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ABSTRACT

Flexible structural energy storage is a rapidly emerging area with tantalizing
applications such as integrated devices in textiles and smart suits, portable electronic
devices and electric vehicles (EV). Due to several outstanding properties, graphene oxide
(rGO)/ aramid nanofiber (ANF) composite material has emerged as a compelling choice as
a structural electrode for supercapacitors and batteries. A key question of significant
technological relevance pertains to what kind of nanoscale architecture motifs may lead to
enhanced ionic diffusivity — the key characteristic dictating the overall performance of
the electrode. In this work, we attempt to address this precise question, through
multiphysics computational modeling in the context of several experimentally realizable
nanoarchitectures, namely, “layered” and “house of cards” nanostructures. We investigate
different arrangements (staggered, aligned and square) with various degrees of waviness
of the rGO nanosheets inside the ANF polymer matrix.

Nanoarchitecture modeling results indicate that decreasing waviness of the rGO
sheets can enhance the ion diffusivity in the staggered and aligned arrangements of the
electrode material, while this effect is stronger in staggered arrangement than aligned
arrangement. The results obtained from nanoarchitecture computational modeling are
compared to the porous media approach. It is shown that the widely used porous electrode
theory such as Bruggeman or Millington-Quirk relations, overestimates the effective
diffusion coefficient. Also, the results from nanoarchitecture modeling are validated with
experimental measurements obtained from impedance spectroscopy (EIS) and cyclic
voltammetry (CV). The effective diffusion coefficients obtained from nanoarchitectural

modeling show better agreement with experimental measurements.



The effective properties obtained from nanoarchitecture modeling is used to
simulate cyclic voltammetry (CV) of rGO/ANF structural supercapacitors. Various
electrochemical kinetics evaluated to characterize structural supercapacitors. The insights
obtained from this study can lead to a more effective design of electrode architectures.

Finally, the effect of temperature on solid polymer Li-ion batteries is investigated
through a 1D model that predicts the discharge behavior of flexible pouch cells at different
temperatures. The simulations results show a good agreement with experimental
measurements and yields fundamental insight which is essential for future developments

in flexible solid polymer Li-ion batteries.
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1 INTRODUCTION

The world’s heavy reliance on burning fossil fuels to produce energy plays a
dominant role in global warming and climate change as a major source of local air pollution
and emitter of greenhouse gases [1][2]. Since 1950 until now, climate change due to human
activities has impacted the life on earth, dramatically. Warmer ocean waters, polar ice caps
melting, stronger hurricanes, animal extinction or loss of habitat, and the spread of the
diseases like the most recent crisis of COVID-19 pandemic are the direct consequences of
climate change [3].

Considering the energy demand growth and the extreme necessity for emission-free
energy sources to combat the climate change, fundamental research is needed for speeding
up the transition to clean and renewable energy sources such as solar, wind, and
electrochemical energy storage [4][5]. As a key partner of renewables, electrochemical
energy storage is a standalone system that in contrast to solar and wind is not intermittent.
Over the last decades, development of portable electrochemical energy storage, such as
batteries and supercapacitors, has revolutionized the cellular phones and laptop computers
and now enables the hybrid and all-electric vehicles [5]. Electrochemical system has
demonstrated to be an auspicious approach to generate and store clean energy that
eventually leads to climate change mitigation [5].

Driven by explosion in mobile and portable electronic devices and the proliferation
of drones and electric vehicles, significant attention is directed towards developing new
materials for energy storage with higher efficiency, longer life cycle, and flexible form
factor [1][5][6]. An ultimate goal is to maximize power and energy densities of the energy

storage via state-of-the-art composite materials. The next generation of energy storage



systems require development of multifunctional composite components that are
lightweight, flexible and capable of load-bearing in addition to the high electrochemical
performance [7][8][9]. In a wide variety of applications, from wearable biomedical sensors
and smart electronic textiles to electric vehicles and power system stabilization in space
launchers and satellites structural energy storage is a promising way to save weight and
space of the device. Eliminating the casing and replacing each component with a reinforced
composite that can tolerate cyclic loading will even lead to a safer energy storage
technology. Technical breakthroughs gained by fundamental research, both experimentally
and computationally, will lead to new concepts for high-power energy storage systems that
meets the growing demand on flexible scalable power supply of the future
(LIT71091010][1 1] [12][13][14].
1.1 Scope and Outline of This Dissertation

The main focus of this dissertation is to understand the transport phenomena and
electrochemical performance of flexible structural energy storage devices through
multiphysics computational modeling. Two different electrochemical energy storage have
been studied in this dissertation. The first system presented here is the structural
supercapacitor consisting of a new class of composite materials based upon reduced
graphene oxide (rGO) and Kevlar® aramid nanofiber (ANF) [15][16][17][18][19]. This
composite electrode material has demonstrated increases in elastic modulus and toughness
and is a promising candidate for next generation flexible structural energy storage. In
Chapter 2 it is shown that through different fabrication methods, various nanoarchitectures
are produced in rGO/ANF structural electrodes. Two “layered” and ‘“house of cards”

nanostructures of rGO/ANF electrodes that obtained through vacuum filtration and sol-gel



methods respectively are compared through SEM images. Each of these nanoarchitectures
has inherent tradeoffs with regard to electronic conductivity, ionic diffusivity, and
mechanical properties.

In Chapter 3 a rigorous nanoarchitecture model is developed for layered
nanostructure. Two staggered and aligned arrangements of rGO sheets are developed to
investigate the effect of nanoarchitecture on ionic diffusivity. In addition, various degrees
of waviness for rGO sheets are considered. The model presented in this study accounts the
diffusion of ions in a Fickian mass transfer. The effective diffusivity obtained for each
architecture compared with experimental results.

In Chapter 4 a 2D model is developed for house of cards nanostructure and the
results for concentration and potential gradient are compared with porous electrode theory
results. The simulation results are also compared with experimental measurements through
cyclic voltammetry and electrochemical impedance spectroscopy.

In Chapter 5, a 1D model is developed to simulate the cyclic voltammetry of the
whole cell supercapacitor made of rGO/ANF structural electrodes. In this study, different
electrode kinetics are considered including Tafel equation and Butler-Volmer equation
with very low current density. The simulation results are validated with experimental
measurements. This rigorous model can serve as a benchmark for optimizing and designing
new structural electrodes.

In the second part of this dissertation, the effect of low temperatures on flexible
solid polymer electrolyte lithium-ion (Li-ion) batteries is investigated. The second energy
storage is the flexible Li-ion batteries consisting of graphite (LiCs) anode, lithium cobalt

oxide (LiCoO,) cathode, and Polyethylene oxide (PEO) solid polymer electrolyte (SPE).



In Chapter 6 a literature review on thermal modeling of Li-ion batteries is provided.
The performance of solid polymer Li-ion batteries at low temperatures is investigated by
developing a multiphysics 1D model. The heat transfer model is coupled with the
electrochemical single particle battery model. The battery performance is simulated for
temperatures of 4°C, 10°C, and 25°C and compared with experimental measurements. The
mathematical development is presented in Chapter 7. Figure 1.1 shows the summary of the

dissertation.
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Figure 1.1 The Dissertation Summary.



1.2 Electrochemical Energy Storage

Two primary types of electrochemical energy storage systems are supercapacitors
and Lithium-ion (Li-ion) batteries which are categorized as capacitive and chemical energy
storage systems, respectively [20][21][22]. Supercapacitors and Li-ion batteries have
relatively similar construction; however, they store energy in quite different mechanisms.
Batteries store energy in the form of chemical energy through reactants (chemical energy
storage), whereas electrical capacitors store electrical energy directly as electrostatic
charge (capacitive energy storage) [21]. Three major electrochemically active components
of supercapacitors and Li-ion batteries are anode, cathode and electrolyte. A nonconductive
polymer separator contained with the electrolytic solution divides the electrodes preventing
the internal short circuit [20][21][22]. Table 1.1 compares some of the key parameters of
supercapacitors and Li-ion batteries based on data from Maxwell Technologies, Inc.

Table 1.1 Comparison of key parameters between supercapacitors and Li-ion batteries.

Specification Supercapacitors Li-Ion Batteries
Specific Energy (Wh/kg) 5 (typical) 100-265
Specific Power (W/kg) Up to 10,000 1000-3000
Nominal Cell Voltage (V) 2.2-2.75 3.6-4.2
Life Cycle > 1 million > 500

Source: Maxwell Technologies, Inc.

The Ragone plot in Figure 1.2 demonstrates the general performance of
supercapacitors and Li-ion batteries based on power density versus energy density. Li-ion
batteries have higher energy density, while supercapacitors have higher power density
[23][24]. A great volume of research studies in Li-ion batteries and supercapacitors is
focused on improving the system performance and moving towards the top right corner of

the Ragone plot to achieve higher energy and power densities [25][26][27][29][30][31].



Figure 1.3 shows the available conventional supercapacitors and Li-ion batteries in the

market with limited form factor to only a few geometries (coin, cylindrical, and prismatic).
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Figure 1.2 Ragone plot for electrochemical energy storage [23][24].

The design of batteries and supercapacitors with high energy-storage capabilities is
an ongoing research, mainly focused on synthesis of new multifunctional nanostructured
materials for electrodes and electrolyte components [8][9][10]. In the recent years,
development of flexible energy storage devices has achieved tremendous interests due to
emerging wearable and flexible electronics [14][32]. The main goal is to introduce various
shape factors to the device while improving the device electrochemical performance. For
example, in flexible Li-ion batteries replacing the liquid electrolyte with solid polymer
electrolyte not only increases the device flexibility, but also improves the batteries
safety[33][35]. Structural electrode materials are basically the reinforced electrode active
materials with polymer matrix that enable more flexibility to the device [8][10].

The next generation of energy storage systems require development of
multifunctional composite components that are structurally self-reliance in addition to high

electrochemical performance [1][11][12][10]. Replacing each component with a reinforced



composite that can tolerate cyclic loading will eventually lead to a safer energy storage that
can be incorporated into practically any portable electronics in many applications

[35][36][37].
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Figure 1.3 (a) Supercapacitors, and (b) Li-ion batteries in limited shape factors of
prismatic, cylindrical, and coin cells.

The combination of experimental work with theory, modeling, and simulation
contributes to understand the underlying processes in electrochemical systems. Theoretical
development has enabled the rational design of nanostructured multifunctional materials
with vastly improved performance, while lowered the cost of prototyping [38][39][40][41].
1.3 Computational Modeling of Electrochemical Systems

Quantitative understanding of material properties such as porosity, effective
diffusion coefficient and electrical conductivity both through experiments and
computational modeling plays a critical role to design nanocomposite structural electrode
materials with optimal performance [38][39][40][41]. However, computational modeling
compared with experiments is quicker and often more efficient in providing accurate
optimization of processes and devices. Progress in modeling and fundamental

understanding of the theories behind charge storage and transfer mechanism will accelerate



new material designs with higher energy and power at lower cost. Moreover, computational
modeling can be beneficial to predict the system performance during charge-discharge
cycling and under various operating conditions. A key factor in computational advances is
validation of theoretical methods with experimental results that ensures the reliability of
the models and further improvement of computational tools [1][38][39][40][41].

1.4 COMSOL Multiphysics

COMSOL Multiphysics® is a powerful simulation platform with finite element
analysis solver that is employed to understand, design, and optimize processes and devices
in a wide range of applications in areas of chemical, electrical, mechanical, fluid, acoustic,
etc. The modules embedded in COMSOL software provide a modeling workflow from
designing geometries, material properties, defining the physics of specific phenomena to
solving and postprocessing the modeling results [42][43].

These modules are either exclusively engaged to investigate specific physical
phenomena and maintain all the possible related boundary conditions or in general forms
as mathematical expressions enabling the users to define their own conditions. For
example, the mass transfer in a thin layer of charge in a diffuse double layer at the
electrode/electrolyte interface can be easily studied through the Chemical Species
Transport modules such as coupling Poisson-Nernst-Planck Equations, Transport of
Diluted Species, and Transport of Concentrated Species modules [44].

The electrical and chemical characteristics of an electrochemical cell such as a
supercapacitor or a battery can be explored through the Electrochemistry modules such as
Electroanalysis, Battery Interfaces, and Li-ion Battery modules[44]. On the other hand, the

users can adopt the Mathematics modules such as PDE Interfaces, Coefficient Form PDE



and General Form PDE to define a proper model based on their physics and have control
over all aspect of the design. The ability of coupling any number of physical phenomena
as well as user defined physics have made this software a suitable workbench for more
creative and challenging problems [44][45]. Different studies are suggested by COMSOL
for time-dependent, stationary or eigenfrequency conditions which the solution from any
of the previous study steps can be used as input to the next study step [42][43][44][45].

Other advantages of COMSOL software can incorporate other programming
languages like JAVA and MATLAB via LiveLink™ to extend the modeling with scripting
programming. Moreover, COMSOL supports all the standard CAD and ECAD files
through CAD Import Module and Design Module that allows for import and export of a
wide range of industry standard CAD files. The Application Builder in COMSOL contains
functionality for building simulation applications with restricted inputs and outputs for a
specific task [42][43].

The finite element method used in COMSOL Multiphysics solver is not as efficient
as other available commercial software. In contrast, the finite volume method (FVM-based)
software is usually faster and better suited for iterative solvers for specific fluid flows and
mass transfer problems. In FEM solver, the computation time can increase significantly for
complicated geometries and rigorous modeling equations. The accuracy of the solution also
depends on the mesh size, complexity of the geometry, model equations and assigned initial

and boundary conditions [46].



2 Structural Supercapacitors

2.1 Overview

Supercapacitors with their superior attributes including high power density and
long life cycles, have become one of the highly attractive electrochemical devices,
especially for those applications that require a sudden burst of energy supply such as
regenerative breaking in electric vehicles [1][7]. Recent developments in flexible and
wearable electronics have driven the supercapacitor technology towards structural
compatibility with a wide range of applications including the smart and portable electronics
and biometrics, and in-ground and aerial vehicles [8-14]. To accomplish this goal, research
efforts have been focused on developing novel structural electrode materials through both
experimental and modeling approaches [15-19].

