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Over the past several decades, polymer nanocomposites have been of increasing scientific
and industrial interest due to their potential applications in filtration, energy storage, and
biomedical engineering. Although the addition of various nanofillers makes them viable for high-
tech applications, the control of spatial distribution and orientation of functional nanoinclusions
remains a great challenge. There is a plethora of methods for nanoparticle surface modification to
improve the enthalpic interaction between the polymer matrix and the filler, but often it results in
deterioration of catalytic, magnetic and electrical properties of the composites. Therefore, it is
desirable to develop a reliable and scalable method for the control of dispersion of nanoinclusions
in polymer nanocomposites, without compromising their fundamental properties.

The work presented in this thesis aims to investigate the effect of additional extensional
deformation provided by a sheath layer of controlled air flow during gas-assisted electrospinning
(GAES) and air-controlled electrospray (ACES) on dispersion and spatial orientation of various
nanoparticles in polymer matrix. Both spherical and anisotropic nanoparticles were employed in
this study. First, we developed a robust post-process methodology to analyze transmission electron
microscopy (TEM) images of microtomed longitudinal sections of nanoparticle-loaded PVA
nanofibers, which provides a unique opportunity to investigate the details of the deformation-

induced dispersion behavior. To demonstrate the material application perspective, we utilized



GAES in the fabrication of a fibrous silicon anode material for Li-ion batteries, and observed a
significant enhancement in both capacity and activity of active nanoinclusions at the same
composition, which is attributed to improved dispersion. Coarse-grained molecular dynamics
study confirms these experimental observations.

We further extended our knowledge to conventional electrospray and novel air-controlled
electrospray methods, to overcome the limitations due to non-uniform deposition and poor
dispersion of fillers in functional coatings. Due to the precise control of atomization via extensional
deformation and viscoelasticity, we successfully utilized new spraying processes for coatings with
precisely controllable nanoscale topology, morphology, deposition thickness, and spatial
distribution of unfunctionalized nanoinclusions. In order to demonstrate the industrial potential,
we employed air-controlled electrospray for mass-production of micro/nano-scale encapsulates,
and further fabrication of polymer composites with in situ indication of mechanical damage.

Finally, to overcome scalability constraints and ensure viability for industrial utilization,
we investigated a novel centrifugal spinning process. The focus was on the experimental
visualization of the fluid flow and examination of the effects of viscoelasticity, polymer flow rate
and driving force on the initial thinning and the contour shaper and radii of the polymer jet. High-
speed camera imaging was utilized to visualize the flow of viscoelastic Boger fluid during
centrifugal spinning process, and experimental results including intital jetting behavior were
compared with the simulation results predicted by the discretized modeling.

The current work provides an array of robust, economic and efficient single-step methods
to fabricate hierarchical nanocomposites with controllable functionalities, topologies,
morphologies, and spatial distribution of active nanoinclusions. The added benefit of experimental

visualization and further comparison with computer simulation provides valuable insights and



more rigorous understanding of the process. The successful advancement and utilization of these
novel techniques will offer more comprehensive studies of nanocompsoites and lead to the next-

generation functional materials.
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CHAPTER 1

INTRODUCTION

1.1. Introduction

Polymeric composites are essential components of the modern technology due to their
unique properties, therefore a wide range of products and applications that became a vital part of
our daily routine. For instance, polymeric fibers with various active inclusions, are utilized in such
areas as advanced electronics, catalysis, protective clothing, filtration, and biomedical engineering.
However, traditional manufacturing schemes, such as mechanical drawing, preclude precise
control of dimensions and productivity. [1-11] Likewise, functional polymer coatings are utilized
in fabrication of superhydrophobic materials, biomedical devices, and energy storage media. [12—
23] Their deposition via conventional methods suffers from poor control of surface topology, low
deposition efficiency, as well as difficulty to cover large and complicated architectures. [15, 20]
Finally, encapsulation technology has recently gained a lot of attention in mechanical damage
indication, pharmaceutical, food and textile industries, where capsules can be utilized solely or
incorporated in nanocomposites to provide functionality. Nevertheless, standard fabrication
techniques require tedious multi-step synthesis procedures, and offer little control of dimensions
and size distribution of fabricated capsules. [24—30] As a result, in recent years there was a lot of
attention to development and refinement of alternative techniques that allow fabrication of high
surface area to mass ratio submicron-sized fibers, capsules and efficient coating deposition.

Conventional electrospinning and electrospraying are the most auspicious techniques and
received a lot of attention due to their attractiveness for industrial applications. In these processes,

a charged polymeric jet or droplet is drawn by a strong electric field and fibers or films can be



collected on the grounded collector. Polymer electrospinning and electrospraying have been
studied extensively in the past. However, the challenges associated with productivity, scalability
and precise control of resulting composite dimensions, topology, morphology as well as deposition
efficiency hindered the integration of these techniques in large-scale manufacturing. [2, 6, 10, 31]
To overcome the foregoing challenges we have recently developed two novel processes that
employ a circumferentially uniform air flow through the sheath layer of the concentric coaxial
nozzle and utilize both high electric field and controlled air flow to effectively produce nanofibers,
coatings and capsules. These techniques are referred to as gas-assisted electrospinning (GAES)
and air-controlled (AC) electrospraying, respectively.

Novel air-controlled techniques presented in this thesis offer a ten-fold increase in
production rate per spinneret, rigorous control of dimensions, topologies and morphologies of
resulting nanocomposites, as well as a possibility to uniformly coat convoluted architectures,
which makes them much more attractive and promising for industrial applications. In composite
materials, individual constituents stay discrete within fabricated architecture, however the
interaction between them enables modification and control of chemical and physical properties.
With the application of additional extensional deformation through the sheath-layer air flow one
can effectively control the placement and spatial distribution of various active nanoinclusions,
which obviates both nanoparticle functionalization and multi-step process for desired
nanocomposite fabrication. [11, 32—-34] Such process optimization led to fabrication of Li-ion
Battery anode with superior performance.

Gas-assisted electrospinning and air-controlled electrospraying can be scaled-up to a large
manufacturing process by increasing the number and dimensions of spinnerets, which is not

feasible for some applications. To overcome such scalability constraints and to ensure viability for



industrial utilization, we developed a novel centrifugal spinning process. In this technique, the
centrifugal force is utilized to accelerate and elongate a fluid jet, increasing productivity
hundredfold and decreasing the size of a setup. Empirical observations in conjunction with
computer simulation methods were utilized to provide valuable insights into understanding the

process, that may lead to further optimization.

1.2. The scope of the Investigated Problems

The work presented in this thesis describes the effect of circumferentially uniform sheath
layer air flow, employed during gas-assisted electrospinning and air-controlled electrospraying
processes, on the single-step fabrication of various hierarchical polymer nanostructures. The novel
methodology was formulated based on the effect of extensional and shear deformations applied to
polymer melts with nanoinclusions, theoretically investigated by Kalra and Park [11, 32-34].
However, significant modifications had to be made to account for various empirical process
aspects and disparities between solutions and melts. In particular, careful deliberation was given
to the continuity of the effect of assisting air flow, interplay between process parameters, and effect
of material properties.

