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Chapter 1 [bookmark: _Toc108014080]
Introduction
1.1 [bookmark: _Toc108014081]Background: Organic Redox Flow Battery and Graphene Electrodes
Reducing the environmental impact of conventional energy conversion, which is primarily generated by burning fossil fuels, has undoubtedly become one of the most challenging global issues in the 21st century. For this reason, the power generation from renewable energy sources, defined as the energy harvested from the natural sources that can be restored within the human timescale [], has significantly increased in recent decades, and its continuous growth is expected []. However, compared with conventional energy sources, renewable energy, such as wind power, solar power, and hydropower, has a fluctuating and intermittent nature. Such fluctuating and intermittent nature of renewable sources would cause unnecessary loading or damage to the electric grid systems, hindering their broader application []. To mitigate this unsteady power production problem and thus to accommodate the increasing demand for renewable energy, a reliable high-energy storage system should be developed. 
Among various energy storage technologies, redox flow battery (RFB) has been recognized as a promising device for storing a large capacity of electronic power generated by renewable energy. The RFB utilizes the chemical oxidation and reduction reactions to convert and store the electric energy in the liquid electrolytes solutions that flow through the battery cells. RFBs using vanadium ion solution as the electrolytes (VRFB) is the most popular [], however their relatively high toxicity is still problematic. To ease the environmental and sociopolitical impact of the metal-based VRFB, organic redox flow battery (ORFB) employing redox-active organic materials has been suggested. The ORFB offers several advantages for electric energy storage (EES) systems. First, raw materials of ORFB can be acquired with a lower cost than the metallic precursor, which makes the ORFB have higher potential to meet the cost target for large scale ESS from ($100/kWh) from the United State DoE [1], and through the structure modifications and functionalization of the materials, the thermochemical properties of the electrolyte can be tuned []. Also, nonflammable organic electrolytes provide safety benefits for the EES system. However, various disadvantages and drawbacks still need to be addressed for ORFB. One of the most reported challenges for ORFB is a relatively limited life cycle due to the electrochemical instability of organic electrolyte materials [2]. In addition, the low charge/discharge current density also remains the primary challenge for the ORFBs [3]. To further improve the performance of the RFB, comprehensive studies and summaries have been reported by various research groups [4-7]. As a major component where the redox chemical reactions occurred, the physical properties of the electrode materials undoubtedly have a significant contribution to the kinetics of interfacial charge transfer. Traditionally, graphitic carbon materials can serve as electrodes to collect electrons and catalyze the redox reactions [8, 9]
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Chapter 3 [bookmark: _Toc108014085][bookmark: _Hlk78554672]
Investigation of Microscopic Mechanisms for Water-Ice Phase Change Propagation Control
3.1 [bookmark: _Toc108014086]Abstract
The influence of thermodynamic and structural conditions on water-ice phase change process was investigated with consideration of graphene-water surface interactions for fundamental understanding and effective control of freezing propagation. The phase change propagation as well as structural and energetic properties during the phase change were examined by analyzing atomic data from molecular dynamics simulations. The freezing propagation speed is affected by the competition between atomic mobility and thermodynamic driving force for phase change, which causes an optimal temperature for fast ice growth to appear at 252 K. In addition, the water-ice interfacial energy, which depends on the orientation of the water-contacting ice surface, changes interfacial structural stability and thus freezing propagation, i.e., a higher interfacial energy leads to a faster ice propagation. Therefore, we suggest that the water-ice phase change propagation can be controlled by adjusting the orientation of ice crystal. The surface interactions, or graphene-water interactions in this research, affect the energetics near the water-surface interface. The energetic change rearranges the ice crystal or surface structures to reach the most stable ice-surface configuration or minimum energy state, in which the basal plane of the ice crystal is parallel with the graphene surface. As ice propagation is the slowest perpendicular to the basal plane, ice can grow faster parallel to graphene surface. The findings from this study provides insights to ice propagation control mechanisms for versatile freeze casting and its broader applications. 
3.2 [bookmark: _Toc108014087]Disclosure
Chapter 2 is a modification of the published work: Yu-Kai Weng, Seungha Shin*, Kenneth D. Kihm, Mohammad Bahzard, and Douglas S. Aaron, "Investigation of Microscopic Mechanisms for Water-Ice Phase Change Propagation Control", International Journal of Heat and Mass Transfer, 184, 122357 (2022). This publication is reprinted with permission from Elsevier. The dissertation author listed in this publication directed and supervised the research which forms the basis for this publication.
3.3 [bookmark: _Toc108014088]Introduction
[bookmark: _Hlk76738106]Water freezing is one of the most familiar phase-change phenomena in nature and an essential process for diverse science and engineering fields, such as microbiology [10], physics [11], and materials science [12]. One of the representative applications, which take advantage of the water-ice phase change process, is freeze casting or ice templating, where materials dispersed in liquid can be aligned by the anisotropic solidification of the liquid [13]. Freeze casting is employed to produce aligned porous structure from various building blocks [14], such as ceramics [15], graphene [16], and carbon nanotubes [17]. We studied the freezing process with an interest in the synthesis of graphene aerogels with aligned pores, which can be used as a component of electrochemical storage systems, specifically as an electrode material in organic redox flow batteries [18]. Since the working principle of freeze casting is to construct the material by phase change of water, water-ice interface propagation behaviors affect the resulting structure. For example, the average pore size and wall thickness of porous structures manufactured by freeze casting can be controlled by the solidification velocity [19]. Therefore, investigation of effective control of ice front propagation is essential for the control of freeze-cast material structures and ultimately their application performance. 
[bookmark: _Hlk83300009]Previous studies reported that the thermodynamic driving force for phase change and the self-diffusivity of water molecules have an opposite dependency on the temperature in the supercooling region [20, 21]. Thus, temperature can be one of the parameters controlling ice growth rate [22]. Surface interaction can be another possible parameter to control ice propagation, as it was reported to change the ice crystal structure in the proximity of surface/water interface [23], which can also alter the ice propagation and freeze-cast structures. For example, if a droplet of water was frozen between two layers of graphene, a two-dimensional (2D) square-like crystal ice structure formed [24]. Since the interaction between water and graphene enhances the reordering of the water molecules [25], the freezing behavior and water-ice interface propagation near the graphene appear differently such as crystal structure [26]. Moreover, the average density profile and diffusion of water molecules near the interface can be changed by the crystal orientation of ice surface [27] in contact with water. Therefore, we can expect the control of water-ice interface propagation to be achieved by the surface interaction and ice crystal surface orientation at the interface as well as temperature.
Although water freezing behaviors have been studied for both pure water [20] and water-surface systems [28], the detailed mechanism of ice propagation and freeze casting process has not been identified clearly to the best of our knowledge. To find an effective control of ice propagation based on fundamental understanding of freezing process, we investigated the water-ice phase change under various conditions, changing temperature, ice crystal orientation, and surface interaction. In this research, molecular dynamics (MD) simulations were employed to address the atomic-scale interactions and structures for the fundamental understanding. For the study of surface interaction, graphene was used as a surface material due to our interest in freeze casting of graphene aerogel for the development of electrode material with effective ion transport and its 2D nature that reduces computational cost and facilitates the analysis.
3.4 [bookmark: _Toc108014089]Methodology 
Pure water structures were simulated via MD to examine the effects of temperature and ice crystalline structure (Fig. 2.1a), while the simulated systems for the study of surface interaction included graphene flakes or surface (Figs. 2.1b and 2.1c). Since the spontaneous ice nucleation from pure water requires a prohibitively large amount of simulation time in MD [29], a block of ice was introduced as a nucleation seed into initial simulation cells to accelerate the water-ice interface propagation. Here, initial structures of pure water and water with graphene flakes contain 50% of water molecules as ice, and a small ice seed is added near the graphene surface for water-graphene surface simulations. The periodic boundary conditions were used in all three dimensions. Therefore, in the simulation domain for a half-ice/half-water system, two water-ice interfaces (I1 and I2) exist, and they propagate in the opposite directions as in Fig. 2.1a. Simulations with graphene flakes (Fig. 2.1b) and those with ice cluster and a graphene plate (Fig. 1c) were conducted to investigate the effects of the surface-water interaction on the structural changes, i.e., re-alignment of ice or graphene structures, during the ice propagation ultimately for enhanced understanding of freeze casting.
The TIP4P/ICE model [30] was employed to calculate positions and momentums of water molecules because it accurately reproduces thermodynamic properties, especially ice-water phase change properties. TIP4P/ICE is a rigid water model that fixes bond length (O-H) of 9.572 Å and bond angle (H-O-H) of 104.52˚ as constant, and the charges of O and H atoms are -1.179ec and 0.589ec, respectively, where ec is the elementary charge. The massless charge site M was introduced 0.1577 Å away from the O atom. The SHAKE algorithm [31] was also used to enforce the rigidity of water molecules. The particle-particle particle-mesh (PPPM) algorithm [32] is applied to compute the long-range Coulombic interactions among the water molecules. In addition to the Coulombic interaction, dispersive intramolecular interactions (ϕ) between oxygen atoms of water molecules with a distance less than the cut-off distance (rc) are calculated using the 12-6 Lennard-Jones (LJ) model [33]: 
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where ɛ is the LJ interaction energy strength, σ is the distance at which the potential is zero, and r is the interatomic distance. In the simulations, the parameters for oxygen-oxygen interaction (O-O) were set as ɛo-o = 9.142 meV, σo-o = 3.16 Å, and rc,o-o=8.5 Å. In the simulations including graphene, the carbon-oxygen (C-O) interaction for the graphene-water interaction was also calculated using a LJ model with parameters of ɛc-o = 8.19 meV, σc-o = 3.19 Å, and rc,c-o=8.0 Å [34]. The carbon-carbon (C-C) interaction within a graphene plate was modeled with the Tersoff potential [35]. 
To integrate Newton’s equations of motion, the velocity-Verlet algorithm [36] was used, and the temperatures were controlled via Nose-Hoover thermostats in all MD simulations in this research. Pure water simulations used a time step of 1.0 fs, while simulations with graphene employed a shorter time step (0.5 fs) to treat carbon atoms with high vibrational frequencies. Two different sizes of water freezing simulations containing 864 and 9216 water molecules were conducted to verify the size effect on the simulation results. Moreover, since the triggering of the freezing process varies with surface-to-volume ratio [37], these two systems were adjusted to have the same ratio between the area of water-ice interface and the volume of ice. The result shows that the increment of propagation speed is relatively small (< 14%) with more than 10 times larger system size. This result is in a good agreement with a previous study [38].

