
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Freeze-Casting for Facile Synthesis of Novel Porous Materials 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School  

of Cornell University 

in Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

by 

Tiffany Vernice Williams 

February 2016 



 

 

 

 

 

 

 

 

 

 

 

 

© 2016 Tiffany Vernice Williams 



!

 

 

 

FREEZE-CASTING FOR FACILE SYNTHESIS OF NOVEL POROUS MATERIALS 

Tiffany Vernice Williams, Ph.D. 

Cornell University 2016 

 

Freeze-casting is a method of synthesizing porous materials from mixtures comprised of a 

dispersed phase (colloidal and/or solutal) and a liquid dispersant, typically water. Cooling the 

mixture to temperatures below the freezing point of water causes nucleation and growth of ice 

crystals along the thermal gradient. Exclusion of the dispersed phase results in the formation of 

two interpenetrating networks upon complete solidification of the water – one made from ice, the 

other comprised of the rejected colloid and/or solute. Removal of the ice via freeze-drying 

produces a structure made from the excluded phase, with micron-sized pores created by the ice 

template. This work will address the use of freeze-casting for facile synthesis of porous 

structures with tunable porosity, mechanical properties, and structural (bonding) order. 

The first part of this work is concerned with the use of freeze-casting in the preparation of porous 

scaffolds prepared from poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate), PEDOT:PSS, 

a semiconducting polymer complex. Aqueous dispersions of PEDOT:PSS were freeze-cast under 

a variety of conditions to examine the impact of dispersion concentration/composition and 

freezing conditions on the morphology and mechanical properties of the scaffold. Finally, 

PEDOT:PSS monoliths with appropriate porosity and mechanical robustness were used to study 

the electrical control of cell deposition in a 3D matrix. 
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The remainder of this work addresses the use of freeze-casting for the synthesis of hierarchical 

porous carbons (HPCs) prepared from various organic precursors. Hierarchical structure is 

generated through the use of an ice template, colloidal SiO2, and physical activation of the 

carbon. The impact of carbon precursor (glucose, sucrose, resorcinol, and resorcinol 

formaldehyde), SiO2 template, and freeze-casting conditions on the morphology and structural 

order was examined. Interestingly, the dispersion composition impacted the porosity generated 

by both the ice template and SiO2 particles via behavior akin to constitutional supercooling as 

observed in alloys. Additionally, the templating efficacy of the colloidal SiO2 was found to 

impact the structural order observed in the as-produced carbon. 
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1.0.0. Introduction 

1.1.0. Introduction to Porous Materials 

Porous materials are used in a number of applications such as gas storage/separation, catalysis, 

and filtration due to their low density and relatively high surface area to volume ratio. The 

energetics of surfaces arise due to the number of unsatisfied bonds present on the atoms present. 

Consequently, the development of additional surfaces increases the associated energy of that 

structure. 

In addition to the surface energy resulting from the formation of pores in a structure, there is also 

the development of unoccupied space that (in the absence of an intruding liquid) is filled with 

air. This porosity introduces a means through which another material (whether solid, liquid, or 

gas) may be introduced into the structure. In addition, the formation of pores decreases the 

density of the overall structure, thereby enabling use in applications where the structure’s 

lightweight nature and tunable mechanical properties offer improvements in performance, cost, 

and efficiency. 

There are a number of applications in which porous materials are of great benefit – due to 

surface energetics, void space, or a combination thereof – as compared to their nonporous 

counterparts: 

-  Gas storage: High surface area materials such as zeolites [1], carbons [2], polymers 

[3], and metal-organic frameworks (MOFs) [4] are of great interest due to their 

extraordinary capacity for gas adsorption. Fuel cells are promising energy sources for 

transportation; however the use of compressed gas raises a number of safety 

concerns, so solid-state technologies offer a viable alternative. 
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-  Filtration and separation: The porosity and surface area afforded by porous 

structures (e.g. electrospun [5] and block copolymer [6] based membranes) offer the 

possibility of high throughput, high sensitivity separation of liquids, especially with 

respect to water filtration. Because different pore structures are required for the 

filtration of various species in water (e.g. particulates, organic matter), the 

combination of materials or development of hierarchical structures can provide 

excellent performance resulting from high permeability coupled with selectivity. 

- Energy storage and conversion: Use of high surface area materials in devices such 

as supercapacitors can drastically improve their performance and capacity [7-8]. By 

incorporating interconnected porous structure, these supercapacitors demonstrate 

enhanced switching ability due to the ability for the facile ingress and egress of 

solvated ions in the electrodes [9]. 

- Biological applications: Using porous 3D scaffolds for cell culture provides an 

environment that fosters biologically relevant behavior in vitro [10]. The tunability of 

pore structure [11, 12] and mechanical properties [13, 14] of these scaffolds enable 

fine control of cell behavior that is useful to biomaterials research. 

Pore size, as defined by the International Union of Pure and Applied Chemistry (IUPAC) [15], is 

categorized as follows: 

- Macropores: > 50 nm diameter 

- Mesopores: 2-50 nm diameter 

- Micropores: < 2 nm diameter 
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and a porous material may contain pores of various size and shape. Contributions to surface area 

and pore volume are dependent on the pore diameter and morphology – smaller pores offer high 

surface area, but low pore volume, while larger pores offer higher volumes and lower surface 

area. The pores themselves may be open or closed (with respect to whether they are able to be 

accessed from the outside of the structure) with an arrangement in space that may possess order. 

Additionally, there may exist a hierarchy of pore structure, in which pores of different sizes are 

arranged throughout the 3D structure. Depending on the application for which the porous 

structure is to be used, it may be desirable to direct and tailor porosity in the material in order for 

enhanced performance. 

Porous materials may be prepared in a variety of ways that allow structural control with differing 

extents of relative ease. Polymerization of a monomeric compound can lead to the formation of 

interconnected structure [16-18], where further crosslinking can help to improve its mechanical 

properties and overall robustness. This method is a relatively easy way to make structures with 

high mesoporous surface area and interconnected porosity, however the extent to which the pore 

sizes themselves may be tuned is limited [19]. Ordered porous materials can be prepared from 

the use of block copolymers; this method is a powerful means of creating unique, complex 

morphologies by exploiting microphase separation that results from the self-organization of 

polymer domains. The use of sacrificial templates within the block copolymer allows for the 

formation of an ordered, interconnected structure upon treatment of the sample [6, 20-21]. 

Although the pore structure can be finely tuned by changing volume fractions of individual 

components, this method can be expensive and difficult to scale for industrial use. Other methods 

such as high internal phase emulsion polymerization can also be used to produce structures with 
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interconnected porosity [22-23]; however the resulting materials are sometimes mechanically 

weak structures with relatively low porosity. 

Porous materials may also be made through the use of hard or soft templates that act as structure-

directing agents. Soft templates [24-26] introduce porosity either by forcing the aggregation of 

species into a well-defined structure, or by directing the formation of structure through the 

development of linkages so that, when the templates are removed or disassembled, a porous 

structure remains. Hard templates [8, 27-29] shape the material into the desired morphology and 

are removed to produce a negative replica of the template itself. Hard templating is an effective 

means of preparing porous structures, however template removal adds extra time and expense to 

materials synthesis. 

 
Figure 1.1: Freeze-cast, macroporous structure prepared from polymeric colloidal dispersion. Scale bar: 100 um 

Freeze-casting is a method of hard templating in which interconnected, macroporous 3D 

structures (see Figure 1.1) are prepared from liquid dispersions with relative ease and cost; in 

this process, the porosity is generated from the formation of ice crystals upon dispersion 

solidification. The ice phase is removed from the structure via sublimation, in order to avoid the 

generation of strong capillary forces that will collapse the pores. This work will be primarily 
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concerned with the synthesis of porous structures via freeze-casting, as well as tuning of 

structure and properties in the context of biomaterials and energy storage applications. 

1.2.0.  Introduction to Freezing Phenomena 

1.2.1. Thermodynamics of Solidification of a Pure Liquid 

Freeze-casting is a technique for synthesizing macroporous structures from the 

suspended/dissolved material present in a colloidal dispersion or solution. Solidification of the 

dispersant begins with the formation of nuclei in the liquid phase at temperatures below its 

melting temperature TM as a result in the change in Gibbs free energy (ΔGhom): 

€ 

ΔGhom =VS ⋅ (GV
S −GV

L ) + ASL ⋅ γ SL     [30] 

where 

€ 

VS  is the volume of the solid phase, 

€ 

GV
S  is the Gibbs free energy per unit volume of the 

solid phase, 

€ 

GV
L  is the Gibbs free energy per unit volume of the liquid phase, 

€ 

ASL  is the solid-

liquid interfacial area and 

€ 

γ SL  is the solid-liquid interfacial free energy. The driving force for 

nucleation is strongly dependent on the extent to which the liquid is undercooled and is given as: 

€ 

ΔGhom =
LV ⋅ ΔT
Tm      [30]

 

where 

€ 

LV  is the latent heat of fusion per unit volume and

€ 

ΔT  is the undercooling of the liquid 

from its melting temperature 

€ 

TM . Solid nuclei develop homogeneously when a cluster of 

molecules in the liquid forms an ordered structure, and are stable when the cluster radius is as 

large or is larger than the critical radius size 

€ 

r*: 

€ 

r* =
1
ΔT

2⋅ γ SL ⋅ Tm
LV
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     [30]
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The size of the cluster is dependent on the extent to which the liquid is cooled below 

€ 

Tm  - 

smaller undercoolings require the formation of a larger cluster, while larger undercoolings allow 

for the growth of smaller nuclei. Below 

€ 

r*, the nucleus is unstable and will shrink with time. 

Heterogeneous nucleation occurs due to the presence of a surface M that facilitates the ordering 

of the liquid phase, where the Gibbs free energy change (ΔGhet) is expressed as: 

€ 

ΔGhet =VS ⋅ (GV
S −GV

L ) + ASL ⋅ γ SL + ASM ⋅ γ SM − ASM ⋅ γML   [30] 

where 

€ 

ASM is the area of the solid-surface interface, 

€ 

γ SM  is the solid-surface interfacial free 

energy, and 

€ 

γML  is the surface-liquid interfacial free energy. The presence of surface M decreases 

the free energy barrier for nucleation of a solid; however the critical nucleus size 

€ 

r* does not 

change. 

Growth of the solid into the supercooled liquid favors the formation and growth of perturbations 

on the solid surface as a result of easier heat transfer from the solid to the liquid. The growth 

velocity (v) of these dendrites is given as: 

€ 

v ≈ KL

LV
⋅
ΔT
r       [30]

 

where 

€ 

KL  is the thermal conductivity of the liquid. Faster dendrite growth is favored with large 

undercoolings, small nucleus size, and high thermal conductivity of the liquid phase. A 

schematic of growth of solid in the presence of supercooled liquid is shown in Figure 1.2. 
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Figure 1.2: (left) temperature profile in a supercooled liquid, (middle) heat transfer from the solid into the supercooled liquid,  

(right) growth of a perturbation from a planar surface [30] 

1.2.2. Thermodynamics of Solidification of a Solution 

The freezing point of a liquid is depressed with the addition of solute (e.g. NaCl, KNO3) due to 

the increase in its entropy; the extent of this freezing point depression (ΔTf) is given as: 

€ 

ΔTf = K f ⋅ m       [30] 

where Kf is the molal freezing point depression constant of the solvent and m is the molality of 

the solute. In order for the solvent to freeze it must first reject the dispersed phase, which is 

concentrated in the liquid adjacent to the dendrite. The concentration profile of the solute (seen 

in Figure 1.3) in the freezing region is responsible for constitutional supercooling observed in 

the liquid ahead of the solid for temperatures below the equilibrium liquidus temperature.  



! 8!

 
Figure 1.3: (top) Solute concentration profile in the solidification region; (bottom) constitutional supercooling resulting from solute buildup [30] 

Formation of stable perturbations (and subsequent dendrite growth) on the planar solid front 

requires a region of constitutionally supercooled liquid ahead of the solid; consequently the 

temperature profile of that liquid influences the geometry of the dendrites. Several examples of 

grain morphology resulting from the liquid temperature gradient may be seen in Figure 1.4 

below. 

 
Figure 1.4: Various grain morphologies resulting from differently sized regions of constitutional supercooling [31] 

For sample A, the temperature gradient is too steep to produce any regions of constitutional 

supercooling which leads to the formation of a planar solidification front. A small region of 
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constitutionally supercooled liquid produces a flecked microstructure  (sample B); increasing the 

amount of constitutionally supercooled liquid ahead of the solidification front leads to the 

formation of irregular sized grains (sample C) and elongated grains (sample D). Further increase 

leads to the formation of a regular cellular structure (sample E) in the resulting solid. 

The growth velocity (v) of the dendrite tip of radius R in a solution is given by: 

€ 

v =
2⋅ Γ⋅ Dsolute

R2 ⋅ σ* ⋅ k0 ⋅ ΔT0

Ct

C0

& 

' 
( 

) 

* 
+ 
     [32]

 

where Γ is a capillarity term (related to the energy of the solid-liquid interface), Dsolute is the 

diffusion coefficient of the solute, k0 is the equilibrium partition coefficient, σ* is a “stability 

parameter” constant, Ct is concentration of solute at the dendrite tip, C0 is the concentration of 

solute in the bulk, and ΔT0 is related to the liquidus slope m and C0 as follows: 

€ 

ΔT0 =
m⋅ C0(1− k0)

k0       [32]
 

The effect of Dsolute on the freezing of sugar-water solutions was examined by M. Butler in 2002 

with optical interferometry as a means of observing the occurrence, morphology, size, and 

velocity of solutal ice dendrites [33]. In this study, Butler observed no significant difference in 

the solidification process due to the different solutes used (glucose, maltose, maltotriose, and 

dextran); however, the diffusion coefficients of the various solutes (arising due to MW and 

concentration) impacted the growth velocity of dendrites greatly. In addition, the extent to which 

the solutions were undercooled greatly impacted the morphology of observed dendrites. 

Dendrites that formed in solutions with very little undercooling exhibited large, rounded main 

branches with no significant development of the main branches. Increasing the extent to which 

the solution was undercooled led to enhancement of secondary and tertiary dendrite growth so 
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that, when the distance between the primary dendrite and secondary dendrite reached a threshold 

length, growth of the tertiary branches became dominant. At sufficiently large undercoolings, 

rapid growth of the primary dendrites appeared to overwhelm the growth of tertiary branches. 

1.2.3. Solidification of a Colloidal Dispersion 

A colloidal dispersion is a uniform mixture of small particles that are dispersed in a liquid 

medium. Dispersion stability is influenced by functionalities present on the particle surface – e.g. 

OH groups on a SiO2 nanoparticle – and additives that mitigate aggregation of the particles. 

There are a number of dispersions that are commercially available that have very finely 

controlled properties (particle size, surface charge, etc.) for a variety of applications. 

In 2006, Peppin et al. published a mathematical model describing the development of 

morphological instabilities that arise during unidirectional solidification of homogeneous 

colloidal dispersions [34]. The freezing behavior observed in a dispersion is directly related to 

the size of the particles present which influences the particle diffusion coefficient D in the 

suspension. At a given volume fraction ϕ of particles in the liquid: 

€ 

D(φ) =
(1−φ)6 ⋅ kB⋅ T
6⋅ π ⋅ R⋅ µ

⋅
d(φZ)
dφ     [34]

 

where kB is Boltzmann’s constant, T is temperature, R is the particle radius, μ is the dynamic 

viscosity of the fluid, and Z is a fluid compressibility factor [7]. Sufficiently small particles (nm 

sized) undergo Brownian diffusion upon phase exclusion resulting from solidification of the 

continuous phase, in a manner similar to that of molecules in liquids. Consequently, a boundary 

layer of particles develops in the dispersion just ahead of the ice front and the liquid becomes 

constitutionally supercooled. In this supercooled region, perturbations that develop at the planar 
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solid/liquid interface are stable and will grow into the liquid. Brownian diffusion is weaker for 

larger particles (um sized), and so the rejection of these particles ahead of the ice front results in 

the formation of a uniform, porous medium (comprised of particles and liquid-filled interparticle 

voids) at the solid/liquid interface. In this case, the freezing point Tf can be expressed as: 

€ 

Tf =
Tm

1+mφz
      [34] 

where Tm is the freezing temperature of the pure dispersant, ϕ is the local particle volume 

fraction, z is the compressibility factor of the dispersion, and m is:  

€ 

m =
kBTm
vpρ f L f

      [34] 

where kB is Boltzmann’s constant, vp is the particle volume, and Lf is the latent heat of 

solidification [34]. Here, constitutional supercooling-type behavior and the solidificiation 

phenomena accompanying it may also occur. However, additionally, the nucleation of additional 

ice crystals in the supercooled liquid in the porous region may also occur, provided the matrix is 

sufficiently stable. 

Further investigation into interfacial stability during freezing of a colloidal dispersion [35] 

showed that increasing the concentration of colloid at the solid/liquid interface has a stabilizing 

effect on perturbations that form on the planar ice front. Additionally, Peppin determined that 

increasing the size of colloid in the dispersion suppresses the formation of perturbations at the 

interface. However, it is worth noting that increasing particle size results in lower diffusion 

coefficients so that sufficiently large particles will become entrapped in the ice phase. A year 

later, Peppin successfully verified these theoretical results by targeting specific ice 

microstructure (stabilized planar front vs. dendrite formation) using dispersions of bentonite; 
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thereby demonstrating that the solidification of colloidal dispersions can be treated in a similar 

way to the solidification of atomic and molecular solutions [36]. 

In 2009, Sylvain Deville et al. further explored crystal growth and particle movement in simple 

colloidal dispersions (Al2O3 in water) frozen at a known rate using fast X-ray computed 

tomography [37].  Using this method, Deville was able to probe the development of structure in 

solidified dispersions through image analysis, as the particle phase and ice phase interact 

differently with the X-rays used to image the samples. Dispersions were freeze-cast on a cold 

surface to generate lamellar microstructure; representative images of the samples are presented in 

Figure 1.5.  

The development of instabilities on lamellar crystals led to the formation of cell-like 

microstructure as a result of homogeneous ice crystal nucleation in constitutionally supercooled 

liquid ahead of the ice front. Nuclei that are favorably oriented will undergo rapid growth in that 

region, leading to the formation of large crystals that are oriented perpendicular to the thermal 

gradient. Consequently, the morphology transitions from an anisotropic lamellar microstructure 

to a more uniform cellular one. 

 
Figure 1.5: Probe of the development of instabilities in frozen colloidal dispersions [9]. A: 3D reconstruction (360 um x 360 um x 360 um) of a 

solidified dispersion containing 0.2 um sized particles. White arrows indicate the location of localized instabilities formed in the structure. B: 
Side view of instabilities formed during freeze-casting. C: Radiograph of a sample showing the presence of instabilities, viewed as light 

horizontal streaks in the image. D: Plot of particle fraction present at the location of each instability. E: 3D reconstruction (360 um x 360 um x 
360 um) of a solidified dispersion containing 1.3 um sized particles. Instabilities are not present in this sample, due to larger particle size in the 

sample. [37] 

 a  b  c  d  e 
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Development of a homogeneous lamellar structure (with no instabilities formed during 

solidification) is dependent on particle size and the speed at which the solidification occurs. 

Consequently, a phase diagram (Figure 1.6) over the experimental space may be constructed – at 

high front velocities and large particle sizes, entrapment of the particles in the ice phase occurs. 

Sufficiently low front velocities lead to complete rejection of the particle phase. Only at 

intermediate front speeds does the formation of interpenetrating networks of ice and particles 

occur. The locations of metastable and unstable morphologies are indicated with green and red 

regions, respectively, on the phase diagram. 

 
Figure 1.6: Stability diagram of morphologies attained upon solidification of a colloidal dispersion at a range of interface velocities and particle 

sizes. The hatched region in the diagram indicates the experimental conditions probed in Deville’s study. [37] 

In 2013, Deville et al. presented a real-time study of morphology evolution in the unidirectional 

solidification of an aqueous SiO2 dispersion (100 nm dia.) using fast X-ray computerized 

tomography [38]. A sample time evolution of the structure as the dispersion is frozen is shown in 

Figure 1.7 below. By observing the solidification of the dispersion in real time, Deville 

concluded that dilute, small particles exert no influence on the growth of ice crystals. Sufficiently 

dilute suspensions behave similarly to viscous liquids, with a freezing point that is determined by 
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the particle concentration. In order for these assumptions to hold, Deville posits that the particle 

size must be 1-2 orders of magnitude smaller than the ice crystals; sizes larger than this will exert 

a noticeable influence on the growth and nucleation of the ice phase. The explanation for this 

phenomenon arises in Deville’s 2009 work – larger particles stabilize the planar lamellae and 

prevent the development of instabilities that coincide with a cellular-type microstructure. 

 
Figure 1.7: X-ray tomography images of solidified sample obtained at time t. Temperature gradient (low to high) present in dispersion is from 

bottom to top [38] 

1.3.0. Freeze-Casting for Generation of Porous Materials 

The phase separation accompanying solidification of a colloidal dispersion can be utilized for the 

formation of porous media comprised exclusively of the dispersed phase. Freeze-drying 

(lyophilization) of the solid structure leads to the sublimation of the ice, thereby preventing 

structural collapse as a result of strong capillary forces that develop during melting. 

Consequently, the remaining structure has pores that are replicas of the ice phase created during 

the freezing process. This method (known as freeze-casting, ice templating, ice segregation 

induced self assembly) has been used to prepare porous structures from a variety of materials 

such as ceramics, biomolecules, polymers, and composites. 

Freeze-casting produces macropores whose size and morphology are a direct result of the 

freezing conditions and dispersion composition used. In 2007, Deville et al. presented a study on 

the mechanical properties and microstructure of freeze-cast alumina/hydroxyapatite composite 
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materials, finding that for an equivalent organic/inorganic content, freeze-cast structures offered 

superior fracture resistance as compared to natural materials such as nacre [39]. The 

microstructure – especially thickness of the macropore walls constituting the structure – was 

greatly influenced by the speed of the ice fronts. Faster growth of the ice phase led to thinner 

pore walls. Additionally, the thickness of pore walls was dependent on the water content of the 

slurry to be freeze-cast – samples with higher water content had thinner pore walls present in the 

final structure. The mechanical properties of these structures are controlled by microstructure 

and the infiltration of structure with additional materials (e.g. Al, epoxy) after freeze-casting. 

Due to their excellent mechanical properties and biocompatibility, these freeze-cast structures are 

promising candidate materials for biomaterials research and applications. Deville mentioned that 

it is more difficult to obtain structures from dispersions with < 40 wt% ceramic content (without 

the increase of binder used), and that decreased ceramic content leads to lower mechanical 

stability of the resulting structure. 

Additional materials for bioengineering studies have been prepared via freeze-casting of collagen 

dispersions. Using the freeze-casting method, O’Brien et al. prepared porous scaffolds from 

collagen/glycosaminoglycan mixtures in order to understand the relationship between pore size 

and bone cell behavior in vitro [40]. After 7 days of cell culture, O’Brien found that cells were 

much more successful in invading/colonizing scaffolds with large pores (325 um diameter), as 

compared to structures made with smaller pores. Structural inhomogeneity in collagen-based 

scaffolds was investigated by Pawelec et al. through the preparation of scaffolds where structural 

anisotropy was influenced by the total volume of sample freeze-cast in poly(methyl 

methacrylate) molds [41]. A gradual transition in morphology (from isotropic cells to aligned 

lamellae) was observed along the direction of the applied thermal gradient. In probing the effect 
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of sample volume on cooling rates, Pawelec observed very little variation in the nucleation 

temperature of ice crystals at the bottom of the samples, while the thickness of the sample greatly 

influenced nucleation temperature on the sample tops. Additionally, when the top of the sample 

was above its equilibrium freezing temperature, an anisotropic pore structure was created. 

Through careful control of freezing conditions, it is possible to create bioactive structures with 

porosity that can be fine-tuned for a variety of tissue engineering applications/studies. 

1.3.1. Controlling Structure of Freeze-Cast Materials 

The pore structure created via freeze-casting may be tuned by changing parameters such as: 

- Solvent used: Solvents other than water may be used for freeze-casting, provided 

they are able to be sublimed from the structure with minimal impact on the pore 

structure produced via solvent solidification. Araki et al. prepared ceramic freeze-cast 

structures from dispersions comprised of 400 nm Al2O3 particles in camphene, an 

organic solvent that can undergo dendritic solidification at room temperature [42]. 