Supercapacitors also known as electrochemical capacitors or ultracapacitors are
electrochemical energy storage that consist of two identical electrodes immersed in an
electrolyte and separated by an ion permeable membrane[20]. The electrolyte is a mixture
of positive and negative ions dissolved in a solvent. Electrical energy is stored in
supercapacitors through the double-layer phenomenon. When a voltage is applied to a
supercapacitor, ions with the opposite charge to the electrode’s polarity form an electric
double-layer at the electrode/electrolyte interfaces [21]. The double-layer consists of an
electronic layer at the surface lattice structure of the electrode and a layer of ions with
opposite polarity in the electrolyte. In the double-layer, two storage principles contribute
in supercapacitors total capacitance: the capacitance due to electrostatic separation of
charge in Helmholtz layer and the pseudocapacitance due to Faradic redox reactions with

electron charge transfer in the double-layer. The latter happens when ions pervade the
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double-layer becoming specifically adsorbed ions. Figure 2.1 shows the schematic of a
typical supercapacitor [22].
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Figure 2.1 Structure of an ideal supercapacitor.

The adhesion forces in both storage principles are mainly electrostatic forces at the
electrode surface and not due to chemical reactions and generation of chemical bonds. In
the case of pseudocapacitors, only electron charge transfers between electrode and
electrolyte in Faradic redox reaction [22][23]. Materials exhibiting electrochemical double
layer behavior are activated carbon, porous carbon, carbon nanotube and graphene,
whereas the materials with pseudocapacitors behavior are transition-metal oxides like
RuO;, IrO;, or MnO». Supercapacitors are used in applications requiring many rapid
charge/discharge cycles, rather than long term compact energy storage

[22]12411251[301[36][37].
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Two dynamic modeling approaches are used to investigate the performance of
supercapacitors [40][41]. The common standard model consists of equivalent RC circuits
and transition-line. The RC models are oversimplified and can provide useful analytical
formulae to interpret experimental measurements. Also, by considering more complicated
equivalent circuits of nested transmission lines the effect of microstructure on capacitive
charging can be determined. However, the equivalent RC circuit models cannot be used
for predictive modeling since they are usually used to fit experimental data. Moreover, this
modeling approach neglects the ionic diffusivity and nonuniform concentration of ions in
the electrode/electrolyte interface[40]. The second approach is the dynamic modeling
through coupled Poisson-Nernst-Planck equation. This model considers the transient
electric potential and ionic concentration in the diffuse layer. This model is valid for binary
symmetric electrolyte assuming identical diffusion coefficients for cations and anions. On
the other hand, this model needs modification for modeling asymmetric concentrated
electrolyte solution considering finite ion size. In the following chapters the Poisson-
Nernst-Planck equation is adapted to model structural supercapacitors [41].

2.2 Reduced Graphene Oxide/Aramid Nanofiber Structural Electrodes

Although carbon-based materials including highly porous activated carbon, carbon
nanofibers, and carbon nanotubes have been widely considered as electrode materials in
supercapacitors [47][48][49][50], structural composite material made of reduced graphene
oxide (rGO) embedded in aramid nanofiber (ANF) polymer matrix has attracted much
interests due to its outstanding mechanical and electrochemical properties. Two-
dimensional graphene-based materials have captured much attention in recent years as a

promising candidate for structural electrodes [51][52][53][54]1[55]1[56][57][58][59]. The
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large surface area to volume ratio of graphene can significantly increase the energy storage
capability of supercapacitors. The ionic transfer along the flat surface area and through the
layered structure of graphene sheets can be more efficient than through the pores in carbon-
based materials [53][54]. The reduced graphene oxide (rGO) or functionalized graphene is
one of the graphene-based materials overcomes the restacking issue in graphene layers.
This is mainly attributed to the presence of the oxygen groups in the rGO that increases the
interlayer distance between graphene sheets [55]. Restacking of graphene layers are
generally caused by its highly active edge planes that can lead to surface access reduction
and capacitance loss in the graphene electrode [56][57].

To enhance the mechanical properties of reduced graphene oxide as a flexible
electrode, one strategy is to incorporate the graphene oxide into a polymer matrix and
develop a hybrid nanocomposite material. Among polymers used in flexible electrodes,
aramid nanofibers (ANFs) extracted from Kevlar (poly-phenylene terephthalamide,
PPTA), has been considered as an auspicious possibility with remarkable mechanical
properties [15][16][17][18][19][60][61][62][63][64][65]. Kevlar that is famously used for
bullet-proof vests, is a fiber formed from rigid-rod polyaramid with high tensile modulus
of 185 GPa and strength of 4 GPa [66][67]. Aramid nanofiber can provide a strong matrix
for graphene-based materials, especially in applications that require frequent bending and
deformation[67][68][69]. Common methodologies to fabricate rGO/ANF nanocomposite
thin films include vacuum-assisted filtration, sol-gel process, and monolith
technique[ 15][16][17][18][19]. A “layer-by-layer” thin film or paper like “brick-and-
mortar” structure can be obtained through vacuum-filtration technique [15][16][17][18]

[61][70].
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In vacuum-assisted filtration method, these two components are processed into free-
standing electrodes. More specifically, GO/DMSO and ANF/DMSO dispersions are mixed
together. Afterwards, water is added to re-protonate the ANF amide bonds and the mixture
is vacuum filtrated. This leads to extensive hydrogen bonding and n-= stacking interactions

between the ANF amide bonds and the GO oxygen-containing groups [15].

(@)

Figure 2.2 (a) Vacuum filtered rGO/ANF sample, (b) SEM images of cross-sectional area
of layered nanostructure [108].

The as-prepared electrodes are thermally reduced to yield reduced graphene oxide
composites (rGO/ANF). Cross-section SEM images reveal a highly layered structure with
aligned, interlocking rGO/ANF nanosheets with high in-plane strength and out-plane
flexibility and controllable compositions, as shown in Figure 2.2. The rGO nanosheets
exhibit a wavy morphology and the ANFs are not observed from the SEM images due to
their small size. The electrodes have thicknesses 8-16 um. The schematics of vacuum
filtration technique is shown in Figure A.1 and more details of experimental setup is

provided in section A.1, Appendix A.
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Figure 2.3 (a) Hydrogel rGO/ANF sample, (b) SEM images of different compositions of
house of cards with compressed and uncompressed configurations [108].

On the other hand, a porous “house-of-cards” nanoarchitecture can be accessed
through the sol-gel method [71][72][73][74]. This method involves cross linking of the
functional groups and aerogel-appropriate drying steps. This results in an electrically
conductive porous functionalized graphene sheets skeletal structure and ANFs can be
added either prior to gelation or coated through post-processing. The house of cards
nanostructure can be noted as randomness of solid network that leads to isotropic
properties; however, the house of cards expression emphasizes on the arrangements of
rGO/ANF nanosheets which can be different from typical spherical porous media
nanocomposites [75][76][76]. The sample and SEM images of house of cards
nanoarchitecture is shown in Figure 2.3. The electrodes have thicknesses 1-2 mm. The
schematics of sol-gel technique is shown in Figure A.2 and more details of experimental
setup is provided in section A.1, Appendix A.

These different fabrication approaches to produce rGO/ANF nanocomposites have

introduced nanoscale architectural variations that may affect the mechanical and
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electrochemical properties of nanocomposite. These architectures constitute tradeoffs
regarding electronic conductivity, electrochemical activity, and mechanical properties. For
example, the house of cards network architecture is likely to be more brittle, depending on
the network-reinforcing role of guest ANFs in the host rGO structure. In contrast, the
network architectures have tunable pore size and better electrochemical properties, with
high electrical conductivity, high surface area, and rapid ion transport. In contrast, the paper
and Layer-by-Layer films may suffer from ion diffusion limitations and ANF-dominated
contact resistance. Layered structure films with ANF spacers may also exhibit enhanced
capacitance depending upon nanosheet spacing [15][16][17][18][19][72].

In Chapters 3 and 4, a computational modeling is established to investigate the
effect of these nanostructures on composite electrode properties such as ionic diffusivity,
porosity and tortuosity and the results are compared and validated with experimental
measurements. In Chapter 5, the modeling approach is expanded to further study the
electrochemical behavior of the whole cell structural supercapacitor made of rGO/ANF

electrodes and the plots of current density, voltage and ionic concentration are investigated.
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3 The Effect of Electrode Nanoarchitecture on Ionic Diffusivity

3.1 Introduction

Electrochemical and mechanical properties of structural electrodes are highly
influenced by material’s nanoarchitecture. Specifically, ionic transport in structural
electrode is mainly due to diffusion mechanism and an accurate diffusion analysis of
structural electrodes is a key to improve design and performance of structural energy
storage. In the previously reported studies that have explored various aspects of electrode
materials in supercapacitors through computational modeling, generally, the architectural
effects were either not considered or fully investigated [78][98]. These studies have mostly
focused on the investigation of interfacial side reactions [78], heterogeneous [79], and
electrochemical properties of porous electrodes and they often treat electrode material as a
porous media and the influence of material architecture on diffusivity is neglected.

In one study, Johnson and Newman [80] developed a model for a porous electrode
to analyze the desalting processes in terms of ionic adsorption on porous carbon. In another
study, Srinivasan et al. [93] developed an analytical model and used it to study constant-
current discharging, cyclic voltage sweeping, and the AC impedance of carbon double-
layer capacitors. In most of these studies, the effective diffusion coefficient is assumed to
be a constant value or is estimated through Bruggeman’s relation, Derr =e¢D/t
[82][83][92][93]. Modeling material nanoarchitecture is limited to MD simulations
[99][100][101][102][103] with restricted conditions or moisture adsorption of composite
material [104][105][106]. In Table 3.1 we have summarized several modeling approaches

reported in the literature that investigate the ionic diffusivity in composite materials.
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Table 3.1 Summary of various modeling approaches to investigate diffusivity [108].

Model

Ref. Study

Advantages

Disadvantages

Analytical Model (Different
Fields)

0

Lietal. [84]

Joliff et al. [85]

Yang et al. [86]

Useful to model simple
geometries

Computationally convenient

Describes water diffusion
kinetics in some composites

Not accurate for
complicated geometries
and boundary conditions

Requires simplifications

Transport limitations due to
micropores are ignored

Electrical Model
(Supercapacitors)

N

Yu et al. [87]

Kahlert et al.[88]

Kim et al.[89],
Buller et al.[90]

Characterizes supercapacitor
capacitance and diffusivity

Combines the charge-transfer
resistance and the diffusion
impedance

Describe self-discharge due to
Investigates diffusion

Large variations in the
reported values of diffusion
coefficient

Uncertainties in the
experimental determination
of the parameters

Electrode material's
Architecture is not
considered

Porous Media Model
(Supercapacitors)

Lin et al. [91],
Verbrugge et
al.[92]

Srinivasan et al.
[93], Kim et al.
[94]

Zhang et al. [96]

Effective diffusivity is
calculated by Des=eD/t

Investigates the effect of
thickness and pore size

Relatively simple model

Transport properties are
determined based on the
solvent velocity

Materials are assumed to
be homogenous with
uniformly distributed pores

Only the effect of electrode
thickness can be
investigated

Molecular Dynamics
(Supercapacitors)
o

o,

Kondrat et al. [99]

Shim et al. [100],
Pean et al. [101]

Youngs et al
[102], Merlet et al.
[103]

Shows the dependency of

diffusion coefficient on potential

inside of the pores

Investigates the material
properties in molecular level

Characterizes diffusion

coefficient by ion confinement

and electrosorption effects

Limited to the nanoporous
materials

Variations of diffusion
coefficient are observed

Computationally
expensive; experimental
validation is required

Architecture Model
(Composite Materials

Tang et al. [104],
Cussler et al. [105]

Korkees et al.
[106], Zid et al.
[107]

Considers the effect of

composite architecture on water

absorption, diffusivity,
permeability, etc.

Predicts the variation of material
properties with the concentration

Requires simplifications
due to geometrical
complexities

The morphology of
materials is usually more
complicated in reality

Architecture Model
(Supercapacitors)

Time=1s

1.25 A 0.0
x10
1.2 >
1.15 105
1.1
1.9
1.05
1 HH HHHHH 1.85
0.95 1.8
0.9 1.75
0.85 1
0.8
0.75 1.65
0.7 1.6
(9] 0.1 0.2 0.3w 0.02

This Study[108]

Shows dependency of diffusion
coefficient on the detailed nano-

and microstructures

Enables a more effective design

of electrode architectures

Computationally time
consuming relative to
porous media modeling

Can involve simplifications
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To investigate the effect of electrode nanostructure on ionic diffusivity, Zhang et
al. [96] have developed a 3D mathematical model for CNT/PPy composite considering
electrode surface as macroporous, nanoporous and planar films. It is concluded that
macroporous structure has better performance for ionic transportation. In another study,
Kaus et al. [97] have introduced a complex electrical model that can predict the effect of
charge duration, initial voltage and temperature on open circuit voltage decay. They have
shown that the potential decay in supercapacitors is moderately related to the redistribution
of ions and ionic diffusion plays significant role in supercapacitors performance. In this
study, we have focused on “layer-by-layer” and “brick and mortar” architectures of rGO
with 25wt%ANF composite that is reported as a promising candidate for structural
electrodes [15][16] obtained through vacuum filtration technique.

3.2 Geometry Development
The schematics of the layer-by-layer architecture influenced by SEM images are

shown in Figure 3.1.

RVE rGO/ANF Composite

Aligned

Staggered

Staggered & Wavy

Figure 3.1 Aligned and staggered arrangements of rGO nanosheets (flat and wavy)
describing layered nanostructure [108].
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To develop a repeating unit cell based on the SEM images of rGO/25wt%ANF
composites, it is assumed that rGO nanosheets are building blocks of unit cells that are
surrounded by the ANF polymer matrix in two different arrangements: aligned and
staggered. We have developed 2D geometries in COMSOL Multiphysics for these
arrangements and also considered the rGO nanosheets’ waviness adding more complex and
realistic features of rGO nanosheets. The waviness of rGO sheets is defined based on the
sine wave characteristics.

To define the waviness of rGO nanosheet, it is crucial to use the parallel curve
equations instead of wusing the translational movement of the sine wave
[109][110][111][112][113]. The main reason is by changing the waviness of the sheets, the
area between the two curves representing the thickness of rGO sheets will not be conserved
and will decrease by increasing the waviness. The parallel of a sine curve can be defined
as the envelope of circles whose centers are on the curve and their radius defined the offset
from the base sine curve, alternatively [110][111][112].