In MD simulations, temperature, ice crystal orientation, and water-surface interaction were control parameters, and their effects on water-ice interface propagation were investigated. First, to examine the temperature dependence, a 52 Å × 21 Å × 27 Å water-ice system was initially equilibrated at 250 K with an NPT ensemble (i.e., fixed number of molecules, pressure, and temperature) for 3.5 ns. After initial relaxation, the ensemble was switched to NVT (constant number of molecules, volume, and temperature) at a desired temperature (T) ranging from 200 K to 270 K for 30 ns. The effect of ice crystal orientation was studied by simulating three cases of ice-water system with a different interface structure. Within a simulation box of 52 Å × 21 Å × 27 Å, the ice surface in contact with water has a crystal structure of either basal plane, primary prism plane (denote as P1), or secondary prism plane (denote as P2) as depicted in Fig. 2.2a. For the analysis of ice propagation, we processed 20 ns of atomic data produced by MD simulations with NVT at 250 K, after the relaxation of the initial structures with different ice surface orientations for 1.0 ns (NPT, at 250 K). 
For the study of the surface interaction, specifically graphene-water interaction, two types of MD simulations were performed. First, water-ice structures that included graphene flakes were used as initial structures to examine the structuring during the freezing process. Two graphene flakes were added to the half-water, half-ice system with a dimension of 52 Å × 21 Å × 27 Å. The distance between the centers of the graphene flakes was 13.3 Å and they have ±45˚ of inclination angles. Two different distances between the flakes and water-ice interface (dgi = 3 and 14 Å) are set as Fig. 2.2b shows. The atomic data for analysis were recorded for 30 ns of a simulation with NVT at 220 K, and we examined the relative orientation between the graphene flakes and the basal plane of the ice crystal. The second case of freezing simulations with graphene-water interaction employed initial atomic structures of 17 Å × 17 Å × 22 Å water with a 17 Å × 17 Å graphene surface. A prebuilt ice seed of 4.5 Å × 5.2 Å × 4.6 Å was included, and the center of the ice seed was located 9.7 Å above the graphene surface. Three different crystal orientations of the ice seed surface (i.e., primary prism, secondary prism, and basal) facing the graphene were tested in MD as in Fig. 2.2c. The atomic trajectory data from the MD simulations (with NVT at 220 K) for 100 ns were used for the analysis of ice propagation and atomic behaviors during freezing. For the study of energetics during freezing, the regional energies of the three configurations (UR.avg) were calculated from the potential energy of water molecules in the sampling region, which was defined between the ice cluster and graphene flakes (yellow dash line in Fig. 2.2c). 
Since we studied effective control of ice propagation, the propagation speed was a major property that we measured by processing the resulting MD data. The speed was calculated using the location change of the water-ice interface with respect to time. To identify the phase (water or ice) and ultimately the location of the water-ice interface, we employed the Steinhardt-Nelson order parameter (q) [39]. This method quantitatively recognizes specific crystal orders based on spherical harmonic functions Ylm [40], which are the solutions of the Laplace’s equation in the spherical domains and widely used to describe spherical or near-spherical symmetry systems. Each Ylm, where l and m stand for the orders of the functions, represents a specific shape of the solution. The Steinhardt-Nelson order parameter of order l of molecule i is given as,
[image: ]	  (2)
Here, rij represents a position vector from molecule i to j (represented by O atom), and nNN(i) is the total number of the nearest neighboring molecules of i. Using the structure order parameters of molecule i and its nearest neighboring molecules, the average structure order parameter  is calculated as [41]
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[bookmark: _Hlk85840629][bookmark: _Hlk85840379]Water molecules with the average Steinhardt-Nelson parameter of order 6 larger than 0.385 ( > 0.385) are recognized as ice-like phase, while those with  < 0.385 are as water-like phase [41]. For ice-like structures ( > 0.385),  is used to identify a more detailed structure order; i.e., when  < 0.42, the ice structure is regarded as hexagonal (ice-Ih), while it is cubic for  > 0.42 (ice-Ic). Thus, the - scatter plot was used to analyze the freezing progress and the detailed ice crystal structure. For the calculation of the water-ice interface propagation speed uwi, the entire simulation domain of the water-ice system was subdivided into n slabs (Sk, k = 1, 2, 3, …, n) with a uniform thickness of 4.2 Å along the x-axis (ice propagation direction). Local structure order parameter () at x = xk (the center location of slab k) was evaluated by taking an ensemble average of  of water molecules in slab k. Using the spatial distribution of local structure order parameter  and the ice-water criterion for , the location of the water-ice interface was identified. Since the freezing propagation accelerates as the liquid volume shrinks, the calculation of uwi excluded the freezing of the last two slabs before the freezing completion of the whole simulation domain.
To understand detailed mechanisms of ice propagation control, we examined the thermodynamic driving force of water-ice phase change, the mobility of water molecules to join the phase transition, and the interfacial energetics. These are characterized by calculating i) the difference of free energy between water and ice phases, ΔG (eV), ii) self-diffusivity of water molecules, D (m2/s), and iii) water-ice interfacial energy γwi (mJ/m2) [42], respectively. Using the free-energy perturbation (FEP) method [43], the free-energy difference (ΔG) between state A and state B was calculated as
		[image: Diagram
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[bookmark: _Hlk88137350][bookmark: _Hlk88131926]where kB is Boltzmann’s constant (8.617×10-5 eV/K), and UA and UB are the potential energies of the system at state A and state B, respectively, and the angle brackets represent an ensemble average. In MD, the free-energy perturbation is applied by coupling a perturbation parameter λ into the interaction force calculation, varying λ from 0 to 1 with an increment of dλ = 0.001. The perturbation parameter λ was introduced into the atomic point charges of oxygen and hydrogen atoms (λ = 0 for no charge, while λ = 1 for full charge). Therefore, the free energy (G) in this study was determined as overall free-energy difference , which was obtained from the ensemble average (over 10,000 cases for each λ) of the free-energy difference from timestep i to i+1: 
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where n is the total number of the timesteps during the simulation.
The self-diffusivity can be calculated by taking the mean square displacement (MSD) of the simulated molecules [44, 45]:
[image: A picture containing text, clock
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where ri(t) is the position vector of oxygen atom i at time t. Using the time dependence of MSD(t), the self-diffusivity (D) is given as,
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With the calculated D, the diffusion activation energy of supercooled water can be obtained by fitting D with respect to temperature to the Arrhenius expression [46]:
                           	[image: Text
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where D0 is pre-exponential factor, and Qv is the activation energy (eV). To estimate the dependence of the diffusivity on temperature, a series of MD simulations of supercooled pure water systems (with 432 water molecules) were conducted at T = 200 – 270 K.
Unlike the free-energy difference and the diffusivity, the water/ice interfacial energy (γwi) is independent of temperature [47]. The calculation of γwi employed the ensemble switch method [48], where the energy difference between two different ensemble stages is calculated. In the first stage, two separate ice and water systems are simulated under the periodic boundary conditions in all directions. The total energies of ice-only and water-only simulation structures were measured under equilibrium and denoted as Ew and Ei, respectively. Then, combining the water and ice systems, the total energy Ew+i of the combined systems was calculated and compared with that from the separate systems. Therefore, the interfacial energy γwi is given by
  		[image: ]   		 				(9) 
where A is the area of water-ice interface.
3.5 
3.6 [bookmark: _Toc108014090]Results and Discussion
3.6.1 [bookmark: _Toc108014091]Ice propagation in pure water
