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SUMMARY

Functional nanomaterial and polymer composites are present in nearly every facet of our

daily lives. Many commercial products owe their beginnings to some nontrivial technological

advance in this field of research; light-weight battery devices in smart phones, for instance,

or filtration membranes for water purification. Oftentimes, this forward progression in funda-

mental materials science is accompanied by life-saving advancements in medicine as well; from

fluid-resistant disposable clothing for surgeons, to advanced wound care that promotes healing,

or even composite coatings for replacement joints to reduce friction. Not only do these mate-

rials impact our daily lives, they are paving the way for new research which will change the

lives of generations to come. And so, the field of research to which this thesis makes a hum-

ble contribution is that of functional polymer composite materials. More specifically, it deals

with the synthesis and application of these composites onto a family of substrates, namely,

porous nonwovens. It is a rich field, and one that is presently growing. As new materials are

synthesized, methods for their production are improved, and every year our understanding of

fundamental chemical relationships deepens. Surface science is at the core of everything that

is presented herein.

It is hoped that new developments in materials science will translate to an improvement

in the quality of living world-wide. Many revolutionary polymer nanocomposites, comprising

nanomaterials within a polymer matrix, have ushered in new areas of scientific research and in-

novation for their low-cost, light-weight, and high-efficiency potential as alternatives to existing
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SUMMARY (Continued)

technologies in fast-growing areas of commercial development. However, many developments in

this field are hindered by the inability to transition from the laboratory bench into large-scale

industrial production. These developments should not be dismissed as they inevitably reveal

new insight and contribute to our fundamental understanding as a whole. Yet, a primary goal

of this thesis work was to enable many of the new composites and functional materials which

we have developed to be scalable. It is with this stated goal in mind that much of the presented

work was pursued.

One component which assists our pursuit of scalability, and therefore low-cost and high

throughput, is our choice of substrates: nonwovens. Nonwoven is a broad term encompassing

almost any fabric or textile which is made without weaving fibers together (i.e., loom). These

materials are valuable in that they can be made on very large scales, very quickly. Most

importantly, they have a high degree of surface area which is directly proportional to their

functionality. It is for this reason we have chosen to use them as substrates in nearly all of our

applications, even though many of our methods are substrate-independent. To reiterate, this

work’s contribution relates to the science of modifying surfaces, and showing these modifications

to be tunable. Thus, a material with a greater amount of surface area (i.e., porosity) is ideal

for these pursuits.

The initial focus of this work was in the arena of fluid management; more precisely, fluid

repellency. Many of the prior advances in this field have relied on volatile organic compounds

(VOC) and fluorine-based chemistry, which are known to have long-lasting impacts on the

environment. Building on these pioneering examples from the literature, we have developed
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SUMMARY (Continued)

environmentally-friendly water-based formulations to impart extreme water repellency, or su-

perhydrophobicity, to a variety of surfaces. Using a novel water-based fluoropolymer system,

we were able to achieve one of the first completely water-based superhydrophobic dispersions.

After characterizing this system for the minimal mass deposition required, a novel fluid mech-

anism was subsequently discovered and characterized, termed the fluid diode; capable of fluid

flow rectification in one direction. Although this mechanism is demonstrated using our first

water-based formulation, the mechanism is independent of the formulation and substrate, re-

quiring only a thin fluid barrier on one side of a porous medium. In an effort to generate an

even more environmentally-benign formulation, the next task which was undertaken was to

remove fluorine altogether, resulting in one of the first water-based and fluorine-free superhy-

drophobic dispersions. Additionally, the formulation has a translucent-white appearance and

the constituent materials have prior FDA-approval; thus, overcoming a nontrivial hurdle in the

transition from laboratory-scale development into viable commercial production.

The knowledge gained in materials systems from the previous work, specifically that of nano-

material and polymer composites, has enabled the extension of this research into conductive

composites. The motivation towards low-cost and large-scale solutions enabled the develop-

ment of a unique conductive composite for paper-based electronics. By taking advantage of an

ubiquitous material such as artists’ acrylic paint and conductive graphite nanoparticles, a com-

posite achieving quasi-metallic properties was achieved demonstrating extreme durability with

competitive electronic performance; at a lower cost than current conductive inks and similar

composite systems. This work was quickly followed by the development of another, extremely
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elastomeric conductive and superhydrophobic composite; making use of carbon nanofibers and

another commonplace material found in nearly all modern laboratories: ParafilmTM. It was

found that by virtue of Parafilm’s strong adherence to certain substrates, the material could be

made to mimic reversible deformation, so-called pseudo-reversible elongation. The performance

far exceeds previous benchmarks from the literature in both flexible conductivity and repellency

metrics, even after multiple stretch cycles.

Unlike the previous examples, which were primarily substrate-independent and relied on

novel composite systems, the final component to this work relies on a specific substrate, that

of polyvinylidene fluoride (PVDF) nonwovens. Much of the characterization techniques and

composites developed prior proved useful towards adding functionality to these unique nonwo-

vens, which were made elsewhere by a unique method of manufacturing enabling repeatable

fiber diameters of 1 µm. The attractive properties of the PVDF polymer enable exploration

into the generation of piezoelectric fabrics for energy-harvesting and self-defouling filtration.

To ascertain the viability of these materials for such applications, characterization of their crys-

tallinity and the construction of an electrical poling apparatus was necessary. In addition to

the piezoelectric component, these materials were also characterized for water-in-oil emulsion

separation; achieving, and surpassing in some cases, performance benchmarks from industry

and literature for similar applications. In almost all cases, previous examples were not able to

achieve the high-throughput and therefore low cost of our substrate, thus making this work a

significant advance in relevant textile industries.
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CHAPTER 1

INTRODUCTION

1.1 Nanomaterials

Nanomaterials, defined as having one or more dimensions on the nanometer scale (i.e.,

nanoparticles, nanofibers, etc.), offer intrinsic functionality over their bulk form due to the

increased surface area when the particles are discretized on such small scales. The large surface

area to volume ratio of these materials gives rise to many interesting properties and forms

the impetus for their extensive study in the field of materials science. Gold nanoparticles, for

instance, when formed in a suspension actually take on a red appearance (1). This change in

optical property, observed with many nanomaterials, results from the particles reduced to small

enough scales that the wavelength of visible light is on the same order as the incident surface(s),

and thus their reflection and absorption spectra change. The color of reflected light is only one

property which can change when working with nanomaterials as compared to their bulk form;

many other properties change because of the increased surface to volume ratio (e.g., chemical

reactivity, conductivity, magnetic properties, melting point, etc.). This high surface area enables

nanomaterials to enhance surface functionality while minimizing volume in composites, readily

translating to light-weight and high-efficiency substitutes for many industrial and commercial

applications; commonly finding applications which would otherwise be impossible.

1
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The use of nanomaterials for their unique properties is not a new field. There exist many

examples in human history, from ancient to more modern times, where this science has been

used to great effect. Gold and silver, historically two of the most coveted elements since the

recorded advent of civilization, are perhaps the most significant examples of mastery over

the nanometer realm in ancient history; with instances of their use in colloidal dispersions

extending as far back as the 5th century B.C. The Lycurgus cup (shown in Figure 1), a 4th

century B.C. Roman cup displaying an episode from the myth of Lycurgus, a king of the

Thracians, is one of the most well-preserved examples of the craftsmanship attributed to first-

hand knowledge of nanomaterials, and their inclusion in composite materials (2). The cup was

made by dispersing gold and silver nanoparticles in glass, likely from a colloidal pre-suspension.

The precise method of manufacture remains elusive to modern-day scientists, as attempts at

reproduction have not met with complete success. Furthermore, the art of creating these

colloidal nanoparticle suspensions was not isolated in specific regions. It is possible that the

techniques were proliferated amongst trade routes, or even more remarkably, these processes

could have been arrived at independently.

The ancient Egyptians were known to produce large quantities of what they referred to

as “oil of gold,” having a reddish pink coloration, a well-known aforementioned attribute of

colloidal nanogold suspensions (3). A property not confirmed for modern science until Faraday

in 1857 (4). Several hundred years prior, in his book entitled, The newe iewell of health (5)

from the 16th century A.D., the alchemist Paracelsus referred to his “Elixir of Life” as “Aurum

Potabile,” or potable gold. At the time, this elixir, wherein sulfur was used to reduce a gold
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chloride solution, was considered a curative treatment for many ailments, from heart problems

to syphilis (6). It’s conceivable that similar methods to produce colloidal gold may predate

these examples from antique texts by several thousand years, evidenced by references in ancient

Chinese and Egyptian literature.

Amazingly, it is clear from historical texts and archeological discoveries that what is com-

monly considered nascent modern science, is more precisely, the rebirth of a lost art. It is

probable that future discoveries will push back the advent of nanomaterial engineering even

further in human history.

Richard Feynman, one of the great physicists of the 20th century, played an instrumental

role in the resurgence of nanomaterial research over the last 50 years. He famously gave a lecture

entitled, “There’s plenty of room at the bottom,” in 1959 (7) at a meeting of the American

Physical Society (APS). This talk is regarded as one of the more significant motivations for

the growing field of nanomaterial research, to which this thesis makes it’s humble contribution.

For many decades since his lecture, and prior, advances in the precision of equipment used to

detect and manipulate these minute particles has met with an increased understanding of both

their properties and potential.

Many common materials, that have been essential for our emergence as a civilization into the

technologically-connected global society we have become, are finding new, broader applications

thanks to the increased understanding of their nanoscale attributes. Some recently discovered

materials were even predicted in decades past; long before the methods, or knowledge, required

for their synthesis were available. These new materials have only recently been made possible
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Figure 1. The Lycurgus cup, made by the Romans in 4th century B.C. by dispersing gold and

silver nanoparticles in glass. The behavior of incident light passing through the glass results

in different colors when lit from different directions. This is one of the most well-preserved

examples of nanoparticle composites from ancient times, and the only surviving example of a

Roman diatretum, or “cage cup.” Image credit: Nanotechnology in the Roman Empire

(http://newundersol.blogspot.com), 2013.
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by innovations in production techniques coupled with a better understanding of nanomaterial

systems. As is oftentimes the case with new materials and methods, costs remain relatively

high; however, novel synthesis methods are constantly being pioneered and refined to reduce

the production costs of these functional materials and resources.

1.1.1 Graphene

Graphene, a two-dimensional hexagonal mono-layer (one atom thick) lattice of carbon

atoms, was one such material that was predicted long before it had been successfully isolated

and observed. The use of graphite, essentially a disordered stacking of multilayer graphene,

has a storied history in many cultures. Even the modern name of graphite, from the Greek

graphein, meaning “to write,” reflects it’s history of use in pencils (8). The Boian culture in

neolithic times (4th century B.C.) may be one of first documented cultures to make use of

graphite in decorating ceramic pottery (9). Graphite was also used to line cannon-ball molds

during the reign of Elizabeth I (1533 - 1603), producing cannonballs with a much greater degree

of smoothness, thereby limiting their drag and allowing them to fly farther, and faster (10). As

such, it was a closely-guarded military resource for the English navy.

This technological superiority in warfare, through mastery over graphitic materials and

composites, is also exemplified in the Japanese art of sword-making; where the sharp edge of

the katana could be strengthened by the addition of carbon. Early Japanese smiths found

that by heating coal with what is referred to as “iron sand,” they could produce a steel called

tamahagane (11). Not only does the addition of graphitic carbon promote the sword’s ability
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to retain a sharp edge and resist breaking, but it also makes the sword considerably lighter;

thus offering a distinct advantage in combat.

Evidently, much of the current interest in nanomaterial composites finds precedence through-

out history, where innovation was often sought as a means to superior military strength. It is

hoped that current advances in understanding of nanomaterial properties will yield a superior

quality of living for generations to come, as we collectively benefit from the technological inno-

vations of generations past. It is with this, perhaps idealistic, goal in mind that much of the

presented work was pursued.

Monolayer graphene was predicted as early as 1947 by P.R. Wallace (12), although the lamel-

lar structure of graphite was well-understood much earlier. Benjamin Collins Brodie studied

graphite oxide and determined it to be the result of an ordered stacking of thin sheets into

flake-like structures (13), although the true structure wasn’t fully determined until more ad-

vanced observational methods became available. In 1918 (14), Kohlschütter and Haenni used

powder diffraction to reveal the presence of ordered stacks of monolayer carbon lattices. This

discovery served to fuel graphitic research, which blossomed over the next 50 years aided by the

invention of the transmission electron microscope, greater precision in X-ray diffraction (XRD),

and better theoretical models. These advances were quickly followed by the re-discovery of car-

bon nanotubes (CNT) in 1991 (15) and the Nobel Prize-winning discovery of the long-theorized

single-layer graphite in 2004 (16), what is now commonly referred to as graphene. Research into

graphene-related materials has grown exponentially since their respective discoveries as shown

in Figure 2.
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Figure 2. Research articles published in journals between 1985 and 2009, using the keywords:

fullerenes, nanotubes, and graphene. Image credit: A. Plume, Buckyballs, nanotubes and

graphene: On the hunt for the next big thing (http://www.researchtrends.com), 2010.
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It is helpful to make the distinction between the various graphitic materials currently being

studied, specifically that between graphene, carbon nanotubes (CNT), or carbon nanofibers

(CNF). Graphene, as previously mentioned, is a 2-D hexagonal monolayer lattice of carbon

atoms. These sheets of graphene can occur in a few layers (multilayer graphene) to many

(graphite), it is currently much less expensive to produce multilayer graphene, in the form of

high aspect ratio graphite nanoplatelets (GNP), than single sheets of graphene; although this

may no longer be the case in the coming years as synthesis techniques improve.

If the single sheet of graphene is rolled into a cylinder, it forms what is known as a carbon

nanotube (CNT). CNT can be produced in single-walled (SWCNT) or multi-walled (MWCNT)

forms, where smaller concentric cylinders are nested within larger ones. In addition, nanomate-

rials known as carbon nanofibers (CNF) refer to cylindrical fibers made from nested bowl-,cup-,

or plate-shaped lattices. The family of particles all derive from the intrinsic lattice structure of

graphene, prized for high conductivities via ballistic electron transport, high thermal stability,

and mechanical strength, to name just a few advantageous properties. In this work, GNP and

CNF are used for their electro-conductive properties along with their high aspect ratios, which

aid in the formation of charge percolation networks in polymer composites, as well as offering

surface texture.

1.1.2 Nano-clays and Metal Oxides

In addition to the graphitic materials, there are several other nanoparticles of interest which

are presented in this work. Nanoclays have proven extremely useful for their dispersability

in water-based colloidal suspensions. Clays, typically comprising stacked layers of metallic
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oxides and organic material, are a fine soil formed over relatively long geological time-scales

from chemical weathering of silicate-bearing rocks. The distinction between silts and clays in

not without some controversy, but depending on the academic source, the divide is generally

considered to be somewhere between 1 and 4 µm, with clay being the finer of the two (17). In our

work, we have strictly confined our studies to nanoclays where their platelet-type structure (i.e.,

high-aspect ratio) are once again useful in generating nanoscale texture suitable for extreme

water-repellency.

While nanoclays comprise metallic oxides, it is often useful to isolate these metallic oxides

and work with them independently. Nanoclays such as smectite and vermiculite, upon wetting

with water, will swell considerably which is undesirable in certain applications. Additionally,

if specific metallic oxides are isolated and incorporated, greater functionality can be imparted

to a composite. One such oxide nanoparticle is titanium dioxide (TiO2), which has known

photocatalytic properties (18) making it suitable for applications such as photovoltaics and

tunable wettability. Other oxides which are used in similar composites herein, whether for

comparison purposes or specific functionality, are silicon dioxide (SiO2) and zinc oxide (ZnO).

1.2 Polymers

The field of polymer science has advanced by leaps and bounds since its beginnings in

the late 1700’s and early 1800’s, when the macromolecules were erroneously believed to be a

colloidal clustering of small molecules, lacking specific molecular weight (19). It wasn’t until

1922 that Hermann Staudinger first suggested they were actually covalent macromolecules,

bound together in long chains; a discovery for which he would go on to win the 1953 Nobel
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Prize in chemistry. Since Staudinger’s time, the commercial and academic base for polymer

science has widened considerably; the understanding acquired in the last century for these

macromolecules has launched entire industries and has even allowed mankind to map the human

genome (20). It can be safely stated that there are very few facets of human life which have

not been improved in some nontrivial manner by the introduction of a polymer, or polymer

composite; furthermore, it can be safely assumed that this incorporation of polymers into our

lives will only increase in the coming years. Polymeric composites have revolutionized materials

science, dramatically reducing production costs to make functional composites economically

feasible for introduction into modern consumer goods and providing solutions for industrial

needs.

In general, polymers can be divided into two groups: thermoplastic and thermosetting.

Thermoplastic refers to a group of polymers that do not actively cross-link across multiple lay-

ers or chains, remaining malleable both above the glass transition (Tg) and below the melting

point (Tm) without undergoing a phase change. Thermosetting polymers on the other hand, will

undergo an irreversible phase change upon curing due to the high level of cross-linking across

polymer strands. Low Tm thermoplastic polymers are especially useful for forming and process-

ing, and are used in a wide array of products from Nylon fabrics (polyamide, PA), to Plexiglasr

(polymethyl methacrylate, PMMA), and non-stick coatings (Teflonr) (polytetrafluoroethylene,

PTFE) for cookware.
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1.2.1 Polymer Blends & Crystallinity

It is often useful to combine multiple polymers to take advantage of their individual prop-

erties in tandem, thus generating a composite material with unique properties. For example,

adhesive polymers can be added to low surface energy polymers, which are notoriously difficult

to bind to many surfaces. The blend can result in a new matrix capable of combining the low

surface energies and adhesion properties, thereby forming an adhesive layer which resists dirt

adhesion, exemplified in common household paints (21). This can be extended to incorporate

not only two polymers of differing attributes, but several. Although with added complexity can

come new and unforeseen attributes, as well as difficulties. It is often the case that polymer

blends are limited to two or three distinct components, although this is more of a guideline for

simplicity (i.e., cost-point) rather than a strict rule of thumb.

Additionally, homopolymer (homogenous repeating units) blocks in a single chain can be

modified and removed to constitute a new copolymer. A block copolymer consists of repeating

units of ordered structure such that a polymeric backbone is broken up in distinct, repeating

groups. If this ordering is random, it is referred to as a statistical polymer. Also, the addition

of nanomaterials into a colloidal polymer suspension can graft them onto the chain itself via

adsorption along the nanoparticle surface, thereby forming an ‘elemental block;’ or the addition

of nanomaterials can form nucleation sites to enhance the ordering of the polymer structure,

or crystallinity.

The ordering of a polymer into crystalline regions can result in dramatic changes to the ma-

terial properties of a polymer group from that of their amorphous, or disordered form. Although
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the usage of the term crystalline in polymers is somewhat ambiguous since it is generally de-

fined more precisely as atomic ordering ; however, the application of crystallographic techniques

for assessing atomic ordering is entirely relevant to the study of ordered polymer groupings as

well. Among some of the property changes as these macromolecular structures become more

ordered are optical transparency (amorphous) and mechanical strength (crystalline). It can be

advantageous to blend particle(s) into polymer composites to alter the degree of crystallinity,

thereby tuning the resultant material properties.

1.3 Functional Nanomaterial/Polymer Composites with Tunable Properties

As has been discussed, there exists many advantages for incorporating nanomaterials in a

composite. The composites of interest to the current work are all polymeric, consisting of one

or more polymers forming a binder matrix. This matrix acts as scaffolding for the addition

of nanomaterials, and/or determines the surface energy of the material formed from these

composites. The composite materials are generally applied as a protective layer on a given

substrate, in nearly all cases the substrate is a porous material of high surface area (i.e., fibrous

nonwoven). The change in material property of a composite with the addition of one or more

nanomaterials for functionality is herein studied. It will also be shown that the surface area of

the chosen substrate serves to enhance the properties of the conformal composite layer; thus, a

substrate with high surface area is considered ideal for imparting greater surface functionality

as they are directly proportional to one another.
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1.3.1 Liquid Repellency

The wettability of a surface to liquid is determined by two factors: morphology and surface

energy. For a smooth surface lacking rough texture, the behavior of a liquid contacting the

surface will be determined solely by the surface tensions (γ) at each interface, not only for

the liquid and solid surface but the surrounding vapor (See Figure 3a). If we solve the energy

balance at the triple interface for the liquid/vapor (γLV), solid/vapor (γSV), and solid/liquid

(γSL), we can obtain a definition for the contact angle (θ) of the droplet on the surface, called

Youngs relation (22):

γLV cos θ = γSVγSL (1.1)

Extending this concept to a mildly textured surface, we can build from the simplified form deliv-

ered by Wenzel (23) for treating an apparent contact angle (θ∗). Wenzel made the assumption

that for the textured case, the water will contact a greater portion of the solid, thus the apparent

contact angle will differ from the original (equilibrium) contact angle by the relation,

cos θ∗ = R cos θ, (1.2)

called Wenzel’s equation, where R is the roughness factor for the surface (R > 1). Of course,

Wenzel’s equation applies only for chemically homogenous surfaces as the surface tension values

at the interface will change depending on the chemistry. However, Cassie and Baxter (24) later

developed a theory for wetting of chemically heterogeneous surfaces where the apparent contact
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angle can be considered to be the sum of the cosines for the equilibrium contact angles (θ1 and

θ2) in a weighted form such that:

cos θ∗ = f1 cos θ1 + f2 cos θ2, (1.3)

called the Cassie-Baxter equation, where f1 and f2 represent fractional surface areas (f1+f2 = 1).

For the case of a droplet resting on a surface with a very rough morphology, it is actually

only partially in contact with the solid but will also entrain, and thus rest upon, pockets of

vapor trapped within the surface roughness of the solid. The resultant equation is a modified

form of the Cassie-Baxter equation such that,

cos θ∗ = −1+ϕ(cos θ+ 1), (1.4)

where ϕ represents the solid to liquid ratio for contact area. In general, for apparent contact

angles above 150◦, these surfaces are considered superhygrophobic; specifically, for water and

oils, the terms superhydrophobic and superoleophobic are used, respectively. In most cases,

with rare exceptions (25), superoleophobic surfaces will be superhydrophobic as well but not

vice versa due to the lower surface energies of oils. The unique cases where this does not hold

true will be discussed later.

Another consideration in the theory of liquid repellency is that of droplet mobility. A

surface is considered super-repellent, or self-cleaning (i.e., lotus effect), if a droplet resting on

the surface will roll off when the surface is tilted at an angle (Figure 3b, sliding angle α) less than
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Figure 3. (a) The wetting behavior for a solid surface is determined by the energy balance at

the triple interface, in this case for a droplet that is on the border between hydrophobic and

hydrophilic - 90◦. (b) The sliding angle α is the angle of tilt at which the droplet will be seen

to roll, with the CA hysteresis (∆θ) as the difference between the advancing (θADV) and

receding angles (θREC). (c) The behavior of a water droplet on a rough surface with low

surface energy, hydrophobic. (d) The behavior of a water droplet on a rough surface with high

surface energy, hydrophilic. Roughness will enhance the hydrophobicity or hydrophilicity of a

solid surface.
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10◦. Many, but not all, superhygrophobic surfaces are super-repellent, or possess a high droplet

mobility determined by low contact angle hysteresis (∆θ), defined as the difference between

advancing (θADV) and receding contact angles (θREC). These angles refer to the angles formed

at the leading and trailing edges of a droplet as it rolls off of a given surface (See Figure 3b),

the closer the values are (∆θ→ 0) implies a more mobile droplet.

Analyzing droplet sliding, or roll-off, the force of gravity must be brought to bear as it is the

primary force which propels droplet motion when they are placed on a tilted surface; resulting

in the important self-cleaning properties of these repellent surfaces. To quantify this behavior,

the dimensionless Bond (Bo) number sheds insight, forming a ratio of gravitational body forces

and surface tension forces:

Bo =
ρgr2

γLV
, (1.5)

where ρ is the fluid density, g is gravitational acceleration, and r is the droplet radius. This

implies that surface tension will be dominant when Bo < 1 for liquid droplets. The sliding

angle α can be further quantified by the equation (26; 27),

sinα =
2rγLV(cos θREC − cos θADV)

ρVg
, (1.6)

where θADV and θREC are the advancing and receding CA, respectively, and V is the liquid

droplet volume. This equation demonstrates the critical factor in droplet mobility is not high

CA, but rather low CA hysteresis.
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In general, surface roughness will enhance the affinity, or aversion, of a surface to fluids

(Figure 3c, d). For generating super-repellency to lower surface energy fluids, such as oils,

the concept of surface roughness must be refined (28). A reentrant morphology is required

such that the solid interface of the surface actually curves away from the advancing fluid/vapor

interface. Reentrant is a term borrowed from mathematics, referring to a function that curves

back in on itself; in our case, reentrant refers to surfaces with receding surface features. This

type of morphology requires greater energies to fully wet the surface, and as such, wetting is

thermodynamically unfavorable, resulting in a metastable equilibrium.

1.3.2 Conductivity

Of importance for a significant portion of this work is that of electrically conductive nano-

materials. As stated earlier, graphitic materials such as GNP and CNF are prized for their

ballistic electron transport, made possible by a quasi-metallic carbon lattice conductivity (29).

This unique property enables them to impart excellent electronic conductivities via their incor-

poration in polymer composites.

Percolation theory (30), a mathematical description for the behavior of connected clusters

in a larger group, is helpful for explaining the imparted properties of graphitic materials em-

bedded in an otherwise nonconducting medium. A conducting site can be considered to have

a probability p that it will have another connecting site, there is a probability of 1− p that it

will not have a connecting site. Thus, there exists a critical probability, pc, below which the

percolation pathway through a lattice will be either closed (0 probability, p < pc), or open (1)
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if p > pc. By varying the conductive filler content and analyzing their respective performances,

ideal ratios can be arrived at, and pc can be determined.

In an interconnected medium such as we find by dispersing conductive particles in poly-

mer, each connection will increase resistance slightly. As such, the percolation pathways of

electronic current will always be the path of least resistance (i.e., energy minimization). The

low resistances of graphene assists greatly in maintaining overall low electrical resistance in the

composite.

The resistances presented herein are all in terms of sheet resistance, Rs. Made possible due

to the electrically conducting composites having relatively uniform thickness. Resistance can

be defined as:

R =
ρ

t

L

W
= Rs

L

W
, (1.7)

where ρ is the volumetric resistivity of the material, and t is the composite thickness (ρ = Rst).

L and W are the length and width of the composite, respectively. Sheet resistance can thus be

determined using a 4-probe measurement of resistance if L and W are equal (Rs = R). Typical

units for expressing Rs are Ohms per square, or Ω/�, to distinguish them from units of bulk

resistance (Ohms, Ω). The volumetric conductivity σ is simply the inverse of resistivity (σ = 1
ρ)

and has units of Siemens per meter, or S/m.

4-probe resistance measurements are used since they are more accurate and appropriate for

low resistances, as the current carrying wires are separate from the voltage sensing wires in the

impedance circuit. Current-voltage (I-V) curves are also employed to analyze linearity of the
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Ohmic resistance in our composites, this is performed using the slightly less accurate 2-probe

measurement since it is for determining linearity, and not resistance (slope).

1.4 Nonwovens

Nonwovens are generally fabrics/textiles bonded through any means (e.g., mechanical, chem-

ical, or heat treatment) other than weaving (31). Felt is one of the simplest and oldest of these,

typically made from wool (synthetic wool is made from acrylic) fibers that are condensed and

entangled together without the use of woven techniques (e.g., looms). Felt is one example of a

wide range of nonwovens with manufacturing techniques equally varied.

A more recently developed method of manufacture for polymeric nonwovens is that of spun-

laid (32). This process requires the polymer to be melted, filtered, and then spun onto a belt by

air deflectors. Multiple parameters, such as air speed, belt speed, temperature, and distance-to-

belt, among many others, can be tuned to control fiber diameters and pore sizes of the resulting

material in one continuous process. The belt then feeds onto a roll, with the polymer fibers

rapidly cooling and bonding to one another to create a very repeatable and uniform fiber web.

As stated, several factors go into the resultant properties (e.g., fiber diameter, porosity) of the

fiber web, but of critical importance is the choice of polymer(s), the material properties of which

determine the subsequent ranges of variable parameters for spunlaid production. Depending

on the application, it can be advantageous to use bicomponent polymer composite fibers which

are made using a blend of two polymers to combine the properties of both into the fiber web

for similar reasons to those discussed above.
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One such bicomponent (bico) spunlaid process is that of spunbond (33), more specifically

for this research, polyvinylidene fluoride (PVDF) “islands-in-the-sea” cross-sections (34). In

this method, two polymers are extruded together through a conjugate spinneret distributer,

with the center polymer forming filament structures embedded within a surrounding secondary

polymer resembling islands in cross-section (See Figure 4). The spunbond process offers high

throughput and uniformity as well as high fiber strength making it attractive for manufacturing

over other nonwoven processes. The feasibility of using islands-in-the-sea fabrication to form

high-strength fabrics after bonding has been studied extensively at NCSU, performing signif-

icantly better than the segmented-pie approach using either mechanical or thermal bonding

methods (35). One key disadvantage of the segmented-pie cross-section over that of islands-in-

the-sea is larger fiber diameters, along with inferior fiber properties in general. The challenge

is to generate nonwovens with fiber diameters approaching 1 micron from PVDF for filtra-

tion applications, which at this point can only be met using the islands-in-the-sea approach.

