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Abstract

Electroactive polymeric materials have garnered considerable interest due to their potential
applications in advancing electrochemical energy storage, sensing, catalysis, and separations
systems. Electroactive polymers include conducting polymers with n-conjugated backbones and
redox polymers with localized redox-responsive moieties. The electro-responsive property of both
conjugated and redox polymers is highly impacted by the efficient transport of counter-ions within
polymers to maintain charge neutrality. The interactions at the molecular interface between the
polymer and target entities ultimately dictate the performance of electroactive materials in the
aforementioned applications. Nanostructures provide a shortened diffusion path for the transport
of electrolyte ions or target molecules during a reversible redox process. The large interfacial area
arising from an improved morphology allows efficient utilization of polymeric materials.
Consequently, the union of nanostructures and electro—responsiveness has proven to be a powerful
strategy to enhance the merit of electroactive polymers in the design of next generation energy
storage devices, sensors, catalysts and separation platforms.

In this thesis, we focused on developing novel synthesis strategies for nanostructured
electroactive polymeric composites. Two different synthesis approaches for the polymeric
component were realized by exploiting the inter-molecular interactions between monomeric units
and other entities during an electrochemical polymerization process. In the first approach, a
nanostructured polyvinylferrocene /polypyrrole hybrid was fabricated via a co-deposition method
as a result of the m-m stacking interactions between the aromatic pyrrole monomers and the
metallocene moieties of polyvinylferrocene. The hybrid has a highly porous morphology with a
significantly increased surface area compared to its bulk counterpart. The synergistic effects
between polyvinylferrocene and polypyrrole lead to enhanced ionic and electronic conductivity
and, consequently, a higher specific capacitance as a supercapacitor electrode material.

The second approach was a diffusion-controlled electrochemical method facilitated by the
interactions between pyrrole monomers and the carbamate groups in CO2-bound polyamines. As
a result, a porous polypyrrole coating consisting of nanofibrous structures was synthesized and
deposited on a carbon microfiber substrate. This composite material demonstrated enhanced
electrochemical properties and adsorption capability towards aldehydes as a result of its porous
morphology and high surface area. We later applied this composite material in achieving
electrochemically modulated adsorption of polynucleotides. The adsorption process was found to
have a strong dependence on the oxidation states of the composite due to the electrostatic
interactions between positively charged polypyrrole backbones and negatively charged phosphate
groups in DNAs.
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Chapter 1. Introduction
1.1. Motivations and Thesis Overview

Electroactive polymers are a class of functional polymers with n-conjugated backbones or
redox-active groups, and therefore possess unique electro-responsive properties that draw great
interests in the scientific community. By applying an electrical stimulus, a wealth of properties
within such polymers, such as charge property, conductivity, electric field, molecular structure,
and ion/electronic transport process, can be easily modulated. The electro-responsive properties
allow electroactive polymers to be widely and extensively studied for applications in energy

storage!, sensing?, and separations.’

Among materials used in energy storage, the n-conjugated backbones or redox centers in
electroactive polymers can undergo fast Faradic reactions by accepting or loosing electrons upon
oxidation or reduction, resulting in an excellent charge storage capability. Therefore,
supercapacitors with electroactive polymer-modified electrodes can achieve a higher energy
density compare to electrochemical double layer capacitors. As organic polymeric materials,
electroactive polymers also offer the advantages of design flexibility, structural diversity, and easy
synthesis methods, which render electroactive polymers as a superior alternative to other electrode

material, such as metal oxides and doped carbonaceous materials.

Electroactive polymers have also been widely used in separation and sensing technologies
by relying on their specific interactions with target molecules and transducing properties. The ion-
exchange properties of conducting polymer were applied in separating ionic compounds.* The
tunable charge properties allow redox polymers to be used as a redox-responsive platform for

separating organics,” ionic species,® and proteins.” The induced changes in electronic, optical and
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magnetic properties by adsorbed molecules enable conducting polymers to detect analytes at low

concentrations in a liquid or gas environment.?

The electro-responsive properties of those polymers largely depend on their interactions
with the environment. The organic polymeric nature allows small molecules and ions to diffuse
within electroactive polymer bulk. Nanostructured polymeric materials possess large surface areas
and shortened transport pathways, and therefore can interact efficiently with other species. In the
case of pseudocapacitors, a large surface area gives a large polymer/electrolyte interface, allowing
a higher utilization of the electroactive material. The shortened transport pathway can reduce ion
diffusion limitations and increase the access to electrolyte ions. The advantages of nanostructured
morphology were even more prominent in separations. The adsorption of target species largely
depends on their accessibility to the adsorption sites at the interface. Consequently, developing a
simple and versatile nanostructuring approach for electro-active polymers plays a paramount role

in its advancement for removing target contaminants of environment and biological interests.

Despite the crucial role polymer morphology plays in various applications, current
nanostructuring strategies for electroactive polymers have inherent limitations. Methods involving
hard or soft templates are commonly adopted, but suffer time-consuming and labor-intensive
template removal process. Nanostructures can also be altered under those harsh post-synthesis
treatments. From this particular angle, my thesis aims to develop novel nanostructuring methods
for electroactive polymer composites by exploiting synergistic effects and interactions between
monomeric molecules and other entities in the electrochemical polymerization process. The effects
of morphological changes on polymer performance in energy storage and separations were also
studied. In particular, the engineering and nanostructuring of electroactive polymer materials were

explored in three directions. I firstly aimed to develop polymer materials with improved
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morphology through a simple electrochemical method. We achieved this by exploiting the
synergistic effects between conducting polymers and redox polymers to fabricate a highly porous
polyvinylferrocene (PVF)/polypyrrole (PPy) hybrid with significantly improved electrochemical
performance. However, the presence of heavy metals in the polymer hybrid and the use of organic
solvents posed restrictions on applying the PVF/PPy hybrid in separation applications of
-environmental and biological interests. Therefore, my second goal was to developed an aqueous
nanostructuring strategy for metal-free electroactive polymers. This was achieved by developing
a multiphase-diffusion-controlled synthesis approach by relying on the interactions between
pyrrole monomers and the carbamate groups in COz-bound polyamines. As a result, a porous PPy
film consisting of nanofibrous structures was synthesized. Lastly, we focused on engineering the
conductive deposition substrate by incorporating electrospun carbon nanofibers (ECNFs). The
conductive substrate serves as both a working electrode and an initiator in electrochemical
polymerizations, and, as a consequence, plays a decisive role in the advancement of electroactive
polymer composites. We adopted electrospinning and subsequent thermal treatments to fabricate
ECNFs. A simple dip-coating method was developed to construct an ECNF/carbon microfiber

(CMF) composite.
The objectives of my thesis are thereupon outlined as:

1) Develop a facile approach to synthesize nanostructured conducting polymer/redox polymer
hybrid. The synergistic effects between PVF and PPy were exploited to improve the
electrochemical properties of the hybrid.

2) Develop an aqueous synthesis approach for fabricating nanostructured metal-free
conducting polymer materials. We focused on developing a diffusion-controlled method to

fabricate a porous coatings consisting of polypyrrole nanofibers.
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3) Engineer the structure of carbon substrates by introducing carbon nanofiber materials.
4) Evaluate the performance of the nanostructured PVF/PPy hybrid as an electrode material
for supercapacitors. Study the effect of morphological changes on the properties and

performance of porous PPy film in adsorption towards neutral and charged molecules.

1.2. Introduction to Electroactive Polymers

Electroactive polymers possess molecular structures that enable responsiveness to an
electrochemical stimulus. This unique property stems from either a m-conjugated backbone or
localized redox groups, and have attracted great interests in the design and engineering of
electroactive polymers. Two main categories of electroactive polymers are conducting polymers
and redox polymers. Conducting polymers are a group of polymeric materials containing n-
conjugated backbones. The conjugated molecular structure can carry and delocalize positively
charged defects or negatively charged electrons through a process called doping. The molecular
structures of commonly studied conducting polymers are listed in Figure 1-IFigure 1-1.
Depending on the doping level, the conductivity can range from 107° S/cm to 10* S/cm.? When
undoped, neutral conjugated polymers have a conductivity in the low range of 10'° S/cm to 107
S/cm.® When reduced or oxidized, the reversible doping process introduces negative or positive
charges into the conducting polymer backbone. The charge carriers are transported within the
polymer by delocalizing along the conjugated backbones. Simultaneously, counter-ions with
opposite charges diffuse into the polymer to maintain charge neutrality (Figure 1-2). The
conductivity can be increased to 1 to 10* S/cm.’ In this fashion, conducting polymers can be
reversibly switched into insulators, semiconductor, and conductors. The insertion and release of

ions during the reversible doping process can lead to the swelling and de-swelling of conducting
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polymers. The control of the volume change by an electrochemical stimuli renders conducting
polymers as suitable materials for artificial muscles'® and actuators.!! In addition to its tunable
conductivity, conducting polymers also possess the advantages of traditional polymers, such as

easy synthesis, excellent durability, low weight, low cost, structural diversity and flexibility.
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Figure 1-1. The molecular structures of commonly studied conducting polymers.
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Figure 1-2. Schematic shows the oxidation of conducting polymers results in the doping of the

conjugated backbone and the inserting of counter ions (CI).

In contrast to conducting polymers, the electroactive properties of redox polymers are due
to the redox-responsive groups or sites that are spatially and electrostatically localized and isolated.
The redox —responsive groups can be oxidized (loosing electrons) or reduced (accepting electrons).
Electron transfer in redox polymers undergoes a different charge propagation mode. Instead of
being delocalized along the backbone, electrons are transported via a much slower hopping
mechanism between neighboring redox centers. Therefore, redox polymers have low intrinsic
conductivity and cannot be easily synthesized via electrochemical polymerization. The molecular

structures of commonly studied redox polymers are shown in Figure 1-3.
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Figure 1-3. The molecular structures of commonly studied redox polymers.

1.3. Synthesis of Conducting Polymers

Conducting polymers can be easily synthesized via radical polymerization, involving an
oxidative initiation, a chain propagation, and a termination step. For example, the polymerization
of pyrrole starts with pyrrole monomers being oxidized and converted to pyrrole radical cations.
The reactive radical can attack another pyrrole monomer to form a new radical, or couple with
another radical to form a bipyrrole upon deprotonation.'? The bipyrrole continues to grow by
further oxidation and coupling with more radicals. Eventually, the polymerization ends with

complete consumption of reactive radicals. The oxidation process can be initiated using a chemical
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oxidizing agent, an applied electrochemical potential, or photochemical oxidation. Chemical
oxidizing agents such as FeCls, Fe2(SO4)3, phosphomolybdic, and potassium peroxidisulfate, were
used in solution phase polymerization to form bulk conducting polymers. Electrochemical
polymerization involves using a conductive material as the working electrode near which the
oxidation of monomers occurs. The synthesized conducting polymers are often precipitate onto
the conductive substrate as a thin film. The process parameters of electrochemical polymerization
can be easily varied to control the properties of the formed polymer film, such as thickness,
morphology, and conductivity. Because of the easy synthesis process of conducting polymers,
nanostructuring and morphology optimization have been focused on this category of electroactive

polymers.

1.4. Review of Strategies to Synthesize Conducting Polymer Nanostructures

Application of conducting polymers replies on their molecular interactions with specific
target molecules in the external environment. Solid state conducting polymers generally allows
permeation of small molecules into its bulk. The diffusion of molecules in bulk conducting
polymers is often slow, therefore limiting such intermolecular interactions. When engineered into
nanostructures, such as nanoparticles, nanofibers, nanowires, nvanotubes13 and nanospheres,
conducting polymers can have large surface areas, shortened ion diffusion path, and high carrier
mobility, leading to improved performance in various applications. The crucial role polymer
morphology plays has resulted in extensive research efforts in developing nanoscale polymeric
materials. Current nanostructuring methods include template methods involving either hard
templates or soft templates, and template-free methods, such as mechanical stretching and

electrospinning.
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Hard templates are insoluble solid templates that are commonly made from anodized
alumina,'* opals,'® and polycarbonate.'* ' Hard templates are pre-engineered with high densities
of pores or channels with a range of sizes. Precursors or monomers fill the pores before
polymerization. Upon the introduction of a chemical oxidizing agent or a positive potential,
monomers are polymerized into polymer nanostructures with shapes defined by the pores or
channels of the template. This method allows complete control on the size, shape and orientation
of the nanostructures. In addition to templates with pre-engineered pores, colloidal particles can
be used as a hard template where polymers grow within the interstitial voids of assembled
particles.!” Soft templates typically are long range ordered structures made of polymer,

1319 polyacids,? etc. They were utilized to direct the growth of polymer

surfactants,'® micelles,
nanowires, nanofibers, and nanotubes, by selectively controlling the self-assembly process driven
by non-covalent interactions. Non-covalent interactions such as hydrophobic, n-n stacking, van
der Waals, electrostatic interactions, and hydrogen bonding drive monomeric molecules to self-
assemble into specific shapes. Upon oxidation, the nanostructures are preserved in the polymer
form. In those template methods, post-synthesis purification is often required to remove the
template material. Procedures that involve removing hard templates commonly require harsh
conditions. The preservation of the formed nanostructure under those harsh conditions becomes

another challenge. In cases where simple solvent wash can achieve removal of ionic template

materials, the additional steps can become cost inhibitive in scale-up synthesis.

In addition to template synthesis approaches, various template-free methods have been
developed. Uniform polyaniline nanofibers were fabricated through an aqueous/organic interfacial
synthesis approach.?! Polymer nanostructures can also grow from an existing nanostructure. Metal

oxidized nanowires served as both the physical template and the chemical oxidative initiator to
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seed the growth of conducting polymer 1D nanostructures.?? Physical methods, such as mechanical

stretching?® and electrospinning?* were utilized to make polyaniline nanofibers.

1.5. Introduction to Electrospinning as a Polymer Nanofiber Fabrication Technique

Electrospinning is a versatile and robust electrostatic fiber fabrication method based on
applying a strong electric field on polymer solutions or melts to generate fibers with diameters in
the submicron to nanometer range. The versatility of this technique allows it to produce a great
variety of polymeric fibers by using various polymer precursors. The simplicity of the process
enables the easy optimization and customization of the spin conditions. Process parameters, such
as applied potential, electrospinning setup design, flow rate, efc., have been studied to generate
fiber mats with various properties. During electrospinning, a polymer precursor blend is extruded
through a metal needle via a syringe pump. Charges are introduced to the polymer blend by an
applied high electric potential. The strong electrical repulsive forces introduced by the charges
eventually overcome the surface tension in the charged polymer solution or melt. As a result, a
charged jet of polymer blend ejects from the tip of the Taylor cone and is accelerated and stretched
while undergoing a whipping motion towards the grounded collector plate.?> During the process,
the solvent of polymer precursor evaporates and leaves only polymer fibers, forming a porous non-

woven mat.

The small diameters and high surface areas of electrospun polymer fiber mats provide
advantages for their applications in tissue engineering,? filtration,”” and drug delivery.?®
Electrospun polymer fibers can be converted to carbon nanofibers via subsequent thermal

treatments. Electrospun carbon fibers fabricated via this approach were widely used in energy
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storage and biosensing.’ The thermal treatment process consists of a stabilization and a
carbonization step. The stabilization step involves heating the polymer fiber samples to between

200 °C and 300 °C in air. Subsequent carbonization heats the sample up to 2800 °C under an inert

gas, such as nitrogen or argon.
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Chapter 2. An Electrochemical Co-Deposition Strategy for Synthesizing Nanostructured

Conducting Polymer/Redox Polymer Hybrid with Synergy for Energy Storage

The work reported in this thesis chapter was previously published as “Electrochemically
Nanostructured Polyvinylferrocene / Polypyrrole Hybrids with Synergy for Energy Storage”, by
Wenda Tian, Xianwen Mao, Paul Brown, Gregory C. Rutledge, and T. Alan Hatton. It was adapted

with permission from Advanced Functional Materials (2015).

