g5 min�gperiods�gof�gconstant�gDC�gcurrent�gand�gsine�gwaveform�gat�gvarious�gamplitudes�g
and�gDC�goffset,�gwith �gfrequency�gfrom �g1 Hz�gto�g1 kHz.�gSubfigures�g(a,�gb)�gpresent�gthe�gresponse�gto�gthe�gamplitude �gof�g0:05 A cm*2 �gand�ga�gDC�goffset�gof�g0:15 A cm*2 ,�gbefore�g
and�gafter�gcompensation.�gSubfigures�g(c,�gd)�gpresent�gthe�gresponse�gto�gthe�gamplitude �gof�g0:15 A cm*2 �gand�ga�gDC�goffset�gof�g0:25 A cm*2 ,�gbefore�gand�gafter�gcompensation.�g
Subfigures�g(e,�gf)�gpresent�gthe�gresponse�gto�gthe�gamplitude �gof�g0:25 A cm*2 �gand�ga�gDC�goffset�gof�g0:35 A cm*2 ,�gbefore�gand�gafter�gcompensation.�gSubfigures�g(g,�gh)�gpresent�gthe�g
response�gto�gthe�gamplitude �gof�g0:35 A cm*2 �gand�ga�gDC�goffset�gof�g0:45 A cm*2 ,�gbefore�gand�gafter�gcompensation.�gThe�gright �gy-axis�gindicates�gpower�gas�ga�gpercentage,�gmaking�g
it �geasier�gto�gvisually �gestimate�gthe�gripple �gloss�g(�P ).�gThe�gshaded�gareas�garound�gPDC�gduring�gripple �gand�gPripple �grepresent�gthe�g95%�gconfidence�ginterval, �gcalculated�gusing�gthe�g
percentile�gmethod.

In�gPEM�gwater�gelectrolysis,�gthis�gteardrop�gshape�gis�gsimilarly �gobserved,�gbut�g
at�gfrequencies�glower �gthan�g1 Hz�g[ 38].

These�gfindings �gindicate �gthat �gat�glow �gfrequencies,�gthe�gdouble-layer�g
capacitance�gin�gboth�gmolten�gcarbonate�gelectrolysis�gand�gPEM�gwater�gelec-
trolysis�gis�ghigher�gthan�gin�galkaline �gwater�gelectrolysis.�gAs�ga�gresult,�gthe�g
linearization �gof�gvoltage�current �gdensity�gin�gmolten�gcarbonate�gelectrol-
ysis�gand�gPEM�gwater�gelectrolysis�goccurs�gfaster�gthan�gin�galkaline �gwater�g
electrolysis.�gIn�gaddition, �gthese�gresults�ghighlight �gthat �gdifferent �gelectrol-
ysis�gsystems�gexhibit �gvarious�gvoltage�current �gdensity�gbehaviors�gunder�g
dynamic�goperation.

3.3.�gInfluence�gof�gamplitude�gand�gfrequency�gof�gthe�gcurrent�gripple�gon�gthe�g
voltage�gresponse

The�gvoltage�current �gdensity�gprofile �gof�gthe�gsine�gwaveform�gwith �gdif-
ferent�gripple �gamplitudes�gas�gdescribed�gin�gTable�g�g1�gat�gthe�gfrequency�gof�g
1 Hz�gis�gcompared�gwith �gthe�gpolarization �gcurve�gshown�gin�gFig.�g�g5.�gFor�g
all �gamplitudes,�gthe�gvoltage�gis�ghigher�gthan�gthe�gpolarization �gcurve�gat�g
the�glow �gcurrent �gdensities�garound�g0.1�gto�g0:15 A cm*2 .�gFigs.�g�g5(a) and
5(b)�gdemonstrate�gthat �gthe�gvoltage�current �gdensity�gbehaviors�gof�gthe�g
waveform�gwith �gthe�gamplitudes�gof�g0:05 A cm*2 �gand�g0:15 A cm*2 �gare�gquite�g
linear �gwith �gthe�gpolarization �gcurve.�gThe�gvoltage�gfrom �gthe�gwaveform�gwith �g