The subsequent choice and incorporation of a secondary polymer component representing the

cross-sectional “sea” poses another challenge in designing and fabricating these unique nonwo-

vens. Ideally, this bicomponent mixture should be separable once bonded to generate a pure

PVDF nonwoven, although it may be of interest to separately investigate both PVDF-blend

and all-PVDF nonwovens generated through the islands-in-the-sea spunbond process.

1.4.1 Piezoelectricity

The piezoelectricity of PVDF, studied as early as 1960 (36), is a by-product of the β-phase

crystallinity. This change in crystallinity occurs from the linkages in the polymer which allow for
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Figure 4. (a) Cross-sectional SEM image displaying PVDF-PE fiber morphologies. (b)

Close-up of fiber bundles showing the Islands-in-the-Sea pattern, with the islands (PVDF)

surrounded by the sea (PE) in tight bundles with diameters ranging from 20-30 µm and

individual fiber diameters approaching 1 micron.
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variant orientations. In the α-phase (Figure 5a), dipole moments arising from the arrangement

of the atomic elements cancel. In the β-phase (Figure 5b), the entire polymer chain will have

a positive (δ+) and negative (δ−) opposing charges giving rising to a net dipole moment; more

specifically, the fluorine and hydrogen atoms group themselves on either side of the carbon

back-bone in the polymer chain. This well-ordered polarity will cause the polymer chain to

contract when a voltage is applied across it, or in the reverse, can actually generate a voltage

if mechanically deformed. There exists great interest in utilizing this attractive attribute of

PVDF for everything from energy harvesting to military drone surveillance equipment which

can become airborne by mimicking insect wings (37).

One of the primary challenges associated with harnessing the piezoelectric properties of

β-phase PVDF, especially in the case of a nonwoven fabric, is the high-voltage electrical poling

required. Electric poling requires voltages on the order of MV/m to orient and organize the

polarity in the structure of the fabric web. This is required to produce any piezoelectric response

in the fabric via organizing the individual dipole moments uni-directionally within the polymer

fiber; otherwise, when activated with a current, or attempting to generate a current from

mechanical deformation of the fabric, disordered poles will cancel. The challenge of poling

PVDF has been well-documented (38), but to-date has only been studied on polymer films or

individual fibers (39; 40). Poling of PVDF nonwovens has not been previously reported, nor is

there any certainty the nonwovens can withstand such high voltages without physical damage.

The small diameters of the fibers (∼ 1 µm) may be exposed to temperatures during poling above

the Tm of PVDF, and may result in melting or burning.
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Figure 5. Atomic representation (legend on bottom) of either (a) α-phase orientation of

PVDF, or (b) PVDF in the β-phase. In the β-phase, hydrogen atoms are entirely oriented

along one side of the carbon ‘back-bone,’ while fluorine atoms are entirely oriented along the

opposite side, giving the polymer chain a polarized orientation with an electrically positive

charge on the hydrogen side (top, green atoms) and an electrically negative charge on the

fluorine side (bottom, blue atoms).
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1.4.2 Oil-water Emulsion Separation & Self-defouling Filtration

In regards to fluid repellency, the differences in surface energies between multiple fluids

(e.g., oils, water) make possible a selective separation of these fluids when a mixture is passed

through an intelligently-designed porous medium. Polymeric nonwovens are used in a number

of industries, such as liquid-solid, liquid-liquid, and air filtration applications. Combining the

homogeneity and high-throughput of these materials with a tunable wettability has vast po-

tential in liquid filtration; yet, a fibrous nonwoven with piezoelectric properties that could be

actuated by an electric current has even greater potential to extend the life-span and efficien-

cies of these filters. Such a device could self-defoul when the pressure drop reaches a critical

threshold, thus reinvigorating a high-performance without requiring filter replacement. Not

only would this be applicable in liquid filtration applications, but also that of air filtration and

aforementioned energy harvesting applications.

For selective multicomponent fluid separation, tuning the wettability to repel higher surface

energy fluids while wetting to lower surface energies has been effectively demonstrated in the

literature and in this thesis. Superhydrophobic surfaces, for instance, are often not able to

repel lower surface energy fluids such as oils. These surfaces will resist wetting by water,

but are easily wetted by oil, even when in a mixture or emulsion. Applying such a surface

treatment conformally along the fibers of a nonwoven will enable this material to selectively

deny transmission by water through the filter, yet oil will easily pass through. Emulsions contain

fine suspended droplets of either water or oil dispersed in another fluid. Their small sizes (e.g.,

10–20 µm) make it very difficult to prevent passage of a droplet, even if the fibers themselves
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are repellent to the emulsified liquid, since they can easily pass through open pores large enough

to accomodate them. Tuning porosity such that passage can be limited to smaller and smaller

emulsified droplets will necessarily negatively impact the flux rate, but also improve efficiency

(i.e., purity). Balancing these two factors with the design of nonwovens is of critical performance

in today’s economy, as water and oil shortages are only met with increasing demands world-

wide.

1.5 Thesis Objective

The primary objective of this thesis is to explore the feasibility and applicability of large-

area, technologically relevant nanomaterial and polymer composites with applications on porous

nonwovens. With this objective, the following research topics were considered:

1.5.1 Water-based Superhydrophobic Coatings

• A water-based dispersion was formulated consisting of hydrophobic water-based fluo-

ropolymer and nanoclay particles, thus eliminating the use of volatile organic compounds,

to generate a spray-cast superhydrophobic fluid barrier treatment;

• Optimize the polymer and particle ratios such that they form a durable high-performance

superhydrophobic coating;

• Demonstrate tunable properties on nonwoven media such as fiber diameter and porosity;

• Characterize the dependence of wettability on water intrusion pressures for relevant dis-

posable nonwoven fabrics.
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1.5.2 The Fluid Diode

• Characterize a fluid gating device analogous to the electronic diode, wherein fluid flow

(i.e., current) can be rectified in one direction;

• Optimize the coating weight (in gsm) to show the tunability of the operational ranges;

• Explore applications for the novel fluid device;

• Demonstrate selective separation of multi-component fluid mixtures (e.g., oil-water) based

upon surface energy differences.

1.5.3 Fluorine-free & Water-based Superhydrophobic Compositions

• Formulate a water-based and fluorine-free dispersion consisting of weakly hydrophobic

water-based polyethylene co-polymers and titanium dioxide particles, thus eliminating

the use of volatile organic compounds and fluorinated compounds, to generate a spray-

cast superhydrophobic fluid barrier treatment;

• Optimize the polymer and particle ratios such that they form a durable high-performance

superhydrophobic coating;

• Characterize the crystallinity of the polymer with the addition of particle filler content;

• Characterize particle aggregation and surface adsorption kinetics as determined by par-

ticle phase, dimensions, and dispersion pH.

1.5.4 Graphene Composites for Conductive Paper Applications

• Characterize a novel composite from combining multilayer graphene (MLG) nanoparticles

in an artists’ acrylic paint;
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• Determine durability, conductivity, and flexibility of the composite for conductive paper

applications;

• Assess the performance of the conductive composite for THz radiation absorption and

attenuation;

• Design a simple circuit to assess efficacy in paper-based electronics.

1.5.5 Elastomeric & Conductive Superhydrophobic Composites

• Characterize a highly-elastic composite composed of carbon nanofibers in a paraffin wax

and polyoleofin polymer medium (ParafilmTM);

• Determine electronic performance and recovery of the composite through extreme strain

cycles;

• Determine water repellency performance and recovery of the composite through extreme

strain cycles;

• Analyze efficacy of material for smart fabric applications (i.e., wearable electronics).

1.5.6 PVDF Nonwovens

• Characterize novel PVDF-blend nonwovens fabricated using bicomponent spunlaid pro-

cessing, “islands-in-the-sea” cross-sections;

• Determine fiber fibrillation (1 µm fiber dia.) and nonwoven porosity for filtration appli-

cations;

• Determine fiber crystallinity, presence of β-phase PVDF;
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• Electrically pole fabrics to determine piezo-responsiveness (energy-harvesting, self-defouling).

• Measure flux and filtrate purity to assess potential in emulsion separation of oils relevant

to petrochemical industries.

1.6 Scope of the Work

Approaches to functionalizing nonwoven or porous media through the addition of a nano-

material/polymer composite are investigated. Among the demonstrated functionalities are fluid

repellency, electrical conductivity, and elasticity; in some cases, a combination of these proper-

ties are demonstrated. In certain instances, the composites are investigated independently, but

with the end-goal of incorporation on nonwoven porous media. The composites investigated are

all polymeric and universally substrate-independent, developed based on their surface energy,

adhesion, and/or elasticity. The choice of nanomaterial used in composites is application-

specific, and varies with each composite. In general, all of the nanomaterial composites were

designed for the purpose of adding tunable surface functionality high surface area materials.

The work begins with tuning the intrinsic wettability of a set of ubiquitous nonwovens to

improve resistance to water pressures in Chapter 2. The initial work involved characterization

of one of the first-ever, completely water-based (> 97 %) dispersions for generating superhy-

drophobic surfaces. It was considered germane to test this novel composite on commercially

available materials, while conducting an in-depth investigation into the correlation, if any, be-

tween water repellency and water resistance. The next step in the natural progression of these

developments was to utilize such environmentally-benign coatings in a device platform, which

is detailed in Chapter 3. The fluid diode is a liquid gating device made possible by a thin fluid
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barrier applied onto one side of a porous media. As will be discussed in Chapter 3, the choice

of both the fluid barrier and porous media is entirely arbitrary, as the mechanism is indepen-

dent of these. A water-based superhydrophobic coating was used in this case to underscore the

large-scale environmentally-benign feasibility of this method on industrial scales. The water-

based work set the stage for a more challenging task, that of removing the fluorinated chemistry

from super-hydrophobic dispersions, and creating an entirely water-based and fluorine-free for-

mulation for generating robust fluid barriers, as detailed in Chapter 4. For this undertaking,

polyethylene copolymers were combined with hydrophilic nanoparticles (TiO2), representing

the first-ever translucent-white nonfluorinated, water-based superhydrophobic coating.

From the knowledge gained through manipulation of filler particles and polymeric matrices,

my work progressed into developing nanocomposites for conductive functionality, which can

also double as radiation shielding devices and conductive paper-based electronics as described

in Chapter 5. For this, exfoliated graphite nanoparticles (multilayer graphene, MLG) were

dispersed in pthalo green acrylic artists’ paint medium for high-adhesion and additional dop-

ing effects imparted by the pigment nanoparticles, copper pthalocyanine. The primary tenet

of this work was to take a common material, such as artists’ paint, and find novel uses in

electronic device applications. Another example of incorporating common materials to achieve

high performance and maintain low cost is included in Chapter 6, where ParafilmTM, a common

vapor barrier film used in most modern research laboratories has been solution-processed with

carbon nanofibers to form highly elastomeric and conductive superhydrophobic coatings. The

performance of this particular composite far exceeds current benchmarks in industry and the
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literature for similar devices. Thus, further strengthening the case for engineering nanomate-

rial composites using well-established materials to produce low-cost, large-area coatings and

devices.

While much of the focus of the aforementioned works is in composite coatings, the sub-

strates chosen for testing were all nonwovens, or similar porous media. Novel nonwovens are

investigated independently in Chapter 7, fibers of which are polymer composites of PVDF

and either polyethylene (PE) or polylactic acid (PLA). These fabrics were assessed in terms

of their independent functionality, and a number of tunable properties added through the ad-

dition of conformal nanocomposites. Such properties include tunable wettability (oils, water,

etc.), electro-conductivity, elasticity, and piezoelectricity, among others. Preliminary results for

oil-water separation and fiber crystallinity/morphology are presented. As such, this chapter

represents the most “in-progress” research of all the chapters, with much of the data scheduled

for completion in the months following my final defense.

Finally, conclusions and research contributions from each of the chapters, as well as recom-

mendations for future research, are given in Chapter 8.



CHAPTER 2

WATER-BASED SUPERHYDROPHOBIC COATINGS FOR

NONWOVEN AND CELLULOSIC SUBSTRATES

This chapter and its associated appendix (Appendix A) are reprinted (adapted) with per-

mission from Industrial & Engineering Chemistry Research, 53, Joseph E. Mates, Thomas M.

Schutzius, Ilker S. Bayer, Jian Qin, Don E. Waldroup,and Constantine M. Megaridis, 222–227,

Copyright 2014, American Chemical Society (41).

The intense commercial demand for efficient fluid management (e.g., water barriers) has

resulted in a recent proliferation of methods intended to impart liquid repellency to various

substrates. Many such methods involve wet-based processing of hydrophobic polymers and

thus rely heavily on organic solvents whose properties pose environmental challenges when

scaled up from the laboratory bench. The current study presents a one-step, environmentally

safe (> 97 wt % water), room-temperature, low-cost, polymer-based technique that imparts

superhydrophobicity to commercially relevant porous substrates. The method features aque-

ous dispersions of a commercially available fluoroacrylic copolymer and hydrophilic bentonite

nanoclay and uses spray casting to apply coatings which are subsequently dried in open air to

form thin conformal films. Wettability measurements demonstrate that the coating formula-

tion imparts considerable resistance to water penetration in polymeric nonwoven and cellulosic

substrates. In addition to the benign environmental impact of the aqueous formulation, all

31



32

ingredients are commercially available, thus opening many technological opportunities in this

area.

2.1 Motivation

The field of superhydrophobicity has garnered a great deal of interest in recent years with

numerous scientific advances propelling its remarkable growth. The intense commercial de-

mand for efficient fluid management (e.g., water barriers) (42; 43; 44; 45) has resulted in the

proliferation of methods that impart liquid repellency to various substrates. In some of these

techniques, spray-coating has been demonstrated as a viable application tool due to its inher-

ent large-area low-cost capabilities and its substrate independence (46; 47). Although many

nonporous, untextured substrates may benefit from superhydrophobic coating treatments (e.g.,

hulls, exterior walls, etc.), in general, many of the envisioned applications are in the textile and

nonwovens industries.

Functional nanocomposite films synthesized by wet-processing of polymer-particle disper-

sions have been widely investigated. Applications of such surface treatments include, among

many others, electromagnetic interference shielding (48) and liquid repellency (49; 50; 51; 52).

In superhydrophobic coating applications, the dispersion of hydrophobic particles requires harsh

organic solvents, such as ethanol and acetone. Despite their functional advantages, organic sol-

vents are environmentally undesirable in large scale industrial processes. Water-based disper-

sions pose little environmental concern and are therefore of higher technological interest. How-

ever, water-based approaches are severely limited in the dispersion and delivery of low-surface

energy (hydrophobic) particle fillers. Due to this difficulty, the development of water-based
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coating formulations has been rare in the literature. Xu et al. (53) reported a one-step super-

hydrophobic coating method for cotton fabrics based on a modified silica hydrosol formed by

cohydrolysis and co-condensation of methyl trimethoxy silane and hexadecyltrimethoxysilane

(combined at ∼5 wt. %). The size of the modified silica particles was adjusted by changing the

ammonium hydroxide and sodium dodecyl benzenesulfonate surfactant concentrations (com-

bined at ∼2 wt. %). These researchers reported water contact angles of 151.9◦ and a water

droplet shedding angle of 13◦.

In polymer-particle composite coatings, the primary function of the polymer is to serve

not only as a matrix for low-surface energy filler particles (51; 54; 55) but also as an adhesion

promoter for the film on the underlying substrate. Fluoroacrylic polymer-based coatings have

some very attractive properties, such as exceedingly low surface energy, low friction coefficients,

repellency to both oil and water, and relatively low permeability to most gases (54). Among

fluoroacrylic polymers, perfluoroalkyl methacrylate copolymers (PMC) have been characterized

for water as well as oil repellency applications (56). Due to their environmental friendliness,

water-dispersed PMC have been approved for industrial use. Although copolymers with a long

perfluoroalkyl group demonstrate improved durability, they also raise environmental concerns

due to adverse bioaccumulation rates (57) and breakdown into PFA (perfluorinated acids),

which may pose toxicity threats. A recent study expressed concern that current maternal

concentrations of perfluorooctanoic acid (PFOA) have the potential to cause adverse effects

in human offspring (57). Thus, the US EPA invited fluoropolymer manufacturers to gradually

eliminate precursor chemicals that can break down into PFOA. The PMC utilized in the present
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study was created by industry in response to this EPA initiative and will not break down into

PFOA in the environment. Although this copolymer has improved environmental properties

due to its short perfluoroalkyl chain, its mechanical properties are compromised.

In general, liquid repellency (as demonstrated by high droplet mobility) is characterized by

low-contact angle hysteresis, which is defined as the difference between the apparent advancing

(θ∗A) and receding (θ∗R) contact angle values (58). Superhydrophobicity (θ∗A ≥ 150◦) relies on

low surface energy and micro-to-nanoscale hierarchical surface roughness. Most methods used

to designate superhydrophobicity are based on nondynamic or quasi-dynamic (ratio of inertia

to surface tension forces ∼ 10−5) contact angle measurements, which is hardly appropriate for

designating liquid repellency under realistic situations. However, high θ∗A values alone are not

a reliable measure of liquid repellency (see SLIPS (59) surfaces, rose petal effect (60), etc.). In

many applications, the coated substrate is expected to withstand more than just a thin film

of fluid or a few distributed droplets, therefore a more robust approach and testing method is

required to gauge a coating’s liquid resistance. Liquid penetration resistance is a good metric

for measuring repellency and depends upon substrate morphology and porosity.

This paper demonstrates a water-based superhydrophobic coating for use on, but not limited

to, commercially relevant polymeric nonwoven and cellulosic porous substrates. The specific

substrates were selected as being representative of a plethora of products in the market, ranging

from consumer and industrial tissues and paper towels, to diapers and medical protective fabrics.

The coating is a composite of a fluoroacrylic copolymer and hydrophilic bentonite nanoclay that

is applied by spray. The use of the hydrophilic filler is counterintuitive but it facilitates the
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water-based formulation pursued in this work. An apparatus has been constructed to challenge

the substrates with liquid pressures that are slowly increased until reaching the upper limit

of resistance to water penetration (i.e., hydrohead). The water-repelling effectiveness of the

dry coating is measured in terms of contact angles and hydrohead and is compared for a series

of substrates. The study utilizes these water-based polymeric dispersions to reduce substrate

effective pore size and solid wettability, with the ultimate goal of raising resistance to externally

applied water pressure. In coupling the maximum water penetration data with the metrics of

superhydrophobicity, the study sheds light on the connection between liquid repellency and

liquid penetration resistance (61) for surfaces modified with successive surface treatments. The

results demonstrate that it is possible to achieve a stable, water-based dispersion that achieves

superhydrophobicity when applied and dried on commercially-relevant nonwoven and cellulosic

substrates. It should be noted that the present composite coatings are not superoleophobic,

although the presence of the fluoropolymer may impart some degree of oil repellency.

2.2 Experimental

2.2.1 Substrates

Spunbond/Meltblown/Spunbond (SMS) Nonwoven

SMS nonwovens combine two layers of spunbond with one layer meltblown into a layered

fabric product. The SMS used in this study has a basis weight of ∼24 g per square meter (gsm),

63% void fraction, and is made of polypropylene fiber.

High-Density Paper Towel (HDPT)
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This is an absorbent cellulosic textile made from paper. Unlike cloth towels, paper towels

are disposable and intended to be used only once. Paper towels soak up water because they

are loosely woven, which enables water to wick between the fibers, even against gravity. The

paper towel used herein (Kleenex hard roll towel 50606, Kimberly-Clark Corporation) has a

basis weight of 38 gsm and 44% void fraction.

Tissue

This tissue substrate is made by a process named the uncreped through air-dried process

(UCTAD). This process (62) eliminates the need for creping, and removes bulk-reducing steps.

The tissue used in this article has a basis weight of around 30 gsm and 41% void fraction.

Spunlace Nonwoven

Spunlacing (i.e., hydroentanglement) uses high-speed water jets to entangle fibers, thus

promoting fabric integrity. Softness, drape, conformability, and relatively high strength are the

major characteristics that make spunlaced products unique among all nonwovens. The spunlace

material used in this study is comprised of polyethylene terephthalate (PET) fibers, has a basis

weight of 50 gsm, and 58% void fraction.

2.2.2 Materials

Bentonite (hydrophilic) nanoclay particles were obtained from Sigma-Aldrich. The aqueous

fluoroacrylic copolymer dispersion (PMC) was obtained from DuPont (20 wt. % dispersion in

water; Capstone ST-100). Deionized water was used as a probe liquid for penetration pressure

(hydrohead) tests, as well as the contact angle and roll-off angle measurements.
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2.2.3 Procedure

To prepare 100 mL of sprayable dispersion, the following steps were followed. Initially, 1.25

g of nanoclay was added to 92.5 mL of deionized water and bath-sonicated for 15 min (Branson

8200, 20 kHz, 450 W). After sonication, a stir bar was added to the dispersion and 6.25 g of the

PMC aqueous solution (20 wt. %) was added dropwise under mechanical mixing over the course

of 1 min. The PMC was introduced slowly to ensure adequate mixing, as the solution became

more viscous during this process. The final nanoclay/PMC dispersions (97.5 wt. % water, 1.25

wt. % PMC, 1.25 wt. % nanoclay) were applied by spray on each substrate. The 50:50 polymer-

to-nanoclay solids ratio was chosen on the basis of preliminary qualitative results; increased

polymer content significantly reduced surface roughness. Conversely, increased nanoclay content

adversely impacted wettability as the clay is hydrophilic and requires a balanced fluoropolymer

content to counteract its inherent tendency to absorb water. Likewise, increasing the overall

solid content in the final dispersion increases viscosity, in turn, hindering the ability to spray;

therefore, the solids wt. % in the dispersion was deliberately maintained below 3% to avoid

complications during spraying. An airbrush atomizer (Paasche, VL siphon feed, 0.55 mm

spray nozzle) was used to spray the samples from a distance of 15 cm. Water-based spray

dispersions pose several challenges as the surface roughness imparted from the particle filler,

and needed for repellency, is inhibited by the slow evaporation when the substrate is wetted

during spraying. To this end, the spray nozzle was chosen because it offered the finest spray

atomization achievable with the employed sprayer, in turn, enhancing water evaporation during

spray application. The spray distance also greatly affects coating morphology and deposition
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weight and, therefore, was chosen to avoid excessive substrate wetting during spraying, as

would be the case if the spray distance were too small, and maximize coating deposition rate,

which is reduced at greater spray distances. Care was taken to ensure spray uniformity and

control over coating thickness. To determine coating weight and verify uniformity, glass slides

were placed within the typical spray area normally occupied by the substrates during spraying.

These slides were subsequently weighed on a per spray-pass basis to evaluate uniformity and

determine amount of coating deposited in gsm. Each spray pass represented an average of ∼0.6

gsm of coating applied onto glass slides; this base level was used as a gauge for determining

approximate coating deposition onto the nonuniform porous substrates.

2.2.4 Characterization

Each of the samples, coated or uncoated, were characterized for hydrohead resistance and

droplet contact/sliding angles. The difficulties in measuring contact angle hysteresis on sub-

strates with roughness features of the same length scale as the test droplet sizes is addressed

below as well as in the Appendix. In addition, Scanning Electron Microscopy (SEM) images

were acquired to analyze coating levels, coating uniformity, and effective substrate pore size.

It should be noted that these soft substrates (all disposable) are not intended for long-term or

repeated use, thus attention was paid only to their single-use performance. Nonetheless, the

applied coatings did not shed during normal handling.

The applied coating levels were quantified so as to ensure consistent coating properties over

the entire sample area (9.5 × 7 cm2). Four spray passes resulted in a uniformly distributed

coating mass of 2.4 ± 0.2 gsm over that sample area. At coating add-on levels below 2.4 gsm,
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individual droplets beaded upon contact but were absorbed into the underlying hydrophilic

substrates after a few seconds. At or above 2.4 gsm, the water droplets remained beaded

consistently for a prolonged period without absorption. The 2.4 gsm coating was then tested

for all four substrates as the lowest coating level. Two other coating levels were also tested;

4.8 ± 0.2 gsm and 9.6 ± 0.2 gsm. These three coating levels represented light, medium, and

heavy add-ons and were within the requirements of industrial applications (preferably below

10 gsm). At the light and medium add-on levels, the coatings were nearly imperceptible and

did not change the as-received apparent feel and softness of the substrates. At the heaviest

coating level, there is stiffening of the substrates from the increased polymer presence as well

as perceptible roughening of the surface from the increased presence of clay particles.

For the hydrohead tests, a simple water column device was constructed; see Figure A1. The

apparatus consisted of a 2.5 cm diameter graduated column placed over the 2.5 cm circular

sample secured coating-side-up at the bottom of the column. A rubber gasket placed on top

of the sample ensured that any liquid penetration would have to occur through the surface

coating and then the porous sample itself. The column was slowly filled with water until the

first breakthrough (water passed through sample) was visible, at which point, the height of the

water column defined the maximum hydrohead (in centimeters head) endured by the sample.

For the two hydrophilic samples (tissue, HDPT), water resistance for the uncoated case was

naturally zero; water penetrated and absorbed into the sample immediately. The two inherently

hydrophobic samples (SMS, spunlace) had nonzero hydrohead values before any coating was

applied. Measurements were repeated at least five times (different sample cutouts) for a given



40

Figure 6. Water droplet dispensed from a flat-tipped needle (top) on a glass slide coated with

4.8 gsm of PMC-nanoclay composite. The needle diameter is 1 mm.

substrate and coating level. Extra care was taken to rule out the possibility of any time-

dependence of water breakthrough at rising column pressures, as would have been the case if

column pressure was maintained at a given level and the water had time to work its way into,

and through, the sample. Thus, if a given substrate was introduced to column pressures below

the breakthrough pressure, it could withstand those pressures for a prolonged period. Water

column pressure was increased in increments of a few centimeter head at a time and was allowed

to remain there for up to 5 min at a time before increasing it further and repeating this process

until the limit was reached.
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In the determinations of contact angles (CA), the irregularities in surface topography of the

substrates made it difficult to obtain accurate and consistent measurements. This is due to the

sample having surface features that were not much smaller than the test droplet size, as well as

some of the substrates incorporating fibers that extended through the surface treatment, thus

obscuring the contact line between droplet and substrate. Sample measurements and images

(Table VII) demonstrate the uneven nature of these coated surfaces and demonstrate that even

with the substrate texture, rough CA values visibly exceeded 150◦ (the accepted threshold for

superhydrophobicity). To obtain these measurements, 3 × 1 cm2 coated sample strips were cut

and attached to a glass slide using double-stick tape. To gauge the effectiveness of the coating

at different add-on levels, smooth glass slides were sprayed in the exact same manner as the

textured test substrates. The latter approach allowed for accurate measurement of the CA

(see Figure 6) for a given coating add-on mass without being impeded by surface topography

generated in the manufacturing processes of the individual rough substrates.

For sliding angles, the substrate strips affixed to glass slides were placed on a goniometer

operated by a small DC servomotor, which allowed precise control as it stepped through small

angle increments until the water droplets were seen to roll down the sample. If the droplets did

not roll, the coated substrates were deemed “sticky” and were marked with “S” in Table I. The

volume of droplets used in these tests was ∼10 µL. The dimples and other surface irregularities

on a given substrate again interfered with the natural roll-off during these measurements, and

caused the significant standard deviations listed in Table I. For SEM observations, a small
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area (roughly 0.25 cm2) was cut from each treated and untreated sample for comparison. The

samples were then sputter-coated with a 4 nm Pt-Pd coating to facilitate SEM imaging.

TABLE I

SLIDING ANGLE MEASUREMENTS FOR THREE ADD-ON COATING LEVELS FOR

EACH OF THE FOUR SUBSTRATES. IF DROPLETS WERE NOT OBSERVED TO

ROLL, THE SUBSTRATES WERE DESIGNATED AS ‘STICKY’ (MARKED WITH AN

‘S’).

SMS HDPT spunlace tissue

2.4 ± 0.2 gsm S 28.3◦± 12.1◦ 27.8◦± 4.3◦ 30.5◦± 8.7◦

4.8 ± 0.2 gsm S 26.6◦± 5.6◦ S 23.7◦± 4.7◦

9.6 ± 0.2 gsm S 30.5◦± 10.6◦ S 25.4◦± 6.0◦

2.3 Results & Discussion

The four types of substrates featured morphologies that varied according to their manufac-

ture and intended use. SEM was employed to characterize samples before and after coating

(Figure 7 and Figure 8). The cellulosic fibers had rough and irregular surfaces (see Figure 7
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and Figure 8b,c). In contrast, the polymeric fibers had regular cylindrical geometries with

smooth surface features (see Figure 8a,d). Using the SEM images, coating uniformity was ver-

ified and the effective pore size was estimated and averaged at several locations across each

substrate. The estimates of the minimum and maximum pore diameters (Dmin, Dmax) were

then employed to calculate an approximate theoretical Laplace pressure needed to penetrate

the pore from ∆P = 2γ cos θ∗A(1/Dmin+ 1/Dmax), where γ denotes the surface tension of water

(72 mN/m at 20 ◦C). Because the exact values of the contact angle cannot be determined on

each substrate, but are well within the superhydrophobic regime (> 150◦), we approximated

| cos θ∗A ≈ 1|. The experimental determination of the Laplace pressure was made from the mea-

sured hydrohead (i.e., minimum water column height at which water penetrated the substrate;

see the Figure A1). The two values for each substrate are compared in Table II, which shows

that the theoretical estimate exceeds the experimental value by an order of magnitude. This

discrepancy is attributed to the underestimation of the maximum pore dimension from the

SEM images; large pores critically influence the hydrohead, and due to their isolated presence

could be difficult to detect by SEM when analyzing sample areas significantly smaller (∼0.25

mm2) than the surface area challenged during hydrohead pressure measurements (5.07 cm2).

