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Abstract

A battery separator is one of the key components of a Lithium-ion battery (LIB). It serves
as an insulator between the electrodes to prevent the internal short circuit. More importantly,
the battery separator retains liquid electrolyte within its porous structure, allowing the
migration of lithium ions during battery cycling. The fast-growing demand for high-

performance LIBs in various applications requires the development of superior separators.

Electrospun nanofibrous separator receives considerable attention among all the
progresses of battery separator research. Generally, electrospun nanofibrous separator
offers appealing features including large pore size (typically above 500 nm), high porosity
(typically above 70%) and interconnected porous structure. This improves ions
transportation efficiency and battery cycling performance. However, most studies are
focused on electrochemical inert material as battery separator, which is incapable of

contributing any battery capacity to the LIB cells.

This thesis study develops a redox-active separator based on electrospun polypyrrole
(PPy) composite nanofibers to enhance battery capacity. The proposed separator is
fabricated by in-situ polymerization of PPy onto electrospun polyacrylonitrile (PAN)

nanofibers followed by subsequent electrospinning to form a bilayer membrane.

This thesis starts with understanding the separator’s effects on the battery performances
to provide insights and guidance to the separator design. A two-dimensional
electrochemical-thermal coupled model is developed for a 38120-type LiFePO4 LIB. The
model results show that separator thickness strongly impacts battery energy density. In
addition, the mass transfer resistance of the separator increases with decreasing separator
porosity, which results in increased electrolyte concentration gradient. However, the

correlation between separator porosity and electrolyte concentration gradient indicates that

vii



a separator porosity of 80% or greater contributes little to the resistance to mass transfer.

After that, a detailed study of the kinetics on the in-sifu polymerization of PPy with
electrospun fibrous membrane as the template is carried out to better understand the
mechanisms behind the fabrication of the proposed separator. The in-situ polymerizations
of PPy are produced on electrospun fibrous PAN templates at temperatures ranging from
273 to 285 K. The experimental results show that the overall reaction rate of the in-situ
polymerization process in the presence of electrospun fibrous template is faster than that
without template. Further investigation confirms that the increase in the overall reaction
rate results from the enhanced reactions between oxidized pyrrole oligomers and neutral

pyrrole monomers

Then, the proposed separator with expected properties is fabricated and characterized.
The produced separator exhibits a bi-layer structure, including a layer of PAN@PPy core-
shell structured fibers and another layer of PAN fibers. The porosity and electrolyte uptake
of the redox-active separator (79.3 £ 7.1% and 294.6 = 31.5%) are much higher than that
of a commercial PP separator (41% and 81.5 = 17.4%). In addition, the redox-active
separator is thermally stable up to 250 °C and capable of maintaining its dimensions at
160 °C. Moreover, the redox-active separator exhibits superb mechanical properties than

the electrospun PAN separator dose.

Finally, the separators are assembled into separate LIB cells for performance evaluation.
The battery cell containing redox-active separator exhibits the highest discharge capacity
of 158.7-227.0 mAh-g-1 at different current rates of 2-0.2 C. The enhanced battery capacity
stems from the redox-activity of the PPy polymer contained in the redox-active separator.
In addition, the battery cell with redox-active separator achieves the highest gravimetric
energy density of 103.0 mAh-g-1, which is 56.1% higher than that with the commercial PP
separator. These results suggest a promising strategy to enhance the capacity of LIBs by

merely modifying the conventional separators into nanofibrous redox-active separators.
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Chapter 1

Introduction

1.1 Background

Nowadays, batteries are not only a ubiquitous power device for portable electronics, but
also becoming the most promising candidate for powering electrical vehicles and large-
scale energy storage systems [1]. Shifting electricity production from burning fossil fuels
to sustainable energy sources is essential to the modern industrial society. Sustainable
energy sources, including tidal energy, wind energy, solar energy, and biogas, generate
electricity according to the time and climatic condition [2]. Thus, batteries as energy storage
technologies are required for the utilization of electricity produced by sustainable energy

sources.

In 1836, John F. Daniell proposed a practical and reliable battery cell that continuously
produced a constant current for days [3]. Based on the Daniell cell, Gaston Planté invented
the lead acid battery in 1859 as the first rechargeable battery. Nowadays, lead acid batteries
are widely used in motor vehicles as power supply [4]. However, lead acid batteries are not
suitable for portable devices like laptop computers and mobile phones because of the large
volume and heavy weight. In 1980s, researchers [5, 6] found that lithium ions can be
embedded into graphite and spinel, which inspires the invention of lithium-ion battery
(LIB). Since then, with continual research and developments, LIB has become the most
popular energy storage solution for a wide variety of portable electronic devices and electric

vehicles because of their high energy density, long cycle life, and low self-discharging [7].

The charge-discharge function of LIBs is achieved by the lithium ions migrating
between two electrodes through the electrolyte. As shown in Figure 1.1, an external

electrical power source forces the electrons to pass through the external circuit and the



lithium ions migrate towards the anode across the electrolyte during the charge process.
When the battery is discharging, the electrons circulate in the reverse direction to produce

electric power and the lithium ions migrate from anode to cathode.

i -‘ >
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Figure 1.1. Schematic of a typical lithium-ion battery

The key elements in a LIB include cathode, anode, electrolyte, and separator. The
cathode and anode receive and detach lithium ions during battery charging and discharging,
respectively. The electrolyte acts as a reservoir of the lithium ions, enabling the lithium ions
to transfer between the two electrodes. The battery separator placed between the two
electrodes is a crucial component, which serves as an electrical insulator between the
cathode and anode to prevent the internal short circuit. More importantly, the battery
separator retains liquid electrolyte within its pores, allowing the migration of lithium ions
during battery cycling. Thus, the structure and properties of separator strongly impact the
battery cycling performance, lifetime, safety, and energy density [8]. The fast-growing

demand for high-performance LIBs in various applications requires the development of



superior separators.

1.2 Motivations and challenges

The battery separators currently dominating the commercial market are polyolefin-based
thin membranes produced by wet or dry-laid process [9]. However, the commercial
separators are criticized for its low porosity (less than 50% [10]), poor ionic conductivity
(less than 1 mS cm! [11]), and poor thermal stability (shrink at around 130 °C [10]). As a
result, considerable efforts have been made to the research and development of high-

performance separators for advanced LIBs.

Recently, nanofiber-based separators have received considerable attention because of
their interconnected porous structure and affinity to liquid electrolyte, which increases ions
transportation efficiency, battery capacity and energy density [12, 13]. Therefore, they are

reviewed extensively as follows.

Nanofibers-based separators can be produced by various methods, such as melt-blown
[14], wet laid [15, 16], vacuum filtration [17, 18], and electrospinning [19, 20]. Table 1.1
compares different fabrication methods in terms of the ability of scale-up, variety of
nanostructures, controllability of fiber formation, and operational difficulty. The melt-
blown process has been adopted to produce commercial micro/nanofibers, where melted
polymer is extruded through an orifice die with a jet of hot air to form fibrous web. However,
the high temperature and airflow rate may cause fiber instability, leading to particles
dispersed among the fiber web. As such, producing fine nanofibers is a challenge to melt-
blown process [21]. Alternatively, wet-laid method requires the polymer precursor to form
fibers in a liquid precursor suspension. Then, additional bonding additives are added to
bond the base fibers by heat and pressure treatment. The structures and properties of the

final fiber-based separators are mainly determined by the polymer type and compositions



in the precursor suspension [22]. Similarly, nanofibrous separator produced by vacuum
filtration process also requires the preparation of liquid precursor suspensions. The vacuum
filtration help form the fiber web on a filter paper. However, achieving even vacuum force
is difficult for a large surface, which limits the membrane dimensions produced by vacuum
filtration method [23]. Compared to the three preceding methods, electrospinning can
produce nanofibers with controllable nanostructures, such as the core-shell, hollow, and
multichannel ones. It also gains interest for its application to battery separators in recent

years as evidenced by the rising numbers of the annual publications (see Figure 1.2).

Table 1.1. Comparisons of different nanofiber fabrication methods

Controllable =~ Operational

Methods Scale-up  Nanostructure Ref.
fiber formation Ease
Melt-blown Yes Fiber Yes Simple [21]
Wet-laid Yes Fiber No Difficult  [22, 24]
Vacuum
No Fiber No Moderate [17, 23]
filtration
Fiber, Core-
Electrospinning Yes shell, Hollow, Yes Simple [13,25]

Multi-channel
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Figure 1.2. The number of publications on electrospun battery separators (data obtained

by searching keywords “electrospinning separator” from Web of Science database, as of

September 2021)

In general, electrospun nanofibrous separators have large pore sizes (typically above 500
nm), high porosity (typically above 70%) and interconnected pore structures [26-28]. This
improves ions transportation efficiency and battery cycling performance. However, most
research works are still focused on using electrochemical inert material as battery separator,
although improved battery performances with nanofibrous separators are reported in the

literature (see Section 2.1).

Admittedly, inert separators are incapable of contributing any battery capacity. The
thicker the separator is, the lower the battery energy density is. Although, the use of a
thinner separator seems to benefit the LIB energy density, it is impractical to do so [7]
because a thinner separator retains less liquid electrolyte and has weaker mechanical

strength, leading to poor battery performance and high safety risk.

An alternative strategy is to enhance the battery separator with redox activity. The redox-
active separator can participate in the battery reactions and improve the battery capacity.

Thus, the use of redox-active separators can eventually increase the energy density of LIBs.



For example, Wang et al. [17] first demonstrated the feasibility of fabricating redox-active
separator by a bilayer structured cellulose/polypyrrole (PPy) composite separator for LIB.
The PPy composite layer improved battery capacity stemmed from its redox activity, while
the cellulose layer acted as insolation barrier between electrodes. The experiments showed
that the redox-active separator contributes 0.116 mAh of discharge capacity to a LiFePO4
half-cell at current rate of 0.2 C. This redox-active separator was fabricated via a
conventional vacuum-filtration membrane-making process. However, this method is
limited to the fabrication of small membranes for laboratory use only (as summarized in
Table 1.1). Furthermore, the produced separators still suffered from low porosity of less

than 60%, small pore size of below 60 nm, efc.

Thus, there is a need to develop PPy-based redox-active separators with improved
structural properties. The electrospinning technology can produce battery separators with
large pore size, high porosity and interconnected pores structure; such structures are
expected to improve the LIB performance since these characteristics facilitate mass
transportation in battery cells. Therefore, this thesis work aims to develop redox-active

separators in the form of electrospun nanofibers.

1.3 Research objectives

This thesis aims to develop a technology for advanced LIB separators to enhance the battery
capacity. This objective is achieved by several steps. First, understanding the separator’s
effects on the battery performances to provide insights and guidance to the separator design.
Then, a bilayer structured redox-active separator is proposed based on in-situ
polymerization of PPy onto electrospun polyacrylonitrile (PAN) nanofibers. A kinetics
study of the in-situ polymerization is carried out to better understand the mechanisms
behind the fabrication of the proposed separator. Finally, the proposed redox-active

separator with expected properties is fabricated, followed by characterization and battery



testing to study its properties and performances.
The following specific tasks are completed in this thesis work:

1) Develop a numerical model to quantify the effects of battery separator’s thickness,

porosity, and thermal properties on commercial-scale cylindrical LIB.

2) Compare controversial mechanisms- for pyrrole polymerization to identify the best

suitable one.
3) Study the kinetics of in-situ polymerization of PPy onto electrospun nanofibers.

4) Fabrication of the redox-active separator and characterize its morphology, chemical

composition, thermal stability and mechanical strength.

5) Evaluate the performance of redox-active separator in LIB.

1.4 Thesis structure

This study aims to develops a PPy based redox-active nanofibrous separator for LIB to
improve the battery capacity. The redox activity of the separator is stemmed from the PPy

polymer, which is integrated with the electrospun nanofibers by in-situ polymerization.

The structure of this thesis is organized as follows. Chapter 1 presents the background
of LIB separator followed by introducing the current research trend of developing
electrospun nanofibrous separator. Although the most research works are based on inert
separators, a few research works have demonstrated the feasibility to use redox-active
separator to further improve the battery capacity. Therefore, this thesis is motivated to
develop nanofibrous redox-active separator in order to achieve well-developed porous

structure and further improve the battery performance.

Chapter 2 provides a detailed literature review to cover the recent research progress of



electrospun separators, which is a promising type of separator in LIB to enhance lithium
ions transportation efficiency due to its ideal features like interconnected porous structures,
high porosities and large surface-to-volume ratio. In addition, the commonly used methods

of integrating PPy with electrospun nanofibers are briefly reviewed.

Chapter 3 presents a numerical modeling study to quantify the separator’s effect on the
LIB performances, in order to provide insights and guidelines for the separator design. A
two-dimensional electrochemical-thermal coupled model is developed for 38120
cylindrical LiFePO4 LIB. This type of commercial battery is used for many applications
including electrical vehicles. The model is first validated with experimental data obtained
from literature. Then the validated model is used to study the impact of separator design
parameters, including thickness, porosity, thermal conductivity, and heat capacity, on the

electrochemical and thermal performances of the battery.

Chapter 4 studies the kinetics of the in-situ polymerization of PPy onto electrospun
nanofibers, aiming at the understanding of the mechanism of the fabrication process to
produce redox-active nanofibers. Two different kinetics models are developed based on
existing PPy polymerization mechanisms. The most suitable mechanism is first identified
by comparing the model results with experimental data. Then, the kinetics of in-situ
polymerizations of PPy on electrospun fibrous polyacrylonitrile (PAN) templates are

studied, followed by the investigation of the activation enthalpy and entropy of the reaction.

Chapter 5 fabricates the PPy based nanofibrous redox-active separators based on
electrospinning and in-situ polymerization processes. The obtained separator exhibits a
bilayer structure, including a layer of PAN@PPy core-shell structured fibers and another
layer of PAN fibers. Detailed characterization of the fabricated separator is presented,
including the separator morphology, chemical composition, thermal stability, and
mechanical property. Moreover, the redox-active separator is assembled into LIB coin cells

to study the battery performance.



Chapter 6 summaries the conclusions of this thesis research and recommends the

research directions for the future.



Chapter 2

Literature Review

2.1 Electrospun nanofibrous separators for LIB

Electrospinning technology is derived from the study of charged fluids. The ability of
charged fluids to eject liquids was first reported by Rayleigh in 1882 [29]. Then, a detailed
description of the deformation of charged liquid droplet was provided by Geoffrey Taylor
in 1964 [30]. Figure 2.1 shows the deformation of a liquid droplet to eventually form fiber
ejection in an electric field. When placing a liquid droplet in an electric field, the repulsive
electrostatic force on the liquid surface increases with the increasing electric field strength.
Once the repulsive force is greater than the hemispherical surface tension, an elongated
droplet which also known as the Taylor cone is formed [31]. With the further increase of
the electrical field strength, the repulsive electrostatic force will keep rising to eject fibers

from the tip of the Taylor cone.

Liquid droplet Taylor cone Fiber ejection

I
#

Figure 2.1. Images of liquid droplet deformation to form fiber ejection [31]
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Figure 2.2 shows the schematic of a typical electrospinning system that can be used to
produce electrospun separators in a laboratory setting. The setup is composed of a high
voltage power supplier, a syringe with metallic needle, and a grounded collector. In a typical
process, the selected electrospun precursors, such as PVDF, PAN, and PAA, are dissolved
in solvent and loaded into the syringe. The high voltage power supply is connected to the
metallic needle to form an electric field between the needle and the grounded collector. The
ejected fiber undergoes an elongating whipping before reaching the collector while the
solvent evaporates. Eventually, randomly oriented solid fibers are deposited onto the
collector. The morphology and structure of the collected nanofibers can be controlled by
the operational parameters such as applied voltage, tip to collector distance, temperature
and humidity. As shown in Figure 2.2, different types of syringes and collectors can be
applied to fabricate desired structures of nanofibers. Using a multi needle syringe can
upscale the nanofiber production. It also allows different types of fiber solvents to eject at
the same time to form composite membranes [32]. The co-axial needle contains a small
inner capillary fitted inside the outer capillary can produce nanofibers with a core-shell
structure by using two fiber materials [33, 34]. Using rotating drum or conveyor as a
collector increases the depositing area and can control the spatial orientation of deposited

fibers by adjusting the rotation or running speed [35].
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Figure 2.2. Schematic diagram of typical electrospinning setup
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Electrospinning is ideal for fabricating nanofiber-based membrane separators for LIB
with desired structures. However, it is criticized for its low production rate in the range of
milliliters per hour. Adding additional nozzles may improve productivity, but, the repulsive
electric-field from the additional nozzles causes distortion of the overall electric-field

which leads to non-uniform nanofiber distributions [36, 37].

Alternatively, needle-less electrospinning is developed to overcome such drawbacks.
For example, Yarin ef al. [38] reported a magnetic-field-assisted needleless electrospinning
system to improve the nanofiber production rate. It contains two layers of fluids with a
polymer solution as the upper layer and ferromagnetic suspension as the lower layer. A
magnetic field was applied to this system to form vertical spikes from magnetic suspension
that perturbed the interlayer interface, as well as the free surface of the upper polymer layer.
Meanwhile, an electric field was also applied to the system, the perturbations of free surface
resulting in thousands of fibers ejected upward to the collector. Later, Jirsak et al. [39]
proposed a simpler setup of needleless electrospinning by using a rotating cylinder as the
nanofiber generator which is partially immersed in the polymer solution. When the cylinder

rotates, the polymer solution is adhered onto the cylinder surface and generates enormous
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numbers of fiber jets under electric field. Similarly, some other rotary fiber generators such
as, disc, ball and spiral coil were proposed by Niu et al. [40] and Wang et al. [41] as shown

in Figure 2.3.

Figure 2.3. Different rotary fiber generators for needleless electrospinning process. (a)

cylinder [42] (b) disc (¢) ball [40] (d) spiral coil [41]

Admittedly, needle-less electrospinning generally requires higher applied voltage and
closer collecting distance compared to needle electrospinning to generate fibers in similar
diameter range [43]. However, it is feasible to generate large number of fibers from free
surface of polymer solution. Thus, it has been quickly adopted in commercial applications.
Companies such as Elmarco Ltd., Revolution Fibers Ltd. and SNC Ltd. have all launched
their needleless electrospinning machines to achieve mass production of nanofibers. The
rapid development of electrospinning technology also creates a promising future for the

electrospun separators for LIBs.

Electrospun separators can be divided into four major types based on their composition
and structure, namely monolayer separator, multilayer separator, modified separator, and
composite separator. Monolayer and multilayer separators refer to the separators that
contain one and multiple layers of electrospun nanofibers, respectively. Each layer of
nanofibers is composed by one type of material. Modified separators are modified from

electrospun separator via surface modification to further improve the surface
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electrochemical properties. Composite separators are fabricated by adding inorganic

particles or co-electrospinning with multiple polymer nanofibers to electrospun separators.
2.1.1 Monolayer separators

Monolayer separator is the simplest membrane separator; it is prepared by one kind of
precursor material. Unlike the traditional microporous separator which obtains its pore
structures by membrane stretching [19], the pore structures of electrospun separator are
formed by interstices between fibers. Thus, features like high porosities (typically above
70%) , large specific surface areas (typically above 10 m?-g! [43, 44]) and interconnected
porous structures are readily achieved by the electrospun membrane separator. Electrospun
monolayer separator can be made from different polymer materials. PVDF [45-48], PAN
[49-51] and PI [52-55] are the most commonly reported polymers to prepare monolayer
electrospun separators due to their good affinity to liquid electrolyte [7] and stable

electrochemical properties [56].

Gao et al. [46] studied the effects of electrospinning process on the crystal structure and
molecular chain conformation of PVDF separator. The charge density and elongation forces
on the ejected fibers are enhanced by increasing applied voltage from 8 kV to 15 kV,
resulting in the decrease of average fiber diameter from 884 nm to 514 nm. Results also
indicate that the crystallinity of PVDF decreased while the amount of oriented molecular
chains increased after electrospinning process. Low crystallinity of the membrane separator
also contributes to lowering the internal resistance of LIB, because the migration of lithium
ions could be hindered by the crystalline region of nanofibers [57]. As results, Li/LiMn20O4
battery cell with electrospun PVDF separator obtains better battery cycling performances
as 95.2 % of capacity was retained after 50 cycles at 0.2 C rate, whereas the battery cell
with a commercial microporous separator only remained 85.9 % of capacity in the same
condition. This could also be attributed to the more uniform pore distribution of electrospun

separators than commercial microporous separators. The uniform pore size distribution of
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a membrane separator can avoid the nonuniform current densities on the electrode-
separator interface, which suppress the growth of lithium dendrites on the anode surface
[58]. The interconnected pore structure and high porosity of an electrospun separator also

facilitate the migration of lithium ions during battery cycling.

Yang et al. [48] proposed a spherical hat collector to obtain PVDF membrane separator
with uniform thickness and fiber diameter. Experiment results show that the median
diameters of fibers collected with a plane collector increased from about 125 nm to 188 nm
during the collecting time of 70 min. The electrospun fibers obtained from the spherical hat
collector were stable and thinner as the median diameters varied from about 116 nm to 133
nm during the same collecting time. In addition, the tensile strength of 6.9 MPa was

achieved for the electrospun separator using the hat collector.

