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Abstract
	Redox flow batteries (RFBs) are a promising technology for large-scale energy storage. In contrast to conventional vanadium-based systems, organic redox flow batteries (ORFBs), offer advantages such as lower material costs, wider electrochemical windows, and higher energy densities, making them strong candidates for commercialization. However, their performance is limited by sluggish ion and mass transport within the cell, particularly with organic reactants.
	This study introduces directionally porous graphene aerogels (DGAs) as electrode materials to address the mass transport challenges in organic electrochemical systems. DGAs are hypothesized to enhance mass and charge transport through highly aligned pore structures while maintaining graphene’s high surface area and electrical conductivity. The DGAs were synthesized via a two-step process involving the chemothermal reduction of graphene oxide (GO) using ascorbic acid (AA) and directional freeze-casting of graphene hydrogels (GH).
	Microstructural analysis revealed that the synthesis parameters such as freezing temperature, GO concentration, and container aspect ratio strongly influence the pore architecture. Optimal conditions for DGA fabrication were found to be a freezing temperature of -70°C, a GO concentration of 4 mg/ml or below, and an aspect ratio under unity. Electrical conductivity of the DGA was maximized (~5 S/m) with a GO ratio of 1:4 and a 24 hrs. second reduction process.
	Additionally, copper-functionalized DGAs (Cu-DGA) were synthesized without significantly altering the base method. Factors such as pH, copper precursor concentration, and reduction duration were shown to affect the particle size and distribution. Neutral pH promoted smaller, uniformly distributed copper particles, while higher precursor concentrations led to agglomeration. Despite a 30% decrease in electrical conductivity due to charge scattering and partial recovery of sp² domains, Cu-DGA exhibited enhanced electrochemical performance in Na2Sx-based flow cells with organic electrolyte.
	This research advances the design of graphene aerogels and their nanocomposites as electrode materials for electrochemical systems and offers potential improvements in areas such as catalysis, energy storage, and separation technologies.
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[bookmark: _Toc182395511]Background
	The continuous rise in global electricity consumption, coupled with the urgent need to reduce reliance on finite fossil fuels that contribute to greenhouse gas emissions has significantly accelerated the adoption of renewable energy sources over the past decade. According to the International Renewable Energy Agency [1], globally installed wind power capacity increased from 261 GW in 2012 to 897 GW in 2022. For solar photovoltaic, the growth was even higher, 99.4 GW in 2012 to about 1053 GW in 2022. It is imminent that in the coming years the share of renewable sources in electricity generation will even further increase. 
	However, the inherent intermittency in the power output of renewables poses a challenge to their seamless integration into the current electric grid [2]. This variable generation causes grid instabilities [3, 4], uncertainties in the demand/supply side, and in the net load to be met by conventional generators [5]. Although advancements are underway for addressing grid instability issues with renewables [6], still, unexpected high power penetrations could compromise conventional grid stability. This has led to concerns about the efficient utilization of these sources and related grid stability.
	Large-scale electrical energy storage (EES) technologies must be utilized to mitigate the highly probable mismatch in power generation from renewables and constantly varying demand [7-9]. Additionally, electrical storage grants more control over power which enhances operational flexibility and reduces the risks of grid instabilities [10]. 
	Grid-scale EES technologies are rapidly developing in various technological forms (mechanical, electrical, electrochemical, etc.), yet none of the storage technology is deemed superior to others as its implementation depends on diverse technical factors e.g., application type, integration and operation, performance characteristics, storage duration, response time, capital costs, technical maturity, safety etc. Several publications provide a comprehensive analysis of different energy storage technologies [11-13].
	Electrochemical energy storage or batteries possesses a variety of desirable features such as standalone modular design (battery arrangement), fast response, no geographical constraints, high round-trip efficiency and low maintenance, making them an excellent choice for the integration of renewables. The underlying operating principle for electrochemical devices involves three major process steps, namely, separation (or ionization) of charge, transport of charged species, and recombining of charge. 
	Lithium-ion (Li-ion) batteries have been the dominating electrochemical storage/conversion technology owing to their high efficiency and energy density [14]. However, they are not well suited for long duration energy storage ( > 4 hrs.). Also, the sustainable supply of raw materials (Lithium, Cobalt, Nickel etc.) pose a challenge for long term adaptability of Li-ion batteries for high capacity storage [15]. Such limitations have driven the need for the development of side-by-side technologies in electrochemical mode of energy storage, of particular interest are Redox Flow Batteries (RFBs) which are considered as most appropriate electrochemical technology to meet long duration energy storage requirements [16]. RFBs have unique benefits over encapsulated or closed battery types, most importantly their decoupled energy and power capacities [17]. Such features of RFBs make them highly scalable, particularly for long duration energy storage. Figure 1.1 presents the discharge times at rated power for various storage technologies. 


	RFBs are rechargeable electrochemical devices able to store or generate energy by the virtue of reversible redox electroactive species dissolved in some suitable electrolyte. Typical arrangement involves two tanks having electrolyte solutions (negative and positive electrolyte) with their respective electroactive species. The solutions are pumped into the electrochemical reactor compartments separated by the membrane. This membrane prevents the crossover of electrochemical species which is essential to keep the species chemically active and preventing  their contamination by chemical reactions. In the discharge mode, the spontaneous redox reactions produce electricity which can be used to power the external load. During charging electricity is supplied to drive the non-spontaneous reactions in the reverse direction, restoring the chemical energy in the species. The schematic of the RFB and an exploded view of its components assembly is represented in Figure 1.2. [bookmark: _Toc182414586]Figure 1.1. Power ratings and discharge times (i.e., energy ratings) of various technologies [18].

	Despite the development of aqueous RFBs over the years, their large scale implementation for utility energy storage has still not been fully realized, mainly because of low energy densities [20]. For instance, VRFBs representing the ideal choice in aqueous RFBs class have been demonstrated in several projects [21] but its low energy density (<25Wh/L) is the main hindrance in its widespread commercialization [22]. Moreover, vanadium is expensive and have 
shown high price volatility in recent times [23]. Consequently, the cost of energy storage ‘becomes even higher, first, due to the amount of materials needed (low energy density problem) to fulfill power/duration needs and secondly, the cost incurred from the market price of vanadium. 
Organic Redox Flow Batteries (ORFBs) utilize organic materials as electrolytes and/or charge carriers; they include organic charge carriers in aqueous electrolytes [24] or inorganic charge carriers in organic electrolytes [25] or can be in total organic combination [26, 27]. As opposed to transition metals, organic molecules can be conveniently synthesized sustainably. Additionally, they allow for the realization of new redox couples whose electrochemical and physical properties can be tailored [28].
Although organic active materials possess favorable electrochemical characteristics (wider voltage windows, high energy densities, solubility) for energy storage, they are frequently limited by poor ionic conductivity and mass transport [29]. To overcome this issue, a supporting electrolyte is usually added as ionic charge carriers [30] to the main organic solvent but the 
transport is still low and leads to large overpotentials during operation. Since overpotentials represent a loss of efficiency and performance, solutions to ORFBs must capitalize on minimizing the most significant overpotentials.
(a)
(b)
[bookmark: _Toc182414587]Figure 1.2. (a) A schematic of the RFB operation utilizing vanadium materials [18]. (b) An illustration of the mechanical assembly of various components in RFB [19].







The efficiency of any electrochemical system is affected by side reactions, electrolyte conductivity, membrane resistivity, electrodes and cell design. Therefore, systematic material and system optimization is needed to boost efficiency. Due to their relative novelty, materials for organic systems are poorly characterized, especially for all-ORFBs. A dominant contributor to electrochemical kinetics, mass transport and even ionic transport lies in the electrodes. This is true for any RFB, but electrode effects are more pronounced in ORFBs. 
[bookmark: _Toc182395512]Crucial Battery Component  The Electrode
The electrodes are vital components of any electrochemical device and so in RFBs. Electrodes provide electrochemically active surface sites so the redox reactions of the ionic species can be executed. These electrochemical reactions are responsible for energy generation. Electrode variables including material, surface area, surface condition and geometry significantly impact the redox-species reaction kinetics and the extent to which various types of polarizations may arise (activation, ohmic and concentration) [31]. A discussion of the various types of polarization in RFBs is provided in the appendix. 
[bookmark: _Toc182395513]Electrode Design Challenges for RFBs
Reducing polarizations is key to improving battery power output and energy efficiency. For RFBS, the successful electrode design involves tackling the challenges posed by limited surface areas, suboptimal electrical conductivity and low ionic conductivity associated with the chosen electrode materials and their microstructural characteristics (schematized in Fig. 1.3). While addressing all these factors is important, the significance of each is contingent on the redox couple, the composition of the electrolyte and operating conditions.
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Description automatically generated]Figure 1.3. Challenges in the effective electrode design for electrochemical devices.








[bookmark: _Toc182395514]Low Ionic Conductivity 
The first general challenge faced in RFBs is the low ionic conductivity of electrolytes in the electrode materials. This is more serious in organic electrolyte systems as highly viscous flows are encountered in the electrodes and thus the limited mobility of ions. This significantly undermines the effective utilization of the available energy densities, the charge and discharge processes, and the overall efficiencies. That is why this concern is duly acknowledged as one of the principal issues requiring attention
[bookmark: _Toc182395515]Low Electrical Conductivity 
Rapid electron transport at the electrolyte-electrode interface as well as within the electrode bulk is the key to superior electrochemical performance. In instances where electrodes exhibit low conductivity, a considerable fraction of the electrical energy is dissipated as heat due to the internal resistances. This results in reduced energy conversion efficiency and a greater proportion of energy is wasted as heat. High conductivity serves to mitigate these losses, thereby fostering improvements in both efficiency and rate performance.
[bookmark: _Toc182395516]Low Surface Areas
Battery electrodes face problems of a low specific surface areas, constraining the accessibility of reactants to electrode surfaces for redox reactions. In contrast, a high surface area provides more contact points between the electrode and the electrolyte. This increased electrode-electrolyte interface allows for more active material to participate in electrochemical reactions, leading to higher capacity and faster charge/discharge rates.
[bookmark: _Toc182395517]Electrode Development for RFBs
Previously, the design of electrodes have been largely carried out for facile kinetics and have witnessed significant success. This was motivated by VRFBs which tend to be mainly limited by slower electrochemical kinetics ( e-g., k° ~ 10-4 cm/s) [32]. Surface modifications of carbon materials with methods like thermal treatment [33, 34], acidic treatment [35, 36], plasma treatment [37, 38] and deposition of electrocatalysts [39, 40] are now well proven strategies to minimize RFBs kinetic overpotentials.
Although less studied in the past, ion/mass transport in RFBs is gaining an increased consideration as performance limiting factor. Poor mass transport causes concentration overpotentials in RFBs due to insufficient electrolyte accessibility to electrode surfaces. Like surface chemistry in the case of electrochemical kinetics, electrode physical microstructure plays an important role in effective mass transport [41]. RFBs performance in relation to electrode microstructure have been evaluated by several researchers. Qiu et al. [42] numerically investigated carbon felt with different levels of porosity and predicted that electrode with low porosity resulted in higher voltage, uniform current density and increased pressure drop in VRFBs. Kok et al. [43] applied a multiphysics model to Hydrogen-Bromine RFB cathode and found that the maximum power is significantly impacted by fiber diameter and porosity. They concluded that optimal combination of fiber diameter and porosity exists based on system electrochemical characteristics, for example, for systems with sluggish kinetics, lower size fibers are desirable at a given porosity to achieve higher powers. Further, modified carbon based electrodes via KOH treatment were used by Zhou et.al [44, 45] which enhanced VRFB performance and was ascribed to larger pore, low tortuous morphology having better mass/ion transport and surface area properties. Similarly, Ceunca et al. [46] tested different carbon based electrodes in non-aqueous RFB and noted that carbon cloth electrode offered lowest mass transport and hydraulic resistance due to its hierarchical and periodic arrangement of large and small pores. Similar results for electrode microstructure effects on RFB performance were also confirmed by Zhang et al. [47].
[bookmark: _Toc182395518]The Graphene Aerogels
Graphene is a two-dimensional one atom thick sp2 bonded carbon atoms arranged in a hexagonal lattice structure [48]. Graphene has unique physical and chemical properties and is considered as a promising material for high performance electrode fabrication. It offers an exceptionally high theoretical surface area of 2630 m2/gm [49], a parameter of high importance in electrode operation. Further its high electrical (about 64 mS/cm) [50] and thermal conductivity [51] makes it a material of choice for energy storage devices. The discovery of graphene was first reported around two decades ago [52]. Since then, the scientific community has come up with results revealing its extraordinary potential in a variety of fields (electronics, health, aerospace and others). It has been implemented in 2D planar devices like transistors, touchscreens and solar cells. However, the inherent single atomic layer structure of graphene create challenges in its implementation. Synthesizing large-scale 3D graphene-based structures can help in solving these issues.
Graphene aerogels (GAs) are 3D conductive, porous architectures of graphene and have been increasingly implemented in a variety of fields such as biotechnology [53], photovoltaics [54], catalysis [55, 56] energy conversion [57, 58] and environment [59, 60] They offer a combination of functional properties including low density, high active material content, high surface area, and a porous network, which are essential properties for facilitating numerous physiochemical phenomena critical to a range of applications. For example, the adsorption of CO2 is improved with GAs, which is attributed to GA’s high surface area [61]. These properties of GAs also make them promising electrode materials for battery applications.
[bookmark: _Toc182395519]Consideration of Graphene Aerogels for Enhancing Ion/Mass Transport
We noted that in the above mentioned studies on electrode microstructure effects on RFBs, direct electrochemical diagnostics such as polarization curves are utilized with little emphasis on how to systematically incorporate and control desired characteristics in bottom-up electrode design and synthesis. This is more critical for systems like ORFBs, which preferentially require electrodes with mass transport optimized features. Note that conventional materials have random pore structures, in contrast to the more ordered structure reported in this work. Owing to their favorable electrode properties and the ability to be micro-engineered via simple processing techniques, GAs are believed to be an alternative material for alleviating transport issues in ORFBs.
In RFBs, liquid electrolytes percolate into the microporous spaces of the electrode. However, ionic species in the electrolyte undergo interactions specific to the electrode microstructure. For example, the frequency of the collision of ions with electrode walls increases when passing through jagged porous regions, ion/mass movement is blocked after reactants enter dead-end pores, and ion transport times from one location to another become longer when the length of the porous pathways increases. All such ion-electrode interactions induce obstacle effects which impede effective ion movement (convective, diffusion, and migration) to and from the electrode reactive sites. With organic reactants, these interactions will be more pronounced due to their larger molecular geometries and higher viscosities. Building on this, this work proposes “directional” GAs with microstructures specifically tailored to minimize the adverse effects of these interactions on transport. It is envisaged that by constructing GAs with directionally aligned porous frameworks, the convective and diffusive flux of organic electroactive species can be significantly improved. We call such a specialized GA, a directional graphene aerogel (DGA).The difference between the pore attributes of normal GA and DGA is depicted in Figure 1.4. 
[bookmark: _Toc182395520]Objectives
1. Investigate the synthesis viability of GAs with directional porous characteristics with hydrothermal chemical method and freeze casting.
2. Evaluate the impact of synthesis parameters on the pore formation and directional attributes of GAs.
3. Understand and elucidate the synthesis dependent electrical conductivity of DGAs and optimize the synthesis process for directional control and electrical conductivity. 
4. Functionalizing the DGA with copper nanoparticles (Cu-DGA) for potential performance improvements.
5. Evaluate the electrochemical performance of DGA and Cu-DGA in sodium polysulphide (Na2Sx) symmetric flow cell with tetra ethylene glycol dimethyl ether (TEGDME) organic electrolyte. 
1.8 Chapter Preview
[bookmark: _Toc182395521]In chapter 2, a comprehensive analysis of the synthesis process of the DGA is presented. Scanning Electron Microscopy (SEM) was employed to investigate the pore architecture of DGAs. The fundamental mechanisms that govern the directional pore characteristics under a variety of synthesis conditions such as directional freezing temperatures, initial graphene oxide
 (GO) concentrations, and the aspect ratio of the synthesis vessel are elucidated. The optimized synthesis parameters are identified, which enable precise control of directionality throughout the synthesis of DGA.
[bookmark: _Toc182414589]Figure 1.4. Typical non-directional graphene aerogel with random pore structure vs. directional graphene aerogel with oriented pores.

With our achievements in the DGA synthesis featuring a highly aligned porous framework, we initiated a comprehensive investigation into the electrical performance of DGA discussed in chapter 3. A series of extensive through-plane electrical conductivity assessments (in the aligned direction) were conducted employing a two-probe methodology. In our earlier experiments, we noted that the reduction of graphene oxide (GO) for DGA synthesis could be carried out under a diverse range of chemothermal reaction conditions. Nonetheless, it was crucial to ascertain the specific reaction conditions that optimize the electrical conductivity of DGA. Furthermore, the influence of density, compression, and post-thermal treatment of DGA on its electrical conductivity is thoroughly examined.
In Chapter 4, the functionalization of DGA with copper nanoparticles (Cu-DGA) is explained. A comprehensive analysis of the nanostructuring of Cu onto reduced graphene oxide (RGO) layers within DGA is performed under varied conditions, including pH levels of solution, the concentration of the copper precursor, and durations of the reduction reaction. Moreover, a comparative analysis of the electrical conductivity and electrochemical performance of DGA and Cu-DGA in sodium polysulphide (Na2Sx) symmetric flow cell with TEGDME organic electrolyte is presented. The conclusions and future recommendations are discussed in chapter 5. Each chapter is designed to be a standalone explanation of its specific topic 
.
[bookmark: _Toc182395522]Synthesis, Structural Formation and Pore Control of Freeze-Casted Directional Graphene Aerogels
This chapter is based on the published paper Saeed, M.U., Y.-K. Weng, M. Bahzad, S. Shin, D.S. Aaron and K.D. Kihm, Structural formation and pore control of freeze-cast directional graphene aerogel (DGA). ACS Applied Materials & Interfaces, 2023. 16(1): p. 425-434. My contributions were the complete experimental investigations, formal analysis and writing the original article.
[bookmark: _Toc182395523]Synthesis of Graphene Aerogels 
The precursor material in the synthesis of GAs is the Graphene Oxide (GO) which is obtained by the oxidation of naturally occurring graphite. Hummer`s method [62] is most widely used for mass production of GO flakes; graphene layers of the bulk graphite are oxidized with suitable oxidizing agents (NaNO3, H2SO4, KMnO4) under the controlled temperature and reaction times giving GO. The oxidation introduces oxygen functional groups on the surfaces of GO such as hydroxyl (OH), epoxides (COC), carboxylic (COOH) and carbonyl groups (C=O). It is this incorporation of functionalities which endows GO with polar surface properties, that is making GO nanosheets hydrophilic and easily exfoliated in aqueous media. On the other hand, the presence of these functionalities represents the defects that leads the GO structure to deviate in properties from those of pristine graphene. Figure 2.1 depicts the Hummer`s method of exfoliation of GO from natural graphite and its reduction to RGO.
[bookmark: _Toc182395524]Synthesis Methods of Graphene Aerogels
Production of GAs via solution phase processing of GO is the most reported in the literature due to facile synthesis steps and the freedom the process provides for manipulating the GA 

microstructure e.g., pore morphologies and overall porosity. The underlying principle is the reduction of GO which lowers the oxygen functionalities as the reaction time proceeds, resulting in reduced graphene oxide (RGO). The reduced oxygen content makes RGO hydrophobic in nature and enhances - inter-sheet interactions.[bookmark: _Toc182414590]Figure 2.1. The Hummer method for exfoliating GO from natural graphite and its subsequent reduction to RGO.

