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ABSTRACT 

Freeze casting is a versatile pore-forming technique which allows tunability of pore 

structures including pore size, size distribution, morphology, and alignment in various 

material systems. It is that versatility that makes freeze casting a prospective candidate for 

fabrication of porous components used in a wide range of fields, ranging from biomaterials 

to supercapacitors. This work explores freeze casting as the processing route to fabricate 

battery separators and ceramic scaffolds.  

The first part of this study assesses the feasibility of tape/freeze casting, a combination of 

tape casting and freeze casting, in fabricating battery separators for sodium-ion batteries. 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) is chosen as the separator 

material due to its chemical inertness in battery environments, and dioxane is selected as 

the solvent for PVDF-HFP owing to its dendritic crystal structure and the absence of 

demixing upon freezing the solution. PVDF-HFP membranes fabricated by a bi-directional 

tape/freeze casting with dioxane exhibit through-thickness, directionally aligned pore 

structures. Although PVDF-HFP is shown to surpass reference separators in electrolyte 

affinity and electrochemical performance, composite strategies are designed to provide 

enhanced mechanical and electrochemical properties.  

Firstly, the effects of alumina, a reinforcing agent introduced via ball milling with dioxane 

to form suspensions prior to tape/freeze casting, are examined. Composite PVDF-

HFP/Al2O3 membranes show similar microstructures to their polymer counterpart, with 

enhanced resistance to thermal shrinkage, elastic modulus, electrolyte uptake, and ionic 

conductivity. Moreover, coin cells made with composite membranes deliver better rate 

performance and cycling stability than those with polymer membranes and filter paper 

reference materials.  

Secondly, an alternative route to incorporate inorganic reinforcing elements into PVDF-

HFP membranes is found through a co-solvent process. Silica particles from a sol-gel 

reaction of tetraethoxysilane (TEOS) are introduced into PVDF-HFP membranes via a co-

solvent method in conjunction with dimethyl sulfoxide (DMSO). The tape/freeze-cast 
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PVDF-HFP membranes fabricated with DMSO alone exhibit directionally aligned pores, 

while a hierarchical pore morphology with circular pores on the aligned pore walls is 

observed in composite membranes fabricated with TEOS, and hence, silica additions. 

Composite PVDF-HFP/SiO2 membranes outperform their unreinforced polymer 

counterpart in terms of elastic modulus, thermal stability, electrolyte affinity, and ionic 

conductivity, along with capacity retention and cycling performance when assembled into 

coin cells.  

The final portion of this study evaluates the capability of freeze casting for highly 

permeable ceramic scaffolds using a polymethylsiloxane preceramic polymer with tert-

butyl alcohol (TBA), a solvent creating prismatic pores without side arms that affords high 

permeability. A double-sided freeze-casting configuration results in more controlled 

freezing of the polymer solutions in comparison with the conventional single-sided 

counterpart, and hence a more aligned pore structure is obtained. Further improvement in 

pore alignment accompanied by an eight-fold increase in water permeability is realized by 

templating the substrate in freeze-casting molds.  
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1 

C h a p t e r  1  

INTRODUCTION 

1.1 Motivation  

Freeze casting is a versatile pore-forming technique which relies on the removal of thermal 

energy to achieve phase segregation between the frozen solvent and the rejected solute or 

dispersed particles and the subsequent extraction of frozen solvent to leave porous structures 

patterned from the solidified phase. The versatility of freeze casting lies not only in its 

capability of tailoring pore structures by tuning processing parameters including solvent type, 

solid content, freezing front velocity, and thermal gradient, but also in its versatility for 

working with both solutions and suspensions and integrating with other processing 

techniques such as tape casting to form a hybrid tape/freeze casting. Because of this, freeze 

casting has been shown to be a promising route to produce a wide range of porous structures, 

ranging from porous polymer membranes to permeable ceramic scaffolds. Both of these will 

be treated in this thesis.  

 

During the freezing of solvent, the inherent thermal gradient of freeze casting facilitates the 

growth of solvent crystals along the thermal gradient, and hence a directionally aligned pore 

structure results. A porous structure with directionally aligned pore morphology is 

advantageous when it comes to transport properties due to its low tortuosity which provides 

shorter transport paths. Directionally aligned pore morphologies with improved transport 

properties are found beneficial for applications such as separators for batteries and ceramic 

scaffolds which require high ionic conductivity and fluid permeability, respectively, two 

topics which will be treated in this thesis.  

 

Amongst numerous types of batteries, despite the extensive use of lithium ion batteries (LIBs) 

in portable electronics, wearable devices, electric vehicles, and smart grids, concerns 

revolving around sustainability and safety due to limited Li source and battery failure are 

repeatedly in the spotlight. Hence, new battery technologies beyond lithium are being 
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extensively explored in the search for alternatives. Sodium ion batteries (SIBs) are 

considered to be one of the most promising alternatives due to the abundance of Na and the 

similarity in chemistry to that of LIBs. Although a great deal of research has focused on the 

development of electrode materials and electrolytes for SIBs, the separator, located between 

the electrodes to prevent short-circuiting while facilitating working ion transport, has not 

received as much attention as the other battery components. Currently, most SIB research 

relies on filter papers as separators, which are not practical for SIB commercialization due to 

their reactivity with electrolytes as well as their relatively large thickness. Moreover, 

adopting commercial separators for LIBs into SIBs is not a feasible option owing to the poor 

affinity of the commercial separators with cyclic carbonate electrolytes and ionic liquids that 

are particularly desirable for SIBs. Without appropriate separators, accurate and proper 

evaluation of electrochemical performance of SIBs is not feasible. As a consequence, the 

above challenges serve as motivation to develop a new class of separators with directionally 

aligned pores for better transport property and suitable for SIBs. Tape/freeze casting is an 

obvious candidate for processing such materials.  

 

From the aspect of ceramic scaffolds, their permeability strongly depends on the pore 

morphology and alignments of scaffolds. Pore morphology is well known to be controlled 

by the choice of solvent [1]. Although tert-butyl alcohol (TBA) is found to exhibit a prismatic 

pore morphology which is useful for high permeability, the unstable growth of TBA crystals 

observed during conventional freeze casting reduces the resultant pore alignment [2]. In 

terms of pore alignment, apart from the inherent thermal gradient in freeze casting, external 

aids including grain-selection templates and magnetic fields have also been applied to 

improve the pore alignment. However, the employment of grain-selection templates extends 

processing time, while alignment improvement by magnetic fields is restricted to 

ferromagnetic materials. As a result, a search for a facile but effective way to obtain enhanced 

pore alignment along with excellent permeability in porous structures fabricated by TBA acts 

as our motivation.  
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1.2 Objectives  

This work aims to explore the versatility of freeze casting for fabricating porous engineering 

materials, specifically polymer and composite membranes for separators in SIBs and 

permeable ceramic scaffolds. First, polymer-ceramic composite membranes which provide 

greater functionality and mechanical robustness to the design of separators are investigated. 

The feasibility of hybrid tape/freeze casting technique in fabricating polymer membranes 

with directionally aligned pore structures is assessed. Specifically, to reinforce the polymer 

membranes, oxide fillers including Al2O3 and SiO2 are introduced via suspensions or via co-

solvents during the freeze casting. More importantly, the effects of reinforcing oxide fillers 

on the microstructure, thermal stability, mechanical properties, electrolyte affinity, and 

electrochemical properties of polymer membranes when assembled into coin cells are 

appraised to establish the efficacy of the composite membranes for separators in sodium ion 

batteries.  

 

Second, with regard to ceramic scaffolds, solvents that exhibit uncontrolled freezing 

behavior but desirable pore morphology under conventional freeze casting are explored. In 

order to control the TBA growth from preceramic polymer/TBA solutions, the reason for the 

uncontrolled growth is revealed by constructing a phase diagram of preceramic polymer and 

TBA. Moreover, to obtain better pore alignment, the effects of different freeze casting 

configurations, including single-sided (SS), double-sided (DS), and template-assisted 

double-sided (TDS) configurations, on the freezing behavior of the preceramic/TBA 

solutions and the resultant microstructures are studied. Additionally, the improvement in 

pore alignment in scaffolds when switched from the DS to the TDS configuration is assessed 

by water permeability measurements.  
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1.3 Thesis Organization  

This thesis is organized as follows: Chapter 2 provides the necessary background on freeze 

casting, the freezing behavior of polymer solutions, and emerging applications of freeze-cast 

materials including battery separators and permeable ceramic scaffolds. Chapter 3 

investigates the feasibility of the hybrid tape/freeze casting in fabricating separators for 

sodium ion batteries from PVDF-HFP/dioxane solutions. The effects of alumina, a 

reinforcing agent introduced via ball milling to form suspensions with the solvent, on the 

microstructure, thermal stability, mechanical properties, and electrolyte affinity of PVDF-

HFP membranes are examined. Coin cells are assembled with tape/freeze-cast membranes 

to evaluate their electrochemical properties. Chapter 4 explores an alternative route to 

reinforcement through the incorporation of silica into the PVDF-HFP membranes through a 

co-solvent method with TEOS followed by a sol-gel reaction. The effects of TEOS on the 

freezing behavior of casting solutions and resultant microstructure of membranes are studied. 

Like the composite membranes with alumina additions, thermal, mechanical, and 

electrochemical properties are investigated to evaluate the membranes as separators for SIBs. 

Chapter 5 discusses the opportunity of different freeze casting configurations to fabricate 

permeable ceramic scaffolds with preceramic polymer and TBA and improve the pore 

alignment as well as water permeability. Chapter 6 summarizes the results, compares the 

properties of the two reinforced composite membranes, and concludes with suggestions for 

future studies.  
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C h a p t e r  2  

INTRODUCTION 

2.1 Freeze Casting 

Freeze casting, also known as ice templating, is a form of sacrificial templating which utilizes 

the phase segregation between frozen solvent/dispersion medium and rejected 

solute/dispersed phase upon freezing to achieve porous structures. The process of freeze 

casting generally contains four steps, as summarized in Figure 2.1  

 

First, casting suspensions/solutions are prepared by dispersing/dissolving powders/polymers 

in a dispersing medium/solvent (1a and 1b). Next is the critical freezing step in which the 

suspension/solution is frozen and the phase segregation between the dispersing 

medium/solvent and the dispersed phase/solute takes place. The dispersing medium/solvent 

crystals grow along the thermal gradient while expelling the dispersed/dissolved phase to 

form the resultant pore walls (2). Third, the frozen suspension/solution undergoes a 

sublimation process where the frozen phase is removed, leaving a porous body with a 

microstructure templated from the frozen phase (3). Lastly, depending on the material system, 

the porous body is sintered or pyrolyzed to densify or convert the polymer into ceramic (4a 

and 4b).  

 

Despite the simplicity of freeze casting, a number of processing parameters can be tuned to 

tailor the resultant pore structure and accompanied properties. For example, while preparing 

for casting suspensions and solutions, solid content and choice of solvent/dispersing medium 

are easily adjustable. During solidification, freezing front velocity and thermal gradient are 

two dominant factors that affect the resultant pore structures. Apart from the two processing 

parameters, external aids such as grain-selection template and magnetic fields can be applied 

during freezing. The above processing parameters are discussed further in the following 

sections.  
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Figure 2.1 Schematic of the freeze casting process showing four steps: (1) preparation of 

solution or suspension, (2) solidification, (3) sublimation, and (4) sintering or pyrolysis [2].  

 

2.1.1 Solid Content 

The two main parameters associated with solid content are chemical composition and solid 

loading. Although the majority of work on freeze casting has centered on ceramic powders, 

metallic materials such as titanium [3, 4], iron [5], and nickel [6] have been studied while 

polymeric systems including poly(vinyl alcohol) (PVA) [7], poly(L-lactic acid) (PLLA) [8], 

poly(vinylidene fluoride) (PVDF) [9], and cellulose [10] have also been explored. It should 

be noted that freeze casting of polymers is essentially different from that of ceramic and 

metallic suspensions since polymers are usually dissolved in solvents to form solutions.  
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The porosity of the freeze-cast bodies is directly related to solids loading, that is the initial 

concentration of solutes or dispersed phase in solutions or suspensions. Low solids loading 

results in high porosity, which is beneficial for transport properties but often accompanied 

by compromised mechanical robustness. Alternatively, high solids loading leads to low pore 

fraction, which is advantageous from the aspect of mechanical properties, while the increased 

viscosity poses a challenge to obtain stable and homogeneous solutions or suspensions [11, 

12]. Pore size of the freeze-cast structure generally decreases with increasing solids loading 

due to restricted solidification kinetics of solvent/dispersing medium during freezing caused 

by the high viscosity [13].  

 

2.1.2 Solvents and Additives  

Given that the pore structure of a freeze-cast body is a negative replica of the solidified 

solvent crystals, choice of solvent greatly influences the resultant pore morphology. A useful 

parameter to predict the structure of a solidified solvent is the Jackson alpha-factor, α [14].  

α =
hEξ

RTE
 (2.1) 

where hE is the latent heat, ξ is an empirical factor dependent on the interface crystallography, 

R is the gas constant, and TE is the equilibrium temperature between the solid and liquid 

phases. Generally speaking, crystals grow in a non-faceted manner with α < 2, while faceted 

crystals with higher degree of anisotropy form when α > 2 [15]. The Jackson alpha-factor 

can be seen as a product of an entropic term, hE/RTE, and a crystallographic term, ξ, which 

usually ranges between 0.25 and 1.  

 

Table 2.1 Heat of fusion, melting point, entropic term of the Jackson alpha factor and pore 

morphology of selected solvents. Adapted from [2].  
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A connection between the entropic term of the Jackson alpha-factor and the structures of 

solidified solvent crystals with the resultant freeze-cast pore morphology has been made by 

Naviroj [2]. Table 2.1 lists four selected solvents including cyclooctane, cyclohexane, tert-

butyl alcohol, and dimethyl carbonate in the order of increasing entropic terms of the Jackson 

alpha-factor. Figure 2.2 summarizes the optical micrographs of the crystal structures of the 

selected solvents along with their corresponding SEM micrographs from the freeze-cast 

bodies. With an increasing entropic term, distinct pore morphologies with growing 

anisotropy ranging from isotropic, dendritic, prismatic to lamellar structures have been 

shown to be created by cyclooctane, cyclohexane, tert-butyl alcohol, and dimethyl carbonate 

solvents, respectively. Although exceptions are seen in the cases of water with an intermedia 

value of 2.65 showing a lamellar structure [16] and dioxane forming dendritic crystals [2] 

despite a high value of 5.21, the entropic term of the Jackson alpha-factor serves as a good 

indicator of the solidified solvent structure and the corresponding freeze-cast pore 

morphology.  
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Figure 2.2 Optical micrographs of the SiOC crystal structures formed by selected solvents 

and the SEM micrographs of corresponding freeze-cast pore morphology. Adapted from [2].  

 

Additives, including co-solvents, also have been introduced to regulate the solvent 

solidification behavior and therefore alter the resultant pore structures. Munch et al. studied 

the effects of various additives, including NaCl, sucrose, trehalose, glycerol, ethanol, gelatin, 

and citric acid, on the kinetics of ice growth and the microstructures of ice crystals [17]. In 

addition, a number of studies have suggested that the change in pore size is related to the 

change in viscosity caused by the polymeric additives, such as PEG [18] and PVA [19, 20]. 

Co-solvent effects on freezing point depression and pore size reduction are observed in 

dioxane/acetone [21] and dioxane/dimethyl sulfoxide systems [22]. Furthermore, co-solvents 

such as tetraethoxysilane (TEOS) are used to create hierarchical pore structures and as 

precursors for silica to produce polymer/ceramic composites [23].  
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2.1.3 Freezing Conditions 

The freezing conditions during the solidification process have profound effects on the 

resultant pore structures since they directly affect the solidification behavior of the solvents. 

Figure 2.3 shows a microstructure selection map in which crystal morphology and size are a 

function of two important processing parameters, temperature gradient (thermal gradient), 

and growth rate (freezing front velocity) [24]. With control over the both parameters, freeze-

cast bodies of identical chemistry but with different pore morphologies and varied pore sizes 

can be achieved. According to the microstructure selection map, a straightforward way to 

tune the pore size is to change the cooling rate, the product of thermal gradient and freezing 

front velocity. A higher cooling rate yields finer crystals and hence smaller pore sizes, 

whereas a lower cooling rate gives rise to coarser crystals and consequently larger pore sizes. 

Apart from pore size, Zeng et al. [25] and Arai et al. [26] have demonstrated the ability to 

migrate from the dendritic regime to the cellular regime on the microstructure selection map 

by carefully manipulating both thermal gradient and freezing front velocity.  
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Figure 2.3 Microstructure selection map of crystal morphology and size as a function of 

temperature gradient and growth rate. Reprinted from [24] with permission from John Wiley 

and Sons, Inc. 

 

The direction and magnitude of the thermal gradient during solidification are two dominant 

factors that determine the alignment of the frozen crystals, and hence the pore alignment. 

Solvent crystals grow in a resultant direction controlled by the imposed thermal gradient and 

the preferred growth direction of the crystals, as illustrated in Figure 2.4 [16].  
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Figure 2.4 Alignment of ice crystals and relationships with imposed thermal gradient and 

preferred growth direction for two thermal gradients. Reprinted from [16] with permission 

from Elsevier.  

 

Conventional freeze casting is conducted in a unidirectional fashion where a cooling source 

is placed at the bottom of the casting solution or suspension to induce direction freezing. 

However, several studies have employed different freeze casting setups to produce dual and 

radial thermal gradients. Waschkies et al. [27] have demonstrated that a long-range, lamellar 

structure with almost constant lamellar spacing can be fabricated by controlling the 

solidification velocity of particle-water-suspensions with a double-sided cooling setup. Su et 

al. [28] have shown that freeze-cast samples produced by radial-concentric freeze casting 

exhibit radially aligned microstructure and thus show better axial compressive modulus and 

splitting tensile strength than the samples made via conventional freeze casting. Bai et al. 

have shown the nucleation of ice crystals can be controlled under dual temperature gradients 
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by modifying the cold finger with a polydimethylsiloxane (PDMS) wedge, as shown in 

Figure 2.5 [29].  

 

 

Figure 2.5 Short-range, multiple-domain lamellar structure and long-range, mono-domain 

lamellar structure created by conventional and bi-directional freezing techniques from [29]. 

