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Chapter 1 AcSIR

1.1 Introduction

Porous materials are classified into three categories based on pore size. Microporous
materials are characterized by pore sizes less than 2 nm, while mesoporous materials have
pores that range from 2 to 50 nm and macroporous materials have pores larger than 50 nm.
Materials can also exhibit hierarchical porosity, with interconnected pores that span micro,
meso and macropore size ranges. The properties of a porous material are a function of its
pore geometry and pore size distribution and have implications for its use in various
applications. For example, porous structures are often characterized by low densities and
therefore have improved mechanical strength to weight ratio relative to bulk materials.
Further, the pore structure can be controlled to manipulate the transport of heat, sound waves
and light through porous materials. Therefore, Nature and humans have both sought to
exploit materials characterized by porous architectures in a variety of applications. In this

work, we largely focus on macroporous materials.

1.2  Applications of porous materials

The largest usage of macroporous materials can be found in thermal insulation.*”
Typically, macroporous materials with closed cell architecture have the lowest thermal
conductivity. In contrast to closed cell foams, foams with completely or partially open cell
architecture exhibit higher heat transfer. Thermal transport in porous insulation materials
takes place via conduction through the solid walls and through the gas, through convection
within the pores and radiative transfer between pore walls.® The inherently low thermal
conductivity of porous materials, coupled with their ease of preparation has resulted in their
wide spread use in products as simple as disposable Styrofoam coffee cups® and as
technically challenging as the insulation of booster rockets for the space shuttle. Modern day
buildings, refrigerated railway wagons and trucks and ships carrying liquefied natural gas
rely on expandable polymer or composite foam insulation. One of the advantages of
macroporous foams in low and high temperature applications lies in their low effective
thermal mass.® Low thermal mass reduces the amount of coolant require to cool the insulation
in ultra-low temperature applications. Similarly for high temperature, a large part of the heat
dissipated in the furnace is used to raise the temperature of the system to its operating level.
The thermal mass of a porous material is directly related to its density. Lower the thermal
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mass, shorter is the time scale for temperature equilibration. Therefore an optimum material

density is required for desired thermal transport characteristics.

Man made macroporous sponge like materials are largely used in packaging industries
as impact resistance to offer omni-directional protection to fragile goods.*®?° Sponges can
undergo large compressive strains at almost constant stress. During compression, cell walls
deform, buckle or fracture thereby allowing sponges to dissipate large amounts of energy
without generating high stress. Mechanical properties of a sponge can be tuned over a wide
range by adjusting its porosity and wall thickness. The low mass to volume ratio renders
these materials extremely light weight, with advantages for handling. Additionally these must
be cheap, since packaging is mostly discarded. Typically, polymeric sponges of polyethylene,
polystyrene and polyurethane are widely used in packaging applications.

Closed cell, cellular sponges are extensively used as damage resistant supports for
floating objects.?* % Sponges are highly damage tolerant and can retain their buoyancy even
after extensive damaged. They are generally made from polyethylene, polystyrene or
polyvinyl chloride and have a bulk density between 20 to 40 kg/m®. These closed cell
sponges have excellent water resistance and are unaffected by extended immersion in water.
They are extensively used as the core of sandwich panels that form the deck and hull of
modern day sailboats. These porous structures provide outstanding toughness as well as

buoyancy.

Anisotropic, elastomeric macroporous materials partially or fully filled in wall or floor
cavities, provide benefits by absorbing sound energy.?**° It is reported in the literature that
the speed of sound propagation in a material decreases dramatically with increase in
porosity.®* The speed of the sound may decrease to as low as 80 m/s for porosity close to 90-
95%. Cork, rubber or composites of rubber filled with cork are promising candidates for
acoustic shielding. Sponges with a macroporous matrix comprising of soft silicone rubber
(such as polydimethylsiloxane) are used to isolate buildings from shear waves because of
their low shear modulus. Cork adds a high impedance to compressive waves due to its large

plastic compressibility.

Oil spills and industrial effluents have resulted in severe water pollution and constitute

a large threat to marine life, marine food cycles (and thereby to human beings).*?* Solvent
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spillage from laboratories, car wash centres, etc. also pollute the local environment and
degrade the surrounding air and soil. Therefore, there is a pressing need for immediate action
to control effluent spillage. The most commonly used material at this time to tackle such
problems is activated carbon.*** Activated carbon is used as a versatile absorbent since it
absorbs solvents independent of their polarity. Typically, activated carbon materials are
porous and have very large specific surface area. Despite their large surface area, their
absorption capacity is not very high. Moreover they are suitable only for one time usage and
recovery of the absorbed solvent is cumbersome. Therefore, researchers have focused on
developing macroporous materials as absorbents.**“° Macroporous materials are particularly
interesting since they are lightweight, have high absorption and separation capacity, and are
reusable after several cycles of performance.*™° A wide variety of macroporous sponges
have been fabricated both at commercial scales and in the laboratory to address this problem.
Precise control of wettability mostly renders these materials in the following five broad
classes: (1) superhydrophobic and superoleophilic, (2) superhydrophilic and under water
superolephobic, (3) superhydrophilic and superolephobic, (4) super omniphobic and (5)

superomniphilic. Superomniphobic surfaces®>*

are highly corrosion resistant. Currently,
technologies used to render surfaces omniphobic necessarily rely on incorporation of fluorine
moieties. In contrast, superomniphilic materials are capable of absorbing large volume of
solvent independent of their polarity. These materials can mitigate general solvent spills.
Macroporous sponges with tailored wettability are ideal candidates for oil/water separation.
Typically, these materials are either highly oleophilic or highly hydrophilic to effect selective

k’55—60 61-63

separation of oils from water surfaces. Kapo polymeric sponges,

68-72

ultralow weight
carbon nanotube or graphene sponges,®*® hydrophobic aerogels are examples oil

removing macroporous materials.

Energy conversion and storage is essential for the development of humanity. Here too,
materials that possess hierarchical porosity have an important role to play in a variety of
applications.”® Typically macro pores in hierarchically porous structures offer enhanced
mass transport and act as ion-buffering reservoirs, while micro/meso pores provide large
specific surface area for reaction and reduced diffusion paths. By incorporation of
macroporosity in hierarchical materials, such as in TiO,/ZrO, network structures; SnO,/ TiO;

81-85 can be introduced that allow localization of

thin films; WO3/TiO, layers, macro channels
light, allowing enhancement of light harvesting efficiency.®®®” Therefore, these porous

materials have applications in photocatalysis, photocatalytic H, production, photochemical
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bioreactors and in dye sensitized solar cells and fuel cells. Additionally, these channels
promote light scattering that leads to elongation of light path and thus can be a useful
candidate as metamaterials® ® for electromagnetic radiation in a way that is not observed in
bulk materials. In electrochemical and electrical storage devices, such as in battery and
supercapacitors, macroporous materials can contribute to the improvement in energy storage
performance and efficiency. Electrochemical performance of these devices is mainly
influenced by the diffusion of ions between electrodes and at the electrode/electrolyte
interface. Here, electrodes with interconnected porous networks can facilitate ion transport
and large macro pores can act as buffer electrolyte reservoirs. Porous carbon composites,
carbon nanotubes, graphene, several metal oxides including SnO,, MnO,, V,0s, Co30,4 and
TiO;, have been used as electrode materials. In several cases these devices fail due to their
inability to accommodate large electrical stress generated during charge/discharge cycles.
Thus, they tend to collapse or distort under compression. Recently researchers have addressed
this using damage tolerant, high porosity sponge-like 3D electrodes based on polypyrrole
mediated graphene.®® In this material, the macroporous structure allows large compression
without the graphene sheets getting stacked up and elastic nature of the wall ensures complete

recovery.

Hierarchical porous materials that combine micro/mesopores with macropores have
demonstrated advantages in catalysis as catalyst supports.***° Techniques that allow control
of pore characteristics at each length scale, and that afford chemical functionalization at each
level of structural hierarchy can provide precise size selectivity for desired products for a
catalytic reaction. Such materials have implications for chromatographic separations and
mixing at low Reynolds number. In one example, researchers employed dynamic surfactant
templating to prepare hybrid meso porous silica scaffolds with macropore size continuously
varying from 0.5 pm to 50 um by a spatial variation in cooling rate.®®® Cooling rate
determines the domain size of surfactant mesophase which set the macropore length scale
whereas mesoporosity of silica particles can be independently varied between 2 to 4 nm. In
this process micro-meso pores serve as high specific surface area catalytic supports while the

macroporous network enhances mass diffusion by minimizing flow resistance.

Porous materials have also been used in applications in the life sciences, including in

tissue engineering and drug delivery.'®*° For example, a porous material that is
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encountered in Nature is bone. Thus, any defects in bone can be healed by using
biocompatible macroporous scaffolding. In this context a large number of biodegradable

k,"2 collagen'*® and gelatin'** have been

naturally occurring polymers such as chitosan,™* sil
used as scaffolding material in tissue engineering and regenerative medicine. Porous
materials have also been exploited for their storage capacity, that allows controlled release of

a variety of drug molecules in both spatially and temporally controlled manner.**>**

Several foods are also macroporous. Porosity imparts a pleasing texture to foods.
Bread, ice cream, chocolate bar, Jaffa cake, breakfast cereals are few examples of porous
food.

1.3 Strategies for the preparation of synthetic porous materials

Over the last decade, significant number of strategies have been developed to prepare
macroporous materials. In this section we will describe some of the key techniques developed

to make such materials:
Porogen based methods:

1.3.1 Dynamic surfactant templating

Self-assembled molecular aggregates of surfactant molecules™®*?!

can be employed as
agents to build macroporous architecture. In one case, Sharma et al.*?* exploited hexagonal
mesophase of a nonionic surfactant to organize variety of particles such as inorganic, organic,
surface modified ceramics, and biological particles. They cross-linked these particle networks
through suitable cross-linking chemistry that irreversibly froze the particle network structure.
Removal of surfactant assembly by benign water washing afforded macroporous self-
standing monoliths. Here, the size of the template, viz. surfactant mesophase domain,
determined the pore size. They also demonstrated how pore size can be tuned from
submicron to several tens of microns by simply controlling the cooling rate that controls

nucleation and growth of mesophase domains.
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1.3.2 Emulsion templating

Emulsion templating is one of the most commonly used routes for preparation of
macroporous materials.****?" In several cases, water is used as one of the solvents. An
emulsion can be prepared by dispersing water droplets in a continuous phase of oil or vice
versa using a surfactant above its critical micellar concentration as stabilizer. The former case
is called as a “water-in-oil (W/O) emulsion” while the latter is known as oil-in-water (O/W)
emulsion. Careful adjustment of the water or oil phase droplets in the emulsions allows
formation of porous structures with pore sizes that span from a few to hundreds of microns.
Application of emulsions in the preparation of macroporous oxides has been reported by Pine
et al.™® In a typical procedure, sol-gel chemistry'?® is used to solidify precursors around the
droplets. In subsequent steps solvent is evaporated to produce interconnected open cell

porous materials.

1.3.3 Colloidal crystal templating followed by particulate leaching

Monodisperse polymer and ceramic particles can be assembled to form colloidal
crystals, that can be used as templates to produce ordered macroporous monolithic
materials.?>** Close packing of spherical template particles creates voids that can be filled
up with ceramic or metal precursors. Selective removal of the colloidal template via solvent
extraction or calcination can offer macroporous structures whose pore size depends upon the
size of the colloids chosen to make the assembly. Polymer particles such as
poly(methylmethacrylate) (PMMA) and polystyrene (PS) can be easily decomposed into
volatile species while silica particles can be extracted by treatment with hydrofluoric acid or
with strong bases. Colloidal polymer templates such as PMMA and PS can also be extracted
from the structure by using suitable solvents such as tetrahydrofuran or toluene. In one

example, Wang et al.**®

prepared a colloidal suspension with small (150 nm) and large (1000
nm) PS spheres and spread this on a glass slide. Evaporation of the solvent resulted in self-
assembly of the colloidal spheres. Infiltration of the porous structure by tetraethylorthosilicate
solution resulted in infilling the interstitial pores and the structure was subsequently solidified
by drying. Finally the template was extracted in toluene, resulting in the formation of a
hierarchical network structure of larger macropores with smaller pores in the walls.
Therefore, colloidal crystal templates can be readily manipulated to allow precise control

over pore geometry and pore size.
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1.3.4 Gas bubbling

Gas bubbling provides an alternative route to the use of solid phase porogens to induce
porosity.’**** Gas bubbling exploits the nucleation and growth of gas bubbles in precursor
solutions to introduce pores. Gas bubbles can be generated by either mixing a blowing agent
or by saturating a precursor solution with gas at high pressure. In the former case, blowing
agents such as calcium carbonate or sodium bicarbonate are mixed with precursor and
chemical decomposition of the agent generates gas. In the latter case, depressurization a
saturated precursor solution leads to nucleation, growth and coalescence of gas bubbles. An
advantage of gas bubbling is that this process does not require the use of organic solvents.
However, pore formation and porosity are difficult to control since they strongly depend upon
the rate of nucleation and gas diffusion. Dehghani et al.***fabricated macroporous scaffolds
by supercritical carbon dioxide gas foaming. Several studies showed that a higher processing
temperature (above the critical temperature of CO,) at constant pressure during bubbling
process may lead to larger pores and more open pores in the resultant architecture. In
contrast, a higher soaking pressure at constant temperature may result in the generation of
smaller pores when the system is depressurized. Thus, following the gas bubbling method,

pore size and overall porosity of the porous microstructure can be tuned.

1.3.5 Breath figures

The breath figure method, also known as “moist-casting” has been traditionally used to
prepare porous polymer films.*****" Cooling polymer solutions in controlled humidity
condition can enable condensation, followed by growth and subsequent ordering of water
droplets on the film surface. Complete evaporation of both the solvent and the water in the
subsequent step results in 2D or 3D arrays of holes in the matrix depending upon the relative
density of the solvent relative to water. When a denser solvent, such as carbon disulphide, is
used samples with a single layer of pores can be generated. In contrast, when less dense
solvents, such as toluene, are used, a hexagonal array of water droplets forms that can
percolate through the matrix, resulting in a 3D ordered structure. This technique of pore
formation is extremely attractive as it allows the formation of porous films using materials
ranging from polymers, biocomposites, and metals with pore sizes that can be easily tuned

from 2 to 20 um by varying the preparation conditions.
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1.3.6 Sacrificial templating:

Sacrificial template technique is a flexible route to obtain porous scaffolds with various
chemical compositions. Mostly polymer based porous materials with defined pore size and
porosity are selected as a sacrificial phase.™*’**®> The advantages of this process are its
simplicity and the ready availability of polymeric porous materials with various
morphologies and sizes. In a typical method, various ceramics, metal precursors are deposited
on the walls of a sacrificial phase through a sol-gel process or chemical vapour deposition
technique to obtain a conformal coating. Subsequently, the sacrificial element is leached off
by appropriate thermal or solvent treatment. Carefully controlled treatments enable the final

material to retain the template structure and morphology.

1.3.7 Ice templating:

The application of freezing to colloidal dispersions to prepare porous materials is
known as ice-templating or freeze-casting.”®®*®® The process of ice-templating has been
known for several decades but there is a revival of interest in this technique due to interesting
developments over the past 20 years. In cryochemical synthesis routes, macroporous
materials are shaped using ice-crystals as templates to generate pores. During the freezing
process, ice crystals grow and colloids are spatially organized by the crystals. Ice is used as a
generic term for solidification of a solvent. In this thesis, we work primarily with aqueous
dispersions. Therefore, here we use the term ice exclusively to refer to crystals of water. The
growth of ice crystals can be controlled to achieve desired porous architecture and
mechanical properties in the final products. The freezing conditions influence the growth
behaviour of ice crystals. To investigate the growth kinetics, morphologies and crystalline
structure of crystals a number of imaging techniques such as X-ray imaging techniques,
optical interferometry, electron and confocal microscopy are widely used. Imaging studies of
ice crystals indicates that crystals can grow in the 1-100 um/s range and size of the crystal
can range typically from 1-100 um. Therefore freezing routes can provide different levels of
porosity. Additionally, porosity can be directional and well-organised, or it can be isotropic
and random, depending on the freezing protocol.

While ice templating does not lend itself to structures with either ordered or
monodisperse pores, unlike templating of sacrificial ordered templates such as colloidal

crystals, it has other advantages. Ice templating is a versatile green technique that uses water
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as a solvent and porogen. It can be applied to aqueous dispersions of a wide variety of
colloids and the pore structures that form can be controlled to some extent by using additives
such as zirconyl acetate and ice shaping proteins.

Additional levels of porosity in templated materials can be introduced by the
incorporation of organic particles such as polystyrene™®’, poly(methylmethacrylate)'®® or
cotton fibers'® into the initial ice-templated suspension. The dispersion is frozen and organic
components are subsequently eliminated by thermal treatment or by solvent extraction from
the templated matrix.

When pores result only from the use of ice as porogen, then the solute to solvent ratio
has direct consequence on the total pore content. Therefore ice-templating is a versatile route
for the preparation of materials with a wide range of porosity. The ice templating process can
be used to prepare materials with porosity as low as 10 vol.% to as high as 99 vol.%.
Aerogels are typical examples of high porosity materials. However below a critical particle
concentration it is not possible to obtain macroporous material using ice templating. For

particle concentrations above a critical concentration”

, the growing ice crystals cannot repel
the particles and engulf them to produce materials with low porosity (below 40%) and no
templating effect is obtained.

One of the most unique features of ice-templated materials is their attractive pore
morphologies. These unique features of ice-templating are accessed when the particle
concentration in the freezing suspensions lies within a critical range. Recently, researchers
have employed unidirectional ice growth to control the pore geometry.!”*™"* The macropores
obtained represent the negative replica of the ice crystals. Thus nature of solvent also plays an
important role in determining the pore morphology. Typically water is extensively used as
solvent in ice-templating. When aqueous slurry is frozen unidirectionally, typically a lamellar
morphology is obtained. The lamellar morphology is believed to result from anisotropic
growth of the hexagonal form of ice. The size of the particles used to template the ice crystals
also influences the pore morphology. Better replication of morphology is attained when the
size of the suspended particle is much smaller than the template crystal size. For particle sizes
larger than the crystals, the particles fail to pack properly and the particle is unable to
replicate the contour of the crystals. In any case the rule is particle size should be at least an
order of magnitude smaller than the half-periodicity of the lamellar pattern.

Pore size is another important parameter in macroporous materials. The desired pore
size is critical for many structural applications like tissue engineering to mixing to absorption.

Pore size can be easily tuned in the cryocasting process. Pore size is largely governed by
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cooling rate.}’ It is reported in the literature that pore diameter is inversely related to the
cooling rate. When additives such as salts (NaCl, MgCl, etc), antifreeze protein, various
soluble solvents (alcohol, acetone), polymers are incorporated to the initial suspension prior
to freezing, that leads to different morphology of the ice-crystals, and thus the pore size.!
The effect of additives can be multidimensional. For instance, additives can change phase
diagram of water and can modify the suspension properties, viz. freezing point, viscosity,
charges in the system. Additives, for example, antifreeze protein'® can even modify the
growth kinetics of crystals by blocking selective crystallographic planes. Therefore, this rich
tool box can be exploited to architect morphologies on demand.

Solidification of water is also accompanied by latent heat release. Therefore, heat flow
between container and a suspension, and within a suspension has a strong impact on freezing
phenomena. Design and property of the container determines the efficiency of the latent heat
release and its conduction from the frozen crystals.”” This heat flow directly impacts pore
size and pore morphology. Imposition of a temperature gradient enables one-dimensional
growth of ice crystals. Single and even dual temperature gradients have been applied during
the freezing process to design ice templated macroporous materials with complex
architectures. Thus controlling temperature gradients and controlling cooling rates can
provide a spectrum of different architectures.

Ice templating is a versatile technique to prepare macroporous materials and almost
any material can be ice-templated — ranging from polymer to ceramics to metals. This
technique allows several levers to control the structure and properties of the final
macroporous material. Discussion of all these parameters individually for different kinds of
macroporous ice-templated materials is beyond the scope of this thesis. Control over porosity
and pore morphology determines the mechanical response of ice-templated materials.
Mechanical properties are strongly correlated to porosity and pore orientation. *"®*# polymer
scaffolds are inherently soft, and in order to improve their mechanical properties and
structural integrity they are often blended with metals or ceramics. Biopolymer based
composite scaffolds are particularly of interest for their special applications in biomedical
implants. Aerogels that are fabricated via ice-templating can be used in a variety of
applications spanning from sensors to electrodes for batteries and supercapacitors, fire
resistance to oil absorption applications. In many such applications the mechanical responses
of the ice templated materials is critical.

In ice —templated materials, ice crystals act as porogen that are typically removed via

supercritical drying or sublimation to afford porous structure. Noticeably the structure
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obtained after drying are lost once the sample is exposed to solvent. Typically to provide
mechanical resiliency to the structure, ceramic, metals; and composite scaffolds are often
subjected to thermal sintering. To overcome this multi-step processing, our group'* has
proposed a simpler strategy where we cross-link the polymeric component of ice-templated
polymer-inorganic composites in the frozen state. Since the structure is chemically cross-
linked, no additional post treatment is required. Instead, simple thawing of the frozen sample
at room temperature affords a monolithic structure.

Macroporous ceramics fail abruptly when subjected to large strains.'® To circumvent
brittle failure of particle based monoliths, interparticle linkages are modified by organic
capping molecules.**'*” Our group has recently demonstrated a macroporous, centimetre-
sized monolith that primarily comprises of rigid particles but that can recover elastically even
after 90% compression. This mechanical response originates from a special microstructure
where inorganic colloids are enmeshed in a cross-linked polymer matrix. This remarkable
microstructure can be obtained using a variety of colloids, polymers and even with different

cross-linking chemistry.

1.4 Statement of the problem
In this thesis work, we investigate applications of ice-templated sponges prepared using

the ice templating method described by Rajamanickam et. al.'®

These sponges are
macroporous and recover from compressive deformation despite their high inorganic content.
The sponge walls have uncross-linked amine groups, that allow covalent customization of the
sponge for specific end applications. We investigate the suitability of these sponges as fire
retardant materials, that do not use environmentally hazardous additives. We prepare flexible
supercapacitors by modifying the ice-templated sponges, that have potential applications as a
power source in wearable devices. We also explore the use of these sponges as universal
absorbents for solvent spillage. We investigate the kinetics of solvent uptake in these sponges,
and rationalize our data in the context of the Ergun Forchheimer equation. Finally, we explore

novel methods to control the wall structure in sponges, and to introduce voids in these to

decrease the pressure drop required to pump fluids through the sponge.

