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Abstract

The increasing levels of atmospheric CO, from industrial activities necessitate effective technologies
to mitigate climate change. Electrochemical CO, reduction offers a promising route to convert CO, into
valuable products like formate, but challenges such as high overpotential, low selectivity, and catalyst
instability hinder its efficiency. Conventional catalysts, while effective, often suffer from low
performance or high costs, driving the search for alternative materials. This research explores
magnesium-manganese oxide-based catalysts on nickel foam, leveraging their synergistic effects,
unique structural properties, and cost-effectiveness to enhance Electrochemical CO; reduction
efficiency. The catalysts were directly grown on nickel foam via immersion in a precursor solution
followed by calcination at 600°C. Structural and compositional analysis through X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) confirmed the
formation of crystalline phases, including NigMnQOg, NiO, and NiMnOs;, with magnesium likely
incorporated into the manganese oxide lattice. SEM revealed coral reef-like morphology, while
elemental analysis indicated a uniform distribution of magnesium (1.1%) and manganese (22.1%)
within the porous nickel foam. The optimized catalyst, Mg1.1-Mn22.1-Ox/NiF, exhibited superior
electrocatalytic performance, achieving a high current density of -63.24 mA cm™2 at -0.85 V vs. RHE and
a low onset potential of 0.07 V, indicating improved charge transfer capabilities. These findings
highlight the structural and compositional advantages of magnesium integration, significantly
enhancing catalytic activity and stability. This work provides valuable insights into the design of
advanced electrocatalysts for efficient CO, reduction, paving the way for further optimization and
exploration of magnesium-manganese-based oxides systems.
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Chapter 1

Introduction
1.1 Background

Advocating for net zero emissions is essential for stabilizing global temperatures and addressing
climate change. Net-zero emission manifests when reduced greenhouse gases (GHGs) from the
atmosphere outweigh the GHGs produced by human activities. Net zero signifies that the total
emissions introduced into the atmosphere are equivalent to the total emissions extracted, leading to
no net augmentation of atmospheric greenhouse gases, particularly focusing on carbon dioxide (CO3)
[1]. To fulfill the Paris Agreement's objective of constraining the rise in global warming to 1.5°C,
worldwide CO, emissions must become net zero by the mid-21st century, with other greenhouse gases
afterward. Even after reaching net zero, the climate system may continue to evolve, necessitating
ongoing monitoring and adjustments to emissions strategies. This holistic strategy is essential to
address climate change properly. The notion of net-zero emissions extends beyond specific nations or
regions. This necessitates significant modifications in energy generation, utilization, and human
activities [2].

The phenomenal economic advancement and population growth worldwide have resulted in a
significant need for energy, emerging as a global concern. Conventional fossil fuels have been
extensively utilized and overexploited, leading to numerous issues such as environmental degradation,
global warming, and shortages of fossil fuels. Due to elevated energy demands, the combustion of
fossil fuels such as coal, petroleum, and natural gas has been the primary source of greenhouse gases
(GHGs) [3]. As shown in Figure 1, CO,, a significant greenhouse gas, contributes to global warming,
climate change, rise in sea level which will significantly jeopardize the survival of both animals and
people on Earth [4]. Moreover, new research demonstrates that elevated atmospheric CO,
concentrations might adversely impact plant growth, leading to diminished food yields and nutritional
quality [5]. The rise in atmospheric CO, concentrations, chiefly attributable to fossil fuel consumption,
deforestation, and industrial activities, has resulted in substantial environmental alterations, including
extreme weather phenomena and rising sea levels. Consequently, it is imperative to diminish CO;
emissions while concurrently transforming into favorable items for the welfare of the environment [6].

Two fundamental approaches show promise in reducing CO; levels: (i) CO, collection and geological
storage, and (ii) the conversion of CO, gas into valuable fuels and goods. The conversion and utilization
of CO; as a fuel source appear appealing and promising in the current context of elevated energy
demands [7]. The growing need to provide sustainable energy solutions has spurred research into
carbon capture and utilization (CCU) technologies, emphasizing the electrochemical reduction of CO..
To mitigate the extra atmospheric CO; burden, carbon capture and utilization (CCU) is a viable technical
approach that reduces greenhouse gas emissions and ozone depletion. One option to address this is
the electrochemical conversion of CO; into useful compounds using renewable energy. This process is
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essential for transforming CO; into many useful compounds and fuels. Formic acid, methanol, and
ethylene function as energy transporters and feedstocks in chemical synthesis while providing
economic advantages for CO; usage [8].

Climate
Change

t I][ll]l Increase in
‘ temperature
Melting of ,

& 1 \ Glacier - Elevation of

A »l" ( ml; sea level

Figure 1. Detrimental effects of excessive emission of CO,

Impacting
Crops Growth

On the other hand, the conversion and subsequent utilization of CO, necessitates various energy
sources to surmount kinetic inertia and the thermodynamic energy barrier. Methods such as Fischer-
Tropsch synthesis [9], CO, mineralization [10], and catalytic hydrogenation [11] are among the
industrially implemented techniques. As the procedure of these conventional approaches necessitates
catalytic materials and elevated temperatures due to the exceptional stability of CO,, their limits
cannot be overstated. However, currently, strategies utilizing innovative alternatives such as
biochemical [12], photochemical [13], plasma-based technology [14], and electrochemical methods
[15] are being extensively developed.

The electrochemical CO; reduction reaction technique has attracted noteworthy recognition due to its
multiple advantages as follows — (1) the process is controlled by the voltage applied to electrodes, (2)
electrolyte solution can be recycled and so chemical consumption is minimized, (3) new sources of
electricity can be used [16]. Electrochemical CO; reduction has markedly advanced in recent years. The
industrial usage of this technology predominantly depends on the activity, selectivity, and robustness
of various proton and electron chemical processes. In this case, the techno-economic feasibility of CO,
electrochemical reduction is heavily contingent upon the end products, which serve as critical
productivity benchmarks propelling this technological approach toward profitability. This is evident
due to the swift advancement of renewable energy infrastructure [17].

The electrochemical conversion of carbon dioxide (CO;) gas into value-added products in agqueous
solution is a crucial technique for utilizing CO, as a carbon-neutral energy source and alleviating the

2
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energy crisis. The electrochemical CO; reduction reaction (CO2RR) can produce numerous compounds,
including carbon monoxide (CO), methane (CH4), formic acid (HCOOH), and other hydrocarbons,
contingent upon the materials and reaction potential employed [18].

Formic acid (HCOOH), a byproduct of CO2RR, possesses significant market potential due to its high
energy density for use as a hydrogen carrier in fuel cells [19]. Nevertheless, the hydrogen evolution
reaction (HER) transpires concurrently as a competing process; hence, HER must be mitigated to
achieve higher catalytic activity in converting CO, to HCOOH.

Metal oxide materials possess potential applications in electrochemistry, including catalysis and
environmental remediation. They are categorized into single metal oxides, spinel oxides, chalcogenide
oxides, metal oxides with unique structures, metal layered hydroxides, and oxide-containing hybrids
based on their structural variety and composition [20]. Transition metal oxide (TMO) is an easily
obtainable material characterized by its high surface area, rapid reaction rate, magnetic separability,
low cost, straightforward surface functionalization, minimal biological toxicity, and high environmental
stability and adsorption capacity [21]. Noble metal-based electrocatalysts, including Pd [22], Ag [23],
Au [24], and their alloys, have demonstrated activity for CO, reduction reactions in agueous solutions
at low overpotentials. It is more beneficial to create effective and selective electrocatalysts for CO,
reduction reactions utilizing inexpensive and abundantly available metals.