Unconjugated redox polymers, such as polyvinylferrocene (PVF), have rarely been used
for energy storage due to their low intrinsic conductivity. Conducting polymers with conjugated
backbones, though conductive, may suffer from insufficient exposure to the electrolyte due to the
often formed non-porous structures. The work present in this chapter overcomes this limitation via
simultaneous electro-polymerization of pyrrole and electro-precipitation of PVF on electrode
surfaces. This synthesis method relies on the n-n stacking interactions between the aromatic
pyrrole monomers and the metallocene moieties of PVF. This fabrication process results in a
highly porous polymer film, which enhances the ion accessibility to polypyrrole (PPy). PPy serves
as a “molecular wire”, improving the electronic conductivity of the hybrid and the utilization
efficiency of ferrocene. The PVF/PPy hybrid exhibited a specific capacitance of 514.1 F g, which
significantly exceeds those of PPy (27.3 F g!) and PVF (79.0 F g), respectively. This approach
offers an alternative to nanocarbon materials for improving the electronic conductivity of polymer
hybrids, and suggests a new strategy for fabricating nanostructured polymer hybrids. This strategy
can potentially be applied to various polymers with n-conjugated backbones and redox polymers

with metallocene moieties for applications such as energy storage, sensing, and catalysis.
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2.1. Introduction

Driven by the staggering demands for sustainable and efficient energy storage solutions,
extensive research efforts have focused on the furtherance of pseudocapacitors with high power
density to bridge the gap between batteries and dielectric capacitors.’® Instead of relying only on
ion adsorption at the electrode surface, pseudocapacitors store charges via fast reversible
surface/near-surface redox reactions, typical of electroactive materials such as metal oxides and

% Redox polymers with non-conjugated backbones such as

conducting polymers.3
polyvinylferrocene (PVF) are localized-state conductors®! with discrete electron donor/acceptor
sites. Electron hopping between neighboring redox centers on PVF, for instance, can induce redox
reactions under an electrochemical stimulus. Despite its stable one-electron redox electrochemistry,
flat charge/discharge profile, and electrochemical reversibility, PVF has not been widely reported
as a medium for energy storage applications, for two reasons. First, the diffusion-like* electron
transport mechanism in PVF renders a poor intrinsic conductivity of only 103-107 S ¢m!.3
Second, while close packing of polymers can increase the redox center concentration and hence
reduce the inter-site distance for fast electron hopping, it usually also results in a nonporous
structure with limited polymer/electrolyte interface that hinders ion diffusion.>*d The compromise
between electronic and ionic conductivity lowers the redox center utilization efficiency and makes
it challenging to achieve the theoretical specific capacitance.’?® In only a handful of efforts to date
have attempts been made to address this limitation, by incorporating conductive nanocarbon
materials into PVF films. It was found that the introduction of dispersed graphite powders can
increase the electronic conductivity of PVF-modified electrodes, with a resulting high charge

capacity of 126.4 mAh g'.3>* Mao ef al. combined carbon nanotubes with PVF to increase the

utilization efficiency of ferrocene and achieved a specific capacitance of 418.8 F g*'.3% In contrast
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to PVF, whose non-conjugated backbone mainly serves as an insulated structural support,
conducting polymers such as polypyrrole (PPy) allow charge transport along their extensively
conjugated backbones via doping/de-doping.3!®3 In particular, PPy is electroactive over the redox
potential range of PVF, with an intrinsic conductivity routinely above 10 S ¢cm™.>” Conducting
polymers also offer great design flexibility and are easy to prepare, low cost, light weight, and
sustainable.’® With PPy as the conductive medium, neither surfactants nor additional sonication
steps are required for dispersing precursors, such as graphite powders or carbon nanotubes prior
to functionalization of the electrodes, which allows the fabrication process to be achieved in a
single step, and to be readily scalable. However, a major limitation of using a bulk conducting
polymer directly is insufficient exposure to the electrolyte solution due to the non-porous structure
that is often formed. Previous efforts to engineer polymers into nanoporous structures have often
involved multiple steps, where sacrificial materials used during polymerization are subsequently

removed to introduce porosity.>’

Here we report a facile synthesis strategy for the preparation of a highly porous
electroactive hybrid in which we exploit the n-nt stacking interactions between pyrrole and the
ferrocene moieties of PVF. In this hybrid, PPy chains serve as molecular wires for the spatially
isolated ferrocene moieties, increasing the utilization efficiency of ferrocene. PPy also increases
the charge storage capacity via redox reactions in its bulk. This approach addresses the challenges
to achieve a high specific capacitance with PVF, and offers an alternative to conventional
nanocarbon materials for improving the electronic conductivity of polymer hybrids. This new
strategy for fabricating nanoporous polymer hybrids via exploiting the intermolecular interactions
between constituent molecules can potentially be applied to a variety of conducting polymers with

n-conjugated backbones and redox polymers with various metallocene moieties.*’
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2.2. Results and Discussion
2.2.1. Morphological Characterization

Polymer modified electrodes were fabricated with commercial carbon fiber papers as the
substrate. Although limited in surface area compared to carbon nanofibers, commercial carbon
fiber papers are convenient, provide a relatively greater surface area for polymer deposition as
compared to flat sheets, and maintain a porous electrode architecture at a large scale. The various
electrodes prepared in this work are identified using the nomenclature “substrate”-“deposited
polymer”; for example, CF-PVF refers to electrodes comprising PVF deposited on carbon fibers
(CF). For simplicity, CF-Codep refers to the electrodes comprising PVF and PPy co-deposited on
carbon fibers. Pristine carbon fibers showed clean surfaces with longitudinal striation patterns
characteristic of Toray fibers (Figure 2-1a). Pyrrole in solution, upon oxidation, can undergo
oxidative polymerization to form PPy (Figure 2-1b). The electrochemically polymerized PPy
formed a segmented and densely grown film on each carbon fiber (Figure 2-1c, d). This
morphology was consistent with the homogenous, closely packed, and globular-shaped structure
of PPy reported previously.*! Ferrocene units in PVF can be oxidized to ferrocenium under an
appropriate electrochemical potential. The induced positive charge on ferrocenium increases the
hydrophilicity of the polymer chain, driving PVF to precipitate onto the carbon fibers from the

)42 This electro-precipitated PVF coated each carbon

hydrophobic organic solvent (Figure 2-1e
fiber conformally and exhibited a nonporous, but relatively rough, morphology (Figure 2-1f, g).
In contrast to the pure PVF or PPy polymer films, the polymer hybrid fabricated via simultaneous
electro-deposition and electro-precipitation (Figure 2-1h) had a highly porous film structure

(Figure 2-1i, j). This interconnected porous morphology was observed consistently throughout the

entire carbon fiber framework (Figure 2-1i). A close examination via HR-SEM revealed that the
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co-deposited film consisted of nanoscale polymeric spherical clusters with diameters of 50-100
nm (Figure 2-1k). These nanospheres adhered randomly to each other, forming an interconnected
porous film with carbon fibers as the retaining framework. Within the polymer/carbon fiber
composite, a dual scale porosity was observed, consisting of nano-sized pores within the polymer
film and micropores between the fibers. This morphology provided a large interfacial area between
the polymer and the electrolyte, which facilitated diffusion of ions and rendered excellent
electrochemical properties. To confirm that this dual scale porous morphology was indeed a result
of the co-deposition process, sequentially deposited bilayer polymer films were fabricated. CF-
PVF/PPy, with PVF as the inner layer and PPy as the outer layer, had a grainy and nonporous
surface morphology, resulting from the thick outer layer of PPy (Figure 2-10a). In comparison,
the CF-PPy/PVF fabricated via the opposite order of deposition exhibited more roughness at the
surface, while maintaining its dense film structure (Figure 2-10b). The different morphological
properties of the hybrid and bilayer polymer films were due to the two different electro-deposition

processes, and motivated our detailed investigation of the co-deposition process (see section 2.6).
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Figure 2-1. (a) Schematic and SEM image of the pristine carbon fibers, indicating their clean
surfaces with striation patterns. Schematic (b) and SEM images (c, d: different magnifications) of
the electro-polymerized pyrrole show the nonporous conformal coating of PPy films on each
carbon fiber. Schematic (e) and SEM images (f, g) of the electro-precipitated PVF show that the
formed PVF film had a rough and nonporous morphology. Schematic (h) and SEM images (i, j, k)
of the co-deposited coatings of PVF and PPy on carbon fibers demonstrate the highly porous film

structure resulting from this fabrication method.

Transmission electron microscopy (TEM) was used to confirm the relatively uniform
distribution of the ferrocene units within the co-deposited hybrid film. Figure 2-2a shows the
crystalline regions characteristic of pure PPy, the formation of which is attributed to the 7—r
interactions between adjacent PPy chains.** In pure PVF, the ferrocene moieties are observed as
distinct black clusters with diameters ranging from 2 nm to 5 nm sitting atop a thin background
layer of unclustered PVF (Figure 2-2b). In contrast to the morphologies of pure PPy and pure
PVF, the crystalline regions and dark spheres are replaced by large grey areas in the co-deposited
polymer hybrid (Figure 2-2¢). This morphological difference suggests that the ferrocene moieties

were more homogenously distributed within the hybrid.
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Figure 2-2. TEM images of electrochemically deposited (a) PPy, (b) PVF, and (c¢) co-deposited
hybrid polymer film. The molar ratio of ferrocene to pyrrole units is about 5-6%, based on

composition of the deposition solution and confirmation by XPS (see text).

Nitrogen adsorption was used to characterize the pore structure of the co-deposited polymer
hybrid. The adsorption isotherm, or volume adsorbed versus relative pressure, P/Pg, where Py is
the saturated vapor pressure, displayed a steep increase in slope at relative pressures above 0.8,
and a hysteresis loop between the relative pressures of 1 and 0.8 on desorption (Figure 2-3a). This
is a Type V isotherm according to the IUPAC classification, and indicates the presence of
mesopores (2-50 nm)* within the polymer hybrid in which capillary condensation occurs at high
P/Py. The exhibited hysteresis is a result of the different pressures at which capillary condensation
and capillary evaporation occur.** The specific surface area of the polymer hybrid obtained by the
Brunauer—Emmett—Teller (BET) analysis is 166.8 m? g'!, which is significantly higher than values

—1)’45

reported for pure polypyrrole (37-61 m? g such as polypyrrole porous clusters,** tubes,*>

nanoparticles,*** and thin films,**¢ or pure PVF powder (8 m? g™!).3* The pore size distribution
based on the Barret—Joyner—Halenda (BJH) theory (Figure 2-3b) displays a broad peak in the
region of 5-80 nm, with an average of 26.0 nm and a maximum at 33.0 nm. This broad distribution
of pore sizes is consistent with the combination of mesopores (2-50 nm) and macropores (>50 nm)

observed in the polymer hybrid under SEM. This broad distribution of pore sizes can potentially

enhance ion access to the electroactive polymers and improve the power capability of the hybrid.
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Figure 2-3. a) Nitrogen adsorption-desorption isotherms of the PVF/PPy polymer hybrid. b) The

corresponding BJH pore-size distribution for the polymer hybrid.

2.2.2. Composition and Structure Characterizations

X-ray photoelectron spectroscopy (XPS) was performed to study the chemical composition
of the polymer modified electrodes. Fezp and Ny signals served as elemental markers for PVF and
PPy, respectively. An XPS survey scan of the co-deposited polymer film indicated the presence of
Cis, O1s, Nis, Clzp and Fep through their photoelectron peaks in the polymer films, in contrast to
the pristine carbon paper where only a strong Cis peak and a small Os peak were observed (Figure
2-4a). The existence of the Fexp and Nis peaks confirmed the deposition of both PVF and PPy on
the substrate. The presence of Clzp and the increased Os signal were due to the dopant, CIO4™, in
PPy. The high-resolution Nis spectrum was deconvoluted into a main peak at 399.8 eV and a
second peak at 402.2 eV (Figure 2-4b). These two peaks corresponded to the neutral -NH-
nitrogens and the oxidized C-N" nitrogens, respectively, indicating that the polymerized PPy was
partially oxidized.***!- 4 Fey; had two peaks from the spin-orbital splitting, Fe,. 112 (721 €V) and
Fexp, 32 (708 eV), each of which was deconvoluted into two component peaks (Figure 2-4c). The
two smaller component peaks of Feap, 12 and Feap, 32 at higher binding energies resulted from the

partially oxidized ferroceniums.*’
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Figure 2-4. (a) Survey scans of the pristine carbon fiber paper (control) and co-deposited polymer
hybrid indicated the presence of Cis, O1s, Nis, Clzp and Fezp. High resolution scans of (b) Nis and
(c) Fezp. (d, €) Fezp/N s ratio obtained from angle-resolved XPS for CF-PPy/PVF bilayer and hybrid
films, respectively, deposited on flat stainless steel sheets. The bilayer film showed a decreasing
iron content with increasing depth, while a uniform distribution of ferrocene moieties within the

co-deposited hybrid films was observed.

Angle-resolved XPS was used to probe the differences in depth profiles of chemical
composition between sequentially-deposited and co-deposited polymer films. Since the local angle
at the surface of a polymer-modified carbon fiber is difficult to determine and can be different
from that of the sample holder relative to the XPS analyzer, we performed the angle-resolved XPS
tests on polymer hybrid films deposited directly onto flat stainless steel sheets. The depth at which

the composition was detected increased as the tilt angle increased. The peak intensity was used to

33



obtain the relative atomic concentration of each element. The Fezp/Nis ratio, which measures the
ratio of ferrocene to pyrrole units in the polymer hybrid, decreased with increasing tilt angles from
20 to 90 degrees, indicating that more PVF was deposited at the outer surface than in the inner
layer of the polymer film for the PPy/PVF bilayer polymer film (Figure 2-4d). In the co-deposited
polymer film, the ratio remained approximately the same throughout the analyzed depth, indicating
that PVF was distributed uniformly within the polymer hybrid (Figure 2-4e). This observation is
consistent with the conclusions drawn from TEM images. It is worth noting that, in the co-
deposited polymer hybrid, the Fes, content was only ca. 6% of that of Nis. This was consistent
with the composition of the deposition solution, where the ratio of the molar concentration of

ferrocene units to pyrrole monomer was ca. 5%.
2.2.3. Electrochemical Characterization in Three-Electrode Systems

The interesting morphologies of the PVF/PPy hybrids show promise for energy storage
applications. First, we evaluated the electrochemical properties of the hybrids in three-electrode
systems. The cyclic voltammetry (CV) profiles in Figure 2-Sa indicate that the carbon fiber
substrate contributed negligibly to the capacitance, while the electrochemically polymerized PPy
film exhibited a quasi-rectangular CV curve within the voltage window of 0 to 0.7 V. This
featureless profile resulted from the successive surface redox reactions of PPy films, indicating the
perfect electrochemical capacitive behavior typical of PPy.** 4 In contrast, the deposited PVF
film exhibited distinct oxidation and reduction peaks at 0.35 V and 0.25 V, respectively.’* “? The
CV curve for CF-PPy/PVF comprises both the broad quasi-rectangular profile from PPy and the
pronounced anodic/cathodic peaks from PVF, indicating that PVF and PPy were both electroactive
in the hybrid (Figure 2-5b). PPy as the inner layer was able to transport electrons effectively to

the outer film of PVF, allowing two well-defined redox peaks similar to those in the pure PVF
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films to develop. By contrast, the redox peaks in CF-PVF/PPy are barely discernible, presumably
because the dense PPy outer layer limited ion diffusion to the ferrocene moieties in the inner layer
(Figure 2-2b). CF-Codep displayed strong PVF redox peaks, and gave a much higher current
response than did the other electrodes. The significant increase in the contributions of both
polymer components to the specific capacitance indicated that the utilization efficiency of
ferrocene and the ion accessibility to PPy were simultaneously improved upon forming the hybrid.
The PVF/PPy hybrid also exhibited excellent rate performance. The specific capacitance of CF-
Codep was much higher than that of the other electrodes, within the scan rate range of 0.001 V g

t0 0.2 V5!, and remained at ~200 F g even at 0.2 V s’ (Figure 2-5¢).
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Figure 2-5. (a) The CV profiles of PPy and PVF compared to that of pristine carbon fibers. (b)
The cyclic voltammetry profiles indicate the co-deposited polymer films gave a higher current

response than the sequentially deposited polymer films. (¢) The co-deposited polymer film shows
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better rate performance at various scan rates of 0-0.2 V s™!. (d) The galvanostatic discharge curves

for various polymer modified electrodes at a current density of 1 A g\,

The excellent electrochemical properties of the polymer hybrids were also evident in the
galvanostatic discharge profiles (Figure 2-5d). The discharge profile of PVF exhibited a sudden
decrease in potential at short time (< 1 s), followed by an extended period (up to 30 s) where the
potential decreased more slowly, as a result of the reduction of the ferrocenium to ferrocene. Upon
complete reduction of all the ferrocenium units, the potential quickly plunged to zero.** In contrast,
the curve for PPy was more linear, with no significant decrease in slope. This behavior arises
because PPy has no defined redox potential within the potential window used, consistent with its
featureless quasi-rectangular CV profile (Figure 2-5a). Both the bilayer (CF-PVF/PPy and CF-
PPy/PVF) and the hybrid films deviated from a linear profile, with a decrease in the rate of change
of potential at around 0.25 V. This “flattening” of the potential profile was a result of the redox
reactions of the ferrocene centers. It is clear that the discharge profiles of the hybrid systems
exhibited the characteristics of both PVF and PPy, but that the hybrid film displayed a much
broader discharge profile than did the bilayer films, indicating a much larger charge storage
capacity. A similar trend in charge storage capability was also observed in the comparison of CV

profiles in Figure Sb.

Electrochemical storage capacity relies on the utilization efficiency of the redox units. In
CF-PVE/PPy, PVF was deposited directly on the carbon fiber, beneath the densely grown PPy
layer (Figure 2-2a); thus ions in the electrolyte had limited access to the PVF, which then could
not be fully oxidized. This limitation manifested itself in the suppressed redox peaks in the CV
profile (Figure 2-5b). In addition, the electron transport between PPy and the carbon fiber
substrate was also compromised in this system, because the PVF backbone served mainly as an
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insulating structural support and so electron transport occurred only by hopping of the electrons
between the neighboring ferrocene centers. PVF permitted limited electron access to the outer-
layer PPy, and thus the charge storage sites along the PPy chains were not utilized efficiently; this
inefficiency ultimately resulted in the relatively low overall capacitance of 103.2 F g'!. Though the
ion diffusion limitation within CF-PPy/PVF was still expected, the inner polymer layer of PPy was
conductive and could facilitate electron transport to the PVF. Therefore, CF-PPy/PVF exhibited
the relatively higher specific capacitance of 144.1 F g'. The enhanced electrochemical
performance of the co-deposited hybrid, as manifested by its specific capacitance of 514.1 F g,
was realized via the synergy between PVF and PPy. The charge delocalization along the backbone
of PPy complemented the electron hopping between the redox moieties within the formed hybrid.
Thus PPy chains served as “molecular wires” providing fast electron access to the isolated
ferrocene moieties, which then could be efficiently oxidized and reduced. The highly porous
nanostructure also increased the electrolyte-electrode interfacial contact area and ensured a high
ionic conductivity by allowing easier ion diffusion within the films and facilitating the counter-ion
insertion/extraction during the doping/dedoping of PPy and the redox reactions of the ferrocene

moieties.

