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Abstract 

Electrochemically Mediated Amine Regeneration (EMAR) is an alternative to thermal 

amine scrubbing because solvent regeneration is driven by electricity rather than heat. In EMAR, 

CO₂ absorbed by an amine solvent is released by electrochemically generated Cu²⁺ ions that 

compete with the amine for CO₂, enabling regeneration without heat input. However, practical 

systems remain limited by charge-transfer resistance and mass-transport constraints. 

This work investigates TiO₂ aerogel–modified copper foam electrodes for photo-assisted 

EMAR operation. TiO₂ aerogel powder was deposited on copper foam using APTES-assisted dip 

coating. Material structure and surface chemistry were characterized using SEM, XRD, XPS, BET, 

and microCT. Electrochemical performance was evaluated under dark and UV conditions. The 

three-cycle coated electrode (TCF3) showed lower regeneration energy and higher Faradaic 

efficiency than copper plate and bare copper foam electrodes. UV illumination enhanced 

electrochemical activity at lower current densities, demonstrating improved EMAR electrode 

performance.  
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Chapter 1 Introduction 

1.1 Background and Motivation 

Anthropogenic CO2 emissions are among the dominant contributors to the greenhouse effect. 

Although it constitutes only a small fraction of the atmosphere, it accounts for approximately 70% 

of the overall greenhouse effect [1]. A 30% increase in atmospheric CO2 concentration since 1950 

has brought it to 410 ppm. This is the highest observed CO2 concentration in the last 800,000 years 

[1]. This rapid rise is directly linked to global warming, ocean acidification, and large-scale 

ecosystem disruption. Climate models have predicted that the global mean temperature is likely to 

increase by 1.5 °C between 2030 and 2052 if current emissions trends persist [2,3].  

From 1970 to 2018, global anthropogenic CO2 emissions increased from approximately 

16 GT/Year to 37.5 GT/year. The present-day emissions remain at 33 GT/year, which far exceeds 

the sequestration capacity of the natural carbon sinks [4,5]. While aggressive emission reduction 

strategies are essential, mitigation alone is insufficient to stabilize atmospheric CO₂ concentrations. 

As a result, Carbon Capture, Utilization, and Storage (CCUS) is widely recognized as a necessary 

component of long-term decarbonization pathways.  

CCUS has progressed from transitional technology to a necessary component of negative-

emissions pathways. Large-scale demonstrations and carbon capture projects indicate accelerating 

deployment interest [6–9]. However, the traditional post-combustion capture platform, aqueous 

amine scrubbing, remains constrained by several fundamental thermodynamic, kinetic, and 

process-related limitations. These include high regeneration energy demand (arising from the 

strong carbamate bond enthalpy and sensible heat requirements), solvent degradation (driven by 

thermal and oxidative pathways that reduce amine capacity), corrosion (induced by the high 
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basicity of the solvent), and overall complexity associated with solvent management [10].  These 

limitations motivate intensified capture concepts that preserve the selectivity and maturity of 

amine chemistry while reducing regeneration energy and improving operational flexibility [11,12].  

Electrochemically Mediated Amine Regeneration (EMAR) has emerged as a promising 

alternative to traditional thermal amine regeneration. Conventional CCUS systems are currently 

dominated by post-combustion amine scrubbing. Here, CO2 is absorbed into an aqueous amine at 

40-60 °C and regenerates via thermal stripping at 120-140 °C. This regeneration step is the primary 

energy-intensive stage due to the combined requirement of sensible heat, latent heat of 

vaporization, and the enthalpy of CO2-amine bond dissociation. Improvement in CCUS thus 

focuses on solvent development, process intensification, and alternative regeneration pathways to 

reduce energy consumption while maintaining high CO2 loading and selectivity. Within this 

framework, EMAR replaces the traditional thermal stripping with an electrically driven redox-

mediated cycle that operates near ambient conditions. This enables improved process flexibility 

and compatibility with renewable electricity sources, while also facilitating retrofit integration into 

existing industrial systems [13,14]. In this thesis, EMAR is further enhanced through electrode 

functionalization using TiO₂ aerogel powder (TAP). The introduction of sunlight illumination as 

a performance-enhancing element is intended to improve charge transfer, copper redox kinetics, 

regeneration energy, and Faradaic efficiency without altering the fundamental EMAR chemistry. 

1.2 CO2 Capture Technologies 

Industrial CO₂ capture is commonly categorized into pre-combustion, oxy-fuel combustion, 

and post-combustion pathways [15,16]. Pre-combustion capture removes CO₂ from pressurized 

synthesis gas. However, this often enables physical solvents and favorable thermodynamics but 

requires major process reconfiguration, which limits retrofit applicability [17,18]. Oxy-fuel 
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combustion produces a CO₂-rich flue stream by combusting fuel in oxygen. This simplifies 

separation but imposes a substantial energy penalty associated with oxygen production and 

introduces integration challenges at scale [19,20].  

Post-combustion carbon capture remains the most widely accepted route because it is easy 

to retrofit into existing plants. Among post-combustion options (absorption, adsorption, 

membranes, cryogenic separation), amine-based absorption is the most mature and commercially 

implemented due to its high CO₂ selectivity at low partial pressures [10,21]. Nevertheless, for the 

amine absorption system, the energy requirement for solvent regeneration is the dominant 

operating penalty, efficiency loss, and cost [22]. Consequently, advanced solvent formulations 

(blends [23], phase-change systems [24]) and regeneration strategies (catalytic [25], 

electrochemical [26]) have been developed to address these limitations while maintaining robust 

capture.  
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Figure 1: Schematic illustration of the three main CO₂ capture pathways: pre-combustion, oxy-

fuel combustion, and post-combustion technologies. 

1.3 Conventional Amine Regeneration 

In conventional post-combustion absorption, CO₂ is absorbed into an aqueous amine solvent 

in an absorber and then released in a stripper via thermal regeneration, typically at elevated 

temperature [22,27]. The primary and secondary amines tend to form carbamate, while the tertiary 

amines tend to promote the formation of bicarbonate [28,29]. While monoethanolamine (MEA) 

remains a benchmark solvent due to kinetics and commercial familiarity, the regeneration step is 

energy-intensive because it must supply (i) sensible heat to raise solvent temperature, (ii) reaction 

enthalpy to reverse chemically bound CO₂, and (iii) latent heat associated with water vaporization 

and stripping [30,31].  
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Operationally, these conventional systems also need to address solvent management 

challenges, including oxidative and thermal degradation, corrosion, and emissions control. These 

challenges increase solvent replacement rates and reduce the effective capture over time, 

particularly under typical operating temperature of 120-140 °C required for the CO2 desorption  

[32,33]. At these high temperatures, amine solvents undergo thermal degradation. These take place 

through irreversible side reactions, such as carbamate polarization and heat-stable salt formation. 

Simultaneous oxidative degradation further reduces the number of active amine sites and promotes 

the formation of corrosive byproducts. As a result, significant amounts of research have been 

focused on blending amines, catalysts, and additives that can reduce the regeneration energy and 

accelerate desorption kinetics [34,35]. However, these approaches continue to rely on bulk thermal 

regeneration. Therefore, they require an integrated steam cycle or large-scale heat-transfer 

equipment.  

Beyond solvent chemistry modifications, regeneration can also be achieved by cyclic 

variations of operating conditions, commonly referred to as swing processes. These include 

temperature swing adsorption (TSA), pressure swing adsorption (PSA), vacuum swing 

adsorption (VSA), and electric swing adsorption (ESA). Each of these methods relies on external 

thermal, mechanical, or electrical inputs to reverse CO2 binding and regenerate the capture medium 

[36,37]. Figure 2 schematically compares these regeneration strategies, highlighting their 

operating principles and associated energy inputs. 

Swing-based regeneration approaches offer flexibility and have been widely studied. 

However, their dependence on thermal energy, pressure reduction, or vacuum generation continues 

to impose energy penalties and system complexity. This motivates interest in alternative 

regeneration pathways that decouple CO₂ release from bulk thermal swings. 
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Figure 2: Schematic illustration of different adsorption swing regeneration processes used for 

CO₂ capture, including temperature swing adsorption (TSA), pressure swing adsorption (PSA), 

vacuum swing adsorption (VSA), and electrical swing adsorption (ESA). 

1.4 Electrochemically Mediated Amine Regeneration (EMAR) 

EMAR replaces the thermal strip with an electrochemically driven redox cycle. In EMAR, 

CO2 is absorbed in a conventional absorber, and desorption is induced by the electrochemical 

oxidation of copper at the copper anode, which generates Cu2+. This Cu2+ replaces CO2 in the 

carbamate, forming a two-phase mixture of an amine-copper complex and CO2. The CO2 is 
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separated from this mixture in the desorber while the Cu2+ of the amine-copper complex gets 

reduced at the copper cathode, regenerating the free amine and completing the cycle [26]. 

As the regeneration driving force is electrical rather than thermal, EMAR is compatible with 

low-temperature operation. This reduces the reliance on steam and improves the retrofit feasibility 

[13,38]. System-level performance depends on coupled phenomena: (i) Cu²⁺/Cu⁰ redox kinetics at 

electrode surfaces, (ii) amine–Cu coordination equilibria, (iii) mass transport of copper species and 

amine complexes, and (iv) cell ohmic losses and membrane/diaphragm transport. The net energy 

consumption and Faradaic efficiency are therefore governed not only by thermodynamics but also 

by kinetic overpotentials and transport resistances, which increase the cell voltage at a given 

current [39].  

Recent EMAR studies have explored system design and operating conditions for flue-gas 

capture, including performance benchmarking, stability considerations, and solvent selection [40]. 

Although these developments have substantially improved the EMAR system, further 

improvements are needed in practical cell operation to reduce polarization losses, maintain high 

Faradaic efficiency across a range of current densities, and mitigate performance decay.  

1.5 Photocatalysis and Aerogel Integration 

Photocatalytic materials and structured porous solids have also been extensively studied. 

They can modify interfacial charge-transfer behavior, enhance transport through a high-surface-

area network, and interact with light to influence the local reaction environment. Specifically, 

aerogels are an attractive option for electrode modification due to their interconnected high 

accessible surface area [41,42].  Aerogels have also been used for the amine functionalization and 

the light-assisted desorption concept [43,44]. Light can be used to reduce external energy input 

when coupled to an appropriately designed sorbent system.   
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In the present work, TiO2 aerogel powder is used as a coating on EMAR cell electrodes and 

operated under UV light. The presence of TiO2 and light improves interfacial charge transfer, 

decreases polarization losses, and facilitates mass transport and Cu redox kinetics, thereby 

reducing the regeneration energy and faradaic efficiency. At the same time, copper-mediated 

complexation remains the primary pathway for CO2 release.  Accordingly, TiO2 and UV are not 

considered standalone photocatalytic routes for CO2 conversion. They are employed to enhance 

electrochemical performance and improve overall EMAR performance.   

1.6 Research Gap 

The EMAR process is a promising alternative to traditional thermally driven regeneration. 

It shows the potential to lower the energy of regeneration and reduce solvent degradation. Prior 

studies of the EMAR system have explored system-level energetics [45,46], demonstrated bench-

scale operation using both conventional amines and high-capacity polyamine solvents [40]. These 

investigations collectively confirm that EMAR can perform the CO2 desorption without any high-

temperature operations while maintaining effective capture performance.  

Despite this progress, reported EMAR performance remains strongly influenced by 

electrochemical polarization losses, non-uniform current distribution, and mass transport 

limitations within the electrochemical cell [39,47]. These factors directly impact cell voltage, 

faradaic efficiency, and overall regeneration energy. This highlights the critical role of electrode 

structure and interfacial charge-transfer behavior in determining system performance. While 

extensive studies have been conducted on solvent chemistry and redox reactions, limited attention 

has been paid to electrode-level strategies to mitigate these electrochemical limitations.  

In contrast, porous aerogels and light-assisted systems have also been shown to enhance the 

interfacial transport, surface accessibility, and charge transfer processes in electrochemical and 
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CO2- related applications [41,44]. Aerogels provide an interconnected pore network and high 

surface area, while photo-assisted effects can improve the utilization of electrons under UV light 

and reduce overpotential. However, these approaches have not been integrated into the EMAR 

system, nor has their quantitative evaluation been conducted for the system’s regeneration energy 

and Faradaic efficiency.  

Accordingly, a clear research gap exists for the EMAR electrochemistry, electrode 

architecture, and photo-assisted enhancement. Specifically, few experimental studies examine how 

the TiO2 aerogel-coated electrode operates under UV illumination, how it influences 

electrochemical behavior, and how it enhances the overall EMAR process while preserving the 

fundamental copper-amine regeneration mechanism.  

1.7 Thesis Objectives 

The primary objective of this thesis is to enhance the performance of the EMAR system by 

integrating the TiO2 aerogel powder coating on the EMAR cell electrode. By applying UV 

illumination, the aim is to reduce the energy required for regeneration and improve faradic 

efficiency while preserving the fundamental EMAR chemistry.  

The specific objectives of this work are to: 

1. Synthesize and characterize TiO₂ aerogel–integrated copper foam electrodes, with high 

surface area, photo-assisted charge transfer capability, and electrochemical stability.  