1.5 Thesis objective
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The aim of this work is to customize ice-templated macroporous sponges for a wide
variety of applications. We demonstrate the versatility of ice-templated sponges by using
them for applications as diverse as fire retardant materials, to flexible energy storage devices
to omniphilic absorbents. We also shed light on the fluid transport through soft swellable
sponges. Another objective of our work relates to developing modifications in the synthesis

protocol to introduce holes in the pore walls, by the use of non-solvents.

1.6 Thesis outline
In this chapter (Chapter 1), we provide background to motivate our investigations on the

applications of macroporous sponges prepared via ice-templating.

Chapter 2 examines the fire retardant behavior of ice-templated “memory foams”. Usage of
polyurethane (PU) foams is widespread - however, PU foams are flammable. To ensure
compliance with fire safety standards, brominated and phosphate based additives are
incorporated into the PU. These additives are highly toxic and hazardous to environment.
Therefore, there is clearly a need for foams with excellent fire retardant properties achieved
without compromising mechanical properties and that can be prepared using scalable
techniques. We demonstrate hybrid inorganic/polymer foams that have superior fire retardant
properties compared with commercial polyurethane foams containing FR additives. Our
hybrid foams are elastic and recover completely from large compressive deformations.
Interestingly, these foams exhibit tunable memory, viz. the time scale for complete recovery
can be varied. Further, varying particle concentration in the hybrid foams allows us to tune
their mechanical stiffness over a wide range. Flame applied to this foam does not spread and
is self-extinguished. Peak release rates for these hybrid foams are about 75% lower than those

for the FR-polyurethane foams (FR-PU).

In Chapter 3 we report the preparation of compressible supercapacitors that retain their
specific capacitance after large compression and that recover elastically after at least a
hundred compression-expansion cycles. Compressible supercapacitors are prepared using a
facile method that readily yields centimeter-scale macroporous objects. We ice template a
solution of polyethyleneimine in green tea extract to prepare a macroporous crosslinked
polymer gel (PG) whose walls are impregnated with green tea derived polyphenols. As the

PG is insulating, we impart conductivity by deposition of gold on it. Gold deposition is done
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in two steps: first, silver nanoparticles are formed on the PG walls by in-situ reduction by
polyphenols and then gold films are deposited on these walls. Gold coated PGs (GPGSs) were
used as electrodes to deposit poly(3,4-ethylenedioxythiophene) as a pseudocapacitive
material. The specific capacitance of PEDOT coated GPGs (PGPG) was found to be 253 F/g
at 1 A/g. PGPG could be subjected to over a hundred compression/expansion cycles without
any mechanical failure or loss of capacitative performance. The capacitance was found to be
243 F/g upon compressing the device to 25% of its original size (viz. compressive strain =
75%). Thus, even large compression does not affect the device performance. This device
shows power and energy densities of 2715 W/kg and 22 Wh/kg, respectively, in the
uncompressed state. The macroporous nature of PGPG makes it possible to fill the PGPG
pores with gel electrolyte. We report that the gel electrolyte filled supercapacitor exhibited a

specific capacitance of 200 F/g, that increased by 4 % upon 75 % compression.

Chapter 4 focuses on the development of omniphilic sponges that absorb a large quantity of
solvent relative to their weight, independent of the solvent polarity. These materials represent
useful universal absorbents for laboratory and industrial spills. The as-prepared monolith is
hydrophilic and absorbs over 30-fold its weight in water. Modification of this sponge using
valeroyl chloride renders it omniphilic, viz. a modified sponge absorbs over 10-fold its dry
weight of either water or hexane. Modification using palmitoyl chloride that has a longer
chain length results in the preparation of a hydrophobic sponge with a water contact angle
around 130°, that retains its oleophilicity underwater. The solvent absorbed in these sponges
can be simply squeezed out and the sponges are stable to several hundred
compression/expansion cycles. The large pore sizes of these sponges allow rapid absorption
of even high viscosity solvents such as pump oil. Finally, we demonstrate that these sponges
are also able to separate apolar oils that are emulsified in water using surfactants. These high
porosity sponges with controllable solvophilicity represent inexpensive, high performance

universal absorbents for general solvent spills.

In chapter 5 we studied capillarity driven uptake of liquid in swellable, highly porous
sponges which has significant industrial importance. The effect of systematic variation of
sponge characteristics on solvent uptake had not been investigated in the literature. We report
experiments that study capillary uptake in a variety of flexible, centimetre-sized macroporous
cylindrical sponges. Ice-templating is used to prepare a series of model macroporous sponges

where the porosity, modulus and composition are systematically varied. Two kinds of
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sponges are investigated: (a) those comprised purely of cross-linked polymer and (b) those
prepared as composites of inorganic particles and polymer. When one end of the sponge is
plunged into a large reservoir, water rises through capillary action, against gravity. A
transition from an inertial-capillary regime is observed where the liquid column height rises
linearly with time, t, to a viscous-capillary regime where the liquid height rises with t*°. It is
shown that these results can be rationalized using analyses developed for rigid sponges.
Differential momentum balance equations for uptake in rigid capillaries are combined with
the phenomenological Ergun-Forchheimer'®® relations to account for the effect of sponge
microstructure. This approach works remarkably well in the viscous capillary regime and
shows that capillary uptake is governed primarily by the total porosity and pore dimensions

of the soft sponges.

In Chapter 6 we investigate the role of non-solvent added during sponge synthesis on the
microstructure of the ice-templated monolith. We demonstrate that this change in synthesis
protocol introduces voids in the pore walls, thus resulting in a hierarchically porous structure.
We observed a systematic increase in the number of voids with increasing non-solvent
concentration. The modulus of these hierarchically porous sponges is, however, similar to
that of sponges prepared without the addition of non-solvent. Sponges prepared with the
highest non-solvent concentration exhibited a significantly decreased pressure drop at high

flow rates.
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Fire retardant, self-extinguishing inorganic-polymer

composite memory foams

4 N\

In this chapter, we demonstrate the application of ice templating to
prepare fire retardant foams from inorganic/polymer hybrids.
Importantly, these foams do not incorporate fire retardant additives.
Since these foams are predominantly comprised of inorganic, they
exhibit exceptional fire retardance in torch burn tests and, are self-
extinguishing. After subjecting to a flame, the foam retains its porous
structure and does not drip. In microcombustion calorimetry, the
hybrid foams show a peak heat release rate that is only 25% that of a
commercial fire retardant polyurethane. Despite the high inorganic
content, the hybrid foams are elastic to large compressional strain and
exhibit tunable mechanical response, including viscoelastic “memory”.

o /
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2.1 Introduction

Flexible polymeric foams based on latex rubber and polyurethane find use in applications
ranging from mattresses, furniture, upholstery and automotive seats."* The annual global
production of flexible polyurethane foams alone exceeds 7 million tons currently, with an
anticipated annual growth exceeding 5% in Asia over the next 5 years.® This growth is
fuelled, in part, by the remarkable improvements that have been made in polyurethane
chemistry. It is now possible to have exquisite control over the pore structure of the foams,
over transport of vapor through foams and over the viscoelastic response of the foams.’

»® (viz. that conform to the shape of

Thus, foams that are “breathable” and that have “memory
an object placed on it, and gradually recover their original shape after removal of the object)
are now available. All flexible polymeric foams are combustible — therefore, their widespread
use in households, in public transportation (including seating in buses, railways and
airplanes) and in auditoria has necessitated the development of strict fire safety standards in
several countries. For example, in the United States, in Canada and in the United Kingdom,
safety regulations mandate the use of foam materials that meet minimal fire retardant
specifications.” These fire safety standards mandate the resistance to ignition and flame
spread, as well as resistance to dripping on being ignited, that must be exhibited by polymeric

foams.

For foams to be compliant with fire safety standards, fire retardant additives are typically
added to the polymers. Brominated compounds, including polybrominated diphenyl esters
were the most commonly used legacy flame retardants. However, these compounds have
been identified as persistent organic pollutants (POP), due to their toxicity and persistence in
the environment.2** Environmental concerns have led to the recent adoption of another class
of compounds, organophosphates, as flame retardant additives.**™ These include tris(1,3-
dichloro-2-propyl) phosphate (TDCPP); 2,3,4,5-tetrabromo-ethylhexylbenzoate (TBB) and
tris(2-chloroethyl) phosphate (TCEP). However, recent studies have revealed that the
presence of these organophosphate compounds in marine sediments in the Arctic Ocean.™
This suggests that these flame retardants too are persistent and undergo transport over long
distances and might, therefore, invite sanction due to environmental reasons. While there are
efforts'’ towards sustainable, bio-based fire retardant compounds, these have not yet been

adopted commercially.
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Researchers have explored the flame retardant properties of polymer composites,*® especially
nanocomposites. For example, polymer composites that contain montmorillonites,
magnesium hydrate, alumina and silsesquioxanes have demonstrated improvements in flame
retardance, due to enhanced char formation and reduced dripping of the polymer.**%
However, typically, addition of inorganic fillers results in the reduction of the compressive
strength and strain at failure of the polymer.?®Special processing techniques that are
challenging to scale up to industrial practice are required to produce elastomeric materials
that retain their mechanical performance even after reinforcing with inorganic nanofillers.?®
Recently, the fire retardant properties of composites of polymers with anisotropic carbon-
based particles (such as rod-like carbon nanotubes and plate-like graphene or graphene oxide)
have been investigated. It has been hypothesized that the formation of jammed percolated
networks of carbon nanotubes in a polymeric matrix supresses the burning process.?”? Plate-
like carbon nanoparticles also have promised in retarding the flammability of polymer
matrices.”* *'However, in such nanocomposites too, the mechanical properties at failure are
compromised, restricting their applications. A different sort of composite can be prepared by
surface treatment of polymeric foams to create a char forming layer to inhibit flammability.

Such composites can be prepared, for example, by employing layer-by-layer techniques.®* %

Sun et al.*" have reported the use of unidirectional ice- templating®

to prepare polymer
aerogels*® that were surface coated with silica nanoparticles to improve their flame
retardance. Recently, Cho et al.**have reported the formation of conformal coatings of
polydopamine on the surface of polyurethane foams that supresses burning of the foam.
Coating based strategies*’require additional processing steps, thus increasing both complexity
and cost of the final product. Further, coated products suffer from the possibility of

delamination of the protective surface layer.

Therefore, there is clearly a need for foams with excellent fire retardant properties
achieved without compromising mechanical properties and that can be prepared using
scalable techniques. Here, we demonstrate hybrid inorganic/polymer foams that are
mechanically resilient and that have superior fire retardant properties compared with
commercial polyurethane foams containing FR additives. Interestingly, these foams exhibit
tunable memory, viz. the time scale for complete recovery can be varied. Further, varying
particle concentration in the hybrid foams allows us to tune their mechanical stiffness over a
wide range. Flame applied to this foam does not spread and is self-extinguished. Peak release

rates for these hybrid foams are about 75% lower than those for the FR-polyurethane foams
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(FR-PU). Remarkably, these hybrid foams do not contain any fire retardant additive. Rather,
they are predominantly comprised of inorganic particles (> 90% w/w) bonded together
through a cross-linked polymer. Notably, these foams are prepared using environmentally

benign components, in a process that uses water, an environmentally friendly solvent.

2.2 Experimental

2.2.1 Materials:

Polyethylenimine (PEI, branched polymer with supplier specified molecular weight M=
750 kDa) and 1,4-butanediol diglycidyl ether were obtained from Sigma Aldrich and were
used as received. We performed SEM on the silica particles and used image analysis to obtain
an average size and standard deviation of 1.03£0.08 um, consistent with supplier
specifications. Surface charge distribution on the silica surface in aqueous dispersion was
earlier reported by our group® using zeta potential analyser and the measured peak surface
charge was -71.1 mV. PEI is a weak polycation, and is protonated in neutral or acidic
aqueous solution. PEI coated silica particles shows charge inversion to give a zeta potential
of 38.1 mV as reported earlier by our group.*® Distilled deionized water (resistivity ~18.2
MQ.cm) from a Millipore MilliQ unit was used to prepare sponges. A commercial fire
retardant polyurethane (FR-PU) sponge was generously supplied to us by Dr. Sangaj from the
Indian Polyurethane Technical Center and was used as received. This sponge is designated
FR-PU sponge, indicating that it is a fire retardant sponge. This sponge is an open cell foam
used in interior applications in automotives and passes the FMVSS 302 test (a horizontal

flammability test for burn resistance).*
2.2.2 Fabrication of composite sponge:

A detailed protocol for the ice-templated synthesis of polymer —particle hybrid sponges was
described in Scheme 2.1. Briefly, in a 2 ml polypropylene vial, 120 mg silica particle was
dispersed in 1092 pl of water by sonication for 15 min. To this, 100 pl PEI solution (from a
200 mg/ml stock solution) was added. Here we use PEI, an inexpensive, commercially
available polymer to coat the particle surface. To the PEI-coated particle dispersion, 8 mg
cross-linker (1,4-butanediol diglycidyl ether) was mixed and the mixture was maintained at -
10 °C. On freezing the aqueous dispersion, the silica particles, PEI and cross-linker are
concentrated at the grain boundaries between ice crystals. The enhanced local concentration
of polymer and cross-linker at the grain boundaries facilitates the cross-linking reaction, that
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takes place in the frozen condition. We allowed 24 h for the cross-linking reaction to be
completed. Subsequently, melting of ice at room temperature, followed by drying, affords a
composite sponge. This sponge is termed as “S10”, since it is prepared by ice-templating a ¢
= 10% (wi/v) dispersion of silica particles. Similarly, we also prepare a composite sponge
(S5) by ice templating ¢ = 5% (w/v) silica dispersions, where the ratio of silica to polymer

and cross-linker is identical to S10.

Freeze at -10°C

Cross-linking at-10°C -
24 h Thaw at R/T
—-
Dry

@ Silica particle — PEI

« Cross-linker

Scheme 2.1: Schematic representation for a route to prepare ice-templated composite

sponge.
2.2.3 Control sponge:

We also prepared an ice-templated sponge that comprises purely cross-linked PEI, prepared
using ice-templating (Scheme 2.2). This sponge was prepared at the same ratio of PEI to

cross-linker concentrations as used for the composite sponge and is termed “control sponge”.

Witer F :'>EI\/0\/\/\0/\7

(0}

Miﬁ Thaw

—
Frozen
at-10°C

Scheme 2.2: Schematic representation for a route to prepare ice-templated polymer sponge.
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2.3 Characterization

2.3.1 Scanning Electron Microscopy (SEM):

Morphology of the ice-templated sponges was imaged using a Quanta 200 3D scanning
electron microscope. Sponge surfaces were sputtered using an Au target prior to SEM
analysis to prevent charging.

2.3.2 Mechanical Property:

Mechanical properties of sponges were measured using a strain controlled rheometer from
TA Instruments, RSA-III, equipped with a normal force transducer. All the samples were
subjected to compressive strain at a rate of 0.05 mm/s. Compression set of the sponge was
evaluated following ASTM D1056. The sponge was compressed to a strain of 50 % and was
held compressed for 22 h at 70 °C. After 22 h, the load was released and sample height was
measured after allowing 30 minutes of equilibration at room temperature. Compression set
was calculated using equation 5.1.
(ho — h;)

CS = compression set, ho= original height, h;= final height, h.= compressed height
2.3.3 Memory effect:

Viscoelastic recovery of foams was measured as follows. The foam sample was compressed
to 50% of its initial height and then the strain was released and the foam was allowed to
recover. We record and analyse video data using code written in Python to monitor the height
of the sponge as it recovers.

2.3.4 Thermogravimetric Analysis (TGA):

The thermal stability of the sponges was investigated with a thermogravimetric analyser
(STA 7000), by heating the samples from 100 to 800 °C at a heating rate of 1 °C/min in a

nitrogen atmosphere (flow 50 mL/min).
2.3.5 Flammability Test:

Sponge flammability was qualitatively evaluated by direct exposure to flame using a Bunsen

burner for 10 s, similar to the procedure in the UL 94 standard. The Bunsen burner flame
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height was set to = 30 mm. We test flammability for cylindrical samples (20 mm long, 8 mm
diameter) by positioning the tip of the sample 15 mm above the top of a blue flame generated
by the burner. A blue flame from the burner indicates that the flame temperature is
approximately 1200 °C. The burning of samples was evaluated from the video records of this

experiment.
2.3.6 Combustion Test:

hSponge flame retardancy was also evaluated using a micro combustion calorimeter (MCC)
and tests were carried out at the Interscience Fire Laboratory, UK according to ASTM D
7309 (Methods A and B). A sample size of approximately 5 mg was tested at a constant
heating rate between 0.2 and 2 K/s under anaerobic (Method A) and aerobic (Method B)
conditions, from 100 to 800 °C. The combustor temperature was set at 900 °C and
nitrogen/oxygen flow rate was set at 80/20 ml/min. All the samples were conditioned at 23+2

°C and 50+5% relative humidity for 3 days prior to testing.

2.4 Results and Discussion

2.4.1 Mechanical properties

Ice-templated sponges are highly compressible and recover completely after large
compressive deformation. The mechanical response is characteristic of the hybrid
colloid/polymer architecture of the sponge.lt originates from the cross-linked polymer
structure that forms a network that holds the particles together. We do not observe a role for
particle interlocking for the large strain elasticity. This has been discussed in detail in recent
work from our group.*>*® Further, it is possible to vary the modulus of the sponges. For
example, the elastic modulus (E’) of the composite sponges can be varied two-fold by
adjusting particle concentration from S5 to S10 (Table 5.1). We showed that E’ scales with ¢
for composite sponges, where ¢ is the concentration of the ice templated dispersion. E’ for
control and FR-PU sponges is in the range of 4000 to 7000 Pa (Table 2.1).
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Table 2.1: Elastic moduli of the sponges are obtained from stress-strain curve at very low

values of strain (=1-2%) in dry state.

Samples Elastic modulus (Pa)
S5 24000500
S10 5700048000
Control 4100+400
FR-PU sponge 6500+200

The “compression set” of an elastomeric material characterizes its ability to return to its
original state after a holding in a compressed state for a prolonged time at a constant
temperature. Materials with lower compression set are able to better resist permanent
deformation. For open cell elastomeric sponges, it is desirable for the compression set to be
less than 25%. We performed compression set measurements following the ASTM D1056
protocol that are prescribed for elastomeric sponges. The test sponge is compressed to a strain
of 50% and is held at that strain for 22 h at a temperature of 70 °C. Then, the strain is
released and the sponge is allowed to recover for an hour at room temperature. Then, the
dimensions of the sponge are measured to determine compression set. The ice-templated
hybrid sponges, S5 and S10 show compression set of 63 % and 1815 %, respectively, higher
than that for FR-PU (7%), but below the 25% threshold. The hybrid sponges continue to
recover slowly even after an hour and completely regain their original size after a few hours
at room temperature (Figure 2.1). Thus, the initial rapid recovery is followed by a slower

process for complete recovery to the original size.

We track the recovery of sponge height after strain is released (Figure 2.2). All sponges, FR-
PU and the hybrid sponges, are elastic and eventually recover to their original uncompressed
size. The sponges exhibit a rapid initial recovery, followed by slower process to completely
recover their original size. For FR-PU and S5, the sponges rapidly recover to 95% of their
original size within 10 s and 60 s respectively, and then recover to their original size over
about 30 minutes. In contrast, S10 expands to about 75% of its original size within 35 s, and
then recovers to 88% after 30 min and to 93% after 90 min. For S10, complete recovery is
slow and takes several hours. Thus, while the hybrid sponges are elastic and eventually
recover to their original size after release of compressive strain, the rate of recovery is

controlled by ¢, and can be varied over a considerable range. We note in passing that water-
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saturated hybrid sponges (both S5 and S10) exhibit complete recovery very rapidly, within
minutes of releasing strain. SEM images of the sponges before and after the compression set
experiment suggest that the cellular structure of the foam is well preserved for S5, and S10
sponges and no microstructural damage is evident. FR-PU too recovers rapidly from after
strain is released and there is no change in the pore microstructure before and after

compression (Figure 2.1).

Before

Figure 2.1: Photographs of the sponges before and after compression set experiment (middle
two columns). In the left and right panel of the photographs we present their corresponding

microscopy images before and after compression set experiment, respectively.
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Figure 2.2: Strain Recovery-time Measurement starting at 50% compression. Time zero in

this example when the top plate started moving (= 7.5 mm/s) from the sponge surface.
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Figure 2.3: Thermogravimetric analysis (TGA) in nitrogen shows that composite sponge has

higher thermal stability than the cross-linked polymer (control) and the FR-PU sponges. The

images before and after TGA analysis shows composite sponge maintains the original shape

after degradation at 800°C.

2.4.3 Thermal Analysis

We have performed thermogravimetric analysis (TGA) on the sponges by heating them to
800 °C in nitrogen gas, at a heating rate of 10 °C min™* (Figure 2.3a). All samples were dried
thoroughly prior to TGA measurements. The control sponge (comprising purely of
crosslinked polymer) starts degrading at 170 °C with a maximum degradation of 333 °C and
completely decomposes by 400 °C leaving no residue (Figure 2.3). The thermogram of FR-
PU sponge shows two distinct degradation steps: in the first step, 20% weight loss occurs
between 200 and 286 °C and in the second step 70% weight loss occurs between 286 and 427
°C. This TGA curve is characteristic of soft PU.*’In contrast, only 13% weight loss occurs in
case of S10 between 200 and 650 °C leaving significant particle residue. The residue of S10,
after the TGA experiment, maintains the shape of the original sample. This suggests that
there is no collapse in the structure after the TGA heating and the sponge microstructure is
preserved (Figure 2.3, photograph). The ratio of inorganic silica to organic cross-linked
polymer is similar for S5 and S10. Therefore, the TGA curve from heating S5 is similar to
that from S10. In the rest of the manuscript, we test the flame retardant behaviour of S10, and

compare this with the FR-PU and the control pure cross-linked polymeric foam.
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Figure 2.4: Photographs showing the torch burn test for the following samples: (a) control,
(b) composite, and (c) FR-PU sponges. Samples were ignited using a Bunsen burner (similar
to UL 94 standard). While cross-linked polymer and FR-PU sponges burned vigorously,
composite sponge self-extinguished within 5 s after removal from the burner flame. Scale

bars in the photographs correspond to 10 mm.
2.4.4 Flame Retardant Behavior

Flammability of the sponges is tested using a torch burn test, similar to UL-94. The
behaviour of FR-PU, the control sponge and S10 are shown in Figure 2.4. The control sponge
(based purely on cross-linked PEI) ignites as soon as it is exposed to the flame and the flame
spreads quickly along the axis of the sample. We observe a significant shrinkage of the
sample as it burns. We attribute the high flame height to the release of volatile combustion
products that interfere with the formation of the char heat-transfer barrier at the interface
between gas and condensed phase, during burning. FR-PU sponge on the other hand swells
and burns less aggressively when compared to the control sponge. The composite sponge,
S10, generates a small flame at its tip section where the burner flame is in contact, but the
flame self-extinguishes within 5 s. When S10 burns, initially the small flame burns the cross-
linked polymeric component. The char from burning the organic, together with the
underlying network of silica particles forms a barrier that prevents flame spread and that is
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mechanically rigid so that there is no dripping of the molten sponge during the propagation of
the fire.

