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ABSTRACT

Full Name : Muhammad Mustapha Adam
Thesis Title : Room temperature electrocatalytic methane conversion to methanol
Major Field : Chemistry

Date of Degree : December 2024

Methane conversion to value-added chemicals, such as methanol, offers a promising
strategy for both mitigating greenhouse gas emissions and enabling sustainable chemical
production. Traditional industrial methods, which rely on energy-intensive processes at
high temperatures and pressures, contrast with direct methane conversion, especially using
electrocatalysis as a more energy-efficient alternative under milder conditions. In this
study, Fe.Oz catalysts were synthesized via a hydrothermal method and deposited onto
graphite felt electrodes, which were used in a flow cell reactor for methane conversion at
room temperature. The products were detected and analyzed using gas Chromatography
and Nuclear Magnetic Resonance. Reaction optimization, including the applied voltage
and electrolyte composition, improved the system performance. We observed a methane
conversion efficiency of 37%, with 100% methanol selectivity and a methanol yield of 873
umol/g/hr when using water as the oxidant. The addition of 3% potassium chloride further
increased the yield to 1,248 pumol/g/hr, maintaining 100% methanol selectivity. These
findings highlight a low temperature, electrocatalytic pathway for methane conversion,
offering a sustainable approach to chemical synthesis and broad potential for greenhouse

gas utilization.
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CHAPTER 1

INTRODUCTION

1.1 Methane emissions

Methane is the most abundant natural resource and is a potent greenhouse gas with
significant implications for climate change and energy sustainability [1]. Methane ranks as
the second most significant factor in global warming, following carbon dioxide. Over a 20-
year period, methane's effect on global warming is roughly 80 times stronger than CO: [2]
and it has been about 30 times more impactful over the past century [3]. Methane is
chemically reactive in the Earth's atmosphere, where its oxidation results in the formation
of greenhouse gases such as tropospheric ozone, carbon dioxide, and stratospheric water
vapor. Additionally, tropospheric ozone significantly contributes to air pollution [4].
Methane emissions account for about 10% of global greenhouse gas emissions, with a
notable fraction resulting from anthropogenic activities such as agriculture, waste
management, and fossil fuel extraction [5]. While methane's emissions worsen global
warming, its high energy content and availability make it a valuable feedstock for
producing fuels and chemicals [6]. Utilizing methane effectively represents an opportunity
to mitigate environmental impacts while creating sustainable energy and chemical supply
chains [7]. Approximately 1% of these emissions directly emanate from the petroleum
industry through processes such as gas flaring [8]. The greenhouse gas composition and
methane sources in the US for the period 1990-2022 based on the EPA's 2023 report are
depicted in Figure 1.1 below. The data shows that carbon dioxide is the dominant

greenhouse gas, accounting for 79.4% of total emissions, followed by methane at 11.5%,



nitrous oxide at 6.2%, and fluorinated gases at 3.0 %. Methane emissions are further broken
down by source, with enteric fermentation from livestock as the largest contributor (25 %),
followed by landfills (15 %), natural gas and petroleum systems (26%), and smaller

contributions from manure management, coal mining, and flooded land.

3.0% Other (LULUCF)

HFCs, PFCs, SFe and NF3 Other 3%
9% 1

Flooded Land
6%

Coal Mining
6%

Manure Management
8%

Figure 0.1 Greenhouse composition and methane emission sources [9]

1.2 Methane conversion

Converting methane into value-added products has become an important area of research
and industrial development due to its potential to provide sustainable alternatives to fossil
fuel-based energy and chemical production [10]. It holds great potential for providing a
sustainable supply of energy fuels and chemicals without reliance on crude oil in the future
[11]. It provides a dual advantage in addressing the issue of gas flaring by transforming
waste into valuable resources while also promoting environmentally sustainable practices
[12]. Methane oxidation improves air quality by lowering surface ozone concentrations.
For every Tg of methane oxidized per year, global surface ozone decreases by

approximately 0.012 + 0.002 ppb, preventing an estimated 600 premature deaths annually



[13]. However, cleaving the first C-H bond in methane is challenging due to its high bond

dissociation energy (439.3 kJ/mol) and high ionization potential (13.0 eV) [14].

1.2.1 Traditional method of methane conversion

Leading petrochemical industries have adopted the conversion of CH4 to valuable
chemicals [15]. The approach has utilized a dual-phase technique that converts methane
into synthesis gas through steam reforming. The second step involves catalytic conversion
of syngas into methanol through processes like Fischer-Tropsch or methanol synthesis
[16]. Methanol is a versatile C; compound with a high energy density, ease of transport,
and an established global market [17]. It is a precursor in the production of formaldehyde,
acetic acid, and dimethyl ether. [18] These derivatives are essential for manufacturing
polymers, adhesives, resins, and synthetic fibers, which are vital in industries such as
construction, automotive, and textiles [19]. However, the syngas approach is a costly and
energy-intensive process However, the syngas route is energy-intensive, requiring high
temperatures (700-1000 °C) and pressures (up to 50 bar), resulting in significant
operational costs and greenhouse gas emissions [20]. These limitations drive the need for

alternative, more sustainable methane conversion methods.

1.2.2 Direct conversion

Direct conversion of methane to methanol represents a promising alternative, offering the
potential for high energy efficiency under milder conditions. Unlike the energy-intensive
indirect processes involving syngas as an intermediate, direct conversion overcomes high-
temperature reforming and multi-step synthesis, enabling simpler and potentially more

sustainable methane utilization pathways [21]. Among the emerging technologies,



electrocatalytic methods have gained significant attention due to their ability to activate
methane selectively without extreme temperatures or pressures, making them more
compatible with renewable energy sources. However, these processes are hindered by
challenges such as the inertness and strength of methane’s C-H bond [22]. Even when
activation occurs, methanol as a product tends to over-oxidize on most catalysts, leading
to products such as CO or CO; [23]. This preference for deep oxidation stems from the
catalytic surfaces, which often favor the formation of highly reactive oxygen species
unsuitable for selective methanol production [24]. Additionally, achieving selectivity for
methanol remains a major hurdle due to its higher reactivity compared to methane [25].
Another major issue is the low solubility of methane in aqueous systems, which limits the
availability of the reactant at the catalyst surface results in mass transport limitations that

hinder overall reaction efficiency [26].

The success of direct methane conversion hinges on several factors: 1) The development
of catalysts with high activity, stability, and selectivity; [27] 2) the selection of oxidants
that enable the controlled formation of active oxygen species is essential for driving
selective oxidation reactions; [28] Optimization of reaction conditions, including
temperature, reactant concentration, and applied potential; and [29] ensuring the process
operates at current densities suitable for industrial application remains a major hurdle.
Scaling up laboratory results to industrially relevant conditions require overcoming
challenges related to system stability and energy efficiency [2]. Addressing these factors
can pave the way for a sustainable and economically viable methane utilization pathway.
Figure 1.2 below shows a comparison between the industrial indirect methane conversion

via syngas and the direct conversion method.
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Figure 1.2 Traditional and current methods of methane conversion [29]

1.2.3 Room-Temperature Conversion

As opposed to methane conversion which operates at high temperatures, the room-
temperature approach utilizes innovative techniques such as electrochemical,
photocatalytic, or plasma-based activation to efficiently convert methane into value-added
products like methanol or acetic acid [30]. This drastically reduces energy consumption,
resulting in lower carbon footprints and making these methods ideal for addressing global
sustainability goals. Additionally, low-temperature conditions inherently favor higher
liquid products selectivity by suppressing secondary reactions that often lead to
overoxidation to undesired by-products [31]. By eliminating the need for extensive heating
infrastructure and aligning with green energy solutions, room-temperature methane

conversion represents a transformative advancement in sustainable chemistry [32].