Reprinted with permission from AAAS.  

 

2.1.4 External Aids 

In addition to the intrinsic factors of freeze casting discussed above, extrinsic factors 

including mechanical templates and externally applied fields can also be implemented to 

regulate the pore structures. Han et al. [30] employed a polymer sponge that serves as a 

sacrificial placeholder in the slurry to produce additional porosity in the freeze-cast structure. 

Naviroj et al. [31] have utilized a grain-selection template to limit the nucleation process 

during solidification and thus improve the pore alignment. Figure 2.6 (a) [32] shows that 

application of a static or rotating magnetic field on TiO2 slurries doped with Fe3O4 promotes 

long-range alignment of lamellar structures. Zhang et al. [33] have demonstrated that the 
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dense layer thickness in a dense/porous bilayered Al2O3 structure can be controlled by the 

intensity of electric fields, as shown in Figure 2.6 (b).  

 

Figure 2.6 (a) SEM micrographs showing the effects of magnetic field alignment on the 

TiO2 scaffolds alignment containing 3 wt% Fe3O4 (Reprinted from [32] with permission 

from Elsevier) (b) SEM micrographs showing the effects of electric field intensity on dense 

layer thickness of bilayered Al2O3 structures (Reprinted from [33] with permission from John 

Wiley and Sons, Inc.). 

 

A hybrid technique, freeze tape-casting (or tape/freeze casting), combines the processing 

steps of tape casting (doctor blading) and freeze casting to fabricate large-area tape samples. 

First, a suspension is tape-cast onto a casting bed by a doctor blade. Then, the casting bed is 

moved towards a freezing zone to induce directional freeze casting, as illustrated in Figure 

2.7 (a). Freeze tape-casting is effective in fabricating aligned pore structures and the pore 

morphology can be tuned by controlling the freezing temperature. This technique has been 

used in both aqueous and non-aqueous ceramic suspensions such as yttria-stabilized 

zirconia/water, yttria-stabilized zirconia/tert-butyl alcohol [34], and TiO2/water [35] to 
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produce ceramic sheets. Kim et al. have demonstrated that this technique can be adopted 

in polymeric systems including PVDF [36] and PVDF/TiO2 (Figure 2.7 (b)) [37] to fabricate 

polymer and composite membranes with directional pores.  

 

 

Figure 2.7 (a) Schematic of freeze tape-casting (Reprinted from [34] with permission from 

John Wiley and Sons, Inc.) (b) Fabrication process of PVDF/TiO2 composite membranes 

with directional pores. (Reprinted from [37] with permission from Elsevier). 
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2.2 Polymer Solutions 

2.2.1 Solubility Parameters 

Given that polymer solutions are used throughout this thesis, this section aims to provide 

some background information about solubility parameters, an important and widely used 

concept for solvent selection for freeze-cast polymers. The use of solubility parameter to 

explore suitable solvents is based on the well-known chemistry rule of “like dissolves like”: 

if the intermolecular forces between the molecules of a solvent are of similar strength to those 

between the molecules of a solute, the solvent is usually a good solvent for this solute. The 

intermolecular forces can be estimated by the total cohesive energy (Et), which is a sum of 

individual contributions from the non-polar (dispersion) interactions (Ed), polar (dipole-

dipole and dipole-induced dipole) interactions (Ep), and hydrogen bonding (including Lewis 

acid-base interactions) (Eh) [38],  

Et = Ed + Ep + Eh (2.1) 

By dividing each cohesive energy term by the molar volume (V), the total cohesive energy 

density can be expressed as the sum of individual cohesive energy density.  

Et

V
=

Ed

V
+

Ep

V
+

Eh

V
  (2.2) 

Solubility parameter is defined as the square root of the cohesive energy density, and 

therefore the square of the total solubility parameter is the sum of the squares of the 

dispersion-based, polar-based, and hydrogen bonding-based solubility parameters [39].  

δt
2 =

Et

V
= δd

2 + δp
2 + δh

2   (2.3) 

The distance between two molecules, a solute (i) and a solvent (j), in the 3D Hansen space is 

defined as Ra and can be calculated by their respective solubility parameters [40],  

Ra = √4(δd,i − δd,j)
2

+ (δp,i − δp,j)
2

+ (δh,i − δh,j)
2
  (2.4) 

For a particular solute, solvents experimentally tested for solute solubility are plotted in the 

3D Hansen space to create the so-called solubility sphere. This sphere, with a radius known 

as the interaction radius, R0, defines the region in the 3D Hansen space where a solution is 

formed by a solute-solvent pair. The ratio of Ra to R0 is termed as the relative energy 

difference (RED), which serves as a reference for solubility of solute (i) in a solvent (j). 
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Consequently, good solvents are located in the interior of the sphere or at least on the 

sphere surface, corresponding to RED ≤ 1, while RED > 1 suggests low affinity between the 

solute and solvent, as illustrated in Figure 2.8 [41].  

 

Figure 2.8 Solubility sphere with a radius R0 in the 3D Hansen solubility space showing 

good solvents (red) located within the sphere with RED values smaller 1 and poor solvents 

(blue) located outside of the sphere with RED values greater than 1. Reprinted from [41] 

with permission from Elsevier. 

 

2.2.2 Freezing in Polymer Solutions 

Since the pore-forming mechanism of freeze casting is the freezing of the solvent, it is 

imperative to understand the fundamentals of freezing in polymeric casting solutions from 

the point of view of thermodynamics. Figure 2.9 shows a typical phase diagram of a polymer-

solvent system [42] in which A, B, and Tc refer to the binodal curve, the spinodal curve, and 

the critical temperature, respectively, while C and D denote the solvent freezing point curves 

with Tf being the freezing point of the pure solvent. In the region between A and B, the 
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solution undergoes liquid-liquid phase separation (LLPS) by nucleation and growth. On 

the other hand, in the B region, a spontaneous liquid-liquid phase separation without the 

requirement of nucleation, also known as the spinodal decomposition, occurs in the solution. 

When the solution is cooled along the line indicated by arrows, the homogeneous solution 

phase separates by nucleation and growth as it enters the region between curves A and B. 

Further cooling of the solution leads to spinodal decomposition as the solution passes beyond 

curve B. Subsequently, the solvent in the solution freezes as temperature goes below the 

freezing point curve C.  

 

 

Figure 2.9 Typical phase diagram of a polymer-solvent system. Reprinted from [42] with 

permission from Elsevier.  

 

Figure 2.10 (a) [42, 43] presents the schematic phase diagram of polystyrene and 

cyclohexane similar to that shown in Figure 2.9 along with the resultant polystyrene 

morphology. Due to the large difference between Tc and Tf, the solution undergoes liquid-

liquid phase separation prior to the freezing of the solvent, evidenced by the observation of 

cloudiness formation in the solution before freezing. Given that the phase separation 
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precedes the freezing of the solvent, a polymeric foam with an isotropic pore morphology 

is observed. In contrast, Figure 2.10 (b) [42, 43] shows the representation of a phase diagram 

of polystyrene and benzene where the binodal and spinodal curves are far below the freezing 

point curve. In such systems, no cloudiness is observed in the solution prior to freezing, 

which indicates the absence of liquid-liquid phase separation before the solvent freezing. 

When the temperature of the solution is cooled below Tf, the solvent freezes along the 

thermal gradient and pushes the polymer aside. Therefore, the resultant morphology is 

determined by the growth of the frozen solvent crystals, leading to a more anisotropic 

microstructure as shown in Figure 2.10 (b). As a result, the resulting microstructure of the 

freeze-cast structure is greatly dictated by the relative positions of the phase separation curves 

and the freezing point curves.  

 

 

Figure 2.10 Schematic of phase diagram and resultant polymer morphology of (a) 

polystyrene and cyclohexane (b) polystyrene and benzene. Reprinted from [42, 43] with 

permission from Elsevier.  
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2.3 Applications of Freeze-cast Materials 

Owing to the compatibility of freeze casting with a variety of material systems and its ability 

to tailor the resultant microstructures, freeze-cast materials have been employed in numerous 

applications, including thermal insulation [44,45], piezo-resistive sensors [46], sorption 

media for pollutant capture [47, 48], biomimetic scaffolds [49, 50], and energy conversion 

and storage [51, 52, 53]. This thesis will focus on applications in the field of energy storage, 

specifically in sodium ion batteries, and ceramic scaffolds.  

 

2.3.1 Battery Separators 

A battery separator, a thin porous membrane located between the electrodes as a physical 

barrier to prevent electrode contact and thus short circuit, must have no or very low chemical 

reactivity with other components of a battery. In addition, the thickness of a separator should 

be in the range of a few tens of micrometers; otherwise, the overall battery energy density 

will be compromised due to the reduced amount of active materials that can be placed in the 

restricted cell space in the presence of the separator [54]. A separator functions as an 

electrically insulating, electrolyte-infiltrated and ion-permeable membrane placed between 

the cathode and anode inside a battery. In order to facilitate the ion transport, a separator with 

a directionally aligned porous microstructure is highly sought-after. Freeze casting is 

advantageous in producing structures with directionally aligned pores due to its intrinsic 

thermal gradient. Besides the ability to create directionally aligned structures, freeze casting 

can also be integrated with tape casting to form the hybrid tape/freeze casting [34, 36], in 

which the final membrane thickness can be controlled during the tape casting step. 

Furthermore, tape/freeze casting is also a scalable processing technique which is 

advantageous for large-scale and continuous manufacturing. Polymer-based tape/freeze-cast 

separators will be discussed in detail in Chapters 3 and 4.  
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2.3.2 Ceramic Scaffolds 

Scaffolds are structures that simultaneously provide mechanical support and transport 

characteristics. For freeze-cast ceramic scaffolds, the mechanical properties can be readily 

improved by reducing the porosity [2] or introducing reinforcements [55]. As for the 

transport properties, for example, permeability can be enhanced by increasing the pore size 

[2], further aligning the pore orientation [31], or transitioning to a more permeable pore 

morphology [2], as discussed in Chapter 5. Although mechanical properties and transport 

properties are two seemingly conflicting features, freeze casting offers the opportunity to 

increase mechanical properties without sacrificing much permeability [56].  
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C h a p t e r  3  

PVDF-HFP/AL2O3 COMPOSITE MEMBRANES 

Material in this chapter is reproduced in part from “Tape/Freeze-cast PVDF-HFP/Al2O3 

composite membranes for battery separators”, C. Wu, X. Lin, A. Prabhakar, Z. Kelly, H. 

Liu, K.T. Faber; Manuscript in preparation. The work was done in collaboration with 

Xiaoping Lin, Abhinav Prabhakar, Zachary Kelly, Hansan Liu of Talos Tech LLC, and 

Katherine T. Faber. C. Wu fabricated and characterized PVDF-HFP/Al2O3 composite 

membranes using SEM and FTIR, their porosities, thermal stability, and mechanical 

properties, and wrote the manuscript. X. Lin, A. Prabhakar, and Z. Kelly measured contact 

angles and electrolyte uptake, and characterized electrochemical properties of the 

membranes. H. Liu and K.T. Faber supervised this work.  

 3.1 Introduction  

As previously discussed in Section 2.3.1, the intrinsic thermal gradient involved in freeze 

casting makes it advantageous in producing directionally aligned pore structures, and thus 

freeze casting is a promising processing route to fabricate battery separators.  

 

A critical portion of freeze casting is the freezing step which leads to the phase segregation 

between frozen solvent and rejected solute, since the resultant pore morphology is the replica 

of the frozen solvent. However, as mentioned in Section 2.2.2, in certain solutions, liquid-

liquid phase separation (LLPS), phase separation of the solution into a polymer-rich phase 

and a polymer-lean phase, can take place before the freezing of the solvent when the 

temperature is lowered [42, 43]. In this case, the isotropic structure formed by the LLPS [42, 

43] acts as a template for the subsequent freeze casting and determines the final 

microstructure, in contrast to the case in which the resultant structure is dominated by the 

directionally frozen solvent crystals. To verify that LLPS occurred prior to the freezing of 

the solvent, the freezing behavior of polymer solutions is visually inspected and attention is 

paid to whether cloudiness formation in solution, an indication of LLPS [42, 57], is observed.  
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Another important aspect of freeze casting is the nucleation of solvent crystals. During the 

freezing process in conventional unidirectional freeze casting, due to the absence of 

nucleation control, solvent crystal nuclei usually occur in a random manner. This leads to the 

formation of domains of crystals and the resulting pores with varied orientations [29], which 

severely hinders the fabrication of well-oriented structures on a large scale. As a result, the 

control over the nucleation process is of vital importance if highly oriented structures are 

envisioned [29, 58]. In this chapter, a bi-directional, air-wedge-assisted tape/freeze casting 

setup with dual thermal gradients as shown in Figure 3.1, is designed to control the nucleation 

process while producing membranes with directional pores.  

 

 

Figure 3.1 Schematic of experimental setup (not to scale) for bi-directional, air-wedge-

assisted tape/freeze casting with dual thermal gradients.  

 

Apart from the requirements of a separator provided in Section 2.3.1, other essential 

characteristics of a separator are compatibility with the electrolyte to reduce internal 

resistance, thermal stability to ensure cell safety, and sufficient mechanical robustness to 

withstand stresses during cell assembly and operation. In order to improve the 

abovementioned features of separators, reinforcements have been integrated into separators, 

including polymer blends [59, 60], cellulose [61, 62, 63, 64], and oxides [65, 66, 67, 68, 69]. 

Amongst the reinforcing elements, oxides are particularly attractive due to their enhanced 

chemical and thermal stability compared to the polymeric reinforcing elements. However, 
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the majority of studies on oxide-reinforced separators either adopt additional coating 

processes or chemical conversion reactions [65, 66, 67, 68, 69], which increase not only the 

separator thickness but also the complexity of processing. In contrast, in this chapter, alumina 

fillers are introduced through a facile ball milling procedure to form suspensions with the 

solvent prior to mixing with the polymer followed by tape/freeze casting. PVDF-HFP, 

known for its chemical inertness, is a candidate material to fabricate separators.  

 

In this chapter, the freezing behavior of a PVDF-HFP/dioxane bulk solution is first examined 

to ensure the absence of liquid-liquid phase separation prior to the freezing of the solvent. 

The nature of dual thermal gradients in the bi-directional, air-wedge-assisted tape/freeze 

casting is realized by monitoring the temperature of different regions on the tape casting 

substrate. Subsequently, the freezing behavior of PVDF-HFP/dioxane solution and PVDF-

HFP/dioxane/alumina suspension in thin films are explored to establish the relationship 

between the freezing behavior and the resultant microstructures. Further, the microstructure, 

phase composition, thermal stability, mechanical, and electrochemical properties of the 

tape/freeze-cast separators are appraised to establish the efficacy of composite membranes 

for separators in sodium ion batteries.  

 

3.2 Experimental Methods  

3.2.1 Materials 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, Mw = 400,000 g/mol, 

Sigma-Aldrich, St. Louis, MO, USA) and 1,4-dioxane (anhydrous, 99.8%, Sigma-Aldrich) 

were used to produce solutions for observation of the freezing behavior in thin films and 

fabrication of separators via tape/freeze casting. Dioxane was chosen as the solvent for 

PVDF-HFP according to the solubility parameters of dioxane and PVDF determined from 

the solubility tests performed by Bottino et al. [70]. In the 3D Hansen solubility space 

discussed in Chapter 2, dioxane was found to be located on the surface of the solubility sphere 

of PVDF, which indicates that dioxane is considered a good solvent for PVDF and a 

candidate solvent for PVDF-HFP. Nano-sized alumina powder (γ-phase, < 50nm, Sigma-

Aldrich) was added to the above solutions to form suspensions and acted as ceramic filler 
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reinforcements to produce the composite membranes. Celgard separator (Celgard®  2500, 

Celgard LLC, Charlotte, NC, USA) and filter paper (Whatman®  filter paper) were used as 

references for tape/freeze cast membranes. An organic electrolyte consisted of 1 M NaClO4 

(Sigma-Aldrich) in the mixture of propylene carbonate (Sigma-Aldrich) and ethylene 

carbonate (Sigma-Aldrich) (1:1, volume ratio). Ionic liquid electrolyte (Solvionic, Toulouse, 

France) was composed of NaFSI:PYR13 FSI (1:9, molar ratio). All chemicals were used 

without further purification or treatment.  

 

A Na3V2(PO4)3/NaTi2(PO4)3 full cell (NVP/NTP) was selected as the assessment model cell 

for the separators due to its favorable stability among all the SIB electrode couple [71, 72]. 

This SIB couple eliminates the concerns of solid electrolyte interphase (SEI) formation and 

electrolyte oxidization [73] and provides a more reliable comparison among separators. The 

Na3V2(PO4)3 and NaTi2(PO4)3 electrode materials were laboratory-produced by solid-state 

sintering. The cathode and anode electrodes were prepared by a traditional doctor-blade 

casting process with a ratio of active material/carbon black/binder (PVDF) of 85:10:5 (wt%).  

 

3.2.2 Freezing Point Measurement 

The freezing points of pure dioxane and PVDF-HFP/dioxane solutions with different 

polymer concentrations were determined by visual inspection. Mixtures of 7, 15, 20 wt% 

PVDF-HFP with corresponding 73, 85, 80 wt% dioxane were heated in glass vials in a water 

bath at 70 oC under constant stirring with magnetic stir bars until clear and homogeneous 

solutions were obtained. A fixed volume of 20 μL of each polymer solution and pure dioxane 

was pipetted onto a freeze casting setup. This setup consisted of an Al cold finger on top of 

a thermoelectric plate which was placed on top of a heat reservoir connected to a circulating 

refrigerated silicone oil bath (FP50-ME, Julabo USA Inc., Allentown, PA, USA). The 

thermoelectric plate was connected to a PID controller which also recorded temperature 

profiles. Once the polymer solution and pure dioxane was placed on top of the Al cold finger, 

a microscope cover slip was immediately covered to minimize solvent evaporation and 

moisture absorption. A petri dish was placed over the setup to prevent condensation and 

reduce ambient air flow. The freezing point, Tf, was recorded as the temperature at which the 
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first observed nucleation, perceived by an abrupt increase in solution opacity, took place 

at a cooling rate of 1 oC/min. Five samples were tested for each solution and their average 

values with standard deviation were reported.  