Figure 3.2a shows the sine wave and its parallel curve that are compared to the
transitional sine function with an offset d. Here, the area between two curves equals to the
area between two flat rGO sheets. The area between two curves reduces if we use the
transitional curve. The geometry developed in COMSOL for waviness of one rGO
nanosheet is also shown in Figure 3.2b. A constant offset of 0.01pm normal to the base
curve is assumed for the thickness of each rGO nanosheet. The parametric representations
of a vertical sine curve are defined as [110]

yl(t) = b tr

X = asiny = ,
Y {xl(t) =asint,

(3.1)
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where a= © b /c. The parallel parametric formula of sine wave in the horizontal direction

with a positive offset d is [111][112]

y2(8) =y, () —d < x () ) (3.2)
VY (©? + 2 (1)

which leads to the following expression

L ?ncos(t)
y.(t) =bt—d : 3.3)

\/1 + (%)2 cos?(t)

x = asin(ly)
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Figure 3.2 (a) Characterizing waviness (W) based on parallel sine curves, (b) geometry
development for one rGO sheet in COMSOL [108].

The parallel parametric formula for sine wave in the vertical direction can be

determined through
"(t
x5 () = x1(t) +d< v () ) (3.4)
Vy' ©F +x' ()2
that give us the following expression
bm 1
ya(t) = Tsm(t) +d , (3.5)

\/1 + (%)2 cos?(t)

here b can be evaluated based on the equation
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1
b= , (3.6)

(114 @)e G- #52)

where E is the second kind Elliptic Integral. Although the sine wave is a smooth curve, its

offset has more complicated mathematical structure[112][113]. The required parameters to
determine the waviness of rGO sheets are A=27b in the original sine wave defined as x=a

sin(Ay) and the parmeter ¢ in a=nb/c that is set to {8, 12, 16, 20} to achieve waviness of

a 1 1 1 1 1 . . . .
w=—-=—: {—,—,—,—} and zero for straight sheets with zero waviness. Figure 3.3
A 2¢c 16 2432 20

indicates the representative volume of the nanocomposits with waviness assigned

waviness.
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3.3 Ionic Transfer in Electrode Material
3.3.1 Mathematical Description

We have adopted the dilute-solution theory [114][115] to describe the ionic
transport phenomena. The electrolyte is assumed to be a binary solution (1:1 electrolyte)
which is a solution of a single salt composed of one type of cation and one type of anion.
The dilute-solution theory for binary electrolytes is equivalent to concentrated-solution
theory and each species diffuses independently according to its own concentration gradient
and diffusion coefficient [114]. The multicomponent diffusion equation can be simplified
when the concentration dependence of the physiochemical parameters is not known or can
be neglected. In the dilute solution theory, the flux density Ji (mol m? s!) of a solute species
i can be described as a combination of mobile ionic species movement via three different
phenomena: (i) diffusion flux (due to concentration gradient), (ii) migration flux (due to
potential gradient) and (iii) convection flux (due to density gradient) and it is governed by

Nernst-Plank equation as [114][115]
D;
]i = —DiVCi - ZiFﬁCiV¢ + V¢, (37)

where ¢i, Di, and z are concentration (mol/m?), diffusivity (m?/s), and charge number of
species i, respectively. The gas constant and temperature are represented by R and T,
respectively. Here, the diffusion coefficient is assumed to be constant. In this equation, @
is the electrostatic potential (V), F is Faraday’s constant (96,487 C/mol), and v is the
velocity of the bulk fluid (m/s) [115][116]. When the flux density is inserted into the
material-balance equation, it is useful to determine the concentration distribution

throughout the medium as [114][115][116]

a_i_i = DiVZCi + Zl'FV.(

; Di ¢ Vcb) —v.Vc; +R;, (3.8)

RT
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here, R; is the homogeneous chemical reactions in the bulk of the electrolyte solution. In
electrochemical systems, the reactions are limited to the electrode-electrolyte interface and
in the case of supercapacitors which there is no faradic reaction, R;is zero.

In studies of electrode kinetics, further simplification of the domain equation is
required. Many previous studies have reported to dismiss the effect of migration in the
presence of supporting (inert) electrolyte that reduces the electric field close to the
electrode surface [114][115][116]. Supporting electrolytes in the electrochemical cells
increases the electrolyte conductivity and reduces the effect of electric field as shown in

Figures 3.4 [114][115][116].

Negative rGO Positive rGO
Electrode Electrode

+ — >
Electrolyte/ Separator

Electric Potential in the
Electrolyte Solution

@ Electric Potential
Between rGO Sheets

>

Electrolyte/ Separator

Figure 3.4 Electric potential in electrolyte solution between rGO/ANF nanosheets [108].
The mass transfer of species i then will be primarily due to diffusion and convection
and the concentration distribution is governed by diffusion-convection equation as [114]

ac—D|72 %4 3.9
i c—v.Vc, (3.9
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where the diffusion coefficient D is compromise between the diffusion coefficient of the
cation (D+) and anion (D.) and can be determined by the following equation [114][115]

[116] for a binary electrolyte when z+ = -z. =1 as

D= zZyusD_ — z_u_D+. (310)

ZyUy —Z_U_

By assuming that the supercapacitor system is under quiescent conditions (stagnant
solution) or is unstirred with no density gradients the velocity, v equals to zero and hence
convection flux would be zero. By employing these assumptions, the mass transfer
equation will be truncated to the diffusion equation that is governed by Fick’s second law

as [117]

% = p v, (3.11)

ac

At the electrode surface the diffusion is primary importance to the transport process
[115]. At the electrode-electrolyte interface, the concentration of species i differs
significantly from its bulk value. This permits a further simplification in the analysis of
boundary conditions which is explained in the next section.
3.3.2  Boundary Conditions and 1D vs. 2D Diffusion Mass Transfer

The focus of this study is mainly on the effect of electrode nanoarchitecture on the
ionic mass transfer. At the surface of the electrode in contact with electrolyte (x= 0) it is
assumed that the concentration of species i, has the maximum value of co, see Figure A.3
in Appendix A. To satisfy the dilute solution theory, cois set to be a small value of 0.02
mol/m?, while

c (0,t) = cy, at t =0, (3.12)

and the net flux density is assumed to be zero at the other boundaries including top, bottom,

and x = L of the representative volume element as well as on the surfaces of rGO blocks
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—n.[—D <%+g—;")] - 0. (3.13)

This assumption for RVE is valid since the actual rGO/ANF sample exhibits as a
thin film. Therefore, because of the large electrode diameter to thickness ratio, the majority
of ions diffuse mainly through the surface of the sample and not through the edges.
Therefore, diffusion mass transfer is assumed to be mainly one-dimensional and in x-
direction (and zero in y-direction), see Figure A.4 in Appendix A. The rGO nanosheets are
assumed to be impenetrable, impermeable, and transversely isotropic. The diffusion
coefficient of rGO is orientation dependent and the sheets are presumed to be perpendicular
to the electrolyte flow and the ion insertion occurs through the small subgrains in the rGO
sheets. On the other hand, ions diffuse through tangled fibers of ANF polymer matrix.
Determination of the effective diffusion coefficient for parallel-series laminates in
heterogeneous composite materials has been studied in references [117][118] and are
shown in Figure A.5.

3.4 Results and Discussion
3.4.1 Concentration Contour Plots

The concentration contour plots are obtained for all architectures and arrangements
and a range of diffusion coefficients from 102° to 10® m?/s. Concentration contour plots
of diffusion coefficient of 10" m?/s for both aligned and staggered arrangements are shown
in Figure 3.5. The rGO sheet waviness is also considered for a/A ratio of 1/16, 1/24, 1/32
and straight sheets. Figure A.6 in Appendix A shows the entire RVE for each geometry.
The time needed for ions to move through the aligned arrangements is around 0.15s that is
one order of magnitude faster than time required for ions to move in staggered

arrangements that is 3s. The staggered arrangement geometries have more tortuous
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pathways result in more complex passages for ionic movement. Therefore, the ionic
transfer in staggered arrangement reaches the equilibrium condition taking more time than
in aligned arrangements. On the other hand, the aligned arrangements have shorter
pathways through electrode thickness, which lead to faster ionic movements towards the

equilibrium concentration. The details related to these plots will be quantitatively explained

in the following sections.
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Figure 3.5 Concentration contour plots, D =10-'° m?/s [108].

3.4.2 Concentration-Time Curves
The concentration-time plot of three points located in the left, middle, and right of

the RVE thickness is shown in Figure 3.6. It can be seen that how the ionic transfer
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develops in three stages. The stage (1) is the time needed for ions to reach the points. It is
obvious that the longer time is required for ions to move towards the point selected far
from the diffusion boundary. The stage (2) is the transient stage, in which the ion transfer
continues regarding to the concentration equilibrium. Finally, when the ionic concentration
reaches the maximum concentration, diffusion goes to the steady state condition in stage
(3). The concentration-time plots for all the arrangements are illustrated in Figure A.7 in
the Appendix A. It can be seen that if diffusivity is enhanced, it will directly improve
capacitance, energy and power of the supercapacitors referring to the equations sections

A.2 to A.3 in the Appendix A [78][79][81][83][114][115][116].
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Figure 3.6 Concentration-time plots for three points shown in the staggered arrangement
indicating three-time stages of diffusion development: (1) linear area,
(2) transition area, and (3) saturated areca [108].

3.4.3 Concentration-Distance Plots

Figure 3.7 shows different time steps of concentration development along the

vertical red line in the staggered arrangement for diffusion coefficient of 10-'° m?/s. The

29



sharp point in the middle of the plot is resulted from ion movement through the channel
between rGO sheets. The flux streamlines shown in Figure 3.7 in the right can visualize
this effect. It can be seen that the density of streamlines is higher in the middle of the
channel rather than in contact with the rGO surfaces. Then ions confront lower resistance
in the center of the channel and the velocity of ions in contact with the rGO surface is zero.
In the absence of this channel, for 1D and a simple 2D block, a smooth curvature for

concentration have been obtained.
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Figure 3.7 Ionic flux streamlines along the red line causes the sharp point in the middle of
the concentration-distance plots [108].

3.4.4 The Effect of Diffusion Coefficient on Concentration

To consider a wide range of diffusion coefficients corresponding to various ion
types in aqueous and non-aqueous electrolytes, the computation is performed for Fickian
diffusion coefficients ranging from 102° m?/s to 10 m?/s. The ranges of diffusion
coefficients for four common ions Li*, Na*, K*, and Mg?* [119][120][121][122][123][124]
[125][126][127] in different electrolytes are reported in Table A.1 in the Appendix A.
Figure 3.8 shows the effect of diffusion coefficients, from 10 m?/s to 10 m?/s, on ionic
concentration, shown in 2D and 3D plots. More comparisons of lower diffusion

coefficients are reported in Figure A.8. The results indicate that the diffusion coefficients
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lower than 10-'* m?/s require significant amount of time to reach the steady state condition.

Hence, for electrolytes containing ions such as K and Li*, with diffusion coefficient of 10

? m?/s and 1071 m?/s respectively, the ionic transport occurs relatively rapidly.
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Figure 3.8 The effect of diffusion coefficient on concentration development for staggered

arrangement with w = 1/24, D =10 to 10 m?/s [108].

3.4.5 The Effect of rGO Sheets Waviness (a/1) on lonic Diffusivity

The waviness of rGO sheets characterized as the a/A ratio in a sine wave for 1/16,

1/24,1/32, 1/40 and O (straight sheets). Figure 3.9a shows that increasing waviness impedes

the ionic diffusivity in both arrangements due to the increasing tortuosity in the structure.

Figure A.9 compares the effect of rGO sheets waviness on ionic diffusivity in aligned and

staggered arrangements. However, increasing waviness of the rGO sheets in the aligned

arrangement does not show a notable effect on the ionic transport. In the aligned

arrangement, the ions can move faster along the aligned edges of rGO sheets, leading to

minor differences in diffusivity between straight and wavy rGO nanosheets.
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Figure 3.9 (a) The effect of rGO waviness on ionic diffusivity in staggered arrangement,
(b) increasing rGO waviness impedes the ionic diffusivity [108].

The waviness causes more tortuous paths between rGO nanosheets in the staggered
arrangement, since the ions are traveling along the surface of the wavy rGO, and it leads
to slower ionic transport. For a composite with higher percentage of ANF (more than
25%ANF), ionic diffusion can occur faster because there is adequate space between the
rGO sheets that facilitates ionic transfer through shorter pathways, see Figure 3.9b. Based
on this result, electrode composite material with minimum rGO waviness is preferred.
3.4.6 Effective Diffusivity and Tortuosity

The effective diffusion coefficient for each nanoarchitecture is calculated assuming

Fickian diffusivity [128] through

2
kL
Deff =T <4‘Meq> , (314)

where k is the slope of linear segment of the average concentration vs. time'? plot shown

in Figure 3.10 and calculated as [128]

M
k=8, (3.15)

here, Desr is the effective Fickian diffusion coefficient (m?/s), L is the material thickness

(um), M is the concentration at time t (mol/m?®) and Meq is the equilibrium concentration
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for the dilute solution electrolyte. For this calculation, the ionic diffusivity of ANF matrix
is varied from 10712 to 1071 m?/s. The effective diffusivity is observed to decrease about 3
orders of magnitude in aligned and about 4 orders of magnitude in staggered architectures.
The effective diffusion coefficient obtained for ionic diffusivity of 10712, 10-'!, and 101
m?/s are respectively 10-'°, 10-14, and 10-!* m?/s for aligned and 10-'%, 105, and 10-'* m?/s
for staggered arrangements. Experimentally, ionic diffusivity of K* in pure ANF matrix is
measured to be in range of 107'2-10''! m?%s. The effective diffusivity of K' in
rGO/25wt%ANF measured through cyclic voltammetry (CV) reported in the reference [16]
is determined by applying Randles-Sevcik equation in a similar range from 10-'® to 1014
m?/s. This method is explained further in Chapter 4. The results verify that the staggered
arrangement model provides a better prediction of the experimental ion diffusivity, due to

its more realistic structural complexity compared to the aligned arrangement model.
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Figure 3.10 Average concentration-time'? plot (D =10"'° m?/s) is used to calculate
effective diffusivity and tortuosity [108].