The detailed explanation and discussion of the novel methodology are provided in Chapter
2, where GAES technique was utilized to control the spatial distribution of unfunctionalized
spherical SiO, and Si nanoparticles (NPs) in polyvinyl alcohol (PVA) nanofibers. Our results
demonstrate that the application of high but controlled air flow provided additional extensional
deformation at the onset of fiber spinning, and therefore enhanced dispersion and orientation of
various nanofillers. Resulting fibers were analyzed using transmission electron microscopy, and

dispersion was quantified utilizing novel image analysis techniques. Our results revealed a



significant improvement in dispersion area and a substantial decrease in the most probable
separation between individual particles, due to strain-induced rupture of NP-agglomerates. A
rigorous time-scale analysis was performed to confirm that extension is a homogenizing force, and
deformation-induced rupture mechanism dominates. Furthermore, a Li-ion battery anode was
fabricated via scalable GAES, and superior performance was attributed to enhancement of spatial
distribution of active nanoinclusions.

However, electrochemical performance depends on the synergistic effect of the
accessibility of Si active sites, and effective charge/mass transport in the system. Carbon nanotubes
(CNTs) and their unzipped counterparts — graphene nanoribbons (GNRs) were incorporated in the
fibrous anode material to enhance battery performance and facilitate electron transport. Therefore,
the control of spatial distribution and orientation of unfunctionalized anisotropic nanoinclusions is
crucial, and the extension of our robust methodology is presented in Chapter 3. Our results
confirmed that additional extensional deformation supplied by the sheath layer air flow during
GAES enhances dispersion and alignment of 1-D nanofillers in resulting polymer fibers. It has
been observed that CNTs require higher extensional deformations to disperse, compared to GNRs,
which can be explained by increased stiffness and stronger cohesive forces. On the other hand,
alignment analysis results show that CNTs easily orient along the fiber axis with the increase of
the air flow, while GNRs undergo alignment worsening at higher elongation, potentially due to
inhomogeneous response to deformation. All the results were qualitatively confirmed with a non-
equilibrium coarse-grained molecular dynamics simulations, to reinforce the idea that tuning
extensional deformation by using sheath layer air flow is an effective strategy to precisely control

the placement and orientation of various nanofillers in polymer nanocomposites.



We further extended our knowledge to manufacturing of functional polymer coatings,
where the control of surface topology, morphology, deposition efficiency, as well as dispersion of
active nanoinclusions plays a crucial role. There is a myriad of methods that are currently being
investigated, however conventional electrospraying technique received a lot of attention due to its
controllability, facility and high deposition efficiency. However, significant challenges persist,
especially in the efforts to increase productivity, tune nanoscale topology, control fluid atomization
as well as dispersion and orientation of nanofillers in resulting coatings. In Chapter 4, we present
a novel air-controlled electrospraying process, which is a powerful and efficient method to
manufacture coatings with precisely controllable nanoscale topology, morphology, deposition
thickness, and spatial distribution of unfunctionalized NPs. We demonstrated that the application
of controlled air flow through coaxial spinneret can tune the atomization mechanism, therefore
precisely control the size of ejected droplets, as well as homogeneity and efficiency of film
deposition. A new methodology benefits from the synergistic effect of the droplet size reduction
and strain-induced rupture of NP-agglomerates, leading to a significant improvement in spatial
distribution of spherical and anisotropic NPs in deposited coatings. Furthermore, we developed a
novel alternating current air-controlled (AC?) electrospraying process, to ensure viability for
industrial utilization and to alleviate the coating irregularity issues due to the surface-charge build-
up on the substrate during direct-current (DC) electrospray.

Recently, conventional electrospraying gained a lot of attention in the fabrication of
particles and micro/nano-encapsulation, due to its simplicity and robustness. However, due to
some challenges associated with productivity, effective deposition and precise control of capsule
dimensions it is rarely utilized for large-scale manufacturing. In Chapter 5, we utilized a new air-

controlled electrospraying technique to resolve the foregoing issues, and to fabricate polymer



composites with in situ indication of mechanical damage. It has been demonstrated that capsule
dimensions and morphologies can be precisely controlled by tuning the air flow rate and other
process parameters. Further, air-controlled electrospraying was utilized to mass-produce nano-
scale capsules, and in single-step effectively deposit them on the substrate, fabricating critical-
stress sensing patches with highly distinct mechanochromic response.

Novel air-controlled spinning and spraying techniques, presented in this thesis, offer an
order of magnitude increase in production rate, compared to their conventional counterparts, which
is a significant enhancement for laboratory use and small-scale manufacturing. Additionally, they
can be adequately scaled-up to a large-scale manufacturing process by increasing the number and
dimensions of spinnerets. Nevertheless, such modifications can be inefficient, costly and
impractical for some applications. In Chapter 6, we present a rigorous investigation of a novel
centrifugal spinning technique that ensures economic viability and feasibility for industrial
utilization. We focused on the experimental visualization of the fluid flow and examination of the
effects of viscoelasticity, driving force and polymer flow rate, laying the foundation for future
application of concentrated polymer solutions and melts. The experimental results were compared
with the discretized element modeling, and confirmed predictive potential of the model that can
potentially replace the traditional labor- and cost-intensive experimental trial-and-error techniques.

The novel fabrication techniques, as well as computational tools, presented in this thesis,
provide a robust, economic and efficient single-step methodology to produce hierarchical
nanocomposites with precisely controlled dimensions, topologies, morphologies, and spatial
distribution of functional nanoinclusions. The successful development and utilization of these

methods will revolutionize the field and lead to the next-generation functional materials.



1.3. Summary
In this chapter, we have provided some background information, motivation and
formulation of the investigated problem. Our goal was to present a logical chain of empirical and

theoretical research that was undertaken and presented in detail in the following chapters.
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CHAPTER 2
CONTROLLING THE PLACEMENT OF SPHERICAL NANOPARTICLES IN
ELECTRICALLY DRIVEN POLYMER JETS AND ITS APPLICATION TO LI-ION

BATTERIES

2.1. Introduction

Dispersion of nanoparticles (NPs) in polymer matrices has a significant effect on intrinsic
functionalities of advanced polymer nanocomposite materials, such as mechanical, optical,
electrical and magnetic properties. [1] Such nanostructured materials have been studied for
decades, however it is still challenging to obtain a homogeneous dispersion and avoid
agglomeration of NPs. There is a plethora of methods for surface modification of NPs to increase
the interaction between substrate and filler, but often it results in deterioration of catalytic,
electrical, or magnetic properties. For instance, carbon nanotubes (CNTs) lose electrical
conductivity after surface functionalization, due to disruption of m conjugation. [2—5] Thus, the
development of reliable methods for NP dispersion without tuning their fundamental properties
remains a significant challenge.