Figure 2.5 SEM images of the post-burn samples at different magnifications indicate that the
composite sponge retains its structural integrity on exposure to flame. Image at higher
magnification suggest that the hybrid silica/polymer structure is preserved in the interior of

the sample and only the exterior portions of the sample are burnt by the flame.

Dripping of molten polymer can cause severe injuries to people and also ignite other
materials in the vicinity. The fact that the hybrid sponges do not melt or drip adds a strong
element of fire safety to these sponges. A representative cross-section of the post-burn sample
was examined using SEM and we observe that the cellular morphology of the sponge is well-
preserved even after exposure to the Bunsen flame (Figure 2.5). Thus, the composite sponges
represent self-extinguishing, flame retardant materials. It is worth noting that, in contrast to
recently reported advances in fire retardant materials, our composite sponge does not contain
any environmentally hazardous additives and is obtained by a single step ice-templating

process, with no coating steps.
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Figure 2.6 HRR curves as a function of (a) temperature, and (b) time for S10, control and

FR-PU sponges by micro combustion calorimetry (MCC- Method A test).
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2.4.5 Micro Combustion Calorimetry

To get more insights on the pyrolysis and the flame retardancy of the foams, we tested
specimens using MCC (micro combustion calorimetry) using a standard protocol (ASTM D
7309). In the MCC test, 5 mg of the test sample (dimension of FR-PU = 5.9 mm x 5.4 mm X
4.4 mm; of S10 = 6 mm x 3.1 mm x 3.1 mm) is subjected to controlled heating in an
anaerobic environment, viz., the sample experiences controlled thermal decomposition.
During this process, the heat of combustion of the volatile gaseous component of the
specimen is measured. In a second independent measurement, a fresh specimen is subjected
to controlled heating in an aerobic environment. In this controlled oxidative thermal
decomposition method, the sample is heated from 100 to 800 °C at 0.8 °C s in a dry air
atmosphere and the combustor temperature is set at 900 °C. The baseline oxygen
concentration is 20% O, v/v and the net calorific value of the specimen gases and solid
residue are measured during the test. Each test is repeated three times for each sample and
values of measured parameters are averaged. Heat release curves (HRR) from the MCC

measurements are recorded as a function of temperature and time. We define the temperature

Table 2.2: MCC results for control, composite and FR-PU sponges following Method A. The

samples were tested in triplicate and the values of measured parameters are averaged.

Samples T,('C) A-pHRR(WI/g) A-THR A-HR %
(% reduction) (kJ/g) capacity (J/g- Char
(% K) residue
reduction)
Control  378+4 477+ 45 34+ 7 552+ 50 1.14
S10 387+2 113+ 16(76.3, 12+ 2 (70.7, 130+ 18 69
75.4) 67.3)
FR-PU  411+1 453+ 10 36+ 3 526+ 14 11.01
sponge

for the peak in heat release rate (pHRR) as T,. In Figure 2.6 we compare MCC data from
Method A for the commercial FR-PU sponge, the cross-linked PEI control sponge and the
composite sponge (S10). PU foams, one of the most flammable polymeric materials, are
characterized by a large heat release curve in MCC. FR-PU shows two peaks in the HRR.
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The HRR increases slowly, showing a broad low intensity peak at 260 °C around 240 s and
then exhibits a rapid burning to reach the pHRR at T, = 410 °C around 400 s (Figure 2.6 a-b
,Table 2.2). Thus, FR-PU undergoes two step degradation. We attribute the first peak
between 200 and 270 °C to the cleaving of low molecular weight species from the PU
backbone while the second peak at 410 °C represents complete decomposition. The control
sponge reaches a pHRR (476 W/g) at T, = 378 °C leaving negligible char residue (= 1%) after
complete decomposition at 800 °C. In contrast to the FR-PU, the ice-templated composite
sponge, S10 exhibits single step degradation. The HRR for S10 shows T, = 385 °C,
corresponding to a peak value of 113 W/g (Figure 2.6 a-b). Since heat released during
burning of a material can make the combustion self-sustaining, pHRR is considered as one of
the most important parameter to evaluate fire safety.*® It reflects the point in a fire where the
heat generation is sufficient to propagate the flame or ignite adjacent material. The reduction
in the total heat release in Method A (A-THR) and in pHRR for S10 relative to FR-PU is
about 75% (Table 2.2). This is consistent with our observations during the torch burn test and
indicates that the susceptibility of S10 to fire is significantly lower than for the control
sponge or for FR-PU. We define the average heat release capacity (A-HR capacity) as the
pHRR divided by the nominal heating rate (0.8 °C s™). The A-HR capacity of control and
FR-PU sponges are 552 and 526 Jg'K™ respectively (Table 2.2). In comparison, S10 has an
A-HR capacity of 130 Jg'K™, over 75% lower than the control sponge and FR-PU. The A-
HR capacity is an indication of the thermal stability of a material; a low A-HR capacity is
considered a good predictor of ignition resistance. Thus, S10 exhibits a significantly lower
fire hazard compared to a commercial fire retardant PU. We also note that at the end of the
MCC Method A experiment, S10 leaves behind a whitish residue, corresponding to = 70% of
the original sample weight, with size comparable to that of the original sample, consistent
with the results from TGA. In comparison, only 11% char residue is obtained for FR-PU
sponge after the MCC Method A test (Table 2.2). When the samples are subjected to MCC
test following Method B (viz. in an aerobic environment), the pHRR is shifted to lower T,
and time (Figure 2.7 a-b). Here too, the test is performed in triplicate for each sample and
average values for the results are reported in Table 2.3. We note that in this experiment, we
observe an additional peak between 560- 570 °C in the HRR for FR-PU and for the control
sponge. We attribute this peak to the decomposition of the char barrier in the presence of
oxygen in the pyrolysis chamber. During anaerobic combustion (Method A), this char is
preserved after the MCC experiment. As a consequence, we note that the char yield for FR-
PU in Method B is reduced to = 1% (compare with = 11% in Method A). For S10, an
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additional peak appears at 595 °C in the HRR in the MCC Method B experiment. However,
only a small (2%) decrease in char yield is observed. For S10, we observe a pHRR of 44
WI/g at 242 °C, a reduction of about 80-90% compared with FR-PU and the control sponge
(Table 2.3). The A-HR capacity for S10 in Method B is lower than in Method A. Thus, the

exceptional fire retardant performance of S10 is apparent, independent of the test conditions.
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Figure 2.7 HRR curves as a function of (a) temperature, and (b) time for sponges by micro

combustion calorimetry (MCC- Method B) test.

Heat, fuel, oxygen and a chemical chain reaction constitute the four elements leading to
sustained fire. Abatement of fire necessitates inhibition or elimination of one of these
elements from the fire tetrahedron. Most flame retardants for polymeric materials and PU
foams in specific are designed to inhibit the pyrolysis of polymer by scavenging radicals (gas
phase) or form a solid protective char layer that acts as a heat and mass barrier between the
flame and burning material (condensed phase). The flame retardant is usually added during
foam processing or post foam processing, often replacing bulk of the polymer and
compromising mechanical properties. Quite atypically, these hybrid foams have been
constructed from inherently non-flammable materials without compromising mechanical
properties. This unique approach renders self-extinguishing characteristics to the foam and

with very less ignitable content the foams release less smoke or toxic gases during burning.
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Table 2.3: MCC results for control, composite and FR-PU sponges following Method B. The

samples were tested in triplicate and the values of measured parameters are averaged.

Samples T ( A- A-THR A-HR % Char
°C) pHRR(W/g) (kJ/g) (%  Capacity residue
(% reduction reduction (J/9-K)

Control 19944 578+26 271 663123 0
S10 24216 44+8 7+1 (75.2, 51+10 67.76
(92.3,79.2) 77.0)
FR-PU 36215 217+22 29x1 250%20 1.14
sponge
2.4.6 Scale up

The fire retardant performance of the ice templated composite sponges is a consequence of
their composition and microstructure. These sponges comprise predominantly inorganic
components. We have presented data for composite sponges prepared by ice templating a
dispersion of silica particles. However, the ice templating method can be used to prepare
sponges from other inorganic particulates as well. Here, we demonstrate that fire retardant
sponges can be prepared using inexpensive calcium carbonate colloidal particles, and that the
ice-templating method is amenable to a 100-fold scale-up based on sample volume, without
loss in fire retardant or mechanical properties. We ice-template aqueous dispersions of
calcium carbonate nanoparticles (average particle size = 500 nm, zeta potential -30 mV;
Figure 2.8), PEI and diepoxy cross-linker. We note that ice-templating 0.6 ml dispersions of
these in 8 mm plastic tubes (as for the silica dispersions) results in the formation of elastic
macroporous sponges, that have similar mechanical response as S10. We attempted the
synthesis of larger sponges by ice templating 60 ml aqueous dispersions comprising 6 gm
calcium carbonate nanoparticles, 500 mg PEI and 400 mg cross-linker. Our initial attempts in
scaling up the size of the sponges by ice-templating a 60 ml colloidal dispersion were
unsuccessful. The key constraint in scaling up the ice-templating method to prepare elastic
sponges arise from heat transfer limitations during the freezing process. A container with the

colloidal dispersion was placed in the freezer at -10 °C and heat transfer through the walls of
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the container resulted in freezing of the dispersion. This resulted in the formation of sheet-
like ice crystals and the sponges so obtained were characterized by thick parallel walls, rather
than the cellular architecture observed for the sponges described in the earlier sections (that

were prepared using 0.6 ml dispersions).
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Figure 2.8 Characterization of CaCOj3 particle using dynamic light scattering (DLS) and zeta

potential.
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Figure 2.9 Preparation of large scaled-up sponge, its microstructure; mechanical recovery

and flame retardant behavior in a torch burn test.
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These scaled-up sponges were brittle and failed on compression to modest strains. Therefore,
in a modified process, we froze the 60 ml dispersion while continuously agitating the
container using a mechanical shaker that allowed us to precisely control rotation speed. We
froze the dispersion by placing it in an ice bath and placing the entire assembly on a
mechanical shaker whose speed was set at 200 rpm. The cross-linker was dropwise added
while agitating the mixture and mechanical shaking was continued for next 1 hour, until the
entire sample was frozen (Figure 2.9). The frozen sample was then placed inside a -10 °C
freezer for 5 days during which the polymer is cross-linked. After 5 days, the sponge was
thawed at room temperature for a day. This results in the preparation of a large sponge, with
100-fold larger volume compared to the silica based sponges, S5 and S10 (Figure 2.9). We
have characterized the mechanical response of this sponge in the dry state (Figure 2.9) and
note that it exhibits elastic recovery after large compressive deformation. SEM indicates that
these sponges are characterized by a cellular microstructure, similar to those for S10 (Figure
2.9). Finally, we investigated the performance of this sample when subjected to a torch burn
test. These samples exhibit flame retardance that is comparable to the S10. This is not
surprising since these sponges comprise predominantly calcium carbonate, and therefore, it is
only the minor organic component, the cross-linked polymer that can catch fire on exposure
to a flame. This demonstrates that it is possible to prepare elastic sponges using dispersions of
different inorganic particles and that these sponges exhibit exceptional fire retardant

properties.
2.5 Conclusions

We demonstrate that ice-templated hybrid foams exhibit a desirable combination of
properties: (i) they have a tunable elastic modulus and are mechanically robust, with low
compression set and; (ii) they have exceptional fire retardant properties since they are
predominantly inorganic. These hybrid foams do not contain any fire retardant additive and
are synthesized from environmentally benign constituents. They are prepared by freezing an
aqueous dispersion of inorganic colloids, cross-linkable polymer (polyethyleneimine, PEI)
and diepoxy cross-linker, and by allowing the polymer to crosslink around the inorganic
colloids in the frozen state. This protocol results in foams that are elastic and that can recover
their shape after compression, despite being comprised largely of inorganic particles (> 85%
by weight). We demonstrate that ice-templating can be used to prepare foams using different

inorganic colloids, such as silica and calcium carbonate. We also demonstrate 100-fold scale

Soumyajyoti Chatterjee PhD Thesis Paged48



Chapter 2 AcSIR

up of foam synthesis, by shaking the dispersion during the freezing process to ensure uniform
heat transfer. There is no compromise in mechanical properties and fire retardant
characteristics of the scaled-up sponges. Ice-templated hybrid foams show low compression
set, and recover their original size after compression is released. The kinetics of shape
recovery depends on the volume fraction of the ice-templated dispersion, ¢. The higher the
volume fraction of colloids and polymer, the slower the recovery. The modulus of the foam
also depends on ¢, and increases linearly with ¢. Thus, the modulus and kinetics of foam
recovery from compression can be tuned by adjusting ¢ during foam synthesis. When
subjected to a torch burn test, the hybrid foams catch fire, but the flame does not spread and
is self-extinguished. The foam structure does not collapse, due to the inorganic framework.
Microscale combustion calorimetry, using both Method A (combustion in nitrogen) and
Method B (combustion in 20/80 oxygen/nitrogen mixture) shows that the hybrid foams show
> 75% decrease in peak heat release rate relative to commercial fire retardant polyurethane
sponges. Our results have important implications for foam applications in furniture,

upholstery and automotive, airline or auditorium seating applications.
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Elastic Compressible Energy Storage Devices from Ice
Templated Polymer Gels treated with Polyphenols

Design and fabrication of rechargeable energy storage devices that are
robust to mechanical deformation is essential for wearable electronics.
In this chapter we report the preparation of compressible
supercapacitors that retain their specific capacitance after large
compression and that recover elastically after at least a hundred
compression-expansion cycles.  Compressible supercapacitors are
prepared using a facile, scalable method that readily yields centimeter-
scale macroporous objects. We ice template a solution of
polyethyleneimine in green tea extract to prepare a macroporous
crosslinked polymer gel (PG) whose walls are impregnated with green
tea derived polyphenols. As the PG is insulating, we impart conductivity
by deposition of gold on it. Gold deposition is done in two steps: first,
silver nanoparticles are formed on the PG walls by in-situ reduction by
polyphenols and then gold films are deposited on these walls. Gold
coated PGs (GPGs) were used as electrodes to deposit poly(3,4-
ethylenedioxythiophene) as a pseudocapacitive material. The specific
capacitance of PEDOT coated GPGs (PGPG) was found to be 253 F/g at
1 A/g. PGPG could be subjected to over a hundred
compression/expansion cycles without any mechanical failure or loss of
capacitative performance. The capacitance was found to be 243 F/g
upon compressing the device to 25% of its original size (viz.
compressive strain = 75%). Thus, even large compression does not
affect the device performance. This device shows power and energy
densities of 2715 W/kg and 22 Wh/Kkg, respectively, in the uncompressed
state. The macroporous nature of PGPG makes it possible to fill the
PGPG pores with gel electrolyte. We report that the gel electrolyte filled
supercapacitor exhibited a specific capacitance of 200 F/g, that
increased by 4 % upon 75 % compression.
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3.1 Introduction

A major challenge in the development of wearable electronics is the availability of compact,
rechargeable energy storage devices that are resistant to mechanical fatigue (viz. to several
cycles of deformation and release).” Ideally, such energy sources need to have large charge
storage capacity, be capable of rapid charging and discharging and should retain their energy
storage capabilities over several charge/discharge cycles. For wearable applications, they also
need to retain their mechanical integrity and energy storage functionality over several cycles
of repeated mechanical deformation.>*? In this context, supercapacitors (SCs) represent an
attractive possibility amongst the energy storage devices due to their high power density and
rapid charging.’** Recently, there has been considerable progress in the area of
supercapacitors based on carbon nanotubes and graphene.'” "% Material assemblies have been
demonstrated that exhibit typical capacitance of several tens of F/g, with a few materials
achieving values as high as 150 to 200 F/g.?” However, preparing supercapacitors that have
high charge storage capabilities and that are capable of retaining this functionality after
sustaining several cycles of mechanical deformation remains challenging. SCs based on
conjugated polymers, such as polyaniline?®, polythiophene and derivatives of

29-32

polythiophene™ ¢, are suitable candidates for fabrication of flexible SCs since such polymers
are inherently flexible and conductive.?****® However, here, the polymer needs to be coated
on a current collector (electrode) to fabricate the SCs.?*'*? The advantage of polymer
flexibility is lost when one uses a rigid electrode. Compressible SCs (CSCs) have been
successfully prepared by using conducting carbon-based materials as current collectors.” For
example, a compressible supercapacitor based on a polyaniline-graphene composite with a
maximum capacitance of 385 F/g has been reported.”® In another approach, pyrrole was
dissolved in water along with graphene oxide (GO) and the solution was used to prepare a
sponge.** The pyrrole monomer acted as a reducing agent to convert the GO to graphene.
However, in such materials, there is a possibility of reduction in the substrate conductivity
due to the tendency of the graphene platelets to aggregate into graphitic stacks. In another
approach, polymer-based sponges were rendered conductive by coating them with single
walled carbon nanotubes (SWCNTSs), and this substrate was subsequently coated with
conjugated polymer to form a pseudocapacitive material.> Here, SWCNTs were dispersed in
surfactant and the polymer sponges were dip coated to allow adsorption of the surfactant
modified SWCNTSs. In this approach, there are concerns about the long term performance of

the CSC due to the presence of insulating surfactant and the possibility of aggregation of
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CNTs. Compressible materials devices have been prepared using commercially available
polymer sponges as substrates. The conductivity was imparted by coating the voids in the
sponge by carbon materials that are dispersed in water using a dispersant. This approach is
likely to encounter two problems, (i) the carbon may not penetrate and conformally coat the
interiors of the sponge (ii) The graphene or CNTs tend to stack and segregate during the
charge discharge cycles of the supercapacitors. To circumvent this issue, the conductor
should be uniformly and conformally coated on the base substrate. Furthermore, the base
substrates should be tolerant to mechanical fatigue over several thousand cycles.

A substrate for CSCs should have (i) compressibility without plastic yield over a large
number of compression-expansion cycles, (ii) good electrical conductivity and (iii) large
pores for deposition of pseudocapacitive material and to facilitate ion transport. Ideally, the
substrate should also accommodate volume change of the pseudocapacitive material during
charge-discharge cycling. Following the description of earlier chapter, we propose that ice

templating®’ %%

can be employed to prepare elastic compressible macroporous sponge-like
scaffolds using polymers or particle-polymer hybrids. These scaffolds exhibit complete
elastic recovery over several hundred cycles of compression and expansion. Further, these
scaffolds are characterized by pores that are several tens of microns in size, allowing easy
diffusion of dissolved species through them. These sponges also afford easy customization of
their properties, unlike commercial sponges. For example, their modulus can be varied over
orders of magnitude, starting from very soft sponges with a modulus ~O (10 kPa), without
compromising their elastic mechanical response. Further, amine groups on the sponge surface
can be readily functionalized to tune their wettability and other properties.”® Due to the
flexible nature of the walls of the scaffold, we anticipate that they can accommodate volume
changes of the pseudocapacitive materials. We also note that the ice templating process
allows us to prepare sponges in arbitrary shapes as determined by the mold, and we have
prepared sponges up to several centimeters in size. Considering these advantages, we
envisioned ice templated polymer scaffolds (ITPSs) as suitable substrates to prepare CSCs.
These scaffolds are insulators — hence conductivity must be imparted to use them as
electrodes in CSCs. Das et al. previously reported a technique to render insulating substrates
conducting.>**? In their work, they used polyphenols from green tea to diffuse into and
adhere to the walls of silk cocoons.> The polyphenol coated surfaces reduce silver ions to
metallic silver.*** Subsequently, silver reduces gold ions to metallic gold, to form thin

continuous conducting gold films that coat several layers of the cocoons. We envisioned that
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this approach could be an effective way of converting insulating ice templated polymeric
scaffolds into good electrical conductors, without the sponge losing its flexibility. Further,
while the conductivity of graphene based conductive substrates decreases with time due to
the aggregation of graphene sheets, this is unlikely to be a problem for flexible substrates that
are rendered conducting by deposition of thin film of gold. Further, these gold coated
scaffolds can be used as electrode to deposit a very stable conjugated polymer poly(3,4-
ethylenedioxythiophene) (PEDOT)>>" as pseudocapacitive material for fabrication of CSCs.
In this work, we demonstrate the preparation of CSCs and characterize their properties as a
function of compression. We show that such CSCs have a specific capacitance of 253 F/g and
that the CSCs properties are substantially retained during compression up to 100 repeated
cycles of compression and expansion. Capacitance measurements reported in this chapter
were carried out by our collaborators, Dr. Chayanika Das and Dr. K. Krishnamoorthy at
CSIR-NCL.

