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Study of Electrodeposition Method to Produce Carbon Nanotubes

Abstract

Since its first observation, Carbon Nanotubes (CNT) has drawn considerable research interest.
Numerous investigations revealed outstanding properties for this unique form of carbon. Its
remarkable characteristics include its electronic properties, thermal conductivity, and
mechanical properties offer tremendous new opportunities and applications, often described
as technological marvels. Nevertheless, like other new materials, CNT faces the transfer

phenomenon from marvel material to market driven by its profitability or marketability.

From the market perspective, the need for carbon nanotubes increases each year, while in the
manufacturing view, production is plateauing. Therefore the gap between supply and demand
exists, and the commercial viability of CNTs seems assured. However, the market's growth will
depend on the efficiency in tackling dominant factors such as price to be competitive. No matter
how excellent new materials are, the requirement of cheap to produce, consistent quality, easy

handle and toxicity tolerance were always the rule.

This study presents the Electrodeposition method as an alternative method to producing
Multiwalled Carbon Nanotubes (MWCNT) utilising CO2 as carbon feedstock. Four approaches
are discussed in this thesis: Literature review, Molecular dynamics, and experiments using

Taguchi and OFAT (One Factor at a Time).

Electrodeposition is a method that utilises molten salt, atmospheric CO;, and electrodes that
can perform without catalyst preparations. At the same time, the requirements of well-
established methods such as Arc Discharge, Laser Ablation, and Chemical Vapour Deposition

result in a less cost-effective product and are challenging to scale up. In arc discharge, pure
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graphitic carbon soot can be utilised to synthesise CNT, but the addition of catalysts and
preparation is required to produce a large amount of CNT. However, the electrode size and
high current proportion are limited even with the extra preparation process. Laser ablation
produces high-quality CNT with the limitation of its laser power requirement, while preparing
catalyst in CVD also adds time or labour cost. The literature review in this study concludes that
Electrodeposition can produce carbon nanotubes in an uncomplex way due to preparation

ease.

Electrodeposition does not have the limitation of the previous process and is arguably easier
to scale up. However, this method has some challenges that need to be addressed, most
related to synthesis parameters. In the previous research, the study is conducted partially and
comparing the result is sometimes unusable since each investigator weighs in some value over
another. For example, yield is measured in the purity or weight of the end product, and other

research considers the CNT growth area or catalyst-CNT ratio in the system.

In this research, Molecular dynamics, Taguchi and OFAT (One Factor at a Time) methods
counter the challenges by providing a thorough study. Molecular dynamics determine the base
behaviour expected from variables, focusing only on parameter changes that affect the carbon
bonds formed in the electrodeposition system. Furthermore, Taguchi and OFAT are used to
optimise variables and examine the end-product properties of each variable on an experiment

basis.

From molecular dynamics, it is found that the carbon bond created is affected by the total
energy in the system, while total energy depends on variable value. Under the theoretical
models used in the simulation, increasing parameters value which includes temperature,

external potential, Carbon number in the system, and synthesis time, increases the carbon
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bond created in the system. Furthermore, changing the cathode from Ni to Cu decreases the

carbon bond formed.

Using the Taguchi method L25 design with five parameters, optimisation was conducted. The
optimisation result is not as linear as the expectations of the Molecular dynamic and revealed
that other factors, such as the Expansion of molten salt, conductivity gain, current instability,
and excessive carbon debris, play roles in the system. The use of metal alloys was essential
to promote CNT, as suggested in the previous investigation, which is supported in this thesis.
Further evidence of better performance electrode metal alloys is found in Taguchi and OFAT,
in which Zn alloys dominated early research. The OFAT also present the end-product
characterisation under parameter changes utilising XRD, FTIR, Raman SEM, and EDX

analysis.

In the Experiment result, increasing the Temperature parameter is only applicable to improve
carbon growth rate and MWCNT yield to a certain degree, but higher Temperature generally
decreases the Electrodeposition performance. In terms of external potentials, the general trend
is higher Voltage resulting in better carbon growth and MWCNT yield until current instability
occurs. The higher value CO2 flowrates parameter positively affects the performance; however,
this research's highest CO2 flow rate negatively impacts the current efficiency. Higher value
synthesis Time parameters result in lower carbon growth rate and MWCNT yield despite
producing a more considerable amount of soot. The Cathodes used in this research produce

MWCNT with different sizes, purity and overall performance.
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Chapter 1 — Introduction

This thesis focuses on the Electrodeposition method to produce valuable products, mainly
carbon nanotubes (CNT), from carbon dioxide conversion. Before the further study of
Electrodeposition, the stimulus of the research will be discussed first as well as general CO;

conversion. Furthermore, CNT production issues will be disclosed first. From the subjects, it
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will be elucidated the advantage and disadvantages of the Electrodeposition method. A brief

discussion of crucial points to improve this method also will be divulged.

1.1 Background

Carbon nanotubes (CNT) are tube-like materials made of carbon with a diameter calculated on
the nanometer scale. They are derived from graphite sheets, and these layers of graphite
appear similar to an unbroken hexagonal-like rolled mesh structure. Since its first discovery by
Sumio lijima in 1991[1], Carbon nanotubes (CNT) have been studied extensively to fullerenes,
this material has opened a new science and technology. Advance research on this material
was conducted because of its appealing potential. These potentials are based on their
electronic structures[2][3], chemical reactivity[5][6], optical activity[6][7], mechanical
strength[8][9], hardness[10], wave absorption[11], and thermal properties[12][13], which are
helpful in advanced technology applications. Therefore, the interest in this material causes the
carbon nanotube studies to expand and address issues from the preparation, structure,
properties, and application. Furthermore, some considerations of biodegradation and toxicity

need to be addressed in certain areas, such as the medical field[14][15].

Market estimation of CNT can be divided by its application, mainly as polymers. The increasing
trend is noticeable each year (Figure 1). Prediction of the market size of CNT in North America
also supports this data (Figure 2). The estimation graph shows an increasing market trend each
year, with most of the market being MWCNT. Therefore, demand from the market is increasing
(Figure 4). On the other hand, manufacturing data shows plateau production since 2014 (Figure
3). CNT production decreased significantly when Bayer Material science shut down its
production in 2013. From the market data, a significant gap between supply and demand exists,

and without another stimulus from the research side, the gap resulting in CNT's high price and

15
A.F.Fikri, PhD Thesis, Aston University 2021



further CNT application research will be negatively affected from price to performance

perspectives.
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Figure 1 Market estimates for CNT per area of application [16]
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Figure 2 North America carbon nanotubes market size estimation (adapted from
https://www.grandviewresearch.com/industry-analysis/carbon-nanotubes-cnt-market.
Accessed 23 July 2018)
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Figure 3 CNT manufacturer and capacity (Adapted from: http://cenm.ag/nanotubes2015.
Accessed 15 July 2018.)

Visibility fluctuation of new technology is also applied in carbon nanotubes (Figure 5). From
1995 to 2005, the visibility of CNT was raised due to the insufficient investigation of CNT
characteristics and their application. However, in 2004, graphene's entrance as a CNT
competitor slowed down the CNT hype. In 2010 CNT surplus was built up and might be the
cause of Bayer material science shutting down its CNT production. However, further research
and application raise the CNT visibility[17][18]. Although the rise of the hype is promoting new
research, the plateau of CNT production still occurs and combining the increasing demand
each year results in a high price of CNT and impacts CNT justification to be applied or utilised

despite its potential. Therefore, a new approach to producing CNT still needs to be studied.
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Figure 5 The hype cycle of carbon nanotubes [19]

Carbon capture and storage technology can be developed to convert CO; gas into high-value
materials. One method which utilised this technology is Electrodeposition. The main
advantages of the Electrodeposition method are the ease of preparation of the catalyst,
electrolyte, and other supporting materials and equipment, which are crucial to developing an
inexpensive method to produce valuable materials such as Carbon Nano Fiber (CNF) and
Carbon nanotubes (CNT). Another advantage of this method is that the availability of CO; leads
to lower-cost production. Furthermore, the Electrodeposition method potentially reduces the
amount of CO; in the atmosphere to overcome emissions of greenhouse gases and lead to
addressing climate change challenges[20]. However, further LCA analysis needs to be
developed to fully understand the environmental impact of the Electrodeposition method[21].
Nonetheless, Electrodeposition is a promising approach to producing CNT with uncomplex

preparation.
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1.2 Knowledge gaps

Critical knowledge gaps concerning the Electrodeposition method are related to known
parameters and optimisation. First, while well-established methods such as Arc Discharge,
Laser ablation, and Chemical vapour Deposition are regarded as reliable methods, the
limitation due to their complex preparation still occur. The arc discharge is the earliest method
of CNT production; it produces both SWCNT and MWCNT with 1nm to 30 nm diameter. The
yield for this method is ~10 g for each synthesis. Utilising 100-200 A current with 20 V voltage
in Argon/Helium typically, the synthesis is 1 hour long. Although arc discharge protocol is
simple, it is challenging to scale up outside a laboratory. The laser ablation method produces
up to 90% purity SWCNT with a 1g/day yield. Although it has more scalability than arc
discharge, Laser ablation is not as simple as arc discharge because of catalyst preparation
requirements. CVD catalyst preparation requirement is the most complicated. However, it is
the most scalable method due to its extensive research. From arc discharge, laser ablation and
CVD, CNT production method scalability and complexity is inversely proportional; therefore, an
alternative method that reduces the complexity but has moderate scalability is still desired. The

prime method for this is Electrodeposition which provides uncomplex protocol and good yield.

Second, regarding the Electrodeposition method as an alternative, more work is needed to
optimise the parameters to improve the end product quantity and quality. Third, there are still
questionable effects on the end product due to partial research and in conjunction with the
parameters. Research on Electrodeposition is not as mature as other methods, and most of
them are done separately with a wide variety of parameters value. Therefore, combining the

previous research to reach optimation is challenging.

Forth, little is known about the parameter's effect on other parameters. Utilising more than five

parameters, the effect of the unavoidable parameters on other parameters occurs. For
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example, extensive CO. will affect the external current reported[22], and other possible

parameter effects might also occur.

Fifth, much of the research does not provide complete data on the effect of every parameter.
The incomplete data also occurs since the research was done in a partial fashion and with a
wide variety of parameters. Finally, using the Molecular Dynamics Simulation approach is
desirable to understand the behaviour of the parameters from numerical and theoretical points
of view. Molecular dynamics describes natural motion from a molecular structure driven by
energy procedure; therefore, it can be a tool to set a base understanding behaviour of

Electrodeposition parameters.

1.3 Research aim and objectives

Although several researchers examined Electrodeposition to produce CNT, product
consistency issues occur. Limited studies were conducted without comprehensive optimization
of parameters to improve the quality and quantity of CNT. From the issues raised, this study
aims to optimise the Electrodeposition parameters to produce high-quality MWCNT efficiently
while maintaining the uncomplex nature of the method. There are four objectives to achieve

this goal.

1. Conducted a literature study to compose the state-of-the-art CNT production and a
research gap.

2. Determining essential variables expectation behaviour in the Electrodeposition
method.

3. Variables optimisation to improve the end product quantity and quality.

4. Conduct an Unpartial study by examining the dynamics of CNT properties for each

parameters changes.
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1.4 Methodology overview

1. LITERATURE 2. MD SIMULATION
AD, LA, CVD and Using REAXFF as reactive
Electrodeposition ~ force field with Addition of

Comparation. -1 FCHEMDID to apply

\_/ External potential
Price — Complexity reduction in the system
Electrodeposition Base behaviors expectation
Simple setup Methodology of variables
overview
3. TAGUCHI </ \9 4. OFAT
Five levels and One Factor at a time
five parameters Of five parameters
(L25)

Investigates CNT properties
Variables Optimization for each variable

The literature review concludes that Electrodeposition can produce carbon nanotubes in an
uncomplex way due to a lack of catalyst preparation. However, this method has some
challenges that need to be addressed, most related to synthesis variables. Molecular dynamics
simulation and experimental study utilised Taguchi and OFAT methods to counter the
challenges. Molecular dynamics determine the base behaviour expected from variables.
Furthermore, Taguchi and OFAT are used to optimise variables and examine the end-product

properties of each variable.

From molecular dynamics, base expectations of the behaviour of the parameters were
presented, and it is found that the carbon bond created is affected by the total energy in the
system, while total energy depends on variable value. Using the Taguchi method, optimisation
was conducted. It revealed that other factors such as the Expansion of molten salt, conductivity

gain, current instability, excessive carbon deposit, and diffusion rates might play roles in the
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system. OFAT provides XRD, FTIR, Raman SEM, and EDX analysis will reveal the end-product

properties.

1.5 Structure of the thesis

This thesis contains five chapters that will explore the study of Electrodeposition to improve this
method of producing carbon products, mainly CNT. The first chapter gives the Introduction of
the thesis. It includes the background of the thesis to describe the motivation of the research,
followed by knowledge gaps, research aim and objectives, and methodology overview used in
this thesis. The second chapter predominantly explores the Electrodeposition discernibly from
literature. Although the literature study mainly CNT related products, it does not mean
attenuating the discussion of the synthesis process itself. The third chapter explores Molecular
dynamics simulation. Chapter four focuses on the experimental study of Electrodeposition.

Chapter five discusses the thesis as a whole and gives conclusions.
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Chapter 2 — Literature review

The literature on CNT products and their production methods is presented to give profound
knowledge and correctly manage research to improve the Electrodeposition method. This
chapter is not limited to but mainly describes characterization, synthesis, and feasible ways to

improve CNT quality and quantity.

Several widely used CNT synthesis methods, arc discharge, laser ablation, and CVD, have
advantages and disadvantages. The arc discharge and laser ablation are based on the carbon
evaporation method. This simple method produces low cost with wide diameter distribution,
bundle accumulation, and low control over the CNT alignment. On the other hand, a chemical
process such as CVD is considered more promising with a high yield of CNT products and the
controllable effect of CNT alignment[22]. The chemical method also utilized catalysts which
play a crucial role in determining the final product type. One chemical method considered a
novel method is the Electrodeposition method. This method uses an electric current and
chemical reaction to control the synthesis process and maintain the superficial aspect of the
carbon evaporation method. The Electrodeposition method can be conducted without any

catalyst preparation, which simplifies this method.

Electrodeposition can be a reliable method to produce CNT, which is an uncomplex method
and produce a high yield of CNT. However, the Electrodeposition method requires deeper
study, especially in the synthesis factors or variables affecting the final product. Besides a
catalyst and electric current, several factors, such as synthesis temperature, carbon source,
and synthesis time, can affect the Electrodeposition method. The advanced knowledge of these

factors will improve the reliability of the Electrodeposition method.
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2.1 Carbon nanotubes types, properties and characterisation

Carbon nanotubes (CNT) are classified as single-walled carbon nanotubes (SWCNT) and
multiple-walled carbon nanotubes (MWCNT) based on the carbon layer. Another classification
is based on carbon structures: armchair, zigzag, and chiral. SWCNT is a single layer of
graphene. In most cases, SWCNT is challenging to synthesise because it demands proper

growth control.

In contrast, multiple rolled graphene layers are easier to synthesize in bulk compared to
SWCNT. SWCNT also tend to be produced in bundled form and dispersed condition, opposite
to MWCNT, which in most cases is homogeneously dispersed with minimum bundled formed.
In terms of purity, SWCNT is achieved higher using the arc discharge method than CVD. The

high purity of MWCNT can achieve CVD, up to 90%[23].

The chirality of CNT can determine its types. Figure 6 describes the chirality of carbon
nanotubes. Carbon nanotubes can be imaged as rolled over graphene sheets, and the chirality
depends on how the sheet is rolled. For example, if the origin point (0,0) meets (7,7), then the
CNT has (7,7) chirality. The red dot in Figure 6 represents the metallic. Its chirality defines the
electronics and optical properties of CNT. Therefore, exploiting its practical applications in

controlling CNT chirality is needed.
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Figure 6 Carbon nanotubes types i) Single-wall carbon nanotubes. ii) multiwall carbon
nanotubes. a) Chiral vectors of carbon nanotubes. b) CNT chirality (n,m), the electronics form
is metallic if the value of (n-m)/3 integers. the red dots represent metallic CNT [24]

There are four characterisation methods commonly used in CNT characterisation: Fourier
Transform Infrared (FTIR), X-Rays Diffraction (XRD), Raman spectroscopy, and Scanning
Electron Microscopy. FTIR has three primary functions: knowing the presence of a molecule in
a sample, comparing the composition of one substance to another, and the last function is to
determining the concentration of molecules in the sample. The first and second functions are
analyzed using qualitative methods, while the third function is an analysis using quantitative

approaches with Beer's Law. The basic description of FTIR can be found in Appendix 3.

Carbon nanotubes have different infrared mode activities depending on the type of carbon
nanotubes (SWCNT, MWCNT, chirality), but the primary mode is A2, and E4, [25]-[28]. These
modes' values are 850 and 1590 cm™ in SWCNT and 868 and 1575 cm™ in MWCNT. Two
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things can be obtained from the CNT FTIR analysis results: knowing the presence of carbon

nanotubes in the sample and the number of molecules in the sample.

However, because the deviation value from graphite wavelength is 5-8 cm™', FTIR is commonly
used to determine impurities and molecules capped on the CNT surface. These impurities and
the capped molecule are associated with the defect. The defect is also widely considered
functionalization, associated with O-H, COOH and CHx. O-H presented with 1600 cm™, 3450

cm™ and 1445 in MWCNT cases. [29].

The acid treatment also plays a role in opening the end cap of MWCNT, which changes the
functionalization of CNT. A previous study analyzed that OH and C=0 responses at 3440 cm""
and 1711 cm™ have low intensity in pure MWCNT. The appearance of two additional peaks,
2923 cm™ and 2853 cm™, is noticeable after MWCNT is treated with acid. These different
peaks belong to the CH; group on the surface of MWCNT (Figure 7). Furthermore, the addition

of 1719 cm™ also arises due to C=0 stretching[30].
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Figure 7 FTIR analysis on CNT functionalization [30]

XRD analysis method was used to describe the morphology and structure of CNTs at different
angles. The basic information on XRD can be found in Appendix 4. The periodic structure of
the XRD results will produce specific peaks. The peaks are almost similar to the pattern of XRD
analysis on graphite. The difference in peaks can be used to identify the type of CNT. Moreover,
this identification can determine the layer of MWCNT and the carbon amorph that follows it

(Figure 8).

The dominant peaks in the CNT XRD pattern are (002), (100), and (101) miller indices. Due to
graphene's different sizes and shapes, the XRD CNT pattern will experience shifts and

expansion of peaks. Broader peaks can indicate CNTs with fewer impurities. The peak height
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(002) indicates the thickness of the CNT wall; the higher the peak, the thicker the CNT wall. A
higher peak value is because the constructive interference in Bragg's law will be higher in
thicker CNT walls [31]. Peaks (100) and (101) (Figure 8) indicate crystalline or amorphous
properties. Increasing peak width and decreasing intensity refer to the amorphous crystal form.

The intensity shows the layer identification from the CNT, as the high-intensity value indicates

more layers[32].
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Figure 8 XRD result of CNT [33]

Raman spectroscopy is a fast and non-destructive analysis to characterize carbon nanotubes
with relatively few sample preparation. It utilizes the shift in wavelength of the inelastically

scattered radiation. There are four primary features in CNT characterization in Raman

spectroscopy as follows:

1) RBM (radial breathing mode), which low-frequency peak (120-250 cm™)
2) D band (~1350 cm™)
3) G band (1500 - 1600 cm™)
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4) G'band, which D band overtone (2450 - 2650 cm™)

RBM corresponds to the tube's radial vibration (A1g), which depends on the geometry and
environment of nanotubes. RBM's relation with nanotube diameter can be found in Appendix

5. However, RBM peaks are hard to detect if the diameter of the nanotubes is larger than 2 nm.

D band is activated because of defects in sp? carbon materials, which will appear differently on
each type of graphite-based structure. Therefore, this Raman D band feature helps determine
carbon types based on their value and position. Smaller linewidth (10-30 cm™) in 1285 — 1300
cm™ is the characteristic of SWCNT, while broader linewidth (>100 cm™) is related to
amorphous carbon. MWCNT can be identified with the position of the D band in 1305 — 1330
cm™ with a width of 30-60 cm™" [33]. D band intensity can be used to quantify disorder. However,
because absolute intensity measurement is complex, the Ip/lg ratio (normalized intensity) is
widely used as disorder measurement. It is also necessary to mention that this ratio depends

on excitation laser energy.

The G band feature in Raman spectroscopy is related to the C-C bond stretching, the primary
signature of all sp? carbons. It can be observed as a peak or multiple peaks ~ 1585 cm™'. Rolled
graphene sheets such as SWCNT will split the G band into w;- and wg+, which are parallel
(LO modes) and perpendicular (TO modes) to the tube folding axis in semiconducting tubes.
For metallic tubes, the mode is opposites. Several quantum confinements generate G band
peaks associated with LO and TO, namely A1, E1, and E2. However, due to resonance and

depolarisation conditions, A1 modes dominate G band spectra [34].

The G' band is the second order of Raman's signature in sp?. The G' band intensity will be
changing based on Eiser, Which can be observed in the range of 2450-2800 cm™ as a peak or
multiple peaks. In CNT, the G' band number of peaks and frequency depends on the chirality

due to vibrational structures and quantum confinement [34]. Overall, D, G and G' band is often
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used to measure the purity of CNT. The combination of Ip/lg, Ie/lc and I/l is demonstrated as

viable means of purity assessment [35].

The purity assessment of CNT was described in Figure 9 by calculating the Raman
spectroscopy features ratios. However, some research suggests that the intensity and
frequency of Raman features are affected by Easer [28][29]; therefore, using different Ejaser will
result in different ratios. In the later research, R. Dileo et al. at 2007 revealed that although
different Eiaser resulting different Raman intensity and frequency values, the lg/Ip ratios profile
remains identical with different Eiase[36]. A similar profile is primarily because the ID is Ejaser

independent when measured in the 1.9-2.7 eV range[34].
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Figure 9 Examining MWCNT Raman Spectroscopy features related to its purity based on the
ID/IG, IG/IG and IG’/ID ratios. Adapted from [35]
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The Notable Ip/l¢ ratio might not be helpful to measure purity in all ranges of Ejaser, but it is still
widely used to measure the amount of disorder that leads to the quality of CNT. Ip/lg ratio
represents the normalized intensity for disorder measurement since the absolute intensity
measurement is a challenging task in Raman spectroscopy[34]. One of the examples of utilizing
ID/IG is in the pharmaceutical field, which compares eighteen different CNT materials and

suggests that lower ID/IG represents a better quality or less defective CNT [37].

Lastly, SEM is one of the most commonly used methods to measure its outer diameter and
length in carbon nanotube characterization. A basic description of this method can be found in
Appendix 6. Size distribution measurement is also one of the strengths of this technique. Raul
H. Basurto, in 2015, reported MWCNT SEM analysis, which was evaluated by Raman and
proven this method is adequate to measure its diameter and diameter distribution. Furthermore,

this study employed ionic liquids to enhance carbon nanotube dispersion[38].