This study explores the use of Fe»Os-based electrocatalysts for methane-to-methanol

conversion in a flow cell system operating at room temperature. The flow cell system

5



employed in this study provides a controlled environment to optimize reaction parameters
and enhance product selectivity. Flow cell technology has revolutionized the approach to
electrocatalytic methane conversion by enabling continuous operation, as opposed to the
batch processes traditionally used. Continuous operation ensures a consistent supply of
reactants—methane and oxygen—while facilitating the real-time removal of products,
such as methanol, from the reaction interface. This design enhances mass transfer,
promotes efficient reaction kinetics, and is scalable for industrial applications. By utilizing
Fe,O3’s catalytic properties, this research aims to address key limitations in methane

conversion and contribute to the development of efficient electrocatalytic systems.

1.3 Objectives of the study
This thesis is aimed at developing an efficient direct methane conversion of methane to

methanol. The primary objectives are as follows:

1. Synthesize and characterize Fe2Os while enhancing its conductivity through coating on

graphite felt.

2. Evaluate the catalyst's performance for electrocatalytic conversion of methane to
methanol in a flow cell at room temperature and analyze the resulting products using gas

chromatography and nuclear magnetic resonance.

3. Systematically investigate and optimize reaction parameters to increase methanol yield.

4. To evaluate the effect of salt water by adding Potassium Chloride and investigate the

effect on methanol yield.



CHAPTER 2

LITERATURE REVIEW

This chapter reviews the latest progress in electrocatalytic systems for methane partial
oxidation, with a focus on catalyst design, reaction parameters, and the role of oxidants in

achieving high product selectivity and yield.

2.1 Methane partial oxidation

Recent advances in mild methane oxidation have focused on reducing the severe
thermodynamic and kinetic challenges associated with activating methane's strong C-H
bond. Researchers have explored various pathways, including bio-catalysis, homogeneous
catalysis, low-temperature heterogeneous catalysis, photocatalysis, and electrocatalysis
[3]. Heterogeneous catalysis employs the use of enzyme to selectively convert methane to
methanol, however, the high cost purifying the enzymes and difficulty to scale up remains
a challenge. Homogeneous catalysis suffers from catalyst recycling and recovery. Thermal
catalysis is not desired because it is energy intensive. Among these, photocatalytic and
electrocatalytic approaches stand out for their ability to lower the energy barrier for
methane activation under mild conditions, thereby minimizing energy consumption and the
risk of overoxidation to carbon dioxide [22]. Photocatalysis encounters significant
obstacles, including low efficiency in solar energy conversion, high rates of recombination
for photogenerated carriers, intricate catalyst engineering requirements, and the high cost
of oxidants such as hydrogen peroxide. On the other hand, electrocatalytic oxidation
presents a potentially advantageous alternative, as the redox process based on interfacial

charge transfer can be managed with greater precision and control. [30]. Figure 2.1 presents



an overview of various catalytic systems used for methane-to-methanol conversion.
Meanwhile, Figure 2.2 below outlines two mechanisms: (a) Direct methane activation and
(b) Indirect methane activation, which involves catalytic species capable of regenerating
on the electrode surface (represented by pink arrows) or the formation of radical species

through electro generation (indicated by red arrows).

a Biocatalysis b Homogeneous catalysis

*’\ 7z °\\ o cocit

w» =
c Thermal heterogeneous catalysis d Photocatalysis

= *_’/ F=——sen 'S A’
e ¢ 1' / Highly react i

s o

Methanotroph bacterium

Current Cpinion in Green and Sustanablie Chemistry

Figure 2.1 Schematics for different catalytic approaches to methane conversion [33]

Electrocatalysis
a Direct methane activation b Indirect methane activation

X A Al B

Highly reactive

O-rich
species

0(!1!(4!!!!!1!1111(10!!0 ALCCECCLERRRRRRRRRERRREE

Current Opinion in Green and Sustainable Chemustry

Figure 2.2 Direct and indirect electrocatalytic methane conversion methods [33]



2.2 Electrochemical cell parameters

2.2.1 Catalyst design and Performance

Catalysts are pivotal in the selective oxidation of methane, as they facilitate the activation
of the C—H bond and control reaction pathways to yield desired products while suppressing
undesired overoxidation. The ideal catalyst must combine high activity, selectivity, and
stability under the reaction conditions [34].

2.2.1.1 Transition metal oxides

Among metal oxides, vanadium-based catalysts have shown significant promise. Lee et al.
reported that V.Os/SnO, demonstrated remarkable performance, achieving a current
efficiency of 61.4% and a selectivity of 88.4% for methanol production at 100°C [35].
Similarly, TiO2/RuO2/PTFE-based gas diffusion electrodes have been employed for
methane oxidation in neutral aqueous electrolytes, leveraging the high activity of these
oxides for selective oxidation [36]. These studies highlight the potential of metal oxides,
particularly SnO2 and TiO, which exhibit low activation energies for C—H bond activation
while minimizing oxygen evolution reaction (OER) side pathways [37].

2.2.1.2 Zeolite-Supported Catalysts

The integration of metal species into zeolite frameworks has gained attention for enhancing
selectivity and stability. Wu et al. [38] demonstrated that Fe-binuclear sites on ZSM-5
selectively converted methane to acetic acid with 100 % selectivity for oxygenates at 30
°C. Among the oxygenated products, acetic acid accounted for 66%, while methanol,
formic acid and methyl hydroperoxide were also detected. This study is particularly
noteworthy for achieving ultrahigh selectivity under ambient conditions, However, the

amount of product generated per unit reactor volume per unit time remains low. This



indicates that while the process is highly selective, the rate of acetic acid production is
insufficient for industrial-scale applications.

2.2.1.3 Photocatalysts for Methane Oxidation

Photocatalysis offers an alternative strategy by utilizing light energy to activate methane
under mild conditions. Han et al. developed a photocatalytic system that selectively
produced methanol and formic acid at room temperature, with a C1 product selectivity of
nearly 99%. The oxygen content in the reaction system controlled the dual reaction
pathways, enabling targeted production of methanol or formic acid. This innovative
approach avoids harsh oxidants and extreme temperatures, but its scalability remains a
significant limitation [39].

2.2.1.4 Iron-Based Catalysts

Iron-supported ZSM-5 catalysts have also demonstrated efficiency in methane oxidation
under mild conditions. Zhu et al. [40] reported a system operating at 80°C that achieved
91 % selectivity toward formic acid among C, oxygenates, with methanol and methyl

hydroperoxide as minor products.

Iron oxides have shown promise as catalysts in such systems. These materials facilitate the
generation of active oxygen species, which are essential for breaking methane’s C-H bonds
[41]. Iron-based oxygen carriers demonstrate a minimal tendency for coke formation and
possess significant resistance to agglomeration, both of which are essential for catalyst

activity throughout ongoing redox cycles [42].