Nonetheless, the data in Table II clearly indicate a correlation between pore size and penetra-

tion pressure; as the former grows, the latter is reduced. This supports the hypothesis that

pore morphology is the primary factor in designating water barrier resistance. The effective

pore size of each substrate was reduced by the coating addition, thus causing an increase in

hydrohead resistance.
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Figure 7. (a) SEM image displaying porosity of HDPT coated with 4.8 gsm PMC-nanoclay.

(b) Depiction of how effective pore size (orthogonal maximum, minimum diameters Dmax and

Dmin) was determined to calculate the theoretical Laplace pressure needed to push the liquid

through the pore.
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Figure 8. Substrate landscape: SEM images of four uncoated substrates at the same

magnification. The scale bar applies for all images. (a) SMS, hydrophobic substrate. The

spunbond polypropylene fibers can be clearly discerned from the meltblown fibers beneath,

which have much smaller diameters. (b) HDPT, hydrophilic substrate. The density of these

fibers presents an advantage in water resistance after coating. (c) Tissue, hydrophilic

substrate. Although very similar to HDPT, these fibers are slightly smaller and less dense but

weaker in terms of mechanical strength. (d) Spunlace, hydrophobic substrate made of PET

fibers.
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TABLE II

LAPLACE PRESSURE CALCULATIONS FOR ALL FOUR SUBSTRATES, AS BASED

ON PORE SIZE RANGES ATTAINED FROM SEM IMAGE ANALYSIS FOR A 2.4 GSM

COATING AND COMPARED WITH EXPERIMENTAL VALUES DERIVED FROM

HYDROHEAD MEASUREMENTS. ALL COATING LEVELS LIE WITHIN THE

SUPERHYDROPHOBIC RANGE WITH MINIMAL DEVIANCE.

Dmin range Dmax range theoretical Laplace experimental

Substrate (µm) (µm) pressure (kPa) hydrohead (kPa)

SMS 5–10 20–25 20–36 3.4 ± 0.4

HDPT 10–25 40–80 8–18 1.7 ± 0.1

spunlace 15–25 40–65 8–13 1.3 ± 0.2

tissue 25–40 70–85 5–8 0.5 ± 0.2

Figure 9 presents the hydrohead data for each of the four substrates in their uncoated state

as well as with light (2.4 gsm), medium (4.8 gsm), and heavy (9.6 gsm) coatings. The addition

of the superhydrophobic coating consistently increased water resistance. However, when CA

is compared against coating thicknesses (Table III), the trend is not clear. Even for the light

coating (∼2.4 gsm), very high contact angles were observed, and these increased only slightly for



47

the medium coating, while remaining approximately the same for the heavy coating. The first

two substrates (SMS and spunlace) are inherently hydrophobic, with precoat water resistance

values given by the black bar in Figure 9. The relatively slight increase in water resistance for

each coating level on SMS is regulated by the smaller pore sizes of the middle, meltblown, layer.

As shown in Figure 8a, the meltblown fibers and their spacing are much smaller with respect

to the two outer, spunlaid layers and constitute the primary factor affecting the substrate’s

inherent water resistance (∼32 cm). The coatings were applied only on the outer layer and

reduction in that larger pore size due to coating did not impact, other than superficially, the

inner layer’s effective pore size. The tissue and HDPT substrates were wettable as-received

and their initial water resistance was thus zero (Figure 9). An initial jump in water resistance

was seen after a light coating (∼2.4 gsm) on all substrates, and subsequent less pronounced

increases were seen for spunlace and HDPT as the coating levels were doubled. The jump in

water resistance for tissue from the low to the middle coating level (2.4 to 4.8 gsm) may be

due to an initial mechanical weakness of this substrate. As pressure was increased, the induced

curvature of the softer substrate could cause fibers to stretch and pores to widen. The added

coating actually strengthened the robustness of the fibers, thus not permitting deformation

of the intrinsic pores. Overall, the addition of increasing coating levels for a given substrate

imparts optimal hydrohead performance before the coating begins to inhibit the properties of

the material (e.g., breathability). After a certain point, the addition of more coating material

becomes counterproductive; the goal of applying such coatings is to create the best performance

with the least expenditure of material and resources. Although the measurement of contact
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and sliding angles are critical to assessing superhydrophobicity, imparting barrier resistance by

spraying an aqueous dispersion was a focal point of this study. A secondary goal was to examine

the relationship between increasing hydrophobicity and water barrier resistance. The data

suggests that superhydrophobicity is entirely dependent upon surface energy and roughness,

and can be achieved with a minimal coating add-on. On the other hand, water resistance is

entirely dependent on substrate porosity and can be enhanced only through coating add-on

insofar as the pore sizes are reduced (see Table VIII).

TABLE III

SESSILE CONTACT ANGLE MEASUREMENTS ON GLASS SLIDES COATED WITH

THE SAME ADD-ON LEVELS AS THE CELLULOSIC AND NONWOVEN SUBSTRATES

coating weight 2.4 ± 0.2 gsm 4.8 ± 0.2 gsm 9.6 ± 0.2 gsm

CA on glass slide 158.8◦± 4.5◦ 166.2◦± 1.4◦ 155.3◦± 7.5◦

After analyzing the sliding angles for each substrate in Table I, it became evident that some

of the substrates displayed poor sliding angle performance while possessing extremely high CA’s

and, more importantly, excellent resistance to water pressures. SMS maintained the highest
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Figure 9. Experimentally measured water penetration resistance (hydrohead) for each

substrate at three coating levels: 2.4 ± 0.2, 4.8 ± 0.2, and 9.6 ± 0.2 gsm. The first two

substrates, SMS and spunlace, are inherently hydrophobic and have a nonzero water

resistance as received (uncoated). The other two substrates are hydrophilic, and thus have

zero resistance in their uncoated state.
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water resistance from the outset, yet it was observed to be “sticky” by measure of droplet

roll-off angles. Figure 10 shows the nonuniform coating of SMS compared to that of HDPT, a

hydrophilic substrate. The water-based coating had difficulty spreading across the hydrophobic

SMS fibers, thus leaving whole or partial fibers exposed during the curing process (Figure 10a).

This causes water droplets to stick when moving over or resting across these features of varying

surface energies, and does not allow for a consistent coating of the fibrous pore after successive

coatings. This also accounts for the poor water droplet mobility, and the relatively minimal

increase (when compared with the other three substrates) in hydrohead performance from light

to heavy coatings (Figure 9). Although select materials may possess some aspects of both

super-repellency and water resistance, these properties are mutually exclusive and one does not

necessarily guarantee the other. The effective pore size of each substrate, determined by fiber

spacing and diameter, is ultimately the limiting factor in designating water resistance.
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Figure 10. SEM images of SMS and HDPT substrates with 2.4 gsm (light) coating. (a) SMS

fiber from the top, spunbond, layer displaying nonuniform coating; the raw fiber can be seen

underneath the clay/polymer coating. (b) HDPT fibers are completely and uniformly covered

with the light coating.



CHAPTER 3

THE FLUID DIODE: TUNABLE UNIDIRECTIONAL FLOW THROUGH

POROUS SUBSTRATES

This chapter and its associated appendix (Appendix B) are reprinted (adapted) with permis-

sion from ACS Applied Materials & Interfaces, 6, Joseph E. Mates, Thomas M. Schutzius, Jian

Qin, Don E. Waldroup,and Constantine M. Megaridis, 12837–12843, Copyright 2014, American

Chemical Society (63).

Many important applications in fluid management could benefit from unidirectional trans-

port through porous media via a simple, large-area, low-cost coating treatment; in essence, a

fluid diode demonstrated herein for water using common cellulosic paper substrates. In elec-

tronics, the diode is an electrical component with asymmetric current transfer characteristics.

A light (< 2 g/m2) superhydrophobic conformal coating applied onto one side of a porous

substrate is shown to create a liquid transport function analogous to the electronic diode, fa-

cilitating fluid movement in one direction under negligible penetration pressures, but opposing

it in reverse up to greater pressures. The phenomenon is driven by capillary action and can

be observed using any similarly-thin fluid barrier applied on only one side (i.e., wettability

contrast) of an absorbent porous matrix. Diodic action and liquid transport rates are shown

to be highly tunable, determined by fiber diameter and spacing, in combination with coating

deposition amount. As an example, the device is used to separate an oil/water mixture, relying

52
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upon the surface tension differences of the mixture constituents, and may be implemented in

multicomponent fluid filtration/ separation technologies.

3.1 Motivation

The concept of the electronic diode has numerous analogues in fluid management, as the

control and rectification of fluid flow is critical for commercial and industrial applications (e.g.,

check valves) and necessary for life itself (e.g., veins) (64). The diode is an electrical component

with asymmetric current transfer characteristics: low resistance in one direction, ideally zero,

and high resistance in the other, ideally infinite. Recent literature has extended this concept

of diodicity into the realm of microfluidics: the thermal diode (65), relying on a pair of par-

allel/opposing super-hydrophobic/hydrophilic surfaces under an applied temperature gradient

to induce heat transfer in one direction via jumping droplets; valve-less micropumps (66), uti-

lizing flow rectifiers to generate a net flow in one direction; and superhydrophobic asymmetric

ratchet structures (67), harnessing the Leidenfrost effect for unidirectional droplet transport

via vapor flow rectification. A similarly titled paper (68) also exploited open-surface patterned

hydrophilic channels on a hydrophobic background for fluidic logic circuits in single-use lab-

on-a-chip applications. While these examples highlight analogous diodic behavior, the present

device is novel. In addition, due to its inherent simplicity in terms of both fabrication and

implementation, the present device is expected to be attractive for wide use in industrial and

commercial applications. It is shown that the controlled application of a superhydrophobic

treatment onto one side of an absorbent porous substrate imparts tunable fluid diodicity, made

possible by competing capillary forces.
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The fluid diode is demonstrated herein using a spray-based coating fabrication approach,

yet the underlying mechanism requires only a thin, uniform fluid barrier applied onto one side

of an absorbent (i.e., wicking) porous substrate. The wettability contrast between the coated

and uncoated sides of the substrate encountered by the fluid governs fluid flow, or lack thereof,

through the material. The degree of repellency and thickness of the fluid barrier, as well as the

structure of the porous solid, collectively determine performance (diodicity) of the fluid diode.

A water-based superhydrophobic coating formulation (69) is used herein, solely to emphasize

the low environmental impact and industry-ready nature of this approach, yet other liquid

repellent coatings would behave similarly. Neither the barrier nor the substrate is unique to

the operation of diodic fluid transport; greater pressure regimes can be achieved by choosing a

substrate of finer pore dimensions than that of the present cellulosic substrates (41).

The development and application of functional superhydrophobic nanocomposite coatings

applied by spray have been well investigated due to their low-cost, large-area capabilities (49;

70; 47; 71; 55; 72). There is great industrial interest to utilize such coatings in the areas of

smart fabrics (73), filtration (74), pumpless transport (75), and enhanced heat transfer (76).

In general, these surface treatments are deposited with the goal to impart water resistance

and self-cleaning characteristics (apparent contact angle (CA) θ∗ > 150◦, droplet roll-off angle

< 10◦) (77). It is reported that, at sufficiently low add-on levels, specifically those below 2

g/m2 (gsm), of a superhydrophobic polymer-nanoparticle composite coating acting as a thin

fluid barrier, fluid flow through the underlying porous hydrophilic substrate occurs under low

hydrostatic pressures when the liquid encounters the nonwettable coating first, yet fluid flow
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through the same system is opposed up to greater penetration pressures (i.e., diodic function) if

the liquid first encounters the substrate from the opposite (wettable) side. This disparity in the

hydrostatic pressures necessary to force the liquid through the porous matrix is the foundation

for fluid diode operation.

3.2 Experimental

3.2.1 Substrates

The porous solids used in this study are common paper towels. Paper towels are absorbent

cellulosic textiles made from paper and, unlike cloth towels, are disposable; intended to be

used only once. Paper towels soak up water because they are loosely woven, enabling wa-

ter to wick between the fibers, even against gravity. The paper towels used in this study were

Kleenexr hard roll towels (High-Density Paper Towels; HDPT) and Scottr Paper Towel (SPT)

(Kimberly-Clark Corp, USA); these two materials were chosen for their low-cost and ubiquitous

presence in the marketplace. However, the diode mechanism is substrate-independent and only

requires the substrates to be absorbent; they must possess wettable fibers, pores, or channels

that allow for fluid wicking by capillary action. If the diode action observed with water is

to be repeated for oils, any substrate wettable by oil can be used in conjunction with a thin

superoleophobic coating applied on one side; the mechanism will remain the same and is to be

the subject of future work. For the purposes of this article, displaying functionality on dispos-

able and ubiquitous materials with an environmentally benign coating underscores the inherent

simplicity of the mechanism. The present technique can be implemented and further enhanced

on more sophisticated substrates possessing specific characteristics, as will be discussed below.
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Moreover, while oil-water separation has been demonstrated elsewhere using similar superhy-

drophobic treatments on porous media (78), it is also shown below that the present coating

coupled with a cellulosic substrate can separate, not just oil from water, but also water from

oil if the substrate is properly primed.

3.2.2 Materials

Bentonite (hydrophilic) nanoclay particles were obtained from Sigma-Aldrich (Product #

682659). The aqueous fluoroacrylic copolymer dispersion (PMC) was obtained from DuPont

(20 wt. % dispersion in water; Capstoner ST-100). Deionized water was used as a probe

liquid for characterization, and colored with blue food dye to visualize oil/water separation.

Hexadecane dyed with Oil Red O, both obtained from Sigma-Aldrich, was used to demonstrate

and visualize oil/water separation.

10 mL of sprayable dispersion was prepared as follows. Initially, 0.125 g of nanoclay was

added to 9.25 mL of deionized water and bath-sonicated for 15 minutes (Branson 8200, 20

kHz, 450 W). After sonication, a stir-bar was added to the dispersion and 0.625 g of the PMC

aqueous solution was added drop-wise under mechanical mixing over the course of 1 min. to

ensure adequate mixing, as the solution became more viscous during this process. The final

nanoclay/PMC dispersions (97.5 wt. % water, 1.25 wt. % PMC, 1.25 wt. % nanoclay) were

applied by spray onto each substrate using an airbrush atomizer (Paasche, VL siphon feed, 0.55

mm spray nozzle) from a distance of 25 cm. Each spray-pass represented an average of ∼0.5 gsm

of conformal coating add-on applied in the typical spray area (9.5 × 7 cm2). Add-on level was

measured by placing glass slides within the spray area, which were then weighed after every
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pass to determine average coating add-on weight and variance (See Appendix B); this base

level was used as a gauge for determining approximate coating deposition onto the spatially

non-uniform cellulosic substrates under similar conditions. After spraying, the samples were

allowed to dry in open air overnight at room temperature.

An added benefit of the present superhydrophobic treatment (41) is that the sprayable dis-

persion is comprised of 97.5% water (See Figure 6, Table IX in Chapter 2, and Appendix B,

respectively, for CA characterization), thereby reducing the adverse environmental impact in-

trinsic to the synthesis of harsh solvent-based superhydrophobic formulations, and is thus more

attractive for industrial implementation. The fluoroacrylic copolymer (PMC) used in this study

was created by industry in response to an initiative set forth by the EPA in 2006 to reduce the

length of perfluoroalkyl groups in these copolymers, thus eliminating precursor chemicals that

could break down into perfluoroctanoic acid (PFOA) (79).

3.2.3 Characterization

The paper towel samples were sprayed on one side only with increasing coating levels ranging

from 0.5 gsm to 8 gsm. To demonstrate diodicity, hydrostatic pressure tests (hydrohead; see

Appendix A, Figure A1) were performed for the same coating weights with the coating up (CU)

or coating down (CD), representing forward or reverse flows, respectively (see Figure 11). Thus,

diodicity is confirmed if there exist separate and distinct hydrohead thresholds determined by

the orientation of the coated side (up or down) for the same coating add-on level. Without

any surface treatment, the threshold pressure is naturally zero for both substrates, as water
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immediately penetrates into and through the paper samples due to their as-received natural

absorbency.

3.3 Results & Discussion

As can be seen in Figure 12 when testing CU, the coating add-on levels below 1 gsm for

HDPT, and below 1.5 gsm for SPT, allow water penetration immediately through the samples

under negligible applied pressures; the coating offers near zero penetration resistance. For these

lower add-on levels, any water volume greater than a small droplet (10–30 µL) resting on the

coated surface is instantaneously absorbed; this is due to insufficiently coated hydrophilic fibers

creating an avenue for the wicking of water through the coated layer. Under the same add-on

levels, Figure 12 shows that the CD orientation delivers non-zero resistance at even the lowest

coating of 0.5 gsm for both HDPT and SPT. At this coating level and orientation, the hydrohead

threshold is 13.9 ± 4.8 cm for HDPT and 3.9 ± 0.8 cm for SPT (the reduced resistance of SPT

is due to its larger fiber spacing, see Figure C1). The maximum CD-CU pressure disparity was

observed at 1 gsm for both substrates, with a difference of ∼16 cm head for HDPT and ∼6 cm

head for SPT, both strongly favoring the CD orientation. These numbers are bounded by the

intrinsic Laplace pressure of the effective pore radii (41), or fiber spacing, in the substrates.

At heavier coating levels, the mm-thin substrates become almost entirely hydrophobic due to

the absorption of the low surface energy polymer during spraying. Consequently, the threshold

pressures for CD/CU converge in Figure 12 as substrate repellency becomes more uniform.

Nonetheless, it is important to note that much higher pressure CD/CU differences could be

attained by using other porous substrates that feature smaller fiber sizes and much tighter
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Figure 11. The Fluid Diode: Depending on the relative orientation of the liquid-repellent

coating with respect to the porous wettable solid and the water column (blue) used to impose

hydrostatic pressure, the transmission of water through the system will register as a 1 (fluid

transmission, coating up, CU in green) or 0 (no fluid transmission, coating down, CD in red),

similar to the function of an electronic diode. The CU schematic (top) displays a coated pore

under pressure during the initial phase of fluid penetration and a sagging water interface

movement (dashed black line in profile schematic). As pressure increases, the sagging water

meniscus extends to the depth of the next uncoated fiber and once contact is made, fluid

wicks through to the underside, imposing no further resistance to the water column above and

forming a water film over the entire underside of the substrate after the penetration pressure

has been surpassed (shown in the bottom view, right). For the CD case, the substrate is

completely saturated with water before filling the coated pore; as the sagging water interface

extends down under increased external forcing, the threshold pressure is generally much

higher than that of CU due to the lack of any additional wettable material in the vicinity

beyond the fluid barrier. Eventually, the emerging liquid forms a droplet once the Laplace

pressure of the largest pore(s) is exceeded (droplet seen in bottom view, right).
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fiber structures, both translating to higher Laplace penetration pressures, and thus improved

diodicity.

Figure 13 shows an SEM cross-section of HDPT in the center, analogous to the simplified

profile schematic in Figure 11. Visible along the upper fiber surfaces, the coating conforms

to the fibers and effectively limits access to water except through the fiber spacing, or coated

pores. The Figure 13 insets clearly show the difference in surface texture between a coated

(left) and an uncoated (right) fiber surface along with accompanying EDS (energy dispersive

X-ray spectroscopy) data verifying the presence of the fluoropolymer coating constituents on

the top side. The polymer/clay nanocomposite coating is spread evenly over the top surface

fibers; the fluoropolymer film greatly reduces the surface energy (∼16.4 mN/m based on probe

liquid CA measurements, see Appendix B for Owens/Wendt calculations (80)), while the nan-

oclay features along the intrinsic fiber morphology create a hierarchically-textured surface ideal

for superhydrophobicity (See Figure C1 and Table X for additional SEM images of both sub-

strates; Figure C1 offers a comparison of fiber size and spacing for both substrates, while Table X

shows images of a single HDPT pore after successive coating applications).

Referring again to Figure 11, the water absorption mechanisms for CU and CD orientations

are compared; as hydrohead pressure increases and water is forced into the nonwettable coated

layer in both cases, the curvature (i.e., sagging) of the water meniscus increases (see dashed

black curves in Figure 11, profile schematic) between the fibers, or pore cross-section. Analogous

to an electrical circuit, the “flow,” or current, will be in the direction in which the water is

introduced over the substrate. The surface that the water encounters first, either the repellent
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Figure 12. Water pressure penetration resistance versus coating level in gsm for HDPT (left)

and SPT (right): The blue downward pointing triangles denote tests conducted coating-side

down (CD), while the red upward pointing triangles denote coating-side up (CU) orientation.

The disparity in penetration pressures at the lower coating levels suggests fluid flow diodicity,

allowing water to pass unimpeded when in the CU orientation, or forward flow, while resisting

reverse flow in the CD orientation. The diodicity (i.e., pressure differential) is greater for the

HDPT over that of SPT due to a finer fiber structure in the substrate.
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Figure 13. Center: SEM cross-sectional image of HDPT with a 2 gsm superhydrophobic

coating on top. The conformal superhydrophobic coating is visible as a thin layer along the

top of the cross-section, with the uncoated fibers seen below. The left inset is a close-up of a

coated fiber and shows the polymer/clay nanostructure as a roughening of the plain ridged

surface of the uncoated fiber (right inset). EDS spectra are included to distinguish the

presence of the nanocomposite coating (left) with energy peaks for carbon, oxygen, fluorine,

aluminum, and silicon, as compared to the uncoated cellulosic fibers (right) with peaks for

carbon and oxygen only. Fluorine is due to the presence of the fluoropolymer matrix, while

the nanoclay contains both aluminum and silicon.
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nanocomposite coating (CU) or the absorbent fibers of the substrate (CD), determines the

action of the fluid diode: allowing or denying transmission of the current, or fluid flow (in

binary logic, a 1 or 0). As in electrical diodes, there is a maximum current regime (i.e.,

imposed hydrostatic pressure in the present case) which, if exceeded, will result in device failure,

or breakdown; in the case of the fluid diode, operating failure corresponds to leak-through. The

threshold pressure is determined as the pressure under which water passes through the coating

and substrate regardless of orientation (CU or CD).

For CU orientation, the pressurized water meniscus first encounters the superhydropho-

bic coating, and begins filling the coated hydrophobic pore(s) as the hydrostatic pressure is

increased. The extent of the sagging interface, and thus the pressure threshold for fluid pen-

etration into the underlying wettable matrix, is bounded by the depth of the next uncoated

fiber(s) underneath. Once contact between the sagging water interface and the uncoated fiber(s)

beneath the coated pore is made, wicking occurs immediately (blue arrows in Figure 11) and

provides an avenue for saturation of the entire substrate and fluid transmission, thus desig-

nating the penetration pressure (as shown in the bottom view for CU). However, for the CD

orientation, water saturates the hydrophilic fibers it encounters first before it reaches the non-

wettable coating (bottom) and begins to emerge through the resistant hydrophobic porous layer

separating the wetted fibers from the ambient air. Eventually, as the imposed hydrostatic pres-

sure is increased, and the water meniscus sags further into the coated pores (and out of the

bottom of the substrate), the threshold pressure is determined by the corresponding Laplace

pressure of the spacing between the fibers, or pore radii. Once this limit is surpassed, the
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system can no longer resist the imposed hydrohead above and water emerges in the form of

distinct droplets from the pore (see Figure 11, CD bottom view—taken just after threshold

pressure was exceeded).

Thus for CU orientation, or forward flow (Figure 11, green diode symbol), the hydrohead

threshold is primarily a function of fiber depth (λ in Figure 14a) beneath the coated layer and

corresponds to a diode logic value of 1 (pass mode), as this orientation (counter-intuitively,

nonwettable coated-side towards the fluid) facilitates fluid transport at lower pressures. This

is verified by calculating the forward threshold pressure (PForward) required for forcing the

sagging meniscus (61) through the coated pore to the depth of the next, uncoated fiber, λ:

PForward ≈ 2λγ/R2, where γ is the surface energy of the liquid/vapor interface (∼72 mN/m for

water), and R is the radius of the pore (i.e., lateral fiber spacing). If a λ-spacing of 10 µm is

assumed (See Figure C1) for either of the two substrates tested herein, this delivers a negligible

forward threshold pressure PForward below 2.3 cm head. Accounting for variations in the fiber

spacing, which may give rise to values of λ well below the assumed 10 µm average depth, a

near-zero pressure threshold in the CU orientation can be rationalized, and is directly observed

(Figure C1, fluid penetration will occur at the most vulnerable point, i.e., smallest λ). For

thicker coatings, the spacing between fibers allows for excess coating material to penetrate the

pores, thus forming a more torturous path for the water interface to penetrate, as seen by the

converging pressure disparities at higher coating add-ons.

For the inverse CD orientation, or reverse flow (Figure 11, red diode symbol), the curved

water interface also sags under increased pressure, but now advances into open air space beneath
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Figure 14. False-color SEM micrographs of HDPT with a 2.5 gsm hydrophobic coating on one

side; color has been added to the fluoropolymer coating for better visualization. Fiber spacing

results in a disparity between threshold penetration pressures (hydrohead) depending on

applied coating orientation, CU or CD. (a) Cross-sectional image (as in Profile Schematic

of Figure 11) illustrates the average spacing (λ) between the coated top and the underlying

wettable fibers; this spacing represents the maximum distance the liquid meniscus can sag

into a coated pore before being wicked throughout the substrate, thus designating the lower

bound of threshold hydrohead in the CU orientation. (b) Surface image (as in Bottom View

of Figure 11) illustrates a typical pore that the liquid fills as it emerges from the uncoated

side of the substrate and into the surrounding air. The orthogonal minimum and maximum

pore dimensions designate the Laplace pressure and upper bound for the maximum threshold

hydrohead in the CD orientation (in this case, ∼38 cm head of water). Both spacing

parameters are equally important for determining the upper and lower bounds in the

operating range of the fluid diode.
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the wetted substrate. The CD threshold pressure is no longer dependent on adjacent fiber depth,

but rather only on effective pore size within the coated layer itself (Figure 14b). This orientation

corresponds to a diode logic value of 0 (no-pass mode), as fluid transport is impeded below a

performance threshold determined by the fiber spacing and corresponding porosity. For the

fiber spacing in Figure 14b, the reverse threshold pressure (PReverse) is given by the Laplace

pressure PReverse = γ(1/R1+1/R2), where R1,2 are the orthogonal minimum and maximum pore

radii. This delivers a value of ∼38 cm head of water, higher than the observed ∼21 cm head but

not altogether unexpected. This discrepancy is explained by the existence of a range of fiber

spacing in the coated layer, as reverse penetration pressures are determined by the weakest

points (i.e., largest pores) in the coated substrate. It is important to emphasize that fluid

transport is qualified here in terms of liquid penetrating through the entire coated substrate

from the water column side to the opposite (air) side, as shown in the bottom view of Figure 11

for both orientations.

As shown above, the two determining factors, pore size and fiber depth, are equally impor-

tant and depend on the fiber orientation. The pore size determines the upper bound for the

CD orientation and is the more critical factor in determining maximum pressure resistance in

reverse flow; whereas, the fiber depth λ determines the lower bound in the CU orientation, or

forward flow. Decreased fiber proximity in either orientation will deliver the best results: low

resistance CU, and high resistance CD. This suggests a tunable design, where fiber size and

packing density (porosity) can be selected for a desired fluid diode operation range. For more

industrially-relevant pressure resistance regimes, the reduction of fiber size/spacing in the ab-
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sorbent porous medium will increase the corresponding Laplace pressure. Thus, for low coating

levels, it is possible to achieve a preferred directionality, or “diode window,” where a coated

porous substrate will permit the flow of water in one direction, but oppose it in reverse for a

tunable pressure range.

In general, the applications for controlled diodic fluid transport are abundant, such as any

type of filtration where reverse-flow contamination is of concern. An example of practical

application for fluid diode function would be that of a child’s diaper, where the area exposed

to fluid saturation is much smaller than the absorbent volume capacity underlying the one-way

fluid permeable barrier. Thus, enabling the diode barrier to operate under relatively large

volumes of fluid before the hydrostatic threshold pressure is surpassed (i.e., return of fluid in

reverse flow, or leak-back) and will have the additional benefit that the surface in contact with

a child’s skin remains dry. As fluid contacts the light coating (< 2 gsm) in CU orientation, it

is absorbed through the insufficient barrier and wicks along the uncoated fibers beneath. Yet,

when the flow is reversed in the CD orientation (e.g., pressure increasing near the saturation

point, child sitting, etc.), the same diodic substrate can withstand a much greater pressure

without transmitting liquid (leaking) through. It is energetically more favorable for the water

to saturate the remaining dry uncoated fibers “laterally” than to overcome the energy barrier

created by the conformal coating and leak back through to the opposite (air/skin) side, not to

mention more desirable for the parent.