2.2 Carbon nanotubes application

2.3.1 Medical

There are currently two primary purposes for the medical application of CNT: diagnostics and
therapeutics. The diagnostic application includes biosensors, which are used to detect
substances using biological and physicochemical detectors. This method allows in vitro and in
vivo diagnostics monitoring. For example, Carbon nanotubes nanoelectrode ensembles' use
improves the fabrication of glucose biosensors to detect hydrogen peroxide. These
improvements simplify the design and increase blood sugar detection accuracy because CNT
can detect cholesterol, alcohol, lactate, xanthine, choline, hypoxanthine, and acetylcholine. The
characteristic of CNT used in this study was bulk SWCNT and MWCNT, high electrocatalytic,

and fast electron-transfer rate [39].
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Other applications of CNT in biosensors, due to its physical/chemical transduction and high
surface area to volume ratio, are developing enzyme biosensors. Vicentini et al. used MWCNT,
which characterised 20-30 nm in diameter, 1-2nm wall thickness, and 0.5 2um in length and
95% purity for Tyrosinase detection. This study shows that MWCNT-based biosensors are easy

to prepare, have lower cost, better stability and have a longer lifespan [40].

Biocompatibility is one of the challenges in the CNT application in medic. Toxicity is needed to
be managed to achieve biocompatibility. The factors influencing the toxicity of CNT are metal
impurities, CNT type, and surface properties[41]. The CNT synthesis process typically uses a
metal catalyst which becomes impurities and potentially harmful. The lower impurities lead to
a lower toxicity level. The relation between impurities and toxicities is supported in the previous
research by Pietroiusti et al. in 2011[42]. This research compares three types of SWCNTSs:
pristine, oxidized, and ultra oxidized, with diameter specifications of 2.37 + 0.40 nm, 1.58 +
0.20 nm, and 1.80 + 0.40 nm, respectively. This research is in line with other research by Yang
et al. in 2007, which shows that pristine CNT is more biocompatible and pro-carcinogenic will
increase toxicity [43]. Metal impurities can be solved with the purification process and better
growth control. The purification process can be done using a physical, such as a sonic bath

and a chemical, such as acid treatment.

Second, CNT biocompatibility is a type of CNT because some CNT types are reactive and
cause toxicity. An example is 0.9-1.7 nm SWCNT indicates preventing DNA repair. The growth
control and purification process, similar to metal impurities, is key to resolving this issue. The
third factor affecting biocompatibility is the surface properties of CNT. Because it is directly
linked to physicochemical characteristics that affect the reactivity level of CNT, this challenge

can be solved with the addition of substances such as oxidative enzymes.

2.3.2 Photovoltaics
CNT has gained interest in photovoltaics because of its optical and electronic properties[44].

One of the CNT roles in the photovoltaic is used as a p-n Junction diode, resulting in the
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photovoltaic effect. Furthermore, CNT is effective as a light harvester and charge transporter
in photoactive layers [24]. For example, in the previous study, SWCNT was mixed with Poly(3-
hexylthiophene) or P3HT and poly(3-octylthiophene) or P3OT in the solar cell. The result is

better to charge separation and efficient charge collection [45].

One challenge in using CNT in photovoltaics is the Schottky barrier on the surface of CNT and
metal electrodes, resulting in the current loss. Preceding research attempts to resolve these
with the addition of metal oxide. Metal oxide options that are relatively affordable and have
good results are MoO, and ZnO. The utilization of these metal oxides by layering them into
solar cells resolves the Schottky barrier and improves photovoltaic or power conversion

efficiency (PCE) up to 17% [46].

The bandgap in the CNT will affect the use of this material in the photovoltaic. The bandgap in
semiconductors will determine the wave spectrum that absorbs by photovoltaic. CNT bandgap
can be adjusted into different bandgaps. A study by C. W. Chen shows a bandgap modification
on Carbon and Boron nitride nanotubes using Single-Walled Carbon Nanotubes (SWCNT) with
chirality (10,0). This study successfully modified the semiconductor CNT bandgap with a zigzag

profile Using an external electric field[47].

CNT could also be used in the Dye-Sanitized Cell (DSSC) method, potentially improving PCE.
Research conducted by Colin et al. used CNT as a dye which resulting PCE improvement using

semiconductor CNT. The thin film contains 90% semiconductor and 10% metallic CNT[48].

2.3 CNT Synthesis method

In general, it is not easy to directly compare the production methods of CNTs objectively. Each
technique has its process steps, variables and requirement, resulting in unique advantages and
disadvantages. The number of CNTs research also continued growth and pushed the
limitations of the methods. Therefore, The primary consideration in the technique selections
comes down to the availability of the resources as it will be different in each location and
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condition. The summary of several previous research is presented in Table 1 as general

guidance.

Table 1 Comparison of CNT fabrication methods [49][50][51][52][53][54][55][56][57]

Properties Synthesis method
component Arc Discharge Laser Ablation Chemical Vapor Electrodeposition
Deposition
Advantages Inexpensive. Scalable Uniform Inexpensive,
SWCNTSs have production of SWCNTs. High uncomplicated
limited structural SWCNTs. purity. low set-up, abundant
defects. Simple Produces long temperature, high raw material
protocol. high- nanotubes. High purity, availability,
quality nanotubes  purity. large-scale Flexible method to
Controllable production, produce SWCNT
diameter. aligned growth and MWCNT.
Relatively high possible relatively low
purity, temperature,
room- large-scale
temperature production
synthesis
Disadvantages Short nanotubes.  Cost and labour-  Best fit for SWCNT
Inconsistent size intensive producing production will
of technique MWCNTSs. sacrifice the setup
SWCNTs. A Method limited to  Synthesized simplicity and add
heterogeneous the lab scale, CNTs are usually catalyst
reaction crude product MWNTs, defects  preparation.
product requires purification Under ongoing
purification. required investigation,
High temperature, research is not as
purification established as
required, other methods.
tangled
nanotubes

The four methods can also be compared by comparing Appendixes 8, 9 and 10. The arc
discharge method is typically synthesised in Argon, Hydrogen and Helium environments, and
afew are in methane. Most of them used pressure below atmospheric and relatively low voltage
~20V with up to 200 A of current. The CNT quality of this method ranges from SWCNT (1- 20
nm ) and MWCNT (5-20 nm), with a growth rate up to 115 mg/min. Laser ablation is synthesised
using inert argon gas, resulting in up to 90% purity SWCNT with a 1g/day yield. The laser used
in this method typically is Nd: YAG with various wavelengths and pulses. The laser used in
laser ablation is notorious for being high power, up to 12000 watts. The environment

temperature is ~1000 °C and up to 1200 °C. Various metal catalysts are also used; the common
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one is Ni. The CVD method uses hydrocarbon gasses as the prime carbon source. The working
temperature of CVD is 550 °C up to 1200 °C. Catalyst research for CVD is the prime topic, but
Ni, Co, and Fe are the most common use. The CVD can produce SWCNT with a 450 mg/h
yield. The Electrodeposition method uses molten salt to synthesise CNT; the molten salt uses
LiCO3 typically. This method does not require catalyst preparation because the electrode used
in the synthesis enables metal nuclei growth mechanism with supporting metal initiation from
molten salt[56]. The working temperature of the Electrodeposition depends on the melting point
of the salt (in Li-CO3 723 °C) up to 1200 °C. The electrode used in the synthesis is typically

metals and alloys with a 90% yield[55].

2.3.1 Arc discharge

lijima first used the arc discharge method to produce a carbon nanotube in 1991 from pure
graphitic carbon soot [1]. He reported that needle-like tubes of carbon could be synthesized by
this method; CNT was produced at the cathode ranging from 4 to 30 nm in diameter, up to 1u
single wall and multi-wall. After discovering these novel materials, many researchers suggest

different environments and settings improve the final result.

Arc discharge deposition is a method that places positive and negative electrodes a few
millimetres apart. A high current is used to form a spark or plasma, decomposing the source of
carbon and forming CNT. The arc discharge method can be classified into carbon and metal
electrodes based on the electrode and carbon source (Figure 10). The first method uses metal
electrodes submerged in toluene, and after arc discharge is initiated, it will decompose the
toluene, which acts as a CNT source. T. Okada et al. and M.V. Antasari et al. studies are
examples of this method[58][59]. The second method, which uses carbon electrodes, is similar
to the first method in utilizing arc discharge to decompose carbon sources and produce CNT.
However, in this method, the carbon anode sublimes and evaporates at high temperatures

giving a carbon source for CNT. Thermal energy in plasma disintegrates carbon vapour into
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carbon ions, moves to a relatively lower temperature cathode, and forms rod-shaped

deposition.

A catalyst affects CNT growth in the arc discharge process, and the favourable use of catalysis
was using a graphite anode rod with a drilled channel and filling it with catalyst. The catalyst
preparation can be varied but generally contains Ni, Co and Fe. Due to the wide range of
catalyst types and mixtures, the effect of catalyst is vastly varied, and the mechanism of the
catalyst effect is followed. For example, X. Lin (1994) proposes that copper's presence will
enhance the smaller and single-layer form of CNT. The hypothesis was that copper's existence
changed the arc produced in the system by altering temperature distribution and halting the

growth of multilayer CNT[60].

Other factors, such as temperature, pressure, electrode shape, and size, affect CNT growth
and the overall complexing process. However, the effects were tracked down into the critical
points of the arc discharge method, producing a high-temperature arc to dissolve the carbon

source, followed by plasma generation and later deposits as CNT.

The most significant parameter in this method is the amount of current because it directly
relates to the energy used in this synthesis. Also, the direct current type is used more than the
alternating current. Alternating current is not favourable because the carbon ion will likely be
detached from the carbon deposit and inhibit the CNT growth process. Other variables that
significantly influence energy consumption are temperature and catalyst. These two variables

determine the nucleation process and the quality of the CNT.

Based on Appendix 8, the synthesis uses 40-200 A arc current, 18-20 V potential difference,
30-120 minutes synthesis time, and produces 10-3-6.8 g/ minute. As mentioned, the cost
reduction of CNT can be linked to energy and time consumed in the process. The main point
here is to reduce arc current at least stay in the 40 A and produce as many as possible CNT in

the shortest time. However, the catalyst also has a significant effect on the synthesis. Shi et al.
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use Ni—Y catalyst that is placed in the small hole at anode rod carbon [61]. This modification
method not only produces MWNT but also SWNT type armchair (n, n) type tubes with n =8, 9,

10 and 11. This production is rapid progress because it lowers arc current yet keeps the quality

of CNT.
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Figure 10 Arc discharge method types a) Arc discharge using carbon electrode b) arc

discharge using a metal electrode

2.3.2 Laser ablation

Laser ablation uses metal graphite composite as the primary feedstock of carbon (Figure 11).
The composite can be varied. In the first introduction of this method in 1995 mixed of high purity
metal/metal oxide and graphite powder was used[62]. In the study, Ni and Co were used to
learn the behaviour of metals in the laser ablation process[63]. The graphite composite is hit
by pulses laser in the high-temperature reactor, and then inert gas carries vapours to the cooled
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reactor, which collects the CNT. Single-wall carbon nanotubes are produced without the
presence of multi-walled nanotubes. Combined metals as graphite mixture improved yields
further in these studies. The addition method in laser utilization can also improve the outcome

by using a continuous-wave laser[64].

GAS INLET
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ﬁ
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LASER BEAM LENS TARGET COLLECTOR

Figure 11 Laser ablation setup

There are several keynotes drawn by analyzing previous research. Firstly, both pure graphite
and catalyst mixed graphite can obtain CNT. MWCNT with 4-24 layers can be acquired by

hitting a 1.25 cm pure carbon rod with 3mm and 6mm laser beam spot (Nd: YAG with 532 nm

wavelength) in a 1200 °C/ 500 torr quartz chamber[65]. Because of the limitation of graphite
targets, the quality of CNT can be improved by changing other parameters. The utilization of
metal catalysts in graphite affects the yield, types and quality of CNT. Comparing the result
using different metal catalysts, Ni had the most significant yield, followed by Co and Pt. In
contrast, Cu and Nb do not produce any nanotubes. The bi-metal graphite mixture is superior
to the mono-metal, with the most significant yield achieved by Co/Ni and followed by Co/Pt,

Ni/Pt and Co/Cu, respectively[62][64].
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Secondly, the adequate pressure of the laser ablation is ~500 torr if lower pressure is used,
resulting in high amorphous carbon and while using higher pressure, lean to a large quantity of
MWCNT with fine structure[66]. Thirdly, high temperature (>1000 °C) results in an increased
yield and less defect CNT[65][67]. However, high temperature also raises CNT diameters[68].
Fourth, argon is frequently used in laser ablation, but research suggests that hydrogen reduces

amorphous carbon[69].

2.3.3CVD

CVD, generally used to produce thin film and substrate similar to PVD, is a reliable method to
produce CNT. In 1996, Hongjie Dai reported that SWNT synthesis was possible using the CVD
method [70]. The process involves two steps: (1) the preparation of the catalyst on a surface
and (2) the growth by the decomposition of reactant gases. The catalyst metals commonly used
for nanotube growth are Fe, Ni and Co [71]. Decomposed hydrocarbon vapour or volatile

carbon will grow on the prepared metal catalyst, which acts as the CNT's nucleation site.

On the catalyst preparation side, previous research attempts to increase the amount of product,
increase the quality, and homogenize distribution by tweaking, adjusting, changing, and using
different approaches to prepare the catalyst. Furthermore, changing the pressure, carbon

feedstock flow rate, and temperature can improve the growth process.

The bulk synthesis can be achieved by utilizing the sol-gel technique based on Al,O3; and Mo
nanoparticles on catalyst preparation[72]. This method allows the growth of SWCNT on a more

significant amount while maintaining CNT quality.
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Figure 12 CVD method setup to synthesise CNT

Carbon monoxide is an alternative carbon feedstock rather than hydrocarbon, such as
methane. Both can be mixed to achieve good emission properties[73]. Combining carbon
monoxide and iron pentacarbonyl as a catalyst in gas form reduces amorphous carbon as a

side product, which will need to eliminate in the purification process.

Controlling the pressure of feedstock and the overall synthesis process also affects the size
and diameter distribution of CNT. Combining higher pressure with a gas-phase catalyst
produces CNT in a smaller diameter and better distribution. This characteristic can be explained
because the pressure in the carbon source causes a faster disproportionation reaction and
supplies the C atom earlier to the catalyst particle before forming a more extensive particle.
This reaction leads to a smaller diameter CNT and gas-phase catalyst, ensuring the catalyst is

well distributed and has better diameter distribution [74].

2.3.4 Electrodeposition method

The Electrodeposition method was used in 1966 as the carbon capture technique. In the
previous research, Ingram et al. used a gold electrode with a 20% mixture of palladium,

platinum, gold and stainless steel. Electrolyte used was Li,CO5;, Na,CO;, K,CO; with
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temperature and potential external variation of 600 °C, 773 °C and 2-2.6 V, respectively. The
result was a deposited amorphous carbon. This deposit was only 3% solid carbon; the rest was

an electrolyte mixture [75].

The Electrodeposition technique could utilize atmospheric CO, as a carbon source. This
method can decrease CO: in the atmosphere, considered a greenhouse gas and one main
factor of global warming. This hypothesis was proposed in the previous study [56][76][77][78].
Future life cycle analyses of these processes might be needed to make this hypothesis more
admissible. The most feasible advantage of the Electrodeposition in current progress is
relatively uncomplex equipment and source (Figure 13). Therefore, allowing the
Electrodeposition method to be conducted everywhere. Furthermore, the end product of the

Electrodeposition technique might have a high value.

CATODE ANODE

GAS INLET I GAS QUTLET
L 8 1= I

— FURNACE
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Figure 13 Electrodeposition setup
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2.4 State-of-the-art Electrodeposition method to produce CNT

As mentioned in chapter 2.3.4, the Electrodeposition method was introduced as carbon capture
technology in 1966[75]. The first attempt to apply this method to produce CNT was made by
A.T. Dimitrov in 2009 [79]. In this experimental work, a carbon crucible was used as an anode,
and a graphite rod (6.5 mm diameter) acted as a cathode. Molten LiCl + 5% Li.COs3 at a
temperature of 700 °C was used as an electrolyte. The result was that there was no CNT
detected in the end product. Therefore, it was concluded that Electrodeposition is impossible
to use as a CNT production method under their applied conditions. Another work of
Electrodeposition was conducted by Happiness et al. in 2014 [80]. Utilising platinum wire
electrodes was also concluded that no CNT was found. X. Qiao et al. in 2013 [81] and D. Tang
et al. in 2013 [82] also studied the Electrodeposition method resulting in no evidence of CNT.

However, all of these studies increase the production rate of the carbon capture process.

Electrodeposition has received a better response to produce CNT since the work of J.Ren et
al. [56] was published and provides a roadmap to guide electrodes used in the research (Figure
14). This work successfully converted CO to high-yield uniform Carbon nanofiber, and later in
2017, the work continued and confirmed that the end product was CNT[83]. The novelty
research finds CNT in the end product is that they enable metal nuclei growth mechanism with
supporting metal initiation from molten salt. Further tracking airborne CO; research also shows
that CO; reactant in the Electrodeposition method provides an additional economic incentive

to remove CO- from the air or stack emissions [76].

After J.Ren's work, more research confirmed and added more information regarding the growth
of CNT in the Electrodeposition method. Douglas et al. in 2017 [55], [84] confirm the Ni nuclei
growth with Zinc initiated path suggested by J.Ren in this research, MWCNT produced up to
30 nm in diameter. Further study in 2019 by S. Arcaro et al. [57] proves that not only Zinc can

be used as a metal initiator but also Cr. Douglas et al. [55] also successfully produced SWCNT
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alongside MWCNT with additional catalyst preparations, including the Ni coating process with

500 cycles (~50 nm) of Al;Os.

From all the previous work, some gaps need to be filled to improve the Electrodeposition
method. The important one is using pre-CNT findings (before 2015) to improve the production
rate of CNT. For example, D. Tang et al. 2013 [82] improved the productivity of carbon products
compared to Happiness et al. in 2014 [80] which proves the upscale capability of the
Electrodeposition method. Combining the metal nuclei growth mechanism with supporting
metal initiation from molten salt knowledge [56] with the improvement of production rate is
necessary to stimulate this method to gain more valuable products. The gap in material types
as the electrode also needed further study since the metal initiator might be replaced with an
unknown effect. All profound studies are also incomplete, with a wide range of parameters
used. Therefore, a complete study is needed to wrap up all of the previous research.
Furthermore, a study which improves CNT production while maintaining the uncomplex

characteristic of Electrodeposition is necessary.
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Figure 14 Roadmap research of electrode used in carbon Electrodeposition method to
produce CNF [56]
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2.5 Effect of variables in Electrodeposition method

Research on carbon nanotubes has been conducted for more than 20 years since their
discovery. The CNT's growth and chiral control have been a scientist's ultimate goal. It is
essential because these controls will open new opportunities for CNT application, reduce the
purification process's effort, and reduce the production cost of CNT. In the initial study, the
researchers attempt to control the synthesis by tweaking the Electrodeposition Variables. This

chapter will discuss the current research on adjusting Electrodeposition process variables.

2.5.1 Temperature

The second factor is the synthesis temperature. ljije et al. [80], [85], [86] used a temperature
variation of 450-900 °C. The research results explained that carbon growth was influenced by
the calculation of Gibbs free energy in the Electrodeposition process. In the potential free
energy of alkali metal calculation, the standard value of pure metal potential (Ey) and the
potential required for carbon to occur or the standard value for carbon potential (E¢) will
determine the ease of carbon deposits. Among the options for the alkaline metal, Li has a value
of Ey; which is relatively more negative than E¢. Therefore, Li is a good choice in electrolyte
selection. Alkali alternatives and other alkali metals, for example, K and Na. Tends to have E{(,[
a value that is equal to or more positive than E¢. This study explains that the optimal carbon
formation occurs at a temperature of 900 °C because the value of E; is closer to the value of
0 compared to the value of E¢ at a temperature of 700 °C. However, the formation of better

carbon occurs at lower temperatures due to the value of (Ey,) minus the E¢ value is greater.

Tang et al. [82]explain that temperature variations affect the Electrodeposition method because
the more significant the temperature used, the bigger the carbon. It can be seen from the results
of these studies that at temperatures of 450 °C, the results obtained are 50-250 nm, while at
temperatures of 550 °C of carbon obtained between 500 nm - 1 ym and at temperatures of 650

°C obtained size of more than 2 uym. In addition, Arcaro et al. [57] research used a temperature
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of 770 °C. The results obtained in this study are MWCNT (Multi-Wall Carbon nanotubes) carbon
deposits with a purity of 90% for an outer diameter of 100-125 nm and an inner diameter of 25-

40 nm.

The Electrodeposition temperature affects overall synthesis in several ways. One example is
the changes in temperature resulting in changes in the electronegativity and conductivity of the
salt. The changes in electronegativity and conductivity result in different sizes, purity, and
quality of CNT products, which sometimes conflict. Therefore, further studies are needed
regarding the effective temperature in producing large amounts of carbon while considering

CNT quality, size and purity.

The temperature effect in the Electrodeposition process is that the higher temperature will
produce a bigger particle carbon deposit. The study conducted by D. Tang et al. in 2013
fabricated 50-250 nm of carbon product at 450 °C while at 550 °C and 650 °C produced bigger
particles which are 500 nm-1 ym and > 2 um, respectively. The carbon product morphology

was amorphous, flake-like, and sheet carbon at each respective temperature [82].

Further investigation of molten salt working temperature is conducted using the potential
energy of earth alkali reduction and comparing it to the need for potential energy to deposit
carbons. This study investigates the reduction of Li, Na, and K in 450-900 °C range
temperature. When analysing the data of metal alkali reduction energy (Ey;) and energy needed
to cause carbon deposit (E2) (Table 2), carbon deposit will be favourable in approximation 700
°C either to produce CO or to produce C deposit using Li-based electrolyte [85]. However, Na
and K-based electrolytes are not favourable in the carbon capture system because they have

lower potential energy differences than Li.
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Table 2 Standard potentials vs CO3?/CO2 O, for converting metal carbonate to pure metal,
carbon and carbon monoxide for Li, Na and K carbonates at different temperatures [85].

T (°C) Metal Ey (V) EZ (V) EZ (V)
450 Li -3.12 -1.78 -2.15
Na -2.71 -2.61 -2.61
K -2.77 -3.15 -3.98
540 Li -3.01 -1.71 -2.01
Na -2.59 -2.53 -3.11
K -2.65 -3.06 -3.81
620 Li -2.91 -1.65 -1.89
Na -2.49 -2.47 -2.98
K -2.54 -2.98 -3.66
700 Li -2.82 -1.59 -1.79
Na -2.39 -2.4 -2.86
K -2.43 -2.9 -3.52
900 Li -2.5 -1.48 -1.53
Na -2.14 -2.26 -2.59
K -2.19 -2.73 -3.2

Studies of temperatures greater than 900 °C show ineffective in capturing atmospheric carbon
dioxide. First, by observing Table 2, the pattern of differences between Ey; and EZ It will be
decreased at a higher temperature. This decrease could mean that the system's energy will be
less favourable for using carbon deposit energy. Secondly, Liwen Hu et al. show that at 950
°C, there is no carbon deposit [87]. This case proposed by the writer explains that at 950 °C,
the reduction energy from CO3? to CO is lower than CO3? to C. This study also might indicate
that temperature will affect the shape of the carbon product in the Electrodeposition. This study
uses 650 °C, 750 °C, 850 °C, and 950 °C as temperature variables. At 650 °C, 750 °C, and
850 °C, the carbon deposit tends to be shaped flake-like, rolled ball-like, and flat-shaped,

respectively. At 850 °C, fewer layers were formed if we compared them to lower temperatures.

Experiment research conducted by Aracaro et al. might indicate that the Electrodeposition
process's optimal temperature is around the melting point (723 °C) of lithium carbonate[57].

This research was conducted using 770 °C temperature, 0.5-2 A current, 1-4 hours synthesis
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time, and galvanized steel-nichrome electrode. As a result, this experiment produces carbon

deposits in MWCNT form with 90% purity with 75-85 nm wall thickness.