Electrospun PAN membrane with various fiber diameter and pore size were fabricated
by Cho ef al. [59] and were studied as a separator in LIB. The highest ionic conductivity of
2.6 mS-cm’! is obtained by PAN membrane with the biggest pore size (380 nm) and porosity
(76 %). Such structure features enable the retention of large amount of liquid electrolyte
and meanwhile facilitate the migration of lithium ions passing through the membrane
separator. Superior rate capability with electrospun PAN separator is also observed in
graphite/LiCoO; battery cells as more than 90 % of the capacities retained at 4 C rate, which
is more than 2 times of a commercial separator at the same condition. However, the battery
cell contains electrolyte-soaked PAN separator cannot endure the operation at temperature
of 150 °C, as the separator shrunk about 26% and caused a short circuit. This is because the
carbonates in the electrolyte can act as plasticizers and weaken the interactions between the
nitrile groups of PAN [60]. Thus, the electrolyte-soaked PAN separator shrinks when the
temperature exceeds 150 °C. Sabetzadeh ef al. [51] fabricated porous electrospun PAN
separator by adding 7 wt% water into the electrospinning solution to induce phase

separation during fiber solidification. The porous PAN shows higher porosity and

15



electrolyte uptake than non-porous PAN membrane, resulting in a high ionic conductivity
of 2.95 mS-cm’!. However, the porous structure sacrifices the mechanical properties which

decreases the tensile strength from 30.6 to 14.4 MPa.

PI polymer has also been adopted to develop electrospun separator for LIB. Miao ef al.
[54] developed electrospun PI separators and studied its performances. The LIB with
electrospun PI separator exhibits higher discharge capacity and rate capacity than a
commercial separator. The polar electrolyte can be strongly coordinated within the polymer
chains due to the electron donor and acceptor groups of PI. Moreover, the electrospun PI
battery cell also shows an excellent cycling stability as the capacity remains almost the
same after 100 cycles in a Li/LisTisO12 battery cell at 0.2 C rate. Cao et al. [52] reported
the superior thermal stability (up to 500 °C) and electrolyte uptake (2522%) of electrospun
PI separator. The battery cell with electrospun PI separator also shows advantages over the
commercial PE separator with respect to rate capacity of LIB. The graphite/LiCoO; battery
capacity retained 78.4% and 69.28 % of its initial values at a high current rate of 8§ C and
16 C, respectively, whereas only 66 % and 8.48 % capacity retained for a LIB with
commercial PE separator at the same condition. Since the PI polymer is insoluble, the above
mentioned electrospun PI separators were prepared with polyamic acid (PAA) precursor
solution followed by heat treatment to convert PAA into P1. However, the instability of PAA
limited the fabrication of electrospun PI separator via this two-step method. Kong et al. [55]
proposed fluorinated PI (F-PI) to increase the solubility of PI by incorporating of pendant
trifluoromethyl (—CF3) groups into the polymer backbone. The high polarity of F-PI
membrane separator also provides affinity with polar liquid electrolyte. The ionic

conductivity of F-PI separator was 37.6 % higher than PI separator.

In recent years, more novel materials were prepared as electrospun monolayer separators
for LIBs. Electrospun poly(ether ether ketone) (PEEK) membrane separator was proposed

by Li et al. [61, 62]. The least oxygen concentration to support combustion of PEEK is as
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high as 36.0-38.0% [63], implying excellent self-extinguishment ability in air. The PEEK
separator exhibits high porosity of more than 90%, superior electrolyte uptake (520 %),
ionic conductivity (2.71 mS-cm™), as well as excellent mechanical strength (26.5 MPa).
Similar to F-PI, the —CF3 groups can also be attached to PEEK molecular chains to increase
its affinity to polar electrolyte. As a result, Li/LiFePOg4 battery cell with F-PEEK separator
shows 4.5 % higher initial discharge capacity compared to PEEK separator. Qi ef al. [64]
reported the physicochemical properties of electrospun poly(phthalazinone ether sulfone
ketone) (PPESK) membrane as separator for LIB. Excellent liquid electrolyte uptake of
1210 % and ionic conductivity of 3.79 mS-cm™! are achieved by PPESK separator due to its
high porosity of 92 % and large pore size of 4.34 um. More recently, Shi et al. [65]
developed an inorganic electrospun SiO2> monolayer separator for LIB with the advantage
of “absolutely” thermal stability as it is flame-resistant. Li/LiMn2O4 battery cells with SiO>
separators exhibit electrochemical stability up to 5 V; battery capacity retention of 87.5 %
after 500 cycles at 1 C rate; and only slightly decrease of battery capacity at 10 C rate (about

70 % higher than a LIB cell with conventional PP separator).

As mentioned in the preceding, high porosity and large pore size of electrospun
monolayer separator facilitate the liquid electrolyte retention and lithium ions
transportation. However, such features may also lead to self-discharge, soft short circuit by
dendrite growth and poor mechanical strength [66, 67]. Post-treatments such as mechanical
press and/or heat treatment are applied as effective methods to increase the mechanical
strength and long-term stability of electrospun separators under the premise of moderately
decreasing the porosity and pore size. Jiang et al. [53] fabricated the electrospun PI
separator and mechanical pressed the membrane separator under pressure of 1-5 MPa.
Increasing the pressing pressure decreases the porosity of the PI separator from 87 % to
73 %, whereas the mechanical strength increases from 12 MPa to 31 MPa. When combined
with lithium bis(oxalate) borate (LiBOB) based electrolyte, the Li/LiFePO4 battery cell

exhibits stable performance under high temperature. It retains 86 % of'its discharge capacity
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after 50 cycles at 120 °C and 0.5 C rate, such feature is desired for some specific
applications of LIBs, such as drilling tools for the oil drilling market. Kong et al. [55] heat
treated the electrospun F-PI separator at 300 °C for 15 s to obtain the crosslinked fiber
membrane as shown in Figure 2.4. After heat treatment, the pore size and porosity of F-PI
separator decrease from 1.85 um and 81.3 % to 1.14 um and 73.4 %, respectively. But
the tensile strength improved dramatically from 6.8 to 31.7 MPa. Similar effects of thermal
treatment were also reported by Liang et al. [68] and Kong et al. [69] with electrospun

PVDF and Polyetherimide (PEI) monolayer separator.

Figure 2.4. SEM images of electrospun F-PI membrane separator (a) before and (b) after

thermal crosslinked at 300 °C [55]

2.1.2 Multilayer separators

Based on the unique operational features of electrospinning process, membrane with
multilayer structure can be easily fabricated by sequentially spinning. Multilayer separators
can attain optimal properties in mechanical strength [60, 70, 71], thermal stability[71-74]

and battery performances[75, 76] by combining advantages of different fiber layers.

Polymer materials with superior mechanical strength, such as PMIA, PET and PAN, are

reported as supporting layer in electrospun multilayer separators to provide sufficient
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mechanical strength. Zhai et al. [70] fabricated a PVDF/PMIA/PVDF tri-layer separator by
sequentially electrospinning different nanofibers onto a same target collector. Due to the
existence of the PMIA Ilayer, the multilayer membrane separator exhibits superior
properties than the monolayer PVDF separator. The tensile strength of the membrane
separator increases from around 10 to 14 MPa, and meanwhile exhibits good dimensional
stability under heat treatment of 180 °C. Li/LiCoO; battery cells contained the multilayer
separator also show good capacity retention ratio of 93.1 % after 100 cycles. Peng et al.
[77] electrospun PSA fibers on both sides of a PET mat to form multilayer separator for
LIB. The supporting of the PET layer increased the tensile strength by 240 % to 17.7 MPa
compared with monolayer PSA separator. Huang et al. [60] designed a multilayer separator
with a SiO2 ceramic layer been embedded in an electrospun PAN membrane. The risks of
Si02 particles falling off during the separator handling and battery operation are diminished
by the existence of electrospun PAN layers. The tensile strength of the as-prepared
multilayer separators attains 7.1 MPa, and the graphite/LiNii3Co13Mn;302 battery
contained this separator showed stable cycling ability as 91 % of the capacity retained after
75 cycles. Notably, the poor thermal stability of electrolyte-soaked electrospun PAN
separator [59] is also improved by the inserting of Si0; layer. After soaking with electrolyte,

the multilayer separator exhibits only 2 % of shrinkage at 140 °C.

In a multilayer separator, PVDF [70, 72, 73] and PE [71, 78] layers are often designed
as a thermal shutdown layer, due to their relatively low melting temperature, to improve
the battery safety. Once a battery cell been overheated or when short circuit occurs, the
function layer can thermally close its pore structure and cut down the migration of lithium
ions thus prevent the battery from further heating. Wu et al. [73] studied the thermal
shutdown behavior and morphologies changes of an electrospun multilayer PI/PVDF/PI
separators under different heating temperatures. The embraced PVDF layer melts at 170 °C
to form a pore free film layer. Due to the support of the PI layers, the multilayer separator

only shows a 2.7 % shrinkage after the heat treatment. The shutdown function is validated
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by the battery tested with the multilayer separator. After heat treat the separator at 170 °C,
the battery charging current sharply decreased to zero, and the discharge capacity is only
7 % of the cell with original separator. The results indicate that the thermal shutdown
function of the as-prepared electrospun multilayer separator could serve as the safety
mechanism to defend the thermal runaway issue of LIB. Liu et al. [71] fabricated multilayer
membrane separator by electrospinning PI/Si0O; fibers on both side of a microporous PE
membrane using a needleless electrospinning set up. Due to the melting temperature
differences between PI and PE layers, the multilayer separator is thermally shut down at
temperatures above 131 °C. Li/LiCoO; battery cells with this multilayer separator exhibits
wide electrochemical stability window as the electrochemical oxidation limit attains 5.3 'V,

and retained 83.5 % of its discharge capacity after 100 cycles at 0.2 C rate.

Besides the preceding introduced triple layer sandwich like separators, asymmetrical
two-layer electrospun separator are also proposed to enable desired functions. Wang et al.
[75] fabricated a bilayer separator to provide overcharge protection for LIB by first
electrospinning PFO-DMP/PEO fibers onto the collector and then spinning P3BT/PEO
polymer fibers directly onto the surface of the PFO-DMP/PEO mat. PEO component was
then removed by sonication in deionized before battery assembling due to the PEO polymer
being unstable above 4 V. The PFO-DMP layer, which has a high oxidation voltage, is
placed in contact with the cathode to set a high protection voltage. The P3BT layer, has a
lower oxidation voltage, is placed next to the anode to protect the PFO-DMP layer from
degradation at the anode potentials. The Li/LiiosMniosO4 battery cell contains such
separator retained stable discharge capacity under 135 % overcharge conditions for well
over 1000 cycles. Oh et al. [76] fabricated a bilayer dual (ion/electron)-
conductive/chemically active separator by concurrent electrospraying and electrospinning
process. The top layer which contains PEI fibers and multi-walled carbon nanotubes
(MWNT) is both ionic and electron conductive. Thus, it acts as an “upper current collector”

in LIB. This dual-conductive feature expedited the redox kinetics of the cathode and
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improved the discharge capacity, rate performance, and capacity retention of battery cells.
The support layer contained PVP/PAN nanofiber skeletons and SH-silica particles can trap
heavy metal ions dissolved from lithium metal oxide cathode materials. Once such metal
ions migrate to anode will be electrochemically reduced to heavy metals and cause serious
degradation of capacity during battery cycling. In the as-prepared separator, PVP can
scavenge heavy metal ions due to its pyrrolidone groups having Lewis basicity [79],
moreover, thiol groups of SH-silica can react with heavy metal ions to form metal-thiol
complexes via their lone pair electron-mediated coordination bonds [80]. As a result, after
50 cycles of battery operation, the deposited heavy metal concentration on the anode was
substantially mitigated in battery contained this bilayer separator (17 ppm) compared with

a conventional PE separator (105 ppm).

2.1.3 Modified separators

The structure and surface morphology of the electrospun separator can be modified with
post-treatment to further improve its physical and electrochemical properties. Dip-coating
is the most widely applied method to modify electrospun separators. By immersing the
separator into a coating solution for a period, the introduced coating materials adhere to the
nanofibers thus affecting the separators properties [81]. Cao ef al. [82] and Shi et al. [83]
reported the use of PDA solution as a dip-coating solution to modify the PVDF and PVDF-
HFP electrospun separators, respectively. PDA, commonly found in mussel adhesive
proteins, is a small molecule compound containing catechol and amine groups which
establishes covalent and non-covalent interactions with the surface of organic materials.
Figure 2.5 (a) shows the surface morphology of the PVDF-HFP electrospun membrane
after PDA coating. The network structure of the electrospun membrane maintain the same
after the dip-coating process, meanwhile, a thin layer of PDA was deposited on the surface
of the nanofibers. Due to the PDA bonding between PVDF-HFP fibers, the mechanical

tensile strength of modified separator increases from 7.1 MPa to 11.2 MPa in dry state and
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3.5 MPa to 7.1 MPa in wet state, respectively. The dip-coating modification also improves
the thermal stability of the PVDF-HFP membrane separator as the modified membrane is
capable of maintaining its pore structure at temperatures up to 170 °C. The Li/LiMn2O4 cell
contained the PDA coated PVDF-HFP separator exhibits stable battery cycling
performance as the discharge capacity remained 99.1 % after 100 cycles. However, the
PDA coating is a detriment to electrolyte affinity, leading to 25.1 % decrease in ionic
conductivity compared with PVDF-HFP separator. Liang et al. [84] reported the use of PEO
as coating solution for electrospun PI separator modification. Due to the stable complex
formed between PEO and lithium salt [85], the ionic conductivity of electrospun PI
separator is improved from 1.87 to 3.83 mS-cm™! after dip-coating process. The PEO coated
PI separator decreases the electrode—electrolyte interfacial resistance of Li/LiFePOg battery
cell by 55.6 % compared with uncoated PI separator, leading to the improved low
temperature discharge capacity retention ratio of 75 % at 5 C at 0 °C (capacity retention

ratios are 53.3% and 3.8% for LIB with PI and commercial separator, respectively).

Figure 2.5. SEM images of electrospun separators after modification (a) PVDF-HFP

membrane fibers dip-coating with PDA [83] (b) PEI-PU membrane fibers dip-coating

with Si0O; [86] (c) PI membrane fibers adhered with PANI nanowires [87]

Dip-coating solutions containing ceramic nanoparticles are also widely studied to

modify electrospun separators. The addition of nanosized ceramic nanoparticles can reduce
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the crystallinity of electrospun polymer membrane and also react with polar electrolyte due
to Lewis acid-base interactions, leading to promote the migration of lithium ions. Zhai et
al. [86] fabricated the electrospun PEI-PU composite separator and followed by dip-coating
with SiO2/PVDF-HFP (mass ratio of 10:1) dispersion. As shown in Figure 2.5 (b), SiO»
nanoparticles are filled into the interstices between the electrospun fibers with PVDF-HFP
as binders, leading to improved tensile strength of 15.7 MPa but decreases the average pore
size and porosity from 1.8 pm to 544 nm and 82.2 % to 59.1 %, respectively. Moreover, the
ionic conductivity of the electrospun PEI-PU separator increases from 1.47 to 2.33 mS-cm”
I after modified with SiO» particles. Liang et al. [88] studied the performance of PI
separator coated with SiO2/Al,Os; particles. Similarly, the addition of nanoparticles
sacrifices the porosity and electrolyte uptake amount of PI separator but improves the ionic
conductivity from 1.81 to 2.92 mS-cm™. The Li/LiFePOs battery cell with the modified

separator maintains the greatest discharge capacity over various discharge rate from 0.2 to

20 C rate compared to uncoated PI and commercial separators.

Although most works focused on the dip-coating process, efforts have also been taken
on the modification of electrospun separator through other methods. Ye et al. [87] applied
an in-situ polymerization method to modify electrospun PI membrane with PANI
nanowires. After immersing the PI membrane in AN solution for 30 min, the
polymerization was carried out in an ice-water bath for 4 h to form the PI/PANI membrane.
As shown in Figure 2.5 (c), the modified membrane exhibits a hierarchical 3D structure,
where the PANI nanowires uniformly grew on PI nanofibers. Due to the good ion affinity
of PANI nanowires, even though the modification of PI separator decreased the porosity
and electrolyte uptake amount, it still improved the ionic conductivity from 1.03 to 2.33
mS-cm™'. Compared with PI and commercial separator, Li/LiFePO4 battery cell with PANI
modified separator maintains the highest discharge capacity with increased C-rate from 0.1
to 10 C. Stable Li/LiFePO4 battery cycling performance is also achieved as 89.3 % of

capacity retained after 500 charge/discharge cycles at 0.2 C rate. Similar modification
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strategy was also applied by Park et al. [89] to modify electrospun PAN separator with SiO>
particles. The electrospun PAN separator was first immersed in a solution contained 5 wt%
vinyl-functionalized Si0; particles and 10 wt% TEGDA, and then been heated at 80 °C for
polymerization between reactive SiO» particles and TEGDA. The modification process
enhances the tensile strength of PAN separator from 4.5 to 7.7 MPa and improves the ionic
conductivity from 1.4 to 2.1 mS-cm™’. Shen et al. [90] applied atomic layer deposition (ALD)
technique to modify electrospun PVDF-HFP separator with AlOj3 particles. The prepared
electrospun membrane is first treated by the plasma enhancement to form oxygen-derived
free radicals on the polymer surface. Then, in an ALD equipment, AI(CH3)3 and water are
used as the alumina precursor and oxygen source, respectively. The obtained modified
membrane separator presents a core-shell structure as about 30 nm of Al,O3 shell evenly
deposited on the surface of each PVDF-HFP fiber. Due to the thermal stability of the
introduced ceramic particles, the modified membrane separator is able to maintain its
dimension and porous structure at temperatures up to 270 °C, which lead to obtain stable

open circuit voltage of battery cell operated at 160 °C.
2.1.4 Composite separators

Another effective method to enhance the performance of electrospun separators is the
addition of multiple organic polymers and inorganic fillers into an electrospinning solution
to directly fabricate composite nanofibers. Due to the different physical and
electrochemical properties of different polymers, the composite electrospun separators
containing multiple polymer materials normally have desired properties compared to
separators derived from only one polymer precursor [32, 91, 92]. Moreover, it is also known
that introducing of inorganic particles to membrane separator can effectively enhance the
thermal stability and the electrolyte affinity due to their stable thermal properties and great

hydrophilicity [28, 93].

The directly blending of two polymer solutions for electrospinning is a simple way to
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produce composited electrospun separators. Xiao et al. [91] studied the properties of
composite separator by electrospinning the mixture of PMIA and PU solutions. The PMIA
is selected for its high thermostability while PU contributes to the high ionic conductivity
of the composite separator [94]. By increasing the PMIA/PU weight ratio in the
electrospinning solution, the average fiber diameter of the composite separator decreases
gradually from 292 to 217 um, and the tensile strength decreases from 25.2 to 15.8 MPa.
Except for the PMIA/PU ratio of 2/8, the PMIA/PU composite electrospun separator also
shows stable cycling performances in LIB. Zhao et al. [92] fabricated an electrospun
composite separator with PAN and lignin. Lignin is the second most abundant component
in nature with properties like biodegradability, biocompatibility and low cost. With
increasing the lignin content ratio in the electrospinning solution from 0-50 %, the porosity
of the obtained composite separator also increases, leading to the electrolyte uptake amount
in the separator improves from 368 to 790 %. However, at the highest lignin ratio of 50 %,
the LIB with such prepared separator exhibits relatively low capacity and decreased sharply
with battery cycling, due to the fact that some of the lignin dissolves in the electrolyte and

causes the battery system unstable.

Apart from the direct blending method, the co-electrospinning process has also been
studied to produce composite membrane separator. With multiple needles separately eject
different polymer solutions to the same collector, the obtained composite membrane is
expected to combine advantages of different polymers and meanwhile keep their own raw
properties [95]. Chen et al. [32] fabricated PVDF-HFP/PI composite nanofiber membrane
for LIB separator via co-electrospinning process. After thermal calendaring the obtained
composite membrane at 135 °C under 1MPa, the PVDF-HFP fibers partially melted due to
its low melting temperature and served as bonding fibers, resulting in the improved tensile
strength of the composite membrane from 2 MPa to 7.5 MPa. A similar approach was also
reported by Zainab et al. [96] with co-electrospun PAN/PU composite separator. Improved

ionic conductivity (2.07 mS-cm™), tensile strength (10.4 MPa) and electrode stability up to
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5.1 V are observed by the resultant membrane separator.