When examining the potential of the fluid diode for multicomponent fluid (i.e., oil-water)

separation, it has been shown that many superhydrophobic surfaces remain oleophilic due to
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the lower surface energy of oils and the lack of re-entrant surface features (81; 82; 83). This

difference in surface tensions allows for simple oil-water separation and results in the wicking

of oil out of an oil-water mixture and into the underlying substrate, as shown in Figure 15a

with top-coated HDPT. In rare examples (84; 25), surfaces can be made both oleophobic and

hydrophilic as shown in Figure 15b; A similar substrate to that shown in Figure 15a (fixed

coating level of 1.5 gsm; CU orientation) is primed (pre-wetted) with water from the uncoated

side before the oil-water droplet is placed on top. In this case, water (blue) separates from the

mixture and leaves the oil (red) behind. Such oil-water separation examples have been shown in

the literature for different coatings and/or substrate combinations, but not for environmentally

friendly and biodegradable materials in the exact same configuration. Both images in Figure 15

were obtained for the same coating level (1.5 gsm), orientation (CU), and substrate (HDPT).

The liquid separation in Figure 15b was achieved by first saturating the uncoated side with

undyed water (undyed water was used to better visualize absorption from the coated side),

whereas the substrate in Figure 15a was initially dry. This priming step gives the substrate

an oleophobic character, as well as an increased hydrophilicity, due to the saturation of water

beneath the thin conformal coating. The hexadecane treated with Oil Red dye had an oil

contact angle (OCA) of 0◦ when tested on the unprimed substrate, and ∼90◦ on the primed

substrate (Figure 15b). The deionized water was treated with simple blue food dye and had a

water contact angle on the superhydrophobic coating greater than 150◦ (see Appendix B) (41).

It is interesting to note that in terms of sliding (roll-off) angles, the 1.5 gsm coating on dry

HDPT had a water sliding angle of 15.2 ± 6.2◦; yet, after absorbing hexadecane oil (oil-wetted)
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Figure 15. Using the fluid diode (HDPT with 1.5 gsm coating) to selectively separate water

(left), or oil (right), from an oil-water mixture: (a) A dry sample is exposed coating-side up

(CU) to an hexadecane oil (red)/water(blue) mixture; the oil readily penetrates the light

superhydrophobic coating and leaves the water droplet behind on the surface. (b) An

identical sample is first saturated with (undyed for visualization) water from the uncoated

side. The sample is then exposed CU to the same oil/water mixture, but now resists the oil

and allows for water absorption, leaving the oil droplet behind resting on the surface.

from a mixture, the sliding angle was nearly unchanged at 16.0 ± 6.4◦. For oil, in both scenarios

for dry and water-wetted substrates, the surfaces were “sticky,” as oil droplet mobility was poor.

The demonstrated selective separation of an oil-water mixture suggests further avenues for

research where the diode device can be tailored for fluid-specific separation/filtration applica-

tions. As mentioned earlier, to duplicate the diode function for oils, a polymeric substrate, such
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as polypropylene nonwoven, can be used in conjunction with a light superoleophobic coating

treatment, thus allowing for oil flow rectification. In this scenario, separation of multiple low

surface energy fluids (preferably < 40 mN/m) could be achieved. This, however, is beyond the

scope of the present work, which is intended to demonstrate the simplicity of enhanced device

functionality with ubiquitous and environmentally benign materials.



CHAPTER 4

TRANSLUCENT-WHITE & FLUORINE-FREE WATER-BASED

SUPERHYDROPHOBIC COMPOSITIONS

This chapter and its associated appendix (Appendix C) will be submitted for journal pub-

lication.

The bio-inspired field of superhydrophobicity has generally involved techniques for gener-

ating these surfaces which are environmentally detrimental, requiring harsh solvents and flu-

orinated compounds; thus, severely limiting their application on industrial scales. Previous

approaches to reducing the use of volatile compounds have resulted in water-based disper-

sions which still require undesirable fluorinated chemistries to reduce surface energy, or if they

do eliminate fluorine altogether, require charge-stabilization to suspend the nanoparticles re-

quired for roughness. An entirely water-based and fluorine-free superhydrophobic dispersion has

been developed composed of hydrophilic titanium dioxide (TiO2) nanoparticles suspended in a

waterborne polyolefin copolymer blend that does not require additional surfactant or charge-

stabilization. An added benefit of the composite coating is its translucent-white appearance

and spray-cast application, making it readily applicable on an industrial scales in large-area

fluid barrier surface treatments. Thus, the coating is not only environmentally benign befitting

a bio-inspired design, the constituent elements are all FDA-approved and present in many con-

71
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sumer products readily available on the market, eliminating a nontrivial hurdle in translating

similar products into commercial application.

4.1 Motivation

The development and implementation of water-based and fluorine-free formulations for bio-

inspired superhydrophobic surface treatments can greatly reduce the adverse environmental

impact typically associated with their synthesis. Over the past several decades, many ap-

proaches to these highly liquid-repellent surfaces have been developed but commonly require

harsh solvents (49; 85; 86), complex processing methods (74; 82), and/or undesirable fluori-

nated chemistries (41; 87). In addition, many of the demonstrated methods are not relevant in

practice on large scales for commercial applications (88; 89), not only for their negative con-

sequences to the environment, but also the inability to economically prepare large-area fluid

barrier treatments at sufficiently low cost. Imparting liquid repellency via a large-area ap-

proach such as spray-casting has been shown to be viable for low-cost substrate-independent

superhydrophobic coatings (87; 50; 47). Previously (70), a similarly water-based and nonfluori-

nated superhydrophobic formulation was presented achieving nanometer-scale roughness with

the addition of exfoliated graphite nanoplatelets (GNP); unfortunately, this formulation had an

opacity and dark color; thus, limiting its versatility in many commercial applications, as well

as requiring pH adjustment to achieve suspension stability. Using a similar waterborne, wax-

based (90) approach as the aforementioned work by Schutzius et al., the need for fluorinated

compounds is eliminated; alternately, incorporating titanium dioxide (TiO2) nanoparticles to

generate micro/nanoscale hierarchical surface roughness has made possible a translucent-white
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Figure 16. Photograph of a water droplet (dyed blue) beading on a coated glass slide (75 wt.

% TiO2). The tiled image in the background is the College of Engineering logo of the

University of Illinois at Chicago, clearly visible through the translucent-white

superhydrophobic surface treatment.

(See Figure 16) superhydrophobic composite. The composition does not require subsequent

pH-modification and all constituent elements are FDA-approved (91; 92). This novel and

environmentally-friendly formulation is characterized herein, having potential in numerous fluid

management applications by virtue of its simplicity, efficiency, and versatility.

The study of functional nanoparticle-polymer composites has been aided in large part by

the advancement in polymer synthesis methods, as well as greater control over nanoparticle
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dimensions and purities. These composites have been used for a wide range of applications

such as enhanced heat transfer (93; 94), low electrical resistance (95; 96), and radiation absorp-

tion (48; 97). For liquid repellent function, specifically to water, the surface requires relatively

low surface energies, and a suitable degree of nanoscale roughness to reduce the liquid to solid

interfacial contact area (98); thus, increasing the contact angle of water droplets which are used

as a measure of surface wettability (99). The wettability (23) of a smooth un-textured surface

in an air environment is determined by the free surface energies of the liquid and solid being

introduced; whether the surface is hydrophobic or hydrophilic, the interaction with water is

tunable via the surface roughness imparted by the addition of nanomaterials (24). A high-

degree of surface roughness enhances the intrinsic wettability of the surface into two extreme

cases (100), referred to as either superhydrophobic or superhydrophilic, having contact angles

to water of greater than 150◦ or roughly 0◦ (101), respectively. In general, the polymer has the

direct role in an applied composite of determining the affinity of liquid(s) to a given surface

(i.e., surface energy), as well as forming the adhesive matrix for any ensconced nanomaterials

(i.e., roughness) embedded within.

Until recently (69), the fabrication of super-repellent composites requiring polymers with

sufficiently low surface energies (i.e., for repelling water, γ << 72 mN/m) demanded the use

of harsh solvents for wet-processing of the composite elements, thus hindering the development

of entirely water-based systems. Fluorine-free, water-compatible polymer systems capable of

delivering low surface energies have been the primary challenge for the development of truly

environmentally-benign superhydrophobic coatings. In a previous formulation (41), a low sur-
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face energy waterborne fluoropolymer dispersion was used in a water-based superhydrophobic

spray where the correlation between contact angle and hydrostatic resistance was examined

on nonwoven substrates, but again, the presence of fluorinated chemistry in the composite

still posed environmental concerns (79). In 2006, the EPA initiated a reduction in the man-

ufacture of many dangerous fluoropolymer compounds; such compounds have a high risk of

breaking down into perfluorooctanoic acids (PFOA) and have extremely adverse environmen-

tal impacts (57). PFOA, a known cause of birth defects (102), can enter into ground water,

polluting reservoirs and aquatic wild-life, eventually being ingested by humans where it can

accumulate to hazardous levels. Although short-chain fluoropolymers made in response to the

EPA initiative are available and pose less environmental risk, eliminating the necessity of fluo-

rine altogether for super-repellency has been a primary goal of this work. It is hoped that, for

fluid barrier applications, such fluorinated composites can become obsolete and be replaced by

more environmentally-conscious, so-called “green,” alternatives.

The choice of particles having nano-scale dimensions allows for fine control over surface

roughness and a greater reduction in the liquid to solid interfacial contact area; for hydropho-

bic, or low-surface energy surfaces, this translates into an increased resistance to fluid wetting

by allowing the fluid surface to entrain pockets of vapor (103). Many superhydrophobic surfaces

fabricated in the literature have utilized hydrophobic particle fillers (87; 72; 51), necessitating

the use of non-aqueous suspensions or other additives. Although these hydrophobic parti-

cles aided in generating the repellent roughness, they are not viable in a water-based system

without the use of charge-stabilization or surfactants. The hydrophilic nanoparticle TiO2 is
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demonstrated to supply an adequate amount of surface roughness, and is compatible with a

waterborne polyolefin polymer wax blend; the polymer acts to conceal the hydrophilicity of

suspended TiO2 particles when dispersed, thus sheathing the nanoparticles in a weakly hy-

drophobic shell which is maintained once the final composite has been applied and residual

water is removed. Using nanoparticles of extremely small dimensions (< 25 nm), a surface

roughness is achieved thereby propelling the contact angles of the final composite upwards into

the superhydrophobic regime. In addition, TiO2 has been shown to be a non-toxic additive to

food, skin lotions, and paint pigments (104), thereby further strengthening the claim of reduced

impact, environmentally and otherwise, from the composite constituents.

The presence of a translucent-white, water-based, and entirely fluorine-free superhydropho-

bic formulation capable of large-are surface modification has been lacking in the literature, and

for this reason has been developed and herein characterized.

4.2 Experimental

4.2.1 Materials

Titanium dioxide (TiO2) nanoparticles (Titanium [IV] Oxide anatase nanopowders, < 25 nm

particle size, 637254-100G) and two as-received mixtures of rutile and anatase (Titanium [IV]

Oxide nanopowders; < 21 nm particle size, 718467-100G; Mixture of rutile and anatase, < 100

nm particle size, 634662-25G) were obtained from Sigma-Aldrich to better understand the roles

of particle phase and dimension in the final composite. The polyolefin (PE) blend dispersion

consisting of polyethylene-acrylic acid copolymer (∼40%, stabilizing agent) and polyethylene-

octene copolymer (∼60%, adhesive elastomer), was obtained from DOW Chemical (∼42 wt %
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in water; HYPODTM 8510). Deionized water was used as a probe liquid for contact and roll-off

angle measurements.

4.2.2 Procedure

To prepare the sprayable dispersions, the following procedure was developed. Solids content

in any sprayable dispersion is a critical component; too little requires unnecessary additional

coatings and a wasteful expenditure of water; too much can cause high viscosities and/or

clogging thus making spray atomization untenable. A solids content of 5 wt. % in water was

selected as high enough for adequate coating deposition per spray pass, and well below the solids

content where spray problems are encountered (> 10–15 wt. %). The solids content is then

divided into a nanoparticle to polymer ratio to evaluate the effect of increased particle content.

Composites tested, in ratios of nanoTiO2:PE, were 0:100, 25:75, 50:50, 60:40, 75:25, 80:20, and

85:15. Ratios below, and including, the 50:50 particle to polymer composition did not possess

adequate roughness to achieve a high degree of repellency due to the PE blend being only

weakly hydrophobic, but are included and characterized to show the evolution in increased

water contact angles as a function of nano-roughness as opposed to the smooth untextured

all-polymer (0:100) coating. The limit of particle content was set at 85:15, above which the

polymer content is reduced to such a low level that particle adhesion is severely compromised.

To prepare a 20 g dispersion in a 50:50 ratio as an example, 0.5 g TiO2 is initially weighed out

into a 20 mL vial. Subsequently, 18.3 g of deionized water is then added to the dry particles

and probe-sonicated for 1 minute (Sonics & Materials, Inc., 750 W, 13 mm probe dia., 20%

amplitude, 20 kHz). The as-received PE polymer blend is 42 wt. % solids in water, the portion
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of water from the polymer suspension is subtracted from the initial water balance added to the

dry nano-powder; the water content in the final dispersion will be 95 wt. % after the next and

final step. Immediately following the probe-sonication, 1.19 g of PE polymer (42 wt. % solids =

0.5 g PE, 50:50 blend of TiO2:PE) suspension is added to the dispersion and then mechanically

mixed for 5 minutes.

An airbrush atomizer (Paasche, VL siphon feed, 0.55 mm spray nozzle) was used to spray

the prepared dispersions onto glass slides from a distance of ∼20 cm. Water-based spray disper-

sions pose several challenges, as the formation of necessary roughness features in the composite

is inhibited by the slow evaporation of the water. To this end, the smallest spray nozzle was

selected for finer spray atomization to enhance water evaporation during application. Spray

distance can affect morphology and deposition amount, the distance was thus selected to avoid

excessive water accumulation during each spray pass at shorter distances, and to maximize

coating deposition which can be reduced at greater distances. Between spray passes, a hand

dryer was used to evaporate residual water in the composite. Care was taken to ensure spray

uniformity and control over coating thickness. To determine coating weight and verify unifor-

mity, glass slides were weighed before and after the coating process to determine coating weight

in g/m2 (gsm).

4.2.3 Characterization

Three glass slides were sprayed for each ratio tested, all of which were characterized for water

droplet contact/roll-off angles to form a more accurate average incorporating any uncertainty

in the spray parameters. In determining contact angle (CA) hysteresis, water droplets were
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syringe-extruded, and similarly withdrawn, using a 1 mm needle-tip such that probe droplet

diameters ranged from 1 mm to 4 mm size. This facilitated dynamic measurement of advancing

and receding contact angles. For roll-off, or sliding angles, the glass slides were placed on an

in-house goniometer operated by a small VXM motor allowing precise control through small

angle increments until a 10 µL water droplet was seen to roll from its initial position on the

level glass slide. If the droplets did not roll, the composite surfaces were deemed “sticky” and

marked with as “S” in Table IV.

NanoTiO2 particles were imaged in a transmission electron microscope (TEM; JEOL JEM-

3010, 300 keV) to verify dimensions, crystalline phase morphology, and aggregate size. For

SEM observations, a small area (∼0.25 cm2) was cut from coated aluminum foil. Aluminum foil

substrates were coated in place of glass slides, prepared in the same manner, to prevent charging.

The prepared samples were then sputter-coated with a 5 nm Pt-Pd coating to facilitate SEM

imaging.

For X-ray diffraction (XRD) characterization (Siemens [Bruker] D5000 theta-theta powder

X-ray diffractometer, 40 kV, 25 mA, Cu radiation, graphite monochromator). 2θ values were

varied from 10◦ to 60◦ in 0.01◦ increments, with 1 s/increment. Quartz backgroundless slides

were prepared with an all-PE sample, and compared with the three variants (anatase, 21 nm

mixture, and 100 nm mixture) in a 20:80 ratio of TiO2 to PE polymer. The all-PE slide was

spray-cast with 5 wt. % PE in water (0.9 g solids). To obtain an accurate comparison of PE

crystallinity with the nanoTiO2 composites, the polymer content was fixed at 0.9 g such that

the nanoTiO2 addition of each of the three variants was 0.22 g (20:80, TiO2:PE). The low filler
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content was chosen to focus primarily on the PE crystallinity. A larger filler content would

dilute the reflection peaks of the PE due to the sharper crystallinity observable in the TiO2.

4.3 Results & Discussion

The crystalline differences between anatase and rutile phases of TiO2 are well under-

stood (105); however, the adsorption mechanisms on the metal oxide surfaces, and their phase

transitions have been the source of some controversy and lack of consensus in the litera-

ture (106). Aggregation of these nanoparticles into larger clusters is directly dependent on the

phase, in turn sensitive to both particle dimensions, temperature, and pH (107; 108). In general,

smaller nanoTiO2 particles are more reactive based on the ratio of dissociative to molecular

adsorption, but again, there are conflicting results in the literature on this point (109; 110; 111).

Transmission electron microscopy (TEM) was employed to analyze nanoTiO2 particles of each

form; shown in Figure 17 are representative samples of both the anatase and 21 nm mixed-

phase particles. Particles of the 21 nm TiO2 blend were found to be ∼21 nm in diameter as

expected, yet readily tend toward agglomeration through surface charging mechanisms (i.e.,

hydrogenation) (112). Even in vacuum, water adsorbate is likely retained on the surface of

these particles (108), and may be contributing to the observed aggregation in the mixed-phase

particles due to the presence of rutile. The anatase TiO2 had a lower tendency for agglomer-

ation explained by a lower surface energy over that of rutile (113). They were easily isolated

in TEM vacuum for imaging, and observed to be ≤ 60 nm diameter in particle size; compared

to their as-purchased size of < 25 nm, a common problem in large-scale batch-processing of

nanoparticles.
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The greater density of the anatase, attributed to the larger particle size, was evident by

how quickly they settled when placed in an aqueous suspension, as shown in Figure B1. The

photograph was taken one month after both types of TiO2 were probe-sonicated in water at

5 wt. % concentration, and allowed to settle. The minute dimensions of the rutile allowed

these particles to remain suspended indefinitely with some slight settling due to a statistical

unavoidable presence of larger particles and agglomerates; whereas, the anatase phase was

observed to be much more dense, occupying a smaller volume when measured into the vial as

compared to the rutile and, not surprisingly, settling more rapidly.

After suspending the nanoparticles in water and fully dispersing through sonication, the PE

polymer was added under mechanical mixing and the dispersion was then sprayed onto either

foil for SEM imaging, or glass slide for CA measurements. Figure 18 shows SEM imaging of the

three types of TiO2 tested in a 75:25 dried-composite mass ratio of nanoparticle to polymer;

anatase in the left column, the 21 nm blend in the middle column, and the 100 nm blend in

the right column. The top (50 µm scale-bar) and bottom (5 µm scale-bar) rows of Figure 18

refer to lower and greater magnification, respectively. The anatase formed larger agglomerate

features in the final composite as compared to the other two composite blends (mixed-phase

21 and 100 nm). This is notable because the anatase was easily isolated for TEM imaging in

vacuum, as compared to the aggregate clustering observed for the 21 nm mixed-phase particles.

Surface adsorption of nanoTiO2 in water has been a well studied area in the literature (114),

with the greater photoreactivity of anatase phase surfaces being of prime interest. Evidently,

the addition of the aqueous polymer suspension allowed for greater aggregate clumping in the
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Figure 17. TEM images of 21 nm mixed phase TiO2 particles (left), and a > 50 nm anatase

TiO2 particle (right). The smaller dimensions of the mixed-phase nanoTiO2 are evident,

having a greater tendency towards aggregation over that of the anatase due to greater surface

area and surface charging (i.e., hydrogenation). The scale-bars in both images are 10 nm.
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final composite as compared to the blended forms. The anatase was also seen to be unstable

in the final dispersion, settling much faster likely due to an intrinsic higher density and greater

agglomerate size. For the blended composites, the PE acted as a stabilizing agent prevent-

ing agglomeration. The higher surface charges held by the mixed-phase particles formed well

insulated small clusters upon contact with the polymer. The final dispersion for the 21 nm

mixed-phase was observed to separate slightly after one week when allowed to rest, forming

a thin layer of water on the top of the vial but easily returning to a stable suspension when

shaken; performance of the final composite after spraying was not noticeably affected. The 100

nm mixed-phase behaved similarly to the 21 nm, with slightly more settling from the larger

particle dimensions but returning to suspension easily upon mild mechanical mixing.

To better understand the behavior of the variant nanoTiO2 particles studied, the chemical

kinetics of the surface interaction between the nanoparticles and the PE polymer chains must be

understood. TiO2 is known to induce nucleation of polyethylene co-polymer crystallinity (115),

thereby increasing the hydrophobicity through a reduction in free surface energy. In general,

polymers in ordered (i.e., crystalline) groupings will have a lower surface energy than their

amorphous form due to a more stable bonded state. The anatase nanoparticles are observed

to induce larger aggregate groupings in the PE blend; whereas, the mixed-phase nanoTiO2

particles induced smaller aggregate sizes, yet with far more numerous nucleation sites. This

hierarchical surface texture from choice of filler particles, and lower surface energy of crystalline

PE would thus be considered ideal for the purposes of generating liquid repellent surfaces.
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Figure 18. SEM images for the three variants of TiO2 composites tested, in a 75:25 ratio:

anatase (left column), 21 nm mixed phase (middle column), and the 100 nm mixed-phase

(right column); in low (top row, 50 µm scale-bar), and high magnification (bottom row, 5 µm

scale-bar). The anatase composite forms the larger agglomerate particle sizes by far, with a

much greater inhomogeneity in average agglomerate size as well. The 21 nm mixed-phase

composite formed uniform small agglomerate sizes, while the 100 nm mixture formed slightly

larger agglomerates. Of interest is the variation in visibile smooth patches of exposed polymer

in both the anatase and the 100 nm mixed-phase composites, yet the polymer appears to be

entirely utilized in the higher surface area 21 nm mixed-phase composite.
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XRD measurements were performed on the three variant nanoTiO2 composites and com-

pared with an all-PE composite to determine if there is any crystallinity enhancement in the

polymer. XRD measurements are sensitive to voume in the composite, and for this reason the

polymer content (i.e., volume) was fixed across all samples (0.9 g, see Figure 19); whereas, the

filler particle content was held to a minimum of 20 wt. % (0.22 g) in the composite in order to

better visualize PE crystallinity peaks. For the case of the all-PE sample, there are 2θ peaks

with values of ∼19 and 22◦, surrounding by an amorphous “halo” (115; 116). For the 20 wt. %

anatase composite, the peaks from PE reduced slightly in intensity, with an additional slight

narrowing of the peak width. The expected peaks from anatase were observed at 25◦, 37◦, 48◦,

55◦, and 56◦, as well as being represented similarly in the two mixture samples as expected.

The mixed-phase samples both had peaks indicative of the rutile phase at 27◦ and 45◦, as ex-

pected. In regards to the broad peaks for PE, however, the degree of crystallinity contributed

by the addition of nanoTiO2 is inconclusive. There is a slight narrowing of the peak base for

the anatase, but is accompanied by a diminished peak size, resulting in an ambiguous change

in the area under the reflection-intensity curve. For the two mixed-phase samples, the peak

base remains relatively unchanged and it is unclear from the background whether or not the

reflection peaks have sharpened.

Additionally, the PE (HYPODTM 8510) has a high carboxyl content (117), which can be-

come dissociated upon interaction with titanium nanoparticles (18). This reaction results in

the formation of formic acid in the nanoTiO2:PE dispersions, and thus formate is deposited

along the grain boundaries of agglomerate nucleation sites in the dried composites. This is
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Figure 19. XRD reflection peaks for an all-PE coating (bottom, black), and three variant

nanoTiO2 composites (anatase in red, 2nd from bottom; 21 nm mixture in green, 2nd from

top; 100 nm mixture in blue, top).
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easily verified by comparing the pH of the prepared dispersions before spraying. The PE (42

wt. % in water) has an as-received alkalinity of pH 9. The nanoTiO2 (all types) upon dispers-

ing in deionized water retains a neutral pH (∼7). Upon combining the filler and polymer, the

pH is observed to reduce to 8 in all cases, suggesting a neutralizing effect brought on by the

introduction of the reactive filler particles in the alkaline dispersion. The surface adsorption

mechanisms of nanoTiO2 are likely stripping the carboxyl groups from the polymer backbone,

forming chemical bonds with PE and simultaneously neutralizing the dispersion. The mech-

anism partially explains the efficacy of the protective polymer “sheath,” or protective shell,

surrounding the otherwise hydrophilic particle fillers.

The larger agglomerate sizes, or surface features of the composite, have a direct impact on

droplet mobility in the final composite. The large clusters of anatase particles and exposed

polymer can be observed in the left column of Figure 18. Referring to the bottom left col-

umn, the individual TiO2 aggregates can be seen dotting the polymer surface. The unit size

of these agglomerates matches well with the observed unit size in the other coatings and are

all uniformly of submicron (< 1 µm) dimensions; yet, for the anatase, these unit agglomer-

ates further condense into much larger clumps, some approaching 50 µm in size (Figure 18,

upper left), during spray-casting. These hierarchical features are not entirely undesirable and

can aid in generating super-repellency (81); unfortunately, the weakly hydrophobic smooth

patches of exposed polymer can detract from droplet mobility, resulting in ‘sticky’ regions of

the surface where droplets adhere, thereby pinning due to the roughness contrast (118). In

contrast, the submicron agglomerates in the case of the 21 nm mixed-phase remain constant
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during spray-casting, forming uniform nanometer-scale roughness along the surface. Regions of

smooth exposed PE seem to be eliminated and well-absorbed by the nanoparticles, lacking the

roughness contrast observed for the anatase composite. The 100 nm mixed-phase composite

forms agglomerate sizes matching very well with the 21 nm composite despite the order of mag-

nitude difference. The composite more closely resembles the 21 nm mixed-phase coating when

compared to the anatase composite, likely due to a larger fraction of rutile over anatase in the

as-received mixture. Yet, the 100 nm composite appears to inadequately allow the PE to cover

the nanoparticle aggregates fully. Similar to the anatase composite, small regions of smooth

exposed polymer are formed as seen under high-magnification (Figure 18, bottom right). The

composite forms a unique blend of features observed in the composite images for anatase and

the 21 nm mixed-phase, incorporating aspects of both with a larger range of aggregate sizes

and intermittent small patches of smooth polymer.

Dynamic contact angles were measured for all coatings on glass slides in order to better

understand the role of particle size, phase, and polymer coverage. For any superhydropho-

bic surface, the sessile contact angle is generally considered limited information for predicting

dynamic droplet behavior when introduced to the surface. An advancing and receding con-

tact angle is more appropriate when attempting to characterize a self-cleaning surface, wherein

droplet mobility is important for transporting surface contaminants away. The difference in ad-

vancing and receding CA is known as CA hysteresis and is, ideally, as close to zero as possible

for best performance in regards to self-cleaning, and therefore, super-repellency (99).
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TABLE IV

ROLL-OFF ANGLE MEASUREMENTS FOR THE TIO2:PE COMPOSITES ON GLASS

SLIDES. THE VALUES ARE IN TERMS OF TIO2 FILLER CONTENT (i.e., WT. %),

NONE OF THE BELOW 50 WT. % SURFACES HAD MEASURABLE ROLL-OFF

ANGLES.

50 60 75 85

Anatase (25 nm) S 38.7 ± 8.3 19.5 ± 6.3 13.6 ± 3.9

21 nm Mixture S 38.7 ± 8.3 32.5 ± 2.6 34.7 ± 5.2

100 nm Mixture S 24.2 ± 4.9 S S

Figure 20 illustrates the behavior of water droplets introduced to the surfaces of the com-

posites possessing a range of nanoparticle loadings for determining optimal ratios. The green

line in each plot represents the advancing CA, as opposed to the red for receding CA. The CA

hysteresis, the difference of the two, is shown as a blue dashed line, the closer to the x -axis being

the more preferable for higher performance as advancing and receding CA become more aligned.

The more closely matching the two CA become refers to a decrease in adhesion of the droplet to

the surface which can likewise increase droplet mobility. The CA of ∼95◦ for pure PE polymer

(i.e., 0:100 ratio, no roughness) is shown as the y-intercept for all three plots, of note is the zero
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receding CA for the all-PE coating; the polymer itself is extremely sticky to water droplets and

only weakly hydrophobic. As nanoparticle loading is increased, all three composites achieve

higher advancing contact angles as well as a reduction in CA hysteresis (i.e., the receding an-

gle approached that of the advancing angle). CA hysteresis for the mixed-phase composites

diminishes much more rapidly at increased particle loading, mainly due to the reduction of

exposed polymer as discussed for Figure 18 and the greater prevalence of nanoscale roughness.

The exposed patches of polymer in the anatase coating allow for regions on the surface for the

droplet to anchor, thus pinning the receding contact line and preventing it from receding. The

hybridized regions of nanotextured and smooth polymer in the 100 nm mixed-phase composite

produces small variations in projected performance as the particle loading increases, compared

to the steady and repeatable increase in performance for the 21 nm mixed-phase composites.