Upon solidification, the camphene was sublimed from the structure and the porous 

“green body” was sintered at high temperature to improve the mechanical properties 

of the structure. By varying the solid content of the alumina dispersion, structures 

with controllable porosity (pore size and wall thickness) were obtained. Camphene 

has also been used to prepare freeze-cast structures from bioactive glass/poly-L-

lactide [43], hydroxyapatite-based composites [44], and polysiloxanes [45]. Other 

solvents such as cyclohexane [45], tert-butanol [45], and glycerol [44] are also in use 

for the synthesis of freeze-cast structures. 

- Solvent viscosity: The viscosity of the dispersant has been shown to impact the 

mechanical properties of the resulting freeze-cast monolith. Increased viscosity of 
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aqueous dispersions comprised of TiO2 [46] and Al2O3 [47] has led to improved 

compressive modulus of the macroporous structure after drying and sintering. 

- pH of dispersant: Microstructure observed in freeze-cast monoliths prepared from 

materials such as TiO2 [46] and graphene [48] is greatly influenced by the pH of the 

colloidal dispersion prior to solidification. 

- Solvent additives: Porter et al. incoporated varying amounts of isopropanol to the 

dispersions prior to freeze-casting and observed an influence on the pore area and 

pore aspect ratio due to the formation of clathrate hydrates with different crystal 

structures [46]. Additionally, Deville et al. used zirconium acetate to structure freeze-

cast dispersions of yttria-stabilized-zirconia in order to structure ice in very specific 

ways [49]. 

- Temperature: As previously mentioned, the temperature used to freeze a dispersion 

of particles can influence the shape of ice crystals by causing different extents of 

constitutional supercooling. Consequently, it is possible to attain pores with a variety 

of morphologies, from lamellar ones to cellular ones. 

- Dispersion concentration: By increasing the amount of colloid in the dispersion, the 

pore wall thickness may be tuned deliberately to improve mechanical properties (via 

higher solid loading) or porosity. 

In so doing, it is possible to exercise fine control over the mechanical properties and 

microstructure of the porous monolith prepared via freeze-casting through the deliberate tuning 

of synthesis parameters. 
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1.4.0. A Note on the Structure Obtained via Freeze-Casting, in Contrast to “Cryogel” 

Structure 

There has been a significant amount of confusion in the identification of a freeze-cast monolithic 

structure, as compared to a “cryogel” which is obtained upon freezing of a structure with pre-

existing gel (read: interconnected) morphology [50]. Gels are porous structures comprised of 

both liquid and a crosslinked continuous phase made of colloid or polymer. Consequently, they 

appear to be a solid material. Gels (often with a continuous phase of alcohol or water) may be 

dried to create a porous material with density dependant on the means by which they are dried – 

aerogels are very light materials formed upon the solvent exchange and subsequent supercritical 

CO2 drying of a hydrogel. These structures are lightweight and can be strong. Xerogels are 

prepared from hydrogels/alcogels that are dried under conditions that lead to their densification 

(through the action of capillary forces that significantly collapse pore structure).  Cryogels may 

be prepared in a variety of ways – e.g. via solvent exchange (e.g. from water to tert-butanol) 

prior to freezing – however the solidification and subsequent sublimation of the liquid phase 

from the structure defines the formation of a cryogel. Cryogels are prepared from structures 

having some well-defined form prior to freezing, as compared to freeze-cast structures that are 

made from dispersions or solutions. Consequently, there is structure retained in the cryogel that 

was originally present in the original wet gel. 
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Figure 1.8: TE micrographs of cryogel (left) and freeze-cast structure (right) prepared from resorcinol formaldehyde. Scale bar: 200 um 

As compared to cryogels, freeze-cast structures prepared from polymeric dispersions lack 

significant mesoporous surface area as a result of the shear forces acting on the particles during 

the freezing process. The phase separation accompanying solidification leads to the “pushing” of 

these particles between adjacent ice crystals so that they are, essentially, molded together into a 

single form. As seen in Figure 1.8, there is still some texture to the freeze-cast polymer; 

however, it possesses significantly less porosity than its cryogel counterpart. 

1.5.0. Freeze-casting for the Facile Synthesis of Porous Materials 

In this work, freeze-casting will be presented as a means of creating porous materials from a 

variety of organic compounds for biomaterials and energy storage applications. In Chapter 2, we 

will address the synthesis and properties of freeze-cast poly(3,4-ethylenedioxythiophene)/ 

poly(styrenesulfonate) (PEDOT:PSS) monoliths, later used as scaffolds for cell growth. Chapter 

3 will focus on the use of freeze-casting for the formation of 3D hierarchically porous carbons 

(HPCs) with tunable porosity, prepared from monomeric precursors (i.e. glucose, sucrose, and 

resorcinol). The use of polymeric precursor (resorcinol formaldehyde) for HPC synthesis will be 

presented in Chapter 4. Here, we will examine the influence of RF particle size, SiO2 particle 

size, and freezing temperature on the pore structure and graphitic ordering observed in the HPCs. 

Finally, in Chapter 5, we will address the challenges and opportunities for the further 
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implementation of freeze-casting in the synthesis of materials for academic research and industry 

applications. 
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2.0.0.  Porous PEDOT:PSS Monoliths for Biomaterials Applications 

2.1.0  Materials for Biological Studies 

The intersection of materials science and biology has led to the focused development of materials 

that are engineered specifically for biomedical applications. Traditionally, flat 2D substrates 

were used for studies probing cell behavior; however, they do not accurately reflect the typical 

environment of cells found in vivo. Adhesion of a cell to a surface requires generation of tension 

within its cytoskeleton, and consequently the cell is able to probe the mechanical properties of its 

surroundings. Two-dimensional surroundings do not typically offer the same environment to the 

cells – leading to different behavior observed in vitro – when compared to more physiological 

three-dimensional environments. As an example, it has been shown that the development of focal 

adhesions (structures that mediate attachment of cells to a substrate) greatly differs between 2D 

and 3D environments [10].  There is a need for the development of 3D matrices to be used for 

these types of studies so that the observed cell behavior (e.g. differentiation, migration, protein 

expression) is more biologically relevant.  

What are the important properties of a 3D matrix to be used for cell research? Firstly, the 

mechanical properties of the scaffold should be representative of those observed in vivo [51]. 

This means that the stiffness of the matrix matters – neural cells require a much more compliant 

environment (in vivo: 260-490 Pa [52]), as compared to one used for the growth of bone cells (in 

vivo: 2-20 GPa [53]) – with regard to the observation of biologically relevant behavior. 

Additionally, the scaffold must have a system of interconnected pores that are appropriately 

sized to accommodate cell invasion, motility, growth, and differentiation [11]. To sustain these 
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activities, the scaffold material must be biocompatible: its breakdown should not release 

degradation products that are cytotoxic or that influence the behavior of the hosted cells in 

undesirable or unpredictable ways [54]. There are a number of additional considerations toward 

the usefulness/feasibility of engineered 3D structures (e.g. cost of scaffold production, ease with 

which scaffold production may be scaled up); however, these factors are secondary in this 

discussion.  

There exist a large variety of approaches toward the production of scaffolds that are appropriate 

for cell studies. In some cases, native extracellular matrix (ECM) is derived from existing tissue 

(via detergent-mediated decellularization) and is then seeded with new cells [55]; however the 

expense and effort associated with this method renders it highly impractical for large-scale 

applications. The development of inexpensive, synthetic scaffolds that may be used in place of 

ECM, therefore, is of great interest to the scientific community. Structures made from hydrogels 

(derived from collagen [56], polyacrylamide [57], etc.) offer tunable porosity and mechanical 

properties by way of modified polymerization conditions, crosslinker usage, and additive 

incorporation. Additionally, 3D scaffolds with unique morphologies and structure may be 

prepared through the use of sacrificial templates [58]. Polymer-based structures may be prepared 

via electrospinning [59], though this method does not offer fine control of porosity in the 

resulting fibrous networks. Finally, methods such as solvent casting/leaching [60], thermally-

induced phase separation [61], extrusion [62], and 3D printing [63] have also been explored as 

means of creating extended porous architectures. 

Great interest has been expressed in the development of structures made from electrically 

conductive materials as a means to stimulate and sense cell behavior. Poly(3,4-

ethylenedioxythiophene)/poly(styrenesulfonate), PEDOT:PSS, is a semiconducting polymer 
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blend that has been modified in various ways to prepare thin-film sensors for detecting molecules 

such as ascorbic acid, hydrogen peroxide, glucose, and dopamine. Developing a 3D platform for 

these sensing applications would likely improve throughput and sensitivity. 

In 2009, Wan et al. reported for the first time, the ability to control cell deposition on a substrate 

using an applied voltage [64]. In this study, poly(3,4-ethylenedioxythiophene)/p-

toluenesulfonate, PEDOT:TOS, was cast as a thin film and immersed in a bath of cell growth 

medium. The ends of the film were attached to an electrode and biased to +1 V and -1 V to 

establish an electrochemical gradient across the film. After the film equilibrated for 1h, the 

voltage was removed. Cells were then seeded on the film in the absence of an applied voltage. 

They observed that the cells preferentially deposited on the oxidized (+1V) end of the film, and 

that there was a gradient of cell deposition along the length of the film. (Cells seeded on the film 

in the presence of an applied voltage were not viable.) This result was due to the development of 

a redox gradient along the film length, induced by the applied voltage, which moderated the 

conformation of adsorbed protein [65]. The adsorption of this protein, fibronectin, is vital to cell 

adhesion on the PEDOT:TOS surface; therefore, the ability to electrochemically control 

fibronectin conformation is a very useful tool for future biomaterials work. 

Extension of this work to 3D conducting polymer systems would provide a means of controlling 

cell deposition in an environment that better resembles in vivo settings. Freeze-casting is a facile 

means of creating porous structures with tunable morphology and mechanical properties; 

consequently, the work presented in this chapter is concerned with the use of semiconducting 

polymer dispersions for the preparation of 3D scaffolds, with porosity well-suited for cell 

development and growth. The polymer complex used to prepare the freeze-cast structures was 
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switched to poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate), PEDOT:PSS, which is 

significantly easier to prepare/handle than PEDOT:TOS. 

2.1.1. PEDOT:PSS as a Structural Material 

PEDOT:PSS, is a water-dispersible polymer complex, the structure of which is shown in Figure 

2.1. The pi-conjugation present in PEDOT leads to significant electrical conductivity, while PSS 

is incorporated into the structure to improve its overall hydrophilicity. 

When PEDOT:PSS is cast as a film, the PSS ionomer takes on a random coil conformation [66]. 

PEDOT chains connect to the PSS backbone via ionic bonds. PEDOT:PSS is often made as a 

nonstoichiometric mixture of the two polymers, with less PEDOT than PSS.  

 
Figure 2.1: PEDOT:PSS structure 

PEDOT:PSS films have significant electronic and ionic conductivity. Their ionic conductivity 

arises from the presence of cations that are associated with free sulfonate groups on the PSS. The 

electrical conductivity of the ionomer is due to π-conjugation of the PEDOT. The electrical 

conductivity of PEDOT:PSS films can be significantly enhanced by adding small amounts of 

polar solvents [67-69] to the PEDOT:PSS suspension which influence the orientation of the 

PEDOT polymeric backbone. 

Commercially, aqueous dispersions of PEDOT:PSS are available in a number of different forms 

with properties varying depending on the intended application (e.g. photovoltaic cells, lighting, 

energy storage, transparent conducting electrodes). These formulations may utilize different 
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ratios of PEDOT to PSS, concentrations of PEDOT:PSS, particle sizes, and additives in order to 

achieve optimal properties for the given use. Consequently, it is possible to prepare low viscosity 

PEDOT:PSS dispersions with small particle sizes (i.e. Clevios P VP AI 4083) that are well-

suited for spin-coating thin films or dispersions with high electrical conductivity (Clevios PH 

1000, with electrical conductivity as high as 1000 S/cm, due to the incorporation of dimethyl 

sulfoxide).  

PEDOT:PSS has traditionally been used as a thin film material in organic light emitting diodes 

[70] and organic photovoltaics [71]. There is currently a push toward the 3D structuring of 

PEDOT:PSS in order to produce electrically conductive structures for similar applications. 

Three-dimensional interconnected PEDOT:PSS networks have been prepared using gelation and 

freeze-casting methods. Zhang et al. prepared PEDOT:PSS-based aerogels from the solvent 

exchange and supercritical drying of a PEDOT:PSS hydrogel with modest BET surface area 

(178-370 m2/g) due to the presence of mesopores ~10 nm in diameter [72]. The macroporosity of 

these structures, produced from the nucleation and growth of ice crystals in the dispersion, 

appeared to be lamellar, with macropore widths on the order of 50 um, and thicknesses of less 

than 25 um.  

Porous PEDOT:PSS structures have structural and electronic properties that render them 

promising in a number of applications: 

- Catalyst supports: The electronic and ionic conductivity of PEDOT:PSS monoliths 

coupled with their high surface area render them excellent candidates for inclusion in 

proton exchange membrane (PEM) fuel cells. It has been shown [73] that similar 

PEDOT:PSS systems loaded with Pt and Ru nanoparticles perform on par with 

commercially-available carbon-supported catalysts in the electrocatalysis of oxygen 
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reduction in PEMs. Freeze-casting is a quick, facile method to produce catalyst-loaded 

scaffolds that, we expect, will perform as well as the systems used in that work. 

- Adsorbents: The many chemically active sulfonate groups on the PSS ionomer render 

PEDOT:PSS an excellent candidate for cation adsorbents in devices used for solution-

based or vapor-state component separation [74]. In these devices, it is important to have 

high internal porosity to allow the analyte to quickly move through the material. 

Therefore, the high surface area and pore volume of PEDOT:PSS combined with the 

activity of the sulfonate groups would allow for rapid, efficient adsorption of the desired 

material coupled with high throughput of solvent/gas. 

- Sensors: The presence of polar sulfonate groups in PEDOT:PSS also makes them useful 

in vapor sensor arrays. Prior work has shown that PEDOT:PSS films exhibit greater 

sensitivity than carbon black composites in the differentiation of polar organic vapors and 

polar/nonpolar vapor mixtures [75]. The high surface area of PEDOT:PSS monoliths may 

allow for better resolution by allowing for more interaction between the analyte and 

detector, while monolith porosity could enhance thoroughput. 

- Electrochemical capacitor electrodes: Spin-coated PEDOT:PSS films loaded with 

RuO2•xH2O nanoparticles have shown significant capacitance (653 F/g) [76]. The 

specific capacitance of these devices increased with higher RuO2•xH2O nanoparticle 

loading in the films. Because PEDOT:PSS monoliths have high intrinsic surface area, 

thereby increasing the amount of catalyst availability per unit volume, we expect that 

devices made using freeze-cast PEDOT:PSS would reach higher values of capacitance. 

- Biomaterials research: An important objective in the study of cell behavior in vitro is 

the production of a biologically relevant matrix in which the cells to be studied will live. 
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A three-dimensional network of “struts” produced by the freeze-casting process allows 

for the adhesion of seeded while also providing ample space for growth, migration, and 

differentiation. Because the freeze-casting method provides tunability of monolith 

porosity and mechanical properties, it is possible to develop a scaffold with optimized 

stiffness and pore size for a given application.  Additionally, electrical control allows us 

to tune the conformation of proteins adsorbed to the 3D scaffold, which ultimately 

dictates cell functions. 

The structures prepared by Zhang and co-workers do not possess the appropriate morphology for 

cell studies, since the aspect ratio of the pores is high and their thickness is small; in this study 

here, we used of a modified freeze-casting technique to prepare macroporous structures for cell 

studies. To achieve sufficiently large pore sizes, we utilized lower concentrations of PEDOT:PSS 

dispersions, combined with milder freezing conditions. 

2.1.2.  Control of Freeze-Cast PEDOT:PSS Structure 

Freeze-cast PEDOT:PSS structures were first reported in 2011 by Zhang et al. [77]. This study 

examined structural differences between monolith produced by rapidly freeze-casting aqueous 

PEDOT:PSS in liquid nitrogen to cryogels obtained by freezing PEDOT:PSS hydrogel under the 

same conditions. It was observed that the microstructure of the freeze-cast polymer was 

comparable to that of the frozen hydrogel.  

This result has not yet been followed up with more detailed studies concerned with the 

optimization and tuning of pore structure in freeze-cast PEDOT:PSS structures; therefore, this 

study systematically probes the structural control of these materials. Three parameters were 

expected to be key in controlling scaffold microstructure: 
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- Precursor composition: The polymer concentration of the suspension can be easily 

varied by controlled evaporation of the solvent. We suspect that increasing the 

concentration of polymer will lead to smaller pores as a result of either greater pore 

density or increased cell wall thickness. 

- Freezing rate: The temperature at which the sample starts to freeze greatly impacts the 

rate of nucleation and ice growth. To investigate this phenomenon, we have examined the 

microstructure resulting from different freezing rates – 0.45°C/min to 5°C/min – as the 

sample is cooled from 5°C to -40°C. We anticipate that rapid freezing will lead to a 

greater number of ice nucleation sites in the solvent and consequently a higher density of 

pores in the material. Conversely, we expect slower freezing to yield larger ice crystals, 

which will result in a monolith with larger pores. 

- Mold composition: Because the thermal conductivity of the mold affects how rapidly the 

suspension inside can cool, its composition can influence the solvent freezing behavior, 

thereby changing the subsequent microstructure of the PEDOT:PSS monolith. Molds 

made from materials having high thermal conductivity lead to rapid freezing of the 

material at the mold-suspension interface, while molds made from low thermal-

conductivity materials allow the suspension to freeze at roughly the same rate throughout.  

We have examined the difference between freezing behavior in brass molds (with high 

thermal conductivity) and polytetrafluoroethylene (PTFE), which has much lower 

thermal conductivity. We therefore expect samples frozen in highly thermally conductive 

molds to have a drastically different microstructure when compared to samples frozen in 

thermally insulating molds. 
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Modification of these parameters (individually or in concert) should allow for the facile creation 

of polymer monoliths with very tunable porosity. 

2.1.3.  Hydrophilicity of PEDOT:PSS 

The reactivity of PEDOT:PSS’ sulfonate groups provides a means by which a monolith can 

readily incorporate water (via hydrogen bonding) into its structure, possibly leading to decreased 

porosity resulting from polymer swelling. Additionally, wetting may also affect the mechanical 

properties of the scaffold. The dry scaffold may be considered a two-phase material, with an 

interconnected network of polymer throughout the sample and air in the void space. In this case, 

it is possible to model the elastic modulus of the monolith as a function of porosity, where the 

nonporous material would have the highest effective modulus and the modulus would decrease 

continuously with increasing porosity [78]. This is not necessarily the case for hydrated polymer 

scaffolds, where water inclusion would result in higher mobility of the polymer chains. Prior 

research [79] has shown that the modulus of wet hydrophilic polymers is significantly less than 

that of a dry polymer, due to the greater capability for movement of the polymer chains in 

response to an applied stress. We would therefore expect fully hydrated monoliths to be 

significantly more compliant than their dry counterparts. This difference may have a negative 

impact on the functionality of a device in which PEDOT:PSS monoliths are used. Consequently, 

control of the structure and mechanical properties is highly important for these applications. 
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2.2.0.  Monolith Synthesis and Characterization 

2.2.1.  Preparation of PEDOT:PSS Monoliths via Freeze-Casting 

Monoliths were freeze-cast in molds with rectangular wells (7 x 10 x 2 mm3) that were cleaned 

and dried prior to use. Two types of molds were used for these experiments – brass and 

polytetrafluoroethylene (PTFE) – in order to examine the impact of mold thermal conductivity 

on the monoliths’ resulting porosity. Prior to use, the brass molds were cleaned with fine-grit 

sandpaper in an effort to remove surface oxides present. 140 uL of PEDOT:PSS (Clevios PH-

1000, Heraeus) dispersion was pipetted into each well and the mold was then placed inside a 

temperature-controlled shelf freeze-dryer (Advantage EL-85, SP Scientific) set to 5°C. The shelf 

temperature was then ramped down to -40°C at a known rate (0.45°C/min, 0.9°C/min, 5°C/min). 

Upon freezing, a vacuum of <0.10 mbar was set and the shelf temperature was raised to 20°C. 

The samples were dried for 24h before removing them from the dryer. Upon removal, the 

samples were annealed under vacuum (-30 inHg) at 140°C for 3h. Monoliths were stored in glass 

vials and kept at room temperature until needed. 

PEDOT:PSS dispersions with varied composition were prepared to probe the impact of additives 

and concentration on monolith structure. PEDOT:PSS was purchased as 1.25 wt% dispersion; to 

prepare diluted PEDOT:PSS, deionized water (18.2 MOhm cm) was added to a known weight of 

dispersion and mixed via inversion. Additionally, the PEDOT:PSS dispersion was concentrated 

by heating at 100°C under vacuum while monitoring the mass of sample remaining. The 

PEDOT:PSS was concentrated to 2.5 wt% only, as the dispersion became increasingly viscous 

beyond this point.  
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Finally, the impact of (3-glycidoxypropyl)trimethoxysilane (GOPS) (98%, Sigma-Aldrich) 

crosslinker inclusion was investigated in the freeze-cast dispersions. A known mass of GOPS 

was added to the PEDOT:PSS dispersion prior to freeze-casting and the mixture was sonicated 

for 5 minutes before use. 120 uL of sample was pipetted (per well) for freeze-casting in a PTFE 

mold.  

2.2.2.  Structural Characterization of PEDOT:PSS Monoliths 

After freeze-drying, the monoliths were characterized using scanning electron microscopy 

(SEM) and Hg intrusion porosimetry. SEM (Mira3 FESEM, Tescan) was performed on Au/Pd 

sputtered samples at 10 keV. Hg intrusion porosimetry (Autopore IV 9500; Micromeritics) was 

performed on monoliths to probe pore sizes created via freeze-casting. Monoliths were placed in 

glass penetrometers of known weight and volume, which were then mounted horizontally into 

the instrument. Analyses were performed using an automated procedure in which penetrometers 

are first evacuated to 50 um Hg and then filled with Hg at 0.2 psi. Pressure applied to the column 

of Hg was ramped stepwise to 44 psi to probe pores with diameters greater than 4 um in 

diameter. 

Monoliths were also characterized using a dynamic mechanical analyzer (DMA Q800; TA 

Instruments) to probe the impact of GOPS crosslinking on scaffold mechanical properties. 

Samples were placed under compressive loads before and after being soaked in room-

temperature cell culture medium (αMEM, Sigma-Aldrich) overnight. Measurements were 

comprised of a single loading cycle, with an initial contact force of 0.05N and a ramp rate of 

0.005 N/min to 0.075N. Elastic modulus for the monoliths was calculated as the slope of the 

stress-strain curve over the 1-2% strain regime. 
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2.3.0  Results 

2.3.1. Influence of Mold Composition and Freezing Conditions on Scaffold Porosity, as 

Determined by Hg Intrusion Porosimetry 

The morphology of freeze-cast PEDOT:PSS monoliths is strongly dependent on the selection of 

mold and freezing sequence applied. Samples freeze-cast in PTFE molds generally exhibit higher 

pore volumes than their counterparts freeze-cast in brass molds. The Hg intrusion porosimetry 

surface areas, pore volumes, and median pore diameters for these freeze-cast structures are 

shown in Table 2.1. 

Table 2.1: Macroporosity of PEDOT:PSS scaffolds as determined by Hg intrusion porosimetry 

wt% 
PEDOT 

Ramp Rate 
(°C/min) 

Mold 
Type 

Macropore 
Volume 
(cm3/g) 

Macropore 
SA 

(m2/g) 

Median Macropore 
Diameter 

(um) 

0.45 Brass 37.7 3.6 94.9 

0.45 PTFE 44.3 4.0 103.7 

0.90 Brass 37.6 4.3 71.1 

0.90 PTFE 43.1 4.3 94.7 

5.00 Brass 36.4 5.7 57.4 

1.25 

5.00 PTFE 40.6 4.4 84.9 

0.45 Brass 28.6 4.7 31.7 

0.45 PTFE 33.8 3.6 42.8 

5.00 Brass 25.3 4.3 36.1 
2.50 

5.00 PTFE 28.3 2.5 50.7 

 

2.3.2. Impact of Mold Composition on 1.25 wt% PEDOT:PSS Freeze-Cast Monolith Pore 

Morphology  

Samples were freeze-cast in brass and PTFE molds at slow (0.45°C/min), intermediate 

(0.9°C/min), and high (5°C/min) ramp rates from 5°C to -40°C. Scanning electron (SE) 
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micrographs of samples freeze-cast at low and high ramp rates are shown in Figure 2.2. For all 

ramp rates observed, the use of PTFE molds led to the formation of rounded pores with larger 

diameters; consequently, the pore volume (obtained via Hg intrusion porosimetry as “intrusion 

volume”) is large. Freeze-casting the dispersions slowly (0.45°C/min) led to the formation of the 

structures with highest porosity. Under these conditions, monoliths prepared in PTFE molds 

offered the largest pore volume and pore diameter (44.3 mL/g, 103.7 um respectively) out of all 

samples studied. Increasing the shelf cooling rate led to the subsequent decrease of pore volume 

and pore diameter; however, we observe a moderate increase in macropore surface area. 

