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CHAPTER |
INTRODUCTION

1.1 Introduction

The rising level of greenhouse gases is now driving the change in the Earth's
climate that causes natural disasters such as flooding, drought, wildfire, and storm
surge. The primary greenhouse gas is carbon dioxide (COz), an inexpensive, non-
toxic, inert gas, which has been released into the atmosphere through burning fossil
fuels (coal, natural gas, and oil), solid waste, trees, and other biological materials, and
also a result of specific chemical reactions causing the greenhouse effect and
environmental issues. However, CO> can be used as an initial substance in producing
alcohol, acids, and other chemicals. In recent years, the interest has been growing in
reducing CO2 and changing it into fuels and other value-added chemical products [1,
2].

There are several CO> conversion technologies such as thermal, photochemical,
enzymatic, and electrochemical processes. Nevertheless, the thermal -catalytic
reactions are unfavourable and need harsh reaction conditions due to the non-reactive
properties of inert gases. In photocatalytic reactions, the efficiency is low [1, 2]. And
the enzymatic process, the process is slow from using multistep processes, unstable
catalysts, complex regeneration, and discontinuous process [3]. Among these,
electrochemical reduction is a superior technology for carbon dioxide reduction due to
its high efficiency, simple operation, mild conditions, and potential opportunities for
large-scale practical applications.

Bismuth (Bi) is an attractive electrocatalyst metal because it is a stable, non-toxic
metal with low price, minimal environmental impact, and high selectivity of CO
production in CO2RR [4, 5]. There are various methods to prepare electrodes, such as
pulsed laser deposition, vacuum thermal evaporation, melt spinning,
electrodeposition, etc [6]. Pulsed laser deposition is a high-quality thin film but
expensive and may not be helpful for fabricating large-scale uniform coatings [7].
Vacuum thermal evaporation is of very high purity. Nevertheless, it has a non-

uniform thickness on complex surfaces and is expensive [8]. The melt spinning



technique is fast and cheapest however, the properties of the sample may change with
time, and the thickness of samples is inhomogeneous by area [9]. The
electrodeposition method is commonly used in the preparation of electrodes in
advance that combines low costs and the ability to fast cover large complex surfaces
[6]. Several Bi electrodes have been studied in CO2RR [4-6, 8, 10, 11]. Bi —Tin (Sn)
alloy electrode [9, 12-15], Bi/Sn electrode [16], and Sn electrode [1, 2, 17] were also
studied in the electrochemical reduction of CO> because of low cost, low toxicity, and
high-efficiency [17].

To improve the efficiency of CO2RR, the use of ionic liquid electrolyte is of
interest because it was found to increase the efficiency due to strong absorption
capacity and unique properties of zero vapour pressure, high electrical conductivity,
high thermal stability, high gas solubility, and expansive electrochemical windows [1,
4, 5]. Meanwhile, other electrolytes, such as aqueous ones, have low CO: solubility
and often lead to hydrogen evolution [18]. Organic electrolytes increase CO:
solubility but poor conductivity and environmental problems from large volatilization
[1]. The effects of ionic liquid as an electrolyte in CO2RR have been studied by
changing types of ions [4, 5, 11, 19, 20] or combining the ionic liquid with aqueous
electrolytes or organic electrolytes or both electrolytes in different ratios [20-22].

The products from the electrochemical carbon dioxide reduction (CO2RR) range
from carbon monoxide (CO), formate (HCOOH), methanol (CH3OH) methane
(CHa), and ethanol (C2HsOH), to solid carbon (C) [1, 2, 16]. Generally, the attractive
product in CO2RR is CO because it can combine with the Hz produced from the
water—gas shift reaction in the Fischer—Tropsch (FT) synthesis in the form of syngas
(CO and Hy) to produce synthetic petroleum and other liquid fuels [22]. Recently,
carbon allotropes such as graphene are an interesting product from CO2RR because
of their technically desirable properties to revolutionary materials (e.g., high
electrical/thermal conductivity, high strength, lightweight, and bio-compatibility) that
can be used in the fields of electronics, optics, bioengineering, biomedical, tribology,
etc [16]. However, there has been few research about carbon products produced from
CO2RR compared to CO [16, 23, 24].

Previous research by Rungkiat et al. 2022, CO2RR was studied using 0.1 M Bi
deposited on Sn electrode (Bi/Sn) by electrodeposition in a ternary electrolyte system



comprising of 1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF4),
propylene carbonate (PC or ethylene glycol), and de-ionized water (DI) at -1.1 V for
70 min. The results showed that the reaction did not produce any liquid product, and
carbon allotropes were obtained as the main products from the reaction [16].
However, the electrodeposition and also CO2RR conditions are needed to be further
investigated to improve the electrocatalytic efficiency of the Bi/Sn electrodes in
[BMIM]BF4/ PC/DI.

Several studies showed an improved efficiency of electrocatalysts prepared by the
electrodeposition method in CO2RR by varying deposition time and concentration
[25, 26]. The longer deposition time led to the formation of a thicker layer, and a high
current was inclined to make a dendrite cluster with an outsized size, thus covering
the surface of the substrate. Notably, the rise of deposition time led to the enlargement
of apparent pore size. This might be attributed to slow rates of hydrogen evolution in
conjunction with bubble coalescence in such conditions [27]. Increasing concentration
also produced nuclei with a coarser texture that was bigger and taller. But at the
surface area, it will lower population density than the lower concentration that gave
deposits with a relatively large surface area [28].

Therefore, this research aims to study the effect of Bi concentrations on the
characteristics and performances of the Bi/Sn electrode prepared by electro-deposition
in the CO2RR under the [BMIM]BF4/ PC/DI system.

1.2 Objectives of the Research

To study the effect of Bi concentrations on the characteristics and performances
of the Bi/Sn electrode prepared by electrodeposition in the CO2RR under the 1-Butyl-
3-methylimidazolium tetrafluoroborate ([BMIM]BF4)/ propylene carbonate (PC)/

deionized water (DI) system.



1.3 Scope of the Research

1.3.1 Electrode Preparation

+ Bi/Sn electrode was prepared by electrodeposition of Bi on the Sn substrate.

« The concentration of Bi** were 0.01, 0.03, 0.05, 0.07, and 0.1 M at -0.7 V for
10 min.

1.3.2 lonic electrolytes: The anolyte was Potassium bicarbonate (KHCQO3) in an
aqueous solution and the catholyte was the mixture of propylene carbonate (PC),
[BMIM]BF4, and deionized water (Dl).

1.3.3 Study and characterization

» The CO2RR was tested at the potential of -1.1, -1.3, -1.5, and -1.7 V vs.
Ag/AgCl for 70 min.

» The condition with highest performance was further investigate the stability
for 150 min.

« A potentiostat (Metrohm Autolab): was used for the electrodeposition method,
Linear sweep voltammetry (LSV), Electrochemical impedance spectroscopy (EIS),
and the CO2RR experiments.

« The catalysts: Bi/Sn electrodes were characterized by Scanning electron
microscope-energy dispersive X-ray spectroscopy (SEM-EDX), X-ray photoelectron
spectroscopy (XPS), and TEM-EDX-SAED (Trans-mission Electron Microscopy,
Energy-dispersive X-ray spectroscopy, and Selected Area Electron Diffraction).

* The products of CO2RR were characterized by Gas chromatography (GC),
Nuclear magnetic resonance (NMR), and Raman spectroscopy.



CHAPTER II
BACKGROUND AND LITERATURE REVIEWS

2.1 Carbon dioxide (COz)

Carbon dioxide (CO2) is a key carbon source for sustaining life on Earth.
Nevertheless, it is the main greenhouse gas that enables the caging of heat in our
atmosphere by regulating the temperature of the atmosphere and the planet.
Generally, the concentration of CO; in the atmosphere is approximately 203 gigatons
of CO, are recycled each year by controlled by photosynthetic organisms and
geological phenomena. Due to current human activities, fossil fuel usage generates
more than 30 gigatons of added CO. per year, which cannot be accommodated in the
natural carbon cycle. Therefore, CO> levels in the atmosphere have risen considerably
in the last 100 years, and the following greenhouse effect has hugely impacted
climate change [29]. According to NASA's temperature data, the Earth was about 1.9
degrees Fahrenheit (or about 1.1 degrees Celsius) in 2021, warmer than on average in
the 19th-century, when the industrial revolution began [30]. The start of extreme
heatwaves will become widespread when Earth's temperature warms to 1.5 °C,
which around 14% of the world's population will be affected by severe heatwaves at
least once every five years, while at 2 °C, that percentage of the affected population
will rise to 37% [31]. On November 13, 2021, at the COP26 meeting in Glasgow, all
countries made an agreement on the Glasgow Climate Pact to keep 1.5 °C alive, and
Paris Agreement asked countries to come forward with ambitious 2030 emissions
reduction goals that align with reaching net zero by the center of the century [32]. As
a consequence, developing methods and researches in order to reduce CO:
aggregation in the environment is critical. Meanwhile, reducing or converting CO>
to be useful chemical products can claim to be carbon credit ($4.73 per credit in

2021) and reduce CO> aggregation in the environment is critical [33].

CO: properties are colorless, odorless, nonflammable gas with a slightly sour
flavor, with a linear and centrosymmetric molecule. Although the C=0 bonds in CO-
are polar as oxygen has a stronger electronegativity than carbon, causing the electron
fog to approach towards O, the molecule's net dipole moment is zero since the two



bond dipoles neutralize each other out due to the linear structure. The carbon core of
the CO2 molecule is electrophilic, and gaseous carbon dioxide is not very reactive at
normal temperatures. Because of the C=0 bond energy of 805 kJ mol™, the carbon
dioxide molecule is relatively stable and does not easily break down into simpler
compounds. On the other hand, high temperatures, ultraviolet light, or electrical

discharge may affect some decomposition [34, 35].

2.2 Electrochemical reduction of CO2 (CO2RR)

An overall electrochemical process comprises cathodic and anodic processes that
occur in two sections separated by a membrane to prevent the blending of cathodic
and anodic reaction products. The cathodic or anodic components of the process
relate to electron-conducting phases (electrodes) joined by an ion-conducting phase
(electrolyte medium) [1, 29, 34].