In addition, we also compared the performance of the PVF/PPy hybrid with a broad range
of alternative supercapacitor electrode materials for energy storage applications, such as porous
carbons and various inorganic electroactive species (Table S1). This comparison shows that the
PVF/PPy hybrid has a higher specific capacitance than most of the recently reported carbon-based
supercapacitor materials, such as corncob residue derived carbon,* nitrogen-containing carbon
microspheres,’® efc. This is due to the pseudocapacitance contribution from both PVF and PPy.

Compared to the recently reported transition metal oxide/porous carbon composite materials,”' the
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PVF/PPy hybrid has a comparable or slightly higher specific capacitance. Different from metal
oxide/carbon composites, the PVF/PPy hybrid is fabricated from a facile electrochemical co-
deposition method, which can potentially be generalized to various other metallocene-containing
polymers and conducting polymers. In addition, the hybrid polymer film can also be combined
with various carbon nanomaterials, such as carbon nanotubes or graphene, to further improve its

properties.
2.2.4. Two-electrode Symmetric Supercapacitor Device Performance

We also assessed the polymer hybrids in a two-electrode system that resembles the physical
configuration in, and the operating conditions of, commercial packaged supercapacitors; our
purpose in doing so was to provide a more meaningful measure of the material’s performance for
commercial applications.’? Figure 2-6a compares the CV profiles of PVF, PPy, and the co-
deposited PVF/PPy hybrid. The co-deposited hybrid gave a much larger current response than did
the PVF and PPy films, and displayed a quasi-rectangular CV profile. The disappearance of redox
peaks in the two-electrode configuration is commonly seen in electroactive polymers, for reasons
that are as yet unclear.?*3%° As the scan rate increased, the CV profiles for the co-deposited hybrid
showed slight distortions from the quasi-rectangular shape, due to the increasing overpotential
from the ion transport within the polymers (Figure 2-6b). The galvanostatic discharge curves
(Figure 2-6d, e) indicated the much higher charge storage capacity of the hybrid polymer
compared to those of pure PVF and pure PPy films. The calculated specific capacitance at various
scan rates from 0.001-0.2 V s™! and at various current densities from 0.06 to 10 A g' demonstrated
the excellent rate performance of the co-deposited polymer film in the two-electrode cell (Figure
2-6¢, f). The co-deposited PVF/PPy hybrid exhibited a specific capacitance of 345.3 F g!, which

is significantly higher than that of either PVF or PPy (Figure 2-6d).
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To gain further insight into the advantages of the co-deposited hybrid structure,
electrochemical impedance spectroscopy (EIS) measurements were conducted on the two-
electrode supercapacitor cells; the resulting Nyquist plots for CF-PVF, CF-PPy, and CF-Codep are
shown in Figure 2-7a. Compared to CF-PVF or CF-PPy, CF-Codep exhibited a lower solution
resistance (Rs, determined by the intercept on the Zr axis) and a lower interfacial charge transfer
resistance (R, indicated by the diameter of the charge transfer semicircle or the length of the
Warburg region).>* Such decreases in Rs and R further suggest that the ion diffusion resistance
was reduced because of the formation of a porous structure and enhanced electron transport
properties that result from incorporation of the conducting polymer component. The Coulombic
efficiency was calculated to be 99.5% for the co-deposited polymer hybrid at a current density of
5 A g'. The power and energy densities determined from galvanostatic charge/discharge
measurements in a two-electrode system are given in the Ragone plot shown in Figure 7b. This
capacitor cell was characterized by a high energy density of 40.7 W h kg™! at a power density of
6.79 kW kg''; the energy density decreased by only about 40% to 25 .4 W h kg™ following a
significant ~ 9-fold increase in the power density to 58.6 kW kg™'. This enhanced power density at
the expense of a relatively small decrease in energy density is attributed to the facilitated ion
diffusion within the porous polymer films. The achieved maximum energy density is comparable
to that of lead acid batteries (25-40 W h kg'')** and much higher than that of activated carbon-
based supercapacitors (4-5 W h kg™!).>> Compared to some of the recently reported conducting

polymer-based supercapacitor devices,” ¢ the PVF/PPy hybrid-based supercapacitor gives a

higher energy density due to the additional pseudocapacitance offered by PVF.
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Figure 2-6. Electrochemical evaluation of the two-electrode configuration: (a) CV profiles for PPy,
PVF and the co-deposited hybrid. (b) CV profiles for the co-deposited hybrid at scan rates from
10 to 45 mV s™'. (c) The calculated specific capacitance at scan rates from 0.001 to 0.2 V s°'. (d)
The galvanostatic discharge curves recorded at 0.7 A g and the calculated specific capacitance.
(e) The galvanostatic discharge curves of the co-deposited PVF/PPy hybrid at current densities
from 0.7 to 10 A g'. (f) The calculated specific capacitance of PVF, PPy, and the co-deposited

hybrid at current densities from 0.06 to 10 A g\,
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Figure 2-7. (a) Nyquist plots for CF-PVF, CF-PPy, and CF-Codep indicate lower solution and
interfacial charge transfer resistances for the co-deposited polymer hybrids. (b) Ragone plot for
the PVF/PPy polymer hybrid-based two-electrode symmetric supercapacitor performance relative

to that of other conducing polymer-based supercapacitors reported in literature.* >

2.2.5. Cycling Stability

Conducting polymers usually have limited cycling stabilities due to repeated volumetric
swelling and shrinking during charging/discharging.>” >’ The volume change and the resulting
mechanical stress often lead to mechanical degradation and dissolution of polymer films,’® as was
also observed in the PVF/PPy polymer hybrid in this study. To address this cycling degradation
issue, we utilized a hydrothermal process to deposit a thin layer of carbonaceous material on each
of the hybrid clusters to mitigate the effects of the swelling and deswelling of the material during
cyclic charging/discharging process.®” In the hydrothermal process, glucose was converted under
mild conditions to a nanometer-thick carbon shell coating the materials.’® This method has been

used to improve the stability of conducting polymers and metal oxides without compromising their
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3960 The porous structure of the polymer hybrid was maintained

electrochemical performance.
during the hydrothermal coating process as observed by SEM, BET surface area, and pore size
distribution (Figure 2-12a, b, d, ). XPS analysis on the PVF/PPy hybrid after the hydrothermal
process indicated the presence of the carbon coating on the polymer surface (Figure 2-12g). Figure
2-8a compares the CV curves for the PVF/PPy hybrid observed in a 3-electrode system before and
after the hydrothermal treatment. The deposition of the thin carbon shell resulted in a distorted CV
profile, but with a slight increase in the capacitance due to the increased double layer effect from
the carbon shells. EIS results and the calculated specific capacitance from both the CV and
galvanostatic measurements (Figure 2-12f, h, i, j) confirmed that the electrochemical performance
was not compromised by the hydrothermal process. The polymer hybrid retained 94.5% of its

specific capacitance after 3000 cycles at 5 A g'! (Figure 2-8b), and exhibited minor changes in its

surface morphology after the cycling evaluation (Figure 2-12c).
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Figure 2-8. (a) The PVF/PPy hybrid electrode exhibited a more distorted CV profile after the
hydrothermal process compared to that of the untreated electrode. (b) The cycling stability of the
PVF/PPy hybrid modified electrode was significantly improved following the hydrothermal

treatment, with retention of 94.5% of its specific capacitance at 5 A g™ after 3000 cycles.
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2.2.6. Molecular Interactions between Ferrocene and Pyrrole

The different surface morphology and enhanced electrochemical properties of the polymer
hybrid relative to the sequentially deposited components was due to the influence of intermolecular
interactions between the PVF and pyrrole molecules on the simultaneous electro-polymerization
and electro-precipitation process. In the co-deposition solution, each PVF polymer chain was
solvated partially by pyrrole because PVF-pyrrole interactions are more favorable than those
between PVF and CHCI; due to the m-n stacking interactions. Upon electro-deposition of the
swollen PVF coils, the solvating pyrrole molecules were in a position to be electro-polymerized to
form polypyrrole; the PVF molecules were incorporated into and intimately associated with the
PPy in the resulting film. The change in PVF polymer chain conformation in solution prior to
deposition due to its interaction with pyrrole was revealed using small-angle neutron scattering
(SANS) and UV-vis absorbance spectrometry. This intimate interaction between the two polymers
within the formed hybrid was further elucidated via Fourier transform infrared spectroscopy

(FTIR).
2.2.6.1 Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) was used to probe the conformation of the PVF
polymer chains in solution. It is evident from the two different SANS profiles (scattering intensity
I(0) vs. Q0 (247/ [)sin(2L)), where /7 is the scattering angle, and /7 the radiation wavelength)
shown in Figure 2-9a that PVF underwent conformational changes in the presence of pyrrole.
Porod analysis confirmed this change by yielding information on the “fractal dimension” of the

polymer coil %! In the high-Q region, the intensity was approximated as:

A
I(Q==—+B
@ o

43



For polymer coils, the Porod slope » was extracted by plotting log (I (Q)-B) vs. log (Q) (Figure
9), where B is the background. The exponent # is related to the excluded volume parameter v by n
= 1/v; Gaussian, swollen, and collapsed coils have Porod slopes of 2, 5/3, and 3, respectively. For
PVF in chloroform, we extracted an # value of 1.99, which is consistent with © conditions for the
solution (v = 0.5) and the Gaussian coil. However, when PVF was combined with pyrrole, n was
found to be 1.67, indicating a transformation into swollen coils. This change in chain conformation
was attributed to interactions between the PVF coils and pyrrole monomers, presumably through
the m-n stacking. In this way, pyrrole monomers extended the PVF chains in solution, swelling the
PVF coil. An increase in the measured radius of gyration (R;) again confirmed the structural
change of PVF in solution. To obtain Ry for the polymer, partial Zimm plots were prepared (Figure

9 inset).®! Here, a Lorentzian form for the Q-dependence of the scattering intensity was assumed,

Iy
1+ Q22

1(Q) =
where { represents the correlation length, and is proportional to the Flory-Huggins interaction

parameter. In the low-Q region, it can be used to estimate Ry

_R
‘=7

In chloroform R for PVF was estimated to be 5.9 nm, and increased by about 30% to around 7.5

nm when pyrrole monomers were present in solution.
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Figure 2-9. (a) SANS profiles of PVF with (blue) and without (green) pyrrole indicate the
conformation change of PVF chains in solution. Inset: Partial Zimm plots of PVF and PVF in the
presence of pyrrole. (b) UV-vis absorbance of 0.3 mM ferrocene in ethanol decreased significantly
as the concentration of pyrrole increased from 0 to 100 mM. (¢) FTIR of PVF, PPy and the formed
hybrid indicated the red-shift of peaks for C=C stretching and C-N stretching in the pyrrole ring

and the C-H stretching in the ferrocene moieties.

2.2.6.2 UV-Vis spectroscopy

To substantiate the likelihood of the n-m stacking interactions between PVF and PPy, we
used UV-vis spectroscopy to probe the molecular interactions between pyrrole monomer and PVF,
both of which possess m-aromatic cyclic moieties, in solution. The ferrocene units in each
repeating unit of PVF contain two cyclopentadiene rings and have a characteristic energy

absorption band around 220 nm, corresponding to the ® — n* transition.** Each pyrrole molecule
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contains a 5S-membered heterocyclic aromatic ring, exhibiting a characteristic peak around 210
nm.®* For simplicity, the UV-vis spectrum of ferrocene was studied, rather than that of PVF, along
with the spectrum of pyrrole. The ferrocene absorption peak decreased significantly as the pyrrole
concentration increased from 0 mM to 100 mM (Figure 2-9b). The decreased UV absorption
intensity, or hypochromism, of ferrocene in the presence of pyrrole is commonly observed in
molecules with n-7 stacking interactions, which is a result of the intermolecular overlapping of p-
orbitals in their n-conjugated systems.®* This significant suppression of the ferrocene absorption
peak indicates intimate molecular interactions between pyrrole and ferrocene in solution, which
could be a result of a greatly extended molecular packing between the cyclopentadiene rings in

PVF and the heterocyclic aromatic ring in pyrrole.®
2.2.6.3 Fourier transform infrared spectroscopy (FTIR)

SANS and UV-vis spectroscopy elucidated the molecular interaction between pyrrole and
PVF in solution before the electrochemical co-deposition. We used FTIR to study this interaction
within the formed hybrid after the co-deposition process. Pure PVF shows characteristic peaks at
3081, 1105, 1023, 999, and 810 cm™! (Figure 2-9¢).%% For electrochemically polymerized PPy,
FTIR shows characteristic peaks at 1524, 1439, 1080, and 1012 cm™.%° In comparison, the co-
deposited polymer hybrid exhibited a broad peak from 1000 to 1300 cm™!, as a result of the overlap
of the peaks from the PVF and the significantly higher content of PPy in the hybrid. However, the
peak corresponding to the C-H stretching of the ferrocene units®® shifted from 3081 to 3104 cm’!
in the hybrid compared to the pure PVF. Similarly, the two observed peaks at 1524 cm™ (C=C
stretching) and 1439 cm™' (C-N stretching) in PPy shifted to 1535 cm™! and 1456 cm™ in the hybrid,

respectively. This red-shift of peaks for the C=C stretching and C-N stretching in the pyrrole ring
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and the C-H stretching in ferrocene indicated that the interactions between zn-electrons of the

cyclopentadiene rings and the pyrrole still exist within the formed hybrid.®®
2.2.6.4 Hybrid film structure formation

The electropolymerization of pyrrole starts with the oxidation of pyrrole monomers at the
electrode surface to form cation radicals, followed by dimerization. Further oxidation of the dimers
induces polymer chain growth, which occurs simultaneously with the formation of oligomers in
solution.*" The nucleation of PPy on the electrode surfaces occurs when the length of the
oligomeric chains surpasses the solubility limit. Here, the ferrocene groups of PVF, which are
known to be associated closely with the pyrrole monomer in solution, may work as electron
transfer mediators®” to facilitate the formation of the pyrrole cation radicals and pyrrole oligomers
in the vicinity of these PVF chains. We hypothesize that a mesoscopic phase separation occurs
between the chloroform-rich phase and the pyrrole/oligopyrrole-rich phase as pyrrole monomers
polymerize, with PVF partitioning preferentially into the pyrrole/oligopyrrole-rich phase, to
contribute to the formation of the highly porous morphology. Although the exact mechanism of
the porous film formation still remains unclear, preliminary results with other conducting polymer
monomers that can have n-n stacking interactions with PVF indicate that this synthesis strategy
can be generalized. We have electrochemically co-deposited PVF/polyindole hybrid and
PVF/polyaniline hybrid. The surface morphologies of these hybrid films (Figure 2-13b, d) are
significantly more porous than those of the electrochemically polymerized pure polyindole and
pure polyaniline films (Figure 2-13a, c¢). Further examination of these analogous systems is the

subject of on-going research.
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2.3. Conclusion

We report a facile approach to synthesize a highly porous electroactive polymer hybrid
with enhanced electrochemical energy storage performance. The synthesis strategy involved
simultaneous electro-polymerization of pyrrole and electro-precipitation of PVF. The n-nt stacking
interactions between the heterocyclic pyrrole and the cyclopentadiene rings in ferrocene units
cause the PVF coil to swell in solution. These pyrrole monomers are believed to remain associated
with the PVF coils upon their electropolymerization. As a result, the two polymers are co-
deposited on the substrate during the polymerization of PPy, such that the PPy chains
interpenetrate the PVF domains and the two components are intimately associated with each other
within the film thus formed. The polymer hybrid constructed in this way exhibited a highly porous
morphology that is likely due to a phase separation between the pyrrole/oligopyrrole-rich and
chloroform-rich phase during the polymerization process. This hybrid demonstrated excellent
electrochemical properties, directly arising from the synergistic effects between PPy and PVF. A
specific capacitance of 514.1 F g! was achieved for the PVF/PPy hybrid, which was significantly
higher than those of PPy (27.3 F g') and PVF (79.0 F g'!). This facile electrochemical co-
deposition approach can potentially be used to fabricate flexible supercapacitor devices. This
interesting combination of properties from conducting polymers and non-conducting redox
polymers with metallocene moieties opens up new opportunities for the design and fabrication of
porous polymer hybrids with synergy for a variety of applications, such as energy storage, sensing,

and catalysis.
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2.4. Experimental Section
2.4.1. Electrode Fabrication

Polymer modified electrodes were prepared by applying a constant current density of 2 mA
cm to the carbon paper electrode in a three-electrode cell, where the counter electrode was a Pt
wire and the reference electrode was Ag/AgCl. The PVF/PPy hybrids were fabricated by
electrochemical co-deposition in 5 mL chloroform (CHCI3) solution containing 0.104 M pyrrole,
1 mg mL"' PVF, and 0.1 M tetrabutylammonia perchlorate (TBA-ClO4). All depositions were

performed for 5 min.
2.4.2. Electrochemical Characterization

All electrochemical polymerization and electrochemical characterizations were performed
using an AutoLab PGSTAT 30 potentiostat and GPES software, version 4.9 (Eco Chemie). Cyclic
voltammetry and galvanostatic discharge measurements were conducted in 0.5 M sodium
perchlorate solution in both the three-electrode system and the two-electrode system. In the three-
electrode cell, Pt wire and Ag/AgCl were used as the counter electrode and the reference electrode,
respectively. The two-electrode cell was fabricated by sandwiching a filter paper between two
polymer-deposited carbon paper electrodes. The electrode-filter paper-electrode set-up was then
inserted between two glass slides for support. The electrochemical impedance spectroscopy (EIS)
measurements on the two-electrode supercapacitor cells were performed in the frequency range of

100 kHz to 0.01 Hz with an electrochemical impedance analyzer (Gamery EIS300TM).
2.4.3. Polymer Characterization

Nitrogen adsorption/desorption was conducted on an automatic volumetric adsorption

analyzer (Micromeritics ASAP2020). The PVF/PPy polymer hybrid films were first deposited on

49



stainless steel sheets and then peeled off for the Nj physisorption measurements. XPS was
performed with a PHI Versa Probe Il. The X-ray used was set at 200 um, 50W and 15kV. An XPS
full scan survey was performed with a pass energy of 187.85 eV in the 0-1100 eV binding energy
region. Angle-resolved XPS was performed with an argon single-ion gun for depth profiling.
Changes in elemental composition within the polymer films up to 10 nm in depth were recorded
nondestructively at various sample tilt angles relative to the analyzer, with values of 20°, 45 °, and
90 °. To allow depth profiling, the angle-resolved XPS was performed on polymer hybrid films
that were deposited on a flat stainless steel sheet in the absence of carbon fibers. XPS survey scans
were analyzed using the CasaXPS software. The spectra were calibrated with the Cs peak (284.8

eV). The quantification regions are subtracted using a Shirley background.