This performance drops off dramatically above a 60–75 wt. % filler particle loading resulting

in a wettable surface. Droplet roll-off angles were include in Table IV, reflecting the improved

performance by the reduction in CA Hysteresis.

In terms of overall dispersion stability and performance, the 21 nm mixed-phase TiO2 com-

posites were the more uniform and repeatable superhydrophobic coatings. The suspension could

be maintained indefinitely, making it ideal for large-area industrial-scale surface treatments,

without fear of the formulation going out of suspension; thus, avoiding wasteful expenditures

and poor efficiencies. Additionally, the anatase composites are much more photo-reactive, which

can cause issues with repellency when exposed to UV radiation, dissociating the surrounding

polymer and becoming increasingly hydrophilic due to an increase in free surface energy. All
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Figure 20. Dynamic wettability measurements for all three types of TiO2 tested for all

nanoparticle mass fractions. For all three TiO2 samples, the increase in mass fraction above 50

wt. % boosts advancing contact angle (green) to above 150◦ while also increasing the receding

contact angle (red). For select mass fractions, there exists a measurable roll-off angle (gray).
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three variant nanoTiO2’s were shown effective for achieving superhydrophobicity above a 60:40

ratio; however, reducing PE content severely inhibits nanoparticle adhesion above a 75:25 ratio.

It is shown there is a desirable composite blend of nanoparticle to polymer ratio between 60

and 75 wt. % nanoparticles loading to achieve superhydrophobicity.



CHAPTER 5

DURABLE & FLEXIBLE GRAPHENE COMPOSITES BASED ON

ARTISTS’ PAINT FOR CONDUCTIVE PAPER APPLICATIONS

This chapter and its associated appendix (Appendix D) have been accepted to the journal

Carbon, Joseph E. Mates, Ilker S. Bayer, Marco Salerno, Patrick J. Carroll, Zhenguo Jiang, Lei

Liu, and Constantine M. Megaridis, November 2014, Elsevier.

An acrylic emulsion artists’ paint containing chlorinated copper phthalocyanine pigment

was modified with variable-size multilayer graphene (exfoliated graphite) to induce low electri-

cal resistance; composites were spray-cast on common printing paper, and subsequently polished

under mild compression, to produce highly conductive paper. The mechanically robust conduc-

tive paint showed excellent adhesion to the underlying paper, as determined by Taber abrasion

and tape peel tests, which displayed no adhesive failure under the test conditions studied. The

conductivity of the papers was tuned by changing the concentration and the size of the mul-

tilayer graphene particles. Detailed conductivity measurements showed stable Ohmic current-

voltage behavior. The optimum graphene-in-paint formulations resulted in sheet resistances of

the order of 10 Ω/�. Standard electrostatic force microscopy measurements showed uniform

surface electric field gradient distribution strongly correlating with the topography. Similarly,

scanning Kelvin probe microscope measurements indicated stable work functions close to 5 eV,

comparable to highly-ordered pyrolytic graphite. Furthermore, Kelvin probe measurements

93
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were more sensitive to surface charges related to copper phthalocyanine domains, which are

known to have semiconducting properties. Finally, the conductive papers were also tested in

the 0.50 to 0.75 terahertz (THz) frequency range for electromagnetic interference shielding

(EMI) characterization and displayed quasi-metallic shielding performance.

5.1 Motivation

The demand for flexible and durable light-weight electronics has increased in recent decades

due to the proliferation of new communications and sensor technologies, e-textiles, and the need

for adaptable power storage. Conductive composites in paper-based and textile applications

have been the subject of extensive research (119; 120; 121; 122; 123; 124) for their applicabil-

ity towards addressing this demand in future electronics. A generic and ubiquitous substrate,

such as paper, offers a unique platform for the testing and low-cost implementation of new

composite technologies; easily translating across multiple substrate platforms and industrial

applications, such as photodiodes, smart fabrics, and printable electronics, among many others.

As technologies advance, obsolete electronic detritus from years past now present ethical and

societal challenges for their environmentally-benign disposal. It is thus desirable that future

technologies should be designed such that outdated equipment could easily break down under

natural conditions with low environmental impact. Flexible paper and textile electronics repre-

sent solutions to these nontrivial challenges, with the added benefit of a reduced bulk which is

present in much of the current and previous technology; eventually taking up space in a land-

fill or, even worse, increasing pollution in the natural landscape. A composite, comprised of

multilayer graphene (MLG) in the form of exfoliated graphite in an acrylic artists’ paint poly-
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mer matrix, is presented herein for conductive paper applications requiring a light-weight and

low-cost solution, with the added benefits of extreme durability, flexibility, and quasi-metallic

electronic properties.

Acrylic emulsion artists’ paints were introduced in the 1950’s and 1960’s. Compared to oil-

based paints, acrylic emulsion paints are capable of high pigment loading, forming coatings that

can dry quickly and be thinned with water; they also have good clarity, excellent elasticity and

high resistance to ultraviolet degradation (125; 126). Earlier paint formulations used copolymers

of methyl methacrylate (MMA) and ethyl acrylate (EA) (127). Today, the acrylic emulsion

paints utilize poly (n-butyl acrylate/methyl methacrylate) copolymer dispersed in water. These

films tend to be slightly tougher and more hydrophobic than the MMA/EA resins, making

them more resistant to outdoor exposure. These emulsions offer advantages due to their unique

interactions with paper surfaces after application, including efficient encapsulation of pigments

to form a continuous film, absorption into the texture of the paper, and polymerization to form

a robust film or painting, as schematically illustrated in Figure 21 (128).

There are many different types of pigments used in acrylic emulsion paints as color sources.

Among them, phthalocyanine green (CuPc), a complex of copper (II) with chlorinated phthalo-

cyanine, has been widely used as a filler (129). The chemical formula of this compound ranges

from C32H3Cl13CuN8 to C32HCl15CuN8, depending on the extent of chlorine substitution. Due

to its stability, phthalo green is used in inks, coatings, and many plastics. The pigment is insol-

uble and has no tendency to migrate in the material. It is a standard pigment used in printing

ink and in the packaging industry, as well as in many cosmetic products. Of interest, CuPc



96

Figure 21. Application and setting of artists’ acrylic emulsion paint (shown in blue) on a

paper surface (gray). Circles represent the polymer emulsion, which upon drying cross-links to

form hexagonal bonds, thus acting as a matrix for pigment nanoparticles (shown as green

dots). Based on scheme reported in (128).
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particles have recently been studied for use in quantum computing (130) and as a doping agent

to enhance material properties in electrical and semiconductor systems (131), thus forming the

rationale for choosing this specific pigment to create a novel conductive composite.

Long theorized (132), graphene has been a major focus of research efforts since its discovery

in 2004 (16); however, processing large sheets for commercial and industrial applications still

remains cost-prohibitive. A cheaper, albeit less conductive, alternative to monolayer sheets

of graphene is the use of exfoliated graphite: an aggregate nanoparticle comprised of MLG

with high aspect ratio that is relatively simple to manufacture in bulk for low cost. Monolayer

graphene consists of a sheet of carbon atoms arranged in a hexagonal lattice, the structure of

which gives rise to an inherent mechanical strength (133), as well as ballistic electron trans-

port (29) along the many interlinked covalent bonds. The attractive properties of graphene

are numerous, yet generating defect-free and large-area graphene lattices necessary for realiz-

ing many of the desired attributes remains a challenge, and reproducibility is a concern. A

spray-cast MLG composite, in the form of exfoliated graphite dispersed in a pigmented acrylic

artists’ paint polymer matrix, possessing attributes approaching that of highly-ordered pyrolytic

graphite is shown here to have potential for durable and flexible conductive paper applications,

such as large-area flexible electronics and electromagnetic interference (EMI) shielding surface

treatments without exorbitant monetary and environmental costs.

Approaches towards conductive papers and inks have been studied in the past (134; 135;

136; 137; 138), but many have required costly components, complicated fabrication procedures,

or high energy expenditure to produce. As synthesis techniques improve, comparable inks and
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conductive colloidal suspensions are becoming cheaper but often rely on ground-up development

of compatible polymer binders. The novelty of this approach is in using an existing polymer

emulsion technology found in acrylic artists’ paint to reduce costs, which simultaneously takes

advantage of the nano-pigment suspension to add additional doping properties. For similar

reasons, composites containing precious metals, such as gold and silver, are only economically

viable for small-scale specialized electronics. Chemical vapor deposited (CVD) graphene is vi-

able on large-scales (assuming the fabrication chamber is made sufficiently large); however, this

method is also costly and limited in continuous throughput. Spray-cast functional composites

have been proven suitable and advantageous in low-cost and large-area application (41; 139),

and are compatible with the delivery of MLG dispersed in a diluted polymer matrix (70). A

desirable nanoparticle-polymer composite should be durable and flexible, as well as possessing

a low electrical resistance by allowing the MLG flakes to communicate free electrons through

a well-connected percolation network. Acrylic artists’ paint meets these criteria, being a novel

material in the pursuit of environmentally low-impact conductive binding agents and maintain-

ing a low price-point for realistic application.

Currently, the development of light-weight, durable, and flexible electronics has become a

focal point of research into next-generation battery and supercapacitor devices over the last

decade, with graphene capturing the imagination of the research community as a wonder ma-

terial towards this end. Carbonic electrodes are currently the predominant materials in power

storage, with strong demand for cheaper production methods and innovative approaches for

their incorporation in smaller, light-weight devices. A thin, foldable and substrate-independent
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electrode has great potential in applications for energy storage and wearable electronics, as

well as for reducing environmental concerns that arise from energy losses due to low efficien-

cies. Similarly, the EMI shielding potential for carbon-based composites has also been ex-

tensively studied (140; 141), both theoretically and experimentally, but only in the last few

years have experimental analyses of the EMI shielding potential of graphene composites been

realized (142; 143; 144; 145). In this work, a novel approach to low-cost, robust, and flexible

conductive MLG composites adhered on paper substrates via a water-based acrylic artists’ paint

is investigated; experimental evidence shows these composites to possess the high-conductivities

necessary for many conductive paper applications. Effectiveness for large-area terahertz (THz)

EMI shielding is demonstrated in addendum to the characterization of these composites.

5.2 Experimental

5.2.1 Materials

Exfoliated graphite nanoparticles with typical thickness of 6–8 nm were obtained from XG

Sciences (M-type xGNP) and Strem Chemicals (denoted as S-type for simplicity). MLG were

supplied in three sizes from both suppliers with average radii of 5, 15, and 25 µm (referred to

in the text as M-5, M-15, and M-25, or S-5, S-15, and S-25). The pthalo green acrylic paint,

manufactured by M. Graham & Co., was obtained from Dick Blick Art Supplies (Catalogue #:

01601-7064). Polymethyl methacrylate (PMMA, Product # 182265) and acetone (ACS reagent,

≥ 99.5% purity) were obtained from Sigma-Aldrich. Substrates for applying and testing the

resultant conductive composites were standard 8.5 x 11” printer paper and microscope glass

slides (25 × 75 × 1 mm). PuffsTM Basic 2-ply tissues were used for polishing after spray-casting.



100

5.2.2 Preparation & Application of Conductive Composite

To determine the solids content of the acrylic paint, test amounts were weighed before and

after curing. This allowed for an average estimate of ∼67 wt. % solids in the as-received acrylic

paint. This solids content is the basis for all subsequent composite ratios, being a proprietary

blend of copper pthalocyanine (CuPc) green pigment nanoparticles and acrylic polymer poly

(n-butyl acrylate/methyl methacrylate) emulsion. A stock solution of 10 wt. % acrylic paint

solids in acetone was prepared, and after bath-sonicating for 15 minutes (Branson 8200, 20 kHz,

450 W) was allowed to soak under mechanical mixing for at least 24 hours before preparation

of spray dispersions.

The sprayable dispersions were prepared as follows. The total solids content of the sprayable

dispersion was deliberately maintained at 3 wt. % in acetone to avoid complications during

spraying; heavier solids content negatively impacted spray uniformity by causing clogging, while

lower solids content unnecessarily decreased spray deposited mass and increased spraying time.

The solids content for the final composite coatings were varied in ratios of MLG to paint solids:

20:80, 35:65, 50:50, 65:35, and 80:20. For example, to prepare 16 g of a dispersion at 3 wt.

% solids (0.48 g) in a 50:50 ratio of MLG:Paint-solids, 0.24 g of MLG (50 wt. % solids) was

carefully weighed out into a 20 ml glass vial, to which 13.36 g of acetone (this excludes the

amount of acetone from the acrylic stock solution to be added later) was added. The MLG in

acetone was then probe-sonicated (Sonics & Materials, Inc., 750 W, 13 mm probe dia., 20%

amplitude, 20 kHz) for 1 min., to which the remaining 2.4 g of 10 wt. % acrylic-in-acetone

stock solution (0.24 g acrylic paint solids) was added drop-wise under mechanical mixing. The
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mixture was then bath-sonicated for an additional 5 min. to ensure adequate homogeneity in

the final spray dispersion.

The dispersion was spray-deposited (Paasche, VL siphon feed, 0.73 mm nozzle) from a

distance of 20 cm onto an area of 7.5 × 9 cm2 to form the composite coating; greater spray

distances increased the spray cone, such that control of spray area was compromised, while

shorter distances did not allow adequate time for acetone to evaporate during atomization,

resulting in excessive wetting and dripping. The substrates placed in the spray area were either

glass slides or cutouts of standard printer paper. For the given spray area, paper substrates were

cut to match the 7 × 9.5 cm2 spray area, or when spraying on glass, 3 glass slides fit neatly

in a vertical arrangement with 1 cm spacing between. The coating deposition mass (g/m2)

was determined by weighing the glass slides before and after spraying to ensure uniformity of

coating.

After spraying, the coated substrates were placed in an oven to cure at 150 ◦C for 1 hour. The

heating promotes relaxation of surface MLG into the polymer as the glass transition (∼190 ◦C,

see Thermal Measurements) is approached. After heating, the surfaces were polished manually

in a circular motion under compression (44–66 N) using untreated soft tissues to orient the

surface MLG parallel to the substrate. Loose surface MLG is removed in this step; the amount

removed is increased at greater graphene loadings in the composite, as the reduced polymer

content results in insufficiently adhered MLG. The surface takes on a reflective silver sheen

after polishing; light refraction is increased as the graphene becomes homogenously oriented.

After polishing, the substrates are replaced in the oven at 150 ◦C for another hour to allow any
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residual loose surface MLG to relax into and recombine with the composite. The surface is

once again briefly polished for approximately 1–2 min. and prepared for characterization after

the final heating.

5.2.3 Characterization

5.2.4 Morphological Characterization

Scanning electron microscopy (SEM, Hitachi S-3000N) was employed to visualize surface

morphology and estimate coating thickness using cross-sectional profiles. Profilometry (Zygo

NewViewTM 6300) results were used to compare smoothness of final composite to the roughness

before polishing. Atomic force microscopy (AFM, Asylum Research MFP-3D) was used to

analyze the roughness features at the micro-scale. The scan size was set to 40 µm with 5122

pixels, and the line frequency to 0.4 Hz. These settings, operated in two pass mode due to the

simultaneous performance of surface electrical measurement, required an acquisition time of

approximately 50 min. per image. The all-paint coatings (containing no MLG particles) were

spray-cast on glass slides to gauge their surface morphology for comparison. However, the spray-

cast films were too rough for accurate AFM measurements. The MLG:Paint-solids composites

were polished under mild compression, and as such, they were rendered smooth enough for

AFM measurements. However, smoother all-paint films were formed by drop-casting and AFM

morphology measurements for these surfaces are included in Appendix D.

5.2.5 Electrical Characterization

For conductivity measurements, the composite coatings of all MLG types and ratios were

applied onto glass slides. Silver paint was applied across the shorter dimension of the glass
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slide in two thin strips (∼3 mm wide) to form 25 × 25 mm2 composite squares of coating in

the center. Current-voltage (I-V) curves were obtained to verify linear Ohmic resistance of

the composites, with input voltage varied from -1.0 to 1.0 V, in 0.1 V increments. The slopes

(inverse of resistance) obtained through I-V characterization were then compared to the more

accurate 4-probe sheet resistance values.

Electric Force Microscopy (EFM) was carried out to determine uniformity of the conductive

coatings and map the surface electrical properties. Scanning Kelvin Probe Microscopy (SKPM)

was also carried out to quantify the electrical surface potential at the micro-scale. For both EFM

and SKPM modes, Electrilever probes (Olympus, Japan) were used, consisting of rectangular

silicon cantilevers with tip apex diameter of ∼60 nm and ∼25 nm Ti-Ir coating on the tip side

(resonance frequency ∼300 kHz). The tip was biased at +3 V with respect to the sample surface,

set to ground (Vg = 0 V) at the silver strips by adhesive copper tape. The second pass scan

was taken at an elevation height of 70 nm, with mechanical and electrical excitation resulting in

approximately one fourth or one tenth of the first (tapping mode) pass amplitude, in EFM and

SKPM mode, respectively. From the SKPM measurements of surface potential voltage, VSP,

the maps of local work function WF of the sample surfaces were calculated, as the difference

WF = WFtip − eVSP, where e is the electron charge and WFtip is the WF of the probe tip

used (∼5.3 eV), previously calculated by calibration of the setup on a reference sample with

known work function (highly-ordered pyrolytic graphite, ∼4.65 eV (146). Comparison SKPM

measurements on all-paint coatings were not possible due to insulating polymer encapsulation

of the chlorinated copper pthalocyanine pigment. However, SKPM measurements on vapor-
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deposited pure ultra-thin copper pthalocyanine films have been reported in literature with

relevance to charge transport in organic devices (147), where it has been found that pure

copper pthalocyanine films have an exponential density of states with a characteristic value of

0.11 eV, which is known as a good hole transport material.

THz EMI shielding measurements were performed using an Agilent N5245A PNA-X system

with full two-port WR-1.5 (0.50–0.75 THz) extenders (Virginia Diodes, Inc.) to evaluate the

potential of these composites in a real-world application (148).

5.2.6 Thermal Measurements

A differential scanning calorimeter (DSC-Q200, TA Instruments) was used to measure the

thermal properties of the acrylic paint on a stand-alone basis and compared to the thermal

properties of the Strem 25 µm (S-25) 50 wt. % composite. The temperature was stabilized

at 100 ◦C, and increased to 400 ◦C in increments of 10 ◦C/min for both samples. The glass

transition temperature (Tg) was determined by analyzing the hysteresis of a heat flow plot vs.

temperature, as the latter rose well above Tg, and slowly returned back through the temperature

region of interest.

5.2.7 Durability Testing

Conductive coating durability was tested by two different approaches: standard peel tests

using adhesive tape and abrasion testing. The peel tests were conducted using a POLKEN 203

tape having 9.4 N/cm adhesion force to steel in air. A loop tack method was used for peel

tests. In this method, the adhesive side of a loop of the tape was lowered onto a substrate

and pressed to cause adhesion. The other end of the loop was attached using a grip to an
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Instron tensile tester, which then pulled the tape and recorded the force as a function of time

and distance until lift off. The setup was used to execute several peel lift-off events (1 mm/s)

to gauge whether the conductivity of the nanocomposite coating is affected as a function of

repeated tape peels. At the end of each tape lift-off, the electrical resistance on the surface was

measured and compared with the original value.

The abrasion durability of the surfaces was measured with the TABER Reciprocating

Abraser (Abrader) - Model 5900 according to test method ISO 1518. The tester can be config-

ured with optional attachments to evaluate the relative resistance or susceptibility of a material

surface to physical damage, such as wear and abrasion, rub, scratch, mar, gouge and scrape.

The tester incorporates a horizontal arm that reciprocates in a linear motion. The arm can be

fitted with different weight disks in order to adjust the severity of the abrasion; in addition,

speed and abrasion length can also be adjusted. The abrader was fitted with plastic replace-

ment accessories including a rod to further decrease the load suitable for acrylic coatings. The

device can be fitted with various abrasion materials, from soft cloths to hard aluminum oxide

sand papers. For abrasion tests, we used a solid smooth plastic disk (2 cm in diameter) with

Rockwell hardness of M70 (R-scale; ISO 2039-2), similar to polycarbonate. The linear abraser

was applied with a single stoke at a time, separately, for two varying weights corresponding to

20 and 70 kPa abrasion pressure. After each stroke, the electrical resistance was measured on

the ∼8 cm-wide abraded region. Up to 100 abrasion cycles were applied on conductive paper

samples to monitor changes in the surface resistance as a function of abrasion handling.
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5.2.8 Raman Spectroscopy

Raman spectroscopy (Renishaw 2000, 514 nm Argon ion laser with 1800 l/mm grating)

was used to determine the nature of the graphene present in the MLG of the final composites.

The same process as given in the Preparation & Application of Conductive Composite section

was used to create MLG:PMMA composites for Raman spectroscopy comparison, where the

mass fraction of paint solids is replaced with PMMA to analyze the effect of the CuPc pigment

particles on the final composite. Peaks from Raman data were used to analyze the presence

of single layer, or stacked graphene, as well as to determine any n- or p-doping (negative or

positive) in the final composites by comparison with known Raman peaks (149).

5.3 Results & Discussion

As shown in Figure 22, the SEM images from before (left column) and after polishing/compression

(right column) show the reduction in surface roughness for a 50 wt. % filler particle composite

coating on printer paper. The amount of graphitic coating which is lost during the polishing

process depends on the nanoparticle-to-polymer ratio in the final composite; less particle fillers

means more adherent polymer to retain filler mass in the composite. The reverse is true, as

increased particle filler content in the composite (i.e., reduced polymer content) causes inad-

equate adhesion for much of the filler mass. For all composites tested, before and after mass

measurements of the coated glass slides yielded a repeatable 16.5 ± 2.9 g/m2 of composite

coating, with an average of 3.25 ± 2.19 g/m2 removed during the polishing step for the 50

wt. % S-15 MLG composite. For the coatings of higher and lower MLG loading, the amount

lost during polishing can significantly increase and decrease, respectively. For the more evenly
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balanced MLG:Paint mass fraction ratios (35:65 – 65:35), the polishing step serves to reorient

much of the MLG and align them parallel to the substrate surface. This alignment serves to

enhance the charge percolation network, and, in turn, increase electrical conductivity. When

the particles are oriented randomly, the interconnections between the conductive particles will

be less organized, allowing regions of high resistance to form.

The top row in Figure 22 shows a 5 µm MLG (Strem, S-5) composite coating, where the

particle sizes are seen to vary up to roughly twice the average radius with some particles being

as large as ∼10 µm. This trend is repeated for the 25 µm average particle radius (S-25) samples

in the bottom row of Figure 22, where particles approaching 50 µm are observed in the coating.

Similar size variations were observed in the xGNP M-type (M-5, -15, -25) samples, where the

as-received particle radius is a statistically accurate average with a wide distribution. After

polishing, defects were greatly reduced and the composites took on a smooth silver sheen. The

remaining defects, however, appear to be of the same magnitude as the original particle sizes

and decrease in regularity with increased particle radius. The right column of Figure 22 shows

the polished composites of both the S-5 (top) and S-25 samples (bottom); the smaller 5 µm

particles of S-5 create regular pitting of roughly 5 µm gaps in the otherwise smooth surface,

similar to the S-25 sample, where the pitting is larger but farther apart for comparable test

areas. This sparsity of surface pitting in the 25 µm MLG composites naturally tends to decrease

sheet resistance.

Profilometry results (Figure D1 and Table XI) were used to ascertain the reduction in

roughness brought about during the polishing process. Before polishing, the smaller MLG radii
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Figure 22. SEM images of two composite coatings (50 wt. % filler particle loading) on paper,

before and after polishing/compression. The left column shows images of unpolished S-5 (top)

and S-25 µm (bottom) average particle radius; it is clear that there is a range of particle sizes

up to twice the average radius. The right column is for the same MLG sizes and similar

magnification (scale bar is 50 µm for all images), after polishing. It is clearly seen that the

roughness is removed during the polishing and compression step, as particles become oriented

parallel to the substrate surface, effectively smoothing the composite, creating a better

percolation network for electron transport. The defects in the smooth composite, shown as

cavities, are roughly of the same order of magnitude as the initial average particle radius.
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tested (5 µm) for both the M- and S-types had roughness average (Ra) values of 6.84 ± 0.4 and

11.11 ± 2.1 m, respectively. After polishing, the roughness of the samples declined significantly

to 2.15 ± 0.1 m for the M-5 samples, and 1.60 ± 0.3 µm for S-5. Similar results were obtained

for the largest MLG radii (25 µm) to compare the opposite end of the particle size spectrum.

For the M-25 and S-25 samples, the Ra values before polishing were 33.24 ± 4.1 and 43.4 ±

9.0 µm, respectively. After polishing, they were reduced to 3.88 ± 1.2 µm (M-25) and 3.16 ±

0.6 µm (S-25). The final polishing step dramatically reduces the average roughness to within

the same order of magnitude regardless of original particle size, thus suggesting the MLG were

oriented parallel to the substrate during polishing and compression, giving rise to the observed

smoothness.

Cross-sectional SEM was employed to visualize the “brick-and-mortar” structure formed

from the horizontally-aligned MLG “bricks” embedded in the CuPc acrylic polymer “mortar”

matrix, as shown in Figure 23. From these coating profile images, the average coating thickness

(∼30 µm) is useful for calculating the total volume of the coating, which is needed for converting

surface sheet resistance measurements into volumetric resistivity and conductivity values, as

discussed below. The thickness value is only an approximation, and is used only for rough

calculations; as can be seen in Figure 23a and Figure 23b, the surface thickness can vary and

is also dependent upon the nanoparticle-to-paint solids ratio (For SEM images of the all-paint

coating, or 0:100 composite ratio, see Appendix D, Figure D2).

Raman spectroscopy was used to examine the nature of the graphene in the final MLG

composites (Figure 23, bottom). The blue shift observed in the G-peak, and the red shift
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Figure 23. SEM cross-sectional images of composites on printer paper for two representative

M-type MLG: (a) 5 µm, and (b) 25 µm. These cross-sectional images are used to estimate

coating thickness range, as well as display the brick-and-mortar assembly of the MLG

composite. Raman spectroscopy data is also included (bottom) for the two MLG sizes shown,

with visible peaks corresponding to n-type doping of both mono- and multi-layer graphene (as

compared to the same MLG particles in a PMMA matrix).
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observed in the 2D peak, are indicative of n-type doping in multilayer graphene attributed to

the presence of CuPc in the composite (149). Comparison measurements were performed by

replacing the paint solids matrix with PMMA (See dashed lines in Figure 23, bottom) delivering

noticeable relative peak diminishment in both cases; thus, further strengthening the case for

addition of doping properties via the CuPC pigment in the final MLG composites. Along with

peaks indicative of n-type doping, the Raman data reveals a mixed state of graphene in the

composite. The G peak is roughly twice that of 2D, suggesting a majority presence of multilayer

graphene, while the D peak suggests the presence of lattice defects (150). However, the aligned

MLG stacks after polishing appear to overcome these defects to form a well-connected charge

percolation network with low sheet resistance.

Sheet resistance measurements were made for all mass ratios, and compared in terms of

particle radii and filler content, as shown in Figure 24 and converted to conductivity values (σ,

S/m) in Table V (accompanying I-V curves for all mass fractions for both types of MLG tested

are plotted in Figure D3). For comparison, an all-paint coating was measured for resistance

to isolate addition of conductivity by the CuPc particles; the paint coating had a negligible

conductivity ( 0 S/m). The lowest mass fraction of 20 wt. % MLG (i.e., 20:80) for all types

tested fell in the kΩ/� resistance regime, with the exception of S-25 (267 Ω/�). At larger par-

ticle radii, resistance is seen to decrease due to the larger average radii of the stacked graphene

layers; larger particle radius equates to fewer contact points throughout the percolation net-

work and thus higher conductivity, as each connection made when conducting electrons through

the graphene layers would increase contact resistance. In addition, the resistance decreases as
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MLG content is increased as expected, until the polymer content is reduced (< 35 wt. % in

the final composite) to an insufficient level for adequately adhering the MLG to the substrate

during the polishing process. Sufficient polymer content is required to maintain conductivity

and durability; as the polymer fraction became a minority in the final composite, more MLG

was thus removed during polishing, resulting in increased resistance.

DSC measurements verified the glass transition temperature (Tg) of the dried pthalo green

artists paint (151), and compared it to a representative 50 wt. % composite from the S-25

MLG. As shown in Figure D4, the Tg was found to be ∼190 ◦C for both samples. The MLG

composite (Figure D4, black line) is shown to have sharper transitions as temperature is ramped

compared to the dried paint (Figure D4, green line); this corresponds to a more efficient heat

flow per gram, due to a greater heat transfer coefficient. With the exception of the increased

heat transfer coefficient, the addition of MLG does not significantly alter the thermal stability

of the pthalo green paint; making these coatings suitable for applications requiring thermal

stability up to 190 ◦C, but not above.