[bookmark: _Hlk85647943][bookmark: _Hlk84709821]During freezing, new layers of crystal ice are formed near the water-ice interface until the entire system is frozen. As depicted in Fig. 2.3a, the water-ice interfaces (I1 and I2) were propagated, expanding the crystal ice region between 0 and 30 ns after relaxation. The scatter plot of structure order parameters of water molecules in the entire simulation domain quantitatively confirms the expansion of ice crystal (Fig. 2.3b), i.e., more data points or more molecules of local order parameter  > 0.385 at t = 30 ns.
[bookmark: _Hlk86005814][bookmark: _Hlk85311075][bookmark: _Hlk85311027]To examine the water-ice propagation speed under different temperature below the freezing point of the system, the supercooling temperature is defined as ΔTsc = Tm – Tsys, where Tm is the water-ice phase change temperature in MD simulations (265 K in this study) and Tsys is the simulated system temperature. In pure water-ice systems, the water-ice interface propagation speed (uwi), which was estimated by averaging the propagation speed from three crystal surfaces (P1, P2, and basal), reached the maximum (0.20 m/s) at 13 K of ΔTsc (denoted as ΔTsc,max), as shown in Fig. 2.4a. When the supercooling temperature is lower than ΔTsc,max, uwi decreased with decreasing ΔTsc, while for ΔTsc > ΔTsc,max, uwi increased with decreasing ΔTsc. In the simulations, significant water-ice interface propagation (0.02 m/s to 0.20 m/s) was observed in the range of 3 – 25 K of ΔTsc. The supercooling and the maximum propagation from our simulations (uwi = 0.20 m/s at 13 K of ΔTsc) are in good agreements with other MD works [20, 49] and experimental works [50], as presented in Fig. 2.4a. Even though the maximum propagation speed appears at larger ΔTsc in the experimental work [50, 55], the overall dependence and speed are similar to our study.
The number of water molecules in an ice-like structure () at 30 ns after the beginning of ice propagation was the largest at ΔTsc,max (= 13 K), while at 65 K of ΔTsc, transition to ice structure in the initial water region was not observed (Fig. 2.4b). Large fraction of newly formed ice structures, when the highest propagation speed appears (i.e., at ΔTsc,max = 13 K), are cubic-like, while the hexagonal ice structures are created partially in case of ΔTsc = 5 K with a lower propagation speed. This is attributed to a rapid phase transformation at ΔTsc,max which causes the metastable phase of ice (ice-Ic). On the other hand, the lower propagation speed provides water molecules with sufficient time for transition to more stable phase, i.e., hexagonal ice structure (ice-Ih) [56].
To explain the dependency of uwi on the temperature (Tsys), the mobility of water molecules and thermodynamic driving force of water-ice phase change were examined by calculating the self-diffusivity D and the free-energy difference between water and ice (ΔG) at several temperatures. The self-diffusivity D describes the random translational movement of water molecules driven by the internal kinetic energy [57]. Figure 2.4c shows the self-diffusivity D of supercooled water calculated using MD data in a temperature range of 200 – 280 K, and the results are compared with experiments [51]. Although the self-diffusivities from MD are around five times smaller than the experiments, the MD activation energy (-35.82 kJ/mol) that was calculated from the temperature-dependence of the self-diffusivity between 200 K and 270 K is close to the value determined by the experiment (-30.16 kJ/mol) from 240 K to 270 K. The discrepancy from the experiments can originate from the size effect in molecular simulations or the usage of rigid water model, where atomic movements are constrained [58]. The appearance of the maximum uwi at higher temperatures (smaller supercooling) in MD than experiments can be attributed to the lower of self-diffusivity in MD, as Fig. 2.4a presents. Since temperature represents the average kinetic energy of water molecules, lower temperatures lead to lower mobilities or smaller self-diffusivity. The lower mobilities of water molecules slow the ice propagation as the transition to ice requires the migration of water molecules to a lattice point of the ice crystal. 
While the mobility of water molecules increases with temperature, the thermodynamic driving force of the phase change, which we characterized using the free-energy difference between supercooled water and ice, decreases with increasing temperature, as Fig. 2.4d shows. Linear fitting and extrapolation of the free-energy values from MD simulations indicate that the free energy of crystal ice is less than that of water when Tsys < 280 K, which confirms that ice is more energetically stable. The opposite temperature dependences of the thermodynamic driving force and self-diffusivity of water molecules explain the existence of optimum freezing temperature (Twi,max) for the maximum water-ice propagation speed (252 K in this report).
[bookmark: _Hlk84962909][bookmark: _Hlk84962990][bookmark: _Hlk85827967]The water-ice interface propagation speed (uwi) also depends on the orientation of ice crystal surface that contacts water as shown in Figs. 2.5a and 2.5b. When the secondary plane (P2) of ice crystal is in contact with liquid water, the water-ice interface propagation is the fastest in all ranges of ΔTsc (Fig. 2.5a), while the basal plane-water interface have the slowest propagation speed. The energy analysis (Fig. 2.5b) also shows that a larger water-ice interfacial energy (γwi) was measured in case of faster propagation speed; P2-water interface has the largest γwi, and the basal plane-water interface has the lowest. Since a lower interfacial energy represents a more stable configuration, which leads to a lower atomic mobility and slower ice propagation [59], the dependence of freezing propagation speed on the water-ice interface orientation can be attributed to the interfacial energy. 
3.6.2 [bookmark: _Toc108014092]Effects of water-graphene interaction
The effects of surface-water interactions on water phase change process, in addition to pure water properties discussed in Sec. 3.1, were examined for the understanding of freeze casting. In the freezing simulations of water with graphene flakes for the study of surface interaction effects, all the surfaces of graphene flakes were initially perpendicular to the basal plane of the ice crystal, i.e., angle between graphene and basal plane normal vector, θf is 90˚, as in Fig. 2.6a However, due to the water-graphene interactions, as ice propagates near graphene surface, all the graphene flakes rotated about the long axis of the flakes, reducing the angles with the basal plane (θf,1 and θf,2 , where 1 and 2 are index of the flake) as in Fig. 2.6b The change of the angle between graphene flakes and the ice crystal basal plane are summarized in the Table 2.1 Two cases of the simulations with different distances between flakes and the water-ice interface (dgi = 3 and 14 Å) show that the larger distance case resulted in the re-arrangement of two graphene flakes with more similar degrees of the flake-basal plane angle. 
The preferred parallel angle between graphene surface and ice crystal basal plane was also observed in the simulations with a large graphene surface. Even with a different initial orientation of ice seed as described in Fig. 2.2c, the ice cluster ended up with the basal plane parallel to the graphene surface as shown in Figs. 2.7a and 2.7b. Thus, for the first two cases of initial ice cluster orientations, where a primary or secondary prism plane (P1 and P2) of ice cluster is parallel to the graphene surface, the ice cluster rotated to have the basal plane facing down. 
[bookmark: _Hlk85706461]As Fig. 2.7c shows, the initial potential energy (UR.avg) of the ice cluster-graphene interfacial region is -1.84 eV when the basal plane faces the graphene surface, and it is lower than the other two cases (UR.avg = -0.31 eV for the primary prism plane and -0.51 eV for the secondary prism plane). During the freezing process, the UR.avg from the first two cases (P1 and P2 plane facing the graphene surface) gradually decreased as the ice cluster rotated to have the basal plane parallel to the surface. Consequently, the UR.avg from three different orientation cases converged to a similar value (~ -2.0 eV at t1 = 100 ns). As the lower UR.avg represents the more stable configuration, the configuration where the basal plane and graphene are parallel is the most stable. This explains the alignment of graphene flakes in Fig. 2.6 and the ice cluster rotation of the P1 and P2 cases in Fig. 2.7. Moreover, after the alignment of the ice cluster for the basal plane parallel to graphene, the hexagonal structure of water molecules started forming around the ice cluster, showing ice growth. As discussed above in Fig. 2.5, the ice crystal mainly grows in a direction normal to the P2 or P1 plane, i.e., parallel to the basal plane. Therefore, with graphene-water surface interactions, ice mainly grows in a direction parallel to graphene surface. 