Anode Separator Cathode
@00 co. ® 10 @o. @co “ ncoon W ncuo
& cu, @ cn, 6 cuon HOP cacnon MB cn,

Figure 1. The electrochemical reaction of CO- cells.[36]

CO2RR is a multi-electron/proton transfer process with the following five steps:
(1) CO2 dissolution, (2) CO. adsorption on the catalyst surface, (3) one-electron
reduction of CO to CO2 free radical (CO,"), (4) additional electron/proton transfer
for target product production, and (5) product desorption into the electrolyte or

gaseous product escape from the electrolyte. Although the products of the



electrochemical reduction can be controlled by modifying reaction parameters,
including the electrolyte, electrode, electrocatalyst, and an applied voltage, an
efficient and selective CO2RR is not straightforward due to the chemical inertness of
CO2 molecules. A large overpotential is frequently needed to improve the kinetically
sluggish [1, 29, 34].

“‘;\‘ x Value-added chemicals

Absorbtion | ' Products formation

Co, ’ and desorption

\ -
Catalyst . Catalyst

CO," formation

Figure 2. Electrochemical reduction of CO2 [1]

By using the electroreduction of CO> pathways, CO2 may be converted into small
carbonaceous molecules with a high energy density, such as carbon monoxide (CO),
formic acid/formate (HCOOH/HCOOQO"), methanol (CH30H), methane (CHa), acetic
acid (CHsCOOH), carbon, and so forth. From a thermodynamic study, a variety of
half-reactions and their corresponding electrode potentials versus standard hydrogen
electrode (SHE) in aqueous solution (pH =7, at 25 °C, 1 atm, and 1.0 m concentration
of other solutes) or the equilibrium potentials (E°) of CO; reduction and HER are
shown in Table 1 [1, 16, 36].



Table 1. The equilibrium potentials (E°) of CO; reduction and HER [1, 16, 36]

Electrochemical Reduction a
(V versus SHE)
CO2(g)+e — CO2™ —1.900
CO2 (g) + 2H20 (I) + 4~ — C (s) + 4OH" -0.627
COz (g) + 2H* + 2e” — HCOOH (1) -0.610
COz (g) + H20 (I) + 26 — HCOO™ (aq) + OH" —0.430
CO2 (g) + 2H* + 2e” — CO (g) + H20 (1) —0.530
CO2(g) +H0 (I) + 2" —> CO (g) +20H -0.520
CO2 (g) + 4H* + 2e” — HCHO (1) + H20 (I) —0.480
CO2 (g) + 3H20 (I) + 46 — HCHO (1) + 40H" —0.890
CO2 (g) + 6H* (1) + 66~ — CH30H (1) + H20 (1) ~0.380
CO2 (g) + 5H20 (I) + 6" — CH3OH () + 60H" —-0.810
CO2 (g) + 8H" + 86~ — CHa (g) + 2H20 () —0.240
COz2 (g) + 6H20 (I) + 86~ — CHa (g) + 80H" —0.250
2CO; (g) +72H* + 126 — C2Ha4 (g) + 4H20 (1) 0.0600
2C0; (g) + 8H20 (I) + 12e” — CzHa (g) + 120H" —0.340
2CO; (g) + 12H* + 126" — CH3CH0H (1) + 3H20 (1) 0.0800
2CO; (g) + 9H20 (I) + 126" — CH3CH20H (I) + 120H" (1) —0.330
2H* +2e” — Hy (9) —0.420

The rearrangement of a linear molecule to a bent radical anion (CO2") in CO;
reduction needs a large amount of energy occurring at -1.90 V versus the standard
hydrogen electrode (SHE). Although the CO," radical obtained is highly reactive and
can form target products after several protons and electron transfer approaches, it is
challenging to convert CO: to the desired product with high efficiency and selectivity
by commonly used electrode materials in aqueous electrolytes. Additionally , a larger

negative potential is needed to drive this reaction than E°, which implies the high

overpotential is primarily due to the first phase of CO: electroreduction [1].

The performance of CO2RR was evaluated using the Faradaic efficiency (FE),

which was calculated as an equation [37, 38].



FE(%) = (anF/Q)*100
where F is the Faraday constant (F = 96,485 C mol™), a is the number of
transferred electrons, n is the amount of the particular product (mol), and Q is the
charge quantity that is consumed in the reduction (C) [37, 38].

2.3 The study of electrode

Homogeneous and heterogeneous catalytic processes can improve CO2RR
efficiency. Homogeneous electrocatalysts are micro cyclic organics or metalorganic
complexes possessing highly accessible metal active sites. The CO.RR homogeneous
catalysis has been wildly studied since the 1970s, but because of the high cost,
toxicity, and complicated separation, it may be unable to be used in industry. On the
other hand, Heterogeneous electrocatalysis has attracted much interest in recent years
due to its low cost and environmentally friendly features. In the CO:RR, the
approaches for nano-catalyst production are complex, referring to the oxygen
reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution
reaction (HER). Therefore, many studies will focus on heterogeneous electrode

materials in this section [1, 38].

ne Substrates
Electrode K X
o Cat."* Products

pp, od E°(Cat."*’?)  E°(products/substrates)

Figure 3. Homogeneous Electrocatalysis [1]

The heterogeneous electrocatalysts mechanisms of metal electrodes are
summarized in Figure 4. Polycrystalline metal electrodes may be categorized into
three types based on their tendency to bind intermediates. The first group, consisting
of Hg, Pb, Bi, Sn, and In, prefers to attach to the *OCHO intermediate and benefits

the production of formic acid or formate. The second group, Au, Ag, Zn, and Pd, may
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strongly bind the *COOH intermediate following a protonation step from the CO2*—
intermediate, removing the HoO molecule to form *CO intermediate. Nonetheless,
the binding between these metals and the *CO intermediate is insufficiently strong
and cannot promote further reduction, resulting in CO being released from the metal
catalysts' surface. And in the third group, Cu is the only metal in this group because
of its high binding energy to stabilize *CO, which is advantageous for more *CO
reduction and producing value-added products like hydrocarbons and alcohols. In the
third group, Cu is the only metal in this group because of its high binding energy to
stabilize *CO which is advantageous for more *CO reduction and producing value-
added products like hydrocarbons and alcohols. Other metals, such as Pt, Ni, Fe, and
Ti, are more likely to bind hydrogen than carbon intermediates, causing the
preferential selectivity of HER and the suppression of CO2RR. Hence, the metal-to-
intermediate binding energy is a major determinant of high selectivity and effective
CO2RR performance [38].

Group 2 i
CcO
] 0
Oy O Og__OH ﬁ 0 i
% V +ne, +nH* CH,, C,H,,

b e S
2 7-\ C,HsOH, etc.
/ -

-
C02 . Group 3
N ’ "
C H,O c' OH e
04_-_\\0 o 30 O/ \O' Group 1

Figure 4. Heterogeneous electrocatalysis of CO2RR in aqueous systems [38]

Many catalysts of the heterogeneous electrocatalysts have been exploited,
including metal catalysts, metal oxides, metal chalcogenides, and metal-free catalysts.

The heterogeneous electrocatalysts are low-cost and easily recyclable for large-scale
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applications. In this case, CO. reduction mainly occurs at the interface of the
electrolytes and heterogeneous electrocatalysts because the electrocatalysts are

usually solid and the electrolytes are solvents saturated with CO> [1].

2.4 Electrodeposition

Electrodeposition is a material production technology using an applied potential
or current flowing through an electrolytic solution containing metal ions.
Electrochemical deposition is a low-cost and effective way to rapidly cover large,
complex surfaces. As demonstrated by the electrodeposition mechanism in Figure 5,
in an electrically conducting substrate, these metal ions are reduced to atoms,
resulting in metals, alloys, metal-based compounds, or composites as a coating or
powder form. In the presence of an applied potential, mass transfer of ions towards
the cathode occurs via three distinct processes. Firstly, convection (macroscopic
motion of the fluid due to stirring, density gradients originating from eddies, or
hydrodynamic transport) Secondly, diffusion (ion motion due to gradients in chemical
potential, usually concentration gradients). And lastly, migration (motion of the ions
due to an applied electric field). Metal ions in the bulk electrolyte are bonded to water
molecules by ion-dipole forces, whereas they are bound to complex molecules via
dipole or covalent interactions [6, 39].

Bulk electrolyte Diffusion layer (um) DL (nm) Metal

= H,O
Hydrated Meion :  Hydrated Meion : Alignment,
Transport by convection; Transport by diffusion : removal

Adsorption
Charge transfer

Figure 5. Electrodeposition step [39]

Three major processes are involved in the electrodeposition of these metals in

electrolytes. In the first phase of convection, the metal ion interacts strongly with
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water to generate a metal monohydroxide. A dynamic equilibrium is achieved
overtime where the rate of metal dissolution from the electrode equals the rate of
metal ion reduction when a metal Me is immersed in a solution containing the
corresponding ion Me**[39].

Me** + H,O — Me (OH)" + H*

The second phase is diffusion, in which a metal monohydroxide is reduced and
adsorbs at the electrode [39].
Me (OH)" + e — Me(OH )ads

Furthermore, in the last phase of migration, the metal is reduced by the mediated
hydrogen ion [39].
ME(OH)ads + H++ e — Me + HZO

Accordingly, the overall reaction is composed of two equations in the electro-
deposition: the ion metal reduction equation and the water oxidation reaction [40].

Reduction equation : Me** + ze* — Me
Oxidation reaction : H,O — 2H* + 1/20 + 2¢

The amount of metal deposit can be computed using equations 1, 2, and 3 by
which the quantity of metal deposited ( W ) at the cathode surface can be expressed as
the product of the quantity of total coulombs passed ( Q¢ ) and the electrochemical

equivalent of the metal ( z¢) [40]:

Qc = [ Iot 1)
Ze = MW/ nF (2)
W = [ 10t Mu/ nF 3)

where I is the current applied over a period of time t, My is the molar mass of the
metal that undergoes electroreduction, n number of electrons and F is the Faraday
constant. Electrodeposition reactions that are heterogeneous take place in the
cathode/electrolyte interfacial region which involves the mass transfer and charge
transfer steps . The rate-limiting step of electrodeposition reaction is determined by

the slowest step as the rate of reduction, and also the cathodic current [40].
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2.5 lonic liquid

The electrolyte in CO2RR are commonly ionic liquid, aqueous electrolytes, and
organic electrolytes. In aqueous electrolyte, a solubility of CO2 in aqueous electrolyte
0.033 mol?! was measured under conditions (298 K, 1 atm), resulting in low
conversion efficiency of CO, reduction. Besides, due to the formation of CO,™
radical, the sluggish kinetics is the reaction's main energy barrier. Therefore,
sufficient large overpotentials are frequently needed to drive this reaction. Also, the
HER, extensively in aqueous media, is another complicating factor. As a competitive
response, it can decrease the selectivity of the target product. Furthermore, most
researchers concentrated on weakly acidic or alkaline COz-saturated aqueous
solutions containing inorganic salts such as anions, HCOs", SO.%, CI,, Br, I'; alkali
metal cations, K™ and Na*. And the catalytic activity and product selectivity are
improved, although the exact mechanism is still under discussion. Despite the fact that
there are still challenging challenges with CO- reduction, CO2 in aqueous electrolytes
might undergo C-C coupling and be further reduced to multi-carbon compounds.
Hence, the selectivity and variety of the products can be enhanced by designing
effective catalysts for CO- electroreduction in aqueous electrolytes [1, 18, 41].