The transition metal manganese (Mn) ranks third in natural abundance among transition elements,
following iron and titanium [25]. Mn-based oxides have been extensively documented as
electrocatalytic materials, particularly as CO, reduction reaction (CO2RR) catalysts, owing to their
affordability, elevated electrochemical activity, commendable stability, diverse crystal structures,
tunable morphological sizes, and variable manganese ion valence states [26]. To confirm the
statement, Mn-oxide-based OER catalysts have been reported as key factors affecting electrochemical
performance [27].

In addition, Magnesium oxide-based materials possess numerous advantages, including high
theoretical capture efficiency, cost-effectiveness, accessibility, environmental friendliness, non-
corrosiveness, and broad applicability [28]. Consequently, MgO-based adsorbents have been identified
as a viable choice for CO; collection at moderate temperatures. MgO is a widely accessible alkaline
metal oxide and is characterized by a broad band gap [29].

Meanwhile, Current collectors utilized in different electrochemical systems comprise metal foams
(e.g., Ni, Al, Fe), metal sheets (Pt, Ti, Cu), carbon cloth, non-stick tape, and stainless steel. Among them,
Nickel foam has garnered interest due to their effective electrode configuration, resulting from their
interconnected three-dimensional (3D) architecture, as well as their ability to establish a robust
connection between the active material and the external circuit [30]. Furthermore, NF exhibits
advantageous characteristics like exceptional mechanical strength, notable electrical and thermal
conductivity, minimal ionic diffusion resistance, commendable corrosion resistance, and enhanced
areal loading of active materials [31].
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1.2 Aims and objectives

The aim of this study is to design highly active manganese-based oxide on nickel foam for
electrochemical CO; reduction to formate. The aim will be achieved through the following objectives.

1.

Develop and optimize a magnesium manganese-based oxide catalyst on nickel foam and
perform structural, morphological, and compositional characterization to ensure effective
material design.

Assess the catalytic activity of the synthesized material for electrochemical CO, reduction,
focusing on onset potential, overpotential and current density.

Analyze the products of electrochemical CO, reduction using Fourier Transform Infrared
Spectroscopy.

1.3 Research questions

How can magnesium-manganese oxide catalysts on nickel foam be synthesized and
characterized to optimize their structural, morphological, and compositional properties for?
How do unique structural, morphological, and compositional properties of materials influence
the electrochemical CO, reduction?

What are the key electrochemical performance metrics, such as onset potential, overpotential,
and current density, for magnesium-manganese oxide catalysts in CO, reduction, and how can
these be optimized?

What products are formed during the electrochemical reduction of CO, using magnesium-
manganese oxide catalysts, and how can their composition and selectivity be accurately
analyzed?

1.4 Thesis Outline

This thesis consists of five chapters.

Chapter 1: Presents an introduction and background information on the selected problem and the
objectives of this research followed by research questions.

Chapter 2: Presents a comprehensive classification of CO, reduction and possible pathways and related

terms.

Chapter 3: Outlines the methodology, preparation and characterization procedures used for the

experiment.

Chapter 4: The chapter concludes by examining the physical and electrochemical testing.

Chapter 5: Provides a concise summary of our findings and proposes more research opportunities.
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Chapter 2

Theoretical Background

2.1 Fundamental Information of CO»

In the early 17th century, Jan B. van Helmont identified carbon monoxide as a distinct gas following his
examination of its production during combustion and fermentation. This significant discovery
established the basis for additional scientific investigation into the characteristics and functions of CO,
in numerous natural systems and industrial uses [32]. CO; is a colorless and odorless gas. The molecule
is linear, including a double bond between the carbon and oxygen atoms. CO; is the most oxidized
form of carbon with a formal oxidation state of +4. CO,, an outcome of the burning of hydrocarbon
compounds, possesses a molecular structure where carbon is in its maximum oxidation state, with a
standard Gibbs free energy AG of -394.38 kJ/mol. Thus, it is thermally stable and chemically inert.
Furthermore, carbon atoms in the CO, molecule possess vacant p-orbitals, which exhibit a limited
capacity for electron acceptance. However, under specific conditions, the inclusion of an electron into
the antibonding orbital of CO; results in the transformation of the straight CO, molecule into the bent
CO;" " anion. This leads to a decrease in the C-O bond order from 2 to 1.5 in the CO, molecule, therefore
facilitating the activation of inert carbon dioxide molecules [33]. The conversion of CO; into a more
energetic product necessitates the transfer of electrons to carbon, therefore decreasing its oxidation
state. The sequence of steps that transform CO, into a more reduced product can be referred to as
CO; reduction. CO; provides a supply of carbon for the photosynthesis of plants and crops. These
reactions are sometimes termed CO; hydrogenation, meaning thermally driven processes that involve
reactions with hydrogen (H,) or CO; fixation in natural photosynthesis catalysis [34]. For the formation
and the following combustion of CO, reduction/hydrogenation products to constitute a closed cycle,
the primary source of electrons and protons for CO; reduction must be water (H,0), as the burning of
a hydrogenated carbon product generates H,O. The general formula for CO; reduction, hydrogenation,
and fixation is as follows:

xCO; + yH,0 > Product + zO; (1)

2.2 Fundamentals of electrochemical CO, reduction reaction

Electrochemical techniques are the most advantageous, necessitating reduced energy and offering
superior control over the resultant products. In comparison to other solutions, the electrochemical
route is the most promising alternative for CO; reduction, as it does not necessitate high temperatures
or pressures for efficient reduction, integrates water as a proton source, and enables greater product
selectivity than other reduction methods. CO, can be trapped and transformed into valuable products,
thereby diminishing its concentration. This procedure transforms CO, into valuable chemicals such as
hydrocarbons and organic compounds through an electrochemical device including three electrodes:
(1) Cathode: the site of CO, reduction, (2) Anode: the site of oxidation processes, (3) Reference
Electrode: assess the reaction potential. The technique is scalable for industrial applications in
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machines known as electrolysers, which utilize energy from renewable sources such as sun and wind.
In a CO; electrolyser at ambient temperature, CO; is reduced to various products at the cathode by a
CO: reduction reaction as in Eqg. (2). (CO2RR), while H,0 is oxidized at the anode according to the
oxygen evolution reaction (OER) as in Eq. (3).

xCO; + nH* + ne” - Product + H,0 (2)

2H,0 > 0, + 4H* + 4e 0= 1.23 V (3)

The four key steps in electrochemical CO; reaction are as follows: (1) Chemical adsorption of CO,
molecules adhere to the catalyst's active sites, (2) The C=0 bond in CO; is cleaved via electron transport
to generate CO;" " radical for CO; activation, (iii) new bonds (C-C or C-H) are established to synthesize
hydrocarbons, and (iv) Desorption of final products into the electrolyte from active site [35]. The
electrolyte employed is a CO;, saturated aqueous solution. The oxygen evolution reaction (OER)
transpires in the anode compartment, whereas the hydrogen evolution reaction (HER) and the CO;
reduction process take place in the cathode compartment. The inclusion of water in the electrolyte
complicates CO; reduction due to the hydrogen evolution reaction (HER), where hydrogen
predominates and competes with the CO; reduction mechanism [36].