Core-shell structured composite membrane separator fabricated by coaxial
electrospinning apparatus (with concentrically configured needle) have drawn research
attention in recent years due to its unique structure. Generally, the core material is designed
to provide thermal stability and mechanical strength, while the shell material contributes to
the electrochemical stability and electrolyte affinity [97-99]. Huang et al. [33] extracted
cellulose acetate from waste cigarette filter, and used it in a coaxial-electrospinning
process to fabricate cellulose@PVDF-HFP composite membrane as LIB separator. As
shown in Figure 2.6 (a), the cellulose nanofibers are fully wrapped by the PVDF-HFP to
form core-shell structured composite membrane separator. The obtained membrane
exhibits good tensile strength of 34.1 MPa, thermal dimensional stability to 200 °C as well
as high ionic conductivity of 6.13 mS-cm’'. Jiang et al. [100] reported a core-shell
composite separator with thermal shutdown function by using PLA and PBS as core and
shell materials, respectively. Due to the melting of PBS shell, a complete occlusion of the
composite membrane is observed after treating the membrane at 130 °C, whereas the PLA
core polymer serves as a stable skeleton to maintain the dimensional integrity. This feature
1s expected to improve the battery safety by cutting off the lithium pathways and avoiding
the battery short circuit under thermal abuse conditions. Liu ef al. [101] reported another
strategy to improve battery safety under harsh condition by using electrospun core-shell
separator with flame-retardant property. TPP, a popularly used flame retardant, is used as
fiber core with PVDF-HFP designed as the fiber shell. Once the temperature raises up to
160 °C, the PVDF-HFP shell melted to release the encapsulated TPP into the electrolyte, in

order to prevent the flammable electrolyte from igniting.
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Figure 2.6. SEM images of electrospun composite separators (a) cellulose-core/PVDF-

HFP-shell composite membrane [33] (b) multi-core/shell structured PI/PVDF composite

membrane [102] (c) PI-SiO2 composite membrane separator [103]

The fabrication of core-shell electrospun separator is not limited to using coaxial
electrospinning. Park ef al. [102] reported that the core-shell structure can also be naturally
formed by using one electrospinning solution containing two immiscible polymers (e.g.
PVDEF/PI) through a single needle nozzle. After selectively removing PVDF component by
solvent extraction with acetone, the morphology of the remained PI fibers is observed as
ultrafine fibrils with diameters of 100-200 nm. This result indicates that the electrospun
PI@ PVDF separator is multi-core/shell structured with PI core fibers being fully
embedded by PVDF as shown in Figure 2.6 (b). The authors considered that the multi-
core/shell structure is formed due to the complete isolation of Pl and PVDF polymer phases.
As the two phases mixed homogenously in the liquid solution, multiple small PI droplets
are formed and coalesced into large droplets. Then, the PI droplets started to transform into
core strings when the polymer solution is subjected to flow through the syringe capillary
during electrospinning, which eventually lead to the formation of multiple PI ultrafine
strings and PVDF outer shells. The as-prepared composite membrane separator exhibits
stable thermal and electrochemical properties. The average MCMB/LiCoO> battery

capacity decay rate for 500 cycles was reported as 0.03 mAh/g/cycle.
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In addition to incorporate multiple organic polymer precursors, another important
approach to prepare composite electrospun separator is to introduce inorganic nanoparticles.
The most widely used inorganic particles, including Si0, [103-107], TiO2[108-110], Al,Os
[104] and MgAl>,O4 [111], can be dispersed into the electrospinning solutions with different
polymers. Figure 2.6 (c¢) shows the typical morphology of an electrospun composite
membrane with inorganic nanoparticles. The fillers are mainly embedded inside the fibers
with some amount dispersed on the fiber surfaces. The adding of these inorganic
nanoparticles is effective to improve the ionic conductivity of the composite separator due
to Lewis acid/base interactions between the filler surface, polar groups of the polymer and
the ionic species in the liquid electrolyte [112, 113]. In several studies [27, 105, 108], the
increase of nanoparticle concentration in the electrospinning solution is reported to cause
the formation of thinner nanofibers and rough surface morphology, which improved the
porosity and electrolyte uptake of the composite membrane separator. Liu et al. [71]
explained this phenomenon from two aspects. On the one hand, the inserted nanoparticles
between the polymer chains weaken the intermolecular Van der Waals’ force, resulting in
the decrease of solution viscosity and surface tension, thus leading to the formation of finer
fibers during the electrospinning process [114]. On the other hand, ceramic nanoparticles,
such as S10,, can be easily charged but hard to discharge. Therefore, the electrostatic charge
on the composite solution droplet is increased during the electrospinning, which results in
the enhanced radial Coulombic force and whipping motion of the spinning jets, thus also

leads to thinner nanofibers.

Yanilmaz et al. [108] compared the performances of electrospun nylon 6,6 composite
membranes containing SiO> and TiO» nanoparticles, respectively, as LIB separator. By
adding 12 wt% Si10; and TiO; into Nylon 6,6 solution, the average fiber diameter of the
obtained electrospun membranes decrease from 463 nm to 218 and 312 nm, respectively,
which increases the membrane porosity and electrolyte uptake. The ionic conductivity of

the SiO2/Nylon composite membrane reaches 3.6 mS-cm™ at room temperature, which is
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28.6 % and 350 % higher than a single electrospun Nylon 6,6 and conventional microporous
membrane separator, respectively. Due to the interaction between the nanoparticles and
polymer matrix, the inserted SiO; and TiO» nanoparticles also enhance the tensile strength
of electrospun Nylon membrane from 18 MPa to about 22 MPa. The electrospun SiO2/TiO>
composited Nylon 6,6 membrane separator exhibited stable battery cycling performances
in both Li/LiCoO> and Li/LiFePOs4 cells. Generally, the integrating of the ceramic
nanoparticles into polymer electrospinning solutions requires intensive sonication to ensure
even dispersion of the particles [28]. Also, the concentration of the added nanoparticles is
restricted to a relatively low level, due to the risk that the aggregation of nanoparticles at a
high loading may cause poor battery cycling performances [115]. To this end, Smith et al.
[116, 117] proposed the use of organopolysilazane (OPSZ) as ceramic precursor to fabricate
PAN/polymer-derived ceramic composite membrane separator through electrospinning
process. The OPSZ is fully miscible with PAN, the composite electrospinning solution is
homogeneous without the need for an additional preparation process even at high ceramic
loadings. During the electrospinning, OPSZ precursors are converted to polymer-derived
ceramics via moisture crosslinking, and then well distributed within the PAN fibers. The
experiment results confirm that the ceramic nanoparticles are mainly wrapped inside the
fiber and forming an interconnected ceramic network with a thin layer of ceramic were
appeared on the fiber surface. With 70:30 wt.% of PAN/precursor, the composite separator
shows 93 % of capacity retention in a graphite/LiCoO; battery cell over 100 cycles.
Recently, Jiang et al. [109] reported an electrospun PVP/TiO, composite membrane with
an attractive thermal on/off function. The composite polymer solution was ejected with
mineral oil through a coaxial electrospinning process. After removing the mineral oil from
the fiber core, the obtained composite fiber presents hollow tubular structure. Due to the
phase transition of PVP at temperature range from 60-90 °C, the reactions between PVP
and liquid electrolyte close the pore structure of the separator at 60 °C. However, the

structure of the porous membrane can be restored on the TiO> skeletons after temperature
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dropped to room temperature. As a result, the LIB cell containing PVP/TiO> composite
separator exhibits a reusable temperature-dependent on/off function when the battery

temperature reached 60 °C.

To further improve the mass transfer efficiency of lithium ions in LIB, Liang et al. [118,
119] fabricated electrospun PAN composite membrane separator with the addition of ionic-
conducting ceramic particles. By adding 15 wt.% of LLTO and LATP, the ionic
conductivity of the electrospun PAN separator improves from 0.87 to 1.95 mS-cm™ and
from 0.64 to 3.6 mS-cm’, respectively. Huang et al. [34] fabricated electrospun
cellulose@PVDF-HFP core-shell composite separator and introduced the LLTO particles
into the fiber shell. The integrated 8% LLTO significantly improves the ionic conductively
of the electrospun separator from 2.08 to 13.90 mS-cm™!, leading to the greater battery
discharge capacity of 155.6 mAh-g"! compared to LIB cells with cellulose@PVDF-HFP

separator (139.9 mAh-g!) and commercial separator (114.8 mAh-g') at 0.2 C rate.

Organic-inorganic hybrid nanoparticles have also been integrated with electrospun
polymer separator for LIB. Chen et al. [120] introduced octaphenyl-polyhedral oligomeric
silsesquioxane (OPS) particles into PVDF polymer matrix through electrospinning. OPS
molecular has organic-inorganic intramolecular hybridization feature with a special cage-
shaped core-shell structure [121]. The core of OPS is an inorganic kernel connected by
silicon and oxygen element, leading to the features of inorganic nanoparticles such as
electrolyte affinity, thermal and oxidative stability. Meanwhile, the vertices of OPS
molecular can link with organic groups, which enhanced the compatibility between the
nanoparticles and polymer matrix. Due to the smaller dimensions of OPS particles (1-3 nm)
than traditional inorganic nanoparticles, small amount of OPS addition can effectively
modify the physical and chemical properties of polymer membranes. With only 2 wt.% of
OPS nparticles integrated with electrospun PVDF separator, the tensile strength of the

obtained membrane increases from 1.6 to 12.7 MPa, and ionic conductivity increases from
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1.4 to 4.2 mS-cm™'. The Li/LiCoOs battery cell with this composite separator shows higher
discharge capacity of 148.5 mAh-g™! compared to original electrospun PVDF separator
(102.3 mAh-g!) at 0.5 C rate. Similar results were also reported by Zhao et al. [122] with
electrospun PMIA/OPS composite separator. With 2 wt.% OPS added, the average fiber
diameter of the obtained membrane decreases by 46.6 %, whereas the tensile strength and
ionic conductivity increases by 103.7 % and 221.7 %, respectively. The Li/LiCoO> cell with
PMIA/OPS separator presents enhanced discharge capacity of 157.9 mAh-g! at 0.5 C, and

stable battery performance as 89.04 % capacity retained after 100 battery cycles.

2.2 Methods to integrate PPy with electrospun nanofibers

As stated in Section 1.2, this thesis is motivated to develop redox-active separators by
integrating PPy with electrospun nanofibers. PPy is a type of electrically conductive
polymer with redox-activity, which can be produced by the polymerization of pyrrole (Py)
using chemical oxidants or electropolymerization of pyrrole solution. However, pristine
PPy is an insoluble and brittle solid in the forms of particles or dense film, which limits its
direct use in electrospinning as sole polymer precursor (electrospinning requires the
polymer precursor to be dissolved as viscous solution). Therefore, the following methods

are proposed to integrate PPy with electrospun nanofibers.
2.2.1 Co-electrospinning PPy particles with driven polymer

Co-electrospinning PPy particles with a driven polymer is a simple and straight-forward
method to produce PPy composite nanofibers. The principle of this method is the same as
the electrospinning method to produce composite separator with nanoparticle fillers as

introduced in the Section 2.1.4.

Chronakis et al. [123] reported the fabrication of PEO/PPy composited nanofibers. A

solution with a PPy:PEO weight ratio of 1.0-4.0 was prepared for the electrospinning
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process. The diameters of the produced nanofibers are in the range of 70-300 nm. Increasing
the PPy content in PPy/PEO nanofibers resulted in the increasing of electrical conductivity
from 4.9x107 to 1.2x10"2 mS-cm™’. Instead of directly adding pre-prepared PPy particles
into spinning solution, Cetiner et al. [124] prepared the spinning solution by polymerizing
Py on P(AN-co-VAc) matrix. In the presence of Ce(NOs)s oxidant, Py and the driving
polymer P(AN-co-VAc) with initial mass ratio of Py/P(AN-co-VAc) ranging from 5% to
20% were added into the spinning solution. The resultant PPy composite nanofibers

exhibited a diameter of 290 nm and conductivity of 2.3%10* mS-cm™.

Zhao et al. [125] fabricated the PPy particles with dopants for co-electrospinning. Four
different dopants, including toluene sulfonate (TSNa), dodecyl-benzene sulfonic acid
sodium salt (DBSNa), dodecyl sulfonic acid sodium salt (DSNa), and di-(2-ethylhexyl)
sulfosuccinate sodium salt (DEHS), were blended with pyrrole, respectively, to prepare
doped PPy particles. Then, the spinning solution containing doped PPy particles and PVA
(mass ratio of 1:1) were used for electrospinning. Due to the additional electrons provided
by dopants, the mobility of electrons in the conductive band of PPy molecular is improved
[126]. As results, the obtained PPy based composite nanofibers exhibit electrical

conductivity of 1.6x10 to 2.2x10* mS-cm™.

Tavakkol ef al. [127] reported a novel route for fabricating PPy-base nanofibers using
co-electrospinning. Instead of polymerizing pyrrrole before electrospinning process, the
pyrrole monomers were mixed with PVP (PVP/pyrrole: 9%-91%) for electrospinning,
followed by post-polymerization of PPy by a one-step or two-step process. In the one-step
process, the electrospun Py-PVP nanofibers are directly collected in an oxidizing ethanol
bath containing FeCls and dopant (anthraquinone-2-sulfonic acid sodium salt (AQSA) or
p-Toluene sulfonic acid (PTSA)). For the two-step process, the electrospun Py-PVP-dopant
nanofibrous webs are first pealed from the aluminum foil collector and then immersed into

a FeCls bath for polymerization. The experimental results show that the one-step process
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leads to the higher electrical conductivity (522 mS-cm™) of the final PPy composite

membrane compared to the two-step process (198 mS-cm™).
2.2.2 Electrospinning of soluble PPy modified by surfactant

Adding surfactant of large molecules is effective in improving the PPy solubility. This is
because the inserting of surfactant weakens the inter-chains interactions of PPy, which
eventually improves the solubility of the PPy polymer [126]. Thus, it is feasible to prepare
the spinning solution of soluble PPy and use it for electrospinning to produce PPy

nanofibers.

Kang et al. [128] first reported the electrospinning of soluble PPy nanofibers prepared
by using ammonium persulfate (APS) as oxidant and dodecylbenzene sulfonic acid (DBSA)
as surfactant. The addition of surfactant effectively improves the solubility of PPy particles
in chloroform solvent. However, the electrical conductivity of the produced PPy particles
decreased after adding the surfactant. The produced electrospun nanofibers exhibit a
conductivity of 5X102 mS-cm™!, which is higher than that of a cast film (3x10> mS-m™)
derived from the same precursor. This is possibly because of the more consistent molecular

orientations of PPy chains induced during the electrospinning.

Ju et al. reported the application of PPy based nanofibers in LIB as the cathode [129].
Soluble PPy was prepared by adding DBSA as a surfactant and FeCl; as an oxidant to
pyrrole monomer. The PPy particles were mixed with sulfonated-poly (styrene-ethylene-
butylenes-styrene) (S-SEBS) (as binder) and Super P (as electrical conductor) in a solvent
for electrospinning. The electrospun PPy based nanofiber cathode obtains electrical
conductivity of 520 mS-cm’!, and electrolyte—electrode interfacial resistance of 14 Q. In
the LIB half-cell testing, the electrospun PPy cathode achieves 80 mAh-g! discharge
capacity, which is much higher than the cast film PPy cathode (48 mAh-g™"). However, due
to the relatively poor spinnability of the soluble PPy, it is difficult to continually produce

nanofibers using this method. Other researchers also reported similar problems [123, 130].
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2.2.3 PPy in-situ polymerizing on electrospun template

A feasible approach to fabricate PPy into various structures is in-situ polymerization of PPy
onto different templates. For instance, Cu-TCPP nanosheets [131], textile fibers [132], and
polyurethane foams [133] have been reported to implement as templates for in-situ
polymerization process to fabricate PPy composites with different structures. Electrospun

nanofibers have also been reported as a template for in-situ polymerization of PPy.

Lee et al. [134] reported the growth of PPy layer onto an electrospun polylactic-co-
glycolic acid (PLGA) nanofiber template. The electrospun PLGA membrane was immersed
in an aqueous solution containing monomer Py and oxidant FeCls to form a PPy layer on
nanofiber template. The resultant composited nanofibers exhibit core-shell structure with
an average fiber diameter of 520 nm. The wall thickness of the PPy shell is about 85 nm
thick. The electrical resistance of the PPy-based nanofiber membrane was 1.7x10* /sq.
Other researchers adopted similar fabrication method to produce PPy-based nanofiber
membranes. These nanofiber membranes are used for various applications, including neural
tissue[ 134-136], tissue regeneration [ 137], heavy metal adsorption [138], and photocatalyst

[139], with electrical conductivities ranging from 57 to 10000 mS-cm’.

Instead of in-situ polymerizing of PPy in liquid phase, some researchers used chemical
vapor deposition (CVD) technique to coat PPy on electrospun nanofibers from the vapor
phase. Nair ef al. [140] investigated the effects of two chemical oxidants, FeCl; and
Fe(OTs)s3, on the fabrication of PPy-based nanofibers. The oxidants were first blended in a
polystyrene (PS) solution for electrospinning. Then, the obtained nanofiber membranes are
exposed to saturated Py vapor to form PPy onto the fiber surface. Compared to FeCls
induced nanofibers (625 nm, 2 mS-cm™!), PPy based nanofibers derived from Fe(OTs);

presents greater average fiber diameter of 920 nm and electrical conductivity of 5 mS-cm’

1
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2.3 Summary

In this chapter, Section 2.1 provides a detailed review of the electrospun battery separators
to cover the state-of-art research progresses within the recent years. Electrospinning is a
straight-forward and industry practicable technology to produce nanofibrous membranes.
As a result, electrospun membranes gain increased attention for using as separators to

improve LIB performances.

Monolayer separator prepared by only one precursor material is the simplest type of
electrospun separator. Features like high porosities (typically above 70%), large specific
surface areas (typically above 10 m?-g!) and interconnected porous structures render
electrospun monolayer separator with abilities to uptake large amounts of liquid
electrolytes and offer effective lithium ions transport channels in LIB. Drawbacks such as
weak membrane mechanical properties may pose a risk to the battery assembling and long-
term stability, however, it can be improved by implementing post-treatment such as

mechanical press and/or heat treatment.

Multilayer separator can be directly fabricated by sequentially electrospinning of
different polymer precursor solutions. By combining advantages of different fiber layers,
multilayer separators can readily achieve optimized membrane physicochemical properties
as well as different separator functions such as thermal shutdown, flame-resistant, heavy

metal ions capture, overcharge protection, efc.

Electrospun membrane separator can be modified by post-treatment processes,
especially the dip-coating, to further improve its performances in LIB. The coated materials
adhere to the nanofibers and alter the morphology of the fiber surface, leading to the
improved physical and electrochemical properties of electrospun separator, including

mechanical strength, thermal stability, electrolyte affinity, and ionic conductivity.

Electrospun composite separator derived from multiple polymer and inorganic filler
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precursors can generally provide optimal separator properties for LIB applications. Similar
to the multilayer separator, the combination of different materials in a composite battery
separator also renders novel design strategies for functional separator (with one material

acting as an inert barrier and the rest to achieve functional properties).

Despite the solid progress achieved, most research works still focused on using inert
materials to develop electrospun separators. However, for an advanced LIB design,
separator can actually be rendered with additional practical functions (as introduced in
preceding paragraphs) and even get involved in the battery reactions. Developing
functional separator for advanced LIB is a promising future research direction. Thus, this
thesis is aimed at developing redox-active separator based on electrospun nanofibers for
further enhancing the battery capacity (as elaborated in Section 1.2). The electrospun
material of PAN is selected in this thesis as a demonstration because of its superior
spinnability. Since the redox-activity of the proposed separator is not stemmed from the
electrospun fibers, the selection of the electrospun material is not restricted to PAN.
Polymers such as PVDF, PI, PMMA, etc. (which exhibits superior performances as battery

separator as introduced in Section 2.1) could also be adopted.

In addition, Section 2.2 briefly introduces three commonly adopted methods for
integrating PPy with electrospun nanofibers. PPy is a type of electrically conductive
polymer with redox-activity. The pristine PPy, produced by pyrrole chemical
polymerization, is insoluble and brittle solid particles. Thus, a simple and straight-forward
method to produce PPy composite nanofibers is co-electrospinning PPy particles with a
driven polymer. However, the PPy particles are expected to be mostly embedded inside the
electrospun fibers (similar to the co-electrospinning with other nanoparticles as discussed
in Section 2.1.4) produced by this method. Only a few PPy particles can appear on the fiber
surface. In addition, the use of PPy particles in the spinning solution is likely to cause

clogging of the electrospinning needles, due to the aggregation of PPy particles at high
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concentration. Thus, this method is not suitable to produce electrospun nanofibers with

considerable amount of PPy loading.

Electrospinning of soluble PPy can produce PPy electrospun nanofibers. The adding of
certain surfactants can improve the solubility of PPy, thus enables the direct electrospinning
from PPy solution. However, the poor spinnability of the PPy solution is still a challenge.

It is difficult to maintain continually stable nanofiber production using this method.

In-situ polymerization is a feasible method to integrate PPy with electrospun nanofibers.
First, nanofibrous membrane is produced by electrospinning. Then, it is adopted as a
template for pyrrole in-situ polymerization. The resultant membrane obtains core-shell
fibrous structure with the electrospun nanofiber as core and PPy as shell. The fabrication
process can be stable and controllable; thus, this method is adopted in this thesis to develop

redox-active separator which is based on PPy composite electrospun nanofibers.
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Chapter 3
Numerical Modeling of the Effects of Separator on the

Performances of LIB

3.1 Introduction

Numerous researchers have experimentally studied battery materials to improve LIB
performances. Blomgren [141] summarized related works by a comprehensive review of
LIB technologies developed over the past decades. This review article published in 2017
was devoted to the 25th anniversary of the first commercial LIB battery in the world.
Research and development in many aspects of LIB materials, including electrodes,
electrolyte, separator, and current collectors, continues improving the battery economics,
energy capacity, and safety features. However, the experimental works are normally time-

consuming and costly.

Alternatively, numerical models have been developed over the past decades for the
optimization of battery design parameters [142-144]. These LIB models enable more
comprehensive understandings of battery parameters that cannot be directly measured. For
example, local current density, electrolyte concentration distribution, and heat generation

can only be determined numerically. [145, 146].

On the other hand, earlier modeling works are mainly focused on battery cathodes and
anodes. Suthar et al. [147], for example, investigated the effects of anode porosity,
thickness, and tortuosity on the battery capacity fade mechanisms using isothermal
electrochemical models. They reported that a thinner anode with less porous and more
uniform tortuosity results in more stable battery discharge capacity. Later, Miranda et al.
[148] simulated the influence of cathode materials, including active electrode material,

binder, and conductive additive, on the LIB performances. They also optimized the content
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balance of cathode components using their models. In addition, Hosseinzadeh et al. [149]
studied the effects of multi-layered porous cathode on the performance of LIB by a 3D
electrochemical-thermal model. They suggested to improve the battery energy density and
to reduce heat generation using cathodes with multi-layered porosity distribution. Despite
these earlier studies, there is a lack of fundamental modeling work to study the impact of

separator on LIB performances.