In organic electrolytes, increasing CO: solubility is accompanied by low
electrolyte conductivity. While the volatilization of a large number of organic solvents
causes environmental issues, Thus, organic solvent systems are typically applied in
homogeneous catalysis or the design of mixed electrolyte systems [1, 18].

lonic liquids consisting of cations and anions have been accepted as a potential
new class of environmentally benign solvents. Because of their special features, such
as near-zero vapor pressure, high electrical conductivity, high electrical and thermal
stability, and high gas solubility, have attracted much interest. Their negligible vapor
pressure, high ionic conductivity, and wide electrochemical windows, especially,
make them outstanding alternatives to conventional electrolytes in electrochemical
applications. Besides, ionic liquids show excellent activity in the CO2RR, and also
provide a medium for CO:RR, and their strong absorption capacity for CO:
effectively promotes CO2RR. Moreover, the selectivity of CO2RR can be greatly
enhanced, and when ionic liquid is present, the hydrogen evolution reaction (HER) is
suppressed. Despite recent significant progress in CO2RR in ionic liquid-based
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electrolytes, ionic liquids have drawbacks such as high cost, high viscosity, and the
absence of hydrocarbons and alcohols [1, 18].

[Aqueous Electroly(eo Ionic Liquids R 6manic Electrolyteg

o Ke Cs® : @ C] BPy n—é—ou

He”
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ORgoY, (U8 ° CI9 i
9 ) ISulfate| : R'
HOJLOQ Perchlorate © yrom n,-—p'«'—n.

Bicarbonate

H
e OAc Acetonitrile rl, cie
Quaternary ammonium

OH® Bré cie
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Figure 6. Compare electrolytes in CO2RR [18]

From the ionic liquid structure as illustrated in Figure 7, the ionic liquid can be
divided into two parts: the anion and the cation [18]. Imidazolium cations have been
identified as specific promoters for CO2RR that can reduce the overpotential for the
reduction reaction due to their assistance in CO,"~ stabilization, inhibition of oxalate

production, favoring CO and decreasing the overpotential [2, 16].
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Figure 7. The structure of the ionic liquid [1]

The mechanism of ionic liquid in CO2RR to any product depends on the type of
ionic liquid, electrode, electrocatalysts, and overpotential [2]. Figure 8 shows one of
the gas products mechanism as CO [42].

)H\ H HONC”O
+
a.N/ N/\ +e HNAle/\ C02 mN(-I.\N/\
\—/ \—/
+e°
H* — l
S HO. .0 |

2, A
SNTNTN = SN e SNANN
~ co - HO W' =

Figure 8. The mechanism of ionic liquid in CO2RR to CO [42]
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The mechanism of ionic liquid in CO2RR to carbon product is shown in figure 9
and equations (1) - (8). When Caqs is carbon allotropes in the consecutive reaction

steps for CO2RR to C and the electrocrystallization that shown in as follows [16]:

[BMIM]" + & — [BMIM] (1)
[BMIM] + e + CO2 — [BMIM] -COO (2)
[BMIM]-COO" — [BMIM]-CO + OH" (3)
[BMIM] -CO — [BMIM] carbene + COags (4)
COads + & + H20 — COHags + OH" ®)
COHads + e — Cags + OH" (6)
Cads — C (carbon allotropes) (7
[BMIM]carbene + H20 — [BMIM]" + OH" (8)
=
| g—p
\N/*N/\/\ \N.)%N/\/\
7 \—/ = ¥
_y 4 ON(OO----'C?a
o 0
NN I{.
\—/ H(*Yo
NN O

2N
SN
N\

4 )\ (I;{“._. 4 ' N
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Figure 9. The mechanism of ionic liquid in CO2RR to carbon product [16]
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) Faradaic
Electrode Electrolyte Potential (V) o Reference
efficiency
A 0.1 M [Pegs14] —0.7 V vs. HCOO = Hollingsworth et
J 124Triz/acetonitrile Ag/AgNO; 63 % al. 2015 [43]
-1.6 V vs. Rudnev et al.
Ag [BMIM]BF4/20% H,0 CO >94 %
Ag/AgCI 2019 [44]
1 M ([EMIM]OH)CI/ -1.7V vs. Vasilyev et al.
Ag CO ~100 %
2 M EG/PC Ag/AgCl 2019 [45]
-1.9V vs. Juetal.
Ag 0.1 M [BMIM]BF4/PC CO=985%
Fc/Fct 2020 [46]
) 8 mM [POHMIM][BF4] /
Polycrystalline —2.5V vs. Zhang et al.
0.1 M TBABF, CO=85%
Ag electrode .y Fc/Fc* 2017 [47]
[acetonitrile
=173V to
0.1 M [BMIM]BF4/ Koh et al.
Au o -1.93 V vs. CO=95%
acetonitrile 2015 [48]
NHE
-1.82 V vs. Fuetal.
Au(110) [BMIM]BF, CO=95%
Ag/AgCl 2018 [49]
0.1 M [BMIM]OACcI/
] ] —1.80 V vs. Gongalves et al.
Au dimethysulfoxide / CO=98%
Ag/AgCI 2019 [22]
0.2 vol % H-0
] 0.1 M [BMIM][CI]/ 2.5V vs. Chen et al.
Au foil ) CO ~90 %
0.1 M BusNCIO;4 in PC Fc/Fct 2018 [50]
Ag modified 24 g [EMIM][BFs] +1¢g -2.0V vs. Zhou et al.
CO >98 %
Cu IL-Ag + CoCl; (0.25 mg) SCE 2015 [51]

The ionic liquid/PC mixture solution that was produced and considered as the

electrolyte for CO2RR on the Ag plate electrode was studied by Ju et al. 2020. In

comparison to other ionic liquids investigated, found that the alkyl length of

imidazole-based ionic liquids suggests that the [BMIM]BFs has a lower onset

potential and Tafel slope, and also a larger exchange current density. The EIS results

revealed that the imidazolium cation could absorb on the electrode surface and lower

the overpotential by complexing with anion radicals (CO," ") and stabilizing them. The

values of the charge transfer resistances are arranged in order of [BMIM]BF4/PC <
[HMIM]BF4/PC < [EMIM]BF4/PC <[OMIM]BF4/PC < [DMIM]BF4/PC due to the
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decrease in the chain length at the N1-position of the imidazolium cation from octyl to
butyl, causing the catalytic activities of ionic liquid to increase. It can be concluded
that the higher adsorbed quantity is caused by a lower steric hindrance of shorter
chain length. Meanwhile, when the chain length decreases from butyl to ethyl, the
adsorbed [Emim]* increases, leading the film layer to become too thick to allow CO>
molecules to pass through, which is undesirable for CO2 conversion. Therefore, the
[BMIM]BF4 provides the highest performance for the conversion of CO2. According
to the performance tests, at 1.9 V (vs. Fc/Fc*), FE for CO can reach 98.5% and a
current density of 8.2 mA/cm? can be achieved in [BMIM]BF4/PC electrolyte solution
[46].

Table 3. Post-transition metal in CO2,RR

S Faradaic
Electrode Electrolyte Potential (V) o Reference
efficiency
) —0.74 V vs. Hyun Koh et
Bi 0.5 M KHCO3 HCOO™ ~89 %
RHE al.2017 [52]
) ) =1.07 V vs. Liu et al.
Bi»0,CO:@Bi/CP 0.5 M KHCO;3 HCOO" ~ 90 %
RHE 2022 [25]
0.45 M KHCO3 / -1.5V vs. Castillo et
Sn/C-GDEs HCOO =70 %
0.5 M KClI Ag/AgClI al.2017 [53]
Bi -1.95V vs. CO=78+5% )
Medina-
Sn 100 mM [BMIM]OTF/ SCE CO=77+5%
o Ramos et al.
acetonitrile -2.05 V vs.
Pb CO=81+5% 2015 [54]
SCE
inggong Zhu
[BMIM]BF./ -2.2 V vs. HCOO = Qinggong
Sn o et al. 2016
acetonitrile/water Ag/AgCI 943+£2%
[17]
05M -1.2 V vs. Zhang et al.
Sn HCOO =81.9%
[EMIM]N(CN),/H,0 RHE 2017 [55]
700 mM [BMIM]
) o -2.4V vs. Feng et al.
Pb 124Trizu/acetonitrile/ HCOO =95.2%
Ag/AgCl 2018 [56]
5 wt % H,0
0.3 M [BMIM]PFg -2.60 vs. Hu,Y.O.a.X.
MoO2/Pb o CO =63.3%
/acetonitrile Fc/Fc* 2015 [20]

Pb phytate 12.8 wt % [BzMIM]BF4/  -2.25V vs. HCOO =92.7 % Wu et al.
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9.9 wt % H,0 Ag/AgCI 2018 [57]
/acetonitrile
. -1.34V vs. CO=45% Chen et al.
In Dimcarb

Cc/Cc* HCOO =40 % 2016 [58]
[BMIM]PF¢/acetonitrile/ -1.9 V vs. Ding et al.

In CO=99%
1 mM In(acac)s SCE 2016 [59]

The outcome of CO2RR between noble metals and post-transition demonstrated
that post-transition metals may perform as well as noble metals. Since the post-
transition metal is more common, affordable, and nontoxic than the noble metal, it is

interesting for use and development in CO2RR [1].

2.6 Bi electrocatalysts

Bismuth (Bi) is an interesting material used in the development of heterogeneous
CO- reduction catalysts because it is non-toxic and has a low environmental effect.
Besides, Bi is a byproduct of the refining of Pb, Cu, and Sn and has few significant
commercial applications, leading to its low and stable price. The development of Bi-
based cathodes for CO2RR would be an important development for the fields of CO>

electrocatalysis and renewable energy conversion [4].