2. Evaluate electrochemical and photo-assisted electrochemical performance using cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) analysis under dark 

and illuminated conditions. 
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3. Assess the performance of TiO2 aerogel-coated copper foam (TCF) electrode in EMAR 

through quantified regeneration energy and faradic efficiency  

1.8 Thesis Structure 

This thesis is organized into five chapters. Chapter 1 introduces the motivation for CO₂ 

capture, reviews post-combustion capture technologies, and presents the principles of 

electrochemically mediated amine regeneration. It then identifies the research gap and the 

objectives of this work. Chapter 2 provides the theoretical background on amine-based CO₂ 

capture, EMAR chemistry and system design, aerogel materials, and photo-assisted 

electrochemical enhancement relevant to the present study. Chapter 3 details the experimental 

methodology, including electrode fabrication, electrochemical cell configuration, material and 

electrochemical characterization, and CO₂ absorption–desorption procedures. Chapter 4 presents 

and discusses the experimental results, focusing on electrode characterization, electrochemical 

performance, CO₂ desorption behavior, regeneration energy, and Faradaic efficiency. Finally, 

Chapter 5 summarizes the key findings, outlines the contributions and limitations of this work, and 

provides recommendations for future research.
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Chapter 2 Background 

2.1 Amine-based CO2 capture 

Amine-based CO2 capture remains the most mature and widely implemented technology for 

post-combustion CO2 capture due to its high selectivity towards CO2 and its compatibility with 

large-scale industrial flue gas streams [22]. In this approach, CO2 is selectively absorbed by the 

amine sorbent and then released during regeneration, making it suitable for cyclic operations. 

Extensive pilot plant testing and commercial deployment have made amine scrubbing a benchmark 

technology for post-combustion CO2 capture, especially in power plants and energy-intensive 

sectors [48,49].   

The performance of an amine-based system depends on chemical equilibria, absorption 

kinetics, and mass-transfer characteristics. Although amine-based absorption has high CO2 capture 

efficiency, it still requires substantial regeneration energy due to the thermal regeneration step. 

This motivates the ongoing research to improve the solvent formulations and alternative 

regeneration energy [50] .  

2.1.1 Amine Chemistry and CO₂ Absorption Mechanisms 

For primary and secondary amines, CO₂ absorption proceeds through a series of elementary 

reactions. In these reactions, the nucleophilic amine nitrogen attacks the electrophilic carbon atom 

of CO2. This initial interaction leads to the formation of charged intermediate species. This 

mechanism is commonly described as a zwitterionic mechanism, in which CO2 reacts with an 

amine to form an unstable, internally charged zwitterionic species that undergoes deprotonation to 

yield a stable carbamate. 

The overall reaction can be represented as: 
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 RNH2 + CO2 ⇌ RNHCOO- + H+  (1) 

Followed by a proton transfer to a second amine molecule: 

 RNH2 + H+ ⇌ RNH3
+ (2) 

resulting in an overall stoichiometry of approximately 0.5 mol CO₂ per mol amine, which limits 

theoretical loading capacity [30,51]. Monoethanolamine (MEA) is considered a benchmark 

solvent due to its high reactivity towards CO2 and fast absorption kinetics [52].  

Secondary amine follows a similar carbamate formation pathway. However, stearic 

hindrance can reduce carbamate stability, partially shifting the absorption towards bicarbonate 

formation. This increases the cyclic capacity in a certain solvent system [53].   

In contrast, tertiary amines do not form stable carbamates. Instead, they promote CO2 

absorption through base-catalyzed hydration to bicarbonate [54]: 

 CO2 + H2O ⇌ HCO3
-
  + H+  (3) 

 R3N + H+ ⇌ R3NH+ (4) 

This pathway allows higher theoretical CO2 loading. However, it shows relatively slower 

absorption kinetics compared to the primary amine [54,55]. 

Polyamines such as ethylenediamine (EDA) contain multiple amine functionalized groups. 

This allows them to form both carbamate and bicarbonate simultaneously, thereby enhancing 

absorption capacity and accelerating reaction kinetics. However, higher reaction sites increase the 

required heat of absorption, which ultimately increases the overall regeneration energy 

requirement [28].  
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2.1.2 Degradation and Energy Penalties in Traditional Systems 

In conventional amine-based CO2 capture systems, solvent regeneration is achieved by 

raising the solvent temperature to break the chemical bond between CO2 and the amine. The total 

regeneration energy demand is composed of three principal contributions: sensible heat required 

to raise solvent temperature, reaction enthalpy associated with breaking CO₂–amine bonds, and 

latent heat losses due to solvent vaporization [56]. Collectively, these contributions result in high 

reboiler heat duty and impose a significant efficiency penalty on capture systems. 

Thermal regeneration also accelerates the amine degradation through both oxidative and 

thermal pathways.  Oxidative degradation occurs via dissolved oxygen and flue-gas contaminants. 

Thermal degradation occurs through the high operating stripping temperature. These degradations 

lead to irreversible degradation products and heat-stable salts [32].   

In addition, acid gases and trace contaminants in the flue gas can also react with the amine 

and form nitrosamines and nitramines. This raises environmental and regulatory concerns. These 

degradation processes increase the corrosion rates and shorten the solvent lifetime, further 

increasing the operating costs [57].  

As a result, the combination of high regeneration energy demand and solvent degradation 

remains the principal limitation of traditional amine-based CO₂ capture systems. These challenges 

have driven the development of alternative solvent formulations, catalytic regeneration strategies, 

and non-thermal regeneration approaches to reduce energy consumption while maintaining robust 

capture performance.  
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2.2 Electrochemically Mediated Amine Regeneration (EMAR) 

Electrochemically mediated amine regeneration (EMAR) is an alternative approach to 

traditional thermally driven amine regeneration. Instead of elevating the solvent temperature, it 

electrically drives the regeneration process. In EMAR, absorption occurs in a conventional 

absorber. However, regeneration occurs by altering the amine's coordination environment, 

enabling CO2 release at near-ambient temperature. This fundamental distinction allows EMAR to 

mitigate many of the energy and degradation challenges associated with the traditional thermal 

stripping [58].  

The EMAR concept is based on competitive coordination between CO2- bound amine and 

electrochemically generated metal ions, most commonly the Cu⁰/Cu²⁺ redox couple. The applied 

potential or current governs the metal ion generation, which in turn reversibly alters amine 

coordination for cyclic CO2 capture and release [58,59]. 

2.2.1 Cu–Amine Coordination Chemistry 

The main mechanism of EMAR relies on the strong affinity of Cu2+ towards the amine 

ligands. During electrochemical oxidation, Cu metal oxidizes to Cu2+ ions.  

 Cu → Cu2+ + 2e- (5) 

This anodic dissolution creates Cu2+ ions in situ, which shows a strong affinity towards nitrogen-

containing ligands such as ethylenediamine (EDA) [13]. The Cu2+ ions generated react with free 

amine molecules to form amine-Cu complexes in solution.  

 Cu2++EDA ⇌ [Cu (EDA)n]
2+ (6) 

In aqueous amine solution, this coordination shifts the equilibrium away from amine-CO2 

complexes. As a result, CO2 is released from the solvent, whether it is present as carbamate or 
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bicarbonate. This process is best described as an equilibrium shift rather than a single-step reaction, 

because Cu²⁺ binds preferentially to the amine and releases CO₂ in a manner that depends on amine 

coordination and solution conditions [13,26].  

EDA contains more than one amine group, which makes it easier for Cu2+ to bind with EDA 

more strongly than monoamines such as MEA. This stronger bond promotes the formation of more 

stable amine-Cu complexes and enhances CO2 release during the electrochemical reaction [40,60]. 

Consequently, the EMAR system containing polyamine has shown better efficiency than the 

monoamine-based system under comparable conditions [40,60].  

Following CO2 release, the electrochemical cycle is completed by reducing Cu2+ back to 

metallic copper at the cathode.  

 Cu2++2e−→Cu0 (7) 

This reduction step regenerates both the copper electrode and the amine. This amine can be 

reused for repeated CO2 absorption [13]. Because Cu2+-amine coordination is reversible and does 

not require elevated temperatures, EMAR significantly reduces the energy required for 

regeneration compared with other thermally driven processes [39].   
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Figure 3: Block diagram illustrating the working principle of electrochemically mediated amine 

regeneration (EMAR) for CO₂ capture. 

Conventional EMAR systems have demonstrated Faradaic Efficiency of 70-90%, and 

regeneration energies of 40-100 kJ/mol CO2. These performances depend on the operating 

conditions and the system design [26]. These values represent a significant improvement over 

traditional thermal amine regeneration, which typically requires higher energy input due to 

sensible and latent heat demands.  

In this work, the baseline performance was obtained using copper plate (CP) and copper 

foam (CF) electrodes. These performances were affected by multiple factors, such as 

electrochemical cell configuration, electrode morphology, electrolyte conductivity, mass transport 

limitations, and Cu-amine coordination kinetics. These combined system-level constraints resulted 

in lower faradaic efficiency and regeneration energy compared to the relative literature 

benchmarks. Nevertheless, the introduction of TiO2 aerogel-coated copper foam (TCF3) under UV 
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illumination demonstrated a clear relative improvement in the performance. This enhancement is 

attributed to improved charge transfer, enhanced Cu redox kinetics, and reduced interfacial 

resistance, highlighting the effectiveness of the proposed electrode modification strategy within 

the given system limitations.  

2.2.2 Cell Design, Electron Utilization, and Energy Efficiency 

Both chemistry and electrochemical cell behavior govern the performance of the EMAR 

system. In an ideal EMAR cell, CO2 is released by the copper electrochemical cycle. That means 

the applied electrical current is effectively used to trigger the reversible copper reaction that 

triggers the desorption of CO2 from the solvent [45]. Under these conditions, the amount of CO2 

released is proportional to the amount of total charge passed, which is consistent with Faraday’s 

law.  

The overall required electrical energy depends on the applied current and voltage. The 

measured cell voltage includes not only the energy required for copper redox reactions, but also 

additional voltage losses associated with electrode kinetics, electrical resistance within the cell, 

and mass transport limitations [39,61]. These losses are due to the activation overpotential, ionic 

resistance in the electrolyte and membrane, and concentration polarization near the electrode 

surfaces. These make the cell's performance strongly dependent on the electrode design and 

operating conditions.  

Electron utilization is commonly measured through Faradaic efficiency. It represents the 

percentage of the total charge that contributes directly to CO2 desorption.  In EMAR, Faradaic 

efficiency is defined with respect to the CO2 release event [13]. Deviations from this ideal behavior 

can result from nonproductive copper cycling, uneven current distribution, or parasitic reactions, 

which increase energy consumption without contributing to regeneration [39,62].  
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Compared to thermal regeneration, EMAR enables CO2 desorption by electrical work at 

ambient temperature. This results in a substantially lower energy regeneration as it replaces the 

thermal heating [13,63]. The cell's efficiency, therefore, depends heavily on optimizing the cell 

structure, electrode surface area, and mass-transfer effectiveness. This will reduce the polarization 

losses and will support the stable operation at higher current density [45].  

2.2.3 Prior EMAR Developments and Limitations 

Initially, the EMAR was introduced as an alternative to thermally driven regeneration. It 

demonstrated that CO2 desorption can be achieved through the redox cycling of Copper at near-

ambient temperature [13,58]. Early studies established the process's fundamental feasibility and 

highlighted its potential to reduce regeneration energy compared with the conventional method 

[13,26]. Following that, a system-level investigation expanded EMAR to continuous operation and 

quantified key metrics, such as Regeneration energy and Faradaic Efficiency, under different 

conditions [39,45].  

Later research focused more on the process and on solvent improvement. Comparative 

studies of monoamine and polyamine solvents, including monoethanolamine (MEA) and 

ethylenediamine (EDA), showed that polyamines exhibit enhanced CO₂ capacity and regeneration 

behavior due to stronger coordination with Cu²⁺ ions [40,46,60]. Additional investigation focused 

on improving solvent stability and degradation pathways, aiming to extend EMAR operation at 

higher current densities and longer operating times [64,65].  

Despite these advances, several challenges still limit EMAR performance. For example, 

elevated cell voltages and reduced faradaic efficiency are observed at high current density due to 

polarization losses, non-uniform copper redox activity, and mass transport limitations near the 

electrode surface [26,39]. In addition, lower charge transfer efficiency and non-uniform current 
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densities occur due to the degradation of the copper electrode and repeated cycles [46]. These 

limitations indicate that improving solvent performance alone will not solve these problems. 

Improved Electrode-level strategies are required to enhance interfacial charge transfer, stabilize 

copper redox behavior, and improve mass transport. Such issues motivate the exploration of 

advanced electrode architectures and surface modifications, including porous coatings and photo-

assisted enhancements, as potential pathways to improve EMAR efficiency.  

2.3 Aerogels for CO₂ Capture and Photocatalysis 

Aerogels are a unique class of highly porous solids. They have ultra-low density, high 

specific surface area, and an interconnected three-dimensional pore structure. These features have 

led to the exploration of metal oxide aerogels, particularly for applications in gas-solid interactions, 

electrochemical processes, and photo-assisted energy conversion. In the context of carbon capture, 

aerogel enhances mass transport, increases the effective surface area, and improves the interfacial 

contact between the functional material and conductive substrates [41,66]. 

2.3.1 Sol–Gel Processing and Aerogel Fabrication 

TiO2 aerogel is most commonly synthesized via sol-gel processing. In this process, the 

titanium alkoxide precursor undergoes hydrolysis and condensation reactions to form a continuous 

inorganic structure. The sol-gel synthesis provides fine control over network formation, pore size 

distribution, and surface chemistry. These can be adjusted by controlling parameters such as 

precursor concentration, water-to-alkoxide ratio, solvent composition, and catalyst type [41]. 

Following gelation, aging, and solvent exchange steps, drying methods are employed to preserve 

the porous structure and prevent collapse. 