2.5.2 External potential and current

External potential use in Electrodeposition needs to be investigated further due to two factors.
The first factor is that the layer thickness deposited varies based on the size of the external
potential. Based on previous research [88], the more significant the external potential, the
thicker the resulting carbon deposit and vice versa; the smaller the external potential, the
thinner the carbon deposit will be. The second factor is the current stability, which is different
for each external potential value. Research in 2013 [82], the external potential used was 3V-
6V and at specified temperatures of 450, 550, and 650 °C with a carbon source of CO,. The
result shows that the external potential at 3 V and 3.5 V tends to reach stable conditions quickly.
The current reaction increases with increasing external potential and temperature. The particle
size of carbon increases with increasing temperature, but the potential external effect on carbon
particle size is more complicated than the temperature effect. Research in 2013 [82] obtained
information on the relationship between external potential and current in the Electrodeposition
process. The increase in current at constant external potential is an indication of the
acceleration of the reaction between CO, and O? increasing COz%. With the rise in COz*
concentration, the conversion of C and CO from CO- occurs faster. Based on its complex nature
found in former research, external potential in Electrodeposition needs to be studied to optimize

the CNT yield.

External potential acts as an electron composition changer in the Electrodeposition system. For
example, in equation 1, the oxidation of COzinto CO3? ions is possible because the excess of
an electron in the system provides external potential. One way to achieve the attempt to control
CNT growth in terms of external potential is by varying current or external potential. The value
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of current and external potentials will vary depending on the electrolyte and electrode used. In

general in Li2CO3 external potential values are 2-6 volt [82].

3C0, +4e™ - C + 2C05* Equation 1

The stability of external potential also needs to be considered in the Electrodeposition Study
conducted by Diyong Tang et al. using 3-6 V external potential, Li>CO3-Na>,CO3-K,CO3z mixture
electrolyte, and Ni electrode. This study showed the time needed to stabilise the current in the
constant external voltage [82]. Therefore initial low current (approx 0.05-0.4 A for 5-10 minutes)
might be needed during Electrodeposition preparation to prevent rapid stabilization in the

system [83].

Other research also suggests that during the Electrodeposition process, the increase of the
current value is one of indication the reaction between CO. and O% in the system, which
generates a higher concentration of CO3%. A high concentration of CO3% will promote the faster

conversion of C and CO from CO; [87].

Some evidence also suggests that a high external potential effect increases carbon deposit
amount. M. Gao et al. conducted experimental research using -2.1, -2.4 and -2.6 volt external
potential at 723 °C for 5000 second synthesis time[89]. The result shows that the carbon
deposit covered Ni cathode, and the carbon amount increases with the rising external potential
value. XRD analysis also supports this result, which shows that Li>O composition is lower in

the -2.6 V than lower external potential.

2.5.3 Synthesis time

In ljije et al. research, the Electrodeposition time was 30 minutes and 60 minutes. The highest
growth rate produced was 0.1107 g cm™ h™' with 30 minutes of Electrodeposition time at a

temperature of 540 °C, and a decrease in the carbon growth rate of 0.0917 g cm? h' at a
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temperature of 900 °C [80]. In their study, Tang et al., 2013 used a time variation of 150-900
minutes for the Electrodeposition process, with the highest results obtained at 250 minutes with
856.26 cm? g [82]. In Douglas et al. research in 2018, the time used was 60 minutes in all
experiments. The CNT obtained on the electrode with a thickness of 0.5 nm of Fe layer, namely
the average diameter between 10-38 nm and an average diameter of 23 nm, while for the
thickness of the Fe 5 layer nm CNTs obtained are 19-62 nm in diameter with an average
diameter of 33 nm [55]. From these researches, there the optimum timing in Electrodeposition
which still unknown. Finding the right deposition time is needed to optimize Carbon Nanotubes'

growth rate.

The longer synthesis time likely produces more carbon deposits. However, the optimum carbon
growth rate needs to be considered. In general, Electrodeposition process is taking 15 to 900
minutes which also depends on other parameters [55], [80], [82], [83]. It is hard to pinpoint the
adequate time because of the wide range of Electrodeposition time. Furthermore, it is also

affected by various variables, making the optimization of Electrodeposition time intricate.

Many factors influence the carbon deposition rate that occurs in the electrode. Some of them
are physical and metallurgical factors, which as the thickness of deposited carbon. For
example, the thickness of the deposited is closely related to the electrolyte's conductance. The
electrolyte's conductance determines the number of ions and ions' speed movement in the

electrolyte solution. The thicker the carbon deposited, the smaller the deposit rate [90].

More carbon will be deposited in the longer Electrodeposition time, but the carbon growth rate
will be low. This phenomenon is due to the thickness of the layer getting thicker; the electrolyte's
conductance becomes low and results in a lower number of ions. These thick layers of
deposited carbon cause high resistance in the electrode[91]. Furthermore, the movement of
ions in the electrolyte decreases. If the resistance is considerable, which results in smaller

conductance, the rate of carbon deposits will decrease.
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An experiment study by H.V. ljije et al. employs 30-60 minutes of synthesis time. The highest
carbon growth rate value is achieved in the 30 minutes of Electrodeposition time, 4 V external
voltage, and 540 °C temperature settings, 0,1107 g cm? h™' utilising platinum electrode and
Li.CO3—K>COs3 electrolyte [80]. In the different settings, Douglas et al. Implemented 60 minutes
of synthesis time in all their experiment. CNTs produced in this experiment ranged from 10-62
nm depending on Fe catalyst size [55]. These two research indicates that a longer deposition

time will decrease the deposition rate.

Research by Tang et al. Using 150,170,250, and 400 minutes Electrodeposition time in 450 °C
temperature setting[82]. Carbon deposit produce in these settings are 306,67 m?g”', 558,10
m?g, 536,41 m?g’', and 613,76 m?g' respectively. From this research and specific setting, 170
minutes of Electrodeposition was suggested. Based on previous research, Electrodeposition
time will affect the deposition rate differently. Therefore it is needed to optimize the

Electrodeposition time to produce a better product.

2.5.4 Electrode and Catalyst

The electrode material used is an interesting variable because it has a significant role in the
Electrodeposition method. There were at least two roles of the electrode in the
Electrodeposition; the first was to deliver external potential into the system and the second one
as a catalyst. An early research assessment was that a synthesis of CNT and CNF is not
possible using electrolysis in molten lithium carbonate because of the reversible inclusion of
carbon into the cathode[92]. However, later research shows that the carbon growth mechanism

in the Ni and the zinc-initiated path will promote CNT growth[56].

In the major experiment research, the electrodes' role in the Electrodeposition method is the
location of carbon growth or carbon collection, application of external potential, and catalyst. In
the previous research, an electrode's effect on carbon growth is limited to producing graphite
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in the nanoparticle form [79]. However, later research shows that a metal catalyst in the

electrode results in an MWCNT product in the electrodeposition[56].

The utilization of catalysts in the Electrodeposition transforms these processes into advantages
by affecting the types, sizes and shapes of the carbon growth. Therefore, it makes a catalyst
to achieve the ultimate goal of CNT growth research, which is controlling the growth of CNT.
Catalysts used are varied in the metal transition types of materials. The existence of metal

transition, such as Ni, Cu, Fe, Co and Zn, is vital as nucleation points of CNT growth.

A study by M. Johnson uses Zn-coated steel and Monel cathode with Ir, Ni, and Ni-Cr anode.
The Zn-coated steel cathode and Ir anode experiment resulted in no CNT growth. The Zn-
coated steel with Ni anode produces CNT with a wavy profile. Monel cathode with Ni-Cr anode
resulting in mixed straight and wavy CNT. The report suggests it is also an effect of pre-

conditioning the Electrodeposition system, not only catalyst or electrode selection [20].

Research by Arcaro et al. using galvanized steel and Ni-Cr electrode, 1-4 hours of synthesis
time, Li.COs electrolyte, 770 °C temperature and 0.5-2 A current. Ni-Cr cathode and galvanized
steel anode resulted in an MWCNT outer diameter of 135 nm and 40 nm of inner diameter.
However, the galvanized steel cathode and Ni-Cr anode result in the inner diameter of MWCNT
154 nm and 25 nm of inner diameter [57]. These different results indicate that changing the

cathode and anode will produce different diameters of CNT.

The type of cathode used in Electrodeposition will affect the amount of carbon obtained on the
cathode. Based on the research of Sigit et al. [93], it was revealed that the Pt-Pt electrode and
the Pt-SS electrode had different amounts of sediment. More deposits were obtained at Pt-Pt
electrodes with the same experimental method. Gunawan et Al. have also researched
electrode material's effect on the quantity of sediment received [94]; they revealed that Cu-C,
Zn-C, and CC electrodes could be used, but the efficiency and precipitation results are different.

Hannula et al. [95] have researched CNT production by Electrodeposition. In this study, Ni and
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Cu electrodes were used. However, no further research was carried out in this study regarding
the effect of variations in electrode materials on the resulting carbon nanotube growth rate. The
electrode material's impact on the formed CNT, Arcaro et al. [57] revealed that galvanic and
Ni-Cr cathodes have almost the same outer and inner MWCNT diameter. However, the Ni-Cr
cathode MWCNT has better wall quality and is smaller. The electrodes have significant roles
in Electrodeposition, affecting the amount of end product of Electrodeposition. The effect of the
electrode in the synthesis is complicated since it also acts as a catalyst. Therefore, it is
necessary to understand further the relationship between the electrode used and the

characteristics of carbon nanotubes (CNT) produced using the Electrodeposition method.

2.5.5 Carbon source

There are several choices of gases which previously been studied in Electrodeposition.
However, the technology of greenhouse gas reduction is preferable; therefore, methane and
carbon dioxide are the primary gasses of interest [96][97]. Two types of gas delivery systems
are directly from absorbed atmospheric CO; or bubbled into molten salt. The bubbled method
is superior, indicated by lowering potential in the system[98]. Concerning CO. flow rate,
research in 2007 by Chen Mi et al. explained that the amount of CO; that enters affects the
growth rate of carbon nanotubes in the carbon deposit process. The more CO- enters, the more
carbon is formed, but CNT is rare.

Meanwhile, reducing the incoming CO- flow tends to develop more CNTs [99]. The reduction
of CO. flow also means the carbon source in the system is also being reduced, limiting the
Electrodeposition process. Therefore, further studies are needed to obtain optimal carbon
source flow, which increases CNT growth.

Two primary greenhouse gasses are carbon dioxide and methane, which can be used in
Electrodeposition. However, This research will be focused on CO,. Several factors affect
carbon nanotubes' growth rate in depositing carbon nanotubes. The main influence factors
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were atmospheric CO; (carbon source), temperature, external potential, time, and electrode.
An indication of the effect of CO. on the growth rate of carbon nanotubes is that using more
COgz in the depositing process will produce more carbon deposits, but it does not guarantee
that more CNT will be created. Chen mi et al. discussed this topic in a 2007 study, explaining
that the amount of CO, that enters affects the carbon nanotube growth rate. The more CO-
enters, the more carbon is formed (0-100 sccm CO; flowrate), but the CNT is rarely formed.

Meanwhile, reducing the incoming CO; flow tends to develop more CNTs [99].

Previous research shows that Electrodeposition systems utilize CO, and convert it into carbon
products. The carbon formed in the system can be produced by two processes which are direct

and indirect. The direct process is a process without metal alkali, which is shown in Equations

2-4,

CO, +4e™ > C + 20% Equation 2
CO, + 0%~ = C03*~ Equation 3
CO3%™ +4e™ - C + 302" Equation 4

The direct carbon capture process occurs with the presence of C0;%~ that changed into C and
O ions. The indirect process involves metal alkali, which, in this case, is Li. This process is

described in Equations 5-9.

Li,CO5 = Li,0 + CO, Equation 5
CO3%" 4+ 2e™ = C0,%™ 4+ 0% Equation 6
C0,%™ +2e~ = C +20% Equation 7
Lit +e” > Li Equation 8
2Li + Li,CO3 = C + 3Li,0 Equation 9

Indirect carbon capture involves the presence of alkali metals. Li presence promotes carbon
deposit from CO- by side product of Li»O. This process is likely to occur because the value of

Ef; is more negative than EZ [80].

54
A.F.Fikri, PhD Thesis, Aston University 2021



In general, CO2 needed in the Electrodeposition is discussed in the study by J. Ren et al., which
utilized ambient CO- directly from CO,, which estimated CO, content is 0.04% or equal to 1.7
x 10° mol of tetravalent carbon per litre. The diffusion process of CO: in lithium carbonate
depends on how much Li, 0 is formed. Because the process is reversible, the faster the reaction
process from lithium carbonate to Li,O+ CO, and CO,, which is separated from lithium
carbonate into carbon, the faster the diffusion process of CO, which is introduced from outside

the system, meaning more carbon will be deposited in the process.

2.5.6 Electrolyte

In the Electrodeposition process, Gibbs's free energy can determine the ease of carbon
deposit. En, and E. values will determine the carbon deposit tendency in the calculation. The
presence of alkali metal will promote indirect carbon capture, as discussed in the carbon source
section. Several alkali metal options are Li, Na, and K. all of these alkali metals can promote

this process.

Using Table 2 and comparing alkali metal, C and CO potential energy values, we can determine
that the highest value of potential energy difference (Em — Ec and Em — Ec) is achieved by Li
at 450-900 °C. This value means the Li-based electrolyte is more favourable to use in the

carbon capture system than Na and K-based electrolytes [85].

Adding a substance to the primary electrolyte might affect the Electrodeposition product. For
example, the addition of LiBO2 with less than 10% of Li-COs could improve the quality of the
CNT product. J.Ren et al. [56] used 50 gr Li>COs with 1.5, 3, and 5 gr LiBO,. This addition
resulted in a 200-500 nm CNT product alongside 10% of amorph carbon. The addition of LiBO>

of more than 10% shows the inconsistency of carbon products.

2.6 Molecular dynamics simulation of the Electrodeposition process
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Molecular dynamics (MD) is a method for analyzing the movement of atoms and molecules by
solving the classical equation of motion. The law that presents how particles interact in the
system is needed for this equation numerically. Although the perfect law generally does not
exist, we can use the force field or constructed model approximations. These approximations

will be varied in accuracy, and realism depends on the levels of theory and source used.

The molecular dynamics (MD) approach is a method to investigate an atom's location in space.
In this approach, a single-point model is substituted with a dynamic model where the nucleus
system is adjusted with a motion equation. Simulation of motion equations applied using
Newtonian dynamics classic equation [100]. This simulation describes natural motion from a
molecular structure driven by energy procedure, so atomic movement and interaction are
possible. Molecular dynamics, in general, is used in the system with nanometer and
femtosecond scales. However, MD can be used on a bigger scale using the MD acceleration
method [101], [102]. The illustration of the MD position in the simulation selection can be

analyzed in Figure 15.
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Figure 15 Simulation selection based on length scale and time scale[103]

Using the molecular dynamic method to simulate carbon Nano-tube growth is convenient
because molecular dynamics can be considered adequate to simulate material on the
nanoscale, as described in picture 12. The Finite element method will be suitable if the
simulation is on the macro scale. While if the simulation is on the Pico scale, the quantum
mechanics-based method will fit. In addition, the molecular dynamics time scale can stretch

by accelerating it.

Many approaches were used to perform Molecular dynamics, but the essential requirement is
that we provide initial values such as initial velocity and position for every atom in the system.
In MD, the system's total energy is the sum of the kinetics and potential energy. While kinetics
energy is affected by the system's temperature, the acceleration given to each atom is

estimated from the forces it accepts, regulated by the force field[104].
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The interest in MD was driven by its comprehensive utilities and convenience. one of them was
its graphic representation of moving atoms and how they interact, which also gives benefit in
detailing how distinct atoms act. Another benefit is the ease of controlling and configuring the

environment, such as temperature and pressure, compared to the experiment counterpart.

In most cases, some assumptions need to be addressed during MD simulation. The first one is
atom's behaviour is similar to a rigid body and obeys Newton's law. In general conditions, the
quantum effect on atomic dynamics is negligible except for light atoms such as liquid helium.
The second assumption is related to modelling how particles interact with each other and how
specific or detailed the interaction would be. In this assumption, it is required to capture

essential features without negatively impacting the simulation's productivity [105].

Fabrication of CNT is expensive, and optimisation using an experiments approach can be a
disadvantage in terms of effectiveness, cost and general performance. Therefore simulation
approach can be used as an alternative. Two simulation techniques that are commonly used
are Ab Initio and Molecular Dynamics. However, the Ab Initio approaches are CPU intensive.

Therefore, Molecular Dynamics is more favourable.

Molecular dynamics tools can vary depending on the simulation object, such as Abalone
(Protein and DNA) and CHARMM (molecular mechanics). There were two types of force fields
in general: reactive and non-reactive. The main difference between these force fields is in the
Reaxff bond determined by bond order calculation which is the product from interatomic
distance that updated each MD step. ReaxFF is force filed depending on bond order that

provides accurate information on bonding and breaking the bond.

2.7 Molecular dynamics state-of-the-art and limitation
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To perform MD, the embedded atom method (EAM) is a popular choice for the energy
functional [106] because it has been shown to predict relevant dynamics for a system, including
hydrogen adsorption and dissociation onto nickel [107][108]. This MD-EAM simulation is an

up-and-coming method that could be adapted to the Electrodeposition simulation.

However, some authors report that MD-EAM has a downside in that it is an expensive
simulation. This problem is because although parallel large-scale MD codes [48] and a large
number of parallel processors run over several days, simulations can only resolve time scales
on the order of nanoseconds. Even accelerated MD methods such as hyper dynamics [102]
are limited to small systems. To solve this problem and increase the performance of simulation,
T. Treeratanaphitak et al. [109] successfully performed the kinetic Monte Carlo methodology,
which uses the embedded atom method potential and includes collective diffusion mechanisms
(KMC-EAM), resulting in an accurate representation of the Electrodeposition process in
relevant length (microns) and time (seconds) scales. This development of the KMC-EAM
technique is also very suitable for simulating the process of carbon Electrodeposition, and it is
an excellent method to run this simulation using both methods to set a solid baseline of

simulation.

One research that successfully performs MD simulation in the process of single-wall carbon
nanotube growth is Y. Shibuta et al. [110]. This simulation is robust research which performs
nickel as a metal catalyst and randomly distributed carbon-source molecules as a carbon
source. Figure 16 describes the initial condition of the simulation; three types of face-centred
nickel crystals are used, which are Ni256, Ni108 and Ni32. Some of the results of the simulation
using Ni108 are described in Figure 17. Between 2 ns and 130 ns, the structure of the
hexagonal carbon network was growing. Some conclusions that can be achieved in this study
are the effect of metal cluster size, vapour density, and the step of the growth of the single-wall

nanotube. Based on other research, this simulation can be improved.
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It is possible to use KMC-EAM to improve the time scale [109]. This improvement could be
significant because if the timescale is improved, it might give more information about the
amount of energy required for CNT growth. Another possible improvement was maximising
the graphics processing unit (GPU) to speed up the simulation. The previous author reports
that applying their algorithm design could increase simulation performance by making the
calculation 700 times faster than conventional implementation [101]. This algorithm could help
perform the simulation of carbon Electrodeposition. Unlike previous research, which performs
two types of molecules (nickel and carbon), several molecules must be considered to perform
this simulation. Ni, Li, CO2 and CO3 will be calculated, and this molecule addition will add more
computation requirements. The improved performance might promise a solution to the

requirements problem.

Nig, (0.8 nm)

Figure 16 Initial condition of growth simulation [110]
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Figure 17 metal-catalysed growth process [110]
Despite the possibilities of simulation process improvement, some counterproductive points
might occur. The first point is that the condition of the simulation may not be able to imitate the
experiment's condition entirely. For example, the metal catalyst shape in the simulation is a
perfect sphere [110]. In the experiment, the shape of this metal catalyst might be varied. This
point needs to be investigated more to determine how it might affect the accuracy of the
simulation. The second point is that the time scale resulting from MD simulation might not
contain enough information needed to optimise the synthesis process. Although using KMC
and GPU optimisation, the time scale from MD simulation is still a few seconds. In actual

synthesis process will take at least 15 minutes.

The scale issue is the most obvious, with a few nanoseconds scales. Slow diffusion with many
chemical and physical processes happened, resulting in many order magnitudes that may need
another method to help solve. Energy and force calculation is the prime source of time scale
limitation. Another method was in the work progress besides GPU acceleration and parallel
calculation to solve this limitation. One of them is using custom design neural network
prediction. Feeding a neural network with enough data obtained from simulation results extends

the length of time scale accessible[111].
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2.8 Conclusions

The need for a new approach to CNT production is justified in the literature review. Comparing
the Electrodeposition method with well-established methods shows that Electrodeposition has
its value to explore. Electrodeposition is an inexpensive method due to an uncomplicated setup.
CO; as raw material has abundant availability. The Electrodeposition method can produce

MWCNT using a relatively low-temperature set-up and large-scale possibility.

However, there are some disadvantages and challenges to the Electrodeposition method. One
of the disadvantages is that SWCNT production will sacrifice the simple set-up with the addition
of catalyst preparation. The challenge of this method is the consistency of CNT production.
Some of the research found the CNT, while others reported the absence. Impartial variable
studies are also the central knowledge gap of the Electrodeposition method. Comparing studies
is difficult because researchers use different variable values resulting in different outcomes.
Furthermore, despite the challenges, the opportunity is the possibility of optimising the method

parameters to produce CNT with its advantages.
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Chapter 3 — Molecular dynamics simulation study

3.1 Method

In the MD, there are four main components described in Figure 18. MD calculation starts at
atom position determination. These atoms' positions are used in the interatomic energy
calculation. There are many methods to calculate interatomic energy. This calculation is divided
into two main categories: reactive and non-reactive interatomic energy. These energy
calculations are EAM, MEAM, and ReaxFF [109], [112], [113]. After energy is calculated,
acceleration and a new position of atoms can be determined. This process will be repeated

each time until the desired step is reached.

The molecular dynamics simulation assessed five factors: temperature, external potential,

carbon atom, step, and cathode materials. Temperature is applied as an argument for the Fix
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NVT command (Appendix 1). Four temperatures are used in the simulation, ranging from 723
to 873 °C. The 723°C was used since its realistic value of Li>.CO3 melting temperature, and a
higher temperature was used to determine the behaviour of carbon bond in temperature
change. The external potential is applied using a Fix Echemdid command. Echemdid is
LAMMPS external package to apply external potential[114]. The carbon atom number is
determined in the simulation cell creation. The goal is to understand the effect of lower or higher
carbon atoms in the system on carbon bonds created during simulation. The carbon atom is
used instead of CO; because the force field cannot yet describe CO; separation and creation.
However, it is sufficient to understand the carbon atom's behaviour in the system[110]. The
step represents the timescale of the simulation and is applied by the Run command. The
cathode used in the simulation used is Ni and Cu. These two materials are used since they are
the standard material used as an electrode in Electrodeposition[82]. Other electrode materials,
such as Zn and Cr, cannot be simulated since the force field for these materials is non-existent

yet. The electrode type used is created in the simulation cell creation.
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Figure 18 MD Calculation component

The Electrodeposition molecular dynamics simulation model utilises LAMMPS [106] as a major
source code. However, as discussed in this section, several additional tools were used to
support the simulation. Preparation of LAMMPS made with additional package such as Rigid,
Reaxff [113], [115], Echemdid [116]. After Analyzing and testing all the packages compiling an

executable file with all packages is necessary.