Table 4. Bi electrocatalyst in the CO2RR

. Faradaic
Electrode Electrolyte Potential (V) o Reference
efficiency
_ 1.6 V vs. Avila-Bolivar
Bi/C 0.5 M KHCO:3 HCOO = 93+ 2.5%
Ag/AgClI et al. 2019 [10]
. —1.0Vvs. Zong Li etal.
Bi-Sn/Cu 0.1 M KHCO;3 HCOO = 94.8%
RHE 2022 [15]
20 mM [BMIM]BF4/ ] .
) o -1.95V vs. DiMeglio et al.
Bi-CMEC acetonitrile/0.1 M CO=95+6%
SCE 2013 [4]
TBAPFs
) 300 mM [BMIM]OTF/ -2.0 V vs. Medina-Ramos
Bi-CMEC o CO=87+8%
acetonitrile SCE et al.2014 [5]
250 mM [BMIM]PFe/ -1.95V vs. HCOO =10+£2% Atifi et al.

Bi-CMEC o
acetonitrile/0.1 M SCE CO=84+3% 2018 [11]
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TBAPFs
250 mM [DBU-H]PF¢/
acetonitrile/0.1 M

HCOO =77+5%

CO=21+1%
TBAPFs
0.1 M [BMIM]OTF/
acetonitrile/0.1 M CO=90+3%
TBAPFs
0.1 M [BMIM]OTF/ -
) -2.05V vs. CO=81+4% Atifi et al.
Bi-CMEC DMF/0.1 M TBAPFs
SCE 2019 [60]
0.1 M [BMIM]OTF/
CO=66+6%
DMS0/0.1 M TBAPFs
0.1 M [BMIM]OTF/
CO=63x6%
PC/0.1 M TBAPFs
) 0.1 M [BMIM][OTf] in -2.0 V vs. Zhang et al.
Bi/C = CO=96.1+0.7%
acetonitrile Ag/AgCI 2016 [61]
BI/S [BMIM]PFe/PC/H,0 -1.1V vs. C=1.035 Rungkiat et al.
i/Sn
4:5:1 by volume Ag/AgCl mmole.cm2.mint 2022 [16]
Mo-Bi 0.5 M [BMIM]BF4/ -0.7 V vs. Xiaofu Sun et
o CH3OH =71.2%
BMC/CP acetonitrile SCE al. 2016 [62]
0.1 M [BMIM]OTF/
) o -1.95V vs. Kunene et
Bi22SnsoPbag acetonitrile/0.1 M CO=85+4%
SCE al.2020 [63]

TBAPFg

DiMeglio et al. 2013 investigated the efficacy of a low-cost bismuth—carbon
monoxide evolving catalyst (Bi-CMEC) in none ionic liquid, Zlethyl-3-
methylimidazolium tetrafluoroborate ([EMIM]BF4), the BF4 salts of 1-butyl-3-
methylimidazolium ([BMIM] BF4), and 1-butyl-2,3-dimethylimidazolium-BF
([BMMIM]BF4). According to the findings, it was found that Bi-CMEC can be
formed upon the cathodic polarization of an inert glassy carbon electrode in acidic
solutions containing Bi®* ions. This catalyst can be employed in combination with
ionic liquids to perform electrocatalytic CO2 to CO conversion with a current density
at overpotentials of less than 0.2 V. Bi-CMEC is selective for CO generation with
approximately 95% Faradaic efficiency, which is a high-energy efficiency for CO
production comparable to that previously only seen with pricey silver and gold
cathodes. CO2RR's performance result is none ionic liquid < ([EMIM]BF.) <
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([BMMIM]BF4) < ([BMIM] BF4) for three reasons: the ionic liquid in CO2RR is
found critical to the electrocatalysis, and then deprotonation of the central
imidazolium carbon of the [EMIM] and [BMIM], which is the main source of protons
to operate the 2e /2H" conversion of CO> to CO. And since the proton transfer from
the imidazolium helps drive the CO2RR, the [BMMIM]BF4, which carries a methyl
substituent at the imidazolium 2-position, is unable to be deprotonated as readily so it
does not induce CO2RR catalysis. This implies that other organic acids could be
capable of promoting similar electrocatalysis [4].

The Bi-CMEC performance in different catholyte anions of [BMIM], including
potentially corrosive anions such as chloride and bromide, was studied by Medina-
Ramos et al. 2014. It was found that the material could act as a strong carbon
monoxide evolution catalyst and promote the electrocatalytic reduction of CO, to CO
in the presence of suitable imidazolium ionic liquid promoters. Furthermore, it
demonstrated that it can catalyze CO evolution with current densities up to jco
=25-30 mA/ cm? and associated energy efficiencies of ®co ~ 80% for the cathodic
half-reaction. Regarding the anion effect, it was found that CI", Br< BFs, PFe <
OTf since [BMIM]Br and [BMIM]CI were more hygroscopic than the other anions
studied, due to the presence of water in the electrolyte solution which may lead to the
formation of other CO> reduction products like forms. These metrics emphasize the
efficiency of Bi-CMEC, as it was previously shown that only noble metals promote
fuel forming half-reaction with such high energy efficiency. Additionally, at an
applied overpotential of = 250 mV for a cathode with a surface area of 1.0 cm?, the
rate of CO production by Bi-CMEC varies from around 0.1-0.5 mmol-cm 2-h™?,
indicating that the concentration of Bi electrocatalysts does not influence the

overpotential [5].

Xiaofu Sun et al. 2016 researched CO2RR to methanol in [BMIM] BFs/ MeCN
using a Mo-Bi bimetallic chalcogenide (BMC) as an electrocatalyst on carbon paper
(CP) as an electrode because the efficiency and selectivity of methanol in CO2RR in
the ionic liquid are currently low. The results revealed that Mo-Bi BMC/CP with a
Mo: Bi molar ratio of 1:1 was a very efficient and stable electrode for electrochemical
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CO2 to methanol reduction. For CO> electrochemical reduction to methanol, the
Faradaic efficiency can be as high as 71.2% with a current density of 12.1 mA.cm™
when using 0.5 M [BMIM]BF4 in MeCN as the electrolyte, which is substantially
higher than the values reported thus far. The synergistic effect of Mo and Bi in
CO2RR caused the high electrocatalytic selectivity of the Mo-Bi BMC/CP electrode
for methanol production. Bi increases the conversion of CO, to CO, and Mo prefers
the generation of H> and can bind CO. Consequently, the CO is bonded and can be
further hydrogenated to get methanol. It could follow with the pathway of CO, —
CO2""— COads — CHOags —CH30ags—methanol. This research suggests a new and
effective way of producing methanol from CO. in [BMIM] BFs MeCN. The
electrode comparison between Mo-Bi BMC/CP, Mo-Ag BMC/CP, and Mo-Cu
BMC/CP showed that the competitive hydrogen-evolution reaction (HER) is poor at
low potential (Mo-Bi BMC/CP< Mo-Ag BMC/CP< Mo-Cu BMC/CP) and CO:
reduction tends to occur with the increased potential. Methanol had its highest
Faradaic efficiency at -0.7 V (vs. SHE), while the Mo-Bi BMC/CP efficiency was
better than the Mo-Ag BMC/CP and Mo-Cu BMC/CP electrodes due to the ability of

Bi sites to stabilize CO," intermediates in the presence of ionic liquid [62].

The efficient electrochemical conversion of CO> to CO on surface-activated
bismuth nanoparticles (NPs) in acetonitrile (MeCN) at ambient conditions with
[BMIM][OTIf] was studied by Zhang et al. 2016. By comparing electrodeposited Bi
films (Bi-ED) and different types of Bi NPs, it was demonstrated for the first time the
effect of catalyst size and surface condition on organic electrochemical CO:
reduction. The result showed that the surface inhibiting layer (hydrophobic surfactants
and Bi®" species) formed during the synthesis and purification process hinders the
CO:2 reduction, resulting in a 20% decrease in Faradaic efficiency for CO evolution
(FEco). When the surface of Bi was air-oxidized, the Bi particle size had a significant
effect on FEco, whereas this size dependence of FEco became negligible on surface-
activated Bi NPs. After the surface activation (hydrazine treatment) that effectively
removed the native inhibiting layer, at -2.0 V (vs. Ag/AgCl), activated 36 nm Bi NPs
showed quantitative conversion of CO2 to CO (96.1% FEco) and a mass activity for
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CO evolution (MAco) of 15.6 mA mg?, three times greater than the typical Bi-ED.
This research highlights the importance of surface-activation for efficient
electrochemical CO; conversion on metal NPs and leads to a better understanding of
the CO; electrochemical reduction mechanism of CO2 in non-aqueous media [61].

Atifi et al. (2019) studied the improvement of catholyte solvent in CO,RR by
using Bi-CMEC. The catholyte solvents were tested including acetonitrile (MeCN),
N, N-dimethylformamide (DMF), dimethyl sulfoxide (DMSOQO), and propylene
carbonate (PC). The result showed that controlled potential electrolysis (CPE) current
is highly dependent upon the solvent choice, increasing in the order PC < DMSO <
DMF < MeCN.CPE showed that the rate and selectivity of this process are strongly
dependent on solvent choice. In surveying a series of polar aprotic catholyte solvents,
it was found that although MeCN and DMF-based catholyte give rise to rapid and
selective CO evolution, the use of DMSO or PC leads to much lower jco (i.e., slower
kinetics) and FEco (i.e., reduced selectivity) for the Bi/[BMIM]* system. Analysis of
the steady-state current density (jss) as measured by chronoamperometry and the
efficiency for CO production (FEco) showed that both these metrics can be correlated
with the ability of CO» to diffuse to the electrode surface. Upon accounting for the
differing solubilities of CO; in the different solvents studied, it is clear that both jss
and FEco are inversely related to the viscosity of the catholyte solvent. This
dependency is to be expected since CO> is the substrate for electrocatalysis and the
rate-limiting step of CO generation involves electron transfer to CO, at the Bi
cathode. Other unexpected findings concerning the role of the imidazolium in the
Bi/[BMIM]* system were also discovered. In addition to the catalytic production of
CO being dependent on the mass transport of CO, to the cathode surface, the ability
of the [Im]" to diffuse to the Bi cathode is strongly correlated with the efficacy of the
electrocatalytic reduction. Moreover, the ability of [Im]" to access the Bi/catholyte
interface not only strongly influences the rate at which CO is produced by the Bi
electrocatalyst, but also is well correlated with the selectivity displayed for CO
generation in each of the electrolyte solvents surveyed. It is recognized that the

accumulation of [Im]" at the Bi cathode is critical to the rapid conversion of CO, to
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CO, giving motivation for studies about CO; electrolysis using the Bi film electrode
in neat imidazolium-based ionic liquids, which ensure that large concentrations of
[Im]* are maintained at the cathode during catalysis. These experiments revealed that
they were highly selective [60].