Compatibility with substrate-supported fabrication is an important advantage of sol-gel 

processing. TiO2 aerogels can be deposited onto conductive substrates via dip-coating or 
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infiltration. This forms a porous layer without the need for any polymeric binders.  Phadtare et 

al. (2020) showed that sol-gel-derived TiO2 aerogel can be used to coat solid supports while 

retaining its high porosity and mechanical integrity after drying and thermal treatment. These 

fabrication strategies enable the integration of aerogel networks with complex three-dimensional 

substrates for electrochemical applications [67,68]. 

2.3.2 TiO₂ Aerogels: Structure, Optical Properties, and Photocatalytic Behavior 

TiO2 aerogels combine the semiconductor properties of TiO2 with a highly porous structure. 

This results in a material with a large internal surface area, abundant surface hydroxyl groups, and 

interconnected mesoporous structures. Proper calcination crystallizes the TiO2 aerogels into the 

anatase phase, which exhibits enhanced photo-assisted performance [41]. The open network 

structure reduces the charge-carrier diffusion length. It also increases the accessibility of active 

sites compared to dense TiO₂ films or compact nanoparticle layers. 

Under illumination, TiO2 aerogels can generate additional charge carriers, improving 

interfacial charge transfer and electron transport to conductive materials. Zhang et al. (2017) 

reported that aerogel-modified metal electrodes exhibit improved charge-transfer characteristics 

and reduced interfacial resistance under photo-assisted conditions [69,70]. Such effects can 

enhance electrochemical kinetics and reduce polarization losses without underlying 

electrochemical reaction pathways.  

2.3.3 Aerogel–Metal Foam Composite Electrodes 

The integration of three-dimensional metal-foam substrates with TiO₂ aerogels is an 

effective strategy for constructing hierarchical composite electrodes. Metal foam substrates, such 

as copper foam, can serve as electrically conductive scaffolds, while a TiO2 aerogel coating 

provides nanoscale porosity and significantly increases the effective surface area. Surface 
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functionalization strategies, such as silane-based coupling agents, are commonly used to promote 

adhesion between metal substrates and oxide aerogels. This improves coating stability during the 

electrochemical operation [67,71]. These resulting electrodes enhance electrolyte penetration and 

mass transport while maintaining their effective electrical pathways. Furthermore, in a photo-

assisted system, it also improves the charge transfer at the electrode-electrolyte interface.  

Within the context of EMAR, the TiO2 aerogel-coated electrode offers a promising strategy 

at the electrode level to address limitations related to polarization losses, copper redox kinetics, 

and interfacial transport. By enhancing surface area, mass transport, and photo-assisted charge-

transfer behavior, these composite electrodes offer a pathway to improve EMAR performance 

while preserving the fundamental electrochemical regeneration mechanism. 

2.4 Photo-Assisted Enhancement in EMAR 

The incorporation of illumination into the EMAR system provides an additional strategy to 

improve electrochemical performance without altering the regeneration chemistry. Unlike 

photoelectrochemical CO2 conversion processes, in which light directly drives CO2 transformation, 

illumination in EMAR enhances electrochemical kinetics, interfacial charge transfer, and electron 

utilization efficiency. Accordingly, illumination in this study is treated as a performance-

enhancing input rather than a driving force for new reaction pathways.  

The EMAR system relies on Cu⁰/Cu²⁺ redox cycling to regenerate the solvent. Thus, any 

factors that reduce polarization losses or enhance charge transfer at the electrode-electrolyte 

interface can directly increase Faradaic Efficiency and lower the regeneration energy. Previous 

EMAR studies have shown that, rather than thermodynamic constraints, deviations from ideal 

performance come from kinetic and transport limitations. This highlights the importance of 

interfacial engineering for improved system efficiency [13,45,58]. In this context, photo-assisted 
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operation offers a potential means to enhance electrochemical behavior while preserving the 

intrinsic EMAR mechanism.  

2.4.1 Charge Transfer and Light-Driven Enhancement 

Illumination can indirectly affect the electrochemical system. It can enhance charge transfer 

and mass transport without requiring direct photocatalytic activation of the target reaction. Photo-

assisted effects may include modification of local electric fields, reduction of interfacial charge-

transfer resistance, improved carrier mobility within photoactive materials, and mild photothermal 

effects that enhance reaction kinetics [72–74].  

In EMAR systems, improved charge transfer at the electrode surface directly benefits 

Cu⁰/Cu²⁺ redox kinetics. It strengthens the coupling between electrical charge and CO2 desorption. 

Incorporating illumination into the process thus improves Faradaic efficiency by reducing the 

current consumption by nonproductive processes. Importantly, this improvement does not alter the 

EMAR regeneration chemistry [13,26].  

2.4.2 Synergistic Interactions Between TiO₂ Aerogels and Cu Foam 

The combination of TiO2 aerogel and copper foam electrodes provides a favorable platform 

for photo-assisted EMAR enhancement. The copper foam provides high electrical conductivity 

and a microporous structure. On the other hand, TiO2 aerogel exhibits nanoscale porosity, a high 

surface area, and photoresponsive behavior. When integrated as a composite electrode, these 

materials form a hierarchical architecture that enhances both interfacial contact and mass transport. 

Previous studies on aerogel-modified metal electrodes have demonstrated that such 

composite electrodes can reduce the charge transfer resistance and improve electrochemical 

stability under illumination [69,75,76]. The porous aerogel structure facilitates better electrolyte 
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penetration, while the TiO2-Cu interface promotes efficient electron transfer under photo-assisted 

conditions.  

In EMAR, this synergistic interaction is particularly relevant for stabilizing copper's redox 

behavior while mitigating polarization losses at higher current densities. Thus, these coated 

electrodes can improve the effectiveness of the EMAR system by enhancing the interfacial charge 

transfer, thereby reducing the energy required to recycle the absorbent.   

2.5 Summary of Research Needs 

Despite extensive development in amine-based CO2 capture, conventional thermal 

regeneration still faces many challenges, such as high energy demand and solvent degradation. 

This motivates the adaptation of EMAR technology, due to its ability to use solvent regeneration 

by electrical means [11,77]. While EMAR demonstrated reduced regeneration energy, its 

performance is still limited by non-ideal Faradaic Efficiency, polarization losses, and incomplete 

utilization of applied electrical charge, particularly under higher current density [13,58].  

Prior EMAR studies indicate that these efficiencies arise from interfacial charge transfer 

resistance and mass transport limitations at copper electrodes [39,45]. This suggests that further 

improvements in EMAR performance require targeted electrode and interface engineering to 

facilitate copper redox kinetics and solvent regeneration. 

Recent advances in porous aerogel-based materials highlight the potential of electrode 

architectures to enhance electrode surface area, electrolyte accessibility, and transport properties. 

In particular, TiO2  aerogels offer high porosity and photo-responsive behavior that may provide 

enhanced electrochemical performance without altering the EMAR chemistry [41,67]. However, 
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the use of TiO₂ aerogel–coated electrodes in EMAR systems, as well as the role of illumination in 

facilitating solvent regeneration, remains underexplored. 

Therefore, there is a clear need to explore the impact of a TiO2 aerogel-coated copper 

electrode in the EMAR system and to systematically quantify the regeneration energy and Faradaic 

efficiency under photo-assisted operation. Addressing these gaps is essential to advancing EMAR 

toward more energy-efficient, practically deployable CO₂ capture systems.
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Chapter 3 Experimental Methodology 

3.1 TiO2 aerogel Synthesis 

TiO₂ aerogel was synthesized via an acid-catalyzed sol–gel process followed by freeze-

drying and thermal treatment. Titanium isopropoxide (TTIP) was used as the titanium precursor, 

ethanol as the solvent, deionized water as the hydrolysis agent, and nitric acid as the peptizing 

catalyst. 

In a typical synthesis, 62.5 mL of ethanol was mixed with 2.5 mL of TTIP under continuous 

stirring to form solution A. Separately, 10 mL of deionized water was combined with 0.5 mL of 

nitric acid and 20 mL of ethanol to form solution B. Solution B was then added to solution A 

dropwise under continuous stirring until a transparent TiO2 sol was obtained [78].  

 The sol was transferred to a container and allowed to gel and age under static conditions at 

25 °C for 48 hours. Within 48 hours, the gel was immersed in tert-butanol, and the solvent was 

changed 4 times to remove residual water and ethanol.  

The solvent-exchanged gel was frozen at -50 °C for 48 hours and then freeze-dried under 

vacuum for an additional 48 hours. The resulting TiO2 aerogel powder was calcined in air at 450 °C 

for 4 hours with a ramp rate of 2 °C/min. After the calcination, the gel was allowed to cool naturally 

to room temperature [41,79]. 
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Figure 4: Schematic illustration of the preparation process of TiO₂ aerogel powder, 

including gelation, aging and solvent exchange, freeze drying, and calcination.[78,80] 

3.2 Electrode Synthesis 

Copper foam substrates were cut to the desired dimensions and cleaned prior to coating. The 

foam was immersed in 10 Vol% acetic acid to remove any surface oxides, rinsed thoroughly with 

DI water, and dried under ambient conditions.  

Surface functionalization was carried out by immersing the copper foam in a 1% solution of 

(3-aminopropyl)triethoxysilane (APTES). The 1% APTES solution was prepared using ethanol. 

The cleaned copper foam was immersed in the solution and sonicated for 15 minutes to promote 

penetration into the porous structure. The foam was then kept in the solution for 1.5 hours 

undisturbed at room temperature. Following functionalization, the foam was rinsed with ethanol 

to remove any unbound silane species and then thermally cured at 110 °C for 1 hour to form a 

silane layer. The functionalized copper foams were prepared in advance prior to TiO2 aerogel 

coating [81,82].  



Page | 27  

 

A TiO2 aerogel suspension was prepared by mixing ethanol and DI water in a 9:1 volumetric 

ratio, followed by the addition of 75 mg of TiO2 aerogel powder. The solution was sonicated for 

30 minutes for uniform dispersion.  

Dip coating was performed by immersing the APTES-functionalized copper foam in the 

TiO2 aerogel suspension for 10 minutes, followed by 15 minutes of drying at room temperature. 

The foam was withdrawn from the suspension at a controlled rate of 2000 um/s to promote uniform 

coating. One, two, or three dip-coating cycles were applied depending on the desired coating 

thickness. The single coating cycle was used as the baseline condition unless otherwise specified. 

After coating, the electrodes were dried at 60 °C for 1 hour in a vacuum dryer until fully dry.  

 

Figure 5: Schematic illustration of the coating process of copper foam with TiO₂ aerogel 

powder using APTES surface functionalization and dip-coating [67] 

3.3 Electrochemical Cell and Materials 

Two distinct experimental setups were used in this study. The laboratory-scale EMAR 

prototype was employed for the integrated absorption/desorption testing and overall process 

performance evaluation, including the CO2 release behavior, regeneration energy, and Faradaic 

Efficiency. In this system, CO2 absorption occurs via chemical absorption into the aqueous amine 

solution, followed by an electrochemically mediated desorption. Separately, a three-electrode 

system was also used for potentiostat-based measurements, including cyclic voltammetry and 
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electrochemical impedance spectroscopy (Section 3.4). This was done to isolate the intrinsic 

electrochemical behavior of the electrode materials.  

The laboratory-scale continuous-flow electrochemical cell was used to investigate the 

EMAR system. The cell consisted of two compartments separated by a polymeric membrane 

(Cellgard, 3501). This membrane permits ionic transport while restricting mixing between the 

anodic and cathodic electrolytes. Each electrochemical compartment was integrated into a closed-

loop liquid circulation system. The CO2-rich amine solution was pumped from the absorber to the 

anodic compartment, and the two-phase mixture (CO2 and amine-Cu complex) then went to the 

desorber, where CO2 was separated. Subsequently, the amine-Cu complex is pumped to the 

cathodic compartment and then returned to the absorber.   

Commercial copper foam electrodes were used in both compartments. The TiO2 aerogel-

coated electrode was used in the cathode compartment, while bare copper foam was used for the 

anode compartment. The copper foam had a thickness of 1 mm and a geometric area of 2 in × 2 in 

(25.8 cm²). The interelectrode spacing was 1.18 inches.  

The cell's external structure was constructed from stainless steel. Inside the cell, Delrin 

blocks were used to hold and align the electrochemical components, including the electrodes and 

membrane. EPDM gaskets were placed between the components to provide sealing and prevent 

electrolyte leakage. The electrolyte circulation between the absorber, electrochemical cell, and 

desorber was maintained using a peristaltic pump with Tygon tubing.  
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(a) 

 

(b) 

Figure 6: (a) (a) Computer-aided design (CAD) model and (b) photograph of the 

laboratory-scale EMAR electrochemical cell 

The EMAR electrolyte was a 1 M aqueous ethylenediamine (EDA) solution. Copper ions 

were introduced using copper (II) sulfate pentahydrate (CuSO₄·5H₂O) at a concentration of 0.10 M 

to establish the Cu²⁺/Cu⁰ redox couple required for electrochemically mediated amine regeneration. 

Potassium nitrate (KNO3) was used as a supporting electrolyte to increase the ionic conductivity 

of the solution [13,83]. Unless otherwise stated, these concentrations were maintained at baseline, 

while systematic variations were applied in selected experiments to evaluate parametric effects.  