the�gamplitude �gof�g0:25 A cm*2 �gin�gFig.�g�g5(c)�gis�glower �gthan�gthe�gpolarization �g
curve�gfor �gmost�gof�gthe�gcurrent �gdensities,�gbut�gtends�gto�gform �ga�glinear �g
shape.�gAdditionally, �gin�gFig.�g�g5(d),�gthe�gvoltage�current �gdensity�gwaveform�g
with �gan�gamplitude �gof�g0:35 A cm*2 �gexhibits�ga�glinear �gbehavior�gthat �gclosely�g
follows �gthe�gohmic�gregion�gof�gthe�gpolarization �gcurve.

The�gcurrent �gdensity�gand�gvoltage�gprofile �gof�gthe�gsine�gwaveform�gwith �g
different �gfrequencies�gare�gdepicted�gin�gFig.�g�g6.�gAt�ghigh�gcurrent �gdensities,�g
the�gvoltage�gresponses�gare�gin�gphase�gwith �gthe�gcurrent �gdensity.�gHowever,�g
at�glow �gcurrent �gdensities,�gthe�gvoltage�glag�gis�gobserved,�gwhich �gis�gassociated�g
with �gthe�gdouble-layer�gcapacitance�gof�gthe�gelectrolysis�gcell�g[ 18]. �gThis�g
double-layer�gcapacitance�gis�gmore�gobvious�gwhen�gthe�gvoltage�current �g
density�gis�gplotted �gas�ga�gU * i�gplot, �gexhibiting �gan�gelliptical �gshape�gas�gshown�g
in�gFig.�g�g7.

A�glinear �gfit �gof�gthe�gvoltage�current �gdensity�gprofile �gin�gFig.�g�g7�gis�gper-
formed.�gAs�gexpressed�gby�gthe�glinear �gfit �gequation�gin�gFigs.�g�g7(a)� 7(d),�gin-
creasing�gthe�gfrequency�gresults�gin�ga�gsmaller�gslope.�gThis�ghappens�gbecause�g
the�gohmic�geffect�gdominates�gthe�gelectrolysis�gcell,�gcanceling�gthe�gactiva-
tion �gresistance�g[ 39]. �gOther�gstudies�g[ 18,22] �gagree�gthat �gthe�gactivation �g
resistances�gare�gbypassed�gby�gthe�gAC�gcurrent �gat�ghigher�gfrequencies.

As�gthe�gfrequency�gincreases,�gthe�gwaveform�gdistortion �gbecomes�gno-
ticeable�gas�gindicated �gby�gthe�gdecreasing�gpeak-to-peak�gvoltage�gof�gthe�g
waveform�gshown�gin�gFig.�g�g6.�gThis�gdecreasing�gpeak-to-peak�gvoltage�gof�gthe�g
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A.�gNur'aini�get�gal.

Fig.�g8.�g(continued).

waveform�gleads�gto�gslender�gellipse�gshapes,�gindicated �gby�gthe�glinear �gfit �g
values�gin�gFig.�g�g7.�gAt�ghigh�gfrequencies,�gthe�gohmic�geffect�gdominates�gthe�g
voltage�gof�gthe�gwaveform,�gresulting �gin�gnearly�gidentical �glinear �gfits,�gshown�g
in�gFigs.�g�g7(c) and 7(d).�gFurthermore,�gthe�gtime �gdifference�gbetween�gthe�g
rising �gedge�gand�gfalling �gedge�gof�gthe�gwaveform�gbecomes�gsmaller.�gThere-
fore,�gthe�gwidth �gof�gthe�gellipse�gshapes�gobserved�gat�g250�gHz�gand�g500�gHz�g
(Figs.�g�g7(c) and 7(d))�gis�gsignificantly �gnarrower �gthan�gthat �gobserved�gat�g1�gHz�g
and�g10�gHz�g(Figs.�g�g7(a) and 7(b)).�gAt�gvery�ghigh�gfrequencies�gmore�gthan�g
1 kHz,�gthe�gprevious�gstudy�gin�galkaline �gwater�gelectrolysis�g[ 39] �gshows�gthat �g
the�gellipse�gshape�gwill �gdiminish. �gThis�goccurs�gbecause�gthe�gdouble-layer�g
capacitance�gbehaves�gas�ga�gshort�gcircuit �gfor �gthe�gAC�gcurrent �gcomponent,�g
canceling�gthe�gcapacitive�ginfluence�gin�gthe�gcurrent �gand�gvoltage�gphase�g
lag�g[ 39].