 

3.2.3 Freezing Behavior of Bulk Solutions 

A mixture of 15 wt% PVDF-HFP with 85 wt% dioxane was heated in a glass vial in a water 

bath at 70 oC under continuous stirring with a magnetic stir bar until a clear and homogeneous 

solution was produced. The PVDF-HFP/dioxane solution was poured into a cylindrical glass 

mold (h = 20 mm,  = 25 mm with 1.6 mm walls); the base of the mold was sealed with 

Mylar film and vacuum grease to prevent leakage. The glass mold was then placed on top of 

an Al cold finger whose temperature was programmed to decrease from room temperature 

to -25 oC at a ramp rate of 10 oC/min by a thermoelectric with a PID controller. The glass 

mold was capped with a glass plate to prevent solvent evaporation. The freezing behavior of 

the PVDF-HFP/dioxane solution was recorded using a camera.  

 

3.2.4 Evaluation of Dual Thermal Gradients via Substrate Temperature Monitoring  

Dual thermal gradients were confirmed by monitoring the temperature of different regions 

on the glass substrate used for tape casting without tape-cast solution films, as illustrated in 

Figure 3.2. Temperature was monitored using five type K thermocouples equally spaced at 

9 mm intervals along the length of the top surface of a glass substrate (75 x 50 x 1 mm3) from 

the leading edge of the substrate in the freezing direction (Figure 3.2 (a) and (b)). Once the 

temperature of the aluminum cold finger (50 x 50 mm2) regulated by a thermoelectric with a 

PID controller reached -25 oC, a Teflon spacer (50 x 10 x 1 mm3) was placed on the far end 

of the cold finger. The glass substrate monitored by the five thermocouples was positioned 

on the Teflon spacer, which created an air wedge below the glass substrate, as illustrated in 

Figure 3.2 (b). Besides the thermal gradient in the z direction, this air wedge was intended to 

produce a second thermal gradient in the x direction during freezing. Temperature recording 

at 1-s intervals was initiated as soon as the glass substrate made contact with the aluminum 

cold finger and the Teflon spacer.  
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Figure 3.2 Schematic of (a) top view and (b) orthogonal view of experimental setup (not to 

scale) for temperature monitoring on glass substrate. Number indicates the thermocouple 

channel ID and colored squares indicate the tips of thermocouples on the top surface of the 

glass substrate.  

 

3.2.5 Membrane Preparation and Freezing Behavior of Thin Films 

3.2.5.1 PVDF-HFP/Dioxane Solution 

A mixture of 15 wt% PVDF-HFP with 85 wt% dioxane was heated in a glass vial in a water 

bath at 70 oC under continuous stirring with a magnetic stir bar until a clear and homogeneous 

solution was produced. Approximately 3 to 4 mL of the solution was pipetted onto a glass 

substrate (75 x 50 x 1 mm3) and then tape cast using a doctor blade with a clearance of 200 

μm. The tape-cast film was transferred to the aluminum cold finger set at -25 oC on the freeze-

casting apparatus shown schematically in Figure 3.1. As described above, two thermal 

gradients were present, as induced by the air wedge beneath the glass substrate due to the 

inserted spacer. A glass petri dish was placed over the glass substrate to minimize solvent 

evaporation. The freezing process of the tape-cast film was recorded by a camera and the 

freezing front velocities were determined by subsequent image analyses (ImageJ, National 

Institutes of Health). Once the tape-cast film was completely frozen, the frozen film atop the 

glass substrate was placed into a freeze dryer (VirTis AdVantage 2.0, SP Scientific, 
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Warminster, PA, USA) set at -40 oC and 500 μbar for 48 h. After complete removal of 

dioxane, a dry and porous PVDF-HFP membrane was obtained.  

 

3.2.5.2 PVDF-HFP/Dioxane/Alumina Suspensions 

Suspensions composed of dioxane and alumina contents of 1.73, 2.58, and 3.41 wt% with 

respect to dioxane were prepared via ball milling for 24 h. Pre-determined amounts of PVDF-

HFP were added to the above suspensions in order to obtain a fixed concentration of 15 wt% 

PVDF-HFP with respect to dioxane and alumina contents of 7, 10, and 15 wt%. The 

alumina/dioxane suspensions and PVDF-HFP were heated in vials in a water bath at 70 oC 

under continuous stirring until all of the PVDF-HFP was dissolved and stable polymer-

solvent-ceramic suspensions resulted. The tape/freeze casting steps for the PVDF-

HFP/Al2O3 composite membranes were identical to the steps described in Section 3.2.4.1.  

 

3.2.6 Membrane Physical Characterization 

3.2.6.1 Microstructure and FTIR 

Membranes were first examined by scanning electron microscopy (FESEM, ZEISS 1550 VP, 

Jena, Germany). SEM sample cross-section preparation required cryogenic fracture in a 

liquid nitrogen bath (below the glass transition temperature of PVDF-HFP) with a pre-chilled 

razor blade to avoid soft membrane deformation at ambient temperatures. The membranes 

were then coated with Pt prior to SEM examination. X-ray energy dispersive spectroscopy 

(EDS) was used to observe the distribution of added alumina in carbon-coated composite 

membranes. Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR, 

Nicolet iS50, ThermoFisher Scientific, Waltham, MA, USA) was used to characterize the 

phase compositions of the membranes with a resolution of 4 cm-1 in a wavenumber range 

from 4000 to 400 cm-1.  

 

3.2.6.2 Porosity, Mechanical Properties and Thermal Stability 

Membrane porosity was determined by the Archimedes’ method, using ethanol as the 

immersion fluid [74]. Membranes were soaked in ethanol for 24 h before measuring the wet 

membrane weight. Each membrane was measured 5 times and the average value was 
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reported. Mechanical properties including tensile strength, Young’s modulus and strain-

to-failure of membranes were determined using a universal testing machine (Instron 5982, 

Norwood, MA, USA) following ASTM-D882 standards with a strain rate of 0.1 min-1. Three 

membranes were tested for each condition and the average was reported. The thermal 

stability of membranes was assessed by the area change after placing 10 x 10 mm2 membrane 

sections in aluminum weight boats inside a convection oven set at temperatures ranging from 

75 to 135 oC for 30 minutes.  

 

3.2.6.3 Contact Angle and Electrolyte Uptake 

The wettability of membranes in two electrolytes (organic electrolyte and ionic liquid) was 

evaluated in terms of contact angle and electrolyte uptake (EU). Contact angles were 

measured by a computer-controlled goniometer (Ossila, Sheffield, United Kingdom). The 

droplets were applied from a syringe with a fixed volume of 10 μL. The contact angle was 

defined as the angle between a droplet and the surface of a separator measured 5 seconds 

after the droplet reached the surface of the separator. Electrolyte uptake was established from 

the difference in weight before and after soaking the membrane in a specific electrolyte for 

4 h, and values were normalized by the initial weight [75].  

 

3.2.7 Electrochemical Performance Evaluation 

3.2.7.1 Ionic Conductivity and MacMullin Number 

Ionic conductivity was measured using electrochemical impedance spectroscopy (EIS) in a 

Solartron 1287 potentiostat and 1260 frequency response analyzer (AMETEK Inc., Berwyn, 

PA, USA). The separator was first soaked with 50 μL of electrolyte and placed between two 

stainless steel spacers and then sealed in a CR2032 coin cell. The ionic conductivity was 

calculated from 

Ionic conductivity (mS/cm) = 1/resistivity = L / (Z x A)             (3.1) 

where L is the ion transfer path between the two stainless steel spacers, i.e., the separator 

thickness, A is the cross-sectional area, and Z is the measured resistance or impedance. The 

permeability of the separators was reported from the MacMullin number, defined as the ratio 

of ionic conductivity without a separator to that with a separator. The ionic conductivity of 
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pure electrolytes was measured using a testing configuration in which a PTFE O-ring was 

sandwiched between two stainless steel (SS) plates to hold the electrolyte in the void.  

 

3.2.7.2 Cell Performance 

CR2032 coin cells were used to assess the electrochemical performance of the membranes. 

The NTP anode capacity was designed to be 10% greater than the counterpart NVP cathode 

capacity such that the cell capacity was limited by the NVP cathode. Doctor-bladed cathode 

(NVP) and anode (NTP) were punched into discs, and a coin cell was assembled by 

sandwiching the electrolyte-soaked membrane between the cathode and anode. Rate 

performance tests were conducted at 0.5C, 1C, 2C, and 5C for 5 cycles for each C rate.  
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3.3 Results and Discussion 

3.3.1 Freezing Point Measurement 

The freezing points of PVDF-HFP/dioxane solutions as a function of polymer concentration 

are shown in Figure 3.3. A decreasing trend in solution freezing point with increasing 

polymer content, also known as freezing point depression, is observed. It is found that the 

solution with 15 wt% PVDF-HFP which is used to fabricate PVDF-HFP membranes shows 

a freezing point around -1.5 oC.  

 

 

Figure 3.3 Freezing point of PVDF-HFP/dioxane solutions as a function of polymer 

concentration.  
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3.3.2 Freezing Behavior of Bulk Solution 

Figure 3.4 shows photo images of the freezing behavior of PVDF-HFP/dioxane bulk solution. 

It is clear that no cloudiness formation is observed prior to the freezing of the solvent, which 

indicates that the liquid-liquid phase separation does not precede the freezing of dioxane. 

Therefore, the microstructure produced by this particular system can be attributed to the 

frozen dioxane crystals. The freezing behavior of PVDF-HFP/dioxane solution in the bulk 

form can be extended to that of the thin film form.  

 

Figure 3.4 Photo images of freezing behavior of PVDF-HFP/dioxane solution showing 

growth of frozen solvent crystals. Arrows indicate the chronological order.  

 

3.3.3 Dual Thermal Gradients in Bi-directional, Air-wedge-assisted Freezing 

Before studying the freezing behavior of solutions and suspensions in thin films, it is crucial 

to understand the two thermal gradients associated with the experimental setup used to carry 

out the freeze-casting process (Figure 3.1). Due to the low temperature of the Al cold finger 

(-25 oC), a thermal gradient in the z direction is always present. The effectiveness of the 

insulating air wedge created by the Teflon spacer to produce a thermal gradient in the x 

direction is evidenced by the temperature evolution curves shown in Figure 3.5. First, the 

cooling rate is found to decrease when travelling from channel 1 (black) to channel 5 (orange) 

due to the increase in thickness of the air wedge. Second, because of the increasing insulating 

capacity with air wedge thickness, a rising steady-state temperature profile is seen when 

migrating from channel 1 (-18 oC) to channel 5 (-8 oC), establishing a thermal gradient in the 

x direction. The above results confirm the existence of dual thermal gradients in the 
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tape/freeze casting setup shown in Figure 3.1. Moreover, with the temperature evolution 

curves, the time required to reach the freezing point of the solution (-1.5 °C, for 15 wt% 

PVDF-HFP), at each position on the glass substrate can be estimated. These times are 

approximately 8, 18, 33, 51, and 57 seconds for the positions corresponding to thermocouple 

channels 1, 2, 3, 4, and 5, respectively, as indicated by the colored vertical dashed lines.  

 

Figure 3.5 Temperature evolution with time along glass substrate measured following the 

experimental setup shown in Figure 3.2 (a) and (b). Colored, vertical dashed lines indicate 

the estimated time required for each thermocouple to reach the freezing point of the solution 

containing 15 wt% PVDF-HFP.  
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3.3.4 Effects of Alumina on Freezing Behavior of Solution in Thin Films and 

Membrane Microstructures  

The air wedge is found to be effective in controlling the freezing of the tape-cast films. This 

is verified from the snapshots from the freezing video of 15 wt% PVDF-HFP/dioxane 

solution and 15 wt% PVDF-HFP/dioxane/alumina suspension given in Figure 3.6 (a) and (b). 

The freezing of the tape-cast film starts left-to-right where the glass substrate has direct 

contact with the aluminum cold finger, i.e., where the air wedge thickness = 0. This 

observation also reveals the insulating ability of the air wedge. As freezing progresses, not 

only are two flat freezing fronts observed but they are also found to travel at relatively 

constant velocities determined from a series of snapshots with results plotted in Figure 3.6 

(c). The first freezing front is a direct result of the freezing of dioxane molecules in the 

solution, while the second has been hypothesized by Kim and Lee [76] to be associated with 

the crystallization of dioxane molecules occurring in the PVDF-HFP-rich phase (cryo-

concentrated regions) that formed during the first freezing front. A higher degree of opacity 

in the tape-cast film is seen after the passage of the second freezing front. Furthermore, the 

estimated time at each thermocouple position to reach the -1.5 oC freezing point from Figure 

3.5 can be translated to the freezing front velocity plot in Figure 3.6 (c). It is found that, 

except for the position of the first thermocouple, the first freezing front arrives at the positions 

of the other four thermocouples before the temperatures reach -1.5 oC. This is why multiple 

nucleation events across the glass substrate are not observed due to the presence of the air 

wedge.  

 

While comparing the freezing process of the solution and alumina-containing suspension, 

despite its slightly higher freezing front velocities, likely due to the higher thermal 

conductivity of the dispersed alumina particles [77, 78], little or no difference in the freezing 

behavior and freezing front morphology is found. This indicates that the added alumina has 

a negligible effect on the freezing behavior of the solution.  
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Figure 3.6 Snapshots of the freezing video of tape-cast film of (a) 15 wt% PVDF-

HFP/dioxane solution (b) 15 wt% PVDF-HFP/dioxane/alumina suspension both showing 

two controlled freezing fronts from left to right (arrows indicate the chronological order 

during freezing). (c) freezing front velocities obtained from videos of (a) and (b). All four 

lines show r2 values exceeding 0.99. Colored vertical dashed lines are translated from Figure 

3.5, and the horizontal dashed lines indicate the corresponding freezing front positions.  
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Microstructures of the PVDF-HFP polymer membrane and PVDF-HFP/Al2O3 composite 

membranes are presented in Figure 3.7. Here, the cold face refers to the surface of the 

membrane that was closer to the cold finger and had direct contact with the glass substrate, 

while the hot face was exposed to the atmosphere. On the membranes’ cold faces (Figure 3.7 

(a), (d), (g), (j)), aligned dendritic pore structures are observed in all membranes, regardless 

of the alumina content. The dendritic pore structure arises from the crystallization of dioxane 

[36, 79]. The alignment of pore arrays is attributed to the horizontal thermal gradient due to 

the air wedge. On the hot faces of the membranes (Figure 3.7 (b), (e), (h), (k)), the alignment 

of pore arrays is also noted. The pore morphology difference between the cold face and the 

hot face lies in the fact that the pores on the cold face are caused by the dioxane nucleation 

while the pores on the hot face are a result of competitive growth of dioxane crystals through 

the thickness. It is also noteworthy that the pore size on the hot face is found to be larger than 

that on the cold face, as the freezing front velocity decreases with distance from the cold face.  

 

The role of a separator is to not only prevent physical contact between the electrodes but also 

allow the transport of working ions, and thus the microstructure cross-section of a separator 

is a critical factor. Though-thickness cross-sections (Figure 3.7 (c), (f), (i), (l)) of all materials 

studied, regardless of the alumina content, demonstrate directionally aligned and dendritic 

pore structures. The alignment of pores in the thickness direction is a direct result of the 

vertical thermal gradient during the freeze casting process [36, 76]. The similarity in 

microstructures between the polymer and composite membranes provides another indicator 

that the alumina, regardless of amount, has negligible effects on the crystallization behavior 

of the dioxane molecules during freeze casting.  
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Figure 3.7 Micrographs of polymer membrane (a) cold face (b) hot face (c) cross-section; 

composite membrane with 7 wt% Al2O3 (d) cold face (e) hot face (f) cross-section; with 10 

wt% Al2O3 (g) cold face (h) hot face (i) cross-section; with 15 wt% Al2O3 (j) cold face (k) 

hot face (l) cross-section (all micrographs share the same scale bar.)  

 

To assess the distribution of alumina in the composite membranes, cross-sectional 

micrographs and corresponding aluminum EDS mapping of the composite membranes 

containing 7, 10, and 15 wt% Al2O3 are shown in Figure 3.8 (a) through Figure 3.8 (f). 

Although the Al EDS mapping results (Figure 3.8 (d), (e), and (f)) confirm the incorporation 

of Al2O3 into the PVDF-HFP membranes, the distribution of Al2O3 is non-uniform across 

the cross-sections with Al2O3 agglomerates detected as clusters in the mapping. Furthermore, 
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at higher magnifications, Al2O3 agglomerates are visible and highlighted by red circles on 

the cold face (Figure 3.8 (g)), the hot face (Figure 3.8 (h)), and the cross-section (Figure 3.8 

(i)) of the composite membrane with 15 wt% Al2O3. The presence of Al2O3 agglomerates in 

the composite membranes indicates that agglomeration either occurs in the process of casting 

suspension preparation or forms during freezing. Due to the difference in timescale between 

suspension preparation (1 to 2 hours) and freezing (1 to 2 minutes), most of the Al2O3 

agglomerates are more likely to form during the suspension preparation step.  

 

 

Figure 3.8 Cross-sectional micrographs and corresponding Al EDS mapping results of 

composite membranes with (a),(d) 7 wt% Al2O3 (b),(e) 10 wt% Al2O3 (c),(f) 15 wt% Al2O3; 

composite membrane with 15 wt% Al2O3 at higher magnifications showing Al2O3 

agglomerates (highlighted by red circles) on (g) cold face (h) hot face (i) cross-section.  
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3.3.5 Physical Characterization of Polymer and Composite Membranes  

3.3.5.1 Phase Composition from FTIR Spectra 

FTIR spectra of the polymer and composite membranes on both cold and hot faces are shown 

in Figure 3.9 with the as-received PVDF-HFP solids as a reference. In the two upper figures, 

the absorption peak around 1617 cm-1 in all composite membranes and the broad absorption 

band around 3447 cm-1 in the composite membrane with 15 wt% Al2O3 are associated with 

the bending and stretching vibrations of the hydroxyl group of adsorbed water molecules [80, 

81], respectively. The presence of these peaks indicates the incorporation of Al2O3 into the 

composite membranes, while these peaks are not observed in the polymer membrane or the 

as-received PVDF-HFP solids.  

 

In the two lower figures, while comparing the as-received PVDF-HFP solids with the 

polymer membrane, a noteworthy difference is in the relative intensity of absorption bands. 