Iron (1I1) oxide (Fe2Os) has gained attention for its potential as an electrocatalyst in
methane-to-methanol conversion. Its abundance, cost-effectiveness, and favorable redox

properties make it an attractive alternative to noble metal catalysts. Fe.Os operates
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effectively under mild conditions, offering high selectivity for methanol while suppressing
undesired side reactions such as complete oxidation to CO> [43]. Fe;O3 has demonstrated
its effectiveness in electrochemical methane oxidation. Al-Attas et al. [44] explored its role
in the formation of high-valence Iron-oxo species FeO, which initiate CH4 activation via
hydrogen abstraction. This mechanism enabled the production of oxygenated chemicals,
such as methanol and acetone, under ambient conditions while limiting overoxidation.
Zhang et al. [45] explored the use of Fe>Os for methane-to-formic acid conversion under
mild conditions. The Fe>Os phase supports a radical-driven mechanism initiated by
hydroxyl radicals (-OH), which selectively oxidizes methane through intermediates like
methanol and methyl hydroperoxide to formic acid while minimizing overoxidation to
undesired by-products such as carbon dioxide. Zhou et al. [46] demonstrated that Fe,Os,
when combined with WOs;, enhances methane oxidation through efficient charge
separation and the generation of reactive radicals like chlorine. Fe;Os facilitates selective
activation of methane, minimizing overoxidation and enabling the production of valuable
intermediates. These properties justify Fe.Osz as a reliable catalyst for selective and
sustainable methane utilization in various oxidation processes.

2.2.2 Temperature Influence

The reaction temperature significantly influences methane oxidation pathways and product
distribution. High-temperature gas-phase reactions, while kinetically favorable, often
result in overoxidation of methanol to CO., suffer from catalyst deactivation and [47]
reduction in methane solubility [48]. Conversely, low-temperature liquid-phase systems,
particularly those operating below 100 °C, are advantageous for selective methane

oxidation due to their ability to mitigate overoxidation and enhance catalyst stability [49].
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2.2.2.1 Room-Temperature Systems

Cui et al. demonstrated the successful conversion of methane to methanol using single iron
atoms on graphene with H.O> as an oxidant. The system achieved excellent activity at room
temperature, underscoring the potential of atomically dispersed catalysts for mild methane
activation [50]. Similarly, Nandenha et al [51] employed a proton exchange membrane fuel
cell to generate hydroxyl radicals for methane oxidation, achieving promising results under
ambient conditions.

2.2.3 Cell configuration

The oxidation of methane has been explored in both non-aqueous and aqueous electrolyte
cells and membrane electrode assembly (MEA) known as full cells, each providing unique
advantages [52]. Aqueous electrolyte cells are valuable for swiftly evaluating catalytic
activity as well as the working electrode’s selectivity, however, they are limited in
achieving the desired current densities necessary for industrial application due to inefficient
mass transfer and the limited dissolution of methane in water-based electrolytes, restricting
the current density to less than 20 mAcm2. MEAs provide improved mass transport and

scalability, offering better prospects for industrial adoption [53].

One promising system for methane-to-methanol conversion is the membrane electrode
assembly (MEA) architecture [54]. MEAs enable efficient transport of reactants and
products to and from the catalyst layer while minimizing ohmic losses across the
membrane. These assemblies are configured as either fully vapor-fed systems or with liquid
electrolyte solutions supplied to one or both sides of the cell. Such configurations regulate

pH and optimize the microenvironment for the reaction [55].
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2.2.4 Oxidant

Oxidants are critical for initiating methane oxidation by generating active oxygen species
that drive the reaction. The choice and concentration of the oxidant significantly influences
reaction efficiency and product selectivity. Commonly employed oxidants include water,
hydrogen peroxide and oxygen. The ideal oxidant concentration depends on the specific

reaction conditions and the desired products [56].

In electrochemical partial methane oxidation, oxidants are essential for producing active
oxygen species required for initiating the reaction [29]. Freakley et al [57] investigated the
use of AuPd colloids and Cu-promoted Fe-zeolites as catalysts in systems that utilized both
H.0: and O: as oxidants in a water solvent at 60 °C. While effective, the high cost of H20-
limits its feasibility for large-scale commercialization.

2.2.4.1 Water as oxidant

Water has been explored as a cost-effective and environmentally friendly oxidant in
methane oxidation. Luo et al. [58] used a system that combined oxygen with gold single
atoms on black phosphorus nanosheets. Under light irradiation at 90 °C, this system
produced hydroxyl radicals for the mild oxidation of methane to methanol. Water is
particularly advantageous for methane-to-methanol conversion because it enhances
methanol desorption and generates active oxygen species on the catalyst surface. This
promotes hydrogen abstraction from methane while maintaining room temperature
conditions [29]. Additionally, it facilitates two potential mechanisms: blocking active sites
for methanol dissociation or creating a new reaction pathway for the direct interaction of

CH4 or CH3 with OH groups [59].
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Thermodynamically, the Gibbs free energy difference for methane oxidation to methanol
versus complete oxidation to CO2 is 9 kJ/mol. This narrow margin underscores the
feasibility of achieving selective methanol production at significant conversion levels with

the aid of suitable electrocatalysts [54].

Table 2.1 summarizes some of the most important reports on the electrocatalytic methane
conversion to valuable chemicals. The metric of comparing the reports is difficult because
of the parameters involved in the process. Also, some of the configurations or performance
were missing either because they were not applicable, or the author did not report. These
trends highlight how the integration of cell components, such as catalysts, oxidants, and
electrode design, influences the overall performance of methane electrooxidation. Three
electrode cells, two electrode cells having exchange membrane and gas diffusion electrodes
were all reported and summarized. The table also shows the use of many electrocatalysts
to activate methane at room temperature and higher temperatures. A few of the reports
summarized used precious metals which means the activation can be done using cheap and
abundant electrocatalysts. Expensive oxidants such as H,O, Oxidants were avoided in most
of the reports and others such as COs* were used at room temperature to produce
oxygenates without overoxidation products but often lack selectivity to a single product.
Water as a fascinating oxidant was used at elevated temperatures. reported electrocatalytic
conversions at room temperature or near room temperature were not selective to one liquid
product. It is worth noting that there exists a gap for achieving high methanol selectivity

using an inexpensive and environmentally friendly oxidant at room temperature.
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Table 2.1 The influence of different components in electrochemical systems on methane

conversion and product selectivity

Cell Catalyst Oxidant | T (°C) | Potential Products Selectivity | Ref.
Design (%)
GDE CuOx — 0, 300 - CH;0OH 100 [60]
PdAu/C
GDE V,05/Sn0;; H.0 100 0.9 CH30H, CO, 88.4 [61]
PTFE
Two Pt/C H20, 85 0.5 CH3;0OH - [62]
electrodes
(PEM)
Two NiO-ZrO; COs% 40 2 CH30H, HCHO, CO, - [63]
electrodes HCOOH,
cell CH3CH,0H,
(CEM) CH3;COOH,
CH3;COCH;
Three C0304-Zr0; COs* RT 2.0 CH3CH,CH,OH 60 [64]
electrodes (CH3).CHOH,
cell CH3CHO, CH30H,
CH3;CH,OH
Three CuQ/Ce0; COs* RT CH30H, C;Hs0H, 79 [65]
electrodes CH3COCH;5
cell
Three NiO/ZnO COs* RT 15 C,HsOH, CH;0H, 81 [66]
electrodes CH3COCH;3
cell
Three Zr-Fe;0O3 CO3% RT 1.6 CH30H, CH3CH,0OH 91 [67]
electrodes
cell
Three Pd/graphite H.O RT 0.64 CH30H, CH;CH,OH - [68]
electrodes
cell
Two Pd/C OoH 80 0.3 CH;OH - [69]
Electrodes
cells
(HOM)

CEM, Carbonate Exchange Membrane; PEM, Proton Exchange Membrane; HOM,

hydroxide Exchange Membrane.

2.3 Catalyst-free methane oxidation

Richard Zare recently reported interesting exceptions found in several studies [34], [70].