3.4.�gPower�gconsumption�gand�gripple�gloss�gat�gvarious�gripple�gamplitudes

The�gpower�gconsumption�gof�gmolten�gLi2CO3�gelectrolysis�gunder�galter-
nating�gperiods�gof�gconstant�gDC�gcurrent �gand�gcurrent �gripple �gwith �gsine�g
waveform�gis�gdepicted�gin�gFig.�g�g8.�gThe�gDC�goffset�gof�gthe�gconstant�gDC�g
current �gand�gthe�gamplitude �gof�gthe�gsine�gwaveform�gfollow �gthe�gparameters�g
outlined �gin�gTable�g�g1.�gEach�gdata�gpoint �grepresents�gthe�gaverage�gof�gthe�g
power�gconsumption�gover�ga�g30 s�ginterval. �gFig.�g�g8�gclearly�gindicates�gthat �g
the�gapplication �gof�gcurrent �gripple �gincreases�gthe�gpower�gconsumption�g
compared�gto�ga�gconstant�gDC�gcurrent.

Ideally, �gthe�gaverage�gpower�gconsumption�gunder�gconstant�gDC�gcurrent �g
should�gremain�gstable�gthroughout �gthe�gmeasurement�gperiod.�gHowever,�g
as�gshown�gin�gFigs.�g�g8(a),�g8(c),�g8(e),�gand�g8(g),�gthe�gpower�gconsumption�g
of�gmolten�gLi2CO3�gelectrolysis�gconsistently�gdecrease�gover�g75 min�gof�gex-
periment. �gThe�greduction �gin�gpower�gconsumption�gis�gassociated�gwith �ga�g

corresponding�gdecrease�gin�gvoltage�gresponse,�ga�gsimilar �gtrend�gthat �gwas�g
also�gfound�gin�gthe�gprevious�gstudy�g[ 27]. �gAlaei�get�gal.�g[ 27] �greported�gthat �g
after�ga�gshort�gpulse�gof�gcurrent, �gthe�gvoltage�gresponse�gbecomes�glower �g
as�gthis�gpulsing�gprocess�gyields�ga�gmore�gcatalytically �gactive�gcathode�gsur-
face,�gleading�gto�glower �gpower�gconsumption.�gHence,�git �gis�gassumed�gthat �g
the�gdecrease�gin�gpower�gconsumption�gin�gthis�gstudy�gis�gattributed �gto�gthe�g
enhancement�gof�gthe�gcatalytic �geffect�gof�gthe�gcathode�gsurface.�gHowever,�g
this�greduction �gof�gpower�gconsumption�gmakes�git �gdifficult �gto�ganalyze�gthe�g
additional �gpower�gthat �gcomes�gfrom �gthe�gpure�gAC�gcomponent�gof�gthe�g
current �gripple.