Small-angle neutron scattering (SANS) was performed on the D22 diffractometer at Institut
Laue-Langevin, Grenoble, France. The neutron wavelength used was A = 10 A at two different
detector distances and a Q value between 0.0024 and 0.37 A™! was realized. The absolute cross
section I (Q) (cm!) as a function of momentum transfer Q (A™!) was obtained via data
normalization. The measurements were performed in Hellma fused silica cuvettes with a path
length of 2 mm. To provide the necessary contrast, the dilute polymer aqueous systems were
measured at 5 mg mL"! in d-chloroform (scattering length density p = 3.11 x 10'® cm™). Data
analyzed were in absolute units based on the sample compositions. A flat background term was
employed to account for any low level of residual incoherent scattering during the fitting process.
UV-vis absorption experiments were performed with Evolution™ 201/220 UV-Visible
Spectrophotometers (Thermo Scientific). Fourier transform infrared spectroscopy (FT-IR) was

measured on Nicolet NEXUS. Thermogravimetric analysis of the prepared electrodes was

50



conducted using Q50 TGA (TA Instruments). Samples were equilibrated at room temperature,

followed by ramping from room temperature to 900 °C at a heating rate of 5 °C min™".

2.5. Supporting Information

Figure 2-10. SEM images of core-shell structured polymer films that were deposited on carbon

fibers: (a) CF-PVF/PPy and (b) CF-PPy/PVF.

2.5.1. Fabrication of Carbon Paper Electrode

The carbon fiber electrode was fabricated by using a piece of carbon fiber paper (1 cm x 2

cm) as the substrate which was connected to a copper wire with copper tape (Figure 2-11a).
2.5.2. Fabrication of Two-Electrode Symmetric Supercapacitors

In the two-electrode symmetric supercapacitor device, a piece of filter paper was used as
the separator to prevent the two electrodes from contacting each other while allowing ions to
diffuse through. The filter paper was sandwiched between two electrodes (polymer coated carbon
fiber paper). The electrode-filter paper-electrode setup was then sandwiched between two glass

slides, which were pressed against each other by tape without sealing (Figure 2-11b). The
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electrochemical performance of the electrode was evaluated by immersing the device in 0.5 M
NaClOa4, where the electrolyte solution had a depth of 1 cm to prevent the contact between the

copper tape and the electrolyte solution.

(a) (b) glass slide copper tape glass slide
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Figure 2-11. (a) Schematic of the polymer modified carbon paper electrode. (b) Schematic of the

two-electrode symmetric supercapacitor device.

2.5.3. Characterization of co-deposited polymer hybrids after hydrothermal process (CF-CodepH)

The co-deposited PVF/PPy hybrid was treated with a hydrothermal process®” to improve
its cycling stability. Here, we refer to the electrode that is modified by the co-deposited polymer
hybrid with the hydrothermal treatment as CF-CodepH. As observed by SEM, the porous film
structure of the CF-Codep was preserved after the hydrothermal process (Figure 2-12a,b). In
addition, the polymer hybrid maintained its porous film morphology after 3000 cycles (Figure

2-12¢), which confirmed that the formed carbonaceous shell can provide structural support and
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prevent the polymer film from exfoliating from the carbon fiber surface during the
charge/discharge process. The nitrogen adsorption/desorption measurement of the treated hybrid
polymer films gave a similar isotherm and pore size distribution as that of the polymer hybrid
before the hydrothermal treatment (Figure 2-12d,e). The calculated BET surface area is 160.9 m?
g”!, which is also comparable to that of the hybrid polymer films without the treatment (166.8 m?
g ). To study the surface chemistry of the PVF/PPy hybrid after the hydrothermal process, XPS
was performed on CF-Codep and CF-CodepH (Figure 2-12g). After the hydrothermal treatment,
the Nis and Fezp peaks disappeared due to the coating of the carbon shell on the PVF/PPy polymer
hybrid. The increased Ojs signal is likely due to the remaining glucose on the electrode surface

from the solution used during the hydrothermal treatment.

In addition, the Nyquist plots for CF-Codep, CF-CodepH, and CF-CodepH after 3000
cycles are shown in Figure 2-12f. We found that, after the hydrothermal treatment, the co-
deposited hybrid had a slightly decreased solution resistance, possibly because the wrapping of the
polymer hybrid with a conductive carbon shell led to a better electron transport property while the
porous structure was still retained, as confirmed by the SEM and BET analyses (Figure 2-12b,d).
Additionally, we observed minimum changes in Rs and R after 3000 charge/discharge cycles for
CF-CodepH; SEM also suggested very minor structural changes after the cycling stability test. To
further confirm that the electrochemical performance of the electrode is not compromised after the
hydrothermal process, CF-CodepH was evaluated via cyclic voltammetry in a three-electrode
system at various scan rates from 0 to 0.2 V s™! (Figure 2-12h). The deposition of a thin carbon
shell resulted in a distorted CV profile compared to that of CF-Codep (Figure 2-8a). The calculated
specific capacitance was 572 F g at 0.01 V s™!, which was slightly higher than that of CF-Codep

(514.1 F g7 due to the double layer effect of the carbon shells. At higher scan rates, the specific
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capacitance decreased, but still retained a relatively high value of 212 F g'at 0.2 Vs™'. To give a
more accurate evaluation of the CF-CodepH electrode. the CVs and galvanostatic measurements
were also conducted in a two-electrode system (Figure 2-12i, j). The CF-CodepH electrode
exhibited a specific capacitance of 353 F g™! at a current density of 0.625 A g”', which is

comparable to that of CF-Codep (345.3 F g'at 0.7 A g7").
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Figure 2-12. SEM images of co-deposited polymer films (a) before the hydrothermal process, (b)
after the hydrothermal process, and (c) after 3000 cycles indicate that the surface morphology of
the polymer hybrid is preserved after the hydrothermal treatment and after the cycling stability
measurement. (d) N2 physisorption isotherms and (e) the pore size distribution of the co-deposited
polymer after hydrothermal process show characteristics similar to that of the polymers without
the hydrothermal treatment. (g) XPS survey scan of CF-Codep in comparison to that of CF-
CodepH. (f) EIS measurment for the CF-Codep, CF-CodepH, and CF-Codep after 3000 cycles.
The specific capacitance measured at various scan rates from 0-0.2 V s''in (h) a three-electrode
system and (i) a two-electrode system, and (j) at various current densities in a two-electrode

systems.
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Figure 2-13. SEM images of electrochemically (2) polymerized polyindole, (b) co-deposited PVF

and polyindole hybrid, (c¢) polymerized polyaniline, and (d) co-deposited PVF and polyaniline

hybrid on carbon fibers.

Table 2-1. Specific capacitance and cycling performance of various supercapacitor electrode

materials reported in recent years in comparison with the PVF/PPy hybrid in this work.
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Chapter 3. Multiphase Diffusion-Controlled Electrochemical Synthesis of One Dimensional

Conducting Polymer Nanostructures

Doping/de-doping processes underlie the properties of tunable conductivity and high
charge storage capacity in conducting polymers. However, they are often hampered by inefficient
counter-ion diffusion, due to low surface areas and undesirable morphologies. Nanostructuring of
n-conjugated systems is an elegant strategy to improve the utility of conducting polymers in
applications such as energy storage, catalysis and separations. Here, we present a conceptually
new synthesis strategy for constructing conducting polymer nanostructures, based on multiphase
diffusion-controlled electrochemical polymerization. A CO,—bound polyamine was used to induce
phase separation at the electrode surface. Interactions between pyrroles and carbamate groups
hinder the diffusivity of pyrrole significantly, thereby forcing the polymerization process into a
transport-limited regime that leads to growth of 1D polymer nanostructures. This method results
in a porous coating consisting of polypyrrole fibers with a significantly higher specific surface area
(three-fold) and enhanced energy storage capabilities (four-fold) compared to nonporous
polypyrrole. This porous coating also demonstrated promise as an adsorption medium for toxic
gas molecules that are urgent targets for environmental remediation. This approach offers insight
into the rational design and fabrication of conducting polymer nanostructures, which may be
applicable to a wealth of material systems. The nanostructured conducting polymer systems can
be flexibly integrated onto porous conductive substrates, and may serve as key components for

technology platforms with applications ranging from energy storage to environmental remediation.
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3.1. Introduction

The doping level of conducting polymers, in which the m-conjugated backbones can
delocalize charge carriers, can be modulated to tune the conductivity of these materials. The
simultaneous insertion of counter-ions into the polymer during doping is essential to maintain
charge neutrality and, consequently, has a profound impact on the doping process. Meanwhile,
nanostructures that are intermediate to the molecular and macroscopic levels can give rise to
attractive properties, such as large polymeric interfacial areas and high porosities, while
maintaining excellent ion access during doping/de-doping processes. As a result, the union of
nanostructured morphology and m-conjugated systems has proven to be a powerful strategy to
enhance the merit of conducting polymers as candidate materials in applications that include

energy storage,? catalysis®* and separations.®®

To date, template and template-free methods have been developed to synthesize conducting

polymer nanostructures. In template methods, hard templates, such as anodized alumina,'* %

146, 16 serve as sacrificial materials to control the shape, size and

opals'® and polycarbonate
orientation of nanostructures.®” Although the template fabrication is simple, the post-synthesis
template removal process can be cost-prohibitive or detrimental to the environment,?’* and the
harsh treatment conditions can damage the nanostructures and introduce defects and impurities.3®
Soft template methods employ the non-covalent interactions of surfactants, such as n—r stacking,
van der Waals forces, hydrogen bonding, and electrostatic interactions, to guide the self-assembly
of monomers that, upon polymerization, preserve the nanostructures.'> '% 3% In soft template
methods, it is challenging to exert precise control over the desired shape and size of the

nanostructures, however. Template-free methods, such as those obtained via gas bubbling®® and

alternating current-bipolar electrolysis,”! are easy to implement and cost-efficient. The structures
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thus generated are often at micrometer scales, and therefore provide limited performance
improvement, compared to their nanostructured counterparts, in applications impacted by polymer
interfacial areas. Mechanical stretching and the electrospinning method, though versatile, are

limited to polymers with specific physical properties, such as their viscoelasticity.

Polypyrrole (PPy) has a n-conjugated backbone comprising five-membered aromatic rings
whose conductivity is governed by the doping level of the polymer. PPy can be easily synthesized
via electrochemical polymerization upon application of a positive potential to a conductive
substrate that is immersed in an electrolyte solution containing pyrrole. As the polypyrrole chain
grows, it quickly exceeds its solubility and precipitates onto the conductive substrate. PPy that is
synthesized by this conventional method exhibits a compact and cauliflower-like film morphology.
This non-porous structure provides limited interfacial area for interaction with target entities and
inhibits fast ion transport within the polymer bulk, resulting in low utilization of polypyrrole.
Despite the advantages of ease of synthesis, superior thermal stability and low cost, PPy was
reported to have poor mechanical and physical properties.®? It is also not soluble in most solvents
and does not melt upon heating.”® These properties preclude possible nanostructuring methods by
mechanical stretching, electrospinning and solution processing, making it crucial to nanostructure

PPy during the synthesis process itself.

Phase separation has been exploited as a technique to generate micropores in membrane
fabrications for filtration purposes. ** Instabilities at growth interfaces have been used to control
the morphology of metallic materials to form 1D, spherical and dendritic structures.”> The
coupling effect of mass transport and interfacial kinetics in crystallization were found to impact

the interfacial growth instabilities,”® and therefore exert control over the morphology of
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electrodeposited metal particles .”>* To date, only a few studies have applied these techniques in

synthesizing conducting polymer nanostructures.’’

In this work, we report a strategy for generating nanostructures of conducting polymers
that is fundamentally different from previous methods. In this strategy, a CO2—bound polyamine
was used to induce phase separation and to limit diffusion of monomer during polymerization,
giving rise to a growth instability and the formation of a porous coating composed of polypyrrole
nanofibers. Here, we take advantage of the interactions between aromatic monomers and
carbamate groups to induce transport limitations on pyrrole monomer during electro-
polymerization. The resulting reduction in monomer diffusivity subjects the polymer growth
process to a diffusion-controlled condition, which consequently facilitates the 1D growth of
polypyrrole nanofibers. The polyamine used, polyethylenimine (PEI), is inexpensive and readily
available.”® The water-soluble nature of PEI allows the synthesis to be carried out in an aqueous
environment without the use of hazardous reagents or need for complex purification processes. As
PEI is also safe and biocompatible, this approach is superior to methods involving metal oxides®”?
or metallocenes®® for biological applications. This electrochemical method allows the coating to
be deposited on various conductive substrates, including porous substrates. We have further
demonstrated that the resulting porous morphology endows the PPy coating with excellent
electrochemical properties and improves adsorption performance for aldehydes, which are
contaminants of environmental interest. This strategy of combining phase separation and
subsequent diffusion-controlled reaction opens up new opportunities for the engineering of
conducting polymer nanostructures: by taking advantage of a diffusion-limited instability at the
growth front, we achieve a level of morphological design and fabrication in a material system that

may have applications well beyond conducting polymers.
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3.2. Results and Discussion
3.2.1. Surface Morphology

Electro-polymerized polypyrrole was deposited onto a conductive carbon paper (CP)
substrate composed of non-woven carbon microfibers with a diameter of 8§ pm (Figure 1d), using
a process illustrated in Figure 3-1a. Under an applied potential of 0.8 V, the polypyrrole chains
precipitate onto the carbon microfibers as they grow. In the presence of CO2-bound PEI in a 0.1
M solution of pyrrole, a conformal coating of porous polyyrrole (pPPy) was formed on each carbon
microfiber (Figure 3-1b). High resolution SEM revealed that the pPPy sheath consisted of fibrous
structures with diameters of ~100 nm (Figure 3-1¢). This morphology is drastically different from
the thick and non-porous dense film obtained when polypyrrole was polymerized form a 0.1 M
solution of pyrrole in the conventional manner (Figure 3-1e). The Brunauer-Emmett-Teller (BET)
surface area of pPPy was determined to be 173.5+3.6 m? g”! (see Supporting Information, Section
1, for details), significantly higher than that of the conventionally polymerized polypyrrole (37 -
61 m? g'').*> The synthesis of PPy in the presence of PEI without CO2 also resulted in a non-porous
PPy morphology (Figure 3-1f), demonstrating the essential role that CO; plays in this
nanostructuring strategy. The carbon paper substrate, along with the pPPy coating, results in a

hierarchical structure of macro- and mesopores.
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carbon fiber
paper

Figure 3-1. (a) Schematic shows how electro-polymerized pPPy is deposited on carbon microfiber
substrate. (b) SEM shows that pPPy is a porous coating. (c) High resolution SEM indicates pPPy
coating consists of nanofibers with diameters of 100 nm. (d) SEM image shows that pristine fiber
in carbon paper has a diameter of 8 um. (¢) SEM image shows that polypyrrole synthesized by
direct electro-polymerization has a non-porous morphology. (f) SEM image shows that

polypyrrole synthesized in the presence of PEI without CO; exhibits non-porous morphology.

3.2.2. Electrochemical Characterization

Cyclic voltammetry (CV) is an effective tool for probing the redox properties of polymers.
CV profiles for pPPy and PPy deposited on carbon fiber substrates both had quasi-rectangular
shapes, characteristic of electro-polymerized polypyrrole (Figure 3-2a). pPPy exhibited a nearly
four-fold increase in current response compared to that of PPy, which we attribute to the increase

in its polymer/electrolyte interfacial area. For comparison, CV of a blank carbon paper substrate
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gave negligible current response, suggesting that charging of the electrochemical double layer on
the carbon substrate had a minimal contribution to the charge storage capacity of the composite.
pPPy exhibited a specific capacitance of 370.4 F g'!, compared to 71.4 F g for PPy (Figure 3-2b).
In a thick PPy film, the electrolyte has limited access to polypyrrole chains over the time frame of
the electrochemical measurement. By contrast, the gaps between fibers in pPPy provide abundant
pathways and facilitate the easy penetration of counter-ions into the film, facilitating the redox
reactions within the polypyrrole. The capacitance of PPy quickly dropped to 50% of the maximum
capacitance as the scan rate increased from 0.01 Vs™ to 0.02 V s™', and eventually fell to less than
20% of its maximum capacitance (Figure 3-2¢). pPPy, however, experienced a much slower decay
in capacitance, and more than 40% of its maximum capacitance was retained at a high scan rate of
0.1 V s7'. This improved rate performance with pPPy is attributed to the reduced ion diffusion
limitation within its porous polymer film, as confirmed by electrochemical impedance

spectroscopy (see below).
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Figure 3-2. (a) pPPy has enhanced CV responses compared to that of PPy. The CV of CP exhibits
negligible current responses. (b) The specific capacitances of pPPy and PPy are calculated from
the CV scans. See Supporting Information, Section 3 for details. (c) pPPy has higher capacitance
retentions than PPy at scan rates of 0.01 to 0.1 V s°'. (d) Nyquist plot for EIS measurements

confirms the fast ion transport within pPPy.