The bands around 840 and 1275 cm-1 associated with the β phase of the PVDF segment [82] 

are more prominent in the as-received solids than the membrane, while the band around 1209 

cm-1 related to the α phase of the PVDF segment [82] is more prominent in the membrane 

than the as-received solids. According to Nishiyama et al. [83], the tendency to form the non-

polar α phase (TGTG’) of PVDF is observed when PVDF is dissolved in solvents with low 

dipole moments, such as dioxane (dipole moment = 2.55D) [84] in the current case. Owing 

to the interaction between dioxane and PVDF, the PVDF chains tend to form into the 

unexpanded conformation, which then results in the α phase.  

 

While comparing the spectra collected from the two faces of all membranes, it is found that 

there is little difference in characteristic peaks, which indicates the uniformity in phases in 

each membrane. Moreover, it is noted that all three composite membranes along with the 

polymer membrane present characteristic peaks associated with the α and β phase of the 

PVDF segment around 614, 763, and 1275 cm-1 [82], respectively. More importantly, the 

resemblance between the spectra of the composite membranes and that of the polymer 

membrane indicates that the added alumina content has no significant effects on the PVDF-

HHP phases present in the membranes.  
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Figure 3.9 FTIR spectra of polymer and composite membranes on (a) cold face and (b) hot 

face (upper figures: full spectra range, lower figures: expanded view of the fingerprint 

region).  
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3.3.5.2 Porosity, Mechanical Properties and Thermal Stability  

Porosity and mechanical properties including Young’s modulus, tensile strength, and strain-

to-failure of the polymer and composite membranes are tabulated in Table 3.1. For all of the 

membranes studied, the measured porosities are above 85% and in good agreement with the 

calculated porosities based upon the compositions of the casting solution and suspensions. 

This further confirms that the removal of dioxane is complete during the freeze-drying 

process.  

 

In terms of mechanical properties, when alumina is introduced into the polymer membrane, 

a two-fold increase in Young’s modulus is found (> 30 MPa vs. ~ 15 MPa). Given the similar 

porosities and microstructures between the polymer and composite membranes, the 

enhancement in Young’s modulus is ascribed to the added alumina particles (Young’s 

modulus ~ 400 GPa) which serve as stiffening inclusions [85, 86] in the PVDF-HFP matrix. 

By applying the general rule of mixture [87] to the Young’s modulus while treating the 

polymer membrane as the reference, the calculated Young’s modulus for the composite 

membranes containing 7, 10, and 15 wt% Al2O3 are 1.17, 1.65, and 2.49 GPa, respectively, 

which are two orders of magnitude greater than the measured values in Table 3.1. A proposed 

reason for such Young’s modulus values is the agglomeration of alumina particles 

(micrographs in Figure 3.7 (g), (h), and (i)) which effectively reduces the 

reinforcement/matrix interfacial area through which the applied load can be transferred to 

the reinforcement agents [88]. In addition, agglomerates can lead to detachment of the 

reinforcement from the matrix, which also results in a decrease in reinforcement effects.  

 

Although an increasing trend in tensile strength is observed with alumina content, with a 

20% increase found while comparing the polymer membrane with the 15wt% Al2O3 

composite membrane, this strengthening effect is not considered obvious since the alumina 

additions are too low to compensate for the high porosity of the membranes (> 85%). Another 

contributing factor to the low tensile strengths of all membranes is the direction in which the 

tensile loads are applied. The loads are applied in the direction perpendicular to the 

membrane thickness, a weaker direction given the through-thickness microstructures of 
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membranes observed in Figure 3.6 and 3.7. Kalnaus et al. [89] and Shen et al. [90] have 

shown that microstructure anisotropy in porous polymer membranes is an important factor 

responsible for lower tensile strengths in weaker directions such as the transverse direction. 

A reduction in strain-to-failure is observed with the addition of Al2O3 to the polymer 

membrane. Yan et al. [91] have suggested that this is due to the decline of membrane 

elasticity caused by the Al2O3 particles.  

 

Table 3.1 Porosity, Young’s modulus, tensile strength, and strain-to-failure of polymer and 

composite membranes. Porosity values in parentheses are calculated based on compositions 

of casting solution and suspensions.  

 

 

Separators need to be dimensionally stable during battery operation to prevent contact 

between electrodes and ensure safety, and thus, an investigation of thermal stability of 

separators is imperative. Area change of a membrane after a heat treatment is used as an 

indicator of its thermal stability. The area changes of the polymer and composite membranes 

after a 30-minute heat treatment at temperatures ranging from 75 to 135 oC are plotted in 

Figure 3.10. Regardless of membrane type, the degree of thermal shrinkage of membranes is 

found to increase with increasing heat treatment temperature. The slightly positive values of 

area change found in the cases of composite membranes with 10 wt% and 15wt% Al2O3 are 

within the experimental measurement error. More importantly, it is noted that the composite 

membranes exhibit less thermal shrinkage compared to the polymer counterpart in the 

temperature range studied, from 75 to 135 oC. Among the composite membranes, the 
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membrane with 15 wt% Al2O3 exhibits the least shrinkage, less than 2%, in the high-

temperature range from 105 to 135 oC. Given that the porosities and pore morphologies of 

the polymer and composite membranes are similar, the enhanced thermal stability (less 

thermal shrinkage) is attributed to the interaction between the polymer chains and the heat-

resistant Al2O3 particles which provide thermal stability to the PVDF-HFP matrix against 

thermal shrinkage [92].  

 

Figure 3.10 Area changes of polymer and composite membranes as a function of heat 

treatment temperature. Negative values indicate shrinkage.  
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3.3.5.3 Contact Angles and Electrolyte Uptake 

Wettability of an electrolyte with a separator is a key factor that determines the performance 

of a battery, since a wetted separator offers better contact with the electrodes, and hence, 

leads to enhanced ionic conductivity. Contact angles of organic electrolyte and ionic liquid 

on the polymer and composite separators along with Celgard 2500 as a reference are shown 

in Figure 3.11. It is clear that both electrolytes show smaller contact angles on all of the 

tape/freeze-cast membranes compared to Celgard, which indicates greater wettability of 

electrolytes with PVDF-HFP-based membranes than with Celgard. The poor wettability of 

Celgard is due to its low porosity (~ 55%) and hydrophobic nature of polyolefin.  

 

In both cases of organic electrolyte and ionic liquid, when alumina is introduced to the 

polymer membrane, no regular pattern in contact angle is observed. This irregularity may be 

caused by two reasons: (1) presence of Al2O3 agglomerates that reduce the effective interface 

between Al2O3 surface and electrolytes, and (2) uneven distribution of Al2O3 on membrane 

surfaces.  

 

 

Figure 3.11 Contact angles of organic electrolyte and ionic liquid on polymer and composite 

membranes with Celgard 2500 as a reference.  
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Electrolyte uptake, a critical characteristic of a separator that markedly influences ionic 

conductivity and cell performance, is used to gauge the electrolyte retention capacity of a 

membrane. Electrolyte uptake values of the polymer and composite membranes in both 

organic electrolyte and ionic liquid with Celgard 2500 and filter paper as references are 

plotted in Figure 3.12. It is clear that all of the tape/freeze-cast membranes exhibit higher 

uptake values in both electrolytes in comparison with filter paper and Celgard. The low 

uptake values of Celgard in both electrolytes suggest low porosity (~ 55%) and poor 

wettability due to the polyolefin hydrophobic nature of Celgard. Therefore, Celgard is 

excluded from further electrochemical assessments.  

 

It is noteworthy that with the introduction of alumina into the polymer membrane, an 

approximately 60% and 150% increase in uptake value is found in the case of the organic 

electrolyte and ionic liquid, respectively. Given the similar porosity values amongst all of the 

tape/freeze-cast membranes, it is reasonable to attribute the improvement in electrolyte 

uptake to the added alumina in the composite membranes. Despite Al2O3 agglomerates, the 

Al2O3 particles in the bulk of the composite membranes are known to increase the affinity 

between the electrolytes and membranes [93]. Another likely reason for the increase in 

electrolyte uptake seen in the composite membranes is due to the reduction in crystallinity in 

PVDF-HFP matrix caused by the added alumina [94], and thus more amorphous phase with 

higher electrolyte retention capacity is formed. The organization of polymer chains may be 

hindered by the interaction between the Lewis acid groups on the Al2O3 surface (‒OH) and 

the polar CF2 groups on the PVDF-HFP polymer chains [95], which leads to a decrease in 

the degree of crystallinity of polymer matrix. Even though the effect of added alumina is not 

obvious in terms of contact angles of electrolytes on the composite membranes, the added 

alumina proves to be beneficial in increasing the electrolyte uptake values in both organic 

electrolyte and ionic liquid.  
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Figure 3.12 Electrolyte uptakes of polymer and composite membranes in organic electrolyte 

and ionic liquid with Celgard 2500 and filter paper as references.  

 

3.3.6 Electrochemical Performance  

3.3.6.1 Ionic Conductivity and MacMullin Number 

It is well known that high ionic conductivity is a key factor to achieve high performance in 

batteries. Ionic conductivity values of the polymer and composite membranes in both the 

organic electrolyte and ionic liquid with filter paper as a reference are tabulated in Table 3.2. 

All of the tape/freeze-cast membranes exhibit higher ionic conductivities than the filter paper 

in both electrolytes, while the composite membranes show slightly higher ionic 

conductivities than their polymer counterpart. Specifically, the composite membrane with 7 
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wt% Al2O3 delivering the highest ionic conductivities of 1.6 mS/cm and 1.7 mS/cm in 

organic electrolyte and ionic liquid, respectively.  

 

In comparison with filter paper, the higher ionic conductivities of the tape/freeze-cast 

membranes are attributed to greater electrolyte uptake reported in Figure 3.11. Apart from 

the higher degrees of electrolyte uptake, the promoted electrolyte dissociation caused by the 

Lewis acid-base interaction between the acidic Al2O3 surfaces (‒OH) and the electrolyte 

anions [96, 97] is also responsible for the improved ionic conductivities in the composite 

membranes compared to their polymer counterpart. The absence of an increasing trend in 

ionic conductivity with added alumina content can be ascribed to the presence of alumina 

agglomerates which lowers the effective surface area.  

 

The MacMullin number (Nm) is a figure of merit for battery separators which quantifies the 

decrease in the effective conductivity in the presence of a separator. MacMullin numbers of 

all of the PVDF-HFP-based membranes in both the organic electrolyte and ionic liquid with 

filter paper as a reference are also tabulated in Table 3.2. A desired inverted trend against 

ionic conductivity is observed in MacMullin number, with the lowest values of 6.1 and 3.8 

found in the composite membrane with 7 wt% Al2O3 in the organic electrolyte and ionic 

liquid, respectively.  

 

Table 3.2 Ionic conductivity and MacMullin number of polymer and composite membranes 

in organic electrolyte and ionic liquid with filter paper as a reference.  
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3.3.6.2 Charge-discharge Curves and Rate Performance in Coin Cells 

Figure 3.13 displays the charge-discharge curves and rate performance of coin cells 

assembled with filter papers and tape/freeze-cast polymer membranes in both organic 

electrolyte and ionic liquid. In the case of the organic electrolyte (Figure 3.13 (a)), both cells 

show well-defined and stable charge-discharge plateaus, while the cell with tape/freeze-cast 

membrane (lower figure in Figure 3.13 (a)) exhibits better rate performance and lower 

capacity degradation per cycle than the cell with filter paper (upper figure in Figure 3.13 (a)). 

Furthermore, when charge rate is changed from 0.5C (black lines) to 5C (green lines), the 

cell with tape/freeze-cast polymer membrane shows a capacity retention of 81%, compared 

to a capacity retention of 72% in the filter paper-based cell. The superior rate performance 

of the PVDF-HFP membrane-based cell is attributed to the greater ionic conductivity due to 

the higher electrolyte uptake compared to the filter paper-based cell [98].  

 

In the case of the ionic liquid (Figure 3.13 (b)), the cell with filter paper (upper figure in 

Figure 3.13 (b)) degrades rapidly every cycle and is not able to maintain stable cycling, which 

has been attributed to the reaction between the filter paper and ionic liquid by Salama et al. 

[99] and Fukaya et al. [100]. In contrast, the PVDF-HFP membrane-based cell (lower figure 

in Figure 3.13 (b)) is found to deliver improved rate performance and cycling stability, which 

is credited to the chemical inertness of PVDF-HFP with respect to the ionic liquid and the 

greater ionic conductivity of the PVDF-HFP membrane in contrast to filter paper. While 

comparing the two electrolytes, the higher viscosity and ionic resistivity of the ionic liquid 

than those of the organic electrolyte results in higher capacity retention in the organic 

electrolyte (Figure 3.13 (a)) than in the ionic liquid-based cells (Figure 3.13 (b)).  
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Figure 3.13 Charge-discharge curves and rate performance of coin cells using (a) organic 

electrolyte (b) ionic liquid. (upper figures: filter papers, lower figures: tape/freeze-cast 

polymer membranes).  

 

The charge-discharge curves and rate performance of coin cells assembled with tape/freeze-

cast composite membranes in both the organic electrolyte and ionic liquid are presented in 

Figure 3.14. In the case of the organic electrolyte, the cells assembled with the composite 

membranes (Figure 3.14 (a)) show higher initial capacities than the polymer membrane-

based cell (lower figure in Figure 3.13 (a)), but little improvement is observed in capacity 

retention or rate performance. Some likely reasons associated with Al2O3 agglomerates are 

(1) uneven ion distribution on the separator, and (2) introduction of moisture to react with 

the electrolyte. On the other hand, when ionic liquid is used as the electrolyte (Figure 3.14 
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(b)), the cells with composite membranes deliver lower polarization, better rate 

performance and cycling stability than the polymer membrane-based cell (lower figure in 

Figure 3.13 (b)). Amongst the composite membrane-based cells, it is found that the cell 

assembled with the composite membrane with 7 wt% Al2O3 exhibits the best performance, 

in accordance with the highest ionic conductivity (Table 3.2) due to the greatest electrolyte 

uptake (Figure 3.12). The improved ionic conductivity due to the increased electrolyte uptake 

is thought to be responsible for the above enhancement in rate performance and cycling 

stability, which demonstrates the benefits of introducing Al2O3 fillers into polymer 

membranes.  
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Figure 3.14 Charge-discharge curves and rate performance of coin cells using (a) organic 

electrolyte (b) ionic liquid. (upper figures: composite membranes with 7 wt% Al2O3, center 

figures: composite membranes 10wt% Al2O3, lower figures: composite membranes with 15 

wt% Al2O3).  
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3.4 Conclusions 

The effects of alumina on microstructure, phase composition, and thermal, mechanical and 

electrochemical properties of the tape/freeze-cast PVDF-HFP membranes have been studied. 

With the bi-directional, air-wedge-assisted freezing configuration, controlled freezing of 

dioxane is observed, and a through-thickness, directionally aligned, and dendritic porous 

structure is obtained. No significant difference is found in the freezing behavior with the 

introduction of alumina to form suspensions. With the addition of alumina confirmed by 

EDS, the porosity, microstructure, and phase composition of the tape/freeze-cast membranes 

remain largely unchanged, indicating that the amount of added alumina has insignificant 

impact on the crystallization of dioxane during freeze casting. Despite the presence of 

alumina agglomerates in the composite membranes, the enhancement in thermal stability, 

and improvement in elastic modulus as well as electrolyte uptake and ionic conductivity of 

the membranes can attributed to the incorporated alumina. In terms of electrochemical 

performance, cells with composite membranes as separators deliver better rate performance 

and cycling stability than those with membranes solely made of PVDF-HFP polymers and 

filter papers, providing a more promising class of separators than conventional polyolefin 

and filter paper separators for sodium-ion batteries.  
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C h a p t e r  4  

PVDF-HFP/SIO2 COMPOSITE MEMBRANES 

Material in this chapter is reproduced in part from “PVDF-HFP/SiO2 composite 

membranes for separators in Na-ion batteries”, C. Wu, X. Lin, A. Prabhakar, Z. Kelly, H. 

Liu, K.T. Faber; Manuscript in preparation. The work was done in collaboration with 

Xiaoping Lin, Abhinav Prabhakar, Zachary Kelly, Hansan Liu of Talos Tech LLC, and 

Katherine T. Faber. C. Wu fabricated and characterized PVDF-HFP/SiO2 composite 

membranes using SEM, FTIR, and TGA, their porosities and mechanical responses, and 

wrote the manuscript. X. Lin, A. Prabhakar, and Z. Kelly measured contact angles and 

electrolyte uptake, and characterized electrochemical properties of the membranes. H. Liu 

and K.T. Faber supervised this work.  

4.1 Introduction  

In Chapter 3, composite PVDF-HFP/Al2O3 membranes fabricated via tape/freeze casting 

were described and the added alumina was found to reinforce the polymer membranes in 

terms of thermal stability, elastic modulus, electrolyte uptake, and cell performance. 

However, in order to produce oxide-reinforced membranes with high uniformity via 

tape/freeze casting, preparation of stable and well-dispersed suspensions is a must.  

 

While He et al. [101] and Li et al. [102] introduce SiO2 and TiO2 into PVDF-HFP separators 

with TEOS and Ti(OC4H9)4 via in-situ sol-gel reactions, with a combined process of 

evaporation followed by phase inversion, the desirable aligned porous structure is not present 

in their separators. In contrast, in this chapter, PVDF-HFP separators are produced via freeze 

casting to create directionally aligned pore morphology.  

 

In this chapter, PVDF-HFP/DMSO and PVDF-HFP/DMSO/TEOS solutions are used to 

fabricate pristine PVDF-HFP and composite PVDF-HFP/SiO2 membranes via tape/freeze 

casting and ensuing sol-gel reaction. The effects of TEOS and the resulting silica on 
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microstructure, phase composition, thermal stability, mechanical properties, and 

electrolyte affinity of membranes are investigated. More importantly, the electrochemical 

properties of the membranes assembled in coin cells are evaluated to demonstrate the 

effectiveness of composite membranes as SIB separators.  