For further investigation of structural effect, the average tortuosity of the material

architecture has been determined regarding the effective diffusivity Desras [129]
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Dest ==, (3.16)
where 7 is the tortuosity, and D is the diffusion coefficient set at 1071 m?/s. The average
tortuosity for the aligned and staggered arrangements is determined to be 329 and 7267,
respectively. Table 3.2 reports the effective diffusion coefficient and tortuosity obtained
for each arrangement and waviness through nanoarchitecture modeling. The results from
this study are not limited to the supercapacitors’ electrodes and can be applied to any
layered nanostructure composite electrode used in any other energy storage such as Li-ion
batteries.

Table 3.2 Simulation results for effective diffusion coefficient and tortuosity [108].

Waviness 1/16 1/24 1/32 1/40 0 - Straight

Desr (m?/s) | 3.02x10°1%  3.03x103  3.03x101*  3.04x10°13  3.05x10°13
Aligned

Tortuosity 330.7 329.9 329.9 329.1 327.5

Detr (m?/s) | 1.26x10%  1.39x107'*  1.40x<10""*  1.x10*  1.42x10'4
Staggered

Tortuosity 7910 7208 7126 7047 7047

3.5  Conclusions

Two-dimensional models have been developed to describe the rGO/25%wt ANF
composite electrodes with aligned and staggered arrangements of rGO sheets in ANF
matrix with various waviness. The results show that the waviness impedes the ionic
diffusivity in both arrangements. However, this effect is more significant in staggered
arrangements than in aligned arrangements. The effective diffusivity and tortuosity of each

arrangement agrees with the experimental measurements.
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4 Nanoarchitecture vs. Porous Media Diffusion Models

4.1 Introduction

In Chapter 3, we have discussed that the nanostructure of composite electrodes is
often neglected in modeling electrochemical systems due to the complicated geometry
development and computational cost. A widely used approach to determine the effective
diffusion coefficient of electrode materials is the porous electrode theory. In porous
electrode theory, the effective diffusion coefficient is determined through De.sr =eD/t
relation [82][83][92][93][94][95][114][115][116], where the effective diffusion coefficient
of the electrode material is related to the molecular diffusion coefficient (D), porosity (¢),

and tortuosity (t) of the material. In this approach tortuosity is related to porosity either

through Bruggeman’s relation T = £'? [130] or Millington-Quirk’s relation t = &3

[131][132].

Although the porous electrode theory provides simplicity in computational
analysis, it cannot predict local electric potential distribution and ionic concentration
gradients throughout the electrode material. These methods do not provide detailed
information about the local concentration distribution of species and usually overestimate
the ionic diffusion coefficients. Furthermore, the porous electrode approach predicts the
same value of Desr for the composite materials with the same void volume fraction while
they may have different pore size distribution, pore connectivity and pore accessibility
which may lead to different effective diffusion coefficients and electric conductivities. The
porous electrode theory is generally more applicable for low porosity materials that can be
treated as a continuum media. In the case of composite electrodes such as rGO/ANF

nanocomposites that can be produced through various fabrication methods, a more rigorous
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nanostructural modeling is required to capture nanoarchitectural difference within the
materials [96][108][133].

Zhang et al. [133] developed multiscale models considering a hierarchical porous
material to investigate effective ionic diffusivity and estimated the voltage response of the
electric double-layer capacitors to charging based on microscopic properties such as pore
size and pore connectivity. They concluded that the reliance on Bruggeman’s relation
significantly underestimates the gradients of both ion concentration and electric potential
within the EDLC. In another study [134], they expressed the anisotropic diffusion
coefficient and adsorption coefficient in terms of the pore radius and inter-pore throat width
and connectivity in nanoporous materials.

In this chapter, we continue a similar modeling approach as Chapter 3, for
rGO/ANF composite electrode including the house of cards nanoarchitecture. The results
obtained from nanoarchitecural modeling of both house of cards and layered are compared
with the porous media approach and also validated with experimental measurements. Our
goal is to provide a model that captures the nanoarchitectural characteristics of materials
and offers better estimations of the effective diffusion coefficient, local electric potential
and concentration distributions.

4.2  Digital Image Processing

Scanning electron microscopy (SEM) provides very useful information through a
direct observation of the material’s structure. The SEM images of rGO/ANF composite
electrodes indicate that the rGO/ANF nanosheets are randomly oriented at various angles
in the house of cards structure Figure 4.1a, while in the layered structure, the paper-like

rGO/ANF sheets are stacked on top each other, Figure 4.1b.
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Figure 4.1 SEM Images of rGO/ 5%wt ANF nanocomposites through different fabr1cat10n
methods [135].

Here, the digital image processing method (DIP) is used to determine the average
porosity, pore size distribution, and the length and thickness of rGO/ANF nanosheets to
design unit cells representing the nanoarchitectures of hydrogel and layered
nanocomposites. The public domain image processing program ImagelJ (developed by the
National Institute of Health, USA, Division of Computer Research and Technology) as
well as the Scanning Probe Image Processing (SPIP) Metrology software are utilized to
treat and analyze the nanocomposite SEM images [136][137][138][139]. Indeed, each
software for image processing has its own features, but in general image processing follows
the same steps to provide statistical information about the images. These steps are as
follow:

(1) Select and open the SEM image in the software. The opened image size appears in
pixels.

(2) Adjust the scale of the image based on the scale bar provided on the SEM image
and select the region of interest for analysis.

(3) Adjust a threshold to binarize the image and distinguish the voids and materials in
the image; the dark background shows the void area, while the material part appears

in white.
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(4) The auto setting can be selected, or the sliders can be manually moved until all the
interested areas are selected. Usually a histogram is displayed to provide assistance.

(5) In “analyze and set measurements” sections, the parameters are specified to be
measured.

(6) The results tables and histogram plots will appear for further statistical analysis.

1.29

Y Range: 2.59 ym
0

-1.73

Figure 4.2 Threshold applied to SEM images of house of cards and layered nanostructures,
(a) Scanning Probe Image Processing software, and (b) ImageJ software [135].

Figure 4.2 compares the applied threshold on SEM images utilizing ImageJ and
SPIP software. The threshold is selected to assure all the voids are covered in black or
colored area. A very close estimation of porosity is obtained for each image through both
software. The statistical analysis to determine the average void volume fraction (average
porosity) are summarized in Tables 4.1. Also, the histogram plot of the average pore area
distributions for one the house of cards samples is reported in Figure 4.3. The average void
per volume (porosity) is estimated to be 51.45% for house of cards and 41.56% for layered

structure.

38



70

60
~ 50
S
g 40
2
© 30
o
o 20
o
10
0 III..l............
NN N NN NN NN NN NNNNNNNNNN N
DOoOLbOoOLOOIOOWLINOOWLILO WL W O
TANQO T T OIWONT - ANT OO =T Q0N
N S S S S S S B D O A
OCLboOoLbOoOWwOMOoOOoOLANNNNNNNN NN N
Tt AN OOITITDODOOOBDOOLOD OO O O O
S +- N MO0 -0 dA
- - - - - N ANANOMMm ©

Pore Area (nm?2)

Figure 4.3 Pore area distribution for one SEM image of rGO/ANF sample [135].

Table 4.1 Summary of SEM image processing for porosity measurement [135].

Nanoarchitecture House of Cards Layered
Number of SEM images 12 7
Average number of pores 12444 402
Average pore size (nm?) 447.81 317.86
Standard Deviation 190 150
Average porosity% 51.45 41.56

In nanoarchitecture modeling, the material is assumed to be made of uniform unit
cells that are the representatives of the nanostructure. To design these unit cells the average
length and thickness of rGO/ANF nanosheets are estimated through various measurements
in the SEM images. The average length and thickness of nanosheets are determined to be
around L=500 nm and A=90 nm, respectively, as shown in Figure 4.4. The statistical

analysis of length and thickness of rGO/ANF nanosheet are summarize Table 4.2.
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Table 4.2 Summary of SEM image processing to estimate length and thickness [135].

Parameter Length Thickness
Number of SEM images 7 7
Number of measurements 200 200
Average Value (nm) 499.8 90.5
Standard Deviation 3.06 3.54
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Figure 4.4 Image processing method to estimate (a),(b) the length and thickness of
rGO/ANF nanosheets, (c),(d) the void fraction volume of nanocomposites for

house of cards and layered structure, respectively [135].

Figure 4.5 shows the histogram plots of the average thickness and length
distribution of rGO/ANF nanosheets as well as the average porosity distribution for each

nanoarchitecture.
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Figure 4.5 (a) average thickness distribution, (b) average length distribution of rGO/ANF
nanosheets, (c), and (d) average porosity distribution for house of cards and

layered nanocomposites, respectively [135].

4.3 Nanoarchitecture Based Computational Modeling
We have developed two nanoarchitectures for rGO/ANF electrode materials based
on SEM images and digital image processing method. The information obtained from
image processing are used to develop a representative volume element (RVE) for each
architecture. In this study, it is assumed that ANF nanofibers are blended with rGO
nanosheets. The rGO/ANF nanosheets are treated as impermeable building blocks of a
repeating unit cell, arranged in square configuration for house of cards and staggered
configuration for the layered structure as indicated in Figure 4.6. The distance between
rGO/ANF nanosheets satisfies the void volume fraction of each architecture determined
from digital image processing method. The electrolyte used in this simulation is

monovalent binary electrolyte potassium hydroxide (KOH) solution which is also used in

experimental measurements.
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Figure 4.6 Unit cell development for (a) house of cards, (b) layered nanostructure based
on SEM images; The rGO/ANF nanosheets, represented by gray rectangles as
building blocks of each unit cell, are arranged in square and staggered
configurations to describe house of cards and layered nanostructures,
respectively [135].

(a)-0.1

4.4 Governing Equations

In a binary electrolyte such as KOH solution, the dilute-solution theory is
equivalent to the concentrated-solution theory. In the absence of homogenous chemical
reactions which is valid for electric double-layer capacitors, the flux of species i in the

electrolyte follows the Nernst-Plank equation as [114][115][116]

Ji = =DiVe=Dic; 2 v, (4.1)

According to this equation, the mass conservation of ions depends on diffusion and
migration phenomena. For stagnant condition where the density gradient is zero, the main

equation would be [114][115][116]

L=y [Di (7ei+c 2 V(D)], (4.2)
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where ci (mol/m?) is the concentration of species i in the electrolyte. d(x, t) is the electric
potential (V) and D; is the diffusion coefficient (m?/s) of species i. Here, zi is the number
of charge and R, T and F are gas constant (J mol™! K!), room temperature (K) and Faraday’s
constant (C/mol), respectively. The Gouy-Chapman-Stern (GCS) theory is adopted to
describe the electric double-layer close to the electrode-electrolyte surface. The Gouy-
Chapman theory suggests that the electric potential ®(x, t) in the diffuse layer is related to

the total ionic charge density through Poisson equation (Gauss’s Law) as [114][115]
V20 = —Z(z,c, +2_c), (4.3)

where, € (F/m) is the electrolyte permittivity or dielectric constant. The electric field inside
the outer Helmholtz plane (OHP) follows the Stern’s theory and since the charge density
at any point from electrode surface to the OHP is zero the potential profile in the compact
layer is linear. The thickness of the Stern layer is assumed to be 0.2 nm which is a typical
diameter of an ion. The Gouy-Chapman theory predicts that the characteristic thickness of

the diffuse double-layer to be of the same order as the Debye length, Ap according to [114]

RTe&ger
Ap = /ﬁ (4.4)

where, €; is the relative permittivity of KOH (80.5), &9 is the vacuum permittivity (8.85%10"
12 F/m) and ¢y is the bulk concentration of the binary solution. To set the electric potential
boundary conditions, we assume that the rGO/electrolyte interface carries a constant
electric potential ®; as a Dirichlet boundary condition

d(x,t) = Py, (4.5)
and due to electroneutrality condition, the bulk electrolyte potential satisfies

V2, =0, (4.6)
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and
@, = 0. 4.7)
For concentration boundary conditions, the bottom boundary in each unit cell is set
to Dirichlet boundary condition equal to the ions bulk concentration
c(x,t) = cg. (4.8)
We assume that the K™ and OH" are dissociated equally throughout the electrolyte
and also D+=D.. As it is mentioned before, the rGO/ANF sheets are assumed to be

impermeable [133], therefore

ZiF

—n.Dy (\7CJ_r LR Sy

7o) =o. (4.9)

Finally, to eliminate the net local current source at the electrode/electrolyte
interface, it is assumed that the electric double-layer is stably formed and the surface
electrosorption reaction has reached the equilibrium and therefore the Robin boundary

condition is equal to zero[ 133][134]

z. F
—n.Dy <|7ci to qu) = fu(chc) =0, (4.10)
while the initial conditions are
®(x,0) =0, (4.11)
and
c(x,0) =0. (4.12)

Boundary conditions for both nanoarchitecture unit cell is shown in Figure 4.7. The
Poisson-Nernst-Planck equation for concentration and electric potential are solved utilizing
COMSOL multiphysics software through coupling Electrostatic and Transport of Dilute
Species physics with applied boundary conditions over each unit cell. The results obtained

from simulation are discussed in detail in the results and discussion section.
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Figure 4.7 Applied boundary conditions in each geometry [135].