3.7 
3.8 [bookmark: _Toc108014093]Conclusions
In this research, the fundamental controlling mechanisms of water-ice interface propagation were investigated through molecular dynamics. The maximum propagation speed of the water-ice interface appeared at 252 K. The competition between self-diffusivity and thermodynamic driving force results in an optimal temperature for maximum ice growth speed. Water-ice interfacial energy depends on the orientation of water-contacting ice surface, and a higher interfacial energy leads to a faster ice propagation speed. Thus, the ice propagation speed depends on water-ice surface orientation. Graphene-water surface interactions align ice clusters or graphene flakes to have a minimum energy state, in which the basal plane of the ice crystal is parallel with the graphene surface. As a result, the orientation of ice crystals and the ice growth speed and direction can be changed by controlling surface interactions. This study provides insights to ice propagation control mechanisms for effective freeze cast structuring and its broader applications.








3.9 
3.10 [bookmark: _Toc108014094]Figure and Tables
[bookmark: _Toc108014114]Table 2.1 Angles between the graphene flakes and the basal plane of ice crystal (θf,1 and θf,2) at t1 = 30 ns for two different distances between the graphene flake and water-ice interface (dgi = 3 and 14 Å).
	dgi (Å)
	θf,1
	θf,2

	3
	2.56 ˚
	43.11˚

	14
	20.77˚
	28.60˚
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[bookmark: _Toc108012027]Figure 2.1 Initial atomic configurations of molecular dynamics simulations for (a) pure water freezing, (b) water freezing with movable graphene flakes, and (c) water freezing with a movable rigid ice cluster and a graphene plate at bottom. (Blue and yellow spheres: oxygen and hydrogen atoms from water or ice molecules, orange spheres: carbon atoms from graphene, and red spheres: oxygen and hydrogen atoms from the rigid ice cluster).
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[bookmark: _Toc108012028]Figure 2.2 (a) Hexagonal ice crystal structure and basis vectors, and atomic configurations of three surface orientations (basal, primary prism, and secondary prism). (b) Initial atomic structures (oxygen: blue, hydrogen: yellow, and carbon: orange) of water-ice system with two inclined graphene flakes with two distances (dgi) between the flakes and a water-ice interface, and (c) water with ice seed (red) on graphene surface (first row: front view and second row: bottom view). Three different surfaces of the ice crystals are facing down to graphene.
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[bookmark: _Toc108012029]Figure 2.3 The freezing process of water-ice system at 250 K: (a) the water-ice interfaces propagate from ice region toward water region, and (b) the structure order parameter plot at two different time steps, (t0 = 0; t1= 30 ns after freezing process). More molecules have structure order parameters  larger than the water-ice criterion of 0.385 at t = t1, demonstrating the formation of hexagonal ice structure.
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[bookmark: _Toc108012030]Figure 2.4 (a) The water-ice interface propagation speed (uwi) averaged over three crystal orientations with respect to the supercooling temperature (ΔTsc). The red open circles and blue open triangles represent the results of ice propagation speed from other MD studies [20, 49], and the green cross rectangles do those from a previous experimental study [50]. (b) The distributions of the structure order parameters ( and ) of water molecules in the water-side region at three supercooling temperatures, ΔTsc = 65 (blue squares; Tsys = 200 K), 13 (black circles; 252 K), and 5 K (red triangles; 260 K) after 30 ns of freezing propagation. (c) Self-diffusivity (D) and (d) free energy of supercooled water and ice (Gwater and Gice) with respect to the temperature. The results are compared with experimental self-diffusivities [51] and free energy from MD with the TIP4P water model [52], MD with the SPC/E model [53], and experiments [54].
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[bookmark: _Toc108012031]Figure 2.5. (a) Temperature dependency of propagation speed from different crystal orientations at interface. (b) Speed of water-ice interface propagation (uwi; gray bars) and interfacial energy (γwi; blue crossed circles) for the three different orientations at 15 K of ΔTsc.
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[bookmark: _Toc108012032]Figure 2.6 (a) Schematic illustration of the angle between graphene and basal plane normal vector. (Cyan surfaces and arrows: basal plane and its normal vector, orange arrows: normal vector of graphene flake surfaces) (b) Change of the alignment of two graphene flakes during the freezing process between t0 = 0 and t1 = 30 ns. The crystal surface of the interface is secondary prism plane (P2).
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[bookmark: _Toc108012033]Figure 2.7 (a) Atomic configurations from the bottom view of water freezing simulations with graphene surface (orange) and three different initial orientations of ice cluster (red) at t0 = 0, and t1 = 100 ns. First and third row: front view, second and fourth row: bottom view. (b) Schematic illustration describes the viewing direction of the front and bottom view. (c) Regional potential energy (UR.avg) of three cases of different ice cluster orientations.