This causes the self-assembly of RGO sheets, finally transforming into stabilized 3D porous gel structure or graphene hydrogels (GHs). To obtain aerated porous structure, solvent buried in the wet porous GHs is removed with a drying step which is either accomplished in super critical conditions or at low pressure and temperature below the melting point of solvent i.e., freeze drying to prevent the collapse of the structure from possible capillary or surface tension forces.
Essentially, the synthesis of GA involves 3 major steps: 
1. precursor preparation 
2. gel formation and 
3. solvent removal with drying.
[bookmark: _Toc182395525]Hydrothermal Reduction of Graphene Oxide
In the hydrothermal approach the reduction of GO is carried out under certain temperature (> 100°C) and pressure (> 1 atm) in a Teflon lined autoclave. This closed system of relatively high temperature and pressure simultaneously promotes the self-assembly of RGO due to increased - interactions which eventually forms a gel. In this method only water is utilized and there is no chemical reagent involved to facilitate the conversion of GO to RGO, rendering the method relatively clean as no side impurities/species are produced at completion. Zhou et.al [63] employed hydrothermal route for converting GO to RGO and demonstrated that the method better recovers the aromatic structures compared to chemically derived RGO using hydrazine. By manipulating temperature, pressure and reduction time, the properties of resulting GA can be controlled, for example Huang and co-workers [64] showed that carbon to oxygen ratio (C/O) of GA is highly dependent on the reduction time; it increases as reduction time is increased, meaning it can be tuned for specific applications.
[bookmark: _Toc182395526]Thermochemical Reduction of Graphene Oxide
[bookmark: _Hlk146878541]Thermochemical reduction method has been widely adopted technique for converting GO nanosheets into 3D graphene-like materials. In this approach, the reduction is performed at relatively low temperatures but with the use of a reducing agent. The reducing agent greatly facilitates the fast removal of the oxygen groups at low temperatures, making the reaction times shorter and overall process cost effective (larger yields). Several reducing agents like sodium borohydride (NaBH4), hydrazine (N2H4), hydroiodic acid (HI) , ammonia (NH3) and others have been extensively applied to achieve the GO transformation to near graphene structures. 
L-ascorbic acid (AA), also known as vitamin C is environmentally friendly, non-toxic chemical reagent with good reducing capability, making it an ideal substitute reductant to long standing hydrazine which is efficient but highly toxic and dangerous. Guo and coworkers [65] claimed the first use of AA for the reduction of GO. GO in the presence of AA was heated at 80°C for 24 hrs. which led to reduced graphene oxide (RGO) with electrical conductivity of 14.1 S.m-1 (thin sheet of RGO, GO = 5.72×10-6 S.m-1 ) demonstrating that the graphene produced by AA is comparable to those produced by other methods. The proposed reduction mechanism consisted of two-step SN2 nucleophilic attack followed by one-step thermal elimination (Fig. 2.2). The increased acidity of the hydroxyl groups due to electron withdrawing five membered rings of AA causes the dissociation of two protons, forming the ascorbate ion (HOAO-1). The ascorbate ion attacks epoxides and hydroxyls of the GO twice via backside SN2 nucleophilic attacks resulting in an intermediate which may undergo thermal elimination, completing the oxidation of AA (dehydroascorbic acid) and giving RGO.
During the same period, Zhang group [66] also confirmed the efficacy of AA in converting GO to RGO. Thin RGO papers obtained after 48 hrs. reduction at room temperature showed conductivity of 800 S.m-1 which was attributed to the re-established graphene-like electronic structure after reduction. 
In this work, the synthesis of GAs is accomplished via thermochemical reduction route. L-
ascorbic acid (AA) is exclusively employed as a reducing agent.
[bookmark: _Toc182395527]GO Gelation via Multivalent Ions
Studying the gelation of GO has led to the discovery of other methods for producing GAs. It is found that the addition of divalent or trivalent transition metal ions (Cu+2, Ca+2, Pb+2, Mg+2, Cr+3, Fe+3) induces the gelation of GO which can be realized into GA [67] (Fig. 2.3). This was attributed
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Description automatically generated]Figure 2.2. The reduction mechanism of GO by AA as proposed by Guo et al. [65].













to the strong cross linking abilities of these ions with adjacent GO layers, eventually forming 3D stabilized network. Tang et al. [68] fabricated GA by incorporating noble metals (e.g. PdCl2) to GO precursor followed by hydrothermal reaction at 120°C for 20 hrs. It was concluded that the addition of noble metal promotes 3D macro assembly of GO for final GA formation. The characterized samples demonstrated commendable mechanical resilience, exhibiting a density of 30 mg/cm³ and an electrical conductivity of 0.25 S/m, respectively.
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[bookmark: _Toc182414592]Figure 2.3. The scheme used by Bai et al. [67] for the gelation of GO into hydrogel. Hydrogels were prepared by acidification of GO, adding polymer, small organic molecule or metal ions Cu2+, Ca2+, Pb2+, Mg2+, Cr3+, Fe3+.



[bookmark: _Toc182395528]Sol-Gel of Resorcinol and Formaldehyde
In this approach , first, a colloidal suspension, or sol is prepared, wherein solid nanoparticles or precursor materials are dispersed in a solution containing reactants and solvents. The introduction of a catalyst facilitates polymerization, involving hydrolysis and polycondensation reactions. This leads to cross-linking and branching among polymeric species, ultimately giving rise to the formation of a three-dimensional porous network within a wet, gel-like structure.
Worsely and colleagues [69] used the sol-gel approach for GA synthesis but with the addition of organic precursors (Fig. 2.4). Aqueous 1wt% to 10wt% GO suspension was prepared. 








Then resorcinol, formaldehyde and sodium carbonate catalyst was added to GO suspension keeping resorcinol to catalyst ratio of 200. The reactants were sealed in glass container and treated at 85°C for 72 hrs in the oven. Resulting gels were washed with acetone, dried with supercritical CO2 followed by annealing at 1050°C in nitrogen. When organic precursors were introduced to the GO suspension at concentrations low enough, polymerization tends to occur predominantly at the oxygen functionalities of the GO. This resulted in the formation of covalent interconnections between individual sheets. The simultaneous carbonization of the resorcinol-
[image: A diagram of graphene oxide

Description automatically generated]formaldehyde junctions and thermal reduction of the GO effectively amalgamated these two materials into a unified structure, producing graphene macroassembly. The authors reported that when the resorcinol-formaldehyde content was increased from 0 to 4 wt.%, the surface area decreased from 1199 m2/g to 584 m2/g. This decrease in surface area was ascribed to the less effective exfoliation of graphene sheets in the aerogel with increase in resorcinol-formaldehyde. On the other hand, the electrical conductivity improved from 25 S/m to 87 S/m with the addition of resorcinol-formaldehyde. The observed enhancement in conductivity can be attributed to the process of thermal annealing, which mitigates defects, and may also be a consequence of the elevated densities of the aerogel resulting from the incorporation of resorcinol-formaldehyde.[bookmark: _Toc182414593]Figure 2.4. The sol-gel of resorcinol and formaldehyde for the production of GA [69].

[bookmark: _Toc182395529]Chemical Vapor Deposition (CVD)
The CVD method of synthesizing GA is based on the chemical transformations of gaseous precursor into the solid material onto the substrate. Common substrates include copper foils, silicon wafers, or other materials compatible with the CVD process. CVD relies on the introduction of precursor gases into a reaction chamber. In the case of graphene aerogel synthesis, a carbon-containing precursor gas is used. Common precursor gases include methane (CH4) and ethylene (C2H4). The reaction chamber is heated to a specific temperature, typically in the range of 800°C to 1000°C. This high temperature is necessary for the decomposition of the precursor gases and the growth of graphene. The carbon-containing precursor gas is introduced into the reaction chamber, and the carbon atoms from the gas source are deposited on the catalyst surface. Common precursor gases include methane (CH4) and ethylene (C2H4). Under the high-temperature conditions, these carbon atoms arrange themselves into a graphene structure. Chen et.al [70] fabricated GA with CVD by decomposing CH4 at 1000°C in H and Ar environment, resulting in the deposition of thin graphene films on nickel foam, which was then etched (Fig. 2.5). Priorly, graphene was coated with poly(methyl methacrylate, PMMA) layer to protect it from damage during etching. The CVD grown thin 3D network (100 µm-600 µm) was composed of high quality graphene building blocks and had high electrical conductivity of 1000 S/m. However, both large-quantity synthesis of CVD-grown graphene and integration into 3D structures remain a great challenge for the fabrication of GAs.
[bookmark: _Toc182395530]3D Printing
In the 3D printing technique of GA, a direct writing of graphene-based ink is done onto a substrate. The preparation of ink involves dispersing graphene sheets or other graphene-based materials in a liquid or polymer matrix, the choice of which can affect the printability and 
properties of the final product. The prepared graphene-based ink or filament is loaded into a 3D printer which deposits the material layer by layer to build the desired three-dimensional structure.
In 2015, Zhu and coworkers [71], demonstrated 3D printing approach to create GA. that can be shaped into a variety of engineered macroscopic structures (Fig. 2.6). They prepared GO ink using the sol-gel mixture of aqueous resorcinol, formaldehyde, ammonium bicarbonate catalyst and fumed silica as viscosity enhancing agent. The deposition of GO ink was conducted in meanderline-like and hexagonal patterns, resulting in the 3D assembly of microlattices. The
printed structures were cured at 85°C, followed by CO2 drying, annealing at 1050°C in nitrogen and etching of silica. The printed aerogels were lightweight, conductive, could recover after 90% compressive strain and had an excellent Young modulus. This demonstration brought advancement to the fabrication of porosity tailored GAs which are mechanically robust and possess large surface areas. 
[bookmark: _Toc182395531]Freeze Casting
In most cases, fabrication of GAs with wet chemical methods leads to the formation of aerogels characterized by ultralow density, high porosity, good electrical conductivity, and exceptional compressibility. However, achieving the desired anisotropic orientation of the nano- and microstructure, resulting from the directional self-assembly of GO nanosheets in a specific direction during the process, has proven elusive using generic synthesis procedure.









[bookmark: _Toc182414594]Figure 2.5. The CVD method as employed by Chen et al. for the synthesis of GA [70].











[bookmark: _Toc182414595]Figure 2.6. Synthesis of GA with 3D printing method [71].

Consequently, the final aerogels exhibit a randomly oriented porous microstructure. Similarly, a template-dependent technique, such as the deposition of GO solution on nickel foam, could yield light and highly porous GO sponges. However, this approach is plagued by challenges such as high cost, low yields, and the presence of template residue after etching.
Pioneered by Fukasawa et al. [72], freeze casting, also referred to as ice-templating, is a solidification technique for the fabrication of hierarchically porous materials. This approach involves freezing the system of particles (e.g., alumina) dispersed in a solvent (e.g., water) below the freezing temperature of the solvent. During freezing, the imposed thermal gradient causes in-situ nucleation and growth of ice crystals in the particle suspension. The propagating ice fronts reject the particles and concentrate them into the lateral inter-crystal spaces, bounded by a temporary hard ice template. Upon post-solidification removal of ice, the resulting morphology is the direct consequence of the growth pattern of ice crystals.
Owing to its cost effectiveness, high yield, fast and as a hard green templating method, the technique has drawn significant attention in the last decade for the design of porous materials for numerous applications including energy, structural components, amongst others. Notably, the main advantage of freeze casting is the flexibility of synthesis conditions, thus allowing versatile control over micro and macro structural attributes of casted scaffolds and so on their final properties. The volume fraction, size, orientations and morphologies of the templated porosity can be tuned by altering suspension characteristics, for example, particle fraction, solvent type or by changing the solidification conditions such as freezing temperature, mold design and freezing substrate material. Nonetheless, this liberty introduces substantial intricacy when trying to comprehend the fundamental principles that dictate the microstructure formed throughout the process.
In isotropic or homogenous freezing, temperature gradient in the suspension has no specific spatial distribution and creates a structure with randomly oriented porous network. In contrast, freezing under one dimensional temperature gradient, also called unidirectional freezing, highly aligned and well-ordered pore network could be realized.
The unidirectional freeze casting process is depicted in Figure 2.7. A suspension of particles is poured into the mold whose sides are normally made of thermal insulating material such as teflon while its base is conductive such as aluminum or copper. With a cold source, the base of the mold is cooled which initiates nucleation followed by the propagation of the solidification front. In the region near the base, the solidification velocity is high due to the large thermal gradient. Therefore, the solute particles near the base experience a high solidification velocity and are engulfed by the rapidly moving front resulting in a dense particle layer at the bottom of the sample [73]. The latent heat released during the initial freezing process reduces the rate of solidification, causing particles to be pushed by the solidification front instead of being engulfed, resulting in the accumulation of particles ahead of the front. Afterwards, as solidification front moves upwards, particles ahead are rejected and concentrated into the inter-crystal spaces. A portion of fluid which remained in the inter-crystal gaps eventually solidifies and solidification is completed. Next via sublimation, solidified fluid is removed, leaving the scaffold of particles having aligned orientation. The pore attributes of the final material is near replica of the solidified fluid. 
[bookmark: _Toc182395532]Freeze Casting of Graphene Aerogels
Though previously employed for the fabrication of diverse porous materials, encompassing polymers [74] ceramics [75], metals [76], and graphene-based polymer composites [77], directional freeze-casting has been recognized as a highly efficient method for assembling RGO sheets into a three-dimensional interconnected macroscopic aerogel structure. 
	[bookmark: _Toc182414596][image: A diagram of a graph showing the same size of a graph

Description automatically generated with medium confidence]Figure 2.7. Unidirectional freeze casting process. (a) Particle suspension in a mold placed on cold base. (b) Nucleation and propagation of the solidification front. (c) Rejection and accumulation of particles by moving fronts. (d) Fully solidified fluid with particles collected in the inter-crystal spaces. (e) Final porous structure after frozen solvent removal via sublimation.


Qiu et al. [78] demonstrated the fabrication of GA with freeze casting. Partially reduced aqueous GO was frozen, followed by thawing, further reduction, freeze drying and annealing at 200°C. The creation of a honeycomb-like microstructure, recognized for its geometry that maximizes the bulk-specific elastic modulus in cork and wood, occurred by interconnecting individual cells with dimensions in the tens of micrometers. The resulting GA demonstrated high elasticity and good electrical conductivity.
The influence of freeze casting synthesis parameters have been investigated to achieve GAs with controlled microstructure. Xie et al. [79] prepared GAs under different freezing temperatures and noted that the mean pore size increases with increasing freezing temperature. Similar observations on pore size trends by varying freezing temperatures were reported by Jung et al. [80]. Further they employed them for the supercapacitor application, revealing that the GA synthesized at -20°C showed higher energy density and capacitance which was ascribed to the suitable combination of meso and macropores obtained at this temperature. 

Liu et al. [81] addition to freezing temperature also investigated the effect of graphene oxide (GO) concentration on the microstructure of GAs. It was confirmed that the pore size and wall thickness are dependent on freezing temperature and for a fixed concentration both increases with increasing freezing temperature and that thick walls and large pore GA exhibits higher resilience while those with thin walls and large pores have better adsorption capacity. 
Liu et al. [82] prepared GAs by directional freezing method with varying concentration of GO. They reported that pore size decreased with increased concentration and the anisotropic structure created with directional freezing has superior mechanical and electrical properties.
[bookmark: _Toc182395533]One vs. Two-step Freeze-Cast Synthesis of Graphene Aerogel 
Graphene hydrogel is formed when a certain partial reduction of GO (fractionally RGO) is achieved. As reduction continues with time (one-step), the volume of the hydrogel gradually shrinks until it reaches its minimum (Fig. 2.8a). This is attributed to the extended deoxygenation of fractionally RGO, leading to the tight stacking of RGO sheets which causes this volume shrinkage. Such hydrogels with highly stacked RGO assembly hinder ice propagation during freezing and long range directional features are not possible. This problem is mitigated by freezing hydrogels after short reduction periods as ice effectively reject loosely linked RGO flakes which reorganizes in aligned formations. However, in this case aerogel structures are mechanically weak and have low electrical characteristics.
In the two-step synthesis (Fig. 2.8b), the chemical reduction of GHs is carried in two-steps [78]. First, newly formed hydrogel (partially reduced RGO) is directionally frozen which creates relatively weak directional walls but stable enough to maintain their integrity upon thawing. Next, 
hydrogel is subjected to prolonged reduction for maximally enhancing pi-pi interactions between RGO flakes. Since RGO flakes are already aligned, structure is strengthened along the walls, preventing its lateral volume shrinkage. Aerogels synthesized then exhibits a good balance of mechanical strength and directionality. For all our research work we have adopted a two-step approach unless stated otherwise.[bookmark: _Toc182414597]Figure 2.8. The synthesis of GA. (a) One-step continuous reduction to obtain GH followed by freezing and drying. (b) Two-step reduction approach. GH formed from partially RGO is directionally frozen, thawed and subjected to a second reduction.