3.2 Experimental

3.2.1 Materials:

Polyethylenimine (PEI, branched polymer with supplier specified molecular weight = 750
kDa), 1,4-butanediol diglycidyl ether, 3,4-ethylenedioxythiophene (EDOT), lithium
perchlorate were obtained from Sigma Aldrich and were used as received. A commercial
brand of green tea (Tetley Tea, India) was purchased from a local source and used as
received. Silver nitrate (AgNO3) was obtained from Rankem, India. Gold plating solution
was purchased from Oromerse, USA. Distilled deionized water (conductivity 18.2 MQ/cm)
from a Millipore MilliQ unit was used as solvent to prepare ITPSs. Polyphenols (PP) were
extracted by brewing green tea in hot water for 1 h. In a typical experiment, 480 ul of the tea
extract, 12 mg PEI solution (200 mg/mL) and 10 mg 1,4-butanediol diglycidyl ether (cross-
linker) was mixed and transferred into a plastic container. The dispersion was then
immediately placed in a freezer maintained at a temperature of -15 °C for 24 h. During this
period, cross linking reaction between the PEI and epoxy functionalities of the cross linker
occurs, as reported in the previous chapters.*®¢ After 24 hours of crosslinking, the frozen gel
was taken out from the freezer and allowed to defrost at room temperature. After defrosting,

the gel was washed several times with water. The porous gel is termed as PG.
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3.3 Characterization:

The morphology of the porous sponge was imaged using a Quanta 200 3D scanning electron
microscope (SEM). Mechanical properties of the sponges were measured using a strain
controlled rheometer equipped with a normal force transducer (RSA-I11 Dynamic Mechanical
Analyzer, from TA Instruments, USA).Cyclic voltammetry (CV), cyclic charge—discharge
(CCD) and electrochemical impedance spectroscopy (EIS) measurements were performed on
Biologic electrochemistry instrument (SP-300, USA).

Polyphenols extra%gld from green tea
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Figure 3.1: Schematic of preparation of the compressible supercapacitor. The polymeric gel (PG) is
prepared by ice templating PEI and diepoxy in the presence of an aqueous solution of polyphenols
extracted from green tea. Subsequently, silver nanoparticles are deposited on PG. The sponge after
silver deposition is found to be non-conducting. Therefore, gold is deposited on the sponge walls to
form a continuous gold coating that renders PG electrically conducting (that we term GPG). Finally,
PEDOT is deposited by electropolymerization, using an aqueous solution of 10 mM EDOT and 100

mM lithium perchlorate (LiCIOy,, as electrolyte). This compressible supercapacitor is termed PGPG.

3.4 Results and Discussion

We prepare a macroporous crosslinked polymer monolith by ice templating a solution of
polyethyleneimine and 1,4-butanediol diglycidyl ether crosslinker in green tea extract, as
described in the experimental section. Crosslinking the polymer in the frozen state allows us
to recover the monolith simply by thawing, and we do not need to resort to freeze drying. Ice
templating in the presence of green tea extract results in the walls of the monolith being
impregnated with polyphenols derived from green tea. This as-prepared gel is termed PG.

Soumyajyoti Chatterjee PhD Thesis Pageb59



Chapter 3 AcSIR

PG is electrically insulating. Immersing PG in AgNOj solution for 2 h resulted in the
deposition of silver nanoparticles on the amine groups that decorate the walls of PG (Figure
3.1). After two hours of immersion in AgNO3 solution, the color of the PG turns faint brown
indicating the formation of silver nanoparticles. On squeezing the PG, the silver nitrate
solution is expelled from the pores. However, it is able to rapidly reabsorb the solution and
expand when the strain is relaxed. We observe that repeated squeezing/expansion cycles
when the PG is immersed in AgNO3 solution helps formation of a uniform coating of silver
nanoparticles on the PG walls. However, deposition of silver nanoparticles did not render the
monolith electrically conducting. A conducting percolated network of silver nanoparticles
could not be formed even after immersion in silver nitrate for a long time. It is known that
only selective sites of polyphenol molecules can participate in the reduction of metal ions
including Ag*.>® Since polyphenols are randomly incorporated in the sponge walls, growth
and number density of Ag nanoparticles do not increase continuously with exposure time in
solution. Therefore, a conducting percolated network of silver nanoparticles could not be
formed even after immersion in silver nitrate solution for a long time. After deposition of
silver nanoparticles, PG was thoroughly washed with water to remove residual silver ions.
Next, the silver nanoparticle deposited PG was placed in gold plating solution (maintained at
pH 10) for 24 h at 5°C (Figure 3.1). According to previous reports,”** Ag nanoparticles
reduce Au® to Au, and a continuous film of gold is deposited on the PG surface. PGs in gold
solution were also periodically squeezed during this process to avoid pore blockage. It is not
possible to gold plate PG directly, without deposition of silver nanoparticles. The presence of
silver nanoparticles on the walls of the monolith is essential for reduction of Au*to Au. The
gold plated monolith (termed GPG) was then washed multiple times with copious amount of

hot water and was dried in a vacuum oven.
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Figure 3.2: a) SEM image of gold deposited PG (GPG) and b) EDAX analysis of GPG.
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We note that these gels are mechanically robust after gold plating and do not shrink
significantly on drying. Deposition of gold on the GPG surface was confirmed using SEM
and EDAX analysis (Figure 3.2). We measure the nominal density of polymer gels by
weighing gels of known volume. These densities of the gels are found to be 0.04, 0.06, and
0.08 g/cm?® for PG, after silver deposition and GPG respectively. The SEM images reveal
large pores with size of the order of 100 um bounded by thin walls (wall thickness ~ few
microns) of the gold coated polymer scaffold. Only the walls of the porous sponge are gold
coated — gold does not fill in and block the monolith pores. Gold coating renders the GPG

electrically conducting, and we measure a resistance of about 6 Q for GPG.
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Figure 3.3: a) Stress-strain data (on left axis) for GPG and the corresponding electrical
resistance (on the right axis) (the inset shows photographs of GPG during the compression-

expansion cycle); b) CV of 1 mM ferrocenemethanol using GPG as working electrode.

Remarkably, GPG retains the flexibility of the original crosslinked polymer monoliths and
recovers its shape even after large compressive deformation. On compression, there is a
nonlinear increase in stress, typical of elastic foams (Figure 3.3a).® When the strain is
released, there is hysteresis as the stress decays to zero. However, we note that there is almost
complete recovery of the monolith after compression. The monolith is robust to repeated
compression-expansion cycles and we present stress-strain data that shows that there is
essentially no change in the mechanical response of the monolith over 100 cycles. On
compression, the pores in the sponge collapse and the walls come into contact —
correspondingly, there is a modest decrease in the electrical resistance to about 2 Q (Figure
3.3a). The original resistance of the sponge is recovered when stress is released. We note that
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repeated mechanical cycling (100 cycles of compression/re-expansion) do not change the
overall resistance of the scaffolds. To understand the electrochemical activity of the GPG
surface, CV of 1 mM (aqg.) ferrocenemethanol was recorded at various scan rates (Figure
3.3b). Redox peaks of ferrocenemethanol indicate that the GPGs are conducting, thus
confirming the formation of a continuous gold film on the GPG wall surface. We further plot
peak current as a function of square root of scan rate and observe that this is linear (Figure
3.4). This confirms that the redox process is controlled by diffusion. From the peak current,

the electroactive area was calculated and it was found to be 0.13 cm?.
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Figure 3.4: Plot of peak current density as a function of square root of scan rate.

We then proceeded to deposit PEDOT on GPG. PEDOT is a commercially exploited, stable
conjugated polymer and a pseudocapacitive material. PEDOT can be deposited on various
conducting surfaces by electrochemical polymerization of EDOT.>*™ For deposition of
PEDOT on GPG surface, GPG was attached to a button electrode using silver paste and
immersed for 30 minutes in a 10 mM aqueous solution of EDOT containing 0.1 M lithium
perchlorate. Here, lithium perchlorate acts as a supporting electrolyte. Electropolymerization
of EDOT on GPG surface was performed in a standard 3-electrode configuration where GPG
was the working electrode (WE), Pt-foil was used as counter electrode (CE) and Ag/AgCl
was the reference electrode (RE). A constant potential of 1.3 V vs Ag/AgCl was applied
during the polymerization process. We optimized the polymerization conditions and note that
an optimal PEDOT thickness to achieve maximum capacitive performance of the PEDOT
deposited GPG was obtained when polymerization was allowed to take place for 100 s. We
term the sponge obtained by deposition of PEDOT on GPG as PGPG (Figure 3.1). PEDOT
coating introduces roughness on the GPG surface. The morphology of the PEDOT coated
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films is imaged using SEM (Figure 3.1) and shows characteristic polydisperse spheres of
PEDOT (Figure 3.1).>® Again, we note that deposition of PEDOT did not result in blockage
of pores. We anticipate that the large pores in the composite sponge structure facilitate facile
transport of ions through the PGPG. PEDOT undergoes volume change during the charge
discharge process. We further anticipate that the presence of large macropores will help to
accommodate PEDOT volume changes during the charge-discharge process. The PGPG was
prepared in a cylindrical form (diameter ~ 8§ mm, length ~ 5 mm) and was subjected to
repeated compression/expansion cycles using a DMA, and nominal compressive stress (based
on the initial cross sectional area) is reported as a function of compressive strain (Figure
3.5a).
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Figure 3.5: a) Stress-strain data over 100 compression/expansion cycles of PGPG saturated

in electrolyte, LiClIO4 (the inset is pictorial demonstration of the process); b) Schematic

representation of uncompressed and compressed device.

The cross-sectional area of the electrodes was approximately 50.3 mm?. The electrodes were
placed between two parallel plates (25 mm diameter) and were compressed up to 50 % of the
initial unstrained height. To simulate the electrolyte-soaked working conditions of the
electrode, DMA measurements were performed on electrodes saturated with water. When the
electrodes are compressed, the water is squeezed out and there is an increase in stress.
However, on release of compressive strain, the electrodes reabsorb the water and regain their
initial dimensions, indicating elastic behavior. We performed 100 compression/expansion
cycles repeatedly on PGPG and observe that there is no significant change in the stress-strain
curves (Figure 3.5a). Thus, PGPG, with PEDOT deposited on the continuous gold film on the
sponge surfaces, retains the elastic response characteristic of the original PG sponges and can
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be reused after repeated compression to large strains. There is no decrease in stress after
repeated compression cycles, indicating that there is no mechanical failure of the PGPGs
during mechanical loading. Thus, the PGPG exhibit suitable mechanical performance for

application as a CSC.
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Figure 3.6: CVs recorded in liquid electrolyte at: a) uncompressed state, b) 25 %

compression, ¢) 50 % compression and d) 75 % compression.

We have fabricated a two electrode device to study the redox performance of the PGPG at
several compressions, where PGPG (WE) and GPG (CE) were pasted on gold button
electrodes using silver paste. WE and CE were separated by a Celgard membrane (separator)
(Figure 3.5b). This whole assembly was kept inside a graduated plastic tube, filled with
electrolyte, which allowed us to control the compression. We note that all devices described
here are unsymmetrical supercapacitors with PGPG as the working electrode and GPG as the
counter electrode. Redox characteristics of PGPG were studied using CV at different strain: 0
%, 25 %, 50 % and 75 % respectively (Figure 3.6). Potential sweep between 0 to 0.8 V vs
Ag/AgCI is employed for all CV measurements. Typical box type CVs of PEDOT were
observed indicating capacitive behavior of the material for as prepared, undeformed PGPG (0
% strain).The capacitance was calculated to be 121 F/g at 10 mV/s. We then recorded CVs
for PGPG compressed to 25 %, 50% and 75 % strain. The shape of the CVs did not change as
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a function of strain. Further, the current density also remained constant independent of the
strain (Figure 3.7). Thus, the capacitance of the electrodes is unaffected by the compressive
strain. With this information in hand, we proceeded to fabricate CSCs. In one set of
experiments, PGPG is used as working electrode with GPG as counter electrode, as discussed
earlier. The electrolyte is 1 M LiCIO,4. The charge discharge experiments were carried out

between 0 and 0.8 V at various current densities (Figure 3.8).
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Figure 3.7: CV in 1 M LiCIlO,4 at 100 mV/s for 0 %, 25 %, 50 % and 75 % compression.
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Figure 3.8: CCDs recorded in liquid electrolyte at: a) uncompressed state, b) 25 %

compression, ¢) 50 % compression and d) 75 % compression.
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PGPG showed unsymmetrical charge discharge profile, indicating increased IR drop. This
resistance could be due to inherent lower conductivity of the electrochemically synthesized
PEDOT. The capacitance of the uncompressed device was found to be 253 F/g (1 A/g). The
capacitance decreased to 173 F/g when the charge discharge experiment was carried out at 5
Alg. This decrease is not unexpected in organic material based devices. We carried out
charge discharge experiments at different current densities (1 A/g to 5 A/g) for PGPG
compressed to different compressive strains (25 %, 50 % and 75 %). Remarkably, charge
discharge curves of the PGPG are independent of the compressed state of the electrode, even
for strains as large as 75 % for all current densities (representative data at a current density of

1 A/g is presented in Figure 3.9a).
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Figure 3.9: a) CCD in 1 M LiCIO4 at 1 A/g for 0%, 25 %, 50 % and 75 % compression; b)
Calculated specific capacitances for 0%, 25 %, 50 % and 75 % at current densities of 1-5 A/g.

We calculated the capacitance for electrodes compressed to different strains and at different
current densities and these device metrics are provided in Table 3.1. The charge discharge
characteristics of PGPG are also unaffected by compressive strains up to 75 %. The highest
specific capacitance (253 F/g) is measured for unstrained PGPG (0 % strain) at a current
density of 1 A/g (Figure 3.9b, Table 3.1). There is a marginal decrease in capacitance on
compression. For example, there is a =4 % decrease in capacitance on compression to 75 %,
at a current density of 1 A/g, while the decrease in capacitance on compression to 75 % is
~10 % at a high current density of 5 A/g. For use of CSCs in practical applications, it is
important to study device performance over multiple compression and expansion cycles and

over a large number of charge/discharge cycles. To study the effect of compression on the
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performance of the devices, we mechanically compressed the PGPG device upto 50 % and
held at that position while simultaneously measuring charge-discharge at 1 A/g current
density. We then allow the electrode to relax and regain its original shape and then measure
the charge/discharge characteristics in the relaxed state, viz. when there is no external force
on the gel. We performed 100 compression—expansion cycles and recorded charge discharge
at 0 % (Figure 3.10a) and at 50 % compressive strains (Figure 3.10b depicts data for 50 %
compression at 1 A/g). Remarkably, we observe that all the charge discharge curves
approximately overlap for PGPG in both compressed and unstrained states. Thus, the PGPG
is mechanically elastic and there is no deterioration of its capacitative performance after

multiple cycles of compression.

Table 3.1: Specific capacitances in liquid electrolyte at 0 %, 25 %, 50 % and 75 %
compressions.

Current Capacitance measured in
Density (A/g) liquid electrolyte (F/g)
0% 25 % 50 % 75 %
compression compression compression compression
1 253 250 250 243
2 230 223 222 222
3 222 214 214 200
4 200 190 181 181
5 173 166 161 156

The impedance spectra of PGPG is recorded using the same experimental conditions as for
capacitance measurements (Figure 3.10c for all compressions). Linearity of the Nyquist plot
indicates diffusive mass transport. Resistance is calculated from the high frequency intercept
of the semicircle. The resistance of the electrode is found to be 6 Q. The variation in energy
and power density of the flexible device under different compressions and at various current
densities are also shown in a Ragone plot (Figure 3.10d, Table 3.2). The highest energy and
power densities of 22 Wh/kg and 2715 W/Kg, respectively are observed for unstrained PGPG.
On compression of the PGPG to 50 %, a 5-6 % decrease in energy and power densities are
observed. In next section, we describe the capacitative property of PGPG when the liquid

electrolyte is replaced by a gel.

We describe the electrochemical measurements of the PGPG device containing gel
electrolyte. To prepare the gel electrolyte, 1 g of PVA is added to 10 ml of water and the
mixture is heated until a clear solution is formed. To this clear solution 1 M LiClO, is added.

The heating is continued until the required consistency is achieved. In order to incorporate
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the gel electrolyte, PGPG (pasted to a button electrode) is compressed and dipped in the gel
electrolyte and kept for around 10 minutes. Then to ensure proper percolation of the gel
electrolyte it is smeared on the scaffold with the help of a spatula. We note that the PVA
concentration in the electrolyte gel is adjusted so as to obtain a material with a low yield
stress (= 30 Pa,). We observe that the electrolyte gel yields and liquefies at the stresses
experienced during the compression/expansion process. Also, PGPG is macroporous with
pore size of the order of 100 um. Therefore, we observe that the electrolyte gel is readily
reabsorbed during the compression/expansion process. Finally, we note that there is no
change in capacitance even after several cycles of compression/expansion for the gel
electrolyte-filled macroporous PGPG, indicating that the gel electrolyte that is squeezed out
during compression is reabsorbed by the PGPG during expansion.
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Figure 3.10: a) CCDs for uncompressed state at 1 A/g; b) 100 CCD cycles of 50 %
compression at 1 A/g (every 10th cycle is shown); ¢) Nyquist plot for 0 %, 25 %, 50 % and
75 % compression and inset shows plot at high frequency; d) Ragone plot in liquid

electrolyte.

We measure CV data using the same experimental setup as in the previous section. Here too,

we obtain box type CV of PEDOT, indicating capacitive behavior of the PGPG containing
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gel electrolyte (Figure 3.11). The capacitance was calculated to be 103 F/g at 10 mV/s. We

recorded CVs at different compressive strains.

Table 3.2: Energy(Ed) and power (Pd) density for experiments in liquid electrolyte.

Current Ed Pd Ed Pd Ed Pd Ed Pd
Density (Wh/kg) (W/kg) (Wh/kg) (W/kg) (Wh/kg) (W/kg) (Wh/kg) (W/kg)
(A/g) 0% 0% 25% 25% 50% 50% 75% 75%
1 22 428 22 437 22 415 22 426
2 20 851 20 790 20 1186 20 1101
3 20 1221 19 1175 19 1164 18 1010
4 18 2046 17 1932 16 2148 16 1685
5 15 2715 15 2397 14 2561 14 1803
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Figure 4.11: CVs recorded in gel electrolyte at: a) uncompressed state, b) 25 % compression,
¢) 50 % compression and d) 75 % compression.

As for the case of liquid electrolyte, the current density is independent of the compressive
strain, up to 75 % strain (Figure 3.12a). Charge discharge experiments were carried for PGPG
compressed to different strains and for different current densities. The capacitance of the
device without compression was found to be 200 F/g (1 A/g). This decreased by 26 % upon
increase in current density to 5 A/g. This decrease is 16 % more than that observed in liquid
electrolyte. However, this is reasonable since we anticipate that the diffusion of ions in the
gel electrolyte will be significantly slower as compared to liquid electrolyte. Then, we carried

out charge discharge experiments at various compressive strains and at various current

Soumyajyoti Chatterjee PhD Thesis Page69



Chapter 3 AcSIR

densities. With gel electrolyte, we observe a strain dependence of the charge discharge
profiles with compressive strains (Figure 3.12b). Electrodes compressed to strains of 50 %
and 75 % exhibit faster charging characteristics relative to devices at 25 % and 0%

compressive strains.
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Figure 3.12: a) CV in gel electrolyte for 0 %, 25 %, 50 % and 75 % compressions at 100
mV/s ; b) CCD in gel electrolyte for 0 %, 25 %, 50 % and 75 % compressions at 1 A/g; c)
Calculated specific capacitances for 0%, 25 %,50 % and 75 % at current densities 1-5 A/g; d)
100 CCD cycles at 5 A/g at 50 % compression and inset shows 100 CCD cycles at 0 %
compression (every 10th cycle is shown); e) Retention after 10000 cycles; f) Ragone plot in
gel electrolyte.

Furthermore, the capacitance calculated from the slope of discharge curve was found to decrease from
electrodes compressed to 75 % to unstrained electrodes (strain = 0 %) (Figure 3.12c). Thus, the trend
for PGPG containing gel electrolytes is opposite that for PGPG containing liquid electrolyte. We
attribute this to better contact between gel electrolyte and PGPG at increased compressive strains. In
the as prepared, uncompressed device, it is possible that the gel electrolyte may not have diffused and
made contact with PEDOT on the walls of GPG. Upon compressing the device, the gel is squeezed
and it is likely that the contact between the electrolyte gel and PGPG is improved. This would explain

the increase in capacitance of the compressed devices. We note that the capacitance of device
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compressed to 75 % and measured at 5 A/g current density (185 F/g) is 7 % higher than the
capacitance of the uncompressed liquid electrolyte based device. We confirm that, just as with the
electrode containing liquid electrolyte, the PGPG device containing electrolyte gel is mechanically
elastic to large compressive strain and shows no deterioration in mechanical or capacitative
performance even after 100 cycles of repeated compression-expansion (Figure 3.12d). We note that
there is no change in the charge-discharge performance between the uncompressed state (Figure
3.12d, inset) and the compressed state (Figure 3d). The specific capacitance is virtually unchanged as
a function of mechanical cycling. Further, we note that 86 % of the initial specific capacitance is
retained even after 10000 charge discharge cycles, independent of the compressive strain that the
electrode is subjected to (Figure 3.12e). From the Ragone plot (Figure 3.12f, Table 3.3), a maximum
energy and power density of 18 Wh/kg and 2075 W/kg are observed, which suggests a marginal
improvement in energy density relative to the PGPG containing liquid electrolyte. We reiterate that
the highest specific capacitance and power density in this case (for the PGPG containing gel
electrolyte) are observed for electrodes subjected to 75 % compressive strain, in contrast to the liquid
electrolyte where optimum properties were obtained in the uncompressed state. Finally, we note that
the balance of power and energy density for PGPG is intermediate to a battery and a conventional

supercapacitor.

Table 3.3: Energy(Ed) and power (Pd) density for experiments in gel electrolyte.