Admittedly, many researchers reported their experimental works for the development of
superior separators for LIBs. Lee et al. [7] provided a comprehensive review for such
experimental works focused on LIB separators; they summarized the influences of types of
separators on LIBs. In addition, Section 2.1 reviews the electrospun nanofiber-based
separators with a focus on the properties of fiber-based separators and the battery
performances of using such separators. To the best of our knowledge, all lab-scale
experimental studies on the battery separators were carried out using coin cell batteries.
These coin cell batteries, however, are structurally different from the most widely-used
commercial LIBs, which have cylindrical cells [150]. Therefore, a modeling study is
needed to analyze the impact of separator designs on the performance of commercial

cylindrical LIBs.

This chapter presents a two-dimensional electrochemical-thermal coupled model for the
separator in a 38120 cylindrical LiFePO4 LIB. This type of commercial battery is used for
many applications including electrical vehicles [151]. This model is first validated with
experimental data obtained from literature. Then, the validated model is used to study the
impact of separator design parameters, including thickness, porosity, thermal conductivity,

and heat capacity, on the battery electrochemical and thermal performances.
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3.2 Model Development
3.2.1 Model domain and assumptions

Figure 3.1 illustrates the cylindrical domain of the electrochemical-thermal model
developed for this study. The electrochemical simulation of a single LiFePO4 | LixCs battery
cell is on the basis of a widely accepted pseudo two-dimensional model [152]. The physical
model includes a battery anode, a cathode, a separator, and two current collectors. The heat
generation obtained from the electrochemical model is coupled with a 2D axisymmetric
thermal model as heat source to simulate the thermal behavior of the cylindrical battery

unit.
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Figure 3.1. Schematic graph of lithium-ion battery for (a) electrochemical and (b)

thermal model development
The model assumptions are as follows:

a. The active electrode material in cathode and anode are composed of spherical
particles with uniform diameter.

b. The electrochemical reactions along the axial direction are homogenous.

c. The side reactions are negligible.

d. All battery components are well immersed into the liquid electrolyte.
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These assumptions are valid and introduce little errors to the model results as discussed

in Section 3.3.1.

3.2.2 Governing equations

3.2.2.1 Electrochemical Kinetics

The local current density, J'n,i, on the electrode particle surface is calculated using the

Butler-Volmer equation [144]:

= | o9{ g oo | o
Jos = FKC™ (oot —Coaurr i)™ ot (3.2)

T; :¢s,i _¢I,i _Ueq,i (3.3)

Ui =Uogreri + azeq" (T-Tu) (3.4)

T

eq,i

Where i=a, ¢, denotes to anode and cathode, respectively; Ueq,ref,i and are the

T

open circuit potential of electrodes and its temperature derivative at the reference

. . aU eq i .
temperature (T ); ki is the reaction rate constant. Ueq,i and ~ for LiFePO4 and
T

LixCs electrodes are obtained from literature [153]; they are dependent on the electrode

state of charge. ki is calculated using the following two equations [154]:

k, =3x10" exp {— 20000 (1— L ﬂ (3.5)
R T 298.15
30000/ 1 1
k =1.4x10"exp(-y)exp| - (—— ﬂ 3.6
¢ p( y) p[ R T 298.15 (3:6)
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3.2.2.2 Mass conservation

The mass conservation of lithium ions in electrode particles is calculated using Fick’s law

[155]:

aCs,i _ Ds,i g(rz acs,ij (3 7)
ot r’ or or ’

where Ds,i (i=a,c ) is the solid diffusion coefficients for anode and cathodes,

respectively, and they are calculated using these two equations [145, 156, 157]:

D,, =1.45x107" exp{68025'7 (i—lj (3.8)
’ R 318 T/]
D, =1x107" exp{— 35000 (1— L j (3.9)
‘ R \T 298.15/]
The corresponding boundary conditions are:
_p, %Lt _g,at r=0 (3.10)
Toor
_p, L at r=r (3.11)
i or :

The mass conservation of lithium ions in the electrolyte is calculated according to the

concentrated solution theory, which is described by [155]

oc, . oc,.
gli#:Dleﬁi—lzJ-FA(l_R)jni (3.12)
"ot = OX ’
Dieti = I:)|‘5'|,ibmg'i (3.13)
A1 :3gs,i / I’.s,i (3-14)

where i=a,c, p, p denotes to the separator. DLefm is the effective diffusion coefficient in
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the electrolyte phase, which is related to the material porosity ¢;. The diffusion coefficient

for electrolyte is calculated as [145]

54.0 4
D, =10 ><:I_O'M‘?"(T7229.070.005cI ]’Z'MO G (3.15)
The corresponding boundary conditions are
oc, ; .
D, o ; 8_“ =0 atboundaries 1 and 4 (3.16)
DNG 4

As shown in Figure 3.1 (a), the boundary numbers 1, 2, 3 and 4 denote the current collector-
anode boundary, the anode-separator boundary, the separator-cathode boundary, and the

cathode-current collector boundary, respectively.

3.2.2.3 Charge conservation

The charge conservation in solid electrode particles is governed by Ohm’s law [155]:

i ==, a;’;i (3.17)
Ot = é‘i‘cf's,img'i (3.18)
the boundary conditions are
¢,. =0, at boundary 1 (3.19)
S, 6§;,i _0, at boundary 2 and 3 (3.20)
9 _; at boundary 4 (3.21)

— ; =1,
eff i al
OX PP

The charge conservation in liquid electrolyte is [154, 155]

0d; 2k, RT (14
o, i e (1-t,) alng

: 3.22
i eff i GX F 8X ( )

Ky =fig (3.23)
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K; =1.12x107*(—8.25+0.0532T —2.99x10°T? +0.262C, —9.31x10°C,T (3.24)
+8.07x10°C,T2+0.22C,> —1.77x10*C,*T)

The corresponding boundary conditions are

i _ 0, at boundary 1 and 4 (3.25)
X

0

3.2.2.4 Energy conservation

Three different types of heat are generated during the LIB charge and discharge[155], and

they are reaction heat, Qrea, ohmic heat, Qohm , and active polarization heat, Qact . Their

calculations are listed as follows, respectively [158].

. 6Ueq ,
Qrea = A an,iT 8—T (326)

o9, i Od; )2 2K ;RT olnc; 04,
=0 . U pr, | — | 4 —20 (1t L= 3.27
Qohm eff i ( ox j Kett | ( X = ( +) 8X aX ( )

Quee = AFn i (3.28)

Then, the calculated heat generations were applied as heat source to simulate the thermal
behavior of the cylindrical LIB unit (see Figure 1(b)). The energy conservation equation is
[155]

oT
pCp E = v(kTVT) +Qrea + ohm +Qact (329)

where o, Cp and kT are the material density, the heat capacity, and the thermal

conductivity of the battery unit. The thermal conductivity in the cylindrical battery along
the radial direction is different from that along the axial direction [142]. They are calculated

using the following two equations, respectively.
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- _2b (3.30)

Lk:,
ke 2tk (3.31)

2L

The corresponding boundary condition is
Q=h-(T,,=T) (3.32)

where QO is the heat flux on the battery surface and h is the lumped heat transfer

coefficient. h is set as 15 W m™ K™ [159] in this study, which simulates the free air

convective condition.

3.2.2.5 Numerical solution of the equations

The electrochemical-thermal coupled model is solved using the COMSOL Multiphysics
5.2 software, which is widely accepted by researchers for studies on LIB modeling [149,
154, 155]. Table 3.1 and Table 3.2 shows the model parameters and the material properties,
respectively, used in this study. Typical battery separators are made of polymers such as
polyethylene, polypropylene, and polyacrylonitrile [43]. This study sets the thermal
conductivity, heat capacity and density of separator as 0.3 W m™ K!, 1,700 J kg! K'! and

900 kg m™, respectively, to represent typical values of polymer based separator [160, 161].

Table 3.1. Modeling parameters

Parameter Unit Cathode Separator Anode Ref.
Li um 55 20 39 [162]
vi pum 1.4 - 6.5 [162]
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£ - 0.513 - 0.585 [162]
Y - 0.364 0.54 0.417 [162]
Cs.i max mol-m™ 22,806 - 31,370 [162]
Cs.iini mol-m™ 1,140 - 26,665 [162]
Ci ini mol-m™ 1,500 1,500 1,500 [153]
a,; - 0.5 - 0.5 [153]
a, - 0.5 - 0.5 [153]
é‘i S'm’! 0.5 - 100 [162]
brug,i - 1.8 1.5 2.4 [162]
t+ - 0.363 0.363 0.363 [153]
Table 3.2. Thermal properties of LIB materials
Material kr(Wm'K") C,(Jkg'KYH o (kgm?) Ref.
Cathode 1.48 800 1,500 [153]
Separator 0.3 1,700 900
Anode 1.04 641 2,223 [153]
Cathode CC” 237 897 2,700 [153]
Anode CC 398 396 8,700 [153]
Electrolyte 0.099 1,518 1,210 [153]
Battery canister 14 460 7,500 [153]
Mandrel 0.26 1,700 1,150 [155]

* Current collector
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3.3 Results and discussion
3.3.1 Model validation

The model for the 38120 type LiFePO4 LIB is first validated by comparing the model with
the experimental data reported in literature [153]. The result in Figure 3.2 shows that the
discharge voltage plateau and capacity decrease as the battery discharge rate increases from
0.3 to 2 C. This is because of the great internal battery resistance at a fast discharge rate
[163]. On the other hand, there is a rapid temperature rise at high discharge rate because

the battery cell operated at a higher discharge rate is exhausted quickly [151].

Overall, the model agrees with the experimental results [153] for LIB discharged at
various rates, except for the working voltage at the beginning of discharge and the
temperature rise for the discharge rate of 0.3C. As a result, the developed model is deemed
valid for the electrochemical and thermal performances of the 38120 LIB discharged at 1C
and 2C rates. The mean relative error for simulating working voltage and temperature rise

of the LIB with discharged rates of 1C and 2C are 0.76% and 7.6%, respectively.
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Figure 3.2. Comparison of model with experimental data at different discharge rates: (a)

working voltage and (b) temperature rise
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The validated model is then used to study the performances of the 38120 type LiFePO4
LIB by changing the separator design parameters. The studied discharge rate is set at a high
rate of 2C, due to the rising trend of developing high-rate LIB [164, 165]. The rest of this
chapter presents the calculated battery energy density and electrolyte concentration
distribution with different separator thickness (ranging 5-100 um) and separator porosity
(35%-95%), respectively. In addition, the temperature rises and temperature distribution
within the battery packed material are also studied for separators with different thermal
conductivities (0.3-3 W m™' K™!) and heat capacities (1700-3500 J kg™ K™), respectively.
The ranges of these parameters were chosen to cover typical values of battery separators

[7,43, 166].
3.3.2 Effects of separator on energy density

Figure 3.3 (a) presents the effects of separator thickness and porosity on the energy density
of the LIB discharged at a rate of 2 C, where the effects of separator thickness is shown in
the dashed line and the separator porosity is shown in the solid line. The battery energy
density dropped from 148.8 to 110.6 Wh/kg when the separator thickness increased from 5
to 100 um. However, the separator porosity has negligible impact on the battery energy
density. Figures 3(b) and 3(c), on the right of Figure 3(a), show the discharge profiles of
the batteries with different separator thickness and porosity. The working voltage of the
discharge plateau decreased by about 0.02 V when the separator thickness increased from
5 to 100 pm, meanwhile, the discharge capacity decreased from 11.1 to 6.3 Ah. Unlike the
separator thickness, separator porosity does not have a strong impact on the battery
discharge profile: there was only slight decrease of the working voltage when the separator

porosity changed from 35% to 95%.
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Figure 3.3. Effects of separator thickness and porosity on the energy density of the LIB
(a) discharged at 2C rate, (b) with detailed discharge profiles for different separator

thickness and (c) separator porosity

The rapid drop of energy density indicates the negative effects of the separator thickness
on the battery energy density than that of the separator porosity. For a given battery canister,
increasing the separator thickness reduces the packed volume of the electrode materials,
which consequently reduced the battery discharge capacity (see Figure 3b). In addition,
increasing separator thickness from 5 to 100 um results in increased internal resistance of
the battery.[43] As a result, the initial discharge voltage of using a 100 um separator is

about 0.02 V lower than that using a 5 pm separator.

Enhanced discharge rate capability is reported for coin cell LIBs with high-porosity
separators [82, 90]. It means that increasing separator porosity would improve the battery
energy density that discharged at a fast rate. However, this is not the case for the 38120

cylindrical batteries with high separator porosities, even at a discharge rate of 10 C.

This diminished advantage of 38120 LIB with a high-porosity separator is attributed to
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the heat generation in the 38120 cylindrical battery, which is much greater than that in a
coin cell battery. The resultant temperature rise enhances the mass transfer and
electrochemical reactions for 38120 LIBs with both high and low porosity separators (see
Egs. 3.5, 3.6 and 3.15). On the contrary, the low temperature rise of coin cells was reported
by Wang et al. [167]: the temperature rise on the surface of a CR2032 coin cell was always
below 0.05 °C during battery operation at various C rates. In addition, our results show that
the energy density of 38120 LIB could be increased from 81.8 to 84.1 Wh/kg when the
separator porosity increased from 35% to 95% for a discharge rate of 10 C if the
temperature rise of battery is omitted. This finding further confirms that separator porosity

has little impact on the energy density of 38120 type LIBs.
3.3.3 Effects of separator on electrolyte concentration distribution

Figure 3.4 shows the electrolyte concentration distribution across the calculated battery
domain with different separator thicknesses and porosities. The contents in the brackets in
the legends are the electrolyte concentration gradients. Both graphs show that the
electrolyte concentrations decrease from anode to cathode at the end of discharge, creating
concentration gradients across battery cell. Figure 3.4 (a) shows that the differences
between electrolyte concentration gradients within the separator domain are negligible
when the separator thickness increases from 5 to 100 um. On the contrary, Figure 4(b)
shows that the concentration gradient in the separator domain decreases from 15.7x10° to

3.5x10° mol'm™ as the separator porosity increases from 35% to 95%.
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Figure 3.4. Electrolyte concentration distribution of LIB with different (a) separator

thicknesses and (b) porosities at the end of 2C rate discharge

During the battery discharge, the lithium ions are first extracted from the anode electrode
particles followed by intercalation into the cathode electrode. As shown in Figure 3.4, the
electrolyte concentration gradient across the battery cell is caused by the mass transfer
resistance within the battery component. The increasing electrolyte concentration gradient
within the separator phase indicates a higher resistance to mass transfer per unit distance.
Thus, the results from Figure 3.4 (b) indicate that increasing separator porosity can
effectively reduce the mass transfer resistance per unit separator thickness. This result can
also be explained by Eq. (3.13): increasing the separator porosity can directly increase the
effective diffusion coefficient, enhancing the mass transfer. Increasing separator thickness
increases overall battery resistance although the separator thickness shows a negligible
effect on the electrolyte concentration gradient; this is also supported by the overall

concentration drop from anode to cathode (see Figure 3.4 a).

Realizing the importance of separator porosity, this study further quantifies the
correlation between the separator porosity and the electrolyte concentration gradient. The
correlation shows that their relationship can be described using the exponential function in

Eq. 3.33 with R?>=0.9996 (see Figure 3.5). This result suggests that the mass transfer
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resistance remains relatively stable for the separator porosity of 80% or greater. Therefore,

the porosity of 80% can be considered as a design value for separators.

Cg, = 2.7x10° +1.3x10° exp(—(5,, —0.346)/0.23), (0.35<£,<0.95)  (3.33)

1.6E+06 - E

1.4E+06

—— Eq. (33), R?=0.9996

1.2E+06
1.0E+06
8.0E+05

6.0E+05

4.0E+05

Electrolyte concentration gradient (mol/m®)

2.0E+05 +——1——————————————————
0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

Separator porosity

Figure 3.5. Curve fitting of correlation between separator porosity and electrolyte

concentration gradient

In addition, Figure 3.6 presents the temporal changes of electrolyte concentrations at the
separator boundaries for separator porosities of 35% and 95%. For both porosities, the
electrolyte concentrations at boundary 2 increase while those at boundary 3 decrease at the
beginning of battery discharge. For both separator porosities, the electrolyte concentration
reached their changing point in about 80 s. As we have explained in the above paragraphs,
the mass transfer rate positively correlates to the separator porosity. Therefore, the changes
in electrolyte concentrations on the separator boundaries are higher for the separator with
35% porosity than that with 95% porosity. After reaching their peak or bottom values, the

electrolyte concentrations remained relatively steady for the separator with 95% porosity
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during the discharge period. On the contrary, the electrolyte concentrations for the separator
with 35 % porosity slowly decreased at boundary 2, but increased at boundary 3. When the
current is cutoff at the end of discharge, the electrolyte concentrations quickly returned

back to its original value within milliseconds.
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Figure 3.6. Temporal changes of electrolyte concentrations in the LIBs having different

separator porosities with the 2C discharge rate

The preceding results in Figure 3.6 can be explained as follows. During discharge, as
shown in Figure 3.2, the battery temperature quickly rises over time, which in turn enhances
the electrolyte mass transfer (see Eq. 3.15). Therefore, the concentration at Boundaries 2
and 3 decreased and increased, respectively, weakening the concentration gradient during
the discharge time. This enhancement in mass transfer due to temperature rise, however, is
negligible for the separator with a 95% porosity. This is because of the low mass transfer

resistance already achieved by high porosity as stated above.
3.3.4 Effects of separator on battery thermal performances

The heat generated in a LIB cell can be reversible heat or irreversible heat. As presented in
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Section 3.2.2.4, the reaction heat (Qrea) is reversible and the active polarization heat (Qact )

and ohmic heat (Qohm) are irreversible. Only ohmic heat is generated in the separator

because of the transport of lithium ions [145]. Thus, the heat generation rate inside separator

phase is calculated by Eq. (3.27) in this study.

Figure 3.7 (a) shows the calculated effects of the porosity and thickness of a separator
on the heat generation rate within the separator. Increasing separator porosity from 35% to
95% reduces the heat generation rate from 7,475 to 1,670 W/m>. On the other hand, the
separator thickness has negligible effect on the heat generation rate. As discussed in Section

3.3.3, the electrolyte concentration gradient decreases as the separator porosity increases.
Then, the reduced concentration gradient, as indicated by the term 01N ¢, / OX inEq.(3.27),

results in lowering heat generation rate within the separator. However, the impact of
separator thickness on the heat generation rate is not obvious because the separator

thickness has little effect on the electrolyte concentration gradient (see Figure 3.4).
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Figure 3.7. Effects of separator porosity and thickness on (a) the heat generation rate in

the separator phase and (b) the temperature rise of packed material in the battery cell
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Figure 3.7 (b) compares the effects of separator porosity and thickness on the mean
temperature rise in the materials packed inside the LIB. The temperature rise drops from
16.9 to 11.6 K when the separator thickness increases from 5 to 100 um, but the separator
porosity has a little impact on the battery temperature. The battery temperature rise
decreases with separator thickness because less active electrode materials were packed in
the battery canister when the separator becomes thicker. The heat in a battery is primarily
generated by battery cathode and anode [145], which dominates the temperature rise of LIB
operation. This also explains the negligible effects of the separator porosity on the

temperature rise of the battery.

The excessive heat accumulation and uneven temperature distribution in a LIB may
degrade the LIB [162]. As shown in Table 3.2, the heat conductivities of the separator and
the electrolyte are much less than those of other LIB components. As a result, the thermal
resistance of a 20 pm separator contributes to about 70% of the total resistance in the battery

along the radial direction.

Figure 3.8 shows the effects of separator thermal conductivity and heat capacity on the
temperature rises and differences of the packed materials in LIBs. The temperature rise
quickly drops by 0.4 K when the separator conductivity increases from 0.3 to 1.0 W m' K-
!, Further increase in the conductivity did not significantly reduce the temperature rise. The
temperature difference shows a similar trend: the temperature difference decreased by 0.63
K when the thermal conductivity increased from 0.3 to 1.0 W m™ K'!. However, the
separator heat capacity, does not have an obvious impact on the temperature differences.
The temperature rise linearly decreased from 16.4 to 15.5 K while the separator heat
capacity increasing from 1,700 to 3,500 J kg™! K'!. Yang et al. [166] reported similar effects
of separator thermal conductivity using a different model (which is carried out by inputting
assumed joule heating power values as heat source, whereas the heat source in this study is

calculated by electrochemical modeling). A separator thermal conductivity of 1.0 W m™' K
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! was reported to be effective in reducing the temperature rise for both cylindrical and

prismatic batteries. As a result, a thermal conductivity of 1 W m™ K™ can be considered as

a design value for LIB separators.
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Figure 3.8. Effects of separator thermal conductivity and heat capacity on (a) the
temperature rise and (b) temperature difference of the materials packed in the battery

discharged at 2C rate

In summary, the analyses in this section show that thermal performance of a LIB battery
can be improved by increasing both separator thermal conductivity and its heat capacity.
Though, the elevated temperature facilitates the mass transfer of a single battery cell (as
discussed in Sections 3.3.2 and 3.3.3), the accumulated heat still causes safety issues when
using it for big battery packs. Thus, improving the thermal performances of a single battery
cell can help with the longevity. It also helps maintain stable electrochemical performances
by minimizing undesired side reactions and thermal stress of LIB at low temperature rise
and uniform temperature distribution condition [166, 168]. For the ease of presentation,
Figure 8 illustrates the temperature profile of a LIB unit discharged at a 2C rate. It shows

that simultaneous increase in the separator thermal conductivity to 1 W m™ K! and its heat
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capacity to 3500 J kg™! K'! reduces not only the maximum temperature rise of the battery

material by 1.3 K, but also the temperature difference by 0.8K.
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Figure 8. The LIB temperature profile at the end of discharge with a rate of 2 C

3.4 Summary

This Chapter studies the impact of the thickness, porosity, thermal conductivity, and heat
capacity of a battery separator on the electrochemical and thermal performances of a
commercial 38120 LiFePOs LIB by numerical modeling. The 2D axisymmetric
electrochemical-thermal coupled model for LIB is developed and validated with
experimental data in the literature before it is used to simulate the battery operation at
different conditions. The following conclusions can be drawn from the works presented

herein.