[bookmark: _Toc182395534]Structural Formation and Pore Control of Freeze-Casted DGA
Prior studies provide excellent outlook of freeze casting synthesis conditions on GAs microstructure. However, what we understand so far is that graphene-water-ice structuring process is still not very clear and rarely reported, particularly when the objective is to design and control linear pore channels. Therefore, insights into the microscopic mechanisms which dictates the ice crystal growth and its directionality during graphene-water freezing are important due to their decisive role in the final porous structure.
The objective of this research task is to comprehend the physical evolution and regulation of directional features in graphene aerogels during the freeze casting process. We conducted a systematic investigation into the freeze casting parameters, specifically the directional freezing temperature, graphene oxide (GO) loadings, and the container aspect ratio (defined as the horizontal dimension divided by the vertical dimension of the container, D/H). Our focus was on understanding their impact on the microstructure of directional graphene aerogels (DGAs) by studying the behavior of ice propagation and growth, along with its interaction with graphene particles.
While numerous processing parameters could be considered, we selected these three parameters for their relevance to DGA as an electrode and their convenience for investigation. The directional freezing temperature governs the behavior of the ice phase change, influencing the evolution of specific pore attributes. GO loadings represent the active material content of the DGA. Similarly, the aspect ratio (D/H) denotes the dimensional limits of the freezing system, within which the desired features of the DGA could be satisfactorily constructed.
[bookmark: _Toc182395535]Experimental
In a typical DGA synthesis procedure (Fig. 2.9), a uniformly dispersed GO solution was thoroughly mixed with L-Ascorbic Acid which functioned as a reducing agent (GO:AA = 1:1) [66]. The mixture was sonicated for 30 to 40 min to completely dissolve the solid AA. A small vial of this homogenized solution was placed in the oven at 70°C for 90 min to carry out a thermochemical redox process. Upon completion, the GO mixture was converted to reduced graphene oxide (RGO) with their sheets self-assembled in the form of graphene hydrogel (GH) in the vial. The hydrogel was then carefully washed several times with deionized water to remove any AA residue.
The hydrogel vial was placed on top of the aluminum base, which was immersed in liquid nitrogen. This allowed for unidirectional, progressive freeze-casting from the contacting surface 
upwards in the vial. An induction coil heater wrapping the aluminum base was used to control 

the contact surface temperature, ranging from -20°C to -115°C, to examine the freezing temperature effect. During the freeze-cast, the vial wall was insulated to help the unidirectional vertical temperature gradient with minimum nonuniformity in the lateral temperature distribution. Next, the frozen samples were vacuum freeze dried for up to 48 hrs. to obtain the final DGA samples. Also, DGA samples with GO loadings ranging from 2 mg/ml to 10 mg/ml were synthesized. For example, to synthesize DGA of 4 mg/ml GO, 3 ml of deionized water was added to 2 ml of 10 mg/ml GO starting suspension. DGAs of different aspect ratios were also prepared using vials of specific sizes. The mean pore sizes of the samples were determined based on the equivalent circle diameter from the pore images taken with a Zeiss Auriga scanning 
electron microscope using ImageJ software [83].[bookmark: _Toc182414598]Figure 2.9. Synthesis of DGA via the thermochemical reduction route.

A Quantachrome Autosorb iQ (Quantachrome Corporation, Boynton Beach, FL, USA) was used to evaluate the surface area of DGAs freeze casted at various freezing temperatures. In brief, DGA samples were fragmented (7–10 mg) and transferred into the BET tubes for analysis. Samples were degassed at 120°C for 12 hrs., thus removing any moisture that could alter the weight of the samples. Specific surface areas were calculated using the 11 points multi-point Brunauer-Emmett-Teller (BET) with N2 gas adsorption technique at −196°C. The adsorption isotherms recorded by the instrument were processed for surface area values by the built-in program utilizing BET mathematical model.
The porosity () of DGAs is an important attribute and represents the fraction of the pore volume, defined by
	
	(2.1)


where  is the volume of the pores or voids and  is the bulk volume of the DGA.
Alternatively, the porosity can be estimated using densities when the voids are filled with air and is given as 
	
	(2.2)


where  is the apparent of the dried aerogel and  is the density of the compact aerogel without void.
The porosities of DGAs fabricated with varying GO concentrations were evaluated using the density-based approach. The density of each DGA sample was determined by dividing its measured mass by its corresponding volume. In these calculations, a theoretical bulk solid density of 1.5 g/cm³, representing the non-porous graphene material, was assumed for DGAs [84-86]. This allowed for an estimation of the porosity by accounting for the difference between the measured bulk density of the aerogel and the solid material's intrinsic density, thereby providing insights into the extent of internal pore volume.
[bookmark: _Toc182395536]Results and Discussion
As a basic atomic scale characterization, Raman fingerprinting is discussed to show the carbon structural changes from the precursor GO material to the RGO after DGA synthesis. Successively, the three main synthesis variables and their effects on DGA pore size and directionality are discussed: (1) the freezing temperature, (2) GO loadings, and (3) the vial aspect ratio. Furthermore, the influence of freezing temperature on the surface areas of DGA is discussed.
1.1.1.1 Raman Fingerprinting
Figure 2.10 shows Raman fingerprint scanning of both the GO precursor material and the RGO carbon structures of synthesized DGA using a PlanarTECH Raman system with a 532 nm Nd:YAG laser source. Carbonaceous materials display two well-known peaks in their Raman spectra: the D peak, related to the disorder, and the G peak, assigned to in-plane vibrations of the sp2 carbon domains. The D and G peaks for GO appeared at 1356 cm-1 and 1584 cm-1, respectively, with ID/IG peak height ratio of 0.88. RGO of DGA also displayed similar Raman spectrum with D and G peaks at 1342 cm-1 and 1576 cm-1, respectively, but with ID/IG peak ratio of 1.16. The D/G peak intensity ratio serves as an indicator of the disorder or recovery within the graphene lattice, reflecting the balance between sp2 and sp3 carbon content [87]. Graphene oxide (GO) is structurally more defective, containing a higher proportion of sp3 carbon due to oxygen-containing groups, which aligns with the common observation that such graphene materials exhibit broader D and G bands. While the G mode is present at all sp2 sites, the intensity of the D mode is directly associated with the presence of six-membered aromatic rings [88]. Additionally, peak height intensity ratios ID/IG or integrated area ratios are normally considered to be inversely correlated with the size of sp2 graphitic regions [89] [90]. Consequently, the greater D/G in RGO implied that defects were minimalized during the reduction process, possibly from the removal of oxygen functional groups of GO. This caused the restoration of numerous small yet not fully healed sp2 rings producing a prominent D peak [91] [92]. Both D and G peaks in RGO became sharper, in comparison with the GO case; this sharpening further indicates that the structure amorphousness is reduced with reduced oxygen contents in DGA and shows more graphene-like properties [93]. 
Apart from the chemical reduction confirmation of GO, ID/IG peak ratio also relates to the oxygen content in RGO and decreases with consistent removal of oxygen [94]. This removal strongly influences final DGA properties e.g., DGA electrical conductivity and elasticity improves as oxygen is decreased, since the microstructure is restored with larger graphitic domains, enhancing electron transfer and stacking interactions [95, 96].
Noting that certain reduction levels must be achieved to obtain stable GH. In our case, since D/G peak ratio increased and their peak widths decreased, it corresponded to RGO with a lower degree of reduction, that is, “stage 1” reduction [97] but well enough to form stable GH. Here the elimination of oxygen bonds create defects that are not offset by the reconstruction of larger [bookmark: _Toc182414599]Figure 2.10. Raman spectra of GO precursor and the RGO of synthesized DGA.

graphitic layers, which is why an increase in the spectral intensity of D band. Increasing the reduction level have an important influence on the structural integrity of GA. For example, high reduction improves compressive and electrical properties58 but with excessively high reduction the structural strength goes down with more fragile aerogel as high crystallinity and low defect of graphene sheets causes inadequate interfacial interactions leading to brittleness [98]. Such reductions are commonly achieved by high temperature thermal annealing.
1.1.1.2 Directional Freezing Temperature
Porosity, pore sizes, and morphologies are expected to strongly influence electrolyte flow distribution with the DGA electrodes. While higher porosity is favorable for electrolyte flow through the electrode [99], it can diminish the electrode surface area [16, 100] and wall thicknesses [101], impacting electrochemical activity and solid state conduction. To explore control of these DGA pore aspects, we used the parameter of directional freezing temperature, as it strongly influences water-ice structuring kinetics which are then reflected in the final porous structure.
Figures 2.11a-e presents microstructures of DGA pores that were formed at different freezing temperatures at the bottom of the vial. It is seen that the pore sizes and morphologies of DGAs are highly dependent upon the freezing temperature. When DGAs were frozen at -20°C (Fig. 2.11a), a mean pore size of 120 µm with a lamellar honeycomb like structure was obtained. When freezing temperatures were decreased to -50°C and -70°C, the average pore sizes decreased to 58 µm and 40 µm, respectively, with increasing number of pores and exhibited a mix of semi-lamellar and elliptical pore morphologies (Fig. 2.11b-c). For further lower freezing temperatures of -90°C and -115°C, the mean pore sizes further decreased to 20 µm and 17 µm, respectively, with similar elliptic morphologies that were somewhat poorly defined (Fig. 2.11d-
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[bookmark: _Toc182414600]
Figure 2.11. SEM images of DGAs’ (2 mg/ml GO) porous network developed at various freezing temperatures. (a-e) Cross section (top-view) and (f-j) longitudinal section (freezing direction) pore structures for bottom surface temperatures of -20°C, -50°C, -70°C, -90°C and -115°C, respectively.    (k) Mean pore sizes and (l) wall thicknesses and vertical channel widths for each freezing temperature.








e). Figure 2.11k shows the progressive decrease of the mean pore sizes as the freezing temperature decreased from -20°C to -115°C. 
Wall thicknesses and vertical channel widths displayed the same trend as that of pore sizes, both decreasing with decreasing freezing temperatures (Fig. 2.11l). From -20°C to -115°C, DGA wall thickness decreased from 2.5 µm to 0.2 µm while channel widths decreased from 56 µm to 18 µm.
When graphene hydrogel (GH) is subjected to freezing in a confined vial, the ice phase propagation is dependent on a combined effect of nucleation and crystal growth at each temperature. This dependency has been commonly described as lower freezing temperatures 
cause nucleation to be a dominant influence, restricting growth. The relatively high nucleation rate at lower temperature causes many smaller ice crystals to produce several small pores. In contrast, when the freezing temperatures increases, steady growth of ice is promoted, leading to larger ice crystals and therefore a smaller number of larger pores. 
To enhance our understanding of the multi-scale icing mechanisms, ranging from atomic scale nucleation to macroscale crystal/pore growth, we conducted a molecular dynamic (MD) study to predict ice-propagation in graphene-water complex fluid. In a recent publication [102], it was demonstrated that the freezing propagation speed can be maximized at an optimum supercooling through molecular dynamics (MD) simulations. As the freezing temperature increases, the mobility of the water molecules increases, while the thermodynamic driving force for water-ice phase change decreases. The maximum velocity for ice crystal propagation was predicted to be at 252 K (-21oC) as an optimum combination of these two competing parameters. This MD finding is consistent with the experimental observations (Fig.2.11) in which the freezing temperature range, from -20°C to -50°C, enabled stable growth of ice crystals and allowed for larger continuous pores with well-defined lamellar morphology. 
On the other hand, at lower freezing temperatures (-70°C and below), the dominating thermodynamic driving force rapidly generated more crowded ice crystals and impeded the stable growth of individual crystals. This led to smaller pores with thin pore walls. Also, ice crystals under rapid nucleation conditions at lower temperatures were not strong enough and underwent breakdowns. This explains why the pore structure became ill-defined as the freezing temperature decreased.
Freezing temperature will be decisive to the mass transport capabilities of DGAs. For example, under fixed RFB operating conditions, electrolyte flow in DGAs synthesized at low freezing temperatures (< -70°C) will become more compromised as small pores and non-uniformities of transport channels would offer more resistance to flow.
1.1.1.3 Graphene Oxide Loadings
The amount of active material (RGO) is a major electrode design parameter. GO loadings directly affects the area of electrochemically active sites to support electrochemical reactions, thus influencing the performance of the electrode. We examined the GO loading effects on the DGA structuring during freeze casting. 
Different GO loadings produced different pore morphologies (Fig. 2.12a-d), directional attributes (Fig. 2.12e-h) and sizes (Fig. 2.12i-l). 2 mg/ml is represented for comparison (Fig. 2.12a), which had a pore diameter peak between 80 and 130 µm (Fig. 2.12i). The dominant pore peak for 4 mg/ml loading (Fig. 2.12b) was between 40-60 µm with certain size variations (Fig. 2.12j). For 7 mg/ml and 10 mg/ml loadings (Fig. 2.12c-d), the pore sizes decreased to a range of 10-20 µm with relatively fewer variations (Fig. 2.12k-l). 
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[bookmark: _Toc182414601]
Figure 2.12. SEM images of DGAs’ porous networks for various GO concentrations. The freezing temperature for all the samples was -20°C. (a-d) Top-view of pore structures, (e-h) Longitudinal (freezing direction) view of pore channels and (i-l) pore size distributions for 2 mg/ml, 4 mg/ml, 7 mg/ml, and 10 mg/ml GO loadings, respectively. White arrows show the paths taken by the ice crystals during freezing.






Morphological changes were also noted. For DGAs with 2 mg/ml and 4 mg/ml GO loadings, pore interconnectedness was stretched over longer vertical length scales (Fig. 2.12e-f) than DGAs synthesized with 7 mg/ml loadings and above (Fig. 2.12g-h). This means that long-range directional interconnectivity between pores was feasible up to certain concentration limits; but beyond them, the ice could not sustain vertical growth. These results suggest that the unidirectional propagation of ice was limited by increasing GO loading.
To supplement the experimental findings of the GO loading effects on ice propagation, a computational analysis was conducted to examine the directional freezing of water containing different numbers of particles in a cylindrical domain with a 40 mm-height (H) and 20 mm diameter (D) (Fig. 2.13a). A vertical temperature gradient was imposed on the fluid, where the cold bottom surface was maintained at Tc = 250 K and the top surface at Th = 298 K while the sidewalls were assumed to be adiabatic. Different GO loadings were tested using three different loadings of N = 1800, 3600, and 10800. The suspended particles in water were assumed to be monodisperse rigid spheres of 100 m and they were uniformly distributed in the container at the 
beginning of the simulations.
The finite volume method (FVM) was employed to solve the mass, momentum, and energy conservation equations. To address the phase change of water, the built-in discrete phase model and solidification model in Ansys-Fluent® software were used (ANSYS Inc, USA). The properties of water (density, viscosity, and thermal conductivity) were considered temperature dependent [103]. The initial formation of ice occurred at the cold bottom (physically corresponding to the liquid-nitrogen cooled aluminum base as described above) and was released to propagate into the water phase above. This allowed for the transient development of the solid phase at modal points where the local temperature reached at or below 273 K. The propagation 
[bookmark: _Toc182414602]Figure 2.13. (a) System setup for FVM analysis of water freezing in various GO concentrations.and  are container bottom (cold) and top (hot) temperatures, respectively. (b) Redistribution of particles and water-ice interface structure for each number of particles after 2000 sec. Black lines and red-dashed boxes denote the water-ice interfaces and the regions designated for examining phase-change properties, respectively. The particle color corresponds to the liquid fraction, with dark blue, light blue, and green representing liquid fractions of 0, 0.3, and 0.5, respectively. (c) Average height of ice surface and overall ice surface standard deviation after 2000 sec of freezing time .












of the water-ice interface resulted in the rearrangement of suspended particles due to convective 
water flows. The particles in contact with the ice-water interface were stopped and taken as frozen in the ice phase. Figure 2.13b shows the ice propagation and the variations of the ice-water interface after 2000 seconds of freezing time for the three cases of particle loadings. The average height of ice propagation (ym) decreases with increasing particle loading (Fig. 2.13c), while the ice-water interface tends to be more irregular, showing increased ice surface variation (𝜎y). This can be attributed to the fact that ice propagation experiences increased resistance in denser particle loadings and results in slower and more irregular growth of ice fronts.
These computational findings complemented the experimental observation of GO loading effects on the directionality of DGAs, as schematically illustrated in Figure 2.14. For low GO 
loadings, the greater inter-flake spacing with greater water content facilitates the transport of water molecules via self-diffusion to join the ice front. The fluxes directionally normal to prism as well as basal planes extend the growth of individual ice crystals over a larger distance (ym). This directional growth is due to solidification fronts rejecting loosely packed particles, allowing for larger pore dimensions with long range interconnectedness for low GO loadings.
When loadings are high, ice growth is suppressed due to the high resistance of densely packed RGO particles and low water content between these particles. Additionally, in a closed packing environment, the phase change temperature of the water-ice interfaces depress [104]. These factors inhibit the ice crystals from gaining sufficient propagation velocities required to penetrate particle clusters. As such, the growth of ice crystals will not be directionally uniform, 
as they either locally nucleate with small interparticle spacings or scatter in multiple directions, producing small pores and discontinuous network channels. The increased variations of the ice surface further support the notion that ice cannot sustain long-range directionality in high GO loadings[bookmark: _Toc182414603]Figure 2.14. Illustration of directional ice propagation in graphene hydrogels (GHs) with low and high GO loadings. (a) GO aqueous solution. (b) RGO sheets assembly in the form of GH. (c) Initial formation of ice crystals during freezing. (d) Growth and directional continuity of ice crystals as freezing progresses.