Illumination was provided using a solar simulator and was applied only to the coated 

electrodes. The incident light was directed towards the cathode-facing side of the electrochemical 

cell through a quartz window. Experiments conducted without illumination served as 

electrochemical references. 
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3.4 Electrochemical Analysis 

Electrochemical analysis was performed using an Autolab potentiostat in potentiostatic 

mode. The three-electrode configuration was employed, consisting of the TiO2 aerogel-coated 

copper foam as the working electrode, graphene as the counter electrode, and an Ag/AgCl 

reference electrode. All electrochemical measurements were conducted at room temperature under 

static conditions. The electrode used for electrochemical analysis was cut to dimensions 25 X 

10 mm2. The electrolyte solution consisted of 0.30 mol·L⁻¹ ethylenediamine (EDA), 

0.70 mol·L⁻¹ KNO₃ as supporting electrolyte, and 0.05 mol·L⁻¹ total dissolved copper (Cu²⁺) 

[40,60].  

 

Figure 7: Experimental setup for electrochemical analysis of the TCF3 electrode under UV 

illumination using a three-electrode configuration. 
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3.4.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) tests were conducted to evaluate the redox behavior and the effect 

of coating on the electrodes. The CV tests were done using an Autolab potentiostat in a three-

electrode configuration under static conditions at room temperature.  

TiO2 aerogel-coated copper electrodes were used as the working electrodes, graphite served 

as the counter electrode, and an Ag/AgCl electrode was employed as the reference electrode. The 

electrolyte consisted of 75mL of an aqueous 0.3M ethylenediamine (EDA), 0.1 Cu2+, and 

0.7M KNO3.  

All CV tests were conducted over a potential window from -0.8V to 0.5V versus Ag/AgCl. 

A constant scan rate of 0.07 V/s was applied for all measurements to ensure consistency across the 

experiments.  

3.4.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) measurements were performed using a 

similar three-electrode configuration. A sinusoidal AC perturbation with an amplitude of 0.01V 

was applied over a frequency range from 1 × 105 Hz to 1 Hz. The measurements were performed 

using the same electrolyte used for the CV tests.  

EIS spectra were collected under both dark and illuminated conditions to evaluate the effect 

of UV radiation on interfacial charge-transfer processes. The obtained impedance data were 

analyzed using an equivalent circuit fit. The fitted parameters were used to assess changes in 

solution resistance and charge-transfer resistance associated with electrode modification and 

illumination.  
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3.5 CO₂ Absorption–Desorption Experiments and Data Analysis 

The CO2 absorption and desorption test was conducted in a laboratory-scale setup. It 

consisted of separate absorber and desorber units. Both the absorber and desorber were 

implemented using three-neck round-bottom flasks containing mechanical stirring to ensure 

homogenous gas-liquid contact.  

Pure CO2 was used as the feed gas for absorption experiments at a controlled flow rate of 

100 SCCM. Prior to data collection, the system was purged with CO2 and allowed to reach steady-

state conditions. The solvent consisted of 1 M ethylenediamine (EDA), 0.05 M Cu²⁺, and KNO3 

prepared in deionized water, with a total volume of 250mL. 

To determine the CO2 capture performance, inlet and outlet gas flow rates were monitored 

during absorption. The absorbed CO2 flow was obtained from the difference between the inlet and 

outlet flow rates: 

 Qabs = Qin - Qout  (8) 

The CO2 absorption rate was calculated by converting the volumetric flow difference to 

molar flow, assuming standard conditions: 

 rCO2 = Qabs / 22.414  (9) 

Measurements were conducted every 30s (Δt = 0.5 min), and the amount of CO2 absorbed 

in each interval was calculated as: 

 ni = rCO2  × Δt  (10) 

The cumulative CO2 uptake was obtained by summing over time: 

 nCO2,cum = Σ (rCO₂ × Δt)  (11) 
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The CO₂ loading was determined on an EDA basis as: 

 α = nCO₂,cum / nEDA  (12) 

where nEDA = 0.25 mol for 250 mL of 1 M EDA. 

The CO₂ capture efficiency was calculated at each time step as: 

 ηCO₂ = (Qin − Qout) / Qin  (13) 

To ensure complete saturation, CO₂ was continuously bubbled through the solvent over an 

extended duration (overnight). The solvent composition remained constant for all experiments 

unless otherwise stated. 

3.5.1 Experimental Setup and Data Processing 

The CO2 concentration was measured at the desorber outlet using a Gasmet DX4030 Fourier-

transform infrared (FTIR) gas analyzer. Gas-phase CO2 concentration data were continuously 

recorded and processed using Calcmet software (Version 2.1).  

The total amount of CO₂ released during each experiment was calculated using the total 

outlet gas volume measured by the flow meter totalizer and the time-averaged CO₂ mole fraction 

measured by the FTIR analyzer. The total moles of CO₂ released were calculated using Equation 

(1): 

 𝑛˙𝐶𝑂2 =
𝑦𝐶𝑂2̅̅ ̅̅ ̅̅ ̅.𝑄𝑡𝑜𝑡𝑎𝑙

𝑉𝑚
 (14) 

where 𝑛𝐶𝑂2
is the total moles of CO₂ released, 𝑦̄𝐶𝑂2

is the time-averaged CO₂ mole fraction 

measured by the FTIR analyzer, 𝑄𝑡𝑜𝑡𝑎𝑙is the total outlet gas volume measured by the flow meter 

totalizer, and 𝑉𝑚is the molar volume of gas at the reference condition of the flow measurement. 



Page | 34  

 

The CO2 desorption rate was calculated using the measured outlet CO2 concentration and 

the known gas flow rate. Time-resolved concentration data were multiplied by the volumetric flow 

rate to determine the instantaneous CO₂ release rate, which was subsequently averaged over the 

operating period to obtain representative values. 

 

Figure 8: Bench-scale experimental setup of the EMAR system used for CO₂ absorption and 

electrochemical regeneration under UV illumination 

3.5.2 Operating Conditions (T, rpm, Flow, Voltage) 

The absorption temperature was maintained at 40 °C, while the desorber temperature was 

set without active temperature control. Mechanical stirring was used in both the absorber and 

desorber at a constant speed of 450 rpm to promote uniform mass transfer. The solvent circulation 

rate was maintained at 25 mL/min, unless otherwise mentioned.  
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Electrochemical regeneration was performed under constant-current conditions for each 

experiment. Each experimental run was conducted for 1 hour under steady-state operating 

conditions.  

The Faradaic efficiency (FE) was calculated to evaluate how effectively the supplied 

electrical charge contributed to CO₂ release during the EMAR process. The FE was determined 

using Equation (9): 

 FE = 
𝑛𝐶𝑂2𝑍 𝐹

𝐼𝑡
 𝑋 100  (15) 

where 𝑛𝐶𝑂2
is the total moles of CO₂ released, 𝑧 represents the number of electrons 

transferred per mole of CO₂ released. Although the Cu²⁺/Cu redox couple involves a two-electron 

transfer (Cu²⁺ + 2e⁻ → Cu⁰), each Cu²⁺ ion typically coordinates with two amine functional groups, 

displacing one CO₂ molecule per Cu²⁺ formed. As a result, the effective electron requirement 

becomes 1 electron per mole of CO₂ released (z = 1), 𝐹is the Faraday constant (96485 C/mol), 𝐼 

is the applied current, and 𝑡 is the electrolysis time. 

The regeneration energy (RE) was calculated to quantify the electrical energy required to 

release one mole of CO₂ from the solvent, as shown in Equation (3): 

 RE = 
𝐸𝑐𝑒𝑙𝑙 .𝐼.𝑡

𝑛𝐶𝑂2

  (16) 

where 𝐸𝑐𝑒𝑙𝑙is the average cell voltage during the experiment, 𝐼 is the applied current, 𝑡 is the 

electrolysis time, and 𝑛𝐶𝑂2
is the total number of moles of CO₂ released. These performance metrics 

were used to quantitatively compare electrochemical regeneration efficiency and energy demand 

across different operating conditions and electrode configurations. 
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Chapter 4 Experimental Results 

4.1 TiO2 Aerogel Powder Characterization 

4.1.1 Thermogravimetric Analysis (TGA)  

Thermogravimetric Analysis (TGA) was performed to evaluate the thermal stability and 

decomposition behavior of the TiO2 aerogel powder before and after calcination (Figure 9). For 

the non-calcined TiO2 aerogel powder, a significant mass loss of approximately 23.62% was 

observed around 250 °C. This initial weight loss is due to the removal of physical adsorbed 

moisture, residual solvents, and volatile organic species remaining from the synthesis process. As 

the temperature increased beyond this region, a gradual decrease in mass was observed due to the 

removal of organic residues. As the temperature increased to 800 °C, a 5.46% mass loss was 

observed due to the removal of residual hydroxyl groups and further densification of the TiO2 

network. Beyond this temperature, the weight change becomes minimal as the material reaches a 

thermally stable oxide structure.  

In contrast, the calcined TiO2 aerogel powder shows excellent thermal stability across the 

entire temperature range. Only a minor 2% weight loss was observed up to 1000 °C. This is 

primarily attributed to the weakly bound surface species, such as adsorbed water or residual surface 

hydroxyl groups. This negligible change in weight confirms that the calcination process removed 

the volatile components and stabilized the TiO2 framework.  

Overall, the TGA results demonstrate that calcination significantly improves the thermal 

stability of the TiO2 aerogel. The minimal mass loss observed for the calcined sample confirms 

the formation of a stable oxide structure that is suitable for many electrochemical applications.  
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Figure 9: Thermogravimetric analysis (TGA) curves of TiO₂ aerogel powder before and after 

calcination. The uncalcined aerogel exhibits significant mass loss due to the removal of 

physically adsorbed moisture and decomposition of residual organic components, while the 

calcined sample shows minimal weight loss, indicating improved thermal stability after 

calcination. 

4.1.2 Laser Diffraction Particle Size Analysis (LDPSA) and Pore Size Distribution 

The particle size distribution of the TiO₂ aerogel was determined using laser diffraction 

particle size analysis (LDPSA), and the results are presented in Figure 10. The distribution 

exhibited a unimodal profile with the majority of particles falling within the 9–39 µm range. The 

median particle size (D50) was 19.4 µm, indicating that 50% of the sample volume consisted of 

particles smaller than this value. The mean particle size was slightly larger at 22.3 µm, reflecting 

the influence of a small fraction of coarser particles on the overall average. The most frequently 

occurring particle size (mode) was 18.7 µm, closely matching the median, suggesting a relatively 

symmetric distribution with limited skewness toward larger particle sizes. 
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The D10 and D90 values were 9.2 µm and 39.0 µm, respectively, confirming that 80% of 

the sample volume lay within this range. The moderate span (D90/D10 ≈ 4.2) indicates a controlled 

particle size distribution with limited coarse agglomeration. A high transmittance value of ~98% 

during measurement confirmed that the suspension was well-dispersed, supported by 40 seconds 

of ultrasonication prior to analysis. 

Overall, the LDPSA results demonstrate that the synthesized TiO₂ aerogel consists of 

uniform particles with a characteristic size centered around ~20 µm. This particle size range is 

favorable for reproducible dispersion in the coating suspension and uniform deposition onto CF. 

The absence of excessive coarse agglomerates reduces the likelihood of pore blockage within the 

macroporous foam. 

 

Figure 10: Laser diffraction particle size distribution of calcined TiO₂ aerogel powder showing 

the volume-based particle size distribution as a function of particle diameter. 
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4.1.3 SEM Analysis of TiO2 aerogel powder 

Scanning electron microscopy (SEM) was performed to compare the morphology of the 

calcine TiO2 powder (Figure 11). The objective was to evaluate structural features that influence 

the charge transfer and mass transport during the Cu redox cycling in EMAR. 

The calcined TiO2 aerogel powder (Figure 11a-b) exhibits a porous and loosely 

interconnected structure. The particles are composed of irregularly shaped aggregates. No dense 

sintering regions were observed.  This indicates that calcination preserved the aerogel framework 

while stabilizing the oxide phase. A rough and heterogeneous surface was observed at higher 

magnification. Such morphology provides increased surface roughness and accessible interfacial 

area when deposited onto a conductive substrate.  

 

(a) 

 

(b) 

Figure 11: SEM images of calcined TiO₂ aerogel powder at different magnifications 

showing (a) overall particle distribution and morphology (500 µm scale bar) and (b) fractured 

and irregular particle structures of the aerogel powder (50 µm scale bar). 

4.1.4 BET Surface Area Analysis of TiO₂ Aerogel Powder 

Nitrogen adsorption-desorption isotherm measurements were performed to evaluate the 

surface area and pore characteristics of the calcined TiO2 aerogel powder. The calcined aerogel’s 

mesoporous structure was confirmed from its type IV isotherm with a pronounced hysteresis loop. 
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The BET surface area was determined to be 81.79 m2g-1 with a total volume of 0.1165 cm3g-1. 

Density functional theory (DFT) analysis revealed a dominant pore diameter of approximately 12 

nm. These results confirm that calcination preserved a stable mesoporous network.  

The relatively high surface area and well-defined mesoporous structure of the calcined 

aerogel indicate that the material can provide abundant interfacial contact when integrated with 

conductive substrates. Such structural characteristics are beneficial for increasing surface 

roughness and enhancing electrode–electrolyte interaction when the aerogel is deposited onto 

copper foam electrodes. 

 

Figure 12: Nitrogen adsorption–desorption isotherm of calcined TiO₂ aerogel powder 

obtained from a single adsorption–desorption cycle showing the relationship between the amount 

adsorbed and the relative pressure (P/P₀). 
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4.1.5 TEM Analysis of TiO₂ Aerogel Powder 

Transmission electron microscopy (TEM) was employed to examine the morphology, 

porosity, and crystallinity of the TiO₂ aerogel powder. Low-magnification TEM images revealed 

that the material forms large, loosely aggregated clusters composed of smaller primary 

nanoparticles. The aggregates show diffuse, cloud-like contrast rather than dense, compact regions. 