The electrochemical properties of pPPy were further probed by electrochemical impedance
spectroscopy (EIS). The intercept of the EIS spectrum with the Z. axis gives the solution resistance
associated with the pPPy electrode, R;. pPPy exhibits a smaller R; as measured by EIS, than does
PPy (Figure 3-2d). The knee frequency, where the Nyguist plot transitions from the high-
frequency to the low-frequency component, corresponds to the maximum frequency at which the
electrode can maintain capacitive behavior. The knee frequency for pPPy (398 Hz) was observed
to be an order of magnitude higher than that of the PPy (39 Hz), confirming the improvement in

electrolyte access to, and the shortened diffusion distance within, the porous polymer film.*

3.2.3. Aldehyde Adsorption

As it has a porous morphology with a high specific surface area, pPPy is a promising
candidate for adsorbing contaminants of environmental interest from both air and water resources.

Aldehydes, a class of organic compounds characterized by the formyl moiety, can be found in

101

building materials,'® tobacco smoke,'°! and natural surface waters.!°? The incomplete combustion

103 along with the photochemical oxidation of hydrocarbons in the

of biomass and fossil fuels,
atmosphere,'® also contributes to the presence of aldehydes in polluted air. The toxicity and

carcinogenicity due to exposure to high doses of aldehydes have been well established.'?
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Conducting polymers containing protonated nitrogen atoms in their backbones can adsorb
aldehydes and donate protons to the adsorbed molecules. This property has been used to develop
chemiresistive sensors based on conducting polymers that detect aldehydes by measuring the
induced change in conductance.'” Here, pPPy and PPy deposited on carbon paper substrates
(pPPy/CP and PPy/CP) were used to adsorb two model aldehydes, acetaldehyde and butyraldehyde,
from an aqueous phase. It was found that the equilibrium solution concentration of aldehydes
decreased the most when pPPy/CP was used as the adsorbent (Figure 3-3a, b). The adsorption
capacity, calculated based on the measured UV-Vis spectrum, demonstrated that pPPy/CP
enhanced the adsorption amount by nearly two-fold (Figure 3-3c). Here, the compact film
morphology of PPy offers a limited number of sites for adsorption of aldehydes. In contrast, the
nanostructures within the pPPy film provide a large polymer/solution interface for aldehydes to
interact with the protonated nitrogen atoms of the polypyrrole backbone. The increase in
adsorption amount by pPPy/CP (two-fold) was not proportional to its increase in the specific
surface area (four-fold); this discrepancy is likely due to the inaccessibility of some small pores
within the film. Nevertheless, pPPy demonstrated a significant improvement in the utilization of

receptor sites compared to non-porous PPy.
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Figure 3-3. UV-Vis absorbance measurements of acetaldehyde (a) and butyraldehyde (b) in

solutions that have been soaked with no sample, PPy or pPPy. The changes in peak intensity
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indicate the decrease of aldehyde concentrations. The corresponding aldehyde adsorption

capacities of pPPy/CP and PPy are plotted in (c).

3.2.4. Study of the Electrochemical Deposition Mechanism

In the conventional synthesis process, the deposition of electro-polymerized polypyrrole
can be described as a nucleation and growth process. During nucleation, monomers first adsorb
onto the electrode, followed by oligomerization; alternatively, oligomers can also form first in
solution and then precipitate at the electrode surface.'”’” In the absence of strong concentration
gradients, the precipitates grow isotropically, spreading across the electrode surface to form a thin
layer of polypyrole.!9” 19 The polymer growth front then advances more or less uniformly,

leading to a nonporous morphology consistent with that observed by SEM (Figure 3-1e).

In the new synthesis strategy described here, the deposition mechanism is fundamentally
altered by the presence of PEI/CO.. We hypothesize that the formation of polypyrrole 1D
nanostructure is due to a phase separation between the pyrrole-rich and PEI/CO;-rich phases at the
electrode surface, followed by a diffusion-controlled polymerization process. A two-phase region
was verified experimentally by constructing a ternary phase diagram of PEI/CO,, water, and
pyrrole (see Supporting Information, Section 4). The oligomerization of pyrrole can result in the
upward shift of the phase boundary between the one- and two-phase regions, because oligo-pyrrole
is less soluble in water than pyrrole monomer is. Consequently, phase separation occurs, resulting
in domains of the pyrrole/oligopyrrole-rich phase at the electrode. Furthermore, the molecular
interaction between pyrrole and PEI/CO; significantly hinders the diffusion of pyrrole within the

PEI/COz-rich phase, giving rise to a strong pyrrole concentration gradient as electro-
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polymerization proceeds. Under these conditions, the pyrrole-rich domains at the electrode surface
form small protrusions that see higher concentrations of pyrrole monomer in the surrounding
PEI/COz-rich phase compared to the electrode surface, due to the strong concentration gradient
required to drive diffusion of pyrrole monomer to the reactive sites (Figure 3-4). These protrusions
therefore grow anisotropically, resulting in formation of 1D polymer nanostructures. In what

follows, we offer evidence in support of this hypothesis.

To investigate the hypothesized deposition mechanism, we first quantified the interaction
between pyrrole and PEI/CO: experimentally. Secondly, a reaction-diffusion model was
developed to confirm that the polymer growth process falls within a diffusion-controlled regime.
Lastly, the effect of PEI/CO: concentration on surface morphology was studied to validate the

proposed mechanism.
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Figure 3-4. Schematic shows that the interaction between pyrrole and PEI/CO; leads to the

reduction in the apparent diffusivity of pyrrole, which drives the polymerization process into a
diffusion-controlled regime. Under this condition, protrusions at the polymer growth front

experience a higher concentration than the base, due to the concentration gradient. The faster
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polymerization at the tip of the protrusion results in extension of the protrusion, forming 1D

polymer nanostructures.
1) Interaction of pyrrole with PEI/CO;

The interaction between pyrrole and the carbamate groups in PEI/CO; was quantified by
FTIR, to demonstrate the formation of carbamate groups in PEI/CO2, and UV-Vis titration, to
probe the interactions of the carbamates with pyrrole. In the FTIR spectra of PEI, the broad band
at 3430 cm™ and the narrow band at 800 cm™ correspond to the N-H stretching and the N-H (oop)
bending of the amine groups, respectively (Figure 3-5a).'%” The peak at 1100 cm™' is due to the
alkyl C-N stretching. Upon CO: sparging, some amine groups of PEI were converted to
carbomate.” The suppression of N-H bending (1630 c¢m™) and the enhancement of COO"

asymmetric stretching (1570 cm™) confirms the formation of carbamate groups.'®
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Figure 3-5. (a) FTIR of PEI and PEI/CO; confirms the binding of PEI with CO,. (b) UV-Vis
absorbance spectra of PEI/CO2 exhibit hypochromism in the presence of pyrrole. Inset: linear

fitting of UV-vis absorbance of PEI/CO; using the Benesi-Hildebrand equation.

UV-Vis titration is one of the most common approaches for quantifying non-covalent
interactions.''’ It has been widely used in determining the complexation constant in

supramolecular chemistry, such as those associated with the n-m stacking interactions between

70



ferrocene and macrocycles,!!! the binding of metal ions to ligands,'”? and the hydrophobic
interactions involved in DNA intercalations.''> As the resulting resonance structure of the
carbamate group likely interacts with the aromatic ring of pyrrole in solution, and the carbamato
anions exhibit a UV-Vis absorption peak,''* we used the titration approach to quantify the
interaction between pyrrole and carbamate groups, assuming that such interactions also quench the
UV-Vis absorption peak. In the titration approach, the UV-Vis absorbance of PEI/CO; was
monitored while the concentration of pyrrole in solution was increased slowly. Hypochromism
was observed at 268 nm as a result of the pyrrole-PEI/CO> interactions (Figure 3-5b). The
appearance of only one isosbestic point at 248 nm suggests that the formation of the complex
between pyrrole and the carboxylate groups in PEI/CO: is random.''” 'S The decrease in
absorbance of PEI/CO; was further analyzed quantitatively by fitting the absorbance intensity with
the Benesi-Hildebrand equation, assuming a 1:1 binding ratio between a pyrrole monomer and a

carbamate group:

e S . S S N W < B )
KC

A—A, €,, perico, “Epr  Eppr-rEico, — Epyr pyr

where

K= prr-ms.r/co2 . G2

prr CPEHC()2

The UV-Vis absorbance of PEI/CO; at 268 nm, with and without pyrrole, is denoted by 4
and Ay, respectively. &pyrand epeycoz are the molar absorptivities of pyrrole and PEI/COz in water.
Cpyris the concentration of pyrrole in solution. The binding constant, K, between pyrrole and
PEI/CO:z can therefore be determined by the ratio of the intercept and the slope of the linear fitting
of the left-hand side of the equation to 1/Cpy- (Figure 3-5b inset). Here, K was found to be 127.5
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M with a linear correlation coefficient of 0.9925; this result supports the assumed 1:1 binding
ratio. The association constant for complexes involving aromatic n-stacking interactions have been
found to be typically in the range 20 - 600 M™'.'!® The change in Gibb’s free energy associated
with this interaction, AG = —RTInK, was calculated to be -11.8 kJ mol!. The negativity of AG
indicates that association between pyrrole and PEI/CO; in the deposition solution is spontaneous.
Association between pyrrole and PEI/CO; hinders the transport of pyrrole toward the electrode

surface, since pyrrole must unbind in order to diffuse through the concentrated solution of PEI/CO».

2) Reaction-diffusion model

To investigate the deposition mechanism quantitatively, we interpreted the nanostructure
growth process using a reaction-diffusion model. The electrode surface was assumed to be
immersed in a semi-infinite medium, and the electro-polymerization modeled as a heterogeneous
surface reaction. The concentration of pyrrole, C, at a distance, x, away from the electrode surface

can be described by the following differential equation, with the indicated boundary conditions:

ac _ o°C oC
Esz; C(X,O)=CB, C(Oo,t)=CB, _Dngh(C):sz' (33)

D is the diffusivity of pyrrole in the deposition solution. R, (C) is the rate of pyrrole consumption
due to polymerization at the growth front, which is considered to be a first order heterogeneous
reaction with a kinetic rate constant, k. Cp is the bulk concentration of pyrrole. Cs is the pyrrole
concentration at the electrode surface. For a first order surface reaction, the differential equation

can be solved analytically; the solution is: '’
0 =erf () +exp(2nt +1)erfc(n+7), 3.4
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where UDC/CB is the dimensionless concentration, 77=x/2x/Dt the dimensionless length, and

T =k+/t/D the dimensionless time. The dimensionless concentration profile in Figure 3-6a shows
that as 7 increases, the surface concentration decreases gradually and eventually reaches a value

near zero, corresponding to transition to the diffusion-controlled regime.

A quantitative study of the growth of the 1D nanostructure as a reaction-diffusion problem
requires the determination of two key parameters: the diffusivity of pyrrole as a function of
PEI/CO; concentration, and the kinetic rate constant for polymerization. The diffusion coefficient
of pyrrole in water, Dy, was estimated with the Wilke-Chang correlation,''® which gives

satisfactory predictions for organic compounds in water:

0.5
D, =74x10* &M T (35
7

V0A6

where T is the absolute temperature, u is the viscosity of the solvent, M is the molecular weight of
pyrrole and Vis its molar volume. The association parameter, x, is 2.6 for water. By this approach,

we estimate Dy, to be 1.35x10" m? s”! for pyrrole in water. To account for the interactions between

pyrrole and PEI/COz in aqueous solutions, we estimated the apparent diffusivity of pyrrole, D, ,

using a rule of mixtures and assuming that only the unbound (i.e. unassociated) pyrroles are free

to diffuse in the PEI/CO; solution:

D +prD

C
r-PEI/CO bpyr r = ubpyr
— py 2 Py . (3 .6)

+C

C pyr—PEI/CO, pyr

app

Here, D,

. is the diffusivity of pyrrole bound to carbamate, which is effectively zero. D, is the

diffusivity of free pyrrole in the solvent, which is effectively Dw. The concentrations, C,,_pz/c0,
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and C

s Were calculated from the measured equilibrium constant, K. D,,, was determined to be
2.32x10""* m* 5! by this approach. The kinetic rate constant, k, for the electro-polymerization of
polypyrrole was determined experimentally by considering the process to be a first order

heterogeneous reaction (see details in Supporting Information, Section 5). k was determined to be

5.0<10°m s

The time it takes for the system to transition to such a diffusion-controlled regime was
determined by setting 7 to a value (7 = 16) large enough to give a negligible surface concentration
(6=0.035). It was found that # =24 s when D = Dy, the diffusivity of pyrrole in PEI/CO solution,
which is significantly shorter than the duration of the experiment. On the contrary, ¢ = 1.4x10* s
when using D = Dy, the case when PEI/COz is not present. This analysis confirms that the system
quickly transitions into a diffusion-controlled process during the polymer growth stage in the
presence of PEI/COz solution, while it never does so in the absence of PEI/CO;. This conclusion
is also supported by the values of the Damkéhler number, Da, of the system (see details in

Supporting Information, Section 6).
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Figure 3-6. (a) Dimensionless concentration profile of pyrrole during polymer growth stage
indicates the surface concentration decreases to a near-zero value as 7 increases. (b) Current
responses and SEM images of pPPy deposition at low, medium, and high PEI/CO2 concentrations

are consistent with the proposed mechanism.

4) Effect of PEI/CO: Concentration

It is proposed that the presence of PEI/CO; inhibits the diffusion of pyrrole to the electrode
surface and facilitates the 1D growth of pPPy. To validate the hypothesized mechanism, the
PEI/CO; concentration was varied and its effect on the deposition current and surface morphology

was studied (Figure 3-6b).

The electrochemical polymerization of pyrrole starts by forming oxidized radicals and then
coupling the radicals into oligopyrroles. The solubility of oligopyrrole decreases as the degree of
polymerization increases, eventually resulting in oligomer that exceeds its solubility limit and
deposits on the conductive substrate. At zero or low concentration of PEI/COa», the diffusivity of
pyrrole is high, and allows rapid diffusion of pyrrole to the polymer surface. Under these reaction-
controlled conditions, the polymer growth front advances rapidly, and eventually plateaus at a high
value of deposition current, indicating that a stationary growth regime of polypyrrole with high
deposition rate is reached.?®® The observation of a uniform and nonporous surface morphology of
polypyrrole fabricated under this condition supports this deposition mechanism qualitatively.
When the concentration of PEI/CO: falls within a medium range (3-20 wt.%), the deposition
current increases more slowly and plateaus at a lower value compared to that without PEI/CO,,

due to the lower diffusion rate of pyrrole in the presence of PEI/CO,. The observed porous
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morphology comprising 1-D nanostructures under these conditions is consistent with diffusion-
limited growth. With a high concentration of PEI/CO; (above 20 wt.%), the deposition current
decreases almost to zero. Under these conditions, the high concentration of PEI/CO, inhibits the
diffusion of pyrrole towards the electrode surface to such an extent that it prevents polymer chain
growth almost completely. This is in agreement with SEM observations, where the striation
patterns of pristine carbon fibers are clearly visible, and a minimal quantity of polymer is deposited

on the carbon fiber surface.

The diffusivities and corresponding Da values were calculated at various concentrations of
PEI/COz by the method discussed above (Figure 3-7a, b). A strong dependence of both parameters
on PEI/CO; concentration was observed. A rapid decrease in diffusivity and increase in Da were
found as the PEI/CO; concentration increased from 0 to 3%, consistent with the drastic change in

polymer morphology observed in this concentration range.
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Figure 3-7. (a) Estimated diffusivity of pyrrole and (b) Da at various concentrations of PEI/CO,
show strong dependence on the concentrations of PEI/CO,. (c) Estimated (black) and measured

(blue) plateau values of the deposition current at different PEI/CO; concentration.

The plateau value of the deposition current at different concentrations of PEI/CO: can be
estimated from the analytic solution of the concentration profile (eq. 3.4). The concentration of
pyrrole at the electrode surface was determined by:
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C, =Cy0(n=0)=C,exp(r*)erfe(r), (.7
The current was estimated from the surface reaction rate using the equation:
I=FAKC, . (3.8)

As 1 approaches a large value (i.e. long time), the current can be approximated by (see details in

).H?,Il9

I=FAC, /2 . (3.9)
t

To compare the estimated values with experimental data quantitatively, polymerizations at

Supporting Information, Section 7

different PEI/CO: concentrations were performed on a glassy carbon electrode with a defined
surface area. Consistent with the measured values, the rapid decrease in the predicted plateau
deposition current occurs over the same concentration range (0 - 3 %) where the diffusivity and
Da vary the most (Figure 3-7¢). This rapid change in current is due to the transition of the system
from a reaction-controlled to a diffusion-controlled regime. The underestimation by the model at
low PEI/CO; concentrations can be explained by an increase in the effective surface area for

deposition as the rapidly growing polypyrrole film extends beyond the defined electrode surface.