2.3 Classification of electrochemical CO- reduction

Electrochemical CO; reduction reaction classification generally entails different factors regarding the
product, electrolyser, substrate, electrolyte and catalyst (Figure 2).

Electrochemical CO:z ]
' Reduction J
\J

Y v hJ
Products LElectro[yser Substrate | Electrolyte m

Single-carbon (Ca) ) —p Metal
products . H-type Cell Reactors i—» Metal foam( Ni) |_» Bicarbonate Solution » Bimetallic
Multi-carbon . i i —» Metal Chalcogenide
| - Hydroxide Solution
(C2 and Cz+)products » Flow Cell Reactors » Metal Sheet(Pt, Ti) .
Basic Flo i |
> I w » Carbon Cloth » Carbonate Solution — Non Metal
Polymer
» Electrolyte - p Non-stick Tape __» Molecular
Membrane .
- Micro Fluid » Stainless Steel
Solid Oxide

7 Electrolyzer

Figure 2. Classification of electrochemical CO; reduction from different perspectives [37]
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2.4 Products of electrochemical CO- reduction reaction

The reaction has several steps involving the transfer of numerous protons and electrons, with
electricity supplied to facilitate the electrolytic reaction that generates fuels or chemical commodities.
In addition to primary products (carbon monoxide, formic acid, methanol, methane, ethylene, ethanol,
and propanol), up to 16 distinct CO,-derived chemicals, including glyoxal, ethylene glycol,
acetaldehyde, the
Nonetheless, these supplementary products are predominantly documented in trace quantities [37].

and  propionaldehyde, have been documented in literature.
Two-electron transfer products, including carbon monoxide (CO) and formate (HCOO", or formic acid
in acidic conditions, HCOOH), are efficiently produced on various catalysts with great selectivity.
Various electron-transfer products, such as methanol, methane, ethanol (C;HsOH), ethylene (C;Ha),
and propanol (CsHsO), have thus far been generated with diminished selectivity.

Figure 3 outlines the primary product coming from the electrochemical CO, reaction based on the
number of transferred electrons and their respective current production method in the industrial

sector [38].

Carbon dioxide
co,

+2e
+2e +6e +8e +12e +12e +18e
- J 9
Carbon monoxide Formic acid Methanol Methane Ethylene Ethanol Propanol
o HCOOH CH0H CH, CH, C;HsOH C;H;,0H
I Electroreduction of CO, |
Coal gosification Methyl formate Syngas conversion Steam cracking Ethylene hydration Propionaldehyde
hydrolysis hydrogenation
C+H,02CO+H, CO +2H, = CH;0H Major CHg > C,H, + other | CHy + H,0 = CHOH
CH;OH +CO > component of cracking products CHs+CO+H, 2
Steam reforming HCOOCH, natural gas Fermentation C3H:0
CHy+H,0 > CO+3H, | HCOOCH; + H,0 CoHy205 > 20,HOH + | CH0 + H, = CiH,0H
200,

Current industrial production methods I

Figure 3. Primary products from electrochemical CO; reduction and respective current
production method

For a chemical reaction to begin, the Gibbs free energy (or Helmholtz free energy at constant volume)
of the products must be less than that of the reactants. The system's free energy must be reduced.
Several options exist to accomplish this: through temperature, reactant/product concentrations,
applied electrochemical potential, and so on. Table 1 shows a sequence of products that can be
obtained as described through successive proton and electron transfers. These compounds can be
categorized based on the protonation of the CO, molecule and the quantity of carbon.
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Table 1: CO; reduction reactions to various products and their conventional thermodynamic potentials
[39], [40].

Reaction E°/V vs. SHE
CO, + 2H* + 2e™ > HCOOH -0.66 (4)
CO, +2H*+2e” > CO+ H,0 -0.52 (5)
CO; +4H* + 4e” - CH,0 + H,0 -0.49 (6)
CO; + 6H* + 6e™ = CH30H + H,0 -0.40 (7)
CO;, + 8H* + 8e™ = CH4 + 2H,0 -0.25 (8)

2.5 Physical characterization

Physical characterization entails an in-depth analysis of the physical properties and structures of
materials. This procedure is essential in multiple domains. This thesis encompasses the following
aspects of physical characterization:

2.5.1 X-ray diffraction

X-ray diffraction (XRD) is a robust and largely utilized analytical method for analyzing the atomic
arrangement within a crystalline substance. XRD is extensively used to determine crystal structures,
phases, preferred crystal orientations (texture), and other structural parameters such as average grain
size, crystallinity, strain, and crystal defects [41]. Powder X-ray diffraction is commonly used in this
regard.

2.5.2 Scanning electron microscope

Scanning Electron Microscope (SEM) deploys a concentrated stream of high-energy electrons to
examine the surface of a specimen. The interaction of the electron beam with the sample produces
many signals, such as secondary electrons, backscattered electrons, and X-rays, which are utilized to
create pictures and assess the sample's composition and surface topography. SEM offers precise
images of surface morphology and can assess the chemical composition of the material [42].

2.5.3 Energy dispersive spectroscopy

Energy Dispersive Spectroscopy (EDS) is a widespread analytical method for ascertaining the elemental
composition of materials. It is frequently combined with Scanning Electron Microscopes (SEM) and
Transmission Electron Microscopes (TEM) to deliver holistic chemical analysis. It is being used to
identify and quantify components in a sample by detecting distinctive X-rays generated when the
sample is subjected to high-energy electron bombardment [43].

2.6 Electrochemical characterization

Electrochemical characterization is a prerequisite for investigating and improving the performance of
various materials and applications. Here, all electrochemical characterizations were conducted
utilizing a two-compartment electrochemical cell shown in Figure 3, whereby the working and counter
electrodes each were separated by a Nafion 117 membrane. The Ag/AgCl (saturated in 3M KCl)
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electrode and platinum wire were demonstrated as the reference and counter electrode respectively.
All potentials and current densities present in this study were versus reversible hydrogen electrode
(RHE) and geometric surface area (1 cm?) of the working electrode immersed in the electrolyte.
Measured potentials (E( vs Ag/AgCl)) were converted to the reversible hydrogen electrode (RHE) by
using the Nernst equation [44].

E (vs RHE) = E (vs Ag/Agcl) + 0.059pH + 0.197 [44] 9)

The specific electrochemical characterization methods used include the following.
2.6.1 Linear sweep voltammetry

Linear Sweep Voltammetry (LSV) is an electrochemical method used to investigate redox processes by
providing a linearly changing voltage to a working electrode and measuring its corresponding current.
This method is typical owing to its simplicity, cost-efficiency, and capacity to provide complete
understanding into electrochemical processes. LSV necessitates simple but cost-effective
instrumentation, rendering it suitable for many applications [45].

2.6.2 Cyclic voltammetry

Cyclic Voltammetry (CV) is a widely used technique in electrochemical research. This technique
regulates the electrode potential to perform many scans at varying rates and captures the current-
potential curve. Analyze the curve's form to ascertain the events occurring at the electrode. This
method was employed to evaluate the redox characteristics of the electrode [46].