This indicates a highly porous internal framework consistent with aerogel-derived structures.  

At higher magnification, the aerogel exhibited a sponge-like architecture consisting of fused 

nanoparticles with irregular and finely textured edges. Interparticle voids are clearly visible, which 

confirms the presence of interconnected mesoporosity within the aggregate structure. Partial 

necking between the adjacent nanoparticles gives rise to the porous network during the calcination. 

This nanoscale connectivity was consistent with the mesoporous structure which was identified 

from BET analysis.  

High-resolution TEM (HRTEM) provided direct evidence of crystallinity. Distinct lattice 

fringes with an interplanar spacing of ~0.35 nm were observed, corresponding to the (101) planes 

of anatase TiO₂. The presence of multiple fringe orientations confirms that the aerogel consists of 

polycrystalline anatase domains rather than amorphous material. The primary crystallite size was 

estimated to be ~10–20 nm, which agrees with the nanoparticle dimensions observed in the 

micrographs and supports the mesoporous framework identified by nitrogen adsorption analysis. 

Overall, the TEM results demonstrate that the TiO₂ aerogel is composed of anatase 

nanocrystals (~15 nm) arranged into a porous, interconnected network. This hierarchical 

morphology, nanoparticles forming micron-scale aggregates with interparticle mesoporosity, 

which yields a large accessible surface area and high crystallinity. These structural features are 
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well known to enhance the performance of TiO₂ aerogels in photocatalytic and CO₂ capture 

applications. 

 

(a) 

 

(b) 

 

(c) 

Figure 13: TEM images of calcined TiO₂ aerogel at different magnifications showing (a) 

porous nanoparticle aggregate (200 nm scale), (b) micron-scale loosely aggregated clusters (1 

µm scale), and (c) a high-resolution image displaying lattice fringes corresponding to the 

anatase TiO₂ crystal structure, confirming the nanocrystalline nature of the aerogel 
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4.1.6 XRD Structural Analysis of TiO₂ Aerogel Powder 

The crystalline phase of the TiO2 aerogel powder was confirmed from the X-ray 

diffraction (XRD) analysis. The diffraction pattern is shown in Figure 14. At approximately 

25.3° (2θ), a dominant plane (101) was observed together with other planes (004), (200), (211), 

(204), (220), (215). These planes match well with the standard diffraction pattern of anatase TiO2 

[84], confirming successful phase transformation during calcination.  

No diffraction peak was observed corresponding to the rutile or brookite phase. The 

sharpness and intensity of the anatase phase suggest good crystallinity following calcination at 

450 °C. The strong (101) reflection and the characteristics of anatase confirm that the thermal 

treatment was sufficient to induce crystallization while preserving the porous structure, as 

confirmed by BET and TEM analysis. 

 

Figure 14: X-ray diffraction (XRD) pattern of the calcined TiO₂ aerogel powder showing 

characteristic diffraction peaks corresponding to the anatase phase of TiO₂. The dominant peak 

at approximately 2θ ≈ 25° corresponds to the (101) plane, confirming the crystalline anatase 

structure of the synthesized aerogel. 
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4.1.7 Raman Spectroscopy Analysis of TiO2 Aerogel Powder 

Raman spectroscopy was further employed to confirm the crystalline phase and structure of 

the calcined aerogel powder (Figure 15). Raman analysis is a sensitive technique for identifying 

TiO₂ polymorphs due to the distinct vibrational fingerprints associated with different crystal 

structures. 

The Raman spectrum of the calcined TiO2 aerogel powder showed clear peaks at 

approximately 168, 395, 515, 635 cm-1. This corresponds to the vibrational mode characteristics 

of anatase TiO2. The strong peak near 635 cm-1 is assigned to the Eg mode while the bands at 395 

and 515 cm-1 correspond to the B1g and A1g/B1g modes, respectively. These vibrational modes 

represent the typical Raman fingerprint of anatase TiO₂ and confirm that the aerogel retained the 

anatase phase after calcination [84].  

The presence of well-defined high-intensity peaks indicates that, after calcination, the oxide 

framework was successfully stabilized while preserving the aerogel structure. In addition, the 

absence of additional rutile and brookite phases suggests that the material consists predominantly 

of the anatase polymorph.  

The slightly shifted low-frequency peak observed around 168 cm-1 may be associated with 

lattice strain or structural disorder within the aerogel framework. Such minor shifts are common 

in nanostructured or porous TiO2 materials where the surface effects and nanoscale domains can 

influence vibrational behavior [84].    
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Figure 15: Raman spectrum of the calcined TiO₂ aerogel showing characteristic 

vibrational modes associated with anatase TiO₂. The observed peaks correspond to the Eg, B1g, 

and A1g Raman-active modes, confirming the presence of the anatase phase. 

4.1.8 X-ray Photoelectron Spectroscopy (XPS) Analysis of TiO₂ Aerogel Powder 

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface chemical 

composition of the calcined TiO2 aerogel powder (Figure 16). XPS is a surface-sensitive technique 

that provides information regarding the elemental composition and chemical bonding states.  

The survey spectrum of the TiO2 aerogel powder confirms the presence of Ti and O as the 

dominant elements on the material surface. Trace N 1S and C 1S signals were also observed, which 

is commonly attributed to contamination during sample handling.  

High-resolution analysis of the Ti 2P region (Figure 16b) shows two distinct peaks at 

457.79 eV and 463.54 eV, corresponding to Ti 2p₃/₂ and Ti 2p₁/₂, respectively. The measured spin-

orbit splitting is 5.75 eV, which is a characteristic of Ti4+ in TiO2.  



Page | 46  

 

The absence of any lower binding energy indicates that the titanium remains in a fully 

oxidized state, confirming the formation of stoichiometric TiO2 within the aerogel framework.  

The O 1S spectrum (Figure 16c) shows a dominant peak around 529eV, corresponding to 

lattice oxygen (Ti-O-Ti) in TiO2. Overall, the XPS results confirm that the calcined aerogel powder 

consists primarily of Ti⁴⁺ species bonded to lattice oxygen, consistent with the anatase TiO₂ phase 

identified by XRD and Raman spectroscopy. 

 
(a) 

 
(b) 

 
(c) 

Figure 16: X-ray photoelectron spectroscopy (XPS) analysis of calcined TiO₂ aerogel 

powder showing (a) survey spectrum confirming the presence of Ti and O elements, (b) high-

resolution Ti 2p spectrum indicating the Ti⁴⁺ oxidation state characteristic of TiO₂, and (c) high-

resolution O 1s spectrum corresponding to lattice oxygen in the TiO₂ structure. 
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4.2 TCF Characterization 

4.2.1 SEM Analysis of CF and TCF3 

Scanning electron microscopy (SEM) was further used to examine the morphology of the 

bare copper foam and the TiO2 aerogel-coated copper foam electrode (TCF3) (Figure 17). The 

objective was to evaluate structural features that influence the charge transfer and mass transport 

during the Cu redox cycling in EMAR. 

The bare copper foam (Figure 17a-b) displays a three-dimensional open-cell architecture 

with interconnected macropores and smooth metallic ligaments. This macroporous structure 

supports bulk electrolyte transport, which is essential for the EMAR chemistry. The relatively 

smooth ligament surface provides limited microscopic electrochemically active surface area 

(ECSA), which increases the effective local current density at a fixed applied current.  

In contrast, the TCF3 electrode (Figure 17c-d) shows successful deposition of the TiO2 

aerogel onto the copper ligaments while preserving the overall macroporous structure. No 

significant pore blockage was observed. This indicates bulk transport pathways remain accessible. 

At higher magnification, the coating appears conformal and textured, indicating an increased 

surface roughness relative to the bare foam without forming a dense barrier layer.  

This structural modification increases the effective interfacial area while maintaining 

macroscopic mass transport. The local current density is expected to decrease due to this enhanced 

surface roughness. Meanwhile, the preserved macropores maintain effective Cu2+ transport and 

reduce concentration polarization. Overall, TCF3 morphology provides a balanced architecture 

that supports improved interfacial charge transfer without compromising electrolyte accessibility.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 17: SEM images of (a) bare copper foam showing the original porous structure 

(500 µm scale bar), (b) magnified view of the bare copper foam surface (50 µm scale bar), (c) 

TiO₂ aerogel–coated copper foam (TCF5) showing the preserved foam morphology after coating 

(500 µm scale bar), and (d) magnified view of the coated surface illustrating the aerogel particle 

deposition on the copper struts (50 µm scale bar). 

4.2.2 Micro-CT (µCT) Structural Analysis 

Micro-computed tomography (µCT) was performed to analyze the macroporous structure of 

the bare copper foam and TiO2 aerogel-coated copper foam. This is a non-destructive analysis that 

visualizes the pore connectivity, ligament structure, and bulk porosity. It provides insight into 

whether TiO2 deposition alters the macroscopic transport framework of the electrode.  
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The µCT images (Figure 18) reveal that the open cell structure of the CF is preserved even 

after coating. No visible pore obstruction or structural collapse is observed. Quantitative analysis 

was performed using ImageJ on the reconstructed µCT images to determine the porosity, mean 

pore size, and pores per inch (PPI). The porosity (𝜀)  was calculated as 

 𝜀 = 
𝑉𝑉𝑜𝑖𝑑

𝑉𝑇𝑜𝑡𝑎𝑙
 𝑋 100  (17) 

Where VVoid represents the void volume, and VTotal represents the total analyzed volume. 

The average pore diameter (davg) was obtained from 

 davg= 
1

𝑛
 ∑ 𝑑𝑖

𝑛
𝑖=1  (18) 

Where di is the diameter of individual pores. The PPI value was determined from 

 PPI = 
𝑁𝑝

𝐿
 (19) 

Where Np is the number of pores intersecting a measurement line of length L. Using this 

approach, the porosity was observed to vary slightly from 83% (CF) to 86% (TCF3). The mean 

pore size remained unchanged (0.59mm). The pores per inch (PPI) value also showed negligible 

variation (43 for uncoated and 42 for coated). These results confirmed that TiO2 deposition does 

not significantly modify the foam's macroscopic structure.  

The absence of a measurable reduction in pore size or PPI indicates that the coating forms a 

thin layer rather than a thick blocking film. To minimize hydraulic pressure within the cell and 

maintain convective electrolyte transport, preserving macroporosity is critical. Because electrolyte 

transport primarily occurs through macroscopic channels. Structural integrity at this scale ensures 

that mass transport limitations are not introduced by the coating process.  
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The slight variation in apparent porosity may be attributed to surface roughening, which was 

also evident from SEM and BET analyses. This suggests that TiO2 coating on CF primarily alters 

the surface structure at the electrode interface without compromising the bulk transport pathways 

provided by the foam. Overall, µCT analysis confirms that the TiO2 coating enhances surface 

structuring without compromising the macroporous framework required for efficient electrolyte 

circulation.  

 

Figure 18: µCT image of the TiO₂ aerogel–coated copper foam electrode (TCF3) showing 

the three-dimensional porous architecture of the foam structure. 
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4.2.3 Raman Spectroscopy Analysis of TCF3 Electrodes 

Raman spectroscopy was further used to examine the structural characteristics of the TiO₂ 

aerogel coating deposited on the copper foam electrode (TCF3) (Figure 19). The Raman spectrum 

of TCF3 shows clear peaks around 237, 430, 515, and 614 cm⁻¹. 

Compared to the TiO2 aerogel powder, the peaks in the TCF3 shifted slightly and broadened. 

However, the characteristics of the anatase fingerprint remain clearly identifiable. The presence of 

these peaks confirms that the anatase structure of TiO2 is preserved after depositing onto the copper 

foam. This observation indicates that the dip-coating process used to fabricate the TCF electrode 

does not significantly alter the crystalline structure of the TiO2 aerogel. The minor shifts in the 

peaks may arise from interaction with the copper substrate, local strain effects, or differences in 

measurement location on the coated foam.  

In addition, the slightly broader peak shapes observed in the TCF3 spectrum may be 

attributed to the heterogeneous nature of the coated surface and the complex morphology of the 

copper foam structure. Despite these variations, the clear presence of anatase Raman modes 

confirms that the functional TiO₂ phase remains intact after integration with the conductive 

substrate. 
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Figure 19: Raman spectrum of the TiO₂ aerogel–coated copper foam electrode (TCF3) 

showing characteristic Raman peaks associated with anatase TiO₂. 

4.2.4 X-ray Photoelectron Spectroscopy (XPS) of TCF3 

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface chemical 

composition of TCF3 (Figure 20). The survey spectrum (Figure 20 a) confirms the presence of Ti, 

O, Cu, C, N, and a minor Si signal. The detection of Cu 2P peaks indicates the copper substrate 

beneath the coating. The Ti 2P and O 1S signal is due to the successful deposition of TiO2 aerogel 

powder onto the foam substrate. The Si 2P peak originates from the silane layer (APTES), which 

was used for surface functionalization prior to aerogel deposition.  

High-resolution analysis of the Ti 2p region (Figure 20b) shows two distinct peaks 

corresponding to Ti 2p₃/₂ and Ti 2p₁/₂, indicating that titanium remains in the Ti⁴⁺ oxidation state 
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characteristic of TiO₂. No additional peaks associated with reduced Ti species were observed, 

confirming that the TiO₂ coating maintains its oxidized chemical state after the coating process. 

The O 1S spectrum (figure 20c) shows a dominant peak around 529eV, corresponding to 

lattice oxygen associated with Ti–O–Ti bonds within the TiO₂ structure. This confirms the 

presence of oxide lattice in the aerogel coating.  