Current Ed Pd Ed Pd Ed Pd Ed Pd
Density (Wh/kg) (W/kg) (Wh/kg) (W/kg) (Wh/kg) (W/kg) (Wh/kg) (W/kQ)
(A/g) 0% 0% 25% 25% 50% 50% 75% 75%
1 18 399 18 389 18 348 18 374
2 18 807 17 776 18 770 18 790
3 16 1168 17 1214 17 1198 17 1224
4 14 1588 16 1616 17 1600 17 1598
5 13 2055 14 2041 16 2075 16 2013

3.5 Conclusions

Ice templated polymer gels (PGs) were prepared by crosslinking poly(ethylene imine) and
diepoxides. The macroporous PGs were insulator and conductivity was imparted by
electroless deposition of gold. Polyphenols extracted from green tea were used to reduce
silver ions to silver nanoparticles. Subsequently, these nanoparticles reduced gold ions to
gold, forming a continuous uniform film on the surface of the PG walls (GPGs). PEDOT was
deposited on GPGs and they were used as one of the electrodes in supercapacitors. The

PEDOT coated GPGs were mechanically stable over hundred compression-expansion cycles.
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The uncompressed device exhibited a specific capacitance of 253 F/g, which decreased by 4
% upon 75 % compression while using liquid electrolyte. On the other hand, the specific
capacitance increased upon compressing the device while using gel electrolyte. The increase
has been attributed to better contact between the gel electrolyte and PEDOT upon
compression. The power and energy density of the device were found to be 2075 W/kg and
18 Wh/kg, respectively. The variation in these parameters was insignificant as a function of
compression expansion cycles as well as several thousand charge discharge experiments.
Thus, these devices are robust and deliver impressive specific capacitance, power and energy.
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Omniphilic Polymeric Sponges by Ice Templating

In this chapter, we report the preparation of macroporous polymer
sponges by ice templating of polyethyleneimine agueous solutions and
their crosslinking in the frozen state. These sponges can absorb a large
guantity of solvent relative to their weight, independent of the solvent
polarity. Thus, they represent useful universal absorbents for
laboratory and industrial spills. The as-prepared monolith is
hydrophilic and absorbs over 30-fold its weight in water.
Modification of this sponge using valeroyl chloride renders it
omniphilic, viz. a modified sponge absorbs over 10-fold its dry weight
of either water or hexane. Modification using palmitoyl chloride that
has a longer chain length results in the preparation of a hydrophobic
sponge with a water contact angle around 130° that retains its
oleophilicity underwater. The solvent absorbed in these sponges can
be simply squeezed out and the sponges are stable to several hundred
compression/expansion cycles. The large pore sizes of these sponges
allow rapid absorption of even high viscosity solvents such as pump
oil. Finally, we demonstrate that these sponges are also able to
separate apolar oils that are emulsified in water using surfactants.
These high porosity sponges with controllable solvophilicity represent
inexpensive, high performance universal absorbents for general
solvent spills.
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4.1 Introduction

In the case of a solvent spill, the general response is to control the spread of the liquid and to
absorb it. The ACS Guide for Chemical Spill Response Planning'suggests that materials such
as vermiculite or cat litter could be used to absorb a variety of solvents. Most laboratories and
industries that use solvents have commercially available absorbents that can be used to
mitigate solvent spills. For, example, activated carbon based materials such as Solusorb®, are
used to respond to spills involving flammable liquids. There are also several commercial
absorbent pillows and pads that are used as “universal” absorbents for liquids of different
polarities, ranging from water to apolar oils. These are typically based on natural fibers such
as cellulose or fine melt-blown synthetic fibers of polypropylene or polyesters. However, the
absorption capacity of these materials is limited to ~O(100 ml/kg) for the activated carbon
based materials and is about 10-fold higher for the synthetic fiber based pillows. There is a
need to develop materials for management of solvent spills, that can rapidly absorb large

quantities of solvent, independent of the solvent polarity and viscosity.

Recently, there has been intense research in the area of materials design and
optimization for containment of oil spills and for efficient oil-water separation. Such
materials are typically not universal absorbents. Rather, they are either superhydrophilic or
superoleophilic to enable near complete separation of apolar fluids from water. A variety of
porous materials have been employed? including mineral-based materials® such as aerogels,’
modified clays’*and metal-organic frameworks.” Recently, crosslinked mesoporous polymers
have been reported'® for rapid separation of organic micropollutants from water. High

11-14

capacity, lightweight absorbents have also been derived from natural fibers, including

cotton, kapok and cellulose. The majority of recent reports have focused on polymeric
sponges'>*or materials prepared using carbon fibers or carbon nanoparticles.”®® Recent
reports have demonstrated that the microstructure of the porous materials plays an important
role in determining their wetting and absorption. For example, oleophilic polyurethane
aerogels that comprise micron sized polymer particles in a nanofiber mesh exhibit a “petal”
effect®’- water drops exhibit a large contact angle on their surface but remain pinned to it and
do not roll off. In another example,*’carbon-based aerogels with walls comprised of sheet-
like graphene supported on CNT ribs are elastic and show high absorption of apolar oils.
There has also been interest in understanding the role of surface engineering, including

31-38

surface modification and creating textured surfaces, on wettability. These advances have
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allowed the fabrication of materials that are hydrophobic and that retain their oleophilicity
underwater. However, very little attention has been focused on truly omniphilic sponges that

are capable of absorbing large volumes of either polar or apolar solvents.

Here, we describe a macroporous monolith prepared by crosslinking polyethyleneimine,that
affords sponges varying from hydrophilic to omniphilic to oleophilic underwater. Ice
templating is employed to generate the macroporous structure. This is a facile process where
an aqueous polymer solution is frozen and the ice crystals are used as pore templates. This is
a well-established technique®®**and has been used to prepare porous monoliths from a variety
of polymers.*”*> We demonstrate that the surface of the crosslinked polyethyleneimine walls
in our scaffolds can be readily modified by covalent grafting with alkyl chains and, that
varying the chain length of these hydrophobic modifiers allows us to controllably vary the
solvophilicity of the sponges.

4.2 Experimental

421 Materials:

Polyethylenimine (PEI , branched polymer with supplier specified molecular weight =
25kDa), 1,4-butanediol diglycidyl ether, Oil Red O were obtained from Sigma Aldrich and
were used as received. Distilled deionized water (resistivity 18.2 MQ.cm) from a Millipore
MilliQ unit was used as solvent to prepare sponges. Valeroyl chloride (that we term as C4),
nonanoyl chloride (termed C8), palmitoyl chloride (termed C17), sodium dodecyl sulfate
(SDS), cetyltrimethylammonium bromide (CTAB), Oil Red O were obtained from Sigma
Aldrich and were used as received. Triethylamine (TEA) was obtained from Merck (India)
and was used without any further purification. Chloroform (HPLC grade), n-hexane (AR
grade), tetrahydrofuran (THF) and dichloromethane (DCM) were obtained from Thomas-
Baker and were dried with molecular sieves before use. Edward’s Ultra grade 9 oil was used

to examine the absorption kinetics of viscous oil.
4.2.2. Fabrication of self-standing cross-linked polymer sponges by ice templating:

Typically 480 pl water and 12 mg (120 pl of 100mg/ml stock solution) PEI were vortex
mixed in a 2 ml plastic tube. To this polymer solution, 10 mg of 1, 4-butanediol diglycidyl

ether (cross-linker) was added. This plastic tube was immediately frozen by placing in a
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freezer at -15°C and then maintained at this temperature for 24 hours to allow crosslinking to
proceed. After 24 hours of cross-linking, the sponge was carefully taken out from the
refrigerator and thawed at room temperature. This “as prepared” sponge was washed multiple

times with copious amounts of water to remove the sol fraction. This sponge was termed So.
4.2.3 Hydrophobization of Sy:

Hydrophobization of the as prepared sponge, So, was performed by reacting amine groups on
the PEI with acyl chlorides using an amidation reaction. For this, So was first incubated in
THF (tetrahydrofuran) for 24 h and then dried in a vacuum oven at 55°C for 24 h. To ensure
thorough drying, the sponge was taken into a 10 ml two neck RB and kept under vacuum
with constant purging of argon. To the dry sponge 22 mg (corresponding to 0.28 mmol of
ethylene imine monomer units) was added in 5 ml of dry chloroform. To this, 50 ul of TEA
(triethylamine) and excess amount of acid chloride (0.6 mmol), was added and, the sponge
was stirred at room temperature (25°C) for 12 hours under argon atmosphere. After 12 hours,
the modified sponge was washed several times with chloroform and tetrahydrofuran to
remove by-products. Sponges modified using treatment with different acid chlorides viz.,
valeroyl chloride (C4), nonanoyl chloride (C8) and palmitoyl chloride (C17) were named as

Sca, Scs and Sci7 , respectively.
4.2.4 Preparation of surfactant solutions:

200 mg surfactant, 500 pl hexane and 50 ml water were mixed together at 5000 rpm for 10
min using IKA Ultratrax mixture. The emulsion was then allowed to equilibrate for 12 hours
before the absorption experiments. 10 ml of the aliquot was taken into 15 ml glass vials each,
and stirred in presence of Sg, Scs and Sci7 sponges respectively for 24 hours. After 24 hours,
hexane and the surfactant in the oil phase was extracted from the emulsion with 5 ml
dichloromethane (DCM) in a 25 ml separatory funnel. The extracted mixture was then
allowed to pass through a silica column with small amount of sodium sulphate to remove
surfactant and trace amount of water. The purified solvent mixtures (hexane in DCM) were
stored in sealed glass vials and stored at cold environment to ensure no loss of solvent due to
evaporation. The amount of unabsorbed hexane was then calculated with the help of Gas

Chromatography (GC).
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4.3 Characterization

The morphology of the polymeric sponges was imaged using a Quanta 200 3D scanning
electron microscope (SEM). FT-IR measurements were performed using a Bruker instrument
in ATR mode, by averaging over 20 scans with a resolution of 4 cm™ . Contact angle
measurements were performed using home-built equipment at the University of Pune.
Absorbance measurements were performed using a UV-spectrometer (Agilent89090A) in
standard transmission mode. Mechanical properties of the sponges were measured using a
strain controlled rheometer, TA-ARES G2, equipped with a normal force transducer. Tests
were performed by placing sponges between 25 mm roughened parallel plates to prevent
slippage of the sample. We performed “force gap” tests and measured the normal forces
during cyclic compressional loading of the sponges. Data at loading and unloading rates of
0.05 mm/s are reported. We note that there was no change in the stress-strain data for 10-fold
variation of the loading/unloading rates. Nominal compression stress calculated on the basis
of the original diameter of the cylindrical samples (9.1 mm) is reported. Compression tests
were performed for dry sponges as well as sponges that were soaked in solvent (water for S
and hexane for Scg and Sci7). For tests on solvent-soaked sponges, we used excess solvent in
a pool on the bottom plate of the rheometer to eliminate drying of the sample. All mechanical

measurements were performed at room temperature (25 °C).

4.4 Results and Discussion

4.4.1 Preparation and Structural Characterization of Macroporous Sponges:

Macroporous sponges were prepared by ice-templating. An aqueous solution of
polyethylenimine (PEI, My, = 750 kDa) and diepoxide cross-linker were vortex mixed in an
Eppendorf tube and were frozen by placing in a refrigerator at -15 °C. This protocol is
similar to that reported by Kumari et.al. for the preparation of polymer-colloid hybrids.*® The
PEI and diepoxide are expelled by the ice and form a connected three-dimensional
macroporous structure that is a negative replica of the ice crystals. Cross-linking proceeds in
the frozen state such that, after a day the sample can be thawed to afford a self-standing
macroporous monolith. This is schematically represented in Scheme 2.1 and Scheme 4.1 and
a photograph of a centimeter-sized monolith thus produced is shown. SEM of the monolith

reveals a foam-like interconnected porous structure (Figure 4.1) with an average pore

Soumyajyoti Chatterjee PhD Thesis Page 82



Chapter 4 AcSIR

diameter of 50 um, with pore walls comprised of crosslinked polymer (as depicted in the
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Scheme 4.1: Schematic representation of the ice templating process To prepare
macroscopic sponges, followed by their chemical modification using alkyl acid

chlorides.

cartoon schematic in Scheme 2.1). This monolith is subjected to hydrophobic modification by
reacting residual amine groups on the PEI with an excess of acid chloride. The “as prepared”
sponge is termed Sy and sponges hydrophobized using valeroyl, nonanoyl and palmitoyl
chloride are termed Sca, Scs and Sci7, respectively. The weight of the sponges is measured
before and after modification and we note that there is, on average, a ~40 %, =87 % and =122
% increase in weight respectively for Sc4, Scg and Sc7, relative to the unmodified sponge.
This data suggests that approximately 20-25 % of the amine groups in the PEI react with the

modifiers, independent of the modifier chain length.

Modification of Sy by reaction with acid chlorides was confirmed using IR-spectroscopy
(Figure 4.2). An intense band peaked at 1626 cm™ emerges for modified sponges, that is
absent in Sy, corresponding to the amide carbonyl stretch. Further, the CH stretching bands at
2852 and 2919 cm™ are progressively more intense for Sc4, Scs and Scj7 relative to Sy (Figure
4.2). This attributes the presence of alkyl groups in the modified sponges. Thus, this data
confirms that PEI amine groups in Sy react with the acid chlorides to form covalent amide

linkages.
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a)

Figure 4.1: SEM images of Sy (a,b); Sc4 (c,d); Scs (e,f) and Sci7 (g,h) at different
magnifications. Scale bars are as indicated in the images.
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Figure 4.2: FTIR spectra of the sponges, Sp to Sci7. Spectra are vertically offset for
clarity. The characteristic bands that confirm covalent modification are indicated using

arrows.

Sy swells in water. With increase in the length of the grafted alkane chain from Sc4 to Scgto
Sci7, there is decreased affinity for water and an increased affinity for apolar solvents, as
evidenced by contact angle measurements. The water contact angle is measured for Sy and the
modified sponges to examine the effect of alkane chain grafting. To do that, a 5 pl water
droplet is placed on the surface of thoroughly dried sponges and we measure the contact
angle from a photograph of the drop (Figure 4.3, left). On Sy, the water droplet spread rapidly

on the surface and was absorbed by the sponge. On Sc4, Scg and Scy7, the apparent contact
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angle immediately after depositing the drop of water was 106, 125 and 131°,respectively,
indicating a systematic increase in the hydrophobicity of the sponge. However, for Sc4, there
is a steady decrease in the water drop contact angle with time (Figure 4.3, right). The contact
angle decreases below 90° after about a minute and to about 75° after 10 minutes. The
contact angle continues to decrease as the sponge is wetted by the water. Eventually, the drop
is absorbed by the sponge. In contrast, for Scg, the contact angle initially decreases in the
first few seconds and subsequently plateaus at about 116° (Figure 4.3). For the Sc;7, the
decrease in contact angle with time is minimal, less than 1° (Figure 4.3). The change in the
contact angle exhibits discontinuities (see data for Scs and Scs, Figure 4.3). These
discontinuities can be attributed to heterogeneities on the surface of the sponges. Here, we
present data for experiments on one set of sponges in Figure 4.3 — however, such
discontinuities were observed when these experiments were repeated on other samples. As
might be expected, the time when these discontinuities were observed varied from

experiment to experiment.
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Figure 4.3: Photographs of water droplets immediately after deposition on Sci7,
Scs, and Scq (left, top to bottom). Change in the water contact angle with time is

shown on the right.

Further, we observe no significant difference in the water contact angle measured on sections
cut from different parts of a dry Sci7 sponge. This indicates that there is no significant spatial

variation in the extent of modification between the inner and outer regions of the sponge.
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4.4.2 Compression-Expansion of Sponges:

It is possible to reuse sponges if the solvent imbibed in them can be readily extracted by
squeezing and, if the sponges readily recover from compression. Therefore, the response of
the sponges to compression is characterized. Sponges are subjected to repeated
compression/expansion cycles in the rheometer and nominal compressive stress (based on the
initial cross-sectional area) is reported as a function of compressive strain (Figure 4.4).
Stress-strain data are presented here for Sy swollen in water (Figure 4.4a) and for Sc4, Scs and
Sci17 swollen in hexane (Figures 4.4 b-d) respectively. The sponges exhibit behavior that is
typical for macroporous foams. For all sponges, the stress-strain relationship is approximately
linear at small strains. On increasing strain, the stress plateaus and then increases rapidly.
The rapid increase in stress corresponds to a strain regime where the pore walls collapse and

come into contact with each other.
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Figure 4.4: Nominal stress—strain plots for multiple compression—expansion cycles
of So (in water) and Sc4, Scs, and Sci7 (in hexane). There is no systematic change in
the stress—strain plots over 400 cycles of compression—expansion.

The sponges are held in a pool of solvent during stress-strain measurements. As the sponges

are compressed, the solvent inside them is expelled into the pool. When the compressive

Soumyajyoti Chatterjee PhD Thesis Page 86



Chapter 4 AcSIR

strain is released, the sponges recover their original dimensions and the solvent appears to be
simultaneously reabsorbed. It can be noted that Sy, Scs and Scg exhibit elastic recovery from
80% compressive strain. However, for Sc;7, we observe that the sponge fails between 60%
and 80% compressive strain (Figure 4.5). Therefore, repeated compression up to 60%
compression of Scj7 is reported here. Over 80% of the hexane contained in a saturated Sci7
sponge can be squeezed out on compressing to a strain of 70%.All the sponges are subjected
to repeated compression-reexpansion cycles. We observe that the sponges are stable and
exhibit no change in mechanical response for up to 400 compression cycles. While the
response of the sponges to compressive deformation is elastic, all the sponges exhibit
hysteresis. The area in the hysteresis loop, relative to the area under the stress-strain curve
during compression increases from =15% for Sy to *35% for Sc4, ®40% for Scs and =50% for
Sci7. Thus, while a complete recovery is observed after compression, there is a systematic
increase in the energy dissipation during the compression/expansions. This is correlated with

the decrease in failure strain for Sci7relative to So.
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Figure 4.5: Compression-expansion of Scy7 at different strain in hexane.
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Figure 4.6: Absorption of (a) water and (b) hexane by the sponges after solvent immersion
until saturation. The sponges are squeezed and allowed to reabsorb solvent. Data is presented

over 10 cycles of absorption.
4.4.3 Solvent Absorption by Sponges:

The ability of these sponges to absorb water, a polar solvent as well as hexane, an apolar
solvent is evaluated in Figure 4.6. Thoroughly vacuum dried sponges are soaked in solvent
for 12 hours to ensure equilibrium absorption. The weight of the solvent-swollen sponge is
measured after carefully wiping excess solvent off it. The absorption capacity (Waps), was
calculated as the ratio of the weights of absorbed solvent to the dry weight of the sponge as:
Wabs™ (War— Wary)/ Wary, where Wyy and W, are the weight of sponge before and after
solvent absorption, respectively. Solvent-swollen sponges were compressed to expel solvent.
Subsequently, the “squeezed-dry” sponge was placed in solvent and the uptake in the next
cycle of absorption was measured. 10 such absorption-compression cycles were carried out.

We observe there is no systematic change in solvent absorption over 10 experimental cycles.

The sponges are macroporous with ~O(100 pum) size pores. Capillary action draws
wetting fluids into the pores and the polymeric pore walls can also absorb solvent as the
crosslinked polymer solvates. The pore volume, solvophilicity and extent of polymer
crosslinking in the walls of the sponge determine the solvent uptake. The ‘“as prepared”
sponge, Sy, is hydrophilic and, it is likely that the residual amine groups strongly hydrogen
bond with water. Thus, a water droplet placed on its surface is rapidly absorbed by the

sponge. On immersing Sy in water for 12 hours, it is observed that it absorbs 29 — 30 times its
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weight of water (Figure 4.6a). The absorption of hexane is also examined by immersing a dry
So sponge in hexane for 12 hours (Figure 4.6b). PEI is insoluble in hexane. However, hexane
has a low surface tension and wetting of Sy walls (possibly due to interaction of hexane with
the PEI backbone) results in modest swelling (4 — 5 times the dry sponge weight). In contrast,
Sc17, viz. the sponge modified with the longest alkane chain shows modest water absorption
(4 — 5 times its dry weight) and hexane absorption of ~15 times its weight. The behaviour of
Sca and Scg is intermediate to Sy and Scy7, as expected (Figure 4.6). It can be noted that Scy is
remarkable, in that it is able to absorb ~12 fold its weight of either a polar solvent (water) or

an apolar solvent (hexane).

Absorption of water by Scj7 is unanticipated based on the water contact angle
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Figure 4.7: Absorption kinetics of dry sponges placed in (a) water, (b) hexane and (c)
motor oil.

experiment. For Sc;7, we have demonstrated that a water droplet placed on its surface has a
large contact angle (131°) that does not change with time (Figure 4.3). However, modest
water absorption is reported after immersion of the sponge for 12 hours. It is possible that the

water uptake is a consequence of unreacted amine groups in the Sci7.

It has been observed that the absorption kinetics of water varies with hydrophobic
modification (Figure 4.7). Absorption of water is extremely rapid for Sy: most of the water is
absorbed within the first few minutes and absorption saturates within 20 minutes (Figure
4.7a). For Sc4 too, water absorption is rapid and plateaus within 30 minutes (Figure 4.7a).
For Scg and Scj7 however, the water absorption rises slowly with time and does not plateau
even after 12 hours of immersion (Figure 4.7a). Thus, these data indicates that the pore

surface of the sponge reorganizes slowly with time and allows uptake of water even in highly
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hydrophobic sponges such as Sc¢i7. However, the uptake in Sc;7, even after 12 h of immersion

1s modest relative to Sy.

All sponges (So, Sca, Scs and Sc17) exhibit rapid absorption of hexane. There is an initial
rapid uptake, with ~80% of the final hexane content absorbed within the first 20 minutes
(Figure 4.7b). Subsequently, there is a slow increase in absorbed hexane until a plateau is
observed after ~300 min (Figure 4.7b). Remarkably, even highly viscous motor oil is rapidly
absorbed by the sponges, over similar time scales as low viscosity hexane (Figure 4.7¢). The
uptake increases rapidly within the first 20 minutes and saturates within 40 to 60 min. Again,
we note that Scs is omniphilic and rapidly absorbs either water or hexane or motor oil to
about 12-fold the dry sponge weight (Figure 4.7). The total amount of solvent absorbed by

the sponges after soaking for an extended period of time is summarized in Table 4.1.

Table 4.1: Absorption Capacity of sponges for a variety of solvents. Minimum and

maximum capacity value is reported here.