3.3. Conclusion

We present an electrochemical approach for constructing a nanostructured conducting
polymer coating consisting of polypyrrole nanofibers on a carbon microfiber substrate. In this
approach, a safe and low-cost CO2—bound polyamine was used to induce phase separation at the

electrode surface and impose a diffusion limitation on the movement of pyrrole monomers through

77



the solution, which eventually resulted in the diffusion-limited formation of polypyrrole 1D

I and

nanostructures. The porous pPPy has a high specific surface area of 173.5£3.6 m? g
significantly improved electrochemical properties. A specific capacitance of 370.4 F g' was
achieved, which is a five-fold increase over that for conventionally polymerized PPy. pPPy can be
used to adsorb pollutants of environmental interest, with an adsorption capacity of 0.065 mg g’!
for aldehydes. The synthesis rates were evaluated in terms of the properties of pyrrole and PEI/CO»,
and the effects of PEI/CO; concentration on morphology and current assessed. A reaction-
diffusion model was developed to demonstrate that the reduction of monomer diffusivity drove
the system into a transport-controlled regime. This concept of exploiting intermolecular
interactions to induce phase separation, followed by a transport-controlled reaction process to
direct 1D nanostructure growth, can provide meaningful insights into the rational morphological
design for a wealth of material systems. The polymerization or co-polymerization of various
conducting polymers may be achieved by judicious selection of the interacting functional groups.
Other materials systems containing gas-binding functionalities may also be used to assist synthesis
of nanostructures, permitting a high degree of modularity of this synthesis concept, and therefore
encourage further investigations in this domain. The successful union of porous morphology and
electro-responsiveness of pPPy may allow this material to serve as a promising platform for
applications in catalysis, separation, energy storage, sensing, or drug delivery. Gas molecules and
polymers with additional functionalities can be incorporated in principle, to add suitable
functionalities to the system, such as antigen groups for biomedical or biosensing applications, or
fluorescence moieties for imaging at nanoscale and studying of polymer morphological changes
in situ. Our detailed mechanistic studies reveal the impact of molecular interactions on nanoscale

structure formation, which has broad implications for not only nanomaterials synthesis, but also
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diverse areas of inquiry ranging from surface sciences to fundamental studies on multi-molecular

transport.
3.4. Experimental Section
3.4.1. Materials

Pyrrole, sodium perchlorate, polyethylenimine solution (50 wt.%), acetaldehyde, and
butyaldehyde were purchased from Millipore Sigma Corp. They were used without further

purification.
3.4.2. Polymer Synthesis

Conventionally synthesized PPy was prepared by electro-polymerization of pyrrole in a
solution containing only 0.1 M pyrrole and 0.1 M NaClO4. pPPy was fabricated by the electro-
polymerization of pyrrole in the presence of CO2-bound PEI in an aqueous solution. A deposition
solution containing a specified concentration of PEI and 0.1 M NaClO4 in water was sparged with
CO; for 10 minutes until the pH reached 6.8. Pyrrole monomers were then added so that the
deposition solution contained 0.1 M pyrrole. As a comparison, PPy was also prepared in the
presence of PEI without COz. In this method, HCI was used to titrate the solution pH to 6.8. All
electrochemical depositions were performed in a three-electrode system, where Ag/AgCl was the
reference electrode, a platinum wire was the counter electrode, and a carbon fiber electrode was
the working electrode. A potential of 0.8V was applied to the working electrode while it was
immersed in the prepared deposition solution. The polypyrrole formed was directly deposited onto
the conductive carbon fiber substrate. Samples were then rinsed thoroughly with deionized water
to remove adsorbed PEI and air-dried at room temperature. All electrochemical polymerization

experiments were performed with a VersaSTAT 3 potentiostat (Princeton Applied Research).
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3.4.3. Polymer Characterizations

The polymer surface morphology was observed by scanning electron microscopy (JEOL
6010LA and JEOL 6700F). The nitrogen physisorption measurements were performed on an
automatic volumetric adsorption analyzer (Micromeritics ASAP2020). Fourier transform infrared
spectroscopy (FT-IR) was conducted on a Nicolet NEXUS. UV-Vis adsorption spectra were
recorded using a Cary 60 UV-Visible spectrophotometer by Agilent Technologies. All the
electrochemical characterizations were performed in the same three-electrode systems and with

the same equipment as described in the foregoing section.
3.4.4. Aldehyde Adsorption Measurement

The aldehyde adsorption experiments were conducted by immersing polymer/carbon fiber
composites in an aqueous solution containing acetaldehyde or butyraldehyde. The concentration
of aldehyde was determined via its absorbance peak at around 280 nm with ultraviolet
spectrophotometry.'?® The amount of aldehyde adsorbed was determined by the change in the
amount of aldehyde remaining in the aqueous solution compared to the control sample. The control
sample was prepared following the same procedure with no polymer/carbon fiber composites
immersed in it. In this method, it was assumed that no additional aldehyde was lost other than that

adsorbed onto the composite.
3.5. Supporting Information
3.5.1. Surface Area Measurement

The surface morphology of pPPy was further characterized by nitrogen physisorption
measurement. The Brunauer-Emmett-Teller (BET) surface area was measured to be 173.5+3.6 m?

g’!, significantly higher than that of the conventionally polymerized polypyrrole (37 - 61 m? g').4’
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The measured adsorption isotherm exhibits a sharp increase at a relative pressure of around 0.9,
with a hysteresis loop over the range of relative pressure from 0.9 to 1 due to capillary condensation
in the mesopores (Figure 3-8a). The isotherm resembles a Type V isotherm according to [UPAC
classification. Based on the Barret—Joyner—Halenda (BJH) theory it was determined that pPPy has
a wide pore size distribution that consists mostly of mesopores ranging from 20 to 60 nm in

diameter, corresponding to the inter-fiber distance (Figure 3-8b).
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Figure 3-8. The BET surface area (a) and pores size distribution (b) of pPPy/CP was measured
via nitrogen adsorption-desorption. Py is the saturation pressure of nitrogen at the measurement

temperature (~763 mmHg).

3.5.2. Surface Elemental Analysis

The sample surface was analyzed by X-ray photoelectron spectroscopy (XPS) (Surface
Science Instruments SSX-100). The measurement was conducted under an operating pressure of
~2x107 torr and with a flood gun for charge neutralization of the polymer samples. The X-rays

were monochromatic Al Ka (1486.6 eV), with a beam size of 1 mm diameter.
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XPS survey scans of pPPy, PEI and conventionally polymerized PPy were performed to
obtain the atomic percent ratio of N5 to Cis (N/C ratio). PPy and pPPy were deposited on CP as
described in main text; PEI was deposited on CP by drop-casting from solution, followed by air-
drying. Distinct Cis and N5 peaks were observed in the survey scans of pPPy and conventionally
synthesized PPy (Figure 3-9a, b). The presence of Ois and Clz, was due to the doping of ClO4
ions during polymerization. The N/C ratio was around 0.5 for PEI and 0.25 for directly
polymerized PPy. The analysis of pPPy gives a N/C ratio of 0.24, suggesting only PPy was

deposited within the depth of the film over which XPS can detect species (Figure 3-9c¢).
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Figure 3-9. XPS survey scans of a) pPPy and b) directly polymerized PPy were performed. ¢) The

calculated N/C atomic ratio indicates that only PPy was deposited at the film surface.

3.5.3. Calculation of Specific Capacitance

Capacitances of both pPPy and PPy electrodes at various scan rates were calculated

according to equation S1:'!

INAGRIA )4

Capacitance = — ; S1
: 2V, ~V;)vm Bl
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Here, V; and V> are the minimum and maximum voltages of the cyclic voltammetry scans. 7, and
Iy are the measured anodic and cathode currents. v is the scan rate. The amount of polypyrrole
deposited, m, was determined by the total amount of charge consumed during polymerization,
assuming that no other reactions occurred at the electrode surface.’ Electric double layer charging
and water splitting contributed negligibly to charge consumption, as confirmed by measuring the

current when applying a potential to the blank electrode in a pyrrole-free electrolyte solution.

3.5.4. Ternary Phase Diagram of PEl/CO;, Water, and Pyrrole

The existence of a two-phase region in the ternary system of PEI/COa, pyrrole, and water
was verified experimentally by constructing a phase diagram, shown in Figure 3-10, based on
cloud point measurements obtained by titration. There are two regions in the phase diagram: a
single-phase region at high PEI/CO2 concentrations, characterized by a homogeneous solution of
PEI/CO; and pyrrole in water; and a two-phase envelope at low PEI/CO:z concentrations,
composed of a PEI/CO:-rich aqueous phase in equilibrium with a pyrrole-rich phase. Prior to
application of the electric potential, the composition of the deposition solution (point A) is located
in the one-phase region. We hypothesize that the oligomerization of pyrrole results in the upward
shift of the phase boundary between the one- and two-phase regions, because oligo-pyrrole is less
soluble in water than pyrrole monomer is. Consequently, phase separation occurs, resulting in

domains of the pyrrole/oligopyrrole-rich phase at the electrode.
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Figure 3-10. Ternary phase diagram of water, pyrrole and PEI/CO; shows a two-phase region

3.5.5. Determining the Kinetic Rate Constant
The polymerization of polypyrrole is considered to be a first order reaction:
Rh=kayr. (SZ)

Electro-polymerization was performed over a range of pyrrole concentrations on a rotating disk
electrode at 5000 rpm to eliminate diffusion limitations. The steady state current value can be

related to the reaction rate by assuming that the double layer charging is negligible:'2
Re=UFA.  (S3)

Here, F is the Faraday constant. A4 is the surface area of the electrode (0.071 cm?). From the linear

fitting shown in Figure 3-11.
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Figure 3-11. Linear fitting of the reaction rate with pyrrole concentration to obtain the first order

rate constant for the polymer growth process.

3.5.6. Calculation of Damk&hler Number.

The Damkdohler number, Da, is defined as the ratio of the characteristic diffusion time to the

characteristic reaction time for the process; it is defined as follows:

kL
Da=—. S4
B=— (S4)

The diffusion layer thickness, L, is defined as the distance from the electrode surface at which the

concentration increases to its near-bulk value (when 7 =2, i.e.x =4vDt, 8 approaches 1).'%

Therefore,

L=4JDt. (S5)

Da was calculated for the duration of the polymerization process (Figure 3-12). Da is much smaller
than unity in the system without PEI/CO», indicating a reaction-controlled regime. When PEI/CO2
is present, Da increases to a much larger value than unity for the entire duration of the

polymerization process, confirming the polymer growth is a transport-controlled process.
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Figure 3-12. Calculated Da in systems with and without PEI/CO2 for the duration of the

polymerization process.

3.5.7. Estimating the Current Response at Large 7

Starting with eq. 7 in main text, we take the limit as 7 approaches a large value (i.e. long time),

using the asymptotic formula

EIRNE

— —..). (S6
75z 272 2% ) (56)

exp(z’)erfe(z) O

The concentration at electrode surface is therefore simplified to:

CJ=CHL\/I. (S7)
T\N7T

Plugging in for 1, we obtain:
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R, =kC, =CB,/—D— . (S8
wt
117,119

Substitution of the above equation into eq. 8 of the main text leads to eq. S9 below:

I=FAC, /% . (S9)
T
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Chapter 4. Application of Nanostructured Conducting Polymer Composite in Adsorbing

Polynucleotides

With the advancement of sequencing technologies, DNA has been playing an increasingly
crucial role in biological research and clinical diagnosis. The current purification methods based
on solid phase extraction has disadvantages of high cost and low consistency. The tunable
conductivity and charge carrier level in conducting polymers provide opportunities to achieve
electrochemically controlled separation of charged molecules. Polynucleotides comprising
negatively charged phosphate-sugar backbones, which can electrostatically interact with the
positively charged carriers in polypyrrole backbones. In this work, we achieved electrochemically
controlled adsorption of polynucleotides by modulating the doping levels in the m-conjugated
system. The adsorption performance demonstrated a dependence on the oxidation states of
polypyrrole chains, as a result of the correlation between the oxidation state and the charge level
in conjugated polymers. This finding can serve as an alternative principle in developing DNA
purification systems and has fundamental implications for advancing next generation non-viral

gene delivery technologies.

4.1. Introduction

The wide use of polymerase chain reaction and sequencing enabled DNA in providing
insights into biological analysis research. DNA not only aids clinical diagnosis and biological
studies, but also plays a role in colloidal particle assembly, molecular electronics, and material

preparation.'?* However, the use of DNA is challenged by the presence of proteins, small organic
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molecules, polysaccharides, and phospholipids in cellular matrix or environmental samples.!?
Therefore, the extraction and purification of nucleic acids play a crucial role in the success of

downstream sequencing and molecular assays.

Existing purification methods of DNA involve liquid extraction with phenol-chloroform.
The use of organic solvent can lead to the degradation of nucleic acid and a time-consuming and
labor-intensive centrifugation process. Many commercially available DNA purification Kkits
relying on solid phase extractions, though can obtain high purity DNAs, have high cost and low
consistency.'?”> The need for portability and a nonhazardous chemical process call for the

development of a new separation system for polynucleotides.

Conducting polymers with tunable conductivity and charge carrier property are a promising
platform for exploiting electrochemically controlled electrostatic interactions with charged
molecules to achieve desirable separations. In particular, polypyrrole with t-conjugated backbones
are stimulus-responsive. It can be electrochemically switched between an oxidized and a reduced
state, which accompanies the inserting and de-inserting of counter ions within the polymer bulk.
DNA consisting of nucleotides has a negatively charged backbone from the alternatively arranged
deoxyribose and phosphate groups. Electrostatic interactions and ion-exchanges can drive the
adsorption and desorption process as polypyrrole is switched between different redox states.* 126

The electro-responsive and ion-exchange properties, along with the biocompatibility'?” of PPy

make it a promising platform for biomolecule separation, especially in point-of-care applications.

Here, a porous polypyrrole-modified electrode (pPPy) was developed to electrostatically
adsorb polynucleotides. The porous-polymer modified electrode consists of nanostructured
polypyrrole coatings on carbon microfibers. The unique morphology provides a large accessible

surface area for polynucleotides to interact with polypyrrole chains. The selective and reversible
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adsorption of DNAs was carried out by inducing changes in the redox states of the nanostructured
polypyrrole. The adsorptidn of DNA was confirmed by surface elemental analysis and cyclic
voltammetry (CV). UV-Vis and CV titrations were used to study the interaction between DNA
and PPy, through which the electrostatic interactions were found to be the main driving force. The
successful modulation of the porous conducting polymer as a platform in separating charged
genetic materials opens a new door to the development of an alternative inexpensive non-viral

delivery method in next generation gene therapies.

4.2. Results and Discussion
4.2.1. Surface Morphology and Electrochemical Properties of pPPy

The adsorption of DNA by polypyrrole relies on their intermolecular interactions which
highly depend on the accessibility of DNA towards polypyrrole chains. Therefore, the surface
morphology of polypyrrole-modified electrodes plays a crucial role in the adsorption performance.
We evaluated the morphological properties using scanning electronic microscopy (SEM). The
pPPy electrode exhibits as a porous polymer coating deposited on carbon microfibers (Figure
4-1a). The polymer coating comprises fibrous structures with diameters of approximately 100 nm.
Polypyrrole that was fabricated by conventional methods exhibit as a thick coating (Figure 4-1b),

therefore has a much lower specific surface area.?’
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Figure 4-1. SEM images show PPy (a) has a thick non-porous morphology, while pPPy (b) is a
porous coating consisting of nanofibroud structures. (¢) Cyclic voltammogram of pPPy in 0.1 M
NaClO4 exhibits the redox peaks corresponding to the doping and dedoping process. (d)

Schematics shows the change in molecular structures of polypyrrole upon oxidation and reduction.

The electrochemical tunable nature of polypyrrole stems from the redox responsiveness of
its conjugated backbones, which can be evaluated via cyclic voltammetry. The doping/dedoping
of cations within PPy film resulted in broad peaks in both the anodic and cathodic scans in the
cyclic voltammogram (Figure 4-1c, d).'*® The forward scan exhibits a single anodic peak,
corresponding to the oxidation of PPy and the insertion of negatively charged ClO4". The presence
of the single peak in the reverse scan indicates the oxidation of PPy is reversible. The degree of

oxidation can be estimated by:'*%
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Oy __P_
stn —2+p.(4.1)

Qcv is the total charge passed to PPy during the anodic scan up to 0.2 V, Qs is the amount of
charge consumed during the polymerization. Both Osy» and Qcy were determined by integrating
the corresponding current response over time. By assuming a 100% polymerization efficiency, the
degree of oxidation, p, was determined to be 0.3, therefore each positive charge was shared by

three pyrrole units in the oxidized pPPy.

The adsorption performance of PPy can be impacted significantly by the effective
electrochemical surface areas (ESA). We evaluated ESA by measuring the cyclic voltammogram
of PPy deposited on a glassy carbon electrode (GCE) in the presence of a redox indicator,
K3Fe(CN)s / KsFe(CN)s. The peak potential separation, 4E, (= Epc — Epa), increases as the scan
rate increases due to the slow electrode kinetics, suggesting a quasi-reversible process at the
electrode surface (Figure 4-2a, d). The peak current of PPy, iy, has a linear dependence with the
square root of the scan rate (Figure 4-2b, ¢, e, f), indicating a diffusion controlled process based

on the Randles-Sevcik equation:'®

i,=(2.687x10°)n"*v'? D"’ 4C. (4.2)

Here A is the electrode surface area (cm?). C is the bulk concentration of Fe(CN)¢> (10
mM). D is the diffusion coefficient of Fe(CN)s*/Fe(CN)s* (5.7x10°¢ cm? s7).13 y is the scan rate
used. 7 is the number of electrons transferred (n=1). The ESA of the GCE electrode was determined
to be 0.09 cm?, comparable to its geometric surface area of 0.071 cm?. The determined ESA of
pPPy-modified GCE was 0.20 cm?, which is a 2.3-fold increase compared to that of pristine GCE,

confirming the advantage of the nanofibrous morphology of pPPy.
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Figure 4-2. CV current responses of Fe(CN)s*/Fe(CN)s" at the electrode surface of (a) GCE and
(b) pPPy-modified GCE at various scan rates. The anodic peak currents (b, e) and cathodic peak

currents (c, f) were linear fitted to obtain the ESAs.