A simulation cell using LAMMPS consists of 3 regions: anode, cathode, and space between
them where carbon atoms will generate. Figure 19 is an example of this simulation cell. Three
atom materials in this simulation are Ni, Cu and C, with atom weights of 58.69 u, 63.55 u, and
12.011 u, respectively. Ni is used as an anode in all simulations with Face Centered Cubic
(FCC) structure. The cathodes in the simulation are Ni and Cu, also in FCC structures. Carbon

atoms were generated randomly in the space between the anode and cathode.
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The energy minimization was conducted using the built-in LAMMPS command. These
commands should be used under the correct iteration and evaluation number. After the
minimization process, an annealing process was completed above the recrystallization
temperature. The high temperature was used to ensure that the atoms did not collide. NVT
calculation was held on various variables. The energy minimization, annealing and NVT were
performed using the Reaxff force field [117]. Analyzing structure in this study using Ovito
software [118]. Variables used in the simulation are temperature, external potential, amount

of carbon atoms in the simulation and running step.

Figure 19 Simulation cell design

One of the Lammps input scripts developed for this simulation can be found in Appendix 1,
while the LAMMPS simulation workflow is described in Figures 21-22. The input script file
contains the units that are used, the atom style, the boundary of the cell, the instruction of the
task to perform, the parameters, the force field or empirical potential. LAMMPS provide several
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options for each variable and input file parameter, and many developers and users expand the
option to each case that might be more suitable. The first input is the unit of the simulation unit
that can be used in the simulation and could be varied, such as real, metal, and si. However,

this simulation used a real unit, which means:

e energy = Kcal/mole

¢ velocity = Angstroms/femtosecond
o force = Kcal/mole-Angstrom

e pressure = atmospheres

e dynamic viscosity = Poise

e charge = multiple of electron charge (1.0 is a proton)
¢ dipole = charge*Angstroms

e electric field = volts/Angstrom

e density = gram/cmd™

e mass = grams/mole

e distance = Angstroms

e time = femtoseconds

e torque = Kcal/mole

o temperature = Kelvin

The second input script is the atom style. The choice of atom style affects what properties are

stored by each atom. This simulation considers both molecule's form and charge quantity;

therefore, full atom style is used.

The third condition that needs to be specified is the boundary of the simulation system. in
LAMMPS, four boundary options can typically be used: periodic, non-periodic-fixed, non-
periodic-shrink-wrapped, and non-periodic-shrink-wrapped with minimum value. This
simulation uses periodic in x and y directions and non-periodic shrink-wrapped in the z-
direction. This condition means that an atom can always appear in the cell even though it
passes through the x and y directions. However, if atoms pass through the boundary in the z-
direction, the boundary will adjust as the atom moves and not move from one side to the other
side of the box. The purpose of z boundary adjustment is to make the anode atom not interact

with the cathode atom and vice versa.
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Several of the following input scripts are straightforward. These input scripts are called data
files, grouping atoms into a particular group for easier access and determining the time step.
The smaller number of time steps will increase the accuracy of the simulation. The next step is
to input the interatomic potential by calling pair style potential and the pair coefficient potential

files.

The next step is to give an instruction script for calculating and displaying thermodynamics
information on the time step. The thermodynamic components are potential, kinetic,
temperature and Vander Waal pairwise energy. Instructing to display the result of every desired

step is also essential in this step.

After setting the output calculation and display, the electrochemical potential is applied.
Applying this external electrochemical potential requires some adjustment using Echemdid
[116]. Echemdid is an external user package that can be implemented in LAMMPS based on

the reax/c package.

The further action of this simulation is the energy minimisation process. This process also uses
reax/c atomic interaction because it can apply a reactive force field, not only the attractive and
repulsive force field. Minimisation is an essential process to prepare all the atoms as in an
actual experiment because it is the nature of an atom to be in its lowest energy level. After the

atom is prepared, the electronegativity in the electrode area is applied.

The last step before running the simulation is writing a fix command about the thermodynamic
ensemble and what kind of Echemdid will be applied in this simulation. Figure 20 can be used

as a general rule to make this command easier to understand.

N M
Y P
E T

Figure 20 General rule fix command (N = Number of atom; y = Chemical potential; V =
Volume; P= Pressure; E= Energy; T= Temperature)
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Six variables can be used to apply this command: the number of atoms; chemical potential,
volume; pressure; energy; and temperature. However, one variable is not working with another
variable. In Figure 20, the variable in the same horizontal line can not be used together. When
the number of an atom is fixed, the chemical potential cannot be fixed simultaneously. A similar
condition is applied for two other pairs: volume-pressure and energy-temperature. When

volume is static, pressure cannot be fixed.

In this simulation fix, the NVT command is used. These commands will perform time integration
on Nose-Hoover style non-Hamiltonian equations of motion [119] which are designed to

generate positions and velocities sampled from the canonical (NVT)*.
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Figure 21 LAMMPS workflow
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Figure 22 LAMMPS workflow continued

3.2 Support files and features

3.2.1 Pair style — reax/c

In molecular dynamics, the pair style is used to describe the relation of each atom to another
atom. The reax/c pair style is used here. Reax/c was originally standalone C code but is now
also integrated into LAMMPS. The primary purpose of reax/c is to compute the total energy
generated by chemical bonding based on ReaxFF. ReaxFF uses empirical interatomic
potential, which can be called distance-dependent bond order function. The total potential

energy of the system is calculated in equation 10 and described in Figure 23.
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Figure 23 Total energy potential components of ReaxFF interatomic [120]

Epotential = Ebond + Eover + Etors + Eangle + EvdWaals + ECoulomb + Especific (Equation 10)

Epotential iS @ total energy potential related to the distance of an atom to other atoms. Ej, 4,4 is

bond energy based on bond order between a pair of the atom from an interatomic distance.

Eangle @nd E,,s are the energies from valence angle strain and torsion angle strain. E,,, is an

energy penalty preventing the over-coordination of atoms. E¢,y,10mp @Nd Epawaais @re attractive
and repulsive contributions calculated between all atoms, despite connectivity and bond order.

Especiric Tepresents system-specific of interest, such as lone-pair, conjugation, and other

corrections [120].

3.2.2 Force field potential

Force field potential is used to specify the pairwise force field by providing coefficients that are

related to pair style. There are two ways to do this. The first is writing explicitly in the input
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script, and the second is by calling the force field potential file. The second method is used in
this research because of the same reason as using call data in the data file. It is much easier
to manage the input script this way. The force field potential file contains all the C, Ni, and Cu
atoms coefficients, such as the over and under coordinator coefficient, double and triple bond

stabilisation, and valency angle coefficient.

3.2.3 Echemdid

Echemdid is external user package in LAMMPS that integrated to reax/c [116], [121]. The main
purpose of the Echemdid is to solve how to apply external potential in the electrode by allowing
switching constant electronegativity to dynamical electronegativity. The first thing Echemdid
calculated is the electrostatic energy produced by electronegativity equalization in ReaxFF.
Then by applying external electric external potential, the relative energy of the electron in the
applied region will be changed. Then echemdid will calculate the atom's loss and gain during

the electrochemical process based on the energy change.

3.2.4 Output files and post-processing

This simulation will generate two output files: trajectory file and log file. The trajectory file
contains the movement of all atoms during the process, and the log file contains all of the
thermodynamics calculation results. The trajectory files can be visualized using molecular
dynamics visualisation software. A log file can be extracted into the desired graph to analyze
the value pattern of the calculation result. Ovito software was also used in this research to

extract the carbon-carbon bond created.

73
A.F.Fikri, PhD Thesis, Aston University 2021



3.3 Molecular Dynamics simulation result

The molecular dynamics simulation assessed five factors: temperature, external potential,

carbon atom, step, and cathode materials. The exact value of levels on each factor is given in

Table 3.
Table 3 Description of factors and levels for C-C Bond.
Level Temperature External Carbon Atom Step (k) Cathode
(°C) potential (V)
1 723 3 200 50 Ni
2 773 4 300 75 Cu
3 823 5 400 100
4 873 6 500 125

The next step is designing the experiment using the Taguchi method. For five factors at four
levels, the L16 orthogonal array was selected and is given in Table 4. After the simulation based
on the orthogonal arrays are complete, two statistical tools are used: signal-to-noise ratios
(SNR) and analysis of variance (ANOVA). There are three options for the SNR based on the
user's need: nominal is the best, smaller the better, and larger the better. In this case, the

larger, the better the suitable one. The equation to calculate the SNR is given in equation 11.

= =10 X Log10 (z (%)) Equation 11

Where Y are responses for the given factor level combination and n si the number of responses

in the factor level combination.

The signal-to-noise ratios (SNR) were used to distinguish the output signal from unwanted data
(noise) to maximise the response. A Taguchi-designed manipulation of noise factors to force
variability to occur and, from the results, identify optimal control factor settings that make the
process or product robust or resistant to variation from the noise factors[122]. ANOVA was

used to distinguish the significance of the different result groups[123].
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Information on each factor's relative importance can be plotted from the SNR values to identify
each factor's optimum levels. The ANOVA is conducted using SNR results to provide

information on each factor's contribution to maximising the carbon-carbon bond.

Table 4 Orthogonal array illustrating the configuration of the simulation.

Run Temperature External Carbon Atom Step (k) Cathode
e potential (V)
1 723 3 200 50 Ni
2 723 4 300 75 Ni
3 723 5 400 100 Cu
4 723 6 500 125 Cu
5 773 3 300 100 Cu
6 773 4 200 125 Cu
7 773 5 500 50 Ni
8 773 6 400 75 Ni
9 823 3 400 125 Ni
10 823 4 500 100 Ni
11 823 5 200 75 Cu
12 823 6 300 50 Cu
13 873 3 500 75 Cu
14 873 4 400 50 Cu
15 873 5 300 125 Ni
16 873 6 200 100 Ni

Table 5 C-C Bond for each experiment.
Run > C-C Bond
55.91
98.40
112.43
183.14

72.87

68.02
289.55
242.49
175.91
283.17

89.01
121.37
182.67
140.33
208.36
187.96

PO PP NI O®ND O WN =

The C-C bond result for each run is presented in Table 5. The SNR values were used to identify

which factor levels maximise the CNT C-C bond. Table 6 shows the response of SNR. With the
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higher is better SNR higher value in Table 6 will maximise the C-C bond. The optimum value
is: carbon atom = 500; Temperature = 873°C; external potential = 7V; Cathode = Ni and; Step

=125 k.

Table 6 Response table for the signal to noise ratio (SNR) larger is better.

Level Temperature External Potential  Carbon Atom Step Cathode
1 40.27 40.58 39.02 42.20 41.13
2 42.71 42.12 41.29 42.94 44.69
3 43.65 43.9 44,14 43.20
4 45.01 45.03 47.19 43.30

Delta 4.74 4.44 8.17 1.10 3.56

Rank 2 3 1 5 4

Delta value from Table 6 presents a ranking of the factors based on the C-C bond's importance
when ranged on five levels. The sequence follows carbon atom > temperature > external

potential > cathode > step. The optimum levels value on each factor is presented graphicly in

Figure 24.
Main Effects Plot for SN ratios
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Figure 24 Main Effects Plot for SN Ratio
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A confidence level of 95% or the significance level of 5% was used in ANOVA using the SNR
value from Table 6. The ANOVA p-value results in Table 7 present the statistical significance
of the factors in the Electrodeposition method. A p-value of less than 0.05 considered rejecting
Ho, which means that the factors significantly affect the response value. All of the factors have
a p-value less than 0.05, which means that all the factors statistically significantly impact the
C-C bond except step factors. the sequence of these value carbon atom > temperature >

external potential > cathode > step.

Figure 25 describes the contributor percentage of each factor in maximising the
Electrodeposition growth rate Graphically. This result is in line with the sequence of the p-value,
in which the more significant contributors are a carbon atom and cathode with 50,06% and

24,66%, respectively, followed by temperature, external potential and step.

Table 7 ANOVA table for the mean SNR.

Degree of Sum of

Contribution Mean of
Factor Fr((eglc__l?m S?Sug)re (%) squares (MS) F-Value p-Value
Temperature 3 10950.6 13.21% 10950.6 3650.2 0.024
External Potential 3 9440.2 11.39% 9440.2 34.64 0.028
Carbon Atom 3 41498.6 50.06% 41498.6 152.27 0.007
Step 3 384.1 0.46% 384.1 1.41 0.441
Cathode 1 20442.2 24.66% 20442.2 20442.2 0.004
Error 2 181.7 0.22% 181.7 90.8
Total 15 82897.4 100.00%
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Figure 25 Contribution of variables on ANOVA

The main effects plot for the means of each factor on the C-C bond is presented in Figure 26.

The carbon atom was seen to increase the C-C bond. Contradictory to the carbon atom and

cathode, the step seems to have the lowest effect on the C-C bond.

Main Effects Plot for Means
Data Means
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Figure 26 Main Effects Plot for Means
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The interaction plot in Figure 27 aims to assess the interaction between factors to interpret the
main effects—the interaction plot for five factors connected with the line. When the line is

parallel indicates the interaction is small, and the more non-parallel the line, the greater the

interaction.
Interaction Plot for C-C Bond
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Figure 27 Interaction Plot for C-C Bond

3.4 Discussion and validation study

The molecular dynamics simulation show carbon-to-carbon (C-C) bonds created in the
simulation. The main objectives are to understand the basics of parameters behaviour. The

result is higher value parameter will promote more carbon-carbon bonds.

Figure 25 shows the contribution of variables. The highest contribution is by carbon atom
number. This was expected since the calculation of density of molecules (800 °C, 10 Torr) in

previous research in normal conditions is roughly 0.7 molecules in 20 nm cubes. In this
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simulation, the highest carbon atom is 500 carbon, roughly 200 times higher than the usual

condition[110].

The interaction plot's notable aspect is the carbon atom variable and cathode relation. In these
interactions, introducing more carbon atoms will consistently increase the number of C-C
bonds. Using Ni cathode also follows these patterns with minimum interaction with carbon atom
quantity variable. This evidence suggests that using Ni as a cathode and a higher quantity of
atom carbon will increase the carbon-to-carbon bond without affecting each other. The next
notable feature in the interaction plot is that increasing carbon quantity in the system reduces
the C-C bond number when using the highest temperature (873 °C), which is the opposite when
using a lower temperature. Although changing into the higher value of the other variables
(external potentials and simulation step) does not decrease the C-C bond, the changes are not

as significant at lower temperatures.

The simulation pattern shows that increasing temperature, external potential, carbon atom
amount, step (time in femtosecond) and cathode material also increase the number of C-C

bonds. The increase of the C-C bond can be related to the total energy in the system. The total
energy of the MD is calculated by kinetic energy + potential energy. %mv2 is used to compute
kinetic energy, where v and m are the velocity and mass of the particle. In thermodynamics

terms, kinetic energy is also calculated as %kBT, where kz and T are The Boltzmann constant

and temperature. From the relation of %mv2 = %kBT, when the particle mass is the same

increasing temperature will also increase kinetic energy, followed by total energy in the MD
system and velocity of the particle. Especially in the temperature increase case, the velocity of

carbon particles will be higher, and it easier to collide with each other and create a bond.

Higher external voltage also increases the potential energy resulting in higher total energy in
the simulation system. Higher potential energy allows the particles to create more C-C
bonds[124][125]. More carbon atom appearance also indicates more C-C creation; this was to
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be expected since it is reasonable to create more C-C bonds if more carbon atoms are
available—furthermore, more atoms in the system cause higher total energy, promoting C-C

bond creation.

Although the cathode material does not directly affect the total energy, it also contributes to
the C-C bond created; this can be the effect of the electronegativity of the cathode atoms. The
last parameters are the step that represents of time of the simulation in a femtosecond. Time
parameters seem to have little effect on the C-C bond; this justifies that more extended time

simulation might not be needed.

3.5 Conclusion

In summary, the base expectation of Electrodeposition variables was created in this finding.
Molecular dynamics simulation can predict the carbon-to-carbon bond created during
Electrodeposition. The parameter effect is also related to the total energy generated in the
system. Higher potential energy results in more carbon-to-carbon bonds created. Higher
temperature results in higher kinetic energy followed by the system's total energy; therefore,
more carbon-to-carbon bonds are created—higher external voltage affecting the rise of

potential energy in the system.

More carbon atom appearance is expected to create more C-C bonds. The atom's
electronegativity affects the system's potential energy; therefore, using Ni as a cathode will be
expected to create more carbon-to-carbon bonds than Cu. Time parameters seem to have little

effect on the C-C bond; this justifies that more extended time simulation might not be needed.
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Chapter 4 — Experiment study of Electrodeposition

4.1 Method, setup and materials

electrode electrode
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Figure 28 Electrodeposition diagram

The Electrodeposition setup diagram can be seen in Figure 28. The first step to conducting
Electrodeposition is heating 50 gr lithium Li>CO3 (99% purity, Merck 105680) in the alumina
crucible placed in the furnace. Lithium was slowly heated until it reached 823 °C and held this
temperature for 4 hours; then, the temperature was gradually reduced or raised to the targeted

temperature. The holding process is carried out at a higher temperature than the melting point
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of Li2COs, which is 723°C, to ensure that the lithium carbonate is wholly melted and
homogeneous. The electrolyte was replaced with a new one, each Electrodeposition complete.
On some occasions, carbon debris was found in the electrolyte, especially in longer synthesis
time, high temperature, and high external potential; therefore, electrolyte replacement is

needed.

The electrode used in this Electrodeposition method is metal wires of five varieties. Nickel as
the anode uses 0.4 mm diameter (Merck 99.99% purity). Nickel cathode also uses the same
material as the anode, while other cathode uses stainless steel (Fe 69.5%, Cr 22% Ni 5.5% Mo
3%), Nichrome (Ni 80%, Cr 20%), Copper (Cu 99.995%), Galvanised steel (Zn thickness 80
pm), in 0.5 mm diameter. The wire was shaped into a circle with a diameter of 2 cm and placed
1 cm apart in the furnace. The electrodes that have been prepared earlier are inserted into the
furnace. The carbon source in the form of CO; gas is inserted into the furnace through a
stainless steel hose. The following process connects the electrodes to the power supply, which
provides external potential. The system's initial external potential of 0.2 V was applied for 60
minutes to achieve the current and external potential stability. Also, this process will stimulate

further CNT nucleation.

The Electrodeposition process was carried out at a predetermined time. After the
Electrodeposition process is complete, the electrodes are removed from the furnace. After
removing the electrodes from the furnace, the cathodic product was separated from the
electrode in a sonic bath and washed using a 2M HCI solution. After washing, the product was
dried for 3 hours at a temperature of 100 °C. The material characteristic was evaluated with
Raman for its graphitization degree analysis performed using a Horiba Raman iHR320 with an
excitation wavelength of 532 nm. XRD for the crystallinity analysis performs using
PanAnalytical and FTIR for Functionalities analysis utilizing Shimadzu IRPrestige 21. Lastly,

SEM-EDX for morphology analysis employs FEI Inspect-S50.
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4.2 Taguchi and OFAT design on Electrodeposition method

Two types of models are used in this experiment. The first is utilising Taguchi methods
consisting of five levels and five parameters. Therefore using Taguchi design L25 is appropriate
(Table 10). The second is One Factor at a time (OFAT), varying parameters as independent

variables (Table 8).

The Taguchi method was used due to its practicality in providing a high-quality experiment
design. Furthermore, this method reduces variance for experiments with an optimum
parameters setting[122]. The alternative to the Taguchi method is a factorial design which
demands a significant number of factors and a full factorial design performing a large number
of experiments. In the One Factor at a time (OFAT), only one factor is changed at one time
while the other factors are kept fixed. Therefore, it is suitable for examining parameters

individually.

The temperature used in the experiment was 723, 773, 823, 873, and 923 °C. 723 °C was
chosen because it is the minimum temperature that can be used to melt Li»COs3; as 723 °C is
the LioCO3 melting point, the temperature is increased to examine the effect of temperature on
the end product of electrodeposition. The 923 °C was chosen as the highest temperature since
numerous reports that temperatures higher than 923 lead to a performance drop[57], [80], [85].
The external voltage ranged from 2V to 6V; the minimum external potential used in the
Electrodeposition is ~2V from the calculation (equation 14) [98]. The highest external potential
is 6V since the previous report suggests that an external voltage higher than 5.5V resulting
current instability[82]. The CO- flow rate ranges from 5 ml/min to 185 ml/min. The minimum
value of 5ml/min was adapted from the previous research [56], [126], and the highest value of

185 ml/min was chosen because the report suggests that excessive CO- flow rate resulted in

84
A.F.Fikri, PhD Thesis, Aston University 2021



excessive carbon debris in the molten salt[82], [98], [127][85]. The cathode selection in this
experiment was Cu, Galvanized steel Ni, NiCr and Stainless steel. Ni cathode is used because
it is an excellent catalyst choice from numerous studies. Other than the Electrodeposition
method, Ni is also used in other methods such as Laser Ablation and CVD. Ni is favourable
because it provides a nucleation mechanism for CNT[72][128][76]. Cu was used because its
ions are sensitive to anions formed in the Electrodeposition process combined with Ni anode,
which provides a metal nucleation mechanism it provides the excellent potential to produce
CNT[129]. Galvanized steel, NiCr, and stainless steel were excellent cathodes for the
Electrodeposition method since previous research reports on metal alloys and mixtures
increased the growth and yield of CNT production[98][92]. Galvanized steel containing Zn
which a prime candidate for metal initiation of CNT growth in the Electrodeposition. NiCr and
stainless steel containing Cr also perform well compared to Galvanized steel in the previous

research [57].

Temperature is set as an independent variable in the first cluster in the OFAT design. 723, 773,
823, 873, and 923 °C synthesis temperature were used, while Other variables such as external
voltage, CO; flow, synthesis time, and electrode were controlled variables. This pattern was
used in the experiment switching parameters as an independent variable in the second to fifth

cluster sets.
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Table 8 OFAT experiment design
External CO;

Run Tem?%r;ature potential  Flow T('Q)e Cathode
(V) (ml/min)
First OFAT experiment cluster - Temperature

1 723
2 773
3 823 5 185 60 NiCr
4 873
5 923

Second OFAT experiment cluster — External Potential
1 2
2 3
3 773 4 185 60 NiCr
4 5
5 6

Third OFAT experiment cluster — CO- Flow rate
1 5
2 50
3 773 5 95 60 NiCr
4 140
5 185
Second OFAT experiment cluster - Cathode

1 Cu
2 Galvanis
3 773 5 185 60 Ni
4 NiCr
5 SS
Third OFAT experiment cluster — Electrodeposition time
1 60
2 90
3 773 5 185 120 NiCr
4 150
5 180

Optimisation and sensitivity analysis was carried out using the Taguchi method, a statistical
technique in the experiment's design. This method outperforms the complete factorial design

by using orthogonal arrays. These sections will show the result of implementing the Taguchi
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method to obtain the optimum Electrodeposition parameters. A further study of temperature,
external voltage, carbon source rate, synthesis time, and electrode as individual controllable

factors.

Based on the literature review, five factors were assessed in this work: temperature, external
voltage, CO- flow rate, Electrodeposition time, and cathode materials—the exact value of levels

on each aspect is given in Table 9.

Table 9 Description of factors and levels for the growth rate.

Level Temperature External CO2 Flow Time (m) Cathode
(°C) potential (V) (ml/min)
1 723 2 5 60 Cu
2 773 3 50 90 Ni
3 823 4 95 120 Galv
4 873 5 140 150 SS
5 923 6 185 180 NiCr

The next step is designing the experiment using the Taguchi method. For five factors at five
levels, the L25 orthogonal array was selected and is given in Table 10. After the experiment
based on the orthogonal arrays are complete, two statistical tools are used: signal-to-noise
ratios (SNR) and analysis of variance (ANOVA). There are three options for the SNR based on
the user's need: nominal is the best, smaller the better, and larger the better. In this case, the

larger, the better the suitable one. The equation to calculate the SNR is given in equation 11.