When the size of water droplets is reduced and an electric charge is applied, the water

behaves differently. This change leads to the creation of H" and OH" ions and radicals,

occurring both with and without the electric charge. They recently developed droplet
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assisted way to produce methanol from methane gas at ambient temperature without any

photocatalyst or electrocatalyst.

Water Microdroplets-Initiated Methane Oxidation by Richard Zare [71] introduces an
innovative approach for methane conversion without the need for catalysts, using water
microdroplets to initiate the reaction. Methane oxidation is achieved by reactive oxygen
species (ROS) generated at the interface of water microdroplets and methane. The process
relies on the formation of radicals, such as hydroxyl (OHe), which enable partial oxidation
of methane to methanol under mild conditions. Although the conversion efficiency remains
modest compared to other catalytic systems, this method presents a more environmentally

friendly and simple approach to methane oxidation.

Li et al [72] introduced a novel approach for methane activation using water microbubbles
under ambient conditions, eliminating the need for a catalyst or external oxidizing agents.
The microbubbles create a high gas-liquid interfacial area, which facilitates the generation
of hydroxyl (OH-) and hydrogen (H-) radicals. These radicals are key to methane
activation, enabling partial oxidation. The primary products obtained are ethane and formic
acid, with production rates of 23.5 ppm/h and 2.3 nM/h, respectively. The process achieves
a methane activation rate of 6.7 % per hour, which is significantly enhanced by optimizing
bubble size (50 um), water temperature (15°C), and gas-liquid interaction time (150 s). A
continuous operation over 8 hours yielded a methane conversion rate of 171.5 ppm/h. The
study demonstrates high stability and scalability, supported by detailed analyses using gas

chromatography and electron spin resonance spectroscopy.
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CHAPTER3

METHODOLOGY

3.1 Materials

Porous graphite felt with dimension 100 x 100 x 10 mm was purchased from Jiangsu
Sutong Carbon fiber Co. Ltd China. FeCls-6H20 and Na.COs were sourced from Sigma-
Aldrich, while KCI was obtained from BDH Laboratory Supplies. Ethanol was purchased
from Honeywell, methanol from BDH Chemicals Ltd (Poole, England), and isopropanol
from ITW Reagents. Nafion™ PFSA 5 % Dispersion - D521 from lon Power was used for
catalyst preparation. Our gas supplies included methane, hydrogen, zero air, and Helium,
all provided by Abdullah Hashim Industrial Gases & Equipment Co. Ltd. All solutions

were prepared using distilled water.

3.2 Preparation of Fe;0O3

Fe-Os was synthesized using a hydrothermal synthesis method. Initially, 1.37 g of
FeCls-6H20 was dissolved in 50 mL of deionized water. A 2 mol/L Na.COgs solution was
then added dropwise until the pH reached 9 which was essential for precipitating the Fe2Os.
The mixture was processed at 200 °C for 12 hours, followed by centrifugation by washing
with water and ethanol followed by oven drying to obtain Fe,Oz samples [73]. The
synthesis is illustrated in Figure 3.1 below. The synthesis involves generation of FeOOH

which is dehydrated to produce Fe.Os as shown in equations 1 and 2.

FeCl; + OH~ - FeOOH 1

FeOOH — Fe,04 2
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Figure 3.1 Hydrothermal synthesis of Fe,O3

3.3 Preparation of catalyst electrode

The catalyst electrode preparation followed a modified method [74]. A homogeneous ink
was produced by dispersing 5.0 mg of catalyst and 40.0 pL of Nafion solution (1.66 wt%)
in a mixture of 600 uL isopropanol and 360 pL water through ultrasonication for 60
minutes. This dispersion was then sprayed as microdroplets onto a graphite felt electrode
substrate (3.0 x 3.0 cm?) for even coating. The coated electrode was dried in an oven at 85
°C for 60 minutes and subsequently allowed to cool to ambient temperature, resulting in a
catalyst loading of 0.56 mg cm™2. Figure 3.2 shows the preparation of the catalyst electrode.

The catalyst electrode was used as the anode in the electrocatalytic reactions.

Oven drymg - 4 Sonication
. (
60 minutes
85°C(60 mlns)
Catalyst

Isopropanol

Catalyst electrode Graphite sheet Sprayer Water
Nafion

Figure 3.2 Preparation of the catalyst electrode (GF-Fe203)
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3.4 Catalyst Characterization

3.4.1 X-ray Diffraction

X-ray diffraction (XRD) analysis was performed to characterize the crystallinity and phase
composition of the synthesized catalysts. A Rigaku Ultima IV XRD with Cu Ka radiation

was utilized, scanning a 20 range from 20° to 80° at a rate of 2° per minute.

3.4.2 Scanning Electron Microscopy (SEM)

The sample's surface morphology was examined with a Thermo Scientific Quattro S
scanning electron microscope (SEM). High-resolution images were produced by capturing
secondary electrons from a focused electron beam. The SEM operated at an accelerating
voltage of 10 kV, offering a magnification range up to 200,000x, with a working distance

of 10.3 mm, a spot size of 3.5, and a pressure between 1.006 and 3 Pa.

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was employed to obtain the infrared absorption spectrum of the sample. The sample
was exposed to infrared light, and the transmitted light was recorded to produce a spectrum.
The analysis was conducted using a Thermo Scientific Nicolet iS10 FT-IR Spectrometer

and Nicolet iZ10 Module from 600 to 4000 cm™.

3.5 Electrochemical setup

The electrochemical methane-to-methanol conversion experiment was conducted in a flow
cell divided into two compartments: the anode and the cathode chambers. Each chamber
was equipped with gas inlets and outlets and separated by a proton-exchange membrane to
prevent mixing of the electrolytes while enabling proton (H") transfer. The anode chamber

housed a Fe,Os-coated graphite felt electrode mounted on stainless steel, while the cathode
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consisted of a stainless-steel electrode. Methane gas was introduced into the anolyte loop,

with and without oxygen, to assess the effect of gas composition on product formation.

A peristaltic pump circulated the anode and cathode electrolyte solutions through the
reactor, ensuring a continuous and steady flow. The electrolyte flow was divided into two
pathways: the anodic path (blue) and the cathodic path (green). The pump maintained a
constant supply of electrolyte, with the anodic path carrying the electrolyte across the
anode to facilitate methane oxidation and product formation. Simultaneously, the cathodic
path delivered the electrolyte to the cathode where reduction reactions occurred. Both
electrolytes exited their respective compartments and were circulated again until the
desired time for sample collection. A check valve was installed in the gas line to prevent
backflow and contamination of the gas supply, ensuring a steady flow of methane and

oxygen where applicable.

During the experiment, a direct current (DC) power supply applied a voltage across the
electrodes to drive the electrochemical reactions. Optimization of the reaction conditions
was carried out by systematically varying one parameter at a time while keeping the others
constant. The optimized parameters included applied voltage, electrolyte flow rate, gas
pressure, electrolyte volume, and reaction time. Once the optimal reaction conditions were
determined, the experiment was conducted under these optimized parameters and analyzed
further. The schematic representation of the experimental setup is shown in Figure 3.3,
with an enlarged view of the flow cell provided in Figure 3.4. This setup enabled efficient
and continuous electrolyte circulation, precise control over reaction conditions, and

separate collection of anodic and cathodic products.
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Figure 0.3 Electrochemical set up
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Figure 3.4 Flow Cell configuration
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3.6 Solid Phase Micro Extraction (SPME)

10 mL of the reaction products were transferred to a glass vial and placed on a magnetic
stirrer to ensure homogeneous mixing. SPME fiber coated with a PDMS selective
adsorbent was dipped directly into the solution while stirring continuously for 20 minutes,
allowing volatile analytes to adsorb onto the fiber. After the extraction period, the SPME
fiber was introduced into the gas chromatograph (GC) injection port, where thermal

desorption released the adsorbed compounds for analysis.