The Cu 2p spectrum (Figure 20d) clearly confirms the presence of the copper substrate 

beneath the coating layer. The observed binding energies are consistent with metallic copper, 

indicating that the coating process does not significantly alter the oxidation state of the copper 

foam. 

The Si 2p spectrum (Figure 20e) shows a peak centered near ~103–104 eV, which is 

characteristic of oxidized silicon in siloxane bonds (Si–O–Si or Si–O–metal). This peak confirms 

the presence of the APTES silane functionalization layer used to anchor the TiO₂ aerogel particles 

onto the copper foam surface. The presence of Si and N signals together with the Ti and Cu peaks 

suggests that the TiO₂ aerogel coating is attached to the copper substrate through a silane-mediated 

interfacial bonding layer. 

Overall, the XPS results confirm that TCF3 consists of a TiO₂ coating dominated by Ti⁴⁺ 

species bonded to lattice oxygen, supported on a copper foam substrate and anchored through the 

APTES silane functionalization layer. 
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   (a) 

 
(b) 

 
(c) 

 
(d) 

   
(e) 

Figure 20:X-ray photoelectron spectroscopy (XPS) analysis of TiO₂ aerogel coated copper 

foam (TCF3) showing (a) survey spectrum confirming the presence of Ti, O, Cu, C, N, and Si 

elements, (b) high-resolution Ti 2p spectrum indicating Ti⁴⁺ species characteristic of TiO₂, (c) O 

1s spectrum corresponding to lattice oxygen in the TiO₂ structure, (d) Cu 2p spectrum 

confirming the presence of the copper substrate beneath the coating, and (e) Si 2p spectrum 

indicating siloxane bonding associated with the APTES functionalization layer used to anchor 

the TiO₂ aerogel coating. 
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4.3 Electrochemical Characterization 

Electrochemical characterization was conducted to evaluate the influence of the electrode 

structure and TiO2 aerogel coating on the electrochemical behavior related to EMAR operation. 

Cyclic voltammetry (CV) was used to investigate the redox behavior and reversibility of the 

Cu2+/Cu0 system on different electrodes. Similarly, electrochemical impedance spectroscopy (EIS) 

was employed to analyze the interfacial charge transfer resistance and electrode conductivity. In 

addition, potential-time measurement under intermittent UV illumination was performed to 

evaluate the photoelectrochemical response of the TCF3, which provides insights on how UV 

irradiation influences the charge transfer processes and electrochemical response.  

4.3.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) was performed to evaluate the electrochemical behavior of CP, 

CF, and TCF3 under both dark and UV-illuminated conditions at a scan rate of 0.07 V/s. The CV 

curve obtained for these electrodes is given in Figure 21.  

Compared to flat CP, CF has more current density. This mainly arises from three-

dimensional porous structures and a larger electrochemically active surface area. In Figure 21, a 

smooth, broadened curve is observed for both CF and TCF3, whereas for CP, distinct redox peaks 

are observed. This indicates that CP provides a more uniform surface with a more well-defined 

Cu2+/Cu0 redox transition, whereas CF and TCF3 distribute reactions over multiple sites due to 

their porous heterogeneous structure. In EMAR, Cu2+ forms complexes with the amine, leading to 

multistep redox behavior rather than a single-electron transfer reaction. Additionally, diffusion 

limitation within the porous structure and surface passivation (e.g. formation of Cu oxide or Cu-

amine intermediate layer) may also contribute to the broader curve [85]. These combined effects 



Page | 56  

 

result in broadened and smoother CV curves. For EMAR, these broadened CV curves are 

advantageous as it indicates higher electrochemically active surface area and better Cu utilization.  

The TCF3 electrodes exhibited a higher current density compared to CP and CF. The 

improved electrochemical performance was attributed to the TiO2 aerogel coating on the copper 

foam substrate. The aerogel coating introduces additional roughness and an increased effective 

interfacial area, thereby enhancing the electrochemically active surface area available for redox 

reactions. In addition, the porous nature of the TiO2 aerogel powder increases electrolyte 

penetration and improves the contact area between the electrolyte and the conductive copper 

substrate.  

A noticeable difference was observed between the dark and UV-illuminated TCF3. Under 

UV illumination, TCF3 exhibited a consistently higher current density compared to dark 

conditions. This enhancement can be attributed to the photoactive properties of TiO2, in which UV 

irradiation generates electron-hole pairs within the TiO2 structure. The photo-generated electrons 

contribute to the electrochemical processes, thereby improving the charge transfer and increasing 

the overall current response. For CP and CF, the difference between UV-off and UV-on conditions 

is negligible, indicating the absence of photo-induced effects in bare copper systems. 

To provide a quantitative comparison, the CV curves were also integrated to obtain the total 

integrated CV area (∫j dV, mA·V/cm2), charge density (q, mC/cm2), and apparent areal capacitance 

(C_A, mF/cm2). CP (Dark) exhibited 2.175 mA.V/cm2, 31.08 mC/cm², and 23.91 mF/cm², while 

CF showed lower values (1.946 mA.V/cm2, 27.80 mC/cm²; 21.38 mF/cm²). This indicates that 

although CF exhibits a higher current density than CP at a certain potential, its integrated CV area 

is lower. This suggests that the porous structure improves local electrochemical activity but also 

introduces distributed transport limitations, which reduce the total response over the full potential 
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cycle. In contrast, TCF3 showed the highest response (2.686 mA·V/cm²; 38.37 mC/cm²; 

29.52 mF/cm² under UV), confirming enhanced activity. The larger reverse-scan contribution for 

CF and TCF3 compared to CP indicates improved Cu2+ reduction and reversibility. This 

demonstrates the potential of TCF3 for photoelectrochemical applications in the EMAR system, 

where improved charge-transfer kinetics can directly enhance Cu cycling and solvent regeneration 

efficiency.

 

Figure 21: Cyclic voltammetry (CV) curves of copper plate (CP), copper foam (CF), and 

TiO₂ aerogel–coated copper foam (TCF3) electrodes under dark and UV illumination 

conditions. 

4.3.2 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS) was conducted to further investigate the 

charge transfer behavior and interfacial resistance of the CP, CF, and TCF3 (Dark and illuminated 
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conditions). The Nyquist plot obtained from these measurements is presented in Figure 22. In a 

Nyquist plot, the semicircle observed in the high-to-mid-range frequency is attributed to the 

charge-transfer resistance (Rct) at the electrode-electrolyte interface, while the low-frequency 

region reflects mass transport and diffusion processes.  

The CP electrode exhibits the largest impedance response compared to all other electrodes, 

with a pronounced inclined tail extending towards higher Z′ values at low frequencies. This long 

tail is a characteristic of diffusion-controlled behavior (Warburg impedance). This indicates 

significant mass transport limitations at the flat copper plate surface. The limited surface area and 

absence of a porous structure restrict the electrolyte penetration and slows the diffusion of 

electroactive species, resulting in a higher overall resistance. In comparison, the CF has a smaller 

semicircle and a shorter low-frequency tail compared to CP. This indicates lower charge transfer 

resistance, which is primarily attributed to the larger electrochemically active surface area 

compared to CP. The improved mass transport reduces diffusion limitations and facilitates faster 

electron transfer during the electrochemical reactions.  

The EIS results for TCF3 show a slightly larger semicircle than for CF. These characteristics 

can be attributed to the presence of a TiO2 aerogel coating that partially covers the conductive 

copper substrate. Since TiO2 acts as a semiconductor under dark conditions, the coating introduces 

additional interfacial resistance and slightly slows charge transfer. In contrast, when UV is applied 

to TCF3, the impedance response changes noticeably.  The semicircle decreased, indicating 

reduced charge transfer resistance compared to the dark condition. This improvement can be 

attributed to the photoactive nature of TiO2, where UV irradiation generates electron-hole pairs 

within the aerogel structure. The photogenerated electrons enhance electron transport at the 
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electrode interface. This facilitates faster charge transfer and lowers the overall impedance of the 

system.  

Overall, the EIS results demonstrate that the porous copper foam structure significantly 

improves the electrochemical kinetics compared to the flat CP. Furthermore, the addition of UV 

illumination enables photo-assisted charge transfer, which reduces interfacial charge resistance. 

This also supports the electrochemical performance observed in the CV measurement. 

 

Figure 22: Nyquist plots obtained from electrochemical impedance spectroscopy (EIS) 

measurements of copper plate (CP), copper foam (CF), and TiO₂ aerogel–coated copper foam 

(TCF3) electrodes under dark and UV illumination conditions. 
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4.3.3 Photo-assisted Electrochemical Response Under UV Illumination 

Chronopotentiometry was performed to investigate the photo-assisted electrochemical 

behavior of the TiO2 aerogel-coated copper foam (TCF3). The experiment was conducted under 

constant cathodic current (-0.001A) while the UV source was switched on and off periodically 

every 20 minutes. The potential variation over time is shown in Figure 23.  

When UV was applied to the electrode, the potential shifted to more positive value. This 

behavior indicated that the photogenerated charge carriers from the TiO2 coating contributed to 

the electrochemical reduction process. Under UV illumination, TiO2 absorbs photons and 

generates electron-hole pairs. The photogenerated electron can participate in the cathodic reaction, 

thereby reducing the external potential required to maintain the applied current.  

When UV was turned off, the electrode potential returned to more negative values. This 

reversible behavior confirms that the observed potential shift originates from the photoactivity of 

the TiO2 aerogel coating in the electrode.  

The repeated and consistent response during the UV on-off cycle demonstrates that TiO2 

aerogel coating provides stable photo-assisted electrochemical behavior. These results indicate that 

the TiO₂ coating can facilitate charge transfer under UV illumination, which supports its potential 

role in improving the electrochemical regeneration process in the EMAR system. 
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Figure 23: Chronopotentiometric response of the TiO₂ aerogel-coated copper foam 

electrode (TCF3) under intermittent UV illumination at a constant cathodic current 

4.4 Faradaic Efficiency (FE) and Regeneration Energy (RE) 

The performance of the EMAR process was evaluated by analyzing the RE and FE for 

different electrode configurations under both dark and UV conditions. Prior to electrochemical 

regeneration, the CO₂ capture behavior of the solution (1 M EDA, 1 M KNO₃, and 0.05 M Cu²⁺) 

was evaluated using inlet and outlet flow measurements. The CO₂ loading increased progressively 

and approached ~1 mol CO₂ per mol EDA within 2 h. The CO2 capture efficiency was initially 

high and decreased progressively. The absorption rate decreased from approximately 5.6 × 10⁻³ to 

below 5 × 10⁻⁴ mol min⁻¹ over 120 min. This behavior reflects rapid initial CO2 absorption and 

gradual decrease as the solvent becomes more loaded with CO2. Faradaic efficiency (FE) 
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represents the fraction of electrical charge that contributes to the CO2 release, while regeneration 

energy (RE) represents the amount of electrical energy required to regenerate the amine solvent 

per mole of CO2 captured. Together, these parameters provide a comprehensive assessment of the 

EMAR system's electrochemical efficiency and energy performance.  

4.4.1 FE and RE as a Function of Different Electrodes 

The Faradaic efficiency (FE) obtained for different electrode configurations under UV and 

dark conditions is presented in Figure 24. In general, UV exposure enhances FE for all electrodes 

relative to the corresponding dark conditions. Although the improvement is modest at an applied 

current density of 75 mA/cm2, all electrodes exhibit slightly higher FE under UV light. For 

example, the FE of the CP electrode increased from 11.7% in the dark to 12.5% under UV 

illumination, while CF increased from 19.6% to 20.2%. These improvements may originate from 

mild thermal effects associated with UV irradiation or enhanced bubble detachment at the 

electrode surface, both of which can promote electrochemical kinetics and local mass transport 

[86]. A clear effect of electrode structure is also observed. The CF exhibited higher FE compared 

to CP. These improvements can be attributed to the porous architecture of the copper foam, as CF 

has a greater electrochemically active surface area than CP.  

The performance of the TiO2 aerogel-coated copper foam (TCF) electrode strongly depends 

on the coating thickness. The TCF1 electrode showed a lower FE than the uncoated CF electrode, 

with a value of approximately 14.8% under UV illumination. These decreases suggest that the 

initial TiO2 coating partially covers the conductive copper surface and introduces additional 

resistance to electron transfer due to TiO2's relatively low electrical conductivity. At this stage, the 

TiO2 coating is still insufficient to significantly increase surface roughness or the number of 
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electrochemically active sites, so the resistive effects outweigh the potential surface-enhancement 

benefits.  

Increasing the surface layer to three dip layers (TCF3) resulted in the highest FE among all 

electrodes tested. The FE reached approximately 21.0% under UV illumination, representing the 

best photoelectrochemical performance of this study. This indicates that an optimal amount of 

TiO2 coating enhances the electrode surface by increasing surface roughness and active sites while 

maintaining effective electron-transport pathways through the conductive copper foam.  