Information on each factor's relative importance can be plotted from the SNR values to identify
each factor's optimum levels. The ANOVA uses SNR results to explain each factor's

contribution to maximising the growth rate.
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Table 10 Taguchi Orthogonal array illustrating the configuration of the experiment

Run Temperature External CO2 Flow Time (m) Cathode
(°C) potential (V) (ml/min)
1 723 2 5 60 Cu
2 723 3 50 90 Ni
3 723 4 95 120 Galv
4 723 5 140 150 SS
5 723 6 185 180 NiCr
6 773 2 50 120 SS
7 773 3 95 150 NiCr
8 773 4 140 180 Cu
9 773 5 185 60 Ni
10 773 6 5 90 Galv
11 823 2 95 180 Ni
12 823 3 140 60 Galv
13 823 4 185 90 SS
14 823 5 5 120 NiCr
15 823 6 50 150 Cu
16 873 2 140 90 NiCr
17 873 3 185 120 Cu
18 873 4 5 150 Ni
19 873 5 50 180 Galv
20 873 6 95 60 SS
21 923 2 185 150 Galv
22 923 3 5 180 SS
23 923 4 50 60 NiCr
24 923 5 95 90 Cu
25 923 6 140 120 Ni

4.3 Result - Experimental Taguchi method

SEM-EDX, Raman and XRD spectroscopy was used to confirm CNT's presence. Raman
spectroscopy is often used as a characterisation tool of carbon nanotubes. This method is
relatively fast and non-destructive and can be conducted without sample preparation. In Figure
29, two main features can be observed: the D band and the G band. D band shows the
disordered graphene, and the G band structure represents C-C bond stretching. Figure 29
shows these features in 1353 cm™ as the D band and 1602 cm™ as the G band. Figure 30
shows the XRD result, representing (002) and (100) carbon peaks. XRD characterisation is an

indestructive test and aims to obtain impurities information. Comparing the Raman and XRD
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results to typical CNT data (Figures 8 and 9), both Raman features and XRD miller indices

were present. Therefore, it is a strong indication that MWCNT present
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Figure 29 Raman Spectroscopy of cathodic carbon product on Electrodeposition Taguchi run
4 with an excitation wavelength of 532 nm
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Figure 30 XRD of cathodic product on Electrodeposition Taguchi run 4

The optimisation's objective is to achieve the maximum growth rate of carbon nanotubes in the
Electrodeposition system. The growth rate is calculated using equation 12. Total mass is the
amount of sediment obtained from the Electrodeposition process; Wt% carbon is the weight
percentage of carbon in the deposit obtained in the EDX analysis. The deposition area is an
area of a cathode used for carbon capture, and time is the length of the Electrodeposition

process.

Deposited carbon and wt% from EDX of each experiment run are taken as output, and from
these values, the growth rate is calculated based on equation 12. The Growth rate result for

each run is presented in Table 11.

90
A.F.Fikri, PhD Thesis, Aston University 2021



Table 11 Growth Rate for the experiment using the Taguchi method.

Run > Growth Rate
1 0.230
2 0.408
3 0.393
4 0.935
5 0.760
6 1.056
7 1.195
8 0.695
9 1.282
10 0.696
11 0.485
12 0.665
13 1.106
14 1.079
15 0.441
16 0.751
17 0.509
18 0.401
19 0.498
20 1.007
21 0.521
22 0.347
23 0.904
24 0.683
25 0.640

The SNR values were used to identify which factor levels maximise the CNT growth rate. Table
12 shows the response of SNR. With the higher is better SNR higher value in the Table 12 will
maximise the carbon growth rate. The optimum value is: temperature=773 °C; external

potential=5V; CO,; Flowrate=185 ml/min; Electrodeposition time=60 min and; cathode=NiCr.
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Table 12 Response table for the signal-to-noise ratio (SNR) larger is better.

Level Temperature External potential CO2 Flow Time Cathode
1 -9.87 -9.86 -9.08 -3.37 -9.96
2 -1.50 -7.30 -6.52 -4.02 -7.22
3 -4.43 -5.33 -5.36 -5.70 -8.07
4 -6.06 -2.60 -4.10 -6.95 -2.42
5 -7.12 -3.88 -3.91 -8.94 -1.32

Delta 8.38 7.27 5.16 5.57 8.64

Rank 2 3 5 4 1

Delta value from Table 12 presents a ranking of the factors based on the importance of the
growth rate when ranging on five levels. The sequence follows cathode > temperature >

External potential > CO, Flow > time. The optimum levels value on each factor is presented

graphicly in Figure 31.
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Figure 31 Main Effects Plot for SN Ratios
A confidence level of 95% or the significance level of 5% was used in ANOVA using the SNR
value from Table 12. The ANOVA p-value results in Table 13 present the statistical significance

of the factors in the Electrodeposition method. A p-value of less than 0.05 considered rejecting
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HO, which means that the factors significantly affect the response value. All of the factors have
a p-value less than 0.05, which means that all the factors statistically significantly impact the

growth rate.

Figure 32 describes each factor's contributor percentage in maximising the Electrodeposition
growth rate. This result is in line with the sequence of the p-value, in which the more significant
contributors are electrode and temperature with 33.93% and 20.10%, respectively, followed by
external potential, CO- flow and Electrodeposition time. Graphically contributor factors data are

presented in Figure 32.

Table 13 ANOVA table for the mean SNR.

Factor Degree of Sum of Contribution Mean of
Freedom Square (%) squares F-Value p-Value
(DF) (SS) (MS)

Temperature 4 0.7506 20.10% 0.1877 9.06 0.028
External Potential 4 0.5487 14.69% 0.1372 6.62 0.047
CO:2 Flow 4 0.3317 8.88% 0.0829 4 0.104
Time 4 0.7534 20.18% 0.1884 9.09 0.028
Cathode 4 1.2670 33.93% 0.3167 15.29 0.011

Error 4 0.0829 2.22% 0.0207

Total 24 0.7506 100.00%

2.22%

N

N

= Temperature = Ext.pot = CO2 Flow Time = Cathode = Error

Figure 32 Contribution of variables on ANOVA
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The influence levels of each factor on the CNT growth rate are presented in Figure 33.
Temperature and cathode changes were seen to increase the growth rate of CNT.
Contradictory to temperature and cathode, CO, flow seems to have a minor effect on growth
rate. The lowest temperature (723°C) produces the lowest carbon and carbon growth value
since the electrolyte might not completely melt since the Electrodeposition operates in the
precise lithium carbonate melting point. The complex nature of the technical operation of
Electrodeposition at this temperature might reduce the result significantly. Therefore

temperature response contribution is reasonable to be the highest.

Main Effects Plot for Means
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Figure 33 Main Effects Plot for Means

The interaction plot in Figure 34 aims to assess the interaction between factors to interpret the
main effects—the interaction plot for five factors connected with the line. When the line is
parallel indicates the interaction is small, and the more non-parallel the line, the greater the
interaction. Although the interaction of the variables is relatively complex, there were some

notable patterns in the interaction plot. The higher temperature (923 and 873 °C) tend to have
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less response/negative response toward other variables. For example, the interaction of
temperature and Electrodeposition time results in a sloping pattern. Longer Electrodeposition
results in less carbon overall, but the higher temperature is the most noticeable. This
temperature pattern can also be found in previous reports[22][77], agreeing that higher
temperature is less favourable in Electrodeposition. In addition, the higher temperature also
produces a more prominent crystallite morphology. Another notable feature is cathode
interaction with other variables. Two dominant cathodes in carbon growth are stainless steel
and nichrome, with nichrome's slightly higher signal-to-noise ratio. In the interaction plot,
nichrome is a more stable response to other variable changes than stainless steel. However,

stainless steel produces higher responses in some cases.
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Figure 34 Interaction Plot for Growth Rate

95
A.F.Fikri, PhD Thesis, Aston University 2021



4.4 Result - Experimental OFAT method

4.4.1 Temperature variable effect on Electrodeposition

The previous reports suggested that Electrodeposition in the molten salt is not possible below
a temperature of 500 °C and suggested using 723 °C and higher on Lithium carbonate[79].
Other than general ranges of working temperature, there is only little known about the effect of
temperature and electrode potential on the end product of Electrodeposition. An inevitable
effect is the oxidation of CO3% which become dominant at high current density and temperature.
This oxidation also means that temperature and voltage affect anodic products, mostly O%[85].
Therefore, a deeper understanding of cathodic product behaviour on different Electrodeposition
temperatures will help to improve this method.

Table 14 One Factor at a Time Experiment Design Varying Temperature
External COz2

Run Temgegxture potential Flow 'I'(lnn:)e Cathode
V) (ml/min)
1 723
2 773
3 823 5 185 60 NiCr
4 873
5 923

The cathodic product of Electrodeposition in different temperatures, which are 723 °C, 773 °C,
823 °C, 873 °C, and 923 °C, is present in Figure 35. The OFAT varying temperatures were
employed (Table 14). The syntheses used an external voltage of 5 V, an Electrodeposition time
of 60 minutes, a CO- flow rate of 180ml/min and NiCr cathode—all of the temperatures resulting
in carbon deposits with some electrolyte residue. However, at 873 and 923 °C, the result tends
to be porous compared to lower temperatures. The porous structures of the deposited carbon
promote electrolyte residue to fill the space, resulting in intricate carbon separation from the
cathode. These phenomena were reported in a previous study [75][91] and predicted it was
caused by O% ion from OH made contact with molten carbonate.
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Figure 35 Example of the electrode before and after the Electrodeposition process with
temperature variance. a) Before Electrodeposition, b) after Electrodeposition at 723 °C, ¢)
after Electrodeposition at 773 °C, d) after Electrodeposition at 823 °C, e) after
Electrodeposition at 873 °C, f) after Electrodeposition at 923 °C.

After separating the soot using an ultrasonic bath and washing it using an acid solution, phase
identification of the Electrodeposition result was made using XRD analysis. This analysis aims
to identify the composition of the Electrodeposition product and measure the crystal size.
(illustrated in Figure 36). Based on the XRD result, two types of peaks can be analysed. The
first one is in the 26 = ~26°, which can be the C (002) miller indices graphite reflection,
representing the C-C bond present that can be concluded as CNT or graphite [33]. The second
peak is at 20 = ~33°This peak contributes to the presence of LioCOs3 residue [130]. At 723 °C,
this peak is lower compared to other temperatures. This lower peak might indicate that the
crystal is not well organised, and it can be assumed that during 723 °C, the crystal is not

unravelled well during the Electrodeposition process.
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Figure 36 Diffractogram XRD deposited carbon in different synthesis temperature

Table 15 Phase of XRD test result on carbon

No Temperature FWMH Crystalline size D

(nm)
1 723 0.472 17.285
2 773 0.468 17.43
3 823 0.364 22.424
4 873 0.286 28.547
5 923 0.212 38.523

The FTIR analysis (Figure 37) characterises carbon nanotube functional elements shaped in
the Electrodeposition. The dominant peaks representing primary mode (A2, and Ei,) are
present in 868 and 1575 cm™, indicating the MWCNT. Both A, and E+, peaks appear at all
temperatures except for 723 °C showing that CNT is not formed at the lowest temperature. The
most noticeable peaks are in the region 1400-1600 cm™ which are active because of the

response of aromatic C=C. Since nanotubes are carbon atoms arranged in a hexagonal pattern
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from benzenoid derivatives of sp?, it is classified as aromatic. Therefore this region is expected
to be active[131].

The functionalities related to oxygen in the CNT surface can be confirmed by a broad peak
around 3430 cm™', corresponding to the O-H stretching mode[132]. This functionality also does
not arise at 723 °C. The absence of oxygen functionalities in the product suggests a limited
oxygen-related reaction. Therefore the Electrodeposition in the lowest temperature can be
assumed not to work well since the anode product is mainly O.. Another functionality is CH>
related, which appears in two forms: asymmetric CH> (aCHz) at 2950 cm™ and symmetric CH>

(sCH2) at 2830 cm™".
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Figure 37 FTIR spectra of cathodic product produced in different temperatures

The rewash process is done to minimize the remaining residue before further analysis. The
Raman analysis contains some notable features: D, G, and G’ bands. In all temperatures, the

D band peaks are 1340-1351 cm™', while the G and G’ bands are 1455-1580 cm™'and 2683-
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2700 cm™, respectively. There are at least two possible causes of the shifting frequency: the
difference in the sp? carbon structure and the nanotube's diameter[34]. The G split and features
are seen at all temperatures except 723 °C. G band splits indicate the bending of the graphene
system, such as CNT[133]. Therefore, because of the lack of RBM feature in the Raman
analysis and combining the presence of D, G, and G’ features, it can be concluded that the
soot composition from 773-923 °C is mainly MWCNT. However, using 723 °C synthesis
temperature, the presence of CNT in the cathodic product is inconclusive. Based on Raman
analysis, the broader linewidth (>100 cm™) was typically for amorphous carbon while the
linewidth of SWCNT is 10-30 cm™'and MWCNT is 30-60 cm'. Also, when comparing the pattern
from the previous study, the pattern of the Raman analysis graph is toward amorphous
carbon[33], [35], [82].

MWCNT Purity calculation is based on the previous work using Ig'/Ig[36][35], resulting in the
best purity achieved at 773 °C in 88.27%. The MWCNT is not found in the lowest temperature,
723 °C. Increasing the temperature from 723 °C to 773 °C improves the purity drastically, and
a further temperature increase will decrease the purity value of MWCNT. The normalised
intensity lo/lg ratio from Raman analysis can be used to measure disorder [34]. This ratio value
in carbon products has been recorded from approaching 0 to 3.3, with ~0 being perfectly
oriented graphite, and 3.3 is amorphous carbon[133][134]. Therefore analyzing Figure 38 and
Table 16 indicates that changing the Electrodeposition temperature resulting different Io/lg
ratios. The lowest temperature achieves the highest ratio. Increasing the temperature to 773
°C lowers the Ip/lg ratio; however, increasing the further temperature increases, the ratio also

increases, indicating that increasing temperature will extend defects.
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Figure 38 Raman analysis of cathodic product produced in different temperatures

Table 16 Raman analysis result of cathodic product produced in different temperatures
Temperature ID/IG IG/ID Purity (%)

723 1.22 - 0%

773 0.73 2.01 88.27%
823 0.76  1.39 70.98%
873 0.85 1.01 56.09%
923 0.96 0.93 52.05%

The composition of soot products in various temperature syntheses is evaluated using EDX.
The cathodic product mainly contains carbon and oxygen, representing oxygen-containing
functional groups[82][135]. Analyzing the EDX spectrum, the lowest carbon weight percentage
(39.88 wt%) is at 723 °C and significantly improves when increasing the temperature to 773
°C. Further temperature increases will also reduce the wt% suggesting that 773 °C is ideal for
optimizing the Electrodeposition process to increase carbon production.

The morphology of deposited carbon is investigated further using SEM. Based on the SEM
result (shown in Figure 39), from 773 °C to 923 °C, the CNT outer diameter ranges from 50-
100 nm. The size of CNT gradually increased with higher synthesis temperature. There are no
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visible carbon nanotubes at the lowest temperature, which is also in line with the FTIR and
Raman analysis. The lowest normalized diameter is 773 °C, followed by 823 °C, 873 °C 923°C,
with values of 65, 77.5, 87.5, and 100 nm, respectively.

This evidence suggests that the higher synthesis temperature leads to a more extensive
particle form of deposited CNT. This phenomenon can also be seen in the crystallite calculation
result [53], presented in Table 15. The average crystal size value increases due to the

temperature increase.
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Figure 39 SEM and EDX analysis of deposited carbon in different synthesis temperatures.
a,b) SEM image c) Diameter distribution d) EDX
(1) 723 (2) 773 (3) 823 (4) 873 (5) 923
All measurement (c) is based on image (a)

Total mass of deposit xwt % Carbon
Carbon growth rate = f dep -

— - Equation 12
Deposition area Xtime
. Total d it X% it .
MWCNT yield = Tetalmass of deposit xdpurity Equation 13
Deposition area Xtime
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The carbon growth rate and CNT yield (Figure 40) are calculated using Equations 12 and 13.
Electrodeposition with temperature 723 °C, 773 °C, 823 °C, 873 °C, 923 °C resulting carbon
growth rate of 0.852, 1.787, 1.648, 1.687 and 1.557 g cm™ Hour' respectively. 773 °C is the
best temperature in carbon deposition rate, followed by 823 °C, 873 °C, 923 °C and 723°C.
723 °C is the lowest deposition rate due to the melting temperature of LioCOs, and keeping
lithium carbonate's stability in the molten form will be a challenge at this temperature. A
temperature higher than 773 °C produces a lower deposition rate. Although higher temperature
increases electrolyte conductivity, it does not mean a better deposition rate, as shown in Table

17.

Table 17 temperature variable effect on Electrodeposition growth rate and MWCNT yield

Carbon

Temperature  Total deposit  Wt% . MWCNT yield
Run o Growth Rate Purity (%)
(°C) mass (gr) Carbon (g cm-2 h-1) (g cm-2 h-1)
1 723 3.35 39.88 0.852 0 0
2 773 3.12 89.85 1.787 88.27% 1.76
3 823 3.12 83.01 1.648 70.98% 1.41
4 873 3.58 73.95 1.687 56.09% 1.28
5 923 3.40 71.93 1.557 52.05% 1.13
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Figure 40 Carbon growth rate and MWCNT yield In different temperatures
After analysing all the analysis results of the cathodic product synthesized in different
temperatures, the Electrodeposition temperature significantly affects the carbon product. The
most significant improvement is achieved in changing the temperature from 723 to 773 °C. Not
only producing more carbon deposits and a higher carbon growth rate, but 773 °C also

produces MWCNT in the process. However, increasing temperature further does not improve

carbon growth rate and MWCNT yield.

4.4.2 External potential effect on Electrodeposition

The particular effect of external potential in the Electrodeposition is the domination of CO3? in
higher voltage, which results in the oxidation of CO.. Lower voltage will interrupt these oxidation

processes. The thermodynamic calculation determines the least energy to remove CO: by
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electrolysis. This calculation uses the standard thermodynamic potential of reaction and

resulting 1.7 volts at 600 °C [98].

3Li,CO5 - 3Li,0 + 2C0, + C + 0, E°(600)=1.719V  Equation 14

However, a current instability event might affect the cathodic product in the stable external
potential condition. Previous research suggests that the current instability is an issue in the 5.5
V and higher external potential conditions [82]. Hence, the ideal electrochemical window of the
Electrodeposition using pure Li>COs is in the 2-6 V. One Factor at a time (OFAT) model clusters
are used in this experiment, varying external potential. Table 18 present the experiment

settings.

Table 18 One Factor at a time (OFAT) model clusters varying external potential
External CO2

Run Tem?oecr?ture potential Flow T(im)e Cathode
V) (ml/min)
1 2
2 3
3 773 4 185 60 NiCr
4 5
5 6

109
A.F.Fikri, PhD Thesis, Aston University 2021



1 — B8V

3: 5V
o o e ——4V
b Vi@ v v 7 —3V
= o —2V
o v g " (O ccC
= we | Ty % W/ Li2CO

v T v L I R

Y’.L_Mh\ig__%w A

r T T T T T T T T T T T T T T T T T '
10 20 30 40 50 60 70 80 90
20

Figure 41 XRD deposited carbon in different external potentials

Table 19 Phase of XRD test result on carbon

External Crystalline
No potontial FVAM 205 (om)
1 2V 0.348 23.46
2 3V 0.386 21.15
3 4V 0.429 19.04
4 5V 0.468 17.43
5 6V 0.454 17.98

Table 19 and Figure 41 show the carbon powder's XRD test phase results. The XRD
analysis has shown that the Li2CO3 and Li>O are present after the purification process, which
means the impurities remain after acid treatment. Therefore the rewash process is needed to
minimize impurities. Calculation of the crystalline using the equation from previous
research[136]. The result is that the crystallite size is slightly decreasing using higher voltage

Electrodeposition. However, this result is not as significant as the temperature changes used
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in the Electrodeposition synthesis. This phase pattern showed that the crystal structures are

formed and affected by the changes in voltage used.
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Figure 42 FTIR spectra of cathodic product produced in different external potentials

The FTIR analysis (Figure 42) analyses CNT functional elements in different cathodic products
produced in different voltages, especially carboxylic and hydroxylic groups. The Az, and E1,
peaks (868 and 1575 cm™) appear in all voltage. However, the Ay, are sifting to a higher
wavelength at 2, 3 and 6 volts. The shifting wavelength is correlated to the level of molecular
interaction or changes in the population of different chemical species. There are conflicting
hypnotises regarding the upshift and downshift of IR-active frequency. The experimental
hypothesis suggests that downshift arise when the diameter increase[137]. Another theory is
based on ab initio calculation which indicates the opposite[138]. However, it also must be
considered that CNT's functionalization commonly occurs under purification treatment. The

shifting could be part of the functionalization of the vibrational modes, which do not reflect the
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phonon dynamic of CNT[139]. The other IR-active are 1400-1600 cm™', 3430 cm™,2830 cm™,

and 2950 cm™ attribute of C=C, O-H, sCH. , and aCH. respectively.
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Figure 43 Raman analysis of cathodic product produced in different external potentials

Table 20 Raman analysis result of cathodic product produced in different external potentials

External

potential  IDIG  IG/ID P(‘(‘,/ro';y
V)
2 075 076  42.81
3 090 079  44.66
4 086 121 6456
5 073 201 8827
6 096 140 7147

The Raman analysis (Figure 43 and Table 20) aims to determine the graphitization degree of

the Electrodeposition product. The Raman analysis results of all external potential show D, G,

and G’ bands' features, showing that 2-6 V Electrodeposition can fabricate CNT. The active D

band is related to the sp? carbon defect, and the G band presents the signature of C-C bond

stretching. The normalised intensity (Io/lg ratio) is used to measure the disorder because of the
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complex nature of the measurement of absolute intensity disorder. The Ip/lg ratio ranges from
0.73 to 0.96 with an inconclusive pattern.

G band, which signature of all sp? carbons is split into into wg;- and wg+ Indication of (LO
modes) and perpendicular (TO modes) rolled graphene such as CNT. All Raman analysis
results in 2-6 volts show this split feature. The second order of Raman signature in sp? (G’
band) arises in the Raman spectrum. The purity calculation could be done using lg/Ip[36]. The
highest purity is achieved in 5V, followed by 6V, 4V, 3V, and 2V, with 88.27%. 71.47%, 64.56%,

44.66%, and 42.81% respectively.
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Figure 44 SEM and EDX of analysis of deposited carbon in different synthesis potentials
a,b) SEM image c) Diameter distribution d) EDX

(1) 2V (2) 3V (3) 4V (4)5V (5) 6V
All measurement (c) is based on image (a)

Morphology of the carbon deposit samples was observed using SEM. SEM analysis on
carbon powder with external potentials is shown in Figure 44. Before being tested, the
Electrodeposition results were rewashed using HCI to minimize the impurities that might still be
attached. SEM analysis shows that the MWCNT tend to be denser with a higher voltage value.

This phenomenon might result in excessive energy to convert carbon dioxide to carbon. The
A.F.Fikri, PhD Thesis, Aston University 2021
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size of MWCNT tends to get smaller with higher voltage. The minor normalized diameter is
achieved in 6V followed by 5V, 4V, 3V and 2V with normalised diameter values of 42.5, 65, 70,
72.5, and 75 nm. However, the crystalline size in this experiment might be little affected by
voltage, as seen in Table 19. The crystalline size was typical in the ~17-23 nm range.