Tape peel and abrasion tests, as conducted on several representative composites, reveal

(Figure 25) the extremely durable property of these coatings. Beginning with the peel tests

shown in Figure 25a, the resistance was measured as a function of number of tape peels in a

given region. The resistance rises almost linearly, but is only slightly higher than the original

resistances after 15 peels for all composites tested. This linear trend in conductivity loss, when

averaged across all substrates is a measured increase in resistance of only ∼1.75 Ω/� per tape

peel, is surprisingly robust and suggests that very little of the charge percolation network is
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Figure 24. (Left) Log plot of 4-probe sheet resistance as a function of the final mass fraction

of MLG in the dried polymer composite for all samples and mass ratios; numerical

conductivity values for these are listed in Table V. The resistances for lowest mass fraction

(0.2 or 20 wt. %) with the exception of Strem 25 µm were in the kΩ/� regime, the samples

with lowest resistance were uniformly found to be in the 50 to 65 wt. % regime. Increased

MLG content (above 65 wt. %), with the exception of the xGNP M-5 µm, resulted in

insufficient polymer content to adhere the nanoparticles through the polishing process and

caused resistance to increase. (Right) Representative I-V curves showing linear Ohmic

resistance behavior for the S-5 samples; the slopes match very well with the 4-probe data

which has been converted to conductivities (units of S/m, see Table V).
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TABLE V

CONDUCTIVITY VALUES (IN S/M) BASED ON 4-PROBE SHEET RESISTANCE

VALUES (VOLUME DETERMINED BY 25 MM × 25 MM SQUARES WITH AN

AVERAGE COMPOSITE THICKNESS OF 30 µM) FROM THE PLOT IN FIGURE 24

FOR BOTH M- AND S-TYPES, AND FOR ALL MLG PARTICLE RADII AS MASS

FRACTION OF MLG IN THE COMPOSITE IS INCREASED.

MLG Mass

Fraction (wt.%) 20 35 50 65 80

xGNP

5 µm 1.3 ± 0.1 21.5 ± 4.6 85.0 ± 4.5 182.1 ± 8.9 274.7 ± 45.13

15 µm 5.2 ± 9.8 58.5 ± 14.2 181.4 ± 41.8 127.6 ± 29.9 74.1 ± 8.2

25 µm 32.0 ± 9.2 88.3 ± 7.3 262.8 ± 18.1 755.3 ± 53.4 243.0 ± 52.8

Strem

5 µm 11.9 ± 0.7 91.1 ± 5.6 465.3 ± 34.4 348.8 ± 15.0 190.2 ± 7.4

15 µm 15.4 ± 0.5 134.9 ± 2.2 243.0 ± 27.3 295.2 ± 34.7 124.0 ± 23.0

25 µm 124.8 ± 17.8 310.1 ± 48.2 468.2 ± 29.7 207.1 ± 200.2 13.7 ± 5.7
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damaged by the adhesive tape peel. In addition to tape peel tests, abrasion tests were also

carried out for 100 cycles using a plastic disk under two different weights (20 and 70 kPa,

Figure 25b and Figure 25c, respectively). The robustness of the coating is once again reflected

in the shallow linear behavior of conductivity loss as a function of abrasion cycles. For the 20

kPa weighted abrasion, the increase in resistance is ∼0.4 Ω/� per cycle. The 70 kPa abrasion

tests displayed an average increase of ∼0.55 Ω/� per cycle, as expected due to the increased

abrasion weight.

From the AFM/EFM/SKPM images (Figure 26, Figure 27), qualitatively, the pattern of the

sample topography (i.e., relative step-height of the coating, Figure 26a), is reproduced closely

in the EFM image (Figure 26b). This is not an artifact due to interference of the electrical force

image (during the second pass) with the topography, but is ascribed to a simple additive effect

of the nanocomposite, locally containing more MLG where it appears to be thicker. However,

the surface potential, as measured in the SKPM image (Figure 26c) reveals finer details not

observed in the topographical data (Figure 26a); these are ascribed to CuPc domains from

the original artists’ paint. Figure 26d is an “error” image formed from amplitude deviations

against the set-point in tapping mode, thus the image enhances regions with flat topography, in

which single MLG particle surfaces are observed (see dashed ellipses). In Figure 27, quantitative

results obtained from the AFM/SKPM measurements are shown. From the AFM topographical

images (Figure 27a), the root mean square roughness of the surfaces has been extracted (pass

number N = 6), whereas from the SKPM images (Figure 27b), the average work function (WF)

of the effective resulting coating material was calculated, on the imaged areas (N = 3).
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Figure 25. (a) Effect of tape peel tests on the conductivity of the paper samples made with 65

wt. % (65:35) MLG coating loadings. (b) Effect of linear abrasion (at 20 kPa) on the

conductivity of paper samples coated with 65 wt. % MLG loadings. (c) Effect of linear

abrasion (at 70 kPa) on the conductivity of paper samples coated with 65 wt. % MLG

loadings. The legends to the right of the plots refer to the type (M- or S-type) and the

particle size (5, 15, or 25 µm) of the composite filler particles; for the abrasion tests (b,c), the

type and size is accompanied by the pressure used (20 or 70 kPa).
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Figure 26. (a) AFM surface topography of M-15 conductive paper sample with 35 wt. %

(35:65) MLG loading. (b) Corresponding EFM map of the same conductive paper, and (c)

SKPM surface potential map, which is more sensitive to the CuPc domains of the original

artists’ paint. (d) The amplitude (i.e., deviations against the set-point in tapping mode) is an

‘error’ image which stresses the regions with flat topography, in which single MLG particle

surfaces are observed (see dashed ellipses).
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Figure 27. Quantitative results obtained from AFM (a) and SKPM (b) measurements, for

M-15 and S-5 samples with different MLG:paint-solids loadings. Uniform work function (WF)

indicates that the surfaces of the conductive papers have very uniform surface conductivity,

resembling highly-ordered pyrolytic graphite.
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The RMS roughness plots (Figure 27a) show that for the M-15 series, the 35:65 values are

very different from (i.e., higher than) all others (p ∼ 0.002 for 20:80, p ∼ 0.0001 for 65:35, and

p ∼ 0.001 for 80:20). For the S-5 series, the only significant difference occurs instead between

65:35 and 80:20, but to a lower degree (only 5 % significance, as p ∼ 0.014). Obviously, the

larger graphene flakes have a greater impact on the resulting roughness of the composite film.

In particular, the intermediate concentration of M-15 at 35:65 provided the highest roughness.

Higher MLG loadings most likely result in flakes overlaying one another, having an opposite

(i.e., flattening) effect. The smaller flakes of the S-5 series instead show maximum roughness

for the 65:35 MLG:paint-solids ratio, thus partly compensating the flake size.

The WF plots (Figure 27b) show that the mean WF values for all samples fall in the 4.0–4.8

eV range. For the sake of WF comparison for carbon-based materials, according to the available

literature, in decreasing order one can find ∼5.2 eV for C60 fullerenes, ∼5.05 for SWCNT, ∼4.95

for MWCNT, and ∼4.65 eV of HOPG (152; 153; 154; 155). In fact, the highest values for the

current composite are close, and even slightly higher than those for HOPG, whereas much lower

values also appear, associated with composite formulations of low MLG content, as observed in

the 20:80 sample for example.

For THz EMI testing to demonstrate real-world applicability of the MLG composite, sam-

ples were chosen for relative high, medium, and low conductivities to verify the correlation of

conductivity and THz radiation absorption/reflection. Namely, two samples with roughly 2-3

kΩ/� resistance (S-5 20 wt. % and S-15 20 wt. %, 2.8 and 2.2 kΩ/�, respectively), two

samples between 100-400 Ω/� resistance (S-5 35 wt. % and S-25 35 wt. %, 366 and 108 Ω/�,
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respectively), and two samples below 100 Ω/� resistance (S-5 50 wt. % and S-25 50 wt. %, 72

and 71 Ω/�, respectively). In addition, an all-paint coating was also tested as a control sample

(0 wt. % MLG) to verify a negligible influence on attenuation (∼0 dB). Figure 28 plots the

EMI attenuation data (s21) for the frequency range between 0.50 and 0.75 THz. For all samples

tested, the figure shows a linear increase in attenuation at higher frequencies, following the

well-known Drude model (141). The greatest attenuation occurs for the highest conductivity

samples, as expected, namely 50 wt. % S-5 and 35 wt. % S-25; with the greatest attenua-

tion observed (an average of ∼ 36 dB over the entire frequency range) for the larger 25 µm

particle radius MLG. In a similar study (156), composites with carbon nanofibers as particle

filler achieved -32 dB attenuation for even higher reported conductivities, suggesting that MLG

morphology assists in increased radiation absorption and is competitive as compared to similar

materials in the nascent field of THz shielding research.

A simple electrical circuit (See Figure D6) was made from a 50 wt. % S-25 MLG composite

sprayed on paper to demonstrate the composite’s applicability in real-world conductive paper

applications. The sprayed composite reduces the sheet resistance to below 100 Ω/� and forms

an extremely adherent coating. The circuit incorporates the logos from the Italian Institute

of Technology (IIT) and the University of Illinois at Chicago (UIC) to demonstrate the joint

collaboration which facilitated this research. The three i’s in the logos were bridged by LED

lights to such that when a 9 V battery is placed upside down on the conductive paper leads,

thereby closing the circuit, the i’s are “dotted” with a bright white light.
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Figure 28. Plot of wave attenuation as a function of frequency between 500 and 750 GHz

(0.50–0.75 THz), universally showing a linear increase in attenuation at higher frequencies.

The highest level of attenuation was found for the highest conductivity composites (Strem 5

and 25 µm, both 50 wt. % MLG composites) as expected, yet the larger 25 µm particle size

showed increased attenuation over the 5 µm particle composite even though both have

comparable sheet resistances (50 wt. % S-5 is 72 Ω/�, 50 wt. % S-25 is 71 Ω/�), suggesting

that greater particle dimensions positively affect THz EMI attenuation. An all-paint

composite (0 wt. % MLG) was also tested to determine effect of the CuPc pigment on the

attenuati on, having a negligible effect.



CHAPTER 6

HIGHLY ELASTOMERIC & CONDUCTIVE SUPERHYDROPHIC

COMPOSITES FOR SMART FABRIC APPLICATIONS

This chapter and its associated appendix (Appendix E) will be submitted for journal pub-

lication.

As electronic technology evolves, becoming simultaneously more complex and enmeshed in

our daily lives, novel solutions are required to keep pace with the increasing demand. Often,

advances in this arena are found in creative uses of common materials. ParafilmTM is one

such useful material common in nearly all modern research labs, whose properties have been

well-studied for decades. By combining a solution-processed blend of ParafilmTM and carbon

nanofibers, an adherent composite can be formed capable of sustaining high strains with recover-

able conductivities. In addition to the conductive element in the presented work, the composites

are also extremely water-repellent, maintaining high performance through the maximum stretch

ratios tested (> 600 % elongation). Such materials would be invaluable in corrosion-resistant

wearable electronics and flexible power storage devices. The use of these common materials

necessarily maintains a low cost for production, and combined with a large-area spray-cast ap-

proach, these composites can be easily transitioned into any number of specific applications in

booming fields of research and commercial products. A novel flexible composite is herein pre-
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sented capable of high conductivities and superhydrophobicity, which can be further modified

with the addition of doping or catalyst nanoparticles for tunable electrode applications.

6.1 Motivation

The greater complexity of circuitry and power storage needs in modern electronics under-

scores the demand for simultaneously more durable and versatile functional components. Elas-

tomeric conductive composites have shown promise for their ability to withstand high strain

with recoverable conductivities (157; 158; 159; 160; 161; 162), much of the current interest in-

volves battery applications (163; 164; 165). In addition, super-repellent conductive composites

have been heavily investigated for their resistance to failure under wet or corrosive condi-

tions (166; 167; 168; 95; 169). Combining stretchable and superhydrophobic functionalities is

advantageous for a large variety of electronics applications, namely flexible, foldable, and wear-

able electronics, as well as printable circuitry. While there exist many examples (170; 171; 172)

of such multifunctional conductive materials in the literature, their performance and recovery

is not addressed under extreme high strain conditions (> 300%, or λ > 3, where λ = Lf/Li).

An extremely robust conductive and superhydrophobic nanomaterial composite is presented,

capable of withstanding stretching up to 600% (λ = 6) original size with high recovery rates of

both the conductive and superhydrophobic properties. The spray-cast composite is formed from

solution-processed ParafilmTM (PF) and a carbon nanofiber (CNF) ink dispersion, delivering a

substrate-independent, low-cost, and large-area flexible conductive platform. The performance

far exceeds previous performance benchmarks (160; 173; 164; 174) for elastomeric and flexible

composites of either conductive or superhydrophobic property, yet possessing both.
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CNF have been used extensively in composite materials since their re-discovery in 1991 (175).

They have been shown to be effective in composite applications for high-conductivities (176;

177; 178; 179), enhanced heat transfer (180; 181; 182; 183; 184; 185), electromagnetic shield-

ing (48; 186), and fluid repellency (71; 187; 188), among many others. The rationale for choosing

CNF in the present application is their unique ability for forming excellent electronic charge

percolation networks, even under high mechanical strain by virtue of their high aspect ra-

tio (i.e., high surface area to volume) (189; 190; 191). In addition to their ballistic electron

transport capabilities, CNF offers unique reentrant surface texture which is ideal for robust

superhydrophobic surfaces (61). Similar carbonaceous materials have been used in the past to

dope paraffinic media for increasing heat transfer (192; 193), but an in-depth characterization

of these composites for elastomeric conductive potential is lacking in the literature.

PF is an ubiquitous material used in almost all modern laboratories as a vapor barrier for

sealing containers to prevent solvent evaporation; although, PF has also found use as grafting

scaffolds in botanical applications (194; 195), gas chromatography (196), as well as medical

testing (197; 198; 199). To the best of our knowledge, there have been no published attempts

at either solution-processing PF for use in a composite, or embedding nanomaterials in PF to

generate added functionality. The proprietary blend of paraffin waxes and polyolefins used in

the manufacture of PF produces a slightly hydrophobic and self-adherent substrate; specifically

made to have an irreversible elongation and thinning as the material is stretched. The adhesion

of the PF polymer matrix to a given substrate, in our case high-strain sustaining natural

rubber strips, is what enables the elongation of the PF composite to become pseudo-reversible.
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Upon relaxation from a high-strain state, the adherent properties of the composite allow for

an accordion-like collapse while still retaining the charge percolation network of the CNF, and

also maintaining the hierarchical micro/nanoscale surface roughness required for robust fluid

repellency.

Spray-cast functional composites have been proven viable in large-scale and substrate-

independent applications (41; 63; 55; 200; 47). In this work, the multi-functional nanoma-

terial/polymer composite is spray-cast onto natural rubber substrates and characterized for

high-strain elastomeric, superhydrophobic, and electro-conductive properties. The choice of

natural rubber as a substrate was made solely for testing the properties before and after extreme

stretching cycles, of which the natural rubber was observed to mechanically fail after stretch-

ing to λ = 7, or 7 times the original size; therefore, a maximum λ-value of 6 was determined

to be the upper bound in our testing and, as stated prior, far exceeds previous performance

benchmarks for similar materials.

The performance of the presented composite is exceptional in both electro-conductive or

water-repellent applications, and the composite can be utilized in a wide variety of corrosion-

resistant electronic devices in wet, dry, and high-strain situations. The composites form a base

for electrical design and future characterization, with potential for the addition of doping or

catalyst nanoparticles for refined functionality and specific application (e.g., cathode, anode,

etc.).
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6.2 Experimental

6.2.1 Materials

High heat-treated carbon nanofibers (CNF) were purchased from Applied Sciences (Pyrograf

III, PR-24-XT-HHT CNF, 40-100 nm dia., < 30 µm length after sonication). ParafilmTM (PF)

was purchased from Cole-Parmer (Parafilm Wrap PM992, 2” Wide; 250 Ft/Roll). Toluene

was purchased from Sigma-Aldrich (244511; anhydrous, 99.8%). Sheets of rubber were pur-

chased from McMaster-Carr (86085K101; Abrasion-Resistant Natural Latex Rubber Sheet

1/16” Thick, 12” × 12”). Silver paint (Ted Pella, Inc., Prod. # 16034, 15 g Pelcor Colloidal

Silver) was used to form contacts on the composite for 4-probe sheet resistance measurements.

Deionized water was used as the probe liquid for dynamic and static water droplet contact

angle and roll-off angle measurements.

6.2.2 Preparation

Sprayable CNF/PF dispersion preparation: A 10 wt. % stock solution of PF in toluene

was prepared initially by cutting the required mass amount of PF from the roll and placing

the solid film in suspension with the toluene. The sealed suspension was heated at 75 ◦C under

mechanical mixing for ∼1 hour, or until the Parafilm is observed to be completed dissolved;

forming a light-gray viscous suspension. The total solids content of the final dispersion was

maintained at 5 wt. % to avoid high viscosities and clogging during spray. As an example,

to prepare 18 g of a 50 wt. % CNF composite (50:50, CNF:PF), 0.45 g of CNF are weighed

out in a 20 mL glass vial. 15.05 g of toluene is then added and the mixture is probe-sonicated

(Sonics & Materials, Inc., 750 W, 13 mm probe dia., 20% amplitude, 20 kHz) for 1.5 min (the
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remainder of the toluene in the final dispersion will come from the 10% PF stock solution). 4.5

g of the 10 wt. % PF in toluene is added to the sonicated mixture drop-wise under mechanical

mixing, and subsequently bath-sonicated (Branson 8200, 20 kHz, 450 W) for 5 min. to ensure

adequate mixing and a homogenous final dispersion.

CNF/PF composite application onto rubber strips: Strips (1.3× 7.5 cm2) of natural rubber

were cut from the sheet and affixed to a cardboard backing for spraying; strips were mounted in

a 7.5×9 cm2 spray area. The as-received rubber strips had both a rough and smooth side, where

the smooth side was always the side to which the composite was applied to avoid the addition

of any roughness into the composite from the substrate itself. The CNF/PF dispersion was

spray-cast (Blick Art Supplies 25010-0300; VL-3 siphon-feed airbrush) onto the rubber strips

from a distance of ∼25 cm to allow adequate spray atomization. The samples were then allowed

to dry in open air for 24 hours after spraying before testing to ensure adequate removal of any

residual solvent, although the toluene typically evaporates from the composite on the order of

minutes.

6.2.3 Characterization

The coated natural rubber strips are clamp-mounted on a motorized slide (Vexta stepping

motor, model PX245, see Figure E1) with an initial 2.5 cm gap. One clamped end is held

stationary, while the other is withdrawn in increments of 2.5 cm (λ = 2, 3, etc.). The stretch

ratio λ can easily be converted to engineering strain, e, by the equality: e = λ - 1. Stretch

speeds were also varied within the capabilities of the motor (∼0.5 m/s) and found to have a

negligible impact on performance, and were thus held constant at ∼1 mm/s. At each interval of
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elongation, or stretch ratio, 4-probe resistance (HP 34401A Multimeter) and dynamic contact

angles measurements were performed. To attain composite sheet resistance (Rs, units of Ω/�,

see Equation 1.7), two thin strips (∼0.25 cm) of silver paint were applied across the width of

the rubber strips perpendicular to the direction of stretch as contact points for the 4-probe

measurements, forming a uniform square of conductive composite between. Three separate

sheet resistance measurements were collected at each λ-value and averaged individually for all

composites.

CA measurements were performed in situ on the motorized slide; water droplets were

syringe-extruded on the composites, and similarly withdrawn, using a 1 mm needle-tip such

that probe droplet diameters ranged from 1 mm to 4 mm size. For droplet roll-off angle mea-

surements, the entire motorized slide was mounted on a tilting stage with 10 µL droplets placed

on the level composites; the entire slide was tilted until the droplets were observed to roll off,

thus determining the sliding, or roll-off angle.

Scanning electron microscopy (SEM, Hitachi S3000N VPSEM) was used to examine the

morphology of the composites from an unstretched state (λ = 1), two strain ratios (λ = 2,

6), and after returning to an unstretched state from max deformation (λ = 6 → 1). Special

SEM stubs were machined in-house to maintain stretch ratios (See Figure E2) after removal

from the stretch apparatus for imaging. SEM images were also employed to examine cross-

sectional profiles of the composites in the aforementioned stretch ratios to determine the extent

of elongational thinning that the composite experienced during strain cycles. Similar specialized

SEM stubs as those shown in Figure E2 were also designed to facilitate these profile images
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(See Figure E3). The composite thickness during elongation and after is helpful for determining

the volume of the composite, when coupled with Rs values, composite conductivities (σ, units

of S/m) can then be estimated.

6.3 Results & Discussion

SEM imaging (Figure 29) was employed to visualize a 50 wt. % CNF composite surface

on rubber through a full stretch cycle (λ → 6 → 1): before stretching (Figure 29a), at two

points of sustained strain (λ = 2, and 6, Figure 29b and Figure 29c, respectively), and an after

image (Figure 29d) where the stretched composite relaxes to its original state (λ = 1) to assess

morphological recovery of the surface. From the before image in Figure 29a, the high level

of reentrant nanostructure roughness in the composite from the cylindrical CNF is clear, as

well as some hierarchical micro-structures formed from larger agglomerates of CNF and PF.

The roughness generated from the randomly-oriented and PF-clad CNF results in a highly-

effective charge percolation network. Thus, any current traveling through the composite would

experience low resistance due to the large number of charge-conducting pathways; nominally

seeking the path of least resistance.

In Figure 29b and Figure 29c, the direction of stretch becomes evident in the composite

as fissures begin to form, and greater CNF alignment appears; this is much more evident in

the extreme case of λ = 6, but it will be shown that the charge percolation network remains

intact, albeit damaged to some extent. Figure 29d shows the composite surface after returning

to a relaxed state (λ = 1) resembling an accordion-like compression; this is primarily a result

of the irreversible nature of PF elongation. The irreversible elongation of PF is overcome in
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Figure 29. SEM images of a stretch sequence for a 50 wt. % composite on natural rubber

substrates. (a) Before the stretch cycle, λ = 1. (b) λ = 2. (c) λ = 6. (d) After composite is

allowed to relax to an unstretched state, λ = 1.
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part by the excellent adhesion of the composite to itself and the rubber, aided by the reversible

elastomeric properties of the natural rubber substrate. Figure 29d remains remarkably similar

in morphology to the original composite surface, yet with clear fold lines formed perpendicular

to direction of stretch, and similarly, the fissure lines. It will be shown that, while the current

transfer network becomes more torturous as a result of the extreme stretch, the network remains

intact, possessing some self-healing attributes in the form of repaired pathways across folds in

the relaxed composite.

The ratio of CNF to PF in the composites was varied from low to high CNF filler content

(20, 35, 50, 65, and 80 wt. % CNF) relative to PF; the electrical resistance of each ratio was

measured as a function of deformation (i.e., stretch ratio λ) from original size (λ = 1), through

the maximum case of λ = 6, and allowed to relax again to λ = 1. From the left plot in Figure 30,

the sheet resistance increases fairly linearly with stretch for all composites until λ = 4, where

it then increases more rapidly for 3 of the composite ratios (35, 50, and 80 wt. %) until the

maximum λ value, 6. When initially relaxing from λ = 6 down to 5, the resistance drops

dramatically for all the composite ratios, suggesting a re-invigoration of the conductive CNF

percolation network which was previously stretched to nearly linear orientations (Figure 29c)

along the stretch axis, severely limiting the charge-conducting pathways. From this point of

stretch at λ = 5, continuing to a relaxed state at λ = 1, the resistance is seen to increase once

again in a nearly linear fashion (with the exception of the 20 wt. % CNF composite which

is considered to be anomalous, containing the lowest mass fraction of conductive filler) and

returning to the poor resistance observed in the maximum stretch. This is clearly indicative of
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irreversible damage done by stretching to such high levels of strain, suggesting a lower maximum

stretch is needed to attain a higher degree of reversibility for the composite’s conductivity.

Figure 31 displays profile SEM images which were captured at similar stretch ratios as those

shown in Figure 29. This enables an approximation of composite thickness due to elongational

thinning under strain deformation as shown in Figure 32. Surprisingly, the measured thickness

of the relaxed composite decreases from the initial dimensions. This is likely due to irreversible

elongation in the substrate, and possibly compression effects of the high strain increasing the

density of the composite. The coated substrates were observed during elongation to thin in

two dimensions as length was increased; both thickness and width. To ensure accurate Rs

measurements, the distance between the two strips of silver paint used for 4-probe contact

points were equivalent to the reduced width at various elongations. To convert these values to

conductivities, a more accurate representation of the composite robustness, the volume of the

composite was calculated using the power law curves shown in Figure 32; elongation thickness

tstretch = 22.7λ−1.14, relaxation thickness trelax = 10λ−0.59. The curve-fitted thickness values

were coupled with coupled with obtained Rs values to derive composite conductivities (σ), as

shown in Figure 33.

In any real-world application for a flexible and elastomeric electronic components, such high

deformation (λ = 6) is well beyond most current robustness requirements; this high stretch ratio

was chosen to gauge the robustness of the composites and to determine an ideal ratio of filler

particle to polymer for further testing. From the left plot in Figure 30 and Figure 33, it is clear

the 65 wt. % CNF composite forms the most ideal ratio of CNF to PF of those tested. This
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Figure 30. (Left) Sheet resistance values for all ratios of CNF to Parafilm tested (CNF:PF),

through one full stretching cycle from λ = 1 to 6, then returned to a relaxed position (λ = 1).

The 65 wt. % CNF composite has the greater recovery performance after the stretch cycle,

and was thus chosen for further testing at lower strain. (Right) The 65 wt. % CNF composite

was further tested at lower maximum stretch values (λ = 4, and 3) compared to the extreme λ

= 6 stretch ratio. Stretched composites with λ-values of 4 and 3 have a much higher recovery

performance suggesting λ = 4 may be the upper limit of sustainable strain with recoverable

properties.
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Figure 31. Cross-sectional profile SEM images of a stretch sequence for a 50 wt. % composite

on natural rubber substrates. (a) Before the stretch cycle, λ = 1, average coating thickness

∼30 µm. (b) λ = 2, average coating thickness ∼6–7 µm. (c) λ = 6, average coating thickness

∼3–4 µm. (d) After composite is allowed to relax to an unstretched state, λ = 1, average

coating thickness ∼9 µm.
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Figure 32. Average thickness (t) values of the composite (red squares) at stretch ratios λ = 1,

2, 6, and after relaxation to 1. Elongational thinning follows a power law curve, shown as a

solid blue line. The power law equation derived from the experimental data points allows for

an estimation of coating thickness, and therefore composite volume. For the elongation and

relaxation cycles, there are two distinct power law curves as the properties of the composite

have changed through deformation.
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Figure 33. (Left) Conductivity values for all ratios of CNF to Parafilm tested (CNF:PF),

through one full stretching cycle from λ = 1 to 6, then returned to a relaxed position (λ = 1).

The 65 wt. % CNF composite has the greater recovery performance after the stretch cycle,

and was thus chosen for further testing at lower strain. (Right) The 65 wt. % CNF composite

was further tested at lower maximum stretch values (λ = 4, and 3) compared to the extreme λ

= 6 stretch ratio. Stretched composites with λ-values of 4 and 3 have a much higher recovery

performance suggesting λ = 4 may be the upper limit of sustainable strain with recoverable

properties.
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filler particle ratio was chosen for further characterization at two lower max stretch ratios, λ =

4 and 3. The samples show a much greater degree of performance recovery when λ is confined

to less than or equal to 4. Stretched composites with λ-values of 4 and 3 recover to 1.83 and

2.63 R/Ro (where Ro is the original sheet resistance value), respectively.

Dynamic repellency to water was characterized in Figure 34, with contact angle (CA) hys-

teresis (advancing, receding CA, Figure 34, left) and sliding angles (Figure 34, right) as a

function of CNF filler mass for the unstretched (λ = 1), max stretch (λ = 6), and relaxed

(λ = 6 → 1) deformations. The 0 wt. % (0:100 ratio) represents an all-PF coating on natural

rubber, also characterized for CA hysteresis to better visualize the evolution of the enhance-

ment to water repellency imparted by the CNF filler particles. For all CNF filler ratios, the

advancing angles are all well above the superhydrophobic regime (> 150◦). The receding CA

(for all but the 20 wt. % CNF composite), also approach 140◦ delivering low hysteresis values

below 20◦. This indicates extremely low adhesion of the water to the composite surface made

possible by the nanoscale roughness of CNF combined with the lower surface energy of the PF;

this is verified by extremely low droplet roll-off angles (< 7◦) for all but the 20 wt. % compos-

ite. Hysteresis and roll-off angle plots indicate that the repellency is negligibly affected by the

extreme stretch of the composite, retaining robust superhydrophobic performance through even

the max stretch ratio (λ = 6). This retention of the superhydrophobic property after such severe

mechanical deformation has never been reported for any other composite material, suggesting

a novel advance in flexible repellent composites. Uniquely, the 20:80 ratio is extremely ‘sticky,’

0◦ receding CA with no sliding angle. This anomalous behavior is likely due to the low CNF
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concentrations resulting in inadequate roughness of the surface; the limited roughness appears

to provide just enough surface asperities for the droplet interface to gain purchase and adhere

(i.e., pinning) as compared to the relatively smooth all-PF surface. At higher filler ratios, the

roughness is sufficient to reduce the liquid to solid interface to negligible levels, thus allowing

the droplet to rest on pockets of entrained air and therefore glide across the surface under low

tilt angles.