4.2.2. Study of DNA and pPPy Interactions

Two major modes of interactions between DNA and PPy are possible based on their
molecular structures: hydrophobic and electrostatic interactions.'’’ The repeating units of
polypyrrole is aromatic and planar, which can potentially fit in between the stacked DNA base
pairs via hydrophobic interaction or intercalation. Alternatively, the positive charges along the
oxidized PPy backbone can electrostatically interact with the negatively charged sugar-phosphate

backbone.'?> To further decipher the adsorption mechanism, UV-vis and CV titrations were

performed.
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Study intermolecular interactions by UV/Vis titrations

Spectroscopic studies can sensitively unveil the molecular mode of interactions. Since
pyrrole has no absorption above 250 nm, the observed variance of peak intensity at 260 nm is
attributed to the formation of the complex between pyrrole and DNA. As the concentration of
pyrrole increases, the absorbance between 200-250 nm intensifies and the peak at 260 nm
diminishes significantly (by ~25%) with little shift in peak position (Figure 4-3a). This change in
absorbance intensity gave rise to an isosbestic point at around 250 nm. The isosbestic point shifted
gradually to the right as more pyrrole was added, showing spectroscopically that the complexation

proceeded in a stepwise fashion, instead of randomly.'!?* 15

The formation constant of the complexes was determined from the Benesi-Hildebrand

equation:

g
4 f o U 43

A - AO gpyr—DNA - gpyr gpyr—DNA - 8pyr Kprr

with the assumption of 1:1 binding stoichiometry/host-to-guest complex formation ratio and the
condition that guest concentration is in excess of that host.!3? Here, 49 and 4 are the absorbance of
free DNA and DNA in the presence of pyrrole, respectively. &, and epnaare the adsorption

coefficients of pyrrole and DNA in water. Cpy is the concentration of pyrrole. Kpwna-pyr is the
binding constant between DNA and pyrrole. By plotting 4,/ (A~ 4,)vs. 1/ Cp,,, Kpna.pyr can be

obtained by taking the ratio of the intercept and the slope. Kpya.p,r was determined to be 6.6 M.
The linear fit has a correlation coefficient of 0.9932, supporting the assumed 1:1 complex ratio

between a nucleotide base pair and a pyrrole unit (Figure 4-3b). The change in Gibb’s free energy,
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AG =—-RT InK , was calculated to be -4.6 kJ/mol. The negative value of AG further confirmed the

binding between DNA and pyrrole was spontaneous.
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Figure 4-3. (a) The UV-Vis absorbance of DNA changes with the increasing concentrations of

pyrroles. (b) The fitting of UV-Vis absorbance data with Benesi-Hildebrand equation. (c) Cyclic

voltammogram of pPPy with the increasing concentrations of DNAs. (d) The fitting of CV

cathodic peak currents based on equation 4.5.
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Study intermolecular interactions by cyclic voltammetry

Voltammetric studies of DNA-PPy complex was performed with calf thymus DNA. In the
presence of DNAs, a gradual decrease in the peak current was observed, likely due to the coverage
of an insulating layer of DNAs at the electrode surface.'* DNA also has a lower diffusion
coefficient compared to ClO4™ ions, as DNA served as the counter ion to insert into the polymer

upon oxidation. The binding constant between DNA and PPy, Kpn4-ppy, can be calculated via

1 _ KDNA—PPy (1 - A)
Cona 1— (i)
io

-K

DNA-PPy *

(4.4)

where i and ip are the peak currents of PPy in the presence and absence of DNA, respectively.'3
4 is a proportionality constant. Here, a 1:1 complex ratio between a DNA base pair and a PPy

repeating unit was assumed. The condition that the concentration of DNA was in excess of PPy
was met. The linear regression for fitting 1/C,,, with 1/(1—i/i,) gave a linear correlation

coefficient of 0.9994. The corresponding Kpna-rpy was determined to be 9138 M1, The free energy

=—RTInhK

DNA-PPy

of binding, AG was then calculated to be -22.2 kJ mol’!, the large

DNA-PPy
negative value of which suggests the binding process is spontaneous and the formed DNA-
polypyrrole complex is stable. Kpwna-ppy is much larger than Kpwya-pyr, likely because 1) oxidized
PPy possesses positive charges to electrostatically interact with the negatively charged phosphate
groups in nucleotides; 2) PPy has an extended resonance structure and can delocalize the positive
charges along its aromatic backbone. The mobility of the positive charged defects allows flexible
and continuous multi-point contacts with the linear calf thymus polynucleotides.!3® As manifested
by the small value of AGpna4.pyr, the hydrophobic interaction between DNA and pyrrole is relatively

weak and contributes marginally toward the adsorption of DNA by PPy when oxidized. The
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intercalation of a large molecule, PPy, into DNA was less likely. Therefore, the DNA-PPy complex
formation is mainly driven by Columbic electrostatic interactions. This mode of interaction is
likely beneficial for avoiding the DNA structural disruption that is commonly caused by the

intercalation occurring between the base pairs of DNA double helix.""- ¥/

4.2.3. Electrochemically Controlled Adsorption of DNA by pPPy

Adsorption study was performed on CF, PPy, and pPPy with different oxidation states
(Figure 4-4). Negligible amount of DNA was removed from the solution by CF as the hydrophobic
interactions between the CFs and the aromatic bases of DNA is minimal. Non-porous PPy prepared
by the conventional method adsorbed limited amount of DNA because its compact polymer
morphology provided limited polymer/solution interface for DNA to interact with its positive
charge carriers. The unique structure of the porous pPPy electrode allows more exposure of the
positive charges in its backbones, therefore has much improved adsorption capability towards
DNA. The pre-oxidation procedure eliminated the possibility of damaging DNAs that is caused by

directly applying a positive potential to electrodes contacting DNAs.

Adsorption Capacity (g DNA/Q)

-08 -04 0 04 08
Applied Potential (V)
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Figure 4-4. Adsorption capacity of pPPy (red), PPy (grey), and CF (black) towards DNAs at

various potentials.

The adsorption capability of pPPy also exhibited a clear dependence on its oxidation states.
Here, an increasing amount of DNA adsorption coincided with the increasing oxidation potential
that was applied to the electrode prior to adsorption, demonstrating the tunable nature of the
adsorption process by an external electro-stimulus. This modularity stemmed from the control of
the generation of charge carriers in polypyrrole by the oxidation potential. To further analyze the
adsorption dependence on oxidation states, the level of positive charged defects was estimated by
the charge transferred upon polarization of the electrodes at a specific potential until the current
reaches zero, assuming the contribution from the electric double-layer charging of the substrate is
negligible. The utilization efficiency of the polypyrrole electrode was determined as the percentage
of the amount of charged defects at an oxidation potential to the total amount of charges required
during synthesis (Figure 4-5). pPPy exhibited an improved utilization efficiency compared to non-

porous PPy due to the improved morphology.
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Figure 4-5. Utilization efficiency of pPPy and PPy electrodes as determined by taking the ratio of
the amount of charged defects at an oxidation potential to the total amount of charges required

during the synthesis.

Surface elemental analysis provides a direct confirmation of DNA adsorption on polymer
surface. Tris buffer was used during the adsorption experiments to avoid the introduction of
phosphate groups from buffer solutions such as phosphate buffers. After DNA adsorption, the XPS
spectra of PPy at different oxidation potentials all display distinct Cis, Nis and Ois peaks (Figure
4-6a). A concomitant increase of Pzp (134 €V) and Clzp (200 eV) peaks was observed as the
oxidation state increased. The appearance and gradual increase of P2, peak are assigned to the
phosphate groups from DNA. The Cly, is from the Tris buffer and the dopant used during
polymerization. The atomic percent of P2, and Ojs were determined to coincide with the increase
in polypyrrole oxidation states (Figure 4-6b, c). This is mostly attributed to the increasing
adsorption of DNAs as polypyrrole carries more positive charge defects at a higher oxidation state.
The estimated amount of charges vs. potential curve exhibits a sigmoidal shape, characteristic of
the Nernst relations. Both the adsorption capacity of pPPy and the atomic percent of P2, showed a
similar potential dependence as predicated by the Nernstian relation. This change in surface
elemental composition further demonstrates the strong dependence of DNA adsorption on the

oxidation state of polypyrrole chains.
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Figure 4-6. (a) XPS scans of pPPy electrodes at different oxidation potentials after adsorbing
DNAs indicate the concomitant increase of Pap and Cl, peaks. (b) The atomic percent of Py, at
pPPy electrode surface as determined by XPS analysis and the calculated amount of charge in
pPPy at various potentials. (c) The atomic percent of Qs at pPPy electrode surface as determined

by XPS analysis at various potentials.

To evaluate the reversibility of the adsorption process, a pPPy electrode that was previously
adsorbed with DNA was reduced to its neutral state by applying different reduction potentials to
remove the surface charge. A constant potential of -0.8V and -0.4V was applied to the electrode
for a period of time until the current reached zero to reduce the polypyrrole to its neutral state. The
desorption experiments were carried out by immersing the DNA-loaded electrodes in 5 mLof 0.1

M Tris-HCI solution. The desorption efficiency was calculated by taking the ratio of the amount
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of DNA remaining on the electrode after reduction to that was initially adsorbed in the oxidized
state. In its reduced state, the assembled DNAs were liberated from the polymer matrix and the
surface of the polymer film. When no potential was applied to the electrode, a 22% of desorption
efficiency was observed due to the diffusion of DNA from the electrode surface to solution (Figure
4-7). When completely reduced to its neutral state by applying a -0.8V potential, the electrode has
a 62% desorption efficiency, which is 20% higher than that of the partially reduced electrode (-
0.4V). The tunable control of DNA release into a physiological pH and solution environment has

great implications for its development in smart gene delivery
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Figure 4-7. The desorption efficiency of pPPy when various reduction potentials were applied to

the electrode.

The adsorption of DNA at the polymer surface can be further confirmed by cyclic
voltammetry “blocking™ experiments. Here, the blocking effect was assessed by the degree to
which an adsorbed layer of molecules inhibits the redox reaction of a redox probe at the electrode

surface.'*® K4[Fe(CN)s] was used again as the redox probe since it does not interact with DNA or
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PPy, and has been frequently used for studying the barrier properties of monolayer coated
electrodes.'®’ The cyclic voltammogram of pPPy after DNA adsorption was recorded and
compared with that of clean and pPPy coated GCE (Figure 4-8). Clean GCE exhibits well-defined
oxidation and reduction peaks of Fe(CN)s*>/Fe(CN)s*. pPPy coated GCE exhibits broad quasi-
rectangular current profile in addition to two distinct redox peaks. The broad CV response across
the entire voltage window is attributed to the redox reactions of polypyrrole. The redox peaks have
a magnitude ~3 times of that for the clean GCE, as a result of the increased ESA. After DNA
adsorption, both the redox peaks and the current response corresponding to PPy redox reaction
were significantly suppressed. Since the adsorption of DNA at the electrode surface did not result
in blockage of the pores or ion diffusion path as evidenced by SEM (Figure 4-9), this suppression
is likely a result of the coverage of non-conducting DNA at the PPy surface.'?’ The binding of
DNAs insulated the electrode surface and significantly perturbed the interfacial electron
transfer.'*" The electronegative nature of the DNA phosphate backbone also has electrostatic
repelling effect with [Fe(CN)s]*, therefore blocking the redox reaction of Fe(CN)s*>/* with the
electrode.!3® 4! This observed blocking effect provided additional evidence for the adsorption of

DNA by pPPy.
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Figure 4-8. Cyclic voltammograms of GCE, GCE-pPPy and GCE-pPPy/DNA demonstrate the

“blocking effect” of DNA adsorptions.

Figure 4-9. SEM image of pPPy after adsorbing DNAs shows no morphological changes

compared to newly-prepared electrodes.
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4.3. Conclusions

We present an electrochemically tunable method to adsorb and release polynucleotides
using a nanostructured conducting polymer and carbon fiber composite. The nanostructured
composite comprising a carbon microfiber substrate and a porous polypyrrole fibrous film
synthesized via a novel electrochemical method. The system demonstrated an adsorption
dependence on the polymer oxidation state. By electrochemically modulating the oxidation state
of the polymer, the amount of positive charge carriers in the composite can be manipulated. We
therefore achieved the control of the electrostatic interactions between the composite and the
negatively charged polynucleotides. The porous polypyrrole composite demonstrated improved
adsorption compared to its nonporous counterpart as a result of the large surface area and improved
film morphology. The electrochemically controlled adsorption of DNAs can serve as an alternative
principle in developing DNA purification systems and provide meaningful insights for advancing

next generation non-viral gene delivery technologies.

4.4. Experimental Section
4.4.1. Materials

Calf thymus DNA was purchased from Millipore Sigma Corp. and used as received. | mg
mL! of stock solution was prepared with 0.05M Tris-HCI buffer (Millipore Sigma, pH 8) and

stored at 4 °C.
4.4.2. Procedures

Electrochemical polymerization and characterization
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Toray carbon paper consisting of carbon microfibers were used as a substrate. Porous
polypyrrole was deposited on the 1 cm by 2 cm substrate by an electrochemical method that was
developed previously in our research group. All electrochemical polymerization and
characterization experiments were carried out in a three-electrode system, with a platinum wire as
the counter electrode and a Ag/AgCl reference electrode. 10 mM Tris-HCI (pH 7.4) was used as

the buffer solution for characterization with DNAs.
Material characterizations

The surface morphologies of polymer electrodes were evaluated using scanning electron
microscope (JEOL 6010LA and JEOL 6700F). Adsorption spectra were recorded using Cary 60
UV-Visible spectrophotometer by Agilent Technologies. The concentration of DNA was
measured by UV/Vis spectroscopy with molar extinction coefficients of 13200 bp cm™'M™! (base
pair).!3% 142 Standard calibration curves for DNA absorbance at 260 nm were also obtained for
consistency check. The UV-vis absorption of DNA in 50 mM NaCl/5 mM Tris, pH 7.1 gave a
A260/A280 ratio of 1.7-1.8, which indicates the DNA sample was sufficiently free of protein'3*
143 The ability of PPy to bind with DNA was investigated using a UV-visible absorption titration
method. It was carried out by monitoring changes in the UV absorption at 260 nm as more pyrrole
was added into the solution. Protein concentration was determined by mixing samples solutions
with Bradford reagent (Millipore Sigma Corp) and measured via UV absorbance at 595 nm. X-ray
photoelectron spectroscopy (XPS) analysis was conducted using Surface Science Instruments
SSX-100 under an operation pressure of ~2x10° Torr. A flood gun was used for charge
neutralization of the polymer samples. The monochromatic Al Ka x rays (1486.6 €V) used had a

beam size of 1 mm diameter. The XPS spectra were analyzed with CasaXPS. The surface
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composition was determined by the integrated peak areas of Cls, N1s, Ols, CI2p, and P2p with

the respective sensitivity factors.
Adsorption experiments

Prior to adsorption experiments, prepared PPy electrodes were subjected to a constant
potential for a period time until the current reaches zero. In this way, PPy was switched to a specific
oxidation state. The constant potential used were —0.8 V, -0.4 V, 0 V, 0.4V, and 0.8V. Pristine
carbon fiber substrate (CF) and carbon fibers coated with non-porous polypyrrole (PPy) were used
as controls. The adsorption of DNA was carried out in a glass vial containing 0.1 mg mL' DNA
in Tris-HCI buffer. The concentration of DNA was determined by measuring its UV-Vis

absorbance at 260 nm. The amount of DNA adsorbed was calculated based on:

_ (Co=Cp)V
= =i

Q¢ (4.5)

where C, is the solution initial concentration, C, is the solution concentration measured at
equilibrium, ¥V is the solution volume, and M is the mass of the polypyrrole.
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Chapter 5. Conclusions and Future Work
5.1. Conclusions

The principal focus of this thesis was to investigate and develop new synthesis strategies for
nanostructured electroactive polymeric composites with desired properties and morphologies for
energy storage and separation applications. The thesis discusses the synthesis, properties, and
applications of nanostructured electroactive polymeric composites and provides useful insights
that can extends far beyond the discussed polymer hybrids and potentially be generalized for future

advancement of energy storage devices and separation technologies.

To achieve this, we developed two novel synthesis strategies by exploring two different non-
covalent inter-molecular interactions to influence the electrochemical polymerization process. In
the first approach, the m-m stacking interactions between aromatic monomers and the aromatic
components of metallocene moieties were utilized to synthesize a porous conducting polymer
hybrid. In particular, the pyrrole monomers possessing a five-membered aromatic ring can interact
with the cyclopentadiene ring in polyvinylferrocene. This interaction resulted in a phase separation
during pyrrole polymerization as oligopyrrole preferentially partitioned into the pyrrole-rich phase
and eventually led to the formation of nanospheres comprising PVF and PPy. The electro-
responsiveness and the high surface area associated with the electroactive polymer nanostructures
imply great potentials in energy storage and separation applications. The PVF/PPy hybrid was
extensively studied for its application as a supercapacitor electrode material. We demonstrated the
porous morphology shortened the transport pathway for electrolyte ions and improved the ionic
conductivity. The synergistic effect between PVF and PPy allowed PPy to serve as a molecular

wire to enhance the electronic conductivity. The fast one-electron redox reaction occurring at the
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ferrocene moieties of PVF contributed additional charge storage capacity. As a result, the porous

hybrid achieved significantly enhanced energy storage rate performance and specific capacitance.