Kunene et al.2020 studied the ability of the inexpensive commercially available
alloy of Bi, Sn, and Pb, which is known as Rose’s Metal (RM) to drive the
electrocatalytic reduction of CO., to CO within the presence of [BMIM]OTT in
MeCN-based electrolytes. The result showed that these substrates had a surface
composition (Bi22SneoPbig) that was enriched in Sn relative to the other two post-
transition metal elements. Voltammetric and electrolysis experiments demonstrate
that the RM/[BMIM]" catalyst interface is a selective (FEco = 80-95%) and robust
platform for CO evolution and operates with modest activity (jiot = 3-10 mA/cm?) at
potentials more negative than -1.80 V vs. SCE in MeCN. Accordingly, the
RM/[BMIM]" platform is predominately a CO evolving catalyst system much like the
electrodeposited monometallic Bi, Sn, and Pb thin films that were also studied [63].

Rungkiat et al. 2022 studied a novel approach to obtain nanocrystalline carbon
products using the room temperature CO2RR on various particulate metal
electrocatalysts such as Bi, Ag, Co, and Zn at a low applied potential of -1.1t0 -1.6 V
vs. Ag/ AgCl under the ternary electrolyte system containing [BMIM] BF4, propylene
carbonate (PC), and water at room temperature. Without any liquid products, the
outcome of the nanocrystalline carbon was formed as the main product from CO>
(selectivity of approximately 96% or above, ~1 mm thickness). When a negative
potential was applied, nanoclustering of the self-limiting ultrathin metal oxide layers
of metal particles on the highly conductive substrate could cause the formation of
negatively charged metal clusters, which were efficiently sustained by the ternary
electrolyte system. This system enables CO- to be reduced to single atoms C* and the
subsequent electrocrystallization of C* into carbon allotropes on the crystallographic
planes of the single crystal metals formed as the building blocks. The CO»-derived

Ag-C/epoxy composites reveal promising thermal conductivity. The results propose
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the development of the growth of nanostructured carbon allotropes from CO: by the

viable negative CO2 emission approach [16].
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CHAPTER Il
MATERIALS AND METHODS

This chapter explains the experimental procedure, including the materials,

catalyst preparations, characterization techniques, and experimental setup for CO2RR.

3.1 Materials

Table 5. The materials and chemicals used in the electrodeposition method.

Chemicals/Materials Formula Suppliers
Bismuth(ll1) nitrate pentahydrate  Bi(NOz3)s - 5H20 Sigma-Aldrich
Nitric acid HNOs Emsure
Platinum rod
Pt Metrohm

(Length 76 mm, Diameter 2 mm)
Tin foil
(0.1 mm thick, 99.998%)

Sn Alfa Aesar

Table 6. The materials and chemicals used in the CO2RR.
Chemicals/Materials Formula Suppliers

Platinum foil
(0.1 mm thick, 99.9999%)

Potassium hydrogen

Pt Alfa Aesar

carbonate KHCO3 Acros Organics
1-Butyl-3-
methylimidazolium [BMIM]BF4 Sigma-Aldrich
tetrafluoroborate
Propylene carbonate PC Sigma-Aldrich
High purity carbon dioxide CO2 Lindre

High purity nitrogen N2 Lindre
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3.2 Catalysts preparation

3.2.1 Preparation of Sn electrode

Sn foil (10x25 mm?) was mechanically polished with 800 G sandpaper and was
measured Sn foil (10x10 mm?). Next, the Sn electrode was cleaned with DI and dried
at room temperature. After that, the working area on the Sn foil (10x10 mm?) was
prepared using pipe thread tape.

3.2.2 Preparation of Bi/Sn electrode

Bi/Sn electrode was prepared by the electrodeposition method. For Bi catalyst
preparation, Bismuth nitrate pentahydrate, Bi(NO3)s-5H20, was dissolved in 1 M
HNO:s to obtain the concentration of 0.01, 0.03, 0.05, 0.07, and 0.1 M. Then, the Bi
catalysts were deposited on Sn foil (10x10 mm?) in a two-electrode system containing
Pt rod as an anode and Sn electrode as a cathode at the potential of -0.7 volt for 600
seconds. The experimental apparatus is shown in Figure 10. After that, the electrode
was washed with DI and dried for 60 minutes at room temperature. The catalyst
samples were named as 0.01Bi/Sn, 0.03Bi/Sn, 0.05Bi/Sn, 0.07Bi/Sn, and 0.1Bi/Sn

electrodes.
Potentiostat
-0.7 volt , 600 s
PC
Working electrode ‘
Sn electrode - I I
(Cathode)
I l Counter electrode
Solution B roc(il
(0.01-0.1 M) (Anode)
Bi(NO;); - SH,0 +
1 M HNO;

Figure 10. Electrodeposition of Bi catalysts on Sn electrode
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3.3 Catalyst Characterization

0.01Bi/Sn, 0.03Bi/Sn, 0.05Bi/Sn, 0.07Bi/Sn, and 0.1Bi/Sn electrodes were
characterized by scanning electron microscopy (SEM) of Hitachi mode S-3400N,
energy dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy
(XPS) to investigate the morphology, the electrode composition, and the surface

chemical states of the electrocatalysts of the electrode surface, respectively.

3.4 H-type cell preparation

The H-type cell was prepared in the form of a three-electrode cell, as shown in
Figure 11, and was used in all experiments at room temperature and ambient pressure.
The Nafion® 117 membrane separated between a cathodic chamber and an anodic
chamber. Two silicone gaskets were used to prevent liquid leakage between cells, and
two sides of cells were combined using a clamp. The anodic chamber consisted of Pt
foil as the counter electrode and 20 mL of 0.1 M KHCOzs as electrolyte. The cathodic
chamber consisted of the 0.01Bi/Sn, 0.03Bi/Sn, 0.05Bi/Sn, 0.07Bi/Sn, or 0.1Bi/Sn
electrodes as a working electrode, Silver/Silver Chloride (Ag/AgCl) as the reference
electrode, and the mixture of [BMIM]BF4/PC/DI as electrolyte. [BMIM]BF4/PC/DI
ratio for all experiments was 55.2: 36.8: 8 %v/v. The silicone corks were used to
prevent a gas leak in the system.

| | S

Silicone
13 rubber
Counter electrode
Pt foil - ] l l

Electrolyte

0.1 MKHCO; [

(20 mL) ;t

Reference electrode
Ag/AgCl

Working electrode
Bi/Sn electrode

Electrolyte
PC/[BMIM]BF,/DI
(20 mL)

Figure 11. H-type cell preparation
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3.5 Effect of Bi concentration on the properties of electrocatalyst

3.5.1 Linear sweep voltammetry (LSV)

Linear sweep voltammetry (LSV) is a simple method in electrochemical to find
onset potential by a single linear sweep from the lower potential limit to the upper
potential limit. In addition, it can be used to calculate the peak current, calculate the
peak current potential, and calculate the half-peak current potential. However, it is
suitable for irreversible systems where a reverse sweep would not reveal any more
information in the reaction [64]. So, LSV was a method to find onset potential in
CO2RR. After setting up an H-type cell, the Nitrogen gas (N2) flow rate of 100
mL/min was fed into the system for 60 minutes, and then a potentiostat ran the LSV
program and showed the result on a personal computer (PC). Next, the CO, was fed
into the system at 100 mL/min flow rate for 60 minutes. The working electrodes were
0.01Bi/Sn, 0.05Bi/Sn, or 0.1Bi/Sn electrodes. Afterward, The LSV results between N>

and CO, were compared and found the onset potential for each Bi concentration.

PC
X

Potentiostat
A

»

l L " Working electrode
| | 0.01,0.05,and 0.1 M
’ I‘._:|§ Bi/Sn electrode

( e ‘ Feed Gas
lm J L

——
\I
@
(=}
=4

( )
N,/CO,
(100 mL/min)

Figure 12. LSV experiment
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3.5.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a method to find impedance
and electrical circuits in this system [65]. The H-type cell was set up. The CO: flow
rate of 100 mL/min was fed into this system for around 60 minutes. Then, the EIS
program in potentiostat ran at -1.1, -1.3, -1.5, and -1.7 V and showed the result on a
personal computer (PC). The working electrodes were 0.01Bi/Sn, 0.05Bi/Sn, and
0.1Bi/Sn electrodes. lastly, The EIS results were compared and analyzed for each Bi

concentration.

Potentiostat
(-1.1,-1.3,-1.5,-1.7 volt)

Working electrode

0.01,0.05,and 0.1 M
Bi/Sn electrode

‘ | I H

T’Mﬁ

’l l
l( Jﬁ_l

)\ Feed Gas
CO,
J (100 mL/min)

Figure 13. EIS experiment

3.5.3 CO2RR performance

CO2RR was a method to find the product in this system. The H-type cell was set
up. The CO; flow rate of 100 mL/min was fed into this system for saturation around
60 min. Then, The CO: flow rate of 20 mL/min was fed during the running reaction.
CO2RR was run at -1.1 V vs. Ag/AgCI for 70 min by a potentiostat. The working
electrodes were 0.01Bi/Sn, 0.03Bi/Sn, 0.05Bi/Sn, 0.07Bi/Sn, and 0.1Bi/Sn electrodes.
The gas product such as CO and H» were detected by GC at the operating condition as
shown in table 7. The liquid products were analyzed by using NMR and the solid
product was detected by Raman spectroscopy. Moreover, it was characterized by

SEM-EDX to investigate the morphology of the electrode surface and the electrode
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composition and TEM-EDX-SAED (Trans-mission Electron Microscopy, Energy-
dispersive X-ray spectroscopy, and Selected Area Electron Diffraction) of JEOL

(JEM-2010) to study a morphologic analysis, structural and chemical of solid samples
of the electrode at an atomic level.