To�gaddress�gthis�gissue,�ga�gcompensation�gtechnique�gis�gproposed�gto�g
account�gfor �gthe�greduced�gpower�gconsumption.�gThe�gapplication �gof�gthis�g
technique�gto�gthe�gpower�gconsumption�gdata�ghas�gbeen�gdescribed�gin�gSec-
tion �g2.2.5.�gThe�gfitted �gcoefficients�gof�gPDC�gduring �gripple �gfor �geach�gamplitude �g
shown�gin�gFig.�g�g8�gare�gpresented�gin�gTable�gS2.�gFigs.�g�g8(b),�g8(d),�g8(f) ,�gand�g8(h) �g
illustrate �gthe�gpower�gconsumption�gafter�gcompensation.�gAfter �gthe�gcom-
pensation,�gthe�gtrend�gof�gpower�gconsumption�gbecomes�gnoticeably �gflatter �g
compared�gto�gthe�gtrend�gbefore�gthe�gcompensation.�gUsing�ga�gpercentile�g
method,�gribbons�grepresenting�gerror �gmargin�gwithin �g95%�gconfidence�g
interval �gare�gcalculated�gfor �gPripple �gand�gPDC�gduring �gripple .�gThese�gribbons�gare�g
presented�gas�gthe�gshaded�garea�gin�gFigs.�g�g8(b),�g8(d),�g8(f) ,�gand�g8(h) ,�gand�g
Table�g�g3�gsummarizes�gthe�gheight�gthese�gribbon.

The�gripple �gloss�gdue�gto�gthe�gAC�gcomponent�g(�P )�ghas�gbeen�gcalculated�g
using�gEq.�g(5)�gand�gpresented�gin�gFig.�g�g9,�gshowing�gthe�g�P �gacross�gdiffer-
ent�gamplitudes�gand�gfrequencies.�gEach�gdata�gpoint �gin�gFig.�g�g9�grepresents�g
the�gaverage�gof�gripple �gloss�gcalculated�gfrom �gten�gindividual �gdata�gpoints�g
within �geach�g5 min�gperiod�gof�gripple �gapplication, �gas�gshown�gin�gFigs.�g�g8(b),�g
8(d),�g8(f) ,�gand�g8(h) .�gThe�gresults�gin�gFig.�g�g9�gindicate �gthat �ghigher�gripple �g
amplitudes�glead�gto�gincreased�gripple �gloss,�galigning �gwith �gthe�gfinding �gfrom �g
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Fig.�g9.�gRipple�gloss�g(�P )�gdue�gto�gdynamic�goperation�gwith �gsine�gwaveform�gat�gamplitude �gof�g0:05 A cm*2 ,�g0:15 A cm*2 ,�g0:25 A cm*2 ,�gand�g0:35 A cm*2 .�gThe�gfrequency�grange�g
of�gsine�gwaveform�gincreases�ggradually �gfrom �g1 Hz�gto�g1 kHz.

Table �g3
Height�gof�gPripple �gand�gPDC�gduring�gripple �gribbon �gover�g75 min�gof�gexperiments�gat�gvarious�g
amplitudes.�gThe�gribbon �gheight�gis�gcalculated�gas�gthe�gdifference�gbetween�gthe�g
upper�gand�glower �gbounds�gof�gthe�g95%�gconfidence�ginterval.

�gAmplitude, �g
A cm*2

Height�gof�gPripple

ribbon �g(%)
Height�gof�gPDC�gduring�gripple

ribbon �g(%)
�g

�g0.05 0.35 0.23 �g
�g0.15 0.63 0.22 �g
�g0.25 0.95 0.28 �g
�g0.35 1.50 0.92 �g

the�gprevious�gstudy�g[ 18]. �gAt�gfrequency�gof�g1 Hz,�gthe�gripple �gloss�gof�gthe�g
sine�gwaveform�gat�gamplitude �gof�g0:05 A cm*2 ,�g0:15 A cm*2 ,�g0:25 A cm*2 ,�g
and�g0:35 A cm*2 �gis�g0.39%,�g1.76%,�g2.89%,�gand�g4.14%.