Chapter 4 [bookmark: _Toc108014095]
Rayleigh-Bénard Convection and Freezing Propagation during Water-Ice Phase Change
4.1 [bookmark: _Toc108014096]Abstract
The water-ice phase change and convection behaviors with a bottom surface cooling were investigated for the fundamental understanding and control of the ice front propagation. The convection flow profiles, and the geometry and propagation of water-ice interface were examined using the computational fluid dynamics simulations with different temperature and geometrical conditions. This study revealed that the water-ice interface has the largest spatial variation in height when the temperature of maximum density (277K) is applied to the top boundary or the density inversion parameter is the unity, due to the effect of Rayleigh-Bénard convection and propagation of the water-ice interface. The geometrical confinement by the water container, characterized by the aspect ratio, also influences the convection profiles. The Rayleigh-Bénard convection becomes more prominent as the aspect ratio Г (the height-to-diameter ratio) increases, which enhances the convection heat transfer or the Nusselt number but lowers the ice propagation speed. Since the water-ice interface propagates more unevenly with a faster propagation speed and more developed convection, the largest interface height variation appears at Г = 0.67, as a result of the competition the Rayleigh-Bénard convection and the interface propagation on the aspect ratio. As this research identifies the control of the Rayleigh-Bénard convection, ice front propagation and interface shape, the findings will benefit the applications of water-ice phase change, such as freeze casting.
4.2 [bookmark: _Toc108014097]Disclosure
Chapter 3 is a modification of the developing manuscript: Yu-Kai Weng, Seungha Shin*, Mian Umar Saeed, Mohammad Bahzad, Kenneth D. Kihm, and Douglas S. Aaron, " Rayleigh-Bénard Convection and Freezing Propagation during Water-Ice Phase Change" The dissertation author listed in this publication directed and supervised the research which forms the basis for this manuscript.
4.3 [bookmark: _Toc108014098]Introduction
Natural convection, which is generated by thermal buoyancy originating from the temperature dependence of density, plays an important role in various heat transfer applications, such as heat exchangers, solar water heaters [60-62], and passive cooling systems in electronic devices [63], where active cooling with external power source is unavailable or inefficient. In addition, natural convection has been extensively investigated to understand natural phenomena, like atmospheric motion [64, 65] and ocean circulation [66]. Since the convection heat transfer coefficient is determined by temperature (T) profile, understanding of flow patterns that affect the T profile is critical to evaluate the heat transfer efficiency in natural convection [67, 68]. 
Rayleigh-Bénard (RB) convection is one of representative natural convection patterns, which can be observed in a fluid layer heated by the horizontal boundary at the bottom while cooled at the top boundary [69, 70]. Due to the convenience of experimental setup and clearly-identified physical mechanism [71], RB convection has been used to study various issues, such as the stability [72, 73] and spatial-temporal chaotic behaviors [74], in natural convection. Water is a widely used working fluid in heat transfer systems due to their large heat capacity, availability, etc.; thus, the RB convection of water has been widely studied [75-77]. 
Water has a unique temperature-density relation in that the density increases with increasing temperature up to the temperature of maximum density, Tρ.max (277 K, or 4℃) and then decreases [78]. This enables a flow circulation with an inverse temperature gradient, where the bottom surface is colder, and the top surface is warmer, can be recognized as Rayleigh-Bénard (RB) convection. In the past three decades, RB convection has been extensively reported by experiments [79, 80] and numerical simulations [81, 82]; however, research on RB convection of water during  freezing, with an inverse temperature gradient is rare. 
Inverse temperature setting of water is employed in freeze casting, used to fabricate porous materials like polymer [83] and ceramic biomaterials [84]. When a fluid with suspended particles is solidified, the suspended particles are rejected by solidifying fluid and that templates porous structures [13]. Thus, the freeze cast structure has a strong sensitivity on the directionality of the solidification [85], and the understanding and control of ice propagation behaviors [86] is important in the freeze casting using water. As interference of the solidification [87] and melting [88] process by convection has been reported, RB convection by the inverse density profile is also expected to perturb the water-ice interface during freezing. With our interest in the synthesis of directional graphene aerogel using freeze casting, we studied the convection behaviors and ice propagation during water-ice phase change process with inverse temperature gradient. Computational fluid dynamics (CFD) was employed as a primary tool in this work for effective analysis of the fluid flow behaviors and phase changes [89, 90].
The Rayleigh-Bénard convection of water during freezing was investigated under different geometrical and physical conditions in CFD simulations. Specifically, the boundary temperatures which determine the density profile and the container aspect ratio to impose geometrical constraint were varied as main control parameters. In this paper, these control parameters and the simulation details are introduced, followed by the discussion on their effects on the flow profile, water-ice interface shape, freezing propagation, and overall heat transfer performance.
4.4 [bookmark: _Toc108014099]Methodology
To investigate the Rayleigh-Bénard convection under an inverse temperature gradient and its effect on water-ice phase change, water in a cylindrical container, as depicted in Fig. 3.1, was simulated near the freezing temperature (273 K) using ANSYS-Fluent computational fluid dynamics (CFD) package [91]. The height H and diameter D of the water are 40 mm and 20 mm, respectively, under the benchmark condition. The temperatures of the top and bottom horizontal surfaces were fixed at Th and Tc during our simulations, and the benchmark simulations employed Th = 277 K and Tc = 270 K. The sidewalls of cylindrical water were assumed to be adiabatic. The density, viscosity, and thermal expansion coefficient of the water were considered as a function of temperature, while the other thermophysical properties were assumed to be constant. All the properties and their temperature dependence were obtained from the referenced database [92].
In natural convection, the ratio of diffusion and convection, i.e., Rayleigh number Ra, is used as a main control parameter in general [93], which is defined as 