 

4.2 Experimental Procedures  

4.2.1 Materials 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, Mw = 400,000 g/mol, 

Sigma Aldrich, St. Louis, MO, USA) and dimethyl sulfoxide (DMSO, EMPLURA® , EMD 

Millipore Corporation, Billerica, MA, USA) were used to produce solutions and fabricate 

separators via tape/freeze casting. DMSO was selected as the solvent for PVDF-HFP 

according to their respective solubility parameters plotted in the 3D Hansen solubility space 

in Figure 4.1. As discussed in Chapter 2, solute-solvent compatibility can be assessed by the 

distance between the corresponding pair in the 3D Hansen solubility space. A shorter 

distance indicates greater compatibility between the solute and solvent and vice versa. It can 

be seen that the distance between PVDF-HFP and DMSO is shorter than that between PVDF-

HFP and dioxane, suggesting DMSO has a greater compatibility with PVDF-HFP compared 

to dioxane. Tetraethoxysilane (TEOS, Sigma Aldrich) was selected as the co-solvent and the 

precursor of silica. Ethanol (Sigma Aldrich) and ammonium hydroxide solution (28 – 30 

wt% NH3·H2O, Sigma Aldrich) were mixed to create the sol-gel bath for TEOS sol-gel 

reaction. Celgard separator (Celgard®  2500, Celgard LLC, Charlotte, NC, USA) and filter 

paper (Whatman®  filter paper) were chosen as references for tape/freeze-cast separators. An 

organic electrolyte was comprised of 1 M NaClO4 (Sigma-Aldrich) in the mixture of 

propylene carbonate (Sigma-Aldrich) and ethylene carbonate (Sigma-Aldrich) (1:1, vol/vol). 

Ionic liquid electrolyte (Solvionic, Toulouse, France) consisted of NaFSI:PYR13 FSI (1:9, 

molar ratio). All chemicals were used without further purification or treatment.  
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Figure 4.1 Solubility parameters of PVDF-HFP, DMSO, and dioxane plotted in the 3D 

Hansen solubility space.  

 

A Na3V2(PO4)3/NaTi2(PO4)3 full cell (NVP/NTP) was selected as the assessment model cell 

for the separators due to its excellent stability among all the SIB electrode couples [71, 72]. 

This SIB couple eliminates the concerns of solid electrolyte interphase (SEI) formation and 

electrolyte oxidization [73] and provides a reliable comparison among separators. The 

Na3V2(PO4)3 and NaTi2(PO4)3 electrode materials were laboratory-produced by solid-state 

sintering. The cathode and anode electrodes were prepared by a traditional doctor-blade 

casting process with a ratio of active material/carbon black/binder (PVDF) of 85:10:5 (wt%).  
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4.2.2 Freezing Behavior in PVDF-HFP/DMSO & PVDF-HFP/DMSO/TEOS 

Solutions 

Mixtures of 20 wt% PVDF-HFP with 80, 72, and 64 wt% DMSO were heated in glass vials 

in a 70 oC oil bath under constant stirring with magnetic stir bars until clear and homogeneous 

solutions resulted. Respective amounts of 8 and 16 wt% of TEOS were then added to the 

solutions with 72 and 64 wt% DMSO under continuous stirring until clear and homogeneous 

solutions were obtained. The three solutions with different DMSO/TEOS ratios were 

transferred to a cold room set at 4 oC and the freezing behavior of the three solutions was 

recorded using a camera.  

 

4.2.3 Membrane Preparation  

4.2.3.1 PVDF-HFP/DMSO Solution 

A mixture of 20 wt% PVDF-HFP with 80 wt% DMSO was heated in a glass vial in an oil 

bath at 70 oC under constant stirring with a magnetic stir bar until a clear and homogeneous 

solution was produced. Approximately 3 to 4 mL of the solution was poured onto an Al 

substrate and then tape-cast using a doctor blade with a clearance with 200 μm. The Al 

substrate was then placed in contact with an Al stage pre-chilled with liquid nitrogen (LN2). 

Once the tape-cast film was completely frozen, the frozen film with the Al substrate were 

immersed in a 4 oC-water bath for solvent extraction. After complete removal of DMSO, 

which was determined by full penetration of water into the film and detachment from the Al 

substrate, a wet, porous PVDF-HFP membrane was rinsed with deionized water and ethanol 

and dried at RT for 24 h.  

 

4.2.3.2 PVDF-HFP/DMSO/TEOS Solutions 

Mixtures of 20 wt% PVDF-HFP with 72 and 64 wt% DMSO were heated in glass vials in a 

70 oC oil bath until clear and homogeneous solutions resulted. Respective amounts of 8 and 

16 wt% of TEOS were then added to the above solutions under continuous stirring until clear 

and homogeneous solutions were obtained. The following steps including tape casting, 

freezing, and solvent extraction were identical to the previous section. Once DMSO was 

removed from the membranes, the wet, porous PVDF-HFP membranes were then soaked in 
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a sol-gel bath consisting of a mixture of ethanol and ammonium hydroxide 

(C2H5OH/NH3·H2O/TEOS = 40/2/1, vol/vol/vol) for 12 h to carry out the sol-gel reaction. 

This was followed by a deionized water and ethanol rinse to remove residual solvent and 

drying at RT for 24 h. For simplicity, the polymer membrane made without TEOS is denoted 

as PH20D80, while the composite membranes made with DMSO/TEOS ratios of 72/8 and 

64/16 are denoted as PH20D72T8 and PH20D64T16, respectively.  

 

4.2.4 Membrane Physical Characterization 

4.2.4.1 Microstructure and FTIR 

Microstructures of membranes were examined by scanning electron microscopy (FESEM, 

ZEISS 1550 VP, Jena, Germany). Sample cross-section preparation required cryogenic 

fracture in a liquid nitrogen bath (below the glass transition temperature of PVDF-HFP) with 

a pre-chilled razor blade to avoid soft membrane deformation at ambient temperatures. The 

membranes were then coated with Pt prior to SEM examination. X-ray energy dispersive 

spectroscopy (EDS) was used to observe the distribution of added silica in carbon-coated 

composite membranes. Attenuated total reflection Fourier-transform infrared spectroscopy 

(ATR-FTIR, Nicolet iS50, ThermoFisher Scientific, Waltham, MA, USA) was used to 

characterize the phase compositions of the membranes and assess the incorporation of silica 

in a wavenumber range from 4000 to 400 cm-1 with a resolution of 4 cm-1.  

 

4.2.4.2 Porosity, Mechanical Properties and Thermal Stability 

Membrane porosity, the pore volume relative to the total volume of the membrane, was 

determined by the Archimedes’ method using ethanol as the immersion fluid and following 

the equation below [74],  

ε =  

Ww−Wd
ρe

Ww−Wd
ρe

+
Wd
ρp

                          (4.1) 

where Ww and Wd are the weights of wet and dry membrane, and ρe and ρp are the densities 

of ethanol and polymer. Membranes were soaked in ethanol for 24 h before measuring the 

wet membrane weight. Each membrane was measured 5 times and the average value was 

reported. Mechanical properties including tensile strength, Young’s modulus, and strain-to-
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failure of membranes were determined using a universal testing machine (Instron 5982, 

Norwood, MA, USA) following ASTM-D882 with a strain rate set at 0.1 min-1. Five 

membranes were tested for each condition and the average was reported. The thermal 

stability of membranes was assessed by thermogravimetric analysis (TGA, TGA 550, TA 

Instruments, New Castle, DE, USA) at a ramp rate of 5 oC/min from RT to 1000 oC under 

ambient atmosphere.  

 

4.2.4.3 Contact Angle and Electrolyte Uptake 

The affinity of membranes with the organic and ionic liquid electrolytes was evaluated by 

contact angle and electrolyte uptake (EU). Contact angles were measured by a computer-

controlled goniometer (Ossila, Sheffield, United Kingdom). The droplets were applied from 

a syringe with a fixed volume of 10 μL. The contact angle was defined as the angle between 

a droplet and the surface of a separator measured 5 seconds after the droplet reached the 

surface of the separator. Electrolyte uptake (EU) was established from the difference in 

weight before and after soaking in a specific electrolyte for 4 h, and normalized by the initial 

weight following the equation below [75],  

EU =  
M−M0

M0
                              (4.2) 

where M and M0 are the weights of membrane after and before soaking in electrolytes.  

 

4.2.5 Electrochemical Performance Evaluation  

4.2.5.1 Ionic Conductivity and MacMullin Number 

Ionic conductivity was measured by electrochemical impedance spectroscopy (EIS) using 

GAMRY Interface 1010E (GAMRY Instruments, Philadelphia, PA, USA) in the frequency 

range from 100 to 2 x 106 Hz at an amplitude of 10 mV. The ionic conductivity of the pure 

electrolyte was measured in a cell with a configuration of an O-ring with electrolyte mounted 

between two stainless steel (SS) disks. For the ionic conductivity of the separator, the O-ring 

with electrolyte was replaced with the separator soaked in the electrolyte in the above 

configuration. The ionic conductivity was calculated from the equation below, 

Ionic conductivity (mS/cm) = 1/resistivity = L / (Z x A)                  (4.3) 
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where L is the ion transfer path between the two stainless steel spacers, i.e., the separator 

or O-ring thickness, A is the cross-sectional area, and Z is the measured resistance or 

impedance. The permeability of separators was characterized by the MacMullin number (Nm), 

which is calculated based upon the ratio of ionic conductivity of pure electrolyte to that of a 

separator soaked with electrolyte.  

 

4.2.5.2 Cell Performance 

CR2032 coin cells were used to evaluate the electrochemical performance of membranes. 

Doctor-bladed cathode (NVP) and anode (NTP) were punched into discs with a diameter of 

20 mm, and a coin cell was assembled in the configuration of NVP/electrolyte-soaked 

membrane/NTP. Rate performance tests were conducted at 0.5C, 1C, and 5C for 5 cycles for 

each C rate. Cycling performance was assessed by cycling the coin cells at 1C at RT with a 

cutoff voltage range of 0.6 – 1.6V.  

 

4.3 Results and Discussion 

4.3.1 Freezing Behavior in Bulk Solutions 

Figure 4.2 shows a series of photos of the freezing behavior of PVDF-HFP/DMSO/TEOS 

solutions with 20 wt% PVDF-HFP and DMSO/TEOS ratios of 80/0, 72/8, and 64/16 at 4 oC. 

In the cases of the solutions with DMSO/TEOS ratios of 80/0 (Figure 4.2 (a)) and 72/8 

(Figure 4.2 (b)), neither shows signs of cloudiness before the freezing of the solvent, as 

evidenced by the observation of frozen crystals marked by the red circles. A striking 

difference is observed as the DMSO/TEOS ratio reaches 64/16 (Figure 4.2 (c)). Cloudiness 

formation is seen as marked by the yellow circle in the left-most figure in Figure 4.2 (c) and 

progresses to the entire vial prior to the freezing of the solvent. The fact that TEOS is 

considered a bad solvent for PVDF-HFP is responsible for the liquid-liquid phase separation 

to precede solvent freezing in the solution containing 16 wt% TEOS. In Figure 4.2 (d), it is 

clear that the distance between PVDF-HFP and TEOS is greater than that between PVDF-

HFP and DMSO in the 3D Hansen solubility space, indicating the low compatibility between 

PVDF-HFP and TEOS.  
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Figure 4.2 Photo images of freezing behavior of PVDF-HFP/DMSO/TEOS solutions with 

DMSO/TEOS ratios of (a) 80/0, (b) 72/8, and (c) 64/16 at 4 oC. Arrows indicate the 

chronological order while red and yellow circles highlight the frozen solvent crystals and 

cloudiness formation, respectively. (d) solubility parameters of PVDF-HFP, DMSO, and 

TEOS plotted in the 3D Hansen solubility space.  
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4.3.2 Effects of TEOS on Membrane Microstructures  

Surface microstructures of PH20D80 (polymer membrane), PH20D72T8, and PH20D64T16 

(composite membranes) are presented in Figure 4.3. Here, the cold face refers to the face of 

the membrane that was closer to the pre-chilled Al stage and had direct contact with the Al 

substrate, while the hot face was away from the Al stage and exposed to atmosphere. For 

PH20D80 and PH20D72T8, submicron pores are seen on the cold face (Figure 4.3 (a) and 

(b)), while pores of a few micrometers are found on the hot face (Figure 4.3 (d) and (e)). This 

difference in pore size is attributed to the difference in cooling rate on the two faces, where 

higher cooling rate on the cold face leads to smaller pore size while the lower cooling rate 

on the hot face produces larger pore size [103].  

 

However, in the case of PH20D64T16, the pore size is larger on the cold face (Figure 4.3 (c)) 

than on the hot face (Figure 4.3 (f)), larger than those on the cold face of PH20D80 and 

PH20D72T8. The reason for this difference in pore size and distribution is due to the fact 

that the liquid-liquid phase separation (LLPS) of the solution precedes the freezing of solvent 

in the case of PH20D64T16, as evidenced in Figure 4.2 (c). After the solution is poured onto 

the Al substrate for tape casting, the portion of the solution that is in direct contact with the 

Al substrate starts to phase-separate into a polymer-rich (solvent-lean) and a polymer-lean 

(solvent-rich) phase. Tape casting then spreads this phase-separated layer across the Al 

substrate which later freezes and ultimately forms the cold face. The subsequent freezing 

step crystallizes the solvent in the polymer-lean phase and the frozen solvent crystals are then 

washed away during solvent extraction, thus leaving large, circular pores on the cold face.  
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Figure 4.3 Surface micrographs on cold face of (a) PH20D80 (b) PH20D72T8 (c) 

PH20D64T16; surface micrographs on hot face of (d) PH20D80 (e) PH20D72T8 (f) 

PH20D64T16. All micrographs share the same scale bar.  

 

Since working ions in a battery need to diffuse back and forth between the cathode and anode 

while passing through the separator during charging and discharging, the cross-section of a 

separator is of utmost importance. Shown in Figure 4.4 are the cross-sectional micrographs 

and corresponding Si EDS mapping results of PH20D80, PH20D72T8, and PH20D64T16. 

Cross-sectional images (Figure 4.4 (a), (b), and (c)) of all membranes studied, regardless of 

the TEOS content, exhibit through-thickness and directionally aligned porous structures. 

Therefore, all three membranes are considered legitimate candidates to be used as battery 

separators. The alignment of pores in the thickness direction is a direct result of the thermal 

gradient in the vertical direction along which solvent crystals grow during the freeze casting 

process [104].  

 

According to the corresponding Si EDS mapping results, negligible signal is detected in 

P20D80 (Figure 4.4 (d)), while the Si signal is enhanced with the addition of TEOS, in 

PH20D72T8 (Figure 4.4 (e)) and increasing in PH20D64T16 (Figure 4.4 (f)), consistent with 
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increasing amount of TEOS. The EDS mapping also confirms the uniform distribution of 

silica across the cross-sections of membranes. When observing the cross-sections at a higher 

magnification, a hierarchical pore morphology with circular pores on the aligned pore walls 

is found in PH20D72T8 (Figure 4.4 (h)) and PH20D64T16 (Figure 4.4 (i)), while such 

features are not present in the membrane containing no TEOS (PH20DE80 (Figure 4.4 (g))). 

The formation of circular pores in pore walls is attributed to the added TEOS which is 

expelled by the frozen DMSO crystals and entrapped in the PVDF-HFP matrix during 

freezing and subsequently consumed by the sol-gel reaction [23] or washed away during the 

rinsing step.  

 

 

Figure 4.4 Cross-sectional micrographs and corresponding Si EDS mapping results of (a)(d) 

PH20D80 (b)(e) PH20D72T8 (c)(f) PH20D64T16; (g)(h)(i) cross-sectional micrographs of 

(a)(b)(c) at higher magnifications.  
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4.3.3 Physical Characterization of Polymer and Composite Membranes  

4.3.3.1 Phase Composition from FTIR Spectra 

FTIR spectra of PH20D80, PH20D72T8, and PH20D64T16 collected on both cold and hot 

faces are shown in Figure 4.5. The wavenumber range presented here spans from 1500 to 

400 cm-1, the range in which most of the characteristic peaks of PVDF-HFP fall. While 

comparing the spectra collected from both faces of each membrane, little difference in 

absorption peaks is found, which suggests the uniformity in phase composition in each 

membrane. It is clear that all three membranes share a highly similar spectrum in which the 

exclusively characteristic peaks of β and γ phase of the PVDF segment around 1275 and 

1234 cm -1 are present, suggesting all three membranes are composed of a mixture of β and 

γ phases [82]. The β (TTTT conformation) and γ (TTTGTTTG’ conformation) phases, two 

polar polymorphs of PVDF, have been reported to form in the presence of solvents with high 

dipole moments [83, 105], and consistent with the current case, DMSO (dipole moment = 

3.96 D) [106]. The thermal energy during solution preparation (70 oC) in conjunction with 

the polar moieties of DMSO facilitates the rotation of CF2 groups in PVDF-HFP, resulting 

in a cooperative motion of neighboring CF2 groups, and hence, align the polymer chains in 

both β and γ phases [107, 108]. One striking difference in the spectra between the polymer 

(black) and composite membranes (red and blue) is the additional absorption band associated 

with the Si-O-Si groups (highlighted by green inverted triangles) around 1100 cm-1 [23] 

observed in the composite membranes, consistent with the EDS results.  
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Figure 4.5 FTIR spectra of PH20D80, PH20D72T8, and PH20D64T16 on (a) cold face and 

(b) hot face. (Green inverted triangles denote the peaks form Si-O-Si bonds.)  

 

4.3.3.2 Porosity, Mechanical Properties and Thermal Stability 

Porosity values and mechanical properties including Young’s modulus, tensile strength, and 

strain-to-failure as well as the corresponding p values determined from analysis of variance 

(ANOVA) of PH20D80, PH20D72T8, and PH20D64T16 are tabulated in Table 4.1. Despite 

the addition of TEOS in the cases of PH20D72T8 and PH20D64T16, all three membranes 

exhibit similar porosity values around 80%.  
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In terms of stiffness, PH20D72T8 (~ 70 MPa) and PH20D64T16 (~ 88 MPa) exhibit an 

approximately 40% and 75% increase in Young’s modulus, respectively, in comparison with 

PH20D80 (~ 50 MPa). Given the similarity in porosity and microstructure amongst the three 

membranes, the improvement in Young’s modulus is attributed to the added silica particles 

that act as stiffening inclusions. The fact that the corresponding p value from ANOVA is 

found to be smaller than 10-4 suggests that the stiffening effect of silica particles is significant. 