Further increases in coating thickness led to a gradual decrease in FE performance. Thicker 

TiO2 layers increase the electrical pathways that the electron needs to pass through to reach the 

electrolyte. Because TiO2 layers are less conductive than copper foam, excessive thickness can 

increase the interfacial resistance and slow the Cu redox reactions responsible for the EMAR 

process. As a result, decreased FE values were observed for both TCF5 and16.1% TCF7. Under 

UV illumination, the FE for TCF5 was 16.1% and for TCF7 it was 15.38%. In the dark condition, 

the FE for TCF5 was 15.5% and the FE for TCF7 was 14.9%. This decline suggests that excessive 

coating thickness begins to hinder electron transfer and mass transport within the porous structure 

of the electrode.  
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Figure 24: Faradaic efficiency (FE) obtained for different electrode configurations (CP, 

CF, TCF1, TCF3, TCF5, and TCF7) under UV illumination and dark conditions at  75 mA/cm2 

current density during EMAR operation using an electrolyte containing 1 M EDA, 

0.05 M CuSO₄·5H₂O, and 1 M KNO₃ at 40 °C with an electrolyte flow rate of 65 mL min⁻¹. 

The Regeneration energy (RE) for the same set of electrodes is shown in Figure 25. The UV 

illumination consistently resulted in lower RE compared to dark conditions for all electrodes. For 

instance, RE of the CP electrode decreased from approximately 1005 kJ/mol CO2 in dark 

conditions to about 943 kJ/mol CO2 under UV illumination. Similar reduction was also observed 

for other electrodes too. CF decreased from 589 to 571 kJ/mol CO2, and TCF3 reduced from 575 

to 553 kJ/mol CO2. Since RE represents the electrical energy required for the solvent regeneration, 

these results indicate that UV illumination has a limited impact on regeneration energy at this 

current density. This is because at this current density, the electrochemical driving force dominates 
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the system behavior. For comparison, conventional thermal amine regeneration typically requires 

approximately 240 kJ/mol CO2, while optimized EMAR systems have demonstrated regeneration 

energies as low as 50 kJ/mol CO2. The comparatively higher RE values observed in this study are 

attributed to system-level limitations, including cell configuration, ohmic resistance, electrode 

spacing, and mass transport constraints inherent to the present setup. 

Consistent with the FE results, the TCF3 electrode demonstrated the lowest RE 

(553 kJ/mol CO2) among all electrodes under UV conditions, while the regeneration energy of 

TCF1 was higher than that of CF, and an increasing trend was observed for both TCF5 and TCF7. 

The higher RE value of TCF1 suggests that the initial TiO2 coating introduces some resistance 

before the coating thickness reaches an optimal level. As the coating thickness increases further, 

the RE increases too. These trends reinforce the conclusion that excessive coating thickness 

negatively affects electron transport and increases the electrical energy required for the 

electrochemical regeneration.  

Overall, the results indicate that the TCF3 electrode provides the most favorable balance 

between the surface enhancement and electrical conductivity, resulting in the highest FE and 

lowest RE. It should also be noted that the difference between the UV and dark conditions are 

relatively small at the applied current density of 75mA/cm2. Under such conditions, the 

electrochemical driving force dominates the system's behavior, limiting the contribution of photo 

effects [87]. However, the consistent small improvement under UV suggests that light-induced 

effects are present. The influence of current density on these UV-assisted effects is examined in 

greater detail in the following section.  
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Figure 25: Regeneration energy (RE) required for different electrode configurations (CP, 

CF, TCF1, TCF3, TCF5, and TCF7) under UV illumination and dark conditions during EMAR 

operation using an electrolyte containing 1 M EDA, 0.05 M CuSO₄·5H₂O, and 1 M KNO₃ at 40 °C 

with an electrolyte flow rate of 65 mL min⁻¹. 

4.4.2 FE and RE as a Function of Current Density 

The influence of current density on the FE for CP, CF, and TCF3 under both dark and UV 

illuminated conditions is presented in Figure 26. In general, FE increases as the current density 

decreases from 75 mA/cm2 to 25 mA/cm2 for all electrodes tested. This trend indicates that the 

lower current density allows for more efficient electron utilization compared to higher current 

density.  

For the CP electrode, the FE increased from approximately 11.0% at 75 mA/cm² to 22.6% 

at 25 mA/cm² under dark conditions. The FE increased from 12.5% at 75 mA/cm² to 23.1% at 
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25 mA/cm² when UV illumination was applied. A similar trend was observed for the CF electrode, 

where FE increased from 19.6% to 29.5% under dark conditions and from 20.2% to 30.0% under 

UV illumination as the current density decreased from 75 to 25 mA cm/². These trends indicate 

that reducing current density significantly improves Faradaic charge utilization in the EMAR 

system.  

Among all the tested electrodes, TCF3 showed the best FE under all conditions. Under dark 

conditions, the FE increased from approximately 20.5% at 75 mA/cm² to 32.8% at 25 mA/cm². 

When UV illumination was applied, the FE further increased from 21.0% to 35.7% over the same 

current-density range. The superior performance of TCF3 indicates that optimized TiO2 coating 

enhances the electrochemical surface while maintaining efficient electron transport through copper 

foam structure.  

A comparison between UV and dark conditions reveals different behavior in CP and TCF3. 

As the current density decreases, the FE difference between the UV and dark conditions of CP also 

decreases, whereas an opposite effect is observed for TCF3. In the case of CP, due to the absence 

of TiO2, UV illumination doesn’t generate any photoelectrons. Thus, the improvement in UV 

conditions compared to the dark conditions arises primarily from local heating or improved bubble 

detachment. However, at lower current density, the electrochemical reactions already proceed 

more efficiently, and these minor effects of UV become less significant. In contrast, the presence 

of TiO2 in TCF3 generates photoelectrons under UV illumination. These additional charges are 

involved in the Cu redox reactions of EMAR chemistry. At higher current density, the reaction is 

dominated by the externally supplied electrons from the power source. Thus, the relative 

contribution of the photogenerated carrier is small. However, at lower current density, the relative 
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contribution of these photo-assisted processes becomes more noticeable, resulting in a higher FE 

under UV illumination.  

 

Figure 26: Faradaic efficiency (FE) as a function of current density for CP, CF, and TCF3 

electrodes under UV illumination and dark conditions during EMAR operation using an 

electrolyte containing 1 M EDA, 0.05 M CuSO₄·5H₂O, and 1 M KNO₃ at 40 °C with an 

electrolyte flow rate of 65mL/min 

The corresponding regeneration energy (RE) as a function of current density is presented in 

Figure 27. In contrast to the FE trends, RE decreases as the current density decreases. For the CP 

electrode, the regeneration energy decreased from approximately 1069 kJ/mol CO2 at 75 mA/cm² 

to about 320 kJ/mol CO₂ at 25 mA/cm² under dark conditions. Under UV illumination, the RE 

decreased from approximately 858 kJ/mol CO₂ to about 296 kJ/mol CO₂ over the same current 

density range. 
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Similar trend was also observed for the CF electrode, where the regeneration energy 

decreased from approximately 589 kJ/mol CO2 at 75 mA/cm² to 261 kJ/mol CO₂ at 25 mA/cm² 

under dark conditions. When UV illumination was applied, the RE decreased further, from about 

572 kJ/mol CO₂ to 244 kJ/mol CO₂, as the current density decreased from 75 to 25 mA/cm².  

The TCF3 electrode again showed the most favorable energy performance among the tested 

electrodes. Under dark conditions, the regeneration energy decreased from approximately 

575 kJ/mol CO₂ at 75 mA/cm² to about 200 kJ/mol CO₂ at 25 mA/cm². Under UV illumination, 

the regeneration energy decreased even further from approximately 553 kJ mol CO₂ to about 

140 kJ/mol CO₂ over the same current density range. This substantial reduction reflects the 

improved electrochemical efficiency achieved with the optimized TiO2-coated electrode.  

Consistent with FE trends, the effect of UV illumination becomes more pronounced as the 

current density decreases. While the difference between the dark and UV conditions is relatively 

small at 75 mA/cm2, the gap widens at lower current densities. This observation further supports 

the conclusion that photo-assisted effects contribute more significantly when the electrochemical 

driving force is reduced.  

Overall, these results demonstrate that both electrode structures and operating current 

density strongly influence EMAR performance. Lower current densities improve Faradaic 

efficiency while simultaneously reducing the energy required for regeneration, and the optimized 

TiO₂-coated electrode (TCF3) consistently delivers the best electrochemical performance under 

both UV and dark conditions. 
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Figure 27: Regeneration Energy (RE) as a function of current density for CP, CF, and 

TCF3 electrodes under UV illumination and dark conditions during EMAR operation using an 

electrolyte containing 1 M EDA, 0.05 M CuSO₄·5H₂O, and 1 M KNO₃ at 40 °C with an 

electrolyte flow rate of 65 mL/min 

4.4.3 FE and RE as a Function of Copper Ion Concentration 

The influence of copper ion concentration on the Faradaic Efficiency (FE) under both dark 

and illuminated conditions is presented in Figure 28. At the lowest copper concentration (0.05M), 

FE reached approximately 32.8% under dark conditions and increased to 35.7% under UV 

conditions. As the copper ion concentration increased, the FE values under the dark and UV 

conditions became progressively closer. At 0.10 M Cu2+, the FE reached 33.2% under dark 

conditions and 34.5% under UV illumination, while at 0.15 M Cu2+, the FE values were 33.5% 

and 34.3% for dark and UV conditions, respectively. This indicates that UV illumination provides 
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a more noticeable improvement at lower copper concentrations, whereas the difference between 

UV and dark conditions becomes smaller at intermediate concentrations. 

To further investigate the influence of copper concentrations on photo-assisted behavior, 

UV-vis spectroscopy was performed on electrolytes with varying Cu2+ concentrations (Figure 30). 

The absorbance increased with increased copper concentration. The electrolyte containing 

0.05 M Cu2+ exhibited the lowest absorbance, whereas higher-concentration solutions showed 

increased absorbance without significant peak shifts. This trend confirms that increasing Cu2+ 

concentration enhances optical attenuation within the solution. The increased optical absorbance 

suggests reduced overall light penetration through the electrolyte, which can limit the effective 

photon flux reaching the TiO2-coated electrode surface and thereby reduce the enhancement of the 

photo-assisted charge transfer.  

At higher copper concentrations, several factors may reduce the effectiveness of the photo-

assisted process. Elevated Cu²⁺ concentrations may introduce mass-transfer limitations or promote 

parasitic side reactions in the electrolyte. In addition, higher copper loadings may lead to increased 

electrolyte viscosity or excessive copper deposition on the electrode surface, which can reduce the 

effective electrochemical surface area and hinder efficient electron transfer. This observation is 

consistent with the reduced improvement in Faradaic efficiency under UV illumination at higher 

concentrations. 

In the present setup, the distance between the quartz window and the electrode surface was 

approximately 2.2 cm, which may further reduce the effective light intensity reaching the electrode 

under highly concentrated solutions. As a result, when the copper concentration was further 

increased to 0.20 M, the FE decreased to approximately 27.1% under dark conditions and 28.3% 
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under UV illumination, indicating that excessive copper loading negatively affects the overall 

electrochemical efficiency of the EMAR system. 

 

Figure 28: Faradaic efficiency (FE) as a function of Cu²⁺ concentration under dark and 

UV-illuminated conditions in the EMAR system. 

The corresponding regeneration energy (RE) as a function of copper concentration under 

both dark and UV illuminated conditions is presented in Figure 29. At the lowest copper 

concentration (0.05 M), the RE reached approximately 200 kJ mol⁻¹ CO₂ under dark conditions 

and decreased to about 140 kJ mol⁻¹ CO₂ under UV illumination. As the Cu concentration 

increased, the RE values under dark and UV conditions became progressively closer. At 0.10 M 

Cu, the RE decreased to 186 kJ mol⁻¹ CO₂ under dark conditions and 169 kJ mol⁻¹ CO₂ under UV 

illumination, while at 0.15 M Cu, the values were 173 kJ mol⁻¹ CO₂ and 170 kJ mol⁻¹ CO₂, 



Page | 73  

 

respectively. This trend indicates that UV illumination provides the largest energy benefit at lower 

copper concentrations, whereas the difference between UV and dark conditions becomes smaller 

at intermediate concentrations. 

Overall, both Figures 28 and 29 show that optimal RE and FE can be obtained at copper 

concentrations around 0.15 M under dark conditions. However, in the presence of UV, a better 

optimum point can be obtained even at lower concentrations.  

 

Figure 29: Regeneration energy (RE) as a function of Cu²⁺ concentration under dark and 

UV-illuminated conditions in the EMAR system. 
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Figure 30: UV–Vis absorbance spectra of electrolytes with varying Cu²⁺ concentrations 

(0.05–0.20 M) at constant amine concentration (1 M EDA), showing increased optical 

attenuation with increasing copper concentration. 

4.4.4 FE and RE as a Function of Amine Concentration Variant 

The Influence of amine concentration on Faradaic efficiency (FE) under both dark and UV 

illuminated conditions is presented in Figure 30. Amine concentration plays a critical role in 

EMAR performance as it determines the availability of the reactive sites for CO2 capture and 

influences the transport properties of the electrolyte.  

At the lowest concentration of 0.25 M EDA, the FE was 19.37% under UV illumination and 

18.35% in the dark, indicating relatively poor charge utilization. As the amine concentration 

increased to 0.5 M, the FE increased significantly to 27.63% (UV On) and 26.37% (UV Off). A 

further increase to 0.75 M resulted in the highest FE values, reaching 37.06% under UV 
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illumination and 35.37% in the dark. However, when the amine concentration increased further to 

1.0 M, the FE decreased slightly to 35.72% (UV On) and 32.75% (UV Off). The difference 

between 0.75 M and 1.0 M is relatively small, indicating that the system remains near its optimum 

performance within this concentration range, although excessively high amine concentrations may 

begin to introduce transport limitations within the electrolyte. 

 

Figure 31: Faradaic efficiency (FE) as a function of ethylenediamine (EDA) concentration 

under dark and UV-illuminated conditions. 