,								(1)
where ρ is the density, β is the thermal expansion coefficient, ΔT is the temperature difference, Lc is the characteristic length (height, H in this work), g is the gravitational acceleration, μ is the dynamic viscosity, and α is the thermal diffusivity. In conventional RB convections, where a higher temperature is applied to the bottom surface, Ra has been reported to have a strong influence on the structure of convection rolls [94]; into addition to physical properties such as viscosity, Ra effects on the RB convection have been extensively investigated [95]. Since the buoyancy caused by temperature gradient is a driving force of RB convection with an inverse temperature gradient, boundary temperatures were varied in this study, which also changed Ra due to the variation of the density, viscosity, and thermal expansion coefficient. For effective analysis, fixing the maximum T difference (ΔT = Th – Tc = 7 K), temperatures of two boundaries, i.e., Th and Tc, were changed in the simulations. The temperature setup, which can induce a density inversion (the density increases with temperature), was characterized by the density inversion parameter (Θm) that is defined as Θm = (Tρ.max – Tc)/(Th – Tc). Our simulations employed Tc ranging from 267 K to 273 K and Th ranging from 274 K to 280 K as Table 3.1 shows, and thus, Θm and Ra ranged from 0.59 to 1.45 and from 1.61×105 to 1.83×106, respectively for the fixed Th - Tc of 7 K. For Θm < 1 (Tc > 270 K), the temperature of the maximum density Tρ.max (277 K) is located between the top and bottom boundaries, and the density does not change monotonically; as the distance from the bottom surface increases, the density first increases and then decreases after the maximum density. On the other hand, Θm > 1 (Tc < 270 K) leads to an inverse water density gradient over the whole simulation region. 
In addition to the boundary temperatures, the influence of geometrical constraint on the RB convection has been reported to be significant in several studies. Experimental [96] and numerical studies [97] show that the aspect ratio of the container alters the convection patterns, including the number of RB convection rolls [93]. The RB convection under an inverse temperature setup is also expected to be affected by the geometry, which is characterized by the aspect ratio (Г), i.e., the ratio of the horizontal to vertical dimensions of the system domain (Г = D/H). To adjust the aspect ratio (Г), the diameter, D was varied from 20 to 80 mm (0.5 ≤ Г ≤ 2), while H was maintained at 40 mm, as in Table 3.2. As H was used as a characteristic length, Ra does not change with the variation of Г only.  
In the reference to the coordinate system shown in Fig. 3.1, the governing equations based on the continuity, momentum and energy conservations are described as:
,								(2)
,	 and						(3)
,					(4)
where ρ is the density, e represents the specific internal energy, p is the pressure, and μ is the dynamic viscosity. The subscript i, j, and k are the indices for direction in the Cartesian coordinate system in Fig. 3.1. The viscous stress τij is given by:
, 			   		(5)
[bookmark: _Hlk89008177]where δij is the Kronecker delta function, μ is the dynamic viscosity, and μt is the dynamic eddy viscosity, which is estimated by the k-ɛ turbulent model [98]. 
The SIMPLE [99] pressure-velocity coupling algorithm was introduced to solve the governing equations. The standard scheme is used to discretize pressure, while the second-order upwind methods are used to discretize the momentum and energy transport. The turbulent kinetic energy and turbulent dissipation rate were discretized by the first-order upwind method, and the first-order implicit scheme was also applied to discretize the time. The time step of the simulations was set in the range from 10-1 to 10-3 s, and the total simulation time was 1200 s. The convergence of the solution was assumed when the maximum relative error achieves 10-4. 
During the RB convection, the circulating flow creates the inhomogeneous velocity and temperature profile, which locally enhance or suppress the water-ice interface propagation. Consequently, the shape and location of the water-ice interface changes. To characterize the effect of the RB convection during the freezing process, the freezing propagation speed (uf) was calculated using the average distance of water-ice interface from the bottom of the container (zw/i,avg) with respect to time (t). Also, the spatial variation of the water-ice interface that represents the interface shape was characterized by the standard deviation of the interface height (σz), as: 

,						(6)
where zw/i,j is the interface height from the bottom at the j-th data point, and N is the total number of the data point at the water-ice interface.
To characterize the convection heat transfer, Nusselt number Nu, which is defined as the ratio of the convective and conductive heat transfer, is calculated using [100]:

, 								(7)
where h is the convection heat transfer coefficient, Lc is characteristic length (H in this research), and k is the fluid thermal conductivity. In this work, the heat transfer coefficient is obtained by calculating the ratio of the heat flux through the container to the temperature difference (h = qʺ/ΔT), and the heat flux qʺ is extracted from the simulation data.
4.5 
4.6 [bookmark: _Toc108014100]Results and Discussion
The interaction between the Rayleigh-Bénard convection and the freezing makes the water-ice interface nonuniformly propagates from the bottom, while the convection flow carries the energy and momentum toward the interface. This non-uniform interface due to the Rayleigh-Bénard convection in the density inversion temperature ranges agrees with the prior experimental observations [101, 102]. Eventually, the interface developed into a concave shape, where the interface near the sidewall has a higher propagation distance than that at the center, as shown in Fig. 3.2 After 1200 sec, temperature and velocity profiles do not change much, and thus, the RB convection and water-ice interface properties at 1200 sec were analyzed under various freezing conditions. 
The velocity and temperature distributions of water undergoing the RB convections were first examined with different density inversion parameters (Θm). Figures 3.3(a)-3.3(e) demonstrate the temperature distribution (in color) and velocity vectors (with arrows) in the vertical cross-section of water for Θm = 0.57, 0.71, 1.00, 1.28, and 1.45. When Θm is less than unity (i.e., Tc < Tρ.max < Th), the convection flow develops a primary circulation roll at the bottom corner, and several secondary rolls co-exist at the other corners. In contrast, for Θm > 1, a single dominant circulation that occupies the entire container was observed. This phenomenon is attributed to the monotonic density change as Th is lower than Tρ.max. 
The different RB convection behaviors by different Θm affect heat transfer efficiency between the top and bottom surfaces and the freezing process. To examine the effect of Θm on the heat transfer and water-ice phase change, we calculated the Nusselt number (Nu) and the water-ice interface propagation speed (uf). As Fig. 3.4 shows, Nu decreases with increasing Θm while the freezing propagation speed increases. The relationship between Nu and Θm matches with the numerical estimation from other researchers [103]. The reduced heat transfer at greater Θm’s even with a constant temperature difference (ΔT = 7 K) is attributed to slower convection with a simple structure due to greater water viscosity at lower temperature and monotonic density profiles at larger Θm’s. In contrast, a lower Nu in the liquid water region at greater Θm’s demonstrates lower heat flux to the water-ice interface region, which promotes the water-ice phase change. Moreover, a lower Tc at larger Θm increases the thermodynamic driving force for the water freezing [86] and enhances the water-ice interface propagation uf.
Consequently, the competition between the interface propagation and the convection effect leads to the variation of the interface height in different Θm cases, as shown in Fig. 3.5a. The standard deviation of the interface height (σz), characterizing the height variation, was calculated by analyzing the spatial distribution of the water-ice interface as Fig. 3.5b. The largest variation (σz) of the interface height appears in the case of Θm equal to unity; that is, the shape of the water-ice interface at Θm = 1 has a more curved (bowl-like) shape while a more flattened water-ice interface appears a Θm deviated from unity. More significant convection flow or faster ice formation contributes to flattening the water-ice interface, and the opposite trends of the convection and ice propagation with Θm lead to the maximum variation at Θm = 1.
In addition to the density inversion parameter (Θm), the aspect ratio of the container (Г = D/H) affects RB convection because the geometry confinement restricts the development of convection circulation rolls. Figure 3.6 presents the temperature and velocity distributions of the RB convection under different aspect ratios. In the container with Г = 2, two convection rolls, which symmetrically occupy the fluid domain, were observed in the cross-section, while a single dominant circulation roll appears when Г is equal to or lower than unity. These observations agree that the size of the fully-developed Bénard convection cell λ is close to twice the characteristic length (i.e., height λ = 2H) in the rigid top and bottom boundary conditions without a geometrical constraint on the side [104]. When the longest horizontal length of the container (D) is less than the unconstraint Bénard cell size λ but larger than H (H ≤ D < 2H or λ), two convection rolls appear; however, one of them occupies a majority part of the container, which creates an asymmetric flow field. The transition from a symmetric to asymmetric state can be recognized as spontaneous symmetry-breaking [105]. When the horizontal length is further reduced to less than the height of the container (D < H), the development of a single convection roll is also restricted as the diameter of a single convection roll (dc) ranges from 1 to 1.4 times the container height (dc = λ/2 ~ H) in RB convection [106]. Consequently, RB convection is suppressed by reducing the aspect ratio (Г).
The effects of the aspect ratio (Г) on the heat transfer (Nu) and the water-ice interface propagation (uf) were examined with the different inversion parameters (Θm = 0.75, 1.0, and 1.25), as shown in Figs. 3.7a and 3.7b. Nu increases with increasing Г (increasing D) for all three Θm’s due to a less restricted RB convection with larger Г or D, enhancing the heat transfer. Above Г of one, as convection circulation rolls can be fully developed without geometrical constraints, Nu does not change significantly, which agrees with a previous computational study [97]. The sensitivity of Nu to Г also decreases with increasing Θm as the heat supply is reduced at larger Θm. The propagation speed of the water-ice interfaces (uf) also shows the opposite dependence on Г, i.e., uf decreases with increasing Г because the freezing process slows down by increasing convective heat transfer. With a given Θm, temperature boundary conditions are identical, and thus, the reduction in uf at larger Г’s can be attributed solely to the enhanced convection heat transfer to the water-ice interface, which suppresses the freezing process. Here, Nu obtained from the simulation in this study is in a good agreement with the results from experiments [107] and CFD [93] simulations in prior RB convection studies, which were conducted under similar conditions (Ra ~ 106) but via heating (not inverse temperature gradient), as in Table. 3.3. This agreement suggests that the dependence of heat transfer efficiency in RB convection on Ra is similar in both heating and cooling conditions and validates our simulation results.
RB convection alters the circulation flow patterns and interface propagation during freezing. As a result, the shape of the water-ice interface changes with Г as presented in Fig. 3.8a. The figure shows that the lower surface region (blue and cyan) of the interface deviates from the center, and the higher surface region (red) is only distributed on the single side of the interface in the two low aspect ratio cases (Г = 0.5 and 0.67). These asymmetric interface patterns indicate that the entire interfaces are affected by a single direction of a convection flow, as shown in Fig. 3.6. On the contrary, interface propagation for the largest aspect ratio case (Г = 2.0) shows a more consistent and symmetric propagation, which matches the temperature and velocity profile shown in Fig. 3.6. The analysis of these figures shows that geometrical confinement restricts the development of RB convection, which affects the convection flow path inside the container and the resulting overall heat transfer and water-ice interface propagation and shape. 
Figure 3.8b shows that the interface shape has stronger sensitivity on the aspect ratio (Г) when the density inversion parameter is unity (Θm = 1), which has the largest variation of interface height in every aspect ratio. As the geometrical confinement is reduced with an increasing aspect ratio (Г), the convection circulation rolls can develop more completely, which makes the convection effect increases with Г when Г < 1 and start to converge when Г > 1. Both more significant RB convection and faster interface propagation contribute to the height variation of the water-ice interface, but they have the opposite trends with respect to Г. Thus, the variation σz is maximized at 0.67 in Г in all three Θm cases.




4.7 
4.8 [bookmark: _Toc108014101]Conclusions
The water-ice interface propagation and the Rayleigh-Bénard convection during freezing were investigated using computational fluid dynamics with inverse temperature and density profiles. Our simulations show that the convection structure becomes simpler and slower as the density inversion parameter increases because the stronger phase changing tendency at lower temperatures interrupts the convection heat transfer. Hence, the heat transfer efficiency decreases with an increasing density inversion parameter; conversely, the speed of water-ice interface propagation has the opposite dependency on inversion parameter because the increasing convective heat transfer suppresses the freezing process. Consequently, the competition between the effects of Rayleigh-Bénard convection and the water-ice interface propagation makes the maximum variation of the interface appear at the inversion parameter equal to the unity. The geometrical confinement of the container, which is characterized by aspect ratio Г, restricts the development of RB convection rolls, which decreases the heat transfer or Nu. Nu increases with increasing aspect ratio below the unity (Г < 1), but the increase above one is insignificant. In contrast, the interface propagation speed is reduced with an increasing aspect ratio due to enhanced heat transfer. Finally, the opposite trends between the RB convection and the water-ice interface propagation speed with aspect ratio led to the largest variance of the water-ice interface at Г, equal to 0.67. Our findings demonstrate that ice propagation speed and water-ice interface shape can be effectively controlled by the temperature setup and geometrical confinement. Therefore, this report will benefit the applications of water-ice phase change, such as freeze casting.
4.9 
4.10 [bookmark: _Toc108014102]Figures and Tables
[bookmark: _Toc108014115]Table 3.1 Density inversion parameters (Θm) and Rayleigh numbers (Ra) with different prescribed boundary temperatures
	Th (K)
	Tc (K)
	Θm
	Ra (×105)

	280
	273
	0.59
	1.61

	279
	272
	0.74
	4.73

	277
	270
	1.00
	10.6

	275
	268
	1.31
	15.9

	274
	267
	1.45
	18.3


[bookmark: _Toc108014116]Table 3.2 Dimensions of the simulated water container and the aspect ratio (Г)
	D (mm)
	H (mm)
	Г

	20.0
	40
	0.50

	26.6
	40
	0.66

	40.0
	40
	1.00

	80.0
	40
	2.00


[bookmark: _Toc108014117]Table 3.3 Comparison of Nu from this study with prior research
	Source
	Method
	Container
	Г
	Ra (×106)
	Nu