In recent years there was a myriad of computational and experimental studies [2, 6-11],
where mechanical stresses, such as shear or elongational flow, were applied to slow down or stop
agglomeration of self-attracting NPs. For example, Kalra et al. [2, 9, 10] conducted a coarse-
grained molecular dynamics study on the effect of shear and elongation on spherical nanoparticle
placement in homopolymer and block-copolymer melts. It was shown that both shear and
extension have a prominent effect on the assembly of selective NPs, which prefer one dispersion

domain to another, and nonselective NPs. With the increase of elongational flow rate, the
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concentration peak for both selective and nonselective NPs became much broader in the center of
the corresponding dispersion domain, suggesting that extensional deformation can be used as a
method to control dispersion and orientation of functional nanofillers. Mechanical deformation
alters the kinetics of NP agglomeration, and can significantly increase the aggregation time scale
via two mechanisms: first is the rupture of existing agglomerates due to shear, and second is the
effect of deformation on the diffusion coefficient of nanoparticles. The rupture-like effect of shear
or elongation is assumed to be positive and always leading to better dispersion, and is independent
of the matrix chain length. Kalra and co-workers [2] conducted a rigorous analysis to compare
time scales of diffusion (tq;ff), shear (tspeqr) and aggregation (tq44) for self-attracting NPs in
polymer melts. For the parameters used in their study, t,,, was at least 1-2 orders of magnitude
higher than tg; ¢ Or t( peqr. With the increase of deformation, both diffusion and shear time scales
decrease, but at different rates. If tg; < tspeqr» then the diffusion is expected to be a homogenizing
force and disperses NPs uniformly to eliminate concentration gradients. Accordingly,
shear/deformation would homogenize the system via rupture-like mechanism at the time scales
corresponding to shear rate (tspeqr< tairf)-

Qualitatively similar predictions for dispersion of rod-like nanoparticles were reported by
Park et al. [11, 12] It was observed that the dispersion and orientation of nanorods improved with
increasing the shear, but it strongly depends on the size, rigidity and aspect ratio of nanofiller.

These works served as a starting point in understanding the effect of elongational
deformation in electrospun nanocomposite fibers, which can form high performance materials that
offer a large surface area and an open-pore structure. [13, 14] In the current study, we take a step
forward and experimentally demonstrate an improved dispersion of monodisperse spherical SiO,

and Si NPs in polyvinyl alcohol (PVA) nanofibers with the increase of strain imposed on the
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polymer liquid during the fiber spinning process. We utilized two fiber-spinning processes,
conventional electrospinning (ES) and gas-assisted electrospinning (GAES), and their schematics
are depicted in Figure 2.1. Electrospinning is a well-known and versatile process that typically
imposes a strong electric potential (~15-30 kV) on a polymer solution/melt that is ejected into the
electric field. Once the electric charge on the liquid surface overcomes surface tension, a Taylor
cone is formed and a thin polymer jet is emanated. The charged jet undergoes strong deformation
(strain rate ~10,000 s™) imposed by electrically driven instability, and is subjected to fast solvent
evaporation (~200 nL s™). After solidification has occurred, nano-scale fibers (50-500 nm) are
deposited on the grounded collector as a non-woven mat. On the other hand, GAES utilizes
circumferentially uniform air flow through the sheath layer of concentric coaxial nozzle in addition
to the high electric field. [15-21] To demonstrate the ability to tailor NP dispersion in polymer
jets, we produced nanofibers at different air flow rates (0, 2.5, 4, 5.5, 9 and 11 SCFH), at constant
applied electric field (100 kV/m). A wide range of SiO, concentrations (1.85 - 12.98 vol. % to
PVA) was used to probe the interplay between concentration and dispersion with and without
additional air flow. We also employed Si NPs to examine the ability of extensional deformation to
enhance dispersion of larger nanoparticles and to utilize their dispersion in energy storage
applications. It has been previously shown that small selective NPs uniformly disperse in the
favored domain to gain translational entropy. [10, 22] However, when the radius of NPs is
commensurate to the radius of gyration of the polymer, the polymer chains can lose configurational
entropy if they try to fold around the particle. As a result, chains push particles away, which may
alter the dispersion pattern. [9, 23, 24] NPs are kinetically “trapped” in solidified polymer matrix,
which makes it convenient for the quantitative post-process analysis. We took transmission

electron microscopy (TEM) images of longitudinal sections of polymer nanofibers containing
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various concentrations of NPs, which demonstrated improved distribution with the increase of the
extensional force. Yazdanbakhsh ef al. [25] summarized some dispersion quantification
techniques, but none of them are universally used, and thus we devised our own characterization
based on two image analysis methods for TEM images.

The first method calculates the area occupied by spherical NPs relative to the total area of
the polymer nanocomposite on the 2D plane (TEM image), and referred to as dispersion area
analysis (DAA). With the increase of the sheath layer airflow rate during GAES, extensional forces
overcome cohesive forces between NPs and contribute to improved diffusivity [2, 3, 26—32], which
leads to agglomerate rupture and enhanced nanofiller dispersion. Therefore, there is a significant
improvement in the area occupied by NPs for higher extensional flow rates, which would be
evident from TEM images and captured by the DAA. It should be noted that the volume occupied
by NPs remains constant. The second quantification method is the Fast Fourier Transform analysis
(FFT), which is utilized to determine the most probable separation distance between individual
particles or agglomerates. Lower separation values resemble improved spatial distribution and
enhanced agglomerate rupture. The concept of the most probable separation is similar to the pair
correlation function, that is often used in coarse-grained molecular dynamics (CGMD) studies on
NP dispersion, and describes how density varies as a function of distance from any reference
particle. [2, 9-12]

However, from a materials application perspective, it is important to demonstrate that the
proposed method for NP dispersion can be utilized in the production of novel materials, such as
energy storage media. Spatial distribution of NPs is particularly important for electrode fabrication
processes, since the capacity of material is usually normalized by the mass/volume of the active

material. When particles aggregate, some of the surface area would be concealed, and thus there
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will be some active material that does not participate in the electrochemical reaction, but is
accounted for in the mass/volume normalization. Therefore, the resulting material will demonstrate
low gravimetric/volumetric capacities. In this study, we utilized the strain-controlled dispersion of
nanofillers in the production of fibrous silicon anode material for Li-ion batteries, and found that
fibers produced via GAES show a substantial improvement in capacity and activity of functional
inclusions compared to conventional ES. As-spun fibers by gas-assisted electrospinning have
smaller aggregates of Si NPs and carbon nanotubes (CNTs) along the axial direction due to
additional extensional force contributed by the air flow, and therefore provide a larger exposed
surface area for lithium ion diffusion and electrochemical reactions. Finally, coarse-grained
molecular dynamics results are presented to confirm the theoretical explanation of experimental

observations in this study.
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Gas-Assisted Electrospinning
Gas

Figure 2.1. Gas-assisted electrospinning and conventional electrospinning schematics.