The identification of carbon growth rates uses the EDX test results, while the MWCNT
yield calculation utilised purity value from Raman analysis. Calculate the carbon growth rate
and MWCNT yield using equations 12 and 13. The deposition area or the large cross-sectional
area of the NiCr cathode used in the Electrodeposition process is 1.57 cm? and the synthesis
time is 1 hour. The results of calculating the carbon growth rate are shown in Table 21.

Table 21 External potential variable effect on Growth rate and MWCNT vyield (1.57 cm? NiCr
cathode area, 1 hour of Electrodeposition)

~un Ec’)‘ttgr':rt‘;'l dlofs'it Wi%  Growth Rate Purity MWCNT yield
P V) masps (ar) Carbon (g cm-2 h-1) (%) (g cm-2 h-1)
1 2 072  62.34%  0.894 42.81 0.61
2 3 229 68.02% 1.264 44.66 0.83
3 4 331 79.16% 1542 64.56 126
4 5 388  89.85% 1787 88.27 176
5 6 336  82.18% 1.599 71.47 1.39

119
A.F.Fikri, PhD Thesis, Aston University 2021



—==— Carbon growth rate
—&— MWCNT Yield

1.8 -

1.6 1

1.4 1

1.2

(g.cm-2.h-1)

1.0

0.8 +

Carbon growth rate and MWCNT yield

0.6

I T T T T T T T
2V 3V 4V 5V 6V
External Potential (V)

Figure 45 Growth rate of carbon and MWCNT yield in different external potential

Table 21 and Figure 45 show that the carbon growth rate increases in line with the value
of the external potential until the 5V value, and the value decreases at 6V. The highest carbon
growth rate was obtained at 5 V external potential with 1.787 gr.cm?.hour™ at the temperature
of 773°C for 60 minutes. It is also worth mentioning that the result is in line with this in a previous
study; in addition, with higher voltage (> 5V), the current efficiency decrease and energy

consumption increases [82].
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4.4.3 Carbon source flowrate effect on Electrodeposition

The use of atmospheric CO- in the Electrodeposition is possible but bubbled (injection of CO,
into molten carbonate) method is superior. The bubbled way lowers the voltage and increases
the current, associated with the faster CO, reduction process[98]. The further rapid reduction
also seems to happen with the increase of CO; injected into the system. The rapid reduction
due to the reaction of Li-O back to the original lithium carbonate may be strongly favourable
(eq 25)[78]. However, it is hard to pinpoint the CO. needed in the Electrodeposition since it
needs to match the reaction speeds. The reaction speed depends on many variables, and the
instability of the variables also plays a role. The higher CO; introduced in the system potentially
increases impurities, while a lower number might hold up carbon production. In this experiment,
one factor at a time (OFAT) model clusters vary CO; flow rates. Table 22 present the

experiment settings.

Table 22 One Factor at a time (OFAT) model clusters varying CO; flowrates

External CO2

Run Tem?)ecr?ture potential Flow 'I'(lrrnn)e Cathode
V) (ml/min)
First OFAT experiment cluster

1 5

2 50

3 773 5 95 60 NiCr

4 140

5 185
Li,CO; - C + Li,0 + 0, Equation 15
Li,0 + 2C0, = Li,CO3+ C + 0, Equation 16
CO, - C+ 0, Equation 17
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Figure 46 XRD carbon at 5 ml/min, 50 ml/min, 95 ml/min, 140 ml/min dan 185 ml/min

Table 23 Phase of XRD test result on various CO; flowrate

No CO:Flowrate  FWHM S?ngséayr'{r‘ﬁ)
1 5 ml/min 0.422 19.38
2 50 ml/min 0.404 20.18
3 95 ml/min 0.442 18.46
4 140 ml/min 0.457 17.86
5 185 ml/min 0.468 17.43

The phase identification process of carbon powder was carried out by inspecting XRD
characterisation results to compare the carbon powder's crystal phases. Based on Figure 46,
it can be seen that the peak from the XRD graph shows the carbon phase, and the average
location of the highest peak is 26 26° with different peak heights. At the same time, the lithium
carbonate is at ~26 33°. There is no clear pattern of the CO; flow rate effect on the crystalline

soot size shown in Table 23, ranging from ~17-21 nm.
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The outcome of Li>COs electrolysis is Li2O, C and O (equation 15). The appearance of
the Li-O and CO: in the system results in an extension reaction (equation 16). Equation 16
provides the reduction reaction of CO; into C and restores Li,O to its original form, Li>COs. It is
also worth mentioning that direct reduction of CO, (equation 17) is possible. However, the

indirect reduction (equation 15) is thermodynamically favourable and consistent[98].
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Figure 47 FTIR spectra of cathodic product produced in different CO, flow rate

Functional element identification in the cathodic product is analyzed using FTIR (Figure 47).
The Azy and Eq, arise in all flowrate. However, in the 5 and 50 ml/min, wavelength shifts occur.
The shifting could occur due to changes in the level of molecular interaction, the population of
chemical species, the functionalization of the vibrational modes or combinations of those three.
The evidence of C=C, O-H, sCH,, and aCH. functionalization is arise at 1400-1600 cm", 3430

cm,2830 cm™', and 2950 cm™' respectively.
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Figure 48 Raman analysis of cathodic product produced in different CO- flow rate

Table 24 Raman analysis result of cathodic product produced in different CO; flow rate

CO2
flowrates ID/IG IG’/ID Purity

(ml/min)
5.00 0.65 1.55 76.20%
50.00 0.69 1.53 75.42%
95.00 0.71 1.71 80.86%
140.00 0.71 1.79 83.03%

185.00 0.73 2.01 88.27%

The Raman analysis of the cathodic product produced at different CO- flow rates (Figure 48
and Table 24) is used to determine the graphitization degree of the soot. The D, G, and G’
bands' features consistently arise in all CO: flow rates. The normalized intensity Ip/lg ratio is
getting smaller in lower CO; flow rates. Since normalized intensity is related to the quality of
MWCNT, the lower flow rate tends to produce better quality MWCNT. However, based on the

purity value, the opposite pattern occurs: A lower flow rate tends to have low purity.
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Morphology analysis utilised SEM to extract outer diameter information of MWCNT in
all CO; flowrate. The MWCNT outer diameter does not affect the CO; flow rate changes with a
normalized value of 75-80 nm. The EDX analysis reveals the composition of the soot resulting

weight percentage, which changes slightly with the changes in the CO, flow rate. However,

these changes result in an undefined pattern.
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Figure 49 Current Efficiency on Different CO, Flowrate
Current efficiency is calculated using equation 18, and the result is described graphicly in Figure
49. The current efficiency seems to increase with the higher value of the CO; flow rate from
this result. However, a slight reduction of the current efficiency value appears at 185 mil/min.
This reduction can be used to predict that the flow rate higher than 185 will have a lower current
efficiency value. The morphology of the carbon samples was observed using SEM. The
differences in morphological variations of carbon source variations of 5 ml/min, 50 ml/min, 95mi
/ min, 140 ml/min, and 185 ml/min are shown in Figure 50. Following the potential external

pattern, the MWCNT get denser with a higher value of CO- flow rate.

Deposited carbon

Current efficiency =
y Calculated deposited carbon

X100% Equation 18
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Figure 50 SEM and EDX of analysis of deposited carbon in different CO2 Flowrate
a,b) SEM image c) Diameter distribution d) EDX
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All measurement (c) is based on image (a)

Table 25 Growth rate of carbon and MWCNT yield in different CO- flowrate

CO2 Total Carbon
. o .
Run Flowrate dr?];;(;ssn C;tb/;n Growth Rate Purity (%) MWCCr:nN; l}:?l)d (9
(ml/min) (gr) (g cm-2 h-1)
1 5 263 87.86% 1.472 76.20% 1.277
2 50 279  85.89% 1.528 75.42% 1.351
3 95 267  86.59% 1.672 80.86% 1.375
4 140 3.26 84.57% 1.756 83.03% 1.724
5 185 3.12  89.85% 1.787 88.27% 1.756
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The identification of the growth rate is used in EDX analysis results, and the MWCNT
yield calculation utilized purity value from Raman analysis. Calculating the carbon growth rate
and MWCNT yield can be done using equations 12 and 13, respectively. The total mass of
deposit is the total mass-produced after acid treatment, wt% is the carbon weight percentage
in the EDX results and %purity is the purity value from Raman analysis. In this experiment
deposition area is 1.57 cm?, and the Electrodeposition time is 1 hour. The results of calculating

the carbon growth rate and MWCNT yield are shown in Table 25.

Table 25 shows that the carbon growth rate increases with the carbon source flow rate
(CO.). The highest deposition rate is in the variation of carbon source 185 ml/min of 1.787 g
cm? h™' with a temperature of 773°C for 60 minutes. Figure 51 describes the rate of carbon
growth increasing. Nevertheless, in Figure 51, the increasing carbon sources, the impurities,
and residues in the carbon also increase, indicating lower wt% in higher CO- flow value.
Increased contaminant and residue make impurity processes more challenging to carry out,

increasing the costs or effort for impurity processes.

131
A.F.Fikri, PhD Thesis, Aston University 2021



—a— Carbon growth rate
—e MWCNT Yield

1.8 1

1.7

1.6

1.5 1

(g.cm-2.h-1)

1.4

1.3

Carbon growth rate and MWCNT yield

12

0 20 40 60 80 100 120 140 160 180 200
CO, Flow rate

Figure 51 Growth rate of carbon and MWCNT yield in various CO; flowrate

4.4.4 Electrode effect on Electrodeposition

The Electrodeposition of CNT in this study used several electrodes (Nikel-Nikel, Cu-
Nikel, Galvanis-Nikel, SS-Nikel, NiCr-Nikel) to study each behaviour on the final carbon
product. The CNT formation process is directly influenced by the composition and properties
of the electrode material. The choice of the electrode material to be used is crucial because it
must withstand high temperatures, have good conductivity and stability, be inert, and, most
importantly, act as a surface metal catalyst.

The introductions of surface metal catalysts open new possibilities for nanostructure
formations in electrochemical techniques[140][141]. Many metal catalysts with their alloys can
be used in the Electrodeposition, namely Ni, Fe, Co, Mo, Cu, and Zn. In a recent study, the

most prominent metals are Ni, Cu, Fe, and Ni-Cr, galvanized steel and stainless steel[56][57].
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In those studies, J. Ren et al. conclude that Ni, Cu, and Fe are vital to avoid spherical carbon
shapes, and excessive Fe in the system will favour amorphous C growth. Therefore metal
catalysts used in this study were Ni, Cu, Galvanized steel, Stainless steel, and Ni-Cr. Other
factors that might also need to be considered in the electrode selection are the standard
electrode potential value on each electrode used, which will affect the redox rate during
Electrodeposition. However, this might only affect the carbon deposit and is unlikely to affect
the growth of CNT since the more prominent factor is the metal catalyst. One factor at a time
(OFAT) model clusters varying external potential in this experiment. Table 26 present the
experiment settings.

Table 26 One Factor at a time (OFAT) model clusters varying electrodes

Temperature External CO: Time
Run ?’C) potential Flow (m) Cathode

V) (ml/min)

Cu
Galvanis
773 5 185 60 Ni
NiCr
SS

a b WDN -

The Electrodeposition process produces carbon deposits on the cathode with each
electrode pair, resulting in a different sediment mass and CNT purities. The physical changes
of the electrodes before and after the Electrodeposition process can be seen in Figure 52. After
the Electrodeposition is complete, the electrodes are removed from the furnace and followed
through purification by a sonic bath and acid treatment using the HCL solution to remove

adhered electrolytes and other possible impurities.
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Before After

Carbon Deposit

Figure 52 Electrode profile before and after the Electrodeposition process

XRD analysis (Figure 53 and Table 27) examined the Electrodeposition samples' phase
and crystallinity. This analysis was performed on the 26 angle range of 10°-90°. Based on
Figure 53, it can be seen that the peak of the C-C (002 miller indices) is in the range of 26 26°,
with different peak heights on each cathode. It is also seen that each variation of the electrode
material produces a distinct diffraction pattern. The highest C- C peak was found in cathodic
product samples using Ni-NiCr electrodes with the peak position at 26,21° 26 and with a height
of 3843 counts. The XRD analysis showed that the Li-CO3; and Li;O are present after the
purification process, which means the impurities remain after the purity process, including
ultrasonic bath and acid treatment. Therefore the second process is needed to minimize
impurities. The crystalline calculation can be performed using the previous research
method[136]. From the crystalline analysis, single metal electrodes seem to have more

extensive crystalline compared to multi-metal electrodes.
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Figure 53 Diffractogram XRD deposited carbon in different cathodes.

Table 27 XRD Phase result in different electrode

No Electrode FWHM S?ngséayr']fr‘ﬁ)
1 Cu 0.352 23.188

2 Galvanis 0.386 21.142

3 Ni 0.472 17.285

4 NiCr 0.468 17.43

5 SS 0.472 17.288

The characterisation of functional elements absorbed by CNT is using FTIR (Figure 54). The

IR-active attribute of C=C, O-H, sCH>, and aCH, is 1400-1600 cm™', 3430 cm™,2830 cm™', and

2950 cm™ respectively, indicating carboxylic and hydroxylic functional groups in all cathodic

products. Primary CNT modes Ay, and E+, were also active at 868 and 1575 cm™'. However, in

galvanized steel (Galv), Nickel (Ni) and Copper (Cu), the wavelength upshift occurs. The

shifting frequency is possible due to the changes in molecular interaction level or changes in
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the population of different chemical species in the purification process. Therefore this shifting

is related to the functionalization of the vibrational modes, which do not reflect the phonon

dynamic of CNT.
NiCr
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Figure 54 spectra of cathodic product produced in different cathodes

The interpretation of Raman analysis of carbon nanotubes has been studied extensively in
previous research[142][143][144][27]. Raman spectra of carbon soot from Electrodeposition
synthesis with various cathodes are shown in Figure 55 and Table 28. Five different cathodic
products were examined. Three dominant Raman spectra features were seen: D band, G
band, and second-order harmonic G’ band. The first indication of nonappearance of the
SWCNT is no indication of RBM. RBM are Raman spectra features exclusively to SWCNT with
a diameter under ~2 nm. Apart from RBM, the absence position and intensity of Raman peaks
are in good agreement with theoretical calculations and previous experimental studies. Another

subtle feature is the split of the G band into ws;- and w.+ also distinguishable.
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Figure 55 Raman spectroscopy from the cathodic product by Electrodeposition method using
Nichrome (NiCr), Nickel (Ni), Galvanized steel (Galv), Copper (Cu) and Stainless steel (SS)
cathode.

Table 28 Raman analysis result of cathodic product produced in different cathodes

Electrode ID/IG IG/ID Purity (%)

Cu 1.13 0.74 41.54%
Galvanise 0.87 1.16 62.47%
NiCr 0.73 2.01 88.27%
Ni 098 1.29 67.35%
SS 064 2.19 92.32%

The first sharp and third peaks from the left are the D and G bands, which indicate disorders of
sp? and its second-order harmonic, seen at 1350 cm-1 and 2700 cm™, respectively. The RBM
feature is not detected, indicating the cathodic product unlikely contain SWCNT. Being disorder
related to graphene-based material, the D band can swift up to a hundred cm™ of wavelength.
It is also considered a unique feature distinguishing one carbon product from another. The

weaker D band is regarded as higher purity or less defective product.
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G band is related to the C-C bond stretching, the signature in all sp? carbon. The G band will
split into wgz- The G band is related to the C-C bond. Because of the characteristics of rolling
up graphene sheets such as carbon nanotubes, the G band will split into w;- and w;+. These
G bands split arise from all variety cathode Raman results. Normalised intensity (Io/lg ratio) will
provide information on CNT quality since the absolute measurement of Ipis problematic. The
lowest Ip/lg ratio is achieved by stainless steel cathode, followed by Nichrome and galvanized

steel, and the highest ratio is achieved by copper, followed by nickel cathode.

G’ band is related to the number of CNT layers and geometry, which appear at ~2700 cm-1
for Elaser = 2.41 eV. With a smaller diameter of SWCNT, these feature intensities will be higher
than the G band. However, the G’ band in Raman spectra will result in a Lorentzian shape with
significantly reduced intensity with a multilayer CNT. Usually, the Lorentzian peak is inhabited
by up to 13 peaks, which occur close in frequency, resulting in hard to distinguish from each

other.

The purity assessment has been studied extensively either for SWCNT and MWCNT. The
characteristic of the Raman peak ratio could be used as guidance for this assessment.
However, using different Eiaser Will result in different ratios, affecting the Raman peak ratios.
Previous research found that the Ig/lp ratios profile remains identical with Eiaser changes[47]
because Ip is Epser independent when measured in the 1.9-2.7 eV range[34]. Stainless steel
produces the highest purity, followed by nichrome, nickel, galvanized steel, and copper from a

purity value perspective.

SEM analysis examines the CNT's morphology for each variation of the electrode material.
CNT is shown with an elongated tube shape that is visible, and a little lump is thought to be the
residue of Electrodeposition. Figures 56 3(a),3(b),4(a), and 4(b) show that less residue
appeared in NiCr and stainless steel cathode than in the other electrodes. The CNTs are

relatively straight from the NiCr and stainless steel cathode from all the electrode materials,
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which is also agreed by the normalised intensity (lo/lg ratio) result. The outer diameter of
MWCNT analysis shows nickel produces the minor diameter at a normalised value of 55 nm,
followed by stainless steel, nichrome, galvanized steel and copper at 60, 65, 70 and 300 nm,
respectively. From EDX wt% value standpoint, the highest carbon wt% is achieved by stainless

steel, followed by nichrome nickel, galvanized steel, and copper.
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Figure 56 SEM and EDX of analysis of deposited carbon in different cathode
a,b) SEM image c) Diameter distribution d) EDX
(3) Ni (2) Galv (3) SS (4) NiCr (5) Cu
All measurement (c) is based on image (a)

Table 29 Growth rate of carbon and MWCNT yield in different cathode

Run  Electrode T?:]leie(g?)s it wt% carbon Gro;/v;f-lziﬂt)e (9 P(Li/r:;y l\gv c(r:n'\g Kﬁl)d
1 Cu 1.90 54.73% 0.664 41.54% 0.50
2 Galvanise 2.80 73.63% 1.312 62.47% 1.1
3 NiCr 3.12 89.85% 1.787 88.27% 1.76
4 Ni 2.50 61.79% 0.9854 67.35% 1.07
S SS 2.82 94.77% 1.702 92.32% 1.66
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Figure 57 Carbon Growth rate and MWCNT yield in different cathode materials

Table 29 shows that various cathode produces a different mass of Electrodeposition results.
This study's mass sequence of carbon was obtained from the Electrodeposition process: NiCr
> Stainless Steel > Ni > Galvanised steel > Cu. These results describe graphicly in Figure 57.
The highest deposited mass of carbon obtains using a Ni-NiCr electrode pair. This result is in
accordance NiCr having good catalytic activity[57]. In the Electrodeposition results (Table 29),
it can be seen that most carbon deposits are in the Ni-NiCr electrode pair. This phenomenon
is because the Ni oxidation at the anode to the electrolyte causes the coating on the cathode.
During The oxidation process, Ni also facilitates carbon Nanotubes structure nucleation on the

cathode surface[145]. Also, the electrode potential value of the nickel anode is negative, which
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means the nickel anode is easily oxidised and easy to release electrons. In addition, Cr alloy
promotes this phenomenonone[56]. The characteristics possessed by the Ni-NiCr electrode

will trigger a high Electrodeposition rate.

Carbon has grown quite well on stainless steel electrodes. Stainless Steel anode material
contains iron (Fe) which is very dominant, so the amount of deposited Carbon yield and growth
rate is higher than Ni, Cu, and galvanised anodes. Based on the Mukul Kumar et al. study,
Ferrous metals (Fe), Cobalt, and Nickel have higher adhesion features in growing carbon than
other transition metals. Iron (Fe), cobalt, and nickel also have a high diffusion rate and have an
excellent ability to break down carbon at high temperatures when these metals act as catalysts.
That is what causes Stainless Steel anodes to grow carbon better than Ni, Cu, and galvanised
anodes[146]. The obtained deposits in the Ni-Ni electrode pair have a lower mass than the
NiCr-Ni and SS-Ni electrodes. This fact follows J. Ren et al. (2015) research suggests that a
mixture of metals is essential to promote carbon nanofibre and carbon nano-tubes deposit[56].
In addition, an anomaly result of the Ni-Ni electrode pair of Carbon growth rate and MWCNT

yield is explained in appendix 11.

Galvanised electrodes (Fe coated with Zn elements) produced the lowest mass of CNT
deposits after the NiCr electrodes. Based on the electrode potential value, the Galvanized
electrode has the most considerable negative electrode potential value compared to other
electrodes. This value should cause more CNT deposits on the Galvanised-Nickel electrode
pair than on the other electrode pairs. However, Arcaro et al.; revealed that Zn metal has a low
degradation rate. The Zn layer can slow the oxidation rate because Zn has a feature that can
replace oxidation loss, and when Fe metal is exposed to outside air, it will be covered again by
Zn. This slowed process happens because the Zn around it will be absorbed and deposited in
the Fe, replacing metals previously lost due to oxidation. Therefore, the Zn layer blocks the Fe,
which can catalyse the solution. In addition, the feature of the Zn metal causes low impurities

in the carbon deposits[57].
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The copper (Cu) electrodes showed the lowest cathodic product mass than the
Electrodeposition mass using other electrodes. The different Electrodeposition results' mass is
very significant than nickel and stainless steel electrodes. This result has been explained in
Radhamani et al. (2018) research that carbon nanotubes using Cu electrodes produce a low
amount of CNT[147]. In contrast, stainless steel shows a higher MWCNT[147]. In addition, Cu
metal has a positive electrode potential value, which means that the Cu element will be
challenging to oxidise. Therefore, it causes the oxidation particles of Cu metal to be minor, and
the impurities in the carbon deposit are relatively small. This fact proves that the carbon growth

process is directly controlled by the composition and properties of the anode material[57].

The carbon growth rate does not directly represent the CNT growth rate, but it can be
ascertained that there is CNT on this carbon. This value can be proven by detecting the CNT
phase in the XRD and SEM morphology analysis. The Wt% value is obtained from the EDX
results, representing the sample's carbon composition. The carbon growth rate is obtained by

using equation 12.