[c]

A

Potentiostat
(-1.1 volt)
A

| il

\ /
| T
l I 11 ’ (/ Working electrode
‘ l (0.01-0.1 M)
Y II Bi/Sn electrode
| [ (1 W

NMR sampling

\ Feed Gas
1 il B | (—{ Fe
L L J Sat : 100 mL/min
. . Run : 20 mL/min

Figure 14. CO2RR performance at -1.1 volt

Table 7. The operating conditions of GC

Gas chromatography (Shimadzu GC-2014) Conditions
Detector TCD
Column information Shincarbon ST (50/80)
Carrier gas Helium (99.999%)
Injector temperature 180°C
Column initial temperature 40°C, Hold time 5 min
Column temperature rate 10°C/min
Column final temperature 200°C
Detector temperature 170°C

Total time analysis 21 min
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3.5.4 Result Analysis

From 3.5.1 to 3.5.3, The best Bi concentration was selected to study the CO2RR
performances and characterization of the Bi/Sn electrode.

3.6 Effect of potentials on electrocatalytic performance

The H-type cell was set up. The CO- flow rate of 100 mL/min was fed into this
system for saturation proximately 60 min. Then, The CO; flow rate of 20 mL/min was
fed during the running reaction. CO2RR was run at -1.1, -1.3, -1.5, and -1.7 V vs.
Ag/AgClI for 70 min by a potentiostat. The working electrode was Bi/Sn electrodes by
using the best Bi concentration. Moreover, It was characterized by SEM-EDX to
investigate the morphology of the electrode surface and the electrode composition.
The gas product such as CO and H» were detected by GC. The liquid products were
analyzed by using NMR and the solid product was detected by Raman spectroscopy.

[rc]

A

Potentiostat
(-1.1,-1.3,-1.5,-1.7 volt)

A

NMR sampling

T

Working electrode

Bi/Sn electrode
I L ] The best Bi concentration
I |

l ( | ( \ Feed Gas
E— CO,
L J L J Sat : 100 mL/min
. Run : 20 mL/min

Figure 15. CO2RR performance by varied potentials
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3.7 Stability test of electrocatalyst

The H-type cell was set up. The CO- flow rate of 100 mL/min was fed into this
system for saturation proximately 60 min. Then, The CO- flow rate of 20 mL/min was
fed during the running reaction in 70 min compared with 150 min. CO2RR was run at
the best of potential from the study of the effect of potential. Moreover, It was
characterized by SEM-EDX to investigate the morphology of the electrode surface
and the electrode composition. The gas product such as CO and H> were detected by
GC and for 150 min Condition, the GC kept a sample every 30 min. The liquid
products were analyzed by using NMR, and the solid product was detected by Raman

spectroscopy.

3.8 Research methodology

3.8.1 Part 1: To study the effects of Bi concentration on electrodeposition
process, characteristic, and performance of Bi/Sn electrode for CO2RR performance
in [BMIM]BF4/ PC/DI electrolyte.

(0.01- 0.1 M) Bi/Sn electrodes were prepare by using electrodeposition method at-0.7 volt

600 s.
LSV Analysis
J NG >
Electrode :
SEM/EDX
EIS and XPS

at-1.1 volt in 70 min ( CO,RR )7

Electrode: SEM/EDX, XPS

and TEM-EDX-SAED

Gas product: GC @—
Liquid product: NMR
Solid product: Raman

A 4

Discussion and conclusion about the best Bi concentration
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3.7.2 Part 2: To study the suitable potential for the CO2RR performance to
produce carbon allotropes in [BMIM]BF4/ PC/DI electrolyte.

Electrode: SEM/EDX

Bi/Sn electrode Electrode: .
(The best Bi . Gas product: GC

concentration from CORR J Analysis Liquid product: NMR

part1) Solid product: Raman

at-1.1,-1.3,-1.5, -1.7 volt
in 70 min

Discussion and conclusion

The best potential in
150 min
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CHAPTER IV
RESULTS AND DISCUSSIONS

This chapter explains the results and discussion from the experimental which are
divided into two parts. Part 1 is for the study of effect of Bi concentration and Part 2
for the study of effect of applied potential on electrodeposition process, characteristic,
and CO2RR performance in [BMIM]BF4/ PC/DI electrolyte.

4.1 Characterization of Bi/Sn electrode with various concentrations
4.1.1 SEM-EDX
4.1.1.1 SEM Characterization of Sn electrode

PN g b
$3400 15.0kV 7.0mm x2.00k SE 53400:15:0kV-7.2mm x2.00k SE...57" 3

TR O A e S e PR

........... P

Figure 16. SEM images of Sn electrode: (a) Sn electrode (b) Sn electrode after
mechanically polishing

The SEM results of the Sn foil in Figure 16 show the surface of Sn foils before
and after mechanical polishing. As can be seen in these figures, mechanical polishing
resulted in a rougher Sn electrode surface for increasing the surface area of the

electrode surface in electrodeposition [66].

4.1.1.2 SEM-EDX Characterization of Bi/Sn electrode by electrodeposition
The SEM results of the Bi/Sn electrodes prepared by electrodeposition at -0.7
volt with 0.01 M — 0.1 M Bi concentrations are illustrated in Figure 17. The
magnification of the left figure is 10 um, whereas the magnification of the right figure

is 20 um for the same row coming from the same electrode.
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Figure 17. SEM images of Bi/Sn electrode : (a) 0.01 M (b) 0.03 M
(c) 0.05 M (d) 0.07 M and (e)0.1 M Bi/Sn electrode
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The morphology of all Bi concentrations on the Sn electrode showed a dendrite
structure, which is similar to the results of Rungkiat et al. 2022 [16]. The various
magnifications represent dendrite sizes and distributions, respectively. At a
magnification of 10 um, concentration affects the size of dendrites by increasing
dendrite size as concentration increases, similar to the results of Zhang et al. 2019
[67]. At a magnification of 20 um, the image reveals distributions. On the surface of
the electrode, numerous small dendrites were observed at low concentrations. When
the concentration increases, the dendrites will group together and form larger and
taller than the distribution on the electrode surface. The result corresponds to the EDX

result in Table 8.

Table 8. EDX results of 0.01-0.1 M Bi on Sn electrode.

The percent by atom (%)

Catalyst -
Bi (%) Sn (%) 0O (%)
0.01Bi/Sn 52.80 10.67 36.53
0.03Bi/Sn 43.54 13.26 43.20
0.05Bi/Sn 40.73 11.67 47.60
0.07Bi/Sn 37.60 13.50 48.89
0.1Bi/Sn 42.65 13.49 43.86

EDX was used to study the elemental distribution on the electrodes and the
results are shown in Table 8. It was found that the electrode prepared with 0.01 M Bi
concentration had the highest %Bi atom on a particular electrode surface, suggesting
that they are densely distributed Bi at the specific surface. Increased Bi concentration,
on the other hand, resulted in a lower percentage of Bi atoms on the surface. At a
higher Bi concentration, the Bi particles may be more likely to deposit on the Bi
particles than on the Sn substrate, resulting in larger Bi dendrites, as seen in the SEM
images.

According to Grujicic et al.2002 [28], the Bi atoms in lower Bi concentrations
were spaced further apart than in higher Bi concentrations. Atoms, once distributed on
a particular surface in the atomic state, must move toward each other to minimize the
surface energy. For atoms spaced by a large distance, instead of traveling a long
distance to form dendrites, which is energetically unfavorable, they will group with

their nearest neighbors, resulting in many small dendrites. In comparison, when the
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initial number of reduced Bi atoms is large, the closeness of the atoms is grouped to
form large and high dendrites to reduce energy. The size of each dendrite determines

the size of its diffusion zone.

S3400 15.0kV 7.8mm x800 SE 50.0um §§ S3400 15.0kV 7.6mm x800 SE

Figure 18.0.05 M Bi/Sn electrode cross-section by SEM

When the concentration increases on the electrode surface, the dendrites will
group together and form larger and taller than the distribution on the electrode surface
is confirmed by the results of the 0.05 M Bi/Sn electrode cross-section in Figure 18.
Figure 18 (a) shows the dendrite structure from Bi on the Sn electrode surface. In
Figure 18 (b) shows the space between the group of Bi on the dendrite structure and
Sn electrode surface and exhibits the thickness of 0.05 M Bi/Sn electrode around 30
pm [68, 69].

Figure 19. Bi/Sn electrodes prepared by electrodeposition of Bi** on Sn foil

Furthermore, as shown in Figure 19, 0.01 M and 0.03 M, it was found that Bi did
not cover the whole electrode working areas. Also, the Bi deposits at 0.1 M were very
thick, and it was easy for Bi particles to detach from the Sn substrate.
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4.1.2 XPS Characterization of Bi/Sn electrode by electrodeposition

XPS characterization was used to investigate the surface chemical states of the
electrocatalysts of the (0.01-0.1M) Bi/Sn electrode surface after electrodeposition.
The XPS results are shown in Figure 20. Bi concentrations at 0.01-0.07 M were
observed in two XPS spectra of the Bi 4f. The Bi 4f peaks around binding energy 159
eV and 164 eV represent Bi 4f72 and Bi 4fs2 [70, 71], respectively. The results of Bi
4f71, and Bi 4fs2 refer to Bi®* species in Bi oxide [72]. The Bi®* species can help as
an electrocatalyst in this system for CO products [4]. The binding energy at 0.07 M
shifts to lower, which means electrical conductivity on the electrocatalyst surface
increased [73, 74]. At 0.1 M, The Bi 4f peaks around binding energy 160 eV and 165
eV, which refers to Bi®* species in Bi oxide [75-77]. The Bi°* species can narrow the
band gap in the electrocatalyst structure so that it can block charge transfer in this
system [77]. From the XPS result, the intensity of Bi oxide is high, so it confirms that

the Bi/Sn electrode surface of metal Bi was easily oxidized [72].