In contrast, the p value associated with tensile strength is found to be much greater than 0.05, 

which indicates that the strengthening effect of silica particles is insignificant. Three likely 

reasons for the insignificant strengthening effect are (1) the amount of added silica is too low 

to compensate for the high degree of porosity (> 80%) of the membranes, (2) the pores in the 

aligned pore walls of the hierarchical pore structures of PH20D72T8 and PH20D64T16 

(Figure 4.4 (h) and (i)), and (3) the large, circular pores on the cold face of PH20D64T16 

(Figure 4.3 (c)) serve as flaws and counteract any strengthening effect. As would be expected, 

the increase in Young’s modulus with silica addition is accompanied with a decrease in 

strain-to-failure.  

 

Table 4.1 Porosity, Young’s modulus, tensile strength, strain-to-failure, and corresponding 

p values determined from analysis of variance (ANOVA) of PH20D80, PH20D72T8, and 

PH20D64T16.   
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Thermal stability of a separator is critical due to its role as the physical barrier between the 

electrodes during battery operation. Therefore, TGA was used to assess the thermal stability 

of PVDF-HFP-based membranes. Figure 4.6 shows the TGA thermograms of PH20D80, 

PH20D72T8, and PH20D64T16 in terms of weight loss and derivative of weight loss as a 

function of temperature. The temperature range presented here spans 300 to 600 oC, since 

most thermal degradation of interest falls into this range. In Figure 4.6 (a), it is clear that all 

three membranes exhibit a single-step thermal decomposition due to the degradation of 

PVDF-HFP backbone units [108]. Upon closer examination in the temperature range from 

425 to 475 oC, a shift in breakdown temperature (the segment with the greatest slope) towards 

higher temperatures is found with increasing silica. This shift towards higher temperatures is 

an indication of higher thermal stability of the composite membranes (PH20D72T8 and 

PH20D64T16) compared to their polymer counterpart (PH20D80). The enhanced thermal 

stability is ascribed to the strong interaction between dispersed silica and polymer chains, 

and hence, higher energy is required for PVDF-HFP chain degradation [109], rendering an 

increase in breakdown temperature. A more obvious shift towards higher temperatures can 

be seen in Figure 4.6 (b) where the derivatives of weight loss with respect to temperature are 

plotted against temperature. The breakdown temperature shifts from 455 oC for PH20D80 to 

462 oC for PH20D72T8 and to 470 oC for PH20D64T16, as another suggestion of minimally 

greater thermal stability.  
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Figure 4.6 TGA thermograms of PH20D80, PH20D72T8, and PH20D64T16 showing (a) 

weight loss and (b) the derivative of weight loss as a function of temperature.  

 

4.3.3.3 Contact Angles and Electrolyte Uptake  

Wettability (electrolyte affinity), mostly evaluated by contact angle measurement, is an 

important factor that greatly affects the battery performance. A wetted separator by the 

electrolyte provides better contact with the electrodes as well as improved ionic conductivity. 
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Contact angles of the organic electrolyte and the ionic liquid on PH20D80, PH20D72T8, 

and PH20D64T16 along with the reference Celgard 2500 are plotted in Figure 4.7. It can be 

seen that both electrolytes show smaller contact angles on all three membranes compared to 

Celgard, which is an indication of greater electrolyte affinity with PVDF-HFP-based 

membranes than Celgard. The poor electrolyte affinity of Celgard is attributed to its 

hydrophobic surface [66] and low porosity (~ 55%).  

 

While comparing the three PVDF-HFP-based membranes, contact angles of both electrolytes 

are found to decrease with increasing amount of silica, with PH20D64T16 showing 14o and 

19o of contact angles with the organic electrolyte and ionic liquid, respectively. These 

indicate an improvement in electrolyte affinity with silica addition to the polymer membrane. 

Given similar porosity among the three membranes, this enhancement in electrolyte affinity 

is closely related to the increased hydrophilicity due to the hydroxyl group attached to the 

surface of dispersed silica particles [110].  

 

Figure 4.7 Contact angles of organic electrolyte and ionic liquid on PH20D80, PH20D72T8, 

and PH20D64T16 with Celgard 2500 as a reference.  
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Electrolyte uptake, the electrolyte retention capacity of a separator, is directly related to 

the ionic conductivity and cell performance [111]. Figure 4.8 shows the electrolyte uptake 

values of PH20D80, PH20D72T8 and PH20D64T16 in the organic electrolyte and the ionic 

liquid with both Celgard 2500 and filter paper as references. Compared with the two 

references, all three PVDF-HFP-based membranes exhibit higher uptake values in both 

electrolytes. Given the low uptake values of Celgard, due to the low porosity (~ 55%) and 

poor affinity with both electrolytes, Celgard is excluded from electrochemical performance 

evaluations.  

 

Amongst the three PVDF-HFP-based membranes, it is found that PH20D72T8 and 

PH20D64T16 show higher uptake values in both electrolytes than PH20D80. Given similar 

porosities among the three membranes, this enhancement in electrolyte uptake can be 

attributed to two factors. First, the added silica in the composite membranes improves their 

electrolyte affinity [64]. Second, TEOS inhibits the crystallization of PVDF-HFP in the cryo-

concentrated regions (pore walls) that consist of PVDF-HFP and TEOS rejected by the 

frozen DMSO during freeze casting. This leads to an increase in amorphous PVDF-HFP 

phase with higher electrolyte retention capacity [111]. The circular pores in the directional 

pore walls as a result of the TEOS addition in the composite membranes (Figure 4.4 (h) and 

(i)) also contribute to higher uptake values due to the increased pore surface area [112]. 

Combining the results of contact angle (Figure 4.7) and electrolyte uptake (Figure 4.8), it is 

confirmed that the addition of silica to the polymer membrane improves the affinity with 

both the organic electrolyte and the ionic liquid.  
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Figure 4.8 Electrolyte uptakes of PH20D80, PH20D72T8, and PH20D64T16 in organic 

electrolyte and ionic liquid with Celgard 2500 and filter paper as references.  

 

4.3.4 Electrochemical Performance  

4.3.4.1 Ionic Conductivity and MacMullin Number 

Ionic conductivity is a key measurement of charge transport between the electrodes, and 

therefore is of great significance in determining the battery performance. Ionic conductivity 

and MacMullin numbers of PH20D80, PH20D72T8, and PH20D64T16 in both the organic 

electrolyte and the ionic liquid with the filter paper as a reference are tabulated in Table 4.2. 

In both electrolytes, it is clear that all of the PVDF-HFP-based membranes show at least a 

two-fold increase in ionic conductivity than the filter paper. Generally, the ionic conductivity 

of a separator saturated with an electrolyte is a function of the separator porosity, pore 

tortuosity, and electrolyte wettability [113]. Not surprising then, when compared with the 

filter paper, the enhanced ionic conductivity of the PVDF-HFP-based membranes noted in 
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Table 2 is can be credited to the aligned pore morphology (Figure 4.4) and greater 

electrolyte uptake. Amongst the PVDF-HFP-based membranes, an increasing trend in ionic 

conductivity is further found with increasing silica content, with PH20D64T16 exhibiting 

the highest ionic conductivity of 2.0 mS/cm in the organic electrolyte and 1.8 mS/cm in the 

ionic liquid. This trend in ionic conductivity with added silica can be attributed to three 

effects: (1) the greater electrolyte uptake due to higher electrolyte affinity and hierarchical 

pore structure [114], (2) the circular pores located on the cold face of PH20D64T16 (Figure 

4.3 (c)) to facilitate ionic transport, and (3) the improved electrolyte dissociation caused by 

the Lewis acid-base interaction between the acidic silica and the anions of electrolyte leading 

to more active ions for transport [115].  

 

A reverse trend in MacMullin number, the ratio of ionic conductivity of pure electrolyte to 

that of a separator soaked with electrolyte, is expected. Indeed, all three PVDF-HFP-based 

membranes exhibit lower MacMullin numbers than filter paper while a decreasing trend is 

found with increasing amount of silica, with PH20D64T16 exhibiting the lowest MacMullin 

numbers of 5.0 in the organic electrolyte and 3.7 in the ionic liquid. Given that the MacMullin 

number is a figure of merit for battery separators, the composite membranes are considered 

better separators than the polymer counterpart and filter paper.  

 

 

Table 4.2 Ionic conductivity and MacMullin number of polymer and composite membranes 

in organic electrolyte and ionic liquid with filter paper as a reference.  
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4.3.4.2 Rate Performance and Cycling Performance in Coin Cells 

In order to evaluate the efficacy of PVDF-HFP-based membranes as SIB separators, rate 

performance and cycling performance of NVP/NTP coin cells assembled with such 

membranes have been conducted. Figure 4.9 summarizes the capacity retention (0.5C vs. 5C) 

of NVP/NTP coin cells assembled with filter paper, PH20D80, PH20D72T8 and 

PH20D64T16 as separators in both the organic electrolyte and the ionic liquid. While 

comparing the two electrolytes, it is clear that all of the organic electrolyte-based cells exhibit 

higher capacity retention than the ionic liquid-based cells. The higher viscosity and ionic 

resistivity of the ionic liquid are responsible for the lower capacity retention values obtained 

from the ionic liquid-based cells.  

 

In the case of the organic electrolyte, the coin cells with the composite separators 

(PH20D72T8 and PH20D64T16) show higher capacity retention than those with the polymer 

separator (PH20D80) and filter paper, with the highest value of 72% obtained from the cell 

assembled with PH20D64T16. Similarly, amongst the ionic liquid-based coin cells, higher 

capacity retention values are obtained in the coin cells with the composite separators, with 

the highest retention of 52% obtained from the cell assembled with PH20D64T16. Compared 

with the cells assembled with filter papers, the greater capacity retention of cells with PVDF-

HFP-based separators is ascribed to the higher ionic conductivity [116] and greater 

electrolyte uptake. Amongst the cells assembled with PVDF-HFP-based separators, the 

improved capacity retention with added silica content is in accordance with ionic 

conductivity and electrolyte uptake, which benefits the rate performance [117].  
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Figure 4.9 Rate performance (capacity retention at 5C vs. 0.5C) of coin cells with PH20D80, 

PH20D72T8, and PH20D64T16 in organic electrolyte and ionic liquid.  

 

Figure 4.10 compares the cycling performance of NVP/NTP coin cells made with the filter 

paper and PH20D64T16 in both the organic electrolyte and the ionic liquid. In the case of 

the organic electrolyte (Figure 4.10 (a)), it is clear that the cell assembled with PH20D64T16 

outperforms the cell assembled with the filter paper in terms of capacity retention and cycle 

number. This is not surprising given that the cell assembled with PH20D64T16 delivers the 

best performance in terms of contact angle, electrolyte uptake, ionic conductivity, and 

capacity retention. The cell with PH20D64T16 delivers an 80% capacity retention around 

175 cycles, while the same retention is observed only at the 15th cycle in the case of the filter 

paper-based cell. Additionally, the cell with PH20D64T16 exhibits a capacity retention of 

60% at 500 cycles, while the filter paper-based cell delivers the same retention around 80 
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cycles and stops around 115 cycles due to either cell degradation caused by increase in 

impedance or cell failure as a result of short circuit.  

 

In the case of the ionic liquid (Figure 4.10 (b)), the filter paper-based cell is not stable even 

at initial cycles and can no longer operate beyond 200 cycles. In striking contrast, the 

composite separator-based cell exhibits significant improvement in cycling performance 

with an approximately 75% of capacity retention after 800 cycles. The advanced capacity 

retention and cycling stability of the cells assembled with PH20D64T16 can be attributed to 

greater ionic conductivity and electrolyte uptake to retain electrolyte during repeated cycling 

[118, 119]. Given the noteworthy results of rate and cycling performance, composite PVDF-

HFP/SiO2 membranes are considered promising alternative separators to filter papers.  
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Figure 4.10 Cycling performance (@ 1C) of coin cells using filter paper and PH20D64T16 

in (a) organic electrolyte and (b) ionic liquid.  
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4.4 Conclusions  

In this chapter, the effects of TEOS and the resulting silica reinforcements from a sol-gel 

reaction of TEOS in tape/freeze-cast PVDF-HFP membranes on microstructure, phase 

composition, thermal stability, mechanical and electrochemical properties have been studied. 

Liquid-liquid phase separation is found to precede the freezing of DMSO when the co-

solvent ratio of DMSO/TEOS reaches 64/16. A through-thickness, directionally aligned 

porous structure is obtained in PVDF-HFP membranes fabricated via freeze casting with 

DMSO as the solvent, while a hierarchical pore morphology with circular pores on the 

aligned pore walls is observed with TEOS added as a co-solvent. With the incorporation of 

silica confirmed by EDS and FTIR, little change is found in the porosity and phase 

composition of the tape/freeze-cast membranes. However, the improvement in thermal 

stability and elastic modulus along with electrolyte affinity and ionic conductivity of the 

membranes is attributed to the added silica. More importantly, in terms of electrochemical 

performance, the NVP/NTP coin cells with composite membranes as separators deliver 

better rate performance and cycling stability than those with polymer membranes and filter 

papers in both organic electrolytes and ionic liquids. The improved electrochemical 

properties are ascribed to the greater electrolyte uptake and enhanced ionic conductivity due 

to the added silica. As a consequence, the tape/freeze-cast composite membranes are 

considered more promising separators than conventional filter papers for sodium-ion 

batteries.  
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C h a p t e r  5  

PERMEABLE SIOC SCAFFOLDS 

Material in this chapter is reproduced in part from “Directionally aligned macroporous 

SiOC via modified freeze casting of polysiloxane/tert-butyl alcohol solution”, C. Wu, K.T. 

Faber; Manuscript in preparation. The work was done in collaboration with Katherine T. 

Faber. C. Wu fabricated and characterized SiOC samples using SEM and MIP and their 

permeabilities, and wrote the manuscript. K.T. Faber supervised this work.  

5.1 Introduction 

Chapters 3 and 4 explored the capability and versatility of freeze casting for producing oxide-

reinforced PVDF-HFP membranes with Al2O3 and SiO2 introduced via ball milling and the 

co-solvent method, respectively. The composite membranes were evaluated in terms of 

electrolyte affinity, mechanical, thermal, and electrochemical properties and were found to 

be promising separators for Na-ion batteries.  

 

Apart from membranes used as separators in the battery field, freeze casting is also a 

favorable processing technique to fabricate ceramic scaffolds due to its tailorability in pore 

structures [2, 120, 121]. Permeability, one of the critical characteristics of ceramic scaffolds, 

is strongly dependent on the pore alignment and morphology of scaffolds, which are highly 

tunable in freeze casting [2]. For example, in terms of pore alignment, the inherent thermal 

gradient of directional freeze casting along which solvent molecules freeze and crystallize 

facilitates the alignment in the resultant pore structures [16]. In addition, external aids such 

as grain selection templates [31] and magnetic fields [32] also improve the pore alignment. 

In terms of pore morphology which can be controlled by choice of solvent [2] and by freezing 

parameters (the freezing front velocity and the thermal gradient [25, 26]) prismatic and 

lamellar pore structures are found to deliver excellent permeability amongst various types of 

pore morphologies. However, lamellar structures exhibit poor mechanical response due to 
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the susceptibility to failure from shear fracture caused by insufficient inter-lamellar 

connections [122]. Therefore, prismatic pore structures are chosen as the case of study.  

 

Freeze casting systems for ceramic scaffold fabrication can generally be divided into two 

categories: suspension and solution systems. In comparison with suspension-based freeze 

casting, solution-based freeze casting with preceramic polymers offers advantages including 

simpler processing without suspension preparation and direct observation of freezing due to 

the transparency of solutions.  

 

In this chapter, a binary system of polymethylsiloxane preceramic polymer (MK) and tert-

butyl alcohol (TBA) which forms prismatic crystals upon freezing, was selected to fabricate 

permeable silicon oxycarbide (SiOC) scaffolds. Arai et al. [26] have recently reported that 

the two thermoelectric plates used in a double-sided, gradient-controlled freeze casting setup 

allow for independent control of the freezing front velocity and the thermal gradient. The 

effects of different freeze casting configurations including the single-sided (SS, Figure 5.1 

(a)), double-sided (DS, Figure 5.1 (b)), and template-assisted double-sided (TDS, Figure 5.1 

(c) and (d)) on freezing behaviors of MK-TBA solutions and resultant pore structures were 

investigated. The significant difference in freezing behavior of solutions between the SS and 

the DS and TDS configurations had been earlier explained by supercooling theory [26, 103].  

Moreover, water permeability was used to assess the pore alignment within the scaffolds 

fabricated by the DS and TDS configurations.  

 

 

Figure 5.1 Freeze casting configuration of (a) single-sided (SS) (b) double-sided (DS) (c) 

template-assisted double-sided (TDS) and (d) templated Mylar film substrate used in (c).  
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5.2 Experimental Methods 

5.2.1 Materials 

Polymethylsiloxane preceramic polymer (CH3-SiO1.5, Silres®  MK Powder, Wacker Chemie, 

Munich, Germany) and tert-butyl alcohol (TBA, Sigma Aldrich, St. Louis, MO, USA) were 

used to produce polymer solutions for phase diagram construction and freeze casting. N-(2-

Aminoethyl)-3-aminopropyltrimethoxysilane (Geniosil®  GF 91, Wacker Chemie) was added 

to polymer solutions as a cross-linking agent.  

 

5.2.2 Preceramic Polymer Solutions  

Given that the melting point of TBA (25-26 oC) is close to room temperature, TBA was first 

heated at 40 oC until fully melted prior to mixing with the preceramic polymer. Mixtures of 

10, 20, 30, 40 wt% preceramic polymer with corresponding 90, 80, 70, 60 wt% TBA were 

heated in glass vials in a water bath at 40 oC under constant stirring with magnetic stir bars 

until clear and homogeneous solutions were produced. The cross-linking agent was added at 

a concentration of 1 wt% to each polymer solution and stirred for 5 min to partially cross-

link the polymer chains. The polymer solutions were degassed for 10 min to remove air 

bubbles.  