The corresponding regeneration energy as a function of amine concentration is presented in 

Figure 31. At 0.25 M, the RE was the highest, reaching 313.82 kJ mol⁻¹ CO₂ under UV illumination 

and 368.05 kJ/mol CO₂ under dark conditions, indicating inefficient regeneration when the amine 

concentration is insufficient. Increasing the concentration to 0.5 M reduced the regeneration 
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energy substantially to 209.54 kJ/mol CO₂ (UV On) and 259.73 kJ/mol CO₂ (UV Off). The lowest 

regeneration energy occurred at 0.75 M, where the RE decreased to 137.98 kJ/mol CO₂ under UV 

illumination and 169.13 kJ/mol CO₂ under dark conditions. Similar to the FE trend, increasing the 

amine concentration further to 1.0 M resulted in a slight increase in regeneration energy to 

140.45 kJ/mol CO₂ (UV On) and 200.31 kJ/mol CO₂ (UV Off). The change in RE between 0.75 M 

and 1.0 M is relatively small for the UV-illuminated case, further confirming that 0.75–1.0 M lies 

near the optimal operating region for the present EMAR system. 

 

Figure 32: Regeneration energy (RE) as a function of ethylenediamine (EDA) concentration 

under dark and UV-illuminated conditions 

Overall, the results indicate that 0.75M EDA provides the optimal concentration of the 

EMAR system under the present experimental conditions. At lower concentrations, the system is 
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limited by insufficient amine availability, which reduces carbon capture efficiency and increases 

electrical energy consumption. In contrast, high amine concentrations increase electrolyte 

viscosity and hinder the diffusion of CO2 and copper complexes within the electrolyte. 

Additionally, UV illumination consistently improves the FE and RE across the entire concentration 

range. The photo-generated charge carriers produced by the TiO₂ aerogel coating enhance the 

electrochemical reduction of copper species and stabilize the electrochemical environment, 

enabling more efficient EMAR operation. 

4.4.5 FE and RE as a Function of Flow Variant 

The influence of electrolyte flow rate on the Faradaic efficiency (FE) under both dark and 

UV illuminated conditions is presented in Figure 32. At the lowest flow rate of 25 mL/min, the FE 

reached its highest value of 45.50% under UV illumination and 42.65% under dark conditions. As 

the flow rate increased to 45 mL/min, the FE decreased slightly to 43.51% (UV On) and 40.16% 

(UV Off). When the flow rate was further increased to 65 mL/min, the FE decreased more 

noticeably to 35.72% under UV illumination and 32.75% under dark conditions. At the highest 

tested flow rate of 85 mL/min, the FE decreased further to 33.72% (UV On) and 29.09% (UV Off). 

The continuous decrease in FE with increasing flow rates indicates that the EMAR system 

is highly sensitive to electrolyte flow. At lower flow rates, the copper-amine complexes remain in 

contact with the electrode for a longer time. This allows sufficient time for the electrochemical 

reactions responsible for CO2 release to occur. As the flow rate increases, the electrolyte moves 

more rapidly, reducing the contact time of the electrolyte with the electrodes. As a result, the 

electrochemical regeneration reaction becomes incomplete, leading to a lower FE. Despite this 

reduction in FE, UV illumination consistently provides slightly higher efficiencies compared to 
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dark conditions across all flow rates. This indicates that the photo generated charge carriers from 

the TiO2
 coating helps sustain the electrochemical reaction.  

 

Figure 33: Faradaic efficiency (FE) as a function of electrolyte flow rate under dark and UV-

illuminated conditions 

The corresponding regeneration energy (RE) as a function of flow rate is presented in Figure 

33. At 25 mL/min, the regeneration energy was 139.96 kJ/mol CO₂ under UV illumination and 

149.33 kJ/mol CO₂ under dark conditions. Increasing the flow rate to 45 mL min⁻¹ reduced the 

regeneration energy further to 119.74 kJ/mol CO₂ (UV On) and 144.17 kJ/mol CO₂ (UV Off), 

representing the lowest energy requirement for the present system. 

When the flow rate increased to 65 mL/min, the regeneration energy increased to 

140.45 kJ mol⁻¹ CO₂ under UV illumination and 200.31 kJ/mol CO₂ under dark conditions. A 
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further increase to 85 mL/min resulted in regeneration energies of 157.38 kJ/mol CO₂ (UV On) 

and 202.31 kJ/mol CO₂ (UV Off). This increase suggests that excessively high flow rates reduce 

the effective residence time of copper complexes near the electrode surface, limiting the 

completion of the electrochemical regeneration reaction and increasing the overall energy 

requirement. 

Overall, the results indicate that 45 mL/min represents the optimal flow rate for the present 

EMAR system. At lower flow rates, the system experiences concentration polarization due to 

insufficient electrolyte movement near the electrode surface, whereas at high flow rates, it reduces 

the residence time of reactive species and decreases the FE. The flow rate of 45ml/min, therefore, 

provides the best balance between adequate mass transport and sufficient reaction time for efficient 

electrochemical regeneration.  

 

Figure 34: Regeneration energy (RE) as a function of electrolyte flow rate under dark and UV-

illuminated conditions 
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Chapter 5 Conclusions 

5.1 Summary of the Key Findings 

This thesis investigated the application of TiO2 aerogel-coated copper foam electrode in the 

Electrochemically Mediated Amine Regeneration (EMAR) process under UV illumination. By 

integrating photocatalytic TiO2 aerogel with a three-dimensional copper foam structure, the system 

combines high surface area with photo-generated charge carriers that can assist the Cu redox 

reactions responsible for CO2 release.  

Structural characterization confirmed the successful fabrication of a TiO2 aerogel-coated 

electrode. SEM images showed that the TiO2 aerogel formed a nanostructured layer on the copper 

ligaments. This allowed the copper foam to retain its interconnected porous structure after coating. 

XPS analysis verified the presence of titanium and oxygen across the copper framework, 

confirming the successful deposition of photocatalytic material. In addition, XRD and Raman 

analysis identified the anatase phase of TiO2, which is known for its strong photocatalytic activity 

and is responsible for generating photo-induced charge carriers under UV illumination.  

Electrochemical comparison between different electrodes demonstrated the advantage of the 

TiO2-coated copper foam structure. Bare copper plate (CP), copper foam (CF), and three times 

TiO2-coated copper foam were evaluated. The results showed that copper foam electrodes 

significantly outperform copper plates due to their higher surface area and improved mass transport. 

When the TiO2 aerogel coating was introduced on the copper foam (TCF3), additional 

improvements were observed due to photo assisted charge transfer under UV illumination.   

At a current density of 75 mA/cm2, the FE increased to 12.4% for CP, 20.2% for CF, and 

21.0% for TCF3 under UV illumination. A similar trend was observed for a lower current density, 
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where FE increased for all electrodes as the current density decreased. At 25 mA/cm2, the FE 

reached 23.1% for CP, 30.0% for CF, and 35.7% for TCF3 under UV illumination. These results 

confirm that the TiO2-coated copper foam electrode improves charge utilization during the EMAR 

process.  

The RE followed the opposite trend. At 75 mA/cm2, the RE was approximately 858 kJ/mol 

CO2 for CP, 572 kJ/mol CO2 for CF, and about 553 kJ/mol CO2 for TCF3 under UV illumination. 

As the current density decreased to 25 mA/cm2, the RE decreased significantly to approximately 

296 kJ/mol CO2 for CP, 244 kJ/mol CO2 for CF, and about 140 kJ/mol CO2 for TCF3. These 

results demonstrate that the optimized TiO2 coating significantly reduces the energy required for 

regeneration.  

In addition, the applied current density significantly influences the effect of UV illumination. 

At higher current density, the difference between the UV and dark conditions was relatively small. 

This indicates the reaction was dominated by externally applied electrons from the power source. 

Under these conditions, the contribution of photogenerated charge carriers from the TiO2 coating 

was comparatively minor.  Therefore, the UV and non-UV results were almost similar. However, 

as the current density decreased, the effect of UV illumination became much more observable. At 

lower current densities, the electrochemical reaction rate is lower, and the contribution of 

photogenerated carriers becomes more significant. This leads to higher FE and lower RE under 

UV illumination.  

Parametric studies were conducted to identify the optimal operating conditions for the 

system. For the variation in copper concentration, the FE increased from 32.8% at 0.05 M Cu to 

approximately 33.5% at 0.15 M Cu under dark conditions, whereas the maximum FE of 35.7% 

was obtained at 0.05 M Cu under UV illumination. The regeneration energy decreased from about 
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200 kJ/mol CO2 at 0.05 M Cu to approximately 173 kJ/mol CO2 at 0.15 M Cu under dark 

conditions. These results indicate that the optimal copper concentration in the absence of UV 

illumination is around 0.15 M, whereas UV illumination enables comparable or improved 

performance even at lower copper concentrations. 

The influence of amine concentration was also investigated using ethylenediamine (EDA). 

Both FE and RE improved significantly as the amine concentration increased from 0.25 M to 

0.75 M. The maximum FE values of approximately 37.06% (UV On) and 35.37% (UV Off) were 

obtained at 0.75 M EDA, while the regeneration energy reached its minimum value of 

approximately 137.98 kJ/mol CO2 under UV illumination. Increasing the amine concentration 

further to 1.0 M resulted in only a slight decrease in FE and a small increase in RE, indicating that 

the optimal amine concentration for the present system is approximately 0.75 M. 

The effect of electrolyte flow rate was examined between 25 and 85 mL/min. The highest 

FE was observed at the lowest flow rate of 25 mL/min, reaching approximately 45.50% under UV 

illumination. However, the regeneration energy reached its minimum value at an intermediate flow 

rate of 45 mL/min, indicating a balance between mass transport and residence time effects. 

Increasing the flow rate beyond this point led to a gradual decrease in FE and an increase in 

regeneration energy, indicating that the EMAR process is strongly influenced by electrolyte 

residence time. 

Overall, the results demonstrate that combining TiO2 aerogel-coated electrodes with UV 

illumination can enhance the electrochemical performance of EMAR systems. The optimized 

operating window identified in this study corresponds to the use of the TCF3 electrode, an 

approximately 0.15 M copper concentration (or lower under UV assistance), a 0.75 M EDA 

concentration, and an electrolyte flow rate of approximately 45 mL/min. Compared with industry-
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relevant benchmarks, conventional thermal amine regeneration typically requires 240 kJ/mol CO2, 

whereas optimized EMAR systems have reported regeneration energy as low as 50 kJ/mol CO2. 

The higher regeneration energy observed in this study reflects system-level limitations, including 

cell configuration, ohmic resistance, and mass transport constraints. Nevertheless, the relative 

improvement achieved with TiO2-coated electrodes under UV illumination highlights the 

effectiveness of the proposed strategy in enhancing charge transfer and Cu redox kinetics within 

the framework. 

5.2 Contributions of this Work 

This study provides several important contributions to the development of a photo-assisted 

EMAR system for CO2 capture. First, the work demonstrates the successful integration of TiO2 

aerogel powder onto the copper foam substrate through dip-coating. Also, providing an active 

electrode surface that is photocatalytic, suitable for electrochemical amine regeneration.  

Second, the electrochemical and structural characterization conducted in this study provides 

insight into the morphology, surface chemistry, and electrochemical behavior of TiO2 aerogel-

coated electrodes. Techniques including SEM, TEM, BET surface area analysis, Raman 

spectroscopy, XRD, and XPS confirmed the structural integrity and anatase phase of the TiO2 

aerogel materials used in the system. 

Third, this work systematically evaluates the effect of UV illumination on the 

electrochemical regeneration process. The results demonstrate that UV irradiation can improve 

Faradaic efficiency and reduce the energy required for regeneration under certain operating 

conditions. 
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Finally, the parametric studies conducted in this work establish an operational framework 

for the EMAR system. The study identifies optimal operating ranges for copper concentration, 

amine concentration, and electrolyte flow rate, which are essential for improving system efficiency 

and guiding future reactor design. 

5.3 Limitations of the Study 

Despite the promising results obtained in this work, several limitations were identified 

during the experimental investigation. One limitation of the system was the instability of gas flow 

when large amounts of CO2 were produced during electrochemical regeneration. This occasionally 

led to fluctuations in the measured gas flow rates and could introduce uncertainty into the 

calculated Faradaic efficiency. 

Another limitation involved the durability of some system components. The electrolyte 

caused gradual damage to the quartz window used for UV illumination, necessitating a protective 

layer during experiments. Additionally, the copper foam anode experienced noticeable degradation 

over extended operation compared to carbon plate electrodes. 

The system also required a relatively long stabilization period before reliable data could be 

collected. This extended startup time increased the duration of experiments and limited the number 

of repeated tests that could be performed within the available timeframe. 

5.4 Recommendations for Future Work 

Future studies should focus on improving reactor design and experimental stability to further 

enhance the performance of UV‑assisted EMAR systems. One potential improvement is to 

optimize the optical path between the UV source and the electrode surface. In the present system, 

the distance between the quartz window and the electrode was approximately 2.2 cm, which may 
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reduce the effective light intensity reaching the TiO2 coating. Reducing this distance or redesigning 

the illumination geometry could improve photo‑assisted effects. 

Further research is also required to evaluate the long‑term durability of TiO2 aerogel coatings 

under continuous electrochemical operation. Investigating coating adhesion, mechanical stability, 

and potential degradation mechanisms would be important for practical applications. 

Additional studies could explore the use of alternative photocatalytic materials or modified 

TiO2 structures to enhance light absorption and charge separation. Finally, scaling studies and 

reactor design optimization would be necessary to evaluate the feasibility of implementing 

photo‑assisted EMAR systems for industrial CO2 capture applications. 
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