001 M 159.3
1647
Bic* Bi**
003 M 159.6
164.9
Bi* Bi**
= 5%
= 005M 1647 159.6
= . Bi®'
'z Bid*
2
= 0.07M T50.1
164.5
Bi3+ Bi3+
0.1 M 1657 160.4
Bi’* Bi>*
170 168 166 164 162 160 158 156

Binding Energy(eV)

Figure 20. Bi 4f XPS spectra image of Bi/Sn electrode by electrodeposition
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4.2 LSV of electrocatalysts prepared in various Bi concentrations bath

The onset potential of the CO2RR of (0.01 M, 0.05 M, and 0.1 M) Bi on the Sn
electrode in PC/BMIMI[BF;]/DI at the cathodic potentials of -0.7 V to -2 V vs. Ag/
AgCI was studied using LSV experiments. Figure 21 exhibits the outcomes of LSV
results in various gases. In the N2 system, dashed lines showed the rate of hydrogen
evolution reaction (HER), and in the CO2 system, solid line showed the rate of the
CO2RR. The onset potential of (0.01 M, 0.05 M, and 0.1 M) Bi concentration was
determined to be about -1.3 V to -1.4 V vs. Ag/ AgCl. It indicates that Bi
concentration range had no effect on the onset potential of the prepared Bi/Sn

electrodes. Similar results were found by Medina-Ramos et al. [5].
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Figure 21. LSV result of Bi/Sn electrode

4.3 EIS with various Bi concentrations

The EIS was used to examine the charge transfer resistance (Rct) at —1.1 V to
-1.7 V during the CO2RR by using (0.01 M,0.05 M, and 0.1 M) Bi on the Sn electrode
in PC/BMIM[BF4]/DI. Figure 22 and Table 9 illustrate the results. In this experiment,
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the EIS spectra obtained at —1.1 V and —1.7 V revealed the same trend. The Rct was

considerably reduced when 0.05 M Bi/Sn was used compared to other concentrations,

which is believed to be due to an increase in the reactive area, including the edge site,

by forming the porous structure, which resulted in the best interfacial charge

transfer on Bi catalyst [46, 78, 79]. It can imply that the increased potential is

attributed to the decrease in Rct [78].
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Figure 22. EIS result of Bi/Sn electrode
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Table 9. Charge-transfer resistances of Bi/Sn electrocatalyst prepared in several Bi
concentration bath.

Bi Concentration Rt (charge-transfer resistances) ()
(M) 11V 1.3V 15V 17V
0.01 597.48 477.61 51.96 33.23
0.05 392.77 144.40 46.04 31.89
0.1 1015.44 516.42 78.68 34.41

4.4 CO:2RR performance test on electrocatalysts prepared in various Bi
concentrations bath

The CO2RR experiments were studied using the Bi/Sn electrodes prepared with
0.01 M - 0.1 M Bi concentration at -1.1 V vs. Ag/AgCl for 70 min. The SEM-EDX,
TEM-EDX-SAED, and XPS techniques were used to analyze the electrodes and the
solid products. GC analyzed the gas products. The liquid products were analyzed
using NMR.

4.4.1 SEM-EDX analysis

$3400 15.0kV 8:0mm x2.00K'SE

$3400 15.0kV 5.8mm x2.00k SE

$3400 15.0kV 9,5mm x2.00k SE

Figure 23. SEM images after CO.RR at -1.1V : (a) 0.01 M (b) 0.03 M (c)
0.05 M (d) 0.07 M and (e) 0.1 M Bi concentration on Sn electrode
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Table 10. The EDX result after CO2RR at -1.1 V for 70 min.
The percent by atom (%)

Bi(%) Sn(%) F (%) O0(%) C (%)
0.01Bi/Sn 40.24 7.38 12.18 16.90 23.29
0.03Bi/Sn 41.98 8.68 11.27 16.98 21.09
0.05Bi/Sn 25.91 6.52 17.75 17.07 32.74
0.07 Bi/Sn 18.84 4,22 22.35 10.84 43.74
0.1Bi/Sn 15.97 19.68 11.63 32.08 20.64

Catalyst

From the SEM-EDX results, the morphology of all Bi/Sn electrodes prepared in
various Bi concentrations bath after CO2RR at -1.1 V vs. Ag/AgClI for 70 min showed
that the Bi dendrite structure was retained. However, the size of the dendrite was
smaller than before CO2RR. This is because the outer electrode surface is loosened

during the reaction [80].

4.4.2 GC and NMR analysis
Under all conditions and electrocatalysts, neither gaseous nor liquid products
were found, as verified by the GC and NMR results.

(a) (b)

| = | ;L | h

Figure 24. NMR result of electrolyte: (a) 13 CNMR (b) 1 HNMR
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Figure 25. NMR result of all concentrations: (a) 13 CNMR (b) 1 HNMR
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4.4.3 Raman analysis

As shown in Figure 26, the Raman results demonstrate that the D and G bands in
Raman spectroscopy were attributed to the carbon products formed [16]. The carbon
products were obtained at 0.03 M, 0.05 M, 0.07 M, and 0.1 M Bi concentrations by
the mechanism of Rungkiat et al. 2022 [16]. The Raman spectra corresponding to the
solid carbon products showed two deconvoluted peaks centered at around 1366 and
1566 cm™, which are defined as graphene products from D and G bands around 1350
and 1580 cm™, respectively [81, 82]. Comparing the Raman spectra of the carbon
product on the Bi/Sn electrodes prepared in 0.03 M, 0.05 M, 0.07 M, and 0.1 M Bi
concentration bath, the range of 0.05 M — 0.07 M Bi concentration promoted more

carbon products than the others.

Intensity (a.u.)

1000 2000 3000
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0.01M 0.03M 0.05M 0.07M 0.1 M

Figure 26. Raman results of the Bi/Sn electrodes after CO2RR reaction at -1.1 V vs.
Ag/AgCl for 70 min
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Figure 27. TEM : (a) 0.01 M (b) 0.03 M (c) 0.05 M (d) 0.07 M (e) 0.1 M Bi/Sn
electrode after CO2RR at -1.1 V vs. Ag/AgCl for 70 min
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Figure 28. TEM-EDX results : (a) 0.01 M (b) 0.03 M (c) 0.05 M (d) 0.07 M (e) 0.1
M Bi/Sn electrode after CO2RR at -1.1 V vs. Ag/AgCl for 70 min
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Table 11. TEM-EDX results of Bi/Sn electrode after CO2RR at -1.1 V for 70 min
The percent by atom (%)

Bi(%) Sn(%) F (%) O0(%) C (%)
0.01Bi/Sn 0.49 12.11 1.59 36.05 49.75
0.03Bi/Sn 0.00 17.53 6.11 31.29 45.06
0.05Bi/Sn 0.50 4.66 1.28 21.90 71.65

0.07 Bi/Sn 0.24 6.84 0.62 17.09 75.21
0.1Bi/Sn 9.44 8.83 0.00 32.20 49.53

Catalyst

TEM-EDX-SAED was used to confirm carbon products from the Raman and
SEM-EDX results. In Figure 27, the images reveal single-crystalline fringes in the
nanometric range with an average crystallite domain size of approximately 3 nm [16].
All Bi/Sn electrodes exhibit d-spacing around 0.258 nm, which show the SAED
patterns of the Bi (111) plane [16]. Bi (111) surface is the most stable surface and
natural cleavage plane of Bi single crystals; hence, the (111) characteristic planes of
the nanocrystalline carbon products were formed as anticipated [83].

The TEM-EDX results in Figure 28 and Table 11 reveal a high carbon element of
up to 70%. The SAED pattern of the Bi/Sn electrodes were analyzed. The d-spacing
(A) from the SAED patterns of the particles on the 0.05Bi/Sn and 0.1Bi/Sn electrodes
matched the graphite pattern [84]. The results of d-spacing (A) propose graphite-3R
(Rhombohedral) from JCPDS26-1079, in which the pattern was found around 3.35 A
(003), 2.01 A (101), 1.96 A (012), 1.67 A (006), 1.62 A (104) and 1.46 A (015) [16].
The results of d-spacing matching with graphite confirmed Raman results that the

carbon product was polycrystalline graphene.

4.4.5 XPS analysis

XPS characterization was used to investigate the surface chemical states of the
electrocatalysts of the 0.03Bi/Sn, 0.07Bi/Sn electrodes surface after CO2RR at -1.1 V
vs. Ag/AgCI for 70 min. The XPS results are shown in Figures 29 and 30. In Figure
29, the Bi 4f peak around binding energy 159 eV and 164 eV represent Bi 4f7;, and Bi
4fsi [70, 71], respectively. The result of Bi 4f7, and Bi 4fs;, refer to Bi®* species in
Bi oxide [72]. On the 0.07Bi/Sn electrode, the main peak of the XPS results found
binding energy at 157 and 162 eV, which refers to metallic Bi°. This result happened
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from a high Bi concentration on the electrode due to the form high and tall dendrite
structure. It can suggest that Bi** reduces to Bi® or the outer electrode surface during
the reaction as the oxide layer is loosened during the reaction, which corresponds to
the SEM-EDX result after CO2RR [70, 71].

0.03 M
158
1634
—~ 13+ Bi3+
= Bi
G
2
% 0.07 M
=
159.5
1644
162.2
Bi% B+ 1572
Bi° Bi°
1 " 1 " 1 " 1 "
170 165 160 155 150

Binding Energy(eV)

Figure 29. Bi 4f XPS spectra image of Bi/Sn electrodes after CO.RR at -1.1 V

In Figure 30, the XPS spectra exhibit the binding energy at 285 eV, which refers
to the sp® C-C group [85, 86]. For the 0.03 Bi/Sn electrode, The XPS spectrum found
binding energy at 283.9 eV, which refers to the sp? C=C group [87, 88]. These results
confirm Raman's result and TEM results that carbon products are polycrystalline
graphene. However, C-OH groups with XPS binding energies at 286.4 eV were also
detected on the 0.07 M samples, suggesting the formation of graphene oxide after the
reaction [85, 89, 90].
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Figure 30. C1s XPS spectra image of the Bi/Sn electrodes after COoRR at -1.1 V

From the results in part 1, the suitable Bi concentration in synthesizing Bi/Sn
electrocatalyst for CO2RR at -1.1 V vs. Ag/AgCI for 70 min in [BMIM]BF4/ PC/DI
electrolyte was 0.05 M. The Raman, SEM-EDX, TEM, and XPS results showed
polycrystalline graphene as a solid carbon product. The highest carbon product was
observed on the electrocatalysts prepared in the Bi concentration bath ranging from
0.05 M to -0.07 M. However, The 0.05Bi/Sn electrode was selected to further study in
part 2 because of their lower required bismuth precursor.
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Part 2: To study the suitable potential for the CO2RR performance to
produce carbon allotropes in [BMIM]BF4/ PC/DI electrolyte.