3.7 Gas chromatography Analysis

Methanol in sprayed water samples was quantified using a gas chromatograph (GC) with
a flame ionization detector (FID). The GC-FID conditions included a Supelco wax column
with a length of 60 meters and an internal diameter ranging from 0.25 to 0.32 mm. Helium
served as the carrier gas with a flow rate of 1 mL/min. The temperature program started at
70 °C, maintained for 2 minutes, and then increased at a rate of 8°C per minute until it

reached 250 °C. The FID temperature was set at 250°C for the analysis.

3.8 Nuclear Magnetic Resonance Analysis

The product samples were analyzed using nuclear magnetic resonance (NMR)
spectroscopy on a JEOL ECZLR 600R spectrometer (JEOL Ltd., Tokyo, Japan) with a
proton frequency of 600 MHz. *H NMR spectra were acquired in water suppression mode
using D20 as the solvent. Water suppression analysis of products, blanks and standards

was done at 128 scans while **C was done at 20,000 scans.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Catalyst characterization

The catalyst characterization results provided crucial insights into the physical and
chemical properties of the prepared material, which directly influence its performance in
methane conversion. The respective results are presented in sections 4.1.1, 4.1.2 and 4.1.3.
4.1.1 X-ray Diffraction

Figure 4.1 shows the X-ray diffraction (XRD) pattern of the synthesized Fe>Os compared
with the standard reference pattern of hematite (a-Fe203). The diffraction peaks of the
sample are in excellent agreement with those of hematite from AMCSD 0021163. The key
260 values observed include 24.1°, 33.2°, 35.6°, 40.8°, 49.4°, 54.0°, 57.6°, and 62.5°,
corresponding to the (012), (104), (110), (113), (024), (116), (122), and (214) planes,

respectively [75].

Fe, O,
Reference

046

106

AMCSD 0021163

Intensity (a.u)

_ tmz

20 30
2 6 (degree)

Figure 4.1 XRD pattern of Fe,O3 and reference
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In Figure 4.2, the XRD profiles of pure Fe2Os3 (black), graphite felt (red), and Fe.O3 coated
on graphite (blue) are shown. The graphite sample exhibits a broad peak at ~26°
corresponding to the (002) plane of graphite and sharp peaks at 37, 43, 64 and 77°
indicative of its layered structure. For the Fe>Os-coated graphite composite, the pattern is
predominantly governed by the graphite peaks, reflecting its structural dominance since
only 5 mg Fe>Os was deposited. Nevertheless, two of the most intense peaks from Fe>Os,
the peaks at 33 and 36 remain visible, confirming the successful coating onto the graphite
surface. The retention of both graphite and a limited amount of Fe>Os peaks suggests that
the coating process did not significantly disrupt the graphite structure, making the

composite suitable for our applications requiring conductive and catalytic properties.

—— GF-Fe,0,

A‘d L/L i Fezolh_

20 30 40 50 60 70 80
2 0 (degree)

Figure 0.2 XRD Comparison of Fe>O3, GF and GF- Fe203
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4.1.2 Scanning Electron Microscopy

Figure 4.3 displays the morphology and elemental composition of Fe.Os as analyzed
through scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). In the SEM images, captured at magnifications corresponding to 500 nm (left) and
1 pm (center), the morphology of Fe,Os appears as a porous agglomeration of
nanoparticles. The particles exhibit a relatively uniform size distribution, forming spherical
shapes. The increased magnification (500 nm) highlights the granular nature of the
material, indicating individual particle sizes in the nanometer range. The smooth surface
of the particles shows minimal surface defects. The nanostructure's high surface area
provides more active sites suitable for methane oxidation and other catalytic applications

[76].

The accompanying EDX spectrum (right) confirms the elemental composition of the
sample. Peaks corresponding to Fe constituted about 73 wt % and O consisting of the
remaining 27 % the spectrum, confirming the presence of Fe;Os. Apart from Fe and O, Au
peak was also observed due to a gold coating applied to the sample for SEM imaging to
improve conductivity but did not contribute to the composition. The absence of significant

peaks for other elements supports the high purity of the material with a clean composition.

Figure 0.3 SEM images at resolutions of (a) 500 nm (b) 1 um (c) EDX of of Fe.O3
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Similarly, we characterized the coated catalyst on the graphite. Figure 4.4 shows the
morphology of Fe.Oz-coated graphite fibers at increasing magnifications (1 pm, 5 um, 10

pum, and 100 pm), along with the EDX spectrum confirming the elemental composition.

At the 1 pm magnification, small Fe>Os particles are visible as discrete clusters on the
surface of the graphite fibers. The particles appear sparsely distributed, consistent with a
low coating amount of Fe;Os. The smooth underlying texture of the graphite fibers remains
evident, suggesting that the coating process preserved the fiber's structure without
significant modification. At 10 um, the overall network of graphite fibers becomes more
apparent, with individual fibers maintaining their integrity and showing minimal

agglomeration of Fe;Oa.

The EDX spectrum reveals the elemental composition of the sample, showing prominent
peaks for carbon (C) due to the graphite fibers, with smaller peaks for oxygen (O) and iron
(Fe), confirming the presence of Fe»Os. The weight percentages (C: 92.7%, O: 6.4%, Fe:
0.9%) align with the expected low Fe>Os content. Au peaks were observed as with the

Fe>Osz only, from the gold sputtering used to enhance conductivity for SEM imaging.

Figure 0.4 SEM images at resolution of (a) 1 um (b) 10 um, (c) EDX of for GF-Fe203
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4.1.3 Brunauer-Emmett-Teller

The Brunauer-Emmett-Teller (BET) analysis provides crucial insights into the surface
area, pore volume, and pore size of the materials studied, including Fe.Os, graphite, and
Gf- Fe203, both before and after reaction. The surface area of Fe.Oz was determined to be
125 m?/g, reflecting the relatively dense structure of the metal oxide, which inherently
offers fewer active sites for catalytic reactions. In contrast, graphite exhibited a
significantly higher surface area of 366 m2/g, which can be attributed to its porous, layered
structure. This characteristic makes graphite an excellent support material for catalytic
applications, as it enhances the dispersion of active sites and promotes accessibility to
reactants. Gf- Fe,Os demonstrated a surface area of 339 m#/g, which is close to that of
graphite. This suggests that the integration of Fe»Os with graphite resulted in good
dispersion of the metal oxide particles without significantly blocking the pores of the

graphite support.

The pore volume data aligns with these observations. Fe;O3 exhibited a pore volume of
0.290 cmd/g, which is typical for dense metal oxides, while graphite showed a much larger
pore volume of 0.473 cm3/g, consistent with its highly porous nature. The GF- Fe2O3
composite had an intermediate pore volume of 0.394 cm3/g, indicating that the

incorporation of Fe>Os did not excessively obstruct the pores of the graphite.

The pore size across all samples remained nearly constant, ranging from 1.646 to 1.662
nm. This uniformity suggests that the structural characteristics of the individual materials
were largely preserved in the composite and remained stable during the reaction. The pore

sizes fall within the mesoporous range (2-50 nm), although they are at the lower end,
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providing adequate diffusion pathways for reactants and products during the catalytic

process. Table 4.1 describes all the details.