2.6.3 Chrono amperometry

Chronoamperometry (CA) is an electrochemical technique used to measure the current response of an
electrochemical system to a step change in potential. In CA, the potential of the working electrode is
stepped from an initial value to a final value, and the resulting current is recorded over time [47].

2.7 Performance criteria

In electrochemical CO; reduction reaction, various metrics have been implemented to evaluate
process performance, including current density and onset potential.

2.7.1. Current density

Current density (J) quantifies the electric current (I) per unit area of cross-section (A) in an
electrochemical cell, generally represented as Am and used as mAcm?2 in this work. The current
density in CO2RR indicates the reaction rate. Comprehending current density is imperative for
enhancing the efficiency and expense of electrochemical electrolyzers. The border region of the
catalyst interface demonstrates the maximum current density owing to enhanced conditions for
conductivity and mass transfer. A greater current density typically indicates a rapid reaction [48].
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2.7.2 Onset potential

The onset potential is the minimum (for anodic reactions) or maximum (for cathodic reactions)
potential at which an electrochemical reaction initiates at a specified electrode under established
conditions i.e. a lower onset potential (more positive or less negative) signifies that the reaction
necessitates reduced energy for initiation, suggesting a more effective catalyst [49]. It is generally
calculated in volts (V) in relation to reversible hydrogen electrode. It is essential for evaluating the
efficacy of various electrocatalysts.

2.7.3 Overpotential

Overpotential is the additional potential necessary beyond the thermodynamic equilibrium potential
to facilitate an electrochemical reaction at a specified rate. It signifies the energy loss inside the system
and serves as an indicator of the reaction's inefficiency. Assessing and mitigating overpotential is
crucial for enhancing the efficiency of electrochemical systems [50].

2.8 Electrolysers in CO; reduction

Recent scientific developments have resulted in the creation of several electrolyser designs, such as H-
Cell reactors and flow reactors. Innovations in key components, such as membrane electrode
assemblies and gas diffusion electrodes, enhance the stability, current density, faradaic efficiency (FE),
and overall efficiency of these electrolysers, while tackling critical issues like solubility and mass
transport [51] .

10
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2.8.1 H-type cell

H-Cell reactors have become commercially accessible laboratory-scale reactors that are highly versatile
in accommodating various geometries and electrodes. The configuration consists of two chambers
containing electrolyte. The cathodic compartment comprises a reference electrode and a working
electrode, whereas the counter electrode is in the anodic compartment [52]. The compartments are
linked by an ion exchange membrane, forming an H-form that limits the crossover of reduced products
and inhibits their further oxidation. The configuration of an H-Cell reactor is depicted in Figure 4 [53].
An H-Cell electrolyser provides an effective method for rapidly evaluating many catalysts.

|
Ag/AgCl Fo} ‘ :

s
reference !

»
electrode \
\

e
\ Pt wire counter

/ electrode

CO, gas
Working
electrode

HCOO™ )

Eo co})_

Figure 4. Schematic representation of H-type electrochemical cell [53]

l_ Nafion membrane |

2.9 Role of electrolyte in CO2 reduction

Electrolytes utilized in electrochemical cells can be categorized into two primary types: aqueous and
non-aqueous electrolytes. Among aqueous electrolytes, sodium bicarbonate (NaHCOs3) and potassium
bicarbonate (KHCOs), with concentrations ranging from 0.1 M to 0.5 M, are the commonly used
electrolytes. Bicarbonate electrolytes are comparatively economical, manageable, environmentally
benign, and capable of sustaining the pH level within the cell [54].

2.10 Role of substrate in CO; reduction

Research on electrochemical systems prioritizes the development of electrode materials that provide
cost-effectiveness, stability, and dependable outcomes suitable for commercial scalability.
Nonetheless, the functionality of these systems is dependent upon further various elements including
electrode production, electrolytes, system design, system durability, and substrate or current
collector). Current collectors implemented in distinct electrochemical systems incorporate metal
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foams (e.g., Ni, Al, Fe), metal sheets (Pt, Ti, Cu), carbon cloth, non-stick tape, and stainless steel. Nickel
foam (NiF) has garnered significant interest as a preferred substrate for numerous electrochemical
systems in the selection of current collectors [55]. This emerging trend is ascribed to its notable
interconnected three-dimensional architecture, which provides benefits like low weight, high porosity,
substantial mechanical strength, chemical stability, and potential electrical and thermal conductivity.
These characteristics are advantageous for optimizing contact areas among the current collector,
active materials, and charged species, hence minimizing charge transport paths, which is essential for
enhancing electrochemical performance.

2.11 Role of catalyst in CO reduction

Recent studies have extensively explored catalysts such as silver (Ag), gold (Au), nickel (Ni),
monoatomic catalysts, and bimetallic catalysts. Among them, Bimetallic catalysts outperform
monometallic ones due to Electronic effects (modifying electron density), Geometrical effects
(enhanced active site arrangement), Synergistic effects, such as Improved formation of catalytic
intermediates or Increased surface contact, leading to enhanced activity, selectivity, and stability. By
incorporating metal oxides, the electrochemical system can reduce the overpotential and improves
current density during CO,RR [56]. Core—shell nanostructures (e.g., Au nanocrystal@MnO,
nanosheets) may enhance electrocatalytic performance where the Au core increases electrical
conductivity, facilitating rapid electron transfer and the MnO, shell can activate CO, molecules and
stabilizes intermediates like CO,". For this specific reason, future studies should focus on
understanding the electronic properties of metal oxides and developing advanced nanostructures for
better catalytic activity, selectivity, and durability.
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Chapter 3
Methodology

3.1Flowchart of the experiment

This flowchart in Figure 5 outlines a systematic research process for investigating electrochemical CO,
reduction, starting with a literature review to identify critical pathways, performance criteria, catalysts,
electrolyzers, electrolytes, and substrates. It proceeds with the sample preparation and synthesis of
materials, followed by material characterization using techniques such as XRD (to analyze crystallinity),
SEM (to examine surface morphology), and EDS (to determine elemental composition).
Electrochemical testing evaluates the material's performance, and comparative data analysis
benchmarks the results against existing studies. Product analysis, using tools like FTIR, identifies and
guantifies the chemical products formed. This comprehensive approach ensures a thorough evaluation
and optimization of materials and processes, concluding with actionable findings.

Literature

Performance
Key Feature

Sample
preparation and
synthesis

Material
characterization

Electrochemical
testing

Comparative data
analysis

Product analysis

Figure 5. Flow diagram of methodology
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3.2 Chemicals and materials

All chemicals used in this study were of reagent grade and utilized without further purification.
Manganese(ll) nitrate tetrahydrate (Mn(NOs);:4H,0, CAS number: 20694-39-7, molecular weight:
251.01 g/mol, 297.0% purity, Sigma-Aldrich, Darmstadt, Germany), magnesium chloride hexahydrate
(MgCl,-6H,0, CAS number: 7791-18-6, molecular weight: 203.30 g/mol, 99% purity, VWR International,
Belgium), Eethylene glycol (HO-CH>-CH»-OH, CAS Number: 107-21-1, molecular weight: 62.07 g/mol,
99.8% purity, Sigma Aldrich, USA), formic acid 98% (HCOOH, CAS Number: 64-18-6, molecular weight:
46.03 g/mol, 288% purity, VWR International, France), sodium bicarbonate (NaHCO3;, CAS Number:
144-55-8, molecular weight: 84.01 g/mol, 99.9% purity, Merck, Germany) were procured and used as
received. Nickel foam (NiF) with a thickness of 1.6 mm, a bulk density of 0.45 gcm™ and a porosity of
95% was sourced from Sunshinelation, China. Nafion perfluorinated membrane N117 (thickness: 0.005
inches) was purchased from Sigma-Aldrich. High-purity CO, (99.99%) and N (99.99%) were procured
from a commercial source. All aqueous solutions used in this work were prepared using de-ionized
water to ensure the highest level of purity and consistency.