2.2. Experimental Section

Materials: 88 mole% Hydrolyzed Polyvinyl alcohol, with the Mw=78,000 g mol™ was
used in this study and supplied by Polysciences, Inc. KLEBOSOL SiO; nanoparticles (12.5 nm in
diameter) were provided by EMD and Si nanoparticles (82 nm in diameter) were supplied by MTI.
Scanning electron microscopy and transmission electron microscopy studies were carried out to

measure the average diameter of nanoinclusions.
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Nanofiber fabrication: Nanofibers were produced by electrospinning and gas-assisted
electrospinning at 2.5, 4, 5.5, 9 and 11 SCFH air flow, using a 10% PV A/water solution with
different concentrations of SiO; (1.85-12.92 vol%) and Si at 6.86 vol% to PVA. The volumetric
flow rates used for electrospinning and gas-assisted electrospinning were 0.003 ml min™ and 0.01
ml min™' respectively. The fibers were spun using applied electric field of 100 kV/m for both
processes, and we refer the reader to our earlier publications for a more detailed overview of the
experimental setup. [15, 33]

Nanofiber characterization: Nanofibers formed were characterized using scanning
electron microscopy (Tescan Mira3 FESEM) and their diameters found to be in the range from
200 nm to 500 nm with SiO, NPs, and 400 nm to 900 nm with Si NPs. Fibers were left in the
furnace at 150 °C for 12 hours for crosslinking and then embedded in epoxy matrix and left at 60
°C for two days. Fixed fiber mats were then microtomed into 70-nm thin sections at room
temperature using a Leica Ultracut UCT. Ultrathin sections were stained in osmium tetroxide
vapors overnight and were analyzed under a Tecnai T12 transmission electron microscope (TEM),
which operated at 120 kV. TEM images were analyzed with MATLAB 2014R using image
processing scripts developed in our laboratory.

Dispersion area analysis: In dispersion area analysis, gray-scale images are converted to
binary and analyzed pixel-by-pixel to define nanofiber edges and NP agglomerates. The raw
grayscale images generally have fibers with irregular geometries. Thus, they are divided into sub-
images at the point of change in fiber orientation and subsequently aligned parallel to the horizontal
axis, keeping the image quality intact. The next step involves the user selecting a region of interest
to isolate the desired fiber. Consequently, another region is selected for the code to calculate the

intensity threshold and convert the grayscale image to binary. The binary image is essentially an
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array of ones (white region — polymer matrix) and zeroes (black region — background and
nanofillers). For each column of the binary array, the difference between the maximum and
minimum of the coordinates of ones gives the thickness of the fiber for that column. The integral

of the fiber thickness along the length gives the total area of the fiber (Af;per). The integral of the

number of zeroes within the fiber boundary (nanofillers), along the fiber length provides the area
occupied by the nanofillers (4,f). The ratio of Ayf/Agjper gives the fractional dispersion area, an
estimate of the extent to which nanofillers are dispersed. The method can be used under the
assumption that on average the number of NPs per unit volume of polymer nanofiber is similar for
the same nanofiller loading.

Axial FFT analysis: The binary image obtained from DAA is first normalized for its
thickness. The process of normalizing the image can be thought of as either shrinking or stretching
each of the columns in the binary array. In the process, it is ensured that the ratio and relative
position of the ones and zeroes remain intact as in the original column. For each of the rows of the
normalized image, the co-ordinates of the nanofillers are recorded and the Fourier transform of the
data is obtained. The FFT gives the wavenumber and the amplitude corresponding to it. The
wavenumber associated with the highest amplitude is considered to be predominant and the
equivalent wavelength is the leading separation for that row along the fiber length. This exercise
is repeated for all the rows along the radial direction and the prevalent separations are recorded. A
probability distribution is then plotted for the recorded data. The separation distance corresponding
to the highest probability is the most probable separation.

Battery anode fabrication and characterization: 0.5g of Polyvinyl alcohol (PVA,
Polysciences, Mw~78,000) was dissolved in 5g of water, CNTs (7.57 vol% to PVA, Sigma) and

Silicon NPs (51.1 vol% to PVA, MTI Co.) were added to the solution. A probe sonicator (Qsonica
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Q500) was used to disperse the nanoparticles inside the solution. Then resultant solution was
stirred for 5 hours before loading into a syringe. Water-based ES and GAES were used to spin a
solution of PVA-Si-CNT fibers for lithium-ion battery anodes. The solutions were pumped at a
rate of 0.008 ml/min and 0.01 ml/min for ES and GAES respectively. The fibers were spun using
15 kV voltage applied over 15 cm (measured from tip of the needle to collector). SEM (Tescan
Mira3 FESEM) was used to examine fiber morphology. GAES and ES samples were used inside
2032 coin type half cells as anode, and lithium disk was used as the counter electrode. Areal
loading of nanofibers on tested electrodes is 0.2-0.4 mg/cm’. Half cell batteries were
galvanostatically charged and discharged using a battery analyzing station (BST8-MA, MTI Co.)
at different current rates in a voltage window of 0.015-1.5V vs Li/Li".

Simulation Details

9600 coarse-grained polymer and nanoparticle beads were simulated using molecular dynamics.
Simulations were run starting from an isotropic state and continued until steady state was reached.
Nanoparticle volume concentrations were chosen to be close to experimental values. To mimic the
effects of electrospinning, planar elongation was applied to the simulation box. Although not
identical to the uniaxial extension expected in electrospinning, planar elongation contains similar
extension and compression and has the advantage of having a well-studied infinite time solution
in MD.[34-36] The flow field was applied using the SLLOD equations of motion, which were
integrated using a Velocity Verlet algorithm. [37] The code was validated by comparison with the
results of Matin et al. [38]

Polymer chains of length 24 were bonded through a method of constraints used in Bruns et al.
[39], which allows a larger integration time step by fixing the bond lengths. For polymer-polymer

and polymer-nanoparticle interactions, the Weeks-Chandler-Anderson potential was used. [40] To
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simulate the aggregation of nanoparticles, nanoparticle-nanoparticle interactions were modeled by
a cut and shifted Lennard-Jones potential.

Normalized dispersion area was calculated by finding the z-y projection of the nanoparticle
positions, where extension occurred in the z direction and compression in the y direction. The
normalized dispersion area was then found to be the area of the projection occupied by nanoparticle
divided by the total area. Diffusion coefficients for nanoparticles in the polymer matrix were
calculated by finding the mean squared displacement of nanoparticles in the x dimension where no

flow occurs. [2]

Table 2.1. Simulation parameters. Values in MD units are multiples of fundamental units of length,

mass, and energy.