Sponge Absorption capacity (weight of solvent/weight of dry sponge)
Water Hexane Motor oil ~ Chloroform  Toluene
So 25; 30.4 4.4;5.7 3.8;4.1 29; 30.8 7.9;10.3
Scs 11.3; 13 11;13.7 10.4; 13.4 37; 38.2 17.6; 18.2
Scs 6.6; 9 12.8;13.9  13.7;17.4 36.8; 38.2 17.8; 18.2
Sc17 4.5;5.2 12.8;16.2  17.6;18.4 38; 40 19.7;21.3

4.4.4 Oleophilicity of sponges in the presence of water:

Figure 4.8 demonstrates the spreading and absorption of a drop of an apolar liquid, hexane,
deposited on the surface of water-soaked sponges. The hexane red is coloured red for ease of
visualization. We deposit a drop on the surface of a wet sponge and subsequently cut the
sponge to examine the absorption of hexane by the sponge. Hexane spreads rapidly on wet S
due to its low surface tension (Figure 4.8a). However, when the sponge is cut, we observe
that the hexane has not penetrated the interior of the wet sponge (Figure 4.8b). Thus, while
low surface tension hexane can rapidly spread on the surface of Sy, there is no visible
indication of solvent ingress into the hydrophilic sponge. In contrast, when a drop of hexane
is deposited on water-soaked Sci7 (Figure 4.8g), it is seen that the drop is absorbed into the
sponge before it can spread substantially (Figure 4.8h). Intermediate behavior to these
extremes is observed for Scs and Scg (Figure 4.8c-f). Thus, this data is consistent with

47,48
Yy

expectation based on the relative wettibilit of the sponges by polar/apolar fluids.
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Figure 4.8: Images of a hexane droplet (dyed red) on the top surface of a water-saturated

monolith. The monolith is cut vertically (viz. down the cylinder axis) to reveal the ingress of
the hexane into the interior of the sponge. (a) and (b) So; (c) and (d) Scs; (e) and (f) Scs; (9)
and (h) Sci17.

Figure 4.9: Hexane droplets (dyed red) are injected and rise in water to contact the bottom
surface of (a) Sp; (b) Sca; (€) Scs and (d) Sci7 held underwater. The droplets are absorbed

only by Sc17.

We have also investigated the oleophilicity of sponges when they are held under water.
Sponges were immersed in water and drops of hexane (containing red dye, for ease of
visualization) were injected close to their surface. When the hexane droplets were released,
they contacted the surface of the sponges as they moved up due to buoyant forces. There is a
qualitative difference in the underwater oleophilicity of the modified sponges. Hexane
droplets are not absorbed by Sy, Scs or Scg and move towards the air-water interface (Figure
4.9a-c). In contrast, hexane droplets contacting Sc¢j7 underwater are immediately absorbed by
the sponge (Figure 4.9d). When sponges are held with a part under water and a part above the

air/water interface, then their interaction with hexane droplets released underwater, near the
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sponge surface, are in accord with the results of the hexane spreading experiments (Figure
4.10). Hexane is not absorbed by Sy, Sc4 or Scg underwater and rises to the air/water interface.
There, it spreads on the surface of water. When this hexane contacts the part of the sponge
that is in air, it spreads on the sponge surface (for Sy, Sc4 and Scg) and is partially absorbed by

Sca and Scs. In contrast, Sci7 retains its oleophilicity even underwater.

Figure 4.10: Interaction of hexane drop (red) released under water with sponges (a) S,

(b) Sca, () Scs and (d) Sci7 held, spanning the air-water interface. Hexane rises and
spreads on the water surface. In (a) and (b), the sponge does not absorb the hexane drop.
In (b), when the hexane contacts the sponge at the air-water interface, there is some
absorption within the sponge. This is not readily visible in the photograph. In contrast, in
(c), the hexane rises to the interface and is visibly partially absorbed by the sponge. In
(d), the hexane is absorbed as it contacts the sponge underwater, before the hexane rises

to the air-water interface.

In applications such as oil/water separation, for example in an oil spill, it is important
that the ability to selectively absorb oil in the presence of water is retained. To investigate
this, dry sponges are soaked in water and then added to an agitated water/hexane system.
Here too, the hexane is dyed red using 0.06 mM Oil Red O dye for ease of visualization. It is
observed that if the water/hexane system is not agitated, Sy sinks into the water layer while
Sca stays at the hexane/water interface and Scg and Sc7 localize in the hexane layer (Figure
4.11). Here, we are specifically interested in the selective separation of hexane from water -
therefore, we focus on the most hydrophobic sponge, Sci7. To quantitate hexane absorption
by water-soaked Scj7 on addition to the stirred water/hexane system, we periodically
withdraw the sponge and thoroughly extract the absorbed solvent using an ethanol wash. Oil
Red O dye is water insoluble. Assuming that the dye does not preferentially partition from

hexane to the walls of the modified sponge, the area of the UV-Vis peaks corresponding to
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Figure 4.11: Sponges (as indicated in the image) immersed in a hexane (red, top) —

water (bottom) system.

the dye (at 350 and 520 nm) can be used to calculate the amount of hexane absorbed by the
sponge (Figure 4.12, inset). It is observed that hexane rapidly displaces water from the water-
soaked Sc;7, and that hexane absorption in the sponge is nearly 10-fold the dry sponge weight
within 0.5 minutes of stirring in the water/hexane system (Figure 4.12). There is an
approximately 10% further increase in hexane uptake with time after 30 minutes of stirring in
water/hexane. We note that absorption of hexane in Sc¢;7; within 0.5 minutes in this
experiment corresponds to about 70% of the saturation absorption in a dry sponge (see Figure
4.6). This data attests to the ability of Sc;7 to selectively absorb hexane even when it is pre-
soaked in water. This experiment was also repeated in a hexane/brine mixture and we observe
that the ability of Scj7 to selectively absorb hexane is similar to that reported for the

hexane/water system.

12 =
— —0
—_
= |
-.% 0.3
>
= 8 =
8 &
Q 3 oz |
© &
o o
c 5]
i} a8
= < 0.1
S 4
(]
0N
0
< 0.0 A 1 & 1 a 1
300 400 500 600 700
Wavelength (nm)
0
1 1 M 1 N 1 1 1 M 1 1 1

o

300 600 900 1200 1500 1800
Time (s)

Figure 4.12: UV-vis absorbance is used to calculate the absorption of hexane when Sc¢;7 is

agitated in an oil-water system. The UV-vis data is presented as an inset.
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Finally, the ability of these sponges to separate hexane from a surfactant-stabilized emulsion
of hexane in water is examined. Separation of surfactant-emulsified apolar solvents from
water is very challenging and it is of great interest to evaluate the ability of these sponges to
effect separations from such systems. Hexane-in-water emulsions containing 1.25 % (by
weight) of hexane, using 0.5 % (by weight) of an anionic surfactant, SDS, is prepared by
mixing at 5000 rpm for 10 min as described in the Section 2.2.4. The most commonly used
industrial surfactants are anionic in nature — therefore, SDS is chosen as a model system. The
emulsions were allowed to equilibrate for 12 h before the absorption experiment. We stirred
the sponges (Sop, Sca and Sci17 weighing 20-27 mg) in the emulsions (500 pl of hexane
emulsified using 200 mg SDS in 50 ml water) for 24 h. After 24 h, the sponge is removed and
the hexane/surfactant in the solution is extracted by shaking with dichloromethane (DCM) in
a separatory funnel. The DCM is subsequently passed through a silica column to separate the
surfactant and is analyzed by injecting into a gas chromatograph to quantitatively estimate the
hexane content. For GC measurement, 1 pl of the purified aliquot was injected in Gas-
Chromatography instrument (Agilent Technologies, 7890B GC system). The oven
temperature was set at 40°C with 2°C /min ramp and heated upto 100°C with 1 min initial
hold time. It can be seen that the DCM peak is present at 3.7 min and, as expected, the
hexane peak at 4.18 min disappears. The quantity of hexane is estimated the from the area
under the curve at ~ 4.18 min with respect to the DCM peaks for Sy, Scq and Sci7 in CTAB
and SDS stabilized emulsions (Figure 4.13a-f). We perform control experiments using an
aliquot of hexane from the CTAB and SDS stabilized emulsions respectively, after 24 h
stabilization (Figure 4.13 g and h). For calibration experiment, 25 pul hexane was mixed with
2.5 ml DCM and 1 pl of the aliquot was injected (Figure 4.13i). To ensure the exact peak
position of hexane in a hexane/DCM mixture, an experiment with only hexane was also
performed. It indicates that hexane peak appears at around 4.18 min in our experimental setup
(Figure 4.13j). This data reveals that all the scaffolds are able to separate hexane from the
surfactant emulsion. Remarkably, it can be noted that these sponges are also able to separate
hexane from emulsions prepared using a cationic surfactant, CTAB. Thus, these data suggest
that removal of emulsified hexane by the sponges might be driven by hydrophobic

interactions with the omniphilic micellar tails.
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Figure 4.13: Estimation of hexane absorption from (a-c) CTAB and (d-f) SDS stabilized
emulsions by So, Scs and Sci7 sponges respectively. Control experiments with CTAB (@)
and SDS (h) Calibration plot for hexane/DCM mixture (i) and for only hexane (j).
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4.5 Conclusions

Three dimensional macroporous sponges were obtained by ice-templating an aqueous
polyethyleneimine solution and crosslinking the polymer in the frozen state. The as-prepared
sponge is itself omniphilic: a dry sponge absorbs 30 times its weight in water or 5 times its
weight in hexane. We ascribe this to the inherent omniphilicity of the PEI, that has a
hydrophobic backbone bearing amine groups that interact strongly with water.
Functionalization of the sponge with alkyl chains of variable chain length affords materials
with controllable affinity for polar or apolar solvents. Modification with a C4 chain results in
a remarkable material that can absorb 12 times its weight of either water or hexane.
Modification with longer alkyl chains results in more hydrophobic sponges. Modification
with a C17 chain results in a sponge that can absorb 15 times its weight in hexane or 5 times
its weight in water. This sponge is hydrophobic in the dry state and retains its oleophilicity
underwater. Even a water-saturated C17-modified sponge is able to absorb hexane from a
hexane-water mixture. Modified and unmodified sponges are able to separate hexane from

either anionic or cationic surfactant stabilized emulsions.

These sponges are stable to several hundred compression-expansion cycles. The unmodified
sponge and sponges modified with C4 and C8 chains recover from up to 80% compressive
strains. C17 modified sponges can repeatedly compressed to 60% strain without failing.
Thus, the sponges can be compressed for easy recovery of absorbed solvent and can be

subsequently reused.

These sponges are easy to prepare and use an inexpensive, commercially available starting
polymer, polyethyleneimine, as the matrix. Ice templating, the process used to create the
macroporous monoliths is versatile process and is amenable to process modifications to
vary***'the pore size and orientation. Facile chemical modification allows us to tailor-make
sponges that are either hydrophilic, omniphilic or hydrophobic. Remarkably, the hydrophobic
sponges retain their oleophilicity underwater. These materials have potential for use as

absorbents for a wide variety of solvent spills.
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Capillary Uptake in Macroporous Compressible Sponges

In this chapter we studied capillarity driven uptake of liquid in
swellable, highly porous sponges that have significant industrial
importance. We report experiments that study capillary uptake in a
variety of flexible, centimetre-sized macroporous cylindrical sponges.
Ice-templating is used to prepare a series of model macroporous
sponges where the porosity, modulus and composition are
systematically varied. Two kinds of sponges are investigated: (a) those
comprised purely of cross-linked polymer and (b) those prepared as
composites of inorganic particles and polymer. Both kinds of sponges
are flexible and exhibit elastic recovery after large compressive
deformation. All sponges were characterized thoroughly with respect to
their pore microstructure and elastic modulus. When one end of the
sponge is plunged into a large reservoir, water rises through capillary
action, against gravity. A transition from an inertial-capillary regime is
observed where the liquid column height rises linearly with time, ¢, to a
viscous-capillary regime where the liquid height rises with ¢%5. It is
shown that these results can be rationalized using analyses developed
for rigid sponges. Differential momentum balance equations for uptake
in rigid capillaries are combined with the phenomenological Ergun-
Forchheimer relations to account for the effect of sponge
microstructure. This approach works remarkably well in the viscous
capillary regime and shows that capillary uptake is governed primarily
by the total porosity and pore dimensions of the soft sponges.
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5.1 Introduction

Macroporous sponges have pore dimensions that are at least several tens of microns, and are
typically characterized by large void volume and an interconnected pore structure.
Macroporous sponges have been prepared using several techniques, including sol-gel
chemistry,' by using fibrous elements,”™ by foaming polymers such as polyurethanes or by
employing sacrificial templates.®” Such sponges find use in a wide variety of applications.
For example, ceramic foams are often used as low pressure drop catalyst supports'® in
catalytic combustion devices. An industrially important use for macroporous sponges
(ranging from common kitchen sponges to carbon nanotube based sponges'') is in the
absorption of liquids. Ideally, sponges used for solvent absorption should recover elastically
from large compression so that the sponges can be reused after recovery of absorbed solvent
by squeezing. Recently, significant advances in the materials chemistry of macroporous
sponges have enabled the preparation of elastic, lightweight materials that are tuned to absorb

12,13
* For example, carbon

apolar oils and that have extremely high solvent uptake capacities.
soot, carbon nanotube and graphene based aerogels'*'> have been reported, some of which
exhibit oil absorption capacities exceeding 900-fold on a weight/weight basis. Recyclable

macroporous polymer sponges based on melamine-formaldhyde,'® polyvinylalcohol,'

1820 otc. have also been reported. In the previous chapter, the

polydimethylsiloxanes
preparation of a family of polyethyleneimine (PEI) based omniphilic sponges was described,
that are capable of absorbing solvents of varying polarity (ranging from water to hexane) as
well as oils emulsified using surfactants. These omniphilic sponges were prepared by
freezing aqueous solutions of PEI and diepoxide cross-linker, using a process termed ice
templating, where ice crystals act as templates for the porous structure. Ice templating is a
versatile process and affords a convenient route to prepare sponges with variable wall

21723 Therefore, it offers the

composition, volume porosity as well as pore size and orientation.
possibility of engineering sponge architecture to optimize the kinetics of solvent uptake.
Here, we investigate the uptake of solvent into ice-templated macroporous sponges and
examine the effect of systematic variation of sponge characteristics on the kinetics of solvent

uptake.

The kinetics of solvent uptake into rigid, porous materials is a classic problem in fluid

4

mechanics. One of the earliest descriptions is due to Washburn®* who modelled these

materials as comprising of parallel cylindrical tubes without interconnections. Capillary rise
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through these tubes was modelled as Poiseuille flow, so that the rise height scales as the
square root of the flow time (h ~t®%). Delker et al.”, Lago and Araujo°and Miller et
al.”’experimentally investigated the kinetics of capillary rise of water through a packed bed of
glass beads. They observed an initial (h ~t%°) Washburn region, followed by a distinctly
different regime at later times. They observed that at longer times, the height of advancing
liquid front scaled with t°2°. Siebold et al.”® investigated capillary rise through packed beds
of solid particles in the Washburn regime and demonstrated that these experiments could be
used to estimate the surface energy of particles comprising the packing. Fries et al.”’
discussed the initial stage of capillary rise and demonstrated that there is an initial inertial
regime (where inertial losses determine the rise rate) that transitions through a visco-inertial
regime to a final viscous regime, where viscous losses dominate. Marmur et al.** studied
kinetics of liquid penetration in a filter paper strip and in a sand bed and demonstrated that
this could be modeled as flow through parallel capillaries. Pezron et al.’' investigated
capillary rise in cotton fabric and have demonstrated that liquid uptake can be modeled using

the Washburn formalism only if we assume a bimodal distribution of capillary sizes.

Ingress of liquids into deformable media has also received attention from researchers.
For example, Preziosi et al.*> investigated infiltration of initially dry media that is deformed
by the forces due to imbibition of liquid. They assumed plug-like Darcy flow of the liquid
through the porous media and assumed a variety of constitutive models for the response of
the wet porous media. Roman and Bico®® have reviewed elastocapillary flows where capillary
interactions can elastically deform channels formed by slender hair-like structures. The
dynamics of pressure driven capillary flow in planar nano-channels with one flexible wall
was studied by van Honschoten et al.’* Cambau et al.*> studied capillary rise between two
sheets and demonstrated continuous rise of a finger-like front of liquid. Aristoff et al.
examined filling of a capillary gap between long, thin flexible sheets separated by a spacer at

the point of liquid entry.*®"’

They demonstrated that negative pressure causes inward
deflection of the sheets leading to a non-monotonic rise of the liquid. They reported classical
Washburn-like capillary imbibition at early times when there is negligible deflection of the
walls. However, at later times, they observed an acceleration of the flow due to inward
deflection of the sheets, followed by a closure of the gap at the meniscus. Dreyer et al.
presented capillary rise of a perfectly wetting liquid into circular cylindrical tubes under
conditions of microgravity.”’***° They proposed a mathematical model which predicts a

variation in the time dependence of the rise height as the capillary driving force is opposed
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first by inertial, then viscous, and finally convective losses. Recently, Siddiqui et al.*

presented numerical solutions for a model of capillary rise in deformable media and

t0.5 t0.22

demonstrated a transition from an initial scaling for the rise height to a scaling,

t925scaling observed for rigid porous materials. They also presented

similar to the
experimental validation of their results using a kitchen sponge as a model system. However,

it should be noted that the kitchen sponge did not exhibit large swelling.

While there are several reports of flow through rigid as well as deformable porous
media, there are no reports that probe the effect of systematic variation in properties of the
porous medium on the kinetics of solvent uptake. Given the large variety of sponges that are
being developed for solvent absorption applications, it is important to develop a thorough
understanding of how sponge characteristics influence the kinetics of solvent uptake. The ice
templated macroporous sponges developed at NCL*' afford systematic variation of sponge
characteristics and represent model systems for such studies. Here, we investigate capillary
imbibition of water in two series of macroporous sponges prepared by ice templating: (i)
hybrid sponges comprised predominantly (~ 80% w/w) of inorganic silica colloids enmeshed
in a cross-linked PEI matrix and (ii) sponges comprised only of cross-linked PEI. An
experimental investigation including the preparation of the sponges, visualization of capillary
rise and analysis of the video data of capillary rise in the hybrid and polymer sponges is

reported in this chapter.

Figure 5.1: Experimental set up to investigate water imbibition. A lyophilized macroporous
sponge is attached to a top plate with adhesive and is plunged into a bath containing dyed

water along h-coordinate as defined in the set up.
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5.2 Experimental

5.2.1 Materials:

Polyethylenimine (PEI) and 1,4-butanediol diglycidyl ether were obtained from Sigma
Aldrich and were used as received. PEI has a molecular weight, M, = 750 kDa, as specified
by the supplier. PEI has a branched chain architecture that is previously
characterized.**Angstrom Sphere “silica particles with a diameter of 1 micron were obtained
from Richen Industry Limited, Hong Kong. Distilled deionized water (resistivity ~ 18.2
MQ.cm) was obtained from a Millipore MilliQ unit and was used to prepare sponges.
Rhodamine B dye was obtained from Loba Chemicals.

5.2.2 Fabrication of composite sponges by ice templating:

Composite sponges are prepared using a previously reported protocol (Section 2.2.2).
Typically, 120 mg of silica particles was dispersed in 1060 pL of water by sonication for 15
min (corresponding to a concentration of 10% w/v). To this aqueous particle dispersion, 24
mg (120 puL of 200 mg/ml stock solution) of PEI (750 kDa, a cationic polymer) was added,
and the mixture was vortexed for 10 min. PEI adsorbs on the silica surface via electrostatic
interactions. To this polymer-coated silica particle dispersion, 20 pL of 1,4-butanediol
diglycidyl ether was added. Then the sample was immediately transferred to a freezer
maintained at —15°C, and was stored in the freezer for 24 h, to allow reaction between the
PEI amine groups and the 1,4-butanediol diglycidyl ether to proceed. After that, the sponge
was removed from the freezer and lyophilized at -90°C for 12h to sublime the ice. This
sponge was named S10 (corresponding to the 10% wi/v concentration of silica particles in the
ice-templated aqueous dispersion). The sponge is cylindrical in shape with a diameter of
approximately 8 mm, and takes the shape of the centrifuge tube in which it is prepared.
Similarly, we prepared composite sponges from aqueous dispersions containing 20% and
30% (w/v) silica particles, maintaining the same ratio of inorganic to organic, and with the
same ratio of PEI to 1,4-butanediol diglycidyl ether. These monoliths are termed S20 and

S30, respectively. All sponges are prepared in identical centrifuge tubes.
5.2.3 Preparation of cross-linked polymer sponges:

To prepare polymer sponges, the protocol reported in the previous chapter (Section 2.2.3) is

followed. In one example, 1060 uL of water and 24 mg (120 uL of 200 mg/ml stock solution)
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of PEI (750 kDa) were vortex mixed for 10 min (3% w/v of the PEI). To this polymer
solution, 20 uL of 1,4-butanediol diglycidyl ether was added. The solution was transferred
into a freezer at —15°C and kept for 24 h at this temperature for completion of reaction. After
24 h, the sponge was dried by lyophilization at -90°C for 12 h. We term this sponge Sp3.
Similarly, we prepare monolith sponges from 7% and 10% (w/v) PEI aqueous solutions,

maintaining the ratio of PEI to cross-linker. These are termed as Sp7 and Sp10, respectively.
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Figure 5.2: Plot of capillary rise height of water above the water bath for a) S10, b) S20, (c)
S30, (d) Sp3, (e) Sp7 and (f) Sp10 sponges respectively with at least 5 repetition.

5.2.4 Capillary rise experiments:

The experimental set up for the study of water uptake kinetics is shown in Figure 5.1. We use
double-sided adhesive tape to adhere the flat top face of a lyophilized cylindrical sponge to a
plate. To initiate the experiment, the plate is moved downward at constant velocity (=5 mm/s)
to carefully immerse the tip of the sponge into a fixed bath of Milli-Q water, to which a
cationic dye, Rhodamine B is added to enhance the contrast of the flow front in capillary
uptake experiments. Rhodamine B at a concentration = 9.6 mg/ml is added. This does not

change the density or the viscosity of water substantially but reduces the surface tension to o

= 63.5+£0.2 mN/m. The capillary length for the coloured water is A, = \/a/(pg) = 2.5 mm,
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where o is surface tension and p is density of liquid. The walls of both composite and
polymeric sponges contain an amine containing polymer, PEIl. Therefore, there is no
attractive interaction between the sponge walls and cationic Rhodamine B dye. Typically, the
tip is plunged into the water bath to a depth of about 1 mm and capillary rise of water into the
sponge is observed from the side using a video camera at 25 fps (Sony DSC-HX20V). All the
experiments are carried out at room temperature (25°C). Experiments for each kind of sponge
were repeated at least five times, on independent sponge samples, to ensure repeatability of

data (Figure 5.2). Data presented here is from one representative experimental run.

Figure 5.3: Images of sponges at various stage of capillary rise experiment. Arrow indicates

flow direction. Scale bars in the photographs correspond to 5 mm.

Figure 5.4: Images of axial growth of the sponge inside the reservoir of Sp10 with time, as

the sponge swells when water is imbibed by it: ) t=0 s, b) t=4 s, ¢) t=8 s and d) t=12 s.