The�gtrend�gin�gFig.�g�g9�gappears�gto�gbe�gthat �gthe�gripple �gloss�gdecreases�gas�ga�g
function �gof�gfrequency,�gvisually �gsuggesting�gthat �gthe�gfrequency�ginfluences�g
the�gmagnitude�gof�gthe�gripple �gloss.�gTo�gquantify �gthe�gsignificance�gof�gthis�g
frequency�geffect,�gthe�gdifferences�gin�gripple �gloss�gbetween�g1 Hz�gand�g1 kHz
are�gcompared�gagainst�gthe�gheight�gof�gPripple �gribbon �gas�gdescribed�gin�gTable�g
3,�gwhich �grepresents�gthe�gerror �gmargin�gof�gthe�gcurrent �gripple. �gIf �gthe�g
difference�gof�gthe�gripple �gloss�gfalls�gwithin �gthis�gmargin,�gthen�gthe�gtrend�gin�g
Fig.�g�g9�gbecomes�gunreliable, �gbecause�gthe�gfrequency�geffect�gis�gsmaller�gthan�g
the�gpower�gconsumption�greduction �gattributed �gto�gthe�gcatalytic �gactivity �gof�g
the�gcathode�gsurface.

According�gto�gFig.�g�g9,�gdifference�gof�gripple �gloss�gbetween�g1 Hz�gand�g
1 kHz�gat�gthe�gamplitude �gof�g0:05 A cm*2 ,�g0:15 A cm*2 ,�g0:25 A cm*2 ,�gand�g
0:35 A cm*2 �gare�g0.17%,�g0.59%,�g0.78%,�gand�g0.88%,�grespectively.�gThese�g
results�gcorrespond�gto�gan�gapproximate�g21%�45% �greduction �gin�gripple �g
loss�gas�gthe�gfrequency�gincreases�gfrom �g1�gHz�gto�g1�gkHz,�gsuggesting�ga�g
significant �ginfluence�gof�gfrequency�gon�gripple �gloss.�gHowever,�git �gshould�g
be�gnoted�gthat �gthese�gvariations �gremain�gwithin �gthe�gerror �gmargin�gof�gthe�g
Pripple �gin�gTable�g�g3,�ghindering �ga�gclear�ginterpretation �gof�gthe�gfrequency�g
effect.�gFinally, �git �gis�gevident�gthat �gthe�gcurrent �gripple �gcauses�gthe�gripple �gloss,�g

and�gthat �gthe�gmagnitude�gof�gripple �gloss�gincreases�gwith �ghigher�gamplitude. �g
Although �gFig.�g�g9�gvisually �gsuggests�ga�gfrequency-dependent�geffect�gon�gthe�g
ripple �gloss,�gfurther �ganalysis�gindicates�gthat �gno�gconclusive�grelationship �g
between�gfrequency�gand�gripple �gloss�gcan�gbe�gestablished�gacross�gthe�gtested�g
amplitudes.

3.5.�gPower�gconsumption�gand�gripple�gloss�gat�gvarious�gwaveform�gshapes

In�gthe�gprevious�gsection,�gthe�gsine�gwaveform�gwith �gvarious�gamplitudes�g
has�gbeen�gstudied.�gIn�gthis�gsection,�gthe�gcurrent �gripple �gwith �gother�gbasic�g
waveforms�gsuch�gas�gtriangular, �gsquare,�gramp-up,�gand�gramp-down�gare�gap-
plied �gwith �gan�gamplitude �gof�g0:15 A cm*2 �gand�gDC�goffset�gof�g0:25 A cm*2 .�gFig.�g
10�gshows�gthe�gpower�gconsumption�gprofiles�gof�gmolten�gLi2CO3�gelectrolysis�g
with �galternating �g5 min�gperiod�gof�gconstant�gDC�gat�gDC�goffset�gof�g0:25 A cm*2

and�gripple �gcurrent �gusing�grespective�gwaveforms.�gThe�gpower�gconsumption�g
profiles�gusing�ga�gsine�gwaveform�gat�gthe�gsame�gamplitude �gand�gDC�goffset�gare�g
presented�gin�gFigs.�g�g8(c)�gand�g8(d).�gEach�gdata�gpoint �gin�gFig.�g�g10�grepresents�g
the�gaverage�gof�gpower�gconsumption�gover�ga�g30 s�ginterval. �gThe�glabels�gused�g
in�gthis�gfigure �gare�gexplained�gin�gTable�g�g2.