 
Figure 2.2: SE micrographs of 1.25 wt% PEDOT:PSS scaffolds. A: 0.45°C/min, brass; B: 0.45°C/min, PTFE;  

C: 5°C/min, brass; D: 5°C/min, PTFE. Scale bar: 50 um 

Changing the mold material from PTFE to brass leads to better heat transport to/away from the 

sample; consequently, there is a greater effect of freezing conditions on the resulting morphology 

of the freeze-cast monolith. We observe the formation of large macropores (94.9 um) with the 

use of a slow freezing rate (0.45°C/min) when using brass molds; increasing the rap rate to 

0.9°C/min and finally 5°C/min leads to a drop in the macropore volume and median pore 

diameter (71.1 um and 57.4 um, respectively). Simultaneously, we observe an increase in the 

macropore surface area from 3.6 m2/g to 5.7 m2/g with increasing sample ramp rate from 

0.45°C/min to 5°C/min. 

In general, the pore morphology observed in samples freeze-cast in PTFE molds is an open, 

cellular structure, which lends itself well for cell studies. Even in the case of high cooling rates 

A B C D 
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(5°C/min), the PTFE mold used produced structures in which pores were sufficiently large. Very 

few lamellar pores were observed. In contrast, pores produced via the freeze-casting of samples 

in brass molds were occasionally rounded, however there were a great deal number more 

lamellar pores that were too narrow to accommodate cell invasion. 

The difference in structure is likely due to freezing conditions/environment imposed on the 

sample as a result of mold thermal conductivity. Monoliths freeze-cast in PTFE molds had 

similar structure regardless of the freezing ramp rate, due to the fact that PTFE has much lower 

thermal conductivity than brass. Additionally, the hydrophobicity of PTFE may contribute to the 

difference in porosity – since the contact angle between water and PTFE is much higher than the 

contact angle between water and brass, and the ability for the mold to facilitate heterogeneous 

nucleation is hindered. The heterogeneous nucleation facilitated by brass molds leads to the 

formation of ice nuclei at smaller undercoolings; these nuclei are exposed to a larger thermal 

gradient imposed on the sample thereby producing elongated lamellar pores in greater numbers. 

In the PTFE mold, there is a lessened tendency for heterogeneous nucleation at the mold-

dispersion interface; consequently, there are fewer ice nuclei present, which provides a greater 

opportunity for the growth of larger ice crystals. The decreased thermal conductivity of the mold 

leads to the formation of a smaller thermal gradient, resulting in the formation of a cellular pore 

structure. 

2.3.3.  Impact of Freezing Rate on 1.25 wt% PEDOT:PSS Freeze-Cast Monolith Pore 

Morphology 

Samples prepared in brass molds exhibited a significant increase in macropore area when freeze-

cast more quickly (0.45°C/min: 3.6 m2/g, 5°C/min: 5.7 m2/g), likely due to an increase in ice 
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crystal nucleation rate resulting from the faster cooling of the dispersion. The increase in 

macropore area at higher cooling rates is accompanied by a decrease in macropore diameter 

(0.45°C/min: 94.9 um, 5°C/min: 57.4 um); however, the overall macropore volumes remain 

fairly constant. The monomodal pore size distributions (shown in Figure 2.3) of the freeze-cast 

samples show a shift toward smaller pore diameters with faster freezing rates. 

Preparing the monoliths in PTFE molds leads to the formation of larger macropores; varying the 

freezing rate leads to smaller changes in pore diameter (0.45°C/min: 103.7 um, 5°C/in: 84.9 um) 

likely due to the reduced thermal conductivity of the mold material itself. With increased 

freezing rate comes a slight increase in pore area (0.45°C/min: 4.1 m2/g, 5°C/min: 4.4 m2/g) that 

results from the decrease in median macropore diameter. Additionally, the pore volume 

decreases slightly with increased freezing rate (0.45°C/min: 44 cm3/g, 5°C/min: 41 cm3/g). 

 
Figure 2.3: Pore size distribution of 1.25 wt% PEDOT:PSS scaffolds freeze-cast in brass molds (left) and PTFE molds (right).  

Black: 0.45°C/min, Grey: 0.9°C/min, Red: 5°C/min 

The samples freeze-cast in PTFE molds show a bimodal pore size distribution, characterized by a 

broad peak at larger pore diameters (>100 um) and a narrow peak at smaller pore sizes (~30 um). 

This structure is likely due to the formation of smaller secondary dendrites on the larger primary 
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dendrites formed during the solidification of the PEDOT:PSS dispersion, thereby producing a 

structure that more closely resembles a cellular morphology. Lower freezing rates appear to 

produce a structure in which the macropore walls are relatively smooth, while increased freezing 

rates lead to the formation of a more textured structure, as seen in Figure 2.4.  

 
Figure 2.4: SE Micrographs of 2.5 wt% PEDOT:PSS scaffolds. A: 0.45°C/min, brass; B: 0.45°C/min, PTFE;  

C: 5°C/min, brass; D: 5°C/min, PTFE. Scale bar: 50 um 

This difference in structure may originate from the development of instabilities along the 

ice/water interface during the solidification process. A steeper thermal gradient will lead to faster 

growth of the ice crystal into the liquid; consequently, there will be a faster buildup of excluded 

polymer phase around the ice crystal tip. This freeze-concentration leads to constitutional 

supercooling-type behavior in which a planar ice/water interface is unstable. 

2.3.4.  Impact of PEDOT:PSS Concentration on Freeze-Cast Monolith Pore Morphology 

Increasing the concentration of PEDOT:PSS in the dispersion prior to freeze-casting led to 

decreases in intrusion volume and pore diameter for all samples, irrespective of freezing rate or 

mold composition. For samples freeze-cast in brass molds, the greatest impact to pore volume 

and size occurs at low freezing rates (0.45°C/min) – doubling the concentration of PEDOT:PSS 

in the dispersion reduces the resulting macropore volume by nearly 25% (from 37.7 cm3/g to 

28.6 cm3/g) while decreasing the median pore diameter by more than half (from 94.9 um to 31.7 

um). Additionally, the pore size distribution (shown in Figure 2.5) observed in the 2.5 wt% 

A B C D 
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PEDOT:PSS sample appears to develop a more irregular shape, as compared to its lower 

concentration counterpart. At higher freezing rates, the effect is much more modest – doubled 

PEDOT:PSS concentration leads to a 30% decrease of pore volume (from 36.4 cm3/g to 35.3 

cm3/g) and 37% decrease in median pore diameter (from 57.4 um to 36.1 um). The macropore 

size distribution shifts to smaller pore diameters with increased dispersion concentration; 

however, the shape of the pore size distribution remains fairly consistent. 

 
Figure 2.5: Pore size distributions (as obtained by Hg intrusion porosimetry) for samples freeze-cast in brass molds at 0.45°C/min (left)  

and 5°C/min (right). Black curve: 1.25 wt%, grey curve: 2.5 wt% PEDOT:PSS 

For samples freeze-cast in PTFE molds, increasing the PEDOT:PSS dispersion concentration 

appears to have a lessened effect on the overall porosity observed in the prepared monoliths. At 

low freezing rates (0.45°C/min), doubling of the concentration decreases the pore volume by 

about 25% (from 44.3 cm3/g to 33.8 cm3/g) and median pore diameter by nearly 60% (from 

103.7 um to 42.8 um). At higher freezing rates (5°C/min), the impact is similar – the pore 

volume decreases by 30% (from 40.6 cm3/g to 28.3 cm3/g) while the median pore diameter 

decreases by 40% (from 84.9 um to 50.7 um). 
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Interestingly, in the aforementioned PTFE-molded samples, we observe a transition from a 

bimodal pore size distribution at low concentrations to a monomodal size distribution at higher 

concentrations, as shown in Figure 2.6. This outcome may be explained as follows: increasing 

the concentration of PEDOT:PSS in the dispersion leads to a larger region of constitutional 

supercooling, since the freezing point of the dispersion is depressed to a greater extent. As a 

result, the pore morphology resulting from the freeze-casting process will bear greater 

resemblance to a cellular type structure than a lamellar one. For the 0.45°C/min freezing rate, the 

structures appear to be flatter while the structures produced via faster freezing (5°C/min) are 

much more textured. This is consistent with the observation in section 2.3.3 – that instabilities in 

the planar interface result from the extent to which the dispersion is exposed to constitutional 

supercooling-type conditions.  

 
Figure 2.6: Pore size distributions (as obtained by Hg intrusion porosimetry) for samples freeze-cast in PTFE molds at 0.45°C/min (left)  

and 5°C/min (right). Black curve: 1.25 wt%, grey curve: 2.5 wt% PEDOT:PSS 
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2.3.5. PEDOT:PSS Freeze-Cast Monolith Structure and Appropriateness of Morphology for 

Cell Studies 

The openness and large pore size of the freeze-cast structures observed in samples prepared in 

PTFE molds render them good candidate materials for cell studies. Monoliths prepared in brass 

molds tended to exhibit significant variation in pore structure throughout the monolith, with the 

presence of a large number of elongated pores that are too narrow across to comfortably 

accommodate intruding cells. For the samples prepared in the PTFE molds, we found that low 

concentrations of PEDOT:PSS (1.25 wt%, as obtained from the manufacturer) led to optimal 

porosity, especially when prepared at low freezing rates. For the cell studies, samples were 

freeze-cast at 0.9°C/min (to expedite sample preparation), instead of 0.45°C/min. 

Seeding the PEDOT:PSS monoliths with cells was performed in aqueous media. Unfortunately, 

the 1.25 wt% monoliths freeze-cast at 0.9°C/min were not mechanically robust under these 

conditions, and after a few minutes the structures would rupture due to swelling of the polymer 

after water uptake. As a result, it was necessary to investigate the mechanical crosslinking of 

these PEDOT:PSS monoliths using GOPS. 

2.3.6. Impact of GOPS Crosslinker on Morphology and Mechanical Properties of 

PEDOT:PSS Freeze-Cast Monoliths 

GOPS was added to the 1.25 wt% PEDOT:PSS dispersions as 0.5 wt% and 3 wt% and mixed 5 

minutes prior to freeze-casting. The samples were freeze-cast in PTFE molds at 0.9°C/min, dried 

under vacuum, and annealed at 140°C as usual. Sample macropore characteristics (as obtained 

by Hg intrusion porosimetry) are shown in Table 2.2. 
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Table 2.2: Porosity of PEDOT:PSS monoliths prepared with and without GOPS crosslinker, as determined via Hg intrusion porosimetry 
PEDOT:PSS 

wt% 

GOPS  

wt% 

Intrusion Volume 

(cm3/g) 

Pore Area 

(m2/g) 

Median Pore Diameter 

(um) 

1.25 0.00 39.8 4.8 60.8 

1.25 0.50 46.0 5.5 66.8 

1.25 3.00 21.6 2.2 33.9 

0.63 0.00 38.9 4.9 75.0 

0.63 0.25 49.0 5.8 86.3 

0.31 0.00 26.8 2.7 79.4 

0.31 0.13 27.8 2.9 78.7 

0.16 0.00 26.0 2.8 77.4 

0.16 0.06 22.7 2.5 78.4 

The intrusion volume and pore diameters observed in the absence of GOPS are comparatively 

smaller, as compared to the samples observed in the earlier section. The monoliths prepared for 

this study were from 120 uL (each) of sample which was pipetted in to a PTFE mold, whereas 

the monoliths prepared in the previous study were made from 140 uL of sample pipetted into the 

mold. The 120 uL sample has a pore volume of 39.8 cm3/g, a surface area of 4.8 m2/g, and a 

median pore diameter of 60.8 um; while the 140 uL sample has a pore volume of 43.1 cm3/g, a 

surface area of 4.3 m2/g, and a median diameter of 94.7 um. We hypothesize that this difference 

arises from the volume of sample used – larger volumes pipetted into the same mold will lead to 

the formation of a region having pores with larger diameter above the point at which the 120 uL 

sample meniscus lies.  

Adding 0.5 wt% GOPS to the PEDOT:PSS dispersion appears to increase both the pore volume, 

pore area, and pore diameter of the resulting monolith, as compared to the pristine dispersion. 

The shape of the pore size distribution (shown in Figure 2.7) does not change significantly, 

however. Further increase of the GOPS content (from 0.5 wt% to 3 wt%) leads to decreases in 

the pore volume, pore area, and median diameter as compared to both the pristine sample and 0.5 



! 41!

wt% GOPS sample. A dramatic change in the shape of the pore size distribution appears with the 

3 wt% GOPS sample, from a bimodal pore structure, to a fairly monomodal distribution which 

lacks the noise present in the samples prepared with less crosslinker. 

 
Figure 2.7: Macropore size distribution for 1.25 wt% PEDOT:PSS monoliths (0.9°C/min ramp rate) prepared with 0 wt% GOPS (black), 

 0.5 wt% GOPS (red), and 3 wt% GOPS (grey) 

The PEDOT:PSS dispersion used, at 20°C, has a pH of 1.9 due to the presence of protonated 

sulfonate groups in the counterion. This acidity catalyzes the hydrolysis and condensation 

reactions of the alkoxy groups of GOPS, which produces a crosslinked network of siloxane [80]. 

The presence of this crosslinked silane reduces the water uptake of the PEDOT:PSS polymer, 

thereby strengthening the overall resulting structure [81].  

 
Figure 2.8: SE micrographs of 1.25 wt% PEDOT:PSS samples (0.9°C/min ramp rate) prepared with 0 wt% GOPS (A),  

0.5 wt% GOPS (B), and 3 wt% GOPS (C). Scale bar: 50 um 

Adding GOPS to the PEDOT:PSS dispersion in large quantity will undoubtedly produce 

structures that will impact the freeze-casting process, as these structures will contribute to the 
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freezing point depression of the liquid and subsequent constitutional supercooling-type behavior. 

As a result, one would expect to see the formation of a cellular-type microstructure in the 

resulting freeze-cast material (as shown in Figure 2.8). 

Table 2.3: Elastic modulus (in compression) of freeze-cast samples prepared with and without GOPS crosslinker 
PEDOT:PSS/GOPS Wet/Dry? Elastic Modulus (Pa) Stdev (Pa) 

0.63/0.25 Dry 1235 407 

0.63/0.25 Wet 39 7 

1.25/0 Dry 1853 571 

1.25/0 Wet 200 14 

1.25/0.5 Dry 2580 693 

1.25/0.5 Wet 590 N/A 

1.25/3 Dry 9575 50 

1.25/3 Wet 4500 566 

The GOPS crosslinker not only influences the macroporosity of the structure but also its 

compressive modulus, as shown in Table 2.3. A sample stress-strain curve is shown in Figure 

2.9.  

 
Figure 2.9: Representative stress-strain curve of sample in compression. Elastic modulus taken as slope at low strain, indicated by black line. 
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The uncrosslinked 1.25 wt% PEDOT:PSS monolith as prepared has an elastic modulus of 1853 ± 

571 Pa when dry. Wetting the structure decreases its elastic modulus to 200 ± 14 Pa, likely due 

to water uptake and subsequent swelling. Adding 0.5 wt% GOPS to the dispersion prior to 

freeze-casting improves the dry and wet modulus (2580 ± 693 Pa and 590 Pa, respectively) while 

impacting the overall macroporosity very minimally. The addition of 3 wt% GOPS to the 

dispersion prior to freeze-casting leads to a 5x increase in dry scaffold modulus (to 9575 ± 50 

Pa) and 9x increase in wet scaffold modulus (to 4500 ± 566 Pa). 

 

 
Figure 2.10: SE micrographs of PEDOT:PSS monoliths prepared with (D-F) and without (A-C) GOPS crosslinker.  

A/D: 0.63 wt% PEDOT; B/E: 0.31 wt% PEDOT; C/F: 0.16 wt% PEDOT. Scale bar: 50 um 

When the 1.25 wt% PEDOT:PSS/0.5 wt% GOPS dispersion undergoes a 1:2 dilution, the dry 

scaffold elastic modulus decreases by 52% to 1235 ± 407 Pa. The GOPS appears to have a 

decreased influence on the wet elastic modulus, however, as there is a 93% decrease to 39 ± 7 

Pa. This is likely because there is less GOPS to lock the PEDOT:PSS structure in place when 

hydrated, leading to compromised mechanical properties as a result of water uptake. Subsequent 

dilution of the PEDOT:PSS dispersions leads to a significant decrease in mechanical robustness; 

therefore compression tests were not performed on these samples. However, Hg intrusion 
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porosimetry was conducted in order to understand how pore morphology changes with dilution. 

The pore volume, area, and median pore diameter are listed in Table 2.2. SE micrographs of 

these samples are presented in Figure 2.10. 

For samples containing GOPS, we observe maximization of macropore surface area, pore 

volume, and pore diameter for the 0.63 wt% PEDOT:PSS dispersion. Further dilution of the 

dispersion prior to freeze-casting results in a sharp decrease in intrusion volume and pore area, 

possibly due to encapsulation of PEDOT:PSS polymer and/or crosslinked siloxane by the ice 

phase upon solidification. For samples containing no GOPS, there is a maxiumum of macropore 

volume at 1.25 wt% PEDOT:PSS. Interestingly, the surface area and pore diameters do not 

exhibit similar trends – the macropore surface area peaks at 0.63 wt% PEDOT:PSS, and the 

median pore diameter peaks at 0.32 wt% PEDOT:PSS. All structures consist of cellular pores, 

with the flattest pore walls found at higher wt% polymer. As the concentration of polymer and 

GOPS (if used) decreases, the pore walls become much more textured. Additionally, the pore 

size distributions (shown in Figure 2.11) appear to decrease in intensity. 

 
Figure 2.11: Macropore size distribution for PEDOT:PSS monoliths prepared with (red) and without (black) GOPS crosslinker.  

Left: 0.63 wt% PEDOT; center: 0.32 wt% PEDOT; right: 0.16 wt% PEDOT 
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2.4.0.  Use of PEDOT:PSS Scaffolds in Biomaterials Study 

The 1.25 wt% PEDOT:PSS/3 wt% GOPS scaffolds (freeze-cast in PTFE molds at 0.9 C/min) 

were utilized in a set of experiments conducted by Wan et al. [82] in which transistors were 

prepared from the structures (shown in Figure 2.12). To prepare the transistors, scaffolds were 

attached to a gold substrate and the units were subsequently disinfected in ethanol and rinsed 

thoroughly with sterile phosphate buffered saline. Two of the devices were immersed in cell 

nutrient medium and were then connected to a bipolar power supply that supplied a bias of +1V 

to one scaffold and -1V to the other. After biasing the scaffolds for an hour, a known number of 

3T3-L1 mouse preadipocyte cells were seeded in them. The structures were then fixed with 

glutaraldehyde and rinsed prior to drying.  

 
Figure 2.12: Schematic and image of devices used for cell studies [82] 

The potential applied to the scaffolds has a significant effect on the adhesion of cells in the 

structure. 1.5 times as many cells adhered to oxidized scaffolds, as compared to their reduced 

counterparts. This outcome is due to the change in conformation of the adsorbed fibronectin in 

the scaffolds – in the oxidized scaffolds, the fibronectin is in a much more compact form which 

promotes adhesion of more cells. Micrographs of the cell-seeded structures may be seen in 

Figure 2.13. 
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Figure 2.13: Micrographs of cell-seeded scaffolds (a) 24h after introducing the cells to the structure, (b) assessing the relative number of live 

(green) and dead (red) cells after flurorescent staining, (c) covered by adsorbed fibronectin (green) created by the seeded cells (blue), and (d) after 
decellularization, with protein fibers marked with the red arrow [82] 

Additional studies of the pristine scaffolds were also conducted to characterize the electrical 

switching capability and adsorbed fibronectin conformation in the structures. Wan et al. 

observed lower impedance of the scaffolds, as compared to films prepared with an equivalent 

amount of polymer. This result is due to the increase in surface area to volume ratio of the 

polymer in the freeze-cast structures, and renders the structures promising candidates for 

biological sensors due to their good signal-to-noise ratio. 

2.5.0. Summary/Conclusions 

3D structures with tunable porosity were prepared via the freeze-casting of PEDOT:PSS 

dispersions. The impacts of freezing rate, mold composition, and dispersion composition on the 
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structure and mechanical properties were methodically explored. Coarse control of the porosity 

is achieved by changing mold composition – higher surface areas and smaller pore diameters are 

attained when freeze-casting PEDOT:PSS in thermally conductive brass molds. Scaffold 

porosity may be fine-tuned by varying the rate at which the dispersion is frozen. For cell studies, 

PEDOT:PSS dispersions freeze-cast in PTFE molds offered the most appropriate pore 

morphology for cell intrusion and invasion; however, exposure of the scaffolds to water led to 

rapid structural breakdown. Incorporating GOPS into the dispersion prior to freeze-casting 

improved the mechanical robustness of the scaffolds and enabled their use for longer-term (7 

day) cell culture. In addition, the crosslinked scaffolds were successfully used to control cell 

adhesion on the polymer via electrochemical means. 

Freeze-casting provides a unique platform for the development of tunable porosity in a 3D 

structure. The observed degradability of the uncrosslinked PEDOT:PSS monoliths renders them 

good candidate materials for cell culture where temporary scaffolding is needed (e.g. absorbable 

wound dressings or drug delivery systems) – fine-tuning of their stability may be achieved by 

varying freeze-casting conditions as previously discussed. Furthermore, the elastic modulus of 

the scaffolds can be significantly enhanced through the addition of GOPS, as needed, to the 

dispersion prior to freeze-casting; consequently, the tunable morphology/mechanical properties 

of freeze-cast PEDOT:PSS scaffolds renders them excellent candidate materials for tissue 

engineering and bioelectronics applications. 
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3.0.0. Synthesis of Hierarchical Porous Carbons from Various Organic Precursors 

3.1.0.  Materials for Energy Storage and Conversion 

The unsustainability and environmental impacts of fossil fuel use has led to growing interest in 

the development and grid-scale implementation of renewable energy technologies (e.g. solar 

panels, wind farms) in recent years. Due to the intermittent nature of these energy sources, 

successful large-scale integration of renewables requires concurrent installation of energy storage 

systems that are able to meet energy demand during off-peak production times. Consequently, 

there are two factors that influence the efficacy of energy storage technology: how much energy 

a device can store, in comparison to the device’s mass (specific energy); and how quickly a 

device can provide energy upon demand (specific power) [83]. As a result, the storage/supply 

capabilities of various technologies can be evaluated via their location on a Ragone plot, as 

shown in Figure 3.1: 

 
Figure 3.1: Ragone plot showing energy storage technologies in relation to their typical ranges of specific power and specific energy [84] 

The design and operation of energy storage technologies oftentimes leads to limitations that lead 

to high performance in only one of the two aforementioned categories. For example, fuel cells 

typically have very high specific energy as a result of the means by which they supply energy – 
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through chemical reactions undergone by gaseous reagents. Because these chemical reactions 

take a certain amount of time to progress, however, fuel cells have low specific power since they 

are limited in how quickly they can provide energy to a given application. As a result, grid-scale 

implementation of fuel cells would be implausible due to their inability to provide energy 

quickly and on demand. In addition, fuel cell operation often requires use of a precious metal 

catalyst, which drastically increases the cost of energy storage; consequently, less expensive 

technologies (e.g. single-use and rechargeable batteries) are found in a wide variety of energy-

demanding applications. Like fuel cells, however, the energy provided by batteries comes from 

the breaking and forming of bonds during chemical reactions; because these chemical reactions 

take a certain amount of time to proceed, the power density of these devices tends to be fairly 

low. When an application requires both high energy density and high power density, batteries are 

often bundled with capacitors in order to fulfill the various demands placed on the system. In a 

capacitor, energy is stored in an electric field when a voltage is applied to two plates separated 

by an insulator. The amount of energy, E, stored in a capacitor can be related to the voltage, V, 

applied to the electrodes and the device capacitance, C, as: 

 

where C may be written as: 

 

where εR is the relative dielectric constant, εo is the permittivity of free space, A is the area of the 

electrodes, and d is the distance separating them. Because the charge is stored on the surface of 

the electrodes, the specific power of the capacitor is high; however since energy storage scales 
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with electrode surface area, standard capacitor setups offer a very small range of specific 

energies that may be practically achieved. 