Parameter Value (MD units)
Temperature 1

Bead diameter 1

Chain length 24

Bead density 0.85

Number of beads 9600

MD integration time step 0.005
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2.3. Results and Discussions
2.3.1. The Dispersion Study of Silica Nanoparticles in PVA Nanofibers

Figure 2.2 shows TEM images of longitudinal sections of PVA-SiO, nanofibers
electrospun using different air flow rates through the sheath layer and a fixed electric field (100
kV/m). The particle surface is not functionalized, and therefore the spatial distribution is not
affected by the improvement in affinity between dispersant and dispersion media. [13, 34] Silica
nanoparticles are monodisperse (Figure 2.3 (a)), and kinetically trapped in the polymer matrix due
to rapid solvent evaporation and fiber solidification, which allows us to access the state of the
dispersion prior to complete agglomeration of nanoparticles. EDS analysis of a microtomed
PVA/SiO; nanofiber was performed to confirm the chemical composition and is summarized in
Figure 2.3 (b-d). SEM images of as-spun fiber mats were taken before and after temperature
treatment (Figure 2.4) and there was no evidence of any changes in morphology. As can be seen
from Figure 2.2, silica nanoparticles at 12.92 vol% concentration (black dots in TEM images) tend
to form large agglomerates in PV A nanofibers spun using conventional electrospinning. However,
with the application of a circumferentially uniform air flow, we can see a significant improvement
in nanoparticle dispersion and agglomerate rupture. Therefore, additional extensional deformation
provided by air flow during GAES offers a better control over dispersion and orientation of
individual nanoparticles and agglomerates. The similar behavior was observed for a wide spectrum
of NP loadings, ranging from 1.85 to 12.98 vol% (with respect to PVA), and the TEM images for
1.85 vol% concentration are shown in Figure 2.5. As we demonstrate in a later section, materials
with monodisperse placement of such nanoparticles can be very useful in fabrication of the energy

storage media [42], [43] and water/oil repellant films. [44]
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Figure 2.2. TEM images of microtomed PV A nanofibers with silica NPs (12.92 vol% to PVA) a) at 0 SCFH
(conventional electrospinning), b) 5.5 SCFH, c¢) 9 SCFH and d) 11 SCFH air flow rate and 100 kV/m. Scale

bar 1s 300 nm.
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Figure 2.3 EDS analysis results of PVA fibers with silica NPs. a) TEM image of 12.5 nm monodisperse
silica nanoparticles, b) TEM image (bright field) of PV A nanofiber with 6.86 vol. % SiO, produced via
ES, ¢) TEM image (dark field) of PV A nanofiber with 6.86 vol. % SiO, produced via ES, d) EDS analysis
spectra of a point on the NP agglomerate in PV A nanofiber with 6.86 vol. % SiO2 produced via ES.
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Figure 2.4. SEM images of PVA nanofibers with 6.86 vol. % SiO; spun at a) 0 SCFH — conventional ES,
b) 5.5 SCFH, ¢) 9 SCFH and d) 11 SCFH GAES. The scale bar is 5 microns




Figure 2.5. TEM images of longitudinal sections of microtomed PV A nanofibers with silica NPs (1.85 vol.
% to PVA) a) at 0 SCFH (conventional electrospinning), b) 5.5 SCFH, ¢) 9 SCFH and d) 11 SCFH air flow
rate and 100 kV/m. Scale bar is 300 nm.

27



In order to quantify the observed improvement in nanoparticle dispersion, we performed
two types of post-process image analysis. The first technique is referred to as dispersion area
analysis (DAA) which is based on determination of the area occupied by nanoincluisions relative
to the total area of nanocomposite. DAA procedure is explained in more detail in the Experimental
Section. Nanoparticles and particle agglomerates are expected to maximize the area of their contact
with the polymer matrix to ensure the best and homogeneous dispersion, keeping the volume
within the polymer matrix constant (Figure 2.6). Therefore, the ratio of the area occupied by NPs
to the total area of nanocomposite should be approaching unity for the best dispersion. Figure 2.7
(a) shows the summary of DAA results for different NP loadings used in this study. It can be seen
that for all NP concentrations, there is a significant improvement in the dispersion area with the
application of the high air flow rate, and hence additional deformation. The effect of strong
elongational flow was particularly prominent for the lowest (1.85 vol%) and the highest loadings
(12.98 vol%), where dispersion area increased by almost 300 and 350% from conventional ES to
the highest air flow rate GAES. To explain this behavior, we utilize the reasoning from earlier
theoretical and computational works [2, 9-11], which speculate two main effects of
strain/deformation on NP spatial distribution. The first effect corresponds to the deformation-
induced rupture of NP agglomerates, and the second is due to the enhanced diffusion of NPs by
extensional deformation. The rupture-like effect is observed when extensional forces overcome
cohesive forces between self-attracting NP in agglomerates. It is expected to become more
prominent with increasing deformation rate and is independent of the matrix chain length.
However, the second effect requires a detailed analysis. It has been shown numerically and
experimentally that with the application of high deformation, the diffusivity significantly increases

for liquids [26, 27] and systems with particles suspended in liquids. [2, 28, 29]
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5.5 SCFH

Figure 2.6. TEM images of cross-sections of microtomed PV A nanofibers with silica NPs (8.7 vol. % to

PVA) a)at 5.5 SCFH, b) 9 SCFH and c) 11 SCFH air flow rate and 100 kV/m.

Brochard-Wyart and de Gennes reported that the friction experienced by a spherical
colloidal particle in an entangled polymer melt would strictly depend on the size of the particle
relative to the polymer tube diameter and radius of gyration. [38—40] If the particle radius is smaller
than the characteristic length of the polymer chain and bigger than the polymer tube diameter, it
falls in the thin viscosity regime, where it does not follow the Stokes-Einstein relation. This means
that there is a significant drop in the local viscosity, due to the fact that the local friction depends
only on the layer of monomers that are in contact with the particle, which makes the friction
proportional to the NP area and independent of the polymer chain length. [41, 42] In both ES and
GAES we start with a dilute polymer solution, but during rapid solvent evaporation and before
complete solidification, the molten state is observed. Hence, we calculated two extreme cases to
roughly estimate the range of polymer chain length scales. First, we calculated the radius of
gyration of PVA which is equal to approximately 10 nm for PVA with Mw=78,000 g mol', which
is higher than the radius of SiO, NPs. Second, knowing that due to a very strong deformation
during electrospinning process (as high as 10,000 s™), polymer chains tend to extend and align in

the flow direction, and the maximum end-to-end distance for fully extended PVA chain is equal
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to 400 nm. Having these values, we can conclude that the characteristic length of the polymer
chain lies in the range from 10 to 400 nm and is significantly bigger than the radius of SiO; particle
(b = 6.25 nm), which implies that NPs used in current study fall in the thin viscosity regime
predicted by de Gennes et al. [45] However, it is clear from the TEM images that there are few
cases where SiO, NPs are well dispersed and it is fair to assume that most of the agglomerates
were formed prior to or in the nascent stage of fiber formation. Therefore, agglomerates must be
treated as spheroidal clusters or hairy particles, which allows us to use Stokes-Einstein relation for
the diffusivity. [45] Mobile chains will entangle with the “hairs” of the cluster during the flow and
drastically reduce slippage. Consequently, the effective hydrodynamic radius (R + b) is very large,
and there will be no or negligible improvement in diffusivity due to a decrease in the local
viscosity. This effect is more pronounced for higher NP loadings, where there is a higher
probability of forming agglomerates at the initial stage. Thus, the improvement in diffusivity is
associated with the strain-enhanced diffusion, which would be a homogenizing force for NPs in
short chain polymer matrix or when chains are perfectly aligned with the flow.