Figs.�g�g10(a),�g10(c),�g10(e),�gand�g10(g)�gpresent�gthe�goriginal �gdata�gof�g
power�time �g(P * t)�gprofile �grecorded�gduring �gthe�gexperiments.�gDuring �g
75 min�gof�gelectrolysis,�ga�ggradual�greduction �gof�gpower�gconsumption�gis�g
observed,�gindicating �gan�genhancement�gof�gcatalytic �gactivity �gof�gthe�gcathode�g
surface,�gas�greported�gin�gthe�gearlier�gstudy�g[ 27]. �gTo�gaddress�gthis�gissue,�gthe�g
compensation�gtechnique�gdescribed�gin�gSection�g2.2.5�gis�galso�gapplied.�gThe�g
coefficients�gof�gthe�gcorresponding�gfitting �gcurves�gused�gfor �gcompensation�g
in�gFig.�g�g10�gare�glisted�gin�gTable�gS3.�gAfter �gapplying �gthe�gcompensation,�gthe�g
adjusted�gP * t�gprofiles�gare�gdepicted�gin�gFigs.�g�g10(b),�g10(d) ,�g10(f) ,�gand�g
10(h) .�gThese�gfigures�galso�gdisplay�gthe�gPripple �gand�gPDC�gduring �gripple �gribbons,�g
with �gtheir �grespective�gheights�gsummarized�gin�gTable�g�g4.�gThe�gP * t�gprofile �g
in�gFig.�g�g10�gdemonstrated�gthat, �gdespite�gthe�gwaveform�gtype,�gthe�gappli-
cation�gof�ga�gcurrent �gripple �gwaveform�gincreases�gthe�gpower�gconsumption�g
compared�gto�ga�gconstant�gDC�goperation.
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Fig.�g10.�g�gPower�time �g(P� t)�ggraph�gof�gmolten�gLi2CO3�gelectrolysis�gunder�galternating �g5 min�gperiods�gof�gconstant�gDC�gcurrent�gand�gwaveform,�gwith �gan�gamplitude �gof�g
0:15 A cm*2 �gand�ga�gDC�goffset�gof�g0:25 A cm*2 .�gThe�gfrequency�grange�gis�g1 Hz�gto�g1 kHz.�gSubfigures�g(a,�gb)�gshow�gthe�gresponse�gto�gthe�gtriangular �gwaveform�gbefore�gand�gafter�g
compensation.�gSubfigures�g(c,�gd)�gshow�gthe�gresponse�gto�gthe�gsquare�gwaveform�gbefore�gand�gafter�gcompensation.�gSubfigures�g(e,�gf)�gshow�gthe�gresponse�gto�gthe�gramp-up�g
waveform�gbefore�gand�gafter�gcompensation.�gSubfigures�g(g,�gh)�gshow�gthe�gresponse�gto�gthe�gramp-down�gwaveform�gbefore�gand�gafter�gcompensation.�gThe�gright �gy-axis�g
shows�gthe�gpower�gas�ga�gpercentage,�gmaking�git �geasier�gto�gvisually �gestimate�gthe�gripple �gloss�g(�P ).�gThe�gshaded�gareas�garound�gPDC�gduring�gripple �gand�gPripple �grepresent�gthe�g95%�g
confidence�ginterval, �gcalculated�gusing�gthe�gpercentile�gmethod.