Devices called electrochemical capacitors (ECs) are hoped to “bridge the gap” between 

capabilities of batteries and capacitors by offering high energy density and power density in one 

unit. There are two types of ECs – “pseudocapacitors” and electrical double layer capacitors 

(EDLCs) – that are the subject of great interest in scientific literature [85]. Schematics of both 

EC types may be found in Figure 3.2. Pseudocapacitors are ECs with high capacitance resulting 

from rapid, reversible redox reactions undergone by species such as transition metal oxides (e.g. 

RuO2 [86-87], MnO2 [88-89]) and conducting polymers [90-91] that are integrated into the 

device electrodes. In some cases, the entire EC electrode is made from the material of interest; 

however, these species typically only comprise part of the EC electrode material.  

 
Figure 3.2: EC device schematics. Left: RuO2-based pseudocapacitor, right: EDLC. Source: [84] 

EDLCs store charge on the surface of two electrodes (similarly to parallel plate capacitors), but 

the dielectric layer is replaced with an electrolyte solution comprised of anions, cations, and 

solvent molecules. In the case of aqueous electrolyte, the anions and cations are surrounded by a 

layer of water molecules and are solvated. Typically, EDLC electrodes have higher surface area 
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than standard parallel-plate capacitor electrodes; consequently these devices, in general, have 

improved specific energy. 

When an EDLC electrode is charged, solvated ions of the opposite polarity move closely to the 

electrode surface to counteract that charge. A schematic of the region near the electrode surface 

is shown in Figure 3.3. In the case of an aqueous electrolyte, there is a layer (Inner Helmholz 

plane) of adsorbed water molecules (position 1) that are located at the electrode surface. The 

solvated cations (with opposite charge to the electrode surface, indicated as position 4) then 

move near the first layer of water molecules (position 2); this layer is called the Outer Helmholz 

plane. Further away from the electrode surface is a diffuse double layer (position 3) of cations 

surrounded by water molecules (position 6) [92]. 

 
Figure 3.3: Schematic of region near EDLC electrode surface. Source: [93] 

When a charged EDLC is connected to a load, electrons will move from the cathode to the anode 

through a wire connecting the two electrodes. At the same time, the ions originally on the surface 

of each electrode must migrate through the electrolyte to the other electrode surface in order to 

maintain charge balance. In general, it takes some time for the ions to reach the other electrode; 

this delay will influence the response time of the EDLC device [94]. To avoid this problem, it is 
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important to have a hierarchy of porosity to provide both high surface area (leading to improved 

energy density) and interconnected pore structure (leading to improved power density) [95-97].  

There are other characteristics that are important to the feasibility of EDLC electrode 

structure/materials [98-99]; a list of some desired attributes would likely include: 

- Low cost: For EDLCs to become a widely deployed energy storage technology, they 

must be relatively inexpensive, in comparison to the cost of batteries and other storage 

media currently on the market.  

- Chemical inertness: EDLC electrodes should not react with the electrolyte or reaction 

byproducts while they are in use. 

- Mechanical stability: As the electrodes are charged/discharged, they may undergo 

mechanical stresses (e.g. swelling, heating) that can lead to premature failure. 

- Good electrical conductivity: Key to electrode stability, durability, and efficacy, as 

resistive heating of the electrode will lead to energy losses and possible device damage. 

- Environmentally benign: Large-scale manufacturing of the EDLC electrodes should 

utilize environmentally benign materials (with respect to production and disposal) and 

manufacturing processes. 

In evaluating the aforementioned criteria, carbon has been identified as a satisfactory candidate 

EDLC electrode material. Graphitic carbons (e.g. carbon nanotubes, nanoribbons, and graphite 

sheets) offer high electrical conductivity, mechanical stability, and chemical inertness [100-102]; 

unfortunately, these structures tend to aggregate into clusters/bundles, thus reducing available 

surface area and device capacitance [103-104]. Assembly into 3D structures can help mitigate 

aggregation [105-106], but doing so can be time-intensive and costly; consequently, carbons 

having greater sp3 character (e.g. activated carbons, carbide-derived carbons, and templated 
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carbons) are good candidate materials for the development of 3D porous structures. Activated 

carbons typically have high surface area and are fairly inexpensive; however because the surface 

area results from a chemical or physical activation process that, effectively, damages the carbon 

bonding structure, their electrical conductivity tends to be fairly low [107]. Carbide-derived 

carbons have very well-defined pore structure with high surface area; however, if there is no 

built-in hierarchical porous structure the EDLC device response can be sluggish [108-109]. In 

addition, carbide-derived carbons are often prepared from precursors like silicon carbide; in 

order to remove the metal from the structure (which introduces the well-defined porosity) it is 

necessary to perform high temperature treatment steps that can be dangerous and harsh. Finally, 

designed 3D carbon structures may also be prepared by means of a template; this method is 

especially promising, but its feasibility for large-scale manufacture is dependent on the difficulty 

of synthesis and template removal. 

As previously mentioned, hierarchical porosity in an EDLC electrode is key to optimizing device 

performance and capacity. Hierarchical porous carbons (HPCs) have been synthesized using a 

variety of techniques such as emulsion templating [23], sacrificial templates within block 

copolymer systems [110], hard templating [111], and freeze-casting [112]. Using the freeze-

casting technique, Estevez et al. prepared interconnected 3D structures of glucose-based carbon 

with high surface areas (up to 1327 m2/g) and pore volume (4.1 cm3/g) [9]. The HPC structure 

was achieved through the freeze-casting of aqueous glucose/colloidal silica dispersions that were 

subsequently pyrolyzed and etched to reveal a network of macropores connected to mesopores 

templated by the silica. Additional surface area (predominantly via micropore formation, though 

mesopore broadening was also observed) was produced through a CO2 activation step that 

increased maximum achievable surface area to 2096 m2/g. 
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The combination of freeze-casting with hard templating offers a facile means of preparing 

porous carbons with tunable porosity. In order to fully understand how this porosity can be 

controlled, we present a systemic study of the impact of C precursor choice and dispersion 

concentration on the macroporosity and mesoporosity observed in the HPCs. Three molecular 

carbon precursors (glucose, sucrose, and resorcinol; shown in Figure 3.4) were freeze-cast with 

4 nm SiO2 to examine the resulting HPC morphology and porosity. 

 
Figure 3.4: Structure of molecular carbon precursors. Left: glucose, middle: sucrose, right: resorcinol 

 
3.2.0. HPC Synthesis and Characterization 

3.2.1. Freeze-Casting of Molecular Carbon Precursors Mixed with SiO2 Template 

D-glucose (99.5%, Sigma-Aldrich), sucrose (99.5%, Sigma-Aldrich), and resorcinol (99%, 

Sigma-Aldrich) were mixed with colloidal 4 nm SiO2 (15 wt%, Alfa Aesar) and deionized water 

(18.2 MOhm cm, Ultrapure), as outlined in Table 3.1, and mixed thoroughly via inversion. 

Samples were liquid with low viscosity unless otherwise indicated. The dispersions were then 

poured into aluminum pans and cooled on a bath of liquid nitrogen (LN2) until they were 

completely solidified. Next, the frozen samples were placed in a freeze dryer (Advantage EL-85, 

SP Scientific) with a shelf temperature of -40°C and a vacuum of <0.10 mBar was applied. 
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When the vacuum setpoint was reached, the shelf temperature was raised to 20°C and the 

samples were allowed to dry for >8 hours. 

Table 3.1: Composition of dispersions prepared for freeze-casting 

Carbon 
Precursor 

Precursor  
Mass  

(g) 

Volume 
SiO2  
(mL) 

Volume 
H2O 
(mL) 

Total 
Volume 

(mL) 

Precursor 
Conc.  
(wt%) 

SiO2 
Conc. 
(wt%) 

Viscous? 

glucose 0.75 5.0 0.0 5.0 15 15 N 
glucose 0.75 10.0 0.0 10.0 7.5 15 N 
glucose 0.19 2.5 2.5 5.0 3.75 7.5 N 
sucrose 0.75 5.0 0.0 5.0 15 15 N 
sucrose 0.75 10.0 0.0 10.0 7.5 15 N 
sucrose 0.19 2.5 2.5 5.0 3.75 7.5 N 

resorcinol 0.75 5.0 0.0 5.0 15 15 Y 
resorcinol 0.75 10.0 0.0 10.0 7.5 15 Y 
resorcinol 0.19 2.5 2.5 5.0 3.75 7.5 N 

3.2.2. Preparation of HPCs by Carbonization and Etching of Freeze-Cast Monoliths 

After drying, the precursor/SiO2 porous monoliths were placed in alumina cups and heated to 

600°C at a rate of 3°C/minute, then to 1000°C at a rate of 1°C/minute under a N2 gas 

atmosphere. Samples were allowed to carbonize for 3h and then were cooled down to room 

temperature over a period of roughly 12h. 

The samples were next etched in 3M NaOH solution in high-density polyethylene bottles at 80°C 

for >12h. After etching, the carbons were rinsed with DI water until the rinsate pH reached 7.0, 

and then for an additional time to ensure complete removal of the etchant/template. The carbon 

was then dried and stored under vacuum at 100°C. 
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3.2.3. Structural Characterization 

Hg intrusion porosimetry (AutoPore IV 9500, Micromeritics) was performed on unetched, 

monolithic samples in order to probe the macroporosity created by the ice template. (Etched 

samples were not measured due to variable mechanical robustness resulting from the range of 

dilutions studied.) Hg was introduced into the penetrometer loaded with sample (typically 50 

mg) at a fill pressure of 0.24 psi. Pressure was applied in a stepwise manner to the Hg column in 

the penetrometer in two steps to obtain pore size information for the unetched samples. 

N2 sorption porosimetry (ASAP 2020/2460, Micromeritics) was performed on NaOH etched 

carbon powders and monoliths at -196°C. Prior to analysis, carbons were stored at 100°C under 

vacuum.  

Typically, 15-30 mg of sample was degassed at 150°C under vacuum (<100 mTorr) for at least 

5h prior to analysis. Microporosity was analyzed from sorption data using the Harkins-Jura  

method; surface area and pore volume were determined using the Brunaeur-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) methods respectively. Mesoporous surface area was 

estimated by taking the difference between BET and t-plot surface areas, and mesopore volume 

was estimated as the difference between the single point pore volume (SPPV) and t-plot pore 

volume. 

Electron microscopy was used to probe the pore structure and overall morphology of the carbon 

powders and monoliths. Carbons were adhered to aluminum stubs and imaged using scanning 

electron microscopy (Mira3 FESEM, Tescan) with an accelerating voltage of 5kV. Unetched 

monoliths were sputtered with a roughly 10 nm thick layer of Au/Pd prior to SE imaging. TEM 
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(Tecnai Twin T12, FEI Corporation) of carbon powders attached to Cu grids was performed at 

120kV.  

3.2.4. Spectroscopic Characterization 

Raman microspectroscopy (InVia confocal microscope, Renishaw) was performed on etched 

carbon powders using a 488 nm laser and 2400 lines/mm grating. Spectra were obtained using a 

10s exposure time at 10% intensity from 1000-3200 cm-1. Using Renishaw’s WiRE 4.1 software, 

spectra were baseline-corrected and curve-fit. The following peaks were curve-fit in the Raman 

spectra: 

- G band (~1580 cm-1): Due to the E2g vibrational mode seen in an ideal graphitic lattice 

[113]. Indicative of sp2 character. Fit using a Lorentzian profile. 

- D1 band (~1350 cm-1): Originates from the Raman-active A1g mode due to defects in a 

graphitic lattice [113]. Indicative of sp3 character. Fit using a Lorentzian profile. 

- D3 band (~1500 cm-1): Indicative of amorphous carbon [114]. Fit with a Gaussian profile. 

- D4 band (~1180 cm-1): Originates from the A1g mode in a disordered graphitic lattice; 

may be due to impurities [115]. Fit using a Lorentzian profile. 

- 2D band (~2700 cm-1): Overtone of D1 band [116]. Present in disordered graphite. 

- D + G band (~2900 cm-1): Sum of D1 and G bands [116]. Present in disordered graphite. 

Typically, the ratio of peak intensities for the D1 and G band (oftentimes referred to as ID/IG) is 

used as an order-related parameter, where a lower ID/IG indicates a greater amount of sp2 type 

carbon in the structure; however, it has been shown to be relevant only for carbons with graphite 

crystallite sizes above 4-5 nm [117]. Consequently, structural ordering in the prepared carbons 

will not be assessed using ID/IG in this work. 
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3.3.0. Results 

3.3.1. Structure and Porosity of HPCs Prepared from Glucose 

 

 
Figure 3.5: Morphologies of C/SiO2 hybrid structures prepared from glucose. A-C: Images of large-scale macropore structure for samples; A:15 
wt% glucose/15 wt% SiO2, B: 7.5 wt% glucose/15 wt% SiO2, C: 3.75 wt% glucose, 7.5 wt% SiO2. D-F: Micrographs of “instabilities” formed 

during freeze-casting process; D:15 wt% glucose/15 wt% SiO2, E: 7.5 wt% glucose/15 wt% SiO2, F: 3.75 wt% glucose, 7.5 wt% SiO2. 

The macroporous structure of the monolithic carbon-SiO2 hybrids prepared from glucose was 

examined using scanning electron microscopy (SEM) and is shown in Figure 3.5. Freeze-casting 

of the most concentrated dispersion (15 wt% glucose/15 wt% SiO2) results in the formation of a 

cellular pore morphology with a “fishbone” type architecture. Decreasing the amount of glucose 

in the dispersion results in a flattening out of the structure, as seen with image B in Figure 3.5. 

Further decrease in the solids content in the dispersion results in a continued decrease in 

structural texturing, as shown in image C. The change in morphology – from cellular to lamellar 

– is likely due to an increase in diffusion coefficients of the SiO2 and glucose that arise as a result 

of the decreased concentration of solid in the dispersion. An increased diffusion coefficient 

D 
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allows the solid to rapidly move away from the growing ice/liquid interface, leading to fewer 

stabilized perturbations present at the edge of the ice front. This is evident in the micrographs D-

F shown in Figure 3.5, which clearly highlight the decreased tendency for instability formation, 

resulting from decreased glucose/SiO2 concentration in the dispersion during freeze-casting. 

Table 3.2: Hg porosimetry data obtained for unetched glucose-based HPCs, post pyrolysis. 
Dispersion composition 

(wt% glucose/wt% SiO2) 
Pore Volume 

(cm3/g) 
Pore Area 

(m2/g) 
Median Pore Diameter 

(um) 
Porosity 

(%) 
15/15 0.7 0.2 5.7 25 
7.5/15 2.0 0.7 5.8 60 

3.75/7.5 3.9 1.4 7.7 76 

The Hg intrusion porosimetry data (shown in Table 3.2), obtained on unetched HPCs, show a 

continual increase in macroporous surface area with decreasing concentration of solids in the 

dispersion prior to freeze-casting. The median macropore diameter of the samples also appears to 

increase with increased dilution. Correspondingly, the macropore volume quadruples in response 

– from 0.7 cm3/g to 3.9 cm3/g (15 wt% glucose/15 wt% SiO2 to 3.75 wt% glucose/7.5 wt% SiO2, 

respectively) – since the larger pores have a greater volume/surface area ratio. The increase in 

pore volume is reflected by the area underneath the pore size distribution curve, presented in 

Figure 3.6, and is likely due to the increase in water content of the dispersion, which forms the 

ice template during the freeze-casting process. For the 7.5 wt% glucose/15 wt% SiO2 and 3.75 

wt% glucose/7.5 wt% SiO2 samples, we observe a nearly 50% increase in pore volume (from 2.0 

cm3/g to 3.9 cm3/g), which is a direct result of the 50% increase of water content in the precursor. 

The pore size distribution of the curves broadens and shifts to larger pore diameters with 

increased solid content in the dispersion prior to freeze-casting. This outcome is hypothesized to 

result from a decreased occurrence of “instabilities” at the ice/liquid interface during freeze-

casting that create the cellular morphology as observed in Figure 3.5 for the high concentration 
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(15 wt% glucose/15 wt% SiO2) sample. These “instabilities” or “perturbations” help to decrease 

the size of macropores and create a much more regular pore structure. 

The efficacy with which the SiO2 template creates mesoporosity also appears to be impacted by 

the concentration of the dispersion prior to freeze-casting. This templating efficacy was 

evaluated for samples post-etch using N2 sorption porosimetry and transmission electron 

microscopy (TEM). The mesopore size distribution for these glucose-based samples is shown in 

Figure 3.6; mesoporosity data is tabulated in Table 3.3.  

 
Figure 3.6: Pore size distributions obtained by Hg intrusion porosimetry on unetched monoliths (left) and N2 sorption porosimetry on etched 

HPCs (right) for pyrolyzed freeze-cast samples. Sample composition identified by curve color: Black – 15 wt% glucose/15 wt% SiO2, Grey – 
7.5 wt% glucose/15 wt% SiO2, Red – 3.75 wt% glucose, 7.5 wt% SiO2. 

TE micrographs of the etched carbons are found in Figure 3.7. The 15 wt% glucose/15 wt% 

SiO2 mixture resulted in the sharpest mesopore size distribution, with a peak at 6 nm, which is 

slightly larger than the template diameter of 4 nm. 

Table 3.3: Porosity data for etched carbons as determined by N2 sorption porosimetry. SA = “Surface Area” and PV = “Pore Volume.” 

Dispersion composition 
(wt% glucose/wt% SiO2) 

BET 
SA 

(m2/g) 

t-plot 
SA 

(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot 
PV 

(cm3/g) 

MP PV 
(cm3/g) 

Median 
Pore 

Diameter 
(nm) 

15/15 1276 89 1187 2.1 < 0.1 2.1 5.8 
7.5/15 1089 89 1000 2.9 < 0.1 2.9 10.0 

3.75/7.5 1152 94 1058 1.3 < 0.1 1.2 4.3 
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Increasing the relative mass of glucose to SiO2 template (from 1:1 to 1:2) leads to a decrease in 

mesoporous surface area (1187 m2/g to 1000 m2/g, respectively), and a moderate increase in 

mesopore volume from 2.1 cm3/g to 2.9 cm3/g. At the same time, however, the median pore 

diameter nearly doubles (from 5.8 nm to 10.0 nm) with a doubling in the relative amount of SiO2 

to glucose. This occurrence is likely the result of SiO2 particle aggregation, and is visible in the 

N2 sorption pore size distribution as a broadening and shifting to larger values. 

 
Figure 3.7: TE micrographs of etched carbons. A: 15 wt% glucose/15 wt% SiO2, B: 7.5 wt% glucose/15 wt% SiO2, C: 3.75 wt% glucose/SiO2 

Further dilution of the dispersion (from 7.5 wt% glucose/15 wt% SiO2 to 3.75 wt% glucose/7.5 

wt% SiO2) leads to an increase in BET surface area, but a significant loss of mesopore volume 

(from 2.85 cm3/g to 1.22 cm3/g). In addition, the pore size distribution is shifted toward very low 

pore diameters. Diluting the sample appears to leave microporosity (as determined by t-plot 

analyses of the low-pressure data) unchanged; therefore, the loss in pore volume is probably the 

result of SiO2 particle entrapment in the rapidly moving ice front during the freeze-casting 

process. 

3.3.2. Structure and Porosity of HPCs Prepared from Sucrose 

The macroporous structure of the carbon-SiO2 hybrids prepared from sucrose was probed using 

SEM; micrographs of each sample are shown in Figure 3.8. As compared to samples prepared 

from glucose, these sucrose-based samples exhibit a similar sort of behavior with respect to 
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morphological changes resulting from dilution of the precursor/SiO2 dispersion prior to freeze-

casting. Freeze-casting the most concentrated dispersion (15 wt% sucrose, 15 wt% SiO2) led to 

the formation of a cellular type pore morphology in the monolith, likely as a result of the 

stabilization of perturbations that developed along the ice/liquid interface. Decreasing the 

concentration of the dispersion results in the formation of a lamellar-type morphology, and is 

clearly apparent in the transition shown in Figure 3.8 from D-F. 

 

 
Figure 3.8: Morphologies of C/SiO2 hybrid structures prepared from sucrose. A-C: Images of large-scale macropore structure for samples; A:15 
wt% sucrose/15 wt% SiO2, B: 7.5 wt% sucrose/15 wt% SiO2, C: 3.75 wt% sucrose, 7.5 wt% SiO2. D-F: Micrographs of “instabilities” formed 

during freeze-casting process; D:15 wt% sucrose/15 wt% SiO2, E: 7.5 wt% sucrose/15 wt% SiO2, F: 3.75 wt% sucrose, 7.5 wt% SiO2. 

As shown in Table 3.4, decreasing the solids content of the sucrose/SiO2 dispersions leads to 

significant increases in pore volume, pore area, and pore diameter of the unetched carbonized 

hybrids. The largest increase in pore volume – from 1.9 cm3/g to 2.8 cm3/g – was observed as a 

result of diluting the 7.5 wt% sucrose/15 wt% SiO2 dispersion to 3.75 wt% sucrose/7.5 wt% 
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SiO2, and is a direct result of the 50% increase in the amount of ice formed during the freeze-

casting process. 

Table 3.4: Hg porosimetry data obtained for unetched sucrose-based HPCs, post pyrolysis. 
Dispersion composition 

(wt% sucrose/wt% SiO2) 
Pore Volume 

(cm3/g) 
Pore Area 

(m2/g) 
Median Pore Diameter 

(um) 
Porosity 

(%) 
15/15 1.6 0.3 5.7 46 
7.5/15 1.9 0.8 6.9 68 

3.75/7.5 2.8 1.0 7.9 58 

We observe the greatest change in macroporous surface area as a result of increasing the relative 

mass of sucrose/SiO2 from 1:1 to 1:2, which leads to a 167% improvement. The porosity, 

however, does not appear to follow the same overall trend – the maximum porosity found in the 

sucrose/SiO2 hybrids occurs with the 7.5 wt% sucrose/15 wt% SiO2 sample, not with its diluted 

counterpart. 

The macropore size distributions, shown in Figure 3.9, as obtained by Hg intrusion porosimetry 

show a broadening and shifting of the distribution as the solids concentration is decreased in the 

dispersion prior to freeze-casting. For the 15 wt% sucrose/15 wt% SiO2 sample, we observe a 

fairly monomodal distribution with a peak at 3.7 um, but that decreasing the relative mass of 

sucrose to SiO2 (from 1:1 to 1:2) leads to a broadening of the distribution, which has a maximum 

at 6.3 um. This outcome is likely due to the decreased concentration of solid that cannot as 

effectively stabilize perturbations at the ice/liquid interface during solidification. These 

perturbations develop into pore walls, which decreases the effective macropore size in the freeze-

cast sample. Further decrease in the solids concentration (from 7.5 wt% sucrose/15 wt% SiO2 to 

3.75 wt% sucrose/7.5 wt% SiO2) results in the development of a bimodal pore size distribution 

with a narrow peak at 3.7 um and a broader peak at about 8.3 um. 
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Figure 3.9: Pore size distributions obtained by Hg intrusion porosimetry on unetched monoliths (left) and N2 sorption porosimetry on etched 

HPCs (right) for pyrolyzed freeze-cast samples. Sample composition identified by curve color: Black – 15 wt% sucrose/15 wt% SiO2, Grey – 
7.5 wt% sucrose/15 wt% SiO2, Red – 3.75 wt% sucrose, 7.5 wt% SiO2. 

The mesopores templated by the colloidal SiO2 appear to also be impacted by the composition of 

the dispersion prior to freeze-casting. As shown in Figure 3.9, the sharpest pore size distribution 

(as obtained by N2 sorption porosimetry) for etched samples is the 15 wt% sucrose/15 wt% SiO2 

sample. Decreasing the relative amount of sucrose to SiO2 (by mass) from 1:1 to 1:2 results in a 

bimodal pore size distribution, with peaks at 4.9 and 12.4 nm, and is a likely result of template 

aggregation. Diluting the 1:2 sucrose/SiO2 dispersion prior to freeze-casting results in the 

formation of a much broader mesopore size distribution with a peak located at 4.6 nm. 

Table 3.5: Porosity data for etched carbons as determined by N2 sorption porosimetry. SA = “Surface Area” and PV = “Pore Volume.” 

Dispersion composition 
(wt% sucrose/wt% SiO2) 

BET 
SA 

(m2/g) 

t-plot 
SA 

(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot 
PV 

(cm3/g) 

MP PV 
(cm3/g) 

Median 
Pore 

Diameter 
(nm) 

15/15 1122 68 1053 2.1 < 0.1 2.0 6.6 
7.5/15 1093 108 986 2.6 < 0.1 2.6 8.9 

3.75/7.5 1186 61 1124 2.0 < 0.1 1.9 5.8 

As shown in Table 3.5, the 3.75 wt% sucrose/7.5 wt% SiO2 sample exhibits the highest 

mesoporous surface area (1124 m2/g), while the highest pore volume is found with the 7.5 wt% 

sucrose/15 wt% SiO2 sample (2.6 cm3/g). This outcome is slightly different, as compared to the 
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glucose-based samples, where the 15 wt% glucose/15 wt% SiO2 sample had the highest surface 

area in its set. We speculate that this outcome may result from the difference in diffusion 

coefficents – at the same concentration, sucrose should have a lower diffusion coefficient than 

glucose due to its larger size – which would impact the rate at which the carbon precursor would 

move away from the ice/liquid interface during solidification. This difference in diffusion 

coefficients may impact the relative partitioning of carbon precursor and SiO2 ahead of the 

growing ice phase, leading to less effective templating for the slower-moving sucrose molecules. 