First, the separator thickness shows strong effects on the battery energy density. The
battery energy density drops from 148.8 to 110.6 Wh/kg when the separator thickness

increases from 5 to 100 um. The reason is that a thicker separator takes more space in the
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battery canister allowing for less packed electrodes materials.

Second, the mass transfer resistance increases with decreasing separator porosity,
resulting in increased electrolyte concentration gradient inside the battery separator. The
correlation between the separator porosity and the electrolyte concentration gradient can be
described by an exponential function. This function indicates that LIB separators should
have an optimum porosity of 80% and that further increase in the separator porosity

contributes little to the mass transfer.

Finally, it is necessary to improve the thermal properties of the separator because of its
great heat transfer resistance. Simultaneous increase in thermal conductivity to 1 W m™ K-
I'and heat capacity to 3500 J kg™! K!, respectively, helps reduce the battery temperature

rise by 1.3 K and temperature differences by 0.8 K.
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Chapter 4
Kinetics of Preparing Polypyrrole-based Membrane by In-situ

Polymerization on Electrospun Nanofibers

From Chapter 3, an important conclusion is that the use of a thin separator with high
porosity of 80% in a LIB cell can achieve enhanced battery energy density with low internal
mass transfer resistance. The high porosity of a separator can be achieved by developing
electrospun nanofibrous separator, due to the electrospun membrane can attain porosity as
high as above 70% [43]. However, the thickness of a separator in actual battery applications
cannot be reduced to extremely thin. Because, there is a trade-off between a separator’s
thickness and its mechanical strength. A separator has to be sufficiently strong to fulfill the
mechanical requirements of the battery assembling process, and maintain its integrity

during battery operations.

An alternative strategy is to use redox-active separator to provide additional capacity to
the battery cell. Therefore, the redox-active separators with sufficient thickness can be used
in LIB cells without compromising the energy density. A bilayer structured redox-active
separator is proposed in this thesis based on integrating PPy with electrospun nanofibers.
On the other hand, in-situ polymerization is considered as a feasible method to fabricate
the PPy composite nanofibers as discussed in Chapter 2.2. Thus, this Chapter presents a
detailed kinetics study of the PPy in-situ polymerization on electrospun nanofibers, aiming

to better understand the mechanisms behind the fabrication process.

4.1 Introduction

Polypyrrole (PPy) is a typical type of conductive polymer with redox-activity, chemical
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stability, and ease of synthesis [126]. PPy can be produced by the polymerization of pyrrole
(Py) with chemical oxidants or electropolymerization of pyrrole solution. Either method is
suitable for sample preparation in a laboratory setting. However, pristine PPy is an insoluble
and brittle solid in the forms of particles or dense film, which limits its direct applications

in many fields where a porous flexible material is required (e.g. battery separator) [133].

A feasible approach to fabricating PPy into various structures is in-situ polymerization
of PPy onto different templates. For instance, Cu-TCPP nanosheets [131], textile fibers
[132], and polyurethane foams [133] have been reported to implement as templates for in-

situ polymerization process to fabricate PPy composites with different structures.

Electrospun nanofibers have also been reported as a template for in-situ polymerization
of PPy. The resultant composite maintains the structural features, including inter-connected
porous structure, superior porosity, and submicron pore size, of electrospun fibers for
applications to filtration, energy storage, and tissue engineering. For example, Luo et al.
[169] used electrospun polyacrylonitrile (PAN) membrane as a template for pyrrole in-situ
polymerization. The fabricated composite membranes exhibited more than 8 times of Pb(II)
adsorption compared to pristine PAN membrane for water treatment. Lu et al. [170] also
implemented the pyrrole in-situ polymerization on electrospun poly(acrylic acid)
(PAA)/MnO2 membranes. The PPy based fibrous membrane was used as an efficient
electrode for supercapacitors with a gravimetric specific capacity of 564 F g'!. Thunberg et
al. [136] also fabricated PPy/cellulose composite membrane by in-situ polymerization of
pyrrole on electrospun cellulose template. SHSYS5Y human neuroblastoma cells were
incubated onto the membrane to test the feasibility of the fabricated membrane as scaffold
for neural tissue. After 15 days of cell differentiation, the PPy-based membrane was altered
to a neuron like phenotype. However, these earlier research works are focused on the
electrochemical properties of the PPy added nanofibrous membrane and they are tested for

specific applications. The kinetics of in-situ polymerization of pyrrole in the presence of
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nanostructural template is rarely studied.

Only a few studies reported the observations of an increase in the reaction rate of
polymerization with template. Percec et al. [171] reported the in-situ polymerization of PPy
on nano graphene oxide platelets. The pyrrole consumption rate increased when graphene
oxide platelets were added as in-situ polymerization templates. In addition, Chatterjee et al.
[132] compared the in-situ polymerization of PPy onto various textile fibers and showed
that the PPy generation rate and final yield increased by 2.4-65.8% and 0.4-14.5%,
respectively, with textile fibers added into the polymerization solution. Despite these earlier

studies, the mechanisms behind the increase in reaction rate remain unclear [172, 173].

Therefore, the objective of this work is to study the kinetics of the in-situ polymerization
of PPy with electrospun fibrous membrane as template, aiming to better understand the
mechanism of pyrrole in-situ polymerization. Accordingly, the rest of this chapter is
organized as follows. Section 4.2 introduces two different kinetics models developed based
on existing PPy polymerization mechanisms to calculate the concentrations of pyrrole
monomer at different reaction times. Then, Section 4.3 introduces the procedure and
methods of pyrrole in-situ polymerization. Polyacrylonitrile (PAN) nanofibers are produced
by a laboratory-made electrospinning device, followed by in-situ polymerization of pyrrole
onto the fiber surface to form membranes. The in-situ polymerization treatment is carried
out in aqueous solutions at different temperatures using ammonium persulfate (APS) as
oxidant. The most suitable mechanism for pyrrole polymerization is identified in Section
4.4.1 and adopted for the rest of study by fitting the model against experimental data. Based
on the knowledge obtained in Section 4.4.1, Section 4.4.2 presents an in-depth kinetics
study on the in-situ polymerization of pyrrole, followed by the investigation of the
activation enthalpy and entropy in Section 4.4.3. Then, Section 4.4.4 describes the effects
of doping on in-situ polymerization. Dopant is commonly used for PPy synthesis in

practical applications to improve its conductivity. Thus, the effect of dopant on the in-situ
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polymerization process is of interest.

4.2 Kinetics models of pyrrole polymerization

There are two pyrrole polymerization mechanisms reported in the literature. The more
widely suggested mechanism (denoted as Mechanism I in this study) is based on the
coupling between radical cations [174]. As shown in Figure 4.1, the pyrrole monomer is
first oxidized to produce radial cation. Then, two radical cations are coupled and
deprotonated to produce a bipyrrole, which is oxidized to react with another radical cation.
Repeating the preceding steps results in the chain propagation and large molecular PPy.
The polymerization reaction based on this mechanism is first order with respect to pyrrole

and oxidant [175]. Thus, the rate equation for pyrrole can be written as:

_@ =k[S,0,% |[Py] 4.1)

where k is the reaction rate constant (L-mol!min™); [S20s*] and [Py] are the
concentrations (mol'L') of the APS (the oxidant used in this study) and pyrrole,

respectively.
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Figure 4.1. Mechanism I of pyrrole polymerization

According to the reaction stoichiometry of pyrrole reaction with APS [176], 1.25 mol of
APS (S,05%) is consumed for unit mole of pyrrole polymerized. Thus, the concentration of

APS can be calculated as:
(5,04 ]=[S,05" ], —1.25([Py], - [Py]) (4.2)

where [S205°]o and [Py]o are the initial concentrations (mol-L!") of APS and pyrrole,

respectively.

Then, Eq. 4.3 is obtained by substituting Eq. 4.2 into Eq. 4.1:

_@ —Kka[Py] +1.25K[Py] (43)
where,
a=[S,0," | -1.25[Py], (4.4)

The solution to Eq. 4.3 is described using Eq. 4.5:
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kaexp(kaC
[Py]=— p(kaC,) 4.5)
—exp(kat) +1.25k exp(kaC, )

where (1 is a constant derived and it must satistfy Eq. (4.6) to ensure [Py] = [Py]o at = 0:

c._ In[[Py]o/(1.25.:.[Py]o+ak)] 46

Another mechanism of pyrrole polymerization (denoted as Mechanism II) is as follows
[172]. As shown in Figure 4.2, the pyrrole monomer is first oxidized into radial cation.
Then, the radical cation reacts with a neutral pyrrole monomer to produce bipyrrole. The
bipyrrole is immediately oxidized to form another type of radical cation, which reacts with
another neutral monomer to generate tripyrrole. Repeating this process results in the

formation of large molecular PPy. The pyrrole reaction rate is described using Eq. 4.7.

d [dle] ~k[5,0,2 J[Py]+k, [PI[PY] 4.7)

where k; and k; are the reaction rate constants (L-mol ' min™); [S,0s*], [Py], and [P] denote
the concentrations (mol-L™") of APS, pyrrole, and oxidized oligomer (molecules consists a
few repeating units derived from pyrrole polymerization, e.g., bipyrrole, tripyrrole, etc.),

respectively.
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Figure 4.2. Mechanism II of pyrrole polymerization

The oxidation of a pyrrole oligomer or PPy polymer is so fast [172] that the

concentration of the oxidized oligomer is considered the same as that of the oligomer

generated:
[P1=[Py], ~[PY] (4:8)

Substituting Eqs. 4.2 and 4.8 into Eq. 4.7 results in Eq. 9:

—@ = B,[Py]+ B[Py (4.9)

where B; and B, are coefficients:
B, =1.25k -k, (4.10)
B, =k [S,0, |, - B[Py], 4.11)

Solving Eq. 4.9 gives the concentration of pyrrole:

B,exp(B,C,) (4.12)
—exp(B;t) + B, exp(B,C,)

[Py]=~
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where (> is a constant and it must satisfy Eq. 4.13 to ensure the initial condition of [Py] =
[Pyloatz=0.
_In[[PyL,/(A-[PY], )]

C,= 4.13
: 5, 13

Equations 4.5 and 4.12 are used in this study to fit the experimental data of pyrrole
polymerization. Accordingly, the reaction rate constants &, k;, and k> are obtained from the

fitting results.

In addition, parameter A is defined (see Eq. 4.14) to quantify the excessive amount of

oxidants used in pyrrole polymerization.

_ [oxidant],

= 4.14
S'[Py]o ( :

where s is the stoichiometric coefficient of the oxidant per unit number of pyrrole. In this
study, s is 1.25 for the APS oxidant [176]. Eq. 4.14 shows that 4 greater than 1 indicates
excessive oxidant used for pyrrole polymerization and that A less than 1 indicates

inadequate oxidant.

Moreover, the Eyring equation [177] is used to describe the change of reaction rate

constant with temperature:

_AH? t

nki_—AH" 1 . K AS® (4.15)
T R T h R

where T 'is the reaction temperature (K), R is the gas constant 8.314 J-K-!-mol!; ks denotes

to the Boltzmann constant, 1.38x1023 J-K!; 4 is the Planck’s constant, 1.05x107* J-s; AH*

and AS? are the activation enthalpy (J) and activation entropy (J-K™!), respectively.

Eq. 4.15 shows a linear relationship between In(ki/T) and 1/7. Thus, the activation
enthalpy and entropy can be calculated from the slope and intercept of the In(&i/T) vs. 1/T

plot, respectively.
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4.3 Experiment

4.3.1 Materials

Polyacrylonitrile (PAN, Mw=150000), pyrrole (Py, purity>98%), ammonium persulfate
(APS, purity>98%), sodium ferrocyanide (NasFe(CN)s, purity>98%) N,N-
dimethylformamide (DMF, purity>99.8%) are purchased form Sigma Aldrich (Canada).

Pyrrole is sealed and stored in a refrigerator after each use.
4.3.2 Electrospinning device

As shown in Figure 4.3, the electrospinning device used in this study is custom designed
and assembled. The main components of this device include a syringe pump (Fusion 200,
chemyx, USA), a laboratory-made high voltage power supply, a metallic needle loaded on
a needle holder, and a grounded drum collector with controller (TongLi Tech, China). The
aluminum frames and structure of the device is obtained from 80/20 LLC, USA, to custom

build the enclosure.
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Figure 4.3. Laboratory-made electrospinning device

4.3.3 Fabrication of PAN nanofibers

The laboratory-made electrospinning device is used to produce PAN nanofibers following
this procedure. First, PAN is dissolved in N,N-Dimethylformamide (DMF) to prepare a
PAN solution with a concentration of 10 wt.%. The PAN solution is then loaded into a 5
mL syringe connected to a metallic needle with an inner diameter of 0.514 mm. The syringe
pump is used to pump the solution at a steady flow rate of 0.4 ml/hr. The laboratory-made
positive high voltage supply is connected to the metallic needle. The grounded drum
collector (at a rotating speed of 30 rpm) covered with non-stick aluminum foil (Reynolds
wrap, USA) is placed 11 cm away from the needle tip and used as a fiber collector.
Continuous fiber jets are generated from the needle tip when the voltage is 7.5 kV. The
nanofibers are deposited on the collector to form a fibrous membrane. Finally, the

membranes are peeled off from the aluminum foil and cut into 4 cmX4 cm squares for
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further use.
4.3.3 Pyrrole In-situ polymerization

The procedure of pyrrole in-situ polymerization onto electrospun PAN template is carried
out as follows. First, pyrrole is added into 15 ml of deionized water (0.008 mol/L) and
cooled to a low temperature ranging from 273K to 288K in a cooler. Then, PAN electrospun
membrane is immersed into the pyrrole solution as a template. Different weights of APS
are dissolved into 2 ml of deionized water and cooled down to the same temperature of the
pyrrole solution. Finally, the APS solution is added to the pyrrole solution dropwise to start
the in-situ polymerization. The concentration of APS in the reaction bath is 0.04 mol/L or
0.012 mol/L. After a predetermined reaction time (e.g., 15 or 30 min), the immersed
membrane is immediately taken out from the solution using a tweezer and rinsed
thoroughly using deionized water. Meanwhile, the reaction solution is vacuum filtered by
a Biichner funnel connected to a vacuum pump. The precipitate and the treated membrane
are then dried under vacuum at 80 °C in a vacuum oven for at least 12 hours (Vacuumoven-

001, LeDAB, Canada).

Figure 4.4 shows the overall reaction equation for the pyrrole polymerization in an
aqueous environment using APS as an oxidant [176]. The generated sulfate doped PPy is
insoluble, thus it precipitates in the reaction bath and deposited onto the fiber surface. The
amount of pyrrole consumed for each test is calculated using a gravimetric method [178,

179] (see Eq. 4.16).

W, +(Wm'a —Wm’b) @.16)
M., xV

[F’y]C =4x

PPy

where [Py]c (mol/L) is the amount of pyrrole consumed; W), (g) is the weight of the
precipitates; Wi, . and Wy, » (g) are the weights of the electrospun membrane after and before
the in-situ polymerization reaction, respectively; Mpp, (g/mol) is the molecular weight of

the repeating unit of sulfate doped PPy; V' (L) is the volume of the reaction bath.
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Figure 4.4. The polymerization of pyrrole with APS

The pyrrole concentration in liquid at the end of each test is calculated using Eq. 4.17:
[Py]=[Pyl,~[Py]. (4.17)

In addition, sodium ferrocyanide (NasFe(CN)g) is used as a dopant to study its effect
on the in-situ polymerization of pyrrole. PPy polymers are commonly synthesized with the
addition of dopant to improve its conductivity because the doping increases the amount of
delocalized electrons in the PPy molecular chains. In this study, NasFe(CN)e is adopted as
a dopant for PPy synthesis because the final product exhibits great electrochemical
properties, which has been reported as a potential material for energy storage [180]. Thus,
in Section 4.4.4, 0.032 mol of NasFe(CN)e is added to the pyrrole solution prior to the

addition of oxidant.

4.4 Results and discussion
4.4.1 Comparison of pyrrole polymerization mechanisms

Figure 4 shows the depletion of pyrrole over reaction time at 277K without adding the
electrospun membrane as fibrous template and the theoretical fittings using Mechanisms I
and II. Both mechanisms well fit, with R>>0.98, with the experimental data obtained with
excessive APS for pyrrole polymerization (i.e., A=1.2). However, only Mechanism II
(R?>=0.989) fits with the experiment when APS concentration is inadequate (i.e., 2=0.4),

whereas the fitting result of Mechanism I deviates from the experimental data with a R* =
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Figure 4.5. Theoretical fittings of pyrrole polymerization using different concentrations

of APS at 277K.

In addition, both mechanisms are fitted with the experimental data in the literature [171,
172, 181] (see Figure 4.6). The results are the same as our findings, which confirms that
Mechanism II fits well to experiments, regardless of excess or inadequate oxidant used for
pyrrole polymerization. On the contrary, Mechanism [ fits poorly with the experimental
data when the oxidant concentration is inadequate. When A < 0.12, the calculated results
using Mechanism [ implies that the polymerization rate should quickly drop to zero soon

after the experiment started, which is inconsistent with the experimental results.
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Figure 4.6. Theoretical fittings of Mechanisms I and II with the experimental data

obtained from the literature (a) [181], (b) [171], (¢) [172] and (d) [181]

The preceding results indicate that Mechanism II has a wider applicability than
Mechanism I. In Mechanism I, the unreacted pyrrole monomers and oligomers must be
oxidized by the oxidant prior to the chain propagation step. Thus, an adequate amount of
oxidant is considered essential in this mechanism; otherwise, the polymerization reaction
rate should be extremely slow when the oxidant concentration is low. However, in actual
pyrrole polymerization experiments, the pyrrole concentrations at the late stage are
obviously lower than the calculated results using Mechanism I (see Figure 4.5 b, Figure 4.6
b, ¢, and d). This indicates that the polymerization reaction rates are still relatively fast for

low oxidant concentrations. On the other hand, Mechanism II proposes that the oxidized
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oligomer can directly react with a neutral pyrrole monomer for chain growth. The amount
of oxidant involved in the polymerization process is less required in Mechanism II than in
the Mechanism I. Thus, Mechanism II can be well fitted with the experimental data when
oxidant is inadequate for pyrrole polymerization (See Figure 4.5 and Figure 4.6). Therefore,
Mechanism II is deemed the most suitable mechanism for pyrrole polymerization. Thus, it

is adopted in this chapter to study the in-situ polymerization of pyrrole.

It is worth noting that different experimental methods (i.e., gravimetric method,
high-performance liquid chromatography method, and nuclear magnetic resonance
spectroscopy method) are used in different studies. The experimental data in Figure 4.5
seems to fluctuate more than those reported in the literature [171, 172, 181] (see Figure
4.6). However, the results in the literature did not provide error bars. If we assume that the
reported data has acceptable repeatability, then we can conclude that all the experimental
data fit with Mechanism II regardless of experimental methods. The gravimetric method
used in this study is featured by low cost and simple operation. Thus, it is a suitable method

for conducting the study in this chapter or other similar research.
4.4.2 Kinetics of pyrrole in-situ polymerization

Figure 4.7 shows the pyrrole depletion over time with and without the electrospun fibrous
membrane as in-situ polymerization template. The pyrrole concentration in the liquid phase
decreases with increasing reaction time, and it decreases more rapidly as the reaction
temperature increases from 273 K to 285 K. The decreasing rates of pyrrole concentration
are notably faster once the electrospun fibrous membranes are added into the reaction bath
as a template for in-situ polymerization. In addition, the theoretical fittings of Mechanism

IT agree with the experimental data with R? greater than 0.99.
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Figure 4.7. Comparisons of the experimental pyrrole polymerization data with theoretical

fittings at different temperatures

Table 4.1 presents the reaction rate constants k1 and k> calculated from the fitting results
using Eqs. 4.10 and 4.11 at different reaction temperatures. The electrospun membrane as
in-situ polymerization template has a negligible effect on the rate constant k1. However,
adding the fibrous template increases k> by 158.2-209.6%. This result indicates that the
presence of an electrospun fibrous template enhances the reaction between oxidized
oligomer and neutral monomer. The reason is attributed to the large surface area, typically

above 10 m?-g’! [43, 44], of the electrospun fibrous template.
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Table 4.1. Reaction rate constants obtained from the theoretical fittings

Temperature ki k2 ki k2
(K) (L'molmin') (L'mol*min') (L-mol’min') (L-mol'-min™)
Without fibrous template Adding fibrous template
273 0.82 0.47 1.02 1.36 (189.4%)"
277 1.47 0.98 1.75 2.52 (158.2%)"
281 2.28 1.95 2.23 6.05 (209.6%)"
285 3.55 2.62 3.19 7.98 (204.0%)"

" Increasing of the k, compared to the one obtained without fibrous template

Figure 4.8 shows the schematic of the pyrrole in-situ polymerization with a fibrous
template (Figure 4.8 a) compared to the polymerization without template (Figure 4.8 b).
During in-situ polymerization, the generated pyrrole oligomers are first deposited onto the
surfaces of the fibers. Then the pyrrole monomers in the liquid phase continuously reacting
with the oxidized oligomers, growing the molecular chain to yield PPy polymer on the fiber
surface. Eventually, the PPy polymers formed to fully cover the surface of the fibers.
Therefore, considerable amount of reaction sites is available for the in-situ polymerization
because of the large surface area of electrospun fibers presented in the reaction bath (see

Figure 4.8 a). As a result, the reactions between oligomers and monomers are enhanced.