 

5.2.3 Construction of Phase Diagram of Polymer Solutions  

The polymethylsiloxane preceramic polymer-TBA phase diagram was constructed by visual 

inspection. A fixed volume of 20 μL of each polymer solution and pure TBA was pipetted 

onto the freeze casting setup. This setup consisted of an Al cold finger on top of a 

thermoelectric plate which was placed on top of a heat reservoir connected to a circulating 

refrigerated silicone oil bath (FP50-ME, Julabo USA Inc., Allentown, PA, USA). The 

thermoelectric plate was connected to a PID controller which also recorded temperature 

profiles. Once the polymer solution and pure TBA was placed on top of the Al cold finger, a 

microscope cover slip was immediately covered to minimize solvent evaporation and 

moisture absorption. A petri dish was placed over the setup to prevent condensation and 

reduce ambient air flow. The freezing point, Tf, was recorded as the temperature at which the 

first observed nucleation, perceived by an abrupt change in solution opacity, took place at a 
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cooling rate of 1 oC/min. The liquidus temperature, TL, was determined by first freezing 

the solution at a cooling rate of 1 oC/s and then heating at a rate of 1 oC/min. Solutions turn 

opaque as they solidify, while solutions turn transparent as the temperature approaches TL. 

TL was recorded as the temperature at which the last opaque section turns transparent. Five 

samples were tested for each solution and their average values with standard deviation were 

reported.  

 

5.2.4 Freeze Casting 

The mixture of 20 wt% preceramic polymer with 80 wt% TBA was poured into a glass mold 

(h = 20 mm,  = 25 mm) whose base was sealed with a Mylar film substrate and vacuum 

grease to prevent leakage. For the single-sided freeze (SS) casting configuration, the mold 

was placed onto the freeze casting setup described in the previous section to carry out the 

freeze casting process. Naviroj [2] has reported that certain solvents including cyclooctane, 

cyclohexane, dioxane, and dimethyl carbonate produced flat and trackable freezing fronts, 

while solvents such as tert-butyl alcohol, camphene, and p-xylene displayed untraceable 

freezing fronts.  

 

For the double-sided (DS) freeze casting configuration, besides the Al cold finger on which 

the mold was placed, a Cu plate attached to another PID-controlled thermoelectric plate 

whose temperature was set at 40 oC was placed on top of the mold to impose a larger thermal 

gradient in the solution. Due to the shrinkage accompanied by solidification, the copper plate 

was designed to be inserted 5 mm into the glass mold to ensure constant contact between the 

solution and the Cu plate over the course of freezing.  

 

For the template-assisted double-sided (TDS) freeze casting configuration, the procedure 

was identical to the double-sided freeze casting setup, with the addition of a templated Mylar 

film substrate instead of a regular, smooth Mylar film substrate. The templated Mylar film 

substrate was made by pressing a pair of locking tongs with serrated jaw against a smooth 

Mylar film substrate to create a ridged surface, as shown in Figure 5.1 (d). The freezing front 

velocities of DS and TDS configurations were determined from the images taken by a camera 
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with an intervalometer at an interval of 10 s using ImageJ (National Institutes of Health) 

for image analysis. After complete freezing, frozen samples were placed into a freeze dryer 

(VirTis AdVantage 2.0, SP Scientific, Warminster, PA, USA) set at -40 oC and 500 μbar 

until the solvent was fully sublimated. The freeze-dried green bodies were pyrolyzed at 1100 

oC in argon for 4 hours with a ramp rate of 2 oC/min to convert polymethylsiloxane into 

silicon oxycarbide (SiOC).  

 

5.2.5 Characterization 

For characterization made on SiOC scaffolds fabricated by DS and TDS configurations, 

samples were obtained from the part with constant freezing front velocities (4 mm to 9 mm 

from the base). In the case of SiOC scaffold produced by SS configuration, samples were 

obtained from the corresponding position in terms of height.  

 

5.2.5.1 Porosity and Pore Size Distribution 

Sample porosity was determined using the Archimedes method with deionized water as the 

immersion fluid following ASTM C373. Three samples of each condition were measured 

and the average value was reported with standard deviation. Pore size distribution of porous 

SiOC samples was collected using a mercury intrusion porosimeter (MIP, Auto Pore IV 9500, 

Micromeritics Instrument Corp., Norcross, GA, USA). MIP relies on the non-wetting nature 

of mercury and measures the volume of mercury infiltrated into pores as a function of applied 

pressure according to the Washburn equation [123]:  

d =
−4γ cos θ

P
  (5.1) 

where d is the pore size, γ is the surface tension, θ is the contact angle between the mercury 

and the sample, and P is the applied pressure.  
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5.2.5.2 Microstructure 

Microstructures of porous SiOC were examined by scanning electron microscopy (FESEM, 

ZEISS 1550 VP, Carl Zeiss Microscopy GmbH, Jena, Germany) with an accelerating voltage 

of 10 kV. Each SiOC sample was sectioned in both longitudinal (parallel to the freezing 

direction) and transverse (perpendicular to the freezing direction) directions with a diamond 

saw. The sectioned samples were then coated with Pt prior to SEM examination.  

 

5.2.5.3 Permeability 

Permeability measurements were performed on samples prepared by the DS and TDS 

configurations by measuring the flow rate of water under various pressure differences with 

a setup shown in Figure 5.2. This setup consisted of a water reservoir, a voltage-controlled 

pump, a pressure sensor (Omega PX409 pressure transducer, Omega Engineering, Stamford, 

CT, USA) and a balance. SiOC samples were machined with a core drill to a final diameter 

of 13 mm followed by cleaning by sonication in water. In order to prevent leakage from the 

sides of the samples during measurements, the perimeters of samples were enclosed by a 

low-shrinkage mounting compound (VariDur 3003, Buehler, Lake Bluff, IL, USA). After 24 

hours of curing, the samples were then sectioned at 4.5 mm and 8.5 mm from the base, 

resulting in test samples with an approximate thickness of 4 mm. The samples were inserted 

and clamped inside a tube by a hose clamp to ensure no circumferential leakage. Once the 

pump was turned on and the pressure reached equilibrium, the mass change and flow rate 

were recorded. The pressure was gradually increased and a minimum of ten different 

pressures were applied, ranging from 5 to 85 kPa. The permeability was established from the 

Darcy-Forchheimer equation [124]:  

∆P

L
=

μ

k1
v +

ρ

k2
v2  (5.2) 

where ΔP is the pressure difference across the sample, L is the height of the sample, μ, v and 

ρ are the dynamic viscosity, flow velocity, and density of water, respectively, and k1 and k2 

refer to the intrinsic and inertial permeability, respectively. Given the linearity of the 

collected data, k2, which is associated with the non-linear portion of permeability and usually 
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observed only in gas flow, is omitted [56]. Three samples were tested for each condition 

and the average values with standard deviation were reported.  

 

Figure 5.2 Schematic of the experimental setup used to measure permeability. Adapted 

from [2].  
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5.3 Results and Discussion 

5.3.1 Effects of Freeze Casting Configuration on Freezing Behaviors of Solutions  

Photo images showing freezing front profile of 20 wt% MK-TBA solutions with the three 

freeze casting configurations are presented in Figure 5.3. In Figure 5.3 (a), when the single-

sided configuration is used to freeze the preceramic solution, uncontrolled crystal growth of 

TBA is observed, which results in an ill-defined freezing front. In contrast, in Figure 5.3 (b), 

a flat and well-defined freezing front that can be readily tracked is observed when the double-

sided (DS) configuration is implemented. A similar freezing behavior is also found in the 

case of template-assisted double-sided (TDS) configuration, as shown in Figure 5.3 (c).  

 

 

Figure 5.3 Photo images showing freezing front morphologies of MK-TBA solutions with 

(a) single-sided, (b) double-sided, and (c) template-assisted double-sided freeze casting 

configuration. Red arrows and black dotted lines indicate chronological order in freezing and 

flat, well-defined freezing fronts, respectively.  
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The freezing front in the case of SS freeze casting configuration is ill-defined, while the 

freezing front position in both cases of DS and TDS configurations is easily tracked. The 

latter are plotted as a function of freezing time in Figure 5.4. Both freezing fronts travel 

advance at a constant velocity of approximately 4.2 μm/s, which indicates that the templated 

substrate has little effect on freezing front velocity.  

 

Figure 5.4 Freezing front position from the 20 wt% MK-TBA solution as a function of time 

obtained from images in Figure 5.3 (b) for double-sided configuration and images in Figure 

5.3 (c) for template-assisted double-sided configuration. Associated R2 values for both data 

sets exceed 0.99.  
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Figure 5.5 (a) shows a partial phase diagram of MK-TBA in which both the liquidus 

temperature (TL) and freezing point (Tf) decrease with increasing preceramic polymer 

concentration. The freezing point of the solutions decreases at a higher rate than the liquidus 

temperature, which causes the disparity between TL and Tf to become larger as preceramic 

polymer content increases. The great difference between TL and Tf allows MK-TBA 

solutions to be cooled to a temperature T far below TL without forming TBA crystals. The 

temperature difference between TL and T is known as the supercooling [103]. It is this 

appreciable amount of supercooling in the 20 wt% MK-TBA solution (> 10 oC) that gives 

rise to the uncontrolled freezing behavior seen in the SS configuration [2]. Once nucleation 

occurs, TBA crystals can quickly grow into the supercooled region, which leads to the ill-

defined freezing front observed in Figure 5.3 (a).  

 

The substantial change from an ill-defined freezing front in the SS configuration (Figure 5.3 

(a)) to one that is well-defined in both DS and TDS configurations (Figure 5.3 (b) and (c)) 

can be explained by the reduced amount of supercooling due to the increased thermal 

gradient as a result of the heating Cu plate, as illustrated in Figure 5.5 (b). In Figure 5.5 (b), 

T(x) denotes the temperature of the solution as a function of position and TL refers to the 

liquidus temperature of the solution. Supercooling is associated with the shaded region that 

lies between TL and T(x). When there is no externally imposed thermal gradient in the 

solution (left figure in Figure 5.5 (b)), large supercooled region can form in the solution, as 

indicated by the shaded area. In contrast, with the additional heating of the Cu plate on top 

of the mold in both DS and TDS configurations, the thermal gradient along the mold height 

is increased, and hence the supercooled region is diminished (right figure in Figure 5.5 (b)) 

[26].  
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Figure 5.5 (a) Partial phase diagram of MK-TBA and (b) schematic showing diminished 

supercooling in the casting solution with increasing thermal gradient. T(x) and TL refer to 

the temperature of the solution as a function of position in the solution and liquidus 

temperature of the solution, respectively.  
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5.3.2 Effects of Freeze Casting Configuration on Pore Structures and Permeability  

The porosity values of SiOC scaffolds fabricated by single-sided, double-sided, and 

template-assisted double-sided freeze casting configurations are tabulated in Table 5.1. All 

SiOC scaffolds show a porosity around 80%, which indicates that the freeze casting 

configuration has little effect on the porosity.  

 

Table 5.1 Porosity values of SiOC scaffolds fabricated by single-sided, double-sided, and 

template-assisted double-sided freeze casting configurations.  

 

 

Figure 5.6 summarizes the longitudinal (parallel to the freezing direction) and transverse 

(perpendicular to the freezing direction) cross-sectional micrographs of SiOC scaffolds 

fabricated by single-sided, double-sided, and template-assisted double-sided freeze casting 

configurations. In the case of SS configuration (Figure 5.6 (a) and (b)), due to the 

uncontrolled crystal growth of TBA seen in Figure 5.3 (a), little pore alignment is observed 

and several large pores exceeding 200 μm are visible. A contrasting pore structure with better 

pore alignment is noted in the case of the DS configuration (Figure 5.6 (c) and (d)). From the 

longitudinal cross-section (Figure 5.6 (c)), in spite of the existence of pore domains with 

different pore orientations highlighted by the yellow dotted lines, improvement in pore 

alignment along the freezing direction is clearly observed. These images highlight pore 

alignment in each of the domains, but pore openings can be noted both in the longitudinal 

and transverse views (Figure 5.6 (c) and (d)). The enhancement in pore alignment from SS 

to DS configuration is ascribed to the increased thermal gradient provided by the upper 

heating Cu plate. The increased thermal gradient suppresses the uncontrolled TBA growth 

by reducing the supercooling in the solution, and hence, TBA freezes in a more controlled 
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fashion as observed in Figure 5.3 (b) and Figure 5.4. In addition, the increased thermal 

gradient from the Cu plate further guides the crystal growth along the direction of thermal 

gradient [16].  

 

When the TDS configuration is implemented (Figure 5.6 (e) and (f)), further improvement 

in pore alignment is realized. From the longitudinal cross-section (Figure 5.6 (e)), vertical 

prismatic pores aligned with the freezing direction are observed without off-axis pore 

domains. Additionally, the improved pore alignment is manifested by the visibility of pore 

openings with no perception of off-axis pore domains from the transverse cross-section 

(Figure 5.6 (f)). This improvement in pore alignment from DS to TDS configuration is 

attributed to the templated Mylar film substrate which facilitates the crystal alignment during 

freezing by promoting multiple nucleation sites on the substrate. With multiple nucleation 

sites on the substrate, mutual impingement from neighboring nuclei promotes the nuclei to 

grow in the vertical direction by restricting their growth in the horizontal plane [125].  
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Figure 5.6 Longitudinal and transverse cross-sectional micrographs of SiOC scaffolds 

fabricated by (a)(b) single-sided, (c)(d) double-sided, and (e)(f) template-assisted double-

sided freeze casting configurations. Yellow dotted lines denote the boundaries between pore 

domains with different orientations.  

 

Figure 5.7 shows the pore size distribution obtained from mercury intrusion porosimetry of 

SiOC scaffolds produced by single-sided, double-sided, and template-assisted double-sided 

freeze casting configurations. It can be seen that the majority of pore diameters ranges from 

20 to 40 μm in all three scaffolds. The scaffold fabricated by the SS configuration is found 

to contain some pores that exceed 200 μm, which is caused by uncontrolled TBA growth; 
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this is consistent with the micrographs shown in Figure 5.6 (a) and (b). In contrast, the 

percentage of pores greater than ~90 µm is found to decrease in the scaffolds made using the 

DS and TDS configurations. The reduction in large pore percentage is owing to the more 

controlled growth of TBA, which is attributed to the thermal gradient control in both DS and 

TDS configurations. Moreover, a further reduction in percentage of such pores is seen while 

comparing the scaffolds fabricated by the DS and TDS configurations. This further decline 

of the large pore population can also be attributable to crystal impingement caused by 

multiple nucleation sites due to the templated substrate. Crystal impingement restricts in-

plane growth which not only promotes crystal alignment in the perpendicular orientation but 

also reduces the possibility of formation in these processing conditions of > 100 µm crystals, 

and hence, > 100 µm pores [125].  

 

Figure 5.7 Pore size distribution obtained from mercury intrusion porosimeter of SiOC 

scaffolds fabricated by single-sided, double-sided, and template-assisted double-sided freeze 

casting configurations.  
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Given the size of pores present in the SiOC scaffold produced by single-sided freeze 

casting configuration and their lack of directionality, scaffolds made by the SS configuration 

are excluded from the permeability tests. Figure 5.8 presents water flow rate against pressure 

drop across a sample length of L from permeability measurements performed on SiOC 

scaffolds fabricated by double-sided and template-assisted double-sided freeze casting 

configurations. It is clear that the scaffolds fabricated by the TDS configuration are more 

permeable to water flow than those fabricated by the DS configuration. Furthermore, the 

linearity of the data sets confirms that the non-linear term for permeability in Equation 5.2, 

k2, can be neglected.  

 

Combining the pressure drop data in Figure 5.8 with dimensions of each permeability sample, 

the permeability constant, k1, is calculated according to Equation 5.2 and shown in the inset 

of Figure 5.8. Although the scaffold fabricated by the DS configuration exhibits a higher 

percentage of large pores than that fabricated by the TDS configuration as shown in Figure 

5.7, the latter shows more than eight-fold increase in permeability constant compared to the 

former (4.74 x 10-11 vs. 5.72 x 10-12 m2). Given the similar porosity between the two scaffolds, 

this significant enhancement in permeability constant is attributed to the improvement in 

pore alignment observed in Figure 5.6, which provides shorter transport paths for water flow.  
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Figure 5.8 Water flow rate as a function of pressure drop for SiOC scaffolds fabricated by 

double-sided and template-assisted double-sided freeze casting configurations with 

corresponding permeability constants shown in the inset.  
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5.4 Conclusions 

In this chapter, permeable SiOC scaffolds have been successfully fabricated by freeze casting 

a binary system of polymethylsiloxane preceramic polymer and tert-butyl alcohol (TBA) 

solvent. The effects of freeze casting configurations including single-sided (SS), double-

sided (DS), and template-assisted double-sided (TDS) on the freezing behavior of 

polymethylsiloxane-TBA solutions and the resultant freeze-cast pore structures have been 

revealed. The uncontrolled growth of TBA in the case of SS configuration is a result of 

considerable supercooling in the solution, which leads to an ill-defined freezing front. While 

in the case of DS and TDS configuration, due to the increased thermal gradient caused by 

control of the thermal gradient with the heating Cu plate, the supercooling in the solutions is 

diminished, resulting in freezing in a more controlled manner, and hence, well-defined and 

trackable freezing fronts. Improvement in pore alignment of the resultant SiOC scaffolds is 

accompanied by the controlled freezing of TBA with the DS configuration. Moreover, pore 

alignment is further enhanced by templating the surface upon which crystallization begins, 

thus providing multiple nucleation sites. In addition, an eight-fold increase in water 

permeability is observed when the Mylar film substrate is templated. The application of DS 

configuration allows us to control the freezing of TBA and thus determine the freezing front 

velocity, an important processing parameter. The ability to regulate both thermal gradient 

and freezing front velocity opens up a new avenue to explore different pore structures in 

solutions with solvents that freeze in an uncontrolled fashion under the conventional single-

sided freeze casting.  
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C h a p t e r  6  

SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FUTURE 

WORK 

6.1 Summary and Conclusions 

This work has successfully demonstrated the versatility of freeze casting in fabricating 

porous materials used in distinct fields, ranging from polymer and composite separators in 

sodium ion batteries (SIBs) to permeable ceramic scaffolds.  

 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) was selected as the material 

for SIB separator fabrication due to its chemical inertness in the battery environment. 

Dioxane and dimethyl sulfoxide (DMSO) were chosen as the solvents for PVDF-HFP owing 

to their solubility of PVDF-HFP and the absence of liquid-liquid phase separation (LLPS) 

prior to the freezing of the solvents, which ensures that the freeze-cast pore morphology is 

produced by the directionally frozen solvent crystals. The tape/freeze-cast PVDF-HFP 

membranes were reinforced by Al2O3 and SiO2 via suspension formation and a co-solvent 

method, respectively.  