3.3 Preparation and synthesis of catalysts

A 30 mL aqueous solution of Mn(NOs),-4H,0 separately and MgCl,-6H,0 and Mn(NOs),-4H,0 together
was prepared considering a molar concentration ratio of Mg and Mn to be 0.5:1 and 1:1. 3 mL Ethylene
Glycol and 2 mL Formic Acid 98% were added and then a piece of NiF (3 cm x 2 cm) was completely
immersed into the solution and heated for 45 minutes at 80°C. Finally, after this process, NiF was taken
out from the solution and calcined at 600°C for 4 hours in the muffle furnace at a constant heating rate
of 5°C/min. The obtained catalysts were then removed from the muffle furnace and used for further
work i.e. characterization and electrochemical testing. As a reference, Mga-Mnb-Ox was named after
the different amounts of weight percentage gained from EDS analysis where ‘a’ is the weight
percentage of Mg and ‘b’ is the weight percentage of Mn in different samples. For that, as we have 4
samples including bare NiF, they are named NiF (only bare NiF), Mn-Ox/NiF (having molar
concentration ratio of Mg and Mn to be 0:1), Mg1.1-Mn22.1-Ox/NiF (having molar concentration ratio
of Mg and Mn to be 0.5:1) and Mg2-Mn23.7-O,/NiF (having molar concentration ratio of Mg and Mn
to be 1:1) respectively. A schematic illustration of the synthesis process is shown in Figure 6.
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Figure 6. Schematic illustration of the synthesis process of the experiment

Figure 7. Used instruments in the experiment (a) X-ray Diffractometer (b) Scanning electron
microscope (c) Fourier transform infrared spectroscopy

3.4 Characterization techniques

The as-prepared electrocatalysts were characterized to observe the crystalline phase and morphology
and elemental composition study by different physicochemical techniques like X-ray diffraction (XRD),
field emission scanning electron microscope (FE-SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) detector.
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3.4.1 Crystalline phase study

To investigate the crystalline structures, an X-ray diffractometer (XRD) device in Figure 7(a),
(XRDynamic 500, Anton Paar) was utilized with Cu Ka radiation at a wavelength of 0.15406 nm. Scans
were performed with a diffraction angle range from 10° to 80° with a step size of 0.01° and a scan time
of 30 sec per step along with the voltage (40 keV) and current (49 mA).

3.4.2 Morphology and elemental composition Study

The surface morphologies of the materials were characterized using a field emission scanning electron
microscope (SEM) model JEOL JSM-7200F (Figure 7(b)), which operated at 15 kV and was equipped
with a back-scattered electron (BSE) detector. Additionally, the composition of the materials was
analyzed using the same SEM, which was also equipped with an energy dispersive X-ray spectroscopy
(EDS) detector.

3.5 Electrochemical characterization

The electrochemical performance of the prepared electrodes was performed using a three-electrode
configuration on an electrochemical workstation named IVIUMSTAT (Figure 8(a)). In this process, the
NiF coated with Mn and Mg oxide was used as a working electrode, platinum wire served as a counter
electrode (Figure 8(c)), and an Ag/AgCl (3M KCI) was used as a reference electrode. All electrochemical
studies were accomplished in an aqueous solution containing 0.5 M NaHCO3 (pH 8.35) as a supporting
electrolyte. The saturated electrolyte was accompanied by using CO; and Ar gases during the
electrochemical performance separately. The cathode and the anode compartments were separated
by an ion exchange membrane (Nafion Membrane N117). Subsequently, linear sweep voltammetry
(LSV), chronoamperometry (CA), and cyclic voltammetry (CV) tests were carried out. Before the
electrochemical CO; reduction, the Pt electrode was washed with di-ionized water. Firstly, CO, gas was
bubbled in the cathode compartment for half an hour while stirring the catholyte. All experiments
were performed at room temperature under ambient pressure. In the cell, the anode and cathode
were separated by the Nafion membrane N117. The electrochemical CO, reduction was carried out in
a laboratory-made customized H-type cell as shown in Figure 4. All conditions used for the
electrochemical reduction of CO; are shown in Table 2.

Figure 8. Used instruments in the experiment (a) electrochemical workstation (b) portable single
gas detector (c) platinum wire as counter electrode
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Table 2: Experimental conditions used for electrochemical CO, reduction

Parameter Details

Electrochemical cell for reduction H-type glass cell
Potentiostat Ivium

Proton exchange membrane Nafion membrane N117
Operating Temperature At room temperature
Potential -0.85 V (vs RHE)
Working electrode Electrocatalyst on Ni foam
Counter electrode Pt wire

Reference electrode Ag/AgCl (3M KCl)
Catholyte 0.5 M NaHCOs;

Anolyte 0.5 M NaHCOs3

Carbon dioxide 99.99% Purity

Liquid product analysis FTIR

3.6 Product analysis study

The thick liquid samples from the experiments were analyzed using a PerkinElmer Spectrum One FT-IR
spectrometer equipped with a Harrick single reflectance attenuated total internal reflectance (ATR)
accessory and liquid nitrogen cooled MCT detector (Figure 7(c)). Each of the samples was positioned
on the ATR crystal using a blunt glass rod. The sample was applied on the crystal, and the sample's
spectrum was recorded in the range of 4000—-600 cm™. The background was measured with the ATR
crystal before the application of the sample. A total of 32 scans at a resolution of 4 cm™ were made on
each sample. The infrared spectra in absorbance format were used in the comparison of the functional
groups in the samples.
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Chapter 4

Results and Discussion

4.1 Material characterizations

4.1.1 Crystalline phase analysis

— Mgl1.1-Mn22.1-Ox/NiF

) ) . I
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Figure 9. XRD pattern of Mgl1.1-Mn22.1-Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mn-Ox/NiF and NiF including
crystallographic reference data for NigMnQsg, NiMnOs, NiO and Ni phases
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X-ray diffraction (XRD) patterns were used to characterize the crystal phase structure of the NiF, as-
prepared Mn-Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mg1.1-Mn22.1-Ox/NiF samples shown in Figure 9. For the
NiF, used as a substrate, three obvious characteristic sharp peaks at 20 = 44.5°, 51.9°, and 76.4° were
observed, corresponding to the (111), (200), and (220) planes, respectively, of metallic Ni (JCPDS 850)
[57] and the peaks remain as well for other samples too.