On the contrary, the generated pyrrole oligomers can only accumulate to form clusters
when the fibrous template is absent in the polymerization process. The reaction sites with
the pyrrole monomer are only available on the outer surface of these clusters (see Figure
4.8 b). Thus, the reactions between the pyrrole oligomers and monomers slow down

because less surface area are provided by the oligomer clusters than the electrospun fibers.
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Figure 4.8. Schematic of the pyrrole polymerization process with (a) oligomer formed on

the fiber surface and (b) oligomers formed on cluster

The preceding analysis shows that adding templates with large surface areas can enhance
the rates of pyrrole polymerization. This finding concurs with several earlier studies [132,
171, 182] (as stated in Section 1) using various pyrrole in-situ polymerization templates
including fabric fibers and nano-sized platelets. All these used templates are commonly
regarded as materials with large surface areas [183, 184]. Thus, the preceding analysis in

this paper can also explain the observations in the relevant literature.
4.4.3 Activation enthalpy and entropy

The Eyring equation (Eq. 4.15) is used to fit the changes of the reaction rate constant k>
with the temperatures to further investigate the effects of the electrospun fibrous template
on pyrrole in-situ polymerization process. Figure 4.9 shows In(k2/T) versus 1/T for two
different reaction conditions. There is a linear relationship between In(k2/T) and 1/T
regardless of the fibrous template. All the experiment results are well fitted with the Eyring

equation with R*>>0.96.
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Figure 4.9. Fittings of Eyring equation to the pyrrole polymerization experiments (a) with

and without the fibrous template

As seen in Eq. 4.15, the slope and intercept of the above fittings indicate the activation
enthalpy and entropy of the reaction, respectively. Adding fibrous template has little effect
on the reaction activation enthalpy. The values of the activation enthalpy are 97,902.4 J and
92,493.6 J for the experiment with and without fibrous template, respectively. The
activation enthalpy should be identical because the pyrrole polymerization route remains
the same for both cases. Thus, the slight difference between the two activation enthalpy

values, which is less than 6%, may result from the experimental errors.

However, there is a strong impact of fibrous template on the activation entropy. The
values of activation entropy are 101.9 J-K™! and 74.0 J-K"! when fibrous template is present
and absent for in-situ polymerization, respectively. The results indicate that the overall
transition state is more disordered in the reaction environment with the fibrous template
because activation entropy is an indication of the disorder of the transition state in a

chemical reaction [185].
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The increase of activation entropy is resulted from the large surface area provided by
the fibrous template. As explained in Section 4.4.2, considerable amount of reaction sites
is created by the fibrous template in the in-situ polymerization process. As a result, the
reactions between oligomers and monomers are enhanced, leading to the increase of the

overall disorder during the reaction process.
4.4.4 Effects of dopant

Figure 4.10 shows the effects of dopant on the PPy yield during in-situ polymerization. The
yield of PPy increases with the reaction time. However, the PPy formation rate is lowered
by the addition of NasFe(CN)s, as indicated by that the reaction continuously lasted for at
least 300 min. On the contrary, the PPy yield quickly raised up to maximum within only 75

min when the dopant is absent.
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Figure 4.10. Effect of adding dopant on the PPy yield, initial Py: 0.016 mol/L, APS:

0.024 mol/L, NasFe(CN)s: 0.032 mol/L, temperature: 277K

The interaction between the dopant NasFe(CN)s and the monomer pyrrole can help
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explain the negative effect of dopant on the pyrrole in-situ polymerization. The Fe** in the
dopant has a strong chemical affinity to N atom in the pyrrole ring. Thus, the Fe(CN)¢* can
be anchored to the Pyrrole molecule [180]. As a result, the steric hindrance effect within
the polymerization process is enhanced, leading to the slower reaction than that of the
polymerization without dopant. A systematic kinetics study could further investigate the
quantitative changes of the reaction rate constants with the adding of dopant. However, it’s
inaccurate to calculate the pyrrole concentration using data obtained by the gravimetric
method in Section 3.3, because the doping of the final product PPy varies with reaction
time. That is why a systematic kinetics study of the pyrrole polymerization with dopant

added is not included in this study.

Despite the negative effect of the dopant, adding NasFe(CN)s as a dopant strongly
increases the conductivity of the fabricated PPy-based membrane. The electrospun pristine
PAN membrane is electrically insulated before any treatment. The in-sifu polymerization
treatment results in the formation of PPy on the PAN fiber surface, which enables the
membrane to conduct electrons. The conductivity of the membrane (in-situ polymerization
under 277K for 60 min) is 4.2x103+1.4,10° mS-cm™! without adding dopant, whereas the
conductivity reaches 2.7+0.3 mS-cm™ for the membrane (in-situ polymerization under

277K for 240 min) treated with NasFe(CN)s dopant.

4.5 Summary

A kinetics study of the in-situ polymerization process of PPy is carried out with electrospun
PAN fibrous membranes as templates. First, two different kinetics models are developed
based on existing PPy polymerization mechanisms. Mechanism II is found suitable for the
rest of this study by comparing the fittings of the model to the experimental data. Then, in-
situ polymerizations of PPy on electrospun PAN templates are conducted at different

temperatures ranging from 273 to 285 K. The overall reaction rates of the in-situ
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polymerization process are higher than those without the electrospun fibrous template. The
reaction rate constant k> (between oxidized oligomers and neutral monomers) increases by
158.2-209.6% when the fibrous template is added. The reactions between oligomers and
monomers are enhanced, because considerable amount of reaction sites is created in the in-
situ polymerization process due to the large surface area of electrospun fibers presented in
the reaction bath. This explanation is further confirmed by the 37.7% higher activation
entropy of the in-situ polymerization process compared to the polymerization without
template. Adding electrospun fibrous template into the in-situ polymerization bath
increases the available reaction sites between reactants, leading to the increase of overall
disorder of the reaction process. In addition, the effect of adding NasFe(CN)s as dopant is
also studied. The results show that the PPy formation rate is slower with the adding of
dopant. It is explained by the steric hindrance effect within the polymerization process

caused by the interactions between Fe(CN)s* and Py monomer.
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Chapter 5
Redox-active Separator for Enhancing the Capacity of

Lithium-ion Battery

The preceding chapters confirm the importance of developing redox-active separator for
LIB. In addition, Chapter 4 prepares the PPy composite nanofibers by in-situ
polymerization, and provides a kinetics study to understand the mechanism of the
fabrication process. Based on these progresses, the proposed PPy based redox-active
separator is fabricated and characterized in this chapter, followed by evaluating the

performance of the separator in LIB coin cells.

5.1 Introduction

Lithium-ion batteries (LIBs), as one of the most widely applied energy storage devices,
have played a crucial role in modern day-to-day life. The battery separator is one of the
crucial components in LIB. The fast-growing demand for high-performance LIBs in

various applications requires the development of superior separators.

Electrospun nanofibrous separator receives considerable attention among all the up-to-
date progresses of battery separator research works. Section 2.1 has reviewed the recent
achievements of electrospun nanofibrous separators with a focus on the separator properties
and the battery performances of using such separator. Although, superior battery
performances with nanofibrous separators are reported in literatures, most research works

are still focused on using electrochemical inert material as battery separator.

As discussed in Section 1.2, a novel strategy is to enhance the battery separator with

81



redox activity. The redox-active separator can participate in the battery reactions and then
provide additional battery capacity. The use of such redox-active separator can eventually

increase the energy density of LIBs.

In this chapter, the nanofibrous redox-active separators is fabricated based on
electrospinning and in-situ polymerization process. The obtained separator exhibits a bi-
layer structure, including a lay of Polyacrylonitrile (PAN)@PPy core-shell structured fibers
and another layer of PAN fibers. The PAN@PPy composite layer serves to enhance the
battery capacity stemmed from its redox activity within the voltage potential range of
battery operation. Meanwhile, the PAN layer acts as the insulating barrier to prevent the
battery from short-circuit. The bilayer separator, in its entirety, retains a considerable
amount of liquid electrolyte in its well-developed porous structure allowing the migration
of ions during the battery cycling. This study presents detailed characterizing properties of
the electrospun nanofibrous redox-active separator, including the separator morphology,
chemical composition, thermal stability, and mechanical property. Moreover, the redox-
active separators are assembled into LIB coin cells to study the battery performance of

using such separators.

5.2 Experiment

5.2.1 Materials

Polyacrylonitrile (PAN, Mw=150000), Pyrrole (Py, purity>98%), Ammonium persulfate
(APS, purity>98%), Sodium ferrocyanide (NasFe(CN)s, purity>98%), N,N-
dimethylformamide (DMF, purity>99.8%), and liquid electrolyte of 1 M LiPFs in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume) are purchased form Sigma
Aldrich (Canada). Commercial microporous polypropylene (PP) separators used for
comparison are obtained from the manufacture. All chemicals are used as received without

any further purification.
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5.2.2 Fabrication of nanofibrous redox-active separator

Figure 5.1 illustrates the fabrication process of the redox-active separator prepared in this
study. A laboratory-made electrospinning device is used to produce PAN nanofibrous
membranes as follows. First, PAN polymer is dissolved into DMF to prepare the solution
of 10 wt.% concentration as electrospinning precursor. Then, the PAN solution is loaded
into a syringe with a metallic needle (with inner diameter of 0.514 mm) connected to a
laboratory-made positive high voltage supply. A grounded drum collector (at a rotating
speed of 30 rpm) covered with non-stick aluminum foil (Reynolds wrap, USA) is placed
11 cm away from the needle tip and used as a fiber collector. Finally, continuous fiber jets
are generated from the needle tip to form a membrane on the fiber collector when the
voltage is adjusted to 7.5 kV and the PAN solution is pumped at a steady flow rate of 0.4
ml/hr.

The collected electrospun PAN membrane is peeled off from the aluminum foil and
immersed into 15 mL pyrrole aqueous solution (0.016 mol/L) blended with NasFe(CN)sg
(0.032 mol/L) for in-situ polymerization. NasFe(CN)s is adopted as a dopant for PPy
synthesis because the final product exhibits great electrochemical properties, which has
been reported as a potential material for energy storage [180]. Then, APS is dissolved into
2 ml of deionized water and added into the pyrrole solution dropwise. (The concentration
of APS in the reaction bath is 0.024 mol/L.) The in-situ polymerization reaction is kept at
275 K in a cooler for 3.5 hours to produce PAN@PPy composite membrane. Finally, the
immersed membrane is taken out from the solution and rinsed thoroughly using deionized
water, followed by drying under vacuum at 80 °C in a vacuum oven for at least 12 hours

(Vacuumoven-001, LeDAB, Canada).

Then, the obtained PAN@PPy membrane is affixed to a grounded collector for second
electrospinning to produce a bilayer membrane. The operational parameters are kept the

same as the first electrospinning to generate PAN nanofibers on top of the PAN@PPy
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membrane. Finally, the bilayer membrane, consists of one layer of PAN@PPy nanofibers

and another layer of PAN nanofibers, is used as redox-active separator for lithium-ion

battery.
T Pyrrole solution
PAN nanofibers
= / —
First electrospinning In-situ polymerization
Redox-active separator PAN@PPy nanofibers
PAN nanofibers TN ,,

PAN@PPy nanofibers j J:

Second electrospinning

Figure 5.1. Schematic of the fabrication method of the redox-active separator in this

study

5.2.3 Separator characterization

The morphology of the fabricated separator is characterized using a scanning electron
microscope (SEM, UltraPlus FESEM, Zeiss, Germany), which is available at WATLab in
University of Waterloo, after sputtering with a thin layer of gold for 120 s. Then, the fiber
size distribution and pore size distribution of the separator are obtained from the imaging
processing of the corresponding SEM images. In order to improve the accuracy of the
results obtained, two SEM images with different magnifications of a same separator are

imported into MATLAB software. Then, the size distributions are calculated from the
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combination results of these two SEM images following a method published in a previous

work [186].

The functional chemical groups of the fabricated separator are characterized by Fourier
transform infrared (FTIR) transmittance spectra (8400S, Shimadzu, Japan), which is
available at G2N lab in University of Waterloo, performed at the wavenumbers ranging
from 500-3500 cm™'. In addition, the chemical composition of the separator is determined
by X-ray photoelectron spectroscopy (XPS, Thermo VG Scientific Escalab 250, USA)

located at WATLab in University of Waterloo.

The porosity of the separator is measured by the n-butanol uptake tests and calculated

using the equation:
Porosity (%) =(W,,, W, )/( 2, xV) (5.1)

where W, and W,, are the weights of dry separator and n-butanol wetted separator,

respectively, p» is the density of n-butanol, and V' is the geometric volume of the separator.

The electrolyte uptake of the tested separator is measured by weighing the separator
before and after soaking in the liquid electrolyte for 2 hours. Then, the electrolyte uptake

is calculated as:

Electrolyte Uptake (%) = w x100 (5.2)

d

The ionic conductivity of the fabricated separator is measured by electrochemical
impedance spectroscopy (EIS) using an electrochemical work station (PMC2000, Princeton,
USA), which is carried out by a contractor located in China. The EIS is performed on
electrolyte-soaked separators sandwiched between two stainless steel electrodes over a
frequency range of 100 kHz to 0.1 Hz at 10 mV AC amplitude. Then, the ionic conductivity

of the tested separator is calculated as:

85



(5.3)

where d is the separator thickness (cm), S is the effective area (cm?) of the separators, and

Ry is the bulk resistance obtained from the intercept of Nyquist plot.

The dimensional thermal stability of separator is characterized by its heat shrinkage rate.
A circular separator is placed in an oven to expose at 160° C for 1 hour, and the heat
shrinkage rate is then calculated from the area change of the separator using image

processing in ImagelJ software.

Differential scanning calorimetry (DSC) spectra of separators are collected using a
differential scanning calorimeter (Q2000, TA Instruments, USA), which is available at the

analytical lab in University of Waterloo, at a heating rate of 10 °C/min in N2 atmosphere.

Mechanical properties of separators are tested on an universal testing machine (5548,
Instron, USA) , which is available at CAM]J lab in University of Waterloo, at the pulling
rate of 10 mm/min. Each type of separator sample has been tested at least 3 times to

calculate the average value.
5.2.4 Battery performance evaluation

The fabricated redox-active separator, electrospun pristine PAN separator and commercial
PP separator are punched into discs of 19 mm diameter (using a precision disc cutter, MSK-
T-07, MTI, USA) and assembled into CR2032 coin cells in a N filled glove box for battery
performance evaluation. All the battery testing is contracted out to a service company
located in China. The redox-active layer (i.e. PAN@PPy layer) of the redox-active
separator contacts the cathode side, while the inert layer (i.e. PAN layer) contacts the anode
side in the assembled battery cells. The assembled LIB half-cell consists LiFePO4 (LFP) as
cathode, lithium metal as anode, and 1M LiPF¢ solution as liquid electrolyte. The LFP

cathode is prepared by blending LFP, carbon black, and polyvinylidene fluoride (PVDF)
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binder at a weight ratio of 8:1:1 into N-Methyl-2-pyrrolidone slurry, followed by casting it

onto aluminum foil. The final mass loading of the LFP on the cathode is about 3.5 g/cm?.

The charge-discharge test of the assembled LIB coin cells is carried out in a battery
cycler (CT200, Land, China) in a potential range of 2.5-4.2 V (versus Li/Li) at 0.2-2 C
rate. The charge/discharge rate is calculated based on the mass of LFP in cathode for
comparisons between battery cells with different separator (i.e., 1 C = 170 mA-g™'). The
specific capacity of the tested battery cell is also calculated based on the mass of LFP in

cathode.

The cyclic voltammetry measurements of the assembled LIB coin cells are carried out
using an electrochemical work station (PMC2000, Princeton, USA) between 2.5 and 4.2 V

(versus Li+/Li) at the scanning rate of 0.2 mV/s.

5.3 Results and discussion
5.3.1 Morphology and composition characterization

Figure 5.2 shows the digital photos and SEM images of the fabricated redox-active
separator. The separator is a Janus-faced membrane with a black redox-active side and a
white inert side. Both layers of the separator are consisted of randomly oriented nanofibers,
and exhibit well-developed interconnected porous structures. The surface of the fibers in
the inert layer is smooth, whereas the fibers in the redox-active layer is much rougher (see
Figure 5.2 c, e). Moreover, the detailed SEM image with large magnification (see Figure

5.2 ) confirms the core@shell structure of the fibers in the redox-active layer.
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PPy shell

Figure 5.2. (a) Digital photo of the fabricated redox-active separator. (b) (¢) SEM images

of inert side of the separator. (d) (e) (f) SEM images of redox-active side of the separator

The fabricated separator exhibits a bilayer structure with different nanofibers
constituting each layer. The inert layer is composed of pristine electrospun PAN nanofibers,
whereas the nanofibers in the redox-active layer is fabricated by the in-sifu polymerization
of PPy onto PAN nanofibers. The black color of the redox-active layer indicates that the
PPy formed from the in-situ polymerization stay on and fully cover the surfaces of the PAN
nanofibers, as black is the characteristic color of the PPy polymer. This speculation is
confirmed in the Figure 5.2 (f) which shows that the electrospun PAN nanofiber is fully
wrapped by the produced PPy polymer. Thus, the PAN@PPy core-shell fiber structure in

the redox-active layer is confirmed.

In addition, the forming of the PPy is further verified by the FTIR results as shown in
Figure 5.3. The infrared absorption peaks of the pristine PAN nanofibers represent the
characteristic functional groups of PAN polymer. The absorption peaks at 2920 and 1452
cm represent the -CH.- absorption and its scissor vibration, respectively; The peak at 2240
cm refers to the -C=N stretching vibration. (The other peaks appeared in the spectrum

indicate the existing of the DMF solvent residue, as the peaks at 1664 and 1385 cm™
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represent the C=0 and =C-N groups, respectively.) The infrared spectrum of the
PAN@PPy nanofibers verifies the forming of PPy polymer. The peaks at 896 and 1032 cm’
! represent the C-H out-plane and in-plane vibration, respectively; Peaks at 1448 and 1553
cm* represent the C=C and C=N stretching in the pyrrole ring. (all the above information
is obtained from the FTIR handbook [187]) Moreover, the PPy loading in the redox-active
layer is determined as 99.9+19.4 mg-cm™ by comparing the weight differences of the

electrospun samples before and after pyrrole in-situ polymerization treatment.

1385cm™

1664 cm’’

2240 cm’! 1452 cm”

1553 cm’
1448 cm’'
—— PAN nanofibers

—— PAN@PPYy nanofibers

1032 cm™

896 cm™

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 5.3. FTIR spectra of electrospun PAN nanofibers and PAN@PPy nanofibers

Figure 5.4 shows the chemical composition of the PPy fiber shell characterized by XPS
spectra. The PAN fiber core has negligible interference on the element detection of PPy,
because the XPS only allows the analysis of elements in the outermost 10 nm of the surface
[188] (the wall thickness of the PPy shell is much greater than 10 nm, which is discussed
in the context corresponding to Figure 5.5). The result shows that the PPy fiber shell is

doped by SO4> and Fe(CN)¢*, as evidenced by the element detection of S, O and Fe. The
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SO4* is derived from the APS oxidant used in the in-situ polymerization, whereas the
Fe(CN)s* is intentionally added as dopant. Finally, the chemical composition of the PPy
fiber shell fabricated in this study is determined as PPyiss’(SO4)15>-Fe(CN)s* by
calculating the proportion of S 2p and Fe 2p to the N Is content in PPy. The doping level
of the Fe(CN)s* is comparable to the result reported in literature [180]
( PPy17.17"Fe(CN)s*), which fabricates the Fe(CN)s* doped PPy into nanoparticles. The
result concludes that the in-situ polymerization of PPy onto electrospun nanofibers has

negligible interference on the Fe(CN)¢* doping.
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Figure 5.4. XPS spectra of PAN@PPy nanofibers

It is worth noting that some adjacent PAN@PPy fibers in the redox-active layer are
joined together at where they contact (see white circles in Figure 5.2 d, and Figure 5.2 e).
This is resulted from the in-situ polymerization of PPy onto the electrospun PAN nanofibers.
The PPy is formed to wrap both adjacent fibers inside of it to form bindings during the in-

situ polymerization process. These joint fibers can improve the mechanical strength of the
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fabricated separator, which is discussed in Section 5.3.3.

Figure 5.5 compares the fiber and pore size distribution of the inert and redox-active
layer of the fabricated separator. The inert layer, consists of pristine PAN nanofibers,
exhibits an average fiber size of 478.7+4.8 nm; and an average pore size of 750.4+44.0 nm.
The PAN@PPy nanofibers in the redox-active layer exhibits greater average fiber size of
619.5+10.2 nm; and smaller average pore size of 650.3+34.8 nm. The size differences of
the two fabricated layers are attributed to the existing of the PPy fiber shell in the redox-
active layer. The forming of the PPy shell increases the fiber diameter and decreases the
pore size. In addition, the increase of the fiber size in the redox-active layer indicates that

the wall thickness of the PPy sheath is about 70 nm or so.