 

Apart from porosity and aligned pore structures to provide sufficient electrolyte uptake and 

non-tortuous ion transport paths, battery separators benefit from enhanced electrolyte affinity 

to reduce internal resistance, thermal stability and mechanical robustness to ensure cell safety. 

Therefore, an Al2O3 reinforcing agent was introduced through the formation of 

dioxane/Al2O3 suspensions via ball milling prior to mixing the suspensions with PVDF-HFP 

to form the PVDF-HFP/dioxane/Al2O3 casting suspensions. Although Al2O3 agglomeration 

was observed in the composite PVDF-HFP/Al2O3 membranes, the amount of added Al2O3 

was found to have little effect on the freezing behavior of dioxane, and hence, the resultant 

pore morphology. The Al2O3 reinforcements resulted in a two-fold increase in the elastic 

modulus of the composite membranes (> 30 MPa vs. ~ 15 MPa) and improvement against 

thermal shrinkage compared to the pristine polymer membrane. Despite no obvious 
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enhancement in contact angles with added Al2O3, the composite membranes exhibited a 

nearly 60% (organic electrolyte) and 150% (ionic liquid) increase in electrolyte uptake along 

with higher ionic conductivities in both electrolytes than their polymer counterpart. This was 

attributed to the enhanced electrolyte affinity and higher amorphous polymer content with 

greater electrolyte retention capacity.  

 

While the incorporation of oxide fillers as reinforcement can be achieved through suspension 

preparation via ball milling, stable and well-dispersed suspensions play a key role in 

producing composite membranes with high uniformity. As a result, a SiO2 reinforcing agent 

was introduced through a co-solvent method in which tetraethoxysilane (TEOS) served as a 

co-solvent in conjunction with DMSO as well as the precursor of SiO2 which forms via an 

ensuing sol-gel reaction of TEOS. Although the addition of TEOS caused liquid-liquid phase 

separation (LLPS) of the solution to occur before the freezing of DMSO when the co-solvent 

ratio of DMSO/TEOS ≥ 64/16, all of the membranes studied exhibited through-thickness 

and directionally aligned pore structures. The added SiO2 particles functioned as stiffening 

inclusions to increase the elastic modulus of the PVDF-HFP/SiO2 composite membranes 

(70~88 MPa vs. 50 MPa) and heat-resistant reinforcements for better thermal stability than 

the polymer membrane. Increased wettability in terms of contact angles and electrolyte 

uptake of both organic electrolyte and ionic liquid were a result of SiO2 integration in the 

composite membranes. More importantly, enhancement in ionic conductivities in both 

electrolytes due to the introduced SiO2 was accompanied by better rate performance in coin 

cells over its polymer counterpart.  

 

Given that both the dioxane-based membranes (Chapter 3) and the DMSO-based membranes 

(Chapter 4) are considered promising SIBs separators as alternatives for filter papers, it is 

useful to compare the two systems in terms of their structures and properties.  
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Figure 6.1 compares the cross-sectional micrographs of the dioxane-based membranes 

(pure polymer membrane and composite membrane with 7 wt% Al2O3) and the DMSO-

based membranes (PH20D80 and PH20D64T16) and the corresponding EDS maps of the 

two oxide-reinforced membranes (7 wt% Al2O3 and PH20D64T16). Although directionally-

aligned pores are observed in all four membranes (Figure 6.1 (a), (b), (d), and (e)), it is clear 

that the pores are much smaller in the DMSO-based membranes (~ 2 to 4 μm in Figure 6.1 

(d) and (e)) than the dioxane-based membranes (~ 10 μm in Figure 6.1 (a) and (b)). The pore 

size difference can be explained by (1) the lower processing temperature of the DMSO-based 

membranes with liquid nitrogen as the coolant compared to that of the dioxane-based 

membranes with a thermoelectric plate ~ -25 oC as the cooling source (2) Al substrates with 

higher thermal conductivity for the DMSO-based membranes in comparison with glass 

substrates with lower thermal conductivity for the dioxane-based membranes and (3) the 

thermally insulating air wedge introduced in the fabrication process of the dioxane-based 

membranes.  

 

In terms of the distribution of the reinforcing oxides, Al2O3 agglomeration and non-uniform 

Al2O3 distribution are observed in the Al2O3-reinforced membrane prepared with the 

suspension method (Figure 6.1 (c)), while the co-solvent method with TEOS offers a more 

uniform distribution of SiO2 across the PH20D64T16 membrane without perceptible 

agglomeration (Figure 6.1 (f)). Despite the extended ball milling procedure in the processing 

of the Al2O3-reinforced membranes, the presence of Al2O3 agglomeration is likely a result 

of the lack of effective anti-agglomeration mechanisms to prevent the re-agglomeration of 

nano-sized Al2O3 particles in the suspensions.  



 

 

99 

 

Figure 6.1 Cross-sectional micrographs of dioxane-based (a) polymer membrane (b) 

composite membrane with 7 wt% Al2O3 and (c) Al EDS mapping of (b); cross-sectional 

micrographs of DMSO-based (d) PH20D80 (e) PH20D64T16 and (f) Si EDS mapping of (e). 

All micrographs share the same scale bar.  

 

Shown in Figure 6.2 is a comparison of mechanical properties including Young’s modulus 

and tensile strength between the dioxane-based membranes and the DMSO-based 

membranes. The DMSO-based membranes exhibit greater stiffness and tensile strength 

compared to the dioxane-based counterparts. The main contributing factor to this difference 

in mechanical behavior is the porosity difference between the dioxane-based membranes (~ 

87% porosity) and the DMSO-based membranes (~ 80% porosity) resulting from the 

different starting concentrations. Although the Al2O3 reinforcement in the dioxane-based 

membranes is four times stiffer than the SiO2 reinforcement in the DMSO-based membranes 

[126, 127], the stiffening efficacy is not obvious in the Al2O3-reinforced membranes due to 

the existence of Al2O3 agglomerates. In addition, according to Zuo et al. [128], pore size is 
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also a contributing factor to tensile strengths of polymer membranes. As a result, the 

larger pore size in the dioxane-based membranes (Figure 6.1 (a) and (b)) compared to the 

smaller pore size in the DMSO-based membranes (Figure 6.1 (d) and (e)) is also responsible 

for such disparity in tensile strengths.  

 

Figure 6.2 Comparison of Young’s modulus and tensile strength between the dioxane-based 

membranes and the DMSO-based membranes. Solid legends represent the Al2O3-reinforced 

membranes in the dioxane-based membranes and the SiO2-reinforced membranes in the 

DMSO-based membranes, while empty legends refer to the polymer membranes.  
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Figure 6.3 compares the electrolyte uptake and ionic conductivity between the dioxane-

based membranes and the DMSO-based membranes in both organic electrolyte and ionic 

liquid. Due to the higher porosity of the dioxane-based membranes, they exhibit greater 

electrolyte uptake values compared to the DMSO-based membranes in both electrolytes. 

Generally speaking, the ionic conductivity of an electrolyte-infiltrated separator depends on 

the separator porosity, pore tortuosity, and wettability with the electrolyte. However, despite 

the higher amount of electrolyte retained in the dioxane-based membranes, especially in the 

Al2O3-reinforced membranes, no corresponding improvement in ionic conductivity is found 

in comparison with the DMSO-based membranes, let alone the SiO2-reinforced membranes. 

It is hypothesized that Al2O3 agglomeration in the Al2O3-reinforced membranes fails to 

effectively enhance the wettability with the electrolyte in contrast to the evenly distributed 

SiO2 particles in the SiO2-reinforced membranes. The trend in reduced ionic conductivity 

with increased Al2O3 content is consistent with this hypothesis. In contrast, due to the 

uniformly distributed SiO2, an increasing pattern of ionic conductivity with increasing SiO2 

content is found in the DMSO-based membranes.  
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Figure 6.3 Comparison of electrolyte uptake and ionic conductivity between the dioxane-

based membranes and the DMSO-based membranes in (a) organic electrolyte and (b) ionic 

liquid. Solid legends represent the Al2O3-reinforced membranes in the dioxane-based 

membranes and the SiO2-reinforced membranes in the DMSO-based membranes, while 

empty legends refer to the un-reinforced polymer membranes.  
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Permeable silicon oxycarbide (SiOC) scaffolds were produced by freeze-casting 

solutions of polymethylsiloxane preceramic polymer (MK) and tert-butyl alcohol (TBA), 

since TBA is known to crystallize into prismatic crystals which result in prismatic pores with 

relatively high permeability. The conventional single-sided freeze casting configuration gave 

rise to the uncontrolled growth of TBA along with an ill-defined freezing front (Figure 6.4 

(a)) due to considerable supercooling in the solution. Not surprisingly, the TBA crystals 

formed in this uncontrolled manner led to SiOC scaffolds with poor pore alignment (Figure 

6.4 (d)). By increasing the thermal gradient in the solution with an additional heating Cu 

plate on top, a double-sided freeze casting configuration was constructed to diminish 

supercooling in the solution, which resulted in more controlled TBA growth and hence well-

defined, trackable freezing fronts (Figure 6.4 (b)) and SiOC scaffolds with better pore 

alignment (Figure 6.4 (e)). In the template-assisted double-sided freeze casting configuration 

(Figure 6.4 (c)), further improvement in pore alignment (Figure 6.4 (f)) and an eight-fold 

increase in water permeability were achieved by using templated substrates that induced 

multiple nucleation sites and crystal impingement.  
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Figure 6.4 Comparison of freezing behavior of preceramic polymer-TBA solutions and 

corresponding SiOC scaffold pore morphology fabricated with (a)(d) single-sided (b)(e) 

double-sided (c)(f) template-assisted double-sided freeze casting configuration. All 

micrographs share the same scale bar.  

 

6.2 Suggestions for Future Work 

In Chapter 3, the presence of Al2O3 agglomerates in the Al2O3-reinforced composite 

membranes is likely due to the poor dispersion in the casting suspensions. From the 

perspective of oxide-reinforced membranes, an even and uniform distribution of oxide fillers 

across the membrane is of great importance; otherwise, the membrane properties would not 

be homogeneous. In order to produce oxide-reinforced membranes with high uniformity 

from suspensions, preparation of stable and well-dispersed suspensions is critical. Apart from 

the addition of a suitable dispersant and the usage of a high-energy sonication probe, surface 

modification of oxide particles [129, 130] is also found to be effective in creating well-

dispersed suspensions. With stable suspensions, fabrication of oxide-reinforced membranes 
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with high uniformity via tape/freeze casting is feasible [37]. Besides direct observation 

through microscopy, contact angle measurements can also be utilized as an indicator of 

membrane homogeneity. In membranes with evenly distributed oxide reinforcements, a 

decreasing trend in contact angle with electrolytes with increasing oxide content should be 

observed due to the increase in effective hydrophilic area and hydroxyl group number as a 

result of the hydrophilic oxide particles [131]. While membranes with non-uniform oxide 

distributions or oxide agglomerates tend to show irregular patterns of contact angles with 

oxide content. Additionally, taking the rule of mixtures as a reference, well-distributed oxide 

reinforcements should provide greater stiffening efficacy to the membranes compared to the 

agglomerated oxides, since more oxide/polymer interfacial area which allows the applied 

loads to be transferred to the reinforcing oxide particles is present in the well-distributed case 

in contrast to the agglomerated case. Investigations should focus on the contact angle 

measurements.  

 

The mechanical testing performed on the membranes in Chapter 3 and 4 provides us with the 

knowledge of their mechanical responses, including tensile strength, Young’s modulus and 

strain-to-failure. However, these tests were conducted on dry and electrolyte-free membranes, 

which do not fully reflect the behavior of hydrated-membranes when they are soaked with 

electrolytes. Given that separators are infiltrated with electrolytes when used in batteries, 

understanding the mechanical responses of electrolyte-filled membranes is of great practical 

influence, and should be assessed. Chen et al. [132] and Kundu et al. [133] have shown that 

electrolytes have adverse effects on the mechanical properties of membrane separators such 

as Young’s modulus and yield strength. In order to evaluate the mechanical performance of 

electrolyte-filled membranes, dry membranes would first be immersed in specific 

electrolytes to obtain electrolyte-infiltrated membranes, and the electrolyte-filled membranes 

would then be tested following the same mechanical testing procedure as dry membranes.  

 

In Chapter 3 and 4, one of the reasons why the oxide-reinforced composite membranes 

exhibit greater electrolyte uptake compared to their polymer counterpart is the higher amount 

of amorphous polymer phase in the composite membranes. Due to the larger free volume of 
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the amorphous phase than the crystalline phase, the amorphous phase shows higher 

electrolyte retention capacity [134, 135]. Crystallinity of a polymer membrane can be 

obtained experimentally by performing differential scanning calorimetry (DSC). The degree 

of crystallinity in a membrane sample can be acquired by calculating the ratio of the enthalpy 

of melting of the membrane sample to the enthalpy of melting of a pure crystalline reference 

sample [135]. In addition to electrolyte retention capacity, the crystallinity of a polymer 

membrane also affects its mechanical properties, where a crystalline phase is known to 

exhibit higher strength and elastic modulus while an amorphous phase shows the opposite 

[134, 135]. With the knowledge of crystallinity in both the polymer and oxide-reinforced 

composite membranes, the effects of reinforcing oxide fillers on the membrane mechanical 

properties can be assessed more accurately.  

 

For ceramic scaffolds discussed in Chapter 5, it was demonstrated that by manipulating the 

thermal gradient in the solutions of preceramic polymer and tert-butyl alcohol (TBA) with a 

double-sided freeze casting configuration, the freezing of TBA can be controlled such that 

the freezing front velocity is stable across the casting. With the ability to regulate both 

thermal gradient and freezing front velocity, the two dominant processing factors in the 

microstructure selection map, Arai et al. [26] have shown that different pore structures can 

be realized from the same preceramic polymer/cyclohexane solution system. The use of a 

double-sided freeze casting configuration opens a new avenue to explore different pore 

structures using solvents such as TBA, camphene and p-xylene that freeze in an uncontrolled 

manner under the conventional single-sided freeze casting [2].  

 

Preliminary results of post-freeze-casting infiltration process, high-temperature freeze 

casting, and cellulose-based and polyimide membranes can be found in the appendices.  
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A p p e n d i x  A  

POST-FREEZE-CASTING INFILTRATION PROCEDURE 

Besides the most commonly used electrolytes for sodium ion batteries such as the organic 

electrolyte and the ionic liquid [1], water-in-salt electrolyte, a hyper-concentrated ionic 

solution, is highly sought-after for the development of aqueous sodium ion batteries [2]. 

However, most researchers and scientists still rely on thick glass fiber filter papers as 

separators [2, 3, 4] due to the lack of suitable separators for these batteries. Our preliminary 

results show that the wettability of water-in-salt electrolyte with tape/freeze-cast PVDF-HFP 

membranes can be significantly improved by a post-freeze-casting TEOS infiltration process 

followed by an in-situ sol-gel reaction to introduce more SiO2 particles into the membranes 

(Figure A.1). These membranes fabricated via the infiltration process show promise in 

affinity with the water-in-salt electrolyte. To further evaluate these membranes as 

prospective separators for aqueous sodium ion batteries, electrochemical properties 

including ionic conductivity of the membranes and the rate and cycling performance when 

assembled into coin cells need to be assessed.  

 

 

Figure A.1 Contact angle results of water-in-salt electrolyte (17M NaClO4 in water) on (a) 

PVDF-HFP membrane and (b) PVDF-HFP membrane fabricated by the infiltration process.  
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A p p e n d i x  B  

HIGH-TEMPERATURE FREEZE CASTING 

Conventional freeze casting needs to be carried out at cryogenic temperatures, since most 

commonly used solvents have melting points below room temperature. Some high-melting-

point solvents, for example, dimethyl sulfone (DMSO2) with a melting point around 109 oC, 

offer the opportunity to perform freeze casting at room temperature, which eliminates the 

need for cryogenic equipment. From our preliminary results, a PVDF-HFP membrane 

fabricated with dimethyl sulfone as the solvent at 160 oC and freeze cast at room temperature 

exhibits a through-thickness and directionally aligned pore morphology (Figure B.1). 

Systems such as these require further attention, particularly the design of the high-

temperature casting setup including temperature control and choice of substrate material, and 

the homogeneity of the casting solutions.  

 

 

Figure B.1 Cross-sectional micrograph of PVDF-HFP membrane fabricated with dimethyl 

sulfone as the solvent at 160 oC and freeze cast at room temperature.  
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A p p e n d i x  C  

CELLULOSE-BASED AND POLYIMIDE MEMBRANES 

Cellulose, abundant with hydroxyl groups in molecules, exhibits a high degree of 

hydrophilicity. Therefore, cellulose is a candidate separator material for aqueous sodium ion 

battery studies [5]. However, the brittle nature of cellulose fibers limits their use as a 

separator from a mechanical standpoint. Blending cellulose with another less brittle polymer 

may be beneficial in this regard. Our preliminary results show that a blend of cellulose and 

PVDF-HFP dissolved in DMSO can be used to produce cellulose-based membranes with 

pore directionality via tape/freeze casting as shown in Figure C.1 (a). In order to demonstrate 

the efficacy of these cellulose-based membranes as separators, further testing including 

electrolyte affinity, mechanical response, and rate and cycling performance of coin cells need 

to be carried out.  

 

Polyimide (PI) separators are also long desired in the battery industry, since the high thermal 

stability of polyimide (> 300 oC) can reduce the risk of thermal runaway of batteries [6]. 

Although DMSO is found to be a good solvent for the commercial polyimide, Matrimid 5218, 

and a polyimide membrane can be tape/freeze-cast from the polyimide/DMSO solution, this 

membrane exhibits a relatively dense microstructure as shown in Figure C.1 (b). The absence 

of through-thickness pores and the presence of a bi-layer microstructure in this membrane 

suggests that the polyimide/DMSO solution may have undergone a non-solvent induced 

phase separation (NIPS) rather than freeze casting [7]. A more detailed study on the 

interaction between polyimide and DMSO in the solution is required if any application of 

such system is envisioned.  
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Figure C.1 Cross-sectional micrographs of (a) cellulose/PVDF-HFP membrane (b) 

polyimide membrane made with dimethyl sulfoxide as the solvent via tape/freeze casting.  
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