As the water rises, the sponge turns red and the height of the water can be readily observed.
We use a large water bath; therefore, there is almost no change in the water level in the bath
during the capillary uptake experiment. Sponges are examined at various stages of the
capillary rise experiment. We cut the sponges and observe there is no radial variation (at
length scales larger than the sponge pore size) as the dye front rises through the sponge
(Figure 5.3). Thus, the water level rises approximately uniformly across the cross-section of
the cylinder (along the h-co-ordinate defined in Figure 5.1). The sponges exhibit a volume
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change on water absorption. There is an increase in both the diameter and the length of the
sponges as they imbibe water. The increase in sponge diameter is readily estimated from
videos of the capillary rise experiment. As the top of the cylindrical sponge is held fixed,
there is an increase in the length of the sponge that is submerged within the water reservoir as
the sponge imbibes water. This increase in length of the submerged sponge is measured by
performing independent experiments to visualize this. The increase in axial length with time
during the water imbibition experiment is shown in Figure 5.4. It can be noted that these
experiments were performed using MilliQ water, since it is not possible to visualize the
sponge once it is immersed in dyed water. The increase in submerged length inside the
reservoir is significantly smaller when compared with the front height above the surface of
the reservoir, at any point during the capillary uptake experiment. Therefore, it is anticipated
that the error resulting from performing this measurement using MilliQ water (instead of
dyed water) is small. Here, we report the height of the front as a sum of the front height

above the reservoir and the change in length within the reservoir (Figure 5.5).
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Figure 5.5: Plot of capillary rise height of water above the water bath for a) composite and b)
polymeric sponges. Axial growth of composite and polymeric sponges inside the water
reservoir are shown in the panel c) and d) respectively. e) and f) show the total length of the

sponge that has imbibed water for composite and polymeric sponges respectively.
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Capillary uptake experiments are performed using cylindrical sponges with a conical tip
(Figure 5.1). The conical tip geometry is a replica of the bottom of the centrifuge tube in
which the sponge is synthesized. We note that this shape helps minimize splashing as the
bottom tip of the sponge is plunged into the water bath. However, water uptake is not
influenced by the geometry. Comparative water uptake experiments for an “as prepared” S10
sponge with one where the conical section at the bottom of the sponge was cut to create a
cylinder with a flat bottom surface showed no significant differences between the water
uptake measurements for these two sponges (Figure 5.6).
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Figure 5.6: Comparison of capillary rise behaviour for S10 (conical tip) and S10 (flat tip)

As a control, water uptake is also studied with that in a rigid, relatively low porosity chalk. A
cylindrical, colored chalk (Kores, India) is used for this experiment since it allows to readily
observing the rise front as it imbibes water. Dyed water could not be used for the uptake
experiments with chalk since the dye adsorbs on the chalk and does not track the rising water
front. However, when a colored chalk is being used the water front wets the chalk as it

propagates, and can be clearly observed.

5.2.5 Image Analysis

Image analysis is performed using code written in Python. A clear contrast between the red
front (where the sponge has imbibed coloured water) and the white dry sponge can be
observed as the dyed water rises up in the sponge. The edge of the red region of the sponge is
tracked as a function of time to quantitate the dyed of water. The growth front for water

ingress is typically jagged, but is approximately horizontal. The jagged growth front is
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averaged and the height of this growth front from the water surface is determined as the

height of water column in the sponge (Figure 5.7).

Figure 5.7: The jagged growth front of the colored water front, as it propagates, is averaged
and the height of this growth front from the water surface is determined. Here, the front is

shown as a blue dotted line.

5.3 Characterization

The morphology of the porous sponges was imaged using a Quanta 200 3D scanning electron
microscope as discussed in section 2.4.1. The mechanical response of the sponges was
characterized using a TA instruments DMA (RSA-III), equipped with a normal force
transducer. Three-dimensional non-destructive imaging of macroporous sponges was
performed at the SreeChithraTirunal Institute for Medical Sciences and Technology,
Thiruvananthapuram (India) using a high-resolution X-ray microcomputed tomography (p-
CT, model pu-CT 40, Scanco Medical AG, Switzerland). Centimeter size large sponges were
scanned using X-ray of energy 45 kV, at (12 um®) voxel resolution. Two-dimensional cross-
sectional images of the sponges were thresholded to suppress background noise, and the
region of interest was marked to discriminate between walls as well as pores in the sponges.
The 2D images were compiled, and 3D images of respective sponges were generated using
the software provided by the manufacturer. Micro-architectural parameters of the sponges
such as pore size and wall thickness distribution were evaluated by applying the distance

transformation methodology with the aid of the software supplied by the manufacturer.
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5.4 Results and Discussion

5.4.1 Structural Characterization of Macroporous Sponges:

Figure 5.8: SEM micrograph of sponges. (a-c) composite sponges S10, S20 and S30
respectively. (d-f) polymer crosslinked sponges Sp3, Sp7 and Sp10 respectively. Images

indicate macro porosity.

SEM images of lyophilized sponges reveal an interconnected macroporous structure (Figure
5.8 a-f). A typical three dimensional rendering using the p-CT data is shown in Figure 5.9. X-
ray micro-tomography provides details of the pore size distribution and peak wall thickness
of the sponges in the lyophilized, dry state (Figure 5.10). With increase in concentration of the
ice-templated dispersion, the mean pore size decreases and the width of the pore size
distribution narrows. The mean pore size decreases from 108 um for S10 to 72 um and 48
um for S20 and S30, respectively and from 84 pum to 72 pm and 48 pum for Sp3, Sp7 and
Sp10 respectively. We estimate porosity of the sponges with in the completely wet state by
saturating them in water for 6h. The porosity is obtained from measuring the weight of the
water present in the wet sponge (and using density of water at 25°C = 997 kg/m3) and the
measured volume of the wet cylindrical sponge. The cross-linked polymer sponges show
higher porosity relative to the composite sponges. Sp3 shows the highest porosity = 98%.
While the peak pore size of Sp3 from the X-ray tomography data is less than that for S10, the
cross-linked polymer sponges exhibit greater swelling in water and, therefore, exhibit higher

volume porosity in the wet state. The porosity of Sp7 and Sp10 is estimated as 83 and 77%
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respectively. Composite sponges have a lower porosity and we measure porosities of 86, 78

Figure 5.9: Typical X-ray u-CT images use to estimate pore size distribution, wall

thickness and porosity of sponges. False color is used to render (a) the sponge; (b) the
pores and (c) the walls. Colour coding represents length scale of pores and wall thickness

for (b) and (c) respectively.
and 66%, respectively, for S10, S20 and S30.

The elastic modulus (E’) of the sponges is measured in compression, to quantify their
mechanical response. In all samples — including polymeric and composite sponges, the ratio

of polymer (PEI) to cross-linker (diepoxy) is maintained constant. Both polymeric and hybrid
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Figure 5.10: Pore size distribution (a-b) and peak pore wall thickness (c-d) for

composite and polvmeric sponaes.
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sponges exhibit an initial linear response, followed by a large, nonlinear increase in stress for
large compressive strains. Data is presented here for the elastic modulus of sponges saturated
with water as a slope of the linear stress-strain region (Figure 5.11). We noticed that elastic
modulus of the sponges increases monotonically with decreasing porosity for both polymeric
and hybrid sponges (Figure 5.11). The modulus values observed are relatively low, of the
order of 10* to 10° Pa, indicating that these sponges are soft. Even for the composite
sponges, where the particle content is of the order of 80%, the elastic modulus in the linear
response regime is governed largely by the cross-linked polymer mesh surrounding the
colloidal particles.*! However, remarkable differences (that are not evident from the variation
in E’) can be observed between polymeric and composite sponges during drying. When
polymeric sponges saturated with water are dried, the capillary forces experienced result in
dramatic shrinkage and change in shape of the sponges (Photographs Figure 5.12). In contrast,
composite sponges are able to better withstand the compressive force generated due to drying

and there is relatively lower volume shrinkage between the wet and dry states.
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Figure 5.11: Elastic modulus of composite and crosslinked sponges is plotted against

porosity. Modulus increases with decrease in porosity for a class of sponges.

5.4.2 Analysis of swelling behaviour:

On immersion in water, the sponges swell. Both composite and polymeric sponges comprise
cross-linked polymer PEI. PEI is water soluble and cross-linked PEI swells in the presence
of water. Therefore, when the sponges are immersed, there is water ingress into the pores and
this water also swells the cross-linked polymer in the walls of the sponge. This results in
macroscopic swelling of the sponge. To estimate the extent of swelling, the diameter and
length of the sponges are measured using a Vernier scale in dry and completely water soaked

states. Change in diameter (Ad) and length (Af), is measured and normalized with their
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respective dry diameter (d) and dry length (¢) to estimate swelling (Table 5.1). In the water
uptake experiments, when one end of the sponge is dipped in the water reservoir, the swelling
of the sponges can be estimated using image analysis. While there are some differences
between these two estimates of swelling of the sponges, these differences are not systematic
(Table 5.1). The approximate agreement between these estimates indicates that swelling of
the sponges due to water imbibition is similar for isotropic swelling and for capillary uptake.
Thus, the extent of swelling is a material property of the sponge and is independent of the
mode of water imbibition. Composite sponges swell only =10% compare to polymeric
sponges, that shows =20% swelling. Thus, the presence of the colloidal particles in the walls
of the composite sponge prevents excessive swelling of the sponges and prevents the collapse

of the sponge walls due to capillary forces during drying, Figure 5.12.

Figure 5.12: Photographs of polymeric sponge, Sp3 in (a) water swollen wet state and
(b) in the dry state, after air drying. The polymer sponge shows large shrinkage after air
drying. In contrast, there is significantly lesser shrinkage of composite sponges as they

are air dried from the (c) water swollen wet state to (d) a dry state. The scale bar in (a)

represents 5 mm and applies to all photographs.

5.4.3 Absorption Kkinetics of sponges:

Typically when a liquid is driven into a porous medium due to capillarity, a complex flow
field develops within its pores. The wicking flow depends on geometrical and physical
properties of the deformable porous medium and the physical properties of the liquid.
Previous investigations have shown distinct regimes of capillary-driven flow in circular

. . . . 4 .
cylindrical tubes based on simple momentum balance equations.””* Three regimes are

Soumyajyoti Chatterjee PhD Thesis Pagell4



Chapter 5 AcSIR

observed in experiments with dry chalk (a rigid, relatively low porosity material) viz. an
initial h ~ t, that results from a balance between capillarity driven inertial flow and is
referred to as inertial capillary (IC) regime (Figure 3.13). Subsequently, this linear regime
transitions to the well-known Lucas-Washburn regime h ~ t%° in which capillary force

balances viscous dissipation (VC regime). Finally, at later times in the capillary flow

Table 5.1: Change in dimensions on swelling of sponges. Ad is the change in diameter

from the initial dry diameter, d. A € is the change in length where € is the dry length.

Sponge Change in sponge Water imbibition
size when it is fully through capillary rise

immersed in water

Vernier scale Image analysis
Ad/d ALl Ad/d AL e

S10 0.09 0.05 0.12 0.08
S20 0.10 0.07 0.10 0.11
S30 0.11 0.03 0.10 0.09
Sp3 0.17 0.18 0.20 0.24
Sp7 0.18 0.16 0.22 0.22
Sp10 0.17 0.17 0.23 0.25

experiment, recent analysis and experiments have demonstrated the existence of slower
uptake, where h ~ t%25. Recent work *’ using a compressible, porous kitchen sponge has

shown evidence for the VC (h ~ %) and post VC, h ~ t%2?>regimes.

Photographs of water imbibition during capillary rise are shown in Figure 3.14 for S20 (as an
example). The time t = 0 is set when the sponge contacts the water surface, and h = 0 mm as
the position of the unperturbed water surface in the reservoir (Figure 3.14). When the dry
sponge contacts water, there is ingress of water into the sponge. The water rises along the axis

of the cylindrical sponge and fills the pore volume. Simultaneously, there is a swelling of the
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sponge diameter, driven by the solvation and swelling of the cross-linked polymer, PEI in the
sponge walls. There is a =10% increase in the diameter of the composite sponges and a
larger, ~17-18% increase in the diameter of the polymeric sponges on swelling in water. The
lateral swelling of the sponges depends on the rate of water imbibition and happens over time

scales that characterize uptake. Therefore, the kinetics of axial rise and lateral swelling cannot
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Figure 5.13: Capillary rise experiment using chalk, a rigid porous material. We observe
inertial-capillary (h ~ t) and Washburn (h ~ t%%) regimes and observe the transition to
the post- Washburn regime (h ~ £°925).

Figure 5.14: Increase in the height of water wicked up by capillary rise in S20 at a) 0 s,
b) 10 s and c¢) 32 s. Scale bar in the pictures corresponds to 2 mm.

be decoupled, unlike in previous studies in the literature.**

Figure 5.15 shows the variation of the front height with time for both composite and cross-
linked polymer sponges. As shown in Figure 5.15, these profiles show two distinct capillary

rise regimes: initially, in the inertial-capillary regime, h ~ t, and at later times, the Lucas-
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Washburn VC regime is observed where h ~ t%>. No post VC regime transition is observed
in the experimental time scales accessed in this work. To further understand the flow behavior
in the IC regime, the liquid front velocity (V) is calculated from the slope of h vs t plot. A
straight line is fitted to the data in the IC regime, and we tabulate these results in Table 5.2.
From this data, it is clear that for both types of sponges, the velocity of liquid front decreases
with decreasing porosity. The scaling exponent, n1, obtained by fitting the experimental data
to h ~ t™ is close to 1, as expected in the IC regime. In the VC regime, the front height as a
function of time is plotted and the data is fitted as h ~ t™2. The values of power law
exponent, n2, and prefactor, c, are listed in Table 5.2. It is clear from this table that the liquid
front velocity at any given time is higher for polymeric sponges as compared to
corresponding composite sponges. The transition time and height are termed as t;,qnsitionand
Reransition» respectively, and are also shown in Table 5.2. When the front height is normalized
by R¢ransition @nd plot this as a function of time normalized by t;ransition, it 1S oObserved that
the data for all the polymeric and composite sponges collapse onto a master curve (Figure
5.16). This suggests that capillary driven flow follows a universal trend independent of

sponge elasticity and porosity.
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Figure 5.15: Height of water imbibed as a function of time for (a) composite, (b) cross-
linked polymer sponges. The dotted lines indicate the scaling expected for inertial-capillary

(1C) and viscous capillary (VC) regimes.

A simplified equation that describes flow in capillaries can be written as:
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d(hil)_ 40'+ ephh
d¢t D K

(D

where h is the time derivative of the front height, h; pand u are the liquid density and
viscosity; o is the surface tension; D is the capillary pore size; ¢ is the sponge porosity and K

is the sponge permeability.

Table 5.2: The scaling exponent, n1, (h ~ t*1); IC regime velocity; VC regime slope (n2);
prefactor (c); transition time, t;-gnsition; N€IONt, RiransitionfOr transition from inertial-
capillary (IC) regime to viscous-capillary (VC) regime for polymeric and composite sponges

obtained from fitting the experimental data .

Sponge nl IC n2 ¢ (MM.S" teransition(S)  Rtransition(MM)
velocity 0%)
v,

mm/s)
S10 0.92+0.09 5.2+0.5 0.50+£0.07 4.7x0.7 1.04 4.61£0.17
S20 0.81+0.13 2.720.5 0.51+£0.07 3.2+0.5 1.32 3.30+0.06
S30 1.04+0.09 1.6+0.1 0.49+0.05 1.84+0.2 2.20 2.36+£0.15
Sp3 0.92+0.08 6.0+0.9 0.60+0.08 5.1+1.0 1.05 5.24+0.51
Sp7 0.85£0.12 4.1+0.8 0.53+0.05 4.2+0.7 1.56 5.07+£0.46
Spl10 0.81+0.12 2.8+0.7 0.53+0.09 3.2+0.8 1.64 3.66+0.33

In the IC regime, flow is set by a balance between the capillary pressure driving force (40/D)

d(hh) _ pd*(n*)
at 2 dt?

and the inertial term (p ). This results in the scaling: h ~ t. In the VC regime,

a balance between the capillary pressure driving force (40/D) and the viscous dissipation

. 2
(euhh) /K = ;—ﬁ ( %) results in a Lucas-Washburn scaling for the front height (h ~ t°>).

Thus, equation (1) allows to rationalize the scalings for front height with time observed
experimentally in the IC and VC regimes. However, equation (1) models flow in capillaries
and does not account for the effect of sponge microstructure. In a porous sponge,
advancement of the liquid front is influenced by pore size, geometry and total porosity. In the
case of these ice-templated sponges the mean pore size and the volume porosity are not

independent and, there is a decrease in both mean pore size and porosity with increase in
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concentration of the ice-templated dispersion. Equation (1) does not account for the
complexity of porous media. We introduce the influence of the sponge microstructure in an
ad hoc manner by making a comparison with the Ergun/ Forchheimer equations'®** that

are used to describe pressure driven flow in rigid porous beds.

transition

h/h

10 4 Sp? -
: ——5pl0
2 -1 0 1 2
10 10 10 10 10
t/t

transition

Figure 5.16: Height of sponge imbibed with water (h) as a function of time, t, during the
capillary rise experiment. Data is presented for the polymeric sponges and composite
sponges by normalizing using Rignsition @Nd tiransition 10 Obtain a master curve for all

sponges.

T=agV+ a,V? (2)

where AP /L is the pressure drop that drives flow, V is the front velocity and a, and a,are
constants relating to flow resistance in the viscous and inertial regimes, respectively. The
pressure drop that drives flow in the Ergun/Forchheimer equations with the capillary pressure
(40/D) is equated, where we take D as the pore size in the sponge. It can be noted that the
pores in these ice-templated sponges are connected through openings that are smaller than the
pore size (Figure 5.8). These smaller openings are likely to set the capillary pressure.
However, we anticipate that the size of these openings will scale with the sponge pore size.

Since it is difficult to estimate the size of the inter-pore openings, we use the sponge pore size
to estimate the capillary pressure. Thus, AP/ Lzz—;and V=dh/dt where h is the front height.

Handy* had suggested combining the differential equation for capillary flow with Darcy’s
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law. In a similar vein, we consider the VC regime where (40 /L) is dominated by the term that

is linear in V. Thus,

v= 22 3
apV = hD 3)
Following Ergun, one can write:

asSZu(l— ¢)?

&3
where @ is a constant that depends on the porous microstructure and, the specific surface

area, S, = 4¢/D (1 — ¢&). Thus, from equations (3) and (4), we obtain:

16au v = 40 5
eD " h )
Since the front velocity, V = dh/dt, one can obtain:
oeD
h= |—1t% 6
Zan (6)

This analysis indicates the relationship of the experimentally obtained prefactor, ¢ (see Table
5.2), to the sponge microstructure. To verify this, ¢ is plotted as a function of veD (Figure
5.17). It is observed that c is linear in veD as anticipated by equation (6). Slopes of 1.41

(m/s)"™ and 1.58 (m/s)* are obtained for the polymeric and composite sponges, respectively.
For the dyed water, we calculate o/2p ~ 6 (m/s)’>. Thus, this suggests that o has values of
18.11 and 14.42 for polymeric and composite sponges, respectively. Remarkably for such a

simplified analysis, these values are in the range observed by Ergun and Orning.*’

Our analysis makes several simplifications. First, we make an ad hoc relationship between
equation (1), valid for capillary rise in cylindrical capillaries, with the Ergun/Forchheimer
relation to account for the pore microstructure. We note that the Ergun/Forchheimer equations
are relevant for pressure driven flow through rigid porous media and are not typically applied
to such highly porous systems as in this work. Therefore, it is remarkable that the data for
capillary uptake in these swellable, relatively low modulus highly porous polymeric and
composite sponges are consistent with this analysis. Given the simplifications in our

approach, the agreement between the experimental data and the analysis is reasonable.
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Continuing in this spirit, we anticipate that the transition between the IC and VC regimes
would correspond to a situation where the contribution to the pressure drop from the Darcy

law term is comparable to that from the inertial term. Thus, at the transition, we set:

a()V =aq VZ (7)

In IC regime, the front velocity is constant. Therefore, we set V = hi qnsition/teransition:

5.0x10° F i

40x10° F -

¢ (m/s%?)

3.0x10° b i

2.0x10° F -

1
0.005 0.007

JDe(m®)

1
0.009

Figure 5.17: Prefactor,(c), obtained by fitting experimental data in VC regime as a function

of VDg, for both polymeric and composite sponges.

6.0x16° . . .
O composite
) v WV Polymeric
5.0x10°F v .
a
E 40010’k -
g v
= 0
3.0x10°F 4
a
3
2.0x10 A L L
1x10° 210 3x10°
t £/D (m/s)”!

transition

Figure 5.18: Transition height (R gnsition) 1S plotted as a function of (ty-gnsicion)*€/D for
sponges at VC regime.

Now, we write:

_ BS,p(1- 9
=

(8)

a;

Where 8 depends on pore size and pore microstructure
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From equations (7) and (8), we obtain:

4apu €
7 ; B ttransition (9)

htransition -

. . . . .4
A plot of h¢ransition@s @ function of % teransition 18 shown in Figure 5.18 and we obtain |7a| =

1.16x10* for polymeric and composite sponges, respectively. For a~ 15, B~ 0.13 is obtained.
This value is in the range that has been observed in the literature for flow through porous

materials.'°

O Composite

| W Polymeric ]
| :
| o .

60 70 80 920 100
% Porosity

Initial velocity (mm/s)

Figure 5.19: Front velocity in the IC regime during capillary imbibition as a function of

sponge porosity for composite and polymeric sponges.

Finally, the IC regime is examined. Here, the pressure drop is dominated by the inertial term

AP . .
and we set — = :_g = a,V?. Using (8), we obtain:

ye = 2% (10)
Bph

In the IC regime, it is experimentally observed that the front height increases linearly in time
and the front velocity, V is constant, independent of h. This is consistent with the theoretical
expectation that h ~t in the IC regime. However, relating the capillary pressure to the
pressure drop from the Ergun-Forchheimer equation yields results that are inconsistent with

theoretical expectations and with our experiments. Experimentally, it is observed that V o« ¢

2
Figure 5.19). Therefore, settin % wherelL is a constant yields V2 = Z= allowing us to
g7 LD y BpL g

reconcile with theory and experiments. From the slope of V versus ¢ (Figure 5.19), fL = 107

Soumyajyoti Chatterjee PhD Thesis Page 122



Chapter 5 AcSIR

is obtained. Thus, L ~O(1 m). There is no physically meaningful length scale of the order of
I m in this experiment. Therefore, while this approach allows us to obtain the correct scaling
of rise height with time, and correctly predicts the experimentally obtained dependence of
rise velocity on sponge porosity, the origin of the length scale necessary to connect the
differential equitation for flow through capillaries with inertial term in the Ergun-

Forchheimer equation is not clear.