Table 0.1 N> adsorption desorption before and after coating

Sample Surface area (m?/g) Pore Volume cm®/g) Pore size (nm)
Fe203 124 0.290 1.662
Graphite 366 0.473 1.646
Gf- Fe203 339 0.394 1.661

4.2 Products detection and analysis

Post-reaction liquid products from electrochemical conversion of methane to methanol in
the flow cell setup shown in Figure 3.3 were detected using two complementary
techniques: Nuclear Magnetic Resonance (NMR) spectroscopy and Gas Chromatography
with Flame lonization Detection (GC-FID). Analysis of the liquid products and gas is thus

discussed in this section.

4.2.1 Gas chromatography with flame ionization detection

Methane oxidation products were analyzed using gas chromatography (GC) with flame
ionization detection. Prior to running the experiments, control blanks were measured,
which included running water alone, passing oxygen gas instead of methane, and collecting
samples from the cathode flask under identical flow cell conditions. Additionally, a sample
was taken from the reduction site in the catholyte container. GC chromatograms of these
control samples revealed the water peak at ~6.0 minutes consistently observed because the

samples all contain water. The results are presented in Figure 4.5 below.
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Figure 4.5 Figure 4.5 (a) water (b) O, gas instead of methane (c) reduction site sample

Thereafter, commercial standards of the expected products were injected into the GC and
well separated. Methanol eluted at approximately 5.2 minutes, ethanol at 5.3 minutes, and
a broad water peak appeared around 6.0 minutes as shown in Figure 4.5c. In the reaction
with methane only under optimized conditions, methanol was detected with a retention
time of about 5.2 minutes as compared by the retention time of the commercial standard.
For reactions involving methane and Oxygen gas, methanol and ethanol were identified.
Figure 4.6a displays the reaction with methane only, (b) shows the reaction with methane
and O, and (c) illustrates 10 ppm of methanol and ethanol standards. Here, the detected
products were only analyzed, but not quantified. The quantification was done using *H

NMR done in water suppression mode.
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Figure 0.6 GC chromatogram for (a) CHas reaction (b) CHs, O reaction (c) 10 ppm
methanol/ethanol standard

After detecting methanol in the sample, gas chromatography was employed to optimize the
reaction parameters by analyzing the peak area corresponding to methanol. The
optimization study was done to achieve the optimum yield using the most important
parameters. These parameters included the reaction time, the pump flow rate, volume of
the anolyte solution and the applied voltage. The results are explained in the subsequent

sections.

4.2.1.1 Reaction time optimization

The effect of reaction time on product yield was evaluated by monitoring the peak area of
methanol in the GC over different durations, as presented in Figure 4.7. At shorter reaction
times (10-30 minutes), the yield increases steadily, indicating that the reaction kinetics are
still progressing. However, beyond 40 minutes, the rate of improvement diminishes,

suggesting that the reaction is nearing completion or equilibrium. The timing was stopped
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after 60 minutes to report the values in terms of pumol/g/hr. Further reaction time may lead
to a slight increase in the retention time. Therefore, the reaction was conducted for 60

minutes, and samples were collected and analyzed accordingly.

Time optimization
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Figure 4.7 Reaction time optimization using methanol peak area from GC-FID

4.2.1.2 Applied potential optimization

The influence of applied voltage on product formation was investigated by measuring the
corresponding peak area, as shown in Figure 4.8. The results indicate a significant effect
of voltage on catalytic performance within the studied range. An increase in voltage from
0.6 V to 0.9 V led to a progressive rise in peak area, suggesting optimal conditions for
product formation at this voltage. Beyond 0.9 V, however, the peak area declined

noticeably at 1.0 V and 1.1 V. This reduction is attributed to the onset of competing side
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reactions at higher voltages. These findings emphasize that 0.9 V is the optimal applied
voltage for maximizing product yield in this setup. Consequently, this voltage was applied

in subsequent experiments, and the resulting samples were analyzed.

Applied voltage optimization
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Figure 0.8 Applied voltage optimization using methanol peak area from GC-FID

4.2.1.3 Flow rate optimization

The data shown in Figure 4.9 illustrates the impact of flow rate on the peak area of the
products collected during the reaction. As the flow rate increases from 1 mL/min to 5
mL/min, a consistent decline in the peak area is observed. The highest peak area is recorded
at a flow rate of 1 mL/min, while the lowest is seen at 5 mL/min. At lower flow rates, the
reactants have a longer residence time over the catalyst bed, allowing for more effective
contact and reaction on the catalyst's surface. As the flow rate increases, the reduced
residence time limits the interaction of methane with the catalyst, thereby reducing the

amount of product formed or collected. Additionally, higher flow rates may dilute the
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concentration of the products, leading to lower peak areas in the chromatogram. This trend
highlights the importance of optimizing the flow rate for maximum product yield. A flow
rate of 1-2 mL/min represents the optimal range for this system, balancing both efficiency

and throughput. As a result, this flow rate was adopted for subsequent analyses.

Flow rate optimization
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Figure 0.9 Flow rate optimization using methanol peak area from GC-FID

4.2.1.4 Electrolyte volume optimization

The relationship between electrolyte volume and peak area was evaluated to determine the
optimal operating conditions for the reaction system, as shown in Figure 4.8. The results
demonstrate that an electrolyte volume of 15 mL yielded the highest peak area, indicating
the maximum product formation. This volume also represents the minimum required to

ensure continuous flow in the experimental setup, supporting steady-state reaction
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conditions. At volumes above 20 mL, a decline in peak area was observed. This decrease
may result from the dilution of reactants within the electrolyte, reducing their availability
for the catalytic reaction. Additionally, higher volumes could affect the flow dynamics,
potentially disrupting efficient interaction between the methane gas, catalyst, and
electrolyte. The study establishes 20 mL as the critical volume to balance the need for
continuous flow and optimal catalytic activity, ensuring efficient product formation in the

system. Therefore, this volume was maintained in all further experiments.

Electrolyte volume optimization
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Figure 0.10 Electrolyte volume optimization using methanol peak area from GC-FID

4.2.2 Nuclear Magnetic Resonance (NMR)

The liquid products from methane oxidation were further analyzed by NMR. For each
analysis, 0.5 mL of post-reaction sample was combined 0.1 mL of a dimethyl sulfoxide
(DMSO) internal standard solution (10 ppm) and with 0.1 mL D,O. A calibration curve

was generated by plotting the concentration of the standard product solution against the
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integrated areas of the product and DMSO signals. Product quantification was achieved by

comparing the *H NMR signal with this calibration curve. The calibration curves for

methanol and ethanol are shown in Figure 4.11 below.
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Figure 4.11 Methanol and ethanol calibration

4.2.2.1 Water suppression mode NMR
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Like the GC analysis of the blank experiments, the *H NMR spectrum of the control

samples showed no peaks associated with methanol, ethanol, acetic acid, or formic acid,

with only the residual peak of D>O observed at 4.7 ppm. These findings, illustrated in

Figure 4.12, indicate that the detected products originated from methane oxidation

reactions.