TE micrographs of the templated sucrose-based carbons are presented in Figure 3.10. 

 
Figure 3.10: TE micrographs of etched carbons. A: 15 wt% sucrose/15 wt% SiO2, B: 7.5 wt% sucrose/15 wt% SiO2, C: 3.75 wt% sucrose/SiO2 

In diluting the 7.5 wt% sucrose/15 wt% SiO2 dispersion prior to freeze-casting, we observe a 

decrease in templated pore volume (from 2.6 cm3/g to 1.9 cm3/g). This result is similar to that 

observed with the glucose/SiO2 system, and again, we attribute the decrease in mesopore volume 

is a result of the entrapment of SiO2 by the rapidly growing ice phase during solidification. 

3.3.3. Structure and Porosity of HPCs Prepared from Resorcinol 

When added to colloidal SiO2 for the preparation of a 1:1 15 wt% SiO2 mixture, resorcinol 

behaves in a drastically different way than glucose or sucrose. Instead of mixing with the 

template to form a low-viscosity dispersion, the weakly acidic resorcinol appears to induce 

gelation of the SiO2 to form a stiff gel in a very short period of time. This interaction greatly 
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influences the porosity created by both the SiO2 template and the ice that forms during the 

freeze-casting process.  

 

 
Figure 3.11: Morphologies of C/SiO2 hybrid structures prepared from resorcinol. A-C: Images of large-scale macropore structure for samples; 

A:15 wt% resorcinol/15 wt% SiO2, B: 7.5 wt% resorcinol/15 wt% SiO2, C: 3.75 wt% resorcinol, 7.5 wt% SiO2. D-F: Micrographs of 
“instabilities” formed during freeze-casting process; D:15 wt% resorcinol/15 wt% SiO2, E: 7.5 wt% resorcinol/15 wt% SiO2, F: 3.75 wt% 

resorcinol, 7.5 wt% SiO2. 

As seen in Figure 3.11, the 15 wt% resorcinol/15 wt% SiO2 sample appears to have a unique 

pore structure in which cylinder-shaped pores are embedded in the matrix. This morphology 

stands in stark contrast to that observed with samples prepared using glucose or sucrose, which 

had a “fishbone” type architecture, and is likely a result of the high viscosity of the mixture prior 

to freeze-casting. Decreasing the mass ratio of resorcinol to silica results in a much more 

accessible sort of porosity, where tendrils instead of solid walls appear to separate pores 

templated by ice crystals. The mixture, prior to freeze-casting, was less viscous than the its 15 

wt% resorcinol counterpart, but it was still necessary to scoop it from the tube in which it was 

mixed prior to freeze-casting. Only the 3.75 wt% resorcinol/7.5 wt% dispersion had low 
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viscosity. The macroporous sructure created upon freeze-casting, as seen in image C of Figure 

3.11, bears stronger resemblance to monoliths prepared from glucose and sucrose. Hg intrusion 

porosimetry data of the unetched, carbonized resorcinol/SiO2 samples are presented in Table 3.6 

below. 

Table 3.6: Hg porosimetry data obtained for unetched resorcinol-based HPCs, post pyrolysis. 
Dispersion composition 

(wt% resorcinol/wt% SiO2) 
Pore Volume 

(cm3/g) 
Pore Area 

(m2/g) 
Median Pore Diameter 

(um) 
Porosity 

(%) 
15/15 2.0 0.5 8.3 71 
7.5/15 1.1 0.5 7.1 52 

3.75/7.5 3.2 0.9 7.2 70 

The macroporosity produced through the freeze-casting of the resorcinol/SiO2 appears to be less 

predictable than for structures prepared from glucose and sucrose. For the 15 wt% resorcinol/15 

wt% SiO2 sample, we observe a relatively high macropore volume of 2.0 cm3/g and a pore area 

of 0.5 m2/g. Decreasing the ratio (by mass) of resorcinol to SiO2 (from 1:1 to 1:2) leads to a 

decrease in pore volume and overall porosity, which was not observed in the glucose and 

sucrose-based samples. This outcome may be due to the greater relative amount of SiO2, which 

appears to strongly interact with the resorcinol (as evidenced by the extent of gelation observed 

in the 15 wt% resorcinol/15 wt% SiO2 sample). Diluting this dispersion to yield 3.75 wt% 

resorcinol/7.5 wt% SiO2 increases the pore volume to 3.2 cm3/g and pore area to 0.9 m2/g. The 

percent porosity also increases from 52% to 70%. 

Close inspection of the macropore size distributions (Figure 3.12), as obtained via Hg intrusion 

porosimetry, helps to better contextualize the data previously mentioned. The pore size 

distribution for the 15 wt% resorcinol/15 wt% SiO2 sample has a peak at 8.3 um. Decreasing the 

mass ratio of resorcinol to SiO2 from 1:1 to 1:2 causes the pore size distribution to broaden and 

for the peak to shift to 6.3 um. Finally, diluting the dispersion to 3.75 wt% resorcinol/7.5 wt% 

SiO2 causes the distribution to broaden and shift even more, so that the peak is located at 5.7 um. 
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Figure 3.12: Pore size distributions obtained by Hg intrusion porosimetry on unetched monoliths (left) and N2 sorption porosimetry on etched 

HPCs (right) for pyrolyzed freeze-cast samples. Sample composition identified by curve color: Black – 15 wt% resorcinol/15 wt% SiO2, Grey – 
7.5 wt% resorcinol/15 wt% SiO2, Red – 3.75 wt% resorcinol, 7.5 wt% SiO2. 

Mesoporosity in the etched, resorcinol-based carbons was probed through N2 sorption 

porosimetry. As shown in Figure 3.12, the 15 wt% resorcinol/15 wt% SiO2 sample has the most 

well-defined pore size distribution, with the peak of the distribution at 4.9 nm. Decreasing the 

ratio of resorcinol to SiO2 (by mass) from 1:1 to 1:2 led to the “smearing out” of the distribution, 

with broad peaks at 2.8 nm and 27 nm. Further decrease in the solids content of the dispersion (to 

3.75 wt% resorcinol/7.5 wt% SiO2) increased the number of peaks present in the pore size 

distribution from two to three, located at 2.7 nm, 5.2 nm, and 21.4 nm. 

Table 3.7: Porosity data for etched carbons as determined by N2 sorption porosimetry. SA = “Surface Area” and PV = “Pore Volume.” 

Dispersion composition 
(wt% resorcinol/wt% SiO2) 

BET 
SA 

(m2/g) 

t-plot 
SA 

(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot 
PV 

(cm3/g) 

MP PV 
(cm3/g) 

Median 
Pore 

Diameter 
(nm) 

15/15 1575 0 1575 2.5 < 0.1 2.5 5.3 
7.5/15 1317 72 1245 2.8 < 0.1 2.8 8.0 

3.75/7.5 1472 49 1423 3.5 < 0.1 3.5 8.4 

As shown in Table 3.7, the mesoporous surface area of the 15 wt% resorcinol/15 wt% SiO2 

derived carbon (1575 m2/g) was the highest observed among the samples prepared in this 

experiment. Decreasing the relative amount (by mass) of resorcinol to SiO2 from 1:1 to 1:2 
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results in a decrease in BET surface area and an increase in microporous surface area (as 

indicated by the t-plot data). This decrease also leads to a modest increase in mesopore volume 

(from 2.5 cm3/g to 2.8 cm3/g) observed in the 7.5 wt% resorcinol/15 wt% SiO2. Further decrease 

in the solids content of the dispersion (through dilution to yield a 3.75 wt% resorcinol/7.5 wt% 

SiO2 mix) results in an increase in mesopore surface area (to 1423 m2/g) and pore volume (3.5 

cm3/g) for the etched sample. TE micrographs of the etched samples are shown in Figure 3.13. 

 
Figure 3.13: TE micrographs of resorcinol-based carbons. A: 15 wt% resorcinol/15 wt% SiO2, B: 7.5 wt% resorcinol/15 wt% SiO2, C: 3.75 wt% 

resorcinol/SiO2 

3.4.0. Comparative Study of Carbon Structures Obtained via Varied Dispersion Compositions 

3.4.1. Influence of Carbon Precursor on Macroporous Structure Generated via Ice Template; 

High Concentration Samples (15 wt% Precursor/15 wt% SiO2) 

For high concentration samples, we observe a significant difference in macropore structure and 

composition when the carbon precursor is changed. As shown in Table 3.8, the HPC macropore 

volume is increased by more than 200% when sucrose is used instead of glucose. 

Table 3.8: Hg porosimetry data obtained for unetched HPCs (15 wt% precursor/15 wt% 4 nm SiO2), post pyrolysis. 

Carbon Precursor Pore Volume 
(cm3/g) 

Pore Area 
(m2/g) 

Median Pore Diameter 
(um) 

Porosity 
(%) 

D-Glucose 0.7 0.2 5.7 25 
Sucrose 1.6 0.3 5.7 46 

Resorcinol 2.0 0.5 8.3 71 

 Interestingly, at the same time, we observe that the median macropore diameter of the unetched 

HPCs remains unchanged. Using resorcinol as a precursor leads to further increase in pore 
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volume and pore area. This result may be a direct result of the precursor diffusion coefficient, 

which impacts the speed at which the precursor moves away from the growing ice front during 

freeze-casting. Sucrose is a larger molecule than glucose, which results in it having a smaller 

diffusion coefficient (that is, sucrose is unable to move away as quickly from the ice/liquid 

interface as compared to glucose). Similarly, the unusually high viscosity of the resorcinol/SiO2 

mixture indicates that the diffusion coefficient of resorcinol will likely be much smaller than that 

of glucose or sucrose at the same concentration. Consequently, any perturbations that develop at 

the ice/liquid interface should be most stable in the resorcinol/SiO2 mixture, moderately stable in 

the sucrose/SiO2 mixture, and least stable in the glucose/SiO2 mixture. These perturbations result 

in a greater extent to which the macropore walls are textured – in Figure 3.14, we see that the 

pore walls in the glucose-based carbon appear less textured than those in the sucrose-based 

carbon, and that the resorcinol-based carbon pore walls are most textured. 

 
Figure 3.14: Micrographs of HPC pore walls formed as “stable perturbations” during freeze-casting; A:15 wt% glucose/15 wt% SiO2, B: 15 wt% 

sucrose/15 wt% SiO2, C: 15 wt% resorcinol, 15 wt% SiO2. 

Close examination of the macropore size distribution, presented in Figure 3.15, shows an 

increase in peak location with apparent diffusion coefficient. Because all of the dispersions were 

prepared with the same mass of precursor, the molar concentration of precursor in each 

dispersion will differ – so that the glucose/SiO2 dispersion would have the highest molar 

concentration of precursor, followed by the sucrose/SiO2 dispersion, followed by the 
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polymerized resorcinol/SiO2 mixture. Because freezing-point depression is dependent on the 

molar concentration of additives, and the formation of stable perturbations relies on freezing-

point depression in the liquid ahead of the ice/liquid interface, we observe the largest number of 

stable perturbations (that ultimately form pore walls in the freeze-cast structure) with the 

glucose/SiO2 dispersion, and the fewest with the resorcinol/SiO2 dispersion. Consequently, we 

should observe smaller pores in the glucose-based HPC, larger pores in the sucrose-based HPC, 

and the largest pores in the resorcinol-based HPC. 

 
Figure 3.15: Pore size distributions obtained by Hg intrusion porosimetry on unetched monoliths; black: 15 wt% glucose/15 wt% SiO2, peak at 

3.1 um; grey: 15 wt% sucrose, 15 wt% SiO2, peak at 3.7 um; red: 15 wt% resorcinol/15 wt% SiO2, peak at 7.6 um.  

 
3.4.2. Influence of Carbon Precursor on Mesoporous Structure Generated via SiO2 

Template; High Concentration Samples (15 wt% Precursor/15 wt% SiO2) 

The mesoporous structure of the templated carbon was found to depend strongly on the precursor 

used. As seen in Figure 3.16, the mesopore size distribution is sharpest for the glucose-based 

carbon. Using sucrose as a carbon precursor appears to decrease the intensity of the pore size 

distribution, though the peak location (6 nm) does not dramatically shift with that change. 
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Figure 3.16: Pore size distributions obtained by N2 sorption porosimetry on etched carbons; black: 15 wt% glucose/15 wt% SiO2, grey: 15 wt% 

sucrose, 15 wt% SiO2, red: 15 wt% resorcinol/15 wt% SiO2.  

Additionally, the use of sucrose in lieu of glucose results in a decreased mesopore surface area 

and pore volume that appear to result from decreased SiO2 templating efficacy. 

Interestingly, the pore size distribution for the resorcinol-based carbon is shifted to lower 

diameters (with a peak at 4.9 nm) and is significantly broader than the others. In addition, the use 

of resorcinol as a carbon precursor results in a very high mesoporous surface area (1575 m2/g) 

and no measurable microporosity, as shown in Table 3.9. Because introducing the weakly acidic 

resorcinol to the SiO2 dispersion leads to gelation of the mixture, nonuniform distribution of hard 

template in the gel would likely skew the pore size distribution observed in the etched carbon. 

Table 3.9: Porosity data for etched carbons as determined by N2 sorption porosimetry. 15 wt% C precursor/15 wt% 4 nm SiO2. 
Carbon 

Precursor 
BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Median Pore 
Diameter (nm) 

Glucose 1276 89 1187 2.1 < 0.1 2.1 5.8 
Sucrose 1122 68 1053 2.1 < 0.1 2.0 6.6 

Resorcinol 1575 0 1575 2.5 < 0.1 2.5 5.3 
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3.4.3. Influence of Carbon Precursor on Macroporous Structure Generated via Ice Template; 

Medium Concentration Samples (7.5 wt% Precursor/15 wt% SiO2) 

Although the relative mass of C precursor is decreased in medium concentration samples, we 

still observe a difference in macroporosity in the freeze-cast, pyrolyzed monoliths. Hg intrusion 

porosimetry data is presented in Table 3.10 below. Using glucose as a carbon precursor yields a 

HPC with the largest pore volume (2.0 cm3/g), while sucrose yields a structure with the highest 

pore area and % porosity (0.8 m2/g and 68%, respectively). 

Table 3.10: Hg porosimetry data obtained for unetched HPCs (7.5 wt% precursor/15 wt% 4 nm SiO2), post pyrolysis. 

Carbon Precursor Pore Volume 
(cm3/g) 

Pore Area 
(m2/g) 

Median Pore Diameter 
(um) 

Porosity 
(%) 

D-Glucose 2.0 0.7 5.8 60 
Sucrose 1.9 0.8 6.9 68 

Resorcinol 1.1 0.5 7.1 52 

We observe a similar trend with respect to observed texturing of macropore walls, as seen in 

Figure 3.17, where the glucose-based carbon pore walls are less textured than those of the 

sucrose-based carbons, which are less textured than the resorcinol-based carbons. 

 
Figure 3.17: Micrographs of HPC pore walls formed as “stable perturbations” during freeze-casting; A: 7.5 wt% glucose/15 wt% SiO2, B: 7.5 

wt% sucrose/15 wt% SiO2, C: 7.5 wt% resorcinol, 15 wt% SiO2. 

The peak locations of the as-obtained macropore size distributions of these carbons are 

dependent on the precursor used; relative location follows a similar trend to high-concentration 

samples as discussed in section 3.4.1. As seen in Figure 3.18, the glucose-based carbon has a 

peak location at 4.8 um, the sucrose-based carbon has a peak location at 6.3 um, and the 

A B C 
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resorcinol-based carbon has a peak location at 6.9 um. The relative locations are a direct result of 

the precursor molar concentration in the dispersion, and are shifted toward larger values due to 

lower overall molar concentrations in these more dilute dispersions. 

 
Figure 3.18: Pore size distributions obtained by Hg intrusion porosimetry on unetched monoliths; black: 7.5 wt% glucose/15 wt% SiO2, peak at 

4.8 um; grey: 7.5 wt% sucrose, 15 wt% SiO2, peak at 6.3 um; red: 7.5 wt% resorcinol/15 wt% SiO2, peak at 6.9 um.  

3.4.4. Influence of Carbon Precursor on Mesoporous Structure Generated via SiO2 

Template; Medium Concentration Samples (7.5 wt% precursor/15 wt% SiO2) 

Table 3.11: Porosity data for etched carbons as determined by N2 sorption porosimetry. 7.5 wt% C precursor/15 wt% 4 nm SiO2. 
Carbon 

Precursor 
BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Median Pore 
Diameter (nm) 

Glucose 1089 89 1000 2.9 < 0.1 2.9 10.0 
Sucrose 1093 108 986 2.6 < 0.1 2.6 8.9 

Resorcinol 1317 72 1245 2.8 < 0.1 2.8 8.0 

Decreasing the mass ratio of carbon precursor to SiO2 (from 1:1 to 1:2) results in a significant 

shift and broadening in the pore size distribution of the etched carbons (shown in Figure 3.19), 

and is likely the result of SiO2 template aggregation. The aggregation effects are evident in the  

data shown in Table 3.11, which highlight the decreased templated surface area and increased 

pore volume. Aggregated SiO2 particles would form large clusters that, overall, would have a 

low surface area to volume ratio. Additionally, the aggregation effects are evident in the 
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significant increase in median pore diameter for all samples studied (glucose: 72%, sucrose: 

35%, resorcinol: 51%). 

 
Figure 3.19: Pore size distributions obtained by N2 sorption porosimetry on etched carbons; black: 7.5 wt% glucose/15 wt% SiO2, grey: 7.5 wt% 

sucrose, 15 wt% SiO2, red: 7.5 wt% resorcinol/15 wt% SiO2.  

3.4.5. Influence of Carbon Precursor on Macroporous Structure Generated via Ice Template; 

Low Concentration Samples (3.75 wt% precursor/7.5 wt% SiO2) 

At the lowest dispersion concentration studied, the carbon precursors used for HPC synthesis 

were also found to impact the macroporous structure of the freeze-cast monoliths. Diluting the 

dispersions helped to further increase the macropore volume and surface area in the structures, 

especially in the case of glucose. Detailed Hg porosimetry data is shown in Table 3.12 below. 

Table 3.12: Hg porosimetry data obtained for unetched HPCs (3.75 wt% precursor/7.5 wt% 4 nm SiO2), post pyrolysis. 

Carbon Precursor Pore Volume 
(cm3/g) 

Pore Area 
(m2/g) 

Median Pore Diameter 
(um) 

Porosity 
(%) 

D-Glucose 3.9 1.4 7.7 76 
Sucrose 2.8 1.0 7.9 58 

Resorcinol 3.2 0.9 7.2 70 

The macropore walls of the as-produced structures (seen in Figure 3.20) also exhibit texture that 

appears to vary according to the apparent diffusion coefficient. Pore walls in the glucose-based 

carbon appear less textured than pore walls in the sucrose-based carbon, and the pore walls of the 
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resorcinol-based carbon appear to have the most texture. 

 
Figure 3.20: Micrographs of HPC pore walls formed as “stable perturbations” during freeze-casting; A:3.75 wt% glucose/7.5 wt% SiO2, B: 3.75 

wt% sucrose/7.5 wt% SiO2, C: 3.75 wt% resorcinol, 7.5 wt% SiO2. 

The macropore size distributions (shown in Figure 3.21) for the low-concentration monoliths are 

broader, with a number of peaks present. Such broadening of the pore size distributions appears 

to coincide with sufficiently low concentration of colloid in the freeze-cast dispersion, and is 

reminiscent of behavior observed with freeze-cast dispersions of diluted PEDOT:PSS as 

presented in Chapter 2. 

 
Figure 3.21: Pore size distributions obtained by Hg intrusion porosimetry on unetched monoliths; black: 3.75 wt% glucose/7.5 wt% SiO2, grey: 

3.75 wt% sucrose, 7.5 wt% SiO2, red: 3.75 wt% resorcinol/7.5 wt% SiO2.  
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3.4.6. Influence of Carbon Precursor on Mesoporous Structure Generated via SiO2 

Template; Low Concentration Samples (3.75 wt% precursor/7.5 wt% SiO2) 

Dilution of the 1:2 (by mass) sample results in an increase in templated surface area, as shown in 

Table 3.13, for all samples studied. Interestingly, there is a sharp decrease in pore volume for 

glucose- and sucrose-based carbons; dilution led to a 57% decrease for glucose and 25% 

decrease for sucrose. Additionally, the median mesopore diameter for these two samples also 

decreased significantly with dilution. Conversely, the resorcinol-based carbon underwent an 

increase in surface area, pore volume, and median pore diameter resulting from dilution. 

Table 3.13: Porosity data for etched carbons as determined by N2 sorption porosimetry. 3.75 wt% C precursor/7.5 wt% 4 nm SiO2. 
Carbon 

Precursor 
BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Median Pore 
Diameter (nm) 

Glucose 1152 94 1058 1.3 < 0.1 1.2 4.3 
Sucrose 1186 61 1124 2.0 < 0.1 1.9 5.8 

Resorcinol 1472 49 1423 3.5 < 0.1 3.5 8.4 

The pore size distributions of these templated carbons are shown below in Figure 3.22. For the 

glucose-based carbon, the peak in the pore size distribution appears to shift to smaller values 

with dilution and the overall distribution becomes much smoother. This effect is also observed 

with the sucrose-based carbons, which have a broad peak at about 4.9 nm. For the resorcinol-

based carbon, we observe a trimodal pore size distribution with peaks at 2.7 nm, 5.2 nm, and 

21.4 nm. 
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Figure 3.22: Pore size distributions obtained by N2 sorption porosimetry on etched carbons; black: 3.75 wt% glucose/7.5 wt% SiO2, grey: 3.75 

wt% sucrose, 7.5 wt% SiO2, red: 3.75 wt% resorcinol/7.5 wt% SiO2.  

3.4.7. General Remarks on Effective Templating of Hierarchical Porous Carbons Using 

Molecular Precursors 

The choice of carbon precursor for HPC synthesis has a drastic effect on the macroporous and 

mesoporous structure created in the freeze-cast carbons. We observe that decreased solids 

content in the dispersion prior to freeze-casting typically leads to an increase in macroporous 

surface area and pore volume observed in the carbons produced. The structure of those pores 

(surface texture and shape) are dependent on the concentration of solids in the dispersion as well 

– higher concentration dispersions typically produces a cellular morphology with pores that have 

significant surface texture, while dispersions with lower solids content produce monoliths with 

lamellar, smooth pores that are aligned in the direction of the applied thermal gradient. The 

different carbon precursors used – glucose, sucrose, and resorcinol – influence the macroporosity 

of the freeze-cast monoliths as well; this result is likely due to their differing abilities to diffuse 

away from the solid/liquid interface. Because the freezing point of a dispersion or solution 

changes in response to the amount of additive (whether particulate or molecular), freezing-point 
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depression of the liquid ahead of the ice front causes a phenomenon akin to constitutional 

supercooling (observed in alloys). As a result, the observed morphology in the freeze-cast 

structure is a consequence of the ability for the solid (both carbon precursor and SiO2 template) 

to stabilize perturbations that develop in the planar ice front as it grows. 

Interestingly, the choice of carbon precursor also influences the efficacy with which the SiO2 

may template mesopores. The 15 wt% glucose/15 wt% SiO2 dispersion shows the most faithful 

replication of the SiO2 template but, out of the mixtures studied, does not give the highest 

observed mesopore surface area and pore volume. We observe an influence of dilution on 

mesopore surface area, pore volume, and fidelity – reducing the amount of carbon precursor to 

achieve a 1:2 mass ratio of precursor to template improves the pore volume (as determined by N2 

sorption porosimetry), but at the expense of surface area due to SiO2 aggregation. Further 

dilution of the dispersion helps improve observed surface area, but at the expense of pore volume 

– a likely result of template engulfment by ice during freeze-casting. 