In the XRD pattern of Mn-Ox/NiF, except for the diffraction peaks of NiF, it showed the XRD pattern of
NiO (JCPDS No. 89-7131) and NiMnO3(JCPDS No. 48-1330) where five peaks at 20 = 37.4°, 43.5°, 63.1°,
75.5°% and 79.80° were noticed which were indexed to (111), (200), (220), (311) and (222) planes of NiO
respectively [58] and at 26 = 24.8°, 33.8°, 36.8°, 42°,50.7°, 55.2°, 64.1° and 66° were attributed to (110),
(121), (-110), (120), (220), (231), (130) and (-211) planes of NiMnO3 respectively [59].

The XRD pattern of Mg2-Mn23.7-Ox/NiF and Mg1.1-Mn22.1-Ox/NiF peaked at the same angle. This
means no new peak formation has been observed due to a change in molar concentration or weight
percentage. At 20 = 18.6°, 30.6° 36° and 57.8° which are introduced here after the first 2 samples
indicate the corresponding (111), (220), (311), and (511) planes of NigMnOQOs respectively. The XRD
patterns of the samples: Mn-Ox/NiF, Mg2-Mn23.7-Ox/NiF, and Mg1.1-Mn22.1-Ox/NiF are partially
overlapped with NiO, NiMnOs, NigMnQOs. The reason is between 500°C and 700°C, there exists a
coexistence of NiO, NiMnOs, and NisMnQs, accompanied by an increase in peak intensity with rising
calcination temperature [60]. In our case, the calcination temperature is 600°C.

No significant diffraction peaks of magnesium-related compounds were detected for Mg2-Mn23.7-
Ox/NiF and Mg1.1-Mn22.1-Ox/NiF samples indicating that magnesium is adsorbed in the Mn-Ox
without forming any crystal [61], [62]. The lack of Mg-related compounds in the XRD patterns, despite
the incorporation of Mg into the samples, may be ascribed to the position of Mg in the Mn oxide lattice.
The observation is that Mg might take place in the lattice of Mn oxide.
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4.1.2 Surface morphology analysis

(f) Weight Percentage
Oxygen 2.4%

Nickel 97.6%
mENimO

10 pm

Figure 10. SEM images (a-d) at different magnifications, (e) EDS mapping and (f)
weight percentage of NiF

The surface morphology of the NiF and the synthesized catalysts was analyzed using field-emission
scanning electron microscopy (FE-SEM) equipped with a back-scattered electron (BSE) detector and
energy-dispersive X-ray spectroscopy (EDS). The SEM images of the raw nickel foam at various
maghnifications are displayed in Figures 10(a-d). The nickel template features a crosslinked, cellular
structure with numerous pores that have smooth surfaces. This structure provides ample surface sites
for electronic transport. Additionally, the unique porous architecture maximizes the contact area
between the collector and the active material, while simultaneously reducing the diffusion and
migration distances of electrolyte ions, thereby enhancing electrochemical performance. However, as
the sample is exposed to air or moisture during handling, the nickel foam is prone to surface oxidation.
This phenomenon is confirmed by the EDS analysis shown in Figures 10(e-f), where the percentages of
nickel and oxygen were found to be 97.6% and 2.4%, respectively.
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Figure 11. SEM images (a-d) different magnifications, (e) EDS mapping and (f)
weight percentage of Mn-Ox/NiF

The SEM images of Mn-Ox on the nickel foam substrate, shown in Figure 11(a-d), revealed a significant
amount of oxide formation with a higher density that grew uniformly on the nickel foam. The surface
displayed greater roughness compared to that of pure nickel foam, indicating effective adsorption of
manganese derived from the oxide [64]. Thermal-induced cracking is evident on the Mn-Ox surface, as
indicated by EDS mapping. This mapping in Figure 11(e-f) showed that while 25.4% manganese was
present, the cracked areas contained 58.8% nickel, confirming the formation of Mn oxide on nickel
foam. The percentage of oxygen about 15.8% depicted the formation of oxides.
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(f) Weight Percentage
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Figure 12. SEM images (a-d) at different magnifications, (e) EDS elemental
mapping and (f) weight percentage of Mg2-Mn23.7-Ox/NiF

The manganese oxide (Mn-Ox) was modified with magnesium after its initial deposition to achieve a
uniform distribution of the oxide. This modification decreased the surface granularity, resulting in an
enhanced overall surface area. Figures 12(a-d) revealed a distinctive coral reef-like structure on the
electrode surface, while Figures 12(e-f) indicate that the Mn-Ox distribution has improved, with
magnesium aiding in the spread of Mn-Ox over the substrate. Since the magnesium content is at 2%,
it may integrate into the lattice structure of Mn-0x, as suggested by the XRD results. Whereas the

manganese content is 23.7%. The SEM images show a more compact surface structure at lower
magnesium concentrations.
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(f)  Weight Percentage
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Figure 13. SEM images (a-d) at different magnifications, (e) EDS mapping and (f)
weight percentage of Mg1.1-Mn22.1-Ox/NiF

The SEM images (Figure 13(a-d)) show highly uniform structures resembling a coral reef. Elemental
analysis (Figure 13(e-f)) indicates a consistent distribution of manganese (Mn) and magnesium (Mg)
within the porous nickel foam, with Mg and Mn percentages measured at 1.1% and 22.1%,
respectively. This distribution may enhance effective charge and mass transfer during electrochemical
evaluations. Comparing the XRD results suggests that NisMnOs primarily forms during the calcination
process. Therefore, it can be inferred that the observed denser and more uniform layer is attributed
to the manganese catalyst, with magnesium aiding in the growth of the manganese oxide layer.
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4.2 Electrochemical performance analysis

Electrochemical analysis of the samples is conducted by a potentiostat using linear sweep voltammetry
(LSV), cyclic voltammetry (CV), chronoamperometry (CA), electrochemical impedance spectroscopy
(EIS) techniques in a customized H-type cell.
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Figure 14. Linear sweep voltammetry curve of (a) Mgl.1-Mn22.1-Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mn-
Ox/NiF and NiF in CO; saturated medium, (b) Mg1.1-Mn22.1-Ox/NiF, (c) Mg2-Mn23.7-Ox/NiF, (d) Mn-
Ox/NiF (e) NiF comparing in Ar and CO; saturated medium in 0.5 M NaHCO3 electrolyte in 3 electrode
system at scan rate of 5 mV/sec
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4.2.1 Linear sweep voltammetry analysis