Optimal GO loadings will be necessary for directional control of transport pathways in DGAs and retaining other performance properties such as overall porosity and surface area. In general, while low GO content promotes pore directionality, excessively low GO contents must be avoided to support the electrode's core needs: high surface area, porosity, and mechanical or electrochemical stability. Our investigation suggests that a GO loading of approximately 4mg/ml is a good optimum in preserving GA pore directionality as well as an acceptable mass density. However, future evaluation of DGA-4mg/ml electrode is must along with other loadings in ORFB setup to validate this optimal concentration claim.
1.1.1.4 Aspect Ratio
In addition to graphene oxide loading, the aspect ratio of the freezing vessel/domain was explored. The dimension of freezing domain corresponds to the final size of a freeze-casted structure, i.e., larger samples are synthesized in larger freezing domains. Nevertheless, as freezing vessel dimensions increase, temperature field become more vulnerable to instabilities, influencing freezing kinetics. During freezing, convection currents can form and influence the resulting microstructure of a freeze-casted DGA. The geometric dimensions of the freezing vessel can influence the velocities of these convection currents, providing a means of controlling DGA structure. As such, a parameter of container aspect ratio was used to clarify the role of freezing dimensions on ice structuring.
Figure 2.15a shows synthesized DGA samples with three different vial diameter-to-height aspect ratios (Γ = D/H) for a constant 2 mg/ml GO loading. For the tested Γ = 1.33, 1.0, and 0.68, the vial height H remained the same at 18.8 mm while the vial diameter D was decreased. Larger Γ showed more curvaceous or tortuous pores compared to smaller Γ. The stronger convection rolls with a larger Γ interrupted the directional growth of ice crystals in the vertical direction [105]. In contrast, a smaller Γ, constrained the convection rolls, enabling more uniformly directional pore growth. 
Water freezing simulations were conducted to examine the effect of Γ on the convection roll formations and their strengths also using the built-in solver in Ansys-Fluent® (ANSYS Inc, USA). Since the Rayleigh-Bénard convection, stemming from the unique density-temperature relationship of water, significantly influences the graphene structuring, the flow behaviors at different values of Γ were examined. For all three aspect ratios, the bottom and top surfaces were maintained at 270 K and 277 K, respectively, and the side walls were assumed to be adiabatic. 
[bookmark: _Hlk147399225]Figures 2.15b and 2.15c present the calculated velocity contour maps and temperature distribution shows the calculated velocity contour maps at 1200 seconds after the freezing began; the ice-water interface is represented by the solid curve in each of the temperature contour maps. 
The corresponding Rayleigh number (Ra = |ρgβH^3 ΔT|/αµ) of 1.1×105 exceeded the critical range for onset of the convective rolls (Racr =103 ~ 104) [106, 107], where ρ is the density of water (999.855 kg/m3), g is the gravitational acceleration (9.81 m/s2), β is thermal expansion coefficient (-5.598×10-5/K), ΔT is temperature different from bottom and top surface (-7 K), H is 
[bookmark: _Toc182414604]Figure 2.15. (a) Observed departure of ice crystals from imposed direction of growth under various Γ. (b) Corresponding velocity profiles caused by temperature distributions (c) for each Γ at the end of simulation time (1200 sec). Velocity profiles display the convection flow. The structure of the water-ice interface is also shown (marked as solid black curves). Black arrowed lines represent streamlines in accordance with respective velocity profiles. The simulated water container height was fixed at 18.8 mm and the vial diameter varied from 25 to 12.8 mm. Container bottom and top temperature were 270 and 277 K, respectively. Walls of container were assumed to be adiabatic [108].




vertical distance of the container (0.02 m), 𝛼 is thermal diffusivity (1.32×10-7 m2/s), and µ is the dynamic viscosity (1.32×10-7 kg/m-s). The convection roll patterns strikingly resembled the measured pore patterns and their directions. For Γ = 1.3, two strong symmetric convection rolls developed with the maximum flow speed of up to 1.2 cm/s. These strong convection rolls interrupted and restricted directional icing propagation, as shown by the pore structure in Fig. 7a. When Γ was reduced to 1.0, a single convection roll developed with a reduced maximum flow speed of about 0.4 cm/s, yet still interrupted directional growth of the pores. When Γ was further lowered to 0.68, the convection roll became confined by the narrowed width (D), and the resulting flow patterns were nearly parallel to form highly directional pore structures, except for the very top and bottom regions where lateral flows were inevitable.
It is known that effective ion diffusivity is inversely proportional to the tortuosity of pores, increasing the effective transport path length [109, 110]. Increased pore tortuosity makes the ions replenish the rapidly depleting reactive sites more slowly. As noted previously, electrode surface area increases for thicker/denser electrodes; however, mass transport limits the maximum electrode thickness and/or density. Therefore, the use of a slender vial with a low Γ will be advantageous in fabricating DGAs with low pore tortuosity, enhancing mass transport throughout the porous electrode structure.
[bookmark: _Toc182395537]Surface Areas and Porosities of DGA
While directional micro patterning of DGA could enhance reactant mass transport, maximizing surface area is equally critical for electrochemical performance. High surface area enhances the redox reactions at the electrode electrolyte interface thus improving overall performance in flow batteries, leading to increased efficiency and power density during operation. 
The N2 adsorption isotherms of DGAs frozen at various temperatures are presented in Figure 2.16a. The shape of the isotherms corresponded to type II which were indicative of macroporous (> 50 nm) material. At low relative pressures, the N₂ adsorption increased gradually, signaling a low volume of mesopores (2–50 nm) and micropores (< 2 nm). However, as the relative pressure approached 1, a steep rise in N₂ adsorption was observed, confirming the macroporous nature of the synthesized GA. This behavior is corroborated by SEM images, which revealed that the DGAs predominantly contain macropores. 
Each DGA synthesized at different freezing temperatures exhibited distinct adsorption behaviors, attributed to the specific macropore network formed due to temperature-dependent ice crystallization kinetics. The unique pore networking correlates directly to the surface areas of DGAs, as shown in Figure 2.16b. As the freezing temperature decreased from -20°C to -120°C, the surface area increased significantly from 43 m²/g to 200 m²/g. The DGA prepared at -20°C exhibited reduced N₂ adsorption and a correspondingly low surface area due to its sparse macropore network. Macropores inherently provide lower surface areas because the wide spacing between pore walls results in fewer adsorption sites per unit volume. In contrast, DGAs 
frozen at -120°C showed enhanced N₂ adsorption and a surface area four times higher. This improvement is attributed to the predominance of ice nucleation at lower temperatures, which generates smaller macropores and promotes better pore interconnectivity, leading to a higher accessible surface area.
While lower freezing temperatures significantly enhance the surface area of directional graphene aerogels (DGA) by promoting the formation of smaller macropores and improving pore interconnectivity, this benefit comes at the cost of compromising the material's directionality. To
 [bookmark: _Toc182414605]Figure 2.16. (a) Nitrogen adsorption isotherms and (b) surface area of DGAs synthesized at various directional freezing temperatures.

balance these competing factors, it is recommended to optimize the freezing temperature to achieve a trade-off between maximizing surface area and preserving directionality. Intermediate freezing temperatures should be selected to enhance surface area without entirely sacrificing the structural alignment.
Porosities of DGAs in relation to variations in the concentration of GO or densities is illustrated in the accompanying Figure 2.17. The porosity exhibited an inverse correlation with the DGA density, residing within the range of 97.43% to 99.63% as the density diminished from 25.65 to 3.62 mg/cm³. An increased content of graphene results in a reduction of porosity due to an excessive number of graphene sheets that accommodate within a confined volume at the expense of pore space. Nevertheless, the rate at which porosity changes does not exhibit a linear relationship with density, which can be ascribed to the heterogeneous structural reorganization of graphene sheets. For instance, with the progressive increment in graphene content, certain pores may amalgamate, whilst others may diminish in size or undergo collapse. This reorganization 
engenders a non-linear reduction in porosity, as not all regions within the aerogel structure react uniformly to the alterations in density. This structural reconfiguration is propelled by the distinctive properties of graphene sheets, which are capable of folding, stacking, or rearranging.
	The findings indicate that while porosity is not significantly influenced by density (unless it is excessively high) , the non-uniform collapse and shrinkage of pores at higher densities can lead to significant changes in the morphological characteristics of the pore network, which must be taken into consideration during material design. Furthermore, although increased density may not favor the preservation of directionality in DGAs, the results are particularly relevant for applications where active material content and the specific distribution of pore sizes (e.g., micro, meso, and macropores) are critical design parameters.












.[bookmark: _Toc182414606]Figure 2.17. Variation in the porosity of GA with changing GO concentration or density.


[bookmark: _Toc182395538]Conclusions
In this work, freeze casting has been employed to synthesize GAs with directionally oriented porous microstructures. The overarching aim was to understand the structural development and control of directional features in directional graphene aerogels (DGAs) with freeze casting. It is revealed that the stability and morphology of solidifying water-ice interfaces is affected by freezing temperature, water-ice-graphene interactions, and interfacial convective heat transfer.
[bookmark: _Hlk148534451][bookmark: _Hlk147053110]Pore sizes, pore morphologies, pore wall thicknesses, and the directionality of pores can be largely regulated by the freezing temperatures and ascribed to the ice-growth dynamics controlled by the competition between self-diffusivity of water and phase change driving forces at a given temperature. By controlling temperature, the relative prevalence of these competing phenomenon can be tweaked for the nucleation and growth rate which encourages directional ice propagation and so the pores. For the freezing temperature range from -20°C to -115°C, six (6) fold decrease in pore sizes was observed with decreasing temperature. For freezing temperatures below -70°C, the pore directionality was poor due to irregular growth of ice crystals. 
[bookmark: _Hlk148729201]With increasing GO loading, the dense particle packing interferes with ice growth, resulting in the loss of overall porosity, and pore alignment. While lower GO loadings promote macro-porosity which can enhance mass transport when used for ORFBs, they may compromise DGAs’ structural integrity as well as electrochemical activity due to reduced surface areas. Achieving a balance of these DGA performance attributes requires maximum GO concentration which not only improves mass density but also supports directional propagation of ice and was proposed to be 4mg/ml. However actual tests are inevitable to confirm this optimality.
This research task also demonstrated the major influence of synthesis vessel aspect ratio on DGA pore morphology. Increased vial diameter-to-height ratio (Γ) caused flow in the liquid region above the water-ice interface which interrupted ice crystals from desired direction of growth. Hence, more tortuous pore channels formed when Γ increased. The use of Γ less than unity could alleviate the adverse effects of convection on ice propagation. 
[bookmark: _Hlk147924658][bookmark: _Hlk147924478]In conclusion, this study explored effective control of ice growth mechanisms for the fabrication of DGAs with desirable pore sizes and morphologies, maximum active material utilization, and directional pore connectivity. The results show significant potential for the directional design of materials where enhanced mass transport capabilities are required, such as electrodes for organic redox flow batteries and membranes where controlled pore size and distribution are critical for efficient separation processes. Solvent-dependent ice propagation kinetics would be interesting to consider for effective DGAs, therefore, in the future, we recommend the synthesis of DGAs in various non-aqueous solvents of low freezing temperatures for investigating directionality.
[bookmark: _Toc182395539]Synthesis Dependent Electrical Conductivity of Directional Graphene Aerogels
[bookmark: _Toc182395540]The Electrical Transport Mechanism in Graphene Aerogels
	In pristine graphene, each carbon atom (4 valence electrons) shares three sp2 hybridized electrons with three closest carbon atoms forming strong sp2 covalent or 𝜎 bonds. The fourth electron occupies the 2pz orbital and is oriented perpendicular to the plane. These 2pz orbitals overlaps with other 2pz orbitals creating highly delocalized weak bonds (π-π interactions). It is this delocalization of 2pz bonding electrons above and below the sp2 planes which gives graphene its exceptional electronic transport properties. Electrical conductivity of the order 106 S/m are reported for graphene layers [111, 112].
	As mentioned in chapter 2, when natural graphite is exfoliated, it causes the oxidation of graphene layers producing GO. Oxygen functional groups such as carboxyl (-COOH), epoxy (-COC-) and hydroxyl (-OH) in GO acts as insulating barriers, thus preventing the transport of electrical charge. Therefore, GO is electrically insulating. The removal of these functional groups when GO is converted to RGO to achieve GAs, causes the restoration of graphene-like electrical characteristics in RGO sheets. However, this removal is partial and is strongly dependent on the reduction conditions such as the efficacy of the reducing agents, reduction time, reduction temperature and post treatments etc. Additionally, the resulting quality of RGO influences the overall electrical conductivity of GAs. For example, with increased atomic/structural defects from oxidation-reduction in the 2D carbon framework, the electrical conduction in RGO decreases [113, 114].



The bulk electrical conductivity of GAs is correlated to the intrinsic electrical characteristics of RGO, mainly governed by the number of functional groups and structural defects. However, since GAs are 3D porous assemblies of RGO sheets, charge movement occurs through long RGO networks (Fig. 3.1)where it is also influenced by the inter sheet spacings, pore structure continuity, RGO dispersibility and packing density.[bookmark: _Toc182414607]Figure 3.1. Depiction of the transport of electrons in DGA. Electron moves along individual RGO layers and across the RGO layers.

[bookmark: _Toc182395541]Experimental
[bookmark: _Toc182395542]Synthesis of DGAs
	As described in chapter 2, DGAs were synthesized by thermochemical reduction of GO. To investigate the effect of mass of reducing agent (AA) on the electrical conductivity of DGAs, precursor solutions with different GO:AA (mass ratios) were prepared. GO concentration was 2mg/ml and all solutions were ultrasonicated for 30 min. 2.5 ml of each solution were transferred to 25 mm ID glass vial which was the standard vial for the preparation of DGA electrodes for all experiments. Vials were then placed in the oven at 70°C for 1.5 hrs. for hydrogels formation (first reduction step). Hydrogels were naturally cooled to room temperature and were directionally frozen at -50°C (first freezing step) using our directional cooling system described previously. Frozen hydrogels were thawed and were kept at 70°C for 24 hrs. for further reduction (second reduction step). Hydrogels were then thoroughly washed several times with DI water to remove any AA residue. Next, hydrogels were directionally frozen at -50°C (second freezing step) and were freeze dried for 48 hrs. to obtain final DGAs.
[bookmark: _Hlk158348518][bookmark: _Toc182395543]Electrical Conductivity Cell Configuration and Measurements
	The as prepared DGAs were assembled in the conductivity cell as shown in Figure 3.2. DGA sample was sandwiched between two gold plated copper sheets. To ensure proper electrical contact with copper sheets, DGAs were compressed by 25% using Teflon gaskets having 75% thickness of that of DGAs. This assembly of DGA-gasket-copper was secured with two aluminum backing plates, fastened together by nuts and bolts on the peripheries. The side of the copper in contact with aluminum was electrically isolated from it with Kapton tape.
	Electrical conductivity measurements were accomplished using Bio-Logic VSP potentiostat (Bio-Logic, France). A two-probe chronopotentiometry technique was used, where a constant current step was applied for 30 sec and voltage was simultaneously recorded at each second. The average of last 10 sec was taken as final voltage value. Before applying successive current 10 sec rest time was allowed to avoid any transient effect of sample relaxation.
	From Ohm`s law, the resistance of DGA samples for each current-voltage combination was calculated and with the following equation electrical conductivities were estimated.
	
	(3.1)


where  is the sample conductivity,  is the sample thickness,  is the measured resistance and  is the cross-sectional area of the sample (. For each case 
3 samples were tested and measurements were repeated 3 times for each sample. The average of 3 tests was taken for each sample and overall average of the 3 samples is the reported conductivity.[bookmark: _Toc182414608]Figure 3.2. The cell employed for measuring the electrical conductivity of DGA.

[bookmark: _Toc182395544]Results and Discussion
[bookmark: _Toc182395545]Role of GO to AA Ratio
	The out-of-plane conductivities of DGAs synthesized with various mass ratios of GO and AA are shown in Figure 3.3a. Electrical conductivity is affected by AA amount relative to GO. For GO:AA = 1:1, average electrical conductivity was 1.86 S/m. When AA amount was doubled relative to GO (GO:AA = 1:2), the average conductivity over the considered current range increased to 4.9 S/m. A further slight increase in the conductivity (5.2 S/m) was observed for DGAs with GO:AA = 1:4. We noted that DGA conductivity did not show any significant improvements when AA was increased by more than four times relative to GO. In comparison to GO:AA = 1:4, slightly low conductivities of 4.7 S/m and 4.4 S/m were measured for GO:AA = 1:6 and 1:10, respectively. We believe that this slight decrease happened due to unwashed AA residue/impurities in these samples.
	These findings suggested that DGA conductivity is not linearly related to the amount of reducing agent but tend to stabilize at some maximum once optimum mass ratio of GO and AA is reached, which this study showed to be approximately 1:4, respectively. Our value of GO:AA =1:4 supported the previously proposed stoichiometric amount of GO:AA = 3.33 for ensuring sufficient reduction [66, 115].
	This dependence of DGAs conductivities corresponded to the GO deoxygenation, the defects introduced in the RGO layers constituting DGAs and the quality of restored graphitic domains by respective amount of reducing agent (AA). This was elucidated by performing the Raman spectra of thin layers of DGAs for each GO:AA mass ratio which is depicted in Figure 3.3b. 
	In the Raman spectra, the D band or D peaks arises from the vibrational mode of defective carbon structure in the form of vacancies, disordered carbon atoms and other types of atomic imperfections in the carbon lattice. In the RGO, such defects are introduced due to the partial removal of oxygen functional groups from GO during reduction. The G band or G peaks are associated with the in-plane vibrations of sp2 carbon framework [116, 117]. For our samples, the D band centered at around 1340 cm-1 while the G band appeared in between 1570 and 1581 cm-1. However the spectral intensities of the D peaks which are related to the defect densities in RGO planes were different for individual samples, suggesting that different amounts of AA produced different number of defects.
	D and G relative peak intensities ratio, ID/IG, was calculated for each sample which is considered to be inversely correlated with the size of sp2 graphitic regions [89, 90]. For GO, ID/IG was 0.81. ID/IG increased to 1.11 for DGA obtained with GO:AA = 1, confirming that its 


	Figure 3.3. (a) Measured electrical conductivities and (b) Raman spectra of DGAs with various mass ratios of GO to AA.


constituent RGO was composed of partially restored numerous electron conducting sp2 regions (π-π conjugated structures) which revitalized RGO electrical characteristics. ID/IG rose to 1.19 for RGO of GO:AA = 2 indicating the enhanced elimination of oxygen content which improved the conductivity. However ID/IG approached similar values and became smaller for samples synthesized with GO:AA = 1:4, 1:6 and 1:10, revealing the creation of relatively larger portions of sp2 graphitic fields from elimination of the attached oxygen groups. This trend is in accordance with the work of Liu and Speranza [95] and implied that stage is reached where the oxygen concentration flattens and cannot be decreased with any additional AA. From our data, it was noted that for these mass ratios the width of D peak is reduced and G peak shifted to lower Raman shift values, reconfirming that more graphene-like RGO structures were formed [87]. The larger graphitic domains in RGO provided the long range lateral conductive paths for the electron transport. This explained the improved conductivity of DGAs synthesized with GO:AA = 1:4, 1:6 and 1:10.
[bookmark: _Toc182395546]Effect of Second Reduction Duration
[bookmark: _Hlk171109630]	Conductivities of DGAs synthesized under various reduction durations were measured by systematically varying reduction durations from 1.5 hrs. to 96 hrs (Fig. 3.4a). It is observed that the duration of the reduction process affects the electrical conductivity of DGAs. Extending the reduction time impacts the conductivity of DGAs. Average conductivity increased from 2.13 S/m at 1.5 hrs. (no second reduction) to 6.7 S/m at 24 hrs. reduction and essentially remained in the same limits till the highest reduction duration of 96 hrs. This signified that the stoichiometric reaction of GO and AA (GO:AA = 1:4) takes a certain time period to complete, yielding maximally restored graphene-like RGO structures which in this case was 24 hrs. The unremarkable change in the conductivity for prolonged reduction suggested AA was either fully consumed till 24 hrs. or its reduction efficiency become much lower to remove harder oxygen groups. 
	[bookmark: _Toc182414610][image: A graph of a number of numbers

Description automatically generated with medium confidence]Figure 3.4. (a) Variation in the DGA electrical conductivity with different reduction times and (b) The corresponding Raman peak intensities ratios.