4.4.5 Deposition time effect on Electrodeposition

Further investigation of the time effect on Electrodeposition results is carried out using
the One Factor at a time (OFAT) model in this experiment. Table 30 present the experiment
settings. The phase identification is carried out by XRD characterisation to compare the crystal
phases in carbon powder and analyse the crystalline size and phase structure. In Figure 58,
the XRD graphs were shown, compared, and used to calculate crystalline size. The calculation
result is presented in Table 31. XRD diffractogram shows the presence of 002 miller indices in
the 26 ~, 26°indicating C-C. Some impurities also occur, which indicate the presence of Li,CO3
and Li»O. The crystalline calculation results in an inconclusive pattern of the Electrodeposition
time effect on the crystalline soot size.
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Table 30 One Factor at a time (OFAT) model clusters varying Electrodeposition times

External CO2

Temperature Time

Run (°C) pot(ti/n)tlal (nl;'ll/cr)nv;/n) (m) Cathode
11 60
12 90
13 773 5 185 120 NiCr
14 150
15 180

Table 31 Phase result XRD in different deposition times

No Time FWHM s?zrgséayri:r‘f)
1 60 min 0.468 17.43
2 90 min 0.424 19.26
3 120 min 0.429 19.05
4 150 min 0.410 19.91
5 180 min 0.406 20.14
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Figure 58 Diffractogram XRD deposited carbon in different deposition time

FTIR characterisation of functional elements absorbed by CNT on cathodic products is
shown in Figure 59. Indication of carboxylic and hydroxylic functional groups are arises at 1400-
1600 cm, 3430 cm™,2830 cm™, and 2950 cm™ attribute of C=C, O-H, sCH,, and aCH.
respectively. Primary CNT modes Az, and E1, were active at 868 and 1575 cm™. However, in

180-minute Electrodeposition, the A, wavelength upshift occurs.
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Figure 59 FTIR spectra of cathodic product produced in different Electrodeposition
time
Cathodic products produced in different electrolysis times are analyzed using Raman analysis
(Figure 60 and Table 32) to determine the graphitization degree. The D, G, and G’ bands'
features consistently arise in all Electrodeposition times, indicating that the soot contains
MWCNT. Furthermore, a subtle feature of the G band into ws. and wes+ also occurs. The
normalized intensity I/l ratio gets higher in longer Electrodeposition time, which means that
longer electrolysis reduces the quality of MWCNT. MWCNT purity value also follows this

pattern; longer Electrodeposition promotes impurities.
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Figure 60 Raman analysis of cathodic product produced in different Electrodeposition times

Table 32 Raman analysis result of cathodic product produced in different Electrodeposition
times

Time ID/IG IG’/ID purity
60 0.73 2.01 88.27%
90 0.72 1.89 85.56%
120 0.98 1.48 73.85%
150 0.96 0.99 55.03%
180 1.24 0.86 48.44%

The morphology of the carbon powder samples was observed using SEM. SEM tests on carbon
powder samples are shown in Figure 61, and comparing them to the previous experiment, all
the CNT result is somewhat straight. Figures 61 1a and 1b show that the shape of the CNT
looks straight and better structured. Figure 61 2a, 2b, 3a, and 3b also deliver the form that looks
linear and structured with slight wavy. Figures 4 and 5 have more wavy structures, with
noticeable impurities in the end product. This SEM result confirms the Raman analysis result,
in which longer Electrodeposition promotes impurities and extend defect on the CNT. Table 33

indicates that Electrodeposition time affects carbon content produced. The EDX result shows
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carbon content in 60 minutes is the highest at 89.85% and reduced with longer

Electrodeposition.
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Figure 61 SEM and EDX analysis of deposited carbon in different synthesis times.
a,b) SEM image c) Diameter distribution d) EDX
(1) 60 min (2) 90 min (3) 120 min (4) 150 min (5) 180 min
All measurement (c) is based on image (a)
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Table 33 Growth rate of carbon and MWCNT yield in different deposition times

. _ MWCNT yield
Run  Time (min) T?Ttﬂsie(;;?)s it Wit% Carbon Gr%‘:ﬁg?ﬁ? (© P(L;/: ;y (g em-2h-1)
1 60 3.12 89.85% 1.787 0.88 1.76
2 90 4.59 86.82% 1.692 0.86 1.67
3 120 6.01 82.26% 1.575 0.74 1.41
4 150 7.28 83.12% 1.542 0.55 1.02
5 180 8.63 80.03% 1.467 0.48 0.89
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Figure 62 Carbon growth rate and MWCNT yield in different deposition time

Figure 62 shows the carbon growth rate value at different synthesis times and shows
that an extended Electrodeposition time pattern will result in a lower carbon growth number. A
similar way is also shown in Figure 63, which describes the current efficiency value on synthesis
time variation. Longer Electrodeposition time results in lower current efficiency. It is also

necessary to note that more prolonged deposition causes carbon debris to appear on
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electrolytes. Table 33 shows that 60 minutes is the highest growth rate value among the other

synthesis time, followed by 90, 120, 150 and 180 minutes, respectively.

current efficiency in different Elecrodeposition time
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Figure 63 current efficiency in different deposition time

4.5 Discussion

Taguchi method results indicate that the highest growth rate was achieved at Temperature 773
°C, external voltage 5V, CO:flow rate 185 ml/min, synthesis time 60 min, utilising NiCr cathode.
After confirming it with the OFAT experiment, the growth rate value is 1.787 g cm? h™"" and

MWCNT yields 1.76 g cm2 h™.

Sample from the Taguchi method was analyzed using XRD (Figure 30) and Raman
spectroscopy (figure 29). The XRD result detected the (002) and (100) indices, indicating the
carbon compound in the sample and typically the peak of the CNT (Figure 8) [33]. Alongside
the carbon compound, Li>CO3; was also present. The XRD peak cannot be strong evidence of
CNT; therefore, Raman spectroscopy was used to determine the graphitization degree of the

sample. As discussed in chapter 2.1, four features indicate CNT. Out of four features, three of
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the features were detected, which are D, G and G’ bands. The undetected feature is RBM

indicating the sample was not SWCNT but MWCNT.

The Taguchi method also shows each parameter's contributor factor (Figure 32), with the
highest contribution received by Temperature at 33.93%. This high contribution is due to a
significant difference in the growth result of 723 °C to 773 °C. Therefore the signal indicates a

significant response resulting in high contribution.

The interaction plot (Figure 34) shows the complex interaction between each parameter. One
notable feature is cathode interaction with other parameters, which indicates that the Stainless
Steel cathode results in a slightly higher response in some cases and NiCr resulting a stable
response; therefore, on average, NiCr resulting a better response. Both were excellent cathode
materials because they are metal alloys containing Ni and Cr. Previous research suggests that
metal alloys were essential to promoting the growth rate of CNT[76][98][92]. Ni provides growth
mechanisms and Cr function as metal initiation from molten salt[56]. The Stainless steel also
contains Fe, which received mixed reviews from the previous reports. From Figure 14, we can
determine that pure Fe is not suitable for the Electrodeposition process to produce carbon
nanotubes. However, adding other materials, such as Ni, will promote better results. Other
reports also suggest that Fe and stainless steel are ideal electrodes to produce CNT[55]. The
central hypothesis of the unstable result on Stainless Steel is that stainless steel responds
better at higher temperatures (773 °C — 873 °C) and has higher external potential (4V — 6V),
and poorly responds outside of those parameters values compare to NiCr, which has a more

stable response.

XRD was used to detect impurities and carbon structure in the soot, and crystalline size was
calculated from XRD data. The crystalline in this research indicates the thickness of the wall in
the MWCNT cases. The relation of wall thickness to Bragg's law is detailed in previous
research[31]. The XRD result of varied temperatures (Figure 36 and Table 15) indicates that
higher temperatures result in a thicker wall of MWCNT, which is also supported by the diameter
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distribution of MWCNT in Figure 39 increasing with the temperature increase. The XRD result
of varied External-potential (Figure 41 and Table 19) shows that a higher value of potential
external results in smaller wall thickness similar pattern is also shown in diameter distribution
(Figure 44). The XRD result of varied Variance CO; Flowrate (Figure 46 and Table 23) shows
that the MWCNT wall thickness pattern is undefined. The diameters distribution in Figure 50
also supports this undefined pattern. The XRD result of varied Cathodes is shown in figure 53
and table 27, resulting in the Cu cathode being the thickest wall of MWCNT while Stainless
steel produces the smallest MWCNT wall. The sequence base on wall thickness was Cu>Galv>

Ni>NiCr>SS.

773 °C can be considered the optimised temperature since a technical issue in lower
temperature occurs, which is unmelted lithium carbonate. It is possible since the temperature
control has a ~ 5 °C work range from the temperature target. Therefore, in the Electrodeposition
at the lowest temperature (723 °C), the Li.COs3 fluctuated and was not always in the liquid

phase.

Further increase in temperature is also counterproductive. Higher working temperature (823-
923 °C) results in a lower growth rate and MWCNT yield than 723 °C. It has been reported in
previous research and is strongly believed to be caused by two factors. The first one is the
lower density value of molten salt as a result of temperature increase[148]. Although higher
temperatures increase the conductivity value of molten salt, the lower density will counteract
the conductivity gain. Secondly, the counter-lon gets close together due to liquid expansion in
higher temperatures. High temperature is indeed linked to increased ion velocity, which will
increase conductivity in general, but the extended temperature will cause counter ions even

closer.

5V external potential results in the highest growth rate and MWCNT yield, while further
increasing external potential causes growth rate and MWCNT yield to decrease. Some
research reported this decrease due to current instability[82]. A higher growth rate and MWCNT
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yield are achieved by increasing external potential from 2V to 5V. Higher external voltage
increases the energy used in the electrodeposition and can be translated to the increasing
potential energy of electrodeposition and more carbon deposit growth and yield[114][148].
Excessive external potential (6V) results in decreased performance due to current instability.
The current instability is causing CO3? unstable reduction, as studied in the previous report[82].
Reduction instability will interrupt the indirect reaction of CO. conversion to C (equation 5-9).
Therefore the CNT growth is declined. Figure 44 SEM result shows denser CNT accompanied
by lower wall thickness (Table 19) of MWCNT in the higher external voltage. The energy
achieved in higher external potential will make carbon close to each other, resulting in denser

and lower wall thickness phenomena[115].

The highest flow rate result is the highest growth rate and MWCNT vyield, but it triggered the
current efficiency decline. The decline is due to excessive CO; which is not converted into
Carbon in the process. MWCNT wall thickness (Figure 46 and Table 23) and diameters
distribution (Figure 50) pattern is undefined. The interaction plot (Figure 34) also shows a
complex relationship between CO; flow rates to other parameters. A possible explanation for
this complex is changing the amount of CO, in the system, creating a wide range of wall
thickness and diameter distribution ranging from 40 nm to 140 nm. The reaction of the CO
conversion will change depending on the availability of CO. and whether it is a direct or direct

reaction (equation 2-9).

Sixty minutes of Electrodeposition resulting the highest growth rate and MWCNT yield
compared to longer electrodeposition time. Longer electrodeposition time tends to produce
carbon debris rather than MWCNT. Figure 62 shows that longer electrodeposition times have
an enormous gap between carbon growth rate and MWCNT yield, indicating that the system
produces more carbon than MWCNT. The carbon debris phenomenon was also reported in
previous research[57], [82]. MWCNT wall thickness (Figure 58 and Table 31) and diameters
distribution (Figure 61) are undefined. Longer electrodeposition time allows the creation of a
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broader range of MWCNT wall thickness and diameters; therefore, the measurement is varied.
However, the difference in wall thickness is ~1 nm, which can be neglected, and it can be
assumed that both CO2 flow rates and time parameters are not affecting CNT's diameter and

wall thickness.

The highest growth rate and MWCNT yield were also achieved using NiCr and SS cathode with
sequence Cu<Ni<Galv<SS<NiCr. This result is in line with the previous theory that metal alloys
and mixtures were essential to promote Carbon growth and MWCNT yield[56][98][57]. Cu gains
the lowest carbon growth, and MWCNT yield does not provide the metal initiator. Similar to Cu,
Ni also does provide a metal initiator but creates more metal growth nucleation. While
Galvanized steel provides Zn as an initiator, the system lacks metal growth nuclei compere to
NiCr and SS. The thickest MWCNT wall and largest diameter were achieved in Cu cathode
with a uniquely short and straight shape compared to other results. The absence of the metal
initiator and the low amount of metal nuclei might be causing this morphology. The SS cathode
produces the highest purity in this experiment with 92.32% however higher Carbon growth and

MWCNT growth is achived with NiCr cathode.

4.6 Conclusions

The Taguchi experiment is designed to optimise the parameter value of the Electoredopsition
method, while one factor at a time is designed to investigate the dynamics of CNT properties
on each variable. The optimised parameter's values are 773 °C temperature, 5 V external
potential, 185 ml/min CO; flowrates, NiCr cathode, and 60 minutes synthesis time. These

combined experiment methods resulted in a notable trend for each parameter.

The optimum value from the L25 Orthogonal Arrays Taguchi method of each parameter are
temperature = 773 °C; external potential = 5V; CO; Flowrate = 185 ml/min; Electrodeposition

time = 60 min, and; cathode = NiCr with a high carbon growth rate (1.787 g cm? h”") and
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MWCNT vyield (1.76 g cm? h™") in atmospheric pressure. Furthermore, solid evidence of Raman

features indicates the presence of MWCNT.

Taguchi and OFAT show a performance drop from 773 °C to higher temperatures. Specifically,
in OFAT, the sloping trend of both the carbon growth rate and MWCNT vyield was noticeable.
The CNT was detected and confirmed by Raman analysis from XRD and FTIR results.
Possibly, this pattern is due to the expansion of molten salt counteracting conductivity gain.

Furthermore, the Counter-ion complicates the synthesis process.

The external potential is limited to 5 V before Electrodeposition experiences adverse effects on
the carbon growth rate and MWCNT vyield. Higher growth rate and yield were achieved When
the external potential value changed from 2 V to 5 V. However, further increase in external
value will reduce the growth rate and yield. Increasing external potential from 2V to 5V,
increasing Carbon growth rate from 0.894 to 1.787 gr.cm?.hour'. While 6V produces a 1.599
gr.cm2.hour' growth rate. The reduction of carbon growth rate can be caused by current
instability occurring on external potential higher than 5.5 V. The MWCNT yield also follows a
similar pattern with the highest value of 1.76 1.787 gr.cm2.hour" at 5V.

CO:. flow rate has a positive effect on the result. Increasing the value from 5 mil/min to 185
ml/min also increases growth rate and yield. However, from a current efficiency standpoint, the
higher flow rate (185ml/min) resulted in a lower value. Longer deposition time negatively affects
the Electrodeposition result. The total deposit of carbon is higher in a longer deposit time.
However, the growth rate is decreasing, and the MWCNT yield result shows a further noticeable

pattern.

Two Cathode materials that resulted in a high growth rate are NiCr and SS. Although NiCr has
a higher growth rate and yield, SS purity is slightly better. NiCr produces a slightly higher
MWCNT vyield (1.76 gr.cm™.hour1) with a bigger diameter (65 nm)of MWCNT. Stainless steel
fabricates a slightly lower Electrodeposition rate with better purity (92.32%) and smaller

MWCNT (60 nm average diameter distribution).
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Chapter 5 — Discussion and Conclusion

5.1 Discussion

This study presents Electrodeposition as an alternative to produce CNT. This study started with
several essential backgrounds. The notable one is a significant gap between the supply and
demand of CNT in the market resulting in the high price of the commodity. The high price of
CNT leads to less price to performance value and, most importantly, the visibility of research.

Therefore, the need for a new approach to producing CNT is necessary.

With the essential background in mind, the literature review is conducted. The comparison of
Arc discharge, Laser ablation, Chemical Vapour Deposition and Electrodeposition method
divulge the advantages and disadvantages of each method. The distinctive advantages of
Electrodeposition are unnecessary catalyst preparation which leads to an uncomplex setup and
potentially reduces the cost of CNT production. Other advantages, such as the possibility of
large-scale production and flexibility to produce SWCNT and SWCNT, make Electrodeposition
appealing. Furthermore, this method uses atmospheric CO2, which is abundant in availability.
However, carbon footprint research is necessary to prove that Electrodeposition can reduce

greenhouse emissions.

Despite its advantages, Electrodeposition needs to address challenges. The first one is the
inconsistency of CNT appearance in the end product of Electrodeposition. Another challenge
is the Impartial study of Electrodeposition. Both of these challenges were related to
Electrodeposition. Furthermore, there were opportunities to improve the growth rate and yield

of CNT by optimising parameters.

Three further studies were conducted to address the challenges and utilise opportunities. The
first is a Molecular Dynamics study to set a base expectation of the parameter's behaviour. MD
simulation result shows that increasing temperature, external potential, carbon atom number,

and time parameters will increase the rate of carbon-to-carbon bonds. While comparing Cu and
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Ni as Cathode results in a higher rate of carbon-to-carbon bonds using Ni as Cathode. The
carbon-to-carbon bonds created in the MD simulation are affected by the total energy in the
system. Therefore, parameters that increase the total energy component (kinetic and potential
energy) will increase the carbon-to-carbon bonds. Temperature directly affects kinetic energy

while external potential, carbon atom, and cathode atom type effecting potential energy.

The following study was Electrodeposition optimation with the Taguchi method. The result of
Taguchi's experiments is optimised parameters; the highest carbon growth rate is achieved
with 773 °C temperature, 5 V external potential, 185 ml/min, 60 minutes synthesis time, and

NiCr Cathode. However, it needs to be considered that SS resulted in a higher quality of CNT.

The last study was the OFAT experiment investigating CNT properties for each variable. The
OFAT experiment was designed to investigate further characterisation using optimised
parameters from the Taguchi experiment. From XRD, we can gain information on impurities
that remained in the end product. FTIR was used to identify the functional group, Raman
analysis to identify CNT carbonization, EDX to determine carbon purities, and SEM to analyse

the produced soot morphology.

Comparing the MD simulation results and experiment results, there were differences. In the
temperature parameters. The resulting pattern is different. MD simulation shows that higher
temperatures will create higher carbon-carbon bond rates. In comparison, both experiments
resulted in slope patterns for temperatures above 773 °C. Several factors cause this different
pattern. First, an increase in temperature leads to a lower density value counteracting the
conductivity gained from the temperature changes[148]. Second, the increase in temperature
is directly linked to the increase in ion velocity, increasing the conductivity in general. However,
the effect of temperature increases also liquid expansion. As a result, the counter-ions get
closed together[149][150]. Both phenomena result in higher temperatures increasing molten
salt conductivity, but this does not mean producing more carbon or CNT[80]. Molecular
dynamics simulation fails to capture this phenomenon due to the limitation of the force field
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used in the MD. The Force field that presents lithium carbonate is non-existent at the moment.
However, the result of MD was still useful for predicting a basic pattern of the temperature

behaviour based on theoretical.

Other differences between MD simulation and experiment are the contributions of parameters.
In the MD, the most significant contributor is the Carbon number, while in the experiment, the
lowest was CO-. it seems to be the opposite result and can be caused by several factors. The
first one is, as mentioned in section 3.4, the simulation carbon number is high compared to
typical electrodeposition resulting in a higher response followed by high contribution. Although
in the experiment, the highest CO- flow (185 ml/min) was also considered high in the typical
electrodeposition, it contributed lower than other parameters because of the second factor. The
second factor is that in simulation, Carbon stock was in carbon atom form, while in the
experiment, carbon was in the CO, form. Carbon atoms will react directly, while in the
experiment, the excess CO, can be released into the gas outlet. Another factor that needs to
be considered is that MD's main objectives are to establish a base expectation of the
parameters; therefore, CNT, which includes SWCNT and MWCNT, is not considered in the
simulation. Only the carbon-carbon bond created in the system was examined, while the CNT

was examined thoroughly in the experiment.

In terms of External potential noticeable decline in the growth rate and MWCNT yield occurs in
the highest external potential (6V). The decline is due to the current instability appearance,
which is reported to start to occur at 5.5 V[82]. CO; Flowrate has a positive effect on carbon
growth rate and MWCNT yield. However, it must be considered that a higher CO; flow rate

results in lower current efficiency.

On the contrary, a longer Electrodeposition time results in a lower growth rate and MWCNT
yield. In longer deposition times, excessive carbon deposits and debris were found.

Furthermore, the current efficiency also shows a drop pattern. The highest growth rate and
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MWCNT vyield were also achieved using NiCr and SS cathode. These are supported by the

previous research that mixture metal is essential to promote CNT synthesis[98][56].

Comparing the carbon growth rate this research achieved, which is 1.787 g cm™? h, is high
from previous research, which is typical ~0.1 g cm h'[80]. However, previous research also
reported a higher growth rate with 600 m? g~'[82]. This indicates that the research is producing
an acceptably high carbon growth rate. However, neither research did find CNT in their end
product. Comparing the purity assessment, which can be up to 90%[57] OFAT experiment
shows that using NiCr cathode results in 88.27% purity. Although higher purity can be achieved
using SS cathode (92.32%), the growth rate and MWCNT yield is decreasing. Higher quality of
SWCNT is achieved in previous research[55] with the addition of catalyst preparation, which in
this research cannot be achieved. However, this research aims to maintain the uncomplex
nature of Electrodeposition without catalyst preparation. Therefore it can be concluded that this
research can produce a high yield (1.76 g cm? h') MWCNT product with maintaining the

uncomplex nature of the method.

5.1.1 Limitation of the research

First, the limitation of the MD force field needed to be addressed. Despite the current MD
capturing fundamental kinetic and potential energy theories, the lack of capturing molten salt

behaviour and cathode metals option makes different results with experiment counterpart.

Second, Predicting CNT's metal initiation and nuclei growth is not possible now, especially with
the electrodeposition method. Adding external potential and molten salt characteristics is

complicated, and the method to accommodate it still does not exist.

Third, the TEM analysis is not used in this research because SEM is adequate to measure
outer diameter and XRD to measure the wall thickness of MWCNT. However, TEM will have

more accuracy in analysing the morphology of MWCNT.
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Fourth, The restriction of financial resources resulted in the limitation of tests and analyses
conducted. In the Molecular Dynamics simulation approach, the running time of the simulation
approaches six days of each run. The total time to run the simulation is approximately three
months (does not consider the error during the run time) if using a single personal computer.
The solution options to these situations are hiring an expert to improve the program efficiency
and renting simulation computers. The financial restriction only allows for a later option: two
simulation computers. The Taguchi method's experiment is restricted to only EDX analysis and
one Raman analysis. One Factor at Time (OFAT) experiment method does not include
Transmission Electron Microscopy (TEM) and Thermogravimetric analysis (TGA) for the same

reason.

Fifth, time and equipment availability are impacted during the pandemic situation. During the
Covid-19 pandemic, access to the laboratory was limited. For example, the SEM-EDX and XRD
test is only limited to use by laboratory staff without the researcher's presence, resulting in
miscommunication during data collection and the need for recollection, which is time-

consuming. Third-party equipment is also not available to use during the pandemic situation.

5.1.2 Future work

Better work can be proposed for CNT production, such as adding electrodes and catalyst
treatment and preparation. The possibility of other CO utilities also can be explored better for
future work. Some tests and experiments have been left for the future due to financial resources
and time restrictions ( i.e. program script optimisation in Molecular Dynamics simulation,
Transmission Electron Microscopy (TEM) and Thermogravimetric analysis (TGA) in the

experiment). These will help deeper analysis which is not captured in this study.
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Following this Electrodeposition study, future work could conduct several ideas:

1. Research electrode and catalyst preparation to better control the CNT chirality and
diameters. Catalyst research can improve the electrodeposition method but needs to
be conducted carefully since adding a catalyst will increase electrodeposition
complexity. There is also a possibility that the result is subdued by other methods such
as Laser ablation and CVD, which also typically need catalyst preparation.

2. Research on the electrolyte in the electrodeposition will improve the optimization of
electrodeposition. The current research indicates that combinations of electrolytes
potentially positively affect the Electrodeposition method.

3. The utilisation of CO, needs to be explored further. Current use of CO2 such as
Enhanced Oil Recovery, Carbonate beverage, Refrigerant, Decaffeination agent, and
other mineral carbonation will promote further CO, atmospheric reduction.

4. The utilisation of MWCNT research will enhance the end product of electrodeposition
value. The current utilisation of MWCNT is comprehensive, including polymers, solar
cells, batteries, transistors, and many others. Finding a suitable application for MWCNT,
which is produced in this research (typically ~18 nm wall thickness and 70 nm diameter),
will increase the MWCNT value.

5. Considering the presence of molten salt in the simulation approach and counter-ion
behaviour will improve the result accuracy. The molecular dynamics script optimisation
will help reduce the simulation time.