5.5 Conclusions

Water uptake in a series of ice-templated sponges is investigated with a random porous
structure, and with a wide variation in properties (porosity varying from 66 to 98%; modulus
varying by over an order of magnitude and wall composition varying from polymeric to
polymer-inorganic composite). The sponges investigated in this work are highly swellable
(with volume change varying from about 25 to 62% on water imbibition), in contrast to

previous reports that describe either rigid porous media®2+3%3

or relatively less swellable
media.******% A remarkable universality is observed in capillary uptake in porous sponges,
over the entire range of sponge porosity and deformability. Initially, the height of the liquid
in the sponge increases linearly in time, indicative of the inertial-capillary regime. Beyond a
transition threshold, it is observed that the uptake is dominated by viscosity and that the
liquid height in the sponge rises with the square root of time, indicative of the viscous-
capillary regime. Thus, the kinetics of water uptake for all sponges studied can be collapsed
onto a universal curve. Interestingly, capillary rise is governed only by total porosity, and is
independent of the sponge modulus and swellability. A simplified analysis that combines the
effect of sponge microstructure (adapted from the macroscopic Ergun/Forchheimer
treatment) with the differential equation that describes capillary flow in tubes is presented
here. This analysis is successful in modelling the viscous capillary regime and the transition
from inertially dominated to viscous dominated flow. However, ad hoc introduction of an
additional length scale is necessary to describe the inertial capillary regime. These results
have direct implications for the design of novel reusable sponges being developed for

environmental remediation.>*>%%°
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Role of Acetonitrile on the Morphology of Macroporous
Composite Scaffolds Prepared by Ice-templating and their
Application

In this chapter, we report for the first time, the preparation of
inorganic/polymer macroporous hybrid scaffolds with perforations in
the walls. This unusual morphology is obtained by the addition of
acetonitrile (ACN) as non-freezing organic phase in the ice templated
dispersion. ACN allows control of the mean pore size as well. Scaffold
with perforated walls, obtained using this method retain the elasticity
and mechanical integrity of scaffolds prepared without ACN.
However, perforation in the walls results in lower pressure drops for
flow of water flow through the scaffolds.

o /
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6.1 Introduction

The flow of liquids through porous beds is of relevance to a variety of applications. For
example, porous materials are often used as supports in catalysis. Mounting a catalytic
moiety on a porous support allows us to heterogenize the catalyst while providing a large
specific surface area for the substrate reactants to access the catalyst. The specific surface
area is inversely proportional to the pore size of the support. However, there is a significant
increase in pumping costs when reactants are pumped through small pore size supports in
continuous flow synthesis. Therefore, it is necessary to optimize the pore size distribution
when designing monolithic catalyst supports for flow reactors. One strategy that has been
described in the past'™ is to use hierarchically porous structures that combine macroporous
monoliths, associated with low pressure drops for flow, with microporous structures that
afford a high specific surface area for catalyst immobilization. However, detailed studies of
the residence time distribution for flow through such hierarchically micro/macroporous

monoliths have not been reported.

Researchers have demonstrated that the structure of the macroporous monolith
obtained by ice templating can be manipulated by varying the conditions for ice templating.
For example, directional ice templating has been employed to produce oriented pore
morphologies.® " Ice templating of suspensions of microporous particles has been used to

16,17
" However, there have been

prepare monoliths that combine micro and macroporosity.
relatively limited reports of ice-templated monoliths that combine different levels of porosity.
Thus, creative strategies to introduce porosity at different length scales in ice templating offer
the chance to harness the advantages of ice templating (such as the use of green solvent, and
the ability to prepare materials using a diverse library of functional colloids and polymers) in

applications where liquid needs to be pumped through monoliths.

Here, we demonstrate a novel route to the preparation of dual macroporous polymer/particle
hybrid scaffolds that affords mechanically resilient monolithic structures. We show that
perforated pore walls can be generated by adding a suitable organic solvent during ice-
templating process. To the best of our knowledge, this is the first report that creates such a
micro structure using this simple technique. These novel scaffolds do not require any post
processing steps such as freeze drying and sintering/calcination. This unusual perforated wall

microstructure does not significantly change the scaffold bulk porosity and compression
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modulus. We observe a significant reduction in pressure drop in the scaffolds with increasing

population of smaller holes in the pore walls.

6.2 Experimental

6.2.1 Materials:

Polyethylenimine (PEI, branched polymer with supplier specified molecular weight Mw=
750 kDa); 1,4-butanediol diglycidyl ether, acetonitrile (HPLC grade), Rhodamine B were
obtained from Sigma Aldrich and were used as received. Distilled deionized water (resistivity
~18.2 MQ.cm) from a Millipore MilliQ unit was used as solvent to prepare scaffolds. Glass
tubes (inner diameter 3 mm; length 30 mm) were obtained from Katholieke University,

Belgium and cleaned using an acidic piranha etch before use.
6.2.2 Fabrication of hybrid scaffolds with different acetonitrile concentration:

Monolithic scaffolds were prepared in glass tubes, using a modification of protocols
described in previous chapters. Piranha etched glass tubes were dipped in an aqueous solution
of PEI, to allow the polymer to adsorb on the walls of the tube. Subsequently, the tubes were
removed and one end of the tube was blocked using Teflon tape. Ice templating is performed
in this tube. In a typical synthesis, 120 mg of silica particles was taken in a plastic container
and dispersed in 1064 ul water by sonication for 15 minutes. To this aqueous particle
dispersion, 10 mg PEI (100 ul of 100 mg/ml stock solution), 16 mg 1,4-butanediol diglycidyl
ether as cross-linker and 20 pl acetonitrile (corresponding to 1.6% v/v) was thoroughly
mixed. This dispersion is then transferred to a glass tube, prepared as described earlier.

When water freezes to form ice, the silica particles and organic molecules in the dispersion
are concentrated in the regions between ice crystals. We have demonstrated that this
enhancement in concentration results in cross-linking of the PEI, and a composite structure
forms with silica particles held together in a cross-linked PEI mesh. Here, the composite
monolith forms in the glass tube surface adsorbed with PEI. PEI adsorbed on the walls of the
glass tube is cross-linked with that in the monolith, resulting in strong adhesion of the
monolith with the tube. After cross-linking proceeds for 24 h, the monolith formed is

thoroughly washed with copious amounts of water.

Monoliths prepared with 1.6% acetonitrile added to the ice-templated aqueous dispersion are

termed S;6. Similarly, we also prepare hybrid scaffolds with varying acetonitrile (ACN)
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concentration (3.2 and 6.4%), and with same quantity of particle, polymer and cross-linker as
earlier. These scaffolds are termed S3, and Sg4, respectively. Hybrid scaffolds prepared
without the addition of ACN are termed Sy. Scaffolds synthesized in the glass tubes were
used for pressure drop and residence time determination (RTD) measurements, while

identical scaffolds are prepared in plastic vials for structural and mechanical characterization.
6.2.3 Pressure drop and RTD study:

We use a home-built experimental set up to examine the pressure drop to pump water
through the scaffolds. Initially, we manually fill the glass tube containing the scaffold with
water. In all our experiments, we used scaffolds of length = 4 cm. The glass tube is then
connected to a syringe pump (Harvard Apparatus PHD 2000) through a soft silicone
connector tube. A digital manometer (HTC PM 6205) is used to record the pressure drop
across the length of the scaffold as water is pumped through it using the syringe pump. The
manometer is connected across the scaffold through T-joints in the silicone tubes by-

products.
6.3 Instruments and Characterization:

The microstructure of the scaffolds was characterized using a Quanta 200 3D scanning
electron microscope (SEM). Thermogravimetric analysis (TGA) was performed using a TA
Instruments SDT Q6000 analyzer between 120 and 700 °C at a heating rate of 10 °Cmin™ in
N, atmosphere. Mechanical properties of the scaffolds were characterized using a strain
controlled rheometer, TA-ARES G2, equipped with a normal force transducer.

6.4 Results and Discussion

6.4.1 Characterization of ice-templated scaffolds:

Ice-templating results in the formation of macroporous scaffolds, with hybrid walls
templating the shape of the ice crystals. The walls of the scaffold are comprised of silica
particles held in a mesh of cross-linked polymer. We obtain centimetre-sized macroporous
scaffolds following the preparation protocol outlined in Figure 6.1. Addition of small
quantities of ACN, a water-miscible organic solvent, has a significant effect on the

microstructure of the ice-templated scaffolds.
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Figure 6.1: Schematic representation of the preparation protocol for hierarchically porous

ice-templated hybrid monoliths.

Figure 6.2: SEM micrographs of Sp (aand a"); S16 (b, b"); S32 (¢, ¢’) and Sg4 (d, d"). a, b,

and d are low resolution micrographs (scale bar corresponds to 200 microns). a’, b, ¢” and d

are higher resolution images, where the scale bar corresponds to 50 microns.

SEM images reveal that ice-templating results in the formation of an interconnected network
structure in all scaffolds (Figure 6.2). The particles/cross-linked polymer hybrid structure

form walls that enclose the pores formed by ice crystals, that act as porogens. Qualitatively,
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addition of acetonitrile to the dispersion that undergoes ice templating results in the
appearance of holes that perforate the walls formed by the particle/cross-linked polymer
hybrid. Additionally, there appears to be a decrease in pore size. We quantitate the SEM
images by performing image analysis using Image J. We define “pores” as the large voids
created by cross-linking the particle/polymer hybrid around the ice crystal porogens, and
“holes” as the perforations in the hybrid walls. From the SEM micrographs, it is evident that
pores are characterized by larger length scales (> 10 microns), compared with holes (3 — 10
microns). For each material, we use multiple SEM micrographs taken at different locations of

the sample and measure at least 500 pores and 2000 holes to obtain the size distribution.
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Figure 6.3: (a) Pore and (b) hole size distributions obtained from SEM micrographs. Inset (b)

indicates the fraction of the wall surface area that is covered by holes in the scaffolds.

In Figure 6.3, we plot the normalized size distribution for pores and holes, obtained by
binning the size data from image analysis. We neglect the interconnections between pores in
this analysis. We observe that Sy has a peak in the pore size distribution, at about 50-70 um
(Figure 6.3a). This is consistent with our previous image analysis,'® that indicated a most
probable pore size of 65 microns, and with previous X-ray tomography analysis in Chapter 5.
Interestingly, on addition of ACN, there is no longer a clear maximum in the pore size
distribution. Rather, there is a qualitative change in the shape of the pore size distribution
due to a dramatic increase in the frequency of small size pores (Figure 6.3 a). Increase in

ACN concentration leads to a decrease in the average pore size.
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The ACN-water binary solvent system is extensively used in chromatography and is
therefore, well studied.” ! At the concentrations used in this work, water and ACN remain
miscible. Addition of miscible organic solvents such as ACN, results in a decrease in the
freezing point of the solution.”? There is greater decrease in freezing point for higher ACN
concentrations — however, even at 6.4% the decrease in freezing point is only about 3 °C .
The size of the ice crystals formed by freezing of water-organic solvent mixtures is governed
by a wide variety of factors including solvent-induced changes in nucleation and growth
rates, temperature equilibration in the sample (that depends on sample size and cooling rate),
Ostwald ripening, etc. While models have been described that predict ice crystal size obtained
by freezing water-solvent mixtures, these models still require significant inputs from
experimental measurements and therefore cannot be used in a predictive manner.** In our
experiments, the aqueous dispersion has silica particles, polymer and diepoxy cross-linker, in
addition to ACN. Therefore, physical rationalization of our experimental observations on the
effect of ACN on the pore size distribution is challenging. We simply note that we observe a
decrease in average pore size, and a qualitative change in the shape of the pore size

distribution on ice templating dispersions with increasing ACN concentration.

SEM reveals another interesting consequence of the addition of ACN. We observe that ice-
templated samples from water-ACN mixtures are characterized by walls that are perforated,
with small holes that are 3-10 um in size (Figure 6.3 b). With increase in ACN concentration,
there is an increase in the fraction of the wall area with holes increasing from 6.5% to 10.1%
to 12.5% for 1.6%, 3.2% and 6.4% ACN, respectively. In all scaffolds, the frequency of holes
decreases with increasing hole size (Figure 6.3 b). The data also suggests that increasing
ACN concentration strongly increases the fraction of small (3 to 5 micron) holes at the
expense of the larger (5 to 12 micron) holes. This is the first report of the formation of such
perforated walls during ice templating, and the appearance of small holes in the pore walls is
very unusual. The mechanism of formation of holes during ice templating is not fully
understood at this time. We believe that ACN plays a key role in hole formation. It is possible
that as the water freezes, there is an increase in ACN concentration in the liquid phase that
results in phase separation into water rich and ACN rich phases. Colloids, polymer and cross-
linker partition between these phases. Since the ACN rich phase does not freeze, polymer
and cross-linker do not get concentrated in this phase and, consequently, there is no cross-
linking. Therefore, after the sample is thawed, the regions where the phase separated ACN

droplets remain uncross-linked and form holes in the composite walls.
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The addition of ACN does not significantly vary the organic content (viz. fraction of polymer
and cross-linker, relative to the silica) across the scaffolds during ice-templating, as
evidenced by TGA data (Figure 6.4). Thus, TGA data reveals that the unusual perforated wall
morphology observed in SEM is not a consequence of ACN-induced changes in polymer
coating and/or cross-linking. Rather, it is a consequence of the influence of ACN on the
freezing of the suspension and subsequent consolidation of the hybrid walls as the polymer

cross-links around the silica particles.
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Figure 6.4: TGA of the scaffolds under N, atmosphere.

In chapter 5, we demonstrated that fluid transport through macroporous scaffolds during
uptake of a wetting liquid is strongly dependent on the overall volume porosity of the
scaffold. We estimate the porosity, as before, by taking a known volume of the scaffold and
swelling it with water. Weighing the swollen scaffold yields the weight of the water absorbed
(and therefore, the volume of the water can be calculated). The scaffold porosity is estimated
as the volume of water absorbed normalized by the scaffold volume. We observe a small
increase in the scaffold porosity from S, to the scaffolds prepared by ice-templating
dispersions with water-ACN as solvent (Table 6.1). However, we observe no systematic
variation in the porosity from S; ¢ to S;, to Sg4. We also subject water saturated scaffolds to
compressive strain in a theometer and measure the stress generated on imposition of strain.
We observe that ice-templated scaffolds formed by freezing colloidal dispersions and cross-
linking the polymer in the frozen state are elastic and recover completely from compressive

strains as large as 85% (Figure 6.5). The stress-strain data from compression/expansion
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measurements are similar for Sy, S16, S3, and Sg4. All scaffolds show a slow initial linear
increase in stress on compression, followed by a rapid increase at higher strain and exhibit
hysteresis during expansion from the compressed state. We measure the modulus of the
scaffolds as the slope of the linear stress-strain relationship, at low strains during the
unloading cycle (Table 6.1). We observe that the compression modulus is not significantly
affected by the presence of ACN in the ice-templated suspension and that ACN concentration

has no systematic effect on E*.

Table 6.1: Porosity and compressive modulus of the scaffolds. The error bars for the
modulus are obtained based on the fit to stress-strain data on one scaffold and do not

represent sample-to-sample variations.

Scaffolds % Porosity E* (kPa)
So 85 26+0.8
Si6 95 25+0.6
S3.2 91 27+0.7
Se64 93 23+0.6

6.4.2 Pressure drop study:

Capillary pressure measurements are performed in a home-built experimental setup. This
setup is described in experimental section and is shown in Figure 6.6. We measure pressure
drop across scaffolds when water is pumped through them at different flow rates viz. 0.2, 0.4,
0.6, 0.8 and 1.0 ml/min (Figure 6.7). At higher flow rates, the scaffolds debond from the
walls of the glass capillary. Scaffolds are bonded to the glass tube through cross-linking
between the PEI in the scaffold walls to that adsorbed on the walls of the glass tube. These

bonds fail at the high stresses associated with flow rates in excess of 1 ml/min.
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Figure 6.5: Compression and recovery of the scaffolds at 85 % strain at a rate of 3 mm min™.
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Figure 6.6: Schematic representation of a typical pressure drop measurement set up.

When flow is initiated by pumping water, we observe an initial build up of pressure
after which flow proceeds at a steady state value of the pressure drop across the scaffold
(Figure 6.7). Here we report the steady state pressure drop as a function of the flow rate. In
all scaffolds, the steady state pressure drop increases monotonically with flow rate, as
expected. We observe a remarkable decrease in the steady state pressure drop required to
sustain a flow rate from S, to the scaffolds prepared using ACN (Figure 6.8). The decrease in
pressure drop is already very significant from Sy to S;6, and we observe a further drop in

pressure drop for Sg 4 (Figure 6.8).
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Figure 6.8: Pressure drop across the scaffold at different flow rates of water.
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6.5 Conclusions

In this chapter, we have demonstrated for the first time, that holes can be introduced in the
pore walls of ice-templated monoliths. Freezing of ice-templated dispersions contaning ACN
introduces perforation in the pore walls. We demonstrate that perforation of the composite
wall is significantly influenced by concentration. Remarkably, addition of the miscible
organic solvent does not affect the overall porosity and mechanical response of the ice-
templated monoliths. We observe a decrease in average pore size with increasing ACN
content, and an increase in the fraction of the wall surface containing holes. We also
demonstarte that perforated walls significantly reduce the pressure drop for flow of water
through the monoliths. Thus, these monoliths with additional perforation in their pore walls

are good candidates for low pressure drop mixing units.
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This thesis is focused on the applications of macroporous sponges prepared via ice-
templating. We prepare ice-templated hybrid scaffolds by freezing an aqueous dispersion of
inorganic colloids, cross-linkable polymer (polyethyleneimine, PEI) and diepoxy cross-
linker, and by allowing the polymer to cross-link around the inorganic colloids, in the frozen
state. This protocol results in foams that are elastic, swellable and that can recover their shape
after compression, despite being comprised largely of inorganic particles (in some cases,
>85% by weight). Flexible particle-based sponges represent platform materials that have
potential for a wide variety of applications., We also demonstrate 100-fold scale up of foam
synthesis, by shaking the dispersion during the freezing process to ensure uniform heat
transfer. There is no compromise in mechanical properties and fire retardant characteristics of
the scaled-up sponges. We demonstrate the use of these sponges as fire retardant memory
foams, as flexible supercapacitors and as omniphilic absorbents. We examine the kinetics of
capillarity driven solvent uptake in macroporous scaffolds. Finally, we describe a modified
synthetic protocol that allows us to prepare macroporous monoliths with holes in the pore
walls. Such monoliths present significantly lower pressure drop for flow of liquid pumped
through them.

Hybrid scaffolds exhibit exceptional fire retardant properties since they are
predominantly comprised of inorganic. These hybrid foams are synthesized from
environmentally benign constituents and do not contain any fire retardant additive. We
demonstrated that when hybrid scaffolds are subjected to a torch burn test, the flame does not
spread and is self-extinguished. The foam structure does not collapse due to the underlying
inorganic framework. We believe that such remarkable fire retardant property of the hybrid
foam could have implications for foam applications in furniture, upholstery and automotive,

airline or auditorium seating applications.

We also prepare pure polymer sponge by ice templating solutions of poly(ethylene
imine) and diepoxide and by crosslinking the polymer in the frozen state. The crosslinked
polymer sponges are electrically insulating. We prepare porous polymer sponges containing
polyphenols from green tea, and use these to reduce silver salts that form silver nanoparticles,
embedded in the monolith walls. We impart electrical conductivity to polymer scaffolds by
electroless deposition of gold, promoted by the silver nanoparticle seeds. The sponge retains
its mechanical performance after large number of cycles of loading and unloading, even after
deposition of metal. PEDOT coated sponge exhibits moderate capacitance that is retained

after several cycles of charge discharge. We prepare capacitors using both liquid and gel
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electrolytes and observe that in both cases, the capacitance is intact after compressing the
device. Therefore this robust device could be useful as an energy source for flexible

electronics.

Omniphilic ice-templated sponges can be used to absorb solvents independent of their
polarity. Functionalization of the sponge walls of ice-templated crosslinked polymer sponges
with alkyl chains of variable chain length from C4 to C17 affords materials with controllable
affinity for polar or apolar solvents. Modification with a C4 chain results in a material that
can absorb 12 times its weight of either water or hexane. Such an omniphilic sponge is
unprecedented. Chemical modification with a C17 chain results in a sponge that can absorb
15 times its weight in hexane. Remarkably, the dry C17 sponge retains its oleophilicity
underwater. Even a water-saturated C17-modified sponge is able to absorb hexane from a
hexane-water mixture. Such sponges are also capable of separating hexane from surfactant
stabilized emulsions. These sponges are elastic. Therefore, absorbed solvent can simply be

extracted by compressing the sponge, and the sponge can be reused subsequently.

We also demonstrate kinetics of water uptake in a series of sponges with a wide
variation in properties (porosity varying from 66 to 98%; modulus varying by over an order
of magnitude and wall composition varying from pure polymeric to polymer-inorganic
composite). We showed a remarkable universality in capillary uptake in porous sponges, over
the entire range of sponge porosity and deformability. The kinetics of water uptake for all
these sponges could be collapsed onto a universal curve. Interestingly, we observed that
capillary rise is not influenced by the elasticity of the sponge. We adapted the
Ergun/Forchheimer model, that are traditionally used to describe flow through rigid porous
materials, and demonstrate that these describe capillary driven flow in these elastic scaffolds

as well.

We also demonstrated the preparation of composite scaffolds that exhibit perforations
in their walls. We demonstrated that ice-templating dispersions from water/acetonitrile
mixtures result in macroporous monoliths with walls containing holes. The monolith
morphology, viz. pore size and hole formation could be controlled by simply varying the
acetonitrile concentration. Scaffolds with perforated walls present reduced pressure drops for

flow of water through them, in comparison to those with solid walls.
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