	Raman spectroscopy of the samples also supported the conductivity vs. reduction duration trend (Fig 3.4b). ID/IG intensity ratio slightly decreased from 1.22 for 1.5 hrs. to 1.20 for 12 hrs. of reduction period. This indicated a slow recovery of the percentage of the sp2 carbon, resulting in the conductivity enhancement. ID/IG further reduced to 1.03 at 24 hrs. suggesting continued removal of oxygen groups from reduction reaction. Obviously, sp2 carbon percentage grew and caused an additional rise in the conductivity. The Raman spectra of 4896 hrs. samples showed a slight decrease ID/IG according to which conductivity should improve, however, we did not notice any significant changes in the conductivites beyond 24 hrs. We attribute this to 1) uncertainities in the conductivity measurements (e.g sample to sample variations) and Raman data acquisition and fitting 2) after 24 hrs. the additional increase in sp2 carbon is too low and does not contribute to conductivity improvement. It is important to reinstate that the conductivity 
as well as Raman data of 24 to 96 hrs. lied in close range compared to 1.5 to 12 hrs., indicating that the RGO structures of these samples were not significantly different from each other. 
[bookmark: _Toc182395547]Heat Treatment and Compression
	The role of heat treatment and compression was explored on the conductivity of GA with the results presented in Figure 3.5. Samples were thermally annealed in a tube furnace in an argon environment at 900°C for 1 hr. with a ramp rate of 5°C/min to 350°C followed by 3°C/min to 750°C and then 1°C/min to 900°C and were hold for 1 hr. Samples were naturally cooled inside the furnace and then assembled in the conductivity cell. Surprisingly, annealed samples showed marked improvement in conductivity. At a standard 25% compression, annealed samples had conductivity of 15.7 S/m in comparison to normal GA ( 6.6 S/m). 
	The beneficial effect of thermal treatment on GA conductivity is explained as; in high temperature inert environment the adsorbed water (acting as an insulator) on GA surfaces is removed and additional reduction of functional groups occur. This increases the sp2 conducting regions which improves electron transport in the bulk material. The density of normal GA sample was 3.8 mg/cm3 while the annealed sample exhibited 2.3 mg/cm3. The reduced density further confirmed that annealing caused the removal of insulating species that were priorly distributed on GA surfaces. 
	It is logical to perceive that the contact resistance between RGO sheet in bulk GA can be controlled by degree of compression. To investigate this, conductivity of simple and treated GAs were measured at different levels of compression. When compression was reduced from 25% to 5%, conductivity of both samples fell. This is because when the applied compressive force on sample is decreased, RGO sheets tend to elastically recover. This causes greater interlayer spacings disrupting electron transport pathways (increased contact resistances), resulting in 

higher voltage drops and thus conductivity becoming limited. When the compression was increased beyond 25% standard compression, samples electrical conductivity improved as the 
layer to layer electrical contacts were enhanced, creating relatively continuous conduction paths. Compared to normal, thermally treated sample displayed greater response to compression, for example at 50% compression, conductivity of normal sample changed from 6.6 S/m (25% compression) to 7.8 S/m while that treated sample from 15 S/m to 20 S/m. This is connected to the better intra RGO sheets quality of the treated sample, leading to an increased number of electrical contacts that are established between layers. [bookmark: _Toc182414611]Figure 3.5. The effect of compression on the electrical conductivity of as synthesized DGA and thermally treated DGA in an argon atmosphere at 900°C.

	Conductivity correspondingly increased with compression, however compression effect weakened after 50% and conductivity tended to saturate with diminishing returns despite the reduction in thickness. From 50% to 80% compression, it only improved by 0.5 S/m and 2 S/m for normal and treated samples, respectively. This is attributable to the fact that compression essentially overcomes the resistance related to the matter-free space which include pores and void between particles in the sample. A compression is reached which establishes contacts 
between particles sufficient for maximum conduction. Further compression does not contribute to substantial improvement of these links, keeping the conductivity in a similar range. Samples elastically recovered even after 80% compression, meaning that the pore walls were not crushed, and voids were minimized in the axial direction.
[bookmark: _Toc182395548]Effect of GO Precursor Concentration
	Through the progressive integration of conductive particulates within a constrained volume, the interstitial voids between particles, which function as impediments to conduction, may be effectively reduced. This directly translates into the increased density of samples. For our DGAs the effect of increasing conductive particles on conduction was investigated by varying the GO amount in the fixed volume of precursor solution. The electrical conductivities of DGAs by varying their densities are shown in Figure 3.6. For comparison data of the previous works is also plotted with synthesis conditions provided in Table 3.1. By changing the GO from 2 mg/ml to 15 mg/ml, density changed from 5.4 mg/cm3 to 31.6 mg/cm3 (25% compressed), leading to improvement in conductivity from 6.6 S/m to 28 S/m, respectively. This is attributed to lower electron transport resistance in dense RGO structures. An interesting trend in the conductivity vs. density was noted, i-e; it increased with density; however, its sensitivity was not the same. Tuning density from 8 mg/cm3 to 17 mg/cm3, a steep increase in the conductivity occurred, going from 8 S/m to 21.4 S/m (167% rise). Despite further increasing the density by almost a factor of 2 (17 mg/cm3 to 31mg/cm3), conductivity did not show a similar rise and approached 28 S/m from 21.4 S/m (30% rise).
	[bookmark: _Toc182414612]Figure 3.6. Electrical conductivity of DGA and previously reported GAs as a function of their density.

	










[bookmark: _Toc182395647]Table 3.1. Comparison of the electrical conductivities of GAs of previous and this work.




	.Density (mg/cm3)
	Reductant
	GO:AA
	Red temp. (°C)/Time( hrs.)
	Sample
	Elec cond. (S/m)
	Ref.

	86
	Ascorbic Acid
	1 : 3
	40°C /16 hrs.
	GA
	63
	[118]

	61
	Ascorbic Acid
	-
	95°C / 4 hrs.
	GA
	0.4
	[119]

	5.1
	Ascorbic Acid
	1 : 2
	100°C / 8 hrs.
	DGA
	12
	[78]

	35.78
	Ascorbic Acid
	1 : 4
	95°C / 40 hrs.
	GA
	1
	[120]

	30
	Ascorbic Acid
	1 : 3.2
	95°C /5 hrs.
	GA
	2.08
	[121]

	8.6
	-
	-
	-
	GA
	0.75
	[122]

	16
	HI
	1 : 3
	120°C / 24 hrs.
	GA
	25
	[123]

	6.5
	Hexamethylenetetramine
	
	110°C / 8 hrs.
	GA
	1
	[124]

	80
	Ammonia
	-
	180°C /12 hrs.
	GA
	0.8
	[61]

	6.2
	Ascorbic acid
	1 : 1
	70°C /4 hrs.
	DGA
	0.013
	[82]

	21
	NaHSO3
	-
	180°C /12 hrs.
	GA
	14.4
	[125]

	17.8
	HI
	-
	Room temp/2 hrs.
	GA
	0.163
	[126]

	10
	-
	-
	-
	DGA
	1.2
	[127]

	17.7
	HI
	
	95°C /8 hrs.
	GA
	70
	[128]

	8.3
	Ascorbic acid
	1 : 4
	70°C /2 hrs.
	DGA
	2
	[129]

	This work
	
	
	
	
	
	

	5.4
	Ascorbic acid
	1 : 4
	70°C /24 hrs.
	DGA
	6.6
	

	8
	AA
	1 : 4
	70°C /24 hrs.
	DGA
	8
	

	17
	AA
	1 : 4
	70°C /24 hrs.
	DGA
	21.4
	

	31.6
	AA
	1 : 4
	70°C /24 hrs.
	DGA
	28
	

	3.3
Annealed
	Ascorbic acid
	1 : 4
	70°C /24 hrs.
	DGA
	15.8
	


[bookmark: _Toc182395549]
The plausible reasoning for jump-like transition in conductivity is that in the beginning, the sparsely packed reduced graphene oxide sheets create a feeble interconnected network, resulting in low conductivity. As the density rises, the empty spaces diminish, bringing individual clusters 
of reduced graphene oxide into proximity, facilitating accelerated electron conductance across the sample. Upon reaching a specific density threshold, a notable reduction in void space occurs, elucidating the abrupt, leap-like transition in conductivity. Further density increments yield marginal effects, as crucial conducting networks have already been established
Conclusions
	We explored the electrical conductivity of DGAs by adjusting synthesis processing parameters. Our findings highlight the considerable impact of specific processing conditions on DGA conductivity. While DGA formation was achievable with a nominal GO to AA ratio of 1:1, the maximum conductivity of around 6 S/m was achieved when the ratio was 1:4. Further increases in AA did not yield significant improvements in conductivity. Similarly, reduction time played a crucial role, with DGA conductivity showing improvement with extended reduction time, plateauing after 24 hrs. This suggests that DGA reaches its maximum electron conduction capability with a GO to AA ratio of 1:4 and a reduction time of 24 hrs. Nevertheless, it is important to highlight that the time required for reduction may differ depending on the temperature. For example, a temperature of 90°C would result in a quicker completion of the reduction process compared to 75°C used in this study. 
	Post-thermal treatment of DGA at 900°C in inert environment give RGO more graphene-like characteristics by removing residual functional groups, leading to increased graphitic order and enhanced conductivity by more than factor of 2. However, the specific effects can depend on factors such as the temperature, duration of heat treatment, and the initial properties of the DGA. Additionally, compression enhances the contact between individual graphene sheets, establishing better electron transport pathways and thereby improving conductivity. 
	Likewise, the correlation between density and electrical conductivity entails an enhancement in conductivity as density increases. Once a specific density threshold is surpassed, the enhancements in electrical conductivity may become marginal, and further increases in density may not lead to substantial improvements.
	We emphasize that the experimentally determined conductivities mentioned earlier are significantly influenced by various measurement parameters. These parameters include the height and cross-sectional area of the sample, the obtained chemical structure of reduced graphene oxide (RGO) after reduction, applied compression, as well as factors such as temperature and humidity. Consequently, obtaining an 'absolute value' for the conductivity of DGA is not a straightforward task. This complexity makes direct comparisons with conductivity values reported in the literature challenging.
[bookmark: _Toc182395550] Synthesis and Characterization of Nano-Copper Functionalized Directional Graphene Aerogel
[bookmark: _Toc182395551]Introduction
	One of the striking features of GA is the ability of its reduced graphene oxide (RGO) sheets to serve as host material building blocks for metal nanostructures, allowing the development of hybrid composites. This integration of metal nanostructures into the graphene network offers synergistic effects, leading to enhanced performance. With gold (Au) nanoparticle-decorated RGO, Sett and Kanti [130] demonstrated improved detection of mercury (Hg+) while Bahar and Ekinci [131] achieved higher specific capacitances. It was reported that the incorporation of silver (Ag) nanoparticles on RGO acted as an electrocatalyst for oxygen reduction reaction, rendering it as promising cathode material for zinc and Li-O2 batteries [132] [133]. Similarly, researchers have extensively studied platinum (Pt), palladium (Pd), nickel (Ni) and cobalt (Co) nanostructures on RGO surfaces, unveiling their significance for the considered applications [134-138]. However, the costs associated with Au, Ag, Pt, Pd etc., hinder the industrial expansion of these graphene nanocomposites.
	Copper (Cu) based graphene composites have emerged as a promising alternative to noble metals due to the low cost of Cu and its favorable physical and chemical properties. Ehsani et.al [139] fabricated graphite supported polymer/RGO/Cu nanoparticles films and showed that it exhibited better capacitance and methanol oxidation capability compared to polymer/Cu without RGO due to their high surface and superior electrical and catalytic action. It was reported that RGO stabilized Cu nanoparticles enhanced CO2 reduction which could be beneficial for producing fuels like methane [140]. Rios et.al. [141] investigated Cu supported on RGO as a catalyst in the thermal decomposition of composite solid propellants. The authors demonstrated a substantial boost in the propellent energy release, attributing it to the synergistic effect of RGO and Cu. In search of low cost transparent conductive electrode, Dou and coworkers [142] described the fabrication of RGO wrapped Cu nanowire films with optical and electrical performance comparable to commercial indium tin oxide. Similarly, several other studies have been published discussing the potential benefits of graphene-Cu nanocomposites in the domains of environment [143], thermal management [144] and corrosion protection [145].
	While prior studies provide valuable insights into the synthesis and applications of graphene-Cu nanocomposites, the investigated structures were predominantly Cu-RGO where Cu nanoparticles were deposited onto RGO thin layers. We note that the synthesis and characterization of 3D GA structures with Cu nanoparticles embedded were rarely reported. Such structures could be useful in the design of thick electrodes and high-capacity adsorbents, [146]. In this context, Wu et.al. [147] fabricated GA using Cu nanoparticles as reducing source for GO. Their GA contained Cu2O particles with remarkable absorption capabilities for removing various oils and dyes from water. Inspired by this, Zhao and coworkers [148] synthesized Cu embedded GA using CuSO4.5H2O, formaldehyde and other chemicals in the presence of (NH4)2PdCl4 catalyst under room temperature conditions, highlighting its effectiveness for energy storage devices. 
	Based on the preliminary investigations of our group on the performance of DGA electrode in biphenyl-sodium polysulfide organic redox flow battery (Bp-Na2Sx) [149], it has been observed that the electrochemical performance of DGA is low, potentially attributed to low chemical affinity towards Na2Sx redox reactions. Remaining dedicated to advancing materials for overcoming the challenges related to ion and mass transport constraints encountered in organic redox flow batteries, in this chapter, we report the synthesis and characterization of directional graphene aerogel (DGA) loaded with Cu nanoparticles, that is Cu-DGA. We hypothesized that Cu-DGA as an electrode, in addition to the well-defined directional network that would augment ion and mass transport, the presence of Cu will introduce synergistic effects that would boost its electrochemical response compared to basic DGA. The schematic of the conceptual design of Cu-DGA is illustrated in Figure 4.1. 
	[image: Diagram of a diagram of a carbon electrolyte
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[bookmark: _Toc182414613]Figure 4.1. Schematic of the conceptual design of Cu-DGA. Directional microstructure will facilitate ion/mass transport and Cu nano-functionalization will elevate electrochemical performance.


	Cu-DGAs were produced utilizing facile liquid phase processing method in which simultaneous in-situ reduction of Cu+2 and GO was carried out using environmentally friendly AA. Formed Cu graphene hydrogels (Cu-GH) were directionally frozen, followed by freeze drying to yield Cu-DGAs.
However, the focus of this chapter is not on exhaustive evaluation of ion/mass transport properties of the proposed Cu-DGAs, but to understand the nanostructural synthesis, especially the functionalization of DGA with Cu and key electrode properties first, i.e. electrical

conductivity and electrochemical response. Cu-DGAs were produced utilizing facile liquid phase processing method in which simultaneous in-situ reduction of Cu2+ and GO was carried out using environmentally friendly AA. Cu-RGO sheets were reorganized with directional freeze casting resulting in highly aligned, long range porous transport channels. We performed comprehensive nanostructural analysis of Cu-DGAs synthesized at various solution pH, CuCl2 concentration and second reduction durations. It is worth mentioning that adding Cu degraded the electrical conductivity compared to normal DGA. On the other hand, it showed promising electrochemical performance in organic redox flow setup by catalyzing Nas2Sx reactions in organic tetra ethylene glycol dimethyl ether (TEGDME) solvent.
[bookmark: _Toc182395552]Materials and Methods
[bookmark: _Toc182395553]Materials
	DGA synthesis involves utilizing graphene oxide (GO) derived from bulk graphite in large quantities. The commonly employed method for obtaining GO precursor material is Hummers' exfoliation method [62]. For this study, research-grade aqueous GO was acquired from Graphenea, Inc., USA. As per the manufacturer, this GO had an elemental composition of 52% carbon and 45% oxygen. Research grade CuCl2.2H2O, AA and NaOH were obtained from Sigma Aldrich, USA. De-ionized (DI) water was utilized as a solvent.
[bookmark: _Toc182395554]Synthesis of Cu-DGAs
	In a typical experimental procedure (Fig.4.2), 5 ml GO of 4 mg/ml was mixed with 2 ml DI water and ultrasonicated for 30 min. Then 1 ml of CuCl2.2H2O (0.08 M) was added to this solution and ultrasonicated again for 45 min to allow sufficient time for electrostatic ionic interactions between Cu2+ and GO. The solution was then kept under magnetic stirring and NaOH ( 1 ml, 0.6 M) ) was slowly introduced. Finally, 1 ml of AA (1 M) was added dropwise as 
[bookmark: _Toc182414614]Figure 4.2. The synthesis method used for the preparation of DGAs with copper nanoparticles.





a reducing agent. The pH of final solution was 5.5. Considering the total aqueous quantity, the final concentration of GO was 2mg/ml which ensures the directional porous characteristics in Cu-DGA with unidirectional freeze casting.
	Subsequently, the thermochemical reduction reaction was conducted in two stages. Initially, the mixture temperature was reduced to 60°C for 2 hrs., marking the completion of Cu-graphene hydrogel (Cu-GH) formation. Specifically, to facilitate the stable development Cu-GH, magnetic stirring was omitted during the chemical reduction process. Cu-GH was then cooled to room temperature and directionally frozen at -50°C with a freeze casting technique utilizing liquid nitrogen as a cold source. The freeze-cast Cu-DGA (Cu-functionalized Directional Graphene Aerogel) was thawed to room temperature and subjected to reduction again at 70°C for 24 hrs for the second reduction time (or 48 hrs. or 72 hrs.). The resulting product was washed multiple times with DI water to eliminate any residuals. Finally, freeze drying of the frozen hydrogel was performed for 48 hrs. to yield porous Cu-DGA. Using the same method without the inclusion of CuCl2 and NaOH, pure DGAs with no nano-copper were also synthesized for comparative studies.
[bookmark: _Toc182395555]Structural Characterizations
	Morphological and spectroscopic techniques were used to assess the structural and surface characteristics of synthesized materials. The microstructural attributes were screened by Scanning Electron Microscopy (SEM, Zeiss Auriga) with an accelerating voltage of 15kV. Detailed nanostructural analysis was performed using Transmission Electron Microscopy (TEM, JEOL, Japan) at an accelerating voltage of 100kV. Crystalline phases were characterized with powder XRD ( Empyrean, UK) using Cu-Kα radiation (λ=1.5405 Å ). XRD data were collected in the continuous mode in the scan range (2θ) of 5  90°. Raman spectra was recorded for GO
precursor, RGO films of DGA and Cu-DGA using a PlanarTECH Raman system with a 532 nm Nd:YAG laser source excitation. Fourier Transform Infrared (FTIR) data was recorded for samples on Nicolet iS50 (Thermo Fisher Scientific, USA). Thermogravimetric analysis (TGA) of the samples was conducted with Q500 analyzer from TA instruments, USA. Samples were subjected to heating from room temperature to 800°C at a rate of 10 °C/min in the air atmosphere
[bookmark: _Toc182395556]Electrical Conductivity Assessments
	In DGA or Cu-DGA, solid RGO skeletal assists in the electron flow while macroscopic pores solely conduct ions. Taken together, these domains determine the electrical and ionic conductivity. The main advantage we anticipate with Cu-DGA lies in the improved ion transport facilitated by the well-organized pore structure. Consequently, the electrical conductivity of the Cu-DGA is required to be studied with the preserved directional porous network. Therefore, the emphasis here is on the bulk through-plane conductivity of Cu-DGA without compromising the integrity of its pore structure.
	Our survey of the existing scholarly works showed that the through-plane electrical conductivity of simple porous GAs has been reported, nonetheless, for GAs incorporating nanoparticles, the electrical conductivity data is primarily for thin film specimens in which the microporous fraction is greatly diminished, thereby rendering the structure inappropriate for swift ion mobility. However, for a fair data comparison with previous literature, the electrical conductivity of Cu-RGO thin films was also measured. The initial step involved the measurement of the electrical conductivity of normal DGAs, establishing a foundation for comparison with existing literature data, and to produce benchmark data for Cu-DGAs.
	For through plane conductivity, the as prepared Cu-DGAs were sandwiched between two gold plated copper sheets and assembled securely in the conductivity cell (Fig. 4.3a) To ensure 
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[bookmark: _Toc182414615]Figure 4.3. Samples utilized for measuring (a) the bulk through-plane electrical conductivity of porous Cu-DGA and (b) the in-plane electrical conductivity of Cu-RGO film. (c) Illustration of the physical arrangement of Cu-RGO nanosheets and electronic conduction mechanism in the bulk porous Cu-DGA and in the Cu-RGO film.