4.5 Experimental Section
4.5.1 Diffusion Coefficient Measurement

Electrochemical techniques such as cyclic voltammetry (CV) [140][141] and
electrical impedance spectroscopy (EIS) [88][142] are the most common experimental
methods to measure diffusion coefficient in an electrochemical system. In this work, the
EIS measurement is used to evaluate the effective diffusivity of potassium ions (K*) in
rGO/ANF composite materials with house of cards structures. The cyclic voltammetry
measurements reported in references [15][16] are used to measure the effective diffusion
coefficient in layered structure rGO/ANF electrodes.
4.5.2 Cyclic Voltammetry

Cyclic voltammetry measurements are performed on the supercapacitors made of
two identical rGO/ANF electrodes with layered nanostructure. The voltage window is set
from 0 to 1 V and the CV plots are obtained for the scan rate of 20 mV/s for 5 cycles. The
effective diffusion coefficient, D (m?/s) can be calculated through Randles-Sevcik [88]
equation, which is the relationship between the peak current, i, (A) and the square root of

scan rate, v (V/s) obtained from CV plots [140][141] as
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1
zFvD

ip = 0.4463 zFAc (22 ), (4.13)

RT

the parameters z, A, and ¢ are charge number, electrode surface area (m?), and ionic
concentration (mol/m?), respectively. Also, the constants R, F, and T are universal gas
constant (J.mol ! K!), Faraday’s constant (C/mol) and room temperature (K), respectively.
4.5.3 Electrical Impedance Spectroscopy

Electrical impedance spectroscopy is performed on rGO/ANF with house of cards
supercapacitor cells with 6M KOH electrolyte. The frequency range is set from 10 mHz to
100 kHz for the AC voltage of 10 mV (rms). The characteristic Nyquist and Bode plots are
obtained to estimate the effective diffusion coefficient. The diffusion element on Nyquist
plot, also known as Warburg impedance (€2), appears as a line with the slope of 45° for
non-ideal capacitors. The diffusion coefficient of electrode material can be calculated using

[88][142]

RT 1
0= 72F2A2 (c Dl/z)' (4.14)

the Warburg coefficient, o (Q. s7''?) can be calculated as the slope of low frequency real
impedance (Zrea) vs. o plot, where o is the angular frequency 2nf (rad/s) with f as
frequency as [142]
Z =0 (w) Y2(1-j. (4.15)
4.6 Results and Discussion
Figure 4.8 indicates the concentration profile of K* ions and the electric potential
development at time = 0.01s and 0.05s in the layered and house of cards nanostructure,

respectively. It can be seen that concentration of K* ions in the staggered arrangement
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reaches the equilibrium faster than house of cards unit cell. The concentration contour plots

for OH" are also shown in Figure B.1 in the Appendix B.

0.45
0.4
0.35
0.3
0.25

K*Concentration (mol/m?), Time=0.05 s

0 0.1

0.2

0.3

Mm

K* Concentration(mol/m?), Time=0.01 s

0.35
0.3
0.25
0.2
0.15

(b) 01

0.4

0.6

Mm

1
0.98
0.96
0.94
0.92
0.9
0.88
0.86
0.84
0.82
0.8

1.02
1
0.98
0.96
0.94
0.92
0.9
0.88

Electric Potential (V), Time=0.05 s

HMm
0.45
0.4
0.35
0.3
0.25
0.2
0.15
01

(c)

x10™

oo ot ot
© 0 N O U A W N

Electric Potential (V), Time=0.01 s

Mm

Mm

| x10™

0.35
0.3

0.25
0.2
0.15

b & A L O

(@°

Mm

Figure 4.8 (a),(b) K ions concentration contour plots, and (c),(d) electric potential profiles

for square and staggered nanoarchitecture unit cells [135].

The maximum electric potential can be observed around rGO/ANF surfaces in both

unit cells. Figure 4.9 shows the concentration-time profile of K" and OH- ions at point P at

the center of unit cell. The ions proceed in the unit cell through a Fickian diffusion

mechanism. The lower equilibrium value for K ions compared to OH" ions at point P at

the center of unit cell is due to accumulation of K* ions along the negatively polarized

rGO/ANF surfaces with -1 mV potential against the bulk solution which attracts K ions

while repelling OH" ions.
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Figure 4.9 Concentration-time plot of K" and OH" at point P shows that ions progress in
the unit cell through a Fickian diffusion mechanism [135].

The concentration-length plot confirms that the cations in the electrolyte are
accumulated at the surface of rGO/ANF, while the anions are depleted as shown in Figure
4.10. The Gouy-Chapman-Stern (GCS) theory predicts the thickness of diffuse layer to be
in the same order of magnitude as the Debye length. The Debye length in KOH solution is
calculated to be 9.74 nm away from rGO/ANF surface. Therefore, at the center of square
unit cell which is 100 nm far from the rGO/ANF surface, the electrolyte is assumed to be
electroneutral bulk solution with zero electric potential. The staggered unit cell
concentration profiles against time and nanochannel length also are shown in Figure B.8
in the Appendix B. In this study, the average pore size in each nanostructure is estimated
between 300-500 nm? through SEM image processing. The electrolyte used in both
experiment and simulation is aqueous solution potassium hydroxide containing K™ and OH"
ions with ionic radius of 0.133 nm and 0.110 nm, respectively as well as H>O molecules
with molecular radius of 0.138 nm. Since the average nanopore size is 1000 times larger
than the diffusing ions, the interfaces are assumed to induce a homogenous charge
distribution near the surface of the electric double-layer. However, in the nanochannels the

counter-ions to the static charge of electrode surface can be predominant over the co-ions.
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Since the electrode surface is assumed to be negatively charged, the amount of K*
ions close to the surface of nanopores is greater than OH" ions due to accumulating near
the negatively charged electrode surface as shown in Figure 4.10. The GCS theory
describes the electric double-layer and predicts the material behavior adequately. However,
in case of near-complete exclusion of co-ions, such that only one ionic species exists in the
nanoscale pores, the model may not provide sufficient information about the local potential
and concentration distributions. In order to model nanopores smaller than 10 nm,
nonadditive potential should be taken into account to correctly characterize the

thermodynamic properties of nanocomposite materials [143][144][145].
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Figure 4.10 Concentration-length plot for line L shows that K" ions are attracted towards
the negatively charged rGO/ANF surface while OH" ions are repelled [135].

The electric potential profile for applied potential of -1 mV at the interface is
obtained along line L. As it is shown in Figure 4.11a, the electrolyte potential increases
exponentially on the Debye length and goes to -0.76 mV at equilibrium and then
approaches to zero due to the applied ground boundary condition at the center. In the

nanochannels, the electric potential reaches the maximum value of -0.985 mV after 0.05s
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as shown in Figure 4.11b. For the electric potential development in nanochannel in the

staggered unit cell refer to Figure B-9 in Appendix B.
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Figure 4.11 Electric potential profile at t = 0s and t = 0.05s for (a) Line L, (b) nanochannel.
The electric potential near the surface of rGO/ANF sheets is -1 mV and at the
center of line L goes to zero and increases to -0.986mV for nanochannel [135].

S

The effective diffusion coefficient for each composite material is calculated by

12

evaluating the slope of the linear part of the average concentration-time'’“ plots shown in

Figure 4.12 as [128]

2
Degr =+ <—MtL ) ' (4.16)

t \4Meq
here, M is the concentration (mol/m?) at time t. In this simulation, Desr is assumed to be
Fickian effective diffusion coefficient (m?/s), while L is the electrode thickness and Mcq is
the equilibrium concentration. The results obtained from nanoarchitecture modeling and

porous media approach are reported in Table 4.3 and Table 4.4 for house of cards and

layered structures, respectively and compared with the experimental measurements.
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The effective diffusion coefficients obtained from nanoarchitecture modeling have

better agreement with experimental measurements.
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Figure 4.12 Average concentration-time'? for house of cards and layered structures to
calculate effective diffusion coefficient of K™ ions [135].

The plot shown in Figure 4.13 compares the Det calculated from porous media
approach and nanoarchitecture modeling for porosity percentages between 0%-70%. It
can be seen that porous media approaches overestimate the value of De# which can
decrease the accuracy of electrochemical properties in nanocomposite materials.

The higher values of ionic diffusivity obtained through simulation compared to

experimental measurements are expected due to the perfectly arranged rGO/ANF sheets
throughout the electrode medium. On the other hand, the lower value of Defr in
experimental measurements is due to randomly arranged rGO/ANF sheets that introduces

more tortuosity and complexity in ionic pathways.
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Table 4.3 Comparison of transport properties of house of cards nanostructure [135].

Porous Media Method Nanoarchlfrecture Experiment
Modeling
Approach
Bruggeman | Millington-Quirk .
[130] [132] PNP Coupling [114] | EIS Measurement [142]
— —1/2 — o—1/3 t=1L,/L
Governing T=¢ s/ T=¢ s/ nlMOT 2 | RT ( 1 )
Equation Degr = p D Degs = ;D Degr = T (41\/Eeq> 22F2AV2 \c Deg/?
Porosity (€)% 51.45 51.45 NA NA
Tortuosity (t) 1.39 1.25 1.37 NA
Desr (m?/s) 3.69x10!! 4.12x10°! 2.43x10°12 5.40x1013

Table 4.4 Comparison of transport properties of layered nanostructure [135].

Porous Media Method Nanoarchlf[ecture Experiment
Modeling
Approach — .
Bruggeman | Millington-Quirk PNP Coupling [114] | Cyclic Voltammetry [141]
[130] [132]
— —1/2 — o-1/3 t=1L,/L
Governing T=¢Y T=eV 02 ZFvD %
Equations D.. =D D =D N L1 i =045 ZFAC( e“)
eff T eff T eff — t 4Meq p
Porosity (€)% 41.56 41.56 NA NA
Tortuosity (T) 1.56 1.35 2.35 NA
Desr (m?/s) 2.61x10!! 3.03x10!! 1.95x10°!12 3.88x10!

The path tracking method is used to calculate tortuosity for each

nanoarchitecture. The tortuosity is defined as the ratio of the actual path length inside pore

channels L; to the thickness of the porous medium Lo as shown in Figure 4.14. Path L, is

understood here as the shortest continuous line between any two points within the pore

space, divided by the straight path that connects two points and is calculated as [129]

T =

L,
Lo’
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Figure 4.13 Comparison of the calculated D for porosity% (0-70%) through porous
media approaches and nanoarchitecture modeling [135].

The value of tortuosity calculated for house of cards nanoarchitecture is in the
same range as porous media methods. However, the value of tortuosity in staggered
nanoarchitecture has higher value due to the wider pathways between rGO/ANTF sheets

compared with house of cards structure.
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Figure 4.14 Path tracking method to calculate the tortuosity of the nanoarchitectures
regarding T = Li/Lo which is defined as the shortest pathway between two
points within the geometry; Curve C; can represent the longest pathway
between two points [135].
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S Computational Modeling of rGO/ANF Structural Supercapacitors

5.1 Introduction

In the previous chapters, we mainly have focused on modeling the rGO/ANF
structural electrodes and investigating the effect of various nanoarchitectures on ionic
diffusivity within the electrode materials. In this chapter, we are going to move on to the
device level and develop a model for a single cell supercapacitor made of two identical
rGO/ANF electrodes [15][16][17][18][19]. However, to continue our previous work, the
effective properties obtained from nanoarchitecture modeling are used to capture the
electrochemical behavior of the whole cell supercapacitor, illustrated in Figure 5.1. Here,
we aim to simulate the electric double layer dynamics in cyclic voltammetry measurements

accounting for transport phenomena at the electrode/electrolyte interface.

rGO/ANF Electrode rGO/ANF Electrode

LRRNRNR VVV.V‘

> >

2% % % 4%%2%"
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0267 %176 % %%
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SOOE BEEE

Separator/Electrolyte

Figure 5.1 Schematics of rGO/ANF structural supercapacitor with house of cards
nanoarchitecture.

Cyclic voltammetry measurement is one of the widely used electrochemical
characterization techniques [146]. In cyclic voltammetry, the electric potential at the
electrode surface varies periodically and linearly with time. The current-voltage waveform,

called voltammogram, provides useful information about the reactivity and mass transport
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properties of the electrolyte [115][116][146]. By applying an external electric potential to
a supercapacitor, the electrolyte’s solvated ions with the opposite charge adsorb to the
electrode surface due to the electrostatic forces and form an electric double layer
[1][114][115][116][146]. When the electrode surface potential varies in a “potential
window”, the recorded current profile indicates the rates of chemical reactions in the
solution and different physical phenomena for ionic transfer. The CV curve exhibits the
competition between the rate of electrolysis in the electric double layer and the rate of
transport of the reacting chemical species to the electrode surface by diffusion. The current
is linearly dependent on the ionic concentration and the area enclosed by the CV curves is
used to determine the capacitance of the supercapacitor [1][115][146][147].

In experimental studies, cyclic voltammetry has been extensively used to
characterize the electrochemical behavior of anodes, cathodes and electrolytes in various
energy storage devices such as Li-ion batteries [ 148][149][150][151][152][153][154][155]
[156][157][158][159], flow batteries [160][161][162][163][164], fuel cells [165][166]
[167][168][169][170], supercapacitors [171][172][173][174][175][176] and biological
compounds [177][178][179][180][181]. For design and research however, experiments can
be time-consuming and costly. Since the chemistry of the electrode-electrolyte interface is
still not fully understood, characterization of cyclic voltammetry through thermodynamics
fundamentals and computational modeling is essential to provide additional insights into
the electrochemical kinetics and electrolysis.

5.2 Modeling Cyclic Voltammetry
Numerous models and simulation methods have been developed to predict the

cyclic voltammetry measurements of supercapacitors. One of the modeling approaches is
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to simulate CV curves by virtue of an equivalent circuit consists of an arbitrary number of
resistors and capacitors, called RC circuit models. The RC circuit models require
experimental measurements prior to the simulation, and they neglect the physical
phenomena such as diffusion, electrolyte’s non-uniform ion concentration and electrode
morphology [182][183][184][185][186][187][188][189][190][191][192][193].

To investigate the ionic transfer at the electrode/electrolyte interface, many studies
have focused on molecular dynamics simulations, alternatively. However, MD modeling
has extensive limitations to simulate multiscale systems as well as long time-scale
processes such as cyclic voltammetry due to the large number of particles required for
simulation [194][195][196][197][198][199][200][201].

On the other hand, many literatures have considered continuum models to
investigate transport phenomena and kinetics of supercapacitors through Nernst-Planck
equation [78][79][80][81][82][83][98]1[93][95][94][92]. Continuum models are developed
to analyze electrode/electrolyte interface considering diffusion, ionic concentration,
particle size and electrode morphology over a potential window and timescale of cyclic
voltammetry experiment [202][203][204][205][206][207][208][209][210].