Figure 35 demonstrates the durability for the best-performing 65 wt. % CNF composites

through multiple strain cycles. The composite was cycled through 50 stretch routines from λ

= 1 to 6, and back to 1 for each full cycle. The CA (Figure 35, Left) hysteresis and electrical

resistance (Figure 35, Right) were recorded as a function of stretch cycle to determine robustness

of the composite under excessive deformation. At discrete intervals of stretch cycling, namely

5, 10, 25, and 50, the performance was characterized for both sheet resistance and repellency.

The half-cycles, when the composite was returned to an unstretched state before another full

stretch are referred to as 5.5, 10.5, etc.. For CA hysteresis measurements, the performance

is relatively unchanged, further strengthening the claim for a novel super-repellent composite

capable of out-performing any preexisting coating currently on the market, or reported on in

the literature. Unfortunately, the sheet resistance values are not quite so robust, and as such,

the max stretch ratio was reduced to ascertain performance recovery at lower λ-values. The

recovery performance improves considerably when the max λ-value is reduced to 4 for the 50

cycles; and even more so at λ = 3 (Figure 35, Left). The λ = 3 variation in sheet resistance
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Figure 34. (Left) Contact angle hysteresis measurements as a function of CNF mass fraction,

through a full stretch cycle (λ = 1→ 6→ 1), advancing (solid line) and receding (dashed line)

are both displayed with the difference referred to as CA hysteresis (∆θ = θADV − θREC). The

superhydrophobic performance remains relatively unchanged through the extreme stretch

conditions, suggesting an extremely robust fluid repellency. (Right) Sliding angle data for the

same stretch cycle. With the exception of the 20 wt. % CNF composite (no sliding angles), all

sliding angles are well below 10◦, demonstrating high droplet mobility on the surfaces even

under maximum strain. The 20:80 ratio was determined to be ‘sticky,’ attributed to the high

CA hysteresis (low receding CA reflect high droplet adhesion to the surface).
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Figure 35. The best-performing composite, 65 wt. % CNF, is tested under 50 cycles of

stretching to determine durability after prolonged use. Contact angle hysteresis (Left) and

electrical resistance measurements (Right) for a 65 wt. % CNF composite through 50 stretch

cycles. Half cycles (i.e., 5.5, 10.5, etc.) represent the coating returned to a relaxed state

before the next high strain cycle.

through 50 cycles is almost negligible, resulting in one of the most robust electrically conductive

composites heretofore reported.

The novel conductive composite that is both superhydrophobic and highly elastomeric

demonstrates extremely high performance and recovery under severe conditions. Such ma-

terials have potential in flexible fabric electronics where deformation-resistance is an intrinsic

requirement. Future modifications to such composites could easily incorporate any number of

doping or catalyst nanoparticles for added functionality by incorporating them with the CNF
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during preparation. There also exists potential for utilizing the present method for solution-

processing of PF with polymer blends such that the elastic PF matrix could be made more

conductive. These blends may possibly detract from the elastic property but could yield a

significant boost in electronic performance.



CHAPTER 7

PVDF NONWOVENS: OIL-WATER EMULSION SEPARATION,

ENERGY HARVESTING, AND SELF-DEFOULING FILTRATION

MEDIA

As current resources dwindle and purified filtrate oil becomes more difficult to attain, there

exists a growing industrial demand for efficient separation of oil-water emulsions. Oil-water

emulsions are of special interest to a diverse array of industries, such as aluminum, steel, food,

textile, and petrochemical. Hydraulic fracturing (i.e., fracking) is only one example of the

current crisis caused by oil and water shortages world-wide, requiring vast amounts of puri-

fied water to extract the natural gas, and producing billions of gallons of waste-water in the

process (See Figure 36). Such contaminated oil-water mixtures, if left untreated, can prove

detrimental to the environment, resident populations, and infrastructures. Most conventional

techniques for separating immiscible oil/water mixtures are not effective for emulsions, and

traditional membrane-based separation is energy-intensive with fouling issues and limited flux.

Large-area, low-cost nonwoven filter media with fine fiber diameters (i.e., high surface to volume

ratio) and tunable wettability can address these demands, for nearly all relevant demulsifica-

tion applications, by virtue of their tunable functionality. Polyvinylidene fluoride (PVDF), a

semi-crystalline polymer, has been extensively studied due to its low cost, high melting point

(170 ◦C), continuous service temperature up to 150 ◦C, non-reactive properties, exceptional

142
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chemical resistance, thermal and weathering stability, and outstanding dielectric and piezoelec-

tric properties. Such a degradation-resistant material is ideal for filters undergoing exposure to

a wide range of acids, bases, and harsh solvents, even UV/gamma radiation. Novel PVDF non-

woven fabrics with ∼1 µm fiber diameters are presented for the efficient separation of oil/water

micro- and nano-emulsions. The work makes use of state-of-the-art technology developed at

N.C. State University (NCSU) in collaboration with the University of Illinois at Chicago (UIC)

to produce the first of these nonwovens; previously impossible by other means due to PVDF’s

low melt strength, forcing ultra-low processing speeds. In addition, PVDF’s piezoelectric func-

tionality, up to 10 times that of any other fluoropolymer, if harnessed, could yield large-scale

fabrics for energy harvesting applications and self-defouling filtration.

7.1 Introduction

Polyvinylidene Fluoride (PVDF) nonwoven properties were evaluated based on fiber di-

mensions and added functionalities (e.g., liquid repellency, electro-conductivity, piezoelectric

function). PVDF fabrics were produced at North Carolina State University and supplied to

the University of Illinois at Chicago (UIC) for characterization and additional functionalization

through the application of fiber-conforming dip-immersed, or spray-cast, nanocomposite coat-

ings; other avenues of fiber modification (thermal-, solvent-induced, etc.) are also considered.

Of primary interest were any treatments to enhance the antifouling properties of the PVDF

nonwovens, primarily through tunable adhesion of any conformal treatments, modification of

wettability, and self-cleaning ability via hierarchical surface texture imparted through the ad-

dition of low surface energy fillers; any added functionality, which could be tuned through the
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Figure 36. A schematic illustration of an oil well, where billions of gallons of oil must be

demulsified to remove contaminants such as water and solid impurities. Using novel filter

systems such as PVDF nonwovens, purified oil can be processed at high flux rates.
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choice of filler particles or polymer matrix, were also of interest. The polymorph attributes of

PVDF along with the intrinsic difficulties of achieving the most interesting of the various crys-

talline phases, namely β-phase, have been the primary hindrance in incorporating piezoelectric

properties into cost-effective commercial production. Developing a low-cost, efficient process of

generating β-phase PVDF using known nonwoven techniques is of great interest to the scien-

tific community, having vast potential for energy storage, energy harvesting, and self-defouling

applications.

Pure PVDF nonwovens with ∼1 µm fiber diameters have not been possible to manufacture

in the past due to the low melt strength of PVDF, which requires spinning at ultra-low speeds

(< 1000 m/min). Recently, the synthesis of such PVDF nonwovens has been achieved at NCSU

in collaboration with the original manufacturer of PVDF, Arkema, Inc. These fabrics were

produced using a spunlaid method of bicomponent fiber cross-sections known as ‘Islands-in-

the-Sea,’ which can deliver sub-micron islands, thereby increasing the surface area considerably

as compared to other fibers, while maintaining a high throughput.

Our investigations and characterization since the generation of these novel nonwovens have

focused on both PVDF-polyethylene (-PE) and PVDF-polylactic acid (-PLA) fabrics; the func-

tionalization of the nonwovens remains an ongoing pursuit at UIC. To date, the goals of tunable

adhesion and repellency have been met with advances in tailoring these fabrics towards specific

filtration applications, as well as gaining a better understanding of the intrinsic material prop-

erties and their relationship to the nonwoven structures. The goal of greater surface areas (15

m2/g), enhanced filtration efficiencies, and antifouling properties, have been demonstrated.
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The initial focus of this work revolved around approaches using polymer/nanocomposite

formulations with the end-goal of generating multifunctional conformal coatings on PVDF-blend

nonwovens. Desired properties, such as piezoelectric functionality, tunable fluid repellency, and

electrical conductivity were analyzed for their utility in enhanced filtration and antifouling.

Tailoring these nonwovens for specific applications by imparting added functionalities is of

critical importance, as new coating synthesis methods are implemented and characterized. In

addition to functionality, a better understanding of the material properties in a unique fabric

form is necessary to fully characterize their potential. The research has two parallel paths:

• Building from existing coating formulations developed at UIC, new and modified formu-

lations were transitioned for application onto the PVDF nonwovens and characterized.

Previously, added functionalities were imparted by spray, but dip-immersion coating has

proven to be a more effective route to generating conformal coatings.;

• Determining the presence and fraction of β-phase PVDF in the nonwoven is currently

underway as compared to that of the more common, α-phase crystallinity. Baseline

measurements of the PVDF fibers have been made, with reference data for the two phases

of interest for PVDF, α- and β-phase. A new, single-fiber apparatus has been fabricated

for characterizing the phases of individual PVDF filaments. Electrical poling will be

performed to align the net dipole moments in the fabric for piezoelectric function, useful

for energy harvesting or self-defouling applications. Fiber modification through other

means, such as thermal- and solvent-induced phase change will be pursued for exploring

their potential in antifouling filtration applications.
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7.2 Experimental

7.2.1 Morphological/Chemical Characterization of PVDF nonwovens

The PVDF nonwovens produced at NCSU were delivered to UIC for characterization and

functionalization in two forms: with either PLA or PE as the secondary component in the

bicomponent fibers. SEM imaging was performed on all samples before and after treatment

(See Figure 37 displaying SEM images of typical fiber morphologies of the PVDF fabrics after

PLA has been removed), enabling a better understanding of intrinsic fiber morphology, as well

as the effectiveness and uniformity of any subsequent modifications. Additional characteriza-

tion was performed using X-ray diffraction (XRD) to determine crystallinity of the fibers for

piezoelectric function.

The first samples produced via this method were supplied to UIC for characterization and

further functionalization; these initial samples consisted of a blend of PVDF (60%) and PE

(40%) in both 100 and 150 g/m2 (gsm) basis weights. The nonwoven fabrics were hydroen-

tangled after fabrication to release the PVDF fibers from the PE “sea” in the hope of also

removing much of the PE from the fabric; residual PVDF-PE bundles (∼30 µm) remained in

the nonwovens (See Figure 38), hindering the realization of finer fiber diameter fabrics and the

full investigation into their potential. The primary focus of the original investigations revolved

around outlining approaches for surface functionalization of the nonwoven fibers to achieve

conformal coatings having tunable wettability and adhesion for antifouling filter applications.

Some of the demonstrated properties are fluid repellency, electro-conductivity, and elastomeric

functionalization achieved through similar processes.
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An alternate PVDF blended nonwoven was also characterized with polylactic acid (PLA) in

place of PE in the fabrication of bicomponent PVDF-PLA nonwovens at NCSU. The sacrificial

PLA was removed in a NaOH bath from the nonwoven, leaving only pure PVDF fibers behind

with a very uniform 1 µm diameter. As will be discussed, PVDF has known compatibility issues

with strong bases (pH > 13) which may be inadvertently changing the material properties.

7.3 Results & Discussion

As seen in Figure 37, the individual fibers remained bundled in undesirable 20–30 µm dia.

groupings. Although an all-PVDF fabric has been achieved by removal of the sacrificial PLA,

the nonwovens require subsequent steps to release the fiber bundles to fully realize the 1 µm

fiber diameters (hydroentanglement is a viable route). New samples have been provided by

NCSU, which have been hydroentangled in multiple stages to ascertain the effectiveness of this

route for fibrillation of the bundled fibers.

In addition to previous difficulties associated with incomplete fibrillation of the fiber bun-

dles, problems arose with the caustic NaOH bath needed for removal of the PLA in the samples.

PVDF has known compatibility issues (201) with strong bases (pH > 13), resulting in defluo-

rination of the fiber surfaces; visible as a brown discoloring of the normally white fabric. This

can cause variations in the surface energy of the fibers and loss of overall homogeneity of the

material, both of which were considered necessary to achieve high flux and efficiency for liquid

filtration applications. However, defluorination of the fibers may actually assist in hydrophilic-

ity and fouling resistant properties (202). For certain applications, this may be advantageous

to some extent. SEM images displaying the evolution of these fibers through the NaOH rinse to
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Figure 37. (a) SEM image displaying PVDF fiber morphologies. (b) Close-up of fiber bundles

remaining from the Islands-in-the-Sea fabrication; clearly the PVDF fibers remain grouped in

20–30 µm bundles. Another fibrillation step, such as hydroentanglement is necessary to

realize the true 1 µm diameters of the PVDF fibers, and thus the finer porosity needed for

more robust filtration.
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Figure 38. (a) SEM image displaying PVDF-PE fiber cross-sectional profiles. (b) Close-up of

fiber bundles displaying the Islands-in-the-Sea fabrication where PVDF ‘islands’ are observed

within the surrounding PE ‘sea.’

remove the PLA, and a subsequent acetone dip for further fibrillation of the fibers is included

in Figure 39.

Potential solutions may involve the use of a less caustic base for PLA removal, or shorter

rinse times and lower bath temperatures. Previous methods employed rinsing for 20–30 minutes

at 90 ◦C, it may be possible to adjust these parameters to limit the extent of defluorination in

the PVDF polymer. An extreme approach would be to pursue other bicomponent composite

fibers such that an alternative sacrificial polymer could be used in the fabrication process. This

route is not feasible at present, but may be worth pursuing if current methods prove insufficient

for generating the required filter performance.
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Figure 39. The evolution of the fabric morphology from (a) the original PVDF-PLA fabric, to

(b) the fibers after the NaOH bath has removed the sacrificial PLA and exposed the PVDF 1

µm fibers embedded within, and (c) the fibers after a simple acetone dip resulting in a more

fibrillated fabric by virtue of the fiber swelling in the acetone bath.
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The β-phase of PVDF has been one of the most highly studied crystalline phases of any

polymer. Studies have shown that using filler particles or other copolymers along with PVDF

can induce the polymer to crystallize in the desired phase. Initial work in this area focused on

duplicating standalone β-films PVDF films using these techniques and additives to formulate an

approach for translating these films onto nonwovens; thereby gaining a better understanding of

methods for generating the desired phase in situ during fabrication. Fortunately, while creating

films of β-phase PVDF has been demonstrated in the literature, and applying a conformal

coating onto existing nonwovens may prove to be relatively simple, it may be unnecessary if

a sufficient portion of the fiber crystallinity is already in the required β-phase. If a majority

β-phase is extant in the fibers inherently, likely through constraints placed upon the cooling

polymer fibers during fabrication, it should be possible to detect piezo-responsiveness through

a series of simple electrical poling experiments.

As noted, the nonwovens provided by NC State were either all, or majority-PVDF in their

composition. Determining the crystalline phase of the PVDF in the fibers is of critical im-

portance for realizing several potential applications. XRD measurements were performed (Fig-

ure 40) to determine the crystalline structure of the as-received nonwovens; and likewise going

forward, XRD will be the primary tool for determining feasibility of the piezoelectric property.

It is shown that the fibers, by virtue of their synthesis at NC State, possess some β-phase

crystallinity to begin with. If this is not in sufficient fraction, there may be certain avenues

through heating in solvent(s) accompanied by rapid cooling that can induce or enhance the

desired phase in the nonwovens without any additional treatment. Whether this is an effective
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method has yet to be seen, the challenge remains as to how effective electrical poling will be on

the as-received nonwovens. A poling apparatus has been assembled at UIC to determine the

feasibility of this task on a large scale. Poling experiments are to begin in November 2014 with

the hope that confirmation of a successful alignment of fiber dipole moments will follow.

In addition to the previous XRD measurements of the bulk fabric, a new apparatus has been

constructed to determine crystallinity on an individual fiber basis. These measurements will

refine the accuracy of the previous results shown in Figure 40 to better ascertain the crystalline

composition of the fibers themselves (Figure 41).

Additional functionalities are an ongoing pursuit with moderate successes already achieved

in accordance with tunable wettability goals; in addition, these coatings serve a parallel goal of

better understanding and enhancing the piezo-responsiveness of the PVDF nonwovens. These

functionalities began primarily with spray-coatings developed at UIC, as based on prior work.

The work transitioned into dip-immersion processes based on better conformality. As stated,

these unique nonwovens have envisioned applications in filtration and subsequent functional-

ities geared towards this end. Demonstrated functionalities (i.e., refined data collection) are

presented below.

Super-repellent surfaces are characterized by high CA (> 150◦) to either water or oils, with

high droplet mobility (sliding angle < 10◦) (98). Generating super-repellent surfaces has been

a well-investigated area at UIC (48; 55; 41) with many possible avenues towards this end. Of

key importance is the reduction of surface energy (relative to the fluid) and the addition of
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Figure 40. XRD plot of the reflection peaks in the 2θ range between 10 and 36◦. The blue line

represents a purchased sample of β-phase PVDF film (Measurement Specialties: unmetallized

all-PVDF piezo film, Part No. 3-1003352-0, 110 µm thick), which also displays clear peaks in

the α-phase; this suggests it is not necessary to eliminate the α-phase from the sample to take

advantage of the piezoelectric β-phase. Surprisingly, the as-received nonwovens produced

similar reflection peaks for the β-phase, with a broadened peak for the α-phase, as opposed to

the two distinct α-peaks in the purchased film. This result indicates that it may be possible

to electrically pole the as-received nonwovens to realize some piezoelectric property.
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Figure 41. XRD powder diffraction setup with new fiber mounting stage (Left). Crystallinity

can now be measured along the length of individual fibers, and as the fibers are rotated. This

will be a useful tool in determining the efficacy in fiber modification to bring about a majority

β-phase for future electrical poling tests. (Right) Close-up of the fiber mounting apparatus,

where the fiber can be mounted along the centerline of rotation to ensure accurate

crystallinity data.
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hierarchical micro/nanoscale roughness to the fibers for reducing the liquid-to-surface ratio,

and in turn preventing wetting by a desired fluid.

The presented work has been geared towards efficiency; a simple formulation with effective

results for easy translation into large-scale applications. PVDF has CA to water that is slightly

above 90◦, making it weakly hydrophobic by virtue of the fluorine content, but not enough

to prevent water droplets from sticking to, and/or penetrating the fabric. Using a solution-

processed blend of low surface energy polymers in varying dilutions (0.25–3 wt. %), into which

the fabrics were dip-coated, is shown to generate a tunable conformal coating along the fibers

(Figure 42), thus lowering their overall surface energy. The fiber morphology of the nonwovens

now act as re-entrant surface features, thus allowing fluid droplets (both oil and water) to

bead; self-cleaning fabrics can be formed via a simple one-step process. Fiber spacing, and thus

porosity, are highly tunable based on the polymer dilution in the dip-coating process.

In the previous example, a simple method for imparting a self-cleaning conformal layer of

low surface energy polymer was examined; using this process, it is possible to separate multi-

component fluid mixtures based upon surface energy differences. The PVDF surfaces naturally

lend themselves towards separation and filtration applications (203), where the resistance of

the surface to water allows oil to absorb. Not only are we able to perform simple oil and wa-

ter separation, but we are also able to separate submicron, and possibly even nano-emulsions

(Figure 43).

Currently, we are investigating water-in-oil emulsions (10 v/v % water in oil). Oils of interest

for the current study are hexadecane, hexane, isooctane, petroleum ether, and mineral oil.
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Figure 42. Cross-section SEM of a superhydrophobic conformal coating applied by

dip-immersion of PVDF fabric in a 0.5 wt. % low surface energy polymer in toluene. The

surface treatment is very uniform, leaving the as-received fiber morphology intact, yet

lowering the surface energy of the fibers overall to a level that they become self-cleaning.

These fabrics can be implemented for oil-water separation.
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Figure 43. Visual comparison of a water-in-oil emulsion before (Left) and after (Right)

separation; the micro-emulsion takes on a milk-white haze, while the separated hexadecane oil

is completely clear.
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Future work will attempt to demonstrate the reverse, oil-in-water. For the reverse separation,

the surface will need to be both hydrophilic and oleophobic—a rare accomplishment in the

literature (204), but still possible depending on the choice of conformal treatment.

It may not be entirely necessary to modify the fibers beyond a simple acetone dip to achieve

efficient emulsion separation. Figure 39 demonstrates the evolution of the fabric morphology

from the original PVDF-PLA fabric (Figure 39a), to the fibers after the NaOH bath has removed

the sacrificial PLA (Figure 39b), and the resultant fibers after a simple acetone dip (Figure 39c).

It is evident from the post-acetone dip that the fibers were fibrillated via the polymer swelling

achieved during the acetone bath. This creates a more torturous path for emulsion droplets,

making it increasingly unlikely they’ll be transmitted through the material, thus generating

higher separation efficiencies.

Initial results of oil filtrate after separation confirms the ultra-low presence of water, where

ultraviolet-visible (UV-Vis) spectrometry is employed to ascertain the purity, as it is on the order

of parts per million (ppm). Initial flux results for water-in-hexadecane emulsion is presented

in Table VI and Figure 44. Flux rates are impressive for these filters with feasible improvement

in efficiency as ppm content can be improved (i.e., lowered). Possible solutions may be to run

the emulsions through a filter more than once to observe if there is any noticeable improvement.

By adding conductive fillers to the dip-immersion process, such as carbon nanofibers (See Fig-

ure 45) and multilayer graphene (See Figure 46), conductive coatings are achieved with potential

in smart fabric (i.e., filters, wearable electronics, etc.), EMI shielding, and energy storage ap-

plications. Characterization of these coatings involves I-V curves to determine linear Ohmic
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TABLE VI

INITIAL FLUX AND EFFICIENCY DATA (i.e., PURITY) FOR WATER-IN-OIL

EMULSION SEPARATION. INCLUDED IN THE BOTTOM TWO ROWS IS RELEVANT

DENSITY AND SURFACE ENERGY INFORMATION FOR THE FLUIDS TESTED.

Hexadecane Hexane Petroleum Ether Isooctane Mineral Oil

Flux (L/m2s) 0.80 8.16 7.81 3.82 Unknown

Purity (ppm) 916 253 6906 3871 46

Density (g/cm3) 0.77 0.65 0.64 0.69 0.80

Surface Energy (mN/m) 27.47 17.91 17.45 18.77 28.21

resistance, along with testing for electromagnetic wave attenuation at various frequencies (ex-

tending into the THz regime). Conductive coatings have great potential for energy storage

applications where the PVDF nonwovens can be used as separators.

Combining many of the techniques employed previously for different functionalities into a

cohesive application, we will investigate the effectiveness of these nonwovens towards energy

storage in the areas of fuel cell, battery, and supercapacitor technology. PVDF has been inves-

tigated to act as a separator in the past (205), however the fiber diameters were much larger
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Figure 44. Plot of flux and efficiency (i.e., purity) data for water-in-oil emulsion separation.

and therefore possessed a greatly reduced surface area. With the 10–15 m2/g all-PVDF nonwo-

vens studied herein, a more-effective separator could be utilized for similar goals (Figure 47).

Using a dip-coating treatment to functionalize individual fiber surfaces, and combining these

with conductive spray-cast coatings, it is possible to generate large-area flexible electrodes on

either side of a functionalized PVDF fabric. Future work will examine the best electrolyte

(water-based electrolytes pose difficulties due to the hydrophobicity of PVDF) for studying the

energy storage (i.e., increased energy density) potential of these nonwovens.
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Figure 45. SEM image of the PVDF fibers after dip-immersion in CNF and solution-processed

ParafilmTM. Inset in top left is after post-processing with drop-cast fluoropolymer to impart

oleophobicity (red-dyed hexadecane oil droplet, blue-dyed water droplet) by taking advantage

of the reentrant morphology offered by the CNF-decorated PVDF fibers.
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Figure 46. (Left) SEM image of the PVDF fibers after dip-immersion in MLG and

solution-processed ParafilmTM. (Right) I-V curves for PVDF fabrics after dip-immersion in

CNF/MLG and Parafilm bath (GNP in the plot refers to graphite nanoplatelets, or multilayer

graphene, MLG).
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Figure 47. Cross-section SEM image of the PVDF nonwoven with spray-cast electrodes on top

and bottom. The top electrode is composed of 50 wt. % CNF to Parafilmr, while the bottom

electrode is composed of 50 wt. % MLG and an adhesive acrylic polymer. Both electrodes are

highly durable and flexible; the resulting fabric only requires the addition of an electrolyte to

become a functional battery.



CHAPTER 8

CONCLUSIONS AND RESEARCH OUTLOOK

This thesis has involved the synthesis and characterization of multifunctional nanomaterial

and polymer composites with tunable properties; all of which are designed for, or involve the

novel production of, nonwoven porous media. The conclusions from each of the previous research

topics is presented:

8.1 Thesis Conclusion

8.1.1 Environmentally-friendly Water-based Superhydrophobic Coatings

This study reported a water-repellent coating formulation based on an aqueous spray com-

prising 97.5% water and commercially available materials: a fluoroacrylic copolymer and hy-

drophilic bentonite nanoclay. The wet processing relied on spray application and drying, both

performed at room temperature. The dried coating imparts superhydrophobicity (contact an-

gles over 150◦) at minimum add-on levels of 2.4 gsm. The results indicate the lack of a corre-

lation between water droplet beading (repellency) and water barrier resistance (hydrohead). A

naturally hydrophobic substrate showed high water barrier resistance despite having poor water

mobility after coating application. It was shown that resistance to water penetration pressure

is derived primarily from substrate porosity (fiber spacing and diameter). Although the coating

formulation shows increased water resistance with coating deposition mass, especially in the

165
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case of inherently hydrophilic substrates, this increased resistance is bounded by the Laplace

pressure associated with the effective pore size.

8.1.2 The Fluid Diode

In summary, an effective fluid barrier coating treatment applied on common cellulosic pa-

per substrates has been demonstrated to facilitate fluid diodicity: distinct pressure thresholds

depending on the orientation of the substrate coating with respect to the adjacent fluid. The

preferred flow directionality resulting from differences in penetration pressure resistance arises

due to capillary action, facilitated by the fluid wicking into the absorbent fibers. This technol-

ogy could be effective in filtration/separation with a wide range of applications, from personal

hygiene products to water purification or oil removal. The threshold pressure difference, or

“diode window,” is highly tunable for application- and fluid-specific designs determined by the

choice of substrate, fiber size/spacing, and precision/morphology of the coating. The multi-

component fluid separation method is of practical use to industry for its ability to preselect

which liquid is retrieved from a given mixture, as based upon surface energy and priming of

the porous solid.

8.1.3 Fluorine-free Water-based Superhydrophobic Compositions

A stable, entirely water-based and nonfluorinated spray dispersion has been shown to achieve

a translucent-white superhydrophobic composite coating applicable for large-area surface treat-

ments. Comprised of TiO2 and a water-borne wax polyolefin polymer, the ideal ratios of the

formulation moieties were determined by dynamic contact angle measurements, emphasizing

the reduction in contact angle hysteresis to target droplet mobility as a critical performance
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requirement. Analysis of SEM and TEM images allowed for a better understanding of the

hydrophilic TiO2 nanoparticle variants and the impact of particle size and phase on coating

performance. XRD measurements were made to determine the role of nanoTiO2 on polymer

crystallinity, with pH sampling of the final dispersions to better understand chemical kinetics

of the nanoparticle and polymer interactions. The 25 nm anatase TiO2 was observed to resist

the formation of aggregates when suspended in water, whereas the 21 nm mixed phase TiO2

quickly formed particle groupings most likely due to the presence of surface charges on the rutile

particles. This surface charging explains the uniformity of the spray-cast 21 nm mixed-phase

composites when combined with the alkaline polymer blend, such polar interactions serve to

more completely sheath the hydrophilic particles in a hydrophobic polymer shell. Alternately,

the anatase particles, being more intrinsically inert, will form greater agglomerate sizes due

to the slightly charged free polymer strands seeking equilibrium by decreasing the volume to

surface area ratio in the composite. Thus, the incorporation of a unique waterborne poly-

mer blend is shown to be effective in low environmental-impact superhydrophobic composites

achieved through tuning of nanoscale roughness of hydrophilic titanium dioxide.

8.2 Durable & Flexible Graphene Composites from Artists’ Paint for Conductive

Paper Applications

A low-cost and durable conductive composite coating comprised of graphene nanoparticles

and pthalo green artists’ paint is presented for conductive paper applications, including EMI

shielding and flexible electronics. Exfoliated graphite nanoparticles, otherwise referred to as

multilayer graphene (MLG), are used as an alternative to costly pristine monolayer graphene,
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yet the composite approximates many similar material properties approaching the quasi-metallic

low electronic resistance regime. Conductivity measurements were made to determine ideal

mass loading of MLG and analyze the electronic potential on the micro-scale. Representative

resistances were then selected for THz EMI attenuation in the 0.50–0.75 THz frequency range

yielding excellent results (∼36 dB attenuation) for the larger particle sizes and higher conduc-

tivities, suggesting the graphitic material aids in radiation absorption at higher frequencies.

Raman spectroscopy revealed the presence of majority multilayer graphene, as well as verified

a negative doping effect from the pigment copper pthalocyanine nanoparticles found in green

acrylic artists’ paint. These nanocomposites were shown to be highly durable during fold and

abrasion tests, representing a viable option for conductive paper applications, such as large-area

EMI shielding and flexible electrodes in energy storage.