4.5 Potential for the CO2RR at 70 min
The CO2RR was further investigated for 70 minutes using 0.05 Bi/Sn electrodes
at varied applied potentials ranging from -1.1 to -1.7 V vs. Ag/AgCI.

4.5.1 SEM-EDX analysis

From the SEM-EDX result, the morphology of 0.05Bi/Sn electrode after CO2RR
at all potentials for 70 min showed that the dendrite structure was retained. However,
the size of the dendrite was decreased after CO2RR. This is because the outer

electrode surface lost during the reaction [80].

$3400 15.0kV 5.8mm x2.00k SE

$3400 15.0kV 9. 1mm x2.00k SE

Figure 31. SEM images of 0.05 Bi/Sn after CO2RR for 70 min : (a)-1.1V (b) -1.3V
(c)-15V(d)-1.7v
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Table 12. The EDX result of 0.05 Bi/Sn electrode after CO2RR for 70 min.

Applied potential The percent by atom (%)

(Vvs.Ag/AQCI)  Bi(%) Sn(%) F (%) O(%) C (%)
-1.1V. 25.91 6.52 17.75 17.07 32.74
-1.3V. 6.16 5.58 27.17 10.07 51.01
-15V. 24.38 6.94 1497 1470  39.01
-1.7V. 7.48 6.37 23.58 1342 49.14

4.5.2 GC and NMR analysis

According to the NMR results, no liquid products were produced for any of the
applied potentials. From GC results, gas products were found as CO and H: in the
system. Figure 8 and Table 1 show the mechanism of CO production and the equation
of CO and H: in CO2RR and HER, respectively. When the potential was raised, the
CO product increased with the applied potential at -1.5 V vs. Ag/AgCl show the
highest CO product. Further increase of applied potential to -1.7 V vs. Ag/AgCl, CO

decreased and H. product increased by HER at the relatively negative potential.

Table 13. The gas products of CO2RR on 0.05Bi/Sn electrode at various applied
potentials for 70 min.

faradaic efficiency (FE, %)

Potential (V)

H2 CO
-1.1 0.00 0.00
-1.3 0.00 0.16
-1.5 0.00 0.56
-1.7 3.01 0.50

4.5.3 Raman analysis

From the Raman results (Figure 32), the graphene products were confirmed by
the D and G bands around 1350 and 1580 cm™ [81, 82]. The Raman bands
corresponding to the graphene products increased with increasing potential from -1.1
to -1.3 V vs. Ag/AgCl. The carbon peak intensity decreased when the potential
increased to -1.5 V and -1.7 V vs. Ag/AgCl. Thus, the most effective potential for
CO:2RR to solid carbon product on the 0.05Bi/Sn electrode was determined to be at -

1.3 V vs. Ag/AgCl, with a small amount of CO by-product. The best effective
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potential for CO2RR to solid carbon product on the 0.05Bi/Sn electrode was
discovered to be -1.3 V vs. Ag/AgCI.

Intensity (a.u.)

-1.1 Volt
-1.3 Volt
-1.5 Volt
-1.7 Volt

1000 2000 3000

Raman shift (cm™)

Figure 32. Raman results of the 0.05Bi/Sn electrode after CO2RR reaction at -1.1 to -
1.7 V vs. Ag/AgClI for 70 min by using 0.05 M Bi/Sn electrode

According to the CO2RR findings, a substantial amount of CO product was
formed with the lowest carbon products at the highest applied potential (-1.7 V vs.
Ag/AgCl). In addition, H2 evolution, which is a competitive reaction to CO2RR took
place. Furthermore, almost half of the Bi on the Sn electrode separated from the
electrode into the electrolyte during the reaction due to the high amount of gaseous
products. It can suggest that -1.7 V vs. Ag/AgCl was the highest voltage limit for the
use of Bi/Sn electrode in the CO2RR reaction under [BMIM]BF4/PC/DI system.
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From the results, the optimum potential conditions for high performance
production of 0.05Bi/Sn electrode in CO2RR toward solid carbon products under the
[BMIM]BF4/PC/DI electrolyte system were applied potential of -1.3 V vs. Ag/AgCl.

4.6 The stability test of CO2RR on 0.05Bi/Sn electrode for 150 min.
The CO2RR was further studied for 150 minutes on the 0.05Bi/Sn electrode at
applied potentials -1.3 V vs. Ag/AgCl under [BMIM]BF4/PC/DI system,

4.6.1 SEM-EDX analysis

From the SEM-EDX result, the morphology of 0.05 Bi/Sn electrode after CO2RR
at -1.3 V vs. Ag/AgCl. For 70 and 150 min showed that the dendrite structure was
retained. However, the size of the dendrite was smaller than before CO2RR. This is
because the outer electrode surface is loosened during the reaction [80]. And EDX
result showed a ratio of Bi: C; Reconstruction of Bi as electrocatalyst is any change of

chemical composition from CO2RR [91, 92].

R eis o
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Figure 33. SEM image of 0.05 Bi/Sn after CO2RR (a) 70 min (b) 150 min

Table 14. The EDX result after CO2RR at 0.05 Bi/Sn -1.3V

The percent by atom (%)
Bi(%) Sn(%) F®%) O(%) C (%)
70 min 6.16 5.58 27.17 10.07 51.01
150 min 23.67 5.84 1751 10.92 42.13

Catalyst
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4.6.2 GC and NMR analysis

From the NMR results, no liquid products were found under both conditions, for
70 and 150 min. Table 15 shows the GC results, the highest CO product was observed
at 30 min (FE=0.42%) and then decreased. The GC results at 70 min and 150 min

show the same tendency.

Table 15. The gas products of CO2RR on 0.05Bi/Sn electrode at -1.3 V for 150 min.

faradaic efficiency (FE, %)

Time (min)

H> CcO

0 0.00 0.00

30 0.00 0.42
60 0.00 0.18
90 0.00 0.12
120 0.00 0.00
150 0.00 0.00

4.6.3 Raman analysis

As shown in Figure 34, the Raman results, the graphene products were confirmed
by the D and G bands around 1350 and 1580 cm™[81, 82]. The Raman bands
correspond to the highest graphene products at -1.3 V vs. Ag/AgCl on a 0.05Bi/Sn
electrode for 70 min. At 150 min, It showed graphene product decrease when
compared with 70 min because of reconstruction of Bi, which corresponds to the
results of SEM-EDX result.

Intensity (a.u.)

-1.3 V_70 min
-1.3 V_150min

1000 2000 3000

Raman shift (cm™)

Figure 34. Raman results of the Bi/Sn electrodes after CO2RR reaction at -1.3 V
vs. Ag/AgCl for 70 and 150 min by using 0.05 M Bi/Sn electrode
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From the finding, to produce high performance of Bi/Sn electrode in CO2RR
toward solid carbon products under the [BMIM]BF4/PC/DI electrolyte system, the
optimum time conditions were 70 min, applied potential -1.3 V vs. Ag/AgCI using

0.05 M Bi concentration on Sn electrode.
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CHAPTER V
CONCLUSIONS

5.1 Conclusions

The CO2RR is a viable negative CO2 emission method to convert CO, gas into
value-added solid carbon material while reducing the source of the greenhouse effect
that causes the world climate change crisis. In this research, Bi a non-toxic and
common material was selected as the electrocatalyst for CO2RR towards solid carbon
products. The effect of Bi concentration (0.01 M, 0.03 M, 0.05 M, 0.07 M, and 0.1 M)
during the electrodeposition of Bi** on Sn foil on the properties of the Bi/Sn
electrodes was studied. The CO2RR performances of the prepared electrodes were
evaluated at various applied potentials under the [BMIM]BF4/PC/DI electrolyte
system. From SEM-EDX analysis, the dendrite structure was formed on the electrode
surface after electrodeposition .The XPS results showed an oxide layer of Bi** on the
electrode surface for all the electrocatalysts. The EIS results found that the 0.05Bi/Sn
electrode had the lowest charge-transfer resistance, which makes it a promising
effective electrocatalyst for CO2RR. The use of 0.05 Bi/Sn to 0.07 Bi/Sn electrodes
show high performance in CO2RR toward solid carbon products at -1.1 V vs.
Ag/AgCI. The carbon product was analyzed as polycrystalline graphene according to
TEM/EDX, XPS, and Raman spectroscopy. The appropriate potential for CO2RR
under the [BMIM]BF4/PC/DI electrolyte system was -1.3 V vs. Ag/AgCl for 70 min

to provide the highest performance in CO2RR to the solid carbon product.
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5.2 Recommendation
5.2.1. The Bi/Sn electrode performance in this system should be studied between

0.05-0.07 M Bi concentration range.

5.2.2. Further analysis should be performed on the XRD to characterize material
properties like crystal structure, crystallite size, and strain on the electrode surface for

all concentrations.

5.2.3. The electrochemically active surface area (ECSA) is used to find the active
surface area on the electrode surface by using the CV experiment at a different scan
rate in the potential range of non-reaction [93, 94]. Appendix B. shows the results of
CV on the Bi/Sn electrode in CO2RR under the [BMIM]BF4/PC/DI electrolyte. It
showed that the result couldn’t find the range of potential for non-reaction in this
system. Therefore, it suggests changing electrolytes from ionic liquid groups to the

aqueous group.

5.2.4. The effect of the amount of Bi would be further investigated. The previous
research has studied the effect of the increased amount of metal ions by increasing
concentration due to an increase in the rate of electrodeposition [95]. Another
research has studied about the effect to structure. However, as the metal ion increase,
The structure does not change shape, and the size of the structure will be larger and
taller [28, 67, 96]. The size of the structure depends on the amount of metal ions [40].
The mass transfer will decrease when concentration increases, affecting the mass

transfer coefficient [97].

5.2.5. The quantitatively of the carbon product should be investigated by
conversion of COz. The conversion of CO2 will calculate from the weighing of the
before and after electrodes. Before weighing the electrode, the electrode should be dry

by using the dehumidifying oven.

5.2.6. The purity of carbon product formation would be further investigated and
developed for this system. The previous research has studied the reduced graphene
oxide on metal at the electrode surface by using the electrochemical exfoliation
method to separate the outer layers of the deposited film [98]. Then, separate the

graphene product and the electrolyte by using the filter and following the oven to dry
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and give the powder of graphene [99]. Another previous research has studied to
reduce graphene oxide on Bi oxide electrodes to increase electrode surface area by

using thermal decomposition in a muffle stove [100].

5.2.7. The application of nanocrystalline graphene would be studied.
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