The characterized electrocatalytic performance of Mgl.1-Mn22.1-Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mn-
Ox/NiF and NiF for electrochemical CO, reduction was assessed on a working electrode in 0.5 M
NaHCOs aqueous electrolyte in a 3 electrode system. For all samples, linear sweep voltammetry was
primarily carried out to assess the response of current density versus applied potential at a scan rate
of 5 mV/s as shown in Figure 14(a). This technique was carried out in Ar and CO, saturated electrolytic
medium. Two gases were purged separately about 1 hour before conducting experiment. The high
current density shown in the CO, atmosphere is assigned to the accessibility of more active sites in
catalysts, which increases overall performance as compared to other catalysts. This technique was
carried out in Ar and CO; separately in a saturated electrolytic medium for about 1 hour and the
CO; gas was constantly purged into the electrolytic medium. The behaviour of four samples has been
demonstrated in the potential range of 0.5 V to -0.85 V vs RHE under saturated Ar followed by CO..
Among all the samples, Mg1.1-Mn22.1-Ox/NiF is having a highest current density of -63.24 mAcm™ at
-0.85 V vs RHE and lowest onset potential of 0.07 V vs RHE (Figure 14(b)). The same sample with
saturated Ar having a current density of -16.01 mAcm™ at -0.85 V vs RHE, confirmed the reduction of
CO,. In case of Mg2-Mn23.7-Ox/NiF (Figure 14(c)), the current density is -25.1 mAcm™ at -0.85 V vs
RHE and onset potential is 0.36 V vs RHE in CO; medium and in saturated Ar, current density is -16.62
mAcm2. We can see that modifications in the composition and structural arrangement of Mn and Mg
oxide might have an impact on electrochemical activity since the ratio and distribution of these
components affect overall performance. However, in Figure 14(d), Mn-Ox/NiF shows a current density
of —19.69 mAcm at -0.85 V vs RHE and onset potential is -0.03 V vs RHE. As NiF has a porous nature,
the current density for this sample found as -25.77 mAcm™ at -0.85 V vs RHE in Figure 14(e). As per the
obtained LSV results, the Mg1.1-Mn22.1-Ox/NiF catalyst illustrates better current density compared
to other prepared catalysts with low overpotential and good onset potential. This is probably due to
the presence of active sites in the sample allowing the phenomenon of movable electron which is
crucial in improving current density, lower onset potential and lower overpotential.
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Figure 15. Cyclic voltammetry curve of (a) Mg1.1-Mn22.1-Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mn-Ox/NiF and
NiF in CO, saturated medium, (b) Mg1.1-Mn22.1-Ox/NiF, (c) Mg2-Mn23.7-Ox/NiF, (d) Mn-Ox/NiF (e)
NiF comparing in Ar and CO; saturated medium in 0.5 M NaHCOs electrolyte in 3 electrode system at
scan rate of 5 mV/sec
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4.2.2 Cyclic voltammetry analysis

Cyclic voltammetry analysis was introduced further to examine the electrocatalytic activity i.e. study
the effect of the presence of CO, of the samples in the range of 0.89 V to -0.85 V vs RHE at a scan rate
of 5 mV/s. The 0.5 M NaHCOs electrolyte was saturated with Ar and CO; separately for about 1 hour
before the examination. As seen from the Figure 15(a), Mg1.1-Mn22.1-Ox/NiF exhibited higher current
density values than the other samples. Mg1.1-Mn22.1-Ox/NiF showed a higher current density of -
54.49 mAcm at -0.85 V vs RHE in the CO, saturated medium shown in Figure 15(b). It is obvious that
the cause for the higher current density means the more intensification reduction of CO; in the CO;
saturated environment [63]. The current density of Mg1.1-Mn22.1-Ox/NiF decreased in case of Ar
saturated medium. It was about -21.82 mAcm2 at -0.85 V vs RHE. It might happen due to the hydrogen
evolution reaction as no CO; was purged and reducted during that time [64]. In terms of the sample
Mg2-Mn23.7-0x/NiF, the current density was -22.41 mAcm™? at -0.85 V vs RHE in CO, saturated
medium and -20.25 mAcm™ at -0.85 V vs RHE in Ar saturated medium (Figure 15(c). The Mn-Ox/NiF
sample drew a current density of about -20.32 mAcm™ at -0.85 V vs RHE in CO; saturated medium and
-15.80 mAcm-2 at -0.85 V vs RHE (Figure 15(d)). Lastly, current density of NiF was -24.92 mAcm™ at -
0.85 V vs RHE in CO, saturated situation whereas it was -15.64 mAcm™ at -0.85 V vs RHE in Ar saturated
medium (Figure 15(e)). By observing the value of current density, it can be stated that the system was
in relation to the value in linear sweep voltammetry.

4.3.3 Chronoamperometry analysis

The electrolytic activities of prepared electrocatalysts were evaluated again by chronoamperometry
technique. It is a technique where a constant potential is applied, and the current is monitored as a
function of time to investigate the stability. First of all, this technique was applied to validate the value
getting from linear sweep voltammetry and cyclic voltammetry at -0.85 V vs RHE for 120 seconds. From
Figure 16(a), it is clearly observed that Mg1.1-Mn22.1-Ox/NiF gained the higher current density not
only this time but also in the earlier techniques in this work. The average current density was -22.82
mAcm?, -19.31 mAcm? , -19.76 mAcm?, -23.35 mAcm?, -46.45 mAcm™? for our samples NiF, Mn-
Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mg1.1-Mn22.1-Ox/NiF respectively in the CO, saturated medium. On the
contrary, the average current density was -14.77 mAcm?, -14.9 mAcm2, -15.82 mAcm2, -19.67 mAcm"
2 for the NiF, Mn-Ox/NiF, Mg2-Mn23.7-Ox/NiF, Mg1.1-Mn22.1-Ox/NiF respectively (Figure 16(b-f). The
value which we were getting from the electrochemical techniques was close enough to validate the
system. After evaluating the system and seeing the performance of all the electrocatalysts, Mg1.1-
Mn22.1-Ox/NiF was selected for further test to conduct the stability test by chronoamperometry
technique and getting the following product information.
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Figure 16. Chronoamperometry curve of (a) Mgl1.1-Mn22.1.0,/NiF, Mg2-Mn23.7-Ox/NiF, Mn-Ox/NiF
and NiF in CO; saturated medium, (b) Mg1.1-Mn22.1-Ox/NiF, (c) Mg2-Mn23.7-Ox/NiF, (d) Mn-Ox/NiF
(e) NiF comparing in Ar and CO; saturated medium in 0.5 M NaHCOs electrolyte in 3 electrode system
At -0.85 V vs RHE for 120 sec
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4.3 Product analysis

The stability of synthesized Mgl.1-Mn22.1-Ox/NiF was examined through chronoamperometry
analysis at -0.85 V vs RHE for about 22 hours. Initially, the electrolyte was bubbled with CO; before 2
hours from the experiment. Only Mg1.1-Mn22.1-Ox/NiF electrocatalyst was selected for this test after
comparing the overall higher performance in Linear sweep voltammetry, Cyclic voltammetry and
chronoamperometry test. The main reason is activity along with thinking the synergistic activities
between the components, the bimetallic catalysts’ active surface area which can promote the
adsorption of intermediates during the formation of formate. The FTIR spectra of formate is shown in
Figure 17. The bands at 1761 and 1060 cm™ are ascribed to the C = O and C-O stretching vibrations of
carboxylic acid group, respectively [65]. Furthermore, the doublet bands at 1641 and
1357 cm™ correspond to the COOH™ symmetric and asymmertric vibrations [66]. The doublet bands at
2922 and 2849 cm™ in the FTIR spectrum are assigned to the C-H stretching vibrations [67]. The broad
band ranging from 3000 to 3600 cm™ with peak centered at 3328 cm™ is attributed to the O-H
stretching vibrations of adsorbed water molecules.
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Figure 17. FTIR spectra analysis of the product
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Chapter 5