The use of resorcinol of a carbon precursor, when mixed with colloidal SiO2, results in high 

surface areas and pore volumes as compared to samples prepared with glucose or sucrose under 

the same conditions. When resorcinol is mixed with SiO2 to form a 15 wt% precursor/15 wt% 

SiO2 dispersion, we observe full gelation of the mixture within minutes due to a destabilizing 

effect of the weakly acidic resorcinol on the dispersed SiO2 particles. Nonuniform distribution of 

hard template in the gel appears to skew the mesopore size distribution observed in the etched 

carbon. Preparing a more dilute mixture (in the case of the 7.5 wt% resorcinol/15 wt% SiO2) 

leads to a decrease in macropore volume, interestingly, which is the opposite of what was 

observed with glucose and sucrose. Further dilution of this dispersion (to 3.75 wt% 

resorcinol/7.5 wt% SiO2) results in an increase in macropore volume and area. Additionally, the 
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mesoporous surface area and volume increases with decreased solids content. 

3.4.8. Raman Spectroscopy Study of Templated Carbons 

The full curve-fitting data for this sample set may be found in Table 3.15; however, a subset of 

these curves (shown in Figure 3.23) are examined in this chapter for brevity’s sake in Table 

3.14 below. The extent to which a non-graphitic carbon is ordered is typically reflected in the full 

width at half maximum height (FWHM) of the D1 curve – more ordered carbons will have a 

narrower D1 peak than their disordered counterparts [118]. Additionally, we may also examine 

the relative presence of amorphous carbon in the structure by probing the FWHM of the D3 

curve [114] which, in all curve fitting trials, was found at 1520 cm-1. 

Table 3.14: Subset of Raman spectroscopy curve fitting data 

C 
precursor 

Composition 
(C wt%/SiO2 wt%) 

G Center 
(cm-1) 

G 
FWHM 
(cm-1) 

D1 
Center 
(cm-1) 

D1 
FWHM 
(cm-1) 

D3 
FWHM 
(cm-1) 

glucose 15/15 1593 59 1346 129 152 
glucose 7.5/15 1591 61 1344 127 151 
glucose 3.75/7.5 1593 69 1347 153 175 
sucrose 15/15 1597 60 1348 132 155 
sucrose 7.5/15 1596 62 1345 154 158 
sucrose 3.75/7.5 1595 68 1344 172 175 

resorcinol 15/15 1594 68 1343 166 181 
resorcinol 7.5/15 1599 60 1350 126 162 
resorcinol 3.75/7.5 1596 60 1347 123 143 

We observe that, for glucose, the narrowest D1 peaks occur in the 15 wt% glucose/15 wt% SiO2 

and 7.5 wt% glucose/15 wt% SiO2 based carbons. The carbon prepared from the lowest 

concentration glucose dispersion had the widest D1 peak out of the three. We speculate that this 

effect may be related to the templating efficacy of the SiO2 particles – that glucose, when it is 

confined to a space between SiO2 particles (resulting in high templation efficacy), is able to 

produce a more ordered carbon upon pyrolysis. This phenomenon of confinement-induced 

ordering has been observed in the formation of graphitic carbon nitride [119, 120] and graphene 
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[121]. Consequently, we would expect the amount of amorphous carbon (associated with the 

FWHM of the D3 peak) to increase in the less-ordered carbon prepared from the 3.75 wt% 

glucose/7.5 wt% SiO2 dispersion. Indeed, we find that the FWHM of this sample is significantly 

greater than that of its more concentrated glucose-based counterparts. 

In the case of sucrose, we find that the narrowest D1 peak occurs in the carbon prepared from the 

concentrated dispersion (15 wt% sucrose/15 wt% SiO2). Increasing the relative amount of SiO2 

(for the intermediate concentration sample) leads to broadening of the peak, indicating a decrease 

in carbon order. Further dilution results in additional peak broadening. Again, it appears that 

templating efficacy is strongly tied to the FWHM of the D1 peak, possibly resulting from 

confinement effects during pyrolysis. The relative amount of amorphous carbon increases with 

dilution and is maximum for the 3.75 wt% sucrose/7.5 wt% SiO2 based sample. 

Interestingly, we observe the opposite behavior with the resorcinol-based carbon. The largest 

FWHM for the D1 peak is found with the most concentrated sample (15 wt% resorcinol/15 wt% 

SiO2. This peak narrows significantly when the relative amount of SiO2 increases (7.5 wt% 

resorcinol/15 wt% SiO2). Additional dilution results in further peak narrowing. In the case of 

resorcinol, we speculate that this outcome may result from the extent to which the monomer 

undergoes polymerization in the presence of SiO2. Polymerization of the resorcinol would likely 

result in increased ordering found in the prepared carbon; therefore, if polymerization is 

promoted via increased SiO2 mass, then it would follow that the carbon prepared from the 7.5 

wt% resorcinol/15 wt% SiO2 dispersion would also exhibit greater order. This hypothesis is 

supported by the FWHM of the D3 band, which is narrowest for the carbon prepared from the 

3.75 wt% resorcinol/7.5 wt% SiO2 dispersion. In this case, we observe a decrease in the relative 

amount of amorphous carbon. 
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In comparing the carbons prepared from the 15 wt% precursor/15 wt% SiO2 dispersions, we find 

the narrowest D1 and D3 bands for the carbon prepared from glucose, indicating both a relatively 

high amount of ordering and low amount of amorphous carbon in the templated sample. The 15 

wt% resorcinol/15 wt% SiO2 derived sample, interestingly, has a very high amount of disorder 

and amorphous carbon in comparison. We speculate that this outcome results from the 

incomplete polymerization of the resorcinol occurring after mixing with the alkaline SiO2 

dispersion – a phenomenon that does not appear to be present in the samples prepared with 

glucose and sucrose. 

For the 7.5 wt% precursor/15 wt% SiO2 dispersions, the resorcinol-based sample has the 

narrowest D1 band, while the glucose-based sample has the narrowest D3 band – indicating that 

the resorcinol sample now has more order than the samples prepared from glucose or sucrose, 

and that the glucose sample now has the least amount of amorphous carbon present. Further 

dilution of the dispersions (yielding 3.75 wt% precursor/7.5 wt% SiO2) leads to further 

narrowing of the D1 and D3 bands for the resorcinol-based sample, as compared to the others. 

Consequently, we may conclude that the dilute resorcinol-derived carbon has the greatest amount 

of structural order and least amount of amorphous carbon present. 

3.5.0. Conclusions 

In this chapter, we explored the influence of carbon precursor and dispersion concentration on 

the morphology and bonding structure present in hierarchical porous carbons prepared via 

freeze-casting. Additionally, we probed the impact of these parameters on the bonding structure 

observed in the prepared carbon. In so doing, we observed that pore structure (in both the 

macroporous and mesoporous regimes) is influenced by the composition of the dispersion to be 
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freeze-cast. While glucose and sucrose did not appear to interact significantly with the alkaline 

SiO2 dispersion, the use of resorcinol led to the formation of a viscous gel-like liquid upon 

mixing. This polymerization impacted the porosity and structural order observed in the templated 

carbon. 

We observed that for glucose- and sucrose-based carbons, the appearance and structure of 

macropores formed during freeze-casting are a direct result of a phenomenon similar to 

constitutional supercooling, as seen in alloys. The most faithful templating of mesopores by the 

SiO2 particles was observed in concentrated dispersions; dilution of these dispersions led to shifts 

and broadening in the pore size distributions, as determined by N2 sorption porosimetry. 

Additionally, we observed that for glucose- and sucrose-based carbons, mesopore templation 

efficacy was related to the amount of amorphous and ordered carbon in the final product.  

The pore morphology and bonding structure observed in the templated carbons are strongly 

dependent on the composition of the dispersion prepared for freeze-casting; consequently, it is 

important to exercise care in the selection of the carbon source and template in order to target the 

desired porosity. Full characterization of the graphitic ordering (via X-ray diffraction) and 

electrical conductivity in these freeze-cast carbons may also better inform materials selection for 

device electrodes. 
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Figure 3.23: Raman spectra for glucose-based carbons (left), sucrose-based carbons (middle), and resorcinol-based carbons (right).  

Spectrum color indicates composition of dispersion used for freeze-casting – black: 15/15, blue: 7.5/15, red: 3.75/7.5. 
 
 

Table 3.15: Curve fitting data for Raman spectra of samples freeze-cast at -196C. Truncated version as Table 3.14 in the text. 
  Curve center (cm-1) Curve width (cm-1) 

C 
Precursor 

Composition 
(C wt%/SiO2 wt%) G D1 D3 D4 2D D + G G D1 D3 D4 2D D + G 

glucose 15/15 1593 1346 1520 1199 2681 2909 59 129 152 186 222 196 
glucose 7.5/15 1591 1344 1520 1188 2688 2912 61 127 151 191 255 183 
glucose 3.75/7.5 1593 1347 1520 1215 2691 2904 69 153 175 214 253 218 
sucrose 15/15 1597 1348 1520 1198 2725 2938 60 132 155 162 378 161 
sucrose 7.5/15 1596 1345 1520 1205 2675 2906 62 154 158 151 276 245 
sucrose 3.75/7.5 1595 1344 1520 1199 2706 2927 68 172 175 199 299 229 

resorcinol 15/15 1594 1343 1520 1209 2735 2930 68 166 181 196 419 202 
resorcinol 7.5/15 1599 1350 1520 1211 2692 2917 60 126 162 173 246 207 
resorcinol 3.75/7.5 1596 1347 1520 1201 2683 2914 60 123 143 185 216 201 
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4.0.0. Freeze-Casting of Resorcinol Formaldehyde for Synthesis of Hierarchical Porous 

Carbons 

4.1.0. Resorcinol-Formaldehyde (RF) Based Carbons 

Resorcinol-formaldehyde (RF) is a polymer formed by the polymerization of resorcinol (1,3-

dihydroxybenzene) in the presence of formaldehyde and a catalyst. The base-catalyzed 

polymerization of resorcinol was first reported by Pekala in 1989 and has become an important 

means to prepare organic gels and carbons [18]. A schematic for the polymerization reaction is 

shown in Figure 4.1. In the presence of a base catalyst (e.g. Na2CO3), resorcinol is deprotonated 

to form the resorcinate anion. The negative charge of the ion is stabilized through resonance 

structures in which the 2, 4, and 6 positions on the ring are active sites for electrophilic addition 

by formaldehyde to yield 4-hydroxymethyl resorciniol (reaction 1, Figure 4.1). Addition of two 

equivalents of formaldehyde to the resorcinol molecule (reaction 2, Figure 4.1) produces 4,6-

di(hydroxymethyl) resorcinol. 4-dihydroxymethyl resorcinol undergoes a reaction in which the 

hydroxyl group on the 4 position is ejected, leaving behind a reactive quinone methide molecule 

(reaction 3, Figure 4.1). This quinone methide may react with a resorcinate (reaction 4, Figure 

4.1) or hydroxymethyl resorcinol (reaction 6, Figure 4.1) molecule to form a methylene bridge 

connecting the two structures. Continuation of these reactions leads to the formation of a 

crosslinked polymer hydrogel [122]. 

These base-catalyzed gels typically exhibit a “beads on a string” type morphology with intrinsic 

mesoporosity (with surface areas up to 850 m2/g and pore volumes as high as 3.3 cm3/g) resulting 

from spaces between adjacent resorcinol particle surfaces [19, 123-125]. Hydrogel mesoporosity 

may be tuned to a certain degree through variations in the relative amount of resorcinol, 

formaldehyde, water, and catalyst. Additionally, porosity may be influenced by the method used 
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to dry the hydrogel [126-127]. After pyrolysis, the resulting carbons have textural characteristics 

that strongly reflect the organic structures from which they were derived. 

 
Figure 4.1: Schematic of RF polymerization in presence of base catalyst. (1) Resorcinol undergoes addition reaction in presence of base 

catalyst to form 4-hydroxymethyl resorcinol and (2) 4,6-di(hydroxymethyl) resorcinol. Ejecting an OH- group enables 4-dihydroxymethyl 
resorcinol to become a much more reactive quinine methide species (3). Reaction of the quinine methide with resorcinate (4) leads to the 

formation of a methylene bridged structure. Alternatively, resonance stabilized (5) 4-dihydroxymethyl resorcinol may react with the quinine 
methide to form methylene bridged methylol structures (6). 

RF-based carbon aerogels – prepared via solvent exchange and supercritical CO2 drying of the 

hydrogel – offer good electrical conductivity (50 S/cm) [128] and mesopore structure with 

surface areas and pore volumes as high as 850 m2/g and 2.81 cm3/g, respectively [19, 123-124, 

128]. Carbon cryogels, which exhibit intermediate surface area and pore volume (820 m2/g and 
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1.2 cm3/g, respectively), are often prepared via solvent exchange (from water to tert-butanol) 

followed by solidification and subsequent freeze-drying of the organic gel [129-131]. Carbon 

xerogels, dense structures prepared by drying the hydrogel in ambient conditions, tend to exhibit 

low pore volumes and surface area (up to 0.44 cm3/g and 590 m2/g, respectively) due to 

generation of capillary forces during drying that lead to densification [125, 132]. Subsequent 

activation of these gels leads to the formation and broadening of the mesopores and micropores 

present [124-125, 133-135]. 

Additional mesoporosity may be incorporated in RF gels by way of hard templation through 

inclusion of SiO2 particles in the gel precursor. Commercially available colloidal silica can be 

used to increase the surface areas and pore volumes of these RF-based carbons; however, the 

particles typically aggregate in these gels, leading to broad pore size distributions that do not 

reflect the template size itself [28-29, 136]. 

Methods to produce RF-based carbon nanoparticles have relied on hard templation to generate 

mesopores with high fidelity to the template size used [137-138]. In these cases, the SiO2 

particles were uniformly embedded in the RF matrix so that, upon their removal, a mesopore the 

size of the template was formed. Good dispersion of the SiO2 particles in the RF matrix, 

therefore, is an important means of controlling surface area and pore size distributions in the 

resulting carbon. 

As demonstrated in Chapter 3, it is possible to use a freeze-casting method to produce 

hierarchical porous carbons (HPCs) using a variety of molecular carbon precursors with a SiO2 

template. We observed the unique behavior of resorcinol (as compared to glucose or sucrose) in 

this context, and noted the particularly high surface areas, pore volumes, and structural ordering 

in the carbons produced via freeze-casting. In this chapter we seek to expand the freeze-casting 
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method to the formation of HPCs from resorcinol formaldehyde, a polymeric carbon precursor. 

Here, we examine the effects of freezing conditions and RF/SiO2 particle size on the porosity and 

structural ordering of the as-produced carbons. Templation efficacy and textural properties of the 

carbons as prepared and after physical activation are evaluated using a range of analytical 

techniques including N2 sorption, Hg intrusion porsimetry, scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman 

microspectroscopy. 

4.2.0. RF-Derived HPC Synthesis and Characterization 

4.2.1. Preparation of RF Dispersions for Freeze-Casting 

Reagents used were resorcinol (99%, Sigma-Aldrich), 37% formalin stabilized in methanol (AR 

grade, Mallinckrodt), sodium carbonate (AR grade, Mallinckrodt), 4 nm SiO2 in water (15 wt%, 

Alfa Aesar), 12 nm SiO2 in water (30 wt%, Ludox), 20 nm SiO2 in water (40 wt%, Alfa Aesar), 

and deionized water (18.2 MOhm cm). 

In a typical synthesis, 1.436 g resorcinol was dissolved in 20 mL water. Upon dissolution, 0.720 

mL formalin solution was added. 100 mg/mL Na2CO3 was then added to the RF mixture to yield 

resorcinol/catalyst (R/Cat) molar ratios from 5 to 1000. After mixing, the sample container was 

sealed with PTFE tape and heated at 100°C for a minimum of 12h. Upon removal, the colored 

dispersions were cooled to room temperature. 
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4.2.2. Freeze-Casting of RF Precursor Mixed with SiO2 Hard Template 

The cooled RF dispersions were mixed with colloidal SiO2 to yield a RF:SiO2 ratio (by mass) of 

approximately 1:2 as follows: 

- 4 nm SiO2: 2.5 mL RF was added to 2.5 mL 4 nm SiO2 dispersion, diluted to 5.5 mL total 

with DI water 

- 12 nm SiO2: 2.5 mL RF was added to 1.25 mL 12 nm SiO2 dispersion, diluted to 5.5 mL 

total with DI water 

- 20 nm SiO2: 2.5 mL RF was added to 0.94 mL 20 nm SiO2 dispersion, diluted to 5.5 mL 

total with DI water 

Freeze-casting of the RF/SiO2 mixtures was accomplished by pouring the mixture into an 

aluminum pan and then placing the pan on a cold surface (-196°C or -40°C). Upon complete 

solidification of the mixture, the pan was transferred to a freeze-dryer (Advantage EL-85, SP 

Scientific) with a shelf temperature of -40°C. The freeze-dryer vacuum was turned on and, after 

reaching a pressure of below 100 mTorr, the shelf temperature was raised to 30°C and the 

samples were allowed to dry for >12 hours. 

4.2.3. Preparation of HPCs by Carbonization and Etching of Freeze-Cast Monoliths 

After drying, the RF/SiO2 porous monoliths were placed in alumina cups and heated to 1000°C 

at a rate of 5°C/minute under a N2 gas atmosphere. Samples were allowed to carbonize for 3h 

and then were cooled down to room temperature over a period of roughly 12h. 

The samples were next etched in 3M NaOH solution in high-density polyethylene bottles at 80°C 

for >12h. After etching, the carbons were rinsed with DI water until the rinsate pH reached 7.0, 
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and then for an additional time to ensure complete removal of the etchant/template. The carbon 

was then dried and stored under vacuum at 100°C until needed. 

Physical activation was performed on a subset of samples after etching. A known mass of dried 

carbon (typically 75 mg) was loaded into an alumina crucible and heated at 5°C/minute under an 

Ar atmosphere to 950°C. While the furnace temperature was maintained at 950°C, the flow gas 

was switched to CO2 (flow rate: 0.1 ft3/hr) and carbons were activated for 1-3h. Following 

activation, the flow gas was switched back to Ar and samples were cooled to room temperature. 

Carbons are referred to using the convention Rx/Ty-Z, where x is the size of RF (rounded to the 

nearest nm), y is the size of SiO2 template used, and Z is the temperature (in °C) used for freeze-

casting. 

4.2.4. Structural Characterization 

Dynamic light scattering (DLS; Malvern ZetaSizer Nano) was used to determine the size of RF 

particles present in the aqueous dispersions. RF dispersions with R/Cat (molar) from 5 to 1000 

were prepared to construct a calibration curve. Additionally, dispersions used for HPC synthesis 

were analyzed prior to freeze-casting. Typically, 50 uL of RF dispersion was diluted to 1 mL 

with DI water prior to analysis. Analyses were performed at room temperature. The z-average 

size and polydispersity index (PDI) of the RF dispersions were obtained via the Malvern analysis 

software. 

Hg intrusion porosimetry (AutoPore IV 9500, Micromeritics) was performed on unetched, 

monolithic samples. Hg was introduced into the penetrometer loaded with sample (typically 50 

mg) at a fill pressure of 0.24 psi. Pressure was applied in a stepwise manner to the Hg column in 

the penetrometer in two phases to obtain pore size information for the unetched samples. 
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N2 sorption porosimetry (ASAP 2020/2460, Micromeritics) was performed on NaOH etched 

carbon powders and monoliths at -196°C. Prior to analysis, carbons were stored at 100°C under 

vacuum. 

Typically, 15-30 mg of sample was degassed at 150°C under vacuum (<100 mTorr) for at least 

5h prior to analysis. Microporosity was analyzed from sorption data using the Harkins-Jura 

method; surface area and pore volume were determined using the Brunaeur-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) methods respectively. Mesoporous surface area was 

estimated by taking the difference between the BET and t-plot surface areas, and mesopore 

volume was estimated as the difference between the single point pore volume (SPPV) and t-plot 

pore volume. 

Electron microscopy was used to probe the pore structure and overall morphology of the carbon 

powders and monoliths. Carbons were adhered to aluminum stubs and imaged using scanning 

electron microscopy (Mira3 FESEM, Tescan) with an accelerating voltage of 5kV. Unetched 

monoliths were sputtered with a roughly 10 nm thick layer of Au/Pd prior to SE imaging. TEM 

(Tecnai Twin T12, FEI Corporation) of carbon powders attached to Cu grids was performed at 

120kV. 

4.2.5. Spectroscopic Characterization 

Raman microspectroscopy (InVia confocal microscope, Renishaw) was performed on etched 

carbon powders using a 488 nm laser and 2400 lines/mm grating. Spectra were obtained using a 

10s exposure time at 10% intensity from 1000-3200 cm-1. Using Renishaw’s WiRE 4.1 software, 

spectra were baseline-corrected and curve-fit for the G, D1, D3, D4, 2D, and D+G bands as 
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discussed in Chapter 3. Structural order/bonding and the relative amount of amorphous carbon in 

the samples were assessed using the D1 and D3 bandwidths. 

4.2.6. X-Ray Diffraction Characterization of Selected Carbons 

X-ray diffraction (XRD; Scintag) was performed on a subset of carbon powders to further 

characterize their structure and ordering. The XRD instrument used a Cu line source (1.5405 Å). 

Spectra were obtained on samples in a 2Theta range from 10°-50°. Ordering was qualitatively 

determined by the peak intensity for the (002) basal plane, typically found at 26°. 

4.3.0. Results: Influence of RF, SiO2 Particle Size on Mesoporous Structure in Freeze-Cast 

Carbons 

4.3.1. Control of RF Particle Size in Prepared Dispersions 

 
Figure 4.2: Photograph of RF dispersions with R/Cat ratios from 10 to 1000 

To achieve varied RF particle size, resorcinol is polymerized with formaldehyde in the presence 

of varied amounts of Na2CO3 catalyst (hereto referred as Cat). The appearance of RF precursor 

dispersions is strongly dependent on the R/Cat ratio used for a given sample. Low R/Cat ratios 

lead to the formation of a dark red, transparent dispersion, while increased catalyst content 

causes the dispersion to take on a translucent, orange appearance. An array of samples used for 

the dispersion calibration curve is shown in Figure 4.2. 
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Using DLS, the z-average particle size and polydispersity index (PDI) was obtained for samples 

with R/Cat from 5 to 1000 and is shown in Table 4.1. The z-average particle size was plotted 

against R/Cat to yield a calibration curve with the form: 

 

with an R2 value of 0.99 and is shown in Figure 4.3. 

 
Figure 4.3: Calibration curve of RF dispersions prepared with different R/Cat (molar) ratios 

Table 4.1: DLS data for RF particle size calibration curve 
R/Cat (molar) 5 10 20 70 100 200 300 400 500 600 700 800 900 1000 

Z avg size (nm) 3.9 4.2 4.7 6.9 7.6 10.9 14.0 18.9 31.7 43.5 91.2 152.5 165.5 189.3 
Z avg size err (nm) 0.3 0.4 0.2 0.2 0.2 0.2 0.3 0.5 1.2 0.9 2.5 4.0 3.8 3.1 

PDI 0.2 0.2 0.3 0.3 0.4 0.4 0.5 0.5 0.4 0.3 0.2 0.3 0.2 0.2 
PDI err <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

In the absence of SiO2 template, freeze-casting the RF dispersions as prepared yielded a 

macroporous, monolithic structure with no porosity detectable using N2 sorption porosimetry 

post-pyrolysis. Representative TE micrographs of RF-based carbon prepared via traditional sol-

gel processes, as compared to freeze-cast RF-based carbon with and without added SiO2 template 

are shown in Figure 4.4. 
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!
Figure 4.4: Representative TE micrographs of carbonized RF-based structures. A: cryogel, B: freeze-cast RF dispersion without SiO2 template, 

C: freeze-cast RF dispersion with SiO2 template, post-etch. Scale bar: A,B = 200 nm; C = 100 nm. 

4.3.2. Freeze-Casting of RF-Based Carbons Using 4 nm SiO2 Template 

RF dispersions used to create HPCs in sections 4.3.2, 4.3.3, and 4.3.4 were comprised of 

particles with diameters of 4.4 nm, 5.4 nm, 8.0 nm, 12.4 nm, 14.4 nm, 18.4 nm, 28.3 nm, 147.6 

nm, and 228.9 nm. For simplicity’s sake, HPC names include RF particle sizes that have been 

rounded to the nearest nm. 

Table 4.2: Porosity data for etched carbons as determined by N2 sorption porosimetry. 
Sample ID 
(Rx/Ty-Z) 

BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Median Pore 
Diameter (nm) 

R4/T4-196 1399 51 1348 3.1 < 0.1 3.0 7.3 
R5/T4-196 1328 102 1227 3.0 < 0.1 2.9 7.6 
R8/T4-196 1330 119 1211 2.7 < 0.1 2.7 7.1 

R12/T4-196 806 41 765 2.1 < 0.1 2.1 9.0 
R14/T4-196 819 139 680 2.3 < 0.1 2.2 11.2 
R18/T4-196 923 91 832 2.2 < 0.1 2.2 9.7 
R28/T4-196 851 75 776 2.1 < 0.1 2.1 8.9 

R148/T4-196 1079 71 1008 2.1 < 0.1 2.0 7.7 
R229/T4-196 866 59 807 2.0 < 0.1 2.0 9.3 

In order to probe the impact of RF particle size on templated samples, N2 sorption porosimetry 

was performed on etched carbons. Surface area/pore volume information is listed in Table 4.2. 