Figure 4.12 NMR for (a) water (b) reduction side product (c) reaction with O>
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Thereafter, post reaction samples were analyzed. In the reaction with optimized condition
and methane alone, the *H NMR shows a singlet at 3.2 ppm corresponding to the methyl
protons of methane, the OH were exchanged by D,O and the residual D2O peak was at 4.7
ppm. In the reactions involving methane + Oz, methanol and ethanol were detected. These

are shown in Figure 4.13.
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Figure 0.13 NMR of (a) methane (b) methane and O

4.2.2.2 Carbon-13 Nuclear Magnetic Resonance

The *C NMR spectra in Figure 4.14 provide complementary insights to proton NMR
regarding the carbon-based products from methane oxidation. Spectrum (a), obtained under
optimized conditions using methane alone, shows a single peak at 49 ppm, corresponding
to the carbon in methanol, confirming selective oxidation of methane to methanol.
Spectrum (b), representing the reaction with methane and oxygen, similarly shows a peak
at 49 ppm for methanol but also features two additional peaks at 17 ppm and 58 ppm,

corresponding to the methyl and methylene carbons in ethanol respectively. These
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additional peaks indicate that the presence of oxygen facilitates further oxidation pathways,

enabling ethanol formation alongside methanol.
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Figure 4.14 13C NMR Spectra of Reaction Products for (a) Methane Oxidation Under

Optimized Conditions and (b) Methane/Oxygen System

4.2.3 Improvement of yield with the use of KCI

The addition of KCI as an electrolyte significantly enhanced the yield of methanol in the
reaction system. The enhancement in methanol yield observed can be attributed to several
electrochemical mechanisms. The increased ionic strength and conductivity provided by
KCI lower the resistance of the electrolyte, improving charge transfer efficiency and
enabling more effective catalysis. Cl~ ions may also adsorb onto the catalyst surface,
stabilizing its active sites and preventing deactivation, thereby sustaining catalytic activity
and enhancing selectivity towards methanol. Furthermore, the presence of Cl™ likely
promotes methane solubility in the aqueous electrolyte through weak interactions, ensuring
a higher local concentration of methane at the electrode surface and improving its

availability for oxidation [77]. These mechanisms collectively provide a plausible
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explanation for the improved methanol yield in my system, demonstrating how the unique

properties of Cl™ ions can optimize electrocatalytic performance.

Post reaction samples were then transferred to NMR tubes and analyzed for water
suppression. Figure 4.15 shows the NMR of the reaction of CH4 under optimized condition

using KCI solution and water.
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Figure 0.15 NMR of products of CH4 reaction using (a) KCI solution (b) water as

electrolytes

The reaction of methane under optimized condition using KCI as electrolytes was also
analyzed in the GC-FID. However, because salts are not suitable with the GC column, we
used SPME to adsorb the products on the fiber followed by desorbing manually in the GC
injector. The SPME set up is shown in Figure 4.16. After 20 minutes of extraction, the fiber
was injected, and the components were separated. The chromatograms in Figure 4.17 show

the methanol peak at about 5.2 minutes retention time for the optimized conditions and
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reacting with methane using KCl as electrolyte.
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Figure 4.17 GC-FID of SPME for (a) CHs reaction using KCI (b) standard methanol

4.2.4 Gas products analysis

Methane conversion produces gases in addition to liquid products, therefore, gas was
collected in an airbag and injected into a gas chromatography coupled with flame ionization

detection. The chromatogram shows the peak of CO> at about 1 minute, Hydrogen at 10
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minute and methane at around 13 minutes and an additional peak in less than 1 minute due

to purging the gas. The chromatogram is shown in Figure 4.18.

Figure 4.18 GC-TCD of gas samples

4.3 Proposed mechanism for methane to methanol oxidation

4.3.1 Methane to methanol using water

Methane oxidation with water as oxidant takes place at the anode of the electrochemical
cell [78]. The first step involves creation of an adsorbed OH™ group, which subsequently
undergoes dehydrogenation to generate an O* as shown in Equations 3 and 4. The second
stage involves reaction between adsorbed active species with methane to produce methanol
as shown in Equation 3. A lower energy requirement for each step suggests that the step is
more likely to occur, which means a reduced minimum anode potential is necessary for the
reaction to advance. To achieve high selectivity to methanol, it is necessary to avoid the
formation of CH3O* and CHz*. CH30* cannot be reduced to CH3OH* under anodic
conditions because CHs* is susceptible to further oxidation to form CH.*, CH*, and C*,

which can result in the formation of unwanted by-products such as HCHO, CO, and CO;

[54].
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Msx + 2H20 - *OH + HoO + H* + ¢ (3)

*OH + H0 - *O + H:0 + H + e” (4)

*O + CHs » #0---CHs - #(0O---CH3z) » *CH3OH — CH3OH (5)

M* indicates the surface of the catalyst.

4.3.2 Methane oxidation using Potassium Chloride

The mechanism was adopted for our study involving methane bubbling through salt water
to achieve methane conversion to methanol (accepted for publication) [77]. The Cle is the
major activation radical, and the GF-Fe>Os3 electrode serves as an anode to remove an
electron from CI" to generate reactive Cls (Equation 6). Cle reacts with CHs to generate
CHase (Equation 7) and liberate in solution H™ and CI". At the same time, at the GWI, OH"

loses an electron to form the OHe radical (Equation 8), which recombines with CHze to

form methanol (Equation 9). Overall, the sum of these steps is shown in Equation 10.

Cl— Cle + ¢ (6)
Cle + CHs — CHze + HCI (H* + CI') (7)
OH — OHs +¢ (8)
CHse + OH* — CH30H (9)
CHs+ OH — CH3OH + H* + 2¢ (10)

4.4 Performance Results

This section evaluates the effectiveness of the electrocatalytic methane oxidation process,
focusing on key performance metrics: conversion, which measures the proportion of
methane reacted; yield, which quantifies the amount of methanol produced relative to the

theoretical maximum; and selectivity, which indicates the preference of the reaction
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towards methanol over other by-products. Together, these metrics provide a
comprehensive assessment of the reaction's efficiency and optimization potential.

4.4.1 Conversion

Conversion refers to the percentage of methane molecules transformed into the products,
such as methanol, formic acid, or CO.. It is a critical metric for evaluating the efficiency
of the reaction and the catalyst, calculated as the ratio of methane consumed to the total

methane supplied. The formula used for this calculation is presented in Equation 11.

. CHy,reacted
Conversion = —*——— x 100 % 11
NCHy,in

NCHea, in: Initial moles of methane (fed into the system)
nCHg, reacted = nCH3OH +nCO.
4.4.2 Selectivity

Selectivity is a critical parameter in methane conversion, defining the proportion of
methane that is transformed into the desired product relative to all products formed during
the reaction. High methanol selectivity ensures that the reaction predominantly yields
methanol while minimizing the formation of other liquid products. The formula used is

shown in Equation 12.

n CH;O0H
n total oxygenates

x100% 12

Methanol selectivity =

4.4.3 Methanol Yield

The yield of methanol in methane conversion refers to the amount of methanol produced
per gram of catalyst per hour, typically expressed in umol/g.hr. This metric is crucial for
evaluating the efficiency and productivity of the catalyst in converting methane into

methanol. High yield indicates that a significant amount of methane is successfully
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transformed into methanol in one hour, demonstrating the catalyst's effectiveness. The

formula used for the yield calculation is shown in Equation 13.

13

mol n products
Product (u )= P

Ydcat dcat

4.4.4 Performance summary

The results highlight the significant impact of electrolyte composition and reactants on
methane oxidation. Using H20 as the electrolyte achieves 37% methane conversion with a
methanol yield of 873 pumol/g/hr and 100% selectivity. Adding 3% KCl improves
conversion to 49% and boosts methanol yield to 1248 pumol/g/hr, maintaining 100%
selectivity. In contrast, introducing O2 with H,O as the electrolyte increases methane
conversion to 44% but reduces methanol selectivity to 62%, producing additional by-
products such as ethanol. While Oz enhances conversion, it complicates product
distribution, whereas 3% KCI gave the most effective for achieving high methanol yield

and selectivity.