Conclusion

In this study, magnesium-manganese-based oxides were successfully synthesized and directly grown
on nickel foam as a substrate. These materials were employed as catalysts for electrochemical CO,
reduction (CO;RR). The catalysts were prepared by immersing nickel foam completely into a solution,
enabling the formation of magnesium-manganese oxides on the nickel surface. To characterize the
catalysts, a comprehensive set of analytical and spectroscopic techniques, including X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS), was
utilized. These investigations confirmed that the Mg1.1-Mn22.1-Ox/NiF catalyst, synthesized with a
molar concentration ratio of 0.5:1 (Mg:Mn), exhibited high crystallinity for manganese. Magnesium
was found to play a key role in enhancing the catalytic performance during electrochemical testing.
The unique coral-reef-like structure of magnesium-manganese oxides grown on nickel foam was
considered a critical factor in improving charge and electron transfer efficiency, ultimately enhancing
the overall catalytic activity. Electrochemical testing demonstrated that the catalyst achieved a
remarkable current density of -63.24 mA cm™2 at an applied potential of -0.85 V vs. RHE. Additionally,
the catalyst exhibited an exceptionally low onset potential of approximately 0.07 V, indicating faster
reaction kinetics and superior catalytic efficiency. These findings highlight the promising potential of
magnesium-manganese-based oxides for CO, reduction, paving the way for future research into
further optimizing the catalyst structure and composition. The results provide a strong foundation for
developing advanced electrocatalysts with high activity, stability, and efficiency for CO;RR.
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Recommendation

The aim of this study was to design highly active manganese-based oxide on nickel foam for
electrochemical CO; reduction to formate. The aim will be achieved more successfully through the
following.

1. Optimization of Catalysts: Future research may concentrate on refining the composition and
molar ratios of magnesium and manganese to further improve catalytic activity, selectivity,
and stability. Investigating doping with alternative metals or non-metals may reveal further
synergistic effects.

2. Alternative Substrates: Examine the application of alternative conductive substrates with
diverse surface morphologies and characteristics, such carbon-based materials or metal-
organic frameworks, to improve electron transfer and CO, adsorption.

3. Comprehensive Mechanistic Investigations: Utilize sophisticated in-situ characterisation
methods, like in-situ Raman spectroscopy or in-situ X-ray absorption spectroscopy, to obtain
enhanced understanding of the reaction processes and the function of magnesium in the
catalytic process.

4. Scalability and Industrial Feasibility: Assess the scalability of the catalyst synthesis process and
its efficacy under industrial conditions, including flow cell designs, to determine its viability for
practical CO, reduction applications.

5. Expanded Product Range: Examine the catalyst's capacity for generating multi-carbon
products through the alteration of reaction parameters or integration with alternative catalytic
systems, hence enhancing its applicability.

6. Long-Term Stability Assessment: Conduct long-term stability assessments under diverse
electrochemical circumstances to verify consistent performance and durability throughout
prolonged operational durations.
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Appendices
Description of activity Participants Date 20.11.2024 —
21.11.2024
Electrochemical CO; Reduction | Adittya Chowdhury Joy Unit D2021
using metal oxides SIA Adittya
1. Synthesis of Mg-Mn- responsible | Chowdhury Joy
Ox/Nickel Foam (NiF) Does a Yes
2. Preparation of SOP exist
electrolyte (0.5 M for the
NaHCOs) activity
3. Electrochemical testing
for CO; reduction
Task divided into parts Risk Preventive measures

The process is divided into

parts and in successive order

What are unwanted events
that may occur

Measures that reduces risks and
reduces consequences if an

unwanted event occurs

Preparation of Materials

1. Required Materials:
Manganese (I1) Nitrate
Tetrahydrate,
Magnesium Chloride
Hexahydrate,
Ethylene Glycol,
Formic Acid 98%,
Deionized Water,
NiF.

2. Add3mL EGinHO
by using pipette or
syringe with a fine
needle drop by drop
slowly in fume hood.

3. Prepare 1M manganese
(1) nitrate tetrahydrate
and 0.5M Magnesium
chloride hexahydrate.

1. Manganese (1)
Nitrate Tetrahydrate
is an oxidizer and can
cause irritation to
skin, eyes, and
respiratory.
Magnesium Chloride
Hexahydrate can also
cause irritation.
Ethylene Glycol is
toxic and can cause
damage to organs.
Formic Acid (98%)
can cause severe
burns to the skin and
eyes. Nickel foam is
metallic, and its sharp
edges or thin

filaments can cause

1. Always wear gloves,
mask, safety goggles,
and a lab coat. Work in
a fume hood to avoid
inhaling vapors. label
appropriately with
hazard warnings. Keep
each chemical in its
original container when
not in use, and store
them in a cool, dry
place.

2. Always work in a fume
hood and introduce EG
in small increments
while stirring the
solution constantly.

3. Ensure proper PPE and

ventilation
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Heat the solution.

Add 2 mL Formic Acid
98% in the solution by
using pipette or syringe
with a fine needle drop
by drop in fume hood.
Add NF to the solution.
Heat at 80 degrees.

abrasions when
handled.

Sudden interaction
may cause a rapid
temperature rise,

which could lead to

localized overheating.

Cause irritation to
skin, eyes, and
respiratory system.
Stirring too quickly
can cause the liquid
to splash.

Highly corrosive.
Nickel foam has
sharp edges or thin
filaments that can
cause cuts.

It can release
hazardous fumes

upon heating.

Always use a beaker
that is large enough to
prevent overflow and
splashing.

Handle with extreme
care in a fume hood, and
always wear protective
equipment.

Handle with proper care.
Use proper PPE and
tools.

Conduct the heating
process in a fume hood.
Use a temperature-
controlled hot plate to
avoid overheating.

Place all contaminated
solid waste and
disposable items into
designated waste bags.
Place any leftover
solutions in a designated
chemical waste area.
Place the used nickel
foam in a separate waste
container.

For cleaning the glass
and tools used in the
experiment, at first,rinse
with water, then use
deionized water. Finally,
follow with a final rinse
of acetone or ethanol or
iso-propanol to remove

any residual.
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Preparation of electrolyte (
0.1M NaHCO:s)
1. Calculate and,
accurately weigh Using
a balance the Amount
of Sodium Bicarbonate.
2. Dissolve the Sodium
Bicarbonate in

Deionized Water.

Sodium bicarbonate
is a mild irritant and
can cause irritation to
the eyes and skin.
Can be spilled on the
lab bench or floor,
can create a slippery
surface, leading to

accidents.

1. Wear gloves and safety
goggles. Wash hands
thoroughly after
handling.

2. Handle it under a fume
hood. Clean up any
spills immediately using

paper towels.

Electrochemical testing for CO;
reduction

1. Prepare the
Electrochemical Cell.

2. COz2 (1-30 bubbles per
sec) saturation of the
Electrolyte, the
working pressure of
CO2 will be kept at
atmospheric pressure (1
atm or 101.3 kPa).

3. Electrochemical
Measurement
Techniques — LSV,

CA, CV (Voltage
Range 0.5V to -0.85
V).

Inappropriate design
can waste 3D print
materials and
filaments, and more
time elapsed on the
experiment.

Lead to suffocation
or dizziness if
overexposed.

Lead to electrical
shocks or short

circuits if not handled

properly.

1. Simulation should be
done before 3D printing.

2. Use pressure regulators
to control the CO: flow
rate. Work in a well-
ventilated area or fume
hood.

3. Check all connections
before and make sure all

are grounded.

Have necessary measures been taken, that allows the activity to

be performed in a safe manner ?
Yes

Yes

No — the work is not to be

started
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