8.2.1 Highly Elastomeric & Conductive Superhydrophic Composites for Smart

Fabric Applications

A novel conductive composite has been presented capable of super-repellency to water

and recovery of conductive property even under extreme strain. Innovative advances in high-

conductivity materials research can respond to the ever-increasing demand for more robust

and versatile electronic components; light-weight, foldable, all-weather electronics are a reality

that can improve existing technology considerably towards reduced cost and bulk, with added

functionality. The current trend in electronics for reduced dimensions and scaled-up production

will only increase in the foreseeable future. Therefore, a durable, and extremely elastomeric

composite material with high conductivities that is also super-repellent to water can be of
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great use in adaptable electronics technology; or any application where a foldable, light-weight,

electro-conductive material is required. The primary component forming the polymer matrix,

ParafilmTM (PF), is produced in large quantities for commercial production and ubiquitous lab-

oratories world-wide. Additionally, carbon nanofibers (CNF) form excellent charge-conducting

pathways with the dual role in the composite of imparting reentrant nanoscale roughness. The

synthesis of these composite is substrate-independent and can be applied on large-scales for

high throughput processing; making them not only highly efficient, but also inexpensive.

8.3 PVDF Nonwovens

PVDF-blend nonwovens have been produced by NC State. Work began in summer 2013 on

adding functionalities and characterizing the PVDF blend substrates in their as-received state,

with the PVDF-PLA blend nonwovens received in winter of the same year. Results have shown

great potential for filter applications, as well as for added functionality via conformal surface

treatments assisted by the inherent fiber morphology (∼1 µm) and high surface areas (10–15

m2/g).

In regards to adding functionalized coatings to the PVDF nonwovens, we have demonstrated

the existence of β-phase crystallinity in the as-received fabrics, and enhanced fluid repellency

with tunable porosity for oil-water emulsion separation. Highly conductive conformal coatings

are being investigated for their potential in flexible energy storage and wearable electronics

applications. Ongoing work on current and new functionalities is a continuous component of

this work.
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A large degree of this work involves extensive investigation into the β-phase of PVDF,

whether through modifying (if necessary) the existing PVDF fibers, or methods of fabrication,

which can enhance this during production. Additionally, electrical poling of the PVDF fibers

is currently underway.

8.4 Research contribution

The research contributions from each of the previous research topics is discussed below:

8.4.1 Water-based Superhydrophobic Coatings

• One of the first water-based dispersions for superhydrophobic surface treatments was

presented; consisting of hydrophobic water-based fluoropolymer and hydrophilic nanoclay

particles to eliminate the use of volatile organic compounds;

• The polymer and particle ratios were optimized along with deposition amount such that

durable high-performance superhydrophobic coatings were formed with the least expen-

diture of materials;

• Tunable properties on nonwoven media such as fiber diameter and porosity were demon-

strated, with fine control over pore size directly influenced by deposition amount;

• Characterized the lack of correlation between high contact angles (repellency) and in-

creased water intrusion pressures (resistance) for relevant disposable nonwoven fabrics.

8.4.2 The Fluid Diode

• A novel fluid gating device analogous to the electronic diode has been developed, where

fluid flow (i.e., current) can be unidirectionally rectified;
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• The performance of this device was characterized in terms of coating weight (in gsm) to

verify the tunability of the operational ranges;

• The selective separation of multi-component fluid mixtures (e.g., oil-water) based upon

surface energy differences has been demonstrated;

• The device is not dependent upon our choice in repellent composite, nor substrate, but can

be tuned for fluid function using any similarly thin fluid barrier on any porous medium.

8.4.3 Fluorine-free & Water-based Superhydrophobic Compositions

• The first translucent-white, water-based, and fluorine-free dispersion for superhydrophobic

surface treatments has been developed consisting of hydrophobic water-based polyethylene

co-polymers and titanium dioxide particles eliminating the need for volatile organic or

fluorinated compounds;

• The polymer and particle ratios, along with particle size and phase, were optimized to

form a durable high-performance superhydrophobic coating;

• The effect of particle size and phase on crystallinity of the polymer were determined;

• Particle aggregation and surface adsorption kinetics as determined by particle phase,

dimensions, and dispersion pH were examined.

8.4.4 Graphene Composites for Conductive Paper Applications

• A novel composite from combining multilayer graphene (MLG) in an artists’ acrylic paint

has been presented;
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• The durability, conductivity, and flexible of the composite for applications in conductive

paper has been characterized and found suitable for a wide range of applications, namely,

that of conductive paper or any similarly-flexible porous media;

• The composite was found to be suitable for THz radiation shielding.

• The composite demonstrates the ability to make similar conductive materials at low-cost

with high performance due to the multi-layer graphene filler particles and our choice in

low-cost binder.

• A simple circuit was designed to assess efficacy in paper-based electronics;

8.4.5 Elastomeric & Conductive Superhydrophobic Composites

• A highly-elastic composite comprising carbon nanofibers in a paraffinic and polyoleofin

polymer medium (ParafilmTM) is characterized;

• The electronic performance and recovery of the composite through extreme strain cycles

was characterized, far exceeding previous performance benchmarks for similar materials;

• Water repellency performance and recovery of the composite through extreme strain cycles

was characterized, adding additional functionality;

• The efficacy of the material for smart fabric applications (i.e., wearable electronics) was

ascertained on nonwoven media where flexibility and durability is paramount.
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8.4.6 PVDF Nonwovens

• Novel PVDF-blend nonwovens fabricated using bicomponent spunlaid processing, “islands-

in-the-sea” cross-sections have been produced by NCSU and characterized at UIC for

specific applications and added functionality;

• Fiber fibrillation (1 µm fiber dia.) and nonwoven porosity for filtration applications is

shown to be tunable;

• Fiber crystallinity and presence of β-phase PVDF has been determined, making feasible

piezoelectric energy-harvesting fabrics;

• The fabrics are to be electrically poled to determine piezo-responsiveness for energy-

harvesting and self-defouling filter applications.

• Flux rates and filtrate purity to be assessed for demonstrable potential in emulsion sepa-

ration of water from relevant oils in the petrochemical industry.

8.5 Recommendations for future research

8.5.1 Water-based Superhydrophobic Coatings

This work has opened the door for other water-based and environmentally-friendly super-

hydrophobic coatings, namely, the advance of fluorine-free coatings which are covered in the

next section. The characterization of coating deposition amount on nonwoven media has aided

in the development of a novel fluid logic device covered in a later section. In terms of durability

and cost-effectiveness, the coating formulation and tunability on porous nonwovens has great

applications in commercial disposables and filtration.
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8.5.2 The Fluid Diode

A novel device for fluid flow rectification has been presented, with applications from con-

sumer clothing, disposable hygenic products, and filtration. The fluid barrier chosen was our

water-based dispersion on paper towel substrates. These were chosen to display a low envi-

ronmental impact approach on ubiquitous materials, although the core of what is presented,

that of the mechanism itself, does not rely on these components. It can be duplicated with any

similarly-thin fluid barrier on any porous material. The mechanism can be extended to oils,

where an oil-diode is possible if the fluid barrier is made to be oleophobic. For an oleophobic

barrier, lower surface energy fluids (< 40 mN/m) can be separated. Additionally, this technol-

ogy has applications in garments, both disposable and otherwise. For instance, a jogging jacket

with a similar coating could wick sweat away, and keep the wearer dry in wet weather; Or, a

diaper could pass bodily fluids without leak-back, also maintaining dryness of contacted skin.

8.5.3 Fluorine-free & Water-based Superhydrophobic Compositions

As stated, the previous work on water-based superhydrophobic treatments has led to the

development of this formulation. The characterization of particle size and phase on polymer

crystallinity and aggregrate size is useful for further development of similarly water-based and

fluorine-free composites for fluid repellency. Although generating repellency to lower surface en-

ergy fluids nominally requires fluorine bonds, there may exist avenues for enhancing hydrophobic

functionality through similar means to be oleophobic as well.
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8.5.4 Graphene Composites for Conductive Paper Applications

By incorporating multi-layer graphene in a highly durable and adhesive polymer matrix,

a method for conductive porous materials has been achieved with a low-cost and large-area

approach. The addition of pigment nanoparticles in the acrylic paint matrix has made possible

n-type doping functionality for cathodic energy storage applications. This work opens the door

for “off-the-shelf” materials which may be otherwise overlooked; as is often the case, novel

techniques can be used to transform commonplace materials into new devices. Current work in

this field involves the investigation of graphene for it’s advantageous properties, but is currently

hindered by high costs associated with it’s synthesis. These problems are overcome by the use

of a much cheaper alternative, that of MLG.

8.5.5 Elastomeric & Conductive Superhydrophobic Composites

Similar to the previous section, a novel composite capable of high performance under extreme

strain is presented that is formed from commonplace laboratory materials. The performance

of this composite far exceeds benchmarks from the literature, for both water repellency and

conductivity under high strain. Limitations on current technology designed for such robustness

would be lifted, as this composite has demonstrated applicability on flexible fabric material for

wearable electronics. In addition to wearable electronics, this composite has shown promise in

energy storage applications such as battery and supercapacitor technology.

8.5.6 PVDF Nonwovens

Nonwoven production has a dominant foothold in filtration technologies, among many other

industries such as automotive and household furniture. These materials are prized for their ho-
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mogeneity, high throughput, and low cost. PVDF nonwovens have posed problems in the

past due to their low melt strength limiting their production speed and thus, their viabil-

ity. These difficulties have been overcome through spunlaid processing with ‘islands-in-the-sea’

cross-sections, making possible for the first time, PVDF nonwovens with 1 µm fiber diameters.

These highly degradation-resistant textiles have applications in all types of filtration, especially

that of emulsion separation. Additionally, by virtue of their β-phase crystallinity, they are

capable of piezoelectric actuation, making self-defouling filters and energy harvesting fabrics a

potential reality.
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Appendix A

SUPPORTING INFORMATION: WATER-BASED

SUPERHYDROPHOBIC COATINGS

A.1 Contact Angle Measurements

In determining contact angles (CA), the irregularities in surface topography of the substrates

made it difficult to obtain accurate and consistent measurements. This is due to the surface

features having nearly the same length scale as the test droplet size, as well as some of the

substrates possessing fibers that extended through the surface treatment, thus obscuring the

contact line between droplet and substrate See Table VII.

A.2 Pore Size

Pore sizes for the same substrate varied as a function of coating level and initial fiber

spacing, as shown in Table VIII. The light coating (2.4 gsm, middle column) generates a thin

conformal film around the surface fibers and leaves most of the larger pores intact. This coating

level essentially has a sealing effect on those substrates that are hydrophilic initially without

a noticeable reduction in pore size. For the smaller pores, the light coating is able to bridge

these gaps and thus completely seal some of the finer pore sizes, such as those seen in the

middle meltblown layer of SMS. The heaviest coating level (9.6 gsm, right column) is seen to

eliminate much of the original surface features of the fibers and has smoothed out all but the

largest pores. These large pores still remain in the sample and designate the hydrohead limit.
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Appendix A (Continued)

The coating required to fully clog these pores (and raise the hydrohead even further) will affect

coating breathability and cost, thus making such coating add-on levels undesirable for industrial

applications.

A.3 Hydrohead Apparatus

Figure A1 shows the apparatus used to determine resistance to external water pressure, as

based on ASTM standard F1670-08. A 1” diameter acrylic tube measuring 1.4 m in length

was used as a graduated column of water for measuring hydrostatic pressure in centimeters

(hydrohead). The water flow was driven by an aquarium pump (Lifegard Aquatics QuietOne

2200). For a given test, 1” circles of test material were cut and placed at the bottom of the

tube, where a nitrile rubber gasket was screwed on top to ensure proper seal. Water was then

pumped at a rate < 1.5×10−2 L/s to avoid inertial effects through flow disturbances introduced

in the rising liquid column. An optical mirror on a swivel mount was placed directly beneath

the column of water to enable a direct view of the sample (via a CCD camera) as hydrostatic

pressure was gradually increased. Water breakthrough appeared as a bright spot of light at the

point of first penetration, as shown in the inset on Figure A1. The height of the water column

at breakthrough designated the maximum hydrohead that a sample could tolerate reliably.

This process was repeated at least 5 times for a given test sample, and the pressures were then

averaged to determine the final resistance pressure and the accompanying standard deviation.
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Appendix A (Continued)

Figure A1. Schematic of hydrohead apparatus consisting of pump reservoir, viewing mirror

and column. The water column is filled slowly until breakthrough is seen (shown as a white

spot in the inset).
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Appendix A (Continued)

TABLE VII

TYPICAL IMAGES CAPTURED DURING CA MEASUREMENTS FOR ALL FOUR

SAMPLES AT THREE COATING ADD-ON LEVELS. THE ROUGH NATURE OF THE

SURFACE TOPOGRAPHY MAKES IT DIFFICULT TO OBTAIN ACCURATE AND

CONSISTENT CA MEASUREMENTS. ALL MEASUREMENTS WERE TAKEN USING A

HORIZONTAL SIDE VIEW AND THE CORRESPONDING CA ARE LISTED ABOVE

LEFT OF EACH DROPLET MEASURED. ALL OF THE SHOWN COATING LEVELS

ACHIEVE SUPERHYDROPHOBICITY (CA > 150◦) ON ALL SUBSTRATES. CA

MEASUREMENTS FOR SIMILAR COATING LEVELS WERE OBTAINED ON GLASS

SLIDES FOR COMPARISON WITH THESE ROUGH SAMPLES. THE NEEDLE

DIAMETER IN ALL IMAGES IS 1 MM, IMPLYING AN AVERAGE DROPLET

DIAMETER BETWEEN 3 AND 4 MM.

HDPT SMS Spunlace Tissue

2.4 ± 0.2 gsm

4.7 ± 0.2 gsm

9.4 ± 0.2 gsm
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Appendix A (Continued)

TABLE VIII

PORE SIZE AS A FUNCTION OF ADD-ON COATING LEVEL FOR TWO

REPRESENTATIVE SUBSTRATES: HYDROPHILIC HDPT (TOP ROW),

HYDROPHOBIC SMS (BOTTOM ROW). THE LEFT COLUMN DISPLAYS IMAGES OF

UNCOATED PORES, THE MIDDLE COLUMN IS AT THE LIGHTEST COATING LEVEL

OF 2.4 GSM, AND THE RIGHT COLUMN IS AT THE HEAVIEST COATING LEVEL OF

9.6 GSM. IT CAN BE CLEARLY SEEN FOR THE LARGER PORE SIZES ON HDPT,

THE COATING HAS A NEGLIGIBLE EFFECT ON REDUCING PORE SIZE AS THE

PORES ARE TOO LARGE FOR THE POLYMER TO BRIDGE AND SEAL. IN

CONTRAST, THE MUCH SMALLER PORE SIZES OF SMS ARE GREATLY REDUCED

BY THE COATING. THE SCALE BAR IN THE TOP LEFT SEM MICROGRAPH

APPLIES TO ALL IMAGES.

Uncoated 2.4 gsm (light) 9.6 gsm (heavy)

HDPT

SMS
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SUPPORTING INFORMATION: THE FLUID DIODE

B.1 Dispersion/Application Parameters

The 50:50 polymer-to-nanoclay solids ratio was chosen based on preliminary qualitative re-

sults: increased polymer content significantly reduced coating surface roughness; and conversely,

increased nanoclay content adversely impacted coating wettability, as the clay is hydrophilic

and requires a significant fluoropolymer content to counteract the inherent tendency of the clay

to absorb water. Likewise, increasing the overall solid content in the final spray dispersion

also increased viscosity, in turn hindering the ability to spray; thus, the solids wt. % in the

dispersion was deliberately maintained below 3% to avoid complications during spraying. An

airbrush atomizer (Paasche, VL siphon feed, 0.55 mm spray nozzle) was used to spray the

samples from a distance of 25 cm. Water-based spray dispersions pose several challenges as

the surface roughness imparted by the particle filler, and needed for repellency, is inhibited by

the slow evaporation from the wetted substrate surface after spraying. To this end, the specific

spray nozzle was chosen because it offered the finest spray atomization achievable with the

employed sprayer, in turn, enhancing water evaporation during spray application. The spray

distance also greatly affects coating morphology and deposition rate, and was fixed at 25 cm to

avoid excessive substrate wetting during spray (increased at shorter distances) and maximize

coating deposition rate (decreased at longer distances).
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B.2 Coating Characterization

In determining contact angles (CA), the irregularities in surface topography of the porous

substrates made it difficult to obtain accurate and consistent measurements. This is due to the

surface features having nearly the same length scale as the test droplet size, as well as some of

the substrates possessing fibers that extended through the surface treatment, thus obscuring the

contact line between droplet and substrate. Representative CA data verifying superhydropho-

bicity were obtained from images of water droplets on coated glass slides (Figure 6) and paper

substrates for comparison (Table IX). Sliding angles were also difficult to accurately measure

on the textured surfaces of the paper towels, as water droplets could easily find a depression in

the imprinted patterning of the material, thus hindering estimations of the true roll-off angle

that would be observed on a relatively flat surface.

B.3 Hydrohead Apparatus

Figure A1 shows a schematic of the apparatus (41) used to determine penetration resistance

to external water pressure, as based on ASTM standard F1670-08. A 2.5 cm diameter acrylic

tube measuring 1.4 m in length was used as a graduated column of water for measuring hydro-

static pressure in centimeters head (hydrohead). The water flow was driven by an aquarium

pump (Lifegard Aquatics QuietOne 2200). For a given test, 2.5 cm-dia. circles of test material

were cut and secured in place at the bottom of the tube, where a nitrile rubber gasket was

screwed on top to ensure proper seal. Water was then pumped in the column at a rate < 1.5

× 10−2 L/s to avoid inertial effects from flow disturbances introduced in the rising liquid. An

optical mirror on a swivel mount was placed directly beneath the column of water to enable



185

Appendix B (Continued)

a direct view of the sample (via a CCD camera) while hydrostatic pressure was gradually in-

creased. Water breakthrough appeared as a bright light spot at the point of first penetration,

as shown in the inset of Figure A1. The height of the water column at breakthrough designated

the maximum hydrohead that a sample could tolerate reliably. This process was repeated at

least 5 times for a given test sample, and the pressures were then averaged to determine the

final resistance pressure and the corresponding standard deviation.

B.4 Fluoropolymer (PMC) Surface Energy Calculation

The surface energy (γS) of a given solid can be determined via the contact angles of two

probe liquids (80), in this case water and hexadecane oil. The Owens/Wendt equation relating

the interfacial energies is given by:

γL(cos θ+ 1)

2
√
γDL

=

√
γPS

√
γPL√

γDL

+
√
γDS , (C1)

where the surface energies are divided into two components: polar (P) and dispersive (D). The

known surface energies of probe liquids (γL) and their measured contact angles (θ) are used to

generate a line from two points in the above equation which is of the form y = mx + b, where

y =
γL(cos θ+ 1)

2
√
γDL

,m =
√
γPS, andb =

√
γDS (C2)

The resultant water contact angles (WCA) and oil contact angles (OCA) on the solid PMC

film were 117◦± 1.5◦and 57◦± 3◦, respectively. Using a surface energy of 72.8 mN/m (γL)

for water, comprised of a dispersive component (γDL ) of 21.8 mN/m and a polar component
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(γPL) of 51 mN/m, and a surface energy for oil of 27.5 mN/m, derived completely from the

dispersive component due to lack of polarity (γPL = 0), the square of both the slope (γPS) and

intercept (γDS ) can be calculated and summed for a total solid surface energy (γS) estimate for

the fluoropolymer PMC:

γS = γ
P
S + γ

D
S = 0.01mN/m+ 16.4mN/m ≈ 16.4mN/m (C3)

B.5 Electron Microscopy Characterization
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Figure C1. SEM images of uncoated HDPT and SPT for comparison of fiber spacing (effective

pore radii) and fiber depth. Side-by-side comparison of substrates in profile show the fiber

depths can be approximated to less than 10 µm, with clear evidence that it can be much

smaller at intervals. Threshold pressures in the forward flow CU orientation will be limited by

the fiber depth shown in profile, the weakest point will be the point where fiber depth is

smallest. Further comparison of the two substrates in panoramic landscape “top-down”

images reveals the much larger fiber spacing for SPT as opposed to HDPT, the Laplace

pressure of the corresponding pores will determine the threshold pressure for the reverse-flow

CD orientation. The weakest point in this orientation will be where the spacing is the largest.
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TABLE IX

TYPICAL IMAGES CAPTURED DURING WATER CA MEASUREMENTS FOR HDPT

AT THREE PMC/NANOCLAY COATING ADD-ON LEVELS, WITH ACCOMPANYING

CA MEASUREMENTS ON COATED GLASS SLIDES LISTED FOR COMPARISON. THE

ROUGH NATURE OF THE PAPER SURFACE TOPOGRAPHY POSED CHALLENGES

IN OBTAINING ACCURATE AND CONSISTENT CA MEASUREMENTS. ALL

MEASUREMENTS WERE TAKEN USING A HORIZONTAL SIDE VIEW AND THE

CORRESPONDING CA FOR HDPT ARE LISTED WITHIN THE IMAGE OF EACH

DROPLET MEASURED. ALL COATING LEVELS SHOWN ACHIEVED

SUPERHYDROPHOBICITY (CA > 150◦) ON ALL SUBSTRATES. THE NEEDLE

DIAMETER (TOP) IN ALL IMAGES IS 1 MM, IMPLYING AN AVERAGE DROPLET

DIAMETER BETWEEN 3 AND 4 MM.

2.5 gsm 5 gsm 10 gsm

HDPT

Glass Slides 158.8◦± 4.5◦ 166.2◦± 1.4◦ 155.3◦± 7.5◦
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TABLE X

SUBSTRATE PORE SIZE AS A FUNCTION OF ADD-ON COATING LEVEL ON HDPT:

THE LEFT IMAGE DISPLAYS THE UNCOATED PORE; THE MIDDLE IMAGE SHOWS

THE SAME PORE WITH A LIGHT COATING LEVEL OF ∼2.5 GSM; THE RIGHT

IMAGE IS OF THE SAME PORE WITH A HEAVIER COATING LEVEL OF ∼10 GSM.

FOR THE LARGER PORE SIZES, THE COATING HAS A NEGLIGIBLE EFFECT ON

REDUCING PORE SIZE, AS PORES ARE TOO LARGE FOR THE POLYMER TO

BRIDGE AND SEAL. THE SCALE BAR IN THE LEFTMOST SEM MICROGRAPH

APPLIES TO ALL IMAGES.

Uncoated 2.4 gsm (light) 9.6 gsm (heavy)

HDPT
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SUPPORTING INFORMATION: WATER-BASED &

NONFLUORINATED SUPERHYDROPHOBIC COATINGS
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Figure B1. 20 ml vials of sonicated TiO2 particles in water after one month. The left vial is

the 21 nm mixed-phase nanoTiO2, and maintained suspension in water indefinitely. A small

amount of the larger particles or aggregates separated out, seen resting in the bottom of the

vial. As compared to the anatase form on the right composed of much heavier particles which

settled within the first hour.
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SUPPORTING INFORMATION: DURABLE & FLEXIBLE GRAPHENE

COMPOSITES BASED ON ARTISTS’ PAINT FOR CONDUCTIVE

PAPER APPLICATIONS

TABLE XI

ROUGHNESS AVERAGE (RA, IN µM) VALUES FOR THE SMALLEST AND LARGEST

MLG SIZES TESTED FOR BOTH THE M- AND S-TYPE (XG SCIENCES AND STREM,

RESPECTIVELY).

MLG Type-Size Unpolished Polished

M-5 6.84 ± 0.4 2.15 ± 0.1

M-25 33.24 ± 4.1 3.88 ± 1.2

S-5 11.11 ± 2.1 1.60 ± 0.3

S-25 43.4 ± 9.0 3.16 ± 0.6
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Figure D1. Profilometry images of an unpolished 50 wt. % M-5 composite (a), as compared to

the same composite after polishing (b). The deep valleys shown in blue are in stark contrast

to the several peaks of deep red shown in (a). For the polished surface in (b), there are many

more peaks of red, but these are much more common and not nearly as sharply angled as that

observed in the unpolished surface. The unpolished surface has a roughness average, Ra, of

6.84 ± 0.4 µm as compared to the polished Ra of 1.60 ± 0.3 µm.



194

Appendix D (Continued)

Figure D2. SEM images of an all-paint coating in low-magnification (a), to high magnification

(b) where individual CuPc aggregates can be discerned. A cross-sectional profile image (c)

was also included to estimate coating thickness in the absence of any MLG filler particles.
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Figure D3. I-V plots for both types of MLG samples, Strem and xGNP, and all mass ratios

tested. All 3 sizes (5, 15, and 25 µm) were tested in all 5 mass fractions of particle filler

content in the final composite (20, 35, 50, 65 and 80 wt. %). All samples, sizes, and ratios

demonstrate linear (Ohmic) behavior, and decreasing electrical resistance with increased

particle filler content, until the point where decreased polymer content provides inadequate

adhesion to retain the MLG within the composite during the polishing step.
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Figure D4. DSC thermal characterization for the dried paint (green) as compared to a

representative sample of S-25 in a 50 wt. % composite (black). The glass transition

temperature (Tg) is found to be approximately around 190 ◦C for both samples. The heat

transfer of the composite is increased by the addition of MLG, as seen by the sharper

transitions and less relative heat flow.
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Non-contact AFM measurements on the artists paint containing chlorinated

copper pthalocyanine: Obtaining reproducible AFM data from the spray-cast films was

not possible due to solvent-induced roughness formation during spray-casting. The AFM data

were collected by dispersing 1% of the original paint emulsion in acetone. The solution was

ultrasonic processed and allowed to rest for 24 hours. Afterwards, the acetone-thinned paint

was drop-cast on a clean microscope glass slide. It was allowed to dry and cure for 16 hours

before AFM measurements.
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Figure D5. (a) Morphological characteristics of the original artist paint containing CuPc

particles in 5 × 5 µm2 surface topography image obtained from drop-casting from a dilute

acetone solution. (b) AFM phase contrast image. The particle-like features are likely

chlorinated CuPc aggregates. The scale-bar is 1 µm. (c) Roughness histogram of the

measured film.
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Figure D6. A simple circuit was fabricated to display the collaboration between the Italian

Institute of Technology (IIT) and the University of Illinois at Chicago (UIC). The circuit was

designed such that the three LED lights would bridge the circuit forming a connection at the

three i’s in the logos. The LED’s were affixed with adhesive copper tape, with a spot of silver

paint to ensure good contact. The paper was sprayed with Strem 25 µm (S-25) MLG particles

in a 50 wt. % blend with the CuPC paint solids. The electrical circuit is closed once the

battery is placed upside down on the two conductive paper leads, and the i’s are “dotted”

with a bright white light.
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SUPPORTING INFORMATION: HIGHLY ELASTOMERIC &

CONDUCTIVE SUPERHYDROPHOBIC COMPOSITES
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Figure E1. Images of the stretch apparatus used for deformation of the coated substrates

through fixed stretch ratios. In the background on left, the 4-probe multimeter is included

with two leads visible on the left with the other two resting on top of the machine. In the

inset on left, a top-down view of the stretched composite with a beaded water droplet in

center (dyed blue for visualization).
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Figure E2. Special SEM stubs were prepared to maintain the stretch ratios from the stretch

apparatus in order to image the morphological deformation of the composites. On top of the

image is a coated rubber strip along with a cm ruler in the bottom for size. The stub on the

left is empty to display how the clamps swivel for inserting substrates in situ from the stretch

apparatus. Once inserted, as shown in the stub on the left containing a coated substrate in a

stretch ratio of λ = 2, a razor is used to sever any unnecessary material.
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Figure E3. Similar SEM stubs as those shown in Figure E2 were prepared in order to image

cross-sectional profiles of the composites through various stretch ratios; useful for determining

volume of the conductive composite.
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SUPPORTING INFORMATION: RIGHTS & PERMISSIONS

F.1 Copyright

Chapter 2 is subject to copyright. This chapter is reprinted (adapted) with permission from

Industrial & Engineering Chemistry Research, 53, Joseph E. Mates, Thomas M. Schutzius, Ilker

S. Bayer, Jian Qin, Don E. Waldroup, and Constantine M. Megaridis, 222–227, Copyright 2014,

American Chemical Society (41). The permission to reprint (both print and electronically) was

obtained on November 24th, 2014 for a one-time use in the author’s thesis (see Figure E1).

Chapter 3 is subject to copyright. This chapter is reprinted (adapted) with permission from

ACS Applied Materials & Interfaces, 6, Joseph E. Mates, Thomas M. Schutzius, Jian Qin,

Don E. Waldroup, and Constantine M. Megaridis, 12837–12843, Copyright 2014, American

Chemical Society (63). The permission to reprint (both print and electronically) was obtained

on November 24th, 2014 for a one-time use in the author’s thesis (see Figure E2).

F.2 Co-authorship

All co-authors approve of co-authored content being included in this thesis.
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Figure E1. Copy of the license allowing republication of copyright material for Chapter 2.
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Figure E2. Copy of the license allowing republication of copyright material for Chapter 3.
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