In the second approach, the interactions between aromatic monomers and carbamate groups
of a CO2-bound polyamines played a role in inducing phase separations and imposing diffusion
limitations during the polymerization and deposition process. The transport-limited condition
directed the growth of polypyrrole 1D nanostructures, resulting in a porous PPy fibrous film. The
porous PPy film-modified carbon microfiber electrode was found to exhibit enhanced CV current
responses and improved adsorption capacity towards aldehydes, compared to its non-porous
counterpart. We later applied the porous polypyrrole electrode in achieving electrochemically
controlled adsorption of polynucleotides. The affinity of PPy towards DNAs was found to be
mainly driven by electrostatic interactions between positively charged PPy backbones and
negatively charged phosphate groups. As a result, the adsorption of DNA exhibited a dependence
on the oxidation state of the polymer, which allowed us to achieve an electrochemical control over

the adsorption process.

The conductive substrate also plays an integral role in the synthesis and analysis of
electroactive polymer composites. In this thesis, we introduced nanostructures in the construction
of conductive substrates to enhance their performance. Carbon nanofibers were fabricated via
electrospinning, followed by stabilization and carbonization. A simple and quick dip-coating
method was developed to easily incorporate electrospun CNFs into a CMF scaffold to form a

CNF/CMF composite with improved conductivity and structural integrity as a deposition substrate.
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5.2. Recommendations for Future Work

The research presented in the thesis is expected to stimulate interests in exploiting molecular

interactions to engineer polymeric nanostructured materials and encourage further investigations

into applying such materials in a wide range of applications. Several future research directions are

worth exploring.

In the method for fabricating polypyrrole 1D structures, a multiphase-diffusion-controlled
electrochemical deposition mechanism was proposed. Despite the various experimental
evidences supporting the mechanism, observing the nanostructure formation process via
an in situ technique can reveal more direct insights on the polymerization mechanism. Data
generated using in situ TEM, SEM, or AFM technique may give a more complete picture
of the deposition process.

There are still many challenges remaining in applying the porous PPy system to extract
and purify DNAs. Functionalization of the system with tailored molecular design that poses
specific interactions with intra-cellular contaminants, such as lipids and surfactants, efc., is
needed before this system can be served as a viable option in point-of-care devices.

In the thesis, carbon nanofibers were introduced to engineer the conductive substrate.
Alternative nanostructured carbonaceous materials, such as carbon nanotubes and activated
carbons, can also serve as a conductive framework and provide support for mechanical
strains during doping/de-doping processes. Direct incorporation of nanoscale carbon
materials into polymeric composites during polymerization can be explored to further
enhance the morphological and electrochemical properties.

The applicability of the synthesis approaches in a broad range of conducting polymers and
redox polymers is of great interest for applications such as sensing and catalysis. In
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particular, nanostructured polymeric hybrids containing a variety of metallocene systems,
such as zirconocene, ruthenocene, titanocene, efc., can be beneficial for catalysis
applications.

The electro-responsive property and porous morphology of the discussed materials also
bode promise for sensing applications. The interactions between conducting polymer and
specific target molecules can increase or reduce the charge mobility along the conjugated
backbone. Consequently, a change in conductivity can be measured. In particular,
polypyrrole has been extensive studied to immobilize biological molecules in designing
bioanalytical sensors for detecting glucose, DNA, proteins, efc. The porous polypyrrole
system can be explored to serve as an excellent platform for incorporating bio-relevant

entities in sensing applications.
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Chapter 6. Appendix: Development of Nanostructured Conductive Carbonaceous

Substrates via Electrospinning
6.1. Introduction

The application of electroactive polymers often relies on a robust conductive substrate. In
electrochemical polymerizations, an inert and conductive material serves as a working electrode,
which also plays the role of an initiator and a polymer deposition substrate. Carbonaceous
materials have the advantages of high strength to weight ratio, high modulus, chemical resistance,
excellent electrical conductivity and durability. Among the various studied carbon materials,
carbon fibers have a continuous fibrous structure and can be easily and inexpensively fabricated.
In various applications, carbon fibers can not only serve as a conductive framework by facilitating
electronic charge transport, but also provide reinforcements by enhancing strain tolerance and
structural integrity. The excellent conductivity and chemical stability in most solution conditions

render carbon fibers as an ideal supporting substrate for electroactive polymers.

Commercially available carbon microfiber papers were commonly used due to its low cost,
good mechanical strength and excellent conductivity. Those carbon microfibers have diameters of
10 um. When coated with nanoscale polymeric materials, carbon microfibers-containing
composite creates a hierarchical architecture. However, due to their large diameters, commercial
carbon fibers have small surface areas. Nanostructured materials offer short diffusion pathways to
ionic species and high polymer/electrolyte interfacial areas, both of which are crucial properties
for electrochemical applications. At a nanoscale, carbon nanofibers attracted special attentions due

to their high surface area and tunable electronic structures and surface chemistry. We therefore
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turned to carbon nanofibers to further advance the conductive substrates for electroactive polymer

composites.

Carbon nanofiber mats can be easily and cost-efficiently fabricated via electrospinning
followed by thermal treatments. Electrospinning relies on using a high potential to generate
electrostatic repulsions within a polymer blend. A charged polymer jet ejects from the Taylor cone,
when the repulsion overcomes the surface tension of the polymer blend, and eventually turns into
a polymer fiber as solvent evaporates in the process. Polyacrylonitrile (PAN) is often used as it
has a high carbon yield and can convert to carbon fibers with excellent mechanical properties.'4*
Thermal treatments, including a stabilization and a carbonization process, subsequently converts

polymer fibers into carbonaceous fibers.2%> 143

Mao et al. electrospun PAN fibers directly onto a carbon microfiber substrate followed by
a thermal treatment to obtain a carbon nanofibers/microfiber composite. In this method, the
thickness of the nanofiber mat was controlled by the electrospinning deposition time. As a result,
to control the amount of CNFs used, it required modifications to be made at the electrospinning
step. Although this method allowed large amount of nanofibers to be densely packed and adhered
onto the microfiber substrate, the substrate-supported two-layer architecture lacked a more
integrated structural support for the top-layer nanofiber mat to sustain harsh conditions, and
therefore calls for a more robust substrate system for applications involving contacting with a flow-

through gas or liquid phase.

Here, we developed a simple post-carbonization dip-coating process to fabricate
CNF/CMF composites with a well-integrated fibrous structure. This composite demonstrated a

comparable mat conductivity to the pristine microfiber substrate and an improved structural
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integrity compared to the direct-spun method. The successful construction of the composite

rendered it as a robust and versatile substrate for nanostructured electroactive polymers.
6.2. Results and Discussion

Electrospinning technique was used to fabricate PAN polymer electrospun nanofiber mats.
The PAN nanofiber mat is non-woven and consists of smooth and continuous nanofibers with
diameters of 300-500 nm (Figure 6-1a). Upon stabilization in air and subsequent carbonization
in nitrogen, PAN fibers were converted into carbon nanofibers. The continuous fibrous structure
was maintained after the thermal treatments (Figure 6-1b). Under high magnification, the CNFs

exhibited a relatively rough surface (Figure 6-1c).

Figure 6-1. (a) SEM images indicate that electrospun PAN nanofiber mat consists of smooth and
continuous fibers with diameters of 300-500 nm. (b) Carbonized electrospun fibers maintain their
continuous fibrous structure. (¢) The electropun CFNs show surface roughness under high

magnifications.

As a comparison, direct-spun, dip-coated and drop-casted composites were fabricated with
commercial carbon microfiber papers. The surface morphologies of the carbon fiber composites
were observed using SEM. SEM images show CNFs in the direct-spun composites exhibit as a
separated layer supporting on the CMF substrate (Figure 6-2a, b). The CNF layer has cracks and

exhibits as small patches. This morphology was likely due to the shrinkage of electrospun fibers
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during carbonization, resulting in the incomplete and non-uniform coating of CNFs on the CMF
substrate.!*® In the composites prepared by dip-coating and drop-casting, CNFs fill the interstices
of the CMF scaffold (Figure 6-2¢, d, e). As a result, the composite consists of fully integrated
CNFs and CMFs without any separate layers. Under high magnifications, ECNFs exhibit a

shortened length, likely due to the grinding process in sample preparations (Figure 6-2f).
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a)

Figure 6-2. (a) SEM images of CMF substrate show the microfibers have diameters of ~ 8 pm. (b)
The direct-spun composite exhibits as a cracked CNF mat supported by a microfiber substrate.
SEM images show that both (c) dip-coated composite and (d) drop-casted composite have a well-

integrated structure where the CMFs are embedded within CNFs. SEM images of dip-coated
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composite at higher magnification show that (¢) ECNFs are located in the interstices of CMFs, and

(f) the ECNF's have a short length likely due to the grinding process during sample preparations.

Fourier Transform Infrared Spectroscopy (FTIR) spectra of ECNFs and two types of
commercial CMFs were compared (Figure 6-3a). All three fibers exhibit a wide band around 3500
em’!, corresponding to the hydroxyl groups likely caused by the physically adsorbed water. ¥’ The
weak peaks around 3000 cm™ are due to the C-H bond stretching in the CHa groups at carbon edge
sites.'*" 147¢ The stretching and bending vibration of C=C in graphene backbones result in bands
at 1600 and 1200."*7 The similarity in FTIR spectra of the carbon fibers confirmed that no new

functional groups were introduced into the nanocomposite.
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Figure 6-3. (a) The similar FTIR spectra of ECNFs and CMFs indicate that the functional groups
present at the carbon fiber surfaces are the same. (b) The conductivity values determined by a 4-

point probe method show the effect of ECNFs on the conductivity of the composites.

To serve as a polymer deposition substrate, the excellent conductivity of the CNF/CMF
composite is crucial. A 4-probe method was used to evaluate the conductivities of free-standing

electrospun CNFs, along with the CNF/CMF composites that were fabricated with two different
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types of commercial carbon microfiber paper and one type of carbon cloth. Free-standing ECNFs
were found to have a comparable conductivity to that of commercial carbon papers (Figure 6-3b).
It was found that the coating of ECNFs improved the conductivity of both carbon paper substrates
slightly, likely due to the increased contact points between carbon fibers when carbon nanofibers
were introduced. The measurement of the carbon cloth shows significant inconsistency among
different measurements. Because the carbon cloth is a woven fabric, the sliding motion between
the fibers gives this fabric a flexible nature. Consequently, the compressing and sliding between

fibers likely resulted in the large variation among different measurements.

As the pPPy/CMF composite was previous demonstrated to exhibit excellent adsorption
performance towards aldehydes, the use of CNF/CMF as a substrate in functionalized polymeric
composites is of great interest in the development of material systems for adsorbing target
pollutants in gas and liquid phase separations. For the composite to be applied in an integrated
separation system where a flow-through configuration is often used, the pressure drop across the
substrate is an important performance parameter. The pressure drop across a fibrous mat has been
shown to increase with the decrease of fiber diameters.!*® This phenomenon is due to the high
surface area-to-volume ratio of nanofibers and can pose serious limitations in applying nanoscale
materials in such applications.?” As nanofibers were introduced into the composites, the pressure
drop across the CNF/CMF composites is of interests in evaluating their performance. We measured
the pressure drops cross various substrates and composites at a face velocity of 45 cm s’ in air at
room temperature (Table 6-1). It was found that the introduction of electrospun CNFs only
resulted in a small increase in the pressure drop for one carbon microfiber paper substrate. In the

case of carbon cloth and CMF-2, the pressure drop remained the same upon coating of CNFs. This

is likely because only a small amount of ECNFs were coated onto the CMF substrate using the
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dip-coating method. The CMFs were embedded within a thin web of CNFs instead of underneath

a thick dense mat of nanofibers, imposing negligible effect on the flow of air through the composite.

Table 6-1. The pressure drop values across various substrates and composites were measured at a

face velocity of 45 cm s™! at room temperature.

Substrate AP (kPa) Substrate AP (kPa)
CMEF-1 0.65+0.02 CNF/CMF-1 0.74+0.02
CMF-2 0.08++0.02 CNF/CMF-2 0.09+0.02

CcC 0.02+0.01 CNF/CC 0.01+0.01

As the carbon fiber composite can be used as the conductive substrate for electrochemical
polymerization, the electrochemical active surface area (ESA) is an important characteristic of the
CNF/CMF substrate. ESA can be determined by measuring the CV response of Fe(CN)e*

/Fe(CN)s* at a range of scan rates.'** Based on the Randles-Sevcik equation:
i,=(2.687x10°)n”v'? D" 4C, (6.1)

the ESA can be determined from the slope obtained by fitting the peak current to the square root
of scan rate. Here, C is the bulk concentration of Fe(CN)s* (10 mM). D is the diffusion coefficient
of Fe(CN)>/Fe(CN)e* (5.7x10% cm?/s).'3 v is the scan rate of the cyclic voltammetry. 7 is the
number of electrons transferred (n=1). 4 is the ESA of the substrate (cm?). Figure 6-4 shows an
example of the CV measurements and linear fitting for the carbon fibers. The specific ESA of
CMF was determined to be 0.11 m? g”!, which is lower than its theoretical specific surface area
determined by its geometry and the true density of carbon (0.25 m? g1).14° This is likely caused by
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the inaccessibility of the carbon fibers further inside the carbon fiber paper by the redox probe.
This discrepancy is more obvious for CNFs, where the determined specific ESA, 1.4 m* g, is
much smaller than that of the theoretical specific ESA, 5 m?> g'. This was likely caused by the
densely packed nature of the freestanding CNF mat. When comparing the composite prepared with
different concentrations of CNFs and different dipping time, it was found that dipping time has
negligible effect on the ESA of the composite, whereas a higher concentration of CNF in the
suspension results in a higher ESA for the composite (Table 6-2). The effective mass of CNFs
loaded onto the CNF/CMF composite was estimated by assuming the specific ESAs of CNF and
CMF remain the same before and after forming a composite. It was found that the effective mass
loading of CNFs is very small (~ 1 mg), supporting the hypothesis that the low pressure drop

measured is due to the small amount of CNFs coated onto the electrode.
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Figure 6-4. (a) CV measurements of CMF substrate with Fe(CN)s*/Fe(CN)s* as a redox probe.
The linear fitting of the peak current for (b) anodic current and (c) catholic current based on

Randles-Sevcik equation.
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Table 6-2. The ESA of CNF/CMF composited determined by electrochemical methods.

CMF CNF Dip time (s) at 10 mg/mL | CNF conc. (mgmL™) at 5 s dip time
5 10 30 1 5 10
ESA (cm?) 5.40+0.04 | 70+£1.1 | 16+0.44 | 17£0.26 | 16£0.25 | 10+0.2 15+0.3 1620.25
Specific ESA (m?g™) 0.11 1.4 0.32 0.34 0.32 0.2 0.3 0.32
Effective CNF Mass (mg) NA NA 0.98 1.09 0.98 0.38 0.87 0.98

6.3. Conclusion

In this section of the thesis, carbon nanofibers were fabricated via electrospinning followed

by a thermal treatment process. A dip-coating method was developed to incorporate submicron

ECNFs into a CMF substrate. With the support of CMFs, the developed ECNF/CMF composite

exhibits excellent structural integrity. This well integrated structure ensured good electrical

conductivity throughout the entire composite. Despite the smaller diameters of ECNFs, the unique

structure of embedding CMFs within a thin web of CNFs avoided posing a high pressure drop

cross the composite, rendering the composite as a suitable candidate for flow-through separation

systems.
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6.4. Experimental Section
6.4.1. Materials

Polyacrylonitrile (PAN) (MW=150 000) and chloroform were purchased from Millipore
Sigma and used as received. The carbon microfiber substrates and the carbon cloths were obtained

from Electrochem Inc.
6.4.2. Fabrication of Electrospun Carbon Fibers

Electrospun polymer fibers were first fabricated using a PAN solution. 10 wt% PAN
precursor solution was prepared by placing the PAN and DMF mixture in a water bath at 80 °C
with vigorous stirring. A parallel-plate electrospinning setup with a 30 ¢cm plate-to-place distance
was used. During electrospinning, an applied potential of 30 kV and a flow rate of 0.02 mL min™!
was chosen. The electrospun fibers were collected on a grounded metal plate. The electrospun
PAN fibers were then converted to carbon fibers via a two-step process involving stabilization and
carbonization as described by Mao et al.'*>® The thermal treatment processes were performed in a

tube furnace (MTI, GSL-1800S60).

The electrospun carbon nanofibers were incorporated into a carbon microfiber substrate
via three different fabrication methods. In the first method developed by Mao et al.,'®® PAN
nanofibers were directly electrspun onto the carbon microfiber substrate. The PAN nanofiber/CMF
composite was then sandwiched between molybdenum plates to maintain the contact between the
nanofibers and the microfiber substrate during the thermal treatment. The formed CNF/CMF
composite was denoted as the direct-spun composite. In the second method, electrospun PAN
fibers were first converted to CNFs via the thermal treatment. The CNFs were then ground into a

powder form. A CNFs/chloroform suspension of 10 mg mL"' was prepared by sonication. A
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specific aliquot of suspension was drop-casted on to the CMF substrate, followed by air drying.
Samples prepared via this method were denoted as drop-casted composites. A third method
involved dip-coating the CMF substrate in the same CNF/chloroform suspension. The carbon
microfiber paper was slowly submerged into the suspension and remained in the suspension for 5
seconds. The dip-coated CMF substrate was then air dried in a fume hood, resulting the composite

denoted as the dip-coated composite.
6.4.3. Material Characterizations

The morphologies of the CNF/CMF composites were observed by SEM (JEOL 6010LA).
A four-point probe method was used to measure the conductivity of the carbon fiber samples. The
conductivity of each sample was measured in different directions for multiple times. Sheet
resistance of the carbon fiber composites were evaluated using Signatone S-302-4 with a Keithley
SCS-4200 current source. The pressure drop values across the CNF/CMF composites were
measured by flowing air at 45 cm s! through a circular-shaped composite at room temperature.
All electrochemical characterization experiments were performed in a three-electrode

electrochemical cell with a VersaSTAT 3 potentiostat (Princeton Applied Research).
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