60 4 -
(a) Avg. fiber size: 478.7 + 4.8 nm (b) 304 Avg. pore size: 750.4 £ 44.0 nm
50 4 B
25 E
4 ——Fitted pore size distribution
— Fitted size distribution curve | é 20
>
)
c
$ 154
o
o
L
104
54
0+
500 1000 1500 2000 200 400 600 800 1000
Fiber size (nm) Pore size (nm)
T T T T T T T
(C) 40 - Avg. fiber size: 619.5 + 10.2 nm 4 (d) 254 ——Fitted pore size distribution B
1 Avg. pore size: 650.3 + 34.8 nm
—~ 304 .
9_‘{; — Fitted size distribution curve
3
c
S
=L 204
e
w
10

1000 2000 400 600
Fiber size (nm) Pore size (nm)

Figure 5.5. Fiber size distribution and pore size distribution of (a) (b) electrospun PAN

inert layer and (c) (d) PAN@PPy redox-active layer
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Table 5.1 presents the porosity and electrolyte uptake of the separators used in this study.
The highest porosity of 85.7+7.0% is obtained by electrospun PAN separator. The redox-
active separator exhibits a lower porosity of 79.3+7.1%. The commercial PP separator
shows only 41% of porosity (The data is obtained from the manufacture. However, future
works should measure the porosity of the commercial separator using the method listed in
Section 5.2.3 for consistent comparison) as the lowest. The electrolyte uptakes of the
separators are positively correlated to its porosity, as the redox-active separator, PAN
separator and PP separator exhibit 310.7 +32.2%, 294.6 +31.5%, and 81.5+17.4% of

electrolyte uptake, respectively.

Table 5.1. Porosity and electrolyte uptake of different separators used in this study

Thickness  Porosity  Electrolyte uptake

Redox-active separator 50um  793%*7.1% 294.6% 31.5%
Electrospun PAN separator 50 um 857X 7.0%  310.7% 32.2%

Commercial PP separator 25 um 41%* 81.5+ 17.4%

4 obtained from the manufacture

The porosities of the redox-active separator and the electrospun PAN separator are
considerably greater than that of a commercial separator. It is owing to the interconnected
nanofibrous structures of these fabricated separators (see Figure 5.2). The porosity of the
redox-active separator is about 6% smaller compared to the electrospun PAN separator.
This result indicates that higher separator porosity can be achieved by smaller fiber
diameter with greater pore size (see Figure 5.5), since more void space is available between

thinner fibers.
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Similarly, the redox-active separator and the electrospun PAN separator achieves more
than 3 times higher of the electrolyte uptake than commercial PP separator. This high
amount of electrolyte uptake is achieved not only because of the higher porosity of the
fabricated separator in this study (considering that the porosity is only about 2 times higher
than the commercial PP separator as shown in Table 5.1), but also its great affinity to the
electrolyte. The commercial PP separator is criticized for its poor electrolyte wettability
and affinity [43], whereas the redox-active separator and PAN separator fabricated in this
study exhibit great electrolyte affinity. This is because that both PAN and PPy polymers
contain a large amount of N containing groups, which has a strong affinity to Li" in the
electrolyte [189]. In this study, the high porosity and larger electrolyte uptake of the
fabricated separators are deemed important for reducing the mass transfer resistance

between electrodes [8, 117].

In addition, Figure 5.6 shows the Nyquist plots of symmetric cells with different
separators obtained from EIS measurements. The intercept of the obtained data on the real
axial corresponds to the bulk resistance of the tested separators. The commercial PP
separator presents the highest bulk resistance of 1.2 + 0.02 Q, even though its thickness is
only half of the redox-active separator and electrospun PAN separator (see Table 5.1) used
in the testing cells. The reason is attributed to the low porosity and electrolyte uptake of the
commercial separator as preceding discussed, which hampers the mass transfer of Li ions
through channels of separators. Thus, the calculated ionic conductivity of the separators
follows the order of electrospun PAN separator (2.26 = 0.09 mS-cm™') > redox-active

separator (1.57 £ 0.06 mS-cm™) > commercial PP separator (0.75 + 0.02 mS-cm™).
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Figure 5.6. Typical Nyquist plots of symmetric cells with different separators

Table 5.2 compares the ionic conductivity of the separators fabricated in this study with
the data reported in literature. All the data summarized in this table is for electrospun PAN
separators, which is the same material used in this study for separator fabrication. The
reported ionic conductivities of the electrospun PAN separators range from 1.11 to 2.6
mS-cm™, due to different fabrication parameters and conditions adopted in different
research works. As a result, the porosity and electrolyte uptake also vary from study to
study. However, Table 5.2 concludes that the separators fabricated in this study achieved
the same level of physical properties as typical electrospun separators which is superior

than the commercial PP separator.
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Table 5.2. Comparison of the porosity, electrolyte uptake and ionic conductivity between

the separators used in this study and from literature

Electrolyte Ionic conductivity
Porosity Ref.
uptake (mS-cm™)

Electrospun PAN 69% 257% 2.0 [28]

Electrospun PAN 87.4% 306% 1.11 [190]

Electrospun PAN 76% - 2.6 [59]

Electrospun PAN 60% 430% 1.21 [191]
Electrospun PAN  85.7%£7.0%  310.7% 32.2% 2.26 £0.09 This study

Redox-active
793X 7.1% 294.6 % 31.5% 1.57 £0.06 This study
separator
Commercial PP

41% 81.5+ 17.4% 0.75 £ 0.02 This study

separator

5.3.2 Thermal stability

The thermal stability of the separators is characterized by the DSC thermograms as shown
in Figure 5.7. The redox-active separator and the electrospun PAN separator exhibit a
relatively stable heat flow before 250 °C. However, a strong endothermic peak is observed
for the PP separator around 163 °C. The redox-active separator is further heated up to 350 °C
to locate the temperatures of its thermal reactions. The results reveal two exothermic peaks

at 289 and 312 °C, respectively.
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Figure 5.7. DSC thermograms of the redox-active separator and the commercial PP

separator

The DSC results indicate that the redox-active separator and electrospun PAN separator
have better thermal stability than the commercial PP separator. The melting of the PP
polymer is corresponding to its endothermic peak at 163 °C. However, the thermal
properties of the redox-active separator and PAN separator are relatively stable up to 250 °C.
Further heating up the redox-active separator causes two strong exothermic peaks. The first
peak at 289 °C is attributed to the cyclization of the PAN polymer within the redox-active
separator. Heating up the PAN polymer to around 290 °C causes the radical reactions in the
-C=N groups, leading to formation of hexagonal carbon nitrogen rings within the PAN
molecules [117]. The second exothermic peak at 312 °C is caused by the thermal reactions
of the Fe(CN)s groups which are doped into the PPy polymer. At temperatures higher than
300 °C, the internal redox reactions between iron ions and the coordinated CN" occur,

leading to the formations of cyanates and carbonates [192].

In addition, Figure 5.8 shows the digital photos of the separators before and after thermal

exposed at 160 °C for 1 hour. The dimensional stability of a separator is deemed important
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to protect the battery cells from internal short circuit at high temperatures. Both the redox-
active separator and electrospun PAN separator can maintain its dimensions at the
temperature of 160 °C. However, the commercial PP separator suffers 36% shrinkage at the
same temperature. Thus, it is safer to use the redox-active separator or the electrospun PAN

separator in a LIB cell compared to the use of a commercial PP separator.

Figure 5.8. Digital photos of redox-active separator, electrospun PAN separator, and

commercial PP separator (a) (b) (c) before and (d) (e) (f) after thermal exposure at 160 °C

for 1 hour.

5.3.3 Mechanical properties

Figure 5.9 shows the stress-strain curves of the redox-active separator and the electrospun

PAN separator. The stress that the membrane undergoes increase with the increase of strain
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until it reaches the ultimate tensile strength (UTS). After the UTS of 6.9+0.4 MPa, the

stress of the PAN separator drops fast with further increase of strain, which indicates its

fracture. The redox-active separator exhibits higher UTS of 7.8+0.6 MPa, followed by a
fast drop of the stress to about 3 MPa at the strain of 25%. Then, the separator undergoes

this stress until the strain reaches about 150% before fracture. "1
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Figure 5.9. Typical stress-strain curves of the redox-active separator and PAN separator

The stress-strain curve of the PAN separator shows two different regions before fracture.
The first region is the elastic deformation region, where the stress is proportional to the
strain until it reaches the yield strength of 3.5+0.1 MPa. In this region the shape change of
the PAN separator under the applied force is temporary. The second region is the strain
hardening region, where the stress continually increases while the separator is further
stretched. The membrane undergoes plastic deformation in this region, meaning the shape
change is irreversible. The wide hardening region of the PAN separator is evidenced by the

strain region from about 10% to 160%.
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The stress-strain curve of the redox-active separator shows a different pattern compares
to the PAN separator. The elastic deformation region and the strain hardening region are
observed for the redox-active separator before the UTS (similar to the electrospun PAN
separator). However, the separator withstands further strain up to 150% at a stress of 3 MPa
before final fracture. This is because the redox-active separator has a bilayer structure. The
UTS is mainly attributed to the PAN@PPy fibrous layer, whereas the large strain capability
is attributed to the pristine PAN layer. The mechanical strength of the PAN@PPy layer is
greater than the PAN layer, due to the PPy sheath fiber formed from the in-situ
polymerization process which results in bindings between some adjacent fibers (see Figure
5.2 e). The change of the nanostructures improves integrity, thus enhances the mechanical
strength of the separator without sacrificing flexibility. As results, the redox-active

separator exhibits greater mechanical properties than the electrospun PAN separator,
including 82.9% higher of yield strength (6.4 +0.6 MPa); 187.3% higher of Young’s

modulus (70.1+14.1 MPa); and 13.0% higher of UTS (7.8+0.6 MPa).

It is worth noting that the mechanical strength of electrospun nanofiber-based separators
is still weaker than that of a commercial separator. Figure 5.10 compares the UTS of the
separators used in this study with different electrospun separators obtained from literatures.
Most electrospun fiber-based separators exhibit the UTS below 20 MPa including the
redox-active separator and electrospun PAN separator fabricated in this study. However,
the highest UTS is achieved by the commercial separator. The UTS of the commercial PP
separator used in this study is 139.3 MPa in the machine direction, and 13.7 MPa in the
transverse direction (The data is obtained from the manufacture. However, future works
should test the strength of the commercial separator using the testing machine listed in
Section 5.2.3 for consistent comparison). Thus, in order to achieve endurable battery
performance, the thickness of the redox-active separator and electrospun PAN separator
used in this study for battery testing is about 50 um (whereas the thickness of the

commercial PP separator is 25 pm).
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Figure 5.10. Comparison of the ultimate tensile strength of different electrospun

separators and the separators used in this study

5.3.4 Battery performance

Figure 5.11 (a) presents the first cycle charge-discharge curves of Li/LiFePO4 half cells
containing different separators at 0.2 C. In the charging step, the electrode voltage quickly
climbed to a voltage plateau. Then, the electrode maintains at this voltage till the end of
charging, where the voltage raised quickly to the cut-off voltage of 4.2 V. On the contrary,
the electrode voltage drops to the voltage plateau of 3.4 V at the beginning of the
discharging step. Then, the discharge voltage is maintained before a quick drop to the cut-
off voltage of 2.5 V. The discharge capacity of the battery cell containing the redox-active
separator is 227.0 mAh-g!, which is higher than the ones containing electrospun PAN

separator (161.6 mAh-g ') and commercial PP separator (155.9 mAh-g™).
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Figure 5.11. Battery performance of Li/LiFePO4 cells containing different separators. (a)

first cycle charge/discharge profiles. (b) Cyclic voltammograms. (c) Rate capability

The first-cycle coulombic efficiency of the battery with redox-active separator is 98.3%,
which is slightly lower than that of the ones with conventional separators (above 99%).
This result indicates that more lithium ions become irreversible during the battery cycling
when using the redox-active separator. Admittedly, the coulombic efficiency of 98.3% is
acceptable for battery operation, the slightly poor coulombic efficiency is attributed to the
PPy polymer, which is participating in the battery reactions with a slightly poor coulombic
efficiency than the LFP cathode. Similar efficiencies are also reported in literature [180,

193] which directly uses PPy polymer as a battery cathode.
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The cyclic voltammograms (CV) in the Figure 5.11 (b) further confirms the enhanced
battery capacity for cells with redox-active separator. All the battery cells exhibit well
reversibility as indicated by the symmetric peaks obtained. The redox-active separator
exhibits wider cathodic peak and anodic peak compared to the other two separators, which
explains the enhanced battery capacity presented in the charge/discharge tests. In addition,
the CV peaks of the battery containing redox-active separator is broader than the other two,
because it is a combination of two redox reactions including the reactions of LFP cathode

and also the PPy redox-active separator layer.

Figure 5.11 (c) shows the rate capability of the battery cells containing different
separators. All the battery cells exhibit good rate capability of retaining more than 70% of
its original capacity at a high rate of 2 C. The battery cell with redox-active separator
obtains the highest capacity at all current rates. It delivers 158.7 mAh-g™! of capacity at the
highest rate of 2 C, which is even higher than the battery cell with a commercial PP

separator at the lowest rate of 0.2 C (156.9 mAh-g™!).

The cycling of the battery cell with redox-active separator remains stable at different
current rates without signs of separator breakage (see Figure 5.11 c). It should be mentioned
that even though the PAN@PPy nanofiber layer in the separator is electrically conductive,
it will not short-circuit the battery when the separator is partially penetrated by the lithium
dendrite formed on the anode. (The growing of the lithium dendrite is an undesirable
phenomenon in a LIB, which is caused by the accumulation of extra lithium ions on the
anode surface and cannot be absorbed into the anode in time. The growing of the lithium
dendrite may eventually pierce the separator and cause short-circuit of battery.) The reason
is because PPy is reduced to its electronically insulating state upon contacting with lithium
metal [17]. However, future works of long-term battery cycling (more than 100 cycles) are

still needed to further justify the stability of the redox-active separator.

The enhanced battery capacity is attributed to the redox-activity of the PAN@PPy
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nanofibers contained in the separator. Both electrospun PAN separator and commercial PP
separator are conventional separators consisting of inert polymers. Thus, the battery
capacity is only provided by the LFP cathode, as evidenced by the similar cathodic and
anodic curves obtained in the cyclic voltammetry measurement for electrospun PAN
separator and commercial PP separator (see Figure 5.11 b). However, the battery capacity
can be provided by both the LFP cathode and the PPy polymer for a battery cell with redox-
active separator, leading to the enhanced overall battery capacity (as shown in Figure 5.12).
In the charging process, the PPy polymer is inserted by the PF¢ anion via an oxidation
reaction, resulting in the releasing of a Li" cation and an electron. In the discharging process,
the PF¢ is extracted reversibly from the PPy polymer chain, while the PPy is reduced to
receive an electron [129, 193]. Therefore, the redox-active separator containing PAN@PPy
nanofibers provides extra capacity to the LIB cell by the oxidation and reduction of PPy,

which also contributes to the wide cathodic and anodic peaks obtained in the cyclic

voltammograms.
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Figure 5.12. Schematic of the LFP/Li batteries containing (a) conventional separator and

(b) redox-active separator
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The exact discharge capacity provided by the redox-active separator at 0.2 C rate is
determined as 0.117 mAh by calculating the difference of the discharge capacity between
the cells containing redox-active separator and electrospun PAN separator. The capacity
generated by the nanofibrous redox-active separator fabricated in this study is comparable
to the capacity reported in literature (0.116 mAh) [17], in which the redox-active separator
is fabricated by a vacuum filtration membrane making process (as introduced in Section
1.2). However, the specific capacity of the redox-active separator fabricated in this study

(164.8 mAh-g") is greater than the prior art (105 mAh-g™).

This advantage is attributed to the superior structural properties of the nanofibrous
separator, as well as the doping of Fe(CN)s* into PPy polymer. The porosity, pore size and
ionic conductivity of the redox-active separator in this study is 34.4%, 1150.6% and 93.8%
higher than that of the separator reported in literature [17], which allows the retention of
larger amount of liquid electrolyte and fluently migration of Li" ions. As a result, the
discharge capacity of the redox-active separator fabricated in this study outperformed the
one in the prior art. (The same reason also explains the 3.7 % higher of specific capacity of
the LIB cell with electrospun PAN separator compared to commercial PP separator, as
shown in Figure 5.11 a). In addition to the nano-structural advantage, the doping of
Fe(CN)¢* into PPy polymer also contributes to the enhanced capacity. First, the doping of
Fe(CN)s* strongly improved the conductivity of the PPy skeleton by 3 orders of magnitude
(see Section 4.4.4), leading to enhancing the kinetics of the PPy electrochemical process
[193]. Second, the Fe(CN)s*”* couple is electrochemically active with its redox potential
close to the PPy. Thus, the reduction and oxidation of Fe(CN)s*"+, with its theoretical
capacity of 90 mAh-g’!, also provides additional capacity during the battery cycling. In
addition, the doped Fe(CN)s* anions can bridge the charge transfer between the PPy and

the electrolyte by acting as an electron mediator [180].
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Moreover, the specific capacity of the nanofibrous redox-active separator fabricated in
this study (164.8 mAh-g!) is also comparable to that of the Fe(CN)s* doped PPy
nanoparticles used directly as LIB cathode (145 mAh-g™! [180]). The relatively higher
(about 13.7%) specific capacity is owing to the lower charge/discharge current rate adopted
in this study (the current rate is 34 mA-g"! in this study, whereas it is 50 mA-g"! in the
compared literature [180]), as well as the structural advantage of the nanofibrous membrane

as discussed in the preceding paragraph.

Table 5.3 compares the energy density of the LIB cells with different separators. The
calculated gravimetric and volumetric energy density is normalized with respect to the total
mass and volume of the cathode and separator, respectively. The redox-active separator
fabricated in this study achieves the highest gravimetric energy density of 103.0 mAh-g’!,
which is 56.1% and 27.2% higher than the commercial PP separator and the redox-active
separator reported in literature [17]. The reason is mainly attributed to the light weight of
the electrospun separators. Therefore, the electrospun PAN separator, as a conventional
separator, also obtains a high gravimetric energy density of 87.4 mAh-g™!. However, the
volumetric energy density of the redox-active separator fabricated in this study is still
weaker than commercial PP separator, due to the much thicker thickness (2 times of the
commercial separator) adopted in this study to ensure the durability of the battery testing.
Thus, future works are needed to develop thin redox-active separator with sufficient
mechanical strength, in order to achieve a greater volumetric energy density without

sacrificing the battery durability (details are discussed in Section 6.2).
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Table 5.3.Energy density of the LIB cells containing different separators

Gravimetric energy Volumetric energy

density density Ref.
(mAh-g!) (mAh-cm™)
Commercial PP separator 66.0 64.1 This work
Electrospun PAN separator 87.4 37.2 This work
Redox-active separator 103.0 44 .4 This work
Redox-active separator 81 - [17]

5.4 Summary

The proposed nanofibrous redox-active separator is fabricated in this chapter based on
electrospinning and in-situ polymerization. The fabricated separator is a bilayer membrane
with the redox-active layer consisting PAN@PPy core-shell structured nanofibers, and the
inert layer consisting PAN nanofibers. The PPy fiber shell with wall thickness of about 70
nm is doped by Fe(CN)s* anions. The chemical composition of the PPy fiber shell is
determined as PPyiss’"(SO4)15°Fe(CN)s* by element analysis obtained from XPS. The
porosity and electrolyte uptake of the redox-active separator (79.3 £ 7.1% and 294.6 =
31.5%) are slightly lower than that of the pristine electrospun PAN separator (85.7 £ 7.0%
and 310.7 £ 32.2%), but greatly higher than the commercial PP separator (41% and 81.5
t+ 17.4%). Similarly, the ionic conductivity of the redox-active separator (1.57 + 0.06
mS-cm™) and electrospun PAN separator (2.26 + 0.09 mS-cm™') are greater than that of
commercial PP separator (0.75 + 0.02 mS-cm™). In addition, the redox-active separator is
thermally stable up to 289 °C, and is capable of maintaining its dimensions at 160 °C.
Moreover, the redox-active separator exhibits greater mechanical properties than the
electrospun PAN separator, including 82.9% higher of yield strength (6.4+0.6 MPa); 187.3%

higher of Young’s modulus (70.1+£14.1 MPa); and 13.0% higher of UTS (7.8£0.6 MPa).
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The reason is that the PAN@PPy nanofibers in the redox-active separator have better
mechanical properties than the pristine electrospun PAN nanofibers, due to the bonded

fibers created by the forming of PPy fiber shells.

Finally, the redox-active separator, electrospun PAN separator and commercial PP
separator are assembled into CR2032 coin LIB cells for performance evaluation. The
battery cell containing redox-active separator exhibits the highest discharge capacity of
158.7-227.0 mAh-g! at different current rates of 2-0.2 C. The enhanced battery capacity is
stemmed from the redox-activity of the PPy polymer, as evidenced by the wider cathodic
and anodic peaks obtained from the cyclic voltammetry compared to the other two
separators. In addition, the battery cell with redox-active separator achieves the highest
gravimetric energy density of 103.0 mAh-g’!, which is 56.1% higher than that of

commercial PP separator.
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Chapter 6 Conclusions and Future Works

6.1 Conclusions

This thesis develops a PPy based redox-active nanofibrous separator for LIB to enhance
the battery capacity. The redox activity of the developed separator stems from the PPy
polymer, which is integrated with the electrospun nanofibers by in-situ polymerization.
Prior to fabricating the redox-active separator, a numerical modeling study is first carried
out to quantitatively investigate the effect of a separator on the LIB performance. The
results show that the separator thickness has strong effects on the battery energy density, as
it drops from 148.8 to 110.6 Wh/kg when the separator thickness increases from 5 to 100
um. Moreover, the mass transfer resistance increases with decreasing separator porosity,
resulting in the increased electrolyte concentration gradient inside the battery separator. The
correlation between the separator porosity and the electrolyte concentration gradient can be
described by an exponential function, which indicates that separators should have an
optimum porosity of 80% and that further increase in the separator porosity contributes
little to the mass transfer. In addition, it is necessary to improve the thermal properties of
the separator because of its great heat transfer resistance. Simultaneous increase in thermal
conductivity to 1 W m' K! and heat capacity to 3500 J kg™! K'!, respectively, helps reduce

the battery temperature rise by 1.3 K and temperature differences by 0.8 K.