For the 4 nm templated samples, the highest mesoporous surface area (MP SA) is observed for 

R4/T4-196, the dispersion comprised of 4.4 nm RF and 4 nm SiO2. Gradually increasing the RF 

particle size while maintaining the same dispersion composition (1:2 RF/SiO2 by mass) led to 

significant decreases in surface area so that for R14/T4-196, the MP SA was reduced by 50%. 

A B C 



! 95!

Interestingly, increasing the RF particle size past this point results in a modest increase of surface 

area. Along the same lines, we observe a decrease in mesporous volume (MP PV) with 

increasing RF particle size. The highest mesopore volume was observed for R4/T4-196; 

increasing particle size appears to result in decreased pore volume. 

 
Figure 4.5: Pore size distributions (obtained via N2 sorption porosimetry on etched carbons) for 4 nm SiO2 templated RF. 

The pore size distributions for the 4 nm templated are shown in Figure 4.5. Using the 4.4 nm RF 

with the 4 nm SiO2 appears to produce the narrowest distribution, with a peak at 6.4 nm. 

Increasing the RF particle size results in a broadening and shifting of the pore size distributions 

to larger sizes. Interestingly, for the sample prepared with 18.4 nm RF, the peak in the pore size 

distribution appears to shift back toward smaller diameters. The pore size distribution for the 

28.3 nm RF sample is virtually identical to that of the 18.4 nm RF sample; however, use of the 

larger RF particle sizes (147.6 nm and 228.9 nm) result in pore size distributions that are pushed 

further back toward small diameters. 

Templating efficacy can be observed in the TE micrographs shown in Figure 4.6. Samples 

prepared using RF with diameters of 4.4 nm, 5.4 nm, 8.0 nm, and 12.4 nm (Figure 4.6, A-D) 

appear to have no significant nonporous regions, indicating that SiO2 was able to effectively 
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template the carbon. However, beginning with the sample prepared using 14.4 nm RF (Figure 

4.6, E) there appear to be large regions of untemplated carbon that lack the circular patterning 

visible in the carbons prepared using smaller diameter RF. The lack of features on the TE 

micrographs correlates well with shifting and broadening of the N2 sorption pore size distribution 

as seen in Figure 4.5.  Large domains of untemplated carbon are very apparent in samples 

prepared with RF having diameters of 28.3 nm, 147.6 nm, and 228.9 nm (Figure 4.6, G-I) 

 

 

 
Figure 4.6: TE micrographs of RF-based HPCs templated with 4 nm SiO2. A: R4/T4-196, B: R5/T4-196, C: R8/T4-196, D: R12/T4-196,  

E: R14-T4-196, F: R18/T4-196, G: R28/T4-196, H: R148/T4-196, I: R229/T4-196 
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Carbons were also analyzed via Raman spectroscopy; curve fitting data for peaks G, D1, and D3 

are presented in Table 4.3 below. Sample R4/T4-196 has very broad D1 and D3 peaks, 

indicating a relatively low amount of structural order with high amorphous carbon content. 

Increasing the RF particle size results in narrowing of the D1 and D3 bands significantly – using 

5.4 nm RF narrows the D1 band by 18 cm-1 and the D3 band by 15 cm-1. This decrease continues 

for R8/T4-196. Further increase of the RF particle size leads to variation in the D1 and D3 

FWHM; however, we observe the widest peaks overall for the 4.4 nm RF sample. R8/T4-196 has 

the narrowest D1 band (118 cm-1), and R12/T4-196 has the narrowest D3 band (151 cm-1) of all 

the samples prepared with the 4 nm SiO2 template. 

Table 4.3: Subset of Raman spectroscopy curve fitting data. Full set presented in Table 4.14. 
Sample ID 
(Rx/Ty-Z) 

G Center 
(cm-1) 

G FWHM 
(cm-1) 

D1 Center 
(cm-1) 

D1 FWHM 
(cm-1) 

D3 FWHM 
(cm-1) 

R4/T4-196 1593 67 1336 197 184 
R5/T4-196 1591 66 1340 179 169 
R8/T4-196 1598 56 1348 118 153 

R12/T4-196 1597 61 1349 130 151 
R14/T4-196 1593 64 1347 149 155 
R18/T4-196 1593 66 1347 155 154 
R28/T4-196 1599 59 1349 140 157 

R148/T4-196 1592 69 1338 191 179 
R229/T4-196 1594 77 1350 174 162 

Additionally, XRD spectra were taken of a subset of samples (prepared from RF with diameters 

of 4.4 nm, 5.4 nm, 8.0 nm, 12.4 nm, 147.6 nm, and 228.9 nm) after etching; the spectra as 

obtained are shown in Figure 4.7.  

The (002) plane peak for graphite appears to become more intense for larger RF particle sizes. 

Additionally, we notice that the peak is shifted to lower values of 2theta, when compared to the 

peak location in pure graphite. This occurrence is common in turbostratic carbons where the 

crystallite size is sufficiently small. Additionally, turbostratic carbons typically display an 

additional peak in the XRD spectrum (in the range from 10° - 50°) at 42° for the (100) plane; this 
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peak is significantly more pronounced in the samples prepared using larger RF particle sizes, 

likely due to the larger crystallites that are able to form during pyrolysis. 

 

 
Figure 4.7: XRD spectra obtained on etched HPC powders prepared with 4 nm SiO2. Red: 4.4 nm RF, yellow: 5.4 nm RF, green: 8.0 nm RF, 

blue: 12.4 nm RF, brown: 147.6 nm RF, purple: 228.9 nm RF. 

With respect to overall carbon characteristics, there appears to be a tradeoff between effective 

mesopore templating (for the generation of high surface area and pore volume) and carbon 

content/type when using 4 nm SiO2. Schematics of relative RF/SiO2 size are presented below in 

Figure 4.8. Using small RF particles in the preparation of carbons (image A, Figure 4.8) results 

in faithful SiO2 templating and high surface area; however, the Raman FWHM for the D1 and 

D3 peaks is large. Additionally, the XRD spectrum has very broad peaks at 20° and 42°, which 

indicate small graphitic crystallite size. This outcome is likely due to the small RF particle size; 

during freeze-casting, the RF particles are pushed together by the SiO2 and ice (helping to create 

a more connected carbon structure), but because the particles themselves were never strongly 

associated to one another, they still contribute defects (i.e. grain boundaries) that cause 

broadening of the D1 band. Increasing the RF particle size (image B, Figure 4.8) leads to lower 
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templated surface area, but because there are fewer grain boundaries present in the carbon 

(resulting from the spaces between deformed RF particles), the D1 and D3 bands narrow in 

response to greater ordering. Because the graphitic domains are still relatively small, the XRD 

spectrum maintains broad peaks as observed in the previous case. Finally, further increase of the 

RF particles (image C, Figure 4.8) results in the narrowing and shift of the (002) peak in the 

XRD spectrum as a result of the formation of larger graphitic domains, possibly resulting from 

the aggregation of SiO2 particles that help to template a larger region of the RF colloid during 

freeze-casting. 

 
Figure 4.8: Schematics of RF/SiO2 templating. RF particles are outlined in black, SiO2 outlined in red.  

(A) Small RF/small SiO2, (B) intermediate RF/small SiO2, (C) large RF, small SiO2. 

4.3.3. Freeze-Casting of RF-Based Carbons Using 12 nm SiO2 Template 

Samples prepared using 12 nm SiO2 were characterized via N2 sorption porosimetry; surface area 

and pore volume measurement data may be found below in Table 4.4. 

Table 4.4: Porosity data for etched carbons as determined by N2 sorption porosimetry. 
Sample ID 
(Rx/Ty-Z) 

BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Median Pore 
Diameter (nm) 

R4/T12-196 662 123 539 1.8 < 0.1 1.7 10.7 
R5/T12-196 663 81 583 2.3 < 0.1 2.3 12.8 
R8/T12-196 1028 259 768 3.1 0.1 2.9 13.0 

R12/T12-196 1095 303 792 3.4 0.2 3.3 14.2 
R14/T12-196 784 137 647 2.7 < 0.1 2.7 14.0 
R18/T12-196 789 122 667 2.8 < 0.1 2.7 14.2 
R28/T12-196 847 139 708 2.9 < 0.1 2.8 13.7 

R148/T12-196 992 231 761 2.1 0.1 2.0 9.2 
R229/T12-196 852 166 686 2.2 < 0.1 2.1 10.4 

A B C 
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Interestingly, using the 12 nm SiO2 leads to a different RF particle size that yields the highest 

mesopore surface area and pore volume. For the 4.4 nm RF, the resulting carbon (R4/T12-196) 

has a mesoporous surface area of 539 m2/g mesopore volume of 1.7 cm3/g, and median pore 

diameter of 10.7 nm. Increasing the size of RF to 5.4 nm results in an increase of mesopore 

surface area, pore volume, and median pore diameter of the resulting carbon. This trend 

continues for the 8.0 and 12.4 nm RF so that R12/T12-196 has the highest mesopore surface area 

and pore volume (792 m2/g, 3.3 cm3/g respectively) observed for the samples prepared using 12 

nm SiO2. Increasing the RF particle size beyond 12.4 nm results in a decrease in mesopore 

surface area and pore volume. 

 
Figure 4.9: Pore size distributions (obtained via N2 sorption porosimetry on etched carbons) for 12 nm SiO2 templated RF. 

The pore size distributions of the carbons templated with 12 nm SiO2 are shown in Figure 4.9. 

For carbons prepared from RF dispersions with particle sizes less than 12.4 nm, the pore size 

distribution peak height continually increases with RF diameter. The maximum peak height in 

the distribution plot is obtained with R12/T12-196; for samples prepared from dispersions with 

RF particle size larger than 12.4 nm, the pore size distributions are broadened and shifted. 
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Inspection of pore structure in the templated, etched carbons was performed via TEM; TE 

micrographs of these samples are presented in Figure 4.10.  

 

 

 
Figure 4.10: TE micrographs of RF-based HPCs templated with 12 nm SiO2. A: R4/T12-196, B: R5/T12-196, C: R8/T12-196, D: R12/T12-196, 

E: R14-T12-196, F: R18/T12-196, G: R28/T12-196, H: R148/T12-196, I: R229/T12-196 

For samples freeze-cast using small RF particle size (4.4 nm, 5.4 nm; Figure 4.10 A, B) there 

appears to be a significant amount of untemplated carbon present, likely due to the spatial 

distribution of colloidal SiO2 around the RF particles during freeze-casting. Increasing the RF 

particle size to 8.0 nm (Figure 4.10, C) results in improved templation; this impact is also 

reflected in the N2 sorption porosimetry data which shows a significant jump in the mesopore 
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surface area and pore volume. This improvement in templation is also observed via TE 

micrograph inspection of R12/T12-196, which shows very little untemplated carbon present. 

Interestingly, further increase of the RF particle size (R14/T12-196) produces a carbon which 

appears to have significantly reduced templation resulting from the SiO2, as seen in Figure 4.10, 

image E. This decrease in porosity is also reflected in the N2 sorption pore size distribution 

presented earlier in Figure 4.9, where the peak has broadened shifted to larger pore diameters, as 

compared to R12/T12-196. Increasing the RF particle size past this point results in the formation 

of structure appears to be only partially templated, as seen in Figure 4.10, images F-I. This 

incomplete templation is reflected by the broad pore size distributions and low mesopore surface 

areas observed in the etched carbons, as previously discussed. 

Raman spectra were taken for the templated, etched carbons; a subset of curve fit data is 

presented below in Table 4.5. (The full set of curve fit data is presented in Table 4.14.) R4/T12-

196 has a broad D1 peak, which is a likely result of the ineffective templating by SiO2 during the 

freeze-casting process. Increasing the RF particle size results in a decrease of D1 and D3 

FWHM, with a minimum of both for R12/T12-196. Further increase of the RF particle diameter 

results in slight broadening of the D1 and D3 peaks for most samples. Interestingly, the 

exception is for R148/T12, which has extremely broad peaks for both. 

Table 4.5: Subset of Raman spectroscopy curve fitting data. Full set presented in Table 4.14. 
Sample ID 
(Rx/Ty-Z) 

G Center 
(cm-1) 

G FWHM 
(cm-1) 

D1 Center 
(cm-1) 

D1 FWHM 
(cm-1) 

D3 FWHM 
(cm-1) 

R4/T12-196 1594 70 1345 182 161 
R5/T12-196 1592 68 1343 166 168 
R8/T12-196 1595 68 1345 179 161 

R12/T12-196 1599 58 1349 132 153 
R14/T12-196 1594 60 1347 142 156 
R18/T12-196 1592 65 1347 145 159 
R28/T12-196 1594 61 1345 146 159 

R148/T12-196 1592 70 1339 184 178 
R229/T12-196 1598 63 1350 146 160 
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For the XRD spectra presented in Figure 4.11, we observe relatively flat, broad peaks at 20° and 

42° for samples freeze-cast using RF with diameters of 4.4 nm, 5.4 nm, 8.0 nm, and 12.4 nm; 

however, these peaks become more prominent for samples freeze-cast using 147.6 nm and 228.9 

nm RF dispersions. These peaks appear to be stronger for the 12 nm SiO2-templated samples, as 

compared to carbons prepared using 4 nm SiO2. In addition, the (002) peaks of R148/T12-196 

and R229/T12-196 are shifted to about 23°. 

 
Figure 4.11: XRD spectra obtained on etched HPC powders prepared with 12 nm SiO2. Red: 4.4 nm RF, yellow: 5.4 nm RF, green: 8.0 nm RF, 

blue: 12.4 nm RF, brown: 147.6 nm RF, purple: 228.9 nm RF. 

The characteristics of carbons prepared using 12 nm SiO2 are strongly influenced by the relative 

size of the polymer and SiO2 template, as observed with the previously discussed 4 nm SiO2 

samples. Schematics of the size and arrangement of these species are illustrated in Figure 4.12. 

When small RF particles are used (e.g. R4/T12-196; modeled in image A of Figure 4.12), the 

polymer is not effectively templated by the SiO2 (as seen in the TE micrographs in Figure 4.10). 

Consequently, the D1 and D3 FWHM observed in the Raman spectra are relatively large. 

Inspection of the XRD spectra shows broad peaks that are indicative of small crystallite size 

(with ordering induced by molding of the polymer by the SiO2 template). R12/T12-196 (modeled 
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in image B of Figure 4.12) is well-templated, as observed in the TE micrographs and N2 sorption 

data discussed earlier. In this case, the molding of RF by the SiO2 leads to improved ordering 

which is reflected in the low FWHM for D1 and D3 peaks in the curve-fit Raman spectra. 

However, because the crystallite domain size is still small, the XRD spectrum still displays broad 

features for both the 20° and 42° peaks. Increasing the RF particle size (Figure 4.12, image C) 

leads to the formation of larger templated (and therefore ordered) domains, leading to a 

narrowing of the peaks present in the XRD spectra. However, because there is still some amount 

of untemplated, amorphous material, the D1 and D3 bands for these samples broaden in 

response. 

 
Figure 4.12: Schematics of RF/SiO2 templating. RF particles are outlined in black, SiO2 outlined in red. (A) Small RF/intermediate SiO2, (B) 

intermediate RF/intermediate SiO2, (C) large RF, intermediate SiO2. 

4.3.4. Freeze-Casting of RF-Based Carbons Using 20 nm SiO2 Template 

Samples prepared using 12 nm SiO2 were characterized via N2 sorption porosimetry; surface area 

and pore volume measurement data may be found below in Table 4.6. The high mesopore 

volume and low mesoporous surface area observed in R4/T20-196 is likely due to gaps present 

between polymer particles that are molded by the ice and SiO2 during the freeze-casting process. 

Increasing the RF particle size results in overall increase of the mesoporous surface area and 

pore volume so that a maximum for both is reached for R14/T20-196. Further increase of RF 

A B C 
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particle size leads to a decrease in surface area and pore volume; however, there is a drastic 

reduction in both when changing the RF particle size from 147.6 nm to 228.9 nm. 

Table 4.6: Porosity data for etched carbons as determined by N2 sorption porosimetry. 
Sample ID 
(Rx/Ty-Z) 

BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Median Pore 
Diameter (nm) 

R4/T20-196 805 254 551 2.9 0.1 2.8 17.5 
R5/T20-196 884 284 600 2.8 0.1 2.6 15.7 
R8/T20-196 871 320 551 2.1 0.2 1.9 12.9 

R12/T20-196 979 267 712 3.2 0.1 3.0 15.5 
R14/T20-196 938 196 741 4.3 0.1 4.2 19.3 
R18/T20-196 654 76 578 3.1 < 0.1 3.1 18.3 
R28/T20-196 674 80 594 2.7 < 0.1 2.7 15.8 

R148/T20-196 853 222 631 2.9 0.1 2.8 15.8 
R229/T20-196 446 110 336 0.7 < 0.1 0.6 8.1 

Pore size distributions for the freeze-cast samples are presented in Figure 4.13. Interestingly, for 

20 nm SiO2 a different trend appears in which the most prominent, narrow peak occurs for 

R4/T20-196. Increasing the RF particle size to 8.0 nm leads to a broadening and shift of the peak 

to smaller pore diameters. Further increase results in an upwards shift of the pore size 

distribution. For the largest RF particle diameter studied, the pore size distribution was 

essentially featureless, with no apparent peak present. 

 
Figure 4.13: Pore size distributions (obtained via N2 sorption porosimetry on etched carbons) for 20 nm SiO2 templated RF. 
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Figure 4.14: TE micrographs of RF-based HPCs templated with 12 nm SiO2. A: R4/T20-196, B: R5/T20-196, C: R8/T20-196, D: R12/T20-196, 

E: R14-T20-196, F: R18/T20-196, G: R28/T20-196, H: R148/T20-196, I: R229/T20-196 

TE micrographs of the prepared samples are presented in Figure 4.14. Samples prepared with 

RF diameters of 4.4 and 5.4 nm appear to have good overall templation, with very little 

unmolded carbon present. For R8/T20-196, the carbon appears to be less effectively templated, 

as there is a sizeable amount of dark nonporous material in the TE micrograph. This corresponds 

well with the pore size distribution obtained via N2 sorption porosimetry, which has a very broad 

peak corresponding to the SiO2-templated mesopores. The remainder of the samples appear to 

A B C 

D E F 

G H I 
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have varying degrees of SiO2 templating, however R229/T20-196 appears to have no visible 

porosity that was created by the hard template. 

The etched carbons were characterized via Raman spectroscopy; the curve fitting results for the 

D1 and D3 peaks are presented below in Table 4.7. Using the 4.4 nm RF results in a wide D1 

peak and moderately wide D3 peak. Increasing the polymer particle size (from 4.4 nm to 12.4 

nm) leads to a progressive decrease in the D1 and D3 peak FWHM, indicating a slight increase 

in the amount of graphitic order and decrease in amorphous carbon content. Further increase of 

the RF particle size leads to overall very little change in the D1 and D3 FWHM, likely indicating 

similar ordering and amorphous carbon present in the remainder of the etched carbons. 

Table 4.7: Subset of Raman spectroscopy curve fitting data. Full set presented in Table 4.14. 
Sample ID 
(Rx/Ty-Z) 

G Center 
(cm-1) 

G FWHM 
(cm-1) 

D1 Center 
(cm-1) 

D1 FWHM 
(cm-1) 

D3 FWHM 
(cm-1) 

R4/T20-196 1590 70 1344 189 158 
R5/T20-196 1597 67 1345 168 161 
R8/T20-196 1591 66 1346 156 149 

R12/T20-196 1593 63 1344 149 153 
R14/T20-196 1594 63 1344 161 158 
R18/T20-196 1593 66 1346 157 153 
R28/T20-196 1594 65 1345 157 153 

R148/T20-196 1596 66 1339 178 171 
R229/T20-196 1595 63 1346 157 166 

XRD spectra of a subset of etched powders were obtained, and are presented below in Figure 

4.15. Using 4.4 and 5.4 nm RF for the synthesis of carbon templated with 20 nm SiO2 results in 

spectra with barely discernible peaks at 20° and 42°. Increasing the RF particle size leads to 

stronger peak intensities, with the (002) peak shifted to 23°. 
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Figure 4.15 XRD spectra obtained on etched HPC powders prepared with 20 nm SiO2. Red: 4.4 nm RF, yellow: 5.4 nm RF, green: 8.0 nm RF, 

blue: 12.4 nm RF, brown: 147.6 nm RF, purple: 228.9 nm RF. 

When using small diameter RF particles with 20 nm SiO2 (as shown in the leftmost image in 

Figure 4.16), the resulting carbons have low surface area but the pore size distribution (as 

determined by N2 sorption porosimetry) has a narrow, intense peak at 21 nm. The D1 FWHM is 

large, indicating a relatively low amount of graphitic ordering in the as-produced carbon. 

Increasing the size of the RF particles (Figure 4.16, image B) leads to a narrowing of the D1 

band and increase in surface area and pore volume; additionally, the peaks in the XRD spectrum 

(at 20° and 42°) become stronger in intensity. This indicates that more effective templating of the 

RF particles helps to create larger graphitic domains in the carbon as prepared. Further 

increasing the RF particle size (Figure 4.16, image C) leads to decreased mesoporous surface 

area and pore volume, but stronger peaks in the XRD spectra due to the formation of sizeable 

ordered domains. 
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Figure 4.16: Schematics of RF/SiO2 templating. RF particles are outlined in black, SiO2 outlined in red. (A) Small RF/large SiO2, (B) 

intermediate RF/large SiO2, (C) large RF, large SiO2. 

4.3.5. Influence of RF/SiO2 Particle Size on Porosity and Structural Ordering of Freeze-Cast 

Carbons 

The relative size of the RF particles and SiO2 template have a significant influence on the 

mesoporosity and structural ordering observed in the carbons as prepared. Using 4 nm SiO2 

allows for the generation of high mesoporous surface area when the template is mixed with RF 

of appropriate size, while the 20 nm SiO2 template can produce large pore volumes in the freeze-

cast carbon. There is an optimal RF size for templation with each of the SiO2 particle sizes 

studied – using polymer dispersions with particles that are too big or too small leads to decreased 

templation efficacy overall. The best performing combinations of RF and SiO2 template are 

presented in Table 4.8. 

Table 4.8: RF particle size leading to highest mesoporous surface area and pore volume for SiO2 template sizes studied 
RF size (nm) SiO2 size (nm) MP SA (m2/g) MP PV (cm3/g) 

4.4 4 1348 3.01 
12.4 12 792 3.29 
14.4 20 741 4.16 

Interestingly, we observed that the RF particle size is related to the size of ordered domains in 

the carbons. In the XRD spectra, the strongest peaks for the carbons prepared with the three SiO2 

particle sizes occurred with larger RF diameters. Additionally, the strength of the peaks appears 
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to correspond with increasing SiO2 particle diameter so that the most pronounced (002) and 

(100) lines are observed for R229/T20-196. 

RF particle size also appears to influence the FWHM of the D1 peak observed in the Raman 

spectrum of the templated carbons. In all the SiO2 template size regimes studied, broad D1 peaks 

were observed with using the 4.4 nm RF precursor. The D1 bands would narrow with increased 

RF particle size, indicating greater ordering in the carbons. Because the band narrowing does not 

necessarily correspond with templating efficacy, there will be a tradeoff between templated 

surface area/pore volume and graphitic ordering/domain size in the templated carbons. 

4.4.0. Results: Influence of Freezing Temperature on Pore Structure in Freeze-Cast Carbons 

4.4.1. Impact of Freezing Temperature on RF-Based HPC Macroporosity 

HPCs freeze-cast at -40°C and -196°C were prepared from the following dispersions: 

• 4.1 nm RF + 4 nm SiO2 (R4/T4) 

• 9.9 nm RF + 12 nm SiO2 (R10/T12) 

• 11.2 nm RF + 20 nm SiO2 (R11/T20) 

 

!
Figure 4.17: Hg porosimetry PSDs for unetched HPCs. Left: R4/T4, middle: R10/T12, right: R11/T20.  

Filled squares used for samples freeze-cast at -196°C, open diamonds used for samples freeze-cast at -40°C. 