proper electrical contact with copper sheets, Cu-DGAs were compressed by 25% using Teflon gaskets. This level of compression does not undermine the structural integrity of the pore 
architecture. Similarly, the conductivity of Cu-RGO films was measured, but with a four-line probe cell (Fig.4.3b). Cu-RGO films were prepared by fully compressing Cu-DGA between two glass microslides which were transferred to the four-line probe surface.
	Conductivity assessments were conducted using the Bio-Logic VSP potentiostat (BioLogic, France). Employing a two-probe chronopotentiometry method, a consistent current pulse was administered for a duration of 30 seconds while recording the voltage simultaneously. The mean of the final 10 seconds was taken as the definitive voltage reading. To prevent any transient impacts from sample relaxation, a 10-second interval was observed prior to each subsequent current application.
	To assess the electrochemical efficiency of DGA and Cu-DGA, a symmetric redox flow cell setup was utilized where both compartments were connected to a shared reservoir and electrolyte circulated through a cell reactor core at a rate of 10 ml/min using a peristaltic pump Carbon Felt (CF) was utilized as a reference standard. The electrolyte in use was composed of sodium polysulfide (Na2Sx) as active reactant and sodium triflate (NaOTf) as a supporting salt in tetraethylene glycol dimethyl ether (TEGDME) organic solvent, adjusted beforehand to 50% state of charge (SoC). Refer to section 4.5 for additional details on the flow cell setup. 
[bookmark: _Toc182395557]Results and Discussions
[bookmark: _Toc182395558]Morphological Analysis, Phase Composition and Formation Mechanisms
	The external bulk physical structure of the Cu-DGAs was the same as simple DGA. However, SEM and TEM observations (Fig. 4.4a-f) showed highly aligned microstructure for both DGA and Cu-DGA but with the presence of distinct particle phase in Cu-DGA, indicating 
[bookmark: _Toc182414616]Figure 4.4. Preliminary structural comparisons of DGA and Cu-DGA. Low resolution SEM image of (a) longitudinal section (freezing direction) of DGA and (b) Cu-DGA. White arrow shows the aligned transport channels constructed with directional freezing. High resolution SEM image of (c) RGO sheet of DGA and (d) Cu-DGA. High resolution TEM image of (e) RGO sheet of DGA and (f) Cu-DGA













the possible deposition of Cu particles on its RGO surfaces. XRD analysis of Cu-RGO sample corroborated this observation as shown in Figure 4.5. The peaks in the XRD pattern aligned well with those in JCPDS 04-0836 card, assigned to Cu structures. Additionally, peaks corresponding to CuO and Cu(OH)2 were also detected, resulting from some oxidation of Cu and incomplete conversion of Cu(OH)2 to Cu. The peak at 2θ=26° corresponded to RGO with a stacking width of 0.34 nm, representing a characteristic interplanar spacings of RGO layers.
	The nanostructural differences between the samples were elucidated through Raman analysis. In the Raman spectra of GO, RGO and Cu-RGO (Fig. 4.6a), the D and G bands were observed at about 1350 cm-1 and 1580 cm-1 but with different ID/IG peak intensity ratios. ID/IG values of 0.88, 1.04 and 1.09 were noted for GO, RGO and Cu-RGO respectively. The greater
structural defects in GO, characterized by higher sp3 carbon content due to oxygen-containing groups caused lower ID/IG and the broadening of its D and G bands. Conversely, higher ID/IG of RGO and Cu-RGO implied that structural flaws were lessened during the reduction process,
potentially from the elimination of oxygen functional groups in GO. With this, the revival of numerous small though not fully healed sp2 rings occurred, leading to the emergence of a distinct D peaks in RGO and Cu-RGO.
	FTIR spectroscopy was employed to further understand the surface species and the data collected is depicted in Figure 4.6b. The spectrum of GO revealed oxygen functionalities, exhibiting absorption peaks at 3385, 1727, 1390, 1169 and 1036 cm-1, assigned to the stretching vibrations of OH in hydroxyl , C=O in carbonyl , CO in carboxyl and CO and COC in epoxy groups. A peak at 1614 cm-1 was attributed to the skeletal vibrations of the C=C within the hexagonal rings due to the residual sp2 character in GO. For RGO and Cu-RGO, the intensity of
[bookmark: _Toc182414617]Figure 4.5. Obtained XRD pattern of the synthesized Cu-DGA.
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[bookmark: _Toc182414618]Figure 4.6. (a) Raman and (b) FTIR spectra of GO and RGO layers of as synthesized DGA and Cu-DGA.





infrared spectral features associated with hydroxyl, carbonyl and carboxyl markedly weakened, implying a decrease in the concentration of these functional moieties. Additionally, lower intensity bands in the range of 1600 -1500 cm-1 were detected for both RGO and Cu-RGO which were related to the C=C stretching vibrations of partially reconstructed sp2 graphitic network. 
	Figure 4.7 illustrates the possible formation of our synthesized materials. The introduction of CuCl2 to GO (Fig. 4.7a) generates Cu+2 ions that bind to the oxygen functional group sites on GO surfaces via lone pair coordinations [150] and electrostatic interactions attributed to negative charge nature of GO [151]. Subsequently, the addition of NaOH (Fig. 4.7b) followed by rapid addition of AA (C6H8O6) (Fig. 4.7c) simultaneously reduces GO and the adsorbed Cu(OH)2 species resulting in RGO sheets embedded with Cu nanoparticles. During reduction enhanced hydrophobic and - interactions come into play between Cu-RGO sheets, triggering their self-assembly into Cu-GH.
[bookmark: _Toc182395559]Synthesis Driven Nanostructuring of Cu-DGA
	Nanostructural attributes, including particle size, distribution, and morphology, are pivotal in determining the functionality of nanomaterials. For instance, Jahromi et al. [152] demonstrated that 8 nm NiO particle electrode exhibited a specific capacitance of 549 Fg⁻¹, surpassing the performance of 12 nm and 22 nm NiO particles. This enhancement was attributed to the increased number of active sites available for reactions. In another study, Lai and co-workers [153] tested silicon nanoparticle based anode material in Li-ion battery with two distinct morphologies, spherical synthesized at 625°C and rough type at 650°C . Half-cells with spherical particles retained nearly 70% capacity over 300 cycles, whereas those housing irregularly shaped, clustered particles experienced a significant decrease in capacity after just 20 cycles. This disparity was due was the smooth surface and better homogeneity of spherical particles, 
[bookmark: _Toc182414619]Figure 4.7. The formation mechanism of Cu-RGO structures and involved chemical reactions.














highlighting the critical role of particle morphology for longevity.
	It has been shown that the characteristics of nanoparticles are influenced by pH [154], concentration [155] and reaction time [156]. However, the impact of these factors on Cu in combination with RGO in the absence of stirring through diffusive and adsorptive process in the absence of stirring is scarcely explored. In this regard, we investigated the effect of (1) pH of the starting solution before carrying out reduction, (2) the effect of the initial concentration of copper salt (CuCl2‧2H2O), and (3) the effect of the second-step reduction time on the nanostructuring of Cu-DGAs. The synthesis details of the samples are summarized in Table 4.1.
1.1.1.5 Solution pH
	The pH of the solution was controlled by adjusting the molar concentration of NaOH while maintaining a constant total volume. Figure 8 shows the low and high magnification TEM analysis of the samples synthesized at different pH levels ranging from 3 to 10.5 for 0.08M CuCl2 and 24 hrs. second stage reduction. The presence of nanoparticles on Cu-RGO surfaces was observed for each considered pH. This indicated that Cu nanostructures could pervade in RGO surfaces under acidic as well as alkalic environments during hydrothermal self-assembly of RGO sheets. However, the obtained nanoparticles exhibited varying morphological and size characteristics, suggesting that the final nanostructuring of Cu-DGAs is highly dependent on pH. 
	At pH 3, Cu-DGA exhibited nanoregions comprising both coalesced and finely distributed particles (Fig.4.8a-b). Consequently, the size distribution analysis (Fig. 4.8c) revealed dual size groups: the fine group with an average of 7 nm and the coalesced group with an average of 30 nm, conforming to a grand average of 16 nm. The nanostructuring of Cu-DGAs could be explained by the interactions of Cu+2 ions, the GO functional groups, and AA. In the strongly

Table 4.1. Preparation details of the DGA and Cu-DGA samples synthesized at various synthesis conditions.













	Sample
	Synthesis variable
	DI water
(ml)
	GO quantity (4mg/ml) (ml)
	1 ml CuCl2.2H2O (M)
	1 ml NaOH
(M)
	1 ml Ascorbic acid (M)
	pH
	Second red.
( hrs.)

	DGA
	-
	5
	5
	-
	-
	1.2
	5
	24

	Cu-DGA
	pH
	2
	5
	0.08
	0.22
	1.2
	3
	24

	
	
	2
	5
	0.08
	0.44
	1.2
	5.3
	24

	
	
	2
	5
	0.08
	1.1
	1.2
	7.3
	24

	
	
	2
	5
	0.08
	1.5
	1.2
	10.2
	24

	
	CuCl2 Conc.
	2
	5
	0.02
	0.88
	1.2
	5
	24

	
	
	2
	5
	0.04
	0.88
	1.2
	5
	24

	
	
	2
	5
	0.08
	0.88
	1.2
	5
	24

	
	
	2
	5
	0.15
	0.88
	1.2
	5
	24

	
	second red time
	2
	5
	0.08
	1
	1.2
	5
	0

	
	
	2
	5
	0.08
	1
	1.2
	5
	24

	
	
	2
	5
	0.08
	1
	1.2
	5
	48

	
	
	2
	5
	0.08
	1
	1.2
	5
	72



acidic conditions with pH 3, Cu+2 is the prevalent state of copper, which is attracted to the negatively charged oxygen groups of GO [157]. Additionally, the reduction of Cu+2 by AA occurs in a two-step deprotonation and electron transferring process [158]. In the first step, AA releases H+ accompanied by a transfer of one electron, converting Cu2+ to Cu1+. This is followed by another similar step which converts Cu1+ to Cu. At the early reaction stage, the conversion of Cu2+ to Cu is fast, thereby generating numerous fine particles and nucleating at vacant sites (nanoparticle stabilizer entity) that are created from the simultaneous reduction of functional groups on the GO surface. However, over time, the deprotonation of AA is slowed down due to abundant H+ concentration in the acidic environment; thus, its rate of electron donation decelerates. This hinders the creation of new nucleation sites on RGO and slows down particle formation. The slowly growing particles tend to come into close contact with each other, leading to significant coalescence. Thus, the particle size distribution shows dual peaks: one for the fine particles from the earlier faster synthesis, and one for the coalesced particles that come in the latter part of the synthesis.
	Increasing the pH to 5 made the coalescence persistent with an increased average size to 29 nm (Fig. 4.8d-f). Again, the deprotonation of AA was slowed down, thereby generating prolonged agglomerations with many bigger particles. Furthermore, since the moderate presence of OH-1 facilitated deprotonation/electron transfer of AA, the number of later-formed particles slowly increased, which were then aggregated. Thus, the particle size distributions seem to be inevitably larger for acidic environments below pH 7.
	At pH 7 (Fig. 4.8g-i), the average of the fine particle group decreased to 2.5 nm with a narrowly defined particle sizes of much less than 10 nm. No notable aggregations were noted. At pH 7, Cu+2 species first becomes Cu(OH)2, which finally reduces to Cu. Because of no hindering 
[bookmark: _Toc182414620]Figure 4.8. TEM images of different locations and particle size distributions of Cu-DGAs synthesized at different pH levels with 0.08M CuCl2 and a second reduction of 24 hrs. (a-c) Cu-DGA at pH 3, (b-f) pH 5, (g-i) pH 7 and (j-i) pH 10. For particle sizing, measurements from other locations were also taken (not necessarily shown here).


	
factors of deprotonation as previously described for the acidic cases with pH 3 and pH 5, the reduction rates become faster with overall reaction kinetics that supports controlled nucleation, growth, and stabilization of particles. This supports the notion that the nanostructure of narrowly distributed fine particles are formed with a reduced average size without showing any notable particle aggregations.
	Further increasing of the pH to 10 (Fig. 4.8j-l) led to progressive reduction of an average size to 2 nm, with aggregated structures rarely present. This can be attributed to the enhanced electrostatic repulsions among graphene sheets due to deprotonated (negatively charged) functional groups[159] in this highly alkaline environment, which in turn more effectively prevents particle aggregations on the same sites. We also noted that the Cu-DGA synthesized at pH 10 were mechanically weak and easily prone to breakage, as increased electrostatic repulsions of GO prevent the effective self-assembly of sheets.
For pHs of 7 and 10, agglomeration was substantially lowered with mostly fine particle distributions; however, these high pH conditions are not recommended, as the resulting Cu-DGAs were observed to be mechanically weakened. Additionally, irrespective of the pH, the distribution of Cu nanoparticles was not uniformly distributed on the entire RGO surface, showing localized distributions instead. This is related to the uneven spatial distribution of lattice flaws and oxidized regions which directed the attachment of nanoparticles to specific sites [160].
1.1.1.6 CuCl2‧2H2O Concentration
	Apparently, the size and shape of the particles would be influenced by the amount of Cu+2 present in the processing solution. To better understand the Cu+2 content driven particle sizes and morphologies, we systematically varied the concentration of CuCl2. (Cu2+ source) from 0.02 to 0.15 M keeping the pH level at 5 and second reduction time of 24 hrs. The resulting nanostructures of Cu-DGAs at specific molar concentrations are shown in Figure 4.9. At a CuCl₂ concentration of 0.02 M, Cu nanoparticles with an average size of 21 nm were formed. Increasing the CuCl₂ concentration to 0.04 M led to a slight increase in average particle size to 23 nm, along with the appearance of larger particles reaching up to 50 nm. Further increases in CuCl₂ concentration to 0.08 M and 0.15 M resulted in average particle sizes of 28 nm and 31 nm, respectively. The observed clustering behavior with higher CuCl₂ concentrations is likely due to particle agglomeration over time. Higher Cu2+ concentrations accelerate the reduction events, producing numerous nuclei simultaneously. As newly formed Cu atoms are deposited primarily on existing stable nuclei, this reduces the rate of new nuclei formation. Consequently, Cu atoms accumulate on existing particles, leading to agglomerated structures as the particles attempt to minimize surface energy. 
	Figure 4.10 illustrates the thermogravimetric analysis (TGA) of DGA and Cu-DGA samples with varying concentrations of CuCl₂. Unlike DGA, which completely decomposed at temperatures up to 600°C, Cu-DGA demonstrated thermal stability up to the maximum test temperature of 800°C, a result attributed to the presence of copper. The residual mass percentage increased with CuCl₂ concentration, indicating a direct correlation between Cu content and the initial CuCl₂ concentration. This trend aligns with the previously observed impact of CuCl₂ on nanostructuring, as shown in Figure 4.9.
1.1.1.7 Second Reduction Time
	To see the influence of the second stage reduction duration on the formation of Cu nanoparticles, time was varied from 24 hrs. to 72 hrs. at 70 °C. Samples without second reduction were also analyzed ( 0 hrs.). TEM analysis suggested that the mean Cu nanoparticle size increased by prolonging second reduction times (Fig.4.11) Changing from 24 hrs., 48 hrs. 
	



[bookmark: _Toc182414621]Figure 4.9. TEM images of different locations and particle size distributions of Cu-DGAs synthesized at different molar concentrations of CuCl2 at pH of 5 and second reduction of 24 hrs. (a-c) Cu-DGA at 0.02 M, (b-f) 0.04 M, (g-i) 0.08 M and (j-l) 0.15 M. For particle sizing, measurements from other locations were also taken (not necessarily shown here).

	 [bookmark: _Toc182414622]Figure 4.10. Thermogravimetric analysis of Cu-DGAs with various molar concentrations of CuCl2.2H2O. Estimated copper content for each case is given in percentage.






[bookmark: _Toc182414623]Figure 4.11. TEM images of different locations and particle size distributions of Cu-DGAs synthesized under various second reduction durations at a pH of 5 and 0.08M CuCl2. (a-c) Cu-DGA with no second reduction, (b-f) Cu-DGA with second reduction of 24 hrs., (g-i) 48 hrs. and (j-l) 72 hrs. For particle sizing, measurements from other locations were also taken (not necessarily shown here).





	Prolonging the time resulted in the particle aggregation leading to increased size variability. This owes to the kinetics controlling the particle size and are influenced by the reaction rate and the time the reaction is allowed to proceed. Initially, the higher activity of CuCl2 and AA reductant promotes rapid nucleation resulting in numerous small particles. Shorter reaction times favor kinetic control, preserving these particles and thus narrow size distribution and consistent morphology is achieved. 
	In prolonged durations, particles grew to a certain size at the nucleation sites resulting in limited growth spaces on RGO surfaces. This marks the period after which nucleation density remains unchanged and incoming Cu atoms from the diffusion zones are predominantly deposited on the original particles, leading to larger nanoagglomerates. Despite the diminished AA reactivity over time, particle agglomeration still occurs ( e-g 48 hrs. and 72 hrs.) due to interparticle interactions towards stable thermodynamic states. 
	While small uniformly distributed particles on RGO surface were obtained without second reduction (Fig 4.11a), the quality of RGO in this case was low due to insufficient reduction as evident from its electrical conductivity (section 4.4). Based on these findings, we select second reduction of 24 hrs. as an optimal duration for the preparation of Cu-DGA, providing smaller, monodispersed Cu nanoparticles with higher degree RGO.
[bookmark: _Toc182395560]Electrical Characterization of Cu-DGA
	Material electrical conductivity largely influences the performance of energy storage, sensors and other devices. The through-plane electrical conductivity of Cu-DGAs synthesized at considered pH, CuCl2 concentration and second reduction times was evaluated via chronopotentiometry technique and is shown in Figure 4.12.
	 