Table 4.2 Performance Summary of Electrocatalytic Methane Oxidation Reactions
Investigated in This Study

Reactants | Electrolyte | CH4 conversion | Products Methanol Yield
% Selectivity
pmol/g/hr
CHs H20 37 CH30H 100 873
CH, 3% KCI 49 CH30H 100 1248
CH4, 02 H.O 44 CH30H, 62 998
CH3CH,0OH
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4.4.5 Result comparison

This table compares the performance of various catalysts and setups for methane oxidation,
focusing on conversion, selectivity, yield, and operating conditions. In your work, Fe>O3
was employed as the catalyst in a two-electrode flow cell with KCI as the electrolyte,
operating at room temperature (RT). This setup achieved a conversion of 49% and a

remarkable 100% selectivity to methanol (CHsOH) with a yield of 1248 umol/g/hr.

In comparison, Fe,Oz and Zr-Fe>Os were tested in three-electrode cells with Na,CO3
electrolyte, also at RT, yielding higher conversions of 87%. However, these setups
produced multiple products, including methanol, ethanol and acetone with the highest
selectivity of 90.5% to ethanol for Zr-Fe,Oz. Although the yields were higher for ethanol
production (1677 umol/g/hr for Zr-Fe,O3 and 1198 pumol/g/hr for Fe2Os, the presence of
mixed products requires additional separation steps, reducing the overall efficiency for

pure methanol synthesis.

A further comparison can be made with V.0s/SnO> coated with PTFE, which operated in
a two-electrode cell with water as the electrolyte at an elevated temperature of 100°C. This
system achieved an 88% conversion and a selectivity of 88.4% to methanol. While the
conversion and selectivity are competitive, the higher operating temperature increases
energy consumption compared to your RT system. Our system demonstrates a balance of
moderate conversion, excellent selectivity, and reasonable yield under the simplest and
mildest conditions. This makes it a promising approach for energy-efficient and selective
methanol production, especially in applications prioritizing purity and low-energy

processes.
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Table 0.3 Comparative Performance Analysis of Methane Oxidation:

Study and Relevant Literature

Results from This

Cell type Catalyst Electrolyte | Temperature | Conversion | Products Selectivity Yield Ref.
) (%) (%) pmol/g/hr
Flow cell Fe203 KCI RT 49 CH3OH 100 1248 This
Two CH3OH work
electrodes
cell
(PEM)
Three Fe203 NaZCO3 RT 87 CH3OH 86.1 1198 [67]
electrodes CH CH OH CHSCHZOH CH3CHZOH
cell 3 2
CH3COCH3
Three Zr-FeZO3 NaZCO3 RT 87 CH3OH 90.5 1677 [67]
electrodes CH CH OH CHSCHZOH CH3CHZOH
cell 32
CH3COCH3
Two VZOS/SnOZ;PTFE HZO 100 88 CH30H 88.4 - [61]
electrode CH30H
cells
(PEM)
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CHAPTER S

SUMMARY AND CONCLUSION

5.1 SUMMARY

This thesis explored the potential of electrocatalytic methane conversion to methanol using
Fe Os-based catalysts, presenting a dual benefit of mitigating methane’s environmental
impact while generating a valuable platform chemical. Employing a flow cell system
operating at room temperature, the study demonstrated how optimized reaction parameters

could improve selectivity, yield, and conversion efficiency.

Key findings include the successful synthesis and characterization of highly pure, porous
Fe>Os catalysts through techniques including XRD, SEM, and BET. These catalysts,
integrated onto graphite supports, preserved the graphite’s high surface area and

conductivity while enhancing catalytic activity.

The research utilized a flow cell reactor divided by Nafion 117, a proton exchange
membrane, with water serving as the oxidant. Post-reaction samples were analyzed using
gas chromatography with flame ionization detection (GC-FID) and nuclear magnetic
resonance (NMR) spectroscopy, enabling precise detection and quantification of reaction
products. *C NMR was used to confirm the results of *H NMR. The GC peak area for
methanol was instrumental in optimizing the influence of reaction parameters, including
applied voltage, flow rate, and electrolyte composition, on performance metrics. The
results demonstrated that optimal conditions—including a reaction time of one hour, a flow

rate of 1 mL/min, and an applied voltage of 0.9 V—resulted in methanol yields of up to
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873 umol/g/hr with 100% selectivity. Quantification of the products was achieved using
1H NMR with DMSO as an internal standard, supported by linear calibration curves for

the detected products.

A notable enhancement was observed with the use of potassium chloride (KCI) as an
electrolyte. The chloride ions facilitated improved methane solubility and charge transfer
efficiency, boosting methanol yield to 1248 pmol/g/hr while maintaining full selectivity.
Comparative analysis with existing technologies highlighted the advantages of the
developed system, which operates under ambient conditions and eliminates the need for
energy-intensive processes, offering a cost-effective and environmentally friendly

alternative.

5.2 CONCLUSION
The study successfully demonstrated that Fe.Os-coated on graphite catalysts could
facilitate the selective conversion of methane to methanol at room temperature with

minimal environmental impact. Key findings include:

1. Catalyst Synthesis and Characterization: The synthesis and detailed characterization
of Fe»Oz and Fe,Os-coated graphite catalysts revealed their suitability for methane
oxidation. The nanostructured Fe>Os provided high surface areas and abundant active
sites, while the graphite substrate offered superior conductivity and structural stability,

essential for sustained catalytic performance.

2. Reaction Optimization and Performance: Systematic optimization of reaction
parameters significantly enhanced catalytic efficiency. The study identified optimal

conditions for applied voltage, flow rate, and electrolyte composition, achieving
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maximum methanol yield and selectivity. The ability to fine-tune these parameters

highlights the system’s adaptability for various operational requirements.

3. Electrolyte Innovation: The inclusion of KCI as an electrolyte proved transformative,
addressing challenges related to methane solubility and catalyst activity. Chloride ions
enhanced the reaction environment, stabilized active sites, and prevented catalyst
deactivation, collectively contributing to the highest methanol yield reported in this

study.

4. Comparison with Alternative Systems: Comparative analysis underscored the
system’s advantages over traditional H-cell and proton exchange membrane (PEM)
systems. While H-cells demonstrated higher conversion rates, the flow cell design
employed here uniquely achieved 100% methanol selectivity with no detectable by-
products, emphasizing its value for simplified downstream processing and industrial

applicability.

5. Environmental Relevance: Operating under ambient conditions, the system minimizes
energy consumption and environmental impact, addressing the sustainability concerns

associated with conventional methane conversion methods.

5.3 RECOMMENDATION

1. Detailed Reaction Mechanisms: Future research must focus on clarifying the reaction
mechanisms involved in the conversion of methane to methanol. A thorough
comprehension of these mechanisms is crucial for optimizing catalyst performance and

improving both selectivity and efficiency.
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2. Broader Conversion Pathways: There is potential to broaden research efforts towards
the direct transformation of methane into various liquid fuels or chemicals, including
ethanol and acetic acid, thereby expanding the range of possible applications.

3. Greenhouse Gas Utilization: Similar electrocatalytic approaches could be employed to
convert other greenhouse gases, such as carbon dioxide, into valuable products, thereby
playing a significant role in climate change mitigation strategies.

4. Catalyst Enhancement: Investigating the doping of Fe>Oz with various elements or the
integration of additional materials could lead to significant improvements in catalytic

activity, stability, and resistance.
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