The�gadditional �gpower�gconsumption�gcaused�gby�gthe�gAC�gcomponent�g
during �gcurrent �gripple �gor�gripple �gloss�g(�P )�gis�gcalculated�gafter�gthe�gcom-
pensation�gusing�gEq.�g(5).�gFig.�g�g11�gshows�gthe�gripple �gloss�gfor �gsquare,�gsine,�g
ramp-down,�gramp-up,�gand�gtriangular �gwaveforms�gacross�ga�gfrequency�g
range�gfrom �g1 Hz�gto�g1 kHz.�gAmong�gthe�gtested�gwaveforms,�gthe�gsquare�g
waveform�gexhibits�gthe�ghighest�gripple �gloss�gup�gto�g3.40%�gat�g1 Hz,�gfollowed �g
by�gthe�gsine�gwaveform�gat�g1.76%�gat�gthe�gsame�gfrequency.�gThe�gramp-up,�g
ramp-down,�gand�gtriangular �ghave�grelatively �gsimilar �gripple �gloss�gat�g1 Hz.�g
More�gspecifically, �gat�g1 Hz,�gthe�gramp-up�gwaveform�gresults�gin�gslightly �g
higher�gripple �gloss�g(1.10%)�gthan�gthe�gramp-down�gwaveform�g(1.06%),�g
while �gthe�gtriangular �gwaveform�g(1.03%)�ghas�gthe�glowest�gripple �gloss.�gThe�g
square�gwaveform�gexhibits�ginstantaneous�gtransitions �gbetween�gtwo �gfixed�g
current �gdensity�glevels,�grepresenting�gthe�gmost�gheavily �gdistorted �gwave-
form. �gIn�gmolten�gcarbonate�gelectrolysis�gsystems,�gonly �gthe�gDC�gcomponent�g
drives�gthe�gelectrochemical�greaction,�gwhile �gthe�gAC�gcomponents�gcon-
tribute �gsolely�gto�gadditional �gpower�gconsumption.�gConsequently,�gthe�ghigh�g
harmonic�gcontent�gof�gthe�gsquare�gwaveform�gleads�gto�ggreater�gripple �glosses�g
compared�gto�gsmoother�gwaveforms�gwith �glower �gharmonic�gamplitudes.

Based�gon�gFig.�g�g11,�gthe�gdifferences�gin�gripple �gloss�gfor �gthe�gsquare,�g
sine,�gramp-down,�gramp-up,�gand�gtriangular �gwaveforms�gbetween�g1 Hz�gand�g
1 kHz�gare�g1.24%,�g0.59%,�g0.27%,�g0.37%,�gand�g0.36%,�grespectively.�gThese�g
values�gindicate �gan�gapproximate�g25%�36% �greduction �gin�gripple �gloss�gas�gthe�g
frequency�gincreases�gfrom �g1 Hz�gto�g1 kHz,�gdemonstrating�ga�gnotable�ginflu-
ence�gof�gfrequency�gon�gripple �gloss.�gHowever,�gwhen�gcompared�gto�gthe�gerror �g
margin�gof�gPripple �gpresented�gin�gTable�g�g4,�gonly �gthe�gtriangular �gwaveform�g

slightly �gexceeds�gthe�gmargin,�gby�gmerely�g0.02%,�gwhich �gis�gconsiderably�g
negligible. �gGiven�gthe�grelatively �glarge�gerror �gmargin�gof�gPripple �gin�gTable�g�g4,�g
it �gis�gchallenging�gto�gdraw�ga�gdefinitive �gconclusion�gregarding�gthe�gfrequency�g
effect�gon�gripple �gloss�gacross�gdifferent �gwaveform�gtypes.�gNonetheless,�git �g
is�gevident�gthat �gthe�gcurrent �gripple �gcontributes�gto�gripple �gloss,�gwith �gthe�g
square�gwaveform�gexhibiting �gthe�ghighest�gripple �gloss�gamong�gall �gtested�g
waveforms.