Continuum modeling enables multi-dimension and multiscale simulations. For
example, Wang and Pilon [202][203][204][205] have developed continuum models using
the modified Poisson—Nernst—Planck (MPNP) model with a Stern layer to simulate and
interpret cyclic voltammetry measurements of transient dynamics of electric double layer
capacitors. In these studies, the electric double layer capacitance was numerically predicted
for spherical ultra-microelectrodes of various radii in aqueous electrolyte [202]. They also

concluded that Helmholtz model underestimates the Stern layer capacitance for sphere radii
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less than 40 nm when accounting for field-dependent permittivity. They have expanded
their model and considered various ionic sizes and electrode’s nanoarchitectures
[203][204][205]. It is concluded that the shape of CV curves is due to the saturation of ion
concentration at the electrode surface as the electric potential increased. They have
concluded that the morphology of mesoporous electrodes can significantly affect the
charging and discharging of EDLCs. Also, the predicted electrolyte ionic conductivity
obtained through this simulation was equal to the theoretical value when ignoring the
electrode contribution to the resistance. In another study, Mei and Pilon [206] have
developed a 3D model to simulate CV cycles of an electric double layer capacitor with
carbon electrodes. In their model, the electrodes nanoarchitecture is considered through
highly ordered monodisperse spherical carbon nanoparticles as simple cubic (SC) and face-
centered cubic (FCC) packing. They have concluded that the areal capacitance increases
with decreasing sphere diameter.

A thin layer model is used by Streeter et al. [207] to illustrate the effects of diffusion
within a porous layer. They found that above a certain layer thickness, the diffusion layer
is not perturbed by the insulating surface on the experimental timescale and a semi-infinite
planar diffusion model alone is not appropriate for interpreting the kinetics of the electron
transfer at this electrode surface. Some of the studies have focused mainly on electrode’s
pore size and distribution and its effects on CV measurements [208][209][210]. As an
example, Chevallier et al. [210] explored the effects of different physical and
electrochemical parameters on the mass transport properties and cyclic voltammetry of a
planar electrode modified with an insulating surface coating containing non-interconnected

cylindrical pores. They have shown that beside scan rate and the standard electron rate
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constant, parameters such as pore distribution and pore radius have a considerable
qualitative influence on the mass transport properties. Digital simulation techniques are
used to investigate the cyclic voltammetry of polymer thin film [211], slow scan limit
conditions of reversible electrode processes [212] and the voltammetry of the metal
complex in the presence of DNA [213]. In one study the Artificial Neural Network (ANN)
is used to simulate the cyclic voltammetry of MnO; supercapacitor with satisfactory low
error rates [214]. Moreover, the fast Fourier transform methods are used to simulate the
mechanisms of electrode process in alternating current (ac) voltammetry covering a large
amplitude case [215].

Since electrochemical kinetics are frequently nonlinear and voltammetry is a
transient problem, the theory is not admissible to analytical solutions, except in a few
limiting cases [216]. For this purpose, computer simulation is necessary and software
applications such as COMSOL Multiphysics can facilitate the design of electrodes in a
more systematic and efficient way. COMSOL Multiphysics’ modules can also account for
various and complex phenomena and identify the dominant processes governing the
capacitance behavior of the electrode by providing a powerful and flexible user interface
for finite element methods [203][204][205][206][217]. For instance, Lavacchi et al. [217]
developed a 2D model to capture CV behavior of micro-disk electrodes in square arrays of
both inlaid and recessed. They examined the effect of different software features such as
meshing on the results and were able to compare their simulated results with experimental
measurements reported in the literatures.

In this study, we aim to utilize Electroanalysis module in COMSOL Multiphysics

and simulate the cyclic voltammetry measurements of rGO/ANF structural
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supercapacitors. Through a numerical simulation, the material properties such as bulk
concentration of species, transport properties, and kinetic parameters of rGO/ANF
composite electrodes are determined and compared with experimental measurements. In
this model, a Parametric Sweep is used to compare voltammetry recorded at different
voltammetric scan rates.
5.3 Governing Equations

The structural supercapacitor made of rGO/ANF nanocomposites is considered as
an electric double layer capacitor without any Faradic redox reactions. The coupled
Poisson-Nernst-Planck [114][115][116] model is adopted to describe the ionic transfer in
the electric double layer capacitor. The Poisson equation governs the evolution of the
electric potential, @ in the diffuse layer as [114][115]

V.(€p€,VP) = —F(z,c, —z_c_), (5.1)
while it is zero in the Stern layer very close to the electrode surface. Here, g9 =8.85%10"
12 F/m is the vacuum permittivity, and & is the field-dependent dielectric constant of the
electrolyte which is 80.5 for KHO solution as the electrolyte solution in this study. The
Faraday constant is represented by F, while c; is the concentration of the species (i) and z;
is the charge number, respectively.

The Nernst-Planck equation [114] evaluates the concentration of species in the
binary electrolyte correspond to the ion fluxes due to diffusion and electromigration

according to

% _ ;b (ve + ¢ 2L v 5.2
ot [‘( CTCRT )] ©-2)

where, D; is the diffusion coefficient, and R and T are the universal gas constant and

temperature, respectively. The Nernst diffusion layer or linear diffusion layer is the extent
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of the region in the electrolyte solution where concentration changes take place [146][147].
Diffusion layer is usually considered to be some multiple of (Dt)!2, where 1/t equals to the
scan rate. To ensure that the diffusion layer greatly exceeds the mean diffusion layer
thickness, (Dt)"? is multiplied by factor 6 as a conservative setting. Therefore, diffuse layer
thickness o is defined as the efficiency of diffusion (D) over the duration of the
voltammetry experiment (tmax) as

8 = 6y/Dtymax - (5.3)

This equation provides a useful approach to the species concentration profiles and
the diffusive mass transport in electrochemical systems. In cyclic voltammetry the
diffusion layer depends on scan rate. At slow scan rates, the diffusion layer is on the order
of micrometers, whereas at fast scan rates, its thickness is in nanometers.

In boundary conditions, the “potential window” is applied at the electrode surface
as a triangular waveform according to two vertex potentials along with a voltammetric scan
rate, v in V/s. At the electrode surface the potential varies linearly and periodically with
time according to [202][203]

D, +VE for 2(n— 1ty <t < (@n—1)t,,
D(t) = (5.4)
D, — V[t — (2n — 1)t,] for (2n— 1)ty <t < 2nt,,
where n is the cycle number and to = (®max — Pmin)/v 1s half the cycle period and represents
the time for the surface potential to vary in the potential window from its @min to its ®Pmax
values. The potential at the bulk solution is zero due to electroneutrality assumption. For
ideal supercapacitors, it is assumed that no reaction happens at the electrode/electrolyte
interface. However, the influence of transient applied voltage on the rate of the electrolysis

reaction at the rGO/ANF electrode surface is investigated to accurately predict the shape
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of voltammetry measurements obtained from experimental studies. One of the pre-built
electrochemical kinetics in COMSOL Electroanalysis module is the Butler-Volmer
equation which describes the local current density (i) based on overpotential (1), reaction

rate constant (ko), and transfer coefficient (o) for anode and cathode according to [115]

—a.)F —a.F
i1oc = zF K, <c1 exp (M) — C, exp ( RCT 77)) (5.5)

RT

The transfer coefficient describes the kinetics of electrochemical reaction and
signifies the fraction of overpotential at the electrode electrolyte interface that helps in
lowering the free energy barrier for the electrochemical reactions. Another pre-built
electrochemical kinetics is the Tafel equation which relates the rate of an electrochemical

reaction to the overpotential for single electrode as [115]

n
foe = ig104c, (5.6)

here, io is the exchange current density (A/m?) and A. is the Tafel slope (V). The Tafel

slope for high scan rates can be determined as [115]

azF

Ac = 5303RT

(5.7)

The Tafel slope explains the amount of overpotential required to active a reaction.
It is the magnitude of the change in activation energy for a given increase in overpotential.
According to Faraday’s laws of electrolysis, the flux of the reactant and product species

are proportional to the current density [114][115][116]

_ viloc
n.J; = P (5.8)

here, the v is the applied potential scan rate at the electrode surface. The total current is

related to the current density multiplied by the electrode area A drawn
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Itotar = liocA. (5.9)

The concentration boundary condition at the bulk electrolyte is assumed to be a

uniform concentration equal to cpuik for reactants and zero for products. The parameters

used in this simulation are reported in Table 5.1 while the unknown physical quantities

such as capacitance and internal resistance in the system can be inferred by ‘fitting’ to
experimental data.

Table 5.1 Parameters used in simulation of CV measurements of rGO/ANF electrodes.

Parameter Symbol Unit Value
Voltammetric scan rate v V/s 0.02
Reactant bulk concentration Cbulk mol/m? 6000
Reactant diffusion coefficient Da m?/s 10-14
Product diffusion Ds m?/s 10-14
Electrode thickness Le mm 8
Temperature T K 298.15
Start potential E: v 0
Switching potential J25) v 1
Reaction rate Ko unitless 1010

5.4 Modeling Assumptions

A deliberate simplification of the underlying equations describing cyclic
voltammetry is advantageous to make the model more tractable and understandable. For
domain equation, it is assumed that a large amount of supporting electrolyte or an inert salt
presents at the electrode/electrolyte interface. Supporting electrolyte mitigates electric
fields by increasing the electrolyte conductivity and reducing its resistivity; hence the

potential term in Nernst-Planck equation can be neglected. Also, the natural convection
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(civi) term in the domain equation is not considered, since it is assumed that the solution is
unstirred and is in a stagnant condition. Therefore, in the domain equation only diffusion
contributes to chemical species transport and only in the direction normal to the electrode
surface and the influence of the electrode edge can be neglected. This makes voltammetric
analysis a 1D time-dependent problem and diffusion of the electroactive species within the

thin layer is described by Fick’s second law as

aCi _ aCl'
ot~ lox’

(5.10)

The reactions and transport are assumed to be uniform across the electrode surface.
The Electroanalysis module in COMSOL Multiphysics is utilized to simulate cyclic
voltammetry of both layered and hydrogel rGO/ANF structural electrodes.
5.5 Results and Discussion

The simulation results of cyclic voltammetry measurements are obtained for rGO
electrodes with various compositions of ANF for “layered” nanostructure. Figure 5.2
shows the modeling results obtained for rGO, rGO/10wt%ANF, and rGO/25wt%ANF with
layered nanostructure. The model shows a very good agreement with experimental
measurements. The CV plots display a rectangular shape that is the characteristic of ideal
supercapacitor. It can be seen that by increasing ANF percentage the capacitance of the
electrodes decreases. The model shows a symmetric behavior for both cathodic and anodic
processes. For ideal supercapacitor, the local current density iy is assumed to be zero and
therefore the electrode kinetics is zero. In this case, the driven force in ion transfer is mainly
due to the electrostatics and double layer electric potential. Since there is no chemical

reaction, no obvious peaks can be seen in both anodic and cathodic processes. By applying

potential triangular wave that switch the potential sweep rate from low to high, the steady
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state current changes from vCq during the forward scan (anodic process) to -vCq during the

backward scan (cathodic process). The value of Cq is the constant capacitance of the

system.
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Figure 5.2 Ideal supercapacitor modeling for cyclic voltammetry measurements of rGO,
1GO/10%ANF, and rGO/25%ANF.

However, increasing ANF percentage shows more asymmetric behavior in CV
measurements. To investigate the electrochemical behavior of electrodes, different
electrode kinetics with very low local current density are applied at the
electrode/electrolyte interface. Figure 5.3 compares the ideal supercapacitor with the
Butler-Volmer equation and the anodic Tafel equation. Here, the local current density is
assumed to be 10> A/m?. The Tafel equation with smaller values for Tafel slope (< 450)
shows the electrolyte decomposition at the higher voltage values (> 0.7). Increasing the
Tafel slope shows ideal capacitor behavior in the simulated CV curves. Modeling results

for Butler-Volmer equation shows more symmetric behavior than the Tafel equation in CV

measurements.
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Figure 5.3 Comparison of various electrode kinetics for rtGO/25%ANF CV measurements.

The CV curve for pure rGO electrode shows ideal capacitor behavior compared to
rGO with higher percentage of ANF. Figure 5.4 shows electric potential profiles and the
average current density. The electric potential sweep linearly as a triangular wave at the
electrode/electrolyte interface. The ion concentration profile during the operation time is
also shown in Figure 5.5. The concentration at the electrode surface is driven to zero as the
current increases. Once the surface concentration is zero, the concentration gradient relaxes
under diffusion. The concentration returns to its bulk value at the electrode surface as the

current is inverted by the reverse reaction during the second part of the sweep.
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Figure 5.4 (a) Triangular cyclic potential sweep from 0OV to 1V during two cycles, (b) the
average current density obtained in a form of step function.
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Figure 5.5 (a) lon concentration development in the diffuse layer for rGO/10%wtANF
with 20 mV/s scan rate obtained from modeling CV, (b) concentration
profile at time Os and after 200s.

The concentration profile remains the same for different electrode kinetics due to
very small current density at the interface. Table 5.2 reports the capacitance and resistance
of each rGO/ANF composition as fitting parameters. By increasing ANF percentage the
capacitance decreases, while the internal film resistance increases. It can be explained that
by the increasing the ANF percentage the nanopores in the composite are filled with ANF
polymer that hinders the ionic transfer in the composite material. Moreover, increasing the

nonconductive polymer matrix affects the electronic conductivity and decreases the

capacitance of the supercapacitor.

Table 5.2 Resistance and capacitance obtained as fitting parameters in the simulation.

rGO-0%ANF rGO-10%ANF rGO-25%ANF

Resistance (Ohm.m?) 46.5 53 166

Capacitance (F/m?) 0.09 0.04 0.034
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5.6 Conclusions

The CV measurements of rGO/ANF structural electrodes are simulated through a
multiphysics modeling. The ideal supercapacitor model is compared to various electrode
kinetics such as Butler-Volmer equation and Tafel equation with very low local current
density. The modeling results show a very good agreement with experimental
measurements. Modeling cyclic voltammetry can provide useful information about kinetics
and thermodynamics of structural supercapacitors and enables better control over the
performance and life cycle of the device. Comparison of predicted and measured
voltammograms enables determination of material properties and other system parameters

that may be unknown, such as diffusion coefficients and reaction rates.
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6 Solid Polymer Lithium-Ion Batteries

6.1 Overview

The potential safety issues related to the organic liquid electrolytes have become
the main disadvantage of current commercial Li-ion batteries [219]. Although organic
electrolytes are successful with high ionic conductivity and high performance, they are
incorporated with risks of leakage, burning, explosion and thermal run away due to
flammability and low boiling point. Incidents of overheating and burning Li-ion batteries
in Samsung Galaxy Note 7, Tesla Model S, and Boeing 787 are examples that have
enforced many attempts to investigate the substituting of organic liquid electrolytes with
solid electrolytes such as polymers and ceramics [219][220].