6. Further analysis using TEM and TGA will improve the accuracy of the experiment.

7. Further development of force field which captures molten salt behaviour will support the

metal initiation and metal nuclei process of CNT growth
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5.2 Conclusion

The Electrodeposition method used in this study has the advantage of a cheaper CNT
production cost than other methods. Besides, the process is relatively simple, making this
method have good potential for producing CNT. The Electrodeposition studied in this study are
temperature, electrodes, carbon source, external potential, and Electrodeposition time. Each
variable influences the growth rate and the shape of the CNT. The conclusions that can be

drawn from this research are as follows:

1 | a) | A new approach to CNT production, such as Electrodeposition, is necessary due to
the need for an uncomplex protocol method. MWCNT synthesis using
Electrodeposition is advantageous to use due to its simple setup. Furthermore, this

method can be done using atmospheric CO2 conditions.

b) | More work is needed to optimise the parameters to improve the end product
quantity and quality of the Electrodeposition method because there are still
questionable effects on the end product due to partial research and in conjunction

with the parameters.

2 | a) | The parameters base expectation of Electrodeposition can be achieved with MD
simulation, which is more carbon-carbon bond created with the increased value of

each parameter.

b) | A validation study shows that total energy in the simulation system increases with

the parameter value increase, which supports parameters base expectation.

3 The optimum value from L25 Orthogonal Arrays Taguchi method of each
parameters are temperature = 773 °C; external potential = 5V; CO; Flowrate = 185
ml/min; Electrodeposition time = 60 min and; cathode = NiCr in term of carbon

production.

4 | a) | Electrodeposition is an alternative uncomplex method to produce CNT with a high

carbon growth rate (1.787 g cm? h') and MWCNT vyield (1.76 g cm? h™) in
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atmospheric pressure. Compared with previous work, the result is higher with solid

evidence of Raman features indicating the presence of MWCNT.

b)

XRD examines phase identification of cathodic products and MWCNT wall
thickness. All of the XRD results show that (002) miller indices are present, which
indicates the carbon deposition occurred in all scenarios presented in this work.
Higher temperature and external voltage increase MWCNT wall thickness while

increasing CO2 flow rate, and extended electrodeposition time does not.

The functional element in the end product was characterised using FTIR analysis.
CNT primary mode (A2u and E1u) appears in all results except the product of the
lowest temperature setting. The wavelength upshifts and downshift also occur in

some cases.

d)

Raman spectroscopy analysis was used to investigate graphitization degree. D, G,
and G' features were shown and used as CNT defects and purity assessment. The
lowest temperature scenario (723 °C) indicates CNT synthesis difficulty with the
absence of G’ and broad D and G band feature in the Raman spectroscopy.
Temperature of 773 °C, External potential of 5V, 185ml/min CO. Flowrates, NiCr
electrode, 60 minutes synthesis time result in the highest purity 88.27% (IG’/ID =

2.01) and relatively high quality (ID/IG = 0.73).

SEM-EDX analysis discloses the morphology and composition of the
electrodeposition end product and outer diameter. The stainless steel cathode
achieved the smallest diameter, followed by nichrome, while the Cu cathode has

the biggest and lowest temperature diameter, showing no CNT.

The temperature of 723 °C has the lowest deposition rate due to the stability of the
electrolyte. It is hard to maintain electrolytes in liquid form at 723 °C. At 773 °C, a
higher deposition rate and deposition rate value gradually decrease with increasing

temperature. Higher temperature also tends to grow larger, thicker wall MWCNT.
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g)

Ni-Ni, Cu-Ni, SS-Ni, NiCr-Ni, and Galvanized-Ni electrodes, were examined. The
highest MWCNT vyield is obtained using a NiCr-Ni and SS-Ni electrode. However,
the residue and the morphology of the CNT made are different. NiCr produces a
slightly higher MWCNT vyield (1.76 gr.cm?.hour1) with a bigger diameter (65 nm)of
MWCNT. Stainless steel fabricates a slightly lower Electrodeposition rate with

better purity (92.32%) and smaller MWCNT (60 nm average diameter distribution).

h)

The optimum external potential is 5V for the CNT deposition rate. Increasing
external potential from 2V to 5V, increasing Carbon growth rate from 0.894 to

1.787 gr.cm?.hour'. While 6V produces a 1.599 gr.cm?.hour’ growth rate. The
reduction of carbon growth rate can be caused by current instability occurring on
external potential higher than 5.5 V. The MWCNT yield also follows a similar pattern

with the highest value of 1.76 1.787 gr.cm™.hour" at 5V.

The optimum CO- flow rate is 185 ml/min. 140 ml/min flow rate producing slightly
lower purity (83.03%) compare to 185 ml/min (83.03%). This trend continues until

the smallest value of CO2 flow rate (5 ml/min) with 76.20% purity.

j)

The longer Electrodeposition process results in a lower deposition rate, and the
optimum time is 60 minutes. A longer electrodeposition time produces a higher total
carbon mass than a short one. However, the carbon weight (wt%) decreases, and
MWCNT purity decreases even further. The lowest MWCNT purity is 0.48% at 180

minutes of electrodeposition time.
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Appendix 1 — Input script

units

real

atom_style  full

boundary pps

read_data 100.data

pair_style reax/c NULL checkqgeq yes

pair_coeff ** .[../lammps-stable/lammps/potentials/reaxff.cnt Ni C
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group Ni type 1

group C type 2
mass 1 58.6934
mass 212.0107

fix 6 all geg/reax 1 0.0 9.0 1.0e-10 reax/c

#boundary conditions regions

region boundatas block 0 12 0 12 0 12 units lattice
group electhi region boundatas

region boundbawah block 0 12 36 48 0 12 units lattice
group electlo region boundbawah

dump 1 all atom 1000 output/equilibrium.1100-1100.lammpstrj
log output/equilibrium.1100-1100.log

thermo 100

thermo_style custom step etotal temp bonds pe ke evdwl press pxx pyy pzz pxy pxz pyz Ix ly
Iz

minimize 1e-35 1e-25 2000 5000
#initialize the property
fix 0 all property/atom d_locpot d_lap

compute 0 all property/atom d_locpot d_lap

#initialize local electrochemical potential

set type 1 d_locpot 0.0

fix 1 all nvt temp 1073.0 1073.0 100.0

fix 2 all geg/shielded 1 10.0 1.0e-6 1000 param.qeq

fix 3 Ni echemdid 1 k 6.0 rc 4.0 norm 0.629967 nelec 10 electhi electlo volt 4.0
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fix 4 all reax/c/bonds 1000 bonds.reaxc
fix 5 C reax/c/bonds 1000 bondsC.reaxc
restart 10000 input/equilibrium.1100-1100.restart

run 50000

Appendix 2 - lithium carbonate reaction

The reaction below is a reaction to find out how much CO is needed to convert Li, 0 back into

Li,CO5at 40 grams of lithium carbonate.

Li,0 = mass Li, + mass 0 Equation 20

=13.882gr+ 16 gr

=29.882 gr

Cco, = mass C + mass 0, Equation 21
=129gr+32gr
=44 gr

Total mass Li,CO; =73.882 gr

Calculate the mass fraction from Li, 0 and CO, :

_ 29.882gr

Mass fraction Li, 0 =
73.882 gr

=0.404

44 gr
73.882 gr

Mass fraction CO,

=0.595

Mass fraction CO, x 40 gr  =23.82 gr
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The amount of carbon produced in the reaction using 40 grams of lithium carbonate is 4,722

grams. At the same time, the need for COz in this condition is 23.82 gr.

The reaction rate of 40 grams of lithium carbonate in 60 minutes can be calculated by:

a dt
decsription
Y = reaction rate
a = reaction coefficient
[A] = substances involved in the reaction
dt = time

then the reaction rate at 40 gr lithium carbonate

Li,CO; — C + 3Li,0 Equation 22
Li,CO3 = 0.541 mol (initial)
C + 3Li,0 = 0.744 mol (final)
[A] = (initial) — (final)

=0.541-0.744

=-0.203 mol

—0.203
V - - T
60 minutes

= 0.00338 mol/minutes

= 3.4 x 10-3 mol/minutes
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Appendix 3 - Fourier Transform Infrared (FTIR)

Fourier Transform Infrared (FTIR) is a type of infrared spectroscopy that is commonly used in
CNT characterization. This analysis setup is described in Figure 64. Fourier's theory states that
mathematical functions (x, y-axis) can accurately display sin and cos waves. Therefore, FTIR

changes the time function into a wavelength function utilising this theory.

Sample
L ,,‘ bulk
| ol
| ] S~
[ ] 1 #

IR beam > .

Detector

Figure 64 Infrared spectroscopy

There are two types of presentation of FTIR data, first based on absorbance and second based
on % transmittance. The equation used to determine the absorbance spectrum uses the

following equation:

A =log(ly/D)

A = Absorbance

Iy = intensity in the background spectrum

I = Intensity in the sample spectrum

189
A.F.Fikri, PhD Thesis, Aston University 2021



The following equation can be used to find the concentration of a molecule:

A= elc
A = Absorbance
€ = Absorbptivity
1 = Pathlength
c = Concentration

The following equation can be used to determine the per % transmittance:
I
%T = 100 x (—)
Iy

%T = per cent transmittance
Iy = intensity in the background spectrum

I = intensity in the sample spectrum

Appendix 4 - X-Rays Diffraction (XRD)

X-Rays Diffraction (XRD) is a non-destructive test that uses X-rays with an energy of 100 eV

to 10 MeV. This test is generally used to measure the average distance between layers, and
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the arrangement of atoms, determine the orientation of a single crystal or grain and analyze
the crystal structure. Size, shape and internal stress measurement of the crystalline area and
quantifying the interlayer distance and composition of the sample also the robust capabilities

of these tests. Bragg's law is used to find the interlayer distance:

2d' sin8 = n\

d = spacing of the crystal layer
sinf = the angle between the scatter and plane incident ray (incident angle)
n = integer

A = wavelength

X-ray 1

4

B+BC = multiples of nA
R _.;_ -

d

__'__

Figure 65 XRD process to calculate interlayer spacing

XRD analysis method was used to describe the morphology and structure of CNTs at different

angles (Figure 65).
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Figure 66 [151] Effect of a multilayer with XRD diffraction

Appendix 5 - Raman spectroscopy

The relation between RMB and the diameter of nanotubes describes as follows:

A
wRBM = -=+B
d
Where d is the diameter of SWCNT, A and B are parameters determined experimentally.

Parameter A is related to graphite dispersion, and parameter B is related to frequency shift

caused by van der Waals force.
Appendix 6 - Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a test that uses an electron microscope that produces
an image of a sample by scanning the surface using a focused electron beam to determine the
resulting sample's microstructure morphology and chemical composition. Image formation in
SEM depends on the signal gain resulting from the electron beam and specimen interaction.
These interactions can be divided into two main categories: elastic interactions and inelastic
interactions. The simplified explanation of these interactions is whether electron beam energy
is transferred to the sample or not. Elastic interaction happens when no energy is transferred,
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while inelastic interaction is the opposite. From these interactions, the result is a signal which

can be processed into an image.

Appendix 7 - Electrochemistry in Electrodeposition

Electrochemistry is a branch of science that studies the phenomenon of electric flow and
chemical reactions. This field of study is the basic concept of Electrodeposition. Whether the
chemical reaction occurs spontaneously or not depends on Gibbs Free Energy (AG).
Spontaneous or non-spontaneous response conditions differentiate electrochemical processes
into two electrochemical cells: voltaic and electrochemical cells. In the electrochemical process,
there are reduction and oxidation reactions. The reduction is a process where there is an
addition of electrons in an electrochemical process. At the same time, oxidation is a process
with a reduction in electrons in an electrochemical process. Both reduction and oxidation
reactions occur in one chemical reaction, but the half-reaction method is often used to facilitate

calculation and identification.

Gibbs free energy, or free energy for short (AG), is a system measuring a chemical process's
spontaneity and the energy used from or needed to add to that process. Based on free energy,
electrochemistry can be divided into two types. These types are voltaic cells and electrolytic
cells. A voltaic cell is an electrochemical cell condition with AG <0. This gives rise to a
spontaneous reaction that results in excess energy. Meanwhile, the electrolytic cell is an
electrochemical condition with AG> 0. This condition gives rise to a non-spontaneous response
in which external energy is required for a chemical reaction to occur. Figure 67 shows the two

processes. (AG) can be determined by the equation:

AG = AH —TAS Equation 23

G = Gibbs Free Energy

H = enthalpy
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Figure 67 Voltaic cell dan Electrolityc cell

The reduction reaction, which is the addition of electrons, occurs at the cathode (-), and

oxidation, namely the reduction of electrons, appears at the anode (+). The identification of

reduction and oxidation reactions can use the half-reaction method.

e G
Anode T supply ?
(

)

Cathode
reduction)

X >Xt+ e” Equation 24
e+ Yr-oY Equation 25
X+ Y > Xt +Y,AG<O Equation 26
AT > A+ e” Equation 27
e+ Bt->B Equation 28
A"+ Bt-> A+B; AG>0 Equation 29

Equation (24) - (26) is the reaction in the voltaic cell, while equation (27) - (29) is the reaction
in the electrolytic cell. The oxidation reaction is shown in equations (24) and (27), while the

reduction reaction is shown in equations (25) and (29).
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In determining the spontaneous reaction under standard conditions using the E* calculation
(electrode potential), it also needs to be taken into account that if E™> 0, then the reaction occurs
spontaneously. Meanwhile, if the value of E* < 0, then the reaction is not spontaneous. E’

calculation uses the following equation:

Eo =E°cathoa — E°anode Equation 30

The process of getting the potential of an electrode uses a comparison method against the
reference standard half cell, namely the hydrogen electrode. Table 34 shows the example of

the standard potential value at 25 "C.

Table 34 Standard potential on metals

Metal Standard
potential, Eo (V)

Li -3.05
Al -1.66
Zn -0.76
Cr -0.74
Fe -0.44
Ni -0.28
H 0.00
Cu 0.34
Pt 1.20
Au 1.50

The electrochemical process investigation involving electrochemical kinetics commonly
uses the Butler-Volmer equation as one of the fundamental relationships. This equation
describes the relationship between the electrical current through an electrode and the voltage

difference between the electrode and electrolyte in a simple, unimolecular redox reaction.

—aFn (1-a)Fn
i =1Il,|e RT —e RT Equation 31
Where: i = current, ip = exchange current, R = molar gas constant , F = Faraday’s

constant,a = transfer coefficient, T = absolute temperature and n = overpotential.
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Appendix 8 - Research on CNT Production using Arc Discharge Method

Year—author

Arc current, voltage,

Environment,
synthesis time

pressure

Type of CNTs,
diameter, yield

1991—lijima [1]

1992—Ebbesen and
Ajayan [152]
1993—lijima et al. [153]

1993—Bethune et al.
[154]
1996—Loiseau and
Pascard [155]
1997—Journet et al. [156]

1999—Shi et al. [61]

2004—Itkis et al.[157]
2005—Yao et al. [158]

2007—Sun et al. [159]

2009—Jahanshahi et al.
[160]

2011—Hou et al. [161]
2013—Mohammad et al.
[162]
2013—Fang et al. [163]

Argon/Helium, 100 MWNT, 5-20 nm

torr
100 A, 18V Helium, 500 torr CNT, 2-20 nm
200 A, 20V 10 torr methane and CNT, 0.75-13 nm
40 torr argon
95-105 A Helium, 100-500 Torr SWCNT, 20 nm
100-110 A, 30-45 Helium, 0.6 bar CNT
min
100 A, 2 min Helium, 500 torr MWNT, 1 nm
40 A, ~ 120 min Helium, 1520 Torr MWNT, 115
mg/min
90 A, 60—-90 min Helium, 680 Torr SWNT, 5-15¢
a90 A, 5-10 min Helium, 600 Torr SWNT, 10-30 nm,
06-1g
70-100 A, 10 min Hydrogen-argon, 200 SWNT, 0.8 g
Torr
LiCl MWNT/SWNT, 7.7
mg/min
150 A, 3 min Hydrogen, 200 Torr SWNT, 1g
75-95 A, 5 min Hydrogen—argon, 150  CNTs, 34—-44 mg
Torr
80 A, 10 min

Hydrogen—argon, 200  SWNT, 10-30 nm,
Torr 100-200 mg

A.F.Fikri, PhD Thesis, Aston University 2021

196



Appendix 9 - Research on CNT Production using CVD Method

Environment,

Year—author Carbon Pressure, flow rate, Temperature Catalyst, the_ '_I'ype of CNTs, Yield
source time support material diameter, length
1996- Hongjie Dai et al. Carbon 100 Torr, 1200 sccm, 1 o Molybdenum (few SWNT, 1-5 nm,
: 1200 °C A -
[164] monoxide hour nanometer size) 100 nm
. . 42 wt. %/ g (1.5 9)
Fe—Mo bimetallic; :
1999- Alan M. Cassell et Methane 1.27 a_tm ,GOOQ 900 °C Fe2(S04)3/A1203 SWNT, 2-50 nm, catalys_t yield after
al. [165] cm3/min, 30 min 59) 45 min of CH4
9 CVD
. Carbon 44% the weight of
1999- PZ‘I’?L g'é']‘o'ae" e monoxide, 1-10 atm, 800 - 1200 °C Fe/Quartz SWNTO.7nm, 1y the catalysts ,
Fe(CO)5 1,38 mg/h
1999- E'[':'g;h]a“t etal. CH4 H2 1070 °C Co or Ni SWNTs, 0.8-5 i
o - 0, .
2000- Ming Su etal. [72] ~ Methane ~ ~/H2, 1000 scem, 30850 °C 1000 Co or Ni MWNT, 1 nm 2007 the weight
min C of the catalysts
. Carbon
2001- Michael J. monoxide, 30-50 atm, 900-1100 °C Fe/Quartz SWNT 450 mg/h
Bronikowski et al [168]
Fe(CO)5
2002 - Shigeo alcohol, Ar, 200 sccm 550-600 °C Fe, Co, zeolite SWNT i
Maruyama et al [169] methanol
2009 - Rong Xiang etal gy Ar/H2, 40 kPa 800 °C CoMo SWNTs i

[170]
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Appendix 10 - Research on CNT Production using Laser Ablation Method

Laser properties (laser vaporization pulse)
Target Metal catalyst Inert Pressure Furnace/oven Oscillation Spot . ,
material (%) gas  (Torr) temp. (°C) Type  wavelength I-/|eat diargeter Major observation Refs
(nm) (mJ/pulse) (mm)
MWCNTSs of length 300
nm are obtained with 4—
24 layers. Yields depend
ot e e
raphite . t °C, defect-free
rod - Ar 500 288 Nd:YAG 532 250 3and 6 MWCNTSs are obtained: [65]
(b) At 900 °C, number of
defects is increased; and
(c) At 200 °C, no
MWCNTSs are synthesized
Co (1)
Cu (0.6) SWCNT are obtained with
Nb (0.6) increasing temp up to
Metal- Ni (0.6) _1200 °C. Yie;ds ob‘gained
>
araphit ot ((8_'2/)0_ e A 500 1200 Nd:YAG 532 300 6-7 e ?g?gro‘/’Nfag o /PtCS 62]
ro Co:Pt (0.6/0.2) Ni/Pt > Co/Cu. For Cu
Co: Cu (0.6/0.5) and Nb: no SWCNTSs are
Ni/Pt (0.6/0.2) secured
>70% SWCNTSs are
secured with uniform
Metal- diameter in the form of
graphite Ni-Co (1.2) Ar 500 1200 Nd:YAG 5321064 250 300 5-7
rod

A.F.Fikri, PhD Thesis, Aston University 2021

rope. One rope contains
from 100 to 500 SWCNTs

[171]



Metal-
graphite
rod

Metal-
graphite
rod

Graphite
+
catalysts
powder

Metal-
graphite
rod

Co/Ni (1)

Ni (2) Co (2) Fe
(2) Y (0.5) Ni’Y
(4.2/1, 2/0.5,
1/0.25, 0.6/0.6,
0.5/0.1) Ni/Co
4.2/1, 212,
2/0.5, 1/0.25,
0.6/0.6,
0.5/0.13,0.4/0.4)
Ni/Fe (4.2/1,
2/0.5, 0.6/0.6)

CoNiY (2)

Ni (2) Co (2) Y
(0.5) Fe (2)
Ni/Co (4.2/1, 2/
2,0.5/1,
0.6/0.6, 0.5/0.1)
NifY (4.2/1, 2/
0.5, 1/0.25, 0.6/
0.6, 0.5/0.1)

Ar

Ar

Ar

Ar
N2
He

500

400

187-337

400
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200

No Furnace
is used

Nd:YAG 532 490

CO2
250 W

Solar
energy
(2000
W)

CO2
12000 - -

0.16

When the flow tube is 2.5
cm in diameter, Web-like
SWCNT deposit is
retained When the tube
dimension is increased by
~5 cm in diameter, 50
vol% of SWNCT is
obtained When 2.5 cm in
diameter quartz tube
coaxial and 5 cm tube
extending are installed,
60 to 90 vol% SWCNT is
acquired 1 g/day
SWCNTs are
accomplished

[128]

The soot contains large
amounts of clean bundles
of SWCNT (diameter 20
nm and lengths >1 uym)
SWCNTs of 80 vol% are [64]
synthesized at a rate of
50 mg/h Ni/Y or Ni/Co
showed rubbery web-like
SWCNT soot

Parallel and bundled [172]
SWCNTs are obtained
SWCNTs of diameter 1.4
nm are self-organized into
a 20 nm bundle.
Maximum yield was
noticed with Ni/Y and
Ni/Co catalysts. Cw-COz2
laser ablation is an easy
and environment

[173]
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Ni/Fe (4.2/1, 2/
0.5, 0.6/0.6)
ColY (2/0.5)
Ni/La (2/0.5)

favorable method for the
growth of high-quality
SWCNT

Metal- Ar CO» 20-40% SWCNT with
graphite  Co and Ni (2.5) N2 750 1100 °C 2100 W - mean diameter of 1.2-1.3 [174]
rod nm are obtained
SWCNTSs with 1520 nm
in diameter are secured.
Metal- Yield is lower at lower
graphite Co-Ni (0.6) Ar 500 25-1150 uv 248 - temp. Repetition rate of  [175]
rod 30 to 150 Hz leads to a
higher yield and larger
bundles
Metal- Ni (1) Co (1) Ar N2 atmosphere produces
graphite N2 600 7726 Nd:YAG 532 240 more bundled than those [176]
rod of Ar ambience
Metal- 999 1099 diameter 3.1 7 nm and
grapgite Co Ni (1.2) Ar 750 1169 1349 uv 308 58 Ie':é?ﬁ vl sy T'he“hri';ﬁgst [67]
ro yields at 1349 °C
Metal- SWCNT deposit of
graphite Co Ni Ar 500 1100 uv 248 - diameter 1.2 nm is [177]
rod secured
SWCNT of diameter 1.2
nm and length 10 ym
aggregate into bundles
containing 2—40
Metal- 900 1000 nanotubes. Optimal
graphite Co/Ni Ar 500 1150 uv 248 - catalyst concentration of [68]
rod 1.2% synthesis high-
quality SWCNT
Increasing the furnace
temperature increases
diameters
200
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Appendix 11 - Ni cathode EDX result
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Figure 68 Ni cathode EDX result

The EDX result for Ni cathode in the OFAT experiment (section 4.3.4) has an anomaly where
the MWCNT result is higher than the carbon growth rate. It was caused by the range of EDX
results we received. As shown in Figure 68, the result ranges from 60.60% to 69.65%. We
choose the middle value of 61.79% resulting in the anomaly result. However, if the highest

value (69.65%) is chosen, the growth rate is higher than the MWCNT yield.
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