[bookmark: _Toc182414624]
Figure 4.12. Measured electrical conductivity of Cu-DGAs synthesized at various synthesis conditions of pH, CuCl2 concentration and second reduction times. Conductivity of DGA of 2mg/ml GO and 24 hrs. second reduction is also shown.[image: A graph of different colored columns
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	Surprisingly, Cu-DGA did not exhibit significant enhancements in electrical conductivity, in fact it was lower than simple DGA. DGA had conductivity of 4.6 ± 0.67 S/m while that of Cu-DGA remained within 2.6 ± 0.35 S/m for all synthesis combinations except for the ones in which the concentration of CuCl2 was higher i.e., 0.15 M and when no second reduction was performed. This suggested that increasing the CuCl2 by certain concentration decreases the Cu-
DGA electrical conductivity. The low conductivity without employing a second reduction is related to the insignificant reduction of GO. Cu-DGAs conductivity findings contradicted our hypothesis that the addition of Cu particles might enhance the bulk electrical conductivity of DGA. 
	In the through-plane conduction mechanism, injected charge traverses GA thickness and exits at the opposite side via interlayer conduction through billions of RGO sheets, held together by van der Waals forces. However, this interlayer vertical transport is not smooth due to the inability of charge to overcome the energy barrier height in its conducting path. This barrier is caused by random physical arrangement and chemical disorder of RGO sheets and is influenced by factors such as interlayer distance and defect distribution across the layers. When the charge is unable to directly hop to the successive layer in the direction of applied electric field, it flows along the sheet (in-plane) to find another opened interlayer hopping conductive path. Of course, in-plane conduction is also hindered as charge hops between nanometer sized graphitic domains separated by defect clusters (insulating regions) on sheet surfaces. In essence, both the interface-limited and in-plane-limited conduction in RGO contribute to the bulk electrical properties of the GA. 
	Based on the above, the conductivity of Cu-DGA samples can be elucidated. Across the pH range of 3 to 10, the average conductivity is 2.5 S/m with a standard deviation of ±0.33 S/m. This suggests that Cu morphology and size distribution within multilayer RGO have minimal impact on bulk conductivity. Instead, hopping conduction are predominantly influenced by the characteristics of graphitic domains after reduction. Navarro et.al [161] demonstrated that more basic conditions reduces the number of defects resulting in larger graphitic domains, accordingly, conductivity should enhance at higher pH. Contrarily, our findings show slightly lower conductivities at higher pH levels. This discrepancy is attributed to the conductivity contribution from specific arrangement of RGO layers; at lower pH carboxylic groups are neutral which causes the RGO sheets to aggregate during reduction and thereby improves charge transport characteristics. In contrast, ionized carboxylic groups (-COO-) at higher pHs reduce basal plane stacking because of electrostatic repulsions, causing nanosheets to connect through bent borders [162], thereby decreasing electrical interconnectedness and compensating for the fore-mentioned tendency of increasing conductivities at higher pHs.
	Regardless of the increase in CuCl₂ concentration from 0.02 M to 0.08 M, similar conductivities were recorded (2.4 ± 0.05 S/m) and tend to become slightly lower for 0.15 M CuCl₂ ( 2 ± 0.23 S/m), indicating that the increased addition of Cu does not significantly improve the conductive behavior of 3D RGO scaffolds. These findings are consistent with investigations by Iskander et.al. [163] on Cu embedded RGO films and found that increasing Cu beyond 1 wt.% did not improve the conductivity of RGO due to prevailing Cu2O and CuO structures, thereby increasing resistivity. Further, Idisi et. al. [164] also demonstrated analogous results, where an increase in Au concentration from 0.22 at.% to 4.88 at.% did not result in a notable change in the electrical properties of Au-RGO films, with these films exhibiting relatively lower conductivity compared to simple RGO. The authors attributed this to the reduction in sp² conducting domains due to the formation of C−Au and Au−O bonds. 
	The electrical conductivity of samples subjected to various second reduction times, 24 to 72 hrs., remained at 2.9 ± 0.3 S/m. However, a drastic decrease in the conductivity ( 0.88 ± 0.13 S/m) occurred for samples not treated for second reduction, though such samples were characterized by relatively uniformly distributed monodispersed Cu particles. Certainly, this is related to the inadequate reduction of RGO limiting the restoration of conducting graphitic fields. This result clearly re-established that primary contributions to the conductivity of Cu-DGA stems from sp2 territories whose restored quality and relative interconnections are significantly influenced by the presence of Cu nanoparticles. The electrical conductivity exhibited minimal fluctuations over an extended duration (> 24 hrs), indicating that the AA have been nearly depleted within 24 hrs. or its efficacy in reducing more stubborn oxygen groups had significantly decreased. The minor deviations observed can be ascribed to variances between individual samples.
	For our Cu-DGAs, we speculate these factors for observed conductivity trends,(1) that the integration of Cu on RGO nanosheets disrupts the sp² conducting regions and (2) discretely distributed particles act as scattering sites for electrons moving along the RGO framework. and (3)the lack of improvement in the conductivity of Cu-DGA despite increasing Cu is linked to the dominant presence of unreduced CuₓO structures and local aggregation of nanoparticles, rendering them ineffective in enhancing electrical contact points [165]. The schematic illustration of the effect of these factors on charge transport is depicted in Figure 4.13. Previous conductivity data on GA metal nanocomposites, specifically involving porous foam specimens measuring several millimeters, remains limited; the electrical conductivity of reduced RGO films infused with nanoparticles has been mainly explored. As such a disparity arises in the data
[bookmark: _Toc182414625]Figure 4.13. Charge flow in (a) RGO of DGA and (b) Cu-RGO nanosheets of Cu-DGA. RGO offers greater charge collection at the opposite side compared to Cu-RGO, where movement of charge is hindered due to scattering by discretely located nanoparticles, the constrained sp2 recovery due to nanoparticle adsorption, and the presence of insulating CuXO content.












comparison, e.g. RGO films exhibit conductivity that is several orders of magnitude greater than GA as electrical pathways are enhanced. For comparative evaluations, Cu-DGAs were compressed to produce Cu-RGO films with their respective conductivities represented in Figure. 4.14a. A comparable pattern as that of Cu-DGAs was noted in the conductivities of Cu-RGO films, revealing lowered values than RGO and a progressive decrease in conductivity with increasing CuCl2 content (pH 5 and 24 hrs second reduction).
	Given that the Cu-RGO films have reduced interflake junction resistance, this result re-established that primary contributions to the conductivity of Cu-DGA stem from the electrical characteristics of sp2 territories and may be affected by the discretely distributed Cu nanoparticles.
	A comparison of our Cu-RGO conductivity to various metal-decorated RGO is displayed in Figure 4.14b with respective samples information in Table 4.2. An examination of the data indicated that the conductivity is highly dependent on the final state of the sample as well as specific type of nanoparticle e.g. annealed samples displayed an order of magnitude higher conductivities attributable to the pronounced restoration of sp2 clusters. Earlier studies showed a decline in conductivity with an increase in the wt.% of Cu [163], thus corroborating our result that the increased concentration of CuCl2 causes to lower Cu-DGA/RGO conductivity. Furthermore, our conductivity value for Cu-RGO (324 S/m) is in reasonable agreement with Zhao et al. (430 S/m), with the observed difference potentially attributable to the compression methods utilized and the sample dimensions.
We stress here that the experimental determination of conductivity greatly depends on measurement parameters, sample-to-sample variation, oxidation of Cu particles while conducting test in ambient conditions, actual applied compression in the cell and environmental conditions
	[image: A graph of a study

Description automatically generated with medium confidence][bookmark: _Toc182414626]Figure 4.14. (a) In-plane electrical conductivity of RGO film and Cu-RGO films obtained by compressing bulk DGA and bulk Cu-DGAs, respectively, and (b) comparison of the in-plane electrical conductivity of Cu-RGO (with 0.04 M of CuCl2) with previous nanoparticles incorporated RGOs. 
(a)
(b)

[bookmark: _Toc180092645][bookmark: _Toc182395649]Table 4.2. Relevant details of nanoparticle incorporated RGO sheets from previous studies for electrical conductivity measurements.
	[bookmark: _Hlk177300214]Sample
	Sample type
	Nanoparticle wt%
	Final sample condition
	Comment
	Ref.

	This study
	Cu-RGO
	19
	Thin film 0.1218mm thick
	
	

	1
	Pt-RGO
	50
	Thin film
	
	[165]

	2
	Au-RGO
	-
	Compressed powder
	
	[166]

	3
	Ag-RGO
	-
	Thin film
	
	[167]

	4
	Cu-RGO
	1
	Thin film (annealed at 300°C)
	Cond. reduction with increased concentration
	[163]

	5
	Cu-RGO
	5
	
	
	

	6
	Cu-RGO
	27.8
	Thin film (30 µm thick,highly compressed, small size)
	Similar sample type as in this study
	[148]

	7
	Ni-RGO
	5
	Thin film (0.2 mm thick) (highly compressed, annealed at 1000°C)
	
	[168]













of which humidity is very critical due to hydrophilic nature of RGO. Therefore, it is not straightforward to obtain absolute values.
[bookmark: _Toc182395561]Electrochemical Testing of DGA and Cu-DGA in Organic RFB
[bookmark: _Toc182395562]Preparation of the Organic Electrolyte
	To evaluate DGA and Cu-DGA electrodes for Na2Sx active species in organic electrolyte, 50% SoC Na2Sx was prepared. A stoichiometric amount of sodium sulfide and elemental sulfur (Alfa Aesar, 99.6%) was mixed according to the reaction Na2S+7S⟶Na2S8. Separately, a base electrolyte was prepared by dissolving NaOTf in TEGDME (Sigma Alrich, 99%) solvent (1 m). The Na2S and sulfur mixture was then added to the base electrolyte resulting in the dark red solution, indicative of the formation of higher order Na2Sx, predominantly Na2S8. The theoretical capacity of this solution was calculated to be 75 mAh at 100% SoC (20 ml) 
	To achieve 50% SoC of Na2Sx, 0.5 m biphenyl (Bp) anolyte was prepared by dissolving Bp in 1 m base electrolyte. Excess sodium metal pieces were added to this solution, followed by intermittent shaking for 48 hrs. to ensure complete reduction of Bp to Bp- as indicated by a dark bluish solution. The theoretical capacity of the reduced Bp- anolyte was 135 mAh (10 ml). Prior to transferring the Bp- to cell reservoir (glass vial) the excess sodium metal was carefully removed. 
	All electrolyte preparation steps were conducted inside a glovebox, maintaining an argon environment with an oxygen concentration of less than 2 ppm, ensuring the integrity of the sensitive materials.
[bookmark: _Toc182395563]Flow Cell Setup
	The flow cell was assembled featuring an active geometric area of 3.14 cm². Stainless steel plates (304, McMaster-Carr) were machined to incorporate interdigitated flow fields, consisting of nine channels, each measuring 21 mm in length, 1 mm in depth, and 1 mm in width. Nickel foam (MTI Corp.) and carbon felt (SGL Carbon) electrodes, each with a thickness of 2 mm, were cut into circular shapes (20 mm diameter) and used for the anode and cathode sides, respectively. A sodium beta alumina (Na-β″-Al₂O₃) separator (1 mm thick, Ionotec) was employed to selectively conduct Na⁺ ions between the electrodes. Electrode and separator sealing was achieved using 1.5 mm thick butyl rubber gaskets (McMaster-Carr), providing 25% electrode compression upon assembly. Gold-plated copper sheets served as current collectors, and the entire cell assembly was secured by torquing the bolts to 2 N·m.
	Anolyte and catholyte fluid circuits were established by connecting the reservoirs ( 25 mm diameter glass vials with holes drilled in the cap, Thermo-Scientific) to the cell via Teflon perfluoro alkoxy alkane (PFA) tubing (I.D = 1.22 mm, McMaster). Two channel peristaltic pump (Cole-Palmer) with chem-durance bio tubing (I.D = 3mm, Masterflex) connected to its head was used to pump and circulate the reactants through the cell at flow rate of 10 ml/min. Electrochemical measurements were performed with Biologic VSP-700 potentiostat (Biologic, France).
	Prior to discharge, the open circuit potential (OCV) of each half-cell was independently measured against a sodium metal reference electrode to determine their initial states of charge (SoC). The sodium reference electrode was prepared by placing sodium metal in a narrow glass tube with a molecular sieve fitted at its lower end. The OCVs for Na₂Sₓ and Bp⁻, measured against the sodium reference electrode, were 2.22 V and 0.17 V, respectively, indicating that the initial Na₂Sₓ species predominantly consisted of Na₂S₈ (100% SoC), while Bp⁻ was approximately 85% SoC. Consequently, the full-cell OCV was determined to be 2.05 V. The OCV measurement of the full cell, using the two-electrode method, was 2.06 V, closely matching the calculated 2.05 V, thereby validating the accuracy of the reference electrode in determining the SoCs of the half-cells
	Subsequently, Na₂S₈ was coulometrically adjusted to 50% SoC by discharging it at a constant current of 10 mA for a duration of 3 hrs. and 45 minutes. At the end of this process, the open circuit potential (OCV) between the half-cells decreased to 1.865 V. The OCVs of the discharged polysulfide and Bp⁻, measured against the sodium reference electrode, were 2.113 V and 0.276 V, respectively. These values closely matched the predicted potentials for 50% SoC polysulfide and 35% SoC Bp⁻, as calculated using the Nernst equation, confirming the effective operation of the cell and the discharge of the polysulfide species.
	To assess the electrochemical efficiency of DGA and Cu-DGA, polarization studies were performed using a single reservoir symmetric redox flow cell (Fig. 4.15) and electrolyte (TEGDME+ Na2Sx 50% SoC+NaOTf) circulated through a cell reactor core at a rate of 10 ml/min using a peristaltic pump. Carbon Felt (CF) was utilized as a reference standard. The single-reservoir flow cell configuration provides an efficient and reliable experimental setup to assess the performance of electrodes for specific electrolyte systems. In this configuration, both compartments of the flow cell are connected to a common reservoir containing the electrolyte at a 50% SoC. The electrolyte is continuously circulated through the cell, where oxidation occurs at the positive electrode and reduction occurs at the negative electrode before returning to the reservoir. This setup maintains a constant SoC in the reservoir, enabling steady-state cell operation over a wide range of current densities and flow rates.
	Additionally, the design mitigates performance degradation due to crossover effects, as both sides of the cell are supplied with the same electrolyte composition. As nearly identical electrochemical reactions occur at both electrodes, this configuration allows for cell-level 
(a)
(b)
[bookmark: _Toc182414627]Figure 4.15. (a) The actual symmetric cell used for the polarization studies. (b)The schematic of a symmetric cell.

analysis without the need for reference electrodes, simplifying experimental procedures while ensuring accurate performance evaluations.
	Polarization analysis were conducted using a Biologic VSP-700 potentiostat (BioLogic, France). The cell was discharged at a specified current density for 30 seconds, followed by a short rest period to revert to its open circuit voltage (OCV) before moving on to the subsequent desired current density in the polarization plot. The cell potentials measured during the final 10 seconds were averaged to yield a value for each current density on the polarization plot. All the electrodes were of the same planar area and thickness.
	Given the notable variances in densities between CF and DGAs, the current was standardized by mass to ensure an impartial evaluation of the electrochemical performance, irrespective of mass. The current flow was stopped as the voltage neared a safe threshold of 3.5 - 4V to prevent any harm to the electrolyte.
[bookmark: _Toc182395564]Enhanced Performance of Cu-DGA in Na2Sx Organic Redox Flow Cell
	To compare the electrochemical performance of DGA and Cu-DGA, a symmetric redox flow cell configuration was used. The working electrolyte consisted of sodium polysulfide (Na2Sx) at 50% SoC in tetra ethylene glycol dimethyl ether (TEGDME) organic solvent with operating flow rate of 10 ml/min. According to the polarization curve (Fig. 4.16) activation overpotential dominates at lower current densities (shaded area shown in inset) and, in this region, the slope of the polarization curve can be correlated to reaction kinetics. Cu-DGAs show enhanced kinetic performance compared to CF, as their slopes are shallow in the low current density region, indicating that, Cu-DGA material is more effective in promoting Na2Sx reactions (e.g., Na2S8 to Na2S5), requiring relatively small overpotential to surmount the corresponding charge transfer resistance. The low performance of DGA as characterized by its steep slope indicates that structure comprising only of RGO is electrochemically weak in this organic 


[bookmark: _Toc182414628]Figure 4.16. Discharge polarization curve obtained for DGA and Cu-DGAs. Carbon felt data is also shown for comparison. Electrolyte SoC was 50% and flow rate was maintained at 10 mL/min.
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chemistry. Thus, it can be confirmed that it is the presence of Cu on RGO surfaces which boosts the Na2Sx kinetics, presumably serving as electrocatalyst. We assume the similar catalytic action of Cu as reported previously [169, 170], that is, Cu sites weaken long chain SS bonds and catalyze the formation of short chain sulfur molecules via specific anchoring interactions and improved adsorption thus enabling faster kinetics (Fig.4.17).
[bookmark: _Toc182395565]Conclusions
[bookmark: _Hlk169816938]	Copper functionalized DGA (Cu-DGA) was successfully synthesized using a simple liquid phase and environment friendly synthesis route. The overarching aim was to perform structural characterization and investigate the electrical and electrochemical performance of Cu decorated DGA. Solution pH, GO concentration and second reduction time influences the size, morphology and distribution of resulting Cu nanoparticles on RGO surfaces. Neutral and slightly basic pH supports the formation of monodisperse and relatively uniform dispersion of Cu nanoparticles over the RGO surfaces. With increased concentration of CuCl2 and prolonged second reductions, particle sizes and their tendency to agglomerate increases. Importantly, the incorporation of Cu did not yield enhancements in electrical conductivity of DGA and instead led to a reduction. This decline is linked to the degradation of conducting sp2 content caused by Cu integration. This finding establishes that RGO plays a central role in charge transport in the bulk DGA. Despite displaying lower conductivity, Cu-DGA demonstrates superior electrochemical performance in symmetric flow cell employing Na2Sx active species in TEGDME organic electrolyte, attributed to the catalytic action of Cu particles towards Na2Sx reactions. Our efficient fabrication technique for incorporating Cu nanoparticles into GA, while maintaining aligned microstructures, demonstrates potential for scalability and other GA nano composites for variety of applications such as aerospace, batteries and catalysis
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Figure 4.17. The proposed mechanism of faster conversion kinetics of Na2Sx in the presence of Cu nanoparticle catalyst.