Adopting solid electrolytes also prevents the dendrite growth issue in Li-metal
batteries by providing a physical barrier between electrodes. Eliminating the dendrite
growth issue enables the use of Li-metal anode that have higher energy density than Li-ion
batteries. Compared with ceramic electrolytes, solid polymer electrolytes offer specific
advantages of flexibility, excellent thermal stability, and high safety [220]. The polymers
that are widely considered as solid polymer electrolytes include polyethylene oxide (PEO),
polycarbonate and polysiloxane. Among these polymers, PEO and its derivatives have
attracted many interests due to high ionic conductivity [34]. The polar groups of oxygens
on the PEO are effective in dissolving lithium salts by involving in a Coulombic reaction,
causing anions and cations of the lithium salt dissociate. The ion transport mechanism of
polymer electrolyte under electric field is due to Li" cations jumping from one polymer
segment to another, shown in Figure 6.1. The amorphous segment of PEO is responsible

for ionic movement. However, the ion motion in polymer matrix is not as free as in liquid
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organic electrolytes due to the boundary effect of crystalline domains and long PEO
polymer chain. The low ionic conductivity of solid polymer electrolytes is still the main

challenge in its commercial development [218][220].

Polymer chain

Interchain Hopping Mechanism

Figure 6.1 Ionic conductivity in solid polymer electrolyte is due to polymer chain
segmental mobility [218].

The ionic conductivity in solid polymer electrolyte directly depends on temperature
and the polymer glass transition, Tg. The ionic conductivity is very low for temperatures
below T and improves by increasing temperature above glass transition. To improve ionic
conductivity, many studies have focused on reducing Ty of PEO polymers by applying
additives and plasticizers [218][219][220].

6.2 Polyethylene Oxide Solid Polymer Li-Ion Batteries

In order to investigate the effect of low temperature on solid polymer Li-ion
batteries performance, several pouch cells are fabricated and tested at 4°C, 10°C, and 25°C.
The electrochemical performance of the thin film batteries is tested at room temperature
and low temperatures such as 10°C and 4°C inside a RH chamber (BTL 433), using the
Arbin BT2000 with direct charge-discharge chronopotentiometry procedure and by

applying an adequate current rate with defined lower and higher cut-off voltages (3 to
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4.2V). The results show promising electrochemical properties that suit for low-temperature
applications.

The average capacity of the solid polymer batteries is 0.09 mAh/cm? at room
temperature and 0.02 mAh/cm? at 4°C. The high capacity drops at low temperatures can be
mitigated by adding a small quantity of liquid electrolyte to the surface of the electrodes.
It increases the average capacity to 0.63 mAh/cm? at 25°C and 0.19 mAh/cm? at 4°C. In
the next chapter, a 1D thermo-electrochemical modeling is developed and the simulation
results are compared with the experimental measurements [34].

6.3 Thermal Modeling of Li-Ion Batteries

The working environment of Li-ion batteries has significant influence on their
performance. In application such as subsea and space, the extreme operating conditions
such as external forces, low temperature and high temperature conditions accelerates
battery degradation and loss of power [221].

Battery performance under low temperatures has been studied both experimentally
and computationally [221]. Numerous researchers have addressed the development of
thermo-electrochemical models that can predict the battery behavior at both high and low
temperatures [222]. For example, Cai and White [45] have developed a thermal model by
coupling the pseudo two-dimensional model and thermal model utilizing COMSOL
Multiphysics. In their model, they have used single particle electrode model to describe
electrochemical behavior of their conventional Li-ion battery. They have concluded that
their model can predict the temperature increase inside the battery. Moreover, this model
can be used to predict thermal runaway by considering different thermal boundary

conditions. The same approach is adopted by many other researchers to investigate the
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thermal effect on Li-ion batteries performance [223][224][225][226][227][228]. The
effect of low temperture on Li-ion performance is considered recently, since the battery
application in atoumotive as well as subsea are increasing and at low temperture battery
performance significantly decreases. In one study, Ji et al. [229] have considered low
tempertaure effects on 18650 cylindrical Li-ion battery performance. Their simulation and
experimental results have demonstrated dramatic effects of cell self-heating upon
electrochemical performance at low temepartuers. Also, they have proposed a Ragone plot
accounting for thermal effects for the first time for Li-ion cells. However, in their model
the battery againg and degradation due to low temerature are neglected. In another work,
Tippmann et al. [230] have considered a wide range of temperture from -25°C to 40°C with
different C rates. The battery aging and degredation are also taken into account. They have
determined the capacity fade after a significant number of cycles and compared the results
to the data obtained through electrochemical imedance specroscopy measurements. Their
model can be used to predict the aging effects during the charging process which is due to
lithium deposition on the anode surface.

In the next chapter, a thermo-electrochemical model is developed to investigate the
low temperature effects on solid polymer Li-ion batteries. The modeling approach follows
the coupling method reported in the literature. The battery performance is considered

through voltage vs. discharge capacity plots.

71



7 The Effect of Low Temperatures on Solid Polymer Li-Ion Batteries

7.1 Introduction

In this chapter, a 1D thermo-electrochemical model is developed to investigate the
effect of low temperatures on solid polymer Li-ion batteries performance. The battery
device considered in this study is a flexible pouch cell consists of graphite (LiCs) anode,
lithium cobalt oxide (LiCoO:) cathode, and polyethylene oxide (PEO) solid polymer
electrolyte (SPE). Figure 7.1 shows the schematics of the pouch cell components and the
single particle model applied to investigate the electrochemical performance of Li-ion

batteries [45][223][224][227][229][230].

Vv

SPE

Figure 7.1 Schematics of pouch cell and the single particle model [223][224][225].

The porous electrode materials are assumed to be homogenous spherical particles
with identical size. This assumption simplifies the boundary conditions for electrode
materials since the reaction current distribution across the electrodes assumed to be
uniform. It is also assumed that there are no side reactions [45][224]. In the real LIB
system, side reactions may occur due to the solid electrolyte interface (SEI), electrolyte

decomposition, and solvent reduction reaction. These side reactions will lead to irreversible
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capacity loss. It is also assumed that the current collectors have a negligible impact on Li
ions transfer and heat transfer. It is well known that the most common utilized current
collector in the battery system such as the copper and aluminum are very good thermal
conductor, and this can impact the battery performance [45][224]. However, this
assumption is reasonable for low applied current densities and small sample dimensions.
Diffusion of ions into active materials is assumed to be Fickian. In fact, non-Fickian
transport may occur due to several effects like the effect of structural changes, relaxation,
swelling, internal stresses caused by the temperature variation, age and pre-history of the
device, and sample dimensions. All these factors are neglected in this work based on the
first assumption [222].
7.2 Governing Equations
7.2.1 Electrochemical Single Particle Model

In this model, the mass balance equation for Li ions diffusion in the solid particle
active material is governed by the Fick’s second law of diffusion for both the positive and
negative electrodes [45][80][78][82][83][224]. The material balance equation in spherical

coordinate in one dimension is

dcg Dg i dcg i
Csj _ ﬂi(rZ CSJ)’ (71)

at r2 or or

where c,; and Dy, are the concentration and diffusion coefficient of Li ions in the solid
electrode phase. This equation is the domain equation for both the positive and negative
electrode particles and the subscript j = p/n represents the positive/negative electrode.

The diffusion coefficient can be considered as a temperature-dependent parameter

according to the Arrhenius equation through an exponential expression of [224]
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D, =Dy, exp|—tod(2_1 7.2
S,j_ O,j p R TO T 4 (')

where Dojis reference diffusion coefficient (m?/s) of Li ions in solid electrode active
materials at the initial temperature, Eq;is the activation energy (J/mol), Tis the
temperature (K), and R is the universal gas constant, 8.314 (J mol! K).

The concertation of ions at the center of electrodes is assumed to be zero. Then, the

boundary condition at the center is defined as [45]

aCS’j
Dy =0, (7.3)

At the electrode/electrolyte interface, the molar flux is equal to the

consuming/producing rate of Li ions due to the electrochemical reaction as

_p. i =7 (7.4)
> or T=R]._ 7 '

where J; is the flux of Li ions away from the surface of the spherical particles with radius

Rjand can be expressed as

+1,
Jj=—— (7.5)

zF (R%)sjVj
where lapp is the total current passing through the cell tabs and is defined in this work as
positive for charge process and negative for discharge process. F is Faraday’s constant,
96487 C/mol. g and V; are the volume fraction (porosity) and total volume of the
electrodes, respectively.

The Butler-Volmer equation expresses the electrochemical reaction kinetics at the

electrode/electrolyte interface as
) 0.5F 0.5F
Ji=to <eXp< RT ) B <_ RT "f))' (7.6)
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where 1); is the overpotential and the exchange current density iy, is defined as

lo,j = FKj\/(Cs,j,max = C,j)Cs j(CLj/CLjref)s (7.7)

here «; is the temperature-dependent reaction rate constant, and solid and solution phase

concentrations are c¢s; and ¢;;, respectively. The solution phase concentration is assumed to

be a constant value and ¢y, r.ris assumed to be equal to 1 mol/m?. The overpotential for each

electrode is related to the solid phase potential (¢s,), the solution phase potential (¢;;), and
the open circuit potential (U) as

Ny =@s;— @; — U (7.8)

The equilibrium potential of the electrode material is a function of the battery’s

state of charge (SOC), while the SOC is defined as the local Li ion concentration divided

by the maximum intercalable Li ion concentration as

C .
soc = — (7.9)

Cs, jmax

where ¢s and Csjmax are the surface and maximum concentration of Li ions in the electrode
particles, respectively. Figure 7.2 shows that the equilibrium potential parameter Ecq; for

the graphite and LiCoO: as the negative and positive electrodes, respectively.

Negative Electrode: Graphite Positive Electrode: LiCoO,
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Figure 7.2 Equilibrium potential vs. SOC for Graphite and LiCoO, [45][114].
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The potential drop at the electrode/electrolyte interface for solid polymer
electrolyte (SPE) is related to the electrolyte resistance, Rspe and applied current, lapp as
Prp — Pin = —lappRspE, (7.10)
here, Rspg is an adjustable parameter that depends on the cell temperature, current, and the
electrolyte type as
Rspg = Ro(1 + a(Tymp — T)), (7.11)
where Ry is the solid polymer electrolyte internal resistance, T is the temperature and o is
the correction factor for the actual resistance of the electrolyte. The cell potential is
determined as follow
Ecett = ©s5p — Psn- (7.12)
7.2.2  The Thermal Energy Balance
The one dimensional thermal energy balance in Li-ion battery is governed by
[45][224][231][232][233]

oT 02T

where }; is the thermal conductivity (W mt K1), C,; is the heat capacity (J kg! K1), and
p;j is the material density (kg/m?). The heat source, q during charge and discharge processes

in the Li-ion battery is defined as

q= ern + Qrev + Qohm' (714)
where Qmn 1s the total reaction heat generation rate, Qv is the total reversible heat

generation rate, and Qonm 1s the total ohmic heat generation rate and are defined as

ern = FAj]j((ps — @Y — U)' (715)

Qrev = FA;J;T (Z—?), (7.16)
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and

a(ps 2 a(pl 2
Qonm = Oeff (W) t+ Kerr (W) ) (7.17)
where ohmic heat generation can also be defined as
Qohm = Ic%ppRSPE- (718)

The open circuit potential of electrode is temperature dependent and can be

approximated by Taylor’s first order expansion around a reference temperature as

dUu

— Jj
Ui =Ujrer + (T - Tref) ar’ (7.19)

where Uj ris the open circuit potential under the reference temperature Tier. The boundary

condition for energy balance is expressed as

oT
_/11' a =0 = h(Tamb - T)' (720)
and
oT
—A; % L =h(T — Tymp), (7.21)

where h is convective heat transfer coefficient (Wm2K!), and Tamb is the absolute ambient
temperature (K).
7.3 Results and Discussion

The voltage versus discharge capacity plots obtained from simulation are compared
with experimental measurements and reported in Figure 7.3. The modeling results show a
good agreement against the experimental measurements. The potential vs. discharge
capacity for each temperature shows a sharp voltage drop for low temperatures at the early
stages. This voltage drop is significant for 4°C compared to 10°C and 25°C which indicates

the battery capacity decreases dramatically at low temperatures. The voltage drop can be
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related to internal resistance of solid polymer electrolyte that plays a significant role in
battery performance. The higher value of internal resistance in solid polymer electrolyte
leads to lower ionic conductivity due to dominating the crystalline segment of the PEO
matrix. The ionic conductivity of polymer electrolytes directly depends on the operating

temperature and polymer glass transition temperature.
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Figure 7.3 Potential (V) vs. discharge capacity (mAh/cm?) through both modeling and
experimental measurements. The model can predict the battery performance in
low temperatures.

The internal resistance is determined through simulation as a fitting parameter for
each temperature. For battery at 4°C, this value is determined to be about 100 mQ.m? while
at 10°C it is about 60 mQ.m?. The internal resistance of the solid polymer electrolyte at
room temperature is determined to be about 20 mQ.m? which is 5 times lower than

resistance at 4°C. The simulated cell temperature profiles during discharge process starting

at 25°C for different operating temperatures are presented in Figure 7.4.
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Figure 7.4 Temperature profile for 4°C, 10°C, and 25°C.