On the other hand, for long polymer chains, as in the current study and most of industrial
applications, deformation or strain-induced rupture would be a homogenizing force. This can be
verified by performing a simple time scale analysis. We define the diffusion time scale (¢4;55) as
~ b? /D, and the deformation time scale (tsrqin) as ~1/y, where D is the diffusivity of NP, and y
is the strain imposed on the polymer fluid by elongation. [2] The value of D was calculated using
Stokes-Einstein relation, and y was assumed to be 10,000 s It has been calculated that for SiO,
NPs in PVA solution tg;¢f/tsrain = Pe ~6.7, where Pe is a Peclet number, which is a ratio of
the rate of convection to the rate of diffusion. For this reason, it can be concluded that

strain/extension is expected to be a rupture-like positive force and homogenize the location of NPs
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in nanofibers. Similar results were observed in a rigorous time scale analysis performed by Kalra
etal. 2]

It should be noted that the effect of the nanofiller loading is negligible for low
concentrations. However, when high packing is approached, elongational deformation must be
significantly higher to ensure good dispersion. This behavior can be observed from the 12.98 vol%
case, where dispersion area for conventional electrospinning is lower than for 6.86 and 8.7 vol%
concentrations at the same conditions (Figure 2.7 (a)), which is associated with increased viscosity

of PVA solution at higher nanofiller loadings.
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Figure 2.7. TEM image analysis results for electrospinning and gas-assisted electrospinning at different air
flow rates of PVA/SiO, solutions with different SiO, nanoparticle loadings. A) Dispersion area analysis

results. B) FFT results for separation between NPs and NP agglomerates.

Figure 2.7 (b) shows the results obtained from the axial Fast Fourier Transform analysis
(FFT), which is summarized in more details in the Experimental Section. FFT analysis is utilized
in the current study to determine the most probable separation between individual NPs and NP
agglomerates in the flow direction. It is observed that for all concentrations used in the current
study, there is an average of 75% decrease in separation with the application of the controlled
sheath layer air flow. Lower separation values indicate improved dispersion of spherical NPs and

enhanced cluster rupture. The concept of the most probable separation is similar to the pair
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correlation function that describes how density varies as a function of distance from any reference
particle and is often utilized in CGMD studies. [2, 9-12]

It should be noted that the most significant drop in separation was from conventional ES
to the low air flow rate GAES (5.5 SCFH), suggesting that even slow circumferentially-assisting
air flow can create a significant amount of strain, leading to better dispersion. Therefore, we
investigated the effect of two lower air flow rates (2.5 and 4 SCFH) for two concentrations of silica
NPs (6.86 and 12.98 vol%) to capture the transition that indicates a drastic dispersion
enhancement. It can be seen from Figure 2.8 that there are two empirically evident regimes for the
most probable separation and dispersion area due to additional deformation, which indicate a
competition and a sudden change from one dispersion-enhancement mechanism to another.

To further analyze this behavior, we estimated the increase of extensional deformation by
analyzing SEM images (Figure 2.4) for conventional ES and GAES at the same electric field (100
kV/m), and found that the final fiber dimensions did not show a noticeable change. However, the
polymer-feeding rate for GAES was 3.34 times higher than for ES. This means that the total
extensional deformation required for GAES to produce fibers of the same final dimensions has to
be at least 3.34 times higher compared to ES. If the strain rate for GAES is higher, the jet velocity
is also higher compared to conventional ES. We speculate that the controlled sheath layer air flow
provides additional shearing and extension at the initial stage of jet emanation. However, the effect
is less pronounced in later stages of spinning once the fiber dimensions are small and jet velocity
is higher than the velocity of air, that gradually dissipates at a distance from the spinneret. [50]
Additional air flow assists collection of nanofibers in later stages of spinning and weakly

contributes to additional acceleration and deformation.
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To investigate two dispersion regimes that are evident from Figure 2.8 we conducted a time

scale analysis to relate deformation and diffusion rates of the fiber spinning initiation (Pe,) using
ES/GAES
previously mentioned definitions. First, it is required to calculate the initial strain rate (¥, )

that polymer solution experiences at the tip of the spinneret during ES or GAES at different air

flow rates. This value is calculated for conventional electrospinning using Equation 2.1:

-ES __ . jet
Vo =up /7o 2.1)
where u, is the initial velocity and 7 is the initial jet radius. However, for GAES it is

important to account for additional initial stress associated with the sheath layer air flow (z&") at

different velocities:

air _ udT—ule ,3 039 061, 061(| air JetDl'39 9
TO - |u‘“r jet palr :ualr u uO ( : )
0

where f is the drag coupling parameter on a moving spinline and is equal to 0.185, pg;,- 18
the air density and p,;,-1s the air viscosity. [15] Having initial stress due to air we used Equation

2.3 to calculate the initial strain rate for GAES at different air flow rates:

GAES _ 4z g
Yo =y Lo (2.3)

where p,is the fluid viscosity, which was obtained from rheometry of PVA solutions with
different NP loadings. Creeping flow assumption can be applied for the initial stage of fiber
spinning process, which allows using the Stokes-Einstein relation for the calculation of diffusion
coefficient. This quantitative analysis allows us to compute the time scales and obtain the relation
between the initial convective and diffusive rates of SiO, NP dispersion, employing a correction

factor that comes from a length scale difference between diffusion and convection.
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It can be seen from Figure 2.8 that diffusion-enhanced dispersion is a leading mechanism
at the initial stage of conventional ES (Pe, = 0.2). After addition of the sheath layer air flow, the
deformation-enhanced dispersion mechanism starts competing with the diffusion-controlled one
(0.2 < Pey < 6.77), resulting in a slow improvement of NP spatial distribution, which can be seen
during the first regime. It was empirically observed that at an intermediate air flow rate (5.5 SCFH)
there is an apparent increase in the dispersion area and a sharp decrease of the most probable
separation. Thus, the second dispersion regime (Pe, > 6.77) is the results of domination of the
convective rate, responsible for the deformation-induced rupture mechanism.