4.�gConclusions

The�gbehavior�gof�gmolten�gLi2CO3�gelectrolysis�gat�g750ýC�gunder�gcur-
rent�gripple �gwas�ginvestigated�gusing�gexperimental�gvoltage�gand�gcurrent �g
waveform�gdata.�gThe�gvoltage�gresponse�gduring �gsinusoidal�gcurrent �gripple �g
was�gcompared�gwith �gthe�gstatic�gpolarization �gcurve,�gindicating �gthat �gthe�g
voltage�current �gbehavior�gof�gthe�gripple �gfollows �gthe�gnon-linearity �gof�gthe�g
polarization �gcurve�gdue�gto�gthe�gdouble-layer�gcapacitance�geffects�gat�ga�g
frequency�gof�g1 Hz.�gHowever,�gthis�gbehavior�gis�gno�glonger�gthe�gsame�gat�g
higher�gfrequencies,�gas�gthe�gdouble-layer�gcapacitance�gacts�glike �ga�gshort�g
circuit �gfor �gthe�gAC�gcomponent,�geliminating �gits�gcapacitive�geffect�gand�g
removing�gthe�gphase�glag�gbetween�gcurrent �gand�gvoltage.�gExperiments�g
involving �galternating �g5 min�gperiods�gbetween�gconstant�gDC�gand�gcurrent �g
ripple �grevealed�gthat �gpower�gconsumption�gincreases�gunder�gthe�gcurrent �g
ripple. �gThis�gadditional �gpower�gconsumption�gis�gattributed �gto�gthe�galternat-
ing�gcurrent �g(AC)�gcomponent�gof�gthe�gripple, �gwhich �gintroduces�gadditional �g
losses�gthat �gbecome�gmore�gsignificant �gat�ghigher�gamplitudes.
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Fig.�g10.�g(continued).

Moreover,�gthe�gpower�gconsumption�gprofile �ggradually �gdecreases�gover�g
time �gdue�gto�gthe�gcatalytic �gactivity �gof�gthe�gcathode�gsurface.�gTo�govercome�g
this�gissue,�ga�gdata�gcompensation�gtechnique�gwas�gproposed�gand�gapplied,�g
enabling�gproper�gcalculation �gof�gripple �gloss�gcaused�gby�gthe�gAC�gcomponent.�g
Further�ganalysis�gevaluated�gthe�geffect�gof�gfrequency�gon�gthe�gripple �gloss�g
at�gvarious�gamplitudes�gand�gwaveform�gshapes.�gThe�ghigh�gerror �gmargin�gin�g
current �gripple �gacross�gdifferent �gfrequencies�gprevents�gdirect �gconclusions�g
about�gthe�geffect�gof�gfrequency�gon�gripple �gloss�gfor �gvarious�gamplitudes�gand�g
waveform�gshapes.�gNevertheless,�gthe�gripple �gloss�gincreases�gas�ga�gfunction �g
of�gamplitude, �gand�gthe�gsquare�gwaveform�gexhibits�gthe�ghighest�gripple �g
loss�gcompared�gto�gother�gbasic�gwaveforms.�gFinally, �gthis�gstudy�gprovides�g
practical �gsignificance�gfor �gthe�gindustrial-scale�gdevelopment�gof�gmolten�g
carbonate�gelectrolysis,�gas�gthe�guse�gof�gpower�gelectronics�gin�gsuch�gsystems�g
can�gintroduce �gripple �gthat �gaffects�gthe�gpower�gquality, �ghighlighting �gthe�g
importance�gof�gresearch�gaddressing�gthese�geffects.
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Table �g4
Height�gof�gPripple �gand�gPDC�gduring�gripple �gribbon �gover�g75 min�gof�gexperiments�gat�gvarious�g
waveforms.�gThe�gribbon �gheight�gis�gcalculated�gas�gthe�gdifference�gbetween�gthe�gupper�g
and�glower �gbounds�gof�gthe�g95%�gconfidence�ginterval.

�gWaveform Height�gof�gPripple

ribbon �g(%)
Height�gof�gPDC�gduring�gripple

ribbon �g(%)
�g

�gTriangular 0.34 0.33 �g
�gSquare 1.33 0.71 �g
�gSine 0.63 0.22 �g
�gRamp-up 0.50 0.33 �g
�gRamp-down 0.36 0.17 �g
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Fig.�g11.�gRipple�gloss�gdue�gto�gdynamic�goperation�gwith �gtriangular, �gramp-up,�gramp-down,�gsine,�gand�gsquare�gwaveform�gat�gamplitude �gof�g0:15 A cm*2 .�gThe�gfrequency�gof�g
the�gwaveform�gincreases�ggradually �gfrom �g1 Hz�gto�g1 kHz.
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