Through modeling, it is concluded that the battery performance at low temperatures
can be improved by increasing the Li ion salt concentration in negative electrode. Figure
7.5 indicates that the battery performance at 4°C that is enhanced by 10%, 20%, and 30%
increase of salt concentration. Higher salt concentration can boost ionic conductivity and

reduce the resistance of polymer at lower temperatures.
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Figure 7.5 Modeling shows by increasing salt concentration in negative electrode the
battery performance can be improved at 4°C.
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7.4 Conclusions

In this study, a 1D thermo-electrochemical model is developed to investigate the
effect of low temperatures on solid polymer electrolyte Li-ion batteries for subsea and
space applications. The modeling results show a good agreement with experimental data.
It is shown that by increasing the salt concentration in the negative electrode, the battery
performance enhances at low temperatures. Some of the parameters such as concentration
of Li ions and resistance of solid polymer electrolyte at low temperatures are estimated
based on experimental measurements and adjusted in the model. An accurate estimation of
these parameters is crucial for model accuracy and reliability. However, the parametric
study helps battery designers to understand the effect of various parameters on battery
performance in different operating conditions. The insights from this study enable a more
effective design and fabrication of solid polymer electrolyte with enhanced electrochemical

properties for flexible and structural Li-ion batteries and energy storage devices.
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8 Conclusions and Future Work
8.1 Conclusions

8.1.1 Layered Nanostructure Modeling

In this study, two-dimensional models have been developed to investigate the effect
of material architecture on ionic diffusivity for layered nanostructure composites. The
focus of this study is specifically on composite material consisting of reduced graphene
oxide (rGO) with 25wt% aramid nanofiber (ANF). The model considers two
experimentally realizable aligned and staggered arrangements of rGO sheets in ANF
matrix. Also, various degrees of rGO sheets’ waviness are considered to mimic the
structure of material depicted through SEM images. The results show that the waviness
impedes the ionic diffusivity in both arrangements. However, this effect is more significant
in staggered arrangement than in aligned arrangement. The effective diffusivity and
tortuosity of each arrangement agrees with the aforementioned conclusion.

Architecture based diffusion analysis can provide a more rigorous approach to
assess and screen various composite electrode structures. In comparison with porous media
modeling that ignores material architecture and MD simulation that narrows the focus on
localized properties of the material at atomic and molecular levels, architecture-based study
is a good strategy to investigate micro and nano structure of composite materials in the
field of supercapacitors and Li-ion batteries. The insights from this study enable a more
effective design of electrode architectures toward enhanced ion diffusion and conductivity

in electrochemical energy storage devices.
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8.1.2 Nanoarchitecture Modeling vs. Porous Electrode Theory

In this study, the effective diffusion coefficient of K* and OH" are obtained through
nanoarchitecture modeling and compared with porous media approaches and validated
with experimental measurements. The effect of nanoarchitectures of tGO/ANF composite
electrodes obtained through sol-gel method called “house of cards” and vacuum filtration
method called “layered” on effective diffusion coefficient is investigated through
multiphysics computational modeling. Two unit-cells are developed with different
arrangements of rGO/ANF sheets in square and staggered configurations to describe house
of cards and layered nanostructures, respectively. The Des calculated form
nanoarchitecture modeling is in a better agreement with experimental measurements. It is
concluded that the porous media approach overestimates the value of Defr for materials with
high porosity. Modeling composite materials with high porosity requires more rigorous

models that can be obtained through nanoarchitecture modeling.

8.1.3  Simulation of Cyclic Voltammetry

The modeling of structural supercapacitors is concluded by modeling the cyclic
voltammetry measurements of a whole cell supercapacitor. The structural supercapacitor
is made of two identical rGO/ANF electrodes and KOH electrolyte. The cyclic
voltammetry of rGO/ANF structural supercapacitor is simulated various electrode kinetics
such as Butler-Volmer equation and Tafel equation with very low local current density.
However, the cyclic voltammetry behavior of rGO/ANF supercapacitor is similar to the
ideal supercapacitor CV behavior. The modeling results show a very good agreement with
experimental measurements. Modeling cyclic voltammetry can provide useful information

about kinetics and thermodynamics of structural supercapacitors and enables better control
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over the performance and life cycle of the device. Comparison of predicted and measured
voltammograms enables determination of unknown material properties such as diffusion

coefficients and reaction rates.

8.1.4 Thermal Modeling of Solid Polymer Li-lon Batteries

In this study, the effect of low temperatures on solid polymer electrolyte Li-ion
batteries is investigated through modeling and the results validated with experimental
measurements. The modeling results show a very good agreement with experimental
measurements. It is also predicted that increasing the Li-ion salt concentration at the
negative electrode by 10 to 30 percent improves the battery performance considerably.
However, more accurate experimental measurements are required to estimate fitting
parameters to ensure the model reliability and accuracy. The insights from this study enable
a more effective design and fabrication of solid polymer electrolyte with enhanced
electrochemical properties for flexible and structural Li-ion batteries and energy storage
devices.
8.2 Future Work
8.2.1 Nanoarchitecture Modeling

In nanoarchitecture modeling, assuming that the structure is consistent along the
third dimension, 2D modeling is more efficient than 3D modeling. However, for cases
when there are some variabilities in the third dimension, 3D modeling can provide more
accurate information about the material behavior. The 3D modeling should be considered
in the future work to provide more accurate value of Desr in the composite materials. Also,

a more rigorous 2D and 3D models that mimics the SEM images can provide a system to
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calculate and determine the effective diffusion coefficient for electrode materials with
various nanoarchitectures.
8.2.2  Cyclic Voltammetry Modeling

The CV modeling can be used to simulate cyclic voltammetry of house of cards
nanostructure as well as other electrode materials. The CV plot provide very useful
information about the material electrochemical behavior. The voltage, current density and
concentration profile for each nanostructure can be compared with experimental
measurements. Modeling long and multiple voltammetric cycles can be performed.
Various nonstandard voltage waveforms (other than triangular wave) can be applied at the
interface and a predictive simulation can be achieved. Coupling to a fluid flow model with
convection of the reacting species allows the investigation of hydrodynamic
electrochemistry.
8.2.3 Thermal Effect on Li-lon Batteries

Thermal behaviors, operating conditions, and heat generation during charge and
discharge play important roles on electrochemical energy storage performance, lifetime,
reliability, and safety. To investigate the solid polymer electrolyte performance in different
conditions, a wider range of temperatures can be considered in the modeling thermal effect
of Li-ion batteries. Modeling Li-ion batteries in extreme cold and hot temperatures
combined with radiation effect can be very interesting in applications such as space and
subsea. Various parametric studies can help rational material design with preferred
specification for different applications. The model can be modified to provide more

predictive results for the situations that the experiment is not possible.
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Appendix A
A.1  Fabrication of rGO/ANF Composite Structural Electrodes
A.1.1 Vacuum Filtration Method

Graphene oxide (GO) was synthesized using the modified Hummers method [51].
Aramid nanofibers (ANFs) were prepared by dissolving bulk Kevlar® thread in dimethyl
sulfoxide (DMSO) and potassium hydroxide (KOH), as described in previous reports
[15][16][70]. The electrodes were fabricated using vacuum-assisted filtration while the
total mass was held constant at 40 mg. More specifically, desired amounts of GO/DMSO
and ANF/DMSO were mixed and stirred together for one hour. Then, deionized water was
added to assist the formation of hydrogen bonding between the ANF amide bonds and the
oxygen containing groups of GO. The mixture was heated for two hours and filtrated on a
nylon membrane (47 mm diameter and 0.2 um pore size). The electrodes were peeled off
and dried in a vacuum oven at 80°C for 3 days. Finally, the composite electrodes were
thermally reduced under vacuum at 200°C [15][16]. The morphology of the electrodes was

characterized through scanning electron microscopy (SEM) (JSM-7500F, JEOL).

- = .L Aaw
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Flow-Directed Assembly
Densely packed and layered structure
Brick-and-mortar architecture

Figure A.1 Schematics of vacuum filtration method [15][16][17][18][108].
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A.1.2  Sol-Gel Method

This method is reported in references [19][72]. The GO-ANF mixture in DMSO/water
was solvent exchanged to water using dialysis. As-obtained aqueous GO-ANF mixture was
concentrated in a rotary evaporator to yield a GO-ANF slurry with a GO loading of 10
mg/ml. For sol-gel reaction, the aqueous GO- ANF slurry was mixed with ammonium
hydroxide (NH4,OH), with a NH,;OH/GO ratio (v/w) of 0.024 mL/mg. GO(ANFy)
hydrogels with desired ANF concentration (X wt.% dry solid basis) were obtained by

heating the aqueous GO-ANF-NH,OH mixture at 90°C in a sealed hydrothermal chamber

for 3 days. Excess ammonia and reaction byproducts were removed by washing with DI
water. Then, an additional chemical reduction step is performed to obtain rGO (ANFx)
hydrogels by treating GO(ANFx) hydrogels in 40 mg/ml aqueous L-sodium ascorbate
solution at 90°C for 5 h. The residual L-sodium ascorbate and reaction byproducts were

removed by washing with DI water [19]

Gelation

3 = .
| —)
90°C | .

72 hrs

GO in DMSO Ag. GO-ANF  Ag. GO-ANF dispersion rGO-ANF
+ NH,OH hydrogel

Figure A.2 Schematics of sol-gel method [19][72].
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A.2  Mathematical Relations for Energy and Power in Supercapacitors

The following equations are regarding diffusion current and capacitance in
supercapacitors [7][92][93][114][115][116]. It can be seen that increasing the ionic
diffusivity directly increases the diffusion current as well as the energy and power in
supercapacitors. The flux relation with current density and concentration gradient is

[114][115]

. dc(x,t)

=L, (A.1)

— _la _
](x' t) - ZFA -
where J is the ionic flux (mol.m?2. s!), i , is the diffusion current (A), z is charge number, F

is the Faraday’s constant (C/mol), A is the area normal to the flux (m?), D is diffusion
coefficient (m?/s), and ¢ is the concentration (mol/ m?). The simplified equation for

diffusion current is described as [114]

iq = zFAD 228, (A.2)

The capacitance, C (uF) of a supercapacitor is the ratio of the change in electric charge,

g, to the corresponding change in its electric potential, V, as [92][93]

Aq At

AV - Ay

(A.3)

The energy, W (J), of a supercapacitor is related to the capacitance (C) and applied voltage

(V) as described in the form of [94]

1

W=z CcVv?, (A.4)
and the power is the energy vs time as
— W _ d|lry2
T oat _dt[ZCV ] (A-5)
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A.3  Determination of ionic diffusivity through experimental measurements
The ionic diffusivity of K™ and OH ions through cyclic voltammetry measurements can be

determined through Randles-Sevcik equation [88] as

szD)l/ 2

i, = 0.4463 zFAc( o

(A.6)

where, D is the diffusion coefficient (m?/s), i, is the peak current (A) obtained from CV
plots, z is the charge number, v is the scan rate (V/s), A is the electrode surface area (m?),

and c is the ionic concentration (mol/m?).
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Figure A.3 1D and 2D geometry development with boundary conditions; blue indicates
zero flux and red indicates c=co [108].
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1D Diffusion 2D Diffusion

D (Sample — ‘ —
Diameter) RVE<+“—1 35mm RVE 35 mm
t (Sample Thickness) 0.001t mm — 5mm

Decreasing Diameter/Thickness Ratio

Figure A.4 One-dimensional diffusion mass transfer is preferred in thin films, when the
value of diameter/thickness ratio of the sample is large enough to neglect the
diffusion of ions from the sample edges [108].

Laminates in Series:

L Ly L, L,
D D, D, "TD,

Laminates in Parallel:

LD - LlDl + LzDz + -4 LnDn

Figure A.5 Series and parallel laminates and related equations to determine effective
diffusion coefficient [108][117][118].
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Figure A.6 Concentration contour plots for rGO/25wt%ANF in aligned and staggered

arrangements with various degrees of waviness of a/A =1/16, 1/24, 1/32, and
0 (straight sheets) [108].
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Figure A.7 Concentration-time plot of 3-points in the geometry- left (blue), middle (green),
and right (red). These plots indicate that how ion transfer develops through the
geometry in three-time stages: (1) time needed for ions to reach the point,
(2) transient, and (3) equillibrium [108].
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Figure A.8 The effect of diffusion coefficient on concentration for staggered arrangement
with w = 1/24, D =10""" m?/s to D =10"'" m?/s [108].
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Figure A.9 (a),(b) Average concentration-time plots for aligned and staggered
arrangements (D=10"'" m?/s). Increasing waviness of rGO sheets, decreases
the ionic concentration in both aligned and staggered arrangements. (c),(d)
Average concentration-time!? plots for aligned and staggered arrangements
(D =109 m?/s) is used to calculate effective diffusivity and tortuosity [108].
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Table A.1 Diffusion coefficient (m?/s) for common ions in various electrolytes [108].

Species Aqueous Organic Carbon Polymer
Electrolytes Electrolytes Electrodes Electrolyte

Li* 10°[119] 10 -10°[120] | 10¢-10"'2[120] | 10® (PEO) [120]

Na* 105 [121] 10-19-1012[122] | 1012-10"13 [123] | 107- 107 [124]

K* 105 [121] 10-19- 10121257 | 10 - 10°1°7126] | NA

Mg? 105 [121] 10-1°- 1012 [25] | NA NA

NA: Not Available
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Appendix B

OH Concentration (mol/m?), Time=0.05 s
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(a)

Figure B.1 Concentration contour plots for OH ions in (a) square unit cell for house of
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(b)

OH" Concentration(mol/m?), Time=0.01 s
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cards, and (b) staggered unit cell for layered nanoarchitectures [135].
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Figure B.2 (a) Concentration-time plot for K+ and OH- at point P in staggered unit cell
for layered nanostructure shows a Fickian diffusion behavior. (b)
concentration development of K+ and OH- along line L in the
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nanochannel indicates that K+ ions are accumulated at the rGO/ANF

surface due to negatively charged surfaces and OH ions are repelled from

the surfaces [135].

122




0
—0s 7 t i ‘u

0.1 —0.01s|| 0.4{"f" ]
S 0.2 :
z o 0.35
E ) 0.3
E '2';‘ 0.25]
2 ole 0.2
£ 0.15 ;
O -0.7 L mmp
o 0.1 , - ,
T 0.4 06

-0.9

05 0.52 0.54

Length (pm)

Figure B.3 Electric potential for line L in the nanochannel at time Os and 0.01s, the electric
potential is -1 mV at the rGO/ANF surface and goes to zero at the boundary
condition in the middle of nanochannel [135].
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