	Ref. [107]
	Exp.
	Cubical
	1.0
	1.0
	7.883

	Ref. [93]
	CFD
	Cylindrical
	0.5
	1.0
	8.02

	Current work (Θm = 1)
	CFD
	Cylindrical
	0.5
	1.06
	8.81
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[bookmark: _Toc108012034]Figure 3.1 Schematic diagram of simulation domain for Rayleigh-Bénard convection.
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[bookmark: _Toc108012035]Figure 3.2 The propagation of water-ice interface through the freezing times. The color contour in the streamline represents the water temperature, the blue surface near the bottom represents the water-ice interface (the surface of ice propagates from the bottom ), and the arrows in the figures represent the velocity vectors.
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[bookmark: _Toc108012036]Figure 3.3 The instantaneous snapshot of temperature and velocity profile in the vertical cross-section of the container under different inversion parameters at 1200 seconds freezing times, Θm = 0.57, 0.71, 1.00, 1.28, and 1.45. The water temperature is represented by color following the scale in the left, and the arrows show the velocity vectors.
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[bookmark: _Toc108012037]Figure 3.4 Nusselt number (Nu, black filled squares) for the heat transfer between the top and bottom boundaries and the freezing propagation speed (uf, red empty circles) with respect to the density inversion parameter (Θm). 
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[bookmark: _Toc108012038]Figure 3.5 (a) The distribution of the water-ice interface height from the top view and (b) the standard deviation of interface height (σz) with respect to the density inversion parameter (Θm).
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[bookmark: _Toc108012039]Figure 3.6 Temperature and velocity profile in the vertical cross-section of the container under different aspect ratios, i.e., Г = 2.0, 1.0, 0.67, and 0.5. The water temperature is represented by color following the scale below, and the arrows show the velocity vectors.
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[bookmark: _Toc108012040]Figure 3.7 (a) Nusselt number (Nu) for the heat transfer between the top and bottom boundaries and (b) the freezing propagation speed (uf,) with respect to the aspect ratio (Г = D/H) at three different density inversion parameters (Θm = 0.75, 1.0, and 1.25).
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[bookmark: _Toc108012041]Figure 3.8 (a) The distribution of the water-ice interface height from the top view and (b) the standard deviation of interface height (σz) with respect to the aspect ratio (Г = D/H).
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Surface Interaction Effect on Ion Transport with Convective Flow in Graphene Nanochannel
6.1 [bookmark: _Toc108014104]Abstract
6.2 
6.3 [bookmark: _Toc108014105]Disclosure
6.4 
6.5 [bookmark: _Toc108014106]Introduction
Ion transport in Nanofluidic devices have becomes a popular research study topic because of their excessive potential applications [108], such as energy storage [109, 110], ion separation [111, 112], and water desalination [113, 114]. There are several driven sources of the ion transport, such as pressure gradient [115], electrical field [116], and concentration gradient [117]. Among these applications, the large electric energy storage system received considerable attention due to the rising demands of the electric power generated by renewable energy. The redox flow battery (RFB) is one of the examples that charged or discharged the electronic power by pumping the electrolyte flow through an electrode for the electrochemical reactions. Therefore, the efficiency of the convective ion transport under the surface interaction from the electrode materials plays an important role in the performance of the RFB. Graphene, as a popular nanomaterial, has been used to develop nanofluidic devices [118] in various structures, namely carbon nanotube [119], graphene oxide laminates [120], and graphene nanochannel and nanopores [121, 122]. Graphene nanochannels have a promising potential as electrode material in organic redox flow batteries, effectively responding to the rising demands of the large-scale energy storage systems.
Since the source of the ion transport in RFB is the convective flow motion driven by the pressure gradient [123], the flow rate optimization of the electrolyte is essential [124]. In addition to the piping arrangement between the tank and reactor of the battery, the convective flow inside the electrode affects the transportability [125]. Thus, the convective ion transport through the nanostructure becomes a critical task that needs a detailed investigation. Since the graphene-based electrode has a large surface area, the surface interaction effect from the channel wall to the ion and molecular water is essential that need to be addressed [126-128]. The surface treatment of the graphene, such as doping and functionalization, has been reported that able to modify the thermal conductivity [129], wettability [130], and electrical conductivity [131]. Moreover, the surface interaction between carbon and water molecular changes the crystal surface of the ice during the freezing process [86].
During the ion transport through the graphene nanochannel, the chance that the ion drifted into the effective range of surface interaction from graphene will affect the drifting of the ion. Thus, the sizes of the graphene nanochannel should contribute to the movement behavior of the ion. In addition to the channel size effect, the temperature represents the kinetic distribution of the atoms in the system. Thus, different system temperatures change the mobility of ions and waters. Moreover, the intermolecular interaction energy is a function of the system temperatures. Therefore, the temperature effect contributes to the efficiency of ion transport [132]. To improve the performance of the redox flow battery, the ion transport through the graphene nanochannel has been studied by several researchers in the experiment [133] or numerical simulation [134, 135]. Although ion transport through the carbon nanostructures has been reported in various conditions, such as types of the structure [136, 137] and solute concentration [138], the detailed knowledge of the intermolecular interaction effect on the ion transport still needs to be identified. To achieve the objective that increase the electrical conductivity of graphene electrodes, the ion transport properties under various channel sizes, temperatures, and surface interaction strengths are studied.
In this chapter, the efficiency of ion transport through the graphene nanochannel is investigated by molecular dynamics (MD) simulation to have comprehensive knowledge of the surface interaction effect on the drifting velocity of ions. Three different magnitudes of the interaction strengths are applied to the simulation. The ion transport through the graphene nanochannel by convective flow under different channel sizes and system temperatures is also examined. The content of this chapter is organized as follows: the system configuration, simulation detail, and control parameters are described. In the result section, the relationship between the drift velocity and electrical field or pressure gradient under various channel sizes, system temperatures with different interaction strengths are presented in the discussion.
6.6 [bookmark: _Toc108014107]Methodology
The surface interaction effect on ion transport through graphene nanochannel was examined via MD simulation. The simulation was performed on the LAMMPS open-source package [139]. The benchmark system configuration is shown in Fig. 4.1. The nanochannel is built by two parallel graphene sheets where the width (W) and length (L) are 20 Å and 160 Å, respectively. The distance between two graphene sheets (d) is subject to be changed as a control parameter. The channel is filled with water molecules with one potassium ion. The initial location of the ion is 10 Å inside the left boundary and in the center (d/2) of the channel. 
Simulation setup
In this ion transport MD simulation, the TIP4P/ICE water model [30] is used to obtain the position and force of the water molecules. This rigid water model fixes bond length (O-H) of 9.572 Å with 104.52˚ fixed bond angle (H-O-H), and the charges of O and H atoms are -1.179 and 0.589 elementary charges (ec), respectively. The massless charge site M is set 0.1577 Å away from the O atom. The rigidity of the water molecules are secured by using the SHAKE algorithm [31]. The long-range Coulombic interactions among the water molecules are calculated by applying the particle-particle particle-mesh (PPPM) algorithm [32]. In addition, the intramolecular interaction  between the oxygen, carbon, and potassium ion with a distance less than the cut-off distance (rc) was calculated by using 12-6 Lennard-Jones (LJ) model [33]. The carbon-carbon (C-C) interaction inside the graphene was estimated by Tersoff potential [35]. Newton’s equations of motion were integrated by the velocity-Verlet algorithm [36]. All the temperatures in this simulation were controlled by Nose-Hoover thermostats. In the channel size dependency study, two different sizes of the graphene channel (d = 14 Å and 40 Å) are introduced to create the water and graphene channel system, where the system temperature (Tsys) was set at 300 K. The system initially equilibrated at Tsys with an NPT ensemble (i.e., fixed number of molecules, pressure, and temperature) for 0.01 nanosecond. After the relaxation, the system was switched to NVT (constant number of molecules, volume, and temperature) at Tsys for at least 1.0 nanosecond. At this stage, the pressure drop (ΔP) and electric field (Ee) are applied to the system. The trajectory of the Potassium ion is recorded for further analysis of the distance between the ion and graphene wall during the drifting. For the temperature dependency study, two different Tsys were set at 300 and 320 K, and the channel size was fixed at 14 Å. Thereafter, the MD simulation procedure of the temperature dependency cases is the same as the size dependency cases.
Equation and analysis
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Figure 4.1 System configuration of the graphene channel
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