Unetched HPCs were characterized using Hg intrusion porosimetry to investigate the effect of 

freezing temperature on the macroporosity produced via ice templation. Hg porosimetry data, 
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including surface area, pore volume, and median pore diameter are shown in Table 4.9. Pore size 

distributions are presented in Figure 4.17.  

Table 4.9: Surface area, pore volume, diameter data for unetched HPCs. 
Sample ID Surface Area (m2/g) Pore Volume (cm3/g) Median Pore Dia. (um) Porosity (%) 
R4/T4-40 0.9 5.0 11 83 

R4/T4-196 0.7 3.3 10 61 
R10/T12-40 1.5 7.7 16 91 

R10/T12-196 1.5 5.9 6 79 
R11/T20-40 1.3 8.3 23 89 

R11/T20-196 1.0 6.4 12 68 

Macroporous surface area for these monolithic HPCs is typically low, on the order of 1 m2/g, and 

does not appear to be strongly dependent on freezing conditions or dispersion composition. HPC 

macropore volume, however, increases with freezing temperature and SiO2 size. A wide range of 

pore volumes volumes was achieved using different dispersion compositions – from 3.3 cm3/g 

(R4/T4-40) to 8.3 cm3/g (R11/T20-40). This variation in macroporosity observed in the unetched 

HPCs was an unexpected result, as the weight of polymer, SiO2, and water used for each sample 

was kept constant throughout the experiment. However, because the speed with which the 

samples are frozen is dependent on the freezing temperature used, we hypothesize that 

heterogeneous nucleation effects may have a stronger influence on the porosity generated at 

higher temperature (-40°C), and that the presence of larger RF/SiO2 particles may help improve 

heterogeneous nucleation efficiency under these conditions.  

SEM (Figure 4.18) was used to further probe the macroporous structure of the unetched HPCs. 

Samples freeze-cast at -196°C exhibit a well-defined, lamellar morphology with macropores 

aligned along the ice crystal growth direction, while samples freeze-cast at -40°C have a sponge-

like morphology in which pores appear to be rounded.  



! 112!

!
Figure 4.18: SE micrographs of freeze-cast, unetched carbon monoliths: (a) R4/T4-196, (b) R10/T12-196, (c) R11/T20-196,  

(d) R4/T4-40, (e) R10/T12-40, (f) R11/T20-40. Growth direction (i.e. thermal gradient) is from top to bottom. 

Close inspection of the macropore walls (Figure 4.19) allows for the identification of RF/SiO2 

that was not well-incorporated into the structure; in particular, samples R10/T12-40 and 

R11/T20-40 appear to have a significant amount of unincorporated polymer and SiO2 as 

compared to their counterparts freeze-cast at -196°C.  

!
Figure 4.19: SE Micrographs of unetched carbon monoliths: (a) R4/T4-196, (b) R10/T12-196, (c) R11/T20-196,  

(d) R4/T4-40, (e) R10/T12-40, (f) R11/T20-40. 



! 113!

4.4.2. Impact of Freezing Temperature on Mesoporous Structure of RF-Based HPCs 

Etched HPCs were also characterized using N2 sorption porosimetry to investigate how freezing 

conditions impact the resulting surface area, pore volume, and pore size distribution produced by 

the SiO2 template. Pore size distributions obtained for these samples are shown in Figure 4.20.  

!
Figure 4.20: N2 sorption pore size distributions obtained for etched HPCs. Left: R4/T4, middle: R10/T12, right: R11/T20.  

Filled squares indicate -196°C data, open diamonds indicate -40°C data. 

BET surface area, t-plot surface area, specific pore volume, t-plot pore volume, and pore size for 

each sample are tabulated in Table 4.10. 

Table 4.10: N2 sorption porosimetry data for etched carbons 

Sample ID BET SA 
(m2/g) 

t-plot SA 
(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Med. Pore Dia. 
(nm) 

R4/T4-40 1417 73 1344 3.1 < 0.1 3.1 7.5 
R4/T4-196 1533 118 1415 3.3 < 0.1 3.3 7.4 

R10/T12-40 1059 168 891 2.6 < 0.1 2.6 9.7 
R10/T12-196 1208 178 1030 3.3 < 0.1 3.2 10.4 
R11/T20-40 879 152 727 2.8 < 0.1 2.7 13.2 

R11/T20-196 1050 195 855 3.3 0.1 3.2 13.0 

Templation efficacy, or the ease with which SiO2 particles template the RF polymer during 

freeze-casting, appears to be highly dependent on the temperature used for freeze-casting. Lower 

temperature (-196°C) freeze-casting results in higher surface area and pore volume (created by 

the SiO2 template) than freeze-casting at higher temperature (-40°C). Additionally, lower 

temperature freeze-casting results in a more pronounced pore size distribution, especially for 

samples R10/T12-196 and R11/T20-196. 
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Figure 4.21: TE micrographs of etched carbon powders: (a) R4/T4-196, (b) R10/T12-196, (c) R11/T20-196,  

(d) R4/T4-40, (e) R10/T12-40, (f) R11/T20-40. 

The templation efficacy of the SiO2 particles is also reflected in the TE micrographs taken of the 

etched carbon samples, as shown in Figure 4.21. Regions of dark, untemplated carbon are much 

more prevalent in the carbons freeze-cast at -40°C – especially in the case of R11/T20-40. For 

samples freeze-cast at -40°C, the extent to which the carbon is templated appears to depend upon 

the size of the SiO2 used – we observe very few regions of untemplated carbon for R4/T4, more 

untemplated carbon in R10/T12, and a significant fraction of untemplated carbon in the R11/T20 

sample. 

4.4.3. Impact of Freezing Temperature on Structural Ordering of RF-Based HPCs 

Carbon powders prepared from etched HPCs were analyzed using Raman microspectroscopy to 

investigate the effect of freezing conditions and dispersion composition on the structural ordering 

of the resulting carbon. The spectra were curve-fit using the parameters described in Section 

3.2.4; a subset of the data (describing the characteristics of the G, D1, and D3 bands) is presented 

in Table 4.11. The full curve fitting data is presented in Table 4.15.  
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There is very little change observed for the D1 and D3 FWHM values with increasing freezing 

temperature, indicating that the relative amount of ordered carbon and amorphous carbon within 

the samples is not strongly affected by freezing temperature. In addition, the D1 and D3 band 

FWHMs do not appear to vary significantly between RF/SiO2 mixture compositions for a given 

freezing temperature. 

Table 4.11: Curve-fit peaks for baseline corrected Raman spectra. 
Sample ID G Center 

(cm-1) 
G FWHM 

(cm-1) 
D1 Center 

(cm-1) 
D1 FWHM 

(cm-1) 
D3 FWHM 

(cm-1) 
R4/T4-196 1601 59 1346 143 172 
R4/T4-40 1601 65 1347 142 173 

R10/T12-196 1603 57 1349 146 166 
R10/T12-40 1602 62 1349 150 163 

R11/T20-196 1604 62 1348 148 175 
R11/T20-40 1602 55 1346 148 176 

4.4.4. Activation of Etched HPCs 

An additional set of HPCs was prepared to examine the effect of CO2 activation on surface area 

and pore volume as determined by N2 sorption porosimetry. RF/SiO2 dispersions were prepared 

as outlined in Section 2.1; however, the volumes were scaled up to 15 mL in order to provide a 

sufficient amount of carbon for this study. (HPCs prepared in this fashion are indicated using a 

superscript asterisk.) The following samples were freeze-cast at -196°C: 

• 4.4 nm RF + 4 nm SiO2 (R4/T4-196*) 

• 13.0 nm RF + 12 nm SiO2 (R13/T12-196*) 

• 13.0 nm RF + 20 nm SiO2 (R13/T20-196*) 

Two activation runs were performed to target 60% yield and 30% yield of carbon. Pore size 

distributions obtained via N2 sorption porosimetry are presented in Figure 4.22 for samples prior 

to activation, after achieving ~60% yield, and after achieving 30% yield. 
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!
Figure 4.22: Pore size distributions obtained via N2 sorption porosimetry for samples before and after activation.  

Left: R4/T4-196*, middle: R13/T12-196*, right: R13/T20-196*.  
Line texture indicates extent of activation – solid: unactivated, dashed: ~60% yield, circles: ~30% yield. 

As shown in Table 4.12, samples activated to ~30% yield typically exhibit a doubling of 

mesoporous surface area and pore volume, as compared to unactivated samples, while retaining a 

well-defined pore size distribution. Activating R4/T4-196* to 26% yield results in a carbon with 

>2500 m2/g surface area and 5.8 cm3/g pore volume, with a mesopore size distribution centered 

around 10.9 nm. The use of larger SiO2 particles leads to higher pore volumes upon activation – 

in the case of R13/T20-196*, a pore volume of >7 cm3/g was achieved when activated to 26% 

yield. 

Table 4.12: N2 sorption data for etched HPCs before and after CO2 activation. 

Sample ID % Yield 
BET 
SA 

(m2/g) 

t-plot 
SA 

(m2/g) 

MP SA 
(m2/g) 

SPPV 
(cm3/g) 

t-plot PV 
(cm3/g) 

MP PV 
(cm3/g) 

Pore Size 
(Adsorption) 

(nm) 
100 875 169 706 2.9 < 0.1 2.9 13.0 
64 1618 497 1121 4.5 0.3 4.2 12.5 R4/T4-196* 
26 2540 539 2001 5.8 0.3 5.6 9.7 

100 1035 255 780 3.5 0.1 3.4 14.9 
59 1577 412 1165 5.4 0.2 5.2 15.1 R13/T12-196* 
28 2210 545 1665 6.4 0.3 6.2 12.9 

100 908 264 644 3.7 0.1 3.6 19.8 
62 1605 585 1020 5.7 0.3 5.4 14.3 R13/T20-196* 
26 1874 442 1432 7.2 0.2 6.9 17.6 
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4.4.5. Influence of Freezing Temperature/Dispersion Composition on RF-Based HPCs 

Freeze-casting is a facile means of making HPCs with tunable porosity; however, there are a 

number of factors that contribute to the carbon’s morphology. Ice templating, by necessity, 

involves shear due to the phase separation accompanying solidification of the dispersant. Freeze-

casting a dispersion of polymer and SiO2 particles at low temperature (-196°C) leads to the 

formation of smaller ice crystals that produce an HPC structure that is well-aligned along the 

growth direction. Using higher temperatures to freeze-cast the dispersion leads to the formation 

of larger ice crystals that have a more rounded shape. Although the macropore volumes resulting 

from this higher-temperature process can be very high (8.3 cm3/g in the case of R11/T20), the 

templating efficacy of the SiO2 is diminished significantly. Not only is the intensity of the pore 

size distribution (obtained via N2 sorption porosimetry) decreased but the BET surface area and 

t-plot pore volume are also impacted. The templating efficacy of the lower-temperature process, 

we hypothesize, is a direct result of the number and size of ice crystals formed during freeze-

casting. At -196°C, there are a larger number of small ice crystals (under 10 um in size) that are 

better able to force interaction between the SiO2 and RF polymer, which leads to improved 

mesopore templation. This is evident in the SE micrographs seen in Figure 4.19, where R11/T20 

freeze-cast at -40°C shows a significant amount of untemplated material hidden behind a 

macropore, while R11/T20 freeze-cast at -196°C has significantly less stray sample. 

     Table 4.13: Comparison of N2 sorption data for samples prepared using different volumes of RF/SiO2 dispersion. 

Sample ID 
Sample 
Volume 

(mL) 

BET 
SA 

(m2/g) 

t-plot 
SA 

(m2/g) 

MP 
SA 

(m2/g) 

SPPV 
(cm3/g) 

t-plot 
PV 

(cm3/g) 

MP PV 
(cm3/g) 

Pore Size 
(Adsorption) 

(nm) 
R4/T4-196 5.5 1533 118 1415 3.3 < 0.1 3.3 7.4 
R4/T4-196* 15 875 169 706 2.9 < 0.1 2.9 13.0 

R10/T12-196 5.5 1208 178 1030 3.3 < 0.1 3.2 10.4 
R13/T12-196* 15 1035 255 780 3.5 0.1 3.4 14.9 
R11/T20-196 5.5 1050 195 855 3.3 0.1 3.2 13.0 
R13/T20-196* 15 908 264 644 3.7 0.1 3.6 19.8 
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We observe that freeze-casting larger volumes of sample (15 mL vs 5.5 mL) leads to decreased 

mesoporosity in the etched carbons (Table 4.13), due to inefficient templating of the polymer by 

the SiO2 template. This effect would most likely arise from an increase in freezing time of the 

larger sample volume, leading to the formation of larger ice crystals in the resulting structure. As 

a result, the polymer and SiO2 particles are not packed as tightly in the monolith formed after 

freeze-drying; consequently in the etched carbon, one would expect to observe larger mesopores 

due to greater SiO2/RF interparticle spacing. Inefficient templating should also result in lower 

surface area and pore volume of the etched carbon. Indeed, we observe both larger pores and 

lower surface areas in carbons prepared from 15 mL of dispersion, as compared to their 5.5 mL-

derived counterparts. Interestingly, the pore volumes of the 15 mL-derived carbons are 

comparable to – or even greater than – samples prepared from 5.5 mL of dispersion. We 

hypothesize that inefficient templation maintains significant amounts of space between polymer 

particles, which contributes to the pore volume of the resulting carbon.  

The surface area and pore volume of these carbons can be dramatically increased via CO2 

activation post-etch. R4/T4-196* activated to 26% yield offers a near tripling of surface area 

(2540 m2/g) and doubling of pore volume (5.8 cm3/g) as compared to its unactivated counterpart. 

Using larger size SiO2 particles leads to increased pore volume in the activated carbon at the 

expense of surface area – in the case of R13/T20-196*, we observe high pore volume (7.2 cm3/g) 

and a surface area of 1874 m2/g when activated to 26% yield. Activation appears to lead to an 

overall decrease in mesopore size in the carbon; however, we note that the pore size distributions 

of the activated samples all retain distinct features originating from the SiO2 template. 
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4.5.0. Conclusions 

In this chapter, we prepared HPCs using a polymeric precursor (RF) and examined the impact of 

relative RF/SiO2 size and freezing temperature on the mesoporosity in the etched carbons. For 

each of the SiO2 sizes used, we observed maximization of mesopore surface area/volume with 

specific RF particle diameters. The position of the mesopore size distribution can be shifted 

toward specific values (for 4 nm and 12 nm SiO2 templates) by deliberately changing the RF 

particle size in the precursor dispersion. In addition, we demonstrated that the temperature at 

which the dispersion is freeze-cast and the total volume of the freeze-cast dispersion influences 

the templation efficacy of the SiO2 particles. 

Careful selection of the SiO2 template size allows for the production of high surface areas or pore 

volumes in the etched carbons; subsequent activation of these carbons resulted in ultrahigh 

surface area (>2500 m2/g) and pore volume (>7 cm3/g). Further research is needed to examine 

the impact of activation on the electrical conductivity of the carbons, and the influence of pore 

morphology on the carbon’s performance when integrated into device electrodes. 
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Table 4.14: Curve fitting data for Raman spectra of RF/SiO2 based HPCs freeze-cast at -196°C. Truncated version as Tables 4.3 (4 nm), 4.5 (12 nm), and 4.7 (20 nm) in the text. 
G D1 D3 D4 2D D + G RF size  

(nm) 
SiO2 size  

(nm) center 
(cm-1) 

FWHM 
(cm-1) 

center 
(cm-1) 

FWHM 
(cm-1) 

center 
(cm-1) 

FWHM 
(cm-1) 

center 
(cm-1) 

FWHM 
(cm-1) 

center 
(cm-1) 

FWHM 
(cm-1) 

center 
(cm-1) 

FWHM 
(cm-1) 

4.4 1593 67 1336 197 1520 184 1172 151 2666 272 2895 249 
5.4 1591 66 1340 179 1520 169 1163 175 2684 268 2901 220 
8.0 1598 56 1348 118 1520 153 1217 166 2676 241 2911 233 

12.4 1597 61 1349 130 1520 151 1202 175 2689 247 2913 200 
14.4 1593 64 1347 149 1520 155 1206 175 2682 261 2902 218 
18.4 1593 66 1347 155 1520 154 1193 175 2671 246 2899 233 
28.3 1599 59 1349 140 1520 157 1210 166 2720 364 2937 176 

147.6 1592 68 1338 191 1520 179 1182 157 2759 433 2936 159 
228.9 

4 

1594 77 1350 174 1520 162 1220 175 2662 197 2892 243 
4.4 1594 70 1345 182 1520 161 1195 133 2774 421 2930 143 
5.4 1592 68 1343 166 1520 168 1188 152 2674 227 2891 238 
8.0 1595 68 1345 178 1520 161 1204 125 2700 268 2919 195 

12.4 1599 58 1349 132 1520 153 1220 159 2729 371 2934 151 
14.4 1594 60 1347 142 1520 156 1207 175 2704 401 2924 186 
18.4 1592 65 1347 145 1520 159 1199 175 2671 240 2906 220 
28.3 1594 61 1345 146 1520 159 1193 149 2676 227 2898 243 

147.6 1592 70 1339 184 1520 178 1182 170 2670 277 2904 238 
228.9 

12 

1598 63 1350 146 1520 160 1220 157 2689 269 2913 216 
4.4 1590 70 1344 180 1520 158 1168 175 2693 317 2911 218 
5.4 1597 67 1345 168 1520 161 1182 151 2729 318 2924 193 
8.0 1591 66 1346 155 1520 149 1175 175 2683 247 2904 205 

12.4 1593 63 1344 149 1520 153 1183 175 2673 271 2907 229 
14.4 1594 63 1343 161 1520 158 1182 172 2681 246 2901 229 
18.4 1593 66 1346 157 1520 153 1176 175 2717 341 2925 185 
28.3 1594 65 1345 157 1520 153 1177 175 2676 263 2903 223 

147.6 1596 66 1339 178 1520 171 1187 144 2700 313 2915 203 
228.9 

20 

1595 63 1346 156 1520 166 1204 158 2676 224 2898 231 
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Table 4.15: Curve fitting data for Raman spectra of RF/SiO2 based HPCs. Truncated version as Table 4.11. 
G D1 D3 D4 2D D + G 

Sample ID Center 
(cm-1) 

FWHM 
(cm-1) 

Center 
(cm-1) 

FWHM 
(cm-1) 

Center 
(cm-1) 

FWHM 
(cm-1) 

Center 
(cm-1) 

FWHM 
(cm-1) 

Center 
(cm-1) 

FWHM 
(cm-1) 

Center 
(cm-1) 

FWHM 
(cm-1) 

R4/T4-196 1601 59 1346 143 1520 172 1220 127 2654 248 2904 264 
R4/T4-40 1601 65 1347 142 1520 173 1216 168 2673 322 2929 263 

R10/T12-196 1602 57 1349 146 1520 166 1220 118 2668 335 2914 313 
R10/T12-40 1602 62 1349 150 1520 163 1220 112 2664 474 2932 302 

R11/T20-196 1604 62 1348 148 1520 175 1220 128 2670 245 2907 277 
R11/T20-40 1602 55 1346 148 1520 176 1220 118 2678 300 2912 249 
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5.0.0. Summary/Conclusions and Opportunities for Further Exploration in Synthesis, 
Characterization, and Usage of Freeze-Cast Porous Materials 

5.1.0. Summary 

The first part of this thesis focused on the use of freeze-casting in the preparation of porous 
scaffolds prepared from poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate), PEDOT:PSS, 
a semiconducting polymer complex. Aqueous dispersions of PEDOT:PSS were freeze-cast under 
a variety of conditions to examine the impact of dispersion concentration/composition and 
freezing conditions on the morphology and mechanical properties of the scaffold. Coarse tuning 
of the structure was achieved by changing the composition of the mold (used to freeze-cast the 
samples) from thermally conductive brass to thermally insulating PTFE. Fine tuning of the 
structure was accomplished by varying the rate at which the samples were cooled. Additional 
control over the mechanical robustness of the scaffolds as prepared was exercised through the 
addition of a crosslinking agent. In collaboration with the Malliaras group (Ecole des Mines de 
Saint Etienne; France), and the Gourdon group (Cornell University; Ithaca, NY), PEDOT:PSS 
monoliths with appropriate porosity and mechanical robustness were successfully used to study 
the electrical control of cell functions (invasion, adhesion, and secretion) over long cell culture 
times in a 3D matrix [82]. 
The second part of this thesis examined the use of freeze-casting for the synthesis of hierarchical 
porous carbons (HPCs) prepared from various organic precursors. HPCs are promising materials 
for electrodes in next-generation energy storage devices (e.g. electrochemical capacitors, Li-S 
batteries) as a result of structural attributes – interconnected porosity and high, accessible surface 
area – that may help boost device performance. Hierarchical structure is generated through the 
use of an ice template, colloidal SiO2, and physical activation of the carbon. The impact of 
carbon precursor (glucose, sucrose, resorcinol, and resorcinol formaldehyde), SiO2 template, and 
freeze-casting conditions on the morphology and structural order was examined. Macroporous 
structure observed in the unetched carbons appears to be consistent with morphologies observed 
during constitutional supercooling of alloys.  
Significant differences in macroporous and mesoporous structure (created by the ice and SiO2 
template, respectively) were observed with the use of different carbon precursors, which allows 
for greater tunability of HPC morphology. Under the conditions studied, there appear to be 
specific conditions under which optimal templating (read: high mesopore surface area/pore 
volume) is achieved. 

5.2.0. Opportunities for Future Study 

5.2.1. Freeze-Casting for Synthesis of Porous Materials for Cell Culture 

The tunable porosity attainable in freeze-cast PEDOT:PSS scaffolds makes them good candidate 
materials for cell culture and biomechanics studies. Preparing monoliths that have appropriate 
pore structure and mechanical properties may present unique challenges, since changing the 
composition of the PEDOT:PSS dispersion prior to freeze-casting influences the morphology 
and stiffness of the prepared scaffold. Incorporating water-dispersible components (e.g. carbon 
nanotubes, graphene oxide) into the PEDOT:PSS prior to freeze-casting may allow for structural 
reinforcement while mitigating the extent to which macropore size is altered.  
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Surface roughness of a substrate has also been shown to influence cell behavior in vitro [139-
141]. While the PEDOT:PSS monoliths prepared in this work appeared to lack significant 
surface texture, freeze-casting is a method that lends itself well toward the preparation of porous 
hybrid materials, as demonstrated in the HPC studies in Chapters 3 and 4. Nano-sized additives 
(e.g. colloidal SiO2, TiO2) may be mixed in with the PEDOT:PSS prior to freeze-casting to 
change the surface roughness of the PEDOT:PSS scaffold walls. 
Finally, we note that PEDOT:PSS scaffolds with controlled degradation may be of great value 
for applications where cells are expected to deposit their own extracellular matrix after a given 
time, which eventually replaces the degradable synthetic matrix with a naturally-occuring 
fibrillar network (e.g. in wound dressings or skin substitutes). PEDOT:PSS monoliths prepared 
in the brass molds were generally much more robust in water (even in the absence of GOPS), as 
compared to scaffolds prepared in PTFE molds; therefore, dilution of the PEDOT:PSS dispersion 
prior to freeze-casting in brass molds may improve short-term stability, while retaining long-
term biodegradability. Tuning the freezing rate of these diluted PEDOT:PSS dispersions may be 
a means of finely controlling the rate at which the monoliths break down over time. 

5.2.2. HPCs from Freeze-Cast Dispersions 

In this work, we examined the use of glucose, sucrose, resorcinol, and resorcinol formaldehyde 
as carbon precursors for HPCs with tunable porosity achieved from SiO2 and an ice template. 
Further characterization of these carbons using XRD and four-point-probe conductivity 
measurements may give insight into which precursor, if any, is optimal for HPC synthesis. Use 
of a polymeric precursor (resorcinol formaldehyde) gave a wide range of tunability for 
mesopores templated by the colloidal SiO2; consequently, use of these carbons in electrical 
double layer capacitor electrodes may help improve understanding of the relationship between 
device structure and performance.  
Freeze-casting as a method for carbon synthesis enables the manufacture of a wide variety of 
monolith shapes and morphologies that could prove very useful in “plug and play” type 
applications. However, there is currently great difficulty of preserving the intact monolithic 
structure through the entire production process (carbonization, etching, activation); therefore, 
further study into improving mechanical robustness of the HPC (while maintaining high surface 
area and interconnected pore structure) is needed. 
Finally, we note that scaling up HPC production may also prove difficult. In a few cases 
explored in this work, we observed loss in macroporous and mesoporous surface area with 
increasing volume of the dispersion to be freeze-cast. Clever engineering for the rapid cooling of 
large volumes of liquid is needed, since the size of the ice formed during freeze-casting 
influences SiO2 templation efficacy. If this can be accomplished, freeze-casting may be used for 
HPC synthesis on a much larger scale. 
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