It is worthy to note that our observations from DAA and FFT match computational
predictions suggested by previous work [10—12], and further corroborate that application of
controlled circumferentially uniform air flow in GAES results in better dispersion of
nanoinclusions due to a strain enhanced agglomerate rupture and slightly from Taylor diffusion.
This work provides a simple but powerful methodology to produce multifunctional
nanocomposites with high surface area, where particle surface functionalization is not required.
This would be particularly useful for catalytic and energy storage applications where particle
surface functionalization may lead to loss of inherent material properties. Successful development
of methods that control the placement and orientation of various nanofillers during fabrication of
functional nanocomposites will revolutionize the field and lead to the next-generation functional

materials.
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Figure 2.8. Dispersion regime analysis results from a) FFT and b) DAA of ES and GAES (2.5, 4,5.5,9, 11

SCFH) at the initial stage of spinning for PVA/SiO, (6.86 and 12.98 vol%) solutions.
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2.3.2. The Dispersion Study of Silicon Nanoparticles in PVA Nanofibers

Figure 2.9 shows TEM images of longitudinal sections of PVA fibers with 6.86 vol%
concentration of Si NPs. This concentration was utilized to observe the effect of elongational
deformation on spatial distribution, and avoid any effects associated with nanofiller loading. It can
be seen from the images that with the application and later increase of the air flow rate (and hence
extensional force) in GAES, there is a slight improvement in nanoparticle dispersion and
agglomerate rupture. We conjecture that the strong deformation owing to the application of
controlled and circumferentially uniform air flow prevents agglomeration of individual Si NPs and
ruptures existing agglomerates. Strain-induced agglomerate rupture mechanism is expected to be
a homogenizing force, due to the large size of Si nanoparticles. Diffusivity will be significantly
reduced, compared to small silica particles, and is expected to follow a conventional Stokes-
Einstein relation with no/minor fluctuations in local viscosity. [45] Our time scale analysis reveals
that tg;r is more than 3 orders of magnitude higher than tgyqin  (tairf/tstrain = 1650),
confirming that extension is a homogenizing force and controls the spatial distribution of Si
nanoparticles. It is important to note that the deformation time scale significantly dominates for
the larger particles.

These observations were quantified using DAA and FFT analysis techniques. Figure 2.10
(a) shows that the dispersion area increased by more than 100% with the application of the high
air flow rate. This result is associated with an intense rupture of spheroid-like Si agglomerates, and
therefore significantly improved spatial distribution of NPs. Axial FFT analysis (Figure 2.10 (b))
shows a 35% decrease in the most probable separation between Si NPs (better dispersion) with the
application of GAES. However, it can be seen that further increase in the air flow rate did not

significantly affect the most probable separation, only the range of values.
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Using the same reasoning and quantitative analysis as in the previous section we calculated
the initial Peclet numbers (Peg) for conventional ES and GAES at different air flow rates for Si

NP dispersion. It can be seen from Table S1 that there is almost an order of magnitude difference

between Peg 92 and Pe§' due to a bigger size and therefore slower kinetics of Si particle
dispersion. Thus, it can be concluded that a significant increase in extensional deformation is
required to disperse large self-attracting Si particles in polymer nanofibers, and GAES proved to
be a powerful and reliable method to improve and control Si spatial distribution. This work
provides a robust single-step methodology to fabricate a lithium-ion battery anode with improved
capacity due to enhanced dispersion of functional material, which is discussed in more details in

the next section.
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Figure 2.9. TEM images of microtomed PV A nanofibers with silicon NPs (6.86 vol% to PVA) a) at 0 SCFH
(conventional electrospinning), b) 5.5 SCFH, c¢) 9 SCFH and d) 11 SCFH air flow rate and 100 kV/m. Scale

bar is 500 nm.
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Figure 2.10. TEM image analysis results for electrospinning and gas-assisted electrospinning at different
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FFT analysis results.
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2.3.3. Improved control over nanofiller dispersion in Li-ion battery anode fabrication

Silicon, as the material with highest gravimetric capacity has been investigated as the anode
for lithium-ion batteries for more than a decade now. The main issue preventing silicon anodes
from becoming a viable commercial product is the dramatic volume change (400%) upon
lithiation/delithiation. [35, 36] This usually results in pulverization and loss of electric contact of
active material with the current collector and eventual capacity fading. Employment of
nanoparticles has been proven to be a valuable strategy in alleviation of volume changes and
improvement of device longevity [44—47], however, control over the nanofiller dispersion remains
a significant challenge. Surface functionalization of nanoparticles is one of the strategies employed
by different groups to improve nanoparticle dispersion [48, 49], and electrochemical performance
of the created material. Nonetheless, surface functionalization can interfere with some of the
inherent particle properties. To investigate the efficacy of GAES system in promotion of particle
dispersion of particles without surface modifiers, this technique was applied to a highly loaded
solution of PVA, CNTs and Si NPs. Figure 2.11 shows SEM images of PVA-Si-CNT fibers spun
via ES and GAES. Fibers that were spun via conventional ES possess larger aggregates of silicon
nanoparticles, while GAES fibers have a more uniform dispersion. This improvement in spatial
placement is a result of additional extensional force provided by the sheath layer air flow, as
mentioned in previous sections. It should be noted that fiber mats for this experiment were spun
simultaneously from the same solution via ES and GAES. Therefore, the only difference between
two samples is the utilization of circumferentially uniform air flow in GAES. CNT is a new
addition to the system, which may affect the spatial distribution of spherical Si NPs in the polymer

matrix, and will be discussed in detail in the following chapter. Generally, the enthalpic interaction

41



between inorganic nano-inclusions and organic dispersion media is very low. However, if the
second inorganic inclusion is added (CNTs in our case), it can act as a “dispersant”, due to a better
enthalpic interaction between inorganic components. [57] It can be concluded that the addition of
CNTs may positively affect the dispersion of spherical NPs and improve electronic and thermal
properties of the resulting nanocomposite.