Then, this thesis presents a kinetics study of the in-situ polymerization of PPy on
electrospun PAN nanofibers. The in-situ polymerization is the method adopted to produce
redox-active nanofibers. The polymerization mechanism for PPy based on the coupling of
oxidized pyrrole oligomers and neutral pyrrole monomers is identified as suitable to
understand this process. The reaction rate constant k> (between oxidized oligomers and
neutral monomers) increases by 158.2-209.6% when the electrospun fibrous template is

added, because considerable amount of reaction sites is created in the in-situ polymerization
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process due to the large surface area of electrospun fibers presented in the reaction bath.
This explanation is further confirmed by the 37.7% higher activation entropy of the in-situ
polymerization process compared to the polymerization without template. Adding
electrospun fibrous template into the in-situ polymerization bath increases the available
reaction sites between reactants, leading to the increase of overall disorder of the reaction

process.

The PPy based redox-active separator is subsequently fabricated and characterized. The
fabricated separator is a bilayer membrane with the redox-active layer consisting
PAN@PPy core-shell structured nanofibers, and the inert layer consisting PAN nanofibers.
The porosity, electrolyte uptake, and ionic conductivity of the redox-active separator (79.3
+7.1%, 294.6+31.5% and 1.57+0.06 mS-cm’!, respectively) are higher than that of
commercial PP separator (41%, 81.5+17.4% and 0.75+0.02 mS-cm™', respectively). In
addition, the redox-active separator is thermally stable up to 289 °C, and is capable of
maintaining its dimensions at 160 °C. Moreover, the redox-active separator exhibits
mechanical properties including a yield strength of 6.4+0.6 MPa, Young’s modulus of 70.1

+14.1 MPa, and UTS of 7.8+0.6 MPa.

Finally, the redox-active separator, electrospun PAN separator and commercial PP
separator are assembled into LIB coin cells for performance evaluation. The battery cell
containing redox-active separator exhibits the highest discharge capacity of 158.7-227.0
mAh-g-1 at different current rates of 2-0.2 C. The enhanced battery capacity is stemmed
from the redox-activity of the PPy polymer contained in the redox-active separator, as
evidenced by the wider cathodic and anodic peaks obtained from the cyclic voltammetry
compared to the other two separators. In addition, the battery cell with redox-active
separator achieves the highest gravimetric energy density of 103.0 mAh-g-1, which is 56.1%
higher than the commercial PP separator. The results in this thesis suggest a promising

strategy to enhance the capacity of LIBs by merely changing the conventional separators
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into nanofibrous redox-active separators.

6.2 Recommended future works

The following recommendations are suggested for future research works based on the

studies in this thesis.

(1) Optimization of the redox-active separator. Battery modeling can assistant the
optimization of the design parameter of the battery separator. The numerical model
developed in Chapter 3 is capable of simulating the LIB performance with various separator
structure. Future works can devote to expand this model to simulate LIB with redox-active
separator. Additional experimental works are needed to determine the electrochemical
properties of the PPy polymer, e.g., its open circuit potential at different state of charge, in
order to calculate its electrochemical kinetics. Then, the redox-active separator can be
added into the model domain as a bilayer component between the cathode and anode. The
redox-active layer can be considered in the model as an “addition cathode” to participate
in the charge conservation and mass conservation. Eventually, the design parameter of the
redox-active separator, including porosity, layer thickness, and PPy loading, can be

optimized.

(2) Improving the mechanical strength of electrospun separator. There is a need to
improve the mechanical strength of the redox-active separator developed in this study.
Although the gravimetric energy density of the redox-active separator outperforms that of
commercial separator (as shown in Section 5.3.4), the volumetric energy density is still its
drawback. This is because a thicker redox-active separator is used in battery cell to
compensate its weak mechanical strength. Therefore, the volumetric energy density could
be strongly enhanced, once a thin redox-active separator with sufficient mechanical

strength is available.
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A feasible approach is to change the PAN nanofibers used in this study to another type
of electrospun nanofibers with greater mechanical properties. A handful of research works
have demonstrated the production of strong electrospun nanofibers with UTS as high as
above 20 MPa (as shown in Figure 5.10), which is more than 3 times of the strength of the
PAN (6.9+0.4 MPa) nanofibers used in this study. Thus, the mechanical strength of the
redox-active separator can be immediately improved by adopting mechanically stronger

electrospun nanofibers as its skeleton.

Another approach is to create bindings between all the electrospun nanofibers. Lacking
inter-fiber bindings is a main factor causes the weak mechanical properties of electrospun
membrane. As an example, the mechanical properties of electrospun PAN membrane are
improved by in-situ polymerization of PPy because it results in the bindings of some
adjacent fibers (as discussed in Section 5.3.3). However, not all the fibers are bonded
together in this study. Thus, future works can devote to explore methods that can bind all
the electrospun fibers together. In addition, it is of interest to quantitatively study the
relationship between the mechanical strength of an electrospun membrane and the

proportion of bonded fibers it contains.

In addition to the tensile strength, future works could also study other mechanical
properties of the fabricated separator including compression strength and puncture strength.
Those mechanical properties are deemed essential for a comprehensive understanding of

the mechanical performance of a separator.

(3) Enhancing the PPy loading on the redox-active separator. The redox activity of
the fabricated separator in this study is stemmed from the integrated PPy polymer. Thus,
increasing the PPy loading on the redox-active separator could further enhance the capacity
of the LIB cell. Chapter 5 demonstrates the fabrication of PPy based core-shell structured
nanofibrous separator using in-situ polymerization, in which the PPy shell adheres on the

surface of the core fiber. Thus, increase the surface area of the core fiber is possible to

11



further enhance its PPy loading.

A feasible approach is to fabricate electrospun nanofibers with intra porous structure and
use it as core fibers for PPy in-situ polymerization. The surface area of the intra porous
electrospun nanofibers can be dramatically increased since the pores are introduced into
the fiber surface [194]. Available methods to produce such electrospun nanofibers including
non-solvent induced phase separation [44], thermal-induced phase separation [195], and

selective removal of a sacrificial phase [196].

(4) Investigation of the thermal properties of redox-active separator. The thermal
properties, including thermal conductivity and heat capacity, of a separator have a strong
effect on the heat dissipation of a LIB (as discussed in Section 3.3.4). However, this thesis
only focused on the electrochemical performance of the fabricated redox-active separator.
The thermal properties of the separator are not studied due to the limited time of a PhD
research. Thus, future works can be carried out to further investigate the thermal effect of
the redox-active separator on LIBs, as well as developing composite separators to further

improve the battery’s heat dissipation.

(5) Narrowing down the pore size distribution of the fabricated separator. The pore
size of the nanofibrous separators fabricated in this study has a relatively broad distribution.
Thus, the maximum pore size of the redox-active separator exceeds 1 um as shown in
Figure 5.5, which may raise concerns for battery self-discharging. Therefore, it is necessary
to narrow down the pore size distribution of the separator, in order to prevent the battery

self-discharging and improve the long-term stability of battery operation.

The precise control of the electrospinning process could result in narrowing down the
pore size distribution of the fabricated separator. Future works could focus on the precise
control of the environmental parameters of the electrospinning, e.g. temperature and

humidity, which are not controlled in the present thesis.

(6) Further investigating the kinetics of PPy in-situ polymerization. The kinetics of
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PPy polymerization is enhanced when adding electrospun nanofibrous membrane as
template for in-situ polymerization as shown in Section 4.4.2. The reason for this
enhancement is explained by the increased reaction sites in this thesis. However, the
decreasing of diffusion distance may also attribute to this. Since the electrospun membrane
has a 3D fibrous structure, the possibility of the reactants meeting each other is increased
when they are trapped inside the membrane structure compared to the situation when the
membrane is absent (in which the reactions are mostly taking place on the bottom of the
reaction container because of the aggregation of PPy clusters). However, future
experimental works are needed for further investigation. For instance, electrospun
membranes with different porosity, packing density, and pore size could be fabricated and
implemented for PPy in-situ polymerization to justify the effect of diffusion distance on the

reaction kinetics.
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Appendix A
Method to fabricate electrospun membrane with uniform fiber

distribution

A.1 Introduction

The uniformity of a membrane separator is important to the LIB performance. The use of a
structurally uniformed separator in a LIB cell can help to achieve a uniform distributed
current density on the electrodes. Thereby, it inhibits the grows of lithium dendrite and also
prevents the loose particles from penetrating the separators [1]. In general, the uniformity

of the separator plays a critical role in the stable and long cycle life of LIB operation.

Electrospinning is an effective method to produce nanofibrous separators for LIBs. Flat or
rotating cylindrical collectors are commonly adopted in an electrospinning setup to collect
nanofibers. However, it’s not always easy to peal the final collected membrane off the
collector due to the strong adhesion between the collector and nanofibers. Alternatively, the
collector is commonly wrapped by a metallic cover (e.g., aluminum foil, metal mesh) in
order to conveniently peel off the electrospun membrane in practical. However, the
uniformity of the fabricated membrane is strongly affected by the electrical field
distribution between the spinning needle and the grounded collector [2]. These added-on
collector covers interfere in the electrical field distribution, leading to altering the

uniformity of the fabricated membrane.

Three different collector covers, namely 50 mesh metal mesh, 200 mesh metal mesh and
nonstick aluminum foil, are used in this appendix to investigate its effect on the uniformity
of the fabricated electrospun membrane. The fabricated membrane is peeled off from the
collector covers and examined by optical microscope. The uniformity of the electrospun

membrane is further quantified by the standard deviation of the grey scales of the

138



corresponding optical microscope image.

A.2 Experiment
A.2.1 Materials

Polyacrylonitrile (PAN, Mw=150000), N,N-dimethylformamide (DMF, purity>99.8%) are
purchased form Sigma Aldrich, Canada. Stainless steel metal meshes with 50 and 200 mesh
are purchased from Ted Pella, Inc., USA. Non-stick aluminum foil is obtained from

Reynolds wrap, USA. All chemicals are used as received without any further purification.
A.2.2 Fabrication of electrospun membrane

A laboratory-made electrospinning device is used to produce PAN nanofibrous membranes
as follows. First, PAN polymer is dissolved into DMF to prepare the solution of 10 wt.%
concentration as electrospinning precursor. Then, the PAN solution is loaded into a syringe
with a metallic needle (with inner diameter of 0.514 mm) connected to a laboratory-made
positive high voltage supply. A grounded drum collector (at a rotating speed of 30 rpm)
covered by different collector covers, namely the 50 mesh metal mesh, 200 mesh metal
mesh and nonstick aluminum foil, is placed 11 cm away from the needle tip and used as a
fiber collector. Finally, Continuous fiber jets are generated from the needle tip to form a
membrane on the fiber collector when the voltage is adjusted to 7.5 kV and the PAN

solution is pumped at a steady flow rate of 0.4 ml/hr.
A.2.3 Characterization of electrospun membrane

The prepared electrospun membrane is peeled off from different collector covers and
examined using an optical microscope (SW380B, Swift, Canada). Then, the grayscale
values of each pixels of the microscope image are extracted using the following Python

code on the Colaboratory platform:

import cv2
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im = cv2.imread("/content/microscope image.png")

gray = cv2.cvtColor(im, cv2.COLOR_BGR2GRAY)
print(gray)

import pandas as pd

df=pd.DataFrame(gray)

df.to csv(' grayscale value',sep="\t')

A.3 Results and discussion

Figure A.1 shows the optical microscope images of the electrospun membrane fabricated
using different collector covers under 250x magnification. The membrane fabricated with
metal meshes clearly shows a mesh pattern, whereas the one fabricated with nonstick
aluminum foil obtained much uniform fiber misdistribution. The image of the membrane
is darker at the position where the metal mesh contacted, due to more nanofibers are
accumulated at this position. This is because the metal mesh is not a flat surface, the use of
it as collector cover disturbs the electrostatic field distribution between the charged needle
and collector. As a result, the resultant electrospun membrane shows ununiformed fiber

distribution, although the metal mesh facilitates the peeling off of the membrane.
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Figure A.1. Optical microscope image of electrospun membrane fabricated using (a) 50
mesh metal mesh (b) 200 mesh metal mesh and (c) nonstick aluminum foil as collector

cover

The grayscale values of each pixels of the microscope image are extracted to
quantitatively compare the uniformity of the membrane fabricated by different collector
cover. Figure A.2 shows the grayscale distribution along the horizontal and vertical
centerlines of the microscope images obtained with different collector covers. The
grayscale value ranging from 0-255 indicates the different shades of the pixel from black
to white. The grayscale distribution of the image obtained from using 50 mesh metal mesh
shows the most fluctuated curve with grayscale values varies from 100 to 255, whereas the
grayscale distribution of nonstick aluminum foil exhibits much stable variation between

190 to 240.
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Figure A.2. Grayscale distribution along the horizontal and vertical centerlines of
microscope image of electrospun membrane fabricated using (a) 50 mesh metal mesh (b)

200 mesh metal mesh and (c) nonstick aluminum foil as collector cover

The variation of the grayscale distribution of the microscope image implies the
uniformity of the corresponding electrospun membrane. The decrease of the grayscale
values indicates the thicker fiber accumulation. As a result, a few wide ranges of low value
grayscales regions are found in the Figure A.2 (a) and (b). These regions correspond to the
darker areas of the microscope image showed in Figure A.1 (a) and (b), where the fibers
are accumulated following the pattern of the metal mesh. Finally, the standard deviation of
the grayscale distribution is calculated as 39.3, 23.4 and 8.9 for the microscope images

obtained with 50 mesh metal mesh, 200 mesh metal mesh, and nonstick aluminum foil,
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respectively. The results indicate that the best uniform electrospun membrane is obtained

by using nonstick aluminum foil as collector cover.

A.3 Summary

Three different collector covers, namely 50 mesh metal mesh, 200 mesh metal mesh and
nonstick aluminum foil, are used in this appendix to investigate its effect on the uniformity
of the fabricated electrospun membrane. Collector covers are commonly used in an
electrospinning process to facilitate the peeling off of the electrospun membranes. However,
the results of this appendix show that the use of metal meshes as collector covers cause the
ununiform fiber distribution of electrospun membranes, as evidence by the fluctuated
grayscale distributions of the corresponding microscope images. On the contrary, the use
of nonstick aluminum foil not only facilitates the membrane peeling, but also leading to the
uniform fiber distribution of the electrospun membrane, as the lowest standard deviation of
grayscale (8.9) obtained from the microscope image compared to the other collector covers

(39.3 and 23.4).
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Appendix B

Fabrication of electrospun nanofibers with intra-fiber porosity

B.1 Introduction

Fabrication of nanofibers with intra-fiber porous structure is a feasible way to further
increase the overall surface area of the electrospun fibrous membrane. As discussed in
Section 6.2, electrospun membrane with such high surface area can be used for preparing

redox-active separator with improved PPy loading.

Feasible methods to prepare electrospun nanofibers with intra-porous structure
including non-solvent induced phase separation [1], thermal-induced phase separation [2],
and selective removal of a sacrificial phase [3]. The non-solvent induced phase separation
method is to spin nanofibers using a ternary spinning solution (i.e., polymer, solvent, and
nonsolvent). The proportion of the ternary system in the fiber jets changes during the
travelling of fibers in the air due to the difference in volatility between the solvent and
nonsolvent. As a result, phase separation occurs in the ejected fibers, leading to the
formation of porous structures. The thermal induced phase separation method is based on
the rapid cooling of the incompletely solidified fiber jets. It can be achieved by
electrospinning a polymer solution with highly volatile solvent. The rapidly evaporating of
the solvent causes the cooling of unsolidified fiber jets leading to the phase separation to
create intra-fiber pores. The method of selective removal of a sacrificial phase is achieved
by implementing post-treatments to electrospun fibers. Generally, the prepared electrospun
fibers contains least at two different polymer phases, in which the sacrificial polymer can
be removed by a post-treatment process (e.g., dissolving in solvent, heat treatment) to leave

intra-fiber pores on the fibers.

Two different methods of non-solvent induced phase separation and selective removal
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of sacrificial phase are adopted in this appendix to investigate the feasibility of fabricating
electrospun nanofibers with intra-fiber porous stricture. The prepared membrane samples

are characterized using SEM to analyze the fiber morphology.

B.2 Experiment
B.2.1 Materials

Polyacrylonitrile (PAN, Mw=150,000), Polyvinylpyrrolidone (PVP, Mw=10,000), N,N-
dimethylformamide (DMF, purity>99.8%) are purchased from Sigma Aldrich, Canada. All

chemicals are used as received without any further purification.
B.2.2 Fabrication of electrospun membrane

The fabrication of electrospun nanofibers using selective removal of sacrificial phase
method is carried out as follows. PAN and PVP polymers are dissolved in DMF solvent to
prepare electrospinning solution with overall concentration of 8 wt.%. The weight ratio of
PAN:PVP in the prepared solution ranges from 2:1 to 1:2. The electrospinning process is
operated under 12.5 kV with the solution flow rate at 0.65 ml/h and collector distance at 17
cm. Then, the obtained electrospun membrane is immersed into deionized water for 2 hours
at room temperature, following by drying under vacuum at 80 °C in a vacuum oven for at

least 12 hours (Vacuumoven-001, LeDAB, Canada).

The fabrication process of electrospun nanofibers using non-solvent induced phase
separation method is as follows. PAN is dissolved in water/DMF mixed solvent to prepare
ternary electrospinning solution with the weight ratio of PAN:DMF:Water=6:93:1 or 6:91:3.
The electrospinning process is operated under 12.5 kV with the solution flow rate at 0.65

ml/h and collector distance at 17 cm to produce nanofibers.
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B.3 Results and discussion

Figure B.1 shows the SEM images of the electrospun fibers prepared using selective
removal of sacrificial phase method. Although beaded fibers are observed in all the
prepared samples, rough fiber surface is obtained using this method. The fiber surface
become rougher with the decreasing PAN:PVP ratio from 2:1 to 1:2 as show in the SEM
images with large magnification (Figure B.1 b, d, f). However, the number of beaded fibers
also increases with the decreasing PAN:PVP ratio. In addition, the roughness of the fibers
is not uniformly distribution along the fiber surface. Some regions of the fibers are roughed,

whereas the other regions still exhibit smooth fiber morphology.
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Figure B.1. SEM images of electrospun membrane prepared using selective removal of
sacrificial phase method. (a) (b) PAN:PVP=2:1. (¢) (d) PAN:PVP=1:1. (e) (f)

PAN:PVP=1:2.

The rough fiber surface is obtained due to the removal of the sacrificial polymer PVP
from the PAN/PVP composite electrospun fibers. Soaking the composite fibers in water
results in the dissolving of the water-soluble polymer PVP and leaves dents on the fiber
surface. While, the left non-soluble PAN polymer maintains the fiber structure. However,
the PAN and PVP polymers are not homogeneously mixed in the prepared spinning solution,

which causes the ununiform roughness across fabricated fibers. Even though, the selective
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removal of sacrificial phase method used in the study can produce rough fibers, the desired

intra-fiber porous structure is not achieved.

Figure B.2 shows the SEM images of electrospun nanofibers prepared using non-solvent
induced phase separation method. Beaded fibers are formed in both membrane samples
fabricated using different water contents as the non-solvent in the electrospinning solution.
Increasing the water content results in the even more beads formed on the fibers. Rough
fiber surface is produced by this method. In addition, some small intra-fiber pores are

observed for the sample fabricated with 3% water content (see Figure B.2 d).

== 200 NmM

Figure B.2. SEM images of electrospun membrane prepared using non-solvent induced
phase separation method (a) (b) PAN:DMF:Water=6:93:1. (¢) (d)
PAN:DMF:Water=6:91:3.

The formation of the rough fiber surface is owing to the adding of non-solvent water in the

electrospinning solution. The proportion of the non-solvent water in the fiber jets increases
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during the travelling of fibers in the air due to its lower volatility compared to the solvent
DMEF. As a result, phase separation occurs in the ejected fibers, leading to the formation of
small dents on the fiber structures. Some small intra-fiber pores are observed for the sample
fabricated with 3% water content. However, further increase the water content causes the
precipitation of PAN from the electrospinning solution which becomes not spinnable.
Moreover, the beaded fibers are not desired for the application of battery separator, because
the use of a structurally ununiform separator in a LIB cell results in the ununiform
distributed current density on the electrodes, which causes the grows of lithium dendrite

and also the penetration of loose electrode particles [4].

B.4 Summary

Two different methods, i.e., selective removal of sacrificial phase and non-solvent induced
phase separation, are adopted in this appendix to investigate the feasibility of fabricating
electrospun fibers with intra-fiber porous structure. The experimental results show that both
methods are capable of producing rough electrospun fibers. However, the ideal intra fiber
pores are not observed. In addition, the resultant membrane contains considerable numbers
of beaded fibers, which is not desired for use as battery separator. Therefore, further efforts
are needed to optimize the fabrication process, in order to produce electrospun nanofibers

with uniform distributed intra-fiber pores.
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