[bookmark: _Toc182395566]Conclusions and Future Directions
[bookmark: _Toc182395567]Conclusions
	Large-scale electrochemical energy storage systems represent a promising solution for the seamless integration of the growing energy output from renewable sources into the existing electric grid. Among various electrochemical energy storage devices e.g. Li-ion batteries, high energy supercapacitors, redox flow batteries (RFBs) offers distinctive benefits due to their decoupled energy and power capacity. This characteristic positions RFBs as a preferred technology for the storage and distribution of substantial quantities of energy and power. 
	RFBs utilizing organic reactants (ORFBs) are gaining popularity due to high energy density, wider operating voltage window and economical materials, however the ion and mass transport of highly viscous organic electrolytes in the electrode limits their performance. In contrast to disordered conventional carbon electrodes, directional graphene aerogels (DGAs), featuring highly oriented porous transport pathways are proposed as potential electrode materials for ORFBs to alleviate reactants ion and mass transport.
	The primary objective of this research was to fabricate DGAs and develop deeper understandings of their directional structure control and property characterization, specifically in relation to their use as electrodes. First, a successful demonstration of the synthesis approach was conducted which involved environmentally friendly and low temperature chemothermal reduction in 2 steps, followed by directional freeze casting. This enabled the synthesis of GA with directional attributes. Secondly, an extensive investigation on the effect of synthesis process parameters on GA directionality was carried out. In contrast to one-step reduction where there is a trade-off between reduction degree and directionality , the two-step reduction strategy encompassing a sequence of prereduction, freeze-thaw, and further reduction enabled both the construction of highly aligned porous network with relatively high degree of reduction. In this scheme, the initial partial reduction step plays a crucial role in determining the final pore structure of DGA. This impact is attributed to the ability of ice crystals to propagate directionally within the porous hydrogel, characterized by the loosely attached partially reduced GO sheets. The alignment of these loosely bonded RGO sheets is further strengthened during the second reduction phase by promoting inter-sheet π-π interactions, resulting in GA possessing a highly aligned architecture and enhanced RGO characteristics.
	With adjustments in freezing temperature, GO concentration and synthesis container aspect ratio (Γ), the pore attributes and directionality of DGA can be controlled. The origin of this control is linked to the competition between phase change driving force and growth of ice (freezing temperature), the water-ice-graphene interactions ( GO conc.) and the directional growth interruption of ice crystals from the flow developed in the upstream liquid region (Γ). In the realm where the temperature reaches a minimum of -70°C or above, a concentration of GO not exceeding 4mg/ml, and a value of Γ below unity, it is possible to attain GA with highly aligned microstructures (DGAs).
	While the directionality can be achieved with a variety of chemothermal reduction reaction (heating temperature, GO:AA, time etc.) and freeze casting conditions (freezing temperature), an important conclusion was that electrical conductivity is optimized under certain conditions. The present investigation determined that at a temperature of 70°C, utilizing a GO:AA ratio of 1:4 and a second reduction period lasting 24 hrs. led to the highest DGA conductivity observed. Conductivity is directly associated with the density of DGA. A density change from 5.4 mg/cm3 to 31.6 mg/cm3 improved conductivity from 6.6 S/m to 28 S/m, respectively. Nevertheless, the advantages of the density increase were mitigated once a specific density threshold was exceeded. The most notable improvement in conductivity was observed within the density range of 8 mg/cm3 to 17 mg/cm3, leading to a conductivity rise from 8 S/m to 21.4 S/m (a surge of 167%), suggesting a substantial decrease in the void space within this particular density range. However, the primary challenge in upholding the conductivity through density method lies in its adverse impact on the directionality. Post thermal treatment (annealing) of DGAs in an inert environment at elevated temperatures is therefore the preferred technique for preserving directionality and electrical conductivity. 
	By employing identical synthesis methodology, DGAs were functionalized with Cu nanoparticles, yielding Cu-DGA. The primary objective of this endeavor was to showcase the production of 3D directional graphene assemblies that could enhance ion mobility while potentially providing supplementary benefits such as enhanced electrochemical functionality, for instance, increased catalytic efficacy. Structural analyses of Cu-DGA unveiled the distribution of Cu nanoparticles on aligned RGO sheets within the DGA. In order to achieve the formation of a stable cylindrical hydrogel, the avoidance of agitation was deemed necessary. A significant inference drawn from this is the feasibility of nanoparticle distribution on surfaces without the requirement of continuous agitation during the reaction. 
	Particle distribution and morphology in Cu-DGA is strongly correlated to solution pH during the reduction reaction. This influence emanated from the pH dependent deprotonation ability of AA, controlling its electron transfer kinetics. In this investigation, a pH of 7 is determined to be the most effective, as the rate of reduction increased due to the overall reaction kinetics, supporting controlled nucleation, growth, and enhanced particle stabilization without sacrificing mechanical stability. Additionally, particle growth and inclination to agglomeration heightened with the increase in CuCl2 concentration and reaction duration. Overall, the findings indicated that the successful functionalization of DGA with Cu requires optimization of pH, precursor concentration, and reaction time.
	The hypothesis that the decoration of RGO surfaces with Cu would contribute to the bulk electrical conductivity of DGA did not hold true, instead Cu-DGA exbibited lower conductivity than DGA. The low conductivity in nanoparticle decorated graphene could be expected for several reasons. Firstly, the initiation and growth of nanoparticles could lead to the decrease in the effective recovery of the sp2 carbon framework. The electrostatic interaction of Cu ions with functional groups might cover several oxidized sites, thus constraining the accessibility of AA to the regions; nevertheless, this impact is anticipated to be negligible owing to the formation of the stable Cu-RGO hydrogel, suggesting that - interactions were enhanced between Cu-RGO sheets due to reduction in oxygen content. Secondly, and of greater significance, the existence of nanoparticles may serve as a site for charge scattering, resulting in inhibited conduction. Additionally, the conductivity results for DGA and Cu-DGA showed reasonable correspondence with results surveyed from the literature.
	While Cu-DGA exhibits a lower conductivity, it presents enhanced electrochemical efficiency in a symmetric flow cell utilizing Na2Sx as the active species in TEGDME organic electrolyte, which can be attributed to the catalytic influence of Cu particles on Na2Sx reactions. The effective fabrication method developed to introduce Cu nanoparticles into GA, while preserving well-aligned microstructures, showcased the potential for scalability and the utilization of various GA nanocomposites in various applications including aerospace, battery technology, and catalytic processes.
[bookmark: _Toc182395568]Intellectual Merit and Broader Impact
	One avenue to overcome the performance limitations of RFBs in general and ORFBs, in particular, is to design electrodes that could enable effective ion and mass transport of organic reactants. This research presented the design and characterization of directional graphene aerogels (DGAs) as potential electrodes for ORFBs.
	In this work, a simple and novel design technique consisting of two-step chemothermal reduction and directional freezing is developed for producing GA with highly aligned microchannels. By using AA as a reducing agent at lower temperatures and employing uncomplicated experimental apparatus, an eco-friendly, cost-effective, and easily scalable method is demonstrated for the fabrication of DGAs. The effect of individual synthesis parameters on directionality and restructuring is explored and elucidated more fundamentally than is present in the literature. In parallel, the process is optimized for maintaining the electrical conductivity of DGAs without post-thermal synthesis, thus, contributing significantly to the guidance for designing the directional synthesis process to achieve the desired microstructures of DGA while safeguarding its crucial electrode-relevant properties. 
	With the same synthesis approach, the functionalization of DGA with Cu nanoparticles is accomplished, highlighting the versatility of the method used in this work, thus illustrating its capability to produce a variety of DGA nanocomposites. Controlled nano decoration of RGO surfaces in the DGA is demonstrated with a deeper understanding of the underlying driving mechanisms. Such findings will contribute to the deliberate design and fabrication of materials with regulated properties at the nanoscale. Meticulously measured through-plane conductivities and the preliminary electrochemical performance investigation of DGA/Cu-DGA will provide benchmark data for 3D graphene materials. 
	Overall, the findings of this work will be useful in tackling the primary constraints arising from the adaptation of conventional aqueous system-oriented materials for organic systems. DGAs are not solely suggested to tackle these specific issues, but the outcomes of this research will elucidate synthesis mechanisms facilitating the fundamental design of graphene aerogels for various applications, such as electronic devices, separations technologies and lightweight materials.
[bookmark: _Toc182395569]Future Recommendations
	The mechanical stability of DGAs is the critical factor that underpins their operational effectiveness, especially when they are subjected to external forces such as those induced by flowing electrolytes. Preliminary cell-level testing of DGAs in organic electrolytes showed inadequate mechanical robustness and an inability to endure the dynamic flow of the electrolyte, resulting in a collapse of their oriented structure, precluding a comprehensive assessment of their electrochemical performance. This weakness arises because the synthesis method employed in this research results in DGAs whose RGO sheets are maintained through Van der Waals interactions, rendering them prone to structural failure. An optimal strategy may involve the integration of carbon cross-links capable of covalently bonding to the RGO network, akin to the methodology employed by Worsely et al. [69]. Nonetheless, the utilization of formaldehyde and resorcinol, coupled with subsequent high-temperature processing, renders their technique both ecologically unfriendly and energy-intensive. Therefore, one of the future endeavors should be the development of techniques that not only produce resilient aerogels but also adhere to environmentally sustainable practices. 
	Another challenge pertains to the consistent replication of the porous architecture of DGAs for commercial utilization. Despite identical synthesis conditions, the consistent generation of pore structures cannot be reliably produced with the freeze casting method, which can be attributed to several underlying mechanisms. For example, the kinetics of solvent crystal growth is a complex phenomenon and cannot be meticulously controlled throughout the entirety of ice propagation process; even minor fluctuations in freezing temperatures can alter growth kinetics which can significantly influence ice crystal morphology, affecting the final pore structure and mechanical properties. Therefore, the advancements of methodologies capable of reliably producing uniform batches of samples is of importance. In this regard, the exploration of 3D printing for the synthesis of DGAs presents a promising avenue, as it offers precise control over the material's architecture, potentially enabling the scalable fabrication of uniform and highly tailored aerogels with consistent characteristic. Although the fabrication of GAs with 3D printing have been demonstrated, additional research is warranted in multiple areas; for instance, the formulations of graphene inks with optimized rheological properties is crucial, as existing compositions face challenges in achieving requisite printability, stability and structural fidelity, particularly in terms of achieving consistent porosity, mechanical strength, and electrical conductivity. Likewise, the refinement of process parameters to improve the reproducibility of graphene aerogels would also be essential.
	In the present study, the dry electrical conductivity of DGAs is thoroughly examined. However, in the context of electrode applications, the pores within the DGA would be saturated with electrolyte, thus comprehending and quantifying their electrical conductivity in the presence of electrolyte would be useful in revealing under realistic operating conditions. For example, how the electrolyte concentration and porosity level affect the DGA conductivity. Therefore, it is recommended to explore wet electrical conductivity in the future.
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[bookmark: _Toc182395571]Appendix
A.1 Thermal Conductivity Measurements of DGA
	Expanding our interest in the properties of DGAs, attempts were made to measure the thermal conductivity of DGA. The commercially available Transient Plane Source (TPS) commonly referred to as Hot Disc method was used to evaluate the thermal conductivity of DGA. The salient features of TPS are that its employment is easy, and the material thermal characteristics are obtained in a facile manner.
	The technique uses a double spiral sensor made from nickel sealed between two thin Kapton sheets. This sensor functions dually as both a heating element and a temperature measuring device (resistance thermometer), and it is typically sandwiched between two identical specimens of the material to be tested (Fig. A.1). A constant electric power is applied to the sensor for a predetermined period. The generated heat increases the temperature, consequently elevating the resistance of the spiral. The rate of this temperature rise is contingent upon the rate at which the generated heat within the spiral is dissipated to the surrounding material. The voltage across the coil is recorded over time. Given that the applied power remains the same, the voltage varies in direct correlation with fluctuations in the coil's resistance. By analyzing the time-dependent voltage variation, which reflects the temperature changes over time, along with the heat flow, it is possible to determine the bulk thermal transport properties of the material. The mathematical model of the TPS is described in reference [171].



[image: A close-up of a chip

Description automatically generated][bookmark: _Toc182414630]Figure A.1. The schematic of the TPS test column and the actual picture of DGA and sensor.

	The behavior of a Hot Disk sensor during the transient period can be expressed using time-dependent resistance R(t)
	
	A.1

	
	A.2

	
	A.3


where;
·  is the resistance of the sensor resistance prior to the initiation of transient measurements
·  is the temperature coefficient of resistance 
·  represents the temperature rise of the Hot Disk sensor as a function of time
·  is the time that has elapsed since the onset of the transient recording
·  is the characteristic time
·  is the radius of the sensor, and
·  represents the thermal diffusivity of the material under investigation.
	By measuring the change in the sensor's resistance, its temperature increase as a function of time can be determined, which is correlated with the thermal properties of material by
	
	A.4


where;
·  is the input power to the sensor
·  is the thermal conductivity, and
·  is a dimensionless time function that considers the conductive pattern of the disk-shaped sensor, which is composed of n concentric rings.
	A fundamental assumption of TPS theory is that the sensor is positioned in an endless medium, implying that the heat generated should not reach the sample's external boundaries during the testing. This condition is generally met when the distance from any point on the sensor to any point on the sample surface exceeds the probing depth parameter  given by
	
	A.5


	According to equation A.4, the temperature increase  of the sensor during the transient period is linearly related to the function  which means that a straight line fitting of  as a function  is possible as long as the relation between  and is known. In other words, the characteristic time θ may serve as a fitting parameter, and its value for the best fit is used to determine the thermal diffusivity α of the material. Using  which is the slope of the fitted line, thermal conductivity k is extracted. 
	Equation A.4 is applicable for the thermal conductivity of isotropic materials. For anisotropic materials the modified equation is 
	
	A.6


where  and  are the thermal conductivities in the x and z planes. Consequently, the parameter  is employed as a fitting variable to ascertain the thermal diffusivity  in the x-direction. Subsequently, the previously established volumetric heat capacity  is used for the computation of . Ultimately,  is derived from the calculated  and the gradient of the corresponding line.
	A TPS-2500 Hot Disk system was used to measure the thermal conductivity of DGA. A sensor with a radius of 6.403 mm was positioned between two identical DGA samples (2 mg/ml GO). Tests were performed at various power inputs and measurement times ensuring that the requirements of the probing depth and characteristics were fulfilled. For each condition, the test was repeated 5 times to guarantee the statistical reliability of the data. Prior to each subsequent test, an adequate rest period was permitted to mitigate any thermal drift in the sensor, which was verified by a 30 second recording preceding the next measurement. Experiments were performed at room temperature and ambient conditions and the sample was covered in metal enclosure to minimize the temperature fluctuations in the sample from air movement. 
	Figure A.2 depicts the thermal conductivity values for a DGA evaluated by varying input powers (Fig. A.1a)and testing times (Fig. A.1b). The data points represented in blue denote the mean values derived from 5 repeated trials (black marks). It was determined that across a wide spectrum of 6 to 20 mW, with the testing interval held constant at 10 seconds, DGA displayed thermal conductivity of approximately 0.024 W/mK. For further validations, the testing duration was adjusted from 3 to 12 sec while keeping the power fixed at 12 mW. It was noted that shorter testing intervals responded with relatively higher thermal conductivities. This phenomenon may be attributed to the fact that during shorter timeframes, earlier in the transient process, the heat pulse from the sensor has not yet penetrated deeply into the bulk of the DGA. Instead, it primarily interacts with the aerogel's interface where graphene sheets are well connected to sensor surface and act as highly conductive interfacial region. This skew the conductivity to a higher value before the more resistive regions, like voids or defects, are involved.(c)

(a)

(b)


[bookmark: _Toc182414631]Figure A.2. Thermal conductivity of synthesized DGA (2mg/ml GO). (a) Thermal conductivity measurements using various input powers (measurement time = 10 sec) and (b) measurement times (input power = 12 mW. (c) Comparison of the thermal conductivity of DGA in this work and the previously reported values. See Table A.1.

[bookmark: _Toc182395650]Table A.1. Details of the samples and methods reported in previous studies for measuring the thermal conductivity of GA.
	Sr. No.
	Sample
	Density (mg/cm3)
	Method
	Thermal conductivity (W/mK)
	Ref.

	1
	GA
	4
	Transient electrothermal
	0.005
	[172]

	2
	DGA
	8.3
	Hot disk
	0.032
	[129]

	3
	GA
	18
	Hot disk
	0.023
	[173]

	4
	GA
	22.4
	Hot wire
	0.0281
	[125]

	5
	GA
	27.2
	Hot disk
	0.053
	[174]

	6
	GA
	30
	Comparative infrared microscopy
	0.1
	[121]

	7
	GA
GA
	28.1
42.8
	Comparative infrared microscopy
	0.18
0.24
	[175]

	This work
	DGA
	5
	Hot disk
	0.024
	



	The thermal conductivity exhibited by graphene aerogels is significantly influenced by their density characteristics. An increase in density correlates with an appreciable enhancement in thermal conductivity, attributed to the improved interconnectivity among graphene sheets and diminished porosity
	The Hot Disk technique demonstrates considerable reliability across a spectrum of densities, revealing a discernible pattern of conductivity augmentation concomitant with density elevation. In contrast, Comparative Infrared Microscopy often produces elevated conductivity measurements, which may be attributable to localized measurement phenomena or variations in interaction with the aerogel's morphological structure.
	For applications necessitating superior thermal conductivity, it is imperative to augment the density of GAs while concurrently optimizing their structural interconnectivity. Conversely, low-density aerogels serve as suitable candidates for insulation applications owing to their remarkably low thermal conductivity.
	This examination underscores the importance of both material design parameters (including density and structural configuration) and the selection of measurement methodologies in ascertaining the thermal performance characteristics of GAs
A.2 Overpotentials in Electrochemical Systems
	Polarization in electrochemical systems or RFBs occurs when there is a deviation from the equilibrium potential caused by the flow of current. The magnitude of this drop in potential drop is referred to as overpotential and results in resistance to the flow of current (Fig. A.3). The three primary sources of overpotential are: activation, ohmic and concentration. Ohmic overpotential pertains to the components of overpotential that adhere to Ohm's law, including the membrane, flow plates, wires, current collectors, and electrode thickness. Activation overpotential or charge transfer resistance is associated with the energy barrier that must be overcome to initiate redox reactions and is influenced by kinetics of active species (rate constant, exchange current density etc.) and electrode electrochemical surface area. Ohmic overpotential arises from the ohmic resistance to current when it flows through RFB components including wires, current collectors, electrodes and membrane. Concentration overpotential is caused when the reactions at the electrode surfaces are fast and mass transport is slow. The limited mass transport prevents the reactant from reaching or the product leaving the reaction sites under a specified current, leading to the scarcity of the reactants or accumulation of products at the electrode surfaces. Site leaving the sites, when subjected to the specified current. Electrode porosity/permeability, flow rate, and concentration of electroactive species affect this overpotential. The total overpotential is the sum of activation, ohmic and concentration
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Description automatically generated][bookmark: _Toc182414632]Figure A.3. Generalized polarization curve for a VRB highlighting the primary sources of overpotential in each region [176].
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