To elucidate the role of NP dispersion in electrochemical performance of the samples, half
cell batteries were fabricated using ES and GAES fibers and then galvanostatically charged and
discharged at rates of 0.2 A/g and 1 A/g. Figure 2.12 (a) illustrates the life cycle of half cells at 0.2
A/g for 100 cycles. GAES fibers start off with higher capacity and show more than 600 mAh/g
improvement in the capacity over the life of the battery, which is the direct result of better NP
dispersion. GAES fibers depicted a capacity retention of 75% (calculated against the 2™ cycle),
while ES fibers only retained 39% after 100 cycles at 0.2 A/g. First charge/discharge profiles of
fibers at 0.18 A/g are plotted in Figure 2.12 (b). It is worthy to note that GAES fibers start at
capacities higher than the theoretical capacity of silicon (4200 mAh/g). Part of this high initial
capacity is due to the irreversible reactions of the electrolyte with particles and PVA template to
form the solid electrolyte interface (SEI). Also, CNTs are electrochemically active and have been
tested as successful anode materials on their own. They can have capacities as high as 2500 mAh/g
on their first cycle. [51, 52] All the capacities in this paper are normalized by the mass of silicon
inside of fibers. The shoulder at about 1.2 V [53, 54] is the indication of CNT electrochemical
activity, and the plateau at 0.2-0.015 V is attributed to silicon activity. [55-57] Electrodes
fabricated with the material spun via GAES show higher capacity and more Si and CNT activity,
which is attributed to lower NP agglomeration that was observed from SEM images (Figure 2.11).

GAES fibers get around 1500 mAh/g of their initial capacity from CNTs and SEI formation,
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whereas for ES sample it is only about 1100 mAh/g. This improvement is the result of better CNT
dispersion, therefore more accessible surface area for electrochemical reactions. GAES nanofibers
also have better performance at fast rate of 1 A/g as is apparent from Figure 2.12 (c). The
improvement in capacity for GAES sample over ES is about 680 mAh/g. This amount is almost
twice the theoretical capacity of commercial graphite anodes (372 mAh/g) [58, 59], which is a
significant gain at a low cost of additional gas flow. At this rate both electrodes retained 57% of
their capacity after 100 cycles. More extensive tests on benefits of gas-assisted electrospinning in
silicon anode fabrication and the overall configuration and geometry of composite fibers are
currently underway. Versatility of this method is not limited to semiconductor materials. It can
also be used with a variety of metallic organometallics with different geometries. GAES is a facile
and economical method for a single step electrode fabrication, not only for lithium-ion batteries,

but also for any energy storage devices, since better particle dispersion is easily achieved.
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2.3.4. Experimental validation with non-equilibrium coarse-grained molecular dynamics

Non-equilibrium coarse-grained molecular dynamics simulations were performed to
provide comparison to the experimental results. Simulation details are summarized in the
Supporting Information. Figure 2.13 (a) shows snapshots of the simulation for different planar
elongational strain rates and concentrations.

At lower rates, elongational strain induces the alignment of the polymer chains towards the
extensional flow direction, which in turn causes the nanoparticles to form elongated clusters. At
higher rates, the clusters disperse while still maintaining a general organization towards the
extensional direction. So, it can be seen that the nanoparticle dispersion is improved at higher
elongation rates. This effect is quantified in Figure 2.13 (b). Although these simulations are a
simplified representation of experiment, the dispersion area results match the trends observed in
experiment (Figure 2.7 (a)), where higher strain rate and higher concentration correspond to larger
dispersion area. In Figure 2.13 (c), higher strain rates show reduced peaks of the pair correlation
function. This indicates further that higher elongation strain rates result in better nanoparticle
dispersion. These simulation results agree qualitatively with experimental electrospinning results,
reinforcing that increasing extensional strain by using gas-assisted electrospinning is an effective

strategy for improving nanoparticle dispersion.
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nanoparticle concentrations, ¢) Pair correlation function for nanoparticle-polymer simulations at varying
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2.4. Summary

In this work, we have presented a systematic approach to control the spatial distribution of
unfunctionalized spherical nanoparticles in polymer nanocomposites. Our results demonstrate that
the application of high but controlled circumferentially uniform air flow in gas-assisted
electrospinning provided additional extensional deformation, and therefore enhanced dispersion
and orientation of various nanofillers. First, the effect of extensional deformation on nanofiller
dispersion was tested on small SiO, NPs that were incorporated in PV A/water solution at different

loadings. Solutions were spun using conventional ES and GAES at different air flow rates, and

48



resulting fibers were analyzed by taking TEM images and utilizing two novel image analysis
techniques. Our results also demonstrate that with the increase of the air flow rate, and therefore
extensional deformation, one can achieve a 350% improvement in dispersion area and an average
of 75% decrease in the most probable separation between individual particles and agglomerates.
This indicates a significant enhancement in SiO, dispersion in PVA nanofibers. Improvement is
mostly due to strain-induced rupture of nanoparticle agglomerates that occurs when deformational
forces overcome cohesive forces between NPs. Mentioned results have been verified by a simple

time-scale analysis, which indicated that ty;¢f/tstrqin = 6.7, confirming that extension is a

homogenizing force and controls the spatial distribution of SiO, NPs. FFT results show an
empirical evidence of two dispersion regimes, that correspond to Pe, < 6.77 where diffusion-
enhanced distribution mechanism is in competition with the deformation-induced rupture, and
Pey, > 6.77 where the deformation-enhanced distribution mechanism dominates. In addition, we
demonstrated the ability to disperse large Si NPs in polymer nanofibers. With the application of
the high air flow rate during GAES of PVA/Si solutions we observed a twofold improvement in
dispersion area and a 35% decrease in the most probable separation between particles or
agglomerates, which indicated a significant improvement in NP dispersion and agglomerate
rupture. It is expected that the enhanced diffusivity contribution to the dispersion improvement of
Si is negligible, due to a large size of the NP. It was verified by the convection to diffusion rate
analysis of the initiation of the polymer jet, that shows almost an order of magnitude decrease of
Peft compared to Peg ioz, resembling slower dispersion kinetics of silicon NPs. The overall time
scale analysis indicates that the strain time scale is three orders of magnitude smaller than the

diffusivity time scale, indicating that extension is a dominating force and becomes more prominent

for large nanoparticles. Furthermore, the ability to effectively produce a large amount of high
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surface area nanocomposite material and control NP agglomeration in a single step process,
inspired us to utilize this technique in manufacturing of a Li-battery anode material. High surface
area, non-woven fiber mats were fabricated via ES and GAES of highly loaded solution of Si NPs
and CNTs in PVA. GAES fibers exhibited more than 600 mAh/g improvement of capacity in both
fast and slow current rates at the same Si NP loading, which is attributed to enhancement of
dispersion of nanofillers and more accessible surface for electrochemical reactions. The study on
the control of spatial distribution and orientation of anisotropic particles (CNTs and graphene
nanoribbons (GNRs)) is presented in Chapter 3 of this thesis. All the results in the current study
were qualitatively confirmed with a non-equilibrium coarse-grained molecular dynamics to
reinforce the idea that increasing extensional strain by using gas-assisted electrospinning is an
effective strategy for improving nanoparticle dispersion. To the best of our knowledge, this is the
first work in which the control over the placement of various nanofillers in polymer nanofibers has
been achieved by tuning the driving force of the manufacturing process. Therefore, the success of
current method in improving NP dispersion and preventing agglomeration can obviate both

nanoparticle functionalization and multi-step process for desired nanocomposite fabrication.
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